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INTRODUCTION
Acute myeloid leukemia (AML) is one of the deadliest 

hematologic malignancies with an overall 5-year survival 
rate of 26% (1, 2). Though genetically heterogeneous, AML 
is characterized by and highly “addicted” to dysregulated 
transcriptional programs that ultimately result in uncon-
trolled proliferation and malignant self-renewal of myeloid 
progenitor cells. Accordingly, genetic alterations in regulators 
of gene expression are drastically overrepresented in AML (3). 
However, direct therapeutic intervention remains challeng-
ing for many of these oncogenic drivers. As such, pharmaco-
logically tractable proteins that themselves are not necessarily 
mutated but essential for sustaining dysregulated transcrip-
tion programs in AML have been increasingly recognized as 
attractive therapeutic targets.

Previously, we and others identified the eleven–nineteen 
leukemia protein (ENL; encoded by the MLLT1 gene) as a 

critical dependency in AML (4, 5). ENL belongs to a protein 
family that contains a well-conserved YEATS domain, which 
can recognize histone lysine acylation, including acetylation 
and crotonylation (6–13). The human genome encodes four 
YEATS domain–containing proteins: ENL, AF9, GAS41, and 
YEATS2. These proteins have been found in nuclear com-
plexes with a variety of molecular functions spanning chro-
matin remodeling, histone modification, and transcription 
(7, 14), and they have been increasingly implicated in cancer. 
In leukemia, ENL and its paralog, AF9, are frequently fused 
with the mixed lineage leukemia protein (MLL1, also known 
as KMT2A) as a result of chromosomal translocations. The 
resultant MLL fusions, often missing the ENL/AF9 YEATS 
domains, drive the onset of distinct subsets of AML and 
acute lymphoblastic leukemia (ALL), both of which are asso-
ciated with poor prognosis (15, 16). In addition to partici-
pating in oncogenic fusions, the wild-type ENL is co-opted 
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to support oncogenic gene expression programs important 
for the maintenance of AML, in particular with those har-
boring MLL fusions (4, 5). It has been shown that genetic 
depletion of ENL, or mutational disruption of its YEATS 
domain–mediated interaction with acylated histones, leads 
to growth impairment of MLL-rearranged (MLL-r) leukemia 
in cellular and animal studies (4, 5). Furthermore, recurrent 
mutations in the ENL YEATS domain have been discovered 
in Wilms tumor and are associated with a high risk of relapse 
(17, 18). These mutations, as shown in our recent study (19), 
can confer ENL-increased transcriptional activity and drive 
hyperactivation of developmentally important genes, notably 
the HOXA cluster, and such a function requires the acyl-lysine 
binding activity of ENL. Together, these studies establish 
important roles for ENL in human cancer and nominate its 
acyl-binding YEATS domain as a critical functional domain 
and potential therapeutic target.

Chemical probes of chromatin readers serve as valuable 
tools for investigating regulatory mechanisms and functional 
roles of their target proteins in normal and disease states and 
could have significant clinical potential, as evidenced by the 
success of inhibitors against bromodomain and extraterminal 
(BET) proteins (20–24). Previous structural studies suggest 
that YEATS domains are pharmacologically tractable, as they 
contain both a deep pocket to accommodate their acyl-lysine 
substrate and nearby regions that could potentially comple-
ment the placement of other functional groups of an inhibitor 
(4, 6, 8, 10). Indeed, recent reports of a few peptide-mimic and 
small-molecule chemical probes have convincingly supported 
the tractability of ENL/AF9 YEATS domains for drug dis-
covery (25–31). However, only two reported chemical probes 
of ENL/AF9 have been evaluated for their antiproliferative 
effects in AML cell lines so far (30, 31). In each case, the probe 
exhibited either moderate cellular activity (30) or poor phar-
macologic properties (31) that limited further use for in vivo 
efficacy studies. Therefore, inhibitors with improved in vivo 
bioavailability will be needed to fully explore the translational 
potential of ENL inhibition in cancer. Furthermore, how spe-
cific perturbation of the ENL YEATS–acylation interaction by 
a direct-acting inhibitor remodels chromatin to affect onco-
genic programs in AML remains to be defined.

In this study, we develop the potent and orally bioavailable 
ENL/AF9 YEATS domain inhibitor TDI-11055 through the 
structure-based optimization of a reported chemical probe, 
and we use TDI-11055 to explore the therapeutic poten-
tial and mechanisms of ENL inhibition in AML. TDI-11055 
potently inhibits the proliferation and colony-forming ability 
of human leukemia cell lines and primary AML patient cells 
harboring MLL1 translocations and NPM1 mutations. The on-
target activity of TDI-11055 was extensively validated through 
a CRISPR-Cas9–mediated mutagenesis screen in AML cells. 
Oral treatment with TDI-11055 in mice blocks disease pro-
gression in cell line– and patient-derived xenograft (PDX) 
models of MLL-r and NPM1-mutated AML. Mechanistically, 
we show that displacement of ENL from chromatin by TDI-
11055 leads to a rapid decrease in the recruitment of select 
ENL-associated complexes and Pol II elongation. These chro-
matin changes occur prominently at top ENL-occupied loci, 
which enrich for key leukemogenic genes (including MYC and 
HOXA9), thus leading to the suppression of oncogenic gene 

expression programs and induction of cellular differentia-
tion. These findings establish the displacement of ENL from 
chromatin as a promising epigenetic therapy for molecularly 
defined AML subsets and support future translation of this 
approach to the clinical setting.

RESULTS
A Potent, Selective, and Orally Bioavailable 
Inhibitor of the ENL/AF9 YEATS Domains

The goal of our study was to develop a potent and in vivo 
bioavailable inhibitor that blocks the reader function of ENL 
as a tool to explore the therapeutic potential and mecha-
nisms of ENL targeting in cancer models. At the beginning 
of this study, SGC-iMLLT was the first and most potent 
small-molecule chemical probe reported for the ENL/AF9 
YEATS domains (Supplementary Fig. S1A; ref. 25). However, 
SGC-iMLLT has not been functionally characterized in AML 
beyond proximal target engagement and was noted to have 
metabolic instability and correspondingly a modest half-
life in primary human hepatocytes (25). Consistent with 
these findings, our pharmacokinetic (PK) characterization 
in mice revealed a short half-life for SGC-iMLLT that limits 
its further use for in vivo efficacy studies (t1/2 = 0.83 hours at 
oral dose 100 mg/kg; Supplementary Fig. S1B). As such, we 
performed a structure-guided optimization of SGC-iMLLT 
with the goal of improving its drug-like properties to enable 
in vivo utility while maintaining its favorable potency and 
selectivity profiles. These efforts resulted in the develop-
ment of TDI-11055 (Fig.  1A), which was obtained by (i) 
removing one of the benzimidazole nitrogen atoms due to 
its ability to tautomerize or protonate and (ii) introducing 
a new nitrogen atom into the ring system to predispose the 
molecule to adopt the conformation in which it binds to 
the ENL YEATS domain. Time-resolved fluorescence energy 
transfer (TR-FRET) assays were used to measure the inhibi-
tory effects of TDI-11055 on the interactions between differ-
ent YEATS domains and acylated histone peptides (Fig. 1B). 
As designed, TDI-11055 retained potency and selectivity for 
the YEATS domains of ENL (IC50  =  0.05  μmol/L) and AF9 
(IC50 = 0.07 μmol/L) but showed no inhibition of the YEATS 
domains of GAS41 and YEATS2 (IC50 >100 μmol/L; Fig. 1B; 
Supplementary Fig. S1C). The direct binding of TDI-11055 to 
the ENL YEATS domain was further confirmed by isothermal 
titration calorimetry (ITC; Fig. 1C, Kd = 119 nmol/L, N = 1). 
To evaluate the target engagement of TDI-11055 in a cellular 
context, we performed standard cellular thermal shift assays 
(32) in the human leukemia cell line MOLM-13. TDI-11055 
binds to and stabilizes endogenously expressed ENL but not 
GAS41 or YEATS2 in cells (Fig. 1D). The docking model of 
TDI-11055, which was based on the experimental crystal 
structure of ENL YEATS in complex with SGC-iMLLT (25), 
suggested that TDI-11055 binds directly to the acyl-binding 
site in ENL and engages with key acyl-recognizing residues 
that we have previously identified (ref. 4; Fig. 1E). In support 
of this model, we found that although TDI-11055 can bind to 
and stabilize wild-type ENL proteins in cellular thermal shift 
assays, its stabilization effect on an ENL mutant (Y78A) that 
lacks the ability to bind to acetylated histone (4) was mark-
edly reduced (Fig. 1F).



Targeting the Acyl-Lysine Reader ENL in AML RESEARCH ARTICLE

	 NOVEMBER  2022 CANCER DISCOVERY | 2687 

Previously, structure-based mutagenesis helped establish the 
acyl-lysine binding activity of the YEATS domain as an impor-
tant contributor to ENL chromatin localization (4, 5). To test 
whether TDI-11055 acts as a chromatin-competitive antagonist 
of ENL in cells, we treated MOLM-13 cells ectopically express-
ing a FLAG-tagged ENL at levels equivalent to the endogenous 
ENL proteins (Supplementary Fig. S1D) with DMSO or TDI-
11055 for 24 hours and then examined ENL genomic occupancy 
by chromatin-immunoprecipitation followed by sequencing 
(ChIP-seq) using an anti-FLAG antibody. ENL predominantly 
localized to the transcription start site (TSS) and gene body 
of genes that are highly enriched for H3K9ac and H3K27ac 
(Fig.  1G), consistent with previous reports (4, 5). TDI-11055 

treatment led to a substantial displacement of ENL from target 
genes, including well-established leukemogenic genes in AML 
such as MYC and the HOXA cluster (Fig.  1H; Supplementary 
Table S1). Because TDI-11055 treatment did not decrease the 
bulk levels of ENL proteins in cells (Supplementary Fig. S1E), 
these results establish TDI-11055 as a validated chemical tool 
for efficiently and specifically perturbing the chromatin reader 
function of ENL in living cells.

Next, we evaluated the potential utility of TDI-11055 as 
a candidate for in vivo studies by assessing its drug-like 
properties using in vitro and subsequently in vivo profil-
ing. TDI-11055 exhibited moderate/high permeability in a 
Caco2 cell monolayer with minimal efflux and high solubility 

Figure 1.  A potent, selective, and orally bioavailable inhibitor of the ENL/AF9 YEATS domains. A, Chemical structure for TDI-11055. B, Left, schematic 
depiction of the TR-FRET assay used to quantify the ability of a compound to disrupt YEATS domain and acylated histone H3 peptide interaction. Right, 
dose-dependent inhibition of the TR-FRET signal by TDI-11055. The IC50 shown represents the mean of four independent experiments. C, ITC experiment 
demonstrating direct binding of TDI-11055 to ENL YEATS with 1:1 stoichiometry. One of two independent replicates is shown. D, Top, immunoblots 
showing endogenous levels of ENL, GAS41, and YEATS2 protein after heat treatment in MOLM-13 leukemia cells at increasing temperatures. Bottom, 
quantification of immunoblot signals. One of two independent experiments is shown. (continued on next page)
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(Supplementary Fig. S1F), properties that forecast sufficient 
oral absorption in vivo. Upon oral administration at doses 
of 30 to 100 mg/kg (Supplementary Fig.  S1G), TDI-11055 
was well tolerated with high oral bioavailability (Fpo >100%). 
Notably, the half-life for TDI-11055, particularly at higher 
oral doses, was much improved over that of SGC-iMLLT and 
reached 5 hours, thus providing the opportunity to deliver 
high and sustained concentrations of the unbound drug via 
oral administration (Fig.  1I). Taken together, our charac-
terization indicates that TDI-11055 is a potent, selective, and 
orally bioavailable ENL/AF9 YEATS inhibitor with a profile 
appropriate for in vivo studies. Therefore, we used it for sub-
sequent studies in AML.

TDI-11055 Inhibits the Growth of MLL-r and 
NPM1-Mutated Leukemia Cells In Vitro

To study the antileukemic potential of TDI-11055, we first 
assessed alterations in the proliferation of a panel of human 
leukemia cell lines after treatment with TDI-11055. We tested 

four MLL-r leukemia cell lines that have been previously 
shown to be sensitive to genetic depletion of ENL: MV4;11 
(MLL–AF4), MOLM-13 (MLL–AF9), OCI-AML2 (MLL–AF6), 
and ML2 (MLL–AF6; refs. 4, 5). Exposure to TDI-11055 led 
to a profound reduction in cell proliferation in a concentra-
tion-dependent manner in each of these lines (Fig.  2A). By 
contrast, TDI-11055 exerted minimal effects on the growth 
of HL60, K562, U937, and JURKAT (Fig.  2B), all of which 
are non–MLL-r leukemia cell lines and largely insensitive to 
genetic loss of ENL (4, 5). We noticed that TDI-11055 also 
had a strong inhibitory effect on the growth of OCI-AML3 
(Fig. 2A), a cell line that harbors a genetic mutation in nucle-
ophosmin (NPM1)—a gene that is mutated in >30% of AML 
(33–35). Because OCI-AML3 had not been previously tested 
for its reliance on ENL, we used CRISPR-Cas9 editing to 
disrupt ENL and performed growth competition assays. We 
found that the genetic perturbation of ENL inhibited the 
growth of OCI-AML3 cells to a degree similar to the ENL-
dependent MLL-r cell line MV4;11 (Supplementary Fig. S2A 
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and S2B). Further analysis showed that growth inhibition 
by TDI-11055 in MV4;11 and OCI-AML3 cells was accompa-
nied by a decrease in cell-cycle progression (Supplementary 
Fig. S2C and S2D) and, to a lesser extent, an increase in apop-
tosis (Supplementary Fig. S2E and S2F).

Next, we tested the effects of TDI-11055 on the clonogenic 
potential of leukemia cells, an in vitro surrogate assay for 
leukemia stem cell activity. TDI-11055 treatment strongly 
inhibited the clonogenic potential of ENL-dependent cells 
(MV4;11 and OCI-AML3) when compared with DMSO con-
trol, which was reflected by a marked decrease in colony num-
ber and size in a concentration-dependent manner (Fig.  2C 
and D). In contrast, the colony formation by leukemia cells 

with low ENL dependence (HL60 and K562) was only mod-
estly affected by TDI-11055 (Fig. 2E and F). Taken together, 
these results indicate that TDI-11055 treatment recapitulates 
the genetic disruption of ENL and exhibits preferential inhib-
itory activity against MLL-r and NPM1-mutated leukemia.

A CRISPR-Cas9–Mediated Mutagenesis Screen 
Identifies a Drug-Resistant ENL Mutant Allele

Many well-characterized small-molecule inhibitors suf-
fer from off-target effects in cells despite exhibiting specific 
effects in biochemical assays and cellular phenotypes (36). To 
rigorously validate that the antiproliferative effects of TDI-
11055 in AML cells are indeed due to inhibition of ENL, we 
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Figure 2.  TDI-11055 suppresses the cellular growth of MLL-r and NPM1-mutated leukemia cells through on-target inhibition of ENL. A and B, Dose–
response viability curves (8 days) for TDI-11055 in human leukemia cell lines with high (A) and low (B) dependence on ENL defined by genetic studies. 
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treated with DMSO or TDI-11055 (TDI; 1 and 10 μmol/L). Error bars represent mean ± SEM (n = 3). One of two independent experiment batches is shown. 
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among all sgRNAs. (continued on next page)
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Figure 2. (Continued) J, Schematic for a proliferation competition assay used in K. K, Left and center, plots showing the relative fitness of indicated 
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performed a CRISPR-Cas9–mediated mutagenesis screen to 
systematically alter ENL protein sequence in situ. This strategy 
allowed us to ask if any genetic mutation(s) in ENL could 
alter cellular response to TDI-11055, a strategy previously 
used to successfully identify physiologic targets of anticancer 
agents and generate inhibitor-resistant mutants for mecha-
nistic studies (37–40). Specifically, we designed a pool of all 
possible NGG Protospacer Adjacent Motif (PAM)-restricted 
single-guide RNAs (sgRNA) targeting the YEATS domains of 
ENL and AF9 (Supplementary Table S2). We transduced these 
sgRNAs into Cas9-expressing MV4;11 cells and treated the cells 
with DMSO or TDI-11055 for 4 weeks. Genomic DNA from 
cells at the initial and final time points of the experiments was 
subjected to deep sequencing to determine sgRNA distribu-
tion (Fig.  2G). Consistent with the essential nature of ENL 
in MV4;11 cells, most sgRNAs targeting ENL were depleted 
in both the DMSO and TDI-11055 treatment conditions. 
In contrast, sgRNAs targeting AF9 were largely not depleted 
(Fig. 2H; Supplementary Table S2), reinforcing previous find-
ings that AF9 is dispensable for the growth of MV4;11 cells (4, 
5) and indicating that the effects of TDI-11055 in this context 
could not be attributed to its inhibition of AF9.

We then examined the differential enrichment of ENL sgRNAs 
in DMSO- and TDI-11055–treated groups. We reasoned that 
if a given ENL sgRNA is preferentially enriched under TDI-
11055 exposure, it may produce mutant ENL allele(s) that 
retain, at least partially, ENL’s functionality while confer-
ring relative resistance to TDI-11055. There were 19 ENL 

sgRNAs exhibiting  >2-fold enrichment in the TDI-11055–
treated group when compared with the control group (Fig. 2I; 
Supplementary Tables  S3 and S4), and noticeably, four or 
more of these sgRNA targeted two hotspot regions within the 
ENL YEATS domain (Fig. 2I; R1 and R2). We then evaluated 
whether individual sgRNAs enriched in these two hotspot 
regions could render cells less sensitive to TDI-11055 using 
a growth competition assay (Fig.  2J). Cells harboring each 
of the ENL sgRNAs tested were initially depleted in both 
the DMSO and TDI-11055 treatment conditions (Fig.  2K; 
Supplementary Table S4), suggesting that these sgRNAs pre-
dominantly generated loss-of-function mutations in ENL. 
Under continuous exposure to TDI-11055, cells transduced 
with ENL sgRNA #326 and, to a lesser extent, sgRNA #323, 
gained a competitive growth advantage versus nontrans-
duced cells (Fig. 2K), indicating the emergence and expansion 
of drug-resistant clone(s). The drug-resistant phenotypes 
induced by sgENL326 were also observed in NPM1-mutated 
OCI-AML3 cells (Supplementary Fig. S3A and S3B).

Deep sequencing of ENL in sgENL326-positive cells before 
and after TDI-11055 treatment revealed a strong enrich-
ment for an in-frame deletion mutation, p.108_111delLEGN, 
after prolonged drug treatment (Fig.  2L; Supplementary 
Table S5). The same mutation was also enriched, albeit to a 
lesser extent, in sgENL323-positive cells after drug treatment 
(Supplementary Fig. S3C; Supplementary Table S5). The dele-
tion encompasses the predicted Cas9 cutting site induced by 
sgENL326 and sgENL323 (Supplementary Fig. S3D and S3E) 
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and is located in the loop region adjacent to the acyl-binding 
pocket in ENL (Supplementary Fig.  S3F). To directly test if 
the ENL deletion mutant confers a growth advantage under 
drug selection, we transduced MV4;11 cells with mCherry-
linked wild-type or mutant ENL transgenes and monitored 
their growth relative to nontransduced cells over time under 
DMSO and TDI-11055 treatment conditions (Fig. 2M). Cells 
ectopically expressing the wild-type ENL transgene slightly 
outgrew nontransduced cells under continuous exposure to 
TDI-11055, possibly due to higher levels of total ENL pro-
teins; such a growth advantage was more pronounced in cells 
ectopically expressing the mutant ENL transgene (Fig. 2N). We 
found that purified ENL YEATS domains harboring the dele-
tion exhibited a lower binding affinity with TDI-11055 when 
compared with the wild type [Kd = 0.51 μmol/L (deletion) vs. 
0.15  μmol/L (wild type); Supplementary Fig.  S3G], revealing 
a potential mechanism by which the mutation confers rela-
tive resistance to TDI-11055–induced growth inhibition that 
warrants future investigation. Collectively, our results provide 
compelling “genetic proof” that the antigrowth activity of 
TDI-11055 is largely attributed to its inhibition of ENL, fur-
ther validating the on-target activity of the compound.

Displacement of ENL from Chromatin by TDI-11055 
Suppresses Key Oncogenic Gene Expression 
Programs in MLL-r and NPM1-Mutated AML

We next sought to investigate the molecular mechanism by 
which TDI-11055 affects AML. We performed RNA sequenc-
ing (RNA-seq) analysis of MV4;11 cells treated with DMSO or 
TDI-11055 for 24 hours, a time point before any noticeable 
phenotypes were observed. There were significantly more genes 
downregulated (923) than upregulated (219) upon TDI-11055 
treatment (1.5-fold change, P < 0.05; Fig. 3A; Supplementary 
Table S6), consistent with observations obtained from genetic 
depletion of ENL in the same cell line (5). To assess the extent 
to which ENL-dependent genes were perturbed by TDI-11055, 
we performed gene set enrichment analysis (GSEA). We found 
that genes that were previously shown to be downregulated 
by dTAG-mediated degradation of ENL were significantly 
downregulated by TDI-11055; by contrast, genes that were 
upregulated upon dTAG-mediated degradation of ENL were 
upregulated by TDI-11055 (Fig. 3B; Supplementary Table S7). 
To further evaluate the specificity of TDI-11055–induced 
transcriptional changes, we profiled ENL-dependent gene sets 
along with  >6,000 gene sets from the Molecular Signatures 
Database (MSigDB; refs. 41, 42). Remarkably, ENL-dependent 
gene sets were the topmost enriched upon TDI-11055 treat-
ment (Fig. 3C; Supplementary Table S7). These data not only 
strongly support the on-target activity of TDI-11055 in gene 
regulation but also indicate that specific perturbation of its 
reader function is sufficient for disrupting ENL-dependent 
transcriptional programs in AML cells. Among the genes 
with significantly downregulated expression upon TDI-11055 
treatment, we found several key oncogenes in AML, including 
MYC, HOXA9/10, and MYB (Fig. 3A). The expression of these 
oncogenes was decreased by TDI-11055 in a concentration-
dependent manner, starting at a concentration as low as 
0.1  μmol/L (Fig.  3D). In terms of affected pathways, GSEA 
revealed that MYC target gene signatures were among the most 
repressed among  >6,000 gene sets (Fig.  3E; Supplementary 

Table  S7), in line with MYC being a top gene suppressed by 
TDI-11055 (Fig. 3A). Furthermore, TDI-11055 treatment led 
to the loss of a leukemia stem cell (LSC) signature (43) along 
with the gain of a myeloid lineage differentiation signature in 
MV4;11 cells (Fig.  3E; Supplementary Table  S7), consistent 
with the well-established roles of key ENL target genes, includ-
ing MYC and HOXA9, in regulating LSC function.

We next asked whether TDI-11055 suppressed the growth 
of ENL-dependent NPM1-mutated AML cells by regulating 
similar transcriptional changes as in MLL-r leukemia cells. 
We first examined the expression of MYC, MYB, and the 
HOXA cluster in OCI-AML3 cells and observed downregu-
lated expression in response to TDI-11055 as seen in MV4;11 
cells (Supplementary Fig. S4A). To fully assess transcriptional 
changes induced by TDI-11055, we performed RNA-seq for 
OCI-AML3 cells treated with DMSO or TDI-11055 for 24 
hours (Fig. 3F; Supplementary Table S8). Although transcrip-
tional changes induced by TDI-11055 in OCI-AML3 cells 
were less profound than those in MV4;11 cells (Fig. 3F), we 
found that top ENL-dependent genes in MV4;11 cells were 
suppressed by TDI-11055 in OCI-AML3 cells and vice versa 
(Supplementary Fig. S4B and S4C; Supplementary Tables S6 
and S8). Moreover, similar to MV4;11 cells, OCI-AML3 cells 
exhibited downregulated expression of MYC target genes and 
of an LSC gene signature along with upregulated expression 
of genes associated with myeloid differentiation upon TDI-
11055 treatment (Fig. 3G; Supplementary Table S7).

To explore the clinical relevance of ENL-regulated genes 
identified in cell line systems, we examined the relationship 
between the expression levels of genes that are downregulated 
by TDI-11055, identified in either MV4;11 or OCI-AML3 cells, 
and the expression levels of LSC genes (43) in primary AML 
samples from The Cancer Genome Atlas (TCGA; ref. 44) and 
the Therapeutically Applicable Research to Generate Effective 
Treatments (TARGET; ref. 45) datasets. This analysis revealed 
a strong positive correlation between ENL-dependent genes 
and LSC genes in patient samples (Fig. 3H and I). Collectively, 
these results suggest that specific inhibition of the reader 
function of ENL suppresses highly similar and clinically 
relevant oncogenic gene expression programs in MLL-r and 
NPM1-mutated leukemia.

TDI-11055 Induces Rapid Changes in Transcription 
Elongation at Top ENL-Bound Genes

ENL has been reported to interact with multiple chromatin-
associated proteins, including the super elongation complex 
(SEC/P-TEFb), DOT1L, and RNA polymerase II–associated 
factor 1 (PAF1), all of which are involved in transcription 
regulation and implicated in AML (46–50). However, the 
precise contribution of these various binding partners to the 
function of ENL in AML remains incompletely understood. 
Previous work showed that genetic depletion of ENL results 
in decreased SEC/P-TEFb occupancy at a subset of ENL 
target genes (4, 5). It has remained unclear whether ENL 
also plays a role in the recruitment of other partners such as 
DOT1L and PAF1 and, importantly, whether isolated inhibi-
tion of its reader function is sufficient to recapitulate ENL 
depletion in chromatin regulation.

We treated MV4;11 cells ectopically expressing an 
HA-tagged ENL at levels equivalent to the endogenous ENL 
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proteins with DMSO or TDI-11055 for 30 minutes and then 
determined ENL genomic occupancy by ChIP-seq using an 
anti-HA antibody. Such a short-term treatment with TDI-
11055 was sufficient to globally displace ENL from chromatin 
(Fig. 4A; Supplementary Table S9). Next, we performed ChIP-
seq for AFF1 (a scaffold subunit of SEC/P-TEFb), DOT1L, 
and PAF1 in MV4;11 cells. In the control cells, we found that 
AFF1, DOT1L, and PAF1 localized to largely similar genes 
across the genome as ENL (Supplementary Fig.  S5A). To 
further investigate the relationship between each of these 
proteins and ENL, we grouped genes in the genome into 
strongly ENL-bound (top), weakly ENL-bound (low), as well 
as non–ENL-bound (non) genes based on HA-ENL ChIP-
seq signals (Fig.  4B; Supplementary Table  S10). Metagene 
profiles showed that AFF1, DOT1L, and PAF1 ChIP-seq 
signals positively correlated with the levels of ENL occupancy 
(Supplementary Fig.  S5B; Supplementary Tables  S11–S13). 
After 30 minutes of TDI-11055 treatment, there was an 
evident reduction of AFF1 (Fig. 4C–E) and DOT1L (Fig. 4C, 
F, and G) occupancy at ENL-bound genes. Notably, the fold-
change decrease in AFF1 and DOT1L occupancy significantly 
correlated with the original ENL occupancy at target genes,  
with top ENL-bound genes (e.g., ZEB2, MYC, and HOXA9/10) 
demonstrating the most pronounced decrease after TDI-11055 
treatment (Fig.  4C–G; Supplementary Tables  S14 and S15).  
Similar results were observed after 24 hours of TDI-11055 
treatment (Supplementary Fig. S5C and S5D; Supplementary 
Tables S11 and S12). In sharp contrast to AFF1 and DOT1L, 
PAF1 ChIP-seq signals were largely unaffected after 24 hours  
of TDI-11055 treatment (Supplementary Fig.  S5E; Supple
mentary Table  S13). Together, these results reveal a direct 
contribution of the reader function of ENL to the recruit-
ment of select ENL-associated proteins (SEC/P-TEFb and 
DOT1L, but not PAF1) to at least a subset of ENL target genes  
in AML cells.

We then asked if the decreased occupancy of SEC/P-TEFb 
and DOT1L at ENL target genes mediates transcriptional 
changes induced by TDI-11055. We first examined serine 2 
phosphorylation on Pol II (Pol II S2P), which is catalyzed by 
the CDK9 subunit in SEC/P-TEFb and a key indicator of pro-
ductive transcription elongation (51). We observed a decrease 
of Pol II S2P ChIP-seq signals at top ENL-bound genes fol-
lowing 2 hours of TDI-11055 treatment (Fig.  4C, H, and I), 
and such a decrease became more pronounced after 24 hours 
of treatment (Fig. 4J). As in the case of AFF1, the fold-change 

decrease in Pol II S2P occupancy was most evident at top 
ENL-bound genes (Fig.  4I and J; Supplementary Tables  S16 
and S17). In contrast to Pol II S2P, we did not observe a 
significant decrease in total Pol II occupancy at ENL target 
genes. Instead, there was a slight but noticeable increase in 
total Pol II ChIP-seq signals at the promoter-proximal region 
of ENL target genes (Supplementary Fig. S5F; Supplementary 
Table S18), suggesting a potential defect in the release of Pol II  
from promoter-proximal pausing into productive elongation. 
We calculated the degree of Pol II pausing based on the ratio 
of promoter to gene body Pol II density (52) and found 
that TDI-11055 treatment increased the pausing index of Pol II 
(Supplementary Fig. S5G). Finally, the decrease in Pol II S2P 
occupancy was significantly associated with reduced gene 
expression (Supplementary Fig. S5H). Together, these findings 
bolster the reported function of ENL in SEC/P-TEFb recruit-
ment and transcription elongation revealed by genetic studies 
(4, 5) and provide direct experimental evidence that such a 
function is critically dependent on the reader activity of ENL.

Unlike SEC/P-TEFb, the regulation of DOT1L chromatin 
localization by ENL had not been previously determined. Given 
that TDI-11055 treatment led to a rapid decrease in DOT1L  
occupancy at a subset of ENL target genes, we wanted to 
confirm that this is indeed due to ENL displacement using 
a genetic approach. We ectopically expressed an ENL–
FKBP12(F36V) transgene in Cas9-positive MV4;11 cells and 
then infected these cells with an sgRNA that targets only the 
endogenous ENL to reduce the levels of endogenous proteins 
(Supplementary Fig.  S5I). We observed a substantial decrease 
of ENL–FKBP12 proteins upon dTAG13 treatment for 6 or 24 
hours (Supplementary Fig.  S5J). Despite some residual levels 
of endogenous ENL proteins, the occupancy of DOT1L at sev-
eral top ENL targets (e.g., HOXA9/10 and MYC) was evidently 
decreased upon dTAG13 treatment (Supplementary Fig. S5K). 
Thus, our results from both chemical and genetic studies sup-
port a role of ENL in DOT1L localization to a subset of target 
genes in AML cells that we have tested. DOT1L catalyzes meth-
ylation at histone H3 lysine 79—a chromatin mark generally 
associated with active genes—and inhibition of the DOT1L 
enzymatic activity has been shown to suppress the expression 
of key oncogenes (e.g., HOXA9/10) important for MLL-r and 
NPM1-mutated leukemia (53–55). We found that the reduced 
DOT1L occupancy (Supplementary Fig.  S5D) led to only a 
very modest decrease in the H3K79me2 ChIP-seq signal at top 
ENL target genes following 24 hours of TDI-11055 treatment 

Figure 3.  Inhibition of ENL recruitment to chromatin suppresses key oncogenic gene expression programs in MLL-r and NPM1-mutated AML. A, Vol-
cano plot of RNA-seq data [with External RNA Controls Consortium (ERCC) RNA spike-in] obtained from MV4;11 cells treated with DMSO or 5 μmol/L 
TDI-11055 (TDI) for 24 hours. Key differentially expressed genes are shown in red. Data represent mean across two replicates. See Supplementary 
Table S6. B, GSEA plots evaluating gene expression changes in MV4;11 cells treated with TDI-11055 (5 μmol/L for 24 hours), with genes downregulated 
(DN; left) or upregulated (UP; right) upon dTAG-mediated degradation of ENL. FDR, false discovery rate; NES, normalized enrichment score. See Sup-
plementary Table S7. C, Unbiased GSEA using all signatures from MSigDB v7.2 C2 together with ENL genetic signatures for RNA-seq data presented in 
A. Each gene set is represented as a single dot. ENL signatures are indicated in red with numeral rank from the topmost enriched gene set. D, RT-qPCR 
analysis showing mRNA expression levels (normalized to B2M) of selected genes in MV4;11 cells upon treatment with different concentrations of TDI-
11055 (0.01, 0.1, 1 μmol/L) for 72 hours. Error bars represent mean ± SEM (n = 3). E, GSEA plots evaluating gene expression changes in MV4;11 cells 
treated with 5 μmol/L TDI-11055 for 24 hours with genes associated with MYC target genes (left), LSCs (center), and monocyte differentiation (right). 
DMAP, differentiation map. F, Volcano plot of RNA-seq data (with ERCC RNA spike-in) obtained from OCI-AML3 cells treated with DMSO or 1 μmol/L 
TDI-11055 for 24 hours. Key differentially expressed genes are in red. Data represent mean across two replicates. See Supplementary Table S8. G, GSEA 
plots evaluating gene expression changes in OCI-AML3 cells treated with 1 μmol/L TDI-11055 for 24 hours with genes associated with MYC target genes 
(left), LSCs (center), and monocyte differentiation (right). NPM1 mut, NPM1-mutated. H and I, Pearson correlation of downregulated genes that were 
induced by TDI-11055 in either MV4;11 (H) or OCI-AML3 (I) cells and leukemia stem cell genes in the TCGA and TARGET datasets. Each dot represents 
one sample from the TCGA and TARGET datasets. r, Pearson correlation coefficient. P values by the two-tailed Pearson correlation test.



Liu et al.RESEARCH ARTICLE

2694 | CANCER DISCOVERY NOVEMBER  2022	 AACRJournals.org

(Supplementary Fig. S6A–S6C; Supplementary Table S19), possi-
bly due to the slow turnover of H3K79 methylation as previously 
noted (53, 54). Moreover, TDI-11055 decreased the expres-
sion of HOXA9/10 after 2 hours of treatment (Supplementary 
Fig. S6D), whereas the potent DOT1L inhibitor EPZ-5676 sup-
pressed expression of the same genes at much later time points 
(Supplementary Fig.  S6E), consistent with the reported slow 
kinetics of DOT1L inhibitor effects on gene expression (53–55). 
Thus, our results suggest that rapid transcriptional changes 

induced by TDI-11055 at early time points (e.g., within hours) 
are likely attributed to a decrease in SEC/P-TEFb–mediated 
Pol II elongation rather than a decrease in DOT1L-mediated 
H3K79 methylation. Nevertheless, we do not rule out the pos-
sibility that the rapid decrease in DOT1L occupancy in response 
to ENL inhibition might contribute to gene regulation in an 
H3K79 methylation–independent manner (56) or that changes 
in DOT1L-mediated H3K79 methylation might contribute to 
antileukemia effects of ENL inhibition at later time points.

Figure 4.  TDI-11055 treatment induces rapid changes in transcription elongation at top ENL-bound genes. A, Rank-ordered heat map of HA-ENL 
ChIP-seq signals at ENL-bound peaks in MV4;11 cells treated with DMSO or TDI-11055 (5 μmol/L) for 0.5 hours. See Supplementary Table S9. RPM, reads 
per million. B, HA-ENL–bound genes in MV4;11 cells. HA-ENL ChIP-seq signals at the TSS ± 3 kb region of individual ENL-bound genes were plotted 
against their rank among all ENL-bound genes. Red depicts top ENL-bound genes (n = 165), and blue depicts low ENL-bound genes (n = 1,367). See Sup-
plementary Table S10. C, The genome browser view of HA-ENL, AFF1, DOT1L, and Pol II S2P ChIP-seq signals at select ENL target genes under DMSO 
and TDI-11055 (TDI) treatment conditions in MV4;11 cells. D and E, Average occupancies (D) and quantification (E) of AFF1 on top, low, and non–ENL-
bound genes along the transcription unit in DMSO and TDI-11055 (5 μmol/L for 0.5 hours) treatment conditions. See Supplementary Table S14. FC, fold 
change. F and G, Average occupancies (F) and quantification (G) of DOT1L on top, low, and non–ENL-bound genes along the transcription unit in DMSO 
and TDI-11055 (5 μmol/L for 0.5 hours) treatment conditions. See Supplementary Table S15. H–J, Average occupancies (H) and quantification (I and J) of 
Pol II S2P on top, low, and non–ENL-bound genes along the transcription unit in DMSO and TDI-11055 [5 μmol/L for 2 hours (I) or 24 hours (J)] treatment 
conditions. TES, transcription end site. In E, G, I, J, black solid lines denote median, and black dash lines denote quartiles. P values by the Welch two-tailed 
t test. See Supplementary Tables S16 and S17.
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TDI-11055 Impairs the Clonogenic Potential 
and Induces Differentiation of MLL-r and 
NPM1-Mutated Primary AML Patient Samples

Next, we explored the activity of ENL YEATS inhibition 
in primary AML patient samples. First, we tested the effects 
of TDI-11055 on the clonogenic potential of primary AML 
patient samples harboring different MLL1 translocations 
(MLL–AF4; MLL–AF9; MLL–ENL). TDI-11055 treatment 
strongly inhibited the colony formation of all five MLL-r 
leukemia patient samples tested in a concentration-depend-
ent manner (Fig.  5A; Supplementary Table  S20). Next, we 
assessed the activity of TDI-11055 in primary AML samples 
harboring NPM1 mutations and found a similar reduction 
in clonogenic potential (Fig. 5B; Supplementary Table S20). 
Notably, the effect of TDI-11055 in NPM1-mutated AML 
samples did not seem to be dependent on the type of sec-
ondary mutations, as the samples tested harbored diverse 
combinations of mutations and were all sensitive to TDI-
11055 treatment. By contrast, treatment with TDI-11055 
at the same concentrations had no effects on the colony 
formation of normal human hematopoietic progenitor cells 
(CD34+ umbilical cord blood cells; Fig. 5C) or normal mouse 
hematopoietic stem and progenitor–enriched Lin−Sca-1+ 
c-Kit+ (LSK) populations (Fig.  5D). In addition to sup-
pressing colony formation, TDI-11055 treatment induced 
differentiation phenotypes in primary AML samples, as 
reflected by the morphologic changes (Fig.  5E and F) and 
increased surface expression of the myeloid differentiation 
marker CD11b (Supplementary Fig. S7A and S7B) in TDI-
11055–treated samples. Furthermore, the expression of key 
ENL target genes, including MYC, HOXA9, and MYB, was 
significantly downregulated upon TDI-11055 treatment in 

primary AML samples with MLL1 translocations or NPM1 
mutations (Fig. 5G and H).

TDI-11055 Blocks Disease Progression in Models 
of MLL-r Leukemia

Given the strong inhibitory effects of TDI-11055 on AML 
cell lines and primary patient samples in vitro, we next wanted 
to explore the therapeutic potential of ENL inhibition in vivo 
using mouse models, a critical step toward clinical transla-
tion. To determine the optimal dosing strategies for in vivo 
studies, we integrated the unbound plasma concentration 
versus time profile following oral administration of TDI-
11055 at different dose levels (Fig. 1I) with the in vitro potency 
against MV4;11 (IC50 = 0.27 μmol/L; Fig. 2A) to predict the 
magnitude and duration of target coverage achievable in 
vivo. Based on this analysis, we chose 100 and 200 mg/kg 
doses combined with once (q.d.) or twice (b.i.d.) daily dosing 
regimens for subsequent studies, as they had the potential to 
achieve high and sustained levels of target coverage in vivo.

We first carried out PK/pharmacodynamic (PD) studies to 
assess the effect of TDI-11055 on tumor growth in a mouse 
xenograft model using MV4;11 cells subcutaneously implanted  
into BALB/c nude mice (Fig.  6A). After tumors reached 
approximately 300 to 400 mm3, treatment with TDI-11055 
[100 or 200 mg/kg, per os (p.o.), b.i.d.] or vehicle was initiated 
and continued for 8 consecutive days. Serial sampling of blood 
from TDI-11055–treated, tumor-bearing mice throughout the 
course of the treatment revealed sustained unbound drug con-
centrations above the in vitro IC50 for MV4;11 cell proliferation 
(0.27 μmol/L; Supplementary Fig. S8A and S8B), supporting 
our modeling. Dosing with TDI-11055 twice daily resulted in a 
significant inhibition of tumor growth over 8 days of treatment 
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Figure 5.  TDI-11055 impairs the clonogenic potential and induces differentiation of MLL-r and NPM1-mutated primary AML samples. A and B, Quan-
tification of colonies formed by five different MLL-r (A) and five different NPM1-mutated (B) primary AML samples under DMSO or TDI-11055 (1 and 
10 μmol/L) treatment conditions. Error bars represent mean ± SEM (n = 3). See Supplementary Table S20 for more information about the primary patient 
samples. C and D, Quantification of colonies formed by normal human hematopoietic progenitor cells (CD34+ cord blood cells; C) and normal mouse 
hematopoietic stem and progenitor–enriched Lin−Sca-1+c-Kit+ (LSK) cells (D) under DMSO or TDI-11055 (1 and 10 μmol/L) treatment conditions. Error 
bars represent mean ± SEM (n = 3). (continued on next page)
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Figure 5. (Continued) E and F, Wright–Giemsa-stained cytospins for four different MLL-r (E) and four different NPM1-mutated (F) primary AML 
samples under DMSO or TDI-11055 (TDI; 1 and 10 μmol/L) treatment conditions. G and H, RT-qPCR analysis showing mRNA expression levels of select 
ENL-regulated genes in MLL-r (G) and NPM1-mutated (H) primary AML samples treated with DMSO or TDI-11055 (1 μmol/L). Error bars represent 
mean ± SEM (n = 3).
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(Fig. 6B) with no overt effect on body weight (Supplementary 
Fig.  S8C). Gene expression analysis of tumors at the end of 
treatment revealed a substantial reduction in the expression 
of key ENL target genes (HOXA9, MYC, MEIS1, and MYB) in 
tumors in the TDI-11055–treated group compared with vehi-
cle controls (Fig.  6C). Furthermore, the degree of inhibition 
on tumor growth and target gene expression correlated with 
the levels of TDI-11055 in the blood (Supplementary Fig. S8A 
and S8B) and in tumor samples (Supplementary Fig.  S8D), 
indicating a positive relationship between drug exposure and 
response in vivo.

We next tested the effects of TDI-11055 in a dissemi-
nated human MLL-r leukemia model. MV4;11 cells were 
injected into NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice via 
the tail vein, and treatment with TDI-11055 was initiated 
21 days later to allow efficient engraftment of leukemic 

cells (Fig.  6D). Based on the PK/PD studies (Fig.  6A–C), 
we selected a 200 mg/kg q.d. regimen and treated the mice 
for 28 consecutive days without observing significant body 
weight loss (Supplementary Fig. S8E). TDI-11055 treatment 
resulted in lower leukemia burden in mice after 14 days of 
treatment (day 35 after transplantation) as assessed by the 
percentage of cells expressing human CD45 in the peripheral 
blood (Fig.  6E). All mice in the control group succumbed 
to the disease before reaching the end of treatment (day 
49 after transplantation) and showed a high percentage of 
human leukemia cells in the peripheral blood (Fig. 6E), the 
bone marrow, and the spleen at necropsy (Supplementary 
Fig. S8F). By contrast, most mice in the TDI-11055–treated 
group remained alive and had low or nondetectable levels 
(0%–1.6%) of human leukemia cells in peripheral blood by the 
end of drug treatment (Fig. 6E; day 49 after transplantation). 
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Finally, the overall survival of mice treated with TDI-11055 
was significantly improved when compared with mice in the 
control group (Fig. 6F; P = 0. 0018), with a 70% increase in 
median survival (37 vs. 63 days).

Next, we sought to assess the activity of TDI-11055 in 
PDX models, which maintain the histopathologic features 
and genetic profiles of the original human primary tumor 
samples and thus represent highly clinically relevant preclini-
cal models. We derived a PDX model from a pediatric patient 
with MLL–AF4 B-ALL who experienced multiple relapses and 
eventual lineage switch to AML. Patient leukemia cells were 
first expanded in NSG primary recipients, and then human 
leukemia cells were harvested from the bone marrow and 
transplanted into NSG secondary recipient mice via tail-vein 
injection. Treatment with vehicle or TDI-11055 was initi-
ated 7 days after transplantation and continued for 28 days 
(Fig. 6G). Because of the aggressive and treatment-refractory 
nature of this PDX model, we started with two different 
dosing regimens (Fig.  6G): 200 mg/kg q.d. for 28 consecu-
tive days, and 200 mg/kg b.i.d. with a 5 day on and 2 day off 
cycle for a total of 28 days. Both dosing regimens were well 
tolerated without causing overt toxicity and significant body 
weight loss (Supplementary Fig.  S8G). Leukemia developed 
rapidly in most vehicle-treated mice, as manifested by a 
substantial increase in the percentage of human CD45+ cells 
in peripheral blood over time (Fig. 6H). Before reaching the 

end of the treatment (day 35 after transplantation), most 
mice (five of seven) in the control group developed termi-
nal disease, as reflected by high levels of leukemic blasts in 
the bone marrow and spleen at necropsy (Supplementary 
Fig. S8H). In contrast, all mice in the two TDI-11055–treated 
groups had low or nondetectable levels of leukemia cells in 
the peripheral blood at the end of treatment (Fig.  6H). As 
there were no noticeable differences in the leukemia burden 
between the two treatment regimens, we chose the once-daily 
regimen to assess the survival benefit of TDI-11055 treatment 
in a separate batch of experiments with a larger cohort of 
mice. TDI-11055–treated mice had substantially prolonged 
survival (Fig. 6I; P = 0.0003) with a 53% increase in median 
survival over the vehicle-treated mice (32 vs. 49 days). We 
further assessed the activity of TDI-11055 in a second MLL-r 
PDX model derived from an AML patient sample harboring 
an MLL–ENL fusion (57). Treatment of mice with TDI-11055 
(200 mg/kg, p.o., q.d.) was initiated 8 days after transplanta-
tion and continued for 28 days. Although the percentage of 
human CD45+ cells in the peripheral blood increased over 
time in the vehicle controls, it remained largely unchanged 
in the TDI-11055–treated group during the treatment period 
(Fig.  6J), suggesting a significant block in disease progres-
sion. After 4 weeks of treatment, the leukemia burden was 
substantially reduced in both the bone marrow and spleen 
in the TDI-11055–treated mice when compared with vehicle 
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Figure 6.  In vivo activity of TDI-11055 in xenograft models of MLL-r and NPM1-mutated leukemia. A, Schematic of tumor growth in a mouse 
xenograft model with MV4;11 cells and treatment workflow. Treatment with vehicle or TDI-11055 (100 or 200 mg/kg, p.o., b.i.d.) was initiated 20 days 
after transplantation and lasted for a total of 8 days. subQ, subcutaneous. B, Tumor volume over time in vehicle- or TDI-11055 (TDI)–treated mice in the 
MV4;11 subcutaneous transplantation model. Error bars represent mean ± SEM (n = 5). P < 0.05 using unpaired, two-tailed Student t test. C, RT-qPCR 
analysis showing mRNA expression levels of indicated genes in tumors from mice treated with vehicle or TDI-11055 for 8 days. Error bars represent 
mean ± SEM (n = 5 tumors from n = 5 mice). D, Schematic of the MV4;11 xenotransplantation model and treatment workflow. Treatment with vehicle or 
TDI-11055 (200 mg/kg, p.o., q.d.) was initiated 21 days after transplantation and lasted for 28 days. E, Flow-cytometric quantification of human CD45+ 
cells in the peripheral blood harvested at indicated time points from mice transplanted with MV4;11 cells. Note that mice in the vehicle-treated group 
developed terminal disease before reaching the end of the 28-day treatment (day 49 after transplantation). Bars represent the median (n = 5). F, Kaplan–
Meier survival curves of vehicle (n = 5)- or TDI-11055 (n = 5)–treated mice in the MV4;11-disseminated model. P value using the log-rank test. (continued 
on next page)
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Figure 6. (Continued) G, Schematic of the MLL-r PDX-2263 xenotransplantation model and treatment workflow. Treatment with vehicle or TDI-
11055 (200 mg/kg, p.o., q.d. or 200 mg/kg, p.o., b.i.d., with 5 days on and 2 days off) was initiated 7 days after transplantation and lasted for a total of 
28 days. H, Flow-cytometric quantification of human CD45+ cells in the peripheral blood harvested at indicated time points from the MLL-r PDX-2263 
model. As five of seven mice in the control group died before completing the treatment, their percentage hCD45 values shown were at the time of death 
rather than at end of the treatment (day 35 after transplantation). I, Kaplan–Meier survival curves of mice treated with vehicle (n = 9) or TDI-11055 (TDI; 
n = 9, 200 mg/kg, p.o., q.d.) in the MLL-r PDX-2263 model. P value using the log-rank test. J, Flow-cytometric quantification of human CD45+ cells in the 
peripheral blood harvested at indicated time points from the MLL-r PDX-6315 model. As two of 10 mice in each of the control and TDI-11055 treatment 
groups died before completing the treatment, their percentage hCD45 values shown were at the time of death rather than at experimental endpoint (44 
days after transplantation; 8 days after completing 28-day treatment). K and L, Flow-cytometric quantification of human CD45+ cells in the bone marrow 
(K) and spleen (L) harvested 8 days after completing the treatment in the MLL-r PDX-6315 model. Bars represent the median. P value using unpaired, 
two-tailed Student t test. For J, K, and L, treatment with vehicle (n = 10) or TDI-11055 (n = 10, 200 mg/kg, p.o., q.d.) was initiated 8 days after transplan-
tation and lasted 28 days. M, Kaplan–Meier survival curves of vehicle (n = 9)- or TDI-11055 (n = 10)–treated mice in the OCI-AML3 model. Treatment with 
vehicle or TDI-11055 (200 mg/kg, p.o., q.d.) was initiated 7 days after transplantation and lasted for 28 days. P value using the log-rank test. NPM1 mut, 
NPM1-mutated. N, Flow-cytometric quantification of human CD45+ cells in the bone marrow harvested 1 week after completing the treatment in the 
NPM1-mutated PDX-3055 model. Treatment with vehicle (n = 7) or TDI-11055 (n = 8, 200 mg/kg, p.o., q.d.) was initiated 14 days after transplantation and 
lasted 28 days. Bars represent the median. P value using an unpaired two-tailed Student t test.
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controls (Fig. 6K and L). In summary, our results show that 
TDI-11055 administration as a single agent for 28 days was 
able to significantly block disease progression in models of 
aggressive MLL-r leukemia.

TDI-11055 Blocks Disease Progression in Models 
of NPM1-Mutated Leukemia

Next, we explored the therapeutic effects of TDI-11055 in 
disseminated models of NPM1-mutated AML. We first uti-
lized the OCI-AML3 (with NPM1 and DNMT3A mutations) 
xenotransplantation model, which represents an aggressive 
model of NPM1-mutated AML in which terminal disease 
develops within 3 weeks after transplantation. Treatment 
with vehicle or TDI-11055 (200 mg/kg, p.o., q.d.) was initi-
ated 7 days after transplantation and continued for 28 con-
secutive days. As expected, the vehicle-treated mice quickly 
developed terminal leukemia with a median survival of 23 
days. TDI-11055 treatment resulted in a significant increase 
in survival (Fig.  6M; P  =  0.0065). We further tested the 
activity of TDI-11055 in a PDX model of NPM1-mutated 

leukemia (3055, with NPM1 mutation and FLT3-ITD; ref. 58). 
Treatment with vehicle or TDI-11055 (200 mg/kg, p.o., q.d.) 
was initiated 14 days after transplantation and continued for 
28 consecutive days. Because of the relatively long latency of 
leukemia development in this model (58), treatment efficacy 
was assessed by comparing the leukemia burden, defined 
by the percentage of bone marrow cells expressing human 
CD45, 1 week after completing the treatment. We found that 
TDI-11055–treated mice had a significantly lower leukemia 
burden than the vehicle controls (Fig. 6N).

Collectively, our results from numerous AML models pro-
vide the first demonstration of in vivo efficacy of a YEATS 
domain inhibitor against cancer. TDI-11055 demonstrates 
pronounced in vivo activity, manifested by reduced leuke-
mia growth and prolonged survival in xenograft models of 
advanced MLL-r and NPM1-mutated leukemia. This corre-
lates with markedly downregulated expression of key ENL 
target genes including MYC and HOXA9, which might repre-
sent valid biomarkers for assessing the effectiveness of ENL 
inhibitors in future clinical studies.
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The Impact of TDI-11055 on Normal 
Hematopoiesis

Having established the antileukemia effect of TDI-11055 
both in vitro and in vivo, we sought to assess whether TDI-
11055 affects normal hematopoiesis in mice. We treated 
healthy C57BL/6 mice with vehicle or TDI-11055 using the 
same regimen applied to the leukemia models (200 mg/kg, 
p.o., q.d.) for 28 consecutive days (Fig. 7A). There was no overt 
toxicity and no evident loss of body weight or spleen weight 
following TDI-11055 treatment (Fig.  7B and C). Complete 
blood count analyses (Fig. 7D) showed no significant changes 
in levels of red blood cells (RBC), hematocrit (HCT), and 
platelets. The levels of white blood cells (WBC) and hemo-
globin (HGB) were slightly decreased in the TDI-11055–
treated group compared with vehicle controls, but these levels 
remained within the normal range (59, 60). Next, we analyzed 
bone marrow samples isolated from the mice and observed 
a modest decrease in the number of total bone marrow cells 
in TDI-11055–treated mice (Fig.  7E). We further profiled 
different hematopoietic cell compartments using flow-cyto-
metric analysis (Supplementary Table  S21). Interestingly, 
TDI-11055 treatment led to an increase in both relative and 
absolute numbers of stem cell–enriched LSK cells (Fig.  7F; 
Supplementary Fig.  S9A and S9B). Among LSK cells, we 
observed a modest decrease in the absolute number of pheno-
typically defined long-term hematopoietic stem cells (LT-HSC, 
Lin−Sca-1+c-Kit+CD150+CD48−), whereas multipotent pro-
genitors (MPP; Lin−Sca-1+c-Kit+CD150−CD48−) and down-
stream hematopoietic progenitor cell subsets were increased  
(HPC-1, Lin−Sca-1+c-Kit+CD150−CD48+ and HPC-2, Lin−Sca-1+ 
c-Kit+CD150+CD48+; Fig.  7F; Supplementary Fig.  S9A and 
S9B; ref. 61). TDI-11055 treatment induced minimal changes 
in the myeloerythroid progenitor–enriched LKS− popula-
tion (Lin−c-Kit+Sca-1−) and the granulocyte–macrophage 
progenitor–enriched population (GMP; Lin−Sca-1−c-Kit+CD41− 
CD150−CD16/32+; refs. 61–63; Fig. 7F; Supplementary Fig. S9C  
and S9D). Furthermore, analysis of differentiated cell popula-
tions in the bone marrow revealed a modest decrease in the 
absolute number of myeloid cells (Mac1+Gr1+) in the TDI-
11055–treated mice, accompanied by an increase in the rela-
tive and absolute numbers of CD4+ or CD8+ T cells (Fig. 7G; 
Supplementary Fig.  S9E). We also observed a decrease in 
developing B cells (B220+CD19+CD93+) in the bone marrow of 
TDI-11055–treated mice, whereas the pool of mature recircu-
lating B cells (B220+CD19+CD93−) was less affected (Fig. 7G; 
Supplementary Fig. S9E; ref. 64).

To ask whether the changes in different hematopoietic cell 
compartments induced by TDI-11055 treatment were revers-
ible, we monitored a small cohort of mice for an additional 80 
days after completing the treatment and performed an analy-
sis of peripheral blood and bone marrow samples. Notably, 
no significant differences were observed between TDI-11055–
treated mice compared with the vehicle controls in complete 
blood counts (Fig.  7H) and total bone marrow cell num-
bers (Fig.  7I). Furthermore, TDI-11055–induced changes in 
different hematopoietic cell compartments (Fig.  7J and K; 
Supplementary Fig. S10A–S10E) largely disappeared.

Together, these results show that TDI-11055 treatment 
caused modest and well-tolerated changes in specific hemat-
opoietic compartments, which resolved after cessation of 

treatment. Note, our biochemical studies show that TDI-
11055 exhibits similar activity against the YEATS domains 
of ENL and its paralog, AF9 (Fig. 1B). Previous studies have 
established an important role of AF9 in the expansion and 
transplantation potential of human hematopoietic stem/
progenitor cells (65), whereas the function of ENL in nor-
mal hematopoiesis remains undetermined. Thus, the effects 
induced by TDI-11055 in normal hematopoiesis could be due 
to the suppression of AF9 function in hematopoietic stem/
progenitor cells or the combinatorial inhibition of AF9 and 
ENL. Nevertheless, the transient and well-tolerated effects of 
TDI-11055 in normal steady-state hematopoiesis, together 
with its potent effects in AML models, indicate a promising 
therapeutic window for this ENL inhibitor.

DISCUSSION
Cancer cells are characterized by dysregulated transcrip-

tional programs, and these programs can render cancer cells 
highly dependent on certain regulators of gene expression. 
Recognition of modified histones by reader proteins consti-
tutes a key mechanism underlying transcriptional control; 
therefore, targeting such pathways holds clinical promise 
(66, 67). In recent years, the YEATS domain–containing pro-
teins have emerged as novel acyl-lysine readers with impor-
tant roles in cancer and, as such, attractive drug targets (7). 
In particular, the identification of the ENL YEATS–histone 
acylation interaction as a critical dependency in MLL-r leu-
kemia (4, 5) has motivated ongoing early drug development. 
Although a few small-molecule inhibitors of ENL have been 
reported so far (25–27, 30, 31), pharmacologic evaluation of 
ENL as a therapeutic target remained inadequately explored 
due to the current lack of an in vivo bioavailable inhibi-
tor. Furthermore, the direct chromatin changes induced by 
specific inhibition of the ENL YEATS–acylation interaction 
and how they lead to suppression of the malignant state 
remained undefined.

In this study, we describe TDI-11055 as a potent and the 
first orally bioavailable small-molecule inhibitor of the ENL/
AF9 YEATS domains. TDI-11055 retains the potency and 
selective profile of SGC-iMLLT and, through structure-based 
chemical design, exhibits markedly improved PK properties 
that enable in vivo utility. We show that TDI-11055 inhibits 
the proliferation and colony-forming potential of human 
leukemia cell lines bearing MLL1 translocations or NPM1 
mutations, and the antiproliferative activity of TDI-11055 
phenocopies genetic perturbation of ENL. A particularly 
powerful demonstration of the on-target activity of TDI-
11055 is the finding that a specific deletion mutation in 
the ENL YEATS domain, discovered through a CRISPR-
Cas9–mediated mutagenesis screen, can render cells less sen-
sitive to the compound. Importantly, the development of 
TDI-11055 has allowed us for the first time to explore the 
therapeutic potential of ENL inhibition in human primary 
AML patient samples in vitro and in vivo. TDI-11055 is very 
effective in decreasing the clonogenic potential and induc-
ing differentiation in primary MLL-r or NPM1-mutated AML 
patient samples, and, notably, these effects do not seem 
to depend on specific MLL1 fusion partners or secondary 
mutations co-occurring with NPM1 mutation. Furthermore, 
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administration of TDI-11055 as a single agent in vivo blocks 
disease progression and prolongs survival in both MLL-r 
and NPM1-mutated leukemia models, including PDXs with 
a high clinical relevance. Importantly, treatment with TDI-
11055 has a transient and well-tolerated impact on normal 
hematopoiesis in mice without causing other overt toxic-
ity, indicating the existence of a good therapeutic window 
for ENL YEATS inhibition. Collectively, our results provide 
crucial preclinical evidence for pharmacologic inhibition of 
ENL in molecularly defined AML subsets, supporting rapid 
translation of this approach to the clinical setting.

The development and rigorous validation of TDI-11055 
has allowed us to interrogate the precise function of the ENL 
YEATS–histone acylation interaction on chromatin. Although 
previous studies using genetic depletion have established a 
contribution of ENL to the recruitment of SEC/P-TEFb and 
Pol II elongation (4, 5), our inhibitor studies have now pro-
vided direct experimental evidence that this function of ENL 
occurs in a YEATS domain–dependent manner. Remarkably, 
30 minutes of TDI-11055 treatment is sufficient to globally 
displace ENL from chromatin. This in turn leads to a rapid 
decrease in the occupancy of SEC/P-TEFb and Pol II S2P at a 
subset of ENL-bound genes preceding decreased gene expres-
sion, indicating that TDI-11055 suppresses gene expression, 
at least in part, through the regulation of the SEC/P-TEFb/
Pol II S2P axis. In addition to SEC/P-TEFb, ENL has been 
shown to interact with other chromatin-associated proteins, 
including DOT1L and PAF1, yet the contribution of ENL to 
the recruitment of these proteins had not been previously 
determined. Using both genetic and chemical approaches, 
we provide evidence for a direct role of ENL and its YEATS 
domain in DOT1L chromatin localization to at least a subset 
of target genes in AML, revealing an additional mechanism 
underlying DOT1L regulation (68). It is worth pointing out 
that the rapid transcriptional changes induced by TDI-11055 
in early time points (within hours) are more likely attributed 
to a decrease in SEC/P-TEFb–mediated Pol II elongation 
rather than a decrease in DOT1L-mediated H3K79 meth-
ylation, as only a very modest decrease in H3K79 meth-
ylation is observed at top ENL target genes after 24 hours 
of TDI-11055 treatment. Nevertheless, it will be interesting 
for future studies to explore whether the decrease in DOT1L 
occupancy in response to ENL inhibition could contribute to 
gene regulation in an H3K79 methylation–independent man-
ner (56) and whether changes in DOT1L-mediated H3K79 
methylation contribute to the efficacy of ENL inhibitors in 
AML at later time points. Finally, in contrast to SEC/P-TEFb 
and DOT1L, the chromatin occupancy of PAF1, another 
ENL-interacting partner that also plays a critical role in 

transcription elongation (69), is largely unaffected by TDI-
11055, suggesting that ENL acts downstream of PAF1 (47) 
or independently of PAF1 in the context that we have tested. 
Our results thus reveal immediate consequences of ENL 
YEATS inhibition on chromatin and offer molecular insights 
that support the effectiveness of YEATS inhibitors in disrupt-
ing ENL-mediated function.

Notably, TDI-11055–induced chromatin changes occur 
most prominently at top ENL-bound genes, which account 
for a very small fraction (<10%) of all ENL-bound genes. 
These genes, as previously noted (5), strongly enrich for key 
AML oncogenes, including MYC and HOXA9/10. The expres-
sion of these oncogenes is sensitive to TDI-11055 treatment 
in both MLL-r and NPM1-mutated leukemia cell lines and 
primary patient samples, indicating their expression levels as 
potential PD biomarkers for the clinical translation of ENL 
YEATS inhibitors. These findings, together with results from 
genetic studies (4, 5), reveal that ENL exerts its regulatory 
function at highly selective loci. Such a property may under-
lie the context-specific roles of ENL as reflected by the fact 
that ENL gene inactivation is not detrimental to the growth 
of most cancer cell lines in the Dependency Map database 
(70, 71). This is distinct from BRD4, a well-studied histone 
acetylation reader, which binds to a broad range of acetylated 
enhancers and protomers and is a commonly essential gene 
across diverse cell types (70, 71). Future studies are warranted 
to investigate mechanisms underlying the chromatin distri-
bution of ENL in detail and to identify additional biological 
contexts in which ENL plays a critical role to fully explore the 
therapeutic potential of ENL targeting.

The findings that MLL-r and NPM1-mutated leukemia 
cells are sensitive to genetic and pharmacologic inhibition 
of ENL provide a blueprint for future clinical investigation. 
MLL-r and NPM1-mutated leukemia are both characterized 
by high expression of the HOXA cluster. They also exhibit 
dependence on a shared subset of chromatin regulators, 
notably DOT1L and Menin as identified in previous studies 
(53–55, 58, 72–77), as well as ENL as shown in the current 
study. These observations support the notion that distinct 
AML genetic drivers can co-opt similar chromatin machinery 
to sustain core oncogenic gene expression programs impor-
tant for disease maintenance. Indeed, TDI-11055 treatment 
induces gene expression changes in a common subset of 
genes in MLL-r and NPM1-mutated leukemia cells that we 
have tested. Future studies will be needed to explore the cross-
talk between ENL and other chromatin regulators required 
for MLL-r and NPM1-mutated leukemia, including DOT1L 
and Menin, whose inhibitors are currently under clinical 
evaluation. Such studies will enable a better understanding 

Figure 7.  The impact of TDI-11055 on normal hematopoiesis. A, Schematic of TDI-11055 treatment workflow in normal C57BL/6 mice. B, Body weight 
variance over time for vehicle- or TDI-11055 (TDI)–treated mice. Error bars represent mean ± SEM (n = 6). C, Representative images (left) and weight 
quantification (right) of spleen harvested from mice at the end of 28-day treatment with vehicle or TDI-11055. Error bars represent mean ± SEM (n = 6). 
n.s., not signficant. D, Complete blood count analyses [white blood cell (WBC), red blood cell (RBC), hemoglobin (HGB), hematocrit (HCT) and platelets] of 
peripheral blood samples harvested from mice at the end of 28-day treatment with vehicle or TDI-11055. Bars represent the median (n = 6). E–G, Number 
of total cells (E), immature cells [LSK, long-term hematopoietic stem cells (LT-HSC), Lin−c-Kit+Sca-1− (LKS−), multipotent progenitor (MPP), and granulo-
cyte–macrophage progenitor (GMP); F], and differentiated cells (Mac1+Gr1+ myeloid, CD4+ T, CD8+ T, B220+CD19+CD93− B, and B220+CD19+CD93+ B; G) in 
bone marrow samples harvested from mice at the end of 28-day treatment with vehicle or TDI-11055. Bars represent the median (n = 6). BM, bone mar-
row. H, Complete blood count analyses (WBC, RBC, HGB, HCT, platelets) of peripheral blood samples harvested from mice 80 days after completing treat-
ment with vehicle or TDI-11055. Bars represent the median (n = 3). I–K, Number of total cells (I), immature cells (LSK, LT-HSC, MPP, LKS−, and GMP; J), and 
differentiated cells (Mac1+Gr1+ myeloid, CD4+T, CD8+ T, B220+CD19+CD93− B, and B220+CD19+CD93+ B; K) in bone marrow samples harvested from mice 
80 days after completing treatment with vehicle or TDI-11055. Bars represent the median (n = 3). C–K, P values by an unpaired, two-tailed Student t test.
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of the regulatory circuits governing leukemic gene expression 
programs and have the potential to nominate more effective 
treatment strategies that might overcome specific mecha-
nisms of resistance to individual epigenetics-targeted agents. 
Furthermore, although our findings suggest that MLL-r and 
NPM1-mutated AML may be the most sensitive to ENL 
inhibition, it will be important for future studies to test the 
responsiveness of different molecular subtypes of AML more 
broadly to ENL inhibition.

In summary, our study establishes TDI-11055 as a com-
prehensively validated ENL inhibitor and provides the first 
demonstration of in vivo activity and therapeutic efficacy of a 
YEATS domain inhibitor against cancer. The biological and 
chemical insights discovered herein offer a solid foundation 
for further evaluation of ENL inhibition as a therapeutic 
strategy against subsets of AML and pave the way toward 
meaningful biology endpoints. We envision that validated 
chemical probes of YEATS domain–containing proteins, such 
as TDI-11055 described herein, will serve both as powerful 
tools for studying this newly identified group of chromatin 
readers in broad biological contexts and as starting points for 
further development of better and more potent inhibitors for 
clinical evaluation.

METHODS
Compound Synthesis

For the chemical synthesis of TDI-11055, see Supplementary Methods.

Molecular Modeling
The binding mode of TDI-11055 was predicted by docking the 

ligand to the SGC-iMLLT binding site of the experimental crystal 
structure (Protein Data Bank: 6HT1) using Schrödinger’s Glide 
SP program. The protein structure was prepared using the Protein 
Preparation Wizard in Maestro with default settings, keeping the 
buried water molecule that forms water-mediated interactions with 
the ligand. The ligand structure was prepared using LigPrep in 
Maestro, selecting for tautomers that have the amide-NH and a 
neutral state of azaindole. Free-energy calculations were performed 
with Schrödinger’s FEP+  (78). Before prospective application, we 
performed a validation using 18 compounds spanning 3 orders of 
magnitude in binding affinity. The mean unsigned error was 0.87 
kcal/mol, meaning that predictions are on average within 10-fold of 
the experiment. The R2 correlation was 0.51.

Caco2 Cell Permeability
The apical-to-basolateral (A-B) and basolateral-to-apical (B-A) 

transport of 5 μmol/L test compounds in HBSS (10 mmol/L HEPES, 
pH 7.4) was measured across Caco2 cell monolayers (ATCC HTB-37). 
Duplicate incubations were performed at approximately 37°C for 
120 minutes, with functionality of the test system confirmed using 
5 μmol/L propranolol and digoxin as control compounds. Aliquots 
(50 μL) from both apical and basolateral wells were transferred into 
two fresh 96-well plates and quenched with acetonitrile solution con-
taining analytical internal standards. Samples were vortexed mixed 
and centrifuged, and a 100 μL aliquot of the resulting supernatant 
was mixed with an equal volume of ultra-pure water prior to analy-
sis by ultra-performance liquid chromatography–mass spectrom-
etry (UPLC-MS/MS). The concentrations of the test compound 
and control compounds in the incubation medium of donor and 
receiver compartments at the beginning and the end of the incuba-
tion period were used to calculate the apparent permeability (Papp) 

from the A-B and B-A directions. The efflux ratio was expressed as 
PappB -A/PappA-B. The integrity of the cell monolayers after 2 hours 
of incubation was confirmed using the marker reagent Lucifer yellow 
(Sigma-Aldrich, #L0259).

LogD Determination
LogD7.4, which is a partition coefficient between 1-octanol and 

aqueous buffer pH 7.4, of the compounds was measured on the 
chromatographic procedure whose condition was developed based 
on a published method (79). TDI-11055 (15 μL of 10 mmol/L DMSO 
stock solution), 500  μL of 1-octanol saturated PBS (pH 7.4), and 
500  μL of PBS-saturated 1-octanol were added to glass vials. Solu-
tions were shaken at 25°C at 1,100 rpm for 1 hour. Following separa-
tion of the octanol and buffer layers, aliquots of 5 μL were taken from 
the octanol phase and added to 495  μL of acetonitrile. Following 
mixing, a 50 μL aliquot was further diluted with 450 μL of acetoni-
trile. For the buffer phase, 50 μL aliquots were taken and diluted with 
450 μL of acetonitrile. Aliquots of each final dilution (100 μL) were 
transferred to a fresh 96-well plate and mixed with an equal volume 
of water prior to analysis by UPLC-MS/MS.

TR-FRET Assay
An optimized TR-FRET approach was used to determine to 

what degree the compounds inhibit interaction between indicated 
YEATS domain proteins and histone H3 acyl peptides. The general 
protocol was as follows: 4  μL compound or DMSO control (5%) 
was preincubated for 15 minutes with 4  μL of 5  ×  6HIS-tagged 
YEATS domain protein: ENL (625 or 50 nmol/L), AF9 (75 nmol/L), 
GAS41 (200 nmol/L), and YEATS2 (200 nmol/L). This was fol-
lowed by the addition of 4  μL 5×  biotinylated peptide (see the 
list below) and incubated for 30 minutes at room temperature in 
the appropriate assay buffer in a 384-well plate. Eight microlit-
ers of a 2.5×  mix of 37.5 nmol/L anti-6HIS ULight (PerkinElmer) 
and 1.25 nmol/L streptavidin Europium-chelate were added, and 
plates were incubated for 60 minutes at room temperature under 
subdued lighting. Signals (615 nm and 665 nm) were sequentially 
measured on a PerkinElmer 2104 EnVision (320-nm excitation, 
615-nm emission filter  ±  4-nm bandwidth, and 665-nm emission 
filter ± 3.5-nm bandwidth). TR-FRET signal was calculated as fol-
lows: TR-FRET signal  =  (665 nm signal/615 nm signal)  ×  10,000. 
For dose–response curves, data were plotted using 4-parameter 
logistic sigmoidal curve fitting via GraphPad Prism (v9). IC50 appar-
ent was calculated for compounds when possible or was noted as 
not determinable (ND). Peptides used for TF-FRET assays were as 
follows: ENL: 25 nmol/L H3K9cr (aa 1–20); AF9: 15 nmol/L H3K9cr 
(aa 1–20); GAS41: 50 nmol/L H3K9,14,18cr (aa 1–20); and YEATS2: 
10 nmol/L H3.3K27cr (aa 15–34). Buffer conditions were as follows: 
ENL-125 nmol/L: 50 mmol/L Tris pH 8 + 150 mmol/L NaCl + 0.5% 
Casein + 0.1% NP-40; ENL-10 nmol/L: 20 mmol/L Tris pH 7.5 + 125 
mmol/L NaCl  +  0.01% BSA  +  0.01% NP-40; AF9: 50 mmol/L Tris 
pH 8 + 150 mmol/L NaCl + 0.5% Casein + 0.1% NP-40; GAS41: 20 
mmol/L Tris pH 7.5 + 50 mmol/L NaCl + 0.01% BSA + 0.01% NP-40; 
and YEATS2: 20 mmol/L Tris pH 7.5 +  25 mmol/L NaCl +  0.01% 
BSA + 0.01% NP-40.

ITC Titration
All ITC titrations were performed at 25°C using a Nano ITC (TA 

Instruments). Protein was thawed in room temperature water and 
transferred to ice as soon as thawed. The protein sample was dialyzed 
overnight in ITC buffer (20 mmol/L HEPES 7.5; 200 mmol/L KCl; 
1 mmol/L TCE; 2% DMSO, added before titration; 0.01% Tween 20, 
added before titration), kept on ice afterward, and used within 2 
days after dialysis. Compounds were dissolved in DMSO based on 
provided molecular weight and weight information. The compound 
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was further diluted to 50×  assay concentration in DMSO prior to 
dilution into ITC buffer just prior to titration. Both titrand and 
titrant were diluted in dialysis buffer to the desired concentration. 
Solvent and detergent concentrations were matched between protein 
and compound solutions. The recombinant YEATS proteins were 
extensively dialyzed against ITC buffer. All samples were centrifuged 
at 13,000 rpm at 25°C for ∼10 to 15 minutes before titration. ITC cell 
was rinsed with buffer, and then protein solution at test concentra-
tion was added to the cell. Contents were pipetted up/down several 
times to mix with any trace buffer in the cell. A small volume of 
protein solution was removed from the cell for concentration recheck 
using NanoDrop. The compound was added to the main solution in 
20 increments with 250-second intervals between injections. Usually, 
compound at 150  μmol/L was added to protein solution at 20 to 
25 μmol/L, and H3 peptides at 2.0 to 2.2 mmol/L were titrated into 
proteins at 0.15 mmol/L. Data were analyzed using TA NanoAnalyze 
software. First injection data were always excluded from the analysis.

Cellular Thermal Shift Assay
A cellular thermal shift assay was performed following a previ-

ously reported protocol (32). Briefly, 2 × 107 cells were treated with 
DMSO or 5 μmol/L TDI-11055 and incubated in a 37°C incubator 
for 1 hour. After treatment, cells were collected, washed once with 
PBS, and resuspended in 500 μL PBS with a protease inhibitor cock-
tail (Roche, complete tablets, EDTA-free). Cell suspension was then 
aliquoted equally into eight PCR tubes, heated at indicated tempera-
tures for 3 minutes using a thermocycler, followed by cooling at 25°C 
for another 3 minutes. The samples were lysed by adding 30 μL lysis 
buffer (50 mmol/L Tris, pH 7.4, 250 mmol/L NaCl, 5 mmol/L EDTA, 
50 mmol/L NaF, 1 mmol/L Na3VO4, 1% NP-40, protease inhibitor 
cocktail) and treated with 3 repeated freeze–thaw cycles using liquid 
nitrogen. The lysate was collected by centrifugation at 15,000 × g for 
20 minutes at 4°C using a benchtop centrifuge. The supernatants 
were transferred to a new tube and analyzed by immunoblotting.

Plasmids
The 3xFLAG-HA-tagged wild-type human ENL construct was gener-

ated previously (4). HA-tagged wild-type human ENL was cloned into a 
LentiV_Neo vector (Addgene 108101, a gift from Junwei Shi, University 
of Pennsylvania, Philadelphia, PA). Neomycin was replaced by mCherry 
using the in-fusion cloning method (Clontech, #638909). Mutations 
in ENL were introduced using a site-mutagenesis approach. Constitu-
tive Cas9 vectors (LentiV_Cas9_Puro vector, ref.  80; LentiCas9_Blast 
vector, Addgene 52962, ref. 81; a gift from Feng Zhang, Massachusetts 
Institute of Technology, Cambridge, MA) were used to generate Cas9-
expressing cells. sgRNAs were cloned into the LRG2.1T (82). All sgRNA 
sequences used are provided in Supplementary Tables S2–S4.

Antibodies
All antibodies used are provided in Supplementary Table S21.

Cell Culture and Virus Transduction
Human leukemia cell lines (MV4;11, MOLM-13, ML2, OCI-AML2, 

OCI-AML3, HL60, K562, U937, and Jurkat) were maintained in 
RPMI 1640 (Fisher Scientific, #MT10040CV) supplemented with 
10% FBS (HyClone, #SH30910.03) and 100 U/mL penicillin/strepto-
mycin (Fisher Scientific, #15-140-122). Human HEK293 cells (ATCC, 
#CRL-1573) were grown in EMEM (Fisher Scientific, #MT10009CV) 
with 10% FBS and 100 U/mL penicillin–streptomycin. HEK293T cells 
were maintained in DMEM (Fisher Scientific, #MT10013CV) supple-
mented with 10% FBS and 100 U/mL penicillin/streptomycin. All cell 
lines were Mycoplasma-negative and were tested for authentication by 
short tandem repeat profiling. Lentivirus packaging was performed 
in HEK293T cells using PEI MAX reagent [DNA (μg):PEI (μL) = 1:4; 

Fisher Scientific, #NC1038561] in accordance with the manufac-
turer’s instructions. Medium containing virus was filtered and stored 
at −80°C. Leukemia cells were spin infected at 2,500 rpm at 33°C for 
60 minutes with 10 μg/mL polybrene (EMD Millipore, #TR-1003-G). 
HEK293 cells were infected by incubation with viral supernatants 
for 24 hours in the presence of 10 μg/mL polybrene. Transduced cell 
populations were usually selected or analyzed 72 hours after infection.

Colony Formation of Human Leukemia Cells
For leukemia cell lines, colony-forming assays were performed 

in Methocult (STEMCELL Technologies, #H4435). The indicated 
number of cells were resuspended in 100 μL PBS and added to 900 μL 
MethoCult. After 7 days, the number of colonies was determined by 
counting. For primary cells from patients, the indicated number of 
cells were resuspended in 500 μL 20% FBS IMDM containing DMSO 
or TDI-11055 and added to 1.5 mL human methylcellulose-enriched 
media (R&D Systems, #HSC005). The number of colonies was deter-
mined after incubation in a 37°C incubator for ∼2 weeks.

Flow-Cytometric Analysis of Different Hematopoietic Cell 
Compartments in the Bone Marrow

Vehicle- or TDI-11055–treated C57BL/6J mice were sacrificed, and 
bone marrow cells were extracted from femurs, coxae, and vertebral 
columns. Bone marrow cells were stained with murine c-Kit, Sca-1, 
lineage antibodies, and Zombie Aqua fixable viability kit (BioLegend, 
#423102). Cells were run through the FACSAria Flow Cytometer 
(BD) to perform hematopoietic cell compartment analysis.

LSK Cell Sorting and Colony Formation
Eight-week-old C57BL/6J mice were sacrificed, and bone marrow 

cells were extracted from femurs, coxae, and vertebral columns. 
c-Kit–positive cells were enriched using the EasySep Mouse CD117 
(cKIT) positive selection kit (STEMCELL Technologies, #18757). 
Then, c-Kit–enriched cells were stained with murine c-Kit, Sca-1, 
lineage antibodies, and Zombie Aqua fixable viability kit (BioLegend, 
#423102). Cells were sorted using a FACSAria Flow Cytometer (BD) 
to obtain the LSK cells. For the colony formation assay, 2,000 LSK 
cells were resuspended in 100 μL IMDM and add to 1.5 mL methyl-
cellulose media (STEMCELL Technologies, #M3234) supplemented 
with 10  μg/mL IL3, 20  μg/mL SCF, and 10  μg/mL IL6 (PeproTech, 
#231-13, 250-03, 216-16). Colonies were counted after incubation in 
a 37°C incubator for 7 days.

Cell Viability Assays
Cell viability assays for TDI-11055 treatment were performed using 

CellTiter-Glo Luminescent Cell Viability Assay (Promega, #G7572) 
according to the manufacturer’s guidelines. Dose–response curves 
were generated using GraphPad Prism (v9) with a three-parameter 
log(inhibitor) versus response fitting. IC50 apparent was calculated 
for compounds when possible or was noted as ND.

Competitive Proliferation Assays Using sgRNAs
Cas9-positive leukemia cells were transduced with lentivirus con-

taining indicated sgRNAs or cDNA constructs and analyzed for GFP 
or mCherry expression 5 days after infection. The percentage of 
sgRNA-expressing cells (GFP+) or cDNA construct expressing cells 
(mCherry+) was measured over time using flow cytometry and nor-
malized to the starting time point.

Cell-Cycle and Apoptosis Analyses
Cell-cycle analysis for DMSO- or TDI-11055–treated cells was per-

formed using the APC BrdU Flow Kit (BD, #552598) according to the 
manufacturer’s guidelines. Data were analyzed by FlowJo software 
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(v10). For apoptosis assays, DMSO- or TDI-11055–treated cells 
were resuspended in 100 μL Annexin V Binding buffer (BioLegend, 
#422201). Five microliters of Annexin V-PE (BioLegend, #640908) 
and 5 μL of 7-AAD viability staining solution (BioLegend, #420403) 
were added to the buffer. Cells were gently mixed and incubated at 
room temperature in the dark for 15 minutes. Cells were then washed 
once with Annexin V binding buffer and analyzed using the Attune 
Flow Cytometer (Thermo Fisher).

Cytospin for Primary AML Patient Samples
Primary AML patient cells (40,000) were resuspended in 200  μL 

PBS. Slides and filters were placed into appropriate slots with the 
cardboard filters facing the center of the cytospin. Cells were added 
to the cytofunnel and spun at 700 rpm for 10 minutes. Filters were 
removed from the slide without disturbing the cells. Slides were 
stained with the Wright–Giemsa Stain Kit (Jorgensen Labs, #J0322A). 
Images were captured using a Zeiss Widefield Microscope.

CRISPR-Cas9–Mediated Saturated Mutagenesis Screen of 
ENL and AF9 YEATS Domains

sgRNA sequences targeting the YEAST domains of human ENL 
(NM_005934.3; total 88 sgRNAs) and AF9 (NM_004529.3; total 66 
sgRNAs) were designed using the Genetic Perturbation Platform 
(Broad Institute; ref. 83). Briefly, sgRNA oligonucleotides were syn-
thesized via microarray (CustomArray) and cloned into the ipUSEPR 
lentiviral sgRNA vector (a gift from Scott A. Armstrong, Dana-Farber 
Cancer Institute, Boston, MA) that coexpresses a puromycin-resistant 
gene [puroR] and a red fluorescent protein [tagRFP]. The CRISPR 
library was packaged by HEK293T cells (ATCC) cotransfected with 
psPAX2 (Addgene) and pMD2.G (Addgene) to produce lentiviral 
particles. The lentiviral library was pretitrated to obtain ∼20% multi-
plicity of infection (monitored by flow cytometry for tagRFP expres-
sion) in the MV4;11-Cas9+ cells. Each screen culture was calculated to 
maintain at least 1,000× of the number of constructs in each library. 
The infected cultures were selected using puromycin (1  μg/mL;  
InvivoGen, #ant-pr-1) and treated with DMSO or 1  μmol/L TDI-
11055 up to 32 days. At each designated time point, cells from the 
cultures that covered at least 1,000×  of the number of the con-
structs in the library were collected. For sequencing sgRNAs, the 
genomic DNA of the screened cells was PCR-amplified using prim-
ers DCF01 5′-CTTGTGGAAAGGACGAAACACCG-3′  and DCR03 
5′-CCTAGGAACAGCGGTTTAAAAAAGC-3′ and subjected to single-
end, 75-bp (SE75) high-throughput sequencing using a NextSeq 550 
(Illumina). To quantify sgRNA reads in the library, the 20-nucleotide 
sequences that matched the sgRNA backbone structure (5′  prime 
CACCG and 3′  prime GTTT) were extracted from raw fastq reads. 
Extracted reads were then mapped to the sgRNA library sequences 
using Bowtie2 (84). The frequency for individual sgRNAs was cal-
culated by the read counts of each sgRNA divided by the total read 
counts mapped to the library. The CRISPR score was defined by 
the log fold change of the frequency of individual sgRNAs between 
the initial (day 0) and final (day 32) screened samples using the  
edgeR R package (85).

Animal Experiments
All animal experiments related to leukemia cells engraftment study 

were approved by the Institutional Animal Care and Use Committee 
(IACUC) of the Center for Childhood Cancer Research, Children’s 
Hospital of Philadelphia. All animal experiments related to PK/PD 
study were approved by the IACUC of Pharmaron following the 
guidance of the Association for Assessment and Accreditation of 
Laboratory Animal Care.

PK Analysis in Mice.  Six- to 8-week-old, female BALB/c mice were 
used for the PK analysis. Mice were treated with different dosages 

of TDI-11055 or SGC-iMLLT via oral gavage (30–200 mg/kg).  
The dose formulation used for oral dosing was 5% DMSO:95% 
of 10% w/v Kleptose HPB (KLEPTOSE, #346112), administered 
at a dose level of 10 mL/kg. Serial blood samples were collected 
up to 24 hours after the start of dosing via direct vein puncture 
of the dorsal metatarsal vein. At the end of the study, the mice 
were euthanized. Blood was centrifuged to yield plasma, and then 
plasma samples (10 μL) were extracted using protein precipitation 
with 200 μL of acetonitrile containing an analytical internal stand-
ard. An aliquot of the supernatant was analyzed by reverse-phase 
LC-MS/MS. Samples were assayed against calibration standards 
prepared in control plasma, and the assay was qualified through 
inclusion of quality control samples. PK parameters were obtained 
from the plasma concentration–time profiles using noncompart-
mental analysis with Phoenix (WinNonlin) PK software version 
6.1.0 (Pharsight). Unbound concentration and AUC in plasma were 
calculated as total plasma concentration (or AUC) × unbound frac-
tion in plasma.

Plasma Protein Binding.  Equilibrium dialysis methods were used 
to determine the unbound fraction in mouse plasma that was 
obtained frozen from BioIVT. Duplicate plasma samples contain-
ing 1  μmol/L of test compounds or PBS, pH 7.4, were placed in 
separate wells of a 96-well equilibrium dialysis plate (HTDialysis). 
The dialysis plate was placed in an incubator at 37°C with 5% CO2 
at approximately 100 rpm for 6 hours. After incubation, samples of 
plasma and buffer were matrix matched, quenched with acetonitrile 
(containing analytical internal standards), and centrifuged. Samples 
of the supernatant were analyzed for the peak area ratio by UPLC-
MS/MS. The unbound fraction was determined using standard 
equations.

Blood:Plasma Ratio.  Whole blood from mice was obtained from 
Pharmaron laboratories. Blood was collected using K2EDA as the 
anticoagulant. Solutions of the test compound were prepared in 
solvent and added to blood from each species, in duplicate, to give a 
final concentration of 5 μmol/L. All of the blood samples were incu-
bated at 37°C for 60 minutes. After the incubation, aliquots from 
two of these blood samples were combined and centrifuged for 10 
minutes at 10,000 × g (37°C) to provide the reference blood sample 
(REF BL). Simultaneously, plasma was prepared from initial blood 
samples by centrifugation, and an aliquot of plasma was transferred 
into new tubes to provide the plasma sample (PL). The reference 
blood and plasma samples were matrix matched to an equivalent 
volume, mixed, and quenched using acetonitrile (containing analyti-
cal internal standards). Following further mixing and centrifugation, 
an aliquot of each supernatant was analyzed for peak area ratio (I) 
in the reference blood or plasma samples by UPLC-MS/MS. The 
blood:plasma ratio was determined as IREF BL/IPL.

PKPD and Gene Expression Analysis of MV4;11 Cells.  Female 
Balb/c nude mice (6–8 weeks, Beijing Anikeeper Biotech. Ltd) were 
inoculated subcutaneously on the right flank with MV4;11 tumor 
cells (1 × 107) in 0.1 mL of 1:1 v/v of IMDM:Matrigel for tumor devel-
opment. Compound treatment was initiated when the mean tumor 
volume reached about 300 to 400 mm3. Mice were randomly assigned 
to respective treatment groups such that the average starting tumor 
size and body weight were the same for each treatment group. Mice 
were dosed with vehicle (5% DMSO:95% of 10% w/v Kleptose HPB, 
pH 4.0) or compound at 100 or 200 mg/kg p.o., b.i.d. at 12 hours 
intervals. For PD readouts (tumor volume and gene analysis), five 
animals per group were used. Animals were checked daily and body 
weights measured every 2 days throughout the study. Tumor vol-
ume was estimated using the formula: TV  =  a  ×  b2/2 throughout 
the study, where “a” and “b” are the long and short diameters of 
a tumor, respectively. Individual tumor samples for gene analysis 
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were taken at 2 hours after dose 8 days of dosing, and the follow-
ing genes were analyzed: MYC (Hs00153408_m1, Thermo Fisher), 
HOXA9 (Hs00365956_m1, Thermo Fisher), MEIS1 (Hs00180020_
m1, Thermo Fisher), and MYB (see Supplementary Table S4).

In Vivo Efficacy Studies in Disseminated AML Models.  To prepare 
TDI-11055 for in vivo treatment, the compound was resuspended 
in DMSO at 400 mg/mL and diluted with 10% hydroxypropyl 
β-cyclodextrin (HPB; KLEPTOSE, #346112). The solution was adjusted 
for pH to 4.0 with 2 M HCl, sonicated at 4°C for 2 minutes to totally 
dissolve TDI-11055, and further diluted 1:20 with 10% HPB to a final 
concentration of 20 mg/mL. A vehicle solution was prepared with 
the same protocol but without the addition of TDI-11055. Cells 
were transplanted by tail-vein injection into 6- to 8-week-old, female 
NSG or NSGS recipient mice (cell number: MV4;11, 2 million; OCI-
AML3, 200 K; MLL-r PDX-2263, 10 K; MLL-r PDX-6315, 1 million; 
and NPM1-mutated PDX-3055, 4 million). For the MLL-r PDX-2263 
xenotransplantation model, mice were treated with vehicle or 200 mg/
kg TDI-11055 q.d. for 28 consecutive days, or 200 mg/kg b.i.d. with a 
5 day on and 2 day off cycle for a total of 28 days via oral gavage start-
ing 7 days after transplantation. For all other xenotransplantation 
models, mice were treated with vehicle or 200 mg/kg TDI-11055 once 
daily via oral gavage starting from indicated time points after trans-
plantation (MV4;11, 21 days; OCI-AML3, 7 days; MLL-r PDX-6315, 
8 days; and NPM1-mutated PDX-3055, 14 days) and for 28 consecutive 
days. Animals were monitored daily, and body weights were measured 
every 2 days throughout the treatment period. To assess leukemia 
progression, peripheral blood was extracted from mice via retro-orbital 
bleeding, stained for human CD45%, and subjected to flow cytom-
etry analysis. Bone marrow, spleen, and peripheral blood cells were 
extracted from mice at the experimental endpoint, stained for human 
CD45%, and subjected to flow cytometry analysis. Kaplan–Meier sur-
vival curves were created using GraphPad Prism (v9) software.

RT-qPCR Analyses
Total RNA was isolated using the RNeasy kit (Qiagen, #74106) and 

reverse transcribed with the high-capacity cDNA reverse transcrip-
tion kit (Thermo Fisher, #4368814) in accordance with the manu-
facturer’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). qPCR primers used 
are provided in Supplementary Table S4.

RNA-seq with External RNA Controls Consortium RNA 
Spike-in Mix Normalization

The cell number was counted, and 0.5 million live cells were 
collected in each tube. One microliter of a 1:10 dilution of Exter-
nal RNA Controls Consortium (ERCC) spike-in mix (Invitrogen, 
#4456740) was added into each tube. Total RNA was extracted using 
the RNeasy plus mini kit (Qiagen, #74136). Total RNA (1,000 ng) 
was used for library preparation using the polyA mRNA magnetic 
isolation module (NEB, #E7490) and the RNA library prep kit (NEB, 
#7770) following the manufacturer’s instructions. RNA samples 
were sequenced using Illumina NextSeq 500. Sequencing data were 
analyzed with spike-in as normalization. Raw reads were mapped 
to the human reference genome (hg19) and transcriptome using 
HISAT2 v 2.2.1 with default parameters. Unmapped reads from hg19 
alignment were mapped to the spike-in ERCC control transcriptome 
using Kallisto v 0.46.2 (86) as spike-in control. Lowly expressed genes 
with raw counts less than 10 in any individual sample were filtered 
before downstream analysis. The size factor of Spike-In control was 
estimated using estimateSizeFactors from R Bioconductor DESeq2 
v1.28.1 package (87). Then the size factor was assigned to the RNA-
seq result using the assignment function sizeFactors. Differentially 
expressed genes between conditions were statistically determined 

using R Bioconductor DESeq2 v1.28.1 package (87). Gene-specific 
normalization factors for each sample were provided using pregener-
ated sizeFactors from spike-in control, which preempts sizeFactors 
in DESeq2 calculations. Genes with adjusted P  <  0.05 and fold 
change ≥1.5 were reported as differential genes. Volcano plots were 
generated directly in R.

GSEA
GSEA was performed using GSEA v4.1.0 software with 1,000 

gene set permutations. Gene sets used were manually curated from 
published datasets or our own dataset. A detailed description of 
GSEA methodology and interpretation can be found at http://www.
broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html. Gene rank 
lists were generated by ordering the expression fold change (TDI-
11055 vs. DMSO) from largest to smallest. The enrichment score (ES) 
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 
(NES) is the ES with normalization across analyzed gene sets. The 
false discovery rate q value (FDR q-val) is the estimated probability 
that a gene set with a given NES represents a false-positive finding. All 
gene sets used in this study are provided in Supplementary Table S7.

ChIP-Seq and ChIP-qPCR
In general, cells were collected, washed, and cross-linked with 1% 

formaldehyde in PBS for 10 minutes and stopped with 125 mmol/L 
glycine for 5 minutes. For FLAG-ENL, HA-ENL, and H3K79me2 
ChIP, cells were first fixed at room temperature. For AFF4, DOT1L, 
PAF1, RNA Pol II, and Pol II S2P, cells were fixed at 37°C for  
10 minutes. Fixed cells were resuspended and sonicated in RIPA  
0.3 buffer [0.1% SDS, 1% Triton X-100, 10 mmol/L Tris-HCl (pH 7.4), 
1 mmol/L EDTA (pH 8.0), 0.1% NaDOC, 0.3 M NaCl, 0.25% sarkosyl, 
1 mmol/L DTT, and protease inhibitors] using a Covaris Ultrasonica-
tor. Antibody (10 μg) was preincubated with 75 μL Protein A Dyna-
beads at 4°C for >4 hours. The beads were washed 3 times with PBS 
plus 0.01% Tween 20, and 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, 0.5% Na-Deoxycholate, and 0.1% SDS], and once with TE 
buffer (1 mmol/L EDTA and 10 mmol/L Tris-HCl (pH 8.0)] plus  
50 mmol/L NaCl. Bound DNA was eluted using 200 μL ChIP elution 
buffer [1% SDS, 50 mmol/L Tris-HCl (pH 8.0), 10 mmol/L EDTA, 
and 200 mmol/L NaCl], reverse cross-linked, and purified using a 
PCR purification kit (Qiagen, #28106) in a final volume of 50  μL. 
ChIP DNA (5 μL) was diluted 50-fold using water for qRT-PCR using 
the ViiA 7 Real-time PCR System (Thermo Fisher) and the Power 
SYBR Green PCR Master Mix (Fisher Scientific, #A25778).

ChIP-seq sample libraries were prepared using the NEBNext Ultra 
II DNA Library Prep Kit (NEB, #E7645L) following the manufac-
turer’s instructions. Then samples were sequenced using Illumina 
NextSeq 500 or NextSeq 2000. Raw reads were aligned to the UCSC 
hg-19 genome sequence build from the Bsgenome.Hsapiens.UCSC.
hg19 Bioconductor package using the Rsubread v 2.26 package’s 
align function (88). Aligned BAM files were sorted using the function 
sortBam from Rsubread v 2.2.6. Secondary alignments, unmapped 
reads, and duplicate reads in the sorted BAM files were filtered out 
using sambamba v 0.7.1. The filtered and sorted BAM files were 
then indexed using the function indexBam from Rsubread v 2.2.6. 
The genome-wide ChIP-seq profiles were generated using MACS2 v 
2.2.7.1 (89) with the following command (macs2 callpeak -t BAMFILE -c  
INPUTFORTHEBAMFILE -n NAMING -f BAM -g hs -p 1e-8 –nomodel 
–keep-dup all). Peaks were annotated to corresponding genes using 
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function annotatePeaks.pl from HOMER v 4.10 (90). To make the 
heat maps, filtered, sorted, and indexed BAM files were converted to 
bigwig files using bamCoverage from deeptools v3.5.0 (91) and then 
normalized by counts per million. Heat maps were generated using 
computeMatrix from deeptools v 3.5.0 and plot heat map from deep-
tools v3.5.0. Metagene profiles of promoter and gene body regions 
from ChIP-seq data were generated using ngs.plot.r v2.41.4 (92).

To compare the chromatin occupancy of each protein under dif-
ferent treatment conditions, the count of ChIP-seq alignments was 
extracted for indicated genomic regions [TSS  ±  3 kb for HA-ENL, 
AFF1, DOT1L, and H3K79me2; gene body (TSS + 300 bp to transcrip-
tion end site, or TES) for Pol II S2P and PAF1; promoter-proximal 
region (TSS  ±  300 bp) and gene body (TSS  +  300 bp to TES) for 
total Pol II] using package bedtools multicov v2.29.2 (93). Total read 
counts for individual samples were obtained by samtools function 
view v1.9 (94). RPM values were obtained by normalizing read counts 
to total read counts. Box plots showing log2 fold changes (TDI-11055 
vs. DMSO) in chromatin occupancy of indicated proteins at different 
subsets of genes were made in Prism V9. To define top, low, and non–
ENL-bound genes, HA-ENL ChIP-seq data were used for ENL peak 
calling. The closest gene for each peak was defined as an ENL-bound 
gene. ENL-bound genes were then divided into top- and low-bound 
groups based on HA-ENL ChIP-seq signals at TSS ± 3 kb regions. Non-
ENL–bound genes were defined by subtracting all ENL-bound genes 
from the genome (hg19, https://www.gencodegenes.org/human/ 
release_36lift37.html).

Clinical Patient Data Analysis
Pearson correlation of TDI-downregulated gene set enrichment 

scores and LSC gene set enrichment scores was calculated by gene set 
variation analysis (v1.40.1 in R). Each dot represents one sample from 
the TCGA-LAML (44) or TARGET LAML (45) datasets.

Statistical Analyses
No statistical methods were used to predetermine the sample size. 

Experimental data are presented as mean ± SEM unless stated other-
wise. Statistical significance was calculated by a two-tailed, unpaired 
t test on two experimental conditions, with P  <  0.05 considered 
statistically significant unless stated otherwise. Statistical signifi-
cance levels are denoted as follows: *, P  <  0.05; **, P  <  0.01; ***,  
P  <  0.001; and ****, P  <  0.0001.

Data Availability
The ChIP-seq and RNA-seq data have been deposited in the Gene 

Expression Omnibus database under accession numbers GSE185093 
and GSE185091, respectively. All other raw data generated or ana-
lyzed during this study are included in this article (and its Supple-
mentary Information files). Codes used for data analysis are available 
upon request.
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