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Glioblastomas (GBMs) are heterogeneous, treatment-resistant tumors driven by populations of cancer stem cells
(CSCs). However, few molecular mechanisms critical for CSC population maintenance have been exploited for
therapeutic development. We developed a spatially resolved loss-of-function screen in GBM patient-derived orga-
noids to identify essential epigenetic regulators in the SOX2-enriched, therapy-resistant niche and identifiedWDR5
as indispensable for this population. WDR5 is a component of the WRAD complex, which promotes SET1 family-
mediated Lys4 methylation of histone H3 (H3K4me), associated with positive regulation of transcription. In GBM
CSCs, WDR5 inhibitors blocked WRAD complex assembly and reduced H3K4 trimethylation and expression of
genes involved in CSC-relevant oncogenic pathways. H3K4me3 peaks lost withWDR5 inhibitor treatment occurred
disproportionally on POU transcription factor motifs, including the POU5F1(OCT4)::SOX2 motif. Use of a SOX2/
OCT4 reporter demonstrated that WDR5 inhibitor treatment diminished cells with high reporter activity. Fur-
thermore, WDR5 inhibitor treatment and WDR5 knockdown altered the stem cell state, disrupting CSC in vitro
growth and self-renewal, as well as in vivo tumor growth. These findings highlight the role ofWDR5 and theWRAD
complex in maintaining the CSC state and provide a rationale for therapeutic development of WDR5 inhibitors for
GBM and other advanced cancers.
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Glioblastoma (GBM) is the most common primary malig-
nant brain tumor and remains highly lethal despite an ag-
gressive multimodal standard of care approach. GBM
displays profound cellular heterogeneity, with tumor
growth and therapeutic resistance driven by populations

of cells with stem cell-like properties (cancer stem cells
[CSCs]). Neurodevelopmental transcription factors such
as SOX2, POU3F2, SALL2, and OLIG2 are expressed in
subpopulations of GBM tumor cells, are necessary and
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sufficient for tumor propagation in vivo, and cooperate to
maintain stem cell-like epigenetic landscapes (Suvà et al.
2014). Such epigenetic regulation controls the access of
transcription factors to defined sets of genes and allows
for the transition of cells between states (Huang 2013).
Thus, transcriptional and epigenetic programs coopera-
tively promote maintenance of the CSC state in GBM.
GBM cell state plasticity in response to external stimuli

is facilitated, at least in part, by chromatin reorganization.
Specific DNA methylation, histone methylation/acetyla-
tion, and chromatin accessibility patterns are predictive of
patient response to therapy in GBM. Accordingly, several
epigenetic regulators are elevated in GBM CSCs, are nec-
essary and sufficient for self-renewal, and likely generate
permissive chromatin states that facilitate maintenance
of the CSC state amid cell interactions and therapeutic
pressures (for reviews, see Flavahan et al. 2017; Valor
and Hervás-Corpión 2020; Yabo et al. 2022).
Primary patient-derived GBM organoids show regional

heterogeneity with a proliferative, SOX2-enriched outer
rim and a hypoxic core harboring quiescent CSCs and
non-CSC tumor cells (Hubert et al. 2016). To elucidate
epigenetic factors responsible for maintenance of the
CSC state in GBM in the context of heterogeneous cell
populations in each niche, we used an unbiased orga-
noid-based screen targeting epigenetic regulators.
Through this screen, we identified WDR5 as a key CSC
regulator. Targeting WDR5 provides an alternative ap-
proach to directly inhibiting core “stemness” transcrip-
tion factors (such as the transcriptional master regulator
and GBM CSC marker SOX2) that regulate CSCs but are
challenging to individually target due to their complex
and varied interactions with proteins and DNA (Gangemi
et al. 2009). Here we tested the hypothesis that targeting
WDR5 could be a means to compromise the ability of
GBM CSCs to maintain a favorable epigenetic state.

Results

Patient-derived GBM organoid specimens exhibit
increased SOX2 expression within the highly
proliferative rim region

GBM CSCs reside in defined tumor niches and display
complex interactions with their microenvironment and
surrounding cell populations (for review, see Mitchell
et al. 2021). To better model the cellular heterogeneity
in GBM and capture the complex dependencies of CSCs,
we leveraged 3D organoid models of GBM, which recapit-
ulate cellular states observed in primary patient tumors,
including niches of SOX2+CSCs, and allow for interaction
of cells in various states in an in vitro system. This GBM
organoid outer rim is highly proliferative and enriched for
SOX2+ cells, but SOX2+ cells within this region are resis-
tant to standard of care and other clinically relevant ther-
apeutics (Hubert et al. 2016; Sundar et al. 2022). A range of
patient-derived GBM organoid specimens recapitulated
enriched SOX2 expression within the rim region (Fig.
1A–C,E; Supplemental Fig. S1A,B). We isolated viable
GBM populations from the rim and core regions by label-

ing with CellTracker blue CMAC fluorescent dye fol-
lowed by FACS. We found the outer rim of GBM
organoids is enriched for functionally self-renewing
SOX2+ CSCs compared with the inner hypoxic core (Fig.
1D).
To measure the abundance of SOX2+ cells in the orga-

noid rim, we turned to the lentiviral-based SOX2/OCT4
response element (SORE6) reporter system, where a desta-
bilized copGFP is expressed in response to binding to tan-
dem repeats of the SOX2::OCT4motif (Supplemental Fig.
S1C; Tang et al. 2015). The destabilized GFP allows for
real-time monitoring of transcription factor activity. To
interrogate functionality of the SORE6-GFP system in
GBM CSCs, we knocked out SOX2 and OCT4 via
CRISPR:Cas9-mediated genome editing and monitored
the effect on SORE6-GFP expression (Fig. 1F; Supplemen-
tal Fig. S1D–G). In the three GBM CSC isolates tested,
SOX2 KO, but not OCT4 KO, reduced GFP reporter activ-
ity, suggesting that SOX2 is the main driver of the SOX2::
OCT4motif in these cells, and this reporter can be used as
a readout of SOX2 activity. To quantify SOX2-expressing
cells in organoid regions, we generated and matured orga-
noids from SORE6-GFP transduced GBMCSCs. Next, we
regionally labeled GBM organoids with CMAC and as-
sessed dissociated organoids by flow cytometry. The
CMAC+ population contained the vast majority of GFP+

cells (Fig. 1G; Supplemental Fig. S1H). These data corrob-
orate our IHC data demonstrating enrichment of SOX2 in
the outer organoid niche.

Spatially resolved organoid screening reveals WDR5
is essential for CSC survival

To elucidate epigenetic regulators responsible for mainte-
nance of the SOX2+, therapy-resistant cellular state, we
adapted our methods to enable high-throughput function-
al genomics screening in 3D organoid culture. We used a
pooled inducible lentiviral shRNA library to target ∼400
epigenetic-modifying genes in GBM CSCs, FACS-sorted
virus-infected (mVenus+) CSCs, seeded CSCs to generate
several hundred organoids in parallel, and allowed the
organoids to mature for 1 mo in spinning bioreactors prior
to shRNA induction and outgrowth.Wewaited 1mo prior
to doxycyline-induced shRNA induction (dsRed+) to avoid
affecting cells prior to stable microenvironment forma-
tion (Fig. 2A; Supplemental Fig. S2A). We validated viral
integration (mVenus+) and shRNA induction (dsRed+) in
the entire organoid by microscopy. We then spatially la-
beled GBM organoids with CMAC as described above
and verified proper organoid regional labeling using live
confocal imaging (Fig. 2B) prior to organoid dissociation.
We FACS-sorted on successfully Dox-induced mVe-
nus+dsRed+ cells in each region (CMAC+ or CMAC−),
and DNA was isolated from sorted populations, tagged
with unique molecular barcodes, and deconvolved by
high-throughput sequencing of the integrated shRNA li-
braries as previously described (Fig. 2C; Miller et al.
2017). Greater than 500-fold representation of library
complexity was maintained at every step in the screened
populations, and full screens were performed in triplicate.
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Genes identified byRIGER analysis (Broad Institute) as es-
sential were separated into overlapping or niche-specific
targets (Fig. 2D,E; Supplemental Fig. S2B). RPA3 knock-
down, known to be broadly cell-lethal, was found to be es-
sential in both niches in our screen. Since knockdowns
common to both organoid regions are likely enriched for
universally required genes and therefore are less likely
to have a therapeutic window upon translation to therapy,
we focused on genes uniquely essential in the SOX2+-
enriched niche (Fig. 2D). This includedMLL5, a gene crit-
ical formaintaining CSC self-renewal in GBM (Gallo et al.
2015), underscoring the ability of our platform to identify
biologically meaningful hits in GBM CSCs.

Our screen also identified the trithorax protein WD re-
peat domain 5 (WDR5) as an essential gene for growth
within the SOX2-enriched niche of GBM organoids.
WDR5 is best characterized as a core subunit of the
WRAD complex, which also includes the proteins
RBBP5, ASH2L, and DPY30, two of which were found to
be important for the GBM CSC state, including in vivo
(Alvarado et al. 2017; Miller et al. 2017; Dixit et al.
2022). The WRAD complex interacts with SET1/MLL
methyltransferases to facilitate post-translational modifi-
cations on histone tails, including histone 3 lysine 4
(H3K4) monomethylation, dimethylation, and trimethy-
lation, which are associated with transcriptionally per-
missive chromatin (Santos-Rosa et al. 2002). WDR5
mediates self-renewal in embryonic stem cells by re-

gulating the OCT4–SOX2–NANOG pluripotency tran-
scription factor network (Ang et al. 2011). WDR5 is
functionally important in serum grown GBM cell lines
(Dai et al. 2020; Wang et al. 2020), but its function has
not been investigated in CSC or GBM organoid culture,
and therapeutic inhibition of WDR5 has not been tested
in GBM.

Our screen identified KANSL1 as essential in both orga-
noid niches. WDR5 binds KANSL1 as an essential part of
the nonspecific lethal H4 acetyltransferase complex (Dias
et al. 2014). KANSL1 and MLL1 both bind WDR5, mutu-
ally exclusively, at its WIN site, an arginine binding cavi-
ty. While WDR5 WIN inhibition disrupted WDR5/MLL1
binding (Tian et al. 2020), WDR5/KANSL1 binding
was not affected (Guarnaccia et al. 2021). As a tool to in-
hibit WDR5 without affecting the commonly essential
KANSL1, we first treated organoids with a commercially
availableWDR5WIN site peptide inhibitor,MM-102, pre-
viously shown to inhibitMLL1 histonemethyltransferase
(HMT) activity in vitro (Karatas et al. 2013).We quantified
cell proliferation in each organoid region using immuno-
histochemistry (IHC) for a mitotic marker (phosphorylat-
ed histone H3 [pHH3]). MM-102 reduced pHH3+ cells in
the SOX2-enriched niche, recapitulating the screen re-
sults (Supplemental Fig. S2C). We turned to conventional
CSC-enriching culture conditions to expand cells and val-
idate WDR5 function in CSCs more efficiently. We
detected SOX2 expression in GBM models in CSC-
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Figure 1. SOX2 is enriched in the highly
proliferative rim region of patient-derived
GBMorganoids. (A–C ) SOX2 IHC shows en-
richment of SOX2+ cells in the GBM orga-
noid rim. (D) Stem cell behavior (sphere
formation) shown by limiting dilution assay
in cells isolated from the organoid rim and
core. Error bars are 95% confidence inter-
vals. P-value was determined by χ2 test. (E)
SOX2 IHC of four different patient-derived
GBM organoid specimens. Fields of view
(20× magnification) for individual speci-
mens are shown. (F ) SOX2 and OCT4 were
knocked out via CRISPR:Cas9 in SORE6-
GFP transduced GBM CSCs, and SORE6-
GFP reporter expression was measured by
flow cytometry. Bars represent geometric
mean fluorescence intensity (MFI) for GFP
relative to CD8A control, ±SD; symbols
are biological replicates. P-values were de-
termined by two-tailed, paired t-tests. (G)
GBM organoids derived from SORE6-GFP
transduced GBM CSCs were regionally la-
beled with the CellTracker blue CMAC
fluorescent dye, dissociated, and analyzed
by flow cytometry to measure GFP expres-
sion in the CMAC+ and CMAC− niches. Er-
ror bars are SD; n =3 biological replicates per
line. P-values were determined by two-
tailed, unpaired t-tests.
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enriching culture conditions, and this expression was
reduced in serum conditions (Supplemental Fig. S2D).
We observed a reduction in CSC number and proliferation
upon treatment with MM-102 in a dose-dependent man-
ner (Supplemental Fig. S2E,F). These data demonstrated
thatWDR5 inhibition is detrimental to GBMCSC growth
in organoid and sphere culture and provided rationale for
the further study of WDR5 in GBM.

WDR5 small molecule inhibition reduces the interaction
between WDR5 and WRAD complex members and
broadly diminishes histone 3 lysine 4 trimethylation
(H3K4me3)

We next sought to detect the interaction between WDR5
and members of the WRAD complex in GBM CSCs. By
immunoprecipitation of either RBBP5 or WDR5 and

A

C

D E

B

Figure 2. Spatial functional genomics screening defines genes essential in cancer niches. (A–C ) GBMCSCswere infected with an induc-
ible shRNA library targeting epigenetic modifiers (mVenus reporter) and grown into organoids. (A) shRNAs were induced with doxycy-
cline (leading to dsRed reporter expression), and after 3 wk, organoids were incubated with CellTracker blue CMAC fluorescent dye to
label the entire outer rim region. Live confocal imaging of screened GBM528 organoids was used to verify proper spatial labeling prior
to subsequent dissociation. (B) Z-stacks showing labeling intensity (pseudocolored) and individual image slices showing labeling overlap
are shown using a 20× objective. (C ) Subsequently, single cells were isolated from the organoids and separated into rim (CMAC+) or core
(CMAC−) populations by FACS, and thenDNAwas isolated for barcode sequencing and analysis. (D) Rank-ordered list of genes targeted in
the shRNA screen, ranked by depletion of the shRNA in the SOX2-enriched niche (CMAC+). The dotted line represents P= 0.05 as deter-
mined by RIGER analysis of all hairpin sequences and replicates. Niche-specific hits are in blue, and common hits (including RPA3-pos-
itive control) are shown in black. (E) Venn diagram of screen hits showing localization in SOX2-enriched or SOX2-depleted niches or
common to both regions.
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immunoblotting, we detected the association of WDR5
with RBBP5 and the other WRAD complex members
(Fig. 3A,B; Supplemental Fig. S3A). MLL1 is functionally
important in GBM CSCs (Heddleston et al. 2012; Gallo
et al. 2013) and, unlike for other SET1 familymethyltrans-
ferases (SET1A, SET1B, and MLL2–MLL4), is specifically
dependent on WDR5 for its methyltransferase activity
(Dou et al. 2006; Li et al. 2016). Thus, we immunoblotted
for MLL1 and found that it was bound to WDR5 and
RBBP5 (Fig. 3B). To assess WDR5 WIN site inhibition in
the context of this complex, we turned to compound 16
(C16), a recently disclosed small molecule WDR5 WIN
site inhibitor (Supplemental Fig. S3B; Tian et al. 2020).
C16 was synthesized in a series of compounds that have
improved on-target potency and drug-like properties com-
pared with previously described WDR5 WIN site inhibi-
tors. C16 was the most potent in this series, with
picomolar binding affinity for WDR5 and low nanomolar
inhibition of MLL1 HMT activity. In addition, an X-ray
cocrystal structure of C16 bound to WDR5 has been
solved (Tian et al. 2020). Using recombinant WDR5,
C16 robustly displaced a fluorescently labeled MLL1-de-
rived peptide using the time-resolved fluorescence energy
transfer (TR-FRET) assay (Supplemental Fig. S3C). To gain
further insight into the effects of C16 in GBM CSCs, we
performed coimmunoprecipitation studies in GBM
CSCs after C16 treatment with a focus on MLL1 and
core WRAD complex members. WIN site inhibition spe-
cifically inhibits MLL1 and SET1A HMT activity (Patel
et al. 2008; Alicea-Velázquez et al. 2016). As expected,
MLL1 was displaced from WDR5 and RBBP5 upon C16
treatment. The interaction between WDR5 and RBBP5
was also reduced (Fig. 3C,D; Supplemental Fig. S3D,E).
C16 targets the WDR5/MLL1 interaction site, which is
distinct from the WDR5/RBBP5 interaction site, yet the
RBBP5 interaction appears to be allosterically affected in
GBMCSCs. In previous studies,WDR5WIN site inhibitor
OICR-9429 reduced the WDR5/RBBP5 interaction in
HEK293 cells (Grebien et al. 2015), but similar results
were not seen with WIN site inhibitor C6 in HEK293-
WDR5-FLAG cells (Guarnaccia et al. 2021) or with C16
in AML cells (Tian et al. 2020). Thus, WDR5/WIN site in-
hibition may have varied effects in different tumor
contexts.

We next aimed to assess MLL1 function in response to
C16 treatment by measuring H3K4me3 levels. We ob-
served a global reduction in H3K4me3 by Western blot
in a dose-dependent manner (Fig. 3E–G). These data cor-
roborate previous findings thatWDR5 depletion or inhibi-
tion reduces genome-wide H3K4me3 (Benayoun et al.
2014; Zhang et al. 2018; Siladi et al. 2022).

WDR5 inhibition leads to H3K4me3 loss at
essential CSC genes

Based on changes in H3K4me3 by Western blot, we used
the cleavage under targets and tagmentation (CUT&Tag)
approach (Kaya-Okur et al. 2019) to identify genome-
wide changes in H3K4me3 localization and abundance af-
ter C16 treatment. We treated DI318, a newly derived

CSC model from a GBM patient specimen, with its IC50

dose of C16 (3 μM) for 72 h and performed CUT&Tag for
H3K4me3. We used MACS2 for peak calling and found
that replicates from each group clustered closely together
based on similarities of peak sequences (Supplemental
Fig. S4A). In DMSO-treated cells, we identified an average
of 21,224 H3K4me3 peaks across replicates, while in C16-
treated cells, we identified an average of 19,502 peaks
across replicates. We first sought to identify peaks that
disappear or appear following C16 treatment and are
therefore unique to each group. After excluding peaks
<50 bp, we identified 1110 H3K4me3 peaks unique to
the DMSO group (i.e., lost in the C16 treatment group;
corresponding to 995 genes) and 783 peaks unique to the
C16 group (corresponding to 758 genes) (Fig. 4A; Supple-
mental Table S1). Peaks lost with C16 treatment were
generally larger than peaks gained with C16 treatment
(Supplemental Fig. S4B). H3K4me3 is enriched immedi-
ately downstream from TSSs (Guenther et al. 2005);
thus, as expected, the majority (72%) of peaks lost with
C16 treatment were contained within 1 kb of transcrip-
tion start sites (TSSs). Peaks in exons and distal intergenic
regions made up 20% of peaks lost (Fig. 4B). Genes with
peaks lost with C16 treatment were enriched for biologi-
cal processes including neurogenesis and cell projection
(Fig. 4C), while genes with peaks gained with C16 were
enriched for catabolic processes, tube formation, intracel-
lular protein transport, and RNA metabolic processes
(Supplemental Fig. S4C), suggestive of compensatorymet-
abolic and developmental pathways being up-regulated in
response to WDR5 inhibition.

We next identified consensus peaks between theDMSO
and C16 treatment groups to determine whether there
was differential enrichment of these peaks between
groups (Supplemental Table S2). Seventy-seven percent
of consensus peaks were contained within 1 kb of TSSs
(Supplemental Fig. S4D). Of all consensus peaks with
FDR of <0.05 (7728 peaks), 3085 were diminished at least
twofold in the C16 group comparedwith theDMSO group
(Fig. 4A,D). These 3085 peaks corresponded to 2454 genes,
599 of which were the same genes that lost a peak with
C16 treatment (Supplemental Fig. S4E). Only 39 peaks
were increased twofold or greater in the C16 treatment
group (corresponding to 37 genes) (Supplemental Fig.
S4E). Sixty-three percent of peaks diminished twofold or
greater in C16 were contained within 1 kb of TSSs (Fig.
4B). Loss of H3K4me3 in C16-treated CSCs occurred on
genes with previously described roles in GBM, such as
ALCAM, CD109, EGFR, KLF8, NRCAM, PDGFRA, and
SOX4 (Sehgal et al. 1999; Jackson et al. 2006; Kijima
et al. 2012; Schnell et al. 2012; Zhang et al. 2014; Furnari
et al. 2015; Filppu et al. 2021), and stem cell master tran-
scription factors LHX2, MYCL, RFX4, CITED1, HEY2,
SOX5, POU3F2, and SALL2 (Fig. 4D,E), of which the lat-
ter two are essential for GBM propagation (Suvà et al.
2014). Genes with H3K4me3 peaks diminished with
C16 treatment were enriched for brain developmental
and differentiation pathways; synaptic signaling; small
GTPase signal transduction; oncogenic signatures includ-
ing KRAS, E2F3 (involved in G1/S transition), EGFR,
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LEF1, andWNT/Frizzled binding; and theWNT signaling
pathway (Supplemental Fig. S5A–D). WDR5 has been pre-
viously implicated in regulating β-catenin transcription
and activating the Wnt/β-catenin signaling pathway via
interaction with the long noncoding RNA HOTTIP (Liu
et al. 2020), whose corresponding gene also displayed
loss of H3K4me3 in C16-treated CSCs (Fig. 4D; Supple-
mental Table S2). We measured expression of several of
these targets at the mRNA level and found that some,
but not all, CSC-relevant genes with H3K4me3 loss also
had reduced expression with C16 treatment (Fig. 4F; Sup-
plemental Fig. S4F). For some genes (EGFR, KLF8, SOX4,
and SOX5), there was minimal or no reduction in expres-
sion despite reduction in H3K4me3. It is likely that strin-
gent regulation of these key factors requires coordination
of multiple chromatin modifications to significantly alter
gene expression.

CUT&Tag reveals loss of H3K4me3 at specific
POU domain DNA binding motifs

To ask mechanistically which gene regulatory programs
are most affected by WDR5 perturbation in CSCs, we
identified enriched DNA binding motifs within
H3K4me3 peaks reduced twofold or greater in the C16
treatment group via HOMER analysis. The most signifi-
cantly changed motifs (Q-value < 0.02) correspond to
transcription factors important in GBM maintenance, in-
cluding OCT4 (POU5F1), SOX2, BRN1 (POU3F3), CTCF,
and REST, and were enriched [p(X ≥ 7) < 5.7 × 10−7] by hy-
pergeometric test for members of the POU domain tran-
scription factor family (Fig. 5A). In embryonic stem
cells, WDR5 and the POU transcription factor OCT4 in-
teract, and DNA specificity conferred by OCT4 directs
WDR5 to specific loci; namely, those driving self-renewal
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Figure 3. WDR5 inhibition reduces the interaction between WDR5 andWRAD complex members and diminishes the H3K4me3 mark.
(A) Model of the WRAD complex indicating points of protein–protein interactions, based on structures solved in Xue et al. (2019). (B) Im-
munoprecipitation of RBBP5 in GBM CSCs. Immunoblotting was performed for WRAD complex members and MLL1. Inputs are 10%.
Representative experiments are shown. (C ) Immunoprecipitation of RBBP5 after C16 inhibitor treatment (5 µM for 24 h) in GBM CSC
models. Immunoblotting was performed for WRAD complex and MLL1. Inputs are 10%. Representative experiments are shown. (D) Re-
lated toC. Quantification ofWDR5 andMLL1 immunoprecipitated by RBBP5, relative to actin quantity fromeach sample’s input. Circles
are biological replicates. (E) Western blots showing H3K4me3 levels in whole-cell lysates after C16 treatment for 72 h at different doses in
CSCmodels. Representative experiments are shown. (F ) Western blots showingH3K4me3 levels inwhole-cell lysates after C16 treatment
(5 µM for 72 h). Representative experiments are shown. (G) Quantification of H3K4me3, relative toH3 quantity after C16 treatment (5 µM
for 72 h). Circles are biological replicates; lines connect DMSO- and C16-treated specimens from the same experiment.
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(Ang et al. 2011). As it is currently unknownhowWDR5 is
specified to histone targets in GBM, these data provide in-
sight into factors that may cooperate with WDR5 in pro-
moting activation of target gene programs.

Among the top DNA binding motifs enriched within
H3K4me3 peaks reduced with C16 treatment was the
OCT4–SOX2–TCF–NANOG (POU, homeobox, and
HMG) motif, which matches the POU5F1(OCT4)::SOX2
motif. Considering our original identification of WDR5
as critical in the SOX2-enriched GBM niche, we again
used the SORE6 reporter system (Supplemental Fig.
S1C) here to test whether WDR5 inhibition affects activ-
ity of loci regulated by the core stem cell transcription fac-
tors SOX2 and OCT4. While this system has been used as
a tool in a variety of tumors, it has not yet been used to in-
form the GBM CSC phenotype. The SORE6 reporter re-

sponds to SOX2 and OCT4 individually (Tang et al.
2015), and our CRISPR experiments (Fig. 1) demonstrate
that SOX2 mainly drives SORE6 reporter expression in
GBM CSCs. Live-cell imaging of SORE6 reporter trans-
duced CSCs revealed that C16 treatment decreased the
number of GFP+ cells over time, indicating thatWDR5 in-
hibition diminished reporter activity and/or inhibited
growth of cells with high reporter activity (Fig. 5B–D; Sup-
plemental Fig. S6A). SORE6-GFPhigh cells gave rise to both
GFPhigh and GFPlow cells, with GFPhigh cells having a
higher self-renewal frequency (Supplemental Fig. S6B).
Mean GFP intensity of live SORE6-GFP cells was reduced
after C16 treatment, suggestive of inhibited transcription
of SORE6-regulated loci (Fig. 5E). These data mechanisti-
cally validate the SORE6 motif as a WDR5-regulated se-
quence. To further interrogate the CSC state in response
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Figure 4. WDR5 inhibition leads to H3K4me3 loss at essential CSC genes. (A) Number of H3K4me3 CUT&Tag peaks lost, gained, de-
creased, or increased (log2FC≤−1 or log2FC≥ 1) after C16 treatment (3 μM for 72 h) of DI318 cells. (B) Bar plot showing distribution of
peaks in gene regions that were lost in the C16 group (unique to the DMSO group) or reduced twofold or greater in the C16 treatment
group. (C ) MSigDB gene set annotations enriched amongCUT&Tag peaks lost in the C16 treatment group. (D) Volcano plot of differential
H3K4me3 peaks detected byCUT&Tag inDI318CSCs. Blue dots representH3K4me3 peaks reduced twofold or greater (log2FC≤−1) with
C16 treatment, and orange circles are H3K4me3 peaks increased twofold or greater (log2FC≥ 1) with C16 treatment. Multiple peaks (cir-
cles) may map to the same gene. (E) Representative H3K4me3 peaks from CUT&Tag at the indicated genes (from Integrative
Genomics Viewer). (F ) qPCR for specified genes in DI318 CSCs treated with the indicated doses of C16 for 72 h. Bars represent mean ex-
pression of n= 3 biological replicates, normalized to ACTB levels by ddCt method, ±SD.
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to WDR5 inhibition, we performed limiting dilution
sphere formation assays and found that C16 treatment re-
duced CSC self-renewal in a concentration-dependent
manner (Fig. 5F; Supplemental Fig. S6C). Taken together,
these data provide proof of concept that targeting of
WDR5 suppresses the CSC phenotype and disrupts epige-
netic programs that maintain the CSC transcriptional
state.

Reduction of CSC growth and viability via WDR5
inhibition

Given our initial functional andmechanistic assessments
of the WDR5 inhibitors MM-102 and C16, we aimed to
further assess the effects of these and other WDR5 inhib-
itors in CSC-enriched cultures. As withMM-102, C16 led
to a reduction in CSC number in a dose-dependent
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Figure 5. WDR5 inhibition leads toH3K4me3 loss preferentially at POUdomainDNAbindingmotifs, diminishes SORE6 reporter+ cells,
and compromises GBMCSC self-renewal. (A) Top DNA binding motifs enriched within H3K4me3 peaks reduced (log2FC≤−1) with C16
treatment. Enrichment P-values were computed using the HOMERmotif analysis tool set with all significant peaks from DiffBind anal-
ysis as background. (B–D) GBMCSCmodels transducedwith the SORE6-GFP reporterwere treatedwithC16. (B) Representative images of
day 7 after treatment. (C ) GFP+ cell numbers were quantified over 10 d using IncuCyte live-cell imaging. One representative time course
experiment is shown for each CSC model. Average GFP+ cell count per image is plotted at each time point, ±SEM per image. Multiple
images were taken per well with n=3 technical replicates (wells). (D) GFP+ cell numbers at day 7 after treatment with 5 µM C16. Each
line is a biological replicate. P-values were determined by two-tailed, paired t-tests. (E) GFP intensity of live L0 SORE6-GFP cells after
C16 treatment for 3 d. (F ) In vitro limiting dilution analysis of CSCs in the presence of C16. Bars representmean sphere formation frequen-
cy, ±SD; symbols are biological replicates. Sphere formation frequency frommultiple independent replicates is shown in the table. For E
and F, P-values were determined by one-way ANOVA and post-hoc Dunnett’s multiple comparisons test.
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manner (Supplemental Fig. S7A). For C16, half-maximal
inhibitory concentration (IC50) values ranged from 0.4 to
6.6 µM across CSCs from more than eight PDX models
(Table 1).We also obtained two previously described small
molecule WDR5 inhibitors: piribedil and OICR-9429.
These two compounds displayed IC50 values similar to
those observed with MM-102. With WDR5 binding affin-
ity confirmed for C16 (Supplemental Fig. S3C), and since
GBM CSC models were more sensitive to C16 compared
with the other WDR5 inhibitors tested (Table 1), we
moved forward with further testing of C16.

WDR5 is differentially expressed in human GBM patient
tumors compared with normal brain tissue

To investigate the relevance of WDR5 in the context of
human GBM patients, we interrogated publicly available
gene expression data from patients’ tumors (Bowman
et al. 2017). Importantly, WDR5 expression is elevated
in GBM compared with normal brain tissue (Supplemen-
tal Fig. S7B). To examineWDR5 expression inmore detail,
we queried WDR5 and WRAD complex member expres-
sion in RNA sequencing data through a recently reported
“Brain-UMAP” (Arora et al. 2023). Batch-corrected log2-
normalized gene expression data from different uniformly
processed pipelines, including 702 adult glioma samples
from The Cancer Genome Atlas (TCGA), 270 adult glio-
ma samples from the Chinese Glioma Genome Atlas
(CGGA), 1409 healthy normal brain samples from the Ge-
notype–Tissue Expression Project (GTEx) across 12
GTEx-defined brain regions, and 802 pediatric tumor sam-
ples from the Children’s Brain Tumor Network (CBTN),
were used to generate the Brain-UMAP. Coloring the
UMAP projections for gene expression of theWRAD com-
plex members revealed enrichedWDR5 and WRAD com-
plex member expression in glioma samples from TCGA
and the CGGA compared with normal brain tissues
from the GTEx (Fig. 6A–C; Supplemental Fig. S7C,D).
WDR5 expression in patients’ tumors also correlates
with increased SOX2 expression (Supplemental Fig.
S7E).We also interrogatedWDR5 andWRAD complex ex-
pression in RNA sequencing data from a panel of normal
brain cell types and GBM CSC lines (Toledo et al. 2015).
These data show significantly increased expression of
WDR5, RBBP5, and DPY30 in GBM compared with nor-
mal brain cells (Fig. 6D; Supplemental Fig. S7F). Next,
we compared protein expression of WDR5 and other
WRAD complex members in GBM CSCs, NSCs, and as-
trocytes and found diminished expression of WDR5,
RBBP5, and DPY30 in normal brain cell types compared
with GBM (Fig. 6E). Finally, increased WDR5 expression
in patients’ tumors trends with poorer overall survival in
GBM (Supplemental Fig. S7G).

WDR5 inhibition preferentially reduces growth and
viability of GBMCSCs relative to normal brain cell types

We next tested the effect of WDR5 inhibition in normal
brain cell types. We treated astrocytes, NSCs, and fibro-
blasts with C16 in 7-d IC50 assays to assess toxicity on

these relevant normal cell populations. Compared with
GBMCSCs, human andmouse astrocytes had, on average,
a fivefold and sevenfold increased IC50 dose, human im-
mortalized NSCs had a 1.3-fold increased IC50 dose, and
human fibroblasts had a 20-fold increased IC50 dose (Fig.
6F; Table 1). To directly compare the effect of C16 in non-
malignant andmalignant cells, we used a series of immor-
talized and/or transformed human NSCs from the same
background (CB660 line) (Hubert et al. 2013). These cells
were modified via the following combinations of loss of
tumor suppressors and addition of oncogenes: dominant-
negative p53DD and hTERT (PhT), CyclinD1 and
CDK4R24C (CC), c-Myc, and H-RasV12. Sensitivity to
C16 dramatically increased as a result of exogenous c-
Myc expression, and most acutely (50-fold decrease in
IC50) in c-Myc and H-RasV12 transformed cells, which
are malignant (Fig. 6G; Table 1). These data directly dem-
onstrate that malignant transformation sensitizes cells to
WDR5 inhibition. Additionally, WDR5 and RBBP5 pro-
tein expression increases modestly in normal NSCs with
the overexpression of c-Myc (Supplemental Fig. S7H).
Due to similar IC50 values between NSCs and GBM
CSCs, we further investigated the effects of C16 on nor-
mal NSCs. Observation of C16-treated cells under themi-
croscope suggested that NSCs were undergoing a slowing
of growth rather than cell death upon WDR5 inhibitor
treatment, while cell death was evident in C16-treated
GBMCSCs. To test this, wemeasured apoptosis in human
NSCs in parallel with GBM CSCs treated with WDR5 in-
hibitor C16 via annexinV staining by flow cytometry. We
observed a significant increase in apoptosis in GBMCSCs
but not in NSCs (Fig. 6H). Similarly, we did not observe a
significant increase in apoptosis in primary astrocytes af-
ter C16 treatment (Supplemental Fig. S7I).

As the proliferation rate of immortalized NSCs in-
creased with exogenous H-RasV12 and MYC expression,
we investigated whether increased sensitivity to C16
could be attributed to an increased proliferation rate of
cells. We found no correlation between doubling times
and C16 IC50s in a panel of CSCs and immortalized/trans-
formed NSCs (Supplemental Fig. S8A), suggesting that
sensitivity to WDR5 inhibition is not solely due to prolif-
eration rate. Based on these observations, we further test-
ed the effects of C16 in a subset of CSC models (3832,
DI318, and L0) and found that C16 reduced cell number
over time and increased apoptosis in a concentration-de-
pendent manner (Fig. 7A,B; Supplemental Fig. S8B,C).
C16 also reduced CSC proliferation in patient-derived
GBM organoids (Supplemental Fig. S8D). Importantly,
loss of proliferation specifically occurred in SOX2+ cells
in organoids with C16 treatment (Supplemental Fig. S8E).

WDR5 inhibitor C16 is tolerated in vivo and reduces
tumor growth in a flank tumor model

To understand the potential toxicity of chronic adminis-
tration of C16 in vivo, we treated a small cohort of
healthy, non-tumor-bearing mice daily for 32 d with vehi-
cle or 10 mg/kg C16 intraperitoneally (i.p.). Mice were
weighed twice weekly and monitored for signs of distress
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or inhibitor-related decline.We did not observe significant
reduction in weight or other phenotypic signs of potential
toxicity over the 32-d period (Supplemental Fig. S9A). Fol-
lowing the conclusion of the experimental time frame,
whole blood was collected, and separated plasma was
used to evaluate a basic metabolic panel. Mice showed
no significant changes in ALT, AST, creatinine, chloride,
sodium, or glucose, indicative of unimpaired liver and kid-
ney function (Supplemental Fig. S9B). Recently published
work testing C16-related WDR5 small molecule inhibi-
tors in mice also found no systemic toxicity and did not
note any neurologic defects, observing a desirable oral
pharmacokinetic profile with manageable intravenous
clearance and high oral bioavailability (Teuscher et al.
2022).Mouse and humanWDR5 are identical (Guarnaccia
and Tansey 2018); therefore, C16 is predicted to bind
mouse WDR5, and, in this sense, toxicity studies with
WDR5 inhibitors in mice are translatable to humans.
However, assessment of brain penetration via a snapshot
brain-to-plasma time-course concentration profile after a
single i.p. bolus dose of 10 mg/kg C16 in mice revealed
it has limited brain penetration, with an area under the
curve brain to plasma ratio of <10% (AUCbrain/AUCplasma

ratio < 0.1) (Supplemental Fig. S9C). Blood–brain barrier
(BBB) penetration potential was also assessed using
MDR1–MDCK cell monolayers, a routine methodology
used to predict the likelihood of passive CNS penetration.
An average A–B passive permeability (Papp) of 0.715× 10

−6

cm/sec was measured for C16, a value that is indicative of
low brain penetration potential. Typical CNS therapeu-

tics maintain moderate to high passive permeability (Papp
>10×10−6 cm/sec) and lack active transport/efflux from
transporters expressed at the BBB (Mahar Doan et al.
2002). Despite the expected low brain penetrance of C16,
we tested C16 in vivo in the context of orthotopic brain tu-
mors. NSGmicewere intracranially implantedwith DI318
CSCs, and daily treatment of 10mg/kgC16 commenced 10
d after implantation. As expected, we did not observe a dif-
ference in survival. Of note, the mice tolerated daily i.p.
treatment of C16 well for almost 3 wk in this experiment,
supporting that C16 is tolerable and not overtly toxic to
mice (Supplemental Fig. S9D). To evaluate the effect of
C16 on tumors in vivo, we implanted GBM CSCs as flank
tumors. Both direct tumoral injection and systemic i.p. in-
jection of C16modestly reduced tumor volume (Fig. 7C,D).
Mice were treated until vehicle group mice reached a hu-
mane end point based on flank tumor size. Finally, to dem-
onstrate that the tumor-suppressive effect is related to
WDR5, we prepared lysates from end point tumors (from
Fig. 7D) and performed coimmunoprecipitations to mea-
sure protein–protein interactions between WDR5 and its
binding partner, RBBP5. We saw a trend of reduction in
WDR5 bound to RBBP5 (Fig. 7E), supporting a WDR5-spe-
cific effect in tumors after systemic i.p. injection of C16.

WDR5 knockdown reduces CSC growth, self-renewal,
and tumor initiation

We finally sought to validate our inhibitor studies with
WDR5 genetic loss of function. We silenced WDR5 using

Table 1. IC50 values of WDR5 inhibitors in GBM CSC models and control cell types

Cell type
Average IC50 Average IC50 Average IC50 Average IC50

C16 MM-102 Piribedil OICR9429

GBM CSCs 3832 2.4 µM (n =6) 44 µM (n = 2) >20 µM (n = 1) >20 µM (n = 1)
DI318 2.9 µM (n =5) 49 µM (n=2)
4121 3.5 µM (n =2) >20 µM (n =1) >20 µM (n=1)
387 2.6 µM (n =3)
3691 2.2 µM (n =2)
L0 0.4 µM (n =9) 35 µM (n=3)
L1 4.4 µM (n =2)
L2 1.3 µM (n =2)
GBM23 0.95 µM (n= 4)
GBM528 6.6 µM (n =2)
HSJD-pGBM-001 2.3 µM (n =2)
BT124 1.8 µM (n =2)

Diffuse intrinsic pontine glioma HSJD-DIPG-007 2.9 µM (n =2)

Immortalized/transformed human
neural stem cells (CB660)

+PhT 3.5 µM (n =4)
+PhTCC 3.5 µM (n =3)
+Myc 1.5 µM (n =3)
+PhTCC+Ras 2.7 µM (n =3)
+PhTCC+Myc 1.0 µM (n =3)
+PhTCC+Myc
+Ras

0.07 µM (n= 3)

Primary immortalized human astrocytes 18 µM (n=4)
Primary mouse astrocytic stem cells 13.6 µM (n =2)
Human IMR90 fibroblasts 53 µM (n=3)

Cells were treated with a range of concentrations of the peptide WDR5 inhibitor MM-102 and small molecule WDR5 inhibitors piri-
bedil, OICR9429, and C16. After 7 d, viable cell counts were measured by CellTiter Glo viability assay. Values represent mean IC50

values (relative to DMSO-treated cells) across multiple experiments; the number of independent replicates is noted in the table.
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short hairpin RNA (shRNA)-mediated interference (Fig.
7F) and found that WDR5 loss led to reduced expression
of RBBP5 (and MLL1 in two out of three CSC models), in-
dicating that WDR5 inhibition may destabilize the
WRAD complex. We next tested howWDR5 loss affected
stem cell behavior in the 3832, DI318, and L0 CSC mod-
els. Depletion of WDR5 resulted in reduced CSC growth
(Fig. 7G,H) and attenuated self-renewal (Fig. 7I,J) com-
pared with nontargeting (NT) controls. As CSCs are func-
tionally defined in part by their capacity for tumor
initiation, we intracranially implanted CSCs expressing
control or WDR5 targeted shRNAs and found that

WDR5 knockdown increased tumor latency (Fig. 7K).
Half of the mice implanted with shWDR5 #47 CSCs,
which produce greater knockdown of WDR5, did not
develop tumorswithin the time frame of the study, imply-
ing that below a certain threshold of WDR5 expression,
tumors are not viable. Future studies will further examine
mechanisms of tumor growth slowing and increased tu-
mor latency in response to genetic and pharmacologic
WDR5 inhibition. Taken together, these knockdown
data more broadly validate our initial organoid screen-
ing results, demonstrate that WDR5 is essential for the
CSC phenotype, and provide a rationale for the

A B

ED

F G H

Figure 6. WDR5 ismore highly expressed in humanGBMpatient tumors than normal brains, andWDR5 inhibition is preferentially det-
rimental to malignant cells. (A) UMAP projection showing normal brain tissue and brain tumor sample source. (GTEx) Normal brain tis-
sue samples from the Genotype–Tissue Expression Project, (TCGA) The Cancer Genome Atlas, (CGGA) the Chinese Glioma Genome
Atlas, (CBTN) the Children’s Brain Tumor Network. (B) UMAP projection of gene expression for WDR5 on Brain-UMAP. Scale bar is
log2(TPM+1). (C ) RNA expression ofWDR5 in selected tumor and normal groups. P-values of each group compared with GTEx were de-
termined by unpaired t-tests with correction for multiple comparisons. (D)WDR5 expression from RNA sequencing of normal brain cell
types and GBM lines. Each point represents average expression frommultiple sequencing replicates. (E) WRAD complex member expres-
sion inCSCs, humanNSCs, and human (h) andmouse (m) astrocytes.Mouse cells are primary astrocytic stem cells. Human astrocytes are
h-TERT immortalized. (F,G) Astrocytes and immortalized/transformed CB660 humanNSCs were treated with a range of concentrations
ofWDR5 inhibitor C16. After 7 d, viable cell countsweremeasured byCellTiter Glo viability assay. Values representmean luminescence
values normalized toDMSO-treated cells. One representative curve per cellmodel is shown. Average IC50 values and number of replicates
are shown in Table 1. Key for immortalized/transformed NSC-CB660 cells: (PhT) addition of dominant-negative p53DD and hTERT;
(PhTCC) dominant-negative p53DD, hTERT, CyclinD1, and CDK4R24C; (Myc) c-Myc; and (Ras) H-RasV12. (H) Human GBM CSCs or
NSCs were treated with WDR5 inhibitor C16 for 4 d and assessed for apoptosis by annexinV and DAPI staining by flow cytometry. Error
bars are ±SD; circles are biological replicates. P-values were determined by one-way ANOVA and post-hoc Dunnett’s multiple compari-
sons test.
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Figure 7. Pharmacologic and genetic inhibition of WDR5 reduces GBM CSC growth, self-renewal, and in vivo tumor growth. (A) Prolif-
eration ofWDR5 inhibitor C16-treated CSCs over 10 d,measured by IncuCyte live-cell imaging. Values representmean fold change in cell
count relative to day 0, ±SD; n= 3 technical replicates; one representative experiment is shown per CSCmodel. (B) GBMCSCswere treat-
ed with a range of concentrations of C16 and subjected to caspase 3/7 Glo luminescence assay after 4 d to measure caspase 3/7 activity.
Bars represent fold change in caspase 3/7 activity per cell relative to the average for DMSO-treated cells, ±SD; circles are biological rep-
licates. P-values were determined by one-way ANOVA and post-hoc Dunnett’s multiple comparisons test. (C ) Five-hundred-thousand
DI318 CSCs were implanted into the flanks of mice, and once tumors developed, 3 mg/kg C16 was injected into the tumors daily. n =
10 per group. (D) Five-hundred-thousand L0 CSCs were implanted into the flanks of mice, and once tumors developed, 10 mg/kg C16
was injected intraperitoneally daily. n= 9 (DMSO); n =10 (C16). For C and D, tumor volume over time normalized to tumor size at day
0 is shown. P-values were determined by two-tailed, unpaired t-test comparing means per group at each time point. (E) Immunoprecipi-
tation of RBBP5 and immunoblot for WDR5were performed on flank tumor lysates isolated from treated mice inD. Symbols are individ-
ual mice. WDR5 quantity in RBBP5 pull-down relative to tubulin quantity in input (10%) is plotted. (F ) Short hairpin RNA-mediated
targeting of WDR5 with two nonoverlapping short hairpins in CSC models. Western blots show the level of WDR5 protein in CSCs in-
fectedwith a nontargeting (shNT) control virus orWDR5 knockdown (KD) viruses. (G) Proliferation ofWDR5KD and shNT control CSCs
over 7 d, determined by IncuCyte live-cell imaging. Values represent mean fold change in cell count relative to day 0, ±SD; n =3 biological
replicates, P-values were determined by two-tailed, unpaired t-tests comparingmeans per group at each time point. (H) Equal numbers of
WDR5KD and shNT control CSCs were plated, and viable cell counts weremeasured by CellTiter Glo luminescence viability assay after
72 h. Bars represent mean luminescence values relative to the average for shNT control cells, ±SD; circles are biological replicates, (I ) In
vitro limiting dilution analysis was performed onWDR5 KD and shNT control CSCs. Bars represent mean sphere formation frequency, ±
SD; symbols are biological replicates. ForH and I, P-values were determined by one-way ANOVA and post-hoc Dunnett’s multiple com-
parisons test. (J) Related to I, mean sphere formation frequency for each group is shown. (K ) Kaplan–Meier survival plot of mice intracra-
nially implantedwithWDR5KDor shNTcontrolCSCs.P-values indicate comparisons between shNTand shWDR5andwere determined
by log rank analysis. n =10 per group; median survival shNT: 33.5 d; shWDR5 #12: 42 d; shWDR5 #47: 62 d.
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pharmacological targeting of WDR5 and the WRAD com-
plex to impair CSC population viability in GBM (Supple-
mental Fig. S10).

Discussion

In this study, we provide proof of concept for WDR5 as a
viable therapeutic target in GBM based on an unbiased
screen; the use of a WDR5-directed tool compound,
C16; and genetic loss-of-function studies. Our findings
demonstrate that the GBM CSC phenotype is reliant on
WDR5 to a greater extent than nonmalignant neural pop-
ulations. We demonstrate a role of WDR5 in regulating
epigenetic maintenance of the GBM CSC state and vali-
date its functional necessity for CSC self-renewal and tu-
mor initiation.

Identifying mechanisms to attenuate the CSC state re-
mains an immediate priority for malignant cancers, in-
cluding GBM, and it is well established that self-renewal
is driven by the coordinate action of transcription factors
and epigenetic programs. There have been recent promis-
ing efforts to target individual transcription factors, such
as with the OLIG2 inhibitor CT-129 (Oasa et al. 2020),
but DNA/protein interactions have been historically diffi-
cult to target (Bushweller 2019). Therefore, understanding
the upstream molecular network of self-renewal tran-
scriptional programsmay provide more rational therapeu-
tic targets. Here, we link WDR5 WIN site inhibition in
GBM to reduced H3K4 methyltransferase activity facili-
tated by the WRAD complex and diminished H3K4me3
on genes involved in pathways previously shown to pro-
mote CSC function in GBM, including the WNT and
EGFR pathways (Kim et al. 2013; Furnari et al. 2015).
These effects represent a vulnerability to tumor popula-
tions as compared with nonmalignant control cells; how-
ever, it remains unclear exactly how C16 leads to cell
death. This constitutes an immediate future direction,
as it may also provide insight into putative therapeutic re-
sistance mechanisms.

Our findings alignwith previous observations of the im-
portance of MLL1 in GBM CSCs (Heddleston et al. 2012;
Gallo et al. 2013). Notably, MI-2-2, a menin-MLL inhibi-
tor, repressed temozolomide-resistantGBMclones and re-
duced subcutaneousGBMgrowth in vivo (Lan et al. 2017).
Optimal HMT activity of the MLL1 complex depends on
WDR5 (and specifically the WIN site), while the other
SET1 family methyltransferases can be fully activated
by just RBBP5 and ASH2L (Dou et al. 2006; Patel et al.
2008; Alicea-Velázquez et al. 2016; Li et al. 2016). There-
fore, in theory, WDR5 WIN site inhibition should prefer-
entially affect MLL1 function compared with other
SET1 familymembers. As one possibility, our observation
of global diminishment of H3K4me3 after C16 treatment
may suggest an effect broader thanMLL1, sinceMLL1 has
been previously demonstrated to have proportionally few-
er targets than othermethyltransferases in the family (Sze
et al. 2020). As another possibility, since the loci targeted
by MLL1 in GBM have not been previously examined,
MLL1 may methylate a broader/different array of targets

in GBM than in previously examined cell types. For in-
stance, MLL1 is known to regulate HOX genes, yet we
did not observe down-regulation of H3K4me3 on HOX
genes in our GBM models. Furthermore, while
H3K4me3 levels generally positively correlate with gene
expression, it remains unclear how exactly H3K4me3
loss affects transcription. In previous studies, loss of
H3K4me3 resulted in minimal global transcriptional
changes, and H3K4me3 was dispensable for maintenance
of transcription. Experimental evidence suggests different
roles for this mark, including regulation of alternative
splicing, regulation of miRNA genes, transcriptional
memory, and stabilization of transcriptional noise
(Guenther et al. 2005; Howe et al. 2017; Murray et al.
2019). Regardless of the specific role of H3K4me3, our
studies show that WDR5 inhibitor-mediated H3K4me3
loss accompanies compromised CSC survival.

Additionally, given that C16 led to disruption of the
non-WIN site-mediated interaction between WDR5 and
RBBP5, it is likely thatWDR5 functions beyond thoseme-
diated through MLL1 are affected by this inhibitor. Along
these lines, otherWRAD complexmembers were not hits
in our screen, indicating thatWDR5 likely has additional,
WRAD-independent roles in GBM CSCs. Due to the na-
ture of screens where efficiency of knockdown from
gene to gene can vary, it is also possible that other
WRAD members and MLL1 were false negative hits in
our screen. However, we propose that WDR5’s known
myriad functions result in a stronger phenotype upon
WDR5knockdown than knockdown of individual compo-
nents of the WRAD complex.

Data from the DepMap portal (Broad Institute) classify
WDR5 as“commonessential” in large, pan-cancer screens,
indicating that WDR5 inhibitors could be broadly applica-
ble in multiple tumor types. In fact, a variety of cancers
show dependence on WDR5 for survival (Guarnaccia and
Tansey 2018; Guarnaccia et al. 2021). Data suggest con-
text-specific and tumor type-specific roles ofWDR5, likely
underlain by differences in expression and function of bind-
ing partners, available chromatin binding sites, and down-
stream signaling networks. Therefore, a more focused
assessment of the role of WDR5 in each cancer, including
GBM, is warranted, as is the discovery of biomarkers asso-
ciated with increased sensitivity to WDR5 inhibition.

A current limitation is the restricted brain penetration
of C16, which reveals a clear need formedicinal chemistry
efforts to surmount challengeswithin the current existing
scaffolds (such as poor permeability and potential
transporter efflux) and turns attention to inhibitor modifi-
cations that will lead to overall improved brain penetra-
tion. Our experiments in immortalized/transformed
NSC models and the elevated expression of WDR5 in
GBM compared with normal brain tissue suggest the exis-
tence of a therapeutic window to target WDR5 in CSCs
without compromisingnormalneural function, and future
drug developments must take care to maintain this win-
dow. Overall, our findings highlight a key role for WDR5
in the epigenetic maintenance of the CSC state and pro-
vide proof of concept thatWDR5 inhibitors can neutralize
CSC populations in GBM.
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Materials and methods

Organoid screen

Our study used a previously described inducible RNAi screening
system (Miller et al. 2017). This shRNA library contained 1586
shRNAs targeting 406 known chromatin and transcriptional reg-
ulator genes (two to four shRNAs per gene), with positive and
negative control shRNAs. GBM528 patient-derived CSCs were
transduced with the shRNA library pool at low MOI to ensure
single viral integration, and cells with genomic integration of
shRNAs, as monitored by expression of a constitutive mVenus
fluorescent reporter, were isolated using FACS. Cells were then
allowed to recover and expand for three passages. Organoids for
shRNA screening were formed by seeding 30,000 positively in-
fected cells per 20-μLMatrigel pearl using custom 96-well format
parafilm molds and multichannel pipettes. Organoids were al-
lowed to grow andmature uninduced for 1 mo in 500-mL spinner
flasks in 250 mL of media at 37°C with 5% CO2, prior to the ad-
dition of 1 µg/mL doxycycline (Dox) to induce gene knockdown.
Organoids were maintained on Dox for 21 d. Each of three orga-
noid screen cohorts, consisting of 55 independent organoids
each, was processed and analyzed separately. This represents an
∼1000-fold library coverage for each screen replicate. Day 0 con-
trols were also collected, stored frozen, and processed in parallel
for comparison. At the end of the screen, organoids were region-
ally labeledwithCellTracker blueCMAC for 2 h as previously de-
scribed (Shakya et al. 2021), and single organoids fromeach screen
cohort were spot-checked by confocalmicroscopy to ensure prop-
er CMAC labeling. Labeled organoids were dissociated and sepa-
rated by FACS, marked by positivity for constitutive mVenus
expression andDox-induced dsRed expression, and sorted into re-
gional populations based on retention of CMAC regional blue
dye. Genomic DNA was isolated from each screened population
and sequenced as described (Miller et al. 2017). Briefly, deep-se-
quencing libraries were generated by PCR amplification of
shRNA guide strands using barcoded primers that tag the product
with standard Illumina adapters (see Supplemental Table S3). Li-
braries were sequenced on the HiSeq 2500 platform at the Cleve-
land Clinic Genomics Core Facility using a primer that reads in
reverse into the guide strand. Sequence processingwas performed
using two custom workflows at https://usegalaxy.org. Raw read
counts were converted to reads per million (RPM) to control for
variations in total shRNA reads in each sample. shRNAs were
scored using RIGER and extension of the GENE-E package (Broad
Institute).MedianRPMvalue for each replicatewas used for anal-
ysis. The signal to noise ratio of replicates was used to calculate
individual shRNA score based on their ability to deplete cells
in the induced cohorts comparedwith the control inputs, and sec-
ond-best shRNA score was used to rank genes. Expressed genes
with a total RIGER P-value score of <0.05 for depletion compared
with controls were considered hits.

CUT&Tag

DI318 CSCs were treated for 72 h with 3 μMC16. Cells were har-
vested and counted, and the CUT&Tag-IT assay and library prep-
aration were performed on 500,000 cells per replicate, according
to the manufacturer’s manual (Active Motif) using rabbit antihu-
man trimethyl-histone H3 (Lys4; C42D8; CST 9751) antibody.
Size distribution and concentration of libraries were assessed us-
ing an Agilent 4200 TapeStation with D1000 reagents and Qubit
assay. Barcoded libraries were mixed to achieve equal representa-
tion, and paired-end Illumina sequencing was performed on the
barcoded libraries on aNovaSeq SP100with the following param-
eters: read1:i7:i5:read2= 28:10:10:90.

SORE6-GFP reporter experiments

For SORE6-GFP reporter experiments, SORE6-dsCopGFP lentivi-
ral particles were generated by transfection of 293T cells (Fugene
transfection reagent) with pPACKH1 vectors and SORE6-
dsCopGFP plasmid DNA (kindly provided by Wakefield Labora-
tory, National Institutes of Health) according to the manufactur-
er’s protocol (System Biosciences). Viral supernatant was
collected at 48 h, and virus was concentrated with PEG-it virus
precipitation solution (System Biosciences). SORE6-GFP virus
was added to CSCs plated on Geltrex. Forty-eight hours after in-
fection, 2–3 µg/mL puromycin was added to cells. After puromy-
cin selection, cells were collected, and GFPhigh (10%–20%
brightest) or GFPnegative cells were isolated by FACS. GFPhigh

and GFPnegative cells were subjected to limiting dilution analysis
as described in the Supplemental Material, or protein was iso-
lated for Western blot. GFPhigh cells were cultured further and
used for inhibitor treatment experiments, CRISPR experiments,
and organoid experiments. Fluorescence images were taken with
the IncuCyte live-cell analysis system (Sartorius).
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