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ABSTRACT: Despite being extensively characterized structurally
and biochemically, the functional role of histone deacetylase 8
(HDAC8) has remained largely obscure due in part to a lack of
known cellular substrates. Herein, we describe an unbiased
approach using chemical tools in conjunction with sophisticated
proteomics methods to identify novel non-histone nuclear
substrates of HDAC8, including the tumor suppressor ARID1A.
These newly discovered substrates of HDAC8 are involved in diverse biological processes including mitosis, transcription,
chromatin remodeling, and RNA splicing and may help guide therapeutic strategies that target the function of HDAC8.

Posttranslational acetylation of lysine residues is a highly
conserved1 and important modification2 enabling the

cellular calibration of protein function and/or stability resulting
in effects ranging from cytoskeletal reorganization to changes in
gene expression.3,4 Histone deacetylases (HDACs) play a key
role in maintaining the balance of acetylation states by
catalyzing the removal of acetyl groups from the ε-amino
groups of acetylated lysine residues.4 As a result, these enzymes
have become important therapeutic targets for a number of
disease states including cancer5 and psychiatric illnesses.6 As
their name implies, HDACs were thought to be primarily
responsible for the deacetylation of histones; however, it has
become apparent that a large number of non-histone proteins
are substrates for these enzymes as well.2,7 The HDAC family
comprises the NAD(+)-dependent sirtuins (class III) and the
metal-dependent HDACs, which can be further divided into
three classes (class I: HDACs 1, 2, 3, and 8, class II: HDACs 4,
5, 6, 7, 9, 10, and class IV: HDAC11) based on phylogenetic
similarity,8 with class I being localized primarily in the nucleus
and classes II and IV shuttling between the nucleus and the
cytoplasm.4

Identification of the endogenous substrates of HDAC
enzymes is a fundamental area of HDAC research, and this
problem has been particularly acute for the class I enzyme
HDAC8. Of all the HDACs, HDAC89 is arguably the best
characterized structurally.10 It was the first human class I
HDAC structure to be reported, and since then, over 25
additional structures bound to various classes of small molecule
ligands and peptides have been disclosed (www.pdb.org).11

However, despite this knowledge, few of the enzyme’s natural
substrates have been identified.11 To date, only two cellular
substrates of HDAC8 have been identified, namely, the
estrogen-related receptor alpha12 (ERR-α) and the structural
maintenance of chromosome 313 (SMC3) protein, the latter of
which plays a prominent role in Cornelia de Lange syndrome.13

It remains unclear which, if any, specific histone residues serve
as viable substrates for this isoform. In terms of biological
function, HDAC8 has been implicated in various cancers
including neuroblastoma,14 urothelial,15 and breast cancer16 as
well as in neural crest development.17 The HDAC8 substrates
that mediate these effects are currently unknown.
To elucidate the cellular substrates and better define the

biology of HDAC8, we undertook an unbiased, chemical
biology approach that involved monitoring global acetylation
and gene expression changes in a representative cell line
following treatment with a known, potent, and highly selective
small molecule inhibitor of HDAC8. Small molecule modu-
lation coupled with mass spectrometry offers distinct
advantages for the identification of acetylation substrates and
specific lysine sites responsive to HDAC8 relative to protein
knockdown, knockout, or pulldown approaches, including (1)
deconvolution of catalytic versus scaffolding functions
associated with HDACs,18 (2) temporal control, (3) increased
resolution and sensitivity, and (4) the avoidance of
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complications associated with transient and/or metastable
interactions and complexes. Therefore, we focused on using
the highly selective and potent HDAC8 inhibitor PCI-3405119

as well as a suitably designed negative control compound to
account for potential compound-driven off-target effects
(Figure 1a,b). The inclusion of a negative control compound
was particularly important, as PCI-34051 contains a metal-
chelating hydroxamic acid group, and this motif has the
potential to bind a variety of metalloenzymes. As such, we
designed and synthesized BRD3811 (Figure 1a), a compound
that retains the hydroxamic acid functionality and contains a
minor structural modification to PCI-34051 (i.e., a single
methyl group introduced ortho to the hydroxamic acid group)
resulting in a 1,000-fold reduction in potency for inhibition of
HDAC8 (Figure 1b). Consistent with this finding, molecular
docking of PCI-34051 (Figure 1c) and BRD3811 (Figure 1e)
into the active site of an HDAC8 crystal structure (PDB
accession code 1T64) reveals that the methyl group of
BRD3811 cannot be accommodated in the catalytic binding
domain of HDAC8 while maintaining an optimal zinc chelation
geometry.
Using these chemical tools, we compared the changes in

global acetylation in a representative cell line known to express
HDAC820 (i.e., MCF7) after treatment with each compound
using Stable Isotope Labeling of Amino Acids in Cell Culture
(SILAC)-based quantitative mass spectrometry (MS). Briefly,
cells were grown in the presence of light, medium, or heavy
arginine and lysine followed by treatment with either PCI-
34051 (10 μM), BRD3811 (10 μM), or vehicle (DMSO) for
24 h (Figure 2a). Global acetylation profiling was completed by
digesting cellular proteins with trypsin and enriching the
acetylated peptides by immunoprecipitation using an antibody
specific for acetylated lysine residues. Over two replicates, 1,360
acetylation sites were quantified using high-resolution MS
(Supplementary Results, Supplementary Table 1).
This approach enabled us to identify numerous protein sites

whose acetylation increased by more than 1.5-fold in each of
two replicates upon treatment with PCI-34051 relative to
DMSO (Figure 2b). Of these, 7 passed a p-value cutoff of
≤0.05 (Figure 2b, red; Figure 2d) and were not regulated
greater than 1.5-fold upon treatment with negative control
compound BRD3811 relative to DMSO (Supplementary Table
1 and Supplementary Figure 1). Alternatively, a direct
comparison of PCI-34051 treatment to BRD3811 treatment
(Figure 2c) revealed 22 protein sites whose acetylation
increased by more than 1.5-fold, with 7 passing a p-value

cutoff of ≤0.05 in two replicates (Figure 2C, red; Figure 2e).
From these data sets, we deemed 5 proteins (i.e., SMC3, RAI1,
ZRANB2, NCOA3, and THRAP3) to be high-confidence
substrates for HDAC8 as they were regulated by 1.5-fold or
greater when PCI-34051 treatment was compared to both
DMSO as well as to the negative control compound.
Furthermore, ARID1A and SRSF5 were also considered
candidate substrates for HDAC8 as they narrowly fell outside
the bounds of our arbitrary cutoffs (i.e., 1.5-fold change and p-
value ≤0.05) in only one of four experiments.
Gratifyingly, our unbiased approach successfully identified

SMC3, a known substrate of HDAC8,13 as being significantly
regulated by treatment with the HDAC8-selective inhibitor and
not BRD3811. Furthermore, we were able to demonstrate that
HDAC8-mediated deacetylation occurs on K106 of SMC3, one
of two sites known to be acetylated by the acetyltransferase
ESCO1.21 Our coverage of acetylated proteins did not include
ERR-α, the only other known cellular HDAC8 substrate, and
therefore, we cannot verify its regulation by HDAC8 in MCF7
cells. Our coverage did include several histone proteins
(Supplementary Table. 1), and we did not observe any
significant changes in histone acetylation status upon treatment
with PCI-34051 when compared to DMSO or BRD3811.
Changes in H2A (H2AFX) and H1.3 (HIST1H1D) acetylation
relative to SMC3 are shown for comparison (Figure 2b and c,
insets).
To further validate the substrates identified in our

proteomics experiments, we devised in vitro enzymatic
deacetylation experiments using recombinant human HDAC8
and synthetic acetylated peptides (8−10 aa) based on the
sequences of our candidate substrates. Our peptide design
centered on the identified lysine (K) acetylation sites, ensuring
that the regulated lysines were flanked on either side by several
residues. These “artificial” substrates were incubated with
HDAC8, and deacetylation was measured from the production
of acetate using an enzyme-coupled assay to determine the
steady state kinetic parameters (Figure 2f and Methods).
Human Zn-HDAC8 catalyzed the deacetylation of all these
synthetic peptides in vitro (Figure 2f), albeit with catalytic
efficiencies (kcat/KM) ranging across 3 orders of magnitude.
Four of the peptides assayed (i.e., NCOA3, ARID1A,
CSRP2BP, and MLL2) have values of kcat/KM within a factor
of 2 or higher than the peptide corresponding to SMC3,
providing further evidence that these proteins are likely
HDAC8 substrates. In particular, the peptide corresponding
to ARID1A is the most efficient non-fluorophore conjugated

Figure 1. Chemical tools for studying HDAC8. (a) Chemical structures of the HDAC8 inhibitor PCI-34051 and the structurally related negative
control compound BRD3811. (b) HDAC inhibitor potencies for PCI-34051, BRD3811, and the pan-inhibitor SAHA. Absolute potency values can
be found in Supplementary Table 2. (c) PCI-34051 docked into a crystal structure of HDAC8 (PDB code 1T64). (d) Replacement of the ortho-
hydrogen in the docked structure of PCI-34051 (c) with a methyl group. The methyl group protrudes from the enzyme pocket. (e) BRD3811
docked into a crystal structure of HDAC8 (PDB code 1T64).
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peptide substrate of Zn-HDAC8 discovered to date (kcat/KM =
740 M−1 s−1) (Figure 2f,g).22 Consistent with previous work,

peptides containing an aromatic residue adjacent to the target
lysine (e.g., those corresponding to ARID1A and CSRP2BP)

Figure 2. Identifying novel substrates of HDAC8. (a) Schematic of experimental design. (b) Acetylated proteins regulated by treatment with PCI-
34051 as compared to DMSO or to (c) BRD3811 as the control. Each axis represents a single replicate and denotes log2-fold changes in acetylation
with dashed lines indicating a 1.5-fold change in acetylation. Proteins that passed a p-value cutoff of ≤0.05 in both replicates and were not regulated
by the negative control compound BRD3811 are highlighted in red. Insets show log2-fold changes in acetylation for select examples of replicate 1 and
emphasize the relative lack of histone acetylation by comparison to SMC3 for each experiment. (d) Tables depicting acetylation sites regulated by
more than 1.5-fold and passing p-value cutoffs of ≤0.05 in both replicates when PCI-34051 treatment was compared to DMSO or to (e) BRD3811
treatment as the control. (f) Steady state kinetic parameters (± standard error) for the deacetylation of synthetic acetylated peptides corresponding
to a subset of identified HDAC8 substrates. Reactions were catalyzed by bacterially expressed human Zn-bound HDAC8 (see Methods). (g)
Dependence of Zn-HDAC8-catalyzed deacetylation on the concentration of the ARID1A peptide. The Michaelis−Menten equation is fit to the data.
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are preferred substrates of HDAC8.11 To further characterize
the enzyme specificity of these synthetic substrates, we profiled
the deacetylation activity of commercially available, human
recombinant HDACs 1−9 (Supplementary Table 3). While
multiple isozymes catalyzed deacetylation of all of the putative
substrates, no single peptide was recognized by all of the
HDACs tested, and none were uniquely deacetylated by
HDAC8. However, the ARID1A peptide exhibited the largest
kcat/KM values for HDAC8 and HDAC8’s closest homologue,
HDAC3, with values of 2400 and 2500 M−1 s−1, respectively

(Supplementary Table 3).8 Finally, we determined the
deacetylase inhibitory activity of PCI-34051 toward the
ARID1A peptide substrate using commercially available
human HDAC8 and calculated a Ki value of 33 nM,
demonstrating the ability of this molecule to inhibit HDAC8
in a manner consistent with our cell-based observations
(Supplementary Figure 2).
Most of the substrates identified in our study are localized in

the nucleus (Figure 2d,e) and include transcription factors as
well as proteins intimately involved in epigenetic regulation,

Figure 3. Pathway analysis of candidate HDAC8 substrates. (a) A connection network was generated with Ingenuity Pathways Analysis
(IngenuitySystems, www.ingenuity.com), using HDAC8 and the proteins (Supplementary Table 1) and genes (Supplemenary Table 4) differentially
acetylated and expressed, respectively, upon treatment with PCI-34051 as inputs. Only those proteins or genes with known connections to other
proteins or genes in the pathway are shown. HDAC8 is highlighted in a blue ellipse, while red ellipses denote proteins differentially acetylated upon
treatment with PCI-34051. The remaining nodes represent genes differentially expressed upon treatment with PCI-34051. Relationships indicated by
lines in this graph are found by Ingenuity and can include protein−protein interactions, transcriptional regulation, co-expression, activation, binding,
phosphorylation, inhibition, protein−DNA interactions, binding regulation, localization, molecular cleavage, and translocation. These relationships
can be between two molecules (straight arrows) or between a molecule and itself (curved arrows), as in the case of self-phosphorylation, for example.
(b) Treatment with PCI-34051 for 24 h results in a dose-dependent increase in p21 expression. (c) Representative Western blot after treatment of
MCF7 cells with either PCI-34051 or BRD3811 at 10 μM for 48 h shows that PCI-34051, but not the negative control, induces an increase in p21
protein levels. (d) Quantitation of Western blot data from 4 independent experiments. The star denotes P ≤ 0.05, relative to DMSO, as determined
by a one-way analysis of variance (ANOVA) utilizing a posthoc Dunnett’s multiple comparisons test.
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chromatin remodeling, or RNA splicing. Interestingly, histone
proteins were not identified as substrates in our acetylome
profiling experiments, and this fact was later confirmed in
separate, targeted SILAC experiments designed to specifically
monitor for histone acetylation changes (Supplementary Figure
3). These results are consistent with previous reports.23,24

Intrigued by the non-histone but primarily nuclear nature of the
candidate substrates, we tested if HDAC8 inhibition could lead
to changes in gene expression independent of changes in
histone acetylation. To this end, we measured the expression
changes in MCF7 cells of approximately 1,000 landmark genes
(L1000) as a representative measure of genome-wide effects
upon treatment with PCI-34051 or BRD3811 across the dose
range of 0.04−10 μM (see Methods). We then selected the
dose-responsive genes using the IsoGene package25 (http://
CRAN.R-project.org/package=IsoGene). PCI-34051 altered
the expression of significantly more genes (70 genes,
Supplementary Table 4) than did BRD3811 (11 genes,
Supplementary Table 5). While several genes, such as
HMOX1, were differentially regulated by both PCI-34051
and BRD3811, the magnitude of the change was much greater
for the PCI-34051 treatment.
In an attempt to connect the modulated transcripts to our

candidate HDAC8 substrates, we searched for known biological
pathway connections between our high-confidence HDAC8
substrates (Figure 2d,e) and the 70 genes dose-responsive to
PCI-34051 treatment (Supplementary Table 4) using the
Ingenuity IPA Knowledge Base (Figure 3a). No direct
associations between HDAC8 and the newly identified
substrates were found; however, both the known HDAC8
substrate SMC3 and the tumor suppressor p53 (TP53) were
directly connected to HDAC8. Our acetylome coverage did not
include p53, therefore we were unable to determine whether it
can be directly modified by HDAC8. Several of the newly
identified acetylation substrates were directly linked to genes
differentially expressed upon inhibition of HDAC8. NCOA3, a
protein known to positively regulate the expression of
HMOX1, is one such example.26 Additionally, we found that
3 of the newly identified substrates (i.e., ARID1A, RAI1, and
MLL2) were directly linked to the cell cycle regulator p21
(CDKN1A). This led us to speculate that the increased
expression of p21 observed upon treatment with PCI-34051
could be driven in part by the acetylation changes of ARID1A.
Alternatively, increased acetylation of RAI1 and/or MLL2
could influence the regulation of this important gene. Many
HDAC inhibitors are known to cause the upregulation of p21,
but until now the exact substrates responsible for mediating
that effect have remained obscure.27 When MCF7 cells are
treated with PCI-34051 over the dose range of 0.04−10 μM, a
dose-dependent increase in the level of the p21 transcript is
observed (Figure 3b). Conversely, BRD3811 increased the level
of p21 transcript only at the highest dose tested (i.e., 10 μM)
(Figure 3b). To further validate this finding, we examined
changes in p21 protein levels after treatment with each
compound, and PCI-34051 treatment (10 μM) increased p21
(visualized via Western blot) while BRD3811 (10 μM)
treatment did not (Figure 3c,d).
To assess whether our findings extend beyond the context of

a single cell type and to incorporate into our analysis
orthogonal biological perturbations, we expanded our gene
expression studies using L1000 into several cell lines
representative of distinct tissue types: PC3 (prostate),
HEPG2 (liver), HCC515 (lung), HA1E (kidney), A375

(skin), A549 (lung), and HT29 (colon). We then created a
gene expression signature using the 1,000 landmark genes and
compared PCI-34051 and BRD3811 treatments to the
signatures of other bioactive perturbagens using the con-
nectivity map (Cmap) database (www.broadinstitute.org/
cmap/) as previously described (see Methods). We integrated
the results of multiple independent Cmap queries using the cell
lines highlighted above, and we observed that PCI-34051
treatment was highly correlated with the overexpression of p21
across multiple cell lines, whereas BRD3811 treatment was not
(Supplementary Figure 4). In fact, p21 overexpression was the
overexpression perturbation most highly correlated with PCI-
34051 treatment, ranking in the 96th percentile on average
(BRD3811 treatment did not correlate well with p21
overexpression, 66th percentile rank). It is quite attractive to
speculate that some of the anticancer effects of the HDAC8
inhibitor PCI-3405119 are mediated in part by increasing p21
levels through these newly discovered substrates. These
candidate substrates of HDAC8 may provide a more targeted
approach toward specific cancers (or other diseases) driven by
the dysregulation of proteins and/or genes within this HDAC8
network. In the case of ovarian clear cell carcinoma, mutations
in ARID1A are found in almost half of all cases, and it has been
demonstrated that in frame indel mutations fail to induce p21
expression through increased degradation in the nucleus or
decreased promoter binding.28 Efforts toward defining the
functional consequences of the change in acetylation of these
proteins by HDAC8 are ongoing.
In conclusion, we have identified several novel substrates of

HDAC8 by taking an unbiased approach coupling chemical
tools with acetylome profiling. The proteins identified include
the known HDAC8 substrate SMC3 but do not include
histones. Furthermore, these candidate substrates were
predominantly nuclear and involved in a diverse range of
cellular functions including transcription and RNA splicing. We
demonstrated through in vitro enzymatic assays as well as
through gene and protein expression studies that inhibition of
HDAC8 can affect acetylation status ultimately influencing the
levels of downstream proteins. Our experimental design relied
on using BRD3811, a negative control compound based on the
structure of the potent and selective HDAC8 inhibitor PCI-
34051. Our approach represents a general strategy that should
prove useful in future studies aimed at the identification of the
endogenous substrates of other members of the HDAC family
of enzymes.
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