Oncogene

ARTICLE

www.nature.com/onc

W) Check for updates

Discovery of a dual WDR5 and lkaros PROTAC degrader as an

anti-cancer therapeutic

Dongxu Li"?*®, Xufen Yu@®?>*°, Jithesh Kottur

34 Weida Gong', Zhao Zhang>, Aaron J. Storey®, Yi-Hsuan Tsai', Hidetaka Uryu'?,

Yudao Shen®*, Stephanie D. Byrum®, Rick D. Edmondson®, Samuel G. Mackintosh®, Ling Cai'”, Zhijie Liu®, Aneel K. Aggarwal®,

Alan J. Tackett®, Jing Liu*?, Jian Jin@®>*™ and Gang Greg Wang

1,2,8X

© The Author(s), under exclusive licence to Springer Nature Limited 2022

WD repeat domain 5 (WDR5), an integral component of the MLL/KMT2A lysine methyltransferase complex, is critically involved in
oncogenesis and represents an attractive onco-target. Inhibitors targeting protein-protein interactions (PPIs) between WDR5 and its
binding partners, however, do not inhibit all of WDR5-mediated oncogenic functions and exert rather limited antitumor effects.
Here, we report a cereblon (CRBN)-recruiting proteolysis targeting chimera (PROTAC) of WDR5, MS40, which selectively degrades
WDR5 and the well-established neo-substrates of immunomodulatory drugs (IMiDs):CRBN, the Ikaros zinc finger (IKZF) transcription
factors IKZF1 and IKZF3. MS40-induced WDR5 degradation caused disassociation of the MLL/KMT2A complex off chromatin,
resulting in decreased H3K4me2. Transcriptomic profiling revealed that targets of both WDR5 and IMiDs:CRBN were significantly
repressed by treatment of MS40. In MLL-rearranged leukemias, which exhibit IKZF1 high expression and dependency, co-
suppression of WDR5 and Ikaros by MS40 is superior in suppressing oncogenesis to the WDR5 PPI inhibitor, to MS40’s non-PROTAC
analog controls (MS40N1 and MS40N2, which do not bind CRBN and WDRS5, respectively), and to a matched VHL-based WDR5
PROTAC (MS169, which degrades WDR5 but not lkaros). MS40 suppressed the growth of primary leukemia patient cells in vitro and

patient-derived xenografts in vivo. Thus, dual degradation of WDR5 and lkaros is a promising anti-cancer strategy.

Oncogene; https://doi.org/10.1038/s41388-022-02340-8

INTRODUCTION
Overexpression of WD40 repeat domain 5 (WDR5) occurs
frequently in cancers such as leukemia [1], pancreatic cancer [2]
and neuroblastoma [3], correlating with aggressive phenotypes
and poor outcomes. WDR5 serves as an integral component of the
Mixed Lineage Leukemia (MLL; also known as KMT2A) family of
histone methyltransferase complexes, which modulate histone
modification and gene transcription partly via methylation of
histone H3 lysine 4 (H3K4) [4-6]. In human leukemias carrying MLL
rearrangement (MLL-r), the WDR5:MLL complex cooperates with
the MLL-r chimeric oncoproteins to maintain an oncogenic gene-
expression program, and depletion of WDR5 suppressed growth
of MLL-r leukemias [7-9]. Furthermore, WDR5 has a scaffolding
role in promoting the chromatin association of non-MLL partners
such as cMyc, which is also critically involved in tumorigenesis
[2, 3, 10, 11]. Thus, inhibiting multifaceted cancer-promoting
actions of WDR5 represents an attractive means for developing
therapeutics.

Multiple protein-protein interaction (PPI) sites within WDR5
have been identified. The WDR5 interaction motif (WIN) and WDR5
binding motif (WBM) mediate WDR5 binding to MLL [7-9] and

RBBPS5, another core subunit of MLL complex [12, 13], respectively.
A number of small-molecule inhibitors that block the WDR5 PPIs
have been reported [14-27]. In particular, OICR-9429 [18, 20] was
developed as a chemical probe to disrupt the WDR5:MLL PPI by
occupying WIN. However, these WDR5 PPI inhibitors are often
ineffective in killing cancer cells and are not efficacious in vivo.
Such relatively weak antitumor activities are likely because: (1)
WDR5 PPI inhibitors, which rely on receptor occupancy pharma-
cology, do not fully and durably block the interactions between
WDR5 and partners, and (2) more importantly, these inhibitors
target only some but not all of WDR5’s oncogenic functions. A
new therapeutic strategy that can eliminate all of WDRS5's
oncogenic functions is needed.

Proteolysis targeting chimeras (PROTACs) are promising new
therapeutic modalities [28-30]. Two WDR5-targeting PROTACs,
both of which were based on the E3 ligase VHL [31, 32], have been
reported recently, including MS67 developed by us [31]. Here, we
report the development of MS40, a novel cereblon (CRBN)-based
WDR5 PROTAC, which can induce simultaneous degradation of
WDR5 as well as lkaros (IKZF1) and Aiolos (IKZF3), two well-
established neo-substrates of IMiDs:CRBN. On one hand, the
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MS40-induced WDR5 degradation significantly repressed the
function of MLL:WDR5 complex, leading to MLL disassociation
off chromatin and a global decrease of H3K4me2. On the other
hand, MS40 also suppressed activity of IKZFs, the validated drug
targets of certain cancers. Gene targets of both IKZF1/3 and WDR5
were found significantly repressed by MS40. Transcriptome-
modulatory effect of MS40 is superior to that of WDR5 PPI
inhibitors. Consequently, MS40 treatment exhibited superior anti-
tumor effects to WDR5 PPI inhibitors and MS40’s non-PROTAC
analogues (MS40N1 and MS40N2, which do not bind CRBN and
WDRS5, respectively) in a set of tumor models exhibiting WDR5
and/or IKZF dependency. In particular, co-targeting WDR5 and
IKZF1/3 by MS40 in MLL-r leukemias, which show high IKZF1
expression and exhibit IKZF1 dependency, is superior to a VHL-
based counterpart of MS40 we designed, termed MS169, which
does not degrade IKZF1/3 and selectively degrades WDR5. MS40
effectively suppressed the growth of primary leukemia cells
in vitro and patient-derived xenograft (PDX) in mice. In summary,
we report the discovery of a novel PROTAC that degrades both
WDR5 and IKZF1/3 as a potential anti-cancer therapeutic. We also
present a set of active and inactive WDR5 PROTAC analogs, which
represent highly useful chemical tools for studying WDRS5-
mediated gene regulation in biology and medicine.

RESULTS

Discovery and biochemical characterization of MS40, a CRBN-
based WDR5 PROTAC

OICR-9429 (Supplementary Fig. 1A) is a highly potent and
selective WDR5 inhibitor (K; =64 nM), which occupies the WIN
site of WDR5 to disrupt the PPls between WDR5 and its binding
partners [18]. To design WDR5 PROTACs, we analyzed the co-
crystal structure of OICR-9429 in complex of WDR5 and found
that the morpholine moiety is likely solvent accessible (PDB ID:
4QL1) [20]. To facilitate the linker attachment, we replaced this
morpholine group with a piperazine moiety attached with a
short ethylamine group (Fig. 1A). We synthesized a series of
heterobifunctional compounds by conjugating this modified
WDR5-binding moiety to pomalidomide (POM), which engages
the CUL4A E3 ligase, CRBN, using linkers with various lengths and
composition. By screening these compounds for their ability to
reduce the WDR5 protein levels via immunoblotting, we
identified MS40 (Fig. 1A), which bears a flexible aliphatic linker
with seven methylene units, as an effective WDR5 degrader. We
also designed and synthesized a negative control, MS40NT, in
which the nitrogen of the pomalidomide glutarimide moiety was
methylated to abolish CRBN-binding (Fig. 1B). Next, using
isothermal titration calorimetry (ITC), we evaluated the binding
affinities of OICR-9429, MS40 and MS40N1 to the WDR5 and
CRBN’s C-terminal thalidomide binding domain (CRBN-TBD)
[33, 34] (Fig. 1C; Supplementary Fig. 1B). As expected, OICR-
9429  displayed  high  binding affinity to  WDR5
(Ko =29 £ 1.5 nM), confirming that OICR-9429 is a potent WDR5
binder (Supplementary Fig. 1B). Compared to OICR-9429, MS40
(Kp=125+8nM) and MS40N1 (Kp=130+1nM) displayed
4-fold lower binding affinities to WDR5 (Fig. 1C top; Supplemen-
tary Fig. 1C). However, it is important to note that the binding
affinities of MS40 and MS40N1 to WDR5 are still excellent,
supporting our design hypothesis that the introduction of an E3
ligase ligand and linker to the solvent-exposed morpholino
group does not profoundly affect WDR5 binding. As expected,
MS40 exhibited moderate affinity (Kp = 14.8 + 1.3 uM) to CRBN-
TBD, similar to pomalidomide (Kp =16 +4 uM) [33], while no
binding was observed for the designed CRBN-inactive MS40N1
(Fig. 1C middle versus Fig. 1D). Furthermore, we assessed the
cooperativity of MS40-mediated ternary complex formation by
titration of WDR5 into the saturated CRBN-TBD:MS40 complex,
with titration of WDR5 into MS40 as a reference. Notably, a
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significant enhancement was observed in WDR5 binding to
CRBN-TBD:MS40 binary complex (a=1.96), suggesting that
MS40 favorably induces WDR5:MS40:CRBN ternary complex
formation (Fig. 1C bottom).

MS40 selectively degrades WDR5 and CRBN’s neo-substrates,
IKZF1 and IKZF3

Next, we evaluated the MS40-induced degradation in
MV4;11 cells, a MLL-rearranged acute myeloid leukemia (MLL-r
AML) cell line, and found that MS40, but not MS40N1, reduced the
WDR5 protein level in a concentration-dependent manner, albeit
with a slight hook effect observed at higher concentrations
(Fig. 2A, B). The half-maximal degradation concentration (DCs) of
MS40 mediated-WDR5 degradation was determined to be 42 +
41 nM, with the maximal level of degradation (Dax) measured as
77 £ 12% (Fig. 2C). MS40-induced WDR5 degradation was found
to be time-dependent, with obvious degradation detected as early
as 2 h and significant effect sustained to 24 h (Fig. 2D).

We next determined the mechanism of action (MOA) for MS40-
induced WDR5 degradation. First, pre-treatment with OICR-9429
concentration-dependently diminished the MS40-induced WDR5
degradation (Fig. 2E). Second, pre-treatment with the proteasome
inhibitor carfilzomib, neddylation inhibitor MLN4924 or CRBN
ligand pomalidomide also suppressed the MS40-induced degra-
dation of WDR5 (Fig. 2F-H). Furthermore, the WDR5 degradation
induced by MS40 was completely abrogated in cells lacking CRBN,
compared with wild-type controls (Fig. 2I). Moreover, the WDR5
protein level was almost fully recovered 36 h after MS40 washout
(Fig. 2J), suggesting that MS40-induced WDR5 degradation is
reversible. Lastly, the MS40-induced WDR5 degradation effects
were consistently observed in a large panel of cell lines, including
five lines of MLL-r AML (Fig. 2K) and eight lines of breast cancer
(Fig. 2L). In contrast, OICR-9429 and MS40N1 did not induce
notable WDR5 reduction (Fig. 2K). Collectively, these results
demonstrated that MS40 is a bona fide WDR5 PROTAC and
consistently depletes cellular WDR5 in a WDR5-, CRBN- and
proteasome-dependent manner.

To assess both degradation effect and selectivity of MS40 at a
proteome-wide level, we next performed an unbiased mass
spectrometry (MS)-based quantitative proteomic analysis and
found that, out of a total of 5016 identified proteins, WDRS5, Ikaros
(IKZF1) and LIM Domain Containing 1 (LIMD1) were the only three
proteins showing the significantly decreased level in MV4;11 cells
treated with 0.5 uM of MS40 for 6 h, compared to mock (Fig. 3A;
Supplementary Table S1). It was not surprising that MS40
degraded IKZF1 in addition to WDRS5 in this study because it is
known that CRBN-recruiting PROTACs can degrade IMiD:CRBN
neo-substrates including IKZF1 and (IKZF3) [35, 36]. We next
confirmed the degradation effect of MS40, but not OICR-9429 or
MS40N1, on WDRS5, IKZF1, IKZF1-related IKZF3 (when expressed)
and LIMD1 in MV411 and RS4;11 cells by immunoblotting
(Fig. 3B). Interestingly, treatment with pomalidomide, alone or
together with OICR-9429, led to degradation of IKZF1/3 as
expected, but not LIMD1, indicating that degradation of LIMD1
is unique to MS40 (Fig. 3B). These results suggest that LIMD1 could
be an off-target neo-substrate of the modified pomalidomide
moiety of MS40. Other previously reported neo-substrates of
IMiDs:CRBN-based PROTACs, GSPT1 and ZFP91 [37-39], were not
affected by MS40 (Fig. 3B). Consistent with its general high
expression among hematological cancers (Supplementary Fig. 2A),
IKZF1 promotes oncogenic growth in multiple myeloma [35, 36]
and myeloid malignancies [40, 41] such as those with MLL-r
(Supplementary Fig. 2B). We thus further examined the onco-
target IKZF1 and found that MS40-induced IKZF1 degradation in a
concentration- and time-dependent fashion in multiple cell lines
(Fig. 3C, D). IKZF3 was not further examined due to the lack of its
expression in cell lines such as MV4;11 (Fig. 3B). Moreover,
depletion of LIMD1 had little effect on AML cell proliferation
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Fig. 1 Design of the CRBN-based WDR5 PROTAC MS40 and measurement of MS40 binding to WDR5 and Cereblon (CRBN). A, B Chemical
structures of MS40 A and its CRBN-inactive analogue MS40N1 B. C Replicated inverse ITC titrations of WDR5 into MS40 (top), CRBN's
thalidomide-binding domain (TBD) into MS40 (middle) and WDRS5 into the complex of CRBN TBD and MS40 (bottom) for measuring the
binding kinetics and cooperativity () for MS40. The calculated values represent the mean + SD from three independent experiments. First
injection has been removed from the fitting. D Replicated inverse ITC titrations of CRBN TBD into MS40N1 for measuring binding kinetics.

Oncogene SPRINGER NATURE



D. Li et al.

A 0 001 005 01 05 10uM E D MS40 (0.5uM)
WORS | ——— s s e OICR-9429 0 0 005 05 25uM
Ms40 100% 89% 43% 7% 36% 39% Pl MS40 (0.5uM) - + o+ o+ o+ 1h 2h 4h 8h 16h 24h
T“b“"”|— —.——-.__| WDR5|~ — “~-’ + - + - + - + - + - +
_ WDRS [ S - o S - - —]
WDRS5 [* s - | Tubuiin s e - — — 100% 107% 100% 68% 100% 62% 100% 61% 100% 60% 100% 35%
Ms40 100% 62% 26% 20% 7% 23%  rep2 Tubulin l_‘ e —
TUDUIN | s s s— a—
MS40 (05uM) - -+ o+ |
WDR5 | —— — Carfilzomib (0.4pM) - + - + 293FT; WT 293FT; CRBN -/-
MS40 100% 69% 43% 33% 24% 35% rep3 WDRS E MS40 0 01 05 10 50 100 O 01 05 1.0 50 10.0pM
B —— T WORS [ s e - e
G Vinculin |’----------~|
B CRBN I— — - e
0 01 05 10 50uM MS40 0.5uM) - -+ + |
wsaon WVORS (S0 e S — - MLN4924 (0.3uM) -+ -+ J
WORS
N Washout: Oh 12h 24h 36h 48h
Tubulin [ e e— -] MS67 (0.5uM; 120) -+ -+ - 4 - 4 - o«
C WDR5 l——.———-———_—l
120 DCso = 42 £ 41 nM K Tubulin [S== ]
100 Dimx = 77 £ 12% o
[
2 R
$3 w DaX @w‘@ & L MS40
2E o POV SR R 0 01 0510 2550uM
g PROIRSEN
g 0 T S McF7 WDRS = ——]
82 4, F FF P LT ————
S [IEORNSENENEN
e
2 EoL-1| WDRS T-47D %%Snsn
o . Tubulin
DMSO 4 WDR5
BT-549 °
MS40 concentration (Log[nM]) RS4;11 ¥V2R|5 Tubulin
N [ ——— e ]
H T e p—— MDA- | WDR5
N I T T —— MB-231 | Tubulin Fe e = = |
Pomalidomide 0 0 005 05 50 50uM Tubulin WDR5
MS40 O —__+ + + + - MOLM.13 WORS R e e === HCCT806 | Tupuin
WDR5 (W e e e o | Tubulin SUM149 }I/_Vl?)RI’_é
: — M~ — — — =]
rotuln -—= | WORS i —
R —————— sumisy | WORE E==———
Tubulin (= == — == =— =]
WORs e ————]
K562 _ WHIMi2 WORs mE=—— — ]
Tubulin [EESESSSSSS] Tubulin

Fig. 2 Mechanism-of-action (MOA) studies of MS40-mediated WDR5 degradation. A, B Immunoblotting for WDR5 (A; three replicated
experiments) in MV4;11 cells treated with the indicated concentrations of MS40 A or MS40N1 B for 18 h. Tubulin was used as the loading
control. C Half maximal degradation (DCsg; 42 £ 41 nM) and maximal level of degradation (Dyax 77 = 12%) of MS40, measured based on WDR5
degradation seen in MV4;11 cells treated with the indicated concentrations of MS40 for 18 h, with WDR5 immunoblotting signals in Fig. 2A
determined by ImageJ software (n =3 independent experiments; mean +S.D.). D Immunoblotting for WDR5 in MV4;11 cells treated with
0.5 pM of MS40 for the indicated time. E Immunoblotting for WDR5 and tubulin in MV4;11 cells after a two-hour pre-treatment with DMSO or
the indicated concentration of OICR-9429, followed by a six-hour treatment with 0.5 uM of MS40. F-H Immunoblotting for WDR5 and tubulin
in MV4;11 cells after a two-hour pre-treatment with DMSO, carfilzomib (0.4 pM; F), MLN4924 (0.3 pM; G) or pomalidomide (0.05 pM, 0.5 pM,
5.0 uM; H), followed by a 6-hour treatment with 0.5 pM of MS40. I Immunoblotting for WDR5, vinculin and CRBN post-treatment of 293FT cells,
either wildtype (WT) or with CRISPR/Cas9-mediated CRBN knockout (CRBN-/-), with the indicated concentrations of MS40 for 18h.
J Immunoblotting for WDR5 and tubulin in MV4;11 cells, first treated with 0.5 pM of MS40 for 12 h and then subjected to washout of MS40 for
the indicated time. K, L Immunoblotting for WDR5 after an 18-hour treatment of different cell lines of leukemia K or breast tumor L with
DMSO or the indicated concentrations of OICR-9429, MS40N1 or MS40.

(Supplementary Fig. 2C); thus, it was not further investigated. MS40, compared to MS40N1, OICR-9429 or pomalidomide (Fig. 4B;
Together, these results demonstrated that MS40 selectively Supplementary Fig. 3B). Notably, the chromatin-bound levels of
degrades WDR5 and CRBN’s neo-substrates such as the IKZF1 MLL complex components such as MLL, RBBP5, and/or Menin

oncoprotein in tumor cells. were significantly decreased post-treatment with MS40, relative to

MS40N1, OICR-9429 or pomalidomide (Fig. 4B; Supplementary Fig.
MS40 depletes MLL complexes off chromatin and decreases 3B). These results support that the observed decrease of
global H3K4me2 chromatin-bound MLL:RBBP5:Menin complexes is due to MS40-

WDR5 acts as a subunit of the MLL:RBBP5:Menin complex for induced degradation of WDR5, but not IKZFs (neo-substrates of
depositing H3K4 methylation, a histone mark associated with MS40 or pomalidomide). ChIP-seq for H3K4me2 (Fig. 4C, D) and
transcriptional competence and activation [17, 42-44]. Treatment MLL (Fig. 4E, F) further substantiated their decreases in
of MS40, but not OICR-9429 or MS40N1, caused a mild and MV4;11 cells treated with MS40, relative to DMSO. As expected,
significant decrease of H3K4me2, but not other examined histone a vast majority of MLL peaks overlapped H3K4me2 (Supplemen-
methylation marks such as H3K4mel, H3K4me3, H3K9me3, tary Fig. 3C). We conclude that, compared to WDR5 PPI inhibitors,
H3K27me3 and H3K36me3 (Fig. 4A; Supplementary Fig. 3A). WDR5 PROTACs have unique, much stronger effects on suppres-
Comparable treatment with pomalidomide (the E3 ligand portion sing functionality of the MLL complex, as manifested by the
of MS40), either alone or together with OICR-9429 (the WDR5- complex displacement off chromatin and decreases of H3K4me2.
binding module of MS40), did not affect global H3K4me2 (Fig. 4A),

suggesting that WDR5 degraders are superior to WDR5 PPI MS40 treatment effectively suppresses the transcription from
inhibitors. Total protein levels of MLL complex components RBBP5 target genes of WDR5:MLL complex and IKZF factors

and Menin did not show significant changes, but the MLL protein Next, we used RNA sequencing (RNA-seq)-based transcriptomic
level was reduced slightly in MV4;11 and RS4;11 cells treated with profiling to evaluate gene-regulatory effects by MS40 versus its

SPRINGER NATURE Oncogene
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Fig. 3 MS40 selectively degrades WDR5 and the CRBN neo-substrates (IKZF1 and IKZF3) in cells. A Multiplexed quantitative proteomics
analysis of MV4;11 cells (n = 5 replicates) post-treatment with 0.5 pM of MS40 versus DMSO for 6 h, which revealed WDR5, IKZF1 and LIMD1 to
be most significantly downregulated, with a cut-off of P value less than 0.01 (defined by Student’s t test) and Log2 (fold-change or FC) over 0.5.
B Immunoblotting for the indicated protein in MV4;11 and RS4;11 cells treated with DMSO or 0.5pM of MS40N1, MS40, OICR-9429,
pomalidomide, or OICR-9429 plus pomalidomide (1:1 molar ratio at 0.5 uM) for 18 h. C, D MS40 induced WDRS5 and IKZF1 degradation is dose-

and time-dependent in a panel of indicated cell lines.

non-PROTAC analog (MS40N1) in MV4;11 cells. We also included
knockdown (KD) of WDR5 and treatment with pomalidomide
(which degrades IKZF1/3 but not WDR5) as additional controls.
RNA-seq analysis revealed differentially expressed genes (DEGs)
due to either compound treatment or WDR5 depletion (Supple-
mentary Fig. 4A; Supplementary Tables S2 and S3). Consistent with
the MS40-induced degradation of WDR5 and IKZFs, DEGs down-
regulated post-treatment with MS40 relative to DMSO overlapped
with those caused by KD of WDR5 and treatment of pomalido-
mide (Fig. 5A, B). Gene Set Enrichment Analysis (GSEA) also
revealed that DEGs down-regulated after MS40 treatment were
enriched in genes down-regulated by pomalidomide treatment
(Fig. 5C), the WDR5 target genes such as ribosome genes, either
defined in this study or previously (Fig. 5D-G), and MLL-r-related
oncogenes (Fig. 5H). In contrast, MS40N1 treatment did not result
in significant gene-expression changes when compared to DMSO-
treated mock (Supplementary Fig. 4A). Ribosome genes are direct
targets of WDR5 [10, 24, 26]. Approximately 140 out of the total of
312 DEGs down-regulated post-treatment with MS40 relative to
DMSO were directly bound by MLL based on ChIP-seq (Fig. 5I) as
exemplified by oncogenes (BCL2, SNHG15, RUNX3, SMAD3 and
CSNK1E) and ribosome genes (RPL27, RPL7 and RPS14), all of
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which showed the decreased binding of MLL and H3K4me2 and
reduced gene expression following MS40 treatment (Fig. 5J;
Supplementary Fig. 4B). Furthermore, we employed Global Run-on
sequencing (GRO-seq), a method that allows identification of
genes whose nascent transcription is affected. Based on GRO-seq,
189 genes were found to be transcriptionally suppressed by
treatment with MS40, compared to DMSO (Supplementary Table
S4); among these 189 genes showing decreased nascent
transcription, 102 were MLL-bound and 97 were also down-
regulated based on RNA-seq after MS40 treatment (Fig. 5l), as seen
at BCL2, RPL27 and SMADS3 (Fig. 5K; Supplementary Fig. 4C). RT-
qPCR further verified the decreased gene expression of the tested
oncogenes and ribosome genes after MS40 treatment relative to
DMSO, which was not seen with OICR-9429 (Fig. 5L). Overall, MS40
functions as a dual degrader of WDR5 and IKZFs, inducing
significant downregulation of their target genes at both nascent
transcription and steady state levels.

MS40 suppresses cancer cell growth in vitro

We next assessed MS40’s anti-cancer effects. Besides MS40N1 (an
E3-“dead” analog of MS40), we developed two more control
compounds. First, MS40N2 (Fig. 6A) was designed to bind CRBN

SPRINGER NATURE
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Fig. 4 MS40 treatment causes a significant loss of the chromatin-bound MLL complex components, concurrent with a decrease of
H3K4me2. A Immunoblotting for the indicated histone modifications and WDR5 in MV4;11 cells, treated with DMSO or 0.5 pM of OICR-9429,
MS40N1, MS40, pomalidomide, or OICR-9429 plus pomalidomide (1:1 molar ratio at 0.5 pM) for 4 days. B Immunoblotting for the indicated
MLL complex components in total cell lysate and the chromatin-bound fraction of MV4;11 cells treated with DMSO or 0.5 uM of OICR-9429,
MS40N1, or MS40 for 4 days. C-F Heatmap C, E and averaged plot D, F of H3K4me2 C, D and MLL E, F ChIP-seq signals (spike-in control
normalized) in MV4;11 cells treated with 0.5 pM of MS40, in comparison to DMSO, for 4 days.

with a similar affinity as MS40 but not bind WDR5, which was
verified by ITC-based measurements (Supplementary Fig. 5A, B).
As expected, MS40N2 induced degradation of IKZF1 and IKZF3,
but not WDR5 (Fig. 6B, C). As a dual degrader of WDR5 and IKZF1,
MS40 is likely to display therapeutic advantages over PROTACs
targeting WDR5 alone. To test this, we designed MS169 (Fig. 6D),
the VHL E3 ligase-based MS40 counterpart (which does not target
IKZF1/3 and has no reported neo-substrates), and found that,
when compared to MS40, MS169 exhibited comparable binding
affinities to WDR5 and E3 ligase (Supplementary Fig. 6A-C) and
displayed a similar effect on WDR5 degradation in cells without
affecting IKZF1/3 (Fig. 6E). It is worth to note that MS67 [31], which
is a VHL-based WDR5 PROTAC but much more potent than MS40
(due to additional chemical optimization [31]), is not suitable for
assessing whether dual degradation of WDR5 and IKZF1 is more
effective than WDR5 degradation alone in inhibiting the cancer
cell growth, because a VHL-based WDR5 PROTAC with similar
potency as MS40 is needed for this study.

In comparison to MS40N1 or MS40N2, MS40 more effectively
inhibited the in vitro growth of three acute leukemia lines
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harboring MLL-r (Fig. 6F-I). These compounds did not suppress
growth of K562 cells, a non-MLL-r leukemia line carrying BCR-ABL,
suggesting that MS40 lacks general toxicity (Fig. 6l-J). When
compared to MS169 or MS40N2, MS40 generally had more
profound growth-inhibitory effects on MLL-r leukemia (Fig. 6K-M).
Co-treatment with MS169 and MS40N2 more closely mimicked
that of MS40 (Fig. 6K-M). These results suggest that dual targeting
of WDR5 and IKZF1/3 by MS40 is more effective in treating MLL-r
AML than targeting of WDR5 alone (by MS169).

Furthermore, we tested anti-proliferative effects of the above
compounds in BT549 and SUM149 breast cancer cells and found
that they were unaffected by pomalidomide, in consistence with a
general lack of IKZF1 expression and a lack of IKZF1 dependency
in breast cancer (Supplementary Fig. 2A, B). Both breast cell lines
were sensitive to WDR5 degradation as shown by treatment with
MS40, relative to MS40N1 and OICR-9429 (Supplementary
Fig. 7A, B).

Overall, MS40 significantly suppressed in vitro growth of cancer
cells, which cover MLL-r AML and breast tumor. As different
tumors may show WDR5 and/or IKZF dependencies, a dual WDR5

Oncogene
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Fig. 5 MS40 treatment effectively suppresses the transcription from target genes of WDR5:MLL complexes and IKZF factors. A Venn
diagram showing the overlap between differentially expressed genes (DEGs) downregulated in MV4;11 cells after treatment with 0.5 uM of
MS40 or doxycycline-based induction of the WDR5-targeting shRNA (sh#47) for 4 days, compared to mock-treated. DEGs are determined by
RNA-seq with a cut-off of the absolute value of Log2 (FC) greater than 0.5 and FDR value less than 0.05. B Venn diagram showing the overlap
between DEGs downregulated in MV4;11 cells after a four-day treatment with 0.5 pM of MS40 or pomalidomide, compared to DMSO. DEGs are
determined with a cut-off of the absolute value of Log2 (FC) greater than 0.5 and FDR value less than 0.05. C-H Gene set enrichment analysis
(GSEA) using the above RNA-seq profiles of MV4;11 cells showing the significantly enriched gene sets after MS40 treatment versus control.
I Ven diagram showing overlap between the MLL-bound genes and DEGs downregulated (defined by either RNA-seq or GRO-seq profiling)
after treatment of MV4;11 cells with 0.5 pM of MS40, relative to DMSO, for 4 days. J Integrative Genomics Viewer (IGV) tracks showing the
H3K4me2 and MLL ChIP-seq and RNA-seq profiles at the indicated gene in MV4;11 cells, treated with DMSO or 0.5 uM of MS40 for 4 days.
K IGV tracks showing GRO-seq profiles at the indicated gene in MV4;11 cells, treated with DMSO or 0.5 pM of MS40 for 4 days. L RT-gPCR of the
indicated gene after treatment of MV4;11 cells with 0.5 pM of OICR-9429, MS40, or pomalidomide, compared to DMSO. RT-qPCR signals,
presented as the mean + S.D., were normalized first to those of GAPDH and then to DMSO-treated cells (n = 3 replicated experiments).
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Fig. 6 Compared to its non-PROTAC analogues (MS40N1 and MS40N2) and a matched WDR5-selective PROTAC (MS169), the WDR5 and
IKZF dual degrader MS40 more effectively suppresses the growth of MLL-r acute leukemia cells in vitro. A Chemical structure of MS40N2, a
MS40 analogue that can bind CRBN but not WDR5. B Immunoblotting for WDR5 and tubulin in MV4;11 cells, treated with the indicated
concentrations of MS40N2 for 18 h. C Immunoblotting for WDR5, neo-substrates and tubulin post-treatment of MV4;11 cells with DMSO or
0.5 pM of MS40, MS40N1, MS40N2, or OICR-9429 for 18 h. D Chemical structure of the VHL-based WDR5 PROTAC MS169, which can degrade
WDR5 but not the IMiDs:CRBN neo-substrates. E Immunoblotting for WDR5, IMiDs:CRBN’s neo-substrates and tubulin in MV4;11 cells, treated
with DMSO, or the indicated concentration of MS40 (0.1 pM and 0.5 pM), MS169 (0.1 pM and 0.5 pM), pomalidomide (0.5 pM), pomalidomide
plus OICR-9429 (0.5 uM, 1:1 molar ratio), or MS169 plus pomalidomide (0.5 uM, 1:1 molar ratio) for 18 h. F-J Measurement of growth inhibition
effect (y-axis) after a 9-day treatment with the indicated concentration (x-axis) of MS40, MS40N1, or MS40N2, compared with DMSO, in human
leukemia lines, MV4;11 F, EOL1 G, RS4;11 H and K562 J. Y-axis, presented in the mean + SE, shows the proliferation of cells treated with
compound for 9 days after normalization to that of DMSO-treated cells (n = 3 independent experiments). | Summary of Gls, values of M40,
MS40N1 and MS40N2 (after a 9-day treatment) in the tested human leukemia cell lines. K-M Measurement of the growth-inhibitory effect by
MS40, MS40N2, MS169, or MS40N2 plus MS169 (1:1 molar ratio) in MV4;11 K, EOL1 L, and RS4;11 M cells. Y-axis, presented in the mean + SE,
shows the proliferation of cells treated with 0.2 uM or 0.5 pM of compound for the indicated time (x-axis) after normalization to that of DMSO-

treated cells (n =3 independent experiments).

and IKZF degrader can therefore be potentially applied to multiple
cancer types and be more effective than selective WDR5
degraders for treating MLL-r AML.

MS40 suppresses the in vivo growth of AML

Next, we assessed MS40's efficacy in treating cancer models that
more closely resemble the clinicc. Compared to OICR-9429 or
MS40N1, MS40 uniquely induced WDR5 degradation and more
effectively suppressed in vitro growth of primary AML cells (Fig. 7A,
B; Supplementary Fig. 8A). Furthermore, we evaluated in vivo anti-
tumor effect of MS40 using a patient-derived xenograft (PDX)
mouse model carrying MLL-AF9 + AML, after determining in vivo
mouse pharmacokinetic (PK) properties of MS40 and MS169 (Fig.

SPRINGER NATURE

7C; Supplementary Fig. 8B). Treatment of mice bearing subcuta-
neous PDX with MS40 (100 mg/kg via intraperitoneal injection [i.p.];
once a day, 5 days per week) significantly suppressed the tumor
growth, compared to vehicle (Fig. 7D). In contrast, comparable
treatment of MS169 (34 mg/kg, a comparable dose based on C;,ax
values of PK data shown in Fig. 7C; Supplementary Fig. 8B) or
MS40N2 (100 mg/kg) showed no detected inhibitory effects on
PDX tumor growth (Supplementary Fig. 8C), even though the
detected concentrations of MS40N2 and MS169 in the isolated
plasma and tumor samples post-treatment were higher than those
of MS40 (Fig. 7E). No obvious body weight changes were found
during these treatments, suggesting that these compounds
including MS40 are well tolerated in vivo (Fig. 7F; Supplementary

Oncogene
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ribosome genes, BCL2 and
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RUNX3 (Fig. 7G, H).
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Collectively, MS40 has antitumor activities in primary cancer
samples and a PDX mouse model and is well tolerated in vivo,
suggesting that pharmacological degradation of both WDR5 and
IKZF1/3 can be a more effective antitumor strategy.
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Fig. 7 MS40 inhibits the growth of primary AML patient cells in vitro and AML PDX in vivo. A Inmunoblotting for WDR5 and tubulin in
three patient-derived primary AML cells after treatment respectively for 96 h (172152, left), 16 h (162811, middle) and 48 h (172071, right) with
DMSO or 5 uM of MS40, MS40N1 or OICR-9429. B Growth inhibition (y-axis) after the indicated duration (x-axis) of treatment with 5 pM of
MS40, MS40N1 or OICR-9429, compared to DMSO, in six primary AML patient samples cultured in vitro. Y-axis, presented in the mean + SE,
shows the proliferation of compound-treated cells after normalization to DMSO-treated (n =3 independent experiments). C Intra-plasma
concentration of MS40 over a 12-hour period in Swiss Albino mice following a single 75 mg/kg intraperitoneal (i.p.) injection of MS40 (n =3
mice per time point; mean + SE). D In vivo growth of the MLL-AF9 + AML PDX tumors subcutaneously (s.c.) xenografted into the NSG-SGM3
mice, followed by treatment from the indicated starting time-point with either vehicle (n =10 tumors) or 100 mg/kg of MS40 (n = 10; i.p. once
a day for five days per week). Y-axis shows the tumor volumes and are presented in mean +SE. *P<0.05; **P<0.01; *** P<0.001.
E Compound concentrations in the plasma (left) and tumor samples (right) isolated from five NSG-SGM3 mice xenografted with the MLL-
AF9 + AML PDX. Samples were collected at two hours post the last dose from the mice treated with MS40 (100 mg/kg), MS169 (34 mg/kg) or
MS40N2 (100 mg/kg). F Body weight of NSG-SGM3 mice bearing the MLL-AF9 + AML PDX, treated with either vehicle (n =5 mice) or 100 mg/
kg of MS40 (n =5, i.p. SID) for 5 days per week. G-H Immunoblotting for WDR5 and vinculin G and RT-qPCR for the indicated WDR5:MLL
target genes H in the MLL-AF9 + AML PDX tumor samples isolated at two hours post the last dose from the NSG-SGM3 mice treated with
vehicle or MS40. RT-gPCR signals, presented as the mean * S.D., were normalized first to those of GAPDH and then to DMSO-treated cells

(n =3 replicated experiments).

DISCUSSION

Chromatin deregulation represents one of the central oncogenic
pathways [45-47]. Among various chromatin-modulatory factors,
WDR5 sustains oncogenesis in a range of cancers and represents
an attractive onco-target for pharmacological intervention [2, 3, 7-
11]. Small-molecule inhibitors that block PPIs between WDR5 and
its functional partners have been developed [14-27]. However,
these WDR5 PPI inhibitors are largely ineffective in inhibiting
cancer growth, as we showed in this work with OICR-9429 or
MS40N1. This lack of potent antitumor effects is likely due to
several reasons. First, WDR5 PPl inhibitors rely on receptor
occupancy pharmacology and sustained binding to PPI sites is
required for achieving full and durable blockade of WDRS5-
mediated interaction and functionality. Second, WDR5 forms
interactions with various partners [2, 3, 10, 11], although it is more
widely viewed as an essential subunit of the MLL/KMT2 family
lysine methyltransferase complexes [4, 5, 48]. WDR5 PPI inhibitors
do not simultaneously inhibit all of WDR5's multifaceted functions
in cancer. To address these issues, we developed MS40 using the
PROTAC technology. In tumor models that cover hematological
cancer (AML and multiple myeloma) and breast tumor, MS40
consistently and effectively depleted WDR5 and IKZF1/3, the well-
established neo-substrates of IMiDs:CRBN. The latter is due to the
effects of the IMiD portion of MS40. Consequently, MS40 treatment
has dual effects: it decreased the chromatin association of WDR5:
MLL complexes and reduced H3K4me2, an enzymatic product of
WDR5:MLL complexes, which mimics effects by WDR5 KD; and
simultaneously, MS40 suppressed IKZF-mediated oncogenic activ-
ities. We corroborated such dual-targeting effects by MS-based
proteomic study and by genome-wide transcriptomic profiling,
which showed that MS40 simultaneously represses the expression
of genes targeted by WDR5:MLL complexes and those by IMiDs.
IMiDs are FDA-approved drugs for the treatment of cancers
including multiple myeloma. Therefore, MS40 represents a bona
fide PROTAC degrader for depleting both WDR5 and IKZF1/3. As
IKZFs and WDR5 regulate different tumor-promoting programs,
their dual targeting PROTAC could potentially exert more profound
anti-tumor effects. Dual targeting inhibitors were reported to
simultaneously target Bruton tyrosine kinase and IKZFs [49], or
BRD4 and Polo-like kinase 1 [50], or EZH2 and HDACs [51].

MS40 has much superior anti-tumor effects to WDR5 PPl inhibitors.
Such superior antitumor effects are consistent in different WDR5-
dependent tumors such as MLL-r AML and breast cancer. Owing to
its dual WDR5- and IKZF1/3-targeting nature, MS40 also offers a
strategy for more effectively treating those cancer types that exhibit
dependency on both WDR5 and IKZF1/3. As a proof-of-principle
study, we use the MLL-r acute leukemias, which display IKZF1 high-
expression and dependency, to show that MS40 is indeed more
potent in treating MLL-r leukemias than MS169, a matched VHL-
based PROTAC that effectively degrades WDR5 but not neo-
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substrates of IMiDs:CRBN. Importantly, MS40, which exhibits an
excellent in vivo pharmacodynamics and pharmacokinetics (PK/PD)
relationship, is more effective in treating MLL-r AML PDX in mice than
MS40N1 (essentially a WDRS5 PPI inhibitor) or MS169 (a degrader of
WDR5 but not IKZF1/3) and lacks apparent in vivo toxicity. It is worth
to note that we previously disclosed the discovery of first WDR5
PROTAC degraders including MS40 in the patent literature [52], and
during the preparation of this manuscript, an independent work
recently reported a WDR5 PROTAC degrader [32]. However, super-
iority of the reported WDR5 PROTACs [32] to WDR5 PPI inhibitors in
inhibiting cancer cell growth in vitro and in vivo is generally
unknown. Here, we demonstrate that MS40 is more effective than
the WDR5 PPI inhibitor (MS40N1 or OICR-9429) using a suite of
integrated approaches including proteomics, transcriptomics (RNA-
seq and GRO-seq), ChIP-seq, and in vitro and in vivo cancer
treatment studies.

Furthermore, a set of paired PROTAC and non-PROTAC
compounds (MS40, MS40N1, and MS40N2) are useful chemical
tools for the scientific community to study WDR5 and its
functional partners in biology and medicine. Future investigation
is warranted to evaluate antitumor effects of MS40 (a dual
degrader of WDR5 and IKZF1/3) and MS169 (a comparable WDR5-
selective degrader that does not degrade IKZF1/3) in other
tumors, which may rationalize potentially wider applications of the
dual WDR5 and IKZF1/3-targeting strategy.

METHODS

Isothermal titration calorimetry (ITC)

VHL-Elongin C-Elongin B ternary complex (VCB), and WDR5 proteins were
prepared as described previously [31] and CRBN's thalidomide-binding
domain (TBD) were dialyzed overnight in a buffer containing 50 mM
potassium phosphate buffer pH 8.0, 100 mM KCl, 1 mM TCEP and 0.05%
Tween20. Titrations were performed on a Microcal ITC200 instrument in
the reverse mode at 25°C, as described previously [53] with a slight
modification. Briefly, Cereblon TBD or VCB (250 pM in syringe) was titrated
into the PROTAC (25 uM of PROTAC in the cell). At the end of the titration,
the excess of the solution was removed and the syringe was washed and
dried. For the ternary titrations, the WDR5 protein (210 uM) was loaded in
the syringe and titrated into either PROTAC-CRBN TBD or PROTAC-VCB
complex (21 pM) in the cell. For the WDR5-PROTAC binary titrations, an
initial single injection of buffer was added into the PROTAC solution in the
cell (25 puM) followed by titration of WDR5 (210 uM in the syringe). The data
were fitted to single binding site model using the Origin 7.0 software,
supplied by MicroCal. Cooperativity values (a) were determined by
calculation the ratio of the Kp obtained from the binary WDR5 to PROTAC
titration and Kp of the ternary complex titration. The reported values
represent the mean + S.D. from three independent measurements.

Cell fractionation
Preparation of the chromatin-bound cell fraction was conducted as we
described before [54]. Cells were first washed with cold PBS and then
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resuspended in CSK buffer (10 mM PIPES pH 7.0, 100 mM NacCl, 300 mM
sucrose, 3mM MgCl,, 0.5% Triton X-100; supplemented with sodium
butyrate and inhibitors of protease and phosphatase), followed by
incubation on ice for 10 minutes and centrifugation at 1500 g for 10 mins.
After removing the supernatant, the remaining cell pellet was collected as
the chromatin-bound fraction for immunoblotting.

Chromatin immunoprecipitation sequencing (ChIP-seq), RNA

sequencing (RNA-seq) and Global Run-On sequencing (GRO-

seq)

ChlIP-seq was performed as previously described with slight modification
[55, 56], with inclusion of Drosophila chromatin spike-in for normalization
[57, 58]. As for ChIP-seq of MLL1 (Benthyl Laboratories, A300-086A), a two-
step crosslinking protocol was used as described before [59]. Cells were
first crosslinked with 2 mM disuccinimidyl glutarate (DSG, Sigma 80424) for
30 min with rotation at room temperature; then, cells were pelleted and
washed twice with 1x PBS, followed by incubation with 1% formaldehyde
for 10 min with rotation at room temperature. RNA-seqg-based transcrip-
tomic profiling was conducted as previously described [56, 60, 61]. GRO-
seq was performed as before [62]. The detailed procedures of ChIP-seq,
GRO-seq and RNA-seq and data analyses were provided in Supplementary
Methods.

Cell proliferation assay

Flow-growing leukemia cells were seeded at the density of 2 x 10°/mL in
triplicate in the 24-well plates, with compounds pre-added into medium at
a range of concentrations as we conducted before [31, 63]. Medium with
fresh compounds were changed every three days. Cells were passaged
after mixing via pipetting and then dilution to keep the cell density under
1x10%mL at all time. Cells were counted by a TC10 automated cell
counter (Bio-Rad) every three days. The 50% of maximal growth inhibition
(Glsp) values were calculated using GraphPad Prism software with a
nonlinear regression analysis. The mean+SE (standard error) was
calculated from three independent experiments.

In vivo efficacy studies

All experiments involving mice were performed according to the
Institutional Animal Care and Use Committee (IACUC)-approved protocol.
For subcutaneous (s.c.) xenograft of AML patient-derived xenograft (PDX)
cells, 3 million of MLL-AF9 + AML PDX cells (DFAM-68555-V1; available
from PRoXe.org) [64], suspended in a mixture (1:1, vol/vol) of 1x PBS and
Matrigel (Corning, 354248), were injected subcutaneously to both flanks of
each 8-week-old NSG-SGM3 mouse (NOD-SCID IL2Rgnull-3/GM/SF; JAX,
stock #013062). After three days, mice were randomly distributed into
different treatment groups. For the MS40 group, mice were treated with
MS40 once per day (SID) by i.p. injections at a dose of 100 mg/kg for 5 days
per week (from Monday to Friday). For MS169 treatment, the used dose
was 34 mg/kg (SID; i.p.) for 5 days per week (from Monday to Friday). For
MS40N2 treatment, the used dose was 100 mg/kg (SID; i.p.) for 5 days per
week (from Monday to Friday). The matched vehicle was used as
respective treatment controls. Tumor volume was recorded every 2-3 days
via caliper measurement (carried out by the UNC Animal Studies Core).
The study was terminated when the tumor size reached the IACUC
allowed limit.

Statistics and reproducibility

Experimental data are presented as the mean + SD of three independent
experiments unless otherwise noted. Statistical analysis was performed
using an unpaired two-sided Student’s t-test for comparing two sets of
data with assumed normal distribution. For in vivo studies, a two-sided
Student’s t-test was performed to calculate the statistical differences in
tumor sizes. The quantification for immunoblots was calculated from at
least three biologically independent treatments. All statistical analysis and
visualizations were performed using GraphPad (Prism v8.4.2) or Excel.

Data sharing
The genomic profiling datasets such as ChIP-seq, GRO-seq, and RNA-seq
related to this work have been deposited in the NCBI GEO under accession
number GSE175548.

Additional methods such as chemical synthesis, protein purification,
antibodies and immunoblotting, cell fractionation, detailed protocols of
chromatin immunoprecipitation sequencing (ChIP-seq) and data analysis,
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gene KD, RNA sequencing (RNA-seq) and data analysis, Global Run-On
sequencing (GRO-seq) and data analysis, quantitative reverse transcriptase
polymerase chain reaction (RT-gPCR), mass spectrometry-based proteo-
mics profiling with tandem mass tag isobaric labeling (TMT), pharmaco-
kinetic study, bioanalysis of plasma and tumor samples, and culture of
human patient-derived AML cells, can be found in supplemental materials.
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