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Abstract

Heterochromatin protein 1 (HP1) facilitates the formation of repressive heterochromatin domains
by recruiting histone lysine methyltransferase enzymes to chromatin, resulting in increased levels
of histone H3K9me3. To identify chemical inhibitors of the HP1-heterochromatin gene repression
pathway, we combined a cell-based assay that utilized chemical-mediated recruitment of HP1 to
an endogenous active gene with high-throughput flow cytometry. Here we characterized small
molecule inhibitors that block HP1-mediated heterochromatin formation. Our lead compounds
demonstrated dose-dependent inhibition of HP1-stimulated gene repression and were validated in
an orthogonal cell-based system. One lead inhibitor was improved by a change in stereochemistry,
resulting in compound 2, which was further used to decouple the inverse relationship between
H3K9 and H3K4 methylation states. We identified molecular components that bound compound 2,
either directly or indirectly, by chemical affinity purification with a biotin-tagged derivative,
followed by quantitative proteomic techniques. In summary, our pathway-based chemical
screening approach resulted in the discovery of new inhibitors of HP1-mediated heterochromatin
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formation while identifying exciting new molecular interactions in the pathway to explore in the
future. This modular platform can be expanded to test a wide range of chromatin modification
pathways yielding inhibitors that are cell permeable and function in a physiologically relevant
setting.
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Introduction

Histone lysine methylation represents a critical posttranslational modification that regulates
gene expression and is essential for proper tissue specialization during mammalian
development.1:2 Disruptions to the careful balance of epigenetic pathways, such as histone
lysine methylation, have recently been identified as drivers of human cancer.3-> Histone
lysine methylation can correlate with the activation or repression of gene transcription
depending on the specific histone residue modified and the landscape of the chromatin
where the histone lysine methylation is placed. For example, histone H3 lysine 4
trimethylation (H3K4me3) is typically found in promoters and gene bodies of active
euchromatin genes, while H3K9me3 correlates with repressive heterochromatin.

Mammalian heterochromatin protein 1 (HP1) has three isoforms, HP1a, HP1p, and HP1y,
which contribute to the diverse functions of HP1. While these isoforms have been shown to
mediate heterochromatin formation and facilitate gene repression, HP1 has been
demonstrated to play key roles in transcription elongation and mRNA splicing.5-12 The
chromodomain (CD) of HP1 allows for binding of H3K9me3, while the chromoshadow (CS)
domain recruits in the histone methyltransferase enzymes Suv39H1/2, SETDBL, and G9a.
13-15 These enzymes deposit H3K9me2/3 marks on neighboring histones as well as
nonhistone substrates including p53, CDYL1, WIZ, ACINUS, and G9a.16-18 Subsequent
binding of additional HP1 proteins facilitates the spreading of H3K9me3-marked
heterochromatin, resulting in DNA compaction and gene repression.1! Thus, HP1 can
function as a histone lysine methyl-reader and scaffolding protein facilitating the
propagation of H3K9me3 to neighboring nucleosomes, which further spreads the
heterochromatin domain and leads to gene silencing. Recently, heterochromatin domain
formation was demonstrated to be mediated by the HUSH complex composed of TASOR,
MPP8, and periphilin. This complex interacts with SETDB1 to deposit H3K9me3.1° The
heterochromatin pathway is perturbed in a diverse set of human cancers, which makes it an
exciting new pathway to consider targeting for future therapeutics.20-22

We developed the chromatin in vivo assay at the Oct4 locus (CiA.Oct4) to function as a
modular recruitment platform for the study of epigenetic-modifying enzyme activity.23 This
system takes advantage of the haplosufficient nature of the pluripotency factor OCT4 and
replaces a single Oct4 allele with an enhanced green fluorescent protein (GFP) gene
allowing for gene expression to be measured in single cells using flow cytometry. Upstream
from the GFP protein are tandem arrays of zinc finger binding sites (ZFHD1) and Gal4 DNA
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binding domains. These domains served as the platform for recruiting epigenetic activities to
the CiA:Oct4 locus using chemically induced proximity (CIP).24 A two-part recruitment tool
using a Gal4-FK506 binding protein (Gal4-FKBP) and FKBP-rapamycin binding (FRB)
fused to the CS domain of HP1la (FRB-csHP1la) was also stably transduced into the cell
line. Upon CIP-rapamycin addition, Gal4-FKBP and FRB-csHP1a. tethered csHP1a to the
CIA:Oct4 locus, allowing for robust temporal control and visualization of heterochromatin
formation dynamics. HP1 recruitment results in decreased GFP signal, removal of active

H3K4me3, and deposition of H3K9me3, mirroring physiologic heterochromatin formation.
23

In this study, we used the CiA-Oct4 system as a biological assay to identify pathway-based
inhibitors of HP1-mediated heterochromatin. We conducted a novel small-molecule screen
using a high-throughput flow cytometry-based approach as the primary readout. We
identified several known and novel compounds that effectively inhibited the HP1-
heterochromatin pathway, including UNC617 and UNC2524. Compounds were confirmed
to decrease H3K9me3 levels, which was mechanistically consistent with inhibition of this
pathway. Interestingly, we also observed a decoupling of the previously linked H3K9 and
H3K4 methylation states upon compound treatment. We further determined through
structure—activity relationship (SAR) studies that derivatives of UNC2524 were amenable to
affinity purification followed by quantitative proteomic analysis using isobaric tags for
relative and absolute quantitation (iTRAQ) labeling. This quantitative approach identified
previously unexplored putative components of the HP1-heterochromatin pathway, including
hepatoma-derived growth factor-related protein 2 (HDGFRP2). We present a modular
approach that uses cell-based high- throughput screening to identify inhibitors that block an
epigenetically active pathway acting on a native chromatin substrate in a physiologically
relevant context.

Materials and Methods

Cell Culturing and Cell Lines

Mouse embryonic stem (ES) cells were adapted to grow on gelatin-coated plates without
feeder cells in DMEM supplemented with 4.5 g/L glucose, 15% fetal bovine serum, L-
glutamate, sodium pyruvate, HEPES buffer, NEAA, 2-mercaptoethanol, leukemia inhibitory
factor (LIF), and penicillin/streptomycin (ES media) at 37 °C supplemented with 5% CO,.
Second-generation lentiviral packaging vectors psPAX2, pMD2.G, and plasmid DNA were
used to prepare virus as previously described.2> The CiA.Oct4 N118/N163 cell line
containing viral integrations of N118 and N163 plasmids (N118, nLV EF-la-Gal-FKBPx1-
HA-PGK-Blast; N163, NLVEF-1a-HP1a (CS)-Frbx2(Frb+FrbWobb)-V5-PGK-Puro) was
used for all experiments unless otherwise stated.?3 CiA:Oct4 N118 was transduced with the
lentiviral construct N192 (N192-nLV Dual Promoter EF-1a-MCS-PGK-Puro HP1y (CS)-
Frbx2(wobbmo)-V5) to yield the csHP1vy recruitment system CiA-:Oct4 N118/N192. For the
orthogonal recruitment system, a stable mouse ES cell line with a blue fluorescent protein
(BFP) reporter gene with tetracycline response elements (TRES) was generated by
recombinase-mediated cassette exchange, by introducing the reporter cassette DNA in
plasmid YRO06 into a gene trap located on chromosome 15 at genome coordinates
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chr15:99941948.26:27 |nto this cell line, TetR-HP1-mCherry was introduced by lentiviral
infection using nLV construct KS35(pEF1-TetR-HP1-P2A-mCherry).

Small-Molecule High-Throughput Screen and Flow Cytometry

On day 0, CiA:Oct4 N118/163 cells were grown in ES media and seeded at a density of
10,000 cells per well (100,000 cells/mL) into gelatin-coated 96-well plates. On day 1, media
was aspirated and replaced with 100 uL of fresh ES media containing £6 nM rapamycin and
10 UM dilution of compounds from the EpiG compound set. Media was exchanged with the
same compound on day 2. On day 3, cells were washed with phosphate-buffered saline
(PBS) and trypsinized using 0.25% trypsin-EDTA. Trypsin was quenched with serum. Cells
were resuspended by pipetting to prepare the plates for flow cytometry analysis. A similar
technique used for dose—response assays, SAR assays, and csHP1+y inhibition assay (only
recruiting csHP1y N192). Flow cytometry was performed using an Intellicyt iQue Screener
(Albuquerque, NM) and analyzed with FlowJo software (Ashland, OR). Cell populations
were gated as described in Supplemental Materials.

Orthogonal TetR-HP1 Recruitment Assay

TetR-HP1 cell lines were continuously grown with 1 pg/mL doxycycline to maintain an
open chromatin state. On day 0, TetR-HP1 cells were grown in ES media containing
doxycycline and seeded at a density of 10,000 cells per well in 96-well plates. On day 1,
cells were washed with PBS and 100 pL of fresh ES media was added containing + 1 pg/mL
doxycycline and 5 pM compounds; this media was freshly added on day 2. On day 3, cells
were trypsinized using 0.25% trypsin-EDTA. Trypsin was quenched with serum and then
cells were analyzed by flow cytometry. The median BFP intensity was determined by
FlowJo software analysis. Three biological replicates were averaged and used to generate
standard error bars.

Compound 2 Activity and Fluorescence Microscopy

CIA Oct4 N118/N163 cells were treated with £7.5 uM compound 2 £ 6 nM rapamycin for
48 h. Cells were imaged in PBS using an Olympus 1X71 microscope and analyzed using
Cellsens software. Representative images were taken in two random plate locations for each
of the four conditions. Image levels were normalized using Adobe Photoshop (San Jose,
CA).

ChIP Sample Preparation and qRT-PCR

Chromatin immunoprecipitation (ChIP) was conducted essentially as previously described
with the following antibodies: Abcam H3K9me3 (ab8898), Millipore HP1y (05-690),
Millipore H3K4me3 (05-745R), and Abcam EHMT2/G9a (ab40542).25 Samples were
analyzed using the comparative A ACt method and normalized against an intergenic control
region or normalized to a housekeeping gene, intracisternal A-type particles (IAPs) (Suppl.
Table S2).23.28 Experiments were performed in a minimum biological triplicate and data are
representative of sample averages. ftests were used to determine significant p values.
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Affinity Purification Sample Preparation and iTRAQ LC-MSIMS Analysis

Briefly, CiA.Oct4 N118/N163 nuclei were resuspended in 2 mL of shearing buffer (0.1%
sodium dodecyl sulfate [SDS], 1 mM EDTA [pH 8.0], 10 mM Tris HCI [pH 8.0]) and
sonicated using a probe sonicator. Lysates were run over magnetic streptavidin beads
(Dynabeads M-280 Streptavidin, Invitrogen, Carlsbad, CA) and washed and eluted as
indicated. Samples were run on a 4%-20% tris-glycine gradient protein gel and then
prepared for analysis. See Supplemental Materials for full proteomic experimental details.

Affinity Purification to Validate HDGFRP2 and MPP8 Binding

Hdgfrp2 (isoform b) was amplified from Mus musculus TC1 cDNA cloned into a
pcDNAS3.1-Myc-His expression vector at the Aod site by In-Fusion Cloning (Clontech,
Mountain View, CA). Insert was then subcloned into lentiviral transfer plasmid nLV_N103
at the NMod site using In-Fusion. The final Hdgfrp2-Myc-His plasmid (S002) was transfected
into 70%-80% confluent human embryonic kidney (HEK) Lenti-X 293T using PEI (1 pg/
pL) and 25 pg of DNA. At 48 h, cells were trypsinized and pellets collected. Cells were
lysed using M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific,
Waltham, MA) supplemented with Benzonase (Sigma, St. Louis, MO) and pro tease
inhibitors according to each manufacturer’s procedures. Cell debris was pelleted and
supernatant lysates were transferred to microfuge tubes. Compounds 3 and 4 were incubated
with magnetic streptavidin beads (Dynabeads M-280 Streptavidin) and washed in PBST
(PBS 0.1% Tween-20). The beads-alone control was incubated with 3 mM D-biotin and
washed in PBST. Beads coated with compounds 3 and 4 and the beads-alone control were
incubated overnight at 4 °C with 1 mg of cell lysate. Beads were isolated using a magnet.
Proteins bound to the magnetic beads were washed by vortexing with 50 mM HEPES, 150
or 500 mM NacCl, and 1% NP-40 three times. Sample supernatants were resuspended in 30
uL of 1x Laemmli loading dye and boiled for 5 min. A portion of each sample was run on a
4%-20% tris-glycine gradient protein gel and transferred for Western blot analysis to
determine HDGFRP2 and MPP8 binding.

Histone Acid Extraction

Confluent CiA-Oct4 N118/N163 treated as indicated was trypsinized with 0.25% trypsin-
EDTA. Nuclei were isolated by resuspending the pellet in lysis buffer (50 mM HEPES [pH
8.0], 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP40, 0.25% Triton x100) and
incubating on ice for 10 min. Nuclei were pelleted at 65009 for 10 min at 4 °C and the
supernatant was removed. Pellet was resuspended and rinsed in a second buffer containing
10 mM Tris (pH 8.0), 200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA and centrifuged at
6500g for 5 min at 4 °C. The supernatant was removed, and the histones were extracted from
the nuclei in 100-500 pL of 0.2 N HCI.2% Samples remained at 4 °C overnight and then were
centrifuged at 6500g for 10 min at 4 °C. Supernatant containing histones was removed and
neutralized with a 1/10 volume of 2 N NaOH, and protein concentration was determined by
standard Coomassie Bradford assay (Pierce, Rockford, IL).
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SDS-PAGE and Western Blot Analysis

Samples were prepared with 1x to 4x Laemmli loading buffer and boiled for 5 min before
being loaded on 4%-20% tris-glycine gradient gels and transferred to a Millipore
(Burlington, MA) Immabilon-FL polyvinylidene fluoride (PVVDF) membrane. PVDF was
blocked with Licor Odyssey Blocking Buffer (PBS) for at least 1 h. Primary antibodies
(Active Motif anti-H3K9me3 39161, Active Motif anti-H3K9me2 39239, Active Motif anti-
H4 61521, Proteintech anti-Mphosph8 16796-1-AP, EMD Millipore anti-Myc 05-724) were
incubated overnight at 4 °C. Licor IRDye 680RD goat anti-mouse or Licor IRDye 800CW
goat anti-rabbit secondary antibodies (1:15,000) were incubated for 30 min at room
temperature. Western blots were imaged using the Licor Odyssey scanner and data were
analyzed using Image Studio v5.2.

Chemical Synthesis for UNC2524 and Derivatives for SAR and Affinity Purification Studies

See Supplemental Materials for a detailed chemical synthesis and analytical data.

Results

Small-Molecule Screen for Epigenetic Modulators of the HP1-Heterochromatin Pathway

To identify modulators of the HP1-heterochromatin pathway, we employed a small-molecule
screening approach, which used an epigenetic-targeted compound library (EpiG library)
curated at the Center for Integrative Chemical Biology and Drug Discovery at the University
of North Carolina (UNC). This set includes ~960 small molecules designed and synthesized
to target diverse epigenetic regulatory proteins, making it an ideal small-molecule library to
interrogate the HP1-heterochromatin pathway. While some compounds within the set have
known biological activity, the majority do not. We developed a high-throughput flow
cytometry-based screening platform that used the CiA. Oct4 system in a mouse ES cell line
to express enhanced nuclear GFP as a reporter for chromatin dynamics.23 This approach
allowed us to screen compounds in a high-throughput format and determine specific effects
on the chromatin state with single-cell resolution in a temporally controlled manner.

In this study, we chemically induced HP1a recruitment to the Oct4 promoter region using
the CiA:Oct4 system and measured gene activity by GFP expression. Lentiviral infection
into the CiAOct4 cell line yielded stable expression of the Gal4-FKBP (N118) and FRB-
csHP1a (N163) fusion proteins.23 Rapamycin addition tethers the FKBP and FRB domains,
rapidly recruiting csHP1a to the CiA:Oct4 locus (Fig. 1a). HP1 recruitment was followed by
removal of active chromatin marks such as H3K4me3, deposition of repressive H3K9me3,
and gene repression. This method mimics the physiologic chromatin transformation that
occurs at the Oct4 locus upon cellular differentiation of ES cells.

We screened the EpiG compound set at 10 uM with rapamycin and compound added at the
same time 48 h prior to analysis by high-throughput flow cytometry using the CiA:Oct4
csHP1a recruitment cell line (Fig. 1b). The percentage of GFP-positive cells was
determined by gating on the GFP-negative populations in control samples treated with
rapamycin and dividing by total singlet cell counts (Suppl. Fig. S1a). In the primary screen
to recruit csHP1a, 78 compounds had fewer than 200 cell events detected by flow cytometry
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and were removed due to lack of statistical confidence in the data. This lack of cells was
likely due to compound toxicity at the 10 uM screening dose. Representative histograms of
flow cytometry data showed that csHP1a recruitment facilitated by rapamycin addition
(black line) resulted in cell populations shifting to be GFP negative. Cells that were not
treated with CIP-rapamycin (gray line) remained near 100% GFP positive, as no csHP1la
was recruited to the locus in these samples. Top inhibitors of the HP1-heterochromatin
pathway, UNC2524 and UNC617 (red line), resulted in an increased expression of GFP
despite csHP1a recruitment, which led to a greater percentage of GFP-positive cells (Fig.
1c). Remaining compounds were arranged from highest to lowest percentage GFP-positive
population (Fig. 1d). We identified 34 compounds that were 2 standard deviations above the
mean, with UNC617 and UNC2524 representing the two compounds that resulted in the
largest increase in GFP expression. Compound UNC00000202 demonstrated an ability to
enhance HP1 pathway repression with nearly 10% less GFP expression than controls.
However, we chose to pursue the inhibitors of HP1-mediated gene repression in this study.
Enhancers of the HP1-heterochromatin pathway represent candidates for potential future
study.

The CiA.Oct4 csHP1a recruitment system also functioned as an internal counterscreen for
compounds that cause a decrease in GFP expression, likely due to toxicity or cell
differentiation, independent of rapamycin-recruited csHP1a. ES cell differentiation causes
the Oct4 locus to be silenced, resulting in a decrease in GFP expression. We screened the
EpiG compound set at 10 uM without rapamycin-induced csHP1a recruitment for 48 h prior
to analysis by high-throughput flow cytometry. Lack of csHP1a recruitment resulted in
nearly 100% GFP-positive cells in controls and with most compounds (Suppl. Fig. S1b).
From the EpiG library, 72 compounds were identified below the 200-event cutoff in the
minus rapamycin counterscreen and could not be interpreted. Compounds that resulted in a
greater than 10% reduction in GFP-positive cell populations compared with the mean were
removed from the data set as Oct4 repression is a sign of cellular differentiation. This cutoff
allowed us to conservatively eliminate compounds that are causing Oct4 repression
independent of HP1 recruitment, while keeping the most active compounds for further
downstream analysis (Suppl. Fig. S1c). Lead inhibitors of HP1-mediated heterochromatin
formation, UNC2524 and UNC617, did not decrease GFP-positive population levels, but
demonstrated increased expression of GFP compared with controls, indicating greater gene
activation (Suppl. Fig. S1d). Only compounds that did not cause CiA.Oct4 repression
independent of csHP1a recruitment or result in cell toxicity in either the plus or minus
rapamycin screens were used to generate the final data set for the screen (Suppl. Fig. Sle).
Supplemental Table S1 summarizes the key parameters of this small-molecule screen.

Functional Analysis of Lead Screen Compounds

To confirm the activity of our lead compounds, we first performed a dose—response curve at
10, 5, 2.5, 1.25, and 0 uM of each compound with and without rapamycin to determine the
maximum biological activity of the compounds without compromising cell viability. Like
our screening approach, CiA.:Oct4 csHP1a-recruiting cells were cultured with and without
rapamycin-mediated HP1 recruitment. The response curves demonstrated dose-dependent
activity in our biological assay, correlating increased compound concentration with
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increased inhibition of the HP1 pathway. UNC617, previously reported as a modest inhibitor
of G9a/GLP repression in a cell-based screen,30 demonstrated the most potent response in
our assay (ICsg 1.04 uM), followed by UNC2524, UNCO00000557, and UNC1875 with 1Cgq
values of 1.77, 2.95, and 3.23 uM, respectively (Fig. 2a). Expanded dose-response curves for
12 of the top inhibitors were also conducted with HP1 recruitment (Suppl. Fig. 2a) and
without HP1 recruitment (Suppl. Fig. 2b). Absent data points were caused by compound
toxicity, resulting in too few cells to interpret the data with confidence. We concluded from
these data that a 5-10 uM dose maximized compound assay activity and cell viability for our
top hits from the screen.

To exclude the possibility that our lead compounds were inhibiting CIP-rapamycin
recruitment of csHP1a to the C/A:-Oct4 locus, or that HP1-heterochromatin inhibition was
specific to Oct4, we sought to confirm the function of our lead compounds in an orthogonal
recruitment system located at a distinct genetic locus devoid of epigenetic marks. HP1 was
fused to the tetracycline repressor (TetR) and stably expressed in a mouse ES cell line
expressing a BFP reporter gene upstream of the TRE. Like rapamycin addition, the absence
of doxycycline causes TetR-HP1 to be recruited to the TRE, resulting in HP1-
heterochromatin formation. The addition of doxycycline inhibits TetR from binding to TRE,
leading to gene activation (Fig. 2b). We tested compounds UNC00000557, UNC617,
UNC2524, and UNC1875 at 5 uM for 48 h with and without TetR-HP1 recruitment. All
compounds tested were shown to significantly inhibit HP 1-mediated heterochromatin
formation, with UNC617 and UNC2524 remaining the most potent inhibitors (Fig. 2c).
Further, only UNC1875 demonstrated a minimal decrease in median BFP expression
independent of TetR-HP1 recruitment, while all other compounds resulted in either no
change or increased BFP expression compared with controls, indicating an increase in gene
expression (Fig. 2d). These data corroborated our primary screen results and demonstrated,
using an orthogonal recruitment method, that the lead compounds did not inhibit tethering of
HP1 by rapamycin. Further, lead compounds were capable of inhibiting HP1-mediated gene
repression at a second gene locus measured by a different fluorescent reporter.

HP1-mediated gene repression and silencing is mediated by H3K9me3 deposition. We
sought to determine if our lead compounds were not only affecting gene repression at
specific genetic loci, but also affecting global H3K9me levels. csHP1a-recruiting CiA. Oct4
cells were treated with 10 UM compound for 48 h. After 48 h of treatment, histones were
isolated from nuclei by acid extraction. H3K9me2 and H3K9me3 levels were assayed by
Western blot and normalized to histone H4 as a loading control (Suppl. Fig. 3a).
Quantification of H3K9me2 and H3K9me3 Western blots demonstrated that all lead
compounds trended toward decreased global H3K9me2/3, though only UNC00000557 and
UNC617 showed statistically significant reduction in H3K9me2 levels. UNC2524 and
UNC1875 also decreased H3K9me2/3, but not to the significant extent of the other
compounds (Suppl. Fig. 3b).

HP1 has three isoforms, HP1a, HP1B, and HP1y. HP1a and HP1y were previously
identified to function similarly upon recruitment to the CiA-Oct4 locus, whereas HP1p was
not able to appreciably repress the reporter allele (unpublished observations). We therefore
wanted to determine percentage inhibition upon recruitment of csHP1+y for the best 18
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compounds identified in the primary screen. We transduced CiA. Oct4 ES cells containing
the Gal4-FKBP (N118) plasmid with the FRB-csHP1y (N192) vector using lentivirus to
yield a stable CiA.Oct4 CIP-controlled csHP1y-recruiting cell line. After 48 h of treatment
with 5 pM compound with and without csHP1+y recruitment, the percentage of GFP-positive
cells was determined by flow cytometry analysis. We identified that like the csHP1a
recruitment and inhibition screen, UNC617 and UNC2524 were the most potent inhibitors of
csHrP1y enrichment at the CiA:Oct4 locus. Nearly all lead compounds demonstrated
significant inhibition of csHP1y-mediated gene repression at the CiA.Oct4 locus (Suppl.
Fig. 4a). Additionally, very low compound toxicity and independent repression of the
CIA.Oct4 allele was observed, with the greatest reductions being ~3% and 4% for UNC1868
and UNC1871 (Suppl. Fig. 4b). The reproducible inhibition of functionally similar HP1
isoforms contributes to the robustness of our assay and provides greater evidence that our
top hits represented novel inhibitors of the HP1-heterochromatin pathway.

Structure—Activity Relationship of UNC2524

Despite elucidating the general phenotypes of our new HP1-heterochromatin pathway
inhibitors with respect to chromatin state, we did not understand how our compounds were
inhibiting HP1-mediated gene repression. UNC2524 was chosen for further investigation
due to its potent inhibitory phenotype in our assays, in addition to having no known targets
or function. SAR studies were performed with UNC2524 to accomplish two goals: first, to
optimize compound activity in the CiA.Oct4 assay, and second, to determine if UNC2524
was tolerant to side-chain modification for downstream chemical affinity proteomic
experimentation to identify the HP1-heterochromatin pathway molecular components that
interact with UNC2524.

Compounds 2, 5, 6, 7, and 8 were chemically synthesized as close analogs of UNC2524
(compound 1) (Fig. 3a). Detailed chemical synthesis schemes can be found in the Materials
and Methods section. To ascertain the biological activity of these chemical derivatives, we
used the CiA.Oct4 csHP1a recruitment system. Cells were treated with 5 pM of each
compound as indicated for 48 h prior to analysis by flow cytometry. Compound activity was
confirmed by an increase in percent inhibition compared with untreated control samples.
Compounds 5 and 6 added a pentene chain and Boc group to the piperidine amine,
respectively, while compound 7 substituted a hexyl chain for the pyrrolidine. These
modifications resulted in a decrease in inhibition for compounds 5 and 6 and an increase in
cell toxicity for compound 7, indicating that these regions of the parent molecule, 1, were
not optimal places to attach an affinity handle (Fig. 3b). We identified that the 7-methoxy
side chain was most amenable to modification with a bulky group, as compound 8 contains
an alkyl piperidine substituent at this position and preserves 50% biological activity of
compound 1 with minimal cell toxicity. Finally, a small increase in activity over UNC2524
was observed with compound 2 by changing the stereochemistry of the piperidine ring.
Considering these data, we used compound 2 as a scaffold for incorporating a biotin tag onto
the 7-methoxy side chain of the compound.
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Compound 2 Inhibits HP1-Mediated Gene Repression

We endeavored to confirm the inhibition of H3K9me3 deposition by compound 2 to ensure
that it was functioning similarly to UNC2524. CiA.Oct4 csHP1a recruitment cells were
treated with compound 2 for 48 h with and without rapamycin mediating HP1 recruitment
(Fig. 4a). Representative brightfield and fluorescence images were taken of the four sample
types: (=) HP1/(-) compound 2, (=) HP1/( +) compound 2, ( +) HP1/(-) compound 2, and
(+) HP1/(+) compound 2. ES cell colony morphology was normal in all samples, though
rapamycin did result in a slightly decreased colony size. When compared with controls,
compound 2 did not result in gross cell differentiation or affect colony morphology in terms
of colony shape and granularity observed by light microscopy (Suppl. Fig. S5).
Subsequently, all samples were analyzed by flow cytometry to confirm the inhibitory effects
of compound 2 on HP1-mediated gene repression. Figure 4b is a representative histogram
that confirmed that compound 2 resulted in increased GFP expression with (red) and without
(blue) HP1 recruitment compared with untreated controls.

ChIP was utilized to determine the levels of H3K9me3 at the CiA. Oct4 locus upon treatment
with compound 2. We previously demonstrated that enrichment of H3K9me3 was greatest
between 400 and 700 base pairs (bp) downstream of the transcriptional start site (TSS).23
We analyzed the levels of H3K9me3 at 489 bp downstream of the TSS in all four sample
conditions. Real-time quantitative PCR (qRT-PCR) was used to amplify this region, and CT
values were normalized to an intergenic region using the A ACt method. Samples lacking
HP1 recruitment, as expected, did not show enrichment in H3K9me3 due to lack of csHP1a
recruitment. Conversely, H3K9me3 increased ~5.7-fold when treated with rapamycin,
leading to csHP1a recruitment. Addition of compound 2 decreased the enrichment of
H3K9me3 by ~34% compared with the plus rapamycin control samples (Fig. 4c).

To further characterize the effects of compound 2 on the HP1-heterochromatin pathway, we
assayed for perturbations in the levels of HP1y, H3K4me3, and G9a at the CiA-Oct4 locus
using ChIP followed by qRT-PCR analysis. Enrichment levels were determined at 489 bp
downstream of the TSS and normalized to a housekeeping gene, IAPs. As shown previously,
HP1a recruitment leads to endogenous HP1vy binding to the CiA:Oct4 locus as a
heterochromatin domain is formed. Because csHP1a is being actively recruited to the
CiA:Oct4 locus, we chose to measure endogenous HP1vy levels to determine if HP1
recruitment was inhibited by compound 2. Despite a small increase in HP1y caused by
compound 2 alone, HP1+y levels were shown to significantly decrease (37%) upon HP1-
mediated gene repression in the presence of compound 2 compared with control samples
with HP1 recruitment alone (Fig. 4d). The histone mark H3K4me3 is associated with active
gene transcription and was previously reported to decrease upon HP1-mediated gene
repression.23 H3K4me3 levels were enriched ~3.7-fold in samples lacking HP1 recruitment,
as expected. Surprisingly, no change in H3K4me3 levels was detected upon compound 2
treatment despite the decrease in H3K9me3 (Fig. 4e). Finally, the histone lysine methyl-
transferase enzyme G9a was demonstrated to be required for silencing of Oct4 during cell
differentiation and development.3! We assayed G9a levels to determine if G9a is
contributing to HP1-mediated gene repression in our inhibition assay. No significant changes
in G9a levels were observed across the four treatment conditions, indicating that G9a either
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is not recruited to the CiA.Oct4 locus under our assay conditions or is not detected by our
assay (Fig. 4f). These data corroborated the microscopy and flow cytometry data that
demonstrated an increase in GFP expression due to inhibition of endogenous HP1y
recruitment, which coincided with a decrease in the repressive H3K9me3 mark.

Components of HP1-Heterochromatin Pathway Identified by Chemical Proteomics

Compound 2 is a novel small molecule that we have demonstrated to inhibit the HP1-
heterochromatin pathway for gene repression. To identify cellular targets of compound 2, we
combined chemical affinity purification and quantitative mass spectrometry approaches.
Biotin-tagged compound 2 (compound 3) was created by the addition of a biotin moiety off
the 7-methoxy side chain of compound 2 and used as our active affinity reagent (Fig. 5a).
Biotin-tagged compound 6 (compound 4) contained an inactivating Boc group to function as
a negative control affinity reagent (Fig. 5a). Additional negative control samples included
beads alone and preincubation of the nuclear lysates with excess compound 2 with the
expectation that compound 2 would block pulldown of the cellular target(s) by compound 3.

Nuclei were harvested from CiA.:Oct4 cells followed by lysis and shearing of genomic DNA
by probe sonication to decrease sample viscosity and aid in protein dissociation from
chromatin. Nuclear lysates were incubated with active (compound 3) and inactive
(compound 4) biotin-tagged compounds. Magnetic streptavidin beads were used to isolate
proteins bound to the biotinylated compounds. Samples were washed in buffer containing
150 mM NaCl, and bound proteins were eluted with excess compound 2 and finally with 3
mM D-biotin. Pulldown fractions from compounds 3 and 4 were run on 4%-20% tris-
glycine gels and stained with Sypro Ruby stain for visualization (Fig. 5b).

Elution fractions were precipitated, and samples were prepared for quantitative liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis using iTRAQ.32
Quantitative analysis identified proteins enriched in the active affinity purification sample
compared with the various negative controls. Proteins that had greater than two unique
peptides and a sample-to-control ratio of 1.4 or greater were considered for further analysis.
Several proteins that bound to the active compound are known to play a role in chromatin
biology. These include novel contributors to the HP1-heterochromatin pathway, such as
SUPT6H, HMGNZ2, TAF10, HDGFRP2, NASP, HMGNL1, ENY2, TMPO, and KMT2B, as
well as MPHOSPHS8 (MPP8), a known member of the HUSH complex, which contributes to
H3K9 methylation and heterochromatin (Fig. 5¢).1°

We sought to validate these findings by assaying the interaction of HDGFRP2 and MPP8
with compounds 3 (active) and 4 (inactive) under increasingly stringent wash conditions.
HEK Lenti-X 293T cells were transfected with an HDGFRP2-Myc-His construct and
allowed to express for 48 h prior to the harvesting of cell lysates. Streptavidin beads alone or
conjugated to compounds 3 or 4 were incubated with cell lysate and subsequently washed
with 150 or 500 mM NaCl-containing buffer prior to SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and Western blot analysis. Washing conditions with 150 mM
NaCl demonstrated a ~1.5-fold increase in copurification of HDGFRP2 to compound 3 and
4 compared with beads-alone controls. MPP8 showed ~3.1-fold increased binding to the
active compound 3 compared with a ~1.9-fold increased affinity pulldown to the inactive
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compound 4 (Suppl. Fig. S6a). Upon the wash concentration being increased to 500 mM
NaCl, significant enrichment of HDGFRP2 and MPP8 binding to the active compound 3
was observed. HDGFRP2 copurified with compound 3 ~100-fold more than the beads alone
and ~6-fold higher than the inactive control, while MPP8 preferentially bound the active
compound by ~3.8-fold compared with the inactive control (Fig. 6a). Enrichment over beads
alone could not be determined for MPP8 because there were no visible protein bands present
in the beads-alone samples. These data validate the iTRAQ proteomics for MPP8 and
HDGFRP2 and suggest either direct binding to compound 3 or an indirect binding
mechanism via yet to be elucidated protein complexes.

Discussion

Disruption of epigenetic pathways has been demonstrated to drive diverse classes of human
cancer. Components of the HP1-heterochromatin pathway have been identified as
dysregulated in breast, uterine, prostate, and pancreatic carcinomas.2? Overexpression of
pathway components is correlated with poor outcomes for patients with breast and liver
cancer.20:33 Though inhibition of heterochromatin could be an attractive therapeutic strategy,
currently no FDA-approved therapeutic targeting the HP1-heterochromatin pathway exists.

Here we present a novel pathway-based small-molecule high-throughput screening approach
that identified modulators of HP1-mediated heterochromatin formation. Primary and
secondary screens with and without rapamycin-induced HP1 recruitment allowed for us to
internally control for and eliminate compounds that caused a decrease in GFP expressi on
independent of HP1 recruitment. Top inhibitor compounds included UNC00000557,
UNC617, UNC1875, and UNC2524. UNC617 was reported as an inhibitor of the histone
lysine methyltransferase G9a, which functions by adding the H3K9me2 mark.30 Inhibition
of H3K9me2 deposition would result in a decreased ability to add the H3K9me3 mark
necessary for HP1-heterochromatin formation. Identifying relevant inhibitors like UNC617
validated our approach to identify modulators of the HP1-heterochromatin pathway. Each of
our lead compounds possessed 1Csq values of 1-4 uM, while UNC617 and UNC2524 were
most potent. Top screen compounds were further shown to inhibit the csHP1y isoform in a
similar manner to csHP1a. UNC617 and UNC2524 remained the most effective inhibitors
of the 18 top compounds screened against csHP1+y recruitment.

As a second counterscreen, we employed an orthogonal recruitment method using a TetR-
HP1 fusion at a distinct genomic locus. As in our original screen, lead compounds
demonstrated similar capacities to inhibit HP1-mediated gene repression. These data
demonstrated that our compounds inhibit HP1-mediated gene repression independent of the
recruitment method and at distinct genetic loci. To further expand the scope of activity for
our compounds to the global cell level, we determined H3K9me2/3 levels on acid-extracted
histones by Western blot. We determined that our top inhibitor compounds trended toward
decreased whole-cell H3K9me2 and H3K9me3 levels, and that significant reductions were
measured for a subset of compounds. We found that measuring the steady-state kinetics of
histone marks after treatment was confounded due to balancing compound activity with
compound toxicity. The trend toward a reduction in global methylation levels indicated that
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the compounds not only were functioning at the specific genetic loci tested but also are
global inhibitors of the HP1-heterochromatin pathway for gene repression.

SAR studies identified compound 2 as our most potent inhibitor of HP1-mediated gene
repression. Using ChIP analysis, we characterized the CiA:Oct4 allele to determine the
effect of compound 2 treatment on HP1-heterochromatin pathway function. Compound 2
similarly inhibited H3K9me3 deposition and HP1vy localization. By inhibiting HP1
recruitment during HP1-mediated gene repression, H3K9me2/3 levels were expected to
decrease due to a lack of recruitment scaffold for the histone lysine methyltransferase
enzymes. H3K4me3 was previously shown to exist in an inverse relationship to H3K9me3.
Surprisingly, we did not observe an increase in H3K4me3 as H3K9me3 decreased with
compound 2 treatment. Compound 2 treatment allowed for the separation of two previously
linked epigenetic marks and may represent a means to study this interaction in the future.

The phenotypic results of compound 2 treatment may not solely be a result of only direct
inhibition of HP1 or a known component of the heterochromatin pathway, but an indirect
effect leading to inhibition of gene repression. Recognizing this, we felt that employing a
pathway-based screening approach combined with chemical affinity purification strategies
and iTRAQ quantitative MS/MS would enable us to detect direct and indirect protein and
protein complex interactions involved in HP1-heterochromatin gene repression. We
identified SUPT6H, HMGN1, HMGN2, TAF10, NASP, ENY2, MPHOSPH8 (MPP8),
KMT2B, TMPO, and HDGFRP2 as enriched compared with control samples. To validate
the proteomic results, we assayed enrichment levels of one known and one unknown
interacting protein, MPP8 and HDGFRP2, respectively, when pulled down by an active
compound compared with an inactive compound or beads-alone controls under increasing
salt concentrations. Under stringent 500 mM NaCl wash conditions, both MPP8 and
HDGFRP2 were enriched in the active compound pulldown. Increased stringency may have
eliminated competing binding partners or changed protein structures, allowing for greater
engagement of the active compound compared with inactive control. It remains possible that
MPP8 and HDGFRP2 act indirectly in tightly bound protein complexes, which facilitated
the binding of compound 3 (biotinylated compound 2) and were indirectly pulled down.
From these data, we suggest that HDGFRP2 could represent a component of the HP1-
heterochromatin gene repression pathway. HDGFRP2 is closely related to the lens
epithelium-derived growth factor/transcriptional co-activator p75 (LEDGF/p75), which is
known to bind the integrase enzyme of HIV, leading to incorporation into active regions of
chromatin.34 HDGFRP2 contributed to the efficiency and specificity of HIV integration, but
prefers binding repressed chromatin marks.3° In addition to viral integration, HDGFRP2 was
reported to interact with HP1p (CBX1) during DNA repair of silenced genes.34

In conclusion, we presented a modular high-throughput flow cytometry-based screening
approach that resulted in the discovery of novel small-molecule inhibitors of HP1-mediated
heterochromatin gene repression. Our chemical genetic approach identified new components
to a critical pathway in mammalian development. These new tools will help to generate a
better model of the molecular order of events for heterochromatin gene repression during
development and disease. This unique approach can be easily adapted to identify inhibitors
of other mammalian epigenetic pathways in the physiologic setting of a primary cell line.
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Figure 1.
High-throughput flow cytometry screen for modulators of HP1-mediated heterochromatin

formation. (a) Cartoon of the CiA.Oct4 system utilizing CIP to recruit csHP1a. Addition of
rapamycin facilitated the bridging of Gal4-FKBP and FRB-csHP1a fusions by CIP,
resulting in HP1-heterochromatin formation and gene repression. (b) Diagram outlining the
primary screening strategy workflow over a 3-day experimental time course. (C)
Representative histogram of GFP fluorescence intensity for top inhibitors of HP1-mediated
repression (UNC2524 and UNC617) at 10 uM compared with £6 nM rapamycin controls.
(d) Results of small-molecule screen showing the percentage of GFP-positive populations
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after 48 h of CIP-mediated HPI recruitment. Inset boxes highlight inhibitors or enhancers of
HP1-mediated gene repression.
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Figure2.

Hit compounds demonstrate dose-dependent response and are validated by an orthogonal
TetR-HP1 recruitment system. (a) Dose-response curves were conducted for the top four hit
compounds (UNC00000557, UNC617, UNC2524, and UNC1875). CiA:Oct4 N118/N163
cells were treated with compound at 10, 5, 2.5, 1.25, and 0 uM doses over 48 h + 6 nM
rapamycin. Flow cytometry analysis was used to determine the percentage of GFP-positive
cells, and those values were converted to percent inhibition. ICsq values are displayed in the
associated table. (b) Cartoon depicting the TetR-HP1 orthogonal recruitment system and the
outcome of BFP expression after 48 h of inhibitor treatment + 1 pg/mL doxycycline.
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Normalized levels of median BFP expression after 48 h of 5 uM compound treatment with

(c) and without (d) HP1 recruitment. ¢test statistical analysis in panel ¢ compared samples

to the No Dox control, while in panel d it compared samples to the Plus Dox control. 7= 3;
*n<0.05, **p<0.0l.
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Figure 3.

SAR study of compound 1 (UNC2524). (a) A series of analogs of compound 1 (UNC2524)
were designed to optimize compound activity and determine the amenability of compounds
for biotinylation for affinity purification methods. (b) CiA:Oct4 csHP1a-recruiting cells
were treated with compounds at 5 uM for 48 h £ 6 nM rapamycin. Flow cytometry analysis
was used to determine the percentage of the GFP-positive cell population. Compound 7
treatment resulted in toxicity and low cell counts. These data were normalized to percent
inhibition compared with untreated controls. 7= 3; *p< 0.05, **p< 0.01.
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Figure 4.
Compound 2 inhibits HP1-mediated gene repression. (a) Cartoon of the CiA.Oct4 system

utilizing CIP to recruit csHP1a. The addition of rapamycin facilitated the bridging of the
Gal4-FKBP and FRB-csHP1a fusion, resulting in HP1-heterochromatin formation and gene
repression. (b) CiA.:Oct4 csHP1a-recruiting cells were incubated with 7.5 compound 2 £ 6
nM rapamycin for 48 h. GFP expression was analyzed by flow cytometry. Following 48 h of
treatment with compound 2 + 6 nM rapamycin, ChIP was performed to determine
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enrichment levels of (c) H3K9me3, (d) HPI -y, (e) H3K4me3, and (f) G9a at +489 bp
downstream of TSS. n= 3; *p< 0.05, **p< 0.01.
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Biotinylated compounds for affinity purification
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Proteins involved in chromatin biology are specifically pulled down by active compound 3

Gene UniProt Descriptions

Supt6H Transcription elongation factor SPT6. Associated with SETD2, SETD1a, KDM6a

Hmgn2 Non-histone chromosomal protein HMG-17. Interacts with histone octamer

Taf10 Transcription initiation factor TFIID subunit 10. Component of PCAF histone acetylase
complex

Hdgfrp2 Hepatoma-derived growth factor-related protein 2. Binds condensed chromatin and
histone methyl-lysines

Nasp Nuclear autoantigenic sperm protein. Histone H1 binding

Hmgn1 Non-histone chromosomal protein HMG-14. Interacts with histone octamer

Mphosph8 M-phase phosphoprotein. HUSH complex H3K9 methylation

Eny2 Transcription and mRNA export factor ENY2. Associated with HAT complex, SAGA

Tmpo Lamina-associated polypeptide 2

Kmt2b Histone-lysine-methyltransferase

Figureb.

Chemical proteomics identifies putative HPI-heterochromatin pathway components. (a)
Compound 3 (active) and compound 4 (inactive control) were used for chemical affinity
purification to identify binding targets of compound 2 from CiA.Oct4 sonicated nuclear
lysates. (b) Tris-glycine gradient protein gels (4%-20%) stained with Sypro Ruby stain
loaded with marker (M), flow-through (FT), wash 1 (W1), wash 2 (W2), wash 3 (W3),
elution 1 (E1), and elution 2 (E2) from affinity pulldown experiments comparing compounds
3 and 4. (c) The table lists select proteins enriched in the compound 3 sample (active)
compared with controls as identified by iTRAQ LC-MS/MS with a summary of their
UniProt descriptions.
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Figure®6.

Compound 3 chemiprecipitates HDGFRP2 and MPP8. HEK Lenti-X 293T cells were
transfected with Myc-His-tagged Hdgfrp2 (S002) and expressed for 48 h prior to cell lysate
being harvested. M-280 streptavidin beads alone or conjugated with compound 3 or 4 were
incubated with 1 mg of lysate overnight. (a) Samples were washed three times with 500 mM
NaCl-containing buffer. Samples were boiled in 1 x Laemmli buffer and run on 4%-20%
tris-glycine gradient gels and transferred to PVDF to determine levels of HDGFRP2 and
MPP8 by Western blot analysis using Licor Odyssey. (b) Band signal intensity is averaged
and quantitated below. ND = not determined; 7 =3; *p< 0.05, **p< 0.01.
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