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Significance

 WD40 Repeat Domain 5 (WDR5) 
is a cofactor for 
myelocytomatosis (MYC) 
oncoproteins and a promising 
target for cancer therapy. 
Drug-like inhibitors of the 
WDR5-interaction (WIN) site of 
WDR5 have been described, but 
have only been shown to be 
active against a handful of rare 
cancer types. By expanded 
profiling of WINi in diverse cancer 
contexts, we find these agents 
are active in a variety of 
malignant settings, with 
particular efficacy against 
leukemia and diffuse large B cell 
lymphoma. We also show that 
WINi synergize with the approved 
drug venetoclax to suppress 
leukemia progression in mice. 
Our studies reveal that 
indications for WINi as anticancer 
agents are broader than 
currently thought, and provide a 
roadmap to support their clinical 
implementation.
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WD40 Repeat Domain 5 (WDR5) is a highly conserved nuclear protein that recruits 
MYC oncoprotein transcription factors to chromatin to stimulate ribosomal protein 
gene expression. WDR5 is tethered to chromatin via an arginine-binding cavity known 
as the “WIN” site. Multiple pharmacological inhibitors of the WDR5-interaction site 
of WDR5 (WINi) have been described, including those with picomolar affinity and oral 
bioavailability in mice. Thus far, however, WINi have only been shown to be effective 
against a number of rare cancer types retaining wild-type p53. To explore the full poten-
tial of WINi for cancer therapy, we systematically profiled WINi across a panel of cancer 
cells, alone and in combination with other agents. We report that WINi are unexpectedly 
active against cells derived from both solid and blood-borne cancers, including those 
with mutant p53. Among hematologic malignancies, we find that WINi are effective 
as a single agent against leukemia and diffuse large B cell lymphoma xenograft models, 
and can be combined with the approved drug venetoclax to suppress disseminated acute 
myeloid leukemia in vivo. These studies reveal actionable strategies for the application 
of WINi to treat blood-borne cancers and forecast expanded utility of WINi against 
other cancer types.

WDR5 | cancer therapy | ribosomes | venetoclax | lymphoma

 WD Repeat Domain 5 (WDR5) is a highly conserved nuclear protein that has gained 
prominence as a target for anticancer drug discovery ( 1 ). Its best-known role is to scaffold 
the MLL/SET (mixed lineage leukemia/Su(var)3-9, E(z) and Trithorax) histone methyl-
transferase (HMT) complexes that methylate histone H3 lysine four, but WDR5 also 
scaffolds other epigenetic writer complexes and recruits MYC oncoproteins to chromatin 
to stimulate ribosomal protein gene (RPG) transcription ( 2 ). Strategies to pharmacolog-
ically inhibit WDR5 are based on targeting one of two sites—the W DR5- b inding m otif 
site and the W DR5- in teraction (WIN) site—that mediate interactions with partner pro-
teins ( 2 ). Most drug discovery campaigns target the WIN site ( 1 ), an arginine-binding 
cavity that tethers WDR5 to chromatin ( 3 ) and engages arginine-containing WIN motifs 
found in proteins such as the MLL/SET HMT enzymes ( 4 ). Multiple small-molecule 
WIN site inhibitors (WINi) have been discovered ( 1 ), including those that are orally 
bioavailable, efficacious, and safe in rodents ( 5 ), forecasting that WINi will be ready for 
clinical vetting in the near future.

 Despite progress in drug discovery, the cancer types in which WINi have documented 
efficacy are small and confined to rare cancers such as neuroblastoma ( 6 ), rhabdoid tumors 
( 7 ), and MLL-rearranged (MLLr) acute myeloid leukemia (AML) ( 3 ,  8 ). Two factors make 
it difficult to know whether these cancer types represent the totality of those sensitive to 
WINi, or if there are other malignant settings in which these agents may be of benefit. 
First is the finding that WINi disrupt only a specific subset of WDR5 activities ( 9 ) and 
are thus selective loss of function agents. This selectivity may underlie their safety in vivo 
( 5 )—permitting a “common essential” protein such as WDR5 ( 10 ) to be inhibited without 
broad toxicity—but it also means that genome-wide resources ( 10 ), or individual studies 
of WDR5 knockout/knockdown, cannot be used to predict which cancer cell types will 
be sensitive to WIN site blockade ( 1 ). The second major factor is their unique mechanism 
of action, which sets WINi apart from other approved and experimental anticancer drugs 
( 1 ). Our studies of WINi showed that they act in AML cells by evicting WDR5 from 
chromatin at MYC-driven RPGs, suppressing RPG transcription, and inducing 
p53-mediated apoptosis via a nucleolar stress response ( 3 ,  11 ,  12 ). Although strategies D
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have been proposed to exploit heightened ribosome biogenesis for 
cancer therapy ( 13 ), none—apart from WINi—act via direct RPG 
suppression and p53 induction. As a result, there is little precedent 
with which to guide deployment of these agents, as well as con-
cerns that their utility will be limited to those cancers with intact 
p53 signaling.

 We reasoned that the most effective way to expose the single agent 
utility of WINi is to profile them against a diverse panel of cancer 
cell lines. We also reasoned that any application of WINi for cancer 
therapy will likely be made as part of a drug combination strategy 
and that identifying synergies—particularly with a US Food and 
Drug Administration (FDA)-approved anticancer drug—would 
accelerate their clinical implementation. Here, we screened WINi 
across a panel of 300 cancer cell lines derived from 20 different 
cancer types. We show that WINi are active against select solid and 
hematologic tumor cell lines in vitro, with the largest sensitive 
groups derived from leukemias and diffuse large B cell lymphomas 
(DLBCL). We also report that sensitivity of hematologic cancer 
cells to WINi correlates with RPG expression, that the requirement 
for wild-type (WT) p53 for response to WINi is not absolute, and 
that WINi are synergistic with the FDA-approved agent venetoclax 
against AML in vitro and in vivo. Together, these findings reveal 
that the indications for WINi as a targeted anticancer therapy are 
broader than currently thought, and provide a roadmap to support 
their clinical implementation. 

Results

Screening Chemically Diverse WINi against the OncoSignature 
Cancer Cell Panel. We screened WINi against 301 cancer lines 
in Horizon OncoSignature 2D Cell Panel, representing ~20 
different cancer types (Dataset S1), a majority of which are derived 
from solid tumors (Fig. 1A). For added rigor, we profiled three 
distinct WINi: C38b, C3b, and C40. These WINi each carry a 
bicyclic dihydroisoquinolinone core (14) that locks the inhibitor 
into a favorable conformation for engaging WDR5, but differ in 
pharmacophores that engage the S2 and S7 subsites in the WIN site 
(SI Appendix, Fig. S1A). Compared to compound C6, which has 
been used in a majority of studies to date (3, 6, 7, 11), these WINi 
are significantly more potent. They bind WDR5 with an affinity at 
or below the limit of quantitation of a time-resolved fluorescence 
energy transfer (TR-FRET) assay (Ki ≤ 20 pM) and display low 
nanomolar efficacy against benchmark MLLr lines MV4:11 and 
MOLM-13 in vitro (SI Appendix, Fig. S1B). By screening with 
three chemically diverse WINi, we could identify high-confidence 
sensitivities across different cell types.

 Cells were treated for 5 d with a 14-point dilution series of each 
inhibitor in triplicate and compound activity expressed as area 
under the dose–response curve (AUC) or observed maximal effi-
cacy (Emax), where 100% is a cytostatic response and 200% is 
complete cytotoxicity (Dataset S1 ). Both AUC and Emax were 
determined based on the fitted dose–response curve (four-parameter 
Hill equation). In total, the screen comprised 40,593 measure-
ments. Over 90% of dose–response curves fit with an R2  > 0.6, 
demonstrative of the quality of the screen (SI Appendix, Fig. S1C﻿ ). 
Despite WDR5 being essential in the vast majority of cell lines 
screened—as evidenced by Chronos scores of around −1.0 ( 10 , 
 15 )—most cell lines profiled are relatively insensitive to all three 
agents (AUC < 20;  Fig. 1B  ). Indeed, there is no correlation 
between the essentiality of WDR5 and the response to WINi 
(SI Appendix, Fig. S1D﻿ ), reinforcing the notion that WINi impact 
only part of WDR5 function, and that WDR5 knockout studies 
cannot and should not be used to predict cancer cell response to 
WIN site blockade ( 1 ).

 All three WINi display similar AUC response profiles ( Fig. 1B  ), 
indicative of a shared mechanism of action. It is clear, however, 
that C3b  and C38b  are more correlated to each other than to C40  
(the least potent of the three), as judged by both AUC ( Fig. 1C  ) 
and Emax ( Fig. 1D  ). Stratifying by median AUC ( Fig. 1E   and 
﻿SI Appendix, Fig. S1E﻿ ), we see that—as expected—MLLr and 
rhabdoid lines are sensitive to all three agents (Dataset S1 ), sup-
porting the validity of the screen. Notably, we also observe robust 
activity in a number of lines derived from solid malignancies—
most prominently ovarian and breast cancer. The unexpected 
finding that lines from these cancer types are sensitive to WINi 
indicates that these agents may be efficacious against a subset of 
solid malignancies with a significant clinical burden.

 In general, however, leukemia and lymphoma lines stand out 
as most sensitive to WINi: Among the 90th percentile of respond-
ers, half are derived from hematologic malignancies ( Fig. 1F  ). 
Leukemia and lymphoma lines also stand out as sensitive based 
on Emax (SI Appendix, Fig. S1F﻿ ). Curation of the top 25 sensitive 
lines ( Fig. 1G  ) reveals that one third are derived from DLBCL, 
and that within this tier most lines exhibit a cytotoxic response, 
as evidenced by Emax values > 100. Although some DLBCL lines 
are insensitive to WINi, the strong representation of DLBCL 
lines—including those derived from difficult-to-treat double-hit 
lymphomas [e.g., SU-DHL-6, DOHH-2, OCI-LY-10; ( 16 )]—in 
this sensitive cohort reveals this context is one in which WINi 
should be prioritized for clinical utility.  

Response to WINi Correlates with Protein Synthesis Gene 
Expression But Is Not Dependent on Functional p53. Prior 
studies documented the importance of WT p53 for a robust 
response to WINi. And yet half the lines in the sensitive tier 
harbor TP53 mutations, most of which are predicted to be 
pathogenic (Fig.  1G)—demonstrating that WT p53 is not, as 
currently thought, a requisite to the inhibitory effects of WINi 
in cancer cells. To better explore the relationship between p53 
and response to WINi, we queried TP53 status across the panel. 
Because mutations in RPL22 are associated with inactivation of 
p53 via alternative splicing of MDM4 messenger RNA (mRNA) 
(12, 17), we included RPL22 mutation status in our analysis. 
Across all lines, the presence of WT p53/RPL22 is associated 
with a higher response AUC (Fig. 2A). Breaking down by cancer 
type, however, reveals that trends between p53/RPL22 status 
and response to WINi are cancer type selective, and only reach 
significance for all three agents in leukemia lines (Fig. 2 B–D). 
This analysis implies that the general vulnerability of leukemia cells 
to WINi is dependent on their ability to mount a p53 response, 
as we have reported in MLLr cells (3). Why leukemia cells show 
this correlation is unclear, although as leukemias such as AML 
(18) and acute lymphoblastic leukemia (ALL) (19) are typically 
WT for p53 at diagnosis, this finding suggests that WINi could 
be part of a first-line treatment in these cancers.

 Next, we probed for association of hematologic cancer cell 
line sensitivity to WINi with mRNA expression levels reported 
in the Cancer Cell Line Encyclopedia (CCLE) ( 17 ,  20 ). To com-
pute significance, correlations were compared to a scrambled 
gene set ( Fig. 2E  ). In total, we identified 18 positive and ~800 
negative significant gene expression correlations across all three 
WINi (Dataset S1 ). Remarkably, genes correlated in each direc-
tion are connected to protein synthesis. Of the 18 positively 
correlated genes, 12 encode ribosomal proteins ( Fig. 2 F  and G  ). 
Among the negatively correlated genes, we observe strong enrich-
ment in Gene Ontology (GO) categories relating to RNA pro-
cessing, ribosome biogenesis, and the nucleolus ( Fig. 2H  ) 
including genes encoding subunits of RNA polymerase I D
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(POLR1A/B) and factors required for rRNA maturation (e.g., 
PES1) (Dataset S1 ). We also observe modest but significant 
enrichment in genes encoding switch/sucrose nonfermenting 
(SWI/SNF) components, and in gene categories identical to 
those suppressed by WINi ( 3 ,  6 ,  7 ), including MYC targets and 
the G2M checkpoint (Dataset S1 ). The representation of 
translation-linked genes in both the positively and negatively 
correlated gene sets provides further support for the idea that 
the action of WINi, in the context of hematologic malignancies, 
is tied to their ability to modulate MYC-driven RPG expression 
and thus cancer cell protein synthesis capacity.  

Hematologic Cancer Lines Are Sensitive to WINi In Vivo. Our 
previous in  vivo testing of WINi was confined to the MLLr 
leukemia line MV4:11 (5). Results from the screen, however, 
prompted us to examine the sensitivity of additional hematologic 
cancer lines in subcutaneous mouse xenograft assays. For this 
purpose, we selected our recently developed, orally bioavailable, 
WINi C10, which carries an imidazole P2 warhead and is similar 
in affinity and in vitro potency to the three WINi profiled in the 
cell panel screen (5). We dosed C10 by oral gavage at 100 mg/kg 
either daily (QD) or twice daily (BID), once engrafted tumors 
had reached ~150 to 300 mm3.

Fig. 1.   Screening chemically diverse WINi against the OncoSignature Cancer Cell Panel. (A) Cell lines in the OncoSignature Panel by cancer type. (B) Heatmap, 
displaying area under the dose-response curve (AUC) for cell lines treated with a dilution series of the indicated WINi for five days (n = 3 to 6). Chronos scores 
for the 222 cell lines shared between the Oncosignature Panel and the DepMap resource are shown beneath. Cell lines not represented in DepMap are in 
white. A Chronos score of −1.0 corresponds to the median of all common essential genes. (C) Correlation plots of AUC for all pairwise combinations of WINi. 
Correlation value for each is the Pearson-r. (D) Correlation plots of Emax for all pairwise combinations of WINi. Correlation value for each is the Pearson-r. (E) 
Swarmplot, displaying calculated AUC for C38b, clustered by cancer type. The red line indicates median AUC for each cancer type. Color-coding as in A. (F) AUC 
for indicated cell lines in the 90th percentile for each WINi, ranked by C38b. Outlined bars are in the 90th percentile for the indicated agent; open bars are in the 
90th percentile for one or more of the other agents only. Heme cancer line names are bolded. Color-coding as in A. (G) Heatmap, displaying AUC/Emax for each 
agent in the top 25 most-responsive cell lines. TP53 status is from the CCLE and shows either WT or the affected p53 protein residue. SUDHL8 cells carry two 
p53 mutations (R249G/Y234N; designated “YN/RG”). “R213*” indicates a frameshift in p53 at residue 213. NHL—non-Hodgkin lymphoma, BL—Burkitt lymphoma, 
RT—rhabdoid tumor, MCL—mantle cell lymphoma.
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 Four WINi-sensitive cancer lines were profiled in vivo: MV4:11, 
EOL-1 (eosinophilic leukemia), Jeko-1 (mantle cell lymphoma), 
and SU-DHL-5 (DLBCL; germinal center B cell subtype). 
MV4:11 cell tumors responded in vivo as expected ( 5 ), displaying 
a significant reduction in volume as early as 4 d after treatment 
initiation ( Fig. 3A  ) and completing the treatment course at 
roughly one third the volume of the vehicle control group. Early 
on, MV4:11 tumor growth inhibition (TGI) reached ~100% 
(SI Appendix, Fig. S2A﻿ ), but this was followed by a period in which 
TGI was between 60 to 70%, depending on dosing regimen. As 
observed previously ( 5 ), C10  was well tolerated during the treat-
ment period, with mice showing no signs of clinical abnormalities 
or significant weight loss ( Fig. 3A  ). EOL-1 tumors exhibited sim-
ilar response characteristics ( Fig. 3B  ), although the level of TGI 
was less than that of other heme line xenografts, with TGI peaking 
at 50% for BID dosing (SI Appendix, Fig. S2B﻿ ).        

 Crucially, the two remaining lines show a more robust response 
to C10  than MV4:11 cells. Indeed, the growth of both Jeko-1 
( Fig. 3C  ) and SU-DHL-5 ( Fig. 3D  ) xenografts are rapidly and 
durably suppressed by C10 , with TGI remaining at ~80% for 
Jeko-1 (SI Appendix, Fig. S2C﻿ ), and almost 100% for SU-DHL-5 
(SI Appendix, Fig. S2D﻿ ). Mice in the BID-treated SU-DHL-5 
tumors lost on average 3% of body weight across the treatment 
course ( Fig. 3D  ) but showed no other obvious abnormalities. 
Interestingly, although SU-DHL-5 cells express WT p53 ( Fig. 1G  ), 
Jeko-1 cells carry pathogenic TP53 mutations ( 21 ) and are resist-
ant to MDM2 inhibitors ( 22 ), again supporting the idea that, 
depending on the context, p53 is not essential for tumor suppres-
sion by WINi. Taken together, these studies bolster the concept 
that WINi have broader single agent clinical utility than previously 
conceived, especially in the context of difficult-to-treat lymphomas 
and cancers bereft of WT p53.  

Fig. 2.   WINi response is correlated with protein synthesis gene expression but does not depend on WT p53 status. (A) Boxplot, displaying AUC for each agent 
for all cell lines broken down by whether they carry WT or mutant p53/RPL22. Boxes cover the 25th and 75th percentiles; the middle line marks the median. 
Whiskers represent three SD from the mean and values exceeding this deviation are marked as outliers (Mann–Whitney U rank sum test, *P ≤ 0.05). (B) As 
in A but for C38b and broken down by cancer type. Each subtype is split into those carrying mutations in either TP53 (p53m) or RPL22 (RPL22m) (gold) versus 
cell lines without mutations in either gene (blue) according to the CCLE database. Boxes cover the 25th to 75th percentiles of the data; the middle line is the 
median. Whiskers are three-SD from the mean and points depict outliers. Statistical significance (*) was determined using a one-sided Mann–Whitney U rank 
sum test, P-val < 0.05. Boxplot analysis is also shown for C3b (C) and C40 (D). (E) To determine the statistical significance of gene expression correlation to drug 
activity (AUC), the distribution of correlations was compared to the distribution arising from a randomly scrambled gene set. The z-score is defined as the value 
minus the mean of the scramble control divided by the SD of the scramble control. (F) Graph shows Spearman-r correlation values (x-axis) and P-value (−log10; 
color) for the 12 RPGs for which expression is positively correlated to AUC across all three WINi. (G) WINi activity (AUC) correlated to mRNA expression in the 
CCLE. Correlation calculated using Spearman-r. (H) Output of gene enrichment analysis for genes negatively correlated to AUC across all WINi. Color represents 
recovered gene count; the x-axis represents −log10 of the false discovery rate (FDR).
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WINi Are Synergistic with Multiple Agents in Leukemia Cells. 
In line with current practice (23), future application of WINi for 
cancer therapy will likely be made as part of a drug combination 
strategy. To identify combinations that may be effective in 
hematologic malignancies, we next screened C10 in combination 
with 10 agents—referred to here as “adjuvants”—in five leukemia 
and six lymphoma cell lines (Fig. 4A). Adjuvants were selected 
from standards of care or experimental agents for which there are 
expectations for synergy (Dataset S2). Cells were treated for 5 d 
with combinations in an 8 × 8 dose matrix in triplicate. In total, the 
screen comprised 21,120 measurements. Synergy was calculated 
via the MuSyC algorithm (24, 25), which separates synergistic 
efficacy (increases in therapeutic effects) from synergistic potency 
(decreases in therapeutic dosing). Output of the MuSyC analysis 
is in Dataset S2.

 Synergy screening data are well fit by the two dimensional (2D) 
Hill equation employed by MuSyC, with 99% of combinations 
tested having an R2  > 0.6 (SI Appendix, Fig. S3A﻿ ). The single agent 
activity of C10  in this panel ( Fig. 4B  ) ranges from moderately 
cytostatic in p53-mutant HEL 92.1.7 leukemia cells (SI Appendix, 
Fig. S3B﻿ ) to completely cytotoxic in lines such as MV4:11, 
MOLM-13, and SU-DHL-5, mirroring the behavior of WINi 
observed in the first screen. To identify combinations that cause 
significant cell killing, we selected those that achieve a median of 
>175% growth inhibition at the highest doses tested ( Fig. 4C  ; 
dotted line). Menin, DOT1L, and PRMT5 inhibitors were 
excluded based on this criterion. This step prevents identifying 
synergistic but weakly efficacious combinations by considering 
the magnitude of the combination effect prior to prioritizing by 
synergy. Because the remaining adjuvants are highly efficacious as 

Fig. 3.   Heme cancer lines are sensitive to WINi in vivo. (A, Left) Mean tumor volumes of MV4:11 xenografts in BALB/c nude mice after QD or BID dosing of C10 at 
100 mg/kg or vehicle control. Treatment started 18 d after tumor inoculation. (Right) Mean mouse weight. Error bars are SEM; n = 10 mice per group. Statistical 
significance was assessed via t test. **P < 0.005; ***P < 0.001. (B) As in A except for EOL-1 xenografts. Treatment started 7 d after inoculation. (C) As in A except 
for Jeko-1 xenografts. Treatment started 15 d after inoculation. (D) As in A except for SU-DHL-5 xenografts. Treatment started 12 d after inoculation.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
C

en
te

rs
 f

or
 D

is
ea

se
 C

on
tr

ol
 a

nd
 P

re
ve

nt
io

n,
 C

D
C

" 
on

 S
ep

te
m

be
r 

6,
 2

02
4 

fr
om

 I
P 

ad
dr

es
s 

15
8.

11
1.

23
6.

95
.

http://www.pnas.org/lookup/doi/10.1073/pnas.2408889121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408889121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408889121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408889121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2408889121#supplementary-materials


6 of 10   https://doi.org/10.1073/pnas.2408889121� pnas.org

single agents ( Fig. 4B  ), we observed no strong synergy of efficacy 
across the panel (SI Appendix, Fig. S3C﻿ ), and therefore focused 
our efforts on combinations that yield synergy of potency.

 All adjuvants tested displayed some synergy of potency with 
﻿C10  in at least one cell line (Dataset S2 ). In general, when synergy 

is observed, it results from the adjuvant increasing the potency of 
﻿C10  ( Fig. 4D  ), rather than vice versa ( Fig. 4E  ). Synergy of potency 
is more pronounced in the leukemia lines, where we observe large 
and consistent synergies with venetoclax, doxorubicin, and 
I-BET-762 ( Fig. 4D  ). The finding that three mechanistically 

Fig. 4.   WINi are synergistic with multiple agents in leukemia cells. (A) Synergy screen adjuvants and cell lines. Adjuvants in bold are FDA-approved. All combinations 
were tested in biological triplicate. (B) Maximal effect (Emax) of each agent alone. The red bar denotes median Emax. Cancer types color-coded as in A. (C) 
Maximal effects of C10 in combination with each of the adjuvants (Adj) at the highest doses. The red bar denotes median Emax for each combination. The 
dotted line indicates the threshold (175% growth inhibition) for selecting efficacious combinations. (D) Boxplot of synergistic potency for each adjuvant by cancer 
type. Synergistic potency is equal to the log10 change in potency of C10 in saturating concentrations of the adjuvant. P-values are calculated using a one-sided 
Mann–Whitney U rank sum test. Boxplot computed by quartiles. The bar marks the median. Outliers are included in statistical test. (E) As in D but showing the 
log10 change in the potency of each adjuvant in saturating concentrations of C10. (F) Synergistic potency scatterplot for doxorubicin (DOX). “C10 > DOX” denotes 
the impact of C10 on the potency of doxorubicin. “DOX > C10” denotes the impact of doxorubicin on the potency of C10. Symbols represent cancer type and 
p53/RPL22 status. Only leukemia lines are labeled. (G) As in F but for C10 and I-BET-762 (IBET). (H) As in F but for C10 and venetoclax (VEN). (I) MuSyC isobole 
analysis of the combination of C10 and venetoclax in MOLM-13 cells. Dose combinations required to maintain the maximal effect of C10 alone (Emax = 141) 
are traced by lines, with (solid) or without (dashed) synergy. The bidirectional synergistic potency enables lowering C10 by 100-fold and venetoclax by 101-fold 
compared to the no synergy case. (J) MuSyC dose–response surface for the combination of C10 and venetoclax in MOLM-13 cells. Colormap corresponds to 
percent growth inhibition according to the MuSyC equation fit to the experimental data (black dots). The gray line marks the contour of 190% inhibition. Black 
dots are the experimental data. Solid blue and red lines show the dose–response curves for venetoclax and C10 alone, respectively.
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diverse agents can enhance the potency of WINi reveals that inter-
ference with multiple processes and pathways can sensitize cells 
to the cytotoxic effects of WIN site blockade. Both doxorubicin 
( Fig. 4F  ) and I-BET-762 ( Fig. 4G  ) increase the potency of C10  
by ~10,000-fold (synergy score ~4) in four of the five leukemia 
lines, with the exception of NOMO-1, which carries a frameshift 
mutation in p53 (SI Appendix, Fig. S3B﻿ ). The synergies in these 
instances could be explained by the fact that WINi ( 3 ), doxoru-
bicin ( 26 ), and Bromodomain and Extra-Terminal motif 
(BET)-bromodomain inhibitors ( 27 ) all induce or augment induc-
tion of p53 as part of their mechanism of action.

 Synergy of potency with the BCL-2 inhibitor venetoclax ( 28 ) 
in leukemia cells is also robust ( Fig. 4 D  and E  ), except here syn-
ergy is bidirectional and aligned with WT p53/RPL22 status 
( Fig. 4H  ). To compute the absolute dose reduction enabled by the 
combination of C10  and venetoclax in these leukemia lines, we 
developed an analysis based on MuSyC isoboles, determining the 
doses of C10  and venetoclax required to achieve the same effect 
possible with C10  alone, with and without synergy. In MOLM-13 
cells, the observed maximal efficacy of C10  as a single agent is 
~140, which occurs at the highest dose of 30 μM. In combination 
with venetoclax, the same effect is achieved with 100 times less 
﻿C10 , and at a dose of venetoclax that is 101 times lower than 
would be required in the absence of synergy ( Fig. 4I  ). This high 
synergistic activity results in near-complete growth inhibition 
(>190%) of MOLM-13 cells at 300 nM C10  and 2 nM venetoclax 
( Fig. 4J  ). Similar effects were observed in the other two sensitive 
leukemia lines, with comparable maximal effects achieved at 100 
times less C10  and more than 15 times less venetoclax (SI Appendix, 
Fig. S3 D  and E ). In contrast, p53-mutant NOMO-1 cells showed 
no synergy between the two agents. In sum, our finding that three 
distinct agents can increase the potency of C10  reveals that there 
are multiple routes by which cancer cells can be sensitized to the 
cytotoxic effects of WINi, including combining WINi with exist-
ing FDA-approved therapeutics.  

Venetoclax Is Synergistic with WINi in a Disseminated Leukemia 
Model. We next asked whether synergy between C10 and 
venetoclax generally occurs in AML cell lines. We treated OCI-
AML-2, OCI-AML-3, and OCI-AML-5, as well as MOLM-13 
and MV4:11, cells for 4 d with an 8 × 8 dose matrix of each 
agent, and calculated the extent of cellular inhibition, where 100% 
corresponds to complete cell death. Again, synergy data are well fit 
to the MuSyC equation (SI Appendix, Fig. S4A), and again there is 
modest synergy of efficacy with the two agents, the most notable 
being a 50% increase in the maximal effect with the combination 
in OCI-AML-5 cells (SI Appendix, Fig. S4B). Also as before, we 
observe robust bidirectional synergy of potency in two of the 
three additional AML lines tested (Fig. 5A). The exception here is 
OCI-AML-3 cells, which are resistant to venetoclax (29). MuSyC 
isobole analysis revealed that, in combination with venetoclax, 
the maximal effects of C10 in these additional sensitive lines are 
achieved at 100-fold lower doses of C10 and 25- (OCI-AML-5) 
or seven-(OCI-AML-2) fold lower doses of venetoclax (Fig. 5B) 
than would be expected in the absence of synergy. This effect is 
comparable to the dose reductions observed in parallel analysis 
of MOLM-13 and MV4:11 cells (SI Appendix, Fig. S4C). Thus, 
in AML cells that are capable of responding to the drug, we may 
expect that venetoclax will substantially increase the potency of 
WINi.

 To determine whether the synergy we observe is consistent with 
the mechanism of action of each agent, we performed 
RNA-sequencing (RNA-Seq) on MV4:11 cells treated for 72 h 
with 100 nM C10,  50 nM venetoclax, or both (Dataset S3 ). These 

concentrations were chosen as the dose pair yielding the highest 
increase in activity over either single agent. Alone, C10  and 
venetoclax produce distinct transcriptomic responses (SI Appendix, 
Fig. S4D﻿ ). Consistent with its mechanism of action, C10  sup-
presses expression of genes connected to the cell cycle, the ribo-
some, and MYC (SI Appendix, Fig. S4E﻿ ). And it induces sets of 
genes connected to the lysosome, p53, apoptosis, and oxidative 
phosphorylation (SI Appendix, Fig. S4F﻿ ). Venetoclax treatment 
alone leads to suppression of similar types of genes, including 
those connected to the ribosome (SI Appendix, Fig. S4E﻿ ); it also 
leads to induction of genes connected to oxidative phosphoryla-
tion, apoptosis, and p53 (SI Appendix, Fig. S4F﻿ ). Most gene 
expression changes produced with single agents persist in the 
combination (SI Appendix, Fig. S4D﻿ ), but new ones also appear. 
At genes specifically dysregulated in the C10 /venetoclax combi-
nation, we see suppression of transcripts linked to splicing, trans-
lation, and MYC, and induction of transcripts linked to TNFα 
and Notch signaling, and p53 ( Fig. 5C  ). Focusing on the p53 
response, we observe that fewer consensus p53 target genes ( 30 ) 
are altered in the combination treatment than with C10  alone 
(SI Appendix, Fig. S4G﻿ ), and there tends to be a shift in the expres-
sion of p53 target genes that favors apoptosis: Proapoptotic p53 
target genes such as HES1 ( 31 ), PLK2 and PLK3 ( 32 ), and NOXA 
( 33 ) are all more strongly induced by the C10 /venetoclax combi-
nation ( Fig. 5D  ), whereas C10﻿-mediated induction of CDKN1A 
(p21)—which effects cell cycle arrest in response to p53 activation 
( 34 )—is blocked by addition of venetoclax. This shift is consistent 
with the ability of venetoclax to modify the p53 response to one 
that is more profoundly linked to cell death ( 35 ), and it is likely 
a direct effect of the drug: As early as 6 h after treatment, we 
observe that induction of p21 by C10  is tempered by the combi-
nation with venetoclax, whereas cleaved PARP1 (an indicator of 
apoptosis) is induced ( Fig. 5E  ).

 Finally, we asked whether C10  displays synergy of potency with 
venetoclax in vivo, using a disseminated MV4:11 transplantation 
model in NSGS mice ( 36 ). After establishing leukemia, mice were 
dosed orally with 20 mg/kg venetoclax, 100 mg/kg C10 , or both, 
for 4 wk, and leukemia burden measured by tracking human 
chimerism with anti-human CD45 antibodies. Individually, at 
the doses examined, both agents moderately suppressed the extent 
of chimerism, most notably in the blood and to a lesser extent in 
the bone marrow and spleen ( Fig. 5 F  and G  ). In combination, 
however, tumor burden was lower in all three compartments. 
Accordingly, spleen weight was also reduced in the combination 
compared to the individual treatments (SI Appendix, Fig. S4H﻿ ). 
The combination was well tolerated during the treatment period, 
with mice showing no signs of clinical abnormalities or significant 
weight loss (SI Appendix, Fig. S4I﻿ ). Thus, as predicted from 
in vitro synergy studies, highly effective anti-leukemia activity can 
be achieved with combination of WINi with the FDA-approved 
agent venetoclax in vivo.   

Discussion

 Despite excitement over their potential, WINi have suffered a lack 
of clarity in terms of when and how they can best be deployed for 
future cancer therapy. Concerns over targeting a panessential pro-
tein, a unique mechanism of action, and an absence of systematic 
screening across cancer cell panels have conspired to keep the 
potential therapeutic applications of WINi opaque. This study 
remedies these deficits by screening WINi against a diverse col-
lection of cancer cell lines, alone and in combination with other 
anticancer agents. Our findings extend the potential utility of 
WINi beyond the current handful of rare cancer types, highlight D
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hematologic malignancies as a particularly sensitive cancer cohort, 
and demonstrate that WINi can be combined with the FDA-
approved drug venetoclax to effectively suppress AML in vivo.

 There are a number of important implications of this work, 
one of which is the demonstration that a common essential 
protein such as WDR5 ( 10 ) can be targeted by site-selective 
inhibitors to effect specific cancer cell inhibition. Both tran-
scriptomic ( 9 ) and proteomic ( 37 ) studies have demonstrated 
that WINi disrupt only a subset of the activities/interactions in 
which WDR5 is involved, leading us to conclude that WINi 

are selective loss of function agents. This point is reinforced by 
the dichotomy we observe between the sensitivity of cancer cells 
to WIN site inhibition versus WDR5 depletion. We do not 
understand which of the many functions of WDR5 ( 2 ) are 
essential in most cells, but given the picomolar potency of WINi 
used in our screening, we can reasonably conclude that it is 
unrelated to a function that depends on the integrity of the 
WIN site—including RPG transcription ( 6 ). Although the 
selective action of WINi makes it impossible to use resources 
such as DepMap ( 10 ) to inform potential utility, it is worth 

Fig. 5.   Venetoclax is synergistic with WINi in AML cells in vitro and in vivo. (A) Synergistic potency scatterplot for the C10 and venetoclax combination in each of 
the cell lines. “C10 > VEN” denotes the impact of C10 on the potency of venetoclax. “VEN > C10” denotes the impact of venetoclax on the potency of C10. (n = 3). 
(B) MuSyC isobole analysis of the combination of C10 and venetoclax in OCI-AML-5, OCI-AML-2, and OCI-AML-3 cells. Dose combinations required to maintain 
the maximal effect of C10 alone (“E”) are traced by lines, with (solid) or without (dashed) synergy. (C) Output of gene enrichment analysis for genes uniquely 
suppressed (DN) or induced (UP) following 72 h of treatment of MV4:11 cells with 100 nM C10 and 50 nM venetoclax, as determined by RNA-Seq (n = 3). “GOCC” 
= GO cellular component; “HALL” = Hallmark.MSigDB pathways. Circle size represents −log10 of the FDR; color represents the recovered gene count for each 
pathway. (D) Graph showing the log2 fold-change (Log2FC) in the mRNA levels of select p53 consensus target genes (30), compared to dimethyl sulfoxide (DMSO) 
controls, in MV4:11 cells treated for 72 h with 100 nM C10, 50 nM venetoclax (VEN), or both (combo). (E) Western blotting analysis of PARP-1 (Parp), cleaved 
PARP-1 (Cl-Parp), p53, p21, BCL-2, and actin (loading control) in lysates prepared from MV4:11 cells treated with DMSO, 50 nM venetoclax (VEN), 100 nM C10, 
or both (combo) for 6 h. Representative images from three biological replicates are shown. (F) Irradiated NSGS mice were injected with 106 MV4:11 cells via the 
tail vein and leukemia cells allowed to engraft for 6 d. Mice were treated by oral gavage with vehicle (daily), venetoclax (VEN; 20 mg/kg five days/week), C10 (100 
mg/kg daily), or both (Combo—VEN; 20 mg/kg five days/week/C10 100 mg/kg daily) for 28 d. Percent chimerism, a measure of tumor burden, was determined by 
flow cytometry to quantify the percentage of human CD45-positive cells present in the blood, bone marrow, or spleen at time of killing. Bars represent mean% 
CD45+ cells, error bars are SD, individual data points for each mouse are shown by colored circles. Statistical significance determined by the t test. *P < 0.05; 
***P < 0.001. n = 6 mice vehicle group, 8 for other groups. (G) Immunohistochemistry of leukemia cells in bone marrow (femur) and spleen in representative 
mice from each of the treatment groups, stained with a monoclonal antibody against human CD45; images taken with 20× magnification.
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emphasizing that this selectivity may also underlie the safety of 
these agents in vivo, as C10  is extremely well-tolerated in rats 
and mice ( 5 ), despite 100% sequence identity between human 
and rodent WDR5. Further studies are needed to investigate 
the action of WINi in normal tissues and to understand the 
molecular basis through which these agents are safe.

 Until now, MLLr AML was the only type of hematologic 
malignancy known to be sensitive to WIN site blockade ( 1 ). 
Our finding of the broad sensitivity of leukemia and lymphoma 
cells to WINi, both in vitro and in vivo, thus represents a sig-
nificant expansion in the number of cancer instances that could 
benefit from WINi in the clinic. Within hematologic cancer 
lines, we find that sensitivity to WINi correlates with expression 
of genes connected to protein synthesis—a finding that is con-
sistent with the mechanism of action of these agents ( 12 ) and 
one that could potentially be developed in the future into a 
rationalized set of patient selection criteria. Notably, DLBCL 
are among the cancer lines most sensitive to WINi, which is 
consistent with the prominence of c-MYC in the etiology of 
these cancers ( 38 ). Surprisingly, however, we also find that the 
response of DLBCL cells to WINi is not obligatorily linked to 
WT p53 status. Further studies will be required to dissect 
p53-independent responses to WINi, but this observation is 
important because it demonstrates that, contrary to current 
thinking, retention of intact p53 signaling is not an invariant 
barrier to the action of these agents against cancer cells.

 Another important aspect of this work is our finding that some 
solid cancer cell lines, particularly those derived from ovarian and 
breast cancers, are sensitive to WINi in vitro. Other than a recent 
report showing estrogen receptor-positive breast cancer cell stem-
ness depends on WDR5 ( 39 ), little if any work has been done to 
systematically probe the effects of WINi on ovarian and breast 
cancer cell function to date. Therefore, pursuing WDR5 inhibitors 
in the context of these cancers is promising and has the potential 
to uncover therapeutic opportunities for these malignancies with 
a significant clinical burden.

 As combination approaches to treat cancer offer the most 
promise clinically, we sought to determine the efficacy of WINi 
when combined with additional anticancer agents, especially 
those with FDA-approval. In doing so, we observed actionable 
drug combination strategies that should be front-lined for clin-
ical evaluation, particularly for the treatment of AML. Two 
therapeutics rising to the top of our synergy assays are doxoru-
bicin and venetoclax, both of which are FDA-approved for the 
treatment of AML. Supporting this result, we found that WINi 
are highly effective when combined with venetoclax for inhibi-
tion of AML in a disseminated model of the disease, providing 
compelling data supporting the combination of WINi and 
venetoclax for the treatment of blood cancers.

 Even with advances in using venetoclax for the treatment of mye-
loid disease, resistance continues to be a significant challenge. 
Combining venetoclax with other agents in the clinic is demon-
strated to help overcome these hurdles ( 40   – 42 ). Furthermore, given 
the potent bidirectional synergy between C10  and venetoclax, our 
data indicate that it may be possible to use drug combinations to 
mitigate possible toxicities associated with either agent. Although 
venetoclax is a targeted anticancer agent, myelosuppression is a fre-
quent complication with standard dosing regimens ( 43 ). Therefore, 
mitigating this toxicity with lower dosing by combining with WINi 
is an attractive future clinical application.

 In conclusion, based on our study we propose that—if WINi 
prove safe and tolerable in humans—clinical vetting of these 
agents should initially be focused on hematologic malignancies 
and that combination treatment of WINi with venetoclax be 

prioritized for evaluation against AML. Moreover, as WT p53 
status is no longer a barrier to the effectiveness of WINi, and 
as solid cancer cell lines can be as sensitive to WINi as those 
derived from hematologic malignancies, we propose that addi-
tional single agent and combination screening be conducted to 
further expand the malignant settings in which WINi can be 
employed for cancer therapy.  

Materials and Methods

Compound Synthesis and Characterization. Detailed methods for the 
synthesis and characterization of compounds C3b and C38b are described in 
SI Appendix, Materials and Methods. Protocols for the synthesis of C40 (44) and 
C10 (5) have been described.

Cell lines, Screening, and Analysis. Detailed information on cell lines, culture 
conditions, single agent and combination (synergy) profiling, and subsequent 
analysis methods are described in SI Appendix, Materials and Methods. Single 
agent screening of C3b, C38b, and C40 in the OncoSignature 2D Cell Panel, 
and synergy screening of C10 in leukemia and lymphoma lines, were performed 
by Horizon Discovery.

Molecular Biology. Methods for western blotting, RNA-Seq, and RNA-Seq bio-
informatics analysis are described in SI Appendix, Materials and Methods.

Subcutaneous Mouse Xenograft Assays. Experimental methods for anal-
ysis of the sensitivity of hematological cancer cell lines to C10 in subcuta-
neous mouse xenograft assays are described in SI Appendix, Materials and 
Methods. These experiments were conducted by Pharmaron, Inc. All animal 
studies were reviewed and approved by the Institutional Animal Care and 
Use Committee of Pharmaron.

Disseminated Leukemia Model. Detailed methods for analysis of the sen-
sitivity of MV4:11 cells to C10 and venetoclax (alone and in combination) are 
provided in SI Appendix, Materials and Methods. All animal experiments were 
conducted in accordance with guidelines approved by the Institutional Animal 
Care and Use Committee at Vanderbilt University Medical Center. Flow cytometry 
(to follow chimerism) and immunohistochemistry methods are also described in 
SI Appendix, Materials and Methods.

MuSyC Analysis. Synergy data were fit to the 2D Hill equation following the proce-
dure described in ref. 25. Full details, including a description of the newly developed 
MuSyC isobole analysis, are described in SI Appendix, Materials and Methods.

Quantification and Statistical Analysis. The n for each experiment, represent-
ing biological replicates, can be found in the figure legends. The statistical test 
and threshold for statistical significance for each experiment is also provided.

Data, Materials, and Software Availability. Genomic data generated in this 
study are publicly available in Gene Expression Omnibus (GEO) at GSE136451 
(45). All other data are included in the article and/or supporting information.
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