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ABSTRA Gain-of-function mutations in the histone acetylation “reader” eleven-nineteen-

leukemia (ENL), found in acute myeloid leukemia (AML) and Wilms tumor, are known
to drive condensate formation and gene activation in cellular systems. However, their role in tumori-
genesis remains unclear. Using a conditional knock-in mouse model, we show that mutant ENL per-
turbs normal hematopoiesis, induces aberrant expansion of myeloid progenitors, and triggers rapid
onset of aggressive AML. Mutant ENL alters developmental and inflammatory gene programs in part
by remodeling histone modifications. Mutant ENL forms condensates in hematopoietic stem/progenitor
cells at key leukemogenic genes, and disrupting condensate formation via mutagenesis impairs its
chromatin and oncogenic function. Moreover, treatment with an acetyl-binding inhibitor of the mutant
ENL displaces these condensates from target loci, inhibits mutant ENL-induced chromatin changes,
and delays AML initiation and progression in vivo. Our study elucidates the function of ENL mutations
in chromatin regulation and tumorigenesis and demonstrates the potential of targeting pathogenic
condensates in cancer treatment.

SIGNIFICANCE: A direct link between ENL mutations, condensate formation, and tumorigenesis is
lacking. This study elucidates the function and mechanism of ENL mutations in leukemogenesis, estab-
lishing these mutations as bona fide oncogenic drivers. Our results also support the role of condensate

dysregulation in cancer and reveal strategies to target pathogenic condensates.

INTRODUCTION

Precise control of gene expression is critical for normal de-
velopment and tissue homeostasis; accordingly, disruptions
to this process can drive various diseases, notably cancer (1).
Achieving proper gene expression requires the coordinated
assembly and function of numerous proteins at specific ge-
nomic loci. While still not fully understood, one emerging
mechanism underlying this coordination is through the for-
mation of dynamic, locally concentrated assemblies known as
transcriptional condensates or hubs (2-8). These assemblies
form through a combination of high-affinity “lock and key”
interactions and multivalent, nonstochiometric weak inter-
actions involving proteins and nucleic acids (8-11). Here,
we use “condensates” to refer to such assemblies, making
no assumption regarding the process by which they form or
their biophysical properties (12). It has been proposed that
multivalent interactions underlying condensate formation
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can enhance transcriptional activation in a phase separation-
dependent (2, 3, 7, 13, 14) or -independent manner (4, 15-17).
Although research has unveiled an increasing number of gene
regulatory proteins with the potential to form condensates in
reconstitution and cellular assays, the biological function of
transcriptional condensates in physiologically relevant, in vivo
contexts remains less clear.

Accumulating evidence has suggested that disease-associated
mutations in gene regulatory proteins could perturb the for-
mation or properties of transcriptional condensates, rais-
ing the exciting possibility that condensate dysregulation
contributes to disease phenotypes (4, 18-31). In the context of
cancer, recent studies have linked dysregulation of transcrip-
tional condensates to various malignancies, including Ewing
sarcoma and AML. Oncogenic fusion proteins, such as EWS-
FLI1 and NUP98-HOXAJY, often result from the fusion of a
phase separation prone intrinsically disordered region (IDR)
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to a transcription factor DNA-binding domain, enabling
them to form condensates in both biochemical assays and in
cells. The transformation ability of EWS-FLI1 and NUP98-
HOXA9 is compromised when their IDRs are mutated or
deleted (4, 20-23). Additionally, cancer-associated muta-
tions in the histone demethylase UTX has been shown to
disrupt condensate formation and abolish its tumor sup-
pressive function (25). While these and other findings high-
light potential links between condensate formation and
cancer, further investigation is needed to understand how
cancer-associated mutations that modulate condensate behav-
iors function to drive tumorigenesis in clinically relevant
models. Furthermore, exploring the therapeutic targeting
of these mechanisms may unveil new avenues for cancer
treatment.

In this study, we explore these important questions using
gain-of-function mutations found in the chromatin regula-
tor, ENL. ENL, also known as MLLT1, is a chromatin reader
protein that recognizes histone acetylation at actively tran-
scribed gene promoters through its well-conserved YEATS
(Yaf9, ENL, AF9, Taf14, Sas5) domain (32, 33). Upon bind-
ing to acetylation marks, ENL recruits co-factors such as the
super elongation complex (SEC/P-TEFb) and DOT1L (34-38)
to promote productive transcription elongation (32, 33).
ENL has been implicated in cancers through various mecha-
nisms. It is frequently fused with the mixed lineage leukemia
protein (MLL1 or KMT2A) through chromosomal transloca-
tion, resulting in MLL-ENL fusion proteins that are potent
drivers of leukemias associated with poor prognosis (39, 40).
Moreover, wild-type (WT) ENL supports oncogenic gene
expression programs necessary for the maintenance of a
subset of AMLs, particularly those harboring MLL fusions
or NPM1 mutations (32, 33, 41). A small-molecule inhibitor
targeting the acetyl-binding YEATS domain of ENL has re-
cently been shown to exhibit anticancer efficacy in preclin-
ical models for these subsets of AML (41). More recently,
a series of hotspot mutations in the ENL YEATS domain,
characterized by small insertions or deletions within the
same region of the protein, have been found in Wilms tumor
and AML (19, 42-46). Our previous studies in HEK293 cells
examined the function of eight of these mutations, and the
results showed that each mutation enhances the chromatin
occupancy and transcriptional activation activity of ENL on
selected target genes (19, 31). ENL mutants, but not WT,
form discrete condensates at endogenous genomic targets,
and disrupting the formation or properties of these conden-
sates abolishes ENL mutant-induced gene activation in cel-
lular systems (31). The high specificity and gain-of-function
nature of these mutations make them a powerful model for
exploring how condensate dysregulation contributes to cancer
development.

Currently, it is unknown how ENL mutations drive tum-
origenesis in vivo and whether their condensate formation
property contributes to this function. By creating a condi-
tional knock-in mouse model for the most prevalent ENL
YEATS domain mutation found in cancer (42, 43), referred
to as ENL-T1, we show that this mutant ENL is a bona fide
oncogenic driver for AML. Heterozygous expression of mu-
tant ENL in the hematopoietic system gives rise to highly
aggressive AML in mice, and it does so by perturbing the

normal hematopoietic hierarchy and causing aberrant expan-
sion of myeloid progenitors. The mutant ENL induces dynamic
changes of H3K27ac and H3K27me3 histone modifications
during cell differentiation and drives leukemic gene expression
programs implicated in human AML. Notably, physiologically
relevant levels of mutant ENL forms condensates at key leu-
kemogenic gene loci, including MeisI and Hoxa cluster genes,
in hematopoietic stem and progenitor cells (HSPC). Disrupt-
ing condensate formation through targeted mutagenesis
impairs both the chromatin function and oncogenic activity
of mutant ENL. Finally, blocking the acetyl-binding activity
of mutant ENL via a small-molecule inhibitor displaces these
condensates from their target loci, dampens their effects on
histone modifications and gene activation, and delays the ini-
tiation and progression of AML in vivo. This study provides
new insights into AML pathogenesis by revealing the biolog-
ical function and therapeutic potential of ENL mutations. It
also offers crucial in vivo evidence that supports a role of con-
densate dysregulation in cancer.

RESULTS

Heterozygous Enl Mutation Drives Aggressive
AML in Mice

Using HEK293 as a cellular model, our previous study has
shown that eight hotspot mutations clustered in the ENL
YEATS domain (referred to as T1-T8; Supplementary Fig. S1A)
identified in Wilms tumor and AML (19, 42-46) enhance the
transcriptional activation activity of ENL. Moreover, these ENL
mutants but not the WT form submicron-sized condensates
at select genomic targets, and perturbing these condensates
via targeted mutagenesis abolishes ENL mutation-induced
gene activation (19, 31). These findings establish ENL muta-
tions as a pioneer example in which gain-of-function muta-
tions in a transcriptional regulator drive gene hyperactivation
through condensate formation. However, whether and how
such a property drives tumorigenesis in vivo remains unknown.

In this study, we set out to employ ENL mutations as a
model to explore how condensate dysregulation contrib-
utes to tumorigenesis. We generated a conditional knock-in
mouse model for ENL-T1, the most frequent ENL mutation
found in cancer which involves an insertion of three amino
acids (p.117_118insNHL; Supplementary Fig. S1A; refs. 19,
42, 43). The targeted allele was designed using an inversion
strategy (Fig. 1A). Before induction of cyclization recombi-
nase (cre) activity, the targeted allele is expressed as Enl-WT.
After two steps of cre-mediated recombination, the inverted
exon 4 containing the T1 mutation is flipped to the correct
direction and expressed, whereas WT exon 4 is excised, thus
leading to expression of the targeted allele as Enl-T1 (Fig. 1A).
PCR genotyping was used to successfully distinguish the WT
and T1 Enl alleles (Supplementary Fig. S1B). To explore the
function of Enl-T1 in leukemogenesis, we crossed mice het-
erozygous for the Enl-T1 allele with the Mx1-cre strain to
obtain Mx1-cre/Enl1oxT1/+ (hereafter referred to as Enl-T1) and
Mx1-cre/Enl*/* mice (hereafter referred to as Enl-WT; Fig. 1B).
PCR analysis showed that the recombination efficiency of the
Enl-T1 allele reached nearly 100% in bone marrow (BM) cells
2 weeks after poly (I:C) treatment, whereas no recombination
was observed before the treatment (Supplementary Fig. S1C).
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Figure 1. Heterozygous Enl-T1 mutation drives aggressive AML in mice. A, Schematic design of a conditional knock-in mouse model for Enl-T1. Two
pairs of primers (F1/R1 and F2/R2) used for genotyping shown in Supplementary Fig. S1 are depicted as black lines with arrowheads; Flp, flippase;

FRT, flippase recombinase target; Lox66, Lox71, engineered recombination target sites derived from the WT loxP site. B, Breeding strategies to obtain
Mx1-cre/EnlfloxTl/+ mice for experiments. poly (I:C), polyinosinic:polycytidylic acid. C, Kaplan-Meier survival curves of Enl-WT (n=9) or Enl-T1 (n=11)
mice. Enl-WT, Mx1-cre/Enl*/+; Enl-T1, Mx1-cre/Enlflo<Ti/+_ P value using log-rank test. D, Representative images (left) and weight quantification (right) of
spleen harvested from Enl-WT or T1 mice. Scale bar, 1 cm; bars represent the median (n=14). P value using unpaired, two-tailed Student t test. E, WBC
count of PB samples harvested from Enl-WT or T1 mice. Bars represent the median (n=7). P value using unpaired, two-tailed Student t test. F, Representa-
tive hematoxylin and eosin (H&E) staining of BM harvested from Enl-WT or T1 mice. Scale bar, 100 pm (left, zoomed out); 50 pm (right, zoomed in).

G, Representative H&E staining of liver (top), lung (middle), kidney (bottom) harvested from Enl-WT or T1 mice. Scale bar, 100 pm. H, BM transplantation
experiment workflow. I, Flow cytometric quantification of Enl-T1 BM cells (CD45.2+CD45.17) in the PB harvested at indicated time points from C57BL/6
recipient mice. Bars represent the median (0.1K, n=5; 1K, n=6; 10K, n=5). J, Kaplan-Meier survival curves of C57BL/6 recipient mice that received 0.1K,
1K, 10K Enl-T1 BM cells. 0.1K, n=5; 1K, n=6; 10K, n = 5. P value using Log-rank test. K, Percentage of Mac1*Grl* myeloid cell population in the BM, PB,
spleen, and thymus samples harvested from Enl-WT or T1 mice. Bars represent the median (BM,n=11; PB,n=12; spleen, n=17; thymus, n="5). P value
using unpaired, two-tailed Student t test. L, Percentage of B220*CD19* B, CD4+T, and CD8* T cells in BM samples harvested from Enl-WT or T1 mice. Bars
represent the median (n=11). P value using unpaired, two-tailed Student t test.

AUGUST 2024 CANCER DISCOVERY | 1525

AA( —R American Association for Cancer Research®



RESEARCH ARTICLE

Liuetal.

Heterozygous Enl-T1 expression in mice resulted in mor-
tality as early as 2 months post poly (I:C) treatment, and all
Enl-T1 mice died within § months (Fig. 1C). Upon necropsy,
Enl-T1 mice exhibited splenomegaly (Fig. 1D) and significantly
elevated white blood cell (WBC) counts (Fig. 1E). A peripheral
blood (PB) smear corroborated the occurrence of leukocytosis
in these mice (Supplementary Fig. S2A). Further histologic
analysis revealed that blast cells had replaced the normal tri-
lineage hematopoiesis in the BM (Fig. 1F). There was also
notable blast cell infiltration in the spleen (Supplementary
Fig. S2B), as well as other organs including the liver, lungs,
and kidneys (Fig. 1G). To confirm the expression of the Enl-T1
allele, we extracted mRNA from BM cells of Mx1-cre/EnlloxT1/*
mice 3 months post poly (I:C) treatment and reversed tran-
scribed them into cDNA. We then performed PCR am-
plification of the Enl cDNA followed by deep sequencing
(Supplementary Fig. S3A). Analysis of results from two mice
consistently showed an almost equal expression of the Enl-WT
and Enl-T1 alleles in these cells (Supplementary Fig. S3B).
Furthermore, to determine if there were any cooperating
mutations in Enl-T1-driven leukemia cells, we performed tar-
geted genomic DNA sequencing on a panel of 611 cancer-related
genes (47-49). Apart from the expected heterozygous Enl-T1
mutation found in nearly all cells, only two other mutations
were detected in a minority of the cells: one in the Kit gene
(p-V562_P580dup, VAF ~ 0.1) and one in the Ptpnll gene
(p-E76 K, VAF ~ 0.1; Supplementary Fig. S3C). The identified
Kit mutation is not known to play a role in leukemogenesis.
Although the Ptpnll mutation has been shown to promote
leukemia development in mouse models, it leads to less-severe
phenotypes than Enl-T1 in the same Mx1-cre model (50).
These, together with the low frequency of these mutations,
suggest that the Enl-T1 mutation is likely the primary driver
of the disease phenotypes observed in our mouse model.

To validate our findings in a different model, we crossed
EnlfoxT1/+ mice with the UBC-cre-ERT2 strain to obtain
UBC-cre-ERT2/Enll°xT1/+ and UBC-cre-ERT2/Enl*/* progeny
(Supplementary Fig. S4A). Following tamoxifen treatment,
all UBC-cre-ERT2/Enl1<T!/+ mice succumbed to the disease
within 5 months (Supplementary Fig. S4B). Histopathologi-
cal examination of these mice revealed marked splenomegaly
(Supplementary Fig. S4C) and extensive infiltration of blast
cells in the BM and other organs (Supplementary Fig. S4D-
S4F). These phenotypes were highly consistent with those
observed in the Mx1-cre model. Furthermore, we performed
BM transplantation experiments with BM cells taken from
Mx1-cre/Enl1oxT1/+ Jeukemic mice to assess their ability to
give rise to leukemia in recipient mice (Fig. 1H). We injected
increasing numbers of these cells into sublethally irradiated
syngeneic recipient mice. Monitoring the engraftment over
time, we observed a dosage-dependent phenotype. Mice re-
ceiving 100 (0.1K) or 1,000 (1K) Enl-T1 cells showed a low but
steady increase in Enl-T1 cell abundance in the PB, and they
all remained alive 5 months post-transplantation. In con-
trast, mice that received 10,000 (10K) cells exhibited a much
higher level of engraftment starting 2 weeks post transplanta-
tion and rapidly developed terminal disease, resulting in 100%
mortality within 5 months post transplantation (Fig. 11 and J).
Therefore, our in vivo studies indicate that heterozygous expres-
sion of the Enl-T1 mutant drives the development of aggressive

acute leukemia in mice with a short latency and 100% pene-
trance, thus establishing it as a bona fide and potent oncogenic
driver in vivo.

To identify the specific subtype of leukemia induced by
Enl-T1, we profiled various hematopoietic cell compartments
in Mx1-cre/Enl1°<T!/+ mice using flow cytometric analysis. We
observed a consistent increase in the proportion and/or ab-
solute numbers of myeloid cells (Mac1*Gr1*) in the BM, PB,
spleen, and thymus of Enl-T1 leukemic mice (Fig. 1K; Supple-
mentary Fig. SSA-SS5C). Moreover, imaging analysis revealed
that the BM cells from these mice exhibited marked myeloid
hyperplasia and an aberrantly high myeloid to erythroid ratio
(Supplementary Fig. S5D). In contrast, there was a marked
decrease in the number and/or the percentage of B cells
(B220"CD19") as well as CD4* and CD8* T cells in these same
tissues in Enl-T1 leukemic mice (Fig. 1L; Supplementary Fig.
S6A-S6L). The same analysis on Enl-T1 mice at 4 weeks post
poly (I:C) treatment—prior to the overt onset of leukemia—
revealed a similar trend in the expansion in the myeloid
compartment and a decrease in other cell lineages at the
pre-leukemic stage (Supplementary Fig. S7A-S7M). Taken to-
gether, these results suggest that Enl-T1 drives the development
of AML-like disease in mice.

Enl Mutation Perturbs the Normal Hematopoietic
Hierarchy and Leads to Abnormal Expansion of
Myeloid Progenitors with Increased Self-renewal
Properties

During normal hematopoietic development, hematopoietic
stem cells (HSC) possess self-renewal properties and differ-
entiate into multipotent progenitors (MPP) and downstream
hematopoietic progenitor cells, including common lymphoid
progenitors, pre-megakaryocyte/erythrocyte progenitors (Pre
MegE), and granulocyte/monocyte progenitors (GMP). These
progenitors further differentiate into all types of blood lineage
cells, such as myeloid cells, T cells, and B cells (Fig. 2A,; refs.
51-53). Our data show that the expression of Enl-T1 resulted
in the expansion of the myeloid compartment and aggressive
AML in vivo (Fig. 1). To further identify specific cell populations
affected by Enl-T1, we performed comprehensive immunophe-
notype analysis of the BM cells from Enl-T1 leukemic mice to
determine the distribution of different HSPCs (Fig. 2B). The pet-
centage and absolute numbers of cells expressing cKit, a com-
mon marker for HSPCs (54, 55), were higher in Enl-T1 leukemic
mice than in age-matched WT mice (Fig. 2C and D; Supplemen-
tary Fig. S8A). Interestingly, while cKit" cells in WT mice were
mostly negative for lineage markers, cKit* cells in Enl-T1 leuke-
mic mice expressed high levels of lineage markers (Fig. 2C), sug-
gesting that the immunophenotype of cKit" cells was altered by
Enl-T1. Moreover, Enl-T1 mice had a decrease in HSPC-enriched
LSK (Lin"Sca-1*c-Kit") cells in the BM (Fig. 2E; Supplementary
Fig. S8B and S8C). Furthermore, within the LSK population we
observed a decrease in multiple sub-populations, including the
long-term HSCs (LT-HSC, Lin Sca-1*c-Kit"CD150"CD48") and
MPP (Lin Sca-1*c-Kit"CD150"CD48"; Fig. 2F; Supplementary
Fig. S8B and S8C). Next, we focused on the myelo-erythroid
progenitor-enriched LKS™ (Lin"c-Kit*Sca-17) population, which
contains multiple types of committed progenitors. We found
that while the percentage and absolute numbers of LKS~
cells in the BM were mostly unchanged by Enl-T1 (Fig. 2G;
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Figure 2. Enlmutation perturbs the normal hematopoietic hierar

chy and leads to abnormal expansion of myeloid progenitors with increased self-renewal

properties. A, Schematic representation of hematopoietic development from HSCs to differentiated blood cells. B, Schematic workflow of flow cytomet-

ric analysis for BM cells harvested from Enl-T1 leukemia mice and
plots (C) and the percentage (D) of cKit* cells in BM samples. n=8.
n=8.G, Percentage of LKS- population in BM samples.n=7.H and
cells in LKS™ population from BM samples.n=7.J and K, Represe

age-matched control mice (data shown in C=K). C and D, Representative flow cytometric
E and F, Percentage of LSK (E), LT-HSC (F, left), and MPP (F, right) populations in BM.
I, Percentage of Pre CFU-E (H, left), Pre GM (H, middle), Pre MegE (H, right), and GMP (1)
ntative flow cytometric gating plots (J) and the percentage (K) of cKit*Macl+ (left)

and cKit"Macl* (right) cells in BM. n = 6. L-N, Quantification of colonies formed by Enl-WT or T1 LSK (L), GMP (M), cKit*Mac1+(N) and cKit-Mac1+(N) cells.

Error bars represent mean + SEM (LSK, n=2; GMP, n = 2; cKit*M

acl®, n=3; cKit-Macl+ n=3). P values using unpaired, two-tailed Student t test.

0, Schematic depicting how the Enl mutation perturbs the normal hematopoietic hierarchy and leads to the abnormal expansion of myeloid progenitors

with increased self-renewal properties. D-1, K, Bars represent the

median; P values using unpaired, two-tailed Student t test. n.s., not significant.

Supplementary Fig. S8D and S8E), their composition was within the LKS™ population and whole BM were decreased in

altered. The percentage and absolute numbers of Pre

MegkE, Enl-T1 leukemic mice (Fig. 2H; Supplementary Fig. S8D, S8F,

pre-granulocyte/macrophage progenitor (Pre GM), and pre- and S8G), whereas those of the GMP population were increased
colony-forming unit-erythroid progenitor (Pre CFU-E) cells (Fig. 2I; Supplementary Fig. S8D, S8F, and S8G).
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To ask whether Enl-T1 impacts the distribution of HSPCs
at the pre-leukemic phase, we profiled the BM of Enl-T1 mice
4 weeks after poly (I:C) treatment, a time point before any overt
disease phenotype was observed (Supplementary Fig. S9A).
We found no significant differences in the proportion of cKit*
cells between pre-leukemic Enl-T1 mice and their control
counterparts (Supplementary Fig. S9B-S9D). Although there
was a noticeable trend toward a decrease in the percentage
and absolute numbers of various HSPC compartments such
as LSK, MPP, LKS~, Pre MegE, Pre GM, and Pre CFU-E (Sup-
plementary Fig. SOE-S9J), the GMP population within the
LKS~ population as well as in the whole BM did not show an
increase in the pre-leukemic Enl-T1 mice (Supplementary Fig.
S9H, S9K, and SIL).

Previous studies have suggested that some subtypes of
AML exhibit a leukemic cell hierarchy. Leukemia stem cells
(LSC) in these models are not distinguished by a specific im-
munophenotype. Rather, some LSCs express normal HSPC
markers (such as cKit*) and are negative for lineage markers,
whereas others represent aberrant committed myeloid pro-
genitors that express cKit as well as myeloid differentiation
markers such as Macl and Grl (56, 57). In Enl-T1-induced
leukemia, most cKit* cells had high expression of lineage
markers (Fig. 2C). Flow cytometric analysis further revealed
an increase in cKit'Macl® committed myeloid progenitor
cells but no changes in the cKit"Mac1* differentiated myeloid
cells in the BM of Enl-T1 leukemic mice when compared
to age-matched Enl-WT mice (Fig. 2J and K). Together, our
results suggest that during the development of leukemia,
expression of Enl-T1 suppresses normal hematopoiesis and
negatively impacts HSCs and most committed progenitors
while inducing the expansion of GMP and abnormal com-
mitted myeloid progenitors (cKit"Mac1*).

AML is thought to arise from the accumulation of somatic
mutations in HSPCs, which often results in aberrant self-
renewal and/or impaired differentiation (58, 59). Thus, we
examined the self-renewal properties of LSK and GMP cells
with serial replating assays. Compared with cells from Enl-WT
mice, freshly sorted LSK and GMP cells from pre-leukemic
Enl-T1 mice exhibited an enhanced colony-forming ability
in vitro (Fig. 2L and M). To test whether this phenotype is due
to an intrinsic effect of Enl-T1 on HSPCs, we sorted LSK and
GMP cells from the BM of normal C57BL/6 mice and trans-
duced them with FLAG-tagged human WT or mutant ENL
transgenes ex vivo followed by colony formation assays (Sup-
plementary Fig. S10A). We tested two out of the eight ENL
mutations identified in cancer, ENL-T1 and ENL-T4, as T1 is
the most frequent ENL mutation found in Wilms tumor and
T4 is found in AML (19, 42-44). Consistent with results from
the knock-in mouse model, ectopic introduction of ENL-T1
or T4 ex vivo enhanced the serial replating potential of both
LSK and GMP cells (Supplementary Fig. S10B and S10C).
Furthermore, while cKit*Macl* cells from Enl-WT mice had
a much lower potential to form colonies compared with LSK
and GMP cells, cKit"Macl* cells from Enl-T1 leukemic mice
exhibited a strong colony formation ability (Fig. 2N). In con-
trast, cKitMacl* cells from both Enl-WT and Enl-T1 mice ex-
hibited minimal colony formation potential (Fig. 2N). These
results suggest that Enl-T1 enhances the self-renewal properties
of HSPCs as well as cKit*Macl* committed myeloid progenitors,

raising the possibility that these populations serve as LSCs
that fuel the development of leukemia in Enl-T1 mice (56, 57).
Collectively, our data suggest that Enl-T1 perturbs the nor-
mal hematopoietic hierarchy and establishes a leukemia cell
hierarchy which leads to the aberrant expansion of myeloid
progenitors with increased self-renewal properties (Fig. 20).

Enl Mutation Induces Developmental and
Inflammatory Gene Signatures in HSPCs

To understand the molecular mechanisms underlying Enl
mutation-induced leukemogenesis, we performed RNA se-
quencing (RNA-seq) on LSK and GMP cells from pre-leukemic
Enl-T1 mice [4 weeks post poly (I:C) treatment], as well as
leukemic GMP (L-GMP), cKit'Macl*, and cKit"Macl* my-
eloid cells from leukemic Enl-T1 mice [>12 weeks post poly
(:C) treatment]. For comparison, we included cells from
age-matched Enl-WT mice that also received poly (I:C) treat-
ment (Fig. 3A). We first assessed endogenous Enl expression
in these cell populations from WT mice. The expression level
of Enl was highest in HSPCs (LSK and GMP) and gradually
decreased during differentiation (Supplementary Fig. S11A),
suggesting a potentially critical role of Enl in HSPCs. Prin-
cipal component analysis (PCA) and pairwise comparisons
demonstrated that LSK cells from Enl-WT and Enl-T1 mice
were more similar to each other than to other cell popula-
tions (Fig. 3B). Similar observations were obtained for GMP,
cKit*Macl¥, and cKit"Mac1* populations. These data indicate
that Enl-T1 does not lead to drastic transcriptional changes
that would alter hematopoietic cell identity. Differential ex-
pression analysis revealed that there were more genes with
upregulated (LSK, n = 88; GMP, n = 475; 1.5-fold change,
P. adj < 0.01) than downregulated expression (LSK, n = 28;
GMP, n = 276) in Enl-T1 LSK and GMP when compared with
Enl-WT counterparts, whereas Enl-T1 led to similar numbers
of upregulated and downregulated transcripts in L-GMP,
cKit*Macl*, and cKit"Mac1* cells (Supplementary Fig. S11B;
Supplementary Tables S1-S5).

We next characterized the transcriptional changes induced
by Enl-T1 in HSPCs (LSK, GMP, L-GMP). There were 54
shared genes upregulated by Enl-T1 in the three HSPC subsets
(Fig. 3C; Supplementary Table S6). Notably, this list included
multiple Hoxa genes (Fig. 3D and E; Supplementary Table
S6), which are known to promote the self-renewal of normal
and malignant HSPCs and are overexpressed in 50% to 70%
of AML cases (60-62). In WT mice, Hoxa genes were highly
expressed in LSK cells and became gradually silenced during
differentiation (Fig. 3E; Supplementary Table S7), consistent
with previous reports (63). In contrast, the presence of Enl-T1
resulted in much higher expression levels of Hoxa genes in
LSK, which were aberrantly maintained in progenitors (GMP,
L-GMP, cKit*Mac1*) as well as terminally differentiated my-
eloid cells (cKit"Macl*; Fig. 3E). These results suggest that
Enl-T1 not only induces hyper-activation but also impairs dif-
ferentiation-associated repression of the Hoxa cluster genes.
Interestingly, though Enl-T1 induced hyperactivation of Hoxa
genes across all five populations we have examined, only stem
and progenitor populations (LSK, GMP, L-GMP, cKit"Mac1*),
but not terminally differentiated myeloid cells (cKit"Mac1*),
showed increased self-renewal abilities (Fig. 2L-N). These
data suggest that Enl-T1 promotes self-renewal of HSPCs in
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Figure 3. Enlmutation induces developmental and inflammatory gene signatures in HSPCs. A, Schematic representation of RNA-seq assay

for different hematopoietic populations. B, PCA of all the hematopoietic populations listed in A, including LSK, GMP, L-GMP, cKit*Mac1+, and
cKit"Macl* cells in BM samples harvested from Enl-WT or T1 mice. Biological replicates are highlighted with the same color. C, Venn diagram
showing the overlap of T1 upregulated (T1-UP) DEGs among LSK, GMP, and L-GMP (leukemia GMP) cells in BM samples harvested from Enl-WT

or T1 mice. See Supplementary Tables S1-53. D, Heatmap showing the expression of the 54 triple-overlapped T1-UP DEGs highlighted in C. Gene
expression is normalized by z-score. Hoxa genes are highlighted in red. See Supplementary Table S6. E, Bar plots showing the gene expression of
all Hoxa genes in LSK, GMP, L-GMP, cKit*Macl+, and cKit"Macl* populations in BM samples harvested from Enl-WT or T1 mice. The bottom sche-
matic summarizes expression trends during hematopoietic differentiation under Enl-WT and T1 conditions. Error bars represent mean + SEM (n = 2).
See Supplementary Table S7. F-H, Bar plots showing GO term analysis of T1-UP DEGs for LSK (F), GMP (G) and L-GMP (H), respectively. Neg., nega-
tive; Pos., positive; Reg., regulation. I, Clustered heatmap showing sample-wise gene set enrichment scores calculated by GSVA. The three gene sets
are T1-UP DEGs of LSK, GMP, and LGMP, respectively. Each column represents one sample from TARGET-AML dataset (n=1,853). See Supplemen-
tary Table S9.
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part through hyper-activation of Hoxa genes, but Hoxa genes
alone are not sufficient to grant self-renewal properties once
hematopoietic cells enter a “point of no return” commitment
to differentiation (64).

To categorize functional pathways induced by Enl-T1, we
performed gene ontology (GO) term analysis on identified
DEGs in each of the five cell populations. Interestingly, we
found that gene signatures related to inflammatory and im-
mune pathways were highly enriched in Enl-T1-upregulated
genes in LSK, GMP, and L-GMP cells (Fig. 3F-H). These signa-
tures contain genes thatare associated with inflammation and
are known to alter the BM microenvironment during leu-
kemogenesis, including genes encoding Toll-like receptors
(TLR) and Interleukins (Fig. 3F-H). GO term analysis of
Enl-T1 downregulated genes in LSK, GMP, and L-GMP cells
revealed enrichment of protein folding and homeostasis-
associated pathways (Supplementary Fig. S11C-S11E). When
hematopoietic cells enter the maturation process, they de-
pend on the upregulation of metabolic pathways to support
rapid expansion and function (65). Of note, genes regulated
by Enl-T1 in cKit*Mac1* and cKit"Mac1* myeloid populations
showed strong enrichment for metabolic and cell cycle-related
pathways, suggesting that Enl-T1, directly or indirectly, alters
metabolic pathways to facilitate the expansion and function
of these myeloid populations (Supplementary Fig. S11F-
S11I). Furthermore, cell activation pathways, which are in-
volved in both immune response and cell differentiation,
were highly enriched in Enl-T1-upregulated genes across all
the populations (Fig. 3F-H; Supplementary Fig. S11F and
S11G). These data indicate that Enl-T1 might regulate se-
lected differentiation events. Given that Enl-T1 led to the ex-
pansion of the myeloid compartment and the development
of AML, we performed gene set enrichment analysis (GSEA)
to test whether Enl-T1 influences myeloid differentiation.
Interestingly, Enl-T1 led to a gain of myeloid differentia-
tion signatures in HSPCs (LSK, GMP, and L-GMP) but not
in cKit*Macl* or cKit'Mac1* cells when compared with WT
counterparts (Supplementary Fig. S12A and S12B; Supple-
mentary Table S8). Furthermore, Enl-T1 LSK cells gained ex-
pression of GMP-like signature (Supplementary Fig. S12C;
Supplementary Table S8). These results are intriguing as they
suggest that Enl-T1 induces transcriptional programs that
promote self-renewal (e.g., through Hoxa genes) as well as my-
eloid commitment of HSPCs, both of which may contribute
to the development of AML. In support of this concept, a recent

study using MLL-AF9 and MOZ-TIF2 AML models have
shown that myeloid differentiation to GMP is critical for the
transformation of HSPCs (66).

To investigate the clinical relevance of Enl-T1-regulated
genes in HSPCs identified in our mouse model, we examined
their expression in samples obtained from patients with AML.
We downloaded the transcriptomic data for 1,853 samples
from patients with AML from the TARGET-AML database (46)
and performed gene set variation analysis (GSVA) to calculate
the sample-wise enrichment scores for T1-upregulated genes
identified in LSK, GMP, and L-GMP cells. From the samples
from patients with AML, we found that sample-wise enrich-
ment scores of all three signatures highly correlated with each
other and that ~30% of AML samples had high expression
scores for these signatures (Fig. 3I; Supplementary Table S9),
supporting the implication of Enl-T1-regulated genes identified
in the mouse model in a significant portion of human AML.

Enl Mutation Leads to Increases in H3K27ac and
p300 Occupancy at Subsets of Genes in HSPCs

Having determined that most Enl-T1-upregulated genes in
HSPCs were involved in leukemia-associated signatures, we
asked whether alterations in the chromatin state correlate
with the observed transcriptional changes. We first profiled
genome-wide distribution of histone 3 Lysine 27 acetylation
(H3K27ac),a chromatin mark associated with gene activation,
via CUT&Tag (Cleavage Under Targets & Tagmentation; ref.
67) in Enl-WT and Enl-T1 LSK, GMP, L-GMP, cKit*Mac1*, and
cKitMacl* cells. We compared H3K27ac patterns between
WT and T1 conditions in each cell population and identified
H3K27ac peaks that were gained, lost, or unchanged (1.5-fold
cut-off) by Enl-T1 (Fig. 4A). Overall, around 30% of H3K27ac
peaks were altered by Enl-T1 in LSK, and more than half of
them were gained peaks. Furthermore, Enl-T1 impacted
about 50% of H3K27ac peaks in GMP, L-GMP, cKit"Macl*,
and cKit"Mac1* cells, and the majority of changed peaks were
gained in T1, especially in GMP and L-GMP populations
(Fig. 4A; Supplementary Fig. S13A; Supplementary Tables S10-
S15). We identified genes associated with T1-gained H3K27ac
peaks and observed that about half of T1-upregulated genes in
each of the five cell populations were associated with increased
H3K27ac (Fig. 4B; Supplementary Table S16). These results sug-
gest the possibility that Enl-T1 regulates transcription in hema-
topoietic cells in part by, directly or indirectly, remodeling the
H3K27ac landscape.

-

Figure 4. Enlmutation results in altered H3K27ac and H3K27me3 landscapes in hematopoietic cells. A, H3K27ac CUT&Tag data in LSK, GMP, L-GMP,
cKit*Macl*and cKit-Macl+* populations were plotted as average occupancies (top) and heatmap (bottom) across the respective H3K27ac differential
regions (DR) between WT and T1. The CUT&Tag signals are normalized by reads per million (RPM). All regions are defined as gained (upregulated in T1,
red), lost (downregulated in T1, green) and unchanged (gray) regions, and the corresponding numbers are shown on the left, respectively. See Supplemen-
tary Tables S11-515. B, Bar plots showing the percentage of T1-UP DEGs that are associated with T1-gained H3K27ac DRs in indicated cell populations.
Supplementary Table S16. Cand D, Average occupancies of H3K27ac and p300 at genomic regions that exhibit T1-induced increase in H3K27ac and are
associated with T1-UP DEGs in GMP (C) or L-GMP (D) from Enl-WT (gray) or T1 (red) mice. The CUT&Tag or ChIP-seq signals are normalized by RPM.

See Supplementary Table S17.E, Average occupancies of H3K27ac at genomic regions that exhibit T1-induced increase in H3K27ac and p300 and are
associated with T1-UP DEGs in GMP (WT) or L-GMP (T1) cells treated with DMSO or A-485 (1 pmol/L) for 24 hours. The CUT&Tag signals are normalized
by RPM. See Supplementary Table S20. F, H3K27me3 CUT&Tag signals in indicated cell populations were plotted as average occupancies (top) and heat-
map (bottom) across H3K27me3 differential regions (DR) between WT and T1. See Supplementary Tables $S24-528. G, Bar plots showing the percentage
of T1-UP DEGs that are associated with T1-lost H3K27me3 DRs in cKit*Macl*and cKit-Macl* populations. See Supplementary Table S29. H, Schematic
showing the two groups of T1-UP DEGs that are associated with lost H3K27me3 DRs. I, Average occupancies of H3K27me3 (top) and H3K27ac (bottom)
on groupl and two genes along the transcription unit in cKit*Macl+*and cKit-Mac1+ from Enl-WT (blue) or T1 (red) mice. The CUT&Tag signals are normal-
ized by RPM. See Supplementary Table S30. J and K, Genome browser view of H3K27ac, p300, and H3K27me3 CUT&Tag or ChIP-seq signals at Hoxa (J)
and Meis1 (K) gene loci in indicated hematopoietic populations from Enl-WT (left) or T1 (right) mice.
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As a histone acetylation reader, ENL predominantly local-
izes to the transcriptional start site and gene body of sub-
sets of actively transcribed genes that are highly enriched for
H3K9ac and H3K27ac, and ENL cancer mutants (e.g., T1/
T2/T3) occupy largely similar genomic loci as WT ENL (19,
32, 33). Although the regulation of histone acetylation by
ENL or its cancer mutants has not been described, previous
studies have suggested read-write feedback loops as a general
mechanism contributing to the deposition of histone modi-
fications (68). We therefore performed chromatin immuno-
precipitation assays followed by sequencing (ChIP-seq) for
p300, a histone acetyltransferase that catalyzes H3K27ac,
in GMP and L-GMP cells which exhibited the most promi-
nent T1-induced increase in H3K27ac (Fig. 4A). We focused
on Tl-gained H3K27ac peaks that were associated with
T1-upregulated genes and compared p300 levels at these
peak regions (GMP, n = 627; L-GMP, n = 1,398) between WT
and T1 conditions. p300 colocalized with H3K27ac at these
regions and exhibited an increase in signal in Enl-T1 GMP and
L-GMP cells compared with WT counterparts (Fig. 4C and D;
Supplementary Fig. S13B and S13C; Supplementary Tables
S17 and S18). Notably, among Enl-T1 upregulated genes
associated with increased H3K27ac, 30% to 50% were also asso-
ciated with increased p300 signals at H3K27ac peaks (Supple-
mentary Fig. S13D; Supplementary Table S19). Furthermore,
the majority of p300-gained peaks that were correlated with
increased H3K27ac signals and target gene expression were pre-
dominantly located at TSS regions (Supplementary Fig. S13E),
consistent with ENL localization at target genes (19, 32, 33).
GREAT analysis of genomic regions with gained p300 signals
revealed strong enrichment of immune and development re-
lated pathways (Supplementary Fig. S13F and S13G). These
results suggest that increased recruitment of p300 may con-
tribute to ENL-T1-mediated increases in H3K27ac at a sub-
set of genomic regions in HSPCs. To test this hypothesis, we
sorted L-GMP cells from the BM of Enl-T1 leukemic mice and
treated them with the p300 inhibitor A-485 (69) ex vivo for
3, 6, and 24 hours, followed by H3K27ac CUT&Tag experi-
ments (Supplementary Fig. S13H). At genomic regions that
exhibited ENL-T1-induced increases in p300 and H3K27ac
enrichment and were also associated with T1-upregulated
genes, A-485 treatment resulted in a reduction in H3K27ac
across all three time points tested (Fig. 4E; Supplementary
Fig. S13I; Supplementary Table S20). A-485 treatment also

resulted in a decrease in the expression of key ENL-T1 target
genes, such as MeisI and Hoxa cluster genes (Supplementary
Fig. S13]). These findings suggest that the ENL-T1-mediated
increase in H3K27ac in HSPCs is mediated in part through
the recruitment of p300, a mechanism that likely contributes
to transcriptional changes induced by ENL-T1.

Differentiation-Associated Gain of H3K27me3 is
Impaired in Enl-Mutated Hematopoietic Cells

The execution of developmental processes requires dynamic
activation and repression of differentiation-related genes. In
addition to H3K27ac, Polycomb-mediated methylation of
H3K27 (H3K27me3) has been shown to play important roles
in development (70-73). Currently, the dynamic changes
of H3K27me3 during normal hematopoietic development
remain incompletely understood. Thus, we determined the
genome-wide H3K27me3 distribution in LSK, GMP, cKit*~
Macl*, and cKit™Macl" cells freshly sorted from WT mice via
CUT&Tag. Interestingly, we found that in WT mice, the over-
all signal for H3K27me3 was lowest in LSK cells and highest
in cKit*Mac* and cKit"Mac* myeloid cells (Supplementary
Fig. S14A; Supplementary Table S21). We identified 3,397
H3K27me3 peaks whose signals gradually increased during
hematopoietic differentiation, and most of these peaks were
located at gene body or intergenic regions (Supplementary
Fig. S14B and S14C; Supplementary Table S22). GREAT
analysis on these peaks revealed significant association with
developmental processes such as pattern specification and
cell fate commitment (Supplementary Fig. S14D). Consistent
with H3K27me3 being a repressive mark, the expression levels
of genes associated with increasing H3K27me3 during dif-
ferentiation were significantly higher in LSK cells compared
with GMP, cKit*Macl*, and cKit Mac* cells (Supplementary
Fig. S14E and S14F), and these genes were highly enriched for
developmental pathways (Supplementary Fig. S14G). These
results highlight a potential role of H3K27me3-mediated re-
pression of developmental genes during hematopoietic differ-
entiation, prompting us to ask whether Enl-T1 may perturb
the H3K27me3 landscape during leukemogenesis.

We performed H3K27me3 CUT&Tag in different cell pop-
ulations from WT and T1 BM. Interestingly, En/-T1 induced
modest changes at regions with low H3K27me3 signals in
HSPCs (LSK, GMP, and L-GMP). However, in cKit*"Macl* and
cKit"Mac1* cells, Enl-T1 led to a marked decrease in signal at

>

Figure 5. Mutant ENL forms condensates at key target genes, and disrupting condensate formation impairs its oncogenic activity in HSPCs.

A, Schematic representation of the transduction of various FLAG-tagged ENL transgenes in LSK cells and subsequent experiments (shown in C-G). B,
Schematic depiction of domain structure and features of the ENL mutant protein. C, Representative images of anti-FLAG IF staining in LSK cells express-
ing the indicated FLAG-ENL transgenes. WT, ENL-WT; T1, ENL-T1; T4, ENL-T4; T1(H116P), H116P mutation in the YEATS domain of ENL-T1; T1(AHD_mut),
DRD538RFR mutations in the AHD domain of ENL-T1; T1(IDR1_del), deletion of IDR1 in ENL-T1; T1(IDR2_del), deletion of IDR2 in ENL-T1.D and E,
Percentage of nuclei with or without FLAG-ENL puncta (D) and the number of FLAG-ENL puncta (E) in each nucleus in LSK cells. Error bars represent mean
+ SEM. P values using unpaired, two-tailed Student t test. F, RT-qPCR analysis showing mRNA expression of Hoxa5/6/9, Meis1, Igf2bp3, and Rnf43 in LSK
cells expressing indicated FLAG-ENL transgenes. Error bars represent mean + SEM (n = 3). G, Quantification of colonies formed by LSK cells expressing
indicated FLAG-ENL transgenes. Error bars represent mean + SEM (n=3). P value using unpaired, two-tailed Student t test. H, Average occupancies

(top) and heatmap (bottom) representation of FLAG-ENL-bound peak regions that show increased occupancy by T1 compared with WT ENL in LSK cells
expressing the indicated FLAG-ENL transgenes. The CUT&Tag signals are normalized by reads per million (RPM). See Supplementary Table S32.1and
J, Average occupancies (top) and heatmap (bottom) showing H3K27ac (1) and p300 (J) at genomic regions that exhibit T1-induced increase in H3K27ac

and FLAG-ENL in LSK cells expressing the indicated FLAG-ENL transgenes. The CUT&Tag or ChIP-seq signal are normalized by RPM. See Supplementary
Table S33.K, Schematic workflow of LSK cells transplantation experiment. L, Flow cytometric quantification of FLAG-ENL transgenes expressing cells
(CD45.2+CD45.17) in the PB harvested at indicated time points from C57BL/6 recipient mice. Bars represent the median (WT,n=5;T1,n=6; T1(H116P),n=5).

P value using unpaired, two-tailed Student t test. M, Kaplan-Meier survival curves of C57BL/6 recipient mice that received LSK cells expressing the indicated
FLAG-ENL transgenes.WT,n=5;T1,n=6; T1(H116P),n=5.The gray line (WT) overlapped with the blue line [T1 (HL16P)]. P value using log-rank test.
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subsets of broad H3K27me3 peaks (Fig. 4F; Supplementary
Tables S23-S28) which are functionally involved in develop-
mental pathways (Supplementary Fig. SI5A and S15B). Fur-
thermore, about 20% to 30% of Enl-T1-induced H3K27me3
lost regions overlapped with (Supplementary Fig. S15C) and
accounted for, 40% of regions that naturally gain H3K27me3
during normal hematopoietic differentiation (Supplementary
Fig. S15D-S15F), suggesting that H3K27me3-mediated repres-
sion of developmental genes may be disrupted in Enl-T1 mice.
Indeed, about 20% of Enl-T1 upregulated genes in cKit"'Macl*
or cKit"Mac1* cells were associated with loss in H3K27me3
signals (Fig. 4G; Supplementary Table S29). Of note, among
genes that were associated with loss of H3K27me3, one sub-
set (group 1) exhibited loss of H3K27me3 without signifi-
cant changes of H3K27ac, and the other (group 2, including
Hoxa and Meis1) exhibited simultaneous loss of H3K27me3
and gain of H3K27ac (Fig. 4H and I; Supplementary Table
S30). Interestingly, genes in group 2 were expressed at higher
levels than those in group 1 (Supplementary Fig. S15G and
S15H) and were enriched for immune response and differen-
tiation pathways (Supplementary Fig. S151 and S15J).
Taken together, our epigenomic analyses reveal dynamic
changes in active and repressive histone modifications in
Enl-T1 mice that are associated with altered expression at sub-
sets of development related genes. These include genes that
are important for normal hematopoietic development and/or
leukemogenesis, such as the Hoxa cluster, Meisl, and Igf2bp3
(Fig. 4] and K; Supplementary Fig. S15K; refs. 61, 62, 74-78).
When zooming in on the Hoxa and MeisI loci, we observed
a decrease in H3K27ac and an increase in H3K27me3 during
normal differentiation (Fig. 4] and K; Supplementary Fig. S15L).
At theseloci, the presence of Enl-T1induced a marked increase
in H3K27ac in LSK and a further increase in myeloid progen-
itors (Fig. 4] and K). Notably, the levels of H3K27ac at Hoxa
and MeisI in differentiated cKit"Mac1* cells from Enl-T1 mice
were even higher than that in WT LSK cells (Fig. 4] and K).
Concurrently, differentiation-associated gain of H3K27me3
at these loci were impaired in Enl-T1 mice (Fig. 4] and K).
Additionally, some other gene loci exhibited changes in
either H3K27ac (Supplementary Fig. S15M) or H3K27me3
(Supplementary Fig. S15N), but not both. While further
studies are needed to fully understand the mechanisms by
which ENL mutations directly or indirectly affect these histone

modifications, their alterations likely play a role in the tran-
scriptional changes induced by ENL-T1 in hematopoietic
cells that contribute to leukemia development.

Condensate Formation Ability Correlates with
Mutant ENL's Oncogenic Function in HSPCs

Our previous study in HEK293 cells showed that cancer-
associated mutations enable ENL to form condensates at se-
lect genomic target loci, and these condensates are required
for ENL mutation-induced gene activation (31). Therefore,
we set out to ask whether ENL mutants form condensates in
HSPCs. Due to the lack of a reliable antibody for detecting
mouse ENL protein via immunofluorescence (IF) staining,
we introduced various FLAG-tagged human ENL transgenes
into LSK cells from normal mice and performed IF staining
using an anti-FLAG antibody (Fig. SA). This strategy also
enabled a direct comparison of different ENL proteins. We
found that ENL-T1 and T4, but not WT, consistently formed
distinct nuclear puncta in ~100% of LSK cells (Fig. SB-E;
Supplementary Fig. S16A-S16E), and this was evident even
when the transgenes were expressed at significantly lower
levels than the endogenous mouse Enl (Supplementary Fig.
S16A). Importantly, FLAG-ENL staining coupled with DNA
fluorescence in situ hybridization (FISH) revealed that at least
one Hoxa9 allele colocalized with an ENL-T1 puncta in the
majority of LSK cells (Supplementary Fig. S16F and S16G).
Furthermore, the expression of ENL-T1 and T4 variants in
LSK cells resulted in increased expression of key target genes,
including the Hoxa cluster (Supplementary Fig. S16H). To ask
whether similar phenotypes occur in human hematopoietic
cells, we transduced primary human CD34* HSPCs with WT
and T1 FLAG-ENL transgenes (Supplementary Fig. S17A).
In line with findings from mouse HSPCs, ENL-T1 expression
resulted in puncta formation (Supplementary Fig. S17B-
S17E), an upregulation of HOXA genes (Supplementary Fig.
S17F), and enhanced colony formation in human HSPCs
(Supplementary Fig. S17G).

To further investigate the relationship between ENL-T1’s
condensate formation ability and its oncogenic function,
we engineered a series of FLAG-ENL-T1 variants with spe-
cific mutations or deletions within different domains of the
ENL-T1 protein, including the YEATS domain, IDR1, IDR2,
and the AHD domain (Fig. 5B). These variants were previously

>

Figure 6. Small-molecule inhibition of the acetyl-binding activity of mutant ENL displaces its condensates from target loci and impairs its chromatin
function in HSPCs. A, Schematic representation of LSK cells expressing FLAG-ENL-T1 transgene under DMSO or 10 pmol/L TDI-11055 (TDI for short)
treatment for 24 hours and subsequent experiments (shown in A-K). B, Representative images of anti-FLAG IF staining in LSK cells treated with DMSO

or TDI-11055. C-E, Nuclear intensity (C), percentage of nuclei with or without FLAG-ENL puncta (D), and the number of FLAG-ENL puncta (E) in each
nucleus in LSK cells treated with DMSO or TDI-11055 (TDI). Error bars represent mean + SEM. P values using unpaired, two-tailed Student t test. F and

G, Representative images (F) and quantification (G) showing percentage of DMSO or TDI-11055 treated cells containing at least one Hoxa9 DNA locus
overlapping with an ENL-T1 puncta. DMSO, n=89; TDI-11055, n=75. P value using unpaired, two-tailed Student t test. H and I, Representative images

(H) and quantification (I) showing percentage of DMSO or TDI-11055 treated cells containing at least one Meis1 DNA locus overlapping with an ENL-T1
puncta. DMSO, n=79; TDI-11055, n=76. P value using unpaired, two-tailed Student t test. J and K, Average occupancies of H3K27ac (J) and p300
(K) at genomic regions that exhibit T1-induced increase in FLAG-ENL and H3K27ac occupancies in LSK cells expressing FLAG-ENL-T1 transgenes under
DMSO or TDI-11055 treatment. The CUT&Tag or ChIP-seq signals are normalized by RPM. See Supplementary Table S33. L, Schematic showing ex vivo
treatment of LSK/GMP cells sorted from Enl-WT or T1 mice and following RNA-seq analysis (shown in M=0). M and N, Heatmap showing gene expression
of T1-UP DEGs (identified in Supplementary Fig. S23A and S23B) in LSK (M) and GMP (N) treated with DMSO or TDI-11055. Gene expression is scaled by
z-score. See Supplementary Tables S34 and 535. 0, Bar plots showing the gene expression of Hoxa genes in WT or T1 LSK (top) and GMP (bottom) treated
with DMSO or TDI-11055. Gene expression is obtained from the RNA-seq data and normalized by TPM. Dots represent different biological replicates.
Bars represent the median. See Supplementary Table S36. P, Schematic showing in vivo treatment of Enl-WT or T1 mice and subsequent H3K27ac profiling
in LSK/GMP cells. Q, Average occupancy of H3K27ac on T1-induced H3K27ac DRs that are associated with T1-UP DEGs in LSK (left) and GMP (right)
treated with DMSO or TDI-11055. See Supplementary Table S17. R, Genome browser view of H3K27ac CUT&Tag signals at select genes under indicated

treatment conditions in LSK and GMP.

1534 | CANCER DISCOVERY AUGUST 2024

AACRlJournals.org


http://AACRJournals.org

Condensate-Promoting ENL Mutations as a Driver of AML

A

C57BL/6 mice

F

)
)

v

LSK
MSCV-FLAG-ENL
"C)', transgenes
v
Infected Lsk @@ oSO o

‘ TDI-11055 for 24 hours

v
Analysis

Hoxa9 DNA locus

ENL-T1

FLAG-ENL-T1 staining in LSK cells

Merge

H

I Overlap
[J Non-overlap
P <0.0001

FLAG-ENL-T1
nuclear intensity

15 P =0.047

Mean nuclear intensity (a.u.)
y

&

Meis1 DNA locus

RESEARCH ARTICLE

D
Puncta formation

Il Puncta [C] No puncta
P =0.0042

100

80

60

% of cells

40

E

Puncta number

P <0.0001

Puncta number
(9]

0
(o) N
0\\‘\5 <O
1
[ Overlap
[ Non-overlap
P <0.0001

8 ©
2100 5100
o 3 — £
sa 83
T 80 I 8o
22 an
g o =& 60
= £ 5
©'s 40 : § 40
QD =
O c 32
58 20 58 20
= 8 =8
e <© ° 0 »
O“\ 0\\5 <O
J T1 gained ENL & H3K27ac regions K T1 gained ENL & H3K27ac regions
(T1vs. WT, n=74) (T1vs. WT, n=74)
—~ WT-DMSO T1-DMSO T1-TDI WT-DMSO T1-DMSO T1-TDI
g, < 0.3
x < o
g ¥ 0.2
N o
N 2 0.14
b T T T T T T
—5kb Center 5kb —-5kb Center 5kb
L (0]
T1-UP DEGs T1-UP DEGs LSK
Mx1-cre*- Mx1-cre*- in LSK in GMP 150+ .
En} EnffloxT+ DMSO _TDI DMSO _TDI
.0 "0 WT 11 T WT T1 T 51007
Hoxa1
_) _) l = 504 i Hoxa2
4 weeks 0 IL . s . Hoxa3
l post poly (:C) = WT-DMSO T1-DMSO T1-7DI fioxad
- GMP Hoxa6
LSK/GMP || 300 . - Zgj:;
. 252007 m Hoxa10
DMSO or ® ® = m Hoxall
TDI-11055 5 5 100 m Hoxal3
for 48 hours % 2 1 A N )
RNA-seq N NE -1 WT-DMSO T1-DMSO T1-TDI
-2
P T1 gained H3K27ac regions associated with T1-UP DEGs
DMSO or TDI-11055
Mxt-cre’- 5.8 4 weeks In vivo LSK (n = 52) GMP (n = 627)
Eni" T — WT-DMSO
1 week 2 1.0
—ﬁost poly (I:C) H3K27ac -% - — T1-DMSO
— —> CUT&Tag 02 —T-Tol
Mx1-cre*~ U LSK/GMP N3 0.5+
Enr\ox-'MH —) é 0
T T
-5 kb Center 5 kb -5 kb Center 5kb
R 5 chré: 52,142,958-52,287,119 5 chr11: 18,819,754-19,078,113
WT-DMSO b 0 L, n
o | LSK| T1-DMSO
< T1-TDI
¢ 15 3
3 WT-DMSO | o
o Tr-DwSO Lkl L
T1-TDI . |
Wbl e (e [r L b
Hoxa locus METé1

AAC

American Association for Cancer Research®

AUGUST 2024 CANCER DISCOVERY | 1535



RESEARCH ARTICLE

Liuetal.

characterized in HEK293 cells, where they exerted differential
impacts on condensate formation via different biochemical
mechanisms (31). We introduced these variants into freshly
sorted LSK cells at similar levels (Supplementary Fig. S18A
and S18B) and assessed their ability to form condensates. The
H116P substitution, which reverts specific structural changes
in the YEATS domain caused by the T1 mutation (31), abol-
ished ENL-T1’s ability to form condensates in LSK cells. Sim-
ilar results were observed in GMP cells (Supplementary Fig.
S19A-S19E). Moreover, mutations within the AHD domain
(DRDS38RFR), designed to disrupt ENL’s interactions with
its partners SEC/P-TEFb and DOT1L, also markedly impaired
condensate formation (Fig. 5C-E). In contrast, the deletion of
IDR1 only partially reduced the number of condensates, while
IDR2 deletion exerted a negligible effect (Fig. SC-E). Impor-
tantly, we found that alterations that resulted in condensate
formation deficiency, namely H116P and AHD_mut, abol-
ished T1-induced increases in target gene expression (Fig. SF)
and colony formation (Fig. 5G). Similar results were observed
in GMP cells (Supplementary Fig. S19F and S19G). IDR1 de-
letion led to a reduced expression of certain target genes, such
as Meis1, indicating a partial functional impairment. IDR2 de-
letion, which did not affect condensate formation, had min-
imal impact on ENL-T1’s ability to promote gene expression
and colony formation in LSK cells (Fig. SF and G).

We next asked whether disrupting the condensate forma-
tion ability of ENL-T1 affects its chromatin function. We
first determined the genome-wide occupancies of FLAG-ENL,
H3K27ac, and p300 in LSK cells expressing WT, T1, and the
condensate-deficient T1(H116P) variant. Overall, WT, T1, and
T1(H116P) ENL proteins localize to largely similar genomic lo-
cations (Supplementary Fig. S20A; Supplementary Table S31). By
comparing FLAG-ENL occupancy patterns between WT and T1,
we identified a list of Tl-enhanced ENL-bound regions
(n=793), and quite remarkably, this increased occupancy was
diminished by the H116P mutation (Fig. SH; Supplementary
Fig. S20B and S20C; Supplementary Table S32). Furthermore,
we identified regions that showed augmented FLAG-ENL and
H3K27ac signals in T1-expressing cells (Fig. SI; Supplementary
Fig. S20B and S20C; Supplementary Table S33) and observed
an increase in p300 occupancy at these same regions (Fig. 5J;
Supplementary Fig. S20B and S20C; Supplementary Table
S33). The H116P mutation significantly reduced T1-induced
increases in H3K27ac and p300 occupancy at these sites
(Fig. 5I and J; Supplementary Fig. S20B and S20C; Supple-
mentary Table S33). These findings further support the role
of ENL-T1 in p300/H3K27ac regulation and suggest that its
condensate formation ability contributes to this process.

Furthermore, we compared the leukemogenic ability of
ENL-WT, T1, and T1(H116P) via BM transplantation (Fig. 5K).
Mice receiving ENL-T1-expressing LSK cells showed the high-
est levels of engraftment in the PB and rapidly developed le-
thal leukemia, resulting in 100% mortality within 6 months
post-transplantation (Fig. SL and M). In contrast, mice that
received WT or T1(H116P)-expressing LSK cells displayed low
engraftment and remained healthy and alive even at 9 months
post transplantation (Fig. SL and M). At necropsy, mice trans-
planted with ENL-T1 cells exhibited splenomegaly (Supple-
mentary Fig. S21A) and high BM engraftment (Supplemen-
tary Fig. S21B). FLAG-ENL staining further confirmed that

nearly all leukemic BM cells taken from these mice harbored
distinct nuclear puncta (Supplementary Fig. S21C-S21E).
Taken together, our results reveal that mutant ENL forms
condensates at key leukemogenic genes and this condensate
formation ability strongly correlates with its chromatin and
gene regulatory function as well as oncogenic activity in dis-
ease-relevant models.

Small-Molecule Inhibition of the Acetyl-Binding
Activity of Mutant ENL Displaces Its Condensates
from Target Loci and Impairs Its Chromatin
Function in HSPCs

ENL recognizes histone acetylation at actively transcribed
gene promoters through its YEATS domain (32, 33). Our pre-
vious studies in HEK293 cells showed that introducing the
Y78A mutation, known to disrupt acetyl-binding activity,
decreases chromatin occupancy of ENL cancer mutants (T1/
T2/T3) and abolishes target gene hyperactivation (19, 31).
Notably, the Y78A mutation did not abolish puncta formation;
instead, it resulted in nuclear puncta that no longer localized
to H3K27ac-marked chromatin, indicating a critical role for
acetyl-binding in the proper localization of ENL mutant con-
densates (19, 31). Based on these findings, we hypothesized
that blocking the acetyl-binding activity could be an effec-
tive strategy to inhibit mutant ENL’s function. Recently,
we reported on TDI-11055, a potent, in vivo bioactive ENL
inhibitor that displaces WT ENL from chromatin by block-
ing the interaction of its YEATS domain with acetylated
histones (41). As cancer-associated mutations do not signifi-
cantly alter ENL’s acetyl-binding pocket (19, 31), we specu-
lated that TDI-11055 could also target ENL mutants. Thus,
we set out to evaluate the efficacy of TDI-11055 against ENL
mutation-induced condensate formation and oncogenic
functions in HSPCs.

We introduced the FLAG-ENL-T1 transgene into LSK cells
isolated from WT mice, treated these cells with either DMSO
or TDI-110S55 for 24 hours, and then assessed condensate for-
mation and chromatin changes (Fig. 6A). Similar to the Y78A
mutation, TDI-11055 did not abrogate condensate formation
in HSPCs but did reduce their numbers (Fig. 6A-E). FLAG-
ENL staining coupled with DNA FISH for two key target
genes, Hoxa9 and Meis], revealed that TDI-11055 treatment
significantly reduced the colocalization of ENL-T1 conden-
sates with these genomic loci (Fig. 6F-I). The treatment also
decreased ENL-T1-induced enrichment of H3K27ac and p300
at a subset of genomic regions, including the Hoxa cluster and
Meis1 (Fig. 6] and K; Supplementary Fig. S22A-S22C; Supple-
mentary Table S33) and led to reduced expression of these
genes (Supplementary Fig. S22D).

Having explored the effect of TDI-11055 using the trans-
gene-based system, we then examined its impact on cells ob-
tained directly from mouse models. To determine its impact
on gene expression, we performed RNA-seq analysis on LSK
and GMP cells sorted from Enl-WT or T1 mice and treated
with DMSO or TDI-11055 ex vivo for 48 hours (Fig. 6L). We
identified 32 and 220 genes with upregulated expression by
Enl-T1 in LSK and GMP cells, respectively (1.5-fold change,
P. adj <0.05; Supplementary Fig. S23A and S23B; Supplemen-
tary Tables S34 and S35), most of which showed a decrease
in expression upon TDI-11055 treatment (Fig. 6M and N;
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Supplementary Fig. S23C and S23D; Supplementary Tables
S34 and S35). Remarkably, TDI-11055 treatment in Enl-T1
LSK and GMP cells was sufficient to bring expression of Hoxa
genes back to that of their Enl-WT counterparts (Fig. 60; Sup-
plementary Table S36). We next assessed whether TDI-11055
treatment could revert Enl-T1-induced chromatin changes
in HSPCs from the mouse model. Enl-WT and T1 mice were
treated with DMSO or TDI-11055 daily for 28 consecutive
days. Subsequently, LSK and GMP cells were sorted from the
BM and subjected to H3K27ac CUT&Tag analysis (Fig. 6P).
TDI-11055 treatment in vivo abolished T1-enhanced H3K27ac
signals that are associated with genes showing T1-induced
upregulated expression in both LSK and GMP cells (Fig. 6Q
and R; Supplementary Fig. S23E-S23G; Supplementary Ta-
ble S17). Taken together, our results suggest that TDI-11055
treatment can displace ENL mutant condensates from spe-
cific genomic loci and inhibit chromatin and transcription
changes induced by mutant ENL in HSPCs.

Small-Molecule Inhibition of the Acetyl-Binding
Activity of Mutant ENL Impairs the Onset and
Progression of AML In Vivo

To examine the effects of TDI-11055 on ENL mutant’s on-
cogenic function, we first performed a colony formation assay
on LSK and GMP cells sorted from preleukemic Enl-T1 mice
under DMSO or TDI-11055 treatment conditions (Fig. 7A).
We observed a marked decrease in colony number with TDI-
11055 treatment (Fig. 7B and C). Similar results were obtained
in separate experiments in which ENL-T1 or T4 was ectopi-
cally introduced into LSK and GMP cells (Supplementary Fig.
S24A-S24C).

We next explored the therapeutic potential of TDI-11055
in Enl-T1-driven leukemia in vivo. To determine impacts on
the onset of leukemia, treatment with either DMSO or TDI-
11055 commenced immediately following poly (I:C) adminis-
tration in Enl-T1 mice and continued once daily for eight con-
secutive weeks (Fig. 7D). By the 6th week of treatment, Enl-T1
mice treated with DMSO exhibited a significant increase
in WBC counts compared to WT mice. This increase was
suppressed in the TDI-11055-treated Enl-T1 mice, indicat-
ing a delay in leukemia onset (Fig. 7E). Furthermore, while
all DMSO-treated Enl-T1 mice succumbed to AML within 5
months, those treated with TDI-11055 remained alive at the
S-month mark (Fig. 7F). Notably, short-term treatment with
TDI-11055 during the early stages of leukemogenesis had a
prolonged effect, as these mice remained active more than
100 days after discontinuing treatment (Fig. 7F). The overall
survival of Enl-T1 mice in the TDI-11055 group was signifi-
cantly improved compared with mice in the vehicle group,
with a 127% increase in median survival (91 vs. 207 days).

Additionally, we initiated TDI-11055 treatment in Enl-T1
mice already in the leukemic phase to evaluate its efficacy in
halting leukemia progression (Fig. 7G). DMSO-treated Enl-T1
mice exhibited elevated WBC counts over time and 100% mor-
tality within 5 months post poly (I:C) treatment (Fig. 7H and I).
In contrast, TDI-1105S treatment suppressed the rise in WBC
counts in Enl-T1 leukemic mice, and these mice maintained
normal levels throughout the treatment period. Remarkably,
an increase in WBC counts was not observed until 9 weeks
following the cessation of TDI-11055 treatment (Fig. 7H),

indicating a lasting effect in controlling leukemia progression.
Furthermore, the overall survival of Enl-T1 mice in the TDI-
11055 group significantly improved, doubling the median
survival time (115 vs. 231 days) compared to the vehicle group
(Fig. 7I). Collectively, these results demonstrate that small-
molecule inhibition of mutant ENL’s acetyl-binding activity
effectively impairs the onset and progression of leukemia.

DISCUSSION

Despite extensive biochemical investigations into the molec-
ular basis of condensate formation, the functional significance
of transcriptional condensates and their dysregulation in phys-
iologically relevant in vivo contexts are only beginning to be
addressed. Recent studies on cancer-associated ENL mutations
(19, 31) revealed their ability to trigger condensate formation
via a network of multivalent interactions and induce hyper-
activation of target genes in HEK293 cells, but these studies did
not explore the role of these mutations in tumorigenesis and
the contribution of condensate formation to this process.

In this study, we show that heterozygous knock-in of a spe-
cific ENL mutation (T1) into the hematopoietic system leads
to the rapid onset of lethal AML with 100% penetrance, thus
establishing the mutant ENL as a highly potent oncogene in
spontaneous mouse models. Mechanistically, mutant ENL
perturbs the normal hematopoietic hierarchy, promotes my-
eloid differentiation from HSPCs, and results in abnormal
expansion of myeloid progenitors with increased self-renewal
properties by altering histone modifications and transcription
programs across various hematopoietic populations. Notably,
we demonstrate that ENL cancer mutants (T1 and T4) ex-
pressed at physiological levels form discrete condensates at key
target genomic loci (e.g., Hoxa and MeisI) in HSPCs. Disrupt-
ing condensate formation through targeted mutagenesis im-
pairs mutant ENL’s ability to regulate histone modifications,
activate target genes, and drive tumorigenesis in vivo. Finally,
we show that inhibiting the acetyl-binding activity of mutant
ENL with a small molecule displaces its condensates from tar-
get genes, impairs its chromatin function, and blocks leukemo-
genesis driven by mutant ENL in vivo (Fig. 7]). While our study
primarily focused on the ENL-T1 mutation, our previous work
has established that eight ENL mutations (T1-T8, Supplemen-
tary Fig. S1A), found in Wilms tumor and AML, induce similar
structural changes in the YEATS domain and activate target
genes via condensate formation (31). Notably, through further
analysis of whole-genome sequencing projects for AML (45,
46), we identified three new ENL mutations involving three-
amino acid insertions (p.118_119insTTC, p.118_119insTCA,
and p.C119SPAR), similar to the T1 and T4 mutations we char-
acterized in this study. Interestingly, these mutation patterns
have been observed in pediatric AML and Wilms tumor but not
in adult AML, suggesting that specific developmental stages
are more susceptible to transformation by ENL mutations—a
hypothesis that warrants further investigation. Future research
is also needed to validate our findings in ENL-mutated patient
samples as they become available. Our study advances the un-
derstanding of AML pathogenesis by elucidating the biological
function and therapeutic potential of ENL mutations. It also
provides concrete in vivo evidence that supports a role of con-
densate dysregulation in cancer.
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Figure 7. Small-molecule inhibition of the acetyl-binding activity of mutant ENL impairs the onset and progression of AML in vivo. A, Schematic ex-
perimental plan with LSK/GMP cells sorted from Enl-WT or T1 mice. B and C, Quantification of colonies formed by Enl-T1 LSK (B) or GMP cells (C) treated
with DMSO or TDI (1 or 10 pmol/L). Error bars represent mean + SEM (n=3). P values using unpaired, two-tailed Student t test. D, Schematic of in vivo
treatment of Enl-WT or T1 mice to examine the impact of TDI-11055 on leukemia onset. E, WBC count of PB samples harvested from Enl-WT or T1 mice
under DMSO or TDI-11055 treatment conditions. Bars represent the median (WT-DMSO, n=6; T1-DMSO, n=7; T1-TDI, n=6). P values using unpaired,
two-tailed Student t test. F, Kaplan-Meier survival curves of Enl-WT or Enl-T1 mice under DMSO or TDI-11055 treatment conditions. WT-DMSO, n=6;
T1-DMSO, n=7;T1-TDI, n=6. P values using log-rank test. G, Schematic of in vivo treatment of Enl-WT or T1 mice to examine the impact of TDI-11055 on
leukemia maintenance. H, WBC count of PB samples harvested from Enl-T1 mice at indicated time points under DMSO or TDI-11055 treatment. For DMSO
and TDI groups, numbers on the X-axis indicate weeks of treatment; for the TDI withdrawal group, numbers on the X-axis indicates weeks after the ces-
sation of treatment. Bars represent the median (T1-DMSO, n=5; T1-TDI, n=5).1, Kaplan-Meier survival curves of Enl-T1 mice under DMSO or TDI-11055
treatment conditions. T1-DMSO, n=5; T1-TDI, n=5. P values using log-rank test. J, Schematic showing mutant ENL forms discrete condensates at critical
gene loci and alters transcriptional and histone modification changes in HSPCs, resulting in the aberrant expansion of myeloid progenitors and rapid onset
of aggressive AML. Small-molecule inhibition of acetyl-binding displaces ENL-mutant condensates from target loci, dampens their impact on histone
modification and gene activation, and effectively delays the initiation and progression of AML in vivo.
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AML typically arises from dysregulated transcriptional pro-
grams that result in the malignant self-renewal and/or im-
paired differentiation of HSPCs. Our study reveals that mutant
ENL induces the aberrant expression of developmental and
inflammatory gene signatures in HSPCs that are implicated
in human AML. Notably, among the genes most significantly
upregulated by mutant ENL are the Hoxa cluster genes, which
are crucial for the self-renewal of normal and malignant
HSPCs and are overexpressed in a significant portion of AML
cases (62, 74-76). Thus, ENL mutants join a list of oncogenes,
such as NUP98-fusions (20, 22, 23, 79-83), MLL/KMT2A fu-
sions (84, 85), MN1 fusion (86, 87), and mutant NPM1 (24,
88, 89), that drive leukemogenesis in part by elevating Hoxa
expression. Intriguingly, similar to ENL mutants, NUP98
fusions and mutant NPM1 are also known to form nuclear
condensates in leukemia cells (20, 22-24). ENL can also drive
leukemogenesis in the form of MLL-ENL fusion; however,
whether MLL-ENL functions through the formation of con-
densates remains to be investigated. Nevertheless, our com-
prehensive functional and mechanistic investigation of ENL
mutants and their condensates could offer valuable insights
and motivate future studies to explore condensate dysregula-
tion as a potential mechanism underlying the hyperactivation
cancer-promoting genes such as Hoxa cluster in cancer (20,
22-24).

To our surprise, we show that mutant ENL not only pro-
motes self-renewal but also induces a gain of myeloid dif-
ferentiation signatures in HSPCs. This observation suggests
that the commitment of HSPCs to myeloid lineage might
be critical for AML development. Supporting this idea, pre-
vious studies have shown that blocking myeloid differen-
tiation of HSCs and common myeloid progenitors (CMP)
by deleting CEBPA blunts MLL-AF9- and MOZ-TIF2-driven
leukemogenesis in murine models (66, 90-92). Conversely,
mutant ENL appears to block the differentiation of com-
mitted myeloid progenitors (cKit*Mac1*) and sustain them
in an aberrant state with self-renewal properties. Thus, we
propose that a delicate balance in self-renewal and differen-
tiation is important for the transformation of HSPCs and
AML pathogenesis.

In previous studies using HEK293 cells, we showed that
ENL mutants drive gene activation through enriching co-factors
(e.g., SEC/P-TEFb and DOTI1L) into condensates and pro-
mote RNA Pol II elongation (19). Our current study adds an-
other layer of mechanisms by which ENL mutants influence
transcription. We show that mutant ENL expression results
in increased occupancies of H3K27ac and the acetyltransfer-
ase p300 at key developmental genes in HSPCs. Inhibiting
the enzymatic activity of p300 can partially reverse mutant
ENL-induced increases in H3K27ac and gene expression at
these genes. This partial suppression of H3K27ac suggests
either the contribution of a non-enzymatic activity of p300
or the involvement of other acetyltransferases in mutant
ENL-mediated increases in H3K27ac. Given p300’s known
interactions with certain condensate-forming proteins (14,
93, 94), we speculate that mutant ENL may promote p300
recruitment by incorporating it into condensates. This hy-
pothesis is supported by our observation that disrupting the
condensate-forming ability of mutant ENL leads to reduced
p300 recruitment and lower H3K27ac levels at a subset of target

genes. It is important to note, however, that this regulation of
p300/H3K27ac by mutant ENL seems context-dependent, as
it is not observed in HEK293 cells. In addition to H3K27ac,
our study reveals that many development-related genes gain
H3K27me3 during hematopoietic cell differentiation. This
process is partially hindered in the Enl-T1 mice, correlating
with the incomplete repression of key development genes like
Hoxa and MeisI even in terminally differentiated cells. Thus,
we propose that ENL mutants drive extended hyper-activation
and impair differentiation-associated repression of key devel-
opmental genes in HSPCs in part through dynamic remod-
eling of histone H3K27ac and H3K27me3 landscapes. While
our study focused on H3K27ac and H3K27me3, it remains to
be determined whether ENL mutants may impact other chro-
matin features to regulate oncogenic gene expression and the
disease phenotypes.

We have provided several lines of evidence supporting the
role of condensate formation in mediating mutant ENL’s
oncogenic function in HSPCs. First, DNA FISH experiments
confirmed the formation of ENL condensates at key leukemo-
genic targets, notably the Hoxa cluster genes and Meisl. Sec-
ond, our mutagenesis studies, targeting four distinct regions
of the ENL-T1 protein, revealed a strong correlation between
its condensate formation ability and its role in oncogenic
transformation in HSPCs. Among the engineered mutations,
the H116P point mutation disrupts condensate formation by
reversing T1-induced structural changes in the ENL YEATS
domain (31). To our knowledge, this occurs without affecting
other known ENL functions. We show that this point muta-
tion significantly reduces T1-induced increases in chromatin
occupancies of ENL, H3K27ac, and p300 in HSPCs. It also in-
hibits T1-mediated leukemogenesis i vivo. Lastly, treatment
with the acetyl-binding inhibitor TDI-11055 leads to the dis-
placement of ENL-T1 condensates from target genes, accom-
panied by reduced H3K27ac and p300 occupancies, decreased
target gene activation, and impaired leukemogenesis in vivo.
These results establish a strong link between mutant ENL’s
condensate formation ability and its oncogenic function.

Interestingly, mutant ENL forms larger and fewer puncta
compared to many other gene regulators known to form con-
densates. The number of condensates formed by the ENL
mutant is noticeably smaller than the number of genes it oc-
cupies and upregulates in HSPCs. Therefore, while our results
indicate that condensate formation underlies the hyperacti-
vation of key oncogenic targets like Hoxa genes and Meis1 by
mutant ENL, mutant ENL might regulate some other genes
through the formation of smaller clusters not easily detect-
able in current assays or through other mechanisms. Previous
studies have shown that condensates can vary significantly
in size and composition, and transcriptional activation may
occur through multivalent interactions among cofactors
without forming discrete condensates (95). Future research
employing super-resolution and single-molecule imaging will
enhance our understanding of how oncogenic ENL mutants
cluster on chromatin and their impact on gene expression.
Nevertheless, our findings suggest that pathogenic conden-
sates, including those formed by ENL mutants and possibly
other oncogenic proteins, might selectively target key cancer-
driving genomic loci. Future studies are needed to explore the
mechanisms underlying this specificity.
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The dysregulation of biomolecular condensates has emerged
as a pathogenic mechanism in various diseases, sparking in-
terest in targeting them for therapeutic interventions. How-
ever, such efforts are hindered by a limited understanding of
the molecular interactions governing their formation and reg-
ulation, and the lack of biologically relevant readouts for most
condensates (96, 97). Recent high-throughput drug screen-
ings have identified small molecules that can modulate stress
granules associated with neurodegenerative diseases, showing
potential benefits in motor neuron pathology (98-100).
Although the therapeutic targeting of transcriptional con-
densates remains underexplored, our study demonstrates its
potential effectiveness. We show that small-molecule inhibi-
tion of the acetyl-binding activity displaces ENL mutant con-
densates from critical oncogenic targets, leading to reduced
H3K27ac and p300 enrichment as well as mRNA expression
at these loci in HSPCs. Moreover, in vivo treatment with this
inhibitor significantly impairs the onset and progression
of leukemia driven by mutant ENL in mice. These findings
suggest that targeting the ENL YEATS domain represents
a promising strategy for treating ENL-mutated cancers. Our
results offer proof-of-concept for the mechanism-based target-
ing of oncogenic condensates as a viable approach in cancer
therapy.

METHODS
Mouse Model

We generated a conditional knock-in mouse model for Enl-T1
which involves an insertion of three amino acids (p.117_118insNHL)
following the steps described below.

Targeting Vector for Conditional Activation of the Enl/Mlit1
Mutations. An 8.9 kb genomic DNA sequence used to construct
the targeting vector was first subcloned from a positively identified
C57BL/6 fosmid clone (WI1-225013). The region was designed such
that the long homology arm extends ~6.1 kb 5’ to the 5’ LoxP cas-
sette, and the short homology arm extends about 2.1 kb 3’ to the
insertion of the inversion cassette. The inversion cassette is flanked
by two mutant Lox sites (Lox71/66) and contains mutant exon 4
(AACCACCTG duplication) and the flanking genomic sequences for
correct splicing (Inv.saE4*Sd). This cassette was inserted in the re-
verse direction downstream of exon 4. The FRT-flanked Neo cassette
was inserted immediately upstream of the inversion cassette and is
175 bp away from WT exon 4. The targeting region containing exon
four is 628 bp.

Screening and Reconfirmation of Recombinant Clones. A total of
10 pg of the targeting vector was linearized and then transfected by
electroporation of HF4 (129/SvEv x C57Bl/6; FLP Hybrid) embry-
onic stem cells. After selection with the G418 antibiotic, surviving
clones were expanded for PCR analysis to identify recombinant ES
clones. The Neo cassette in the targeting vector was removed during
ES clone expansion. The recombinant clones were further confirmed
by PCR and DNA sequencing.

Generation of Enl-T1 Knock-in Mice. The correctly targeted ES
clone was injected into blastocysts. Injected embryos were trans-
ferred to pseudo-pregnant recipient females. The chimeras were eval-
uated for germline transmission and bred to establish the knock-in
mouse line. Knock-in mice were further confirmed by PCR and DNA
sequencing.

Flow Cytometric Analysis of Different Hematopoietic Cell
Compartments in the BM, Spleen, Thymus, and PB

Enl-WT or T1 mice were sacrificed, and BM cells were extracted
from femurs, coxae, and vertebral columns; spleen and thymus cells
were collected by gently smashing the organ and filtering through a 40
pm filter; PB was collected via orbital bleeding. BM cells were stained
with murine cKit, Scal, CD150, CD48, CD41, CD105, CD16/32, lin-
eage antibodies, and Zombie Aqua fixable viability kit (BioLegend,
#423102); cells were run through the FACS Aria Flow Cytometer (BD)
to perform hematopoietic stem/progenitor cell compartments analy-
sis. BM, spleen, thymus, and PB cells were stained with murine TCRb,
B220,CD19, CD4, CD8, Macl, Gr1, TruStain FcX, and Zombie Aqua
fixable viability kit (BioLegend, #423102); cells were run through the
FACS Aria Flow Cytometer (BD) to collect mature hematopoietic cell
compartments.

Hematoxylin and Eosin Staining

Paraffin-embedded tissues were sectioned, stained in Mayers He-
matoxylin for 1 minute, washed with PBS, and stained in Alcoholic-
Eosin for 1 minute. Then the slides were dehydrated until clear and
then samples were mounted with resinous mounting medium. Imag-
es were captured using the EVOS M5000 Imaging system (Thermo
Fisher Scientific).

PB and BM Smear

PB and BM were harvested from Enl-WT or Enl-T1 mice. A small
drop of blood or BM cells was placed on one end of slide. Holding the
edge of another slide at an approximately 45° angle on the first glass
slide, the top slide was rapidly but gently pushed forward through
the blood or BM drop to spread the cells on the first slide. Slides were
stained with Wright’s-Giemsa Stain Kit (Thermo Fisher Scientific,
#9990701). Images were captured using a Leica DM2500 LED Op-
tical microscope.

BM or LSK Cells Transplantation Assay

Eight-week-old CD45.1 recipient mice (The Jackson Laboratory,
#002014) were sublethally irradiated (a split dose of 11Gy). For the
BM transplantation assay, 0.1K, 1K, and 10K of total BM cells from
Enl-T1 leukemic mice (CD45.2) were mixed with 300K of total BM
cells from normal C57BL/6 mice (CD45.1/45.2), respectively. For
the LSK cell transplantation assay, LSK cells from Enl-WT mice
(CD45.2) were transduced with GFP-linked FLAG-tagged ENL con-
structs. GFP+ cells were sorted and then mixed with 300K of total
BM cells from normal C57BL/6 mice (CD45.1/45.2). The mixed
cells were transplanted by retro-orbital injection into sublethally
irradiated CD45.1 recipient mice 3 hours post irradiation. Animals
were monitored daily, and body weights were measured every 2 days
throughout the treatment period. To assess the engraftment, PB was
extracted from mice via retro-orbital bleeding, stained for mouse
CD45.1 CD45.2* %, and subjected to flow cytometry analysis. Kaplan-
Meier survival curves were created using the GraphPad Prism (v9)
software.

Cell Sorting

Enl-WT or Enl-T1 mice were sacrificed, and BM cells were extract-
ed from femurs, coxae, and vertebral columns. BM cells underwent
cKit positive cell enrichment using the EasySep Mouse CD117 (cKit)
positive selection kit (Stemcell Technologies, #18757). The cKit en-
riched BM cells were stained with murine cKit, Scal, CD150, CD41,
CD16/32, lineage antibodies, and Zombie Aqua fixable viability kit
(BioLegend, #423102). The total BM cells were stained with murine
cKit, Macl, TruStain FcX, and Zombie Aqua fixable viability kit
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(BioLegend, #423102). Cells were sorted using FACS Aria Flow Cy-
tometer (BD) to obtain the Lin Sca-1*cKit* (LSK), Lin Sca-1"cKit*
CD41°CD150"CD16/32* (GMP), cKit*Macl*, cKit"Mac1* cells.

Plasmids

FLAG-tagged WT human ENL was cloned into a MSCV_Puro_
IRES_GFP vector (Addgene, 18751). ENL-T1, ENL-T4, and ENL-T1
(H116P) were introduced using a site-mutagenesis approach.

LSK and GMP Cell Culture and Virus Transduction

Mouse LSK and GMP cells were cultured in SFEM (Stemcell
Technologies, #09600) supplemented with 10% FBS (HyClone,
#SH30910.03), 20 ng/mL mFlt3-Ligand (PeproTech, #250-31L),
20 ng/mL mIL-6 (PeproTech, #216-16), 100 ng/mL mSCF (Pepro-
Tech, #250-03), 20 ng/mL mTPO (PeproTech, #315-14), 10* mol/L
2-mercaptoethanol (Thermo Fisher Scientific, #21985023), 100 U/
mL penicillin-streptomycin (Thermo Fisher Scientific, #15140122),
and L-glutamine (Thermo Fisher Scientific, #MT25005CI).

The tissue culture plates were precoated with RetroNectin (TaKaRa,
#T100B) and incubated overnight at 4°C. The RetroNectin was re-
moved the next day, and the plates were blocked with 2% BSA for 30
minutes at room temperature, then washed with HBSS once. The
plates were then loaded with retrovirus and spun at 3,000 rpm at
10°C for 1 hour. Then, after removing the supernatants, LKS/GMP
cells were added to the plate and spin-infected at 1,500 rpm for 90
minutes at 37°C with 10 pg/mL polybrene (EMD Millipore, #TR-
1003-G). The infected cells were incubated at 37°C overnight, and the
medium was changed the next day.

Colony Formation

A total of 6,000 LSK, GMP, cKit*Mac1*, or cKit Mac1* cells were re-
suspended in 600 pL IMDM media, respectively. The indicated cells
were added to 4.5 mL Methyl Cellulose media (StemCell Technolo-
gies, #M3234) supplemented with 10 ng/mL IL-3, 20 ng/mL SCF,
and 10 ng/mL IL-6 (PeproTech, #231-13,250-03, 216-16), then indi-
cated cells were plated as triplicate (2K cells/replicate). The number
of colonies was determined after incubation in 37°C incubator for
~1 week.

Immunofluorescence

Coverslips were transferred to a 24-well plate and coated with
Poly-D-Lysine (Thermo Fisher Scientific, #A3890401) for 1 hour
at room temperature. Coverslips were washed with H,O twice. HSPCs
were then plated on coverslips for 15 minutes at 37°C, then spun
at 1,200 rpm at room temperature for 4 minutes to allow 200,000 to
300,000 cells to attach to coverslips. Cells were fixed with 4% parafor-
maldehyde at room temperature for 10 minutes and washed in PBS
three times, S minutes for each wash. To permeabilize nuclei, cells were
incubated with 0.1% Triton X-100 at room temperature for 9 minutes,
and then cells were washed in PBS three times, 5 minutes for each wash.
Cells were incubated with 10% goat serum at room temperature for
30 minutes, and then incubated overnight at 4°C with anti-Flag
antibody. The next day, cells were washed in PBST (PBS with 0.1%
Tween 20) three times, S minutes for each wash, and then the cells
were incubated with secondary antibody at room temperature for
1 hour. Finally, cells were washed in PBS three times, 5 minutes for
each wash, and coverslips were mounted on slides with resinous mount-
ing medium. Images were captured using Zeiss LSM 880 Confocal.

DNA FISH

Slides were placed on gaskets and coated with Poly-L-Lysine (Elec-
tron Microscopy Sciences, #63478-AS) at room temperature for 10
minutes. Coated slides were dried at room temperature overnight.

200,000 HSPCs were plated to each gasket well and incubated at 37°C
for 30 minutes. Cells were fixed with 4% paraformaldehyde at room
temperature for 10 minutes and washed in PBS three times, 10 min-
utes for each wash. To permeabilize nuclei, cells were incubated
with 0.5% Triton X-100 at room temperature for 15 minutes, then
washed in PBS three times, 5 minutes for each wash. Cells were incu-
bated with 70% ethanol for 2 minutes, 90% ethanol for 2 minutes, and
100% ethanol for 2 minutes. Then, cells were treated with 2x SSCT
(2% saline-sodium citrate with 0.1% Tween 20) at room temperature
for 5 minutes, and 70% formamide buffer at room temperature for
S minutes followed with 70% formamide buffer at 37°C for 1 hour.
Hoxa9 or Meis1 DNA probes were mixed with dNTPs, formamide
buffer, and hybridization buffer. DNA probe master mix was added
into the cells and denatured at 83°C for 30 minutes. Then, cells were
hybridized with denatured DNA probe master mix at 37°C overnight.
The next day, cells were washed with 2x SSCT at 60°C for 15 minutes,
2x SSCT at room temperature for 10 minutes, and 0.2x SSC at room
temperature for 10 minutes. Secondary oligonucleotide was mixed
with formamide and hybridization buffer. Cells were incubated with
secondary hybridization master mix at room temperature for 2 hours
followed with 2x SSCT at 60°C for 15 minutes, 2x SSCT at room
temperature for 10 minutes, and 0.2x SSC at room temperature for
10 minutes. Finally, cells were incubated with DAPI buffer at room
temperature for 5 minutes, washed in 2x SSC for 5 minutes, and
slides were mounted on coverslips with mounting medium (Thermo
Fisher Scientific, $36936). Images were captured using Zeiss LSM 880
Confocal.

In Vivo Drug Treatment

All animal experiments related to this study were approved by the
Institutional Animal Care and Use Committee (IACUC) of the Uni-
versity of Pennsylvania. To prepare TDI-11055 for in vivo treatment,
the compound was resuspended in DMSO at 400 mg/mL and diluted
with 10% hydroxypropyl B-cyclodextrin (HPB; KLEPTOSE, #346112).
The solution was adjusted for pH to 4.0 with 2 mol/L HCI, sonicated
at 4°C for 2 minutes to totally dissolve the TDI-11055, and further
diluted 1:20 with 10% HPB to the final concentration of 20 mg/mL.
DMSO solution was prepared with the same protocol but without
the addition of TDI-11055. Enl-WT and Enl-T1 mice were treated
with DMSO or 200 mg/kg TDI-11055 once daily via oral gavage for
8 consecutive weeks starting from 7 days or 8 weeks post poly (I:C)
treatment. Animals were monitored daily, and body weights were
measured every 2 days throughout the treatment period. To assess
leukemia progression, PB was extracted from the mice via retro-orbital
bleeding, stained for the percentage of CD45.1°CD45.2* cells, and
subjected to flow cytometry analysis every 2 weeks throughout the
study. Kaplan-Meier survival curves were created using the GraphPad
Prism (v9) software.

RT-qPCR Analyses

Total RNA was isolated using RNeasy UCP Micro kit (Qiagen,
#73934) and reverse transcribed with the high-capacity cDNA reverse
transcription kit (Thermo Fisher, #4368814) in accordance with the
manufacturer’s instructions. Quantitative PCR was performed using
the SYBR Green PCR Master Mix (Fisher Scientific, #A25778) with
the ViiA 7 Real-time PCR system (Thermo Fisher).

MSK Mouse-IMPACT Capture-Based Next-Generation
Sequencing

Genomic DNA was isolated from BM cells of Enl-WT or Enl-T1
mice using the Puregene Cell kit (Qiagen, #158043). The genomic
DNA was then sheared and prepared for DNA sequencing library us-
ing the MSK Mouse-IMPACT platform. The samples were sequenced
using Illumina Hiseq2500.
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Data analysis was performed as previously described (47-49).
Briefly, adapter sequences at the end of the reads were removed using
cutadapt (v1.6). Reads were mapped to the mouse reference genome
(mm10) using BWA mapper (bwa mem v0.7.12). The mapped SAM
files were sorted and read group tags were added using the PICARD
tools. The sorted and grouped BAM files were processed with
PICARD MarkDuplicates, followed with GATK toolkit (v3.2) analysis
according to the best practices for tumor and normal pairs. The tu-
mor and normal pairs were realigned using ABRA (v 0.92), and then
the base quality values were recalibrated with the BaseQRecalibrator.
Somatic variants were then called in the processed BAMs using mu-
Tect (v1.1.7) for SNV and the Haplotype caller from GATK with a cus-
tom post-processing script to call somatic indels.

RNA Sequencing

Total RNA was extracted using RNeasy UCP Micro kit (Qiagen,
#73934), and 500 ng total RNA was used for library preparation
using the polyA mRNA magnetic isolation module (NEB, #E7490)
and RNA library prep kit (NEB, #7770) following the manufac-
turer’s instructions. RNA samples were sequenced using Illumina
NextSeq S00.

Reads were aligned to the mouse reference genome (mm10) using
HISAT2 v 2.2.1 with default parameters (101). The package featu-
reCounts v 2.0.2 was used for counting the mapped reads in each
mouse gene (102). Transcript per million (TPM) was used for normal-
izing the gene expression. Differentially expressed genes between con-
ditions were statistically determined by R package DESeq2 v1.38.3
(103). Genes with adjusted P value < 0.05 and fold change > 1.5 were
reported as differential genes. Volcano plots and heatmap were gen-
erated directly in R.

Principal Component Analysis

R package FactoMineR v 2.8 was used to perform PCA. Briefly,
gene expression profiles, normalized by TPM for all the samples, were
provided as input for the FactoMineR package module PCA. By em-
ploying the main dimensions PC1 and PC2, we generated a dot plot
for visualization.

Gene Set Enrichment Analysis

GSEA was performed using the GSEA v4.1.0 software with 1,000
gene set permutations. Gene sets used were manually curated from
published or our own datasets. A detailed description of GSEA meth-
odology and interpretation can be found at http://www.broadinstitute.
org/gsea/doc/GSEAUserGuideFrame.html. Gene rank lists were gener-
ated by ordering the expression fold change (T1 vs. WT) from largest
to smallest in indicated cells. Enrichment score reflects the degree to
which a gene set is overrepresented at the top or bottom of a ranked
list of genes. The normalized enrichment score is the enrichment score
with normalization across analyzed gene sets. The false discovery rate
q value is the estimated probability that a gene set with a given normal-
ized enrichment score represents a false positive finding. All gene sets
used in this study are provided in Supplementary Table S8.

CUT&Tag

Hematopoietic cells were collected and nuclei were extracted. The
nuclei were crosslinked with 0.1% formaldehyde in PBS at room tem-
perature for 1 minute and stopped with 125 mmol/L glycine for S
minutes. Then, 40K nuclei were incubated with 10 pL activated ConA
beads (Bangs Laboratories, #BP531) at room temperature for 10 min-
utes. Next, 50 pL cold antibody150 buffer (20 mmol/L HEPES, PH
7.5; 150 mmol/L NaCl; 0.5 mmol/L Spermidine; 1x EDTA-free prote-
ase inhibitor) was added, with 1 pg indicated antibodies, mixed and
incubated overnight at 4°C. The beads were washed, and then incu-
bated with secondary antibody at room temperature for 30 minutes.

Samples were incubated with pAG-TnS (Epicypher, #15-1017) and
chromatin tagmentation was performed. The CUT&Tag DNA was
amplified using CUTANA High Fidelity 2x PCR Master Mix (Epicy-
pher, #15-1018), and purified with AMPure beads (Beckman Coulter,
#AG3881).

CUT&Tag samples were sequenced using the Illumina NextSeq2000.
Reads were aligned to the mouse reference genome (mm10) by the
package Bowtie2 v 2.2.5 with the default parameters (104). The
package samtools v 1.6 was used for converting to BAM format, sort-
ing, removing duplicates, and indexing (105). Peak calling was per-
formed by the package MACS2 v 2.2.8 with the parameters “-f BAMPE
-nomodel -q 1E-2 -broad —keep-dup all” for both H3K27ac and
H3K27me3 data (106). The chromatin distribution of the CUT&Tag
peaks was determined by HOMER module annotatePeaks.pl v 4.11
(107). To make the heatmaps, the filtered, sorted, and indexed BAM
files were converted to bigwig files using the bamCoverage from
deeptools v3.5.0 and then normalized by counts per million (CPM;
ref. 108). Heatmaps were generated using the module computeMatrix
and plotHeatmap from deeptools v3.5.0. The coverage plots were gen-
erated by either the module plotCoverage from deeptools v3.5.0 or the
package ngs.plot.r v2.63 (109).

ChIP-Seq

GMP or L-GMP cells were collected, washed, and crosslinked
with 1% formaldehyde in PBS at room temperature for 10 minutes
and stopped with 125 mmol/L glycine for 5 minutes. Cells were re-
suspended and sonicated in RIPA 0.3 buffer (0.1% SDS, 1% Triton
X-100, 10 mmol/L Tris-HCI (pH 7.4), 1 mmol/L EDTA (pH 8.0), 0.1%
NaDOC, 0.3 mol/L NaCl, 0.25% sarkosyl, 1 mmol/L DTT, and pro-
tease inhibitors) using a Covaris Ultrasonicator. 10 pg antibody was
pre-incubated with 75 pL Protein A Dynabeads at 4°C for >4 hours.
The beads were washed three times with PBS plus 0.01% tween 20
which was then added to and incubated with the samples overnight
at 4°C. The immunoprecipitates were washed twice with low salt
wash buffer (50 mmol/L Tris pH 8.0, 150 mmol/L NaCl, 1 mmol/L
EDTA, 1% Triton X-100, and 0.1% SDS), twice with high salt wash
buffer (50 mmol/L Tris pH 8.0, 500 mmol/L NaCl, 1 mmol/L EDTA,
1% Triton X-100, and 0.1% SDS), twice with LiCl wash buffer (50
mmol/L Tris pH 8.0, 150 mmol/L LiCl, 1 mmol/L EDTA, 1% NP-40,
and 0.5% Na-Deoxycholate, 0.1% SDS), and once with TE buffer (1
mmol/L EDTA, 10 mmol/L Tris-HCl pH8.0) plus 50 mmol/L NaCl.
Bound DNA was eluted using 200 pL ChIP elution buffer (1% SDS,
50 mmol/L Tris-HCI, pH 8.0, 10 mmol/L EDTA, 200 mmol/L NacCl),
reverse crosslinked, and then purified using a PCR purification kit
(Qiagen, #28106) to a final volume of 50 pL.

ChIP-seq sample libraries were prepared using the NEBNext
Ultra I DNA Library Prep Kit (NEB, #E7645L) following the manu-
facturer’s instructions. The samples were sequenced using an Illu-
mina NextSeq2000. The analysis procedures for ChIP-seq data are
almost identical to those for CUT&Tag data, except for the peak
calling step. In ChIP-seq analysis, we utilized the corresponding in-
put data as a control during peak calling; other parameters are the
same as what we used for CUT&Tag.

Clinical Patient Data Analysis

The patient RNA-seq data were obtained from the TARGET-AML
database. GSVA was employed for determining the gene signature
score for each patient with AML. The R package GSVA v 1.46.0 was
utilized to perform the analysis (110).

Functional Analysis

The predicted biological function of certain gene list was deter-
mined by GO analysis, which was performed by the Metascape web-
site (https://metascape.org; ref. 111). The prediction of the function
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of cis-regulatory regions were performed by GREAT analysis (http://
bejerano.stanford.edu/great/public/html/) with the whole genome as
the background regions (112).

Statistical Analyses

No statistical methods were used to predetermine sample size.
Experimental data are presented as mean + SEM, unless stated oth-
erwise. Statistical significance was calculated by two-tailed, unpaired
t test on two experimental conditions with P < 0.05 considered statis-
tically significant unless stated otherwise.

Oligos
All oligos used are provided in Supplementary Table S37.

Antibodies
All antibodies used are provided in Supplementary Table S38.

Data Availability

The CUT&Tag, ChIP-seq, and RNA-seq data have been deposited
in the Gene Expression Omnibus database under accession numbers
GSE239470. All other raw data generated or analyzed during this
study are included in this published article (and its Supplementary
Files). Codes used for data analysis are available upon request.
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