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Abstract

Acute myeloid leukemia (AML) patients with high PRDM16 expression frequently experience induction failure and have a poor
prognosis. However, the molecular mechanisms underlying these clinical features remain elusive. We found that murine AML
cells transformed by MLL::AF9 fusion and oncogenic short-isoform Prdm16 overexpression (hereafter, MF9/sPrdm16) exhib-
ited resistance to cytarabine (AraC), but not to anthracycline, both in vitro and in vivo. Intriguingly, MF9/sPrdm16 cells dis-
played a gene expression signature of high oxidative phosphorylation (OxPHOS) and increased mitochondrial respiration. The
inhibition of mitochondrial respiration with metformin or tigecycline abrogated AraC resistance in MF9/sPrdm16 cells via an
energetic shift toward low OxPHOS status. Furthermore, sPrdm16 up-regulated Myc and the glutamine transporter Slc1a5s,
activating the TCA cycle and glutaminolysis. Of note, both OxPHOS and MYC-target gene signatures were significantly en-
riched in AML patient samples with high PRDM16 expression. Together, we showed that PRDM16 overexpression activates
mitochondrial respiration through metabolic reprogramming via the MYC-SLC1A5-Glutaminolysis axis, thereby conferring
AraC resistance on AML cells. These results suggest that targeting mitochondrial respiration might be a novel treatment
strategy to overcome chemoresistance in AML patients with high PRDM16 expression.

Introduction

PRDM16 is one of the 16 members of PR/SET domain (PRDM)
family,’ which is critical for the function of hematopoietic
stem cells (HSC).2 In pediatric acute myeloid leukemia (AML),
patients with high PRDM16 expression showed significantly
worse overall survival (OS) and event-free survival (EFS)
than those with low PRDM16 expression.® Further analyses
of clinical parameters have revealed that the percentage of
patients who did not achieve complete remission (CR) after
induction chemotherapy was significantly higher in those
with high PRDM16 expression than in those with low PRDM16
expression.® High PRDM16 expression is also observed in
31% of adult AML cases.* Remarkably, high PRDM16 expres-
sion was frequent among adult AML patients who did not

achieve CR after induction chemotherapy.* Moreover, OS
was significantly worse in those with high PRDM16 expres-
sion than in those with low PRDM16 expression.* Several
other studies have also demonstrated that high PRDM16
expression in adult AML predicts poor OS, relapse-free
survival (RFS), and low CR rate after induction therapy.>”’
These findings suggest that high PRDM16 expression is a
pivotal clinical determinant of poor prognosis and induction
failure in both pediatric and adult AML.

PRDM16 was originally isolated as a transcriptionally ac-
tivated translocation partner gene in t(1;3)(p36;921) AML.8
Analysis using Prdm16-deficient mice revealed that Prdm16
is a critical regulator of hematopoietic and neural stem cell
maintenance, partly by regulating oxidative stress.® Prdm16
is selectively expressed in the earliest HSC compartment
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and is crucial for the establishment and maintenance of the
HSC pool.? Full-length PRDM16 (fPRDM16) is a zinc finger
transcription factor which also possesses an N-terminal
PR domain, homologous with a SET chromatin remodeling
domain. Another isoform, short-isoform PRDM16 (sPRDM16),
lacks the PR domain and this sPRDM16 was mainly detect-
ed in the t(1;3)(p36;921)-positive AML and myelodysplastic
syndromes (MDS)."o"

Of note, elevated sPRDM16 expression due to promoter hy-
pomethylation was frequently observed in cytogenetically
normal (CN) AML.? The roles of these two distinct PRDM16
isoforms on myeloid leukemogenesis seem to be slightly
different. Although both fPrdm16 and sPrdm16-transduc-
ed cells cause myeloid diseases in vivo, fPrdm16 requires
longer disease latency than sPrdm16.® In addition, histone
H3 lysine 4 methyltransferase activity of the PR domain
within fPrdm16 was shown to be required for specific sup-
pression of MLL-rearranged leukemogenesis both in vitro
and in vivo, indicating that fPRDM16 functions as a tumor
suppressor in this context.* On the other hand, a number
of studies have demonstrated the apparent leukemogenic
effect of sPRDM16. Overexpression of sPRDM16 blocked
granulocyte colony-stimulating factor (G-CSF)-induced
granulocytic differentiation in myeloid L-G3 cells, whereas
fPRDM16 could not block the differentiation.© Moreover,
overexpression of sPrdm16 can co-operate with p53 loss
or Hoxb4 overexpression to induce myeloid leukemia in
vivo.>"® More recently, sPrdm16 was shown to transform
megakaryocyte-erythroid progenitors into myeloid leuke-
mia-initiating cells by activating myeloid gene regulatory
networks.® These studies indicate that sPRDM16 is a bona
fide oncogene in myeloid leukemia. However, how this
oncogene drives high-risk myeloid leukemia with chemo-
therapy resistance remains elusive.

Here, we performed cell viability, transcriptome, metabo-
lome and in vivo analysis using murine leukemic cells and
patient samples and explored response to chemotherapeu-
tic agents used in standard induction therapy for AML in
leukemic cells with high expression of SPRDM16. Our study
uncovered unique sPRDM16-driven metabolic reprogram-
ming, leading to chemoresistance of AML cells with high
SPRDM16 expression.

Methods

Animals

C57BL/6JJmsSlc (CD45.2) or C57BL/6-Ly5.1 (CD45.1) mice
were purchased from Japan SLC (Shizuoka, Japan) and
Sankyo Laboratory Service Corporation (Tokyo, Japan),
respectively. FIt3° mice have been previously described.”®
Mice were housed in a special pathogen-free environment
at our institutional animal facility. All animal procedures
were approved by the Institutional Animal Care Committees
in Yokohama City University.
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Patient samples and RNA-sequencing

We analyzed RNA-sequencing data obtained from 139 of all
the pediatric AML patients enrolled in the Japanese Pedi-
atric Leukemia/Lymphoma Study Group (JPLSG) AML-05
trial.”” All patients provided informed consent. These 139
patients were divided into two groups based on a PRDM16/
ABL1 expression ratio of 0.010 as the cutoff using RT-qPCR:
39 patients with high PRDM16 expression and 100 patients
with low PRDM16 expression, as previously described.® This
research was conducted in accordance with the Declaration
of Helsinki and approved by the institutional review boards
of Yokohama City University, the participating institutes,
and the ethical review board of the JPLSG AML-05 trial.

Results

High sPRDM16 expression drives cytarabine resistance in
acute myeloid leukemia

To establish murine bone marrow (BM) and leukemic cells
with high sSPRDM16 expression, we transduced murine nor-
mal BM or MLL::AF9-transformed cells with either mock or
sPrdm16-expressing retroviral vector to establish models for
sPrdm16-low or high murine BM and MLL::AF9 cells (Figure
1A, B). We confirmed transforming capacity of sPrdm16 in
normal BM cells in vitro as previously described (Online
Supplementary Figure STA-C).® Of note, murine MLL::AF9
leukemia cells did not substantially change immunopheno-
type (Online Supplementary Figure S1D, E), cellular growth
(Online Supplementary Figure S1F), and in vivo leukemo-
genicity (Online Supplementary Figure S1G, H) by ectopic
SPrdmi6 expression, suggesting non-tumor suppressive role
of sPrdm16 in MLL::AF9 leukemia cells, which is in sharp
contrast to fPRDM16.* Using these cells as cellular mod-
els of low or high sPrdm16 expression, we first examined
the sensitivity of these cells to either cytarabine (AraC) or
daunorubicin by cell viability assays. Strikingly, MLL::AF9
leukemia cells with high sPrdm16 expression (MA9/sPrdm16
cells) showed significantly higher 50% inhibitory concentra-
tion (ICy,) against AraC compared to MLL::AF9 leukemia cells
transduced with mock vector (MA9/control cells) (Figure 1C).
In contrast, ICs, against daunorubicin were comparable in
these leukemia cells (Figure 1C). Importantly, murine normal
BM cells with high sPrdm16 expression (WT/sPrdm16 cells)
also showed higher IC_  against AraC compared to murine
normal BM cells transduced with mock vector (WT/control
cells) (Online Supplementary Figure S2A). Consistent with
cell viability assays, WT/sPrdm16 cells showed decreased
sensitivity to AraC but not to daunorubicin compared to
WT/control cells in colony forming unit (CFU) assays (Online
Supplementary Figure S2B, C). To validate these findings in
human leukemia cells, we transduced human AML cell lines,
MOLM13 and THP-1, with either mock or sPRDM16-expressing
retroviral vector. As expected, both MOLM13 and THP-1 cells
with high sPRDM16 expression showed higher ICs, against
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AraC compared to cells transduced with mock vectors
(Figure 1D, E). Similar to murine leukemia cells, IC5, against

daunorubicin were comparable in these human leukemia
cells (Figure 1D, E). AraC is an antimetabolic agent which
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Figure 1. sSPRDM16 induces cytarabine resistance in acute myeloid leukemia cells in a cell cycle-independent manner. (A) Exper-
imental schema for the establishment of MA9/control or MA9/sPrdm16 cells. (B) Protein expression levels of sPrdm16, detected
by western blotting analysis, were up-regulated in MA9/sPrdm16 cells. (C) In vitro drug sensitivity assay for cytarabine (upper
panel) or daunorubicin (lower panel) using MA9/control and MA9/sPrdm16 (N=3 for each group). (D, E) Drug sensitivity assay using
human acute myeloid leukemia (AML) cell lines, MOLM-13 (D) and THP-1 (E), transduced with either mock or sPRDM16-expressing
vector (N=3 for each group). (F) Cell cycle analysis of MA9/control and MA9/sPrdm16 cells (N=3 for each group). Representative
flow cytometry images (left panels) and percentages of each phase of the cell cycle (right panel) are shown. MA9/sPrdm16 cells
exhibited an increased S/G2/M phase, which typically exhibits high sensitivity to cytarabine. All data are represented as mean *
standard deviation. An unpaired Student t test was used to calculate P values. N.S.: not significant; *P<0.05; **P<0.01; ***P<0.001;
*H***P<0.0001; *****P<0.00001.
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is converted to cytarabine-5-triphosphate after cellular
uptake and incorporated into DNA during DNA synthesis,
thereby inhibiting DNA polymerase and inducing cell cy-
cle arrest in an S phase-specific manner.’® We, therefore,
checked the percentage of S phase in MA9/sPrdm16 and
MA9/control cells, hypothesizing that lower percentage
of S phase might have conferred AraC resistance in MA9/
sPrdmi6 cells. Intriguingly, however, MA9/sPrdm16 cells
showed a significantly higher percentage of S/G2/M fraction
compared to MA9/control cells (Figure 1F). Likewise, WT/
sPrdm16 cells also showed a higher percentage of S/G,/M
fraction compared to WT/control cells (Online Supplemen-
tary Figure S2D). Of note, the percentage of S/G,/M fraction
was higher in AraC-treated WT/sPrdm16 cells compared to
vehicle-treated WT/sPrdmi6 cells (Online Supplementary
Figure S2E). These data suggest that sPrdm16 overexpression
drives AraC resistance of MA9/sPrdm16 and WT/sPrdm16
cells independently of S phase. We further examined the
effect of high sPrdm16 expression on drug sensitivity using
a murine F(t3"® model.”® In line with the murine MLL::AF9
model, murine F(t3'™® BM cells with high sPrdm16 expression
(Flt3"™/sPrdm16) also showed relative resistance to AraC,
but not to daunorubicin, compared to control F(t3'" cells
(Flt3'™/control) in both cell viability and CFU assays (Online
Supplementary Figure S2F-H). In addition, Flt3'™/sPrdm16
cells and AraC-treated F(t3°/sPrdm16 cells showed a higher
percentage of S/G2/M fraction compared to F(t3'®/control
cells or vehicle-treated Flt3'°/control cells, respectively,
again indicating that high sPrdm76 expression drives AraC
resistance independently of S phase (Online Supplementary
Figure S2 [-J).

High sPrdm16 expression activates oxidative
phosphorylation

To explore the molecular basis of AraC resistance driven
by sPrdm16 expression, we next performed RNA-sequence
(RNA-seq) using MA9/control and MA9/sPrdm16 cells and
compared their transcriptome. Notably, 7,658 genes (96.5%
of differentially expressed genes) were up-regulated in
MA9/sPrdmi6 cells compared to MA9/control cells (Fig-
ure 2A). Gene Ontology (GO) analysis revealed that “cell
cycle”-, “cell division”- or “DNA replication”-related genes
were enriched in the up-regulated genes (Online Supple-
mentary Figure S3A). Gene set enrichment analysis (GSEA)
revealed that the gene signature related to “oxidative
phosphorylation (OXPHOS)” was strongly enriched in MA9/
SPrdm1i6 cells compared to MA9/control cells (Figure 2B,
C). We also performed RNA-seq using WT/control and WT/
sPrdmi6 cells. Similar to RNA-seq data derived from an
MLL::AF9 leukemia model, the majority of differentially
expressed genes (1,015 genes, 74.0%) were up-regulated
in WT/sPrdm16 cells compared to WT/control cells (On-
line Supplementary Figure S3B). GO analysis confirmed
enrichment of “cell cycle”-, “cell division”- or “DNA rep-
lication”-related genes in relatively up-regulated genes
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in WT/sPrdm16 cells (Online Supplementary Figure S3C).
Importantly, GSEA showed that the gene signature relat-
ed to “OXPHOS” was also significantly enriched in WT/
sPrdm16 cells compared to WT/control cells (Online Sup-
plementary Figure S3D, E), suggesting that high sPrdm16
expression drives OXPHOS-related transcriptional output.
To confirm if mitochondrial respiration is elevated in cells
with high sPrdm16 expression, we conducted the Mito
Stress Test and the Glycolysis Stress Test using MA9/
control and MA9/sPrdm16 cells. Consistent with the GSEA
results, MA9/sPrdm16 cells showed significantly higher
basal and maximum mitochondrial respiration, and higher
glycolytic function compared to MA9/control cells in the
Mito Stress and the Glycolysis Stress Test, respectively
(Figure 2D). To further evaluate mitochondrial reactive
oxygen species (ROS) and membrane potential of these
leukemic cells, we labeled cellular mitochondria with
either MitoSOX, Mitotracker or tetramethylrhodamine
methyl ester (TMRM) dye and quantified their fluorescence
with flow cytometry. In line with the results of the GSEA
and the Mito Stress Test, MA9/sPrdmi16 cells exhibited
significantly higher median fluorescence intensity (MFI)
of MitoSOX and relative TMRM compared to MA9/con-
trol cells (Figure 2E). Likewise, the Mito Stress Test of
WT/sPrdm16 cells showed significantly higher basal and
maximum mitochondrial respiration and higher glycolytic
function compared to WT/control cells (Online Supple-
mentary Figure S3F). Taken together, these data suggest
that high sPrdm16 expression in both murine normal and
leukemic BM cells drive mitochondrial respiration to ac-
tivate OXPHOS-related transcriptional output.

Pharmacological inhibition of mitochondrial respiration
sensitizes MA9/sPrdm16 cells to cytarabine

A previous study has shown that AraC-resistant human
AML cells critically require oxidative metabolism.”® To de-
termine if activated mitochondrial respiration driven by
high sPrdm16 expression is responsible for AraC resistance
in AML cells with high sPrdm16, we examined the effect
of metformin and tigecycline, electron transport chain
complex | inhibitor and mitochondrial protein synthesis
inhibitor, respectively, on AraC resistance induced by
sPrdm16 overexpression. Cell viability assays using MA9/
control and MA9/sPrdmi6 cells revealed that addition of
2 mM metformin or 10 uM tigecycline decreased the ICs,
against AraC in MA9/sPrdm16 cells to the same level as
those in MA9/control (Figure 3A, B). IACS-010759, a se-
lective mitochondrial complex | inhibitor, also sensitized
MA9/sPrdm16 cells to AraC (Figure 3C). We next validated
if metformin, tigecycline or IACS-010759 treatment re-
duces mitochondrial respiration in MA9/sPrdm16 leukemia
cells. Treatment with either 1 mM metformin alone or a
combination of AraC and metformin significantly reduced
mitochondrial respiration (Online Supplementary Figure
S4A). Similar results were also observed using tigecycline
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and IACS-010759 (Online Supplementary Figure S4B, C).
Collectively, these data indicate that activated mito-
chondrial respiration driven by high sPrdmi16 expression

J. lkeda et al.

is directly responsible for AraC resistance in AML cells
with high sPrdm16 and that pharmacological inhibition of
this metabolic pathway can reverse their AraC resistance.
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Figure 2. sPrdm16 activates oxidative phosphorylation. (A) Differ-
entially expressed genes in MA9/sPrdm16 cells compared to MA9/
control cells. There were 7,658 up-regulated genes and 281 down-reg-
ulated genes. (B, C) Top 15 gene signatures significantly changed
in gene set enrichment analysis (GSEA) using RNA-seq data from
MA9/sPrdm16 versus MA9/control cells (B). The gene signature re-
lated to “OXIDATIVE PHOSPHORYLATION” was the most significant-
ly enriched in MA9/sPrdm16 cells (B, C). (D) Mito Stress Test (left
panel) and Glycolysis Stress Test (right panel) in MA9/control and
MA9/sPrdm16 cells (N=3 for each group). (E) Mitochondrial reactive
oxygen species (ROS) and relative membrane potential in MA9/
sPrdm16 cells were measured using MitoSOX and the ratio of te-
tramethylrhodamine methyl ester (TMRM) and mitotracker, respec-
tively (N=3 for each group). All data are represented as mean *
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culate P values. *P<0.01; **P<0.001; **P<0.0001. MFI: mean fluo-
rescence intensity.
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Myc activation and Slc1a5-mediated glutaminolysis
drive metabolic reprogramming in acute myeloid
leukemia with high sPrdm16 expression

To explore the rationale for activated OXPHOS in AML cells
with high sPrdm16 expression, we performed capillary
electrophoresis time-of-flight mass spectrometry-based
metabolome profiling of MA9/control and MA9/sPrdm16
leukemia cells. We found significantly higher amounts of
glutamine and trends toward higher amounts of succinate

J. Ikeda et al.

and fumarate in MA9/sPrdm16 cells (Figure 4A). To further
seek metabolic profiles of AraC-exposed leukemia cells,
we next profiled the metabolic status of AraC-treated
MA9/control and MA9/sPrdmi16 leukemia cells. Notably,
AraC-exposed MA9/sPrdm16 cells showed significantly higher
amounts of glutamine, a-ketoglutarate, and malate, and
trends toward higher succinate and fumarate compared
to AraC-exposed MA9/control cells (Online Supplementary
Figure S5A). These data underscore activated glutamine
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Figure 3. Pharmacological inhibition of mitochondrial respiration abrogated cytarabine resistance in MA9/sPrdm16 cells. (A, B)
In vitro drug sensitivity assay for cytarabine with vehicle (left panel) or metformin (right panel), an electron transport chain com-
plex | inhibitor (A), and with vehicle (left panel) or tigecycline (right panel), a mitochondrial protein synthesis inhibitor (B). Met-
formin and tigecycline abrogated cytarabine resistance in MA9/sPrdmi6 cells (N=3 for each group). (C) In vitro drug sensitivity
assay for cytarabine with vehicle (left panel) or IACS-010759 (right panel), a selective mitochondrial complex | inhibitor. IACS-010759
also abrogated cytarabine resistance in MA9/sPrdm16 cells (N=3 for each group). All data are represented as mean * standard
deviation. An unpaired Student t test was used to calculate P values. N.S.: not significant; *P<0.05; *"P<0.01; **P<0.001; "*P<0.0001.
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Figure 4. sPrdm16 induces metabolic reprogramming through the activation of glutaminolysis via the Myc-Slc1a5 axis. (A) Me-
tabolite concentrations in the TCA cycle of MA9/control or MA9/sPrdm16 cells were measured using capillary electrophoresis
time-of-flight mass spectrometry-based metabolome profiling (N=6 for each group). (B) Intracellular glutamine (left panel) and
glutamate uptake (right panel) levels, measured by Glutamine/Glutamate-Glo Assay, were higher in MA9/sPrdm16 cells compared
to control (N=3 for each group). (C) Transcripts per million (TPM) values of Slc1a5 gene were up-regulated in MA9/sPrdm16 cells
(N=3 for each group). (D) Protein expression levels of Slc7a5, detected by western blotting analysis, were also up-regulated in
MA9/sPrdm16 cells. (E) The gene signatures related to “MYC-TARGET” were significantly enriched in MA9/sPrdm16 cells. (F) TPM
values of Myc gene were up-regulated in MA9/sPrdmi6 cells (N=3 for each group). (G) Protein expression levels of Myc, detected
by western blotting analysis, were also up-regulated in MA9/sPrdm16 cells. All data are represented as mean + standard deviation.
An unpaired Student t test was used to calculate P values. NS: not significant; “P<0.05; *P<0.01; "*P<0.001; **"*P<0.00001.
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uptake, glutaminolysis and subsequent reprogramming
of the tricarboxylic acid (TCA) cycle in non-treated and
AraC-exposed MA9/sPrdmi6 leukemia cells.

Glutaminase is a mitochondrial enzyme crucial for glutami-
nolysis which deaminates glutamine to form glutamate.?°
To explore whether activated glutaminolysis is a function-
al hub driving AraC resistance in MA9/sPrdm16 leukemia
cells, we treated MA9/control or MA9/sPrdm16 leukemia
cells with various concentrations of AraC with BPTES, a
glutaminase inhibitor, and performed cell viability assays.
Addition of BPTES sensitized MA9/sPrdm16 cells to AraC
to the same level as MA9/control cells, indicating that
glutaminase-mediated glutaminolysis contributes to AraC
resistance in MA9/sPrdm16 cells (Online Supplementary
Figure S5B). To accurately quantify intracellular glutamine
and glutamate levels, we applied a luminescence-based
Glutamine/Glutamate-Glo Assay to MA9/control and MA9/
sPrdmi6 leukemia cells. In agreement with the metabolome
data, we found higher amounts of glutamine and glutamate
in MA9/sPrdm16 cells compared to MA9/control cells, sug-
gesting that glutamine uptake and subsequent glutamate
synthesis via glutaminolysis are relatively active in MA9/
sPrdm16 cells (Figure 4B).

A recent study has shown that MYC-induced transcription
of the neutral amino acid transporter SLC1A5 promotes
intracellular uptake of glutamine and subsequent TCA
cycle/OXPHOS activity in leukemia stem cells (LSC) of hu-
man AML for energy metabolism and survival.? Therefore,
we hypothesized that MA9/sPrdm16 leukemia cells also
drive the Myc-Slc1a5 axis to promote glutamine uptake,
fuel TCA cycle metabolites and subsequently activate
OXPHOS. In line with this notion, we observed significant
upregulation of Slc1a5 in MA9/sPrdmi16 cells compared
to MA9/control cells, at both transcriptional and protein
levels (Figure 4C, D). Importantly, GSEA based on RNA-
seq data of MA9/control and MA9/sPrdm16 cells revealed
significant enrichment of “MYC-TARGET” gene signatures
in MA9/sPrdm16 cells (Figure 4E). Moreover, Myc was sig-
nificantly up-regulated in MA9/sPrdmi16 cells compared
to MA9/control cells, at both transcriptional and protein
levels (Figure 4F, G). Of note, GSEA based on RNA-seq of
WT/control and WT/sPrdm16 cells also showed significant
enrichment of “MYC-TARGET” gene signatures in WT/sPrdm16
cells (Online Supplementary Figure S5C). The transcription
of Slc1a5 and Myc were significantly higher in WT/sPrdm16
cells compared to WT/control cells (Online Supplementary
Figure S5D). Next, to explore if MYC-SLC1A5 axis-mediated
metabolic reprogramming is also relevant in human AML
cells with high sPRDM16 expression, we checked MYC and
SLC1A5 expression in MOLM13 and THP-1 cells transduced
with either mock or sPRDM16-expressing retroviral vector.
Consistent with murine data, immunoblot analysis showed
higher MYC and SLC1A5 expression in MOLM13/sPRDM16
and THP-1/sPRDM16 cells compared to control cells (Online
Supplementary Figure S5E). Glutamine/Glutamate-Glo Assay
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revealed higher amounts of glutamine and glutamate in
MOLM13/sPRDM16 and THP-1/sPRDM16 cells compared to
control cells (Online Supplementary Figure S5F, G). Above
all, the Mito Stress Test confirmed significantly higher basal
and maximal respiration in MOLM13/sPRDM16 and THP-1/
SPRDM16 cells compared to control cells (Online Supple-
mentary Figure S5H, I). Together, these data suggest that
high sPrdm16 expression in murine and human AML cells
drives Myc-Slc1a5 axis to promote glutamine uptake, fuel
TCA cycle metabolites, and subsequently activate OXPHOS,
which is a critical determinant of sPrdm76-mediated AraC
resistance.

Myc is a functional hub of sPrdm76-mediated metabolic

reprogramming and cytarabine resistance

Next, we sought to examine if Myc is functional in
sPrdm16-mediated metabolic reprogramming and AraC
resistance. To this end, we knocked down Myc using ret-
roviral shRNA vectors in MA9/sPrdmi16 cells and tested
for a cell viability assay (Figure 5A). Consistent with our
hypothesis, knockdown of Myc significantly sensitized MA9/
sPrdmi6 cells to AraC (Figure 5B). In addition, the Glu-
tamine/Glutamate Glo assay detected significantly lower
amounts of glutamine and glutamate in Myc knocked-
down MA9/sPrdmi6 cells compared to Scramble MA9/
sPrdm16 cells (Online Supplementary Figure S6A). The
Mito Stress Test revealed reduced basal and maximum
mitochondrial respiration upon Myc knockdown in MA9/
sPrdm16 cells (Online Supplementary Figure S6B). To fur-
ther confirm the role of Myc in sPrdmi16-mediated AraC
resistance, we performed a cell viability assay using an
Myc inhibitor, 10058-F4. In MA9/control cells, addition of
10058-F4 did not sensitize leukemia cells to AraC (Figure
5C). In sharp contrast, addition of 10058-F4 significantly
sensitized MA9/sPrdm16 cells to AraC (Figure 5C). Further-
more, Synergy Finder detected a significantly high synergy
score between AraC and 10058-F4 in MA9/sPrdm16 cells
but not in MA9/control cells, indicating that Myc inhibition
synergizes with AraC to kill leukemia cell specifically in
MA9/sPrdm16 cells (Online Supplementary Figure S6C). We
also conducted a reciprocal experiment to determine if
MLL::AF9 leukemia cells with Myc overexpression mimic
the phenotype of MF9/sPrdm16 cells such as resistance to
AraC and high OXPHOS status (Figure 5D, E). As expected,
MLL::AF9 leukemia cells with Myc overexpression (MA9/
Myc cells) showed significantly higher I1Cs, against AraC
compared to MA9/control cells, confirming that Myc over-
expression drives AraC resistance in MLL::AF9 leukemia
cells (Figure 5F). Myc-induced AraC resistance was also
associated with high amounts of glutamine and gluta-
mate (Online Supplementary Figure S6D), high basal and
maximum mitochondrial respiration (Online Supplemen-
tary Figure S6E), and high mitochondrial ROS and relative
membrane potential (Online Supplementary Figure S6F).
Overall, these data demonstrate that Myc does, indeed,
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function as a cornerstone of sPrdm16-mediated metabolic
reprogramming and AraC resistance.

sPrdm16 overexpression in acute myeloid leukemia leads
to cytarabine resistance in vivo

To validate if AML cells with high sPrdm16 expression exert
AraC resistance in vivo, we transplanted MA9/control or MA9/

J. Ikeda et al.

sPrdm16 leukemia cells into sub-lethally irradiated recipient
mice, treated them with either vehicle or AraC via intraper-
itoneal injection, and compared survival. AraC treatment
prolonged survival of MA9/control mice (Figure 6). On the
other hand, AraC treatment failed to improve survival of
MAY/sPrdm16 mice, suggesting that sPrdm16 overexpression
directly drives AraC resistance in AML in vivo (Figure 6).
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Figure 5. Myc is a key regulator of sPrdm16-mediated resistance to cytarabine. (A) Relative Myc expression in MA9/sPrdm16 cells
with Myc knockdown (N=3 for each group). (B) /n vitro drug sensitivity assay for cytarabine in MA9/sPrdm16 cells with Myc knock-
down (N=3 for each group). (C) In vitro drug sensitivity assay for cytarabine with vehicle or 10058-F4, a Myc inhibitor, in MA9/
control or MA9/sPrdm16 cells (N=3 for each group). In contrast to MA9/control cells, the combination of cytarabine and 10058-F4
reduced the ICy, value of cytarabine in MA9/sPrdm16 cells. (D) Relative Myc expression in MLL::AF9 leukemic cells transduced
with Myc-expressing vector (MA9/Myc) (N=3 for each group). (E) Protein expression levels of Myc, detected by western blotting
analysis, were also up-regulated in MA9/Myc cells. (F) /n vitro drug sensitivity assay for cytarabine in MA9/Myc cells (N=3 for each
group). MA9/Myc cells mimicked the phenotype of MA9/sPrdm16 cells as evidenced by the resistance to cytarabine. All data are
represented as mean + standard deviation. An unpaired Student t test was used to calculate P values. NS: not significant; "P<0.05;

*P<0.01; **P<0.001; ***P<0.0001.
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Acute myeloid leukemia patient samples with high
PRDM16 expression display activated “OXPHOS” and
“MYC Targets” gene expression signatures

Finally, we aimed to clarify if AML patients with high PRDM16
expression also present evidence of MYC-mediated meta-
bolic reprogramming. We analyzed RNA-seq data derived
from 139 pediatric AML patient samples registered in the
Japanese Pediatric Leukemia/Lymphoma Study Group
(JPLSG) AML-05 clinical trial and classified into PRDM16
low and high groups (Figure 7A). Strikingly, GSEA analysis
revealed that the gene signatures related to “OXPHOS” and
“MYC Targets” were significantly enriched in PRDM16-high
samples compared to PRDM16-low samples (Figure 7B, C).
Taken together, these data indicate that MYC-mediated
metabolic reprogramming is a common transcriptional
hallmark in both murine and human AML cells with high
PRDM16 expression, which is a functional determinant of
PRDM16-mediated AraC resistance.

Discussion

PRDM16 is one of the 16 members of PR/SET domain (PRDM)
family.! sPRDM16, which lacks the PR domain, is mainly
detected in t(1;3)(p36;921)-positive AML and MDS.%'2 In
addition, high sPRDM16 expression is also observed in cy-
togenetically normal (CN) AML.? Likewise, a gene encoding
a short isoform of PRDM3 lacking the PR domain, known
as Ecotropic Viral Integration site 1 (EVI1), is also highly ex-
pressed in high-risk MDS/AML with inv(3)/t(3;3).! Altogether,
PRDM16 is one of the two PRDM family members highly
expressed in a subset of MDS/AML patients. Notably, there
is a growing body of evidence to suggest that high PRDM16
expression is a transcriptional determinant of poor OS, RFS,
and low CR rate after induction therapy both in pediatric
and adult AML.>" Importantly, a number of studies have
shown leukemogenic effects of sSPRDM16.°"2"*"* Based on
these observations, we hypothesized that PRDM16 functions
as an oncogene, which drives chemoresistance in AML.
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In this study, we have shown that overexpression of SPRDM16
drives resistance to AraC but not to daunorubicin, the two
major chemotherapeutic agents used in standard induc-
tion therapy for AML, in murine and human leukemic cells
in vitro and in vivo. AraC is an antimetabolic agent which
is incorporated into DNA during DNA synthesis, inhibits
DNA polymerase, and induces cell cycle arrest in an S
phase-specific manner.® Paradoxically, murine BM cells
and MLL::AF9 leukemia cells with high sPrdm16 expression
showed a higher percentage of S/G,/M fraction compared
to control cells, suggesting that sPrdm16 drives AraC re-
sistance in an S phase-independent manner. GSEA based
on RNA-seq data revealed that both MA9/sPrdm16 and WT/
sPrdm16 cells showed enrichment of OXPHOS-related gene
signature. The Mito Stress Test exhibited higher basal and
maximum mitochondrial respiration in both MA9/sPrdm16
and WT/sPrdmi6 cells compared to control cells. Moreover,
metabolome profiling demonstrated activated glutamine
uptake, glutaminolysis and reprogramming of the TCA cycle
in both untreated and AraC-exposed MA9/sPrdmi6 leuke-
mia cells. Together, these data strongly denote activated
mitochondrial oxidative metabolism in these cells with
high sPrdm16 expression. Previous studies have shown a
direct link between mitochondrial oxidative metabolism
and AraC-resistance in AML. The ectonucleotidase CD39
(ENTPD1) is reported to be up-regulated in AraC-resistant
leukemic cells from both AML cell lines and patient sam-
ples in vivo and in vitro.?? High CD39 activity was shown to
promote AraC resistance by enhancing mitochondrial ac-
tivity and biogenesis through activation of cAMP-mediated
adaptive mitochondrial stress response.?? More recently,
expression profiling of circular RNA, together with func-
tional assays, revealed that downregulation of circFAM193B
enhances OXPHOS, inhibits the lipid peroxidation of LSC,
and promotes AraC resistance in AML.%2 In fact, low circ-
FAM193B expression was significantly associated with poor
survival in AML patients.?® Of note, attenuation of mito-
chondrial OXPHOS by either metformin or tigecycline dra-
matically reversed AraC resistance of leukemic cells with
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Figure 6. MA9/sPrdm16 mice are resistant to cytarabine. Kaplan-Meier survival curve of MA9/control (left panel) and MA9/sPrdm16
(right panel) mice treated with either vehicle (N=10-11) or cytarabine (N=11). 1.0x10* leukemia cells were transplanted to each sub-
lethally irradiated (6.0 Gy) recipient mouse. MA9/sPrdm16 mice exhibited resistance to cytarabine. The log rank test was used in

survival analysis. IP: intraperitoneal injection.
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high sPrdm16 expression. Collectively, these data clearly mutations in human cancer. Growth factor signaling through
indicate that PRDM16 drives AraC resistance via activated PI3K/AKT drives membrane localization of transporters re-
mitochondrial respiration. quired for the uptake of critical nutrients such as glucose,
Molecular mechanisms by which cancer cells activate amino acids and iron.?*-2¢ Additionally, oncogenic transcrip-
mitochondrial respiration have been explored. Mutations tion factors such as MYC and hypoxia inducible factor (HIF)
driving constitutive activation of phosphatidylinositol-3 can also activate nutrient acquisition by increasing the
kinase (PI3K)/AKT signaling are among the most common expression of genes involved in the cellular uptake of crit-
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Figure 7. Primary acute myeloid leukemia patient samples with high PRDM16 expression exhibit gene expression sighatures as-
sociated with “OXPHOS” and “MYC-Targets”. (A) Relative total PRDM16 expression (including both full-length and short isoform)
in acute myeloid leukemia (AML) patients with low (left, N=100) or high (right, N=39) PRDM16 expression. (B) Gene signatures
significantly changed in gene set enrichment assay (GSEA) using RNA-seq data from 139 pediatric AML patient samples registered
in the Japanese Pediatric Leukemia/Lymphoma Study Group (JPLSG) AML-05 clinical trial. (C) The gene signatures related to
“OXIDATIVE PHOSPHORYLATION” (left panel) and “MYC-TARGET” (middle and right panels) were significantly enriched in AML
samples with high PRDM16 expression. (D) Proposed model of cytarabine resistance mechanisms in AML with high Prdm16 ex-
pression. PRDM16 drives cytarabine resistance through upregulation of mitochondrial respiration via upregulation of MYC and
glutamine transporter SLC1A5, activation of glutamine uptake, and glutaminolysis. Therefore, targeting mitochondrial respiration
might be a novel treatment strategy to overcome cytarabine resistance in AML patients with high PRDM16 expression. Statistical
analyses were performed using the Mann-Whitney U test. ***P<0.0001.
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ical nutrients such as glucose and glutamine.??8 Activated
cellular uptake of these nutrients can ultimately fuel the
TCA cycle, leading to metabolic reprogramming resulting in
upregulation of mitochondrial respiration in cancer cells. In
agreement with this, human AML LSC utilize pro-survival
mechanisms where oncogenic transcription factor MYC
induces transcription of amino acid transporter SLC1A5 to
promote cellular uptake of glutamine, fuel the TCA cycle,
and activate OXPHOS activity.?' Here, we demonstrate that
both murine BM cells and MLL::AF9 leukemia cells with high
SPrdmi6 expression showed enrichment of “MYC-TARGET”
gene signatures, upregulation of Slc1a5 transcription and
glutamine uptake. Addition of glutaminase inhibitor BPTES
neutralized sPrdm16-mediated AraC resistance in MLL::AF9
leukemia cells. MYC-SLC1A5 axis-mediated metabolic re-
programming was also relevant in human AML cells with
high sPRDM16 expression. Knockdown or pharmacological
inhibition of Myc also reversed sPrdmi6-mediated AraC
resistance in murine MLL::AF9 leukemia cells. Most im-
portantly, transcriptomic analysis of pediatric AML patient
samples with high PRDM16 expression identified significant
enrichment for OXPHOS and MYC target signatures, which
is adherent to the murine data.

Although multiple functional studies have shown an on-
cogenic role of sPrdm16 in myeloid leukemia, the precise
biological effect of sPrdm16 on hematopoietic cells is pleio-
tropic.*™213® Nishikata et al. have shown that sPrdm76 blocks
G-CSF-induced myeloid differentiation in murine myeloid
L-G3 cells.® sPrdm16-overexpressing murine p53/- BM cells,
Hoxb4-co-expressing murine BM cells and murine mega-
karyocyte-erythroid progenitors (MEP) can develop AML in
recipient mice in vivo.*"*' sPrdm16-overexpressing murine
p53~- BM cells also showed increased clonogenicity in CFU
assays.” In this study, we confirmed MYC-SLC1A5 axis-me-
diated metabolic reprogramming as a molecular basis for
SPRDM16-induced Ara-C resistance in multiple cell types,
including WT murine BM cells, MA9 murine leukemia cells,
human AML cell lines, and primary AML patient samples.
On the other hand, growth curve analysis showed compa-
rable cell growth in MA9/sPrdmi6 cells compared to MA9/
control cells (Online Supplementary Figure 1F). In addition,
the untreated MA9/sPrdmi6 cell-bearing mice lived longer
than the untreated MA9/control cell-bearing mice when we
injected 1.0x10* leukemia cells to sublethally irradiated (6.0
Gy) recipients (Figure 6). The difference in OS between these
two groups diminished when we injected a greater number
of leukemia cells (5.0x10* cells) to sublethally irradiated
(6.0 Gy) recipients (Online Supplementary Figure 1G). These
data suggest that sPrdm16-induced Ara-C resistance driven
by metabolic reprogramming may be a common biological
effect shared by a wide spectrum of normal hematopoietic
and myeloid leukemia cells, whereas effect of sPrdm16 on
cell growth and leukemogenicity may be context dependent,
such as cell type or genetic background of leukemia cells.
Taken together, these data suggest that PRDM16 drives
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AraC resistance through MYC-induced upregulation of the
glutamine transporter SLC1A5, activation of glutamine up-
take, glutaminolysis and subsequent mitochondrial oxida-
tive metabolism (Figure 7D). This is further supported by
the recent study showing that EVI1, another PRDM family
member, also triggers metabolic reprogramming toward
activated glutaminolysis and OXPHOS status in AML for
leukemia cell survival, sensitizing EV/7-high AML cells to
L-asparaginase which depletes intracellular asparagine and
glutamine.?® Our study revealed MYC-glutaminolysis-mi-
tochondrial OXPHOS pathway to be a fundamental basis
for PRDM16-driven AraC resistance, providing a rationale
for mitochondrial respiration-targeted therapies against
PRDM16-mediated chemoresistance which should be fur-
ther clarified in future clinical studies.
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