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ABSTRACT

cell acute lymphoblastic leukemias (T-ALL) are aggressive and het-

erogeneous hematologic tumors resulting from the malignant

transformation of T-cell progenitors. The major challenges in the
treatment of T-ALL are dose-limiting toxicities of chemotherapeutics and
drug resistance. Despite important progress in deciphering the genomic
landscape of T-ALL, translation of these findings into effective targeted
therapies remains largely unsuccessful. New targeted agents with signif-
icant antileukemic efficacy and less toxicity are urgently needed. Here
we report that the expression of WEE1, a nuclear tyrosine kinase
involved in cell cycle G2-M checkpoint signaling, is significantly elevated
in T-ALL. Mechanistically, oncogenic MYC directly binds to the WEE1
promoter and activates its transcription. T-ALL cells particularly rely on
the elevated WEE1 for cell viability. Pharmacological inhibition of WEE1
elicits global metabolic reprogramming which results in a marked sup-
pression of aerobic glycolysis in T-ALL cells, leading to an increased
dependency on glutaminolysis for cell survival. As such, dual targeting of
WEE1 and glutaminase (GLS1) induces synergistic lethality in multiple T-
ALL cell lines and shows great efficacy in T-ALL patient-derived
xenografts. These findings provide mechanistic insights into the regula-
tion of WEE1 kinase in T-ALL and suggest an additional vulnerability
during WEE1 inhibitor treatments. We also highlight a promising combi-
nation strategy of dual inhibition of cell cycle kinase and metabolic
enzymes for T-ALL therapeutics.

Introduction

T-cell acute lymphoblastic leukemias (T-ALL) are highly proliferative hematolog-
ic tumors,! which represent 10-15% of pediatric and 25% of adult acute lym-
phoblastic leukemia cases.” Introduction of intensified chemotherapy protocols in
T-ALL treatment significantly improves the overall survival in pediatric patients.’
Despite this progress, chemotherapeutic treatments come with significant short-
term and long-term side effects*and the prognosis of patients with resistant or
relapsed diseases remains dismal.’ Moreover, the remarkable success of pediatric
treatment has not been achieved in adult patients as they do not always tolerate
intensive pediatric regimens.’Identification of activating mutations in NOTCH1 in
over 50% of T-ALL cases has stimulated much interest in the development of anti-
NOTCHI1 therapies. =~ However, the  clinical development  of
y-secretase inhibitors (GSI), which block a critical proteolytic step required for
NOTCHI activation, has been hampered by limited efficacies in human patients
and significant gastrointestinal toxicity.” Facing these clinical challenges, new tar-
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geted therapies are needed to improve the outcomes of
those patients with a poor prognosis and reduce the side
effects associated with chemotherapies.

Uncontrolled proliferation is one of the hallmarks of
cancer. Many cancer cells possess a deficient G1 cell cycle
checkpoint, for example due to p53 loss, and this impairs
the ability of cells to halt the cell cycle and repair DNA
damage before replication (S-phase).’ It provides cancer
cells with a means to accumulate mutations and propagate
irregularities that are favorable for proliferation.
Meanwhile, tumor cells become more reliant on the G2-M
cell cycle checkpoint to prevent mitotic entry with exces-
sive DNA damage, which may lead to apoptosis due to
mitotic catastrophe. WEE1 is a tyrosine kinase that plays
a crucial role as the gatekeeper of the G2-M checkpoint.’
When DNA damage occurs, it leads to activation of WEE1
which phosphorylates CDK1 and maintains the CDK1-
cyclin B complex in an inactive form, preventing entry
into mitosis.”” To limit excessive genomic instability in
tumor cells, it is not surprising that WEE1 is highly
expressed in a variety of cancer types."™ Moreover, high
WEE!1 expression has been associated with poor rates of
disease-free survival."'*** Despite considerable studies on
the role of WEE1 in cell cycle checkpoints, it remains
unclear how expression of WEE1 is increased and how
increased WEE1 expression promotes neoplastic pheno-

pes.

Cellular metabolism is at the foundation of all biological
activities, and altered tumor cell metabolism is now firmly
established as another hallmark of human cancer. Normal
cells primarily rely on aerobic respiration/oxidative phos-
phorylation to meet their energy requirements, yet fast-
growing, poorly differentiated tumor cells typically exhib-
it increased aerobic glycolysis by converting a majority of
glucose-derived pyruvate to lactate.® Because of this,
tumor cells depend on glutamine anaplerosis to replenish
tricarboxylic acid (TCA) cycle intermediates (e.g.,
o-ketoglutarate) to sustain the metabolic integrity and
produce nicotinammide adenina dinucleotide (NADH).”
Reprogramming of glucose and glutamine metabolism not
only provides tumor cells with building blocks for macro-
molecule biosynthesis but also rescues them from a
stressed cellular microenvironment by maintaining proper
redox homeostasis.”In T-ALL, both glycolysis and gluta-
minolysis play crucial roles in mediating leukemia cell pro-
liferation, survival and drug resistance.®"’

In this study, we show that the elevated expression of
WEE1 kinase in T-ALL results from oncogenic MYC-medi-
ated transcriptional activation, and this WEE1 upregula-
tion significantly contributes to efficient aerobic glycoly-
sis. Pharmacological inhibition of WEE1 leads to a marked
decrease in glycolytic flux, rendering T-ALL cells particu-
larly vulnerable to glutamine deficiency. Based on these
findings, dual targeting of WEE1 and glutaminase (GLS1),
the key rate-limiting enzyme in the glutaminolysis path-
way,” shows great promise in anti-T-ALL targeted thera-
pies.

Methods

Cell culture and reagents

T-ALL cells were maintained in RPMI-1640 (Hyclone, Logan,
UT, USA) supplemented with 10% FBS (Hyclone) as
described.»” Human primary specimens were obtained with

informed consent from Guangzhou Institutes of Biomedicine
and Health, Chinese Academy of Sciences and Zhongnan
Hospital, Wuhan University, China. Polymerase chain reaction
(PCR) primer sequences and antibodies used in this study are
listed in Online Supplementary Tables S1 and S2, respectively.

Metabolomic analysis

HPB-ALL cells were treated with mock (DMSO) or selective
WEE1 inhibitor MK1775% (200 nM) for 20 hours (h). Ten million
cells in each treatment were collected and quenched in liquid
nitrogen. Metabolite samples were prepared for analysis using
standard solvent extraction methods and then subjected to the
gas chromatograph system (Agilent Technologies, Santa Clara,
CA, USA) coupled with a Pegasus HT gas chromatography time-
of-flight mass spectrometer (GC-TOF-MS; LECO Corporation,
St Joseph, MI, USA).**** Identification of chemical entities was
based on comparison to Fiehn metabolomics library. Chroma
TOF 4.3x software and the LECO-Fiehn Rtx5 database were
used for raw peak identification and integration of the peak area.
Both mass spectrum match and retention index match were
taken into consideration.” Normalized data were uploaded
using the SIMCA software package (V14.1, Sartorius Stedim
Data Analytics AB, Umea, Sweden) for principal component
analysis (PCA) and orthogonal projections for latent structures-
discriminant analysis (OPLS-DA). Differential metabolites
between experimental groups were determined by variable
importance in the projection (VIP) values (VIP>1) and Student -
test. The metabolic pathway enrichment analysis was per-
formed using Kyoto Encyclopedia of Genes and Genomes
(KEGG, hitp://www.genome.jp/kegg/) and MetaboAnalyst 4.0
(http://vwoww.metaboanalyst.ca).

Mouse studies

HPB-ALL xenografts were carried out as previously
described.”” NOD-Prkdcscid IL2Ry™" NPG mice (4-6 weeks old,
Beijing Vitalstar Biotechnology Co., Beijing, China) were injected
with five million cells infected with lentiviruses expressing the
green fluorescent protein (GFP) and luciferase (pWPXLd-
Luciferase-GFP). Mice were subjected to bioimaging at day 6 post
engraftment with IVIS Lumina II (Waltham, MA, USA) to ensure
equivalent tumor onset in vivo. These animals were then random-
ly divided into four groups undergoing treatments in a three days
on and three days off mode for four cycles. MK1775 (20 mg/kg)
was administered twice daily by oral gavage and BPTES (25
mg/kg) was intraperitoneally injected once daily. Disease progres-
sion and therapy response were evaluated by bioimaging.

For drug synergy studies in the patient-derived xenograft
(from primary T-ALL sample #1, Online Supplementary Table S3),
T-ALL cells were injected into irradiated 4-6 week old NPG mice
(2 Gray), which were subjected to treatment at day 6 post
engraftment. Control, MK1775 (20 mg/kg), CB-839 (200 mg/kg)
or both were administrated by oral gavage every other day for
two consecutive weeks. Leukemia burden was assessed by flow
cytometry analysis of human CD45" cells. All animal experi-
ments were performed under animal ethical regulations and the
study protocol was approved by the Institutional Animal Care
and Use Committee of Wuhan University.

Statistical analysis

Spearman rank correlation test was used to analyze the WEE1
and MYC expression in primary T-ALL samples (Figure 2 F-H).
Log-rank analysis was used to evaluate differences in Kaplan-
Meier survival curves. Student #-test or one-way ANOVA was
used in other statistical analysis. P<0.05 was considered statistical-
ly significant.
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Results

WEE1 is highly expressed in T-cell acute lymphoblastic
leukemia

To determine the expression of WEE1 in T-ALL, we ana-
lyzed gene expression profiles from three independent
T-ALL patient cohorts.*®* WEE1 expression in primary T-
ALL was significantly elevated as compared to normal
bone marrow (BM) cells (Figure 1A). Analysis of the
Cancer Cell Line Encyclopedia (CCLE)* demonstrated that
WEE1 is the third highest expressed in T-ALL among 1,429
human cancer cell lines derived from 40 tumor origins
(Online Supplementary Figure S1), suggesting the particular-

A P=1.8x107

ly important role of WEE1 in T-ALL. Quantitative PCR
analysis verified these findings in ten T-ALL patient sam-
ples and eight T-ALL cell lines that WEE1 mRNAs were
significantly increased in T-ALL compared with normal
BM (Figure 1B and Online Supplementary Table S3). To fur-
ther correlate the level of WEE1 transcript with its protein
expression, we next compared the WEE1 protein expres-
sion between normal and transformed thymocytes. Again,
WEE1 was generally more abundant in T-ALL cells than
normal thymocytes from healthy donors (Figure 1C).
Related to our finding, increased WEE1 expression had
previously been found in 58 adult T/B-ALL samples as
compared to normal mononuclear cells.* We next assessed
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Figure 1. High WEE1 expression in T-cell acute lymphoblastic leukemia (T-ALL). (A) WEE1 mRNA expression was analyzed in primary T-ALL and normal bone marrow
(BM) from microarray datasets (left, 6 normal BM and 11 T-ALL samples in GSE7186; middle, 4 normal BM and 46 T-ALL samples in GSE28497; right, 7 normal BM
and 117 T-ALL samples in GSE26713). The distributions of WEEZ mRNA expression are presented as Log. median-entered intensity and shown in Box-and-Whisker
plots with the median value (line), the interquartile range (box), and up to 1.5x the interquartile range (bars). (B) Relative WEE1 mRNA expression in normal BM, pri-
mary T-ALL cells and T-ALL cell lines as indicated. (C) Immunoblots of WEE1 in normal human thymus, primary T-ALL cells and T-ALL cell lines as indicated. ACTIN
serves as a loading control. (D) Analysis of WEE1 expression in 264 primary T-ALL samples that are categorized into eight different subtypes. y-axis denotes WEE1

FPKM values in Log. scale from the RNA-sequencing (Seq) dataset.
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WEE1 expression in different T-ALL subtypes from 264
primary T-ALL samples, based on unique gene expression
signatures reflecting distinct stages of arrest during T-cell
development.” Interestingly, WEE1 mRNA levels varied
with the highest expression in the TLX1 subtype (Figure
1D). Regardless of these variations, we identified a global
upregulation of WEE1 in T-ALL.

MYC directly activates WEE1 transcription in T-cell
acute lymphoblastic leukemia

To understand the molecular mechanism underlying
WEE1 upregulation in T-ALL, we conducted i# silico analy-
sis in the UCSC genome browser gateway to identify
potential transcription factor regulating WEE4 expression.
MYC, TAL1 and GATA3 were predicted to activate the
WEE1 promoter (Online Supplementary Figure S2A). We

individually knocked down each of these transcription
factors, using two individual shRNA (sh#1 or sh#2) in
human T-ALL cells, and found that only depletion of MYC
decreased WEE1 mRNA and protein levels (Figure 2A and
Online Supplementary Figure S2B). Consistently, bromod-
omain 4 (Brd4) inhibitor JQ1, which represses MYC tran-
scription,® decreased WEE1 mRNA and protein levels con-
comitant with downregulation of MYC expression in
multiple T-ALL cells (Figure 2B and Online Supplementary
Figure S2C). In contrast, JQ1 treatment, inhibiting N-MYC
as well,* caused minimal effect on the WEE1 steady-state
level in T-ALL LOUCY cells which predominantly express
N-MYC (Online Supplementary Figure S2D). In addition,
inactivation of MYC similarly down-regulated WEE1
(expression in Burkitts lymphoma P493 cells (Online
Supplementary Figure S2E). These data suggest that MYC,
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Figure 2. MYC directly activates WEE1 transcription. (A) Jurkat and CUTLL1 cells were infected with lentiviruses expressing control (shCtrl) or MYC shRNA (shMYC#1
or shMYC#2). WEE1 mRNA and protein levels were determined by real-time-quantitative polymerase chain reaction (RT-gPCR) and immunoblots. ACTIN served as a
loading control. (B) CCRF-CEM and KOPTK1 cells were treated with JQ1 as indicated, and WEE1 protein levels were determined by immunoblots. (C) Schematic pres-
entation of MYC binding site (E-box, -39 ~ -34) on the WEE1 promoter. The potential MYC responsive element (wild-type, WT) and its mutant (MUT) are shown as indi-
cated. (D) Binding of MYC to the WEE1 promoter was analyzed by chromatin immunoprecipitation (ChIP) in CUTLL1 cells. Averages of fold enrichment between MYC
and isotype IgG are shown. NCL was analyzed as a positive control. (E) Luciferase reporter activities of the WEE1 promoter (-210-342bp) containing MYC RE-WT (and
MUT) were detected in the presence of ectopically expressed MYC in 293T cells. 3XMYC E-box (3Ebox) sequences were used as a positive control. Reporter activities
relative to empty pGL3-Basic vector (Vector) are shown. (F) Correlation of WEE1 expression with MYC in 117 primary T-cell acute lymphoblastic leukemia (T-ALL) sam-
ples (GSE26713). (G) Correlation of WEE1 expression with MYC in 264 primary T-ALL samples. (H) Correlation of WEE1 expression with MYC in NOTCH1 mutant or
WT T-ALL cases shown in (G). Gene expression levels from primary T-ALL samples are presented in Log. scale. Data of RT-gPCR and luciferase reporter analysis shown
represent the means (+ standard deviation) of biological triplicates. **P<0.01.
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Figure 3. Figure legend on next page
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Figure 3 (from previous page). WEE1 inhibition compromises T-cell acute lymphoblastic leukemia (T-ALL) cell viability and aerobic glycolysis. (A) Cell viability analy-
sis in multiple T-ALL cell lines subjected to MK1775 treatment at various concentrations (50, 100, 200, 400, 800 and 1600 nM) for 24 hours (h). Cell viability was
determined using the CCK8 Cell Proliferation Assay Kit. Percentages of viable cells are shown relative to the untreated control. (B) CCRF-CEM and KOPTK1 cells were
infected with lentiviruses expressing control (shCtrl) or WEE1 (sh#1 or sh#2). Live cells were counted at the indicated time points and cell growth was plotted as
shown. (C) HPB-ALL cells were treated with MK1775, or infected with lentiviruses expressing WEE1 shRNA (sh#1 or sh#2) as indicated. Phosphorylated CDK1 (p-
CDK1), WEE1 and MYC protein levels were analyzed by immunoblots. As a WEE1 substrate, CDK1 phosphorylation was used to reflect WEE1 activity. ACTIN serves
as a loading control. (D) Heatmap of down-regulated metabolites in MK1775 (200 nM)-treated HPB-ALL cells. Intracellular metabolites were prepared and analyzed
by gas chromatography time-of-flight mass spectrometer (n=5). Identification of significantly different metabolites between experimental groups were determined by
variable importance in projection (VIP) values (VIP > 1) and Student t-test (P<0.05). Colors indicate relative metabolite abundance. (E) Metabolite set enrichment
analysis of significantly down-regulated metabolites (P<0.01) in MK1775-treated HPB-ALL cells. (F) CUTLL1 cells were treated with MK1775 (200 nM) or GSI
Compound E (1 uM) for 24 h. Glucose consumption and lactate secretion were analyzed and normalized to the same live cell number. (G) HPB-ALL cells were treated
with MK1775 for 24 h as indicated. Six representative genes involved in glycolysis pathway were analyzed by real-time quantitative polymerase chain reaction (RT-
qPCR) (left). (Right) Immunoblots of indicated proteins. (H) Primary cells from a T-ALL patient were injected into NPG mice which underwent control (Ctrl) or MK1775
(20 mg/kg) treatments as described in the Methods section. Human CD45* cells from the spleens of control or MK1775-treated mice were purified for RT-gPCR and
immnoblotting to assess glycolytic gene expression. Data shown represent the means (+ standard deviation) of biological triplicates. *P<0.05, **P<0.01.
Editor's note. This figure is slightly different from the one pre-published as early view because the authors noticed an error in panel C and asked to replace it with

the one shown above.

but not N-MYC, activates WEE1 expression in T-ALL, and
most likely in other tumor contexts as well.

Previous chromatin immunoprecipitation sequencing
(ChIP)-Seq analysis manifested a strong binding signal of
MYC, but not TAL1 or GATA3, in the WEE71 locus
(Online Supplementary Figure S2F),*>* further supporting
the concept that MYC directly activates WEE1 transcrip-
tion. To validate these data, we performed conventional
ChIP assays and revealed a significant increase in MYC
recruitment to the potential binding site on WEE1, simi-
lar to a well-characterized MYC target NCL (Figure 2C
and D). We next constructed the WEE1 promoter con-
taining the MYC responsive element (RE, E-box) into a
luciferase reporter vector. Similar to the triple MYC RE
(3 E-box) reporter as a positive control, the WT WEE1
reporter was strongly activated by MYC whereas the
mutant RE with disrupted E-box was only slightly
induced (Figure 2C and E). The weak activation on the
mutant RE was probably due to additional unrevealed
MYC binding sites or other transcription factors con-
tributing to WEE1 luciferase reporter expression. In fur-
ther support of this, gene expression profiling of 117 pri-
mary T-ALL® revealed a strong and significant correla-
tion between WEE1 and MYC mRNA levels (R=0.335,
P<0.001) (Figure 2F). MYC showed a significant correla-
tion with WEE1 (R=0.187, P=0.002) in another expres-
sion profile dataset with 264 primary T-ALL (Figure
2G).” Interestingly, MYC was more strongly and signifi-
cantly correlated with WEE1 in NOTCH1 mutant sam-
ples (R=0.224, P=0.001) than NOTCH1 WT specimens
(R=0.038, P=0.754) (Figure 2H). These data suggest that
MYC preferentially regulates WEE1 in NOTCH1 mutant
cases, and MYC probably activates differential gene
expression in NOTCH1 WT and mutant T-ALL.
Consistent with this, MYC depletion barely changed
WEE1 expression in NOTCH1 WT SUP-T1 cells (Online
Supplementary Figure S3). Our data thus provide strong
evidence demonstrating that oncogenic MYC specifically
binds to WEE1, particularly in NOTCH1 mutant T-ALL
cells, for direct transcriptional activation.

Inhibition of WEE1 impairs aerobic glycolysis

Elevated WEE1 expression driven by MYC poses the
possibility that T-ALL cells may be particularly depend-
ent on WEE1 for cell proliferation and survival. Indeed, a
selective WEE1 inhibitor MK1775 as a single agent
reduced cell viability in a dose-dependent manner in
seven T-ALL cell lines, whereas the effect on normal BM
cells was minimal (Figure 3A). Similarly, WEE1 depletion

significantly suppressed KOPTK1 and CCRE-CEM cell
growth (Figure 3B). In support of our findings, MK1775
was shown to elicit ALL cell apoptosis primarily due to
disruption of the G2-M cell cycle checkpoint and
increased DNA damage,” which were also detected in
CUTLL1 cells (Online Supplementary Figure S4). Of partic-
ular interest, we found that WEE1 depletion or inhibition
reduced MYC steady-state levels (Figure 3C and Online
Supplementary Figure S5A and B). Given that MYC is a
master regulator in controlling cancer cell metabolism in
the majority of tumor contexts,” we reasoned that WEE1
inhibition would lead to metabolic change in T-ALL cells
through MYC downregulation. To test this hypothesis,
HPB-ALL cells treated with or without MK1775 were
subjected to metabolomic analysis. Relative to the mock
treatment, MK1775 induced global metabolic changes.
Notably, WEE1 inhibition caused a decreased production
of fructose-6-phosphate, 3-phosphoglycerate and lactic
acid, which are crucial metabolic intermediates or prod-
ucts involved in aerobic glycolysis (Figure 3D). We fur-
ther conducted metabolite set enrichment analysis of all
down-regulated molecules and revealed that the
Warburg effect was the top hit affected by WEE1 inhibi-
tion (Figure 3E). Consistent with these data, MK1775 sig-
nificantly inhibited glucose uptake concomitant with a
decrease in lactic acid secretion in multiple T-ALL cells,
similar to GSI compound E which was previously shown
to repress glycolysis in T-ALL (Figure 3F and Ounline
Supplementary Figure S5C)." WEE1 depletion yielded sim-
ilar results to the MKI1775 treatment (Ounline
Supplementary Figure S5D). Importantly, addition of
membrane soluble pyruvate, commonly encountered as
one of the end products of glycolysis, significantly res-
cued MK1775-induced cell death (Online Supplementary
Figure S5E), suggesting that the metabolic effect is one of
the primary mechanisms underlying MK1775-mediated
antileukemic activity.

This metabolic change is presumably due to altered
MYC expression resulting from WEE1 inhibition, as
enforced MYC expression significantly rescued glycoly-
sis defects induced by MK1775 (Online Supplementary
Figure S6A). Most likely, MYC acts as an important
downstream player mediating the role of WEE1 in regu-
lation of glycolysis. Consistent with previous reports
that MYC activates a panel of glycolytic gene
expression,” WEE1 inhibition led to downregulation of
these genes in T-ALL cells (Figure 3G and Online
Supplementary Figure S6B). We also assessed the in vivo
effect of MK1775 on glycolysis in a T-ALL patient-
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derived xenograft (PDX) derived from primary T-ALL
sample #1 (Online Supplementary Table S3). Human
CD45"leukemia cells from the spleen were analyzed for
glycolysis-related gene expression. Again, MK1775 sup-
pressed the expression of several key enzymes involved
in the glycolysis pathway (Figure 3H). Taken together,
we identify a crucial role of WEE1 in regulation of glu-
cose metabolism, in addition to its well-defined function
in DNA damage response and cell cycle checkpoint.” In

this regard, multiple mechanisms account for the anti-
tumor efficacy of WEE1 inhibitors.

WEE1 inactivation sensitizes T-cell acute lymphoblastic
leukemia cells to glutaminase inhibitors

Glucose and glutamine are two primary nutrients uti-
lized by cancer cells for their proliferation and growth. We
then surmised that a decrease in glycolysis may render T-
ALL cells more addicted to glutaminolysis and glutamine
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deficiency would synergize with WEE1 inhibition. To test  quently transformed to a-ketoglutarate, a TCA cycle inter-

this hypothesis, we treated several T-ALL cells with mediate, for further catabolism and

MK1775 in the presence or absence of glutamine in the NADH.” GLS1 is the glutaminase converting glutamine to
culture medium. Glutamine deficiency induced robust cell =~ glutamate, which is the first and rate-limiting step in the
death in combination with MK1775 treatment in multiple  glutaminolysis pathway. We predicted that co-inhibition
T-ALL cells (Figure 4A), suggesting that inhibition of glut- of WEE1 and GLS1 would disrupt the integrity of the TCA
amine uptake or metabolism exacerbates cell death cycle, leading to metabolic catastrophe and subsequent
induced by WEE1 inhibition. Glutaminolysis is a stepwise  cell death. Given that the selective GLS1 inhibitor CB-839
process by which imported glutamine is converted to glu-  has been evaluated in clinical trials for anti-tumor activi-
tamate (dependent on glutaminase activity) and subse- ty,*** we therefore determined whether CB-839 elicited a
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Figure 5. MK1775 and BPTES treatments demonstrate synergistic anti-leukemia efficacy in HPB-acute lymphoblastic leukemia (ALL) xenografts. (A) Graphical illus-

tration of HPB-ALL luciferase T-cell ALL xenografts and treatment strategy (see Methods section). Single or dual treatments started at day 6

underwent a “three days on and one day off” schedule for four cycles as illustrated. When control mice became moribund around day 30 post engraftment, all mice
were euthanized to assess leukemogenesis in vivo and therapeutic responses. (B) Representative images (left) and quantification (right) of tumor burden as
assessed by luciferase luminescence signals in HPB-ALL xenografts (n=5 per group). Combo: combination. (C) GFP* cells from the spleen and bone marrow were
analyzed by flow cytometry (left). (Right) Data from five individual mice. (D) Representative spleen and bone images are shown (top) with spleen weights (bottom).

**P<0.01.
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synergistic effect with MK1775. Immunofluorescence
analysis and immunoblots of cleaved Caspase-3 in HPB-
ALL and CUTLL1 cells manifested robust apoptosis upon
combined treatments as compared to single treatment
(Figure 4B and Ounline Supplementary Figure S7). Annexin V
staining confirmed strong synergism by dual treatments in
six T-ALL cell lines, while sparing normal BM cells (Figure
4C). Consistently, another GLS1 inhibitor, bis-2-(5-pheny-
lacetamido-1,3,4-thiadazol-2-yl) ethyl sulfide (BPTES),
elicited synergistic cell death in combination with
MK1775 (Figure 4D). Therefore, these findings indicate
the strong anti-T-ALL efficacy by co-inhibition of WEE1
and GLS1.

Targeting of WEE1 and glutaminase suppresses
HPB-ALL xenografts

To evaluate the in vivo efficacy of the combination strat-
egy, we established a human xenograft using HPB-ALL
cells. In order to visualize leukemia cell expansion i vivo,

N

lentiviruses expressing firefly luciferase were infected into
HPB-ALL cells and five million luciferase-expressing cells
were intravenously injected into each NPG mouse. The
intensities of luciferase luminescence signals were equiva-
lent in all mice at day 6 post engraftment, and these ani-
mals were then randomly divided into four groups sub-
jected to control, MK1775, BPTES or combination treat-
ment (Figure 5A and B). Whereas single administration
showed a moderate inhibition of leukemia progression,
MK1775/BPTES combination elicited a much stronger
anti-leukemia effect, as evidenced by bioimaging signals
at day 13 and day 20 post xenograft (Figure 5B). When the
control cohort became moribund, all the mice were sacri-
ficed to assess the leukemia burden in vivo. Administration
of either MK1775 or BPTES alone moderately inhibited
engraftment, and MK1775/BPTES combination induced a
synergistic and remarkable suppression of leukemogenesis
(Figure 5C). As a result, dual treatment ameliorated spleen
enlargement and resulted in more reddish bones (Figure
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Figure 6. Synergistic anti-leukemia effects of MK1775 and CB-839 on a patient-derived T-cell acute lymphoblastic leukemia (T-ALL) xenograft. Human primary
T-ALL cells were injected into irradiated NPG mice. (A) Human CD45" cells from bone marrow (BM) and spleen were analyzed by flow cytometry when the control-
treated mice became moribund around day 25 post xenograft. (Right) Quantifications of CD45" percentages. Combo: combination. (B) Representative immunohisto-
logical images of PCNA and cleaved Caspase-3 (c-Caspase 3) in the spleen sections from mice receiving different treatments. Scale bar, 50 um. (A and B)
Quantifications shown represent the means (+ standard deviation) of biological triplicates. (C) Representative spleen and bone images of mice subjected to different
treatments (left) with spleen weights (right). (D) Kaplan-Meier survival curves of T-ALL PDX treated with MK1775 and/or CB-839 (n=5 in each group). Dotted lines

define the treatment time frame. **P<0.01.
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5D). These findings corroborate the anti-T-ALL efficacy of
MK1775/BPTES combination in vivo.

We also evaluated the toxicity of the drug combination
in healthy C57/BL6 mice using the same treatment strate-
gy as shown in Figure 5A. Body weights of these mice
were comparable to the control cohort (Online
Supplementary Figure SSA). Analysis of blood parameters at
the end of the treatment revealed a mild decrease in red
and white cell counts (Online Supplementary Figure SSB),
and the decline in blood cell counts vanished two weeks
after treatment ended (Online Supplementary Figure S8C).
Moreover, hematoxylin & eosin (H&E) staining revealed
undetectable damage in various organs (Ounline
Supplementary Figure S8D). Consistently, healthy human
BM cells were not sensitive to dual treatment either
(Figure 4C), arguing of manageable toxicity of this combi-
nation strategy. This is probably due to lower WEE1 and
MYC expression in the majority of normal cells.
Therefore, therapeutic targeting of WEE1 may not induce
significant inhibition of MYC and glycolysis as much as it
does in tumor cells.

Combined WEE1/GLS1 inhibition prolongs overall
survival in a T-cell acute lymphoblastic leukemia
patient-derived xenograft

Given CB-839 is currently being evaluated in clinical tri-
als,” we next explored the translational potential of
MK1775 in combination with CB-839 in a T-ALL PDX.
Human CD45leukemia cell distributions in vivo were ana-
lyzed to assess tumor burden and therapeutic responses.
Again, the combination treatment induced synergistic
tumor growth inhibition compared with the control or
monotherapy, as evidenced by much lower human CD45*
tumor cell percentages (Figure 6A). Immunohistological
(IHC) analysis of the spleen sections further confirmed
reduced cell proliferation and massive intratumoral apop-
tosis due to administration of both compounds, as quanti-
fied by attenuated proliferating cell nuclear antigen
(PCNA) and increased cleaved Caspase-3 staining, respec-
tively (Figure 6B). Injection of MK1775 and CB-839 result-
ed in much smaller spleen size and more reddish bones
(Figure 6C). More importantly, dual treatments significant-
ly prolonged the lifespans of the T-ALL PDX as compared
to single treatment (Figure 6D). Together with the pre-
clinical studies in HPB-ALL xenografts, these results
strongly suggest the clinical potential of WEE1/GLS1
inhibitors as a promising T-ALL targeted therapeutics.

Discussion

Intensified T-ALL chemotherapies face the challenges of
significant side effects, frequent relapses, and drug resist-
ance. To improve the treatment of T-ALL and reduce asso-
ciated toxicity, introduction of new targeted agents is des-
perately needed. We here show that WEE1 kinase is a
promising therapeutic target. Reduced cell viability upon
WEE!1 inhibitor MK1775 treatment is partly attributable to
significant suppression of aerobic glycolysis, leading to T-
ALL cells more addicted to glutaminolysis. Administration
of WEE1 and GLS1 inhibitors induces synergistic lethality
in T-ALL cells and leukemia xenografts. These results
highlight a promising therapeutic strategy of dual target-
ing of cell cycle kinase and metabolic enzymes in T-ALL
treatments.

Loss of cell cycle control plays a prominent role in the
pathogenesis of T-ALL. The tumor suppressors p16™*
and p14*™ encoded by the CDKN2A locus are frequently
lost in T-ALL due to chromosomal deletions.” p16™** and
p14"™ inactivates the cyclin D1-CDK4/6 and cyclin E-
CDK2 complexes, respectively, leading to G1-S arrest for
DNA repair.’ As such, loss of CDKNZ2A results in overacti-
vation of these CDK complexes, enabling T-ALL cells to
enter S phase for replication despite DNA damage. T-ALL
cells, with a deficient G1-S checkpoint, are therefore more
reliant on the G2-M cell cycle checkpoint to prevent
excessive DNA damage that may lead to mitotic catastro-
phe and cell death. In support of this notion, we and oth-
ers have shown that WEE{ expression is significantly
increased in a variety of T-ALL cell lines and patient-
derived primary cells.” We further delineate the molecular
mechanism underlying WEE1 expression in T-ALL by
identifying MYC as a prominent regulator directly activat-
ing the WEE1 transcription. MYC-mediated WEE1 upreg-
ulation is also found in Burkitt’s lymphoma cells, suggest-
ing the MYC-WEE1 axis as a general regulatory mode
governing WEE1 expression in human cancers.

Inhibition of WEE1 in cancer cells circumvents cell cycle
arrest during the G2 phase and enables cell division
despite accumulation of DNA damage. T-ALL cells crucial-
ly depend on the G2 checkpoint in the presence of DNA-
damage inducing drugs. WEE1 inhibitor manifested syner-
gistic anti-leukemic activity in combination with cytara-
bine or olaparib.”****We here identify an additional meta-
bolic vulnerability of T-ALL cells in response to WEE1
inhibition after which they become particularly addicted
to glutaminolysis for cell survival. The underlying mecha-
nism involves MK1775-mediated glycolytic suppression at
least in part via downregulation of MYC, a master regula-
tor in controlling glucose metabolism in the majority of
tumor contexts.” Indeed, we demonstrate that overex-
pression of MYC significantly rescued glycolysis defect
due to MK1775 treatment, suggesting that MYC acts as an
important downstream player mediating the role of WEE1
in the regulation of glycolysis. It is interesting to note that
although a previous report suggests that MYC promotes
glutaminolysis as well by activating GLS1 expression in B
lymphoma and prostate cancer cells,® neither MYC
downregulation nor WEE1 inhibition affected GLS1
expression in the context of T-ALL (data not shown).
Moreover, WEE1 inhibition switches T-ALL cells to a
more glutamine-dependent state such that simultaneous
suppression of glycolysis and glutaminolysis by MK1775
and GLS1 inhibitor respectively induced potent synergistic
anti-T-ALL effects (Online Supplementary Figure S9).

Our findings reveal a molecular link between cell cycle
and cancer metabolism by demonstrating the contribution
of WEE1 to glycolysis. WEE1 inhibition, which unleashes
the G2-M checkpoint and accelerates cell cycle, repro-
grams the cellular metabolism such that tumor cells with
decreased glycolysis become more addicted to glutaminol-
ysis. These results are reminiscent of a recent finding that
activation of cyclin D1-CDK4/6 by dysregulation of
Fbxo4-cyclin D1 axis leads to cellular dependency on glu-
tamine metabolism and sensitizes tumor cells to CB-839.*
As such, increased glutamine dependency could be a con-
sequence of over-activated CDK complex, which provides
a potential therapeutic opportunity in fast-dividing tumor
cells. Loss of cell cycle checkpoints due to genetic muta-
tions and/or utilizing checkpoint inhibitors in cancer treat-
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ment may sensitize tumor cells to GLS1 inhibitors. Taken
together, our findings support further investigation of
MK1775 and CB-839 combination in clinical settings for
T-ALL treatments, given that the respective monotherapy
has been evaluated in multiple clinical trials and shows

tolerable toxicity.***
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