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Somatic mutations are rare in pediatric acute myeloid leukemia (pAML), indicating that

alternate strategies are needed to identify targetable dependencies. We performed the

first enhancer mapping of pAML in 22 patient samples. Generally, pAML samples were

distinct from adult AML samples, and MLL (KMT2A)–rearranged samples were also

distinct from non–KMT2A-rearranged samples. Focusing specifically on superenhancers

(SEs), we identified SEs associated with many known leukemia regulators. The retinoic

acid receptor alpha (RARA) gene was differentially regulated in our cohort, and a RARA-

associated SE was detected in 64% of the study cohort across all cytogenetic and

molecular subtypes tested. RARA SE1 pAML cell lines and samples exhibited high RARA

messenger RNA levels. These samples were specifically sensitive to the synthetic RARA

agonist tamibarotene in vitro, with slowed proliferation, apoptosis induction,

differentiation, and upregulated retinoid target gene expression, compared with RARA

SE2 samples. Tamibarotene prolonged survival and suppressed the leukemia burden of

an RARA SE1 pAML patient-derived xenograft mouse model compared with a RARA SE2

patient-derived xenograft. Our work shows that examining chromatin regulation can

identify new, druggable dependencies in pAML and provides a rationale for a pediatric

tamibarotene trial in children with RARA-high AML.

Introduction

Children with acute myeloid leukemia (AML) achieve �65% overall survival,1 which is completely depen-
dent on extremely toxic chemotherapy and stem cell transplantation, both of which cause significant
short- and long-term toxicities, including potentially heart failure, secondary malignancies, and graft-ver-
sus-host disease. Of the successes in specifically drugging genomically altered drivers in adults with
AML, thus far only FLT3 inhibitors seem to have any relevance for �10% of children,2 whereas differ-
ences in underlying biology preclude the usefulness of other targeted agents (eg, rare isocitrate
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Key Points

� The first enhancer
mapping of pediatric
AML reveals that the
most common
SE-associated signa-
ture is one driven by
RARA.

� A RARA SE is
common in pediatric
AML and correlates to
sensitivity to the
retinoid tamibarotene
both in vitro and in
vivo.
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dehydrogenase (IDH1)/2 mutations). One well-known exception is
targeting the chimeric oncoprotein promyelocytic leukemia/retinoic
acid receptor alpha (PML-RARA), which is encoded by a t(15;17)
translocation that defines .95% of the acute promyelocytic (APL)
subtype of AML in both children and adults. RARA is a member of
the retinoic acid receptor (RAR) family of nuclear hormone recep-
tors. In the absence of retinoid agonists, RARA heterodimerizes with
RXR family members to suppress transcription of its target genes.
Agonist binding induces a conformation change allowing RARA to
dissociate from its corepressors and instead recruit transcriptional
coactivators, allowing for transcription of differentiation genes. In
APL, the PML-RARA fusion protein can homodimerize and is insen-
sitive to endogenous retinoid agonists, enforcing the persistent
differentiation block. However, administration of retinoids such as
all-trans retinoic acid (ATRA) overcomes the differentiation blockade
and contributes to the .90% overall survival rates of children and
adults with this AML subtype. ATRA does not have convincing clini-
cal benefit in either children or adults with non-APL, however.3-6

This reinforces the need to find and more deeply understand the
lynchpin drivers in pediatric AML (pAML) to determine if specific
subtypes might benefit from drugging these drivers.

Genome sequencing studies show that pAML contains fewer muta-
tions than adult AML.7-9 However, structural alterations are more
common: up to 40% of patients have KMT2A and/or core-binding
factor (CBF) fusions, with lower rates of other rearrangements (eg,
GLIS2, NUP, or ETS family members).7 These fusions often form
chimeric transcription factors, which drive a pro-oncogenic transcrip-
tional program. Although there are efforts to delineate these fusion-
controlled pathways to drug both downstream targets and upstream
regulators, a corroborative understanding of pAML transcriptional
control may synergistically integrate with these efforts to spotlight
the indispensable dependencies driving pAML subgroups.

Our goal was to define the transcriptional control of human dis-
eases through identifying and validating superenhancers (SEs), a
subset of enhancers that are highly and disproportionately bound by
much of the cell’s transcriptional machinery. This results in marked
overexpression of SE-regulated genes, which enforce cell identity
and drive oncogene expression in a growing number of cancers,
including adult AML.10-14 Recent enhancer profiling of 66 adult
AML patient samples identified new, prognostically relevant,
SE-defined subgroups.10 Of the SE-driven, mutual information net-
works of these six subgroups, RARA was present in only one. The
RARA SE was identified in 59% of the samples, which were selec-
tively sensitive to the synthetic retinoid tamibarotene/SY-1425 over
the RARA SE2 samples. Hence, in the setting of an SE driving
RARA expression, we hypothesized that an imbalance between
endogenous retinoids and high RARA levels exists, resulting in
repressed gene expression and a differentiation blockade. Exoge-
nous retinoid agonists such as tamibarotene restore the balance of
ligand:RARA to allow re-expression of RARA target genes, reestab-
lishing myeloid differentiation of AML cells. These data prompted a
phase 2 US clinical trial of tamibarotene in adults with RARA-high,
relapsed/refractory AML or myelodysplastic syndrome, which is pro-
jected to be completed later this year (#NCT02807558).

The current study analyzed the enhancer landscape of pAML to find
potential druggable dependencies. We discovered the importance
of retinoid signaling in pAML and found a high frequency of the
RARA SE, which conferred sensitivity to tamibarotene both in vitro

and in vivo. These data confirm our approach to find and drug other
AML-specific, SE-regulated transcriptional controllers to help chil-
dren with AML.

Methods

Patient sample collection and processing

Samples from children with AML were obtained with informed con-
sent, according to protocols approved by the Institutional Review
Board of Baylor College of Medicine. Patients’ cytogenetic and
molecular characteristics were collated from chart records. Samples
were mostly from leukapheresis products, but some bone marrow
aspirate samples with .85% blasts were also selected from Texas
Children’s Hospital banked bone marrow samples. Mononuclear
cells were enriched by density centrifugation and frozen in dimethyl
sulfoxide–containing fetal bovine serum in liquid nitrogen. All experi-
ments were conducted on freshly thawed samples, maintained in
conditioned media, as previously published.15

In vivo studies

All animal experiments were performed with approval of the Baylor
College of Medicine Institutional Animal Care and Use Committee.
Briefly, 6- to 7-week-old female NSG-SGM3 (NSGS) mice were
purchased from The Jackson Laboratory and injected by tail vein
with 2 3 105 primary pAML patient samples (p401, p198). Engraft-
ment was monitored by peripheral blood with human CD45-PE
(560178; BD Biosciences) and CD33-PerCP-Cy7 (561160; BD
Biosciences) every 7 to 14 days. Once engraftment was confirmed
(defined as .1% hCD451/hCD331 cells in the periphery), mice
were randomized to be given either vehicle or tamibarotene treat-
ment (n 5 5 to 6 per arm). Tamibarotene was prepared as a 1003
stock solution in dimethyl sulfoxide and stored at 220�C. Mice
were treated with 6 mg/kg tamibarotene daily by oral gavage until
moribund, at which point the mice were euthanized. Peripheral
blood, liver, spleen, bilateral femurs, tibias, and fibulas were col-
lected. Bone marrow cells were analyzed flow cytometrically by
using CD45-APC-H7 (560178; BD Biosciences), CD33-PE (12-
0331-82; Thermo Fisher Scientific), and CD38-FITC (555459; BD
Bioscience). Tamibarotene-treated MV4;11 cells were used as posi-
tive controls for the flow experiments. Survival was plotted in Graph-
Pad Prism by using a Kaplan-Meier analysis.

Genomic coordinates and gene annotation

All coordinates and gene annotations in this study were
based on human reference genome assembly hg19, GRCh37
(ncbi.nlm.nih.gov/assembly/2758/) and RefSeq genes.

RNA-sequencing data processing

Sequenced reads of RNA-sequencing (RNA-seq) experiments were
preprocessed with BBDuk and aligned to hg19/GRCh37 using
STAR aligner.16 Gene expression values were quantified by using
Cufflinks and Cuffnorm, with expression defined as fragments per
kilobase million (FPKM) as determined by counting the number of
uniquely mapping fragments and normalizing it by the length coding
sequence and the library size. Genes with .10 FPKM in at least 1
sample were considered to be expressed genes. Significance was
determined by a Log2FC cutoff of 1 or 21 and a P value cutoff of
0.05. Heatmaps were generated in R by using the “ggplot2” pack-
age. Row-normalized expression values range from 0 to 1. Genes
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were ranked by Log2FC. Gene set enrichment analysis (GSEA)
was performed on active genes with the C2 curated gene sets, and
the significance of these signatures was compared by false discov-
ery rate vs normalized enrichment score.

Expression vs enhancer signal correlation

FPKM expression data and H3K27ac enhancer signal data were
correlated across 19 primary samples for various key pAML genes.
Scatter plots comparing baseline expression and percentile rank by
signal of each gene’s corresponding enhancer region were gener-
ated by using the “ggplot2” package on R.

ChIPmentation

ChIPmentation was performed as described previously.17 Additional
details are provided in the supplemental Methods.

H3K27ac chromatin

immunoprecipitation–sequencing processing

The H3K27ac chromatin immunoprecipitation–sequencing (ChIP-
seq) data are provided in supplemental Table 1. All files were proc-
essed following the guidelines of ENCODE (phase-3) using the
AQUAS pipeline (https://github.com/kundajelab/chipseq_pipeline).
All samples were aligned with BWA18 to genome build v.NCBI37/
HG19. Low-quality, duplicate, multimapping, unmapped reads, and
reads mapping to the mitochondrial genome were filtered. Peak
finding was performed by the AQUAS pipeline using MACS2 with
a P value threshold of 1 3 1025. The AQUAS pipeline also deter-
mined quality control measures such as mapping statistics, enrich-
ment, library complexity (PCR bottlenecking coefficients PBC1 and
PBC2), cross-correlation scores, and fraction of reads in the peaks
as defined by ENCODE data standards (https://www.
encodeproject.org/chip-seq/histone/). Also, we determined the frac-
tion of reads mapping within 2 kb of an annotated promoter as a
quality control measure. Primary H3K27ac ChIP-seq samples with
PBC1 $0.5, total mapped reads $5 million, and MACS2 peaks
$5000 were included in the analysis. H3K27ac ChIP-seq cell line
samples with PBC1 $0.5, alignment rate $70%, and MACS2
peaks $10000 were included in the analysis.

Mapping enhancers using H3K27ac definitions

H3K27ac SEs and typical enhancers in individual samples were
mapped by using the ROSE2 software package (https://github.
com/BradnerLab/pipeline).19,20 Peaks within 62.5 kb of a transcrip-
tion start site and peaks found in the ENCODE21 blacklist (https://
sites.google.com/site/anshulkundaje/projects/blacklists) were
excluded. The default was used for all other parameters. Genes
were assigned to SEs by proximity.

Clustering samples by SE patterns

Sample clustering was performed as in Chapuy et al.22 To map a
consensus SE landscape of AML, we first mapped the enhancer
regions in each individual sample. We used the union of all regions
considered to be an SE in any individual sample as our consensus
SE landscape. The background-subtracted H3K27ac signal was
calculated at each region and median normalized for each sample.
Supplemental Table 2 contains the resulting median normalized
H3K27ac signal in the consensus SE landscape and all associated
genes. Samples were hierarchically clustered based on similarity of
patterns of median normalized H3K27ac enhancer signal as

determined by using pairwise Pearson correlations (Figure 1B; sup-
plemental Figure 2C).

Comparison of pAML with published adult AML

SE landscapes

Adult AML H3K27ac ChIP-seq data from McKeown et al10 were
sourced from the Sequence Read Archive (accession number
SRP103200). All files were processed as described earlier. To
compare primary pAML samples vs primary adult AML samples, we
performed clustering of the samples according to SE patterns. A
consensus SE landscape was determined as the union of all SE
regions present in any individual sample. The H3K27ac signal was
calculated at each region and median normalized per sample. Sam-
ples were clustered based on similarity of patterns in the consensus
SE landscape as determined by using pairwise Pearson correlations
(Figure 1A).

Identifying core SEs

To identify SEs common across all pAML samples, the union of SE
regions identified in at least one sample were merged and consid-
ered the consensus SE loci. The number of individual samples with
a SE region overlapping a consensus SE locus was taken as the
frequency of the merged SE region in the cohort. The H3K27ac lev-
els for each consensus SE region was considered as the average
of all samples. The consensus SE loci were ordered by the product
of SE frequency and H3K27ac levels, called the FASE score, as
previously described.23 Core SE loci were defined as those
H3K27ac regions shared by .25% of samples (Figure 1C). Genes
that were associated with multiple SE regions were assigned to the
SE region with the highest FASE score in Figure 1C.

Gene set analysis

Gene sets from the curated gene sets (MSigDB C2) that are
enriched by GSEA were compared with input gene lists. Similarly,
input core FASE genes were compared with the Gene Ontology
Biological Processes 2018 database by using Enrichr.24

SE ranking across pAML samples

Enhancer rank was determined from the median normalized
H3K27ac signal of each sample across the consensus SE loci. The
rank of a SE locus associated with a gene of interest was deter-
mined by the rank of the SE locus by signal within each sample.

Data availability

For samples with consent to share data, all genomic data are
uploaded to the National Center for Biotechnology Information
Gene Expression Omnibus database under accession number
GSE155592 with chromatin profiling data (pertaining to Figures
1 and 2) available under accession number GSE155558 and
RNA-seq data (pertaining to supplemental Figure 1E and Figure 4)
available under accession number GSE155559. For samples not
consented to be shared, the patient data are being managed
by Terzah Horton of Texas Children’s Hospital; Joanna Yi may
be contacted for further information (e-mail: jsyi@txch.org). All
computational code can be found at the following link: https://github.
com/linlabcode/pedi_AML_RARA_code.

Extended methods are available in the supplemental Methods.
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Figure 1. The SE landscape of pAML. (A) Similarity of primary pAML and adult AML patient samples by unsupervised hierarchical clustering of H3K27ac signal at

consensus SE regions. (B) Similarity of pAML cell lines and samples by unsupervised hierarchical clustering of H3K27ac signal at consensus SE regions. Cytogenetic and
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Results

The SE landscape of pAML is generally distinct

from adult AML and contains many SE-driven

leukemia regulators

The 22 pAML patient samples studied had an overrepresentation of
KMT2A (MLL) rearrangements (n 5 9) (supplemental Figure 1A);
however, other common pediatric cytogenetic and molecular sub-
types were also profiled (supplemental Table 1). We observed a
total of 118281 unique enhancers in the 22 samples. An analysis of
de novo enhancers gained by each incremental sample suggests
that our study is approaching saturation (supplemental Figure 1B),
indicating that our cohort should represent a significant breadth and
depth of the pAML enhancer landscape. As expected, SEs were
rarer than typical enhancers (average n 5 490 vs 9088), were much
larger in size (4169 bp vs 481 bp), and had on average .10-fold
higher H3K27ac signal than did typical enhancers (SE_signal_ave vs
TE_signal_ave) (supplemental Figure 1C; supplemental Table 1).

Focusing specifically on SEs, we aimed to investigate how the SE pro-
files of our samples compared with those of adult AML samples. We
performed unsupervised hierarchical clustering of our primary pediat-
ric samples to the primary adult AML samples of McKeown et al10 by
using similarity of patterns of signal in a consensus SE landscape. It
was observed that, in general, pAML samples had distinct SE profiles
comparedwith those derived from adults with AML (Figure 1A), largely
driven by a distinct cluster of pediatric KMT2A rearranged samples.
Given the separation of pediatric and adult samples by SE profiling,
we performed further clustering of pAML cell lines and primary sam-
ples by any region identified as an SE in any sample to determine if the
SE landscape could characterize samples according to cytogenetic or
molecular subtype (including, specifically, KMT2A rearrangement sta-
tus) (Figure 1B; supplemental Table 2). Although we and others have
shown in other cancer types that immortalized cell lines have substan-
tial SE differences from their corresponding primary tumors,11,25 we
observed in pAML that the cell lines clustered closely among the
patient samples. This finding suggests that the chromatin landscapes
of these cell lines are representative of our patient data. KMT2A-rear-
ranged samples largely clustered together, with the majority of non-
KMT2A samples clustering separately. However, clustering of the
KMT2A rearranged samples by similarity was not exclusive, as non–-
KMT2A-rearranged samples were also identified as having similar SE
profiles. BeyondKMT2A-rearranged samples, clustering of other cyto-
genetic/molecular subtypes could not be confirmed due to insufficient
sample representation. Given the frequency of KMT2A-rearranged
samples in our cohort and the role KMT2A fusion proteins play in driv-
ing dysregulated epigenetics, we specifically clustered samples based
on KMT2A fusion status and found a distinct KMT2A-rearranged SE
profile (supplemental Figure 1D).

Across all samples, we identified a subset of recurrent SE loci and
genes shared in .25% of pAML samples that we termed “core
pAML SEs.” These 581 core SEs were ordered according to the
product of H3K27ac signal/amplitude and SE frequency across all
samples, or by using their FASE score, as previously published23

(Figure 1C; supplemental Table 3). As expected, we identified SEs
associated with multiple hematopoietic regulators, including genes
previously associated with myeloid leukemias (eg, the HOXA cluster,
MEIS1, MEF2D, RUNX1), were identified.7,26 We performed RNA-
seq on 19 samples and confirmed a general positive correlation
between expression of selected genes and the strength of their cor-
responding SEs (as measured by the percentile rank of the SE in a
particular sample) (supplemental Figure 1E). These core pAML
SE-regulated genes were compared to published signatures: three
of the five most enriched signatures were related to regulation of
transcription and transcriptional output (Gene Ontology analysis)
(Figure 1D). A PML-RARA fusion signature was the most highly
enriched molecular signature (MSigDB) (Figure 1E), with two addi-
tional retinoid signatures also enriched in the top 50 enriched signa-
tures (supplemental Table 3).

Given the enrichment of retinoid signatures in our cohort, we com-
pared the overallRARA enhancer ranking within our consensus pAML
SE landscape to that of ZEB2 and KRAS, which had high and low
FASE scores, respectively. While all the samples had high ZEB2 SE
rankings and KRAS low enhancer rankings, RARA exhibited differen-
tial enhancer ranking across all samples, which was generally corre-
lated to the presence/absence of an RARA SE (Figure 1F). Taken
together, these results indicate that pAML and KMT2A-rearranged
pAML have distinct SE profiles, that pAML has multiple SE-regulated
leukemia-specific drivers, and that retinoid signatures are enriched
among the commonly shared SE-associated genes of pAML.

pAML frequently contains an RARA SE that is

correlated to some leukemia drivers

We next probed the role of a RARA SE in our pAML cohort. We
detected a 64% incidence of a RARA SE (Figure 2A), with 42% of
the samples (n5 10) containing a RARA SE in the top 100 of all SEs
(supplemental Table 1). This findingwas similar but slightly higher than
published in adult AML samples.10 Globally, the composite H3K27ac
load at the RARA SE locus and RARA SE ranking were confirmed to
be higher in theRARASE1 samples and cell lines (Figure 2B; supple-
mental Figure 2A-B). Every cytogenetic and molecular subgroup
tested had at least one sample with the RARA SE (Figure 2A; supple-
mental Figure 2C). Further comparison of the RARA SE rank vs its
expression level across all samples showed a general correlation, indi-
cating correct assignment (supplemental Figure 1E). Of the nine
KMT2A-rearranged samples, all four KMT2A-AFDN samples con-
tained a RARA SE, whereas the other KMT2A fusion samples had a
mixedRARASE presence. Although the 2CBF-rearranged AML sam-
ples [t(8;21) and inv(16)] did not cluster together by SE similarity (Fig-
ure 1B), both contained a RARA SE. This finding suggests that
transcriptional regulation could contribute to the biologic differences
in this heterogeneous subtype ofCBFAML27; however, more samples
of each CBF subtype are needed to determine the true frequency of a
RARA SE. The sample with the lowest ranked RARA SE, p151 (Fig-
ure 1F), was from a patient with trisomy 21 who presented with tran-
sient myeloproliferative disorder, a potentially self-resolving condition.
This sample, and surprisingly the one APL sample of the cohort that
also had an RARA SE, were specifically confirmed to have significant

Figure 3. (continued) response to tamibarotene (100 nM) after 72 hours’ treatment. Expression of other differentiation markers in response to tamibarotene (100 nM) after

72 hours’ treatment: CD66 (D) and CD11c (E). (F) Induction of apoptosis by 100 nM tamibarotene in pAML cell lines and samples after 72 hours’ treatment. (G) DHRS3

mRNA expression fold change after 24 hours’ tamibarotene treatment (100 nM). * P , .05; **.001 , P , .01; ***.0001 , P , .001; ****P , 0.0001.
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H3K27ac levels at the RARA SE locus (supplemental Figure 2D).
However, little can be concluded from inclusion of only one sample of
each of these subtypes.

To identify other genes that could modulate sensitivity to retinoid ago-
nists, we determined the pairwise Pearson correlation of each consen-
sus H3K27ac SE region to the RARA SE across all samples. We
observed that FOSB and RUNX1were highly correlated to the RARA
SE locus (Figure 2C), as wereSPI1, JUNB,DOT1L, and general AML
dependencies (eg, MCL1) (supplemental Table 4). However, other
AML-relevant genes showed poor correlation with the RARA SE
locus, including CDK6, MEF2C, and the HOXA cluster. Differential
H3K27ac load was seen at some of the most highly correlated and
least correlated loci in both cell lines and samples (Figure 2D; supple-
mental Figure 2E). Using the most correlated genes to generate a
RARA SE–correlated pAML gene signature, we again confirmed that
the most enriched signature was theMartens PML_RARA fusion gene
signature (Figure 2E). The Tretinoin response signature and other
AML gene signatures, including KMT2A, were also enriched (supple-
mental Table 4). Some of the most poorly correlated gene signatures
include hematopoietic stem cell signatures as well as other transcrip-
tion factor–regulated gene sets (Figure 2F; supplemental Table 4).
We concluded that certain SE-associated, pAML-relevant genes are
closely correlated to the RARA SE, but there are also SE-associated
genes drivingRARA-independent pathways in pAML.

In vitro sensitivity to the retinoid agonist

tamibarotene predicted by presence of RARA SE

We confirmed our RNA-seq to SE rank correlations (supplemental
Figure 1E) by targeted RARA expression profiling using reverse
transcription quantitative polymerase chain reaction (RT-qPCR) in
both pAML cell lines and select patient samples; a relationship was
observed between SE assignment to RARA and RARA messenger
RNA levels (Figure 3A, see supplemental Figure 2C for details on
RARA SE status and cytogenetics of samples selected). Compared
with the SE2 cell line (Kasumi1) and patient samples (p163 and
p198), we observed elevated RARA messenger RNA in RARA
SE1 pAML cell lines and patient samples, respectively. A range of
RARA expression was noted in the SE1 samples, which correlated
with our enhancer rankings in Figure 1F.

We then assessed the sensitivity of the same pAML cell lines and
samples to the retinoid agonist tamibarotene. Viability over time was
decreased in the RARA SE1 cell lines and patient samples, with no
discernible effect in the RARA SE2 cell line Kasumi1 or in the SE2
patient samples (Figure 3B). Dose–response testing in cell lines dis-
played comparable potency, as previously reported (supplemental Fig-
ure 3A).10 Because tamibarotene was formulated to be a more potent,
more pharmacokinetically stable synthetic retinoid than ATRA,28 and
ATRA had minimal benefit in an RARA-high mouse model in refer-
ence,10 we focused our subsequent studies on tamibarotene.

ATRA upregulates CD38 in APL, and tamibarotene has been shown
to induce its expression in adult RARA SE1 samples.10,29 We
observed that tamibarotene significantly upregulated CD38 only in

the treated RARA SE1 pAML cell lines and samples (Figure 3C).
We also observed that tamibarotene upregulated other differentia-
tion markers (CD66 and CD11c) in the RARA SE1 cell lines and
samples while not in the SE2 cell lines and samples (Figure 3D-E).
RARA SE1 cell lines and samples also exhibited increased apopto-
sis with tamibarotene treatment (Figure 3F). In the tamibarotene clin-
ical trial patients, DHRS3, a known RARA target gene, is
upregulated within 8 hours of the first tamibarotene dose and
remains upregulated at day 15.10,30 Similar to its CD38 effects,
tamibarotene induced DHRS3 in the pAML RARA SE1 cell lines
and patient samples (Figure 3G). However, although there was no
effect in the RARA SE2 cell line, DHRS3 was minimally to moder-
ately induced by tamibarotene in the RARA SE2 patient samples,
indicating tamibarotene’s potency but suggesting the role of other,
RARA-independent modulators of retinoid responsiveness.

To gauge the transcriptional effects of tamibarotene on RARA SE1
pAML, we assessed the global gene expression changes of the p401
sample treated with tamibarotene compared with vehicle. While
McKeown et al10 reported that tamibarotene induced minimal tran-
scriptional effects in three RARA-low cell lines, in this RARA SE1
sample, we observed 130 genes significantly upregulated more than
twofold (including DHRS3 and CD38) and 47 genes downregulated
(Figure 4A; supplemental Table 5). Upregulated genes include integ-
rins and genes involved with leukocyte motility and signaling, confirm-
ing a differentiating effect of tamibarotene in this sample (Figure 4B).
When we compared the most upregulated genes in response to tami-
barotene vs published genetic and chemical alterations by gene set
enrichment analysis (GSEA), we confirmed that some of the most
associated gene signatures were those involving retinoid signaling
(false discovery rate ,0.05) (Figure 4C-D; supplemental Figure 3B).
Some of the other most upregulated gene signatures included inter-
feron pathways (which have intertwined anticancer synergy with reti-
noid signaling)31,32 and MYC downregulated gene signatures
(supplemental Table 6). Of known PML-RARA–repressed genes in
APL,33 only a small number were upregulated with tamibarotene in the
RARA SE1 sample (eg, IRF1, BHLHE40), suggesting some overlap
but also distinct regulation of leukemia maintenance between the chi-
meric oncoprotein’s chromatin reorganization in APL and RARA-
driven transcriptional repression in pAML.

Tamibarotene has efficacy in RARA SE pAML

patient-derived xenografts

We next wanted to confirm whether tamibarotene sensitivity in vivo
is predicted by RARA SE status. We generated a RARA SE1
patient-derived xenograft (PDX) model of sample p401 (containing
a KMT2A-MLLT10 rearrangement). Once engraftment was con-
firmed, mice were treated with either vehicle or tamibarotene until
euthanasia. Leukemic burden in the peripheral blood was tracked by
hCD451hCD331 cells; we observed that tamibarotene decreased
leukemia disease burden compared with vehicle alone (Figure 5A).
Mice were euthanized when moribund, and all mice had evident leu-
kemia as the cause of clinical deterioration. However, the
tamibarotene-treated mice also had lower spleen and liver weights

Figure 4. (continued) signature database (MSigDB) by gene set enrichment analysis for tamibarotene-treated p401 cells. Data are presented as a scatterplot of the false

discovery rate (FDR) vs normalized enrichment score (NES) for each evaluated gene set. Red indicates significant sets based on an FDR cutoff ,0.05. (D) Plot of the run-

ning sum for the most enriched retinoid gene set within the tamibarotene-treated p401 data set, including the normalized enrichment score and the leading-edge subset of

enriched genes. DMSO, dimethyl sulfoxide.
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at time of euthanasia than vehicle-treated mice (Figure 5B). Also,
the mice given tamibarotene had a significant survival advantage
compared with the mice given vehicle (Figure 5C). CD38 was upre-
gulated only in the tamibarotene-treated mice, which was sustained
over time (Figure 5D). We compared these findings vs those of a
PDX model of the RARA SE2 pAML sample p198 (also containing
a KMT2A-MLLT10 rearrangement) and treated as noted above. We
observed tamibarotene did not suppress peripheral leukemic burden
(Figure 5E). Liver and spleen weights at time of euthanasia showed
no difference between treatment groups (Figure 5F). Tamibarotene
also did not prolong the survival of this RARA SE2 model (Figure
5G) Overall, there was no to minimal significant weight loss in either
group of mice with tamibarotene treatment (Figure 5H). Our results
indicate that tamibarotene has superior antileukemic efficacy in
RARA SE1 pAML patient samples compared with RARA SE2
pAML samples, both in vitro and in vivo.

Discussion

For several decades, leukemia clinicians and scientists have urgently
sought new drugs for both pAML and adult AML. In the past few
years, there has been hope on the horizon with approval by the US
Food and Drug Administration of liposomal daunorubicin/cytarabine,
FLT3 inhibitors, IDH1/2 inhibitors, and B-cell lymphoma 2 inhibitors
for adults with AML. Here we performed the first enhancer land-
scaping of pAML and confirmed that pAML and adult AML have
generally different SE landscapes. We found that many known leu-
kemia driver genes are SE associated. Our assessment of the “core
pAML SE-associated genes” across all cytogenetic and molecular
subtypes of pAML implies an addiction to misregulated transcrip-
tional control. This aligns with common structural rearrangements in
pAML driving altered gene expression programs that commonly
causing a blockade in normal myelopoiesis. Although these chimeric
oncoproteins may lack druggable pockets, we identified the nuclear
hormone receptor RARA as a dependency in nearly two-thirds of
pAML that was exploited with the retinoid tamibarotene for antileu-
kemic effect in vitro and in vivo. Tamibarotene induced differentiation
and apoptosis of RARA SE1 pAML. We also confirmed that the
downstream targets of RARA (including pharmacodynamic bio-
marker DHRS3) appears to have similarly robust upregulation in
pAML and thus could be incorporated into a pediatric trial. Although
retinoids have multiple beneficial effects in patients with APL, trials
in pAML and adult AML have shown inconsistent benefits. Those
findings are supported by prior studies indicating that retinoid sig-
naling may induce myeloid differentiation but not affect survival,34,35

but we and others submit that perhaps more specific selection of
patients whose AML exhibits a heightened reliance on RARA signal-
ing might show more conclusive benefit.10IDH)

Although pAML is biologically different between infants, children,
young adults, and older adults,7 we observed a finding also seen in
adult AML; that is, a majority of samples contain a RARA SE that
correlates to sensitivity to the second-generation retinoid tamibaro-
tene.10 In addition, although McKeown et al10 studied tamibaro-
tene’s effect on global gene expression of RARA-high cell lines, we
were able to confirm that tamibarotene has similar effects in a
RARA SE1 primary pAML sample. Lastly, in vivo modeling of tami-
barotene confirmed that the antileukemic effects were confined to
RARA SE1 PDX pAML models as well, with our model also detect-
ing CD38 upregulation in the tamibarotene-treated mice. However,

unlike the findings of the adult study, SE profiles did not seem to
subgroup our pAML cohort into new subgroupings but rather
appeared to be correlated to known cytogenetic/molecular features.
We acknowledge that an overrepresentation of KMT2A-rearranged
samples limits a full conclusion to this effect.

MLL- (or KMT2A)-rearranged pAML has long been known to be an
epigenetically driven disease.36–38 In our cohort, KMT2A-rearranged
samples also appear to have distinct chromatin profiles and cluster
overall similarly than with other pAMLs, which agree with other pub-
lished reports on KMT2A-rearranged leukemias having unique gene
expression programs and chromatin profiles.36,39,40 A deeper under-
standing of the KMT2A-rearranged pAML core regulatory circuitry
(CRC),41 compared with those of non–KMT2A-rearranged pAML,
KMT2A-rearranged adult AML, and KMT2A-rearranged ALL, is criti-
cal to determine the chromatin-regulated difference in these types
of acute leukemias, potentially highlighting different but related net-
works to exploit.

In addition, identification of the CRC of pAML globally and in those
RARA SE1 samples may delineate the RARA-dependent and
RARA-independent networks controlling pAML subgroups. Deeper
investigations into the relationship between SE ranking and predic-
tive sensitivity will be critical for pediatric clinical trial development.
Furthermore, exploration of the most and least correlated
SE-associated genes to the RARA SE locus may also provide
insight into which patients with “high” RARA levels would most ben-
efit from tamibarotene treatment. Lastly, mechanisms of resistance
to tamibarotene in the setting of persistent activated retinoid signal-
ing must be interrogated to guide tamibarotene clinical development
in children with relapsed/refractory AML.

In conclusion, we present the first pAML cohort enhancer and SE
landscape, which showed a high prevalence of a RARA SE. These
samples were responsive to tamibarotene, in analogous fashion to
previously published AML cell lines and adult PDX models.10 As the
adult trial of tamibarotene thus far preliminarily seems positive and
should be completed in the near future, we believe this bodes well
for translating our findings to a pediatric trial, as our data indicate that
a potentially large fraction of children with relapsed/refractory AML
might be eligible for such a trial. Our data also provide a blueprint to
identifying other druggable dependencies in this aggressive disease.
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