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Disruption of antagonism between SWI/SNF chromatin remodelers and Polycomb repressor
complexes drives formation of numerous cancer types. Recently, an inhibitor of Polycomb protein
EZH2 was approved for treatment of sarcomas mutant in SWI/SNF subunit SMARCBL, but
resistance occurs. Here we performed CRISPR screens in SMARCB1-mutant rhabdoid tumor
cells to identify genetic contributors to SWI/SNF-Polycomb antagonism and potential resistance
mechanisms. We found that loss of the H3K36 methyltransferase NSD1 caused resistance to
EZH2 inhibition. We show that NSD1 antagonizes Polycomb via cooperation with SWI/SNF and
identify co-occurrence of NSD1 inactivation in SWI/SNF-defective cancers, indicating /n vivo
relevance. We demonstrate that H3K36me?2 itself has an essential role in activation of Polycomb
target genes as inhibition of the H3K36me2 demethylase KDM2A restores efficacy of EZH2
inhibition in SWI/SNF-deficient cells lacking NSD1. Together our data expand the mechanistic
understanding of SWI/SNF and Polycomb interplay and identify NSD1 as key for coordinating
this transcriptional control.

INTRODUCTION

Regulation of the chromatin landscape plays key roles in the execution of differentiation
programs and the control of cellular progression through development. The importance of
these roles is highlighted by the finding that mutations in the genes encoding chromatin
regulatory proteins are frequently the basis of both cancer and developmental disorders
(Allis and Jenuwein, 2016). EZH2 is an enzymatic subunit of Polycomb Repressive
Complex 2 (PRC2), which catalyzes methylation of Lys27 of histone 3 (H3K27mel/me2/
me3) to promote transcriptional silencing to modulate differentiation (Deevy and Bracken,
2019; Kloet et al., 2016; Oliviero et al., 2016; Yu et al., 2019). Hyperactivity of EZH2

has been implicated in the genesis of numerous types of cancer (Kim and Roberts, 2016).
Recurrent hot spot mutations at Tyr646 (Y646) result in gain-of-function amplification

of the enzymatic activity of EZH2 in non-Hodgkin’s lymphoma (NHL), diffuse large
B-cell lymphoma (DLBCL), follicular lymphoma (FL) and cutaneous melanoma (Majer
etal., 2012; McCabe et al., 2012a; Richart and Margueron, 2020; Sneeringer et al., 2010).
Hyperactivity of EZH2 also results from loss-of-function mutations in genes that encode
subunits of SWI/SNF chromatin remodeling complexes as these complexes antagonize
Polycomb function (Kim and Roberts, 2016).

Rhabdoid tumor (RT) is a highly aggressive cancer of early childhood that has yielded

great insight into both SWI/SNF function and antagonism between SWI/SNF and Polycomb
complexes. This genomically simple malignancy was the first cancer found to be driven

by mutation of a SWI/SNF encoding gene, SMARCBI (also known as SNF5, IN/1, and
BAF47), which is inactivated in nearly all RT (Lee et al., 2012; Versteege et al., 1998).
Subsequently, SWI/SNF mutations were found to be remarkably prevalent in cancer, present
in over 20% of malignancies. SWI/SNF complexes remodel chromatin structure via ATP
hydrolysis to generate nucleosome-free regions that in part facilitate transcription factor
binding (Mittal and Roberts, 2020; Wilson and Roberts, 2011). SMARCB1 facilitates
recruitment of SWI/SNF complexes to enhancers. This activity enables transcriptional
activation by displacing nucleosomes, evicting EZH2, thereby reducing H3K27me3 (Kadoch
etal., 2017; Wilson et al., 2010), and engaging p300, causing acetylation of H3K27
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(Alver et al., 2017). SWI/SNF mutations drive cancer in part due to impaired opposition

to Polycomb leading to silencing of transcription programs required for differentiation
(Alver et al., 2017; Kadoch et al., 2017; Nakayama et al., 2017; Wang et al., 2017;

Wilson et al., 2010). The demonstration that genetic deletion of EZH2 preferentially killed
SWI/SNF mutant cancers contributed to the adoption of use of EZH2 inhibitors for therapy
of SWI/SNF mutant cancers (Knutson et al., 2013).

Recently, the small molecule EZH2 inhibitor Tazemetostat gained FDA approval for the
treatment of sarcomas that carry inactivating mutations in the SWI/SNF subunit SMARCB1
(Rothbart and Baylin, 2020), and soon thereafter for lymphomas that harbor activating
mutations in EZH2 (Knutson et al., 2012; McCabe et al., 2012b). Numerous additional
trials remain ongoing, but as with any monotherapy, primary and secondary resistance to
EZH2 inhibitors is quite common as the large majority of treated cancers progress. To
expand understanding of the mechanisms of resistance to EZH2 inhibition and of SWI/SNF
and Polycomb antagonism we performed a near genome-wide CRISPR screen in RT cells
treated with EZH2 inhibitor and identified NSD1 as required for sensitivity to EZH2
inhibition. Mechanistically we establish that H3K36me2 written by NSD1 is essential for
gene activation caused by EZH2 inhibition as inhibition of the H3K36me2 demethylase
KDMZ2A re-establishes efficacy of EZH2 inhibition even in the absence of NSD1.

NSD1 loss confers resistance to EZH2 inhibition

To identify genes that when inactivated confer resistance to EZH2 inhibition, we performed
a near genome-wide CRISPR-Cas9 drug resistance screen using two SMARCB1-deficient
RT cell lines, G401 and G402, in the presence of the EZH2 inhibitor GSK126 (Figures

1A and S1A). We infected cells with a pool of over 70,000 small guide RNAS (SgRNAS)
targeting approximately 18,000 genes (four sgRNAs per gene). Cells were treated with
GSK126 and after three weeks of selection, sgRNA-barcoded sequences were amplified
from the surviving population. Enriched and depleted sgRNAs were quantified relative

to pretreatment abundance. Aside from 7P53and RB1, whose deletion confer growth
advantages in many contexts, NSDZ scored as a top enriched target in both G401 and

G402 cells (Figures 1B and S1B). Since NSD1 is a H3K36me2 methyltransferase, we
evaluated whether other enzymes capable of methylating H3K36 (NSD2, NSD3, ASH1L)
caused resistance to EZH2 inhibition in our screen. Although sgRNAs for all were equally
represented within the screen library (Figure S1C), only NSD1 scored as an enrichment after
EZH2 inhibition (Figure S1D and S1E). To validate these findings, we generated pools of
G401 RT cells knocked out for NSD1, NSD2 or NSD3. We again found that only NSD1
knockout cells displayed resistance to EZH2 inhibition (Figure S1F-S1H).

To further confirm these results, we developed a CRISPR-based competitive fitness assay to
determine whether EZH2 inhibition exerted selective pressure for loss-of-function mutations
in NSD1. We performed CRISPR-Cas9 sgRNA targeting of NSDZ in G401 RT cells to
induce insertions and deletions. Treatment with GSK126 enriched for out-of-frame/loss-
of-function mutations in NSDZ, confirming that NSDZ inactivation confers resistance to
EZHZ2 inhibition (Figure 1C). We next performed shRNA mediated knockdown of NSD1
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in four SMARCB1-deficient RT cell lines, which in all cases conferred resistance to EZH2
inhibition (Figure 1D), a finding additionally confirmed by CRISPR-mediated inactivation
of NSD1 in G401 cells (Figure S1H).

While SMARCB1 was the first SWI/SNF subunit whose loss was shown to create
dependence upon EZH2 (Wilson et al., 2010), loss of other SWI/SNF subunits also results
in EZH2 dependence (Kim et al., 2015). We therefore asked whether inactivation of NSD1
could confer resistance to GSK126 in a SMARCA4-mutant lung carcinoma line and an
ARID1IA-mutant ovarian carcinoma (Wiegand et al., 2010), both of which depend upon
EZH2 (Kim et al., 2015). NSD1 knockdown abrogated the anti-growth effects of EZH2
inhibition in these cell lines as well (Figures 1E and S11I).

EZH2 inhibitors were originally developed in part to treat lymphomas that carry gain-of-
function mutations in £2H2 (Knutson et al., 2014; Knutson et al., 2012; McCabe et al.,
2012b). We found that NSD1 loss conferred resistance to EZH2 inhibition in Pfeiffer diffuse
large B-cell lymphoma cells (McCabe et al., 2012b) as well (Figure 1F and S1I).

To determine whether the resistance conferred by NSD1 loss extended to the recently FDA
approved EZH2 inhibitor Tazemetostat, we treated G401 RT cells and found that inactivation
of NSD1 similarly provided resistance to Tazemetostat (Figure 1G).

Finally, we evaluated the effect of AVSDZ knockdown upon response to chemotherapeutics
that represent standard of care in RT including vincristine, etoposide, dactinomycin and
doxorubicin. Unlike the resistance to EZH2 inhibitors, NSD1 knockdown did not alter the
response to any of these agents in G401 RT cells (Figures 1H-1K). These results show that
loss of NSD1 provides resistance to EZH2 inhibition but does not provide general drug
resistance in SWI/SNF mutant cells.

NSD1 depletion leads to H3K36me2 loss and concomitant expansion of H3K27me3

domains

To evaluate the mechanism by which NSD1 loss confers resistance to EZH2 inhibition, we
first assessed the effect of NSD1 knockdown upon chromatin modifications in RT cells.
NSD1 writes H3K36mez2 in active chromatin (Bennett et al., 2017; Weinberg et al., 2019)-.
H3K36me2 has been shown to inhibit H3K27me3 deposition by EZH2 and in ES cells to
facilitate demarcation of PRC2-mediated H3K27me3 domains (Streubel et al., 2018).

Given that NSD1 is only one of several enzymes capable of methylating H3K36 we
evaluated whether loss of NSD1 affected total levels of H3K36me2. Western blot analysis
of both G401 and BT16 SMARCB1-deficient RT cell lines revealed that NSD1 knockdown
partially reduced H3K36me2 levels and elevated H3K27me3 (Figure 2A), consistent with
NSD1 opposing EZH2 in RT cells. We note that differences in NSD1 knockdown efficiency
and compensation by other H3K36me2 writers (such as NSD2 or NSD3, see below) likely
contribute variability to the effect on histone modifications detected by immunoblot. To
evaluate the effect of NSD1 knockdown using an orthogonal technique we performed ChlIP-
seq analyses in G401 RT cells and again found that NSD1 loss reduced H3K36me2 and
increased H3K27me3 (Figure 2B).
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To evaluate the spatial relationships between these marks that often occupy broad swaths
rather than tight peaks, we first segmented the genome into 10 Kb bins and plotted changes
for the binned H3K36me2 and H3K27me3 ChlP-seq data upon NSD1 knockdown. For bins
displaying both marks, there was a tight correlation between loss of H3K36me2 and gain

of H3K27me3 upon NSD1 knockdown (Figure 2C). To further examine this relationship,
we separated H3K36me2 and H3K27me3 peaks into three groups based on their distance to
H3K27me3 peaks in G401 cells: regions encompassing H3K27me3 peaks (H3K27me3(+)),
regions immediately flanking H3K27me3 peaks (within 20Kb upstream or downstream;
termed H3K27me3 flanking), and regions that lack H3K27me3 and do not flank positive
regions (H3K27me3(-)) (Figures 2D and 2E). NSD1 knockdown reduced H3K36me2 both
within H3K27me3 peak regions (loss at 87% of the 4,818 peaks) and the H3K27me3
flanking regions (loss at 76% of the 22,995 peaks) but had minimal effect upon H3K36me2
levels in the 200,000+ regions that lacked H3K27me3 (Figures 2E and 2F; Table S1),
suggesting a tight association between the activity of NSD1 and EZH2. With respect to
H3K27me3, NSD1 loss did not significantly enhance previously defined peaks (124,622
peaks), but rather caused a gain of H3K27me3 at sites flanking H3K27me3(+) regions
(25,733 peaks), as well as de-novo gain of 5,295 peaks at regions previously devoid of
H3K27me3 (Figures 2E and 2F; Table S1).

To test whether NSD1 alone writes H3K36me?2 at the sites most affected by NSD1 loss, we
assessed H3K36me2 in cells depleted for NSD2 and NSD3. While H3K36me2 levels were
strongly dependent upon NSD1, there was a more modest effect of either NSD2 or NSD3
depletion (Figure 2G), consistent with our finding that NSD2 or NSD3 cannot functionally
compensate for loss of NSD1 (Figure S1H).

Thus, on loss of NSD1 there is a tight correlation between H3K36me2 loss and H3K27me3
gain occurring largely at sites that flank H3K27me3 peaks, suggesting that loss of NSD1
results in the spreading of H3K27me3.

H3K27me3 erasure by EZH2 inhibition is largely independent of NSD1

Next, we focused on the mechanism by which NSD1 loss confers resistance to EZH2
inhibition. Treatment with EZH2i leads to H3K27me3 erasure (Figure 3A), so we asked if
this was impaired by NSD1 loss. Western blotting analysis revealed that in Pfeiffer cells,
which contain a hyper-active mutant of EZH2, NSD1 was able to modestly blunt the EZH2
inhibitor’s erasure of H3K27me3, highlighting the interplay between EZH2 and NSD1
(Figure 3A). However, in SWI-SNF mutant cell lines, knockdown of NSD1 had minimal
effect upon the erasure of H3K27me3 by EZH2 inhibition (Figure 3A). Similar results were
obtained over a time course with a titration of EZH2 inhibitor (Figures S2A and S2B).

Of note, the effects of NSD1 depletion on the global levels of H3K36me2 detected by
immunoblot were in some cases modest, potentially due to our inability to fully knockdown
NSD1, and because NSD1 controls H3K36me2 at only a small fraction of the genome (i.e.,
those regions adjacent to Polycomb domains).

To further probe this relationship, we used two approaches: quantitative mass spectrometry
(MS) and ChiIP-seq. MS analyses confirmed that NSD1 loss did not influence the EZH2
inhibition-mediated reduction in H3K27me3 in G401 RT cells (Figures S3A-S3D; Table

Mol Cell. Author manuscript; available in PMC 2023 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Drosos et al.

Page 6

S2), whereas in Pfeiffer cells, NSD1 loss again blunted H3K27me3 loss (Figures S3E-S3H,;
Table S2). For SMARCB1-deficient G401 cells, the changes in H3K27me3 and H3K36me2
upon EZH2i and NSD1 loss occurred predominantly on the H3.1 and H3.2 histone variants
(Figure S3C and S3D). Upon EZH2 inhibition, H3.1/H3.2 K36me2 levels rose in both
control and NSD1 depleted cells (Figure S3C), but less so in cells lacking NSD1. This
suggests that the upregulation of NSD2 that occurs upon NSD1 knockdown (Figure S1F) is
unable to fully compensate for the loss of NSD1.

ChlIP-seq analyses showed GSK126 drastically reduced H3K27me3 levels (Figure 3B) and
that this was unaffected by NSD1 loss (Figures 3C and S4A, S4B). Furthermore, we found
no evidence of retention or de novo accumulation of pockets of H3K27me3 in GSK126
treated NSD1 knockdown cells (Figures 3D and S4A, S4B). Thus, while knockdown of
NSD1 confers resistance to EZH2 inhibition in RT cells, surprisingly the mechanism appears
independent of the direct activity of EZH2 upon H3K27me3.

Since NSD1 mediates dimethylation of H3K36, we next asked whether alteration of H3K36
methylation may underlie the mechanism of resistance. We first asked whether EZH2
inhibition alters H3K36me2 levels. Using ChlIP-seq we found a modest gain of H3K36me2
upon EZH2 inhibition (Figures 3E and S4C), which was dependent upon NSD1 (Figure 3F).
We next investigated the localization of the changes. We found that EZH2i induced a gain
of H3K36me2 specifically at H3K27me3(+) regions (Figures 3G and 3H), and that this gain
was dependent upon NSD1 (Figures 3G, 31 and 3J).

Our results thus far show that while NSD1 loss does not affect the removal of H3K27me3
following EZH2 inhibition in RT cells, its function is necessary to prevent spreading

of H3K27me3 positive regions, and to deposit H3K36me2 in Polycomb regions upon
H3K27me3 removal.

H3K27ac gain upon EZH2 inhibition shows partial dependence on NSD1

We and others have previously demonstrated that loss of SMARCBL, as occurs in RT, results
in a reduction in Polycomb opposition accompanied by a gain of H3K27me3 and decreased
H3K27ac at enhancers (Alver et al., 2017; Mathur et al., 2017; Nakayama et al., 2017; Wang
etal., 2017). As methylation and acetylation of H3K27 are mutually exclusive, we asked
whether inhibition of EZH2 in SMARCB1-deficient RT cells could restore H3K27ac levels.
Upon EZH2 inhibition, H3K27ac was strongly gained at a modest number of sites (n=253)
which were mostly at enhancers (Figures S5A-S5C). A subset of enhancers that gained
H3K27ac significantly overlapped with genes upregulated upon SMARCBL restoration

in G401 cells, suggesting that EZH2 inhibition can partially ameliorate the effects of
SMARCB1 loss upon acetylation of H3K27 in RT (Figure S5D). Next, we asked whether
the EZH2 inhibitor-induced changes in H3K27ac were dependent on NSD1 and found that
loss of NSD1 reduced H3K27ac gain at most enhancers (Figures S5B, S5C and S5E).
Overall, we show that EZH2 inhibition has only a modest effect on H3K27ac gain and that
this partially depends on NSD1.

Mol Cell. Author manuscript; available in PMC 2023 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Drosos et al. Page 7

Transcriptional de-repression following EZH2 inhibition depends on NSD1

Our results suggest that NSD1 loss confers resistance to EZH2 inhibitors largely via
perturbation of H3K36me2 regulation. Since H3K36me?2 is associated with transcriptional
activation, we asked whether NSD1 is essential for the transcriptional activation that occurs
following EZH2 inhibition. We performed RNA sequencing (RNA-seq) of G401 control and
NSD1 depleted cells treated with or without GSK126. Consistent with EZH2’s known role
as a transcriptional repressor, the predominant effect of EZH2 inhibition was transcriptional
induction (Figure 4A, Table S3). Ontology analysis revealed activation of pathways
associated with development and differentiation (Figure 4B; Table S4). Knockdown of
NSD1 markedly blunted this gene activation (Figure 4A), indicating that NSD1 is required
for the expression of lineage specific differentiation pathways following EZH2 inhibition.
To evaluate whether this was a direct effect we performed ChIP for EZH2, which revealed
highly significant binding of EZH2 adjacent to the affected genes (Figure 4C), supporting
direct roles for both EZH2 and NSD1 in modulation of these genes. Of note, EZH2
inhibition had minimal effect upon PRC2 binding, as measured by ChlIP-seq for SUZ12,
suggesting that the changes in transcription arose from altered enzymatic activity rather than
altered PRC2 binding (Figure 4D).

To further investigate the transcriptional relationship between NSD1 knock down and EZH2
inhibition, we performed Gene Set Enrichment Analysis (GSEA). This analysis revealed a
significant correlation between genes downregulated upon NSD1 loss and those upregulated
upon EZH2 inhibition (Figure 4E and Table S5). Further, we found a significant association
between genes overlapping sites that lose H3K36me2 following NSD1 knockdown and
genes whose transcription is activated following EZH2 inhibition (Figure 4F). Additionally,
genes activated following EZH2 inhibition were significantly enriched for genes overlapping
regions that lost H3K27me3, further supporting that they are direct EZH2 targets (Figure
4G). Collectively, this data demonstrates that NSD1 is required for the activation of genes
that occurs following erasure of H3K27me3 by EZH2 inhibition. A representative example
is the gene DLK1. Loss of NSD1 blocked transcriptional activation of DLK1 that was
otherwise caused by EZH2 inhibition, and reduced levels of H3K36me2 without affecting
the loss of H3K27me3 caused by EZH2 inhibition (Figure 4H). Collectively, our results thus
far suggest that NSD1-mediated H3K36me2 is critical for induction of Polycomb-repressed
genes following inhibition of EZH2 (Figure 41).

NSD1 cooperates with SWI/SNF to activate transcription and induce differentiation

Given our finding that NSD1 opposes EZH2 function in RT and our previous demonstration
that SWI/SNF opposes EZH2 function in RT, we asked whether NSD1 cooperates with
SWI/SNF in gene activation. We compared the 746 genes downregulated on loss of NSD1
and 789 genes upregulated by EZH2 inhibition to 3,242 genes that we had previously
identified as directly activated by SMARCBL1 (Wang et al., 2017) and bound by SWI/SNF
(Nakayama et al., 2017; Wang et al., 2017) (Figure 5A). Despite overlap in this analysis
being limited to the subset of genes that are moderately expressed such that both down-
regulation (upon NSD1 knockdown) and up-regulation (upon SMARCBL1 re-expression or
EZH2 inhibition) can be detected, we found a highly significant relationship (p=1.58E-101)
(Figures 5A and S6A). We additionally identified significant pairwise overlaps between
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genes activated by SMARCBL1 and repressed by EZH2 (p=1.73E-64), genes activated by
SMARCB1 and NSD1 (p=1.05E-48) and genes activated by NSD1 and repressed by EZH2
(p=1.19E-131), suggesting strong cooperativity between SMARCB1 and NSD1 in opposing
Polycomb function (Figure S6A).

To directly test whether NSD1 cooperates with SWI/SNF, we generated NSD1 knockout
G401 cells with inducible expression of SMARCB1. We and others have shown that
restoration of SMARCB1 expression inhibits the growth of RT cell lines (Erkek et al., 2019;
Kia et al., 2008; Nakayama et al., 2017; Wang et al., 2017; Weissmiller et al., 2019; Wilson
et al., 2010). We thus tested whether this function of SMARCB1 was dependent upon
NSD1. Loss of NSD1 indeed ameliorated the growth arrest otherwise caused by SMARCB1
restoration but did not affect proliferation of G401 RT cells that lack SMARCBL. (Figure
5B). Further supporting a dependent relationship, expression of SMARCBL1 elevated levels
of the NSD1 protein (Figure 5C). Together these data demonstrate that NSD1 is required for
the growth arrest caused by SMARCBL re-expression.

We next sought to elucidate the mechanism underlying rescue of the growth arrest otherwise
induced by SMARCBL1 expression. Upon SMARCBL re-expression in RT cells, H3K36me2
was gained at 2,801 sites. Loss of NSD1 substantially blunted, but did not fully eliminate,
this gain (Figure 5D). Thus, NSD1 contributes to the gain in H3K36me2 upon SMARCB1
reintroduction. We next examined sites at which SMARCB1 re-expression resulted in loss
of H3K27me3 and found that NSD1 loss modestly blunted this effect (Figure 5E). In
contrast, the loss of NSD1 had relatively minimal effect upon the gain of H3K27ac at
enhancers, driven by SMARCBL1 (Figure 5F). We evaluated the converse relationship by
identifying regions with the greatest reduction of H3K36me2 upon NSD1 loss and found
that re-expression of SMARCB1 modestly rescued the reduction of H3K36me2 levels
(Figure S6B).

Loss of antagonism between SWI/SNF and PRC2 has been shown to be a central mechanism
by which SMARCB1 inactivation drives RT formation (Nakayama et al., 2017; Wilson
et al., 2010). In mESCs NSD1 loss leads to increased PRC2 binding (Streubel et al.,
2018) and SWI/SNF antagonizes both PRC2 and PRC1 mediated silencing(Kadoch et
al., 2017). Therefore, we evaluated how SWI/SNF activation and NSD1 loss affected
targeting of PRC1 and PRC2 subunits RING1B and SUZ12 respectively. We focused on
NSD1-dependent H3K36me2 sites and analyzed PRC1/2 occupancy by SUZ12 ChiIP-seq
and RING1B CUT&RUN (Figure S6C and S6D). Upon NSD1 knockdown the intensity
of SUZ12 binding increased at the most strongly bound sites (Figure 4D). Re-expression
of SMARCBL resulted in substantial reduction in SUZ12 binding, which was partially
ameliorated by knockout of NSD1 (Figure S6C). In contrast, RING1B binding at NSD1-
dependent H3K36me2 sites was not affected by SMARCBL1 reintroduction (Figure S6D).

We next investigated the effects of NSD1 loss upon SMARCB1-induced transcriptional
activation. Reintroduction of SMARCBL1 in G401 cells upregulated 4,002 genes that
were direct SWI/SNF targets (bound by SMARCC1, Table S6)(Nakayama et al., 2017).
Separately, knockdown of NSD1 resulted in the downregulation of 730 genes (Table S7).
Of the 730, 289 (40%) were also directly activated by SMARCB1 (p=2.12E-38) (Figures
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5G and 5H; Table S8). Ontology analysis of the 4,002 genes upregulated by SMARCB1
expression, of the 730 genes downregulated by NSD1 loss, and of the 289 overlapping genes
in each case revealed significant enrichment of pathways associated with cell differentiation
and development (Figures 51 and S6E, S6F, Table S9). This suggests that loss of NSD1
impairs the SMARCB1-dependent activation of genes that facilitate differentiation.

To better understand how loss of NSD1 blocks expression of differentiation-associated
genes that are activated by SWI/SNF, we investigated PRC1 and PRC2 binding and histone
modification changes at their gene bodies and flanking regions (Figures S6G-S6J). NSD1
depletion reduced H3K36me2 across these genomic regions and caused gain of H3K27me3
particularly at the promoters of these genes. SMARCB1 reintroduction had a smaller effect
but increased H3K36me2 particularly at promoters in an NSD1-dependent manner and
caused loss of H3K27me3 from promoters, also in an NSD1-dependent manner (Figures
S6G and S6H).

Consistent with the effects on H3K27me3, NSD1 loss promoted SUZ12 (PRC?2) association
particularly at promoters, and SMARCB1 addback reduced SUZ12 signal (Figure S6l).
RING1B (PRC1) binding was also reduced by SMARCBL1 expression, an effect that was
partially dependent upon NSD1. Paradoxically, NSD1 loss alone resulted in a reduction

in RING1B binding, perhaps due to competition between PRC2 and PRC1 (Figure S6J).
Thus, SMARCB1-mediated antagonism of binding of both PRC1 and PRC2 appears
partially dependent upon NSD1. Collectively, despite their distinct biochemical activities,
our findings demonstrate cooperative function between SMARCB1 and NSD1 in regulation
of transcription and Polycomb opposition.

NSD1 physically interacts with SWI/SNF and PRC1/2 complexes

Finally, we sought to investigate physical interactions among SWI/SNF, Polycomb/EZH2
and NSD1. SWI/SNF has been shown to primarily interact with PRCL1 to facilitate its
eviction from chromatin and further promote eviction of PRC2 (Kadoch et al., 2017; Stanton
et al., 2017). Separately, in mouse ESCs, NSD1 has been shown to associate with EZH2
(Streubel et al., 2018). To ask if Polycomb opposition by SWI/SNF involved interactions
between NSD1, SWI/SNF or PRC1/2 members in RT cells, we immunoprecipitated NSD1.
We found that NSD1 co-immunoprecipitated with SWI/SNF core subunits SMARCC1

and SMARCAA4 as well as EZH2 (Figures 5J and S7A, S7B), demonstrating physical
interactions between these chromatin regulators. We also identified a novel interaction
between NSD1 and PRC1 (RING1B) (Figure 5J). On restoration of SWI/SNF by
reintroduction of SMARCBL1, NSD1 levels rose and NSD1 maintained association with
SWI/SNF but displayed reduced association with PRC1/2 (Figure 5J). Interactions with
PRC1 and PRC2 components were specific for NSD1 and did not extend to NSD2

(Figure 5J). Consequently, the loss of SMARCBL as a driving event in the genesis of RT
results in enhanced physical association of NSD1 with both PRC1 (RING1B) and PRC2
(EZH2), providing a mechanism by which NSD1 loss may directly have effects upon EZH2
inhibition and response.
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NSD1 inactivation co-occurs with SWI/SNF mutations in cancer

We next sought to search for /n vivo relevance of our findings in primary human cancers.
Our data thus far demonstrate that NSD1 physically interacts with both SWI/SNF and
Polycomb and that its function is necessary for SWI/SNF to activate transcription of a
subset of Polycomb-silenced lineage specification genes. Because inactivating mutations in
genes that encode SWI/SNF subunits drive cancer in part by reducing antagonism to EZH2,
we sought to evaluate whether mutation of NSD1 is selected for in the formation of SWI/
SNF-mutant human cancers to further reduce antagonism to EZH2. Because re-biopsy of
progressive solid tumors is rarely performed, we are unable to test whether NSD1 mutations
are selected for in tumors that develop secondary resistance to EZH2i. However, given

the occurrence of primary resistance to EZH2 in many SMARCB1-mutant cancers (Kim

et al., 2015), we hypothesized that mutation of NSD1 would be enriched in SWI/SNF
mutant cancers as a mechanism of further reducing Polycomb antagonism. To test this,

we first queried all available cBioportal databases (Cerami et al., 2012; Gao et al., 2013)
spanning over 60,000 samples and many types of cancer (Figure 5K). We looked for putative
pathogenic mutations in all NSD paralogs, SWI/SNF subunits frequently mutated in cancer
(Mittal and Roberts, 2020) and as controls tumor suppressors TP53, CDKN2A and RB1
(see methods for details). Our analysis revealed that NSD1 mutations significantly co-exist
with mutations in SWI/SN/Fencoding genes (Figure 5K Table S10). Seeking to validate
this finding in a second data set, we analyzed clinical sequencing data generated by MSK
(see methods for details) and again focused on NSD1 frameshift mutations. Our analysis
confirmed our initial findings and showed that NSD1 inactivating mutations significantly
co-exist with ARID1A, ARID1B, ARID2and SMARCA4 but not with mutations in tumor
suppressors 7P53, CDKN2A and RBI (Figures SBA-S8D and Tables S11-14).

SMARCB1 is mutated less frequently in cancer than ARID1A, ARID1B, ARID2 and
SMARCA4 so we next directly evaluated studies that analyzed SMARCB1-mutant

cancers (Chun et al., 2016). We found that NSDZ is among genes silenced via DNA
hypermethylation in SMARCB1-mutant brain tumors compared to normal brain and that this
correlated with reduced mRNA levels (Johann et al., 2016). Similarly, we found that NSD1
is hypermethylated in non-CNS RT patients compared to control human embryonic stem
cells (hESCs) and its mRNA levels are higher in hESCs compared to MRT tumors (Chun et
al., 2016).

To further investigate physiologic relevance of NSD1 mutation directly in patient samples
we analyzed genomic data from 50 patients with SMARCB1-mutant RT treated at St. Jude
Children’s Research Hospital (Upadhyaya et al., 2020) to determine whether mutation of
NSD1 was present in any of these cancers. While none of the 50 samples were from

patients who had been treated with EZH2i, we identified a patient whose tumor contained an
inactivating mutation in NSD1. This was the sole pathogenic mutation identified in addition
to SMARCBI loss (Upadhyaya et al., 2020). Given the significant association of inactivating
NSD1 mutations with SWI/SNF mutations, and the remarkable simplicity of rhabdoid tumor
genomes (Lee et al., 2012), this case provides further evidence of physiologic relevance of
NSD1 mutations in primary human cancers. Furthermore, NSDI mutations have been found
in SMARCB1-mutant epithelioid malignant peripheral nerve sheath tumors (Richer et al.,
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2017) and renal medullary carcinomas (Jia et al., 2019), reinforcing the co-occurrence of
defects in NSD1 and SWI/SNF function in cancer.

KDM2A perturbation restores sensitivity of NSD1 depleted cells to EZH2 inhibition

We have shown that ASDZ loss confers resistance to EZH2 inhibition by reducing
H3K36me2 at EZH2-target genes (Figure 3J and 4F). We thus asked whether raising

levels of H3K36me2 could restore sensitivity to EZH2i in NSD1-depleted cells. KDM2A

is a demethylase that erases H3K36me2 (Blackledge et al., 2010; He et al., 2008). We
tested whether the novel KDM inhibitor TC-E5002, which inhibits KDM2A could restore
sensitivity to EZH2i in growth assays. In RT cells, TC-E5002 did not affect cell proliferation
or the growth-inhibitory effects of EZH2 inhibition (Figure 6A-6C). In contrast, in NSD1
knockdown RT cells the addition of TC-E5002 restored sensitivity to EZH2 inhibition,
(Figure 6A-C). The same combination of inhibitors lacked cooperativity in control HFF-1
(human foreskin fibroblasts) and HEK-293T cell lines (Figure 6A and 6B), suggesting

that this combination does not have a non-specific toxicity but rather an on-target effect

on NSD1-depleted cells. Further, TC-E5002 effects appeared to be specific to inhibition

of KDM2A, since cells knocked down for KDM2A were similarly sensitized to EZH2
inhibition (Figure 6C). Immunoblot analysis of G401 cells treated with EZH2i, KDM2Ai or
a combination revealed increased levels of H3K36me2 in NSD1 depleted cells, indicating
that the combined inhibition of EZH2 and KDMZ2A at least partially restores H3K36me2
levels (Figure 6D). Additionally, NSD2 or NSD3 depletion causes some loss of H3K36me2
from sites where H3K36me2 is written by NSD1 (Figure 2G). This strongly suggests that
H3K36me2 can be written to some degree by NSD2 and NSD3 at sites where NSD1 is the
prominent H3K36me2 methyltransferase, and suggests that on loss of NSD1, the residual
H3K36me2 provides substrate for KDM2A activity.

Collectively these findings demonstrate the essential role of K36 methylation in the
efficacious response to EZH2 inhibition and raise the possibility that therapeutic inhibition
of KDM2A can enhance the efficacy of, and overcome resistance to, EZH2 inhibition.

DISCUSSION

Polycomb repressor complexes are central to the transcriptional control of developmental
fate specification (Margueron and Reinberg, 2011). Key roles of Polycomb genes in human
disease have emerged, including identification of unchecked EZH2 activity in numerous
types of cancer (Bracken et al., 2019). The central role of EZH2 in driving these phenotypes
has been established in animal models and pre-clinical studies and subsequently reinforced
by the recent approval of an EZH2 inhibitor for cancers with hyper-active EZH2, either

due to mutation of the SWI/SNF subunit SMARCB1 or direct gain-of-function mutations in
EZH2 (Krug et al., 2021).

Despite the key roles for Polycomb complexes and EZH2 in development and disease, the
mechanisms by which alterations in Polycomb disrupt transcriptional control to yield disease
are poorly understood. Seeking to gain mechanistic insight into chromatin regulation of
transcription, to better understand disease mechanisms, and to gain insights into potential
mechanisms of resistance for EZH2 inhibitors, we performed a near genome-wide CRISPR
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screen in RT cells to identify genes that when inactivated confer resistance to EZH2
inhibition.

Our CRISPR screen leveraging SMARCB1-mutant RT cell lines revealed that loss of NSD1
conferred resistance to EZH2 inhibition. The mechanism of resistance conferred by NSD1
loss was specific to EZH2 inhibition and extended broadly to several other disease models.

Given that we and others have previously shown that SWI/SNF antagonizes Polycomb
activity, which formed the basis of the recent FDA approval of an EZH2 inhibitor for
SMARCB1-mutant cancers, we investigated how SWI/SNF complexes functionally relate to
these other chromatin regulators during gene activation. We found that functional restoration
of SWI/SNF in G401 cells via re-expression of SMARCBL induced robust changes

in H3K36me2, H3K27me3 and H3K27ac, and that gains in H3K36me2 were partially
ameliorated by the loss of NSD1. Similarly, the reduction of H3K36me2 that resulted from
NSD1 loss was only partially rescued by SMARCBL re-expression. Thus, NSD1 is required
for some, but not all, of the increase in H3K36me2 and H3K27ac resulting from restoration
of SMARCB1-containing SWI/SNF complexes. With respect to H3K27me3, we found that
NSD1 is needed for H3K27me3 removal driven by SMARCB1 as NSD1 loss resulted in
H3K27me3 retention at the promoter and body of genes whose upregulation by SWI/SNF
was dependent on NSD1.

Our data suggests that transcriptional activation following EZH2 inhibition depends upon
H3K36mez2 levels at Polycomb adjacent regions. There are several possible explanations

for the role of transcriptional activation by H3K36me2 and/or NSD1. In this study we
demonstrate that NSD1 binds SWI/SNF, which may provide a direct link between NSD1
and transcriptional activation. Additionally, NSD1 has been shown to facilitate binding of
transcription factors, for example GATA-1, with the loss of NSD1 resulting in reduced
GATA-1 binding and reduced expression of target genes (Leonards et al., 2020). Moreover,
NSD1 has been shown to contribute to the transition of RNA Pol Il from an initiation state to
a fully elongation- competent state at its target genes (Lucio-Eterovic et al., 2010).

Given that H3K27ac and H3K27me3 are mutually exclusive, we queried the extent to which
H3K27ac is required for the activation of EZH2 target genes. Loss of NSD1 has been
associated with both loss (Farhangdoost et al., 2021; Rajagopalan et al., 2021) and gain
(Fang et al., 2021) of H3K27ac at enhancers, suggesting a more complex and perhaps
indirect relationship. In RT cells we found that EZH2 inhibition resulted in the gain of
H3K27ac at only a small subset of genes, an effect that was modestly blunted in the absence
of NSD1. Consequently, while there is some interplay of NSD1 with H3K27ac levels in the
RT model, the effects are modest in magnitude and restricted to a relatively small subset of
genes.

We find that NSD1, but not NSD2 or NSD3, interacts with PRC1/2 to restrict Polycomb-
mediated repression, an interaction that is disrupted by SWI/SNF activity, potentially via
SWI/SNF mediated eviction of PRC1/2. Moreover, we provide evidence that NSD1 writes
H3K36mez2 at specific genomic regions and its loss is minimally compensated by NSD2 or

Mol Cell. Author manuscript; available in PMC 2023 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Drosos et al.

Page 13

NSD3. During development/differentiation, SWI/SNF-driven removal of Polycomb leads to
NSD1 and SWI/SNF-coupled activation of lineage specification gene expression.

In addition to causing Sotos syndrome (Tatton-Brown et al., 2011), NSD1 mutations are
frequently found in cancer and are associated with a cancer predisposition syndrome (Jia et
al., 2019). Our identification of NSD1 inactivating mutations as significantly co-occurring
with SWI/SNF mutations further supports functional cooperativity between these genes in
opposition to Polycomb mediated silencing. Therefore, it is possible that in patients treated
with EZH2 inhibitors, resistance may occur via genetic or epigenetic silencing of NSD1,
preventing the re-expression of repressed genes upon treatment with an EZH2 inhibitor.
Further, NSD1 mutation status may be useful in predicting response to EZH2 inhibition with
the presence of an NSD1 mutation predicting a poor response. Thus, our data indicate that
NSD1 mutation is likely to be relevant both as a predictor of non-response as well as a
mechanism of resistance.

Previously, NSD1-mediated H3K36me2 has been shown to localize at active chromatin,
to flank Polycomb regions and block non-specific placement of H3K27me3 in ES cells
(Streubel et al., 2018; Weinberg et al., 2019). Such blockage of Polycomb function by
H3K36me2 formed the basis of the model for NSD1-EZH2 antagonism. However, we
now show that even when EZH2 activity is completely blocked and H3K27me3 lost that
NSD1 remains essential for activation of Polycomb silenced targets. Consequently, loss
of H3K27me3 is insufficient to activate many EZH?2 targets, which instead require active
writing of H3K36me2 by NSD1. We provide evidence for the importance of H3K36me2,
by showing that inhibition of KDM2A, one of the demethylases responsible for removing
H3K36me2, restores the effects of EZH2 inhibition in NSD1 knockout cells.

Collectively, our data demonstrate that SWI/SNF, NSD1 and EZH2 are part of an integrated
chromatin regulatory network whereby their distinct biochemical activities serve coordinated
roles in transcriptional regulation.

Limitations of the study

Biopsy samples are not available from pediatric RT patients who have been treated with
EZH2 inhibitors, and whose tumors have subsequently progressed, so we are presently
unable to screen for the occurrence of therapy-related mutations in NSD1. Moreover, we
cannot perform NSD1 ChlIP so we cannot assess the localization of NSD1 in relation to
H3K36me2 and H3K27me3.

STAR Methods

Resource availability

Lead Contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Charles W.M. Roberts
(Charles.Roberts@STJUDE.ORG)

Materials availability—Plasmids and cell lines generated in this study will be available
upon request.
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Data and code availability

. The next-generation-sequencing data generated by this study have been
deposited to GEO database under accession number GEO: GSE178490

. Publicly available ChIP and RNA-Seq were obtained from GEO accession:
GSE90631 and GSE71506 and analyzed with consistent methods.

. Original western blot images have been deposited at Mendeley. The DOl is listed
in the key resources table.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this paper
is available from the lead contact upon request.

Experimental Model and Subject Details

Cell lines—G401 (male), G402 (female), A549 (male), TOV21G (female), HFF-1 (male),
HEK293T (female) and Pfeiffer (male) cell lines were obtained from ATCC. BT16 (male)
cells were obtained from C. David James, and TTC709 (unknown) cells were obtained from
B.E. Weissman. The cells were grown in their recommended media supplemented with 10%
fetal bovine serum and 1% Glutamax (Gibco) at 37°C and 5% CO,. All cell lines tested
negative for mycoplasma contamination.

Method Details

Drug treatment and cell proliferation assay—For longer-term EZH2 and KDM2
inhibition assays, 100,000 cells were seeded in 10-cm dishes and were treated with DMSO
(ATCC), GSK126 (ChemieTek, CT-GSK126), TC-E5002 (Tocris, Cat. No. 5089), or a
combination of these agents. After 1 week of growth, the cells were trypsinized and
quantified with a Countess automated cell counter (Thermo Fisher), and 200 treated cells
were reseeded in each well of 96 well plates. Cell growth was monitored either every 3-4
days by adding 20 pL of the cell titer aqueous reagent (Promega, Catalog#G3582) to each
well and measuring absorbance at 520 nm after 4 h, or by measuring cell confluency every
12 hours and calculating % confluency. Media with DMSO or drugs was changed every 3
days, and cells were maintained in culture for 2-3 weeks.

For short-term treatments with standard chemotherapeutics, 10 mM stocks in 100%

DMSO of vincristine (Tocris #1257), doxorubicin (CarboSynth #AC15377), D-actinomycin
(ApexBio #A4448), or etoposide (AG Chemicals #E2004) were dispensed in triplicate into
384-well flat-bottom tissue culture-treated solid white plates (Perkin Elmer, #6007688)
using a Labcyte Echo 555 acoustic Liquid Dispenser (Beckman Coulter Life Sciences,
USA). Fourteen-point dose-response curves were generated using 1:3 dilution intervals for
each drug with a range of 30 uM to 0.02 nM. The final DMSO concentration of all wells
was 0.313%, and an additional 24 wells of DMSO alone were used for normalization. Into
the compound-containing plates, the shControl and shNSD1 cell lines were added at density
of 2000 cells/well in volumes of 40 UL using an Integra multichannel pipette and settled

for 20 seconds at 100x g in an Eppendorf 5810 centrifuge. Plates were then incubated

at 37°C in 5% CO, for 72 hours in a Thermo Scientific Stericult incubator. Following
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incubation, the plates were placed at room temperature for 20 minutes prior to viability
assessment. 25 uL of CellTiter-Glo (Promega Catalog# G9241) was then added to each well
to measure viability using a Multidrop Combi and the plates then incubated for an additional
25 minutes at room temperature. Luminescence was then detected with an EnVision 2102
Multilabel Plate Reader (PerkinElmer Life Sciences, USA). All raw luminescent values were
normalized to the mean of 24 wells of 0.313% DMSO, the triplicate values plotted, and
regression performed in GraphPad Prism to generate EC50s.

CRISPR-Cas9 screen and target identification—G401 and G402 RT cells stably
expressing Cas9 (each cell line in triplicate) were infected with the Avana library of

74,687 barcoded sgRNAs including guides targeting 18,454 genes (with an average of

4 guides per gene) and 55 intergenic control sites, and 1003 non-targeting guides. Cells
were infected at a low MOI (0.3) to ensure the majority of the cells was infected with

only one guide and selected with puromycin for 3 days. After selection (d0) each pool of
cells was split into 2 aliquots: one was harvested (d0) and the 2" was further cultured in
the presence of 5uM GSK126 for 20 days, prior to harvesting (d20). During the culture

of cells in GSK126, at least 20 million cells in each replicate were passaged to ensure
adequate library representation. gDNA was isolated from cells harvested at dO and d20, and
barcoded sgRNAs were PCR amplified and sequenced. The average Log fold change (LFC)
for each guide RNA was calculated in d20 versus d0 samples using the hypergeometric
analysis tool (https://portals.broadinstitute.org/gpp) and a threshold of p<0.01 (-log_p value
>2.0) was applied to identify significant changes. Furthermore, the 2 target lists (G401,
G402) were manually annotated to identify sgRNAs that scored in both cell lines and to
exclude enrichments identified in RT cell lines by the Achilles project (https://depmap.org/).
Candidate targets were defined as having 4 perturbations, a log.2. pvalue >=2, an average
log2FC > 0 for enrichment and average log2FC < 0 for depletion. Enriched and depleted
candidates were defined for each G401 and G402 and a Venn diagram was used to evaluate
the overlap. The supertest function (SuperExactTest v1.0.7) was used to evaluate if the
overlap was significant setting n=20,687 (for all protein coding genes).

CRISPR-Cas9 pools and growth fitness assay—G401 NSD1 knockdown pools
were generated by using CRISPR-Cas9 technology. Briefly, 300,000 G401 cells were
transiently transfected with precomplexed ribonuclear proteins consisting of 150 pmol of
chemically modified sgRNA (5"-UCUCCAACUUCAUACUUCAG-3’, Synthego) and 50
pmol of Cas9 protein (St. Jude Protein Production Core) via nucleofection (Lonza, 4D-
Nucleofector™ X-unit) with solution P3 and program EH-100 in a small (20-ul) cuvette
according to the manufacturer protocol. A portion of the cells was collected at days 7, 14,
and 21 post nucleofection, harvested for genomic DNA, and sequenced via targeted deep
sequencing with gene-specific primers with partial Illumina adapter overhangs (NSD1.F,
5’-catacattgctttttcagaaggct-3” and NSD1.R, 5”-acaccaattcattcacaaaatgttc-3”; overhangs not
shown). Next-generation sequencing analysis of the edited cell pools was performed

with CRIS.py (Connelly and Pruett-Miller, 2019). Protein knockdown was confirmed by
immunoblot analysis. In the growth fitness assays, all indels were binned into in-frame,
out-of-frame, or 0-bp indels.
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Plasmids and lentivirus production for cell culture.—shRNA

targeting human NSDZI (#1: 5'-CCGAGACGTCTCAGGTTAATC-3’,

#2: 5'-TCCAGTGAGAACTCGTTAATA-3), KDMZA (#1:5-
GCTTGAGAGATCCTCTGATTT-3', #2: 5'-GCTTACTCCACCGGCTGATAA-3’,
#3:5’- TTCGCTATCCATTCTACTATG-3") and control shRNAs (shCTRL:5’-
CCTAAGGTTAAGTCGCCCTCG-3’) were cloned into the pLKO.1 or pLKO.5-puro
vectors (Sigma). Inducible expression vectors for N-terminal \V/5-tagged SMARCBI or
GFP as control used TET3G (pLV[Exp]-Bsd-CMV>Tet3G (VB180621-1181ctz)) regulatory
protein and TRE3G-driven expression vectors (pLV[Exp]-Puro-TRE3G>V5/hSMARCB1
(vectorbuilder 180622-1078xvz) and pLV[Exp]-Puro-TRE3G>EGFP (vectorbuilder
180621-1204vsc)).To generate lentiviral particles, 293-RTV (ATCC) cells were co-
transfected with an envelope plasmid (pVSVG), packaging vector (psPAX2), and ShRNA,
TET3G or SMARCBL1 expression vectors with PEI Pro (Polysciences Inc.). The medium
containing the lentiviral particles was harvested 48 and 72 h after transfection and
centrifuged at 20,000 r.p.m. for 2h at 4 °C. Virus-containing pellets were resuspended

in PBS and the viral titer was determined. 48 h after transduction, transduced cells

were selected in the presence of 1 pg/mL puromycin. pVSV-G was a gift from Akitsu
Hotta (Gee et al., 2020)(Addgene plasmid # 138479 ; http://n2t.net/addgene:138479 ;
RRID:Addgene_138479). psPAX2 was a gift from Didier Trono (Addgene plasmid #
12260 ; http://n2t.net/addgene: 12260 ; RRID:Addgene_12260).

Generation of SMARCB1 inducible G401 cells—60K G401 cells were infected for
24hrs with TRE3G virus at an MOI of 5. Cells were washed with PBS, maintained for

2 days in absence of selection, followed by 7 days of Blasticidine treatment (2 pg/ml).
G401-TET3G cells were then infected for 24hrs at an MOI of 5 with either Dox-inducible
TRE3G driven GFP or V5-SMARCBL viruses. After 24hrs, cells were washed with PBS,
maintained in absence of selection for 48 hours followed by 7 days of Blasticidine (2 pg/ml)
and Puromycin (1pg/ml) selection.

Immunoblotting.—Fractionated or whole-cell lysates were dissolved in 1x LDS sample
buffer containing 2.5% p-mercaptoethanol and resolved by SDS-PAGE on 4%-12% Bis-
Tris-polyacrylamide gels with 1x MOPS buffer. Proteins were transferred to a nitrocellulose
membrane in 1x Tris-Glycine buffer overnight at 30V at 4°C. The transferred proteins

were blocked in 5% nonfat milk in TBS containing 0.05% Tween-20, probed with

primary antibodies overnight at 4°C, washed, and detected with horseradish peroxidase-
conjugated anti-rabbit or anti-mouse secondary antibodies (GE Healthcare). Primary and
secondary antibodies are described in Key Resource Table. Immunoblot bands for histone
modifications and total H3 were quantified using ImageJ and the average ratio of each mark
to total H3 is displayed.

Histone acid extraction, histone derivatization, and analysis of
posttranslational modifications by nano-liquid chromatography/mass
spectrometry—Acid extraction of histones was performed as described by Bhanu NV

et al. (Bhanu et al., 2020). In brief, adherent cells were washed once in 1x ice-cold PBS,
scraped, and pelleted. Cell pellets were lysed in nuclear isolation buffer (15 mM Tris-HCL,
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pH 7.5; 60 mM KCI; 15 mM NaCl; 5 mM MgCly; 1 mM CaClsy; 250 mM sucrose; and 1x
protease and phosphatase inhibitor cocktail (Thermo Fisher) containing 0.3% NP-40 on ice
for 5 min. Nuclei were pelleted and resuspended in 0.2 M H,SOy, followed by 1.5 h rotation
at 4°C. After centrifugation, supernatants were collected, and proteins were precipitated in
33% TCA for 2 h on ice, washed with acetone, air-dried, and resuspended in deionized
water. Protein concentrations were measured via BCA assay (Pierce/Thermo).

Approximately 20 pg of acid-extracted histones were chemically derivatized to propionylate
the unmodified lysine residues. The derivatized histones were digested in 1 pg trypsin/20

ug histones at 37°C overnight. The resulting peptides were desalted and eluted in 70%
acetonitrile/0.1% formic acid. The peptide samples were injected directly for MS without
liquid chromatography at a 1 pg/pL concentration with a TriVersa NanoMate (Advion)
(Bhanu et al., 2020). The samples were programmed for analysis and acquired by contact
closure in the Orbitrap Fusion Tribrid (Thermo Scientific). The samples were injected with
voltage of 1.7 kV and gas pressure of 0.5 psi in the Nanomate. All scans were acquired

in the Orbitrap at 240,000 resolution for full MS and at 120,000 resolution for MS/MS.
MS2 scans were performed in HCD for accurate identification of approximately 44 isobaric
peptides. The automatic gain control target for the tSIM-MSX scans was 108 ions (Bhanu et
al., 2020).

Histone peptide quantification: The in-house software EpiProfileLite was customized
for direct infusion MS and is available on GitHub at https://github.com/zfyuan/
EpiProfileLite (includes the user guide). The raw files were searched for intensities of
histone peptides in MS scans and were used to calculate the relative ratios of all forms and
PTMs for each histone peptide. Targeted preset MS/MS scans were analyzed to identify
unique fragment ions in the MS/MS scans and were extracted to discriminate isobaric
peptide intensities from the MS scans. In all, we quantified 29 peptide sequences with 45
PTMs (methylations, acetylations, and phosphorylations) for a total of 151 histone marks
plus 16 unmodified histone peptides.

Chromatin fractionation.—Chromatin fractionation was performed using approximately
2 x 107 cells per fractionation. Cells were washed once using room temperature PBS, then
scraped and collected in ImL cold PBS with protease and phosphatase inhibitors. Cells were
then resuspended in 1 mL Buffer A (20mM HEPES pH 7.4, 10mM KCI, 0.2mM EDTA, 1x
protease and phosphatase inhibitor cocktail) and incubated on ice for 10 minutes. Then cells
were incubated with 0.5% NP-40 for one minute and centrifuged. Supernatant was removed,
and nuclei were resuspended in cell lysis buffer (20mM Phospho-Buffer pH7.5, 150mM
NaCl, 1x protease and phosphatase inhibitor cocktail) and incubated for 20 minutes at 4°C
with rotation. Nuclei were centrifuged and supernatant was kept as the nuclear soluble
fraction. The pellet was suspended in 250ul 2xLDS+5% b-mercaptoethanol, heated for 10
minutes at 95°C, then passed through a 26g needle to homogenize the sample, and finally
heated again for 10 minutes at 95°C. The nuclear soluble fraction was quantified using a
BCA assay.
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Total cell lysis—Approximately 2 X 108 cells were collected, washed once in PBS and
resuspended in 500ul 2xLDS+5% B-mercaptoethanol. Samples were heated at 95°C for 10
minutes, passed through a 26G needle, then heated again for 10 minutes at 95°C.

Immunoprecipitation—Cellular fractionation was performed using approximately 2 x
107 cells per fractionation. Cells were washed once using room temperature PBS, then
scraped and collected in 1ImL cold PBS with protease and phosphatase inhibitors. Cells were
resuspended in 1 mL Buffer A (20mM HEPES pH 7.4, 10mM KCI, 0.2mM EDTA, 1x
protease and phosphatase inhibitor cocktail) and incubated on ice for 10 minutes, incubated
with 5% NP-40 for one minute and centrifuged. Supernatant was removed, and nuclei were
resuspended in cell lysis buffer (20mM Phospho-Buffer pH7.5, 150mM NaCl, 1x protease
and phosphatase inhibitor cocktail). Approximately 1% nuclease (Thermo Fisher 88702)
was added to each sample and incubated for 20 minutes in the cold room with rotation.
Samples were incubated for 20 minutes at room temperature, pipetting every 5 minutes.
Finally, they were centrifuged for 10 minutes at 4°C and the supernatant concentration was
quantified using BCA. Approximately 250ug of protein was used for each IP, with 10%
taken for input. Primary antibody was pre-bound to 50 uL Protein G Dynabeads (Thermo
Fisher 10004D) for 10 minutes at room temperature. Lysates were combined with the
antibody-bound beads and incubated for one hour at 4°C. Then, the beads were washed
three times with Cell Lysis Buffer and resuspended in 100ul 2xLDS+5% B-mercaptoethanol.
They were eluted at 95°C for 10 minutes, and then transferred to a new tube.

Chromatin immunoprecipitation.—Cross-linking ChlP in RT and Pfeiffer cell lines
was performed using approximately 2 x 107 cells per immunoprecipitation and the Covaris
True-ChlP kit per manufacturer’s instructions. Before fixation, the medium was aspirated,
and cells were washed once with room temperature PBS. Cells were cross-linked directly
on the plate using 1% paraformaldehyde for 10 min at room temperature with gentle
shaking and glycine added to quench (final concentration 125 mM, incubated for 5 min

at room temperature). Cells were washed once with cold PBS, scraped off the plates and
pelleted. Nuclei were then prepared for sonication according to the Covaris True- ChIP kit
manufacturer’s instructions. Chromatin extracts were sonicated for 8 min using a Covaris
E220 focused ultrasonicator at a peak power of 140, a duty factor of 5 and 200 cycles

per burst. For ChIP with reference exogenous genome (ChIP-RXx) for histone PTMs, after
centrifugation soluble chromatin was spiked with Drosophila chromatin (Active Motif).
The lysates were incubated with primary antibodies bound to 50 uL protein G Dynabeads
(Invitrogen) and incubated 4h at 4 °C with 5% kept as input DNA. Magnetic beads were
sequentially washed with low-salt buffer (150 mM NacCl, 0.1% SDS, 1% Triton X-100, 1
mM EDTA and 50 mM Tris-HCI), high-salt buffer (500 mM NaCl, 0.1% SDS, 1% Triton
X-100, 1 mM EDTA and 50 mM Tris-HCI), LiCl buffer (150 mM LiCl, 0.5% sodium
deoxycholate, 0.1% SDS, 1% Nonidet P-40, 1 mM EDTA and 50 mM Tris-HCI) and TE
buffer (1 mM EDTA and 10 mM Tris-HCI). Beads were resuspended in elution buffer (1%
SDS, 1mM NaHCOs3) and incubated for 30 min at 65 °C, with shaking. The eluate was then
reverse-cross-linked overnight at 65 °C with 5M NaCl. Next, the eluate was treated with
RNaseA for 30 minutes at 37 °C, no shaking, and with Proteinase K (Invitrogen) for 2 h at
65 °C, shaking. The DNA was recovered using a Zymo ChIP DNA elution Kit.
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Cut & Run—Cut & Run was performed using the Epicypher Cutana Cut&Run Kit v2.0.
Spike-in controls and buffers were prepared according to the manufacturer’s protocol.
Streptavidin (SA) beads were resuspended in pre-wash buffer (20 mM HEPES pH 7.5,

150 mM NaCl) and aliquoted to incubate for 30 minutes at room temperature on a nutator
with Cutana Spike-in Control dNucs (unmodified, H3K4mel, H3K4me2, H3K4me3).
Cutana H3K4 MetStat Spike-in controls were washed with pre-wash buffer, combined,

and resuspended in Antibody Buffer (20 mM HEPES pH 7.5, 0.5 mM Spermidine, 0.08%
digitonin (Cell Signaling Technology), 2 mM EDTA). Concanavalin A (ConA) beads were
resuspended and washed with Bead Activation Buffer (20 mM HEPES pH 7.9, 10 mM KClI,
1 mM CaCl,, 1 mM MnCly). For each sample including positive and negative controls,
500,000 cells were harvested, washed with Wash Buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 0.5 mM Spermidine), and combined with activated beads. Cells were bound to beads
for 10 minutes at room temperature. Cells were resuspended in Antibody Buffer (20 mM
HEPES pH 7.5, 150 mM NacCl, 0.5 mM Spermidine, 0.08% Digitonin, 2 mM EDTA).
Cutana H3K4 MetStat Spike-in controls were added to H3K4me3 (positive control) and 1gG
(negative control) samples. Samples were incubated with 0.5 ug antibody overnight on the
nutator at 4°C.

Cells were washed with Cell Permeabilization Buffer (20 mM HEPES pH 7.5, 150 mM
NaCl, 0.5 mM Spermidine, 0.08% Digitonin), before incubating with pAG-MNase for 10
minutes at room temperature. Cells were again washed with Cell Permeabilization Buffer
and incubated with 2 mM Calcium Chloride on the nutator for 2 hours at 4°C. Stop Buffer
(340 mM NaCl, 20 mM EDTA, 4 mM EGTA, 50 pg/mL RNase A, 50 pg/mL Glycogen)
and E. coli spike-in DNA was added and incubated for 10 minutes at 37°C. Supernatant
was transferred and DNA was extracted using Phenol Chloroform. To the supernatant, SDS
was added to a final concentration of 0.1% and proteinase K was added to incubate for

10 minutes at 65 °C. One volume of 4°C Phenol:Chloroform:isoamyl-alcohol was added,
and supernatant was centrifuged at maximum speed for 5 minutes in phase-lock tubes. The
aqueous layer was precipitated by adding 1/10 volume 3M sodium acetate, glycogen and 2
volumes 100% ethanol and by incubating for 2 hours at —80°C. Samples were centrifuged
at maximum speed for 45 minutes at 4°C. DNA pellet was washed with 70% ethanol. Pellet
was then resuspended in TE Buffer.

RNA sequencing—RNA was extracted with Trizol and the DirectZol Mini Prep Plus

kit (Zymo Research, R2070). RNA was quantified by using the Quant-iT RiboGreen

assay (Life Technologies) and quality checked with a 2100 Bioanalyzer RNA 6000

Nano Assay (Agilent) or the LabChip RNA Pico Sensitivity Assay (PerkinElmer) before
library generation. The libraries were prepared from total RNA with the TruSeq Stranded
mRNA Library Prep kit according to the manufacturer instructions (Illumina). The libraries
were analyzed for insert size distribution with a 2100 BioAnalyzer High Sensitivity

kit (Agilent Technologies) or Caliper LabChip GX DNA High Sensitivity Reagent kit
(PerkinElmer). Libraries were quantified by using the Quant-iT PicoGreen dsSDNA Assay
(Life Technologies) or low-pass sequencing with a MiSeq Nano kit (Illumina). One hundred
cycle paired-end sequencing was performed with a NovaSeq 6000 instrument (Illumina).
The RNA-seq reads were mapped to the human GRCh37-lite reference genome with STAR
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(Dobin et al., 2013). Gene level counts were quantified by RSEM (v1.3.1) with GENCODE
version 19 Ensembl 74 annotation. The read counts were further normalized with the
trimmed mean of the M values (Robinson and Oshlack, 2010) method from the R package
EdgeR. Differential gene expression analysis was performed with the ImFit and eBayes
functions of the R package limma (v3.42.2 voom function) including a variable to model

the preparation batch effect (Law et al., 2014). The genes were considered differentially
expressed if their adjusted P values were lower than 0.05 and the FC was higher than

0. Heat maps were generated using z-score, row scaled, normalized expression for DEG.
Transcription factor target gene enrichment analysis was performed on defined gene lists
(up or down regulated genes) using Enrichr (v2.1) and the ChEA 2016 database. Gene
ontology enrichment analysis on up or down regulated gene lists was performed using the
GO Enrichment Analysis, by Panther (http://geneontology.org/). GSEAPreranked (v3.0) was
used to evaluate the relationship between transcriptional changes in response to loss of
NSD1 and upon EZH2 inhibition. To achieve this, custom gene sets (in the gmt format) were
generated for up and down regulated genes in response to loss of NSD1. To generate the rnk
file, representing expression changes upon EZH2 inhibition, all genes were ranked based on
log2FoldChange.

ChlP-seq data analysis—Single-end reads of 50 bp were mapped to the human

genome hgl9 (GRCh37-lite) and the Drosophila melanogaster genome dmé6 (Ensembl r97
BDGP6.22) hybrid by BWA (version 0.7.12-r1039, default parameter) (Li and Durbin). The
duplicated reads were then marked by biobambam2 (version 2.0.87) (Tischler and Leonard,
2014). After the duplicated reads were marked, bam files were then split by either the
human bam file or the Drosophila melanogaster spike-in bam file. For the spike-in bam
files, we counted the nonduplicated reads with samtools. For the human bam files only, the
nonduplicated reads were maintained by samtools (version 1.2, parameter -q 1 -F 1024) (Li
et al.). We then followed the ENCODE guideline (Landt et al.) for quality control, as we
have previously described (Yang et al.). After confirming that the quality of the reads were
adequate, we extended the reads to fragment size (detected by SPP v1.1) (Kharchenko et
al., 2008) and generated bigwig tracks for visualization. Expecting genome-wide equivalent
changes in H3K27me3, we normalized the bigwig tracks to 100 kb uniquely mapped spike-
in reads (i.e., we doubled the track heights for the human genes if the samples had 50

kb of uniquely mapped spike-in reads). For the other samples, we normalized them to

15 x 10° nonduplicated reads and further divided them by scaling factors estimated with
ChIPseqSpikelnFree (Jin et al., 2019). For example, ChlPseqSpikelnFree estimated a scaling
factor of 2 for 45 x 105 nonduplicated reads; therefore, the height for bigwig would be
divided by 1.5 (45/1.5/2).

We called the peaks with MACS2 (version 2.1.1.20160309, parameters --nomodel --extsize
fragment size) and called peaks with SICER (version 1.1; default parameters: false discovery
rate [FDR] cutoff = 0.00001) for H3K27me3 and H3K36me2. To assure replicability, we
first finalized the reproducible peaks for each group as only a retained peak if it was called
with a stringent cutoff (FDR correct < 0.05 in MACS2) in one sample and at least called
with lower cutoff (FDR correct £< 0.5 in MACS?2) in the other sample. The peaks were
further merged between the groups, and we counted the reads extended to the fragment
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size from each of the samples with bedtools (version 2.24.0) (Quinlan and Hall, 2010). For
H3K27me3 and H3K36me2, we retained the best resolution and broad domains by further
merging the reproducible peaks called by MACS2 and SICER so that the SICER peaks
overlapping the MACS2 peaks were excluded and the remaining SICER peaks were merged
into the MACS?2 peaks to create the reference peak set. Correlation plots confirmed that

the libraries were reproducible between biological replicates. We then counted the extended
reads to estimate the fragment size by SPP for each sample at these reference peaks. For
H3K27me3, the spike-in read counts were provided as a scaling factor for normalization
before the tests; otherwise TMM normalizations were used. After normalization, empirical
Bayesian statistical tests were performed, along with linear fitting with the voom package
(R 3.23, edgeR 3.12.1, limma 3.26.9) (Law et al.) to find the differential modified binding
regions. We used a Pvalue of 0.05 and FC >2 as cutoffs. Differentially modified regions
were annotated with all genes living within 2-50kb Gencode annotation database (version
241ift37) (Harrow et al., 2012). Heatmaps and metaplots were generated with deeptools
using either the scale-region of reference point depending on mark (version 2.5.7) (Ramirez
et al., 2016) with the averaged, normalized coverage and custom region sets. Region sets
include differentially modified regions upon loss of NSD1 and differentially expressed
genes.

For the window-based analyses, we generated 10-kb window bed files with bedtools and
extracted mean signals from bigwig files by bwtool (Pohl and Beato, 2014). We added the
pseudo-value 0.01 to avoid a 0 value for calculating the log2 fold change. We plot the dots
density calculated by smoothScatter function from R (geom_raster function from ggplot2)
such that each dot is 10-kb window with x/y-axis as log2 fold change. For gene-based
annotation, we used the Gencode annotation database (version 24lift37) (Harrow et al.,
2012).

For density plots, FPKM values for each reference peak have been extracted from
differential analysis, we further separated the peaks by their annotation groups and plot
their kernel density for control and shNSD1.

CUT & RUN data analysis—Paired-end reads of 75 bp were mapped to the

human genome hgl9 (GRCh37-lite) and the Escherichia coli genome r46 (Ensembl r46
ASMb584v2) hybrid by BWA (version 0.7.12-r1039, default parameter) (Li and Durbin,
2009). The duplicated reads were then marked by biobambam2 (version 2.0.87) (Tischler
and Leonard, 2014). After the duplicated reads were marked, bam files were then split by
either the human bam file or the Escherichia coli spike-in bam file. For the spike-in bam
files, we counted the nonduplicated reads with samtools. For the human bam files only, the
uniquely, properly paired reads were extracted by samtools, (version 1.2, parameter -q 1 -F
1804) (Li et al., 2009) sorted based on read name, (biobambam?2) and bedtools was used to
convert to BEDPE format. Fragment sizes <2000bp were extracted and the center 80bp of
each fragment were used to generate normalized (to 10 million fragments) bigwig tracks for
visualization. Peaks were called using MACS2 (-f BEDPE -g hs —keep-dup -q 0.05). The
union of all peaks identified in G401 GFP sgCTRL and sgNSD1 were taken using bedtools
merge. Normalized coverage was plotted across union peak centers and illustrated in a heat
map using deeptools.
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Data integration analysis—Averaged bigwigs were generated for ChIP or RNA-

Seq by (1) combining replicates UCSC-bigWigMerge, (2) sorting combined bedgraphs
(LC_COLLATE=C sort -k1,1 -k2,2n), (3) averaging the 41" bedgraph column based on
number of input replicates using awk, and (4) converting to bigwig format using UCSC
bedGraphToBigWig and hg19 chromosome sizes. Venn Diagrams were generated in R
(v3.6.1) using VennDiagram (v1.6.20). Statistical significance and fold enrichment of
overlap were computed using SuperExactTest (v1.0.7) setting n = 20,687 for the number
of total protein coding genes. A custom gene set was created based on genes overlapping
10kb windows of H3K36me2 loss (log2FC < —0.52, the first quartile value) (sShNSD1
vs. sShCTRL). Pre-ranked GSEA was used to evaluate the relationship of these genes and
expression changes in response to EZH2 inhibition (DEG EZH2i vs. DMSO). SMARCB1
target genes were defined as (1) significantly up regulated upon SMARCB1 add back
and (2) contained a SMARCCL1 (GSE90631) binding peak (bedtools intersect). To identify
differentially expressed genes that live nearby differentially modified regions, candidate
gene coordinates (hiomaRt v2.45.7) were extended (bedtools v2.29.2 slop -b 20000) and
intersected (bedtools intersect) with previously defined differentially modified regions of
H3K36me2. Prior to evaluating if distributions (log2FC or FPKM) significantly differ,
normality was evaluated using the Shapiro-Wilk test. When distributions significantly
differed from the normal distribution, the Wilcoxon rank sum test was applied. IGV
(Robinson et al., 2011) (v2.6.2) was used to visualize RNA-Seq and ChlP-Seq average
normalized coverage at candidate loci.

Analysis of co-mutation and exclusivity in focused cohort—For our initial
analysis we used cBioportal and queried almost all existing datasets consisting of 63,676
samples from 60,905 patients. We looked for mutations in NSD paralogs NSD1, NSD2,
and NSD3, SWI/SNF subunits frequently mutated in cancer (Mittal and Roberts, 2020) and
known tumor suppressors TP53, CDKN2A and RB1 as “negative” controls. To increase the
strength of our analysis we excluded alterations (mutations, structural variants and copy
number) of unknown significance. To account for the heterogeneous nature of the large
number of different studies hosted by cBioportal, as well as the challenges in determining
pathogenicity of somatic variants, we next performed a focused analysis by using the
clinical sequencing data generated by MSK (Zehir et al., 2017), which included 10945
samples (last accessed July 15, 2021) profiled by the MSK-IMPACT platform and are
expected to have minimal analytical bias as well as large enough cohort size. 9418 variants
were downloaded from cBioportal (July 15, 2021; Tables S11 and S12). We first analyzed
putative pathogenicity of these variants by using PeCanPIE/MedalCeremony (Edmonson et
al., 2019), and compared the pathogenicity classification with the “Driver” status provided
by cBioportal. We found that gene ARID2 has substantial under calling of pathogenicity
by cBioportal (15 variants called as driver mutations by CBioportal versus 214 additional
variants called as pathogenic/likely pathogenic by PeCanPIE/MedalCeremony). Together,
we rescued 348 pathogenic and likely pathogenic SNV/Indel variants and also identified 9
potential false positives (homopolymer Indels) (Table S13). Upon removing duplicates (a
gene may have more than 1 mutation in a given sample (ARID1A in P-0000069-T01-1M3)),
these data (Table S13) were next used to detect co-mutations and mutual exclusivity (Table
S14) by using a similar procedure as cBioportal. Briefly, for each gene pair A and B,
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we counted samples with mutation status of 1) Both mutated, 2) A mutated but not B,

3) B mutated but not A, and 4) Neither mutated. These four numbers were then subject

to two-sided Fisher’s Exact Test (R version 3.4.2). The P values were then corrected for
multiple testing by using package “qvalue” (R version 3.4.2). This focused analysis further
supports the findings from our initial analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NSD1 loss confers resistance to EZH2 inhibition.
(A) Schematic overview of the CRISPR screen.

(B) Differential enrichment of gRNAs in the CRISPR-Cas9 screen of EZH2i treated G401
cells. The x-axis represents the log fold change of targets based on averaged sgRNA
abundance at day 20 vs. day 0 in the presence of GSK126. Positive (red) values represent
genes that when deleted provide resistance to GSK126 whereas negative (blue) values
represent gene deletions that sensitize cells to GSK126 treatment. The screen was performed
with two RT cell lines (G401 and G402) with n=3 biological replicates.

(C) CRISPR-based competitive fitness. NSD1 was targeted with sgRNA in G401 cells and
genomic DNA sequenced after 0, 7, 14- and 21-days treatment with GSK126. All indels

Mol Cell. Author manuscript; available in PMC 2023 July 07.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Drosos et al.

Page 29

were binned into in-frame, out-of-frame, or 0-bp. Student’s t-test,*=<0.01, ***=<0.0001,
n=3 biological replicates.

(D and E) Proliferation curves of RT (D) and non-RT SWI/SNF mutant (E) cell lines after
NSD1 knockdown and treatment with EZH2 inhibitor GSK126. Proliferation was assessed
by a modified MTT assay (MTS).

(F) Proliferation of the Pfeiffer lymphoma cell line after NSD1 KO and treatment with either
DMSO or GSK126. Proliferation was assessed by cell counting.

(G) Sensitivity of G401 NSD1 KO cell lines to EZH2 inhibitor Tazemetostat.

(H-K) Proliferation of G401 control and NSD1-depleted cells after treatment with standard
of care therapeutics vincristine (H), etoposide (1), dactinomycin (J) and doxorubicin (K).
Proliferation was assessed by Cell Titer Glo assay at 72 hours of treatment.

For all viability assays, two-way Anova with Turkey’s test for multiple hypothesis correction
was used. Error bars represent means +s.d. (n=2-3 biological replicates, 3 technical
replicates). *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 2. NSD1 depletion leads to H3K36me2 loss and concomitant expansion of H3K27me3

domains.

(A) Immunoblot analysis of G401 and BT16 RT cells upon NSD1 knockdown, with
quantification of histone marks normalized to total H3.
(B) Scatter plot analysis of sites differentially enriched for H3K36me2 and H3K27me3 in
ChIP-seq analyses of G401 cells subject to NSD1 knockdown. Significance computed using
empirical Bayesian statistical tests and linear fitting, see methods for details.

(C) Density plot analysis using 10Kb window segmentation to reveal the relationship
between sites of change in H3K27me3 and H3K36me2 upon NSD1 knockdown in G401
RT cells. The genome was segmented into 10Kb bins, and the log2 fold changes were
calculated. The plot represents log2 fold change of H3K36me2 and H3K27me3 signal in

10Kb windows.

(D) H3K36me2 distribution in H3K27me3-defined genomic regions. The genome was
classified into 3 groups based on H3K27me3 levels in sShCTRL cells (see text for details).
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H3K36me2 signal across four conditions (ShCTRL G401, shNSD1 G401 +/- EZH2
inhibitor, see methods) was defined and assigned to H3K27me3-based domains.

(E) Violin plots show differentially enriched H3K36me2 and H3K27me3 peaks (log2 fold
change) in shNSD1 vs. shCTRL G401 cells, in each H3K27me3-based domain.

(F) Genome browser tracks for H3K27me3 and H3K36me2 in G401 RT cells treated with
shCTRL or shNSD1. Significant H3K27me3 gains (red) and H3K36me2 losses (blue)

are depicted. Blue shaded domain=H3K27me3(+), yellow=H3K27me3(+) flanking and
pink=H3K27me3(-) domains

(G) Region-scaled heatmap visualization of H3K36me2 normalized ChlIP-seq coverage,
rank-ordered based on losses in sgNSD1 vs. control G401 cells, including averaged
normalized coverage for sgNSD2 and sgNSD3 cells (n=2).
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Figure 3. H3K27me3 erasure by EZH2 inhibition is independent of NSD1.
(A) Immunoblot analysis of either control or NSD1 depleted G401 (RT), BT16 (RT), A549

(SMARCA4PeN and Pfeiffer (EZH2 hypermorph) cells upon EZH2 inhibition.

(B) Kernel density plot of H3K27me3 density (fragment length per kilobase/million read
(FPKM)) for control and NSD1 depleted cells EZH2 inhibition.

(C) Density plot showing the relationship between the genome-wide changes in H3K27me3
in control vs NSD1 depleted cells upon EZH2 inhibition, using 10kb genome segmentation
analysis. Each dot is a 10-Kb window with x/y-axis as log2 fold change.

(D) Region scaled heatmap of H3K36me2, and H3K27me3 ChlP-seq data, of H3K36me2
peaks +/- 3Kb and grouped by changes in K36me2 upon NSD1 knockdown. Significance
computed using empirical Bayesian statistical tests and linear fitting, see methods for details.
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(E and F) Density plots of relationship between genome-wide changes in H3K27me3 and
H3K36me2 using genome segmentation analysis in control (E) and NSD1 depleted (F) cells
upon EZH2 inhibition.

(G) Region scaled heatmap visualization of H3K36me2 and H3K27me3 ChlP-seq data, of
the H3K36me2 peak regions +/- 3Kb and grouped by changes upon EZH2 inhibition in
shCTRL cells. Significance computed using empirical Bayesian statistical tests and linear
fitting, see methods for details.

(H-J) Violin plots show differentially enriched H3K36me2 peaks (log2 fold change) in
either G401 control (H), NSD1 depleted () or both (J), upon EZH2 inhibition, in each
H3K27me3-based domain.

For all EZH2 inhibition experiments, cells were treated with either DMSO or 1uM GSK126
for 3 days.
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Figure 4. Transcriptional de-repression following EZH2 inhibition depends on NSD1.
(A) Heatmap of 1,041 differentially expressed genes (789 Up, 252 Down, log2 fold

change>0 or<0, adjusted p value <0.05, significance computed using empirical Bayesian
statistical tests and linear fitting) in control or NSD1 depleted G401 cells upon EZH2
inhibition. Each column represents a biological replicate and rows are hierarchically
clustered based on gene expression z-scores (see methods for details).

(B) Gene ontology analysis of the 789 genes upregulated upon EZH2 inhibition in control
G401 cells in (A). Only the top 10 out of the 363 total pathways with FDR<0.05 are shown.
(C) Binding and expression target analysis (BETA) of genes upregulated upon EZH2
inhibition and bound by EZH2 in untreated control cells. Each gene is assigned a regulatory
potential score based on its expression and binding by EZH2. The red and blue lines
represent genes up and down regulated upon EZH2 inhibition, respectively. The dashed line
represents genes unchanged or static upon EZH2 inhibition and represent the background.
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Genes are aggregated based on the “regulatory potential score” and ranked from high to low.
P-values are calculated using the Kolmogorov-Smirnov test.

(D) Peak centered heatmap of SUZ12 normalized ChlP-Seq coverage, rank-ordered based
on peak signal in untreated control and NSD1 depleted cells (n=1 replicate).

(E) Preranked GSEA using a gene set defined as genes up-regulated (adjusted p-value < 0.05
and log2FC > 0) upon EZH2 inhibition, compared to log2FC ranked genes differentially
expressed after NSD1 depletion.

(F and G) Preranked GSEA using a gene set defined as genes losing (log2FC < —0.4)
H3K36me2 upon NSD1 depletion (F) or EZH2 inhibition (G) compared to log2FC ranked
genes differentially expressed after EZH2 inhibition.

(H) Genome browser tracks depicting H3K27me3, H3K36me2 and RNA-seq reads upon
EZH2 inhibition in both control and NSD1 depleted cells.

(1) Schematic representation of the H3K36me2 role in transcriptional activation of Polycomb
repressed genes upon EZH2 inhibition.

For all EZH2 inhibition experiments, cells were treated with either DMSO or 1uM GSK126
for 3 days. For GSEA analysis, statistics were calculated by the GSEA tool ( methods for
details). NES=normalized enrichment score.
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Figure 5. NSD1 cooperates with SWI/SNF to activate transcription and induce differentiation.
(A) Analysis of intersection between genes downregulated in shNSD1 vs. shCTRL,

upregulated upon SMARCB1 addback + bound by SMARCC1, and upregulated upon EZH2
inhibition by Venn diagram and enrichment statistics (p-value computed using standard
Fisher’s exact Test for pairwise overlaps and “Exact Test of Multi-set Intersections” for

multi-list overlaps).

(B) Proliferation assays for G401 control and SMARCB1 cells with and without NSD1.
(C) Immunoblot analysis of G401 isogenic cell lines ectopically expressing GFP or

SMARCBI.

(D-F) Region-scaled heatmap visualizations of normalized ChIP-Seq coverage, rank-ordered
based on changes in SMARCB1-induced G401 cells vs control cells depicting sites of
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H3K36me2 gain (D), H3K27me3 loss (E) and H3K27ac gain at enhancers (F). n=2
biological replicates.

(G) Heatmap of the 289 genes that are both upregulated by SMARCBL1 addition and
downregulated by NSD1 loss. n=4 biological replicates per condition.

(H) Venn diagram of the 4,002 genes upregulated by SMARCB1 and bound by SMARCC1
and the 730 genes downregulated by loss of NSD1. There are 289 genes with significant
overlap (Fisher’s exact Test) among the 2 datasets (p=2.12E-38).

(1) Significantly enriched biological processes based on the 289 genes that require NSD1 for
upregulation by SMARCBL1.

(J) Co-immunoprecipitation analysis of NSD1, EZH2 and RING1B in G401 cells

upon SMARCB1 addback and schematic representation of the results. Representative
immunoblots from n=2 biological replicates.

(K) Analysis of mutation co-occurrence and mutual exclusivity in cancer patients using
cBioportal (see methods for details). Fisher’s Exact Test was used.

Mol Cell. Author manuscript; available in PMC 2023 July 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Drosos et al.

Page 38
A G401 shCTRL G401 shNSD1 HFF1 HEK293
14 140- 14 140-
120 120- A 12 120-
D 10 g 10 10 Q 100
é 8 é 8 E 8 E 80
£ s s £
2 a0 2 4 z 4 2 40
5 5 5 5
R 2 2 & 2
o o o
0 o S O o » N N O ° o o S O © S o o
FSELSS S FEFLS S FSEFHS S FEF &S
N EZH2i (M) W EZH2i (M) W EZH2i (M) W EZH2i (M)
B EZH2i (M)+KDM2Ai (10 uM) B EZH2i (11M)+KDM2Ai (10 M) I EZH2i (uM)+KDM2AI (10 uM) W EZH2i (11M)+KDM2Ai (10 pM)
B
G401 ShCTRL G401 ShNSD1 HFF1 HEK293
3q 3 3 0.6
£ 3 £ E
S 2] §2 /] 52 F 3 0.4
4 y
® ® / ® ®
a 1 a1 a1 / Q 0.2
o s} o o
0.
10 15 20 25 10 15 20 25 10 15 20 10 15 20
days days Days Days
-e-  ShCTRL+DMSO -e- ShNSD1+DMSO -e- DMSO -s- DMSO
=8 ShCTRL+EZH2i (1 uM) =~ ShNSD1+EZH2i (1 pM) & EZH2i (1 uM) & EZH2i (1 uM)
=¥ ShCTRL+KDM2A (10 uM) ¥ ShNSD1+KDM2AI (10 pM) % KDM2Ai (10 pM) =% KDM2Ai (10 uM)
= ShCTRL+EZH2i (1 uM)+KDM2Ai (10 uM) =+ ShNSD1+EZH2i (1 pM)+KDM2Ai (10 uM) =+ EZH2i (1 uM)+KDM2Ai (10 M) == EZH2i (1 pM)+KDM2Ai (10 pM)
c

G401 (SMARCB1P,NSD1"7)

% confluency refative to d0
5
5

—= ShCTRL+DMSO

~#- ShCTRL+EZH2i (1 uM)

~+= ShCTRL+KDM2Ai (10 uM)

~@- ShCTRL+EZH2i (1 iM)+KDM2A (10 pM)
ShKDM2A+DMSO

=6~ ShKDM2A+EZH2i (1 uM)

D
G401 (MRT-SMARCB1°¢)
ShCTRL ShNSD1
EzH2i: - + - + - + - +
KDM2Ai: *

N
< A
_
KDM2A S s s o s s s o
ACTIN S —————— —
H3K27me3 = == &= o

HIK36ME2 - v s e e e

HE ——— e

shRNAs:
EZH2i:
KDM2Ai:

NSD1

% confluency refative to d0

G401 (MRT-SMARCB1°¢)
SgCTRL SgNSD1
CTRL __ KDM2A __ CTRL __ KDM2A

KDM2A o o e e s
ACTIN S—
H3K27me3 W= - — - .= -
H3

G401 (SMARCB1P;NSD1+0)

Days

HFF-1
EZH2i: - + - +
KDM2Ai: - - + +

NSD1 L - -
KDM2A === s mn s

ACTIN S ——

H3K27me3 ==  w-

Horaome2 [N

H3  s———

=&~ ShCTRL+DMSO

=8~ ShCTRL+EZH2i (1 uM)

~#= ShCTRL+KDM2Ai (10 M)

=@~ ShCTRL+EZH2i (1 uM)+KDM2Ai (10 M)
ShKDM2A+DMSO

== ShKDM2A+EZH2i (1 uM)

HEK293T
EZR: =~ % = +
KDM2Ai: - - + +

NSD1 = - - -

KDM2A o s s s

ACTIN - ———

H3K27me3 == ==

H3K36Me2  m s

H3  ——

Figure 6. KDM2A inhibition restores sensitivity of NSD1-depleted cells to EZH2 inhibition.
(A) Clonogenic assay results from EZH2 and KDM2A inhibition of G401 control and NSD1

depleted cells treated for 14 days. Human fibroblasts (HFF-1) and HEK293T cells served as
controls. Each experiment was performed with n=2 biological replicates and n=3 technical
replicates and scanned by densitometry.
(B) TT-based proliferation curves of G401 control or NSD1 depleted cells treated with
either DMSO, EZH2i (GSK126) 1uM, KDM2A.i (TC-E5002) 10uM or a combination (n=3

biological replicates).

(C) Incucyte-based proliferation curves of G401 control and NSD1 depleted cells expressing
either shCTRL or shKkDM2A and treated with DMSO, EZH2i (GSK126) 1uM, KDM2A.
(TC-E5002) 10uM or a combination. Two-way Anova with Turkey’s test for multiple
hypothesis correction. Error bars represent means +s.d. (n=3 biological replicates). *p <
0.05; **p < 0.01; ***p < 0.001.
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(D) Immunoblot analysis of G401, HFF-1 and HEK293T cells treated with a combination
of 1uM GSK126 and 10uM TC-E5002 or with KDM2A shRNA, after 7 days of treatment.
Representative blots are shown from n=2 biological replicates.
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Figure 7. Proposed model of NSD1 action.
(A) In a proliferating progenitor cell, the activation of differentiation related genes results in

cessation of proliferation.

(B) The loss of SMARCBL in RT cells results in the replacement of SWI/SNF complexes
with Polycomb silencing complexes at differentiation driving genes, thus preventing
differentiation.

(C) Treatment of RT cells with EZH2 inhibitors leads to removal of H3K27me3
modifications and results in NSD1 writing H3K36me2 activating modifications in its place,
activating differentiation associated genes and causing cell arrest/death.

(D) The loss of NSD1 impairs the gain of H3K26me2 and blocks the cell death otherwise
caused by EZH2 inhibition.

Figure created with BioRender.com
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-NSD1

Antibodies, Inc.

Cat#75-280; RRID: AB_11001827

Mouse monoclonal anti-NSD2 29D1 Abcam Cat#ab75359; RRID: AB_1310816
Rabbit monoclonal anti-NSD3 D4N9N Cell Signaling Cat# 92056, RRID:AB_2800178
Rabbit monoclonal anti-BRG1 Cell Signaling Cat#49360; RRID: AB_2728743
Rabbit monoclonal anti-BAF155 Cell Signaling Cat# 11956; RRID: AB_2797776
Rabbit monoclonal anti-SMARCB1 Cell Signaling Cat#91735; RRID: AB_2800172
Mouse monoclonal anti-EZH2 Active Motif Cat# 39875; RRID: AB_2561022
Rabbit monoclonal anti-EZH2 Cell Signaling Cat#5246; RRID: AB_10694683
Rabbit monoclonal anti-SUZ12 Cell Signaling Cat#3737; RRID: AB_2196850
Mouse monoclonal anti-EED Millipore Sigma Cat#05-1320; RRID: AB_1586999
Rabbit polyclonal anti-EED Millipore Sigma Cat#09-774; RRID: AB_1587000
Rabbit monoclonal anti-BMI1 Cell Signaling Cat#6964; RRID: AB_10828713
Rabbit monoclonal anti-RING1B Cell Signaling Cat#5694; RRID: AB_10705604
Mouse monoclonal anti-b-Actin Sigma Aldrich Cat#A5441; RRID: AB_476744
Rabbit polyclonal anti-HSP90 Cell Signaling Cat# 4874, RRID:AB_2121214
Rabbit monoclonal anti-KDM2A Abcam Cat#ab191387

Mouse monoclonal anti-Lamin A/C Cell Signaling Cat# 4777, RRID:AB_10545756
Rabbit monoclonal anti-Histone H3 Cell Signaling Cat#4620; RRID: AB_1904005
Rabbit polyclonal H3K27ac Abcam Cat#ab4729; RRID: AB_2118291
Rabbit monoclonal H3K27me3 C36B11 Cell Signaling Cat#9733; RRID: AB_2616029
Rabbit polyclonal H3K36me2 Abcam Cat#ab9049; RRID: AB_1280939
Rabbit monoclonal Rabbit Control I1gG Cell Signaling Cat#3900; RRID: AB_1550038
Normal mouse 1gG Santa Cruz Cat#sc-2025; RRID: AB_737182
Drosophila spiked in antibody Active Motif Cat# 61686; RRID: AB_27370
Monoclonal mouse anti-Rabbit 1gG, light chain specific Jackson g’\gﬁggoli%ﬂl RRID:

Goat anti-mouse 1gG, light chain specific Jackson 2%?%28%3152174 RRID:
Chemicals, peptides, and recombinant proteins

GSK126 ChemieTek Cat#CT-GSK126

TC-E5002 Tocris Cat#5089

Vincristine (Tocris #1257 Tocris Cat#1257

Doxorubicin (CarboSynth #AC15377 CarboSynth Cat#AC15377

D-actinomycin (ApexBio #A4448 ApexBio Cat#A4448

Etoposide (AG Chemicals #£2004 AG Chemicals Cat#E2004

Dimethylsulfoxide (DMSO) ATCC Cat#4-X

Critical commercial assays

DirectZol Mini Prep Plus kit Zymo Research Cat#R2070

Quant-iT RiboGreen assay ThermoFisher Cat#R11490
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REAGENT or RESOURCE SOURCE IDENTIFIER

Epicypher Cutana Cut&Run Kit v2.0 Epicypher Cat# 14-1048

Covaris True- ChlP kit Covaris Cat#520154

Drosophila chromatin spike in antibody Active Motif Cat#61686

Dynabeads™ Protein G for Immunoprecipitation ThermoFisher Cat#10004D

RNase A ThermoFisher Cat#EN0531

Ptoteinase K ThermoFisher Cat#4333793

Nuclease ThermoFisher Cat#88702

Cell titer aqueous reagent Promega Cat#G3582

CellTiter-Glo Promega Cat#G9241

Halt™ Protease and Phosphatase Inhibitor Cocktail (100X) ThermoFisher Cat# 78446

Deposited data

RNAseq data This study GSE90631

ChlP-seq data This study GSE90631

Cut&Run data This study GSE90631

Uncropped immunoblot data This study Mendeley data doi: 10.17632/

fvzm88tm3v.2

Experimental models: Cell lines

G401 ATCC CVCL_0270

G402 ATCC CVCL_1221

A549 ATCC CVCL_0023

TOV21G ATCC CVCL_3613

HFF-1 ATCC CVCL_3285

HEK293T ATCC CVCL_0063

Pfeiffer ATCC CVCL_3326

BT16 Laboratory of Dr. C. CVCL_M156
David James

TTC709 Laboratory of Dr. B.E. CVCL_8007
Weissman.

Oligonucleotides

sgRNA for NSDI knockout: SP185.9g12 This study NA

5- UCUCCAACUUCAUACUUCAG-3

Forward primer for Next Generation Sequence (NGS) of the NSD1 gene This study NA

and assessment of indels:

5-CATACATTGCTTTTTCAGAAGGCT-3

Reverse primer for Next Generation Sequence (NGS) of the NSD1 gene This study NA

and assessment of indels:

5- ACACCAATTCATTCACAAAATGTTC-3

sgRNA for NSDZ knockout: g7 This study NA

5-CCAAAGUGUCGGGUUACCCU-3

Forward primer for Next Generation Sequence (NGS) of the NSD2gene This study NA

and assessment of indels:

5- AGCCTGGTGAATCCTTGGTCTTCTGG-3

Reverse primer for Next Generation Sequence (NGS) of the NSDZ2gene This study NA

and assessment of indels:

5-GCTGCAAAAATGAACCATAGCAGGGC-3

sgRNA for NSD3 knockout: g16 This study NA

5-AAACUGGACAUGAUAUUCUC-3
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REAGENT or RESOURCE SOURCE IDENTIFIER
Forward primer for Next Generation Sequence (NGS) of the NSD3 gene This study NA

and assessment of indels:

5-ACAGGTGCCCGAGAATATCA-3

Reverse primer for Next Generation Sequence (NGS) of the NSD3gene This study NA

and assessment of indels:

5- ACGATTAAAACAGCTGAAAGGGG-3

Recombinant DNA

Plasmid: pLKO_005-shNSD1-1 Sigma TRCN0000238371
Plasmid: pLKO_005-shNSD1-2 Sigma TRCN0000238372
Plasmid: pLKO.1-shKDM2A-1 Sigma TRCN0000022000
Plasmid: pLKO_005-shkKDM2A-2 Sigma TRCN0000359598

Plasmid: pLV[Exp]-Bsd-CMV>Tet3G
Plasmid: pLV[Exp]-Puro-TRE3G>EGFP
Plasmid: pLV[Exp]-Puro-TRE3G>V5/hSMARCB1

VectorBuilder
VectorBuilder
VectorBuilder

180621-1181ctz
180621-1204vsc
180622-1078xvz

Plasmid: pVSV-G Addgene Addgene #138479
Plasmid: psPAX2 Addgene Addgene #12260
Software and algorithms

Prism 7.0d GraphPad www.graphpad.com
Image J 2.1.0/1.53c NIH https://imagej.nih.gov/ij

Integrative Genomics Viewer (IGV_2.6.2)

The Broad Institute

https://software.broadinstitute.org/
software/igv/
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