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Preface

The concept of epigenetics has shifted since it was first described in the 1970s, when gene
function and expression could not always be correlated with changes in DNA sequences.
After completion of the genome project, it became clear that changes above the genome
play a significant role in gene expression. Further, the alteration of gene expression was
found to be involved in the progression of many diseases. Epigenetic changes include modi-
fications of histones and DNA bases (e.g., methylation of adenosine in lower eukaryotes
and cytosine in mammals). The last two decades saw the development of technologies that
enabled detailed examination of these molecular modifications. Histone acetylation confers
open chromatin, which favors transcription. In contrast, histone deacetylation results in a
more closed chromatin structure, inhibiting transcription. There are four classes of histone
deacetylases (HDACs), which are involved in the deacetylation of histones in the nucleus
and in the deacetylation of cytoplasmic signaling proteins. Class I HDACs include HDAC
1,2, 3, and 8; class I HDACs include HDAC 4, 5, 6, 7, 9, and 10; class IIT HDAC:s are
called sirtuins (SIRTs), of which there are seven; class IV consists only of HDAC 11.
Inhibitors of histone deacetylases are currently at the center stage of drug development
against neurological disorders, cancer, metabolic disorders, and cardiovascular diseases.

This volume of Methods in Molecular Biology specifically provides different method-
ologies for all classes of histone deacetylases. In addition, this volume includes procedures
which discuss class I and II histone deacetylase inhibitors, SIRT inhibitors, and bromodo-
main inhibitors. This volume is divided into three parts. Part I describes methodologies
used to detect the activity, function, or chromatin location of HDACs 1 through 11. Part
IT focuses on the methodologies for cloning and characterizing the acetylation of SIRTs
1-7. Finally, Part III describes methods related to histone deacetylase inhibitors.

Compiling such a diverse field of histone deacetylase methodologies was an enormous
and challenging task. I would like to acknowledge the participation of my current and pre-
vious students in this endeavor, who have made this work possible. Ms. Karolina Lapinska
(Boston University School of Medicine) managed the overall production of this volume.
Other students who helped tremendously in this process included Ms. Genevieve Housman
(currently at Arizona State University), Ms. Sarah Heerboth (currently at Vanderbilt
University School of Medicine), Ms. Meghan Leary (Boston University School of Medicine),
and Ms. Amber Willbanks (Boston University). Their help was instrumental in the produc-
tion of this volume.

I think that this volume of Methods in Molecular Biology will be extremely useful for
the investigators working on epigenetics, molecular biology, and genetics.

Boston, MA Sibaji Sarkar
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Chapter 1

A Sensitive and Flexible Assay for Determining Histone
Deacetylase 1 (HDAGC1) Activity

Mei-Yi Wu and Ray-Chang Wu

Abstract

Histones acetylation and deacetylation constitute part of the so-called “histone code” and work in concert
with other posttranslational modifications to determine the activity of genes. Deacetylation of histone is
carried out by a class of enzymes, known as histone deacetylases (HDACs). The action of HDAC is coun-
tered by histone acetyltransferases. Although histone is the best characterized substrate of HDACs, increas-
ing evidence also indicates that non-histone proteins are equally important subtract of HDACs. Since
HDAG:s play an important role in normal physiological and pathophysiological conditions, a sensitive and
flexible deacetylation assay that can reliably detect HDAC activity and identify potential novel targets of
HDAGC:s is critical.

Key words HDACI1, Deacetylation, Immunoaffinity purification, Core histone, Posttranslational
modification, Colorimetric assay

1 Introduction

Acetylation is one of the best characterized histone posttransla-
tional modifications that form the histone code [1]. Acetylation of
histone involves the transfer of an acetyl group from acetyl coen-
zyme A to the lysine residue of the histone and is carried out by the
histone acetyltransterases (HATs). Acetylation of histone removes
the negative charge from the histone and correlates with an open
chromatin state that permits the access of DNA by transcriptional
factors. Since histone acetylation creates a permissive state for tran-
scriptional activation, it is expected that removal of acetyl group by
another class of enzymes known as histone deacetylases (HDACsS)
plays an equally important role in gene expression. In fact, deacety-
lation of histone allows the histones to interact DNA more tightly,
thus representing a repressive state of gene transcription.

HDACG:s are evolutionarily conserved from yeast to plants and
animals [2, 3]. In humans, a total of 18 HDACs has been identi-
fied so far. The classification of human HDAC:s is based on their

Sibaji Sarkar (ed.), Histone Deacetylases: Methods and Protocols, Methods in Molecular Biology, vol. 1436,
DOI 10.1007/978-1-4939-3667-0_1, © Springer Science+Business Media New York 2016
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Mei-Yi Wu and Ray-Chang Wu

sequence homology to the three histone deacetylases of
Sacchavomyces cerevisine, Rpd3, HDAIL, and Sir2. Based on the
sequence homology, human HDACs are divided into the follow-
ing four classes (Table 1).

Class I HDAG:s are highly homologous to the yeast transcrip-
tional regulator RPD3 protein and include HDACI, -2, -3, and
-8. HDACI is the first HDAC to be purified and cloned using
trapoxin, an inhibitor and a subtract mimic of HDAC activity [4].
HDACI and HDAC?2 are the most phylogenetically related mem-
bers of the Class I HDAG:, a result of a duplication of an ancient
gene [5]. Class I HDACGCs are ubiquitously expressed in all tissues
and are found almost exclusively in the nucleus. The only excep-
tion is HDAC3 which can also be found in the cytoplasm [6, 7].
Class II HDAGC:s are closely related to the yeast deacetylase HDA1L
and include HDACHA4, -5, -6, -7, -9, and -10. Class II HDACs can

Table 1
Classification of Human HDACs

Subcellular
Classification Member Localization
Class I HDAC HDACI Nucleus
(yeast Rpd3 homologue, Zn-dependent) HDAC2 Nucleus
HDAC3 Nucleus/cytoplasm
HDACS8 Nucleus
Class I HDAC HDAC4 Nucleus/cytoplasm
(yeast HDA1 homologue, Zn-dependent) HDACS Nucleus,/cytoplasm
HDAC6 Mostly cytoplasm
HDAC7 Nucleus/cytoplasm
HDAC9 Nucleus/cytoplasm
HDACI10 Nucleus/cytoplasm
Class III HDAC SIRT1 Nucleus/cytoplasm
(yeast Sir2 homologue, NAD+-dependent) SIRT2 Cytoplasm
SIRT3 Nucleus/mitochondria
SIRT4 Mitochondria
SIRT5 Mitochondria
SIRT6 Nucleus
SIRT7 Nucleolus
Class IV HDAC HDACI11 Nucleus/cytoplasm

(homologous to Class I and II, Zn-dependent)
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be further divided into two subclasses: Class I1la (HDACA4, -5, -7,
and -9) and Class IIb (HDACG6 and -10). Class II HDACs are
shown to express in a more tissue-restricted manner, and can shut-
tle between the cytoplasm and nucleus in response to cellular sig-
naling [8]. Class III HDAC:s include seven members, Sirt1-7 [9].
In contrast to Class I and II HDACs whose activity can be inhib-
ited by HDAC inhibitors, such as trichostatin A, are referred to as
the “classical” HDACGs, Class III HDACs are resistant to these
HDAC inhibitors but are absolutely dependent on NAD+ for their
activity. Class IV contains only one member, HDACI11, and shares
some homology to both Class I and II HDACs [10].

Alternatively, the HDACs can be divided into two families
based on their mechanism of action: zinc and NAD+ dependent.
In this case, the classical RPD3/HDAI1 family (HDACI-11)
belongs to the Zinc-dependent HDACs, whereas the Sirt1-7 are
the NAD+-dependent HDAC:.

The diversity of HDACs indicates that they are involved in the
function of different tissues and regulate the activity of various bio-
logical processes. While Class III HDACs are mainly involved in
metabolism and aging [9], Class I HDACs play a crucial role in
cellular proliferation, differentiation and cancer [11, 12]. For
example, HDACI not only plays an important role in the normal
development and physiological function of the heart and nervous
systems [ 13], but also is involved in cell cycle progression and cell
death [14]. Ablation of HDAC1 which resulted in embryonic
lethality due to significant defect in cellular proliferation underlines
the essential function of HDACI1 [14]. Although data from gene
ablation or silencing experiments clearly support the biological
importance of HDACI, increasing evidence strongly suggest that
the activity of HDACI in the cells is further regulated by post-
translational modifications, such as phosphorylation, in response
to different stimuli and signaling pathways [15-19]. Therefore, it
is important to preserve or recapitulate the posttranslational modi-
fication state of HDACI when evaluating its deacetylase activity.
Herein, we describe a sensitive and flexible assay for determining
HDACI activity by combining HDAC] expression in mammalian
cells and immunoaffinity purification of enzymatically active
HDACI.

2 Materials

2.1 Expression of
Flag-HDAC1 in
Mammalian Cells

1. Mammalian expression plasmid pCMV-Flag-HDAC1 was
generated by inserting the HDAC1 ¢DNA into the pCMV-
Tag vector. The construction of pCMV-Tag-Flag-HDACI has
been described previously [20].
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2.2 Cell Extract
Preparation

2.3 Immunoblotting
and Immunoaffinity
Purification

2.4 Deacetylation
Assay

2.

N O\ Ul

[S2 " “NVS I )

—

293T cells (ATCC CRL-3216), which express the SV40-T
antigen are a highly transfectable derivative of HEK293 cells
(see Note 1).

. 293T growth medium, Dulbecco’s Modified Eagle’s Medium

(DMEM) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, and 1% Penicillin /Streptomycin.

. Trypsin (0.05%, w/v)-EDTA (0.53 mM) solution.
. Hemocytometer.
. 15 ml conical tubes.

. Cationic liposome transfection reagents, Opti-MEM I reduced

serum medium.

. One time phosphate buffered saline (PBS, 140 mM NacCl, 2.7

mM KCI, 10 mM Na,HPO,, and 1.8 mM KH,PO,, pH 7 4),
diluted from 10x PBS concentrate.

. Whole cell lysis buffer (50 mM Tris—HCI (pH 8.0), 150 mM

NaCl, 0.5% NDP-40).

. Phosphatase Inhibitor Cocktail (without addition of EDTA).
. Cell lifter.
. 1.5 ml Eppendorf tubes.

. Vortex.

. Anti-Flag M2 affinity gel, anti-Flag M2-peroxidase (HRP)

antibody.

2. Three times Flag peptide.

. Washing buffer (20 mM HEPES, pH 7.6, 70 mM KCl, 1 mM

DTT, 0.1% NP-40, 8 % Glycerol).

. One time HDACI assay buffer (25 mM Tris—-HCI, pH 8.0,

150 mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 10% glycerol).

. Bradford protein assay.
. Trans-Blot transfer membrane.
. TBST buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.1%

Tween 20).

. ECL Prime Western blotting detection reagent.
. Protein concentrators, 0K MWCO (88513, optional).

. Chromatography column (optional).

. Histone purification kit.

2. Five times HDACI assay buffer.

. Five times SDS sample bufter (60 mM Tris—-HCI, pH 6.8, 25%

glycerol, 2% SDS, 14.4 mM 2-mercaptoethanol, 0.1 % bromo-
phenol blue).
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4. Anti-acetyl-histone H3, anti-acetyl-histone H4, anti-histone
Ha3, anti-histone H4, acetylated-lysine antibodies.

5. Colorimetric HDAC assay Kkit.
6. 96-well half area microplate.

7. Monochromator-based multi-mode microplate reader.

3 Methods

3.1 Expression
of Flag-tagged HDAG1
in 293T Cells

In order to obtain sufficient quantity of Flag-HDACI for in vitro
deacetylation assay, it is necessary to achieve high levels of protein
expression. Therefore, a highly transfectable mammalian cells,
293T cells, and a mammalian expression vector, pCMV-Tag, will
be used. Since the biological activity of HDACs, including
HDACI, is subject to regulation by posttranslational modifica-
tions, expression of HDACI in mammalian 293T cells not only
maintains the important posttranslational modification state, but
also offers the feasibility for comparing HDACI activity in response
to extracellular stimuli.

1. Seed the 293T cells one day before transfection. To disperse
293T cells, wash the cells carefully with 1x PBS once. Add
1 ml of trypsin—EDTA solution to the plate. Incubate the plate
in 37 °C incubator for 5 min. Add 5 ml of fresh growth medium
to plate and collect the cells into a 15 ml conical tube. Pellet
the cells by centrifugation at 800 x g for 3 min. Aspirate off the
supernatant and resuspend the cells in 10 ml of fresh growth
medium by pipetting. Count the cell manually using a hemo-
cytometer. Seed 6 x 10 cells per 10-cm plate. Grow the cells in
37 °C incubator with 5% CO, overnight.

2. The next day, prepare the transfection reaction by combining the
DNA and liposome-based transfection reagent diluted in Opti-
MEM 1. Follow the procedure as instructed by the manufactur-
ers for use of these reagents. The 293T cells will be transfected
with pCMV-Tag-Flag-HDAC] (10 pg) or the same amount of
parental vector as a control. Transfection can be carried out in
medium with or without serum. If serum-free condition is used
for the transfection, replace the medium containing the DNA
transfection mixture with complete growth medium after 6 h. If
the transfection is carried out in complete growth medium,
replace with fresh growth medium after incubation overnight.

3. For optimal expression of Flag-HDACI, wait for additional 24
h before starting the treatment. Treat the transfected cells with
potential inhibitors or various stimuli as desired. Incubate the
cells at 37 °C incubator with 5% CO, for the desired duration
or allow the cells to grow for additional 24 h if no treatment is
performed.
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3.2 Preparation
of Cell Extract

for Immunoblotting
and Immunoaffinity
Purification

3.3 Detect the
Ectopic Expression of
Flag-HDAC1 by
Immunoblotting

3.4 Immunoaffinity
Purification
of Flag-HDAC1

Harvest the transfected cells for immunoblotting to confirm
expression of Flag-HDACI] before proceeding to immunoatfinity
purification of Flag-HDACI protein by M2 antibody agarose.

1. Wash the transfected cells with 10 ml of 1x PBS once. Be care-
ful not to dislodge cells from the plate during the wash. After
aspirating off the PBS completely, add 1 ml of fresh PBS to the
plate. Scrape the cells off the plate using a cell lifter and collect
the cells into a 1.5 ml microcentrifuge tube. Pellet the cells by
centrifugation at 1500 x4 for 5 min using an Eppendorf 5415R
microcentrifuge. Aspirate off the PBS completely, and lyse the
cells by adding 1 ml of whole cell lysis buffer (supplemented
with protease and phosphatase inhibitors). Place the tube on ice
for 30 min, and vortex the tubes briefly to mix every 5-10 min.
Pellet the cell debris by centrifugation at 15,700x 4, 4 °C for
15 min in an Eppendorf 5415R microcentrifuge. Transfer the
clear supernatant into a new 1.5 ml microcentrifuge tube.

2. Determine the protein concentration by Bradford protein
assay.

It is recommended that an immunoblotting be performed to con-
firm expression of Flag-HDACI] before proceeding to immunoaf-
finity purification. After determining the protein concentrations,
resolve the samples by 8 % SDS-PAGE and transfer to nitrocellu-
lose membranes. After blocking in TBST with 5% milk, dilute the
primary antibodies in TBST buffer with 5 % milk and add to the
membranes. Incubate the membrane with the antibodies for 1 h at
room temperature or overnight at 4 °C. Add horse peroxidase-
conjugated second antibodies and incubate at room temperature
for 1 h. After extensive wash with TBST, develop all blots using the
ECL prime Western blotting detection reagent and visualize by
chemiluminescence.

After expression of Flag-HDACI is confirmed by immunoblotting
as described above, the cell lysate which contains Flag-HDACI can
be used for immunoaffinity purification using anti-Flag M2 aga-
rose (see Note 2).

1. For binding of antigen and antibody, use 30 pl (bead volume) of
anti-Flag M2 agarose for every 500 pg of cell lysate. After com-
bining the M2 agarose with cell lysate in 1.5 ml microcentrifuge
tubes, place the tubes on a nutator mixer for 1.5 h at 4 °C.

2. Pellet the M2 agarose beads by centrifugation at 15,700 x 4 for
1 min at 4 °C. Remove the supernatant carefully to avoid dis-
turbing the agarose beads. Add 1 ml of washing buffer to the
agarose beads, and place the tubes on a nutator mixer for
10 min at 4 °C. Pellet the M2 agarose beads by centrifugation.
Repeat this wash four more times.
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3.5 Deacetylation
Assay Using Purified
Flag-HDAC1

3.5.1 Deacetylation
Assay Using Core Histone
as Substrate

and Immunoblotting

as Detection Method

3. Wash the M2 agarose beads once using the 1x HDACI assay
buffer. Pellet the M2 beads by centrifugation and carefully
remove the supernatant without disturbing the beads.

4. Although the Flag-HDACI that remains bound on the M2
antibody beads can be used in the deacetylation assay, it is rec-
ommended that the Flag-HDACI be eluted with Flag peptide
prior to deacetylation assay. For competitive elution of Flag-
HDACI, add two bead volumes (60 pl) of 1x HDACI buffer
containing 3x Flag peptide (100 pg/ml) to the M2 agarose
beads. Incubate the M2 beads at 4 °C for 30 min to elute the
Flag-HDACI. Pellet the agarose beads by centrifugation, and
carefully transfer the supernatant to a new 1.5 ml microcentri-
fuge tube. Repeat the elution step once for complete recovery
of Flag-HDACI. The eluate which contains the Flag-HDACI1
from multiple tubes can be pooled. Measure the concentration
of purified Flag-HDACI. If necessary, the purified Flag-
HDACI1 can be concentrated using Protein Concentrators
(10K MWCO). The purified Flag-HDACI is ready for deacet-
ylation assay and should be stored at -80 °C in small aliquot.
Frequent freeze and thaw should be avoided to prevent loss of
enzymatic activity.

To determine the activity of purified Flag-HDACI, the following
two nonradioactive deacetylation assays can be used.

Histones are the best characterized substrate of HDACs. Although
using histone radiolabeled with [3H] as substrate offers sensitivity,
preparation of correctly labeled histones is a time consuming pro-
cess. Here, a sensitive nonradioactive deacetylation assay which
uses core histone as substrate and takes advantage of acetylation-
specific antibodies against histones is adopted and described below.

1. Core histone preparation kits are commercially available from
several vendors, including Abcam, Epigentek, Enzo, and Active
Motif. We used kit that offers the option to further separate
H2A/H2B fraction from the H3/H4 fraction if necessary
while preserving the posttranslational modifications of histones,
including acetylation. Follow the instruction from the manu-
facturers to isolate the core histone. The core histone can be
used for deacetylation assay after dialysis against 1x HDACI1
assay buffer for 2 h at 4 °C. Concentrate the core histone by
precipitation if necessary. Measure the protein concentration,
aliquot the core histone and store at -80 °C (see Note 3).

2. Reconstitute the deacetylation reaction in a 1.5 ml microcen-
triftuge tube by adding purified Flag-HDACI (up to 500 ng),

core histone (1 pg) and adjust the final volume to 40 pl using
1x or 5x HDACI assay buftfer. Heat-inactivated Flag-HDACI
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3.5.2 Colorimetric
Deacetylation Assay

Flag-HDAC1 - +

anti-acetylated histone H3

anti-histone H3

anti-acetylated histone H4

anti-histone H4

anti-Flag

Fig. 1 In vitro deacetylation assay using purified core histone and acetyl histone-
specific antibodies. After the deacetylation reaction, the samples (10 pl from
each reaction) were separated by 12 % SDS-PAGE and used for immunoblotting
by the indicated antibodies. As evidenced by immunoblotting using the acetyl
histone-specific antibodies, addition of purified Flag-HDAC1 (indicated by “+”)
reduced the levels of acetylation in H3 and H4 compared to that of control (indi-
cated by “—"). Histone H3, H4, and Flag-HDAC1 were detected by the indicated
specific antibodies

(95 °C, 10 min), or the ecluate from cells transfected with
parental pCMV-Tag vector can be used as a control.

3. Incubate the reaction tube at 37 °C for 30 min. Stop the reac-
tion by adding 10 pl of 5x SDS sample buffer and inactivation
at 95 °C for 5 min.

4. Separate the sample by 8 % SDS-PAGE. Perform immunoblot-
ting using acetylation-specific antibodies against H3 or H4
(see Note 4). By comparing to the acetylation levels in the
control, the activity of Flag-HDACI1 can be determined
(Fig. 1). The advantage of this assay is its flexibility as it can be
used to compare the Flag-HDACI activity from cells treated
with inhibitors or extracellular stimuli.

The colorimetric deacetylation assay utilizes a short peptide that
contains an acetylated lysine residue as a substrate for the HDAC:s.
Once deacetylated by the HDACs, the lysine residue will then
react with substrate present in the developing solution, resulting in
release of a chromophore which generates a yellow colored solu-
tion with maximal absorbance at 405 nm. Colorimetric deacety-
lation assay kits are available from several sources. Refer to the
manufacturer’s manual for more information on preparation of
bufter, developing solution and detailed protocols.
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1. It is recommended that different concentrations of the Flag-

HDACI from each treatment be tested. Dilute the purified
Flag-HDAC in 1x HDACI assay buffer if necessary. Calculate
the volume of Flag-HDACI needed and maintain the final vol-
ume of the reaction constant at 50 pl. Reconstitute the deacety-
lation reaction in a 96-well half area microplate by adding
desired volume of HDAC assay bufter, 10 pl of HDAC substrate
(diluted to 5 mM in HDAC assay bufter), and desired concen-
tration of Flag-HDACI. In addition, use the HDAC assay stan-
dard provided in the kit to generate a standard curve to calculate
the activity of Flag-HDAC] from each sample (se¢ Note 5).

. Incubate the microplate at 37 °C for 30 min. In the meantime,

follow the instruction in the manual to prepare a standard cure
using the HDAC assay standard on a separate microplate.
Incubate the microplate containing the HDAC assay standard
at 37 °C for 30 min.

. During the incubation period, prepare the HDAC assay devel-

oping solution according to the instructions.

. After the end of incubation period, stop the reaction by adding

50 pl of assay developing solution to each well. Incubate the
microplate at room template for 15 min.

. Read the absorbance at 405 nm using a monochromator-based

multi-mode microplate reader. Calculate the activity using the
standard curve.

4 Notes

. 293T cells is used for expression of Flag-HDACI1 because of

high transfection efficiency. In The pCMV-Flag-HDACI
mammalian expression vector is used because the pCMV-Tag
series of vectors contain the SV40 origin of replication that
allows the propagation of plasmids in SV40 Large T antigen
expressing cells (such as 293T cells).

. Immunoaffinity purification of Flag-HDACI can be performed

in batch using 1.5 ml microcentrifuge tube as described above
in Subheading 3.4, or it can be performed using the chroma-
tography column. To pack the column, transfer the
immunocomplex to the chromatography column after incuba-
tion at 4 °C for 2 h. Allow the agarose beads to drain com-
pletely. Wash the agarose beads in the column thoroughly with
10 ml of washing buffer each time. Repeat the wash four more
times, followed by one wash with 10 ml of HDACI assay buf-
fer. Elute the Flag-HDAC1 with two bed volumes of 1x
HDACI assay buffer containing 3x Flag peptide (100 pg/ml).
Repeat the elution once. Spin the column at 170 x4 for 30 s to
collect all the solution at the end of the second elution.
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3. To increase the levels of acetylation in the core histone, the

cells can be treated with HDAC inhibitors, such as sodium
butyrate (3-5 mM), for 24 h before purification of core
histone.

. To determine whether a protein of interest is a potential target

of HDACI, substitute the core histone with the protein of
interest in the deacetylation assay described in Subheading
3.5.1. In this case, acetylated lysine antibodies can be used to
determine the change of acetylation levels on the protein of
interest.

. For colorimetric HDAC assay, HeLa nuclear extracts included

in the kit can be used as a positive control for the presence of
HDAC enzymatic activity. However, it should be noted that
the HDAC detected in the HeLa nuclear extract is not from

HDACI alone.

Work in the authors’ laboratory is supported by grants CA187857
and CA188471 from National Cancer Institute, and McCormick
Genomic and Proteomic Center at the George Washington
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Chapter 2

Detection of Sumo Modification of Endogenous Histone
Deacetylase 2 (HDAC2) in Mammalian Cells

Simona Citro and Susanna Chiocca

Abstract

Small ubiquitin-related modifier (SUMO) is an ubiquitin-like protein that is covalently attached to a vari-
ety of target proteins and has a significant role in their regulation. HDAC2 is an important epigenetic
regulator, promoting the deacetylation of histones and non-histone proteins. HDAC2 has been shown to
be modified by SUMOL1 at lysine 462. Here we describe how to detect SUMO modification of endoge-
nous HDAC2 in mammalian cells by immunoblotting. Although in this chapter we use this method to
detect HDAC2 modification in mammalian cells, this protocol can be used for any cell type or for any
protein of interest.

Key words HDAC2, SUMO, UBC9, Immunoblotting, Posttranslational modification, PTM

1 Introduction

Histone deacetylase 2 (HDAC2) belongs the human class I
HDAG:s that regulates gene expression by deacetylation of histones
and non-histone proteins. Among class I HDACs (HDACI and
HDAC2, HDAC3 and HDACS), HDAC1 and HDAC2 are
believed to regulate most of the changes observed in histone acety-
lation. HDAC2, with high homology to yeast RPD3, was identi-
fied in a yeast two-hybrid screen as a corepressor that binds the
YY1 transcription factor in Edward Seto’s laboratory [1].
Transcriptional repression by YY1 was shown to be mediated by
tethering HDAC2 to DNA as a corepressor. Mammalian HDAC2
was then cloned and characterized by the same group [2].
HDAC:s activity is regulated by their binding to corepressor
complex partners and depends on their posttranslational modifica-
tions (PTMs) (reviewed in Ref. [3]). In particular, HDAC2 has been
shown to be phosphorylated by CK2 [4], acetylated by CBP in
response to cigarette smoke treatment [ 5], ubiquitinated for protea-
somal degradation [6, 7], nitrosylated [8, 9] and carbonylated [10].
Sumoylation is a PTM that involves the covalent attachment of

Sibaji Sarkar (ed.), Histone Deacetylases: Methods and Protocols, Methods in Molecular Biology, vol. 1436,
DOI 10.1007/978-1-4939-3667-0_2, © Springer Science+Business Media New York 2016
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SUMO (small-ubiquitin-like modifier) to lysine residues of proteins.
Four SUMO proteins (SUMO1-4) have been identified in humans
(reviewed in Ref. [11]). Covalent conjugation of SUMO proteins to
their substrates requires an enzymatic cascade, comprising the
sequential action of three enzymes: a modifier activating enzyme
(E1), the E2 conjugating enzyme (UBC9), and a member of the
ligases (E3s). Many proteins modified by SUMO contain an acceptor
lysine residue within the consensus motif WyKxE (where y is an
aliphatic branched amino acid) [12]. The covalent attachment of
SUMO to target proteins regulates many functional properties of
target proteins, such as protein localization, binding, and transactiva-
tion functions of transcription factors [ 13, 14]. Recently Brandl et al.
[15] showed that HDAC2 is covalently modified by SUMOI at
lysine 462 and this modification promotes deacetylation of p53 at
lysine 320. p53 acetylation blocks its recruitment into promoter-
associated complexes and its ability to regulate the expression of
genes involved in cell cycle control and apoptosis. Thus, HDAC2
sumoylation inhibits p53 functions and attenuates DNA damage-
induced apoptosis. Moreover, HDAC2 has been shown to have a
sumoylation-promoting activity in a deacetylase-independent man-
ner. Indeed, HDAC2 seems to promote sumoylation of the eukary-
otic translation initiation factor 4E (elF4E), stimulating the formation
of the eukaryotic initiation factor 4F (elF4F) complex and the induc-
tion of protein synthesis of a subset of el[F4E-responding genes [16].

This chapter describes the detection of HDAC2 sumoylation by
immunoblotting. SUMO is typically conjugated only to a small frac-
tion of the target protein, yet having a global and significant effect,
but, as a result, the detection of the modification can be difficult.
Here we show how to increase the amount of endogenous modified
HDAC?2 by overexpressing SUMO and the E2 conjugating enzyme
UBC9 in mammalian cells. We describe how to prepare lysates from
mammalian cells using denaturing lysis buffer designed to block the
action of desumoylating enzymes and all the best settings to improve
the detection of this modification, as previously shown for HDACI1
[17]. This method is the quicker way to detect HDAC2 sumoylation,
and can be used to check changes in this modification upon different
stimuli (e.g., upon treatment with the proteasomal inhibitor MG132
or deacetylase inhibitors). Although only conjugation of SUMOI1 to
HDAC2 has been previously described [ 15], this protocol shows that
also conjugation of SUMO2 can be detected. This chapter focuses
on the detection of sumoylated HDAC2 in mammalian cells; how-
ever, this protocol can be adapted to any cell type to detect SUMO
modification for any intracellular protein.

2 Materials

2.1 CGell Culture

1. HeLa, MCEFE7, and U20S cell lines (American Type Culture
Collection).
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2.2 Transfection

2.3 Cell Lysis

2.4 Immunoblotting

2. 100 mm treated tissue culture dishes.

. Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with antibiotics, 2 mM L-glutamine, and 10% fetal bovine
serum (EBS).

. Trypsin—-EDTA.
. Sterile phosphate buffered saline (PBS).

. DMEM with r-glutamine, without FBS and antibiotics.

2. Fugene® 6 transfection reagent (Promega).

. Plasmid DNA: pcDNA3/HA-N vector containing human

SUMOI1 (described in Ref. [18]), pcDNA3/HA-N vector
containing human SUMO2 (described in Ref. [19]), pcDNA3
vector containing human UBC9 (described in Ref. [20]), and
pcDNA3 empty vector.

. SDS lysis buffer:

(a) Solution I (5% SDS, 0.15 M Tris—HCI pH 6.8, 30% glyc-
erol), stored at room temperature.

(b) Solution II (25 mM Tris-HCI pH 8.3, 50 mM NaCl, 0.5%
NP40, 0.5% deoxycholate, 0.1 % SDS), stored at 4 °C.

. Protease inhibitors: 100 pg/mL phenyl-methyl-sulfonyl fluoride

(PMSF), 1 pg/mL leupeptin, 1 pg/mL aprotinin (se¢ Note 1).

. 5 mM NEM (see Note 2).

4. Five times loading buffer (312 mM Tris-HCI pH 6.8, 10% SDS,

11.

40% glycerol, 20% p-mercaptoethanol, bromophenol blue).

. Protein quantitation assay: Bradford or Lowry.

. Resolving gel buffer: 1.5 M Tris-HCI pH 8.8.

. Stacking gel buffer: 0.5 M TrissHCI pH 6.8.

. 30% acrylamide-bis solution.

. Ammonium persulfate (APS): 10% solution in water (se¢ Note 3).
. N,N, N, N'-tetramethyl-ethylenediamine (TEMED).

. Resolving portion of polyacrylamide gel: acrylamide-bis solu-

tion, resolving solution, 0.1 % APS, and TEMED.

. Stacking portion of polyacrylamide gel: acrylamide-bis solu-

tion, stacking solution, 0.1% APS, and TEMED.

. SDS-PAGE running buffer: 2 M glycine, 0.25 M Tris-HCI

pH 8.3, 0.02 M SDS.

. Benchmark prestained molecular weight standards.
10.

Immobilon® Polyvinylidene difluoride (PVDF) membrane
(Millipore).

Western blot transfer buffer: 0.025 M Tris, 0.192 M glycine,
and 20 % methanol.
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12.

13.
14.
15.

16.

Tris buffered saline (TBS; 1x): 1.5 M NaCl, 0.1 M Tris—-HCI,
pH 7.4, containing 0.1 % Tween 20 (TBST).

Blocking solution: 5% low-fat milk in TBST.
Enhanced chemiluminescence (ECL) solutions.

Antibodies: anti-HDAC2 rabbit polyclonal (Abcam, ab7029),

anti-HA mouse monoclonal (Covance), anti-UBC9 rabbit
polyclonal (Santa Cruz, sc-10759).

Blot Stripping solution: 62.5 mM Tris—-HCI, pH 6.7, 100 mM
B-mercaptoethanol, and 2% SDS.

3 Methods

3.1 Transfection
of Human Gancer GCell
Lines HelLa, MCF7,
and U20S (See Note 4)

3.2 Cell Lysis

N O\ Ul e

. Plate cells the day before transfection in 100 mm tissue culture

dishes in order to obtain a 60% of confluence the day of
transfection.

. For each transfection sample prepare one tube of transfection

reagent: add 24 pl of Fugene® 6 in 600 pl of serum and
antibiotic-free DMEM, and incubate at room temperature for
5 min. Add 5-10 pg of each DNA to the solution, and incubate
for 20 min at room temperature to promote the formation of
membrane delimited vesicles containing DNA.

. Once waiting for the complex to form, remove old media

from cells, wash once with PBS 1x, and add 5 mL of serum
and antibiotic-free DMEM.

. Add the mixed DNA-Fugene® 6 solution dropwise on the cells.
. Incubate at 37 °C in a 5% CO, incubator for 6 h.

. Replace with fresh complete media.

. Incubate at 37 °C in a 5% CO, incubator for 24 h.

. Collect cells by trypsinization and wash them in cold PBS

containing SUMO and ubiquitin protease inhibitor: 5 mM
N-cthylmaleimide (NEM) (see Note 5).

. Lyse cells under denaturing condition using an SDS containing

lysis buffer composed of one volume of buffer I and three vol-
umes of bufter II and containing protease inhibitors and NEM.

. Incubate lysate on ice for 15 min.
. Sonicate each sample for 20 s (see Note 6).

. Centrifuge in microcentrifuge for 10 min at 10,000 x g at 4°C

and transfer supernatants to clean tubes.

. Use a protein quantitation assay to determine the protein

concentration of each sample (se¢ Note 7).

. Dilute sample using equivalent amount of proteins in 5x loading

buffer (see Note 8).
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3.3 Immunoblotting

1.

Prepare a 8 % polyacrylamide gel composed by a resolving por-
tion and a stacking portion (see Notes 9 and 10).

2. Heat samples at 95 °C for 5 min.

10.
11.

. Load sample on the gel together with a prestained molecular

weight standard (see Note 11).

. Run gel in running buffer at 100 mV until samples has entered

the resolving gel, and then continue at 180 mM until the dye
front has come out from the gel.

. Transfer protein from the gel to a PVDF membrane at 250 mA

for 1 h in transfer buffer (se¢ Note 12).

. Incubate membrane in blocking solution for 1 h at RT.
. Incubate with primary antibody diluted in 5% milk/TBST

overnight at 4 °C.

. Wash membrane three times with TBST.
. Incubate with secondary antibody diluted in 5% milk/TBST

for 1 h at RT.
Wash membrane three times with TBST.

Develop the membrane using ECL according to manufacturer’s
instructions (see Note 13). The results of the immunoblotting
analysis are shown in Figs. 1 and 2 (see Note 14).

a
HelLa
HA-SUMO1 - + b
uBCY -+ MCE7 u20s
HA-SUMO1 - + e
IB: anti-HDAC2 S -HDAC2-SUMO1 UBCY - + -+
o - v -HDAC2-SUMO1
-HDAC2 IB: anti-HDAC2
G S DA C?
SUMO1
IB: anti-HA i
conjugates IB: anti-HA SUMO1
conjugates
—
IB: anti-UBCS «=. -UBC9 -

IB: anti-tubulin o @ e -tubulin

IB: anti-tubulin s -tubulin

Fig. 1 Western blot analysis of cell lysates from HelLa (a), U20S and MCF7 cells (b) co-transfected with HA-SUMO1
and UBC9 or empty vector. Cells were lysed in SDS lysis buffer and lysates were resolved on denaturing polyacryl-
amide gel. The expression level of HDAC2 and sumoylated-HDAC2 proteins was determined by immunaoblotting
(IB) using an anti-HDAC2 antibody. Tubulin was used as loading control and overexpression of HA-SUMO1 and
UBC9 was checked by immunoblotting (IB) with anti-HA and anti-UBC9 antibodies respectively
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HA-SUMO1 + -
HA-SUMO2 - +
uBc9 + +
p— -HDAC2-SUMO
IB: anti-HDAC2

e oac:

SUMO
conjugates

IB: anti-HA ';
" -

| N

IB: anti-tubulin "™ _tubulin

Fig. 2 Western blot analysis of cell lysates from Hela cells co-transfected with HA-SUMO1 or HA-SUMO2 and
UBCI. Cells were lysed in SDS lysis buffer and lysates were resolved on denaturing polyacrylamide gel. The
expression level of HDAC2 and sumoylated-HDAC2 proteins was determined by immunoblotting (IB) using an
anti-HDAC2 antibody. Tubulin was used as loading control and overexpression of HA-SUMO1 and HA-SUMO2
was checked by immunoblotting with anti-HA antibody

4 Notes

1. The inhibitors are freshly added to the buffers. A protease
inhibitor cocktail for mammalian cell extract commercially
available can be used instead.

2. 0.5 M NEM is prepared in absolute ethanol, stored at -20 °C
and freshly added to the buffers.

3. APS can be dissolved in water and aliquots can be stored at
-20 °C.

4. HeLa cells can be efficiently transfected using also calcium
phosphate transfection procedure. MCF7 and U20S can be
also transfected using Lipofectamine® 2000 ( Life Technologies),
but we noticed an increased cell death using this reagent
compared to Fugene® 6.

5. NEM is a SUMO and ubiquitin protease inhibitor used in the
bufters to avoid deconjugation of sumoylated proteins.

6. Due to the high concentration of SDS in the lysis buffer, lysates
appear very viscous.

7. Cell lysates can be also processed for anti-HDAC2
Immunoprecipitation. Samples have to be diluted at least 1:4 in
a non-denaturing lysis buffer to dilute the amount of SDS
before incubating them with the antibody.
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8.

9.

10.

11.

12.

13.
14.

B-mercaptoethanol can be replaced by dithiothreitol (DTT),
used at a final concentration of 0.04 M in loading buffer 1x.

HDAC2 molecular weight is around 55 kDa, the addition of
one SUMO protein covalently bound to HDAC2 increases the
size of the protein in a range of 15-17 kDa. HDAC2 seems to
have only one lysine modified by SUMO, but in the case of a
protein with multiple target sites, multiples of this size increase
are expected.

UBC9’s molecular weight is around 18 kDa, and thus, a 15%
polyacrylamide gel is necessary to detect it.

A consistent amount of proteins in necessary to detect SUMO-
modified HDAC2; at least 80 pg of proteins need to be loaded
on the gel for each sample.

PVDF membranes are preferred compared to nitrocellulose
membranes. PVDF has to be activated by soaking it in pure
methanol. After 1 min or less of incubation, methanol is removed
and the membrane is washed once in TBST. Do not let the
membrane dry. It is preferred not to stain the membrane with
Ponceau after transfer.

Detection can be done by preferred method.

After the incubation and detection with the first antibody (anti-
HDAC?2), the membrane can be stripped using a blot stripping
solution and probed with other antibodies (e.g., anti-HA and
anti-tubulin, as shown in Figs. 1 and 2).
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Chapter 3

Analysis of Epigenetic Regulation of Hypoxia-Induced
Epithelial-Mesenchymal Transition in Gancer Cells

by Quantitative Chromatin Immunoprecipitation

of Histone Deacetylase 3 (HDAC3)

Jian-Qiu Wang, Min-Zu Wu, and Kou-Juey Wu

Abstract

Epigenetics plays a key role in gene expression control. Histone modifications including acetylation/
deacetylation or methylation/demethylation are major epigenetic mechanisms known to regulate epithe-
lial-mesenchymal transition (EMT)-associated gene expression during hypoxia-induced cancer metastasis.
Chromatin immunoprecipitation (ChIP) assay is a powerful tool for investigation of histone modification
patterns of genes of interest. In this chapter, we describe a protocol that uses chromatin immunoprecipita-
tion (ChIP) to analyze the epigenetic regulation of EMT marker genes by deacetylation of acetylated
Histone 3 Lys 4 (H3K4Ac) under hypoxia in a head and neck cancer cell line FaDu cells. Not only a
method of ChIP coupled by real-time quantitative PCR but also the detailed conditions are provided
based on our previously published studies.

Key words Chromatin immunoprecipitation, Real-time qPCR, Histone modification, Epithelial-
mesenchymal transition, Hypoxia, HDAC3

1 Introduction

Epigenetic regulation by histone acetylation/deacetylation or
methylation/demethylation mediated by various histone modifiers
are implicated in many human diseases, especially cancer [1, 2]. The
amino-terminal lysine acetylation and deacetylation of histones are
catalyzed by two groups of enzymes: histone acetyltransferase
(HAT) and histone deacetylase (HDAC) [3]. Generally, acetylation
of the lysine residues within the N-terminal of histones removes the
positive charge on the histones, thereby decreasing their affinity
with the negatively charged DNA, resulting in a more relaxed chro-
matin structure which increases accessibility for gene transcription
[4]. This relaxation can be reversed by histone deacetylation [5].
Indeed, it is quite possible that histone deacetylation may have
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either positive or negative regulation of gene expression, depending
on the gene context involved [6]. In one of our studies, we discov-
ered that hypoxia-inducible factor-1 (HIF-1)-induced histone
deacetylase 3 (HDAC3) is essential for hypoxia-induced EMT and
metastatic phenotypes [7]. On the one hand, HDAC3 interacts
with hypoxia-induced WDR5 and recruits the HMT complex to
increase H3K4 methylation levels and promote mesenchymal genes
(e.g., N-cadherin) activation. On the other hand, HDAC3 also
decreases acetylated H3K4 (H3K4Ac) levels and represses epithelial
genes (e.g., E-cadherin) expression [7].

Chromatin immunoprecipitation (ChIP) assay is nearly the
most powerful tool for investigating histone modification patterns
of genes of interest and has been extensively developed in recent
decades [8, 9]. This assay determines whether a certain protein—
DNA interaction is present at a given location, condition, and time
point. Briefly, the chromatin DNA and associated proteins (e.g.,
chromatin modifier such as HDAC3, or histone mark such as
H3K4Ac) are temporarily cross-linked to form DNA—protein com-
plex using cross-linking reagent such as formaldehyde. The chro-
matin DNA is then sheared to smaller fragments of ~500 bp by
sonication or nuclease digestion. Then the DNA fragments bound
with the protein of interest are selectively immunoprecipitated by
a specified antibody against the protein. Prior to immunoprecipita-
tion, an aliquot of the input DNA should be saved as a reference
sample. The cross-links between DNA-protein complexes from
input control and immunoprecipitated samples are reversed using
high concentration of NaCl. After purification the DNA can be
analyzed using various techniques, such as quantitative PCR,
microarray or high-throughput sequencing [ 10-12].

Although ChIP is a widely used technique to investigate epigen-
etic histone marks in genomic DNA, there are several conditions to
be optimized by an experimenter empirically. It is intricate and time
consuming to initially setup ChIP procedures. In this article, we
describe a method of ChIP for investigation of epigenetic regulation
of two classical EMT marker genes, E-cadherin and N-cadherin,
by deacetylation of H3K4Ac under hypoxia, coupled by real-time
qPCR. The protocol described here also refers to several published
protocols listed in reference [ 13-15], with a number of modifications
to fit the aims of our study. We also describe detailed conditions for
ChIP optimization based on our previous publications.

2 Materials

2.1 Chromatin
Immunoprecipitation
Gomponents

1. 37 % formaldehyde.
2. 1 M glycine.
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3.

10.

SDS buffer: 50 mM Tris—-HCI, pH 8.0, 0.5% SDS, 100 mM
NaCl, 5 mM EDTA. Filter-sterilize (0.2 pm) and store at room
temperature. Add protease inhibitors immediately before use.

. IP buffer: 100 mM Tris—HCI, pH 8.6, 0.3% SDS, 1.7 % Triton

X-100, 5 mM EDTA. Filter-sterilize (0.2 pm) and store at
4 °C. Add protease inhibitors immediately before use.

. Wash buffer 1: 20 mM Tris-HCI, pH 8.0, 150 mM NacCl,

5 mM EDTA, 5% sucrose, 1 % Triton X-100, 0.2 % SDS. Filter-
sterilize (0.2 pm) and store at room temperature.

. Wash bufter 2: 50 mM HEPES-KOH, pH 7.5, 0.1% deoxy-

cholic acid, 500 mM NaCl, 1 mM EDTA, 1% Triton X-100.
Filter-sterilize (0.2 pm) and store at room temperature.

. Wash bufter 3: 10 mM Tris—=HCI, pH 8.0, 0.5% deoxycholic

acid, 250 mM LiCl, 1 mM EDTA, 0.5 % NP-40. Filter-sterilize
(0.2 pm) and store at room temperature.

. Wash bufter 4: 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, pH 8.0.

Filter-sterilize (0.2 pm) and store at room temperature.

. Elution buffer: 10 mM EDTA, 1% SDS, 50 mM Tris—HCI,

pH 8.0. Filter-sterilize (0.2 pm) elution buffer and store it at
room temperature.

Blocked protein A beads.
Centrifuge to collect the pre-blocked protein A beads. Aspirate

the supernatant and add 1 ml blocking buffer containing 0.5 mg/
ml BSA. Incubate the beads with constant rotation at 4 °C for 1 h.
Centrifuge and discard the supernatant. Make 50 % protein A beads
slurry by adding the equal amount of IP buffer. Store it at 4 °C.

2.2 DNA Extraction 1. 25:24:1 phenol-chloroform-isoamyl alcohol.

2. 4 M LiCl.

3. 100% ethanol.

4. 3 M sodium acetate, pH 5.2.

5. 70% ethanol.
3 Methods
3.1 Chromatin 1. Cross-link protein—-DNA complex by incubating cells with
Immunoprecipitation 37 % formaldehyde directly added to culture media to a 1%
Protocol final concentration and incubate cells on a shaking device for

15 min at room temperature (see Note 1).
2. Stop the cross-linking reaction by adding 1 M glycine diluted

to a final concentration of 0.125 M. Incubate at room tem-
perature for 5 min, pellet the cells and discard the supernatant.
Wash the cells with PBS three times.
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3

10.

11.

12.

13.

14.

15.

16.
17.

18.

. Resuspend the cells in 5 ml of SDS buffer with protease inhibi-
tors per 107 cells. Incubate on ice for 10 min, and harvest the
nuclei by centrifuge at 1500 rpm (650 x4) for 10 min at 4 °C.

. Resuspend the nuclei with 2 ml of IP buffer containing prote-
ase inhibitors. Pipette up and down thoroughly, and incubate
on ice for 15 min (see Note 2).

. Sonicate chromatin to an average length of about 500 bp.
Optimization for sonicator setting is required. While sonicat-
ing, avoid introducing bubbles to samples in order to obtain
the best shearing efficiency (see Note 3).

. Centrifuge the lysates at 12,000 rpm (11,000 x4) for 15 min
at 4 °C. Carefully collect the supernatant in a clean tube and
discard the pellet. Samples can be stored at -80 °C for several
months or subjected to the IP reaction immediately.

. Divide or dilute samples with IP buffer to a total reaction volume
of 1 ml. Add 5-10 pl of a specific antibody or control IgG to
samples. Be sure to retain 10% of sample as your “input.”
Incubate samples on a rotation device at 4 °C for 1-2 h.

. Add 50 pl of blocked 50% protein A beads slurry into samples
and incubate at 4 °C overnight.

. Collect beads by centrifuging at 12,000 rpm (11,000 x4) for
1 min at 4 °C.

Wash samples with IP buffer one time. Perform four washes
starting with wash buffer 1 to wash buffer 4 (se¢ Note 4).

Add 250 pl of elution buffer. Vortex samples vigorously at
room temperature for 20 min.

Centrifuge samples and transfer the supernatant to a new tube.

Add elution buffer to samples including “input” to a final vol-
ume of 500 pl, and incubate at 65 °C for at least 5 h or
overnight.

Add 55 pl of 4 M LiCl and 250 pl of 25:24:1 phenol /chloro-
form/isoamyl alcohol. Vortex vigorously for 30 s, and centri-
fuge at full speed for 20 min at room temperature.

Carefully remove the top (aqueous) phase containing the DNA
and transfer to a new tube. Add 1 ml of 100% ethanol and
50 pl of 3 M sodium acetate, pH 5.2. Mix by vortexing briefly,
and precipitate DNA at -80 °C for 1 h or -20 °C overnight
(see Note 5).

Centrifuge 20 min at high speed and discard the supernatant.

Wash the pellets with 1 ml of 70 % ethanol. Allow to air-dry for
20 min.

Resuspend DNA pellet in 20 pl of H,O. Store DNA samples at
-20 °C.
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Table 1

Reaction components for real-time PCR

Component Amount per reaction (pI) Final concentration
2x SYBR Green mix 2.5
Primer mix 0.5 1 pM each
DNA 2 20x diluted

Table 2

The cycling program for real-time PCR

Step 1 Step 2 Step 3

Temperature 95 °C 95 °C 60 °C
Time 10 min 15 s 30s
Cycles 1 40

3.2 qPCR Protocol

. Design PCR primers for amplification length in a range of

50-150 bases.

. Set up real-time PCR reactions with a diluted input and pre-

cipitated DNA, as shown in Table 1.

. Set up the cycling parameters for real-time PCR reaction as

shown in Table 2. The melting curve analysis should be per-
formed to evaluate the quality of primer set.

. Calculate data by the CT method and plotted as percent (%)

input DNA. qChIP values are calculated by the following for-
mula: percent (%) input recovery=[100/(input fold dilution/
bound fold dilution)] x 2input €T - bound CT),

4 Notes

. The duration of the fixation and the final concentration of the

formaldehyde can affect the efficiency of the procedure. Longer
incubation may cause cells to form into a cross-linked aggre-
gate that might reduce the shearing efficiency. However, a
shorter incubation may affect the yield of precipitated DNA.

. Make sure the equalization of cells subjected to the ChIP

procedure.
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Cycles

MCF7

500 bp ——3

100 bp —>

Fig. 1 Sonication of chromatin preparation from MCF-7 cells using different
cycles showed the different sizes of DNA, which can be used as an indicator to
optimize the cycle number so the chromatin will be suitable for subsequent chro-
matin immunoprecipitation. M: DNA marker

3. The sonicator settings need to be optimized based on cell type,
cell number, and sonicator. Figure 1 shows the size of DNA of
breast cancer cell-MCF7 upon DNA shearing in different cycles.
Insufficient sonication may lead to nonspecific binding. The
larger or smaller size of DNA may affect the ChIP efficiency.
Generating too much heat during sonication may lead to protein
degradation, resulting in low yield of precipitated DNA.
The sonication step should be done at 4 °C or in ice-cold state.

4. Insufficient wash may result in high noise ratio. Extension of
wash duration or steps may improve the quality of signal.

5. While recovering DNA, adding inert carrier such as glycogen
can significantly increase the recovery of precipitated DNA.

Acknowledgment

This work was supported in part to J.Q.W. by National Natural
Science Foundation of China [81301850]; Educational Commission
of Zhejiang Province of China [Y201328812]; and to K.J.W. by
Ministry of Science and Technology Summit grant [MOST
103-2745-B-039-001-ASP]; National Science Council Frontier
grant [NSC102-2321-B-010-001]; center of excellence for cancer
research at Taipei Veterans General Hospital [MOHWI104-
TDU-B-211-124-001]; and National Health Research Institutes
[NHRI-EX104-102308I].



Analysis of Epigenetic Regulation of Hypoxia-Induced Epithelial-Mesenchymal...

References

1.

Esteller M (2007) Cancer epigenomics: DNA
methylomes and histone-modification maps.
Nat Rev Genet 8(4):286-298

. Wang JQ, Wu KJ (2015) Epigenetic regula-

tion of epithelial-mesenchymal transition by
hypoxia in cancer: targets and therapy. Curr
Pharm Des 21(10):1272-1278

. Barneda-Zahonero B, Parra M (2012) Histone

deacetylases and cancer. Mol Oncol 6(6):
579-589

. Grunstein M (1997) Histone acetylation in

chromatin structure and transcription. Nature
389(6649):349-352

. Gray SG, Teh BT (2001) Histone acetylation/

deacetylation and cancer: an “open” and “shut”
case? Curr Mol Med 1(4):401-429

. Zupkovitz G, Tischler J, Posch M et al (2006)

Negative and positive regulation of gene
expression by mouse histone deacetylase 1.
Mol Cell Biol 26(21):7913-7928

. Wu MZ, Tsai YP, Yang MH et al (2011)

Interplay between HDAC3 and WDRS5 is
essential for hypoxia-induced epithelial-mesen-
chymal transition. Mol Cell 43(5):811-822

. Costlow N, Lis JT (1984) High-resolution

mapping of DNase I-hypersensitive sites of
Drosophila heat shock genes in Drosophila
melanogaster and Saccharomyces cerevisiae.
Mol Cell Biol 4(9):1853-1863

. Gilmour DS, Lis JT (1984) Detecting protein-

DNA interactions in vivo: distribution of RNA

10.

11.

12.

13.

14.

15.

29

polymerase on specific bacterial genes. Proc
Natl Acad Sci U S A 81(14):4275-4279
Mukhopadhyay A, Deplancke B, Walhout AJ,
Tissenbaum HA (2008) Chromatin immuno-
precipitation (ChIP) coupled to detection by
quantitative real-time PCR to study transcrip-
tion factor binding to DNA in Caenorhabditis
elegans. Nat Protoc 3(4):698-709

Qin J, Li MJ, Wang P, Zhang MQ, Wang
J (2011) ChIP-Array: combinatory analysis of
ChIP-seq/chip and microarray gene expres-
sion data to discover direct/indirect targets of
a transcription factor. Nucleic Acids Res
39:W430-W436, Web Server issue

Schmidt D, Wilson MD, Spyrou C, Brown
GD, Hadfield J, Odom DT (2009) ChIP-seq:
using high-throughput sequencing to discover
protein-DNA interactions. Methods 48(3):
240-248

Carey MF, Peterson CL, Smale ST (2009)
Chromatin immunoprecipitation (ChIP). Cold
Spring Harb Protoc 2009(9), pdb prot5279
Nelson JD, Denisenko O, Bomsztyk K
(2006) Protocol for the fast chromatin
immunoprecipitation (ChIP) method. Nat
Protoc 1(1):179-185

Schoppee Bortz PD, Wamhoff BR (2011)
Chromatin  immunoprecipitation  (ChIP):
revisiting the efficacy of sample preparation,
sonication, quantification of sheared DNA,
and analysis via PCR. PLoS One 6(10):¢26015



Chapter 4

Molecular and Functional Characterization of Histone
Deacetylase 4 (HDAC4)

Lin Li and Xiang-Jiao Yang

Abstract

Histone deacetylases (HDACGCs) regulate various nuclear and cytoplasmic processes. In mammals, these
enzymes are divided into four classes, with class II further divided into two subclasses: IIa (HDACA4,
HDACS5, HDAC7, HDAC9Y) and IIb (HDAC6 and HDAC10). While HDAC®6 is mainly cytoplasmic and
HDACIO0 is pancellular, class ITa HDACs are dynamically shuttled between the nucleus and cytoplasm in
a signal-dependent manner, indicating that they are unique signal transducers able to transduce signals
from the cytoplasm to chromatin in the nucleus. Once inside the nucleus, class ITa HDACs interact with
MEF2 and other transcription factors, mainly acting as transcriptional corepressors. Although class ITa
HDAC:s share many molecular properties in vitro, they play quite distinct roles in vivo. This chapter lists
methods that we have used for molecular and biochemical characterization of HDAC4, including develop-
ment of regular and phospho-specific antibodies, deacetylase activity determination, reporter gene assays,
analysis of subcellular localization, and determination of interaction with 14-3-3 and MEF2. Although
described specifically for HDAC4, the protocols should be adaptable for analysis to the other three class
ITa members, HDAC5, HDAC7, and HDAC9, as well as for other proteins with related properties.

Key words Lysine acetylation, Histone deacetylase, HDAC4, 14-3-3, MEF2, Transcriptional repres-
sion, Nucleocytoplasmic trafficking

1 Introduction

Lysine acetylation has emerged as a major posttranslational modi-
fication for histones and nonhistone proteins [1, 2]. This is a
reversible modification process that is controlled by lysine acetyl-
transferases and deacetylases. Traditionally, the deacetylases have
been referred to as histone deacetylases (HDACsS), even though it
is now known that they also target nonhistone proteins. In mam-
mals, 18 HDACs have been identified. Based on sequence homol-
ogy to the yeast deacetylases Rpd3, HDAI1, and Sir2, the 18
mammalian HDACs are divided into four classes, namely class 1
(HDACI, -2, -3, -8), class II (HDACA4, -5, -6, -7, -9, and -10),
class III (containing seven sirtuins), and class IV (HDACI1) [3,
4]. Class II HDACs have been further classified into class Ila

Sibaji Sarkar (ed.), Histone Deacetylases: Methods and Protocols, Methods in Molecular Biology, vol. 1436,
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(HDACHA, -5, -7, and -9) and class IIb (HDACG6 and 10) [4]. In
the deacetylase superfamily, class Ila HDACs are unique due to
their roles as novel signal transducers able to transmit signal infor-
mation from the cytoplasm to the nucleus [4]. For serving in this
role, they contain intrinsic nuclear import and export signals for
dynamic shuttling between the cytoplasm and nucleus (Fig. 1) [5].
Moreover, this dynamic trafficking is actively regulated by
phosphorylation-dependent interaction with 14-3-3 proteins, as
well as by association with other proteins such as the MEF2 family
of transcription factors (Fig. 1) [5]. Different kinases then phos-
phorylate class IIa HDAGCs at three or four sites, to promote
14-3-3 binding and subsequent retention of the deacetylases in the
cytoplasm [4]. Once in the nucleus, class Ila HDACs interact with
transcription factors such as MEF2 to repress transcription [5].
Although class ITa HDACs share many molecular properties, they
play quite distinct roles in vivo. HDAC4 and HDAC? are impor-
tant for brain and vasculature development, respectively, whereas
HDAC5 and HDACSY play critical roles in regulating skeletal and
cardiac muscle development [6]. Here we list methods used for
molecular and biochemical analyses of HDAC4. These methods
are also applicable to characterization of HDACS5, -7, and -9, as
well as for other proteins with related properties.

for 14-3-3 binding

for a new partner?
Additional sites

®
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Fig. 1 Schematic illustration of HDAC4. This deacetylase contains a nuclear localization signal (NLS) in the
N-terminal part, a highly conserved deacetylase domain, and a nuclear export signal (NES) at the C-terminal end
[26]. Moreover, the N-terminal part of HDAC4 possesses not only an MEF2-binding site conserved from C. ele-
gansto humans, but also three 14-3-3-binding sites, S246, S467, and S632, the first of which is conserved from
C. elegans to humans. These three sites need to be phosphorylated for mediating interaction with 14-3-3 pro-
teins. S266 is a fourth phosphorylation site and is located within the NLS, so its phosphorylation impedes
nuclear localization of HDAC4 [8]. There are other phosphorylation sites [27-29], but their functions are less
clear. HDAC5, HDAC7, and HDAC9 have very similar domain organizations [5]. Not illustrated here is an
N-terminal PxLPxI motif conserved among HDAC4, HDAC5, and HDAC9, but not HDAC?. This motif is important
for interaction with the ankyrin-repeat protein ANKRA2 [28, 30—-32]. In addition, HDAC4 possesses an efficient
sumoylation site within the N-terminal part [33] and is able to promote sumoylation of binding partners such as
MEF2 [34—36]. HDAC4 is also subject to ubiquitination, degradation, and specific cleavage [37, 38]
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2 Materials

2.1 CGell Lines
and Animals

2.2 Reagents
and Materials

. NIH3T3, SKN, HEK293, and 293T cells, which are cultured

in DMEM media supplemented with 10 % FBS and 100 U
penicillin and streptomycin in a 37 °C incubator at 5 % CO,.

. Rabbits (young rabbits 10-16 weeks of age, 2.5-3.0 kg).

. Peptides and proteins: For generation of a regular poly-

clonal HDAC4 antibody, an N-terminal fragment of human
HDAC4 protein was expressed and affinity-purified as an
MBP (maltose-binding protein) fusion protein; for produc-
ing an anti-phospho-Ser-246 HDAC4 antibody, the pep-
tide LRKTApSEPNLKC was synthesized; FLAG peptide
(DYKDDDDK); bovine serum albumin (BSA).

. Plasmids: pBluescript KSII (+) and mammalian expression vec-

tors for GFP-HDAC4, HA-14-3-3p, the yeast transcription
factor Gal4 (residues 1-147), Gal4 (resides 1-147)-HDACA4,
and p-galactosidase, all under the control of the CMV
promoter.

. Antibodies: Anti-HDAC4 polyclonal antibodies (anti-rabbit,

produced in our lab), anti-HA monoclonal antibody, anti-
14-3-3 antibodies.

4. Freund’s adjuvant, complete and incomplete.

. Anesthetic and disinfectant: Acepromazine, butorphanol,

EMILA cream, and chlorhexidine.

. Affinity resins and beads: CNBr-activated Sepharose 4B, anti-

Flag M2 agarose beads, immobilized protein A/G beads.

. Disposable column, tips, and Eppendorf tubes.
. Sulthydryl Immobilization Kit (which includes Sulthydryl cou-

pling resin (6 % cross-linked beaded agarose supplied as a 50 %
slurry in the storage buffer (10 mM EDTA-Na, 0.05 % NaN3,
50 % glycerol)); sample preparation buffer: 0.1 M sodium
phosphate, 5 mM EDTA-Na, pH 6.0; coupling buffer: 50
mM Tris, 5 mM EDTA-Na, pH 8.5; wash solution: 1.0 M
NaCl and 0.05 % NaNj; 1-cysteine-HCI; polyethylene porous
discs: five discs, to add to the top to the gel bed after coupling
to prevent the column from running dry).

. mcKLH (mariculture keyhole limpet hemocyanin).
10.
11.
12.

Cell culture dishes and plates.
Transfection reagents.

Drugs: 5 pg/ml leptomycin B in ethanol, 3 pM trichostatin A
in DMSO.
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2.3 Solutions
and Buffers

2.4 Equipment

13.

14.
15.
16.

O NN N U B W N

Chemicals: [3H] acetate (2.4 Ci/mmol), [*H] acetylcoenzyme
A (4.7 Ci/mmol), p-(-)-luciferin, acetone.

. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM

KCl, 10 mM Na,HPO, and 2 mM KH,PO, (pH 7.4 or pH
8.5 adjusted with NaOH for the latter).

. Buffer A: 50 mM Tris—-HCI pH 8.0, 10 % glycerol, 1 mM

DTT, 1 mM PMSF, 0.1 mM EDTA, and 10 mM sodium
butyrate.

. Buffer B: 20 mM Tris-HCI pH 8.0, 10 % glycerol, 5 mM

MgCI2, 0.1 % NP-40, protease inhibitors, and KCI (0.15 or
0.5 M).

. Buffer N: 10 mM Tris—HCI [pH 8.0], 250 mM sucrose, 2 mM

MgCl,, 1 mM CaCl,, 1 % Triton X-100, 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), and protease inhibitors.

. Buffer H: 50 mM Tris-HCI pH 8.0, 10 % glycerol, 1 mM

dithiothreitol, 0.1 mM EDTA, and 1 mM PMSEF.

. Hypotonic lysis bufter: 20 mM HEPES pH 7.6, 20 % glycerol,

10 mM NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 0.1 % Triton
X-100, 25 mM NaF, 25 mM p-glycerophosphate, 1 mM
dithiothreitol, and protease inhibitors.

. 1 and 2 mM HCIL

. 0.1 M Ethanolamine in PBS.
. 6 M Guanidine in PBS.

10.
11.
12.
13.

0.1 M Glycine-HCI (pH 2.5).
0.1 M Tris—HCI (pH 8.0).
Elution buffer (0.1 M glycine-HCI pH 2.7).

3x Sodium dodecyl sulfate (SDS) sample buffer: 150 mM
Tris—HCI pH 6.8, 30 % glycerol, 6 % SDS, 0.3 % bromophenol
blue, and 300 mM DTT.

0.4 N H,SO..
5 M NaCl.
0.1 M HCI-0.16 M acetic acid.

. Sterile needles (22 G) and syringes.
. Dialyzer.

. Flow-through UV monitor.

. Pipettes.

. Cell scrapper.

. Fluorescence microscope.

. Luminometer plate reader.

. Benchtop centrifuge.



Molecular and Functional Characterization of Histone Deacetylase 4 (HDACA4) 35

3 Methods

3.1 Development of
Antibodies Specific to
Regular and
Phosphorylated HDAC4

3.1.1 Rabbit
Immunization
for Antiserum Production

To study the function and regulation of HDAC4, regular and
phospho-specific antibodies were developed as described [7-9].
For the regular antibody, an HDAC4 fragment was expressed as a
MBP-tagged fusion protein (Subheadings 3.1.1 and 3.1.2).
Protocols for bacterial expression and protein purification can be
found elsewhere [10, 11]. For the phospho-specific antibody, a
phosphopeptide (LRKTApSEPNLKC), corresponding to the
sequence of Ser-246 and its surrounding residues of human
HDACA4, was synthesized commercially (Subheading 3.1.3).

Rabbit immunization and antiserum production were carried out
at McGill Animal Resource Center (https://www.mcgill.ca/
cmarc/home), and the following protocol was modified from a
standard operating procedure (#406) developed by the Center.

1. Choose two young adult female rabbits (2-2.5 kg; specific
pathogen free) for immunization.

2. Tranquilize the rabbits by injecting intramuscularly with mixed
acepromazine (0.5 mg/kg) and butorphanol (0.2 mg/kg).

3. Apply EMLA cream over the ear at the blood collection site
15 min before puncture to collect 1 ml of blood using a 22 G
needle from the ear artery. Centrifuge and collect the superna-
tant as the preimmune serum. Aliquot and keep it at -80 °C.

4. For primary immunization, combine 0.5 ml antigen (200-500
pg of MBP-HDAC4 in 500 pl of sterile PBS) with 0.5 ml of
Freud’s complete adjuvant (FCA) and emulsify (see Note 1).

5. Rinse the injection site with chlorhexidine. Inject the 1 ml
sample subcutaneously into ten sites, 0.1 ml per site, bilaterally
along the thoracic-lumbar region of the spine. Before remov-
ing the needle, withdraw on plunger slightly to prevent the
leakage of adjuvant into the dermal layer (see Note 2).

6. Wait for 3—4 weeks for the rabbits to build up a primary immu-
nological response.

7. For secondary immunization, inject in the vicinity of the initial
sites as described except that Freud’s incomplete adjuvant
(FIA) is used (see Note 3).

8. Wait for another 3—4 weeks after secondary immunization.

9. Collect 1 ml blood sample and determine the titer by indirect
ELISA if the titer is not sufficient; repeat steps 8 and 9. In
most cases, the antibody titer reaches an acceptable level after
two boosters.

10. When the antibody titer is sufficient, inject 0.5 mg of antigen
(in 0.5 ml sterile PBS, without any adjuvant) into the ear artery.
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11.

12.

If the rabbits are read for bleeding out, exsanguinate via car-
diac puncture under general anesthesia; otherwise, collect 8.5
ml/kg of blood every 4 weeks. Do not exceed 6 months after
initial immunization.

About 50 ml of antiserum can be collected per rabbit. The
antiserum can be used directly or for affinity purification to
enrich the antibody.

3.1.2  Antibody Affinity This procedure is adapted from a published method [12].

Purification on CNBr-
Activated Sepharose

1.

2.
3.

Dialyze the antigen at least twice with PBS (pH8.5) to remove
any trace amount of Tris (see Note 4).

Centrifuge and collect the supernatant (if there are precipitates).

Determine the protein concentration (0.5-2 mg is needed).

4. Swell 0.17 g of CNBr-activated Sepharose 4B in a chromatog-

10.

11.

12.
13.

14.
15.

16.

raphy column (0.8 x4 cm) containing 12 ml HCI (1 mM) for
10 min at room temperature.

. Wash the resin three times quickly with 1 mM HCI (~12 ml

cach).

. Wash the resin once with 5 ml PBS (pH 8.5).
. Add the antigen prepared above (step 2) to the resin and

rotate the suspension at room temperature for at least 2 h.

. Check protein concentration of the supernatant to determine

the cross-linking efficiency.

. Wash the resin three times with regular PBS if the coupling

efficiency is good (i.e., more than a half of the input has disap-
peared from the supernatant).

Incubate the resin in 10 ml PBS /0.1 M ethanolamine for 1 h
at room temperature to inactivate the resin.

Wash the resin sequentially with PBS/6 M guanidine, PBS,
and 0.1 M glycine-HCI pH 2.5 (10 ml/each).

Repeat the wash cycle once.

Wash the resin once with 10 ml PBS /6 M guanidine and twice
with 10 ml PBS.

Suspend the resin in 0.5 ml PBS and store it at 4 °C.

Mix 0.5 ml resin prepared above with 10 ml serum in a dispos-
able plastic column such as poly-prep chromatography columns
(0.8x4 c¢cm from Bio-Rad, with caps at both ends). Cap the
column at both ends, put it inside a 50 ml Falcon tube (to
prevent the cap from falling off), and rotate the column at
room temperature for at least 2 h.

Centrifuge the column for ~2 min inside the 50 ml Falcon
tube at ~3,000 x g, suspend the resin in 10 ml PBS, and incu-
bate at room temperature for ~2 min.
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3.1.3 Antibody Affinity
Purification on Sulfhydryl
Coupling Resin

17. Repeat step 16 four times.
18. Add 0.5 ml 0.1 M glycine-HCI pH 2.5.

19. Incubate at room temperature for 5 min (important: no longer
than this) and transfer the column quickly to a 15 ml Falcon
tube containing 0.5 ml 0.1 M Tris-HCI pH 8.0 so that the
eluate drains directly to the Tris buffer for immediate
neutralization.

20. Add 0.5 ml 0.1 M Tris—HCI pH 8.0 to resin and allow the elu-
ate to drain directly to the eluate from the above step. The
resulting mixture contains the affinity-purified antibody.
Procced immediately to step 21. The resin is washed later with
PBS and stored at 4 °C for further purification of additional
antisera.

21. Take a small drop to estimate the pH value with a pH paper. It
should be 7.0-8.0; if not, add more 0.1 M Tris—HCI pH 8.0
to neutralize the solution. Flash-freeze the purified antibody in
aliquots on dry ice and keep it at -80 °C.

A rabbit polyclonal antibody specific to phospho-Ser246 of
HDAC4 was prepared by use of a phosphopeptide antigen as the
affinity tag. For the anti-phospho-Ser246 HDAC4 anti-
body, 10-20 mg of the phosphopeptide LRKTApSEPNLKC
(where pS is phospho-serine, corresponding to residues 241-251
of HDAC4) was synthesized and HPLC-purified to 85 % purity in
a commercial vendor; this amount was sufficient for both immuni-
zation of two rabbits and subsequent affinity purification. Two rab-
bits were immunized with the phosphopeptide [9]. Similarly,
an anti-phospho-Ser266 antibody was developed [8]. The
C-terminal Cys is not from HDAC4, but was added for antigen
preparation by conjugation of the peptide to mariculture keyhole
limpet hemocyanin (mcKLH), according to the manufacturer’s
instruction. The conjugated antigens were used for serum produc-
tion as described in Subheading 3.1.1. After serum production, the
same phosphopeptides were used for conjugation to sulthydryl
coupling resin, via the extra Cys residue, to prepare affinity gel for
purification of the antibody. The following protocol is adapted
from the manufacturer’s manual (Pierce Manual 20402). It is
based on a gel bed volume of 1 ml; for column with other gel bed
volumes, adjust all solution (e.g., sample, wash, elution) volumes
accordingly.

1. Equilibrate the sulthydryl coupling resin to room temperature
and add an appropriate volume of gel slurry to a disposable
poly-prep column (see Subheading 3.1.1). For example, add
2 ml of gel slurry to obtain a gel bed of 1 ml.

2. Equilibrate the resin with four column volumes of coupling

bufter (see Note 5).
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3.2 HDACA4 Shuttling
Between the
Cytoplasm and
Nucleus

3.2.1 Analysis of
Subcellular Localization of
HDAC4 by Fractionation

3.

12.

13.

14.

15.

Dissolve 2 mg of sulthydryl-containing peptide in 1 ml cou-
pling buffer and transfer it to the column prepared from the
above step. Retain a small aliquot of the peptide solution for
determination of the coupling efficiency later.

. Cap the column at both ends, put it inside a 50 ml Falcon tube

(to prevent the caps from falling off), and rotate the column at
room temperature by end-over-end mixing at room tempera-
ture for 15 min.

. Incubate the column at room temperature for additional

30 min without mixing.

. Sequentially remove top and bottom column caps and allow

the solution to drain from the column into a clean tube.

. Place the column over a new collection tube and wash column

with 3 column volumes of coupling bufter.

. Determine the coupling efficiency by measuring and compar-

ing absorbance (at 280 nm) of the unbound fraction (step 6)
and the initial peptide solution (step 3).

. Install the bottom cap onto the column (se¢ Note 6).
10.
11.

Prepare 50 mM L-cysteine-HCl in coupling buffer.

Apply 1 ml of 50 mM r-cysteine to the column and install the
top cap.

Put the capped column inside a 50 ml Falcon tube (to prevent
the cap from falling off) and rotate the column at room tem-
perature by end-over-end mixing at room temperature for
15 min. Then incubate for additional 30 min, without
mixing.

Sequentially remove the top and bottom caps, allow the buffer
to drain from the column, and discard the drainage.

Wash the column with at least six column volumes of wash
solution. The resin can be used for antibody purification in the
same manner as described in steps 15-21 of Subheading 3.1.2.

If not used immediately, wash the column with two column
volumes of the storage buffer. Install the bottom cap and add
2 ml storage buffer. The column can be capped and kept at
4 °C for storage (see Note 7).

. Seed NTH3T3 cells in a 6-well plate (3x10° cells per well).
. Wash cells twice with PBS when they reach ~90 % confluency.
. Add 1 ml of'ice-cold hypotonic lysis buffer. Put the plate on ice

for 5 min, with occasional shaking.

. Harvest the cells with a scrapper and transfer the cell suspen-

sion into a 1.5 ml tube.
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3.2.2 Analysis of
Subcellular Localization of
HDAC4 by Nuclear Export
Inhibition

5. Centrifuge at 1,300 x g and 4 °C for 5 min. Transfer the super-
natant into a clean tube and leave the pellet in the original
tube.

6. Centrifuge the supernatant at 16,000 x g and 4 °C for 10 min,
and collect the supernatant as the cytoplasmic fraction.

7. Suspend pellet from step 5 in 0.2 ml of the hypotonic lysis
buffer containing 0.5 M NaCl, and rotate the lysate at 4 °C for
20 min.

8. Centrifuge the nuclear lysate at 16,000x4 and 4 °C for 10
min, and collect the supernatant as the nuclear extract.

9. Analyze cytoplasmic and nuclear extracts by Western blotting
with regular and phospho-specific anti-HDAC4 antibodies.
Endogenous HDAC4 in NIH3T3 cells is mainly localized to

the cytoplasm, but there is also a small fraction in the nucleus [7].
Similarly, ectopic expression of GFP-HDAC4 in NIH3T3 showed
that GFP-HDAC4 mainly resides in the cytoplasm. For
HEK293 cells, GFP-HDAC4 exists in the cytoplasm in a majority
of them, but in a very small proportion, GFP-HDAC4 forms dot-
like structure in the nucleus [7].

In NIH3T3, HDACH4 is mainly in cytoplasm, but in other cell lines
such as HelLa, HDAC4 and its paralogs are mainly in the nucleus
[13-15]. Also, an HDAC4 mutant lacking the N-terminal 117
residues was first reported to be actively exported to the cytoplasm
[16], implying that nucleocytoplasmic shuttling is a regulatory
mechanism for HDAC4. To study whether HDAC4 is actively
shuttled between the cytoplasm and the nucleus, we treated cells
with leptomycin B [7], a specific inhibitor of CRMI-mediated
nuclear export [17, 18]. The following protocol is modified from
the published studies [17, 18].

1. Seed NIH3T3 and other cells onto three wells of a 12-well
plate.

2. On the next day, 0.1 pg of GFP-HDAC4-expressing plasmid is
transfected into the cells by use of a transfection reagent such
as lipofactamine 2000 and Superfect according to the manu-
facturer’s instructions.

3. About 24 h later, examine live GFP fluorescence under a fluo-
rescence microscope.

4. To the three wells, add leptomycin B to a final concentration
of 10 ng/ml at three different time points, 0, 15, and 40 min.
Alternatively, use one well and examine live GFP fluorescence
under a fluorescence microscope at different time points.

5. Examine live GFP fluorescence under a fluorescence micro-
scope. As shown [7], GFP-HDACH4 is relocated from the cyto-
plasm to the nucleus.
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3.3 Interaction of
14-3-3 Proteins with
HDAC4

3.3.1 Co-immuno-
precipitation of HDAC4
with 14-3-3

3.3.2 Mapping
14-3-3-Binding Sites on
HDAC4

HDAC4 is actively exported to the cytoplasm in a CRMI-
dependent manner [7]. Protein shuttling often involves anchor
proteins. 14-3-3 proteins are such anchors. For example, 14-3-3
proteins inhibit the translocation of the forkhead transcription
factor FKHRL1 and the cell cycle-regulating phosphatase
CDC25C from the nucleus to the cytoplasm [19]. To study
whether HDAC4 interacts with 14-3-3p in cells, we carried out
co-immunoprecipitation as described [7]. The following protocol
is adapted from our published study [7].

1. Seed HEK293 cells into four 6 ¢m dishes (~10° each dish).

2. When cells reach appropriate confluency (~95 %), 3 pg of Flag-
HDAC4 expression plasmid is co-transfected into the cells
with or without an expression plasmid for hemagglutinin
(HA)-tagged human 14-3-3p (3 pg) by use of a transfection
reagent such as lipofectamine 2000 and Superfect according to
the manufacturer’s instructions.

3. Incubate the cells in a 37 °C incubator (5 % CO,), and replace
the transfection medium with fresh complete DMEM medium
3 h later.

4. About 48 h after transfection, wash the cells twice with PBS.

5. If the cells will not be lysed immediately, remove the PBS com-
pletely and keep the dishes at -80 °C. Otherwise, add 0.5 ml
buffer B containing 0.5 M KCI, scrap the cells, and collect the
suspension into a 1.5 ml Eppendorf tubes.

6. Centrifuge at 16,000 x4 and 4 °C for 5 min.

7. Incubate the supernatant with 30 pl M2 agarose beads, or with
the mouse anti-HA monoclonal antibody bound to protein G
beads, overnight at 4 °C.

8. Wash the beads four times with buffer B supplemented with
0.15 M KCI (see Note 8).

9. Add 30 pl buffer B and 1.5 pl FLAG peptide (4 mg/ml) to M2
beads, rotate the suspension at 4 °C for 60 min, centrifuge
briefly at 5,000 x g, transfer 20 pl of the supernatant for mixing
with 10 pl 3xSDS sample buffer, and boil for 5 min. For pro-
tein G beads, add 30 pl 1x SDS sample bufter to the beads and
boil for 5 min.

10. Use boiled samples for Western blotting with anti-Flag or anti-
HA antibody.

14-3-3 proteins bind to two types of consensus sites: R-(S/Ar)-
(+/S)-pS-(L/E/A/M)-P and R-X-(Ar/S)-(+)-pS-(L/E/A/M)-P,
where Ar is an aromatic amino acid, pS is phosphoserine, + is a
basic amino acid, and X is any amino acid [20, 21]. There are five
potential 14-3-3-binding sites in HDAC4: 242- RKTASEDP-248,
464-RTQSADP-469, 516-RQPESHP-522, 629-RAQSSP-632,
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3.4 Determination of
HDAG4 Deacetylase
Activity

3.4.1  Preparation of PH]
Acetyl-Histones

and 703-RGRKATIL-709 (conserved residues are underlined) [7].
Various HDAC4 mutants were used to determine which parts of
HDACH4 are responsible for binding to 14-3-3 proteins. Deletion
analyses showed that residues 531-1084 of HDAC4 contain one
actual 14-3-3-bindingsite [ 7]. Two ofthe predicted motifs are within
this range, namely 629-RAQSSP-632 and 703-RGRKATL-709.
To test it S632 is essential, S632 was replaced with alanine. This
mutant was unable to bind to 14-3-3 proteins [7], indicating that
$632 but not T708 is important for 14-3-3 binding. To investigate
whether §246 is important for 14-3-3 binding, S246 was replaced
with alanine, and the resulting mutant was unable to bind to 14-3-
3. Similarly, S467 was shown to be important for binding as well.
Thus, S246, S467, and S632 of HDAC4 mediate the binding of
14-3-3 proteins (Fig. 1) [7]. Western blotting with an antibody
against phosphor-S246 showed that in wild-type HDAC4, S246 is
phosphorylated [9]. In agreement with this, no phosphorylation
signal was detectable in the S246A mutant [9].

The following protocols are adapted from our published paper
[22]. Although not described here, there are alternatives [23]. For
example, another method is to perform deacetylation assays with
hyperacetylated histones and subsequent immunoblotting analyses
with anti-acetylated histone antibodies that are commercially avail-
able from different vendors.

1. Seed Hel.a cells in a 6-well plate (0.3 x 10° cells per dish).

2. Replace culture medium containing 50 pCi of [*H Jacetate (2.4
Ci/mmol) per ml and 3 pM trichostatin A (TSA) when the
cells reach 95 % confluency (~109 cells).

3. After incubation for 2—6 h, wash the cells once with ice-cold
PRBS.

4. Lyse HeLa cells with 500 pl buffer N and rotate the lysate at
4°Cforl h.

5. Centrifuge at 10,000xg and 4 °C for 1 min to collect the
nuclei. Wash the pellet three times with buffer N.

6. Discard the supernatant, add 0.1 ml of 0.4 N H,SO,, and
resuspend the pellet completely by vortexing. Then add 9 vol-
umes of acetone for precipitation of histones and incubate the
mixture on ice for at least 1 h.

7. Centrifuge at 15,000 x4 and at 4 °C for 10 min to collect his-
tones and discard the supernatant.

8. Dissolve the precipitated histone pellet in 0.1 ml of 100 mM
Tris-HCI (pH 8.0) and precipitate histones with cold acetone.
Repeat steps 6-8 for 3—4 times.

9. Air-dry the histones and dissolve in 100 pl 2 mM HCIL
Determine protein concentration using Bradford methods.
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3.4.2 Determination of
Deacetylase Activity of
HDAC4

3.5 Transcriptional
Repression by HDAC4

10. Levels of histone acetylation are verified by using triton—acetic
acid-urea gels.

Alternatively, [*H] acetyl-histones could also be prepared
by in vitro labeling [22].

1. Incubate 50 pg histones with 50 pmol of [*H Jacetyl-coenzyme
A (4.7 Ci/mmol) and 0.5 pg of Flag-PCAF (p300,/CBDP-
associated factor) in 100 pl of Buffer A at 30 °C for 30 min.

2. Add 2 pl of 5 M NaCl, 1 ml of cold acetone, and 65 pg of BSA
to precipitate histones (se¢ Note 9).

3. Leave the tube on dry ice for 2 h.
4. Centrifuge at 15,000 x4 for 5 min at 4 °C.

5. Wash the resulting pellet with 1 ml of cold acetone, air-dry,
and dissolve in 100 pl of 2 mM HCI.

1. Reactions are carried out in 0.2 ml of bufter H, with purified
Flag-HDAC4.

2. Allow the reaction to proceed at 37 °C for 90 min.

3. Stop the reaction by addition of 0.1 ml of 0.1 M HCI-0.16 M
acetic acid.

4. To extract the released [*HJacetate, add 0.9 ml of ethyl
acetate.

5. After vigorous vortexing, take 0.6 ml of the upper organic
phase for quantification by liquid scintillation counting.

The MEF2 family of transcription factors plays important roles in
muscle, bone, heart, brain, hematopoiesis and other developmen-
tal processes [24]. In 1999, we and others identified MEF2 pro-
teins as interaction partners of HDAC4 [16, 22, 25]. The binding
site was mapped to a small region in the N-terminal part of HDAC4
(Fig. 1) [16, 22, 25]. Similarly, MEF2 interacts with HDACS5,
HDACY7, and HDAC9 [14, 26]. Co-immunoprecipitation proce-
dures are similar as those described in Subheading 3.3.1. HDAC4
interacts with MEF2 to repress transcription [22].

1. Plate 293T or NTH3T3 cells onto 6 cm dishes (1 x109).

2. On the next day, when the cells reach 95 % confluency, start
transfection.

3. The luciferase report plasmid Gal4-tk-Luc (50-200 ng) is co-
transfected with a vector for expressing HDAC4 as a protein
fused to the DNA-binding domain of the yeast Gal4 transcrip-
tion factor (residues 1-147) or for the DNA-binding domain
alone (50-200 ng) with transfection reagents. pBluescript
KSII (+) s used to normalize the total amount of plasmids used
in each transfection, and pCMV-B-Gal (50 ng) s cotransfected
for normalization of transfection efficiency (see Note 10).
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4.

About 32 h after transfection, expose the transfected cells to
0.3 puM trichostatin A for 16 h.

. Then the cells are lysed in situ with a lysis buffer and the lucit-

erase reporter activity is determined by use of b-(-)-luciferin as
the substrate.

. The chemiluminescence from activated luciferin or Galacto-

Light Plus is measured on a Luminometer plate reader.

4 Notes

References

. Combine the antigen and the adjuvant using two syringes and

locking connector (for instance, three-way stopcock) and
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cence of the local inflammatory response.

. If primary injection, use FCA. Then use FIA or other alterna-

tive adjuvant.

. Extensive dialysis is necessary as any amine-based buffers (such
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Chapter 5

Approaches for Studying the Subcellular Localization,
Interactions, and Regulation of Histone Deacetylase
5 (HDACS)

Amanda J. Guise and lleana M. Cristea

Abstract

As a member of the class ITa family of histone deacetylases, the histone deacetylase 5 (HDACS5) is known
to undergo nuclear—cytoplasmic shuttling and to be a critical transcriptional regulator. Its misregulation
has been linked to prominent human diseases, including cardiac diseases and tumorigenesis. In this chapter,
we describe several experimental methods that have proven effective for studying the functions and regula-
tory features of HDAC5. We present methods for assessing the subcellular localization, protein interac-
tions, posttranslational modifications (PTMs), and activity of HDACS from the standpoint of investigating
either the endogenous protein or tagged protein forms in human cells. Specifically, given that at the heart
of HDACS regulation lie its dynamic localization, interactions, and PTMs, we present methods for assessing
HDACS localization in fixed and live cells, for isolating HDAC5-containing protein complexes to identify
its interactions and modifications, and for determining how these PTMs map to predicted HDACS struc-
tural motifs. Lastly, we provide examples of approaches for studying HDACS5 functions with a focus on its
regulation during cell-cycle progression. These methods can readily be adapted for the study of other
HDAC:s or non-HDAC-proteins of interest. Individually, these techniques capture temporal and spatial
snapshots of HDACS5 functions; yet together, these approaches provide powerful tools for investigating
both the regulation and regulatory roles of HDACS in different cell contexts relevant to health and
discase.

Key words HDACS5, Protein complexes, Immunoaffinity purification, Phosphorylation, Protein
interactions, Immunofluorescence microscopy, Cell cycle, Kinase inhibition, siRNA knockdown,
In-gel digestion

1 Introduction

Histone deacetylase 5 (HDACS) is a member of the class ITa family
of HDAC:s. Being implicated in cardiac development, the misregu-
lation of HDACS is known to be associated with cardiac hypertro-
phy and myopathies [1, 2]. Misregulation of HDACS5 is further
linked to other human diseases, including tumorigenesis [ 3], viral
infection-induced diseases [4], and drug abuse-induced epigenetic
alterations [5-7] (Fig. 1a).

Sibaji Sarkar (ed.), Histone Deacetylases: Methods and Protocols, Methods in Molecular Biology, vol. 1436,
DOI 10.1007/978-1-4939-3667-0_5, © Springer Science+Business Media New York 2016
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a HDACS in development and disease
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Fig. 1 Exploring the broad impact of HDAC5 on human health and disease and its
essential intracellular functions. (a) HDACS5 is implicated in muscle development,
cardiac disease, and neuron survival (adapted from Ref. [68]) (b) Within the cell,
HDACS shuttles between the nucleus and the cytoplasm and has critical roles in
transcriptional control, cell cycle regulation, and localization-dependent protein
interactions

Class ITa HDACs (HDAC4, HDAC5, HDAC?7, and HDAC9)
are known to have limited intrinsic enzymatic activity, owing to an
amino acid substitution within their catalytic domains when com-
pared to the prominent class I deacetylases (e.g., HDACI and
HDAC2) [8]. Thus, rather than being established as regulators of
substrate acetylation levels, the main functions of HDACS5 and the
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other class I1a enzymes are connected to their critical ability to act
as transcriptional repressors through participation in multi-protein
complexes [9, 10] (Fig. 1b). In the nucleus, HDAC5 associates
with co-repressor complexes, including the nuclear co-repressor
complex (NCOR) and the class I enzyme HDAC3 to repress tran-
scriptional targets [9]. HDACS is also capable of repressing tran-
scriptional targets independently of these co-repressor complexes
through association with transcription factors, such as MEF2 [11].
The HDAC5-MEF2 association is mediated through the
N-terminal region of class IIa HDACGCs that contains transcription
factor binding sites, as well as a nuclear localization signal (NLS)
(Fig. 2). The C-terminus of HDACS5 contains the deacetylation
domain (DAC) and nuclear export sequence (NES) [12]. The domain
features of HDACS5 were established through the generation of

~— YT ip)
— O~ To]
O OO N~
nwnuw (7))

®K533

® eE ® ®

S25908| [®T234

»
(e0)
(o))
<
w

SER-‘755 DAC NES

LYS- 533

oy ' SER-1108

o ’ We=t
AD User-e71

' _ YSER-661 '
TR AYEF2
- SER-259
SER-368- SER 273 ¢ SER-206 _SER-3
R-279 " d % “SER-7
.'*S.,«;" '
SER-66 %
SER-55%
SER-53"

Fig. 2 HDAC5 is heavily modified by posttranslational modification (reproduced from Ref. [35]). ()
Phosphorylation and acetylation of HDAC5 spans the protein sequence. HDAC5 domains are indicated: MEF
mef2 binding domain (blue); NLS nuclear localization signal (green); AD acidic domain (red); DAC deacetylation
domain (purple); NES nuclear export sequence (yellow). (b) Numerous posttranslational modifications of
HDAC5 map to the external surface of the predicted protein structure
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mutated HDAC5 constructs and subsequent observation of the
impact on localization patterns and enzymatic activity, as well as
through comparison with other class Ila HDACs [13-18].
Moreover, putative localization signals were fused to GFP to assess
their impact on localization, allowing the definition of NLS and
NES motifs [19].

Since its discovery, HDAC5 has been the focus of intensive
study. Numerous signaling pathways have been shown to converge
on phosphorylation sites within HDACS5, including CaMK family
members, protein kinases A, C, and D, and Aurora B [2, 20-30].
In particular, HDACS5 has been the target of investigation for its
roles in heart development and disease [26, 31-33], especially with
respect to its change in localization during hypertrophic condi-
tions. An important feature of class Ila HDAGC:s is their ability to
shuttle in and out of the nucleus. In conjunction with the NLS and
NES, HDACS subcellular localization is regulated by site-specific
phosphorylation. Phosphorylation of two sites (Ser259 and
Ser498) flanking the NLS promotes binding of 14-3-3 chaperone
proteins and nuclear export [11, 19, 34], while phosphorylation of
Ser279 within the NLS is important for nuclear localization of
HDACS5 [16, 29] (Fig. 2). The kinases responsible for individual
phosphorylations have been identified by examining consensus
kinase target motifs, and confirmed by activation/inhibition stud-
ies and site-directed mutagenesis of target residues [7, 19, 29, 30].
While the nuclear roles of HDACS in regulating transcription are
the best understood, HDACS roles in the cytoplasm and outside
of transcriptional control remain poorly defined. A recent investi-
gation of HDACS has revealed a cell cycle-dependent regulation of
class ITa HDAG:, including HDAC5, HDAC4, and HDAC9, by
Aurora B-mediated phosphorylation [30]. Phosphorylation of
HDACS5 within the NLS is accompanied by midzone and midbody
localization of HDACS5 within a phosphorylation gradient during
mitosis [30]. Using immunoaffinity purification of EGFP-tagged
HDACS, numerous phosphorylation sites, including those detailed
above, were identified [16] (Fig. 2). Site-specific mutations of
HDACS has provided further insight into the functional roles of
individual phosphorylations, for example, identifying a new point
of regulation of its nuclear localization [16, 30, 35]; however,
numerous sites await further characterization. The impact of phos-
phorylation on protein function can be assessed through the eftect
of phosphorylation site mutation on subcellular localization,
protein interactions, and, possibly, transcriptional repression func-
tions or enzymatic activity.

This chapter describes several methods that have proven valu-
able for studying the subcellular localization, protein interactions,
posttranslational modifications, and activity of HDAC5 (Fig. 1b).
We start by discussing the value and the challenges associated with
studying either endogenous or tagged versions of HDACS5, and by



Approaches for Studying the Subcellular Localization, Interactions,... 51

describing a method for generating stable cell lines expressing
tagged HDACS. We next describe a frequently used microscopy
approach for assessing the sub-cellular localization of HDACS5 in
fixed and live cells. Given that two of the most critical regulators of
HDACS functions are its protein interactions and posttranslational
modifications, we dedicate the next two sections to methods for
isolating HDACS5 protein complexes and identifying its interac-
tions and modifications, and for predicting associated HDAC5
structural motifs. Lastly, we provide examples of methods for
studying HDACS functions and activity, by focusing on its regula-
tion during the cell-cycle progression and its assessment of
enzymatic activity.

2 Materials and Equipment

2.1 Studying
Endogenous

and Tagged HDACS5
in Cell Culture

2.1.1 Generating
Cell Lines Expressing
GFP-Tagged HDAC5

2.1.2  Cell Culture
for Studies of Endogenous
or Tagged HDAC5

. HDACS5-EGFP construct in retroviral vector (e.g., pLXSN).
. Phoenix cells (production cell line).

. 6-well tissue culture plates or T75 flasks.

. Tissue culture dishes (10 or 15 cm) or flasks (T75 or T175).
. Incubator set at 37 °C, 5% CO.,.

. DMEM supplemented with 10% FBS (DMEM+) or RMPI
supplemented with 10% FBS (RPMI+).

7. DPBS.
. Wild-type HEK293 cells (or other recipient cell type).

QN Ul R W N

o

9. FuGene transfection reagent.
10. Centrifuge and rotor capable of spinning at 1000 x g for 5 min.
11. Serological pipettes.
12. Sterile 15 mL conical tubes.
13. Centrifuge adaptors for 15 mL conical tubes.

14. 0.45 pm low-binding membrane filter (e.g., cellulose acetate
or polysulfonic membrane filters).

15. Polybrene.
16. G418.
17. Materials for FACS analysis (see Subheading 2.5.2).

18. Materials  for  immunofluorescence  microscopy  (see
Subheading 2.2).

1. Sterile DPBS (Dulbecco’s phosphate-buffered saline (1x),
liquid) (DPRBS).

2. DMEM++ (500 mL. DMEM (Dulbecco’s modified Eagle
media (1x), liquid)+50 mL fetal bovine serum+5 mL
penicillin—streptomycin).
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2.2 Assessing
Subcellular
Localization of HDAG5

2.2.1 Fixed Cell Imaging

2.2.2 Live Cell Imaging

. Ix trypsin (5 mL trypsin Stock +45 mL sterile DPBS).

4. Cell stock (typically frozen stock in an 85 % FBS,/10% DMSO

o N O U

14.
15.

0 NN O U b W N

11.
12.
13.
14.
15.
16.

1.

solution, stored at -144 °C).

. Water bath set at 37 °C.
. Incubator set at 37 °C, 5% CO,.
. Sterile tissue culture hood with UV sterilization capability.

. Centrifuge with swinging bucket rotor capable of spins at

254 x g at room temperature.

. Conical tube adaptors for centrifuge rotor.
10.
11.
12.
13.

15 mL conical tubes.
50 mL conical tubes.
Serological pipettes and pipettor.

Tissue culture dishes (100 mm or 150 mm) or flasks (T25 or
T75).

Light microscope for visualizing cells (optional).

Hemocytometer (optional).

. Starting cell culture (ca. 1x10° cells).

. Poly-p-lysine.

. Glass coverslips.

. Glass microscopy slides or glass-bottom dishes.

. Phosphate buftered saline (DPBS).

. 2% paratormaldehyde in DPBS.

. 0.1 M glycine in DPBS (0.375 g glycine in 50 mL DPBS).

. 0.1% Triton X-100 in DPBS (500 pL 10% Triton X-100 in

49.5 mL DPBS).

. 0.2% Tween in DPBS (100 pl 100 % Tween in 49.9 mL DPBS).
10.

BSAT solution: 2% BSA, 0.2% Tween in DPBS (1 g BSA and
100 pL. 100% Tween in 49.9 mL DPBS).

Primary antibodies.

Fluorescent secondary antibodies.

DAPI or To-Pro3 dye (if staining DNA).

Anti-fade solution/mounting media (e.g., Aqua PolyMount).
Nail Polish.

Aluminum Foil.

Starting cell culture (ca. 1x10° cells) expressing fluorescently
tagged proteins.

. Glass-bottom dishes (35 mm glass-bottom dishes).



2.3 Defining HDAGS
Protein Interactions

2.3.1 Harvesting Cells

2.3.2 Cryogenic
Cell Lysis
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3.

DMEM++ (see Subheading 2.1.2)

4. Hank’s balanced saline solution (HBSS) or phosphate buffered
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saline (DPBS).

(a) HBSS is available commercially or can be made to the fol-
lowing specifications: 0.137 M NaCl, 54 mM KCI,
0.25 mM Na,HPO,, 0.1 g glucose, 0.44 mM KH,PO,,
1.3 mM CaCl,, 1.0 mM MgSOy, 4.2 mM NaHCO;.

. Live-cell compatible fluorescent dyes (e.g., ER-Tracker,

MitoTracker, LysoTracker, Hoechst) dissolved in DMSO
according to manufacturer’s instructions.

. Opti-MEM or other dye-free media for imaging.
. Aluminum Foil.

. Fluorescence microscope capable of live cell imaging and laser

excitation at wavelengths corresponding to fluorescent tags.

. Sterile DPBS (see Subheading 2.1.2).

. 1x trypsin (see Subheading 2.1.2).

. DMEM++ or standard culture media (see Subheading 2.1.2).

. Protease inhibitor cocktail.

. Freezing buffer (20 mM Na-HEPES/1.2% PVP (w/v),

pH=74).

For 50 mL, use 0.2383 g HEPES (MW=238.3 g/mol)
and 0.6 g polyvinylpyrrolidone. Adjust the pH to 7.4 with
NaOH. Adjust volume to 50 mL with dH,O. Sterile filter solu-
tion and store at room temperature.

. Ball mill-type homogenizer (mixer mill) capable of mechani-

cally disrupting frozen tissue and cells within removable grind-
ing chambers, such as a Retsch Mixer Mill.

. Grinding chamber (Stainless steel or tungsten carbide).
. Grinding ball (Stainless steel or tungsten carbide).

. Hot H,O (tap water is sufficient).

. Windex.

. 10% bleach solution.

. Ultrapure H,O.

. Methanol.

. Metal spatula.

. Liquid nitrogen bath.

. 50 mL conical tubes.

. Long-handled tongs.
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2.3.3 Conjugation
of Magnetic Beads
to Antibodies

2.3.4  Immunoaffinity
Purifications

of Endogenous or
Tagged HDAC5

11.
12.
13.
14.
15.

B N

. Superparamagnetic beads with surface epoxy groups (e.g., this

protocol was specifically optimized for M-270 Epoxy
Dynabeads) (Store at 4 °C).

. Affinity purified antibody against tag or protein of interest

(e.g., GFP or FLAG or HDACS5).

. 0.1 M Na-phosphate buffer, pH 7.4 (Na-phosphate buffer).

Prepare solution as 19 mM NaH,PO,, 81 mM Na,HPO, and
adjust pH to 7.4. Filter-sterilize and store at 4 °C.

. 3 M ammonium sulfate (AmSQOy). Prepare solution in 0.1 M

sodium phosphate buffer, pH 7.4. Filter-sterilize and store at
4 °C.

. 100 mM glycine-HCI, pH 2.5. Prepare in H,O and adjust to

pH 2.5 with HCI. Filter-sterilize and store at 4 °C.

. 10 mM Tris, pH 8.8. Prepare in water and adjust to pH 8.8

with HCI. Filter-sterilize and store at 4 °C.

. 100 mM triethylamine. Prepare a fresh solution in water on

the day of bead washing steps. CAUTION: Triethylamine
must be handled in a chemical hood and be disposed of as haz-
ardous chemical waste. Triethylamine is toxic and flammable.

. DPBS, pH 7.4 (see Subheading 2.1.2).
. DPBS containing 0.5 % Triton X-100.
10.

DPBS containing 0.02 % sodium azide (NaN;). CAUTION:
Sodium azide must be handled in a chemical hood and dis-
posed appropriately. Sodium azide is a toxic solid compound.

Tube rotator kept at 30 °C.
Magnetic tube rack separator.
TOMY micro tube mixer.

2 mL round bottom tubes.

Ultrapure water (e.g., from a Milli-Q Integral Water Purification
System).

. Frozen cell powder stored at —80 °C prior to use.

3 M NaCl, filter-sterilized.
10% Triton X-100 in Milli-Q H,O, filter-sterilized.
10x TBT with salts, filter-sterilized. Store at 4 °C.

To prepare 100 mL of 10x TBT:

a) 4.766 g HEPES (MW 238.31).

b) 10.797 g potassium acetate (MW 98.15).

¢) 0.407 g magnesium chloride hexahydrate (MW 203.30).
d) 2.0 pLL 0.5 M ZnCl,.

e) 2.0 pL 0.5 M CaCl,.

(
(
(
(
(
(f) Adjust pH to 7.4 with 5 M KOH.



2.3.5 In-Gel Digestion
of Isolated Protein
Complexes
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11.
12.
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14.

15.
16.
17.
18.

19.
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(g) Add 1.0mL Tween 20.
(h) Add Milli-Q H,O up to 100 mL.
(i) Sterile filter and store at 4 °C.

. Mammalian protease inhibitor cocktail containing inhibitors

with broad specificity against serine proteases, cysteine prote-
ases, acid proteases, and aminopeptidases.

. Phosphatase inhibitor cocktail containing sodium orthovana-

date, sodium molybdate, sodium tartrate, and imidazole.

. Phosphatase inhibitor cocktail containing cantharidin, (-)-p-

Bromolevamisole, and calyculin A.

. DNase I (1 mg/mL stock).
. Milli-Q H,O or other Ultrapure H,O.
10.

Optimized lysis buffer (prepared immediately before isola-
tions). Store at 4 °C.

Magnetic beads conjugated with antibodies. Store at 4 °C.

50 mL conical tubes.

Immersion tissue homogenizer/emulsifier (e.g., Polytron
from Kinematica) or vortex for smaller-scale isolations.
Centrifuge and rotor capable of spinning at 8000 x g, set at
4 °C with 50 mL conical tube adaptors.

Tube rotator kept at 4 °C.

2 mL round-bottom tubes.

1.5 mL tubes.

Bar magnets (for conical tubes) and magnetic separation rack
(for micro tubes).

4x LDS elution buffer. For 10 mL solution: dissolve 0.666 g
of Tris—HCI, 0.682 g of Tris base, 0.8 g of LDS, and 0.006 g
of EDTA (free acid) in ultrapure H,O. Store at =20 °C.

. 10x reducing agent (e.g., 1 M DTT).
. 10x alkylating agent (e.g., 1 M iodoacetamide, light-sensitive,

store at =20 °C).

. Heating block or bath set at 70 °C.

. Milli-Q water.

. SimplyBlue SafeStain.

. HPLC grade water.

. 100 % acetonitrile (ACN).

. 0.1 M ammonium bicarbonate (ABC).
. 0.1% formic acid.

. 0.1% formic acid-50% ACN.

. 0.5 pg/pL trypsin stock.
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2.3.6 Peptide Extraction
and Sample Desalting
(StageTips)

2.4 Investigating
Regulation of HDAC5
by Posttranslational
Modification

2.4.1 Identification
of Posttranslational
Modifications

2.4.2 Characterizing
PTM Functions

9.
10.

11.
12.
13.
14.
15.
16.

p—
=

p—
—

12.

13.
14.
15.

16.

OV N UL W N

10% TFA stock.

Nu-PAGE gel containing separated immunoaffinity isolated
samples.

Low-protein-binding or low-retention pipet tips.
Gel slicer capable of generating 1 mm slices.
Razor blade for gel lane excision.

Metal spatula or pick for separating gel slices.
Ceramic surface for separating gel slices.

Optional: multichannel pipettor and reagent reservoirs.

. 1.5 mL tubes.

. Low-protein-binding or low-retention pipet tips.
. HPLC grade water.

. 100 % acetonitrile (ACN).

0.1 M ammonium bicarbonate (ABC).

. 0.1% formic acid.

. 0.1% formic acid-50% ACN.

. 10% TFA stock.

. 0.2% TFA (wash buffer).

.0.10 M ammonium formate—0.5% formic acid—40% ACN

(hereafter referred to as Elution #1).

.0.15 M ammonium formate—0.5% formic acid—-60% ACN

(hereafter referred to as Elution #2).

5% ammonium hydroxide-80% ACN (hereafter referred to as
Elution #3).

1% FA/4 % ACN (Dilution Solution).
16 G Needle and plunger.

Hydrophilic sulfonated poly(styrenedivinylbenzene) copoly-
mer disks (e.g., SDB-RPS Empore disks).

SpeedVac or vacuum concentrator.

All reagents from Subheadings 2.3.4, 2.3.5, and 2.3.6.

1.
2.
3.

FASTA sequence of interest.
Computer with internet access.

E-mail address to retrieve results (Optional).
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24.3 Structure 1. FASTA sequence for protein of interest.

Predictions 2. List of PDB accession numbers for structures to be included/
excluded.

3. Computer with internet access.

4. E-mail address to retrieve results (Optional).

2.5 Cell Cycle 1. Cell stocks or cells growing in culture, plus standard culturing
Dependent Functions materials (see Subheading 2.1.2).
of HDAC5 2. DMSO (negative control).
251 G1/S,G2/M, and 3. Hydroxyurea suspended in DMSO.
Cytokinesis Arrests 4. Nocodazole suspended in DMSO.
5. Hesperadin suspended in DMSO.
6. DPBS (see Subheading 2.1.2).
7. Trypsin (see Subheading 2.1.2).
8. DMEM++ (see Subheading 2.1.2).

—

. Cell stocks or cells growing in culture, plus standard culturing
materials (see Subheading 2.1.2).

. DPBS (see Subheading 2.1.2).

. 1x Trypsin (see Subheading 2.1.2).
DPBS supplemented with 2-5 % FBS.
15 mL conical tubes.

. 95% Ethanol.

. Propidium iodide (1 mg/mL).

. RNase A (10 mg/mL).

. Barrier pipet tips.

2.5.2 Flow Cytometry

O 0 N U W N

—
S

. Flow cytometry-compatible culture tube.

—
—

. Ice bucket.

—
[\

. Aluminum foil.

—
w

. Microcentrifuge capable of rotation at 500xyg, set at room
temperature.

14. Vortex.

15. Flow cytometer (e.g., BD LSRII FACS) and software (e.g.,
BD FACS Diva).

2.5.3  Kinase Inhibition 1. Cell stocks or cells growing in culture, plus standard culturing

Studies materials (see Subheading 2.1.1).
Small-Molecule Kinase - DMSO (negative control).

Inhibitors . Hydroxyurea suspended in DMSO.
. Nocodazole suspended in DMSO.

. Hesperadin suspended in DMSO.

g o N



58 Amanda J. Guise and lleana M. Cristea

siRNA-Mediated
Knockdown of Kinases

2.6 HDACS
Enzymatic Activity

1. Cell stocks or cells growing in culture, plus standard culturing
materials (see Subheading 2.1.1).

2. Lipofectamine RNAIMAX Reagent or similar transfection
reagent.

3. Opti-MEM medium (Life Technologies).
4. siRNA complex targeting kinase.

5. RNase-free barrier pipet tips.

6. RNase-free 1.7 mL tubes.

7. Incubator set at 37 °C, 5% CO,.

8

. Sterile tissue culture hood with UV sterilization capability.

1. All reagents from the Subheading 2.3 Immunoaffinity
isolations.

2. Fluorometric HDAC activity assay kit. The following protocol
has been optimized for the Fluor-de-Lys® HDAC fluorometric
activity assay kit, but may be adapted for other fluorometric kits.

3. 96-well plate with optical bottom.

4. 1.5 mL tubes.

5. Microplate-reading fluorimeter capable of excitation at 350-
380 nm and detection at 450480 nm.

3 Methods

3.1 Studying
Endogenous

and Tagged HDAC5
in Gell Culture

Depending on the biological questions of interest, experiments can
be performed by studying either endogenous or tagged HDACS.
The studies on endogenous HDAC5 most frequently rely on the
use of specific anti-HDACS5 antibodies. For example, the protein
expression levels of endogenous HDACS5 can be studied across cell
types and under different stimuli, treatments, or disease conditions
using anti-HDACS5 antibodies and western blotting. The protein
levels can be compared to HDAC5 mRNA levels, which can be
assessed by qRT-PCR. Anti-HDACS5 antibodies also allow visual-
ization of the subcellular localization of HDACS (e.g., [19]) (see
Subheading 3.2) and have the potential to allow the identification
of HDACS protein interactions via immunoaffinity purification
assays (see Subheading 3.3). Anti-HDACS5 antibodies can also be
designed to recognize a certain modified state of HDACS5 (Fig. 2),
for example via the generation of antibodies against site-specific
phosphorylations (i.e., phosphoSer259 [36, 37], phosphoSer278
[30], phosphoSer498 [38]). Custom antibody generation can be
achieved through the synthesis of a peptide corresponding to the
site of modification and a sufficiently long flanking region to impart
specificity. Noteworthy, although this has not been yet used exten-
sively in HDACS studies and, therefore, it is not covered in this
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chapter, the endogenous HDACS5, unmodified or modified, can
also be detected by targeted mass spectrometry analyses (as in Refs.
[35, 39, 40]). Efficient digestion of HDACS5 can be achieved with
trypsin, and the use of additional enzymes can further expand the
protein sequence coverage and aid in the identification of PTMs
(see the in-gel digestion method in Subheading 3.3.5).

Making use of tagged HDACS5 constructs can be beneficial in
numerous studies. One valuable application is in live cell studies, in
which the dynamic localization of the enzyme can be monitored in
real time using fluorescently tagged-HDACS constructs. Such
studies have been used effectively to visualize the nuclear—cytoplas-
mic shuttling of HDACS (e.g., [16]). The tagging of HDACS has
also proved valuable when studying its protein interactions.
Antibodies against a tag, such as green fluorescent protein (GFP)
[41], tend to provide effective isolations of the protein of interest,
usually by having higher affinity and specificity than the antibodies
against the endogenous protein. Importantly, tagged constructs
provide a mean to study HDAC5 mutants that assess the functions
of posttranslational modifications. HDAC5 mutants that either
mimic or abolish a modification state can be used to study the
functions of individual modification sites (e.g., [16, 30, 35]).

When working with a tagged protein construct, it is critical
that the functionality of the tagged protein is assessed and vali-
dated. It may be practically impossible to rule out all potential
effects of tagging, as these studies are limited by the current
knowledge regarding the protein functions and the assays avail-
able. However, as an example, the functionality of HDACS-
EGEFP was assessed by visualization of its subcellular localization
by immunofluorescence microscopy, by confirming that the
tagged HDACS retained its interaction with HDAC3 by immu-
noaffinity purification, and thereby its in vitro enzymatic activity
via a fluorometric assay. Several important parameters have to be
considered when generating tagged constructs, including the
selection of the promoter driving the expression of the tagged
proteins. Greater overexpression of HDACS5 can be achieved
using the pCMV promoter in certain cell types [42, 43], while a
moderate stable expression can be achieved using retrovirus or
lentivirus transduction, such as with pLXSN [44]. Avoiding a
substantial overexpression of a protein can be critical when con-
structing cell lines, as protein accumulation can toxic to the cell
and can contribute to the formation of protein aggregates. In this
chapter, we provide a protocol for generating stable cell lines that
express tagged-HDACS. This protocol has been successtully used
in HDACS5 studies, as well as in studies of the other ten HDACs
and of the seven sirtuins [10, 16, 39, 45—47]. As our laboratory
has used this protocol for studying HDACS5 in both plated
(HEK293) and suspension (CEM T) cells, differences in the
respective protocols are indicated.
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3.1.1 HDAC5 Cell Line
Generation

Generation of Stable
HDAC5-Flag-EGFP Cell
Lines via Retroviral
Transduction

3.1.2 Cell Culture

1.

DAY 1: plate Phoenix cells in a 6-well plate (3x 105 cells in
2 mL media per well). Plating is best performed in the after-
noon to allow cells to grow overnight (ca. 24 h). Incubate at
37 °C, 5% CO, overnight.

. DAY 2: transfect Phoenix cells in afternoon with 1 pg pLXSN-

HDACS5-Flag_ EGFP plasmid+3ulL. FuGene transfection
reagent. Incubate at 37 °C, 5% CO, overnight.

. In the morning of Day 3, wash cells with fresh DMEM+ media.

4. DAY 3: plate HEK293 cells in a 6-well plate (3x10° cells in

10.

11.

12.

13.

2 mL media per well). Culture cells overnight (ca. 24 h). For
suspension cells (e.g., CEM T) wait to split cells until Day 5.
Incubate all cell cultures at 37 °C, 5% CO,.

. DAY 4: collect the supernatant from the cell culture contain-

ing released viral particles in a 15 mL conical tube.

. Centrifuge collected supernatant from step 5 at 1000 x4 for

5 min and reserve resulting supernatant.

. Filter the supernatant from step 6 using a 0.45 pm low-bind-

ing membrane filter (e.g., cellulose acetate or polysulfonic).
The filtered fraction is the Viral Media.

. Aspirate the media from HEK293 cells (from step 4) and add

filtered Viral Media such that the volume is ca. 2 mL. Add
polybrene (1:1000). Incubate at 37 °C, 5% CO, overnight.
Alternatively, dilute a confluent T25 suspension culture 1:10
and add 1 mL of culture to each well. Add 1 mL of Viral Media
and 2 pL of polybrene and incubate at 37 °C, 5% CO,
overnight.

. DAY 5: change the media, or if the cells are sufficiently conflu-

ent transfer adherent cells to a 10 cm dish (or T25 flask for
suspension cells). Incubate at 37 °C, 5% CO, overnight.

DAY 6: add G418 (300 pg/mL) to the media. Incubate at
37 °C, 5% CO,.

For subsequent expansions on days 7-12, split cells following
standard procedures, but continue to add G418 to the media
(at 300 pg/mL).

For cells intended to stably express a fluorescently tagged pro-
tein, examine fluorescent signal by immunofluorescence
microscopy to assess incorporation.

DAY 13: or after ca. 1 week following the initial G418 selec-
tion, collect ca. 1 x 107 cells for fluorescence activated cell sort-
ing (FACS) to isolate and retain the fluorescent population.

The following protocol is described for use of adherent cells. For
suspension cells, such as CEM T cells, the trypsin steps should be
omitted, and RPMI 1640 media should be substituted for
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DMEM. Both adherent and suspension cells can be cultured in
filter-cap flasks or cell culture dishes. All cell culture work is to be
done under the hood. Spray anything that will go into the hood
with 70 % ethanol. Latex or nitrile gloves and a lab coat should be
worn for all tissue culture and cell culture work. Spills under the
hood can be cleaned using bleach.

1. Prepare sterile solutions for cell culture.
(a) DPBS.

(b) DMEM++ (500 mL DMEM Media+50 mL fetal bovine
serum + 5 mL penicillin—streptomycin).

(c) 1x trypsin (5 mL trypsin stock+45 mL sterile DPBS).

2. One hour prior to working with cells, warm media, DPBS, and
trypsin solution in a 37 °C water bath.

3. Thaw frozen aliquot of cell stock. Cell stocks are typically fro-
zen in an 85 % FBS, 10% DMSO solution and are stored long-
term at —144 °C.

4. Pipet 5 mL of DMEM-++ into a sterile 15 mL tube using a
serological pipet.

5. Pipet cell stock solution into the same tube as in step 4, mixing
the stock solution with the 5 mL of media. Pipet up and down
gently to suspend cells in media.

6. Centrifuge 15 mL tubes at ca. 254 x4 for 5 min at room tem-
perature in a swinging bucket rotor.

7. Add 8 mL fresh DMEM++ to every plate to which cells will be
added.

8. When the spin in step 6 is finished, aspirate the supernatant
and discard. Aspiration steps can be performed using an aspi-
rating pipet and tubing connected to a vacuum collection flask.
CAUTION: Be careful not to disturb the cell pellet at the
bottom of the tube or aspirate cell material when removing the
supernatant.

9. To divide the cells among plates, add 2 mL of fresh DMEM++
for each plate (e.g., for three plates, pipet 6 mL of fresh
DMEM++ into the tube) and mix up and down by pipetting to
suspend the cell pellet.

10. Add 2 mL of cell suspension to each plate. Rock the plate back
and forth a few times to distribute the cells across the surface
of the plate.

11. Examine plates under the light microscope to ensure cell trans-
fer after plating.

12. Place plates in the 37 °C incubator and allow to adhere and
grow.
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3.2 Assessing
the Subcellular
Localization of HDAC5

13. Check plates daily to assess confluence and media color. Cells
should be ready to split when confluent in 3—4 days. Once
>70% confluent, split cells 1:3 or 1:4.

14. Aspirate old media.
15. Wash cells on plate with 2 mL DPBS. Aspirate DBPS.

16. Add 2 mL 1x Trypsin to plate and tip plate to spread solution
over the surface. Allow to sit for 1-2 min. Tap the edges of the
plate firmly to dislodge cells from surface of the plate. While
incubating the plates with trypsin, prepare fresh plates (3—4
new plates per original plate) and add 8 mL of DMEM++ to
each new plate.

17. Once cells are no longer adhering to the surface of the original
plate, add an appropriate amount of fresh DMEM++ to the
plate and pipet up and down to mix. For example, add 4 mL of
DM++ for a total volume of 6 mL (including Trypsin solution)
for distribution to three new plates.

18. Add 2 mL of this cell suspension to each fresh plate and rock
plate to distribute cells.

19. Return cells to incubator.

HDACS localization can be examined either in fixed cells to capture
snapshots of HDACS5 localization [10, 16, 29, 30, 35], which is
the most commonly used technique and is described in this sec-
tion, or by live cell imaging to assess dynamic localizations of
HDACS5 in different contexts (e.g., altered phosphorylation status,
varying cell cycle stages) [16, 38] (see Subheading 3.2.1).
Fixation of cells allows imaging the endogenous HDACS
using commercial antibodies and assessing its co-localization with
other proteins of interest. Antibodies raised against specific phos-
phorylated sites can further provide spatial and temporal informa-
tion about the posttranslational status of HDAC5. Localization
studies can be further aided by the use of cells expressing fluores-
cently tagged HDACS5. Such methods allow for visualizing the
protein via direct fluorescence, which can prevent potential cross-
specificity of antibodies used for immunostaining. Alternatively,
antibodies against the fluorescent tag can also be used for visualiza-
tion. The protocol for examining the localization of tagged
HDACS in fixed cells is identical to that of endogenous HDACS,
with the exception of the antibodies used. The visualization of flu-
orescently tagged HDACS (either by direct fluorescence or anti-
bodies against the tag) can be performed in tandem with the
visualization of other proteins using antibody staining procedures
to assess their co-localization. The protocols detailed in the next
two sections describe the preparation of cells for studies of HDAC5
localization in fixed or live cells and includes instructions on
how to prepare cells expressing fluorescently tagged HDACS
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for Visualization of Fixed
Cells
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(e.g., HDAC5-EGFP) for live cells imaging, and how to incorporate
in these studies staining of cellular organelles, such as trackers for
ER (indicated below) or mitochondria.

1.

DAY 0: Coat coverslips with poly-p-lysine solution (diluted a
1 mg/mL stock 1:100) and incubate overnight (or at least
8 h) at room temperature.

. DAY 1: Plate 5x10° cells on cover slips in a 6-well plate.

Incubate at 37 °C, 5% CO2 overnight. Cells may be plated on
glass-bottom dishes or EZ-Slides as an alternative to
coverslips.

. DAY 2: Check to ensure that cells are ca. 80-90% confluent.

4. Wash coverslips 1x with 1 mL DPBS. Dispense DPBS with a

10.

11.

12.

13.

pipet onto the side of the well rather than directly over top of
the coverslip to avoid disturbing the cell monolayer.

. Fix cells with 1 mL 2 % Paraformaldehyde for 15 min at 40 °C

and incubate on a plate shaker with gentle rocking.

. Wash 3x5 min with 1 mL 0.1 M glycine in DPBS by gentle

rocking on a shaker.

. Permeabilize cells with 1 mL 0.1 % Triton X-100 in DPBS for

15 min, while gently rocking on plate shaker.

. Wash 3 x5 min with 1 mL 0.2% Tween in DPBS. Incubate on

plate shaker (gentle).

. Block cells with 1 mL 2% BSA, 0.2% Tween in DPBS, 60 min,

on plate shaker (gentle). Alternatively, cells can be blocked at
4 °C overnight.

Aspirate blocking solution and add 1 mL of the primary anti-
body solution. For example, for visualizing HDAC5-EGFP by
indirect fluorescence, Roche anti-GFP antibodies can be
diluted at 1:5000 in 2% BSA, 0.2% Tween in DPBS to make
the primary antibody solution. EGFP-tagged HDACS5 can also
be visualized using direct fluorescence, in which case the anti-
body incubation steps can be omitted. Aurora B visualization
can be achieved by preparation of a 1:1000 anti-Aurora B anti-
body solution in 2% BSA, 0.2% Tween in DPBS. Wrap the
plate in aluminum foil to protect from light. Incubate for
30-60 min at room temperature on a plate shaker (gentle).

Wash cells 3x5 min with 1 mL 0.2% Tween in DPBS on a
plate shaker (gentle).

Add 1 mL secondary antibody solution. Wrap the plate in foil
to protect from light and incubate for 30—-60 min at room tem-
perature on a plate shaker (gentle).

Wash cells 3x5 min with 1 mL 0.2% Tween in DPBS, Plate
shaker (gentle).
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3.2.2 Preparing Cells
for Live Cell Imaging

by Immunofiuorescence
Microscopy

Immunofluorescence
Microscopy by Live Cell
Imaging

3.3 Defining HDAC5
Protein Interactions

14. Stain cells in 1 mL 1 pM DAPI or To-Pro3. Wrap the plate in
foil to protect from light and incubate for 30-60 min at room
temperature on a plate shaker (gentle).

15. Wash cells 3x5 min with 1 mL 0.2% Tween in DPBS on a
plate shaker (gentle). Keep cells in the last wash.

16. To mount coverslips, drop ca. 15 pL of anti-fade solution onto
the slide.

17. Place cover slip on top of the slide such that the cell monolayer
and anti-fade solution are sandwiched between the slide and
the coverslip.

18. Wipe off the excess anti-fade solution and seal the edges of
slide /coverslip with nail polish.

19. Store the slide at 4 °C in the dark prior to imaging. Slides can
be stored for 1-2 weeks at 4 °C in the dark before signal
deterioration.

1. DAY 0: plate cells on glass-bottom dishes (e.g., 35 mm glass-
bottom dishes) in DMEM++

2. DAY 1: Dilute ER-Tracker solution to 500 nM in HBSS
Solution and warm to 37 °C.

3. Aspirate DMEM ++ and wash cells with 1 mL HBSS.

4. Aspirate HBSS wash and add 1 mL of 500 nM ER-Tracker/
HBSS staining solution to dish.

5. Wrap dish in foil and incubate cells in staining solution at
37 °C, 5% CO, for 30 min.

6. Aspirate staining solution and add 1 mL of Opti-MEM media
to dish.

7. Wrap dish in foil and proceed to fluorescence imaging.

Given the nuclear—cytoplasmic shuttling of HDAC5, many of its
functions are modulated through the formation of temporal and
spatial protein interactions (Fig. 1b). Therefore, similar to the
studies of other histone deacetylases, there has been a great inter-
est in characterizing these HDACS interactions and their regula-
tion by posttranslational modifications. Immunoaffinity
purification in conjunction with mass spectrometry has become a
robust and routine approach for identifying HDAC5 protein
interactions in different biological context in an effective and
unbiased manner. Although important insights have been gained
from such studies, it is evident that further analyses will be needed
to expand this knowledge and characterize tissue-, cell type-, and
subcellular localization-specific HDACS5 protein interactions in
the context of health or disease states. The protocol presented in
this section has been successfully implemented in HDACS5 protein
interactions studies [10, 16, 30, 35], and contains as main steps:
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and Freezing Cells
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(1) cell harvesting, (2) cryogenic cell lysis, (3) conjugation of
magnetic beads with antibody, (4) immunoaffinity purification of
HDACS, and (5) analysis of interacting proteins using in-gel
digestion with trypsin and mass spectrometry. This workflow can
be used to study the protein interactions of either endogenous or
tagged HDACS. The isolation of endogenous HDACS5 would
require the use of an anti-HDACS5 antibody with validated affinity
and specificity. The isolation of tagged HDACS5 requires the use
of antibodies against the tag. For example, we have effectively
isolated HDAC5-EGFP using magnetic beads conjugated with
anti-EGFP antibodies [10, 16, 30, 35, 41]. It is important to note
that the antibodies used for these workflows, regardless if these
are against a protein or a tag, should be purified. Otherwise, all
the other proteins present in the antibody solution would also
bind to the magnetic beads, leading to the presence of numerous
non-specific associations. The protocol described below is suitable
for both adherent and suspension cells (see Note 1). Additional
protocols for immunoaffinity purification of proteins from other
tissue types or from studies incorporating metabolic labeling have
been described in detail elsewhere [48].

1. Aspirate media from cell culture.

2. Wash with 8 mL DPBS to remove dead cells and wash away
serum.

3. Aspirate DBPS wash.

4. Add 2 mL 1x trypsin—EDTA in DPBS and place the dish on a
rocker. Tap gently to loosen cells.

5. Quench trypsin digest with 6 mL DMEM/10% FBS/1%
(Pen/Strep) and transfer to conical tube (or larger autoclaved
cell harvesting centrifuge tubes if the volumes are large).

. Spin the samples at ~900 x4 for 5 min at 4 °C to pellet cells.
. Aspirate media.

. Wash cell pellet in 50 mL DPBS.

. Re-pellet cells (900 x g for 5 min at 4 °C).

10. Wash the cell pellet again in 50 mL DPBS.

11. Re-pellet cells (900 x4 for 5 min at 4 °C).

12. Record the weight of the final cell pellet (see Note 2).

13. Suspend pelleted cells in freezing buffer (20 mM
Na-HEPES/1.2% PVDP (w/v), pH=7.4), using ~100 pL for
0.5 g of cell powder.

14. Poke 5-10 small holes in the cap of a fresh 50 mL falcon tube
with a syringe needle. Place the tube in a liquid nitrogen bath

and allow to cool, and fill half of the tube with liquid nitrogen
(see Note 3).

O 0 NN O
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3.3.2 Cryogenic
Cell Lysis

15.

16.

17.

Using a pipet, allow the suspended cell solution to fall drop-
wise into the falcon tube from step 14. The cell droplets will
flash freeze into small spheres upon contact with the liquid
nitrogen. Continue this process until the whole cell solution is
frozen into small spheres.

Re-cap the falcon tube with the cap with holes and agitate the
tube to allow the residual liquid nitrogen to escape. Replace
the lid with a fresh cap that has no holes.

Store frozen cell spheres at —-80 °C until ready to proceed with
cryo-disruption.

. Wash mill chambers, grinding ball, plastic washer, and metal

spatula in the following order with:
(a) Hot H,O.
(b) Windex.
(c) Bleach.
(d) Windex.
(e) Methanol.

2. Allow mill chamber and ball to dry in the hood for ca. 15 min.

11.

12.

. Once dried, prechill the mill chamber and the ball together in

liquid nitrogen until the boiling appearance stops (ca. 3—5 min).

. Using long-handled tongs, remove the mill chamber and ball

from the liquid nitrogen.

. Add cell or tissue material to be ground to the deeper half of

chamber.

. Place the ball on top of sample.
. Tightly screw on the other half of the mill chamber and then

submerge the entire chamber containing cell material and
grinding ball in the liquid nitrogen bath for 5 min.

. Using the tongs, remove the mill chamber from the nitrogen

back and lock the chamber into the pulverizer and press start
(setting: 30 Hz, 2.5 min/cycle). Ensure that the machine is
balanced.

. Re-freeze chamber.
10.

Repeat steps 8-9 seven times for mammalian cells or 11 times
for bacterial cells or 20 times for yeast cells.

Label a fresh 50 mL conical tube and place upright in a stand
in the liquid nitrogen bath to keep tube cool.

Unscrew the mill chamber taking care not to spill any cell /tissue
powder. Scrape sample into 50 mL conical using a prechilled
metal spatula. Transfer the ball between sides of the mill cham-
ber and scrape to maximize yield.
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of Magnetic Beads
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13. Clean mill chamber, ball, washer, and spatula as in step 1 and
allow to dry in hood.

The protocol described below has been optimized for the conjuga-
tion of high-affinity antibodies to magnetic M-270 Epoxy
Dynabeads; however, this protocol can be adapted for the use of
different bead diameters or conjugation chemistries (e.g., carbox-
ylic acid, tosylated, streptavidin, amine) for isolation of other tar-
gets (e.g., glycoproteins or biotinylated proteins). This protocol is
compatible with in-house purified antibodies, as well as many com-
mercially available antibodies against both affinity tags and endog-
enous proteins. Therefore, the protocol can be used for studying
endogenous and tagged HDAC5. For example, for tagged
HDACS, the magnetic beads can be conjugated with IgG for
Protein A-tagged HDACS, with anti-GFP antibodies for HDAC5-
EGFP, and with anti-FLAG for isolating HDAC5-FLAG.

1. DAY 0, afternoon: Weigh the necessary amount (start with ca.
4-5 mg beads/isolation) of magnetic beads (M-270 Epoxy
Dynabeads. in a round-bottom 2 mL tube using clean metal
spatula and a sensitive balance (se¢ Note 4).

2. Wash beads with 1 mL sodium phosphate buffer; vortex for
30 s; seal cap with Parafilm.

3. Mix for 15 min on TOMY shaker (speed #7, room
temperature).

4. Place tube against magnetic rack and remove the ferrous buffer
once the beads have separated from the buffer solution.

5. Wash beads with 1 mL Na-phosphate bufter; vortex 30 s.
6. Place tube against magnetic rack and remove buffer.

7. Prepare antibody solution to resuspend beads. Use 5 pg
Ab/1 mg beads for purified, high-affinity, antibod-
ies. To calculate the amount of antibody, AmSO,, and
Na-phosphate buffer required for antibody solution, assume
a total volume of 20 pL per mg of beads. The final con-
centration of AmSOy should be 1 M (i.e., one-third of the
total volume if starting with a 3 M stock). The remain-
ing volume can be made up with Na-phosphate buffer (i.e.,
Volumer - Volume,, — Volumeymsos = Volume, phosphare). -~ Add
the 3 M AmSOy last to limit protein precipitation.

8. Carry out the conjugation overnight on a rotor at 30 °C. Use
Parafilm to seal the top of the tube and rotate on y-axis.

9. DAY 1, morning: place the tube on a magnet. Remove super-
natant and wash beads with:

(a) 1 mL NaPhosphate bufter.
(b) 1 mL 100 mM glycine-HCI (fast wash) (see Note 5).
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3.3.4 Immunoaffinity
Purification of HDAC5
With Interacting Partners

10.

2.

3.

4.
5.

(¢) 1 mL 10 mM Tris.

(d) 1 mL freshly prepared 100 mM triethylamine solution
(fast wash) (140 pL+10 mL Milli-Q H,O in hood) (see
Note 5).

(e) 1 mL DPBS (wash 4x).
(f) 1 mL DPBS+0.5% Triton X-100 for 15 min.
(g) 1 mL DPBS

Resuspend beads for storage at 4 °C in DPBS-0.02% NaNj;
and use within 2-3 weeks (see Note 6). Store at Cyca. 15 pL/
mg beads.

. Resuspend frozen cell powder in an appropriate volume of lysis

buffer (LB), e.g., 10 mL LB /g cells. It is advisable to optimize
the lysis buffer composition for each isolation of HDACS, as
the efficiency of isolation can be cell-, tissue-, and stimulus-
type dependent. However, as a starting point, the buffer
detailed below provides an example of a previously optimized
lysis condition that was successfully used to isolate HDAC5
from HEK293, U208, and CEM T cells [10, 16, 30, 35]. The
bufter composition is: 20 mM HEPES-KOH, pH 7.4, 0.1 M
potassium acetate, 2 mM MgCl,, 0.1 % Tween 20, 1 pM ZnCl,,
1 pM CaCl,, 0.5% Triton X-100, 250 mM NaCl, 4 pg/mL
DNase I, 1/100 (v/v) protease, and phosphatase inhibitor
cocktails. Therefore, 10 mL of this lysis buffer can be prepared
by mixing the following reagents:

(a) 833 pL 3M NaCl.

(b) 500 pL 10% Triton X-100.

(c) 1 mL 10x TBT with salts.

(d) 100 pL protease inhibitor cocktail (for mammalian cells).

(e) 100pLphosphataseinhibitor cocktail (seeSubheading2.3 .4,
item 6).

(f) 100pLphosphataseinhibitor cocktail (seeSubheading2.3 .4,
item 7).

(g) 40 pL DNase I (1 mg/mL stock).

(h) 7.33 mL Milli-Q H,O.

Mix with Polytron for 20 s; or vortex for 30 s for small volumes
or viral samples.

Incubate for 5 min with agitation at room temp for DNasel
activity (see Note 7).

Centrifuge at 4 °C for 10 min at 8000 x 4.

Place conjugated Dynabeads on magnet and remove bufter.

6. Wash 3x with 1 mL of WB and resuspend in 100 pL of WB.
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7. Transfer lysate S/N to clean container (conical or culture
tube )—make sure no particles are present, as these can clog the
magnetic beads and lead to non-specific associations. Save pel-
let for Western blot analysis.

8. Add washed beads to cell lysate S/N.
9. Incubate at 4 °C with gentle rotation (5 min to 3 h (se¢ Note

8)).
10. Place tube on magnet.

11. Transfer flow-through to another tube and store at 4 °C for
Western blot analysis.

12. Wash beads 4x with 1 mL WB (during first and fourth washes,
transfer beads to fresh tubes) and 2x with 1 mL DPBS.

13. Elute proteins with 30 pL. 1x LDS sample buffer (EB) or 1x
(LDS SB/Reducing Agent).

14. Agitate on TOMY shaker (setting #7) for 10 min and place
sample at 70 °C for 10 min. At this point, samples can be kept
at 4 °C (if running gel within next 24 h) or at -20 °C for lon-
ger. Keep 10% for Western.

15. Carry on ecither with steps 16-22 for determining the effi-
ciency of HDACS5 isolation or with Subheading 3.3.5 for pre-
paring the samples for mass spectrometry analysis.

16. Perform Western blotting to check IP efficiency using the
following samples:

(a) Whole cell lysate (WCL): Precipitate protein with four
volumes of 100% acetone (ice cold) and place at -20 °C
for at least 30 min (can leave this overnight). Spin precipi-
tated protein solution at 3000 x g4 for 10 min at 4 °C. Wash
pellet 2x with 75% acetone. Use 1% of precipitated FT
protein (instead of 10% because there should be a lot of
protein present) to prepare samples for Western blotting.

(b) Pellet: suspend pellet in water; boil and vortex if necessary;
dissolve pellet as well as possible. Use 10% of pellet to pre-
pare samples for Western blotting.

(c) Flow-through (FT): Take 10% of flow-through volume.
Precipitate protein with four volumes of 100 % acetone (ice
cold) and place at =20 °C for at least 30 min (can leave this
overnight). Spin precipitated protein solution at 3000 x g4
for 10 min at 4 °C. Wash pellet 2x with 75% acetone.
Allow to dry for 15 min (see Note 9). Add LDS SB and
prepare samples for Western blotting.

(d) Magnetic Beads: Resuspend beads in LDS SB and use 10%
of beads to prepare samples for Western blotting. Eluate:
Take 10% of IP eluate and prepare samples for Western
blotting.
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3.3.5 In-gel Digestion
of HDAC5 Co-isolated
Proteins (See Note 10)

17. Prepare samples in LDS sample buffer (4x) such that final sam-
ple concentration is 1x LDS sample buffer.

18. Add NuPAGE reducing agent or DTT (10x stocks) to a final
concentration of 1x.

19. Heat at 70 °C for 10 min.

20. Add iodoacetamide (final=10%) to sample and incubate in
dark for 20-30 min at room temperature.

21. Separate samples on gel, transfer to a PVDF or nitrocellulose
membrane, incubate with antibody against the bait protein or
tag to determine efficiency of isolation.

22. Upon confirmation of efficient isolation of bait protein by
Western blotting, separate remaining eluate by 1D
SDS-PAGE.

(a) Add reducing agent (e.g., DTT) to final concentration of
100 mM.

(b) Heat sample at 70 °C for 10 min.

(c) Add iodoacetamide at 10% (from 1 M stock, final
[IAA]=100 mM); incubate in dark for 20 min on ice.

Proteins co-isolated with HDACS5 can be analyzed by mass spec-
trometry or by western blotting. This section discusses in-gel
digestion techniques for proteomic-based mass spectrometry
analysis; however, in-solution digestion can provide a less time-
consuming alternative to in-gel methods. The advantages of using
in-gel digestion lie in the ability of gel resolution to remove deter-
gents from IP samples, as well as to resolve complex protein sam-
ples [49]. Use of in-solution digestion [48] can minimize sample
loss and aid in reproducibility for higher-throughput analyses [ 10,
50, 51]. The protocol described in this section includes enzymatic
digestion using trypsin; however, additional and/or alternative
enzymes may be appropriate for the generation of specific target
peptides or for the analysis of other proteins of interest. When
selecting an enzyme for protein digestion, iz silico digestions of
the protein sequences can be performed to determine the expected
cleavage products and assess enzyme suitability, which can be
achieved using online platforms such as the MS-Digest utility
(http://prospector.ucsf.edu/prospector/cgi-bin/msform.
cgi?form=msdigest) of Protein Prospector (Baker, P.R. and
Clauser, K.R. http://prospector.ucsf.edu).

1. To prepare remaining ecluates for mass spectrometry analysis,
separate samples on a pre-cast NuPAGE Gradient 4-12 % using
a MOPS SDS or MES SDS running buffer. Use the following
settings to separate proteins: 100 V for 5 min; 200 V for ca.
20 min. Allow the dye front to progress ca. one-third of the
way down the gel.


http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msdigest
http://prospector.ucsf.edu/prospector/cgi-bin/msform.cgi?form=msdigest
http://prospector.ucsf.edu/
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2. After removing the gel from the pre-cast cassette, wash
3 x5 min in Milli-Q dH,O0.

3. After third wash, stain gel using Simply Blue SafeStain for
30-60 min.

4. Destain gel in Milli-Q dH,O and store gel in Milli-Q dH,O at
4 °C until ready to process for digestion.

5. In-gel digestion can be performed in either individual 1.7 mL
tubes or in wells of a 96-well plate with sealing mat (useful
when more than four samples are processed at a time). Rinse
the 96-well plate with Milli-Q water and shake/tap out

excess liquid. Each well /tube is considered a single sample
(see Note 11).

6. Prepare destaining solution on the day of digestion by mixing
2.0 mL of 100% ACN and 2.0 mL of 0.1 M ABC in a solution
basin (see Note 12).

7. Excise a single gel lane from the gel and cut the gel lane into
1 mm slices. When using a 96-well format, do not put more
than four 1 mm slices into each well.

8. Add 90 pL of destaining solution to each well and agitate at
4 °C for 10 min. Aspirate and discard (se¢ Note 13).

9. Add 90 pL of fresh destaining solution to each well and agitate
at 4 °C for 10 min.

10. While destaining aliquot the following amounts of the follow-
ing solutions into separate basins to allow use of the multi-
channel pipette for dehydration and rehydration steps:

(a) 5 mL of 100% ACN for dehydration steps.
(b) 5 mL of 50 mM ABC for rehydration steps.

11. Aspirate the destaining solution from wells and add 90 pL
ACN to each well. Invert the plate several times and incubate
until gel pieces are white (ca. 1 min).

12. Remove ACN and add 90 pL of 50 mM ABC to each well.
Invert the plate several times and shake at 4 °C until the gel
pieces swell and become translucent (ca. 5 min).

13. Aspirate ABC and add 90 pl of 100% ACN to dehydrate, and
incubate as above.

14. Remove ACN and add 50 mM ABC to samples and let rehy-
drate as above.

15. Aspirate ABC and perform a final (third) dehydration with
90 pL of 100% ACN.

16. Aspirate ACN. Allow the residual ACN in wells to evaporate
during preparation of the trypsin solution (see step 13).

17. Mix 331.5 pL of 50 mM ABC and 8.5 pL of 0.5 pg/pL trypsin
inan 1.7 mL tube.
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3.3.6 Peptide Extraction
and Sample Desalting
(StageTips)

18.

19.

Add 20 pL of trypsin—~ABC solution to the dehydrated gel
pieces. Allow gel pieces to rehydrate and swell (ca. 5 min).

Add 30-50 pL of 50 mM ABC to gel pieces, using a sufficient
volume to fully cover the gel pieces. Seal the plate and incubate
for 10 min at 37 °C. Check gel pieces after 10 min of incuba-
tion to ensure they are still fully covered by ABC, then incu-
bate overnight at 37 °C.

Following peptide extraction, samples can be desalted using either
StageTips (as described in this section) [50, 52] or just prior to
liquid chromatographic separation on the analytical column
through the use of online trap columns.

1.

Add an equal volume (relative to amount of ABC added on
Day 2, step 15) of 1% formic acid to each sample and incubate
for 4 h at room temperature.

. Transfer the extracted peptides to a clean 1.7 mL tube. Avoid

transferring large gel pieces. Use a different tip for each well;
however, the tip can be reused for the same well in step 4
below. Adjacent samples can be pooled at this step, if desired,
for samples corresponding to gel regions with lighter staining/
lower estimated protein content.

. Add an equal volume (see step 1) of 0.5% formic acid—50%

ACN solution to the gel pieces and incubate for an additional
2 h at room temperature.

. After 2 h, combine the second extraction (step 3) with the first

peptide extraction (step 2).

. SpeedVac samples to ~20 pL to remove ACN. During SpeedVac

concentration, assemble StageTips. Assemble one StageTip for
each sample.

(a) Cut Empore SDB disk out using the 16 gauge needle and
use the plunger to pack the disk into a P200 tip.

(b) Tap the disk down into place until it is approximately % of
the way down from the lowest graduated ring of the P200
tip.

(c) Each disk binds ca. 15 pg of peptides. Additional disks can
be layered or a larger disk diameter can be selected if
needed (e.g., for 25-30 pg, use 14 gauge needle).

. Dilute each sample to approximately 40 pL with 0.5% TFA.
. Adjust samples to 1% TFA (sec Note 14).
. Pipet samples over the top of the StageTip. Hold StageTip and

flick wrist to remove excess air between the sample and the top
of the SBD disk.

. Place each StageTip into a collection tube and centrifuge tips

at 1000-2000 x4 until the entire sample has passed through
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the disk (see Note 15). Flow-through can be saved if desired
for analysis of the efficiency of isolation.

10. Pipet 100 pL wash buffer over the top of the StageTip and
centrifuge as above until all wash solution has passed through
the disk (see Note 16).

11. If fractionating sample, continue to step 13. If performing a
single elution, apply 50 pL of the Elution #3 solution to the
top of each StageTip. Proceed to step 14.

12. Elute peptides from the disk into autosampler vials by applying
air pressure with the syringe. Each elution should take approxi-
mately 15 s.

13. For fractionation, perform stepwise elutions into separate
autosampler vials using Elution #1, #2, and #3 solutions.
Proceed to step 14.

14. Concentrate the samples to approximately 1 pLin the SpeedVac
(see Note 17).

15. Add Dilution Solution (1% FA/4% ACN) to achieve the
desired peptide concentrations (e.g., 9 pL for routine LC-MS/
MS analysis).

Immunoaffinity approaches coupled with mass spectrometry anal-
ysis can also be used for the identification of posttranslational mod-
ifications, including phosphorylation, acetylation, sumoylation,
and ubiquitination, among others. Enrichment for the isolation of
specific modifications can be achieved through the use of antibody-
based enrichments (e.g., using pan-anti-acetyl or anti-phospho
antibodies) [53-55] or through the use of affinity chromatography
methods that make use of metal-based resins with affinity for phos-
phorylated peptides such as IMAC (Ni-based) or TiO, enrich-
ments [56-59].

The impact of posttranslational modifications on HDACS localiza-
tion, activity, and function can be assessed by generation of site-
specific null or mimetic mutants at identified sites of modification
(Fig. 2). For example, a phosphorylated serine residue can be
mutated to alanine to simulate an unmodified state, while mutation
of the residue to aspartic acid can mimic constitutive phosphoryla-
tion. Specifically, mutation of Ser259 and Ser298 to alanine results
in a loss of association with 14—3-3 proteins and increased nuclear
localization of HDACS5 [15, 60]. Alternatively, mutation of Ser279
to alanine results in cytoplasmic localization of HDACS5 [16, 29].
Similarly, phosphorylated threonine or tyrosine residues can be
mutated to glutamic acid to generate phosphomimetics.
Acetylation of lysine can be mimicked with replacement of lysine
with glutamine, while mutation of lysine to arginine would elimi-
nate potential acetylation of the site while retaining the charge
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3.4.3 Motif Searching

3.4.4 Structure
Predictions

state of the amino acid. These mutations can be achieved by site-
directed mutagenesis using a variety of available kits and cloning
techniques.

Determining potential enzymes that can act on PTM sites can also
provide insight into the regulation and function of individual mod-
ifications. Algorithms such as those found at gps.biocuckoo.org or
expasy.org that search amino acid sequences for motifs matching
established consensus sequences can be employed for prediction of
multiple modifications.

1. Obtain FASTA sequence of interest.
2. Navigate to http://www.cbs.dtu.dk/services/NetPhosK/

3. Paste FASTA sequence into “Submission” window or upload
FASTA submission using the “Choose file” radio button.

4. Select filtering type (for rapid prediction, select “Prediction
without filtering”).

5. Click submit to begin the search.

While a crystal structure for HDACS5 has not yet been published,
the complete structure of another deacetylase, HDACS, and of
the deacetylase domain of HDAC4 have been investigated by
X-ray crystallography and modeling [61-63]. Due to the high
degree of sequence homology among HDAC:s, especially within
the enzymatic domain, these known structures provide a useful
platform for further predicting HDACS structural elements.
These structural predictions can be informative when investigat-
ing how certain posttranslational modifications may impact
HDACS functions.

Predictions of HDACS structural conformation can be gener-
ated based on the primary amino acid sequence of HDACS5 and its
similarity in sequence and motifs to other previously crystallized
structures. Predictions for HDACS5 can thus be developed based
on PDB structures currently available in the RCSD PDB databank.
Online structural prediction platforms, such as I-TASSER (http://
zhanglab.ccmb.med.umich.edu/I-TASSER /), allow for searching
of protein FASTA sequences and also allow addition of customiz-
able restraints to the search space through the addition of inclusion
and exclusion lists for similar proteins and protein motifs with
solved crystal structures [64—66]. Such user-defined restrains and
curated structure libraries can further refine the algorithm for indi-
vidual proteins.

1. Obtain FASTA sequence of HDACS.

2. Navigate  to  http://zhanglab.ccmb.med.umich.edu/I-
TASSER in the web browser.


http://www.cbs.dtu.dk/services/NetPhosK/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER
http://zhanglab.ccmb.med.umich.edu/I-TASSER
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3. Copy and paste FASTA sequence into the box under the head-
ing “Copy and paste your sequence here.”

4. Optional: enter an e-mail address in the corresponding box to
retrieve I-TASSER prediction results.

5. If desired, select additional constraints for structural modeling
by selecting the appropriate filter by clicking on the black tri-
angle next to each “Option” category. (i.e., Option I: Assign
additional restraints & templates to guide I-TASSER model-
ing, Option II: Exclude some templates from I-TASSER tem-
plate library, Option III: Specify secondary structure for
specific residues)

6. Click the “Run I-TASSER” button to execute the modeling
algorithm.

Accumulating evidence has demonstrated that histone deacetylases
are regulated during the progression of the cell cycle. For example,
class ITa HDACs (HDAC4, HDACS, and HDAC9) were shown
to be substrates of the mitotic kinase Aurora B, and protein inter-
actions and phosphorylations of HDAC5 were reported to change
during the cell cycle. These reports demonstrate the value and the
need for future studies that characterize the cell cycle-dependent
functions of HDACG:s. Cell cycle arrests in conjunction with protein
immunoaffinity purifications, imaging techniques, and examina-
tion of posttranslational modifications can provide important
insights into HDACS5 functions (Fig. 1b). The protocols presented
in this chapter can be used to assess diverse biological functions of
HDACS5 during cell cycle progression, and have been selected
given their successful use in previous HDACS5 studies [30]. The
protocols describe the use of HEK293 cells, but similar methods
can be used for studies in other cell types.

1. Seed HEK293 cells expressing HDAC5-EGFP and culture to
30% confluence.

2. To arrest cells in G1/S: add hydroxyurea to standard media
DMEM++ to a final concentration of 4.0 mM and incubate for
40 h.

3. To arrest cells in G2/M: add nocodozole to standard media
DMEM++ to a final concentration of 100 ng/mL and incu-
bate for 20 h.

4. To block the completion of cytokinesis: add hesperadin to
DMEM++ to a final concentration of 20-60 nM and incubate
for 24 h.

5. Harvest cells by trypsinization and centrifugation.

6. Lyse cells and analyze lysates by SDS-PAGE and Western
blotting.
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3.5.2  Analysis of Cell
Cycle Stage by Flow
Cytometry

3.5.3 Kinase Inhibition
Studies

3.5.4 Small-Molecule
Kinase Inhibitors

p—

. Wash cells with 5 mL DPBS.
2. Perform trypsin digestion.

3. Transfer into 5 mL DPBS +2-5% FBS serum in a 15 mL coni-
cal (to quench trypsin reaction).

. Spin at 250 x g for 5 min.

. Aspirate supernatant.

. Vortex pellet and add 1.5 mL of cold DPBS.

. Slowly add 3 mL of cold 95% EtOH in drop wise tashion.

. Store overnight at 4 °C (can be stored up to 2 weeks).

O 0 N O Ul W

. Spin cells at 1800 x4 for 5 min.

10. Pour off supernatant and resuspend in 5 mL DPBS.
11. Spin at 1800 x4 for 5 min.

12. Pour oft supernatant and resuspend in 5 mL DPBS.
13. Spin at 1800 x g for 5 min.

14. Pour off supernatant and use a barrier pipette tip to resuspend in
500 pL propidium iodide (PT)-RNase mixture (400 pL. PI (1 mg/
mL)+200 pL RnaseA (10 mg/mL)) (final [PI]=40 pg/mL).

15. Transfer cell solution to a flow cytometry compatible tube.

16. Cover tube in foil and incubate at room temperature for 1 h in
the dark.

17. Vortex tube immediately prior to flow cytometry analysis to
limit cell clumping.

18. Acquire and record PI signal using a BD LSRII FACS instru-
ment and the BD FACS Diva program.

As HDACS is known to be heavily modified by phosphorylation at
multiple sites, kinases play critical roles in regulating its functions.
Many studies have aimed to define the kinases that modulate
HDACS5 phosphorylations and the downstream impact of these
modifications [2, 6, 16, 24, 29, 30, 67] and reviewed in Ref. [68].
While not all the used protocols can be covered here, one com-
monly used approach is to inhibit kinases and study the impact of
that inhibition on HDACS5 localization, interactions, and tran-
scriptional regulatory functions. Inhibition of specific kinases can
be achieved at a global level using Staurosporine or at a more spe-
cific level using selective kinase inhibitors (e.g., hesperadin to
inhibit Aurora B). Small molecule inhibitors should be selected
based on high selectivity toward targets and low cytotoxicity.
Selective kinase inhibition can also be achieved through siRNA
mediated knockdown of target kinases.

1. Seed HEK293 cells expressing HDAC5-EGFP and culture to
30% confluence.
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Knockdown of Kinases

3.6 Enzymatic
Activity of HDAC5
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Deacetylase Assay
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2. Add hesperadin (or other selective kinase inhibitors) to
DMEM-++ to a final concentration of 20-60 nM and incubate
for 24 h.

3. Harvest cells by trypsinization and centrifugation.

4. Lyse cells and analyze lysates by Western blotting, room
temperature-PCR, or immunofluorescence microscopy.

p—

. Seed HEK293 cells and culture to 60-80% confluence.

2. Dilute Lipofectamine RNAIMAX reagent in Opti-MEM
medium. For a 6-well dish, dilute 9 pL Lipofectamine
RNAIMAX in 150 pLL Opti-MEM.

3. Dilute siRNA in Opti-MEM Medium. For a 6-well dish, dilute
30 pmol of siRNA complex in 150 pL Opti-MEM.

4. Mix diluted Lipofectamine solution (step 3) and siRNA solu-
tion (step 4) 1:1.

5. Incubate the combined solution for 5 min at room
temperature.

6. Add combined solution (siRNA-lipid complex) to plated cells.
7. Incubate cells at 37 °C for 24-72 h.

8. Analyze transfected cells for efficient knockdown by Western
blotting, reverse transcription-qPCR, or immunofluorescence
microscopy.

The innate deacetylase activity of HDACS5 against acetylated lysine
is limited in vivo due to the absence of a catalytic tyrosine residue
present in the enzymatic domains of other HDACs. In HDAC5
and the other class IIa HDAC:s (4, 7, and 9), this tyrosine residue
is replaced with histidine [8]. However, HDACS5 seems to retain
activity toward a trifluoroacetylated lysine substrate [8 ], which can
be used to assess enzymatic activity immunoaffinity purified class
ITa HDAG:. It is important to consider that HDACS closely asso-
ciates with the class I enzyme HDAC3 in vivo, resulting in ambi-
guity in analysis of immunoaffinity purified HDACS5. Therefore, to
determine HDACS5 activity, the co-isolation of HDAC3 must also
be assessed. Alternatively, cell lines expressing sitHDAC3 may be
suitable for determining the individual contributions of HDAC5
to enzymatic activity. Assessment of deacetylation activity most
commonly involves the use of a fluorometric assay. Following
immunoaffinity isolation of HDAC5 (and HDAC3) using mag-
netic beads, the fluorometric enzymatic assay can be performed
while the proteins themselves are bound to the beads. Following
the fluorometric assay, protein samples can be eluted from the
beads for additional analysis of protein expression levels and co-
isolating proteins by Western blotting.

1. Start with 0.2 g cells/enzymatic assay. Use 2 mg beads per
0.2 g cells and 1 mL of lysis buffer per 0.2 g cells.



78

Amanda J. Guise and lleana M. Cristea

2.

10.

Follow the protocol above for immunoaffinity isolation of pro-
tein complexes (see Subheading 3.3.4 Immunoaffinity purifica-
tion of HDACS with intevacting partners steps 1-12(b)).

. Wash 3x with buffer used for enzymatic activity assay (e.g.,

phosphatase buffer or assay buffer).

. After the final wash, resuspend the sample in a small volume

buffer (300 pl) and split it to 5 round bottom tubes (60 pl in
each). The remaining tubes are for individual assay conditions
as indicated below.

(a) Tube 1 is reserved for Western blotting. Proceed to elu-
tion in 20 pl 1x TEL buffer.

(b) Tube 2: Time point 1 (e.g., time=0 min), No inhibitor
(-TSA).

(c) Tube 3: Time point 1 (e.g., time=0 min), +Inhibitor
(+TSA) (see Note 18).

(d) Tube 4: Time point 2 (e.g., time =90 min), No inhibitor
(-TSA).

(¢) Tube 5: Time point 2 (e.g., time=90 min), +Inhibitor
(+TSA).

. Re-split the sample from each tube (step 4b-e (Tubes 2-5))

into three round bottom tubes for three replicates.

. Place all tubes on magnetic rack, discard supernatant. Set up

the enzymatic reactions on the magnetic beads, taking into
account the following pre-steps:

(a) Prepare master mixes with 400 pM substrate +2 pM TSA
in assay buffer and pre-warm to 37 °C.

(b) Add 20 pL of the appropriate master mix solutions to
Tubes 4 and 5 and mix well.

(c) Allow Tubes 2 and 3 to stand at 37 °C. Do not add master
mixes to these tubes at this time.

. Allow the reactions in Tubes 4 and 5 to proceed for 90 min at

37 °C, flick the tubes to mix intermittently during the
incubation.

. Quench the deacetylation reaction by adding 40 pl of 1x

Developer in assay buffer. Also add the appropriate master mix
solutions to Tubes 2 and 3, followed by an immediate addition
of the developer.

. After the development step, briefly spin, place tubes on mag-

netic rack, and transfer all supernatants to individual wells on
96-well plates for fluorescence measurements. Save the beads
for step 12.

Read samples in a microplate-reading fluorimeter capable of
excitation at a wavelength in the range 350-380 nm and
detection of emitted light in the range 450-480 nm (e.g.,
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11.

Synergy Mx fluorometer). Completion of signal development
can be assessed by taking fluorescence readings at 5 min inter-
vals. The Developer reaction is complete when the fluores-
cence readings reach a maximum and plateau. Fluorescence
signal remains stable for at least 60 min. after reaching the
maximum plateau.

Elute the protein from the magnetic beads with 20 pl 1x TEL
buffer to assess isolation by Western blotting.

4 Notes

. The volumes provided for reference are for adherent cells in

culture plates with 100 mm diameter; adjust volumes accord-
ingly for larger dishes. For cells in suspension, trypsinization
steps should be omitted.

. The mass of the wet cell pellet can be most easily calculated by

recording the mass of the empty tube and the final mass of the
tube including cell pellet after harvesting. To avoid overesti-
mation of the mass of the pellet, try to remove as much of the
DPBS was as possible from the pellet without aspirating cell
material.

. For freezing cell material in the liquid nitrogen bath, it is help-

ful to secure a Styrofoam tube rack in the bottom of another
Styrofoam box to hold the falcon tube upright. This can be
easily achieved by using pipet tips to pin the rack down in the
nitrogen bath. Alternatively, a metal tube rack can be carefully
placed in the liquid nitrogen bath to hold the conical tubes.

. Bead conjugation is easier to perform with bead amounts of

>10 mg. Therefore, it is advisable to conjugate the beads for
the bait and control and replicates at the same time.

. In the “fast wash” steps, the beads should not be left to sit in the

wash solution to minimize prolonged exposure of the antibody-
conjugated bead solution to the highly acidic (pH=2.5) glycine
solution or to highly basic triethylamine solution.

. The isolation efficiency after 1 month of storage at 4 °C

decreases to ca. 60% of the original performance. Therefore,
use the magnetic beads within 2 weeks after conjugation.

. Addition of DNAse is important for the analysis of proteins that

are known to bind to DNA in order to determine the depen-
dency of co-isolating proteins on the presence of DNA in
immunoaffinity purifications. In lieu of DNase I, benzonase can
also be used for efficient degradation of DNA in samples [69].

. Incubation time should be optimized for efficient recovery of

the bait protein while minimizing non-specific background
proteins. It is best to use as short an incubation time as possi-
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10.

11.

12.

13.

14.

15.

16.
17.

18.

ble, as extended times lead to the accumulation of nonspecific
associations and the loss of weak interactions [41 ]. For HDAC5
isolations, incubations of 30—-60 min are sufficient to capture
the protein and its interacting partners.

. Allowing the precipitated protein to dry for too long will make

the pellet hard to resuspend. Insufficient drying retains traces
of acetone, which will interfere with the running of the gel.
The dried pellet should be dull white and opaque in appear-
ance. A translucent pellet indicates that the pellet is not dry. A
bright white pellet indicates that the pellet may be overly dry.

Preparation for in-gel digestion can also be performed on same
day as digestion to shorten protocol. For very complex samples
or if loading > 50 pg of protein per lane, full gel resolution can
be performed to distribute sample complexity across the gel
length. However, for the majority of protein complexes, ideal
gel resolution is achieved when the dye-front is between a third
and half way down the full gel length.

Working solution volumes in this protocol have been calcu-
lated for 16 samples, which corresponds to the average num-
ber of wells needed to process two gel lanes in which samples
have been resolved one-third of the way down the gel (ca. 8
fractions per lane), assuming that 90 pL of solution are used
per well, unless noted otherwise.

If using 96-well plates, all solutions can be added/removed
from wells by a multichannel pipettor, keeping same set of tips
for each sample set for all steps performed on this day.

For all aspirations, ensure that gel pieces remain in the wells
and do not stick to the pipet tips. To minimize loss of gel
pieces, avoid pushing the pipet tip down to the bottom of well
and limit the number of gel pieces in each well.

The final volume of the sample loaded over the StageTip
should be between 50 and 150 pL. The final concentration of
ACN should be <10%.

Choose a centrifuge speed that gives a flow rate over the disk
of approximately 50 pL sample /min.

Empty collection tubes if necessary.

For fractionated samples, the three elution solutions will con-
centrate at different rates. The concentration speed of Elution
#3 is the fastest, then Elution #2, then Elution #1. For refer-
ence, concentration of Elution #3 takes 8-12 min in our
SpeedVac (on the no-heat setting).

TSA (trichostatin A) treatment of samples is included to inhibit
HDAC activity and serve as a control to demonstrate that
measured deacetylation activity in parallel experiments is
dependent on the presence of HDAC activity.
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Chapter 6

Analysis of Expression and Functions of Histone
Deacetylase 6 (HDACG6)

Miao Li, Yan Zhuang, and Bin Shan

Abstract

Histone deacetylase 6 (HDACO) is a member of class IIb HDAC family. HDACG6 exists predominantly in
the cytoplasm and deacetylates mainly non-histone proteins in the cytoplasm. Via its deacetylase and ubiq-
uitin binding domains, HDACG6 regulates microtubules, cytoskeleton, intracellular trafficking, and cellular
responses to stress. HDACO6 plays a central role in physiology and pathobiology in various organs and
tissues. Herein we describe the methods for analysis of expression and function of HDACG6 in diverse
physiological and pathological contexts.

Key words Histone deacetylase 6, Acetylation, Stress, Chaperone, Ubiquitin

1 Introduction

Histone deacetylase 6 (HDACG) is a member of class IIb HDAC
family and distinct from other HDACs because it contains two
deacetylase domains and an ubiquitin-binding domain called ubiq-
uitin carboxyl-terminal hydrolase-like zinc finger domain (ZnF-
UBP) at its C terminus [1]. The human HDACG6 gene is located on
the X chromosome (chrX:48,802,080-48,824,970) in the human
genome assembly GRCh38,/hg38 as illustrated on the UCSC
genome browser [2]. The human HDACG6 principal transcript
(RefSeq NM_006044) consists of 29 exons and is translated into
the HDACS6 protein of 1215 amino acids and a molecular mass of
131 kDa. We identified one minor isoform of HDAC6 mRNA that
is produced through alternative splicing and translated into the
1063 amino acid long HDAC6 protein with a molecular mass of
114 kDa [3]. HDAC6 possesses one nuclear localization signal
motif as well as two nuclear export signal motifs and exists predomi-
nantly in the cytoplasm (Fig. 1). Distinct from its orthologs in C.
elegans, drosophila, and mouse, human HDACG6 harbors a tetra-
decapeptide repeat domain (SE14) located between the C-terminal
deacetylase domain and the C-terminal ZnF-UBP motif (Fig. 1)
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NLS NES DAC1/E3 Liaise DAC2 SE14 NES ZnF-UBP

Fig. 1 Functional domains of the human HDAC6 protein. The functional and signaling domains of the human
HDACG protein are illustrated as the indicated boxes that reflect the size and position of each domain. NLS
nuclear localization signal, NES nuclear export signal, DAC deacetylase, E3 ligase E3 ubiquitin ligase, SE14
tetradecapeptide repeat domain, ZnF-UBP ubiquitin carboxyl-terminal hydrolase-like zinc finger domain

[4]. SE14 repeat confers the human-specific leptomycin B-resistant
cytoplasmic retention. HDAC6 functions through its two deacety-
lase domains, ubiquitin-binding Znf-UBP domain, and the newly
discovered E3 ubiquitin ligase domain within its N-terminal deacet-
ylase domain (Fig. 1) [5-7]. Consistent with its subcellular localiza-
tion HDACG6 predominantly deacetylates non-histone proteins in
the cytoplasm. Representative substrates deacetylated by HDAC6
are a-tubulin, heat-shock protein 90 (HSP90), and cortactin [8—
10]. The proximal locations of two deacetylase domains and the
linker region between them are essential to efficient deacetylation of
HDACG6’s substrates [11].

According to a transcriptome profile of various human tissues
using Affymetrix HG133A array human HDACS6 is ubiquitously
expressed and exhibits the highest expression in the pineal gland
[12]. HDACO expression can be regulated transcriptionally under
certain conditions. Estrogen up-regulates HDACO6 expression in
estrogen receptor-positive breast cancer cells and up-regulation of
HDAC6 mediates estrogen-induced increase in cell motility [13].
HDACH6 expression is also induced upon oncogenic Ras transfor-
mation and required for Ras-induced transformation [14]. On the
other hand, HDACG6 expression is induced during senescence of
colon cancer cells induced by the chemo prevention agent ursode-
oxycholic acid [15].

HDACH6 regulates a myriad of molecular and cellular processes
in the cell via its deacetylase and ubiquitin binding ZnF-UBP
domains. Through its deacetylase domains HDAC6 promotes cell
motility by deacetylating a-tubulin and cortactin that are master
regulators of dynamic organization of microtubules and cytoskel-
eton during migration [8, 9]. Consistently the HDACG6-specific
inhibitor tubacin increases acetylation of a-tubulin and decreases
cell motility [7]. HDACG6-mediated deacetylation of a-tubulin is
activated during TGEF-p1 induced epithelial-mesenchymal transi-
tion in human lung epithelial cells and inhibition of HDACG6 atten-
uates the TGF-p1-induced epithelial-mesenchymal transition [ 16].
On the other hand HDAC6 mediates chemotactic motility of T
lymphocytes independent of its deacetylase activity [16]. Besides
microtubules, HDACG6 is phosphorylated and activated by Aurora
A kinase and in turn deacetylates a-tubulin n the primary cilium to
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promote ciliary disassembly [17]. Moreover, HDACG is essential
to autophagy-mediated cilia shortening in the mouse airway epi-
thelial cells during exposure to cigarette smoke [18].

Besides cell motility HDACG regulates various cell processes via
diverse substrates. One important substrate of HDACG6 is the chap-
erone protein heat-shock protein 90 (HSP90). HDAC6-mediated
deacetylation of HSP9O0 is required for HSP90’s chaperone of glu-
cocorticoid and androgen receptors upon their engagement with
their cognate ligands [10, 19]. Another fundamental cellular pro-
cess regulated by HDACG is redox status in the cell. HDAC6
deacetylates peroxiredoxin I and II, and thereby decreases their
reducing activity and resistance to superoxidation [20].

The ubiquitin-binding Znf-UBP domain at the C terminus of
HDACG is essential to HDAC6-regulated cell responses to stress. In
misfolded protein-induced stress HDACG6 binds polyubiquitinated
misfolded proteins and recruits misfolded protein cargos to dynein
motors for transport along microtubules to aggresomes for clearance
[21]. In cell responses to environmental stress HDACG is recruited
to stress granules in which a reversible translational suppression takes
place upon stress [22]. HDACGO6’s ubiquitin-binding Znf-UBP
domain is essential to the formation of stress granules. Moreover,
HDACG6-dependent retrograde transport of cargos containing ubiq-
uitinated proteins on microtubules is essential to the efficiency and
selectivity of autophagic degradation [23]. In a Znf-UBP domain-
dependent manner HDACG6 recruits a cortactin-dependent actin-
remodeling machinery to mediate autophagosome-lysosome fusion
and autophagic degradation, which is activated as a compensatory
mechanism when the ubiquitin—proteasome system is impaired in the
stressed cells [24, 25].

Although nuclear HDACG6 accounts for a minor portion of the
total HDACO6 in the cell, nuclear HDACG6 regulates fundamental
cellular processes in the nucleus. HDACG6 acts as a transcriptional
co-repressor for its interacting transcription factors, such as RUNX2
and sumoylated p300 [9, 10]. HDACG6 regulates splicing in response
to genotoxic stress as HDACO stabilizes serine /arginine-rich splic-
ing factor 2 protein levels and activity [26]. HDAC6 can potentially
regulate DNA damage repair because HDAC6-mediated deacety-
lation of Ku70 impairs recruitment of Ku70 to the chromatin frac-
tions [27]. Moreover, HDAC6 sequentially deacetylates and
ubiquitinates MutS protein homolog 2 and thereby promotes deg-
radation of MutS protein homolog 2, which results in significantly
reduced cellular sensitivity to DNA-damaging agents and DNA mis-
match repair activities [5].

The critical role of HDACG6 in fundamental cellular, physiologi-
cal, and pathological processes demands characterization of HDAC6
expression, localization, deacetylase activity, ubiquitin binding
activity, etc. Herein we describe immunoprecipitation and immu-
noblots that are the most frequently used methods to characterize
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HDACG6 expression and functions. To characterize HDACG expres-
sion and function in a biological context an investigator can carry
out reciprocal immunoprecipitation and immunoblotting using the
antibodies specific for HDACS, its interacting partners, and modi-
fied moieties such as acetyl lysine and ubiquitin.

2 Materials

2.1 CGell Culture

2.2 Cell Lysis

2.3 Immuno-
precipitation

2.4 Immunoblotting

1. Cell lines or primary cell culture of an investigator’s interest.

2. Cell culture medium and apparatus appropriate for the cell
type of an investigator’s interest.

3. The plasmid, viral vectors, and siRNA oligos to overexpress or
knockdown HDAC6. Wild type HDAC6 and the HDAC6
mutants with defective deacetylase and/or ubiquitin binding
activity are available in either untagged or FLAG or EGFP tagged
version from AddGene (addgene.org). The tagged HDACO6
expression vectors are useful tools for immunoprecipitation and
purification of HDAC6 and its interacting proteins.

1. NP-40 lysis buffer: NaCl 150 mM, NP-40 1.0%, Tris—-HCI
50 mM, pH 8.0, 5 mM dithiothreitol, protease inhibitor cock-
tail (a sample composition as following: Aprotinin at 80 pM,
Bestatin at 4 mM, E-64 at 1.4 mM, Leupeptin at 2 mM, and
Pepstatin A at 1.5 mM, add fresh), and PMSF (final concentra-
tion 50 pg/ml, add fresh) (see Note 5).

2. Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM,
KCl, 4.3 mM Na,HPO,, and 1.5 mM KH,PO,.

3. Protein assay: A bicinchoninic acid (BCA) based protein assay
kit is recommended because of its compatibility with the deter-
gents used during lysis procedure.

4. Cell scrapers.

1. Protein A/G Agarose.
2. Bovine serum albumin.

3. Species and isotype-matched control antibodies.

1. A mini-cell system for immunoblotting. A mini-cell system
consists of a vertical electrophoresis box that separates proteins
based on size and a cassette that holds the transferring sand-
wich for transferring proteins from gels to membranes. The
size of the gel box and the transferring cassette fits a mini gel
in size of around 8.3x 6.4 cm.

2. LDS Sample Buffer (4x): 106 mM Tris—-HCI, 141 mM Tris—
Base, 2% LDS, 10% glycerol, 0.51 mM EDTA, 0.22 mM
SERVA Blue G250, 0.175 mM phenol red, pH 8.5.
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3. Precast Gels with 4-12% gradient bis-acrylamide, paired with
MOPS SDS Running Buffer for mid-size proteins (14—
200 kDa) (Life Technologies). Adjust types of gels and buffers
for large or small size proteins.

4. MOPS SDS Running Buffer (20x): 50 mM MOPS, 50 mM
Tris—Base, 0.1% SDS, 1 mM EDTA pH 7.7.

5. Transfer Buffer (20x): 25 mM bicine, 25 mM Bis—Tris, 1 mM
EDTA, pH 7.2.

6. PVDF membrane of 0.2 or 0.45 pm.

7. Prestained protein standard.

8. Washing buffer: TBST (50 mM Tris, 150 mM NaCl, 0.05 % v /v
Tween 20, pH 7.6, 0.1 % Tween 200 add fresh).

9. Blocking buffer: TBST+ 5% nonfat dry milk or BSA.

2.5 Primary 1. HDAC®6-specific antibodies: Clone H-300 is recommended for
and Secondary human HDAC6 (Cat# sc-11420, Santa Cruz Biotechnology).
Antibodies Clone D21B10 is recommended for mouse HDAC6 (Cat#
for Immuno- 7612, Cell Signaling Technology) (see Notes 1 and 2).

precipitation 2. Primary antibodies capable of immunoprecipitating and
and Immunoblot immunoblotting proteins of the HDACG6-targeting or inter-

acting proteins: acetylated o-tubulin (clone 6-11B-1, Cat#
6793, Sigma-Aldrich), pan-acetyl-lysine (Cat# ICP0380-100,
ImmuneChem), ubiquitinylated protein (clone FK1, Catalog#
04-262, Millipore), a-tubulin (Cell Signaling Technology,
Cat # 2144). The antibodies from the above vendors are rec-
ommended based on previous success of using these antibod-
ies in the literature.

3. Secondary antibodies for immunoblot: IRDye 800CW, 680RD,
or 680LT secondary antibodies that can be detected based on
infrared fluorescence on an Imaging System. (Alternative: HRP-
conjugated secondary antibodies, enhanced chemiluminescence
kits, and an imaging system able to capture chemiluminescence).

4. Imaging System for detection of IRDye-conjugated secondary
antibodies.

3 Methods

3.1 Cell Lysis 1. Manipulate HDAC6 expression and/or treat cells as desired.
Transiently or stably overexpress wild type and mutant HDAC6
using plasmid or viral vectors. Knockdown HDACG6 expression
using siRNAs or shRNAs targeting HDAC6 (alternative: using
primary cell culture or tissue materials obtained from HDAC6
wild type and null mice).
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3.2 Immuno-
precipitation

. Lyse cell culture using 1x LDS lysis buffer for straight immunob-

lotting or NP-40 buffer for immunoprecipitation. Scrape the
cells off the culture plate using the lysis buffer of choice at
200 pl/well of per well of 6-well culture plate for a ~80% con-
fluent culture (adjust the volume of the lysis buffer based on
cell number and cell culture surface area). Collect the lysates
into a microfuge tube. For LDS lysates, proceed to (see 3.1.3).
For NP-40 lysates, proceed to (see 3.1.4) (sec Note 3).

. Heat LDS lysates at 70 °C for 10 min and proceed to immunoblot-

ting immediately or store samples at —20 °C for later use (see 3.3).

. Sonicate NP-40 lysates. Determine the protein concentration

of NP-40 lysates using Protein Assay Kit per the provider’s
instructions. Proceed to immunoprecipitation immediately or
store samples at —80 °C for later use (see 3.2).

. Gently swirl the Protein A/G Agarose slurry to resuspend the

agarose beads. Aspirate the volume needed based on the formula
of 20 pl slurry for every 2 pg of antibody. Centrifuge the slurry at
500-1000 x g for 2 min at 4 °C. Remove the supernatant (half of
the starting volume) without disturbing the settled slurry. Add
PBS (half of the starting volume) to reconstitute the slurry.

. Preclear 500 pg—1 mg NP-40 lysates for each immunoprecipi-

tation. Mix the lysates with 20 pl Protein A/G Agarose.
Incubate by rotation for 30 min at 4 °C. Centrifuge samples at
500-1000 x g for 5 min at 4 °C, transfer the precleared NP-40
lysates to a fresh microfuge tube.

. Mix the precleared NP-40 lysates with the desired primary

antibodies (see Subheading 2.5) at 2-5 pg antibody per 1 mg
lysates in a 500 pl to 1 ml volume and incubate by rotation
at 4 °C overnight.

. Add Protein A/G Agarose at 20 pl slurry for every 2 pg of the

primary antibody to the lysates—antibody mixture and incubate
by rotation at 4 °C for 1 h.

. Centrifuge the agarose-lysates—antibody mixture at 500-

1000 x g for 5 min at 4 °C to capture the immunocomplexes.

. Remove the supernatant without disturbing the settled immu-

nocomplexes (Optional: save as flow-through to assess immuno-
precipitation efficiency). Wash the settled immunocomplexes
with NP-40 buffer three times by repeating the following steps:

(a) Gently mix the settled immunocomplexes with 1 ml NP-40
bufter,
(b) Incubate the mixture for 30 min by rotation,

(c) Centrifuge the agarose—lysates—antibody mixture at 500-
1000 x4 for 5 min at 4 °C,

(d) Remove the supernatant.
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3.3 Immunoblotting

7.

—

10.

11.

12.

Elute the immunocomplexes by adding equal volume of 2x
NuPAGE LDS lysis buffer and heating the mixture at 70 °C
for 10 min. Centrifuge the immunocomplexes at 500-1000 x g4
at room temperature and transfer the supernatant to a fresh
microfuge tube for immunoblots immediately or store the
supernatant at —80 °C for later use (see Note 4).

. Assemble mini-cell gel box for electrophoresis.

. Load equal amount of total protein or equal volume of the

eluted immunocomplexes of each sample along with prestained
standard onto the gel.

. Electrophorese at 200 V for 1 h.

. Prepare transfer buffer containing 10% v/v methanol (add

fresh) and soak the pads and filter paper. Pre-wet the PVDFE
membrane in methanol.

. Assemble the transfer sandwich consisting of pads, filter paper,

the gel, and the PVDF membrane. Remove air bubbles from
the sandwich completely.

. Insert the transfer sandwich into a mini-cell transferring cas-

sette and immerse the transferring cassette vertically in the
transferring buffer in a mini-cell system. Transfer at 30 V for
1 h at room temperature.

. Separate the transferred PVDF membrane from the transfer

sandwich and incubate it in 10 ml blocking buffer with agita-
tion on a platform shaker for 1 h at room temperature.

. Wash the PVDF membrane with 50 ml of TBST three times,

5 min/wash.

. Incubate the PVDF membrane in 10 ml blocking buffer con-

taining the desired primary antibody at a desired dilution with
agitation on a platform shaker at 4 °C overnight (alternative:
1 h at room temperature). Use H-300 (human HDACG6-
specific at 1:500 dilution). Use 6-11B-1 (acetylated a-tubulin-
specific at 1:4000 dilution, see Fig. 2).

Wash the PVDF membrane with 50 ml of TBST three times,
10 min/wash.

Incubate the PVDF membrane in 10 ml blocking buffer con-
taining the species appropriate secondary antibodies with gen-
tle agitation for 1 h at room temperature. Use light-proof
containers from this step and beyond to protect IRDye conju-
gated secondary antibodies. IRDye-conjugated secondary
antibodies at 1:15,000 dilution.

Wash the PVDF membrane with 50 ml of TBST three times,
10 min/wash.
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Fig. 2 Deacetylation of «-tubulin by HDACG in the mouse lung. Total protein lysates were extracted from the
lung of wild type and HDAC6 null mice. Equal amount of protein was immunoblotted for HDAC6 (D21B10,
1:1000 dilution), acetylated o-tubulin (6-11B-1, 1:4000 dilution), and a-tubulin (1:1000 dilution)

13. Capture the secondary antibody-derived infrared fluorescence