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Abstract

Glutamine is a critical metabolite to rapidly proliferating cells, as it is used for the synthesis

of key metabolites necessary for cell growth and proliferation. Glutamine metabolism has been
proposed as a therapeutic target in cancer, and several chemical inhibitors are in development
or in clinical trials. How cells subsist when glutamine is limiting is poorly understood. Using

an unbiased screen, we identify ALDH18A1, which encodes P5CS, the rate-limiting enzyme in
the proline biosynthetic pathway, as a gene that cells can downregulate in response to glutamine
starvation. Notably, P5CS downregulation promotes de novo glutamine synthesis highlighting

a previously unrecognized metabolic plasticity of cancer cells. The glutamate conserved from
reducing proline synthesis allows cells to produce key metabolites necessary for cell survival
and proliferation under glutamine-restricted conditions. Our findings reveal an adaptive pathway
that cancer cells acquire under nutrient stress, identifying proline biosynthesis as a previously
unrecognized major consumer of glutamine, a pathway that could be exploited for developing
effective metabolism-driven anti-cancer therapies.

Introduction

Cancer cells have massive bioenergetic and biosynthetic needs, and metabolic
reprogramming is an effective strategy that provides the energy and biomass required to
sustain basic cellular functions and growth, as well as to mitigate oxidative stress. Although
glucose metabolism has been extensively researched in cancer, studies in recent years have
identified glutamine as a major source of carbon and nitrogen in cancer cells (1). Through its
entrance into the TCA cycle, transamination reactions, or as an exchange factor, glutamine
critically supports ATP production, NAD synthesis, glutathione-driven reductive power,

and biomass intermediates for lipids, amino acids and nucleotides (2). As such, it is not
surprising that glutamine is an essential component in the media of most cultured cells,

as originally described by Krebs and Eagle (3, 4). This dependency appears to be more
important /n vitro, as in vivo studies have shown that certain tumors can instead rely on
endogenous synthesis of glutamine (5-8). Whether cells obtain glutamine from extracellular
sources or through de novo synthesis, glutamine plays a critical role in maintaining cellular
viability and proliferation. Particularly in the context of cancer, the rapid proliferation
rendered these cells highly dependent on glutamine, and many oncogenic pathways evolved
to drive glutamine metabolism, including Myc and KRAS (1, 9). However, despite
glutamine being the most abundant amino acid found in circulation (10), several studies
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have shown that many solid tumors exhibit extremely low levels of glutamine, compared

to their neighboring normal tissues (11-13). This is even more exaggerated in the cores of
solid tumors, where high glutamine consumption and poor vascularization results in nutrient
scarcity (15, 16). These results suggest that cancer cells can adapt to survive and even
proliferate in the context of glutamine deficiency. Furthermore, drugs that target glutamine
metabolism are being tested in clinical trials and understanding how cells may adapt and
become resistant to such treatments will be critical to effectively treat patients.

While previous studies have determined mechanisms by which cancer cells avoid cell death
due to glutamine deprivation (9, 16-17), studies defining adaptations that allow active
proliferation have been performed with mixed results (6, 18-21, 7, 22-24, 8, 25). Using

an unbiased genome-wide screen, we identified an unreported resistance mechanism by
which downregulation of P5CS, the rate limiting enzyme in proline biosynthesis, not only
allows glutamine-independent cell survival, but also proliferation in glutamine-deprived
media. Downregulation of proline synthesis allows cells to rewire glutamate towards de
novo glutamine synthesis through glutamine synthetase (GS), as well as other downstream
metabolites that altogether support cell survival and proliferation under extreme nutrient
scarcity, particularly de novo nucleotide synthesis. Our results indicate a previously
unrecognized role for proline biosynthesis as a major consumer of glutamate. As such,
proline metabolism may represent an unique vulnerability, and cancer cells that re-wire this
pathway to adapt to glutamine restriction could become extremely sensitive to therapy with
GS inhibitors.

Genome-Wide Glutamine Deprivation Screen identifies ALDH18A1.

To identify strategies that cells employ to overcome their dependency on glutamine and
continue to proliferate, we conducted a genome-wide, glutamine-deprived short-hairpin
knockdown screen, using an inducible Myc-overexpressing cell line (MycER MEFs) that is
highly addicted to glutamine (9) (Fig.1A, Extended Data Fig. 1A-B). The only source of
glutamine in the screen came from the 10% FBS provided in the medium (approximately

50 uM in the final composition of the media), mimicking extreme glutamine deprivation
(Extended Data Fig. 1E). This model was extremely robust (i.e., no cell survival of
non-transduced cells under glutamine-deprived conditions), preventing false positives in

the screen. Strikingly, after ~20 days, actively proliferating clones were observed in

the glutamine-free media, transduced plates (Fig. 1B). This polyclonal population was

then expanded, and genomic DNA isolated for next-generation sequencing. Analysis of
sequencing results from the screen revealed that the control (glutamine) and experimental
(glutamine-deprived) conditions clustered separately, and the experimental replicates were
robustly consistent, as determined in pairwise sample-sample Euclidean distances clustering
(Extended Data Fig. 1C). Most shRNAs were skewed towards depletion (Suppl. Fig. 1D), as
expected from the stringent conditions of the screen where most cells died due to failure to
adapt to glutamine starvation. Importantly, several ShRNAs were significantly enriched, with
at least 2 shRNAs passing the designated threshold (Fig. 1C, Table S1). Of these ShRNAs,
those targeting A/dh18a1 were the most significantly enriched, identifying this gene as the
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top hit (Fig. 1D). Aldh18alis a gene that encodes the mitochondrial enzyme pyrroline-5-
carboxylate synthase (P5CS), which catalyzes the firststep in proline biosynthesis (see
below, Fig. 2A) (26). Based on its ranking in the screen, as well as its role in metabolism,
this gene was prioritized for further study.

To validate A/dh18al as a genuine target whose downregulation confers glutamine
independence, we generated two independent stable-knockdown (KD) lines and subjected
these cells to glutamine deprivation (Fig. 1E). Consistent with our screening findings,
knockdown of A/dhi8al allowed MycER MEFs to proliferate in glutamine deprived media,
while the control cells could not (Fig. 1E-F). Notably, A/d/h18a1 CRISPR knockout

(KO) lines derived from mouse primary epithelial cells isolated from the kidney were

also developed, and while these KO cells grew poorly (they required supplementation

with proline to grow efficiently in culture), they also exhibited a growth advantage in
glutamine-deprived conditions, particularly in the absence of proline (Extended Data Fig.
1F), providing further validation to our approach.

Importantly, when we cultured these cells in the presence or absence of glutamine long-term
(~2 weeks), Aldhi18al deficient cells are counter-selected in the presence of glutamine

(and grew even poorer in full media compared to WT cells, Extended Data Fig. 1G),
indicating that in full media, synthesis of proline provides a survival advantage (Fig. 1G

and Extended Data Fig. 1H). In contrast, if cells remained starved of glutamine, they

retain the knockdown and continue to select for lower P5CS expression (Fig. 1G; Extended
Data Fig. 1H). Altogether, these experiments validated our initial screening and provided
conclusive evidence that cells can adapt to glutamine starvation via downregulation of
Aldhi8al expression.

Downregulation of Aldh18al re-wires Cellular metabolism.

P5CS, the protein encoded by A/dhi8al, converts glutamate to pyrroline-5-carboxylate
(P5C), an intermediate in the proline biosynthetic pathway, and its downregulation
completely inhibit proline production and secretion (26) (Fig. 2A, Extended Data Fig.
2A-B). Because P5CS consumes glutamate in its reaction, we hypothesized that upon
knockdown of this enzyme, the cellular pool of glutamate would increase, allowing

the shunting of GLU towards other metabolic processes. To start assessing how these

cells re-wire metabolism we performed targeted polar LC-MS metabolomics using 1°N-
labeled ammonia (2*NH,4") in shAdh18a1 MycER MEFs cultured in glutamine-restricted
media (Fig. 2B—C). Importantly, we detected clear 1°N-labeled glutamine in the KD cells
exposed to glutamine-free medium, as well as asparagine, hexosamines, and nucleotides, all
metabolites that require glutamine for their synthesis (Fig. 2C). Of note, aspartate emerged
as the lone metabolite to exhibit downregulation in the ShALDH18AL1 cells, likely due to its
utilization for asparagine and pyrimidine synthesis under these nutrient restrictive conditions
(Fig. 2C) (7). Indeed, the elevated asparagine levels coincided with a clear increase in
expression of asparagine synthetase (ASNS), the enzyme that catalyzes de novo asparagine
synthesis (Fig. 2D). These results were quite intriguing, as recent literature has suggested
that certain cells can resist glutamine deprivation through increasing asparagine synthesis
(7, 17-18). However, supplementing WT cells with 2mM asparagine in glutamine-deprived
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conditions failed to rescue proliferation (Fig. 2E). These results reveal that asparagine, at
least by itself, is not sufficient to support the proliferation of cells in the context of glutamine
restriction.

The above results indicate that de novo synthesis of glutamine from GLU may be key

for the proliferation of these cells. In this context, a major mechanism by which cancer

cells overcome their dependency on exogenous glutamine is de novo glutamine synthesis

by glutamine synthetase (GS) (5-8). In its reaction, GS catalyzes the ATP-dependent
condensation of free ammonia and glutamate to produce glutamine. Strikingly, chemical
inhibition of glutamine synthetase (GS) by L-methionine sulfoximine (MSO) completely
blocked Aldh18a1 KD cells from proliferating in glutamine-deprived media (Fig. 2A and F).
Importantly, treatment with an inhibitor of glutaminase (GLS,) CB-839, which converts
glutamine into glutamate, affected the growth of both controls and KD cells equally,
suggesting that is the re-wiring of glutamate which is critical for these cells to grow (Fig. 2A
and F). Altogether, these results indicate that A/dh18al-deficient cells are fully dependent
on de novo glutamine synthesis to proliferate in glutamine-deprived media.

a-KG dependent survival and nucleotide/asparagine-dependent proliferation requires
Glutamine biosynthesis.

The above labeling experiment suggests that nucleotides, asparagine, and hexosamines

may represent key nutrients downstream of glutamine that the cells require to support
proliferation under these restrictive conditions. However, supplementation with each
metabolite alone or in combination did not rescue the proliferation of WT cells in glutamine
restricted conditions (Fig. 3A). It is important to note that these resources, while important
for proper cell function/proliferation, are metabolites downstream of glutamine that utilize
its amide nitrogen, not its carbon backbone (Fig. 2B). Previous studies have shown

that carbon sources, such as a-ketoglutarate (a-KG), robustly rescue glutamine starvation-
induced cell death (but not proliferation) in the context of Myc amplification by supporting
the TCA cycle (9, 16). Therefore, we hypothesized that while these nitrogen sources may be
important for cell proliferation, they have no role in inhibiting death, and thus are useless

to a dying cell. Indeed, addition of a-KG significantly rescued cell death upon glutamine
restriction in WT cells (Fig. 3B, Extended Data Fig. 3A-B). To specifically trace the carbons
in the context of shA/dhi8a1, we monitored the flux of glutamine under glutamine-limited
conditions, employing 500 uM of 13C5-GLN (Fig. 3C-D). As anticipated, our data showed
a complete cessation of proline synthesis from glutamine. Intriguingly, the shA/dh18a1
cells exhibited increase label of glutamine and glutamate, coupled with an increase in

TCA cycle intermediates (including a-KG, malic acid, and citric acid). Biomass precursors,
encompassing nucleosides and amino acids, were also augmented (Fig. 3C-D). The increase
in labeled glutamine was not matched by an increase in media-derived glutamine, further
indicating an increase in de novo glutamine synthesis from the spare glutamate conserved
by the inhibition of proline synthesis (Extended Data Fig. 2B). To complement these
experiments, we also performed 13Cs-GLU labeling. We uncovered a remarkable four-fold
surge in de novo glutamine synthesis from labeled glutamate, accompanied by significant
contribution to TCA cycle intermediates and nucleosides (Extended Data Fig. 4A-B).
Therefore, we decided to supplement WT cells with 7mM a-KG, as described previously
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(9). Indeed, a-KG was able to rescue survival (but not proliferation), as compared to stained
plates on day O of the experiment, before glutamine deprivation (data not shown). Strikingly,
combining a-KG with ASN, GIcNAc, and nucleosides completely rescued WT cells’
proliferation in glutamine-deprived media (Fig. 3E). Dropout experiments demonstrated that
GIcNACc was not required for the rescue (Extended Data Fig. 4C). We next tested whether
providing these end-products would bypass the requirement of glutamine, which may still
be required for protein synthesis and intermediate metabolism. Treatment of the rescued
cells with MSO slightly but significantly affected the rescue (Extended Data Fig. 4D),
indicating that a fraction of glutamine, indeed, could be used for other purposes. Altogether,
these results indicate that a-KG, ASN, and nucleosides appear to be the critical metabolites
supporting cell survival and proliferation in the context of glutamine deprivation (Fig. 3F).

Importantly, we had not ruled out the possibility that by downregulating P5CS, the proline
pathway could be biased toward proline catabolism, rather than biosynthesis, therefore
providing glutamate from proline breakdown (Fig. 3F). Previous studies have shown that
certain cancers, such as pancreatic cancer, can catabolize proline from their extracellular
environment to provide a sufficient source of nutrients when others are limited (27). To

test this possibility, we knocked down ALDH4A1, which encodes the enzyme opposite to
P5CS that converts the metabolite P5C to glutamate (P5C dehydrogenase; PSCDH) (Fig.
3F). If proline is acting as a key source of glutamate, knockdown of both P5CS and PSCDH
would inhibit survival and proliferation of these cells in the absence of glutamine. Notably,
these cells continued to proliferate in medium lacking glutamine, despite knockdown of both
enzymes (Extended Data Fig. 4E). A major limitation of this study is that these /n vitro
experiments were performed using DMEM medium, which lacks proline. The only source
comes from the FBS supplemented in the medium (Extended Data Fig. 1E). However,
exogenous supplementation of proline, alone or in combination with ASN and nucleosides,
did not rescue cell proliferation in glutamine-deprived media (Supp Fig. 4F). Taken together,
these results suggest that proline breakdown is not a significant source of carbon and/or
nitrogen when glutamine is limiting, but rather the increased availability of glutamate that

is maintained by inhibiting the flux towards proline is critical in providing a proliferative
advantage.

The observation that proline supplementation did not rescue A/dh18al deficient cells from
glutamine starvation was surprising, as we had hypothesized that even if proline is not

used to generate glutamate, supplementing with excess proline should inhibit P5CS activity
and therefore rescue glutamine deficiency by eliminating a major path by which glutamate
is consumed. One explanation could be that rapid conversion of proline into ornithine or
arginine could maintain a need for proline and consequently P5CS activity. To investigate
this, we tested whether supplementation with all three metabolites (Proline, Ornithine, and
Arginine) and NAC could rescue glutamine deprivation. The addition of these amino acids
alone or in combination did not rescue glutamine deficiency (Extended Data Fig. 5A). It

is also possible that even when proline is in excess, P5CS does not sense it and continues
to synthesize proline from glutamate, given the requirement to re-generate mitochondrial
NADP+ pools (28-29; see Discussion). We tested this possibility by labeling glutamine and
assessing fractional labeling of proline in the excess of unlabeled proline. Indeed, even in
the presence of extra proline, we still observed a significant contribution of glutamine to
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the pool of proline, which was almost completely inhibited following knockdown of P5CS
(Fig. S5B). In line with these findings, supplementation of proline to MycER cells did not
alleviate the impact of glutamine deprivation on proliferation, but it did have an effect in
full media (Extended Data Fig. 5C-D). Considering both P5CS and P5CRL/1/2 consume
NADPH for proline production, we cannot rule out the possibility that the downregulation
of the proline synthesis pathway could also avert a detrimental imbalance in the NADPH/
NADP+ ratio during glutamine scarcity. To test this hypothesis, we assessed the NADPH/
NADP+ ratio, and indeed, the absence of proline synthesis partially preserved the ratio
compared to control cells (Fig. S5D).

In summary, our findings identified P5CS as a significant glutamate consumer, stimulating
proline synthesis even in conditions of proline surplus and consuming vital NADPH required
by cells under glutamine-limited conditions.

Downregulation of P5CS in human cancer cells leads to glutamine resistance and MSO
inhibitor sensitivity.

ALDH18A1 has been poorly characterized in the context of human cancer. To start to
investigate whether cancer cells could as well modulate ALDH18A1 as a physiological
adaptation to low glutamine, we first analyzed publicly available human tumor data from
The Cancer Genome Atlas (TCGA). Notably, we found that low ALDHI8A1 mRNA
expression is associated with decreased survival of patients in both endometrial/uterine and
stomach cancers (Fig. 4A). This contrasts with patients with lung tumors, as decreased P5CS
expression correlated with increased survival (data not shown), consistent with previous
studies in lung cancer cells suggesting that inhibition of proline synthesis is detrimental

to cell survival (30, 31). A more detailed analysis in endometrial cancer revealed that the
lower the expression of P5CS, the poorer overall survival. Further, the decreased expression
of P5CS is specifically prevalent in uterine serous carcinoma and stage G3 high-grade
endometrial cancer- the most aggressive forms of uterine cancer (Extended Data Fig. 6A—
D). These findings suggest that proline metabolism and its relevance in tumorigenesis may
be tissue-type dependent, as seen with other metabolic pathways.

To directly determine whether P5CS downregulation could provide an advantage in certain
human cancers, we first tested glutamine dependency on several cancer cell lines, and
found a range of sensitivities, as expected (Extended Data Fig. 6E). The stomach cancer
line NUGC?2 and prostate cancer cell line PC3 were chosen as a model for ALDH18A1
modulation, as they exhibited extreme sensitivity to glutamine deprivation, similar to
MycER MEFs (Extended Data Fig. 6E). Notably, following knockdown of P5CS, these
cells continued to proliferate in the absence of glutamine, indicating that in human cancer
cells (as observed in MEFs), inhibition of PSCS confers a growth advantage in response to
glutamine deprivation (Fig. 4B—C; Extended Data Fig. 6F). Moreover, the PC3 cancer cell
line mirrored our observations in the MycER cells, where a growth advantage was apparent
only under glutamine-limited conditions. However, when the cells were reintroduced to a
glutamine-rich environment, this advantage was lost. (Fig. 4C; Extended Data Fig. 6F). We
next tested whether we could rescue survival and proliferation of WT NUGC2 cells in low
glutamine by providing the key metabolites previously identified. Indeed, supplementation

Nat Metab. Author manuscript; available in PMC 2024 December 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Linder et al.

Page 8

with a-KG, ASN, and nucleosides resulted in a robust rescue in these cells (Fig. 4D).
Lastly, knockdown of P5CS in PC3, NUGC2 and an endometrial cell line (MFE-280),
conferred these cells with extreme sensitivity to GS inhibition (MSO) but not to GLS
inhibition (CB-389) (Fig. 4E—F; Extended Data Fig. 6F and G), suggesting that, similar to
the MycER MEFs, their ability to proliferate in the absence of glutamine is also dependent
on de novo glutamine synthesis. Taken together, these results indicate that ALDHI18A1
deficiency allows for adaptation to glutamine starvation not just in Myc-amplified MEFs, but
also in human cancer cells, thereby representing a robust, evolutionarily conserved, adaptive
mechanism. To determine whether downregulation of P5CS provides an advantage /n vivo,
we injected NUGC2 WT and P5CS KD cells into mice. Strikingly, downregulation of P5CS
provided a major growth advantage, a phenotype that was fully rescued by re-expression of
P5CS (Fig. 4G-H, Extended Data Fig. 7A), ruling out off-target effects. We next performed
nitrogen-labeling experiments in these cancer cells, and, similar to what we observed with
the MycER MEFs, we saw increased glutamine and nucleotides labeling, indicating that
also in cancer cells, P5CS downregulation shifts metabolism towards biomass production
(Extended Data Fig. 7B).

Human cancer cells reduce P5CS expression as an adaptation to glutamine restriction.

We next investigated whether cancer cells could regulate endogenous levels of P5CS in
response to glutamine deprivation. For this purpose, we subjected several human cancer
cell lines to 24 hours glutamine depletion. Surprisingly, out of the 13 lines tested, 4 (31%;
EN, MKN45, OCUM-1, VCAP) displayed a clear decrease in P5CS protein upon 24 hours
glutamine starvation (Fig. 5A; Extended Data Fig. 7C), indicating that cancer cells may
selectively modulate proline metabolism in order to adjust to glutamine deprivation. To
investigate whether this adaptation could provide an advantage /n vivo, we performed
xenograft studies with two of these lines. MKN45 and EN cells were pre-conditioned by
long-term culture in complete or glutamine-deprived medium, then injected into matching
flanks of SCID mice (Fig. 5B). Strikingly, we found that both MKN45 and EN cells
pre-cultured in glutamine-deprived medium form larger tumors than their full media
counterparts (Fig. 5C). These results are particularly strong, as the glutamine-deprived cells
grew slower /n vitro (compared to complete media controls), suggesting that the /n vivo
setting provides a stressed environment where these adapted cells appear to proliferate
better. Additionally, extracts from these tumors revealed that several of them retained lower
P5CS levels, despite growing for several weeks /in vivo (Extended Data Fig. 7D). These
results suggest that either these cells retained a memory of the metabolic stress they were
previously exposed to /n vitro, or that the in vivo setting was also low in glutamine. To
investigate if the glutamine-adapted EN cancer cells, which endogenously downregulated
P5CS, also re-wire GLU metabolism, we repeated the 1°5NH4 labeling experiment, as we did
with the MycER cells (with genetic downregulation of P5CS — Fig. 2F). Based on labeling
data, EN_low glutamine cancer cells (EN_LG) upregulated de novo glutamine synthesis
and redirected metabolic flux towards asparagine and nucleotide synthesis, as seen in the
MycER model (Fig. 5D).

Lastly, we performed immunohistochemistry and immunofluorescence analysis of patient-
derived gastric tumor tissues and uterine serous carcinoma (USC) using antibodies against
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P5CS and GS (Fig. 5E and G; Suppl. Fig7E). Although staining was variable (indicative

of the heterogeneous nature of solid tumors), we found clear intratumor regions where an
inverse correlation between P5CS and GS staining was observed (Fig. 5E-H, Extended Data
Fig. 7E). It is of particular interest that patches of tumor cells exhibited decreased P5CS and
concomitant increased GS, suggesting that tumors may experience glutamine deprivation in
a focal manner, and cells can adapt by rewiring proline metabolism. Moreover, consistent
with the previous data, USC tumors predominantly showed downregulation of P5CS and
overall upregulation of GS (Extended Data Fig. 6A-D and 7F). These findings indicate that
the mechanism we discovered in our screen may play an adaptive role in human cancers.

Discussion

Our findings have identified proline metabolism as a key pathway that can be modulated

in response to glutamine deprivation. De-prioritization of proline biosynthesis in order

to utilize glutamate for other metabolic programs is a previously unrecognized cellular
adaptation to survive and grow in glutamine-deprived environments. Furthermore, it
indicates that the proline biosynthetic pathway is a major consumer of glutamate, supporting
historical studies that identified proline as a significant product of glutamine metabolism
(30,31). It is important to note that most of the previous literature has indicated pro-
oncogenic roles for proline metabolism (32-36). Contrastingly, our studies suggest that
proline biosynthesis can be limiting for tumor growth, specifically in conditions of
glutamine restriction, by shunting glutamate away from the synthesis of key metabolites
required for cell survival and proliferation. In this context, a recent study has shown that
collagen-derived proline was required for the proliferation of pancreatic cancer cells under
nutrient-deprived conditions (27). The results from that study indicated that proline was
used to replenish TCA cycle intermediates. In our study, we demonstrated that inhibition

of proline synthesis instead was required to salvage glutamate and regenerate glutamine

to sustain nucleotide biosynthesis and ASN. Surprisingly, the addition of excess proline/
ornithine/arginine did not rescue the proliferation defect in low glutamine, indicating that
even when proline is freely available, cells continue to synthesize proline from glutamate
(Extended Data Fig. 5A). One possibility is that the requirement to re-generate NADP+
through proline cycling (critical to support nucleotides’ synthesis through the Pentose-
Phosphate Pathway) maintains the pathway even in excess of proline, and therefore the only
way cells can salvage glutamate is by inhibiting P5CS, the rate-limiting enzyme in proline
biosynthesis that consumes glutamate. In this context, we found that numerous human
cancer cell lines downregulate P5CS as a mechanism to adapt against glutamine deprivation,
indicating that this response may have evolved as a general mechanism to tolerate metabolic
stress. Prior research has demonstrated that the efficacy of glutaminase inhibitors, such as
CB-839, positively correlates with proline levels in breast cancer cell lines (47). Conversely,
in our study, we observe an inverse pattern of enhanced susceptibility, but in relation

to glutamine synthetase (GS) inhibitors, like MSO, when P5CS is downregulated. This
heightened sensitivity is coupled with a notable lack of specificity to glutaminase inhibitors,
an observation that differs from previous findings.

These results indicate that therapeutic approaches could potentially be customized based
on the tumor’s proline dependency. The interplay between proline biosynthesis, governed
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by P5CS, and the glutamine metabolic pathway, in which both GS and glutaminase (GLS)
are key enzymes, presents a previously undocumented paradigm for understanding and
exploiting cancer cell vulnerabilities. By manipulating this proline-glutamine metabolic
axis, we may be able to influence cancer cell survival and proliferation, tailoring

therapies to specific metabolic dependencies. Therefore, monitoring levels of proline and
understanding the tumor’s reliance on proline synthesis may provide valuable insights into
putatively unexplored effective treatments. Additionally, our findings regarding high-grade
endometrial cancer suggests that PSCS expression could be used as a determinant in

both the prognosis and progression of this disease. In summary, our findings enhance our
understanding of cellular metabolic reprogramming, how it contributes to oncogenesis and
tumor aggression, as well as inform investigators on potential mechanisms of resistance

to glutamine-metabolism inhibition. Importantly, PSCS deficient cells can proliferate in
glutamine restriction in a de novo glutamine synthesis-dependent manner, suggesting that
inhibition of the enzyme glutamine synthetase may prove quite effective in inhibiting these
adaptive mechanisms in human tumors.

This study was conducted in strict accordance with all relevant ethical guidelines and
regulations. Human participants were recruited at Massachusetts General Brigham, and
informed consent was obtained from all subjects. The research protocol was reviewed and
approved by the Institutional Review Board (IRB) under protocol number #2022P003117.

Cell lines and cell culture

MycER MEFs (gift from Ralph DeBerardinis, UT Southwestern) and human cancer cells
FU-97, MKN1, MKN45, OCUM-1, NUGC2, KLE, EN, MFE-280, Ishikawa, VCAP,
22RV1, LNCAP, and PC-3 (gift from Cyril Benes, MGH Center for Cancer research)

were grown in high glucose, sodium pyruvate-free, glutamine-free DMEM medium (Gibco)
supplemented with 10% FBS (Sigma-Aldrich) and 1% penicillin-streptomycin (10,000
U/mL) (Gibco), with or without 2mM L-glutamine (Gibco) added, as indicated. Cells
cultured in DMEM without GLN in the context of regular FBS have a content of glutamine
of 50uM (Extended Data Fig.1E) and therefore are named “Glutamine deprived condition/
media.” When 2mM of GLN is added to the media mentioned above, this condition is
named “complete medium or GLN medium (39)”. When specified, the following substances
were added individually, or in combination: 1mM MSO (Sigma-Aldrich, M5379), 0.5mM
L-proline (Sigma-Aldrich), 2mM L-asparagine (Sigma-Aldrich), 7mM (MycER MEFs)

or 3.5mM (human cells) dimethyl-a-ketoglutarate (Sigma-Aldrich, 349631), 15mM N-
acetyl-D-glucosamine (Sigma-Aldrich, A3286), 250uM (MycER MEFs) or 125uM (human
cells) each cytidine, thymidine, uridine, adenosine and guanosine (Sigma-Aldrich). Unless
otherwise mentioned, all stable ShRNA knockdown lines were cultured in the presence

of 2 pg/mL puromycin (Thermo Fisher Scientific). Fh1fl/fl immortalized kidney epithelial
cells were grown in high glucose, sodium pyruvate-free, glutamine-free DMEM medium
supplemented with 10% FBS (Gibco), 2mM L-glutamine (Biological Industries),1%
penicillin-streptomycin (Biological Industries), and 100 uM sodium pyruvate (Biological
Industries). Aldh18a1-KO cells (C2-KO and C9-KO), which are derived from Fhifl/fl cells,
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were also supplied with 600uM L-proline (Sigma-Aldrich). All cells were cultured and
maintained at 37°C under 5% CO2, and passaged by trypsinization.

shRNA screening, library preparation, and NextGen sequencing

Transduction of MycER MEF cells and library preparation for Illumina sequencing were
carried out essentially as previously described (37). In brief:

Pooled shRNA library virus production and infection: A pool of plasmids encoding
~60,000 shRNAs targeting ~15,000 genes (mouse TRC2 library) in the pLKO.1 backbone
produced by The RNAIi Consortium (TRC, Sigma-Aldrich, St. Louis, MO) were obtained
from the University of Colorado Cancer Center Functional Genomics Shared Resource.
12.5pug of mouse TRC2 library DNA was mixed with 12.5ug of packaging virus mix

DNA (1:9 ratio of pVSV-G:pA8.9) and incubated with Mirus TransIT-293 Transfection
Reagent (Mirus Bio) for 20 min at room temperature. This mixture was then added to

6x10% HEK293T cells in order to give 100x coverage of the library. Cells were then
incubated at 37°C under 5% CO, overnight. 12-16 hours post-transfection, medium was
changed. 48 hours post-transfection, viral supernatant was collected and filtered through a
0.45um cellulose acetate filter. The entire viral supernatant was then used to transduce 6x10°
MycER MEFs (100x coverage, plated between two 15cm plates) with 10 pg/mL polybrene
(Millipore Sigma). Two days post-transduction, cells were selected in 2 pg/mL puromycin
(Thermo Fisher) for at least 5 days.

Glutamine deprived screening: Screens were performed in three independent
biological replicates for each treatment Complete or glutamine deprived media). In brief,
7x106 library-infected MycER MEFs were seeded in 2 15cm plates (3.5 million/plate) using
complete medium. The next day, cells were washed twice with phosphate-buffered saline
(PBS) (Gibco), then medium replaced with complete or glutamine deprived media, and
200uUM 4-OHT (Sigma-Aldrich, H7904). Media was changed every 3 days, until colonies
were visibly formed in the glutamine deprived plates (~ 10 days). Cells grown with complete
media were passaged every 2 to 3 days, always re-plating at least 7 million cells. Colonies
growing in glutamine deprived media were left to grow until they could be pooled and
expanded to a 10cm plate coated with 0.2% gelatin (~3 weeks). Cells were then further
expanded until they filled at least 2, 15cm gelatin-coated plates (~1 week). At the end of the
screening (total time: 4-5 weeks), cells were trypsinized, counted, and pelleted into aliquots
of 6x106 cells per tube for processing.

[llumina HiSeq library construction and nextGen sequencing: Briefly, genomic
DNA was isolated from 6x108 cell aliquots of both the complete and glutamine deprived
conditions selected samples using the Qiagen DNeasy Blood & Tissue kit (Qiagen, 69504).
To build the multiplexed sequencing library, the sShRNA insertion region was first amplified
from 500ng of genomic DNA using Phusion high fidelity DNA polymerase (NEB, M0530),
yielding a 497 base pair (bp) PCR product (PCR1). After purification using the Qiagen PCR
purification kit (Qiagen, 28104), 1ug of purified PCR1 DNA was digested with Xhol (NEB)
overnight at 37°C, which cleaved the stem-loop region. This digestion yielded 2 products
(271bp and 226bp). To purify the desired 271bp DNA fragment, the total digestion was
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run on a 2.3% agarose gel and the band extracted with the QlAquick Gel extraction kit
(Qiagen, 28704). Barcoded linkers, which enable multiplexing of samples, were prepared
by annealing single-stranded oligonucleotides purchased from Integrated DNA Technologies
(IDT), creating double-stranded linkers with an Xhol overhang. Annealed linkers were run
over Illustra MicroSpin G-25 columns (GE Healthcare, 27-5325-1) to remove any remaining
single-stranded oligonucleotides. Selected barcoded linkers were then ligated to 100ng of
each 271 bp fragment overnight at 16°C. The resulting 312bp ligation product was purified
on a 2.3% agarose gel, and gel extracted as described above. Finally, Illumina adapters,
which are required for bridge amplification and sequencing, were added by PCR using 10ng
of the purified ligation, yielding a PCR product of 144bp (PCR2). The entire PCR reaction
was purified on a 2.3% agarose gel and extracted as above. Final samples were quantified
using the Qubit dsSDNA High Sensitivity Kit (Life Technologies) and pooled in equal
amounts to yield the final multiplexed library. Libraries were sequenced on the Illumina
HiSeq2500 instrument, resulting in approximately 35 million 50bp reads per sample on
average (The MGH NextGen Sequencing Core).

shRNA screen sequencing analysis

Data quality was assessed using FastQC (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). Reads were demultiplexed, trimmed to remove vector sequence and retain
only shRNA sequences, and quality filtered (keeping only reads with quality score =10 for
=19 of 20 bases) using the Fastx toolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Reads
were then aligned against an index containing the TRC2 library shRNA sequences using
Bowtie2 (38) and counts per shRNA in each sample tabulated. The following steps were
carried out in R (v3.6.1) using a custom script with the limma (v.3.40.6), tidyverse (v1.2.1),
and ggplot2 (v3.2.0) packages. Reads were then normalized to counts per million (cpm)

and batch corrected across replicates using limma::removeBatchEffect and normalized batch
corrected counts compared between replicates. Ratios for treatment (no glutamine) / control
(glutamine) were calculated for per replicates and the median of three replicates taken as the
fold-change for each shRNA.

Threshold-based hits: To score sShRNA hits, thresholds of mean cpm >5 in either
treatment or control samples and fold-changes of >2 for enrichment or <0.5 for depletion
were applied. To score hits at the gene level, a minimum of two enriched or depleted
shRNAs was required.

Rank-sum-based hits: To identify genes for which targeting shRNAs display a
significant shift in distribution towards greater fold-changes compared to all ShRNAs, two-
sample Wilcox tests (aka Mann-Whitney) were carried out for each gene.

TCGA analysis

Human stomach adenocarcinoma and uterine corpus endometroid carcinoma patient

tumor data was obtained from TCGA to evaluate the /n vitro models. TCGA STAD
(stomach adenocarcinoma) and UCEC (uterine corpus endometroid carcinoma) RNASeqV2
expression data and the associated clinical information for those samples (TCGA

Network, 2015) was downloaded from the TCGA data matrix access portal (http:/
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cancergenome.nih.gov/). TCGA RNASeqV2 data was downloaded during April 2015 and
TCGA clinical data was downloaded during December 2015. Follow-up clinical data files
were merged with the original clinical data file to ensure that the most up-to-date patient
follow-up information was used for survival analysis. Downloaded TCGA data was loaded
into and analyzed in R. There were 363 STAD samples with RNASeqV2 data and clinical
information and at least 6 months of clinical follow-up or the patients were dead. There
were 155 UCEC samples with HiSeq RNASeqV2 data and clinical information and at least
6 months of clinical follow-up or the patients were dead. The Kaplan-Meier plots and the
log-rank p-values using R and used overall survival with death from any cause as the end
point and patients still alive at their last follow-up were censored at their last follow-up
time. The samples in the Kaplan-Meier plots were split according median log2 ALDH18A1
expression with median log2 expression values for ALDH18A1 of 11.39 for STAD and
11.67 for UCEC.

Glutamine dependency assay

Human cancer cells were seeded in triplicate in six-well plates in order to reach ~50%
confluence the next day in complete medium. The next day, medium was removed, cells
washed twice with PBS, and complete or glutamine deprived media added. Four days later,
viable cells were trypsinized and counted using trypan-blue exclusion and a hemocytometer.
Percent cell survival was calculated using the following equation: (average number of cells
in glutamine)/(average number of cells in + glutamine) x 100 = percent survival.

shRNA-mediated knockdown of ALDH18A1

For stable A/dhi18a1 knockdown, pLKO.1-puro vectors containing ShRNAs targeting mouse
Aldhi8al (#1:5’-
CCGGTGTCCAGCCCTCAGCTATTAGCTCGAGCTAATAGCTGAGGGCTGGACATTTT
TG-3’, #2:5’-
CCGGTAGCTGTGCCCAGATCAAATCCTCGAGGATTTGATCTGGGCACAGCTATTTT
TG-3’), human Aldhi8a1 (#1: 5’-
CCGGACTTTGCCAAGTCCAATTATCCTCGAGGATAATTGGACTTGGCAAAGTTTTT
TG-3’, #2:5’-
CCGGTTCACGTTAAACTTGTCTTATCTCGAGATAAGACAAGTTTAACGTGAATTTT
TG-3’) (MGH Molecular Profiling Lab, MGH Center for Cancer Research), or a non-
specific ‘scrambled’ shRNA (5’-
CCGGCCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTT
TTG-3’) were cotransfected into HEK293T cells with expression vectors containing
lentiviral packaging (pCMV-A8.9) and envelope protein (pCMV-VSV-G) genes using X-
tremeGENE™ 9 DNA Transfection reagent (Millipore Sigma). Viral supernatants were
harvested 48 hours post-transfection, filtered with a 0.45um filter, and added to sub-
confluent MycER MEFs or NUGC2 cells with 10 pg/mL polybrene (Millipore Sigma) for
12-16 hours. Two days post-infection, cells were selected in 2 pug/mL puromycin for at least
4 days.
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CRISPR-mediated knockout of Aldh18al

sgRNA design: The 20-nucleotide short guide RNA (sgRNA) targeting exon

16 of the Aldh18al gene was designed via the online tool developed by the

Zhang research team (Broad Institute/MIT): http://www.genome-engineering.org/crispr/.
sgRNA top and bottom strands were commercially supplied by Hylabs as two single-
stranded oligonucleotides (Top: 5’-CACCGTCACATTTAGAGTCTCTGAC-3’; Bottom: 5’-
AAACGTCAGAGACTCTAAATGTGAC-3’). CACC bases were added to the 5’ end of the
top strand, and AAAC bases added to the 5’ end of the bottom strand in order to create 5’
sticky ends complementary to those produced as a result of cutting with the Bbsl restriction
enzyme. An extra guanine (G) was also added to the 5° end of the 20nt sgRNA sequence, as
the U6 RNA polymerase Il promoter prefers its transcripts to start with G.

Vector and CRISPR KO Line production: After annealing the oligonucleotide strands
and ligating into the PX-459-V2 system (pSPCas9(BB)-2A-Puro; gift from Feng Zhang, The
Broad Institute/MIT), the plasmid was transiently transfected into transformed mouse kidney
epithelial cells via Lipofectamine™ 3000 Reagent (Thermo Fisher Scientific), using the
standard protocol. 24 hours after transfection, cells were treated with 1 pg/mL puromycin
for 36 hours. Single-cell clones were then derived via limiting dilution into a 96-well plate.
Several colonies were picked and screened for PSCS expression via western blot analysis.

Cell line: Immortalized primary epithelial cells isolated from kidney of Fh1f/fl mice in
which the fumarate hydratase (FH) gene is flanked by LoxP sequences. The cells were
isolated, immortalized, and authenticated in Dr. Eyal Gottlieb’s former laboratory at the
CRUK Beatson Institute in Glasgow, as previously described (40).

P5CS reconstitution

After subcloning Aldhi8a1 cDNA (transcript variant 1) into BamHI and Xhol sites of the
pMIGR overexpression vector, which contains an internal ribosomal entry site (IRES)-GFP
cassette, (gift from Debbie Yablonski, Technion-lsrael Institute of Technology), the vector
was transfected into phoenix cells (retrovirus-producing cells derived from HEK293Ts

that produce gag-pol and envelope protein), according to the standard calcium phosphate
protocol. Viral supernatants were harvested 24 hours post-transfection, filtered with a
0.45um filter, and added to sub-confluent A/dh18a1-KO cells with 8.5 pg/mL polybrene
(Mercury) for 16—24 hours. This step was repeated twice. Two days post-infection, cells
underwent limiting dilution for ~3 weeks, then GFP expressing single-cell clones selected.

Cell lysis and immunoblotting

Whole cell lysates were prepared by resuspending cells in RIPA lysis buffer (0.5%

sodium deoxycholate, 150mM sodium chloride, 1% NP-40, 50mM Tris-HCI pH 8.0,

0.1% SDS, 10% glycerol, 5mM EDTA pH8.0) supplemented with a protease inhibitor
cocktail (Complete EDTA-free, Roche Applied Science), 5uM TSA, 5mM sodium butyrate,
1mM DTT, ImM PMSF, 50mM sodium fluoride, and 0.2mM sodium orthovanadate, and
incubated on ice for 20 min. The lysate was then centrifuged at 14,0009 for 15min at

4°C, and protein-containing supernatant collected. Chromatin extracts were prepared by
resuspending cells in lysis buffer (10mM HEPES pH 7.4, 10mM KCI, 0.05% NP-40)
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supplemented with the same components as listed above and incubated on ice for 20min.
The lysate was then centrifuged at 14,0009 for 10min at 4°C. The supernatant (cytosolic
fraction) was removed and the pellet (huclei) acid-extracted using 0.2N HCI and incubated
on ice for 20min. The sample was then centrifuged at 14,0009 for 10min at 4°C. The
supernatant (containing acid-soluble proteins) was neutralized using 1M Tris-HCI pH 8.
Protein concentration for both whole cell lysates and chromatin extracts was measured by
the Bio-Rad Protein Assay. Western blot analyses were performed as previously described
(41). In brief, 20 ug of whole cell lysate or 10ug of chromatin was loaded on 4-20%
gradient polyacrylamide gels with SDS (Bio-Rad) and electroblotted onto polyvinylidene
difluoride (PVDF) membranes (Millipore). Membranes were blocked in TBS containing
5% non-fat milk and 0.1% Tween and probed with primary antibodies. The following
primary antibodies were used: anti-P5CS (Proteintech, 17719-1-AP, 1:1000), anti-P5CDH
(Proteintech, 11604-1-AP, 1:1000), anti-GS (Sigma-Aldrich, G2781, 1:1000), anti-ASNS
(Proteintech, 14681-1-AP, 1:1000), anti-MYC (Abcam, ab32072, 1:1000); anti-LDHA (Cell
Signaling, 2012S, 1:1000); anti-total H3 (Abcam, ab1791, 1:2000); anti-a-tubulin (Sigma-
Aldrich, T6199, 1:2000); and anti-p-actin (Sigma-Aldrich, A5316, 1:2000). Bound proteins
were detected with horseradish-peroxidase-conjugated goat anti-rabbit (Mector Laboratories,
P1-1000, 1:1000) or anti-mouse (Vector Laboratories, P1-2000. 1:1000) secondary antibodies
and developed with ECL (GE Healthcare).

Glutamine starvation/selection experiments:

MycER MEFs or NUGC?2 cells were seeded in 6-well plates at 150,000 (MycER MEFs)

or 100,000 (NUGC?2) cells per well using complete medium. The next day, medium was
removed, cells washed twice with PBS, and medium replaced with glutamine deprived
media. Media was changed every 2 days for 16-18 days to monitor colony formation. For
NUGC2 control and A/ldh18a1 KD cells, number of colonies were counted per well and
represented as an average (n=3). Bright-field images were taken using a Leica DM14000 B
microscope. The cells that were actively growing in G glutamine LN deprived conditions
were expanded and frozen (now known as shA/dh18a1 “select” cells) to be used for
subsequent cell growth/proliferation assays. WT and P5CS CRISPR KO mouse kidney
epithelial cell lines were seeded in 6-well plates at 30,000 cells per well in complete
medium. The next day, medium was removed, cells washed twice with PBS, and medium
replaced with complete or GLN deprived media, and with or without 600uM L-proline.
Cells with glutamine were grown for 1 week, and those glutamine -free media for 1 month.
To quantify growth, cells were washed with PBS, fixed by incubation with methanol for 20
minutes at —20°C, and stained with 0.5% crystal violet for 1 hour. After staining, crystal
violet was removed and cells washed with ddH,O. Plates were dried overnight, imaged,
and crystal violet dissolved by addition of ImL methanol and shaking for 1 hour at 75rpm.
Crystal violet was quantified by measuring optical density (OD) at 570nm. For the Pro-Arg-
Orn rescue experiment, 5,000 cells were seeded in a 12-well plate in complete medium. The
next day, medium was removed, cells washed twice with PBS, and medium replaced with
GLN deprived media with the addition of 2mM of Proline, Arginine, and Ornithine. After 5
days, the cells were stained for quantification as mentioned above.
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Cell growth/proliferation assays

For all growth/proliferation experiments, cells were seeded in complete medium, allowed to
adhere overnight (~8-10 hours), followed by 2 washes with PBS and replaced with complete
or GLN deprived media.

Manual counting: Cells were seeded in triplicate in 12-well plates at 40,000 (MycER
MEFs) or 60,000 (NUGC2) cells per well. The next day, an initial “day 0” seeding plate was
trypsinized and counted using trypan-blue exclusion and a hemocytometer. The remaining
plates were washed twice with PBS, and medium replaced with complete or glutamine
deprived media. To monitor proliferation, adherent cells were counted every 48 hours for 10
days. Medium was changed every other day throughout the course of the experiment.

Crystal violet staining: Cells were seeded in triplicate as mentioned above. The next day,
an initial “day 0” seeding plate was fixed and stained with 25% methanol/0.5% crystal violet
for 1 hour, washed 3 times with miliQH,0, and left to dry overnight. The remaining plates
were washed twice with PBS, and medium replaced with complete or glutamine deprived
media, plus any other nutrients or chemicals as indicated. Cells were left to grow for 5 days,
with medium replaced every other day. On day 5, cells were fixed and stained, washed,

and dried as mentioned above. Plates were then imaged and staining quantified using the
F1JI software (42, 43). For the CyQUANT single time-point experiment, approximately
10,000 NUGC2 cells were seeded in each well of a 96-well plate. The following day, the
culture medium was changed to either normal medium, glutamine-deprived medium, or
normal medium supplemented with a-ketoglutarate (a KG), asparagine (ASN), and CTUAG
(nucleotides), or a combination of aKG, ASN, and CTUAG. After a period of 5 days, cell
proliferation was evaluated using the CyQUANT Cell Proliferation Assay Kit from Thermo
Scientific (C7026) in accordance with the manufacturer’s instructions.

Cell Death Assay

Cell death was assessed by Propidium lodide (P1) staining followed by flow

cytometry. MycER and NUGC?2 cells were cultured in normal conditions, glutamine-
deprived conditions (-glutamine), and glutamine-deprived conditions supplemented with
a-Ketoglutarate (-glutamine + a-KG) for 5 days. Cell preparation for Pl staining was
performed as follows: After 5 days of culture, cells were harvested by trypsinization and
washed twice in cold phosphate-buffered saline (PBS). Approximately 1 million cells
were resuspended in 500 uL of PBS. Staining procedure: to each cell suspension, 5 L
of Pl solution (1 mg/mL, Sigma-Aldrich) was added and incubated in the dark at room
temperature for 15 minutes. Following incubation, samples were kept on ice prior to flow
cytometry analysis. Flow cytometry analysis: stained cells were analyzed using a flow
cytometer. Unstained cells were used as a negative control. Dead cells were identified
as Pl-positive and quantified using the flow cytometry software. The gating strategy was
performed as illustrated in Supplementary Figure 3B-C.

The percentage of Pl-positive cells (dead cells) in each sample was recorded and compared
between different treatment groups to determine the effects of glutamine deprivation and
a-KG supplementation on cell death. All experiments were performed in triplicate.
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NADPH/NADP assay

The NADPH/NADP+ ratio was assessed using the NADP/NADPH Assay Kit (ab65349).
Approximately 300,000 cells were seeded in each well of a 6-well dish. After allowing cells
to adhere, they were treated with either normal medium or medium devoid of glutamine

for a period of 48 hours. Following treatment, cells were harvested and processed as per

the manufacturer’s protocol. The quantification of NADP+ and NADPH levels was then
performed according to the provided kit instructions.

MSO and CB-839 inhibitors

In the assays for L-Methionine sulfoximine (MSO) and Telaglenastat (CB-839),
approximately 10,000 PC3, EN, MFA, and NUGC2 cells were each seeded in a 96-well
plate. The following day, increasing doses of MSO (Sigma #M5379) and CB-839 (Selleck
Chemicals #S7655) were added to the wells. The dosages for the MSO inhibitor were 200
mM, 40 mM, 8 mM, 1.6 mM, 0.32 mM, 0.064 mM, and 0.0128 mM, while those for
CB-839 were 2000 puM, 400 puM, 80 uM, 16 uM, 3.2 pM, 0.64 uM, 0.128 pM, and 0.0256
UM. After a duration of 5 days, the cells were harvested, and the final results were evaluated
using a colorimetric assay.

Flow Cytometry

Both NUGC2 and MycER cell lines were cultured for 5 days under normal media
conditions, in glutamine-deprived media, or in media supplemented with 7mM of alpha-
ketoglutarate (aKG). After the 5-day period, 100,000 cells were trypsinized and then stained
with Propidium lodide Ready Flow™ Reagent, according to the manufacturer’s instructions.

The staining process involved the following steps: Two drops of Propidium lodide
Ready Flow™ Reagent were added per 1076 cells in 1 mL of suspension. Cells were then
incubated for 15 minutes at room temperature (25°C). After incubation, the cells were
analyzed by flow cytometry.

Flow cytometry was performed using the BD FACSARIA 111 Cell Sorter. The gating strategy
adopted for cell sorting is illustrated in Supplementary Figures 3A-B. Detailed data analysis
was carried out post-acquisition, using appropriate flow cytometry analysis software.

siRNA-mediated knockdown of Aldh4al and proliferation assay

Aldh18al select KD MycER MEFs were seeded in triplicate at 40,000 cells per well

in 12 well plates using complete medium. The next day, an initial “day 0” seeding

plate was trypsinized and counted as described above. The remaining plates were

washed twice with PBS, medium replaced with glutamine -free DMEM, and cells
transfected with ON-TARGETplus siRNAs purchased from Dharmacon targeting mouse
Aldh4al (#1: J-040250-09 ; #2 J-040250-10) or a non-targeting siRNA (d-001810-01)
using Lipofectamine™ 2000 CD (Thermo Fisher Scientific) according to the standard
protocol, using serum-free, glutamine -free DMEM instead of OPTI-MEM (which contains
glutamine). The next day, medium was replaced with GLN-free DMEM to remove
transfection reagent. Cells were trypsinized and counted each day for five days. On day
three, cells were re-transfected with siRNAs, using the same protocol, in order to maintain
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P5CDH knockdown. After counting, cells were pelleted and whole cell lysate extracted for
western blot analysis of PSCDH expression.

LC-MS polar metabolomics

Intracellular metabolite extraction from adherent cells in culture: Cells were
seeded in triplicate in 6-well plates (3 wells for metabolite extraction and 3 wells for
protein quantification) using complete medium. When cells reached 70-80% confluence,
metabolites were extracted and protein measured. When heavy isotope labeling was
performed, medium was replaced 24 hours before extraction with DMEM with or without
glutamine, supplemented with 10% dialyzed serum and 0.8mM 1°NH,CI (Millipore Sigma),
as previously described (6). To extract metabolites, cells were washed twice with ice

cold 0.9% NaCl. Cells were then extracted on dry ice in 1mL 80% methanol containing
500 nM internal standards (Metabolomics Amino Acid Mix Standard: Cambridge Isotope
Laboratories). Cell extracts were collected using a cell scraper and transferred to a
microcentrifuge tube. Samples were vortexed for 10min at 4°C and centrifuged at 17,000xg
for 10min at 4°C. The supernatant was then transferred to a new microcentrifuge tube

and evaporated using a speed-vac. Dried polar extracts were stored at —=80°C until LC/MS
analysis. Protein was determined by Bradford assay.

Intracellular metabolite extraction and LC/MS analysis of CRISPR KO

Cells: Cells were grown in triplicate in 6-well plates for 24 hours in proline-free high-
glucose DMEM medium with 0.65mM L-glutamine and 2.5% FBS. Then, metabolites were
extracted and detected via LC-MS. Metabolite extraction and metabolomics was performed
as described in Mackay et al. (45). The data analysis was performed with the TraceFinder
software (Thermo Fisher Scientific) and peak areas normalized to protein quantity measured
by the Lowry protein assay.

Targeted Polar Metabolomics Analysis Using LC-MS in Extended Data Fig. 2B: Polar
metabolites were extracted from MycER shScram and shA/dh18a1 #2 cells, following 24
hours incubation in glutamine-free medium, and were subjected to liquid chromatography-
mass spectrometry (LC-MS) analysis using an ID-X system. A stock solution of canonical
amino acid mix from Cambridge Isotope (MSK-CAA-1) was prepared according to the
manufacturer’s instructions and was used as an internal standard. Metabolites were extracted
from the cells using 100% methanol. The extracted samples were then centrifuged to remove
any particulate matter. The supernatant was collected and dried using a speed vacuum
concentrator. The dried samples were re-suspended in 70% acetonitrile, and d8-valine

was added as an additional internal standard for resuspension. Analysis was carried out
using a Zic-pHILIC column (150%2.1mm, 5um) with a binary gradient system of 20 mM
ammonium carbonate and 0.1% ammonium hydroxide in water (A), and 97% acetonitrile in
water (B). The injection volume was 5 pL. The gradient program was as follows (time in
min, % of phase B): 0 min, 93%, 0.5 min, 93%, 19 min, 40%, 28 min, 0%, 33 min, 0%,

36 min, 93%, 45 min, 93%. The flow rate was maintained at 0.15 mL/min after an initial

0.5 min at 0.05 mL/min. The mass spectrometer was operated in both positive (HESI+) and
negative (HESI-) ionization modes. The MS parameters were as follows for both polarities:
Resolution - 240,000; RF lens - 30%; Normalized AGC target - 25%; Maximum injection
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time (IT) - 50 ms; m/z range: 65 to 1000. Internal calibration was performed according

to the manufacturer’s guidelines. The acquired data was processed using the Xcalibur
software suite and the Quant Browser tool for peak identification, integration, and metabolite
quantification. The concentrations of metabolites were calculated by comparing their peak
areas to those of the internal standards.

For untargeted metabolomics with Stable Isotope Labeling in Fig. 2C, 3D, Extended

Data Fig. 4B, Fig. 5D and Extended Data Fig. 7B: we employed isotopically labeled
metabolites for tracing experiments. Specifically, we used 13C5-glutamine (Cambridge
Isotope, CLM-1822-H-0.25) and 13C5-glutamate (Cambridge Isotope, CLM-1800-H-0.25).
Cells were starved in glutamine-free media with 10% dialyzed FBS for 24 hours prior

to the experiment. Subsequently, cells were incubated with glutamine-free media with

10% dialyzed FBS containing 500 pM of 13C5-glutamine or respectively 5 mM 13C5-
glutamate for an additional 24 hours. The sample preparation procedure was identical to
the one described in the targeted polar metabolomics analysis section. LC-MS analysis was
performed under the same conditions as described in the targeted metabolomics analysis.
The acquired data was processed using Compound Discoverer 3.2 software (Thermo Fisher
Scientific). This software was utilized for peak detection, alignment, and identification.
Furthermore, it was employed for metabolite identification and quantification, and for
tracing the incorporation of the 13C-label into various metabolites.

Absolute quantification of glutamine, glutamate, and proline in the media (Extended Data
Fig. 1E): same conditions as described above were utilized, with the incorporation of

a standard curve for absolute quantification. The standard curve was prepared with the
following concentrations: 1000 uM, 200 pM, 40 uM, 8 uM, 0.32 uM, 0.064 pM, 0.001
UM, and 0 UM of glutamine, glutamate and proline and a mix of labeled AAs were added
for internal standard (MSK-CAA-1). The absolute quantification was computed utilizing
Xcalibur Quant Browser software.

Data analysis: statistical significance was assessed using two-way analysis of variance
(ANQVA). The results were considered statistically significant when the p-value was less
than 0.05. All statistical tests were performed using GraphPad Prism 9.5 software

GC/MS analysis for GLN/Pro stable isotope labeling experiment

MycER MEFs were seeded in a 6-well plate (300,000 cells per well) in complete medium.
The next day, cells were washed 2x w/ PBS, the medium was removed and replaced with
DMEM supplemented with 10% dialyzed FBS (GIBCO) and 1% penicillin-streptomycin
(10,000 U/mL) (Gibco), 2mM of Arginine, 2mM Proline, 2mM ornithine, and 2mM of
labeled Glutamine (13C5) (Cambridge Isotope Laboratories Inc.). 24 hours later the cells
were harvested for gas chromatography-mass spectrometry (GC-MS).

Metabolite levels and isotopic forms were assessed using gas chromatography-mass
spectrometry (GC-MS) according to established procedures (46). In summary, cells were
rapidly frozen in liquid nitrogen. A dual-phase extraction process employing methanol
and chloroform was used for metabolite extraction, followed by phase separation at 4°C.
The polar extract was obtained, evaporated using a SpeedVac, and stored at —80°C.
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Derivatization was performed first with methoxyamine (20 mg/ml in pyridine) for 90
minutes at 37°C, followed by N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide for
one hour at 60°C. A 7890A GC system (Agilent Technologies) was utilized for measuring
metabolite concentrations and isotopic patterns. Matlab with Metran software were used
for data extraction from the raw ion chromatograms, and isotopomers were quantified as a
proportion of the total amount as previously described (46).

Xenograft studies

For subcutaneous xenografts, MKN45 or EN cancer cells were first pre-conditioned by
long-term culture (~3 weeks) in complete or GLN deprived media. 1x108 (MKN45) or
2x106 (EN) cells complete and GLN deprived conditions) suspended in 100ul PBS +

20% matrigel (Corning, 354234) were injected subcutaneously into matching lower flanks
of male (MKNA45) or female (EN) NOD SCID mice (Jackson Laboratories, 001303, 8
weeks old; gift from Nabeel Bardeesy, MGH Center for Cancer Research). Tumor size was
measured every 7 days using a digital caliper, until the protocol-approved size limit was
reached (15mm).

For subcutaneous xenografts of Human gastric cancer NUGC?2 cells. The cell lines

were cultured in appropriate growth medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin at 37°C in a humidified atmosphere containing

5% CO2. Three conditions were established: control NUGC2 cells transduced with

PLKO (Control) and inducible RFP (pCW57-RFP-P2A-MCS), NUGC?2 cells with shRNA-
mediated knockdown of ALDH18A1 (shALDH18A1) and inducible RFP expression
(pCW57-RFP-P2A-MCS), and rescue NUGC2 cells with shALDH18A1 and inducible
ALDH18A1 (pCW57-RFP-ALDHI18A1-P2A-MCS) expression (Rescue). The knockdown
of ALDH18A1 was achieved by targeting the 5’ untranslated region (UTR) using a lentiviral
shRNA system. Six-week-old male NOD-SCID mice were used for the subcutaneous
xenograft experiments. Mice were maintained under specific pathogen-free conditions,

and all animal experiments were performed in compliance with institutional guidelines

and approved by the Institutional Animal Care and Use Committee. Mice were randomly
assigned to one of the three experimental groups (Control, KD, or Rescue), with 8 mice per
group. For the inoculation, 1 x 10"6 NUGC?2 cells from each condition were suspended in
a 50:50 mixture of phosphate-buffered saline (PBS) and Matrigel (BD Biosciences), and a
total volume of 100 pL was subcutaneously injected into the right flank of each mouse.

Tumor Volume Measurements and Endpoint Criteria—Tumor growth was
monitored, and tumor volumes were measured twice per week using digital calipers. Tumor
volume was calculated using the following formula:

Tumor volume (mm3) = (length X widthz)/Z

Statistical Analysis: mice were euthanized once their tumors reached a volume of 1500
mm3 or at the end of the study, whichever occurred first. Tumors were harvested, weighed,
and processed for further analyses. Data are presented as mean + standard error of the
mean (SEM). Comparisons between groups for tumor volumes were performed using
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two-way ANOVA followed by post-hoc Tukey’s multiple comparisons test. For other
comparisons, one-way ANOVA followed by post-hoc Tukey’s multiple comparisons test
was used. Statistical analyses were conducted using GraphPad Prism, and a p-value < 0.05
was considered statistically significant. Data collection and analysis were not performed
blind to the conditions of the experiments. Mice were housed under standard conditions

in a controlled environment with a 12-hour light/dark cycle, temperature of 22+2°C, and
50+10% relative humidity. Animals had ad libitum access to water and were fed with Prolab
Isopro RMH 3000 irradiated diet.

All xenograft experiments were approved by the MGH Institutional Animal Care and Use
Committee (IACUC) under protocol number 2019N000111. No statistical methods were
used to pre-determine sample sizes but our sample sizes are similar to those reported in
previous publications (48).

Human Patients’ Histology and immunostaining

Patient tissue blocks were selected from the tissue repository at the MGH Pathology
Department and paraffin embedded tissues were sectioned to 5um thickness. Patients
provided written informed consent for use of their samples through the IRB protocol
#2022P003117. The following primary antibodies were used: anti-P5CS (Novus Biologicals,
NBP1-88324) 1:100, anti-GS (Millipore Sigma, MAB302) 1:8,000. Counterstaining was
performed with hematoxylin. Slides were scanned and imaged at 20x and 40x magnification
using Aperio Scanscope XT (Leica Biosystems). Image analysis was performed on Halo 3.1
(Indica Labs) using the Multiplex IHC v2.3.4 algorithm. Optical density was determined

for hematoxylin and DAB for each marker. For region analysis in multiple slides we used
the Halo Image Registration processing tool, which aligns adjacent tissue sections. All areas
analyzed were user drawn and cells counted including their optical density for DAB in P5CS
and GS-stained slides. Data is presented as average optical density for each marker.

Statistical analysis

For proliferation assays, crystal violet quantifications, western blot quantifications, polar
metabolomics data, and tumor size, statistical significance was determined using Student’s
t-tests. A p-value less than 0.05 was considered statistically significant. Statistics were
performed using GraphPad Prism.

Data distribution was assumed to be normal but this was not formally tested.
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Extended Data
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Extended Data Figure 1. Quality controls of the genome-wide shRNA-library, GLN deprivation
screen.

A) Western blot of MycER and Myc transcriptional target Ldha in whole cell lysate (WCL)
and chromatin isolated from MycER MEFs exposed to 200nM 4-OHT for 24 and 48

hours. B) Phase contrast microscopy of MycER cells + 200nM 4-OHT grown in normal
media for 3 days or without GLN for 3 and 11 days. C) Heatmap showing pairwise sample-
sample Euclidean distances, arranged by treatment group. Dendrograms show hierarchical
clustering to highlight similarities between samples. D) MA plot of logy(mean counts-per-
million) against log,(median fold-change), with points colored by density to highlight data

trend

(). E) Levels of Glutamine (GLN), Glutamate (GLU), and Proline (PRO) in Fetal

bovine serum. Data are represented as mean * SD of three independent experiments F)
WT and two clonal P5CS CRISPR KO mouse kidney epithelial cell lines grown in the
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presence of 2mM GLN for 1 week, or absence of GLN for 1 month, with corresponding
quantification of growth. Statistically significant differences were evaluated using a paired,
one-tailed T-Test, with the error bars representing standard deviation (SD). G) Growth
curves of control and Aldh18al knockdown cells under +GLN and -GLN conditions. Data
are represented as mean + SD of three independent experiments. Statistical significance was
determined using two-way ANOVA. H) Repeats of western blot against P5CS in short-term
(S) or long-term (L) culture of shScram and shAldh18al MycER MEFs in the presence or
absence of 2mM glutamine. * p < 0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001.
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Extended Data Figure 2. Proline depletion upon P5CS/Aldh18al downregulation.
A) Relative abundance of intracellular PRO in WT mouse kidney epithelial cells from two

different thaws (WT-1 and WT-2) and two P5CS KO subclones (C2 and C9) infected either
with empty vector (+Vec) or reconstituted with P5CS (+P5CS). Cells were grown for 24
hours in proline-free high-glucose DMEM medium with 0.65mM GLN and 2.5%FBS, and
metabolite levels normalized by total protein (n=3) Statistical significance was determined
using an unpaired, T-Test, with error bars indicating SD. B) Metabolomic profiling of amino
acid consumption and secretion. This panel of plots illustrates the relative consumption and
secretion rates of various amino acids by control and P5CS KD cells, under low-glutamine
conditions. The lower bar graphs show the consumption rates of amino acids from the
media, while the upper ones depict the secretion rates of amino acids into the media. Data
are represented as mean + SD of three independent experiments. The statistical analysis was
performed using two-way ANOVA. * p <0.05, ** p < 0.01, *** p < 0.01, **** p < 0.0001.
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Extended Data Figure 3. Evaluation of Cell Death in Response to Glutamine Deprivation
A) Gating strategy for sorting MycER control cells and sShALDH18A1 cells under different

conditions: normal medium, glutamine-deprived medium, and medium supplemented with
7 mM alpha-ketoglutarate (aKG). B) Propidium iodide staining of NUGC2 control and
shALDH18A1 cells quantified by Flow cytometry. Data are presented as mean + SD

from three independent experiments. Statistical analysis was performed using two-way
ANOVA. On the right, the gating strategy for sorting in control and shALDH18A1 NUGC2
cells under different conditions: normal medium, glutamine-deprived medium, and medium
supplemented with 7 mM alpha-ketoglutarate (aKG). * p < 0.05, ** p < 0.01, *** p < 0.01,
**%% p < 0.0001.
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Extended Data Figure 4. Proline is not a major source of carbon and/or nitrogen in GLN-starved
cells.

A) Graphical representation of the 13C5 glutamate labeling pathway, illustrating its
incorporation into intermediates of the TCA cycle, amino acids, and pyrimidines. B) Tracer
experiment using 13C5 labeled glutamate in Control and P5CS Knockdown Cells. The

bar chart illustrates the proportion of proline derived from glutamine in both control and
P5CS knockdown cells, as well as the corresponding increase in the labeling of amino
acids, nucleosides, and TCA cycle intermediates. Data are represented as mean = SD

of three independent experiments. The statistical analysis was performed using two-way
ANOVA. C) Crystal violet staining and corresponding quantification of MycER shScram
cells cultured in the presence or absence of GLN for 5 days. Cells were cultured in DMEM
supplemented with 7mM dimethyl-a-ketoglutarate (a-KG), 2mM ASN, 15mM GIcNAc, or
250uM each cytidine (C), thymidine (T), uridine (U), adenosine (A), and guanosine (G)

in indicated combinations. Statistical significance was determined using an unpaired, Two-
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tailed, T-Test, with error bars indicating SD. D) Crystal violet staining and corresponding
quantification of MycER shScram cells cultured in the presence or absence of GLN for

5 days. Cells were cultured in DMEM supplemented with 7mM dimethyl-a-ketoglutarate
(a-KG), 2mM ASN, 15mM GIlcNAc, or 250uM each cytidine (C), thymidine (T), uridine
(U), adenosine (A), and guanosine (G) in presence or absence of L-Methionine sulfoximine
(MSO). Statistical significance was determined using ordinary one-way ANOVA followed
by Tukey’s post hoc test for multiple comparisons. Error bars represent standard deviation
(SD). E) Cell proliferation of Alahi8a1 KD cells transfected with either siScram or two
independent siPSCDH grown in the absence of GLN for 5 days (n=3) (Top). Corresponding
western blot verifying P5SCS and PSCDH knockdown (Bottom). Statistical significance was
determined using ordinary one-way ANOVA followed by Tukey’s post hoc test for multiple
comparisons. Error bars represent standard deviation (SD). F) Crystal violet staining and
corresponding quantification of MycER shScram cells cultured in the presence or absence
of GLN for 5 days. Cells were cultured in DMEM supplemented with 0.5mM Proline, 2mM
ASN, or 250uM each C, T, U, A, and G, in indicated combinations. All error bars are SD.
Grey square: Presence, white square: Absence * p <0.05, ** p<0.01, *** p <0.01, **** p
<0.0001.
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Extended Data Figure 5. Downregulation of P5CS maintains NADPH/ NADP+ ratio in low GLN
A) Crystal violet staining and corresponding quantification of MycER cells cultured in the

absence of GLN or in the presence of aKG (7mM) + ASN (2mM) + C,T,U,A, and G (250uM
each) or Ornithine/arginine 2mM or Ornithine/Proline 2mM or Arginine/Proline 2mM, or
Ornithine/proline/Arginine 2mM. Each condition with or without N-Acetyl Cysteine (NAC)
5 days. Statistical significance was determined using ordinary one-way ANOVA followed
by Dunnett’s post hoc test for multiple comparisons. Error bars represent standard deviation
(SD). B) This represents the percentage of incorporation of 13C5-labeled glutamine into
L-Proline in MycER shScram, shAldh18al #1, and shAldh18al #2 cells. These cells were
cultured in DMEM supplemented with dialyzed FBS and 2mM each of labeled Glutamine
(13C5), Arginine, Proline, and Ornithine (n=3). The fraction that was not labeled was
designated as Proline M+0. Corresponding western blot verifying P5CS knockdown (right
side). Statistical significance was determined using ordinary one-way ANOVA followed by
Dunnett’s post hoc test for multiple comparisons. Error bars represent standard deviation
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(SD). C and D) Left panel: Growth curves of control and Aldh18al knockdown cells under
-GLN and +GLN conditions, in the presence of 0.5 mM Proline. Data are represented

as mean + SD of three independent experiments. Statistical significance was determined
using a two-way ANOVA. Right panel: Growth curves of control and Aldh18al knockdown
cells under +Proline and -Proline conditions, in the context of +GLN. Data are represented
as mean + SD of three independent experiments. The statistical analysis was performed
using a two-way ANOVA. E) bar graph representing the NADPH/NADP+ ratio in MycER
cells, comparing the control group with two separate ShAALDH18A1 knockdown groups,
under low glutamine conditions for 48 hours. Data are represented as mean * SD of three
independent experiments. The statistical analysis was performed using two-way ANOVA. *
p <0.05, ** p <0.01, *** p < 0.01, **** p < 0.0001.
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Extended Data Figure 6. Sensitivity of human cancer cell lines to GLN restriction.
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A) Kaplan-Meier survival curves analyzing the The Cancer Genome Atlas (TCGA)

human uterine/endometrial or stomach cancer patient samples based on Aldh18al mRNA
expression divided in quartiles. B) Bar plot illustrating the distribution of Uterine
Endometrioid Carcinoma, Uterine Mixed Endometrial Carcinoma, and Uterine Serous
Carcinoma cases, classified by low or high expression levels of ALDH18A1. (TCGA)

C) Scatter plot demonstrating the ALDH18A1 mRNA expression levels across Uterine
Endometrioid Carcinoma and Uterine Serous Carcinoma cases, based on TCGA data.
Statistical analysis was conducted using an unpaired two-tailed t-test, and data are presented
as mean + SD. D) Bar plot demonstrating the distribution of Uterine cancer cases by
histological grade, categorized by low or high ALDH18A1 RNA expression, as per TCGA
data. E) Representative images and quantification of sensitivity to glutamine depletion of
human cancer cell lines grown in the presence or absence of GLN for 4 days, represented by
percent survival. Survival was calculated by dividing the average number of cells counted on
Day 4 in wells treated with no GLN by the average number of cells in wells with GLN (n =
3 wells). F) Western blot analysis of NUGC2 and PC3 cell lines using scramble shRNA or
two independent shRNAs targeting the 3’UTR of ALDH18A1.
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Extended Data Figure 7. Variation in P5CS Expression Levels among Human Cancer Cell Lines
under Glutamine Deprivation

A) Bar plot illustrating the weights of subcutaneous xenograft tumors from NUGC2 cells
(PLKO, shALDH18A1, and rescue with dox-inducible NUGC?2). Statistical analysis was
conducted using a one-way ANOVA followed by Tukey’s multiple comparison test. Error
bars represent standard deviation (SD). B) 15N-labeled ammonia (15NH4+) in NUGC2
gastric cancer cells with genetically downregulated P5CS. Data are represented as mean *
SD of three independent experiments. Statistical significance was determined using two-way
ANOVA. C) Western blot of P5CS in human cancer cell lines that do not endogenously
downregulate P5CS upon acute GLN starvation. Cells were cultured in the presence or
absence of 2mM GLN for 24 hrs. D) Comparison of P5CS levels in xenograft tumors
derived from MKN45 cells. On the left, a western blot illustrates the relative P5CS protein
levels in tumor extracts, while on the right, a bar graph represents the quantification of
these levels. Statistical significance was determined using a one-tailed unpaired t-test with
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Welch’s correction for unequal variances, with error bars indicating standard deviation (SD).
E) Additional representative immunofluorescence (IF) of a tumor section of uterine serous
carcinoma, depicting staining by IF for P5CS (red), GS (green), and Dapi (blue). On the
right, a selected area of the tumors demonstrates an inverse correlation between P5CS and
GS expression. F) Total number of cells with partner P5CS!o%/GSNigh or vice-versa detected
in five tumor sections of uterine serous carcinoma (USC). Statistical analysis was performed
using an unpaired two-tailed Mann-Whitney test, and the standard deviation (SD) is shown.
p <0.05, ** p <0.01, *** p < 0.01, **** p < 0.0001.
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Fig. 1. A genome-wide glutamine deprivation screen identified Aldh18al as a modulator of

glutamine metabolism.

A) Graphical representation of glutamine depleted screen, where cells are infected with the
TRC2 lentiviral mouse shRNA library, selected, and subjected to glutamine deprivation to
select for glutamine independent clones. Created with BioRender.com. B) Representative
actively proliferating clones arising from the glutamine-deprived KD screen after 22

days of glutamine depletion (n=3). C) MA plot of logy(mean counts-per-million) against
log,(median fold-change) for each shRNA, with points colored red for genes with at least
two shRNAs passing thresholds (= 5 cpm in control or treatment and fold-change of > 2).
Points for all other shRNAs are in grey. Labels indicate positions of ShRNAs targeting
Aldhi8al. D) Plot showing distribution of logy(median fold-change) for all sShRNAs

(blu) with finite fold-change values, with points horizontally jittered according to density.
SshRNAs targeting Aldh18al are in red. E) In the upper part, western blot of P5CS in MycER
MEFs stably expressing a scrambled control short hairpin (shScram) or two independent
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short hairpins targeting A/dh18al. In the lower part, cell proliferation of control or Aldh18al1
knockdown MycER MEFs while grown in glutamine-deprived media for ten days (n=3).
P-values were calculated using an unpaired t-test with FDR correction using the Benjamini-
Hochberg method. Data are presented as mean values + SD. F) Phase-contrast microscopy
of control or Aldh18a1 knockdown MycER MEFs after 2, 10, and 16 days glutamine
deprivation. G) representative western blot of P5CS in short-term (S) vs. long-term (LT)
culture of shScram and shA/dh18a1 MycER MEFs in complete or glutamine deprived
media, and corresponding quantification (n=3) Statistical significance was determined using
an unpaired, Two-tailed T-Test. Data are presented as mean values + SD, (n=3).
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Fig. 2. Decreased Aldh18al expression re-wires cellular metabolism.
A) Graphical representation of the proline biosynthetic pathway, whereby proline is

synthesized via glutamate by P5CS, the encoded protein of A/dh18a1. B) Graphical
representation of 1°NH, labeling of newly synthesized glutamine, catalyzed by GS, and

its utilization for downstream metabolites. C) Fractional labeling of select metabolites from
samples labeled with 1SNH,CI for 24 hours: glutamine; ASN; ASP; NADH; hexosamines
UDP-GIcNac and UDP-galactose; and nucleotides, UMP, CMP, IMP, and AMP. Statistical
significance was determined using 2way ANOVA. Data are presented as mean values +
SD. N=3 biological independent samples. D) Western blot of P5CS and ASNS proteins

in shScram and shA/dh18a1 MycER MEFs. E) Crystal violet staining and corresponding
quantification of MycER shScram cells cultured in complete or glutamine-deprived media,

with or without supplementation of 2mM ASN for 5 days. Statistical significance was
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determined using a paired, Two-tailed T-Test. Data are presented as mean values + SD. N=3
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biological independent samples. F) Bar plot of control or Aldh18a1 knockdown MycER
MEFs while grown in complete or glutamine deprived media, + or — 1mM MSO on +

or — 10 uM of CB-839 for 5 days. Statistical significance was determined using two-way
ANOVA followed by Tukey’s post hoc test for multiple comparisons. Data are presented as
mean values + SD, N=6 biological independent samples.
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Fig.3. Glutamine biosynthesis allows a-KG dependent survival and nucleotide/asparagine-

dependent proliferation in the absence of exogenous glutamine.
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A) Crystal violet staining and corresponding colorimetric quantification of MycER shScram

cells cultured in complete or deprived, while grown in complete or glutamine deprived
media, + or - 2mM ASN, 15mM GIcNAc, or 250uM each cytidine (C), thymidine
(T), uridine (U), adenosine (A), and guanosine (G) in indicated combinations for 5
days with corresponding quantification. Data are presented as mean values + SD. N=3

biological independent samples. B) Propidium iodide staining of MycER cells quantified
by Flow cytometry. Data are presented as mean + SD from three independent experiments.
Statistical analysis was performed using two-way ANOVA. C) Graphical representation
of the 13Cs glutamine labeling pathway, illustrating its incorporation into intermediates

of the TCA cycle, amino acids, and pyrimidines D) Tracer experiment using 13Cg
labeled glutamine in Control and P5CS Knockdown Cells. The bar chart illustrates the

proportion of proline derived from glutamine in both control and P5CS knockdown cells,
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as well as the corresponding increase in the labeling of amino acids, nucleosides, and
TCA cycle intermediates. Data are represented as mean + SD of three independent
experiments. The statistical analysis was performed using two-way ANOVA. E) Crystal
violet staining and corresponding quantification of MycER shScram cells cultured in
complete or deprived media for 5 days. Cells were cultured in DMEM supplemented
with 7mM dimethyl-a-ketoglutarate (a-KG), 2mM ASN, 15mM GIcNAc, or 250uM each
cytidine (C), thymidine (T), uridine (U), adenosine (A), and guanosine (G) in indicated
combinations. Data are presented as mean values + SD. N=3 hiological independent
samples. F) Model of working hypothesis: A/dh18a1 deficient cells overcome glutamine
dependency by re-routing glutamate away from proline biosynthesis and towards a-KG,
ASN, and nucleotide production. Together, these carbon and nitrogen sources support cell
survival and proliferation in the context of glutamine-deprived condition. Grey square:
Presence ; white square: Absence
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Fig. 4. Downregulation of P5CS in human cancer cells leads to glutamine resistance and
increased sensitivity to MSO inhibitor.

A) Kaplan-Meier survival curves analyzing The Cancer Genome Atlas (TCGA) human
uterine/endometrial or stomach cancer patient samples based on Aldh18al mRNA
expression with log-rank p-value (Mantel-Haenszel test) calculated in R with survdiff.

B) Cell proliferation of control or ALDH18A1 knockdown NUGC2 cells while grown

in glutamine-deprived media for eight days (n=3). Statistical significance was determined
using two-way ANOVA followed by Tukey’s post hoc test for multiple comparisons.

Data are presented as mean values + SD. C) Cell proliferation of control or ALDH18A1
knockdown PC3 cells while grown in normal or glutamine-deprived media for eight days
(n=3). Statistical significance was determined using ordinary one-way ANOVA followed by
Tukey’s post hoc test for multiple comparisons. Data are presented as mean values + SD.
D) Bar plot experiment of NUGC2 cells cultured in complete or glutamine-deprived media
for 5 days. Cells were cultured in DMEM supplemented with 3.5mM a-KG, 2mM ASN,
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and 125uM each C, T, U, A, and G. Statistical significance was determined using 2way
ANOVA, multiple test Turkey. Data are presented as mean values = SD. N=3 biological
independent samples. E) Dose-response to MSO inhibitor in various cancer cell lines.
From left to right the panel shows the response of PC3, NUGC2, and MFE-280 cell lines
to varying concentrations of MSO. Statistical significance was determined using two-way
ANOVA followed by Sidak’s post hoc test for multiple comparisons. Data are presented
as mean values = SD. N=3 biological independent samples. F) Dose-response to CB-839
inhibitor in various cancer cell lines. From left to right the panel shows the response

of PC3, NUGC2, and MFE-280 cell lines to varying concentrations of MSO. Statistical
significance was determined using two-way ANOVA followed by Sidak’s post hoc test for
multiple comparisons. Data are presented as mean values + SD. N=3 biological independent
samples. G) Western blot analysis of the NUGC2 cell line, comparison between control,
shALDHI18A1, and shALDH18A1 rescued with exogenous expression of P5CS, (n=3).
H) line graph representing the progression of tumor volume over time in control (8),
shALDH18A1 (8), and in the inducible ALDH18A1 (8) tumors. Statistical significance
was determined using two-way ANOVA followed by Tukey’s post hoc test for multiple
comparisons. Data are presented as mean values £ SD. N=8 independent animals.
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Fig. 5. Human cancer cells reduce P5CS expression as an adaptation to glutamine restriction
A) Representative western blots of P5CS in human cancer cell lines found to endogenously

downregulate P5CS upon acute glutamine starvation, with corresponding quantification.
EN, MKN45, OCUML, and VCAP cells were cultured in complete or glutamine-deprived
media for 24 hrs (n=3). Statistical significance was determined using an unpaired t-test
with Welch’s correction for unequal variances, applying individual variance for each group.
The False Discovery Rate (FDR) was controlled using the two-stage step-up method by
Benjamini, Krieger, and Yekutieli Data are presented as mean values + SD. B) Graphical
representation of experimental design: MKN45 or EN cells were cultured in complete or
glutamine-deprived condition long term (~ 3 weeks), then injected into matching flanks of
SCID mice. Created with BioRender.com. C) Representative xenograft tumors removed
from SCID mice injected with MKN45 (1x10° cells + 20% Matrigel; n=11) or EN
(2x106+20% Matrigel; n=7) cells cultured in complete or glutamine deprived media (Left).
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Tumors were removed at 5 weeks (MKN45) or 6-8 weeks (EN). Fold tumor size, relative to
matching +glutamine flank control (Right). Statistical significance was determined using a
two-tailed unpaired t-test with Welch’s correction for unequal variances. Data are presented
as mean values + SD. D) EN and EN_LG (Long-term low glutamine) fractional labeling

of select metabolites from samples labeled with 1°NH,4CI for 24 hours: GLN (glutamine);
ASN (asparagine); ASP (aspartate); NADH; hexosamines UDP-GIcNac and UDP-galactose;
and nucleotides, UMP, CMP, IMP, and AMP. Right: immunoblot showing representative
image of P5CS levels in control and low glutamine EN cells. Statistical significance was
determined using 2way ANOVA. Data are presented as mean values + SD. N=3 biological
independent samples. E) Representative immunofluorescence (IF) of a tumor section of
uterine serous carcinoma, depicting staining by IF for P5CS (red), GS (green), and Dapi
(blue). On the right, a selected area of the tumors demonstrates an inverse correlation
between P5CS and GS expression (n=3). F) Quantitative analysis of the cytoplasmic
intensity of P5CS and GS in the same cells, based on immunofluorescence measurements in
five independent tumors. Statistical analysis was performed using a paired, Two-tailed t-test.
Data are presented as mean values + SD. N=5 independent tumors for P5CS!oW/GShigh and
respectively N=4 independent tumors for P5CSN9/GS!oW, G) Examples of immunostaining
against P5CS and GS in gastric cancer sections. Note that areas of high P5CS exhibit

low GS staining (left image) and vice versa (right image). H) Quantitative analysis of the
samples indicated in J. Data is presented as average optical density (from at least three
independent regions) for each marker (n=3). Statistical significance was determined using an
unpaired, Two-tailed t-test with a Mann-Whitney test for non-normally distributed data. Data
are presented as mean values + SD, (n=1).
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