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v

 The use of an appropriate method for studying or diagnosing breast cancer is imperative for 
basic research and clinical practice. Although there are many books tackling breast cancer 
on the market already, none are written systematically for the modern molecular biological 
technologies spanning from basic research to clinical practice. The focus of this book is to 
provide resources, ideas, and bench manuals for the study of breast cancer. 

 This book contains fi ve parts including methods used in clinical laboratory for diagnosis 
(Detection of Molecular Markers of Breast Cancer), methods used in both clinical and research 
laboratories for testing genetic alterations (Genetic Detection for Breast Cancer), methods 
used to isolate breast cancer cells including circulating cancer cells and breast cancer stem cells 
(Isolation of Breast Cancer Cells ), methods used to study the behavior of breast cancer cells 
(In Vitro Experimental models for Breast Cancer), and methods used for mimicking human 
breast cancer in a living organism (In Vivo Experimental Models for Breast Cancer). Each part 
includes 3–11 different assays for readers to use based on their preferences. This book also 
includes several recently developed techniques for the study of breast cancer progression. 

 Each chapter of this book was written by professionals who have extensive experience 
on the corresponding techniques. Although most of these techniques can be found in the 
published literature, the chapters described here are more comprehensive with detailed 
step-by-step procedures so readers can successfully carry out the experiments without dif-
fi culty. In addition, extensive explanations for critical steps are described in the Notes sec-
tion of each chapter to ensure the successful completion of the experiments described. 
These notes are usually essential for dependable results. 

 This book will be a valuable handbook for both graduate and advanced undergraduate 
students of biological sciences as well as scientists, technicians, and physicians working in 
the academic, hospital, or pharmaceutical industry aimed at studying or diagnosing breast 
cancer. Our goal is to provide this book as a handbook for researchers who routinely work 
on breast cancer research. I ask the readers to send any corrections or missing information 
that can be revised in future editions. 

 Finally, I would like to thank the many authors for their thoughtful and timely contri-
butions. I also like to extend my appreciation to the Series Editor, Professor John Walker, 
and the Springer staff, especially Dr. David Casey, for their contributions to the develop-
ment of this book. 

 I hope you fi nd this book to be valuable for your research.  

  Stony Brook, NY, USA     Jian     Cao, M.D.      

  Pref ace   
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    Chapter 1   

 Basic Histopathological Methods and Breast Lesion Types 
for Research                     

     Nengtai     Ouyang      and     Lin     Wang     

  Abstract 

   The in situ observation on the tissues, such as histopathology, immunohistochemistry (IHC), immuno-
fl uorescence (IF), and in situ hybridization (ISH), is one of the most important methods in the biomedical 
scientifi c research. In this chapter we introduce the most often used methods—hematoxylin and eosin 
(H&E) and double IF staining. H&E staining is used for general morphology by which the different 
pathological types of breast lesions are identifi ed. The double IF staining is often used to study the 
protein–protein interaction on tissues for signaling mechanisms. This chapter also includes the histopa-
thology of primary or simplifi ed breast lesion types that is essential for applying the above methods and the 
reclassifi cation of breast cancers by molecular markers.  

  Key words     Histopathology  ,   Breast cancer  ,   Hematoxylin & eosin  ,   Immunofl uorescence  

1       Introduction 

 The recognition to the morphology of breast and breast lesions is 
basic for studying  breast cancer   using in situ approaches such as 
H&E,  immunohistochemistry  , IF, and  in situ hybridization  . The 
detailed pathological classifi cation of breast lesions is sophisticated 
to non-pathologist researchers. The following is the most common 
and simplifi ed types of breast ductal epithelial-originated lesions. 
Researchers who focus on the specifi c or comprehensive types of 
breast  cancer   may refer to the 2003 [ 1 ] or 2012 [ 2 ] WHO classifi -
cation of tumors of the breast. 

   Breast or mammary gland consists of many lobular units that con-
tain parenchyma and connective tissue stroma (Fig.  1 ). Breast 
parenchyma is formed from branched ducts and terminal acini. 
Each lactiferous duct has branches and terminal acini that radially 
arranged centering on the nipple, resembling a tree-like structure. 
Acini and ducts are made up of two layers of cells. The inside cells 

1.1  Normal Breast 
and Fibrocystic Breast 
Conditions

Jian Cao (ed.), Breast Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 1406,
DOI 10.1007/978-1-4939-3444-7_1, © Springer Science+Business Media New York 2016
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are columnar or cuboidal glandular epithelial cells and the outside 
are astroid  myoepithelial cells  .

   Fibrocystic breast condition (also known as fi brocystic breast 
disease) is the most common cause of “lumpy breasts” in women. 
It includes three morphological changes: cystic change, fi brosis, 
and adenosis. As shown in Fig.  1   right , some of the acini are 
enlarged to cysts (arrow indicates), and the number of acini per 
lobule is increased.  

  
 Intraductal papilloma (IDP) and fi broadenoma are the most com-
mon benign tumor of the breast. IDP is a benign proliferative 
lesion consisting of a branching fi brovascular core with overlying 
epithelial and myoepithelial layers (Fig.  2   Left ). A fi broadenoma is 
made up of both breast glandular tissue and stromal tissue (Fig.  2  
 Middle ). It is also assumed to be aberrations of normal breast 
development or the product of hyperplastic processes rather than 
true neoplasm. Both IDP and fi broadenoma do not pose  breast 
cancer   risk unless they undergo other changes, such as atypical 
hyperplasia.

     
 Atypical ductal hyperplasia (ADH) refers to a group of lesions that 
have special organizational structure and cell morphology. Patients 
with ADH have a high risk of  breast cancer  . The diagnostic standard 
of ADH is as following: (1) Cellular atypia: a single form, uniform 
distribution, increased nucleus, and increased nucleoplasm ratio, 
with or without nuclear hyperchromatism; (2) Structural atypia may 
exist (for example growth pattern with nipple, arch, bridge, solid, or 
screen structure) as shown in Fig.  2   Right .  

  
 Ductal carcinoma in situ (DCIS) is the most common type of non-
invasive  breast cancer   (“in situ” means “in its original place”). DCIS 
is usually found by mammograms, which detect tiny bits of calcium 
that develop in dead  cancer   cells.  Cancer   cells are surrounded by 
prominent concentric basement membrane and   myoepithelial cells  . 

1.2  Intraductal 
Papilloma 
and Fibroadenoma

1.3  Atypical Ductal 
Hyperplasia

1.4  Ductal 
Carcinoma In Situ

  Fig. 1    The normal structure and disorders of the breast.  Left : Diagram of normal breast lobular unit;  Middle : 
Histology of normal breast lobular unit;  Right : Fibrocystic breast condition. (H&E, 40×)       

 

Nengtai Ouyang and Lin Wang
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It has not spread beyond the duct into any normal surrounding 
breast tissue (Fig.  3   Left ). DCIS is not life- threatening, but it may 
develop to an invasive breast cancer later on.

     
 Invasive ductal carcinoma (IDC) is the most common malignant 
breast tumor.  Cancer   cells break through the basement membrane 
and infi ltrate in the stroma or the surrounding normal tissue. There 
are no prominent concentric basement membrane and  myoepithelial 
cells   surrounding the  cancer   cells. IDC can be classifi ed as low grade 
and high grade based on the differentiation degree of cancer cell.

    1.    Low degree IDC:  cancer   cells have an obvious glandular dif-
ferentiation with central lumens of tubular structure as pre-
sented in Fig.  3   Middle.    

   2.    High degree IDC:  cancer   cells show high cell polymorphism 
or high cell atypia as seen in Fig.  3   Right . Pathologists defi ne 
the IDC grade according to the histological features including 
the proportion of glands, atypia, and mitotic number of 
nucleus.    

    
 Four molecular subtypes determined by IHC markers as shown in 
Fig.  4  including estrogen receptor (ER), progesterone receptor 
(PR), Her2, Ki67, cytokeratins (CK) 5/6, and epidermal growth 
factor receptor (EGFR) are widely used in clinical practice [ 3 ,  4 ].

1.5  Invasive Ductal 
Carcinoma

1.6  Molecular 
Subtypes of Breast 
 Cancer  

  Fig. 2    Benign lesions of the breast.  Left : Intraductal papilloma of breast (H&E, 40×);  Middle : Fibroadenoma of 
breast (H&E, 40×);  Right : Atypical ductal hyperplasia (H&E, 200×)       

  Fig. 3    Malignant tumors of the breast.  Left : Ductal carcinoma in situ (H&E, 200×);  Middle : Invasive ductal 
carcinoma, low grade (H&E, 100×);  Right : Invasive ductal carcinoma, high grade (H&E &, 200×)       
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     1.    Luminal A: ER (+), PR (+), Her2 (−), and Ki67 ≤14 %. This 
subtype makes up about 40 % of all  breast cancer  s, and carries 
the best prognosis.   

   2.    Luminal B: ER (+), PR (+), Her2 (−), and Ki67 >14 %. About 
20 % of  breast cancer  s are luminal B subtype. Compared to 
luminal A tumors, they tend to lead to a poorer prognosis 
including poorer tumor grade, larger tumor size, and lymph 
node  metastasis  .   

   3.    Her2-enriched: ER (−), PR (−), Her2 (+), and Ki67 (high). 
This subtype makes up about 10–15 % of  breast cancer  s, is 
characterized by high expression of Her2 and proliferative 
gene cluster. ER and PR are usually negative. Her2 subtype 
tumors have a fairly poor prognosis and are prone to early and 
frequent recurrence and metastases.   

   4.    Basal-like/triple-negative: ER (−), PR (−), and Her2 (−). It is 
called “basal-like” because the expression of high molecular 
weight cytokeratins (e.g., CK5/6) and/or EGFR that usually 
expressed in basal cells/ myoepithelial cells  . This subtype is also 
known as “triple negative.” They cannot be treated with hor-
mone therapies or trastuzumab ( Herceptin  ) because they are 
ER (−) and  Her2   (−). This subtype of  breast cancer   is often 
aggressive and has a poorer prognosis compared to the 
receptor- positive subtypes [ 5 ,  6 ].    

2        Materials and Reagents 

     1.    Hematoxylin solution (Mayer’s): 50 g aluminum ammonium 
sulfate, 1.2 g hematoxylin crystals, 0.2 g sodium iodate, 1 g 
citric acid, 50 g chloral hydrate, add distilled water up to fi nal 
volume of 1 l.   

   2.    Eosin solution: 2.5 g of eosin Y, 0.5 ml of glacial acetic acid, 
mixed in 495 ml of distilled water.   

  Fig. 4     Immunohistochemistry   markers for  breast cancer  .  Left : ER positive;  Middle : PR positive;  Right : Her2 
positive. (IHC, 200×)       

 

Nengtai Ouyang and Lin Wang
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   3.    1 % HCl solution: 2.6 ml of concentrated HCl is diluted in 
97.4 ml of distilled water.   

   4.    Fluorescence  microscope  : with at least three colors of fi lters, 
including blue (for DAPI), green, and red.   

   5.    PBS (0.01 M, pH 7.2): Na 2 HPO 4  1.09 g, NaH 2 PO 4  0.32 g, 
NaCl 9 g, dissolved in 1 l of distilled water.   

   6.    PBST solution: 0.01 M PBS contains 0.2 % of Tween-20.   
   7.    Citrate buffer (0.01 M, pH 6.0): Tri-sodium citrate 2.94 g, 

dissolved in 1 l of distilled water, adjust to pH 6.0 with 1 N 
HCl solution.   

   8.    Mounting medium: anti-fade medium contains 4′, 
6- diamidino-2-phenylindole (DAPI), which binds to DNA 
and shows blue fl uorescence for nuclear counterstaining.      

3     Methods 

        1.    Xylene (1), 5 min.   
   2.    Xylene (2), 5 min.   
   3.    100 % ethanol (1), 5 min.   
   4.    100 % ethanol (2), 5 min.   
   5.    90 % ethanol, 5 min.   
   6.    70 % ethanol, 5 min (See Note 1 for frozen or smear slides).   
   7.    Rinse with tap water for 3 min and distilled water once.   
   8.    Stain with hematoxylin solution for 1–3 min (Filter 

Hematoxylin before use).   
   9.    Wash with tap water, change three times and keep in tap water 

for 5 min.   
   10.    1 % HCl solution is used for differentiation.   
   11.    Wash with tap water, change three times and keep in tap water 

for 5 min.   
   12.    Rinse with distilled water once.   
   13.    Stain in eosin solution, 10–30 s.   
   14.    Wash with tap water, change three times and keep in tap water 

until the red color appropriate (check under  microscope  ).   
   15.    Rinse with distilled water once.   
   16.    Dry slides overnight in the oven (or dehydrate with ascending 

ethanol).   
   17.    Mount with coverslips using mounting medium.      

3.1  H&E Staining

Basic Histopathological Methods and Breast Lesion Types for Research
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         1.    Cell lines.
 ●    Grow cultured cells on sterile glass coverslips or slides 

overnight at 37 °C.  
 ●   Wash with PBS.  
 ●   Fix as desired. Possible procedures include: 

 10 min with 10 % formalin in PBS (keep wet). 
 5 min with ice-cold methanol, allow to air-dry. 
 5 min with ice-cold acetone, allow to air-dry.      

   2.    Frozen Sections.
 ●    Snap-freeze fresh tissues in liquid nitrogen or isopentane 

precooled in liquid nitrogen, embed in OCT compound in 
cryomolds, and store frozen blocks at −80 °C.  

 ●   Cut 4–8 µm thick cryostat sections, and mount on 
Superfrost Plus slides or gelatin coated slides. Store slides 
at −80 °C until needed.  

 ●   Before staining, warm slides at room temperature for 
30 min and fi x in ice-cold acetone for 5 min. Air-dry for 
30 min.      

   3.    Paraffi n Sections.
 ●    Xylene, 2 × 5 min.  
 ●   100 % ethanol, 2 × 5 min.  
 ●   90 % ethanol, 5 min.  
 ●   70 % ethanol, 5 min.  
 ●   Rinse in distilled water.  
 ●   Pretreatment: perform antigen retrieval using 0.01 M 

citrate buffer (pH 6.0) in a microwave oven at high power 
up to boiling, then low power for 10 min to keep the tem-
perature; Cool down at room temperature for at least 30 
min; rinse twice with distilled water (See Note 2 for frozen 
or smear slides).         

  
     1.    Pre-incubate sections with PBST for 5 min.   
   2.    Incubate sections with 10 % normal serum (from the species 

that the secondary antibody was raised in) for 30 min to block 
unspecifi c binding of the antibodies in a humidifi ed chamber 
(alternative blocking solutions: 1 % BSA or 1 % gelatin).   

   3.    Incubate sections with the mixture of two primary antibodies 
(e.g., rabbit against target-1 and mouse against target-2) in 
PBST (contains 1 % BSA) in a humidifi ed dark chamber for 1 
h at room temperature (RT) or overnight at 4 °C.   

   4.    Decant the mixture solution and wash the sections in PBST, 
3 × 5 min.   

3.2   Immunofl uo-
rescence   Double 
Staining

3.2.1  Preparation 
of Slides

3.2.2   Staining

Nengtai Ouyang and Lin Wang
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   5.    Incubate sections with the mixture of two secondary antibod-
ies with two different fl uorochromes, i.e., Texas Red-
conjugated against rabbit and FITC-conjugated against 
mouse) in PBST for 1 h at RT in a humidifi ed dark chamber.   

   6.    Decant the mixture of the secondary antibody solution and 
wash with PBST for 3 × 5 min in the dark.   

   7.    Mount the slides with coverslips using an anti-fade mounting 
media aqueously and observe the results immediately (See 
Note 3).        

4     Notes 

     1.     Steps 1 – 6  in Subheading  3.1  are for de-wax and rehydration; 
for frozen section or smear slide start from  step 7 .   

   2.    Antigenic determinants masked by formalin-fi xation and 
paraffi n- embedding often may be exposed by epitope unmask-
ing, enzymatic digestion, or saponin. Do not use this pretreat-
ment with frozen sections or cultured cells that are not 
paraffi n-embedded.   

   3.    The immunofluorescence-stained slides should be observed 
for the results immediately or stored in 4 °C for maximum 
24 h.         
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    Chapter 2   

 Clinical Applications for Immunohistochemistry 
of Breast Lesions                     

     Kester     Haye    ,     Rajarsi     Gupta    ,     Christopher     Metter    , and     Jingxuan     Liu      

  Abstract 

   Immunohistochemical analysis has been a key clinical tool that shows the protein expression of molecular 
markers. Expression of molecular markers in breast pathology has been used to distinguish breast cancers 
from benign lesions, classify subtypes of breast cancers, and determine therapeutic intervention. It is a rela-
tively fast and effi cient option in stratifying breast lesions to assist in both determining pathology diagnosis 
and offer strategies to the best course of clinical action. In this chapter, we discuss the use of immunohis-
tochemistry testing for some of the key molecular markers involved in breast pathology that are crucial for 
classifying breast cancers and the guidelines for the interpretation of testing results that assist in clinical 
management.  

  Key words     Immunohistochemistry  ,   Myoepithelial cells  ,   Cytokeratin  ,   E-cadherin  ,   ER  ,   PR  ,   HER2  , 
  Ki-67  

1      Introduction 

  From  the   histopathologic examination of biopsies and resection 
specimens (lumpectomies, mastectomies, and metastatic lesions), 
useful prognostic information such as lesion type (ductal vs. lobu-
lar), tumor differentiation (well, moderately, and poorly differenti-
ated), invasiveness, lymphovascular  invasion  , lymph node status, 
and when applicable, tumor size is derived. Most of this informa-
tion can be derived from the cytological and histological morphol-
ogy observed by hematoxylin and eosin (H & E) staining. 

 However, the utility of these traditional morphology-based 
parameters can be limited in providing accurate risk assessment per 
patient, both in terms of local or distant recurrence and in terms of 
providing the best options for treatment. Cytological and histo-
logical analyses by themselves give little information about the spe-
cifi c expression of proteins that are tightly associated to prognosis. 
In fact, multiple molecular markers have been identifi ed to help 
differentiate one type of breast lesion from another, determine 
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invasiveness of the tumor, help defi ne lymphovascular  invasion  , 
and allow breast cancers to be stratifi ed into different groups asso-
ciated with variable degrees of survivability. Here, we will discuss 
how immunohistochemistry techniques can be used towards these 
applications.  

2    Materials 

   10 % Formalin, 100 % ethanol, 95 % ethanol, xylene, paraffi n.  

   EZPrep, cell conditioning buffer #1 are pre-made solution reagents 
created by Ventana Medical Systems, Inc. (Ventana) used in immu-
nohistochemistry (IHC) reactions carried out on VENTANA 
BenchMark XT automated slide staining systems ( see   Note 1 ).

    1.    Deparaffi nization fl uid: 1× EZPrep. EZPrep is an aqueous- 
based detergent. 10× EZPrep is diluted with nine parts deion-
ized H 2 O.   

   2.    Cell conditioning buffer #1 (CC1): This is a slightly basic, 
Tris- based buffer.   

   3.    Reaction buffer: Tris-based buffer at pH 7.6 used for rinsing 
slides. 10× Reaction buffer is diluted with nine parts deionized 
H 2 O.   

   4.    Wash buffer: 1× SSC buffer. This is a sodium chloride/sodium 
citrate buffer which acts as a stringent aqueous wash buffer. 
10× SSC buffer is diluted with nine parts deionized H 2 O.   

   5.    Rinse buffer: 1× phosphate buffer saline (PBS).   
   6.    Liquid coverslip (LCS; a combination of low-density, paraffi nic 

hydrocarbon and mineral oil).    

     This detection system (including primary antibodies unless other-
wise specifi ed) is created by Ventana Medical Systems, Inc. 
(Ventana) used in immunohistochemistry (IHC) reactions per-
formed on VENTANA BenchMark XT automated slide staining 
platforms ( see   Note 1 ).

    1.    Primary antibodies—mouse monoclonal p63 (clone 4A4) 
( see   Note 2 ), mouse monoclonal SMMHC (clone SMMS-1) 
( see   Note 2 ), mouse monoclonal  E-cadherin   (clone 36) 
( see   Note 4 ), mouse monoclonal Pancytokeratin (clones AE1/
AE3/PCK26) ( see   Note 6 ), rabbit monoclonal CDX2 (clone 
EPR2764Y) ( see   Note 7 ), rabbit monoclonal ER (clone SP1) 
( see   Notes 8  and  9 ), rabbit monoclonal PR (clone 1E2) 
( see   Notes 8  and  9 ), rabbit monoclonal HER2 (clone 4B5) 
( see   Notes 8  and  9 ), rabbit monoclonal Ki67 (clone 30-9) 
( see   Note 10 ).   

2.1  Tissue 
Processing

2.2  Immunohisto-
chemistry Slide 
Prepping

2.3  Immunohisto-
chemistry Staining Via 
the UltraView Universal 
DAB Detection Kit by 
Ventana

Kester Haye et al.
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   2.    UV INHIBITOR—3 % H 2 O 2 .   
   3.    UV HRP UNIV MULT—Cocktail of goat anti-mouse IgG/

IgM and goat anti-rabbit IgG that are conjugated to horse- 
radish peroxidase (HRP) @ a concentration of ~50 μg/mL.   

   4.    UV DAB chromogen—0.2 % aqueous solution of 3, 3′-diami-
nobenzidine tetrahydrochloride.   

   5.    UV H 2 O 2 —0.04 % H 2 O 2  in 1× phosphate buffer solution 
(PBS).   

   6.    UV Copper—Aqueous copper sulfate solution @ 5 g/L in ace-
tate buffer.   

   7.    Hematoxylin—48 % Hematoxylin dye in glycol and acetic acid.   
   8.    Bluing reagent—Contains 0.1 M lithium carbonate in 0.5 M 

sodium carbonate aqueous solution.    

     Mammaglobin immunohistochemistry was performed at Quest 
laboratories ( see   Note 7 ). GATA3 immunohistochemistry was per-
formed by Clarient Diagnostic Services ( see   Note 7 ). Interpretations 
of these studies were performed at Stony Brook University 
Hospital.   

3    Methods 

   Tissue sections are processed according to the automated process-
ing protocol used at Stony Brook Hospital Histopathological 
Laboratories. 

 Tissue processing for tissue blocks from lumpectomies and 
mastectomies:

    1.    Two-cycle incubation in 10 % formalin for 1½ h @ 42 °C, 
15 mmHg.   

   2.    One-cycle incubation in 60 % ethanol for 1 h @ 42 °C, 
15 mmHg.   

   3.    Two-cycle incubation in 95 % ethanol for 1 h @ 42 °C, 
15 mmHg.   

   4.    Three-cycle incubation in 100 % ethanol for 1 h @ 42 °C, 
15 mmHg.   

   5.    Two-cycle incubation in Xylene for 1 h @ 42 °C, 15 mmHg.   
   6.    Two-cycle incubation in Paraffi n for 1½ h @ 60 °C, 15 mmHg.    

  Tissue Processing for Tissue Blocks from Biopsies 

   1.    Two-cycle incubation in 10 % formalin for 15 min @ 42 °C, 
15 mmHg.   

   2.    One-cycle incubation in 60 % ethanol for 15 min @ 42 °C, 
15 mmHg.   

2.4  Mammaglobin 
and GATA3 
Immunohisto chemistry

3.1  Tissue 
Processing

Immunohistochemistry of Breast Lesions



14

   3.    Two-cycle incubation in 95 % ethanol for 15 min @ 42 °C, 
15 mmHg.   

   4.    Three-cycle incubation in 100 % ethanol for 15 min @ 42 °C, 
15 mmHg.   

   5.    One-cycle incubation in xylene for 10 min @ 42 °C, 15 mmHg.   
   6.    One-cycle incubation in xylene for 15 min @ 42 °C, 15 mmHg.   
   7.    One-cycle incubation in paraffi n for 10 min @ 42 °C, 15 mmHg.   
   8.    One-cycle incubation in paraffi n for 15 min @ 42 °C, 15 mmHg.    

  Immunohistochemistry slide prepping ( see  Subheading  3.2 ) 
and staining ( see  Subheading  3.3 ) are performed according to the 
BenchMArk XT IHC/ISH Staining Module protocols by Ventana.  

         1.    Using a microtome, obtain tissue section from block 4 μM in 
thickness.   

   2.    Place sections of formalin-fi xed paraffi n-embedded (FFPE) tis-
sue on positively charged glass slides.   

   3.    Warm slide to 75 °C, and incubate for 4 min.   
   4.    Apply EZPrep and rinse with 1× PBS. Repeat twice.   
   5.    Apply Liquid coverslip (LCS), warm slide to 76 °C, and incu-

bate for 4 min.   
   6.    Rinse slide with 1× PBS, and apply Liquid coverslip (LCS).   
   7.    Wash with 1× SSC wash buffer, warm slide to 95 °C, and incu-

bate for 8 min.   
   8.    Apply cell conditioner #1 and LCS.   
   9.    Warm slide to 100 °C, and incubate for 4 min.   
   10.    Apply LCS and cell conditioner #1. Repeat four times.   
   11.    Apply LCS and incubate for 8 min.   
   12.    Rinse slide with reaction buffer.   
   13.    Apply LCS. Rinse slide with reaction buffer.      

        1.    Obtain prepped slide (from Subheading  3.2 ).   
   2.    Warm slide to 37 °C, and incubate for 4 min.   
   3.    Rinse with reaction buffer.   
   4.    Add one drop of UV INHIBITOR, apply LCS and incubate 

for 4 min.   
   5.    Rinse slide with reaction buffer, and warm slide to 37 °C for 4 min.   
   6.    Add LCS, then one drop of primary antibody and incubate for 

8 min.   
   7.    Rinse slide with reaction buffer, add LCS, and warm to 37 °C 

for 4 min. Apply one drop of UV HRP UNIV MULT, add cov-
erslip and incubate for 8 minutes. Rinse with reaction buffer.   

3.2  Immunohisto-
chemistry Slide 
Prepping

3.3  Immunohisto-
chemistry Staining

Kester Haye et al.
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   8.    Apply reaction buffer, add one drop of UV DAB and one drop 
of UV DAB H 2 O 2 .   

   9.    Rinse with reaction buffer.   
   10.    Apply one drop of UV COPPER, apply LCS, and incubate for 

4 min.   
   11.    Rinse with reaction buffer.   
   12.    Apply one drop of HEMATOXYLIN, LCS, and incubate for 

4 min.   
   13.    Rinse with reaction buffer, and apply LCS. Repeat once.   
   14.    Add one drop of BLUING REAGENT, apply LCS, and incu-

bate for 4 min.   
   15.    Rinse with reaction buffer, and then wash with 1× SSC.   
   16.    Add one drop of mounting solution, cover the slide with a 

glass coverslip and allow drying before histological 
examination.      

   Performed according to the BenchMArk XT H & E Staining 
Module protocol by Ventana.   

4    Notes 

     1.    Principles of immunohistochemistry. 
 The UltraView Universal DAB Detection Kit by Ventana 

is a detection system used in immunohistochemistry (IHC) 
reactions carried out on VENTANA BenchMark XT auto-
mated slide staining platforms. This system is based on a 
biotin- free method for staining antigens bound by mouse or 
rabbit IgG antibodies on formalin-fi xed, paraffi n-embedded 
tissue sections. Together, the automated platform allows for 
effi cient, staining of multiple slides in real time with high 
effi ciency. 

 Tissue sections are processed with incubations in different 
solutions (formalin, ethanol) which freeze cellular functions 
and preserves cellular components through crosslinking car-
boxy and amino groups (formalin) or by protein coagulation 
(ethanol). Incubation with xylene perforates cell membranes 
for easier staining of cellular components while preserving cel-
lular integrity. Incubation with paraffi n allows for long term 
storage. However, this “fi xed” state must be partially reversed 
for adequate staining of tissue sections. The immunostaining 
prepping process achieves this by using the EZPrep detergent 
solution, along with heating, to deparaffi nize tissue. Cell con-
ditioning buffer reverses covalent bonds formed during the 
formalin fi xation process, thus renaturing proteins and pre-

3.4  Hematoxylin and 
Eosin (H & E) Staining

Immunohistochemistry of Breast Lesions
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serving epitope antigenicity for proper antibody affi nity. 
Reaction buffer (a Tris-based buffer at an appropriate pH 7.6) 
supplies an adequate aqueous medium for the antibodies to 
bind their respective targets. 

 Liquid coverslip (LCS; a combination of low density, par-
affi nic hydrocarbon and mineral oil) provides a semipermeable 
liquid barrier allowing reagents to contact the tissue section, 
but preventing excessive evaporation of water. 

 The immunohistochemistry staining assaying is based on 
an indirect immune complex reaction incorporating the pro-
tein target of interest, a respective primary antibody and a sec-
ondary antibody conjugated to horse-radish peroxidase (HRP) 
to label the protein of interest via a chromogen precipitate 
reaction. To reduce background signal from nonspecifi c reac-
tions, endogenous tissue peroxidases are inactivated with a 
high dose of hydrogen peroxide (UV INHIBITOR). The tis-
sue section is then incubated with the primary antibody (in 
most cases a mouse or rabbit IgG) to label the specifi c protein 
of interest. This antibody/antigen complex is then incubated 
with UV HRP UNIV MULT containing secondary antibodies 
goat anti-mouse or goat anti-rabbit IgG conjugated to 
HRP. The secondary antibody binds to the primary antibody. 
The HRP motif, in the presence of copper and low concentra-
tion of hydrogen peroxide, drives an oxidation reaction of the 
DAB chromogen, generating a brown precipitate at the site of 
the antibody/antigen complex, which can be visualized on the 
tissue section with the cellular background highlighted by 
hematoxylin and bluing reagent. 

 Using the above techniques, detection of specifi c protein 
expression or lack thereof can help pathologists assess invasive-
ness of breast lesions, origin of breast lesions, or lymph node 
 metastasis  , determine  metastasis   of mammary origin and help 
predict patient prognosis by detection of prognostic factors.   

   2.    Invasiveness: absence of myoepithelial cells (MECs). 
 Breast lobules and ducts are composed of two cell types: 

An outer myoepithelial cell (MEC)    layer and an inner luminal 
epithelial cell layer [ 1 ]. The existence of these two cell layers is 
an important feature in separating precancerous (in situ) 
lesions from invasive cancers, as most invasive cancers can be 
characterized by their loss of association to MECs. Each layer 
expresses a different combination  of   cytokeratins (CKs) [ 2 ]. 
Studies have demonstrated that MECs express cytokeratins 
CK5, CK14, and CK17 [ 3 ], neuroendocrine marker S100 
[ 4 ], and cytoskeletal elements such as smooth muscle actin 
(SMA), smooth muscle heavy chain myosin (SMMHC), and 
calponin [ 5 ]. MECs also express p63, a homologue to the 
tumor suppressor protein p53 [ 6 ]. 

Kester Haye et al.
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 Although these proteins are not exclusive to MECs, they 
are not expressed in intraductal luminal cells. In fact, p63, 
SMMHC, and calponin have been described as the most sensi-
tive and specifi c combination of targets for immunohisto-
chemical staining [ 5 ]. The nuclear staining of p63 and the 
cytoplasmic staining of SMMHC and calponin highlight the 
absence of MECs, providing evidence of malignancy. These 
immunohistochemical markers are very useful in distinguish-
ing benign entities with histological patterns similar to inva-
sive carcinoma, such as in a benign lesion like sclerosing 
adenosis [ 3 ] (Fig.  1 ), and also in other cases to demonstrate 
areas of  invasion   at sites of in situ carcinoma [ 7 ] (Fig.  1 ).

       3.    Immunohistochemistry studies for differential diagnosis of 
ductal intraepithelial proliferations. 

 Ductal intraepithelial proliferations include the lesions 
usual ductal hyperplasia (UDH), atypical ductal hyperplasia 
(ADH), and ductal carcinoma in situ (DCIS) [ 8 ,  9 ]. 
Histologically, usual ductal hyperplasia can be described as an 

  Fig. 1    Myoepithelial markers. Sclerosing adenosis ( a – c ). ( a )  Hematoxylin–eosin   staining with ( b ) corresponding 
p63 (clone 4A4) and ( c ) smooth muscle myosin heavy chain (SMMHC, clone SMMS-1) highlighting the  myoepi-
thelial cells   at 100×. Invasive ductal carcinoma ( d – f ). Note the  asterisk  marking the benign duct highlighted by 
p63 ( e ) and SMMHC ( f ) staining juxtaposed to carcinoma glands, absent of p63 and SMMHC staining at 100×       

 

Immunohistochemistry of Breast Lesions
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intraductal  proliferation of cells with pleomorphic nuclei, hap-
hazard arrangement, and irregular slit-like spaces or fenestra-
tions. Frequently, the cells and nuclei show overlapping with 
rare to no mitoses. Conversely, with atypical ductal hyperpla-
sia, cells begin to have monomorphic nuclei with nuclear 
enlargement and less cellular overlap and begin to show more 
regular, symmetrical fenestrations with possible cellular bridges 
(roman-arch bridges). In DCIS, the duct is fi lled with cells 
with monomorphic nuclei, without cellular overlap and with 
possible symmetrical fenestrations. This spectrum of lesions is 
suggested to be the precursor lesions for invasive ductal carci-
noma, with increased gain of function mutations in cell prolif-
eration genes, as well as increased loss-of-function mutations 
in cell cycle regulatory and apoptosis genes, paving a pathway 
to malignancy [ 10 – 12 ]. Consistent with this observation, the 
presence of UDH confers a 1.9 times relative risk of cancer 
development, ADH has a four to fi ve times risk, and DCIS has 
an eight to ten times risk of cancer [ 13 ]. 

 As a result, there are different approaches to clinical man-
agement where the detection of ADH or DCIS on biopsy 
requires obligate excision of the lesion. Therefore, effort has 
been placed on identifying molecular markers to help distin-
guish between UDH, ADH, and DCIS. Studies have demon-
strated that the  cytokeratin   family of proteins, a type of 
intermediate fi laments used for cell structural elements, are 
variably expressed in ductal proliferative lesions. High molecu-
lar weight cytokeratins (CK903 and CK5/6) have higher and 
diffuse expression in UDH compared to ADH/DCIS lesions 
with reduced staining [ 14 – 16 ]. Though this technique has 
improved the diagnostic agreement among pathologists [ 17 ], 
there is evidence that across the spectrum of progression from 
a hyperplastic lesion to in situ carcinomatous lesion, there is 
variability with respect to expression of CK5/6 and CK903 
among ADH and DCIS lesions [ 18 ], suggesting that these 
 cytokeratin   combinations are most useful for distinguishing 
ADH and low-grade DCIS lesions from UDH. However, they 
are not applicable for studying high-grade DCIS, as CK5/6 
may be expressed in some high grade DCIS type lesions.   

   4.    Ductal vs. lobular neoplasias. 
 There are several subtypes of invasive breast lesions (includ-

ing tubular, mucinous, micropapillary, papillary, cribriform, 
and medullary), where the most clinically signifi cant patterns 
include ductal and lobular patterns since these two entities 
compromise most of the breast lesions encountered on a daily 
basis [ 8 ]. At the level of precursor lesions (DCIS and lobular 
neoplasia), lobular neoplasias, which include atypical lobular 
hyperplasia (ALH) and lobular carcinoma in situ (LCIS), are 
histologically different in appearance to ductal lesions [ 19 ]. 

Kester Haye et al.
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Although these cells are monomorphic, with large nuclei and 
do not overlap in a similar fashion to atypical ductal prolifera-
tions, they have a more discohesive appearance [ 19 ]. These 
cells can fi ll the acini of the lobules without expansion (as in 
ALH), with expansion in a lobular pattern (as in LCIS), and 
involve the ducts described as pagetoid spread [ 19 ]. 

 Even though lobular neoplasias are associated with inva-
sive cancers (more so with invasive lobular carcinoma), there 
has been debate as to whether they are precursor lesions for 
invasive carcinoma [ 20 ]. Lobular lesions, when compared to 
ductal- type lesions, display different clinicopathological behav-
iors. The presence of lobular neoplasias is associated with 
increased diffuse disease and involvement of the bilateral 
breasts [ 21 – 23 ]. However, in terms of the presence of nonin-
vasive lobular neoplasias at specimen margins, the cancer 
recurrence rate in patients with positive margins is comparable 
to the rate in patients with negative margins [ 24 ]. Therefore, 
unlike the management of DCIS, lobular neoplasias (ALH 
and LCIS) at specimen margins do not require re-excision. 

 Invasive lobular carcinomas (ILCs) and invasive ductal 
carcinomas (IDCs) also demonstrate different clinical behav-
ior. Though the rate of lymph node  metastasis   is similar to that 
of invasive ductal carcinomas, invasive lobular carcinomas tend 
to metastasize to the skin and visceral organs, whereas invasive 
ductal carcinomas tend to metastasize to the lungs [ 25 ,  26 ]. 
However, some clinical differences are debatable. For instance, 
one study showed patients with invasive lobular carcinomas 
have similar prognosis to those with invasive ductal carcino-
mas [ 27 ]. Conversely, another study showed using multivari-
ate analysis that patients with ILC had worse survival than 
patients with IDC [ 25 ]. Nevertheless, distinguishing lobular 
from ductal-type lesions is of clinical consequence. To that 
end, molecular markers to distinguish these two histotypes 
have been identifi ed. 

 Consistent with the discohesive cellular morphology of 
lobular- type neoplasias, it has been demonstrated that the cell 
adhesion signaling pathway mediated by  E-cadherin  , p120 
catenin, and β-catenin is altered in these lesions [ 28 ]. E- cadherin 
is a transmembrane cell adhesion molecule that interacts with 
intracellular proteins of the catenin family (p120, α and 
β-catenin) that associates with actin and other cytoskeletal ele-
ments to regulate cell integrity and cell proliferation [ 29 ,  30 ]. 
Immunohistochemical analysis of these proteins in normal tis-
sue shows strong membranous localization for E-cadherin and 
p120, and membranous staining for β-catenin [ 29 ,  31 ]. 
Somatic mutations, genetic deletions, loss of heterozygosity, 
and epigenetic changes that silence the expression of the gene 
that encodes for E-cadherin ( CDH1)  have been routinely 
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detected in lobular neoplasias [ 32 ,  33 ]. As a result, immuno-
histochemistry of lobular-type lesions for  E-cadherin   shows a 
reduction in protein expression [ 34 ]. In conjunction with these 
perturbations, there is a shift in p120 localization from the cell 
membrane to the cytoplasm with scant cytoplasmic β-catenin 
expression [ 31 ,  35 ]. In our laboratory,  E- cadherin   IHC stain-
ing is routinely used to differentiate the two lesions (Fig.  2 ), 
and has been a very useful tool in classifying histologically 
ambiguous lesions.

       5.    Lymph-vascular invasion. 
  Lymph-vascular  invasion   (LVI) is an important prognostic 

parameter that is used to determine the risk of local recurrence 
and distant metastases [ 36 ,  37 ]. In patients without nodal 
involvement, the subset without lymph-vascular invasion has 
lower rates of future  metastasis   and increased disease-free and 
overall survival [ 37 ,  38 ]. Lymphatic invasion is routinely con-
sidered in therapeutic decision-making for patients with a bor-
derline tumor size and negative lymph node status. There are 
four criteria used in the defi nition of lymph-vascular  invasion   
derived from Rosen et al. [ 39 ]: (1)  invasion   must be detected 
outside the border of invasive carcinoma, (2) tumor emboli 
should not fi t exactly within the confi nes of the enclosing 
space, (3) endothelial cells should line the confi ning space, 
and (4) lymphatics are found nearby to blood vessels. In situ-
ations where it is diffi cult to ascertain LVI histologically, 
immunohistochemical methods have been employed to high-
light the endothelial cells of vascular and lymphatic spaces 
[ 40 ]. Vascular and lymphatic endothelial cells express CD31 
and CD34, whereas lymphatic vascular cells express D2-40 
and podoplanin [ 40 ,  41 ]. Using these markers to determine 
LVI, pathologists are able to increase the quantity and accu-
racy of detection of LVI in breast specimens  [ 40 ,  41 ].   

   6.    Lymph node metastasis. 
   Metastasis   to regional lymph nodes is associated with 

decreased disease-free and overall survival [ 42 – 44 ]. 
Pathological assessment of regional lymph nodes is key in 
staging a patient’s cancer [ 45 ]. Sentinel lymph nodes (SLNs) 
are the fi rst series of lymph nodes that drain a particular 
region of the breast and have been observed to be the fi rst 
type of lymph nodes that contain metastasis. Clinically, the 

Fig. 2 (continued) proliferation highlighted by strong E-cadherin staining, with areas of lobular-type prolifera-
tion showing absent E-cadherin expression marked by  arrows . ( c ) H & E and ( d ) E-cadherin immunohisto-
chemistry of LCIS at 200×. ( e ) H & E and ( f )  E-cadherin   Immunohistochemistry of pagetoid spread of lobular 
neoplasia at 100×. Note the lobular lesions beneath the ductal epithelium highlighted by  E-cadherin   staining       
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  Fig. 2     E-cadherin   (clone 36) immunohistochemical analysis distinguishing ductal from lobular neoplasias. 
( a ,  b ) at 200×. Hematoyxylin-eosin (H & E) staining of micropapillary ductal carcinoma in situ with pagetoid 
spread of ( a ) lobular carcinoma in situ (LCIS) with corresponding  E-cadherin   staining ( b ). Note the ductal
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SLNs are identifi ed by highlighting them with intraoperative 
gamma radiotracer detected by a Geiger counter or visually 
detected blue-colored dye. Once highlighted as being “hot” 
and/or “blue,” a surgical biopsy is performed. An intraop-
erative assessment of SLNs can be performed on H & E 
slides of SLN frozen sections. If the SLNs are positive for 
metastatic tumor by frozen section evaluation, the practice 
for the surgeon in certain clinical situations is to perform an 
axillary dissection to obtain more axillary nodes. This would 
provide more accurate staging as positive SLNs correlate 
with axillary lymph node metastasis in a proportion of 
patients [ 46 ]. 

 However, it has been demonstrated that there can be vari-
ability in diagnosing the presence and size of lymph node 
metastasis [ 47 ,  48 ]. Thus, measuring the size of metastasis or 
quantifi cation of the number of cells is important in establish-
ing prognosis and adjuvant treatment [ 48 ,  49 ]. Three main 
categories have been used: isolated tumor cells (≤0.2 mm or 
200 cells), micrometastasis (more than 0.2 mm but ≤2.0 mm 
and/or ≥200 cells), and macrometastases (>2.0 mm). These 
categories correlate with nonsentinel axillary lymph node 
metastasis and prognosis [ 43 ,  46 ,  49 ]. To assist pathologists 
to this effect, IHC using the antibody combination AE1/AE3 
for pancytokeratin expression found in breast tumor cells [ 50 ] 
has been widely used in determining lymph node metastasis, 
and size if applicable (Fig.  3 )  [ 43 ,  46 ,  48 ,  51 ].

       7.    Determination of breast metastasis from neoplasms of uncer-
tain origins. 

 When metastatic lesions of unknown origin are encoun-
tered, it is prudent to include metastatic breast cancer as a 
major differential among possible sources, especially in 
female patients. Lineage-specifi c expression of proteins is 

  Fig. 3     Immunohistochemistry   of sentinel lymph node for  pancytokeratin   revealing  metastasis   (isolated tumor 
cells) of Invasive Ductal Carcinoma. ( a )  Hematoxylin–eosin   at 100×. Image of pancytokeratin staining (clone 
AE1/AE3/PCK26) of sentinel lymph node at 100× ( b ), and at 200× ( c )       
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useful in classifying metastasis by tissue of origin [ 52 ]. To 
help differentiate among various origins of cancer, a panel of 
IHC studies can be employed. As the majority of metastatic 
breast cancers are epithelial in origin, AE1/AE3 pancytokera-
tin antibodies are useful to validate epithelial differentiation. 
CK7 and CK20 stains are also performed as breast lesions are 
mostly CK7+ and CK20−, and this combination can distin-
guish them from other cell lineages such as colon and urothe-
lial. To further distinguish from other CK7+/CK20− tumors 
such as nonmucinous lung adenocarcinomas, other combina-
tions of  mammary specifi c markers such as GATA3,  estrogen 
receptor (ER)  , gross cystic disease fl uid protein 15 (GCDFP-
15), and mammaglobin can also be utilized (Fig.  4 ).

       8.    Predictive and prognostic molecular factors and subclassifi cation. 
 Estrogen is the primary hormone that regulates the prolif-

eration of  breast cancer cells   through the interaction with its 
receptor, ER [ 53 ]. There are two known isoforms of ER, des-
ignated as ER-α and ER-β, where ER-α is the dominant regu-
lator of estrogen signaling in breast cancer pathogenesis. ER 
expression is a strong predictive factor in terms of determining 
the potential benefi ts from adjuvant hormonal therapy. 

  Progesterone receptor (PR)   is a superfamily of nuclear 
receptors, where a single copy of the PR gene has separate 
promoters and translational start sites to produce two iso-
forms, PR-α and PR-β [ 54 ].  PR   is also considered important 
in cancer pathogenesis as PR is the codependent partn er of ER   
in terms of the biological behavior of breast cancer at the 
molecular level, since the interaction of progesterone and PR 
is an essential component of physiology. 

  Human Epidermal Growth Factor Receptor 2 (HER2)  , 
expressed by the gene ERBB2, is a member of a family of 
transmembrane growth factor receptors that play pivotal roles 
in regulating normal cell proliferation and transmitting signals 
for cell growth and survival [ 55 ]. The HER2 receptor tyrosine 
kinase plays a very important role in both the biological behav-
ior and the clinical course of breast cancer. Although the iden-
tity of the high-affi nity ligand for HER2 remains unclear, 
HER2 is thought to dimerize with other HER receptors 
within the family, leading to activation of cytoplasmic tyrosine 
kinase thus initiating downstream signaling for cell prolifera-
tion,  migration  , and survival of tumor cells overexpressing 
HER receptors. When the HER2 receptor tyrosine kinase is 
activated, multiple cellular signaling pathways are initiated 
that include both the mitogen-activated protein kinase 
(MAPK) and phosphatidylinositol 3-kinase (PI3K) signaling 
pathways. Normally, cells contain a single copy of the HER2 
gene on each copy of chromosome 17 [ 56 ]. Breast epithelial 
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  Fig. 4    Immunohistochemical determination of tissue origin of  metastasis  .  Hematoxylin–eosin   (H & E) staining 
at 100× ( a ) of metastatic breast lobular carcinoma located in small bowel submucosa. ( b ) Pancytokeratin 
immunostaining at 100× highlighting the benign small bowel epithelium ( bottom half ), and the submucosal 
metastatic breast lesion ( top half ). CDX2 ( c ), and  E-cadherin   ( d )  immunohistochemistry   at 100× with positive 
staining of the small bowel epithelium ( bottom half ) and negative staining of the lobular breast lesion ( top half ). 
( e ) GATA3  immunohistochemistry   at 100× showing positive nuclear staining of the metastatic breast lesion 
( upper right ). The cells stained in the lower left are lymphocytes within the small bowel lamina propria. ( f ) 
Mammaglobin immunohistochemistry at 100× showing positive cytoplasmic staining of the metastatic breast 
lesion ( top right ), as well as infi ltrating breast carcinoma cells within the small bowel mucosa ( lower left )       
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cells express the  HER2   gene, which is translated into a 
185 kDa transmembrane growth factor receptor with cyto-
plasmic tyrosine kinase activity. HER2 genes can be amplifi ed 
from twofold to greater than 20-fold in each tumor cell 
nucleus relative to chromosome 17 in approximately 15–25 % 
of breast cancer cases, resulting in the expression of cell sur-
face HER2 receptors with up to 100 times the normal number 
of receptors found in normal breast epithelial cells. 

 Based on gene expression profi ling from cDNA microar-
ray analysis of clinically-acquired breast lesions, subgroup 
classifi cations with associated biological and clinical behaviors 
can be determined by similar expression of  ER  ,  PR  ,  and 
  HER2 [ 57 ]. A fi rst group was described as having a transcrip-
tome profi le similar to luminal cells with expression of the 
hormone receptors  ER   and  PR  . A second group demon-
strated high expression of the ERBB2 coding for the HER2. 
A third was demonstrated to have an expression profi le similar 
to basal cells with triple negative expression  of   ER,  PR  , and 
 HER2  . And a fourth group was described as having an expres-
sion profi le close to that of normal breast tissue. It was subse-
quently demonstrated that luminal and basal subtypes could 
be further divided. In the luminal subgroup, a portion of 
tumors co- express HER2, thus generating the subtype lumi-
nal A (ER+/HER2−) and luminal B (ER+/HER2+) [ 58 , 
 59 ]. Furthermore, based on the expression of  cytokeratin   
CK5/6 and the Epidermal Growth Factor receptor 1 (EGFR), 
the basal-type triple negative subgroup could be further 
divided into two groups that co-express or lack expression of 
these proteins [ 60 ,  61 ]. 

 Altogether, four major subclasses are clinically recognized: 
Luminal A (ER+ HER2−), Luminal B (ER+ HER2+), HER2 
(ER− HER2+), and Triple Negative (TNC) (ER− PR− HER−; 
CK5/6±, EGFR±). Assays based on qRT-PCR methods for 
measuring the gene expression of select genes including  ER  , 
 PR  , and HER2 simulate the early cDNA gene array profi ling 
studies, and can be performed for clinical prognostication by 
classifying the various breast subtypes [ 62 ,  63 ]. However, a 
more economic form of breast subtype classifi cation can be 
performed via IHC-based methods staining for the  ER  ,  PR   
and  HER2   combinations [ 60 ] (Fig.  5 ).

   Molecular-derived classifi cation has displayed a hierarchy of 
particular clinical behaviors. TNCs and  HER2   subgroups have 
been demonstrated to have worse overall survival compared to 
the luminal subgroups [ 64 – 66 ]. TNCs have the highest mitotic 
activity, followed by HER2, luminal B, and luminal A group 
cancers in descending order [ 61 ,  64 ].  HER2   subgroup cancers 
are associated with the highest rate of lymph node metastases, 
followed by luminal B, TNC, and luminal A lesions [ 64 ].   
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  Fig. 5    Molecular subtyping of breast invasive carcinoma.  Hematoxylin–eosin (H & E)  , and  immunohistochem-
istry   of  ER   (clone SP1) and HER2 (clone 4B5) at 200×, classifying Luminal A ( a , H & E;  b , ER;  c , HER2), Luminal 
B ( d , H & E;  e , ER;  f , HER2), HER2 ( g , H & E;  h , ER;  i , HER2), and Triple negative cancer ( j , H & E;  k , ER;  l , HER2) 
subgroups. PR staining not shown       
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   9.    Scoring systems for ER, PR, and HER2 expression by IHC. 
    The  quantity   of  biomarker   expression, based on molecular 

 classifi cation   of the breast cancers, governs clinical manage-
ment. Luminal cancers, with their higher level of expression of 
ER and ER-related genes, are considered for hormonal-based 
therapy such as adjuvant tamoxifen or aromatase inhibitors as 
a main stay for therapeutic intervention. Interestingly, luminal 
subgroups show differential response to anti-hormonal ther-
apy [ 62 ]. Luminal A cancers have a higher response to 
hormonal- based therapy compared to luminal B cancers, per-
haps in part to its dual HER2 expression. Conversely, luminal 
B cancers show increased susceptibility to anthracycline-based 
chemotherapy [ 67 ]. Similarly, in the HER2 subgroup, clinical 
treatment is based on targeting HER2 overexpression by com-
bination of adjuvant chemotherapy and anti-HER2 antibod-
ies, like Trastuzumab, with increased clinical benefi t over 
adjuvant chemotherapy alone [ 68 ,  69 ]. With respect to TNCs, 
patients within this subgroup have been shown to gain benefi t 
in disease-free and overall survival from neoadjuvant 
anthracycline- based chemotherapy [ 70 ,  71 ], as well as high- 
dose adjuvant chemotherapy compared to conventional doses 
of chemotherapy [ 72 ]. Therefore, a standardized protocol for 
quantifying IHC staining is important to determining positiv-
ity of biomarker expression as it strongly infl uences clinical 
management. 

 In daily practice, the presence of ER and PR in breast tissue 
is measured on formalin-fi xed and paraffi n-embedded (FFPE) 
breast tissue containing the maximal amount of viable tumor 
cells. IHC analysis of hormone receptor expression has been 
described as a more superior detection compared to previously 
utilized ligand binding methods [ 73 ,  74 ]. Increased levels of 
ER and PR expression by IHC correlate with response to anti- 
hormonal therapies [ 74 ,  75 ]. However, other studies have 
shown that tumors with even 1 % of nuclei showing nuclear 
expression of hormone receptor can respond to hormonal ther-
apy [ 76 ]. Based on these observations, a consensus was reached 
by the American Society of Clinical Oncology (ASCO) and the 
College of American Pathologists (CAP) on testing interpreta-
tion criteria that include the defi nition of positive and negative 
status for hormone receptor by IHC studies and the reporting 
of these corresponding results [ 76 ,  77 ], where any nuclear 
immunoreactivity ≥1 % be reported as “positive” along with 
average intensity and extent of staining. 

 ASCO and CAP also recommend that HER-2 status can 
be determined by IHC for protein overexpression [ 78 ]. 
Therefore, all newly diagnosed breast cancer cases are tested 
for the HER-2 molecular marker using FFPE tissue sections 
of invasive breast cancer. Evaluations of breast cancer cell 
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membrane HER2 protein expression by IHC are semi-quan-
titatively reported in pathology reports, where an absence of 
membranous staining or incomplete, faint membranous stain-
ing in ≤10 % of invasive tumor cells is scored as ‘0’, incom-
plete, faint membranous staining in >10 % of invasive tumor 
cells is scored as ‘1+’, incomplete and/or weak circumferen-
tial membrane staining in >10 % of invasive tumor cells or 
complete, intense, circumferential membranous staining in 
≤10 % of invasive tumor cells is scored as ‘2+’, and circumfer-
ential membranous staining of at least 10 % of the tumor cells 
with a thick staining ring and refractile quality is scored as 
‘3+’ (Fig.  6 ). Only cases with strong circumferential mem-
brane staining, scored as “3+,” show clinically relevant con-
cordance with HER2 gene amplifi cation by  FISH  . The 
HER2+ breast cancers that are IHC 3+ by IHC staining are 
candidates for targeted Trastuzumab treatment that will pro-
vide the most benefi t to patients    [ 79 ].   

   10.    Ki-67 coupling histopathologic and molecular factors to pre-
dict prognosis and treatment. 

   Pathologists   generally use the Nottingham Combined 
Histologic Grade for standardized grading  for   breast tumors 
[ 80 ]. This overall grading methodology is based on the sum of 
the individual assessments of the degree of tubular formation, 
nuclear pleomorphism, and mitotic activity, where the com-
bined score puts the tumor in a tiered system that character-
izes the tumor as either low-, intermediate-, or high-grade. 
Even though grading is qualitative and dependent on observer 
variability, histologic grade is still an important parameter in 
terms of predicting clinical outcome [ 81 – 83 ]. Of the grading 
schema, cell proliferation has gained particular attention as it 
can be used to further differentiate cancer groups into high 
and low categories and infl uencing prognosis [ 84 ,  85 ]. And 
even though increased cell proliferation is associated with poor 
prognosis, it predicts increased response to certain chemo-
therapeutic treatments [ 70 ,  71 ,  84 ]. Therefore, Ki-67 has 
become the surrogate marker for cell proliferation as it is 
increasingly and specifi cally expressed in the nuclei of all stages 
of active cellular division except G0 and early G1 [ 86 ].

Fig. 6 (continued) staining, grade “0”—Negative. ( c ) H & E and corresponding HER2 immunohistochemistry ( d ) 
showing faint, incomplete membranous staining of >10 % tumor cells, grade “1”—Negative. ( e ) H & E and ( f ) 
and  corresponding HER2 immunohistochemistry with weak to moderate, incomplete, circumferential staining 
of >10 % tumor cells, grade “2”—Equivocal. ( g ) H & E and corresponding HER2 immunohistochemistry ( h ) 
with strong, complete circumferential membranous staining, grade “3”—Positive       
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  Fig. 6    Grading of HER2 immunohistochemistry staining of invasive carcinoma (clone 4B5) at 200×. ( a )  Hematoxylin–
eosin (H & E)   and corresponding HER2 immunohistochemistry ( b ) showing absence of membranous
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   To assist in quantifi cation of cell proliferation, IHC stain-
ing for Ki-67 is routinely used in assessing cancers, coupling 
the histological grading system to the molecular-based sub-
groups of breast cancer [ 85 ]. Recently, the International 
Ki-67 in Breast Cancer Working Group generated recommen-
dations for the application of Ki-67 staining and quantitative 
scoring in breast cancers. Cells suitable for scoring should have 
complete nuclear expression, suggestive of good specimen 
quality (Fig.  7 ). For a quantitative measurement of Ki-67 
expression, at least three fi elds of cells at 40× objective located 
at the tumor’s invasive edge should be analyzed. However, if 
there are heterogeneous regions of Ki-67 expression through-
out the lesion, described as “hot spots,” an overall average of 
the Ki-67 expression should be calculated [ 85 ].

  Fig. 7    Cell proliferation by  Ki-67   immunohistochemistry at 400×. Nuclear staining of carcinoma cells by Ki-67 
(clone 30-9) immunohistochemistry with various quantities of expression. ( a ) 10–15 %, ( b ) 35–40 %, ( c ) 
60–65 %, ( d ) >90 % of tumor cells present are positive for  Ki-67   nuclear staining.       
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   Scoring of Ki-67 expression also has a predictive role in 
treatment of breast cancers. In luminal cancers, increased Ki-67 
 expression was detected in the luminal B subgroup, and can be 
used to differentiate from the luminal A subgroup with a cutoff 
point of 13.25 % [ 84 ]. This has been illustrated in the IMPACT 
and the P024 clinical trials, where expression of Ki-67 status 
post neoadjuvant chemotherapy with combined hormonal and 
anthracycline-based therapy has a linear correlation with recur-
rence [ 87 ,  88 ]. These fi ndings have been supported by other 
studies showing increased Ki-67 expression associated with 
increased complete pathological response to anthracycline- 
based neoadjuvant chemotherapy [ 70 ,  71 ,  84 ]. This observa-
tion is crucial with the clinical management of the triple 
negative cancer (TNC) subgroup, since these lesions have been 
demonstrated to have high-grade disease and high  Ki-67   
expression with poor clinical outcomes [ 61 ,  70 ,  71 ,  84  ].   

   11.    Quality assurance of breast specimens for accurate assessment 
of biomarker expression. 

 Proper handling and care of breast specimens is necessary 
for accurate quantifi cation and assessment of biomarker 
expression by IHC. Once the breast specimen is removed 
from the patient, the length of time before placement in for-
malin, known as the cold ischemic time, is a key factor in 
affecting integrity of biomarker expression. It has been dem-
onstrated that refrigerated specimens with cold ischemic times 
over 4 h and unrefrigerated specimens with cold ischemic 
times over 2 h begin to show drastic decreases in ER, PR, and 
HER2 expression [ 89 ]. This has led to the ASCP/CAP rec-
ommendation of keeping ischemic times no longer than 1 h 
[ 76 ,  89 ]. Formalin times are another important factor in 
maintaining quality of biomarker expression. Formalin times 
below 6 h have been documented to decrease detectable 
expression of  ER  ,  PR  ,  and   HER2 [ 90 ]. Conversely, formalin 
times greater than 72 h also result in decreased expression for 
 ER  ,  PR  , and  HER2   expression [ 91 – 93 ]. Combining these 
observations with quality assurance of immunohistochemistry 
results for  ER  ,  PR  ,  HER2  , and  Ki-67   have led to established 
CAP/ASCO guidelines that have recommended that speci-
mens must be incubated in formalin no less than 6 h and no 
more than 72 h [ 76 ,  78 ,  85 ]. 

 As a result of rapidly advancing biotechnologies, especially 
that of gene expression studies, our knowledge of breast 
pathology has been greatly expanded. With this enhanced 
knowledge, we have implemented the use of immunohisto-
chemical analysis of diagnostic and predictive markers as an 
invaluable tool in modern clinical practice to help determine 
both the clinical management of breast disease and to improve 
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overall patient care. In this chapter, we have discussed the ways 
in which IHC analysis can enhance H & E examinations to 
further distinguish benign from malignant breast lesions, dif-
ferentiate subtypes of breast neoplasias, and to quantify cancer 
cells and biomarker expression to support various clinical 
interventions. With the ongoing work into the discovery and 
development of better prognostic biomarkers, this invaluable 
tool will ultimately be refi ned, to the benefi t of pathologists, 
clinicians, and most importantly, our patients.          
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    Chapter 3   

 Immunohistochemistry for Triple-Negative Breast Cancer                     

     Kalnisha     Naidoo     and     Sarah     E.     Pinder      

  Abstract 

   Triple-negative breast cancers are a heterogeneous group of tumors that are, as yet, not entirely under-
stood. Although triple-negative carcinomas are strictly defi ned as invasive carcinomas lacking expression of 
estrogen receptor, progesterone receptor, and HER2, some use the terms triple-negative and basal-like 
cancer synonymously. It should be noted that these are not entirely equivalent. Nevertheless, it has been 
shown that a panel of immunohistochemical markers can be used as a surrogate for genomic profi ling and 
thus to identify basal-like breast cancers. We describe the panels of immunohistochemical markers that can 
be applied and how to interpret these markers herein.  

  Key words     Triple-negative breast cancer  ,   ER  ,   HER2  ,   Basal-like breast carcinoma  , 
  Immunohistochemistry  

1       Introduction 

   The  onset   of  the   molecular age has transformed the way in which 
we classify, treat, and predict outcomes for breast cancer. At a 
genetic level, at least fi ve subtypes exist: luminal A; luminal B; 
human epidermal growth factor 2 (HER-2) enriched; normal 
breast-like; and basal-like [ 1 ,  2 ]. Reconciling the basal-like group 
of cancers to traditional morphological subtypes, however, has 
proven diffi cult. Indeed, triple-negative breast cancers (i.e., cancers 
lacking  estrogen receptor (ER)  ,  progesterone receptor (PR)  , and 
 HER-2   expression) overlap with the basal-like subtype, but are not 
entirely the same entity, with approximately 75 % equivalence [ 3 ]. 

 Distinguishing triple-negative carcinomas from basal-like 
lesions may be of clinical value; it has been shown that epidermal 
growth factor receptor (EGFR) and/or basal  cytokeratin (CK)   
5/6 expression within this triple-negative group allows for the 
identifi cation of a “Core Basal” subtype [ 4 ,  5 ]. These “Core Basal” 
cancers are reported to not respond as well to adjuvant anthracycline- 
based chemotherapy in some series and thus, have a signifi cantly 
poorer prognosis [ 5 – 7 ]. The identifi cation of such cancers, 
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 therefore, has potential clinical implications although this is not 
universally accepted, and, in our opinion, more evidence and 
research is required. 

 It is also clear that both triple-negative and basal-like breast 
cancers are not homogeneous entities and that these are not truly 
individual tumor types but groups of lesions. Although many are 
grade 3 malignant cancers with high mitotic frequency (Fig.  1 ), 
irregular areas of necrosis (Fig.  2 ) or fi brosis and a pushing margin, 
perhaps even with a lymphoid infi ltrate, it must be remembered 
that even these are a heterogeneous spectrum [ 5 ]. The microscopic 
appearance of triple-negative carcinoma varies enormously and 
includes the salivary gland-like lesions, such as adenoid cystic car-
cinomas that have a good prognosis (Fig.  3a–c ), and spindled cell/
metaplastic carcinomas (both low (Fig.  3d, e ) and high grade, with 
good and poor prognosis respectively); all these lesions typically 
also express basal markers immunohistochemically. Thus the prog-
nostic relevance of subtyping according to genomic or immunohis-
tochemical assays cannot be accepted in isolation of the histology 
of the lesion. It should also be remembered that none of the addi-
tional biomarkers available as yet have proven predictive value for a 
specifi c targeted therapy, above and beyond  ER   and  HER2   in this 
group of lesions.

      Immunohistochemistry (IHC)   is an invaluable, relatively inex-
pensive, widely used antibody-dependent technique that evaluates 
protein expression and localization in tissue sections. Although the 
technique can be used on fresh, frozen, and/or formalin-fi xed tis-
sue, an in-depth analysis of tissue fi xation and its effects on antigen 
retrieval is beyond the scope of this chapter. The method described 
herein therefore applies to formalin-fi xed paraffi n-embedded tis-
sue, which is the diagnostic standard in laboratories worldwide. 

  IHC   can be divided into two stages: staining (i.e., the technical 
process of applying an antibody to a tissue section so that a protein 

  Fig. 1    Core of  ER  -negative grade 3 invasive breast carcinoma. A hematoxylin and eosin-stained section (H&E) 
is shown in ( a ). ER staining of the same tumor is shown in ( b ); no nuclear expression is seen       
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can be visualized easily) and interpretation (i.e., semi-quantitative 
analysis of protein expression and localization). With regards to the 
former, protocols need to be optimized in-house, as although the 
principles of staining (discussed below) are generic, the differences 
in tissue processing and reagents between laboratories will affect 

  Fig. 2    “Core Basal” grade 3 invasive breast cancer with geographic irregular areas of necrosis. A hematoxylin 
and eosin-stained section (H&E) is shown in ( a ).  ER   negativity in the nodal  metastasis   seen in ( b ) as an absence 
of nuclear reactivity. HER2 negativity in the same primary breast cancer is seen in ( c ) as an absence of any 
membrane reactivity. Cytokeratin 5 and  cytokeratin   14 cytoplasmic positivity, respectively, in the same tumor 
is shown in ( d ,  e )       
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the quality of staining achieved. Thus, we have focused on a 
conceptual explanation of technique rather than a proscriptive one. 

 Of note, it is particularly important that all possible quality 
assurance (internal and external) protocols are applied in the 
 assessment of receptor status of invasive breast cancers as these are 
intimately linked with the selection of the most appropriate 

  Fig. 3    Unusual forms of invasive breast cancer may also be triple-negative in phenotype. This is an uncommon, 
acinic cell (variant of salivary gland-like), carcinoma ( a ; H&E), which is  ER   negative ( b ) and  HER2   negative ( c ). 
Normal breast glands act as an internal control and show  ER   reactivity, as seen in ( b ). Other forms of triple- 
negative carcinoma include metaplastic (spindle cell) carcinomas ( d ; H&E), which retain cytokeratin expres-
sion ( e ; PanK) confi rming the epithelial nature of the lesion       
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treatments for patients [ 8 ,  9 ]. Any errors, either technical or inter-
pretive, may result in receipt of treatments that are unlikely to be 
effective, or conversely in omission of therapies that may be highly 
benefi cial [ 8 ,  9 ]. Standardization of both technique and interpreta-
tion, and regular, ongoing participation in external quality assur-
ance is essential. Appropriate controls (negative and positive) are 
also mandatory.  

2     Materials 

 By far, the most important determinant of staining quality is the 
choice of antibody.

    1.    Fully automated staining system with relevant reagents.   
   2.     ER   antibody (SP1 clone) at 1:100 dilution.   
   3.     PR   antibody (1A6 clone) at 1:300 dilution.   
   4.     HER-2   ready-to-use kit (Leica Microsystems, Milton Keynes, 

UK).   
   5.    EGFR antibody (384 clone) at 1:100 dilution.   
   6.    CK5/6 antibody (D5/16 B4 clone) at 1:100 dilution.   
   7.    Slides.   
   8.    Coverslips.      

3     Methods 

   Standardization of immunohistochemical staining in the recom-
mended automated staining platforms obviates a detailed descrip-
tion of technique. Thus, a brief summary of the rationale behind 
the machination is described below. 

   Following fi xation, tissue is dehydrated to permit paraffi n penetra-
tion for storage. This process needs to be reversed gradually prior 
to staining so that the antibody can permeate the tissue entirely.  

   This step in essence serves to reduce “noise” so that only the pro-
tein of interest is ultimately lit up. “Noise” can result from endog-
enous peroxidases, nonspecifi c (non-immunological) binding 
between the tissue and the antibody due to hydrophobic and elec-
trostatic forces, and endogenous biotin.  

   Formalin fi xation crosslinks proteins, and masks epitopes. For anti-
bodies to be able to bind, these crosslinks must be broken. This 
can be done using heat, enzymes, or both. Rarely, if the epitope 
has managed to avoid the effects of fi xation, this step can be 
omitted entirely.  

3.1   Staining

3.1.1  Removal of Paraffi n 
and Tissue Rehydration

3.1.2  Reducing 
Background Staining 
and Nonspecifi c Antibody 
Binding

3.1.3  Antigen Retrieval

Triple Negative Breast Cancer
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   As mentioned, the most important component of this entire 
process is the quality of the antibody used. 

 Potential antibodies for the evaluation of triple-negative and 
basal-like breast cancers include the SP1 clone for  ER  , 1A6 for  PR  , 
384 for EGFR, and D5/16 B4 for CK5/6. The UK National 
External Quality Assurance Scheme for Immunocytochemistry 
(NEQAS ICC) and in situ hybridization provides information on 
the mostly widely used primary antibodies and their successful 
application. The Ventana Pathway 790-2991 (4B5) and the Dako 
A0485 C-erB-2 (poly) are the most commonly used at present 
(  http://www.ukneqasicc.ucl.ac.uk/journal_run_107.pdf    ), whilst 
Ventana 790-4324 (SP1) is the most commonly used in  ER   assays 
(  http://www.ukneqasicc.ucl.ac.uk/run_106.pdf    ) and Ventana 
790-2223 (1E2) (A&B) for PR assessment (  http://www.ukneqa-
sicc.ucl.ac.uk/journal_run_107.pdf    ). 

 Many of these antibodies are monoclonal. This relates to the 
importance of antibody specifi city. A great deal of structural and 
functional homology exists between the steroid receptors ( ER   and 
 PR  ) [ 10 ]; the ErbB family of tyrosine kinase receptors (HER2 and 
EGFR) [ 11 ,  12 ]; and the various  cytokeratins   that form the inter-
mediate fi laments of the cytoskeleton [ 13 ]. Expression of both the 
steroid and tyrosine kinase receptors in breast cancer, through vari-
ous mechanisms, results in autonomous cell growth and prolifera-
tion [ 14 ]. Targeted therapies towards  ER   (tamoxifen and aromatase 
inhibitors) and  HER2   (such as trastuzumab), by blocking this 
aberrant process, have signifi cantly improved survival in a subset of 
patients [ 15 – 17 ]. 

  Cytokeratin   expression is used as a marker of cellular differen-
tiation. In the breast, CK 5/6 is normally present in myoepithelial 
and basal epithelial cells, whilst CK7 and CK8 are present in 
luminal cells [ 18 ]. Thus,  cytokeratin   expression can help defi ne 
tumor subtype.  

   Once the primary antibody has been allowed suffi cient time to 
bind, the next step is to amplify the signal produced for visualiza-
tion. For this protocol, an indirect method is used in which a 
labeled secondary antibody is added to the tissue. An enzyme 
reporter is then added with a chromogenic substrate.  

   Sections are then counterstained to highlight the nuclei, and dehy-
drated. Finally, they are mounted and a coverslip is added.   

   The stained slides are analyzed to localize and quantitate protein 
expression. 

 The accurate assessment of  estrogen receptor   alpha is vital in 
predicting the response of patients with invasive breast cancer to 
hormone therapies (tamoxifen and/or aromatase inhibitors) and 
immunohistochemistry is the “gold standard” for det ermining ER   
status (an ER-positive tumor is shown in Fig.  4 ). It is thus crucial 

3.1.4  Antibody Binding

3.1.5  Antibody Detection

3.1.6  Counterstain, 
Dehydrate, and Mount

3.2  Interpretation 
and Analysis
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that correctly validated antibodies are used in a standardized way 
and that appropriate control tissues are included with each run [ 8 ].

   A separate matter is the interpretation of  ER   and  PR   immunos-
taining and defi ning positive/negative breast cancers. Evaluation 
most commonly includes an interpretation of the frequency and 
the intensity of reactivity of the tumor nuclei in a system such as 
the Allred score (Table  1 ). An Allred score of 0 or 2 is widely 
regarded as defi ning a breast canc er as ER   negative [ 19 ]. However, 
there is a relative paucity of data on response to hormone therapies 
of patients with invasive breast cancer according to degree of  ER   
reactivity. The most recent recommendations (ASCO CAP) are 
that a cut-off of 1 % or more of tumor cells is used to defi ne a lesion 
as  ER   positive [ 8 ] and this is now also the recommendation in the 
UK. Nevertheless, as elsewhere, in our own Unit the 
Multidisciplinary Team still desires a more semi-quantifi ed score 
be included in  histopathology   reports in order to make a recom-
mendation for individual patient management; those with very 
weakly ER-positive tumors (Fig.  5 ) would not, for example, be 
considered ideal candidates for primary endocrine therapy to 
downsize a tumor prior to surgery. Such cases are relatively rare, as 
the distribution of  estrogen receptor   score in breast cancer is 
bimodal; most invasive carcinomas are either completely negative 
(0 % cells) or extensively (>66 % of cells) positive, the latter with 
typically moderate or strong intensity of reactivity. However, accu-
rately and consistently defi ning a cut-off of clinical relevance is dif-
fi cult as the most appropriate threshold may vary according to 
clinical context, i.e., adjuvant vs. neoadjuvant/pre-surgical/pri-
mary therapy vs. metastatic settings.

  Fig. 4    Strongly  ER  -positive tumor, seen as brown nuclear reactivity in invasive 
breast carcinoma       
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    HER2 immunohistochemistry has been routinely used as a 
predictive marker in breast cancer for more than 10 years. Whilst 
patients with  HER2  -positive tumors generally have a poor overall 
prognosis, those with both early and metastatic disease have a 
markedly improved survival when anti- HER2   systemic therapy, 
such as trastuzumab, is given [ 11 ,  12 ]. Guidelines for testing  for 
  HER2 [ 9 ,  20 ] provide advice on methodology, quality assurance, 
and interpretation of  HER2   assays (Table  2  and Fig.  6 ). However, 
as  HER2   assessment, as well as ER, forms an integral part of the 
pathology minimum dataset and is a requirement for optimum 

   Table 1  

  Allred scoring system for  ER   and  PR      immunohistochemistry   

 Allred score  Score for proportion  Score for intensity  Result 

 0  No staining  No staining  Negative 

 1  <1 % Nuclear staining  Weak  Positive if total score is >2 

 2  1–10 % Nuclear staining  Moderate  Positive 

 3  11–33 % Nuclear staining  Strong  Positive 

 4  34–66 % Nuclear staining  Positive 

 5  67–100 % Nuclear staining  Positive 

  Fig. 5    P ercentage ER   positivity directly informs therapeutic management. 
Although  ER   positivity is defi ned as 1 % or more of cells within a tumor, cases 
with very scanty weakly  ER   reactive tumor nuclei ( arrows ) are not generally 
considered ideal candidates for preoperative/neoadjuvant/primary hormone 
therapy       
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    Table 2  

  Scoring system for HER2 immunohistochemistry   

 IHC 
score  Criteria  Result 

 0  No staining is observed, or <10 % of tumor cells  Negative 

 1+  A faint/barely perceptible membrane staining is detected in >10 % of tumor 
cells; the cells are only stained in part of the membrane 

 Negative 

 2+  A weak to moderate complete membrane staining is observed in >10 % of tumor 
cells 

 Borderline 

 3+  A strong complete membrane staining is observed in >10 % of tumor cells  Positive 

  A similar system may be used for EGFR scoring  

  Fig. 6    Range of possible staining with  HER2  . An invasive breast cancer and adjacent normal glands showing 
no reactivity with  HER2   is seen in ( a ). An invasive breast cancer showing weak to moderate, but complete, 
membrane reactivity regarded as borderline, 2+ is shown in ( b ).  FISH   assay demonstrated no amplifi cation of 
the  Her2  gene in this case. An invasive breast cancer showing 3+, strong, complete membrane reactivity 
regarded as  HER2   positive is seen in ( c ), while ( d ) represents a cell line control for HER2 showing strong com-
plete membrane reactivity       
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patient management it is imperative that standardized protocols 
and methodologies are followed.

    Whilst there are established methods described for interpreta-
tion of  ER  ,  PR  , and  HER2   biomarkers in invasive cancer, there is 
no global agreement on the assessment of other “basal” markers 
such as CK5, CK5/6, CK14, or EGFR. Numerous other markers 
are also described as more frequently expressed in basal-like breast 
cancers, e.g. nestin, caveolin, NGFR, and others [ 21 ]. However, 
there is a lack of uniformity in cut-offs used for defi ning positivity 
for these assays in the literature, as well as in fi nding the right com-
bination of markers to accurately recapitulate the gene expression 
profi le of this group of tumors. 

 Subsequent to the recognition that a surrogate IHC profi le 
could be used to identify basal-like breast cancers with a more 
widely available technique than gene expression profi ling by 
Nielsen et al [ 4 ], the same group described that tumors can be 
separated into a “Core Basal” phenotype, with reactivity for EGFR 
and/or CK 5/6, and a “Five Marker Negative Phenotype” (5NP) 
negative for all fi ve mark ers (ER  ,  PR  ,  HER2  , CK5/6, and EGFR). 
These authors defi ne reactivity for CK5/6 and EGFR as those 
cases showing any reactivity but others have used a 10 % cut off for 
the basal  cytokeratins   with lesions showing less than 10 % of cells 
defi ned as negative [ 22 ]. It remains unclear, however, whether 
there is signifi cance in the proportion of a tumor that shows reac-
tivity for these markers with regard to classifi cation or prognosis 
[ 23 ]. It is clear that invasive breast cancers frequently show 
 heterogeneous expression of, for example, basal  cytokeratin   mark-
ers, and further investigation is required regarding the underlying 
biology and clinical signifi cance of this (Fig.  7 ).

4         Notes 

     1.    We have shown that morphological examination alone, includ-
ing the identifi cation of features such as histological grade 3 and 
geographic necrosis, on hematoxylin and eosin-stained sections 
is insuffi cient for the accurate recognition of entities as basal 
breast cancer by gene profi ling techniques [ 5 ]. Similarly, there 
is not complete overlap between basal-like lesions with genomic 
and IHC profi ling, and present methods of surrogate profi ling 
using IHC must therefore be regarded as imperfect. Indeed 
other literature suggests that rather than the fi ve intrinsic sub-
groups widely described, there are at least ten groupings of 
breast cancers when both genome and transcriptome aberra-
tions are integrated [ 24 ]. However, most centers are not 
equipped to run such an analysis on every patient’s cancer, 
whereas tumor immunoprofi ling can be performed routinely. 
Nevertheless, the value of the assessment of panels of immuno-
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markers for any tumor is ultimately is governed by and in par-
ticular of the clinical relevance, for example whether the 
biomarker serves as a “target” for a therapeutic agent. This will 
also be infl uenced by local and national guidelines, resource 
availability, and individual preference.   

   2.    In the context of this complexity and uncertainty, the diagnosis 
of  triple-negative breast cancer   is, more straightforward and is 
conversely, defi ned by IHC alone; as a minimum,  ER   and  HER2   
receptor status should be evaluated on all primary invasive 
breast carcinomas, and on all metastatic and recurrent breast 
cancers that have tissue available for assessment. For ER, we 
recommend that all cancers with 1 % or more  ER   positivity be 
reported as ER positive as per ASCO CAP and UK guidelines 
but, in addition, a semi-quantifi ed score (such as the Allred 
score) should be included. These data may prove useful in elu-
cidating how therapy correlates to staining intensity in the 
future.  HER2   status is reported as shown in Table  2 . Borderline 
cases should be sent for in situ hybridization studies. At present 
this is undertaken in our Unit by dual probe fl uorescence and 
both the ratio of  Her2  to chromosome 17 centromeric probe 
number and average copy number is reported. A ratio of <2.0 is 
regarded as non-amplifi ed and  Her2  negative, as is copy num-
ber less than 6. There is confl icting data as to whether  proges-
terone receptor   status adds to  ER   assessment or not; therefore 

  Fig. 7    Heterogeneous expression of the basal  cytokeratins   is frequently seen. 
Although some series have defi ned expression as any positivity, others have 
applied a cut-off of 10 % or more of tumor cells to regard as case as expressing 
these markers. Low power view of the  cytokeratin   14 immunohistochemically 
stained slides from the same case as seen in Fig.  2 , showing patchy nature of 
reactivity       
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    Chapter 4   

 In Situ Hybridization of Breast Cancer Markers                     

     Li     Min     and     Chengchao     Shou      

  Abstract 

   In situ hybridization is an important technique in breast cancer research, which is widely applied in detec-
tion of specifi c nucleic acid sequences. Here, we describe the detailed protocol of fl uorescence  in situ  
hybridization and chromogenic in situ hybridization in detection of gene HER2/ neu  amplifi cation in 
breast cancer tissues.  

  Key words     In situ hybridization  ,   Breast cancer  ,   HER2  ,   FISH  ,   CISH  

1       Introduction 

 Recently, in situ hybridization is  widely applied in detection of 
specifi c nucleic acid sequences [ 1 – 3 ]. 

 The mechanism of in situ hybridization is based on comple-
mentarity of single-strand nucleic acid [ 1 ]. The procedure of in 
situ hybridization can be summarized as three main steps: prepar-
ing radioactive or nonradioactive targeted exogenous nucleic acid 
(i.e. probe), hybridizing pretreated sample DNA or RNA on the 
tissue, cell, or chromosome with probes, detecting and mapping 
the specifi c hybrid nucleic acid [ 4 ,  5 ]. 

 In breast cancer research, many types of hybridization methods 
have been used, such as Dot blot, Southern blot, Northern blot, 
Tissue in situ hybridization, Genome in situ hybridization [ 2 ,  6 ]. 
Based on different probes and visualization reagents, in situ hybrid-
ization can be classifi ed into fl uorescence in situ hybridization 
( FISH)  , chromogenic in situ hybridization ( CISH)  , radiolabeled 
in situ hybridization, dual-color silver-enhanced in situ hybridiza-
tion and et al [ 7 – 10 ]. FISH and CISH are the methods being most 
widely used in breast cancer research. 

  Human epidermal growth factor receptor 2 (HER2)   is one 
of the most three important breast cancer markers [ 11 ,  12 ]. HER2 
gene amplifi cation occurs in more than 20 % breast cancer cases 
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and was identifi ed as an important prognostic biomarker [ 13 ]. 
HER2 gene amplifi cation can be identifi ed by many different 
methods, and  FISH   has become the “Gold Standard” of HER2 
gene amplifi cation detection in clinical practice [ 14 ,  15 ]. Recently, 
 CISH   was gradually widely studied and used as a viable alternative 
to FISH in HER2 gene amplifi cation detection [ 16 – 18 ]. In this 
chapter, we summarized regular protocol of  FISH   and CISH in 
detection of HER2, as representative protocols of  in situ  hybrid-
ization of breast cancer markers.  

2     Materials 

 Use ultrapure water (purifi ed deionized water, sensitivity: 18 
MΩ·cm at 25 °C) to prepare all buffers and other solutions. Store 
all solutions at room temperature (about 25 °C) unless otherwise 
indicated. All reagents used in the experiment should be analytical 
grade pure unless otherwise indicated. 

       1.    100-W Epifl uorescence  microscope   with appropriate fi lters ( see  
 Note 1 ).   

   2.    Water baths set.   
   3.    Microwave oven with appropriate size (for heat 

pretreatment).   
   4.    Thermal plate set.   
   5.    Silanized  microscope slides.     
   6.    “Probe check” quality control slides (Abbott Inc., UK), ( see  

 Note 2 ).   
   7.    Reveal target unmasking solution (Biocare Inc., Walnut Creek, 

CA).   
   8.    Staining dishes with 100 % xylene.   
   9.    Staining dishes with 100 %, 90 %, 80 %, 70 % ethanol ( see   Note 3 ).   
   10.    Phosphate buffered saline (PBS), pH 7.4: 0.01 M phosphate 

buffer, 0.0027 M KCl, 0.137 M NaCl. Dissolve 8 g NaCl, 0.2 
g KCl, 1.42 g Na 2 HPO 4 ⋅2H 2 O, 0.27 g KH 2 PO 4  in 800 mL 
ultrapure water, adjust pH to 7.4 with 10 M NaOH, make up 
to 1 L with ultrapure water and then autoclave.   

   11.    2× SSC solution, pH 7.0: 3 M NaCl, 0.3 M sodium citrate. 
Dissolve 175.3 g NaCl and 88.2 g sodium citrate 
(C 6 H 5 Na 3 O 7 ⋅2H 2 O) in 800 mL ultrapure water, adjust pH to 
7.0 with 10 M NaOH, make up to 1 L with ultrapure water and 
then autoclave, dilute 1:10 with ultrapure water for 2× SSC.   

2.1  Equipment 
and Reagent

Li Min and Chengchao Shou



55

   12.    Vectashield DAPI solution (Vectorlabs, UK), with 200 ng/
mL of 4,6-diamidino-2 phenylindole-2 hydrochloride (Sigma, 
UK) added.   

   13.    Omnislide hybridization platform (Thermo-Hybaid) with 
dark plastic lid.   

   14.    8 % (w/v) Sodium thiocyanate ( see   Note 4 ).   
   15.    Pepsin solution (Digest-All III; Zymed Inc.), ( see   Note 5 ).      

       1.    HER2/chromosome 17 probe mixture (Pathvysion™ kit).   
   2.    Denaturing solution, pH 7.0: Mix 49 mL Ultrapure for-

mamide (Fluka, UK), 7 mL 2× SSC, with 14 mL distilled 
water, and then adjust pH to 7.0 with 10 M NaOH.   

   3.    0.5× SSC: Autoclave 2× SSC solution, dilute 1:4 with ultra-
pure water for 0.5× SSC.   

   4.    Temporary “coverslips”: Cut Parafi lm to make temporary cov-
erslips. Temporary “coverslips” are made by cutting regular 
parafi lm into appropriate size, and then add the denaturation 
solution.   

   5.    22 × 22 mm slip.   
   6.    Rubber cement.      

       1.    A ready-to-use probe mixture for HER2 (SpotLight probe 
series; Zymed Inc., CA).   

   2.    CISH-UnderCover Slips (Zymed Inc.).   
   3.    0.5× SSC: Autoclave2× SSC solution, dilute 1:4 with ultrapure 

water for 0.5× SSC.   
   4.    Hematoxylin solution: There are various methods of hema-

toxylin dye preparation. The method of Heidenhain [ 19 ] is 
preferred for  CISH  .   

   5.    Mouse anti-digoxigenin antibody (Roche Biochemicals).   
   6.    Powervision + detection kit (ImmunoVision Inc., CA).       

3     Methods 

 All procedures should be performed at room temperature unless 
expressly indicated. 

       1.    Cut tissue to 5-μm sections on silanized slides and then bake at 
60 °C overnight. Store sections at room temperature (about 
25 °C) until required ( see   Note 6 ).   

   2.    Immerse slides in xylene for 10 min ( see   Note 7 ), twice.   
   3.    Transfer slides into 100 % ethanol for 5 min, twice.   

2.2  Fluorescence 
In  Situ  Hybridization 
Components

2.3  Chromogenic 
In  Situ  Hybridization 
Components

3.1  Basic Sample 
Handling
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   4.    Rehydrate slides in graded ethanol (90 %, 80 %, 70 % ethanol, 
each for 1 min).   

   5.    Place slides in 0.2 N HCl for 20 min ( see   Note 8 ).   
   6.    Wash slides in distilled water for 5 min.   
   7.    Wash slides in PBS wash buffer for 5 min, twice ( see   Note 9 ).   
   8.    Place slides in 8 % sodium thiocyanate (Vysis, UK or Sigma, 

UK) in distilled water at 80 °C for 30 min ( see   Note 4 ).   
   9.    Wash slides in distilled water for 1 min.   
   10.    Wash slides in PBS wash buffer for 5 min, twice ( see   Note 9 ).   
   11.    Place in protease buffer at 37 °C for 20 min ( see   Note 10 ).   
   12.    Immerse slides in 2× SSC buffer for 5 min, twice.   
   13.    Dehydrate slides in graded ethanol (70 %, 80 %, 90 %, 100 % 

ethanol, each for 1 min), ( see   Note 3 ).   
   14.    Air-dry slides in an oven at 50 °C.   
   15.    Apply 10 μL DAPI in mountant and cover the slides by tem-

porary coverslips.   
   16.    Assess digestion of tissue with a fi lter specifi c for DAPI ( see  

 Note 11 ).   
   17.    Place all slides in 2× SSC buffer until the temporary coverslips 

fall off.   
   18.    Air-dry slides in an oven at 50 °C.      

   All procedures in this section should be performed after completed 
Basic Sample Handling procedures.

    1.    Apply 100 μL denaturing solution to each slide in a fume 
hood. Cover with temporary coverslips.   

   2.    Denature slides for 5 min at 94 °C.   
   3.    Remove temporary coverslips in a fume hood.   
   4.    Dehydrate slides in graded ethanol (70 %, 80 %, 90 %, 100 % 

ethanol, each for 1 min), ( see   Note 3 ).   
   5.    Air-dry slides in an oven at 50 °C.   
   6.    Apply 10 μL of HER2/chromosome 17 probe mixture to a 

22 × 22 mm slip.   
   7.    Invert slides and gently lower them onto 22 × 22 mm slips 

with probe mixture.   
   8.    Seal slides with rubber cement.   
   9.    Hybridize slides overnight at 37 °C, shielded from light ( see  

 Note 12 ).   
   10.    Remove rubber cement, place slides in 0.5× SSC buffer at 

room temperature to make the cover slip fall off.   
   11.    Place slides into 0.5× SSC buffer at 72 °C for 2 min.   

3.2  Fluorescence 
In  Situ  Hybridization
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   12.    Air-dry slides in an oven shielded from light at 50 °C.   
   13.    Mount slide in mountant with 0.2 ng/mL DAPI and seal with 

resin glue ( see   Note 13 ).   
   14.    Carefully remove excess glue with a soft paper, and ready to 

evaluate the slide by microscopy.      

   All procedures in this section should be performed after completed 
Basic Sample Handling procedures.

    1.    Apply 10 μL probe solution (Zymed Spot-Light series) and 
seal the slides under UnderCover Slips ( see   Note 14 ).   

   2.    Denature probe and target DNA, 94 °C for 5 min ( see   Note 
15 ).   

   3.    Hybridize slides overnight at 37 °C, shielded from light ( see  
 Note 12 ).   

   4.    Remove UnderCover Slips.   
   5.    Wash slides with 0.5× SSC buffer for 5 min at 75 °C.   
   6.    Wash slides with PBS buffer, 5 min.   
   7.    Incubate slides for 45 min at room temperature, using mouse 

antidigoxigenin antibody (diluted 1: 500 in the 
Powervision + blocking solution).   

   8.    Wash slides with PBS buffer, 5 min.   
   9.    Incubate slides for 20 min at room temperature, using 

Powervision + post antibody blocking solution ( see   Note 16 ).   
   10.    Wash slides with PBS buffer, 5 min.   
   11.    Incubate slides for 30 min at room temperature, using 

Powervision + poly-HRP-goat-x-mouse polymer ( see   Note 16 ).   
   12.    Wash slides with PBS buffer, 5 min.   
   13.    Incubate slides for 5 min at room temperature, using the 

Powervision + DAB solution (1000 μL distilled water + 50 μL 
DAB reagent A + 50 μL DAB reagent B, prepared ready for use).   

   14.    Wash slides with distilled water, 1–2 min.   
   15.    Stain slides with standard hematoxylin, 1–5 s.   
   16.    Wash slides with distilled water, 5–10 s.   
   17.    Dehydrate slides in graded ethanol (70 %, 80 %, 90 %, 100 % 

ethanol, each for 1 min), ( see   Note 3 ).   
   18.    Immerse slides in xylene for 10 min, twice.   
   19.    Mount slides in 0.2 ng/mL DAPI.   
   20.    Cover with a cover slip and seal with resin glue.   
   21.    Carefully remove excess glue with a soft paper, and ready to 

evaluate the slide by microscopy.       

3.3  Chromogenic 
In  Situ  Hybridization
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4     Notes 

     1.    Filters specifi c for DAPI and different spectrums are required 
and a 100× objective application was preferred.   

   2.    Regularly, both internal and external controls are required for 
 FISH  . For large-scale sample scanning, both control sections 
should be included within each diagnostic run.   

   3.    It is best to prepare this series of graded ethanol fresh each 
time before use. When used for 10 batches of slides, it is also 
best to replace them with fresh ones.   

   4.    Sodium thiocyanate is used to break the protein–protein 
disulfi de bonds, which could facilitate the subsequent process 
of digestion.   

   5.    Fresh pepsin should be added to digestion buffers before start-
ing digestion, and additional pepsin should also be added each 
30 min during the whole process of digestion.   

   6.    Even though nearly no attenuation of  FISH   signals was found 
when stored for prolonged periods, use of slides within 4 
months of cutting is strongly preferred.   

   7.    A fume hood should be used when handling xylene. Some 
nonorganic solutions (Hemo-de solution for example) may be 
used as an alternative.   

   8.    As a pretreatment permeabilization process, the use of 0.2 N 
HCl to acid deproteination allows preservation of better tissue 
morphology.   

   9.    After washing slides in wash buffer, gently touch the slide edge 
by absorbent paper to remove remaining fl uid.   

   10.    This step is very crucial to achieve clear images, because expo-
sure of slides to protease buffer could ensure adequate pre-
treatment of tissues prior to application of probes.   

   11.    If digestion of tissue is optimal, proceed to next steps. 
Otherwise, proceed to  steps 17  and  18  and then repeat the 
protease treating steps for 1–15 min digestion depending on 
the detailed condition ( see   step 11 – 16 ).   

   12.    To ensure the hybridization effi ciency, duration of this step 
should be more than 12 h.   

   13.    Transparent resin glue could be used to prevent slides from 
drying out.   

   14.    Conventional repeat-containing  DNA probes   also work well 
in  CISH  , as an alternative to Zymed probes.   

   15.    Denaturation of probe and the target DNA is carried out 
shortly after applying the probes on slides.   

   16.    Probe detection is crucial in all  CISH   steps. To increase sensi-
tivity, a two-layer antibody approach was applied.         
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    Chapter 5   

 Evaluation of Human Epidermal Growth Factor Receptor 2 
(HER2) Gene Status in Human Breast Cancer 
Formalin- Fixed Paraffi n-Embedded (FFPE) Tissue 
Specimens by Fluorescence In Situ Hybridization (FISH)                     

     Harry     C.     Hwang       and     Allen     M.     Gown     

  Abstract 

   Current standard of care requires that HER2 gene testing be performed on all newly diagnosed invasive 
breast cancers in order to determine eligibility for anti-HER2 antibody therapy and should be performed 
in accordance with current ASCO-CAP guidelines (Hammond et al., J Clin Oncol 29(15):e458, 2011; 
Wolff et al., J Clin Oncol 31(31):3997–4013, 2013). Here we describe a HER2 FISH methodology to 
evaluate HER2 gene status in FFPE breast tumor specimens.  

  Key words     Breast cancer  ,   Human epidermal growth factor receptor 2  ,   HER2  ,   Fluorescence in situ 
hybridization  ,   FISH  ,   Herceptin  ,   PathVysion  ,   DNA probe  

1       Introduction 

    The human epidermal growth factor receptor 2 gene (HER2)  is   a 
receptor tyrosine kinase oncogene that is amplifi ed  or   overex-
pressed in 15–20 % of human breast cancer [ 1 ,  2 ].  HER2   gene 
status predicts response to immunotherapies directed at the HER2 
(ERBB2) protein, is an independent prognostic marker of adverse 
clinical outcome in breast cancer, and can predict response to 
doxorubicin (Adriamycin)-based adjuvant chemotherapy, as well as 
resistance to tamoxifen, even in the setting of ER/PR  expression 
  [ 3 – 5 ]. In addition to trastuzumab (Herceptin™), other HER2- 
targeted therapies that are in use clinically include pertuzumab 
(Perjeta™), lapatinib (Tykerb™), and T-DMI (ado-trastuzumab 
emtansine, Kadcyla™) [ 6 – 8 ]. 

 By current ASCO-CAP guidelines, HER2 testing must be per-
formed on all newly diagnosed invasive breast cancer and is typi-
cally evaluated by a refl ex testing algorithm of  immunohistochemistry   
followed by FISH, when necessary. HER2 immunostaining is 
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scored on a 0 to 3+ scale. Cases that exhibit 3+ immunostaining for 
 HER2   are deemed positive for HER2 overexpression, and cases 
that are 0 or 1+ are deemed as negative for HER2 overexpression. 
HER2 FISH is employed on cases that show equivocal protein 
overexpression (2+) [ 1 ]. For HER2 FISH, a fl uorescently labeled 
DNA  probe   to the HER2 gene is hybridized to tumor nuclei, and 
HER2 copy number is enumerated using fl uorescence microscopy 
along with a reference gene probe. 

 HER2 FISH testing is typically performed using the FDA- 
approved Abbott Molecular ®  PathVysion™ HER2 DNA  Probe   Kit 
(IVD) [ 9 ], although other HER2 probes are commercially avail-
able. The PathVysion™ HER2 (ERBB2) DNA Probe  Kit   is a dual- 
color probe kit that contains one probe (SpectrumOrange™ 
labeled) specifi c for the HER2 (ERBB2) gene and a second probe 
(SpectrumGreen™ labeled) specifi c for chromosome 17 (CEP17 
or  c hromosome  e numeration  p robe 17). The underlying alteration 
is an amplifi cation of the HER2 gene, resulting in more than the 
usual two copies of HER2 (ERBB2) (one on each copy of chromo-
some 17) typically present in normal breast epithelium and the 
majority of breast cancers without HER2 (ERBB2) alterations. 
Gene amplifi cation is defi ned as a ratio of HER2 (ERBB2) to chro-
mosome 17 signals of ≥2.0 or absolute HER2 copy number ≥6.0 
[ 1 ]. Amplifi cation of the HER2 (ERBB2) gene is almost always 
associated with overexpression of the HER2 protein, as assessed by 
 immunohistochemistry (IHC)   [ 1 ,  10 ,  11 ]. 

 HER2 FISH testing is best performed using a 2-day workfl ow 
on FFPE tumor tissue cut on 4 μm section charged glass slides. On 
Day 1 of the workfl ow, specimen pretreatment is performed which 
entails deparaffi nization and enzymatic digestion. The purpose of 
the enzymatic digestion step is to break down cross linkages that 
may impede accessibility of DNA-binding sites to the HER2 FISH 
probe. After pretreatment, HER2 probe is applied, followed by 
denaturation and hybridization of slides overnight allowing for a 
~16 h hybridization time. On Day 2, slides are washed in high- 
stringency buffer, DAPI-stained to visualize nuclear morphology, 
and coverslipped. The HER2 FISH slides are then scored using 
fl uorescence microscopy under high power. Scoring of HER2 FISH 
slides is commonly done under oil objective lens fl uorescence 
microscopy using appropriate fi lters to visualize the labeled probe 
signals [ 9 ]; however, in our laboratory, we use a semiautomated 
fl uorescence image analysis platform to capture high-power digital 
images, which are then scored by a technologist and pathologist on 
a computer screen. Cases are resulted as POSITIVE, NEGATIVE, 
or EQUIVOCAL for HER2 gene amplifi cation in accordance with 
current ASCO-CAP guidelines as detailed below [ 1 ]. 

Harry C. Hwang and Allen M. Gown



63

 Day-to-day quality control is the main challenge of consistently 
performing an accurate HER2 FISH clinical assay. A tissue diges-
tion control, which typically is a previously tested breast cancer, 
should be used to allow for the in-assay DAPI evaluation of enzy-
matic digestion effectiveness. If deemed adequate, then probing of 
slides with the HER2 probe can proceed. In addition, all runs 
should include a positive control, and the HER2 status of this 
control is recorded and tracked for changes that may occur in 
the analytic sensitivity of the assay over time. Cell lines such as the 
MDA-MB-453 cell line can be used as a positive HER2 control; 
however, other HER2-positive cell lines can also be used depending 
on availability [ 12 ].  

2     Materials 

       1.    Alcohol (100 % ethanol).   
   2.    Fluoroguard Antifade mounting medium ( see   Note 5 ).   
   3.    DAPI (0.3 μg/mL) in Fluoroguard Antifade ( see   Note 6 ).   
   4.    Formalin, 10 % neutral buffered (10 % NBF).   
   5.    0.2 N HCl ( see   Note 7 ).   
   6.    Pepsin (from porcine gastric mucosa, powder, ≥250 units/

mg) 0.8 % in 0.2 N HCl solution.   
   7.    2× SSC ( see   Note 8 ).   
   8.    Sodium thiocyanate (NaSCN, 8.1 %) ( see   Note 9 ).   
   9.    Post-hybridization wash buffer (2× SSC/0.3 % NP-40) ( see  

 Note 10 ).   
   10.    Xylene.   

   11.     PathVysion   HER2 DNA IVD Probe Kit (Abbott Molecular, 
Des Plaines, IL).      

       1.    VP2000 Processor (Abbott Molecular).   
   2.    Water bath.   
   3.    Pipettes and pipette tips.   
   4.    Charged glass slides and glass coverslips.   
   5.    Glass Coplin jars.   
   6.    Plastic slide trays.   
   7.    Plastic “Tupperware-type” bins.   
   8.    Ovens (recommend use of two-jacketed laboratory grade ovens).   
   9.    Fluorescence  microscope   with appropriate fi lters to detect 

labeled probes.       

2.1  Reagents 
and Cell Line: Note 
That Solutions Should 
Be Prepared 
in Ultrapure Water 
ddH 2 O

2.2  Equipment 
and Supplies
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3     Methods 

   HER2 FISH is performed on 4 μm FFPE tissue sections cut on 
charged glass slides that have been previously baked at 65 °C for 
30 min. 

 Charged glass slides as well as slide baking promote adherence 
of tissue sections to the slide through the tissue digestion and 
probing steps. The baking step is also useful in melting away excess 
paraffi n from cut sections, and for this reason, slides should be 
baked upright so melted paraffi n drips off the slide. For pretreat-
ment, tissue section slides are deparaffi nized, rehydrated, then 
incubated in HCl and NaSCN, and then enzymatically digested 
with pepsin. The purpose of the HCl and NaSCN incubation steps 
is to break disulfi de bonds within the formalin-fi xed tissue and dis-
sociate histone proteins from the genomic DNA. This allows for 
more effective enzymatic digestion of peptide bonds and increases 
the accessibility of DNA to the labeled probe. This protocol uses 
pepsin for the enzymatic digestion step. Pepsin, a carboxyl prote-
ase, is readily available and inexpensive and provides a gentler 
enzymatic pretreatment in comparison to proteinase K. Optimal 
enzymatic pretreatment greatly promotes FISH signal evaluation 
while at the same time reduces background autofl uorescence. 

 Pretreatment can be done using a VP2000 or a similar auto-
mated tissue processor, or manually using Coplin jars in water 
baths. The advantage of automated tissue processors is that they 
standardize and automate slide pretreatment, thereby reducing the 
chance for errors. 

   Pretreatment steps for slides are at room temperature unless other-
wise noted. The pretreatment protocol is as follows:

    1.    Deparaffi nize in xylene for 5 min; repeat three times.   
   2.    Rehydrate in 100 % ETOH for 5 min; repeat three times.   
   3.    Air-dry for 5 min.   
   4.    Acid treat in 0.2 N HCl for 20 min.   
   5.    Rinse in water bath for 5 min.   
   6.    Wash in 2× SSC for 3 min.   
   7.    Pretreat in NaSCN for 35 min at 80 °C.   
   8.    Rinse in water bath for 5 min.   
   9.    Wash in 2× SSC for 5 min; repeat two times.   
   10.    Digest in 0.8 % Pepsin for 10 min at 37 °C.   
   11.    Rinse in water bath for 5 min.   
   12.    Wash in 2× SSC for 5 min; repeat two times.   
   13.    Postfi x in 10 % NBF for 4 min.   

3.1  Day 1: 
Pretreatment 
and Probe Application

3.1.1  Pretreatment 
Protocol (see Note 1)
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   14.    Rinse in water bath for 5 min.   
   15.    Wash in 2× SSC for 5 min; repeat two times.   
   16.    Rinse in water bath for 2 min.   

   17.    Air-dry for 15 min.      
  

 The purpose of the tissue check Qc is to provide an in-assay 
assessment of the previous tissue pretreatment steps.

    1.    Apply DAPI (0.3 μg/mL) in Fluoroguard Antifade to each 
slide, coverslip, and incubate at room temperature for 10 min.   

   2.    Review slides under the fl uorescent  microscope   with the DAPI 
fi lter. Look for solid strongly blue nuclei; the rest of the tissue 
should look dark. If the tissue is inadequately digested, it will 
look whitish and opaque, and nuclei will be diffi cult to see. If 
it is over-digested, the nuclei will look dark and hollow, and 
the rest of the tissue will also look diminished or be absent.   

   3.    If the tissue check QC is acceptable, proceed with general 
probing.      

  

     1.    Warm  PathVysion   HER2 probe, which is in hybridization buf-
fer, to room temperature so that the viscosity decreases suffi -
ciently to allow accurate pipetting. Vortex to mix contents and 
then spin down in a benchtop microcentrifuge for ~5 s to bring 
contents to the bottom of the tube.   

   2.    Determine the amount of probe solution needed to cover the 
entire target tumor area; for example, 10 μL is suffi cient for the 
area under a 22 × 22 mm coverslip.   

   3.    Pipette probe solution onto tissue and gently coverslip (without 
creating bubbles).      

       1.    Place slides in slide trays and set denaturation oven to 79 °C.   
   2.    Place slide trays in 79 °C oven, working as quickly as possible 

to minimize the amount of time the oven door is open. Place 
thermometer probe on top of slide trays and then close the 
door fi rmly.   

   3.    The actual temperature in the oven will drop signifi cantly 
(~15–30 °C) at this point, and it will take anywhere from 10 to 
25 min for it to come back up to 79 °C, depending on the 
number of trays and type of oven. When the temperature 
reaches 79 °C again, incubate in oven for 16 min.      

       1.    Set temperature of hybridization oven to 37 °C.   
   2.    Place slide trays in plastic “Tupperware-type” bins with moist-

ened liner to create a humid environment. If needed, add water 
to moisten liner.   

3.1.2  Quality Control 
Tissue Check 
of Pretreatment Steps

3.1.3  Preparation 
and Application of HER2 
Probe to FISH Slides

3.1.4  Denature Tissues 
and Probe

3.1.5  Hybridize Tissues 
in Hybridization Oven
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   3.    Place plastic bins with slides into 37 °C oven.   
   4.    Hybridize overnight (~16 h).       

         1.    Remove slides from hybridization oven.   
   2.    Soak off coverslips in 2× SSC. Allow approximately 10–15 min. 

If the coverslip does not come off easily, place back into 2× 
SSC for another 10–15 min.   

   3.    Retain de-coverslipped slides in 2× SSC until ready for next step.      

       1.    Wash slides in Post-Hybridization Wash Buffer (2× SSC/0.3 % 
NP-40) for 3 min at 79 °C.   

   2.    Remove slides from the water bath and place in 2× SSC.   
   3.    Wash slides in 2× SSC for 3 min. Each boat of 2× SSC may be 

used twice before disposal.   
   4.    Rinse slides in deionized water, using one to two quick dips.   
   5.    Stand slides on end on the counter, propped up against racks, 

water bath, etc., to air-dry.      

       1.    Bring DAPI in Fluoroguard and Antifade Fluoroguard to 
room temperature. Vortex and centrifuge. Mix in equal parts. 
Use mixture to coverslip slides.   

   2.    Clean off the back of the slides as needed.   
   3.    Apply enough of the DAPI/Fluoroguard mixture to cover 

the probed area, and coverslip gently, avoiding bubbles and 
moving the coverslip.       

         1.    Review and mark H&E or HER2-immunostained slide for 
areas of invasive carcinoma to be samples.   

   2.    Score the HER2-immunostained slide (0, 1+, 2+, or 3+) as per 
ASCO-CAP guidelines and record results.      

       1.    Visualize tumor nuclei using a fl uorescence  microscope   at high 
power in the areas of invasive carcinoma.   

   2.    Engage fl uorescence fi lters to visualize orange-labeled HER2 
signal, green-labeled CEP17 signal, and DAPI-labeled blue 
nuclei. Score nonoverlapping tumor nuclei for the absolute 
number of HER2 and CEP17 signals per nuclei and record 
data for each case. Count 60 nuclei and only count nuclei hav-
ing at least one orange HER2 signal and one green CEP17 
signal. Calculate HER2:CEP17 ratio.      

   Cases are scored in accordance with ASCO-CAP guidelines as 
follows [ 1 ]:

    1.    NEGATIVE: HER2:CEP17 ratio <2.0 AND absolute HER2 
count <4.0 signals/nuclei.   

3.2  Day 2: Washing 
and Coverslipping

3.2.1  Preparation 
of Slides for 
Stringent Wash

3.2.2  Stringent Wash

3.2.3  Counterstain/
Coverslip

3.3  Day 2: Analysis 
of HER2 FISH Slides

3.3.1  Pre-scan 
Slide Review

3.3.2  Fluorescence 
Microscopy (see Notes 
2-4)

3.3.3  Scoring 
and Resulting of Cases
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   2.    POSITIVE: HER2:CEP17 ratio ≥2.0 OR absolute HER2 
count ≥6.0 signals/nuclei.   

   3.    EQUIVOCAL: HER2:CEP17 ratio <2.0 AND absolute 
HER2 count between 4.0 and 6.0.    

4         Notes 

     1.    Pretreatment Optimization: Empirical pretreatment optimiza-
tion for the FFPE tissue sections in one’s laboratory is critical 
to the success of this protocol. Because pepsin is a crude labo-
ratory reagent that may vary in enzymatic activity depending 
on source, we recommend testing a variety of pepsin concen-
trations (e.g., 0.2, 0.8, 1.2 %, etc.) and pepsin incubation 
times (e.g., 5, 10, 15, and 20 min) that bracket the conditions 
detailed in this protocol. For each tested condition, review the 
resulting FISH slide and evaluate tissue sections for extent of 
digestion and FISH signal strength. After performing a series 
of optimization experiments, the best combination of pepsin 
concentration and pepsin incubation time can be chosen. 
Particular care should be taken to accurately prepare dilute 
acid solutions that are used for tissue section incubation as 
over acidifi cation can lead to damaged DNA and poor FISH 
signal strength. For this reason we recommend preparing such 
dilute acid solutions from an intermediate-strength acid stock 
of no greater than 1.0 N.   

   2.    Microscopic review and scoring: With the  PathVysion   HER2 
IVD probe kit, successful execution of this protocol will yield 
crisp and distinct FISH signals in uniformly stained DAPI 
nuclei. The green FISH signals are typically brighter and have 
a “chunkier” appearance in comparison to the orange HER2 
probe, and both should be easily enumerated. Care should be 
taken to count only invasive tumor nuclei and not nuclei asso-
ciated with in situ disease.   

   3.    Troubleshooting.
    (a)     Weak or no FISH signal: The situation where weak or no 

FISH signal is seen is not an uncommon occurrence, and 
one must determine in a systematic way whether the lack 
of FISH signal is due to pre-analytic versus analytic factors. 
Causes of pre-analytic-associated failure of a FFPE FISH 
assays include inadequate formalin fi xation, suboptimal tis-
sue processing, or over-decalcifi cation in low-pH decalcifi -
cation solutions. Common causes of analytic or 
post-analytic failures for FFPE FISH include errors in per-
forming tissue pretreatment steps (i.e., wrong solutions or 
solutions used in the wrong order), errors in pHing acid 
solutions, and problems with the fl uorescence fi lters.   
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   (b)     High background: High background artifactual signal in 
either the orange or green fi lter channels can impede 
microscopic evaluation and enumeration of true FISH sig-
nals. Most commonly high background can be caused by 
intrinsic tissue factors such as under-digestion leading to 
excess intact cytoplasmic and nuclear protein or exogenous 
factors such as specimen ink. In the former case, optimiza-
tion of pretreatment incubation digestion times should be 
performed empirically. Typically under-digestion can be 
addressed by empirically testing two or three increasing 
incubation times for the pepsin pretreatment step.   

   (c)     Tissue falling off the slide: This is a common situation and 
impedes microscopic evaluation. For well-fi xed and pro-
cessed tissue, the majority of the tissue sample will remain 
adherent to the slide after pretreatment and probing. If 
excess tissue falls off during pretreatment, the slides can be 
baked overnight in a humidifi ed chamber at 65 °C to pro-
mote better adherence. If this does not correct the prob-
lem, then one should examine the fi xation and processing 
parameters of the sample, as under- fi xation or improper 
tissue processing may be the source of the problem.       

   4.    EQUIVOCAL case handling. 
 By current 2013 ASCO-CAP guidelines, if a case is found 

to be EQUIVOCAL, then the testing laboratory should do 
further evaluation in an attempt to obtain a non-equivocal 
result [ 1 ]. The fi rst step in this process is to perform an addi-
tional FISH signal count, which can be used over the fi rst 
count if a NEGATIVE or POSITIVE result is found. If other 
tumor-containing tissue is available for the case, HER2 testing 
can be performed on such tissue as a repeat test. Finally, alter-
native chromosome 17 enumeration probes such as SMS, 
RARA, and P53 can be performed on the case, and the FISH 
signal counts for these loci can be used instead of CEP17 to 
calculate the HER2:CEP17 ratio [ 1 ,  13 ,  14 ]. If the 
HER2:Chromosome 17 ratio (by alternative probe) is ≥2.0, 
then the case is deemed POSITIVE, and if the ratio is <2.0, 
the case is scored as NEGATIVE. Such use of alternative chro-
mosome 17 assessment is recommended in current ASCO- 
CAP guidelines and has been shown in published studies to be 
useful in converting EQUIVOCAL cases to either POSITIVE 
or NEGATIVE [ 13 ,  14 ].   

   5.    Fluoroguard Antifade is a liquid-based mounting medium 
that is applied to slides when coverslipping. This mounting 
medium contains proprietary chemicals to slow the quenching 
of the probe dyes. We use Insitus Fluoroguard Antifade 
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(Insitus Cat. No. F001), but Fluoroguard Antifade mounting 
medium is available from other lab chemical and reagent 
manufacturers.   

   6.    DAPI (4′,6-diamidino-2-phenylindole dihydrochloride) is a 
fl uorescent DNA-binding dye. Make a 300 μg/mL stock solu-
tion for DAPI by adding 3 mg of DAPI to 10 mL dH 2 O. Then 
add 1 μL of this DAPI stock per 1 mL Fluoroguard Antifade 
to make the DAPI in Fluoroguard Antifade solution. 
Alternatively premade DAPI in Fluoroguard Antifade reagent 
solution can also be purchased from commercial manufactur-
ers such as Insitus.   

   7.    To make 0.2 N HCl, fi rst prepare 1 N HCl from concentrated 
HCl (37 % or 12 N HCl) by adding 83.5 mL of concentrated 
HCl to 916.5 mL of deionized dH 2 O and mix well. Then 
make a 1:5 dilution of 1 N HCl by adding 200 mL of 1 N HCl 
to 800 mL dH 2 O to make 0.2 N HCl. Mix well.   

   8.    To make 2× SSC, fi rst prepare 20× SSC by adding 175.3 g 
NaCl and 88.2 g Sodium Citrate (Na 3 C 6 H 5 O 7 ) to 800 mL 
dH 2 O. After dissolving all the NaCl and sodium citrate, bring 
volume to 1 L. Make 2× SSC by adding 100 mL of 20× SSC 
to 900 mL of dH 2 O. Mix well and pH to between 7.5 and 
8.0.   

   9.    To make Sodium Thiocyanate (NaSCN, 8.1 %) solution, add 
81 g of NaSCN to 800 mL of dH 2 O. After NaSCN dissolves, 
bring volume up to 1 L. Store in amber glass bottle.   

   10.    To make 2× SSC/0.3 % NP-40, fi rst obtain 100 % NP-40 
(nonionic detergent P-40) from a commercial chemical manu-
facturer (if 100 % is not available, then 90 % can be used). 
NP-40 (Nonidet P40) is a highly viscous nonionic detergent 
that can cause skin and eye irritation. Because of its high vis-
cosity and diffi culty pipetting small volumes of NP-40, a large 
volume (4 L) of Post-Hybridization Wash Buffer should be 
prepared as follows. Add 3388 mL of dH 2 O to a 4 L  container. 
Add 400 mL of 20× SSC to the container and then add 12 mL 
of NP-40. Mix well and pH to between 7.0 and 7.5.            
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Chapter 6

Quantification of mRNA Levels Using Real-Time 
Polymerase Chain Reaction (PCR)

Yiyi Li, Kai Wang, Longhua Chen, Xiaoxia Zhu, and Jie Zhou

Abstract

Real-time quantitative reverse transcription PCR technique has advanced greatly over the past 20 years. 
Messenger RNA (mRNA) levels in cells or tissues can be quantified by this approach. It is well known that 
changes in mRNA expression in disease, and correlation of mRNA expression profiles with clinical param-
eters, serve as clinically relevant biomarkers. Hence, accurate determination of the mRNA levels is critically 
important in describing the biological, pathological, and clinical roles of genes in health and disease. This 
chapter describes a real-time PCR approach to detect and quantify mRNA expression levels, which can be 
used for both laboratorial and clinical studies in breast cancer research.

Key words mRNA, RNA isolation, Reverse transcription, Real-time PCR

1  Introduction

During physiological and pathological processes in human, such as 
carcinogenesis, expression levels of mRNA and proteins are highly 
regulated to orchestrate biological outcomes. Generally, upon 
stimulation, gene expression may be regulated transcriptionally, 
resulting in alteration of mRNA levels and followed by the increase 
or decrease in levels of its coding protein; eventually, this proce-
dure regulates intracellular and/or extracellular biology. Expression 
levels of mRNA and protein can serve as molecular markers provid-
ing accurate prognosis of any disease during corresponding ther-
apy, for predicting response, resistance, and toxicity to therapy in 
patients with breast cancer [1].

To determine alterations in mRNA levels, traditional methods, 
including northern blotting, in situ hybridization, ribonuclease 
protection, or cDNA arrays can be used [2]. However, the require-
ment of large amounts of RNA and the low sensitivity of detection 
are the main limitations of these methods [2]. Reverse transcrip-
tion polymerase chain reaction (RT-PCR) is the most sensitive and 
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accurate method, but it needs intensive and laborious post-PCR 
manipulations. Facing to these difficulties, real-time PCR or quan-
titative PCR came into being. It allows measuring PCR product 
accumulation during the exponential phase of the reaction, thus 
quantifying PCR product in a real-time manner [2]. Using small 
amounts of RNA to determine mRNA expression levels, real-time 
PCR assays can be completed rapidly since no post-amplification 
manipulations are required. This technology is very flexible; many 
alternative instruments and fluorescent probe systems have been 
developed. In this chapter, we will focus on two-step real-time 
PCR methodology using SYBR Green I in Bio-Rad iCycler iQ sys-
tem and describe a step-by-step protocol about RNA amplification 
and quantification.

2  Materials

 1. RNA isolation kits. There are commercially available kits that 
are used for isolating total RNA, mostly the procedure starts 
with organic extraction followed by isolation using silica col-
umns. Kits that we have extensively tested with satisfactory 
results are given below:

 (a)  RNeasy Mini Kit (Qiagen) for cultured cells.
 (b)  RNeasy FFPE Kit (Qiagen) for formalin-fixed, paraffin- 

embedded tissues.
 2. NanoDrop 1000 Spectrophotometer (Thermo) for determin-

ing the RNA quality and concentration.

The scope of this chapter is restricted to the poly(A)-tailed reverse 
transcription and SYBR Green I real-time PCR. The reagents and 
equipment used for these assays are as follows:

 1. iScript cDNA Synthesis Kit (Bio-Rad), PCR tubes, microcen-
trifuge, and PCR thermal cycler for reverse transcription.

 2. iQ SYBR Green Supermix (Bio-Rad), 96-well PCR plates, 
96-well PCR plate centrifuge, and PCR thermal cycler (Bio- 
Rad iCycler iQ) for real-time PCR.

 3. Primers of targeted gene (see Note 1).

3  Methods

 1. Methods of homogenization are varied from sample types. For 
mammalian tissues, it is necessary to disrupt with a mortar and 
pestle before adding lysis reagent (Trizol, Qiazol, etc.) and 
continue with the homogenization by using a syringe and nee-
dle (0.9 mm) or homogenizer; for mammalian serum and 

2.1 Reagents 
and Equipment 
for RNA Isolation

2.2 Reagents 
and Equipment 
for Reverse 
Transcription 
and Real- Time PCR

3.1 Isolation of Total 
RNA Including mRNA
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plasma, since these samples typically do not contain larger 
RNA species that are commonly used for normalization of 
mRNA expression, we suggest to either add a synthetic mRNA 
into sample after the addition of lysis reagent or use a stably 
expressed mRNA which is chosen based on literature or preex-
isting data for normalization; for formalin-fixed, paraffin- 
embedded tissue sections, which require a different isolation 
approach with other sample types, we recommend to use laser 
capture microdissection or manual macrodissection techniques 
to isolate the regions of interest from tissue sections following 
with RNA isolation by using special commercially available kit. 
For cell samples, remove the cell-culture media, disrupt the 
cells by adding appropriate volume of lysis reagent (Trizol, 
Qiazol, etc.) which is a monophasic solution of phenol and 
guanidine thiocyanate to facilitate lysis, and inhibit RNases.

 2. Transfer the lysate into a microcentrifuge tube and homoge-
nize by vortexing for 1 min.

 3. Place the lysate at room temperature for 5 min to promote 
dissociation of nucleoprotein complexes.

 4. Supplement the lysate with 0.2 volume of chloroform per 1 
volume of lysis reagent; shake the tube vigorously for 15 s.

 5. Place the tube at room temperature for 3 min; centrifuge for 
15 min at 12,000 × g at 4 °C (see Note 2).

 6. Transfer the upper aqueous phase to a new microcentrifuge 
tube. Add 1.5 volume of 100 % ethanol (or isopropanol) per 1 
volume of aqueous phase, and mix thoroughly by pipetting up 
and down several times to precipitate RNA (see Note 3).

 7. Pipet the appropriate volume of the sample into a silica- 
membrane spin column in a collection tube, centrifuge at 
≥8000 × g for 1 min at room temperature, and discard the 
flow-through (see Note 4).

 8. Add series of washing buffers containing ethanol to the spin 
column and centrifuge for 1 min at ≥8000 × g to wash the spin 
column membrane, respectively. Discard the flow-through 
after each time centrifugation.

 9. Place the spin column into a new collection tube; centrifuge at 
maximum speed for 1 min to eliminate any possible carryover 
of ethanol from washing buffers or residual flow-through 
remaining on the outside of spin column.

 10. Transfer the spin column to a new microcentrifuge tube. Pipet 
the appropriate volume of RNase-free water directly onto the 
spin column membrane. Incubate at room temperature for 
1 min and centrifuge for 1 min at ≥8000 × g to elute the RNA 
(see Note 5).

 11. Determine the RNA quality and concentration by using spec-
trophotometer. RNA should be stored at −80 °C if reverse 
transcription is not performing immediately.

Real-time Polymerase Chain Reaction (PCR) to Determine mRNA Levels
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The reverse transcription and the following real-time PCR can be 
achieved as either a one-step or a two-step reaction. In the one- 
step approach, the entire reaction from cDNA synthesis to real- 
time- PCR amplification is carried out in a single tube (one tube). 
On the other hand, by the two-step reaction, the reverse transcrip-
tase reaction and real-time PCR amplification are performed in 
separate tubes (two tubes). Although the one-step approach is 
designed to minimize experimental variation, the starting RNA 
templates are found to be prone to degradation in the one-step 
reaction, and it is reported to be less accurate compared to the 
two-step reaction. Two-step reaction is considered as the preferred 
method of real-time PCR when using DNA-binding dyes such as 
SYBR Green. In this chapter we will describe the method of two- 
step reaction starting with reverse transcription.

 1. Prepare the reverse transcription master mixture on ice accord-
ing to kit instructions. The master mix should contain all com-
ponents required for cDNA synthesis including poly(A) 
polymerase, reverse transcriptase, dNTPs, ATP, oligo-dT prim-
ers, and reaction buffer (see Notes 6 and 7). Mix the reverse 
transcription master mixture thoroughly but gently, then dis-
pense appropriate volume into PCR tubes.

 2. Add appropriate amount and volume of template RNA to each 
PCR tube containing reverse transcription master mix. Mix 
gently and centrifuge briefly (see Note 8).

 3. Incubate at 37 °C for 60 min to proceed the reactions, then 
incubate at 95 °C for 5 min to inactivate reverse transcriptase 
mix and place on ice.

 4. Cool down the reaction and add 2 U RNAse H, then incubate 
at 37 °C for 20 min. Or the reaction can be frozen if the RNAse 
H treatment is not performed immediately.

 5. The resulting cDNA can be stored at −20 °C or −80 °C if real- 
time PCR is not performed immediately (see Note 9).

To date, two fluorescent technologies have found application to 
RNA detection: TaqMan probes and SYBR Green I. Taqman 
probes, which are fluorescent reporter oligonucleotide probes, can 
release fluorescence signal during amplification process. SYBR 
Green will emit light upon excitation after it binds to the double- 
stranded DNA of the PCR products; the intensity of the fluores-
cence increases as the PCR products accumulate. Compared to 
Taqman probes, using SYBR Green is more economical and easier. 
Here we will focus on the quantification of RNA by using SYBR 
Green I in real-time PCR. cDNA from reverse transcription is the 
appropriate starting material for this part.

 1. Prepare reaction mix containing DNA polymerase, dNTP mix, 
SYBR Green I, SYBR Green PCR buffer, MgCl2, target-specific 
forward primer, and universal reverse primer (see Note 10).

3.2 Reverse 
Transcription for cDNA 
Synthesis

3.3 Real-Time PCR 
Quantification of RNA
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 2. Mix the reaction thoroughly but gently, then dispense appro-
priate volume into each well of 96-well PCR plate.

 3. Dispense appropriate amount and volume of template cDNA 
into the individual plate wells containing reaction mix.

 4. Carefully, tightly seal the 96-well PCR plate with film. 
Centrifuge at room temperature to remove bubbles.

 5. Program the real-time PCR thermal cycler: activate hot start 
DNA polymerase for 15 min at 95 °C followed with 40 cycles 
of three steps: denaturation for 15 s at 94 °C, annealing for 30 
s at 55 °C, and extension for 30 s at 70 °C (see Note 11).

 6. Place the 96-well PCR plate in the real-time PCR thermal 
cycler and start the cycling program.

 7. Perform data normalization and standardization (see Note 12).

4  Notes

 1. Success, including specificity, of real-time PCR assays depends 
on the optimal primers used. Some of the considerations for 
optimizing primer design include primer length, GC content, 
primer self-dimer, or secondary structure formation. Software 
used for real-time PCR primer design is freely available [3].

 2. After centrifugation, the lysate separates into three phases: an 
upper, colorless, aqueous phase containing RNA, a white 
interphase containing DNA, and a lower, red phenol–chloro-
form phase containing proteins. The setting of centrifugation 
in this step and all the following related steps may be slightly 
different among kits from different companies.

 3. The volume of the aqueous phase should be about 50 % of the 
volume of lysis reagent. However, the actual volume we take is 
always less, because we do not want any DNA or proteins con-
tamination from interphase and lower phase.

 4. Total RNA can bind to the membrane and other contaminants 
can be washed away in following step. The appropriate volume 
of the sample for each time pipetting and the RNA-binding 
capacity of the silica membrane may be different among kits 
from different companies.

 5. The minimum elution volume and the dead volume of spin 
column may be different among kits from different companies. 
Repeating elution with the same elute may increase the RNA 
yeild. However, repeating elution requires adding more 
RNase-free water into the elute, this may eventually lower the 
final RNA concentration.

 6. First-strand cDNA synthesis reactions can be performed with 
sequence-specific (SS), random, or oligo(dT) primers. SSPs 
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offer the greatest specificity. However, they do not offer the 
flexibility of oligo(dT) and random primers, and a new cDNA 
synthesis reaction must be performed for each targeted gene. 
Random primers may overestimate copy number when used in 
real-time RT-PCR experiments, and they are used only in two- 
step real-time PCR reactions. Random primers are preferred 
for synthesizing large pools of cDNA. They are also used for 
non-polyadenylated RNA, such as bacterial RNA, and 
degraded RNA such as FFPE samples. Oligo(dT) primers are 
preferred for two-step cDNA synthesis reactions, because of 
their specificity for mRNA, they also allow many different tar-
gets to be studied from the same cDNA sample. Oligo(dT) 
primers are not recommended as the only primer for cDNA 
synthesis if 18S rRNA is used for normalization in a real-time 
PCR experiment as the oligo(dT) primer will not anneal.

 7. A control reaction that lacks reverse transcriptase can be set up 
to test if there is any amplification caused by genomic DNA.

 8. Total RNA should be used as starting material for reverse tran-
scription reactions. All reactions should be set up on ice to 
minimize the risk of RNA degradation.

 9. SYBR Green I can preferentially bind to double-stranded 
DNA and can be used as a dye for the quantification in quan-
titative PCR. MgCl2 can be used with DNA polymerase to 
improve amplification rate. Due to the hot start, it is not nec-
essary to keep samples on ice during reaction setup.

 10. Dilute the cDNA by adding RNase-free water prior to real- 
time PCR. The dilution depends on abundance of microRNA 
of interest and the starting amount required from different 
kits. Reactions should be done in duplicate or triplicate to 
reduce erroneous results due to pipetting error. Increasing the 
reaction volume will decrease pipetting error but increase the 
cost per reaction. A non-template control reaction should also 
be included, and a dissociation curve should be calculated to 
determine if nonspecific primer interactions occur.

 11. In denaturation step, the DNA template can be briefly heated 
to between 92 and 95 °C to break the hydrogen bonds that 
keep DNA in its characteristic double-helix form and separate 
it into two single strands. After denaturation, the mixture is 
cooled to a temperature as low as 55 °C; this allows hydrogen 
bonds to form between complementary nucleotide base pairs 
of the DNA template and primers. Once annealing has 
occurred, a heat-stable DNA polymerase steps in to begin 
rapid, sequential addition of the nucleotides to the primer 
strands; to kick this into gear, the mixture is again heated to 
72 °C. The fluorescence data collection can be performed dur-
ing extension.

Yiyi Li et al.
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 12. The estimation of the amount of reference genes such as 
β-actin across samples is useful to correct for sample-to-sample 
variation. Once the running is completed, the relative quantity 
of each microRNA can be calculated by the ΔΔCt method. 
ΔCt is calculated using

 DCt Ct Ct= -( ) ( )target reference  (1)

where ΔCt (target) is the Ct value of targeted gene and Ct (refer-
ence) is Ct value of reference gene. ΔΔCt values are calculated 
using

 DDCt Ct Ct= -( ) ( )sample calibrator  (2)

where ΔCt (sample) represents the expression value of the targeted 
gene calculated using Eq. 1 and ΔCt (calibrator) is the expres-
sion value of the sample (control sample) to which other sam-
ples in the data set are normalized. The relative expression value 
was obtained from ΔΔCt values by using

 relative expression = -2 DDCt
 (3)

References

1. Bernard PS, Wittwer CT (2002) Real-time PCR 
technology for cancer diagnostics [J]. Clin 
Chem 48(8):1178–1185

2. Sluijter JP, Smeets MB, Pasterkamp G et al 
(2003) Methods in molecular cardiology: quan-

titative real-time polymerase chain reaction [J]. 
Neth Heart J 11(10):401–404

3. Thornton B, Basu C (2015) Rapid and simple 
method of qPCR primer design [J]. Methods 
Mol Biol 1275:173–179

Real-time Polymerase Chain Reaction (PCR) to Determine mRNA Levels



81

    Chapter 7   

 Detection of miRNA in Cultured Cells or Xenograft Tissues 
of Breast Cancer                     

     Martin     Brown     and     Meiyun     Fan      

  Abstract 

   MicroRNA (miRNA) analysis has evolved over the past two decades to become a highly specialized fi eld 
with broad-reaching applications across a multitude of diseases and cellular processes. The choice of an 
applicable approach for miRNA quantifi cation will depend on a variety of factors such as cost, time 
constraints, and throughput. Here, we describe the methods of total RNA isolation, AGO2-bound RNA 
isolation, miRNA polyadenylation, miRNA-cDNA synthesis, and quantitative real-time polymerase chain 
reaction for the detection of known miRNAs in cultured cells or xenograft tissues of breast cancer.  

  Key words     AGO2 immunoprecipitation  ,   RNA isolation  ,   miRNA detection  ,   qPCR  ,   Breast cancer  

1       Introduction 

  MicroRNAs (miRNAs),    a class of noncoding, small RNA mole-
cules, play a signifi cant role in basic cellular functions such as apop-
tosis, proliferation,  migration  , and differentiation [ 1 ]. Since the 
fi rst discovery of the small RNAs produced by the  lin-4  gene in  C. 
elegans  in 1993 [ 2 ], miRNA quantifi cation has become an essential 
procedure for research aimed to gain in-depth understanding of 
cancer cell biology [ 3 ,  4 ]. There are several well-established meth-
ods for miRNA quantifi cation, including small RNA sequencing, 
miRNA expression microarray, and  reverse transcription   real-time 
quantitative polymerase chain reaction (RT-qPCR) [ 5 – 7 ]. Due to 
the high sensitivity and relatively low-cost, RT-qPCR remains the 
method of choice for miRNA quantitation in a variety of biological 
specimens and the current gold standard for validation of data gen-
erated by high-throughput technologies [ 7 ]. miRNAs regulate 
 mRNA   stability and translation through the action of the RNA- 
induced silencing complex (RISC) [ 8 ]. Based on the endoribonu-
clease activities and expression patterns of the four human 
argonaute proteins (AGO1-4), the main components of RISC, 
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AGO2 is believed to play a key role in miRNA function in mam-
mary gland epithelial cells [ 9 – 11 ]. Consequently,  AGO2 immuno-
precipitation (AGO2-IP)  , followed by  RNA isolation   and miRNA 
RT-qPCR, represents a direct and feasible approach to quantify 
functional miRNAs in cells [ 12 – 17 ]. Here, we describe a qPCR- 
based method for quantitation of total cellular miRNAs and 
AGO2-bound miRNAs  in   breast cancer cells.  

2     Materials 

       1.     Phosphate-buffered saline (PBS):    add approximately 900 mL 
of Milli-Q water (water purifi ed by EMD Millipore Milli-Q 
Integral Systems) to a 1.5 L container. Add 0.2 g KCl, 0.2 g 
KH 2 PO 4 , 8 g NaCl, and 1.45 g Na 2 HPO 4 ⋅7H 2 O into the 
water. Mix the solution on a magnetic stirrer, adjust pH to 7.6 
by using 1 N NaOH, adjust fi nal volume to 1000 mL using 
Milli-Q water, and store at 4 °C.   

   2.    Hypotonic buffer: containing 10 mM Tris (pH 7.5), 10 mM 
KCl, 2 mM MgCl 2 , and 1 mM DTT. 100× concentrated stock 
solutions for each component are made using DNase-/RNase- 
free H 2 O and molecular biology grade chemicals and stored at 
−20 °C as small aliquots. Immediately before use, complete 
hypotonic buffer is made by mixing the stock solutions and 
supplemented with 100 U/mL RNaseOUT (Life 
Technologies, Carlsbad, CA) and protease inhibitor cocktail 
(Santa Cruz Biotechnology, Dallas, TX).   

   3.    Wash buffer: complete hypotonic buffer supplemented with 
150 mM NaCl and 0.5 % NP-40.   

   4.    High-salt buffer: complete hypotonic buffer supplemented 
with 400 mM NaCl and 0.5 % NP-40.   

   5.    Antibodies: mouse antihuman AGO2 (Clone 2E12-1C9, 
Abnova, Taipei City, Taiwan), control mouse IgG kappa chain 
(Santa Cruz Biotechnology), and anti-mouse IgG-coated 
magnetic beads (MagnaBind Magnetic Beads, Thermo 
Scientifi c, Wilmington, DE).   

   6.    Dounce homogenizer (2 mL) with B pestle.   
   7.    1.5 mL low-retention microcentrifuge tubes (Thermo Scientifi c).   
   8.    Orbital shaker in 4 °C refrigerator or cold room.   
   9.    Temperature-regulated centrifuge compatible with 1.5 mL 

microcentrifuge tubes.   
   10.    Magnetic separation stands for 1.5 mL microcentrifuge tubes.       

       1.       TRIzol   (Life Technologies) ( see   Note 1 ).   
   2.    Molecular biology grade chloroform (Thermo Scientifi c). 

Store at room temperature.   

2.1  Reagents 
and Equipment 
for AGO2 
Immunoprecipitation

2.2  Reagents 
and Equipment 
for RNA Isolation
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   3.    Molecular grade isopropanol (Thermo Scientifi c). Store at 
room temperature.   

   4.    Molecular biology grade absolute ethanol (200 proof, Thermo 
Scientifi c). Store at room temperature. To prepare 70 % etha-
nol, add 15 mL RNase/DNase H 2 O into 35 mL ethanol in a 
50 mL RNase-/DNase-free tube.   

   5.    GlycoBlue™ Coprecipitant (15 mg/mL, Life Technologies). 
Store at −20 °C.   

   6.    UV–Vis spectrophotometer such as NanoDrop 2000 (Thermo 
Scientifi c).   

   7.    Homogenizer (PowerGen Model 125, Thermo Scientifi c) for 
tumor tissues.   

   8.    RNase-/DNase-free microcentrifuge tubes (1.5–2 mL).        

       1.    The following buffers used for polyadenylation are provided by 
NCode miRNA First-Strand Kit (Life Technologies): 5× miRNA 
reaction buffer, 25 mM MnCl 2 , 10 mM ATP, Poly A Polymerase, 
annealing buffer, SuperScript III RT/RNaseOUT enzyme mix, 
2× fi rst-strand reaction buffer, DEPC-treated water, and univer-
sal RT and  qPCR   primers. Store all reagents at −20 °C.   

   2.    Floating foam tube rack for 0.2 mL tubes (VWR, Radnor, PA, 
USA).   

   3.    Benchtop centrifuge compatible with 0.2 mL tubes.   
   4.    Two water bathes: set at 37 and 65 °C, respectively.   
   5.    RNase-/DNase-free PCR tubes (0.2 mL).   
   6.    Thermal cycler for PCR.      

       1.     miRNA-specifi c primer ( see   Note 2 ).   
   2.    Maxima 2× SYBR Green RT- PCR   reaction mix (Thermo 

Scientifi c).   
   3.    Microseal “B” Seals (Bio-Rad, Hercules, CA).   
   4.    96-well PCR plates.   
   5.    qPCR system (e.g., CFX96 Real-Time System, Biorad).   
   6.    Centrifuge compatible with 96-well PCR plates.        

3     Methods 

         1.    Grow  cells   in a 35-mm or 60-mm dish to reach a density of 
~80 % confl uence. Remove medium and wash cell with ice-
cold PBS once. In a fume hood, add 1 mL TRIzol reagent into 
the dish and lyse cells by repeated pipetting. Transfer cell lysate 
into a 1.5 mL centrifuge tube.   

2.3  Reagents 
and Equipment 
for Polyadenylation 
and cDNA Synthesis

2.4  Reagents 
and Equipment 
for qPCR

3.1  Total RNA 
Isolation 
from Cultured Cells
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   2.    In a fume hood, add 0.2 mL chloroform into the TRIzol lysate 
and mix thoroughly by inverting the tubes ten times. Incubate 
the tubes for 3 min at room temperature. Centrifuge the sam-
ple at 12,000 ×  g  for 15 min at 4 °C.   

   3.    In a fume hood, carefully pipette out the aqueous phase (col-
orless top layer) into a new 1.5 mL RNase/DNase microcen-
trifuge tube. Avoid drawing any of the interphase or organic 
layer into the pipette tip when transferring the aqueous phase 
( see   Note 3 ).   

   4.    Add 1 μL GlycoBlue Coprecipitant (to aid in pellet visualiza-
tion) and 0.5 mL of 100 % isopropanol to the aqueous phase; 
mix by Vortex and incubate at room temperature for 10 min. 
Centrifuge at 12,000 ×  g  for 10 min at 4 °C.   

   5.    Remove supernatant and wash RNA pellet with 1 mL of 75 % 
ethanol. Vortex sample to displace pellet from tube bottom 
and centrifuge at 7500 ×  g  for 5 min.   

   6.    Pipette out ethanol. Centrifuge the tube using a benchtop cen-
trifuge at 2500 x  g  for 1 min and remove the residue ethanol 
with a pipette loaded with a gel-loading tip ( see   Note 4 ). Leave 
the tube uncapped for 2–3 min to allow for residual ethanol 
evaporation.   

   7.    Suspend purifi ed RNA in 30 μL RNase-/DNase-free water. 
Place RNA samples at 4 °C for 30 min to allow for complete 
dissolution.   

   8.    Measure the absorbance of RNA at 260 and 280 nm by using 
NanoDrop 2000 to determine RNA concentration.   

   9.    Adjust the RNA concentration to 200 ng/μL using RNase-/
DNase-free water. Store RNA samples at −80 °C.      

        1.    Put a fresh  t  issue fragment (~50 mg) into a 2 mL tube fi lled 
with 1 mL TRIzol reagent and use a homogenizer to disrupt 
the tissue (using PowerGen Model 125 homogenizer: output 
set at 5, homogenizing 30 s/resting 30 s, repeat three times). 
Homogenize tumor tissue in a fume hood to limit the expo-
sure to TRIzol reagent.   

   2.    Follow  steps 2 – 9  of Subheading  3.1  to purify RNA from 
tumor tissue homogenate.      

       1.    Grow cells in three 150-mm dishes to reach a confl uence of 
~80 %. Discard medium and wash cells with ice-cold PBS once. 
Collect cells by scrapping cells in ice-cold PBS (3 mL per dish). 
Pool and transfer cells from the three 150-mm dishes (~3 × 10 7  
cells) into a 15 mL tube. Centrifuge the tube at 1500 x  g  at 4 °C 
for 3 min.   

   2.     Suspend   cell pellet in 3 mL ice-cold complete hypotonic buffer 
and incubate on ice for 15 min. Transfer cell suspension into 

3.2  Total RNA 
Isolation 
from Xenograft Tumor 
Tissues

3.3  Isolation of RNA 
Associated with AGO2- 
Based RISC 
from Cultured Cells
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an ice-chilled Dounce homogenizer. Disrupt the cells to release 
cytosol by using a “B” pestle with 15 strokes (down plus up 
equals one stroke). Transfer the disrupted cells into a 15 mL 
tube and centrifuge at 12,000 x  g  and 4 °C for 10 min.   

   3.    Pre-clean the cytosol fraction (supernatant from the homoge-
nized cells) with control mouse IgG kappa and anti-mouse 
IgG-coated magnetic beads to eliminate nonspecifi c binding: 
in a 1.5 mL low-retention tube ( see   Note 5 ), mix 1 mL cytosol 
fraction with 5 μg control IgG kappa and 50 μL anti-mouse 
IgG-coated magnetic beads and incubate on an orbital shaker 
at 4 °C for 1 h. Put tubes in a magnetic separation stands to 
collect pre-cleaned cytosol fraction.   

   4.    Mix pre-cleaned cytosol fraction (1 mL) with 5 μg anti-AGO2 
antibody and 50 μL anti-mouse IgG-coated magnetic beads. 
After overnight incubation at 4 °C on an orbital shaker, 
AGO2- IP (immunoprecipitated) beads were washed twice 
with 1 mL ice-cold wash buffer and once with 1 mL high-salt 
buffer (hypotonic buffer supplemented with 400 mM NaCl 
and 0.5 % NP-40).   

   5.    Suspend AGO2-IP beads in 1 mL TRIzol and follow  steps 
2 – 6  of Subheading  3.1  to purify RNA associated with AGO2-
based RISC.   

   6.    Dissolve RNA pellet in 10 μL DNase-/RNase-free water.      

       1.    Prepare diluted ATP ( see   Note 6 ): adding 10 μL of 10 mM 
ATP in 10 μL 1 mM Tris (pH 8.0).   

   2.    Prepare master mix for polyadenylation reaction in a 0.2 mL 
PCR tube. To prepare polyadenylation mix for n RNA sam-
ples, multiply the volumes for the following reagents by ( n  + 2):

 ●    2 μL miRNA reaction buffer.  
 ●   1 µL 25 mM MnCl 2 .  
 ●   0.4 µL diluted ATP.  
 ●   0.2 µL poly A polymerase.  
 ●   1.4 µL DEPC-treated water.      

   3.    Aliquot 5 μL polyadenylation mix into 0.2 mL PCR tubers. 
Add 5 μL (1 μg) RNA into each tube. For RNA samples with 
concentration <200 ng/μL  see   Note 6  for modifi ed protocol.   

   4.    Vortex the reaction mix and centrifuge briefl y to collect con-
tents to the bottom of the tubes.   

   5.    Place the tubes in a foam fl otation holder and incubate in a 
water bath at 37 °C for 15 min. Ensure that all the contents at 
the bottom of the tubes are immersed in water, but the lids 
of the tubes are above water surface to avoid contamination 
from the bath water.      

3.4  Polyadenylation 
of miRNA
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       1.    In a 0.2 mL PCR tube, combine 4 μL of the polyadenylated- 
RNA from Subheading  3.4  with 1 μL annealing buffer and 3 
μL 25 μM Universal RT Primer.   

   2.    Cap and vortex samples.   
   3.    Centrifuge briefl y to collect contents to the bottom of the 

tubes.   
   4.    Incubate the samples in a water bath at 65 °C for 5 min.   
   5.    Place tubes on ice for 1 min.   
   6.    Centrifuge briefl y to collect contents to the bottom of the 

tubes.   
   7.    Add 10 μL of 2× fi rst-strand reaction mix and 2 μL of 

SuperScript III RT/RNaseOUT enzyme mix into each tube.   
   8.    Centrifuge the tubes briefl y to collect contents to the bottom 

of the tubes.   
   9.    Place tubes in a thermal cycler with a program: 50 °C for 

50 min followed by 85 °C for 5 min.      

       1.    Once  the   cDNA synthesis is complete, centrifuge the tube 
briefl y and dilute the cDNA 1:10 using RNase-/DNase-free 
water by adding 180 μL DNase/RNase water into the 20 μL 
cDNA reaction mix.   

   2.    Prepare  qPCR   master mix for each miRNA to be examined ( see  
 Note 7 ) in a 1.5 mL RNase/DNase tube. Determine the 
number of  qPCR   reactions required for each miRNA:  n  = 3 
replicates × number of RNA samples used for detection of a 
specifi c miRNA. To make  qPCR   master mix for a specifi c 
miRNA, multiply the volumes for the following reagents by 
( n  + 2):

 ●    6 μL 2× SYBR Green RT-PCR reaction mix.  
 ●   0.5 µL universal  qPCR   primer solution (5 µM).  
 ●   0.5 µL miRNA-specifi c primer solution (5 μM).      

   3.    Aliquot 7 μL  qPCR   mix into each well of a 96-well PCR plate. 
Add 5 μL diluted miRNA-cDNA into each well.   

   4.    Seal the PCR plate with an optically clear adhesive seal (e.g., 
Microseal “B” Seals).   

   5.    Centrifuge the plate at 625 x  g  for 3 min.   
   6.    Load the plate into a  qPCR   system and run the following pro-

tocol when Maxima 2× SYBR Green RT-PCR reaction mix is 
used: 
 Step 1: 50 °C for 2 min. 
 Step 2: 95 °C for 10 min. 
 Step 3: 95° for 15 s. 

3.5  cDNA Synthesis

3.6  miRNA qPCR
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 Step 4: 60 °C for 1 min + plate read. 
 Repeat  steps 3  and  4  an additional 39 times. 
 Step 5: 95 °C for 10 s. 
 Step 6: melt curve at 65–95 °C (0.5 °C increment/30 s).       

4     Notes 

     1.    TRIzol is toxic and corrosive; use only in a fume hood with 
appropriate personal protective equipment (PPE). Store at 
room temperature in a protective case to prevent acciden-
tal spill.   

   2.    miRNA-specifi c primer is a DNA oligo that is identical to the 
entire mature miRNA sequence. For example, the primer 
sequence is 5′-CAAAGTGCTTACAGTGCAGGTAG-3′ for 
hsa-miR-17-5p [caaagugcuuacagugcagguag]. For GC-rich 
miRNA sequences, it may be necessary to design primers that 
are truncated by 3–4 bases on the 3′ end to have a melting 
temperature ( T m) of 60 ± 5 °C. Mature miRBase: the 
microRNA database.   

   3.    After phase separation, RNA is exclusively in the upper aque-
ous phase (~50 % of the total volume), and DNA and protein 
are in the interphase and phenol–chloroform layer. Avoiding 
contamination of aqueous phase is critical for the quality of the 
isolated RNA.   

   4.    This step aids to preserve RNA solubility by shorting the air-
dry time required for residue ethanol evaporation.   

   5.    The low-retention microcentrifuge tubes improve sample 
recovery and immunoprecipitation specifi city by signifi cantly 
reducing surface binding.   

   6.    The concentration of RNA purifi ed from AGO2-IP beads is 
usually in the range of 30–50 ng/μL. Use 5 μL RNA solution 
(equivalent to 150–250 ng RNA) for cDNA synthesis. Based 
on the quantity of total RNA, dilute 10 mM ATP in 1 mM Tris 
(pH 8.0) according to the following formula: ATP dilution 
factor = 2000/X ng RNA for a 10 μL polyadenylation reaction. 
For example, if you use 200 ng RNA for a 10 μL polyadenyl-
ation reaction, the ATP dilution factor is 2000/100 ng = 20. 
Dilute the ATP 1:20 by adding 1 μL of 10 mM ATP to 19 μL 
of 1 mM Tris, pH 8.0.   

   7.    Small nuclear RNA U6 and at least two miRNAs abundantly 
expressed in  breast cancer cells   (e.g., miR-21 and let-7 family 
members) [ 18 ] are usually included as internal control for 
miRNA qPCR for breast cancer  cell   or tumor tissues.          
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    Chapter 8   

 Pyrosequencing Analysis for Breast Cancer DNA 
Methylome                     

     Cem     Kuscu      and     Canan     Kuscu     

  Abstract 

   Unraveling DNA methylation profi le of tumor is important for the diagnosis and treatment of cancer 
patients. Because of the heterogeneity of clinical samples, it is very diffi cult to get methylation profi le of 
only tumor cells. Laser capture Microdissection (LCM) is giving us a chance to isolate the DNA only from 
the tumor cells without any stroma cell’s DNA contamination. Once we capture the breast tumor cells, we 
can isolate the genomic DNA which is followed by the bisulfi te treatment in which unmethylated cytosines 
of the CG pairs are converted into uracil; however, methylated cytosine does not go into any chemical 
change during this reaction. Next, bisulfi te treated DNA is used in the regular PCR reaction to get a single 
band PCR amplicon which will be used as a template for the pyrosequencing. Pyrosequencing is a powerful 
method to make a quantitative methylation analysis for each specifi c CG pair.  

  Key words     Breast cancer  ,   Laser capture microdissection (LCM)  ,   DNA methylation  ,   Bisulfi te conver-
sion  ,   Pyrosequencing  

1      Introduction 

  Breast cancer is  the   most common form of cancer among women 
and it is the second most deadly cancer after lung cancer [ 1 ]. Since 
tissue samples taken from cancer patients are heterogeneous, and 
therefore are composed of a mixture of tumor cells and surround-
ing stroma cells, experimental techniques for the analysis of cancer 
cells have been diffi cult. However, improvements have been made 
over the years, including  Laser Capture Microdissection (LCM)  , 
which has been used for the analysis of  histopathology   samples 
since 1996 [ 2 ]. In this technique, laser is accompanied with the 
objective of the  microscope   and focuses on the tissue sections. One 
can draw a border around target cells on the computer image of 
histology slides which is called “element” to dissect the cells in the 
small size of tube which will be used for future DNA or  RNA isola-
tion  . Therefore,  LCM   improves the quality of data from clinical 
samples and gives us a trustable output [ 3 ]. 
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 Along with genetic alterations of individuals, recent fi ndings 
shed a light on the importance of epigenetic aberrations for cancer 
progression [ 4 ,  5 ]. Epigenetic mechanisms are basically divided 
into two main groups called  DNA methylation   and histone modi-
fi cations. Some studies include miRNA as part of the epigenetic 
mechanism. The methylation of the fi fth carbon on the cytosine 
(5mC) has been known as the main mechanism of  DNA methyla-
tion   for gene regulation in eukaryotes, but very recent studies 
demonstrated that sixth nitrogen on the adenosine (6mA) can also 
be methylated and change the gene expression in eukaryotes as 
well [ 6 ,  7 ]. For the rest of the chapter, the term of  DNA methyla-
tion   is used only for the methylated cytosine (5mC). In normal 
cells, most of the  DNA methylation   takes place in repetitive 
genomic regions, such as LINES (long interspersed transposable 
elements) and SINES (short interspersed transposable elements) 
to maintain genomic integrity [ 8 ]. Besides random and diverse 
methylation of cytosines in these regions,  DNA methylation   is usu-
ally concentrated in CpG islands (CGI), which are described with 
the following formula; minimum 200-bp stretch of DNA with a 
minimum C + G content of 50 % and an Obs CpG /Exp CpG  in excess 
of 0.6 [ 9 ]. Based on this criterion, there are approximately 29,000 
CpG islands (CGI) in the human genome. Besides the localization 
within promoters of genes, some CpG islands exist in the inter-
genic or intragenic (intron) regions [ 10 ]. Half of all human pro-
moters have been reported to have CGIs, but these CGIs within 
promoters are generally not methylated. Increased level of meth-
ylation in the CpG island around promoters inhibits transcription 
either directly by blocking the access of specifi c transcription fac-
tors to the promoter of the genes or indirectly by recruiting 
methyl-CpG-binding domain (MBD) proteins which might recruit 
histone-modifying and chromatin-remodeling complexes that 
cause the condensation of the chromatin [ 11 ]. In addition to the 
basic role of  DNA methylation   in the development of organisms 
and cellular differentiation via altering gene expression profi les, 
aberrant  DNA methylation   patterns have also been linked to nearly 
all types of cancer [ 12 ]. The role of methylation in cancer progres-
sion is primarily considered as a molecular instrument for hyper-
methylation of promoters in order to silence tumor suppressor 
genes, and majority of studies related with this topic focus in this 
direction [ 13 ,  14 ]. On the other hand, hypomethylation of onco-
genes or growth-related genes is another mechanism related with 
cancer progression. Almost 30 years ago, Feinberg and Vogelstein 
demonstrated for the fi rst time that hypomethylation in the pro-
moters of oncogenes, such as c-Ha-ras and c-Ki-ras, induced the 
formation of tumors in colon and lung tissues [ 15 ]. Therefore, 
monitoring the alteration of  DNA methylation   level on specifi c 
loci, especially the promoter region of tumor suppressor and 
 oncogenes, is very critical for cancer patients. Frommer and his 
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colleagues developed one of the most powerful techniques in 
which unmethylated cytosines, not methylated ones, are converted 
into uracil after bisulfi te treatment. Finally, we can identify the sta-
tus of the cytosine after the Sanger sequencing of the target region 
[ 16 ,  17 ]. 

 In 1996, another sequencing technique called pyrosequencing 
was developed by Mostafa Ronaghi and Pal Nyrén [ 18 ,  19 ]. In 
their new sequencing approach, they immobilize one strand of 
DNA with the help of biotinylated primer and then they add the 
pyrosequencing primers into the solution. Later, they add and 
remove A, G, C, and T solution for each nucleotide synthesis. In 
each step, pyrophosphate (PPi) is released because of the addition 
of one of dNTPs to the growing strand with the help of DNA 
polymerase. ATP sulfurylase catalyzes the reaction between this 
free PPi and APS (adenosine 5′ phosphosulfate) after each step to 
produce an ATP which is used as a substrate in the next step. 
Luciferin is converted into oxyluciferin in the presence of ATP, 
producing light. Then all free single nucleotides and ATP are 
degraded by another enzyme called apyrase. Amount of light pro-
duced at each step is used to quantify the data and predict the 
percentage of nucleotide for some clinical analysis. Main applica-
tions of pyrosequencing are quantitative analysis of sequence vari-
ants for allele frequency in the population, analysis of mutations, 
bacterial/fungal typing, and analysis of  DNA methylation   ratio on 
specifi c CG pairs. The main disadvantage of pyrosequencing is the 
short read outcome that is usually around 50–60 bp.  

2    Materials 

       1.    Breast cancer MCF-7 and MDA-MB-231 cell lines were pur-
chased from ATCC (Manassas, VA) and were cultured in 
Dulbecco’s Modifi ed Eagle’s Medium (DMEM) (Invitrogen) 
plus 10 % FBS. Breast cancer invasive and in situ samples were 
obtained from the Pathology Department of Stony Brook 
University.      

       1.    Breast cancer specimen (right after surgery, standard sample 
size: 0.5 × 1 × 1 cm).   

   2.    10 % neutral formalin.   
   3.    Histology cassette (Tissue-Tek ®  Uni-Cassettes, Sakura).   
   4.    70, 80, and 95 % EtOH.   
   5.    Xylene.   
   6.    Paraffi n.   
   7.    Hot water bath (60 °C).   
   8.    Cooling station (<−10 °C).      

2.1  Cell Cultures 
or Tissues

2.2  FFPE Tissue 
Preparation

Pyrosequencing Analysis for Breast Cancer DNA Methylome
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       1.    Microtome (Model 48577-60).   
   2.    SuperFrost Plus slides.   
   3.    50 °C water bath.   
   4.    65 °C incubator.   
   5.    Xylene   
   6.    70, 80, 95, and 100 % EtOH.   
   7.    Hematoxylin solution ( see   Note 1 ).   
   8.    Acid alcohol: 0.1 % HCl, 50 % EtOH in distilled water.   
   9.    Scott’s tap water: 2 g sodium bicarbonate and 10 g MgSO 4  in 

1 l of distilled water.   
   10.    Eosin solution.   
   11.    Glass or plastic jars.   
   12.    Mounting media.   
   13.    Forceps and brushes.      

       1.    Leica laser  microscope  .      
   2.    PALM RoboSoftware.   
   3.    0.5 ml eppendorf tube.   
   4.    70 % EtOH.   
   5.    Microcentrifuge.      

       1.    Qiagen DNeasy Tissue Kit (Cat # 69504).   
   2.    Tabletop centrifuge (up to 13 k rpm).   
   3.    Xylene.   
   4.    RNase.      

        1.    MethPrimer:   http://www.urogene.org/cgi-bin/methprimer/
methprimer.cgi    .   

   2.    Bioinformatics.org:   http://www.bioinformatics.org/sms2/
cpg_islands.html    .   

   3.    CpG Island Searcher:   http://www.uscnorris.com/cpgis-
lands2/cpg.aspx    .   

   4.    UCSC Genome Bioinformatics:   https://genome.ucsc.edu/
index.html    .      

        1.    MethPrimer [ 20 ]:   http://www.urogene.org/methprimer/
index.html    .   

   2.    MethMarker:   http://methmarker.mpi-inf.mpg.de/    .   
   3.    RepeatMasker:   http://www.repeatmasker.org/    .   
   4.    Pyro Q CpG (Biotage) and PSQ.      

2.3  Hematoxylin 
and Eosin Staining

2.4  Laser Capture 
Microdissection

2.5  Genomic DNA 
Isolation

2.6  Identifi cation 
of CpG Island

2.7  Primer Design 
and CpG Assay Design
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       1.    EZ DNA Methylation-Gold™ Kit (Zymo Research).   
   2.    PCR machine.   
   3.    High fi delity DNA polymerase or HotStarTaq DNA Polymerase 

(store at −20 °C).   
   4.    5′-biotinylated and HPLC purifi ed forward primers (10 nM, 

Sigma or Eurofi ns).   
   5.    Unlabelled reverse PCR primer (desalted, 10 nM).   
   6.    QIAquick PCR Purifi cation Kit (Qiagen, Cat. No. 28104).   
   7.    Human non-methylated control DNA (D5014-1, Zymo 

Research).   
   8.    HpaII restriction endonuclease (NEB).      

       1.    Agarose.   
   2.    Gel electrophoresis system.   
   3.    TAE buffer (50× stock) : 242 g Tris base, 57.1 ml glacial acetic 

acid, and 100 ml of 500 mM EDTA (pH 8.0) solution in 1 l of 
distilled water.   

   4.    6× loading dye: 3 ml glycerol (30 %), 25 mg bromophenol 
blue (0.25 %) in 10 ml distilled water.   

   5.    UV gel analyzer.   
   6.    MinElute Gel Extraction Kit (if necessary) (Qiagen).      

       1.    Heat block up to 80 °C.   
   2.    Microplate shaker.   
   3.    Troughs and 96-well vacuum prep.   
   4.    96-well pyrosequencing plate.   
   5.    Streptavidin Sepharose High Performance Beads (keep at 4 °C).   
   6.    Annealing buffer: 2.42 g Tris and 0.43 g magnesium acetate- 

tetrahydrate in 1 l distilled water (pH: 7.6).   
   7.    2× Binding buffer: 1.21 g Tris, 117 g NaCl, 0.292 g EDTA, 

and 1 ml Tween 20 in 1 l distilled water (pH:7.6).   
   8.    70 % EtOH.   
   9.    Denaturation solution: 0.2 M NaOH.   
   10.    Washing buffer: 1.21 g Tris in 1 l distilled water (pH: 7.6).   
   11.    Unlabeled internal pyrosequencing primer.   
   12.    Adhesive sealing fi lm for 96-well plate.      

       1.    Pyromark Q24 or equivalent instrument.   
   2.    Pyromark Q24 or equivalent cartridge.      

   Pyro Q CpG Software.   

2.8  Bisulfi te 
Treatment and 
Bisulfi te- Specifi c PCR

2.9  Gel 
Electrophoresis

2.10  Preparation 
of Pyrosequencing 
Template

2.11  Pyrosequencing

2.12  Run Sample 
and Data Analysis
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3    Method 

   Cell lines or tissues both can be used for the pyrosequencing analy-
sis of DNA methylome. For cell lines, adherent cells need to be 
harvested with trypsin (0.05 %) for 2–5 min at 37 °C incubation. 
Then, cells will be washed with PBS and pellet can be used for the 
DNA isolation in Subheading  3.5 . If you have paraffi n embedded 
tissue, you can continue to Subheading  3.3  otherwise breast tis-
sues should be prepared immediately after the surgery under the 
supervision of pathologist.  

       1.    Dissect the  breast tumors   with these dimensions; 0.5 cm 
(depth) × 1 cm × 1 cm and place inside a histology cassette 
between two small sponges. Put the cassette immediately to 
10 % formalin solution and incubate for 1–2 days at room tem-
perature ( see   Note 2 ).   

   2.    Use tap water to wash the fi xed tissue for half hour. Dehydrate 
the tissues by 30 min incubation of 70, 80, 95 % of EtOH, fol-
lowed by two times of 100 % EtOH incubation, 1 h each.   

   3.    Wash the tissue with xylene twice, 1 h each. At the same time, 
start to prepare paraffi n by heating it to 55−60 °C.   

   4.    Pour a little hot paraffi n into the mold, then embed the fi xed 
tissue on top of hot paraffi n. Orient the specimen if it is neces-
sary, otherwise fi ll the plastic cover with hot paraffi n. Once 
mold is fi lled with hot paraffi n, move the mold onto the cool-
ing station (<−10 °C).   

   5.    Take the paraffi n block from mold once the wax is hard.      

        1.    Set up water bath to the 50 °C. Change the blade of micro-
tome with a fresh one and set up the thickness to 5 μm. FFPE 
sections were cut and collected from block face and transferred 
onto a prewarmed water bath with the help of brush ( see   Notes 
3  and  4 ). Let paraffi n sections incubate on the surface of warm 
water for 5 min, then you can transfer tissue sections on the 
surface of SuperFrost Plus slides gently. Mark your samples 
with pencil; do not use pen ( see   Note 5 ).   

   2.    Transfer all your slides to the 65 °C incubator or small oven 
for 2 h. This treatment melts most of the paraffi n around your 
tissues.   

   3.    After drying the sections on a glass slide, the sections are 
merged into xylene solution for 10 min, twice. The sections 
then are rehydrated in serial ethanol solution from 100 % 
EtOH to distilled water in the following order: 100, 95, 70, 
50 % EtOH and water, 10 min each.   

   4.    The slides are stained with a nuclear dye (Hematoxylin Gill-1 
or Mayer solution) for 5 min followed by rinsing with distilled 

3.1  Cell Cultures 
and Tissues

3.2  FFPE Tissue 
Preparation

3.3  Hematoxylin 
and Eosin Staining
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water. Then, the slides are incubated in acid alcohol solution 
for 3 s. After washing the slides in tap water, they are treated 
with eosin (counter stain) for 30 s to 1 min.   

   5.    The slides then are dehydrated in several ethanol solutions in 
the following order: 70, 95, and 100 % EtOH, 10 min each. 
Finally, the slides are treated with xylene for 5 min, twice. The 
fi rst section of every six cut should be covered with coverslips 
and used as a reference slide for the others.   

   6.    The slides can be stored at room temperature.      

        1.    First  tumor   cells should be identifi ed on the reference slides for 
each  H and E (hematoxylin–eosin)  -stained sections. In this 
step, it is recommended that you should get help from a 
pathologist if you do not have enough experience to differenti-
ate the tumor cells (in situ or invasive) from surrounding 
stroma cells.   

   2.    By using the reference slide you can identify the location of 
tumor cells and mark their location on the bottom of the slide 
with a pen. Then, place the marked slide on the  microscope   
stage with the help of slide clips. Please see the summary of the 
setup in Fig.  1 .

       3.    Put 40 μl of 70 % EtOH to the 0.5 ml eppendorf tube’s cap. 
Invert the tube carefully and place it on the tube holder of the 
 microscope   on top of the slide. Distance between the slide and 
the cap should be minimized ( see   Note 6 ).   

3.4  Laser Capture 
Microdissection

  Fig. 1    Positions of the tissue slide, collection tube, and objectives in  the 
  microscope       
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   4.    Open the PALM ROBO or equivalent application on the com-
puter. First, set up 10× objective on the  microscope   and 
observe the image on the screen. By taking advantage of previ-
ous mark on the bottom of the slide, move the stage on that 
position. Optimize the “focus” and “light” on the program 
and try to see image on the computer. The image quality on 
the computer might be very low since there is no mounting 
media and coverslip on the slide. If you see very blurry image, 
change the  objective into 5× and adjust the distance between 
the slide and eppendorf’s cab.   

   5.    Draw a line around the tumor cells on the computer image to 
catapult the individual points out of your sample. These defi ned 
areas are called “elements”. You can use graphics bar of PALM 
RoboSoftware to defi ne different sizes and shapes of elements. 
You can save your elements into your computer and calculate 
the catapulted area for your quantitative analysis if you need it 
( see   Note 7 ).   

   6.    Set up the speed of the laser to 2000 μm/s for 5 μm section. If 
it is larger than 5 μm, reduce the speed. Two other parameters 
need to be adjusted are “UV-energy” and “UV-focus”. Initially 
set up the “UV-energy” to 82 and the “UV-focus” to 76. After 
the fi rst couple of shots, you need to adjust these values accord-
ing to the softness of the tissue. If cells are not dissected from 
the surface, you can increase the energy and focus. The speci-
mens were then subjected to the dissection by hitting the laser 
in the designated area on the glass slide and cells were collected 
in the inverted microcentrifuge cap. At the end of dissection, 
200 μl of ethanol was added into the microcentrifuge tube. 
Tubes were centrifuged at 13,000 rpm (17,000–18,000 ×  g ) for 
15 min. After centrifugation, most of the ethanol was removed 
from tube  and   cells were used to extract the DNA ( see   Note 8 ).      

        1.    Use the whole pellet obtained from  step 6  of Subheading  3.4  
for DNA isolation. Perform the DNA isolation according to 
the manufacturer’s protocol (Qiagen DNeasy Tissue Kit). 
Since you have already treated the tissue with xylene at the end 
of H and E staining, it is not necessary to treat the pellet with 
xylene. If your pellet size is large and if it seems to contain wax, 
treat your pellet with xylene according to the manufacturer’s 
protocol. Since total volume of DNA solution for the bisulfi te 
treatment is around 20 μl, elute your DNA in 20–30 μl of 
water rather than 100 μl. Or elute the DNA in 100 μl water 
and concentrate the DNA with vacuum dryer, if the latter is 
available.   

   2.    Measure the concentration of your DNA with NanoDrop, and 
aliquot 200–500 ng DNA for the next step. If you have less 
than 200 ng DNA, continue with your DNA solution. 

3.5  Genomic DNA 
Isolation
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However, if the total amount of your DNA is less than 500 pg, 
you need to prepare more slides and perform more laser 
capturing.      

       1.    Based on the bioinformatics tool mentioned in the 
Subheading  2.6 , fi nd your potential CpG island around your 
target genes. By blatting this region in UCSC genome browser, 
you can confi rm the presence of the CpG island and download 
the CpG island with 100 bp fl anking regions that can be used 
for the primer design in the next step.      

       1.    Primer design for bisulfi te treated DNA is the critical step for 
the  DNA methylation   experiment since all cytosine in the 
genome except the cytosine of CpG pairs converted into ura-
cil, however the status of cytosine in the CpG pairs after the 
bisulfi te treatment depends on the methylation profi le. 
Therefore, bisulfi te sequencing primers should align to the 
CpG free region. Therefore, it is useful to include some fl ank-
ing region around your CpG island before starting primer 
design.   

   2.    By using the “repetitive masker” from Subheading  2.7 , you 
can eliminate repetitive region for your primer design.   

   3.    Some important criteria for  pyrosequencing   PCR primers;
   (a)    They should not form dimers or hairpin structures.   
  (b)    Length of primers should be between 20 and 30 bp with 

an annealing temperature of 50–60 °C.   
  (c)    Product size should be between 100 and 300 bp, 200 bp 

is the optimum length (It is very diffi cult to fi nd CpG-free 
regions for some parts of genome in which CpG intensity 
is very high; you might increase the size of your PCR frag-
ment up to 500 bp in these cases).   

  (d)    One of the forward or reverse primers should be biotinyl-
ated at their 5′ end.   

  (e)    There is no large “T” stretches in the target sequence.    
      4.    Biotage PSQ program is one of the programs that can help you 

to design the bisulfi te-specifi c PCR primers and sequencing 
primers. First you need to convert all “CG” pairs into “YG” 
pairs in your target sequence, and then convert all “C” into 
“T” (Fig.  2 ). Import this modifi ed DNA sequence into 
sequence editor. On the sequence tab, you can set your region 
where you want to design your PCR primer and sequence 
primer. Hit run button to start analysis. The color of the primer 
on the right tab demonstrates the quality of the primer sets; 
Blue primers are of high quality, yellow primers are of medium 
quality, orange primers are of low quality, and red primers are 

3.6  Identifi cation 
of CpG Island

3.7  Primer Design 
and CpG Assay Design
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of very low quality primer with some severe problem. Usually 
scores for the primers are in the range of 50–70 out of 100. 
Warnings for the primers should be taken into consideration 
before ordering, and they are sometimes eliminated by chang-
ing the target site or with a few base pair changes in the position 
of the primers. You can order blue or yellow primers for your 
assay and do not forget to add biotin to one of the forward or 

  Fig. 2    Preparation of your target sequence for primer design.  Top panel : original sequence of your target. 
 Middle panel : All “CG” pairs converted into “YG” and  shaded with gray. Bottom panel : All other remaining C’s 
in the original sequence are converted into T’s. Lowest section demonstrates that how the modifi ed sequence 
looks like once you import your modifi ed sequence into the Pyro Q CpG program.  Blue shaded area  was chosen 
for the fi rst assay       
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reverse primers. If your amplicon size is larger than 100 bp, you 
can design several sequencing primers since each sequencing 
primer only reads up to 50 bp in the  pyrosequencing   run.

              1.    Treat up to 500 ng isolated DNA from the dissected cells and 
unmetylated control DNA by using EZ DNA methylation 
Gold kit (Zymo Research) according to the manufacturer’s 
protocol. Suggested treatment on the thermal cycler is: 
 98 °C for 10 min, 64 °C for 2.5 h. 
 Alternative incubation for bisulfate conversion: 
 98 °C for 10 min, 53 °C for 30 min, (53 °C for 6 min + 37 °C 
for 30 min) for eight cycles,   

   2.    DNA can be eluted in 20 μl water or elution buffer and 2 μl of 
the elute should be used in the BSP PCR reaction ( see   Note 9 ). 
High fi delity DNA polymerase or HotStarTaq DNA Polymerase 
should be used for the amplifi cation of the target region. PCR 
was performed with the following conditions; 95 °C for 5 min, 
(94 °C for 30 s, 56 °C for 30s, and 72 °C for 30s) for at least 
50 cycles, 72 °C for 7 min ( see   Note 10 ). You can also try 
SYBR Green 2× mixture if you have some diffi culties to get a 
single band PCR amplicon.      

       1.    Run your PCR reaction on 2 % agarose gel prepared with 1× 
TAE buffer. Run 4 μl of the total PCR reaction (50 μl) on the 
gel. If you have a single band for your target region, you can 
use the rest of PCR reaction for the  pyrosequencing   reaction.   

   2.    If you have some nonspecifi c bands in your gel results, you 
need to optimize your PCR conditions to get a single band. If 
you do not eliminate the unspecifi c bands, load whole PCR 
reaction into the gel and extract the desired band from the gel 
by using minElute Gel Extraction kit (Qiagen).      

       1.    Bring all buffers  and   components at room temperature and 
incubate for 10 min.   

   2.    In each well of 96-well PSQ plate, add 0.3 μM–0.4 μM 
sequencing primer in the presence of 40 μl of annealing 
buffer.   

   3.    In 96-well PCR plate, add 36 μl of PCR reaction, 4 μl of 
Sepharose bead (undiluted), and 40 μl of 2×-binding buffers 
( see   Note 11 ). Prepare two wells as a control (no DNA) for 
each internal sequencing primer.   

   4.    Seal the plates and place it on microplate-shaker for 10 min at 
room temperature (1400 rpm or 250–300 ×  g ).   

   5.    Wash the vacuum tool with distilled water twice (fi ll the trough 
with water and place the vacuum tool inside, turn on the vac-
uum and wait for 30 s).   

3.8  Bisulfi te 
Treatment and 
Bisulfi te- Specifi c PCR

3.9  Gel 
Electrophoresis

3.10  Preparation 
of Pyrosequencing 
Template
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   6.    Remove PCR plate from shaker and immediately place fi lter 
tips of vacuum tool carefully into the PCR plate.   

   7.    After capturing the DNA and beads on the fi lter tip of vacuum, 
you need to do several washes with the following solutions: 70 
% EtOH, denaturation solution, and washing buffer.   

   8.    Fill the trough with 70 % EtOH and place the vacuum tool 
into the trough. Turn on the vacuum and let it fl ush through 
the fi lters for 5 s.   

   9.    Repeat  step 8  with  denaturation   buffer and washing buffer, 5 
s each.   

   10.    Hold the vacuum tool perpendicular and let it dry for 5 s, and 
return it to the horizontal position.   

   11.    Close the vacuum pump ( see   Note 12 ) and place the fi lter tips 
which have only biotinylated DNA strand into the PSQ plate 
(prepared at  step 2 ). Shake the vacuum gently few times and 
leave it for a few seconds inside the PSQ plate. This step releases 
the bound DNA strand from fi lter into the solution which has 
the sequencing primers and annealing buffer.   

   12.    Annealing of primers to the DNA: incubate PSQ 96-well plate 
on 80 °C heat block for 2 min (not more than 2 min) and place 
it back on a cold surface.      

       1.    Put your PSQ plate  in   your instrument and insert the right 
cartridge gently.   

   2.    Fill the cartridge by using the right concentration and volume 
of solution E (enzyme mixture), solution S (substrate mix-
ture), and the four nucleotides dATP-a-S (A), dCTP (C), 
dGTP (G), and dTTP (T) according to the manufacturer’s 
protocol ( see   Note 13 ) .      

       1.    For each  pyrosequencing   primer you are using for individual 
assay, you should enter the input sequence as a “sequence to 
analyze”. Program automatically  produces a dispensation 
order for your fragment.   

   2.    For each sequencing primer, choice the well on the computer 
with the appropriate assay.   

   3.    Click run button on the computer. Enzymes, substrate, and 
four nucleotides should be dispensed according to the prede-
termined order.   

   4.    After the pyrosequence run, each well on the plate is shown 
with color with the following code: 

 Blue wells = pass; Yellow or Orange wells = might be cor-
rected with manual edit; Red wells = failed   

   5.    Do not forget to check negative control wells in which you 
have only primer. You should not see any signal in those wells.   

3.11  Pyrosequencing

3.12  Run Sample 
and Data Analysis
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   6.    Pyro Q CpG Software will demonstrate two graphs at the end, 
one is for theoretical histogram and the second one is actual 
pyrogram showing the intensity of peaks. On both graphs, 
 x -axes show the dispensation order of your target sequence. 
While  y -axis shows number of nucleotides in the histogram, it 
shows the relative peak intensity in the pyrogram.   

   7.    Since cytosine in the CG pair has two possible outcomes after 
bisulfi te sequencing, it is represented as a gray bar with two 
nucleotides (T and C). “G” is not represented immediately 
after gray shaded “TC” because the dispensing order some-
times puts random nucleotides before “G”. 

 On top the gray boxes, calculated percentage of methyla-
tion is shown for each cytosine of CG pairs (Fig.  3 ).

       8.    You can trust the percentage of  DNA methylation   if the values 
are in the range of 5–95 % because of the 5 % deviation rate 
between the biological replicates.       

4    Notes 

     1.    There are three types of Hematoxylin Gill solutions: 1, 2, and 
3. Their names are based on the concentration of the dye; 
Gill-1 has 2 g dye per 1 ml, Gill-2 has 4 g, and Gill-3 has 6 g 
per liter. Depending on the intensity of nuclear stain, you can 
choose one of these solutions. Protect these solutions from dye 
and store at room temperature. There is also Hematoxylin 
Mayer solution in which dye concentration is the half of the 
Gill-1 solution.   

   2.    There is no true universal fi xative, but 10 % neutral buffered 
formalin is the most commonly used fi xative for the specimen 
preparation. Since it is carcinogenic and can cause eye, skin, 
and respiratory tract irritation, it should be prepared inside the 
hood.   

   3.    Do not touch the sections and wax samples with your fi nger. 
Instead, use forceps or brush to pick up specimen from block 
face.   

   4.    If you have diffi culties to get one single smooth layer of sec-
tion, cooling the surface of paraffi n block on the ice might 
help. You can also try moisturizing the surface of the wax 
paraffi n.   

   5.    Pencil mark is permanent during the xylene and alcohol treat-
ment. Numbering of each slide is important since we use fi rst 
section as a reference slide for the next fi ve or six sections. We 
cover the fi rst section with glass coverslip in the presence of 
mounting media and use it for localization of the tumor cells 
during the  laser capture microdissection  . Do NOT cover the 
other slides.   
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   6.    To collect the dissected cells from surface of the slide into the 
cap, the cap should be in close proximity to the surface. Be aware 
of the possible risk that the slide might get wet if the meniscus of 
the solution gets in touch with the surface of the slide.   

   7.    One cell has approximately 57 μm 2  area on the surface of the 
slide. One single human cell with 2N karyotype has 6 pg 
DNA. Since the lower limit of Zymo research kit for  bisulfi te 
conversion   is 500 pg, you need to isolate at least 500/6 = 84 
cells. Quality of DNA in FFPE tissue is very low, and therefore 
we multiply this amount with 10, so 84 × 10 × 57 μm 2  = 48,000 
μm 2  area should be selected as a minimum total “element” on 
one slide.   
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  Fig. 3    Analysis of Pyrosequence Run. KIAA1199 (CEMIP) promoter region was amplifi ed from bisulfi te treated 
genomic DNA with two different primer pairs shown by two  solid lines  on the  y -axis of the top graph. Upper 
pyrograms demonstrate the methylation profi le of normal (benign) tissue; bottom pyrograms show the meth-
ylation profi le of  LCM   dissected cancer cells. Whole methylation percentages are summarized on the top 
graph. Breast cancer patients have higher expression of KIAA1199 with respect to the normal (benign) tissue 
because of the hypomethylation on its promoter region       
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   8.    After the centrifugation, the solution might turn pinkish 
because of the hematoxylin and eosin staining of the cells. This 
color change could be a sign of presence of cell in the cap.   

   9.    Treat 500 ng of unmethylated control DNA with EZ DNA 
methylation Gold kit. Use the MSP-control primer with bisul-
fi te treated control DNA for the PCR reaction, and digest the 
PCR product with HpaII. If your bisulfate conversion works 
well, HpaII should not digest the PCR product.   

   10.    Pyro-PCR should run at least 50 cycles to extinguish the extra 
nucleotides and primers in the PCR solution.   

   11.    20 μl PCR reaction from genomic DNA is usually enough for 
 pyrosequencing   reaction; however, you should increase the 
amount to 36–40 μl to increase the quality of signal because of 
the FFPE treated and laser captured DNA.   

   12.    Closing the vacuum pump is very critical at this step; if you 
leave the pump on, you would suck up the primer solutions 
from the PSQ plate.   

   13.    Since dATP can react with luciferin to produce photons, you 
should use modifi ed dATP, called “dATPαS.” It is not a sub-
strate of luciferase and usage of the modifi ed dATP reduces the 
noise ratio during the reaction.          
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    Chapter 9   

 Vita-Assay™ Method of Enrichment and Identifi cation 
of Circulating Cancer Cells/Circulating Tumor Cells (CTCs)                     

     Shaun     Tulley    ,     Qiang     Zhao    ,     Huan     Dong    ,     Michael     L.     Pearl    , 
and     Wen-Tien     Chen       

  Abstract 

   The ability to capture, enrich, and propagate circulating cancer cells/circulating tumor cells (CTCs) for 
downstream analyses such as ex vivo drug-sensitivity testing of short-term cultures of CTCs, single cell sort-
ing of CTCs by fl uorescence activated cell sorting (FACS), animal injection tumor and/or metastasis forma-
tion studies, next generation sequencing (NGS), gene expression profi ling, gene copy number determination, 
and epigenomic analyses is of high priority and of immense importance to both the basic research and 
translational/clinical research communities. Vitatex Inc.’s functional cell separation technology, constructed 
as Vita-Assay™ (AG6W, AN6W, AR6W) culture plates, is based on the preferential adhesion of invasive rare 
blood cells of tissue origin to a tissue or tumor microenvironment mimic—the so-called cell adhesion matrix 
(CAM), which has a demonstrated ability to enrich viable CTCs from blood up to one- million fold. 

 The CAM-scaffold allows for the functional capture and identifi cation of invasive CTCs (iCTCs) 
including invasive tumor progenitor (TP) cells from cancer-patients’ blood. CAM-captured CTCs are 
capable of ingesting the CAM (CAM+) itself. Green and red fl uorescent versions of Vita-Assay™ (AG6W 
and AR6W) allow for direct visualization of CAM-uptake by cancer cells. Vita-Assay™ CAM-enrichment 
has allowed for sensitive multiplex fl ow cytometric and microscopic detection of iCTCs from patients with 
cancers of the breast, ovary, prostate, pancreas, colorectum, and lung; it has also been successfully utilized 
for ex vivo drug-sensitivity testing of ovarian-cancer patient CTCs. The CAM enrichment method is 
equally suitable for the separation of iCTCs and TP cells in ascites and pleural fl uid.  

  Key words     Cancer cell capture  ,   Cell invasion  ,   Metastasis detection  ,   Rare-cell enrichment  ,   Circulating 
cancer cells  ,   Circulating tumor cells  ,   iCTCs  ,   Vita-Assay™  ,   Cell-adhesion matrix  ,   Vitatex Inc  

1      Introduction 

    The  development   of human  cancer    is   a multistep process driven 
by genome instability which ultimately results in the acquisition of 
at least eight major biological capabilities of cancer cells, namely, 
sustained proliferative signaling, evasion of growth suppressors, an 
increased resistance to cell death, an unlimited replicative poten-
tial (immortality), the ability to induce  angiogenesis  , evasion of 
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immune destruction, a reprogramming of energy metabolism, 
and activation of the multistep process of  invasion   and  metastasis   
(invasion–metastasis cascade) [ 1 ,  2 ]. 

  Metastasis  , or dissemination of primary tumor cells (“seeds”) 
through the blood and lymph systems to distant secondary-sites/
organs (“soil”) in the body, involves a cascade of sequential and 
discernible steps including the loss of cellular adhesion; an increase 
in cell motility;  invasion   of adjacent tissues; entry into, survival in, 
and transport through the circulation; arresting in a secondary site; 
and eventual extravasation and growth in the new tissue/organ 
[ 3 – 7 ]. Indeed, it is this very process, cancer  metastasis  , which is 
responsible for more than 90 % of cancer-associated deaths [ 5 ,  8 – 11 ]. 
Despite encompassing such a lethal series of steps in neoplastic 
disease progression, experimental models indicate that of the mil-
lions of cancer cells that escape the primary tumor and are continu-
ously being dispersed through the body, only a small number of 
these cells (<0.1 %) are able to survive in the circulation (viable 
CTCs), reach a distant organ, survive in a dormant state in the 
secondary site, evade the immune system and any systemic therapy 
a cancer patient is receiving, and grow into an overt metastatic 
lesion [ 7 ,  12 – 17 ]. 

 It should therefore come as no surprise the immense interest 
shown by cancer biologists and clinical oncologists alike and the 
impetus being put on capturing, enriching, identifying, and study-
ing these extremely rare, viable, metastasis-initiating CTCs/cancer 
stem/tumor progenitor cells, the key players in the transition from 
localized to systemic disease [ 4 ,  7 ,  9 ,  13 ,  18 ]. Basic cancer research 
studies in areas such as the molecular characterization of CTCs as 
well as clinical applications such as patient CTC enumeration and 
sequential CTC-monitoring of cancer patient blood during sys-
temic treatment are of high value and importance. The main obsta-
cle in studying CTCs is of course the rarity that they appear in 
blood at approximately one CTC in a background of a billion red 
blood cells, and millions (10 6 –10 7 ) of white blood cells and at an 
average frequency on the order of 10–100 CTC per mL of whole 
blood [ 13 ,  19 – 22 ]. 

 The Vita-Assay™ CTC-enrichment platform has been specifi -
cally designed to functionally capture and enrich (up to one 
million- fold) these rare, viable, and  invasive CTCs (iCTCs)   and to 
exploit their preferential adherence to the CAM surface attribut-
able to their inherent invasive nature and high avidity for the  extra-
cellular matrix (ECM)  , with the added advantage that 
CAM-captured CTCs can be identifi ed after subsequent ingestion 
of fl uorescent-CAM (CAM + ) [ 18 ,  23 – 26 ]. Furthermore, since the 
functional proclivities to degrade and ingest the  ECM   are major 
acquired capabilities of invasive and metastatic cells, CAM +  cells 
represent a unique way to identify and enrich CTCs, and in all 
likelihood these  iCTCs   encompass resident TP or cancer stem cells 
[ 18 ,  23 – 26 ]. 
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 The CAM method allows for the capture of  iCTCs   indiscriminant 
of tumor cell type (primary tumor origin), cell size, CTC morphol-
ogy or expression of particular protein-markers and thus offers a 
robust, comprehensive opportunity to capture true metastasis- 
initiating cells. Vita-Assay™ has allowed for sensitive multiplex 
fl ow cytometric and microscopic detection of CTCs/ iCTCs   from 
patients with cancers of the breast, ovary, prostate, pancreas, col-
orectum, and lung to date, and has been used to relate CTC enu-
meration and prognosis, as well as to generate genotypic and 
phenotypic data from cultured CTCs captured from the blood of 
prostate, ovarian, and breast cancer patients [ 18 ,  23 – 26 ]. Since 
patient’s CTCs captured using Vita-Assay™ plates are viable, con-
tinued culture of CTCs in the same plate is suitable for ex vivo 
drug-sensitivity and resistance testing. 

 In conclusion, the Vita-Assay™ method enables the effi cient 
capture, enrichment, and identifi cation of rare, invasive, and viable 
CTCs, allowing for an array of downstream analyses/applications 
of both cancer research (CTC culturing, mutational analysis, 
molecular characterization, ex vivo drug selection studies, etc.) and 
clinical investigation (CTC enumeration, prognostic value, and 
sequential measurement of patient CTC number to monitor treat-
ment response).  

2    Materials 

       1.    Vita-Assay™ plate (Vitatex, Stony Brook, NY, USA): Each 
6-well plate is coated with either plain-CAM (Vita-Assay™ 
AN6W, Product # 102.01 N) or red fl uorescent-CAM (Vita- 
Assay™ AR6W, Product # 102.02R) or green fl uorescent-
CAM (Product # 102.03G). Each plate is equivalent to six 
assays and allows for the processing of six distinct patient sam-
ples on a single plate ( see   Note 1 ).   

   2.    Each Vita-Assay™ also includes three 100-μL tubes of Cell 
Releasing CAM Enzyme ( see   Note 2 ). Cell Releasing CAM 
Enzyme must be stored in a freezer (−20 °C) immediately 
upon receipt ( see   Notes 3  and  4 ).      

       1.    BD Vacutainer ®  10.0 mL sodium heparin tubes are recom-
mended ( see   Note 5 ).   

   2.    Antibodies for Flow Cytometry: Positive identifi cation of 
 iCTCs  : Use (1) PE-conjugated TP marker (PE-anti-seprase/
PE-anti-CD44 antibody mix (Vitatex). Alternatives are (2) 
PE-EpCAM (BioLegend), or antibodies against (3) CA125 
(ovarian), (4) CA19-9 (pancreatic), (5) HER2 (breast), (6) 
PSMA (prostate). For exclusion of hematopoietic lineage (HL) 
or immune cells, use APC-conjugated anti-CD45 (BD).   

2.1  Vita-Assay™

2.2  Necessary 
Materials Not Supplied 
with Vita- Assay™
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   3.    Antibodies for Microscopy: Positive identifi cation of  iCTCs  : 
FITC-conjugated TP marker (FITC-anti-seprase/anti-CD44 
antibody mix (Vitatex) or FITC-anti-Epi mix of ESA 
(Biomeda), EPCAM (BioLegend), and BerEp4 (Dako). For 
exclusion of hematopoietic lineage (HL) or immune cells, use 
mouse anti-human CD45 (BD).   

   4.    Dako color reaction Kit: (1) secondary antibody-biotinylated 
link, (2) streptavidin-AP, (3) BCIP/NBT substrate system.   

   5.    7-aminoactinomycin D (7-AAD).   
   6.    Hoechst 33342 or DAPI.   
   7.    10× BD FACS Lysing solution (BD).   
   8.    A low-speed, swing-out bucket centrifuge for pelleting cells.   
   9.    A temperature-controlled CO 2  incubator.   
   10.    A vacuum aspirator.   
   11.    Sterile 15-mL polystyrene conical centrifuge tubes.   
   12.    Sterile 50-mL polystyrene conical centrifuge tubes.   
   13.    5-mL polystyrene tube with cell strainer cap.   
   14.    10× Red cell lysis buffer: 1.54 M NH 4 Cl, 100 mM KHCO 3 , 

1 mM EDTA pH 8.0. Either prepare or purchase commercially 
available RBC Lysis Buffer 10× (BioLegend).   

   15.    Standard complete medium containing 10 % fetal calf serum. 
Alternatively, complete cell culture (CCC) medium: 1:1 
mixture of Dulbecco’s modifi ed Eagle’s medium (DMEM) 
and RPMI 1640 supplemented with 10 % calf serum, 5 % 
Nu- serum, 2 mM  L -glutamine, 1× penicillin–streptomycin 
Solution.   

   16.    Sterile 1× phosphate buffered saline (PBS), pH 7.4.   
   17.    Sterile 1× phosphate buffered saline containing  Ca   2+    (Ca   2+   

 PBS) , pH 7.4.   
   18.    Sterile 0.2 % bovine serum albumin (BSA) in 1× PBS, pH 7.4.   
   19.    Adjustable water bath set to 37 °C.   
   20.    Cytocentrifuge system (such as Statspin cytofuge).   
   21.    Trypsin–EDTA solution.   
   22.    Standard fl uorescent  microscope   system with phase-contrast, 

blue, green, and red channels.       

3    Methods 

 Carry out procedures at room temperature and under sterile con-
ditions unless otherwise specifi ed. 
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          1.    Blood Collection: Using your institution’s recommended 
procedure for blood standard venipuncture, collect blood into 
one or more BD Vacutainer ®  6.0 mL sodium heparin tubes or 
6.0 mL lithium heparin tubes or BD Vacutainer ®  10.0 mL 
sodium heparin tubes. Transport tubes to laboratory ( see  
 Notes 6  and  7 ).   

   2.    Preparation of the nuclear cell fraction by red blood cell (RBC) 
lysis: For preparation of nuclear cells from whole blood, red 
blood cells in the blood samples will be lysed by mixing blood 
and 1× RBC Lysis Buffer at a ratio of 1:25 at 20–25 °C. For a 
2-mL blood sample, mix 2-mL blood and 48-mL 1× RBC 
Lysis Buffer at 20–25 °C in a sterile 50-mL conical tube.   

   3.    Rotate the 50-mL tube with blood mix on a rotator at low 
speed (10 rpm, Stovall Low Profi le Roller) for 5 min at 
20–25 °C.   

   4.    Pellet nuclear cells by centrifugation to 350 ×  g  for 5 min. 
Carefully remove supernatant.   

   5.    Add 4-mL of a Complete Cell Culture (CCC) medium to each 
50-mL conical tube to resuspend the cell pellet, resulting in a 
total of 4-mL cell suspension in CCC medium containing the 
cells derived from 2-mL whole blood.   

   6.    Loading cell suspension into wells of Vita-Assay™ plates: 
Aliquot 2-mL of the cell suspension into each of the 6 wells of 
the Vita-Assay™ plate coated with CAM. Culture cells in a 
5–7 % CO 2  incubator at 37 °C for 1 h to allow adherence of 
tumor cells into CAM to obtain the enriched CAM-avid cells.   

   7.    Wash away fl oating cells and culture CAM-avid cells: After 1 h 
incubation above, remove unattached cells and existing 
medium and discard into a waste container.   

   8.    Wash wells one time by pipetting 2-mL of CCC medium gently 
down the side of each well.   

   9.    Move the plate in a horizontal circle six (6) times and discard 
wash solution.   

   10.    Add 2-mL of CCC medium into each well and culture cells 
for 18 h to enhance signal of CAM uptake by  iCTCs   (only 
AG6W and AR6W will display CAM uptake signal) ( see   Notes 
8  and  9 ).   

   11.    After 18 h cell incubation in each well remove any unattached 
cells along with medium into a waste container.   

   12.    Freshly prepare CAM enzyme working solution by diluting the 
provided frozen enzyme with 2-mL of 1× phosphate buffered 
saline containing Ca 2+  (Ca 2+  PBS), pH 7.4 for use in  step 14  
( see   Note 10 ).   

3.1  Vita-Assay™: 
Cell Isolation Protocol

Vita-Assay™ Method to Enrich and Identify CTCs
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   13.    Wash wells three times by pipetting 2-mL of 1× PBS into each 
well each time, followed by moving the plate in horizontal 
circle three (3) times and discarding the wash solution.   

   14.    Add 1-mL of the CAM enzyme working solution into each 
washed Vita-Assay™ well.   

   15.    Place Vita-Assay™ plate in a CO 2  incubator at 37 °C for 10 min 
to enzymatically dissolve CAM and release tumor cells into 
suspension.   

   16.    Optional Step: Skip this step when processing cancer-patient 
blood samples. Only follow this step for experiments in which 
cancer cell-lines are spiked-in to healthy donor blood (CTC 
model experiments) and only if CAM-enzyme alone does not 
detach tumor cells, which are usually two to four times bigger 
than co-isolating hematopoietic cells. Add 1-mL of the trypsin–
EDTA solution into each Vita-Assay™ well, and place in a CO 2  
incubator at 37 °C for 5 min to detach remaining adherent cells.   

   17.    Transfer cell suspension into a new 15 mL conical centri-
fuge tube.   

   18.    Wash the well (sequentially with other wells of the same 
experimental condition) of Vita-Assay™ plate one (1) time 
with 3-mL of CCC medium.   

   19.    Transfer the wash into the 15 mL tube with enzymatically 
released cells ( see   Note 11 ).   

   20.    Concentrate cells by centrifuging the 15 mL conical tube at 
350 ×  g  for 5 min.   

   21.    After centrifugation, remove supernatant by gentle aspiration, 
retaining the last 100 μL containing the enriched cell fraction 
( see   Note 12 ). The 100 μL cell suspension can be processed for 
cellular analyses including, but not limited to, enumeration by 
automated fl ow cytometry (Subheading  3.2  that follows 
below); validation of cell identity by microscopy (Subheading  3.3  
below); and CTC cell culture (Subheading  3.4  below).      

        1.    From  step 21  of Subheading  3.1  above, loosen and resuspend 
the cell pellet by pipetting up and down fi ve times.   

   2.    Fixation: Fix cells by adding 1.0 mL of 1× BD FACS Lysing 
solution to the 100 μL of cell suspension and incubating at 
20–25 °C for 10 min.   

   3.    After incubation in fi xative, add 3-mL of PBS containing 0.2 % 
BSA, mix and concentrate cells by centrifuging the 15 mL con-
ical tube at 350 ×  g  for 5 min.   

   4.    After centrifugation remove supernatant by gentle aspiration, 
retaining the last 80 μL containing the enriched fi xed-cells. The 
fi xed cell suspension could be stored at 2–8 °C at this point.   

3.2  CTC Enumeration 
Using Automated Flow 
Cytometry

Shaun Tulley et al.



113

   5.    Antibody and nucleic acid dye staining: Add 6 μL PE-anti- 
seprase/CD44 antibody cocktail (or 6 μL PE-anti-Epi), 10 μL 
APC-anti-HL antibody and 10 μL of 50 μg/mL stock of 
7AAD to the 80 μL cell suspension and stain cells at 20–25 °C 
in the dark, for 30 min.   

   6.    Washing of stained cells: Add 3-mL of PBS containing 0.2 % BSA.   
   7.    Collect cells by centrifugation at 350 ×  g  for 5 min.   
   8.    Remove supernatant and save the last 500-μL containing fi xed, 

stained cell suspension in sterile PBS containing 0.2 % BSA.   
   9.    Preparation for fl ow cytometric cell counting: Particulates in 

fi xed, stained cells must be fi ltered away using a polystyrene 
tube with cell strainer cap. Collect cells by centrifugation at 
350 ×  g  for 5 min.   

   10.    Count cells with a multiplex fl ow cytometer, i.e., BD 
FACSCalibur™ ( see   Note 13 ).   

   11.    Reporting: Flow cytometry plots and/or tables of enumera-
tion of CTCs and/or  iCTCs   and immune cells per 1-mL of 
blood are shown (Fig.  1 ).

           The number of CTCs or  iCTCs   ascertained by fl ow cytometry can 
be validated using microscopy for cellular morphology of CTCs as 
compared to immune cells, observed as positive for CAM uptake 
(CAM+) and Epi or TP expression, and negative for hematopoietic 
lineage (HL) markers, as described in Protocol below. The micros-
copy step offers a clear morphological discrimination of tumor cells 
from hematopoietic (immune) cells.

    1.    Microscopy—Validation of  iCTCs  , CAM-avid CTCs, and 
immune cells: From  step 21  of Subheading  3.1 , Loosen the 
cell pellet by pipetting up and down fi ve times.   

   2.    Fixation: Fixation can be done by adding 100 μL of 2 % para-
formaldehyde in PBS, pH 7.3, to the 100 μL cell suspension, 
and incubate at 20–25 °C for 5 min.   

   3.    Add 3-mL of PBS containing 0.2 % BSA, mix and concentrate 
cells by centrifuging the 15 mL conical tube at 350 ×  g  for 
5 min, and remove supernatant by gentle aspiration, retaining 
the last 100 μL containing the enriched cells. The fi xed cell 
suspension could be stored at 2–8 °C at this point.   

   4.    Antibody and nucleic acid dye staining: Add 8 μL anti-HL 
antibody mix to the 100 μL cell suspension and incubate for 
20 min, followed by staining using Dako kit: secondary-anti-
body biotin- conjugate, Streptavidin-AP enzyme, and BCIP/
NBT substrate according to manufacturer’s specifi cations 
(positive cells will stain blue/purple). Wash 1× in PBS contain-
ing 0.2 % BSA, and add 8 μL of FITC-TP mix or FITC-Epi 
mix, and add 1 μL 300 μM DAPI (or equivalent Hoechst) and 
stain cells at 20–25 °C in the dark, for 30 min.   

3.3  Validation of CTC 
Identity (on Vita-
Assay™ AR6W) 
by Microscopy

Vita-Assay™ Method to Enrich and Identify CTCs
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   5.    Washing of stained cells: Add 3-mL of sterile PBS containing 
0.2 % BSA. Collect cells by centrifugation at 350 ×  g  for 5 min. 
Remove supernatant and save the last 200-μL containing fi xed, 
stained cell suspension in sterile PBS containing 0.2 % BSA.   

   6.    Preparation for microscopy: To concentrate isolated cells to 
7-mm diameter area on a microscopic glass slide for micro-
scopic analysis, cytospin preparation should be performed 
using devices, i.e., StatSpin cytofuge and Filter Concentrators.   

   7.    After concentrating cells on glass slide, place a drop of mount-
ing medium on the cell sample on the microscopic slide. 

  Fig. 1    Flow cytometric analysis and enumeration of iCTC and immune cells captured on  Vita-Assay™   AG6W 
from 0.67 mL blood of a recurrent ovarian cancer patient (SB448-1). Cells were cultured (ex vivo) for up to 72 h 
in the absence (control) ( a ), or presence of chemotherapeutic drugs demonstrating drug-resistance (approxi-
mately equal counts of  iCTCs  ) with ( b ) Carboplatin or indicating drug-sensitivity (lowered iCTC counts) with ( c ) 
Doxil (Doxorubicin). Gates were made on G-CAM +  (CAM uptake)/7AAD +  fi xed cells (G1) to exclude platelets or 
non-cellular particles ( left panel , events on 10 0  7AAD) that also exclude HL +/dim  events (G2). Events that overlap 
between G1 and G2 are identifi ed and enumerated as iCTC counts shown in  red  on the  right panel  of the plot 
for each blood sample. Immune cells were shown as 7AAD+ HL+ clusters in  left  two panels. Note that none of 
the experiments exhibited artifacts that were not possible to analyze; accordingly, the assay failure rate for the 
iCTC fl ow cytometry detection is estimated as 0 %. When cross samples were compared, iCTC and immune 
cell counts were standardized to per 1-mL blood counts       
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Examine and record images of cell types (CAM+, TP+, NA+, 
CD45−) using a fl uorescence  microscope   equipped with mul-
tiple fi lters (Fig.  2 ).

           CTCs in blood and captured in the Vita-Assay™ plate can be prop-
agated in culture in the same plate in CCC media for a period of at 
least 14 days without loss of cellular viability, whereas the majority 
of co-isolating hematopoietic cells are lost within 7 days (Fig.  3 ). 
The culture of viable CAM-avid tumor and immune cells for a 
period of time allows for suffi cient expansion of CTCs for use in a 

3.4  CTC Cell Culture 
for Downstream 
Applications

  Fig. 2    Validation of CAM+ fl ow cytometric isolation of  iCTCs   by microscopic imaging. Phase contrast micros-
copy and fl uorescence microscopy were used to image cells from 1 mL of blood of an ovarian cancer patient 
(SB423-2) which were captured and identifi ed using  Vita-Assay™   AR6W. In this fi eld three  iCTCs   were identi-
fi ed and observed to be CAM+ (invaded into and ingested  red - fl uorescent  CAM), TP+ (CD44+/seprase+) and 
NA+ (nucleic acid using Hoechst 33342). Take note of the numerous hematopoietic lineage cells (HL+) stained 
with  blue  color substrate-conjugated secondary antibody against primary CD45 antibody, and were unable to 
ingest CAM (CAM negative), and were also tumor/tumor progenitor marker negative (TP negative). Bar in CAM 
panel =40 μm       
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variety of downstream applications, for example, to harvest cells 
and isolate DNA, RNA, or protein for CTC mutational and/or 
molecular analyses. In addition, viable CAM-avid tumor cells can 
be applied in ex vivo drug sensitivity testing and mouse injection/
tumor formation studies that are intended for improved therapeu-
tic intervention. Simply follow  steps 1–10  of Subheading  3.1 . 
Cells from that point can be cultured on CAM in CCC media. 
Below is a brief overview of the procedure if testing out an inhibi-
tor or drug on CTCs in culture.

     1.    Blood Collection/Shipping: For culture and experimental 
testing of viable CTCs a larger volume (for example 10–20 mL 

  Fig. 3    ( a ) Fluorescence microscopic images of cells captured on  Vita-Assay™   AR6W and derived from 1 mL 
blood of a patient with stage II breast cancer (SB-BCa003-II).  iCTCs   were identifi ed as TP (anti-CD44/anti- 
seprase) positive and were stained with  red  color substrate-conjugated secondary antibodies against primary 
TP antibodies that targeted  iCTCs,   in addition to being nucleic acid positive (NA) as determined with Hoechst 
33342 dye+, and CAM+ having ingested red-fl uorescent CAM. Single  yellow arrows  depict  iCTCs  . ( b ) Vita- 
Assay™ AR6W CAM-enriched cells were cultured in CCC media on the CAM scaffold for 1–33 days. Live  iCTCs   
were photographed under phase contrast microscopy and fl uorescence microscopy (red-fl uorescent CAM, to 
reveal CAM uptake/labeling of tumor cells).  iCTCs   propagated as time increased. On day 1 ( b ,  left panels ), 
tumor cells ( iCTCs)   were seen to associate with and ingest/uptake CAM and morphologically presented as soli-
tary cells and in a cluster ( yellow arrows ) larger than hematologic cells (smaller cells seen under phase). By 
day 20 ( b ,  middle panel ),  iCTCs   were observed to have propagated and expanded in culture, whereas co-
isolating hematologic cells decreased in number and were not apparent in the fi eld. By day 33 ( b ,  right panel ), 
tumor cells grew in clusters with large epithelioid cells       
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or if possible more) of blood is preferred. Venous blood will be 
drawn from a cancer patient using three BD Vacutainer ®  
10.0 mL green capped, sodium heparin tubes. Blood samples 
can be collected in the clinic and shipped using overnight 
express shipping from distant sites at refrigerated temperature 
(2–8 °C) to lab.   

   2.    Red Blood Cell Lysis: Prepare 1–10 × 10 6  nuclear cells from 
1-mL blood using red blood cell lysis buffer.   

   3.    Suspend cells in 2-mL CCC medium and seed cells for 1 h in 
1 well of Vita-Assay™ plate.   

   4.    CTC Enrichment and Experimental Testing: After the 1 h 
incubation, remove fl oating cells and replace fresh 
medium ± inhibitor/drug/or any combination thereof in each 
well of Vita-Assay™ plates. It is highly recommended to con-
duct such studies in duplicate if not triplicate ( see   Note 14 ).   

   5.    Flow Cytometry—Cell Identifi cation and Enumeration: After 
at least 2 days in culture, rotate and wash the cellular layer 3× 
with PBS.   

   6.    Perform enzymatic digestion of CAM using CAM-enzyme.   
   7.    Collect CAM-bound cells, fi x cells, and stain cells with APC-

anti- hematopoietic lineage (HL) antibody markers, PE-anti-TP 
antibody markers, and nucleic acid (NA) dye 7AAD for enu-
meration of  iCTCs   and immune cells by fl ow cytometry ( see  
 Note 15 ).    

4       Notes 

     1.    One Vita-Assay™ plate can be used for six assays or six rare cell 
separations. 1–15 × 10 6  nuclear cells from 1–3 mL of whole 
blood (after red blood cell lysis) should be loaded into 1 well 
of the 6-well plate.   

   2.    CAM-enzyme is used for enzymatic digestion of CAM and 
release of CTCs/endothelial progenitor cells from CAM.   

   3.    Immediately prior to use, dilute the frozen cell releasing CAM 
enzyme by adding 2-mL of 1× phosphate buffered saline con-
taining Ca 2+  (Ca 2+  PBS), pH 7.4, to make CAM enzyme work-
ing solution.   

   4.    Any unused CAM-enzyme working solution can be stored at 
2–8 °C for up to 5 days.   

   5.    Other suitable recommended tubes are BD Vacutainer ®  6.0 mL 
sodium heparin tubes (BD catalog # 367878) or 6.0 mL lith-
ium heparin tubes (BD catalog # 367886).   

   6.    Blood in collection tubes may be stored for up to 48 h at 
2–8 °C prior to cell enrichment steps.   

Vita-Assay™ Method to Enrich and Identify CTCs
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   7.    All pipetting steps from this point should be conducted in a 
laminar fl ow hood using sterile technique.   

   8.    The 6 wells can be used for a simple experiment (by combining 
all cells collected) or six (6) experimental points.   

   9.    CAM-avid cells can continue to be cultured by adding 2-mL 
CCC medium into each well and transferring plate to 
incubator.   

   10.    Any unused CAM enzyme working solution can be stored at 
2–8 °C for up to 5 days.   

   11.    In case of combining all cells collected, the 6 wells can be 
sequentially washed each time with the same 3-mL of CCC 
medium and transferring the wash at the end of each round 
into the 15 mL tube.   

   12.    Use careful aspiration of the supernatant (by pipetting) to pre-
vent any cell loss.   

   13.    Gating/CTC enumeration can be done directly on BD 
FACSCalibur™. Our lab typically saves the raw fl ow cytometry 
data and analyzes it using FlowJo software.   

   14.    For example, a total of 18 wells can be used to culture cells—
among 18 wells, 4 wells without any drug or inhibitor  (control); 
cells in 14 remaining wells can be treated with specifi c drugs, 
inhibitors, or any other experimental test the end user might 
want to try.   

   15.    Refer to Fig.  1  as it demonstrates iCTC counts from 3-day 
cultures of cells treated with or without two cytotoxic drugs, 
demonstrating the ability of the Vita-Assay™ to be used in 
drug sensitivity testing of CTCs   .         
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    Chapter 10   

 Breast Cancer Stem Cell Isolation                     

     Xuanmao     Jiao    ,     Albert     A.     Rizvanov    ,     Massimo     Cristofanilli    , 
    Regina     R.     Miftakhova    , and     Richard     G.     Pestell      

  Abstract 

   Cells within the tumor are highly heterogeneous. Only a small portion of the cells within the tumor is 
capable to generate a new tumor. These cells are called cancer stem cells. Theoretically, cancer stem cells 
are originally from normal stem cells or early progenitor cells which accumulate the random mutations and 
undergo an altered version of the normal differentiation process. The cancer stem cell drives tumor 
progression and its recurrence. Thus, the technique to identify and purify the cancer stem cell is the key in 
any cancer stem cell research. In this protocol, we provide the basic technology of identifi cation and puri-
fi cation of breast cancer stem cells as well as further functional assays to help the researchers achieve their 
research goals.  

  Key words     Breast cancer stem cells  ,   Circulating tumor cells  ,   Mammosphere formation  ,   Fluorescence- 
activated cell sorting (FACS)  ,   Transplantation assays   

1      Introduction 

  In  2003  , Al-Hajj and colleagues reported for the fi rst time that a 
small number of CD44 + CD24 -/low Lineage −  primary tumor cells are 
able to initiate tumor formation in a mammary pad of NOD/
SCID mice [ 1 ]. Several studies further demonstrated that 
CD44 + CD24 − /low phenotype cannot be ubiquitously used to 
identify SC in all breast cancer subtypes [ 2 ]. Later, aldehyde dehy-
drogenase 1 (ALDH1) activity was shown to be a better predictive 
marker of chemoresistant BCSC as compared to CD44/CD24 
combination [ 3 ]. However, neither ALD Hhigh  nor CD44 + CD24 -/low  
cells show 100 % of sphere formation ability in vitro. Sorted popu-
lation of CD44 + CD24 -/low  cells which were epithelial specifi c anti-
gen (ESA) positive or ALDH1 positive had higher tumor 
generation capacity in vivo than CD44 + CD24 -/low  cells alone [ 4 ], 
suggesting that a combination of three and more markers is 
required to identify BCSC in all breast cancer subtypes. 
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   CD44 is an abundantly expressed transmembrane glycoprotein. 
CD44 has high specifi city for hyaluronic acid, but also can interact 
with  extracellular matrix (ECM)   proteins (osteopontin,  collagen  , 
laminin) and non-ECM ligands ( matrix metalloproteinases  ) [ 5 ]. 
Owing to numerous posttranscriptional and posttranslational 
modifi cations, specifi c isoforms of CD44 control a wide variety of 
cell functions, including cell adhesion,  migration  , homing, and 
transmission of growth signals [ 6 ]. The siafucosylated isoform of 
CD44 known as HCELL (hematopoietic cell E-selectin/L-selectin 
ligand) ensures high cell tropism towards bone tissue [ 7 ]. Recently 
it has been shown that ~70 % of patients with early bone  metastasis   
have tumors enriched by CD44 + CD24 -/low  cells [ 8 ]. Various iso-
forms of CD44 are overexpressed in almost every cancer type [ 9 ]. 

 Similarly to CD44, CD24 is involved in cell adhesion  and 
  metastasis [ 10 ] and highly expressed in various cancer types [ 11 ]. 
In contrast to differentiated cells, cancer progenitor and stem cells 
possess low or absent expression of CD24 [ 12 ]. 

 Aldehyde dehydrogenase 1 (ALDH1) family proteins are 
required for aldehyde detoxifi cation and retinal oxidation. All- 
trans- retinoic acid serves as a ligand of retinoic receptors (RAR, 
RXR) and nuclear receptor family transcriptional factors, which 
regulate cell growth and differentiation [ 13 ]. Transplantation of 
300 patient-derived ALDH1-positive primary  breast cancer cells   
resulted in 100 % tumor formation in the murine mammary fat 
pad, while in contrast, transplantation of 300 ALDH1-negative 
cells yielded zero mouse tumors [ 14 ]. ALDH1 expression negatively 
correlates with breast cancer patient survival [ 4 ]. Furthermore, 
gene expression data of 3455 breast cancer patients indicate that 
only ALDH1A1 activity level, one of the six ALDH1 family mem-
bers, correlates with poorer overall survival of BC patients [ 15 ]. 

 Epithelial cell adhesion molecule (EpCAM), also named as 
epithelial-specifi c antigen (ESA) or CD326, is a transmembrane 
protein required for  breast cancer cell   proliferation,  migration  ,  and 
  invasion [ 16 ] [ 17 ]. Remarkably, EpCAM was the very fi rst target 
of monoclonal antibody-based cancer therapy [ 18 ]. In early exper-
iments, the tumor formation ability of Lin − ESA + CD44 + CD24 −/low  
cells was compared with ESA − CD44 + CD24 −/low  cells [ 1 ]. Only 
ESA +  cells were able to generate tumors in NOD/SCID mice. In 
addition, only ESA + CD44 + CD24 −/low  cells had the capacity to 
regenerate tumors in a serial transplantation experiments.  

   The fi rst sphere  formation   assay was developed by Reynolds et al. 
in 1992 for neural stem cells [ 19 ]. A decade later the protocol was 
modifi ed to assess the activity of normal breast cancer stem cells 
[ 20 ]. The mammosphere formation assay is a powerful and infor-
mative technique, but it is important to remember that quiescent 
stem cells may not form spheres in a short assay time [ 21 ]. 
Furthermore, not only BCSC but also some progenitor cells can 

1.1  BCSC Markers

1.2  Mammosphere 
Formation Assay
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form spheres [ 22 ]. This may lead to an overestimation of stem cell 
percentage based on a sphere count. However, it is believed that 
only BCSC can regenerate mammospheres during repetitive mam-
mosphere passage.  

   The effi ciency of tumor formation in xenograft  animal models   cor-
relates with the number of SC [ 14 ]. Limiting diluting transplanta-
tion studies were widely used to identify the percent of BCSC at 
the time when our knowledge on BCSC markers was limited. This 
time-consuming technique is less frequently used and xenotrans-
plantations of a small number or single BCSC, which was sorted 
based on SC markers, have become the more commonly used 
approach.  

   Two cell types can be distinguished in mammary glands: luminal 
epithelial cells and basal myoepithelial cells.  Myoepithelial cells   in 
turn can be subdivided into cells with basal epithelial and mesen-
chymal phenotypes. Breast cancer CD44 + /CD24 −  cells demon-
strate undifferentiated basal mesenchymal cell properties, whereas 
more differentiated CD44 + CD24 +  cells exhibit basal epithelial cell 
features [ 2 ]. At the same time, accumulating evidence suggest that 
 metastasis   initiating cells (MIC) originate from primary human 
 breast cancer cells   of luminal origin [ 23 ]. These confusing conclu-
sions raised the question if the MIC population belonged to the 
BCSC population. Recent studies demonstrate that 66.7 % of the 
patients with metastatic breast cancer have CK +   circulating tumor 
cells   in their peripheral blood. 80 % of the patients with CK +  cells 
have CD44 + CD24 -/low  population [ 24 ].  

   Breast cancer recurrence arises in ~40 % of patients. In half of the 
clinical cases, cancer reappears later than 5 years. These observa-
tions led to the discovery of two main features of BCSC: First, a 
population of BCSC was shown to be resistant to chemotherapy, 
radiotherapy, and endocrine therapy [ 25 ]. And second, dormant 
BCSC, which can reactivate their tumorigenic potency in response 
to specifi c signals [ 26 ]. In this regard, inhibition of bone morpho-
genetic protein (BMP) leads to an activation of dormant  breast 
cancer cells   in the lungs [ 27 ].   

2    Materials 

      Collagenase.  
  Hyaluronidase.  
  Dispase.  
  DNase I.  
  EGF.  

1.3  In Vivo 
Transplantation

1.4  Origin of BCSC

1.5  BCSC, Therapy 
and Recurrence

2.1  Reagents 
and Culture Dishes
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  Insulin.  
  Cholera toxin.  
  Hydrocortisone.  
  B-27 supplement (50×),  
  Human FGF basic.  
  Heparin sodium salt.  
  BD Matrigel Matrix, Growth Factor Reduced.  
  DMEM/F12 50/50 medium.  
  0.25 % trypsin–2.1 mM EDTA 1×.  
  Trypan blue stain 0.4 %.  
  ALDEFLUOR kit.  
  Purifi ed rat anti-mouse CD16/CD32 (2.4G2).  
  Normal mouse IgG.  
  Normal rat IgG.  
  APC-rat anti-mouse CD31 (MEC 13.3).  
  APC-rat anti-mouse CD45 (30-F11).  
  APC-rat anti-mouse Ter-119.  
  APC-anti-human lineage cocktail (CD3, CD14, CD16, CD19, 

CD20, CD56),  
  PE-rat anti-mouse CD24 (M1/69).  
  PE-mouse anti-human CD24.  
  PE/Cy5-rat anti-human/mouse CD44 (IM7).  
  Ultra-low attachment culture dish.     

       1.    Collagenase/hyaluronidase solution: Add 300 U/ml collage-
nase and 100 U/ml hyaluronidase in DMEM/F-12 50/50 
medium supplement with 5 % FBS, 5 μg/ml insulin, 500 ng/
ml hydrocortisone, 10 ng/ml EGF, 20 ng/ml cholera toxin.   

   2.    Dispase/DNase solution: Add 5 mg/ml dispase and 0.1 mg/
ml DNase in DMEM/F-12 50/50 medium supplement with 
5 % FBS, 5 μg/ml insulin, 500 ng/ml hydrocortisone, 10 ng/
ml EGF, 20 ng/ml cholera toxin.   

   3.    Hemolysis Buffer: 8.26 g crystalline NH 4 Cl (0.15 M), 1 g 
crystalline KHCO 3  (10 mM), 0.037 g crystalline Na 2 EDTA 
(0.1 mM), add deionized water to 1 l, autoclave.   

   4.    Mammosphere-forming medium: DMEM/F12 supplement 
with 1/50B-27, 20 ng/ml EGF, 20 ng/ml FGF, and 4 μg/ml 
heparin.   

   5.    PBS, 8 g NaCl (0.137 M), 0.2 g KCl (2.7 mM), 1.44 g 
Na 2 HPO 4  (10 mM), 0.24 g KH 2 PO 4  (1.8 mM), solve in 

2.2  Recipes 
of Solutions
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800 ml deionized water and adjusted pH to 7.4, fi ll with deion-
ized water to 1 l, autoclave.   

   6.    Complete Cell Culture Medium: DMEM/F-12 50/50 
medium supplement with 5 % FBS, 5 μg/ml insulin, 500 ng/ml 
hydrocortisone, 10 ng/ml EGF, 20 ng/ml cholera toxin.     
 Note: All solutions unless specifi ed otherwise are sterilized by 
passing through a 0.45 μm fi lter.   

3    Methods 

          1.    Human mammary tumor tissue is transported from the operat-
ing room in sterile specimen cups on ice. Mouse mammary 
tumor tissue is dissected in a biosafety hood.   

   2.    The tissue is transferred to a 6-cm cell culture dish and chopped 
into 1 mm 3  pieces with a scalpel.   

   3.    The tissue slurry is digested with 5 ml of collagenase/hyal-
uronidase solution for 1 h in a 37 °C CO 2  incubator.   

   4.    The collagenase/hyaluronidase digested tissue slurry is pipet-
ted repeatedly with a 1 ml pipette until there is no visible tissue 
clumps remaining.   

   5.    All of the tissue suspensions are transferred to 15 ml conical 
tubes, fi lled with 5 ml PBS, and centrifuged at 700 ×  g  for 
5 min.   

   6.    The supernatant is discarded and the pellet is resuspended with 
1 ml of 0.25 % trypsin–2.1 mM EDTA for 2 min at 
37 °C. Repeat  steps 4  and  5  ( Note 1 ).   

   7.    The pellet is resuspended in dispase/DNase solution and incu-
bated for 5 min at 37 °C. Repeat  steps 4  and  5 .   

   8.    The pellet is resuspended in 1 ml Hemolysis buffer and incu-
bated on ice for 5 min.   

   9.    The cell suspension is centrifuged at 700 ×  g  for 5 min and the 
pellet is washed with PBS twice.   

   10.    The pellet is resuspended in 1 ml of DMEM/F-12 complete 
medium. Filter through a 40 μm cell mesh and keep on ice.      

         1.    Usually,  breast cancer cells   are adherent. The cells should be 
cultured based on their standard protocol in 10 cm cell culture 
dishes.   

   2.    The cells are harvested at 80 % confl uency. The cell culture 
media is removed and the culture dish is washed once with 
10 ml of PBS.   

   3.    The cells are treated with 1 ml of 0.25 % trypsin–EDTA for 
5–10 min at 37 °C.   

3.1  Dissociation 
Human or Mouse 
Mammary 
Tumor Tissue

3.2  Cell Culture

Breast Cancer Stem Cell Isolation
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   4.    Trypsin is inactivated by addition of 5 ml of FBS containing 
cell culture medium and the cell suspension is transferred to a 
15 ml conical tube.   

   5.    Centrifuge at 400 ×  g  for 5 min.   
   6.    Remove the supernatant and resuspend the cells in 1 ml cell 

culture media. Keep the cell suspension on ice prior to 
proceeding further.      

        1.    Cells dissociated from mammary  tumors   or from cell culture 
can be used for the mammosphere assay.   

   2.    Cells are washed once with PBS and then resuspended in 10 ml 
PBS.   

   3.    50 μl of cells is mixed with an equal amount of 0.4 % trypan 
blue solution. The cells are counted with hemocytometer and 
the concentration is adjusted to 1 × 10 5  cell/ml ( Note 2 ).   

   4.    4000–10,000 cells per ml are seeded in mammosphere- forming 
medium inCorning ultra-low attachment culture dish. 4 ml of 
the medium is used for 6 cm and 10 ml for 10 cm dishes.   

   5.    The cells are cultured in 37 °C CO 2  incubator for 7–14 days to 
form the mammosphere.   

   6.    The mammospheres are transferred to 15 ml conical tube and 
centrifuged at 300 ×  g  for 5 min.   

   7.    The mammospheres are resuspended in 400 μl PBS.   
   8.    A 96-well plate is gridded as showed in Fig.  1 . 100 μl of 

suspended mammospheres is added into the grid-well of the 
96-well plate. The number of mammospheres is counted under 
a 10× objective lens on an inverted  microscope   ( Note 3 ).

       9.    The pictures of  mammosphere   are taken randomly. The diam-
eter of mammosphere is measured by Zeiss Axiovert software 
(   Note 4 ).   

   10.    The typical result is shown in Fig.  2  [ 28 ].
       11.    For second or more generation of  mammosphere formation  , 

the mammospheres are digested from  step 6  with 500 μl of 
0.25 % trypsin–EDTA for 10 min at 37 °C and washed once 
with full cell culture media.   

   12.    The trypsinized mammosphere is further digested with dis-
pase/DNase solution for 5 min at 37 °C, washed with full cell 
culture media and PBS sequentially.   

   13.    The cells are fi ltered through a 40 μm mesh if necessary.   
   14.    Cell number is counted and 1000–5000 cells/ml is seeded in 

an ultra-low attachment culture dish as  step 4 .      

   The ALDEFLUOR kit from STEMCELL Technologies can be 
used in this assay. The protocol is based on the manufacturer’s 
manual.

3.3  Mammosphere- 
Formation Assay

3.4  ALDEFLUOR 
Assay
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    1.    ALDEFLUOR reagents are activated and assembled by adding 
25 μl DMSO to the tube containing dry ALDEFLUOR 
reagents, mixed well. 25 μl of 2 N HCl is added to the tube. 
The tube is vortexed and kept for 15 min at room temperature. 
360 μl of ALDEFLUOR assay buffer is added to the tube and 

1 2 3 54
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H

  Fig. 1    The diagraph of a grid 96-well plate for mammosphere counting. A 96-well 
plate was reversed and gridded with a ruler and an ultrafi ne point permanent 
marker pen       
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  Fig. 2    Comparison of  mammosphere formation   between  c-jun  +/+  and  c-jun  −/−  of 
mouse ErbB2 mammary tumor cells. ( a ) The photograph and ( b ) the number of 
mammospheres formed from these two cell lines. The results are adopted from 
Ref. [ 28 ]       
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the tube is vortexed. ALDEFLUOR substrate should be 
aliquoted and kept at −20 °C.   

   2.    One aliquot of ALDEFLUOR substrate from −20 °C is thawed 
on ice.   

   3.    The cells from Subheading  3.1  or  3.2  are counted and adjusted 
to the concentration of 1 × 10 6  cell/ml with ALDEFLUOR 
assay buffer.   

   4.    Two  FACS   tubes are used for each sample. Both tubes are 
labeled with sample ID and one of them with DEAB as well. 
5 μl of DEAB solution is added to each tube labeled with DEAB.   

   5.    1 ml of each sample is added to the tube labeled with sample 
ID only. 5 μl of ALDEFLUOR substrate is added to the 
sample and mixed by pipetting up and down.   

   6.    500 μl of sample is transferred to DEAE tube and mixed.   
   7.    All of the samples are incubated at 37 °C for 45–60 min. For the 

sample from cell culture, go to  step 9  directly. The cells from this 
step also can be used for CD44 + /CD24 −  cell sorting.   

   8.    The samples are centrifuge at 400 ×  g  for 5 min and the super-
natants are discarded.   

   9.    For samples derived from tumor tissue, 50 μl of APC-labeled 
antibody of either human or mouse lineage marker is added 
based on sample species with appropriate dilution. The sam-
ples are incubated on ice for 30–60 min.   

   10.    Repeat  step 8 .   
   11.    Cell pellets are resuspended in 0.5 ml of ALDEFLUOR assay 

buffer. The samples are kept on ice before  FACS   sorting.   
   12.    Set up the fl ow cytometer. The cell population is defi ned with 

FSC and SSC plot. The data are acquired using FITC channel 
with DEAB sample as control. For the sample from tumor tis-
sue, both APC and FITC channel are used.   

   13.     FACS   sorting data are analyzed in FlowJo.   
   14.    The typical ALDEFLUOR assay results are shown in 

Fig.  3  [ 28 ].

                1.    The cells from Subheading  3.1 .are counted and the cell con-
centration is adjusted to 1 × 10 6  cell/ml with full cell culture 
media.   

   2.    5 ml of cells is transferred to a 15 ml conical tube and the cells are 
pelleted at 400 ×  g  for 5 min. The supernatant is discarded.   

   3.    The cells are blocked with 250 μl of full cell culture media 
containing normal IgG (1/50) and purifi ed anti-human or 
mouse Fcγ III/II receptor antibody (1/50) for 45–60 min 
on ice.   

3.5  CD44 + /CD24 −  
Cell Sorting
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   4.    5  FACS   tubes are labeled for each sample with 0, PE, Cy5, 
APC, and test. 50 μl blocked cell suspension is added into each 
tube.   

   5.    The samples in FACS tube are centrifuged at 800 ×  g  and the 
supernatants are carefully aspirated.   

   6.    Four eppendorf tubes are labeled with PE, Cy5, APC, and test. 
10 μl PE-mouse anti-human CD24 (1/5) and 40 μl media are 
added to PE-tube. 0.25 μl PE/Cy5-rat anti-human/mouse 
CD44 (1/200) and 50 μl media are added to Cy5- tube, and 
25 μl APC-labeled human Lineage cocktail (1/2) and 25 μl full 
cell culture media are added to APC-tube. The antibody cock-
tail is made by mixing 10 μl PE-mouse anti- human CD24, 
0.25 μl PE/Cy5-rat anti-human/mouse CD44, 25 μl APC-
human lineage cocktail, and 15 μl media in a test tube ( Note 6 ).   

   7.    The antibody diluents are transferred to the  FACS   tube con-
taining the cells with same labeling. 50 μl of media is added to 
the tube labeled with 0 as unstained control. All of the samples 
are incubated on ice for 60 min.   

   8.    After incubation, the cells are washed with 3–4 ml PBS and 
resuspended in 700 μl PBS. The cell suspensions are kept on 
ice until acquisition of data on fl ow cytometer.   

   9.    The cell population is defi ned with FSC (forward scatter 
channel) and SSC (side scatter channel) plot. The detector and 
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  Fig. 3    ALDEFLUOR assay showed that the ALDH +  cells decreased upon c-Jun knockout, which means c-Jun 
increases stem cell population. The results are adopted from Ref. [ 28 ]       
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compensation of PE, PE/Cy5, and APC channel are set up 
with unstained and single staining control. The data are col-
lected from test samples.   

   10.     FACS   sorting data are analyzed in FlowJo.   
   11.    For tumor tissue from mouse, use APC-rat anti-mouse CD31 

(1/100), APC-rat anti-mouse CD45 (1/100) and APC-rat anti-
mouse Ter119 (1/100) as lineage markers. Use PE-rat anti-mouse 
CD24 (1/50) instead of PE-mouse anti-human CD24 ( Note 5 ).   

   12.    For culture cells from Subheading  3.2 , the lineage marker 
staining can be omitted.   

   13.    Figure  4  is the CD24 and CD44 staining of MCF-7, SKBR3, 
T-47D, MDA-MB-453, MDA-MB-231, and HS578A breast 
cancer cell lines [ 29 ].

               1.    CD44 + CD24 −  cells are  FACS   sorted based on the methods in 
Subheading  3.5 . The sorted cells  are   washed twice with PBS.   

   2.    The cells are counted with a hemocytometer. Trypan blue 
staining is used to exclude the dead cells.   
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   3.    Cell concentration is adjusted to 2 × 10 5  cell/ml with PBS. The 
following serial dilutions of 4 × 10 4 , 1 × 10 4 , and 2 × 10 3  cells/
ml are made.   

   4.    Make 40 % Matrigel solution in PBS. The cell dilutions are 
mixed with an equal volume of 40 % Matrigel solution. The 
cells in Matrigel solution are withdrawn into a 1 ml TB syringe.   

   5.    The mouse is held with the thumb and index and pinky fi ngers. 
The fourth pair of mammary fat pads is located by the nipple.   

   6.    The injection area is disinfected with 70 % ethanol. 100 μl of 
the cells in 20 % Matrigel/PBS is injected into one side of the 
fourth pair mammary fat pad.   

   7.    Tumor size is measured with a caliper weekly ( Note 7 ).   
   8.    The results from a typical experiment are shown in Figs.  5  

and  6  [ 29 ].

4             Notes 

     1.    In Subheading  3.1 , after 0.25 % trypsin–2.1 mM EDTA treat-
ment, the cells become very sticky and form a very loose pellet. 
Instead of aspiration, use 1-ml Pipetman to carefully remove 
the supernatant in this step.   

  Fig. 5    The location of the fourth pair of mammary fat pad of mouse. The diagraph 
is adopted from Ref. [ 34 ]       
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   2.    When counting the cells dissociated from mammary tumor, 
trypan blue must be used to exclude the dead cells. Automatic 
cell counter should not be used.   

   3.    In Subheading  3.3 , all of the mammospheres in the well should 
be counted. If too many mammospheres are formed, the mam-
mosphere suspension can be diluted before adding to the grid 
96-well plate.   

   4.    For measuring the size of mammosphere, the pictures must be 
taken randomly. If fewer mammospheres are formed, the pic-
tures of all mammospheres should be taken.   

   5.    In Subheading  3.5 , different breast cancer stem cell markers 
are used in different mouse models by different groups, except 
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Lin − CD24 − /CD44 + , which is used in brac1 transgenic mouse 
model [ 30 ] and Met-1 [ 29 ] xenograft mouse model. Other 
markers like CD133 +  [ 30 ], Lin − CD24 + CD29 hi  [ 31 ], 
Lin − CD24 + CD61 +  [ 32 ], and Sca-1 +  [ 33 ] cells were also 
reported to represent mouse breast cancer stem cells. One pos-
sibility is that these cells with different signature present the 
different origination of the breast cancer stem cells.   

   6.    For multiple samples, the cocktail of antibodies should be 
made in order to keep the same staining condition. For some 
 FACS   machines, such as FACSCalibur, each sample should 
have its own single staining control to set up the machine.   

   7.    In Subheading  3.6 , the  breast cancer cells   can be genetically 
labeled with luciferase and then bioluminescence imaging can 
be used to evaluate tumor formation in vivo.          
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    Chapter 11   

 Cellular Apoptosis Assay of Breast Cancer                     

     Yu     Sun     and     Wei-Xing     Zong      

  Abstract 

   Apoptosis is an energy-dependent enzymatic cell suicide process. It almost always involves the activation 
of caspases. In this chapter, we systemically introduce methodologies to assay caspases dependent bio-
chemical and morphological changes in vitro breast cancer cell lines and in vivo breast cancer tissues. 
In addition, mitochondrial involvement is crucial to distinguish two different apoptotic pathways. 
Methodology to assay dissipation of mitochondrial transmembrane potential, an early event of mitochon-
drial involvement, is also included. Of note, since apoptotic features may not appear to the same extent 
depending on the context of cell types and the death-inducing insults, a common practice is to use more 
than one method to assess apoptosis, qualitatively and quantitatively.  

  Key words     Apoptosis assay  ,   Breast cancer  ,   Caspase activation  ,   Annexin V/PI staining  ,   DNA ladder-
ing assay  ,   In situ TUNEL staining for apoptotic cells  ,   JC-1 staining  

1       Introduction 

  Apoptosis,  or   programmed cell death, plays critical roles in breast 
cancer development and in cancer cell response to therapeutic 
treatment. Its characteristic morphological changes, such as cell 
body shrinkage, plasma membrane blebbing, and chromatin con-
densation, distinguish apoptosis from other types of cell death, and 
are often used to qualitatively defi ne apoptosis. Quantifi cation of 
apoptosis with these morphological changes is rather diffi cult, 
insuffi cient, and often too subjective. More sophisticated quantifi -
cation methods have been developed based on other physiological 
and biochemical features of apoptotic cells. 

 Apoptosis is an energy-dependent enzymatic cell suicide pro-
cess. It almost always involves the activation of caspases. Caspases, 
cysteine-aspartic proteases or cysteine-dependent aspartate- 
directed proteases, are a family of cysteine proteases which are nor-
mally expressed as inactive zymogen and proteolytically processed 
to active forms following apoptotic stimuli [ 1 ]. Two apoptotic sig-
naling pathways, namely extrinsic and intrinsic pathways, have 
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been well studied  in   breast cancer cells [ 2 – 4 ]. Extrinsic pathway is 
activated by the engagement of extracellular cell death-inducing 
ligands with death receptors on the plasma membrane that leads to 
the formation of the death-inducing signaling complex (DISC) 
and the activation of initiator caspases (caspases 8 and 10), which 
in turn cleave and activate effector caspases (caspases 3 and 7). The 
intrinsic pathway is initiated by disruption of mitochondrial outer 
membrane and release of apoptogenic factors, such as cytochrome 
c. Together with Apaf-1, cytochrome c recruits the initiator cas-
pase (caspase 9) to form apoptosome that in turn cleaves and acti-
vates downstream effector caspases (caspases 3 and 7) [ 1 ]. In both 
pathways, effector caspases cleave their substrates in different sub-
cellular compartments, leading to irreversible molecular changes 
which can be utilized as quantifi cation targets. These include the 
exposure of  phospholipids   that are recognized by their specifi c 
ligand Annexin V, or DNA fragmentation that can be visualized by 
electrophoresis or in situ enzymatic mediated direct/indirect stain-
ing [ 5 – 7 ]. Disruption of mitochondria at early stage differentiates 
intrinsic pathway from extrinsic pathway. Therefore, method mea-
suring mitochondrial transmembrane potential (delta psi, Δψ) is 
often used for distinguishing these two pathways and for quantify-
ing cells undergoing intrinsic apoptosis. However, since many of 
the apoptotic features may not appear to the same extent depend-
ing on the context of cell types and the death-inducing insults, a 
common practice is to use more than one method to assess apop-
tosis, qualitatively and quantitatively. 

    Caspases   are a family of cysteine proteases that play essential role in 
cell death and inflammation. As many other proteases, caspases are 
synthesized as inactive proenzymes that require proteolytic cleav-
age for activation. Apoptotic caspases have been categorized as ini-
tiator caspases (caspase 2, 8, and 9), and executioner caspases 
(caspases 3, 6, and 7) [ 8 ]. 

 The mechanism of caspase activation is different between initia-
tor and executioner caspases. Initiator caspases need dimerization 
for activation. For example, following death receptor ligation, cas-
pase 8 monomers are recruited to adaptor molecule, FAS- associated 
death domain protein (FADD), to form dimers through their pro-
domains. Dimerization and inter-domain cleavage are needed for 
the activation and stabilization of mature caspase 8 [ 9 – 11 ]. For 
caspase 9, dimerization is required for activation and inter-domain 
cleavage is involved in attenuation rather than promotion of its 
activity [ 10 ,  11 ]. Different from initiator caspases, the cleavage of 
executioner caspases between large and small subunits of procas-
pases leads to conformational change and brings two active sites 
dimerize to become the mature form of caspase [ 11 – 13 ]. 

 Initiator caspases have limited substrates including itself, BID 
and executioner caspases. Executioner caspases have more varieties 
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of substrates and are largely responsible for the phenotypic changes 
when cells undergo apoptosis. For example, caspase 3 is the major 
executioner caspase with more than 300 substrates including cyto-
skeleton proteins, such as lamin, α-fodrin, actin, and proteins 
involved in DNA repair and cell cycle regulation, such as polyADP- 
ribose polymerase (PARP) et al. [ 8 ,  14 ]. Therefore, biochemical 
methodologies, such as immunoblotting, for detection of cleavage 
of caspases, especially executioner caspases and their substrates are 
often used to determine apoptosis.  

    Phosphatidylserine (PS)  and   phosphatidylethanolamine (PE), a 
class of acidic  phospholipids  , normally reside on the inner surface 
of the plasma membrane, resulting from aminophospholipid trans-
locase selectively pumping PS and PE from the outer to inner 
plasma membrane. When cells undergo apoptosis, activation of 
caspase 3 impairs aminophospholipid translocase activity, leading 
to the externalization of PS and PE [ 7 ], which can be recognized 
and bound by Annexin V. By conjugating Annexin V with fl uores-
cent substrates, such as FITC, apoptotic cells can be labeled and 
quantifi ed by using fl ow cytometry. The binding affi nity of Annexin 
V to PS or PE is calcium dependent. Removing calcium from bind-
ing assay buffer will eliminate the binding of Annexin V to PS or 
PE. During early stage of apoptosis, cellular membrane is intact. 
Combined staining apoptotic cells with cell membrane imperme-
able dye propidium iodide (PI) can distinguish viable cells from 
apoptotic and necrotic cells.   

   Apoptotic  DNA   fragmentation is due to caspase-dependent activa-
tion of endonucleases that cleave chromatin DNA. The responsive 
enzyme is Caspases Activated DNase (CAD). The activity of CAD 
is normally inhibited by forming complex with inhibitor of CAD 
(ICAD). During apoptosis, activated effector caspases cleaves 
ICAD to dissociate the CAD: ICAD complex, allowing CAD to 
migrate into the nucleus and cleave genomic DNA into internu-
cleosomal fragments of ~180 base pairs (bp) and its multiples (360, 
540 bp, etc.). The fragmented DNA can be visualized by electro-
phoresis or using terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick end labeling (TUNEL) assay.  

   Another  methodology   to detect DNA fragmentation is Terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
assay that labels the terminal end of nucleic acids. The nicks in 
damaged DNA can be recognized by terminal deoxynucleotidyl 
transferase (TdT), an enzyme that catalyzes the addition of dUTPs 
to the DNA ends. Labeling dUTPs with a marker, such as fl uoro-
phores or haptens, including biotin, can be detected directly in the 
case of a fl uorescent modifi ed nucleotide (i.e., fl uorescein-dUTP), 
or indirectly with streptavidin or antibodies, if biotin-dUTP or 
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BrdUTP are used, respectively [ 15 ]. TUNEL assay is advantageous 
in detecting apoptosis in situ, meaning to determine apoptotic cells 
in tissues, such as paraffi n-embedded tissues. However, same as 
DNA ladder assay, several scenarios, such as necrosis, rather than 
apoptosis may generate fragmented  DNA   which could be recog-
nized by TdT [ 16 ].  

    Mitochondrial   transmembrane potential (Δψ) is the difference in 
electric potential between the interior and the exterior of mito-
chondrial inner membrane. Δψ is negative inside about 180–200 
mV, and a proton gradient of about one unit, able to drive ATP 
synthesis. During early apoptosis, the reduction of Δψ, depolariza-
tion of membrane, precedes nuclear chromatin condensation and 
DNA fragmentation. Fluorescence probes targeting Δψ have been 
used for detection of apoptotic cells. JC-1 (5,5′,6,6′ tetrachloro-
1,1′,3,3′-tetraethylbenzimidazol-carbocyanine iodide) is lipophilic 
cation that selectively enters mitochondria. It changes reversibly 
color from green to orange as membrane potentials increase. When 
JC-1 accumulated in healthy mitochondria, it forms so called 
J-aggregates and the fl uorescence emission shifts from green (~530 
nm, emission of JC-1 monomeric form) to orange (~590 nm, 
emission of J-aggregate) [ 17 ,  18 ], When cells undergo apoptosis, 
JC-1 aggregates turn to monomer due to the dissipation of mem-
brane potential, fl uorescence emission then shifts from orange 
(J-aggregates) to green (monomer).   

2     Materials 

   Laemmli’s buffer, 62.5 mM Tris–HCl, pH 6.8, 10 % glycerol, 2 % 
SDS, 5 % 2-mercaptoethanol, PBST, 137 mM NaCl, 2.7 mM KCl, 
10 mM Na 2 HPO  4 , 2 mM KH 2 PO 4 , pH 7.2, Tween 20, 0.05 %.  

   Staining  buffer  : 10 mM HEPES, pH 7.4; 140 mM NaCl; 2.5 mM 
CaCl 2 . Keep staining buffer at 4 °C prior to use. 100× Annexin 
V-FITC and propidium iodide are kept in dark and stored at 4 °C 
prior to use. PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 
2 mM KH 2 PO 4 , pH 7.2.  

   Agarose, 6× gel loading  buffer  , ethidium bromide (EtBr), 
Proteinase K (20 mg/ml), RNase cocktail (RNase A, 500 units/ml 
and RNase T1, 20,000 U/ml), 50× TAE buffer: Prepare a 50× 
stock solution in 1 l of H 2 O: 242 g of Tris base, 57.1 ml of acetic 
acid (glacial), 100 ml of 0.5 M EDTA (pH 8.0). TES lysis buffer: 
100 mM Tris, pH 8.0, 20 mM EDTA, 0.8 % (w/v) SDS.  
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       1.    PBS, pH 7.4; Xylene,    100, 95, 90, 80, 70, and 50 % ethanol; 
3 % H 2 O 2 ; Hematoxylin solution; Aqua-Poly/Mount mount-
ing medium.   

   2.    Proteinase K 20 μg/ml, stored at –20 °C.   
   3.    TdT buffer: 30 mM Tris base, pH 7.2, 140 mM, sodium caco-

dylate, 1 mM cobalt chloride, 0.25 mg/ml bovine serum albu-
min (BSA). Aliquot and store at −20 °C.   

   4.    TdT reaction solution: Terminal deoxynucleotidyl transferase 
(TdT), biotinylated dUTP: 0.3 EU/μL of TdT enzyme and 
40 pmol/μL biotinylated-dUTP in TdT buffer, aliquot and 
store at −20 °C.   

   5.    TdT stop solution: 300 mM sodium chloride, 30 mM sodium 
citrate.   

   6.    Avidin/biotinylated peroxidase complex (Vector Laboratories, 
ABC kit).   

   7.    3,3′-diaminobenzidine (DAB) solution: 0.03 % (g/100 ml) 
DAB in PBS, prepare fresh solution prior to use. Optional, add 
20–40 μl H 2 O 2  into 100 ml DAB solution to enhance the 
peroxidase activity.      

   Staining buffer:    medium or PBS. JC-1 stock solution, 200 μM 
in DMSO. Positive control: CCCP (carbonyl cyanide 
3- chlorophenylhydrazone) stock solution, 50 mM in DMSO. 
Keep both stock solutions at −20 °C and protect JC-1 from light. 
Before harvesting cells, bring all reagents to room temperature.   

3     Methods 

       1.    Collect cells after treated with apoptotic stimuli. Centrifuge at 
600 ×  g  for 5 min at 4 °C and remove supernatant by aspira-
tion. Wash cells with cold PBS for two times.   

   2.    Prepare cell lysates. Add Laemmli’s buffer, three volumes of 
the size of cell pellet, to resuspend the cell pellet and incubate 
at room temperature for 15 min. Vortex samples every 5 min 
( see   Note 1 ).   

   3.    After determine protein concentration using BCA reagent, 
prepare 30 μg total protein from each sample and mix with 5× 
sample buffer. Samples are then boiled for 5 min.   

   4.    Load samples in freshly made 12 % SDS-Page gel. After elec-
trophoresis, proteins are transferred from SDS-Page gel onto 
nitrocellulose membrane by electroblotting.   

   5.    Nitrocellulose membranes are blocked in PBST containing 5 % 
milk for 1 h and probed with the antibodies against cleaved 
caspase 3 or anti-PARP antibody overnight at 4 °C.   
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   6.    After wash membranes 3× 10 min with PBST, membranes are 
probed with horseradish peroxidase (HRP) conjugated sec-
ondary antibodies for 1 h.   

   7.    Wash membranes 3× 10 min with PBST, membranes are incu-
bated with enhanced chemiluminescence (ECL) for 5 min and 
ECL substrates can be captured on X-Ray fi lm.      

       1.    Treatment: 1–3 × 10 5  breast  cancer   cells are seeded in 6-well 
plate, allow cells to grow in the plate for 16–24 h, then treat 
cells with apoptotic stimuli of interested, such as irradiation, 
DNA damaging reagents, anti-hormonal treatment or tyrosine 
kinase inhibitors.   

   2.    Before harvesting cells, bring  all   reagents to room temperature. 
To make the staining solution, dilute 100× Annexin V and PI 
in staining buffer, protect it from light and keep it at 37 °C 
until use.   

   3.    After treatment, harvest both fl oating and attached cells into 
5 ml  FACS   tube (BD biosciences). Centrifuge cells at 500–
600 ×  g  for 5 min and aspirate carefully to remove supernatant. 
Resuspend cell pellet with 2 ml PBS and repeat the centrifuga-
tion to remove supernatant.   

   4.    Resuspend cell pellet with 500 μl prewarmed staining solution. 
Stain cells in cell culture incubator for 15 min.   

   5.    Read Annexin V-FITC and PI by using fl ow cytometer (BD 
biosciences). Set FL-1 for Annexin V-FTIC and FL-3 for PI. 
Dot-plot 10,000 events to analyze the intensity of fl uores-
cence. Use quadrant to separate the events (Fig.  1 ). Dot 
events in lower left quadrant (Annexin V-/PI-represent alive 
cells, in lower right quadrant represent (Annexin V+/PI− 
early apoptotic cells, upper right quadrant (Annexin V+/PI+) 
late apoptotic cells, and upper left quadrant (Annexin V−/
PI+) secondary necrotic cells.

              1.    Collect cells to 1.5  ml   Eppendorf tubes. Centrifuge at 500 ×  g   
in Eppendorf table top centrifuge for 5 min at 4 °C and remove 
supernatant by aspiration. Wash cells with cold PBS for two 
times ( see   Note 2 ).   

   2.    Add 20 μl of TES lysis buffer and mix cell pellet with TES lysis 
buffer by stirring with a pipette tip or gently pipetting. Add 10 
μl of RNase cocktail and mix well gently. Incubate lysates for 
30–120 min at 37 °C ( see   Note 3 ).   

   3.    Add 10 μl of proteinase K, mix gently, and incubate at 50 °C 
for 2 h to overnight.   

   4.    Prepare 1.5–2 % agarose gel in TAE buffer containing 0.5 μg/ml 
EtBr. After gel solidifi ed, add 6× loading buffer in DNA samples. 
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Add DNA samples into dry wells fi rst, then add gel running 
buffer, TAE buffer, to cover agarose gel with samples.   

   5.    Run the gel at a low voltage, which improves resolution of 
DNA fragments.   

   6.    Visualize and photograph DNA ladders using UVP gel docu-
mentation system (UVP Inc.). DNA from apoptotic cells will 
form distinct ladder, whereas DNA from necrotic cells often 
appears to be a smear and shows no DNA ladder. DNA from 
viable cells will hardly migrate in the gel as a high-molecular- 
weight band ( see   Note 4 ).      

       1.    Tissue section preparation.    Paraffi n-embedded samples are sec-
tioned into 4–6 μm tissue sections, followed by hydration by 
transferring the slides through the following solutions twice to 
xylene bath, twice in 100 % ethanol, followed by once in 95, 
90, 80, 70, and 50 % ethanol and double distilled water (DDW).   

   2.    Dry the slides at room temperature; use a hydrophobic barrier 
pen to draw a circle around tissue section carefully ( see   Note 5 ).   

   3.    Rehydrate the sections in DDW for 5 min, tap away excess 
water on paper towel. Pipet 20 μg/ml proteinase K solution to 
cover sections and incubate for 15 min. Wash the slides 3× 
5 min with DDW ( see   Note 6 ).   

   4.    Inactivate endogenous peroxidases by covering the tissue sec-
tions with 3 % H 2 O 2  for 10 min. Wash the slides 3× 5 min with 
DDW.   

   5.    The sections are then covered by TdT buffer for 10 min. 
Remove TdT buffer and cover the sections with TdT reaction 
solution. Incubate the slides in a humidifi ed chamber for 30 min 
at 37 °C ( see   Note 7  for positive and negative controls).   
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  Fig. 1    MCF-7 cells were treated with phospho-ibuprofen for 24 h to induce apop-
tosis. Cell death was analyzed using  Annexin V/PI staining  .  Left : control cells, 
 right : phospho-ibuprofen treated cells       
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   6.    Stop reaction by incubating the slides for 15 min in TdT stop 
solution. Rinse the slides with PBS.   

   7.    Pipet 2 % BSA solution to cover the tissue sections and incu-
bate for 30 min. Rinse the slides with PBS.   

   8.    Incubate the tissue sections with Avidin/Biotinylated peroxi-
dase complex for 30 min. Wash the slides 3× 5 min with PBS.   

   9.    Incubate the sections with DAB solution. Monitor color devel-
opment under microscopy until desired level of staining is 
achieved (typically 5–10 min). Stop the reaction by transfer-
ring the slides into DDW.   

   10.    Lightly counterstain with hematoxylin. Monitor color devel-
opment and contrast with DAB under microscopy until 
desired level is achieved (typically 1–2 min). Stop the reaction 
by transferring the slides into DDW. Wash the slides 3× 5 min 
with DDW.   

   11.    Dehydrate the slides by transferring them through the follow-
ing solutions: 70, 80, 90, 95, 100, 100 % ethanol, each step for 
5 min. Incubate the slides with xylene 2× 5 min.   

   12.    Cover the tissue sections with coverslips using Aqua-Poly/
Mount mounting medium. Observe TUNEL (+) cells under 
microscopy (Fig.  2 ).

              1.    Seed 1–3 × 10 5  cells in 6-well plate for experiment and one 
more well for positive control. Allow cells to attach and grow 
for 16–24 h before treatment ( see   Note 8 ).   

   2.    Before harvesting, bring JC- 1   stock solution to room tempera-
ture. Dilute JC-1 stock solution in PBS or cell culture media, 
mix by vortex the solution thoroughly. Protect the staining 
solution from light and keep it at 37 °C until use ( see   Note 9 ).   

   3.    Harvest cells by collecting all the suspended and attached cells 
into a 5 ml fl ow cytometry tube. Centrifuge cells at 300–
500 ×  g  for 5 min. Carefully remove the supernatant by aspiration. 
Add 2 ml PBS to resuspend cell pellet and repeat centrifugation 
to remove supernatant ( see   Note 10 ).   

   4.    Resuspend cell pellet in 500 μl of JC-1 staining buffer, and 
incubate cells in cell culture incubator for 15–30 min.   

   5.    After staining, wash cells thoroughly with PBS twice as in  step 3 . 
Resuspend cell pellet in 500 μl of PBS, protect from light until 
analyze using fl ow cytometry (BD biosciences). Acquire 
50,000 cells for total events. Dot-plot 10,000 events for 
FL1-H versus FL2-H. FL1-H indicates fl uorescent intensity of 
JC-1 monomer; FL2-H indicates fl uorescent intensity of 
J- aggregates (Fig.  3 ).
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4             Notes 

     1.    After adding Laemmli’s buffer, samples can become viscous 
due to genomic DNA. To reduce the viscousness cell lysates 
can be briefl y sonicated on ice to break DNA.   

   2.    Do not use over 1–2 × 10 6  cells to prevent insuffi cient enzy-
matic digestion resulting in very viscous DNA solutions.   

   3.    Do not vortex or extensive pipet to prevent damage of high 
molecular weight DNA.   

  Fig. 2    TUNEL staining of MCF-7  breast cancer cell   xenografted tumor.  Arrows  
indicate TUNEL (+) apoptotic cells       
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   4.    Apoptosis does not always exhibit DNA fragmentation. For 
example, cells with resistant mutant ICAD do not show DNA 
fragmentation during apoptosis, although they do show some 
other features of apoptosis, such as chromatin condensation 
[ 19 ]. On the other hand, several scenarios rather than apopto-
sis may generate fragmented DNA. For instance, necrosis can, 
in some cases, produce randomly fragmented DNA [ 20 ]. 
Therefore, DNA fragmentation must be carefully assessed 
together with other features of apoptotic cells.   

   5.    Water needs to be completely removed, as it can damage the 
hydrophobic barrier pen.   

   6.    From this step, the slides need to be kept in a wet box.   
   7.    Positive Control: incubate the sections with DNase I (3000 

U/ml in 50 mM Tris–HCl, pH 7.5, 1 mg/ml BSA) for 10 min 
at 15–25 °C to induce DNA strand breaks, prior to the label-
ing procedure. 
 Negative Control: incubate the sections with TdT buffer only 
(without TdT enzyme and biotinylated dUTP) instead of TdT 
reaction solution.   

   8.    Positive control: before harvesting cells, add 2 μl of CCCP 
stock solution into 2 ml media of positive control well and 
incubate for 5 min.   

   9.    JC-1 concentration is cell line dependent. It should be opti-
mized from 2 to 10 μM.   

   10.    Centrifugation speed is cell-dependent. Try to avoid using 
high speed to centrifuge down all the cells.          
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    Chapter 12   

 Assessment of Matrix Metalloproteinases by Gelatin 
Zymography                     

     Jillian     Cathcart      

  Abstract 

   Matrix metalloproteinases are endopeptidases responsible for remodeling of the extracellular matrix and 
have been identifi ed as critical contributors to breast cancer progression. Gelatin zymography is a valuable 
tool which allows the analysis of MMP expression. In this approach, enzymes are resolved electrophoreti-
cally on a sodium dodecyl sulfate-polyacrylamide gel copolymerized with the substrate for the MMP of 
interest. Post electrophoresis, the enzymes are refolded in order for proteolysis of the incorporated sub-
strate to occur. This assay yields valuable information about MMP isoforms or changes in activation and 
can be used to analyze the role of MMPs in normal versus pathological conditions.  

  Key words     Matrix metalloproteinases  ,   MMPs  ,   Zymography  ,   Zymogram  

1       Introduction 

   The fi rst matrix  metalloproteinase  , or  MMP  , was described  by   
Gross and Lapière in 1962 following the observation that  collagen   
in the  extracellular matrix   is drastically remodeled during normal 
organismal growth and development [ 1 ]. Over the course of the 
proceeding decades, roughly two dozen members of this family 
have been identifi ed with numerous physiological functions 
described. These functions include proteolysis of a wide variety of 
 extracellular matrix   components, cleavage of bioactive-signaling 
molecules to infl uence the microenvironment, and proteolytic acti-
vation of other proteases [ 2 ,  3 ]. MMPs are now also understood to 
contribute to multiple pathologies; indeed, overexpression and 
overactivation of MMPs are characteristics of most cancers. Such 
dysregulation directly contributes to disease progression and 
patient prognosis by increasing  angiogenesis  , cancer cell prolifera-
tion, invasion, and  metastasis     . MMPs are calcium-dependent endo-
peptidases that coordinate a zinc ion necessary for catalysis. 
Generally synthesized as zymogens, most MMPs require  proteolytic 
activation themselves in order to cleave matrix substrates [ 4 – 8 ]. 
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  Zymography   is a powerful tool and was also fi rst described by Gross 
and Lapière in their initial report on proteases cleaving  collagen  . 
 Zymography   yields qualitative information regarding changes in MMP 
activation, enzyme isoforms, and formation of quaternary structures. 
Furthermore, this technique requires minimal quantities of enzyme (in 
the picogram range for the gelatinases, MMP-2, and MMP-9) but does 
not require the special or costly equipment necessary for other tech-
niques often employed for analyzing proteases. However,  zymography   
cannot yield accurate quantitative information about the amount of 
MMP present in a sample nor the net proteolytic activity. 

 The current adaptation of this assay involves electrophoretic sepa-
ration of protein samples from cell or tissue extracts or culture medium 
on a nonreducing sodium dodecyl sulfate-polyacrylamide (SDS-PA) 
gel with the preferred substrate for the MMP of interest incorporated. 
Because the SDS in the gel disrupts covalent interactions and thus 
denatures the proteins, after electrophoresis the gel must be washed 
with a nonionic detergent with a lower critical micelle concentration, 
typically Triton X-100, in order to remove the SDS and allow for 
refolding of the proteins within the gel. Incubation of the gel is then 
required in order for the enzymes to digest the substrate incorporated 
in the gel. Finally, the gel is stained. Following the appropriate destain-
ing procedure, the potential enzyme activity of a sample can be 
observed by the presence of unstained bands where the substrate was 
degraded against the stained background of the gel where the sub-
strate remains unproteolyzed ( see  Fig.  1 ).

  Fig. 1    Representative  zymogram   on conditioned serum-free media collected from HT1080 fi brosarcoma cells 
after 18 h treatment with increasing concentrations of Concanavalin A (Con A), a lectin known to increase trans-
portation of MMP-14 intracellular stores to the cell surface where it can function to activate MMP-2. As the 
amount of endogenous MMP-2 cleaved by MMP-14 increases, a decrease in the pro-MMP-2 isoform can be 
observed concurrently. Note that there is no change in MMP-9 activity in response to Con A treatment until 20 μg/
mL of Con A (as MMP-14 is not known to affect MMP-9 activation), at which point the cells become necrotic       
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2        Materials 

 Prepare all solutions using deionized water and analytical grade 
reagents. Unless indicated otherwise, all buffers and reagents 
should be prepared and stored at room temperature. Follow appro-
priate disposal regulations when discarding waste. 

       1.     Resolving   gel buffer: 1.5 M Tris–HCl, pH 8.8. Add 181.7 g 
Tris base and transfer to a beaker with 900 mL water. Stir until 
dissolved and adjust pH. Bring volume to 1 L total with water.   

   2.    Stacking gel buffer: 0.5 M Tris–HCl, pH 6.8. Add 60.6 g Tris 
base to a beaker with 900 mL water. Stir until dissolved and 
adjust pH. Bring volume to 1 L total with water.   

   3.    30 % acrylamide/bisacrylamide (PA): Add 290 g of acrylamide 
and 10 g of  N , N ′-methylbisacrylamide in 800 mL of water. 
Stir until dissolved, heating to mix if necessary. pH to 7.0 or 
less and bring volume to 1 L total with water. Alternatively, 
this can be obtained commercially as acrylamide/bisacryl-
amide, liquid (37:5:1) containing 30 % acrylamide (w/v) and 
0.8 % bisacrylamide (w/v). Store in a dark bottle, 4 °C.   

   4.    10 % ammonium persulfate (APS) (w/v): Dissolve 10 % APS 
in water.   

   5.    10 % sodium dodecyl sulfate (SDS) (w/v): Dissolve 10 % SDS 
in water.   

   6.     N , N , N , N ′ -tetramethyl-ethylenediamine (TEMED).   
   7.    Substrate (e.g., 5 % gelatin): Dissolve 50 mg of lyophilized 

gelatin in 800 μL of water. Bring volume to 1 mL.   
   8.    Gel-pouring cassettes and associated gel-running apparatus.       

       1.    10× SDS- running   buffer: Stir 30.0 g of Tris base, 144.0 g of 
glycine, and 10.0 g of SDS into 800 mL water. pH to 8.3 and 
bring volume to 1 L total with water.   

   2.    2.5 % Triton X-100 (v/v): Dissolve 25 mL of Triton X-100 in 
975 mL water.   

   3.    Incubation buffer: Dissolve 6.1 g of Tris base, 8.8 g of NaCl, 
1.1 g of CaCl 2 , and 20 mg of sodium azide in 800 mL of 
water. pH to 7.5 and bring to 1 L total with water.   

   4.    Coomassie blue stain: Stir together 250 mg Coomassie bril-
liant blue R-250, 10 mL acetic acid, 45 mL methanol, and 45 
mL of water. Filter through Whatman fi lter paper No. 1 to 
remove particulates.   

   5.    Coomassie destain: Stir together 50 mL acetic acid, 50 mL 
methanol, and 400 mL of water.      

2.1  SDS 
Polyacrylamide 
Zymogram Gel 
Components

2.2  Zymogram- 
Developing 
Components
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       1.    2× SDS sample buffer: 100 mM Tris–HCl, pH 6.8 (diluted 
from the 500 mM stock prepared for the SDS-PA gel), 4 % SDS 
(w/v), 20 % glycerol (v/v), and 0.2 % bromophenol blue (w/v).       

3     Methods 

   Carry out all procedures at room temperature unless noted.  See  
Table  1  for a discussion on the various substrates that can be used 
to evaluate different MMPs.

      1.    Set up a gel-pouring cassette as per the manufacturer’s direc-
tions to accommodate a gel with dimensions 8 cm 
(width) × 13 cm (height) × 1 mm (depth).   

    2.    Prepare the separating gel: On ice, mix 3.77 mL of dH 2 O, 200 
μL of 5 % gelatin, 3.33 mL of acrylamide– bis -acrylamide stock, 
2.5 mL of resolving gel buffer, 100 µL of 10 % SDS, and 100 
µL of 10 % APS ( see   Note 1 ).   

    3.    Add 8 µL of TEMED to the separating gel solution to initiate 
polymerization. Gently pipette to mix without causing bubble 
formation or aeration.   

    4.    Immediately, pour the separating gel solution into the cassette 
avoiding the formation of bubbles.   

    5.    Carefully overlay the separating gel solution with isopropanol 
using a transfer pipette or syringe.   

    6.    Allow the gel to polymerize for at least 30 min at room tem-
perature. A discernible line of separation between the separat-
ing gel and isopropanol overlay will be apparent when 
polymerization is complete.   

    7.    Prepare the stacking gel: On ice, mix 3.05 mL of dH 2 O, 650 
µL of acrylamide– bis -acrylamide stock, 1.25 mL of stacking 
gel buffer, 50 µL of 10 % SDS, and 50 µL of 10 % APS.   

    8.    Decant the isopropanol overlay from the separating gel.   
    9.    Immediately, add 8 µL of TEMED to the stacking gel solu-

tion, mix gently by pipetting, and pipette the solution on top 
of the separating gel until it reaches the top of the cassette.   

   10.    Immediately insert the comb (generally ten wells) into the 
stacking gel, ensuring no bubbles are trapped under the comb. 
Allow the stacking gel to polymerize at room temperature for 
30 min ( see   Note 2 ).    

     Most MMPs, including the gelatinases, are secreted enzymes and 
thus conditioned media collected from cell cultures are an accessible 
and valuable way to evaluate MMP activity. However, because serum 
contains proteases, cells must be cultured in serum-free media.

2.3  Sample 
Preparation 
Components

3.1  10 % Sodium 
Dodecyl Sulfate- 
Polyacrylamide Gel 
with 0.1 % Gelatin 
Substrate 
Copolymerization 
Preparation

3.2  Sample 
Preparation 
from Serum-Free 
Conditioned Media
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    1.    Allow the cells in culture to grow to approximately 80 % 
confl uence in the appropriate complete media.   

   2.    Wash the monolayer with sterile PBS to remove the serum 
completely; three washes should be suffi cient.   

   3.    Culture the cells in a low volume of serum-free media at 37 °C 
for 12–16 h ( see   Notes 3  and  4 ).   

   4.    After the appropriate incubation period, collect the media and 
centrifuge (350 ×  g , 5 min at 4 °C) to remove dead cells and 
debris. Transfer the supernatant to a clean tube.   

   5.    Dilute conditioned medium in SDS sample buffer to a fi nal 
concentration of 1× SDS sample buffer ( see   Note 5 ).   

   6.    Pipette to mix and allow samples to incubate at 37 °C for 
20 min in order to solubilize the enzymes before loading the 
 zymogram  . Do not boil the samples ( see   Note 6 ).      

   Intracellular enzymes include secreted MMPs at different stages of 
posttranslational modifi cation, MMPs associated with the cell sur-
face/matrix, or MMPs which are localized intracellularly.

    1.    Allow the cells in culture to grow to approximately 80 % con-
fl uence in the appropriate complete media.   

   2.    Wash the cells twice with cold sterile PBS.   
   3.    Lyse on ice using ice-cold 2× SDS sample buffer.   
   4.    Scrape the cells with a rubber cell scraper, transfer the lysate to 

a clean tube, and incubate on ice for 20 min.   
   5.    Mix by vortexing and centrifuge 16,000 ×  g  for 20 min at 4 °C.   
   6.    Transfer the supernatant to a clean tube and measure the pro-

tein concentration.   
   7.    Transfer the appropriate volume of lysate to be run on the gel 

to a clean tube and add 1× sample buffer (diluted from 2× in 
water) to all samples to bring each sample to the same fi nal 
volume ( see   Note 7 ).      

       1.    Dilute the 10× running buffer to 1× in water,  preparing 
  enough volume to suffi ciently fi ll the gel-running apparatus.   

   2.    Carefully remove the comb from the stacking gel and place the 
zymogram into the gel-running apparatus. Fill the buffer 
chambers with 1× running buffer.   

   3.    Load the marker and the samples and fi ll any empty wells with 
1× sample buffer (diluted from 2× in water).   

   4.    Run the samples through the stacking gel at constant voltage 
of 100 V.   

   5.    Run the samples through the resolving gel at constant voltage 
of 130 V until adequate separation is achieved as indicated by 

3.3  Sample 
Preparation from Cell 
Lysates

3.4  Gel 
Electrophoresis 
and Development 
of Zymogram

Jillian Cathcart
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the  migration   of the marker ( see   Note 8 ). This will be based 
upon the degree of separation desired and the molecular 
weight of the MMPs of interest.   

   6.    Carefully remove the gel from the running chamber and place 
it in plastic tray. To the tray add suffi cient renaturing solution 
to completely submerge the  zymogram   ( see   Note 9 ). 
Incubate the gel for 30 min at room temperature, rocking 
gently.   

   7.    Discard the renaturing solution and repeat  step 6 .   
   8.    Incubate the  zymogram   at room temperature for an additional 

30 min in developing buffer while rocking gently.   
   9.    Discard the developing buffer and replace it with fresh devel-

oping buffer. Cover the tray with a lid or wrap tightly with 
plastic wrap and incubate at 37 °C for approximately 16 h ( see  
 Note 10 ).   

   10.    Discard the developing buffer and stain the  zymogram   in 
staining solution until the gel is uniformly dark ( see   Notes 11  
and  12 ).   

   11.    Destain the  zymogram   with destaining solution until areas of 
proteolytic activity appear as clear bands well contrasting with 
the dark background of the gel ( see   Note 13 ).       

4     Notes 

     1.    The volume of water should be adjusted in the event that dif-
ferent substrates are used with different volumes added. The 
fi nal volume of the separating gel should equal 10 mL.   

   2.    The  zymogram   can be poured in advance, wrapped in a damp 
towel, covered with plastic wrap, and stored at 4 °C. The 
 zymogram   should be used within 2 weeks of pouring.   

   3.    It is not advisable to culture cells beyond 24 h in serum-free 
media, as serum is vital to maintain cell health and viability.   

   4.    We fi nd the best results are obtained from cells cultured in 
three-centimeter dishes overlaid with 800 μL serum-free 
media.   

   5.    Generally, we fi nd 10 μL of media from cells plated in a 3-cm 
dish suffi cient for analyzing the gelatinases on a gelatin 
 zymogram  . The 2× SDS sample buffer described above can 
also be prepared as a 5× stock and diluted to 1× in samples 
should larger volumes be necessary for adequate resolution.   

   6.    If the intensity of the bands is too low and resolution is poor, 
the media can be concentrated using spin columns with the 
appropriate molecular weight cutoff.   
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   7.    Generally, 30 μg of total protein is suffi cient to resolve the 
MMPs on the  zymogram.   It is not recommended to load 
more than 40 μg of protein per lane as excessive protein can 
negatively affect band separation and resolution. Typically, 
the wells of a  zymogram   can accommodate up to 30 μL 
volume.   

   8.    Different MMP enzymes and enzyme forms are visualized on 
 zymograms   according to their molecular weights. Therefore, 
it is standard to run a protein marker along with your samples 
on the gel. While the molecular weights of each of the MMPs 
and their different forms (pro, intermediate, or active, as appli-
cable) are known, the markers typically run on a  zymogram   
are not accurately indicative of the MMP size. This is due to 
the fact that the markers are generally provided in reduced and 
denatured conditions, whereas MMPs are run on a  zymogram   
in nonreducing buffer and then partially refolded to their 
native confi rmation.   

   9.    The refolding process following electrophoresis is only partial 
and therefore proteolytic activity can be observed for pro- and 
intermediate-form MMPs, with the proband appearing at a 
higher molecular weight. This effect is believed to be due in 
part to disruption of a cysteine switch that renders pro-MMPs 
inactive in physiological conditions by SDS. Although the 
pro-isoform is mostly refolded, this cysteine switch cannot be 
reestablished and thus the enzyme exhibits activity. Such pro-
teolysis is merely an artifact of this technique and is not repre-
sentative of the true biological activity [ 9 ,  10 ].   

   10.    Incubation occurs at 37 °C in accordance with the rules of 
classical enzymology. Generally, an overnight incubation 
period of approximately 18 h is suffi cient. We have observed 
that the longer the incubation, the greater the rate of diffusion 
of the MMPs away from the band and through the gel, result-
ing in decreased resolution. Therefore it is advisable to adjust 
the sample volume rather than the incubation time to improve 
resolution.   

   11.    Staining solution can be collected and reused, although reused 
stain typically requires a longer staining time.   

   12.    Aside from Coomassie blue, protein silver, Congo red, and 
Amido black stains may be used alternatively along with the 
associated destain.   

   13.    MMP/inhibitor complexes (such as tissue inhibitors of metal-
loproteinases or TIMPs) from biological samples are dissoci-
ated by SDS during electrophoresis. Thus, the bands on the 
 zymogram   should be interpreted as potential enzymatic activ-
ity rather than net MMP activity   [ 9 ,  11 ].         
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    Chapter 13   

 Assessment of Synthetic Matrix Metalloproteinase 
Inhibitors by Fluorogenic Substrate Assay                     

     Ty     J.     Lively    ,     Dale     B.     Bosco    ,     Zahraa     I.     Khamis    , 
and     Qing-Xiang     Amy     Sang      

  Abstract 

   Matrix metalloproteinases (MMPs) are a family of metzincin enzymes that act as the principal regulators and 
remodelers of the extracellular matrix (ECM). While MMPs are involved in many normal biological 
 processes, unregulated MMP activity has been linked to many detrimental diseases, including cancer, 
 neurodegenerative diseases, stroke, and cardiovascular disease. Developed as tools to investigate MMP func-
tion and as potential new therapeutics, matrix metalloproteinase inhibitors (MMPIs) have been designed, 
synthesized, and tested to regulate MMP activity. This chapter focuses on the use of enzyme kinetics to 
characterize inhibitors of MMPs. MMP activity is measured via fl uorescence spectroscopy using a fl uoro-
genic substrate that contains a 7-methoxycoumarin-4-acetic acid  N -succinimidyl ester (Mca) fl uorophore 
and a 2,4-dinitrophenyl (Dpa) quencher separated by a scissile bond. MMP inhibitor (MMPI) potency can 
be determined from the reduction in fl uorescent intensity when compared to the absence of the inhibitor. 
This chapter describes a technique to characterize a variety of MMPs through enzyme inhibition assays.  

  Key words     Matrix metalloproteinases  ,   Matrix metalloproteinase inhibitors  ,   Fluorescence resonance 
energy transfer  ,   Inhibition constant  ,   Half maximal inhibitory concentration  

1      Introduction 

     Matrix metalloproteinases (MMPs)      are a family of zinc-dependent 
endopeptidases that play an active role in remolding the  extracellular 
matrix (ECM)  . Further classifi cation allows MMPs to be divided 
into six different subcategories based on their homology and sub-
strate specifi city: collagenases (MMP-1, MMP-8, MMP-13, and 
MMP-18), gelatinases (MMP-2 and MMP-9), stromelysins (MMP-
3, MMP-10, and MMP-11), matrilysins (MMP-7 and MMP-26), 
membrane-type MMPs (MMP-14, MMP-15, MMP-16, MMP-17, 
MMP-24, and MMP-25), and others (MMP-12, MMP-19, MMP-
20, MMP-21, MMP-23, MMP- 27, and MMP-28) [ 1 ]. The struc-
tural components of the MMP family typically include catalytic, 
pro-peptide, and hemopexin-like domains. The most important 

1.1  Matrix 
Metalloproteinases 
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domain, the catalytic domain, includes a fi ve-stranded β -sheet, three 
long α-helices and a methionine turn that form specifi city pockets 
for substrate binding [ 2 ]. Additionally, calcium ions and zinc ions 
are present in the catalytic domain for added structural and catalytic 
stability. Studies have shown that calcium ions within this domain 
stabilize MMPs, mediate signal transduction in MMP expression, 
and facilitate MMP activation [ 3 ]. The catalytic zinc, held in place 
by three histidine residues (HEXXHXXGXXH), utilizes a water 
molecule for the hydrolysis of a substrate’s scissile peptide bond  
(Fig.  1 ) [ 4 ]. The pro-peptide domain includes a “cysteine switch” 
motif (PRCGXPD) that is responsible for maintaining catalytic 
latency, by binding to the zinc’s fourth coordinate position [ 4 ]. 
Activation of MMPs is stimulated upon removal of the inhibitory 
zinc-cysteine bond through either removal of the pro-domain, 
chemical  modification of the cysteine’s thiol group, or other 
structural perturbations. Finally, the hemopexin domain, com-
prised of a four bladed β -propeller structure surrounding a cen-
tral channel, facilitates binding and interactions with indigenous 
tissue  inhibitors of MMPs (TIMPs).

   Members of the MMP family play prominent roles in many 
physiological and pathological processes [ 1 ]. MMPs are important 
in development, morphogenesis, and reproduction [ 5 ]. Studies 
have shown that MMP-2 and MMP-9 can disrupt the blood-brain 
barrier inducing cerebrovascular incidents [ 1 ,  6 ,  13 ]. MMP-26 
expression is upregulated in human endometrial, and ovarian, cancer 
cell lines, human breast ductal carcinoma in situ (DCIS), and high-
grade prostatic intraepithelial neoplasia (HGPIN) [ 3 ,  7 – 10 ]. 
Increased expression of MMP-14 plays an important role in tumor 

S3

S2

S1’

S2’

S1

S3’
Mca

DnpPro

Leu

Gly

Ala

Leu

Arg

  Fig. 1    Illustration of fl uorogenic substrate binding and cleavage within the  MMP   active site. A catalytic zinc (II) 
held by three histidine residues utilizes a water molecule to hydrolyze the peptide bond between the glycine 
and leucine residues       
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progression  and   metastasis [ 11 ]. Overexpression of MMP-1, MMP-
3, MMP-7, or MMP-14 in mice caused the development of hyper-
plastic lesions and increased the likelihood of malignant tumor 
formation [ 12 ]. While many  MMPs   have been linked to multiple 
diseases, others may offer protective effects, thus suggesting MMP 
targeting is disease dependent [ 1 ,  13 – 15 ].  

   Inhibitors of matrix metalloproteinases act as post-activation regula-
tors of  MMP   activity. The tissue inhibitors of metalloproteinases 
(TIMP-1, TIMP-2, TIMP-3, and TIMP-4) are the primary physio-
logical inhibitors of MMPs. Previous attempts to use TIMPs as thera-
peutic agents to control upregulated MMP activity have been 
unsuccessful due to lack of  MMP   selectivity and involvement in other 
non-MMP-related processes [ 16 ]. Consequently, synthetic matrix 
metalloproteinase inhibitors (MMPIs) are being researched and 
developed to provide higher selectivity and specifi city toward  various 
  MMPs [ 1 ,  6 ,  12 ,  20 ,  21 ]. Inhibitor specifi city can be modulated by 
designing around specifi city pocket interactions. For example, the 
S 1 ’ site may include a hydrophobic pocket that is deep (MMP-3, 
MMP-12, and MMP-14), intermediate (MMP-2, MMP-8, and 
MMP-9), or shallow (MMP-1 and MMP- 7) [ 1 ,  18 – 21 ]. Some 
MMPIs replace the scissile bond with a noncleavable zinc-binding 
group (ZBG) essentially mimicking a substrate, while others use 
non-peptidomimetic structures to enhance binding affi nities [ 1 ]. 
Inhibitory potency can be tuned by utilizing different ZBGs, with 
the most potent inhibitors involving hydroxamic acid. However, 
selectivity is compromised as the hydroxamate’s chelation effi cacy 
overwhelms other binding contributors [ 1 ,  6 ,  21 ,  22 ]. Consequently, 
other ZBGs have been developed including thiols, carboxylates, 
phosphinates, and sulfodiimines [ 1 ,  6 ,  12 ,  21 ,  22 ].  

    MMP   fluorescent substrates utilize  fluorescence resonance energy 
transfer (FRET)   or intramolecular fluorescence energy transfer (IFET) 
to assay MMP activity [ 16 ]. Resonance energy transfer depends on 
the existence of a fluorescent donor molecule and a quenching accep-
tor molecule. The interaction between the two molecules results in an 
energy transfer from donor to acceptor. This energy transfer can be 
intramolecular or intermolecular. In intramolecular energy transfer, 
the fluorophore and the quenching group are separated in the peptide 
chain at a distance which allows efficient energy transfer. Enzymatic 
cleavage of the substrate separates the donor from the acceptor mol-
ecules and terminates the interaction between the two. This results in 
an increase in fluorescence intensity which is proportional to the num-
ber of substrates cleaved [ 17 ]. This increase in fluorescent activity can 
be seen in the  FRET   substrate Mca-Pro-Leu-Gly-Leu-Dap(Dnp)-
Ala-Arg-NH 2  (M-1895) when the Gly-Leu bond cleaves, causing the 
Mca group to separate from the 2,4-dinitrophenyl quencher. 

 The enzyme inhibition assay described in this chapter uses a 
FRET substrate (Mca-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-Arg-NH 2 ) 

1.2  Matrix 
Metalloproteinase 
Inhibitors (TIMPs 
and Synthetic MMPIs)

1.3  Fluorescence 
Resonance Energy 
Transfer (FRET) 
Enzyme Inhibition 
Assay
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with tight-binding MMPIs to determine inhibition potency. One 
measure of inhibitor potency is the inhibition dissociation constant, 
 K   i  . The  K   i   value may be calculated using the Morrison equation 
[ 6 ] (Fig.  2 ). For tight-binding competitive inhibitors, a correction 
factor is introduced into the Morison equation to eliminate the 
infl uence of substrate concentration on the inhibition dissociation 
constant (Fig.  3 ). An alternate method for measuring the potency 
of an inhibitor is to determine the  half maximal inhibitory concen-
tration  , or IC 50  point, defi ned as the concentration of the inhibitor 
that yields 50 % inhibition of enzyme activity. By ascertaining the IC 50  
point, the  K   i   value for a competitive inhibitor can be  calculated 
through algebraic rearrangement of the following equation (Fig.  4 ):

2          Materials 

       1.    PerkinElmer LS 50B luminescence spectrometer or another 
fl uorimeter with temperature control set to 25 °C.   

   2.    Computer and monitor.   
   3.    Fl WinLab program or similar.      

       1.    Kinetics buffer: 50 mM 4-(2-hydroxyethyl)-1- piperazineet
hanesulfonic acid (HEPES), 0.2 M NaCl, and 10 mM CaCl 2  * 
2H 2 O, pH 7.5, 0.01 % Brij-35 (w/v %). Add about 100 mL of 

2.1  Luminescence 
Spectrometer 
Components

2.2  Cuvette 
Components

  Fig. 2    In this equation  V   i   and  V   0   are the initial rates with and without the inhibitor, respectively. and [ E ]  0   and [ I ]  0   
are the initial enzyme and inhibitor concentrations, respectively. Finally,  K   i     app

   is the apparent  inhibition constant   
between the inhibitor and the enzyme       

  Fig. 3    For competitive inhibitors  K   i   apparent is equivalent to the true  K   i   under the 
substrate concentration. [ S ] ≪  K  m .  K  m  is the Michaelis-Menten constant       

  Fig. 4    For classical competitive inhibitors (inhibitors that have a  K   i   value signifi -
cantly larger than the enzyme’s concentration), the IC 50  point is directly propor-
tional to the  K   i   value multiplied by a correction factor       
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ddH 2 O to a 500 mL beaker or glass bottle. Weigh out 5.9575 g 
HEPES, 5.844 g NaCl, and 0.735 g CaCl 2  * 2H 2 O and transfer 
these components into the bottle and mix. Add ddH 2 O until 
volume is at 400 mL and continue mixing until pH 7.5 is 
reached. Fill it to 495 mL with ddH 2 O. Finally add 5 mL of 1 % 
Brij-35 solution to 500 mL bottle containing buffer compo-
nents yielding a 0.01 % Brij-35 (w/v %) buffer solution. Store 
buffer in 4 °C fridge ( see   Note 1 ).   

   2.    One percent Brij-35 solution: in a 50 mL tube, prepare a 1 % 
Brij-35 (w/v %) solution by mixing 500 mg of Brij-35 with 
50 mL ddH 2 O; mix well.   

   3.    20 Mm tris(2-carboxyethyl)phosphine (TCEP): 20 mM TCEP, 
kinetics buffer. Weigh out 8.6 mg TCEP and add to a 1.5 mL 
tube. Fill tube to 1.5 mL with kinetics buffer. Store in 4 °C fridge.   

   4.    Twenty-fi ve percent glycerol solution: glycerol, kinetics buffer. 
In a 15 mL tube, mix 3.75 mL of kinetics buffer with 1.25 mL 
of glycerol.   

   5.    Substrate: Stock substrate Mca-Pro-Leu-Gly-Leu-Dap(Dnp)-
Ala-Arg-NH 2  (M-1895), cold ddH 2 O, dimethyl sulfoxide 
(DMSO). In a 2 mL tube, mix 20 μL stock substrate, 400 μL 
cold ddH 2 O, and 380 μL DMSO; quickly place solution on ice.      

       1.    Computer and monitor.   
   2.    SigmaPlot 2000 program or similar.       

3    Methods 

       1.    Remove kinetics buffer from 4 °C fridge and allow it to warm 
to room temperature.   

   2.    Dilute the 20 mM TCEP solution to 2 mM TCEP by adding 
to a 0.5 mL tube 36 μL kinetics buffer and 4 μL 20 mM 
TCEP; mix.   

   3.    Prepare fi nal assay buffer by adding 5.5 μL 2 mM TCEP and 
2194.5 μL kinetics buffer to a 15 mL tube; mix well ( see   Note 2 ).      

       1.    Turn on fl uorimeter and set temperature control to 25 °C.   
   2.    Obtain stock enzyme from −80 °C freezer and allow it to thaw.   
   3.    Begin testing the slope of the stock enzyme by adding 176 μL of 

kinetics buffer in a 0.5 mL tube. Add 10 μL of DMSO to the 
bottom of the tube. Next, add 10 μL of stock enzyme to the tube 
and mix by rapidly pipetting several times ( see   Notes 3  and  4 ).   

   4.    Incubate the tube at room temperature for 30 min.   
   5.    After 15 min of incubation, turn on fl uorimeter and computer. 

Once the computer is on, open the program “Fl WinLab” and 
select “Time Drive.”   

2.3  SigmaPlot 
Components

3.1  Preparation 
of Assay Buffer

3.2  Enzyme Dilution
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   6.    Once the tube has incubated for 30 min, add 4 μL of substrate 
and mix by rapidly pipetting several times ( see   Note 4 ).   

   7.    Quickly pipette the contents of the tube into a cuvette and 
place it in the fl uorimeter ( see   Note 5 ).   

   8.    Click the “Start” button on Fl WinLab and let the sample run 
for 15 min.   

   9.    Once the sample has fi nished running, click the “Stop” button 
on Fl WinLab.   

   10.    Click “Data Handling” on Fl WinLab. Select the sample and 
the slope option and set the range from 6 to 10 min. Click 
calculate.   

   11.    Measure fl uorescence versus time for 15 min and then fi nd the 
slope over the desired period (typically between 6 and 10 min).   

   12.    If the stock concentration is too high, dilute the enzyme with 
the 25 % glycerol solution ( see   Note 6 ).   

   13.    Repeat  steps 3 – 12  until the slope of the enzyme is approxi-
mately 30–35.   

   14.    Aliquot diluted enzyme into 12 μL aliquots and store at −80 °C 
( see   Note 7 ).      

       1.    Remove 40 μL inhibitor stock from storage and dilute with 
40 μL of appropriate solvent, such as DMSO ( see   Note 8 ).   

   2.    Next, perform serial dilution until all inhibitor dilutions are 
made. Store the inhibitor dilutions in appropriate conditions, 
such as 4 °C.      

       1.    Turn on water bath attached to fl uorimeter and set tempera-
ture to 25 °C.   

   2.    Wash cuvettes by fi rst rinsing them with ddH 2 O and then by 
rinsing them with methanol. Dry the cuvettes using light duty 
tissue wipes.   

   3.    Remove enzyme from −80 °C freezer and substrate from 
−20 °C. Allow all to thaw and then place on ice.   

   4.    Begin the control run by pipetting 176 μL of assay buffer into 
a 0.5 mL tube. Add 10 μL of inhibitor diluent to the bottom 
of the tube. Next, add 10 μL of enzyme to the tube and mix by 
rapidly pipetting several times.   

   5.    Allow tube to incubate at room temperature for 30 min. Be 
sure to record the time started and the time you fi nish in a lab 
notebook.   

   6.    After the control has been prepared, prepare the serial dilu-
tions for the inhibitor. The exact amount of dilutions made will 
depend on how well the inhibitor you are using reacts with the 
enzyme you are using.   

3.3  Inhibitor Dilution

3.4  General 
Instructions 
for Assays
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   7.    After 15 min has passed, turn on fl uorimeter and computer. 
Once the computer is on, set up the program Fl WinLab which 
will be used to measure the slope of the enzyme.   

   8.    Begin preparation of the next sample by adding 176 μL of TCEP 
plus kinetics buffer solution into a 0.5 mL tube, followed by 
adding 10 μL of the inhibitor dilution and 10 μL of the enzyme. 
Once again to mix rapidly, dispense the pipette several times. 
Allow this sample to once again incubate for 30 min.   

   9.    After the control has incubated for 30 min, add 4 μL of sub-
strate to the control tube by rapidly dispensing the pipette 
several times. At this point the total volume inside of the tube 
should be 200 μL.   

   10.    Quickly pipette the contents of the tube into a cuvette and 
place the cuvette inside the fl uorimeter.   

   11.    Quickly hit the start button on Fl WinLab and allow the sam-
ple to run for 15 min.   

   12.    Every 15 min, prepare the next sample to be tested.   
   13.    Once the sample has fi nished running, remove the cuvette and 

place the next sample in the fl uorimeter.   
   14.    Record the value of the slope between the 6 and the 10 min 

mark in your lab notebook.   
   15.    Clean cuvette and repeat until all samples have been tested.   
   16.    Once completed turn off water bath, fl uorimeter, and computer.   
   17.    Make Henderson plots or other graphs on computer using 

SigmaPlot 2000.      

       1.    Turn on computer and start the SigmaPlot 2000 program. 
Enter data for columns 1 and 2 (Fig.  5 ).

       2.    Use quick transformations to do columns 3, 4, and 5.   
   3.    Find the IC 50  point ( x  = -log fi nal concentration;  y  = % activity 

 V   i  / V   0  ).

3.5  SigmaPlot 2000 
Instructions

  Fig. 5    SigmaPlot 2000 columns for enzyme inhibition data. In columns 1 and 2, enter the inhibitor concentra-
tion and enzyme slopes from the inhibition assays, respectively. In column 3, calculate the fi nal concentration 
of the inhibitor in the cuvette by dividing the initial inhibitor concentration by 20. In column 4, calculate the 
percent of enzyme activity by dividing the inhibitor slope from the inhibition assays by the control slopes. 
Column 5 is the log of the fi nal inhibitor concentration in the assay cuvette       
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   (a)    Graph > create graph > scatter, next > simple scatter, 
next > XY pair, next >  x  = -log fi nal concentration,  y  = % 
activity > fi nish.   

  (b)     Fit curve —right-click data point > fi t curve > equation 
category = sigmoidal > equation name = sigmoidal, 4 
parameter > next > regression wizard > click columns ( x  = 5, 
 y  = 4) > fi nish.   

  (c)    Minimize graph.   
  (d)    Add minor ticks by double-click axis; these are used to 

fi nd the IC 50  value.   
  (e)    Use toolbar to draw line for IC 50 ; look for where the activ-

ity of the enzyme is at 50 %.   
  (f)    Calculate the IC 50  using the equation IC 50  = 10 | x -axis|  

( see   Note 9 ).    
      4.    Find  K   i   ( x  = fi nal concentration in cuvette;  y  =  V  i / V  0) .

   (a)    Create graph > scatter > simple > XY pair >  x  = fi nal concen-
tration in cuvette,  y  = % activity > fi nish.   

  (b)     Fit curve —right-click data point > fi t curve > user 
defi ned > Morrison, edit code > variables = make sure cor-
rect (I = col(3);  y  = col(4)); constraints = E (enzyme con-
centration; E > 0, E < value slightly 1gr than stock 
concentration/20); initial parameters (set  K   i   same as IC 50 ; 
set E = stock concentration/20, unless EDM which is then 
stock/20 × 0.05) > run.    

      5.     Arrange graphs —arrange graphs > 2 up or 2 side-by-side > fi nish.   
   6.     Label graphs —include titles and axis, put IC 50  on sigmoidal 

graph, and put  K   i   and R 2  on Morrison graph.       

4    Notes 

     1.    Brij-35 concentration has been shown to affect enzyme activ-
ity. Therefore, it is important to be precise when adding it to 
the kinetics buffer [ 23 ].   

   2.    The fi nal volume of assay buffer will be around 2200 μL. This 
amount of buffer will be good for 8–12 assays; however, trials 
involving inhibitor dilutions will require at least 21 assays. For 
these trials you want to make double the amount of buffer. To 
do this mix 11 μL of 2 mM TCEP with 4389 μL kinetics buffer 
in a 15 mL tube.   

   3.    It is important to add the DMSO at the bottom of the tube in 
order to keep the DMSO from evaporating. Additionally, it is 
essential not to completely mix the DMSO with the assay buf-
fer until after the enzyme has been added. Mixing the DMSO 
beforehand has shown to give inconsistent slope values.   
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   4.    Before mixing you should see two separate liquids in the tube. 
Only stop mixing when the two liquids become completely 
miscible with each other.   

   5.    When placing the cuvette in the fl uorimeter, be sure that the 
orientation of the cuvette is consistent for every run.   

   6.    The amount of 25 % glycerol in kinetics buffer you use to 
dilute the enzyme will depend on the initial concentration of 
the stock enzyme. It is important not to over-dilute the 
enzyme; therefore, it is best to start with a small dilution 
(10 μL enzyme in 300 μL 25 % glycerol). Continue to test and 
dilute the enzyme as appropriate until the slope is 30–35. 
Additionally, it is important that enzyme concentration is 
known after dilution.   

   7.    After freezing and thawing, the enzyme’s slope should decrease 
by roughly 20 %. Therefore, the ideal slope range after freezing 
is between 25 and 30.   

   8.    The exact amount of tubes needed for inhibitor dilutions will 
depend on how effective the inhibitor is at inhibiting the 
enzyme.   

   9.    When calculating the IC 50 , fi nd the point on the  x -axis that cor-
responds to  y -axis value where the enzyme activity is at 50 %. For 
instance, if the  x -axis value that corresponds to 50 % enzyme 
activity is −2.4, then use the following format: IC 50  = 10 |2.4| .          
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    Chapter 14   

 Determination of Breast Cancer Cell Migratory Ability                     

     David     Schmitt    ,     Joel     Andrews    , and     Ming     Tan      

  Abstract 

   Cell migration is defi ned as the movement of individual cells, sheets of cells, or clusters of cells from one 
location to another (Friedl et al., Int J Dev Biol 48:441–449, 2004). This ability of cells to migrate is critical 
to a wide variety of normal and pathological processes, including embryonic development, wound healing, 
immune responses, and cancer (Leber et al., Int J Oncol 34:881–895, 2009). Migration of tumor cells is 
widely thought to be an essential component of the metastatic spread of tumor cells to new sites, and 
inhibiting metastasis is an important therapeutic goal in cancer treatments (Horwitz and Webb, Curr Biol 
13:R756–759, 2003). Therefore, the ability to observe and quantify migration in cancer cells is critical not 
only for basic cancer biology but especially for drug development (Friedl and Gilmour, Nat Rev Mol Cell 
Biol 10: 445–457, 2009). Researchers continue to develop new techniques for measuring cell migration 
in vitro. This chapter will discuss two techniques commonly used to study cell migration: wound healing 
and Boyden chamber migration assays.  

  Key words     Migration  ,   Wound healing  ,   Time-lapse microscopy  

1      Introduction 

      Tissue  wounds    initiate   a complex series of cellular events that 
 promote   the proliferation and  migration   of cells in order to close 
the wound [ 5 ]. Since these changes may be observed on a micro-
scopic scale, researchers have taken advantage of these phenomena 
to study the  migration   of cells. Such studies are especially pertinent 
to cancer cells, since migratory ability is a major factor in determin-
ing cancer aggressiveness [ 6 ]. Researchers believe determining 
migratory ability in vitro may translate to the metastatic potential 
the breast cancer cells possess in humans [ 7 ]. Therefore, wound- 
healing assays, or “scratch” assays, have been performed for many 
years as a way to study the migratory ability of breast cancer cells 
(as well as other cell types) and whether experimental treatments 
may be able to inhibit this ability [ 8 ]. 

 Wound-healing assays typically involve growing a confl uent 
monolayer of breast cancer cells. A scratch is then made in the mono-
layer, which disrupts cell–cell interactions and initiates a complex 

1.1  Wound-Healing 
Assay Using Time-
Lapse Microscopy
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and ordered series of events to repair the tissue. As the cells migrate 
in an effort to close the “wound” that was made in the cell mono-
layer, the scratch is visualized over time with the use of a  micro-
scope  . Complete “healing” of the wound usually takes anywhere 
from several hours to over a day, depending on the cell type and 
treatments being studied, as well as the width of the initial scratch. 

 Although scratch assays may be imaged and analyzed manually, 
a number of steps can be automated, including focus, acquisition, 
and analysis. Automated  microscopes   equipped with a motorized 
stage can be used to collect time-lapse data of the wounds at mul-
tiple locations within the culture dish over the course of an experi-
ment. The location of each image fi eld is saved into a fi le, allowing 
the stage to return to that precise point for each acquisition. This 
has the advantage that the exact same fi eld is imaged at each time 
point, and the collected images can be made into a time-lapse 
video. This also greatly reduces the time spent by the researcher in 
data collection. 

 Analysis of scratch assays can be performed manually, as 
described below, or by using an automated algorithm. Such algo-
rithms are often included in image analysis software packages and 
operate by fi rst segmenting the image into cell and non-cell areas 
and then measuring the changes in non-cell area between subse-
quent images. Although this removes some of the subjectivity in 
measuring scratch width, care must be taken to ensure that the 
segmentation of the image corresponds to the actual presence or 
absence of cells. Additionally, this technique may be less useful for 
cells that do not maintain contact with their neighbors, or migrate 
as a sheet. Many plate-based imaging systems, such as the Celigo 
(Nexelcom, Lawrence, MA), include software modules for per-
forming this task. 

 The major benefi t of the  wound-healing   assay is the relative 
ease with which it can be performed and quantifi ed. This assay is 
simple, inexpensive, and uses common laboratory supplies. It has 
an additional advantage in that it preserves the context of cell–cell 
interactions, unlike the Boyden chamber assay discussed below, 
which requires the disruption of cell–cell junctions before cells can 
be added to the chamber. 

 One of the most signifi cant drawbacks to this technique is that 
it is two-dimensional and thus fails to faithfully replicate the three- 
dimensional environment in which cells normally live. It has been 
established that culturing cells in a 3D environment can drastically 
change a number of cell characteristics, including gene expression, 
morphology, and drug responsiveness [ 9 ,  10 ]. An additional 
 drawback to the scratch assay is that it requires the physical disrup-
tion of the monolayer, which releases the contents of the scratched 
cells into the media. Although the scratched monolayer is washed 
in an effort to remove dislodged and damaged cells, the potential 
still exists for damaged cells and cell contents to remain in the wells 
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and potentially affect the remaining cells in an uncontrolled manner. 
To counter this, some companies offer removable or biodegrad-
able inserts which are placed into the culture plate before cells are 
added, such as the Oris and Oris Pro systems (Platypus Technologies, 
Madison, WI). These inserts are either manually removed or sim-
ply dissolve, and cell  migration   into the previously occupied area is 
measured, thus avoiding the presence of potentially complicating 
factors in the media. 

 It should also be noted that the  wound-healing   assay cannot 
be used to study chemotaxis due to the lack of a defi ned chemical 
gradient. Therefore, for chemotaxis studies, the Boyden chamber 
assay would be more appropriate. Additionally, large numbers of 
cells are required since the  wound-healing   assay is most commonly 
performed in cell culture plates. This usually is not a hindrance for 
breast cancer researchers, however, considering the relative ease 
and rapid in vitro growth of most breast cancer cell lines.    

   The Boyden chamber assay, also commonly called the trans-well 
 migration   assay or chemotaxis assay, is a tool used to study cell 
migration [ 13 ]. This technique was originally developed by 
Stephen Boyden for analyzing the chemotaxis of leukocytes [ 14 ]. 
The driving force behind cell  migration   is chemotaxis, which is cell 
motility distinguished by movement toward higher concentrations 
of chemoattractants, such as growth factors. Overall, this assay 
consists of a cell culture insert that is placed inside a well of a multi- 
well cell culture plate. The cell culture insert described here is a 
PET (polyethylene terephthalate) membrane, with pores of a 
known, uniform size. For breast cancer cells, the appropriate pore 
size is 8 μm. Breast cancer cells are seeded into the insert in serum- 
free medium. The bottom well, which is the well of the multi-well 
plate, contains a chemoattractant. Due to its convenience and 
effectiveness, a commonly used chemoattractant is 20 % fetal 
bovine serum (FBS) in normal cell culture medium. After a given 
incubation time, breast cancer cells that have migrated to the bot-
tom side of the membrane are fi xed, stained, and quantifi ed under 
a  light   microscope. 

 One notable benefi t of the Boyden chamber assay is that it is a 
time-effi cient method to analyze cell motility/ migration   indepen-
dent of the effects of cell proliferation. This benefi t is based on the 
fact that the time required for cells to migrate through the porous 
membrane is less than the time required for cells to progress 
through the cell cycle. For this reason, cell proliferation rates are 
typically not a factor during the Boyden chamber assay. Boyden 
chamber assays also have the advantage of being three-dimensional, 
in contrast to the scratch assay. One consideration that the user 
should be aware of is that the contributions of cell–cell interactions 
to cell  migration   are not amenable to study with the Boyden cham-
ber assay. The reasons for this are twofold; fi rst, the cells need to be 

1.2  Introduction: 
Boyden Chamber 
Assay

Determination of Breast Cancer Cell Migratory Ability
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dissociated into a suspension in order to be counted and equally 
seeded into the wells, and second, if any cell–cell interactions do 
form after seeding, these cell–cell junctions must be released in 
order for the cells to effi ciently migrate through the porous mem-
brane used in this assay. If the user desires to consider the effect of 
cell–cell interactions on cell  migration  , the  wound-healing   assay 
also described in this chapter would be more appropriate. However, 
it is typically warranted to analyze cell  migration   using both assays, 
given that the specifi c treatments or gene manipulations under 
study may affect cell  migration   in different ways. A fi nal benefi t of 
the Boyden chamber assay is its ease of use. Users can quickly mas-
ter the techniques involved and produce repeatable results. 

 Several Boyden chamber devices of various sizes and composi-
tions are commercially available. Boyden chamber assays may also 
be supplemented by the addition of a layer of the basement mem-
brane proteins  collagen   or laminin that must be degraded before 
cells can pass through. Such a setup is used to assay invasive poten-
tial along with migratory ability. Regardless of the specifi c chamber 
used, cell  migration   is usually quantifi ed by counting the number 
of migrated cells under a light  microscope  . The user may also use 
image analysis software to detect the total area of each membrane 
that is covered by migrated cells. This method of quantifi cation is 
especially useful for assays with high numbers of migrating cells, in 
which counting individual cells would be time-consuming and may 
introduce user error. 

 The Boyden chamber assay will require optimization depend-
ing on the cell type, the specifi c type of chamber being used, and 
the chemoattractants. Incubation time will also need to be deter-
mined based on cell type, cell number, membrane pore size, and 
the composition and concentration of the chemoattractants. The 
method described below is specifi cally designed for measuring the 
 migration   of breast cancer cells using 24-well cell culture plates 
and 24-well Boyden chamber cell culture inserts from BD Falcon™.   

2    Materials 

   Cell lines:    Human breast cancer cell lines may be purchased from 
the American Type Culture Collection (ATCC, Manassas, VA). 
Cells should be cultured in the appropriate cell culture medium, 
such as DMEM/F-12 supplemented with 10 % FBS. Cells should 
be tested to be free of mycoplasma contamination and always 
cultured using proper aseptic cell culture conditions. 

 Other reagents: Prepare all reagents using proper sterile 
technique under a cell culture hood. Store reagents at 4 °C. Before 
use, warm cell culture reagents to 37 °C in a clean water bath. 
Closely follow all waste disposal regulations when disposing of 
waste materials.

2.1  Wound- 
Healing Assay

David Schmitt et al.
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    1.    Cell culture media supplemented with 10 % fetal bovine serum.   
   2.    Dulbecco’s Phosphate-Buffered Saline.   
   3.    0.25 % trypsin–EDTA.   
   4.    Breast cancer cell lines.   
   5.    200 μL pipette tips.   
   6.    Six-well cell culture plates.   
   7.    Actinomycin D (optional).      

       1.    Cell culture media supplemented with 10 % fetal bovine serum.   
   2.    Dulbecco’s Phosphate-Buffered Saline.   
   3.    0.25 % trypsin–EDTA.   
   4.    Breast cancer cell lines.   
   5.    24-well BD Falcon™ Cell Culture Inserts—8 μm pore size.   
   6.    24-well BD Falcon™ Cell Culture Insert Companion Plates.   
   7.    Methanol.   
   8.    Solution of 0.05 % crystal violet in 20 % ethanol.   
   9.    Cotton-tipped swabs.   
   10.    Glass beakers (250 mL or larger).      

       1.    37 °C CO 2  incubator.   
   2.    Laminar fl ow hood.   
   3.    Light  microscope  .       

3    Methods 

         1.     Seed cells  in   triplicate wells at approximately 80 % confl uence 
in six-well cell culture plates in normal cell culture media. This 
is equal to approximately 1 × 10 6  cells/well; however, the exact 
number will vary with cell type.   

   2.    Incubate the plates at 37 °C in a 5 % CO 2  cell culture incubator 
overnight.   

   3.    The next day, observe cells under a light  microscope   to ensure 
cells have reached greater than 90 % confl uence. Ideally, the 
cells should be 95–100 % confl uent.   

   4.    Make a “scratch” in the cell monolayer in each well of the 
six- well plate with a 200 μL pipette tip, making sure to hold 
the pipette tip fully perpendicular to the plate surface to ensure 
uniform scratch diameter.   

   5.    Gently wash the cells with 1 mL of DPBS to remove the 
dislodged cells. If care is not used, the cell monolayer may lift 
or be rinsed away. The borders of the scratch are especially 
vulnerable to disruption.   

2.2  Boyden 
Chamber Assay

2.3  Instruments

3.1  Wound- 
Healing Assay

3.1.1  Preparing the Cells

Determination of Breast Cancer Cell Migratory Ability
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   6.    Carefully suction the DPBS wash from the wells. Gently wash 
the cells once more with 1 mL of DPBS to remove any remain-
ing dislodged cells and again remove the DPBS by suction.   

   7.    Add 3 mL of fresh cell culture medium to each well. If you 
want to ensure that any changes in cell  migration   observed 
during this assay are due solely to differences in cell  migration   
and not different proliferation rates, you may wish to add acti-
nomycin D (1 μg/mL). Actinomycin D inhibits cell prolifera-
tion by inhibiting RNA synthesis.       

       1.    On the underside of the six-well cell culture plate, use a fi ne 
point permanent marker to mark three points along the length 
of the scratch. These points will be the reference marks used to 
ensure you are imaging the same portion of the scratch at each 
time point.   

   2.    Using an inverted light  microscope   equipped with a camera, 
select a 10× objective and fi nd the fi rst reference mark you 
made, focusing the image just above the reference point and 
making sure the reference mark is just visible in the fi eld of 
view. The region of interest is the scratch in the cell monolayer, 
so center the image over the scratch.   

   3.    Capture the image with the attached camera and repeat for the 
two other reference points per well. These images will be ana-
lyzed later to measure the width of each scratch at each point 
for each well at time point 0 h.   

   4.    Return the six-well plate to the cell culture incubator.   
   5.    Capture images in the same manner as described above in  steps 

2  and  3  at the 6, 12, and 24 h time points. You may also wish 
to capture a number of images with a 40× or greater objective 
at the 6 and 12 h time points to examine changes in cell mor-
phology at the leading and trailing edges of migrating cells.      

       1.    Place the plate into an appropriate fi xed stage insert, being sure 
to note the orientation of the plate. Using the software inter-
face for a  microscope   with an automated stage, select three or 
more points within each well for imaging.   

   2.    If using an incubated  microscope   stage, set the desired time 
interval and duration for image acquisition, and set the incuba-
tor to 37 °C and 5 % CO 2 . It is advisable to include an autofo-
cus step at the beginning of each acquisition if the hardware 
permits it or to use a system that maintains focus over the 
course of the acquisition. This will prevent focal drift due to 
thermal expansion.   

   3.    Run the acquisition.   
   4.    If no incubated stage setup is available, remove the plate from 

the microscope stage after the fi rst set of images is acquired, 
and return the plate to the cell culture incubator.   

3.1.2  Observation 
of Cells: Manual Method

3.1.3  Observation 
of Cells: Automated 
Method

David Schmitt et al.
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   5.    Capture images in the same manner as the steps above at the 6, 
12, and 24 h time points. If desired, capture a number of 
images with a 40× or greater objective at the 6 and 12 h time 
points to examine changes in cell morphology at the leading 
and trailing edges of migrating cells.      

       1.    Using image analysis software, either a commercial solution 
such as NIS-Elements (Nikon Instruments, Inc.) or free, open- 
source options such as CellProfi ler [ 11 ] or ImageJ [ 12 ], ana-
lyze each image at each time point, measuring the width of the 
scratch. If the edge profi le of the cells is uneven along the 
length of the scratch, you may wish to use a parallel line mea-
surement tool, where the lines are set to the average edge of 
the cells on each side.  Migration   may be expressed either as 
absolute  migration   rate or percent wound closure. The abso-
lute rate is equal to [( D  0  −  D  x )/2 T ], where  D  0  is the distance 
between edges at time zero,  D  x  is the distance between edges 
measured at the time point of interest, and  T  is the elapsed 
time. The distance is divided by two because the change in 
distance between time points is the result of the  migration   of 
both sides of the scratch. The percent closure for each point in 
each well is equal to [( D  0  −  D  x )/ D  0 ], where  D  0  is the measure-
ment taken at time zero and  D  x  is the measurement taken at 
the time point of interest. Either measurement may then be 
normalized to the value obtained from the control sample and 
reported as percent with respect to the control.       

           1.    Remove the normal growth medium containing FBS from cell 
cultures. The cultures should be in logarithmic growth phase 
and less than 75 % confl uent.   

   2.    Gently rinse the cell cultures three times with DPBS.   
   3.    Replace the culture medium with serum-free medium.      

       1.    Using sterile conditions under the laminar fl ow hood, dispense 
750 μL of serum-free medium into each well of the 24-well 
BD Falcon™ Cell Culture Insert Companion Plate.   

   2.    Gently place one BD Falcon™ Cell Culture Insert into each 
well ( see   Note 1 ).   

   3.    Dispense 500 μL of serum-free medium into each BD Falcon™ 
Cell Culture Insert, and place the lid back onto the BD 
Falcon™ Cell Culture Companion Plate ( see   Note 2 ).   

   4.    Place the plate containing the inserts into a 37 °C CO 2  incuba-
tor and incubate for 2 h. This allows the insert membranes to 
rehydrate.   

   5.    Using vacuum suction, carefully remove the serum-free media 
from the lower well and the insert.   

3.1.4  Quantitation 
and Analysis

3.2  Methods

3.2.1  Boyden 
Chamber Assay

 Preparation of the Cells

 Seeding the Cells into 
the Chamber
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   6.    Trypsinize the cell cultures to obtain cell suspensions. 
Neutralize the trypsin with cell culture medium containing 
10 % FBS.   

   7.    Count the cells using a hemacytometer and light  microscope   
to determine the cell concentration. Using this concentration, 
calculate how many total cells you will need in order to seed 
triplicate wells for each cell line or treatment group. Prepare 
enough cell suspension for extra wells to provide room for 
pipetting error. The number of cells seeded per well will 
depend on the cell line used and typically varies from 20,000–
50,000 cells/well.   

   8.    Centrifuge the cells at 200 × g for 4 min to form a cell pellet.   
   9.    Remove and discard the medium (supernatant).   
   10.    Carefully rinse the cell pellet with DPBS.   
   11.    Centrifuge the cells + DPBS at 200 × g for 3 min.   
   12.    Remove and discard the DPBS (supernatant).   
   13.    Gently resuspend the cells in serum-free medium to provide 

for 500 μL of serum-free medium + cells per well.   
   14.    Pipette 750 μL of cell culture medium containing 20 % FBS 

into each well of the BD Falcon™ Cell Culture Companion 
Plate. Ensure there are no air bubbles trapped between the 
insert membrane and the medium in the lower well.   

   15.    Pipette 500 μL of serum-free medium + cells into each insert.   
   16.    Incubate the plate in a 37 °C CO 2  incubator for 6–24 h. 

Incubation time will be dependent on the cell type under 
study.       

       1.    Prepare two separate 24-well plates. In one plate, transfer 
750 μL of 100 % methanol to each well. In the other plate, 
transfer 750 μL of 0.05 % crystal violet solution to each well.   

   2.    Gently remove the inserts containing cells, one at a time, and 
remove the serum-free media out of the insert.   

   3.    Using a cotton-tipped swab, gently, but thoroughly, scrub the 
top surface of the membrane to remove any nonmigrating cells 
from the chamber.   

   4.    To fi x the cells that have migrated to the bottom side of the 
membrane, place the inserts in the wells of the plate containing 
100 % methanol. Incubate at room temperature for 20 min.   

   5.    Remove the inserts from the methanol and air-dry them for 
5 min.   

   6.    To stain the cells, place the inserts into the wells of the plate 
containing the 0.05 % crystal violet solution. Allow the inserts 
to stain at room temperature for 20 min.   

3.2.2  Fixation 
and Staining of Migrated 
Cells

David Schmitt et al.
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   7.    Destain the inserts by gently dipping them into consecutive 
beakers of distilled H 2 O until no more stain comes off into the 
water. Allow the inserts to thoroughly air-dry (at least 1 h).   

   8.    The inserts may be simply placed into a clean 24-well plate and 
imaged, or the membranes may be carefully cut from the inserts 
using a razor blade and mounted onto a slide for imaging.      

       1.    Survey each membrane under a light  microscope   at 10× 
magnifi cation.   

   2.    Capture images using a digital camera connected to the micro-
scope using a10× objective. For each membrane, capture three 
(or more) images at random positions ( see   Note 3 ).   

   3.    To analyze the images, count the number of migrated cells 
manually, or using image analysis software. This may be done 
using an interactive software counter, where each mouse click 
registers as a counted cell, or by an automated object counting 
algorithm. If using an automated counting function, fi rst vali-
date the function by comparing it to a manual count performed 
on the same image before processing all images.   

   4.    Calculate the mean number of migrated cells from nine images 
(three images per membrane × three membranes per cell line 
or treatment group = nine images), and calculate standard 
deviation.   

   5.    Alternatively, if counting individual cells is problematic, the 
area occupied by stained cells may be measured instead. This is 
done with image analysis software by setting a threshold that 
will detect the presence of the stain on a per-pixel basis, thus 
defi ning a binary that represents the area occupied by migrated 
cells. Then calculate the mean area occupied for each treatment 
from nine images (three images per membrane × three membranes 
per cell line or treatment group = nine images) ± standard 
deviation.   

   6.    Measured cell numbers or cell area may be reported directly or 
normalized to the control treatment and reported as percent 
relative to control.        

4    Notes 

     1.    When placing the cell culture inserts into the companion plate, 
be careful not to trap air bubbles between the insert and the 
media in the bottom well. To accomplish this, slowly and gen-
tly place the insert into the well at a slight angle.   

   2.    In preparing the cells for seeding, plan for at least three repli-
cates within each experimental group. Additionally, prepare 
extra volume of cell suspension in serum-free medium to allow 

3.2.3  Quantifi cation 
of Cells

Determination of Breast Cancer Cell Migratory Ability
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for slight variations in pipetting. In this protocol, since you 
need enough cell suspension for three replicates, prepare 
enough for four replicates.   

   3.    Do not directly count the cells under a  microscope  . To reduce 
error and retain proper records, use a camera attached to the 
microscope to save an image fi le for each fi eld of view. Cells can 
be counted in the desired fi elds from the saved images with 
more accuracy and objectivity.          
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    Chapter 15   

 A Novel Collagen Dot Assay for Monitoring 
Cancer Cell Migration                     

     Vincent     M.     Alford    ,     Eric     Roth    ,     Qian     Zhang    , and     Jian     Cao      

  Abstract 

   Cell migration is a critical determinant of cancer invasion and metastasis. Drugs targeting cancer cell 
migration have been hindered due to the lack of effective assays for monitoring cancer cell migration. Here 
we describe a novel method to microscopically monitor cell migration in a quantitative fashion. This assay 
can be used to study genes involved in cancer cell migration, as well as screening anticancer drugs that 
target this cellular process.  

  Key words     Type I collagen  ,   Migration  ,   Two-dimensional culture  ,   Non-tissue culture 96-well plate  , 
  Microscope  

1      Introduction 

    Cancer      cell migration is a dynamic, multistep process, which 
involves the rearrangement of the cytoskeleton with adhesion pro-
tein composition to form membrane protrusions at the leading 
edge of the cell membrane (lamellipodia) to promote translocation 
through adjacent tissues and structures [ 1 ]. The migratory capac-
ity of cancer cells is often correlated with poor prognosis in patients 
as this cellular process is required for  metastasis  , which accounts for 
90 % of all human cancer-related deaths [ 2 ]. 

 Due to the relevance of cell migration in cancer dissemination, 
multiple systems have been established to study this cellular pro-
cess. One example is the Boyden chamber assay in which a polycar-
bonate membrane with a defi ned pore size is nested between the 
upper and lower quadrants of the cylindrical transwell chamber. 
Cells are then seeded in the top chamber in serum-free media, 
while a chemoattractant is placed in the bottom chamber. Cells 
that migrate through the pores of the membrane are then stained 
and quantifi ed through microscopic approaches [ 3 ]. Although a 
reliable, sensitive, and useful approach, this assay has disadvantages 
relative to the 2-D migration assay described in this chapter such as 
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prolonged drug-screening studies which are complicated by the 
test agent concentrations quickly equilibrating between the two 
transwell compartments. Another popular method adopted by 
many scientists is the in vitro scratch wound assay which involves 
generating a “scratch” in a cell monolayer and subsequently cap-
turing images at evenly spaced time intervals. The simulated 
“ wound healing  ” is then compared between the images by quanti-
fying the migration rates of the cells [ 4 ]. Although this assay is also 
a useful technique, it has disadvantages relative to the 2-D migra-
tion assay described in this chapter due to the lack of a defi ned 
wound surface between cells. 

 Herein, we describe a new method in which cells are mixed 
with a  type I collagen   mixture and are subsequently doted onto a 
 non-tissue culture 96-well plate  . Migrating cells at the cell–colla-
gen interface can be microscopically counted after at least an 8 h 
incubation period. Furthermore, by using a tooled plate to stan-
dardize the size and shape of the cell-matrix dot, this 2-D migra-
tion assay can be used in a high-throughput screening fashion. The 
2-D migration assay protocol described is a simple, reproducible, 
and effective way to identify compounds that inhibit cancer cell 
migration, study pathways relevant to this cellular process, and 
expand our understanding of cancer dissemination.  

2    Materials 

 Prepare all solutions for this assay in sterile conditions. All reagents 
used to make the dot collagen mixture, especially the  type I colla-
gen  , should be kept on ice to prevent premature solidifi cation. 

       1.    0.05 % Trypsin–EDTA (1×).   
   2.    Dulbecco’s Modifi ed Eagle Medium (DMEM): Supplemented 

with 10 % fetal bovine serum (FBS) and 1 % PenStrep (P/S).   
   3.    96-well non-tissue culture  plate  .   
   4.    37 °C CO 2  incubator.   
   5.    Tissue culture hood.      

       1.    2 N NaOH: Add 8.0 g of sodium hydroxide to 100.0 mL of 
water.   

   2.    Dot Collagen (3 mg/mL): Add 70 μL of sterile water, 50 μL 
5× DMEM medium, and 125 μL  type I collagen   6 mg/ml 
(acetic acid-extracted native collagen from rat tail tendon) to a 
1.5 mL microcentrifuge tube and mix until contents go into 
solution. Adjust the pH of the dot collagen mixture using 2 N 
NaOH until it reaches a neutral pH of 7.4. Make sure to check 
pH using a pH indicator strip as a too acidic or basic solution 
will kill the cells ( see   Note 1 ).      

2.1  Cell Culture 
Components

2.2  Dot Collagen

Vincent M. Alford et al.
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       1.    16 % Paraformaldehyde (PFA) Solution: Dissolve 16 g of PFA 
powder in 84 mL phosphate-buffered saline (PBS) in a 250 mL 
beaker. Place beaker on hot plate (don’t bring temp above 
80 °C) and let contents stir for 30 min. Allow mixture to cool 
to room temperature before using.   

   2.    1× PBS Solution: Dissolve 8.00 g NaCl, 0.20 g KCl, 1.44 g 
Na 2 HPO 4 , and 0.24 g KH 2 PO 4  in 800 mL of H 2 O. Adjust the 
solution with HCl until a pH of 7.4 is achieved. Add water 
until contents reach 1 L. Sterilize the solution by autoclaving 
for 20 min at 15 psi (1.05 kg/cm 2 ) on liquid cycle or by fi lter 
sterilization.   

   3.    PFA Hoechst Solution: In a 15 mL Falcon tube, add 1000 μL 
16 % PFA and 998 μL 1× PBS. For every 2 mL of solution 
made, add 2 μL of Hoechst and/or DAPI (4′,6-diamidino- 2-
phenylindole) ( see   Note 2 ).       

3    Methods 

 Before conducting this assay, it is necessary to ensure there are 
enough cells to make the desired number of cell–collagen dots for 
each condition. On average, a concentration of 5 × 10 4  cells/μL is 
optimal when performing this assay. It is important to note that 
although this is the optimal cell density, certain cell lines may be 
smaller than others so more cells might be necessary to perform 
this assay properly. The following steps are performed in a standard 
tissue culture hood. 

       1.    Once cells reach log growth rate, carefully aspirate the medium 
from the cell culture plate or fl ask they reside in ( see   Note 3 ).   

   2.    After removing media, wash the cells with 1× phosphate- 
buffered saline (PBS) to remove any remaining FBS- containing 
medium.   

   3.    After the wash step, aspirate PBS from the dish and incubate 
the cells at 37 °C for 4 min in 0.05 % Trypsin–EDTA (1×) in 
order to cleave adherent proteins on the cell membrane, releas-
ing them from the bottom of the plate or fl ask ( see   Note 4 ).   

   4.    Remove the cells from the incubator and mix with equal vol-
umes of 10 % FBS-containing medium to neutralize the 
Trypsin–EDTA solution.   

   5.    Mechanically pipette the cells to further separate and transfer 
into a new 15 mL tube.   

   6.    Determine the cell concentration with a hemocytometer or an 
automated cell counter.   

   7.    Use the counted cell density to calculate how much of the cell 
solution is needed to obtain 1 × 10 6  cells. This will give a fi nal cell–
collagen dot density of 5 × 10 4  cells/μL in 20 μL ( see   Note 5 ).   

2.3  Cell Fixation/
Nuclei Staining 
Solution

3.1  Cell Preparation

A Novel Collagen Dot Assay for Monitoring Cancer Cell Migration
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   8.    Pipette the volume of cells required into a new 1.5 mL micro-
centrifuge tube and spin down (800× g  for 5 min at room tem-
perature) to remove the media.   

   9.    Resuspend the pellet of cells in fresh complete medium to a 
volume of 10 μL ( see   Note 6 ).   

   10.    Add 10 μL of dot collagen to the suspended cells.   
   11.    Vigorously mix the cells by pipetting to ensure a homogenous 

mixture of cells: dot collagen solution ( see   Note 7 ).      

       1.    Pipette 1.0–1.5 μL of the cell–collagen dot mixture onto a 
non- tissue culture 96-well  plate   at the center of each well ( see  
 Note 8 ).   

   2.    Incubate the 96-well plate at 37 °C for 5–10 min or until col-
lagen has solidifi ed ( see   Note 9 ).   

   3.    Check cell–collagen dots under a compound light  microscope  . 
They should appear to be full of cells at both the center and the 
peripheral edges ( see   Note 10 ).   

   4.    Once cell–collagen dots appear to be solidifi ed, pipette 100 μL 
of complete medium onto the side of each well gently to pre-
vent washing away the cell–collagen dot.   

   5.    Incubate the 96-well plate at 37 °C for 8–16 h depending on 
the cell line used ( see   Note 11 ).   

   6.    After incubation, add 8 % PFA/Hoechst solution to each well 
at room temperature to fi x the cells and visualize them through 
nuclei staining. Wrap the 96-well plate in aluminum foil to 
avoid exposure to light and let it stand for at least 30 min 
before imaging ( see   Note 12 ).   

   7.    Use  microscope   visualization software to center the cell–collagen 
dot and record a DAPI (Fig.  1a ) and bright-fi eld (Fig.  1b ) 
image using both a 4× magnifi cation lens to visualize the entire 
dot and a 10× lens to image the four sides of the cell–collagen 
dot. Count the migrating cells at the cell–collagen interface 
and compare between the different conditions ( see   Note 13 ).

4            Notes 

     1.    It is generally acceptable to leave the dot collagen mixture on 
ice in the refrigerator for up to 2 h prior to use.   

   2.    Hoechst and DAPI are fl uorescent stains that bind and label 
nucleic acids (double-strand DNA) for visualization of nuclei 
when performing microscopy.   

   3.    Verify the morphology and health of the cells before perform-
ing the experiment as abnormalities can lead to unexplained 
results or poor migratory capacity.   

3.2  Drop Cell–
Collagen Dot 
into a 96-Well Plate

Vincent M. Alford et al.
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   4.    The concentration and duration of treatment with Trypsin–
EDTA (1×) may vary depending on the cell type.   

   5.    It is common for small cell types to require a fi nal cell–colla-
gen dot density of 7 × 10 4  to 10 × 10 4  cells/μL to ensure full 
dots.   

   6.    It is important to be very careful when aspirating excess 
media/trypsin to not disturb the pellet. It might be necessary 
to pipette excess liquid off mechanically to achieve a 10 μL 
volume when resuspending the cell pellet in fresh complete 
media. After resuspending the pellet, it is worth measuring the 
cell mixture volume by pipetting before adding the dot 
 collagen as excessive liquid may lead to longer drying periods. 
Remember to account for the volume of the cells in the 10 μL 
resuspension mixture.   

   7.    It is important to pipette the cell–collagen dot mixture pre-
cisely to ensure dots have a relatively even number of cells 
between each repeat. It is also important to not use small 
pipette tips (0.1–10 μL) when mixing the cell–collagen dot 
mixture as this may lead to mechanical disruption of the cell 
membrane and/or accidental cell lysis.   

  Fig. 1    2-D dot  collagen migration   assay using HeLA (cervical cancer) cells. ( a ) DAPI images of entire ( left  panel) 
and right quadrant ( right  panel) of dot collagen under 4× and 10x lens magnifi cation respectively. ( b ) Bright-
fi eld images of entire ( left  panel) and right quadrant ( right  panel) of dot collagen under 4× and 10x lens mag-
nifi cation respectively.       
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   8.    In order to optimize image quality, it is important to place dots 
as centered as possible. It is also important to stop pipetting 
the dot when the fi rst stop is reached to avoid bubbles, as this 
will affect dry times and image quality. If the cell–collagen dots 
seem inconsistent in cell number between repeats, it may be 
necessary to pipette the cell–collagen dot mixture vigorously 
to resuspend the cells again as they may have settled. It may 
also help to use pipette tips that have already been pre- chilled 
in the refrigerator as this makes working with collagen much 
easier. Lastly, ensure the plate is a  non-tissue culture 96-well 
plate   as the hydrophobic surface helps maintain the collagen 
dot shape.   

   9.    The drying period is highly dependent on how quickly dots are 
placed and will vary between experiments. The cell–collagen 
dots usually turn a pale opaque color when properly dried and 
should not be allowed to turn white in color as this means the 
collagen has completely dried and cells will no longer be capa-
ble of migrating.   

   10.    Some cell lines such as HT1080 might require the addition of 
2.5 % dialdehyde dextran to the fi nal cell–collagen dot mixture 
(10 μL cells suspended in complete media, 8 μL dot collage 
mixture, 2 μL 2.5 % dextran for a 20 μL total volume) to pre-
vent the cell–collagen mixture from contracting while drying 
[ 5 – 7 ]. This is noted as a clear empty space around the dried 
cell–collagen dot under microscopic visualization.   

   11.    Note that incubation periods between cell types vary greatly, 
but in general shorter incubation times are best for more 
aggressive cell types while those less aggressive will tend to 
have a longer incubation period.   

   12.    Generally, it is ok to remove the lid of the 96-well plate and 
invert over a designated biohazard trash can while gently tap-
ping the side to remove old media from the wells. Instead of 
8 % PFA/Hoechst solution, a 4 % PFA/Hoechst solution can 
be used to help remove excess background when imaging.   

   13.    After fi xation, cells should be stored in a dark place at room 
temperature, such as a desk drawer, and be imaged within 
24–36 h.           
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    Chapter 16   

 Three-Dimensional Assay for Studying Breast 
Cancer Cell Invasion                     

     Nikki     A.     Evensen      

  Abstract 

   Cancer cell invasion is a complex process that naturally occurs in a three-dimensional (3-D) environment 
comprised of tumor cells and extracellular matrix components (ECM). Therefore, examining the invasive 
ability of breast cancer cells in a 3-D assay is imperative to discovering novel treatment strategies aimed at 
preventing cancer invasion and metastasis. Here, I describe a method to quantitatively measure the number 
of invaded cancer cells within a 3-D microenvironment and determine the effects of potential drugs on this 
cellular process.  

  Key words     Cancer cell invasion  ,   Extracellular matrix  ,   Three-dimensional assay  

1      Introduction 

    Cancer cell invasion      is  an   essential, primary step of the multistage 
process of cancer  metastasis  , which remains as the major reason for 
treatment failure in cancer patients. The ability of cells to break 
free from the primary tumor and invade through the surrounding 
 ECM   and basement membrane requires both proteolytic activity 
and migratory capabilities [ 1 ]. Many of the common techniques 
utilized to study cancer dissemination only test one of these cellu-
lar properties, such as the Transwell chamber  migration   assay or 
gelatin  zymography   for detecting proteolytic cleavage  of   matrix 
metalloproteinases [ 2 ]. Various modifi cations, such as coating the 
membranes used in the Transwell chamber  migration   assay with 
Matrigel matrix [ 3 ], try to circumvent this fl aw. However, besides 
lacking the ability to simultaneously measure both of these cellular 
properties, these assays do not truly capture all of the interactions 
and obstacles that occur within the 3-D microenvironment that 
tumor cells are exposed to within the body. These limitations 
become a hindrance for screening drugs for anti-invasive potential 
or determining the role of genes or pathways involved  in   cancer 
cell invasion. 
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 In recent years accumulating evidence demonstrates that the 
use of 3-D cell culture systems more closely mimics in vivo condi-
tions than traditional 2-D cell culture. Similar gene expression 
profi les are observed in 3-D-cultured cancer cells and in vivo 
tumors, and the behavior of cancer cells cultured in 3-D more 
truthfully mimics the behavior of cells in vivo [ 4 ]. Phenotypic 
responses of cancer cells to various drugs, such as inhibition of 
migratory ability, are also signifi cantly altered when cultured in a 
3-D environment as compared to a 2-D environment [ 5 ]. 
Therefore, 3-D cell-based invasion assays are necessary for gaining 
a more complete understanding of this cellular process and also to 
obtain a higher predictive value and better optimization for future 
clinical effi cacy of potential drugs. 

 Herein, we provide a protocol for a  collagen   gel spheroid- 
based 3-D assay for studying breast  cancer cell invasion  . Cancer 
cells are mixed with  collagen  , a component of the  ECM  , dotted 
into the center of a 96-well plate, embedded in a layer of  collagen  , 
covered with medium, and allowed to invade for a period of time. 
Cancer cell invasion into the surrounding matrix is then quantifi ed. 
Furthermore, by utilizing a tooled plate, along with dialdehyde 
dextran mixed with collagen to prevent contraction, this 3-D inva-
sion assay permits standardization and automated readout, there-
fore making high-throughput screening possible [ 6 ]. The 3-D 
invasion assay protocol provided here is reproducible, effective, 
easy and rapid to perform, and sensitive enough to identify com-
pounds that inhibit  cancer cell invasion   or determine the role of 
genes involved in this pathway, ultimately furthering our under-
standing of cancer dissemination and increasing the probability of 
inhibiting this process.  

2    Materials 

       1.    0.25 % Trypsin/.53 mM EDTA (depending on cell line).   
   2.    Cell culture medium appropriate for your cell line supple-

mented with 10 % fetal bovine serum.   
   3.    Cancer cell lines of your choice.   
   4.    96-well tissue culture dish.   
   5.    1× phosphate-buffered saline (PBS): Mix 8 g NaCl, 0.2 g KCl, 

1.44 g Na 2 HPO 4 , and 0.24 g KH 2 PO 4  in 800 ml of water. pH 
the solution to 7.4 using hydrochloric acid. Bring the fi nal vol-
ume to 1 L. Autoclave if sterile PBS is needed.      

       1.    Dot  Collagen  : High concentration  Type I collagen   (acetic 
acid- extracted native collagen from rat tail tendon) supplied as 
100 mg in 0.02 N acetic acid ranging in concentration from 8 

2.1  Cell Culture 
Components

2.2  Collagen Matrix 
Components

Nikki A. Evensen
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to 11 mg/ml. Add the necessary amount of 0.02 N acetic acid 
to make the fi nal stock concentration 6 mg/ml of collagen. 
Store stock at 4 °C.   

   2.    Cover Collagen:  Type I collagen   (acetic acid-extracted native 
collagen from rat tail tendon) supplied as 1 g in 0.02 N acetic 
acid ranging in concentration from 3 to 4 mg/ml. Store stock 
at 4 °C.      

       1.    Hoechst 33342 (25 μg/ml) live cell nuclear stain.   
   2.    Fluorescent  microscope   with imaging system and analysis 

software.       

3    Methods 

    Store collagen mixtures on ice during all procedures.

    1.    Trypsinize  cancer   cell line cultured in standard 2-dimenstional 
tissue culture dishes. Neutralize cells with complete medium 
and count cells. Spin down the desired total number of cells to 
be used ( see   Note 1 ). Resuspend the cell pellet in half the total 
desired volume of complete medium ( see   Note 2 ).   

   2.    For dot collagen, prepare a working concentration of 3 mg/
ml, from 6 mg/ml stock, by combining 5× medium (to a fi nal 
concentration of 1×), water, and 2 N NaOH ( see   Note 3 ) to 
desired total volume ( see   Note 4 ).   

   3.    For cover  collagen, prepare   a working concentration of 
1.5 mg/ml by combining 5× medium (to a fi nal concentration 
of 1×), water, and 2 N NaOH ( see   Note 3 ) to desired total 
volume ( see   Note 5 ).      

       1.    Add the dot  collagen   to the cells at a 1:1 volumetric ratio. Mix 
well by pipetting up and down ( see   Note 6 ).   

   2.    Gently pipette the dot collagen-cell mixture into the middle of 
each well of a 96-well plate ( see   Note 2  for volume of droplet) 
( see   Note 7 ). Make the necessary amount of droplets for each 
experiment ( see   Note 8 ).   

   3.    Incubate the plate at 37 °C for 5 min in order to allow collagen- 
cell droplets to solidify ( see   Note 9 ).   

   4.    While the droplets solidify, adjust the pH of the cover  collagen  . 
Add enough cover  collagen   to cover the droplet and fi ll the 
bottom of the well ( see   Note 10 ).   

   5.    Incubate the plate at 37 °C for 5 min in order to allow cover 
 collagen   to solidify ( see   Note 11 ).   

2.3  Analysis 
Components

3.1  Prepare Cells 
and Collagen 
for Assay

3.2  Plating Cell- 
Collagen Droplets
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   6.    Add complete medium to each well ( see   Note 12 ).   
   7.    Incubate the plate for 18 h to allow cells to invade into the 

 collagen   matrix.      

       1.    Remove media  from   the plate by carefully turning it upside 
down ( see   Note 13 ).   

   2.    Stain cells with Hoechst 33342 (25 μg/ml) nuclear stain 
diluted 1:250 in 1× PBS for 30 min at room temperature 
( see   Note 14 ).   

   3.    Wash cells with PBS two times for 15 min each.   
   4.    Perform fl uorescent microscopy to count the total number of 

invaded cancer cells for each droplet ( see   Note 15 ).       

4    Notes 

     1.    Every droplet needs at least 4 × 10 4  cells. This number could 
vary depending on the cells used due to the variance in cell 
size. The total number of cells per droplet can be optimized for 
each cell line. Each droplet needs to be completely fi lled with 
cells with no empty spaces. A good positive control for breast 
 cancer cell invasion   is the aggressive cell line MDA-MB-231.   

   2.    Each droplet needs to be at least 1 μl per well. The volume for 
each droplet can be increased based on the experimental 
requirements. The total volume needed depends on the desired 
volume for each droplet and the number of droplets required.   

   3.    Adjust the pH of the  collagen   mixtures to approximately 7.4 
with 2 N NaOH. The pH needs to be adjusted just prior to 
using. Once the pH is adjusted, the  collagen   mixture must be 
kept on ice and used for that experiment. The collagen cannot 
be stored long term once the pH is adjusted.   

   4.    Once prepared, the  collagen   mixture is added to the cells at a 
1:1 (volume/volume) ratio. The total volume of dot  collagen   
will be determined based on the desired volume for each drop-
let and the number of droplets required.   

   5.    The cover  collagen   is used to overlay the droplets. The volume 
depends on the well size. For a 96-well plate, between 80 and 
100 μl is needed to cover the droplet.   

   6.    The proper mixing of the dot  collagen   and the cells is impera-
tive to creating full droplets. The mixture can be gently and 
briefl y vortexed if necessary. The mixture should then be put 
back on ice.   

   7.    When pipetting the dot collagen-cell mixture, care should be 
taken not to produce any air bubbles, as they will interfere with 
the counting of invaded cells.   

3.3  Analysis 
of Cancer Cell Invasion

Nikki A. Evensen
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   8.    Due to the quick solidifi cation of the  collagen  , the total amount 
of droplets that can be made before solidifi cation needs to be 
tested.   

   9.    Once at 37 °C, 1 μl droplets take approximately 5 min. 
However, the time for solidifi cation can vary depending on 
the volume of each droplet and the speed at which they are 
plated. Empirical determination of the amount of time neces-
sary for solidifi cation is required. This can be tested by add-
ing the cover  collagen   to droplets after varying amounts of 
time at 37 °C. If droplets are properly solidifi ed, they will not 
disperse or move when the cover  collagen   is applied. If the 
droplets appear white, they have dried completely and the 
cells will not invade.   

   10.    If using a 96-well plate, 80–100 μl should be used to cover the 
well. Add the cover  collagen   carefully to avoid creating air 
bubbles and moving the droplet.   

   11.    If the cover  collagen   does not move when tilting the plate, it is 
solid. If upon the addition of the medium, the medium and 
cover  collagen   mix, the collagen did not solidify enough.   

   12.    Add the same volume used for cover  collagen  . If the experi-
mental design includes testing the effect of drugs on  cancer 
cell invasion  , the drugs should be added to the medium at 
twice the desired fi nal concentration to account for the volume 
of the cover  collagen  . A positive control for inhibition of  can-
cer cell invasion   is an anti-βI integrin antibody.   

   13.    Before removing the media, observe the collagen-cell droplet. 
Depending on the cell type used,  collagen   contraction can 
occur [ 7 ,  8 ]. This will lead to a change in the droplet size and 
make analysis inaccurate. If collagen contraction is an issue 
with the chosen cell line, dialdehyde dextran can be used to 
prevent it [ 6 ,  9 ]. The dialdehyde dextran (stock solution of 
2.5 %) should be added at a 1:10 dilution (fi nal .25 % dialde-
hyde dextran) to the dot  collagen   after mixing with the cells 
(Subheading  3.1 ,  step 1 ). If no change in size, proceed with 
protocol as written. The  collagen   gel should not move from 
the plate when turned upside down. For a detailed protocol 
on how to prepare dialdehyde dextran,  see  Evensen et al. 
2013 [ 6 ].   

   14.    To simultaneously determine the total number of dead cells, 
Propidium iodide (PI) (2.5 μg/ml) can be added to the PBS as 
well. The fl uorescence intensity can be observed after 30 min 
to determine if more time is needed with the dyes.   

   15.    To automate the quantifi cation of invaded cells using NIS- 
Elements Br 3.2 software, capture phase contrast and Hoechst 
images for the entire plate. A threshold from the phase 
contrast image is adjusted based on the difference in contrast 
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between the droplet and the area beyond the droplet to create 
two binary layers. The binary layer beyond the droplet is then 
copied to form a region of interest (ROI), which is then applied 
to the Hoechst images. The invaded cells within the ROI can 
then be automatically counted using object count.           
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    Chapter 17   

 A Combined Phagocytosis and Fluorescent Substrate 
Degradation Assay to Simultaneously Assess Cell 
Migration and Substrate Degradation                     

     Ashleigh     Pulkoski-Gross      

  Abstract 

   In order to more rapidly defi ne the mechanism by which certain drugs and compounds can infl uence can-
cer cell invasion, we have combined a traditional phagokinetic gold migration assay with a fl uorescent 
substrate. The purpose of this dual assay is to provide a platform by which to simultaneously monitor 
proteolytic activity and cancer cell migratory ability, both of which are required for the crucial step of 
cancer cell invasion during metastasis. This assay allows for delineation of potential mechanisms of action 
a compound of interest has, as one can determine whether or not a cancer cell that is being treated with 
the potential drug has changes in proteolytic activity and/or migratory ability at the same time.  

  Key words     Phagokinetic  ,   Fluorescent substrate  ,   Migration  ,   Substrate degradation  ,   Dual assay  

1      Introduction 

    Since  the    primary   cause of  death   for patients diagnosed with cancer 
is  metastasis   [ 1 ], it is prudent to consider targeting the migration 
machinery that is utilized by cancer cells to escape their primary 
site. In order to do this, there must be a reasonably accessible way 
to monitor crucial stages of the metastatic cascade, such as  cancer 
cell invasion  . The ability of cancer cells to invade surrounding tis-
sue is a critical component of cancer dissemination. The process of 
 invasion   requires proteolytic activity, as cleaving  extracellular 
matrix (ECM)   components reduces the physical restriction placed 
on a cell. The ability of cancer cells to invade surrounding tissue 
can be infl uenced by their level of protease expression, as proteases 
contribute to destruction of  ECM   and induce cell migration. 
Migration is also required for  invasion  ; reducing  ECM   by hydroly-
sis of those surrounding substrates is not suffi cient for invasion, as 
a cell must also leave the primary site to be considered invasive. 
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 In order to develop reagents and drugs that target  cell inva-
sion  , a method to monitor cell movement and proteolytic activity 
is required. An acceptable technique for examining only cancer cell 
migration is a  phagokinetic   gold assay fi rst published in 1977 and 
further improved over the years [ 2 – 4 ]. Colloidal gold is layered on 
a gelatin-coated coverslip that cells are then placed upon. Observed 
areas of clearing after an incubation period are indicative of the 
associated cells’ migratory track. While this assay is acceptable to 
simply monitor movement, we have modifi ed the assay to include 
a fl uorescent substrate in order to determine whether or not pro-
teolytic activity is associated with a cell’s migration. Combining the 
 phagokinetic   assay with a  fl uorescent substrate   in a  dual assay   
allows for easily testing whether or not a cell is migrating with or 
without involvement of proteolytic activity (Fig.  1 ). Equally impor-
tant, this  dual assay   allows for easily delineating whether or not 
compounds shown to reduce cell migration do so by reducing pro-
tease activity. It can serve as a secondary screening method for 
determining whether novel compounds affect cell migration by 
modifying protease activity or not; in this way, the assay can directly 
give some insight into the mechanism of a compound that inhibits 
cancer cell migration and  invasion  . Herein we describe the method 
and provide an example where cells that overexpress a protease 
clear tracks in the colloidal gold and induce a loss of fl uorescence, 
indicative of proteolytic activity that correlates with migration.

2       Materials 

 All solutions are prepared using ultrapure water (purifi ed, deion-
ized water with a resistance of 18.5 MΩ at 25 °C). All prepared 
reagents are stored at 4 °C unless otherwise noted. Follow all safety 
and waste disposal standards at all times. 

Tissue Culture
Well

Cover slip Fluorescent
Substrate

Colloidal
Gold

  Fig. 1    Cartoon representation of the  dual assay  . A  fl uorescent substrate   is layered 
on a glass coverslip, followed by a layer of colloidal gold. The coverslip rests in a 
tissue culture well so that cells may be plated atop the coverslip and allowed to 
potentially migrate across the colloidal gold layer and/or degrade the  underlying   
fl uorescent substrate       
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       1.    Acid-alcohol washed coverslips: Incubate coverslips (round 
glass coverslip, 18 mm diameter, No.1) in a solution of 200 mL 
nitric acid and 100 mL hydrochloric acid for approximately 2 h, 
occasionally swirling the mixture and coverslips. Discard the 
acid carefully and wash the coverslips with ultrapure water 
repeatedly. Store the coverslips in 70 % ethanol, and prior to 
use, fl ame the coverslips briefl y.   

   2.    1× phosphate-buffered saline (PBS): Mix 8 g NaCl, 0.2 g KCl, 
1.44 g Na 2 HPO 4 , and 0.24 g KH 2 PO 4  in 800 mL of water. pH 
the solution to 7.4 using hydrochloric acid. Bring the fi nal vol-
ume to 1 L. The solution can be stored at room temperature 
after autoclaving.   

   3.    50 μg/mL poly- l -lysine: Dissolve poly- l -lysine (Sigma) in ultra-
pure water for a stock concentration of 10 mg/mL and store at 
−30 °C. Dilute the poly- l -lysine further in water to attain a 
working concentration of 50 μg/mL before each use.   

   4.    Texas Red-labeled gelatin: Dissolve 2 mg of type B, bovine skin 
gelatin (Sigma-Aldrich) in 20 mL of 0.1 M NaHCO 3 . Incubate 
the solution at 55 °C for 30 min to ensure the gelatin is completely 
dissolved ( see   Note 1 ). During the incubation time, dissolve 1 mg 
of Texas Red sulfonyl chloride (Molecular Probes, Life 
Technologies) into 100 μL of dry dimethylformamide (DMF) 
(Sigma, Molecular Biology Grade). After the incubation time is 
over, place 2 mL of the gelatin mixture into a small tube and slowly 
add the Texas Red-DMF mixture dropwise. Rock the Texas Red 
gelatin at 4 °C for at least 30 min. Add the gelatin mixture to a 
pre-equilibrated dialysis bag that has been clamped at one end. 
After clamping the other end of the dialysis bag, place the bag in a 
beaker containing 1 L of PBS. Place the beaker containing the 
dialysis bag and magnetic stir bar over a stir plate at 4 °C, gently 
stirring for 6 h. Change the dialysis buffer to fresh PBS and con-
tinue to stir overnight. Repeat the buffer changes until the PBS 
remains clear. The beaker should be covered with aluminum foil to 
block as much light as possible. Collect the Texas Red gelatin and 
add an equal volume of 100 % glycerol for a fi nal glycerol concen-
tration of 50 %. Store the fi nal product at −30 °C in the dark.   

   5.    0.5 % glutaraldehyde: Dilute 25 % glutaraldehyde (Sigma- 
Aldrich, Grade I) to 0.5 % in PBS.   

   6.    12-well dish to place the coated coverslips and eventually seed 
the cancer cells.      

       1.    14.5 mM AuHCl 4 : Measure 571 mg of tetrachloroauric (III) 
acid (Sigma-Aldrich) and dissolve in 100 mL of water. Store the 
solution protected from light at 4 °C.   

   2.    36.5 mM Na 2 CO 3 : Measure 1.93 g of NaCO 3  and dissolve in 
400 mL of ultrapure water. After the solute dissolves, bring the 

2.1  Texas Red 
Gelatin-Coated 
Coverslip Components

2.2  Colloidal Gold 
Layer Components

Dual Assay to Assess cell Migration and Substrate Degradation
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volume to 500 mL with ultrapure water in a clean graduated 
cylinder. Store at room temperature in a sealed container after 
mixing thoroughly.   

   3.    0.1 % formaldehyde: Dilute a 37 % formaldehyde solution to 
0.1 % in ultrapure water ( see   Note 2 ).      

       1.     Migratory   cell line of choice.   
   2.    Complete media appropriate for your cell line of choice.   
   3.    Trypsin.   
   4.    Sterile PBS.   
   5.    Glass slides and non-fl uorescent mounting media (Fluoromount 

G, Southern Biotech).   
   6.    Fluorescent  microscope   equipped with an imaging system to 

capture migration/degradation patterns.       

3    Methods 

       1.    Incubate acid-alcohol washed coverslips (after fl aming and 
cooling briefl y) in 100 μL of 50 μg/mL poly- l -lysine at room 
temperature for 1 h ( see   Note 3 ). Gently touch the edge of the 
coverslip to a clean paper towel to draw off any excess.   

   2.    Incubate the coated coverslips in 100 μL of Texas Red gelatin 
diluted in PBS (1:100) for 2 h at room temperature, protected 
from light ( see   Note 4 ). After incubation, collect the coverslips 
and touch the edge of the coverslip to a clean paper towel to 
draw off any excess. Allow the coverslips to dry at room tem-
perature for 90 min ( see   Note 5 ). In this, and all following 
steps, keep the coverslips protected from light as much as 
possible.   

   3.    Incubate the gelatin-coated coverslips in ice-cold glutaralde-
hyde (0.5 %) on ice for 10 min. Remove from ice and continue 
the incubation at room temperature for 30 min.   

   4.    Wash the coverslips in excess PBS six times in a clean six-well 
dish at room temperature, gently agitating. These coverslips 
may be stored overnight at 4 °C in PBS or may be used imme-
diately for layering with colloidal gold. After washing in the 
six-well dish, place the coverslips in a 12-well dish for use in 
colloidal gold layering and eventual tissue culture.      

       1.    In a 100 mL beaker with a small stir bar, heat 11 mL of ultra-
pure water, 1.8 mL of 14.5 mM AuHCl 4 , and 6 mL of Na 2 CO 3  
to 95 °C. When the solution reaches 95 °C, add 0.1 % formal-
dehyde. Keep the solution heated at 95 °C (no higher) and 
continue the gentle agitation with the stir bar for several min-

2.3  Cell Seeding 
and Monitoring of Cell 
Migration 
and Substrate 
Degradation

3.1  Preparation 
of Texas Red 
Gelatin-Coated 
Coverslips

3.2  Preparation 
of Colloidal Gold Layer 
(Adapted from Scott 
et al. [ 4 ])

Ashleigh Pulkoski-Gross
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utes ( see   Note 6 ). The mixture should turn a purple-brown 
color if colloidal gold is successfully generated.   

   2.    With continuous stirring, allow the gold mixture to cool down 
to approximately 75 °C while still stirring and then add the hot 
colloidal gold to each well of the plate containing the Texas Red 
gelatin-coated coverslips (PBS used for storage should be 
removed immediately prior to the addition of the colloidal 
gold). Incubate the coverslips with the gold for at least 2 h at 
room temperature resting on a fl at surface to allow even distri-
bution of colloidal gold on the coverslip ( see   Note 7 ).   

   3.    After colloidal gold has settled, wash the coverslips gently with 
PBS three times at room temperature to remove any unattached 
particles.   

   4.    Incubate the washed coverslips with 75 % ethanol (prepared 
with ultrapure water) for 15 min in order to sterilize the surface 
for cell culture.   

   5.    Remove the ethanol and rinse several times with sterile PBS in 
a tissue culture hood and incubate the coverslips in cell culture 
media with penicillin/streptomycin. This plate may be stored at 
4 °C until use.      

       1.    Wash and  trypsinize   the cells of interest and neutralize in com-
plete media.   

   2.    Remove the culture medium used to equilibrate the prepared 
coverslips immediately before plating the desired number of 
cells on the  dual-assay   coverslips and replace with fresh, com-
plete media. Keep the cells plated on the coverslips in complete 
media during the overnight incubation ( see   Note 8 ).   

   3.    After the overnight incubation period, remove the media, rinse 
the coverslips gently with PBS, and fi x cells in 4 % paraformal-
dehyde supplemented with Hoechst (1:2000) for 20 min at 
room temperature.   

   4.    Rinse the coverslips gently with PBS and mount the coverslips 
on a slide using non-fl uorescent mounting media. Affi x the cov-
erslips to the slide using a small amount of clear nail polish at 
the edge of the slip; a dot of polish will suffi ce. Allow to dry for 
at least 15 min.   

   5.    Using a fl uorescence  microscope  , locate a fi eld containing 
Hoechst-stained nuclei. Check the red channel and identify 
regions of proteolyzed gelatin, indicated by a reduction in red 
fl uorescence ( see  Fig.  2 ). Switch to bright fi eld and document 
any cleared tracks through the colloidal gold, indicating 
migration.

       6.    Quantifi cation of migration may be achieved by outlining the area 
cleared on the  phagokinetic   gold using software such as ImageJ. If 
those tracks overlay the proteolyzed area, one may choose to cal-

3.3  Seeding Cells 
and Monitoring Cell 
Migration 
and Substrate 
Degradation
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  Fig. 2    Migratory cells with active protease degrade  fl uorescent substrate   and 
clear tracks in the colloidal gold. ( a ) HeLa cells plated at low density on the  dual- 
assay   coverslips exhibit minimal migratory or proteolytic ability as demonstrated 
by lack of cleared gold in the bright fi eld image ( left panels ) or loss of  fl uorescent 
substrate   ( right panels ). ( b ) HeLa cells overexpressing the matrix metalloprotein-
ase MMP-14 show increased migration and  substrate degradation  . These cells 
clear tracks in the colloidal gold ( left panels ) and simultaneously proteolyze the 
provided substrate, as demonstrated by loss of fl uorescence ( right panels )       
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culate the cleared area in the Texas Red gelatin and indicate it as 
migration as well as proteolytic activity. Alternatively, one may 
quantify the number of cells that have trails as opposed to those 
that simply cleared the area immediately surrounding themselves. 
Since this is a  dual assay  , one may determine whether cells are 
migrating with or without associated proteolytic activity.       

4    Notes 

     1.    The gelatin solution may be autoclaved to ensure that the sub-
strate totally dissolves; however, incubation at 55 °C has been 
used successfully.   

   2.    In order to make colloidal gold coverslips, 0.1 % formaldehyde 
must be made fresh before each preparation, unlike the other 
components. This is a crucial point, as attempts at making col-
loidal gold with 0.1 % formaldehyde stored at 4 °C with the 
other components were unsuccessful.   

   3.    We have been successful in incubating the prepared coverslips in 
100 μL of the liquid on a clean sheet of parafi lm attached to a 
glass plate. This allows the coverslips to be coated evenly, 
reduces the volume of reagent required to ensure the face of the 
coverslip is completely covered, and allows for easy cleanup. If 
using this method, be careful to set the coverslips apart from 
one another and be sure not to force the coverslips down on the 
liquid and expel the liquid to the opposite side of the coverslip; 
gently laying them on top of the liquid bead should be suffi -
cient. All coverslip incubations during the Texas Red gelatin- 
coating step are done in this way.   

   4.    This assay is quite versatile and various fl uorescent substrates 
may be substituted for Texas Red gelatin. We have successfully 
used FITC-fi bronectin and FITC-collagen type IV following 
these procedures.   

   5.    To facilitate coverslip drying, we use a pipette tip box equipped 
with several tips to use as a balance for the coverslip (Fig.  3 ). We 
place the coverslip vertically against the pipette tips in the box 
to allow for any potential excess to drain down and to allow the 
gelatin fi lm to dry.

       6.    Generating colloidal gold can be very diffi cult and is generally 
the limiting factor in this assay. It is crucial to monitor and 
 control the temperature throughout the process and to be as 
precise as possible with the volumes of reagents when 
measuring.   

   7.    While the minimum requirement for colloidal gold settling 
evenly on the plate is listed above, in our experience, incubating 
the plate overnight with the gold particles at 4 °C can be a rea-
sonable alternative.   

Dual Assay to Assess cell Migration and Substrate Degradation
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   8.    Cell numbers should be determined based on the cell size and 
migratory ability of the cells if known. Generally, plating the 
cells in a sparse fashion will allow for analyses of separate tracks; 
plating many cells will make it diffi cult to distinguish the tracks 
generated by each cell if they are suffi ciently migratory. 
Furthermore, one may choose to include inhibitors as controls, 
such as protease inhibitors to reduce the degradation of sub-
strate and potentially migration or agents that inhibit migration 
without directly interfering with proteolytic behavior (e.g., jas-
plakinolide or Taxol).            
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  Fig. 3    Cartoon representation of the coverslip drying apparatus. ( a ) Side view of 
the pipette tip box and associated tips that serve as a drying rack for the cover-
slips after gelatin layering. Pipette tips are indicated by the  hashed trapezoid  and 
coverslips are indicated by the associated  black line . ( b ) Top view of the pipette 
tip box with spaces indicated by  fi lled black circles  correlating to pipette tips. 
This spacing allows for the coverslips to drain and dry without contacting one 
another or the cover of the box       
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    Chapter 18   

 Analysis of Invadopodia Formation in Breast Cancer Cells                     

     Ziqing     Wang    ,     Xiao     Liang    ,     Ming     Cai    , and     Guangwei     Du      

  Abstract 

   Metastasis is the major cause of breast cancer deaths. To spread from the primary tumor sites to distant 
tissues, solid tumor cells need to degrade the surrounding extracellular matrix (ECM). The protrusive 
membrane structures named invadopodia have been shown to play a critical role in the degradation of the 
ECM and invasion of invasive cancer cells. In this chapter, we describe a detailed protocol to examine 
invadopodia in human breast cancer cells.  

  Key words     Invadopodia  ,   Breast cancer  ,   Invasion  ,   Metastasis  ,   Extracellular matrix  

1      Introduction 

    Metastasis   is a  process   in which cancer  cells   spread from their 
primary sites to colonize at distant organs [ 1 ,  2 ]. Patients with 
metastatic tumor usually have poor prognosis. About 90 % of breast 
cancer deaths are due to metastases [ 1 ,  3 ]. During  metastasis  , solid 
tumor cells invade the surrounding  extracellular matrix (ECM)  , 
intravasate into the circulatory system through the endothelium, 
and then extravasate into a distant tissue, where they eventually 
establish secondary tumors [ 1 ,  2 ]. One major way of  invasion   
requires cancer cells to degrade  ECM   components through matrix-
digesting proteases. In recent years, increasing evidences have 
shown that the subcellular structures known as invadopodia are 
critical for the breakdown of  ECM   in the multiple steps of  metas-
tasis  , such as local  invasion  , intravasation, and extravasation [ 4 ,  5 ]. 

 Invadopodia are protrusive membrane structures rich in actin 
cytoskeleton and metalloproteases in invasive cancer cells. The 
primary function of invadopodia is to degrade  ECM   through 
recruiting various matrix proteases to the contacting sites of the 
plasma membrane and  ECM  , thus allowing cancer cells to leave 
the primary sites during  metastasis  . Invadopodia have been shown 
to be critical for the  invasion   of many types of cancer cells, such 
as melanoma, breast cancer, colon cancer, lung cancer, and prostate 



204

cancer [ 6 – 10 ]. Disruption of the key players of invadopodia, such 
as Twist, cortactin, Tks5, and Tks4, blocked cancer  metastasis   in 
several cancer mouse models [ 11 – 14 ]. Because of the specifi c pres-
ence of invadopodia in invasive cancer cells and their critical roles 
in tumor  metastasis  , inhibition of key components or regulators of 
invadopodia has become a very attractive and unique strategy to 
target  tumor   metastasis [ 4 ,  5 ]. 

 In this chapter, we describe a protocol for examining invado-
podia formation in the invasive MDA-MB-231 human breast can-
cer cells using fl uorescently labeled gelatin, one of the major 
components in  the   ECM [ 15 ]. In combination with inhibitor 
treatment, overexpression, and knockdown/knockout of the genes 
of interest, this protocol can be used to study the signaling path-
ways that regulate different steps of invadopodia formation.  

2    Materials 

 The water used for all solutions in this protocol is from the purifi ed 
deionized water with a sensitivity of 18 MΩ cm at 25 °C. The stor-
age condition varies for different solutions and reagents. 

       1.    DyLight 488 labeling kits (Thermo Fisher Scientifi c, Rockford, 
IL, 53024): The DyLight Fluor is activated with an 
N- hydroxysuccinimide (NHS) ester, which is the most com-
monly used reactive group for labeling protein. NHS esters 
react with primary amines, forming stable, covalent amide 
bonds and releasing the NHS groups. The kit contains DyLight 
Alexa 488 labeled-NHS ester, borate buffer (0.67 M), purifi ca-
tion resin, spin column, and microcentrifuge collection tubes 
( see   Note 1 ).   

   2.    Phosphate-buffered saline (PBS): Dissolve 8 g of NaCl, 0.2 g 
of KCl, 1.44 g of Na 2 HPO 4 , and 0.24 g of KH 2 PO 4  in 800 mL 
distilled H 2 O. Adjust the volume to 1 L with additional dis-
tilled H 2 O. Adjust the pH to 7.4 with 1 M HCl. Store at room 
temperature.   

   3.    Gelatin: Type A gelatin from porcine skin (Sigma, G-2500).      

       1.    Parafi lm “M” laboratory fi lm (Bemis Flexible Packaging, 
Neenah, WI 54956).   

   2.    12 mm diameter circular  microscope   coverslips (Fisher, 
Waltham, MA, USA).   

   3.    Poly- L -lysine solution: Dilute the stock poly- L -lysine (Sigma, 
P8920) to 50 μg/mL in distilled H 2 O.   

   4.    Glutaraldehyde solution: 0.5 % glutaraldehyde is diluted from 
25 % glutaraldehyde stock using PBS. Store the diluted solu-
tion in refrigerator and use it in 1 month.   

2.1  Reagents 
for Gelatin Labeling

2.2  Reagents 
for Coating Coverslips 
with Labeled Gelatin

Ziqing Wang et al.
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   5.    Gelatin mix solution: Mix fl uorescent conjugated gelatin and 
1 mg/mL unconjugated gelatin at a ratio of 1:25–1:2 
( see   Note 2 ). The optimal ratio of labeled to unlabeled gelatin 
is dependent on the signal intensity of labeled gelatin. We used 
1:4 in this protocol ( see   Note 3 ).   

   6.    Fluorescein-conjugated gelatin (Thermo Fisher Scientifi c, 
Rockford, IL, G13187): Fluorescent-labeled gelatin from 
some companies may be also used for invadopodia assay.   

   7.    Sodium borohydride (5 mg/mL): Dissolve 10 mg of sodium 
borohydride in 2 mL PBS. The solution must be freshly made 
before use.   

   8.    70 % ethanol: Dilute 200 proof ethanol to 70 % with distilled 
H 2 O.      

       1.    Cell line: MDA-MB-231 human breast cancer cells (American 
Type Culture Collection, ATCC).   

   2.    DMEM: Dulbecco’s Modifi ed Eagle Medium (DMEM) 
(Hyclone, SH30243.01) supplemented with 10 % fetal bovine 
serum (FBS) from Hyclone. Store at 4 °C.   

   3.    Enzyme-free cell dissociation solution (Millipore, S-014-B).   
   4.    4 % paraformaldehyde (PFA) solution: Dissolve 0.4 g parafor-

maldehyde powder in 10 mL PBS. Heat the solution in 60 °C 
water bath and shake vigorously every few minutes to help dis-
solve. Store at 4 °C and use within 1 week.   

   5.    0.1 % Triton X-100: Dilute from 10 % Triton X-100 using PBS.   
   6.    Alexa Fluor ®  594 phalloidin (Life Technologies, A22287).   
   7.    Mounting medium: Make 4 %  n -propyl gallate (w/v) in 90 % 

glycerol (v/v) and 10 % PBS. Aliquot and store at −20 °C.   
   8.    Clear nail polish (Electron Microscopy Sciences, 72180).       

3    Methods 

       1.    Prepare 2 mg/mL gelatin solution in PBS (put it in 37 °C 
water bath to help dissolve).   

   2.    Add 40 μL of borate buffer from the DyLight 488 labeling kit 
(0.67 M) to 0.5 mL gelatin solution.   

   3.    Take out the vial containing DyLight 488 NHS ester from freezer, 
and let it warm at room temperature. Add the  prepared gelatin 
solution to the vial and vortex gently or invert ten times.   

   4.    Briefl y centrifuge the vial to collect the sample in the bottom 
of the tube.   

   5.    Incubate the reaction mixture for 60 min at room tempera-
ture. Protect from light during incubation.   

2.3  Other Reagents 
for Cell Culturing 
and the Invadopodia 
Assessment

3.1  Label Gelatin 
with DyLight 488

Analysis of Invadopodia Formation in Breast Cancer Cells
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   6.    Place two spin columns in two microcentrifuge collection tubes.   
   7.    Mix the purifi cation resin to ensure uniform suspension and 

add 400 μL of the suspension into both spin columns. 
Centrifuge for 45 s at ~1000 ×  g  to remove the storage solu-
tion. Discard the used collection tubes and place the columns 
in new collection tubes.   

   8.    Add 250–270 μL of the labeling reaction mixture to each spin 
column and mix the sample with the resin by pipetting up and 
down or briefl y vortexing.   

   9.    Centrifuge columns for 45 s at ~1000 ×  g  to collect the purifi ed 
gelatin. Combine the samples from both columns (~0.5 mL 
total). Discard the used columns. The concentration of labeled 
gelatin is around 2 mg/mL.   

   10.    Store the labeled gelatin at 4 °C for up to 1 month, protected 
from light. Alternatively, store labeled protein in single use ali-
quots at −20 °C. Avoid repeated freeze/thaw cycles.      

       1.    Place coverslips on a piece of parafi lm with point-ended twee-
zers ( see   Note 4 ).   

   2.    Pretreat coverslips with 50 μg/mL poly- L -lysine for 20 min. 
Wash coverslips twice with PBS, 3 min each time.   

   3.    Cross-link coverslips with 0.5 % glutaraldehyde for 15 min. 
Wash three times with PBS, 3 min each time ( see   Note 5 ).   

   4.    Cut another parafi lm and put it in a humid box with nontrans-
parent cover. Drop 40 μL of mixed gelatin solution on the 
parafi lm ( see   Note 6 ). Invert the coverslips and place them 
facedown onto the gelatin solution. After 20 min incubation, 
wash the coverslips with PBS once for 3 min.   

   5.    Quench the autofl uorescence with 5 mg/mL sodium borohy-
dride for 3 min. Wash three times with PBS ( see   Note 7 ).   

   6.    Sterilize the coverslips with 70 % ethanol for 5 min ( see   Note 8 ).   
   7.    Wash the coverslips once with PBS and once with complete 

medium.   
   8.    Incubate the coverslips in complete growth medium for 1 h 

before use.      

       1.    One or two days before the experiment, plate MDA-MB-231 
cells into a 6-well plate (4 × 10 5  cells/well) ( see   Note 9 ). Grow 
cells in 10 % FBS DMEM in a 37 °C 5 % CO 2  incubator ( see  
 Note 10 ).   

   2.    On the day of experiment, treat cells with appropriate inhibi-
tors for 0.5–1 h.   

   3.    Remove medium in the well and detach the cells with 500 μL 
enzyme-free cell dissociation solution. Let the plate stand for 
5 min in 37 °C 5 % CO 2  incubator ( see   Notes 11  and  12 ).   

3.2  Coat Coverslips 
with Fluorescently 
Labeled Gelatin

3.3  Invadopodia 
Formation Assessment

Ziqing Wang et al.
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   4.    Check the cells under an inverted  microscope  . After the cells 
are completely detached from the bottom of the well, collect 
the supernatant and spin at 500 ×  g  for 5 min.   

   5.    After centrifugation, remove the supernatant and resuspend 
the cell pellet with 100 μL 10 % FBS DMEM.   

   6.    Count cells and seed 1 × 10 5  cells per well into a 12-well plate 
containing the coverslips coated with fl uorescent-labeled gela-
tin. Add appropriate inhibitors if needed.   

   7.    Incubate cells in 37 °C 5 % CO 2  for 3–4 h ( see   Note 13 ).   
   8.    Remove medium and fi x cells with 4 % PFA for 20 min at 

room temperature. Wash the coverslips with PBS for 5 min 
( see   Note 14 ).   

   9.    Permeabilize the cells with 0.1 % Triton X-100 for 10 min at 
room temperature.   

   10.    Wash coverslips with PBS for three times, 5 min each time.   
   11.    Incubate coverslips with 1:200 diluted Alexa 594 phalloidin in 

PBS for 1 h at room temperature. Wash coverslips three times 
with PBS, 5 min each time.   

   12.    After the fi nal wash, carefully remove excess PBS by blotting 
the side of the coverslip with a kimwipe. Place coverslip face-
down onto a drop of anti-fading mounting medium on a 
 microscope   slide ( see   Note 15 ). Avoid any air bubbles during 
the process ( see   Note 16 ).   

   13.    Aspirate excess mounting medium along the coverslip. Seal 
them by applying nail polish along the edge of coverslips. 
Observe the invadopodia formation under confocal laser scan-
ning  microscope   with 100× objective (Fig.  1 ).

  Fig. 1    A representative picture of invadopodia. MDA-MB-231 human  breast cancer cells   were plated on Alexa 
488 gelatin-coated coverslips for 3 h. F-actin was stained with Alexa 594 phalloidin. The  arrows  show the 
degradation of Alexa 488 gelatin and F-actin staining, indicating the presence of active invadopodia. The 
images were captured by a 100× objective using a Nikon A1 laser  confocal   microscope       

 

Analysis of Invadopodia Formation in Breast Cancer Cells



208

       14.    The formation of invadopodia will remove fl uorescently labeled 
gelatin, leaving black spots on coverslips. Invadopodia forma-
tion can be quantifi ed by the percentage of cells with invado-
podia and/or the number of invadopodia per cell. Alternatively, 
the total area of degraded gelatin may also be used to indicate 
the invasive activity.       

4    Notes 

     1.    NHS ester-activated fl uorophores are moisture sensitive. Keep 
them in a dark and dry environment.   

   2.    Pre-warm the labeled gelatin and 1 mg/mL unlabeled gelatin 
in 37 °C water bath before mixing. Frozen gelatin must be 
thawed completely to prevent precipitation. Gelatin that was 
incompletely dissolved can cause uneven bright spots on 
coverslips.   

   3.    The stiffness of  ECM   can directly affect the ability of breast 
cancer cells to form invadopodia. It is critical to use appropri-
ate concentrations of gelatin in invadopodia experiments. The 
gelatin concentration (labeled and unlabeled) used for coating 
the slides in this protocol is about 1.2 mg/mL.   

   4.    Coverslips with dirt can cause uneven spots with strong fl uo-
rescence. If necessary, clean the coverslips with acid alcohol 
(1 % HCl in 70 % ethanol).   

   5.    Glutaraldehyde is a divalent cross-linker. It is used here to irre-
versibly cross-link gelatin to the glutaraldehyde-pretreated 
poly- L -lysine coating. The gelatin itself is not cross-linked. It 
binds to activated aldehyde groups associated with the poly-  L - 
lysine after the glutaraldehyde is washed away.   

   6.    Labeled gelatin with fl uorescein or other fl uorophores from 
commercial sources, such as Thermo Fisher Scientifi c, can also 
be used.   

   7.    Sodium borohydride is used to reduce the autofl uorescence 
generated by reversible Schiff ’s bases in the aldehyde-NH2 
reaction. Prepare this solution on ice. Be cautious that sodium 
borohydride is highly caustic and prone to explode.   

   8.    If the experiment lasts only for several hours, this step is not 
necessary.   

   9.    Invadopodia can be also easily examined in many other meta-
static cancer cell lines, e.g., breast cancer cell line 4T1, mela-
noma cell line RPMI7951, and lung cancer cell line A549.   

   10.    More invadopodia can be observed when the cells are healthy.   
   11.    Cells may be also detached by trypsin-EDTA solution. 

However, enzyme-free cell dissociation solution causes minimal 

Ziqing Wang et al.
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disruption of surface proteins and therefore greatly improves 
invadopodia formation.   

   12.    The incubation time can be longer if the cells do not com-
pletely detach.   

   13.    The time to form invadopodia varies in different cell types. An 
optimal plating time should be determined when a new cell 
line is used. For MDA-MB-231 cells, we generally analyze 
invadopodia plaques 3–4 h after plating. Longer incubation 
can increase both number and size of the invadopodia 
plaques. However, cell  migration   and merging of individual 
invadopodium may occur after 5 h, making the interpretation 
of result diffi cult.   

   14.    The appropriate fi xation method should be determined accord-
ing to the experiment conditions, such as the antibodies used 
for staining. For invadopodia visualization using fl uorescent 
microscopy, PFA is our preferred fi xation reagent. Other fi xa-
tion methods, such as cold methanol or glutaraldehyde, may 
be also used for visualizing specifi c antigens. However, cold 
methanol destroys the native quaternary structure of F-actin 
and hence is not suitable for actin staining with phalloidin. In 
addition, cold methanol removes lipids and dehydrates the 
cells; therefore, it may also disrupt the fi ne cell structures.   

   15.    It is important to choose a correct mounting medium for cer-
tain fl uorophores. For example, many commercial anti-fade 
mounting media do not work well for far-red fl uorophores. 
Propyl gallate is a very general anti-fade mounting medium 
that is suitable for most of the commonly used fl uorophores.   

   16.    It is very common that air bubbles are formed during slide 
mounting. To avoid air bubbles, place one side of the coverslip 
on the mounting solution fi rst, then slowly lower the tweezers, 
and do not release the coverslips from the tweezers until the 
mounting medium fully covers the coverslip  .         
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    Chapter 19   

 Patient-Derived Tumor Xenograft Models of Breast Cancer                     

     Christopher     D.     Suarez     and     Laurie     E.     Littlepage      

  Abstract 

   The need for model systems that more accurately predict patient outcome has led to a renewed interest and 
a rapid development of orthotopic transplantation models designed to grow, expand, and study patient- 
derived human breast tumor tissue in mice. After implanting a human breast tumor piece into a mouse 
mammary fat pad and allowing the tumor to grow in vivo, the tumor tissue can be either harvested and 
immediately implanted into mice or can be stored as tissue pieces in liquid nitrogen for surgical implanta-
tion at a later time. Here, we describe the process of surgically implanting patient-derived breast tumor 
tissue into the mammary gland of nonobese diabetic-severe combined immunodefi ciency (NOD-SCID) 
mice and harvesting tumor tissue for long-term storage in liquid nitrogen.  

  Key words     Patient-derived tumor xenograft  ,   Breast cancer  ,   Orthotopic transplant  

1       Introduction 

   Patient-derived tumor xenograft (PDX)    animal models   are estab-
lished by fi rst transplanting human cancer tissue into a mouse host 
and by serially transplanting the newly formed tumor. PDX models 
have seen a resurgence in their use in the preclinical setting since 
their original development in the 1970s [ 1 ]. As increasing num-
bers of investigational drugs fail to receive FDA approval after 
costly clinical trials that do not mimic preclinical animal trials [ 2 ], 
researchers are using PDX models as the preferred preclinical ani-
mal  model   in both academic and industrial groups. Human breast 
cancer patients and mouse PDX models, generated from human 
 breast tumor   tissue, responded similarly to identical treatment reg-
imens [ 3 ,  4 ]. In addition, PDX models have been used to conduct 
chemotherapy preclinical phase II animal studies that demon-
strated therapeutic effi cacy paralleling that observed on patients in 
the clinical setting [ 5 ]. 

 Despite the signifi cant advantages in using PDX models, these 
models also have challenges. Generating PDX mouse models requires 
the use of immune compromised host strains (e.g., NOD- SCID or 

Jian Cao (ed.), Breast Cancer: Methods and Protocols, Methods in Molecular Biology, vol. 1406,
DOI 10.1007/978-1-4939-3444-7_19, © Springer Science+Business Media New York 2016



212

NOD-SCID gamma) for engraftment and propagation while 
preventing rejection of the human tissue [ 6 ]. Because these mice lack 
critical elements of their immune system, studies using PDX models 
to examine immunotherapeutics would be of limited value. In addi-
tion, as PDX tumors grow, they substitute the human tumor stroma 
for murine stroma. The integrated murine stromal components, 
which consist of the  extracellular matrix  , cancer- associated fi broblasts, 
blood vessels, leukocytes, and macrophages, will prevent a full evalua-
tion of any agents that target the  human  stroma [ 7 ]. Also, the engraft-
ment process enriches for more aggressive tumors, such as hormone 
receptor-negative  breast tumors   that have a higher take rate compared 
to hormone-sensitive breast tumors. Therefore, aggressive tumors are 
overrepresented in current PDX collections [ 3 ,  4 ,  8 ]. 

 PDX mice currently provide one of the best model systems 
used to advance cancer drug discovery efforts. Here we demon-
strate how to surgically implant patient-derived mammary tumor 
tissue into NOD-SCID mice. Engrafting ER+ patient-derived 
tumor tissue into mice also requires an additional surgical proce-
dure to implant estrogen pellets. Because the estrogen pellets can 
be very expensive when purchased from a manufacturer, we make 
our own estradiol pellets regularly at a fraction of the cost of the 
commercial pellets. We describe our method for making these pel-
lets. We also describe how to isolate and prepare patient-derived 
mammary tumor tissue that can be used for either immediate 
implant or long-term storage in liquid nitrogen.  

2     Materials 

      Patient-derived tumor tissue for implantation (fresh or frozen).  
  Serum-free DMEM/F12 media.  
  Tissue freezing media (fi lter sterilized): 95 % (v/v) FBS/ 5 % (v/v) 

DMSO.  
  Nalgene freezing container: (Sigma, cat. # C1562).  
  Eppendorf 5 ml sterile tubes.  
  70 % (v/v) ethanol: prepare by adding 300 ml of purifi ed double 

distilled water, or Millipore water, to 700 ml of 100 % reagent 
grade ethanol.  

  Large pair of straight blunt end forceps.  
  Feather disposable scalpels #10 (Fisher scientifi c, cat. # 

NC9999403).     

      NOD-SCID or NOD-SCID gamma mice (3–4 weeks of age).
Isofl urane.  
  Betadine.  
  Hot bead sterilizer (Fine Science Tools, cat. # 18000–45).  

2.1  Tissue Prep 
and Freezing Supplies

2.2   Surgery Supplies

Christopher D. Suarez and Laurie E. Littlepage
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  Labsan-256CPQ disinfectant spray (Sanitation Strategies).  
  Surgical platform (foam board).  
  Bench protector (Fisher cat. # 1420641).  
  Compressed oxygen tank.  
  Anesthetic vaporizer.  
  Charcoal fi lter.  
  Anesthesia induction chamber.  
  Laboratory labeling tape.  
  Duct tape.  
  Cotton tip applicators, sterile  
  27-G × 1 in. needles, sterile  
  Noyes micro dissecting spring scissors, sterile (Roboz, cat. # 

RS-5676).  
  Knapp 4″ scissors, sterile (Roboz, cat. # RS-5960).  
  Blunt end Graefe micro dissecting forceps, sterile (Roboz, cat. # 

RS-5135).  
  Graefe micro dissecting forceps with teeth, sterile (Roboz, cat. # 

RS-5153).  
  Dumont #N5 cross action fi ne forceps (Roboz, cat. # RS-5020).  
  Dumont #5 fi ne forceps (Fine Science Tools, cat. # 11254–20).  
  Bovie low temperature cautery pen with micro fi ne tip (Fisher 

Scientifi c, cat. # NC9030107).  
  Sterile 9 mm E-Z clip wound closures (Stoelting, cat. # 59027).  
  Wound clip applicator (Fine Science Tools, cat. # 12031–09).  
  Wound clip remover (Fine Science Tools, cat. # 12033–00).  
  Heating pad.  
  Kendall monoject insulin syringes with 29-G × ½ in. needles, sterile.  
  Ketofen sterile solution (100 mg/ml) NADA 140–269: Prepare 

50 mg/ml working solution in sterile 1× PBS. Store at room 
temperature.     

      Beeswax.  
  70 % ethanol.  
  Estradiol.  
  Aluminum foil.  
  Dry ice.  
  Weigh boats.  
  Weighing paper.  
  Hot plate with magnetic stirrer.  
  250 ml beaker.  

2.3   Estrogen Pellets

Patient-Derived Tumor Xenograft Models of Breast Cancer
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  Sterile magnetic stir bar.  
  Glass Pasteur pipettes.  
  Bunsen burner.  
  20 ml glass scintillation vial.     

       1.    Place aluminum foil on a fl at piece of dry ice.   
   2.    Wipe a large weigh boat with 70 % ethanol and place it on top 

of the aluminum foil covering the dry ice.   
   3.    Fill 250 ml beaker with water and begin heating to 60 °C on 

a hot plate.   
   4.    Weigh 1.95 g of beeswax directly into a 20 ml glass scintilla-

tion vial.   
   5.    Weigh 50 mg estradiol powder on weighing paper.   
   6.    Place the glass sample vial that contains the beeswax into the 

water-fi lled beaker on the hot plate. Confi rm that the water 
level does not rise above the neck of the glass vial.   

   7.    As soon as the wax melts, remove the glass vial from the bea-
ker of water and place the glass vial directly onto the hot plate.   

   8.    Add the 50 mg of estradiol powder to the glass vial.   
   9.    Add a small, sterile magnetic stir bar to the vial to help dissolve 

the estradiol. It can take 15 min for the estradiol to get 
dissolved.   

   10.    After the estradiol is completely dissolved, the solution will be 
transparent.   

   11.    Preheat a glass Pasteur pipette using a Bunsen burner and fi ll 
the pipette with the beeswax/estradiol solution.   

   12.    Create estradiol pellets by placing three drops of the wax mix-
ture on the weigh boat to create a single pellet. 

  Note: Each drop weighs ~10 mg, and each pellet weighs ~30 mg.  
  Each pellet contains ~1 mg estrogen  .    

   13.    Continually fl ame the Pasteur pipette to prevent the wax from 
solidifying during this procedure.   

   14.    After the pellets completely solidify, use sterile forceps to col-
lect the estradiol pellets in a sterile 1.5 ml microcentrifuge 
tube. Pellets can be stored up to 6 months at 4 °C.       

3     Methods 

       1.    Thaw frozen  tissue   by placing the cryovials in a 37 °C water 
bath ( see   Note 1 ).   

   2.    Thaw tube until a small ice pellet remains in the cryovial.   

2.4  Preparation 
of Estrogen Pellets

3.1  Thawing 
Cryopreserved 
Patient-Derived Breast 
Tumor Tissue
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   3.    Spray the outside of the cryovial with 70 % ethanol and dry the 
tube thoroughly before transferring into a laminar fl ow hood.   

   4.    After the ice in the cryovial is completely melted, allow the 
tissue pieces to settle to the bottom of the tube and use an 
aspirator to remove the media.   

   5.    Use a sterile pipette tip or sterile forceps to transfer the tissue 
pieces into a new 5 ml tube ( see   Note 2 ).   

   6.    Add 3 ml serum-free DMEM/F12.   
   7.    Invert the 5 ml tube several times to wash the tissue pieces in 

the media.   
   8.    Allow the pieces to settle to the bottom of the tube and then 

aspirate the media.   
   9.    Repeat  steps 6 – 7  an additional two times to remove any resid-

ual DMSO from the tissue-freezing media.   
   10.    Add 3 ml serum-free DMEM/F12 media to the tissue pieces 

and store the tube on ice until ready for implanting into mice.      

       1.    Place a recovery cage on top of a heating pad and turn heating 
pad on.   

   2.    Disinfect the surgery area by cleaning the surface of the lami-
nar fl ow hood with Labsan-256CPQ.   

   3.    Secure the bench protector sheet to the foam surgery board 
using duct tape.   

   4.    Place the surgery board in the hood and use duct tape to secure 
the nose cone to the surgery board (Fig.  1a ).

       5.    All tools should be autoclaved prior to use in surgery and 
arranged on a sterile surface (Fig.  1b ). Tools should also be 
sterilized between animals using the hot bead sterilizer.   

   6.    Adjust the vaporizer to deliver 2 % isofl urane and oxygen at 
the rate of 1–2 L/min in an induction chamber to anesthetize 
the mice.   

   7.    Transfer the anesthetized mouse to the surgery board.      

       1.    Place anesthetized mouse in a prone position on the surgery 
board and insert the nose of the mouse securely into the 
nose cone that delivers 2 % vaporized isofl urane and oxygen at 
1–2 L/min (Fig.  2a ).

       2.    Gently apply labeling tape to secure the hind paws to the board 
and make sure the nose cone remains securely in place to main-
tain continual  delivery   of isofl urane and oxygen to the mouse.   

   3.    Using cotton tipped applicators, apply betadine between the 
shoulder blades of the mouse.   

3.2  Surgery 
Preparation

3.3  Estrogen Pellet 
Implantation
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  Fig. 1    Aseptic surgery setup inside a laminar fl ow hood. ( a ) The oxygen aids  delivery   of vaporized isofl urane to 
both the anesthesia chamber and the nose cone via Y-connection. The charcoal fi lter collects the waste anes-
thetic gas. A nitrile glove is cut and secured around the nose cone using a rubber band. Then the nose cone is 
secured to the surgery board using duct tape. ( b ) Surgery tools are autoclaved prior to use and maintained as 
sterile when placed in the laminar fl ow hood by using the packaging from the sterile surgical gloves. Surgery 
tools are also sterilized in a hot bead sterilizer between animals       

  Fig. 2    Estrogen pellet implantation. ( a ) After applying betadine between the 
shoulder blades, the skin is lifted and small incision is made. ( b ) The pocket is 
opened using Graefe forceps with teeth, and the estrogen pellet is inserted using 
blunt- end forceps. ( c ) The incision is closed using two 9 mm staples to ensure 
the estrogen pellet cannot fall out of the pocket       
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   4.    Perform toe pinch to confi rm mouse is completely anesthe-
tized before making incision.   

   5.    Using the dissection scissors, make a small incision (~3–5 mm) 
between the shoulder blades to create a small pocket for the 
estrogen pellet.   

   6.    Using the Graefe forceps with teeth, hold open the pocket and 
insert an estrogen pellet into the pocket using a pair of Graefe 
blunt end forceps (Fig.  2b ).   

   7.    Close the incision with one or two wound clips, depending on 
the size of the incision that was made (Fig.  2c ) ( see   Note 3 ).      

       1.    Remove the labeling tape from the hind paws and rotate the 
mouse into the supine position.   

   2.    Tape the hind paws to the surgery board and secure the upper 
body of the mouse to the surgery board by placing a thin piece 
of labeling tape loosely across the chest (Fig.  3a ).

       3.    Using cotton tipped applicators, apply betadine to the abdo-
men of the mouse.   

   4.    Toe pinch the animal to confi rm it is fully anesthetized.   
   5.    Starting just above the genitals (Fig.  3b ), make a ventral mid-

line incision (~1.5 cm), while taking care not to cut the peri-
toneal membrane ( see   Note 4 ).   

   6.    Make another incision (~1 cm) down the leg of the mouse.   
   7.    Using the Graefe forceps with teeth, grasp the skin, and using 

the blunt-end Graefe forceps, grasp the peritoneal membrane 
(Fig.  3c ).   

   8.    Gently pull the skin away from the peritoneal membrane until 
you expose the #4 mammary gland. You should be able to see 
three major blood vessels that connect to each other at the 
lymph node in the center of the mammary gland (Fig.  3d ).   

   9.    Use a sterile 27G needle to pin the skin to the surgery board 
so there is clear view of the entire mammary gland.   

   10.    Locate the #4 mammary gland by identifying the three blood 
vessels that converge at the lymph node (Fig.  3d ).   

   11.    Using the Graefe blunt end forceps, grasp the lymph node, lift 
the tissue gently, and cauterize the #1 and #2 blood vessels 
(Fig.  3e ).   

   12.    Use the micro dissecting scissors to cut the mammary gland tis-
sue located within the cauterized region (Fig.  3f ) ( see   Note 5 ).   

   13.    While gently lifting the tissue, to maintain tension on the 
mammary fat pad, with the blunt end forceps, cauterize the #3 
blood vessel that connects the #4 and #5 mammary glands.   

3.4  Clearing 
the Epithelium 
from the Mammary 
Fat Pad

Patient-Derived Tumor Xenograft Models of Breast Cancer



  Fig. 3    Clearing the epithelium from the mammary fat pad. ( a ) A 3-week-old mouse is secured to the surgery board 
using labeling tape to maintain continuous  delivery   of isofl urane via the nosecone. ( b ) Use Graefe forceps with teeth 
to lift the skin of abdomen to make fi rst small incision with Knapp 4″ scissors above the genitals. ( c ) Grasp the skin 
using Graefe forceps with teeth and secure the peritoneal membrane using the Graefe blunt forceps. Use the Graefe 
forceps with teeth to pull the skin and peel it away from the peritoneal membrane until the #4 mammary gland is 
visible. ( d ) The diagram shows the major features of the #4 mammary gland as viewed from the right side of the 
mouse. The three blood vessels converge at the lymph node and the  dashed line  shows the epithelium that is 
excised. ( e ) Use a low-temperature cautery pen to cauterize the blood vessels before removing the #4 mammary 
gland. ( f ) After cauterizing the blood vessels, excise the gland using micro dissection scissors       
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   14.    Use micro dissecting scissors to cut the tissue connecting these 
two glands.   

   15.    Continue cutting toward the previously made incisions at the 
#1 and #2 blood vessels and remove the epithelium from the 
mammary fat pad.      

       1.    Grip the remaining mammary tissue using the blunt forceps 
and insert the fi ne-tip cross action forceps to create a small 
pocket in the remaining mammary tissue (Fig.  4a ).

       2.    Compress the cross action forceps to open a pocket (Fig.  4b ).   
   3.    Have an assistant pick up a tissue piece from the 5 ml vial using 

the straight fi ne-tip forceps and place it in the pocket created 
with the cross action forceps (Fig.  4c ).   

   4.    After placing the tissue inside the pocket, remove the cross 
action forceps to collapse the pocket. While the assistant 
removes the fi ne-tip forceps, use the cross action forceps to 
keep the tissue inside the pocket ( see   Note 6 ).      

       1.    Use the Graefe blunt end forceps to align the skin where the 
ventral midline incision was made (Fig.  5a ).

       2.    After confi rming correct alignment, lift the skin to avoid sta-
pling the peritoneum and close the incision by using the wound 
clip applicator and 9 mm E-Z clips (Fig.  5b ).   

   3.    Administer an i.p. injection of 100 μl Ketofen using the 
29-G × ½ in. insulin syringe.   

   4.    Place the mouse in the recovery cage immediately after com-
pleting the surgical procedure.   

   5.    Allow the mouse to remain in the recovery cage until it resumes 
typical mobility before transferring back to its original cage.      

3.5  Tissue Implant

3.6  Closing 
the Mouse 
and Recovery

  Fig. 4    Patient-derived tissue implant. ( a ) Lift the #4 mammary gland using blunt-end forceps and insert the 
fi ne tip cross action forceps into the gland. ( b ) Compress the cross action forceps to open a small pocket. ( c ) 
Have an assistant use the fi ne tip forceps to grasp a piece of patient-derived tumor tissue and insert the tissue 
into the pocket you are holding open with the cross action forceps. Remove the cross action forceps fi rst to 
collapse the pocket and then help the assistant remove the fi ne tip forceps from the pocket without removing 
the tissue by placing the cross action forceps between the fi ne tip forceps       

 

Patient-Derived Tumor Xenograft Models of Breast Cancer



220

       1.    Sacrifi ce the mouse that is growing the patient-derived tumor 
tissue.   

   2.    Perform all of the following steps in a laminar fl ow hood to 
maintain sterility of the tissue pieces to be prepared.   

   3.    Place the mouse in a supine position and pin each paw of the 
mouse to a foam board.   

   4.    Spray the mouse with 70 % ethanol and wipe down the fur.   
   5.    Excise the tumor using sterile dissection scissors.   
   6.    Place the tumor in a sterile petri dish and continue to keep the 

tissue wet with serum-free DMEM/F12 media.   
   7.    Using micro dissection scissors, trim away the fascia and mem-

branous outer layer (yellow color) surrounding the tumor 
(Fig.  6a ).

       8.    The tumor tissue will appear white to pink in color once the 
outer layer is removed (Fig.  6b ).   

   9.    Use a scalpel to section the tumor into smaller pieces, taking 
care to remove any necrotic tissue ( see   Note 7 ).   

   10.    Continue to cut the tissue into smaller sections until tissue 
pieces are (4 × 2) mm in size (Fig.  6c, d ) ( see   Note 8 ).   

3.7  Harvesting 
and Preparing 
Patient-Derived Tumor 
Tissue for Liquid 
Nitrogen Storage

  Fig. 5    Closing the incision. ( a ) Use Graefe forceps with teeth to align the skin 
where the incisions were made. ( b ) Use wound clip applicator and 9 mm wound 
closures to close the incision. Take care not to place wound closure on genitalia, 
which would inhibit function       
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   11.    While preparing your tissue pieces, divide them into groups 
of fi ve and distribute them on a new sterile petri dish ( see  
 Note 9 ).   

   12.    After all tissue is prepared as (4 × 2) mm pieces, place fi ve tissue 
pieces inside a single cryovial containing 1 ml of tissue 
freezing media.   

   13.    Freeze the tissue pieces by slowly decreasing the temperature 
at 1 °C/min ( see   Note 10 ).   

   14.    Vials will be stored in the −80 °C freezer overnight before 
they can be stored in a liquid nitrogen cryogen tank.       

4     Notes 

     1.    When placing the tubes in the water bath, make sure that the 
neck of the cryovial is not submerged in the water.  Submerging 
increases the risk of contamination for the tissue pieces because 
water could leak into the cryovial.   

   2.    The 5 ml tube is recommended because it makes retrieving the 
tissue pieces during surgery much easier than using a longer 
15 ml conical tube.   

   3.    Use enough wound clips to prevent the estrogen pellet from 
escaping out of the neck pocket.   

   4.    Take care not to make this incision too close to the genitals. 
Applying wound clips could inhibit function.   

  Fig. 6    Preparing patient-derived tumor tissue pieces. ( a ) After the tumor is 
excised, the membranous outer layer needs to be removed from the outside of 
the tumor. ( b ) The tumor tissue appears whiter in color once the outer layer is 
removed. ( c-d ) Using a disposable scalpel, the tumor tissue is cut into smaller 
pieces that are roughly equivalent in size at (4 × 2) mm. These tumor pieces are 
implanted into recipient mice immediately or are frozen with fi ve pieces of tissue 
incubated in tissue freezing media per cryovial       
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   5.    When clearing the epithelium from the mammary fat pad, be 
vigilant to stop any bleeding from incompletely cauterized 
blood vessels. If bleeding continues, utilize the cautery pen to 
cauterize the vessel and cotton-tipped applicators to confi rm 
bleeding has completely stopped. Use a low temperature cau-
tery pen and oxygen at 1–2 L/min (rather than a high tem-
perature cautery pen and higher oxygen levels) to decrease fi re 
risk. If you would like to verify that you remove all of the 
epithelium during the clearing step, then collect the surgically 
removed tissue for whole mount analysis.   

   6.    The assistant should have the tissue piece grasped in the fi ne- 
tip forceps as the pocket is opened with the cross action for-
ceps. As soon as the pocket is created, the assistant can use 
fi ne-tip forceps to place a tissue piece into the pocket.   

   7.    Necrotic tissue from patient-derived tumors will appear white 
in color and is much softer than viable tumor tissue.   

   8.    Keep the tissue moist with serum-free DMEM/F12 during 
this process.   

   9.    Five tissue pieces are stored in a single cryovial to be used after 
thawing for transplantation into fi ve recipient mice. After a 
tube is thawed, do not attempt to refreeze tissue.   

   10.    Freeze the tissue in the appropriate freezing media using a 
Nalgene freezing container that will precisely decrease the 
temperature at a rate of 1 °C/min.          
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    Chapter 20   

 Monitoring Phosphatidic Acid Signaling in Breast Cancer 
Cells Using Genetically Encoded Biosensors                     

     Maryia     Lu    ,     Li     Wei     Rachel     Tay    ,     Jingquan     He    , and     Guangwei     Du      

  Abstract 

   Phospholipids are important signaling molecules that regulate cell proliferation, death, migration, and 
metabolism. Many phospholipid signaling cascades are altered in breast cancer. To understand the func-
tions of phospholipid signaling molecules, genetically encoded phospholipid biosensors have been devel-
oped to monitor their spatiotemporal dynamics. Compared to other phospholipids, much less is known 
about the subcellular production and cellular functions of phosphatidic acid (PA), partially due to the lack 
of a specifi c and sensitive PA biosensor in the past. This chapter describes the use of a newly developed PA 
biosensor, PASS, in two applications: regular fl uorescent microscopy and fl uorescence lifetime imaging 
microscopy-Förster/fl uorescence resonance energy transfer (FLIM-FRET). These protocols can be also 
used with other phospholipid biosensors.  

  Key words     Phospholipid  ,   Phosphatidic acid  ,   PASS  ,   Cancer  ,   Immunofl uorescence  ,   Fluorescence life-
time imaging microscopy  ,   FLIM  ,   Fluorescence resonance energy transfer  ,   FRET  

1      Introduction 

    Phospholipids      are not  only   the building components of cellular 
membranes but can also act as signaling molecules to regulate cell 
proliferation, death,  migration  , and metabolism [ 1 ,  2 ]. Several 
 phospholipids   have been demonstrated to function as signaling 
molecules, e.g., diacylglycerol (DG), phosphatidylinositol 
4,5-bisphosphate (PI4,5P 2 ), phosphatidylinostiol 3,4,5-triphos-
phate (PI3,4,5P 3 ), phosphatidylinositol 3-phosphate (PI3P),  and 
  phosphatidic acid (PA) [ 1 ,  2 ]. These  phospholipids   specifi cally bind 
to a variety of effector proteins, and thus modulate their enzymatic 
activity and subcellular localization, which are critical for normal 
physiological processes. The alterations of phospholipid-regulated 
cellular processes directly contribute to human diseases including 
cancer [ 1 ,  3 ,  4 ]. For example, the PI3K/PTEN pathway is one of 
the most mutated oncogenic pathways in breast cancer [ 1 ,  5 ]. 
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 Cellular  phospholipid   levels are tightly controlled by external 
signals. Activation of lipid metabolizing enzymes, such as phos-
pholipases, lipid kinases, and phosphatases at different times and 
subcellular locations, can lead to distinct signaling outcomes [ 2 , 
 6 ]. Therefore, faithfully monitoring where and when signaling 
 phospholipids   are generated is critical for the understanding of 
their functions. Biochemical methods, such as thin-layer chroma-
tography, high-performance liquid chromatography, and mass 
spectrometry [ 7 ], can only measure total cellular phospholipid lev-
els, and cannot precisely monitor the spatiotemporal production of 
a particular  phospholipid  . To circumvent these limitations, geneti-
cally encoded  phospholipid   biosensors have been developed by 
fusing green fl uorescent protein (GFP) or other fl uorescent pro-
teins to protein domains or motifs that bind to a specifi c  phospho-
lipid  , e.g., the PH domain of PLCδ for PI4,5P 2 , the PH domain of 
AKT1 for PI3,4,5P 3 , the FYVE domain of EEA1 for PI3P 3 , and 
the C1 domain of PKCδ for DG [ 8 ,  9 ]. These biosensors have 
greatly advanced our knowledge of  phospholipid   signaling and 
function [ 2 ,  8 ]. 

 Compared to DG and phosphoinositides, much less is known 
about the subcellular production and cellular functions of PA, par-
tially due to the lack of a specifi c and sensitive PA biosensor in the 
past. Signaling PA can be produced by multiple enzymes, includ-
ing two well-known families of enzymes: phospholipase D (PLD) 
and DG kinase (DGK) [ 10 – 12 ]. Several PLD and DGK family 
members have been demonstrated to promote cancer cell prolifera-
tion, survival,  and   migration [ 4 ,  12 – 15 ]. This chapter describes the 
use of a recently developed PA biosensor;  PA biosensor with supe-
rior sensitivity (PASS)   [ 16 ] in two applications: regular fl uorescent 
microscopy and  fl uorescence lifetime imaging microscopy  -Förster/
fl uorescence resonance energy transfer (FLIM-FRET). These pro-
tocols can be also used for other genetically encoded  phospholipid   
biosensors.  

2    Materials 

     1.     PASS   constructs: PASS biosensors fused with the monomeric 
GFP or red fl uorescent protein (RFP) [ 16 ] are cloned in either 
a regular mammalian expression vector or a lentiviral vector 
(Fig.  1 ). The RFP-PASS-4E is a mutant version of  PASS   that 
does not bind to  PA  , and can be used as a control to determine 
whether the observed localization of the biosensor refl ects 
lipid binding or interaction with protein molecules, as have 
been used for phosphoinositide biosensors [ 8 ].

       2.    Lentiviral packaging plasmids: pMDLg/pRRE, pRSV-Rev, 
and pMD2.g (Addgene).   
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   3.    TLA-293T cells (Thermo Fisher).   
   4.    MCF-7 cells (American Type Culture Collection, ATCC).   
   5.    HCC1806 cells (American Type Culture Collection, ATCC).   
   6.    Dulbecco’s Modifi ed Eagle Medium (DMEM) supplemented 

with 10 % heat-inactivated fetal bovine serum (FBS) (Hyclone).   
   7.    RPMI-1640 medium supplemented with 10 % FBS (Hyclone).   
   8.    6- and 12-well cell culture plates (Greiner Bio-One).   
   9.    Opti-MEM medium (Thermo Fisher).   
   10.    Lipofectamine and Plus reagent (Thermo Fisher).   
   11.    Polypropylene falcon tubes.   
   12.    Polybrene stock (10 mg/mL).   
   13.    Glass coverslips, 25 mm, #1 thickness (Thermo Fisher).   
   14.     Microscope   slides (Thermo Fisher).   
   15.    Phosphate-buffered saline (PBS) without calcium and magne-

sium: 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na 2 HPO 4 , and 
0.24 g of KH 2 PO 4  in 800 mL of distilled H 2 O. Add additional 
distilled H 2 O until the volume is 1 L. Adjust pH to 7.4 with 
1 M HCl. Store at room temperature.   

   16.    Epidermal Growth Factor (EGF, AF-100-15) from Peprotech. 
The stock concentration is 100 μg/mL.   

   17.    4 % paraformaldehyde (PFA) solution: Dissolve 0.4 g of para-
formaldehyde powder in 10 mL of PBS. Heat the solution in a 
60 °C water bath until the powder is completely dissolved. 
Store in a refrigerator and use within 1 week.   

  Fig. 1    Schematic maps of GFP- and RFP-PASS plasmids. GFP-PASS and RFP-PASS are cloned in a regular 
mammalian expression vector derived from pEGFP-C1 (Clontech), or in the lentiviral expression vectors pCDH- 
CMV- MCS or pCDH-CMV-MCS-EF1-Puro (System Biosciences). 4E is a PA-binding defi cient mutant. GFP- 
2×PASS contains a tandem  PASS  . The plasmids, maps, and sequences will be distributed upon request       
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   18.    0.1 % Triton X-100 in PBS: Dilute from 10 % Triton X-100 
using PBS.   

   19.    Blocking solution: 5 % normal goat serum in PBS.   
   20.    Mounting medium: 4 %  n -Propyl gallate (w/v) in 90 % glyc-

erol (v/v) and 10 % PBS. Aliquot and store in a freezer.   
   21.    Clear nail polish.   
   22.    Straight tip forceps.   
   23.    50 mM ammonium chloride in PBS: Dilute from 1 M NH 4 Cl 

in PBS stock solution. For 500 mL of 1 M stock solution, dis-
solve 132.5 mg of NH 4 Cl in PBS. Stock solution can be stored 
at room temperature.   

   24.    Mowiol mounting medium: Combine 2.4 g of Mowiol 4-88, 
6 g of glycerol, 6 mL of H 2 O, and 12 mL of 0.2 M Tris-Cl 
(pH 8.5). Store aliquots in a freezer. Mowiol can be stored in 
a refrigerator for less than 1 month.   

   25.    35 mm glass bottom dishes, #1 thickness (MatTek).   
   26.    1 μM fl uorescein (Sigma).      

3    Methods 

   The  PASS   biosensor was derived from the PA-binding domain of 
yeast Spo20 (Spo20-PABD) by fusing Spo20-PABD to the nuclear 
export sequence of protein kinase A alpha (PKI-alpha) [ 16 ]. The 
exclusive cytoplasmic localization of  PASS  , in contrast to the 
nuclear localization of the original Spo20-PABD, signifi cantly 
improves its sensitivity of PA binding. 

         1.    One day before transfection, seed MCF-7 or other breast can-
cer cells into 6-well plates (approximately 2 × 10 5 –5 × 10 5  cells 
per well). For optimal transfection effi ciency, cells should be 
about 50–60 % confl uent on the day of transfection. Plate cells 
in a 6- or 12-well plate containing coverslips if cells will be 
used for imaging ( see   Note 1 ).   

   2.    On the day of transfection, add 1 μg of plasmid DNA into a 
1.5 mL microfuge tube.   

   3.    Dilute DNA with 100 μL of Opti-MEM and add 6 μL of Plus 
reagent. Mix well and incubate for 15 min ( see   Note 2 ).   

   4.    Dilute 4 μL of Lipofectamine reagent in 100 μL of Opti-MEM 
in a new microfuge tube and mix well. Add this mixture to the 
tube containing DNA and mix well. Incubate for 15–30 min.   

   5.    During incubation, aspirate media from target cells and add 
800 μL of pre-warmed Opti-MEM to each well ( see   Note 3 ).   

3.1  Regular 
Fluorescent 
Microscopy

3.1.1  Transient 
Transfection
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   6.    Add the DNA and Lipofectamine mixture onto the target cells. 
Incubate cells for 4–5 h in a 37 °C incubator with 5 % CO 2 .   

   7.    Replace Opti-MEM with DMEM supplemented with 10 % 
FBS.   

   8.    For transient protein expression, cells can be used for image 
analysis 24–48 h after transfection.      

         1.    24 h before transfection, seed TLA-293T cells in a 6-well plate 
(approximately 0.5 × 10 6 –1 × 10 6  cells per well). Cells should 
be 40–50 % confl uent on the day of transfection.   

   2.    Transfect cells using Lipofectamine and Plus reagent or other 
transfection reagents as described in Subheading  3.1.1 . Use 
1 μg of total DNA for each well (160 ng of  PASS   lentiviral 
construct, 400 ng of pMDLg/pRRE, 200 ng of pRSV-Rev, 
and 240 ng of pMD2.g) ( see   Note 4 ).   

   3.    Harvest lentivirus-containing medium and pool similar stocks 
if desired ( see   Note 5 ).   

   4.    Transfer medium to a polypropylene tube, and spin at 500 ×  g  
for 5 min to pellet remaining packaging cells.   

   5.    Transfer viral supernatant to a polypropylene tube and discard 
remaining packaging cells.   

   6.    Repeat viral harvesting after 24 h. If virus will not be used 
immediately, freeze in a −80 °C freezer.   

   7.    Plate HCC1806 cells on coverslips in a 6- or 12-well plate 
16–24 h before lentiviral infection. At the time of infection, 
cells should be around 40–50 % confl uent.   

   8.    Add 1–2 mL of viral supernatant to a single well. Add poly-
brene to a fi nal concentration of 1 μg/mL ( see   Note 6 ).   

   9.    Remove and discard virus-containing medium and replace 
with fresh growth medium 8–24 h after infection.   

   10.    Continue to incubate HCC1806 cells for 24–48 h to allow for 
expression of the sensor ( see   Note 7 ).   

   11.    Plate cells on coverslips in a 12- or 6-well plate for imaging.   
   12.    Cells expressing RFP-PASS can be selected with 0.1–0.2 μg/

mL puromycin to generate cells stably expressing RFP- PASS 
( see   Note 8 ).      

       1.    Serum starve cells expressing  PASS   constructs generated from 
Subheading  3.1.1  or  3.1.2  from 10 % FBS RPMI-1640 to 
0.1 % FBS RPMI-1640. Incubate cells in 0.1 % FBS RPMI-
1640 overnight ( see   Note 9 ).   

   2.    Stimulate cells with 100 ng/mL of EGF for 0.5–30 min.   

3.1.2  Generation 
of Lentivirus and Lentiviral 
Infection of Target Cells

3.1.3  EGF Stimulation 
of Cells and Slide 
Preparation
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   3.    Wash cells with PBS once or twice to remove serum and phenol 
red at room temperature. This step is optional ( see   Note 10 ).   

   4.    Fix cells with 4 % paraformaldehyde for 10 min at room 
temperature.   

   5.    Wash fi xed cells with PBS for 5 min, repeat two more three times.   
   6.    Pipette 3–5 μL of anti-fade mounting medium per slide ( see  

 Note 11 ).   
   7.    Using forceps, gently place the sides of coverslips on a Kimwipes 

to remove excess liquid.   
   8.    Mount coverslips with cell side down onto the mounting medium.   
   9.    Aspirate excess mounting medium and allow it to air-dry 

before sealing the coverslips with clear nail polish.   
   10.    Store slides in a refrigerator protected from light.   
   11.    Examine the slides under a regular fl uorescent  microscope   or a 

laser scanning confocal microscope. A typical image of GFP- 
PASS before and after EGF stimulation is shown in Fig.  2 .

          Activation of many cell surface receptors changes the level of 
several signaling  phospholipids   including PA on the plasma 
membrane by activating their metabolizing enzymes [ 1 ,  10 ]. 
The plasma membrane translocation of  PASS   biosensor from 
cytoplasm can be used to examine the increase of PA production. 
One of the most common ways to evaluate the plasma mem-
brane localization of a  phospholipid   biosensor is to calculate the 
ratio of plasma membrane to cytoplasmic intensity using a line-
intensity histogram from a selected line spanning the cell with 
ImageJ or Fiji [ 8 ].

3.1.4  Data Quantifi cation 
and Analysis

  Fig. 2    Plasma membrane production of PA in EGF-stimulated HCC1806  breast cancer cells  . HCC1806 cells 
were infected with lentivirus carrying GFP-PASS. Two days after infection, cells were serum-starved overnight, 
then stimulated with or without 100 ng/mL EGF for 3 min. Images were captured using a Nikon A1 laser scan-
ning  confocal   microscope       
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    1.    Open the selected image in ImageJ or Fiji.   
   2.    Using the Line Tool, draw a line through the cell, including 

both the plasma membrane and cytoplasm ( see   Note 12 ).   
   3.    Save a version of this image with an arrow delineating where 

the line was drawn for data measurements.   
   4.    Pixel intensity along the drawn line can be plotted using “Plot 

Profi le” under the Analyze menu. Pixel distance along the line 
is plotted on the  X -axis while pixel intensity is plotted on the 
 Y -axis. These data can be saved using List or Copy and ana-
lyzed with other software such as Excel or R as desired. The 
Live option can be selected while drawing lines in different 
sections of a particular cell before choosing a fi nal 
cross-section.   

   5.    The histogram generated will resemble peaks with valleys. In 
the case where the  PASS   sensor is localized to the plasma mem-
brane, there will be two peaks with a valley in between. The 
peak values will be used as plasma membrane intensity values. 
The cytoplasmic intensity value will be the average of the valley 
values. Background pixel intensity should be subtracted from 
average plasma membrane and cytoplasmic values.   

   6.    To determine the change of plasma membrane localized PA, 
the ratio of plasma membrane pixel intensity to cytoplasmic 
pixel intensity can be calculated. A higher plasma membrane/
cytoplasmic pixel intensity ratio can be interpreted as increased 
PA production on the plasma membrane. The plasma mem-
brane/cytoplasmic pixel intensity ratio will remain unchanged 
if there is no increase of PA on the plasma membrane.    

      Membranes comprise subdomains with different physical and sig-
naling properties. The proper localization of signaling molecules in 
membrane domains such as lipid rafts determines the activity of 
many signaling pathways, and disruption of lipid rafts or lipid raft 
localization of signaling molecules has been implicated in human 
diseases [ 17 ,  18 ]. Thus, to understand how PA regulates cell func-
tions, it is important to know where PA is generated. The precise 
site of lipid signaling events can be measured by the production of 
a specifi c lipid in close proximity of a membrane marker, e.g., the 
lipid raft marker tH (the C-terminal tail of H-Ras) or the non-lipid 
raft marker tK (the C-terminal tail of K-Ras) [ 19 ], using FLIM- 
FRET [ 20 ,  21 ].  FRET   is a distance dependent non-radiative trans-
fer of energy from a donor molecule in an excited state to a nearby 
acceptor molecule in the ground state (within 10 nm). In a  FLIM   
setup,  FRET   is measured as a decrease in fl uorescence lifetime of 
the donor fl uorophore [ 22 ]. Some advantages of FLIM-FRET are 
that FLIM-FRET measurements are more robust and quantitative 

3.2  FLIM-FRET
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compared to other methods to measure  FRET   effi ciency and are 
independent of the expression levels of donors and acceptors [ 22 ]. 

 To effi ciently express donor–acceptor pairs in breast cancer 
cells, we have generated lentiviral constructs expressing donor 
alone (GFP-tK or GFP-tH), or bicistronic constructs expressing 
donor and acceptor simultaneously (GFP-tK and RFP-PASS, or 
GFP-tH and RFP-PASS) (Fig.  3 ).

         1.    Infect HCC1806 cells with lentivirus carrying the GFP donor, 
or the GFP donor plus RFP acceptor as described in 
Subheading  3.1.2 .   

   2.    Continue to incubate cells for 48 h to allow for expression of 
the sensor.   

   3.    Switch culture medium from 10 % FBS RPMI-1640 to 0.1 % 
FBS RPMI-1640. Incubate cells expressing  PASS   constructs in 
0.1 % FBS RPMI-1640 overnight ( see   Note 9 ).   

   4.    Stimulate cells with 100 ng/mL EGF (0–30 min).   
   5.    Fix cells with 1 mL per well of 4 % paraformaldehyde for 

10 min at room temperature in the dark.   
   6.    Wash cells twice with PBS, each time for 5 min.   
   7.    Add 1 mL of 50 mM ammonium chloride per well to quench 

free aldehyde groups that can produce nonspecifi c fl uorescent 
background.   

   8.    Incubate for 10 min at room temperature in the dark.   
   9.    Wash four times with PBS, each time for 5 min.   
   10.    Rinse once with ddH 2 0.   

3.2.1  Lentiviral Infection 
and Slide Preparation

  Fig. 3    Schematic maps of lentiviral expression plasmids for FLIM-FRET experiments. These plasmids contain 
either the donor alone (GFP-tH or GFP-tK), or both donor and acceptor in the same vector (RFP-PASS and 
GFP-tH, or RFP-PASS and GFP-tK). The use of a modifi ed IRES (internal ribosome entry site), IRES2, in these 
constructs allows expression of both donor and acceptor in all infected cells, leading to more consistent 
results. The plasmids, maps, and sequences will be distributed upon request       
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   11.    Pipette 3–5 μL of Mowiol mounting medium per slide. Avoid 
creating bubbles.   

   12.    Using forceps, gently place one side of the coverslips on a 
Kimwipes to remove excess liquid.   

   13.    Mount coverslips with cell side down on the Mowiol drops. 
Do not press down on the coverslips.   

   14.    Dry slides in a 37 °C incubator for 1 h or at room temperature 
overnight. Protect from light.   

   15.    Store slides in a refrigerator protected from light.      

       1.    Choose the 497 nm light emitting diode (LED) bulb.   
   2.    Select the GFP fi lter.   
   3.    Turn on the power strip for the computer, LIFA signal genera-

tor, and Nikon TiE widefi eld  microscope  . In this protocol, the 
Lambert Instruments  FLIM   Attachment is installed on a 
Nikon TiE widefi eld  microscope  .   

   4.    Start LIFA-FLIM software.   
   5.    Turn on LED DC and adjust the LED beam to the center ( see  

 Note 13 ).   
   6.    Select the 60× oil objective. Using a transfer pipette, place a 

drop of 1 μM Fluorescein on the 35 mm MatTek glass bottom 
dish. This will be used as a lifetime reference standard, which 
has a lifetime of 4.0 ns ( see   Note 14 ).   

   7.    Set exposure time at 100–150 ms, MCP at 670–700 V, fre-
quency at 40 MHz, and phase at 330 ( see   Notes 15  and  16 ). 
Set up your working directory where your fi les will be saved.   

   8.    Turn on LED DC, adjust focus on bright view through eye-
piece or camera, select 3–4 regions of interest (ROIs), activate 
the  FLIM   button, and adjust MCP/exposure so that intensity 
is just below maximal (around 60,000 ADU in Statistics tab).   

   9.    Select Idle, record Reference, and save it.   
   10.    Set up and focus on the sample, making sure all parameters are 

the same as used to record reference fl uorescence lifetime, acti-
vate  FLIM  , and adjust exposure time so that intensity is around 
55,000–60,000 ADU. Do not change MCP voltage.   

   11.    Record the  FLIM   analysis of the samples ( see   Note 17 ). Select 
ROIs for the cells in the Camera tab, select Lifetime tab and 
Statistics tab, and export all statistics data. Save images for 
both Camera and Lifetime views ( see   Note 18 ).   

   12.    Open exported statistics data saved in Excel format and com-
pare lifetime (phase) values (τ) between the cells expressing 
donor only (GFP) and donor + acceptor (GFP + RFP).     

3.2.2  Data Acquisition 
and Analysis
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 A minimum of 30 ROIs measured per sample group is recom-
mended for statistical analysis of a single experiment. Fluorescence 
lifetimes for one sample group can be averaged and compared to 
other sample groups for signifi cant differences using 
ANOVA. Decreases in GFP fl uorescence lifetime in the GFP + RFP 
group versus the GFP only group refl ect  FRET  . Alternatively, 
decreases in GFP fl uorescence lifetime in the GFP + RFP group 
after EGF stimulation can be also used to refl ect  FRET  . Using the 
fl uorescent protein-fused biosensors and FLIM-FRET, PA is found 
to be produced in a membrane microdomain labeled by tK in 
EGF-stimulated HCC1806 breast cancer cells (Fig.  4 ).

4         Notes 

     1.    Some breast cancer cell lines, e.g., HCC1806, are very diffi -
cult to transfect. If transfection effi ciency is lower than 10 %, 
image quantifi cation will be challenging. To more effi ciently 

  Fig. 4    Spatiotemporal production of PA in a membrane microdomain labeled by 
tK in EGF-stimulated HCC1806  breast cancer cells  . ( a ) Changes in fl uorescence 
lifetime in cells expressing GFP-tK alone or GFP-tK + RFP-PASS. Cells were 
serum- starved overnight, then stimulated with 100 ng/mL of EGF for the indi-
cated time. Cells were imaged in the frequency domain using a wide-fi eld FLIM-
 FRET    microscope  . A minimum of 50 cells was quantifi ed per experiment.  N  = 3. 
*,  p  < 0.05; **,  p  < 0.01 versus 0 min (no EGF stimulation). ( b ) Representative 
fl uorescence lifetime images       
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deliver genes of interest, lentiviral infection or other transfec-
tion reagents can be used for these cell lines.   

   2.    Both Lipofectamine and Plus reagents tend to adhere to poly-
propylene microfuge tubes. When adding reagents, pipette 
directly into the middle of the Opti-MEM medium, avoiding 
the sides of the tube. Alternatively, polystyrene tubes can be 
used to decrease the amount of DNA-lipid complexes that 
bind to the side of the tubes.   

   3.    Aspirate and pipette gently when handling TLA-293T packag-
ing cells as they detach from the plate very easily.   

   4.    Third-generation lentiviral packaging plasmids are described in 
this protocol, but the second-generation packaging plasmids 
can also be used for  PASS   in the lentiviral vector. Extra care 
should be taken when handling second-generation lentiviral 
packaging plasmids.   

   5.    BL2 safety practices should be followed when preparing and 
handling lentiviral particles. Personal protective clothing should 
be worn at all times. Use plastic pipettes in place of glass pipettes 
or needles. Liquid waste should be decontaminated with at 
least 10 % bleach. Laboratory materials that come in contact 
with viral particles should be treated as biohazardous waste and 
autoclaved. Please follow all safety guidelines from your institu-
tion and from the CDC and NIH for work in a BL2 facility.   

   6.    Polybrene is a polycation that reduces charge repulsion between 
the virus and the cell membrane. The optimal fi nal concentra-
tion of polybrene can be determined with titration experi-
ments, but is usually between 1 and 12 μg/mL. Overexposure 
to polybrene (>24 h) can be toxic to cells. Certain cell types 
may be more sensitive to polybrene than the others. Other 
transduction reagents may be considered for these cell types, 
such as Retronectin (Clontech).   

   7.    The fl uorescent signal of GFP and RFP may be observed 24 h 
after infection; however, it may be very weak. The maximal 
fl uorescent signal should be observed 48–72 h after infection.   

   8.    Different cell lines have different sensitivities to puromycin. 
Additionally, the effective concentration of puromycin from 
different companies can vary. To induce effi cient cell death of 
non-infected cells while reducing undesired stress responses, it 
is necessary to perform a titration experiment for puromycin 
concentrations when new cell lines are used.   

   9.    Medium containing 0.1 % FBS can signifi cantly reduce the 
basal growth factor signaling. Medium without FBS may cause 
unnecessary stress responses for some cells.   

   10.    Although PBS washes can remove fl uorescent background, it 
may also alter intracellular signaling. To faithfully monitor changes 
in PA levels, it is preferred to fi x cells directly without PBS washes.   
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   11.    It is important to choose a correct mounting medium for cer-
tain fl uorophores. Many commercial anti-fade mounting media 
do not work well for far-red fl uorophores.  n -propyl gallate is a 
very general anti-fade mounting medium that is suitable for 
most commonly used fl uorophores.   

   12.    At least three line-intensity histograms should be generated for 
a single cell to account for variation among cells.   

   13.    The LED should be allowed to warm up for at least 30 min 
before imaging slides to avoid light fl uctuations while acquir-
ing data.   

   14.    A new reference measurement should be determined for every 
experiment.   

   15.    Since phase and modulation lifetimes are dependent on the 
excitation power level used, any changes to the power level will 
render any data generated unusable for comparative analysis. 
Do not change LED power, MCP voltage, fi lter sets, or the 
objective between measurements.   

   16.    Phase settings will vary depending on the  FLIM   software used 
for analysis. It is highly recommended to test the  FLIM   setup 
and software with a mock experiment before conducting any 
important experiments.   

   17.    These fi les can be opened for image analysis later.   
   18.    Lifetime images are pseudocolored based on the timescale 

range chosen. The scale can be adjusted if needed to include 
the maximum and minimum fl uorescence lifetimes measured.           
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    Chapter 21   

 3D In Vitro Model for Breast Cancer Research Using 
Magnetic Levitation and Bioprinting Method                     

     Fransisca     Leonard      and     Biana     Godin       

  Abstract 

   Tumor microenvironment composition and architecture are known as a major factor in orchestrating the 
tumor growth and its response to various therapies. In this context, in vivo studies are necessary to evaluate 
the responses. However, while tumor cells can be of human origin, tumor microenvironment in the in vivo 
models is host-based. On the other hand, in vitro studies in a fl at monoculture of tumor cells (the most 
frequently used in vitro tumor model) are unable to recapitulate the complexity of tumor microenviron-
ment. Three-dimensional (3D) in vitro cell cultures of tumor cells have been proven to be an important 
experimental tool in understanding mechanisms of tumor growth, response to therapeutics, and transport 
of nutrients/drugs. We have recently described a novel tool to create 3D co-cultures of tumor cells and 
cells in the tumor microenvironment. Our method utilizes magnetic manipulation/levitation of the spe-
cifi c ratios of tumor cells and cells in the tumor microenvironment (from human or animal origin) aiding 
in the formation of tumor spheres with defi ned cellular composition and density, as quickly as within 24 h. 
This chapter describes the experimental protocols developed to model the 3D structure of the cancer 
environment using the above method.  

  Key words     Three-dimensional (3D) culture  ,   3D bioprinting  ,   3D cancer cell spheroids  ,   Magnetic 
nanoparticles  ,   Cytotoxicity  ,   Co-culture  

1      Introduction 

 For development of cancer therapeutics in the laboratory setup or 
pharmaceutical industry, dose evaluation and optimization are per-
formed in vitro prior to in vivo testing in animals. These in vitro 
studies are currently conducted in two-dimensional (2D)    cell 
monocultures. However, due to the limitation of planar geometry, 
the model can only poorly predict in vivo behaviors. 

 To overcome this problem, 3D in vitro cancer models are 
being developed emerging as a bridge between in vitro and in vivo 
models. With their spatial confi guration, 3D structures are a more 
relevant in vitro model with better representation of the cell-to-cell 
and cell-to-matrix contact in the native microenvironment in vivo, 
compared to the standard 2D monolayer culture [ 1 ]. 3D in vitro 
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models also enable a more realistic simulation of the transport of 
nutrient, gas, and signaling molecules between the cells. Growing 
tumor spheroids with multiple cell types represents better the 
native microenvironment of the tumor. The 3D spheroid approach 
has been studied in cancer research and has been proven to repre-
sent the complexity of tumor microenvironment in terms of cell–
cell interactions and the presence of necrotic and hypoxia regions 
within the center of the tumors [ 1 ,  2 ]. 

 One of the important elements in the in vitro grown spheroids 
is the presence of a scaffold that  mimics   extracellular matrix (ECM) 
[ 3 ,  4 ], an important element in the tumor stroma [ 5 ]. Tumor 
 ECM   is in general denser but much less organized than normal 
ECM [ 6 ], and can form a physical barrier for the drug [ 7 ] as well 
as can cause a cell adhesion-mediated drug resistance [ 8 ] due to 
the change of cancer cell activity by binding to  ECM   [ 9 ]. In most 
of the developed 3D cancer models, synthetic or naturally derived 
polymers are used as a scaffold [ 4 ]. However, the addition of the 
scaffold may stunt the cell growth and affect the cell-cell interac-
tion, and the static concentration of the scaffold can cause a mis-
representation in the growing in vivo environment with time. In 
our model, we have cancer spheroids that are grown with incorpo-
ration of fi broblasts as a part of the tumor stroma component. 
Fibroblasts produce fi bronectin and  collagen   which can naturally 
form the fi brotic capsule in 3D [ 10 ]. In our in vitro system, fi bro-
nectin concentration can increase along with the growth of the 
spheroids containing fi broblasts, thus enabling a more realistic 
prognosis for the response of the tumor in vivo to the tested drugs. 
In addition to fi broblast, the tumor microenvironment in vivo is 
composed of cells from various origins, including adipocytes, 
endothelial cells, and infl ammatory cells. Together, these support-
ing cells and fi bers may account for up to 80–90 % of the total 
tumor volume in various malignancies [ 5 ,  11 ]. Thus, the addition 
of these other cells in an in vitro model signifi cantly changes cell- 
cell interactions and signaling pathways within tumors. 

 In this chapter, we describe the use of magnetic levitation and 
3D bioprinting [ 12 ,  13 ] to form 3D cancer cell spheroids [ 10 ], 
which can be designed with various cell types. Depending on 
tumor types, the lesion can consist of fi broblasts, adipocytes, endo-
thelial cells, as well as immune-competent cells. This model has 
been utilized previously in breast cancer [ 10 ], adipose cells [ 14 ], 
and lung cancer [ 15 ] studies, and is currently being studied for 
microenvironment evaluation in co-culture with immune cells such 
as macrophages. This spheroid model enables the simulation of in 
vivo environment without using an artifi cial scaffold and without 
the need of external surface for support. Additionally, due to the 
ability to reach larger diameter in a short time, the 3D model is 
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more accurate in depicting the condition in the in vivo lesions, 
including the presence of necrotic and hypoxia regions in the cen-
ter of tumor lesion.  

2    Materials 

 –     Nanoshuttle (n3D Biosciences, Houston, TX, USA).  
 –   Cells of interest: may consist of a combination of cancer cells, 

fi broblasts, myofi broblasts, immune cells, or adipocytes.  
 –   Cell culture medium with and without fetal calf serum 

(FCS, 10 %).  
 –   RPMI1640 complete medium: RPMI1640 medium, 10 % 

human serum, 1 % MEM vitamin solution, and 1 % 
penicillin–streptomycin.  

 –   Trypsin–EDTA (0.25 %).  
 –   Phosphate buffered saline (PBS), pH 7.4.  
 –   Vybrant DiD/DiL/DiO cell-labeling solution (Molecular 

Probes, Eugene, Oregon, USA).  
 –   T25 and T75 fl asks.  
 –   96-well low attachment plates.  
 –   MagPen™—Tefl on pen (n3D Biosciences, Houston, TX, 

USA).  
 –   Ficoll-Paque premium grade (GE Healthcare Bio-sciences AB, 

Uppsala, Sweden).  
 –   Ethanol.  
 –   Fixation solution: 4 % Paraformaldehyde in PBS.  
 –   Permeabilizing solution: 0.1–0.2 % Triton X-100 in PBS.  
 –   DAPI nuclear stain: 1 μg/mL solution in PBS.  
 –   Primary and secondary antibodies (based on the desired  immu

nohistochemistry  / immunofl uorescence   analysis and manufac-
turer’s protocol).  

 –   Histogel™ (Richard-Allan Scientifi c, Kalamazoo, Michigan, 
USA).  

 –   OCT compound—frozen tissue mounting media (Sakura 
Finetek, Torrance, CA, USA).  

 –   Prolong Gold ® —antifade mounting agent (Life Technologies, 
Eugene, Oregon, USA).  

 –   Cytoseal™ XYL (Richard-Allan Scientifi c, Kalamazoo, 
Michigan, USA).     
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3    Methods 

         The processes for this section and Subheading  3.2  are summarized 
schematically in Fig.  1 .

     1.    Make  sure   that the cells used can grow in the same media.   
   2.    Grow the cells of interest in T25 or T75 fl asks (use the stan-

dard conditions).   
   3.    Wash cells with PBS by removing medium and adding PBS 

from the side of the dish without disturbing the cell layer. 
Rinse the cells by spreading PBS all over the dish. Discard the 
PBS and repeat this step twice.   

   4.    Trypsinize cells by incubation with 1 mL (T25) or 3.5 mL 
(T75) trypsin–EDTA for 2–5 min at 37 °C.   

   5.    After the cells are detached from the surface, neutralize trypsin 
by adding 3 mL (T25) or 10.5 mL (T75) serum-containing 
medium ( see   Note 1 ). Harvest all the cells into a 15 mL falcon 
tube and centrifuge according to the procedures for the cells.   

   6.    Remove the supernatant containing trypsin and replenish with 
a fresh medium. Count the cells and plate them into T25 fl ask.   

   7.    Culture cells to ~70 % confl uence before adding the nanopar-
ticle assembly ( see   Note 2 ).   

3.1  Pre-incubation 
of Cells with Magnetic 
Nanoparticles

  Fig. 1    Schematic presentation of the development of 3D in vitro  breast tumor   spheroid from a dispersed mix-
ture of fi broblasts (in  blue ) and  breast cancer cells   (in  green ) after the addition of nanoshuttles. The magnet 
placed on top or on the bottom of the plate aids the attraction of the nanoshuttle internalized cells to form a 
3D tumor mass composed of fi broblasts and  breast cancer cells   and can be grown for several days. Figure 
modifi ed from ref.  10        
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   8.    Prepare the nanoparticles assembly by removing them from 
refrigerator and allow to reach room temperature (for about 
15 min). Homogenize nanoparticles before using by vigorous 
vortexing or pipette mixing.   

   9.    Add the nanoparticles assembly to the cells with the concen-
tration of 2–4 μL/cm 2 . Make sure the nanoparticles were dis-
tributed evenly throughout the fl ask by gently tilting the fl ask 
back and forth.   

   10.    Incubate the cells with nanoparticle assembly overnight to 
allow the uptake process.   

   11.    (optional) Cell staining for live cell tracking purposes: add 5 
μL Vybrant DiD/Dil/DiO cell-labeling solution for each mL 
culture medium into the fl ask containing cells 20 min before 
cells are to be trypsinized.    

      
     1.    Trypsinize the cells incubated overnight with nanoshuttle (as 

described in Subheading  3.1 ,  step 3 – 5 ).   
   2.    After centrifugation, remove the supernatant and resuspend 

cells with fresh medium. ( see   Note 3 ).   

3.2  Spheroid 
Formation

  Fig. 2    Comparison of  breast tumor   model in 2D and 3D culture with different ratios and types of  breast cancer 
cells   (in  green ) and different types of fi broblasts (in  red ), grown for 3 days       
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  Fig. 3    3D in vitro  breast tumor   model with different ratios and types of  breast cancer cells   (in  green ) and 
primary fi broblasts (in  red ) co-cultured for 3 days using magnetic levitation system. All cells were counter-
stained with DAPI ( blue ) for nucleus. ( a )  Confocal microscopy   images of the spheres. ( b – d ) Fluorescent images 
of the spheres taken after cryo-sectioning (4 μm slices) ( b ) MDA-MB-231 and Hs578bst ( c ) MDA-MB-231 and 
HPF ( d ) MDA-MB-231 and CAF. Images were taken with 10× objective magnifi cation, scale bar = 100 μm       
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   3.    (optional) For co-culture of different cell types (Figs.  2  and  3 ): 
mix the cell types needed in the model at the appropriate ratio 
( see   Note 4 ).

        4.    Count the cell number using hemacytometer or any cell coun-
ter instrument.   

   5.    Seed the number of cells needed to grow the spheroids in the 
appropriate plate ( see   Notes 5 – 7 ).   

   6.    Place the lid inserts, magnet drive, and well-plate lid (when 
using magnetic levitation drive), or place the plate directly on 
top of the 96 well spheroid drive (when using bioprinting kit).   

   7.    Place the cells at 37 °C, 5 % CO 2 , cell spheres will start form-
ing after a couple of hours of incubation. Depending on the 
size of spheres needed, incubate the cells for 1–5 days.   

   8.    Replace the medium every 1–3 days depending on the cell 
types. This can be done by tilting the plate while keeping the 
drive magnet underneath the plate. The spheres will be 
retained by the magnet on the bottom. Aspire the medium 
carefully without damaging the spheres and replenish the well 
with fresh medium ( see   Notes 8  and  9 ).      

  
     1.    Obtain buffy coat from blood donation service (human) or 

harvest blood from mice.   
   2.    Mix buffy coat 1:1 with PBS.   
   3.    Prepare 20 mL of Ficoll on 50 mL falcon tubes.   
   4.    Carefully overlay the buffy coat on top of the Ficoll layer. 

Make sure the layer is undisturbed.   
   5.    Centrifuge at 1200 ×  g  and 4 °C for 30 min.   
   6.    After centrifugation, the cells will form several layers. 

Mononuclear cells will form a ring between the Ficoll and the 
plasma layer. Remove most of the plasma to gain access to the 
mononuclear cells.   

   7.    Harvest mononuclear cells and combine the cells from two 
tubes into one 50 mL tube. Fill the tube with fresh PBS.   

   8.    Centrifuge the cells at 300 ×  g  for 7 min. Remove PBS and 
replenish with the fresh PBS. Repeat the washing step two 
times.   

   9.    After the last centrifugation, resuspend cells with RPMI1640 
complete medium.   

   10.    Plate the cells at 0.5–1.5 × 10 6  cells/cm 2  density on the low 
attachment fl asks. Incubate for 1 h at 37 °C and 5 % CO 2 .   

   11.    After 1 h incubation, the monocytes and macrophages are 
attached to the bottom of the fl ask, while lymphocytes are still 
in suspension. Remove lymphocytes for further experiments if 

3.3  (Optional) 
Harvesting Immune 
Cells from Human/
Mouse Blood Using 
Gradient 
Centrifugation Method
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needed. Wash monocytes twice with PBS, and replenish with 
fresh medium and place the cells back into the incubator.   

   12.    After 7 days of incubation, monocytes will be differentiated to 
macrophages and ready to be used for further experiments.      

      
  See   Note 10  for sphere handling.

    1.    Count immune cells needed for the experiment. The ratio of 
number of macrophages to cancer cells can range from 1:10 to 
1:100, depending on the model. Carefully remove the medium 
on the wells containing spheroids with the magnet drive latch-
ing underneath the plate. Add the macrophages to the spheres 
in a lower volume than needed to allow addition of drugs onto 
the wells.   

   2.    Prepare the drug in the concentration to be tested for the 
appropriate volume. Working volume in 96-well plates is 
between 100 and 200 μL.    

   3.    Incubate spheres with the drugs for the duration of the experi-
ment in the incubator at 37 °C and 5 % CO 2 .   

   4.    While in incubation, the growth and changes in spheroids can 
be followed by inverted microscopy imaging. This method can 
also be utilized to follow the permeation of drugs into the 
spheroids (Fig.  4 ). Hold the plate fl at while transferring from 
incubator to  microscope   stage ( see   Note 11 ).

          
     1.    All the tools involved in transferring the spheroids need to be 

sterile or otherwise sterilized by treatment with 70 % (v/v) 
ethanol. The Tefl on part can also be autoclaved. Caution: the 
rod magnet cannot be autoclaved.   

   2.    Insert the rod magnet to the Tefl on pen, handle the assembly 
either with forceps or by hand. Caution: use plastic forceps, metal 
forceps will be attracted to the magnet and harder to handle.   

   3.    Remove the magnetic drive from the plate before removing 
the spheroids.   

   4.    Prepare the new container with a fresh medium or fi xing agent 
where the spheroids will be transferred to before starting the 
process.   

   5.    Place the Tefl on pen facing downwards in the well, reaching 
for the surface where the spheroids are located. The spheres 
will be attracted to the magnet rod and attached to the Tefl on 
pen. Lid the Tefl on pen and remove the magnet rod from the 
Tefl on pen, the spheres will remain on the pen.   

   6.    Place the Tefl on pen downwards to the new container or well 
where the spheroids are to be transferred to. The spheroids will 
be transferred to the new container as soon as it touches the 
medium. Additionally, the magnetic drive plate can be placed 
underneath the wells to increase the attraction to the bottom 

3.4  Experimental 
Design for Drug 
Toxicity Testing with 
and Without 
Macrophages

3.5  Additional 
Handling with Tefl on 
Pen for Transferring 
Spheroids to New 
Containers
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of the well and ease the transfer. In case of transferring the 
spheres to OCT fl uid, do not let all the fl uid to freeze before 
the transfer. Leave a fl uid area where the spheroids are to be 
placed, as the spheres would not attach to the frozen area.   

   7.    Close the plate.      
  

     1.     Follow Subheading  3.1 ,  step 3  to remove  medium   and wash 
with PBS, repeat two times.   

   2.    Add the preferred fi xation agents, such as 4 % (w/v) parafor-
maldehyde, fi x the spheres for 10 min at room temperature. 
( see   Note 12 ).   

3.6  Spheroid 
Fixation Process 
for Immunohisto-
chemistry, 
Immunofl uorescence  
or Fluorescence 
Imaging
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  Fig. 4    Distribution and therapeutic effi cacy of doxorubicin HCl and Doxil ®  (doxorubicin liposomes) in 3D in vitro 
tumors: ( a ) Fluorescent images of 3D in vitro tumors composed of monoculture or co-culture of fi broblast (in 
 red ) and  breast cancer cells   (in  green )—inset images, comparing 72 h treatment with doxorubicin and Doxil  ® , 
 blue —nucleus and orange—fl uorescent emission from doxorubicin, Scale bar = 100 μm, ( b ) Viability assay 
treated with either doxorubicin or Doxil ®  (100 nM) for 72 h, comparing on three different in vitro systems: (1) 
2D in vitro (grown for 1 day), (2) 3D in vitro (grown for 1 day), and (3) 3D Matrigel™ (grown for 7 days) * = sta-
tistically signifi cant difference to 2D in vitro with the same treatment,  n  = 4,  p  < 0.05       
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   3.    Wash the culture three times with PBS (repeat Subheading 
 3.1 ,  step 3 ).   

   4.    The culture can be frozen in the OCT compound for further 
processing by transferring them to the suitable cassettes ( see  
Subheading  3.4 ), or paraffi n embedded for sectioning (Fig.  5 ). 
For paraffi n embedding, it is recommended to fi x the spher-
oids in Histogel™ before placing them in the cassettes to avoid 
the loss of sample due to the size. This can be done by heating 
the Histogel™ to 60 °C and placing the spheroids on the mold 
for OCT compound. Transfer the spheroids to the Histogel™ 
( see   Note 7  or Subheading  3.4 ), and overlay the culture with 
additional thin layer of Histogel™. After the Histogel™ solidi-
fi ed, the sample can be removed from the mold, placed in the 
cassettes and further processed for sectioning and staining.

       5.    For immunostaining of intracellular proteins, the cell mem-
brane will need to be permeabilized by adding 0.1 % (v/v) 
Triton X-100 as fi xation solution for 10 min. Then remove the 
fi xing solution and wash with PBS three times (repeat 
Subheading  3.1 ,  step 3 ). ( see   Note 12 ).   

   6.    Add 1 % BSA as blocking solution and incubate for 5 min at 
room temperature. Increase the incubation time to 1 h if you 
are working with the whole spheroid instead of the cell 
sections.   

   7.    Remove blocking solution, add primary antibody in appropri-
ate concentration and incubate for 30 min at 37 °C, 4 h at 
room temperature, or overnight at 4 °C ( see   Note 13 ). Protect 
the cells from light starting from this step if fl uorescent anti-
body is used.   

   8.    Wash the spheroids three times with PBS, repeat Subheading 
 3.6 ,  step 7  for secondary antibody if needed. Protect the cells 
from light.   

   9.    After washing three times with PBS, add nuclear stain, e.g., 
DAPI (1 μg/mL) for counterstaining. Incubate for 15 min at 
37 °C ( see   Note 14 ).   

   10.    Aspirate the DAPI solution and wash culture three times with 
PBS. The culture can be stored protected from light in PBS 
for several months at 4 °C.   

   11.    If needed, the spheroids can be transferred to the slides using 
the Tefl on pen or pipet tip ( see  Subheading  3.4 ).   

   12.    Fix the spheroids with an antifade reagent (e.g., Prolong 
Gold ® ), cover the slide with coverslip and seal the sample with 
mounting media (e.g., CytoSeal™ XYL).        
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4    Notes 

     1.    For serum-sensitive cells, use trypsin neutralizing solution 
with medium.   

   2.    Cells can also be plated together with nanoshuttle. Count the 
cells to reach at least 70 % confl uency to optimize the 
nanoshuttle uptake and avoid overcrowding.   

   3.    The cell pellet will appear brown due to the  nanoparticles   
taken up by the cells. If the brown color is not homogeneous 
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  Fig. 5    Characterization of in vitro 3D co-cultures: ( a ) Fluorescent images comparing the phenotype between 
3D in vitro co-culture grown in 6-well plates and in vivo tumors composed of  breast cancer cells   ( green  signal) 
and fi broblasts ( red  signal) after 7 days growth.  Blue  signal is from DAPI, staining the nucleus.  Yellow  arrows 
indicate the fi brotic capsule formed in both 3D in vitro and in vivo tumors. Scale bar = 100 μm. ( b )  Collagen  , 
fi bronectin, and vimentin (in  blue ) immunofl uorescent whole mount staining on 7-day-old 3D in vitro monocul-
tures and cocultures for breast cancer (in  green ) to fi broblast cells (in  red ) grown in 24 well plate, overlayed on 
bright-fi eld image of tumor, Scale bar = 100 μm ( c ) Fibronectin concentration detected in 7 days grown 2D and 
3D monocultures and co-cultures of breast cancer and fi broblasts cells. F = fi broblasts (293T) and B = breast 
cancer cells (SUM159)       
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within the cells, the incubation time should be increased to 
ensure the optimum nanoshuttle uptake.   

   4.    If the 3D culture consists of different cell types, maintain the 
spheroids in the cell medium of the most demanding cell type, 
check the growth curves of other cell types in this growth 
medium.   

   5.    It is recommended to plate 500–5000 cells in 50–100 μL for 
each well of 96-well plates or 100,000–300,000 cells in 350 
μL for each well of 24-well plates.   

   6.    Use low-attachment plates to avoid cell attachment to the bot-
tom of the well.   

   7.    For plates with magnetic levitation system with magnets on 
the lid, use 10–20 % less medium than usual to ensure that the 
medium does not reach the lid, which can cause the attach-
ment of the cells to the lid.   

   8.    Optionally, sterile gel-loading fi ne pipet tips can be used to 
avoid having the spheroids suctioned when removing the 
medium.   

   9.    Remove medium delicately without disrupting the spheroids. 
If the cells are easily disrupted, then the spheroids may need 
longer time to form. Incubate the spheroid further before 
removing the medium.   

   10.    The spheres can be transferred to other plates by using pipette 
with larger diameter (1 mL tips). In case the size of the spheres 
is bigger than the pipette diameter or the spheroids fall apart 
easily, the transfer can be done by using the Tefl on pen ( see  
Subheading  3.4 ).   

   11.    For the magnetic levitation magnets, the lid insert is translu-
cent and the spheroids should be easily imaged with the lid 
insert on. However, if the lid insert disturbs the imaging, the 
lid and magnetic drive magnet can be removed in sterile envi-
ronment, leaving the plate only to be covered by the transpar-
ent plate lid.   

   12.    Optionally, cells can be fi xed with 100 % methanol, ethanol, or 
isopropyl alcohol, or 100 % acetone for 30 min at 4 °C. No per-
meabilization is needed for fi xation with methanol and acetone, 
but methanol may compromise the epitope. Permeabilizing 
agent such as Triton X-100 is harsh to the cells and optionally, 
milder agents such as Tween 20, saponin, digitonin, and 
Leucoperm can be used in concentration of 0.2–0.5 % for 30 min. 
Fixation and permeabilization protocol will need to be opti-
mized based on the cells and further processing required.   

   13.    For  immunofl uorescence   staining: make sure that no dyes in 
similar excitation and emission wavelength to the dye used in 
immunofl uorescence were added for live cell imaging ( step 9  
of Subheading  3.1 ).   

Fransisca Leonard and Biana Godin
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   14.    DAPI is only recommended for histological slices, since the 
dye will not penetrate through the whole spheroids for most 
cell types.         
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    Chapter 22   

 Methods for Analyzing Tumor Angiogenesis in the Chick 
Chorioallantoic Membrane Model                     

     Jacquelyn     J.     Ames    ,     Terry     Henderson    ,     Lucy     Liaw    , and     Peter     C.     Brooks       

  Abstract 

   Models of tumor angiogenesis have played a critical role in understanding the mechanisms involved in the 
recruitment of vasculature to the tumor mass, and have also provided a platform for testing antiangiogenic 
potential of new therapeutics that combat the development of malignant growth. In this regard, the cho-
rioallantoic membrane (CAM) of the developing chick embryo has proven to be an elegant model for 
investigation of angiogenic processes. Here, we describe methods for effectively utilizing the preestab-
lished vascular network of the chick CAM to investigate and quantify tumor-associated angiogenesis in a 
breast tumor model.  

  Key words     Angiogenesis  ,   Chick chorioallantoic membrane (CAM)  ,   4T1 tumor cells  ,   Breast tumors  , 
  Tumor angiogenesis  ,   Immunofl uorescence (IF)  ,   von Willebrand factor (vWF)  ,   Microcomputed 
tomography (microCT)  ,   Microfi l ®   

1      Introduction 

    Angiogenesis     , the formation of new blood vessels  from   preexisting 
vasculature, is well understood to be a critical contributor to tumor 
growth. A continuously expanding body of work is not only deep-
ening our understanding of angiogenic pathways activated during 
tumor expansion but has also led to the identifi cation of many 
molecules that play critical roles in the recruitment of new vessels 
[ 1 – 5 ]. These fi ndings are rapidly driving the identifi cation of new 
targets for antiangiogenic therapeutics [ 6 ,  7 ]. Thus, reliable and 
reproducible preclinical models that mimic multiple steps in new 
blood vessel formation are necessary for investigation of pathologi-
cal angiogenic processes. 

 While in vitro angiogenic assays such as endothelial tube forma-
tion and the aortic ring model can provide important cellular and 
molecular insight [ 8 – 10 ], these models are limited in regard to the 
complex environments in which  angiogenesis   arises. To address 
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these limitations, numerous in vivo models of angiogenesis have 
been developed, including several angiogenic eye models as well as 
Matrigel™ plug assays [ 11 ,  12 ].  Tumor angiogenesis   occurs in many 
distinct tissue microenvironments [ 13 ,  14 ] and is tightly regulated 
by a diverse set of factors, which can be specifi c to a particular tumor 
type. Thus, the use of reproducible models in which the angiogenic 
process can be studied within a readily accessible tumor environ-
ment is of signifi cant benefi t. The chorioallantoic membrane (CAM) 
of the developing chicken embryo is a highly advantageous tool to 
explore the cellular and molecular processes of  tumor angiogenesis   
and test potential inhibitors and inducers of blood vessel formation 
[ 15 – 20 ]. The CAM serves as the main respiratory organ [ 21 ], 
responsible for gas exchange between the outside of the shell and 
the developing embryo, and is highly vascularized, rendering it an 
attractive model for angiogenic studies [ 22 – 26 ]. Because the embryo 
does not acquire a fully functional immune response until the late 
stages of embryonic development [ 27 ,  28 ], it serves as a versatile 
platform for the growth of whole tumor explants [ 29 – 31 ] and vari-
ous tumor cell lines from distinct species [ 32 ,  33 ]. Many recent 
studies have utilized the chick CAM for analyzing tumor growth, 
 metastasis  , and the angiogenic capacity [ 34 – 38 ] of ovarian, mela-
noma, and osteosarcoma cancers [ 39 – 42 ]. 

 In this chapter, we discuss quantitative methods for analyzing 
 tumor angiogenesis   by not only direct vessel counts, but also by 
Microfi l ®  polymer perfusion followed by  microCT   scans.  Microfi l ®    
perfusion provides information that goes beyond what we can infer 
from histology-based microvascular density counts alone. Given 
that the  Microfi l ®    perfusion generates casts of tumor-associated 
vessels capable of blood fl ow; this procedure provides additional 
support to confi rm that the vessels quantifi ed are indeed func-
tional. Moreover,  microCT   scans obtained from  Microfi l ®    perfu-
sion convey further information pertaining to total tumor vascular 
density as well as average vessel diameter, which is crucial when 
investigating the impact of antiangiogenic compounds.  

2    Materials 

 All reagents should be made and stored at room temperature unless 
indicated otherwise. Prepare all solutions using ultrapure water 
(purifi ed-deionized water to attain a sensitivity of 18 MΩ cm at 25 
°C). Follow appropriate institutional disposal policies and regula-
tions when disposing of all waste materials. 

       1.    Chicken embryos (Charles River Avian Vaccine Services, 
North Franklin, CT, USA).   

   2.    Embryo incubator (Brinsea, Titusville, FL, USA).   

2.1  Embryo Housing 
and Tissue Culture 
Components

Jacquelyn J. Ames et al.
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   3.    Model drill.   
   4.    Model drill bit and cutting wheel.   
   5.    Biological safety cabinet.   
   6.    Cellulose tape.   
   7.    Cardboard egg holder.   
   8.    Egg candle.   
   9.    Mineral oil.   
   10.    4T1 breast tumor cells.   
   11.    Tissue culture treated plates.   
   12.    Fetal bovine serum (FBS).   
   13.    Complete growth media for 4T1 cells: RPMI-1640, with 10 % 

FBS, and fi nal concentration of 1 % sodium pyruvate and 1 % 
penicillin–streptomycin.   

   14.    0.05 % trypsin.      

       1.     Phosphate buffered saline (PBS).   
   2.    Curved-tip forceps.      
   3.    Straight-tip forceps.   
   4.    Small dissecting scissors.   
   5.    Tissue-Tek O.C.T. compound.   
   6.    Tissue-Tek disposable vinyl specimen molds.   
   7.    Cryostat.   
   8.    Fixing solution: 50 % methanol, 50 % acetone.   
   9.    Glass slides.   
   10.    Bovine serum albumin (BSA).   
   11.    Blocking buffer: 2.5 % BSA in PBS. Weigh 0.625 g of BSA and 

dissolve in 25 μl of PBS.   
   12.    Primary antibody solution: 1:500 dilution of  vWF   antibody 

(polyclonal rabbit anti-human von Willebrand Factor, Dako, 
Carpinteria, CA, USA). 10 μl of vWF antibody in 5 ml of 
blocking buffer.   

   13.    Secondary antibody solution: 1 μg/ml dilution of Alexa Fluor 
594 goat anti-rabbit IgG in 2 ml of blocking buffer.   

   14.    DAPI solution: 1:10,000 dilution of stock. 1 μl of DAPI (5 
mg/ml) in 10 ml of blocking buffer.   

   15.    Cover slips.   
   16.    Fluoromount.   
   17.    Clear nail polish.   
   18.     Microscope   and imaging software.       

2.2  immuno-
fl uorescence 
Components
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       1.    30-gauge injection  needles  .   
   2.    1 ml syringes.   
   3.    4 % paraformaldehyde.   
   4.    Absolute ethanol.   
   5.     Microfi l ®    MV-122.   
   6.    Scanco VivaCT-40  microCT   and software.       

3    Methods 

 All procedures should be conducted at room temperature unless 
specifi ed otherwise. 

       1.    Chicken embryos are obtained from Charles River Spafas at 0 
days post-fertilization (dpf). Upon  delivery  , eggs are kept in 
an incubator at 37 °C with 45–60 % relative humidity, on an 
interval timed tilt platform that turns every 45 min. The eggs 
are maintained in this environment until 10 dpf ( see   Note 1 ).   

   2.    All tissue culture work should be conducted in a sterile laminar 
fl ow hood. Grow and maintain 4T1  breast tumor   cells on tis-
sue culture treated plates with complete medium in a tissue 
culture incubator at 5 % CO 2 , 37.5 °C, and 37 % humidity.   

   3.    At 10 dpf the chorioallantoic membranes (CAMs) of the 
chicken embryo are well-developed and optimal for tumor 
studies (Fig.  1 ). The CAM should be dropped in following 
steps: First, remove the eggs from incubator and candle, hold-
ing the broad end of the egg to the light source to identify the 
location of the embryonic air sac, determine the optimal drill-
ing position for vascular injection window and identify an area 
best suited to drop the CAM for tumor placement. ( See   Note 2 ). 
Mark these locations on the outside of the shell with a pencil.

       4.    All of the following steps involving the eggs should be per-
formed in a sterilized biological safety cabinet. To separate the 
CAM from the shell, fi rst sterilize the external surface area of 
the egg with 70 % ethanol. Begin by drilling a hole in the 
broad end of the egg where the air sac is located; this will 
relieve the internal pressure and allow for the generation of a 
false air sac. Next, drill a small hole through the shell in the 
area identifi ed for tumor placement during candling, being 
diligent not to break through the white shell membrane ( see  
 Note 3 ). Due to the close association of the shell membrane 
with the CAM, if the shell membrane is compromised during 
this process it can lead to bleeding and rupturing of the 
CAM. After both holes have been drilled, holding the broad 
end of the egg (area of air sac) to the egg candle with the posi-
tion of the drilled hole on the top side of the egg; lightly press 
on the exposed shell  membrane with curved tip forceps to 
separate the CAM from the shell ( see   Note 4 ). The gentle 

2.3  Microfi l Injection 
and MicroCT

3.1  Chicken Embryo 
and 4T1 Tumor 
Xenografts

Jacquelyn J. Ames et al.



  Fig. 1    Utilizing the CAM for analysis of  tumor angiogenesis  . ( i ) Embryos at 10 dpf with preexisting blood vessels 
are used for the CAM tumor-angiogenesis assay. ( ii ) Embryos are candled to identify the position of the tumor 
window and the vascular window (for injection of antagonist and Microfi l perfusion). Holes are drilled into the 
natural embryonic air sac and at the location of the tumor window. The CAM is separated from the shell and a 
window is cut and removed from above the false air sac. The vascular window is cut, but not removed, and 
covered with sterile tape. ( iii ) Tumor cells are pipetted on to the dropped CAM, the tumor-window is sealed with 
sterile tape and the embryos are returned to the incubator. ( iv ) Seven days following tumor cell seeding, the 
injection window is removed and the Microfi l compound is injected at a fi nal volume of 100–500 μl. ( v ) 
Embryos are incubated for 2 h at 4 °C to cure the polymer. The tumor and associated CAM is removed and 
fi xed with paraformaldehyde for 24 h prior to  microCT   analysis       
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pressure from the forceps will dissociate the CAM from the 
shell and the embryonic sac will fi ll the area of the natural air 
sac, creating a false air sac over the area of the CAM for tumor 
placement ( see   Note 5 ).   

   5.    Once the CAM has separated from the shell, use the cutting 
wheel attachment to fi le a square around the drilled hole above 
the new air sac. A second window should be generated around 
the blood vessel identifi ed for injections ( see   Note 6 ). Carefully 
drill through the shell, leaving the shell membrane intact. Do 
not remove the window until you are ready to proceed with 
the seeding of tumor cells. Place the eggs back in the humidi-
fi ed incubator.   

   6.    Collect viable 4T1 cells by removing them from tissue culture 
plates with trypsin. Begin by removing the complete media 
from plates and washing the cells three times with 
PBS. Incubate plates with 3 ml trypsin for approximately 
10 min (or until cells become liberated from the surface of 
the plates) at 37 °C. Add 5 ml of basal RPMI-1640 to each 
plate of trypsin- treated cells and use the pipette to wash any 
remaining semi- adherent cells off of the plate surface. Once 
cells are in suspension, transfer all cell suspensions to a sterile 
50 ml conical tube and centrifuge for 3 min at 1500 ×  g . 
Proceed by removing the trypsin-containing supernatant and 
wash cells three times in PBS. Finally, resuspend cells in basal 
RPMI-1640 for a fi nal concentration of 2.5–7.5 × 10 7  cells/ml 
( see   Note 7 ).   

   7.    Remove the eggs from the incubator and carefully remove the 
shell window; try to avoid shell pieces or dust falling inward 
onto the CAM ( see   Note 8 ). Next, carefully pipette 40 μl 
(total of 1–3 × 10 6  cells) of the 4T1 cell suspension onto the 
surface of the CAM. Take care not to make any jarring move-
ments that could disrupt the distribution of the tumor cells on 
the membrane. Cover the shell window with a piece of sterile 
cellulose tape and return embryos to the incubator.   

   8.    Tumors are grown for 7 days on the CAM of the developing 
embryo; during this time the eggs are maintained in a humidi-
fi ed incubator on stationary shelving. Experiments using 
angiogenic antagonists will need to be optimized for each par-
ticular treatment ( see   Note 9 ).   

   9.    Tumors should be collected via careful dissection on 17 dpf 
and embryos immediately sacrifi ced in accordance with all 
applicable institutional IACUC polices and procedures. See 
Subheading  3.2  for methods necessary for preparation of tis-
sues for  immunofl uorescence  , and skip to Subheading  3.3  for 
instructions on tissue preparation for angiogenic quantifi ca-
tion using  microCT   scanning.      

Jacquelyn J. Ames et al.
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    The  angiogenic   capacity of 4T1 tumors can be quantifi ed by 
determining the number of vessels positively stained for  vWF   (von 
Willebrand Factor) per unit area in the tumor.

    1.    Carefully remove tumor from the embryo by grasping an area 
of the CAM near the tumor and cutting the tissue surround-
ing the tumor with dissecting scissors. Place tumors in a petri 
dish and rinse once with PBS (Fig.  2 ). Tumor mass can be 
determined with a traditional weigh scale.

       2.    For tumors that will be used for sectioning, transfer to O.C.T.-
fi lled cryo-molds ( see   Note 10 ). Cover any exposing tissue 
with O.C.T. compound and transfer immediately to dry ice to 
snap freeze tissue. Once tissue and O.C.T. compound is fro-
zen, store molds at −80 °C.   

   3.    Section frozen tumor molds using a microtome cryostat set to 
cut at 5 μm, and transfer sections to Superfrost Plus slides.   

   4.    Incubate the slides in fi xing solution for 1 min at −20 °C and 
air-dry.   

   5.    Once the slides are dry they can be used immediately for 
 immunofl uorescence   staining or stored at −80 °C for future 
use.   

   6.    Wash the slides for 15 min in PBS.   
   7.    Incubate the slides with blocking buffer for 1 h at 37 °C ( see  

 Note 11 ). The slides should be washed once in PBS for 5 min 
on shaker at room temp.   

3.2  Quantifi cation 
of Tumor Angiogenesis 
by Microvascular 
Density Counts

  Fig. 2    Representative example of a 4T1 tumor dissected from the 
CAM. Representative image of a 4T1 tumor dissected from the CAM of a chicken 
embryo 7 days after seeding (17 dpf) exhibiting recruitment of blood vessels to 
the tumor mass       
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   8.    Incubate the slides with primary (vWF)    antibody solution for 
1 h at 37 °C. Wash slides three times with PBS for 10 min 
(each wash) on shaker at room temp.   

   9.    Incubate the slides with secondary antibody solution for 1 h at 
37 °C in the dark. Wash the slides three times with PBS for 
15 min at room temperature while keeping the slides out of 
direct light. Follow by incubating the slides with the prepared 
DAPI solution for 3 min at room temp and perform one last 
wash in PBS on an orbital shaker for 5 min.   

   10.    Remove the slides from PBS wash and allow to air-dry. Once 
dry, place one drop of Fluoromount mounting medium on 
each section of stained tissue. Cover stained sections with glass 
coverslip, seal with clear fi ngernail polish and dry completely.   

   11.    Angiogenic vessels within the tumor can be visualized (Fig.  3a ) 
and quantifi ed by positive staining for  vWF  . An initial (×200) 
microscopic fi eld is chosen within the section of the tumor. 
Count the number of vWF-positive vessels in the initial fi eld 
and repeat for fi elds directly above, below and to the right and 
left of the initial fi eld (Fig.  3b ). Repeat by moving the fi eld to 
another area of the tissue section. A total of 15–20 fi elds 
should be counted for each tumor.

              Quantitative   methods of  tumor angiogenesis   utilizing corrosion 
casts have been established for murine models [ 43 – 45 ] and it is 
possible to apply a similar approach when examining tumor vascu-
larity in the chick CAM model. The information obtained regard-
ing tumor- associated  angiogenesis   through  Microfil ®    and  microCT   
methods is far more comprehensive than quantitation through 
 immunofluorescence   alone. With  Microfil ®    perfusion we are able 
to gather not only three-dimensional image data of vascular net-
works but also important aspects of vessel morphology such as 
average vessel size and total vascular density as related to total 
tumor volume (Fig.  4 ).

     1.    At 17 dpf embryos are prepared for  Microfi l ®    injection and 
tumor harvest.   

   2.    Prepare Microfi l ®  medium mixture according to manufactur-
ers instructions. Between 100 and 500 μl of the compound is 
required for perfusion of each embryo ( see   Note 12 ).   

   3.    The vascular window drilled at 10 dpf can now be removed 
and vasculature accessed for polymer injection. Remove 
embryos from incubator and place in cardboard egg holder. 
Gently peel the shell window away from the shell membrane 
using fi ne tip curved forceps ( see   Note 13 ). Once the window 
is removed and the opaque shell membrane is visible, gently 
swab the shell membrane with mineral oil; this will render the 
membrane translucent and vessels will become visible.   

3.3  Additional 
Method 
for Quantifi cation 
of Tumor Angiogenesis 
via MicroCT Imaging
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   4.    Once the vascular window is removed, inject between 100 and 
500 μl of  Microfi l ®    into the identifi ed blood vessel ( see   Note 14 ) 
using a 30-gauge needle ( see   Note 15 ). Adequate perfusion is 
visually assessed when all blood vessels on the CAM surround-
ing the tumor are fully saturated with the yellow polymer.   

   5.    Following injections, embryos are placed at 4 °C for 2 h to set 
the polymer.   

   6.    To remove tumors from the embryo, place egg on an egg 
holder and carefully widen the window directly over the tumor by 

  Fig. 3    Angiogenic vessels within the tumor can be visualized and quantifi ed by positive staining for von 
Willebrand Factor (vWF)   . ( a ) Frozen sections (5 μm) of 4T1 tumors are stained with antibodies directed to blood 
vessels (vWF/ red ) and nuclear material counterstained is with DAPI ( blue ). ( b ) An initial (×200) microscopic 
fi eld ( center box ) is chosen within the section of the tumor. The number of vWF positive vessels can be deter-
mined in the initial fi eld followed by moving the fi eld ( dashed grid boxes ) in four separate directions ( right ,  left , 
 up , and  down ), and vessel counts made within each fi eld. A total of 15–20 fi elds should be counted for each 
tumor       
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peeling back pieces of the shell with forceps. Next, carefully 
grasp the CAM in an area near the tumor with a pair of for-
ceps, and use dissecting scissors to gently cut through the 
CAM tissue in a circular shape around the tumor. Transfer 
tumors to a 4 % paraformaldehyde solution for fi xation and 
store at 4 °C for 24 h. After 24 h, formalin-fi xed tumor tissue 
can be transferred to 70 % ethanol and stored at 4 °C until 
 microCT   scanning.   

   7.    Perfused and fi xed tumors should be scanned using a  microCT   
imaging unit. Scan tumors at 10.5 μm resolution with a volt-
age of 55 kVp and a current of 145 μA. Resolution should be 
set to high (2048 × 2048 pixel image matrix) for image acqui-
sition. Tomograms should be globally thresholded based on 
X-ray attenuation and used to render binarized 3D images of 
the tumor.    

4         Notes 

     1.    Diligence in maintaining proper conditions (temperature and 
humidity) is crucial to the viability and vascular development 
of the embryos. During the 10-day incubation period prior to 
xenograft implantation, if embryos are maintained in the same 
position the CAM will develop preferentially on one side of 
the embryo. Rotating the developing embryos 180° every 48 
h facilitates development of the CAM on all sides of the egg 

  Fig. 4    Quantifi cation of vascular density in 4T1 xenografts by  microCT  . ( a ) Example of a  microcomputed tomog-
raphy   scan from a  Microfi l ®    perfused 4T1 tumor grown on the chick CAM. ( b ) Quantitative data including total 
scanned volume of the tumor (TV), vessel volume (VV) of the scanned tumor, and the ratio of vessel volume 
divided by the total scan volume of the tumor. ( c ) Histogram plot showing the number of vessels of a given size 
within the scanned tumor       
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increasing the workable area of the membrane. At time points 
later than 10 dpf the CAM becomes more tightly associated 
with the shell membrane making the procedure of dropping 
the CAM and creating a false air sac increasingly diffi cult; 
younger embryos do not have CAMs developed enough for 
the assay. Plan to use 8–10 embryos per treatment group. It is 
possible that not all embryos received will fully develop and 
some may be damaged during the process of dropping the 
CAM. Be sure to take this into consideration when ordering 
embryos.   

   2.    When candling the embryos, fi rst mark the air sac and then 
identify a CAM-associated blood vessel to be utilized for injec-
tions. Small- to medium-sized vessels that transverse laterally 
across the egg and branch away from the natural air sac work 
best for agonist/antagonist/ Microfi l ®    injections. Holding the 
egg at the candle draw a box around the chosen blood vessel; 
with the vascular injection window facing you and mark the 
top of the egg. This will be where the CAM is dropped and 
the false air sac is generated. It is also important not to keep 
the egg on the candle for too long during this and future 
injection steps as the high temperature of the light can have 
deleterious effects on the developing embryo.   

   3.    While drilling holes for dropping the CAM it works best to 
process no more than 5–6 embryos at a time. Exposure of the 
shell membrane/CAM for long periods will cause the tissue to 
undergo excessive drying rendering it diffi cult to separate 
from the shell membrane. Do not wipe the exposed shell 
membrane with ethanol, as this will also excessively dry the 
tissue.   

   4.    When dropping the CAM, it is sometimes benefi cial to gently 
rock the egg or softly tap the shell around the drilled hole 
assisting the CAM to pull away from the shell membrane.   

   5.    Successful CAM dropping will result in a false air sac in which 
you lose visibility of the CAM-associated blood vessels. If an 
air sac or bubble is observed while blood vessels are still associ-
ated with the shell membrane, the CAM has been ruptured 
and the embryo cannot be used for the following tumor 
studies.   

   6.    When creating the two shell windows it is helpful to drill four 
sides of the box and leave the corners of the shell intact cover 
both windows with sterile cellulose tape to prevent drying 
until windows are removed.   

   7.    Be sure to collect enough cells for 8–10 embryos per treatment 
group. It is critical to have a uniform suspension of cells to 
facilitate equivalent numbers of cells grafted to each embryo. 
Pipetting up and down can help to create a uniform suspension, 
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but passing cells through an injection needle is not recom-
mended as it is probable that cells will be lysed and not viable.   

   8.    When removing the window from the dropped CAM, dust or 
larger shell pieces that fall onto the CAM can potentiate an 
infl ammatory response and skew long-term results of the 
study. Shell fragments in the CAM also contribute to diffi culty 
during the sectioning of frozen blocks by damaging micro-
tome blades.   

   9.    If angiogenic antagonists are to be tested, concentrations and 
dosing schedules should be optimized for each treatment. 
The amount of antagonist to be delivered and the duration of 
the treatment are dependent upon the specifi c biochemistry 
of the antagonist to be tested and should be determined 
experimentally. Systemic intravenous injections can be per-
formed by diluting the antagonist in PBS (total volume of 
100 μl) and injecting into the CAM-associated vasculature 
identifi ed within the vascular window. Antagonist can also be 
administered topically via dilution in 50 μl of PBS by pipet-
ting through the window above the dropped CAM and 
directly onto the tumor.   

   10.    Placing tumors on edge in the O.C.T. cryo-mold will result in 
sections that are easily oriented through identifi cation of the 
CAM.   

   11.    Volumes of blocking buffer and antibody solutions will vary 
based on the size of the tissue section and the occupied area 
on the slide; it is imperative that all tissue area within the 
marked boundaries is suffi ciently covered in the solutions to 
ensure even and adequate staining.   

   12.    To optimize injection effi ciency, mix only enough Microfi l 
compound for injection of 3–4 embryos at a time. Once the 
 Microfi l ®    components have been mixed the compound will 
slowly begin to polymerize and extended periods of time will 
result in curing of the polymer leading to diffi culty during 
injections.   

   13.    Precautions when removing the vascular window are critical as 
the shell can be tightly associated with the shell membrane and 
CAM. Carefully remove the tape without pulling on the win-
dow and swab the window and surrounding area with mineral 
oil to soften the CAM before removing the window with 
forceps.   

   14.    If injection through the vascular window proves challenging it 
is also possible to inject the  Microfi l ®    compound via blood ves-
sels on the top of the dropped CAM. If injection from the top 
of the CAM is performed, widen the window above the tumor 
by peeling back the shell with forceps. Be sure to identify vessels 
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associated with the CAM as blood vessels of the embryo below 
the CAM are diffi cult to inject.   

   15.    Adequate perfusion can be assessed by observation of the yel-
low  Microfi l ®    polymer replacing the embryonic blood in CAM 
vasculature surrounding the tumor.           
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    Chapter 23   

 Pharmacokinetics and Pharmacodynamics in Breast 
Cancer Animal Models                     

     Wei     Wang    ,     Subhasree     Nag    , and     Ruiwen     Zhang       

  Abstract 

   The study of pharmacokinetics (PK) and pharmacodynamics (PD) in cancer drug discovery and develop-
ment is often paired and described in reciprocal terms, where PK is the analysis of the change in drug 
concentration with time and PD is the analysis of the biological effects of the drug at various concentra-
tions over different time courses. While PK is defi ned by how a compound is absorbed, distributed, metab-
olized, and eliminated, PD refers to the measure of a compound’s ability to interact with its intended 
target, leading to a biologic effect. Recent advances in anti-breast cancer drug discovery have resulted in 
several new drugs, but there is still a high attrition rate during clinical development. One reason for this 
failure is attributed to inappropriate correlation between the PK and PD parameters and subsequent 
extrapolation to human subjects. In this chapter, we describe the protocols of PK and PD studies in breast 
cancer models to assess the effi cacy of an anti-breast cancer compound, noting the types and endpoints 
employed, and explain why it is important to link PK and PD in order to establish and evaluate dose/
concentration-response relationships and subsequently describe and predict the effect-time courses for a 
given drug dose.  

  Key words     Pharmacokinetics  ,   Pharmacodynamics  ,   Breast cancer  ,   Animal models  ,   PK/PD modeling  

1      Introduction 

    Biological  response   of  a   drug is  often   related to its concentration 
at the site of action over the course of time [ 1 ]. Thus, pharma-
cokinetics (PK) which studies the time course of drug’s fate in 
the body and pharmacodynamics (PD) which studies the rela-
tionship between drug concentration and biological effect 
become the essential components of the modern drug discovery 
process and crucial towards successful clinical transition of a new 
drug. Breast cancer, one of the most common causes of cancer 
related mortalities in women worldwide, has been the focus of 
anticancer drug discovery over the years [ 2 ,  3 ]. Despite consid-
erable diversity in molecular profi le,  histopathology  , and treat-
ment outcome, advances in genetics and molecular/cell biology 



272

have greatly extended our knowledge about the molecular 
pathogenesis of breast cancer, and subsequently unlocked new 
avenues for developing novel targeted therapies through the 
identifi cation of potential therapeutic targets involved in intra-
cellular signaling processes responsible for malignant transfor-
mation and progression [ 4 – 7 ]. However, anti-breast cancer drug 
discovery and development is associated with high attrition rates, 
largely, due to a lack of effi cacy and unexpected toxicity of new 
drugs in the clinical development. Generation of high-quality, 
predictive PK and PD information in the early phase of the drug 
development process could help reduce the high attrition rates 
in the discovery and development pipeline [ 8 – 10 ]. 

   New drug development is highly dependent on animal studies to 
provide a framework for human clinical trials [ 11 ,  12 ]. Current 
cancer drug development paradigm selects starting doses for phase 
I clinical trials based on prior data obtained from pharmacokinetic 
and toxicology studies in animals using allometric scaling based on 
body surface area conversions [ 10 ,  11 ]. Though plasma PK prop-
erties have been successfully related to pharmacological effects, the 
heterogeneous nature of tumor tissue often impedes drug  delivery   
from plasma to tumor, leading to complex relationships between 
concentrations in plasma, tumor interstitium, and tumor cells [ 13 ]. 
Therefore, meaningful PK data for an anticancer drug must 
include tumor permeability and tumor uptake data, either in vitro 
or in vivo [ 13 ,  14 ]. 

 Prior to advancing to in vivo testing, a number of parameters 
are assessed that help predict the potential of the drug candidate 
to reach its intended target in vivo [ 15 ,  16 ]. These include, but 
are not limited to, physicochemical characterization of the drug 
(i.e., determinations of molecular weight, solubility, lipophilic-
ity), extent of plasma protein binding, interactions with cyto-
chrome P 450  (CYP) isoenzymes (both induction and inhibition), 
ability to migrate across a cell barrier (Caco-2, MDCK cell lines, 
and/or artifi cial lipid membranes are often used to address poten-
tial for absorption across the gut and blood–brain barrier), and 
stability (measured either as half-life of a compound mixed with 
human or rodent plasma and in solutions of varying pH simulat-
ing stomach or GI environments, or when incubated with liver 
microsomes or hepatocytes as an early metabolic stability readout) 
[ 15 ,  16 ]. An exhaustive in vivo PK profi le that describes tissue 
distribution and accumulation over a time course is usually estab-
lished before compounds undergo extensive effi cacy testing in 
animal models [ 16 – 18 ].  

   A successful and meaningful PD analysis involves the measurement 
of biomarkers or clinical endpoints that can be quantitatively 
related to drug concentration in the body. In PD studies for anti-
cancer drugs, often, four different types of outcomes are measured 

1.1  Pharmacokinetic 
Considerations

1.2  Pharma-
codynamic 
Considerations
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either, alone or in combination [ 19 ,  20 ]: (a) decrease in tumor size 
or tumor regression (this is the most frequent measure of drug 
effi cacy); (b) modifi cation in expression level of a biomarker which 
correlates with disease progression and/or survival, e.g., changes 
in  estrogen receptor (ER)   and  progesterone receptor (PgR)   for 
endocrine therapy, changes in Ki-67 levels, a cellular proliferation 
marker, for assessing therapeutic effi ciency [ 21 ,  22 ]; (c) an out-
come predicted based on the molecular target of the drug (e.g., an 
increase in apoptosis assessed by Terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) staining with a proapop-
totic drug, or inhibition of target oncogene levels); and (d) in 
some cases, toxicity as a result of therapy can also be used as a clini-
cal end-point with higher drug exposure being associated with 
antitumor activity and greater toxicity [ 10 ]. The concentration–
response relationships that lead to the estimation of these PD 
parameters are both useful in preclinical drug development and in 
the clinic trials. Various in vitro cellular and cell free assays are often 
used to identify and validate molecular targets [ 23 – 31 ]. For fur-
ther testing and confi dence as a potential anti-breast cancer agent, 
the PD studies often include testing in animal models for target 
validation and therapeutic response, in relation to drug concentra-
tion in vivo.   

2    Materials 

 Analytic grade and/or HPLC grade reagents should be used for 
preparation of all solutions and buffers, using ultrapure double dis-
tilled water. Prepared solutions and buffers should be fi ltered and 
stored as indicated. All cell culture equipment and biological hood 
and culture media should be sterile or sterilized prior to use. Gloves 
must be used for all procedures. Animals should be housed and 
treated according to regulatory guidelines and all animal study 
protocols must be reviewed and approved by Institutional Animal 
Care and Use Committee (IACUC). 

       1.    60 or 100 mm dishes.   
   2.    Cancer cell lines.   
   3.    MDCK cell line.   
   4.    Caco-2 cell line.   
   5.    Cell culture medium as specifi ed by ATCC for particular cell line.   
   6.    FBS.   
   7.    Penicillin–streptomycin.   
   8.    Sterile PBS.   
   9.    Trypsin–EDTA solution.   
   10.    Hemocytometer for cell counting.   

2.1  Uptake 
and Cellular Transport 
Experiments
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   11.    Pasteur pipettes.   
   12.    Stop solution (200 mM KCl and 2 mM HEPES).   
   13.    Transwell diffusion chamber.      

       1.    37 °C shaking water bath.   
   2.    25 mL round bottom glass test tube.   
   3.    100 mM Tris-HCl buffer (pH 7.4).   
   4.    Methanol, UPLC grade.   
   5.    S9 (Celsis In Vitro Technologies): CD-1 mouse S9; human S9; 

and Fisher 344 rat S9. All S9 fractions are in 20 mg/mL pro-
tein basis.   

   6.    NRS-I: 2 % NaHCO 3 ; 1.7 mg/mL NADP, 7.8 mg/mL 
glucose- 6- phosphate, 6 units/mL glucose-6-phosphate 
dehydrogenase.   

   7.    NRS-II: 2 % NaHCO 3 ; 1.9 mg/mL UDPGA; 100 μg/mL 
PAPS.      

       1.    Ultrafi ltration devices (Amicon Centrifree-Amicon YM-300 
fi lter system, Millipore Corp., Bedford, MA).   

   2.    Water bath.   
   3.    Centrifuge.   
   4.    Purifi ed mouse plasma.   
   5.    α1-acid glycoprotein (AGP).   
   6.    Human serum albumin (HSA).      

       1.    Fresh human hepatocytes.   
   2.    Test compound at different concentrations.   
   3.    CYP isoforms: CYP1A2; CYP2B6; and CYP3A4.   
   4.    Negative control: vehicle (typically 0.1 % DMSO).   
   5.    Positive control reagents: 3-methylchloranthrene (CYP1A2); 

omeprazole (CYP1A2); phenobarbital (CYP2B6); dexametha-
sone and rifampicin (CYP3A4).   

   6.    Probe substrates: ethoxyresorufi n (CYP1A2); bupropion 
(CYP2B6); midazolam (CYP3A4).      

       1.    Mouse plasma.   
   2.    Human plasma.   
   3.    Water bath.      

       1.    Cell culture related materials.   
   2.    Culture medium without FBS or antibiotics.   
   3.    70 % ethanol.   
   4.    0.9 % NaCl (physiological saline, sterile).   

2.2  S9 Metabolism 
Studies

2.3  Protein 
Binding Assay

2.4  Cytochrome 
P450 Enzyme 
Induction/Inhibition 
Assay

2.5  In Vitro Stability 
Testing

2.6  Establishment 
of Animal 
Tumor Models
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   5.    Drug preparations in appropriate vehicle.   
   6.    1 mL syringe with 27–30 gauge needles.   
   7.    Sterilized animal feeding needles, 18/50 mm, curved tube 

style.   
   8.    Matrigel ®  basement membrane matrix (Becton Dickinson 

Labware, Bedford, MA).   
   9.    Xenolight RediJect  d -Luciferin (850 μL of 30 mg/mL in a 

vial; PerkinElmer, Waltham, CA).   
   10.    Caliper IVIS bioluminescent imaging system (Caliper, 

Mountain View, CA).   
   11.    A small balance for body weight measurement.   
   12.    Calipers for measuring tumor diameters.   
   13.    Ear tags and ear puncher for identifi cation of animals.   
   14.    Disinfectant.   
   15.    Sterile gauze.   
   16.    Solution for sample preparation for pathology analysis: add 

735 mL of absolute alcohol (100 %) into 315 mL of deionized 
H 2 O and then add 117 mL of formalin (37 % formaldehyde).   

   17.    Athymic nude mice, female, 4–6 weeks old, allowing 3–5 days 
acclimatization period.   

   18.    Clean cages with sterile bedding, food, and water, and cage 
card with animal identifi cation information.      

       1.    Glass metabolic cages (for mice and rats).   
   2.    Animal surgical instruments for blood drawing and tissue 

collection.   
   3.    Diseased animal model, such as female nude mice bearing 

breast xenograft tumors or orthotopic tumors.   
   4.    Normal healthy animal, such as CD-1 female mice.   
   5.    Heparinized 1.5 mL Eppendorf tubes.   
   6.    Tissue homogenizer.   
   7.    Balance for tissue weight measurement.   
   8.    Tissue storage vials and solvent.   
   9.    Pharmacokinetic modeling program.       

3    Methods 

       1.    Plate cells at a density of ~5 × 10 5  cells/well in 6-well plates and 
grow under optimum conditions.   

   2.    Prior to the experiment, wash cells twice with PBS and incu-
bate at 37 °C for 10 min to ensure complete removal of the 
medium.   

2.7  In Vivo PK 
and PD Studies

3.1  Drug Cellular 
Uptake Assay
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   3.    Add 2 mL of desired concentration of drug in PBS in each well 
and incubate at 37 °C for 30 min to 2 h ( see   Note 1 ).   

   4.    Following incubation, wash the cells three times with PBS and 
rinse the cells three times with ice-cold stop solution to stop 
further uptake of drug.   

   5.    Lyse cells by incubating with PBS at −80 °C overnight and 
subsequent thawing at room temperature. Aliquots from each 
well are transferred to 1.5 mL centrifuge tubes and extracted 
as per established procedure.   

   6.    Analyze with HPLC/LC-MS ( see   Notes 2 – 4 ).   
   7.    Measured the protein concentration of each sample by Bradford 

(Bio-Rad, Hercules, CA) assay.   
   8.    All uptake data is normalized to the protein count from each 

well.      

       1.    Grow cell mono-layers on the Transwell™ under appropriate 
conditions.   

   2.    Prior to the experiment, wash cells twice with PBS and incubate 
at 37 °C for 10 min to ensure complete removal of the medium.   

   3.    Add 200 μL of desired concentration of drug in PBS in donor 
chamber ( see   Note 1 ).   

   4.    Fill receiver chamber with PBS. Sampling is carried out from 
the receiver chamber at predetermined time points and fresh 
PBS replaced in the receiver chamber to maintain sink condi-
tions. All the experiments are performed at 37 °C.   

   5.    The samples are analyzed by HPLC/LC-MS. The effective 
permeability (cm/s) is determined according to Eq.  1 :

   
P

C t

C AV
=

´ ´
d d/

60   
 ( 1 ) 

   

 P  is the permeability in cm/s, d C /d t  denotes the slope of plot 
of concentration (nM) versus time (min),  C  represents the 
 concentration of drug (nM/cm 3 ),  A  is the surface area of the 
chamber (cm 2 ), and  V  is the volume of each half-chamber 
(cm 3 ).      

       1.    Dilute the S9 to 10 mg/mL in 100 mM Tris-HCl buffer.   
   2.    Place the test tube into the ice bath and add 200 μL of 10 mg/

mL S9.   
   3.    Add 1280 μL of 100 mM Tris buffer.   
   4.    Add 20 μL of 1000 μM test compound.   
   5.    Place the test tube and the NRS separately into a 37 °C shak-

ing water bath for 5 min.   

3.2  Cellular 
Transport Studies

3.3  S9 Metabolism 
Studies
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   6.    Add 500 μL of 100 mM Tris-HCl or NRS I or NRS II to test 
tube. Start the reaction time at the addition of Tris-HCl or 
NRS to the samples.   

   7.    150 μL (duplicate) of the mixture is moved to the Eppendorf 
tube at 0, 15, 30, 45, and 60 min, and twofold volume (300 
μL) of cold methanol is added. Vortex for 10 s. The mixture is 
centrifuged at 12,000 ×  g  for 10 min and then the whole super-
natant is moved to a new 100 × 75 mm glass tube. Air-dry 
using compressed clean-air. The deposit is dissolved in 150 μL 
of UPLC mobile phase. 100 μL of volume is injected onto the 
UPLC/LC-MS column.   

   8.    The stability of the drug is determined by analysis of intact 
drug post incubation with S9 fractions, in comparison with 
negative control (without S9 fractions) ( see   Notes 5  and  6 ).      

       1.    The plasma protein binding studies are carried out on whole 
human plasma as also specifi c plasma proteins such as Human 
serum albumin (HSA), and α1-acid glycoprotein (AGP).   

   2.    α1-acid glycoprotein (AGP) and human serum albumin (HSA) 
solutions are prepared in PBS (pH 7.4). The concentrations of 
AGP and HSA used are 0.7 g/L and 40 g/L respectively, 
which is equal to the levels found in normal subjects.   

   3.    Spike mouse plasma samples, AGP, and HSA with drug at a 
low and high concentration and maintain at 37 °C for 1 h. 
Prepare control samples using PBS instead of plasma.   

   4.    From each of these preparations, a portion is aliquoted and 
placed in a sample reservoir of an Amicon Centrifree ®  ultrafi l-
tration system (Millipore Co., Bedford, MA). The fi lter sys-
tems are centrifuged at 2000 ×  g  until the reservoirs run dry. 
From each sample, triplicate portions are taken for analysis by 
HPLC or LC-MS. The Amicon Centrifree YM-300 fi lter sys-
tem has a membrane molecular mass cutoff of 30,000 Da.   

   5.    The amounts present in the fi ltrates are designated as “free 
drug” ( F ). The concentrations of the unfi ltered solutions are 
also determined by triplicate analyses. This amount represents 
the ‘total drug’ concentration ( T ). The amount bound non-
specifi cally to the fi lter ( X ) also is determined. The percentage 
of test compound bound to plasma proteins is calculated by 
the following formula: Percentage bound = [( T  −  F  −  X )/ T ] × 100 
( see   Note 7 ).      

       1.    Use fresh or platable cryopreserved hepatocytes, as either 
monolayer or sandwich culture, with a 1–2 day recovery period 
after plating.   

   2.    Treat with test compound and positive controls for 2–3 days 
(changing medium with test compounds every 24 h) in media 

3.4  Protein 
Binding Assay

3.5  Cytochrome 
P450 Induction/
Inhibition Assay
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containing ITS, dexamethasone, and penicillin–streptomycin 
as media supplements ( see   Note 8 ).   

   3.    Dissolve the test compound preferably in DMSO (v/v 0.1 %) 
whenever possible and incubate at three or more different con-
centrations (in triplicate), spanning anticipated or known ther-
apeutic concentration range including a concentration at least 
an order of magnitude higher. Minimally three concentrations 
of the test compound should be assessed spanning the in vivo 
or predicted  C  max  exposure levels, such as 0.1×, 1×, and 10× 
 C  max .   

   4.    Use recommended positive controls such as 3-methyl- 
chloranthrene (2 μM), phenobarbital (1000 μM), and rifampi-
cin (10 μM) for CYP1A2, 2B6, and 3A4, respectively, (dissolved 
in 20 mL of incubation medium) at concentrations known to 
elicit maximal induction response (Table  1 ).

       5.    Prepare working concentrations of the probe substrates as fol-
lows: (a) 100 mM phenacetin in DMSO, (b) 500 mM bupro-
pion in methanol, (c) 200 mM testosterone in methanol.   

   6.    Prepare a negative control by adding 20 μL DMSO into 20 
mL warm incubation medium.   

   7.    In separate conical tubes, dissolve the test compound in warm 
incubation medium to yield fi nal inducing concentrations 
1000-fold lower than the respective working concentrations.   

   8.    Remove the hepatocyte plate(s) from the incubator and replace 
the medium in the appropriate wells with 0.5 mL of the nega-
tive control, inducers, or test compound solutions, preferably 
each in triplicate.   

   9.    Return plate(s) to the incubator for 24 h.   
   10.    After 24 h, replace the medium with freshly prepared inducing 

solutions, repeating  steps 4  through  8 .   
   11.    Fresh solutions should be prepared daily and applied every 24 

h during the duration of the experiment, which is typically 
48–72 h prior to harvest.   

   Table 1  
  Assay conditions for the determination of Cytochrome P450 enzyme activities in human hepatocytes   

 Enzyme  Prototypical inducer  Substrate 
 Conc. 
(μM) 

 Incubation 
(min)  Marker metabolite 

 CYP1A2  3-methylcholanthrene  Phenacetin  100  15  Acetaminophen 

 CYP2B6  Phenobarbital  Bupropion  500  20  Hydroxybupropion 

 CYP3A4  Rifampicin  Testosterone  200  15  6β-hydroxytestosterone 
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   12.    On the day of harvest, warm the incubation medium to 37 °C, 
as usual and remove the induction plate(s) from the incubator.   

   13.    Aspirate the medium from each well, wash and replace with 
warm incubation medium. Take precautions to avoid the hepa-
tocytes drying out, as mentioned in the notes ( see   Note 9 ).   

   14.    Prepare probe substrates in 20 mL warm incubation medium 
to yield fi nal incubation concentrations 1000-fold lower than 
working concentrations.   

   15.    Remove the wash medium from the hepatocytes and replace 
with 0.5 mL of the probe substrate solutions prepared in the 
previous step.   

   16.    Incubations should be conducted in triplicate with the respec-
tive CYP450 treatment group.   

   17.    Incubate on an orbital shaker in the incubator for the time 
specifi ed in table. A speed of 120–150 rpm is recommended 
for a 24-well plate.   

   18.    Stop the incubations at the appropriate time points by collect-
ing and freezing the sample medium, or by removing the sam-
ple medium and replacing it with an organic stop solution. 
Samples can be stored at −80 °C before analysis.   

   19.    Extract and analyze samples by method of choice, typically 
HPLC/LC-MS by monitoring the formation of metabolite.   

   20.    If  mRNA   analyses are desired, upon removal of the probe sub-
strates, wash hepatocytes twice with Hank’s Balanced Salt 
Solution (HBSS).   

   21.    Remove the HBSS from the wells and replace with an appro-
priate volume of lysis buffer. Collect the cell lysates in RNAse- 
free microcentrifuge tubes and extract RNA for subsequent 
PCR reactions.   

   22.    CYP activity can be expressed as pmol/min/million cells 
where pmol is defi ned as the amount of metabolite formed 
during the reaction. The fold-induction enzyme activity is 
 determined by the ratio: CYP activity (induced)/CYP activity 
(vehicle). The percent adjusted positive control is determined 
by: ([CYP activity (induced)-CYP activity (vehicle)]/[CYP 
activity (positive control)-CYP activity (vehicle)]) × 100. 
A drug that produces a change that is equal to or greater than 
40 % of the positive control can be considered as an enzyme 
inducer in vitro and further in vivo evaluation is warranted 
( see   Note 10 ).      

       1.    Incubate three concentrations of the test drug (spanning antic-
ipated or known therapeutic concentration range including a 
concentration at least an order of magnitude higher) in puri-
fi ed mouse plasma.   

3.6  In Vitro Drug 
Stability Assay
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   2.    Analyze triplicates of the samples that have been exposed to 
different conditions (time and temperature) ( see   Note 5 ).   

   3.    Freeze-thaw stability: The samples are stored at −20 °C for 24 
h. They are then removed from the freezer and allowed to 
thaw unassisted at room temperature. When completely 
thawed, the samples are refrozen for 24 h under the same con-
ditions. This freeze-thaw cycle is repeated twice more, for a 
total of three cycles. Then the samples are extracted using a 
validated extraction procedure and subjected to HPLC/
LC-MS analysis.   

   4.    Short-term and long-term stability: the short-term stability in 
plasma is assessed by analyzing samples kept at 37 °C for 2, 4, 
6, 8, 12, and 24 h and samples kept at 4 °C for 4, 8, 12, and 
24 h. The long-term stability is determined by assaying sam-
ples after storage at −80 °C for 2, 4, 6 and 8 weeks. Then the 
samples are extracted using a validated extraction procedure 
and subjected to HPLC/LC-MS analysis.   

   5.    Bench-top stability: to assess the bench-top stability of teat 
compound in a particular biological matrix at room tempera-
ture, samples are incubated in plasma or tissue homogenates 
and kept at ambient temperature (25 °C) for 4, 8, 12, and 24 
h, which far exceeded the routine sample preparation time.   

   6.    Homogenization stability: samples are injected into equal 
weights of blank control tissues (brain, heart, liver, kidneys, 
lungs, spleen, tumor, and muscle) in the collection tube. Care 
is taken to ensure the drug solution is contained inside the 
tissue/organs. The tissue samples are homogenized, and 
extracted and immediately analyzed.   

   7.    Stock solution stability: fresh and stored at room temperature 
(25 °C) stock solutions of samples are tested at 6, 12, and 24 
h after sample preparation. The extraction and analytical meth-
ods are identical to the above sample preparation.      

       1.    Culture the desired  breast cancer cells   in 10 or 15 cm dishes 
according to specifi ed ATCC guidelines ( see   Note 11 ).   

   2.    Harvest tumor cells in logarithmic growth phase by trypsiniza-
tion and transfer to 50 mL centrifuge tubes. Centrifuge them 
at 500 ×  g  for 5 min ( see   Note 12 ).   

   3.    Remove supernatant and wash cells twice with medium lacking 
serum and antibiotics.   

   4.    Remove a small aliquot of cell suspension before the last cen-
trifugation and count the number of cells using a hemocytom-
eter. Calculate the total cell number by multiplying cell density 
(cells/mL) by the volume of cell suspension.   

3.7  Subcutaneous 
Xenograft Models
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   5.    Centrifuge tubes again for 5 min at 500 ×  g  to collect cells.   
   6.    Add necessary volume of culture medium lacking serum to the 

cells. Pipet thoroughly to obtain a homogeneous cell suspen-
sion ( see   Note 13 ).   

   7.    Mix the cell suspension with Matrigel basement membrane 
matrix (2:1, v:v, fi nal 2.5 × 10 7  cells/mL) ( see   Note 14 ).   

   8.    Transfer the cell suspension to a 1 mL syringe with a 27 gauge 
needle. Inject 0.2 mL of the cell suspension (5 × 10 6  cells/per 
animal) subcutaneously into the inguinal area of the mouse ( see  
 Notes 15 – 17 ).   

   9.    To establish MCF7 human breast cancer xenografts, each of 
the female nude mice is fi rst subcutaneously implanted with 
slow release estrogen pellet (SE-121, 17-β estradiol/pellet; 
Innovative Research of America, Sarasota, FL).   

   10.    Label each cage card with date and type of cell injected.   
   11.    Observe animals for tumor growth and clinical signs every day. 

When tumors are easily visible, begin to measure tumor diameter 
with calipers and record tumor measurements ( see   Note 18 ).   

   12.    Tumor mass and volume are calculated using the formula: 
Mass (mg) = 0.5 (short diameter) (long diameter) 2  × 1000. 
When tumors reach ~50–150 mg, initiate the treatment with 
test drug.   

   13.    Divide animals randomly into treatment groups and controls 
(10–15 animals/group). Calculate the mean, SD, and SE in 
mass and volume for each group.   

   14.    Label the cage card with the date, experiment, and treatment 
group numbers, drug, dose, and frequency.   

   15.    The test compound is administered with i.p., i.v., or p.o. The 
injection volume is based on body weight (5 μL/g of body 
weight) and the concentrations of the drug should be adjusted 
on the basis of the doses.   

   16.    Tumors should be measured at least twice a week. For rapidly 
growing tumors, it may be necessary to measure tumors every 
other day.   

   17.    Monitor animal closely for distress, lethargy, tumor morphol-
ogy (presence of ulceration) and body weight. In general, 
when tumor reaches 10 % of the body weight or when severe 
toxicity due to tumor growth or treatment toxicity develops, 
animals should be sacrifi ced.   

   18.    Final measurements and tumor size calculations should be per-
formed prior to sacrifi cing animals and removing tumors.   

   19.    At the end of the experiment, confi rm that fi nal measurements 
and calculations have been performed for each animal.      
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       1.    Establish orthotopic models using procedures described above. 
Only different is transfer the luciferase tagged cell suspension 
to a 1 mL syringe with a 30 gauge needle. Inject 30 μL of the 
cell suspension (5 × 10 6  cells/per animal) into mammary fat 
pad ( see   Notes 19  and  20 ).   

   2.    Immediately after injection and every 3 days thereafter, monitor 
bioluminescence using a Caliper IVIS imaging instrument.   

   3.    Inject Luciferin i.p. at 150 mg/kg. Wait 5–10 min after injec-
tion and then place each mouse into the anesthesia chamber, 
and anesthetize with isofl urane inhalant. Once the mouse is 
fully anesthetized (approximately 5–10 min), transfer it to the 
imaging chamber and keep under mild anesthesia with oxygen 
mixture through a nose cone until image is acquired, and then 
analyze optical images using the IVIS Living Image software 
package.   

   4.    Begin treatment of mice with drug when all tumors have 
reached an average bioluminescence intensity of ~1 × 10 7  
( see   Note 21 ).      

         1.    Establish xenograft or orthotopic models using procedures 
described earlier.   

   2.    Use normal model, e.g., CD-1 mice (no tumors).   
   3.    Animals with tumor size of ~500–1000 mg are randomly 

divided into treatment groups for various time points (3–5 ani-
mals/group). Calculate the mean, SD, and SE of tumor mass 
and body weight for each group.   

   4.    Label the cage card with the date, experiment, and treatment 
group numbers, and the drug, dose, and time point. Typically, 
the following time points are included: 5, 15, 30, and 60 min, 
and 2, 4, 6, 8, 24, 48, and 72 h ( see   Note 22 ).   

   5.    Each animal should be identifi ed by an ear tag.      

       1.    Measure body weight immediately prior to dosing.   
   2.    Drug maybe given ip, i.v (via a tail vein), or p.o. (oral gavage) 

at one or more dose levels, e.g., 5, 10, and 20 mg/kg of body 
weight ( see   Notes 23  and  24 ).   

   3.    The injection volume should be based on body weight (usually 
5 μL/g of body weight). The concentrations of the drug 
should be adjusted on the basis of the doses.   

   4.    Each dosed animal should be placed in a glass metabolic cage 
and given commercial diet and water ad libitum.      

       1.    Urine samples should be collected using a metabolic cage at 
various intervals, e.g., 0–6, 6–12, 12–24, and 24–48 h. The 
urine volume should be measured and recorded.   

3.8  Orthotopic 
Xenograft 
Tumor Models

3.9  In Vivo PK Study

3.9.1  Animals

3.9.2  Dosing 
for Pharmacokinetic Study

3.9.3  Urine and Fecal 
Sample Collection
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   2.    Fecal samples should be collected using a metabolic cage at 
various intervals e.g., 0–12, 12–24, and 24–48 h. The weight 
of feces should be measured and recorded.   

   3.    At the end of each interval, the inner wall of the metabolic cage 
should be rinsed twice with 50 mL of PBS. The cage wash 
should be collected, measured, and placed in properly labeled 
containers.   

   4.    All samples and rinse water should be kept at −20 °C until 
analysis.      

       1.    For each animal, check the general conditions. Weigh animal 
and record body weight.   

   2.    Record time of treatment. At the designated time interval post 
dosing, draw blood from retro-orbital plexus and collect on ice 
in a heparin tube. Centrifuge at 14,000 rpm for 10 min. 
Transfer supernatant to a clean Eppendorf tube.   

   3.    Collect various tissues including tumor tissue at necropsy and 
immediately trim of extraneous fat and connective tissue.   

   4.    Blot on fi lter paper.   
   5.    Weigh and store in labeled plastic tubes in −80 °C freezer until 

homogenization.       

       1.    Plasma, urine, and tissue concentrations should be determined 
on the basis of quantitation of the drug via appropriate estab-
lished and validated analytical method. The drug concentra-
tion is usually expressed as ng/mL for plasma and ng/g for 
various tissues.   

   2.    Pharmacokinetic parameters should be estimated, including 
the maximal concentration (Cmax), the time at Cmax (Tmax), 
half- life ( t  1/2 ), the area under the curve (AUC), volume of 
distribution (Vd), and mean residue time (MRT) using an 
appropriate modeling software such as Phoenix WinNonlin 
(Certara, NJ).      

       1.    Various assay methods such as real-time reverse transcription- 
PCR (RT-PCR, to measure changes in the target gene/protein 
expression at  mRNA   level), Western blotting (to measure acti-
vation or inhibition of target proteins, cellular markers of pro-
cesses such as metastases, infl ammation), fl ow cytometry (to 
measure changes in DNA content, stem cell markers, etc.) are 
used to measure these outcomes [ 26 – 31 ].   

   2.    A chosen end point (i.e., a biomarker or the target gene/pro-
tein is measured at different time points). Time intervals are 
chosen according to the aim and objective of the experiment. 
Therapeutic effi cacy is determined by the ratio of % T/C (mean 
tumor mass of treated group divided by that of control).   

3.9.4  Blood and Tissue 
Sample Collection

3.10  PK Data 
Analysis

3.11  PD Data 
Analysis
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   3.    The biomarkers may involve markers obtained from easily 
sampled fl uids such as blood/urine and include enzymes 
(e.g., SOD, catalase, LDH, ALT, AST), blood count variables 
(e.g., erythrocytes, leukocytes, platelet count), hormones (e.g., 
estrogen) that do not require sacrifi ce of the animal.   

   4.    Alternatively, the animals can be sacrifi ced at desired time 
points, tumors excised and subjected to RT-PCR or Western 
blotting or immunohistochemical staining (IHC) to identify 
effect of the drug on the target gene/protein at transcriptional 
and translational levels.   

   5.    The most common PD parameters are the maximum effect 
(E max ) that can be reached and the half maximal effective con-
centration (EC 50 ).

  
E E

C

C
=

+max EC50    

 E  = effort;  C  = concentration;  E  max  = max response; EC 50  = con-
centration capable of producing 50 % of the maximum effect.       

4    Notes 

     1.    For drug uptake and cellular transport studies, ensure that 
drug concentrations used are lesser than those required for 
cytotoxic activities.   

   2.    A reliable and sensitive analytical method must be established 
and validated as per regulatory guidelines—USFDA, EMEA, etc.   

   3.    It is very important to establish a bioanalytical method where 
the limit of quantitation is lesser than the expected concentra-
tion of the test compound in the biological matrix. Otherwise, 
low concentrations in the biomatrix will not be detected and 
this will result in incorrect AUC determination.   

   4.    Avoid using ultra low volumes of the biological matrix, wher-
ever possible, (less than 5 μL) for sample preparation as there 
can be errors in volume due to personnel error.   

   5.    Use freshly prepared samples for HPLC/LC-MS, especially in 
stability and metabolism determination experiments.   

   6.    If a particular metabolite (endogenous or exogenous) is to be 
determined, ensure appropriate sampling procedure is carried 
out. Variations in collection and storage of samples can lead to 
variability in analyte quantitation.   

   7.    The protein binding of the drug must be determined since 
extensive binding to plasma proteins can impede its in vivo dis-
tribution/disposition and affect its therapeutic performance.   

   8.    If any test compound is dissolved in a solvent other than 
DMSO, a negative control with an equivalent organic solvent 

Wei Wang et al.



285

percentage must be included in the study design for fair 
comparison.   

   9.    In order to prevent hepatocytes from drying out in, each treat-
ment group should be aspirated separately and replaced with 
the medium before dosing the next set.   

   10.    If performing protein determinations to normalize data across 
wells, keep in mind that the protein is not solely from hepato-
cytes, but also includes protein in the extracellular matrix used 
to overlay the hepatocyte monolayers.   

   11.    A selective subpopulation of a parental cancer cell line with 
 migration  /colonization affi nity towards specifi c organs can be 
used to mimic far site metastases. For example, the MDA-MB- 
231BR (brain seeking) cell lines, upon injection into the 
bloodstream of immunocompromised mice (via intracardiac 
route), travel into and colonize brain tissue; thus mimicking 
brain metastases [ 13 ].   

   12.    Ensure that the cells are passaged the day before the injection 
and are no more than 80 % confl uent on the day of the 
experiment.   

   13.    Ensure cells are viable once harvested (use a trypan blue test 
for counting viable cells).   

   14.    Always gently but thoroughly mix the cells before loading the 
syringe. Ensure there are no cell clumps in the solution that is 
being injected.   

   15.    The mice used for developing the xenograft models should not 
be older than 6–8 weeks.   

   16.    The use of a needle usually results in a strong, negative pres-
sure, which can cause cell damage and death. Therefore, while 
withdrawing cell solution to the syringe, the needle should be 
removed to prevent negative pressure stress on the cells.   

   17.    An alternative area for subcutaneous injection of the cancer 
cells is the upper region of the back near the neck where there 
is a lot of fat. This is a vascularized area for good tumor growth 
and the mice cannot reach the tumor as it grows.   

   18.    The rate of tumor growth is dependent on individual cell lines 
and the amount of cells injected into each mouse. The opti-
mum number of cells to be injected is determined by three 
variables: (a) type of tumor cell (slow growing vs. metastatic, 
with or without additional cells such as stromal cells); (b) loca-
tion of injection (s.c., vs. orthotopic); (c) type of mouse (athy-
mic nude vs. NOD/SCID). It is recommended using over 10 6  
cells at tumor site if not sure of tumor growth activity.   

   19.    Recently patient derived (PDX) models have been introduced 
that direct implantation of  breast tumor   tissues derived from 
patients into mouse mammary fat pads of immunocompromised 
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mice and closely resemble the original tumors in the patient 
maintaining original  histopathology   as well as biomarkers, hor-
mone dependence or independence, gene expression, etc. [ 32 ].   

   20.    In order to achieve, successful injection of tumor cells ortho-
topically into organ site, ensure minimum leaking at the site 
after injection.   

   21.    Bioluminescence intensity also varies from tumor to tumor. 
The mean photons emitted over time by a specifi c tumor are 
highly comparable with the corresponding tumor volumes. It 
is estimated that a bioluminescence signal at 1 × 10 7  is roughly 
equal to a tumor volume of 50–150 mm 3 , which is the starting 
point to initiate drug therapy.   

   22.    Ensure that appropriate sampling procedures and times are 
chosen. For example, in studies where in vivo plasma (or tissue) 
drug concentrations are to be measured, ensure that sampling 
time is chosen according to route of administration. Include 
earlier sampling points (e.g., 3, 5, and 15 min post iv dosing).   

   23.    While doing PK/ PD   experiments, care should be taken to 
ensure uniform dispersion of drug in carrier vehicle. Improper 
drug distribution in vehicle will lead to improper dosing.   

   24.    Ensure that the carrier vehicle used for drug administration is 
itself, nontoxic, and does not affect tumor growth. Use of a 
suffi ciently large control group (negative control) is the 
solution   .         
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    Chapter 24   

 Intracellular Delivery of Fluorescently Labeled 
Polysaccharide Nanoparticles to Cultured Breast 
Cancer Cells                     

     Derek     Rammelkamp    ,     Weiyi     Li    , and     Yizhi     Meng      

  Abstract 

   Nanoparticle delivery is becoming an increasingly more valuable technique in cancer drug treatments. The 
use of fl uorescent probes, in particular, can provide noninvasive strategies to interrogate the internalization 
mechanisms of cancer cells and aid in drug design. Here we describe the delivery of fl uorescently labeled 
polysaccharide-based nanoparticles to breast cancer cells in vitro and their subsequent immunofl uores-
cence microscopy examination. The description of the synthesis, preparation, and delivery of the nanopar-
ticles can be widely applicable to other in vitro drug delivery studies.  

  Key words     Nanoparticles  ,   Delivery  ,   Breast cancer cells  ,   Fluorescence microscopy  

1      Introduction 

    Nanoparticle  -mediated drug  delivery   has become an  emerging 
  platform in cancer nanomedicine with a high potential to overcome 
clinical barriers by improving cellular penetration, tissue selectivity 
and therapeutic effi cacy [ 1 ,  2 ]. To achieve targeted delivery, various 
delivery systems have utilized the tumor-homing characteristic of 
the nanocarriers [ 3 ,  4 ] by exploiting the enhanced permeability 
and retention (EPR) of the tumor microenvironment, a result of 
rapid growth that prevents the formation of fully functional vascu-
lature and proper lymphatic drainage [ 5 – 9 ]. Anticancer drugs such 
as doxorubicin, paclitaxel and camptothecin show poor water solu-
bility and may cause systemic toxicity, an issue that can be resolved 
by encapsulation in amphiphilic polymeric  nanoparticles   contain-
ing both hydrophilic and lipophilic domains. 

 The real-time, noninvasive monitoring of internalized  nanopar-
ticles   in live cells can provide valuable information regarding the 
internalization pathway as well as the intracellular fate of the 
 nanoparticles  , and can substantially contribute to the knowledge of 
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drug specifi city and delivery effi ciency [ 10 ,  11 ]. Here we describe 
the preparation and delivery of polymer-based  nanoparticles   with 
an average diameter of 200 nm to a culture of 4T1 murine breast 
carcinoma cells. The  nanoparticles   are labeled with a red fl uores-
cent molecule, Cy3, to enable their visualization in the cytoplasm.  

2    Materials 

 Cell culture materials in this protocol are specifi c for the 4T1  Mus 
musculus  mammary breast cancer cell line. Use of other cell lines 
may require different culture medium and/or conditions. It is 
important to check with ATCC for specifi cations specifi c to the cell 
line of use (http://  www.atcc.org    ). 

       1.    Dulbecco’s Modifi cation of Eagle’s Medium (DMEM) con-
taining 4.5 g/L glucose and 1 mM sodium pyruvate without 
 L -glutamine and phenol red ( see   Note 1 ).   

   2.     L -glutamine (200 mM).   
   3.    Hyclone heat-inactivated fetal bovine serum (FBS).   
   4.    Penicillin–streptomycin (Pen-Strep) 10,000 U/mL in 0.85 % 

saline.   
   5.    Phosphate buffered saline (PBS) pH 7.4.   
   6.    Trypsin–EDTA 0.05 %, phenol red.   
   7.    70 % ethanol.      

       1.    In a sterile biosafety cabinet, open a new 500 mL bottle of 
DMEM and remove a 60 mL aliquot using a sterile 25 mL 
disposable polystyrene serological pipet. This aliquot can be 
stored at 4 °C to be used later.   

   2.    Add 5 mL of Pen-Strep solution (10,000 U/mL).   
   3.    Add 5 mL of  L -glutamine solution (200 mM).   
   4.    Add 50 mL of sterile-fi ltered FBS.   
   5.    The fi nal concentrations of Pen-Strep,  L -glutamine, and FBS 

are 100 U/mL, 2 mM and 10 % (v/v), respectively.   
   6.    Store the complete growth medium at 4 °C until ready to use.      

       1.    100 mm × 20 mm tissue-culture-treated culture dishes.   
   2.    15 mL conical centrifuge tubes.   
   3.    Safe-Lock 1.5 mL centrifuge tubes.   
   4.    Disposable polystyrene serological pipets, standard tip, 5 mL 

capacity.   
   5.    Disposable polystyrene serological pipets, standard tip, 10 mL 

capacity.   

2.1  Cell Culture 
Reagents

2.2  Preparation 
of Complete Growth 
Medium

2.3  Cell Culturing 
Supplies
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   6.    Fisherbrand™ motorized pipet fi ller/dispenser—Powerpette 
Plus Turbo: Blue.   

   7.    Eppendorf Research ®  adjustable micropipette (100–1000 μL).   
   8.    Micropipette tip 200–1000 μL.   
   9.    Eppendorf Research ®  adjustable micropipette (20–200 μL).   
   10.    Micropipette tip 2–200 μL.      

       1.    Glycol chitosan (250 kDa  molecular   weight, degree of 
deacetylation >60 %).   

   2.    5β-cholanic acid.   
   3.     N -hydroxy-succinimide (NHS).   
   4.     N -(3-Dimethylaminopropyl)- N  ′-ethylcarbodiimide hydro-

chloride (EDC).   
   5.    Monoreactive hydroxysuccinimide ester of Cyanine 3 

(Cy3-NHS).   
   6.    Dimethyl sulfoxide (DMSO)—anhydrous.   
   7.    Methanol—analytical grade.   
   8.    Slide-A-Lyzer™ Dialysis Cassette—10 kDa molecular weight 

cutoff.   
   9.    Mortar and pestle.      

       1.    Fluoroshield™ with DAPI  histology   mounting medium.   
   2.    Formaldehyde solution ACS reagent, 37 wt% in water, with 

10–15 % methanol as stabilizer.   
   3.    Triton™ X-100—laboratory grade—diluted to 0.4 % in PBS.   
   4.    Alexa Fluor ®  546 protein/antibody labeling kit—diluted to 

fi nal working concentration of 6.67 μg/mL in PBS.   
   5.    DAPI nuclear counterstain—diluted to a fi nal working con-

centration of 2.5 μg/mL in PBS.      

       1.    24-well fl at-bottom with lid, standard tissue-culture polysty-
rene microplate.   

   2.    Round glass coverslips 12 mm diameter × 0.13–0.16 mm thick.   
   3.    Acrodisc ®  syringe fi lter 0.8 μm Supor ®  membrane low protein 

binding, non-pyrogenic.   
   4.    Filtropur S 0.2 μm syringe fi lter for sterile fi ltration.   
   5.    10 mL syringe Luer-Lok™ Tip.   
   6.    Precision glide needles—sterile single use 20 gauge (20 G).   
   7.    50 mL conical centrifuge tubes.   
   8.    Plain glass  microscope   slides—25 mm × 75 mm × 1.2 mm.   
   9.    Autoclave tape.      

2.4  Nanoparticle 
Synthesis Materials/
Reagents

2.5  Reagents for 
Immunofl uorescence 
Microscopy

2.6  Other 
Miscellaneous 
Supplies
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       1.    Labconco purifi er logic class II Type A2 biosafety cabinet.   
   2.    Forma™ Steri-Cult™ CO 2  incubator (95 % relative humidity, 

5 % CO 2 , 37 °C).   
   3.    Medline Vac-Assist vacuum pump.   
   4.    Tuttnauer automatic autoclave.   
   5.    Olympus inverted light  microscope   with 10×, 20x and 40x 

objectives.   
   6.    CLAY ADAMS ®  brand DYNAC ®  Centrifuge—4-place 50 mL 

horizontal head.   
   7.    Lab-Line Aquabath—general purpose.   
   8.    Branson 2510 Ultrasonic Cleaner—40 kHz, ½ gallon capacity.   
   9.    Soniprep 150 probe-type sonifi er.       

3    Methods 

 Unless otherwise noted, carry out all procedures at room tempera-
ture and conduct all cell culture work in a sterile biosafety 
cabinet. 

       1.    Place 12 mm (diam.) circular glass coverslips in a 10 cm glass 
petri plate. Cover with lid and tape the lid to the dish using 
autoclave tape.   

   2.    Autoclave for 20 min at 134 °C and 15 psi.   
   3.    Let the coverslips cool in the glass petri plate on the bench, 

covered, until room temperature. The coverslips can be stored 
in a sterile biosafety cabinet prior to use ( see   Note 2 ).      

       1.    Warm up growth medium in 37 °C water bath for 15–20 min, 
then wipe the outside of the containers with 70 % ethanol and 
place in the biosafety cabinet.   

   2.    Working in a biosafety cabinet, use a 10 mL disposable sterile 
serological pipet to transfer 9 mL growth medium into a sterile 
15 mL conical centrifuge tube.   

   3.    Remove cryotube containing frozen cell suspension from stor-
age ( see   Note 3 ).   

   4.    Using the warmth of your hands, defrost the cell suspension 
until it is completely liquid.   

   5.    Immediately wipe the outside of the cryotube with 70 % etha-
nol and place in the biosafety cabinet.   

   6.    Transfer the thawed cell suspension from the cryotube into a 
15 mL conical centrifuge tube already containing 9 mL of 
growth medium.   

   7.    Close the screw-top cap and invert the 15 mL conical centri-
fuge 2–3 times.   

2.7  Equipment

3.1  Sterilization 
of Glass Coverslips

3.2  Thawing 
of Frozen Cells

Derek Rammelkamp et al.
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   8.    Centrifuge the cell suspension at 1000 RPM (180 ×  g ) for 
5 min.   

   9.    Using a sterile Pasteur pipet, carefully aspirate the supernatant 
and resuspend the pellet in 1 mL of growth medium.   

   10.    Using a 10 mL disposable sterile serological pipet, transfer 
9 mL of fresh growth medium into a 100 mm × 20 mm tissue 
culture treated dish.   

   11.    Transfer the 1 mL cell suspension prepared in fresh growth 
medium into the tissue culture dish.   

   12.    Gently swirl the tissue culture dish to mix the cells evenly with 
the growth medium.   

   13.    Immediately place tissue culture dish in the incubator at 37 °C 
and 5 % CO 2  with 95 % relative humidity.      

        1.    Cells should be passaged when they reach about 90 % confl u-
ency in the tissue culture dish ( see   Note 4 ).   

   2.    Warm up growth medium, phosphate buffered saline solution 
(PBS), and trypsin–EDTA solution in a 37 °C water bath for 
15–20 min. When all the reagents have reached 37 °C, wipe 
the outside of the containers with 70 % ethanol and place in 
the biosafety cabinet.   

   3.    Place a 100 mm × 20 mm tissue culture dish containing fully 
attached cells in the biosafety cabinet ( see   Note 5 ).   

   4.    Carefully aspirate most of the growth medium from the tissue 
culture treated dish.   

   5.    Using a 5 mL disposable sterile serological pipet, transfer 5 mL 
of PBS into the culture dish, swirl gently, and aspirate. Repeat 
one more time.   

   6.    Using a 5 mL disposable sterile serological pipet, transfer 2 mL 
of trypsin–EDTA into the culture dish and swirl gently.   

   7.    Return the culture dish to the 37 °C incubator and leave for 
5 min.   

   8.    Remove the culture dish from incubator and check under the 
 microscope   to confi rm cell detachment ( see   Note 6 ).   

   9.    If all the cells appear to be freely fl oating, proceed by placing 
the culture dish to the biosafety cabinet.   

   10.    Using a 5 mL disposable sterile serological pipet, add 3 mL of 
fresh growth medium to the dish ( see   Note 7 ). Swirl gently 
and transfer the entire cell suspension into a 15 mL conical 
centrifuge tube.   

   11.    Close the screw-top cap and centrifuge the cell suspension at 
1000 RPM (180 ×  g ) for 5 min.   

   12.    Return the centrifuge tube to the biosafety cabinet and care-
fully aspirate the supernatant.   

3.3  Passaging Cells

Intracellular Delivery of Fluorescently Labeled Polysaccharide…
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   13.    Resuspend the pellet in 3–4 mL growth medium ( see   Note 8 ) 
and homogenize the cell suspension by pipetting up and down 
4–5 times with the serological pipet. Place the screw-top cap 
on the centrifuge tube and invert 2–3 times.   

   14.    If passaging cells for maintenance only, follow  steps 16 – 19 .   
   15.    If plating the cells for an experiment, go to the next section 

(Subheading  3.4 ).   
   16.    Using a 10 mL disposable sterile serological pipet, transfer 

9 mL of fresh growth medium each into a 100 mm × 20 mm 
tissue culture treated dish ( see   Note 9 ).   

   17.    Into each tissue culture dish containing 9 mL of growth 
medium, add 1 mL of cell suspension.   

   18.    Gently swirl each dish to evenly mix the cell suspension.   
   19.    Incubate the cells at 37 °C, 95 % relative humidity, and 5 % CO 2 .      

        1.    Follow  steps 1 – 13  in the previous section (Subheading  3.3 ).   
   2.    Using a 100–1000 μL sterile micropipette, transfer a 0.5 mL 

aliquot of the homogenized cell suspension into a 1.5 mL 
microcentrifuge tube to use for calculating cell concentration 
( see   Note 10 ).   

   3.    Using the same 100–1000 μL micropipette, pipet up and 
down to homogenize the cell suspension one more time.   

   4.    Place a hemocytometer grid on the bench next to an inverted 
phase-contrast  microscope  .   

   5.    Place the quartz coverslip over the hemocytometer grid so that 
it encompasses both counting chambers ( see  Fig.  1 ).

       6.    Using a micropipette, place a single 10 μL drop of the cell 
suspension into each of the V-shaped grooves ( see  Fig.  1 ). 
Make sure the quartz coverslip stays in place.   

   7.    Carefully place the hemocytometer grid containing the two 
drops of cell suspension onto the  microscope   stage.   

   8.    Using a 10 × or 20 × microscope objective, look for the center 
grid lines of each counting chamber ( see  Fig.  1 ).   

   9.    Count the total number of cells present in ten 1 mm × 1 mm 
grids (5 grids per counting chamber) ( see  Fig.  1 ) ( see   Note 11 ).   

   10.    Calculate the total volume of cell suspension needed to reach 
the desired concentration ( see   Note 12 ).   

   11.    To dilute the cell suspension to the fi nal working concentra-
tion, fi rst place a sterile 15 mL conical centrifuge tube inside 
the biosafety cabinet.   

   12.    Add the proper volume of complete growth medium that is needed 
to reach the desired fi nal cell concentration ( see   Note 13 ).   

   13.    Add 0.5 mL cell suspension prepared at the appropriate cell 
density into each well of a 24-well microplate.   

3.4  Plating Cells

Derek Rammelkamp et al.



295

   14.    If seeding cells for fl uorescence microscopy experiments, a 
sterile glass coverslip should be placed inside each well prior to 
cell seeding so that the cells can be mounted to a  microscope   
slide at each time point. The glass coverslips should be steril-
ized beforehand (by autoclaving) and handled using a pair of 
sterile tweezers.   

   15.    Place the microplate in the 37 °C incubator and let the cells 
attach completely for 12–18 h before  nanoparticle   delivery.      

        1.      Dissolve 500 mg  of   glycol chitosan in a 250 mL glass beaker 
containing 60 mL of deionized water.   

   2.    In a 100 mL glass beaker, add 150 mg of 5β-cholanic acid in 
60 mL methanol. Allow to stir until 5β-cholanic acid is dissolved. 
Add 72 mg of NHS and 120 mg of EDC ( see   Note 14 ).   

   3.    Slowly add the 5β-cholanic acid solution into the 250 mL beaker 
containing the glycol chitosan solution and stir for 18 h at 
room temperature. This step will create a hydrophobically 
modifi ed glycol chitosan, or HGC [ 12 ].   

   4.    Dialyze the mixture using four 10 kDa molecular weight cut-
off dialysis cassettes for 24 h against a water–methanol mixture 

3.5  Nanoparticle 
Synthesis

  Fig. 1    Top view of a hemocytometer grid containing dual counting chambers. Next to each counting chamber 
is a V-shaped groove for inserting the cell suspension. Each counting chamber contains grid lined areas for 
counting the attached cells       
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(1:4 v/v). Remove the dialysis medium and add new water–
methanol mixture (1:4 v/v) after 2 h, and then again after 4 h.   

   5.    Remove the water–methanol mixture at 24 h and continue to 
dialyze the solution against deionized water for 24 h. Remove the 
dialysis medium and add new water after 2 h, and again after 4 h.   

   6.    Discard the deionized water and lyophilize the purifi ed reten-
tate for 3 days.   

   7.    Grind the lyophilized HGC into a fi ne powder using a mortar 
and pestle.   

   8.    Dissolve 100 mg of HGC in a 100 mL glass beaker containing 
40 mL of DMSO. Allow solution to stir overnight until HGC 
is dissolved.   

   9.    Dissolve 1 mg of Cy3-NHS in 250 μL DMSO in a 1.5 mL 
Eppendorf tube. Pipet up and down 2–3 times with a 1 mL 
micropipette to evenly mix.   

   10.    With the same micropipette, add the Cy3-NHS solution drop-
wise to the HGC solution.   

   11.    Stir the mixture for 6 h at room temperature shielded from light.   
   12.    Dialyze the mixture using two 10 kDa molecular weight cutoff 

dialysis cassette for 2 days against deionized water. Keep the 
container covered to prevent photobleaching. At the begin-
ning of each day change the dialysis medium every 2 h during 
a 4-h interval (a total of three medium changes).   

   13.    Discard the deionized water and lyophilize the purifi ed reten-
tate for 3 days.   

   14.    Grind the lyophilized Cy3-labeled HGC into a fi ne powder 
using a mortar and pestle.        

       1.     Suspend the lyophilized  nanoparticles   (synthesized in 
Subheading  3.5 ) in serum-free DMEM to yield a concentra-
tion between 0.1 and 1 mg/mL in either a 15 or 50 mL cen-
trifuge tube ( see   Note 15 ).   

   2.    Using both a probe-type sonifi er and a sonicating water 
bath, homogenize the nanoparticles suspension for 15 min 
( see   Note 16 ).   

   3.    Place the centrifuge tube containing the homogenized 
nanoparticles inside the biosafety cabinet.   

   4.    Bring three 20 G needles, three appropriately sized syringes 
( see   Note 17 ), three 50 mL conical centrifuge tubes, one 
0.80 μm syringe fi lter, one 0.45 μm syringe fi lter, and one 
0.20 μm syringe fi lter into the biosafety cabinet.   

   5.    Attach a 20 G needle onto a syringe and place the needle inside 
the centrifuge tube containing the nanoparticle suspension, so 
that the tip of the needle is immersed in the liquid ( see  Fig.  2 ).

3.6  Preparation 
of the Nanoparticle 
Suspension

Derek Rammelkamp et al.
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       6.    Slowly pull the plunger upwards until all the nanoparticle sus-
pension is drawn up inside the syringe. Be careful not to draw 
too much, or an air bubble might form ( see   Note 18 ).   

   7.    While holding the syringe horizontally, remove the needle and 
discard it in an appropriate sharps container.   

   8.    Attach a 0.80 μm syringe fi lter to the syringe.   
   9.    Place the syringe directly above a new 50 mL conical centri-

fuge tube so that the syringe fi lter just rests on the edge of the 
tube ( see  Fig.  2 ).   

   10.    Slowly pass the nanoparticle suspension through the 0.80 μm 
syringe fi lter by applying a gentle pressure on the plunger. The 
syringe and fi lter can now be discarded.   

   11.    Assemble a new needle and a new syringe and repeat  steps 
5 – 10  for the 0.45 and 0.20 μm syringe fi lters.   

  Fig. 2    Schematic depicting the process of sterile fi ltering the  nanoparticle   
suspension. First, the nanoparticles are suspended in growth medium in a 
centrifuge tube. Next a syringe and needle are used to draw the suspension into 
the barrel of the syringe by pulling the plunger upwards. The needle is then 
discarded and a fi lter is attached. The syringe is placed directly above a new 
centrifuge tube and the plunger is pushed downward to pass the suspension 
through the fi lter. The sterile  nanoparticle   suspension is collected at the bottom 
of the centrifuge tube       
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   12.    Once the nanoparticle suspension passes through the 0.20 μm 
fi lter, the nanoparticle suspension is now ready to be delivered 
to the breast cancer cells.       

       1.    Place the 24-well  microplate   containing the breast cancer cells 
inside the biosafety cabinet.   

   2.    Using a Pasteur pipet, aspirate the culture medium from each 
well in the 24-well plate.   

   3.    Add a 0.5 mL aliquot of the nanoparticle suspension to each 
well ( see   Note 19 ).   

   4.    Place the plate in the incubator and allow cells to be incubated 
with the nanoparticles for up to 24 h ( see   Note 20 ).      

       1.     Remove the 24- well   microplate containing the cells from the 
incubator.   

   2.    Carefully aspirate the culture medium in each well using a 
100–1000 μL micropipette.   

   3.    Add 0.5 mL PBS to each well and aspirate. Repeat.   
   4.    Add 0.5 mL 3.7 % formaldehyde (in PBS) to each well and 

incubate for 15 min to fi x the cells.   
   5.    Aspirate the formaldehyde solution and dispose in a proper 

hazardous waste container.   
   6.    Rinse each well twice with fresh PBS.   
   7.    If performing a stain for F-actin fi bers, continue on to  step 9  

( see   Note 21 ). If not, directly proceed to  step 14 .   
   8.    Remove the PBS from each well and permeabilize the cells 

by adding 0.5 mL Triton X-100 working solution. Incubate 
for 7 min.   

   9.    Aspirate the Triton X-100 solution and rinse each well twice 
with PBS.   

   10.    Remove the PBS from the well and add 0.5 mL of Alexa 
Fluor ®  phalloidin working solution into each well. Incubate 
for 20 min with the plate covered and protected from heat 
and light.   

   11.    Remove the Alexa Fluor ®  phalloidin solution and dispose of it 
in a proper hazardous waste container.   

   12.    Rinse twice with PBS and leave the last rinse of PBS inside the 
well.   

   13.    If staining for nuclei, continue on to  step 15  ( see   Note 22 ). If 
not, directly proceed to  step 18 .   

   14.    Remove the PBS from each well and add 0.5 mL DAPI working 
solution ( see   Note 23 ). Incubate for 5 min with the plate 
covered and protected from heat and light.   

3.7  Delivery 
of the Nanoparticles

3.8  Immuno-
fl uorescence 
Microscopy
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   15.    Remove the DAPI solution from each well and dispose of it in 
a proper hazardous waste container.   

   16.    Rinse twice with PBS and leave the last rinse of PBS inside the 
well.   

   17.    To mount the glass coverslips, first place a drop of mounting 
medium (with or without DAPI) on a clean glass  micro-
scope   slide.   

   18.    Using a pair of tweezers, remove each glass coverslip from 
the 24-well microplate and transfer to the microscope slide, 
cell- side down, directly on top of the drop of mounting 
medium ( see  Fig.  3 ).

       19.    Place the  microscope   slide and coverslip inside a dark container 
and allow the mounting medium to dry completely (about 
24 h) before imaging.   

   20.    Follow the manufacturer’s instructions when operating the 
fl uorescence  microscope  .   

   21.    The fl uorescently labeled  nanoparticles   should appear as small 
punctate clusters within the cytoplasm, and the DAPI-stained 
nuclei should appear blue ( see  Fig.  4 ) .

  Fig. 3    Side view of two glass coverslips mounted cell-side down onto a  microscope   slide       

  Fig. 4    Fluorescence microscopy images of Cy3-labeled glycol chitosan  nanoparticles   (visualized in the  red  
channel) internalized by 4T1 murine breast carcinoma cells (nuclei visualized in the  blue  channel) after 2 h of 
 delivery  . Scale, 50 μm       
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4            Notes 

     1.    Typical growth medium consists of Dulbecco’s Modifi ed 
Eagles Medium (DMEM) supplemented with 10 % fetal bovine 
serum (FBS) and 1 % Penicillin Streptomycin solution 
(10,000 U/mL). Check ATCC for growth medium requirements 
if using a different cell line.   

   2.    It is recommended to store the sterile coverslips inside the ster-
ile glass petri plates at all times in the biosafety cabinet.   

   3.    ATCC typically ships cells in a 2.0 mL cryotube, which should 
be immediately stored in either a liquid nitrogen dewar or 
−80 °C freezer.   

   4.    Frequency of passages depends on the growth rate of the cells, 
which can vary greatly between cancer cell lines. For 4T1 cell 
cultures grown on 100 mm × 20 mm tissue culture dishes, it is 
recommended to passage them approximately every 2 days to 
avoid over-confl uency.   

   5.    If the cells are not fully attached or appear slightly rounded, return 
them to the incubator to allow more time for attachment.   

   6.    If cells are not detached, additional time or gentle agitation 
will help in cell detachment. However, it is not recommended 
to expose the cells to trypsin for more than 15 min.   

   7.    The purpose of this step is to dilute the trypsin, which could 
become toxic to the cells after long-term exposure.   

   8.    The volume of growth medium used for resuspension depends 
on size of pellet, which depends on the number of cells origi-
nally in the culture dish.   

   9.    The suspension should be evenly divided between the desired 
number of plates (dilution factor), which depends on how 
quickly the cells grow and varies between cell lines. For 4T1 
cells, it is recommended to passage at 1:6–1:8.   

   10.    This aliquot will be used outside of the biosafety cabinet and 
will be discarded upon completion of cell counting since it will 
no longer remain sterile.   

   11.    Each 1 mm × 1 mm grid contains 10 −4  mL of liquid. Therefore 
the total number of cells counted in 10 grids is the concentra-
tion of cells per 10 −6  mL or μL. For simplicity, convert cell 
concentration to cells/mL for calculations. The surface area 
of a well in a 24-well microplate is 200 mm 2 . Total number of 
cells needed is seeding density multiplied by total surface area. 
Volume of cell suspension needed is total number of cells 
divided by concentration of cell suspension counted with 
hemocytometer.   
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   12.    For 4T1 cells, it is recommended that to seed the cells at a 
density of 7500 cells/cm 2  approximately 24 h prior to 
 nanoparticle   delivery.   

   13.    For example, seeding a single well of a 24-well microplate at 
7500 cells/cm 2  typically requires 0.5 mL of liquid volume per 
well. Since the growth area of a single well is 1.9 cm 2 , this is 
equivalent to 7500 cells/cm 2  × 1.9 cm 2  = 14,250 cells total per 
well. The volume density of the suspension should then be 
14,250 cells per 0.5 mL = 28,500 cells/mL.   

   14.    If scaling up or down the  nanoparticle   batch size, it is recom-
mended to use the same molar ratios of 5β-cholanic acid, NHS, 
and EDC. For example, 150 mg of 5β-cholanic acid 
(MW = 360.57) is equivalent to 0.000416 mol, whereas 72 mg 
of NHS (MW = 115.09) and 120 mg of EDC (MW = 191.70) 
are both equivalent to 0.0006256 mol. Therefore the optimal 
5β-cholanic acid–NHS–EDC molar ratio is 1:1.5:1.5.   

   15.    Optimal concentration should be determined experimentally 
through trial and error. We found that the fl uorescence signal of 
the nanoparticles prepared in this range of concentration was 
most easily observed in the cytoplasm after internalization.   

   16.    The sonication process can be broken down into 5-min inter-
vals to avoid overheating of the samples. Depending on the 
 nanoparticle   type, the total duration that is needed to break 
apart any clusters and homogenize the solution will differ.   

   17.    For example, if preparing 8 mL of nanoparticle suspension, a 
10 mL syringe would be optimal.   

   18.    If an air bubble should appear inside the syringe, hold the 
syringe plunger-side down so that the air bubble appears near 
the top. Slowly push the plunger upward to drive out the air 
bubble.   

   19.    Some wells should be assigned as a control group receiving 
only serum-free DMEM without any nanoparticles. The pur-
pose of this is to ascertain that the cells are in a viable state with 
the expected phenotype.   

   20.    The exposure time will depend on factors such as the length of 
experiment and the concentration of nanoparticles. For 4T1 
cells,  nanoparticles   have been internalized as soon as 15 min.   

   21.    A common fl uorescent dye for F-actin is Alexa Fluor ®  phalloi-
din, which works best if the cell membranes are permeabilized 
fi rst using diluted Triton X-100, a mild detergent.   

   22.    If using mounting medium that does not contain DAPI, a sep-
arate DAPI staining step may be performed right before the 
cells are mounted.   
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   23.    Different working concentrations for DAPI can be found in 
the literature. We found 2.5 μg/mL to work well for 4T1 
breast cancer cells.           
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    Chapter 25   

 Imaging Matrix Metalloproteinase Activity Implicated 
in Breast Cancer Progression                     

     Gregg     B.     Fields      and     Maciej     J.     Stawikowski     

  Abstract 

   Proteolysis has been cited as an important contributor to cancer initiation and progression. One can take 
advantage of tumor-associated proteases to selectively deliver imaging agents. Protease-activated imaging 
systems have been developed using substrates designed for hydrolysis by members of the matrix metallo-
proteinase (MMP) family. We presently describe approaches by which one can optically image matrix 
metalloproteinase activity implicated in breast cancer progression, with consideration of selective versus 
broad protease probes.  

  Key words     Collagen  ,   Imaging agent  ,   Matrix metalloproteinase  ,   Near infrared  ,   Triple-helix  

1      Introduction 

    The  matrix metalloproteinases (MMPs)   are a family of 23 human 
zinc endopeptidases that have been implicated in numerous dis-
eases, including multiple aspects of cancer initiation and progres-
sion [ 1 – 3 ]. More specifi cally, MMP-2, MMP-9, and MMP-14/
membrane type 1 matrix metalloproteinase (MT1-MMP) have 
been recognized for their role  in   tumor angiogenesis [ 1 ,  2 ]. 
MMP-9 regulates the bioavailability of vascular endothelial growth 
factor (VEGF), an inducer of  angiogenesis   [ 1 ,  2 ]. Localized MT1- 
MMP on the cell surface plays a critical role in tumor  cell invasion   
of collagenous matrices [ 1 ]. 

 Numerous studies have correlated  MMP   expression and/or 
production with breast cancer progression. The increased produc-
tion of proMMP-9 was found in the early phases of breast cancer, 
while later stages had increased production and activation of 
MMP-9 [ 4 ]. Increased MMP-2 levels are associated with reduced 
survival of patients with node-negative breast cancer and adverse 
prognosis in patients with node-positive primary breast cancer [ 5 ]. 
Measurement of MMP-2 and MMP-9 concentration and activity 
in the sera of 345 patients found these two enzymes to serve as 
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biomarkers for breast disease classifi cation, as higher levels of each 
correlated to disease stage (none, benign, and malignant) [ 6 ]. 
Examination of a database of 295 breast cancer patients indicated 
that high  mRNA   expression of MMP-1, MMP-9, MMP-12, MT1- 
MMP, and MMP-15 was associated with poor overall survival [ 7 ]. 
Analysis of gene expression and protein production for fi ve normal 
breast tissues, 10 grade two breast cancer tissues, and 10 grade 
three breast cancer tissues found (a) higher MMP-1, MMP-9, 
MMP-11, MMP-13, and MMP-28 mRNA expression in breast 
cancer versus normal breast tissue, (b) lower MMP-7 mRNA 
expression in breast cancer versus normal breast tissue, and (c) 
higher protein production of MMP-1, MMP-8, MMP-10, MMP- 
11, MMP-12, and MMP-15 in breast cancer versus normal breast 
tissue [ 8 ]. Examination of the enzyme/inhibitor balance in breast 
cancer tumors for MMP-2, MMP-9, and MT1-MMP and their 
inhibitors tissue inhibitor of metalloproteinase-1 (TIMP-1), 
TIMP-2, and RECK indicated that  mRNA   levels were higher for 
the MMPs and lower for the inhibitors in primary  breast tumors   
compared with adjacent non-tumor tissue [ 9 ]. 

 The roles of specifi c MMPs in breast cancer have also been 
examined. Increased MMP-1 mRNA expression was correlated 
with MDA MB-231  breast cancer cell    angiogenesis   and subse-
quent bone osteolysis and tumor invasion of bone [ 10 ]. Short hair-
pin RNA-mediated stable knockdown of MMP-1 inhibited MDA 
MB-231  breast cancer cell   invasion and tumor growth and metas-
tasis to the brain [ 11 ,  12 ]. MDA MB-231 breast cancer  metastasis   
to the bone and subsequent degradation was correlated to  mRNA   
expression of MMP-13 and MT1-MMP [ 13 ]. 

 Protective roles of  MMPs   have also been described. In vivo 
studies using two human cell lines derived from the parental MDA 
MB-435  breast cancer cell   line found a 20-fold increase in MMP-8 
expression in the non-metastatic cell line compared with the meta-
static one [ 14 ,  15 ]. Plasma levels of MMP-8 showed a negative 
correlation with the risk of distant breast  cancer   metastasis [ 14 ]. 
With the recognition that  MMPs   can have protective roles in can-
cer, the concept of elevated expression of an  MMP   always being 
associated with worsened disease outcome is not always valid [ 16 ]. 
For example, primary breast cancer tumors in MT1-MMP-defi cient 
mice developed faster than in their wild type counterparts, but 
showed a 50 % reduction  in   metastasis [ 17 ]. Nonetheless, the cor-
relation of MT1-MMP upregulation with patients with metastatic 
breast cancer, and the inverse correlation of high MT1-MMP 
expression with patient survival time [ 18 ], strongly indicates an 
important role for MT1-MMP in breast cancer. 

 Numerous  MMP   probes have been developed for in vitro and 
in vivo analyses of  MMP   activities in disease states, and they have 
been comprehensively reviewed [ 19 ,  20 ]. The present discussion 
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will focus on probes applied for  MMPs   implicated in breast cancer 
progression, i.e., general MMP probes and those selective for 
MMP-2, MMP-9, MMP-13, and MT1-MMP.   

      Molecular      optical imaging has become of great interest for its use 
in noninvasive diagnostics and intraoperative fluorescence-guided 
surgery [ 21 – 24 ]. Near-infrared (NIR) encompasses light in the 
 λ  = 650–900 nm range. The advantage of NIR compared with vis-
ible light for imaging is in the potential for tissue penetration. It 
has been estimated that, in the NIR window, 7–14 cm of tissue 
penetration can be achieved [ 25 ]. An additional advantage is that 
autofluorescence artifacts in the NIR range are minimal, providing 
a good signal to background ratio. A great variety of fluorochromes 
and quenchers have been developed for NIR optical imaging of 
protease activities [ 25 ]. Agents developed primarily for optical- 
based molecular imaging have potential medical applications at the 
forefront [ 25 – 27 ]. 

 MMPSense™ 680 is a commercially available pan-matrix 
metalloproteinase  imaging agent   that has been utilized in a variety 
of  animal models   to investigate  MMP   activity as a function of dis-
ease. MMPSense™ 680 has molecular weight of 450 kDa and con-
sists of relatively short peptides bearing fl uorophores conjugated to 
a polymer backbone. Within the peptide is an  MMP   sensitive 
sequence. More specifi cally, Cy5.5-Gly-Pro-Leu-Gly ~ Val-Arg- 
Gly-Lys(FITC)-Cys-NH 2  is attached to a synthetic graft copoly-
mer composed of poly- L -Lys (PL) and methoxyPEG (MPEG) 
(PL-MPEG 92 ) [ 28 ,  29 ]. The close proximity of the fl uorophores 
results in quenching of the fl uorescence. Fluorescence dequench-
ing is observed after enzyme-mediated hydrolysis as the peptide 
fragments bearing the fl uorophores are liberated from the polymer. 
A control probe was generated by attaching Cy5.5-Gly-Val-Arg-
Leu- Gly-Pro-Gly-Lys(FITC)-Cys-NH 2  [ 29 ]. The MMP-targeted 
probe was able to image HT-1080 human fi brosarcoma tumors in 
mice, while much lower signal was obtained from low MMP-2- 
producing BT20 breast adenocarcinoma tumors [ 28 ,  29 ]. 
Inhibition of  MMP   activity by intraperitoneal administration of 
prinomastat could also be imaged in mice, and correlated with 
 MMP   activity in tumors [ 29 ]. 

 The MMPSense™ 680 probe has subsequently been utilized 
for imaging of  MMP   hyperactivity in adenomas, considered an 
early tumor biomarker [ 30 ]. Overexpression of MMP-7 have been 
found in 85 % of colorectal adenocarcinomas and are associated 
with poor prognosis, while elevated levels of MMP-9 have been 
associated with severely dysplastic polyps, colorectal adenomas, 
and colorectal cancer metastases. Adenomatous polyposis coli 
(Apc) +/Min-FCCC  mice that develop spontaneous colorectal adeno-
mas were injected with MMPSense™ 680, and colons were imaged 
ex vivo [ 30 ]. A strong correlation was observed between a positive 
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signal and the presence of pathologically confi rmed colonic adenomas. 
92.9 % of the 350 areas of interest examined were classifi ed cor-
rectly, based on the comparison of MMPSense™ 680 results to 
immunohistochemical staining of MMP-7 and MMP-9. 

 Imaging of  MMP   activity in a mouse breast cancer model using 
4T1-luc2 cells was pursued using MMPSense™ 680 [ 31 ]. 4T1-luc2 
cells were implanted into the lateral thoracic mammary fat pad of 
nude mice. Tumors were detected on day 4 following cell implanta-
tion, and signal intensity increased up to day 18. The tumor to 
background ratio on day 18 was found to be 2.62. Immunohistological 
analysis indicated that fl uorescence originating from MMPSense™ 
680 correlated to the presence of MMP-9 [ 31 ]. 

 Early  MMP   activity can be imaged using MMPSense™ 750, 
which has a lower MW than MMPSense™ 680 (43 kDa versus 
450 kDa). More specifi cally, MMPSense™ 750 is recommended 
for imaging in the range of 6 h after injection, as opposed to 24 h 
or greater for MMPSense™ 680. However, it has been observed 
that MMPSense™ 750 can be activated by proteases other  than 
  MMPs [ 32 ]. 

 Another NIR-based activatable probe was designed for MMP- 
13 for use in in vivo imaging. The probe was based on a previously 
determined MMP-13 substrate, Gly-Pro-Leu-Gly ~ Met-Arg-Gly- 
Leu-Gly-Lys, linked to Cy5.5 and BHQ3 (Probe 1) [ 33 ]. BHQ3 
has no native fl uorescence and minimal absorption, and can effi -
ciently quench fl uorophores that emit between  λ  = 620–730 nm. 
Other dyes typically have their own fl uorescent properties and do 
not provide complete quenching, contributing to limited image 
resolution attributable to low signal to background ratio. Probe 1 
was tested in vitro against MMP-13 and MMP-7 [ 33 ]. Although 
Probe 1 displayed a 32-fold increase of fl uorescent signal when 
treated with MMP-13, it was also signifi cantly cleaved by MMP-7. 
Three other probes with modifi ed sequences were designed, and 
all probes were tested against MMP-13, MMP-2, MMP-9, and 
MMP-7 [ 34 ]. Only Probe 2, with the sequence Gly-Val-Pro-Lys-
Ser ~ Leu-Thr-Met-Gly-Lys-Gly-Gly, displayed improved signal to 
background ratio in vitro compared with Probe 1 (36-fold) and 
was not cleaved by other enzymes tested. Probe 2 was then tested 
in vivo, with a 3.8-fold increase in fl uorescence emission where 
MMP-13 activity was present [ 34 ]. 

 MMP-13 activity has also been imaged using MMP13ap (QSY- 
21- Gly-Gly-Pro-Ala-Gly ~ Leu-Tyr-Glu-Lys(Cy5.5)-Gly-OH) 
[ 35 ]. The substrate was developed based on reverse design from a 
phosphinate inhibitor library [ 36 ]. MMP13ap was cleaved two 
times more rapidly by MMP-13 than by MMP-12, and 10–20 
times more rapidly by MMP-13 than by MMP-1, MMP-2, or 
MMP-3 [ 36 ]. When applied to arthritis models, the correlation 
between MMP13ap activation and histological damage was vari-
able [ 35 ,  36 ]. It was suggested that probe improvements might 
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include increased specifi city, increased rate of hydrolysis by MMP- 
13, and increased retention in tissues of interest   [ 35 ].  

    Collagen   is the most abundant protein in animals, and is the major 
structural protein found in the connective tissues such as basement 
membranes, tendons, ligaments, cartilage, bone, and skin. The 
most defining feature of  collagen   is the supersecondary structure, 
composed of three parallel extended left-handed polyproline type 
II alpha chains of primarily repeating Gly-Xxx-Yyy triplets. Three 
left-handed strands intertwine in a right-handed fashioned around 
a common axis to form a  triple-helix  . In the  collagen   Gly-Xxx-Yyy 
triplet, the residue in the Xxx position is often  L -proline (Pro) and 
the residue in the Yyy position is often 4(R)-hydroxy- L -proline 
(Hyp), accounting for 20 % of the total amino acid composition  in 
  collagen [ 37 ]. The other commonly found amino acids are Ala, 
Lys, Arg, Leu, Val, Ser, and Thr [ 37 ]. The packing of the triple-
helical coiled-coil structure requires Gly in every third position. 

 For several decades triple-helical peptides (THPs) consisting 
of collagen-model sequences and their three-dimensional folds 
have been constructed and studied to fully investigate the struc-
tural and biological roles of collagenous proteins [ 38 – 45 ]. Our 
laboratory previously described a number of  Förster resonance 
energy transfer (FRET)   triple-helical peptide (fTHP) substrates 
that are either suitable for most collagenolytic  MMPs   or selective 
for different  collagenolytic   MMPs [ 46 – 52 ]. Amongst these was a 
selective MMP-2/MMP-9/MMP-12 FRET THP substrate, 
α1(V)436- 447 fTHP [(Gly-Pro-Hyp) 5 -Gly-Pro-Lys(Mca)-Gly-
Pro-Pro-Gly ~ Val- Val- Gly-Glu-Lys(Dnp)-Gly-Glu-Gln-(Gly-Pro-
Hyp) 5 -NH 2 ] [ 48 ,  53 ]. The type V collagen sequence 
Gly-Pro-Pro-Gly ~ Val-Val-Gly- Glu-Lys-Gly-Glu-Gln, as a single-
stranded peptide, was hydrolyzed extremely slowly by either 
MMP-2 or MMP-9 [ 48 ]. Therefore, it is the triple-helical struc-
ture, along with the sequence, that imparted the substrate speci-
fi city amongst the  various   MMPs [ 48 ].  

    α1(V)436-447 fTHP  has   been utilized to develop a potentially 
selective  NIR    imaging agent   by replacing the Mca and Dnp groups 
with either LS276 or cypate. LS276 is a highly fl uorescent, mono- 
functional, water-soluble heptamethine cyanine dye [ 54 ]. The 
single- stranded peptides were assembled by solid-phase method-
ologies and LS276 was incorporated while the peptide was resin- 
bound (Fig.  1 ) [ 55 ]. Upon self-assembly of the triple-helical 
structure, the 3 peptide chains intertwined, bringing the fl uoro-
phores into close proximity and reducing fl uorescence via self- 
quenching [ 55 ]. Upon enzymatic cleavage of the THP, six labels 
were released, resulting in an amplifi ed fl uorescent signal. The 
fl uorescence yield of the probe increased 3.8-fold upon activation. 
Kinetic analysis showed a rate of LS276-THP hydrolysis by MMP-2 
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( k  cat / K  M  = 30,000 s −1 M −1 ) similar to that of MMP-2 catalysis of 
α1(V)436-447 fTHP. Administration of LS276-THP to mice 
bearing a human fi brosarcoma xenografted tumor resulted in a 
tumor fl uorescence signal more than fi vefold greater than muscle 
(Fig.  2 ) [ 55 ]. These results were the fi rst to demonstrate that 

  Fig. 1    Assembly of LS276-THP. ( a ) Solid-phase synthesis of LS276-THP (O = Hyp). ( b ) Chemical structure of 
LS276. Reprinted with permission from  Bioconjugate Chemistry , copyright 2012, American Chemical Society       

  Fig. 2    In vivo analysis of mice tumor protease activity using LS276-THP or MMPSense™ 680. Representative 
in vivo whole-body images of mice bearing HT-1080 tumor xenografts 24 h after injection of ( a ) LS276-THP; 
 n  = 4, ( b ) LS276-THP and inhibitor;  n  = 3, or ( c ) MMPSense™ 680;  n  = 3. Tumors ( arrows ) and kidney (K) 
regions are marked. ( d ) The ratio of tumor and contralateral thigh ROI fl uorescence with respect to time show 
the time dependent activation of the molecular probes. ( e ) Ex vivo fl uorescence biodistribution confi rmed the 
high fl uorescence in the non-inhibited tumors and the high retention of LS276-THP in the mouse kidneys rela-
tive to the larger MMPSense™ 680. Error bars represent standard deviation; au = arbitrary units. Reprinted 
with permission from  Bioconjugate Chemistry , copyright 2012, American Chemical Society       
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THPs were suitable for highly specifi c in vivo detection of tumor- 
related MMP-2 and MMP-9 activity.

    Subsequently, cypate 3 -THP and the polyethylene glycol (PEG) 
modifi ed variant, cypate 3 -(PEG) 2 -THP, were developed to create 
two activatable reporter probes for the selective imaging of 
MMP-2/MMP-9 activity in HT-1080 fi brosarcoma xenografted 
tumors [ 56 ]. Cypate, a cyanine-based  NIR   dye, was chosen for its 
facile synthesis, high extinction coeffi cient, high absorption peak in 
the NIR region, where tissue absorption and light scattering are at 
a minimum, and overall biocompatibility. Further, cypate is com-
patible with the acidic conditions of solid-phase peptide synthesis 
and the photo-physical properties of cypate conjugated THPs can 
be easily tuned by structure modifi cations and/or bio-conjugation 
[ 57 ]. Cypate also incorporates carboxylic acid groups for conjuga-
tion to amino groups of resin-bound peptides and is also reported 
to have good binding affi nity to albumin [ 58 ]. 

 To assemble cypate 3 -THP, the carboxylic acid group on cypate 
was conjugated to the ɛ-amino groups of Lys in the THP back-
bone. Self-assembly of three cypate-conjugated peptides into a 
THP led to the quenching of the fl uorescence from the cypate 
molecules until hydrolysis by MMP-2 and/or MMP-9. The ratio 
of cypate to THP was determined to be 3:1. Cypate 3 -(PEG) 2 -THP 
was synthesized and characterized in the same manner. 

 To determine whether cypate 3 -THP could visualize MMP-2/
MMP-9 activity in vivo, the quenched probe was administered 
intravenous to mice bearing HT-1080 xenografts, which express 
high levels of these  MMPs  , with and without the pan-MMP inhibi-
tor Ilomastat [ 56 ]. Since no improvements to the quenching or 
kinetic effi ciency were observed with the PEG-ylated probe, only 
cypate 3 -THP was used in imaging studies. Ilomastat was adminis-
tered at both 24 and 1 h pre-administration of cypate 3 -THP and 
again 4 h post cypate 3 -THP administration to account for the 
putative widely different  pharmacokinetics   of a ~15 kDa THP and 
a 0.3 kDa inhibitor. Normalized fl uorescence intensity values from 
MMP-2 and MMP-9 mediated hydrolysis of cypate 3 -THP (pmol 
cypate/mm 3  tumor volume) were relatively low initially at 1 h 
post-cypate 3 -THP injection, which peaked at 4 h post-cypate 3 - 
THP injection, and slowly cleared from most tissues after 24 h 
(Fig.  3  Top, Bottom). The fl uorescence intensity was signifi cantly 
reduced when Ilomastat was co-administered ( p  < 0.05; Fig.  3  
Middle, Bottom). The average tumor to background ratio at 4 h 
post-injection was 10:2. Moreover, the most intense fl uorescence 
signal was shown at the edge of the tumors, where  MMP-2/
MMP-9 activity is generally in the greatest abundance [ 59 ,  60 ]. 
Some of the fl uorescent signal observed in mice treated with 
Ilomastat was attributed to non-quenched cypate 3 -THP probe. 
However, the Ilomastat treated group served as a good control, 
allowing for visualization of the fl uorescence signal from cypate 3 - THP 
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in the absence of MMP activity. The signifi cantly different results 
between the cypate 3 -THP group and the cypate 3 -THP plus  MMP   
inhibitor group demonstrated the effi cient and selective hydrolysis 
of cypate 3 -THP by  the   MMPs.

   A third study was undertaken to determine whether single- 
stranded peptides bearing 5-carboxyfl uorescein (5FAM) dyes 
would assemble into a  triple-helix   and function as a substrate for 
MMP-2/MMP-9 with kinetic parameters suitable for the in vivo 
detection of MMP activity [ 61 ]. 5FAM was chosen due to its com-
mercial availability, amenability to solid-phase peptide synthesis, 
high quantum yield, and the ubiquity of fl uorescein fi lter sets in a 
variety of fl uorescence imaging equipment [ 62 ]. The on-resin 
 conjugation procedure of 5FAM to single-stranded peptides was 
modifi ed to increase conjugation effi ciency (Fig.  4 ). The addition 
of 4-dimethylaminopyridine (DMAP) was necessary to result in 
complete coupling of 5FAM to the Lys ε-amino groups. Previous 

  Fig. 3    In vivo analysis of mice tumor protease activity using cypate 3 -THP. ( Top ) FMT images of a representative 
mouse injected with 2 nmol cypate 3 -THP. From  left  to  right : bright-fi eld image with the scan area highlighted, 
fl uorescence images at 1, 4, and 24 h post-injection of cypate 3 -THP. ( Middle ) FMT images of a representative 
mouse injected with 2 nmol cypate 3 -THP with Ilomastat administered 24 and 1 h pre-cypate 3 -THP injection 
and again at 4 h post-cypate 3 -THP injection. From  left  to  right : bright-fi eld image with the scan area high-
lighted, and fl uorescence images at 1, 4, and 24 h post-injection of cypate 3 -THP. ( Bottom ) ROI analysis in pmol 
cypate 3 - THP/mm 3  of tumors from mice injected with cypate 3 -THP ± Ilomastat. Reprinted with permission from 
 Bioorganic & Medicinal Chemistry Letters , copyright 2014, Elsevier       
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work had shown that during coupling of activated 5FAM to resin-
bound peptides, more than one 5FAM molecule was conjugated 
via ester formation between the carboxylic acid and the phenolic 
oxygen of 5FAM [ 62 ]. Treatment with piperidine was required to 
remove these adducts. Here, DMAP may function as a nucleophile 
to remove the undesired esters during coupling of the 5FAMs. 
Alternatively, DMAP may act as an acyl transfer-reagent and facili-
tate the reaction between the Lys ε-amino groups and 5FAM car-
boxy groups, making the unwanted attack of the 5FAM phenolic 
oxygen that resulted in ester bond formation less favored [ 63 ,  64 ]. 
When DMAP was not present in the coupling cocktail, the amide 
bond formation was too slow and the side-reaction (esterifi cation) 
occurred. The kinetic parameters and structural properties of 
5FAM-THPs were evaluated, as well as whether 5FAM-THPs 
bearing homodimeric dyes would visualize MMP-2/MMP-9 activ-
ity secreted by human tumor cells with confocal fl uorescence 
microscopy (Fig.  5 ).

       Genetically encoded fl uorescence indicators have been designed 
for MMPs. One encoded a yellow fl uorescence protein (YFP, the 
quencher) and a cyan fl uorescence protein (CFP, the fl uorophore) 
linked by the peptide Leu-Glu-Gly-Gly-Ile-Pro-Val-Ser-Leu-Arg-
Pro- Val, which contains the MMP Substrate Site (mss). This sensor, 
designated YFP–mss–CFP display , was used to detect secreted MMP-2 
activity of MCF- 7   breast cancer cells [ 65 ]. When tested against 
MMP-3, MMP-8, and MMP-9, it was cleaved by all three but to a 
lesser extent than MMP-2. 

 The same research group later designed a probe designated 
DMC (DsRed2-mss-CFP expressed from pDisplay vector) and 
measured the decrease of DsRed2/CFP ratio in MDA-MB435 

1.5  Other 
MMP Probes

  Fig. 4    Assembly of 5FAM 3 -THP. ( a ) Solid phase synthesis of 5FAM 3 -THP and 5FAM 6 -THP (O = Hyp). The tilde 
represents the site of hydrolysis by MMP-2 and MMP-9. ( b ) 5-carboxyfl uorescein (5FAM). Reprinted with 
permission from  Molecules , copyright 2014, MDPI       
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  Fig. 5    In vitro analysis of tumor cell protease activity using 5FAM 3 -THP. ( a ) Confocal fl uorescence microscopy 
showing the hydrolysis of 5FAM 6 -THP by HT-1080 human fi brosarcoma cells. HT-1080 or MCF-7 human  breast 
cancer cells   were treated with 5FAM 6 -THP (1 μM) for 1 h. For inhibition studies, cells were pre-incubated with 
SB-3CT (1 μM) for 30 min prior to 5FAM 6 -THP incubation. Two image fi elds are shown per condition. The fi rst 
column represents the fl uorescence from 5FAM-THP. The second column represents the corresponding bright- 
fi eld image. Overlays of the fl uorescence and bright-fi eld images are shown in the third column (taken using the 
10× objective) with higher magnifi cation images in the fourth column (taken using the 60× objective) to show 
cell internalization of 5FAM-THP. Scale bars are indicated in the fi rst image of each column. ( b ) Mean cell associ-
ated fl uorescence quantifi ed with FV1000 software ( n  = 10 cells, “I” denotes SB-3CT, “1080” denotes HT-1080 cells).
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breast carcinoma cells as an indicator of MMP activity [ 66 ]. The 
red-shifted spectrum of the DsRed fl uorophore provided a brighter 
signal and less fl uorescent cross-talk with the CFP molecule than 
YFP–mss–CFP display . This probe was also tested in shell-less culture 
of chick embryo chorioallantoic membrane (CAM) as an in vivo 
tumor model for MMP detection and proved to be readily detect-
able by fl uorescence stereomicroscopy. 

 An MT1-MMP  NIR   probe was designed based on a peptide 
sequence identifi ed in a phage display substrate library. A non- 
substrate peptide His-Trp-Lys-His-Leu-His-Asn-Thr-Lys-Thr-
Phe- Leu (denoted as MT1-AF7p) displayed high binding affi nity 
to the MT-loop region of MT1-MMP and was shown to interact 
with the enzyme through hydrogen bonding and hydrophobic 
interactions [ 67 ]. The loop is located within the catalytic domain 
and contains an eight amino acid insertion unique to MT-MMPs 

Fig. 5 (continued)  P -values were determined using a Student’s two-tailed  t -test; “*” denotes  p  < 0.05. ( c ) 
 Zymogram   depicting MMP-2 and MMP-9 of cell-associated media with varying total protein loading. Varying 
levels of total protein from the conditioned media (0.41, 2.07, and 4.14 μg) were loaded into each well of a 10 % 
 Zymogram   Gel with gelatin. Proteins were electrophoresed at 100 V for 90 min and after electrophoresis, the 
proteins were renatured in 2.5 % Triton X-100. The gel was then incubated overnight at 37 °C in development 
solution and stained with Coomassie Blue. Reprinted with permission from  Molecules , copyright 2014, MDPI         
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(MT1-, 2-, 3-, and 5-MMP). This insert is absent from all other 
MMPs. The assay design was distinct, as the phage display library 
was screened against a unique sequence from MT1-MMP ( 160 Arg- 
Glu- Val-Pro-Tyr-Ala-Tyr-Ile-Arg-Glu-Gly-His-Glu-Lys-Gln 174 , 
designated MT1-160p) and not the entire enzyme or catalytic 
domain. Only the peptides that bound specifi cally to this sequence 
(which is located within the loop structure as mentioned above) 
were evaluated. MT1-AF7 displayed the highest affi nity towards 
MT1-160p ( K  d  = 0.075 nM), and was labeled with Cy5.5 (Cy5.5- 
MT1- AF7p) and chosen for further validation in vivo [ 67 ]. The 
evaluation was performed in mice carrying MDA-MB-435 breast 
cancer xenografts (expressing high levels of MT1-MMP) and A549 
xenografts (low MT1-MMP levels). MDA-MB-435 xenografts 
had signifi cantly higher signal accumulation and better tumor con-
trast than the A549 xenografts. However, more precise quantita-
tive data on tumor uptake and  pharmacokinetics   will be needed to 
determine the further utility of this probe. 

 Another MT1-MMP fl uorogenic probe was designed based on 
the substrate sequence Gly-Arg-Ile-Gly-Phe ~ Leu-Arg-Thr-Ala-Lys- 
Gly-Gly and labeled with Cy5.5 and BHQ3 quencher (MT-P) [ 68 ] 
in an effort to target the membrane-bound form of MT1- MMP. MT1-
MMP is found in both bound and soluble forms, and targeting the 
membrane-bound form could prove useful in localization of MT1-
MMP-overexpressing tumor environments. MT-P was tested against 
MMP-2 and MMP-9 as well as against MT1-, MT2-, and MT3-
MMPs. The probe displayed moderate  selectivity. In vivo evaluation 
of probe activity in mice bearing MDA-MB-435 xenografts indicated 
strong  NIR   activation in the MT1-MMP-positive tumor region. 
Although MT-P displayed good specifi city in the tumors, nonspecifi c 
activation and accumulation was also observed in the liver. This result 
suggests further optimization of the probe is needed. 

 A radiotracer was designed to detect the activity of MMP-2 
and MMP-9 using single-photon emission computed tomogra-
phy (SPECT). The cyclic decapeptide cyclo[Cys-Thr-Thr-His-
Trp-  Gly-Phe-Thr-Leu-Cys] (CTT) was designed based on the 
considerations that (1) the His-Trp-Gly-Phe motif of the peptide 
displays inhibition of MMP-2 and MMP-9 activity, (2) hydropho-
bic radiolabeled peptides have shown low-level accumulation in 
liver, and (3) negatively charged radiolabeled peptides previously 
exhibited good renal clearance [ 69 ]. A hydrophilic and negatively 
charged radiolabel, indium-111-diethylenetriaminepentaacetic 
acid ( 111 In-DTPA), was attached  N -terminal to the His-Trp-Gly-
Phe motif ( 111 In-DTPA-CTT). This probe exhibited signifi cant 
inhibition of MMP-2 activity in vitro, and when injected into 
normal mice, displayed fast clearance from liver and kidneys. In 
mice bearing MDA-MB-231  breast tumors  , the probe displayed 
increased accumulation within the tumor as compared to MDA-
MB-435S tumor-bearing mice. However, the relatively low tumor 
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contrast found in this study warrants further exploration of the 
molecular interactions between the inhibitor and the enzymes. 
A similar conclusion was found in a study of  64 Cu-DOTA-CTT 
with MDA MB-435 tumor bearing mice, where the low affi nity of 
the ligand for the enzymes and the in vivo instability discouraged 
its use for in vivo tumor evaluation [ 70 ]. 

 In order to evaluate MT1-MMP activity in MDA-MB-231 
cells using SPECT, a tripartite probe was designed containing the 
following components: (1) a positively charged  D -Arg octamer (r8) 
cell penetrating peptide (CPP) attached with single amino acid 
chelate (SAAC) for technetium-99m; (2) a MT1-MMP specifi c 
substrate (Ser-Gly-Arg-Ile-Gly-Phe-Leu-Arg-Thr-Ala); and (3) a 
negatively charged  D -Glu attenuation sequence [ 71 ]. Several atten-
uation sequences were evaluated in order to achieve linear confor-
mation of the cleavable sequence that would be available for 
MT1-MMP docking. The sequence comprising of four  D -Glu-Gly- 
Gly repeats (4egg) was chosen for cell-based studies. Probe activa-
tion was determined by treatment of transfected MDA-MB-231 
cells with and without a broad spectrum  MMP   inhibitor (GM1489). 
The average uptake of the 4egg probe was two times greater in 
untreated cells indicating successful cleavage and increased uptake 
of the activated probe into MT1-MMP expressing cells. Negative 
results from cells treated with free  99m Tc-tricarbonyl complex 
([ 99m Tc(CO) 3 ] + ) suggested that there was no nonspecifi c uptake of 
the radiolabel and that the  99m Tc accumulation in cells treated with 
the intact probe was the result of cleavage rather than leakage of 
free radiolabel into these cells. Further in vivo imaging analysis will 
be needed to determine clinical potential of this probe. 

 Antibody radiolabeling has also been explored as a potential 
novel probe for MT1-MMP activity [ 72 ].  99m Tc-anti-MT1-MMP 
monoclonal antibody was evaluated in breast tumor-bearing 
rodents. MT1-MMP was highly expressed in all malignant cells 
tested. Tumor radioactivity increased over time and displayed three 
to fi vefold increase at 24 h as compared to 1 h after antibody injec-
tion. The radio-antibody cleared other organs and blood rapidly 
suggesting a promising in vivo application of this probe .   

2    Materials 

 All commercially available materials and reagents are used as 
received. 

   For manual peptide synthesis standard peptide reaction vessels are 
used. They can be purchased from Chemglass Life Sciences 
(Vineland, USA), Peptides International (Louisville, USA), or 
other commercial sources.  

2.1  Manual Peptide 
Synthesis
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   For automated peptide synthesis a conventional peptide synthesizer 
such as the PS3 (Protein Technologies Inc., Tucson, USA) or a 
microwave assisted peptide synthesizer such as the Liberty Blue 
(CEM Corp., Matthews, USA) can be used.  

   Resins for solid-phase synthesis, including Fmoc-Rink amide 
4-methylbenzhydrylamine (MBHA), can be purchased from Rapp- 
Polymere (Germany), EMD Millipore (Darmstadt, Germany), 
Advanced ChemTech (Louisville, USA), or other suppliers.  

   Fmoc-protected amino acids are commercially available from Sigma-
Aldrich (St. Louis, USA), EMD Millipore (Darmstadt, Germany), 
Protein Technologies Inc., (Tucson, USA), Peptides International 
(Louisville, USA), or other commercial sources. Other reagents such 
as O-(6-chlorobenzotriazol-1-yl)- N , N , N ′, N - tetramethyluronium 
hexafl uorophosphate (HCTU), 1- hydroxybenzotriazole (HOBt), 
 N , N ′-diisopropylcarbodiimide (DIC),  N , N -diisopropylethylamine 
(DIEA), 1,8- diazabicyclo[5.4.0]undec-7-ene (DBU), hydra-
zine hydrate, [dimethylamino(triazolo[4,5-b]pyridin-3-yloxy)
methylidene]-dimethylazanium hexafl uorophosphate (HATU), 
4- dimethylaminopyridine (DMAP), trifl uoroacetic acid (TFA, 
peptide synthesis grade), piperidine, ammonia solution, and acetic 
acid can be purchased from the same sources. The ninhydrin test kit 
can be purchased from Anaspec (USA).  

   Dimethylformamide (DMF),  N -methylpyrrolidone (NMP), 
dimethylsulfoxide (DMSO), dichloromethane (DCM), methanol 
(MeOH), and acetonitrile can be purchased from Sigma-Aldrich 
(St. Louis, USA), EMD Millipore (Darmstadt, Germany), or 
Fisher Scientifi c (Atlanta, USA). 

   This solution is prepared by mixing DBU, piperidine, and NMP in 
a ratio of 1:5:44 (v/v). 1 L of such solution is composed of 20 mL 
DBU, 100 mL of piperidine, and 880 mL of NMP.  

   The 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde) 
 protecting groups are removed using 2 % hydrazine in DMF. This 
solution is prepared by mixing 2 mL hydrazine hydrate and 
98 mL DMF.  

   Under the fume hood prepare the peptide cleavage solution 
 containing 5 % H 2 O in TFA. To prepare 5 mL of such a solution mix 
250 μL of H 2 O and 4.75 mL of TFA. For every 100 mg of resin 
use 1.5 mL cleavage cocktail ( see   Note 1 ).   

   The analytical and preparative reversed-phase HPLC (RP-HPLC) 
runs are carried out on an Agilent 1200 Infi nity series liquid 
chromatograph from Agilent Technologies (Germany) or equiva-
lent. All analytical runs are performed using a Vydac C18 column 

2.2  Automated 
Peptide Synthesis

2.3  Solid phase 
for Peptide Synthesis

2.4  Amino Acids 
and Other Peptide 
Synthesis Reagents

2.5  Organic Solvents 
and Solutions

2.5.1  Fmoc Deprotection 
Solution

2.5.2  Dde Deprotection 
Solution

2.5.3  Peptide Cleavage 
Cocktail

2.6  HPLC 
Characterization 
and Purifi cation
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(5 μm, 300 Å, 150 mm × 4.6 mm) (Grace Davison, Columbia, 
USA) or similar. Preparative runs are carried out using a Vydac 
C18 column (15–20 μm, 300 Å, 250 mm × 22 mm) (Grace 
Davison, Columbia, USA) or similar. Water is of HPLC or Milli-Q 
(Millipore) quality. The following solvent system is used: solvent 
A contains 0.1 % TFA in H 2 O while solvent B contains 0.1 % TFA 
in acetonitrile. The analytical gradient ranging from 2 to 100 % B 
over 20 min using 1 mL/min fl ow rate is used. The preparative 
HPLC gradient of 5–50 % B in 60 min with fl ow rate of 10 mL/
min is used. In both cases peptide detection is carried out at 
 λ  = 220 and 280 nm.  

   The molecular weight of peptides and peptide conjugates are 
determined using matrix-assisted laser desorption/ionization 
 time- of- fl ight mass spectrometry (MALDI-TOF MS). MALDI-
TOF MS analysis is performed using an Applied Biosystems 
(Carlsbad, USA) Voyager DE-PRO Biospectrometry workstation 
or Bruker Microfl ex LF mass spectrometer (Bruker Daltonics, Inc., 
Billerica, USA) using α-cyano-4-hydroxycinnamic acid (HCCA) or 
2,5- dihydroxybenzoic acid (DHB) as matrix. Matrices can be pur-
chased from Sigma-Aldrich (St. Louis, USA) or Fisher Scientifi c 
(Atlanta, USA).  

   Triple-helical peptide structure is evaluated by near-UV CD spec-
troscopy using a Jasco J-810 spectropolarimeter (Easton, USA) 
with a path length of 1 mm. Typically a CD spectra of collagen-like 
peptides are recorded over the range  λ  = 190–250 nm and sample 
concentration of 0.1 mg/mL in 0.5 % acetic acid solution (v/v). 
Thermal transition curves are obtained by recording the molar 
ellipticity ([θ]) at  λ  = 225 nm with an increase in temperature of 
20 °C/h over the range of 5–80 °C. The temperature is controlled 
by a JASCO PTC-348WI temperature control unit.  

   Synthetic peptides and conjugates are lyophilized using a Labconco 
FreeZone lyophilizer (freeze dryer) system (Labconco Corp., 
Kansas City, USA) or similar.  

   Peptide concentration and fl uorescent probe substitution is mea-
sured by UV–Vis absorption spectrophotometry using a NanoDrop 
2000c UV–Vis spectrophotometer (Thermo Fisher Scientifi c, 
Wilmington, USA). Fluorescent dye-conjugated peptide is mea-
sured using specifi c wavelength ( λ ) and molar absorption coeffi -
cient ( ε ) characteristic for the fl uorophore. Triple-helical 
peptide-conjugate concentration is calculated according to the 
Beer-Lambert law, using the following formula:

  C A l e= ´ ´( )/ 3    

2.7  Mass 
Spectrometry

2.8  Circular 
Dichroism (CD) 
Spectroscopy

2.9  Peptide 
Lyophilization

2.10  Absorption 
Spectrophotometry
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where  C  = peptide concentration (M),  A  = measured absorbance, 
and  l  = cell pathlength (cm). Please note that in case of triple-helical 
peptides the molar absorption coeffi cient  ε  has to be multiplied by 
a number of fl uorophore groups present in a molecule.  

    Confocal microscopy   is performed using the Olympus FV1000 
 microscope   (Center Valley, USA) equipped with a 20×/0.95 W 
water immersion objective. Fluorescence emission of 5FAM 6 -THP 
is detected from  λ  = 490–550 nm using a 488 nm laser at 5 % power.  

       1.    MMPSense™ 680 is purchased from PerkinElmer, Inc. 
(Waltham, USA).   

   2.    5FAM (5-carboxyfl uorescein, single isomer) is commercially 
available from Invitrogen (Carlsbad, USA) or Sigma-Aldrich 
(St. Louis, USA).   

   3.    LS276 is prepared by multistep organic synthesis as 
described [ 54 ].   

   4.    Cypate is prepared by multistep organic synthesis as 
described [ 73 ].      

       1.    LS276-THP probe is imaged using the Kodak Image Station 
4000MM multimodal imaging system (Carestream Health, 
New Heaven, USA). Fluorescence images are acquired using 
 λ  excitation  = 755 ± 35 nm and  λ  emission  = 830 ± 75 nm.   

   2.    MMPSense™ 680 probe is imaged with the Pearl  NIR   fl uores-
cence imaging system (LiCor Biosciences, Lincoln, USA) with 
 λ  excitation  = 685 nm and  λ  emission  = 720 nm.   

   3.    Cypate 3 -THP probe is imaged using FMT2500 fl uorescence 
molecular tomography system (PerkinElmer, USA) using 
 λ  excitation  = 790 nm and  λ  emission  = 805 nm.      

   Cell culture media is commercially available and used as received. 
DMEM medium is available from American Type Culture 
Collection (ATCC, cat. no. 30-2002). Complete DMEM medium 
is prepared by addition of 10 % fetal bovine serum (FBS) and 
100 units/mL of penicillin G.  

   Cancer cell lines are cultured accordingly. A variety of cancer cell 
lines including HT-1080 one can be obtained from American Type 
Culture Collection (ATCC). General cell culture protocols are 
available in  Methods in Molecular Biology  volumes 731 and 806.  

    Animal models   including NCR nude and athymic nude mice are 
available from Taconic Farms (Hudson, USA). For mice anesthesia 
a 2 % isoflurane/oxygen mixture is used. The isoflurane mixture 
must be administered using an anesthesia apparatus such as 
SomnoSuite low-flow animal anesthesia system available from Kent 
Scientific (Torrington, USA).  

2.11  Confocal 
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2.12  Fluorophore 
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       1.    Ilomastat (GM6001) is commercially available from Sigma- 
Aldrich (St. Louis, USA).   

   2.    MMP-2 and MMP-9 inhibitor SB-3CT is purchased from 
Enzo Life Sciences (Farmingdale, USA).      

       1.    Phosphate buffered saline (PBS) solution is commercially avail-
able from Fisher Scientifi c (Atlanta, USA).   

   2.    LS276-THP stock solution for in vivo imaging is prepared by 
dissolving 20 nmol of peptide in 250 μL PBS buffer.   

   3.    Ilomastat stock solution is prepared by dissolving 100 mg of 
ilomastat in 1 mL of DMSO.   

   4.    For the cell viability assay ethidium homodimer-1 can be 
obtained from Invitrogen (USA) as a 2 mM 25 % DMSO solu-
tion. Use this stock to obtain the fi nal 1 μM solution during 
the viability assay.   

   5.    SB-3CT stock solution can be prepared by dissolving 10 mg of 
SB-3CT in 1 mL of DMSO.       

3    Methods 

   For the incorporation of individual amino acids by Fmoc-solid- 
phase methodology a HCTU/HOBt activation is recommended 
[ 74 ]. Reagent amounts including Fmoc amino acids (Fmoc-AA), 
HCTU, HOBt, and DIEA are calculated in relation to peptide 
synthesis scale (typically expressed in mmol). 

   For Fmoc-amino acid couplings the following molar excess is 
recommended: Fmoc-AA = 3 equiv., HCTU = 2.5 equiv., and 
DIEA = 5.5 equiv. Recommended coupling time using conven-
tional automatic peptide synthesizer is 1 h.  

   The Fmoc protecting group is removed by gentle treatment of 
peptidyl-resin using standard Fmoc deprotection solution. This 
step can be performed on an automated peptide synthesizer using 
appropriate deprotection program or manually as follows:

    1.    Place the resin in a peptide synthesis reaction vessel.   
   2.    Add the appropriate amount of Fmoc deprotection solution 

(3–5 times the resin volume).   
   3.    Agitate the resin for 5 min. Drain the solution.   
   4.    Repeat  step 2 .   
   5.    Agitate the resin for another 15 min and drain the solution.   
   6.    Wash resin (three times) using 5 mL of DMF.      

2.17  MMP Inhibitors

2.18  Buffers 
and Stock Solutions

3.1  Peptide 
Synthesis Protocols

3.1.1  General Amino Acid 
Coupling Cycles

3.1.2  General Fmoc 
Deprotection Cycle
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   To remove the Dde protecting group from lysine residues the 
 following steps are required:

    1.    Place the resin in a peptide synthesis reaction vessel.   
   2.    Add the appropriate amount of Dde deprotection solution 

(four times the resin volume).   
   3.    Agitate the resin for 5 min and then drain the solution.   
   4.    Repeat the treatment with Dde deprotection solution two 

more times. Drain the solution.   
   5.    Wash resin (three times) using 5 mL of DMF.       

   The synthetic scheme is depicted in Fig.  1 . This protocol is adapted 
from [ 55 ].

    1.    Synthesize peptide using an automated peptide synthesizer. 
For the incorporation of individual amino acids use general 
coupling conditions (see above). For the Fmoc removal, use 
Fmoc removal solution and Fmoc removal protocol (see above). 
 See   Note 2 .   

   2.    Remove the side chain Dde protecting groups by using the 
Dde deprotection solution and conditions (see above).   

   3.    After Dde deprotection, wash the resin in the peptide synthesis 
reaction vessel sequentially using 5 mL DMF, 10 mL of 10 % 
aqueous DMF, 10 mL DCM, and 15 mL MeOH.   

   4.    Place peptide-resin containing reaction vessel (no cap) in a 
 desiccator connected to a vacuum pump. Dry peptide-resin  in 
vacuo  for 4–6 h.   

   5.    Conjugate LS276 fl uorescent dye to the ε-amino groups of 
Lys using the following conditions:
   (a)    Place 25 mg of resin in a dry reaction vessel   
  (b)    Prepare a mixture of 150 mg LS276 dye, 800 μL of DIEA, 

and 300 mg of HATU in 3 mL DMF.   
  (c)    Add this mixture to the resin and agitate for 3.5 h. After 

that fi lter the resin and wash 3 × 5 mL DMF, DCM, and 
MeOH.   

  (d)    Perform a ninhydrin test. A negative result indicates 
complete coupling of LS276.   

  (e)    Cleave peptide from the resin using 5 % water in TFA (mix 
50 μL of H 2 O with 950 μL of TFA). Cleavage and 
 side-chain deprotection of the peptide is accomplished by 
treating the resin for 3 h. Perform this step under the fume 
hood.   

  (f)    Collect the fi ltrate and dilute it with 10–15 mL of water. 
Perform this step under the fume hood.   

  (g)    Lyophilize the peptide.   

3.1.3  Removal 
of the Dde Protecting 
Group

3.2  Synthesis 
of Triple-Helical 
Peptides 
Containing LS276
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  (h)    Purify the peptide by preparative RP-HPLC. Characterize 
by analytical HPLC and MALDI-TOF mass spectrometry.   

  (i)    LS276-THP peptide concentration can be quantifi ed using 
absorption spectroscopy ( λ  = 780 nm,  ε  = 220,000 cm −1 M −1 ) 
on a NanoDrop spectrophotometer.        

     This protocol is adapted from [ 56 ].

    1.    Synthesize cypate-THP and/or cypate 3 -(PEG)2-THP peptide 
using an automated peptide synthesizer. For the incorporation 
of individual amino acids use general coupling conditions (see 
above). For the Fmoc removal, use Fmoc removal solution and 
Fmoc removal protocol (see above).  See   Note 2 .   

   2.    Remove the side chain Dde protecting groups by using the 
Dde deprotection solution and conditions (see above).   

   3.    After Dde deprotection, wash the resin in peptide synthesis 
reaction vessel sequentially using 5 mL DMF, 10 mL of 10 % 
aqueous DMF, 10 mL DCM, and 15 mL MeOH.   

   4.    Place peptide-resin containing reaction vessel (no cap) in a 
desiccator connected to a vacuum pump. Dry peptide-resin  in 
vacuo  for 4–6 h.   

   5.    Conjugate cypate dye to the ε-amino groups of Lys using the 
following conditions:
   (a)    Place 25 mg of resin in a dry reaction vessel.   
  (b)    Prepare a mixture of 125 mg cypate dye, 150 μL of DIC, 

and 125 mg of HOBt in 3 mL of DMF.   
  (c)    Add this mixture to the resin and agitate overnight. After 

that fi lter the resin and wash 3 × 5 mL DMF, DCM, and 
MeOH.   

  (d)    Perform a ninhydrin test. A negative result indicates com-
plete coupling of cypate dye.   

  (e)    Cleave peptide from the resin using 5 % water in TFA 
(mix 50 μL of H 2 O with 950 μL of TFA). Cleavage and 
side-chain deprotection of the peptide is accomplished by 
treating the resin for 3 h. Perform this step under the 
fume hood.   

  (f)    Collect the fi ltrate and dilute it with 10–15 mL of water. 
Perform this step under the fume hood.   

  (g)    Lyophilize the peptide.   
  (h)    Purify the peptide by preparative RP-HPLC. Characterize 

by analytical HPLC and MALDI-TOF mass spectrometry.   
  (i)    Cypate 3 -THP peptide concentration can be determined 

using absorption spectroscopy ( λ  = 780 nm,  ε  = 200,000 
cm −1 M −1 ) on a NanoDrop spectrophotometer.        

3.3  Synthesis 
of Triple-Helical 
Peptides 
Containing Cypate
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     The synthetic scheme is depicted in Fig.  4 . This protocol is adapted 
from [ 61 ].

    1.    Synthesize collagen-like peptide using an automated peptide 
synthesizer. For the incorporation of individual amino acids 
use general coupling conditions (see above). For the Fmoc 
removal, use Fmoc removal solution and Fmoc removal proto-
col (see above).  See   Note 2 .   

   2.    Remove the side chain Dde protecting groups by using the 
Dde deprotection solution and conditions (see above).   

   3.    After the Dde deprotection, wash the resin in peptide synthesis 
reaction vessel sequentially using 5 mL DMF, 10 mL of 10 % 
aqueous DMF, 10 mL DCM, and 15 mL MeOH.   

   4.    Place peptide-resin containing reaction vessel (no cap) in a des-
iccator connected to a vacuum pump. Dry peptide-resin  in 
vacuo  for 4–6 h.   

   5.    Conjugate 5FAM fl uorescent dye to the ε-amino groups of 
Lys using the following conditions:
   (a)    Place 30 mg of resin in a dry reaction vessel.   
  (b)    Prepare a mixture containing 90 mg of 5FAM dye, 

90 mg HOBt, 220 μL of DIC, and 90 mg of DMAP in 
3 mL of DMF.   

  (c)    Add this mixture to the resin and agitate for 16 h. After 
that fi lter the resin and wash 3 × 5 mL DMF, DCM, and 
MeOH.   

  (d)    Perform a ninhydrin test. A negative result indicates 
 complete coupling of 5FAM.   

  (e)    Cleave peptide from the resin using 5 % water in TFA (mix 
50 μL of H 2 O with 950 μL of TFA). Cleavage and side-
chain deprotection of the peptide is accomplished by treat-
ing the resin for 3 h. Perform this step under the fume 
hood.   

  (f)    Collect the fi ltrate and dilute it with 10–15 mL of water. 
Perform this step under the fume hood.   

  (g)    Lyophilize the peptide.   
  (h)    Purify the peptide by preparative RP-HPLC. Characterize 

by analytical HPLC and MALDI-TOF mass spectrometry.   
  (i)    5FAM-THP peptide concentration can be quantifi ed using 

absorption spectroscopy ( λ  = 475 nm,  ε  = 29,000 cm −1 M −1 ) 
on a NanoDrop spectrophotometer.        

         1.    The peptide molecular mass is confi rmed by MALDI-TOF 
mass spectrometry using HCCA or SA MALDI matrices.   

3.4  Synthesis 
of Triple-Helical 
Peptides Containing 
5FAM

3.5  Characterization 
of Triple-Helical 
Peptides
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   2.    Triple-helicity is monitored by CD spectroscopy in the far UV 
wavelengths [ 46 ,  74 – 81 ]. The general protocol is as follows.
   (a)    Dissolve the peptide in an appropriate buffer to fi nal con-

centration of 0.1 mg/mL. Leave the peptide in solution 
for 24–48 h at 4 °C to allow for  triple-helix   formation. 
 See   Note 3 .   

  (b)    Record a series of spectra ( n  = 5–10) over the range of 
 λ  = 190–250 nm. A typical spectrum for a  triple-helix   shows 
a positive molar ellipticity at  λ  ~225 nm and a negative 
molar ellipticity at  λ  ~205 nm.   

  (c)    Determine the melting temperature by monitoring the 
change in molar ellipticity at  λ  = 225 nm with a constant 
change in temperature (20 °C/h) from 5 to 80 °C. For 
samples exhibiting sigmoidal melting curves, the infl ection 
point in the transition region (fi rst derivative) is defi ned as 
 T  m . The fi rst derivative from the transition curve can be 
obtained using JASCO or GraphPad Prism software 
(GraphPad, USA). Alternatively,  T  m  is evaluated from the 
midpoint of the transition.    

         This protocol is adapted from [ 55 ,  56 ].

    1.    Human fi brosarcoma xenografts are grown by subcutaneous 
injection of 200,000 HT-1080 cells (ATCC) in the fl anks of 
6-week old male NCR nude mice (Taconic Farms, Hudson, 
NY) ( see   Note 4 ).   

   2.    Tumor-bearing mice receive 1 mg/kg LS276-THP probe  i.p . 
( n  = 4).   

   3.    A second group ( n  = 3) is treated with Ilomastat (1 mg/kg in 
DMSO,  i.p ) 2 h before LS276-THP injection and again 4 and 
20 h after injection.   

   4.    A third group ( n  = 3) receive 2 nmol MMPSense™ 680  i.v . ( see  
 Note 5 ).   

   5.    Mice in the LS276-THP groups are imaged using the Kodak 
IS4000MM multimodal imaging system (Carestream Health, 
New Haven, CT) immediately and at 1, 4, and 24 h after 
LS276-THP injection, followed by ex vivo fl uorescence bio-
distribution imaging of organ tissues. Fluorescence images are 
acquired using  λ  excitation  = 755 ± 35 nm and  λ  emission  = 830 ± 75 nm 
detection, 60 s exposure with 2 × 2 binning.   

   6.    Mice in the MMPSense™ 680 group are imaged with the Pearl 
 NIR   fl uorescence imaging system (LiCor Biosciences, Lincoln, 
NE) with  λ  excitation  = 685 nm and  λ  emission  = 720 nm collection.   

   7.    Region of interest (ROI) analysis is performed using ImageJ 
software [ 82 ] (LS276-THP groups) or Pearl Cam Software 
(MMPSense™ 680). Mean fl uorescence intensity values for 

3.6  In Vivo Imaging 
Using LS276-THP 
and MMPSense™ 680
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tumor and contralateral fl ank ROIs are plotted versus time to 
analyze biodistribution and activation kinetics.   

   8.    Fluorescence values for ex vivo tissues are normalized to equal-
ize blood fl uorescence levels due to differences in absolute 
 values between imaging systems and detection wavelengths 
( see   Note 6 ).   

   9.    Statistical signifi cance is calculated with a one-tailed, unpaired 
 t -test (GraphPad Prism software, GraphPad, San Diego, USA). 
Outlying data is analyzed with the Grubb’s test.    

     The protocol is adopted from [ 56 ].

    1.    Human fi brosarcoma xenografts are grown by subcutaneous 
injection of 2 × 10 6  HT-1080 cells (ATCC) in the neck region 
of 6-week old female athymic nude mice (Taconic). Two to 
three weeks after implantation, tumor-bearing mice are divided 
into two groups.   

   2.    One group receives cypate 3 -THP i.v. ( n  = 3) and a second 
group ( n  = 4) is treated with Ilomastat (1 mg/kg in DMSO, 
i.p.) 24 and 1 h prior to cypate 3 -THP injection and again 4 h 
after cypate 3 -THP injection.   

   3.    Mice are anesthetized with 2 % isofl urane and oxygen mixture 
and placed in an imaging cassette (VisEN Medical) for image 
acquisition.   

   4.    Mice are imaged using the FMT2500 fl uorescence molecular 
tomography system (PerkinElmer) at 1, 4, and 24 h after 
cypate 3 -THP (or cypate 3 -THP + Ilomastat) injection. 
Fluorescence images were acquired using  λ  excitation  = 790 nm and 
 λ  emission  = 805 nm.   

   5.    Prior to imaging of tumor-bearing mice, the Fluorescence 
Molecular Tomography (FMT) system is calibrated with the 
cypate dye. Region of interest (ROI) analyses are conducted 
using the FMT system software TrueQuant. ROIs are selected 
as the tumor location according to its location in the bright- 
fi eld image.   

   6.    The picomoles of cypate are normalized to tumor volume 
(pmol/mm 3 ; calculated as 1/2 L  ×  W  2 , length ( L ) and the width 
( W ) measured with calipers).   

   7.    Data is analyzed with  p -values determined from two-way 
ANOVA analysis to determine statistical differences between 
experimental groups.    

     The protocol is adopted from [ 61 ].

    1.     Cells  are   grown on Lab-Tek slides in complete DMEM.   
   2.    The medium is replaced and cells are incubated with 5FAM 6 - 

THP (1 μM, 1 h). For the inhibitor studies, cells are pretreated 

3.7  In Vivo Imaging 
Using Cypate 3 -THP

3.8  Confocal 
Microscopy

Gregg B. Fields and Maciej J. Stawikowski



325

with a MMP-2 and MMP-9 inhibitor (SB-3CT, 1 μM, 30 min) 
after which 5FAM 6 -THP (1 μM, 1 h) is added to the wells so 
that the inhibitor is present for the entire incubation. The con-
centration of 5FAM 6 -THP is chosen to ensure signifi cant satu-
ration of MMP-2/MMP-9 to produce a detectable signal that 
would rise above level of autofl uorescence in a reasonable 
amount of time before cell viability was lost.   

   3.    After rinsing, a cell viability assay is performed with ethidium 
homodimer-1 (1 μM, 1 h). The slides are rinsed with PBS, 
mounted, coverslipped, and visualized using an Olympus 
FV1000  microscope   (Center Valley, PA, USA) equipped with 
a 20×/0.95 W water immersion objective. Fluorescence emis-
sion of 5FAM 6 -THP is detected from  λ  = 490–550 nm using a 
488 nm laser at 5 % power. Images of each group of slides are 
acquired with the same  microscope   settings during a single 
imaging session, allowing for quantitative analysis of cellular 
fl uorescence.   

   4.    Relative fl uorescence of the cells is quantifi ed with FV1000 
software in terms of fl uorescence per unit area. Relative fl uo-
rescence of ten cells of each image is determined and the results 
averaged (with standard deviation;  n  = 10). The results are ana-
lyzed with an unpaired, two-tailed  t -test (GraphPad Prism 
software, GraphPad, San Diego, USA).    

4        Notes 

     1.    When crude peptide shows unsatisfactory yield and/or purity 
a different cleavage cocktail could be used. Please refer to [ 83 ].   

   2.    During peptide synthesis the last,  N -terminal amino acid to be 
incorporated must be coupled as Boc and not Fmoc-derivative 
in order to be compatible with Dde group removal.   

   3.    Due to aggregation of triple-helical peptides a concentration 
of 2–500 μM can be used.   

   4.    Although the specifi c examples given here are for HT-1080 
cells, the same imaging approach can be utilized following 
implantation  of   breast cancer cells [ 31 ].   

   5.    The molecular weight of MMPSense™ 680 is relatively large; 
therefore it was administered intravenously rather than impose 
the additional barrier of peritoneal absorption with  i.p . 
administration.   

   6.    The tumor-specifi c fl uorescence contrast with MMPSense™ 
680 increased over time for 24 h, indicating that the higher 
molecular weight resulted in greater residence time in the 
tumor tissue and therefore greater activation. By 24 h post-
injection, the tumor contrast for MMPSense™ 680 was about 
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twofold higher than the contralateral thigh while the contrast 
ratio for LS276-THP remained at about 1.5, unchanged from 
the 4 h time point. Another factor that could have contributed 
to the higher tumoral activation of MMPSense™ 680 was the 
lack of  MMP   selectivity. Although a great many probes exist, 
their actual selectivity is often problematic [ 19 ,  20 ].         
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