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    Chapter 11   

 Functional Analysis of Histone Deacetylase 11 (HDAC11)                     

     Jie     Chen    *,     Eva     Sahakian    *,     John     Powers    ,     Maritza     Lienlaf    , 
    Patricio     Perez- Villarroel    ,     Tessa     Knox    , and     Alejandro     Villagra       

  Abstract 

   The physiological role of histone deacetylase 11 (HDAC11), the newest member of the HDAC family, 
remained largely unknown until the discovery of its regulatory function in immune cells. Among them, the 
regulation of cytokine production by antigen-presenting cells and the modulation of the suppressive ability 
of myeloid- derived suppressor cells (MDSCs) (Sahakian et al. Mol Immunol 63: 579–585, 2015; Wang 
et al. J Immunol 186: 3986–3996, 2011; Villagra et al. Nat Immunol 10: 92–100, 2009). Our earlier data 
has demonstrated that HDAC11, by interacting at the chromatin level with the IL-10 promoter, down-
regulates  il - 10  transcription in both murine and human APCs in vitro and ex vivo models (Villagra et al. 
Nat Immunol 10: 92–100, 2009). However the role of HDAC11 in other cell types still remains unknown. 
Here we present several methods that can potentially be used to identify the functional role of HDAC11, 
assigning special attention to the evaluation of immunological parameters.  

  Key words     Histone deacetylase 11  ,   Chromatin immunoprecipitation  ,   qRT-PCR  ,   PCR  ,   Flow cytom-
etry  ,   Phenotyping  ,   Genotyping  

1        Introduction 

 In the last decade,  epigenetic   modifi cations have captured spe-
cial attention due to their multifaceted functionality. Noteworthy 
among the epigenetic modifi ers,  histone acetyltransferases (HATs)   
and histone  deacetylases   (HDACs) have gained particular notice 
as it has been demonstrated by many that these epigenetic modi-
fi ers can be targeted by highly selective small-molecule inhibitors. 
This characteristic raised a renewed interest in these epigenetic 
modifi ers as potential therapeutic targets,    including cancer and 
immune-related diseases. Functionally, HDACs alter chromatin by 
 acetylation  / deacetylation   of histone tails resulting in transcriptionally 
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active or inactive chromatin, respectively—ultimately leading to 
 expression   and/or suppression of numerous genes [ 1 ]. These pro-
teins have been shown to play an important role in the regulation 
of genes involved in the infl ammatory response [ 1 – 3 ] and cancer 
[ 4 ,  5 ], where they promote loss or gain of cellular functions, not 
naturally given to a particular cell type. Our approach has been 
to fi rst identify the role of certain HDACs in the transcriptional 
regulation of specifi c components of immune-related pathways, 
which can be evaluated individually by the analysis of the anti/pro-
infl ammatory responses against singular stimuli. 

 HDAC11 was discovered in 2002 [ 6 ], and because of its 
shared characteristic with class I and class II HDACs it was classi-
fi ed in a new and independent group known as class IV HDACs, 
where it is the only member. Interestingly, most of the reported 
functions for this  deacetylase   are related to the immune function 
[ 1 ,  7 ,  8 ]. Therefore, in this manuscript, our focus is to present 
detailed methods for examining the function of HDAC11 in 
immune cells.  

2    Materials 

   C57BL/6 (WT) mice were purchased from Jackson laboratories, 
Tg-HDAC11-eGFP [ 9 ] reporter mice were  provided   by Nathaniel 
Heintz through the Mutant Mouse Regional Centers, and 
HDAC11KO was kindly supplied by Dr. Edward Seto at H. Lee 
Moffi tt Cancer Center. Mice were kept in pathogen-free condi-
tions and handled in accordance with approved protocols by the 
Institutional Animal Care and Use Committee (IACUC) at the 
University of South Florida.  

       1.    10× PBS 7.4 pH: In 900 mL ddH 2 O, add 80 g NaCl, 2 g KCl, 
14.4 g Na 2 HPO 4 , and 2.4 g KH 2 PO 4 . pH to 7.4 with HCl and 
bring volume up to 1 L (autoclave and fi lter).   

   2.    Tissue culture-treated plates: 6, 12, and 24 wells.   
   3.    Ethanol (99.98 %, ACS/USP/Kosher grade).   
   4.    Mouse Biotin Selection/Mouse CD4+ T cell isolation Kit.   
   5.    5 M NaCl: Dissolve 58.44 g of NaCl in 80 mL ddH 2 O, bring 

volume up to 100 mL (autoclave and fi lter).   
   6.    1 M Tris–HCl pH 8.0: In 80 mL ddH 2 O, add 12.11 g of Tris 

base, use HCl to adjust pH value to 8.0, then bring volume up 
to 100 mL (autoclave and fi lter).   

   7.    0.5 M EDTA: In 80 mL ddH 2 O, add 18.61 g of disodium 
EDTA·2H 2 O, use NaOH to adjust pH value to 8.0, then bring 
volume up to 100 mL (autoclave and fi lter).   

   8.    10 % SDS: Dissolve 10 g of SDS in 80 mL of ddH 2 O, and then 
bring volume up to 100 mL (autoclave and fi lter).   

2.1  Animal Models

2.2  General 
Reagents and Buffers
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   9.    TE buffer: 496 mL ddH 2 O, 5 mL 1 M Tris–HCl pH 8.0, 
1 mL 0.5 M EDTA pH 8.0 (autoclave and fi lter).   

   10.    Mouse tail lysis buffer: In water, consists of 10 mM Tris–HCl PH 
8.0, 50 mM NaCL, 25 mM EDTA PH 8.0, 0.5 % SDS. Proteinase 
K has to  be   added to lysis buffer right before use.   

   11.    Heat-activated Taq DNA polymerase.   
   12.    1× Ammonium-chloride-potassium (ACK) lysis buffer: In 

900 mL of ddH2O, add 8.3 g NH 4 Cl, 1 g KHCO 3 , and 
200 μL of 0.5 M EDTA. Adjust pH to 7.2–7.4 and bring the 
total volume to 1 L. Autoclave and fi lter the solution.   

   13.    FACS buffer: In 980 mL of 1× PBS, add 20 mL heat-inacti-
vated FBS.   

   14.    1× 4′,6-Diamidino-2-phenylindole (DAPI) viability dye: 
Dissolve 10 mg of DAPI with 360.6 μL for a 100 mM stock 
solution, aliquot into 20 μL fractions in 200 μL tubes. Store at 
−80 °C for long-term storage or −20 °C for short term. For a 
10× stock for viability solution dilute to 10 μM in FACS buf-
fer, add 1 μL of 100 mM DAPI stock solution per 10 mL of 
FACS buffer.   

   15.    Fc block: Anti-CD32 and anti-CD16 functional grade with a 
fi nal antibody concentration of 0.5 μg/mL each.   

   16.    Flow cytometer compensation beads.   
   17.    SYBR Green Supermix.   
   18.    TRIzol reagent.   
   19.    Chloroform (99 %).   
   20.    Isopropyl alcohol (99.5 %, ACS grade plus).   
   21.     cDNA   synthesis using RNA strand.   
   22.    Rabbit anti-HDAC11 antibody.   
   23.    Biotin-conjugated normal rabbit IgG-B.   
   24.    Protein A agarose beads.   
   25.    37 % Formaldehyde solution.   
   26.    1.25 M Glycine: 9.38 g Glycine in 100 mL water. Filter.   
   27.    1.0 M KCl: 7.46 g KCl in 100 mL water. Autoclave.   
   28.    1.0 M MgCl 2 : 20.33 g MgCl 2  in 100 mL water. Autoclave.   
   29.    5.0 M NaCl: 29.22 g NaCl in 100 mL water. Autoclave.   
   30.    2.0 M LiCl: 8.48 g LiCl in 100 mL water. Autoclave.   
   31.    20 % SDS: Dissolve 20 g of SDS in 80 mL of ddH 2 O, bring 

volume up to 100 mL.   
   32.    Phenol/chloroform/isoamyl alcohol pH 6.7, phenol:

chloroform:isoamyl alcohol = 25:24:1.   
   33.    Commercially available  PCR    Purifi cation   Kit.   
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   34.    Cross-linking buffer: 2.7 mL 37 %  formaldehyde   was added 
into 97.3 mL 1× PBS pH 7.2, to reach 1 % formaldehyde fi nal 
concentration in a 100 mL fi nal volume.   

   35.    Stop buffer: 10 mL 1.25 M Glycine was added into 90 mL 1× 
PBS pH 7.2 to reach a 0.125 M glycine fi nal concentration in 
a 100 mL fi nal volume. It is preferred to prepare cross-linking 
buffer and stop buffer freshly before each experiment. Add 
protease inhibitor cocktail tablets just before use.   

   36.    Lysis buffer: In mQwater, consists of 50 mM HEPES pH 7.8, 
3 mM MgCl 2 , 20 mM KCl, 0.25 % Triton X-100, 0.5 % 
IGEPAL.   

   37.    Wash buffer: In water, consists of 10 mM Tris–HCl pH 8.0, 
1 mM EDTA pH 8.0, 200 mM NaCl.   

   38.    Sonication buffer: In water, consists of 50 mM HEPES pH 
7.8, 140 mM NaCl, 1 mM EDTA, 0.5 % SDS, 1 % Triton 
X-100.   

   39.    Dilution buffer I: In water, consists of 50 mM HEPES pH 7.8, 
140 mM NaCl, 1 mM EDTA pH 8.0, 1 % Triton X-100.   

   40.    Dilution buffer II: In water, consists of 50 mM HEPES pH 
7.8, 500 mM NaCl, 1 mM EDTA pH 8.0, 1 % Triton X-100.   

   41.    LiCl buffer: In water, consists of 20 mM Tris–HCl pH 8.0, 
250 mM LiCl, 1 mM EDTA pH 8.0, 0.5 % Triton X-100.   

   42.    TE buffer: In water, consists of 10 mM Tris–HCl pH 8.0, 
1 mM EDTA pH 8.0.   

   43.    Elution buffer: In water, consists of 50 mM Tris–HCl pH 8.0, 
1 mM EDTA pH 8.0, 1 % SDS.     

 All buffers were fi ltered, and kept cold. Protease inhibitor 
cocktail tablets were added before use ( items 34 – 43 ).  

   All cells were cultured and maintained in RPMI supplemented 
with 10 % FBS, 2.05 mM  L -glutamine, 100 IU/L penicillin, and 
100 IU/L streptomycin. Culture conditions were set at 5 % CO 2  
and 37 °C in serologic plates and fl asks.  

       1.    Mini vortex.   
   2.    Tube-rocker (for 15 or 50 mL tubes).   
   3.    Water bath tube-top sonicator (for chromatin shearing).   
   4.    Ultracentrifuge (for 1.5 mL tubes).   
   5.    Refrigerated centrifuge (for 15 or 50 mL tubes).   
   6.    Tube shaker/rotator (for 1.5 mL tubes).   
   7.    Quantitative real- time   PCR thermal cycler system.   
   8.    PCR thermal cycler system.   
   9.    Dounce homogenizer, 7 mL.   
   10.    Flow cytometer (with a minimum of 14-color parameter).       

2.3  Cell Culture

2.4  Equipment
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3    Methods 

   The Tg-HDAC11 eGFP reporter mouse model was developed by 
engineering a bacterial artifi cial chromosome (BACs) insertion 
containing a promoter region of HDAC11 and a terminal eGFP 
reporter (Tg-HDAC11-eGFP) [ 10 ]. This model allows us to fol-
low the dynamic changes in HDAC11 transcriptional activation, 
by the  expression   of eGFP. HDAC11KO mice were established 
using Lox/CRE technology to remove a fl oxed exon 3, a portion 
of the histone  deacetylase   11 with catalytic function. 

       1.    Cut 0.2 cm piece of HDAC11 knockout (HDAC11KO) 
mouse tail and put the tail snip in 1.5 mL Eppendorf tube.   

   2.    Add 400 μL LYSIS BUFFER and 10 μL Proteinase K (0.5 mg/
mL working concentration, 20 mg/mL stocking concentra-
tion) into each tube and incubate at 55–60 °C overnight.   

   3.    Add 200 μL 5 M NaCl to each tube and vortex immediately 
for 10 s.   

   4.    Centrifuge sample tubes  at      maximum speed for 20–30 min at 
room temperature.   

   5.    Transfer the supernatant (about 500–600 μL) to a new 1.5 mL 
Eppendorf tube.   

   6.    Add 1 mL room-temperature ethanol (100 %) to each tube, 
and invert for several times until stringy DNA precipitate is 
visible.   

   7.    Centrifuge sample tubes at 14,000 ×  g  for 1 min, and discard 
the supernatant.   

   8.    Wash the pellets once with 70 % ethanol.    Centrifuge sample 
tubes at 14,000 ×  g  for 1 min, and discard the supernatant.   

   9.    Dry the pellets for 10–15 min on the bench top.   
   10.    Add 50–100 μL TE buffer to the pellet and dissolve at 4 °C 

overnight.      

       1.     PCR reaction : For each 25 μL PCR reaction, use 50 ng of 
mouse genomic DNA, 1 μL of HDAC11 promoter mouse 
genotyping primer forward and 1 μL of eGFP mouse genotyp-
ing primer reverse ( see  Table  1 ). As shown in Table  2 , each 
mouse colony has to be tested with its own specifi c set of 
primers.

    The HDAC11KO mouse genotyping primers were 
designed as 1 forward primer and 2 reverse primers by our 
laboratory as described. Primer 1 forward is designed to be 
located at upstream of HDAC11 exon 3 and primer 2 reverse 
is located at downstream of HDAC11 exon 3;       primer 1 reverse 
is located within HDAC11 exon 3. During PCR, 3 primers 

3.1   PCR      Genotyping 
of HDAC11 Knockout 
(HDAC11KO) 
Tg-HDAC11 eGFP 
Reporter (Tg-HDAC11- 
eGFP) Mice

3.1.1  Mouse Tail 
Genomic DNA Preparation

3.1.2  PCR
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were added to each reaction. For a wild-type mouse, primer 1 
forward and primer 1 reverse will produce a DNA product of 
437 base pair indicating the existence of exon 3. Meanwhile, 
primer 1 forward and primer 2 reverse will produce another 
DNA product which is over 780 base pair. A homozygous 
HDAC11KO mouse with a missing exon 3 will produce a 

    Table 1       

 Subpopulation  Surface markers 

 Test A: Common myeloid progenitors 
(CMP) 

 CD3-,CD19-,NK1.1-,CD11B-,Ly6G-,CD45+, 
CD117 High , CD127- 

 Test A:  Myeloblasts       CD45 int , SSC low , CD117+,Ly6G- 

 Test A: Promyelocytes  CD45 int , SSC high , CD117+, Ly6G- 

 Test B: Triple-negative  DCs    CD3-, CD19-,NK1.1-, CD11C+, CD11B-, CD8-, CD4- 

 Test B: Double-negative DCs  CD3-, CD19-, NK1.1-, CD11C+, CD11B+, CD8-, CD4- 

 Test B: CD4+ DCs  CD3-, CD19-, NK1.1-, CD11C+, CD11B+, CD8-, CD4+ 

 Test B: CD8+  DCs       CD3-, CD19-, NK1.1-, CD11C+, CD11B+, CD8+, CD4- 

 Test C: Classical monocytes  CD3-, Nk1.1-, CD115+, CD45R-, MHCII-, Ly6C-, CD43- 

 Test C: Nonclassical monocytes  CD3-, Nk1.1-, CD115+, CD45R, MHCII-, Ly6C+, 
CD43+ 

 Test D: Neutrophils  CD3-,CD19-,NK1.1-,CD11C-,CD11B+, Ly6G+ 

 Test D: Eosinophils  CD3-,CD19-,NK1.1,CD11C-, CD11B+,Ly6G-, SSC high ,Ly6C low/−  

    Table 2  
  Primers for  HDAC11   knockout mouse genotyping and HDAC11 exon 
qRT-PCR   

 Purpose  Primer name  Sequence 

 Genotyping  Primer 1 forward  CTGTGGAGGGAGAGTTGCTC 

 Genotyping  Primer 1 reverse  GTTGAGATAGCGCCTCGTGT 

 Genotyping  Primer 2 reverse  GTGGACAGGACAAGGGCTAA 

 Genotyping  H11 promoter forward  GAGGCGTGTGTTCTGCGTA 

 Genotyping  eGFP reverse  GTAGGTCAGGGTGGTCACGA 

 qRT-PCR  H11 exon 3 forward  AGAGAAGCTGCTGTCCGATG 

 qRT- PCR       H11 exon 3/4 reverse  AGGACCACTTCAGCTCGTTG 

 qRT-PCR  Mm_Hdac11_1_SG  (Qiagen) Exons 8–9 
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DNA product of 278 base pair made from primer 1 forward 
and primer 1 reverse. A heterozygous HDAC11 knockout 
mouse, both DNA fragments of 437 base pair and 278 base 
pair will be observed on a 1.5 % agarose gel (Fig.  1 ).

   The Tg-HDAC11-eGFP mouse genotyping primers were 
designed by our laboratory. Briefl y, HDAC11 promoter for-
ward is designed to be located within the 3′ end of the 
HDAC11 promoter sequence and eGFP reverse is located 
within the fi rst 200 bp of the 5′ end of the eGFP coding 
sequence. For a wild-type mouse, no DNA product is pro-
duced. For a homozygous or heterozygous Tg- HDAC11- 
eGFP mouse, a DNA product of approximately 400 base pair 
will be observed on a 1.5 % agarose gel.   

   2.     PCR program : A thermocycler with gradient ability is required 
for this protocol. The  step      programming description can be 
found in Table  3 .

   This technique has been used as a standard operating pro-
cedure by our lab and collaborators pertaining genotyping of 
these mouse colonies [ 7 ,  8 ].       

   In this mouse model,  expression   of  HDAC11   message is deter-
mined  by   fl ow cytometry analysis of eGFP reporter gene expres-
sion [ 10 ]. Only mice with a positive eGFP/HDAC11 PCR band 
are used as breeders and are subsequently checked for eGFP 

3.2   Phenotyping   
of Tg-HDAC11- eGFP 
Reporter Mice

C57BL/6-Wild-type

2 Exon 3 4

Forward 1 Reverse 1 Reverse 2

a

2 Exon 3 4loxP loxP

Forward 1 Reverse 1 Reverse 2

Floxed Exon 3 (For conditional knock-out)b

loxP

Forward 1 Reverse 2

42

HDAC11KO (ROSA26 CRE+)c

  Fig. 1    Total and  conditional   HDAC11KO genotyping. Three genotyping primers were  specifi cally      designed to 
identify the loxP sites downstream and upstream of exon 3 and one primer found within the exon. Schematic 
representations of the three genotyping primer locations on a C57BL/6 wild-type HDAC11 allele ( a ), a condi-
tional HDAC11KO allele ( b ), and a total HDAC11KO allele are displayed above. Genotyping PCR will result in a 
437 bp fragment for a wild-type allele ( a ), a 471 bp fragment for a loxP allele ( b ), and a 278 bp fragment for a 
total HDAC11KO allele ( c )       
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expression via fl ow cytometry. Breeders and pups, of age, have a 
submandibular bleed (SMB) performed to determine eGFP expres-
sion prior to breeding or experimental design. 

       1.    A submandibular bleed of an anesthetized mouse is performed 
to obtain, at minimum, 100 μL of blood in a heparinized tube 
and rocked.   

   2.    The peripheral blood (PB) is subsequently transferred to a 
5 mL cytometry tube.   

   3.    The PB is lysed with 1 mL of ACK lysis buffer for 3 min.   
   4.    The mix is then diluted with 3 mL of PBS and centrifuged for 

3 min at 300 ×  g .   
   5.    Remove the supernatant and wash the resultant pellet twice 

with PBS ( see   Note    1  ).   
   6.    The resultant pellet is reconstituted in 500 μL of FACS buffer 

and run on  a   fl ow cytometry machine collecting for forward 
scatter (FSC),    side scatter (SSC), eGFP, and a viability dye, 
typically DAPI or propidium iodide.   

   7.    10,000 events of the granulocyte population, as determined in 
the FSC and SSC plot, are collected and all events are saved 
( see   Note    2  ).       

3.2.1  Peripheral Blood 
Preparation

   Table 3  
  Universal  touchdown      genotyping PCR   

 Step  Temperature (°C)  Time  Actions per step 

 1  94  3  minutes 

 2  94  30  seconds 

 3  70  30  seconds  Decrease 0.5 °C per cycle 

 4  72  30  seconds 

 5  Go to  step 2  40 times 

 6  94  30  seconds 

 7   50    30  seconds 

 8  72  30  seconds 

 9  Go to  step 6  15 times 

 10   72       2  minutes 

 11  4  Infi nite  Hold 
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     Bone marrow aspirate (BMA)  was   removed from Tg-HDAC11-
eGFP using the following steps:

    1.    Collect mouse bone marrow cells by fl ushing the tibias and 
femurs with 10 mL ice-cold PBS.   

   2.    Centrifuge the cells at 500 ×  g  for 5 min at 4 °C.   
   3.    Remove supernatant, reconstitute the cells in 3 mL ACK lysis 

buffer, and incubate at room temperature for 4 min.   
   4.    Add ice-cold PBS and centrifuge the cells at 500 ×  g  for 5 min 

at 4 °C.   
   5.    Remove supernatant. Reconstitute the cells in 10 mL ice-cold 

PBS. Let cell suspension go through a 45 μm strainer to 
remove remaining large chunks.   

   6.    Centrifuge single-cell suspension at 500 ×  g  for 5 min at 4 °C.   
   7.    Remove supernatant. Reconstitute cell pellet in FACS buffer 

for future use.    

     Cells were labeled (as indicated in the chart below) with distinct 
cell surface markers that have been extensively described as specifi c 
for the cellular subpopulation under analysis (Fig.  2 ). Always create 
one test more than required  for   pipette error (i.e., seven samples 
would require a master mix for eight samples).

3.3   Multiparameter 
  Flow Cytometric 
Analysis 
to Dynamically 
Visualize the HDAC11 
Expression Profi le 
in Myelopoiesis

3.3.1  Extraction of Bone 
Marrow Cells

3.3.2  Flow Cytometry 
(Staining and Analysis)

CMP Promyelocytes

Granulocytes
Neutrophils & Eosinophils

Dendri�c 
Cells

CD3-,CD19 -, 
NK1.1- ,CD11B -, 

Ly6G-,CD45 + 
CD117+,CD127-

Myeloblasts

CD45-int ,SSC-
low,CD117+,Ly6G-

CD45-int,SSC-high,
CD117+, Ly6G-

Monocytes

[CMP] HDAC11 [Myeloblasts] HDAC11 [Promylocytes] HDAC11

[Neutrophils] HDAC11 [Eosinophils] HDAC11

Classical Non-Classical Triple Negative DCs Double Negative DCs

CD4+ DCs

CD8+ DCs

2.48% eGFP+
1.47% eGFP+

51.92% 
eGFP+

98.71% 
eGFP+

95.7% 
eGFP+

0.83% 
eGFP+

39.3% 
eGFP+

6.23% 
eGFP+

44.8% 
eGFP+

13.5% 
eGFP+

2.45% 
eGFP+

  Fig. 2    Dynamic  expression    of   HDAC11 in various compartments of myelopoiesis. Schematic and analytic visu-
alization of HDAC11 message in myelopoiesis. Using HDAC11-eGFP transgenic mouse, in a multiparameter 
fl ow cytometric analysis (FACS-Aria (BD) device). In this fi gure, expression eGFP protein coincides with tran-
scriptional activation of HDAC11       
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     1.    A single-cell suspension of BMA is created at 3 × 10 6  cells per 
mL in FACS buffer. Note: At minimum 1 mL is required for 
the following study.   

   2.    2 μL of BD  FC   block is added per mL of BMA suspension and 
incubated for 15 min at room temperature.   

   3.    100 μL of each sample is added to a fresh 5 mL cytometry tube 
labeled for each test below:
   (a)    Common myeloid progenitors (CMPs).   
  (b)    Dendritic cells (DCs).   
  (c)    Granulocytes.   
  (d)    Monocytes.   
  (e)    Control tube (remaining mix).       

   4.    400 μL of fresh FACS buffer is added per tube and centrifuged 
at 300 ×  g  for 5 min (except for control tubes).   

   5.    Create the following control tubes for each sample type tested 
for each test:
   (a)    Fluorescence minus one (FMO) for each type  of   fl uores-

cence tested (fi ve tubes for CMPs, DCs, and monocytes 
and  three   tubes for granulocytes).   

  (b)    Unstained sample.   
  (c)    Viability stain only (DAPI).       

   6.    Create master mixes of the antibodies for each test to be run 
and bring the master mix volume up to equal a volume appro-
priate for 50 μL per tube (plus extra tube) ( see  Table  4  for each 
test requirements).

       7.    Reconstitute each test tube with 50 μL of the appropriate test 
master mix.   

   8.    FMO control tubes will be labeled “(Test Name) FMO—
(Name of Fluoresence)” and all the antibodies  EXCEPT  the 
one listed will be added to the tube in the same concentration 
as listed in each test plus 50 μL of FACS buffer (i.e., the tube 
labeled CMP FMO—APC would contain all antibodies of the 
CMP test except APC).   

   9.    Single-fl uorescence stain controls are made using UltraComp 
beads, and apply the same volume of each antibody used to a 
separate tube labeled for each type of fl uorescence, in each test. 
One drop of UltraComp beads is added to each of these tubes.   

   10.    All tubes are incubated in the dark for 1 h at room temperature 
and subsequently washed with 450 μL FACS buffer and centri-
fuged for 5 min at 300 ×  g  and supernatant is removed. Note: 
   Unnecessary to wash single-color controls.   
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   11.    Reconstitute  all   the test tubes and the DAPI control tube in a 
1× DAPI staining mix—do not do this to the control tubes. 
Run samples on fl ow cytometer.   

   12.    When running samples, gate out dead cells, doublets, and 
aggregates and collect until you have 10,000 cells of the small-
est population of interest; save all events.    

  Previous work done in our lab has already confi rmed the 
co-  expression   of HDAC11 message and eGFP message using 
 qRT-PCR   using HDAC11 and eGFP primers (data not shown). 

 Table  1 . This protocol has been used in our laboratory to study 
the effect of HDAC11 in MDSC function and differentiation [ 11 ] 
as well as in other compartments of hematopoiesis. The fl ow 
cytometry technique described above has been the standard oper-
ating procedure for most of the fl ow data published in our recent 
manuscripts [ 12 – 15 ].   

   Table 4  
   Flow cytometry   master mixes   

  

A uL per test CD Marker or 
Designation

Fluorescent 
molecule C uL per test CD Marker or 

Designation
Fluorescent 

molecule

1 CD3 eFluor 450 1 CD3 eFluor 450
1 CD19 v450 1 CD19 v450
1 NK1.1 v450 1 NK1.1 v450
1 NKG2D v450 1 NKG2D v450
1 CD11b v450 1 CD115 APC
1 Ly6g v450 1 Ly6c AlexaFlour700
1 CD45 PE-Cy7 1 CD43 PE
1 CD34 AlexaFlour700 1 MHCII PE-Cy7
1 CD127 PerCP-Cy5.5 8uL per well

1 CD117 (c-Kit) APC
10uL per well

B uL per test
CD Marker or 
Designation

Fluorescent 
molecule D uL per test

CD Marker or 
Designation

Fluorescent 
molecule

1 CD3 eFluor 450 1 CD3 eFluor 450
1 CD19 v450 1 CD19 v450
1 NK1.1 v450 1 NK1.1 v450
1 NKG2D v450 1 NKG2D v450
1 CD11b PE 1 CD11b APC
1 CD11c APC 1 Ly6g PE
1 CD4 PerCP 6uL per well
1 CD8 AlexaFlour700

8uL per well
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1 CD19 v45vv 0 1 CD19 v45vv 0
1 NK1.1 v45vv 0 1 NK1.1 v45vv 0
1 NKG2D v45vv 0 1 NKG2D v45vv 0
1 CD11b v45vv 0 1 CD115 APC
1 Ly6g v45vv 0 1 Ly6c AlAAexaFlour700
1 CD45 PE-Cy7 1 CD43 PE
1 CD34 AlAAexaFlour700 1 MHCII PE-Cy7
1 CD127 PerCP-Cy5.5 8uL per well

1 CD117 (c-Kit) APC
10uL per well

Fluorescent
molecule D uL per test

Fluorescent
molecule

1 CD3 eFluor 450 1 CD3 eFluor 450
1 CD19 v45vv 0 1 CD19 v45vv 0
1 NK1.1 v45vv 0 1 NK1.1 v45vv 0
1 NKG2D v45vv 0 1 NKG2D v45vv 0
1 CD11b PE 1 CD11b APC
1 CD11c APC 1 Ly6g PE
1 CD4 PerCP 6uL per well
1 CD8 AlAAexaFlour700
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   HDAC11KO mice were established by excision of the catalytic 
region of this gene (exon 3). Therefore in this model, if the 
qRT-PCR primers are not designed in the exon 3 region, the 
results are truncated HDAC11 amplicons. Hence, we designed a 
special HDAC11 primer set that was within the exon 3 region of 
this gene. 

       1.    Peritoneal neutrophils were harvested from C57BL/6 and 
HDAC11 knockout mice.   

   2.    Collect cells in 15 mL conical and wash once with PBS. Pellets 
were transferred into a new 1.5 mL Eppendorf tube.   

   3.    Add 1 mL TRIzol reagent to  each   sample, and lyse for 10 min 
at room temperature.   

   4.    Add 0.2 mL chloroform to each 1 mL sample. Shake vigor-
ously by hand for 15 s and rest at room temperature for 3 min.   

   5.    Centrifuge the samples at 12,000 ×  g  for 15 min at 4 °C.   
   6.    Transfer supernatant to a new 1.5 mL Eppendorf tube. Add 

0.5 mL of isopropyl alcohol to each sample. Incubate at room 
temperature for 10 min.   

   7.    Centrifuge the samples at 12000 ×  g  for 10 min at 4 °C.   
   8.    Discard supernatant. Wash pellet once with cold 75 % ethanol. 

Gently invert the samples 4–5 times.   
   9.    Centrifuge the samples at 7500 ×  g  for 8 min at 4 °C.   
   10.    Discard supernatant. Let the pellet dry at room temperature 

for 10 min.   
   11.    Add 20–40 μL DEPC-treated water to each sample.   
   12.    Iscript™ cDNA synthesis kit was used following the manufac-

turer’s protocol. In 20 μL volume for each reaction, use 1 μg 
total mRNA.      

       1.    For each  qRT-PCR   reaction, add 0.5 μL  cDNA   from each 
C57BL/6 or HDAC11 mouse sample, 0.5 μL of each 
HDAC11 exon 3 forward and reverse primer ( see  Table  2 ), 
5 μL Bio-Rad SYRB green super mix, and 3.5 μL DEPC-
treated water. 

 For cells from HDAC11 knockout mice, no HDAC11 
exon 3 can be detected by qRT-PCR.   

   2.    For qRT-PCR program ( see  Table  5 ), 58–60 °C melting 
temperature was used based on the HDAC11 exon  3   primer 
gradient study (Fig.  3 ).

        This protocol has been the standard operating procedure 
for studies performed in the HDAC11KO mice and this proce-
dure has been instrumental in the preparation of our latest man-
uscript identifying the regulatory role on HDAC11 in neutrophil 
function [ 16 ].   

3.4  Quantitative 
Real-Time  PCR 
  of HDAC11KO Mouse 
Model

3.4.1  Total mRNA 
Isolation and  cDNA   
Synthesis

3.4.2  Quantitative 
Real-Time PCR
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   Table 5  
   Quantitative   RT-PCR   

 Step  Temperature (°C)  Time  Actions per step 

 1  95  3  minutes 

 2   95    30  seconds 

 3  60  30  seconds  Read 

 4  Go to step 2 40 times 

 5  95  1  minute 

 6  58  10  seconds   Melt Curve  (Start Temp.) 
 Read 
 0.5°C/cycle to End Temp. 

 7   95     Melt curve  (End Temp.) 
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  Fig. 3    Verifi cation of HDAC11KO mice  using   qRT-PCR analysis. Peritoneal neutro-
phils (PNs)  from   3 C57BL/6 ( left  ) and HDAC11 KO ( right  ) mice were harvested at 
18 h post-thioglycolate injection at 5 %. Expression of HDAC11 mRNA was mea-
sured by qRT-PCR analysis       

       Sample Preparation 

   1.    Approximately 20 × 10 6  cells from C57BL/6 and HDAC11 
knockout mice per condition will be optimal.   

   2.    Cells were collected in 50 mL conical tubes and washed twice 
with 10 mL 1× PBS.   

   3.    Remove PBS by centrifuging at 1500 ×  g  for 5 min at room 
temperature.   

3.5     Chromatin 
Immunoprecipitation 
(ChIP) to Determine 
the Regulatory Role 
 of   HDAC11

3.5.1  Cells Cross-Linking
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   4.    Gently reconstitute cells in 20 mL of cross-linking buffer, set 
up the sample tubes on a tube-rocker or orbital rotator, and 
incubate for 10 min at room temperature ( see   Note    3  ).   

   5.    Centrifuge samples at 1500 ×  g  for 5 min, at room tempera-
ture, and remove the supernatant.   

   6.    Cells  were   gently reconstituted in 20 mL of stop buffer,  and   
then incubated for 10 min on a tube-rocker at room tempera-
ture ( step 4 ).   

   7.    Centrifuge the samples at 1500 ×  g  for 5 min at 4 °C, and dis-
card supernatant.   

   8.    Reconstitute cells in 20 mL of PBS, gently invert tubes several 
times, spin at 1500 ×  g  for 5 min at 4 °C, and discard 
supernatant.   

   9.    Repeat  step 8  if needed, and aliquot cells before centrifuge.   
   10.    Proceed with chromatin preparation. Cell pellets from  step 9  

can be stored at −80 °C until further use.      

     Sample Preparation 

   1.    Remove sample tubes containing frozen cell pellets from 
−80 °C and allow to thaw on ice.   

   2.    Prepare Dounce homogenizer (7 mL), set on ice.   
   3.    Reconstitute each pellet of 20 × 10 6  cells in 2 mL of lysis buffer. 

Gently pipette up and down until completely homogenized. 
Incubate on ice for 10 min.   

   4.    Transfer cells  to   the Dounce homogenizer and apply 25 strokes 
using the loose pestle ( see   Note    4  ). Transfer the nuclei to a new 
15 mL  conical   and centrifuge at 1500 ×  g  for 5 min at 
4 °C. Then discard supernatant.   

   5.    Reconstitute nuclei pellet with 2 mL of wash buffer. Gently 
pipette up and down until completely homogenized. Incubate 
on ice for 10 min.   

   6.    Pellet the nuclei by centrifuging at 1500 ×  g  for 5 min at 
4 °C. Discard supernatant.   

   7.    Add 600 μL sonication buffer to each tube, and gently pipette 
up and down until homogenized. Divide the sample by trans-
ferring 300 μL of nuclei sample to each 1.5 mL Eppendorf 
tube and proceed to the sonication section.     
 Samples have to be kept on ice at all times.

  Sample Sonication 

   1.    For this specifi c protocol we used a Bioruptor™ XL from 
Diagenode. However, any bath sonicator with a timing pro-
gramming will be suitable. Briefl y, the water bath was precooled 
to 4 °C with crushed ice before each sonication cycle and a thin 

3.5.2  Chromatin 
Preparation
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layer of crushed ice was kept in the water bath for each cycle to 
avoid rapid temperature increase during sonication.   

   2.    For each sonication cycle, use a program with eight pulses of 
30 s followed by 30 s of resting time at 20 KHz frequency 
(300 W). To obtain 250 base pair to 500 base pair DNA frag-
ments for the  mouse   peritoneal neutrophils, approximately 
eight  cycles   are required for each sample. However, this param-
eter has to be set for each cellular type ( see   Note    5  ). Centrifuge 
the samples at 16,000 ×  g  for 10 min at 4 °C. Transfer the 
supernatant to a new 1.5 mL Eppendorf tube (approximately 
600 μL supernatant).   

   3.    Take an aliquot (20 μL) from each sample and proceed to the 
 sample shear check  section. Either the rest of the samples can be 
stored at −80 °C or continue with immunoprecipitation.    

  Sample Shear Check 

   1.    To each tube add 20 μL sample aliquot, 47.2 μL H 2 O, and 
2.8 μL of 5 M NaCl to reach a fi nal concentration of 200 mM.   

   2.    Incubate at 65 °C for 4 h or overnight.   
   3.    Add RNase A to a fi nal concentration of 20 μg/mL to each 

sample aliquot; incubate at 37 °C for 30 min.   
   4.    Add Proteinase K to a fi nal concentration of 100 μg/mL to 

each sample aliquot; incubate at 42 °C for 2 h.   
   5.    Add 200 μL phenol/chloroform/isoamyl alcohol pH 6.7 to 

each sample aliquot, vortex for 15 s, and spin down at 
16,000 ×  g  for 5 min.   

   6.    Transfer 15 μL of the supernatant from the top layer; add 3 μL 
of 5× DNA loading dye with light xylene cyanol only.   

   7.    Run  samples   on 1.5 % agarose gel at 40 V for 1.5 h.    

       Sample Pre-clearance 

   1.    Add 30 μL of protein A agarose beads to each sample, and 
incubate on a tube rotator for 1 h at 4 °C.   

   2.    Centrifuge the samples at 6000 ×  g  for 5 min at 4 °C.   
   3.    Transfer the supernatant to a new 1.5 mL Eppendorf tube. 

Take an aliquot of 50 μL from each sample as input. Input 
samples can be stored at −80 °C before reverse cross-linking.    

   Immunoprecipitation   

   1.    Dilute 50 μL of each sample after preclearing with 450 μL 
dilution buffer I, to 500 μL fi nal volume, one dilution per anti-
body, into a 1.5 mL Eppendorf tube.   

   2.    During  the   fi rst dilution tube of each sample, add a mixture of 
5 μL (5 μg) rabbit-anti-HDAC11 antibody from Sigma and 

3.5.3   Chromatin 
  Immunoprecipitation
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20 μL (4 μg) rabbit-anti-HDAC11 antibody from BioVision. 
In the second dilution tube of each sample, add 9 μg normal 
rabbit IgG-B.   

   3.    Set  the   sample tubes on a tube rotator overnight, at 4 °C,  and 
  cover the tubes with aluminum foil to avoid light exposure 
( see   Note    6  ). Add 50 μL of protein A agarose beads to each 
sample, and incubate on a tube rotator for 4 h at 4 °C.    

  Sample Wash 

   1.    After immunoprecipitation, centrifuge the samples at 6000 ×  g  
for 5 min at 4 °C, and discard supernatant.   

   2.    Wash the pellet with 1 mL of each buffer in the following 
order:
   Twice with dilution buffer I.  
  Twice with dilution buffer II.  
  Twice with LiCl buffer.  
  Twice with TE buffer.  
  For each wash, centrifuge at 6000 ×  g  for 5 min at 4 °C.       

  Elute and Reverse Cross-Linking 

   1.     Discard   supernatant from the last wash. Add 100 μL  of   elution 
buffer to each sample and incubate at 65 °C for 15 min. The 
immuno-complexes will be in the soluble fraction.   

   2.    Centrifuge the samples at maximum speed for 20 s. Transfer 
supernatant to a new 1.5 mL Eppendorf tube.   

   3.    Remove the input sample tubes from −80 °C and thaw on ice. 
Add 50 μL of elution buffer to each input tube to reach a fi nal 
volume of 100 μL.   

   4.    Add 4.16 μL 5 M NaCl (200 mM fi nal concentration) to  each 
  IP and input sample tubes. Reverse cross-linking at 65 °C for 
6 h or overnight.    

  DNA  Purifi cation   

   1.    Add RNase A to a fi nal concentration of 20 μg/mL to each 
sample; incubate at 37 °C for 30 min.   

   2.    Add Proteinase K to a fi nal concentration of 100 μg/mL to 
each sample; incubate at 42 °C for 2 h.   

   3.    Use Qiagen™ DNA purifi cation kit to purify each DNA 
sample. 

 To obtain a higher amount of DNA,    researchers can elute 
DNA twice from each column; use 50 μL elution buffer each 
time to obtain a higher amount of DNA.   

   4.    Use 2 μL DNA for each  qRT-PCR   reaction. This is in a tripli-
cate reaction, and the purifi ed DNA must be kept in TE buffer 
pH 8.0.    

Jie Chen et al.
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  It is recommended to determine  the   primer effi ciency and 
melting temperature before running PCR on the ChIP samples. 

 This protocol has been used as a  standard   operating procedure 
by our lab and collaborators [ 8 ]. A prototypical experimental result 
is shown in Fig.  4 . Briefl y, we evaluated the recruitment of 
HDAC11 to the il10 promoter after stimulation of mouse macro-
phages with LPS ( see   Note    7  ).

4                 Notes 

     1.    If the resultant cell pellet is still robustly red in color, the ACK 
lysis treatment has to be repeated. Two lysis cycles are suffi -
cient to remove enough red blood cells for analysis. This is 
directly related to the initial volume of red blood cells added to 
each tube.   

   2.    100 % of the granulocyte population will  express   eGFP and 
~35–50 % (depending on the age of the mouse) of the lymphocyte 
population, also determined by FSC versus SSC, will express 
eGFP. We chose mice with eGFP  expression   greater than 10 3  
mean fl uorescent intensity unit with the aforementioned 
expression pattern as HDAC11-eGFP-positive mice.   

   3.    Both chromatin shearing effi ciency  and   immunoprecipitation 
effi ciency can be affected by formaldehyde concentration and 
cross-linking time. In this protocol, we are using 1 % formalde-
hyde and 10-min incubation time for mouse peritoneal neu-
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  Fig. 4     ChIP   analysis of HDAC11 in IL-10 promoter region. HDAC11 is recruited to 
the IL-10 gene promoter in  macrophages   under LPS stimulation. Macrophages 
were treated with LPS at 1.0 g/mL, and then harvested at 0 or 0, 0.5, 1, 2, 3, 5, 
and 7 h after treatment. Cells were then harvested and proceed to ChIP analysis 
using anti-HDAC11 cocktail and anti-rabbit IgG as described. Quantitative real-
time PCR analysis was performed in the −87 base pair to −7 base pair region of 
the mouse gene IL-10 promoter. The recruitment of HDAC11 to IL-10 promoter 
was observed at 0.5 h and reached to a peak by 2 h after LPS stimulation [ 8 ] 
(representative fi gure from previously published studies)       
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trophils. Cross-linking time and formaldehyde percentage 
should be optimized for other cell types, such as mouse T cells 
or cell lines [ 17 ,  18 ].   

   4.    The Dounce homogenizer has to be set on ice at all times. It 
can be rinsed with cold PBS 3–5 times between different sam-
ples. The number of strokes could vary and should be opti-
mized according to different cell types or cell lines. Briefl y, take 
an aliquot of cells and stain with trypan blue and check under 
the microscope. Adjust stroke times until researchers can see 
that over 90 % of the cells were stained but have kept a round 
nuclei. Decrease the number of strokes if broken nuclei were 
observed.   

   5.    Sonication effi ciency varies according to different cell types 
and equipment. It is recommended to optimize this step by a 
pilot experiment using a number of different sonication cycles 
on different cell types or cell lines. For some types of sonicator,    
it is recommended to check the water bath temperature and 
replace ice after each cycle, or the water bath could be kept on 
a heat- adjusted platform to maintain a 4 °C environment.   

   6.    Using a mixture of two different HDAC11 antibodies has 
been confi rmed with good  immunoprecipitation   effi ciency on 
macrophages [ 8 ] and mouse peritoneal neutrophils (manu-
script in  submission). It is recommended to optimize IP anti-
body use for different cell types or cell lines.   

   7.    HDAC11 has been observed to be differentially expressed in 
various compartments of myelopoiesis. This  expression   of 
HDAC11 appears to coincide with the granularity of cell sub-
type. HDAC11 also appears to have a role in the fate of cell 
differentiation in the process of myelopoiesis.         
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