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    Chapter 4   

 Measurement of PTEN by Flow Cytometry                     

     John     F.     Woolley      and     Leonardo     Salmena      

  Abstract 

   Recent advancements have driven the development of smaller footprint, less expensive, and user-friendly 
fl ow cytometers introducing the technology to more users. 

 Flow cytometry is an established tool for multiparametric analysis of various important cellular char-
acteristics. Fluorescent dyes or fl uorophore-conjugated antibodies allow for measurement of protein 
expression, identifi cation of cell populations, or DNA content analysis. This is combined with analysis of 
light-scattering detection to determine cell size and complexity to allow for the study of complex cell 
samples, such as whole blood. Through antibody staining for a variety of surface markers as well as intracel-
lular proteins we can also elucidate intracellular signaling, and phosphor-signaling, on a single-cell basis. 

 Here we describe the application of fl ow cytometry analysis to the tumor suppressor PTEN in various 
cancer cell lines and a mouse model.  
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1      Introduction 

 Flow cytometry allows for high-throughput single-cell analysis, in 
a quantitative as well as qualitative manner [ 1 ]. Recent advances in 
fl ow cytometry have allowed for a greater access to this technique 
than ever before in academic, industrial, and clinical settings. 
Indeed the newest fl ow cytometers are smaller, more robust, less 
expensive, have higher throughput, and combine with much more 
user-friendly software. Flow cytometry can be utilized for the char-
acterization of cells in any fl uid (e.g., blood, plasma, cerebrospinal 
fl uid, urine) as well as cell suspensions made from solid tumours, 
bone marrow, or laboratory-cultured cells. Characteristics that can 
be measured include cell size, cytoplasmic complexity, DNA or 
RNA content, and a wide range of membrane-bound and intracel-
lular proteins [ 2 ]. 

 A fl ow cytometry system consists of four main operating units: 
a light source, fl ow cell, optical fi lter units for specifi c wavelength 
detection over a broad spectral range, and photodiodes or photo-
multiplier tubes for sensitive detection of the signals of interest. 
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A cell suspension is injected into the fl ow cell where the cells pass 
one after another across a laser beam (or mercury lamp light) that 
is orthogonal to the fl ow. Sample delivery has been accomplished 
using either pumps or an increase of pressure differential between 
the sample and the system. The use of pumps adds complexity, but 
offers control over delivery rates, which enables direct counting of 
particles per unit volume without the addition of a particle stan-
dard of a known concentration. Typically, ensuring one particle 
passes the light source at a time is achieved by hydrodynamic focus-
ing of the sample stream, wherein the sample stream is injected 
into the sheath stream inside the fl ow cell. The velocities of both 
fl uids are in the range of laminar fl ow. Cells are isolated in the 
focused stream since the sheath fl ow is greater than the sample 
fl ow. This allows cells to be excited by the laser individually. Using 
this technology, it is possible to detect up to 30,000 events per 
second [ 3 ]. Upon contact with the particle or cell, the excitation 
light is scattered in both forward and sideways directions. The 
forward- scattered light (FSC) provides information on the size of 
the cells and can be detected without further manipulation. The 
sideways-scattered light (SSC) is affected by several parameters, 
including granularity, cell size, and cell morphology. Intrinsic fl uo-
rescence or cellular components stained with specifi c fl uorescence 
dyes allow certain cell components to be measured. These signals 
can be combined in various ways that allow all subpopulations to 
be observed. Depending on the dyes that are used, many of these 
measurements can be combined with each other. In modern 
cytometers, the information from scattered light is always available 
and can be detected along with as many as 18 fl uorescent dyes [ 3 ]. 

 Most applications of fl ow cytometry are based on fl uorescence 
monitoring. The measurable cellular parameters can be character-
ized as intrinsic or extrinsic, depending on their need for reagents. 
While usually no pretreatment is necessary for the assay of intrinsic 
fl uorescence, studies of specifi c cell components with fl uorescent 
dyes (extrinsic fl uorescence) requires that a staining procedure be 
performed before the cells are analyzed. These procedures include 
fi xation, staining, and several washing steps. 

 Fluorescent labelling of cells is typically achieved by means of 
fl uorescent dyes or antibody-fl uorophore conjugates, both of 
which allow for quantitation of cells or cellular components. Here 
we discuss the application of primary-conjugated antibodies to 
measure PTEN levels in cells, both cultured cells and isolated cells 
from murine spleens. 

 Through a combination of surface marker staining and intra-
cellular protein staining, characterization of protein expression in 
specifi c cell types from complex samples (e.g., blood) can be 
achieved. However, care must be taken when staining both surface 
markers and intracellular proteins on the same sample. The issue 
arises with the effect on surface markers of fi xation and permeabi-
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lization of the cell, which is necessary for intracellular delivery of 
antibodies. Some protocols that provide excellent staining of 
phospho- epitopes decrease staining levels of particular surface anti-
gens, while preservation of surface epitopes leads to weak phospho- 
staining [ 4 ]. This balance between surface and intracellular epitopes 
must be kept in mind while attempting to stain particular antigens. 
For example, the mouse B-cell marker CD19 is exquisitely sensi-
tive to methanol permeabilization [ 5 ]. Thus we recommend that 
surface markers are measured before and after fi xation/permeabi-
lization and protocols are optimized for each combination of sur-
face markers and intracellular proteins. 

 The ability to probe phosphorylated products in a multipara-
metric assay, alongside surface marker staining, in complex samples 
is particularly useful. Such assays allow researchers to test the activ-
ity of multiple signaling pathways at the same time in cells, and 
thus the interactions between these pathways on a cell-to-cell basis, 
in conjunction with protein expression and surface marker data. In 
the context of PTEN expression level, this would allow the charac-
terization of phosphorylation status of downstream signaling effec-
tors such as Akt or RPS6. 

 Measurement of protein expression via fl ow cytometry offers 
many advantages in both clinical and research settings. Because it 
allows for multiparametric measurement, reduced sampling can be 
achieved. This is especially important in clinical monitoring or 
diagnosis, whereby sampling is often not trivial (e.g., blood or 
bone marrow draws). It also allows for separating complex/mixed 
samples to be separated using specifi c markers, and subsequent 
measurement of characteristics of interest. This is of particular 
interest for a protein such as PTEN, which is the focus of signifi -
cant research interest and is associated with multiple cancers.  

2    Materials 

   The following human leukemia cell lines were used in these stud-
ies: HL-60, U937, OCI/AML-3, and MV4-11.

    1.    HL-60 cells were established from the peripheral blood of a 
35-year-old woman with acute myeloid leukemia (AML FAB 
M2 [ 6 ]). HL-60 cells resemble promyelocytes but can differen-
tiate terminally in vitro in the presence of dimethylsulfoxide 
(DMSO) or retinoic acid to granulocytes [ 7 ]. Other compounds 
like 1,25-dihydroxyvitamin D3, 12- O -tetradecanoylphorbol- 
13-acetate (TPA), and GM-CSF can induce HL-60 to differen-
tiate to monocytic, macrophage- like, and eosinophil phenotypes, 
respectively.   

   2.    U937 are myeloid cells established from the pleural effusion of 
a 37-year-old male patient with histiocytic lymphoma [ 8 ]. 

2.1  Cell Lines
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U937 cells mature in the presence of numerous soluble stim-
uli, adopting the characteristics and morphology of macro-
phages [ 9 ].   

   3.    OCI/AML3 cells were established from the peripheral blood 
of a 57-year-old man with acute myeloid leukemia (AML FAB 
M4; [ 10 ]). OCI/AML3 are known to carry a mutation in the 
 NPM1  gene (type A) and in  DNMT3A  (R882C; [ 11 ]).   

   4.    MV4-11 cells were established from a 10-year-old boy with 
acute monocytic leukemia (AML FAB M5; [ 12 ]). These cells 
are known to carry a chromosomal translocation at t(4;11) and 
are homozygous for the internal tandem duplication of the 
 FLT3  gene (FLT3-ITD; [ 13 ]).      

   HL-60 and OCI/AML-3 cell lines were maintained at a culture 
density of 1 × 10 5 –1 × 10 6  cell/mL in 10 mL of alpha-MEM 
medium supplemented with 10 % fetal calf serum (FCS,  v/v ), 100 
units of penicillin per mL, and 100 μg of streptomycin per mL at 
37 °C and 5 % CO 2 . 

 U937 and MV4-11 cell lines were maintained at a culture den-
sity of 1 × 10 5 –1 × 10 6  cell/mL in 10 mL of RPMI 1640 medium 
supplemented with 10 % fetal calf serum (FCS,  v/v ), 100 units of 
penicillin per mL, and 100 μg of streptomycin per mL at 37 °C and 
5 % CO 2 .  

   All mouse experiments were performed using male C57/BL6 
young adult mice (10 weeks). Animals were obtained from the 
Jackson Laboratory (Bar Harbor, MA, USA). The animals were 
housed in standard 12-h light:dark cycle and at a temperature of 
23 °C with free access to food and water in groups of fi ve mice. All 
experimental protocols were approved by the research ethics board 
of this university and were carried out in compliance with the 
Canadian Council on Animal Care recommendations.  

   In this study we analyzed cell samples by means of a Cytofl ex fl ow 
cytometer ( see   Note 1 ; Beckman Coulter, Mississauga, ON, 
Canada). The CytoFLEX is a three-laser system including lasers at 
wavelengths of 488 nm, 638 nm, and 405 nm. This allows for a 
variety of confi gurations of 4–13 colors with changeable band-
pass fi lters. There are three light scatter parameters, the typical 
blue laser scatter yielding forward and side scatter, and an addi-
tional side scatter parameter off the 405 nm laser. Pulse height 
and area are collected for all parameters, and a width signal can be 
selected for any one of the parameters. Emitted light is collected 
by fi ber- optic bundles and carried to fi ber array photo detector 
modules, where it exits to pass through wavelength division mul-
tiplexers, which replace conventional dichroics, to partially split 
the light into distinct ranges, which is then further refi ned by 

2.2  Cell Line 
Maintenance

2.3  Mouse Models

2.4  Equipment
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band-pass fi lters. The light then is detected by an avalanche pho-
todiode, rather than a conventional photomultiplier tube. 

 The fl uidics system is controlled via peristaltic pumps for both 
the sheath and sample lines, and the sample volume fl ow rates can 
range up to 240 μL/min. Here we will utilize the 488 nm laser 
with the one forward scatter and one side scatter parameter. 

 The software used to analyze fl ow cytometry data was 
CytExpert (Beckman Coulter, Canada) and FlowJo Vx (FlowJo 
LLC, Ashland, OR, USA).  

   Centrifuge, microcentrifuge, Gilson pipetman (P10, P20, P200, 
P1000), dissection kit, 70 μM cell strainer, 26-gauge needles and 
syringes, 15 mL centrifuge tubes, 1.5 mL microcentrifuge tubes.  

       1.    PTEN-PE (624048; BD Biosciences, San Jose, CA, USA).   
   2.    CD45.2-FITC ( see   Note 2 ; 11-0454-81; eBiosciences, San 

Diego, CA, USA).      

       1.    Red blood cell (RBC) lysis buffer: 155 mM Ammonium chlo-
ride (NH 4 Cl), 12 mM sodium bicarbonate (NaHCO 3 ), and 
0.1 mM EDTA were prepared in double-distilled H 2 O.   

   2.    Phosphate-buffered saline (PBS): 8 g NaCl, 0.2 g KCl, 1.44 g 
Na 2 HPO 4 , 0.24 g KH 2 PO 4  in 1 L of double-distilled H 2 O. 
pH 7.4.   

   3.    Fixation buffer: 8 % Formaldehyde ( v/v ) in PBS. Should be 
made fresh from paraformaldehyde.   

   4.    Permeabilization buffer: 0.2 % Triton-x100 ( v/v ) in PBS.   
   5.    Staining buffer: 5 % FCS in PBS, made fresh. If not made fresh, 

an antimicrobial agent such as sodium azide (at a concentra-
tion of 0.1 %  v/v ) should be added.       

3    Methods 

        1.    Cell lines were cultured to a density of 5 × 10 5  cells/mL and 
then collected in 15 mL centrifuge tubes.   

   2.    Cells were centrifuged at 400 ×  g  for 5 min.   
   3.    Supernatant medium was removed.   
   4.    Cells were washed with 1 mL of PBS.   
   5.    Cells were resuspended in 1 mL of PBS.      

        1.    C57/BL6 mice were sacrifi ced at 10 weeks.   
   2.    Spleens were isolated  postmortem  and placed in PBS on ice.   
   3.    Splenocytes were isolated utilizing the thumb piece of a 

plunger removed from a 1 mL syringe, mashing the spleen 
through a 70 μM cell strainer into ice-cold PBS.   

2.5  General 
Equipment

2.6  Antibodies

2.7  Reagents

3.1  Cell Line 
Collection for Flow 
Cytometry

3.2  Mouse 
Splenocyte Collection 
for Flow Cytometry
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   4.    Splenocyte preparation was passed through 70 μM cell strainer 
to remove debris.   

   5.    Cells were then transferred to a 15 mL centrifuge tube.   
   6.    This was then centrifuged at 400 ×  g  for 5 min.   
   7.    Splenocytes were resuspended in RBC lysis buffer and vor-

texed briefl y ( see   Note 3 ). The cells were allowed to incubate 
for 10 min.   

   8.    Cells were then centrifuged at 400 ×  g  for 5 min and superna-
tant was removed.   

   9.    Cells were resuspended in PBS and kept on ice.      

        1.    1 mL of freshly made 8 % paraformaldehyde fi xation buffer was 
added dropwise to 1 mL of cell suspension (from Subheading 
 3.1  or  3.2 ) in a 15 mL centrifuge tube ( see   Note 5 ). This 1:1 
ratio gave a fi nal concentration of 4 % paraformaldehyde to fi x 
cells.   

   2.    This cell fi xation mixture was briefl y vortexed and then placed 
in a 37 °C water bath for 10 min.   

   3.    Cells were removed from water bath and to this 2 mL of fi x 
cells, 2 mL of 0.2 % Triton-X100 permeabilization buffer was 
added dropwise while gently vortexing to prevent clumping of 
cells. This 1:1 ratio gives a fi nal concentration of 0.1 % 
Triton- X100 to permeabilize cells.   

   4.    Cells were allowed to permeabilize for 30 min on ice.   
   5.    Cells were centrifuged at 400 ×  g  for 15 min.   
   6.    Cells were resuspended in fl ow cytometry staining buffer, 

made fresh on the day of staining.   
   7.    Cells were stored on ice for 30 min prior to staining.      

        1.    50 μL of fi xed cell suspension in staining buffer (from 
Subheading  3.3 ) was transferred to microcentrifuge tubes.   

   2.    Antibodies were added in the appropriate concentrations 
( see   Note 6 ). PTEN-PE was stained at 10 ng in 100 μL PBS; 
CD45.2-FITC was stained at 10 ng in 100 μL PBS.   

   3.    Cells were stained for 30 min in the dark at room 
temperature.   

   4.    Cells were centrifuged 400 ×  g  for 5 min.   
   5.    Cells were washed once with staining buffer.   
   6.    Cells were resuspended in 200 μL of staining buffer.      

       1.    Cells (from Subheading  3.4 ) were analyzed for fl uorescence on 
a Cytofl ex fl ow cytometer (Beckman Coulter).   

   2.    Cells were gated on FSC vs. SSC to identify the correct, viable 
cell population ( see  Fig.  1a ).

3.3  Cell Fixation 
and Permeabilization 
(See Note 4)

3.4  Cell Staining 
for Flow Cytometry

3.5  Flow Cytometric 
Analysis
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       3.    Gated cells were further gated on FSC-area vs. -height to 
discriminate singlet cells from doublet cells ( see  Fig.  1b ).   

   4.    Single cells from cell lines were analyzed for fl uorescence signal 
of PTEN conjugated to PE ( see  Fig.  2 ), using the U937 cell 
line as a negative control for PTEN expression ( see   Note 7 ).

       5.    Mouse spleen cells stained with CD45.2-FITC and PTEN-PE 
were gated for mononuclear cells according to FSC vs. SSC 
intensity ( see  Fig.  3 ).

       6.    Mononuclear splenocytes were then displayed as FL1 vs. SSC 
to determine CD45.2 staining intensity ( see  Fig.  4a ). Cells 
were gated as positive/bright vs. negative/dim for CD45.

       7.    Cells were plotted as CD45-positive and CD45-negative on a 
histogram overlay to display PTEN-PE staining in these two 
populations ( see  Fig.  4b ). From this we identifi ed CD45- 
positive cells as high expressers of PTEN.   

   8.    Splenocytes stained solely with PTEN-PE were gated on FSC 
vs. SSC showing three populations ( see  Fig.  5a ). These cells 
correspond to lymphocytes (P1), monocytes (P2), and granu-
locytes (P3). Plotting these populations on a histogram overlay 
for PTEN-PE shows that PTEN is expressed highly in the 
granulocyte population ( see  Fig.  5b ).

  Fig. 1    Cell line gating strategy. ( a ) 10,000 cells were gating on FSC vs. SSC parameters. Threshold was set to 
remove debris. ( b ) Cells were then gated on FSC-area vs. -height to identify singlet cells and remove any 
doublet cells from further analysis       
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  Fig. 2    PTEN expression in cell lines. ( a ) U937 ( green ), AML2 ( red ), and HL-60 singlet cells ( blue ) were stained 
and were examined for PTEN expression. Unstained cells ( solid lines ) were compared against cells stained 
with a PTEN-PE antibody ( dotted lines ) for FL2 fl uorescence on a histogram overlay. ( b ) U937 ( top ), AML2 
( middle ), and HL-60 ( bottom ) cells were examined for PTEN expression. Unstained cells ( red ) were plotted with 
PTEN-PE- stained cells ( blue ) on dot-plots of FL2 vs. SSC       
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4            Notes 

     1.    In this work we make use of the Cytofl ex fl ow cytometer 
(Beckman Coulter); however the methodology described here 
is general and can be undertaken with almost any fl ow cytom-
eter capable of quantifying fl uorescein isothiocyanate (FITC) 
and phycoerythrin (PE) fl uorescence.   
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  Fig. 3    Mouse splenocyte gating. Isolated spleen cells from C57/BL6 cells are displayed on a FSC vs. SSC plot. 
Mononuclear cells were gated, excluding debris from further analysis       
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  Fig. 4    CD45.2 and PTEN co-expression in murine splenocytes. Cells isolated from C57/BL6 mice were co- stained 
with CD45.2-FITC and PTEN-PE. ( a ) Cells were gated as CD45.2-positive and CD45.2-negative. ( b ) CD45.2-
negative cells ( red ) and CD45.2-positive cells ( blue ) were plotted on an overlay histogram for PE fl uorescence, 
demonstrating that CD45.2-positive cells display a higher PTEN expression than CD45.2-negative cells       
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   2.    The C57/BL6 mouse spleen is a source of both myeloid and 
lymphoid cells. The wild-type C57/BL6 mice express the 
CD45.2 allele as opposed to the CD45.1 allele expressed on, 
for example, SJL mice [ 14 ]. CD45 vs. SSC plots allow for 
 better identifi cation of blood cell populations than simply 
using FSC vs. SSC, with separation of blasts and plasma cell, 
precursors, and erythroid cells [ 15 ].   

   3.    It is desirable to remove erythrocytes from spleen mononu-
clear cell preparations prior to fl ow cytometry experiments as 
large numbers of RBCs in the sample can occlude populations 
of interest [ 16 ]. A small number of RBCs remaining in the 
sample will not prove diffi cult to gate out however, so partial 
lysis of RBCs is suffi cient and should be optimized depending 
on the individual experiment being performed.   

   4.    In order to detect intracellular antigens, cells fi rst must be per-
meabilized especially after fi xation with cross-linking agents 
such as formaldehyde and glutaraldehyde [ 17 ,  18 ]. 
Permeabilization is required to allow complex macromolecules 
such as antibodies to cross the cell membrane. Two general 
types of reagents are commonly used: organic solvents or 
detergents. The organic solvents dissolve lipids from cell mem-
branes making them permeable to antibodies. Because the 
organic solvents also coagulate proteins, they can be used to fi x 
and permeabilize cells at the same time. However, these sol-
vents may also extract lipidic antigens or lipid-associated anti-
gens from cells. The other large class of permeabilization 

  Fig. 5    PTEN expression in murine spleen. Cells isolated from C57/BL6 mice were stained for PTEN-PE only. ( a ) 
Cells were gated as lymphocytes (P1), monocytes (P2), and granulocytes (P3). ( b ) These populations were then 
plotted on a histogram overlay showing P1 ( red ), P2 ( blue ), and P3 ( green ). From this we can see that granu-
locytes express a noticeably higher level of PTEN than either monocytes or lymphocytes which both express 
similar levels       
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agents is detergents. Saponin, a plant glycoside, interacts with 
membrane cholesterol, selectively removing cholesterol and 
making holes in the membrane. In addition to forming mem-
brane holes, antibodies may be incorporated into saponin/
cholesterol micelles facilitating their entry into the cells. 
Saponin permeabilization is not effective on mitochondrial 
membranes or the nuclear envelope. Nonionic detergents such 
as Triton X-100 and Tween 20 are also widely used to permea-
bilize cells and tissues [ 19 ]. The disadvantage of these deter-
gents is that they are nonselective in nature and may extract 
proteins along with the lipids, resulting in a false negative dur-
ing immunostaining. Depending on the antigen, a combina-
tion of permeabilizing agents may be preferable. It is absolutely 
essential to optimize fi xation/permeabilization protocols for 
each antibody-antigen pair being tested to ensure effi cient 
staining and to minimize false-negative staining.   

   5.    Here we fi x cells in a 4 % formaldehyde solution. There are 
numerous methods to prepare this fi xative from stock solu-
tions [ 4 ]. The most common options are to begin with para-
formaldehyde, a polymerized formaldehyde, or formalin. 
Paraformaldehyde is usually sourced as a powder, and can be 
prepared as a 4 % solution ( w/v ) directly with heating to break 
down polymers. Formalin is generally sourced as 37–40 % 
formaldehyde solution, as the formaldehyde gas is dissolved in 
water at a saturating concentration somewhere between these 
concentrations. This formalin can be diluted 1:10 to achieve a 
4 % fi xative solution. It should also be noted that typically for-
malin will contain methanol, to prevent polymerization, so the 
fi nal fi xative will contain a small amount of methanol.   

   6.    The importance of antibody titrations in fl ow cytometry should 
not be underestimated. Effi cient antibody titration identifi es 
the concentration of the antibody which, under specifi c stain-
ing conditions, will deliver optimal separation between positive 
and negative populations. Supersaturating concentrations will 
increase background and nonspecifi c binding and is not cost 
effective. Non-saturating concentration may cause sample-to- 
sample variation and decrease resolution and sensitivity. At 
saturating staining concentrations the amount of antibody 
present is not limiting and is suffi cient to stain all relevant anti-
gens without signifi cantly lowering the concentration of free 
antibody. Therefore the antibody concentration but not the 
number of cells is critical for optimal staining. The optimal 
antibody concentration must be determined for each applica-
tion and set of experimental conditions (including staining 
time and temperature) and is determined by using a series of 
dilutions. Prior to running these experiments, we determined 
the optimal concentration for PTEN-PE in these leukemia 
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cells to be 10 ng in 100 μL, stained for 30 min, by titration 
(data not shown).   

   7.    In this work we utilized the U937 cell line as a negative control 
for PTEN antibody staining. U937 has previously been shown 
to display low or undetectable PTEN expression, and indeed has 
been characterized with hemizygous deletion of PTEN [ 20 ].         
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