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Abstract

Malignant peripheral nerve sheath tumor (MPNST) is an aggressive sarcoma with recurrent loss-
of-function alterations in polycomb-repressive complex 2 (PRC2), a histone-modifying complex
involved in transcriptional silencing. To understand the role of PRC2 loss in pathogenesis and
identify therapeutic targets, we conducted parallel global epigenomic and proteomic analysis of
archival formalin-fixed, paraffin-embedded (FFPE) human MPNST with and without PRC2 loss
(MPNST | oss Vs. MPNSTRgT). Loss of PRC2 resulted in increased histone posttranslational
modifications (PTM) associated with active transcription, most notably H3K27Ac and
H3K36me2, whereas repressive H3K27 di- and trimethylation (H3K27me2/3) marks were
globally lost without a compensatory gain in other repressive PTMs. Instead, DNA methylation
globally increased in MPNST | oss. Epigenomic changes were associated with upregulation of
proteins in growth pathways and reduction in IFN signaling and antigen presentation, suggesting a
role for epigenomic changes in tumor progression and immune evasion, respectively. These
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changes also resulted in therapeutic vulnerabilities. Knockdown of NSD2, the methyltransferase
responsible for H3K36me2, restored MHC expression and induced interferon pathway expression
in a manner similar to PRC2 restoration. MPNST | gsg Were also highly sensitive to DNA
methyltransferase and histone deacetylase (HDAC) inhibitors. Overall, these data suggest that
global loss of PRC2-mediated repression renders MPNST differentially dependent on DNA
methylation to maintain transcriptional integrity and makes them susceptible to therapeutics that
promote aberrant transcription initiation.

Introduction

Malignant peripheral nerve sheath tumor (MPNST) is an aggressive sarcoma with a poor
prognosis, particularly in the setting of metastatic disease, where tumors are poorly
responsive to traditional chemotherapy (1). Thus, targeted therapeutics, rooted in the
molecular biology of the tumor, could be highly useful. The molecular pathogenesis of
MPNST has been elucidated, in part, due to its syndromic association with
neurofibromatosis type | (NF1), which is the clinical setting of roughly one-half of MPNST
cases. In NF1, patients harbor germline alterations resulting in the loss of one functional
copy of the eponymous NFI gene, a Ras-GTPase. Benign neurofibromas, which may be
numerous, are associated with loss of heterozygosity for the remaining functional allele (2).
Malignant progression is associated with additional molecular events, including loss of the
CDKNZ2A tumor suppressor, and, in the majority of cases, loss of function alterations in
polycomb-repressive complex 2 (PRC2) components (3, 4).

PRC2 is a key epigenetic regulator essential to transcriptional silencing of target genes (5). It
is composed of a core complex containing the catalytic subunit, EZH1/2, along with SUZ12
and EED, which are necessary for histone methylation. Although the best characterized
function of PRC2 is in trimethylation of histone H3K27 at promoters, PRC2 also mediates
mono- and dimethylation, the roles of which are more poorly understood. K27me1 localizes
to regions of active transcription (6). Like K27me3, K27me2 is associated with reduced
levels of transcription, but its distribution is distinct. It is the most abundant form of
methylation, present on more than half of total H3, and is deposited broadly across the
genome (7). Recent work has established a role for K27me2 in the genome-wide
suppression of inappropriate transcriptional activation (7, 8). This function underlies the
ability of EZH2 inhibitors to induce inappropriate transcriptional activation of endogenous
retroviral elements, and highlights the importance of mediators of transcriptional silencing
in safeguarding the genome.

The crucial need to suppress inappropriate transcriptional initiation is underscored by the
presence of multiple, partially redundant epigenetic repressive mechanisms. DNA
methylation, a distinct epigenetic regulator that mediates transcriptional silencing can, in
some instances, substitute for H3K27me3 in gene silencing (9). PRC2-mediated H3K27me3
may also spread into previously DNA-methylated regions upon loss of DNA methylation (9,
10). Likewise, in some circumstances, H3K27me3 can replace H3K9me3, a marker of
constitutive.
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To ensure that the appropriate transcriptional program is expressed in a particular cell type
or at a particular stage in development, PRC2 engages in functional antagonism with
epigenetic regulators that promote gene expression. The most notable polycomb antagonist
is the trithorax group of proteins, which promotes active transcription and nucleosome
remodeling (11). Imbalance between PRC2 and trithorax activity is found in numerous
human cancers. Loss-of-function alterations in the SWI/SNF complex, a nucleosome
remodeler in the trithorax family, promote oncogenesis through the inappropriate silencing
of tumor suppressors by PRC2. Conversely, gain-of-function alterations in SWI/SNF lead to
inappropriate activation of transcription through eviction of polycomb from chromatin (12).
PRC?2 is antagonistic to other regulators of chromatin as well, including NSD2 and CBP,
which mediate H3K36 dimethylation (H3K36me2) and H3K27 acetylation (H3K27Ac),
respectively (13, 14).

Prior work on PRC2 loss in MPNST identified a loss of H3K27me3 and a reciprocal gain in
acetylation of H3K27Ac, which was shown to enhance Ras pathway output (3).
Characterization of histone PTMs, however, was limited to Western blotting and IHC, and
only dealt with these two modifications. No comprehensive investigation into the epigenetic
consequences of PRC2 loss has been undertaken. Given the fundamental role of polycomb
in transcriptional repression, and the complex interactions with other epigenetic regulators,
we hypothesized that PRC2 loss would lead to widespread changes in the epigenetic
landscape that might be therapeutically targetable. To test this, we conducted quantitative
profiling of global histone posttranslational modifications (PTM) of tumors using archival
formalin-fixed, paraffin-embedded (FFPE) tissue samples, in parallel with quantitative
proteomics from the same samples.

Materials and Methods

Tissue samples

All tissue experiments were conducted on deidentified human tissue specimens taken as part
of a diagnostic or therapeutic procedure independent from the research study and exempt
from a separate consent process. The samples were obtained and analyzed in accordance
with protocols approved by the Institutional Review Board at the University of Pennsylvania
(Philadelphia, PA) and in accordance with ethical principles outlined in the Belmont Report.
Autopsy liver samples were collected and flash-frozen in liquid nitrogen or fixed in formalin
and processed according to standard institutional histopathology protocols. MPNST and
precursor neurofibroma samples were identified through a database search. A subspecialty
bone and soft tissue pathologist (J.B. Wojcik) reviewed selected slides from the initial
diagnostic material to confirm the diagnoses for all tumors, and select blocks for histologic
and tissue mass spectrometry (MS) analysis. Standard 5 pmol/L tissue sections were used
for hematoxylin/eosin staining and IHC analysis in selected cases. For tissue MS analysis, 3-
mm tissue cores were taken from representative areas of solid tumor for protein isolation,
purification, and characterization.
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IHC on FFPE tissue was done on a Leica Bond-I1ITM instrument using the Bond Polymer
Refine Detection System (Leica Micro-systems DS9800). Heat-induced epitope retrieval
was done for 20 or 30 minutes with ER1 or ER2 solution (Leica Microsystems). Incubation
with primary antibody was carried out at the clinically validated dilution for 15 minutes. A
15-minute incubation with the primary antibody was followed by detection of bound
antibody using the Bond Polymer Refine Detection system (Leica, DS9800) according to the
manufacturer’s protocol. The whole experiment was done at room temperature. Slides are
washed three times between each step with bond wash buffer or water.

Antibody conditions:
H3K27me3, Cell Signaling Technologies, AB#9733, 1:200, ER2/30 minutes

H3K27me2, Abcam ab24684, 1:500, ER1/20 minutes
HLA-ABC, EMR8-5, Abcam, ab70328, 1:1200, ER1/20 minutes
HLA-DR, LN3, eBioscience, 14-9956-80, 1:1200, ER1/20 minutes

For interpretation of H3K27me3 IHC for the purpose of classification, only the tumors
showing complete loss of nuclear reactivity with retained internal control staining in stromal
cells were categorized as MPNST| oss. Any staining for H3K27me3 in tumor nuclei led to a
classification as MPNSTRgT.

Protein isolation from FFPE tissues

Tissue cores were cut into small pieces and resuspended in 10 x volume, based on dry
weight of xylene and incubated at 37° C for 10 minutes with gentle agitation. Following
centrifugation and removal of xylene, this process was repeated once with xylene, then,
sequentially, with 100% ethanol, 95% ethanol, 85%, 70%, 50%, 20%, and then H,O. After
the final incubation, the tissue was resuspended in 100 mmol/LTris HCI, pH 8.0, 100
mmol/L NaCl with 4-benzenesulfonyl fluoride hydrochloride (1 mmol/L), microcystin, and
sodium butyrate (1 mmol/L) and homogenized with a mortar and pestle, then passed through
18-gauge needle 15xd and then a 21-gauge needle 15 x. The lysate was sonicated three
times for 30 seconds each at room temperature using a 50 watt benchtop sonicator (Fisher,
FB50110) at the 20% power setting. One-tenth volume of 20% SDS was added to final
concentration of 2%, and the sample was placed on a 95° C heated shaker for a total of 2
hours, with another sonication step at 1 hour. The lysate was centrifuged at 17,000-20,000 x
g for 15 minutes. The concentration of solubilized protein was assessed with Pierce BCA
Assay Kit (Thermo Fisher Scientific, 23225). For total protein isolation, 100 pg of total
protein was precipitated using methanol and chloroform as published previously (15). The
precipitated protein was resuspended in 40 pL of 6 mol/Lurea/2 mol/L thiourea in 50
mmol/L ammonium bicarbonate, pH 8.2 with protease inhibitors as above. The solution was
diluted six times with 50-mm ammonium bicarbonate, reduced with 10-mm dithiothreitol
for 1 hour at room temperature and alkylated with 20-mm iodoacetamide in the dark for 30
minutes at room temperature. Proteins were then digested with trypsin (Promega) at an
enzyme-to-substrate ratio of approximately 1:50 for 16 hours at room temperature. After
digestion, the samples were concentrated to a volume of approximately 100 uL by
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lyophilization. Dried samples were resuspended in trifluoroacetic acid (TFA) and desalted as
described previously for histone peptides (16). Eluted samples were dried via lyophilization,
and resuspended to a concentration of 1 pug/uLin 0.1% formic acid (FA) for MS analysis.

Protein isolation from cell culture

Cell pellets were resuspended in 5 x volume of 6 mol/L urea/2 mol/L thiourea in 50 mmol/L
ammonium bicarbonate, pH 8.2 with protease inhibitors as above. The following steps were
carried out as with FFPE protein. For decitabine and panobinostat treatment proteomics
experiments, we constructed a data-dependent acquisition (DDA) library from high pH
reverse-phase fractionation of the pooled peptides from all samples. We loaded the pooled
peptides on a Harvard apparatus Micro SpinColumn (catalog no. 74—-4601) under acidic
conditions, and then washed with 0.1% TFA. Peptides were eluted in a step-wise gradient
consisting of 12 separate elutions of increasing concentrations of MeCN (10, 12, 14, 16, 18,
20, 22, 24, 26, 28, 35, 60%) in 100 mmol/L ammonium formate, pH 10.0. Samples from
different portions of the gradient (1/7, 2/8, etc.) were pooled for a total of 6 samples. These
peptides were lyophilized and desalted as above. Data-independent acquisition (DIA) and
DDA library runs were resuspended in buffer A with 1:10 dilution of indexed retention time
peptide standards (Biognosys, Ki-3002-1).

Histone isolation from FFPE

Fifty microgram of the total protein from FFPE purification was loaded in 2 adjacent wells
of a 12.5% acrylamide SDS PAGE gel. Following the Coomassie dye staining, histone bands
were excised from the gel, cut into approximately 2-mm cubes, rinsed with 5x volume of
100 mmol/L NH4HCOs3, and placed on a shaker for 5 minutes. Buffer was removed and 100
pL of 100% acetonitrile (MeCN) was added to dehydrate the gel bands. MeCN was removed
and 200 pL of a 1:3 propionic anhydride:MeCN mixture was added along with 200 pL of
100 mmol/L ammonium bicarbonate for 10 minutes on a shaker at room temperature.
Excess liquid was removed and bands were rinsed with 100 mmol/L ammonium bicarbonate
then dehydrated with MeCN as above. This procedure was repeated for three total rounds.
Trypsin digestion was carried out by resuspending the gel pieces in 12.5 ng/uL trypsin in
100 mmol/L ammonium bicarbonate and incubating on ice for 45 minutes to allow the gel
pieces to absorb the buffer. Additional buffer was then added to cover bands, and the sample
was incubated for approximately 16 hours at room temperature. The eluted histones in the
liquid were removed and saved. Bands were washed with 50 pL of ammonium bicarbonate
for 10 minutes at room temperature on a shaker. The wash was removed and combined with
the histones from the prior step. Two additional washes with 50% MeCN, 5% FA in water
were added, with one 100% MeCN wash. This pooled liquid was lyophilized. Subsequent in
solution propionylation and desalting was carried out as reported previously (16).

Histone isolation from cells

The procedure for histone isolation and preparation for MS analysis has been described
elsewhere (16). Histone PTM quantification for PRC2 loss and PRC2-retained cell lines
depicted in Fig. 3 were conducted using three replicates from four distinct MPNST | oss cell
lines (T265, S462, 90-8TL, ST88-14) and six and four replicates, respectively, from an
MPNSTReT cell line (STS26T) and a cell line derived from a benign nerve sheath tumor
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(HEI193). Histone PTMs depicted in Fig. 5 were measured on S462 following NSD2
knockdown and SUZ12 restoration. NSD2 knockdown was carried out using three replicates
from two cell lines expressing two distinct NSD2 short hairpin RNA (shRNA) constructs,
which were compared with three replicates from a nontarget control. Histones from SUZ12-
restored lines were measured using three replicates each for control and SUZ12 vectors.
Histone quantifications in Figs. 5G and 7G are provided for a single representative
experiment, with each experiment repeated at least twice.

Data acquisition for histone PTMs with nanoLC/MS

Procedures for histone analysis have been described previously for both DDA (17) and DIA
(18). Briefly, histone peptides derived from cells or FFPE were resuspended in 10 mL buffer
A (0.1% FA in H,0). For cell-derived histones, peptides were resuspended at a
concentration of 1 mg/mL in buffer A. Samples were analyzed by using a nanoLC/MS-MS
setup. NanoLC was configured with a 75-um internal diameter x 17-cm Reprosil-Pur C1g-
AQ (3 um; Dr. Maisch GmbH) nano-column using an EASY-nLC nanoHPLC (Thermo
Fisher Scientific), packed in-house. The high-performance liquid chromatography (HPLC)
gradient was as follows: 2% to 28% solvent B (A =0.1% FA; B = 95% MeCN, 0.1% FA)
over 45 minutes, from 28% to 80% solvent B in 5 minutes, 80% B for 10 minutes at a flow-
rate of 300 nL/minute. NanoL.C was coupled to an Orbitrap Elite or Q-Exactive Mass
Spectrometer (Thermo Fisher Scientific). For DDA acquisition, a full-scan MS spectrum
(300-1,100 m/z) at a resolution of 60,000 (at 400 m/z) was followed by 10 DDAs of the 10
most abundant ions. The DIAMS-MS method consisted of a full-scan MS spectrum (300-
1,100 m/z) at a resolution of 60,000 (at 400 m/z), followed by MS-MS of windows of 50
m/z at a resolution of 15,000. MS-MS data were collected in centroid mode.

Histone MS-MS data analysis

DIA data were searched using EpiProfile 2.0 (19). The peptide relative ratio was calculated
using the total area under the extracted ion chromatograms of all peptides with the same
amino acid sequence (including all of its modified forms) as 100%. For isobaric peptides,
the relative ratio of two isobaric forms was estimated by averaging the ratio for each
fragment ion with different mass between the two species. The quantifications of the H3
(27-40aa) peptides were independently validated using peak integration of MS1 parent ions
using Skyline (20).

Bottom-up shotgun proteomic data acquisition

For FFPE proteomic samples and samples for the NSD2/SUZ12 cellular experiments, MS
data acquisition was carried out as follows. Samples were analyzed by using a nanoLC/MS-
MS setup. NanoL.C was configured with a 75-um internal diameter x 20-cm Reprosil-Pur
C13-AQ (3 um; Dr. Maisch GmbH) nano-column using an EASY-nLC nanoHPLC (Thermo
Fisher Scientific). The HPLC gradient was 0%—30% solvent B (A = 0.1% FA; B = 95%
MeCN, 0.1% FA) over 105 minutes followed by 5 minutes from 30% to 85% B and 10
minutes at isocratic 85% B.The flowrate was set to 300 nL/minute. NanoLC was coupled
with an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific). Spray
voltage was set at 2.6 kV and capillary temperature was set at 275°C. Full-scan MS
spectrum (350-1,200 m/z) was performed in the Orbitrap with a resolution of 120,000 (at
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200 m/z) with an automated gain control (AGC) target of 10e6. Fragmentation was
performed with higher-energy collisional dissociation (HCD) with normalized collision
energy of 27, an AGC target of 5 x 10e4, and a maximum injection time of 150 ms.
Fragments were acquired in the Orbitrap with a resolution of 17,500 (at 200 m/z). The top
12 most intense ions above a threshold of 17,000 counts were selected for fragmentation.
Only charge states 2 to 4 were included. MS-MS data were collected in centroid mode to
optimize file size.

For panobinostat and decitabine treatment data, the same column setup was attached to a
Dionex UltiMate 3000 LC system (Thermo Fisher Scientific). The HPLC buffers were as
above. The HPLC conditions were 5% buffer B for 2 minutes, 5%—-30% buffer B gradient
over 72 minutes, 30%—45% buffer B gradient over 18 minutes, and isocratic 85% B for 8
minutes with a 10-minute reequilibration at 2% buffer B. The flowrate was set to 400 nL/
minute. NanoLC was coupled with on a QE-HFX (Thermo Fisher Scientific). Spray voltage
was set at 2.6 kV and capillary temperature was set at 275°C. Full-scan MS spectrum (350-
1,200 m/z) was performed in the Orbitrap with a resolution of 120,000 (at 200 m/z) with an
AGC target of 3e6 and a maximum injection time of 50 ms. Fragmentation was performed
with HCD and normalized step-collision energy of 25.5, 27, and 30. For DDA, MS-MS
spectra from the top 40 most abundant ions (1.3 m/z isolation window; 30-second dynamic
exclusion) were collected with a resolution of 30,000 m/z (at 200 m/z), an AGC target of
1eb, and a maximum injection time of 50 ms. For DIA, MS-MS spectra were collected for
47 x 19.1 m/z windows covering the region from 350 to 1,200 m/z.

Proteomics data analysis

All DDA MS-MS spectra were processed through the MaxQuant program (21). Parameters
for MS-MS database searching included the following: precursor mass tolerance 4.5 ppm;
product mass tolerance 0.5 Da; enzyme trypsin; missed cleavages allowed 2; static
modifications carbamidomethyl (C); variable modification oxidation (M); label-free
quantification method iBAQ (for protein abundance estimation); match-between runs
enabled; data-base used was Homo sapiens (UniProt, May 2015). Peptide-to-spectrum
matches and protein FDR were filtered for <0.01. All DIA data were analyzed in
Spectronaut v11.0.15038.4.29119 software (Biognosys AB) under default search and
quantification parameters. DDA and DIA protein quantifications were logo-trans-formed and
normalized by the average of the protein abundance within each sample. Protein abundances
for FFPE samples were the average of normalized values from technical triplicates. Only the
proteins identified by a minimum of two peptides were included for downstream analysis.
Statistical differences were estimated using the ftest (P < 0.05, two-tailed, either homo- or
heteroscedastic according to the significance of the F test). For NSD2 knockdown and
SUZ12 restoration experiments, log, ratios of protein abundance from experimental/control
are taken from average of three replicates. Pearson correlation and Pvalue for correlation are
shown. Heatmaps for Fig. 4A was generated with Perseus (22). Figures 4D and 7, and
Supplementary Fig. S2 were generated in Qlucore Omics Explorer 3.3 software (Qlucore).
Figure 4D contains all measured values for the listed protein groups. Data in Fig. 7 and
Supplementary Fig. S2 were filtered for differential expression at a nominal £ value of 0.05.
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Patient-derived MPNST cell lines were generously provided by Karen Cichowski (Dana-
Farber Cancer Center, Harvard Medical School, Cambridge, MA; 90-8TL, S462) and
Jeffrey Field (Perelman School of Medicine, University of Pennsylvania; STS26T, ST88-14,
T265, HEI193). Cell lines were not independently authenticated. All cell lines were
maintained in DMEM (Corning10013CM) supplemented with 10% FBS (GE, HyClone,
SH30071.03). All lines used in analysis tested negative for Mycoplasma contamination.

NSD2 shRNA lentiviral vectors were generously provided by Irfan Asangani (Perelman
School of Medicine, University of Pennsylvania). The vectors and their uses were described
previously (23). NSD2 knockdown was confirmed via Western blot analysis. pPCMVHA
SUZ12 was a gift from Kristian Helin (Memorial Sloan Kettering Cancer Center, New York,
NY; Addgene plasmid # 24232) and has been described previously (24). NSD2kp cells for
MPNST | oss lines were harvested 10 days after transduction. SUZ12-transfected and control
cell lines were harvested 7 days after transfection. The K36M expression vector was a gift
from David Allis (The Rockefeller University, New York, NY). This vector contains the
previously described H3.3K36M sequence (25) subcloned into a pTetOne doxycycline-
inducible expression system (Takara Bio). Transduced cells were selected with 1 week of
growth in 1.5 mg/mLpuromycin. Doxycyline induction (100 ng/mL) was carried out for 7
days prior to the start of the cell growth experiment and continued through the duration.
Histones were isolated from cells following 10 days of induction.

Cell growth and viability assays

For cell growth, 2,000 cells per well were seeded in a 96-well plate. After 24 hours, cell
density was measured using Real Time-Glo MT Cell Viability Assay (Promega). Cells grew
for an additional 10 days with media changes on days 3, 6, and 8. Cell density was then
measured again, and the values normalized to the initial readings. Each cell line was
measured in triplicate. For decitabine treatment, 4,000 cells were plated and initial cell
measurements were carried out in the same fashion. Cells were treated with decitabine or
DMSO vehicle control each day for 3 days with media changes daily. After 3 days, the cells
were transitioned to media without drug, and allowed to grow for additional 7 days, with
media changed every 2 days. Cell density was measured at the end of this period again, and
readings were normalized to the initial, predrug reading to plot log, cell density. Each
treatment was carried out in triplicate. For panobinostat treatment, approximately 10,000
cells were seeded in a 96-well plate. After 24 hours, cells were treated with panobinostat or
DMSO control. Cell density measurements were carried out 72 hours after treatment in the
same manner as above. Cell growth response curves were plotted using Graphpad Prism
(growth assays, panobinostat) or Excel (decitabine). Panobinostat response was fit using
nonlinear regression of variable slope (four parameters) and least squares (ordinary) fitting.
The Pvalue of this comparison is stated in plots. Error bars in all graphs are £+ SD.
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Western blot analysis

IP-MS

gRT-PCR

Western blotting was carried out according to standard protocols with the following
antibodies:

Primary: GAPDH (Sigma, G8795); SUZ12 (Cell Signaling Technology, 3737), 1:2,000
dilution; MMSET/WHSC1 (Active Motif, 39878), 1:2,000 dilution. Secondary: anti-mouse
(Jackson ImmunoResearch, 115-035-003) 1:10,000 dilution; anti-rabbit (Pierce, 31463),
1:10,000 dilution.

Bands were visualized using ECL Prime detection reagent (GE Healthcare, RPN2232).

Standard immunoprecipitation (IP) was carried out using a custom rabbit polyclonal
antibody raised against EZH2 (described in ref. 26) or an isotype control antibody to assess
background (anti-rabbit, above). This was incubated with 200 ug of total lysate from control
or SUZ12 add back cell lines. Antibody complexes were isolated using DynaMag protein G
beads (Thermo Fisher Scientific, 10003D). On-bead derivatization and digestion were
followed by C18 stage tipping, LC/MS-MS data acquisition, and downstream analysis as
with the DDA protocol described above for the FFPE tumor proteome runs.

Total RNA extraction from cells and tissue was performed with the RNeasy mini Kit
according to manufacturer’s protocol (74104, Qiagen). RNA was transcribed to cDNA using
random hexamers as primers and Superscript 111 Reverse Transcriptase Fist-strand Synthesis
SuperMix (Invitrogen at#18080400). Expression analysis was performed using a 2 x SyBr
Green PCR Mix (Applied Biosystems, catalog no. 4367659) on a 7900HT Fast Real-Time
PCR machine (Thermo Fisher Scientific). Expression levels were calculated using the
2-8AC method with RPLPOas a housekeeping control. Primer sequences for the specified
genes were based on previously published primers, with sequences included in Table 1 (27).

Methylation array analysis

We obtained raw idat files from the authors of a previously published methylation analysis
of human nerve sheath tumor samples conducted using Infinium 450k Methylation Arrays
(IMlumina; ref. 28). Sample annotations containing the IHC staining pattern for H3K27me3
and the diagnosis were used to subdivide the tumors into cohorts of MPNST with loss of
H3K27me3 (19 tumors) and with retained H3K27me3 (7 samples). We conducted global
and differential methylation analysis using default settings in the R package RNBeads
(Bioconductor release 3.7; ref. 29). Pvalues on the site level were computed using the
limma method. Hierarchical linear models from the limma package were employed and
fitted using an empirical Bayes approach on the derived M values. For the assessment of
differential methylation across all sites, mean p values for MPNST|_ oss and MPNSTReT
were numerically ordered and plotted against the position in the list/total number of sites
(cumulative distribution). For the assessment of differential methylation at promoters, CpG
islands, and genes, we compared mean {3 values for every position between MPNST, oss/
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MPNSTReT. Pvalues are from unpaired, two-tailed ftests. Boxplots parameters follow the
Tukey method.

Whole-genome bisulfite sequencing

Whole-genome sequencing libraries were generated from 700 to 1,000 ng of genomic DNA
spiked with 0.1% (w/w) unmethylated A DNA (Promega) previously fragmented to 300-400
bp peak sizes using the Covaris Focused-ultrasonicator E210. Fragment size was controlled
on a Bioanalyzer DNA 1000 Chip (Agilent) and the KAPA High-throughput Library
Preparation Kit (KAPA Biosystems) was applied. End repair of the generated double-
stranded DNA (dsDNA) with 3" or 5" overhangs, adenylation of 3" ends, adaptor ligation,
and clean-up steps was carried out asper KAPA Biosystems’ recommendations. The
cleaned-up ligation product was then analyzed on a Bioanalyzer High-sensitivity DNA Chip
(Agilent) and quantified by PicoGreen (Life Technologies). Samples were then bisulfite
converted using the Epitect Fast DNA Bisulfite Kit (Qiagen) according to the manufacturer’s
protocol. Bisulfite-converted DNA was quantified using OliGreen (Life Technologies) and,
based on quantity, amplified by nine to 12 cycles of PCR using the Kapa Hifi Uracil + DNA
Polymerase (KAPA Biosystems), according to the manufacturer’s protocol. The amplified
libraries were purified using Ampure XP Beads (Beckman Coulter), validated on
Bioanalyzer High-sensitivity DNA Chips, and quantified by PicoGreen. Sequencing of the
whole-genome bisulfite sequencing (WGBS) libraries was performed on the Illumina
HiSeqgX system using 150-bp paired-end sequencing.

Analysis of WGBS data

Raw reads were aligned to human genome build (UCSC hg19) using Burrows-Wheeler
Aligner (BWA; version 0.6.1; ref. 30) after converting the reference genome to bisulfite
mode. Low-quality sequences at the 3" ends were trimmed. For the overlapping paired-end
reads, we clipped the 3’ end of one of them to avoid double counting on both forward and
reverse strands. After alignment, we filtered duplicated or poorly mapping reads (>2%
mismatches or aberrant insert size). To call methylation of individual CpGs, we used
Samtools (version 0.1.18; ref. 31) mpileup. We filtered the CpGs with less than 5x coverage,
which were overlapping with SNPs from Single Nucleotide Polymorphism Database
(dbSNP; build 137) or were located within the ENCODEDACDbIlacklisted regions or Duke-
excluded regions (32). For visualization in Integrative Genomics Viewer (IGV), the
coordinates of individual CpGs were artificially extended to the midpoint between their
neighbors, as described previously (33). To compare DNA methylation of MPNST| oss and
MPNSTReT cell lines, we selected CpG in autosomal chromosomes and computed the mean
B-value in genomic compartments such as CpG islands and intergenic and exonic regions of
high (top expression quartile) and low or unexpressed genes (bottom quartile).

RNA sequencing

Total RNA was extracted from cell pellets using the AllPrep DNA/RNA/miRNA Universal
Kit (Qiagen) according to instructions from the manufacturer. Two replicates of independent
culture samples were obtained for each cell line. Library preparation was performed with
rRNA depletion according to instructions from the manufacturer (Epicentre) to achieve
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greater coverage of mMRNA and other long noncoding transcripts. Paired-end sequencing
(125 bp) was performed on the Illumina HiSeq 4000 platform.

Analysis of RNA sequencing data

Raw sequencing reads were aligned using STAR (34) version 2.5.3a to the reference
genomes mentioned above. Gene-level read counts were obtained from featureCounts (35)
v1.5.3 using the RefSeq gene annotation and normalized using the Reads per Kilobase per
Million mapped metric for each gene to quantify relative expression levels.

Analysis of microarray data

GSE52777 were imported from Gene Expression Omnibus (GEO) and analyzed using
Qlucore Omics Explorer 3.3 software (Qlucore). Supplementary Fig. S2 depicts
differentially expressed genes from the combined IFN signature gene set described above,
between 90-8TL control cells and 90-8TL cells with SUZ12 over expression, filtered at a
nominal Pvalue of 0.05.

Gene ontology and gene set enrichment analysis

Gene ontology (GO) analysis was conducted using the GOrilla server (cbl-
gorilla.cs.technion.ac.il/). All GO analyses relied on the ranked list of differentially
expressed proteins (log, ratio of protein abundance) or differential DNA methylation (logs
ratio of mean B values) for MPNST | oss versus MPNSTRgT or treatment versus control. The
lone exception to this was the NSD2/SUZ12 experiment, where GO was conducted on a
ranked list based on the sum of the ranks in the individual experimental manipulations (i.e.,
rank NSD2yp+ rank SUZ12,pp). Each ranked list was queried using the single list function
(i.e., no separate background list of genes). Gene set enrichment analysis (GSEA) (36) was
carried out using GSEA v 3.0 with the GSEA preranked tool using the same ranked lists as
for GO analysis. Gene sets are described at MSigDB. For PRC2 targets,
BENPORATH_PRC2_TARGETS is derived from ref. 37. The YAP-TAZ JQ1 responsive
signature was described in ref. 38. The collection of HALLMARK gene sets and KEGG
gene sets were searched. The IFN/MHC genes used for the heatmap in 7C represents the
union of HALLMARK_INTERFER-ON_ALPHA,
HALLMARK_INTERFERON_GAMMA, and KEG-
G_ANTIGEN_PROCESSING_AND_PRESENTATION gene sets from MSigDB. Nominal
Pvalues are shown.

Data availability

All raw data files for proteomics experiments are available on https://chorusproject.org at the
project no.1539.

RNA sequencing (RNA-seq) and WGBS data are available at the following URL: https://
datahub-7woy4ejm.udes.genap.ca/.
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Results

Global analysis of histone PTMs reveals extensive changes associated with PRC2 loss

The general workflow for histone and proteomic analysis from FFPE human tissue samples
is depicted in Fig. 1. To identify MPNST with PRC2 loss, we screened MPNST cases from
our pathology archives using IHC for H3K27me3 as a surrogate for polycomb mutation
status, because previous work suggested that this method is more sensitive than targeted
sequencing approaches, which may miss complex structural alterations (4). On the basis of
this screening, we selected nine MPNST for further analysis, including five with a global
H3K27me3 loss (MPNST|_oss) and four with retained PRC2 function (MPNSTRggT). Prior
to conducting the analysis on human MPNsT samples, we validated histone and proteome
extraction procedures using fresh paired and fixed human autopsy liver specimens.
Measurements of proteins and histone PTMs quantified from fresh and FFPE tissues showed
excellent agreement (Supplementary Fig. S1).

Principal component analysis of the global histone PTM profiles separated tumors with
PRC2 loss from those with retained activity along the first component, with one exception
(Fig. 2A). Interestingly, this case was scored as retained by IHC, but exhibited mosaic
staining, with patchy, variable reactivity for H3K27me3. In three cases, a histologically
identifiable precursor benign neurofibroma was present adjacent to a high-grade MPNST
with PRC2 loss. The precursor lesions were analyzed in parallel with the remainder of the
tumors, and segregated with one of the cases with MPNSTRgT, consistent with prior data
showing retention of H3K27me3 in these tumors. They were included with MPNSTRgT as
PRC2ggr for all pairwise comparisons.

Overall, repressive histone modifications, most notably those containing H3K27me2 or
H3K27me3, were markedly reduced, whereas modifications associated with active
transcription were increased (Fig. 2B). Consistent with prior IHC data, there was a global
loss of H3K27me3. This was true of both H3.1/2 and H3.3 variants (Fig. 2B; Supplementary
Fig. S2A). There was also a significant reduction in H4K20me3, another marker associated
with transcriptional silencing (39). Levels of H3K9me3, a modification associated with
constitutive silencing in heterochromatin, were not significantly changed from baseline,
indicating that this modification is unlikely to functionally replace the silencing activity of
H3K27 methylation in the absence of polycomb activity (Fig. 2C). Modifications associated
with active transcription displayed the opposite trend. H3K27Ac was significantly increased
on both H3.1/2 and H3.3 variants (Fig. 2D; Supplementary Fig. S2B). Similarly, H3K36me2
levels were elevated following PRC2 loss, as was H4K16Ac, a modification that promotes
open chromatin by decreasing internucleosome interactions (Fig. 2D; refs. 40, 41).

MS analysis allows for the simultaneous profiling of tandem modifications on the same
histone tail. Histone H3 has a tryptic peptide containing modification sites at both K27 and
K36. This allowed us to see that not only were K27me2/3 levels globally reduced, but this
reduction included histone tails bearing H3K27me2/3 in combination with methylation at
H3K36 (Fig. 2E). Because K36 methylation is typically associated with active transcription,
these histone tails exhibited “bivalence” with respect to K27 and K36 methylation. In
MPNST | oss, this bivalence is resolved in favor of unopposed K36 methylation. MS also
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allowed us to identify changes in acetylation present on histone H4, which contains multiple
acetylation sites (K5, K8, K12, K16). There was a shift toward increased acetylation of H4,
which is associated with greater transcriptional activity (42). This was entirely driven by
increases in K16Ac-containing histone tails (Fig. 2F).

MPNST cell lines validate the changes observed in human tumors and allow for more
precise quantification of changes in H3 PTMs

The DDA strategy utilized on the tumor histone samples was unable to reliably discriminate
between the isobaric and coeluting H3K27me2/H3K36mel and H3K36me3. Consequently,
we could not accurately determine the degree of H3K27me2 loss using our tumor data. To
more precisely quantify global changes resulting from PRC2 loss in MPNST, and to validate
that MPNST cell lines adequately recapitulate the changes seen in human tumors, we
conducted MS analysis of histones from four MPNST | qgs cell lines and compared them
with histones from an MPNSTReT cell line and a line derived from benign nerve sheath
cells.

The consequences of PRC2 loss in MPNST lines were in excellent agreement with those
seen in the tumors, with cell lines showing an increased magnitude of changes, likely
reflecting reduced biological variability of cell lines compared with tumor samples (Fig.
3A). Because the cell line data was gathered using a DIA, it was possible to reliably
distinguish between H3K27me2/H3K36mel and H3K36me3. This allowed us to confirm
complete, global loss of H3K27me2 in PRC2| ogs cell lines (Fig. 3B). We validated
H3K27me2 loss on MPNST tumors using IHC for H3K27me2 (Fig. 3C). The DIA approach
also enabled a more complete assessment of the combinatorial modifications on the histone
H3 K27-40 peptide. As with the tumors, there was an increase in global H3K36me?2 levels,
and a loss of “bivalent” K27-K36 methylations. In line with retained PRC2 function, the
majority of K36me2 is found on histone tails containing either an H3K27me2 or H3K27me3
modification, and in PRC2| ogs tumors, nearly all H3K36me2 is present on histone tails
containing no modification at K27 (Fig. 3D).

Taken together, the tumor and cell line data demonstrate that PRC2| ogs tumors are
characterized by the loss of H3K27me3 and the even more broadly distributed H3K27me2
repressive mark, and a global shift toward markers of open, active chromatin without a
compensatory gain in other markers of silent chromatin (H3K9me3, H4K20me3). This
includes an increase in multiple histone H3 and H4 acetyl marks including the canonical
enhancer mark, H3K27Ac, and loss of “bivalent” H3K27/K36 methylations, which are
resolved in favor of elevated levels of unopposed H3K36me2.

Global proteomic analysis reveals PRC2 loss enhances tumor growth pathways and
promotes immune evasion

In parallel with our analysis of the global histone PTM landscape of MPNSsT, we conducted
label-free proteomics analysis to assess the consequences of PRC2 loss at the level of the
proteome, strictly in the MPNST samples. Across the entire dataset, total 5,632 proteins
were quantified by at least two peptides (Supplementary Table S1). Hierarchical clustering
of the differentially expressed proteins (P < 0.05) between MPNST| oss and MPNSTRreT
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revealed distinct sets of proteins that were both upregulated and, surprisingly given the role
of PRC2 as a transcriptional repressor, downregulated (Fig. 4A). Similar to prior studies, we
saw the upregulation of polycomb targets following PRC2 loss (4), consistent with
derepression of these genes (Fig. 4B). Prior work identified an upregulation of Ras
transcriptional program (3). In the proteome dataset, we did not observe a specific activation
of the Ras pathway. Rather, we observed a generalized increase in proteins associated with
growth and division, for example, E2F targets and other markers of cell-cycle progression
(Fig. 4B; Supplementary Table S2). We also observed an increase in proteins associated with
nucleosome remodeling and transcriptional activation. This included increased levels of all
11 of the detected proteins in the SWI/SNF complex (Fig. 4B), and upregulation of a
recently characterized YAP_TAZ target gene set linked to transcriptional addiction and
sensitivity to JQ1 (38), consistent both with the upregulation of the Yap pathway in MPNST
(43) and the sensitivity of MPNST| oss to JQ1 (3). These data, coupled with the histone
PTM data, suggest that a global shift toward more open, active chromatin enhances growth
and division pathways.

Perhaps, more surprisingly, several pathways were strongly downregulated in MPNST with
PRC2 loss (Fig. 4C; Supplementary Table S3). GSEA revealed significant downregulation of
IFN signaling and antigen presentation following PRC2 loss. The relative reduction of MHC
expression was uniform across the proteomic dataset, and included both MHC class | as well
as MHC class I, presumably representing both decreased MHC | expression by the tumor
cells as well as a decreased infiltration of MPNST| oss tumors by antigen-presenting cells
(Fig. 4D). We confirmed the MHC downregulation observed in the proteomic data by
staining of whole-mount tissue sections from MPNST| gss and MPNST et with antibodies
detecting MHC class | and class Il expression (Fig. 4E). MHC | expression was reduced in
MPNST | oss tumor cells, which also showed decreased levels of infiltrating inflammatory
cells expressing MHC I1.

Together, the proteomic data suggest that PRC2 loss contributes to two key hallmarks of
cancer. It amplifies growth and division pathways and promotes immune evasion through the
down-regulation of IFN signature genes and MHC expression.

NSD2 knockdown and PRC2 restoration restore IFN pathway protein expression and
antigen presentation

To directly link the changes in histone PTMs to the observed proteomic changes in human
tumors, and to assess whether histone PTMs could be directly targeted as a therapeutic
strategy, we restored PRC2 function in MPNST_gss cell lines by adding back SUZ12 and
depleted NSD2 in the MPNSTReT lines (Fig. 5A). H3K36 methylation was chosen as a
target for several reasons. It was among the most robustly upregulated modifications in
MPNST| oss, and, as was noted previously, it was no longer opposed by H3K27 methylation
present in tandem on the same histone tail. In addition, prior work identified NSD2 as a
potentiator of Ras-driven malignancies (44). Finally, prior sequencing studies of MPNST
identified putative deleterious alterations or reduced expression of KDM2A or KDM2B, the
lysine demethy-lases responsible for the removal of methylation from K36 (45). This
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suggests that imbalance between K27 methylation and K36 methylation may be selected for
in MPNST.

We confirmed successful restoration of SUZ12 expression by Western blotting
(Supplementary Fig. S3A) and demonstrated, by IP of EZH2 followed by MS, that SUZ12
reestablished the core PRC2 complex (Supplementary Fig. S3B). The accessory subunits
RBBP4 and RBBP7 were only identified in immunoprecipitates from SUZ12-expressing cell
lines, consistent with PRC2 complex structural data (46).

Short-term restoration of PRC2 activity significantly increased the levels of all three
methylation states at K27 relative to baseline, and began to restore “bivalence” to K36me2
peptides (Fig. 5B). NSD2 knockdown, confirmed by Western blotting (Supplementary Fig.
S3C), significantly decreased H3K36me2 levels, and resulted in a reciprocal gain in
unmodified forms of the H3 K27-40 peptide (Fig. 5C). At the proteome level, these two
manipulations had similar effects. Both restored the IFN pathway expression and led to an
increase in MHC class | expression (Fig. 5D). By GO analysis, the pathways downregulated
in MPNST| oss tumor samples were among the most robustly upregulated following
targeting of histone PTMs (Fig. 5E; Supplementary Table S4).

Because IFN pathway genes may be induced as an artifact of introduction of exogenous
DNA or expression of shRNA, it is important to note that neither the control vector with a
short N-terminal SUZ12 peptide insert nor the nontarget sShRNA induced IFN pathway
genes. Moreover, analysis of the transcriptional data from a previous study using distinct
vectors likewise showed robust IFN pathway upregulation following SUZ12 restoration as
compared with control vectors (Supplementary Fig. S4A), and the same shRNA constructs,
used in a prior study, did not induce an IFN response in prostate cancer lines
(Supplementary Fig. S4B).

Prior work demonstrated that restoration of SUZ12 decreased cell growth (3). To determine
whether targeting H3K36 dimethylation would similarly slow proliferation, we compared
the effects of NSD2 knockdown in an MPNST| ogs line with NSD2 knockdown in
MPNSTReT. NSD2 knockdown decreased cell proliferation in MPNST | oss, but had no
effect in MPNSTRet (Fig. 5F). To confirm that the observed decrease in cell growth was due
to H3K36me2 loss, we transduced the same MPNST, osg line with an inducible vector
expressing an H3.3K36M mutant, originally identified in chondroblastoma, which markedly
reduces global levels of K36me2 (25). Induction was associated with an even more marked
reduction in K36me2 levels (Fig. 5G) and an even greater reduction in cell growth (Fig. 5H).

Together, these results suggest that global changes in histone PTMs can be targeted to slow
cell growth and restore immune surveillance through the activation of cell-intrinsic IFN
signaling and MHC expression.

exhibit global DNA hypermethylation

It was somewhat paradoxical that loss of a transcriptional repressor led to decreased
expression of so many proteins. We reasoned that perhaps a countervailing epigenetic
mechanism contributed to the observed changes in protein expression. As noted previously,
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no repressive histone modifications showed a compensatory increase. Thus, we turned to
DNA methylation. We took advantage of a previously published analysis of DNA
methylation arrays in nerve sheath tumors (28). Critically, the MPNSTSs within this dataset
were also annotated for H3K27me3 status by IHC, enabling a direct comparison between
MPNST | oss and MPNSTRET.

MPNST | oss and MPNSTReT had distinction methylation profiles. MPNST| oss exhibited
increased levels of DNA methylation genome-wide (Fig. 6A). This was not confined to any
particular region. Rather, methylation levels were elevated at promoters, in CpG islands, and
within gene bodies (Fig. 6B-D). To determine whether promoter hypermethylation was
observed in MPNST | gsg at the same gene sets that exhibited decreased protein expression,
we queried the rank-ordered list of differentially methylated promoters against the antigen
presentation and IFN signature gene sets upregulated in the proteome data. Both antigen
presentation and IFNa gene sets exhibited significant enrichment. Although the IFN-y gene
set did exhibit hypermethylation, it did not meet the threshold for significant enrichment
above levels seen across all genes (P=0.12).

To validate both the tumor methylation array data and gain greater resolution on differential
methylation between MPNST oss and MPNSTRgT, we conducted whole-genome bisulfite
sequencing (WGBS) on two separate MPNST | oss cell lines (S462 and 90-8TL) and an
MPNSTReT line (STS26T). The global methylation trends were consistent with those seen
in the tumors (Fig. 6F and G). Relative to MPNSTRrgT, MPNST| ogg showed global
hypermethylation, encompassing both coding and noncoding regions. Comparison between
WGBS and RNA-seq data demonstrated that the methylation differences were most
pronounced in silenced genes and intergenic regions—the portions of the genome typically
associated with K27me2/3. Together with the histone data, the changes in DNA methylation
suggest that as polycomb retreats across the genome, it is replaced by broadly increased
DNA methylation, both at gene promoters and intergenic regions.

are highly sensitive to DNA methyltransferase and histone deacetylase

Epigenetic repression safeguards against aberrant transcription of repetitive sequences
including endogenous retroviral elements (ERV). Given the complete loss of polycomb-
associated H3K27me2/3 across broad regions of the genome and the absence of
compensatory histone-mediated repressive marks, we hypothesized that MPNST| oss would
be disproportionately reliant on the observed increases in DNA methylation for the
suppression of ERVs, and thus, sensitive to DNA methyltransferase inhibitors (DNMTi). To
test this, we compared the sensitivity of MPNST| osg and MPNSTReT cell lines to
decitabine treatment. MPNST | gss cell lines exhibited increased sensitivity to decitabine
relative to MPNSTgrgt. Decitabine treatment not only halted cell growth, but led to marked
levels of cell death (Fig. 7A). The induction of cell death was associated with increased
expression of endogenous retroviral elements and IFN signature genes, consistent with the
previously characterized mechanism of action of these drugs (Fig. 7B; refs. 27, 47).
Proteomic analysis of decitabine-treated MPNST | osg lines verified the strong upregulation
of IFN pathways (Fig. 7C and D; Supplementary Table S5). Decitabine also restored MHC
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class | expression in these cell lines demonstrating that, as with perturbations of histone
PTMs, DNA methyltransferase inhibition restored the pathways most robustly
downregulated in human tumors following PRC2 loss.

Both DNMTi and histone deacetylase (HDAC) inhibitors (HDACI) function by promoting
transcriptional instability; DNMTi through derepression and HDACI through activation
associated with increased histone acetylation (48). As MPSNT | osg were shown to be
differentially sensitive to DNMTi-mediated derepression, we hypothesized that they might
be differentially sensitive to HDAC due to higher baseline levels of activating histone acetyl
marks and, thus, a propensity toward transcriptional instability.

MPNST | oss cell lines were indeed significantly more sensitive to the HDACI panobinostat
(Fig. 7E). Moreover, as with DNMTi, panobinostat markedly increased the expression of
MHC | (Fig. 7F). Because HDACI broadly increase acetylation levels across all sites, it is
difficult to assess which acetyl marks are most likely to account for the differential
sensitivity of MPMNST | osg lines to panobinostat. Nonetheless, it is possible to look at
which acetylation sites differ most between MPNST| oss and MPNSTReT, both at baseline
and following a low-dose treatment with panobinostat (sub I1Csg). As compared with
MPNSTReT, MPNST| oss lines show the greatest level of differential acetylation at histone
H3K27, both at baseline and following panobinostat treatment (Fig. 7G). The marked
differential increase in H3K27Ac following panobinostat treatment is most manifested in the
H3.3 variant of histone H3, which is enriched at the sites of active transcription and ERV
(49).

In conjunction with the DNMTi results, these findings indicate that, as a consequence of
PRC2 loss, MPNST are sensitized to therapeutics that promote transcriptional instability.
This likely reflects a decreased capacity to counteract aberrant transcriptional activation
genome-wide due to the loss of a major transcriptional suppressor.

Discussion

Alterations in epigenetic regulatory complexes are common place in human cancers (50).
Although they promote oncogenesis, they may also lead to selective vulnerabilities, often to
chemical or molecular perturbations of other epigenetic regulatory complexes. The selective
vulnerabilities identified here converge on the central role of repressive epigenetic
modifications in safeguarding the genome from inappropriate transcriptional activation.

Histone modifications and DNA methylation coordinate across the genome to suppress
aberrant transcription. H4K20me3, H3K27me3, and H3K9me3 have all been implicated in
silencing of repeat elements (39, 51, 52). Targeted disruption of these silencing mechanisms
with DNMTi, HDACI, as well as pharmacologic or genetic targeting of histone
methyltransferases, all function, at least in part, by inducing transcriptional disarray (27, 47,
48, 52). The selective vulnerability of MPNST| oss to these agents is likely a function of
synthetic lethality due to a preexisting “hit” in a major silencing mechanism, PRC2. In this
setting, the global loss of H3K27me2, which we demonstrate here, may be even more
important than H3K27me3, given its significantly broader distribution, greater abundance,
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and greater association with intergenic and repeat regions (7). Although it was not
investigated here, it would be interesting to see whether MPNST | gsg are sensitive to the
disruption of other mediators of transcriptional silencing, such as SETDB1.

Further work will be needed to establish the extent to which the drug susceptibilities in
MPNST are present in other tumors. There is intriguing data in pediatric gliomas with lysine
K27M alterations that suggests the epigenetic vulnerabilities shown here are shared in that
system. In this group of pediatric gliomas, expression of a K27M-mutant version of the
histone variant, H3.3, is associated with globally reduced K27me3 levels and, in contrast to
MPNST, DNA hypomethylation (53). Recent data indicates that the K27M mutation leads to
markedly increased levels of K27Ac, which is not deposited at enhancer elements, but
rather, is broadly distributed across intergenic regions promoting transcriptional instability
and increased sensitivity to the combination of DNMTi and HDACI (Krug and colleagues, in
review). Although prior work has shown that HDACI promotes transcriptional instability,
this was attributed to increases in the acetylation of H2AK9, H3K14, and H3K23 (48). Our
data, like those in K27M glioma models, suggests a role for K27Ac in HDACI sensitivity,
because none of the other acetylation states differed dramatically between the highly
sensitive MPNST| gsg lines and the less sensitive MPNSTRgT, either at baseline or
following HDACI treatment. This would be in keeping with the known interplay between
K27me3 and K27Ac, which was recently shown to influence sensitivity to EZH2 inhibitors
(54). It would be interesting to see whether this histone signature (K27me3 low, K27Ac
high), associated with sensitivity to drugs targeting epigenetic repression in K27M gliomas
and MPNST | oss, is more generally true for other tumor types. If it is, then the baseline
levels of H3K27me3 or H3K27Ac on H3.1/2 or H3.3 might serve as biomarkers for
susceptibility to these agents.

Our human tumor data and cellular experiments strongly implicate PRC2 loss in immune
evasion, and point to multiple pathways to restore immune surveillance. Although PRC2
restoration is not therapeutically feasible, NSD2 knockdown and both DNMTi and HDACI
promoted significant increases in MHC | expression. If replicated /7 vivo, these agents might
help restore immune surveillance and render these tumors susceptible to immune-
modulating agents. Indeed, therapeutics aimed at making cold tumors hot are highly
desirable, as the recovery of MHC class | expression is a critical precursor to successful
immunotherapy (55). It is important to note here that the role of epigenetic regulators in
immune evasion is likely to be complex and system-dependent. Although, in MPNST, PRC2
loss may promote immune evasion, recent work in other tumor types suggest that, in other
contexts, increased polycomb activity is associated with a suppression of immune pathways
(56).

It is unclear whether the epigenetic effects on immune surveillance and IFN signaling are
direct or indirect. Although we did find increased DNA methylation at the promoters of IFN-
related genes and MHC I, changes in DNA methylation were not strongly enriched at these
genes. We suspect that another contribution may be coming from the global increases in
growth-promoting oncogenic pathways. Evasion of IFN signaling and MHC | down-
regulation have been linked to upregulation of the Ras pathway, which downregulates IFN
responses by preventing STAT?2 activation and IRF1 expression (57, 58). This may explain
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the association of K36me2, typically considered an activating mark, with IFN silencing,
because it is a potentiator of Ras signaling (44). Myc transcriptional activity has also been
associated with IFN suppression (59). Thus, it is possible that the decreased IFN gene
expression seen following PRC2 loss is driven by amplification of oncogenic pathways. This
phenomenon has been described across numerous malignancies, and, aside from the
examples cited above, remains poorly understood (60). Irrespective of the mechanism, we
demonstrate that epigenetic modifications are prime targets to both unleash intrinsic IFN
signaling and restore MHC | expression.

Finally, this work illustrates the utility of translational approaches to combined proteomic
and epigenetic analyses, which can be undertaken using archival pathology materials. Only
one other laboratory has published analyses of histone PTMs carried out in FFPE (61).
Looking at a narrower set of H3 and H4 histone peptides, the authors did not see significant
effects of fixation and paraffin-embedding on histone PTMs, and were able to detect
differences in histone H3 modifications in different subtypes of breast cancer. To the best of
our knowledge, this is the first study to investigate histone PTMs and global proteomes in
parallel on the same tissue specimens. We demonstrate that the measured effects of PRC2
loss on histone PTMs in human tissues can be reliably quantified in tissue stored for over a
decade. A similar approach could be applied to characterize global epigenetic changes in
other cancer types or subtypes. In future, we think it will be even more important for
researchers to avail themselves ofarchival materials, as the movement toward minimally
invasive diagnostic techniques and neoadjuvant therapy will greatly reduce the amount of
viable fresh or frozen tumor tissue available for translational research.
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Significance:

Global profiling of histone PTMs and protein expression in archival human MPNST
illustrates how PRC2 loss promotes oncogenesis but renders tumors vulnerable to
pharmacologic modulation of transcription.
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MPNST H&E and H3K27me3 Immunohistochemistry
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Figure 1.

(in gel)
Workflow for parallel proteomic and histone analysis of MPNST oss and MPNSTReT. A,
MPNST are resected (gross image of representative tumor at right) and processed according
to standard pathology procedures. Representative sections from tumor blocks from
pathology archives were reviewed on hematoxylin and eosin (H&E) histologic sections to
identify the regions of interest. IHC (inset) on adjacent sections allowed for separation of
MPNST tumors into MPNST | oss (left) and MPNSTReT (right) on the basis of H3K27me3
staining. MPNST | ogs Were defined by global loss of H3K27me3 nuclear staining, with
retained internal control staining in nontumor tissue (blood vessel, center of IHC inset).
MPNSTRreT Were defined by any degree of retained staining in tumor nuclei. B, From blocks
identified in A, tissue was isolated from representative cores of FFPE tissues, and total
protein was extracted. A portion of the total protein was processed in solution for MS and
proteomic analysis using standard processing and analysis software (top), and a portion was
sampled for SDS-PAGE, from which the histone bands were excised for in-gel digestion,
derivatization, and histone PTM analysis using distinct analysis software (bottom).
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Figure2.
Global analysis of histone PTMs reveals extensive changes associated with PRC2 loss. A,

Principal component analysis (PCA) of global histone PTMs in MPNST with PRC2 loss
(PRC2| oss; 5 replicates; red), MPNST with retained PRC2 function (PRC2geT; 4
replicates; blue), and benign neurofibromas (3 replicates; light blue). B, Volcano plot
illustrating differential histone PTMs in all samples as a function of PRC2 status. The log,-
fold change in abundance (PRC2| oss/PRC2reT) is plotted along the x-axis and the —log, P
value is plotted on the y~axis (P =0.05 corresponds to 4.32). Individual modifications are
highlighted with labels. Pink dots, peptides with PRC2-mediated modifications; green dots,
modifications typically associated with active transcription. Quantitative comparison of
individual histone PTMs between PRC2| ogs and PRC2reT samples, marks associated with
transcriptional repression (C) or transcriptional activation (D). E, Stacked bar plots depicting
combinatorial modifications for the peptides containing H3K27me2 (left) and H3K27me3
(right). Darker shades of blue indicate higher levels of coexisting methylation at H3K36.
PRC2greT and PRC2| oss samples are depicted with separate stacked bars. For the 27-40
peptide, the quantification of K27me2/K36mel also includes K36me3 (*), because these
peptides were not reliably distinguished in this dataset. Bar and dot plot of total H4K16Ac
levels (F) and radar plot depicting all histone H4 acetylation states (G), normalized to levels
in PRC2greT. The black arc highlights peptides containing H4K16Ac, PRC2| oss (red), and
PRC2get (blue). For all panels, error bars are £ SD. ns, no significant change, two-tailed ¢
test; *, P< 0.05;**, P<0.01; ***., P<0.0001.
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Figure 3.
MPNST cell lines validate the changes observed in human tumors and allow for more

precise quantification of changes is H3 PTMs. A, Correlation between changes in histone
PTMs as a function of PRC2 status in cell lines (x-axis) and human tumors (y~axis) for
peptides with significant changes in either comparison. P values for Pearson correlation are
shown. B, Quantitative comparison of H3K27me2 levels between PRC2| oss (12 replicates)
and PRC2reT (10 replicates) samples. Two-tailed ftest; ****, A< 0.0001. Using DIA
acquisition, H3K27me2/1 and H3K36me3 could be distinguished, enabling more precise
quantification of H3K27me2 levels. Error bars, + SD. C, IHC for histone H3K27me2 in
representative MPNST cases: PRC2) poss (left) and PRC2geT (right). D, Quantitative
comparison of H3K36me2 levels between PRC2| oss (left) and PRC2ggt (right) samples.
The peptide quantifications are represented as stacked bar plots, with each level of
methylation colored according to the schematic depicted at right, where higher levels of
methylation at K27 lead to progressively darker red colors. Unpaired ¢test, < 0.0001 for
pairwise peptide comparisons at the same level of methylation. Error bars, + SD.
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Figure 4.
Global proteomic analysis reveals PRC2 loss enhances tumor growth pathways and

promotes immune evasion. A, Heatmap depicting Z-score for proteomic data, for proteins
with P <0.05 between conditions. B and C, GSEA for selected annotated gene sets run
using the GSEA preranked tool, with all identified proteins ordered by differential
expression between MPNST| oss versus MPNSTRgT. Proteins showing increased expression
in MPNST_oss have positive enrichment values and are shown in B. Those with decreased
expression in MPNST| oss have negative enrichment values and are shown in C. NES,
normalized enrichment score. D, Heatmap depicting Z-scores for all MHC protein groups
identified across proteomic dataset, ordered with MPNSTRgT (left) and MPNST| ogs (right).
Class | MHC proteins are at the top and class I are at the bottom. E, IHC staining for MHC
class | (top) and MHC class Il (bottom) from representative sections of MPNST)| osg (left)
and MPNST| oss (right). In MPNST| oss, HLA-A, B, C staining is largely confined to
blood vessels, whereas in MPNSTRrgT, membranous staining is visible in tumor cells as
well. MHC class 11, represented with HLA-DR staining, is essentially absent in

MPNST)| oss, With only rare, positive-staining antigen-presenting cells. In MPNSTRer,
these cells are more numerous. The IHC findings agree with the quantitative values seen
across the dataset in the MS analysis.
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GO terms: SUZ12,p/NSD2yp, vs. Control
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Figure5.
NSD2 knockdown and PRC2 restoration restore IFN pathway protein expression and antigen

presentation. A, Experimental design. In MPNSTRggT, most H3K36me2 (green circles) is
present in tandem with H3K27me2/3 (yellow circles). PRC2 loss increases unopposed
K36me2 (bottom row, center). SUZ12 restores bivalence (bottom row, left) and NSD2
knockdown increases unmethylated peptides. B, H3K27 methylation states in control (3
replicates; striped) and SUZ12-expressing cells (+SUZ12; 3 replicates; solid) are shown,
with mono-, di-, and trimethylation from left to right. *, P <0.05; ***, £ <0.001; **** P <
0.0001. Top, total H3K27 methylation values; bottom, tandem modifications. Error bars, +
SD. C, H3K36mez2 levels (top) and unmodified peptide levels (bottom) following NSD2
shRNA knockdown (shNSD2; 6 replicates) or control ShRNA (shCONT; 3 replicates). ***,
P<0.001. Error bars, + SD. D, Correlation between logs ratios of protein abundance
following NSD2 knockdown (x-axis) versus SUZ12 restoration ()~axis) for proteins with a
log,-fold change >1.5 or <1.5. MHC | (blue) and IFN pathway proteins (red) are
highlighted. E, GO enrichment: —logq P values for GO term enrichment for GO process
terms based on combined ranked list of protein abundance changes following NSD2
knockdown and SUZ12 restoration. F, Cell growth following NSD2 knockdown (light
shade; 3 replicates) compared with control (dark shade; 3 replicates) in MPNST| gss (left,
red) and MPNSTReT cell lines (right, blue). G, Levels of H3K36me2 from a single
representative experiment in control (left, black), NSD2 knockdown (shNSD2; middle, light
gray), and K36M-expressing (right, dark gray) cells. H, Cell growth following K36M
induction (light shade; 3 replicates) relative to control values (dark shade; 3 replicates) in
MPNST, oss (left, red) and MPNSTReT cell lines (right, blue).
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Genes

axnx

MPNST | oss exhibit global DNA hypermethylation. A, Methylation array data (62) for
MPNST tumors analyzed as a function of H3K27me3 status (loss, red; retained, blue).
Cumulative distribution function for methylation B-values across all probes in the dataset.
Shift of the curve toward the lower right indicates hypermethylation in MPNST|_ogs (P<
0.00001). B-D, Tukey boxplot of methylation B-values for probes within the specified
genomic regions for MPNST| osg versus MPNSTRgT. ****, A< 0.0001, two-tailed ztest, all
comparisons. E and F, GSEA for rank-ordered list of differentially methylated promoters
(logo MPNST | 0ss/MPNSTRgT) queried against antigen presentation (E) and IFN response

(F) gene sets previously shown to have decreased protein abundance in MPNST oss.

Nominal Pvalues are shown. G and H, WGBS DNA methylation comparison of
MPNST | oss and MPNSTRet cell lines. G, Visualization of DNA methylation of a
representative genomic region containing expressed and unexpressed genes and intergenic
regions illustrating genome-wide trends summarized in H. The methylation differences
between MPNST | oss (90_8TL and S462) and MPNSTRreT (STS26T) are least prominent in
the expressed genes (designated as “high” with the bar below the x-axis) and CpG islands,
and highest within silenced genes (designated as “low” with the bar below the x-axis) and
intergenic regions, where global loss of K27me3 leads to replacement by DNA methylation.
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MPNST | oss are highly sensitive to DNA methyltransferase and HDAC inhibition. A, Log,
plots of cell numbers normalized to time 0 control, following decitabine treatment for
MPNSTReT (blue labels) and MPNST | oss lines (red labels). Error bars, + SD for 3
replicates. B, mRNA expression levels measured by RT-PCR for endogenous retroviral
elements (x-axis) in two MPNST cell lines. Values calculated using the 2722 method with
three independent replicates. Error bars, = SD. C, Heatmap depicting Z-scores for combined
IFN signature protein groups and antigen processing/presentation (listed along y-axis) in
MPNST cell lines ordered by treatment (decitabine, left; control, right), with hierarchical
clustering of samples. Proteins depicted in heatmap were those exhibiting differential
expression between treatment and control. Two-tailed ftest, £ <0.05. D, GO enrichment:
—log1g Pvalues for GO term enrichment for GO process terms based on ranked list of
protein abundance changes (treatment vs. control). E, Dose-response curves for MPNST cell
lines treated with panobinostat. MPNSTgreT (blue) are compared with MPNST, oss (red).
Three replicates for each concentration. F, Heatmap depicting Z-scores for MHC | protein
groups (listed along y~axis) in MPNST | oss cell lines grouped by treatment with
panobinostat (right) or control (left). G, Acetylation levels for the designated H2, H3, and
H4 sites, normalized to the levels in STS26T, an MPNSTReT cell line. Left, baseline levels;
right, levels following treatment with sub 1Cgy concentrations of panobinostat. Blue bars,
MPNSTReT cell lines; red/pink bars, MPNST | oss cell lines. Error bars, SD for 3 replicates.
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Primer sequences for the specified genes based on previously published primers, with sequences

Table 1.

Forward Reverse

RPLPO CAGACAGACACTGGCAACA ACATCTCCCCCTTCTCCTT
ERVL ATATCCTGCCTGGATGGGGT GAGCTTCTTAGTCCTCCTGTGT
MER21C GGAGCTTCCTGATTGGCAGA ATGTAGGGTGGCAAGCACTG
MER4D CCCTAAAGAGGCAGGACACC TCAAGCAATCGTCAACCAGA
MER57B1 ~ CCTCCTGAGCCAGAGTAGGT ACCAGTCTGGCTGTTTCTGT
MLT1B TGCCTGTCTCCAAACACAGT TACGGGCTGAGCTTGAGTTG
MLT1C49 TATTGCCGTACTGTGGGCTG TGGAACAGAGCCCTTCCTTG
MLT1C627 TGTGTCCTCCCCCTTCTCTT GCCTGTGGATGTGCCCTTAT
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