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MOLECULAR BIOLOGY

A potent and selective ENL degrader suppresses
oncogenic gene expression and leukemia progression

Zhaoyu Xue't, Lihuai Qin?t, Hongwen Xuan't, Kaixiu Luo?t, Mengying Huang‘, Ling Xie3,
Yangzhou su', Longxia Xu', Josiah Harsh', Brandon Dale?, Xiaobing Shi', Xian Chen?,

H Umit Kaniskanz, Jian Jinz*, Hong Wen'*

The histone acylation reader eleven-nineteen leukemia (ENL) plays a pivotal role in sustaining oncogenesis in
acute leukemias, particularly in mixed-lineage leukemia-rearranged (MLL-r) leukemia. ENL relies on its reader do-
main to recognize histone lysine acylation promoting oncogenic gene expression and leukemia progression.
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Here, we report the development of MS41, a highly potent and selective von Hippel-Lindau-recruiting ENL de-
grader that effectively inhibits the growth of ENL-dependent leukemia cells. MS41-induced ENL degradation re-
duces the chromatin occupancy of ENL-associated transcription elongation machinery, resulting in the suppression
of key oncogenic gene expression programs and the activation of differentiation genes. MS41 is well-tolerated
in vivo and substantially suppresses leukemia progression in a xenograft mouse model of MLL-r leukemia. Nota-
bly, MS41 also induces the degradation of mutant ENL proteins identified in Wilms’ tumors. Our findings empha-
size the therapeutic potential of pharmacological ENL degradation for treating ENL-dependent cancers, making
MS41 not only a valuable chemical probe but also potential anticancer therapeutic for further development.

INTRODUCTION

Despite remarkable progress in leukemia treatments, certain sub-
types of acute leukemia, such as the mixed-lineage leukemia (MLL)
gene rearranged (MLL-r) leukemia, are refractory to existing thera-
pies, resulting in poor patient outcomes (1, 2). MLL (also known as
MLLI, ALL-1, or KMT2A) gene disruptions due to chromosomal re-
arrangements are particularly common in high-risk acute leukemias,
notably in infants (3). These rearrangements are associated with a
dismal prognosis, with up to 80% of infant acute lymphoblastic leuke-
mia (ALL) and 35 to 50% of infant acute myeloid leukemia (AML)
cases characterized by MLL rearrangements (4-6). This patient popu-
lation shows poor responses to standard treatments, underscoring
the urgent need for effective therapies.

This study focuses on eleven-nineteen leukemia (ENL, also
known as MLLT1 or YEATSI), a histone acylation reader and an
essential dependency in acute leukemias (7, 8). ENL and its paralog
ALL1-fused gene from chromosome 9 (AF9) function as transcrip-
tional coactivators primarily associated with the super elongation
complex (SEC) (9-15) and the complex associated with the histone
H3K79 methyltransferase Disruptor of telomeric silencing 1-like
(DOT1L) (15-18), playing key roles in transcription elongation.
Both ENL and AF9 contain an evolutionally conserved Yaf9, ENL,
AF9, Taf14, and Sas5 (YEATS) domain, which serves as a reader
module for histone lysine acylation (8, 19-22). Previous studies, in-
cluding ours, have highlighted the critical role of the full-length
wild-type ENL, but not wild-type AF9, in sustaining oncogenic gene
expression programs in acute leukemias (7, 8), particularly MLL-r
leukemia, where MLL fusions “hijack” SEC and the DOT1L com-
plex to drive aberrant leukemogenic gene expression (23-26). ENL
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interacts with histone lysine acylation via its YEATS domain, facili-
tating the recruitment and stabilization of the associated transcrip-
tional machinery for target gene transcription. Genetic depletion
of ENL or disruption of the YEATS domain’s reader function has
shown promise in suppressing leukemia progression, suggesting
that ENL is a promising therapeutic target for certain subtypes of
acute leukemia (7, 8).

These findings have spurred extensive research efforts aimed at
developing potential therapeutics targeting ENL, with our laborato-
ries actively participating in these efforts. The acyl lysine-binding
pocket within the ENL YEATS domain presents a druggable pocket
for the development of small-molecule inhibitors due to its distinc-
tive long and narrow hydrophobic channel (8, 19). Notably, a num-
ber of acyl lysine-competitive small-molecule and peptidomimetic
inhibitors have been developed (27-37). However, the structural
and sequence similarity between ENL and AF9 YEATS domains
poses challenges in achieving selectivity. To date, most of the re-
ported inhibitors have exhibited comparable affinities for both ENL
and AF9 YEATS domains. Recently, our laboratory developed a
small-molecule inhibitor with strong selectivity for the ENL YEATS
domain (32).

Proteolysis targeting chimeras (PROTACs) are a class of hetero-
bifunctional small molecules that engage a target protein with an
E3 ubiquitin ligase complex, thereby instigating ligand-dependent
protein degradation at the proteasome (38). This technology has
generated substantial interest in both the biomedical and drug
discovery communities. While prior research on conventional
occupancy-driven ENL YEATS small-molecule inhibitors has pro-
vided a foundation for the development of ENL PROTAC degraders,
progress in this area has been limited. To date, only two thalidomide-
based ENL degraders, which recruit the cereblon (CRBN) E3 li-
gase, have been reported (31, 39). However, thalidomide-based
PROTAC:S are known to have a common issue of off-target degrada-
tion of neo-substrates such as IKZF1/3, transcription factors with
important role in hematological cells (31, 40, 41). Another neo-
substrate, GSPT1, a translation termination factor, is probably the
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most concerning neo-substrate, which may be degraded by CRBN-
recruiting PROTACs because of the critical role of GSPT1 in most
cells and potential toxic caused by its degradation (42). Therefore,
further efforts are needed to explore diverse designs of ENL
PROTAC molecules that overcome these limitations and offer
improved selectivity and safety profiles.

In this study, we have developed MS41, a highly potent, selective,
and in vivo efficacious ENL PROTAC degrader that recruits the
von Hippel-Lindau (VHL) E3 ubiquitin ligase. MS41 potently and
selectively induces the degradation of ENL through the ubiquitin-
proteasome pathway. MS41 effectively inhibits leukemia cell prolif-
eration and clonogenic ability in vitro and suppresses leukemia
progression in a xenograft mouse model of MLL-r leukemia in vivo.
Mechanistically, MS41-induced ENL degradation leads to reduced
chromatin occupancy of ENL-associated transcription machinery, re-
sulting in the suppression of key oncogenic gene expression programs
that are essential for tumor maintenance. In addition, MS41 exhibits
no detectable in vivo toxicity. It exerts only mild effects on normal
hematopoiesis, with these changes being fully reversible upon treat-
ment cessation. Together, our findings highlight the potential of phar-
macological ENL degradation as a promising therapeutic strategy for
ENL-dependent cancers. We provide MS41 to the biomedical com-
munity as not only a valuable in vivo chemical probe but also a prom-
ising anticancer therapeutic.

RESULTS

MS41 is a potent ENL PROTAC degrader

In our pursuit to develop effective ENL PROTAC degraders, we
used PFI-6, one of the most potent ENL/AF9 YEATS inhibitors
(36), and VHL1 and VHL1-Me, two classic ligands of the VHL E3
ubiquitin ligase (43, 44), for compound design (Fig. 1, A to C, and
fig. S1). The cocrystal structure of PFI-6 in complex with the AF9
YEATS domain (PDB code: 8P]7) (36) revealed that the inhibitor
binds to the Kac-binding site with both ends of the compound sol-
vent exposed, making it suitable for linker attachment to design
PROTAC:s (Fig. 1B). We chose the right-hand side dihydro indene
group and modified its phenyl ring (Fig. 1B) with a carboxylic
acid functionality to attach various linkers connected to VHL ligands
(Fig. 1C and fig. S1). To screen compounds for their ability to in-
duce ENL protein degradation in cells, we stably expressed 3Flag-
hemagglutinin (HA)-tagged ENL (3Flag-HA-ENL) in the human
MLL-r leukemia cell line MV4;11 and monitored ENL protein levels
via Western blot analysis. We began by testing different types of
linkers, including polyethylene glycol (PEG) linkers (compounds 1
to 4) and carbon linkers of varying lengths (compounds 5 to 12)
(fig. S1). We observed that, when treating cells at 1 and 10 pM for 24
hours, none of the compounds with PEG linkers induced substantial
ENL degradation (fig. S2A). Compounds with short carbon linkers
(compounds 5 to 7, with linkers ranging from 2C to 6C) also did not
exhibit strong effect. However, the ENL degradation effect became
more pronounced with longer carbon linkers (compounds 8 to 12,
with linkers ranging from 7C to 11C) (fig. S2A). Next, since com-
pounds with long carbon linkers (compounds 10 to 12, 9C to 11C)
induced effective ENL degradation, we designed and synthesized
corresponding analogs (compounds 13 to 15, 9C to 11C) (fig. S1) by
replacing VHLI1 with VHL1-Me as the VHL binder, which has high-
er binding affinity to VHL and was previously reported to result in
more effective degraders (45-47). Compared to their unmethylated
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counterparts, the VHL1-Me compounds induced even stronger
ENL protein degradation (fig. S2A). As expected, the parental ENL
ligand PFI-6 could not reduce ENL protein levels (fig. S2A).

We next assessed whether these compounds could efficiently de-
grade endogenous ENL. To do this, we treated MV4;11 cells with
compounds 10 to 15 at a wide range of concentrations (1 nM to
10 pM) for 6 and 24 hours. We found that all the tested compounds
efficiently induced ENL protein degradation in a concentration-
dependent manner (Fig. 1D and fig. S2, B to D). Considering the ef-
ficiency of ENL degradation and molecular weight of compounds, we
chose to focus on compound 13 and renamed it as MS41 (Fig. 1C and
fig. S1). We also developed MS41N as a negative control of MS41.
MS41N contains the same ENL-binding moiety and linker as MS41
but uses the (2R,4S) diastereoisomer of VHLI1-Me that cannot bind
the VHL E3 ligase (Fig. 1C) (46, 48). As expected, MS41N, the same
as the parental ENL ligand PFI-6, did not induce ENL degradation,
even at 10 pM (Fig. 1D and fig. S2B).

MS41 consistently induced robust ENL degradation in a variety
of human leukemia cell lines (Fig. 1E and fig. S2E). The half protein
degradation concentration (DCsp) values of MS41 were measured to
be 3.50, 2.84, 3.03, and 26.58 nM in MV4;11, SEMK2, Jurkat, and
KASUMI]I, respectively, with a maximum degradation (Dpax) > 93%
(Fig. 1F and fig. S2F). In addition, MS41 induced ENL protein deg-
radation rapidly. When cells were treated with 100 nM of MS41, ENL
degradation was observed as early as 30 min after treatment, with
maximal protein degradation occurring around 6 hours (Fig. 1G and
fig. S2G). Together, these results demonstrate that MS41 is a highly
potent ENL PROTAC degrader.

MS41 induces ENL protein degradation through the UPS

We next determined the mechanism of action underlying MS41-
induced ENL degradation. MS41, as well as MS41N, binds to the ENL
YEATS domain with affinities comparable to that of PFI-6. In an Al-
phaScreen assay that detects the ENL YEATS-H3K9ac interaction
(32), the half-maximal inhibition concentrations (ICsy) of MS41,
MS41N, and PFI-6 were measured at 119.43, 117.43, and 69.81 nM,
respectively (fig. S2H). Pretreatment of MV4;11 cells with PFI-6
inhibited MS41-mediated ENL degradation in a concentration-
dependent manner (Fig. 2A), confirming that the induction of ENL
protein degradation by MS41 is an on-target effect. Similarly, pretreat-
ment of cells with the VHL ligand VH298 (49) also hindered MS41-
mediated ENL degradation (Fig. 2B). Furthermore, MS41-induced
ENL degradation was effectively blocked by pretreating MV4;11 cells
with the proteasome inhibitor MG132 or neddylation inhibitor
MLN4924 (Fig. 2, C and D). In addition, CRISPR-Cas9-mediated ge-
netic ablation of VHL in MV4;11 cells completely abolished MS41-
induced ENL degradation (Fig. 2E). These findings collectively
establish that MS41 is a bona fide PROTAC ENL degrader that
degrades ENL in a VHL- and ubiquitin-proteasome system (UPS)-
dependent manner. Furthermore, a washout experiment revealed that
ENL protein levels substantially rebounded around 6 hours and were
nearly fully restored approximately 12 hours after compound removal
(Fig. 2F), demonstrating that MS41-induced ENL degradation is
reversible.

MS41 selectively degrades ENL in leukemia cells

Within the human genome, four proteins contain YEATS domains:
ENL, AF9, GAS41, and YEATS2 (20). ENL and AF9 are paralogous,
sharing a similar protein structure, including a highly conserved
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Fig. 1. Discovery of a first-in-class, highly potent VHL-recruiting ENL PROTAC degrader, MS41. (A) Schematic depiction of VHL-recruiting PROTAC degrader-
mediated ENL degradation. Figure was created with BioRender. (B) Cocrystal structure of the AF9 YEATS domain (light blue) in complex with PFI-6 (orange) (PDB code:
8PJ7). The phenyl ring of PFI-6 dihydro indene group (red circle) reaches out to the binding pocket and is solvent exposed. (C) Chemical structures of ENL ligand PFI-6, VHL
E3 ligand VHL1-Me, ENL degrader MS41, and MS41N, a negative control compound of MS41. The changed stereocenters are highlighted in orange in MS41N. (D) Immu-
noblots for ENL in MV4;11 cells treated with DMSO or the indicated concentrations of MS41 (compound 13), MS41N, or PFI-6 for 6 hours. f-Actin was used as a loading
control. (E) Concentration-dependent ENL degradation mediated by MS41. Immunoblots for ENL and p-Actin in MV4;11 and Jurkat cells treated with DMSO, the indicated
concentrations of MS41, MS41N (256 nM), or PFI-6 (256 nM) for 24 hours. (F) Measurement of DCso and Dpax Values of MS41 in MV4;11 and Jurkat cells. The band intensity
in (E) was determined by ImageJ software. Values and error bars are presented as means + SEM from three independent experiments. (G) Time-dependent ENL degrada-
tion mediated by MS41. Immunoblots for ENL in MV4;11 and Jurkat cells treated with DMSO or MS41 (100 nM) for the indicated time. B-Actin was used as a loading control.

Allimmunoblots are representative of three biological repeats.

YEATS domain. Most ENL/AF9 YEATS domain inhibitors reported
to date, such as PFI-6, cannot differentiate between ENL and AF9.
In our AlphaScreen assays, which include all four human YEATS
domains, we observed that, similar to PFI-6 (36), MS41 exhibited
comparable binding affinities to ENL and AF9 YEATS domains. In
contrast, no binding was detected to GAS41 or YEATS2 YEATS do-
mains (with ICso > 50 pM) (fig. S3A). Consistent with these results,
MS41 efficiently degraded both ENL and AF9 in a concentration-
dependent manner in cells, whereas it had no effect on GAS41 and
YEATS?2 protein levels, even at a concentration of 1 pM (Fig. 2G). In
this experiment, the degradation of AF9 was monitored in cells sta-
bly expressing 3Flag-HA-tagged AF9 protein, as the endogenous
AF9 is expressed at very low levels in MV4;11 cells, undetectable by
Western blot.

Xueetal., Sci. Adv. 10, eado1432 (2024) 28 August 2024

To further assess the selectivity of MS41 on a proteome-wide
scale, we conducted unbiased mass spectrometry (MS)-based glob-
al proteomic analyses on MV4;11 cells treated with MS41, MS41N,
or the dimethyl sulfoxide (DMSO) control. Cells were treated for 2
or 6 hours, and the degradation of ENL by MS41 was confirmed by
Western blot before MS analysis (fig. S3B). At both time points, of
the 4494 proteins detected with >2 RazorUnique peptides, only
ENL exhibited a profound reduction in abundance when treated
with MS41 relative to the DMSO or MS41N treatment (with a cutoff
of P value <0.05 and fold change >1.5) (Fig. 2H, fig. S3C, and
table S1). In contrast, MS41N did not substantially alter the abun-
dance of any proteins compared to the DMSO control (fig. S3D and
table S1). Together, these results strongly demonstrate that MS41 is
a highly selective ENL degrader.
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Fig. 2. MS41 selectively induces ENL protein degradation in human leukemia cells through the UPS. (A to D) Immunoblots for ENL in MV4;11 cells pretreated with
the indicated concentrations of PFI-6 (A), VHL ligand VH298 (B), proteasome inhibitor MG132 (C), or neddylation inhibitor MLN4924 (D) for 1 hour, followed by a 2-hour
treatment with 100 nM MS41. D, DMSO. (E) Immunoblots for VHL and ENL in MV4;11 cells expressing a control sgRNA (sgGFP) or VHL sgRNAs treated with the indicated
concentrations of MS41 for 24 hours. (F) Immunoblots for ENL in MV4;11 cells pretreated with 100 nM MS41 for 24 hours, followed by washout for the indicated time.
(G) Immunoblots for endogenous ENL, GAS41, and YEATS2 and ectopically expressed HA-AF9 in MV4;11 cells treated with the indicated concentrations of MS41, MS41N
(1 pM), or PFI-6 (1 pM). Immunoblots in (A) to (G) are representative of three independent experiments. p-Actin was used as a loading control. (H) Quantitative proteomics
analysis of MV4;11 cells treated with 100 nM MS41 versus DMSO for 2 or 6 hours. A total of 4994 proteins were identified with >2 RazorUnique peptides and quantified.
The dash lines indicate a cutoff of P value <0.05 (y axis) and fold change >1.5 (x axis) in three biological replicates.

MS41 exhibits potent inhibition of leukemia cell survival
Previous studies have demonstrated that genetic depletion of ENL
leads to growth inhibition in human acute leukemia cells, particu-
larly in MLL-r leukemia cells (7, 8). Therefore, we assessed the anti-
proliferative effects of MS41 in a panel of human leukemia cell lines.
The impact of MS41 treatment mimicked the effects of ENL knock-
out (KO) in several MLL-r leukemia cell lines containing MLL-AFF1
fusions, including MV4;11, RS4;11, and SEMK2, whereas MS41N or
PFI-6 did not suppress cell growth (Fig. 3, A to C). The half-maximal
growth inhibition concentration (GIs) values of MS41 in MV4;11
and RS4;11 cells were measured to be 21.28 and 25.06 nM, respec-
tively (Fig. 3D), underscoring the high potency of MS41 in inhibit-
ing cell growth. MS41 also suppressed cell growth in leukemia cell
lines harboring other MLL fusions, such as OCI-AML2 and ML-2
with MLL-AF6 fusions and NOMO-1 with MLL-AF9 fusion (fig. $4,
A and B). KASUMII, a leukemia cell line harboring the AMLI-ETO
translocation, was also sensitive to MS41, with a GI5y of 69.05 nM
(Fig. 3, A and D). In contrast, MS41 had no or minimal effects on
growth inhibition (GIso > 50 pM) in Jurkat and K-562, two non-
MLL-r leukemia cell lines that are insensitive to ENL KO (Fig. 3, A
and D, and fig. S4, A and B).

Next, we evaluated the impact of MS41 on the clonogenic poten-
tial of leukemia cells by colony formation cell assays. The results re-
vealed that MS41, but not MS41N or PFI-6, impaired the clonogenic
potential of several ENL-sensitive leukemia cells, including MV4;11,
SEMK2, and KASUMI1 (Fig. 3, E and F, and fig. $4, C and D). Nota-
bly, MS41 not only substantially reduced colony numbers but also
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greatly decreased the size of the colonies and altered colony mor-
phology (Fig. 3E). In contrast to these ENL-dependent cells, MS41
had no discernible impact on the colony formation of Jurkat cells
(fig. S4, E and F). To investigate how MS41 inhibits leukemia cell
survival, we examined changes in cell cycle and apoptosis in MV4;11
cells. The results showed that MS41 induced G; cell cycle arrest and
increased apoptosis in a time-dependent manner, while MS41N or
PFI-6 had no such effects (Fig. 3, G and H). Collectively, these results
demonstrate that MS41 exhibits superior activity compared to its
parental ENL ligand, PFI-6, in inhibiting leukemia cell survival.

Furthermore, we assessed the cotreatment of MV4;11 cells with
MS41 and doxorubicin, a commonly used chemotherapy agent in
AML treatment, and observed a strong synergistic effect between
the two. With 10 nM doxorubicin, the GI5y of MS41 decreased from
21.5to 7.35 nM (fig. S4, G and H), indicating promising therapeutic
potential for this combinatorial treatment.

MS41 suppresses key oncogenic gene expression programs
in leukemia cells

To investigate the molecular mechanism by which MS41 inhibits
leukemia cell growth, we performed RNA sequencing (RNA-seq)
analysis in MV4;11 cells treated with MS41, MS41N, PFI-6, or
DMSO. RNA samples were collected at two time points after treat-
ment: 6 hours (an early time point when more than 90% of ENL
proteins were depleted) and 24 hours (before noticeable phenotypic
changes occurred). The depletion of ENL proteins by MS41 was
confirmed by Western blot analysis (fig. S5A). At 6 hours after MS41
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Fig. 3. MS41 displays potent growth inhibitory activity in human leukemia cells. (A to C) Growth inhibition curves of MS41 (A), MS41N (B), and PFI-6 (C) in human
leukemia cells, MV4;11, RS4;11, SEMK2, KASUMI1, Jurkat, and K-562. Y axis shows the relative live cell ratio upon treatment with the indicated concentrations (x axis) of
compound for 6 days, normalized to DMSO-treated cells. Error bars represent means + SEM from three independent experiments. (D) Table of Glsq comparison of MS41 in
MV4;11, RS4;11, SEMK2, KASUMI1, Jurkat, and K-562 cells. (E and F) Representative images (E) and quantification (F) of colonies formed in MV4;11 cells treated with DMSO,
100 nM of MS41, MS41N, or PFI-6 for 10 days. Scale bars, 2 mm (top) and 500 pm (bottom). (G and H) Cell cycle profile (G) and apoptotic analysis (H) of MV4;11 cells
treated with DMSO, 100 nM of MS41, MS41N, or PFI-6 for the indicated time. In (F) to (H), error bars represent means + SEM from three independent experiments. Student’s
t test, compared with DMSO treatment at corresponding time points, **P < 0.01, *##P < 0.001, ****P < 0.0001.

treatment, compared to cells treated with DMSO, we detected
only 123 genes down-regulated and 463 genes up-regulated [fold
change > 1.5, false discovery rate (FDR) < 0.05] (fig. S5B and
table S2). By 24 hours, we identified more differentially expressed
genes (DEGs), with 741 genes down-regulated and 1450 genes
up-regulated (Fig. 4A, fig. S5B, and table S2). In contrast, MS41N
or PFI-6 did not induce substantial changes in gene expression
(fig. S5B and table S2). Volcano plots revealed that the expression
of key oncogenes (e.g., MYC) and leukemia stem cell (LSC) genes
(e.g., HOXA9, HOXA10, MEISI, and MYB) was greatly reduced,
while the expression of myeloid differentiation markers (e.g., CD11B
and CDI1IC) increased in MS41-treated cells compared with
DMSO-treated cells (Fig. 4, B and C). Furthermore, reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR)
validated concentration-dependent gene expression changes in-
duced by MS41 in cells treated with MS41, but not by MS41N or

Xueetal., Sci. Adv. 10, eado1432 (2024) 28 August 2024

PFI-6 (Fig. 4D). We also confirmed that MS41 as well as MS41N
and PFI-6 did not affect mRNA levels of ENL (fig. S5C).

To ascertain whether MS41-induced gene expression changes are
due to the on-target effect of ENL depletion, we also performed RNA-
seq analysis in MV4;11 cells with ENL knocked out via CRISPR-Cas9
editing. We used two ENL single-guide RNAs (sgRNAs) (8), both of
which reduced ENL proteins by >90% (fig. S5D). RNA-seq analysis
identified 108 genes down-regulated and 561 genes up-regulated in
ENL KO cells (fig. S5B and table S3). Gene set enrichment analyses
(GSEA) (50) and correlation analyses unveiled that gene expression
changes induced by MS41-mediated ENL degradation were consis-
tent with gene expression changes observed in ENL KO cells (Fig. 4E
and fig. S5, E to G). We also observed correlated gene expression
changes in MV4;11 cells with ENL degradation induced by MS41 or
by dTAG-13 in an engineered dTAG/ENL system (fig. S5, H and I)
(7). MS41 treatment resulted in down-regulation of MYC-associated
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Fig. 4. MS41 suppresses ENL-dependent oncogenic gene expression programs. (A) Heatmap representation of DEGs from MS41 versus DMSO-treated MV4;11 cells.
n = 3 biological replicates. CPM, counts per million. (B and C) Volcano plots of all expressed genes in MV4;11 cells after MS41 treatment for 6 hours (B) and 24 hours (C).
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in blue and up genes in red. (D) RT-qPCR analysis showing mRNA expression levels of selected ENL target genes in MV4;11 cells treated with DMSO or the indicated con-
centrations of MS41, MS41N, or PFI-6 for 24 hours. Error bars represent means + SEM from three independent experiments. Student’s t test, *P < 0.05, **P < 0.01,
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24 hours MS41 versus DMSO in MV4;11 cells as ranking list and human MSigDB C2 as gene sets. X axis is NES values; y axis is corresponding FDR values.

gene expression, LSC signature (51), and a gain of myeloid cell devel-
opment and monocyte differentiation signatures (Fig. 4F, fig. S5J, and
table S4), aligning with the known roles of ENL in regulating LSC
functions (7, 8). Furthermore, we compared MS41-induced DEGs
against >6000 curated gene sets in the Molecular Signatures Database
(MSigDB) (52) and identified ENL-dependent gene sets among the
most enriched upon MS41 treatment (Fig. 4G), underscoring the
specific on-target effect of MS41.

We also performed RNA-seq analysis in another MLL-r cell line,
SEMK2. MS41 treatment for 24 hours completely depleted ENL
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proteins in SEMK2 cells (fig. S5K). We identified only a small num-
ber of DEGs (<100) in MS41-treated SEMK2 cells. Nevertheless, key
LSC genes, such as HOXA9 and HOXA 10, were among the most sub-
stantially down-regulated genes (fig. S5L and table S5). Similar to
our observations in MV4;11 cells, GSEA revealed that MS41 also
induced down-regulation of MYC-associated gene expression, em-
bryonic stem cell core genes, and LSC signature in SEMK2 cells
(fig. S5M). Together, these results demonstrate that MS41 specifically
suppresses ENL-dependent oncogenic gene expression programs in
leukemia cells.
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MS41 reduces chromatin occupancy of ENL-associated
transcription elongation machinery

ENL exerts its function in transcriptional regulation through inter-
acting with multiple chromatin-associated protein complexes, par-
ticularly the SEC and H3K79 methyltransferase DOTIL complex
(9-18). Both complexes are implicated in MLL-r leukemia, and pre-
vious studies, including ours, have shown that the wild-type ENL
plays a critical role recruiting these complexes to chromatin (7, 8). To
investigate whether MS41 treatment affects chromatin occupancy of
ENL-associated transcription machinery, we performed chromatin
immunoprecipitation coupled with next-generation sequencing
(ChIP-seq) for components of the SEC and DOT1L complexes. For
this, we used the same treatment conditions as for the RNA-seq ex-
periments (100 nM MS41, 6 hours), during which ENL was greatly
depleted while other complex components remained largely un-
changed (Fig. 5A). Notably, longer treatment (24 hours) led to re-
duced protein stability of two ENL-interacting proteins, DOT1L and
AFF1. Nevertheless, no global changes were detected in active epi-
genetic marks, including H3K79me2/3, H3K4me3, H3K9ac, and
H3K27ac (Fig. 5A and fig. S6A). ChIP-seq using an anti-ENL anti-
body in MV4;11 cells identified approximately 2500 genes with ENL
ChIP-seq signals, all of which were completely diminished upon
MS41 treatment (Fig. 5, B and C, and table S6). Consistent with pre-
vious reports (7, 8), ENL primarily occupied gene promoters and
exhibited skewed bindings on target genes, with strong binding ob-
served on only a small portion of the target genes (Fig. 5, B and C).
On the basis of the rank-ordered ENL-binding density, we divided
ENL target genes into two groups: those with high (134 genes) and
low (2375 genes) ENL bindings (Fig. 5C). Notably, most genes with
the greatest down-regulation upon MS41 treatment fell in the high
ENL-bound group, including key leukemia oncogenic genes such
as HOXA9, MEISI, MYB, SATBI1, and BAHCCI. Compared to the
non- and low ENL-bound genes, ENL occupancy on the high ENL-
bound genes was reduced the most by MS41 treatment (Fig. 5D),
suggesting that genes with high ENL occupancy are likely more
functionally relevant.

Next, we performed ChIP-seq for components of the SEC (AFF1
and CDK9), DOT1L, and elongating RNA polymerase (Pol II S2P)
in the same cells treated with MS41. Chromatin occupancies of the
SEC and DOT1L complex components, as well as the elongating Pol
I1, were highly correlated with ENL occupancy, with higher binding
densities observed on the high ENL-bound genes (Fig. 5, E to H).
Their chromatin occupancies were all reduced upon MS41 treat-
ment, with the most prominent reductions observed on the high
ENL-bound genes (Fig. 5, E to H, and fig. S6B). In line with these
changes, the high ENL-bound genes showed a greater reduction in
gene expression induced by MS41 (Fig. 5I). The positive correlations
of chromatin occupancies of ENL and ENL-associated complexes
with gene expression were more evident on key ENL target genes
such as HOXA9, HOXA10, MEIS1, and MYB (Fig. 5]).

DOT1L regulates transcription elongation by modulating H3K79
methylation (15, 16). Because of the low turnover rate of this modifi-
cation, we performed ChIP-seq for H3K79me2 at 24 hours after
MS41 treatment. Consistent with DOT1l occupancy, H3K79me?2 lev-
els were positively correlated with ENL occupancy (fig. S6, C and D).
Moreover, upon MS41 treatment, H3K79me2 levels decreased on the
high ENL-bound genes, including the key ENL target genes (fig. S6,
D and E) but was not substantially changed on non-ENL-bound
genes. Similar patterns were also observed for two other active marks,
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H3K27ac and H3K4me3 (fig. S6, F and G). Collectively, these results
demonstrate that MS41 suppresses gene expression by reducing the
chromatin occupancy of ENL-associated transcription machinery
and related active epigenetic marks on target genes.

MS41-induced degradation of ENL is reversible (Fig. 2F). Simi-
larly, DOT1L and AFF1 were fully recovered 24 to 48 hours after
washout (fig. S7A). Furthermore, the expression of ENL target genes,
including HOXA9, HOXA10, MYC, and MEIS1, was also recovered
after removal of MS41 (fig. S7B). The mRNA level of ENL itself was
not affected by MS41 treatment or the subsequent washout. Together,
these results demonstrate the reversible effects of MS41 in cells.

MS41 suppresses leukemia progression in vivo

Motivated by the robust effect of MS41 in inhibiting leukemia cell
survival in vitro, we aimed to assess the therapeutic potential of ENL
degradation in animal models. In our in vivo studies, we first evalu-
ated the pharmacokinetic (PK) properties of MS41 in mice. After a
single intraperitoneal (i.p.) injection at a dose of 50 mg/kg, the max-
imum plasma concentration of MS41 reached 241.8 nM, and the
concentration retained above 30 nM for approximately 24 hours
(Fig. 6A). MS41 was well tolerated by mice, with no clinical signs
observed in our PK study. Given that the GIs5y of MS41 in MV4;11
cells is less than 30 nM, we used intravenous MV4;11 xenografts as
a model of MLL-r leukemia and opted for a daily intraperitoneal
dosing regimen of 50 mg/kg of MS41 for in vivo efficacy studies.

For the xenograft model, NOD scid gamma (NSG) mice were
irradiated at a sublethal dose [2 gray (Gy)] and subsequently trans-
planted with MV4;11 cells via tail vein injection. These MV4;11 cells
were engineered to stably express turboGFP and luciferase, enabling
the monitoring of engraftment through bioluminescent imaging
(BLI). Ten days after transplantation, engraftment was confirmed by
BLI, and mice were randomly divided into two groups: one receiv-
ing MS41 treatment and the other with a vehicle control (Fig. 6B). In
a survival study, all mice in the vehicle cohort (n = 11) succumbed
to the disease within 42 days after transplantation, whereas the mice
in the MS41 treatment cohort (n = 12) exhibited delayed disease
progression and prolonged survival. The median survival was
49.5 days for the MS41 group compared to 37 days for the vehicle
group (Fig. 6C). MS41 treatment did not lead to any noticeable body
weight loss during the course of the treatment.

We measured percentage of human CD45" (hCD45") cells
(MV4;11 cells) in peripheral blood (PB) to monitor leukemia pro-
gression. Compared to the mice in the vehicle group, mice received
MS41 treatment had much lower percentage of hCD45" cells in
their PB (Fig. 6D). In a separate cohort of animal study, we per-
formed weekly BLI. The luminescence signals in mice treated with
vehicle quickly escalated within 3 weeks after leukemia cell trans-
plantation, whereas mice received MS41 treatment displayed a
markedly lower leukemia burden and slower disease progression
(Fig. 6, E and F). At the endpoint necropsy, we performed hema-
toxylin and eosin (H&E) staining and observed extensive infiltra-
tion of human leukemia cells in bone marrow, liver, and spleen of
mice in the vehicle group (Fig. 6G). Ki-67 staining indicated that
these leukemia cells were highly proliferative (Fig. 6H). In contrast,
mice treated with MS41 had much less human leukemia cells and
much fewer Ki-67-positive cells in their tissues. We also confirmed
that the MS41 treatment induced complete ENL degradation by
immunoblotting of leukemia cells in bone marrow of the treated
mice (Fig. 6I). Collectively, these results demonstrate that MS41 is
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Fig. 5. MS41 reduces chromatin occupancy of ENL and its associated protein complexes. (A) Immunoblots for ENL, AFF1, CDK9, Pol Il, Pol Il S2P, DOT1L, p-Actin,
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(€) Waterfall plot of all ENL-bound genes in 6 hours DMSO sample ranked by ENL densities from low to high in x axis. The high and low ENL-bound genes were separated
on point for which a line with a slope of 1 was tangent to the curve. Red and blue dots mark up and down DEGs, respectively, in 6-hour MS41 versus DMSO-treated cells.
(D to H) Average profiles of ENL (D), AFF1 (E), CDK9 (F), RNA Pol I S2P (G), and DOT1L (H) ChIP-seq densities on high-, low-, and non-ENL-bound genes as defined in (B)
and (C) (left). Violin plots of log, fold changes (log, FC) of corresponding ChIP-seq densities in MS41 versus DMSO from the left panel (right). Two-tailed t test was used for
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ics Viewer (IGV) views of ChIP-seq densities of (D) to (H) and RNA-seq reads on HOXA9/10, MEIS1, and MYB genes.

efficacious in suppressing MLL-r leukemia progression in vivo, sup-  vehicle samples (fig. S8A and table S7), including key ENL targets
porting that MS41 is a promising therapeutic for treating a subtype ~HOXA9 and MYC. GSEA revealed that down-regulated genes iden-
of leukemias that are dependent on ENL. tified in MS41-treated MV4;11 cells in vitro were negatively en-

To determine gene expression changes induced by MS41 in vivo,  riched, whereas up-regulated genes were positively enriched, in the
we sorted hCD45" MV4;11 cells from the bone marrow of mice gene expression profiles of the xenografted cells treated with MS41
treated with MS41 or vehicle for 35 days and conducted RNA-seq in vivo (fig. S8B). Furthermore, similar to what was observed in
analysis. We identified approximately 90 DEGs between MS41 and MV4;11 cells in vitro, MYC-associated gene expression, LSC and
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Fig. 6. MS41 suppresses leukemia progression in a xenograft model of MLL-r leukemia. (A) Plasma concentrations of MS41 over a 24-hour period in mice after a
single intraperitoneal (i.p.) injection of MS41 (50 mg/kg). Error bars represent means + SD from three mice per time point. (B) Schematic of the MV4;11 xenotransplanta-
tion model and treatment workflow. (C) Kaplan-Meier survival curves of mice treated with vehicle (n = 11) and MS41 (n = 12, 50 mg/kg, once daily, i.p.) in the xenograft
model. Log-rank test was used. (D) Quantification of MV4;11 cells (human CD45") in the peripheral blood collected at the indicated time points from xenografted mice.
Student’s t test, *P < 0.05, ***P < 0.001; ns, not significant. (E and F) Quantification of mean bioluminescence signals (E) and representative bioluminescence images (F)
of xenografted mice at the indicated time points. Student'’s t test, *P < 0.05, **P < 0.01, **#*P < 0.001; ns, not significant. (G and H) H&E (G) and Ki-67 immunohistochem-
istry (H) staining of bone marrow, liver, and spleen of moribund vehicle or MS41-treated xenografted mice. Scale bars, 100 pm. (I) Immunoblots for ENL and turboGFP of

vehicle or MS41-treated bone marrow collected from moribund mice.

embryonic stem cell signatures, and HOXA9 target gene expression
were all negatively enriched in MS41-treated leukemia cells in vivo
(fig. S8C). Together, these results suggest that in vivo, MS41 works
through a similar mechanism as in vitro to suppress oncogenic gene
expression.

MS41 shows negligible in vivo toxicity and a mild impact on
normal hematopoiesis

An integral aspect of assessing a compound’s suitability for further
drug development lies in its lack of in vivo toxicity. We therefore set
out to assess the potential in vivo toxicity of MS41 using immune
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competent C57BL/6 mice. In this assessment, we treated healthy
C57BL/6 mice for a consecutive 30 days, following the same regi-
men as used in the xenograft study (either vehicle or 50 mg/kg of
MS41, i.p. administered daily) (Fig. 7A). The 30-day MS41 treat-
ment did not induce overt toxicity or lead to evident changes in
body weight (Fig. 7B). Following the completion of treatment, six
mice from each group were euthanized, and the weights of various
organs were measured. No significant differences were observed in
most of the measured organs, including the liver, thymus, lymph
nodes, heart, and kidneys, between the two treatment groups, ex-
cept for a slight enlargement of the spleens in MS41-treated mice
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(Fig. 7C). Notably, H&E staining did not reveal any discernible
pathological changes in the spleen, thymus, or liver (Fig. 7D). Fur-
thermore, complete blood count analyses demonstrated no signifi-
cant alterations in red blood cells (RBCs), white blood cells (WBC),
and platelets (Fig. 7E).

To explore the impact of MS41 on normal hematopoiesis, we col-
lected bone marrow cells from the euthanize animals at the end of
treatment and profiled various hematopoietic and differentiated im-
mune cell types by flow cytometry analysis. The total numbers of
bone marrow cells isolated from mice in the two groups were found
to be comparable (fig. SOA). While there was a modest decrease in
the number of lineage-negative (Lin~) hematopoietic stem/progeni-
tor cells and megakaryocytic-erythroid progenitors in MS41-treated
mice, no significant changes were observed in other types of hema-
topoietic stem cells or progenitor cells (fig. S9B). Analysis of differ-
entiated cell populations in the bone marrow revealed modest
increases in the numbers of monocytes and neutrophils, as well as
small decreases in the numbers of B cells, CD4* and CD8" T cells,
and erythrocytes, with no changes observed in natural killer cells in
MS41-treated mice (fig. S9C).

To ascertain whether the mild changes in hematopoiesis induced
by MS41 treatment are reversible, we monitored a cohort of mice for
an additional 3 months after cessation of treatment (Fig. 7A) and
analyzed their PB and bone marrow samples. No significant differ-
ences were detected between the vehicle- and MS41-treated mice in
organ weights (fig. S10A), complete blood cell count (fig. S10B), total
bone marrow cells (fig. S10C), and any subset of hematopoietic stem
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and progenitor cells (fig. S10D). Moreover, all mild changes in dif-
ferentiated immune cell types observed at day 30 were fully reversed
(fig. S10E). In sum, these results establish that MS41 has no detect-
able in vivo toxicity and only a mild effect on normal hematopoiesis,
which is fully recoverable after the cessation of treatment.

MS41 potently depletes ENL protein with YEATS

domain mutations

Recurrent and clustered small indel mutations in the ENL YEATS
domain have been identified in Wilms' tumor, the most common
pediatric kidney cancer, and AML (53-55). As demonstrated in our
recent study, these hotspot mutations convey a gain of function in
transcriptional control by ENL, which leads to hyperactivation of
developmentally important genes and impaired cell fate decision
(56). These mutations are primarily located in the C terminus of the
YEATS domain (Fig. 8A), with the acyl-lysine-binding pocket re-
maining intact. We hypothesized that MS41 can also bind mutant
ENL and induce protein degradation. In human embryonic kidney
(HEK) 293 cells that ectopically express wild-type ENL or mutants
(referred to as T1 and T3) at levels comparable to endogenous ENL,
MS41 efficiently induced the degradation of both wild-type and mu-
tant ENL in a concentration-dependent manner (Fig. 8B). Conse-
quently, the aberrant expression of HOXAII and HOXA13 genes
induced by ENL mutants was markedly suppressed by MS41-
mediated degradation of the mutant ENL (Fig. 8, C and D). In con-
trast, MS41N and PFI-6 had no or only minor effects on HOXA11
and HOXA13 gene expression.
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Fig. 8. MS41 potently depletes ENL protein with YEATS domain mutations. (A) Schematic of ENL YEATS domain mutants T1 (small insertion) and T3 (small deletion)
identified in Wilms’ tumor. (B) Immunoblots for ENL and B-actin in HEK293 cells stably expressing endogenous level of wild-type (WT) or YEATS mutant ENL (T1 and T3)
treated with the indicated concentrations of MS41 for 24 hours. (C and D) RT-gPCR analysis showing mRNA expression levels of ENL target genes HOXA11 (C) and HOXA13
(D) in HEK293 stable cells as in (B) treated with DMSO, MS41 (100 nM), MS41N (100 nM), or PFI-6 (100 nM) for 72 hours. Error bars represent means + SEM from three
independent experiments (Student’s t test). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

DISCUSSION

ENL has recently been identified as a critical factor in a subset of
acute leukemias, particularly in MLL-r leukemia. It functions as a
histone reader that recruits the associated SEC and DOT1L complex
to chromatin through recognition of histone acylation via its YEATS
domain. These studies have underscored the indispensable role of the
YEATS domain (7, 8, 57). Disrupting the reader function of this do-
main suppresses ENL-dependent leukemia progression, suggesting
that the ENL YEATS domain is a promising therapeutic target. The
ENL YEATS domain contains a long and narrow hydrophobic pock-
et for acetyl recognition, rendering it a suitable target for developing
small-molecule inhibitors. In recent years, several compounds tar-
geting the ENL YEATS domain have been developed (27-34, 36).
These small-molecule or peptidomimetic inhibitors effectively com-
pete with acetylated histones for binding to the hydrophobic pocket,
thereby displacing ENL and its associated SEC and DOT1L complex-
es from chromatin and shutting down the ENL-dependent oncogen-
ic gene expression. However, at the inception of our project, none of
the reported ENL YEATS domain inhibitors had demonstrated
satisfactory efficacy in suppressing leukemia cell growth or in vivo
potential. This prompted us to explore an alternative strategy—the
development of ENL PROTAC degraders.

One of the primary advantages of PROTACs over conventional
occupancy-driven small-molecule inhibitors is their capability to
completely eliminate the target protein. Moreover, the catalytic na-
ture of PROTACs negates the need for prolonged drug exposure
and high residence times, potentially resulting in more potent ther-
apeutic effects at lower doses and with less frequent dosing, thereby
minimizing side effects (38). In this context, MS41, the highly po-
tent and selective ENL PROTAC degrader we developed, surpasses
its parent ligand, PFI-6, in terms of inhibitory activities against
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leukemia cell survival. In ENL-dependent MLL-r cell lines such as
MV4;11 and RS4;11, MS41 exhibits excellent G5y (<30 nM), while
PFI-6 remains ineffective even at 10 pM, a more than 300-fold in-
crease in potency. MS41 is well-tolerated in vivo and effectively sup-
presses leukemia progression in a xenograft mouse model of MLL-r
leukemia. Furthermore, MS41 exhibits no detectable in vivo toxici-
ty. It exerts only mild effects on normal hematopoiesis, with these
changes being fully reversible upon treatment cessation, suggesting
a potential therapeutic window for MS41. However, despite the
MS41 treatment cohort exhibiting delayed disease progression and
prolonged survival, mice in this cohort died around 60 days. This
may be caused by incomplete depletion of ENL in certain organs
due to tissue distribution issues or potential toxicity associated with
irradiation and leukemia cell transplantation in NSG mice. Never-
theless, MS41 stands as not only a valuable chemical probe but also
a potential anticancer therapeutic that holds promise for further
development.

During the development of MS41, two PROTAC degraders tar-
geting ENL have been reported (31, 39). SR-1114 was able to induce
ENL depletion but faced challenges due to concurrent degradation
of IKZF1, an undesirable off-target effect common to thalidomide-
based PROTAC:s (31). IKZF1 is a crucial transcription factor in he-
matological cells, rendering its off-target degradation unfavorable.
A similar scenario was observed with another thalidomide-based
ENL PROTAC, Cpd-1, which, despite exhibiting antitumor activity,
did not address the potential issue of off-target degradation of
IKZF1 or other neo-substrates of CRBN:imides (39). Our approach,
which focused on developing VHL-recruiting ENL PROTAC de-
graders, has overcome this limitation. This approach has led to
MS41, which potently induces ENL degradation at low nanomolar
concentrations. Our proteomic studies have revealed no detectable
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oft-target degradation of any proteins, including IKZF1, under-
scoring MS41’s remarkable specificity. Because the parent ligand,
PFI-6, is a dual inhibitor of ENL/AF9 YEATS domains, the derived
MS41 does not distinguish between ENL and AF9. Nevertheless,
since AF9 is not or lowly expressed in MV4;11 and many other
MLL-r leukemia cells, the observed growth inhibitory effects pri-
marily stem from ENL degradation. However, it remains crucial to
continue efforts to develop PROTAC:s capable of selective degrada-
tion of ENL over AF9. In this regard, compound 7, an ENL-specific
inhibitor recently developed by our team (32), emerges as a prom-
ising ENL binder for future development of ENL-specific PROTACs.
In addition, TDI-11055, a recently reported small-molecule inhibi-
tor of ENL (34), could also be used as an ENL binder for developing
ENL PROTACSs, owing to its in vivo efficacy in xenograft leuke-
mia models.

In addition to MLL-r leukemia cell lines, our research has un-
covered that KASUMII, a leukemia cell line carrying the AML1-
ETO translocation, is sensitive to MS41. This intriguing discovery
suggests that MS41 may hold therapeutic potential beyond MLL-r
leukemia (58). Furthermore, MS41 potently degrades YEATS do-
main mutant ENL and suppresses the aberrantly activated HOXA
gene expression. This is exciting as these gain-of-function ENL
YEATS mutations are prevalent in Wilms’ tumor and have also been
found in patients with AML (53-55). Together, these findings ex-
tend the therapeutic potential of MS41 to multiple cancers with di-
verse genetic backgrounds, underscoring the need for future clinical
exploration.

MATERIALS AND METHODS

Chemistry general procedures

All chemical reagents were purchased from commercial vendors and
used without further purification. The flash column chromatography
was conducted using a Teledyne ISCO CombiFlash Rf + instrument.
This instrument was also equipped with a variable-wavelength ultra-
violet (UV) detector and a fraction collector. RediSep Rf Gold C18
columns were used for purification. High-performance liquid chro-
matography (HPLC) spectra for compounds were acquired using an
Agilent 1200 series system with a diode-array detector (DAD). Chro-
matography was performed on a 2.1 mm A ~ 150 mm Zorbax 300SB-
C18 5-pm column with method (unless otherwise indicated) water
containing 0.1% formic acid as solvent A and acetonitrile contain-
ing 0.1% formic acid as solvent B at a flow rate of 0.4 ml/min. The
gradient program was as follows: 1% B (0 to 1 min), 1 to 99% B (1 to
4 min), and 99% B (4 to 8 min). Ultra-performance LC (UPLC) spec-
tra for compounds were acquired using a Waters Acquity I-Class
UPLC system with a photo diode array (PDA) detector. Chromatog-
raphy was performed on a 2.1 mm A ~ 30 mm Acquity UPLC BEH
C18 1.7-pm column with water containing 3% acetonitrile, 0.1% for-
mic acid as solvent A and acetonitrile containing 0.1% formic acid as
solvent B at a flow rate of 0.8 ml/min. The gradient program was as
follows: 1 to 99% B (1 to 1.5 min), and 99 to 1% B (1.5 to 2.5 min).
High-resolution MS data were acquired in the positive ion mode us-
ing with Agilent G1969A API-TOF or with a Waters Acuity Premiere
XE TOF with an electrospray ionization (ESI) source. Nuclear mag-
netic resonance (NMR) spectra were acquired on a Bruker DRX-400
spectrometer with 400 MHz for proton (‘"H NMR) or 101 MHz for
carbon (*C NMR) or a Bruker DRX-600 spectrometer with 600 MHz
for proton ("H NMR). Chemical shifts are reported in parts per
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million (8). Preparative HPLC was performed using an Agilent Prep
1200 series with UV detector set to 220 nm. Samples were injected
into a Phenomenex Luna 75 mm A ~ 30 mm, 5 pm, C18 column at
room temperature (RT). The flow rate was 40 ml/min. A linear gradi-
ent was used with 10% of acetonitrile (A) in H,O (with 0.1% trifluo-
roacetic acid) (B) to 100% of acetonitrile (A). All final compounds
had >95% purity using the UPLC and HPLC methods described
above. Synthesis and characterization of compounds 1 to 15 and
MS41N as well as the key intermediate 18 are described in Supple-
mentary Methods (see “Synthesis of key intermediate 18” and “Syn-
thesis of ENL degraders”). '"H NMR, °C NMR, and LCMS spectra
for MS41 and MS41N are also provided (figs. S11 and S12). Linkers
19 to 33 (see “Synthesis of ENL degraders”) were synthesized follow-
ing our previously reported procedures (59). PFI-6 and compound
16 were synthesized according to published procedures (36).

Plasmids

Plasmids used to knock out ENL in MV4;11 cells were reported previ-
ously (8). turboGFP-Luciferase plasmid was a gift from M. Konopleva,
UT MD Anderson Cancer Center. sgRNA sequences targeting the
human VHL gene were designed on the basis of a CRISPR sgRNA
database (GeneScript) and cloned into lentiCRISPR v2 vector (Add-
gene #52961) (60). Human YEATS domains: ENL (amino acids 1 to
145), AF9 (amino acids 1 to 145), full-length GAS41, and YEATS2
(amino acids 201 to 332) were cloned in pET19b expression vectors to
express His-tagged YEATS domain proteins (32). All primers used in
plasmid construction were listed in table S8.

Recombinant protein expression and purification

The His-tagged YEATS domains from AF9, ENL, GAS41, and
YEATS2 were expressed in Escherichia coli strain Rosetta 2(DE3)
pLysSinthepresenceof0.1 mMisopropyl p-p-1-thiogalactopyranoside
at 16°C (start induction when the optical density at 600 nm reaches
0.8) for 18 hours. Induced cells were collected and suspended in cold
lysis buffer [20 mM tris-HCI (pH 7.5), 500 mM NaCl, 20 mM imid-
azole, 1 mM phenylmethylsulfonyl fluoride, and 1X proteinase in-
hibitors cocktail] with lysozyme solution (0.5 mg/ml). Cells were
further lysed using an APV high-pressure homogenizer with pres-
sure between 800 and 1000 PSI. Cell lysate was clarified by centrifu-
gation at 22,000g at 4°C. Ni—nitrilotriacetic acid resins (Invitrogen,
catalog n0.12901-15) were used to purify His-tagged YEATS domain
proteins following the manufacturer’s instructions. Proteins were
eluted with elution buffer [20 mM tris-HCI (pH 7.5), 500 mM NaCl,
and 250 mM imidazole] and dialyzed in dialysis buffer [50 mM
Hepes (pH 7.4), 100 mM NaCl, and 20% glycerol] to remove imidaz-
ole. Proteins were adjusted to 0.5 mg/ml, aliquoted, and stored at
—80°C for AlphaScreen assay.

AlphaScreen assay and /Cso determination

AlphaScreen assay was set up as described before (32). The AlphaScreen
assay was carried out in 384-well OptiPlates (PerkinElmer, catalog
no. 6007290). Assays were performed in 30-pl reaction in Alpha re-
action buffer [50 mM Hepes (pH 7.4), 100 mM NaCl for AF9 and
ENL or 300 mM NaCl for GAS41 and YEATS2, 0.1% bovine serum
albumin, and 0.05% CHAPS]. Protein, peptide, and compounds
were mixed and incubated for 1 hour at RT before adding Alpha
donor and acceptor beads (AlphaScreen Histidine Detection Kit,
PerkinElmer, catalog no. 6760619). Alpha signals were detected
on the SYNERGY-NEO2 multi-mode reader (BioTek) 2 hours later.
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Protein concentrations of AF9, ENL, GAS41, and YEATS2 YEATS
domains in the reactions were 30, 300, 100, and 100 nM, respec-
tively, and peptide concentrations were 30 nM. For ICsq determina-
tion, compounds were subjected to 12 threefold serial dilutions for a
total of 13 concentrations ranging from 54 pM to 0.1 nM to generate
dose response curves. ICs, values were determined using nonlinear
regression of variable slope (four parameters) curve fitting using
GraphPad Prism.

Cell culture, virus transduction and drug treatment
Human leukemia cell lines MV4;11, RS4;11, KASUMI1, SEMK2,
Jurkat, and K-562 were maintained in RPMI 1640 (Corning, catalog
no. 10-040-CV) supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine, and penicillin-streptomycin (100 U/ml; Corning,
catalog no. 30-009-CI). HEK cell lines HEK293 and HEK293T were
maintained in minimum essential medium (MEM, Corning, catalog
no. 10-010-CV) and Dulbecco’s modified Eagle’s medium (DMEM,
Corning, catalog no. 10-017-CV) with supplements, respectively.
All human cell lines were mycoplasma-negative and were tested
for authentication by short tandem repeat profiling performed
by American Type Culture Collection or by UT MD Anderson
Cancer Center CCSG core. Lentivirus packaging was performed in
HEK293T cells, using X-treme GENE HP DNA transfection reagent
(Roche, catalog no. 06366546001) in accordance with the manufac-
turer’s instructions. The medium containing virus was centrifuged
and concentrated using Amicon Ultra-15 columns. Spin infection
was performed at 1,500 rcf at 25°C for 90 min, and transduced cell
populations were usually selected or sorted 48 hours after infection.
For DCsy and Dy, determination, leukemia cells were treated
with increasing concentrations of MS41 ranging from 0.25 to 256 nM
for 24 hours. Dose-dependent ENL degradation curves were gener-
ated on the basis of immunoblotting of ENL and $-Actin. DCs values
were determined using nonlinear regression of variable slope (four
parameters) curve fitting using GraphPad Prism. In washout experi-
ment, MV4;11 cells were first treated with 100 nM MS41 for 24 hours.
MS41-containing medium was removed, and MV4;11 cells were
washed with phosphate-buffered saline (PBS) twice. Then, the cells
were cultured in normal medium and collected for Western blot anal-
ysis at the indicated time points.

Immunoblotting

Cells were lysed in cell lysis buffer [50 mM tris-HCI (pH7.4), 250 mM
NaCl, 0.5% Triton X-100, and 10% glycerol] freshly supplemented
with 1 mM dithiothreitol (DTT) and protease inhibitors. Protein con-
centration was measured by Bradford assay. Equal amounts of protein
lysate were used for immunoblotting. Antibodies used in immunob-
lotting were list in table S9.

Proteomics sample preparation

DMSO and MS41-treated MV4;11 cells were collected at 2 and 6 hours
after treatment. One million cells were collected for each sample. The
cell pellets were resuspended in 8 M urea and 50 mM tris-HCI (pH 8.0),
reduced with DTT (5 mM final) for 30 min at RT, and alkylated with
iodoacetamide (15 mM final) for 45 min in the dark at RT. Samples
were diluted fourfold with 25 mM tris-HCI (pH 8.0) and 1 mM
CaCl, and digested with trypsin at a ratio of 1:100 (w/w, trypsin: pro-
tein) overnight at RT. There were three biological samples at each
condition and total nine samples for one set. Peptides were cleaned
by homemade C18 stage tips, and the concentration was determined

Xueetal., Sci. Adv. 10, eado1432 (2024) 28 August 2024

(Peptide assay, Thermo Fisher Scientific, 23275). Twenty-five micro-
grams of each was used for labeling with isobaric stable tandem mass
tags (TMT'-126, 127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C,
Thermo Fisher Scientific, San Jose, CA) following the manufacturer’s
instruction. The mixture of labeled peptides was fractionated into
20 fractions on C18 stage tip with buffer 10 mM trimethylammonium
bicarbonate (pH 8.5) containing 5 to 50% acetonitrile.

MS analysis

Dried peptides were dissolved in 0.1% formic acid and 2% acetoni-
trile. A total of 0.5 pg of peptides of each fraction was analyzed on a
Q-Exactive HF-X coupled with an Easy nanoLC 1200 (Thermo Fish-
er Scientific, San Jose, CA). Peptides were loaded on to a nanoEase MZ
HSS T3 column (100 A, 1.8 pm, 75 pm by 250 mm, Waters). Ana-
lytical separation of all peptides was achieved with 110-min gradi-
ent. A linear gradient of 5 to 10% buffer B over 5 min, 10 to 31%
buffer B over 70 min, and 31 to 75% buffer B over 15 min was exe-
cuted at a 250 nl/min flow rate followed a ramp to 100%B in 1 min
and 19-min wash with 100%B, where buffer A was aqueous 0.1%
formic acid, and buffer B was 80% acetonitrile and 0.1% formic acid.
MS experiments were also carried out in a data-dependent mode
with full MS [externally calibrated to a resolution of 60,000 at mass/
charge ratio (m/z) 200] followed by high-energy collision-activated
dissociation—(tandem MS) MS/MS of the top 10 most intense ions
with a resolution of 45,000 at #1/z 200. High-energy collision—activated
dissociation-MS/MS was used to dissociate peptides at a normalized
collision energy of 32 eV in the presence of nitrogen bath gas atoms.
Dynamic exclusion was 45 s.

Raw proteomics data processing and analysis

Peptide identification and quantification with TMT reporter ions
were performed using the MaxQuant software version 2.1.0.0
(Max Planck Institute, Germany). Protein database searches were
performed against the UniProt human protein sequence database
(UP000005640). A FDR for both peptide-spectrum match and pro-
tein assignment was set at 1%. Search parameters included up to two
missed cleavages at Lys/Arg on the sequence, oxidation of methio-
nine, and protein N-terminal acetylation as a dynamic modification.
Carbamidomethylation of cysteine residues was considered as a
static modification. Peptide identifications are reported by filtering
of reverse and contaminant entries and assigning to their leading
razor protein. Data processing and statistical analysis were per-
formed on Perseus (version 1.6.10.50). Protein quantitation was per-
formed on biological replicates, and a two-sample ¢ test statistics was
used with a P value of 5% to report statistically significant protein
abundance fold changes.

Cell viability assay

A total of 3500 cells were seeded in 96-well plate in 100 pl of medi-
um, treated with DMSO or compounds at the indicated concentra-
tions for 6 days. For cell lines less sensitive to MS41, a total of 1 X 10°
cells were seeded in 12-well plate in 1 ml of medium, treated with
DMSO or compounds at indicated concentrations for 12 days. The
cells were passaged every 3 days with fresh compounds replenished.
Cell viability was measured using the CellTiter-Glo luminescent cell
viability assay kit (Promega, catalog no. G9241) according to the man-
ufacturer’s instructions. The surviving cells were calculated as per-
centage relative to the DMSO treated cells. Dose response curves were
generated using GraphPad with nonlinear regression of variable
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slope (four parameters) curve fitting, and ICs, values were deter-
mined from the plots.

Colony formation assay

Colony formation experiments were performed in Methocult
(STEMCELL Technologies, catalog no. H4100). Eight thousand leu-
kemia cells were resuspended in 400 pl RPMI 1640 medium and
mixed with 4 ml complete Methocult medium. Triplicates of 1-ml
cell suspension were added to six-well plates. Seven to ten days later,
colonies were scanned and counted by Celigo (Nexcelom).

Cell cycle and apoptosis assay

Cells were harvested at the indicated time points. DAPI (4’,6-
diamidino-2-phenylindole)-alcohol fixation method was used for
cell cycle analysis. The cells were resuspended in 50 pl of Hanks’ bal-
anced salt solution (HBSS) containing 2% FBS, and then 1 ml of
ice-cold 70% ethanol was added in a dropwise manner for fixation.
Fixed cells were washed twice with HBSS containing 2% FBS and
incubated with 1 ml of DAPI working solution (10 pg/ml DAPI and
0.1% Triton X-100 in PBS) in dark for 15 to 30 min at RT. The cells
were filtered through 40-pm mesh filter and ready for flow cytome-
try analysis. Fluorescein isothiocyanate (FITC) annexin V Apopto-
sis Detection Kit (BD Pharmingen, catalog no. 556547) was used for
cell apoptosis analysis. Cells were collected and washed twice with
cold PBS and then resuspended in 1x binding buffer at a concentra-
tion of 1 x 10° cells/ml. One hundred microliters of resuspended
cells were stained with 5 pl of FITC-annexin V and 2 pl of propidi-
um iodide at RT for 15 min. Four hundred microliters of 1X binding
buffer was added before flow cytometry analysis within 1 hour.

Drug synergy test

MV4;11 cells were treated with DMSO, MS41, doxorubicin (Sigma-
Aldrich, catalog no. D1515), or combination of MS41 and doxorubi-
cin atindicated concentrations for 6 days. Cell viability was measured
using the CellTiter-Glo luminescent cell viability assay kit (Promega,
catalog no. G9241) according to the manufacturer’s instructions. Po-
tential synergistic or antagonistic interaction was evaluated by Bliss
independent response surface model (61).

RNA extraction and RT-qPCR analyses

Total RNA was isolated using the RNeasy Mini kit (Qiagen, catalog
no. 74134) and reverse transcribed with the iScript cDNA Synthesis
Kits (Bio-Rad, catalog no. 1708840) in accordance with the manu-
facturer’s instructions. Quantitative real-time PCR was performed
using the Power SYBR Green PCR Master Mix (Applied Biosystems,
catalog no. A25742) with Bio-Rad CFX96 Real-Time system (C1000
Touch Thermal Cycler). The relative gene expression was calculated
with the comparative Cr method by comparing the Ct value of a
target gene to that of an internal control such as glyceraldehyde-3-
phosphate dehydrogenase (2%2€T), Primers used for RT-qPCR are
provided in table S8.

RNA-seq and analysis

RNA was isolated as described above, and then sample libraries
were prepared using the TruSeq RNA Sample Preparation Kit v2
(Illumina) in accordance with the manufacturer’s instructions.
RNA-seq samples were sequenced using Illumina NovaSeq 6000.
Raw reads were mapped to human reference genome (hg38) by
HISAT?2 (v2.1.0) (62) with -k 1. CPM (counts per million) and
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fold change values were calculated by HTSeq (v0.11.3) (63) with
--stranded = no -a 0 and edgeR (v3.16.5) (64) with trimmed mean
of M-values and Exact test model. DEGs were filtered by FDR < 0.05
and FC > 1.5. Heatmaps were visualized by Java TreeView (v1.2.0).
Gene Ontology biological processes term enrichment was done by
DAVID 6.8 (65, 66). GSEA (v4.3.2) (50) was used for GSEA with all
curated gene sets v7.2 (gene sets can be downloaded at https://data.
broadinstitute.org/gsea-msigdb/msigdb/release/7.2/c2.all.
v7.2.symbols.gmt) and selected gene sets (8) with 1000 gene set per-
mutations. Normalized RNA-seq data were rank-ordered by expres-
sion log; fold change from edgeR. The normalized enrichment score
(NES) provides the degree to which a gene set is overrepresented at
the top or bottom of a ranked list of genes. The nominal P value
describes the statistical significance of the enrichment score. The FDR
q value is the estimated probability that a gene set with a given NES
represents a false-positive finding. The selected gene sets used in
this study are provided in table S4. Volcano plots for gene expres-
sion with log; fold changes and —log;o FDR values, and x-y plots
for GSEA curated gene sets results with NES and FDR values were
generated by GraphPad Prism 10. ComBat-seq (67) was applied to
remove batch effects in biological replicates of the hCD45" RNA-
seq raw reads table, arising from flow cytometer sorting.

ChIP and ChIP-seq analysis
ChIP analysis was performed essentially as described previously
with different sonication method (19, 68). In brief, for ENL, H3K-
79me2, H3K4me3, H3K27ac, DOT1L, AFF4, RNA Pol II, and Pol II
S2P ChIP experiments, cells were cross-linked with 1% formalde-
hyde for 10 min at RT and stopped with 125 mM glycine. For CDK9
ChIP, cells were cross-linked with 2 mM DSG cross-linker (Proteo-
chem, catalog no. C1104) for 30 min at RT before cross-linking
with 1% formaldehyde. Fixed cells were suspended in cell lysis buffer
[5 mM PIPES (pH 8.0), 85 mM KCl, and 1% NP-40] to extract nuclei.
For ENL and H3K79me2 ChIP, isolated nuclei were resuspended in
nuclei lysis buffer [50 mM tris (pH 8.0), 10 mM EDTA, and 1%
SDS] and sonicated using Covaris (E220 Evolution). For DOTIL,
AFF4, CDK9, RNA Pol II, and Pol I S2P ChIP, isolated nuclei were
resuspended in MNase digestion buffer [50 mM tris (pH 8.0), 1 mM
CaCl,, and 300 mM sucrose], and treated with 0.8 pl MNase (50 U/pl,
Worthington, catalog no. LS004798) for 10 min at 37°C and stopped
with 10 pl of 0.5 M EDTA. Samples were immunoprecipitated with
2 to 4 pg of antibodies overnight at 4°C. Thirty microliters of Protein
A Dynabeads (Invitrogen, catalog no. 10002D) were then added and
incubated at 4°C for 2 hours. The immunoprecipitates were washed
twice with low-salt wash buffer [20 mM tris (pH 8.0), 150 mM
NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS], twice with
high-salt wash buffer [20 mM tris (pH 8.0), 500 mM NaCl, 2 mM
EDTA, 1% Triton X-100, and 0.1% SDS], once with LiCl buffer
[20 mM tris (pH 8.0), 250 mM LiCl, 1 mM EDTA, 1% NP-40, and
1% Na-deoxycholate], and once with TE buffer [10 mM tris (pH 8.0)
and 1 mM EDTA]. Bound DNA was eluted in ChIP elution buffer,
reverse cross-linked, and purified using PCR purification kit (Qiagen,
catalog no. 28106). ChIP DNA was analyzed by qPCR on the Bio-
Rad CFX96 Real-Time system (C1000 Touch Thermal Cycler) using
the Power SYBR Green PCR Master Mix (Applied Biosystems, REF
A25742). Antibodies used in ChIP assays were list in table S9.
ChIP-seq sample libraries were prepared using KAPA Hyper Prep
Kit (Roche) following the manufacturer’s instructions. ChIP-seq
samples were sequenced using Illumina NovaSeq 6000. Fastq reads
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were mapped to hg38 human genome by HISAT2 (v2.1.0) (62) with
--no-spliced-alignment -k 1 -X 1000. ENL peaks were called by
MACS?2 (v2.1.2) (69) with —broad against input. To get unions be-
tween peaks, bed files were processed through the pipeline cat | bed-
tools sort | bedtools merge. Bedtools intersect was used for defining
ENL bound genes. Bigwig files, heatmaps, and average profiles were
generated by Deeptools (v3.5.2) (70). Tracks were visualized by IGV
(v2.7.2) (71). ENL bound genes were separated into high and low
groups by ROSE (v1.3.2) (72) in the similar way as defining super
enhancers and typical enhancers. Violin plots from both ChIP-seq
and RNA-seq data were generated by R library Vioplot (v0.4.0).

Animal experiments

All animal experiments were approved by and performed in accor-
dance with the guidelines of the Institutional Animal Care and Use
Committee at the Van Andel Institute.

Mouse PK study

A standard in vivo PK study was conducted for MS41 sodium salt
using six male Swiss albino mice with three mice per time point
design. The mice were administered intraperitoneally with solution
formulation of MS41 sodium salt at a 50 mg/kg dose. The formula-
tion of 5% v/v NMP, 45% v/v propylene glycol, and 50% v/v PEG-
400 was used in the study. Sixty microliters of blood samples were
collected from three mice at each of the six time points (0.5, 1.5, 3,
6, 12, and 24 hours). Plasma was harvested by centrifugation of
blood and stored at —70° + 10°C until analysis. MS41 concentra-
tions in plasma samples were quantified by fit-for-purpose LC-MS/
MS method (LLOQ: 5.05 ng/ml).

In vivo efficacy studies in disseminated AML models

For in vivo treatment, MS41 compound was solved in DMSO at 200 mg/
ml and diluted 1:20 with PEG300 (Selleckchem, catalog no. S6704) to
the finial concentration of 10 mg/ml. Vehicle solution was prepared the
same way but without the addition of MS41. Six- to eight-week-old
NSG mice (NOD.Cg-Prkdc™™ 112rg"""/Sz]) were used in xenograft
experiments. NSG mice were treated with acidified water (pH 2.5 to 3)
containing enrofloxacin antibiotics (0.17 mg/ml) 1 week before and
2 weeks after irradiation and leukemia cell transplantation. NSG re-
cipient mice accepted sublethal dose of total body irradiation (2 Gy),
followed by transplantation of 0.5 million MV4;11-Luciferase cells
through tail vein injection. The success of leukemia engraftment
was evaluated by BLI of mice 10 days after transplantation after in-
traperitoneal injection of p-Luciferin (Goldbio, catalog no. LUCK-1G)
at 150 mg/kg dose. Imaging was performed on AMI HTX in vivo imag-
ing system (Spectral Instruments Imaging). Mice were then grouped
by bioluminescence signals and treated with vehicle or MS41 (once
daily by injection, 50 mg/kg, i.p.). The animals were monitored daily,
and body weights were measured every 3 days throughout the treat-
ment period. To assess leukemia progression, BLI was performed
weekly, and PB was collected for human CD45 staining and flow cy-
tometry analysis. Bone marrow, spleen, and PB cells were collected at
the experimental end point, and stained with human CD45 antibody
for flow cytometry analysis. Kaplan-Meier survival curves were gen-
erated by GraphPad Prism software.

Toxicity test
Six to eight-week-old C57BL/6] mice were treated with vehicle or
MS41 (50 mg/kg) through intraperitoneal injection once daily for 30
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consecutive days. The mice were monitored daily, and body weights
were measured every 3 days throughout the treatment. Complete
blood count (CBC) was measured every 10 days by VetScan HM5.
At day 30, bone marrow, spleen, and PB cells were collected and
evaluated by flow cytometry. Cohorts of vehicle or MS41-treated
mice were maintained for another 3 months after 30 days treatment.
Body weight, CBC, and flow cytometry data from bone marrow,
spleen, and PB were collected for evaluation of hematopoiesis after
withdrawal of MS41 treatment.

Pathological evaluation of mouse tissue samples

Collected mouse tissues were fixed with 10% neutral buffered formalin
(VWR, catalog no. 1600-128) for 48 hours. Bone marrow samples were
decalcified through 45% sodium citrate / 20% formic acid (1:1 ratio) so-
lution for 5 to 7 days. All tissues were processed, embedded, sectioned
and stained in the Pathology and Biorepository Core at Van Andel Insti-
tute. Standard H&E and Ki-67 immunohistochemistry staining were
performed with collected samples.

Flow cytometric analysis of hematopoietic and hematologic
cells in bone marrow, PB, and spleen

Vehicle or MS41-treated C57BL/6] mice were euthanized, and bone
marrow cells were isolated from femurs and tibia. Bone marrow
cells were treated with 200 pl RBC lysis buffer (BioLegend, catalog
no. 420301) for 2 min to remove RBCs. Collected PB cells were
treated with 1 ml RBC lysis buffer for 15 min to remove RBCs. Sliced
spleen was treated with 1-ml lysis buffer (HBSS +10 mg/ml collage-
nase D) for 15 min at 37°C, filtered with 75 pM mesh, and centri-
fuged at 500 rcf for 5 min at 4°C to collect splenocytes. Splenocytes
were treated with 200 pl of RBC lysis buffer for 2 min to remove
RBCs. Cells were stained with HSPC panel or Immune panel of an-
tibodies (table S9) and analyzed on Aria Flow Cytometer (BD). Data
were analyzed using Flow J software.

Fluorescence-activated cell sorting of hCD45" leukemia cells
from mouse bone marrow

Bone marrow cells harvested from NSG mice xenografted with
MV4;11 cells and treated with either vehicle or MS41 were stained
with phycoerythrin anti-human CD45 (BioLegend, catalog no. 368510).
The hCD45" cells, sorted using BD FACSymphony S6 cell sorter, were
subsequently subjected to RNA extraction and RNA-seq analysis.

Statistical analyses

No statistical methods were used to predetermine the sample size. Ex-
perimental data are presented as means + SEM unless stated otherwise.
Statistical significance was calculated by a two-tailed, unpaired ¢ test on
two experimental conditions with P < 0.05 considered statistically sig-
nificant unless stated otherwise. Statistical significance levels are denoted
as follows: *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

Supplementary Materials
The PDF file includes:

Supplementary Methods

Figs.S1to S12

Original blots for Fig. 5A

Legends for tables S1 to S9

Other Supplementary Material for this manuscript includes the following:
Tables S1to S9
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