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Abstract

Despite the known importance of androgen receptor (AR) signaling in prostate cancer (PCa), the
processes downstream of AR that drive disease development and progression remain poorly
understood. This knowledge gap has thus limited the ability to treat cancer. Here, it is
demonstrated that androgens increase the metabolism of glutamine in PCa cells. This metabolism
was required for maximal cell growth under conditions of serum starvation. Mechanistically, AR
signaling promoted glutamine metabolism by increasing the expression of the glutamine
transporters SLC1A4and SLCI1A5, genes commonly overexpressed in PCa. Correspondingly,
gene expression signatures of AR activity correlated with SLCIA4and SLCIA5 mRNA levels in
clinical cohorts. Interestingly, MYC, a canonical oncogene in PCa and previously described master
regulator of glutamine metabolism, was only a context-dependent regulator of SLC1A4 and
SLC1Ab5 levels, being unable to regulate either transporter in phosphatase and tensin homolog
(PTEN) wild-type cells. In contrast, rapamycin was able to decrease the androgen-mediated
expression of SLC1A4and SLC1A5 independent of PTEN status, indicating that mechanistic
target of rapamycin complex 1 (mTORC1) was needed for maximal AR-mediated glutamine
uptake and PCa cell growth. Taken together, these data indicate that three well-established
oncogenic drivers (AR, MYC and mTOR) function by converging to collectively increase the
expression of glutamine transporters, thereby promoting glutamine uptake and subsequent prostate
cancer cell growth.

Implications: AR, MYC and mTOR converge to increase glutamine uptake and metabolism in
prostate cancer through increasing the levels of glutamine transporters.
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Introduction

Prostate cancer is the second most commonly diagnosed malignancy amongst men in
Western countries (1). Since the 1940s, it has been known that the development and
progression of prostate cancer relies heavily on androgens (2). Androgens function by
binding to and activating a ligand-inducible transcription factor called the androgen receptor
(AR). In the context of prostate cancer, AR then, in combination with additional oncogenic
signals, promotes prostate cancer cell proliferation and survival (2). Despite AR's
established role in prostate cancer, it is still not completely understood which AR-mediated
downstream processes, either alone or in combination with other oncogenic cascades, drive
the disease.

Altered cellular metabolism is now recognized as one of the hallmarks of cancer (3).
Although the majority of metabolic cancer research focuses on glucose metabolism, it has
become clear that cancer cells also readily metabolize glutamine to fulfill their metabolic
needs (4, 5). In this context, glutamine catabolism (glutaminolysis) can be used to balance
the influx and efflux of carbon and nitrogen through the tricarboxylic acid (TCA) cycle.
Glutaminolysis can promote anaplerosis (x2212) the replenishment of intermediates of the
TCA cycle in part for biosynthetic purposes (x2212) by converting glutamine to a-
ketoglutarate, a key intermediate of the TCA cycle (6).

Glutamine-mediated anaplerosis/glutaminolysis begins with the initial uptake of glutamine
via cell surface transporters such as SLC1A4 (also called ASCT1) and SLC1A5 (commonly
referred to as ASCT2) (6). Once inside the cell, glutamine is committed to glutaminolysis by
the enzyme glutaminase (GLS), which converts glutamine to glutamate. The only way this
metabolism can be reversed is through the action of glutamine synthetase (GLUL), which
converts glutamate back into glutamine (7). Thus, in the absence of appreciable glutamine
synthetase activity, glutamate can then be converted to a-ketoglutarate where it enters the
TCA cycle.

The oncogene MYC is a known regulator of the initial steps of glutaminolysis, during which
MY C up-regulates mitochondrial glutaminase as well as glutamine transporters, promoting
influx of the amino acid and its subsequent metabolism (8). In prostate cancer, MYC can
function as a transformative factor. In the mouse prostate, Myc overexpression promotes
prostatic intraepithelial neoplasia (PIN) followed by invasive adenocarcinoma in a dose-
dependent manner (9). Interestingly, recent work has demonstrated that AR signaling can
increase glutamine metabolism in prostate cancer cells (10). Additionally, AR has been
demonstrated to modulate MY C expression in a context-dependent manner (11-13). Given
MY C's previously described role in glutamine metabolism, we hypothesized that androgens
promoted prostate cancer cell growth in part through augmenting MY C-mediated glutamine
metabolism.
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Materials and Methods

Cell culture, plasmids, and reagents

LNCaP and VVCaP human prostate cancer cell lines were obtained from ATCC (Manassas,
VA) and maintained and tested for androgen responsiveness just prior to experiments as
previously described (14). PTEN-P8 and PTEN-CaP8 were obtained from ATCC and
maintained in Dulbecco's Modified Eagle's Medium supplemented with 8% fetal bovine
serum (FBS), 25 pg/ml bovine pituitary extract, 5 pg/ml human recombinant insulin and 6
ng/ml human recombinant epidermal growth factor (15). PrEC-LHS, PrEC-LHSR and
PrEC-LHMK human prostate cancer cells were kindly provided by Dr. William Hahn
(Dana-Farber Cancer Institute, Boston, MA, USA) and previously described (16). Cell lines
were validated biannually by genotyping and mycoplasma-free confirmation through the use
of a PCR-based assay. For all experiments, cells were first plated in phenol red-free medium
containing charcoal-stripped FBS (CS-FBS) for 72 hours to minimize endogenous hormone
signaling. Cells were then switched for the remainder of the assay to a customized
experimental medium (Sigma, St. Louis, MO) that lacked serum, non-essential amino acids,
sodium pyruvate, additional glucose and HEPES buffer. This experimental medium was
supplemented with 2 mM L-glutamine unless otherwise noted (ex. Fig. 1A).

Stable cell lines were created using a pINDUCER10 construct that enabled the expression of
a short hairpin RNA targeting MYC in the presence of doxycycline (Supplementary Fig.
4A). Additional lentiviral vectors have previously been described (17). Stealth siRNAs were
from Life Technologies (Grand Island, NY). The sequences for all ShRNAs and siRNAs
used in this study are listed in Supplementary Table 1. Antibodies recognizing MYC (cat#:
5605), SLC1A4 (cat#: 8442), SLC1AS5 (cat#: 8057), phospho-S6 (cat#: 4856), total S6 (cat#:
2317) and cleaved poly (ADP-ribose) polymerase (PARP) (cat#: 5625) were obtained from
Cell Signaling (Beverly, MA). The antibody recognizing glutaminase (cat#: ab156876) was
from Abcam (Cambridge, MA). Antibody recognizing AR (cat#: sc-7305) and GAPDH
(cat#: G9545) were from Santa Cruz (Dallas, TX) and Sigma, respectively. Compound 968,
a glutaminase inhibitor, was obtained from EMD Millipore (Billerica, MA).
Methyltrienolone (R1881, a synthetic androgen) was from PerkinElmer (Waltham, MA).
Rapamycin was from Cell Signaling and used at concentrations previously shown to block
mTORC1 signaling and androgen-mediated proliferation (18, 19). Docetaxel was from
Sigma.

Proliferation assays

Cells were plated in phenol red-free, CS-FBS-containing medium at a density of 5x10° cells
per well in 96-well plates for 3 days. After this, the medium was switched to a serum-free
medium that contained a final concentration of + 2 mM glutamine without sodium pyruvate,
non-essential amino acids, HEPES or additional glucose (experimental medium). Cells were
then treated and incubated for 3 or 7 days as indicated. At the end, cell numbers were
quantitated using a fluorescent DNA dye as previously described (18).

For experiments using siRNAs, all cell lines were plated as stated above. Cells were then
transfected with 100 nM final concentration siRNAs for 3 days. Afterwards, the cells were
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transfected a second time and treated as indicated and allowed to incubate an additional 4
days. Cell proliferation was then quantified as described above.

Glutamine uptake assays

LNCaP cells were plated at a density of 3x10* cells per well, while VCaP cells were plated
at 1.2x105 cells per well in 24-well plates. After 3 days, the cells were switched to 2 mM
glutamine-containing experimental medium and transfected and/or treated as indicated.
Afterwards, the medium was collected and glutamine levels were analyzed using a YSI 2700
Bioanalyzer (YSI Life Sciences, Yellow Springs, OH). Glutamine uptake levels were
normalized to cellular DNA content.

RNA isolation, cDNA synthesis, and qPCR

RNA isolation, cDNA synthesis and gPCR were performed as previously described using
36B4 as a control (14). All primers used in this study are listed in Supplementary Table 1.

Immunoblot analysis

Immunoblot analysis was performed as previously described (20). All antibodies were used
at the manufacturers’ recommended concentrations. Results shown are representative blots.
Densitometry was performed using ImageJ software (National Institutes of Health (NIH),
Bethesda, MD) and normalized to indicated controls. Results are presented as normalized
mean values + SEM from experimental repeats (n = 3).

Creation of LNCaP-shMYC cell lines

Stable cell lines were created using the pINDUCERZ10 system and puromycin selection as
previously described (17, 21). The sequence for the MY C-targeting ShRNA is presented in
Supplementary Table 1.

a-Ketoglutarate assays

Cells were plated at a density of 5x10 cells/well and treated as described. The assay was
performed using the coupled enzymatic assay according to the manufacturer's instructions
(Sigma; cat#: MAKO054). In brief, a-ketoglutarate concentration is determined by a coupled
enzyme assay that results in a colorimetric (570 nm) product that is proportional to the
amount of a-ketoglutarate present. Total a-ketoglutarate levels were normalized to cellular
DNA content.

Fluorescence-activated cell sorting (FACS) analysis

The percentage of cells in the sub-G1 phase of the cell cycle was determined based on
relative DNA content as assessed by FACS analysis. After 72 hours treatment, cells were
detached by incubating with 0.25% trypsin-EDTA, washed with phosphate-buffered saline
(PBS) and fixed overnight in 70% ethanol at 4°C. Fixed cells were then centrifuged (100 x
g, 5 min), washed 1x in PBS, resuspended in PBS containing RNase A and propidium
iodide (PI) (50 pg/ml each; ThermoFisher (Waltham, MA): cat#s: EN0531 and P1304MP)
and analyzed on a Gallios Flow Cytometer (Beckman Coulter, Inc. (Brea, CA)). The
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percentage of sub-G1 population was determined using the MULTICYCLE software
program (Phoenix Flow Systems, San Diego, CA).

Bioinformatic analyses of gene expression in clinical datasets

For the gene expression signature comparisons, transcriptomic profiles of human prostate
cancer cohorts were downloaded from The Cancer Genome Atlas (TCGA). Androgen-
induced signatures (Hieronymus AR and Nelson AR) were generated from previously
defined data (22, 23). For each of the signatures, an activity score for each sample in each
cohort was generated as previously described (24). Briefly, the gene expression values of
prostate cancer cohorts were converted to z-scores with respect to normal samples. The
activity score for each sample for a signature was evaluated by adding the z-scores of
upregulated genes and subtracting the z-scores of downregulated genes. Correlation between
pairs of gene signature activity scores were evaluated using the Pearson Correlation
Coefficient as implemented in the Python statistical library SciPy; significance was assessed
at /<0.05.

Statistical analysis

Results

Multiple comparisons were performed by using a one-way analysis of variance (ANOVA),
followed by post hoc Tukey's test. Analyses were done using GraphPad Prism, \ersion 5
(GraphPad Software, La Jolla, CA). All experiments were repeated at least three times
unless otherwise noted.

Androgens promote glutamine-mediated prostate cancer cell growth

The majority of cancers depend on increased glucose uptake and glycolysis as first described
by Otto Warburg in the 1920s (25). It is now recognized that many cancers additionally
exhibit an increased affinity for the amino acid glutamine, a metabolic shift that is likely a
result of altered oncogenic and/or tumor suppressive signaling events that are to date not
completely defined. Given AR's predominant role in prostate cancer, we tested whether
androgens could augment prostate cancer cell growth in part through increasing glutamine
consumption. We hypothesized that this intersection of hormone signaling and glutamine
metabolism might be most pronounced under conditions of limited nutrient availability. To
test this, we first assessed the effects of androgen treatment on prostate cancer cell growth in
the presence or absence of glutamine under conditions with no additional non-essential
amino acids, sodium pyruvate or serum. The concentration of androgen selected (100 pM
R1881) was chosen because it represents the concentration at which peak androgen-
mediated proliferation occurs in these cells ((19, 26, 27) and Supplementary Fig. S1A).
Glucose was still required for cell seeding and survival. In both AR-positive, hormone-
responsive LNCaP and VCaP cells, glutamine was consistently required for maximal
androgen-mediated prostate cancer cell growth (Fig. 1A). To confirm a requirement for
glutamine metabolism in androgen-mediated prostate cancer cell growth, we next treated
cells with or without androgen and with increasing concentrations of compound 968, an
inhibitor of glutaminase, a rate-limiting step of glutamine metabolism. Addition of the
glutaminase inhibitor significantly decreased androgen-mediated prostate cancer cell growth
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in both LNCaP and VCaP cells (Fig. 1B). Interestingly, compound 968 had limited effect,
particularly in VCaP cells, on basal prostate cancer cell growth, suggesting some specificity
to androgen-mediated signaling. Given that androgens appeared to increase glutamine
utilization, we then tested whether androgens increased cellular glutamine uptake. As shown
in Fig. 1C, androgens significantly increased glutamine uptake in both LNCaP and VVCaP
cells at the same concentrations that stimulated cell growth. Similar to cell growth,
androgens exhibited a biphasic dose response on glutamine uptake (Supplementary Fig.
S1B) suggesting prostate cancer cell growth correlates with glutamine uptake. Consistent
with these findings, androgens also increased the intracellular levels of the TCA cycle
metabolite a-ketoglutarate, a key intermediate of glutamine-mediated anaplerosis/
glutaminolysis (Fig. 1D). These results are consistent with our previous mass spectrometry
findings that androgen treatment increased intracellular levels of all the TCA intermediates
including a-ketoglutarate (10, 20). Taken together, these results suggest that AR signaling
increases glutamine uptake and metabolism to increase prostate cancer cell growth.

AR signaling increases the expression of the glutamine transporters SLC1A4 and SLC1A5

Since androgens increased glutamine uptake, we next tested whether AR signaling increased
the expression of glutamine transporters. We focused on the major glutamine transporters
SLC1A4and SLCI1A5because they were commonly upregulated in prostate cancer in
multiple clinical datasets (Table 1) while other reported transporters were not 1) expressed in
our prostate cancer models, 2) upregulated in prostate cancer clinical datasets or 3) regulated
by androgens (ex. SLC7A5and SLC38A5)(24, 28-34). In LNCaP cells, androgens increased
SLC1A5 mRNA and protein levels (Fig. 2A). While SLC1A4 was expressed at a high basal
level in LNCaP cells, its expression was not further changed following androgen treatment
(Fig. 2A). Conversely, both SLC1A4 and SLC1AS5 were significantly increased by
androgens in VVCaP cells (Fig. 2B). To assess whether AR could also regulate these genes in
patients, we leveraged two different previously published, curated AR gene signatures of
identified AR target genes (genes that were regulated in response to androgens and
modulated by AR antagonists)(22, 23). Using a bioinformatics approach, we determined that
these AR gene signatures positively correlated with increased mRNA transcript levels of
SLC1A4and SLC1A5in the TCGA clinical dataset (Figs. 2C and D, R>0, £<0.05),
suggesting AR may also regulate the expression of these genes in patients. Of note, while
other groups have observed dramatic regulation of glutaminase (GLS) by additional
oncogenic cascades such as MYC (8), we did not detect a robust, androgen-mediated change
in GLS protein levels in either cell model despite the apparent androgen-mediated increase
in GLSmRNA levels in VCaP cells. In addition, the AR gene signatures described above did
not correlate with GLS expression in patients (£>0.05) nor was GL S overexpressed in
clinical datasets (data not shown). However, it is important to note that while GLS protein
levels did not change significantly in response to androgens, its basal expression was high
unlike the expression for GLUL, the gene encoding glutamine synthetase (Figs. 2A and B).
This is important because glutamine synthetase carries out the reverse reaction of
glutaminase. The combined presence of high glutaminase levels and undetectable levels of
glutamine synthetase indicated that any increase in glutamine uptake would subsequently
lead to the rapid forward movement through glutaminolysis, consistent with our observed
increase in a-ketoglutarate levels (Fig. 1D).
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Mechanistically, SLC1A4and SLC1A5 appeared to be secondary targets of AR. In support
of this, treatment of LNCaP cells for shorter time periods (16 hours compared to the 72 hour
treatment shown in Figs. 2A and B), while sufficient to increase the expression of known
primary AR target genes such as FKBP5, was not sufficient to increase SLC1A4or SLC1A5
expression (Supplementary Fig. S2A). Likewise, 16-hour androgen treatment did not
increase SLC1A5 expression in VCaP cells, but did increase FKBP5 mMRNA levels
(Supplementary Fig. S2B). Although androgens increased SLC1A4 expression at 16 hours
posttreatment, this induction was blocked by an inhibitor of protein translation,
cycloheximide. In contrast, cycloheximide had no effect on androgen-mediated FKBP5
expression (Supplementary Fig. S2B). Collectively, these results indicate that AR signaling
increased the expression of the glutamine transporters SLC1A4 and SLC1A5 via an indirect
mechanism.

Functional role of SLC1A4 and SLC1A5 in hormone-sensitive prostate cancer cells

Given the AR-mediated regulation of SLC1A4and SLC1A5 (Fig. 2) and the requirement for
glutamine for maximal androgen-mediated prostate cancer cell growth (Fig. 1), we next
wanted to test the functional roles of these glutamine transporters. To do this, we assessed
the impact of silencing SLC1A4 or SLC1A5 expression in prostate cancer cells (Fig. 3A and
Supplementary Fig. S3) on glutamine uptake (Fig. 3B) and cell growth (Fig. 3C).
Knockdown of SLC1A5 consistently decreased androgen-mediated glutamine uptake (Fig.
3B) and cell growth (Fig. 3C) in both LNCaP and VCaP cells. Again, there were modest
effects on basal cell growth, indicating some specificity for androgen-mediated signaling.
Knockdown of SLC1A4 with siRNA #1 also decreased both androgen-mediated glutamine
uptake (Fig. 3B) and cell growth (Fig. 3C) in VCaP cells. Unfortunately, despite multiple
attempts, we were unable to achieve effective knockdown of SLC1A4 with sSiRNA #2 in
VCaP cells at either the mRNA (Supplementary Fig. S3B) or protein level (Fig. 3A).
Correspondingly, this siRNA then functioned as an additional negative control as no effect
was observed on either glutamine uptake or cell growth as would be expected. Surprisingly,
knockdown of SLC1A4 (Fig. 3A and Supplementary Fig. S3A) decreased glutamine uptake
(Fig. 3B) and cell growth (Fig. 3C) in LNCaP cells. This was unexpected because androgens
did not increase SLC1A4 expression in LNCaP cells (Fig. 2A and Supplementary Fig. S3A).
Thus, it appears that in a cell-type dependent manner AR signaling may potentiate SLC1A4
activity through additional mechanisms, unknown at this time, beyond gene expression (ex.
posttranslational modifications, etc).

MYC is a contextual regulator of SLC1A5 in prostate cancer cell models

A master regulator of glutamine metabolism is MYC (4, 6, 8, 35), a canonical oncogene in
prostate cancer (9, 36, 37). Previous work has suggested that AR signaling could modulate
MYC (c-MYC) expression (38-40). As such, we hypothesized that androgens promoted
prostate cancer cell growth through MY C-dependent glutaminolysis. Specifically, we sought
to determine what role MYC played, if any, in the regulation of SLC1A4and SLC1A5
expression and function under our conditions of serum starvation. To facilitate these studies,
we created stable derivatives of LNCaP cells that could inducibly express an sShRNA
targeting MYC in the presence of doxycycline (LNCaP-shMY C)(Supplementary Fig. S4).
Here, androgens increased the protein levels of MYC and SLC1A5 but not SLC1A4 (Fig.

Mol Cancer Res. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

White et al.

Page 8

4A), consistent with our earlier results (Fig. 2A). Doxycycline-mediated knockdown of
MYC decreased androgen-mediated SLC1A5 protein levels but had no effect on SLC1A4 or
basal SLC1AS5 levels (Fig. 4A). In contrast to previous work done in PC-3 prostate cancer
cells (8), silencing of MYCalso had no impact on GLS protein levels. Regardless, MYC
knockdown decreased both glutamine uptake (Fig. 4B) and prostate cancer cell growth (Fig.
4C). The significant decrease in basal glutamine uptake and trend towards decreased
baseline cell growth following M YC knockdown indicate that MYC, independent of AR
signaling, likely has additional functions in LNCaP cells besides the regulation of SLC1A5
that contribute to glutamine uptake and, perhaps not surprisingly given MYC's known role in
proliferation, cell growth.

Unfortunately, we were unable to create stable derivatives of VCaP cells using the same
lentiviral approach as we have found that these cells are particularly resistant to lentiviral
modulation. As an alternative, we silenced MYC expression using two different siRNAs and
assessed the effect of MY C knockdown on SLC1A4and SLC1A5expression and androgen-
mediated glutamine uptake and cell growth. As previously reported (41), androgen treatment
reduced MY C protein levels in VVCaP cells (Fig. 4D). Similar to LNCaP cells, MYC
knockdown had no consistent effect on SLC1A4 or GLS protein levels (Fig. 4D). In direct
contrast to the regulation we observed in LNCaP cells (Fig. 4A), knockdown of MY C had
no effect on androgen-mediated SLC1AS5 levels in VCaP cells (Fig. 4D). Consistent with
these findings, depletion of MYC in VCaP cells did not change basal or androgen-mediated
glutamine uptake (Fig. 4E) or cell growth (Fig. 4F). Thus, MYC appears dispensable for
glutamine uptake and cell growth in VVCaP cells but was required for maximal androgen-
mediated SLC1A5 expression, glutamine uptake and cell growth in LNCaP cells under our
conditions of limited nutrient availability. Together, these data indicate that MYC acts as
contextual regulator of glutamine metabolism in prostate cancer cells.

MTOR stimulates expression of the glutamine transporters SLC1A4 and SLC1A5

Given MY C's previously described role as a master regulator of glutamine metabolism, it
was surprising to us that MYC did not have a more pronounced role in our prostate cancer
cell models. Hence, we suspected additional pathways that are 1) hyperactivated in prostate
cancer and 2) known to be influenced by AR signaling could regulate SLC1A4and SLC1A5
and therefore glutamine metabolism. The mechanistic target of rapamycin (mTOR),
formerly known as the mammalian target of rapamycin, is one of the most commonly
activated proteins in prostate cancer and has previously been shown to be regulated by AR
signaling (18, 19, 42). Its role as a sensor for amino acid levels made it an ideal candidate to
test. As shown in Figs. 5A and B, treatment with androgens increased the expression of
SLC1A5in LNCaP cells and SLC1A4and SLC1A5in VCaP cells, consistent with our
results described in Fig. 2. As previously reported, androgens also increased mTOR
signaling in prostate cancer cells as assessed by the phosphorylation of S6, a well-
characterized downstream target of mTOR signaling (18, 19). Co-treatment with rapamycin,
a selective inhibitor of the mTORC1 complex, decreased both basal and androgen-mediated
SLC1A5 expression in LNCaP cells and suppressed the androgen-mediated induction of
SLC1A4and SLC1A5in VCaP cells (Figs. 5A and B). This effect appeared to not be due to
any changes in MYC (Supplementary Fig. S5) or effects on cell death (Supplementary Fig.
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S6). The effects of rapamycin on basal SLC1A5 expression are likely due to the fact that
LNCaP cells have high basal mTOR signaling as a result of a mutation in phosphatase and
tensin homolog (PTEN) that renders this upstream tumor suppressor inactive (43).
Conversely, VCaPs express wild-type PTEN and do not have constitutively active
phosphoinositide 3-kinase (P13K)/Akt signaling (44). To our knowledge, this is the first
description of mTOR regulation of SLC1A4 or SL.C1A5expression in prostate cancer.
Consistent with this regulation and with the described roles for SLC1A4 and SLC1A5
above, rapamycin also blocked both androgen-mediated glutamine uptake (Fig. 5C) and cell
growth (Fig. 5D).

Because of the differences in transporter regulation between LNCaP and VCaP cells, we
next wanted to mechanistically determine whether these differences were due to variations in
PTEN status. We focused on PTEN-regulated signaling because PTEN is a commonly
altered tumor suppressor in prostate cancer (45) and its status is different in LNCaP and
VCaP cells with PTEN being wild type in VVCaP cells but inactivated in LNCaP cells (43).
One of the difficulties with directly comparing LNCaP and VVCaP cells is that these two
popular models are genetically unrelated. To begin to address this issue, we leveraged two
genetically defined sets of prostate cell models to compare the impact of specific cancer
signaling pathways on SLC1A4 and SLC1AS5 expression. First, we used a series of cell
models derived from normal human prostate epithelial cells (PrECs) that were altered in a
stepwise manner through the introduction of retroviruses encoding various oncogenes (16).
Here, PrEC LHS (PrEC cells engineered to express the SV40 large T antigen (LT), small t
antigen (ST) and ATERT, causing the cells to become immortalized but nontransformed),
LHSR (LHS cells engineered to also express H-ras, causing the cells to become
transformed) and LHMK (PrEC cells engineering to express SV40 LT, h/TERT, MYCand
PI3K, causing the cells to become transformed) cells were treated for 72 hours with vehicle
or 10 nM rapamycin (Supplementary Fig. S7A). In all three PrEC-derived cell lines,
SLC1A4 expression was unchanged regardless of treatment suggesting that in this system,
H-ras, MYC, PI3K and mTOR were all unable to regulate SLC1A4 levels. Conversely,
LHMK cells exhibited a moderately higher level of SLC1A5 expression that was more
dramatically decreased by treatment with rapamycin relative to LHS and LHSR cells. This
indicated that the combination of MY C and PI3K overexpression, perhaps also with the loss
of ST, was sufficient to increase SLC1AS5 expression and make these cells more susceptible
to mTORCL1 inhibition (with regards to SLC1AS5 regulation). Interestingly, rapamycin
increased MYC levels in LHS and LHSR cells, indicating that mTORCL1 inhibited MYC in
these cells. Conversely, mMTORC1 augmented MY C expression in the LHMK cells as
rapamycin decreased MYC levels. Taken together, PrEC LHMK cells more closely
resembled LNCaP cells in that MYC, PI3K signaling (a byproduct of PTEN inactivation)
and mTOR all coordinated to promote SLC1A5 expression.

There are two important drawbacks to using the PrEC models with respect to our study.
First, PrEC cells do not express endogenous AR, making it difficult to assess the impact of
androgen signaling. Second, LHMK cells have three genetic alterations (expression of MYC
and PI3K, but no ST) compared to the LHS and LHSR cells, which complicated drawing
conclusions about a single alteration. To circumvent these drawbacks, we next utilized two
isogenic mouse cell lines that differed only in their Pren status (15). The PTEN-P8 cell line
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is heterozygous for Pten deletion. Its isogenic partner, PTEN-CaP8, is homozygous for Pten
deletion. To test the role of Prenstatus in SLC1A4 and SLC1AS expression, cells were
cotreated for 72 hours with increasing concentrations of androgen (R1881: 0, 0.1 and 10
nM) and vehicle or 10 nM rapamycin. Unfortunately, while these cells were first reported to
express AR, we did not detect any androgen regulation of SLC1A4, SLC1A5, MYC or
mTOR signaling (Supplementary Fig. S7B). However, PTEN-CaP8 cells expressed higher
levels of p-S6 and SLC1A4 compared to PTEN-P8 cells, an effect that was blocked by
rapamycin. This suggested that in this model loss of Prenincreased mTOR-mediated
SLC1A4 expression. While SLC1AS5 levels were unaffected, it should be noted that basal
levels of SLC1A5 were high in both cell lines. It is still unclear whether this was due to
inactivation of the first Prenallele. Interestingly, MY C levels were higher in the PTEN-CaP8
cells compared to PTEN-P8 cells. However, rapamycin only decreased MYC levels in the
PTEN-P8 cells, indicating that Ptenhomozygous deletion rendered MY C expression
insensitive to changes in mTORCL1 activity. Regardless, SLC1A4 and SLC1ADS levels did not
correlate with MY C expression, implying that MY C is not a major regulator of these two
transporters in this system. This comes with the caveat that this is a mouse model system.
Collectively, the data from these mouse cell lines, combined with the human PrEC models
described above, further support a model of SLC1A4 and SLC1AS5 levels being contextually
regulated by MYC and mTOR. Importantly, in the models in which PTEN and/or PI3K were
unaltered (VCaP, PrEC LHS, PrEC LHSR and PTEN-P8), MY C was unable to increase
expression of either of the two transporters, suggesting that in PTEN/PI3K wild type
prostate cancer cells, glutamine uptake via SLC1A4 and SLC1A5 are MY C-independent

(Fig. 6).

Discussion

Prostate cancer has an atypical metabolism. Benign prostate is characterized by the existence
of a truncated TCA cycle that occurs as a result of high zinc levels in prostatic epithelial
cells (46, 47). Zinc inhibits mitochondrial aconitase, shunting carbons that entered the TCA
cycle out in the form of secreted citrate (46). One of the first transformation events that
occurs during the evolution of prostate cancer is a drop in intracellular zinc levels due to the
decreased expression of zinc transporters (46, 47). This decreased zinc leads to a
derepression of aconitase that ultimately increases forward flux through the TCA cycle and
augments oxidative phosphorylation (OXPHQS). To date, the majority of attention has
focused on glucose's contribution to cancer metabolism. However, it is now recognized that
glutamine metabolism may also contribute to oncogenesis under certain circumstances (4,
48, 49). Here, we demonstrate that under conditions of serum starvation, multiple oncogenic
signaling pathways can increase the uptake and metabolism of glutamine, which is required
for maximal prostate cancer cell growth (Fig. 1).

While many of the oncogenic pathways that govern sugar metabolism have been elucidated
(ex. PI3K-Akt), those controlling glutamine metabolism are still emerging. Previous work
has demonstrated that AR increases glutaminolysis in prostate cancer cells (10). Here, we
demonstrated that AR-mediated glutamine metabolism is also augmented by the increased
uptake of the amino acid through indirectly increasing the expression of two transporters,
SLC1A4and SLC1A5 (Figs. 1-3). Interestingly, AR promoted SLCIA4and SLC1A5
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expression in a cell-type specific manner through several mechanisms including MYC- and
mTOR-dependent as well as -independent pathways. Further, both MYC and mTOR
signaling are prevalent oncogenic cascades in prostate cancer that can be stimulated through
AR-independent mechanisms (42, 50). Hence, SLC1A4 and SLC1A5 appear to serve as
functional, downstream conduits for AR, MYC and mTOR.

Analyses of several cancer types indicated that the oncogene MYC could function as a
master regulator of glutamine metabolism through directly increasing the expression of
SLC1A5and indirectly increasing the levels of GLS (4, 6, 8). The MY C-mediated
modulation of GLS occurs through the supression of miR-23a/b (8). Although we also
observed MY C-mediated expression of SLCZA5in LNCaP cells, we did not detect
significant changes in GLS protein levels in either LNCaP or VCaP cells (Fig. 4). This data
contrasts previous work in PC-3 prostate cancer cells that demonstrated that MYC was
required for stabilizing GLS protein levels (8). These variances may be due to the
differences in the cell types as PC-3 cells more closely resemble small cell-like or
neuroendocrine-like prostate cancer cells whereas LNCaP and VVCaP cells are
phenotypically similar to the adenocarcinoma cells that are more prevalently observed in the
clinic (51). Previous studies imply a complex relationship between AR and MYC in the
prostate (12, 13, 38-40). Evidence suggests that in the normal/benign prostate, AR inhibits
MYC expression (12, 13). Conversely, as prostatic epithelial cells become transformed, the
AR-mediated downregulation of MYC is either lost or reversed (13). In this regard, the
AR/MYC relationship in VCaP cells appears to still resemble what is observed in the benign
prostate while the connection appears to have already switched in LNCaP cells where AR
increases MYC (Figs. 4 and 6). What exactly causes this regulatory switch is still poorly
understood.

Because of mTOR's 1) established role in amino acid metabolism (52) and 2) known
regulation by AR (18, 19), we postulated that AR may also influence glutamine uptake
through mTOR. Consistent with this idea, we found that rapamycin decreased androgen-
mediated SLC1A5 mRNA and protein levels (Fig. 5 and Supplementary Fig. S6A). In
addition, rapamycin impaired the androgen-mediated S C1A4 expression in VCaP cells
(Fig. 5) and Pten null-mediated SLC1A4 expression in PTEN-CaP8 cells (Supplementary
Fig. S7B). These data indicated that mTOR, and more specifically the mTORC1 complex,
could also potentiate glutaminolysis. Interestingly, others have shown that glutamine flux
through the SLC1Ab5 transporter activates mTOR signaling in breast cancer (53). Taken
together, mTOR signaling and glutamine uptake may form a positive feedback loop.

We suspect that our findings may have translational significance. There is current interest in
blocking glutamine metabolism in cancer (4). To that end, inhibitors of glutaminase such as
CB-839 are in early phase clinical trials (NCT02071927, NCT02944435, NCT02071888,
NCT02861300, NCT02771626, NCT02071862). Targeting glutamine transporters may offer
an alternative therapeutic approach. This approach would be advantageous because it targets
the potential pathological meeting point of three driver cascades (AR, MYC and mTOR).
Further, as cell surface molecules, these transporters may be more readily druggable.
Accordingly, novel inhibitors of SLC1A5 have recently been described (54). In addition,
several groups are evaluating glutamine analogs for their value in positron emission
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tomography (PET) imaging of cancer (55). Our data here could inform radiologists
regarding specific cellular signaling events that may influence results. In May 2016, the U.S.
Food and Drug Administration approved Axumin™, also known as fluciclovine or anti-1-
amino-3-18F-fluorocyclobutane-1-carboxylic acid (FACBC), for PET imaging of men with
suspected prostate cancer recurrence. Fluciclovine is an amino acid analog that has been
reported to be taken up into cells in part by SLC1A5-mediated transport (56). The uptake of
fluciclovine appears to correlate with the levels of PSA/KLKS3, an AR-regulated biomarker.
Our results shown here would strongly suggest that the mechanistic explanation for this
phenomenon is due in part to the AR-mediated expression of SL.C1A5 and possibly
SLC1A4. In future, it would be of interest to determine whether other regulators of these
transporters such as mTOR signaling also track with increased fluciclovine PET imaging
sensitivity.

Our study examined the regulation and role of two transporters, SLC1A4 and SLC1AS5, in
the earliest steps of glutaminolysis, namely glutamine uptake. It still remains to be
determined how glutamine is subsequently metabolized by the cancer cell. Glutamine can be
used in anaplerotic reactions to refill TCA cycle intermediates (4, 55). Accordingly,
proliferating cells often metabolize glutamine to restore components of the TCA cycle in
part for biosynthetic purposes (6). Carbons and nitrogens are syphoned off throughout this
process to contribute to the synthesis of nucleic acids, other amino acids and hexosamines,
the latter of which can contribute to posttranslational modifications. Additionally, glutamine,
via its metabolism through glutamate, can be used for the biosynthesis of glutathione and
therefore help modulate oxidative stress. Alternatively, nitrogens can also be released in the
form of ammonia. Certainly, future studies using stable isotope tracing will help delineated
how glutamine is further metabolized and for what it is being used.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Androgens and glutamine increase prostate cancer cell growth. A, indicated cells were
treated with vehicle (ethanol) or androgen (100 pM R1881) for 7 days in serum-free medium
+ 2 mM glutamine. Cells were lysed and relative cell number was measured using a
fluorescent DNA dye. *, significant (£<0.05) changes from vehicle. #, significant (£<0.05)
changes from no glutamine. B-D, cells were grown in serum-free medium supplemented
with 2 mM glutamine. B, cells were treated with vehicle (DMSO), 10 uM or 20 uM of
Compound 968, a glutaminase inhibitor, followed by treatment £+ androgen (100 pM R1881)
for 7 days. Relative cell numbers were then quantitated as in A. *, significant (£<0.05)
changes from vehicle (no androgen). #, significant (£<0.05) changes from vehicle (no
Compound 968). C, cells were treated with vehicle, 10 pM or 100 pM androgen (R1881).
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Spent medium was then collected and analyzed for glutamine levels using a bioanalyzer and
normalized to cellular DNA content. *, significant (/£<0.05) changes from vehicle. D, cells
were treated for 3 days with vehicle or androgen (100 pM R1881). Intracellular levels of a-
ketoglutarate were then quantitated using an enzymatic assay and values were normalized to
cellular DNA content. *, significant (/<0.05) changes from vehicle.
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Figure2.
AR signaling increases the expression of the glutamine transporters SLC1A4and SLC1A5.

LNCaP (A) and VCaP (B) cells were treated for 3 days with either vehicle or androgen (100
pM R1881) in serum-free medium containing 2 mM glutamine. Left, gRT-PCR was used to
quantify gene expression and normalized to 36B4 mRNA levels and vehicle control. Note,
the expression of GLUL (the gene encoding glutamine synthetase — the enzyme that
regulates the metabolism of glutamate back to glutamine) was not detected. *, significant
(#~<0.05) changes from vehicle. Right, Western blot analysis was done on whole cell lysates.
GAPDH was used as a loading control. C and D, expression of SLC1IA4or SLCIA5
correlated significantly with two, distinct, previously described AR gene signatures (C,
Hieronymus et al(22) and D, Nelson et al(23)) in transcriptomic profiles of prostate cancer
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patients from TCGA. Similar results were obtained using these AR activity signatures across
multiple clinical cohorts.
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Figure 3.
SLC1A4 and SLC1ADS are required for maximal androgen-mediated prostate cancer cell

growth. A, prostate cancer cells were transfected for 3 days with indicated siRNAs. Cells
were then harvested and lysates were subjected to Western blot analysis. B and C, prostate
cancer cells were transfected with indicated siRNAs and treated for 7 days with vehicle or
100 pM R1881 (androgen). Then, glutamine uptake (B) or cell numbers (C) were assessed
as described in Figure 1. *, significant (£<0.05) changes from vehicle. #, significant
(P<0.05) changes from siControl.
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Figure 4.
Regulation of MYC levels by AR and glutamine transporter levels by MYC are cell-type

dependent. A, LNCaP stable cells that inducibly express an shRNA targeting MYC (LNCaP-
shMYC) following doxycycline (DOX) treatment were treated for 3 days + 700 ng/ml DOX
with vehicle or 100 pM R1881 (androgen). Cells were then lysed and subjected to Western
blot analysis. Left, representative blots. Right, densitometry summary of Western blot
repeats (n = 3). Data are normalized to experimental GAPDH loading control. B-C, LNCaP-
shMY C cells were treated with a dose response of DOX (0, 300, 700, 1500 ng/ml) £
androgen (100 pM R1881) for 3 days and then assayed for glutamine uptake (B) or
proliferation (C) as described in Figure 1. A-C, *, significant (£<0.05) changes from vehicle
(no androgen). #, significant (A<0.05) changes from no DOX. D-F, VCaP cells were
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transfected with mock or siRNAs targeting scramble control or MYC (#1 and #2) and then
treated + androgen (100 pM R1881) and subjected to Western blot analysis (D) or assessed
for glutamine uptake (E) or proliferation (F). D-F, *, significant (/A<0.05) changes from
vehicle (no androgen). #, significant (A<0.05) changes from siControl.
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Figure5.

mMTOR activity increases SLC1A4and SLC1A5 expression, glutamine uptake and cell
growth. A and B, prostate cancer cells cells were treated with vehicle or 10 nM rapamycin in
addition to vehicle or androgen (100 pM R1881) for 3 days in serum-free medium
containing 2 mM glutamine. Cells were then lysed and subjected to qRT-PCR (A) or
Western blot (B) analysis. *, significant (£<0.05) changes from vehicle (no androgen). #,
significant (P<0.05) changes from vehicle (no rapamycin). C and D, cells were treated as in
A and B. C, glutamine uptake was then quantitated and normalized as described in Fig. 1. D,
cell numbers were then also quantitated as described in Fig. 1. *, significant (£<0.05)
changes from vehicle (no androgen). #, significant (£<0.05) changes from vehicle (no
rapamycin).
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Working model of the regulation of the glutamine transporters by AR, mTOR and MYC
signaling in prostate cancer cells. Prostate cancer cells can augment cell growth by
increasing glutamine metabolism. This metabolism can be initiated by various oncogenic
signaling cascades that, in a cell type-dependent manner, increase the expression of SLC1A4
and SLC1A5, two of the primary glutamine transporters. Of note, MYC's role in glutamine
uptake may be dependent on PTEN/PI3K status. In addition, AR may increase SLC1A4

function through an unknown mechanism.
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Table 1

Fold increased expression of the glutamine transporters SLC1A4and SLC1A5 in prostate cancer samples
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compared to benign controls in clinical datasets.

Transporter Dataset Fold Change | Pvalue | #of samples
SLC1A4 Vanaja et al 1.687 7.37E-4 40
Holzbeierlein et al 1.175 .011 54
Taylor et al 1.123 .003 185
Welsh et al 1.405 .004 34
Wallace et al 1.486 .027 89
Singh et al 1.476 .034 102
Arredouani et al 1.513 .012 21
SLC1A5 Magee et al 1.518 .018 15
Singh et al 2.106 3.24E-4 102
Wallace et al 1.745 5.11E-4 89
Welsh et al 1.399 .007 34
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