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Abstract
Abnormal metabolism is a fundamental hallmark of cancer and represents a therapeutic opportunity, yet its regulation by
oncogenes remains poorly understood. Here, we uncover that JMJD1C, a jumonji C (JmjC)-containing H3K9 demethylase,
is a critical regulator of aberrant metabolic processes in homeobox A9 (HOXA9)-dependent acute myeloid leukemia (AML).
JMJD1C overexpression increases in vivo cell proliferation and tumorigenicity through demethylase-independent
upregulation of a glycolytic and oxidative program, which sustains leukemic cell bioenergetics and contributes to an
aggressive AML phenotype in vivo. Targeting JMJD1C-mediated metabolism via pharmacologic inhibition of glycolysis
and oxidative phosphorylation led to ATP depletion, induced necrosis/apoptosis and decreased tumor growth in vivo in
leukemias co-expressing JMJD1C and HOXA9. The anti-metabolic therapy effectively diminished AML stem/progenitor
cells and reduced tumor burden in a primary AML patient-derived xenograft. Our data establish a direct link between drug
responses and endogenous expression of JMJD1C and HOXA9 in human AML cell line- and patient-derived xenografts.
These findings demonstrate a previously unappreciated role for JMJD1C in counteracting adverse metabolic changes and
retaining the metabolic integrity during tumorigenesis, which can be exploited therapeutically.

Introduction

Malignant transformation rewires cell metabolism by
directly regulating key metabolic enzymes/pathways that
provide a selective growth advantage for tumor cells [1, 2].
Identifying oncogenes that drive cancer cell metabolism and
defining their mechanisms of action are of particular
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importance, since they are not only essential for under-
standing cancer biology, but are also critical in developing
effective inhibitors to target the disease.

Glycolysis and mitochondrial oxidative phosphorylation
(OXPHOS) are two major energy-producing pathways that
promote tumor progression. Unlike normal cells, where
glycolysis is induced by hypoxia, cancer cells metabolize
glucose to lactate at a high rate to meet increased energy
needs even in oxygen-rich (aerobic) conditions [3]. Glucose
is the predominant energy fuel for most cancers and a cell’s
metabolism can change based on the availability of this
substrate [4]. When glucose is abundant within the tumor
microenvironment, high rates of aerobic glycolysis, also
known as the Warburg effect, convert glucose into pyruvate
and subsequently produce considerable amounts of ATP
required for cancer cell survival [4]. OXPHOS is an equally
important metabolic transformation property and uses pyr-
uvate, the final product of glycolysis, as the primary carbon
source to generate ATP through the tricarboxylic acid
(TCA) cycle in the mitochondria. A minor inhibition of
ATP production can compromise cancer cell growth and
depletion of ATP induces necrotic or apoptotic cell death
[4, 5]. Evidence is emerging to support a link between
cancer metabolism and clinical outcomes; aggressive
tumors with coexistence of glycolytic and oxidative meta-
bolism display increased metabolic plasticity that promotes
tumorigenesis and metastasis [6, 7].

High rates of glycolysis and OXPHOS have also been
detected in patients with AML contributing to cell pro-
liferation and chemoresistance [8, 9]. We have previously
reported a possible link between upregulation of mito-
chondrial OXPHOS enzymes and leukemogenesis in mixed
lineage leukemia (MLL)-rearranged AML (e.g., MLL-AF9)
[10], a drug-refractory subtype of leukemia, in which
HOXA9/MEIS1 and JMJD1C are co-expressed and serve as
important mediators of leukemia stem cells (LSCs) [11, 12].
HOXA9 and MEIS1 are homeodomain transcription factors
that induce the expansion of normal hematopoietic stem
cells (HSCs) and cooperate to transform HSCs into LSCs
producing AML in mice [13, 14]. HOXA9 is overexpressed
in greater than 50% of AML patients and predicts poor
prognosis [15, 16]. JMJD1C functions as a HOXA9
cofactor and physically interacts with HOXA9 to modulate
downstream genes essential for LSC functions [11]. Loss of
JMJD1C impairs the maintenance of MLL-rearranged AML
but has minimal effects on HSC self-renewal; [11] thus,
targeting JMJD1C and its key downstream pathways pro-
vides a possible therapeutic opportunity. JMJD1C is a his-
tone H3K9 demethylase, but so far, no enzymatic activity
has been reported in HOXA9-dependent AML [11, 17].
This implicates additional/alternative mechanisms of action
for JMJD1C in promoting tumor progression. Here, we
uncover a previously unknown function for JMJD1C in

cancer metabolism that supports leukemic cell proliferation
and survival in HOXA9-dependent AML.

Methods

More information on methods can be found in the
Supplemental Information.

Statistical analysis

Statistical significance of differences was determined by an
unpaired two-tailed Student’s t test for comparison between
two groups and log-rank test for Kaplan–Meier survival
curves using GraphPad Prism 6.0 (La Jolla, CA, USA). Data
are presented as mean ± SEM. *P < 0.05, **P < 0.005, ***P <
0.0005, ****P < 0.0001, NS= not significant, Student’s t test.

Results

JMJD1C exerts in vivo demethylase-independent
tumor-promoting function through its metabolism-
associated domain

To directly investigate a pro-leukemogenic role for JMJD1C
in HOXA9-dependent AML, we generated HOXA9/MEIS1
pre-LSCs, an early stage of LSC development [12, 13], by
co-transducing HSC-enriched LSK cells with HOXA9-GFP
and MEIS1-puro. We found that enforced expression of
JMJD1C and JMJD1C-S, a short isoform lacking N-terminal
zinc finger (ZF) domain, improved the serial replating ability
of LSK-HOXA9/MEIS1 pre-LSCs and the S phase popu-
lation (Supplemental Figure S1A), indicative of increased
in vitro self-renewal and cell proliferation. Importantly,
overexpression of JMJD1C and JMJD1C-S reduced the
disease latency, respectively contributing to a more aggres-
sive phenotype in HOXA9/MEIS1-driven AML (Fig. 1a) via
enhancing in vivo cell proliferation in BL6 mice
(Supplemental Figure S1B). Given the lack of the ZF
domain in JMJD1C-S and its importance in the enzymatic
activity of JmjC domain-containing proteins to specifically
demethylate H3K9 [18], our data implicate a possible
H3K9 demethylase-independent function for JMJD1C in
HOXA9-dependent AML. This is in line with western blots
exhibiting no noticeable differences in global H3K9me1/2/3
levels upon overexpression of JMJD1C/JMJD1C-S in LSK-
HOXA9/MEIS1 leukemic cells (Supplemental Figure S2)
and agrees with several recent studies that could not detect
methylation alterations in JMJD1C-depleted HOXA9/
MEIS1 and MLL-AF9 leukemic cells following extensive
biochemical assays, including ChIP-seq and western blots
[11, 17].

J. R. Lynch et al.



To further assess the functional domains of JMJD1C
in vivo, we generated two JMJD1C mutants that
either eliminated the JmjC domain (ΔJmjC; demethylase-
associated) or deleted 121aa in the N-terminal region of the
thyroid-hormone receptor (TR)-binding domain (ΔN-TR;
metabolism-associated). The impact of JMJD1C mutants on
tumor burden was examined in an aggressive xenograft
mouse model of human MLL-AF9 (MOLM-13) AML,
which is a robust and effective assay system for in vivo
functional studies given its extremely short latency (Sup-
plemental Figure S3A). Confocal immunofluorescence con-
firmed overexpression and nuclear localization of JMJD1C
mutants (Supplemental Figure S3B). Similar to the loss of
the ZF domain, in vivo bioluminescence imaging revealed
that deletion of the JmjC domain did not affect the ability of
JMJD1C to promote leukemic cell engraftment and to pro-
duce a more aggressive leukemia in NOD/SCID/IL2R
gamma-null (NSG) mice (Fig. 1b; Supplemental
Figure S3C). Given that the JmjC domain is a prerequisite for
the demethylase activity of JMJD1C, this result further
supports a demethylase-independent role for JMJD1C in

HOXA9-dependent AML. Conversely, partial deletion of the
TR domain was sufficient to abrogate the proleukemogenic
activity of JMJD1C in vivo (Fig. 1b; Supplemental
Figure S3C), indicating possible involvement of the
metabolism-associated domain in JMJD1C tumor-promoting
function.

JMJD1C-regulated genes are involved in metabolic
processes in HOXA9-dependent AML

To determine key molecular pathways induced by JMJD1C
in HOXA9-driven leukemogenesis, we performed gene
expression profiling of JMJD1C-overexpressing LSK-
HOXA9/MEIS1 pre-LSCs. A total of 110 differentially
expressed genes were identified with a significance cut-off
of the false discovery rate ≤ 0.05 and fold change ≥2
(Fig. 2a). Subsequent Gene Ontology (GO) term analysis
[19] revealed strong enrichment of metabolism-associated
biological processes (Fig. 2a). Likewise, the gene set
enrichment analysis [20] identified JMJD1C-induced
enrichment of gene sets associated with energy
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Fig. 1 The metabolism-associated domain is required for JMJD1C to
promote leukemogenesis in vivo in HOXA9-dependent AML.
a Kaplan–Meier survival curve of BL6 mice transplanted with LSK-
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b Bioluminescence imaging and total flux (photons/sec; p/s) of
MOLM-13 xenograft mice (n= 3)
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metabolism including glycolysis, pyruvate metabolism and
mitochondrial TCA cycle, as well as the mTOR pathway
(Supplemental Figure S4A), which is required for the
maintenance of mitochondrial oxidative activities [21].
These data implicate JMJD1C-mediated control of glyco-
lytic and oxidative processes in the regulation of energy
(ATP) production in HOXA9-dependent AML.

JMJD1C upregulates key glycolytic and oxidative
enzymes associated with human cancers

JMJD1C (also known as TRIP8) was originally described as a
TR-binding protein directly interacting with TRs, which could
serve as DNA-binding transcription factors with a known

regulatory function of energy metabolism by inducing
OXPHOS gene transcripts and cross-talking to glycolysis
[22–25]. We have previously shown a possible link between
upregulation of OXPHOS enzymes (e.g., ND2) and MLL-
AF9 leukemogenesis, and reported elevated expression of
OXPHOS genes in a panel of primary human AML samples
[10]. Here, we found that JMJD1C overexpression induced a
substantial increase in mitochondrial complex 1 enzyme ND2
and complex III enzyme CYTB in LSK-HOXA9/MEIS1
leukemic cells (Fig. 2b), supporting a possible role for
JMJD1C in the regulation of mitochondrial OXPHOS.

Our data also showed that JMJD1C upregulated several
key glycolytic enzymes identified by microarray analysis,
including ALDOC, PGK1, PKM2, and LDHA
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(Supplemental Figure S4B). Importantly, JMJD1C pro-
moted phosphorylation of PKM2 at tyrosine Y105
(Fig. 2b), which facilitates the formation of the dimeric
form of PKM2 [26]. The dimerization of Y105-p-PKM2 is a
common event in human cancers and enhances glycolysis to
support cancer progression [26], representing a valuable
therapeutic target. Notably, JMJD1C knockout in primary
MLL-AF9 leukemic cells did not cause changes in
H3K9me2 levels on the loci of JMJD1C-modulated meta-
bolic enzymes (Supplemental Figure S5A; GSE75577 [11]).
This is consistent with our observation in human MLL-AF9
AML (MOLM-13) cells that deletion of the demethylase-
associated JmjC domain did not affect the ability of
JMJD1C to upregulate essential metabolic enzymes (i.e.,
Y105-p-PKM2 and CYTB); conversely, partial deletion of
the metabolism-associated TR domain completely abolished
the expression-promoting function of JMJD1C (Supple-
mental Figure S5B). These data underline H3K9
demethylase-independent regulation of metabolic pathways
by JMJD1C in HOXA9-dependent AML.

JMJD1C enhances rates of glycolysis and OXPHOS
for ATP generation

We next examined the direct effect of JMJD1C on cellular
metabolism, and observed that JMJD1C overexpression
significantly elevated ATP production compared to empty
vector control (Fig. 2c). Since the total cellular ATP pool is
predominantly produced by OXPHOS and glycolysis, we
performed bioenergetic analysis of oxygen consumption
rate (OCR) for OXPHOS and extracellular acidification rate
(ECAR) for lactate production and glycolysis. Our data
revealed increased levels of OCR and ECAR upon JMJD1C
overexpression in LSK-HOXA9/MEIS1 leukemic cells
(Fig. 2c). JMJD1C thus has the ability to increase ATP
production through coordinated regulation of OXPHOS and
glycolysis in HOXA9-dependent AML.

JMJD1C protects leukemic cells from high
glucose-induced impairment of OXPHOS

Given the fact that glucose is the principal energy source for
cancer cell proliferation and survival, and our observation
that JMJD1C-regulated genes were enriched in the glucose
metabolic process (Fig. 2a), we tested the effect of JMJD1C
on glucose-induced alterations in metabolism. Our data
showed that exposure to high glucose (10 mM) induced a
metabolic shift resulting in increased ECAR but decreased
OCR in LSK-HOXA9/MEIS1 leukemic cells, while
enforced expression of JMJD1C rescued leukemic cells
from high glucose-induced suppression of OXPHOS and
consequently sustained high rates of lactate production and
oxygen consumption when glucose availability was high

(Supplemental Figure S6). Collectively, JMJD1C may
confer metabolic flexibility in leukemic cells, allowing them
to adapt to microenvironmental changes.

JMJD1C exerts an origin-specific function in
modulating dimeric PKM2-dependent glycolysis

We have previously demonstrated that stem cell-derived
LSK-HOXA9/MEIS1 and LSK-MLLAF9 pre-LSCs pro-
duce histopathologically and immunophenotypically similar
diseases; however, MLL-AF9 AML is more aggressive than
HOXA9/MEIS1 AML [13, 27]. While MLL-AF9 can
transform both HSCs and granulocyte–monocyte progenitor
(GMP) [12, 13, 28], the origin of pre-LSCs determines
tumor aggressiveness [29, 30]. To evaluate whether the
cellular origin affects JMJD1C function, we generated
origin-specific pre-LSCs by transforming LSK or GMP
cells with MLL-AF9-GFP followed by transduction with
JMJD1C-targeting shRNAs or scrambled-control, and
transplanted origin-specific MLL-AF9 pre-LSCs into BL6
mice to develop primary AML. GFP+ leukemic cells iso-
lated from primary AML were subsequently transplanted
into secondary recipients (Supplemental Figure S7A).
JMJD1C depletion significantly extended survival of mice
receiving LSK-MLLAF9 leukemic cells but had no effects
on those receiving GMP-MLLAF9 cells (Fig. 3a). These
data support an origin-specific role for JMJD1C in main-
taining stem cell-derived MLL-AF9 AML, which is known
to be highly aggressive with extensive chemoresistance as
compared to GMP-derived MLL-AF9 AML [29, 31].

To identify an effective treatment strategy targeting
JMJD1C-mediated metabolism, and given a known role of
dimeric PKM2 as a key regulator of aerobic glycolysis in
tumor progression [26], we investigated the effect of
pharmacologic inhibition of dimeric PKM2 on metabolism
in LSK-MLLAF9 LSCs [32]. GFP+ c-Kit-enriched
LSK-MLLAF9 LSCs isolated from primary AML mice
were treated with Shikonin (Shik), a natural compound from
Chinese herbs that is a selective inhibitor of dimeric PKM2
with broad anticancer effects in multiple cancer types but
exhibits no toxicity to normal cells [33, 34]. Shik treatment
induced a significant reduction in ECAR accompanied
with increased OCR following exposure to 100 nM Shik
(Fig. 3b; Supplemental Figure S7B), a concentration suffi-
cient to reduce the colony formation by ~50% (Supple-
mental Figure S7C). Likewise, a previous report reveals that
genetic deletion of PKM2 causes a metabolic shift from
glycolysis towards OXPHOS in MLL-AF9 leukemic cells
[35]. As expected, inhibition of dimeric PKM2 by Shik led
to no significant difference in total ATP production in LSK-
MLLAF9 LSCs (Fig. 3b), largely due to increased
OXPHOS partially compensating for the loss of glycolytic
ATP production that in turn overcomes Shik-induced

JMJD1C-mediated metabolic dysregulation contributes to HOXA9-dependent leukemogenesis



ATP depletion. Furthermore, Shik treatment prevented
glucose-induced increase in lactate production in LSK-
MLLAF9 LSCs (Fig. 3b). These findings underline an
origin-specific function of JMJD1C in modulating dimeric
PKM2-dependent glycolysis and implicate the importance
of targeting both glycolysis and OXPHOS for ATP deple-
tion in HOXA9-dependent AML.

Pharmacologic co-suppression of glycolysis and
OXPHOS impairs leukemic stem cells

To efficiently reduce ATP production in order to impair
LSCs, we performed combined inhibition of glycolysis and
OXPHOS by Shik together with ABT-263, a BCL-2 inhi-
bitor that has a known function to target OXPHOS selec-
tively compromising LSCs in human AML but does not
affect in vivo engraftment of normal HSCs in NSG mice at
a concentration of 250 nM [8]. Compared to single-agent or
control treatments, the combination of Shik and ABT-263
caused a significant decrease in colony formation, cell
viability, ATP levels and bioenergetics while producing
additive effects on necrosis/apoptosis in LSK-MLLAF9

LSCs (Fig. 4a–d; Supplemental Figure S8A). Furthermore,
enforced expression of JMJD1C conferred significant pro-
tection of HOXA9/MEIS1 leukemic cells against metabolic
impairment and prevented the decrease of ATP levels, cell
viability and colony formation, caused by the combination
treatment (Supplemental Figure S8B–D). These data are in
line with JMJD1C knockout-induced decrease in ECAR and
OCR in LSK-MLLAF9 LSCs (Supplemental Figure S8E–
G), underscoring the dependence of stem cell-derived AML
LSCs on both glycolytic and oxidative pathways. Our
observations implicate the therapeutic value of targeting
JMJD1C-driven metabolic pathways in AML treatment.

Co-inhibitory treatment targets human AML cells
in vivo whereas single-agent treatment induces a
metabolic shift between glycolytic and oxidative
pathways

We next investigated the effect of Shik and/or ABT-263
treatment on human leukemia cell lines, including MLL-AF9
AML (THP-1 and MOLM-13), non-MLL AML (HL-60),
CML (K562), ALL (Jurkat), and lymphoma (U937) cells. Our
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data along with analysis of a microarray dataset [36] revealed
differential expression of JMJD1C and HOXA9 in these
human leukemia cell lines (Supplemental Figure S9A–C). This
provides a valuable assay system in understanding how
endogenous expression of JMJD1C and HOXA9 determines
drug responses of human leukemic cells (Table 1).

Our in vitro data showed that the inhibitory effect of
combined treatment with Shik and ABT-263 was largely
dependent upon co-expression of JMJD1C and HOXA9,
as the combination selectively reduced cell viability and
induced necrosis/apoptosis in human THP-1 and MOLM-
13 cells that express high levels of JMJD1C and HOXA9,
but had little effects on human HL-60, K562, U937 and
Jurkat cells that lack either JMJD1C or HOXA9

(Supplemental Figure S10A, B). Consistently, our in vivo
results from human cell line-derived xenograft (CDX)
mouse models showed that 2-day ex vivo combination
pretreatment of human leukemic cells reduced tumor
burden in MOLM-13 xenografts but not in U937 and HL-
60 xenografts, as determined by in vivo bioluminescence
imaging (Supplemental Figures S11 and S12). The ex vivo
pretreatment data were confirmed by direct in vivo treat-
ment of MOLM-13 xenografts, which led to decreased
proliferation of human hCD45+hCD33+ myeloid cells in
treated NSG mice (Supplemental Figure S13A, B). These
findings provide evidence supporting treatment specificity
in targeting human AML cells co-expressing JMJD1C and
HOXA9.
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Of note, consistent with the modest single-agent activity
observed in vitro, 2-day ex vivo single-agent pretreatment
with Shik/ABT-263 exhibited no inhibitory effects on
in vivo engraftment in MOLM-13 xenografts (Supplemental
Figure S14A). This could be attributed to single-agent-
induced metabolic shift in the balance between OXPHOS
and glycolysis, as evidenced by the observation that ABT-
263 reduced ND2 expression but elevated Y105-p-PKM2;
conversely, Shik decreased Y105-p-PKM2 but increased
ND2 (Supplemental Figure S14B). These data underline the
necessity for co-inhibition of JMJD1C-mediated glycolytic
and oxidative pathways as a therapeutic strategy in AML
treatment.

Co-inhibitory treatment reduces leukemia burden in
an AML patient-derived xenograft while sparing
normal hCD34+ hematopoietic stem/progenitor
cells in NSG mice

To directly investigate the clinical potential of combination
treatment, we used an established patient-derived xenograft
(PDX) mouse model AML-491 [37], in which primary
human AML cells from a relapsed patient with aberrant
cytogenetics were transplanted into NSG mice to generate
serially transplantable PDX cells. PDX AML-491 stably
expressing enhanced firefly luciferase (FLuc) and mCherry
were transplanted into NSG mice for a 4-day combination
treatment. In vivo bioluminescence imaging showed that the
combination of Shik and ABT-263 substantially reduced
leukemia burden and also greatly diminished the percentage
of human CD34+ AML stem/progenitor cells in mouse BM
indicating treatment-induced impairment of LSC compart-
ment (Fig. 5a, b; also see Supplemental Figures S15 and
S16 for two independent repeats). High levels of HOXA9
and JMJD1C were observed in human myeloid hCD33+

cells of PDX AML-491 compared to two independent
remission samples from AML patients with normal kar-
yotype (Fig. 5c). In contrast, combined treatment with Shik/
ABT-263 showed no noticeable inhibitory effects on nor-
mal human CD34+ stem/progenitor cells in NSG mice
(Supplemental Figure S17). Our data demonstrate a ther-
apeutic window existing for the combination treatment
targeting key metabolic pathway components specific to
human leukemias, which largely depend on co-expression
of JMJD1C and HOXA9.

Discussion

Increasing evidence shows that glycolysis and OXPHOS
are not always mutually exclusive in a tumor; instead, they
may coexist and contribute differently to ATP production in
response to changes in the microenvironment such asTa
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glucose availability [1, 7, 38]. Here, we reveal a previously
unknown role for JMJD1C in coupling glycolytic and oxi-
dative metabolism to leukemic cell proliferation and sub-
sequent acquisition of an aggressive malignant phenotype in
AML. Disrupting JMJD1C-driven metabolic machinery
provides a unique therapeutic opportunity for AML
treatment.

AML is a devastating form of blood cancer. HOXA9 is
overexpressed in more than 50% of AML patients and
predicts poor prognosis [15, 16]. Notably, JMJD1C has
been reported to act as an H3K9 demethylase and tran-
scriptional activator in AML that lacks HOXA9 expression
(e.g., AML1-ETO) [11, 39]; conversely, its demethylase
activity could not be detected in AML that depends on
HOXA9 (e.g., MLL-AF9) [11, 17]. Likewise, we observed

a dispensable role of demethylase-associated domain in
JMJD1C tumor-promoting action during HOXA9-
dependent leukemogenesis. This implicates a novel func-
tion for JMJD1C in gene regulation where the physical
interaction with HOXA9 [11] is likely to alter the protein
conformation of JMJD1C, which favors the use of its
metabolism-associated domain leading to subsequent pro-
motion of cancer cell metabolism over the demethylase
activity. JMJD1C may have a dual function exerting its pro-
oncogenic properties through either a metabolism- or
demethylase-dependent mechanism that is largely deter-
mined by endogenous expression of its binding partner
HOXA9.

In addition to the nature of activated oncogenes, the
availability of energy substrates (i.e., glucose) within the

Day 14
Baseline

Day 21
Treatment

(days 17 - 20) 

3

2

1

DMSO               Shik+ABT-263

In vivo bioluminescence

A NSG

BM

1x105

Mouse #1 #2 #3  #1      #2  #3     #4

Ctr1    Ctr2  PDX

Remission   AML-491

HOXA9 and JMJD1C expression in hCD33+ myeloid cells 

Ctr1   Ctr2   PDX

**

Remission  AML-491

Days  1           14       21

Shik (5mg/kg)+ABT-263 (50 mg/kg) 

**

x106

p/s/cm2

PDX AML-491 
(mCherry-FLuc)

6

4

2

0

Day 14 Day 21 

DMSO
Shik+ABT-263

T
ot

al
 fl

ux
 (

p/
s)

 x
10

7 ***

NS

JM
JD

1C
 e

xp
re

ss
io

n
(r

el
at

iv
e 

to
 G

A
P

D
H

)

H
O

X
A

9 
ex

pr
es

si
on

(r
el

at
iv

e 
to

 G
A

P
D

H
)

DMSO       Shik
ABT-263

%
 h

C
D

34
+

ce
lls

 in
 B

M

B hCD34+ cells C
**

n=3n=3

Fig. 5 In vivo treatment with Shik and ABT-263 reduces tumor burden
in AML PDX mice. a Bioluminescence imaging and total flux for
PDX mice treated with DMSO vs. combination of Shik and ABT-263
for four consecutive days. Note: the mice did not develop full AML
during the course of the study. b Percentage of hCD34+ cells engrafted

in the BM of PDX mice in response to in vivo treatment. c qPCR (n=
3) confirming high levels of HOXA9 and JMJD1C in hCD33+ myeloid
cells of PDX mice compared to remission samples from two AML
patients

JMJD1C-mediated metabolic dysregulation contributes to HOXA9-dependent leukemogenesis



tumor microenvironment also determines the metabolic
circuitry of cancer cells during tumor progression. Leu-
kemic cells with high-glucose metabolism are associated
with chemoresistance in human AML [9]. We found that
high glucose promotes the Warburg effect, causing
increased utilization of glycolysis and inhibition of
OXPHOS in HOXA9/MEIS1 cells. However, enforced
expression of JMJD1C protects leukemic cells from high
glucose-induced impairment of OXPHOS resulting in their
dependency on both glycolysis and OXPHOS for ATP
production, a metabolic phenotype consistent with
JMJD1C-enhanced disease aggressiveness in HOXA9-
dependent AML. JMJD1C thus has a critical function in
attenuating adverse effects on cancer metabolism to main-
tain sufficient ATP supply for tumorigenesis.

HSC-derived leukemias are more resistant to che-
motherapy than GMP-derived leukemias [29, 30]. Our
studies show that leukemia cell of origin not only influences
the drug response, but also determines pathway activation
and metabolic processes in AML. We have previously
documented that GMP-derived MLL-AF9 AML largely
depends on aberrant activation of G protein (Gaq)/β-catenin
signaling to elevate OXPHOS for ATP synthesis via mod-
ulation of mitochondrial complex 1 genes [10]. Here, we
demonstrate that HSC-derived MLL-AF9 AML relies on
the JMJD1C pathway to increase ATP production through
upregulation of glycolytic and mitochondrial complex
enzymes. Intracellular ATP levels are an important deter-
minant of chemoresistance in cancer [40]; increased ATP
induced by JMJD1C may confer a drug resistant phenotype
to HSC-derived MLL-AF9 LSCs, which generate an
aggressive AML associated with poor clinical outcome
[31]. The observation that treatment-induced phenotypic
deficiency in human AML in vivo resembles the JMJD1C
knockout in established HSC-derived MLL-AF9 AML [11]
underscores the target specificity of the combination of
ABT-263 and shikonin.

Our data have established a positive link between drug
responses and endogenous expression of JMJD1C and
HOXA9 in human AML CDX mouse models; this has been
confirmed in a preclinical PDX model. These results pro-
vide important insights into the cellular response to drug
application. ABT-263 has been used as a single agent in
several clinical trials in patients with relapsed cancer [41,
42]. One limitation is that ABT-263 not only suppresses
OXPHOS [8], but also inhibits BCL-XL that reduces pla-
telet lifespan, causing dose-dependent thrombocytopenia in
patients [41, 42]. On the other hand, ABT-199, a selective
BCL-2 inhibitor sparing platelets [43], has been approved
by the FDA for the treatment of certain CLL subtypes and
could be an alternative treatment option for further studies.

In sum, we demonstrate for the first time a critical role of
JMJD1C in regulating cancer metabolism. This study

provides proof-of-concept evidence to support targeting
JMJD1C-driven metabolic machinery as a promising
anticancer therapeutic approach for HOXA9-dependent
AML.
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