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ABSTRACT

Rhabdoid tumors (RT) are rare and deadly pediatric
cancers driven by loss of SMARCB1, which encodes
the SNF5 component of the SWI/SNF chromatin re-
modeler. Loss of SMARCB1 is associated with a com-
plex set of phenotypic changes including vulnera-
bility to inhibitors of protein synthesis and of the
p53 ubiquitin-ligase HDM2. Recently, we discovered
small molecule inhibitors of the ‘WIN’ site of WDR5,
which in MLL-rearranged leukemia cells decrease the
expression of a set of genes linked to protein syn-
thesis, inducing a translational choke and causing
p53-dependent inhibition of proliferation. Here, we
characterize how WIN site inhibitors act in RT cells.
As in leukemia cells, WIN site inhibition in RT cells
causes the comprehensive displacement of WDR5
from chromatin, resulting in a decrease in protein
synthesis gene expression. Unlike leukemia cells,
however, the growth response of RT cells to WIN
site blockade is independent of p53. Exploiting this
observation, we demonstrate that WIN site inhibitor
synergizes with an HDM2 antagonist to induce p53
and block RT cell proliferation in vitro. These data re-
veal a p53-independent action of WIN site inhibitors
and forecast that future strategies to treat RT could
be based on dual WDR5/HDM2 inhibition.

GRAPHICAL ABSTRACT

INTRODUCTION

Rhabdoid tumors are rare cancers that affect children un-
der the age of two (1). Presenting as cancers in the brain,
where they are termed atypical teratoid/rhabdoid tumor
(AT/RT), or elsewhere in the body, where they are termed
malignant rhabdoid tumor (MRT), these tumors spread
quickly and are often fatal (2). Some improvements in pa-
tient survival have been made in recent years (2), but there
are few effective treatment options for rhabdoid tumors
(RT), and despite regimens that can involve combinations
of surgery, chemotherapy, and radiation, most children with
RT die within 18 months (1). Indeed, the five year survival
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rate of children diagnosed with RT is 20% (1), highlighting
the need for new targeted therapies that can substantively
improve RT patient outcomes.

One remarkable facet of MRT and AT/RT is that they
have an uncommonly simple genetic profile, defined by
deficits in a single gene, SMARCB1 (3–5), which encodes
the SNF5 component of the SWI/SNF chromatin re-
modeling complex. Loss of SMARCB1 is the only recur-
ring mutation in these cancers, and often the only muta-
tion detected in RT genomes (5). Haploinsufficiency for
SMARCB1 predisposes to rhabdoid tumors in vivo (6), and
reintroduction of SNF5 into patient-derived cell lines in-
duces cell cycle arrest, apoptosis, and reversal of tumori-
genicity (7)––demonstrating that SNF5 loss is causing and
sustaining the rhabdoid tumor state.

Although RT is unusual among malignancies in that it
has a singular genetic basis, recent work has demonstrated
that loss of SNF5 is associated with a complex set of molec-
ular and phenotypic changes. The absence of SNF5 com-
promises SWI/SNF expression and integrity (8), result-
ing in loss of bivalent promoter activation (9), collapse of
enhancers regulating differentiation (8–10), and mobiliza-
tion of ‘residual’ SWI/SNF complexes to super-enhancers
and promoters that are essential for tumor maintenance
(8,9). Additionally, SNF5 loss promotes the function of a
BRD9-containing SWI/SNF subcomplex that is required
for survival of SMARCB1-deficient RT cells (11,12). Loss
of SNF5 further enables enhanced access of the oncoprotein
c-MYC to its transcriptional targets (13,14), a phenomenon
presumably responsible for the recurrent activation of MYC
target gene signatures in SMARCB1-null cancers (15–17).
At the cellular level, SNF5 deficiency induces ER stress and
the unfolded protein response via the MYC–p19ARF–p53
axis (18), a process that protects RT cells from proteotoxic
cell death and could explain the near-universal retention of
wild-type TP53 in RT genomes (19). Together, these studies
highlight the processes that go awry in RT cells, and identify
a number of actionable strategies that could be pursued to
develop therapies against these deadly cancers.

Recently, we reported discovery of potent small molecule
inhibitors of WDR5 (20–22), a chromatin-associated pro-
tein with numerous links to tumorigenesis. WDR5 is over-
expressed in multiple cancers, and is a promising pharma-
cological target in malignancies driven by MLL1 fusions,
C/EBP� p30, p53 gain-of-function mutants, and MYC
(23). Its best understood role is scaffolding assembly of
the MLL/SET histone methyltransferase complexes that
catalyze histone H3 lysine 4 methylation, but WDR5 also
‘moonlights’ in other molecular processes, both on and off
chromatin (23). Notably, WDR5 is important for control-
ling the expression of a set of genes linked to protein synthe-
sis, including half of the ribosomal protein genes (RPGs),
as well as those encoding translation factors and nucleo-
lar RNAs (24). WDR5 is tethered to chromatin at these
genes via an arginine-binding cavity known as the ‘WIN’
site (21), which is the target for WDR5 inhibitors discov-
ered by us (20–22) and others (25–29). These protein syn-
thesis genes (PSG) are also sites where WDR5 facilitates re-
cruitment of MYC to chromatin (30). In MLL1-rearranged
(MLLr) leukemia cells, displacement of WDR5 is associ-
ated with a reduction in PSG expression, which triggers nu-

cleolar stress and p53-dependent apoptosis (21). This effect
is not specific to leukemias, as MYCN-amplified neuroblas-
toma (NB) cell lines similarly respond to WIN site inhibi-
tion in a p53-dependent manner (24). Thus, although the
many activities of WDR5 make it difficult to pinpoint a pre-
cise mechanism of action of WIN site inhibitors, a recurring
theme is their ability to suppress expression of the protein
synthesis machinery and to activate p53.

Interestingly, RT cells are sensitive to the FDA-approved
translation inhibitor homoharringtonine (31) and to the
HDM2 inhibitor idasanutlin (32), which blocks the
ubiquitin-mediated destruction of p53. These two sensitiv-
ity profiles align with the characterized response of MLLr
cells to WIN site blockade, prompting us to ask whether
WIN site inhibitors are active against RT cell lines in vitro.
We show here that, despite a common genetic lesion, RT
cells differ widely in their sensitivity to WIN site block-
ade, ranging from highly sensitive to functionally non-
responsive. We map the distribution of WDR5 on chro-
matin in RT cells, show that WDR5 is globally evicted from
chromatin by WIN site inhibitor, and define a set of PSGs
as direct targets of WIN site inhibitor in this context. No-
tably, we find that the response of RT cells to WIN site in-
hibitor does not functionally require p53, and exploit this
observation to show that WIN site inhibitors act synergisti-
cally with HDM2 inhibitors in this setting, even in RT cells
that are weakly sensitive to WIN site inhibition alone. These
observations imply that a dual WDR5/HDM2 inhibition
strategy could be deployed to one day treat these devastat-
ing childhood malignancies.

MATERIALS AND METHODS

Cell culture and transductions

G401, A204, HEK293, MV4:11, and BJ Fibroblasts cells
were from ATCC. JMU-RTK-2 and KYM-1 cells were
from the JCRB Cell Bank. Aska-SS and HS-SY-II cells
were obtained from the RIKEN Cell Bank. TTC642,
TTC549, and TM87-16 cells were a gift from Bernard
E. Weissman. CHLA-266 and BT-12 cells were gifted
from the Children’s Oncology Group. G401, JMU-RTK-
2, Aska-SS, HS-SY-II, BJ Fibroblasts, and HEK293 cells
were maintained in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin. A204, TTC642,
KYM-1, TTC549, TM87-16, and MV4:11 cells were
maintained in RPMI-1640 supplemented with 10% FBS
and 1% penicillin/streptomycin. CHLA-266 and BT-12
cells were maintained in DMEM supplemented with
20% FBS, 1% penicillin/streptomycin, and 1x Insulin-
Transferrin-Selenium (ThermoFisher). Viral vector pLKO-
p53-shRNA-941 was a gift from Todd Waldman (Ad-
dgene plasmid # 25637; http://n2t.net/addgene:25637;
RRID:Addgene 25637; (33)); pLKO-shRNA-scramble was
a gift from David Sabatini (Addgene plasmid #1864;
http://n2t.net/addgene:1864; RRID:Addgene 1864; (34);
pXPR 050 was a gift from John Doench and David Root
(Addgene plasmids #96925; http://n2t.net/addgene:96925;
RRID:Addgene 96925; (35)); pLX 311-KRAB-dCas9 was
a gift from John Doench, David Root, and William
Hahn (Addgene plasmid #96918; http://n2t.net/addgene:
96918; RRID:Addgene 96918; (36)). The sgRNA targeting
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sequence for TP53 (CAGGTAGCTGCTGGGCTCCG)
was cloned into pXPR 050 via BsmBI restriction en-
zyme (NEB) digestion. To prepare virus, plasmids were
transfected into HEK293 cells with psPAX2 packag-
ing (Addgene plasmid #12260; http://n2t.net/addgene:
12260; RRID:Addgene 12260) and pMD2.G envelope
(Addgene plasmid #12259; http://n2t.net/addgene:12259;
RRID:Addgene 12259) plasmids––both gifts from Didier
Trono. Transduced cells were selected for six days with
1 �g/mL of puromycin or 10 �g/mL of blasticidin. For
shRNA assays, published MV4:11 cells expressing scram-
bled shRNA or p53 shRNA #941 were used (21).

Proliferation assays

For proliferation assays, cells were plated in 96-well plates
and treated with 0.1% DMSO or varying concentrations of
C6nc, C6, C16, or Nutlin-3a (Cayman Chemicals) for five
days. Cells were quantified using the CellTiter-Glo Lumi-
nescent Assay (Promega) according to the manufacturer’s
instructions. IC50 values were calculated using GraphPad
Prism software by fitting the data to a normalized-response
model. For time course assays, cells were treated with 0.1%
DMSO or varying concentrations of C16, and cultures
quantified daily for five days with CellTiter-Glo assays.
For synergy assays, cells were plated in 384-well plates and
treated with a 7×7 matrix of varying concentrations of
C16 and Nutlin-3a as well as each compound alone and
0.1% DMSO controls. After five days, cells were quantified
by CellTiter-Glo and synergy calculated using the High-
est Single Agent Method via the SynergyFinder software
(37). Soft-agar assays were performed as described (13,38).
Briefly, G401, TTC642, or KYM-1 cells were resuspended
in 0.4% agarose-supplemented media with varying concen-
trations of C16 or 0.1% DMSO control. Cells were added
on top of a layer of solidified 0.8% agarose. Fresh C16
or DMSO was added every 2–3 days for a total of 14–21
days. Cells were stained using 0.05% crystal violet in 70%
methanol and destained with extensive washing with water.
Plates were photographed and colonies counted (blinded)
using ImageJ software.

Multiplex gene expression

Cells were treated with 0.1% DMSO or varying concentra-
tions of C16 for 72 hours. To quantify transcripts, a cus-
tom QuantiGene™ Plex Assay panel from Thermo Fisher
Scientific was used, according the manufacturer’s instruc-
tions. Probe regions and accession numbers were: RPS24
(NM 001026, region 5–334), RPL35 (NM 007209, re-
gion 2–430), RPL26 (NM 000987, region 37–445), RPS14
(NM 005617, region 61–552), RPL32 (NM 000994, region
95–677), RPS11 (NM 001015, region 139–634), RPL14
(NM 003973, region 108–530), GAPDH (NM 002046, re-
gion 2–407) and HPRT1 (NM 000194, region 102–646).
Fluorescence signal was read on a Luminex MAGPIX. Sig-
nals from RPGs were normalized to those from GAPDH
and HPRT1, and then to the DMSO control. IC50 val-
ues were calculated using R package dr4pl (Version 1.1.11;
(39)).

Flow cytometry

For cell cycle analysis, 1×106 cells were collected after
treatment with 0.1% DMSO or C16, fixed in ice-cold 70%
ethanol, and stored at -20

◦
C for at least four hours prior

to staining. Fixed cells were washed with 1 X phosphate
buffered saline (PBS), resuspended in propidium iodide (PI)
staining buffer (1X PBS + 10 �g/ml PI + 100 �g/ml RNAse
A + 2 mM MgCl2) and stained overnight at 4

◦
C. Cells were

filtered through a 35 �m nylon mesh Falcon round bot-
tom test tube and cell cycle distribution quantified using a
Becton Dickinson LSRFortessa instrument. For each time
point, at least 10,000 cells were counted using forward and
side scatter pulse geometry gating to select single cells.

Protein synthesis was measured using the Click-iT Plus
OPP Alexa Fluor 488 Protein Synthesis Analysis Kit (Ther-
moFisher). Cells were treated with either 0.1% DMSO or
500 nM C16 for four days. As a control, a culture of cells
were treated with 50 �g/mL of cycloheximide for 30 min-
utes. Cells were pulsed with 20 �M O-propargyl-puromycin
(OPP) for one hour, collected in PBS and fixed with ice-
cold 70% ethanol. To control for background, a sample
of DMSO- and C16-treated cells were subject to stain-
ing without OPP. A Click-iT reaction was then used to
conjugate Alexa Fluor488-Azide (1:100 dilution) follow-
ing the manufacturers instructions. AlexaFluor488 fluores-
cence was quantified using a BD LSRFortessa instrument.
For each sample, 10,000 single cell events were recorded us-
ing forward and side scatter pulse geometry gating to se-
lect single cells. An unstained control sample was used to
identify and exclude autofluorescence in the AlexaFluor488
channel.

The percent of cells progressing through synthesis (S)
phase was measured using the FITC BrdU Flow Kit (BD
Biosciences). Cells were treated with either 0.1% DMSO or
500 nM C16 for two, four, or seven days then pulsed with
BrdU for 30 minutes, collected in PBS, then processed ac-
cording to the manufacturer’s protocol. Briefly, cells were
fixed and permeabilized, treated with DNase, incubated
with an anti-BrdU antibody conjugated to FITC, and re-
suspended in 7-AAD solution to stain DNA. FITC and 7-
AAD fluorescence were quantified using a BD LSRFortessa
instrument. For each sample, 10,000 single cell events were
recorded using forward and side scatter pulse geometry gat-
ing to select single cells. Unstained control samples were
used to identify and exclude autofluorescence.

Western blotting

Cells were washed with PBS and collected in Kischkel
Lysis Buffer (150 mM Tris-HCl pH 8.0, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100 with Protease Inhibitor
Cocktail (Roche), and PMSF), sonicated, and lysates clar-
ified by centrifugation. Lysates were resolved by SDS-
PAGE, transferred to PVDF membrane, and blocked in
5% milk in TBS-T (50 mM Tris, pH 7.5, 150 mM NaCl,
0.1% Tween-20) for one hour. Immunoblotting was per-
formed using the following antibodies: p53 (Santa Cruz sc-
126, 1:200), p21 (Cell Signaling #2947, 1:1000), p73 (Ab-
Cam ab40658, 1:1000), WDR5 (Cell Signaling #13105,
1:1000), Histone H3–HRP (Cell Signaling #4499, 1:5000),
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GAPDH–HRP (Cell Signaling #5174, 1:5000), Cleaved–
PARP (Cell Signaling #9541, 1:1000), Goat anti-Rabbit Fc
Secondary (ThermoFisher, 1:5000), and Goat anti-Mouse
Fc Secondary (Jackson ImmunoResearch, 1:5000). Proteins
were visualized using Supersignal West Pico PLUS reagent
(Pierce).

Chromatin immunoprecipitations (ChIP)

For each reaction, 1×107 cells were treated with 500 nM
C16 or 0.1% DMSO for four hours. Chromatin prepara-
tion was performed as described (13). Immunoprecipita-
tion was performed using antibodies against WDR5 (Cell
Signaling #13105, 5uL per ChIP) or a rabbit IgG con-
trol (Cell Signaling #2729). Co-precipitating DNA was
quantified using qPCR with published primers (13) against
SNHG15, RPS24, PUM1, RPL35, CCT7, and METTL1.
ChIP signals were calculated as percent input. For ChIP
coupled to next generation sequencing (ChIP-Seq), DNA
from three ChIP reactions was pooled and purified us-
ing a QIAquick PCR Purification kit (Qiagen). DNA was
eluted, size-selected via AMPure XP (Beckman Coulter),
and used to generate libraries with the Ultra II DNA li-
brary Prep protocol with Multiplex Oligos for Illumina
(New England BioLabs). Libraries were sequenced on an
Illumina NovaSeq 6000 instrument (150 bp paired-end) by
the VANTAGE Core at Vanderbilt University. Three bio-
logical replicates for all ChIP-Seq experiments were per-
formed.

RNA-Seq and PRO-Seq

For RNA-Seq, cells were treated with 0.1% DMSO, 500
nM C16, or 500 nM Nutlin-3a for 72 hours. They were col-
lected in Trizol and RNA purified using a Direct-zol RNA
Miniprep kit (Zymo Research) following the manufacturer’s
instructions. After purification, 2 �g of RNA was submitted
to the VANTAGE Core who performed ribosomal RNA
depletion, library preparation, and sequencing on an Illu-
mina NovaSeq 6000 (150 bp paired-end reads). For PRO-
Seq, cells were treated with 0.1% DMSO or 500 nM C16 for
two hours, at which point cells were harvested and PRO-Seq
reactions performed exactly as described (13,14). PRO-Seq
libraries were submitted for sequencing on an Illumina No-
vaSeq 6000 with 150 paired-end reads by the VANTAGE
Core at Vanderbilt University.

Bioinformatics analyses

ChIP-Seq: ChIP-Seq reads were aligned to the human
genome hg19 using Bowtie2 (38). Narrow peaks for
each sample were called using MACS2 with the options
of ‘-B -q 0.05 -g hs -f BAMPE’ (40). Peaks were an-
notated using Homer (http://homer.ucsd.edu/homer/).
Consensus peaks in each condition were identified using
DiffBind (http://bioconductor.org/packages/release/bioc/
vignettes/DiffBind/inst/doc/DiffBind.pdf) (41). Differ-
ential peaks were determined by DESeq2 (42). False
Discovery Rate (FDR) < 0.05 was used to identify sig-
nificantly changed peaks. RNA-Seq: After trimming by
Cutadapt (43), RNA-Seq reads were aligned to hg19

using STAR (44) and quantified by featureCounts (45).
Differential analysis was performed by DESeq2 (42).
FDR < 0.05 was used to identify significantly changed
genes. PRO-Seq: Adapters were trimmed and low-quality
sequences removed by Cutadapt (43). Reverse comple-
ments for reads > 15 bp were generated using FASTX-
Toolkit (http://hannonlab.cshl.edu/fastx toolkit). Reverse-
complemented reads were aligned to hg19 using Bowtie2.
Reads mapping to rRNA loci and reads with mapping qual-
ity < 10 were removed. Reads were normalized by the RLE
implemented in DESeq2 (46). Alignment files were used
as inputs to NRSA (http://bioinfo.vanderbilt.edu/NRSA/)
for estimating alterations of RNA polymerase abundance
in proximal-promoter and gene body regions (47). The
promoter-proximal region was defined by examining each
50 bp window with a 5 bp sliding step along the coding
strand spanning ± 500 bp from known TSSs; the 50 bp
region with the largest number of reads was considered
as the promoter-proximal region and its read density
was calculated (48). Gene body was defined as the region
from +1 kb downstream of a transcription start site (TSS)
to its transcription termination site. DESeq2 (42) was
implemented to detect significant transcriptional changes
for promoter-proximal and gene body regions accounting
for the batch effect. Transcriptional changes with an FDR
< 0.05 were considered significant.

RESULTS

SMARCB1-deficient cell lines display variable responses to
WIN site inhibitor

We profiled early generation WIN site inhibitor C6 and its
negative control C6nc (21), as well as chemically-distinct
next generation inhibitor C16 (22), against a panel of
SMARCB1-null cancer cell lines (49–55) (Table 1). We also
included in this panel two synovial sarcoma lines in which
the presence of an oncogenic SS18-SSX fusion excludes
SNF5 from the SWI/SNF complex, triggering SNF5 degra-
dation (56), as well as normal diploid foreskin BJ fibrob-
lasts (57). Most cells in this collection express wild-type p53
(Table 1). Cells were treated for five days with increasing
concentrations of compounds and viable cell numbers com-
pared to DMSO controls (Table 1; Figure 1A; Supplemen-
tary Figure S1A). Three trends emerged from this analysis.
First, the negative control compound C6nc displays little if
any activity in these lines. Second, IC50 values for C16 are
generally lower than those for C6, consistent with its higher
affinity for the WIN site (22). The one exception to this is
BT-12 cells (Supplementary Figure S1A), where the two in-
hibitors have comparable potencies (Table 1); likely an in-
dication of off-target activity. And third, these lines exhibit
a 100-fold range in sensitivity to WIN site inhibitors. The
most sensitive lines––G401 and TTC642––respond almost
as well as our benchmark leukemia line MV4:11 (21,22)
to both active inhibitors. G401 and TTC642 cells are also
sensitive to C16 when assayed in soft-agar for anchorage-
independent growth (Supplementary Figure S1B). The least
sensitive cells––CHLA-266, Aska-SS, and BJ––in contrast,
do not yield measurable IC50 values for C6 and give values ≥
9 �M for C16. There is no trend between sensitivity and the
different RT types or sites from which the lines were derived.
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Table 1. Sensitivity of SMARCB1-deficient cell lines to WIN site inhibitors.

Cell Line
C6nc
(�M) C6 (�M) C16 (�M)

Tumor
Type Location Lesion

CCLE TP53
status Reference

MV4:11 >25 3.2 0.038 ± 0.009 Leukemia
(AML)

Blood (P) MLL–AF4,
FLT3/ITD

no mut (49)

G401 >25 2.4 ± 0.35 0.098 ± 0.031 MRT Kidney (P) SMARCB1 deletion,
homozygous

C277F (55)

TTC642 >25 1.8 ± 0.34 0.138 ± 0.045 MRT Soft Tissue,
Muscle (P)

SMARCB1,
nonsense mutation

no mut (55)

HS-SY-II >25 2.6 ± 0.61 0.309 ± 0.136 Synovial
Sarcoma

Soft Tissue (M) SS18-SSX1 fusion no mut (50)

JMU-RTK-2 >25 16 ± 3.7 0.315 ± 0.075 MRT Kidney (M) No SMARCB1
mRNA expression

no mut (51)

KYM-1 >25 11.2 ± 3.0 0.555 ± 0.098 MRT Neck (P) SMARCB1 deletion,
homozygous

no mut (55)

A204 >25 5.9 ± 1.1 0.825 ± 0.187 MRT Soft Tissue (P) SMARCB1 deletion,
homozygous

no mut (55)

TTC549 >25 >25 4.5 ± 0.606 MRT Liver (P) SMARCB1 deletion,
homozygous

no mut (55)

TM87-16 >25 19.7 ± 9.1 4.6 ± 0.709 MRT Retroperitoneum,
muscle (M)

SMARCB1 deletion,
homozygous

no mut (55)

CHLA-266 >25 >25 7.5 ± 0.525 AT/RT Brain (P) SMARCB1 deletion,
SMARCB1 mutation

no mut (54)

Aska-SS >25 >25 10.4 ± 1.1 Synovial
Sarcoma

Soft Tissue (P) SS18-SSX1 fusion unreported (52)

BT-12 >25 6.8 ± 1.1 11 ± 3.3 AT/RT Brain (P) SMARCB1 deletion,
homozygous

no mut* (52)

BJ >25 >25 8.7 ± 1.40 Normal
diploid
fibroblasts

Foreskin None NA (57)

Cell lines were treated with seven-point serial dilution set of compounds for five days, and cell numbers determined by CellTiter-Glo. Cell numbers for
each dose were normalized to those from DMSO-treated samples and used to calculate mean IC50 values, which are shown along with SEM (n ≥ 3). >25
indicates that the top concentration of compound used (25 �M) did not reduce cell number below 50%. (P) or (M) in Location column indicates if cell line
was derived from the primary tumor (P) or a metastatic (M) site. Lesion indicates relevant mutation or SMARCB1 expression status. Note that CHLA-266
cells have two distinct lesions in SMARCB1. TP53 mutational status is taken from the Cancer Cell Line Encyclopedia (53). ‘no mut’ indicates no TP53
mutation reported in that line. *Note that BT-12 cells do not express mutant p53, but have an impaired p53 response, likely due to deletion of CDKN2A
(32).

From these data we conclude that, although all RT lines dis-
play sensitivity to WIN site inhibitors, the response within
this set of cancer cells––connected by a common oncogenic
lesion––varies by up to two orders of magnitude.

It is possible that the differential response of these cells
to WIN site inhibitors stems from differences in intracellu-
lar compound levels or activity in each line. We reasoned
that we could determine the efficiency with which WIN site
inhibitors engage WDR5 in cells by quantifying their ef-
fects on expression of a set of direct WDR5 target genes.
We developed a WDR5 target engagement assay that uses
QuantiGene™ Plex technology to assess transcript levels
from seven RPGs, five of which (RPS14, RPS24, RPL26,
RPL32, and RPL35) are universally bound by WDR5 and
suppressed by WIN site inhibitor (21,24) and two of which
(RPS11 and RPL14) are never bound and are unresponsive
to WIN site blockade. As expected (21,24), WDR5-bound
RPGs are suppressed by a factor of two in all lines exam-
ined (Figure 1B), while the non-WDR5-bound RPGs do
not change or are modestly induced. By performing dose-
response analyses, we calculated IC50 values for RPG sup-
pression in a representative sample of RT lines (Figure 1C
and Supplementary Figure S1C), as well as MV4:11 and
BJ cells. In most cases, IC50 values for RPG suppression
are double digit nanomolar, and close to the cellular IC50
values for the more sensitive RT cell lines. There are dif-
ferences in the efficiency with which each of the RPGs are

suppressed by C16 in each line, but these differences are gen-
erally within a factor of three, and do not correlate with cel-
lular growth response. Thus, although cellular context can
impact the efficiency with which WIN site inhibitors act,
differences in the ability of compounds to inhibit WDR5
cannot explain the differential cellular sensitivities we ob-
serve.

Finally, we characterized how growth of two of the most
sensitive RT lines, G401 and TTC642, is impacted by WIN
site inhibition. Over the course of a five day treatment, C16
induces a dose-dependent and progressive decrease in cell
numbers compared to the DMSO control (Supplementary
Figure S1D). At all dose levels, absolute cell numbers at the
end of treatment are higher than at the beginning, consis-
tent with a reduction in expansion, rather than a cell death
response (Supplementary Figure S1E). Treating cells with
500 nM C16––a concentration sufficient to maximally in-
hibit RPG transcripts in all lines (Figure 1C)––we observe
only modest changes in cell cycle phase distribution (Sup-
plementary Figure S1F), and pulse-labeling with BrdU re-
veals that, although DNA synthesis is decreased by C16, a
significant percentage of cells (∼15%) are still progressing
through S-phase after two, four, and seven days of treat-
ment (Supplementary Figure S1G). Taken together, these
data reveal that the primary mode of response of sensitive
RT lines to WIN site inhibition is a reduction in the rate of
proliferation, rather than cell cycle arrest or cell death.
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Figure 1. WIN site inhibitors are active against SMARCB1-deficient cell lines. (A) Dose response of indicated lines to C6nc, C6, or C16 in a five day
treatment. Data are expressed as the percentage of cells remaining at day five, compared to the DMSO control (n = 3, mean SEM). (B) Cell lines were
treated for three days with increasing concentrations of C16, and RNA levels for RPGs determined via QuantigeneTM arrays. RNA signal is expressed
as a percentage of the equivalent DMSO control for each RPG in each line, normalized to GAPDH and HPRT1. RPGs with colored lines bind WDR5
and are suppressed two-fold by WIN site inhibitor; those in black and gray are unbound and not suppressed (n = 3, mean ± SEM). (C) Summary of IC50
values obtained for C16 in cell proliferation (A) and RPG (B) expression in the indicated cell lines. SEM for the cell proliferation IC50 values are listed in
Table 1; 95% confidence intervals for IC50 values for RPG expression are in Supplemental Figure S1C.

WIN site inhibitor displaces WDR5 from chromatin in RT
cells

Next, we used chromatin-immunoprecipitation coupled to
next generation sequencing (ChIP-Seq) to track the location
of WDR5 on chromatin in two RT lines, G401 and KYM-1.
Consistent with studies in other cell lines (21,24,30), there
is a considerable difference in the number of WDR5 bind-
ing sites in the two RT lines, ranging from ∼160 in G401
to ∼700 in KYM-1 cells (Figure 2A; Supplementary Ta-
ble S1). As with earlier studies, binding sites for WDR5
in these RT lines are predominantly promoter proximal,
with a majority occurring within 1 kb of an annotated tran-
scriptional start site (‘TSS’; Figure 2B). Assigning all genes
within 2 kb upstream of an annotated TSS, or anywhere
within a transcription unit, links these binding sites to ∼148
genes for G401, and ∼649 genes for KYM-1, cells which, by
gene ontology (GO) enrichment analysis, cluster strongly

in terms related to protein synthesis (Figure 2C). This set
includes half of the RPGs (Supplementary Figure S2A),
most of which are bound by WDR5 in all cell lines exam-
ined. Comparing these binding events with our previously-
defined ‘universal’ set of ∼100 human WDR5 binding sites
(24), we observe that almost all the universal sites are found
in both RT lines (Figure 2D), extending the presence of
these near-ubiquitous binding sites to the rhabdoid tumor
context. From this analysis, we conclude that the pattern of
WDR5 localization on chromatin in RT cells matches ex-
pectations from other cell lines in terms of both the location
of WDR5 binding and the nature of genes bound.

To determine if the integrity of the WIN site is required to
tether WDR5 to chromatin in G401 and KYM-1 cells, we
treated them for four hours with 500 nM C16; a concentra-
tion that maximally inhibits RPG transcript levels in both
lines (Figure 1B). Under these conditions, C16 results in
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Figure 2. WIN site inhibitor displaces WDR5 from chromatin in RT cells. (A) Venn diagram, showing the overlap of WDR5 peaks in ChIP-Seq data from
G401 and KYM-1 cells. Data are from DMSO control samples of the experiment presented in (E–F) (n = 3). (B) Distribution of WDR5 binding sites
in G401 and KYM-1 cells, binned according to distance from the closest annotated transcriptional start site (TSS). (C) GO term enrichment analysis of
WDR5-bound genes, defined as those in which a WDR5 binding site is located within 2 kb of an annotated TSS or within a transcription unit. Biological
Process GO terms were ranked by false discovery rate (FDR). The eight most significantly enriched terms are shown. Color indicates fold enrichment, size
indicates gene number, and the x-axis is the -log10(FDR). (D) Venn diagrams, showing the overlap of WDR5 peaks detected in G401 and KYM-1 cells
with the set of 103 ‘universal’ human WDR5 binding sites (24). (E) Heatmaps of WDR5 ChIP-Seq peak intensity in G401 or KYM-1 cells treated for four
hours with DMSO or 500 nM C16. Images represent the combined average of normalized peak intensity in 100-bp bins ± 2 kb around the center of peaks.
Peaks are ranked based on DMSO-treated samples for each cell line. (F) Ranking of WDR5 peak intensities in G401 or KYM-1 cells treated with DMSO
(green) or 500 nM C16 (orange). Peaks are ranked according to peak reads in DMSO samples and expressed as log2 values for clarity. Blue lines at the
bottom of each graph indicate the common WDR5 binding sites shared in G401, KYM-1, and TTC549 cells.
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the global reduction of WDR5 association with chromatin
(Figure 2E–F; Supplementary Figure S2B), as measured by
ChIP-Seq. We confirmed this result by gene-specific ChIP-
qPCR in both lines (Supplementary Figure S2C). The na-
ture of the effect is similar to what we reported with C6
in leukemia cells (21,24), both in terms of the magnitude
of reduction in WDR5 binding, as well as the fact that
WDR5 is displaced from both shared and cell-type spe-
cific WDR5 binding sites by C16 (Figure 2F; Supplemen-
tary Figure S2B). Taken together with other studies, these
data support the notion that the WIN site globally tethers
WDR5 to chromatin, and reveal that WIN site inhibitors
have a consistent, cell-type independent, ability to compre-
hensively evict WDR5 from its chromatin locations.

Lastly, we asked whether these key observations made
in sensitive RT cell lines––binding of WDR5 to chromatin
at conserved protein synthesis genes and displacement of
WDR5 from chromatin by C16––apply to a relatively insen-
sitive RT line, TTC549 (Supplementary Table S1). WDR5
binding sites in TTC549 cells overlap extensively with those
in G401 and KYM-1 cells (Supplementary Figure S2D),
show a similar pattern of promoter-proximity (Supplemen-
tary Figure S2E), cluster in genes connected to protein syn-
thesis (Supplementary Figure S2F), and encompass almost
all of the universal WDR5 binding sites (Supplementary
Figure S2G), including the specific subset of RPGs (Supple-
mentary Figure S2A). Importantly, 500 nM C16 treatment
is sufficient to evict WDR5 from chromatin genome-wide in
TTC549 cells (Supplementary Figure S2H–J). There is thus
no substantive difference in the localization of WDR5 on
chromatin, nor the effects of C16, in an insensitive RT line
that can explain the lack of an overt cellular response to
WIN site blockade. We conclude that differences in the way
RT cells respond to WIN site inhibitor are likely a conse-
quence of downstream cellular characteristics, rather than
those related to the actions of WDR5 on chromatin or the
primary response to WIN site inhibition.

WDR5-bound protein synthesis genes are early transcrip-
tional targets of WIN site inhibitor

To identify direct transcriptional targets of WIN site in-
hibitor in G401 and KYM-1 cells, we used PRO-Seq (58), a
global nuclear run-on, to ask how the distribution of active
RNA polymerases is altered after two hours of exposure to
C16. This analysis (Figure 3A; Supplementary Figure S3A;
Supplementary Table S2) revealed a small set of transcrip-
tional changes in both lines, as measured by differences in
gene body associated active RNA polymerases. Genes with
increased transcription are dissimilar; there is no overlap be-
tween induced genes between G401 and KYM-1 cells (Fig-
ure 3B), and none of the genes bound by WDR5 are induced
by WIN site blockade in the same line (Supplementary Fig-
ure S3B). Genes with decreased transcription, in contrast,
are almost identical between the two lines (Figure 3B), and
are enriched in those bound by WDR5, as determined by
manual inspection (Figure 3C) and gene set enrichment
analysis (GSEA; Figure 3D). As expected, GO analysis re-
veals enrichment in genes connected to protein synthesis
(Supplementary Figure S3C), including a recurring set of
RPGs (Supplementary Figure S3D), as well as genes encod-

ing the nucleolar RNAs SNHG15 and SNHG17, the cell cy-
cle transcription factor E2F3, translation initiation factors
EIF4G3, EIF4G1, and EIF3D, and the translation elonga-
tion factor EEF1G (Figure 3C).

Because of the importance of enhancer dysregulation in
RT (8,9), we used the Nascent RNA Sequencing Analy-
sis (NRSA) pipeline (59) to mine these PRO-Seq data for
the presence of active enhancers in G401 and KYM-1 cells,
detected by the presence of divergent transcription at gene
distal sites (Supplementary Figure S3E and Supplementary
Table S3). By these criteria, active enhancers in the two cell
lines are disparate (Figure 3E), consistent with previous re-
ports that different rhabdoid tumors have unique enhancer
landscapes (8). Notably, WIN site inhibition has only mod-
est effects on enhancer function in either cell line (Figure
3F). Moreover, using published H3K27 acetylation data
from G401 cells (8) to distinguish between superenhancers
(SE) and traditional enhancers (TE) in this line (Supple-
mentary Figure S3F), we observe that genes with changes in
the distribution of active RNA polymerases with C16 have
little if any enhancer connections (Figure 3G), again consis-
tent with the idea that WIN site blockade does not appre-
ciably alter enhancer status in these two RT lines.

Four important conclusions can be drawn from these re-
sults. First, in both cell types, a majority of genes bound
by WDR5 do not rapidly respond transcriptionally to WIN
site inhibition, even though WDR5 is displaced from chro-
matin at these genes. Second, the impact of WIN site in-
hibitor on gene transcription is small, both in terms of
the number of genes involved and the magnitude of the
response. Third, enhancer function is not appreciably nor
consistently altered by WIN site inhibition in these cells.
And fourth, the predominant transcriptional response to
WIN site inhibitor in RT cells is inhibition of transcrip-
tion at WDR5-bound genes, a majority which are linked to
protein synthesis. We conclude that, as in other cell types
(21,24) these PSGs are the primary transcriptional targets
of WIN site inhibitor in RT cells.

WIN site inhibitor induces p53 target genes in SMARCB1-
deficient cells

To expose transcriptomic changes induced by C16 in RT
cells, we performed RNA-Seq in five SMARCB1-deficient
cell lines treated for three days with C16. Three more sen-
sitive (G401, TTC642, and KYM-1) and two less sensitive
(TTC549 and TM87-16) lines were profiled. This analysis
(Figure 4A; Supplementary Figure S4A–B) identified be-
tween ∼1,700 and ∼5,700 differentially expressed genes, de-
pending on the cell type. In general, the response of the
more sensitive lines is greater than that of the less sensitive,
both in terms of the number of genes (Figure 4A) and the
magnitude of changes (Figure 4B). Across all lines, we ob-
serve that between one quarter and two thirds of the differ-
entially expressed genes are cell type-specific (Supplemen-
tary Figure S4C), illustrating the diversity of the transcrip-
tional response to C16 within this panel. Principal com-
ponent analysis (PCA) reveals that this diversity is likely
a consequence of the diverse native transcriptomes of the
five lines, rather than disparate responses to C16 (Supple-
mentary Figure S4D). Contrasting the more sensitive with
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Figure 3. WDR5-bound protein synthesis genes are direct targets of WIN site inhibitor in RT cells. (A) Heatmap, displaying log2-fold (log2 FC) change of
active polymerases in G401 or KYM-1 cells treated for two hours with 500 nM C16, compared to their respective DMSO controls, as determined by PRO-
Seq. Maps are ranked individually within each cell type, and show changes in polymerase density in the promoter-proximal region and +/- 5 kb around the
TSS (200 bp bins). The top of the figure shows genes where transcription in the gene body (GB) increased (GB up); the lower part shows genes where gene
body transcription decreased (GB down) (n = 2). (B) Venn diagrams, comparing genes showing an increase or decrease in gene body associated polymerases
in response to C16 in G401 versus KYM-1 cells. (C) Heatmap (left), showing genes with significant decreases in gene body-associated polymerases in G401
or KYM-1 cells treated with 500 nM C16. The green bars to the right indicate if WDR5 is bound to that locus in each cell type (ChIP-Seq). LOC100506548
is read-through transcription from RPL37. (D) Gene set enrichment analysis (GSEA) comparing genes with a reduction in WDR5 binding by ChIP-Seq
against a gene list ranked by alteration in the density of gene body-associated transcribing polymerases in C16-treated G401 and KYM-1 cells. FDR q = 0.0
in both cases. (E) Venn diagram, showing overlap of active enhancers in G401 and KYM-1 cells, as determined by PRO-Seq. (F) Plot showing the number
and magnitude (log2 fold-change) of enhancer activity changes elicited by C16 treatment of G401 and KYM-1 cells. (G) Graph showing the percentage
of genes with a C16-induced change in gene body (gb) associated RNA polymerases, binned according to whether they are proximal to a superenhancer
(SE), traditional enhancer (TE), or no enhancer (No E). Enhancer status was called by ranking H3K27ac-positive, H3K4me3-negative, peaks from (8)
according to H3K27ac signal, as show in Supplementary Figure S3F.
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Figure 4. C16 suppresses WDR5-bound PSGs and induces p53 target genes in RT cells. (A) Table shows the number of differentially expressed genes
(DEGs; FDR < 0.05) altered by three days of treatment of the indicated cell lines with 500 nM C16, compared to respective DMSO controls (n = 2 for
G401, TTC642, and KYM-1 cells; n = 3 for TTC549 and TM87-16 cells). (B) Violin plot, showing the distribution of log2-fold transcript changes elicited
by C16 (RNA-Seq) in each line. (C) GSEA, comparing genes bound by WDR5 in ChIP-seq against a gene list ranked by alteration in expression, as
determined by RNA-Seq. G401 cell data is on the left, KYM-1 cell data is on the right. ‘NES’; normalized enrichment score. ‘FDR’; false discovery rate.
(D) Venn diagram, showing the overlap of genes bound by WDR5 in G401 and KYM-1 cells (ChIP-Seq) with those that are suppressed (‘RNA down’) or
induced (‘RNA up’) by three days of C16 treatment. (E) Heatmap showing the log2FC of significantly (FDR < 0.05) changed transcripts that are altered
by C16 in all five cell lines. Transcripts are clustered according to the relationship in expression changes between the cell lines. (F) GO term enrichment
analysis of genes showing a significant decrease in expression in all five lines, as determined by RNA-Seq. Biological Process GO terms were ranked by
false discovery rate (FDR). The eight most significantly enriched terms are shown. Color indicates fold enrichment, size indicates gene number, and the
x-axis is the -log10(FDR). (G) As in (F) but for common genes with increased expression.
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the less sensitive lines, the 67 genes with decreased expres-
sion only in the more sensitive cells (Supplementary Figure
S4C) fail to cluster into any biological category. There are 81
genes induced only in more sensitive cells, including a small
but highly enriched set encoding mitochondrial respiratory
chain complex I (Supplementary Figure S4E). Looking at
G401 and KYM-1 cells, where we have both binding data
for WDR5 (Figure 2) and early transcriptional responses
(Figure 3), there is a tendency of WDR5-bound genes to be
persistently suppressed by C16 (Figure 4C and D), and a
majority of genes with decreased transcription by PRO-Seq
are decreased in RNA-Seq (Supplementary Figure S4F).
Notably, however, most genes with altered expression in
RNA-Seq are neither bound by WDR5 nor respond early
(Figure 4D and Supplementary Figure S4F), indicating that
the predominant long term transcriptional response to C16
in these cells is likely a secondary consequence of WIN site
blockade, rather than differences in primary transcriptional
effects.

Just 90 genes are differentially expressed in response to
C16 in all lines (Supplementary Figure S4C), the majority
of which change in the same direction and within a factor
of two (Figure 4E). An exception to this trend is a group
of ten genes induced in TTC642 but suppressed in all other
lines, most of which encode variants of histone H2A and
H2B. GO analysis of the ∼70 genes with decreased tran-
scription in all lines reveals strong enrichment in terms con-
nected to protein synthesis (Figure 4F), including the re-
current set of 38 RPGs (Supplementary Figure S4G) and
a handful of translation factors (Supplementary Table S4).
Only 23 genes are induced in all lines (Supplementary Table
S4), and although this set is small it is significantly enriched
in genes linked to p53 signaling (Figure 4G). Indeed, cura-
tion of this list reveals that 16 of these genes are induced
by p53 (Supplementary Table S4), including ZMAT3 (60),
CDKN1A (p21), and CCND1 (Cyclin D1). Connections to
p53 are further reinforced by results of Reactome Pathway
analysis (61) which captures significant enrichment in all
lines for ‘Transcriptional Regulation by p53’ (Supplemen-
tary Figure S4H) and by GSEA (Supplementary Table S5)
which returned positive enrichment in ‘Hallmark p53 path-
way’ in all RNA-Seq datasets except for KYM-1 cells (Sup-
plementary Figure S4I). Based on these analyses, we con-
clude that WDR5-bound PSGs are early and persistent tar-
gets of WIN site inhibitor in RT cells. We also conclude
that activation of p53 target genes is a recurring response
to WIN site inhibition in this panel.

The response of SMARCB1-deficient cells to WIN site in-
hibitor is p53-independent

The transcriptional response of RT lines to C16 mirrors
what we reported with WIN site inhibitors in MLLr (21)
and NB (24) cells; suppression of WDR5-bound RPGs
and activation of p53 target genes. We also observe a sim-
ilar ∼20% reduction in protein synthesis capacity (Supple-
mentary Figure S5A), as measured by pulse-labeling with
O-propargyl-puromycin (OPP) (62). We therefore asked
whether, as in these other cells, p53 is induced by C16 in RT
cells. Curiously, we observe subtle induction of p53 protein
in G401 and TTC642 cells, but not in three other RT lines

profiled (Figure 5A). By RNA-Seq, none of these lines ex-
press the p53 family member p63, and the transcriptionally-
active isoform of p73, TAp73, is either not expressed, un-
changed, or decreased by C16 treatment (Figure 5A). Thus,
despite the modest activation of p53 target genes detected
in our C16 RNA-Seq experiments, induction of p53 itself is
not recurringly detected at the protein level in this panel.

It is possible that induction of p53 by C16 is too small to
detect by Western blotting, as opposed to the more sensitive
output provided by p53 target gene expression. To test if p53
target gene activation can be measured in the absence of ro-
bust changes in p53 protein, we treated G401, TTC642, and
KYM-1 cells with the HDM2 antagonist Nutlin-3a (63) at
500 nM for three days––a dosage that fails to induce de-
tectable changes in p53 protein levels (Figure 5B), but is
close to the IC50 for cellular proliferation for each line (Fig-
ure 5C). Under these conditions, RNA–Seq (Supplemen-
tary Figure S5B–C) tracks between ∼1,400 and ∼6,500 dif-
ferentially expressed genes, depending on cell type (Figure
5D). As we observed with WIN site inhibitor, the magnitude
of the response is modest (Supplementary Figure S5D) and
the deregulated genes are disparate across the three lines
(Supplementary Figure S5E). GO analysis of the 49 com-
monly suppressed genes revealed modest enrichment in cat-
egories related to amino acid metabolism (Supplementary
Figure S5F), whereas analysis of the 206 commonly induced
genes returns strong and significant enrichments in terms
related to induction of p53 (Supplementary Figure S5G).
These connections to p53 are further reinforced by results
of GSEA (Supplementary Table S6), which reports signifi-
cant enrichment in hallmark p53 target genes in each of the
lines (Supplementary Figure S5H). Overlaying the Nutlin-
3a RNA-Seq with that of the C16 in each line reveals a high
degree of similarity between the transcriptional responses
to both treatments and, as expected, the overlap in each line
for induced genes coalesces on targets of p53 (Figure 5E).
Together, these data reinforce the concept that p53 target
genes are induced by C16 in RT cells. At the same time, be-
cause induction of p53 is evidenced only by target gene ex-
pression changes, and not at the level of p53 protein, these
data also support the idea that induction of p53 by WIN
site inhibitor is relatively subtle.

Given the subtle induction of p53 we observed, we next
asked if p53 is required for the overt cellular response of RT
cells to WIN site inhibitor, as it is in MLLr (21) and NB
(24) cell lines. We attenuated p53 expression with a previ-
ously published shRNA (21) in G401, TTC642, and KYM-
1 cells, and confirmed p53 knockdown by Western blot-
ting (Supplementary Figure S5I). We also performed RNA-
Seq on G401 cells expressing the p53 (or scrambled con-
trol) shRNA, with and without C16 treatment (Supplemen-
tary Figure S5J–K). Notably, the GO term ‘signal trans-
duction by p53’ is only observed in the C16-treated scram-
ble shRNA control cells––not in treated cells expressing the
shRNA against p53 (Supplementary Figure S5L); the same
applies to enrichment of hallmark p53 target genes, as de-
termined by GSEA (Supplementary Table S7). And of the
35 consensus p53 target genes (64) altered by C16 treatment
in G401 scrambled shRNA control cells, 33 are either not
altered, or altered to a lesser extent, by C16 in p53 shRNA
knockdown cells (Supplementary Figure S5M). Together,
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Figure 5. Growth response of SMARCB1-deficient cells to WIN site inhibitor is p53-independent. (A) Western blot, performed on lysates from the indicated
lines that were treated with DMSO or 500 nM C16 for three days. For p73, isoforms carrying the transcriptional activation domain (TA), or lacking this
domain (�), are visible. Histone H3 is a loading control. Image is representative of three biological replicates. (B) Western blot, performed on lysates from
the indicated cell lines that were treated with DMSO, 500 nM C16, or 500 nM Nutlin-3a for three days. Image is representative of three biological replicates.
(C) Table shows the IC50 values for Nutlin-3a in each cell line, calculated by performing a dose-response analysis in a five day treatment. The IC50 column
shows the IC50 values ± SEM (n = 3). (D) Table shows the number of transcripts significantly (FDR < 0.05) altered by three days of treatment of cell lines
with 500 nM Nutlin-3a, compared to respective DMSO controls, as determined by RNA-Seq. ‘DEGs’; differentially expressed genes (n = 3). (E) Venn
diagrams, showing the overlap of significantly differentially expressed genes (‘Down’–decreased; ‘Up’–increased) in response to C16 or Nutlin-3a treatment
in each line. For common induced genes, the fold enrichment, (FDR), and number of genes for the GO Biological Process term ‘Signal Transduction by
p53 class mediator’ are shown in the box below, separated by semi-colons. (F) Dose response of the indicated cell lines, stably expressing either a scrambled
shRNA (‘scr-shRNA’) or an shRNA against p53 (‘p53-shRNA’), to C16. Five day assay. Data are expressed as the percentage of cells remaining at day
five, compared to the DMSO control (n = 3, mean ± SEM). (G) Dose response of the indicated cell lines, stably transduced with a vector expressing
inactive Cas9 fused to the KRAB repressor domain, as well as either an ‘empty’ vector or a vector expressing a single guide RNA (sgRNA) against p53,
to Nutlin-3a. Five day assay. Data are expressed as the percentage of cells remaining at day five, compared to the DMSO control (n = 3, mean ± SEM).
(H) As in (G), except cells were treated for five days with C16 (n = 3, mean ± SEM).
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these data demonstrate that the p53 shRNA used in this in-
stance is capable of both physically and functionally sup-
pressing p53.

As expected (21), shRNA-mediated knockdown of p53
results in a significant rightward shift in the response of
MV4:11 cells to C16, increasing the IC50 from 40 nM to
750 nM (Figure 5F). Using the same shRNA against p53,
however, we see little if any impact on the dose-response
curves of G401, TTC642, and KYM-1 cells to C16 treat-
ment (Figure 5F). To confirm the dispensability of p53 in
the RT cell response to WIN site blockade, we indepen-
dently knocked down p53 expression using an orthologous
CRISPRi-based approach (35,36) in G401 and TTC642
cells. Here, we observed robust suppression of p53 levels
(Supplementary Figure S5O), and the expected rightward
shift in Nutlin-3a sensitivity curves (Figure 5G), but again
there is little if any change in the response of these cells to
WIN site inhibitor C16 (Figure 5H). Thus, despite a com-
mon activation of p53 target genes in RT cell lines, and a
strong expectation that the cellular response to C16 is me-
diated via p53, the growth response of these SMARCB1-
deficient cell lines respond to WIN site inhibitor is p53-
independent.

C16 and Nutlin-3a synergistically inhibit RT cell prolifera-
tion

Because SMARCB1-deficient cells are sensitive to both
WDR5 and HDM2 inhibition, and because the growth re-
sponse of these cells to WDR5 inhibition is independent of
p53, we reasoned that C16 and Nutlin-3a should act syner-
gistically in this setting. We performed five-day cell prolif-
eration assays with C16 and Nutlin-3a dose combinations,
along with corresponding single-agent treatments, with our
two most sensitive (G401 and TTC642) and two least sensi-
tive (TTC549 and TM87-16) RT lines. Cell viability follow-
ing each treatment was normalized to DMSO treatment and
synergy scores for each combination were calculated utiliz-
ing the highest single agent (HSA) model (65).

As monitored by both average and peak synergy scores,
we observe synergy between C16 and Nutlin-3a in all
four lines (Figure 6A and Supplementary Figure S6A).
The greatest synergy is seen in TTC642 cells, which we
classify as sensitive to C16 alone, but less sensitive lines
TTC549 and TM87-16 also display synergy across a broad
range of C16 and Nutlin-3a concentrations. Importantly,
synergy is also apparent in G401 and TTC549 cells with
a second, chemically-distinct, HDM2 inhibitor HDM201
(66) (Supplementary Figure S6B–C), and is reduced by ei-
ther shRNA- (Supplementary Figure S6D–E) or CRISPRi-
(Supplementary Figure S6F–G) mediated knockdown of
p53, demonstrating that synergy is mediated via an on-
target activity of Nutlin-3a against HDM2.

The simplest explanation for the synergy we observe is
that the combination of WIN site inhibitor and HDM2 an-
tagonist yields a more pronounced activation of p53––and
p53 target genes––than either agent alone. Indeed, this is
what we observe. Co-treatment of RT lines with 500 nM
each of C16 and Nutlin-3a results in a stronger induction
of p53 then either individual treatment (Figure 6B), and
leads to enhanced activation of the canonical p53 target

p21, as measured by Western blotting (Figure 6B). Fur-
ther analysis of consensus p53 target genes by reverse-
transcriptase Q-PCR revealed similar synergistic induc-
tion of p21 (CDKN1A), HDM2, TP53INP1, and BTG2 in
TTC549 (Figure 6C) and G401 and TTC642 cells (Supple-
mentary Figure S6H). Suppression of WDR5-bound RPGs
RPL35 and RPS24 by C16, in contrast, was not further en-
hanced by the addition of Nutlin-3a (Figure 6C and Sup-
plementary Figure S6H). Based on these data, we conclude
that––independent of the magnitude of response of RT cells
to C16 alone––WDR5 WIN site inhibitor C16 and HDM2
antagonist Nutlin-3a act synergistically to inhibit prolifer-
ation of SMARCB1-deficient cancer cells. We further con-
clude that the mechanism of synergy is most likely due to
enhanced p53 activation in response to dual inhibitor treat-
ment in this context.

DISCUSSION

Discovering strategies to treat rhabdoid tumors is a chal-
lenging task. Not only are these cancers rare and aggres-
sive, but because they are defined by loss of the SMARCB1
tumor suppressor (3–5), they lack a clear and present
oncogenic target for therapeutic intervention. Most likely,
any practical regimen for RT will involve combinations of
agents, making it imperative that we identify synergies that
can inform how existing or future drugs can be used to-
gether to ameliorate these cancers. Here, we characterize
how RT cells respond to a potent inhibitor of the WIN site
of WDR5; representative of a novel class of inhibitors cur-
rently under development in multiple laboratories (22,25–
29). We show that WIN site inhibitor evicts WDR5 from
chromatin in RT cells, suppresses the expression of WDR5-
bound genes connected to protein synthesis, and acts syner-
gistically with HDM2 antagonists to induce p53 and block
RT cell proliferation. This study strengthens the concept
that WDR5 is a conserved regulator of genes connected to
biomass accumulation, defines a predictable primary tran-
scriptional response to WIN site inhibition, and provides
a future rationale for the combined treatment of rhabdoid
tumors with WDR5 and HDM2 inhibitors.

Our definition of the genomic binding sites of WDR5 in
G401, KYM-1, and TTC549 cells reveals a pattern of chro-
matin association that is similar to what is seen in other
contexts (21,24,30); a wide variation in binding site num-
ber across cell types, a tendency for WDR5 binding proxi-
mal to promoters, and inclusion of a set of ∼100 genes that
are bound by WDR5 in all cell types examined. These 100
common WDR5-bound genes are connected to protein syn-
thesis and encode roughly half the protein subunits of the
ribosome as well as nucleolar RNAs and translation fac-
tors. Although we do not yet understand the significance
of this specific conserved pattern of WDR5 binding, we
note that a majority of these genes are transcriptionally sup-
pressed by WIN site inhibitor in RT, leukemia (21) and NB
(24) cell lines, and by WDR5 degradation in NB cells (24),
demonstrating that these genes are direct, bona-fide, and
universal WDR5 targets. We also note that most of these
genes are regulated by MYC in a WDR5-dependent man-
ner in Ramos Burkitt lymphoma cells (30), suggesting that
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Figure 6. C16 synergizes with Nutlin-3a to induce p53 and inhibit proliferation of RT cells. (A) Synergy maps, as well as peak and average HSA scores
for C16 and Nutlin-3a dose combinations ranging from 14 nM to 10 �M Nutlin-3a and 69 nM to 50 �M C16 in G401, TTC549, TTC642, and TM87-16
cells. Five day treatment (n = 3). HSA synergy score represents average HSA score of all dose combinations whereas peak synergy score represents the
maximum average score for a three-by-three dose matrix within each map (indicated by dashed-line boxes). (B) Western blot, performed on lysates from
cell lines that were treated with DMSO, 500 nM C16, 500 nM Nutlin-3a, or 500 nM C16 and Nutlin-3a for three days. Blots were probed with antibodies
against the indicated proteins. ‘cl-PARP’ refers to cleaved PARP. Histone H3 is a loading control. Image is representative of three biological replicates. (C)
RT-qPCR analysis of the indicated mRNA levels in TTC549 cells collected following treatment with DMSO, 500 nM C16, 500 nM Nutlin-3a, or 500 nM
C16 and Nutlin-3a for 3 days. RNA expression shown relative to DMSO. *P = <0.05, ** P = <0.01, *** P = <0.001, **** P = <0.0001, as determined
by ANOVA (n = 3, mean ± SEM).
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the function of WDR5 at these universal target sites may be
dedicated to the actions of MYC.

In RT cells, WIN site inhibitor results in the compre-
hensive displacement of WDR5 from chromatin, consis-
tent with earlier reports that the integrity of the WIN site
is essential for tethering WDR5 to its chromosomal loca-
tions (21,24,30). What is interesting, however, is that de-
spite the widespread eviction of WDR5 from chromatin
by C16, most genes bound by WDR5 do not respond
to WIN site blockade, either early or over the course of
days. This phenomenon is most clearly illustrated in KYM-
1 cells, in which we track ∼700 WDR5 binding sites by
ChIP-Seq but observe only 71 genes with altered transcrip-
tion, as measured by PRO-Seq. The number of WDR5-
bound genes that are transcriptionally impacted by WIN
site inhibitor does increase somewhat by day three, but the
vast majority of WDR5-bound genes are unresponsive dur-
ing extended treatment, and conversely most of the tran-
scriptional changes occur at genes that are not physically
linked to WDR5. The disconnect between WDR5 binding
and transcriptional response suggests that the function of
WDR5 at most of its chromatin-binding sites is not mea-
surable under our conditions. It is possible that these are
‘storage’ sites for WDR5, or are poised for induction in re-
sponse to a specific signal. Alternatively, these binding sites
may serve to bookmark genes for early reactivation after
mitosis; a function previously described for WDR5 in hu-
man embryonic stem cells (67). Further investigation of this
phenomenon are needed.

A number of important conclusions can be drawn from
monitoring the activity of WIN site inhibitor C16 across
a panel of SMARCB1-deficient cell lines. Despite a com-
mon genetic (MRT and AT/RT) or functional (synovial sar-
coma) perturbation, these lines differ widely in their sensi-
tivity to WIN site inhibitors. G401 and TTC642 cells, for
example, are almost as sensitive to C6 and C16 as MV4;11
leukemia cells, which are often considered the prototype for
a WIN site inhibitor-sensitive cell line (21,25). TTC549 and
TM87-16 cells, in contrast, display IC50 values close to those
obtained in K562 cells (21,22), which we and others clas-
sified as least sensitive to WIN site inhibition. Previously,
it has been challenging to know if a differential response
to WIN site inhibitors is due to differences in intracellu-
lar compound accumulation or access to WDR5, but our
use of the RPG target engagement assay demonstrates that
differences in the extent of WDR5 inhibition do not un-
derly the wide differential in cellular response across the
panel. Rather, it appears as though WDR5 inhibition, as
quantified by RPG transcription, is fairly consistent in all
cell types, as is the precise set of genes that respond early
to C16 in our PRO-Seq assays. Indeed, given the discrep-
ancy in WDR5 binding events between G401 and KYM-
1 cells, and their inherently diverse transcriptomes, it is in-
triguing to see how similar the primary transcriptional re-
sponses to C16 are between the two lines. Again, the major-
ity of these primary target genes are WDR5-bound RPGs,
which we know respond rapidly to earlier generation WIN
site inhibitors in other cancer cell contexts (21,24). Like the
conserved WDR5 binding sites, we suggest that there is a
conserved set of protein synthesis genes broadly impacted
by WIN site inhibitor in diverse cellular settings. Because

the pattern of WDR5 binding and the impact of WIN site
inhibition is similar across sensitive and insensitive lines, it
is not unreasonable to suggest that this response is univer-
sal and highly predictable, and that whether cells succumb
or survive in response to WIN site inhibition has little to do
with differences in how WDR5 and WIN site inhibitors act,
but is instead determined by how cells respond to perturba-
tions in the expression of these specific PSGs.

One determinant of an effective response to WIN site in-
hibition, based on earlier studies in leukemia (21) and NB
(24) cells, is the presence of wild-type p53, which is induced
by the ribosomal stress caused by alterations in RPG tran-
scription (21). It is clear from our transcriptomic analyses
that p53 target genes are induced in most RT lines in re-
sponse to C16 treatment, which is consistent with earlier
observations in MLLr and NB cells (21,24). What is sur-
prising in RT cells, however, is that p53 is not consistently
induced at the bulk protein level by C16, and is dispens-
able for the cellular impact of WIN site inhibitors. Pre-
cisely how WIN site inhibition results in robust activation
of p53 in some cancer cell types, and not in the RT set-
ting, is unclear, and although TP53-independent responses
to ribosome perturbation/nucleolar stress have been de-
scribed (68), they are mechanistically opaque. Understand-
ing how RT cells respond to WIN site inhibition in the ab-
sence of p53, and why p53 is not robustly induced by WIN
site inhibitor in this context, will require further investi-
gation. Regardless of the mechanism, however, our find-
ings here demonstrate that––contrary to our initial postu-
late (21)––cancer cells can respond to WIN site inhibition
in the absence of functional p53. It may thus be possible
to identify additional cancer cell types, bereft of p53, that
are inhibited by WIN site blockade. If this forecast is cor-
rect, WIN site inhibitors could have much broader utility as
anti-cancer agents than first imagined.

Perhaps the most significant implication of the p53-
independence of the response of RT cells to WIN site in-
hibitor is that can be exploited to develop a combination
inhibitor strategy centered on dual WDR5 and HDM2 in-
hibition. Based on our findings, we propose that the extent
of p53 induction by C16 in RT cells, although detectable
by RNA-Seq, is too small to affect a cellular outcome in
this context. We further propose that this modest level of
p53 induction is enhanced by HDM2 inhibition, resulting
in the synergistic activation of p53 target genes and syner-
gism in terms of cellular growth response. It is important to
note that synergy occurs not only in our most sensitive RT
lines, but also in some of the least sensitive lines, indicat-
ing that differences in response to WIN site inhibitor can
be overcome when combined with an HDM2 antagonist.
HDM2 inhibitors have not yet succeeded in clinical trials,
likely due to a combination of acquisition of resistance, tox-
icities, and inability as a single agent to reliably trigger apop-
tosis in cancer cells (69). And WIN site inhibitors are as yet
untested in terms of their in vivo efficacy, safety, or therapeu-
tic window. But synergistic combination approaches––as we
demonstrate here with HDM2 and WDR5 inhibitors––have
the potential to overcome limiting factors associated with
single agent therapies, and should allow each agent to be
used at lower doses in a combination regimen. The near uni-
versal retention of p53 in RT, together with insight we pro-
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vide here into how WIN site inhibitors act in RT cells, lays
the foundation for future preclinical evaluation of WDR5
and HDM2 inhibitor combinations for treatment of deadly
rhabdoid tumors.
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