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Abstract

Inhibitors of zinc-dependent histone deacetylases (HDACs) profoundly impact cellular function
by altering gene expression via changes in nucleosomal histone tail acetylation. Historically,
investigators have employed pan-HDAC inhibitors, such as the hydroxamate trichostatin A
(TSA), which simultaneously targets members of each of the three zinc-dependent HDAC
classes (classes |, Il and V). More recently, class- and isoform-selective HDAC inhibitors have
been developed, providing invaluable chemical biology probes for dissecting the roles of distinct
HDACSs in the control of various physiological and pathophysiological processes. For example,
the benzamide class | HDAC-selective inhibitor, MGCDO0103, was shown to block cardiac
fibrosis, a process involving excess extracellular matrix (ECM) deposition, which often results in
heart dysfunction. Here, we compare the mechanisms of action of structurally distinct HDAC
inhibitors in isolated primary cardiac fibroblasts, which are the major ECM-producing cells of the
heart. TSA, MGCDO0103, and the cyclic peptide class | HDAC inhibitor, apicidin, exhibited a
common ability to enhance histone acetylation, and all potently blocked cardiac fibroblast cell
cycle progression. In contrast, MGCDO0103, but not TSA or apicidin, paradoxically increased
expression of a subset of fibrosis-associated genes. Using the cellular thermal shift assay
(CETSA), we provide evidence that the divergent effects of the HDAC inhibitors on cardiac
fibroblast gene expression relates to differential engagement of HDAC1 and HDAC2-containing
complexes. These findings illustrate the importance of employing multiple compounds when
pharmacologically assessing HDAC function in a cellular context, and during HDAC inhibitor

drug development.
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Introduction
Histone deacetylases (HDACs) are a family of 18 enzymes categorized into four classes. Class
[, Il and IV HDACs are zinc-dependent, and class |ll HDACs/sirtuins are NAD" dependent
(Gregoretti, et al., 2004). Canonically, HDACs function to regulate gene expression by removing
acetyl groups from lysine residues within nucleosomal histone tails. Non-canonically, HDACs
also catalyze the deacetylation of non-histone targets, including a wide variety of both nuclear
and cytoplasmic proteins, which significantly impacts diverse biological processes via alterations
in protein stability, function and cell signaling (Choudhary, et al., 2009;Choudhary, et al.,
2014;Lundby, et al., 2012). As would be expected with this broad range of biological impact,
HDACs have been implicated in numerous disease processes, including hematologic
neoplasms, heart failure, neurodegenerative diseases, atherosclerosis, bone health and fibrosis.
Given the involvement of HDACs in the pathogenesis of various diseases, there has
been intense interest in HDAC inhibitor-based therapeutic approaches (McKinsey,
2012;Wagner, et al., 2010). Indeed, four HDAC inhibitors are FDA-approved for the treatment
of cancer, and a multitude of clinical trials are ongoing to test for efficacy of HDAC inhibitors in
additional oncology indications, as well as for non-oncologic diseases (Fenichel, 2015;Mottamal,
et al.,, 2015). Generally, HDAC inhibitors are categorized into four groups based on chemical
structure: hydroxamic acids, cyclic peptides, short-chain fatty acids, and ortho-amino anilides,
which will be referred to hereafter as benzamides. HDAC inhibitors typically possess a
conventional tripartite structure, with a zinc-binding group that chelates the zinc ion in the
deacetylase catalytic site, a linker, and a surface recognition domain that interacts with residues
near the entrance to the active site (Finnin, et al., 1999). Within the chemical classes of HDAC
inhibitors, there are both broad-spectrum, pan-HDAC inhibitors, as well as HDAC inhibitors that
are selective for particular HDAC classes or isoforms (Wagner, et al., 2013). However, it should
be emphasized that the use of “pan” and “isoform-selective” to describe HDAC inhibitors is an
oversimplification. For example, while hydroxamates exhibit broad-spectrum HDAC inhibitory
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activity in vitro (Bradner, et al., 2010), chemoproteomic studies have demonstrated that these
compounds engage only a subset of zinc-dependent HDACs in the cellular context (Bantscheff,
et al., 2011).

Of the four FDA-approved HDAC inhibitors, all are pan-inhibitors, three are
hydroxamates (Zolinza/vorinostat/SAHA, Beleodag/belinostat/PXD101 and
Farydak/panobinostat/LBH589), and one is a cyclic peptide (Istodax/romidepsin). Benzamide
class | HDAC inhibitors, including entinostat/MS-275, mocetinostat/MGCDO0103, and 4SC-202,
are currently being evaluated in multiple clinical trials, and the short-chain fatty acid, valproate,
has been used to treat neurological disorders for decades (Terbach and Williams, 2009). It
should be noted, however, that while valproate does possess weak ability to inhibit HDAC
activity, it has many additional targets (Terbach and Williams, 2009).

With regard to the heart, one of the most profound activities of HDAC inhibitors in rodent
models is their ability to block fibrosis, which is defined as excess extracellular matrix (ECM)
deposition (Schuetze, et al., 2014). ECM-rich fibrotic lesions in the heart can cause adverse
outcomes, such as fatal arrhythmias and heart failure due to abnormal muscle relaxation and
contraction. Pan-, hydroxamate-based HDAC inhibitors have long been recognized for their
anti-fibrotic action in the heart and, more recently, isoform-selective class | HDAC inhibitors
were demonstrated to block cardiac fibrosis (Bush and McKinsey, 2010;Nural-Guvener, et al.,
2014;Stratton and McKinsey, 2016;Williams, et al., 2014). Mechanistically, HDAC inhibitors
appear to block cardiac fibrosis, in part, by blocking proliferation of cardiac fibroblasts, which are
the major ECM-producing cell type in the heart (Williams, et al., 2014).

There are no FDA-approved therapies for the treatment of cardiac fibrosis, and thus the
pre-clinical findings with HDAC inhibitors in models of cardiac fibrosis have significant clinical
implications. Here, we further address the impact of HDAC inhibitors on cardiac fibroblasts,
focusing on the hydroxamate pan-HDAC inhibitor trichostatin A (TSA), the benzamide class |
HDAC inhibitors, MGCD0103 and MS-275, and the naturally occurring fungal metabolite,

5

20z ‘ST |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on February 7, 2017 as DOI: 10.1124/jpet.116.237701
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #237701

apicidin, which is a cyclic peptide class | HDAC-selective inhibitor. Each compound is able to
potently block cardiac fibroblast cell cycle progression via induction of anti-proliferative gene
expression. In contrast, the benzamide HDAC inhibitors elicit changes in fibrosis-related gene
expression not observed with TSA and apicidin. This unique activity appears to be due to the
ability of the compounds to engage distinct HDAC-containing complexes within cardiac

fibroblasts.
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Materials and Methods

Primary Adult and Neonatal Cardiac Fibroblast Preparation. Neonatal rat ventricular
fibroblasts (NRVFs) were isolated from myocyte preparations from Sprague-Dawley rat pups
(post-partum 1-2 days), as previously described (Palmer, et al., 1995). Adult rat and mouse
ventricular fibroblasts (ARVFs and AMVFs) were collected by the Langendorff-perfusion method
from Sprague-Dawley rats and C57BI/6J mice, respectively (Palmer, et al., 1995). NRVFs,
ARVFs and AMVFs were all cultured in DMEM with 20% FBS containing penicillin (100 U/ml),
streptomycin (100 U/ml) and L-glutamine (29.2 ug/ml) (PSG); cells were used at passage two
for all experiments, unless otherwise stated. Passage ‘0’ cells were treated immediately after
isolation at the time of primary culture and harvested 16 hours after isolation/treatment. All cell

culture supplies were purchased from Cellgro (Mediatech, Inc), unless otherwise noted.

HDAC Inhibitors and agonists. HDAC inhibitors were purchased or synthesized in-house,
and used at the following final concentrations unless otherwise stated: MGCDO0103 (1 pM,;
Selleck Chemicals), trichostatin A (TSA) (200 — 1000 nM; Sigma), apicidin (1 — 3 yM; Enzo Life
Sciences), MS-275 (1 pM; Selleck Chemicals). BA-60 (300 nM) and BRD3308 (1 pM) were
synthesized in-house, and their purity was confirmed to be greater than 95%. Phenylephrine
was acquired from Sigma and used at 10 uM, and TGF-$ was purchased from ThermoFisher
and used at a final concentration of 5 ng/mL. For in vivo studies, male C57BL/6 mice were
given daily intraperitoneal injections with either vehicle (50:50 DMSO:PEG-300) or MGCD0103

at 10mg/kg, for a total of three days.

Mass Spectrometry-Based Quantification of Histone Acetylation. Residue-specific histone
acetylation was quantified by the multiplexed mass spectrometry-based method (Kuo, et al.,
2014). After histones were extracted overnight from the cell pellets using 0.2 N HCI, the

extracted histones were treated with propionic anhydride and trypsin digestion, sequentially.
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The samples of tryptic peptides were then injected to an ACQUITY H-class Ultra-Performance
Liquid Chromatography (UPLC) unit (Waters) coupled to a TSQ Quantum Access triple
quadrupole mass spectrometer (ThermoFisher) to quantify individual acetylated peptides. The
UPLC and MS/MS settings, solvent gradient program, and detailed mass transitions were
utilized to detect the elution of the acetylated peptides as previously reported (Henry, et al.,
2013;Kuo and Andrews, 2013;Kuo, et al., 2014). The resolved peptide peaks were integrated
using Xcalibur software (version 2.1, ThermoFisher), and the relative quantitative analysis was
used to determine the acetylation fraction on individual lysine residues (Kuo and Andrews,

2013;Kuo, et al., 2014;Liu, et al., 2009).

Immunoblotting and Quantitative PCR. Cell extracts were prepared in
radioimmunoprecipitation assay (RIPA) buffer containing HALT protease/phosphatase inhibitor
cocktail (ThermoFisher). Protein concentrations were determined using a BCA Protein Assay
Kit (Pierce). Proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes
(BioRad) and probed with antibodies for Ac-H3K4 (Novus Biologics, NB21-1024), Ac-H3K9
(Novus Biologics, NB21-1074), Ac-H3K18 (Novus Biologics, NB21-1144), Ac-H3K27 (Abcam,
ab4729), calnexin (Santa Cruz, SC-11397), PAI-1 (Abcam, ab28207), phospho-SMAD2/3 (Cell
Signaling Technology, #8828), SMAD2/3 (Cell Signaling, #5678), HDAC1 (Cell Signaling
Technology, #5356) and HDAC2 (Cell Signaling Technology, #5113). For total acetyl-lysine
immunoblotting a 1:1 combination of two anti-acetyl-lysine antibodies was used (Cell Signaling
#9681 and #9441). HRP-conjugated secondary antibodies (Southern Biotech) were used at a
concentration of 1:2000.

For gPCR, total RNA was harvested using TRI Reagent™ (Life Technologies). All RNA
samples were diluted to 100 ng/ul, and 5 pl (500 ng) was converted to cDNA using the Verso™
cDNA Synthesis Kit (ThermoFisher). Quantitative PCR (qPCR) was performed using
Absolute™ QPCR SYBR Green ROX mix (ThermoFisher) on a StepOne gPCR instrument
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(Applied Biosystems). PCR primers for p57, Plau, Mmp13, PAI-1 and 18S are shown in Table
S1. All gPCR primers were optimized for a slope between -3.1 and -3.6, >90% efficiency, R2
>0.98, and a single melt curve. Relative transcript levels were determined by measuring Ct
values using the AACt method. For the PCR array, 600ng of pooled RNA (N = 3 plates/group)
was processed according to the RT? Profiler™ PCR Array (Qiagen, PAMM-120Z Mouse

Fibrosis) kit instructions.

Cell Cycle Analysis. NRVFs were passaged at a 1:6 ratio and cultured for 24 hours in DMEM
containing PSG and 20% FBS. Subsequently, cells were cultured in serum starvation medium
(DMEM containing 0.1% Nutridoma Supplement [Roche] and PSG) for 18 hours in order to
synchronize cells in Gyo/Gq of the cell cycle. NRVFs were re-fed for 32 hours with medium
containing 20% FBS in the presence of either vehicle (DMSO) or HDAC inhibitors. Cell cycle
analysis was completed by washing NRVFs in cold PBS followed by a 1 minute trypsinization.
Cells were washed in PBS and pelleted cells were fixed with ice cold 70% ethanol. Prior to flow
cytometry analysis, samples were placed on ice for 30 minutes and washed once with cold
PBS. An equal amount of staining solution (50 ug/ml propium iodide [Sigma] and 100 ug/ml
RNase [Qiagen]) was added to each sample to stain DNA. Samples were processed with a BD

Cantos Il Flow Cytometer (5000 FSC/SSC-gated cells were captured per sample).

Lentiviral shRNA Knockdown of HDACs. Lentiviruses were produced with pLKO.1 short
hairpin RNA plasmids (Sigma) provided by the University of Colorado Functional Genomics
Facility, as previously described (Blakeslee, et al., 2014). Briefly, on Day 1, 2 x 10° HEK L293
cells were plated on 10-cm plates in DMEM containing FBS (10%) and PSG. On Day 2, each
plate was transfected with 9 pg of packaging plasmid (psPAX2), 0.9 ug envelope plasmid
(pPMD2.G), and 9 pg pLKO.1 containing shRNA sequence of interest. Plasmids were combined
with polyethyleneimine (PEI) at a 3 pL:1 yg PEI:DNA mixture; PEI (Polysciences, Inc., cat#

9

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on February 7, 2017 as DOI: 10.1124/jpet.116.237701
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #237701

23966) was used at a concentration of 1 mg/ml. On Day 3, the medium was replaced with fresh
DMEM containing FBS (10%) and PSG. On Day 5, culture medium containing viral particles
was filtered and stored at —80°C until use. For infection of cultured fibroblasts in 60-mm plates,
1 ml of lentivirus-containing medium was added to 2ml of DMEM, and 3 pL polybrene (10
mg/mL) was included to enhance infection efficiency. Cell homogenates were prepared in RIPA
buffer and processed as indicated above. pLKO.1 plasmids: shControl, SHC016 non-

mammalian targeting; shHDAC1, TRCNO0000039402; shHDAC2, TRCN0000039395.

Cellular Thermal Shift Assay (CETSA). Passage one neonatal rat ventricular fibroblasts were
trypsinized, washed, and re-suspended in warm PBS at a density of 1 x 10° cells/ml. After
thorough mixing, aliquots were made for each treatment group and incubated with DMSO
vehicle (0.1% final concentration) or apicidin (3 pM) at 37°C for 3 hours, with rocking, in a cell
culture incubator. Cell suspensions were subsequently aliquoted into 12 PCR tubes for each
treatment group and subjected to a 12-point temperature gradient (25°C, 44°C, 48°C, 50°C,
52°C, 54°C, 56°C, 58°C, 60°C, 62°C, 64°C, 68°C) for 3 minutes using a Labnet MultiGene
OptiMax thermocycler. Immediately following exposure to the temperature gradient, cells were
incubated at room temperature for three minutes and lysed with 3 freeze-thaw cycles (dry ice,
25°C water bath). Precipitated proteins and cellular debris were pelleted by centrifugation at
20,000 rcf for 20 minutes at 4°C. Supernatants were directly transferred to 4x sample buffer for

immunoblot analyses.

Statistical Analysis. Analysis was completed by ANOVA followed by Tukey’s post-hoc

analysis using GraphPad Prism software. Statistical significance (P < 0.05) is reported where

applicable.
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Results

Structurally Distinct HDAC Inhibitors Increase Acetylation of Nucleosomal Histone Tails
in Cardiac Fibroblasts. To investigate for potential differential effects of structurally distinct
HDAC inhibitors in cardiac fibroblasts, TSA, MGCDO0103 and apicidin were employed as
representatives of the hydroxamate, benzamide and cyclic peptide classes, respectively (Fig.
1A). Invitro, TSA is a potent inhibitor of class | and llb HDACs, and is a less effective inhibitor
of class lla catalytic activity (Bradner, et al., 2010). In contrast, MGCDO0103 and apicidin are
highly selective inhibitors of class | HDACs (HDAC1, HDAC2 and HDAC3) (Bradner, et al.,
2010;Darkin-Rattray, et al., 1996;Fournel, et al., 2008). Primary adult mouse ventricular
fibroblasts (AMVFs) were serum-starved for 18 hours prior to incubation with the indicated
HDAC inhibitors for 24 hours. Following acid extraction, acetylation of specific lysine residues
within the tails of histone H3 and H4 was quantified by mass spectrometry. As shown in Fig.
1B, the three HDAC inhibitors similarly increased acetylation of multiple lysine residues in both
H3 and H4 compared to vehicle treatment, but did not affect basal acetylation of histone H2A.
These findings were validated by immunoblotting homogenates of HDAC inhibitor-treated
AMVFs from an independent experiment using site-specific anti-acetyl-histone antibodies (Fig.

1C).

Structurally Distinct HDAC Inhibitors Block Cardiac Fibroblast Proliferation. In response
to stress stimuli, cardiac fibroblasts proliferate and produce excess amounts of ECM. We have
previously shown that class | HDAC inhibition, with MGCDO0103, blocks cardiac fibroblast cell
cycle progression in association with upregulation of anti-proliferative genes, including the gene
encoding the cyclin-dependent kinase (CDK) inhibitor p57 (Williams, et al., 2014); p57 is a
potent inhibitor of cell cycle progression (Pateras, et al., 2009). To determine if HDAC inhibition
with TSA and apicidin comparably constrains cardiac fibroblast proliferation, neonatal rat
ventricular fibroblasts (NRVFs) were synchronized in Go/G; of the cell cycle by serum starvation
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for 18 hours, and cell cycle progression was reinitiated with FBS in the absence or presence of
the HDAC inhibitors for 32 hours. Following treatment, cells were fixed and stained with
propidium iodide, and flow cytometric analysis was performed to assess cell cycle progression
based on cellular DNA content. As shown in Fig. 2A, each of the HDAC inhibitors blocked FBS-
induced progression of NRVFs from Go/G of the cell cycle into the G2/M phase. Quantification
of the percentage of NRVFs in the S-phase of the cell cycle revealed equivalent anti-
proliferative effects of the structurally distinct HDAC inhibitors (Fig. 2B). Furthermore,
quantitative PCR analysis demonstrated that each HDAC inhibitor potently upregulated mRNA
expression of anti-proliferative p57 in adult rat ventricular fibroblasts (ARVFs) (Fig. 2C). These
cell-based findings suggest that inhibition of cardiac fibroblast proliferation serves as a common
mechanism that explains, in part, the ability of TSA, MGCDO0103 and apicidin to block cardiac
fibrosis in vivo (Gallo, et al., 2008;Kee, et al., 2006;Kong, et al., 2006;Kook, et al., 2003;Liu, et

al., 2008;Nural-Guvener, et al., 2014;Williams, et al., 2014).

Differential Effects of MGCDO0103, TSA and Apicidin on Expression of PAI-1 in Cardiac
Fibroblasts. Plasminogen activator inhibitor type 1 (PAI-1) is a serine protease inhibitor that is
known to be involved in the development of pathologic cardiac fibrosis (Ghosh and Vaughan,
2012). During the course of evaluating hearts from mice treated with MGCDO0103, a known anti-
fibrotic class | HDAC inhibitor, we noted a modest but paradoxical increase in PAI-1 mRNA and
PAI-1 protein expression in the left ventricles (LVs) of treated animals (Supplemental Fig. 1)
(Nural-Guvener, et al., 2014;Williams, et al., 2014). Since the heart is comprised of multiple cell
types, we sought to extend these findings with in vitro analyses employing primary cultured
cardiac fibroblasts and myocytes. As shown in Fig. 3A, treatment of ARVFs with MGCDO0103,
but not TSA or apicidin, led to a marked increase in PAI-1 protein expression. In contrast,
MGCDO0103 did not alter expression of this serine protease inhibitor in cultured rat cardiac
myocytes (Fig. 3B and C). The related benzamide class | HDAC inhibitor, MS-275, also
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stimulated PAI-1 protein expression in cultured ARVFs, illustrating a compound class-specific
effect on PAI-1 protein expression in cardiac fibroblasts (Fig. 3D and E). Induction of PAI-1
protein expression by MGCDO0103 occurred independently of fibroblast differentiation state, with
equivalent increases in PAI-1 observed in low passage cardiac fibroblasts, and in higher
passage cells which are known to express a-smooth muscle actin, indicative of myofibroblast
differentiation (Fig. 3F and G) (Williams, et al.,, 2014). Thus, despite the common ability of
benzamide, hydroxamate and cyclic peptide HDAC inhibitors to increase cardiac fibroblast
histone acetylation and block cardiac fibroblast proliferation, only the benzamides exert a

paradoxical, robust upregulation of PAI-1 protein expression in this cell type.

Differential Effects of MGCD0103 and TSA on Fibrosis-Related Genes in Cultured Cardiac
Fibroblasts. Quantitative PCR analysis revealed that MGCDO0103, but not TSA, stimulates
PAI-1 mRNA expression (Fig. 4A) in AMVFs, which is consistent with the protein expression
data. Because of the dichotomy between PAI-1 expression being generally increased in fibrotic
tissue and MGCDO0103 treatment being anti-fibrotic, we sought to determine if other fibrosis-
related genes were differentially expressed after treatment with MGCDO0103. AMVFs at
passage two were treated with either DMSO vehicle or MGCDO0103 for 24 hours, and RNA was
harvested for PCR array analysis of pro- and anti-fibrotic genes. Thirteen of eighty four
transcripts in the array were induced by at least 2-fold with MGCDO0103 treatment, and one gene
was repressed by the compound (Fig. 4B). Genes that were upregulated by MGCDO0103
included PAI-1 and urokinase-type plasminogen activator (Plau), the direct protein target of PAI-
1. In addition, transcripts for interleukins and matrix metalloproteases (MMPs) were also
upregulated by MGCDO0103. To validate these findings and address whether other HDAC
inhibitors exerted similar effects on representative fibrosis-related genes, follow-up gPCR
studies were performed with RNA from AMVFs treated with either MGCDO0103 or TSA. As

shown in Fig. 4C, the dramatic induction of MMP13 mRNA by MGCDO0103 that was observed in
13
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the PCR array was confirmed by qPCR and, similar to PAI-1, was not increased by TSA
treatment. In contrast, both MGCDO0103 and TSA stimulated Plau expression. These findings
further illustrate that structurally distinct HDAC inhibitors exert overlapping and divergent effects

on cardiac fibroblast gene expression.

Knockdown of HDAC1 or HDAC2 is Sufficient to Stimulate PAI-1 Expression in Cardiac
Fibroblasts. MGCDO0103 selectively inhibits HDAC1, HDAC2 and HDAC3. Pharmacologic and
genetic approaches were employed to determine if one of these class | HDACs preferentially
regulates PAI-1 protein expression in cardiac fibroblasts, or if MGCD0103 stimulates PAI-1
expression via an off-target action. Initially, ARVFs were treated with biaryl-60 (BA-60), which is
highly selective for HDAC1 and HDAC2 (Methot, et al., 2008;Moradei, et al., 2007), or
BRD3308, which selectively inhibits HDAC3 catalytic activity (Wagner, et al., 2016). As shown
in Fig. 5A and B, selective inhibition of HDAC1/2, but not HDACS3, led to increased PAI-1
expression. To extend these findings, expression of HDAC1 and/or HDAC2 was knocked down
in AMVFs using lentiviruses encoding short-hairpin RNAs (shRNAs) targeting the transcripts for
these HDAC isoforms. Reducing expression of either HDAC1 or HDAC2 was sufficient to
increase PAI-1 protein levels in AMVFs, and simultaneous knockdown of both HDAC isoforms
led to an additive increase in PAI-1 expression (Fig. 5C). These findings suggest that
MGCDO0103 stimulates PAI-1 expression in cardiac fibroblasts via targeting HDAC1 and

HDAC2, rather than through an off-target mechanism.

MGCDO0103-Mediated Induction of PAI-1 Requires De Novo Protein Synthesis. HDAC
inhibitors alter gene expression, and also have diverse non-genomic effects by suppressing
HDAC-mediated deacetylation of non-histone proteins (Choudhary, et al., 2009;Choudhary, et
al., 2014;Lundby, et al., 2012). To address whether MGCDO0103 increases PAI-1 protein levels
in cardiac fibroblasts via stabilization of existing PAI-1 or through induction of new PAI-1
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synthesis, NRVFs were treated with the class | HDAC inhibitor in the absence or presence of
cycloheximide (CHX), which blocks de novo protein synthesis. Due to the slow on-rate of
benzamide HDAC inhibitors (Chou, et al., 2008), cells were pre-treated with MGCDO0103 prior to
CHX treatment. As shown in Fig. 6A, MGCDO0103-mediated induction of PAI-1 mRNA
expression was retained in the presence of CHX. However, CHX completely blocked
MGCDO0103-induced PAI-1 protein expression (Fig. 6B). These findings suggest that
benzamide HDAC inhibitors elevate PAI-1 protein levels in cardiac fibroblasts through direct
stimulation of the gene encoding this serine protease inhibitor, rather than through stabilization

of existing PAI-1 protein.

MGCDO0103 Does Not Stimulate PAI-1 Via Activation of the SMAD Pathway. The canonical
pathway for stimulation of the PAI-1 gene involves TGF-B-mediated phosphorylation of the
SMAD transcription factors, resulting in translocation of SMAD to the nucleus and binding of the
transcription factor to regulatory elements in the gene encoding PAI-1 (Nakao, et al., 1997). To
further address the mechanism by which MGCDO0103 enhances PAI-1 expression, experiments
were performed to assess the impact of the HDAC inhibitor on the TGF-B/SMAD pathway.
ARVFs were treated with MGCDO0103 or TGF- over a time course of 8 hours, and cells were
homogenized for immunoblotting with antibodies specific for PAI-1, phosphorylated
SMAD2/SMAD3 or total SMAD2/SMAD3. As shown in Fig. 7, MGCD0103 and TGF-B
stimulated PAI-1 expression with similar kinetics. However, MGCDO0103 failed to stimulate
SMAD phosphorylation (Fig. 7A), whereas TGF-p-mediated induction of PAI-1 was coincident
with enhanced SMAD phosphorylation (Fig. 7B). These data suggest that MGCDO0103-
mediated induction of PAI-1 expression occurs independently of the SMAD pathway, and is thus

not due to stimulation of TGF- signaling.
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Structurally Distinct HDAC Inhibitors Differentially Engage HDAC1/2 Complexes in
Cardiac Fibroblasts. It is paradoxical that while TSA, MGCDO0103, MS-275 and apicidin are all
potent inhibitors of HDAC1 and HDAC2, only the benzamides stimulate PAI-1 expression in
cardiac fibroblasts. Given the ability of HDAC1/2 knockdown to enhance PAI-1 levels, we
considered the possibility that MGCDO0103 not only inhibits HDAC catalytic activity, but also
functionally disrupts HDAC1/2-containing complexes, thereby mimicking knockdown of the
proteins. To begin to address this hypothesis, we employed the recently described cellular
thermal shift assay (CETSA), which is based on the ability of compounds to thermodynamically
stabilize targets to which they are bound (Martinez, et al.,, 2013). NRVFs were treated with
DMSO vehicle, MGCDO0103 or apicidin, as described in the Materials and Methods section.
Subsequently, the cells were exposed to a heat gradient, followed by centrifugation to pellet
denatured proteins that were not bound by MGCDO0103 or apicidin. Soluble proteins were then
subjected to immunoblotting with antibodies specific for HDAC1 or HDAC2 (Fig. 8A). As shown
in Fig. 8B, in cardiac fibroblasts treated with DMSO, a progressive loss of soluble HDAC1
occurred in temperature-dependent manner. MGCDO0103 provided dramatic heat stabilization of
HDAC1, while apicidin was less effective. Consistent with this, upon plotting melting curves, the
temperatures at which 50% of HDAC1 was precipitated (T,,) were determined to be 53.5, 60.7
and 57.0 °C, for DMSO, MGCDO0103 and apicidin-treated cardiac fibroblasts, respectively (Fig.
8C). MGCDO0103 also provided greater heat stabilization to HDAC2 compared to apicidin (Fig.
8D). These findings are consistent with the notion that MGCDO0103 and apicidin may

differentially bind HDAC1/2-containing complexes in cardiac fibroblasts.
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Discussion

The current study demonstrates that small molecule HDAC inhibitors from diverse structural
classes are able to block proliferation of cardiac fibroblasts in association with enhanced histone
acetylation and expression of anti-proliferative genes such as p57. The findings suggest a
generalizable mechanism for suppression of cardiac fibrosis by HDAC inhibitors, whereby the
compounds prevent expansion of the pool of ECM-producing fibroblasts in the myocardium in
response to stress. Our data also illustrate that, despite a common ability of hydroxamate,
benzamide and cyclic peptide HDAC inhibitors to potently suppress the catalytic activity of zinc-
dependent HDACs, compounds within these structural classes also trigger distinct
transcriptional responses in cardiac fibroblasts. This appears to be due, in part, to differential
binding of the compounds to class | HDACs.

TSA, an apicidin derivative, and MGCDO0103 have all been shown to block cardiac
fibrosis in multiple mouse models (Gallo, et al., 2008;Kee, et al., 2006;Kong, et al., 2006;Kook,
et al., 2003;Liu, et al., 2008;Nural-Guvener, et al., 2014;Williams, et al., 2014). Furthermore,
another benzamide class | HDAC inhibitor, CI-994, was recently found to reduce cardiac fibrosis
in mouse and dog models of heart remodeling (Seki, et al., 2016). How can benzamide class |
HDAC inhibitors block cardiac fibrosis in vivo, yet stimulate a subset of fibrosis-associated
genes in cardiac fibroblasts? We note that the degree of PAI-1 induction in the LVs of mice
treated with MGCDO0103 was extremely modest compared to that observed in cultured cardiac
fibroblasts (Supplemental Fig. 1), and thus culturing the cells on high tensile strength plastic,
and without neighboring myocytes, may prime the fibroblasts for responsiveness to the class |
HDAC inhibitor. Furthermore, the beneficial impact of blocking uncontrolled cardiac fibroblast
proliferation with benzamide class | HDAC inhibitors in vivo likely overrides any negative
consequences of modest induction of PAI-1 expression or expression of other fibrosis-

associated genes in the heart.
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Despite the preferential induction of PAI-1 expression in cultured cardiac fibroblasts
compared to in the heart in vivo, our findings have important implications for drug discovery,
since even a slight increase in PAI-1 expression could have deleterious long-term
consequences. Indeed, given the association of elevated PAI-1 levels with a variety of
diseases, including thrombosis, myocardial infarction and pulmonary dysfunction, inhibitors of
PAI-1 are in development (Rouch, et al., 2015). It should be noted, however, that PAI-1 null
mice have been shown to develop spontaneous cardiac fibrosis, suggesting the possibility that
PAI-1 has cardioprotective actions (Ghosh, et al.,, 2010;Ghosh, et al., 2013;Moriwaki, et al.,
2004;Xu, et al., 2010). Regardless, the knowledge that HDAC1 and HDAC2 have the capacity
to directly regulate PAI-1 expression will be important moving forward, as benzamide class |

HDAC inhibitors become more widely used in humans (www.clinicaltrials.gov). Thus, additional

studies should be performed to determine if HDAC1 and HDAC2 regulate PAI-1 expression in
other cell types, such as blood platelets, where PAI-1 is released as a potent anti-fibrinolytic
factor. Furthermore, cell-based assays that monitor PAI-1 expression could be incorporated
into HDAC inhibitor drug discovery programs to vet compounds based on this potentially
detrimental effect.

In drug development and chemical biology research it is crucial to establish whether an
observed pharmacological effect is due to on- or off-target activity. The ability of benzamide
class | HDAC inhibitors to stimulate PAI-1 expression in cardiac fibroblasts appears to be a
result of on-target action against HDAC1 and HDAC2, since the stimulatory effect was
recapitulated by knocking down these HDACs (Fig. 5B). Based on the CETSA data (Fig. 8), we
hypothesize that MGCDO0103 functionally mimics HDAC1/2 knockdown by “disrupting”
HDAC1/2-containing complexes. CETSA is founded on the ability of compounds to stabilize
target proteins and protein complexes, and thereby prevent denaturation of the target(s) upon
exposure to a heat gradient (Jensen, et al., 2015;Martinez, et al., 2013). Our data demonstrate
that MGCDO0103 is more effective at stabilizing HDAC1 and HDAC2 in cardiac fibroblasts than
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apicidin. This difference is unlikely related to enzyme inhibition, since apicidin is a more potent
inhibitor of HDAC1/2 catalytic activity than MGCDO0103, with Kis of 0.04 and 0.12 nM (apicidin)
and 9.0 and 34 nM (MGCDO0103) for HDAC1 and HDACZ2, respectively (Bradner, et al., 2010).
Rather, we predict that benzamide HDAC inhibitors alter the structure of HDAC1/2-containing
complexes in a manner that leads to heat stabilization and PAI-1 induction.

It is interesting to note that MGCDO0103 was generally less effective than TSA and
apicidin at stimulating histone acetylation in cardiac fibroblasts (Fig. 1). We cannot rule out the
possibility that this difference contributes to induction of PAI-1 or other fibrosis-associated genes
by the benzamide HDAC inhibitor.

Our results with PAI-1 are contrary to previously published work. RNAi-mediated
knockdown of HDAC2 was shown to block TGF-B-induced expression of PAI-1 in fibroblasts
derived from human Peyronie's disease plaques (Ryu, et al., 2013), which is converse to the
increase in PAI-1 observed upon knockdown of HDAC2 expression in cardiac fibroblasts (Fig.
5B). Furthermore, butyrate, which is a weak class | HDAC-selective inhibitor (Fass, et al.,
2010), has been shown to stimulate PAI-1 expression in v-ras-transformed rat kidney cells and
in rat intestinal epithelial cells (Higgins, et al., 1997;Nguyen, et al., 2006). However, this
stimulatory effect of butyrate was linked to enhanced SMAD phosphorylation and TGF-B
signaling (Nguyen, et al., 2006), and we failed to observe increased SMAD phosphorylation in
cardiac fibroblasts treated with MGCDO0103 (Fig. 7A). The discrepancies may be due to
differences in fibroblast origin (heart vs. penile plaques for the HDAC2 studies), and induction of
SMAD phosphorylation via off-target actions of butyrate, such as by inducing the ER stress
pathway (Zhang, et al., 2016).

In conclusion, TSA, MGCDO0103 and apicidin are three structurally distinct HDAC
inhibitors that exert anti-fibrotic effects in pre-clinical models of cardiac fibrosis (Schuetze, et al.,

2014;Stratton and McKinsey, 2016). Despite this similarity, however, we have shown that these
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compounds have distinctly divergent effects on fibrosis-related gene-expression in isolated
primary cardiac fibroblasts, which is likely due to the manner in which they engage protein
complexes harboring HDAC1 and HDAC2 catalytic units. These findings have important
implications for HDAC inhibitor drug development, and highlight the need to employ multiple,
structurally distinct compounds when applying a chemical biology approach to assess HDAC

isoform function.
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Figure Legends

Fig. 1. Effects of structurally distinct HDAC inhibitors on histone acetylation in cardiac
fibroblasts. (A) Chemical structures of MGCDO0103, trichostatin A (TSA) and apicidin. (B) Site-
specific changes in acetylation of lysine residues in histones H2A, H3 and H4 were quantified by
mass spectrometry using lysates from adult mouse ventricular fibroblasts (AMVFs) treated with
DMSO vehicle control (0.1% final concentration), MGCDO0103 (1 pM), TSA (1uM) or apicidin (3
puM) for 24 hours. The data are expressed as the fraction of acetylated vs. non-acetylated
residues +SEM; N = 4/group. (C) AMVFs were treated with HDAC inhibitors for 24 hours,
homogenized and subjected to immunoblotting with the indicated anti-acetyl-histone antibodies.

Calnexin served as a loading control. Each lane represents an independent plate of cells.

Fig. 2. HDAC inhibitors arrest cardiac fibroblast cell cycle progression via upregulation of p57.
Cultured neonatal rat ventricular fibroblasts (NRVFs) were synchronized by serum starvation for
24 hours, and subsequently stimulated with fetal bovine serum (FBS, 20%) in the absence or
presence of DMSO vehicle, MGCD0103 (1 uM), TSA (200 nM) or apicidin (3 uM). At 32 hours
post-FBS treatment, cells were stained with propidium iodide and cell cycle progression was
quantified by flow cytometry. (A) Representative histograms of propidium iodide-stained cells.
(B) Quantification of cells in S-phase of the cell cycle; n = 3 plates of cells/condition. Data
represent means +SEM; *P<0.05 vs all other conditions. (C) Quantitative reverse transcriptase
PCR (qRT-PCR) was performed with RNA isolated from synchronized ARVFs stimulated for 32
hours in the absence or presence of HDAC inhibitors, as described above. gqRT-PCR of p57
was performed with n = 3 plates of cells/condition, and technical duplicates were run for each

individual sample. Data represent means +SEM; *P<0.05 vs vehicle-treated cells.

Fig. 3. Benzamide HDAC inhibitors stimulate PAI-1 protein expression in cardiac fibroblasts.
(A) Immunoblot analysis of plasminogen activator inhibitor-1 (PAI-1) expression in cultured,
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passage two ARVFs treated with DMSO vehicle, MGCDO0103 (1 uM), TSA (200 nM) or apicidin
(1-3 pM) for 24 hours. (B) Treatment of neonatal rat ventricular cardiomyocytes for 48 hours
with MGCDO0103 in the absence or presence of the hypertrophic agonist phenylephrine (PE, 10
uM) failed to enhance PAI-1 expression. (C) The PAI-1 signal in (B) was quantified by
densitometry and normalized to the loading control, calnexin. Data represent means +SEM,;
differences were not statistically significantly different. (D) Chemical structure of the benzamide
class | HDAC inhibitor, MS-275. (E) Treatment of ARVFs with MGCDO0103 (1 uM) or MS-275 (1
uM) for 24 hours led to increased PAI-1 protein expression. (F) Passage 0, 1, 2 or 3 ARVFs
were treated with MGCDO0103 (1 uM) for 16 hours. The ability of MGCDO0103 to increase PAI-1
expression was unaffected by myofibroblast phenotype, as defined by the progressive increase
in a-smooth muscle actin expression upon fibroblast passage. For all blots, each lane
represents an independent plate of cells. (G) The PAI-1 signal in (F), as well as from other
samples from an independent preparation of ARVFs (not shown), was quantified by
densitometry and normalized to the loading control, calnexin; n = 5 plates of cells/condition.

Data represent means +SEM; *P<0.05 vs. vehicle treated cells.

Fig. 4. Differential effects of HDAC inhibitors on other fibrosis-related genes. (A) Quantitative
reverse transcriptase PCR (qRT-PCR) was performed with RNA isolated from cultured AMVFs
treated with DMSO vehicle, MGCDO0103 (1 uM) or TSA (200 nM) for 24 hours; n = 3 plates of
cells/condition with technical duplicates run for each sample. Data represent means +SEM,;
*P<0.05 vs. all other conditions. (B) RNA was isolated from cultured AMVFs treated with DMSO
vehicle or MGCDO0103 (1 uM) for 24 hours; n = 3 plates of cells/condition. Pooled cDNA from
each group was analyzed for expression of 84 fibrosis-related genes using the Qiagen RT2
Profiler PCR Array for mouse fibrosis. Shown are the relative changes in mRNA expression

between MGCDO0103-treated and vehicle-treated cells for all genes that were found to have >2-
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fold change in gene expression. (C) Quantitative reverse transcriptase PCR for MMP13 and
Plau was performed with RNA from independent AMVFs to confirm PCR array results. Data

shown are target gene expression relative to B2M expression.

Fig. 5. MGCDO0103-induced PAI-1 expression is mediated by HDAC1 and HDAC2 inhibition.
(A) Western blot analysis of PAI-1 expression in cultured ARVFs treated with the isoform-
selective HDAC inhibitors BA-60 (HDAC1/2 inhibitor, 300 nM) and BRD3308 (HDAC3 inhibitor,
1uM) for 24 hours. (B) The PAI-1 signal in (A) was quantified by densitometry and normalized
to the loading control, calnexin. Data represent means +SEM; *P<0.05 vs. vehicle treated cells.
(C) AMVFs were infected with short-hairpin control lentivirus (shControl) or lentiviruses
encoding shRNAs to target HDAC1 and/or HDAC2. After 96 hours of infection, cell
homogenates were subjected to immunoblotting with antibodies specific for HDAC1, HDAC2
and PAI-1. Calnexin served as a loading control. Each lane represents an independent plate of

cells.

Fig. 6. MGCDO0103 promotes de novo synthesis of PAI-1. (A) Quantitative reverse
transcriptase PCR (qRT-PCR) was performed with RNA isolated from cultured NRVFs pre-
treated with either DMSO vehicle or MGCDO0103 for 4 hours followed by the addition of
cyclohexamide (CHX) at 30uM for 18 hours; n = 4 plates of cells/condition. Data represent
means PAI-1:18S expression +SEM; *P<0.05 compared to cyclohexamide alone. (B)
Immunoblot analysis of PAI-1 expression from ARVFs treated as described above with CHX

and MGCDO0103. Each lane represents an independent plate of cells.

Fig. 7. MGCDO0103 does not activate the TGF-B/SMAD pathway. (A) ARVFs were treated with

1 uM MGCDO0103 (A) or 5 ng/ml TGF-B (B) for the indicated times prior to cell homogenization
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and immunoblotting with antibodies specific for PAI-1, phospho-SMAD2/3 or total SMAD2/3.

Calnexin served as a loading control. Each lane represents an independent plate of cells.

Fig. 8. Cellular thermal shift assay (CETSA) suggests differential engagement of HDAC1/2
complexes by MGCD and apicidin. (A) Schematic design of the CETSA protocol. (B)
Trypsinized NRVFs were mixed with DMSO vehicle, MGCDO0103 (1 uM) or Apicidin (3 uM) for 3
hours prior to exposing the mixture to a heat gradient. Soluble, unprecipitated protein was
subjected to immunoblotting with an anti-HDAC1 antibody. (C) HDAC1 signal intensity in (B)
was quantified by densitometry and plotted relative to the 25°C control. Melting temperatures
(Tm) were calculated using the Boltzman Sigmoidal equation for nonlinear fit in GraphPad Prism;
DMSO Tm = 53.5 °C, MGCD0103 Tm = 60.7 °C, apicidin Tm = 57.0 °C. (D) The samples

shown in (B) were subjected with immunoblotting with an HDAC2-specific antibody.
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