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Cellular metabolism in cancer is significantly altered to support the
uncontrolled tumor growth. How metabolic alterations contribute
to hormonal therapy resistance and disease progression in pros-
tate cancer (PCa) remains poorly understood. Here we report a
glutaminase isoform switch mechanism that mediates the initial
therapeutic effect but eventual failure of hormonal therapy of
PCa. Androgen deprivation therapy inhibits the expression of
kidney-type glutaminase (KGA), a splicing isoform of glutaminase
1 (GLS1) up-regulated by androgen receptor (AR), to achieve ther-
apeutic effect by suppressing glutaminolysis. Eventually the tumor
cells switch to the expression of glutaminase C (GAC), an androgen-
independent GLS1 isoform with more potent enzymatic activity,
under the androgen-deprived condition. This switch leads to in-
creased glutamine utilization, hyperproliferation, and aggressive
behavior of tumor cells. Pharmacological inhibition or RNA interfer-
ence of GAC shows better treatment effect for castration-resistant
PCa than for hormone-sensitive PCa in vitro and in vivo. In summary,
we have identified a metabolic function of AR action in PCa and
discovered that the GLS1 isoform switch is one of the key mecha-
nisms in therapeutic resistance and disease progression.
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Androgen receptor (AR) is required for the survival of prostate
cancer (PCa) cells. Hormonal therapy, by suppressing androgen
production and/or inhibiting AR function, is effective as a systemic
treatment for PCa. Unfortunately, the therapy will eventually fail, and
the development of castration-resistant PCa (CRPC) is inevitable
(1-5). Newer drugs abiraterone and enzalutamide provide survival
benefits for some CRPC patients, but treatment resistance and dis-
ease progression still occur. While most CRPCs still maintain ade-
nocarcinoma histology (CRPC-adeno), some patients will develop an
extremely aggressive PCa variant known as small-cell neuroendocrine
carcinoma (SCNC) (4, 6).

AR is a physiological molecule and a key transcription factor
in multiple organs which binds to numerous genes and activates
many different downstream signaling pathways (4, 7, 8). How-
ever, which of the AR functions is required for PCa cell survival
and the underlying molecular mechanisms of tumor cell inhibi-
tion after AR blockade remain unclear. We hypothesize that
among many different functions of AR activation, only some are
directly related to PCa cell survival. If we can identify the down-
stream effectors of AR responsible for PCa survival, future
treatments targeting only the downstream effectors instead of AR
can be more specific and effective as well as independent of tumor
cells” AR status, resulting in better efficacy and fewer side effects.

Although genomic, epigenetic, transcriptional, translational,
and posttranslational alterations all contribute to cancer initiation
and progression, the final common pathway that regulates tumor
cell proliferation is cellular metabolism. Abnormal metabolism is a
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key cellular process that underlines cancer cells’ malignant be-
havior (9-11). We hypothesize that AR regulates important
metabolic pathways in PCa cells to support cell proliferation, and
inhibition of AR by hormonal therapy disrupts the metabolic
program of tumor cells, leading to tumor inhibition. We further
hypothesize that tumor cells adapt to the androgen-deprived en-
vironment by restoring the metabolic function, resulting in tumor
recurrence and disease progression. In this study, we show that
AR up-regulates the expression of glutaminase 1 (GLS1), thus
promoting glutamine utilization which is required for optimal growth
of PCa cells. Hormonal therapy inhibits AR function, resulting in
down-regulation of GLS1 which in turn suppresses glutamine utili-
zation and tumor cell proliferation. Eventually the tumor cells
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zation to achieve therapeutic effect. Our results suggest that
eventually the tumor cells switch GLS1 expression from the AR-
dependent KGA isoform to the androgen-independent and
enzymatically more potent GAC isoform, which increases glu-
tamine utilization and can contribute to the development of
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unknown AR function, a metabolic mechanism of hormonal
therapy and an important therapeutic target more specific than
AR. Targeting GLS1 may achieve similar therapeutic efficacy
but without the side effects resulting from inhibiting AR’s
other important physiologic functions.
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express an androgen-independent GLS1 isoform resulting in tu-
mor recurrence and disease progression.

Results

Androgen Deprivation Therapy Suppresses Proliferation and Metabolic
Activities of PCa Cells while Inducing Glutamine Accumulation. Since
AR is critical for PCa survival, we hypothesized that AR function
likely supports certain metabolic activities required by the tumor
cells. We took an unbiased approach to test this hypothesis by
conducting a metabolite-profiling study of two hormone-sensitive
PCa cell lines, LNCaP and LAPC4, cultured either with (normal
fetal bovine serum, FBS) or without androgen (charcoal-stripped
FBS which mimics the clinically used androgen deprivation ther-
apy or ADT), respectively. Androgen withdrawal inhibited the
proliferation of the tumor cells (SI Appendix, Fig. S14) and
resulted in remarkable changes in the levels of many metabolites

and metabolic pathways in both cell lines at different time points,
as illustrated by principal component analysis, heat map align-
ment, and pathway enrichment analysis (SI Appendix, Fig. S1
B-F). They included metabolites involved in glycolysis, tricarbox-
ylic acid (TCA) cycle, nonessential amino acids (NEAA), nucle-
otides, and pentose phosphate pathway (PPP).

The decrease in metabolite levels after androgen withdrawal
was consistent with the observation that tumor cells’ prolifera-
tion was significantly inhibited by ADT. Surprisingly, we observed
a significant increase in glutamine levels in the two cell lines after
ADT (Fig. 14 and SI Appendix, Fig. S2 A-D). The increased in-
tracellular glutamine could be caused by either enhanced gluta-
mine synthesis or decreased glutamine catabolism by the tumor
cells (SI Appendix, Fig. S2E). By examining the expression of
glutamine transporter ASCT2 (encoded by SLC1A45 gene) in
LNCaP cells cultured with or without androgen, we found that
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Fig. 1. Androgen deprivation inhibits glutamine catabolism, and therapy-resistant PCa cells are more addicted to glutamine. (A) Heat map shows that ADT
decreases levels of metabolites involved in important metabolism pathways (n = 3 and 5 replicates for the control and ADT groups, respectively). (B) Western
blot shows that glutamine transporter ASCT2, similar to AR, is decreased after ADT. (C) UPLC-MS analysis of cell culture medium to compare glutamine
consumption with or without ADT (n = 3 cultures per group). (D) Tracing of '*C-labeled glutamine influx and mass isotopomer analysis of [U-'3Cs] glutamine-
derived metabolites in LNCaP cells with or without ADT. a-KG, a-ketoglutarate (n = 3 cultures per group). (E) Relative cell viability of LNCaP, PC3, C4-2, and C4-
2MDVR cells cultured with or without glutamine (n = 3 replicates for two independent experiments). (F and G) Ultra performance liquid chromatography-
mass spectrometry (UPLC-MS) analysis of glutamine uptake and intracellular glutamine levels in LNCaP and PC3 cells. Metabolites were extracted from culture
medium and cell pellets at the indicated time points (n = 3 cultures per group). (H and /) GSEA of “GO_GLUTAMATE_PATHWAY" gene sets to compare SCNC
and adenocarcinoma in Beltran 2016 (12) and GSE32967. ES, enrichment score; NES, normalized enrichment score. (J) Mass isotopomer analysis of TCA cycle
metabolite abundance in LNCaP and PC3 cells (n = 3 cultures per group). MO represents the non-Gln-derived (mainly glucose-derived) metabolite pool,
whereas M5 and M4 represent the '*C-labled Gln-derived metabolite pool. Data are expressed as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-

tailed Student’s t test. n.s., not significant.
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ADT significantly decreased ASCT2 message RNA (mRNA) and
protein expression (Fig. 1B and SI Appendix, Fig. S2F) and
inhibited glutamine uptake from the medium (Fig. 1C), suggesting
that increased intracellular glutamine after ADT is not a result of
increased glutamine uptake. This conclusion was further sup-
ported by the fact that varying extracellular glutamine concen-
tration had little impact on ADT-induced growth arrest of tumor
cells (S Appendix, Fig. S2G).

Glutamine is an NEAA which can be synthesized from other
nutrients by the enzyme glutamine synthetase (GS), in addition
to direct uptake from the extracellular space. The '*Cs-labeled
glutamine-tracing study showed a reduction of intracellular M5-
glutamine fraction after ADT, consistent with attenuated gluta-
mine uptake. However, we noticed an increase in MO—glutamine
fraction after ADT (SI Appendix, Fig. S2H), indicating increased
glutamine synthesis inside the tumor cells. Indeed, we observed a
stepwise elevation of GS expression after androgen withdrawal (S/
Appendix, Fig. S2I). The *Cg-labeled glucose-tracing analysis also
showed that ADT resulted in increased glutamine production
from glucose (S Appendix, Fig. S2J). These findings suggest that in
PCa cells, ADT inhibits glutamine uptake from the extracellular
space but increases glutamine production intracellularly.

The intracellular level of glutamine can also be influenced by
its catabolism. The '*Cs-labeled glutamine-tracing analysis revealed
that ADT significantly reduced the levels of almost all the metabo-
lites downstream of glutamine catabolism, including glutamate (M5),
glutathione (MS), proline (MS), aspartate (M4), a-ketoglutarate
(a-KG) (MS5), and other TCA cycle intermediates (M4) (Fig. 1D),
suggesting that ADT suppresses glutamine utilization by the tumor
cells. To determine if this may be responsible for the observed
growth inhibition after ADT, we supplemented the culture media
with the downstream metabolites NEAA (excluding glutamine) and
a-KG and observed a substantial rescue of ADT-induced growth
inhibition (SI Appendix, Fig. S2 K and L). Together, these studies
demonstrate that a mechanism by which ADT inhibits tumor cell
viability is in part through suppression of glutamine catabolism.

Advanced and Therapy-Resistant PCa Cells Are More Addicted to
Glutamine. The above results suggest that AR promotes gluta-
mine utilization which may be essential for PCa cell survival.
Hormonal therapy, through inhibition of AR function, inhibits
glutamine utilization, leading to inhibition of cellular proliferation.
Since hormonally treated PCa always recurs as CRPC-adeno or
SCNC (3, 4), we hypothesized that the recurrent tumor cells may
have regained the ability to utilize glutamine despite the absence
of androgen. To test this hypothesis, we examined the degree of
glutamine dependency across several PCa cell lines that represent
different stages of PCa: LNCaP (AR-positive, androgen-sensitive)
versus PC3 [AR-negative, castration-resistant, with features of
SCNC (13, 14)] and C4-2 (castration-resistant but enzalutamide-
sensitive) versus C4-2MDVR (C4-2 cells that are enzalutamide-
resistant after long-term culture with the drug). Glutamine was
required for optimal growth of all examined PCa cells (Fig. 1E).
However, PC3 and C4-2MDVR cells, representing very advanced
stages of the disease, showed higher degrees of dependency on
glutamine than LNCaP and C4-2 cells (Fig. 1E). In contrast,
glucose deprivation had much smaller effect on these PCa cells
compared to glutamine deprivation (SI Appendix, Fig. S34), sug-
gesting that PCa cells become increasingly addicted to glutamine
as the disease progresses. This conclusion was further supported
by glutamine consumption study showing that PC3 and C4-
2MDVR cells utilized more glutamine than LNCaP and C4-2 cells
(Fig. 1 F and G and SI Appendix, Fig. S3 B and C), respectively.
Glutamine addiction of advanced PCa was also observed in gene
set enrichment analysis (GSEA), showing that the expression
levels of genes involved in glutamate metabolism pathway were
correlated with those genes associated with SCNC, the most
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advanced, therapy-resistant and lethal histologic variant of PCa
(Fig. 1 H and I).

Our group has reported that in advanced PCa, glucose is
shunted toward the glycolytic pathway instead of entering the more
energy-efficient TCA cycle (15, 16). However, more advanced PCa
cells have higher levels of TCA cycle activity than hormone-
sensitive PCa (17), suggesting that they are able to efficiently use
nutrient sources other than glucose to maintain the TCA cycle.
We performed a "*C-labeled glutamine-tracing experiment which
showed that the AR-negative PC3 cells and the enzalutamide-
resistant C4-2MDVR cells had more a-KG (M5) and other TCA
cycle intermediates (M4) derived from glutamine, whereas LNCaP
and C4-2 cells had more TCA cycle intermediates derived from
nonglutamine sources (MO) (Fig. 17 and SI Appendix, Fig. S3 D and
E). These data suggest that instead of glucose, glutamine becomes
the major carbon source for the maintenance of TCA cycle in
advanced and therapy-resistant PCa (SI Appendix, Fig. S3F).

The critical role of glutamine in advanced PCa was also
demonstrated by the metabolite-profiling study showing that glu-
tamine and TCA cycle-related metabolic pathways were enriched
in tumor cells that are AR-negative or show features of prostate
SCNC such as PC3 and C4-2/N-Myc cells [C4-2 cells over-
expressing N-Myc (18-20)] (SI Appendix, Fig. S44). We also ob-
served that glutamine deprivation led to distinct metabolic changes
in AR-negative PC3 cells and AR-positive LNCaP cells (S Ap-
pendix, Fig. S4 B-F), further supporting the notion that primary
and advanced tumors respond differently to glutamine withdrawal.

Differential Expression of Glutaminase Isoforms in PCa of Different
Stages. The results above suggest that hormonal therapy inhibits
PCa cell survival in part through inhibition of glutamine utiliza-
tion, but advanced and therapy-resistant PCa cells regain the
ability to use glutamine which may contribute to therapy resistance
and disease progression. To investigate the underlying mechanism,
we examined the expression of glutaminase (GLS, including GLS1
and GLS2), the first rate-limiting enzyme in glutaminolysis
(21-23), in a panel of PCa cell lines. GLS2 can be a tumor sup-
pressor (24, 25), and our study showed that it was not expressed in
PCa tissues or a panel of PCa cell lines examined (SI Appendix,
Fig. S5 A and B). The other glutaminase, GLS1, has two isoforms,
kidney-type glutaminase (KGA) and glutaminase C (GAC), due
to differential RNA splicing (26) (Fig. 24). GAC is much more
potent than KGA in catalyzing the conversion of glutamine to
glutamate in vitro and in vivo (27). We found that KGA was highly
expressed in AR-positive PCa cells, such as LNCaP, VCaP,
LAPC4, and C4-2, whereas GAC expression predominated in the
more advanced and therapy-resistant C4-2MDVR and LNCaP95
cells (both resistant to enzalutamide) as well as PCa cells that are
AR-negative and/or with neuroendocrine/SCNC features such as
PC3, NCI-H660, and DU145. (Fig. 2B and SI Appendix, Fig. S5 C
and D). We also observed a correlation of the enzymatically strong
GAC isoform with increasing Gleason scores in the TCGA data-
base. The mRNA level of GAC, but not KGA, showed a stepwise
increase with increasing Gleason scores (SI Appendix, Fig. SS5E).
Additionally, patients whose tumors harbored high levels of GAC
had much shorter survival than those whose tumors had low GAC
(Fig. 2C). In contrast, KGA levels did not show such clinical rel-
evance (SI Appendix, Fig. S5F).

Adenocarcinoma of the prostate consists of bulk luminal-type
tumor cells that are AR-positive and a minor population of AR-
negative neuroendocrine (NE) tumor cells. Our group has re-
cently demonstrated that CXCR2, an interleukin-8 receptor, is
specifically expressed in NE tumor cells of human PCa (28). In
the same study, we showed that NE tumor cells possess molec-
ular features associated with aggressive cancer phenotypes such
as stemness, epithelial-mesenchymal transition, and angiogene-
sis. We purified NE tumor cells from fresh primary human PCa
tissue (prostatectomy specimens) by fluorescence-activated cell
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KGA and GAC protein levels in hormone-sensitive xenograft tumors (Intact) and castration-resistant xenograft tumor (CS) with GLS1 antibody. P values were
calculated using two-tailed Student’s t test. *P < 0.05, **P < 0.01, and ***P < 0.001.
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sorting using an anti-CXCR?2 antibody and determined the ratios
of KGA and GAC mRNA levels using isotype-specific primers
(29). Luminal-type tumor cells were purified and used as con-
trols. In four of five samples, the ratio of GAC/KGA was dra-
matically increased in the CXCR2-positive NE cells compared to
that in the CXCR2-negative luminal cells (SI Appendix, Fig.
S5G), further supporting the notion that GAC expression is as-
sociated with a more aggressive phenotype.

The above results were confirmed in human PCa tissue by
immunohistochemical (IHC) staining of tissue microarrays (TMAs)
with KGA- and GAC-specific antibodies, respectively. Consistent
with the in vitro data, KGA expression was the highest in untreated
(hormone-naive) prostate adenocarcinoma and decreased in the
more advanced and aggressive CRPC and SCNC, whereas GAC
expression was lower in hormone-naive adenocarcinomas and
higher in CRPC and SCNC (Fig. 2D). Notably, KGA expression
was inversely correlated with GAC expression in PCa across dif-
ferent clinical stages (hormone-sensitive adenocarcinoma, CRPC
and SCNC) (SI Appendix, Fig. SSH). These results demonstrate
that the two isoforms of GLS1 display differential expression pat-
terns in different stages of PCa. Specifically, the enzymatically
weaker KGA isoform is expressed early in the disease process, and
as the disease progresses to advanced and therapy-resistant stages,
the enzymatically stronger GAC becomes the predominant isoform
in tumor cells.

To determine whether the GLS1 isoform switch from KGA to
GAC during disease progression can be observed in vivo longi-
tudinally, we employed hormone-sensitive xenograft tumor
models wherein established LNCaP and LAPC4 tumors in mice
regressed upon castration but eventually recurred as CRPC (30)
(SI Appendix, Fig. S5 I and J). IHC as well as Western blot
analyses of the xenograft tumors showed that in comparison to
tumors from intact mice (hormone-sensitive), the recurrent tu-
mors after castration (CRPC) expressed lower levels of KGA but
higher levels of GAC (Fig. 2 E and F), again demonstrating a
GLS1 isoform switch during the process of therapy resistance
and disease progression.

The Isoform Switch from KGA to GAC Drives Therapy Resistance. We
next determined whether the isoform switch of GLS1 from KGA
to GAC increases glutamine utilization in tumor cells and leads
to castration resistance. We specifically knocked down KGA and
GAC, respectively, using short-hairpin RNAs (shRNAs) in
LNCaP and PC3 cells (Fig. 3 4 and B). LNCaP cells were more
sensitive to the reduction of KGA in terms of cell proliferation
and glutamine utilization (Fig. 3 4 and C), consistent with our
observation that KGA is the dominant isoform of GLS1 in
androgen-dependent cells, including LNCaP cells. In PC3 cells,
in contrast, loss of GAC caused a significant decrease of gluta-
mine utilization and a dramatic cell growth arrest, while knocking
down KGA had little effect (Fig. 3 B and D). To further validate
the function of GAC in tumor cells, we generated CRISPR/Cas9-
mediated GLSI-deficient cells and introduced back KGA and
GAG, respectively (Fig. 3 E and F and SI Appendix, Fig. S5K). PC3
cells exhibited a greater degree of dependency on GLSI gene
compared to LNCaP cells (Fig. 3 E and F). Reexpression of KGA
partially rescued cell proliferation in both LNCaP and PC3 cells
(Fig. 3 E and F). In contrast, cell proliferation was remarkably
increased after reintroducing GAC in the two cell lines (Fig. 3 E
and F). These results suggest that the stronger enzymatic activity
of GAC confers the rapid proliferation of advanced PCa through
enhanced glutamine catabolism. Additionally, in both cell models,
the ratio of glutamate/glutamine (reflecting the kinetics of con-
version from glutamine to glutamate) was higher in GAC-
expressing cell models (Fig. 3 G and H), supporting previous re-
ports that GAC possesses a much stronger enzymatic activity
than KGA.
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To determine whether the switch from KGA to GAC drives
castration resistance, we generated LNCaP cells stably over-
expressing the GAC isoform and subjected the cells to androgen
deprivation (Fig. 3I). We observed that GAC overexpression in
LNCaP cells partially rescued the proliferation of LNCaP cells
under androgen-deprived conditions (Fig. 3/). This observation
was confirmed in vivo with the xenograft tumor model (Fig. 31).
Overexpression of GAC increased the sizes of LNCaP xenograft
tumors in intact animals, and such tumors were more resistant to
castration than control tumors (Fig. 3 K and L). Furthermore,
increased proliferation of LNCaP cells overexpressing GAC was
abrogated by depleting glutamine and enhanced by increasing
glutamine concentration in the androgen-deprived medium
(Fig. 3M). In contrast, changing glucose concentration had little
effect under the same experimental conditions (Fig. 3N), sug-
gesting that overexpression of GAC leads to increased utilization
of glutamine and confers the tumor cells resistance to ADT.

GLS1 Inhibitor CB-839 Preferentially Suppresses Advanced and
Therapy-Resistant PCa. Having documented that advanced and
therapy-resistant PCa overexpress GAC and are more addicted
to glutamine, we next studied if therapy-resistant PCa is more
sensitive to GLS1 inhibition than primary PCa. We tested a
specific GLS1 inhibitor CB-839 (i.e., Telaglenastat, Calithera
Biosciences) (31, 32), which is in clinical trials for multiple solid
tumors (#NCT02071862), including renal cell carcinoma, for its
potential in inhibiting PCa. CB-839 had a more potent inhibitory
effect on PC3 cells (ICso = 481 nM) than on RWPEI (a benign
prostate epithelial cell line) and LNCaP cells (ICs5y > 1,000 nM)
(Fig. 44). Furthermore, CB-839 more potently inhibited cell
growth, colony formation, and invasion of advanced PCa cells
than those of hormone-dependent cells (Fig. 4 B-D and SI Ap-
pendix, Fig. S6 A and B), supporting our finding that advanced
cancer cells are more addicted to glutamine and more sensitive
to GLS1 inhibition. In vivo xenograft models further confirmed
the more potent inhibitory effect of CB-839 on PC3 xenografts
than LNCaP tumors (Fig. 4 E and F) as determined by tumor
sizes and the proliferation marker Ki67 (SI Appendix, Fig. S6C).
In addition, "*Cs-labeled glutamine-tracing experiments showed
that CB-839 inhibited glutamine utilization in both LNCaP and
PC3 cells, but the inhibitory effect was more pronounced in the
AR-negative, androgen-independent PC3 cells (Fig. 4G and SI
Appendix, Fig. S6 D and E). These results suggest that inhibition
of glutamine catabolism is more efficacious in advanced and
hormonal therapy-resistant PCa than in primary PCa.

Next, we determined if CB-839 has different specificity for the
two isoforms of GLS1. We employed the previously generated
cell lines specifically expressing KGA or GAC (Fig. 3 E and F
and SI Appendix, Fig. SSK) and subjected them to CB-839
treatment. CB-839 showed a greater inhibitory effect on GAC-
expressing cell lines (Fig. 4H).

AR and MYC Cooperatively Contribute to the GLS1 Isoform Switch. A
unique feature of PCa is that the tumor cells require androgen
for their survival (17, 33). Given that the expression of KGA is
associated with a hormone-sensitive state while that of GAC is
associated with castration resistance after AR-targeted therapy,
we studied if AR regulates GLSI alternative splicing during dis-
ease progression. We first analyzed the AR ChIP-sequencing
datasets (34, 35) and found a strong AR-binding peak in the 3’
untranslated region (UTR) of GLSI in dihydrotestosterone
(DHT)-stimulated LNCaP cells (Fig. 54). Detailed DNA sequence
analysis revealed two putative androgen response elements
(AREs) in this region (SI Appendix, Fig. S7A4), and ChIP-qPCR
verified the binding of AR to this region (Fig. 5B). We then cloned
3'UTR of GLSI containing the two AREs into a cytomegalovirus
(CMV)-driven Renilla luciferase reporter construct (pRL) and
measured the luciferase activity in the presence or absence of
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Fig. 3. The GLS1 isoform switch confers castration resistance to PCa cells. (A and B) Western blots show KGA and GAC expression of LNCaP and PC3 cells
transduced with KGA-specific, GAC-specific, or control shRNAs and the corresponding cell viability for each cell line (n = 3 replicates for two independent
experiments). (C and D) Glutamine utilization indicated by the ratio of intracellular glutamate/glutamine of cells in A and B (n = 3 cultures per group). (E and
F) Cell viability after knocking out GLST and introducing KGA and GAC back, respectively (n = 3 replicates for two independent experiments). (G and H)
Enzymatic activity of KGA and GAC as measured by the ratio of intracellular glutamate/glutamine in cells described in E and F (n = 3 cultures per group). (/)
Western blot and IHC staining of GAC overexpression in LNCaP cells and the corresponding xenograft tumor. (J) Cell viability of LNCaP cells overexpressing
GAC and LNCaP/Vec control in regular medium or charcoal-stripped medium (ADT) (n = 3 replicates for two independent experiments). (K and L) Xenograft
tumor growth curves with or without surgical castration (CS) and representative images of tumor size (n = 4 in each group). (M and N) Cell viability of LNCaP/
Vec and LNCaP/GAC treated with glutamine (GIn)/glucose (Glc) depletion or supplemented glutamine/glucose in the charcoal-stripped medium (ADT) (n = 3
replicates for two independent experiments). Data are expressed as mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-tailed Student’s t test. n.s., not

significant.

DHT. DHT up-regulated luciferase activity of the construct con-
taining the GLS1-wide-type-3'UTR in comparison to the vector
control (S Appendix, Fig. STB). Three other constructs containing
the GLS1-3'UTR with deletions of each ARE individually or in
combination were generated, and luciferase reporter assays
showed that each ARE mutation diminished the luciferase activity
and the mutation combination had the strongest effect (SI Ap-
pendix, Fig. STB), suggesting that AR binds to the AREs of GLS1
and up-regulates its expression. Additionally, we found that ADT
of LNCaP cells repressed GLS1 expression (both KGA and
GAC), and adding back DHT restored the protein levels of GLS1
(Fig. 5C), further supporting the conclusion that GLS! is an AR-
regulated gene. These results were also consistent with our pre-
vious finding that ADT leads to glutamine accumulation by
inhibiting glutamine catabolism (Fig. 14).

To investigate if AR activity regulates the expression of the
two isoforms differentially, we knocked down or overexpressed
AR, respectively, in LNCaP cells. Although both KGA and GAC
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levels were affected, AR knockdown or overexpression decreased
and increased the ratio of KGA/GAC (Fig. 5 D-F), respectively.
To further determine if AR could affect GLS7 mRNA splicing, we
performed a minigene assay using a GLSI minigene reporter
plasmid covering exon 14 to exon 19 of GLS! (SI Appendix, Fig.
S7C). The plasmid was cotransfected with either a small-interfering
RNA targeting AR (siAR) into AR-positive LNCaP cells or ex-
ogenous AR into AR-negative PC3 cells. We showed that knocking
down or overexpressing AR significantly up-regulated or reduced
KGA transcript levels but had little impact on GAC transcript
levels (Fig. 5G). These results suggest that GLSI RNA splicing is
coupled to GLSI gene transcription governed by AR. Specifically,
activated AR binds directly to GLSI to up-regulate its transcrip-
tion and simultaneously regulate alternative splicing to favor the
expression of the KGA isoform (SI Appendix, Fig. STD).

The above results reveal AR’s metabolic function in PCa and
how hormonal therapy inhibits KGA expression and glutamine
catabolism to achieve therapeutic effect. We then sought to
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Fig.4. GLS1 inhibitor CB-839 preferentially inhibits therapy-resistant PCa. (A) ICso of CB-839 in RWPE1, LNCaP, and PC3 cells after 72 h of drug treatment (n =
3 replicates for two independent experiments). (B) Cell viability of LNCaP and PC3 cells treated with 500 nM CB-839 (n = 3 replicates for two independent
experiments). (C) Colony formation of LNCaP and PC3 cells treated with CB-839 (500 nM) for 14 d (n = 3 replicates for two independent experiments). (D)
Spheroid invasion assay showing the inhibitory effect of CB-839 on the migration of PC3 cells (n = 3 replicates for two independent experiments). Repre-
sentative images (Left) and quantifications of relative cell invasion (Right) are shown. Cells labeled with RFP or GFP denote those cultured with vehicle or CB-
839, respectively. (Scale bar, 200 pm.) (E and F) Representative images of tumor sizes (Top) and xenograft tumor growth curves (Bottom Left) and tumor
weights (Bottom Right) with placebo or CB-839 oral administration (n = 4 in each group). (G) Mass isotopomer of '*C-glutanime-tracing analysis showing the
inhibitory efficacy of CB-839 on glutaminolysis in LNCaP and PC3 cells (n = 3 cultures per group). (H) CB-839 inhibitory efficacy in LNCaP and PC3 cells
expressing KGA only or GAC only in comparison to control single guide RNA (sgCtrl) (n = 3 replicates for two independent experiments). Data are depicted as
mean + SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by two-tailed Student’s t test. n.s., not significant.
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understand the molecular mechanisms that up-regulate GAC
expression after hormonal therapy and focused on c-Myc which
mediates AR’s ligand-independent function and drives disease
progression toward CRPC (36). Relevant to our study, it has
been reported that c-Myc up-regulates GAC expression (37-40).
Bioinformatic analyses revealed that c-Myc was up-regulated in
PCa, particularly in metastatic PCa (SI Appendix, Fig. S84). IHC
staining of TMA containing human PCa tissues and Western blot
analysis of PCa cell lines showed that CRPC tissues and the
castration-resistant CWRR1 and C4-2MDVR cells had the high-
est levels of c-Myc (SI Appendix, Fig. S8 B and C). In addition, in
the longitudinal xenograft tumor model (Fig. 2E), c-Myc expres-
sion was elevated in the recurrent castration-resistant tumors in
comparison to primary tumors (SI Appendix, Fig. S8D). These
findings demonstrate strong association of c-Myc expression with
castration resistance. Interestingly, we also discovered a strong
positive correlation of c-Myc expression with GAC but not with
KGA by studying the TCGA dataset (SI Appendix, Fig. SSE).
Knocking down c-Myc in advanced PCa cells (LNCaP95 and C4-
2MDVR) reduced the expression of GAC (Fig. 5 H and I).
Conversely, overexpressing c-Myc in hormone-sensitive PCa cells
(LNCaP and LAPC4) increased GAC levels (Fig. 5 J and K). In
contrast, manipulation of c-Myc expression did not change KGA
expression (Fig. 5 H-K). These results suggest that c-Myc pro-
motes the expression of the enzymatically potent GAC which may
contribute to therapy resistance and disease progression.

Recurrent PCa after hormonal therapy usually maintains ad-
enocarcinoma histology (CRPC-adeno), but a subset of recur-
rent tumors belongs to a variant histologic type known as SCNC
which is composed of pure NE tumor cells with extremely ag-
gressive behavior (41). Interestingly, MYC family members have
been implicated in governing the histological differentiation of
PCa in the advanced stages. c-Myc amplification was frequently
detected in the CRPC tumors with adenocarcinoma histology but
not in SCNC, both in human tissues and in an NE cell model
(NCI-H660) (SI Appendix, Fig. S8 B and C). In contrast, N-Myc
was amplified and overexpressed in SCNC (SI Appendix, Fig.
S8G) (42, 43), while there was no significant up-regulation of
c-Myc in SCNC (SI Appendix, Fig. S8F). Although N-Myc and
c-Myc are expressed in advanced PCa of different histologies
(CRPC-adeno vs. SCNC, respectively), N-Myc similarly pro-
moted the expression of GAC, not KGA, in LNCaP and C4-2
cells (SI Appendix, Fig. S8 H and I).

AR inhibition promotes the emergence of SCNC through
lineage plasticity (44, 45). We found that instead of inducing
GAC expression, AR inhibition alone reduced GAC expression
in LNCaP cells which does not express c-Myc or N-Myc, a finding
consistent with the previous results (Fig. 5C). However, when
N-Myc is overexpressed, ADT led to an eightfold increase of
GAC (SI Appendix, Fig. S8I), suggesting that ADT and N-Myc
cooperate to induce the expression of GAC, resulting in in-
creased glutamine utilization and aggressive behavior of SCNC.

The above results firmly establish how AR, c-Myc, and N-Myc
function to induce the isoform switch of GLS1 in PCa during the
process of hormonal therapy, treatment resistance, and disease
progression. However, the isoform switch from KGA to GAC
could also be due to differences in RNA stabilities. To rule out
this possibility, we treated LNCaP and PC3 cells, which express
predominantly KGA and GAC, respectively, with actinomycin D
(ActD) to inhibit GLSI gene transcription. We observed no
significant differences of RNA decay rates between KGA and
GAC (SI Appendix, Fig. S8 J and K), indicating that the isoform
switch is not due to different mRNA stability.

Discussion

Despite decades of research, how AR activation promotes PCa
cell proliferation remains largely unknown. Consequently, the
molecular mechanisms of hormonal therapy and the subsequent
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development of therapy resistance are poorly understood. Our
study has uncovered previously unrecognized mechanisms of
action for AR and hormonal therapy in PCa: 1) Glutamine is an
important nutrient for PCa, particularly in advanced, therapy-
resistant, and aggressive PCa. 2) AR binds to the AREs within
the 3'UTR of the GLSI gene, promotes GLSI expression, and
regulates transcription-coupled RNA splicing to favor the pro-
duction of the KGA isoform. As a result, KGA is the predomi-
nant isoform of GLS1 in untreated, hormone-sensitive PCa, and
AR is required for PCa cell survival. 3) Hormonal therapy sup-
presses AR function and GLS1 (predominantly the KGA iso-
form) expression, thus inhibiting glutamine catabolism and
tumor cell survival. 4) Eventually, PCa cells regain the ability to
utilize glutamine and resume proliferation, leading to therapy
resistance and disease progression to the castration-resistant stage
clinically. 5) The MYC family proteins c-Myc and N-Myc play
important roles in this process along with AR. For many tumors at
this stage, AR expression is maintained, and an important ligand-
independent function of AR is transcriptional activation of c-Myc
(36) which in turn induces GAC expression. Due to GAC’s ex-
tremely potent enzymatic activity, the tumor cells can utilize glu-
tamine more efficiently, resulting in aggressive behavior. This is
characteristic of CRPC-adeno with expression of AR and c-Myc.
6) A significant number of tumors at this stage are histologically
classified as SCNC in which GAC expression is equally important
for the tumor cells’ rapid proliferation and aggressive behavior. In
SCNC, the increased expression of GAC is not mediated by c-Myc
but by a combination of loss of AR expression (through lineage
plasticity) (45, 46) and N-Myc overexpression (43). These impor-
tant findings are depicted in Fig. 5L.

Our study has important clinical implications: 1) Currently
used hormonal therapy targeting AR has significant side effects
including sexual dysfunction and disorders of the cardiovascular
and metabolic systems (47) because AR has diverse physiological
functions in many organs and cells. A therapeutic strategy di-
rectly targeting GLS1 isoforms but not interfering with AR’s
physiological function in normal tissue can potentially have a
therapeutic efficacy similar to or better than hormonal therapy
but with much fewer side effects. 2) Due to the complexity of the
intracellular signaling networks and their extensive cross-talks,
PCa cells can quickly evolve to adapt to an androgen-deprived
environment by a variety of mechanisms, such as activation of
glucocorticoid receptor signaling (48), production of constitu-
tively active AR splicing variants lacking the ligand-binding do-
main (1), and transdifferentiation toward an NE phenotype (45),
resulting in tumor recurrence (CRPC-adeno or SCNC). A ther-
apeutic strategy targeting GLS1 will bypass the complex upstream
signaling pathways and directly suppress the production of energy
and building blocks required by PCa cells, starving tumor cells to
death. Since metabolic activity directly controls cellular prolifer-
ation (49, 50), it may be more difficult for the tumor cells to
overcome a metabolic inhibition to develop resistance. 3) AR-
targeted treatment approaches will not work for PCa cells in
which AR activity is not required such as in AR indifferent tumors
(30) and SCNC (12). Our study indicates that glutamine addiction
is common across the entire spectrum of PCa including tumors
lacking the expression of AR. In fact, advanced tumors and tu-
mors independent of AR activity are more addicted to glutamine.
As a result, many patients, particularly those who have exhausted
currently available treatment options, will benefit from a treat-
ment strategy targeting glutamine catabolism. CB-839, a specific
small-molecular inhibitor of GLS1, has been evaluated in multiple
clinical trials for solid and hematological malignancies as a single
agent and in combination with an immune checkpoint inhibitor
(38). Our data demonstrate that advanced and therapy-resistant
PCa, where GAC is overexpressed, are highly sensitive to CB-839
inhibition. GLS1 inhibitor may thus provide clinical benefits.
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There are still important yet unanswered questions related to
the development of advanced PCa. An important factor in SCNC
is hypoxia mediated by the master NE-differentiation regulator
ONECUT?2 (51). Future studies are needed to address if hypoxia
affects the GLS1 isoforms and glutamine utilization in SCNC.
Additionally, the molecular and cellular events described above
are consistent with an “adaptation” model which states that PCa
cells switch isoform expression from the AR-dependent KGA
isoform to the androgen-independent GAC isoform in order to
survive the androgen-deprived environment, resulting in more
efficient glutamine utilization and more aggressive behavior seen
in recurrent tumors (CRPC-adeno or SCNC). However, the find-
ings may also be explained by the “clonal selection” model. This
alternative model states that in untreated and hormone-sensitive
PCa, the tumor cells are heterogeneous with KGA being the pre-
dominant isoform in the majority of the tumor cells, while a mi-
nority of tumor cells express GAC predominantly. Hormonal
therapy creates an androgen-deprived environment leading to the
inhibition of KGA-expressing tumor cells and the selection of
GAC-expressing tumor cells, and the latter eventually populate
the recurrent tumors. Further studies are needed to distinguish
these two interesting possibilities.

Materials and Methods
See SI Appendix for further information.

Cell Culture, Proliferation Assay, Colony Formation Assay, Gene Silence, and
Overexpression. Cells were maintained under standard or specific conditions
(for details, see SI Appendix). Cell viability assay and colony formation assay
are described in S/ Appendix. Cells used in each experiment were performed
under identical and well controlled conditions to test a specific hypothesis.
However, conditions such as the starting cell numbers and the sizes of the
tissue culture plates were not identical among different experiments de-
scribed in different figures. Therefore, the results of different experiments
may not be directly comparable. shRNA lentiviral plasmids, Crispr single
guide RNA (sgRNA) plasmids, specific siRNA pool, and ORF plasmids were
either commercially purchased or kindly given from collaborators. Detailed
protocols are described in SI Appendix.
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tamine/glucose-deprived medium supplemented with 2 mM '*C-glutamine
or 4.5 g/lL "*C—glucose isotope. Metabolites were extracted in 80% cold
methanol followed by speed vacuum drying. The dried pellets were sent for
further LC/MS analyses.
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ogies and used as the template for PCR amplification. The DNA fragment
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