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Glutamine depletion regulates Slug to promote EMT
and metastasis in pancreatic cancer
Maria Victoria Recouvreux1, Matthew R. Moldenhauer1, Koen M.O. Galenkamp1, Michael Jung1, Brian James1, Yijuan Zhang1, Andrew Lowy2,3,
Anindya Bagchi1, and Cosimo Commisso1

Tumor cells rely on glutamine to fulfill their metabolic demands and sustain proliferation. The elevated consumption of
glutamine can lead to intratumoral nutrient depletion, causing metabolic stress that has the potential to impact tumor
progression. Here, we show that nutrient stress caused by glutamine deprivation leads to the induction of
epithelial–mesenchymal transition (EMT) in pancreatic ductal adenocarcinoma (PDAC) cells. Mechanistically, we demonstrate
that glutamine deficiency regulates EMT through the up-regulation of the EMT master regulator Slug, a process that is
dependent on both MEK/ERK signaling and ATF4. We find that Slug is required in PDAC cells for glutamine
deprivation–induced EMT, cell motility, and nutrient stress survival. Importantly, we decipher that Slug is associated with
nutrient stress in PDAC tumors and is required for metastasis. These results delineate a novel role for Slug in the nutrient stress
response and provide insight into how nutrient depletion might influence PDAC progression.

Introduction
Glutamine is a critical nutrient in cancer that contributes to a
wide array of biosynthetic and metabolic processes such as the
synthesis of proteins, lipids, and other amino acids; de novo
nucleotide production; hexosamine biosynthesis; the urea cycle;
and glutathione production (Cluntun et al., 2017). Pancreatic
ductal adenocarcinoma (PDAC) cells rely heavily on glutamine
utilization to fulfill their metabolic and biosynthetic require-
ments, and therefore, it is not surprising that they are exqui-
sitely sensitive to glutamine withdrawal (Biancur et al., 2017;
Son et al., 2013). Highlighting the importance of glutamine in
PDAC tumors, glutamine contributes the most to TCA cycle
metabolites relative to other nutrient sources (Hui et al., 2017).
PDAC tumors are poorly vascularized and often encounter a
paucity of nutrients. Indeed, glutamine is the most depleted
amino acid in human PDAC (Kamphorst et al., 2015), and re-
gional glutamine deficiencies within PDAC tumors can modulate
adaptation mechanisms through signal transduction (Lee et al.,
2019). However, little is known about how glutamine deficiency
in the tumor microenvironment might affect PDAC progression.

A key step in PDAC progression is epithelial–mesenchymal
transition (EMT). EMT is considered a critical process for the
initiation of the metastatic cascade, as it allows cancer cells to
exhibit increased cell motility and acquire invasive features (Lu
and Kang, 2019; Nieto et al., 2016). Lineage tracing of epithelial

cells in a genetically engineered mouse model of PDAC (KPC
model, Pdx1-Cre; LSL-KRasG12D/+; LSL-Tp53R172H/+) demonstrated
that EMT and the dissemination of tumor cells occur early in
PDAC development (Rhim et al., 2012). However, the role of
EMT in PDAC has been a focus of controversy in recent years,
particularly regarding the contribution of the different EMT
transcription factors (EMT-TFs), Snail, Twist, and Zeb1, to PDAC
metastasis (Aiello et al., 2017; Krebs et al., 2017; Zheng et al.,
2015). For instance, genetic depletion of Snail or Twist in the
KPC model has no effect on the development of metastasis
(Zheng et al., 2015), but genetic ablation of Zeb1 profoundly
reduced the metastatic capacity of PDAC tumors (Krebs et al.,
2017). While it is established that pancreatic cancer cells can
escape their epithelial properties in different ways, leading to
distinct modes of invasion (Aiello et al., 2018), how nutrient
stress contributes to EMT, metastasis, and the regulation of
EMT-TFs in PDAC has not been explored.

Here, we examined global transcriptional changes to identify
pathways that were modulated by glutamine starvation in both
murine and human PDAC cells. We show that glutamine de-
pletion leads to the activation of the EMT transcriptional pro-
gram and to properties associated with enhanced tumor
aggressiveness. In this study, we identify a novel mechanism of
EMT induction in PDAC that is orchestrated by the EMT-TF
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Snai2 or Slug (from here on, Slug) upon glutamine starvation.
We demonstrate that glutamine depletion–induced Slug is a
major driver of EMT, motility, and survival in glutamine-
deprived conditions. Moreover, suppression of Slug in vivo
profoundly abrogated the metastatic capacity of PDAC cells.
These results shed light on the specific contributions of EMT-
TFs in regulating metastasis in PDAC and point to the induction
of Slug-driven EMT as a novel adaptive response to nutrient
stress.

Results
Glutamine deprivation induces EMT and promotes migration
and invasion in PDAC cells
We previously reported that glutamine is the most depleted
amino acid in human PDAC tumors relative to adjacent nonne-
oplastic tissue (Kamphorst et al., 2015). To further study nutri-
ent scarcity in PDAC, we used an orthotopic syngeneic mouse
model of PDAC that recapitulates the histopathological com-
plexity of the human disease (Bayne et al., 2012). In this model,
murine PDAC cells originating from animals of the genotype
Pdx1-Cre; LSL-KRasG12D/+; LSL-Tp53R172H/+ (KPC) were surgically
implanted into the tail of the pancreas (Hingorani et al., 2005).
When orthotopic tumors were palpable, we quantified polar
metabolites within the tumors using gas chromatography–mass
spectrometry. Relative to normal age- and sex-matched pan-
creas tissue, murine PDAC tumors exhibited significantly lower
amounts of many amino acids, including nonessential amino
acids such as glycine, glutamine, and glutamate, as well as es-
sential amino acids such as lysine, tyrosine, and methionine
(Fig. 1 A). Lactate was also increased in PDAC tumors, whereas
tricarboxylic acid cycle intermediates were unchanged (Fig. S1
A). As we previously observed in human PDAC (Kamphorst
et al., 2015), glutamine was among the most depleted amino
acids in the murine orthotopic tumors. Glutamine metabolism is
particularly relevant to PDAC, since PDAC cancer cells uniquely
rely on glutamine utilization as a major carbon and nitrogen
source to sustain cell proliferation and tumor growth (Hosios
et al., 2016; Hui et al., 2017; Son et al., 2013). Consistent with
PDAC tumors displaying a paucity of nutrients, we found that
murine and human PDAC tumors express asparagine synthetase
(ASNS) and Sestrin2 (SESN2), both markers of metabolic stress
that are highly induced upon glutamine deprivation (Fig. 1 B and
Fig. S1 C; Tajan et al., 2018; Ye et al., 2010). Altogether, these
results indicate that both murine and human PDAC tumors are
depleted of nutrients, with the vital amino acid glutamine being
among the most deficient metabolites.

To broadly explore pathways that are modulated by gluta-
mine depletion, we analyzed global transcriptional changes by
RNA sequencing (RNA-seq) in murine KPC and human AsPC-
1 cells cultured in glutamine-free medium for 24 h. We found
1,387 and 3,005 genes differentially expressed upon glutamine
deprivation (fold-change ≥1.5 and less than or equal to −1.5; P <
0.01) in KPC and AsPC-1 cells, respectively (Fig. S1 B). Gene set
enrichment analysis (GSEA) identified the EMT signature
among themost significantly enriched pathways up-regulated in
the glutamine-starved cells (Fig. 1 C). EMT is a cellular process

by which cancer cells lose their epithelial characteristics and
acquire a mesenchymal phenotype that allows them to increase
cell motility and adopt invasive behaviors (Nieto et al., 2016).
Consistent with the induction of EMT, expression of the epi-
thelial marker E-cadherin (CDH1) was decreased, whereas ex-
pression of N-cadherin (CDH2), a mesenchymal marker, was
enhanced in response to glutamine depletion (Fig. 1 D and Fig
S1 D). We next tested whether the induction of this nutrient
stress–driven EMT signature was linked to migration and/or
invasion. Importantly, we found that limitation of glutamine
enhanced both the migration and invasion capacities of murine
(KPC, EKPC) and human (AsPC-1, 779E) PDAC cells (Fig. 1, E and F).
These findings demonstrate that nutrient stress driven by gluta-
mine starvation can induce EMT and lead to increased aggressive
behaviors in PDAC.

The EMT-TF Slug is induced by glutamine deprivation via ERK
signaling and ATF4 activation
EMT is a complex biological process that involves the loss of cell
polarity and epithelial cell–cell contact, reorganization of the
actin cytoskeleton, and an increased ability to degrade extra-
cellular matrix. These intricate processes are orchestrated by a
set of EMT-TFs, including Snail, Slug, Twist, and Zeb1, that act as
master regulators of EMT (De Craene and Berx, 2013; Lamouille
et al., 2014). The relevance of each of these EMT-TFs can vary
depending on context and the EMT-initiating stimulus; there-
fore, we examined the extent of induction for each EMT-TF
upon glutamine starvation. Strikingly, we found that only Slug
expression was robustly and uniformly increased, at both the
transcript and protein levels, in all the PDAC cell lines tested
(Fig. 2, A and B). In a few cases, Snail and Zeb1 transcripts were
slightly induced by glutamine starvation, but the protein levels
were unaffected (Fig. 2 A and Fig. S2 A). Notably, up-regulation
of Slug by glutamine deprivation was rapid and sensitive to
glutamine levels. Time-course experiments revealed a prompt
induction of Slug protein starting at 4 h of glutamine starvation
(Fig. S2 B), and dose–response assays showed the gradual en-
hancement of Slug protein and transcript levels as glutamine
concentrations were decreased (Fig. 2, C and D). Importantly,
Slug expression was heightened at both subphysiological (0.2
mM) and physiological (0.5 mM) concentrations of glutamine.
To ascertain whether glutaminolysis has a role in Slug regulation,
we cultured PDAC cells in glutamine-free medium supplemented
with cell-permeable α-ketoglutarate (αKG), a downstream me-
tabolite of glutamine catabolism. Addition of αKGwas sufficient to
rescue glutamine depletion–induced Slug expression at both the
protein and mRNA levels in murine and human PDAC cells (Fig.
S2, C and D).

We recently reported that glutamine deprivation in human
PDAC cells activates ERK signaling (Lee et al., 2019); therefore,
we next examined whether Slug up-regulation by glutamine
restriction was dependent on MEK/ERK signal transduction. We
found that suppression of MEK/ERK signaling, as confirmed
by the extent of ERK phosphorylation (p-ERK), via administra-
tion of either ERK or MEK inhibitors, abrogated glutamine
deprivation–induced Slug expression in bothmurine and human
PDAC cells (Fig. 2 E and Fig. S2, E and F). This observed
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suppression of Slug expression by ERK inhibition occurs at the
level of transcription (Fig. 2 F and Fig. S2 G). Our results indicate
that ERK activation mediates Slug induction upon glutamine
starvation. It was previously reported that MEK/ERK signaling

is required for activation of the integrated stress response
(ISR) through phosphorylated eukaryotic initiation factor
2α (p-eIF2α)/ATF4 in the context of nutrient starvation
(Thiaville et al., 2008). ATF4 is thought to regulate the cellular

Figure 1. Glutamine deprivation induces EMT and promotes aggressive behaviors in PDAC cells. (A) Quantification of amino acids in orthotopic KPC
tumors relative to normal murine pancreatic tissue. NEAA, nonessential amino acids; EAA, essential amino acids. Data are presented as box and whiskers plots.
Vertical lines extend to the minimum and maximum values. (B) Immunohistochemical staining using antibodies specific to ASNS and SESN2 in normal murine
pancreas, KPC orthotopic pancreatic tumor, and human PDAC specimen. Scale bar, 50 µm. (C) GSEA plots derived from RNA-seq data of glutamine-deprived
versus control (glutamine-replete) KPC or AsPC-1 cells. NES, normalized enrichment score; FDR, false discovery rate. (D) Relative mRNA expression of the
indicated genes measured by qPCR in KPC or AsPC-1 in glutamine-replete or glutamine-free medium for 24 h. Results are expressed relative to control cells in
glutamine-replete conditions (+Q). Data are expressed as mean ± SEM; n = 5 (KPC) and n = 4 (AsPC-1) independent experiments. (E and F) Migration (E) and
invasion (F) capacity of the indicated PDAC cells cultured in glutamine-replete medium (High Q, 4 mM) or glutamine starvation conditions (LowQ, 0 or 0.2 mM).
Quantification is shown relative to the High Q condition and expressed as mean ± SEM; n = 3–5 independent experiments, each performed in triplicate.
Representative images of migrating/invading cells stained with crystal violet are shown. Statistical significance was determined using unpaired two-tailed
Student’s t test. The quantification of amino acids in A was generated from one experiment with n = 6 mice per cohort. The GSEA plots in C were generated
from a single RNA-seq experiment that included n = 5 replicates per condition. Results are representative of two independent experiments in B and a pool of
three to five independent experiments in D, E, and F. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 2. Slug is induced by glutamine deprivation via ERK signaling and ATF4. (A) Relative expression of Slug, Snail, Zeb1, and Twist transcript levels
measured by qPCR in the indicated PDAC cells cultured in glutamine-replete or glutamine-free medium for 24 h. Results are expressed relative to control cells
in glutamine-replete conditions (+Q). Data are expressed as mean ± SEM; n = 3–5 independent experiments. (B) Immunoblots of Slug expression in the in-
dicated PDAC cells cultured in glutamine-replete or glutamine-free medium for 24 h. α-tubulin was used as a loading control. (C) Immunoblots assessing Slug
expression in response to the indicated glutamine concentrations in KPC and AsPC-1 cells. α-tubulin was used as a loading control. Slug/α-tubulin ratios relative
to 4 mM Q are shown. (D) Relative Slug mRNA expression by qPCR at the indicated glutamine concentrations in KPC and AsPC-1 cells. Results are expressed
relative to the 4-mM Q concentration. Data are expressed as mean ± SEM; n = 3 independent experiments. (E) Immunoblots assessing protein expression of
Slug, phospho-ERK (p-ERK), and ERK in KPC cells treated with vehicle (DMSO), 2 µM Tram or 2 µM SCH772984 (SCH) in glutamine-free medium for 5 h.
α-tubulin was used as loading control. The immunoblots shown are representative of three independent experiments. (F) Relative Slug mRNA expression
measured by qPCR in KPC cells under the same conditions described in E. Data are expressed as mean ± SEM; n = 3 independent experiments. (G) Immunoblots
showing protein expression of Slug, ATF4, p-eIF2α (Ser51), and eIF2α in KPC cells treated with vehicle (DMSO) or ISRIB at the indicated concentrations in
glutamine-free medium. α-tubulin was used as loading control. (H) Immunoblots assessing Slug and ATF4 protein expression in KPC cells stably expressing a
nontargeting shRNA control (shGFP) or two independent short hairpins targeting ATF4 (shATF4#1 and shATF4#2) in glutamine-replete or glutamine-free
medium for 24 h. β-actin was used as a loading control. Statistical significance was determined using unpaired two-tailed Student’s t test. Results are
representative of at least three independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
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response to a variety of different stresses, including amino acid
starvation. Amino acid starvation, through the accumulation of
uncharged transfer RNAs, triggers a GCN2-dependent activat-
ing phosphorylation of eIF2α, which in turn inhibits global cap-
dependent translation and favors the differential translation of
transcripts containing an upstream open reading frame, such as
ATF4 (Pakos-Zebrucka et al., 2016; Ye et al., 2010). Because of
the established link between MEK/ERK signaling and p-eIF2α/
ATF4 (Thiaville et al., 2008), we evaluated whether this path-
way was responsible for Slug up-regulation in glutamine-
starved cells. We observed an increase in both p-eIF2α and
ATF4 upon glutamine starvation, indicative of the activation of
ISR in KPC cells (Fig. 2 G). Similarly, glutamine deprivation
induced ATF4 expression at both the protein and mRNA levels
in human PDAC cell lines (Fig. S2, H and I). Inhibition of ATF4
by treatment with the ISR inhibitor ISRIB, which prevents the
inhibition of translation downstream of p-eIF2α (Sidrauski et al.,
2013), resulted in a reduction of glutamine starvation–induced Slug
expression (Fig. 2 G). Consistent with previous reports, ISRIB did
not block eIF2α phosphorylation and in fact further increased the
level of eIF2α phosphorylation (Sidrauski et al., 2013). Similarly,
attenuation of ATF4 expression by shRNA-mediated knockdown
was also able to rescue the glutamine depletion–driven Slug in-
duction in KPC and EKPC cells (Fig. 2 H and Fig. S2, J and K). ATF4
can be robustly activated by ER stress; indeed, treatment with the
ER-stress inducer tunicamycin in glutamine-replete medium en-
hanced both ATF4 and Slug expression in KPC and EKPC PDAC cells
(Fig. S2 L). Collectively, these data demonstrate that glutamine
depletion–driven Slug induction is orchestrated by MEK/ERK sig-
naling and by activation of ISR through p-eIF2α and ATF4.

Slug expression is enhanced by glutamine deprivation in vivo
and coincides with metabolic stress markers in PDAC tumors
To determine whether glutamine deficiency induces Slug
expression in vivo, we used the glutamine analogue 6-diazo-5-
oxo-L-norleucine (DON) that broadly inhibits glutamine-using
enzymes, hence mimicking glutamine deprivation (Lemberg
et al., 2018). Consistent with our previous results, glutamine
inhibition by DON treatment in vitro substantially enhanced
Slug protein and transcript levels in murine KPC and human
AsPC-1 and 779E cell lines (Fig. 3, A and B). To evaluate the in-
vivo effects of DON treatment on Slug expression, we admin-
istered DON for 5 d to C57BL/6J or athymic animals bearing
heterotopic tumors derived from either KPC or 779E cells, re-
spectively.We found that DON treatment significantly increased
Slug expression in the tumors, as assessed by immunohisto-
chemistry and quantitative real-time PCR (qPCR; Fig. 3, C and
D). Interestingly, DON treatment induced ATF4 mRNA expres-
sion in KPC heterotopic tumors, suggesting that ATF4may play a
role in Slug regulation in vivo as well (Fig. S2 M). We conclude
from these data that pharmacological blockade of glutamine
metabolism has the capacity to enhance Slug expression in vivo.

We and others have demonstrated that tumors display amino
acid deficiencies that lead to regional metabolic stress (Lee et al.,
2019; Pan et al., 2016); therefore, we assessed whether intra-
tumoral Slug expression coincides with an established metabolic
stress marker. We immunostained serial tumor sections originating

from KPC-derived orthotopic tumors with antibodies specific to
Slug and to the stress marker ASNS. Notably, we observed that
tumor regions with high levels of Slug coincided with the highest
expression levels of ASNS, whereas tumor regions where ASNS
expression was lower were often associated with a decreased
number of Slug-positive cells (Fig. 3, E and F). Taken together,
these results demonstrate that Slug is up-regulated in re-
sponse to nutrient stress in PDAC tumors.

Slug mediates EMT and nutrient stress survival in PDAC cells
Having established a unique link between EMT and glutamine
deprivation in PDAC, we sought to elucidate whether Slug was
regulating EMT, and possibly other biological functions, in
glutamine-starved cells. To this end, we generated stable Slug
knockdown cell lines via lentiviral transduction with two dif-
ferent Slug-targeting shRNAs and a luciferase-targeting shRNA
hairpin as a negative control (shSlug#1, shSlug#2, and shLuci-
ferase [shLuc]). Slug knockdown in KPC cells was confirmed by
Western blot and qPCR (Fig. 4 A and Fig. S3 A). To examine the
broad impact of Slug depletion in the context of glutamine
deprivation, we performed RNA-seq analysis on shSlug and
shLuc cells that were deprived of glutamine for 24 h. We iden-
tified 226 genes that were differentially expressed in both Slug-
targeting shRNAs (fold-change ≥1.5 and less than or equal to −1.5;
P < 0.05; Fig. 4 B). GSEA analysis confirmed the requirement of
Slug for the induction of a transcriptional EMT program under
glutamine deprivation, as demonstrated by the down-regulation
of the EMT gene signature and other EMT associated pathways
in shSlug cells (Fig. 4 C and Table S1). Several of the EMT-related
genes inhibited in the Slug-depleted cells were validated by qPCR
(Fig. 4 D and Fig. S3 B). Consistent with a role for Slug in EMT
caused by glutamine withdrawal, suppression of Slug abolished
the increased cell motility observed under glutamine starvation
(Fig. 4, E and F). Together, these results establish a clear causal
link between Slug induction and nutrient stress–driven EMT.

Interestingly, GSEA and Metascape (Zhou et al., 2019b)
analyses of the up-regulated genes in glutamine-starved Slug
knockdown cells revealed a pronounced enrichment in prolif-
eration/survival pathways, such as DNA replication, DNA
damage, and pyrimidine metabolism, among others (Fig. S3 C
and Table S2). We validated the RNA-seq results for a subset of
these Slug targets, including Tyms, Smc4, Spc24, and Ncapd3, by
qPCR (Fig. S3 D). These findings suggested that when glutamine
is scarce, Slug normally functions as a repressor of these pro-
liferation pathways, possibly aiding to decrease metabolic de-
mands under nutrient stress conditions. Glutamine contributes
to nucleotide biosynthesis, and restriction of glutamine supply
can cause cell cycle arrest, DNA damage, and/or apoptosis in
different cellular contexts (Gaglio et al., 2009; Son et al., 2013;
Tajan et al., 2018; Zhang et al., 2014). It has also been well es-
tablished that EMT confers resistance to cell death induced by
various stimuli, including DNA damage and chemotherapeutic
agents (De Craene and Berx, 2013; Vega et al., 2004; Zheng et al.,
2015). In particular, Slug has a protective role against DNA
damage and exerts anti-apoptotic effects by antagonizing p53
(Kurrey et al., 2009; Wu et al., 2005). Based on these paradigms,
we reasoned that Slug induction during glutamine starvation
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could be part of an adaptive response that serves to confer a
survival advantage to PDAC cells. To test this notion, we as-
sessed survival capacity of Slug knockdown cells relative to
control cells in glutamine-free medium. We found that Slug
suppression significantly diminished cell viability upon gluta-
mine starvation, as measured by Syto60 staining and by crystal
violet staining (Fig. 4, G and H; and Fig. S3 F). This observed
decrease in survival was also evident when cells were cultured
in nonzero subphysiological glutamine concentrations (Fig. S3, E
and F). Importantly, Slug suppression had no effect on the
proliferative capacity of KPC cells in glutamine-replete medium
(Fig. S3 G), suggesting that the survival role of Slug might be
most relevant in the setting of nutrient stress.

We next evaluated whether the effects of Slug suppression on
nutrient stress survival are due to an increase in cell death upon

glutamine restriction. Nuclear condensation, as visualized by
Hoechst 33342 staining, can be used to distinguish apoptotic cells
from healthy cells (Crowley et al., 2016). Hoechst 33342 staining
showed a significant increase in the percentage of apoptotic cells in
Slug-knockdown cells that were deprived of glutamine relative to
control cells (Fig. 4, I and J). Consistent with apoptotic enhance-
ment, we observed a strong induction of cleaved caspase-3 protein
in Slug-deficient cells starved of glutamine for 72 h (Fig. 4 K).
Collectively, these results indicate that Slug mediates PDAC cell
survival under glutamine deprivation by suppressing apoptosis.

Slug regulates metastasis in PDAC
Activation of the EMT program is considered a critical step in
tumor progression and metastatic disease (Lu and Kang, 2019;
Nieto et al., 2016). Previous studies in PDAC models have

Figure 3. Slug expression is enhanced by a glutamine antagonist in vivo and coincides with metabolic stress in PDAC tumors. (A) Immunoblots of Slug
protein expression in the indicated PDAC cells treated for 24 h with DON compared with vehicle-only control (Ctrl) cells. β-actin was used as loading control.
Results are representative of three independent experiments. (B) Relative Slug mRNA expression assessed by qPCR in the indicated cell lines in the same
conditions described in A. Data are expressed as mean ± SEM; n = 3 independent experiments. (C) Immunohistochemical staining of Slug protein in KPC or 779E
heterotopic tumors from mice treated with vehicle-only control (Ctrl) or DON (10 mg/kg). The inset boxes indicate the areas further magnified below. Black
scale bar, 100 µm; red scale bar, 20 µm. (D) Relative Slug mRNA expression assessed by qPCR in KPC or 779E subcutaneous tumors from mice treated with
vehicle-only control (Ctrl) or DON (10 mg/kg). Results are expressed relative to Ctrl group. Data are expressed as mean ± SEM; n = 10 KPC and n = 5 779E
tumors. (E) Immunohistochemical staining of ASNS and Slug protein in KPC orthotopic tumors. The inset boxes indicate the areas of high and low ASNS and
Slug expression in the further magnified images to the right. The images shown are representative of three different tumors. Black scale bar, 200 µm; red scale
bar, 50 µm. (F)Quantification of Slug-positive nuclei in areas of high or low ASNS expression in the KPC orthotopic tumors shown in E. Results are expressed as
the mean ± SEM; n = 3 tumors. Four to five images of high or low ASNS areas per tumor were quantified at 40× magnification. Statistical significance was
determined using unpaired two-tailed Student’s t test. Data are representative of three independent experiments (A and B), two independent experiments
(C and D), or one experiment with n = 3 mice per cohort (E and F). *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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Figure 4. Slug mediates EMT and nutrient stress survival in PDAC cells. (A) Immunoblot assessing Slug expression in KPC cells stably expressing a
nontargeting shRNA control (shLuc) or two independent short hairpins targeting Slug (shSlug#1 and shSlug#2) in glutamine-replete or glutamine-free medium.
β-actin was used as a loading control. (B) Heatmap of RNA-seq data depicting differentially expressed genes in KPC shLuc, shSlug#1, and shSlug#2 under
glutamine deprivation for 24 h (fold-change ≥1.5 and less than or equal to −1.5; P < 0.05). n = 5 samples per group. (C) GSEA plots of RNA-seq data from KPC
shLuc versus shSlug#1 or shSlug#2 under glutamine deprivation for 24 h showing inhibition of the EMT gene signature in Slug knockdown cells compared with
shLuc. NES, normalized enrichment score; FDR, false discovery rate. (D) Heatmap showing EMT-related genes that are differentially expressed in KPC shLuc
versus shSlug#1 and shSlug#2 after glutamine starvation for 24 h. (E) Representative images of a Transwell migration assay comparing KPC shLuc, shSlug#1,
or shSlug#2 incubated in glutamine-replete or glutamine-free medium for 72 h. Cells were stained with crystal violet. (F) Quantification of the migration
capacity of KPC shLuc, shSlug#1, or shSlug#2 cells from E. Results are presented relative to the shLuc/+Q condition and are representative of n = 3 inde-
pendent experiments. Data are expressed as the mean ± SEM of triplicate wells. (G) Relative cell number as assessed by Syto60 fluorescent staining of KPC
shLuc, shSlug#1, and shSlug#2 cells cultured in glutamine-free medium for 5 d. Results are presented relative to shLuc/day 0 and are representative data of
five independent experiments, each performed with five replicates per group. (H) Representative images for Syto60 staining under the conditions described in
G. (I) Quantification of cell death in KPC shLuc, shSlug#1, and shSlug#2 cells under glutamine deprivation for 48 h as evaluated by Hoechst staining. Data are
expressed as mean ± SEM; n = 3 independent experiments. (J) Representative images of Hoechst-stained KPC shLuc, shSlug#1, and shSlug#2 cells under the
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examined the EMT-TFs Snail, Twist, and Zeb1. None of these
EMT-TFs seem to be required for PDAC tumor initiation or
growth; however, in terms of metastatic capacity, only Zeb1 has
been clearly shown to regulate metastasis in PDAC (Aiello et al.,
2017; Krebs et al., 2017; Zheng et al., 2015). These data suggest
that the EMT-TFs might differentially regulate metastatic po-
tential in PDAC depending on context. Notably, very little is
known about the contribution of Slug to tumor growth and
metastasis in PDAC. To examine any broad effects of Slug de-
pletion on primary tumors in vivo, we used an orthotopic syn-
geneic mouse model of PDAC using EKPC cells engineered to
stably knockdown Slug. Depletion of Slug expression in the or-
thotopic tumors was confirmed by qPCR and immunostaining
(Fig. 5, A and B). Although Slug knockdown did not affect tumor
initiation, there was an ∼25% reduction in tumor burden (Fig. 5
C). This observed suppression in tumor growth was likely due to
increased apoptosis as opposed to decreased proliferation, as
Slug-knockdown tumors displayed normal levels of KI-67 but
enhanced staining of cleaved caspase-3 (Fig. 5 D). These data
suggest that Slug may exert a moderate but significant pro-
survival effect in these nutrient-poor primary tumors by sup-
pressing apoptosis. Next, we evaluated the role of Slug in
metastasis using twomousemodels. As a first approach, we used
an experimental model of lung metastases, in which tumor cells
are i.v. injected into systemic circulation (Khanna and Hunter,
2005). KPC shSlug or shLuc control cells were i.v. injected into
the tail veins of C57BL/6J mice; 25 d after injection, lung tissue
was harvested and examined for macro- and micrometastases.
Although shLuc control cells efficiently colonized the lung,
giving rise to large tumors, Slug knockdown strikingly abol-
ished the ability of KPC cells to colonize the lung, as evidenced
by the reduction of both the number and total area of lung foci
(Fig. 5, E and F). As a second approach, we used the KPC or-
thotopic syngeneic model to analyze the development of
spontaneous metastasis. In this setting, Slug knockdown also
abrogated the ability of KPC cells to form distant metastases
from the primary tumor, as demonstrated by the significantly
decreased number of metastatic foci and total tumor area in
the lungs (Fig. 5, G and H). These results establish that Slug is
required for metastatic dissemination in murine PDAC mod-
els. Lastly, linking Slug to human PDAC, our analyses of SLUG
expression in publicly available datasets revealed that SLUG is
more highly expressed in PDAC tumors compared with nor-
mal tissue (Fig. S4 A), and that increased SLUG transcript
levels are associated with poor survival of PDAC patients
(Fig. 5 I). Additionally, SLUG expression is enhanced in PDAC
subtypes that are associated with the worst outcome (Fig. 5 J
and Fig. S4 B; Badea et al., 2008; Collisson et al., 2011; Van den
Broeck et al., 2012; Moffitt et al., 2015; Sandhu et al., 2015;
Bailey et al., 2016; Puleo et al., 2018). These observations

suggest that Slug may play a role in the metastatic progression
of PDAC tumors in patients.

Discussion
Our work demonstrates a previously unappreciated link be-
tween glutamine depletion–induced nutrient stress and the in-
duction of EMT and aggressive behaviors in PDAC cells. We
decipher a novel mechanism by which glutamine scarcity
selectively up-regulates the expression of the EMT master
regulator Slug to drive EMT and enhance invasiveness.
Moreover, Slug depletion leads to the suppression of metas-
tasis, establishing an important role for this EMT-TF in PDAC
aggressiveness.

The role of Slug in metastatic capacity of PDAC has not
previously been reported, despite the high Slug expression in
human PDAC tumors (Hotz et al., 2007) and its association with
poor survival. Our findings contribute to the understanding of
the specific roles of the different EMT-TFs in PDAC by posi-
tioning Slug as an important driver of metastasis in response to
nutrient stress in PDAC tumors. Besides the role of Slug in the
induction of EMT and aggressiveness in response to glutamine
starvation, we also show that Slug functions to promote cell
survival under nutrient limitation. The protective role of Slug in
glutamine-deprived conditions is associated with the prevention
of apoptosis, possibly related to the repression of genes involved
in cell proliferation. Our work also points to a pivotal role of
glutamine availability in the induction of Slug-dependent
functions in PDAC cells. We delineated that the induction of
Slug upon glutamine depletion requires activation of the MEK/
ERK signaling pathway, as well as activation of the ISR through
p-eIF2α/ATF4. These signaling pathways are mutually depen-
dent to modulate survival upon amino acid deprivation
(Thiaville et al., 2008). Indeed, a recent study demonstrated the
therapeutic benefit of combining MEK inhibition with aspara-
gine deprivation by treatment with L-asparaginase in both
melanoma and PDAC tumors (Pathria et al., 2019). Hence, our
findings integrate the observed activation ofMEK/ERK signaling
in response to glutamine starvation through epidermal growth
factor receptor (EGFR) in PDAC (Lee et al., 2019) and the role of
ERK signaling in the induction of Slug expression in other tumor
types (Chen et al., 2009; Liu et al., 2016; Zhou et al., 2019a).
Additionally, our data demonstrating that the p-eIF2α/ATF4
pathway regulates Slug expression suggest that Slug might
represent a novel and important mediator of ISR that contrib-
utes to cell survival by preventing apoptosis.

We demonstrate that in PDAC tumors, Slug expression is
coincident with the metabolic stress marker ASNS, which is
highly induced in response to glutamine starvation. These re-
sults are in line with previous observations in melanoma tumors

conditions described in I. Scale bar, 50 µm. (K) Immunoblot assessing Slug and cleaved caspase 3 (CC3) protein in KPC shLuc, shSlug#1, and shSlug#2 cells
cultured in glutamine-replete or glutamine-free medium for 72 h. α-tubulin was used as a loading control. The results are representative of three independent
experiments. Statistical significance was determined using unpaired two-tailed Student’s t test in F and one-way ANOVA followed by Dunnett’s test in G and I.
Data in B, C, and D were generated from a single RNA-seq experiment with n = 5 replicates per condition. Data are representative of at least three independent
experiments (A and E–K). *, P < 0.05; ****, P < 0.001.
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Figure 5. Slug regulates metastasis in PDAC. (A) Relative Slug mRNA expression evaluated by qPCR in EKPC shLuc or EKPC shSlug#1 orthotopic tumors.
Results are expressed relative to shLuc. Data are expressed as mean ± SEM; n = 8 shLuc tumors; n = 10 shSlug#1 tumors. (B) Immunohistochemical staining of
Slug protein in EKPC shLuc or EKPC-shSlug#1 orthotopic tumors. The inset boxes indicate the areas further magnified below. Black scale bar, 100 µm; red scale
bar, 20 µm. (C) Relative tumor weight of EKPC shLuc or EKPC shSlug#1 orthotopic tumors. Data are expressed as mean ± SEM; n = 8 shLuc tumors; n = 10
shSlug#1 tumors. (D) Immunohistochemical staining of cleaved caspase 3 (CC3) and KI67 in EKPC shLuc or EKPC shSlug#1 orthotopic tumors. Images are
representative of n = 3 tumors. Scale bar, 100 µm. (E) Lung colonization capacity of KPC shLuc and KPC shSlug#1 cells injected into the tail vein of syngeneic
mice. Representative images of whole lungs and H&E-stained lung sections are shown. The arrows indicate lung metastatic foci. Images are representative of
n = 6 mice per group. Scale bars: left panel, 2.5 mm; right panel, 500 µm. (F) Quantification of lung colonies (number and area per section) after tail vein
injection as described in E. Data are presented as mean ± SEM; n = 6 mice per group. (G) Representative images of macroscopic and H&E-stained lungs of mice
bearing KPC shLuc, KPC shSlug#1, or KPC shSlug#2 orthotopic tumors. The arrows indicate lung metastatic foci. Scale bars: left panel, 2.5 mm; right panel, 500
µm. (H) Quantification of lung metastatic colonies (number and area per section) originated from KPC shLuc, KPC shSlug#1, or KPC shSlug#2 orthotopic
tumors as described in G. Data are presented as the mean ± SEM for n = 5 mice per group. (I) Kaplan–Meier survival analysis of the indicated datasets
comparing low and high SLUG expression in PDAC patients. (J) Box plots representing SLUG transcript levels across different PDAC subtypes from the indicated
public datasets. Data are presented as box and whiskers plots. Vertical lines extend to the minimum and maximum values. ADEX, aberrantly differentiated
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that revealed that tumor core regions with low glutamine levels
were associated with increased histone methylation and ele-
vated expression of genes involved in dedifferentiation (Pan
et al., 2016). ASNS is a well-described ATF4 target gene
(Gwinn et al., 2018). Hence, its coexpression with Slug in spe-
cific intratumoral regions suggests that either ATF4 activity or
expression is higher in these areas. We recently demonstrated
that, similar to melanoma tumors, PDAC tumor cores are defi-
cient of glutamine and other nonessential amino acids (Lee et al.,
2019). EGFR activation was enhanced in these tumor cores, and
since p-ERK is a readout of EGFR signaling, it would not be
surprising that p-ERK levels were enhanced in regions of Slug
expression or in DON-treated tumors. Although glutamine
depletion-induced EMT is exhibited by both PDAC and mela-
noma cells, the specific EMT-TFs used might be different, since
Slug expression is actually down-regulated in glutamine-
deprived melanoma cells (Falletta et al., 2017). Along the same
lines, breast cancer cells that were selected to grow indepen-
dently of glutamine show increased metastatic capacity due to
the overexpression of cyclooxygenase 2 (COX-2 or PTGS2; Singh
et al., 2012). Interestingly, in our RNA-seq analyses, we observed
a prominent induction of COX-2 upon glutamine depletion in
PDAC cells, although its up-regulation was Slug independent. It
might be interesting to evaluate whether COX-2 mediates EMT
and metastasis in PDAC, and whether it plays a role in Slug in-
duction, as was previously reported in bladder cancer cells
(Adhim et al., 2011). Irrespective of the mechanism used, the
regulation of EMT by nutrient availability points to the EMT
program as an important aspect of the metabolic reprogram-
ming that occurs in tumors (Garćıa-Jiménez and Goding, 2019;
Sciacovelli and Frezza, 2017), and it is worth further examina-
tion to evaluate whether this adaptation can be targeted thera-
peutically. Based on our results, one possibility is that the
suppression of both ATF4 and Slug expression via p-eIF2α in-
hibition might represent an attractive therapeutic strategy in
PDAC to prevent or diminish metastasis in the adjuvant setting.

Materials and methods
Cells and cell culture conditions
AsPC-1, HPAFII, and HEK 293T cells were obtained from the
American Type Culture Collection; 779E are epithelial cells es-
tablished from a moderate- to poorly differentiated patient-
derived tumor (Villarino et al., 2017). KPC cells originated
from Pdx1-Cre; LSL-KRasG12D/+; LSL-Tp53R172H/+ mice were kindly
provided by Dr. Robert H. Vonderheide (University of Penn-
sylvania, Philadelphia, PA; Bayne et al., 2012) and subcloned in
our laboratory to give rise to the KPC#65 clone used in this
study. EKPC cells originate from Pdx1-Cre; LSL-EYFP/+ LSL-
KRasG12D/+; LSL-Tp53R172H/+ mice. All cell lines were maintained
in 100 units/ml penicillin/streptomycin under 5% CO2 at 37°C
and were routinely tested for mycoplasma contamination by

ABM’s PCR Mycoplasma detection kit. AsPC-1 cells were cul-
tured in RPMI 1640 (Corning) supplemented with 10% FBS and
1 mM sodium pyruvate. HPAFII, KPC, EKPC, and 779E cells were
cultured in DMEM supplemented with 10% FBS. Glutamine
deprivation experiments were performed in glutamine-free
RPMI 1640 (Corning) or glutamine-free DMEM (Corning)
supplemented with 10% dialyzed FBS for 24 h unless other-
wise indicated. For glutamine dose–response experiments,
glutamine-free RPMI or DMEM was supplemented with the
indicated glutamine concentrations. The following inhibitors
were used in this study at the indicated durations and con-
centrations: DON (Sigma-Aldrich), ISRIB (Sigma-Aldrich),
Tunicamycin (MP Biomedicals), Sch772984 (CHEMIETEK),
and Trametinib (Tram; Selleckchem).

Generation of stable cell lines by lentiviral transduction
Lentiviral vectors (pLKO.1) containing shRNA constructs were
obtained from the TRC Lentiviral shRNA Library (Dharmacon).
The following shRNA sequences were used: shSlug#1, 59-ACC
CTATACCTGTCATACCAA-39; shSlug#2, 59-CCCATATCTCTA
TGAAAGTTA-39; shATF4 #1, 59-ATAGTCATCTAAGAGACCTAG-
39; and shATF4 #2, 59-ACTCGAAGGTATCTTTGTCCG-39. shLuc,
59-CGCTGAGTACTTCGAAATGTC-39, and shGFP, 59-GTCGAG
CTGGACGGCGACGTA-39, were used as controls. HEK 293T cells
were cotransfected with 12 µg of each shRNA containing pLKO.1
plasmid, 8 µg of psPAX2 packaging plasmid, and 4 µg of pMD2.G
envelope plasmid using Lipofectamine 2000 (Invitrogen) in
10-cm plates. After 16 h, medium was replaced with fresh 10%
FBS-DMEM without antibiotics, and 48 h later, the viral su-
pernatant was collected and filtered through a 0.45-µm filter.
KPC and EKPC cells were transduced with viral supernatant
and 8 µg/ml polybrene, and stable cells were selected with 7 µg/
ml puromycin.

In vivo studies
C57BL/6J female mice and NU/J athymic nude female mice ages
5–6 wk were purchased from the Jackson Laboratory. All ani-
mals were housed in sterile caging and maintained under
pathogen-free conditions. All experimental procedures in mice
were approved by the Institutional Animal Care and Committee
of Sanford Burnham Prebys (SBP) Medical Discovery Institute
(approval number 17-092).

Heterotopic tumor model
500,000 KPC or 779E cells suspended in 100 µl of 1:1 PBS:Ma-
trigel were subcutaneously injected in both flanks of syngeneic
C57BL/6J mice or immunodeficient nude mice, respectively,
under isoflurane anesthesia. Tumor growth was monitored by
volume measurement with calipers. When tumors reached a
volume of 250–300 mm3, the mice were divided into two groups
and received sterile water (vehicle; control group) or 10 mg/kg
DON (DON-treated group) via i.p. administration. Mice were

endocrine exocrine. Statistical significance was determined using unpaired two-tailed Student’s t test in A and C; Mann–Whitney nonparametric U test in F and
H; log-rank (Mantel–Cox) test in I; and one-way ANOVA followed by Tukey test for multiple comparisons in J. Data were pooled from two cohorts (A–D, G, and
H) and are representative of two independent experiments (E and F). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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injected every other day for 5 d. On the last day, mice were
euthanized 4–5 h after the last injection. Tumor tissue was col-
lected in 10% formalin for immunostaining, and a portion of the
tissue was snap-frozen in liquid nitrogen for qPCR analysis.

Orthotopic tumor model
12,500murine PDAC cells were injected (50 µl, 1:1 PBS:Matrigel)
in the tail of the pancreas via a small abdominal incision in the
left flank of anesthetized C57BL/6J female mice. Tumor growth
was monitored by palpation under isoflurane anesthesia. For
metabolite quantification, KPC tumor-bearing mice were eu-
thanized 37 d after cell injection, and tumor pieces were snap-
frozen in liquid nitrogen. To evaluate the effects of Slug
knockdown in primary PDAC tumors, EKPC-shLuc or EKPC-
shSlug#1 tumor-bearing mice were euthanized in paired co-
horts 15–29 d after implantation. Tumors were weighed and
tissue was collected in 10% formalin for histological analysis or
snap-frozen in liquid nitrogen for qPCR analysis. To evaluate the
effects of Slug knockdown on lung metastases, KPC-shLuc, KPC-
shSlug#1, or KPC-shSlug#2 tumor-bearing mice were eutha-
nized 30–40 d after implantation. The lungs were excised and
collected in 10% formalin for histological analysis and metastasis
quantification.

Experimental lung metastasis model
200,000 KPC cells suspended in PBS were injected i.v. into the
tail vein of syngeneic C57BL/6J mice. After 25 d, lungs were
collected in 10% formalin for histological analysis.

Lung metastasis quantification
Fixed lungs were paraffin embedded, sectioned, and stained
with H&E at the SBP histology core following standard proce-
dures. Lung metastasis number and tumor area quantification
was performed in images obtained at 10× magnification from
threeH&E-stained lung sections per sample, separated by 50 µm
each. Metastasis area was measured using ImageJ (National In-
stitutes of Health).

Immunohistochemistry
Normal pancreas or PDAC tumor tissue was collected and fixed
in 10% formalin. Fixed tissue was embedded in paraffin and
sectioned by the histology core at SBP. Human primary pan-
creatic cancer tissues were fixed in 10% formalin and paraffin
embedded at the Moores Cancer Center at the University of
California, San Diego according to standard protocols. All studies
with human tissues were approved by the Institutional Review
Board for human subjects research of the University of Cali-
fornia, San Diego (Human Research Protection Program protocol
090401). Tissue sections were deparaffinized and rehydrated,
and antigen retrieval was performed by microwave-heating the
slides in 10 mM sodium citrate (pH 6). Endogenous peroxidases
were quenched in 3% hydrogen peroxide. For Slug staining,
tissue sections were permeabilized with 0.3% Triton X-100 for
20 min at room temperature. Sections were blocked in 2% BSA
and 10% goat serum in PBS for 1 h at room temperature and
incubated with primary antibodies diluted in 2% BSA/PBS
overnight at 4°C. After washing, sections were incubated with

biotinylated goat anti-rabbit secondary antibody for 1.5 h at
room temperature followed by incubation with the Vectastain
Elite ABC HRP Kit (Vector Labs) and the DAB HRP Substrate Kit
(Vector Labs) for signal amplification and detection. Nuclear
counterstainingwas performed by hematoxylin staining. Images
were captured with a bright-field Olympus CX-31 microscope
coupled with Infinity camera and Infinity capture software
(Lumenera). The following primary antibodies and dilutions
were used: ASNS (1:500, ProteinTech, 14681-1-AP), SESN2
(1:500, ProteinTech, 10795-1-AP), Slug (1:100, Cell Signaling
Technologies, 9585), cleaved caspase 3 (1:1,000, Cell Signaling
Technologies, 9664), and KI-67 (1:400, Thermo Fisher Scien-
tific, MA5-14520).

Slug and ASNS were immunostained in consecutive tumor
sections, and quantification of Slug positive nuclei was per-
formed at 40× magnification in areas of high or low ASNS ex-
pression. Positive nuclei were manually counted with the cell
counter function of ImageJ in four to five images corresponding
to either low or high ASNS staining in three different EKPC
orthotopic tumors.

Polar metabolite extraction and quantification
KPC orthotopic tumor and normal pancreas tissue from sex- and
age-matched C57BL/6J mice were collected and flash-frozen
in liquid nitrogen. 20–30 mg of tissue sample was transferred
to 2-ml round-bottom tubes (Qiagen) with the addition of 5-mm
stainless steel beads (Qiagen) and ice-cold 50%methanol/20mM
L-norvaline in a volume of 450 ml. Tubes were shaken at the
maximum speed for 2 min using the Tissuelyser (Qiagen), vor-
texed, and placed on dry ice for 30 min. After thawing on ice,
samples were centrifuged at 15,000 g for 10 min at 4°C. The
supernatant was then transferred to a new tube, mixed (vor-
texed) with chloroform (220ml), and centrifuged at 15,000 g for
15 min at 4°C. The top layer was dried using a Speedvac, de-
rivatized, and analyzed using gas chromatography–mass spec-
trometry to quantify small polar metabolites as previously
described (Ratnikov et al., 2015).

RNA extraction and qPCR
Total RNA was extracted from cells or tumor tissue with the
PureLink RNA Mini Kit (Thermo Fisher Scientific). For qPCR,
cDNA was synthesized from 1,000 ng of total RNA using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific). cDNA samples were diluted 1:10 in RNase-free water
before being subjected to qPCR. qPCR was performed in tripli-
cate with the SYBR Premix Taq II master mix (Takara) and
specific primers on the LightCycler 96 (Roche). Relative target
gene expression was determined by comparing average thresh-
old cycles with that of housekeeping genes (18s or Rpl13) by the
ΔΔCT method. Specific primers are listed in Table 1.

RNA-seq analysis
Libraries were prepared from isolated total RNA using the
QIAseq UPX 39 Transcriptome from Qiagen. Unique molecular
identifiers and sample barcodes were introduced during first-
strand synthesis, and all samples were pooled before second-
strand synthesis and library preparation. The pooled libraries
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were paired end sequenced (124 × 28) on the NextSeq 500 using
the Mid output V2.5 kit (Illumina). Read data were processed
using the Qiagen GeneGlobe UPX 39 Transcriptome primary and
Secondary analysis tools. Read data were aligned to the human
hg19 or mouse mm10 genome, and EdgeR (Robinson et al., 2010)
outputs were used to call differentially expressed genes. Volcano
plots were made using DEseq2 (Love et al., 2014) in Rosalind
(Onramp Bio). GSEA was performed using the Broad Institute
platform (v4.0.3; Subramanian et al., 2005). Gene sets of the
hallmark gene sets, C2 curated gene sets, and C5 GO gene sets
from the Molecular Signature Database collection were used for
analysis with default settings. All RNA-seq data are available at
Gene Expression Omnibus accession number GSE150875.

Analysis of human PDAC online datasets
SLUG gene expression data from human PDAC public datasets
were used for survival analysis, tumor versus normal compar-
ison, and PDAC subtypes comparison. Data were obtained
from The Cancer Genome Atlas, EMBL-EBI Array Express, and
the Gene Expression Omnibus (accession numbers E-MTAB-
6134, GSE36924, GSE17891, GSE28735, GSE60978, GSE15471,
GSE42952, GSE17891, and GSE71729).

Migration and invasion assays
PDAC cells were cultured in glutamine-deprivation conditions as
follows: 72 h in glutamine-free medium (–Q) for AsPC-1 and 779E
cells; 6 d in 0.2 mM glutamine for KPC cells; and 12 d in 0.2 mM
glutamine for EKPC cells. KPC shSlug cells were incubated for
72 h in –Q. Culture medium was replaced every 2–3 d. After
glutamine starvation, cells were trypsinized and seeded in
serum-free medium in 8-µm-pore Transwell control inserts
(BD Biocoat) for migration assays or in Matrigel-coated inserts
(BD Biocoat Matrigel Invasion Chamber) for invasion assays in
24-well plates. Culture medium containing 10% FBS was used
as chemoattractant in the wells containing the inserts. After
24 h, cells that migrated/invaded through the insert mem-
brane pores were fixed in 70% ethanol and stained with 0.05%
crystal violet. Nonmigrating cells in the upper surface of the
membrane were removed with a cotton swab. The stained
inserts were dried overnight, and the membranes were re-
moved with a scalpel and mounted on glass slides to take
images at 10× magnification with an Olympus CX-31 micro-
scope coupled with an Infinity camera. Each experiment was
performed in triplicate wells for at least three independent
experiments. The number of migrating or invading cells was
counted in four fields within each Transwell. Results are ex-
pressed relative to the control group in complete medium.
Control wells were seeded in parallel to assess proliferation
for the duration of the assays. Cells were seeded at the same
density and medium conditions as in the Transwell inserts,
and after 24 h, cells were stained with crystal violet and
quantified. We did not observe any effects on proliferation in
any of the cells during this 24-h period.

Immunoblotting
Cells were lysed in radioimmunoprecipitation assay buffer
(10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% sodium deoxycho-
late, 0.1% SDS, and 1% Triton X-100) with protease and phos-
phatase inhibitors (Roche). Protein concentrations were
measured using the DC Protein Assay Kit (Bio-Rad). 15–20-µg
protein samples were run in SDS-PAGE followed by protein
transfer using Mini Gel Tank and Mini Blot Module (Life
Technologies). Immunoblotting was detected using near-
infrared fluorescence (LI-COR) and the Odyssey CLx imager
(LI-COR). The following primary antibodies were used:
E-cadherin (1:1,000, Cell Signaling Technologies, 3195), Slug
(1:500, Cell Signaling Technologies, 9585), Snail (1:500, Cell
Signaling Technologies, 3879), Zeb1 (1:500, Sigma-Aldrich,
HPA027524), ATF4 (1:1,000, Cell Signaling Technologies,
11815), p-ERK (T202/Y204; 1:2,000, Cell Signaling Technolo-
gies, 4370), ERK (1:1,000; Cell Signaling Technologies, 4695),
p-eIF2α (1:500, Cell Signaling Technologies, 9721), eIF2α
(1:1,000, Cell Signaling Technologies, 9722), cleaved caspase 3
(1:1,000, Cell Signaling Technologies, 9664), α-tubulin (1:10,000,
Sigma-Aldrich, T6074), and β-actin (1:20,000, Sigma-Aldrich,
A1978). To analyze phosphorylation of proteins, membranes
were probed with phospho-specific antibodies first, stripped
with NewBlot IR Stripping Buffer (LI-COR), and then reprobed
with pan-antibodies. The band fluorescence intensities were
quantified with ImageStudio Lite software (LI-COR).

Table 1. List of specific primers

Gene Forward (59 to 39) Reverse (59 to 39)

mCdh1 ATCCTCGCCCTGCTGATT ACATTGTCCCGGGTATCATC

mCdh2 GCCATCATCGCTATCCTTCT CCGTTTCATCCATACCACAAA

mSlug CATTGCCTTGTGTCTGCAAG AGAAAGGCTTTTCCCCAGTG

mSnail CTTGTGTCTGCACGACCTGT CAGGAGAATGGCTTCTCACC

mZeb1 TGGAGTTCAAAGGTTGTCGTT TTGCCACATCAACACTGGTC

mTwist CTGCCCTCGGACAAGCTGAG CTAGTGGGACGCGGACATGG

mAtf4 CGGGTGTCCCTTTCCTCTTC TGAAGAGCGCCATGGCTTAG

mEcm1 TGGCCCACTTTCCTAAACCC CAGGCGGGTTTTCCTTCTGT

mEreg TGCTTTGTCTAGGTTCCCACC GGCGGTACAGTTATCCTCGG

mNcam1 TGCCAAAGAAGCCAACATGG CGGACTGGCTGTGTCTTGAA

mFbln2 CTGCCCAGGTATCTCCCAAC CACTCATTGATGTCTTCACAGGAC

mFn1 CGAAGAGCCCTTACAGTTCCA ATCTGTAGGCTGGTTCAGGC

mTyms TCCGTTATGCTGGTGGTTGG AATTCATCTCTCAGGCTGTATCGT

mSmc4 CACAGCGACGAAGAGATGGA TCACCTGGAGGCTTTGCG

mSpc24 AGGAGCTCAGGGAGATGGAG GTGGTGGAACTGCAGAGGG

mNcadp3 GGATGAGGTGCCTTTCCCAT TCGCCCACGTCATATCGTTC

18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

hCDH1 GGTCTGTCATGGAAGGTGCT GATGGCGGCATTGTAGGT

hCDH2 CTCCATGTGCCGGATAGC CGATTTCACCAGAAGCCTCTAC

hSLUG CCATGCCTGTCATACCACAA ACAGTGATGGGGCTGTATGC

hSNAIL AGGATCTCCAGGCTCGAAAG TCGGATGTGCATCTTGAGG

hZEB1 CGAAACGCGAGGTTTTGTA CTAGACAGGAAATCCCACACAA

hTWIST GGCATCACTATGGACTTTCTC
TATT

GGCCAGTTTGATCCCAGTATT

hRPL13 GTTCGGTACCACACGAAGGT TGGGGAAGAGGATGAGTTTG
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Cell number quantification by Syto60 and crystal violet
Cells were seeded in complete culture medium at a density of
5,000 cells per well in a 96-well plate. 24–48 h after seeding,
cells were rinsed with PBS and incubated in glutamine-free
DMEM supplemented with 10% dialyzed FBS. At the indicated
time points, cells were rinsed in PBS, fixed with 4% parafor-
maldehyde, and stained with Syto60 (Molecular Probes,
S11342), a red fluorescent nucleic acid stain. Plates were then
scanned with an Odyssey Imager (LI-COR) at 700 nm, and
relative cell number was determined by the intensity of the
fluorescent dye using ImageStudio Lite software (LI-COR).
The plates were then stained with 0.5% crystal violet, washed,
and dried overnight. The crystal violet plates were scanned,
and cell number was calculated as relative stained area de-
termined using ImageJ. Three to five replicates per condition
were used in each experiment.

Cell death assay by Hoechst staining
KPC shLuc, shSlug#1, and shSlug#2 cells were seeded in 24-
well plates in complete medium. 24 h after seeding the cells,
the medium was replaced with glutamine-free medium sup-
plemented with 10% dialyzed FBS. After 48 h, the cells were
fixed with 4% paraformaldehyde and stained with 0.5 µg/ml
Hoechst 33342 and 0.1% Triton X-100. Stained cells were
imaged at 20× magnification using the EVOS FL Cell Imaging
System (Thermo Fisher Scientific). Apoptotic cells showing
nuclear condensation (bright staining intensity) were quan-
tified in five different fields of triplicate wells of three inde-
pendent experiments.

Statistical analysis
All graphs and statistical analysis were done using Prism soft-
ware v8 (GraphPad). Results are shown as means ± SEM. Sta-
tistical significance was determined by the unpaired two-tailed
Student’s t test withWelch’s correction, when appropriate, or by
Mann–Whitney nonparametric U test. Comparison of more than
two groups was done by one-way ANOVA followed by Tukey or
Dunnett’s test for multiple comparisons. Survival curves were
calculated using log-rank (Mantel–Cox) test. P values <0.05
were considered statistically significant (*, P < 0.05; **, P < 0.01;
***, P < 0.001; ****, P < 0.0001).

Online supplemental material
Fig. S1 relates to Fig. 1 and shows additional data for the me-
tabolite analyses, volcano plots for RNA-seq data, and
Western blot for E-cadherin expression in +Q and –Q. Fig. S2
relates to Fig. 2 and shows additional data on the regulation
of Slug by glutamine deprivation through Erk signaling and
ATF4. Fig. S3 relates to Fig. 4 and shows qPCR validation of
Slug-regulated genes identified by RNA-seq and additional
data on the effect of Slug knockdown on cell growth in
glutamine-deprived conditions. Fig. S4 relates to Fig. 5 and
shows additional analyses of Slug transcript levels in PDAC
public datasets. Table S1 and Table S2 relate to Fig. 4 and
show the gene sets related to EMT and proliferation path-
ways that are differentially enriched in Slug knockdown
KPC cells.
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Supplemental material

Figure S1. Glutamine deprivation induces metabolic stress and EMT in PDAC cells. (A) Quantification of metabolites in orthotopic KPC tumors relative to
murine normal pancreas tissue. Data are presented as box and whiskers plots. Vertical lines extend to the minimum and maximum values. n = 6. (B) Volcano
plots showing differentially expressed genes identified by RNA-seq in KPC or AsPC-1 cells grown in glutamine-replete versus glutamine-free medium for 24 h
(fold-change ≥2 and less than or equal to −2; P < 0.05). n = 5 samples per group. (C) Relative gene expression of metabolic stress markers Asns and Sesn2 from
RNA-seq analysis of KPC or AsPC-1 cells grown in glutamine-replete versus glutamine-free medium for 24 h. Results are expressed relative to the control cells
(+Q). Data are expressed as mean ± SEM; n = 5 replicates. (D) Immunoblots assessing E-cadherin (E-Cad) protein expression in KPC or AsPC-1 cells in
glutamine-replete or glutamine-free medium for 24 h. β-actin was used as a loading control. Statistical significance was determined using unpaired two-tailed
Student’s t test. Data were generated from one experiment with n = 6 tumors (A) or n = 5 samples (C) or are representative of three independent experiments
(D). **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S2. Slug expression is induced by glutamine deprivation via ERK and ATF4. (A) Immunoblots assessing Snail and Zeb1 protein expression in AsPC-
1 or EKPC cells cultured in glutamine-replete or glutamine-free medium for 24 h. β-actin was used as a loading control. (B) Immunoblots showing Slug protein
expression upon glutamine starvation for 0–8 h in KPC and AsPC-1 cells. α-tubulin was used as a loading control. Slug/α-tubulin ratios are shown relative to t =
0. (C) Immunoblots assessing Slug protein expression in glutamine-replete or glutamine-free medium supplemented with cell-permeable αKG, 7 mM) for 24 h
in KPC and AsPC-1 cells. α-tubulin was used as a loading control. Blots are representative of at least three independent experiments. (D) Relative Slug mRNA
expression determined by qPCR in KPC and AsPC-1 cells under the same conditions described in C. Data are expressed as mean ± SEM. (E) Immunoblots
assessing protein expression of Slug, phospho-ERK (p-ERK), and ERK in KPC cells treated with vehicle (DMSO) or the indicated concentrations of Tram or
SCH772984 (SCH) in glutamine-free medium for 5 h. β-actin was used as loading control. The immunoblots shown are representative of three independent
experiments. (F) Immunoblots assessing protein expression of Slug, phospho-ERK (p-ERK), and ERK in AsPC-1 cells treated with vehicle (DMSO), 2 µM Tram, or
2 µM SCH in glutamine-free medium for 5 h. α-tubulin was used as loading control. The immunoblots shown are representative of three independent ex-
periments. (G) Relative SLUG mRNA expression measured by qPCR in AsPC-1 cells under the same conditions described in F. Data are expressed as mean ±
SEM; n = 3 independent experiments. (H) Immunoblots assessing protein expression of ATF4 in the indicated human PDAC cell lines in glutamine-replete or
glutamine-free medium for 24 h. α-tubulin was used as loading control. (I) Relative ATF4mRNA expression measured by qPCR in AsPC-1 and HPAFII cells under
the same conditions described in H. Data are expressed as mean ± SEM. (J) Immunoblots assessing Slug and ATF4 protein expression in EKPC shGFP,
shATF4#1, or shATF4#2 cells incubated in glutamine-replete or glutamine-free medium for 24 h. α-tubulin was used as loading control. (K) Relative gene
expression of Slug and ATF4 evaluated by qPCR in KPC shGFP, shATF4#1, or shATF4#2 cells incubated in glutamine-replete or glutamine-free medium for 24 h.
Results are expressed relative to shGFP/+Q condition. Data are shown as mean ± SEM; n = 3 independent experiments. (L) Immunoblotting of Slug and ATF4 in
KPC and EKPC cells treated with vehicle (DMSO) or 1 µg/ml Tunicamycin (TM) for 24 h in glutamine-replete conditions. α-tubulin was used as a loading control.
(M) Relative ATF4 mRNA expression measured by qPCR in KPC subcutaneous tumors from mice treated with vehicle-only control (Ctrl) or DON (10 mg/kg).
Results are expressed relative to Ctrl group. Data are expressed as mean ± SEM; n = 6. Statistical significance was determined using unpaired two-tailed
Student’s t test. Data in D were generated from one experiment with n = 3 replicates. Data in M were generated from one experiment with n = 6 mice per
cohort. Data are representative of two (B and I) or three (A, C, E–H, and J–L) independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure S3. Slug regulates EMT and survival upon glutamine starvation. (A) Relative Slug mRNA expression by qPCR in KPC Slug knockdown cells
compared with control (shLuc) in glutamine-replete or glutamine-free medium for 24 h. Results are expressed relative to shLuc/+Q condition. Data are shown
as mean ± SEM; n = 5 independent experiments. (B) Relative expression of the indicated EMT-related genes in KPC Slug knockdown compared with shLuc in
glutamine-free medium for 24 h. Results are expressed relative to shLuc. Data are shown as mean ± SEM; n = 3 independent experiments. (C) Chart showing
enriched pathways among the genes up-regulated in Slug-depleted KPC cells compared with control (shLuc) in glutamine-free conditions. The graph was
generated with Metascape. (D) Relative expression of the indicated genes in KPC Slug knockdown compared with shLuc in glutamine-free medium for 24 h.
Results are expressed relative to shLuc. The results are representative of three independent experiments. Data are presented as the mean ± SEM of three
replicates. (E) Relative cell number assessed by Syto60 staining in KPC shLuc, shSlug#1, or shSlug#2 cells incubated in medium containing 0.05 or 0.2 mM
glutamine for 3 and 5 d. Representative data are shown for n = 3 independent experiments with three to five replicates each. (F) Relative cell number assessed
by crystal violet staining in KPC shLuc, shSlug#1, or shSlug#2 cells incubated in glutamine-free medium or medium containing 0.2 mM glutamine for 5 or 6 d.
Data are normalized to day 0 for each cell line and are shown relative to the shLuc control. Results are expressed as mean ± SEM; n = 5 independent ex-
periments. (G) Relative cell number assessed by crystal violet staining in KPC shLuc, shSlug#1, or shSlug#2 incubated in complete medium for 48 h. Results are
expressed as mean ± SEM; n = 4 independent experiments. ns, not significant. Statistical significance was determined using unpaired Student’s t test in A and
one-way ANOVA followed by Dunnett’s test for multiple comparisons in B–G. All data are representative of at least three independent experiments. *, P < 0.05;
**, P < 0.01; ***, P < 0.001; ****, P < 0.001.
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Table S1 shows EMT-related gene sets down in shSlug -Q (vs. shLuc -Q). Table S2 shows GSEA enrichment in shSlug -Q (vs. shLuc -Q).

Figure S4. Slug is more highly expressed in human PDAC and is associated with poor prognosis. (A) Box plots showing SLUG mRNA expression in the
indicated datasets comparing normal pancreas versus PDAC tumors and good prognosis versus bad prognosis. (B) Box plots showing SLUGmRNA expression in
the indicated datasets comparing different PDAC subtypes. Data in A and B are presented as box and whiskers plots. Vertical lines extend to the minimum and
maximum values. Statistical significance was determined using unpaired two-tailed Student’s t test in A and one-way ANOVA followed by Tukey multiple
comparisons in B. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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