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Summary

Histone deacetylase (HDAC) proteins are epigenetic regulators that govern a wide variety of
cellular events. With a role in cancer formation, HDAC inhibitors have emerged as anti-cancer
therapeutics. Among the eleven metal-dependent class I, 11 and 1V HDAC proteins targeted by
inhibitor drugs, class lla HDACA4, 5, 7, and 9 harbor low deacetylase activity and are hypothesized
to be “reader” proteins, which bind to post-translationally acetylated lysine. However, evidence
linking acetyllysine binding to a downstream functional event is lacking. Here, we report for
the first time that HDAC4, 5 and 7 dissociated from corepressor NCoR in the presence of

an acetyllysine-containing peptide, consistent with reader function. Documenting the biological
consequences of this possible reader function, mutation of a critical acetylation site regulated
Androgen Receptor (AR) transcriptional activation function through HDAC7-NCoR-HDAC3
dissociation. The data document the first evidence consistent with epigenetic reader functions
of class lla HDAC proteins.

eTOC blurb

Zhang et al. report evidence for the epigenetic reader function of Histone Deacetylase 7 (HDAC?).
A model is proposed where transcription by Androgen Receptor (AR) is activated by binding

of the AR K630 acetylation site to HDAC7 and dissociation of the repressive NCoR-HDAC3
complex
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Introduction

Lysine acetylation has emerged as a prominent posttranslational modification with impact
on numerous cellular functions (Choudhary et al., 2014). As a well-studied example,
acetylation of nucleosomal histone proteins influences gene expression through chromatin
remodeling (Hebbes et al., 1988), which is a key mechanism in epigenetic regulation. The
removal of the acetyl group from acetyllysine is catalyzed by histone deacetylase (HDAC)
proteins. Numerous studies showed a correlation between overexpression of HDAC proteins
and human tumor formation (West and Johnstone, 2014). Elevated HDAC activities resulted
in reduced global acetylation of histone H4 and altered gene expression, which is a hallmark
of cancer onset (Fraga et al., 2005). Due to the role in cancer progression, four HDAC
inhibitors are approved as cancer therapeutics, including SAHA (Morinostat or suberoyl
anilide hydroxamic acid) (Hesham et al., 2018).

The 18 human HDAC proteins comprise four classes (de Ruijter et al., 2003). Class |
(HDAC1, 2, 3, and 8), Il (HDACA4, 5, 6, 7, 9, and 10) and IV (HDAC11) bear a catalytic
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metal ion, whereas class Il (Sirtuins 1-7) utilize NAD* as the cosubstrate (Houtkooper
etal., 2012). Class Il is further subdivided into class lla (HDAC4, 5, 7, and 9) and Ilb
(HDACG6 and 10) based on size and catalytic activity. Class lla HDAC proteins bear a
unique structural zinc binding site that is located adjacent to the active site (Bottomley et

al., 2008b; Schuetz et al., 2008). Importantly, class Ila proteins harbor almost no deacetylase
activity due to mutation of a catalytic Tyr to His (Clocchiatti et al., 2011; Jones et al.,

2008; Lahm et al., 2007). We note that the mutation does not rule out the possibility that
class Ila HDAC proteins can serve as a deacylase towards substrates yet to be identified.
However, the current evidence suggests that class Ila proteins regulate histone deacetylation
and gene expression by interacting with other proteins, including the multi-protein complex
containing the nuclear receptor corepressor NCoR/SMRT and HDAC3 (Fischle et al., 2002b;
Guenther et al., 2001; Li et al., 2000). Through NCoR/SMRT binding, class Ila HDAC
proteins act as scaffolds to recruit active HDAC3 and regulate histone-mediated gene
expression.

Whereas the scaffolding function of Class Ila HDAC proteins is well established, the
purpose of the inactive catalytic domain in that scaffolding activity remains unclear.

One hypothesis suggests that HDAC4, 5, 7, and 9 act as “reader” proteins, similar

to bromodomain-containing proteins (Arrowsmith et al., 2012; Bradner et al., 2010;
Lobera et al., 2013). With bromodomains, acetyllysine binding results in a downstream
effect. For example, the bromodomain of acetyltransferase p300/CBP aids in acetyllysine-
dependent histone substrate recruitment (Manning et al., 2001), which leads to elevate
histone acetylation and transcriptional activation (Ebrahimi et al., 2019). As this example
illustrates, the characterization of bromodomains as “readers” of acetylation has provided
critical mechanistic insights into epigenetic regulation of gene expression. Importantly,
bromodomains have emerged as targets for drug development (Smith and Zhou, 2016).

Despite speculation, little evidence supports the hypothesis that class lla HDAC proteins
maintain reader function. An acetyllysine-containing peptide inhibited class Ila deacylation
of non-natural trifluoroacetyllysine substrates (Bradner et al., 2010), which suggests that
acetyllysine binds to the active site of class Ila HDAC proteins. In addition, the presence

of HDAC inhibitors or mutation of amino acids in the inactive catalytic domain disrupted
the HDAC4-NCoR/SMRT complex (Bottomley et al., 2008b; Gaur et al., 2016; Kim et al.,
2015), which suggests that active site binding influences the scaffolding activity of class lla
HDAC proteins. These combined results implicate a model where class Ila HDAC proteins
act as readers through active site binding of acetyllysine-containing proteins to promote
NCoR/SMRT dissociation. However, no experimental evidence yet documents acetyl-lysine
dependent disruption of HDAC-NCoR/SMRT binding. More importantly, no acetyllysine-
containing protein is known to bind to the active site of a class Ila HDAC in a “reader”
manner. Therefore, no cellular mechanism links acetyllysine-containing protein binding to
HDACT7-NCoR association and a downstream biological consequence. To date, any possible
reader function of class Ila HDAC proteins remains unsubstantiated.

Androgen receptor (AR) is a transcriptional activator regulated by binding to a hormone
ligand, such as dihydrotestosterone (DHT) (Gao et al., 2005). The transcriptional activity
of AR is influenced by HDAC4 and HDAC7 (Karvonen et al., 2006; Yang et al.,
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2011). With HDACA4, the E3 ubiquitin ligase activity of HDACA4 facilitates sumoylation

to inhibit AR activities (Yang et al., 2011). In contrast, HDAC?7 regulates AR activity
through co-localization with the NCoR-HDAC3 complex (Karvonen et al., 2006). Related,
AR-mediated transcription hinges on the acetylation of K630 or K632/633, with loss of
transactivation upon mutation of K630 or K632/633 (Fu et al., 2000; Fu et al., 2002).
Moreover, wild type AR showed 10-fold reduced binding to NCoR than the K630A

mutant (Fu et al., 2002). Taken together, prior data suggests that acetylation-dependent AR
transcriptional activity involves the HDAC7-NCoR-HDAC3 complex, although a molecular
mechanism linking AR function to HDAC7 and NCoR is unknown.

Based on the prior literature, we hypothesized that class Ila HDAC proteins act as

reader proteins to influence the transcriptional activity of AR. Consistent with the reader
hypothesis, HDAC4, 5, and 7, but not HDAC9, bound NCoR in an acetyl-lysine-dependent
manner. An assessment of binding affinity confirmed the stable binding of an acetyllysine-
containing peptide with HDAC?. To provide a biological context for the class Ila HDAC-
NCoR reader function, dissociation of the HDAC7-NCoR complex was dependent on the
K630 acetylation site of AR, and the transcriptional activity of AR required both an intact
HDACT active site and K630 acetylation site. In total, the work here reports the first
evidence for the epigenetic reader function of HDAC7, where AR transcriptional activity is
regulated through acetyllysine-dependent HDAC7-NCoR complex dissociation.

Inhibitor-dependent class Ila HDAC-NCoR binding

A key feature of epigenetic reader proteins, such as bromodomains, is that a binding event
leads to a downstream function. Related to class Ila HDAC proteins, prior work documented
that HDAC inhibitors disrupted the HDAC4-NCoR/SMRT-HDAC3 complex (Bottomley et
al., 2008b; Gaur et al., 2016). In addition, gain-of-function (GOF) mutant HDAC4 bound
more tightly to HDAC inhibitors and demonstrated more dramatic loss of NCoR binding
than wild type (Gaur et al., 2016; Hudson et al., 2015). This prior data suggests a reader
function for HDAC4, where active site binding results in dissociation of NCoR/SMRT.
However, the other three class Ila HDAC isoforms, HDACS5, HDAC7, and HDACY9, had not
yet been tested. To initially confirm and extend the prior data, SAHA inhibitor-dependent
binding of both wild type and GOF mutants of all four class Ila HDAC isoforms to NCoR
was assessed using a gel analysis.

First, GOF mutants of HDAC4, 5, 7, and 9 were generated using Quickchange mutagenesis
(Figure S1A-B)(Lahm et al., 2007; Ling et al., 2012; Schuetz et al., 2008), and the
deacetylase activity of GOF mutants of HDAC4 and HDAC7 was confirmed (Figure S1C,
lanes 4 and 6). The GOF mutant is an ideal negative control for reader function because

the active mutant is still capable of binding to a substrate, but only transiently, assuring that
mutation maintains protein structure and function. Next, Flag-tagged WT or GOF mutant
HDAC4, 5, 7 and 9 were overexpressed in HEK293 cells and then immunoprecipitated to
assess NCoR binding. Consistent with prior data (Bottomley et al., 2008b; Gaur et al., 2016;
Ling et al., 2012), both wild type and GOF mutant HDAC4 bound NCoR (Figure 1A, lanes
2 and 4), which was disrupted by SAHA (Figure 1A, lane 3 and 5). Similar to HDACA4,
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HDACS and 7 showed similar strong NCoR binding (Figure 1B and 1C, lanes 2 and 4), with
reduction in the presence of SAHA (Figure 1B and 1C, lanes 3 and 5). GOF mutants of
HDAC4, 5 and 7 showed more dramatic SAHA-dependent loss of HDAC-NCOoR interaction
(Figure 1, lanes 2 versus 3) compared with wild type (Figure 1, lanes 4 versus 5), consistent
with prior work showing that SAHA is 300-fold more potent towards the HDAC7 GOF
mutant than the wild type (Schuetz et al., 2008). In contrast to the other class lla HDAC
isoforms, neither the wild type nor GOF mutant of HDAC9 bound NCoR (Figure 1D, lanes
2-5). The inability for HDAC9 to bind NCoR is in agreement with a previous study (Joshi et
al., 2013).

To thoroughly characterize the inhibitory effect of SAHA on NCoR binding, dose-dependent
SAHA binding inhibition was assessed with HDAC4 and 7. HDAC4 and 7 were selected

as representative class Ila HDAC proteins here, given their role in AR activity, as discussed
later. Dose dependent reduction in NCoR binding was observed with both WT and GOF
mutants of HDAC4 and 7 (Figure S2E and S2F), with 100 uM necessary to disrupt binding.
These results suggest that the binding modes of NCoR to HDAC4 and 7 are similar, with
dose dependent HDAC inhibitor-mediated disruption of NCoR binding.

Acetyllysine-dependent class lla HDAC-NCoR binding

SAHA and acetyllysine bind to the active site of HDAC proteins in a similar manner,
with coordination to the catalytic metal (Darkin-Rattray et al., 1996; Finnin et al., 1999;
Vannini et al., 2007). Given their similar active site binding, acetyllysine-containing
peptides might disrupt NCoR binding to the class Ila HDAC proteins similar to SAHA,
which would be consistent with possible reader function. To explore the possibility that
acetyllysine containing peptides cause HDAC-NCoR dissociation, similar to the SAHA
inhibitor, peptides derived from histone 4 lysine 12 (H4K12) were synthesized, including
acetylated Ac-Leu-Gly-Lys(Ac)-NH, (LGKAC) and nonacetylated Ac-Leu-Gly-Lys-NH
(LGK). These short histone-derived peptides are commonly used in commercial HDAC
activity assays, making them an ideal general acetyllysine-containing substrate. NCoR
binding experiments were then performed with HDAC4, 5 and 7 in the presences of the
peptides. The LGKAC peptide caused a dramatic disruption of HDAC-NCoR complex
(Figure 2A-C, lane 4) compared to untreated control samples (Figure 2A-C, lane 2),
similar to SAHA (Figure 2A-C, lane 5). Importantly, unacetylated LGK failed to disrupt
the HDAC-NCoR complex (Figure 2A-C, lane 3). Quantification of three independent
trials showed significant reduction in NCoR binding to all three HDAC isoforms in the
presence of the LGKAC peptide, but not the unacetylated LGK peptide (Figure 2E), showing
the reproducibility of the experiment. Interestingly, the first version of the peptide that
was tested, Ac-Ala-Lys(Ac)-Leu-OH (AKAcL-OH), which contains a free carboxylate
terminus, did not disrupt the HDAC7-NCoR complex (Figure S3E). We speculate that
electrostatic repulsion between Asp residues at the HDAC?7 active site entrance (D759
and D626) (Fischle et al., 2002b; Guenther et al., 2001) and the C-terminal carboxylic
acid prevented peptide binding, suggesting that class Ila HDAC proteins prefer binding
to internal acetyllysine residues. These results demonstrate that HDAC4, 5 and 7 bind to
acetyllysine to dissociate NCoR.
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To further characterize acetyllysine-mediated NCoR-HDAC disruption, dose-dependent
binding experiments were performed, similar to SAHA. NCoR-HDAC dissociation was
observed with 1 mM LGKACc peptide (Figure S3F-G). The reduced dissociation potency

of LGKAc compared to SAHA (1 mM with LGKAc versus 0.1 mM with SAHA) is
consistent with the low micromolar ICsq values reported for acetyllysine peptides as
inhibitors (Bradner et al., 2010), but the mid-nanomolar Kp and 1Csq values reported for
SAHA inhibition (Lauffer et al., 2013; Negmeldin et al., 2018; Negmeldin and Pflum, 2017).

Binding assessment of the HDAC7-acetyllysine peptide complex

A critical prerequisite of reader function is that acetyllysine-containing peptides or proteins
bind stably to class Ila HDAC proteins, as was previously observed with bromodomain
proteins (Jacobson et al., 2000). Acetyllysine-dependent disruption of the class Ila HDAC-
NCoR interaction (Figure 2) suggests stable binding between class Ila HDAC proteins

and acetyllysine-containing peptides. Likewise, prior work documenting that acetyllysine-
containing peptides acted as inhibitors of class lla deacetylation using an unnatural
trifluoroacetyllysine substrate (Bradner et al., 2010) is also consistent with class Ila HDAC-
acetyllysine interactions. However, no report to date characterizes the binding affinity of an
acetyl-lysine peptide to a class lla catalytic domain.

To provide evidence for stable interaction between class Ila HDAC proteins and
acetyllysine-containing peptides, the binding affinity of the LGKAc peptide to HDAC7 was
assessed. We selected HDAC? for these biophysical studies given the focus of this project
on the unique relationship between HDAC7 and AR, as discussed below. The catalytic
domain of HDAC7 (cdHDAC7) was expressed in bacteria and purified (Figure S4A-B).
Purified cdHDAC?7, along with acetylated LGKACc or unacetylated LGK peptides, were
subjected to analysis by Bio-Layer Interferometry (BLI). While the LGK peptide did not
incur observable binding, even at 5 uM concentration (Figure S4C-E), the LGKAC peptide
showed dose dependent association and dissociation with cdHDACT. The dissociation
constant (Kp) from three independent trials was in the range from 0.72 £ 0.1 uM to 1.0

+ 0.1 uM (Figure S4C-E). The observed sub-micromolar binding affinity is considerably
lower than the 1 mM concentration of LGKACc peptide necessary to dissociate NCoR from
class lla HDAC proteins in lysates (Figure S3F-G). We speculate that the LGKACc peptide
might be susceptible to both degradation by proteases and deacetylation by active HDAC
proteins in the cell lysate, resulting in the requirement for elevated concentrations.

AR K630 is Critical for HDAC7-NCoR Dissociation

In addition to stable acetyllysine binding, a critical aspect of reader proteins is that binding
by an acetyllysine-containing protein leads to a downstream biological event. HDAC7
regulates AR activity through NCoR-HDACS3 binding (Karvonen et al., 2006), and the
transcriptional activity of AR is dependent on acetylation at a critical K630 residue (Fu et
al., 2000; Fu et al., 2002). Despite the connections between AR activity, NCoR binding, and
K630 acetylation, a molecular mechanism accounting for these activities has not yet been
tested. We hypothesize that acetyl-K630 of AR binds directly to the HDAC?Y active site to
dissociate the NCoR-HDAC3 complex and activate transcription, consistent with a reader
function for HDAC7.
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As a first test of this hypothesis, we assessed whether an acetyllysine-containing peptide
derived from AR would disrupt the NCoR-HDAC7 complex, similar to the LGKACc

peptide. Two peptides including residues 625 to 637 of the AR sequence were synthesized:
acetylated TLGARKACLKKLGNL (AR K630Ac) and unacetylated TLGARKLKKLGN
(AR K630, where K630 is underlined in both sequences). AR K630Ac caused dramatic
NCoR dissociation from HDAC7 (Figure 3A, lane 6), whereas AR K630 did not (Figure 3A,
lane 2), consistent with a role for AR acetylation in HDAC7-NCoR complex disruption.

To further test the hypothesis that AR acetylation affects the HDAC7-NCoR complex, NCoR
binding assays were performed in the presence of overexpressed full-length AR wild type
or unacetylated K630R mutant. The presence of co-expressed wild type AR resulted in the
loss of NCoR in the HDAC7-Flag immunoprecipitation (Figure 3B, lane 7). In contrast, co-
expression of unacetylated AR K630R mutant did not disrupt the HDAC7-NCoR complex
(Figure 3B, lane 6), consistent with the model where K630Ac binds the HDAC7 active

site to dissociate NCoR. Likewise, NCoR remained bound to the GOF HDAC7 mutant in
the presence of either wild type or K630R AR (Figure 3B, lanes 2 and 3) due to active
deacetylation and loss of “reader” function. Interestingly, AR co-immunoprecipitated with
HDACY in all samples (Figure 3B, lanes 2-9), which suggests that AR interacts with
HDACTY independently of acetylation-induced active site binding. These finding provide
the first evidence that HDACY acts as a reader of AR acetylation to affect NCoR-HDAC3
association.

An alternative mechanistic hypothesis explaining the AR K630-dependent NCoR-HDAC7
dissociation is that cellular acetyllysine-binding factors, such as transcriptional coactivators,
interact with acetylated-K630 AR to physically disrupt NCoR binding. In this case, SAHA
or acetyllysine-containing peptides could alter AR acetylation through inhibition of cellular
HDAC proteins to influence transcriptional coactivator interaction, instead of direct HDAC7
active site binding, to dissociate NCoR. To experimentally test this alternative hypothesis,
overexpressed wild type or GOF mutant HDAC7 were immunoprecipitated in the presence
of overexpressed AR and then washed with a high salt (500 mM) buffer to remove unbound
cellular proteins, including coactivators and deacetylases. As expected, NCoR remained
bound to the samples in this initial immunoprecipitation (Figure S5C), documenting the
absence of NCoR-disrupting factors. Next, SAHA was added to the purified AR-HDAC7-
NCoR complex to assess if NCoR dissociates through direct HDAC?7 binding in the absence
of cellular proteins. SAHA incubation resulted in the NCoR dissociation with both wild type
(Figure 3C, compare lanes 2 and 3) and GOF mutant HDAC7 (Figure 3C, compare lanes 4
and 5), similar to earlier NCoR binding studies (Figure 1C and 3B). Quantification of NCoR
protein levels from three independent trials documented reproducible SAHA-dependent
NCoR loss (Figure 3D). Without the influence of cellular coactivators or deacetylases, the
data are consistent with direct binding of SAHA to the HDACY active site, which further
confirms the reader function of HDAC7.

Finally, to confirm the interaction between HDAC7 and AR in cells, their cellular
localization was studied using immunohistochemistry and confocal microscopy. As
expected, HDAC7 showed strong colocalization with AR in the absence and presence
of dihydrotestosterone (DHT) ligand (Figure S6), which is consistent with earlier
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coimmunoprecipitation data (Figure 3B). Interestingly, AR and HDACY resided in both
the nucleus and cytoplasm without DHT treatment, whereas they are found primarily in
the nucleus with DHT treatment (Figure S6), similar to a previous report (Karvonen et

al., 2006). The colocalization data is consistent with acetylation-independent interaction of
HDAC7 and AR.

AR transcriptional activity is dependent on HDAC7

With AR acetylation-dependent disruption of the HDAC7-NCoR complex established, the
next step to test the reader function of HDAC7 was to assess HDAC7-dependent AR
transcriptional activation function. AR-mediated transcription was monitored in the presence
of HDAC? using a gene reporter system. HEK293 cells were selected due to the absence
of endogenous AR expression (Alimirah et al., 2006), which allows expression of wild
type and mutant AR. As expected, AR-dependent transcription increased roughly 10-fold in
the presence of DHT ligand (100 + 10 %, Figure 4A, lane 2), compared to the absence

(10 £ 1%, Figure 4A, lane 1). Whereas co-expression of wild type HDAC? did not
influence DHT-induced transcription (98 = 1%, Figure 4A, lanes 2 and 3), co-expression
of GOF mutant HDACTY significantly decreased transcription (56 + 1%, Figure 4A, lane

4). These observations are consistent with earlier co-immunoprecipitation data where GOF
mutant HDAC7 was unable to disrupt NCoR binding (Figure 3B), resulting in continued
repression of transcription through HDAC3 recruitment. To confirm the importance of AR
K630 acetylation in transcriptional activation, as observed previously (Fu et al., 2002),
AR-mediated transactivation activity was reduced to basal levels with co-expression of AR
K630R (Figure 4A, lanes 7-12), showing acetylation-dependent AR transcription. As a
positive control, co-expression of HDAC4 inhibited AR activity (43 £ 1 %, Figure 4A, lane
6), likely due to AR sumoylation (Yang et al., 2011). As a negative control, the presence of
HDAC9 GOF mutant did not affect AR transcriptional activity (93 £+ 3 %, Figure 4A, lane
5). This transcriptional data document the dependence of AR gene expression activity on
both HDAC?7 and K630, consistent with a reader function for HDAC7.

To confirm the unique role of HDAC7 in AR-mediated transcription, all class Ila HDAC
proteins were tested in the reporter assay. Whereas HDAC7 showed transcriptional signal
dependent on deacetylase activity (Figure 4B, lanes 7 and 8), the other class lla HDAC
proteins did not (Figure 4B, lanes 3-6, 9-10). The reporter assay data provide evidence that
HDACT uniquely acts as a reader of AR acetylation.

NCoR represses transcription primarily by recruiting HDAC3 to genomic DNA and
deacetylating nucleosomal histones (Fischle et al., 2002b). To test the HDAC3 dependence
of AR transcriptional activity, the same AR-dependent gene reporter assay was performed
in the presence of HDAC3-selective inhibitor, RGFP966. Whereas GOF mutant HDAC7
reduced DHT-induced AR transcription (Figure 4C, lane 4) compared to wild type (Figure
4C, lane 3) or untreated (Figure 4C, lane 2) samples, RGFP966 restored AR-mediated
transcription in the presence of GOF mutant HDACY to levels similar as untreated samples
(Figure 4C, lane 6). As a control, the HDAC1/2 dual selective inhibitor SHI:12 did not
influence GOF mutant repressed AR-mediated transcription (Figure 4C, lane 5), despite
prior work showing that AR associates with HDAC1 or HDAC?2 to repress transcription
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(Chng et al., 2012). The HDAC inhibitor study confirmed that AR-mediated gene repression
by HDAC?7 is dependent on HDACS3, consistent with recruitment of the NCoR-HDAC3
complex.

To extend the study of HDAC7-dependent AR transcriptional activity to a biologically-
relevant context, mMRNA levels of two AR-regulated genes, SPRF5 and Wnt16 (Tanner
etal., 2011), were assessed in the presence of expressed AR and HDAC7 using reverse
transcription/polymerase chain reaction (RT-PCR) analysis. Upon DHT treatment, both
genes showed robust upregulation (Figure 5A, lanes 4-6) compared to the untreated control
(Figure 5A, lanes 1-3). While the presence of wild type HDAC?7 only modestly reduced
MRNA levels of both genes (Figure 5A, lanes 7-9), the presence of HDAC7 GOF mutant
significant reduced mRNA levels of both genes (Figure 5A, lanes 10-12). Quantification of
triplicates from three independent trials showed that GOF mutant HDAC7 reduced SPRF5
expression to 44 + 1 % (Figure 5B, column 4) and Wnt16 expression to 40 + 1 % (Figure
5C, column 4) compared to untransfected cells (Figures 5B and 5C, column 2). The RT-PCR
results confirmed that HDAC?7 reader function is required for transcription of AR-dependent
cellular genes.

ER and AR Similarly Interact with HDAC7 and NCoR

Finally, we extended these studies to a second nuclear receptors to test if HDAC7 reader
function affects other nuclear receptor family members. Estrogen receptor a (ER) is a
transcriptional activator regulated by binding to ligands, such as estradiol (E2) (Heldring
et al., 2007). Similar to AR, ER transcriptional activity is influenced by HDAC4 and
HDACT through direct interaction (Leong et al., 2005; Malik et al., 2010). Additionally,
ER recruits NCoR/SMRT corepressors to regulate transcriptional function (Fu et al., 2003;
Varlakhanova et al., 2010). Despite the connections between ER, class Ila HDAC proteins,
and NCoR/SMRT corepressors, similar to AR, no study has yet directly probed their
possible acetylation-dependent interactions.

Based on the AR data, we hypothesized that ER acetylation affects the HDAC7-NCoR
complex. To probe this hypothesis, NCoR binding assays were performed in the presence of
overexpressed full-length ER wild type and either HDAC7 WT or gain-of-function (GOF)
mutant. NCoR bound HDAC7 GOF mutant to a greater extent than HDAC7 WT (Figure

6, lanes 2 vs 4), which was disrupted in the presence of SAHA (Figure 6, lanes 3 and

5). Similar to AR, ER robustly bound to HDAC7 WT or GOF in the absence or presence

of SAHA treatment (Figure 6, lanes 2-5), suggesting that ER also interacts with HDAC7
independently of acetylation-induced active site binding. In fact, immunohistochemistry
documented that HDAC7 colocalized with ER in the absence and presence of ligand (Figure
S9B). In this case, ER predominantly resided in the nucleus with HDAC7? both in the
presence and absence of E2 ligand, which is consistent with previous work (Monje et al.,
2001). Based on the similar data, we speculated that both AR and ER interact with HDAC7
to regulate acetylation-dependent NCoR binding.
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Discussion

HDAC proteins are epigenetic repressors due to deacetylation of nucleosomal histone
substrates (Kramer et al., 2001). However, class Ila HDAC proteins cannot function
directly as acetylation-dependent epigenetic enzymes since they are catalytically inactive
(Bradner et al., 2010; Lahm et al., 2007; Schuetz et al., 2008). Prior work documented
that class Ila HDAC4, 5 and 7 interact with the repressive NCoR/SMRT-HDAC3 complex
to regulate transcription (Fischle et al., 2001; Mottis et al., 2013; Wong et al., 2014).

Here we demonstrate for the first time that binding of HDAC4, 5 and 7 to NCoR is
acetyllysine-dependent, which is consistent with possible “reader” function. The “reader”
model proposes that binding of acetyllysine into the active sites of HDAC4, 5 and 7
releases the NCoR/SMRT-HDAC3 complex (Figure 7A). By controlling HDAC3-mediated
deacetylation, HDAC4, 5 and 7 indirectly control gene expression.

Several prior studies are consistent with the proposed model of HDAC7 reader function.
An HDAC inhibitor disrupted class Ila HDAC binding to an NCoR/SMRT-derived peptide
(Hudson et al., 2015), which suggests that active site binding molecules (either an inhibitor
or acetyllysine) affect HDAC-NCoR association. Similarly, HDAC3 dissociated from
HDACA4 after incubation with an HDAC inhibitor, which could be due to the loss of NCoR
association after active site binding by the inhibitor (Bottomley et al., 2008b). Deacylation
by class lla HDAC proteins was inhibited by an acetyllysine-containing substrate (Bradner
et al., 2010), which is consistent with HDAC active site binding by acetyllysine. Finally,
chemoproteomics studies reported that class Ila HDAC proteins (HDAC4, 5, and 7), but not
NCoR or HDACS3, were enriched by inhibitor-bound beads (Bantscheff et al., 2011; Lobera
et al., 2013). In total, prior reports are consistent with the proposed model where HDAC7
acts as a reader of AR acetylation to modulate gene expression.

To thoroughly characterize the reader function of HDACY7, the dissociation constant of

an acetyllysine peptide bound to HDAC7 was determined to be 0.7-1.0 uM using BLI
analysis. Although no prior literature reports the binding affinity of a class I1la HDAC to

an acetyllysine-containing peptide, the inhibitory potency (ICsq) of acetyllysine-containing
peptides in deacetylase assays with class lla HDAC proteins is 0.64 and 2.3 uM (Bradner
et al., 2010), similar to the binding data. To compare the affinities observed here with
HDACT to bromodomain-containing reader proteins, dissociation constants of 1.4 — 39 uM
were determined using isothermal calorimetry for acetyllysine-containing peptides bound
to bromodomain-containing TAF;250, which showed a 1:1 stoichiometry (Jacobson et al.,
2000). NMR titration was also used to assess the binding affinity of acetyllysine-containing
peptides to bromodomain-containing P/CAF (350 uM), GCN5 (900 uM), and CBP (50
UM) proteins (Dhalluin et al., 1999; Hudson et al., 2000; Mujtaba et al., 2004). In total,

the affinity of HDACY for an acetyllysine-containing peptide observed here is similar or
better than those reported for bromodomain-containing reader proteins, further corroborating
possible reader function.

Prior HDACT structural studies proposed that acetyllysine-containing substrates interact
with both the active site and the nearby structural zinc metal region that binds SMRT/NCoR
(Desravines et al., 2017; Schuetz et al., 2008). Similarly with HDAC4, a SMRT-derived
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peptide bound a cleft between the structural zinc domain and the active site (Kim et al.,
2015; Park et al., 2018). The proximity of the structural zinc region to the active site
suggests that SMRT/NCoR-class Ila HDAC protein complexes are sensitive to acetyllysine
binding. In addition, inhibitor binding to the HDAC4 active site resulted in conformational
changes in the structural zinc region, which could explain the inhibitor-dependent HDAC4-
NCoR/SMRT disruption (Bottomley et al., 2008b). Based on these prior structural studies, a
conformational change in the NCoR/SMRT interaction domain after active site binding, or a
blocking of the active site cleft, or both, might be responsible for release of NCoR/SMRT.
Further structural studies are needed to test this hypothesis.

Whereas HDAC4, 5, and 7 showed inhibitor and acetyllysine sensitive NCoR association
(Mottis et al., 2013; Wong et al., 2014), HDAC9 did not. In fact, there is debate in the
literature regarding the HDAC9-NCoR/SMRT interaction. Ectopically expressed HDAC9
bound NCoR by co-immunoprecipitation (Petrie et al., 2003), and HDAC9 bound an NCoR-
derived peptide, similar to HDAC4, 5, and 7 (Hudson et al., 2015). However, proteomics
analysis after immunoprecipitation documented that HDAC4, 5 and 7 exist in a cluster of
proteins containing NCoR, whereas HDAC9 was in a separate cluster absent of NCoR (Joshi
et al., 2013). Additional studies with HDAC9 are needed to identify reader activity, which
might be distinct from HDAC4, 5, and 7

To demonstrate the biological relevance of HDACT reader function, we provide evidence
that HDACY acts as a reader of AR acetylation to activate AR-mediated transcription.
According to the proposed model, unacetylated AR binds to the HDAC7-NCoR-HDAC3
complex (Figure 7B). In this transcriptionally inhibited state, HDACTY acts as a regulatory
scaffold to recruit the repressive NCoR-HDAC3 complex to AR-bound genomic DNA. Upon
acetylation of AR at K630, the newly formed acetyllysine residue binds into the active

site of HDAC?7 to dissociate the NCoR-HDAC3 complex from AR (Figure 7C). Without
histone deacetylation by HDAC3, the presence of AR results in activation of transcription
(Figure 7C), likely through binding to coactivator proteins, such as acetyltransferases. With
this model, AR acts both as a DNA-binding transcriptional activator and as a recruiter

of repressive HDAC7-NCoR-HDACS3 to influence transcription via two complementary
mechanisms. In support of this model is the fact that activation of AR by DHT treatment
induced nuclear localization of both AR and HDAC7 (Figure S6).

An interesting observation in these studies is that AR binds to HDAC7 independently of
acetylation (Figure 3B). Similarly, a prior co-localization study demonstrating that AR and
HDACT interact independently of NCoR (Karvonen et al., 2006). Taken together, HDAC7
reader function might be facilitated by “pre-binding” of substrates, which ensures that
acetyllysine is in proximity to the active site for efficient binding. In fact, previous mass
spectrometry data indicated that most acetylation occurs with a low median stoichiometric
ratio of 0.02% (Hansen et al., 2019). Similarly, the acetyllysine levels of AR after
immunoprecipitation were low or unobservable (Figure S11), consistent with a low
stoichiometry. Given the low AR acetylation levels, yet prominent effects by K630 on
transcription, we hypothesize that pre-binding of AR to HDAC7 promotes a high local
concentration of acetylated K630 on AR near the HDAC? active site to facilitate binding and
NCoR release. In support of this hypothesis, prior work with bromodomains and HDACS8
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documented the role of interactions outside of the acetyllysine binding domains in reader
function (Castaneda et al., 2017; Mujtaba et al., 2002; Owen et al., 2000). Additional
reader substrates of class Ila HDAC proteins will need to be identified to explore whether
acetylation-independent pre-binding is a common feature of their acetyllysine binding
function.

Acetylation is critical for AR-mediated transcription since K630R or K632/633R mutants of
AR were weak transcriptional activators (Fu et al., 2003; Fu et al., 2000; Fu et al., 2002). In
addition, wild type AR displayed 10 times worse NCoR binding than the K630A AR mutant
(Fu et al., 2002), which is consistent with acetylation-dependent NCoR-AR interaction

and the proposed model (Figure 7B). Related to the HDAC7-AR interaction, fluorescence
staining showed that HDAC7 and AR colocalized upon treatment of testosterone, although
without NCoR (Karvonen et al., 2006). Hollenberg et a/. suggested a direct interaction
between AR and NCoR (Cheng et al., 2002; Hodgson et al., 2005), although their study did
not preclude the possibility that AR exerts its interaction with NCoR through scaffolding
HDACT. In total, prior data on AR-mediated transcriptional regulation is consistent with the
proposed model involving HDACT reader activity.

Many nuclear receptors, including estrogen receptor (ER) and thyroid receptor (TR), share
a common acetylation motif with AR (Wang et al., 2011). Acetylation is also critical to
regulate transcription by ER and TR (Sanchez-Pacheco et al., 2009; Wang et al., 2001).

We speculate that additional receptors interact with class lla HDAC proteins to mediate
acetylation-dependent transcriptional activation. In fact, here we provide evidence that
HDACT7-NCoR disruption by SAHA occurs in the presence of ER (Figure 6), similar to AR.
Like HDAC7, HDACS and HDACS directly interacted with ER to inhibit its transcriptional
activity by recruiting NCoR/SMRT (van Rooij et al., 2010). Also similar to AR, ER requires
K266 and K268 for full transcriptional activity (Wang et al., 2001), suggesting that one or
both of these sites are involved in class Ila reader binding. TR also interacts with SMRT
dependent on the presence of three lysine residues (Sanchez-Pacheco et al., 2009). Future
studies are needed to fully understand the relationship between class Ila HDAC proteins and
the transcriptional activity of the hormone receptor family.

HDACA4, 5, and 7 dissociated from NCoR dependent on both inhibitor and acetyllysine
binding (Figures 1 and 2), consistent with prior work (Mottis et al., 2013; Wong et al.,
2014), suggesting that all three isoforms have reader functions. However, only HDAC7
affected the transcriptional activity of AR as a function of reader activity (Figure 4B).

The combined data suggest that HDAC7 uniquely collaborates with AR to regulate
transcriptional activity. We hypothesize that HDAC4, 5, and 7 cooperate with different
transcription factors to modulate epigenetic regulatory mechanisms. Additional studies are
needed to identify the unique transcription factors and/or enhancer complexes coordinating
with HDAC4, 5, and 7 for reader-mediated epigenetic regulation.

Significance

The first evidence of the epigenetic “reader” function of HDACY is reported. While prior
work proposed an acetyllysine-dependent reader function for class lla HDAC proteins
(Arrowsmith et al., 2012; Bradner et al., 2010; Lobera et al., 2013), here experimental data
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documents that HDAC7 influences NCoR-HDAC3- and K630-dependent AR transcriptional
activity, consistent with the proposed model (Figure 7). To further test this model of reader
function, future work will focus on identifying additional acetyllysine-binding substrates

of class lla HDAC proteins. Given the biological importance of reader proteins, such as
bromodomains (Smith and Zhou, 2016), and the use of HDAC inhibitors in the clinic
(Eckschlager et al., 2017), a full understanding of the epigenetic reader functions of class
Ila HDAC proteins will be critical to fully characterize the roles of HDAC proteins in cell
biology, in addition to assisting HDAC-targeted drug development efforts.

Limitations of the study

As the initial study reporting a reader function of a Class 1la HDAC protein, additional
studies are needed to further test the proposed reader mechanism. In fact, a limitation of

this study was the need to use overexpressed wild type and mutant HDAC and AR proteins.
Overexpressed proteins are commonly used to overcome low abundance or allow use of
mutants (Bottomley et al., 2008a; Fischle et al., 1999; Guenther et al., 2001; Karvonen et al.,
2006; Kim et al., 2015; Yang et al., 2011), and results with endogenous or stably expressed
proteins have reproduced those with overexpressed proteins (Fischle et al., 2002a; Karvonen
et al., 2006; Yang et al., 2011). Future work exploring the reader functions of Class Ila
HDAC proteins using endogenous proteins in additional biological contexts will provide
necessary confirmation.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Mary Kay H. Pflum
(Pflum@wayne.edu)

Materials availability—Plasmids generated in this study are available upon request.

Data and Code availability—All repetitive trials and raw data are reported in the
supplementary information file. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell line—HEK?293 cells (human embryonic kidney cells, ATCC; authenticated annually
using short tandem repeat profiling) were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (Life technologies) and 1%
antibiotic/antimycotic (Hyclone) at 37°C in a 5% CO, incubator. Jetprime reagent (VWR)
was used for transfection of plasmid DNA (2 ug) into HEK293 cells (2 x 108 cells) at

70% confluency. When HDAC7 and AR expression constructs were co-transfected, both
plasmids (2 pg of each) were used with the same conditions. After a 24 h growth period,
cells were treated with SAHA (10 uM) for 24 h to induce robust acetylation, and then
harvested and washed once with DPBS (Dulbecco’s Phosphate Buffered Saline, Hyclone, 10
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mM NayHPOy, 1.8 mM KH,PO4 pH 7.4, 137 mM NaCl, 2.7 mM KCI). Cells were either
used immediately or stored at —80 °C as a cell pellet.

METHOD DETAILS

Plasmids—pcDNAS3.1-Flag HDAC4, 5, 7 and 9 were described earlier (Fischle et al.,
1999; Yang et al., 2011; Yuan et al., 2010; Zhang et al., 2004). GOF mutants of HDAC4,

5, 7, and 9 were created using QuickChange site-directed mutagenesis (Agilent, 200521)
with primers in Figure S1. Sequences were confirmed by DNA sequencing. pcDNA3-AR
and pcDNA3-AR K630R were described earlier (Fu et al., 2002). pLR-ARE-LUC and
pLR-Renilla-LUC plasmids were described earlier (Zhang et al., 2016). pcDNA-HA-ER WT
was a gift from Sarat Chandarlapaty (Addgene plasmid number 49498).

HDAC Deacetylase Activity Assay—Transfection of plasmid DNA (pBJ5-Flag wild
type HDAC1 or HDAC1 C151A (2 pg))(Wambua et al., 2014), pcDNA3.1-Flag wild type
HDAC4 or HDAC4 H976Y (2 pg)), pcDNA3.1-Flag wild type HDAC7 or HDAC7 H842Y
(2 ug)) into HEK293 cells (2x10°) was carried out as described. Following transfection,
cells were lysed using lysis buffer (500 pL; 50 mM Tris-HCI (pH 8.0), 150 mM NacCl,

10% glycerol, and 0.5% Triton X-100) containing 1x protease inhibitor (GenDepot) for 30
min at 4 °C with rocking. Cell debris was removed by centrifugation (13.2 x 103 rpm) for
10 min at 4 °C and total protein concentrations from the soluble fraction was determine
using Bradford reagent (Bio-Rad, cat# 5000205). Lysates (1 mg total protein) containing
Flag-tagged HDAC proteins were immunoprecipitated using prewashed Anti-Flag M2 beads
(25 pL) as described. Proteins after immunoprecipitation (20% of total) were assayed using
HDAC-Glo™ kit (G648B-C, Promega) following the manufacturer’s instruction. Briefly,
bound beads were washed with lysis buffer twice. The HDAC-Glo™ substrate (1 mL) and
developer (1 pL) were first premixed to form the HDAC-Glo™ reagents. Then, to monitor
deacetylase activity, the HDAC-Glo™ reagent (2 uL for HDACL1 and 1uL for HDAC4

and HDAC7) and HDAC-Glo™ buffer (48 uL) were added to the prewashed bound beads
and incubated for 25 min at room temperature with rocking. Deacetylase activity was
measured as luminescent signal using a GeniosPlus Fluorimeter (Tecan) at optimal gain.
The remaining of the precipitated HDAC proteins (80% of total) was washed three times
with lysis buffer, followed by 10% SDS-PAGE separation of proteins, transfer to a PVDF
membrane, and visualization with Flag (F3165, Sigma) or an NCoR (5948S, Cell Signaling)
antibodies using FluorChemQ gel imager (ProteinSimple).

Immunoprecipitation—Immunoprecipitation was performed as previously described with
minor changes (36, 37). Following transfection as described above, cells were lysed using
lysis buffer (500 uL; 50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10% glycerol, and 0.5%
Triton X-100) containing 1x protease inhibitor (GenDepot) for 30 min at 4 °C with

rocking. Cell debris was removed by centrifugation (13.2 x 103 rpm) for 10 min at 4 °C

and total protein concentrations from the soluble fraction was determine using Bradford
reagent (Bio-Rad, cat#5000205). For the immunoprecipitation, lysates containing wild type
or mutant Flag-tagged HDAC4, 5, 7 or 9 (2 mg of total protein, 1 mL of total volume)

were mixed with pre-washed Flag M2 beads (25 pL bead slurry, Sigma) and rocked for

3 hat 4°C). For SAHA or acetyllysine competition during immunoprecipitation (Figures
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1-3), an equal amount of the same lysate sample was immunoprecipitated as described in
the presence of active site inhibitor SAHA (100 uM or concentration indicated in Figure

S2 in <2% DMSO), Ac-LGKAc-NH, peptide (1 mM or concentration indicated in Figure
S3 in ultra-pure water; 95% purity; MALDI-TOF mass spectrometry - expected [M+H]*

= 400.45; observed [M+H]" = 400.30), or Ac-LGK-NH, peptide (1 mM or concentration
indicated in Figure S3 in ultra-pure water; 95% purity; MALDI-TOF mass spectrometry

- expected [M+H]* = 358.45; observed [M+H]* = 358.25), AR K630Ac peptide (1 mM

or concentration indicated in Figure S5 in ultra-pure water; 95% purity; MALDI-TOF

mass spectrometry - expected [M+H]* = 1495.92; observed [M+H]* = 1496.07), AR

K630 peptide (1 mM or concentration indicated in Figure S5 in ultra-pure water; 96%
purity; MALDI-TOF mass spectrometry - expected [M+H]" = 1453.91; observed [M+H]* =
1454.02). To assess AR acetylation levels (Figure S11), lysates (1 mg of total protein, 500
pL of total volume) were mixed with pre-washed Protein A/G beads (50 pL bead slurry,
Santa Cruz Biotechnology) and primary AR antibody (sc-7305 Santa Cruz Biotechnology)
diluted according to the manufacturer protocol. After immunoprecipitation, beads were
washed three times with wash buffer (1 mL; 50 mM Tris-CI pH 8.0, 500 mM NacCl, 10%
glycerol, 0.5% triton-X-100) with centrifugation (5,000 rcf for 1 min) to collect the beads
after each wash. For SAHA competition after immunoprecipitation (Figure 3C-D), beads
after the initial washes were further washed with wash buffer (1 mL) supplemented with
SAHA (100 uM in >0.002% DMSOQ) or DMSO carrier (>0.002%), with centrifugation
(5,000 rcf for 1 min) to collect the beads after each of three washes. Following washing,
bound proteins were eluted and denatured by boiling for 8 min at 95°C in SDS loading

dye (Bio-Rad, Laemmli Sample Buffer, 65.8 mM Tris-HCI, pH 6.8, 26.3% (w/v) glycerol,
2.1% SDS and 0.01% bromophenol blue) supplemented with B-mercaptoethanol (10% v/v).
Proteins were separated by 10% SDS-PAGE, followed by transfer to a PVDF membrane
(Immobilon P, Millipore) and visualization with Flag (F3165, Sigma), NCoR (5948S, Cell
Signaling), AR (5153S, Cell Signaling), ER (8644S, Cell Signaling), or acetyllysine (9441S,
Cell Signaling) antibodies using the FluorChemQ gel imager (ProteinSimple).

Expression and Purification of the Catalytic Domain of Human Histone
Deacetylase 7—The expression and purification of the Catalytic Domain of Human
HDACT7 (cdHDACTY) procedure was adapted from a previously published protocol (Schuetz
et al., 2008). The bacterial expression construct encoding His-tagged cdHDAC7 DNA in the
PET28a-LIC backbone was obtained from Addgene (plasmid #51340) and was transformed
into Rosetta2(DE3) competent cells using the heat shock method. Terrific broth (1 L, 1.2%
Tryptone, 2.4% Yeast Extract and 0.5% Glycerol) supplemented with HEPES (100 mM,

pH 7.5), kanamycin antibiotic (30 g/mL), and Zn(OAc), (100 uM) was inoculated with the
transformed cells and grown at 37°C with shaking (250 rpm). When the optical density
(OD) of the cell culture reached roughly 1.0, the temperature was lowered to 20°C and
protein expression was induced by addition of isopropy! p-d-1-thiogalactopyranoside (IPTG,
0.4 mM). After 16 hr of protein expression at 37°C with shaking (250 rpm), the cell pellet
was collected by centrifugation (5,000 rpm) at 4°C for 20 min and then suspended in lysis
buffer (50 mL; 25 mM Tris pH 8, 500 mM NaCl, 5% Glycerol, 0.1% CHAPS, 1 mM DTT
and 0.1 mM PMSF). Cells were lysed by sonication (6 x 30 s pulses with 30 s pauses in
between), and then the cell debris after lysis was removed by centrifugation (40,000 rpm)
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for 30 min. For protein purification, Ni-NTA beads (4 mL, Qiagen, cat #30450) were first
washed with washing buffer (40 mL; 25 mM Tris pH 8, 150 mM NaCl, 5 % Glycerol and 20
mM Imidazole). The soluble fraction of the lysate was added to the washed Ni-NTA beads
and rocked for one hour at 4°C to allow protein binding. After binding, the unbound proteins
from the lysate were allowed to flow through the column, followed by washing of the beads
five times with washing buffer (10 mL) at room temperature. Bound proteins were eluted
from the beads with elution buffer (4 mL; 25 mM Tris pH 8, 150 mM NacCl, 5% Glycerol
and 300 mM Imidazole) five times at room temperature. The combined elution solution was
loaded onto a HiTrap Q HP anion exchange column (GE Healthcare, cat #17-1154-01) using
AKTA P-920 purification system. The flow rate was set to 1 mL/min and a gradient from

50 mM to 400 mM NaCl in HEPES was used to elute bound proteins. Protein purification
was assessed using 10 % SDS-PAGE separation and visualization of proteins by Coomassie
blue staining (Bio-Rad, cat #1610436). Fractions containing pure cdHDAC7 were combined
and dialyzed (14 kDa cut off, Sigma Aldrich, cat #D9777) against HEPES buffer (25 mM
HEPES pH 8, 200 mM NaCl) containing 10 % glycerol in preparation for biotinylation and
bio-layer interferometry instrument (BLI) analysis.

Biotinylation of purified cdHDAC7—Purified cdHDAC7 was biotinylated to facilitate
binding to the super streptavidin coated sensor (SSC sensor) for BLI analysis. The purified
cdHDACY protein (0.5 mL of a 60 uM solution) was incubated with biotin-NHS-PEG4

(1.5 pL of a 20 mM solution, Thermo Fisher, cat #A39259) with a 1:1 protein-to-biotin

ratio (0.3 pM of each) in a total of 0.5 mL to prevent over-biotinylation. The reaction was
incubated on ice for 2 h before dialysis against HEPES buffer containing 10% glycerol using
a slid-A-lyzer (10 kDa cut off, Thermo Fisher, cat #66380) to remove the biotin-NHS-PEG4
reagent. Dialyzed samples were fast frozen with liquid nitrogen in aliquots and stored at
-80°C before use.

Binding Assessment of cdHDAC7-LGK(Ac) using bio-layer interferometry
(BLI)—In preparation for BLI analysis, the biotinylated cdHDACY protein was thawed

on ice and subjected to dialysis against HEPES buffer using a slid-A-lyzer (10 kDa cut
off, Thermo Fisher, cat #66380) to remove glycerol. BLI analysis was carried out using an
Octet Red 96 instrument (FortéBio). All kinetics experiments were performed at 25°C while
stirred at 1000 rpm to create homogeneous mixtures. Biotinylated cdHDAC?7 (0.1 mg/mL)
was loaded onto the SSC sensor (FortéBio, cat #18-5057) until the binding signal reached
7 nm. Acetylated LGK(Ac) peptide was used at 20 nM, 1 pM, and 5 uM concentrations,
whereas the unacetylated control peptide LGK was used only at a 5 uM concentration.
The binding experiments were performed as follows: initial equilibration after loading was
set to 1200 s and the baseline was then stabilized for 60 s. Peptide was then allowed to
associate for 1200 s, followed by dissociation for 1200 s. FortéBio Octet Data Acquisition
and Analysis Software version 7.0 was utilized to perform data acquisition and processing.
Global fitting applied to acetylated LGK(Ac) peptide binding curves.

Immunohistochemistry Staining—HEK?293 cells (3 x 106) were seeded onto coverslips
in a 6-well plate and grown in DMEM (2 mL) supplemented with 10% fetal bovine serum
(Life technologies) and 1% antibiotic/antimycotic (Hyclone) at 37°C in a 5% CO, incubator.
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After 24 h, cells were co-transfected with expression plasmids encoding WT HDAC7-Flag
(0.64 pg) and either pcDNA3-AR or pcDNA-HA-ER plasmids (0.64 pg) using Jetprime
reagent (VWR) according to the manufacturer protocol. After another 24 h, cells transfected
with AR were incubated with DHT ligand (1 nM in 0.1% DMSO) or with the DMSO
vehicle (0.1% v/v). Similarly, cells transfected with ER were incubated with E2 ligand (10
pM in 0.1% ethanol) or with the ethanol vehicle (0.1% v/v). Following 24 h incubation

with ligands or vehicle, cells were washed with DPBS (2 mL; Thermo Fisher, SH30028FS)
once, fixed with 4% paraformaldehyde (2 mL; Santa Cruz, sc-281692) for 10 minutes,
washed three times with DPBS (2 mL), and fixed with ice cold methanol (2 mL) for 3
minutes. Fixed cells were washed three times with DPBS (2 mL) and permeabilized with
permeabilization buffer (2 mL; 0.3% Triton X-100 in PBS, DPBS) for 10 minutes at room
temperature. Following permeabilization, cells were washed three times with DPBS (2 mL)
and blocked with SuperBlock™ Buffer (2 mL; Thermo Fisher, cat # 37515) for one hour

at room temperature. After the blocking buffer was removed, cells were incubated with
mouse anti-Flag (Sigma Aldrich, cat #F3156) and either rabbit anti-AR (Cell Signaling,

cat #5153) or rabbit anti-ER antibody (Cell Signaling, cat #8644) overnight in DPBST (2
mL; 0.1% Triton X-100 in DPBS). After incubation with the primary antibodies, cells were
washed three times with DPBS and incubated with anti-mouse Alexa Fluor 488 (Thermo
Fisher, cat #A-11029) and anti-rabbit Alexa Fluor 594 secondary antibody (Thermo Fisher,
cat #A-11037) mix in PBST (2 mL) for one hour at room temperature. Antibody-stained
cells were washed with DPBS (2 mL) three times and counterstained with DAPI (2 mL; 300
nM in PBS; Thermo Fisher, cat #D21490) for five minutes. Cells were then washed three
times with DPBS (2 mL), mounted on a glass slide with a drop of ProLong® Gold Antifade
Reagent (Thermo Fisher, cat #P10144) and visualized using a Leica TCS SP8 inverted
confocal microscope at a resolution of 2048 x 2048 and a line averaging of 32. Images were
obtained using an Acousto Optical Beam Splitter (AOBS) and an Acousto Optical Tunable
Filter (AOTF) with excitation lasers of 405, 488, 552 and 632 nm. Pictures were acquired
using the LAS_X acquisition software with detection ranges of 415 to 485 nm for DAPI,
555 to 625 nm for Alexa Fluor 594, and 695-765 nm for Alexa Fluor 488. Pictures in the
manuscript and supplemental information are reported exactly as they were obtained.

Reporter Gene Assay—HEK?293 cells (200,000) were seeded in 6-well cell culture
plates and grown in phenol red-free DMEM supplemented with 10% charcoal-stripped fetal
bovine serum (A3382101, Fisher) at 37 °C in a 5% CO, incubator. Transfections were
performed using JetPrime reagent according to manufacturer instructions using pcDNA3-AR
(0.32 pg), pLR-ARE-LUC (0.64 pg), pLR-Ren-LUC (0.32 pg) and HDAC-Flag expression
construct (0.64 pg). Five hours after transfection, cells were washed once with DPBS (1
mL). Then, media (3 mL) in the absence (0.1% DMSO) or presence of DHT (1 nM on

0.1% DMSO) was added. Some reactions also included small molecule inhibitor (10 pM

of SAHA, SHI:1-2, or RGFP966). Cells were incubated for 36 h before harvesting using
passive lysis buffer (500 uL, E1960, Promega) by rocking at room temperature for 15 min.
Lysates were generated based on manufacture instruction and immediately assayed using the
Dual Luciferase Assay (E1960, Promega) using a Geniosplus Fluorimeter (Tecan). Activity
is reported in relative light unit (RLU), which were determined as the ratio of inducible
firefly luciferase luminescence from pLR-ARE-LUS divided by the luminescence of the
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renilla luciferase control from pLR-Ren-LUC. Mean and standard error were calculated
from three independent trials.

RT-PCR of AR-Regulated Gene Expression—HEK293 cells were seeded at a density
of 200,000 cells per well in 6-well cell culture plates and grown in phenol red-free DMEM
supplemented with 10% charcoal-stripped fetal bovine serum (Fisher, cat #A3382101) at 37
°C in a 5% CO, incubator. After growth of 24 h, cells were transfected with pcDNA3-AR
(0.32 pug) and either pcDNA3.1-Flag HDAC7 or HDAC7 H842Y (0.64 pg), as described.
After 5 h of growth, the media was removed and replaced with media in the absence (0.1%
DMSO) or presence of DHT (1 nM on 0.1% DMSO). Cells were grown for another 36 h
before media was removed and TRIzol™ reagent (800 L, Thermo Fisher, cat #15596026)
was added to the cell directly to denature the protein. The resulting mixture was diluted
with chloroform (200 pL), followed by gentle shaking and incubation for 5 min. Cell debris
was precipitated by centrifuging at 12,000 rpm for 10 min at 4°C. The supernatant after
centrifugation (300 pL) was diluted with isopropanol (300 pL) and cooled at —20°C for

1 hr, followed by centrifugation at 4°C at 12,000 rpm for 10 min. The supernatant was
removed carefully followed by washing of the RNA pellet with 70% ethanol (700 pL). The
precipitated RNA was dried at RT for 5 min, followed by reconstitution with dd water (150
pL). RNA quantity was determined at 260 nm using a NanoDrop™ Spectrophotometer.
RNA (700 ng) was mixed with random primer (1 uL, New England Biolabs, cat #S1330S),
dNTP (1 pL, 10 mM), and ddH5O in a total volume of 10 pL. The RNA/Primer mixture
was denatured for 5 min at 65°C, followed by addition of 10X amplification buffer (2 pL,
New England Biolabs, cat #B0537S), RNase inhibitor (0.5 uL, New England Biolabs, cat
#MO0314S), and reverse transcriptase (0.25 pL, New England Biolabs, cat #M0380S) in a
total volume of 20pL. Reverse transcription occurred by incubating the mixture for 5 min at
25°C for annealing and 30 min at 55°C for synthesis. The resulting cDNA (1 pL) was mixed
with forward and reverse primers (1.5 pL of each, 10 uM for each primer) for the indicated
genes (Table S1) and Tag 2X Master Mix (7.5 pL, New England Biolabs, cat #M0270L) in
a total volume of 15 pL. The PCR protocol entailed initial denaturation for 5 min at 95°C,
followed by cycles of 1 min at 55°C for annealing, 1 min at 68°C for extension, and 1 min at
95°C for denaturation. After 35 cycles for SFRP5 and Wnt16, or 25 cycles for GAPDH, a 7
min final extension at 68°C was performed. The PCR product was resolved on a 2% agarose
gel supplemented with ethidium bromide (Sigma Aldrich, E1510) and visualized with a
ChemiDoc gel imager (Bio-Rad). Band intensities were analyzed using ImageJ (Schneider
etal., 2012). Intensities of each band was normalized against the GAPDH band by dividing
the target gene RT-PCR band intensity by the corresponding GAPDH band intensity. DHT
induction sample bands were averaged and set to 100% for comparison. All the other
samples were normalized based on the DHT induction samples to give the relative intensity.

QUANTIFICATION AND STATISTICAL ANALYSIS

To quantify protein levels, bands in the gel images were quantified using ImageJ (Schneider
et al., 2012); the whole lane was selected and plotted to show the intensity of the protein
bands in that lane, which was then quantified by measuring the area under the curve above
the background. The band intensities were normalized to one of the samples to generate
normalized percentage values, with the raw data shown in the supplementary information.
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For the gene expression assays, mean light intensity data were normalized as a percentage of
the DHT sample, with the raw data shown in the supplementary information. As indicated

in the figure legends, the mean and standard error of at least 3 independent trials (all trials
are provided as supplementary information) are shown in all figures. Student t-test analysis
was applied to the normalized percentage values using Prism software (GraphPad Software,
Inc.). One-tailed (Figure 3D) or two-tailed (all other figures) p values were determined from
at least 3 three independent experiments using a 95% confidence interval with N.S. = not
significant (p > 0.05), * =p < 0.05, ** = p < 0.01, *** = p < 0.001, and *** = p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. HDAC4, 5 and 7 dissociated from corepressor NCoR dependent on

acetyllysine peptides
. Dissociation of the HDAC7-NCoR complex depended on the K630

acetylation site of AR
. AR transcriptional activity required an intact HDACY active site and AR

K630
. The evidence is consistent with Class Ila HDAC7 epigenetic reader function
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Figure 1. HDAC inhibitor-dependent HDAC-NCoR binding.
(A) Flag-tagged wild type (WT) or GOF HDAC4 (A), HDACS (B), HDAC7 (C), or HDAC9

(D) were overexpressed in HEK293 cells, which were then treated with SAHA (10 uM) to
induce acetylation. After lysis, Flag-tagged HDAC proteins were immunoprecipitated (IP) in
the presence or absence of SAHA. Bound proteins were resolved by SDS-PAGE, followed
by western blot analysis with NCoR and Flag antibodies. As a gel migration control, lysate
(Lys) from transfected cells were included. All trials include a bead binding control using
lysates without expression of HDAC-Flag (IgG). Activity assays associated with the wild
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type and mutant HDAC proteins are shown in Figure S1. Additional independent trials and
SAHA dose dependence are shown in Figure S2.
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Figure 2. NCoR binds to HDAC4, 5, and 7 in an acetyllysine-dependent manner.
Flag-tagged HDAC4 (A), HDACS (B), and HDAC7 (C) were overexpressed in HEK293

cells, which were then treated with SAHA (10 uM) to induce acetylation. After lysis, anti-
Flag beads were used to immunoprecipitate (IP) the HDAC proteins either in the absence
or presence of 1 mM LGK (K), LGKAc (KAc), or SAHA (SA). Bound proteins from the
IP were resolved by SDS-PAGE, followed by Western blot analysis with NCoR and Flag
antibodies. Lysate (Lys) from transfected cells were included as a gel migration control. All
trials include a bead binding control using lysates without expression of HDAC-Flag (1gG).
Additional independent trials and dose dependence are shown in Figure S3A-C. Binding
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affinity studies are shown in Figure S4. (D) NCoR band intensities from three independent
trials with HDACA4, 5 and 7 (parts A-C and S73A-C) were quantified and normalized to
untreated (set to 100%), with the student t test applied to show significance. N.S. = not
significant (p > 0.05), and ** = p < 0.01. Raw data are shown in Figure S3D.
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Figure 3. AR influenced HDAC7-NCoR association.
(A) Flag-tagged HDACT was expressed in HEK293 cells, which were then treated with

SAHA (10 uM) to induce acetylation, followed by lysis, immunoprecipitation (IP) in the
presence of different mM concentrations of AR K630Ac or AR WT peptide, SDS-PAGE
separation, and western blot analysis with NCoR and Flag (HD7-F) antibodies. Repetitive
independent trials are shown in Figure S5A. (B) HDAC7 wild type (WT) or GOF mutant
were co-expressed with AR WT or K630R mutant in HEK293 cells, followed by lysis,
immunoprecipitation (IP) of HDAC-Flag from the lysates, SDS-PAGE separation, and
western blot analysis with NCoR, AR, or Flag (HD7-F) antibodies. As a gel migration
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control, lysate (Lys) from transfected cells were included. Repetitive independent trials are
shown in Figure S5B. (C) HDAC7 wild type (WT) or GOF mutant (Y) were co-expressed
with AR WT in HEK?293 cells, which were then treated with SAHA (10 uM) to induce
acetylation. After lysis and immunoprecipitation (IP), bound proteins were washed with a
high salt (500 mM) buffer, before SAHA (100 uM) or DMSO vehicle was added and further
washed. Bound proteins were separated by SDS-PAGE and visualized with NCoR, AR, or
Flag (HD7-F) antibodies. Repetitive independent trials are shown in Figures S5C. (D) NCoR
proteins levels from three independent trials from part C and Figures S5C were quantified,
normalized to samples without SAHA (set to 100%), and plotted with mean and standard
error shown (Figure S5D). * = p<0.05, ** = p < 0.01. All trials include a bead binding
control using lysates without expression of HDAC7-Flag (IgG).
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Figure 4. GOF mutant HDAC7 decreased AR-mediated transcription.
Wild type and GOF mutant HDAC4, HDAC5, HDAC7, or HDAC9 were co-expressed with

wild type AR (A, B, and C) or K630R mutant AR (A only), as indicated, in the presence

of the AR-dependent reporter gene constructs ARE-LUC and global expression control
construct Ren-LUC (all samples). Cells were then treated without or with DHT (1 nM).
HDAC1/2-selective inhibitor SHI-1:2 (10 uM) or HDAC3-selective inhibitor (RGFP996, 10
uM) were also included in part C. Light signal due to luciferase expression was measure 36
h after DHT treatment and normalized to Ren luciferase levels. Mean light intensity data and
standard error normalized as a percentage of the DHT sample (lane 2, set to 100%) from at
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least three independent trials are shown, with the data provided in Figure S7. Student t-test
analysis was applied, where NS = not significant (p > 0.05), * = p < 0.05, ** = p < 0.01,
***=p < 0.001, and ***=p < 0.0001. Representative gel images show protein expression
levels in the samples, where GAPDH (GDH) was included as a load control.
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Figure 5. HDAC7-dependent gene expression by AR using RT-PCR.
(A) Wild type AR was co-expressed with wild type (WT) or GOF mutant (GF) HDACT.

Cells were then untreated (0.01% DMSO only) or treated with DHT (1 nM in 0.01%
DMSO) for 36 hours. After lysis, total cDNA was synthesized from mRNA with reverse
transcriptase and mRNA levels of SPRF5 and Wnt16 were measure by RT-PCR reaction
from the total cDNA. Representative gel images show triplicate reactions from three
independent trials. (B and C) Signals were quantified from part A using ImageJ 1.47v and
normalized to the DHT alone sample (lane 2, set to 100%) to calculate mean percentage and
standard error. Mean light intensity data and standard error from at least three independent
trials are shown, with the data provided in Figure S8. Student t-test analysis was applied,
where NS = not significant (p > 0.05), * = p < 0.05, ** = p < 0.01.
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Figure 6. HDAC7-NCoR dissociation in the presence of ER.
HDAC7 wild type (WT) or GOF mutant were co-expressed with wild type ER in HEK293

cells, followed by lysis, immunoprecipitation (IP) of HDAC-Flag from the lysates, and
western blot analysis with NCoR, Flag (HD7-F), ER antibodies. Repetitive independent
trials are shown in Figure S9. All trials include a bead binding control using lysates without
expression of HDAC-Flag (IgG).
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Figure 7. Proposed model of class 1la HDAC “reader” function.
(A) HDAC4, 5, and 7 can act as epigenetic ‘readers’ that recruit the NCoR-HDAC3

complex, which is disrupted when acetyllysine binds to the inactive active site. (B)

HDACY7 bridges unacetylated AR and NCoR to repress the activity of AR through HDAC3
recruitment. This acetylation-independent binding of AR to the HDAC7-NCoR-HDAC3
complex might be direct or indirect through associated proteins (AP), and is likely mediated
outside of the HDACY active site. (C) Once AR is acetylated on its critical lysine K630,
acetyl-K630 binds the HDACY active site to dissociate the NCoR-HDAC3 complex. Without
epigenetic repression by HDAC3, AR-mediated transcription is active.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-Flag Sigma F3165
anti-NCoR Cell Signaling 5948
anti-AR Cell Signaling 5153
anti-ER Cell Signaling 8644
anti-acetyllysine Cell Signaling 9441S
anti-mouse Alexa Fluor 488 Thermo Fisher A-11029
anti-rabbit Alexa Fluor 594 Thermo Fisher A-11037
Anti-Flag M2 beads Sigma A2220
Bacterial and virus strains

Rosetta2(DE3) Sigma 70954

Chemicals, peptides, and recombinant proteins

LGKAC peptide GenScript USA, Inc. | Custom synthesis
LGK peptide GenScript USA, Inc. | Custom synthesis
DAPI Thermo Fisher D21490
ProLong® Gold Antifade Reagent Thermo Fisher P10144

Jetprime transfection reagent VWR 89129-924
Critical commercial assays

QuickChange site-directed mutagenesis Agilent 200521
HDAC-GIlo™ assay Promega G648B-C
Bradford reagent Bio-Rad 5000205

Dual Luciferase Assay Promega E1960
Experimental models: Cell lines

HEK293 ATCC | CRL-1573
Oligonucleotides

See Figure S1A and S8A for oligonucleotide sequences | This paper | N/A
Recombinant DNA

pcDNA3.1-HDAC4-Flag Addgene Addgene #13821
pcDNA3.1-Flag HDAC5 Addgene Addgene #13822
pcDNA3.1-Flag HDAC7 Addgene Addgene #13824
2NVR (pET28a-LIC-HDACT catalytic domain) Addgene Addgene #51340
pcDNA3.1-Flag HDAC9 Zhang et al., 2004 N/A
pcDNA3.1-Flag HDAC1 C151A Wambua et al. 2014 N/A
pcDNAZ3.1-Flag HDAC4 H976Y This paper N/A
pcDNA3.1-Flag HDAC5 H1006Y This paper N/A
pcDNAZ3.1-Flag HDAC7 H842Y This paper N/A
pcDNA3.1-Flag HDAC9 H956Y This paper N/A
pcDNA3-AR Fuetal., 2022 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
pcDNA3-AR(K630A) Fuetal., 2022 N/A
pLR-ARE-LUC Zhang et al., 2016 N/A
pLR-Renilla-LUC Zhang et al., 2016 N/A
pcDNA-HA-ER WT Addgene Addgene # 49498
Other

FluorChemQ gel imager ProteinSimple

Octet Red 96 BLI instrument FortéBio

SSC sensor for BLI instrument FortéBio 18-5057

TCS SP8 inverted confocal microscope Leica

Geniosplus Fluorimeter Tecan

ChemiDoc gel imager Bio-Rad
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