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Targeting glutamine-addiction and overcoming
CDK4/6 inhibitor resistance in human esophageal
squamous cell carcinoma
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The dysregulation of Fbxo4-cyclin D1 axis occurs at high frequency in esophageal squamous
cell carcinoma (ESCC), where it promotes ESCC development and progression. However,
defining a therapeutic vulnerability that results from this dysregulation has remained elusive.
Here we demonstrate that Rb and mTORC1 contribute to Gln-addiction upon the dysregu-
lation of the Fbxo4-cyclin D1 axis, which leads to the reprogramming of cellular metabolism.
This reprogramming is characterized by reduced energy production and increased sensitivity
of ESCC cells to combined treatment with CB-839 (glutaminase 1 inhibitor) plus metformin/
phenformin. Of additional importance, this combined treatment has potent efficacy in ESCC
cells with acquired resistance to CDK4/6 inhibitors in vitro and in xenograft tumors. Our
findings reveal a molecular basis for cancer therapy through targeting glutaminolysis and
mitochondrial respiration in ESCC with dysregulated Fbxo4-cyclin D1 axis as well as cancers
resistant to CDK4/6 inhibitors.
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sophageal squamous cell carcinoma (ESCC) accounts for

~90% of esophageal cancer worldwide, and it remains an

aggressive and lethal malignancy!. Current therapies have
limited efficacy due to local invasion and lymphatic metastasis,
which are common with late stage disease, highlighting the urgent
need for second-line treatments?. Genome-wide screening has
revealed numerous genetic alterations in ESCC, including inac-
tivating mutations of TP53, Retinoblastoma protein (Rb) and
CDKN2A, or activating mutations of NFE2L2, NOTCH1/2, MLL2,
and EP300, or amplification of cyclin D13

Cyclin D1-CDK4/6 promotes G; cell cycle progression through
phosphorylation-dependent inactivation of Rb, the master gate-
keeper of cell division. Rb phosphorylation promotes E2F acti-
vation and the transcription of target genes critical for cell cycle
progression®>. Cyclin D1-CDK4 also regulates cell migration,
stress responses, and cellular metabolism®8. Overexpression of
cyclin D1, due to gene amplification and inactivation of its
degradation machinery, (for example, loss of the Fbxo4 E3 ubi-
quitin ligase or mutations in the cyclin D1 degron), directly
contributes to the development and progression of ESCC-11,
supporting a model wherein targeting cyclin D1-CDK4/6 could
be effective for ESCC patients. Recently, palbociclib (PD-
0332991), the first FDA-approved small molecule CDK4/6 inhi-
bitor, has undergone extensive investigations in pre-clinical stu-
dies and clinical trials in a series of human malignancies,
including esophageal cancer!2-14; however, intrinsic and acquired
resistance remains a major concern, and one of the mechanisms
has been linked to Rb loss!>1°.

Recent investigations of the ¢-Myc oncogene have highlighted the
importance of Glutamine (Gln) metabolism in the survival and
proliferation of tumor cells, which is defined as Gln-addiction or
Gln-dependency!”-18. Gln is metabolized by a process known as
glutaminolysis, whereby it is converted to glutamate, and subse-
quently to a-ketoglutarate (a-KG) for energy production!'®. Onco-
genes and tumor suppressors can control Gln metabolism through
regulating the expression and/or activation of glutaminase (GLS),
the key rate-limiting enzyme for glutaminolysis!72%21. Two iso-
forms of GLS have been identified: GLS1 and GLS2. Knockdown or
chemical suppression of GLS1 typically induces apoptosis, sup-
presses cell proliferation and tumor growth?022. Besides c-Myc
oncogene, Rb loss is also associated with cellular dependency on
GlIn?3, emphasizing the therapeutic potential by targeting these
genetic predispositions. However, it remains unclear whether Rb
loss-mediated Gln-addiction is subject to cyclin D1 regulation.
Given that Rb is rarely lost in ESCC, while Fbxo4 loss or cyclin D1
amplification occurs at a high frequency, it is important to fill this
knowledge gap in order to develop therapies for ESCC that may
also be efficient for other tumors with dysregulation of this signaling
pathway.

This work demonstrates the contribution of Fbxo4 loss and
hyperactivation of cyclin D1-CDK4/6 kinases to Gln-addiction in
ESCC cells. We demonstrate that cyclin D1 overexpression, either
as a consequence of direct mutation, or loss of its regulatory E3
ubiquitin ligase Fbxo4, results in Gln-addiction. The dysregula-
tion of Fbxo4-cyclin D1 axis leads to mitochondrial dysfunction
and Gln-addiction. Clinically, combined treatment with CB-839,
a GLSI inhibitor currently being evaluated in clinical trials, and
metformin/phenformin effectively induces apoptosis and sup-
presses cell proliferation in vitro and in vivo; furthermore,
combined treatment also shows promising therapeutic potential
in tumors resistant to CDK4/6 inhibitors.

Results
Dysregulated Fbxo4-cyclin D1 drives Gln-addiction. Gln-
addiction has been associated with overexpression of c-Myc!”:18;

however, its role has not been evaluated in cells harboring Fbxo4
mutation or cyclin D1 overexpression, which frequently occurs in
human ESCC10-24, To address this question, we set out to deter-
mine whether Fbxo4 impacts cellular dependency on Gln.
Fbxo4+/+ or —/— mouse embryonic fibroblasts (MEFs) were
exposed to medium without GIn. Gln-depletion triggered
increased cleavage of both PARP and caspase-3, suggesting
increased apoptosis of Fbxo4—/— versus +/+ MEFs (Fig. 1a, b).
Elevated Gln uptake was apparent in Fbxo4—/— MEFs (Supple-
mentary Fig. la), indicating Fbxo4 loss drives increased Gln
uptake and enhances Gln-dependency. To further assess how
Fbxo4 regulates cellular response to Gln availability, a Gln-
depletion/re-supplementation approach was applied, wherein cells
were subjected to Gln-depletion for 24 h, followed by Gln re-
addition. Analogous with the previous observation, increased
apoptosis was observed in Fbxo4—/— MEFs (Supplementary
Fig. 1b). To determine whether the sensitivity to Gln-depletion
reflected Fbxo4 E3 ligase function, WT Fbxo4 or Fbxo4 AN, AF,
AC2, and AC3 were transduced into Fbxo4—/— MEFs!025. WT
Fbxo4, but not nonfunctional mutants, reduced cellular depen-
dency on Gln (Fig. 1c, d), suggesting substrates of Fbxo4 may
drive Gln-addiction.

As c-Myc promotes Gln-addiction!”-18, we assessed c-Myc
levels in Fbxo4+/+ and —/— MEFs. Fbxo4—/— MEFs have lower
c-Myc protein levels upon Gln-withdrawal (Supplementary
Fig. 1c), demonstrating that c-Myc expression does not contribute
to Gln-addiction in this genetic background. Previous work
revealed the role of Rb loss in Gln-addiction?3; importantly, Rb
can be inactivated through phosphorylation mediated by the
cyclin D1-CDK4/6 kinase; moreover, cyclin D1 is a well
established Fbxo4 substrate?®. Therefore, we determined the
importance of cyclin D1 in Gln-addiction observed in Fbxo4—/—
cells. We generated MEFs from Fbxo4 and cyclin D1 double
knockout mice (Supplementary Fig. 1d). Fbxo4 and cyclin DI
double knockout MEFs exhibited lower apoptosis triggered by
Gln-depletion relative to Fbxo4 single knockout MEFs (Fig. le).
In addition, ectopic expression of WT cyclin D1, or a stabilized
Fbxo4-resistant cyclin D1 mutant, D1T286A, greatly sensitized
cells to Gln restriction (Fig. 1f and Supplementary Fig. 2a, b). The
above findings indicate cyclin D1 is required and sufficient for
Gln-addiction in cells with inactive Fbox4. Furthermore, Gln
uptake was also increased by ectopic cyclin D1 (Supplementary
Fig. 2c¢). Palbociclib (PD-0332991), a highly specific CDK4/6
kinase inhibitor, suppressed cell apoptosis in cells with cyclin D1
overexpression (Fig. 1g and Supplementary Fig. 2b), supporting
our hypothesis that cyclin D1-CDK4/6 drives Gln-addiction.

Fbxo4-cyclin D1 drives Gln-addiction in ESCC cells. Loss of
function mutation of Fbxo4 leads to cyclin D1 accumulation,
contributing to the development of human ESCC!% moreover,
Fbxo4 loss results in susceptibility to upper gastrointestinal
tumors in transgenic mice?’. Gene set enrichment analysis
(GSEA) highlighted the activation of cell cycle regulators and
dysregulation of Gln metabolism genes in two independent stu-
dies when comparing ESCC with the normal esophageal tissues?®
(Fig. 2a, b and Supplementary Fig. 3a, b and Supplementary
Tables 1-4). Additional analysis revealed the reprogramming of
Gln metabolism genes in ESCC tissues (Supplementary Fig. 4).
Oncomine analysis also highlighted the elevation of GLSI mRNA
in human ESCC relative to normal tissues (Supplementary
Fig. 3c-e), suggesting increased Gln metabolism in ESCC tumor
tissue. Furthermore, SurvExpress survival analysis indicated the
dysregulation of Gln metabolism genes correlates with poor
prognosis of human esophageal cancer as well as Head and Neck
SCC (Fig. 2c and Supplementary Fig. 5).
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Fig. 1 Dysregulated Fbxo4-cyclin D1 axis leads to Gln-addiction. a Western an
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-
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alysis for cleaved PARP and cleaved caspase-3 in Fbxo4—/— mouse

embryonic fibroblasts (MEFs) following GIn-depletion. b FACS for Annexin V-positive cells following 48 h GIn-depletion. ¢ Western analysis for cleaved
PARP and cleaved caspase-3 following 24 h GIn-depletion in Fbxo4—/— MEFs with ectopic expression of Fbxo4 WT, AN, AF, AC2, or AC3. Magenta stars

indicate Fbxo4 bands. d FACS for Annexin V-positive cells following 48 h GIn-

background following 24 h GIn-depletion. In order to show cyclin D1 expression

depletion. e Cyclin D1 knockout antagonizes apoptosis in a Fbxo4d—/—

, cyclin D1 blot was performed in medium with GlIn, because GIn-depletion

reduces endogenous cyclin D1 expression. f Overexpression of cyclin D1 promotes apoptosis in NIH3T3 cells upon 24 h GIn-depletion. g One micromolar
PD-0332991 (PD) suppresses apoptosis induced by 24 h GiIn-depletion in NIH3T3 cells with ectopic cyclin D1 or D1T286A. SE: short exposure; LE: long

exposure. Arrow: specific band; open triangle: non-specific band
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Fig. 2 Dysregulated Fbxo4-cyclin D1 axis promotes GlIn-addiction in esophageal squamous cell carcinoma (ESCC) cells. a Gene set enrichment analysis
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Fig. 3 mTORC1 contributes to GIn-addiction in cells with dysregulated cyclin D1. a, b Gene set enrichment analysis (GSEA) enrichment plots for expression
profiles of esophageal squamous cell carcinoma (ESCC) versus normal tissues for gene sets correlated to mTORC1 signaling in NCBI GEO datasets:

a GSE100942—NES = 1.4599689, FDR g-val = 0.12097056 and b GSE20347—NES =1.269795, FDR g-val = 0.3669077. ¢ Western blot for the indicated
mTORCT effectors in NIH3T3 cells expressing cyclin D1 or D1T286A. d Western blot analysis for mTORC1 effectors in TE7, TE10, and TE15 cells.

e Rapamycin compromises mTORCT activation and apoptosis induced by ectopic cyclin D1 expression in NIH3T3 cells upon 24 h GIn-depletion. f Rad001
inhibits mTORCT1 activation and apoptosis in TE7 and TE10 cells upon 24 h Gin-depletion. g Raptor knockdown suppresses apoptosis in TE7 and TE10 cells
upon 24 h GIn-depletion. SE: short exposure; LE: long exposure. Arrow: specific band

To corroborate the above genome-wide findings, five repre-
sentative ESCC cells were chosen to investigate Gln-dependency:
TE7 (WT Fbxo4, cyclin D1P287A), TE8 (WT Fbxo4, WT cyclin
D1, Akt hyperactivation), TE10 (Fbxo4 S8R, WT cyclin D1),
TE15 (WT Fbxo4, WT cyclin D1), and TE1 (Rb deficient). Gln
restriction triggered more PARP cleavage and apoptosis in TE7
and TEI0 than in TE15 cells (Fig. 2d, h), consistent with the
notion that dysregulation of Fbxo4-cyclin D1 promotes Gln-
dependency. Importantly, c-Myc knockdown did not reduce Gln-
addiction in TE7 or TE10 cells (Supplementary Fig. 6), suggesting
cyclin D1 rather than c-Myc drives Gln-addiction in ESCC cells.
Consistently, TE7 and TE10 cells exhibit increased Gln uptake
relative to TE15 cells (Supplementary Fig. 7a). Furthermore, WT
Fbxo4 not only reduced cyclin D1 levels but also compromised
apoptosis triggered by Gln restriction in TE10 cells (Fig. 2e and
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Supplementary Fig. 7b). To test whether cyclin D1 is sufficient to
drive cellular Gln-dependency, cyclin D1 or DIT286A (a stable
oncogenic D1 mutant analogous to D1P287A), were ectopically
expressed in TE15 cells. D1T286A expression drove apoptosis of
TE15 cells cultured in Gln-free medium (Fig. 2f and Supplemen-
tary Fig. 7c).

TE1 cells are Rb deficient, resulting in the bypass of cell
cycle control that depends on cyclin D1-CDK4/6 complex?®:30;
Rb loss compromised cyclin D1 expression, but drove the
sensitivity to Gln restriction (Fig. 2g, h). Likewise, Rb knockdown
promoted Gln-addiction in TE15 cells that mimics the findings
in TE1 cells (Supplementary Fig. 7d, e). Taken together, these
data reinforce the role of Fbxo4-cyclin D1 axis in driving Gln-
addition in ESCC cells, and Rb is an important contributing
factor.
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Fig. 4 Cyclin D1 accumulation promotes mitochondrial dysfunction. a-¢ ATP/ADP ratio in Fbxo4+/+ and —/— mouse embryonic fibroblasts (MEFs) (a),
NIH3T3 cells (b), and esophageal squamous cell carcinoma (ESCC) cells (¢) detected by ApoSENSOR™ ADP/ATP ratio bioluminescent assay. a Data
represent as mean £ s.d., two-tailed Student t-test was used to compare means (n = 3); b, ¢ Data represent as mean £ s.d., one-way ANOVA was used to
compare means with Bonferroni as Post Hoc test (n = 3); p-values are listed. d Western analysis for the indicated proteins in Fbxo4+/+ versus —/— MEFs
upon GIn-depletion. Arrow: band of interest; open triangle: non-specific band. e Seahorse analysis for Fbxo4+/+ and —/— MEFs; data were normalized to
protein concentration. Injections: Port D: GIn; Port A: Oligomycin; Port B: Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) and Port C:
Antimycin A & Rotenone. f, g Mitochondrial membrane potential analysis of Fbxo4+/+ and —/— MEFs; g Carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) treatment as positive control. h, i Mitochondrial membrane potential analysis of TE7, TE10, and TE15 cells; i CCCP treatment as positive control.
TMRE, tetramethylrhodamine, ethyl ester; RFU, relative fluorescence units. All data in f-i represent as mean * s.d., one-way ANOVA was used to compare

means with Bonferroni as Post Hoc test (n=3). *p <0.05; **p < 0.01

mTORCI activation also contributes to Gln-addiction. Mam-
malian target of rapamycin complex 1 (mTORCI1), a critical
sensor of extracellular stimuli and nutrient levels, functions as a
central regulator to balance cell proliferation/growth and the
availability of nutrients?!-32. Dysregulation of mTORCI signaling
has been observed in pathological conditions, including cancer,
obesity, diabetes, and neuro-degeneration®3. Cyclin D1-CDK4/6
phosphorylates and inactivates TSC1/2, resulting in the activation
of mTORC1 signaling343°. Consistent with frequent over-
expression of cyclin D1 in ESCC, GSEA revealed mTORCI
activation in ESCC relative to normal tissues (Fig. 3a, b and
Supplementary Tables 5-6). To test whether mTORCI is induced
by cyclin D1, NIH3T3 or ESCC cells were exposed to Gln-
withdrawal. Analysis revealed that cyclin D1 overexpression

triggered increased phosphorylation of p70S6K1, S6 and 4EBP1
in NIH3T3 cells (Fig. 3c). In addition, dysregulation of Fbxo4-
cyclin D1 also promoted more mTORCI activation in TE7 and
TEI10 cells compared to TE15 cells; furthermore, increased basal
mTORC1 activation was also detected in TE7 and TE10 cells
(Fig. 3d). These data demonstrate mTORCI signaling is hyper-
activated in cells with cyclin D1 overexpression.

We next assessed the relevance of elevated mTORCI activation
with Gln-addiction in cells harboring dysregulated Fbxo4-cyclin
D1 axis. Cells were exposed to Gln-free medium; meanwhile,
compounds or genetic manipulations were applied to compro-
mise mTORCL1 activity. Consistent with mTORCI inhibition,
both rapamycin and Rad001, partially suppressed cell apoptosis
as determined by reduced cleavage of both PARP and caspases-3
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Fig. 5 CB-839 plus Phenformin/Metformin synergistically induces apoptosis. a Western analysis of PARP and caspase-3 cleavage in Fbxo4—/—

versus +/+ mouse embryonic fibroblasts (MEFs) treated with Phenformin following 24 h GIn-depletion. b Western analysis for the indicated proteins in
Fbxo4+/+ versus —/— MEFs treated with CB-839 plus phenformin for 24 h. ¢ Western analysis for PARP cleavage following 24 h treatment with CB-839
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(Fig. 3e, f and Supplementary Fig. 8a, b). In addition, Raptor
knockdown also compromised cell apoptosis (Fig. 3g and
Supplementary Figs. 8¢ and 9), emphasizing mTORCI1 partially
drives Gln-addiction in cells with dysregulated Fbxo4-cyclin D1
axis.

Cyclin D1 drives mitochondrial dysfunction. Balanced energy
production in accordance with proliferation is critical for cellular
homeostasis under nutrient-depleted conditions, which fre-
quently occur during tumor progression. As Gln serves as an
energy metabolite30, we assessed the energetic status of cells with
dysregulated Fbxo4-cyclin D1 axis in complete medium supple-
mented with Gln. Fbxo4—/— MEFs exhibited decreased ATP/
ADP ratio (Fig. 4a). Likewise, overexpression of cyclin D1 or
DIT286A, either of which increases CDK4/6 catalytic activity’’,
reduced the ATP/ADP ratio with oncogenic D1T286A having a
more profound effect (Fig. 4b). In addition, TE10 cells with
mutant Fbxo4 exhibited a decreased ATP/ADP ratio, as did TE7
cells harboring D1P287A, a mutant refractory to Fbxo4-mediated
degradation (Fig. 4c). Moreover, activation of the AMPK pathway
was also observed upon Gln-depletion (Fig. 4d), supporting
reduced ATP/ADP ratio in Fbxo4—/— MEFs. As a downstream
factor of GIn and an alternative energy source, dimethyl 2-
oxoglutarate (DM-a-KG), partially rescued cell apoptosis upon
Gln-withdrawal; however, asparagine (a nitrogen source) and
scavengers of reactive oxygen species (ROS) had no effects
(Supplementary Fig. 10a-d), further highlighting the importance
of Gln as an energy source to keep cell survival.

As energy production from Gln is coupled with oxidative
phosphorylation (OXPHOS), Seahorse analysis was used to
measure the cellular oxygen consumption rate (OCR).
Fbxo4 —/— MEFs exhibited reduced oxygen consumption relative
to +/+ counterparts (Fig. 4e), suggesting Fbxo4 loss compro-
mises energy production through suppressing OXPHOS. To
further investigate mitochondrial function, the membrane
potential of mitochondria was assessed. Fbxo4—/— MEFs
exhibited a lower mitochondrial potential than +/4 counterparts
(Fig. 4f, g). Similar results were observed when comparing TE7
and TE10 cells with TE15 cells (Fig. 4h, i), demonstrating this
observation is not restricted to fibroblasts. Moreover, ectopic
cyclin D1 also compromised mitochondrial membrane potential
in NIH3T3 cells (Supplementary Fig. 10e, f).

Therapeutically targeting dysregulated Fbxo4-cyclin D1. Gln-
addiction and defective mitochondrial respiration suggests the
therapeutic potential of targeting both glutaminolysis and mito-
chondrial respiration in tumors with dysregulated Fbxo4-cyclin
D1 axis. We, therefore, targeted OXPHOS with either phenfor-
min or metformin, both of which belong to the biguanide family
and can inhibit mitochondrial respiration; importantly, metfor-
min is clinically used to treat type II diabetes38. Phenformin
induced more apoptosis in Fbxo4—/— MEFs challenged by Gln-
depletion or GLS1 inhibition (Fig. 5a, b). Therefore, a combined
treatment was proposed by applying GLS1 inhibitor, CB-839, and
metformin/phenformin together to test the therapeutic potential.
Consistently, combined treatment induced more cell apoptosis in
NIH3T3 and TE15 cells with ectopic cyclin D1 expression and in
TE7 or TE10 cells harboring dysregulated Fbxo4-cyclin DI
(Fig. 5c—e and Supplementary Figs. 11a, b and 12) than single
agent alone. Apoptosis induced by combined treatment was
antagonized by re-expression of WT Fbxo4 (Supplementary
Fig. 11c, d). In addition, combined treatment also significantly
compromised the mitochondrial potential in cells with cyclin D1
accumulation (Fig. 5f-i). Taken together, these data provide a

Table 1 The EC50s of listed compounds with either single or
combined treatment

Cell Single®  Single? Combined® Combined®
CB-839 metformin CB-839 metformin
(uM) (mM) (uM) (mM)

TE7 (D1P287A)¢ 4.75 7.29 0.75 1.20

TE10 (Fbxo4 5.05 8.37 0.92 1.47

S8R)¢

TE15 (WT D1)¢ 16.52 9.88 177 2.83

TE7PDR 0.23 3.64 0.09 0.144

TE1OPDR 0.21 3.78 0.09 0.144

aSingle, single treatment with CB-839 or metformin
bCombined, combined treat with both CB-839 and metformin
CFor TE7, TE10, and TE15 cells, the information in the parentheses indicates gene status

molecular basis for treating tumors with dysregulated Fbxo4-
cyclin DI.

Synergistic effects of combined treatment. Given the effects of
the combined treatment on cultured cells, the half maximal
effective concentrations (EC50s) for CB-839 and/or metformin
were assessed in TE7, TE10, and TE15 cells. For single treatment,
the EC50 for either CB-839 or metformin was uniformly lower in
TE7 and TE10 cells relative to TE15 cells (Table 1 and Supple-
mentary Fig. 13). For combined treatment, the EC50s for TE7 and
TE10 cells were lower than that for TE15 cells (Table 1 and
Supplementary Fig. 13). To discriminate between synergistic
versus additive effects, the combination indexes were calculated
(Supplementary Fig. 13j-1). The combined treatment exhibited
synergism at low concentration, with a stronger impact on TE7
and TE10 cells; the EC50s of CB-839 were 0.75 and 0.92 uM,
respectively, compared to 1.77 uM for TE15 cells. To define the
lowest concentration with effective suppression, different con-
centration combinations were applied to ESCC or NIH3T3 cells.
The analyses demonstrated that cells with elevated cyclin D1 were
more sensitive to combined treatment, 5 pM CB-839 and 0.5 mM
metformin exhibited better suppressing effects in TE7 and TE10
than that in TE15 cells, while similar effects were also revealed in
NIH3T3 cells (Supplementary Fig. 14a-f). In addition, combined
treatment also effectively suppressed colony formation of
NIH3T3 cells with ectopic cyclin D1 expression (Supplementary
Fig. 14g).

Combined treatment reduces tumor burden in vivo. To assess
the efficacy of combined treatment in vivo, two cell lines: TE7
(mutant cyclin D1P287A) and TE15 (WT cyclin D1) were cho-
sen. Cells were subcutaneously injected into flank regions of
athymic nude, nu/nu mice. Once tumors were established, mice
were treated with vehicle, CB-839, metformin or their combina-
tion. CB-839 was orally gavaged at 200 mg/kg twice per day, and
metformin was administrated i.p. (intraperitoneally) at 250 mg/kg
once per day. Mice tolerated the treatment with only a minor
variation in body weight and glucose levels (Supplementary
Fig. 15a-d). CB-839 plus metformin exhibited stronger suppres-
sive effects on growth of TE7 relative to TE15 tumor xenografts
(Fig. 6a, b and Supplementary Fig. 15e, f), consistent with analysis
of cultured cells. Morphological analysis revealed that both TE7
and TE10 cells formed squamous cell carcinoma (Fig. 6¢ and
Supplementary Fig. 15g). Nuclear magnetic resonance spectro-
scopy (NMR) demonstrated that CB-839 triggered Gln accumu-
lation in liver tissues and tumor xenografts (Supplementary
Fig. 16), supporting the suppression of glutaminolysis and on-
target activity. In addition, pathological analyses revealed stronger
impacts on cell proliferation (Ki-67 index) and apoptosis (cleaved
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Fig. 7 Combined treatment overcomes CDK4/6 inhibitor resistance in esophageal squamous cell carcinoma (ESCC) cells. a Blue-Pink O" Gram in the Space

of the Analyzed Gene Set with NCBI GEO (GSE40513), the comparison of
cancer V720 cells. Glutamate-ammonia ligase (GLUL), glutamate dehydro

GIn metabolism genes between palbociclib and vehicle-treated mouse breast
genase (GLUD), asparagine synthetase (ASNS), glutamic-oxaloacetic

transaminase (GOT), and glutamic-pyruvic transaminase (GPT). Red color indicates gene upregulation; blue color indicates gene downregulation. b The
expression of GLST and GLS2 mRNAs in parental and PDR cells. Data represent as mean * s.d., two-tailed Student t-test was used to compare means (n =

3). *p<0.05, **p < 0.01. ¢ Western blot analysis of GLS1 levels in parental

and PDR cells. d PDR ESCC cells exhibit increased [3H]GIn uptake relative to

parental counterparts (1x 105 cells used). Data represent as mean * s.d., one-way ANOVA was used to compare means with Bonferroni as Post Hoc test
(n=3); p-values are listed. @ CB-839 plus metformin treatment for 24 h induces more apoptosis in both TE7PDR and TETOPDR cells. f GLST knockdown

increases apoptosis in both TE7PDR and TE1OPDR cells. g Rb knockdown i
band of interest

caspase-3 staining) in TE7 xenografts than that in TE15 tumors
(Fig. 6d-g). Taken together, these data support the combined
treatment can effectively reduce tumor burden through interfer-
ing with cell proliferation and survival.

Combined treatment overcomes Palbociclib resistance. Rb loss
induces resistance to CDK4/6 inhibitors, such as, palbociclib or
ribociclib233%, Moreover, investigation of genome-wide datasets
revealed the reprogramming of Gln metabolism genes upon

10 NATURE COMMUNICATIONS | (2019)10:1296 | https://doi.org/1

nduces cell apoptosis in TET5 cells upon combined treatment for 24 h. Arrow:

either palbociclib treatment or CDK4/6 knockdown*%4! (Fig. 7a
and Supplementary Fig. 17a) using a gene set related to “Gln
Metabolism” (Supplementary Table 7). To address whether
palbociclib-resistant (PDR) cells exhibit characteristics of Gln-
addiction, TE7 and TE10 cells were exposed to medium with 1
uM palbociclib for extended periods until PDR lines of TE7 and
TE10 cells were established*?; flow cytometry revealed these cells
successfully overcame cell cycle arrest-induced by palbociclib
(Supplementary Fig. 18). Phenotypically, both TE7PDR and
TEIOPDR cells demonstrated loss of Rb, and upregulation of
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Fig. 8 Combined treatment suppresses TE7PDR xenograft growth and induces cell apoptosis in vivo. a Growth curve of TE7PDR xenografts in nude mice.
Data represent as mean £ s.d., two-way ANOVA was used to compare means with Bonferroni as Post Hoc test (n=8). **p < 0.01. b IHC staining of Ki-67
in xenograft tissues. € IHC staining of cleaved caspase-3 in xenograft tissues, magenta arrow indicates positive cells. d Comparison of Ki-67 index between
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e represent as mean +s.d., two-tailed Student t-test was used to compare means (n=38). **p <0.01. Scale bar, 10 pm. f Schematic illustration of the
working model. In normal cells, the homeostatic regulation of Fbxo4-cyclin D1 axis keeps the downstream pathway balanced; however, in tumor cells,
dysregulated Fbxo4-cyclin D1 axis suppresses Rb and hyperactivates mTORC], leading to the imbalance between energetic production and consumption,
and finally, GIn-addiction. By targeting this genetic vulnerability, combined CB-839 and metformin/phenformin disrupts the metabolic balance, leading to
cell apoptosis and the suppression of cell proliferation. In addition, palbociclib-resistant ESCC cells demonstrate metabolic reprogramming characterized by
GlIn-addiction, resulting in increased sensitivity to combined treatment. This model provides promising therapeutic targets for cancer treatment

GLS1 that was independent of c-Myc expression (Fig. 7b, ¢ and
Supplementary Fig. 17b). PDR cells also exhibited increased Gln
uptake relative to parental counterparts (Fig. 7d). In accordance
with these characteristics, both TE7PDR and TE10PDR cells were
more sensitive to Gln-depletion (Supplementary Fig. 17¢, d),
combined treatment (Fig. 7e and Supplementary Fig. 19a), or

GLSI knockdown (Fig. 7f), indicating the feasibility of killing
these cells using CB-839 plus metformin. As palbociclib-resistant
TE15 cells could not be established through extended culture, Rb
knockdown was utilized to mimic palbociclib resistance. Con-
sistently, combined treatment also induced more cell apoptosis in
cells with Rb knockdown (Fig. 7g and Supplementary Fig. 19b). In
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addition, both TE7PDR and TE10PDR cells showed lower EC50s
comparing to their parental counterparts (Table 1 and Supple-
mentary Fig. 20), indicating combined treatment can effectively
overcome palbociclib resistance.

To corroborate the above findings in cell culture, TE7PDR cells
were injected into nude mice in order to test the efficacy of
combined treatment in PDR tumors in vivo. Mice tolerated the
treatment with only minor alteration of body weight and glucose
levels (Supplementary Fig. 21a, b). TE7PDR cells formed
squamous cell carcinoma xenografts that responded better to
combined treatment than their parental counterparts (Figs. 6a
and 8a, and Supplementary Fig. 21c, d). Consistent with the
growth pattern, reduced cell proliferation and increased cell
apoptosis were revealed (Fig. 8b-e), indicating CB-839 plus
metformin effectively suppresses the growth of PDR xenografts.

Discussion

Reprogramming of cellular metabolism is regarded as a hallmark
of tumorigenesis®3>*4. Two major forms of dysregulated meta-
bolism are typically observed: the Warburg effect and active
glutaminolysis*. Glutaminolysis or Gln-addiction is driven by
oncogenes like c-Myc, N-Myc, or receptor tyrosine kinases such as
ErbB217:18,20.46,47 1t remains elusive whether additional pathways
also control Gln-addiction, which might be targeted for ther-
apeutic purpose. The current investigation reveals the importance
of dysregulation of the Fbxo4-cyclin D1 axis, a frequent occur-
rence in numerous cancers!®122748 in regulating Gln-addiction
independent of the known signaling pathways (Fig. 8f).

Gln is actively metabolized in tumor cells, and it is functionally
involved in: (1) energy production through a-KG in tricarboxylic
acid (TCA) cycle; (2) biosynthetic processes such as de novo
purine and pyrimidine synthesis as well as the production of non-
essential amino acids; (3) synthesis of reductive equivalents like
glutathione®®. As such, Gln metabolism is indispensable for
tumor development and progression. In order to favor Gln uti-
lization, tumor cells upregulate transporters to facilitate Gln
uptake®?>1. Indeed, we find that cells with dysregulated Fbxo4-
cyclin D1 exhibit increased Gln uptake. Interestingly, although
Gln uptake is elevated, energy production from OXPHOS is
compromised due to mitochondrial dysfunction as the result of
cyclin D1 overexpression; yet, elevated cyclin D1 drives cell cycle
progression, a process that demands increased energy consump-
tion. This paradox of energy production/consumption endows
these cells with intrinsic vulnerability, which provides a ther-
apeutic opportunity.

Glucose, another important energy source, is metabolized
through glycolysis even in the presence of oxygen to replenish
increased energy demand and metabolites in proliferating cells,
termed Warburg effect32. Previous work has implicated cyclin
D1-CDK4 in the regulation of glucose metabolism and gluco-
neogenesis through acetylation of peroxisome proliferator-
activated receptor gamma coactivator 1-a (PGC-la) mediated
by GCN57. Whether cyclin D1 contributes to glucose metabolism
in tumor cells requires further examination.

Fbxo4 belongs to the F-box protein family that contains a
conserved F-box motif>2. Fbxo4 has several documented sub-
strates, including cyclin D1, Trfl, and Fxr1!225, Cyclin D1
degradation is precisely regulated through GSK-3(B-mediated
phosphorylation, which facilitates the translocation of cyclin D1
from nucleus to cytoplasm, where it is ubiquitylated by phos-
phorylated and oligomerized Fbxo4!0. Loss of Fbxo4 triggers
radio-resistant DNA synthesis, and sensitizes cells to che-
motherapeutic intervention!?; moreover, ectopic phospho-dead
cyclin D1 (T286A) expression causes DNA re-replication,
Cdtl stabilization, DNA damage, and finally cell apoptosis®.

These characteristics denote their potential as therapeutic targets.
Consistently, we found Fbxo4 loss or cyclin D1 overexpression
also drives the sensitivity of ESCC cells to another stress, Gln-
depletion. Importantly, taking advantage of this genetic predis-
position, targeting both GLS1 and OXPHOS effectively induces
apoptosis, suppresses cell proliferation in cell culture, and inhibits
the growth of tumor xenografts, demonstrating promising ther-
apeutic efficacy. Similar observations were made using
nanoparticle-formulated Bis-2-(5-phenylacetamido-1,3,4-thiadia-
zol-2-yl)ethyl sulfide (BPTES, another GLS1 inhibitor) and met-
formin in pancreatic adenocarcinoma®, in which K-Ras is
frequently mutated; however, the putative role of cyclin D1 in
driving this metabolic vulnerability in pancreatic adenocarcinoma
cannot be neglected.

Cyclin D1 is frequently overexpressed in human cancers and it
is regarded as an oncogenic driver in the majority of these can-
cers!2, Targeting the cognate catalytic CDKs of cyclin D1 is
regarded as a feasible way to treat human cancers. Indeed, several
CDK4/6 specific inhibitors have been developed, including PD-
0332991 (palbociclib)>®, LY2835219 (abemaciclib)>®, and LEE011
(ribociclib)7, which are being intensively investigated in human
tumors in pre-clinical studies and clinical trials!?-14, Initially,
tumors respond well to CDK4/6 inhibitors; however, they will
finally develop resistance that becomes a major concern and puts
urgent needs to develop second-line therapies. While there are
potentially numerous mechanisms of resistance, one frequent
occurrence is Rb loss!®>8, We noted that loss of Rb engenders
resistance to CDK4/6 inhibitors, but it enhances the sensitivity of
tumor cells to combined treatment with CB-839 and metformin.
It is worth noting that one recent study highlighted CDK4/6
knockdown reprograms metabolism in tumor cells, leading to
Gln-addiction, which relies on c-Myc upregulation’. In contrast,
we demonstrate that PDR ESCC cells reprogram their metabo-
lism to glutaminolysis in a c-Myc-independent manner. In these
cells, we observed the upregulation of GLSI, the rate-limiting
enzyme for glutaminolysis, directly enhances palbociclib resis-
tance as well as Gln-addiction. These findings not only broaden
our knowledge on the genetic basis of Gln-addiction, but also
provide a way to treat ESCC with cyclin D1 overexpression or Rb
loss (Supplementary Fig. 22), and to overcome palbociclib
resistance.

mTORC1 coordinates cell growth/proliferation with the
nutrient availability in proliferating cells33°. As two critical
nutrients, the uptake and utilization of both GIn and glucose are
precisely controlled by mTORC1 in order to provide nutrients,
building blocks and factors to resist stresses. Under glucose-
depleted conditions, hyperactivation of mTORC1 drives AMPK
activation, promotes energy consumption and reduces ATP/ADP
ratio, leading to apoptosis>2. Consistently, our data suggest acti-
vation of mTORCI, resulting from cyclin D1 dysregulation,
might drive Gln-addiction through enhancing energy consump-
tion. Recent work revealed that the mTORCI inhibitor, MLN128,
suppresses glucose metabolism, and shifts the metabolism of
tumor cells to glutaminolysis in a c-Jun-dependent manner, with
an elusive role of c-Myc in this process. Consistently, combined
MLN128 plus CB-839 successfully overcame the metabolic
reprogramming and reduced tumor burden in vivo®. Instead of
using MLN128, metformin was combined with CB-839 and
administrated in our study. Therapeutic efficacy was observed in
a cyclin D1-dependent manner, hightlighting cyclin D1 as an
indicator for this targeted therapy.

Owing to its activity to compromise OXPHOS, metformin is
utilized to further reduce energy production in cancer cells that
are already challenged by Gln-depletion or GLS1 suppression. In
addition, metformin can activate AMPK and suppress mTORCI;
taking these biological functions into account, the observed
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therapeutic effects in our study are totally consistent with those
observed with MLN128 and CB-839%0. Furthermore, metformin
can also effectively compromise glucose oxidation and reprogram
metabolism to glutaminolysis®!; the above investigation and our
study mutually consolidate each other’s findings. Based on these
findings, our data suggest that targeting glutaminolysis and
OXPHOS could be an effective therapy for ESCC with a dysre-
gulated Fbxo4-cyclin D1 axis, and tumors resistant to palbociclib.
A better molecular understanding of how Fbxo4-cyclin DI reg-
ulates metabolic flux is currently being investigated.

In conclusion, this study elucidates the biological function of
Fbxo4-cyclin D1 axis in regulating Gln-addiction through its role
as a suppressor of Rb function and an activator of mTORCI. This
activity facilitates the reprogramming of Gln metabolism in order
to favor tumor progression. Importantly, the disruption of both
glutaminolysis and mitochondrial respiration provides a pro-
mising way to treat human ESCC and to overcome palbociclib
resistance.

Methods

MEF isolation and cell culture. The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) at the Medical University of South
Carolina (MUSC ARC#: 3339); this study has complied with all relevant ethical
regulations for animal testing and research. Mouse embryos (with genetic back-
ground: Fbxo4-+/+, Fbxo4—/—, Fbxo4+/+ & cyclin DI—/— and Fbxo4—/— &
cyclin D1—/—) were dissected out at menstrual age Day 14. The head and visceral
organs and tissues were removed. Cells were maintained in MEF medium on a 3T9
passaging protocol. MEF medium contains Dulbecco modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) (Gemini Bio-Products), 2 mM Gln,
0.1 mM non-essential amino acids, 55 uM B-mercaptoethanol, and 10 pg/ml gen-
tamicin. NIH3T3 and HEK293T cells were purchased from the American Type
Culture Collection (ATCC), and cultured in DMEM containing 10% FBS and 1%
penicillin-streptomycin. TE1, TE7, TE8, TE10, and TE15 ESCC cells were kindly
provided by Dr. Tetsuro Nishihara who established these cell lines®2¢3, and all cells
were maintained in RPMI1640 with 10% FBS and 1% penicillin-streptomycin. The
earliest frozen stocks of all ESCC cell lines have been stored at the Cell Culture
Core of the University of Pennsylvania. All cells were authenticated by short
tandem repeat analysis for highly polymorphic microsatellites FES/FPS, vWA31,
D225417, D108526, and D5S592 as performed by the Cell Culture Core to validate
the identity of cells by comparing the earliest stocks with those grown more than
8-12 passages. TE7PDR and TE10PDR cells were established through extended
culturing cells in complete medium with 1 uM palbociclib. TE7 cell, harboring
cyclin D1P287A mutation, is a good model to investigate the role of cyclin D1 in
regulating Gln-addiction. Morphological analysis characterizes that TE7 cells can
form SCC xenografts, being consistent with previous report®®. All used cell lines
have been tested for mycoplasma contamination on a regular basis.

Genotyping of MEFs. MEFs were pelleted and genomic DNA was extracted with
an Extract-N-Amp™ tissue PCR kit (Sigma-Aldrich). The genotyping primers
were as follows: Fbxo4, 1loxP forward, 5'-GGCAGAGCTTGAGTTTGCAA-
CATTTCAGGTG-3’, and 3loxP reverse, 5'-TCCTGATCTTT
GGAAATTCTTCCTCTGAGT-3'; cyclin D1, Common, 5'-TAGCAGAGAGCTA-
CAGACTTC G-3', WT, 5'-CTCCGTCTTGAGCATGGCTC-3’, Mutant, 5'-
CTAGTGAGACGTGCTACTTC-3".

Cell transfection and virus packaging. Cells were transfected using Lipofecta-
mine transfecting reagent (Life Technologies). For retrovirus production, pMX-
puro empty vector, and vectors with Flag-tagged Fbxo4 WT, AN, AF, AC2, and
AC3, and pBabe control as well as cyclin D1 WT and T286A were co-transfected
with either Q¥ or W2 vectors; for lentivirus production, lentiviral vectors were co-
transfected with pMDLg/pRRE, CMV-VSVG, and RSV-Rev vectors. The

pLKO.1 shRNA constructs were purchased from Addgene: Rb shRNA#19 (25640),
Rb shRNA#63 (25641), Raptor shRNA (1857) and Rictor shRNA (1853), and
Dharmacon (GE Healthcare Life Sciences): TRC GLSI and c-Myc shRNAs. Virus
supernatants were collected 48 and 72 h post-transfection. Infections were per-
formed using polybrene. Thereafter, cells were either used for experiments or
selected with puromycin for further analyses.

Protein isolation and western blot analysis and quantification. Cells were
washed with 1x cold PBS and lysed in Tween 20 buffer, including 50 mM HEPES
pH 8.0, 150 mM NaCl, 2.5 mM EGTA, 1 mM EDTA, 0.1% Tween 20 with protease
and phosphatase inhibitor cocktail. Same amount of whole-cell extracts were
resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis gel and
transferred to polyvinylidene difluoride membrane. Upon blocking with 5% nonfat
milk in 1x TBST, membranes were incubated with primary antibodies overnight at

4°C. The following day, membranes were washed, and incubated with secondary
antibodies for 1 h. After wash, the signals were visualized by the chemilumines-
cence system (PerkinElmer). Uncropped full blot images are shown in Supple-
mentary Fig. 23. Western blot band quantification was performed using Quantity
One (Bio-Rad Laboratories, Inc.). Signals were normalized to p-actin.

GIn-depletion. Prior to Gln-depletion, cells were seeded in complete medium
(DMEM with 10% FBS and 4 mM Gln). The following day, media were replaced
with Gln-free DMEM plus 10% dialyzed FBS (10 kDa cutoff) (Gemini Bio-Pro-
ducts). Cells cultured in Gln-free DMEM with 10% dialyzed FBS plus 4 mM Gln
were used as controls.

GIn uptake assay. Briefly, cultured cells growing on six-well plates were washed
with TS buffer (50 mM Tris-HCl and 320 mM sucrose, pH 7.4); then, cells were
incubated at 37 °C for 8 min with 0.5 mCi L-2,3,4-[*H]glutamine (PerkinElmer) in
DMEM (Gln-free) or 4 mM unlabeled Gln in DMEM (Gln-free) for background
correction. The cells were immediately placed on ice and washed three times with
ice-cold PBS; cells were lysed in 1 mM NaOH; the amount of radiolabeled Gln was
determined using a Beckman Coulter LS6500 Multi-Purpose Scintillation Counter
(Beckman Instruments, Fullerton, CA); the amount of [’H]glutamine taken into
the cells was calculated based on the scintillation counts. Finally, [*H]glutamine
uptake was normalized to protein concentrations.

Mitochondrial membrane potential analysis. The day before treatment, 5 x 103
MEFs and NTH3T3 cells or 1 x 104 ESCC cells were seeded into 96-well plate. The
following day, cells were depleted with Gln or treated with CB-839 and/or met-
formin for 24 h. Control cells were treated with/without 50 uM CCCP for 20 min.
All cells were incubated with 200 nM tetramethylrhodamine, ethyl ester (TMRE)
for 30 min. After 1x PBS wash, fluorescent signals were monitored and recorded as
RFU at wavelength (excitation: 530 nm and emission: 590 nm).

ATP/ADP ratio analysis. ATP/ADP ratio was analyzed using ApoSENSOR™
ADP/ATP Ratio Bioluminescent Assay Kit (BioVision). Briefly, 100 pl reaction mix
in a 96-well plate was read as the background luminescence (Data A). After
treatment, the cells were incubated with 50 ul nucleotide releasing buffer for 5 min.
The lysate was transferred into the above 96-well plate, and 2 min later, the signals
were read as Data B. Then, the samples were read again to determine the ADP
levels (Data C). Finally, 1 ul ADP converting enzyme was added to the reaction to
determine Data D. ATP/ADP Ratio was calculated using formula: (Data B — Data
A)/(Data D — Data C). The ADP/ATP ratio was normalized to protein
concentrations.

Seahorse analysis. OCR was measured using 96-well Extracellular Flux Analyzer
(XF-96) (Seahorse Biosciences). The day before analysis, 6 x 103 cells were plated;
and the sensor cartridge was buffered in the calibration buffer provided by Sea-
horse Bioscience. The following day, cells were washed two times with phosphate
buffered saline (PBS). The RS medium without Gln was added into the wells and
warmed up in a 37 °C non-CO, incubator. The injection ports of the sensor plate
were filled with 10 ul of compounds or vehicles diluted in RS buffer. The sensor
plate was placed into the XF-96 instrument for calibration. After calibration, the
calibration fluid plate was removed and the cell plate was loaded for analysis. The
measurement protocol was listed below: 2 min mix, 1 min wait, and 3 min mea-
surement. There were totally four rate measurements upon different chemical
injections (basal levels, Oligomycin, FCCP, and Antimycin/Rotenone), and each
injection with four measurement cycles. OCR was finally normalized to protein
concentrations.

Mouse xenografts. The protocol was approved by IACUC at Medical University
of South Carolina (MUSC ARC#: 3339); this study has complied with all relevant
ethical regulations for animal testing and research. Each group has four athymic
nude, nu/nu mice (male, age: 4 weeks). TE7 (5 x 10°), TE15 (5 x 10°) and TE7PDR
(5% 109) cells were subcutaneously injected into the flank regions. When the
average volume of tumor nodules reached 60 mm?, mice were randomly assigned
to four groups (day 0): vehicle, CB-839, metformin and CB-839 plus metformin.
CB-839 was orally gavaged at 200 mg/kg twice per day; metformin was admini-
strated i.p. at 250 mg/kg once per day. CB-839 was dissolved in buffer with
hydroxypropyl-p-cyclodextrin (HPBCD) in 10 mmol/l citrate (pH 2, 25% (w/v)) to
a final concentration of 20 g/ml (w/v). Metformin was diluted in 1 x PBS to 50 mg/
ml. The treatment lasted for 20 days. Tumor size, blood glucose, and body weight
were measured and recorded every 2 days. The tumor size was calculated using the
formula: 0.5 x a x b2

Immunohistochemical (IHC) staining. Paraffin-embedded sections were steamed,
blocked, and incubated with Ki-67 (Agilent Technologies) and cleaved caspase-3
(Cell Signaling) antibodies, and signal was amplified using VECTASTAIN Elite
ABC HRP Kit and detected by Vector® DAB Substrate. Thereafter, all sections were
counterstained with hematoxylin, dehydrated, and mounted. Normal rabbit IgG
was used as negative control. Sections were assessed, and the percentage of Ki-67-

| (2019)10:1296 | https://doi.org/10.1038/s41467-019-09179-w | www.nature.com/naturecommunications 13


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

positive cells was evaluated to compare cell proliferation and the number of cleaved
caspase-3-positive cells per 2000 cells was used to compare apoptosis.

Statistical analysis. All measurements were taken from distinct samples, and the
sample size was indicated by n that is listed in the relative figure legends. Plots were
made either by GraphPad Prismé or Microsoft Excel 2011. SPSS version 24.0 was
used for statistical analyses. The Student t-test, One-way ANOVA and Two-way
ANOVA were utilized to compare means. Kaplan-Meier survival curves are pro-
duced through SurvExpress Survival Analysis and the Log-Rank test was performed
to compare the statistical significance. The significance level was set at 0.05 for all
analyses.

Reporting summary. Further information on experimental design is available in
the Nature Research Reporting Summary linked to this article.

Code availability. R-Project Bioconductor (ver. 3.4.2, 09/28/2017) was utilized to
normalize the affymetrix data in order to perform the GSEA analysis. The detailed
codes are listed in the Supplementary Methods part. There are no restrictions to
access these codes.

Data availability

The authors declare that all the data supporting the findings of this study are available
with the article and its Supplementary Information files and from the corresponding
author on reasonable request. In addition, the genome-wise data referenced during the
study are available in a public repository from the NCBI Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) with GEO Accession #: GSE100942, GSE20347,
GSE40513, and GSE84597, respectively.

Received: 19 February 2018 Accepted: 20 February 2019
Published online: 21 March 2019

References

1. Rustgi, A. K. & El-Serag, H. B. Esophageal carcinoma. N. Engl. J. Med. 371,
2499-2509 (2014).

2. Pennathur, A., Gibson, M. K., Jobe, B. A. & Luketich, J. D. Oesophageal
carcinoma. Lancet 381, 400-412 (2013).

3. Chen, X. X. et al. Genomic comparison of esophageal squamous cell
carcinoma and its precursor lesions by multi-region whole-exome sequencing.
Nat. Commun. 8, 524 (2017).

4. Sharpless, N. E. & Sherr, C. J. Forging a signature of in vivo senescence. Nat.
Rev. Cancer 15, 397-408 (2015).

5. Gennaro, V. J. et al. Control of CCND1 ubiquitylation by the catalytic SAGA
subunit USP22 is essential for cell cycle progression through G1 in cancer
cells. Proc. Natl Acad. Sci. USA 115, E9298-E9307 (2018).

6. Li, Y. et al. PRMTS5 is required for lymphomagenesis triggered by multiple
oncogenic drivers. Cancer Discov. 5, 288-303 (2015).

7. Lee, Y. et al. Cyclin D1-Cdk4 controls glucose metabolism independently of
cell cycle progression. Nature 510, 547-551 (2014).

8. Pontano, L. L. et al. Genotoxic stress-induced cyclin D1 phosphorylation and
proteolysis are required for genomic stability. Mol. Cell. Biol. 28, 7245-7258
(2008).

9. Aggarwal, P. et al. Nuclear cyclin D1/CDK4 kinase regulates CUL4 expression
and triggers neoplastic growth via activation of the PRMT5 methyltransferase.
Cancer Cell 18, 329-340 (2010).

10. Barbash, O. et al. Mutations in Fbx4 inhibit dimerization of the SCF(Fbx4)
ligase and contribute to cyclin D1 overexpression in human cancer. Cancer
Cell 14, 68-78 (2008).

11. Okano, J., Snyder, L. & Rustgi, A. K. Genetic alterations in esophageal cancer.
Methods Mol. Biol. 222, 131-145 (2003).

12. Qie, S. & Diehl, J. A. Cyclin D1, cancer progression, and opportunities in
cancer treatment. J. Mol. Med. 94, 1313-1326 (2016).

13. Chen, L. & Pan, J. Dual cyclin-dependent kinase 4/6 inhibition by PD-
0332991 induces apoptosis and senescence in oesophageal squamous cell
carcinoma cells. Br. J. Pharmacol. 174, 2427-2443 (2017).

14. Ismail, A. et al. Early G(1) cyclin-dependent kinases as prognostic markers
and potential therapeutic targets in esophageal adenocarcinoma. Clin. Cancer
Res. 17, 4513-4522 (2011).

15. Dean, J. L., Thangavel, C., McClendon, A. K., Reed, C. A. & Knudsen, E. S.
Therapeutic CDK4/6 inhibition in breast cancer: key mechanisms of response
and failure. Oncogene 29, 4018-4032 (2010).

16. Bollard, J. et al. Palbociclib (PD-0332991), a selective CDK4/6 inhibitor,
restricts tumour growth in preclinical models of hepatocellular carcinoma.
Gut 66, 1286-1296 (2017).

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Gao, P. et al. c-Myc suppression of miR-23a/b enhances mitochondrial
glutaminase expression and glutamine metabolism. Nature 458, 762-765
(2009).

Wise, D. R. et al. Myc regulates a transcriptional program that stimulates
mitochondrial glutaminolysis and leads to glutamine addiction. Proc. Natl
Acad. Sci. USA 105, 18782-18787 (2008).

Qie, S. et al. Glutamine depletion and glucose depletion trigger growth
inhibition via distinctive gene expression reprogramming. Cell Cycle 11,
3679-3690 (2012).

Qie, S., Chu, C, Li, W., Wang, C. & Sang, N. ErbB2 activation upregulates
glutaminase 1 expression which promotes breast cancer cell proliferation. J.
Cell. Biochem. 115, 498-509 (2014).

Gao, M., Monian, P., Quadri, N., Ramasamy, R. & Jiang, X. Glutaminolysis
and Transferrin Regulate Ferroptosis. Mol. Cell 59, 298-308 (2015).

Wang, J. B. et al. Targeting mitochondrial glutaminase activity inhibits
oncogenic transformation. Cancer Cell 18, 207-219 (2010).

Nicolay, B. N. et al. Loss of RBF1 changes glutamine catabolism. Genes Dev.
27, 182-196 (2013).

Cancer Genome Atlas Research N. et al. Integrated genomic characterization
of oesophageal carcinoma. Nature 541, 169-175 (2017).

Qie, S. et al. Fbxo4-mediated degradation of Fxrl suppresses tumorigenesis in
head and neck squamous cell carcinoma. Nat. Commun. 8, 1534 (2017).
Lin, D. I. et al. Phosphorylation-dependent ubiquitination of cyclin D1 by the
SCF(FBX4-alphaB crystallin) complex. Mol. Cell 24, 355-366 (2006).

Lian, Z. et al. FBXO4 loss facilitates carcinogen induced papilloma
development in mice. Cancer Biol. Ther. 16, 750-755 (2015).

Hu, N. et al. Genome wide analysis of DNA copy number neutral loss of
heterozygosity (CNNLOH) and its relation to gene expression in esophageal
squamous cell carcinoma. BMC Genom. 11, 576 (2010).

Lukas, J. et al. DNA tumor virus oncoproteins and retinoblastoma gene
mutations share the ability to relieve the cell’s requirement for cyclin D1
function in G1. J. Cell Biol. 125, 625-638 (1994).

Muller, H. et al. Cyclin D1 expression is regulated by the retinoblastoma
protein. Proc. Natl Acad. Sci. USA 91, 2945-2949 (1994).

Saxton, R. A., Chantranupong, L., Knockenhauer, K. E., Schwartz, T. U. &
Sabatini, D. M. Mechanism of arginine sensing by CASTORI upstream of
mTORCI. Nature 536, 229-233 (2016).

Choo, A. Y. et al. Glucose addiction of TSC null cells is caused by failed
mTORCI-dependent balancing of metabolic demand with supply. Mol. Cell
38, 487-499 (2010).

Laplante, M. & Sabatini, D. M. mTOR signaling in growth control and disease.
Cell 149, 274-293 (2012).

Zacharek, S. J., Xiong, Y. & Shumway, S. D. Negative regulation of TSC1-
TSC2 by mammalian D-type cyclins. Cancer Res. 65, 11354-11360

(2005).

Goel, S. et al. Overcoming therapeutic resistance in HER2-positive breast
cancers with CDK4/6 inhibitors. Cancer Cell 29, 255-269 (2016).
DeBerardinis, R. J. & Cheng, T. Q’s next: the diverse functions of glutamine in
metabolism, cell biology and cancer. Oncogene 29, 313-324 (2010).

Diehl, J. A,, Zindy, F. & Sherr, C. J. Inhibition of cyclin D1 phosphorylation on
threonine-286 prevents its rapid degradation via the ubiquitin-proteasome
pathway. Genes Dev. 11, 957-972 (1997).

Andrzejewski, S. et al. PGC-1alpha Promotes Breast Cancer Metastasis and
Confers Bioenergetic Flexibility against Metabolic Drugs. Cell Metab. 26,
778-787.e (2017).

Condorelli, R. et al. Polyclonal RB1 mutations and acquired resistance to CDK
4/6 inhibitors in patients with metastatic breast cancer. Ann. Oncol. 29,
640-645 (2018).

Tarrado-Castellarnau, M. et al. De novo MYC addiction as an adaptive
response of cancer cells to CDK4/6 inhibition. Mol. Syst. Biol. 13, 940 (2017).
Choi, Y. J. et al. The requirement for cyclin D function in tumor maintenance.
Cancer Cell. 22, 438-451 (2012).

Yoshida, A., Lee, E. K. & Diehl, J. A. Induction of therapeutic senescence in
vemurafenib-resistant melanoma by extended inhibition of CDK4/6. Cancer
Res. 76, 2990-3002 (2016).

Yin, C., Qie, S. & Sang, N. Carbon source metabolism and its regulation in
cancer cells. Crit. Rev. Eukaryot. Gene Expr. 22, 17-35 (2012).

Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell
144, 646-674 (2011).

Stine, Z. E. & Dang, C. V. Stress eating and tuning out: cancer cells re-wire
metabolism to counter stress. Crit. Rev. Biochem. Mol. Biol. 48, 609-619
(2013).

Qing, G. et al. ATF4 regulates MYC-mediated neuroblastoma cell death upon
glutamine deprivation. Cancer Cell. 22, 631-644 (2012).

Thangavelu, K. et al. Structural basis for the allosteric inhibitory mechanism of
human kidney-type glutaminase (KGA) and its regulation by Raf-Mek-Erk
signaling in cancer cell metabolism. Proc. Natl Acad. Sci. USA 109, 7705-7710
(2012).

14 | (2019)10:1296 | https://doi.org/10.1038/s41467-019-09179-w | www.nature.com/naturecommunications


https://www.ncbi.nlm.nih.gov/geo/
www.nature.com/naturecommunications

ARTICLE

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.

Lee, E. K. et al. The FBXO4 tumor suppressor functions as a barrier to
BRAFV600E-dependent metastatic melanoma. Mol. Cell. Biol. 33, 4422-4433
(2013).

Zhang, J., Pavlova, N. N. & Thompson, C. B. Cancer cell metabolism: the
essential role of the nonessential amino acid, glutamine. EMBO J. 36,
1302-1315 (2017).

Jeon, Y. J. et al. Regulation of glutamine carrier proteins by RNF5 determines
breast cancer response to ER stress-inducing chemotherapies. Cancer Cell 27,
354-369 (2015).

Bhutia, Y. D., Babu, E., Ramachandran, S. & Ganapathy, V. Amino Acid
transporters in cancer and their relevance to “glutamine addiction”: novel
targets for the design of a new class of anticancer drugs. Cancer Res. 75,
1782-1788 (2015).

Cardozo, T. & Pagano, M. The SCF ubiquitin ligase: insights into a molecular
machine. Nat. Rev. Mol. Cell Biol. 5, 739-751 (2004).

Aggarwal, P. et al. Nuclear accumulation of cyclin D1 during S phase inhibits
Cul4-dependent Cdt1 proteolysis and triggers p53-dependent DNA
rereplication. Genes Dev. 21, 2908-2922 (2007).

Elgogary, A. et al. Combination therapy with BPTES nanoparticles and
metformin targets the metabolic heterogeneity of pancreatic cancer. Proc. Natl
Acad. Sci. USA 113, E5328-E5336 (2016).

Dhillon, S. Palbociclib: first global approval. Drugs 75, 543-551 (2015).
Sledge, G. W. Jr. et al. MONARCH 2: Abemaciclib in combination wi

th fulvestrant in women with HR+/HER2-advanced breast cancer

who had progressed while receiving endocrine therapy. J. Clin. Oncol.
35, 2875-2884 (2017).

Ingham, M. & Schwartz, G. K. Cell-cycle therapeutics come of age. J. Clin.
Oncol. 35, 2949-2959 (2017).

Malorni, L. et al. A gene expression signature of retinoblastoma loss-of-
function is a predictive biomarker of resistance to palbociclib in breast cancer
cell lines and is prognostic in patients with ER positive early breast cancer.
Oncotarget 7, 68012-68022 (2016).

Gonzalez, A. & Hall, M. N. Nutrient sensing and TOR signaling in yeast and
mammals. EMBO J. 36, 397-408 (2017).

Momcilovic, M. et al. The GSK3 signaling axis regulates adaptive glutamine
metabolism in lung squamous cell carcinoma. Cancer Cell 33, 905-921 €905
(2018).

Fendt, S. M. et al. Metformin decreases glucose oxidation and increases the
dependency of prostate cancer cells on reductive glutamine metabolism.
Cancer Res. 73, 4429-4438 (2013).

Nakagawa, H. et al. Human cyclin D1 oncogene and esophageal squamous cell
carcinoma. Cancer 76, 541-549 (1995).

Nishihira, T., Hashimoto, Y., Katayama, M., Mori, S. & Kuroki, T. Molecular
and cellular features of esophageal cancer cells. J. Cancer Res. Clin. Oncol. 119,
441-449 (1993).

Boonstra, J. J. et al. Mistaken identity of widely used esophageal
adenocarcinoma cell line TE-7. Cancer Res. 67, 7996-8001 (2007).

Acknowledgements

This work was supported by grants from the National Institutes of Health: P01
CA098101 (J.A.D.); and T32 DE017551 (S.Q.). We appreciate the assistance from Core
Facilities and Shared Resources at the Medical University of South Carolina and Hollings
Cancer Center: Flow cytometry analysis was performed in the Flow Cytometry & Cell
Sorting Core and Seahorse analysis was performed in Metabolomics Core. We also thank
Dr. Shikhar Mehrotra (Medical University of South Carolina) for providing methods to
analyze Gln uptake.

Author contributions

S.Q. and J.A.D.: designed the experiments. S.Q., S.P., N.O., and G.C.B.: performed
experiments. S.Q., S.P., N.O,, G.CB., AJB, KK.W., AKR, and J.A.D.: analyzed and
interpreted the data. S.Q. and J.A.D.: wrote and edited the manuscript. S.Q., A.Y., G.C.B,,
C.C.B,, and B.O.: provided reagents, materials and analysis tools.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-09179-w.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
=Y Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:1296 | https://doi.org/10.1038/s41467-019-09179-w | www.nature.com/naturecommunications 15


https://doi.org/10.1038/s41467-019-09179-w
https://doi.org/10.1038/s41467-019-09179-w
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Targeting glutamine-addiction and overcoming CDK4/6 inhibitor resistance in human esophageal squamous cell carcinoma
	Results
	Dysregulated Fbxo4-cyclin D1 drives Gln-addiction
	Fbxo4-cyclin D1 drives Gln-addiction in ESCC cells
	mTORC1 activation also contributes to Gln-addiction
	Cyclin D1 drives mitochondrial dysfunction
	Therapeutically targeting dysregulated Fbxo4-cyclin D1
	Synergistic effects of combined treatment
	Combined treatment reduces tumor burden in�vivo
	Combined treatment overcomes Palbociclib resistance

	Discussion
	Methods
	MEF isolation and cell culture
	Genotyping of MEFs
	Cell transfection and virus packaging
	Protein isolation and western blot analysis and quantification
	Gln-depletion
	Gln uptake assay
	Mitochondrial membrane potential analysis
	ATP/ADP ratio analysis
	Seahorse analysis
	Mouse xenografts
	Immunohistochemical (IHC) staining
	Statistical analysis
	Reporting summary
	Code availability

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




