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Abstract: Loss of heterozygosity (LOH) for KRAS, in which a wild-type KRAS allele is progressively
lost, promotes invasive and migratory abilities of pancreatic ductal adenocarcinoma (PDAC) cells
and tissues. Moreover, the occurrence of KrasS1?P-1.OH activates nonclassical glutamine metabolism,
which is related to the malignant behavior of PDAC cells. Herein, we aim to demonstrate the regula-
tory link between hypoxia-inducible factor-2ac (HIF-2cx) and glutamine metabolism that mediates
malignant phenotypes in Kras¢'?P-LOH PDAC cells. HIF-2a-shRNA knockdown lentivirus transfec-
tion and metabolite analysis were performed in Kras®'?P-LOH and Kras®!?P cell lines, respectively.
Cell proliferation, migration, and invasion were examined using Cell Counting Kit-8, colony forma-
tion, and Transwell assays. Cell cycle phase and apoptosis were determined using flow cytometry.
Western blotting and real-time quantitative PCR were also performed. Additionally, a subcutaneous
xenograft mouse model was established. LOH stimulated HIF-2«x activity and transactivated c-Myc,
which has a central regulatory effect on glutamine metabolism independent of hypoxia. Meanwhile,
HIF-2« silencing repressed KrasS12D_,OH PDAC cell proliferation, invasion, and migration. HIF-2cc
knockdown inhibited glutamine uptake and GOT1 expression via a c-Myc-dependent pathway. Col-
lectively, Kras®1?P-LOH can activate HIF-2« to regulate c-Myc-mediated glutamine metabolism and
promote malignant phenotypes. Moreover, targeting HIF-2x-c-Myc regulated nonclassical glutamine
metabolism, providing a new therapeutic perspective for Kras®?P-LOH PDAC.

Keywords: loss of heterozygosity; KrasC12D; HIE-2«; c-Myc; glutamine metabolism

1. Introduction

Pancreatic cancer is one of the most common malignant gastrointestinal cancers and is
characterized by late diagnosis, early metastasis, lack of a specific targeted treatment, and
poor prognosis [1]. Moreover, the prognosis of pancreatic ductal adenocarcinoma (PDAC)
has not significantly improved over the past few decades; it has a five-year survival rate of
only 6%. Moreover, the specific pathogenesis of pancreatic cancer remains unclear [2,3]. Patients
with PDAC usually have no obvious symptoms and are diagnosed at an advanced stage of
the disease, which is the primary cause of the associated low survival rate [4,5]. Diagnosed
patients are eligible for surgery, chemotherapy, radiotherapy, and immunotherapy; however,
there is currently a lack of effective targeted therapies [6]. As such, research has focused
on the molecular mechanisms of pancreatic cancer, which may be of great significance for
accurate diagnosis, efficient treatment, and improved prognosis.

Current studies indicate that pancreatic cancer is mainly regulated by tumor-suppressor
gene inactivation and oncogene activation [7]. The KRAS gene is one of the most frequently
mutated oncogenes in many cancers, and can be found in nearly all PDAC cases [8-10].
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KRAS belongs to a class of genes that encodes guanosine triphosphatase and regulates
downstream signaling pathways through growth factor receptors [11]. In addition to
KRAS, TP53, CDKN2A, and SMAD4 tumor suppressor genes are significantly mutated
in pancreatic cancer [12-14]. Moreover, loss of heterozygosity (LOH), which refers to the
transformation of a heterozygous allele to a homozygous state, is a common oncogenic
mutation associated with the occurrence and development of various tumors [15,16]. In our
previous experiment, we found that KrasC1?P-LOH exists in transgenic mice and human
pancreatic cancer cells, wherein heterozygous PDAC cells lose their wild-type KRAS allele
through mutation (Figure 1a). Furthermore, Kras®?P-LOH PDAC cells have a stronger
ability to proliferate and invade than PDAC cells without LOH [17-19]. The specific
downstream-signaling mechanism of KrasG?P-LOH responsible for its high proliferation
and invasion remains unclear and requires further study.
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Figure 1. HIF-2x expression in each experimental cell line and pancreatic cancer tissue. (a) PCR
analysis showed that Kras®1?P-LOH is expressed in 897 and 907 cell lines, but not in the 399 and
403 cell lines. (b) Relative expression of HIF-2« in Kras©12P-1oss of heterozygosity (LOH) cells
(897 and 907 cells) and KrasS12P cells (399 and 403 cells) under normoxia. (c) Relative mRNA
expression of HIF-2« in KrasG12D_LOH cells (897 and 907 cells) and KrasS12P cells (399 and 403 cells)
under normoxia. (d) Relative mRNA levels of HIF-2 expressed in pancreatic tumor tissues and
normal pancreatic tissues from the Gene Expression Profiling Interactive Analysis database. Data
are expressed as the mean & standard deviation (SD), based on three independent experiments.
*p <0.05; ** p < 0.01; PAAD pancreatic adenocarcinoma.

Warburg defined tumors as metabolic diseases in the 1920s. It was suggested that
even under aerobic conditions, glucose does not participate in the tricarboxylic acid cy-
cle but instead obtains adenosine triphosphate through lactic acid formation via aerobic
glycolysis [20]. Glutamine (Gln) is a nonessential amino acid abundant in plasma and
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contributes to cancer cell genesis, proliferation, and metastasis [21,22]. Gln metabolism can
provide carbon and nitrogen sources for tumor cells and participates in the synthesis of
biological macromolecules, including lipids, proteins, and other amino acids, which play
an important role in the maintenance of cell redox homeostasis, activation of cell-signaling
pathways, and regulation of glucose and lipid metabolism [23]. Previous studies have
shown that PDAC cells are heavily dependent on Gln metabolism for their growth needs
and highly sensitive to GIn deprivation [24,25]. Moreover, unlike other tumor cells entering
the tricarboxylic acid cycle by glutamate dehydrogenase-mediated deamination, glutamate
is converted to aspartate by aspartate aminotransferase (GOT1) in PDAC cells. Glutamate-
derived aspartate is transferred to the cytoplasm to generate oxaloacetate, which in turn
produces malate by malate dehydrogenase (MDH1) and pyruvate by malic enzyme (ME1).
The reduced nicotinamide adenine dinucleotide phosphate (NADPH) that is generated to
restore oxidized glutathione during this pathway is vital for maintaining the intracellular
redox balance. Pancreatic tumor cells metabolize Gln via a nonclassical pathway, which is
mediated by KRAS [26]. In our previous study, LOH for Kras®?P stimulated glutaminol-
ysis in PDAC cells [19]. KrasS2P_LOH can increase protein and mRNA levels of related
molecular markers, including GLS1, GOT1, GOT2, MDH1, and ME1, under both normoxic
and hypoxic conditions [19]. However, the specific mechanism underlying Kras®?P-LOH
and GIn metabolism remains unclear.

Hypoxia-inducible factors (HIFs) serve as the main regulators of a series of molecu-
lar biological changes in tumor cells, including angiogenesis, erythropoiesis, glycolysis,
and subsequent tumor progression [27]. HIF-« can be regulated by oxygen and consists
of three subunits: HIF-1«, HIF-2¢x, and HIF-3«x [28]. Current studies have shown that
HIF-2« correlates with normal cell proliferation, differentiation, energy metabolism, ery-
thropoiesis, stem cell maintenance, inflammation, tumor proliferation, metastasis, and
angiogenesis [29]. HIF-2« is hydroxylated by prolyl hydroxylase and degrades rapidly
under aerobic conditions after binding to von Hippel-Lindau tumor suppressor protein
(pVHL) [30]. The degradation of HIF-« is inhibited in response to hypoxia, and HIF-2o
can initiate transcription of the target gene by binding to the hypoxia response elements of
target genes to form a transcription-initiation complex [31,32]. Meanwhile, intracellular lac-
tate signaling, which imitates a response to hypoxia, reportedly promotes Gln metabolism
through the HIF-2o-signaling pathway in oxidative cancer cells in a manner dependent on
c-Myc activation [33]. Similarly, studies have shown that HIF-2« affects PDAC cell growth
by regulating Gln metabolism under prolonged hypoxia [34].

Our aim was to determine the role of HIF-2« in the Kras¢?P-LOH-mediated malignant
phenotype and examine the relationship between Kras¢?’P-LOH and HIF-2a-regulated
GIn metabolism that occurs independently of hypoxia.

2. Results
2.1. Kras®"?P-LOH Elevated HIF-2a Expression in PDAC Cells at Both Protein and mRNA Levels

To confirm the regulatory role of HIF-2« in GIn metabolism, we investigated HIF-2«
protein and mRINA expression under normoxic conditions. Notably, both HIF-2o protein
and mRNA expression were significantly elevated in Kras¢1?P-LOH PDAC cells compared
with Kras®1?P PDAC cells without LOH under normoxic conditions (p < 0.05, p < 0.01;
Figure 1b,c). We used the Gene Expression Profiling Interactive analysis (GEPIA) database
(http:/ /gepia.cancer-pku.cn/ accessed on 16 April 2021) to analyze the HIF-2c« mRNA level
in pancreatic cancer tissues and normal pancreatic tissues and found that HIF-2ae mRNA
levels were significantly higher in pancreatic cancer tissues than in normal pancreatic
tissues (p < 0.05; Figure 1d).

2.2. KrasC?P-LOH Triggered HIF-2a-Dependent c-Myc Activation

Mitochondrial glutaminase and GIn metabolism can be enhanced by c-Myc via sup-
pression of miR-23 [35]. However, a specific link between LOH and c-Myc has not yet
been reported. Notably, c-Myc protein and mRNA levels were significantly higher in
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KrasC12P-LOH cells than in Kras¢1?P cells without LOH (p < 0.01; Figure 2a,b). KrasG12D-
LOH promoted c-Myc activity, and HIF-2a knockdown repressed c-Myc expression both
at the protein and mRNA levels (p < 0.01; Figure 2c,d). The LOH-induced elevation of
c-Myc expression was blocked by HIF-2a silencing. According to these findings, LOH acti-
vated HIF-2«, which further stabilized c-Myc activity via a signaling pathway independent
of hypoxia.
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Figure 2. Kras®'?P-LOH induces HIF-2«-dependent c-Myc activation. (a) Relative protein expression
of c-Myc in KrasG12P_-LOH pancreatic ductal adenocarcinoma (PDAC) cells (897 and 907 cells) and
KrasG12P PDAC cells (399 and 403 cells). (b) Relative mRNA expression of c-Myc in KrasG12P_.LOH
PDAC cells (897 and 907 cells) and KrasG'2P PDAC cells (399 and 403 cells). (c) Relative protein
expression of c-Myc in sh-HIF-2a-transfected KrasG?P-LOH PDAC cells (897 and 907 cells) compared
with that in ShRNA-NC and control groups. (d) Relative mRNA expression of c-Myc in sh-HIF-2x-
transfected KrasG12P-LOH PDAC cells (897 and 907 cells) compared with that in the sShARNA-NC and
control groups. Data are expressed as the mean + SD, based on three independent experiments.
*p <0.05;* p<0.01.
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2.3. LOH-Activated HIF-2a-c-Myc Signaling Enhanced Noncanonical Gln Metabolism

To determine the role of HIF-2& and c-Myc in Gln metabolism, we transfected sShRNA
lentivirus targeted with c-Myc and shRNA targeted with HIF-2c into Kras®'?P and KrasG12P-
LOH cells, respectively. HIF-2«x or c-Myc silencing repressed GOT1 protein and mRNA
levels in KrasG'?P-LOH cells (p < 0.05 and p < 0.05, respectively; Figure 3a,b). LOH-activated
GOT!1 expression in KrasG1?P-LOH PDAC cells was independently repressed by sh-HIF-2«
or sh-c-Myc compared with that in the shRNA-NC and control groups. HIF-2e or c-Myc
knockdown significantly decreased Gln consumption in Kras®'?P-LOH PDAC cells (p < 0.01
and p < 0.05; Figure 3c). Moreover, we observed a reduction in NADPH levels in sh-HIF-2x-
and sh-c-Myc Kras¢1?P-LOH PDAC cells; specifically, improved NADP* ratios and reactive
oxygen species (ROS) levels were observed (p < 0.05, and p < 0.05, respectively; Figure 3d,e).
These findings suggest that inhibition of HIF-2¢ attenuated nonclassical GIn metabolism in
KrasG1?P-LOH pancreatic cancer cells, possibly in a c-Myc-dependent manner.
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Figure 3. KrasC1?’P-LOH-activated HIF-2a-c-Myc signaling regulates glutamine metabolism.
(a) Relative mRNA expression of GOT1 in sh-HIF-2«- or sh-c-Myc-transfected KrasG12P_LOH cells
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(897 and 907 cells) compared with that in the sShRNA-NC and control groups. (b) Relative protein ex-
pression of GOT1 in sh-HIF-2a- or sh-c-Myec-transfected KrasC1?P-LOH cells (897 and 907 cells)
compared with that in the shRNA-NC and control groups. (c) Glutamine consumption rate.
(d) NADPH:NADP* ratio. (e) Reactive oxygen species (ROS) levels. Data are expressed as the
mean + SD, based on three independent experiments. * p < 0.05; ** p < 0.01.

2.4. HIF-2a Knockdown Impaired KrasG'?P and KrasC'?P-LOH PDAC Cell Growth

As we confirmed that HIF-2« had a regulatory effect on nonclassical GIn metabolism,
we further investigated whether the malignant behavior of Kras®!?P-LOH PDAC cells
was associated with HIF-2« knockdown. CCK-8 analysis revealed that HIF-2« silencing
reduced the proliferation rate of sh-HIF-2c KrasC1?P cells and KrasG?P-LOH cells (p < 0.01;
Figure 4a). Similarly, a colony formation assay showed a decreased colony number in
Kras®12P PDAC cells and Kras®'?P-LOH PDAC cells (p < 0.05 and p < 0.01, respectively;
Figure 4b). Overall, HIF-2« knockdown halted the proliferation of both KrasG?P-LOH and
Kras®1?P PDAC cells.
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Figure 4. HIF-2a knockdown inhibits the proliferation of KrasG1?P and KrasG12P-LOH PDAC cells.
KrasG12D and KrasG12P-LOH PDAC cells were transfected with sh-HIF-2oc and shRNA-NC. (a) Cell
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viability according to CCK-8 assay. (b) Cell proliferation measured by colony formation assay. Data
are expressed as the mean =+ SD, based on three independent experiments. * p < 0.05; ** p < 0.01.

2.5. HIF-2a Knockdown Suppressed Invasion and Migration of Kras®'?P and KrasG1?P-LOH
PDAC Cells

According to the results of Transwell assay, HIF-2c silencing reduced the invasion of
Kras®1?P and Kras®1?P-LOH cells (p < 0.01; Figure 5a). Consistently, the sh-HIF-2« group
had a lower number of invaded Kras¢!?P and Kras®'?P-LOH cells than the sShARNA-NC and
control groups (p < 0.01; Figure 5b). These findings demonstrate that HIF-2« silencing can
inhibit the migration and invasion of Kras®!?P and Kras“!?P-LOH PDAC cells.

(a) Control shRNA-NC sh-HIF-2a

@@ Control
3 shRNA-NC
O sh-HF-2a

Invaded cell number

907

399

250- — 3 Control

3 shRNA-NC
200 3 sh-HF-2a
0 l__-"

Invaded cell number

403

(b)

897 hl.

500- = @@ Control

- 3 shRNA-NC
400- (3 O shHF-2a
300-

Migrated cell number

399

200 [ @ Control

[ shRNA-NC
150 L — O sh-HF-2a
100-

Migrated cell number

403 -

Figure 5. HIF-2« knockdown inhibits the invasion and migration of Kras¢?P and Kras“!?P-LOH
PDAC cells. Kras®?P and Kras¢'?P-LOH PDAC cells were transfected with sh-HIF-2« and shRNA-NC.

G12D

(a,b) The invasion and migration capacity of Kras¢?P and Kras“!?P-LOH cells according to Transwell

assays. Data are expressed as the mean =+ SD, based on three independent experiments. ** p < 0.01.
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2.6. HIF-2a Knockdown Increased Cell Cycle Arrest and Apoptosis of KrasC1?P and
Kras®1?P-LOH PDAC Cells

The cell cycle assay results showed that the proportion of cells in the S phase was
significantly lower in sh-HIF-2« Kras¢'?P-L.OH and sh-HIF-2« Kras®!?P groups than in
the control and shRNA-NC groups, whereas HIF-2« knockdown induced G1 phase arrest
(p < 0.01; Figure 6a). In addition, the sh-HIF-2« groups of Kras¢'?P-LOH and Kras©'?P
cells had an increased apoptosis rate (p < 0.01; Figure 6b). These results confirmed that the
proliferative capacity of Kras®'?P and Kras®'?P-LOH PDAC cells was inhibited following
HIF-2x knockdown.
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Figure 6. HIF-2x knockdown inhibits cell cycle progression and stimulates Kras and Kras
LOH PDAC cell apoptosis. Kras®12P and KrasC1?P-LOH PDAC cells were transfected with sh-HIF-2cx
and shRNA-NC. (a) Cell cycle distribution of Kras®?P and KrasC1?P-LOH cells. (b) Apoptosis rate of
Kras®1?P and Kras®12P-LOH cells. Data are expressed as the mean 4 SD, based on three independent
experiments. ** p < 0.01.
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2.7. Role of HIF-2 in Kras®'?P and KrasC'?P-LOH PDAC Cells In Vivo

We further demonstrated the exact role of HIF-2«x in malignant behavior and non-
classical GIn metabolism in vivo. After subcutaneous injection of HIF-2x-targeted shRNA-
infected cells into nude mice, we observed that the weight of the removed tumor in the
sh-HIF-2«x group was significantly lower than that in the shRNA-NC group (p < 0.05;
Figure 7a,b). In addition, immunohistochemistry revealed that HIF-2« silencing decreased
the number of Ki67-positive PDAC cells compared with that in the shRNA-NC group
(p < 0.01; Figure 7c). Consistent with the in vitro results, we noted that HIF-2« silencing
inhibited LOH-induced c-Myc and GOT1 expression at both mRNA and protein levels
(p <0.01; Figure 7d,e). Overall, these results demonstrate that HIF-2« silencing may re-
press the malignant phenotype of Kras¢'?P-LOH PDAC cells in vivo, and HIF-2a-c-Myc
signaling may regulate nonclassical GIn metabolism.
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Figure 7. HIF-20c knockdown represses the malignant phenotype of PDAC cells in vivo and regulates
the nonclassical glutamine metabolism. (a) Comparison between tumors removed from Kras¢?P-LOH
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and KrasG12D mice. (b) Weight of tumors removed from the KrasS12D_LOH and Kras“12P mice.
(c) Ki67 immunostaining of tumors. (d) Relative mRNA expression of c-Myc and GOT1 in KrasG12D_
LOH tumor tissues. (e) Relative protein expression of c-Myc and GOT1 in the Kras¢?P-LOH tumor
tissues. Data are expressed as the mean =+ SD, based on three independent experiments. * p < 0.05;
**p <0.01.

3. Discussion

This study mainly explored the role of HIF-2c in the Kras®!?P-LOH cell-mediated
malignant phenotype of pancreatic cancer. In particular, we investigated the downstream
targets of Kras®!?P-LOH and found that the protein and mRNA levels of HIF-2« in KrasG!2P-
LOH PDAC cells were significantly higher than those in Kras®!?P PDAC cells. These results
suggest that HIF-2 plays a key role in regulating the malignant phenotype and Gln
metabolism in KrasG1?P-LOH pancreatic cancer.

Hypoxia is among the fundamental factors regulating the HIF-signaling pathway [36].
Some studies have found that malignant tumor cells can promote the activation of the HIF-
signaling pathway by inducing HIF-2oc mRNA transcription, maintaining protein stability
and regulating upstream and downstream target genes in various pathways [37,38]. In
addition, mutation of VHL or inactivation of prolyl hydroxylase can promote HIF-2c
expression [39]. Prolyl hydroxylation can be inhibited by ROS, nitric oxide, and specific
oncogenes, such as activated RAS and v-Src [40,41]. The PI3K/AKT/mammalian target of
rapamycin (nTOR) pathway activates HIF signaling by increasing HIF-« subunit protein
translation [42]. Similarly, in the present study, we found that HIF-2« expression was
significantly higher in Kras®'?P-LOH pancreatic cancer cells than in Kras®!?P pancreatic
cancer cells under normoxia. Furthermore, the occurrence of LOH in Kras¢12P PDAC
cells was found to promote HIF-2« expression. The LOH for Kras¢!?P stabilizes HIF-2c
expression, which was confirmed in the experimental 897 and 907 cell lines without hypoxia
signaling. We successfully constructed sh-HIF-2« and shRNA-NC lentiviruses to transfect
Kras®1?P-LOH and Kras®'?P pancreatic cancer cells. The results showed that inhibition
of HIF-2ex can suppress the proliferation, migration, and invasion of Kras¢1?P-LOH and
Kras®1?P pancreatic cancer cells. Moreover, HIF-2« silencing can block the cell cycle and
promote apoptosis. Therefore, HIF-2« plays a crucial role in the regulation of malignant
phenotypes in KrasG?P-LOH and Kras©'?P pancreatic cancer cells.

Pancreatic cancer cells metabolize Gln via a nonclassical pathway. Gln-derived glu-
tamate yields aspartate through GOT1, which is then transferred to the cytoplasm to
produce oxaloacetate, malic acid, and pyruvate by MDH1 and ME1 [26]. In contrast
to those in KrasC1?P pancreatic cancer cells, the Gln uptake rate and NADPH/NADP*
ratio of KrasC'?P-LOH pancreatic cancer cells were significantly decreased after HIF-2a
downregulation, whereas ROS levels increased compared with those in the control and
ShRNA-NC groups. HIF-2a-mediated Gln metabolism was more apparent in Kras®!?P-
LOH PDAC cells. In addition, LOH activated c-Myc protein and mRNA levels, which had
a regulatory effect on Gln metabolism; moreover, HIF-2« downregulation inhibited c-Myc
expression. The suppression of HIF-2x or c-Myc significantly decreased GOT1 levels in
the GIn metabolic pathway compared with those in the control group. The occurrence
of LOH first increases HIF-2 expression; HIF-2« then enhances c-Myc activity, which
regulates GIn metabolism in a pathway independent of hypoxia. These results suggest
that HIF-2oc knockdown can significantly repress Gln metabolism in Kras¢?P-LOH pan-
creatic cancer cells in a manner dependent on c-Myc, without a significant change in GIn
metabolism in Kras®12P pancreatic cancer cells. Kras®'?P-LOH can promote GIn metabolism
in KrasC1?P-LOH pancreatic cancer cells by regulating the HIF-2a-c-Myc pathway, and
HIF-2« plays an important role in regulating Gln metabolism in Kras®'?P-LOH pancreatic
cancer cells. Furthermore, the regulatory trend of nonclassical Gln metabolism is con-
sistent with the malignant behavior of Kras¢!?P-LOH pancreatic cancer cells, suggesting
that KrasC1?P-LOH may regulate the malignant phenotype of pancreatic cancer through
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HIF-20¢/c-Myc-mediated GIn metabolism. However, the precise mechanism by which the
occurrence of LOH stimulates the HIF-2x pathway and hypoxia signaling requires further
exploration in future research. In addition, clinical data must be collected and analyzed to
confirm the regulatory role of HIF-2e in Kras?P-LOH PDAC. Although HIF-2c knock-
down results in a similar phenotype in Kras®!?P and Kras®1?P-LOH cells, this is not the
case for Kras®1?P-LOH cells. Because Kras®!?P-LOH cell lines have a higher proliferation
and metastasis capability, they were more effective at inhibiting the malignant phenotype
than Kras®12D cells after HIF-2ac knockdown. In addition, the regulation mechanism of
HIF-2« in Kras®!2P cell phenotypes requires further investigation. We hypothesize that
additional pathways regulate the malignant phenotype of KrasG>P and Kras¢2P-LOH cell
lines simultaneously.

In conclusion, the findings of this study suggest that HIF-2« silencing in Kras“!?P-LOH
pancreatic cancer cells significantly decreases Gln metabolism and inhibits cell proliferation
and invasion. Meanwhile, although downregulation of HIF-2x expression has minimal
effects on Gln metabolism in Kras®!?P pancreatic cancer cells, it inhibits cell proliferation
and invasion, suggesting that Kras®'?P-LOH regulates the malignant biological behavior of
pancreatic cancer in HIF-2o-mediated Gln metabolism. Therefore, HIF-2« can be activated
by Kras®?P-LOH to regulate Gln metabolism and participate in malignant phenotypes.

4. Materials and Methods
4.1. Cell Culture and Transfection

KrasC12P-(herein designated as 399 and 403 cells) and KrasC12P_LOH cells (herein
designated as 897 and 907 cells) were obtained from transgenic mice, generously provided
by Bo Kong (Technical University of Munich, Munich, Germany). As previously described,
all four cell lines are were isolated from transgenic p48©™/*; LSL-Kras®!?D/*; Tsc1f/+
mice [43]. The four experimental cell lines were cultured as described previously [19].
Four experimental PDAC cells were seeded in 96-well plates (1 X 10% cells/well) and
cultured until reaching 40-60% confluence. Transfection experiments were conducted
using lentiviruses (GenePharma Co., Shanghai, China) targeting HIF-2x or c-Myc with the
addition of 5 pg/mL polybrene, following the manufacturer’s instructions. Fresh medium
containing puromycin (2 ug/mL) was added daily for 2-3 weeks. HIF-2oc ShRNA sequences
were as follows: (sense, 5'-3') CGACAGAATCTTGGAACTGAT and (antisense, 5'-3’)
ATCAGTTCCAAGATTCTGTCG. c-Myc shRNA sequences were as follows: (sense, 5'-3')
GCCTACATCCTGTCCATTCAA and (antisense, 5'-3') TTGAATGGACAGGATGTAGGC.

4.2. Polymerase Chain Reaction (PCR)

RNAiso Plus reagent (Takara Biotechnology, Dalian, China) was applied for the
isolation of total RNA, and reverse-transcription of the isolated RNA to cDNA was
performed using an RT Master Mix for qPCR (MedChemExpress, Monmouth Junction,
NJ, USA), strictly following the manufacturer’s instructions. Genomic DNA was ex-
tracted using a PureLink™ Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA).
Real-time quantitative PCR was performed, and results were analyzed using an ABI
7500 PCR system (Thermo Fisher Scientific, Waltham, MA, USA) using SYBR Green
qPCR Master Mix (MedChemExpress). The primers used were as follows: HIF-2«, 5'-
ATCCCTATGGACGGCGAG-3' (forward), and 5-CAACTGCTGCGGGTACTTAT-3' (re-
verse); cMyc, 5-AAACGACAAGAGGCGGACAC-3' (forward) and 5'-
TGGTCACGCAGGGCAAAA-3 (reverse); GOT1, 5-CGAGTACCTGCCCATCCTG-3' (for-
ward) and 5-ACCATCGCCCTAAGAAGTCA-3' (reverse); and P-actin, 5'-
CACCCCATTTGATGTTAGTG-3' (forward) and 5-CCATTTGCAGTGGCAAAG-3' (re-
verse). In addition, PCR was performed on a StepOnePlus™ Real-Time PCR system to
distinguish the wide-type Kras and activated Kras¢'?P mutant alleles. Genotyping was
confirmed by agarose gel electrophoresis. The primers used were as follows: Krasboth,
5'-AGGCCTGCTGAAAATGACTG-3' (forward), and 5'-TGGT TCCCTAACACCCAGTT-
3/(reverse).
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4.3. Western Blotting

RIPA buffer, which contained a protease inhibitor (Cell Signaling Technology, Danvers,
MA, USA), was applied for cell lysis. The protein concentrations were determined using
a BCA protein assay kit (KeyGEN BioTECH, Nanjing, China). SDS-PAGE (8-10%) was
used to separate the proteins, which were then transferred to PVDF membranes (Merck
Millipore, Billerica, MA, USA). The primary antibodies included HIF-2« (1:500, ab109616,
Abcam, Cambridge, UK), c-Myc (1:500, #13987, Cell Signaling Technology), GOT1 (1:1000,
#14886-1-AP, Proteintech, Rosemont, IL, USA), and $-actin (1:5000, #AP0060, Bioworld,
Bloomington, MN, USA). Enhanced chemiluminescence (Merck Millipore) was used to
evaluate the signal, and analysis was performed using the ImagePro Plus software (Me-
dia Cybernetics, Rockville, MD, USA). Each target gene protein was semi-quantitatively
estimated, compared with 3-actin as an internal loading control.

4.4. Measurement of Gln Consumption, the NADPH:NADP* Ratio, and Intracellular ROS Levels

Four experimental cell lines were seeded in 6-well (10° /well) plates for 48 h. A col-
orimetric assay kit (Biovision, Milpitas, CA, USA), NADPH/NADP* assay kit (Jiancheng
Bioengineering Institute, Nanjing, China), and ROS detection kit (Jiancheng Bioengineering
Institute) were used to measure GIn consumption, the NADPH:NADP* ratio, and intracel-
lular ROS levels, respectively, according to the manufacturers’ instructions. The specific
methods were described previously [19].

4.5. Cell Viability, Colony Formation, Transwell, Cell Cycle, and Apoptosis Assays

The relevant methods are described in our previous studies [19] and the Supplemen-
tary Materials.

4.6. Xenograft Mouse Model

Female BALB/c nude mice (4 £ 1 week old, 14 + 5 g) were injected with 200 mL
(1 x 10° cells) of sh-HIF-2«-transfected Kras¢?P and Kras¢1?P-LOH cells. Additionally,
shRNA-NC cells (5 mice per group) were subcutaneously injected into the right axillary
fossa. Subsequently, each animal was sacrificed by cervical dislocation 14 days after
inoculation, and the tumors were retrieved. The animal experiments complied with the
ARRIVE guidelines and were approved by the Ethics Committee on Animal Care and Use
of Southeast University (No. 20200101003).

4.7. Immunohistochemistry

The tumors retrieved from BALB/c nude mice were fixed in formalin and embedded
in paraffin; 4 pm-thick sections were prepared. The sections were first incubated with a
primary antibody for Ki67 (1:200, 12202T, Cell Signaling Technology, Boston, MA, USA)
overnight at 4 °C and subsequently incubated at 37 °C for 30 min with a corresponding
secondary antibody (1:2000, 111-035-003, Jackson ImmunoResearch Inc, West Grove, PA,
USA) at 37 °C. Finally, the sections were re-stained with hematoxylin and observed under
a microscope (Nikon Eclipse, Tokyo, Japan).

4.8. GEPIA Database Analysis

Analysis of HIF-2ao mRNA expression in pancreatic cancer tissues and normal pan-
creatic tissues was conducted using the GEPIA (http://gepia.cancer-pku.cn/ accessed on
16 April 2021) database.

4.9. Statistical Analysis

All experiments were independently conducted at least three times. The results are
presented as the mean =+ standard deviation (SD). The obtained experimental data were
analyzed using one-way analysis of variance and Student’s t-test. The SPSS software (IBM
Corp., Armonk, NY, USA) was used for all experimental analyses. p-values < 0.05 were
considered statistically significant.


http://gepia.cancer-pku.cn/

Int. . Mol. Sci. 2022, 23, 6697 13 of 14

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ijms23126697 /s1.

Author Contributions: Conceptualization, YM., PH. and H.L.; formal analysis, Y.L. and M.H.;
investigation, Y.M. and S.L.; writing—original draft preparation, Y.M.; writing—review and editing,
B.K. and H.L.; supervision, PH. and H.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 81372152.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee on Animal Care and Use of Southeast University (No. 20200101003) and complied with
the ARRIVE guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Frappart, P.O.; Hofmann, T.G. Pancreatic ductal adenocarcinoma (PDAC) organoids: The shining light at the end of the tunnel for
drug response prediction and personalized medicine. Cancers 2020, 12, 2750. [CrossRef] [PubMed]

2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer ]. Clin. 2019, 69, 7-34. [CrossRef] [PubMed]

3.  Siegel, RL.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer ]. Clin. 2020, 70, 7-30. [CrossRef]

4.  Gillen, S.; Schuster, T.; Biischenfelde, C.M.Z.; Friess, H.; Kleeff, J. Preoperative/neoadjuvant therapy in pancreatic cancer: A
systematic review and meta-analysis of response and resection percentages. PLoS Med. 2010, 7, e1000267. [CrossRef] [PubMed]

5. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer ]. Clin. 2018, 68, 7-30. [CrossRef] [PubMed]

6. Qian, Y,; Gong, Y; Fan, Z; Luo, G.; Huang, Q.; Deng, S.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X,; et al. Molecular alterations and targeted
therapy in pancreatic ductal adenocarcinoma. J. Hematol. Oncol. 2020, 13, 130. [CrossRef]

7. Grant, TJ.; Hua, K; Singh, A. Molecular pathogenesis of pancreatic cancer. Prog. Mol. Biol. Transl. Sci. 2016, 144, 241-275.

8.  Kanda, M.; Matthaei, H.; Wu, J.; Hong, S.M.; Yu, J.; Borges, M.; Hruban, R.H.; Maitra, A.; Kinzler, K.; Vogelstein, B.; et al. Presence
of somatic mutations in most early-stage pancreatic intraepithelial neoplasia. Gastroenterology 2012, 142, 730-733.e9. [CrossRef]

9.  Waters, A.M,; Der, C.J. KRAS: The critical driver and therapeutic target for pancreatic cancer. Cold Spring Harb. Perspect. Med.
2018, 8, a031435. [CrossRef]

10. Hou, P; Ma, X; Yang, Z.; Zhang, Q.; Wu, C.J; Li, J,; Tan, L.; Yao, W.; Yan, L.; Zhou, X,; et al. USP21 deubiquitinase elevates
macropinocytosis to enable oncogenic KRAS bypass in pancreatic cancer. Genes Dev. 2021, 35, 1327-1332. [CrossRef]

11.  Vigil, D,; Cherfils, J.; Rossman, K.L.; Der, C.J. Ras superfamily GEFs and GAPs: Validated and tractable targets for cancer therapy?
Nat. Rev. Cancer 2010, 10, 842-857. [CrossRef] [PubMed]

12.  Jones, S.; Zhang, X.; Parsons, D.W,; Lin, J.C.H.; Leary, R.J.; Angenendt, P.; Mankoo, P; Carter, H.; Kamiyama, H.; Jimeno, A.;
et al. Core signaling pathways in human pancreatic cancers revealed by global genomic analyses. Science 2008, 321, 1801-1806.
[CrossRef] [PubMed]

13. Biankin, A.V.; Waddell, N.; Kassahn, K.S.; Gingras, M.C.; Muthuswamy, L.B.; Johns, A.L.; Miller, D.K.; Wilson, P.J.; Patch, A.M.;
Wau, ].; et al. Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes. Nature 2012, 491, 399-405. [CrossRef]
[PubMed]

14. Sausen, M.; Phallen, J.; Adleff, V,; Jones, S.; Leary, R.].; Barrett, M.T.; Anagnostou, V.; Parpart-Li, S.; Murphy, D.; Li, Q.K,; et al.
Clinical implications of genomic alterations in the tumour and circulation of pancreatic cancer patients. Nat. Commun. 2015, 6,
7686. [CrossRef]

15. Velasco, A.; Pallares, J.; Santacana, M.; Yeramian, A.; Dolcet, X,; Eritja, N.; Puente, S.; Sorolla, A.; Llecha, N.; Matias-Guiu, X. Loss
of heterozygosity in endometrial carcinoma. Int. J. Gynecol. Pathol. 2008, 27, 305-317. [CrossRef]

16. Brown, J.; Bush, L.; Bozon, ].; Su, T.T. Cells with loss-of-heterozygosity after exposure to ionizing radiation in Drosophila are
culled by p53-dependent and p53-independent mechanisms. PLoS Genet. 2020, 16, e1009056. [CrossRef]

17.  Shen, X.; Chang, L.G.; Hu, M.Y,; Yan, D.; Zhou, L.N.; Ma, Y,; Ling, SK,; Fu, Y.Q.; Zhang, S.Y.; Kong, B.; et al. Kras®12P-LOH
promotes malignant biological behavior and energy metabolism of pancreatic ductal adenocarcinoma cells through the mTOR
signaling pathway. Neoplasma 2018, 65, 81-88. [CrossRef]

18. Hu, M,; Chen, X.;; Ma, L.; Ma, Y.; Li, Y,; Song, H.; Xu, ].; Zhou, L.; Li, X,; Jiang, Y.; et al. AMPK inhibition suppresses the malignant

phenotype of pancreatic cancer cells in part by attenuating aerobic glycolysis. J. Cancer 2019, 10, 1870-1878. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23126697/s1
http://doi.org/10.3390/cancers12102750
http://www.ncbi.nlm.nih.gov/pubmed/32987786
http://doi.org/10.3322/caac.21551
http://www.ncbi.nlm.nih.gov/pubmed/30620402
http://doi.org/10.3322/caac.21590
http://doi.org/10.1371/journal.pmed.1000267
http://www.ncbi.nlm.nih.gov/pubmed/20422030
http://doi.org/10.3322/caac.21442
http://www.ncbi.nlm.nih.gov/pubmed/29313949
http://doi.org/10.1186/s13045-020-00958-3
http://doi.org/10.1053/j.gastro.2011.12.042
http://doi.org/10.1101/cshperspect.a031435
http://doi.org/10.1101/gad.348787.121
http://doi.org/10.1038/nrc2960
http://www.ncbi.nlm.nih.gov/pubmed/21102635
http://doi.org/10.1126/science.1164368
http://www.ncbi.nlm.nih.gov/pubmed/18772397
http://doi.org/10.1038/nature11547
http://www.ncbi.nlm.nih.gov/pubmed/23103869
http://doi.org/10.1038/ncomms8686
http://doi.org/10.1097/PGP.0b013e31815daf1a
http://doi.org/10.1371/journal.pgen.1009056
http://doi.org/10.4149/neo_2018_170224N142
http://doi.org/10.7150/jca.28299

Int. . Mol. Sci. 2022, 23, 6697 14 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.
39.

40.
41.

42.

43.

Ma, Y; Li, Y;; Ling, S.; Li, X.; Kong, B.; Hu, M.; Huang, P. Loss of heterozygosity for Kras®12D promotes REDD1-dependent,
non-canonical glutamine metabolism in pancreatic ductal adenocarcinoma. Biochem. Biophys. Res. Commun. 2020, 526, 880-888.
[CrossRef]

Warburg, O. On the origin of cancer cells. Science 1956, 123, 309-314. [CrossRef]

Xu, P; Oosterveer, M.H.; Stein, S.; Demagny, H.; Ryu, D.; Moullan, N.; Wang, X.; Can, E.; Zamboni, N.; Comment, A.; et al. LRH-1
dependent programming of mitochondrial glutamine processing drives liver cancer. Genes Dev. 2016, 30, 1255-1260. [CrossRef]
[PubMed]

Rubin, H. Deprivation of glutamine in cell culture reveals its potential for treating cancer. Proc. Natl. Acad. Sci. USA 2019, 116,
6964-6968. [CrossRef]

Cluntun, A.A.; Lukey, M.].; Cerione, R.A.; Locasale, ]. W. Glutamine metabolism in cancer: Understanding the heterogeneity.
Trends Cancer 2017, 3, 169-180. [CrossRef] [PubMed]

Recouvreux, M.V.; Moldenhauer, M.R.; Galenkamp, K.M.O.; Jung, M.; James, B.; Zhang, Y.; Lowy, A.; Bagchi, A.; Commisso,
C. Glutamine depletion regulates Slug to promote EMT and metastasis in pancreatic cancer. J. Exp. Med. 2020, 217, €20200388.
[CrossRef]

Reyes-Castellanos, G.; Masoud, R.; Carrier, A. Mitochondrial metabolism in PDAC: From better knowledge to new targeting
strategies. Biomedicines 2020, 8, 270. [CrossRef] [PubMed]

Son, J.; Lyssiotis, C.A.; Ying, H.; Wang, X.; Hua, S.; Ligorio, M.; Perera, RM.; Ferrone, C.R.; Mullarky, E.; Shyh-Chang, N.;
et al. Glutamine supports pancreatic cancer growth through a KRAS-regulated metabolic pathway. Nature 2013, 496, 101-105.
[CrossRef]

Kim, Y.E,; Lee, M.; Gu, H,; Kim, J.; Jeong, S.; Yeo, S.; Lee, Y.J.; Im, S.H.; Sung, Y.C.; Kim, H.J.; et al. HIF-1« activation in myeloid
cells accelerates dextran sodium sulfate-induced colitis progression in mice. Dis. Models Mech. 2018, 11, dmm033241. [CrossRef]
Albadari, N.; Deng, S.; Li, W. The transcriptional factors HIF-1 and HIF-2 and their novel inhibitors in cancer therapy. Expert
Opin. Drug Discov. 2019, 14, 667-682. [CrossRef]

Wang, Q.; He, Z.; Huang, M.; Liu, T.; Wang, Y.; Xu, H.; Duan, H.; Ma, P; Zhang, L.; Zamvil, S.S.; et al. Vascular niche IL-6 induces
alternative macrophage activation in glioblastoma through HIF-2o.. Nat. Commun. 2018, 9, 559. [CrossRef]

Gastelum, G.; Poteshkina, A.; Veena, M.; Artiga, E.; Weckstein, G.; Frost, P. Restoration of the prolyl-hydroxylase domain protein-3
oxygen-sensing mechanism is responsible for regulation of HIF-2« expression and induction of sensitivity of myeloma cells to
hypoxia-mediated apoptosis. PLoS ONE 2017, 12, e0188438. [CrossRef]

Cheng, K.J.; Bao, Y.Y.; Zhou, S.H. The role of hypoxia inducible factor in nasal inflammations. Eur. Rev. Med. Pharmacol. Sci. 2016,
20, 5067-5076. [PubMed]

Huang, L.; Liu, C.; Deng, Y.; Liu, Y.; Zhao, J.; Huang, X.; Tang, W.; Sun, Y.; Qin, X.; Li, S. Association of hypoxia-inducible factor-2
alpha gene polymorphisms with the risk of hepatitis B virus-related liver disease in Guangxi Chinese: A case-control study.
PLoS ONE 2016, 11, e0158241. [CrossRef]

Pérez-Escuredo, J.; Dadhich, R.K,; Dhup, S.; Cacace, A.; Van Hée, V.E; De Saedeleer, C.J.; Sboarina, M.; Rodriguez, F; Fontenille,
M.].; Brisson, L.; et al. Lactate promotes glutamine uptake and metabolism in oxidative cancer cells. Cell Cycle 2016, 15, 72-83.
[CrossRef] [PubMed]

Li, W,; Chen, C.; Zhao, X;; Ye, H.; Zhao, Y.; Fu, Z.; Pan, W.; Zheng, S.; Wei, L.; Nong, T.; et al. HIF-2« regulates non-canonical
glutamine metabolism via activation of PI3K/mTORC2 pathway in human pancreatic ductal adenocarcinoma. J. Cell. Mol. Med.
2017, 21, 2896-2908. [CrossRef] [PubMed]

Gao, P; Tchernyshyov, I.; Chang, T.C.; Lee, Y.S.; Kita, K.; Ochi, T.; Zeller, K.I.; De Marzo, A.M.; Van Eyk, J.E.; Mendell, ].T.; et al.
c-Myec suppression of miR-23a/b enhances mitochondrial glutaminase expression and glutamine metabolism. Nature 2009, 458,
762-765. [CrossRef] [PubMed]

Mennerich, D.; Kubaichuk, K.; Kietzmann, T. DUBs, hypoxia, and cancer. Trends Cancer 2019, 5, 632-653. [CrossRef]
Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-inducible factors and the response to hypoxic stress. Mol. Cell 2010, 40,
294-309. [CrossRef]

Suzuki, N.; Gradin, K.; Poellinger, L.; Yamamoto, M. Regulation of hypoxia-inducible gene expression after HIF activation.
Exp. Cell Res. 2017, 356, 182-186. [CrossRef]

Gkagkalidis, K.; Kampantais, S.; Dimitriadis, G.; Gourvas, V.; Kapoukranidou, D.; Mironidou-Tzouveleki, M. Expression of
HIF-2a in clear-cell renal cell carcinoma independently predicts overall survival. Med. Mol. Morphol. 2020, 53, 229-237. [CrossRef]
Kaelin, W.G. Proline hydroxylation and gene expression. Annu. Rev. Biochem. 2005, 74, 115-128. [CrossRef]

Mohlin, S.; Wigerup, C.; Jogi, A.; Pahlman, S. Hypoxia, pseudohypoxia and cellular differentiation. Exp. Cell Res. 2017, 356,
192-196. [CrossRef] [PubMed]

Fukuda, R.; Hirota, K.; Fan, F,; Jung, Y.D.; Ellis, L.M.; Semenza, G.L. Insulin-like growth factor 1 induces hypoxia-inducible factor
1-mediated vascular endothelial growth factor expression, which is dependent on MAP kinase and phosphatidylinositol 3-kinase
signaling in colon cancer cells. J. Biol. Chem. 2002, 277, 38205-38211. [CrossRef] [PubMed]

Kong, B.; Wu, W.; Cheng, T.; Schlitter, A.M.; Qian, C.; Bruns, P; Jian, Z.; Jager, C.; Regel, L; Raulefs, S.; et al. A subset of metastatic
pancreatic ductal adenocarcinomas depends quantitatively on oncogenic Kras/Mek/Erk-induced hyperactive mTOR signalling.
Gut 2016, 654, 647-657. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbrc.2020.03.137
http://doi.org/10.1126/science.123.3191.309
http://doi.org/10.1101/gad.277483.116
http://www.ncbi.nlm.nih.gov/pubmed/27298334
http://doi.org/10.1073/pnas.1815968116
http://doi.org/10.1016/j.trecan.2017.01.005
http://www.ncbi.nlm.nih.gov/pubmed/28393116
http://doi.org/10.1084/jem.20200388
http://doi.org/10.3390/biomedicines8080270
http://www.ncbi.nlm.nih.gov/pubmed/32756381
http://doi.org/10.1038/nature12040
http://doi.org/10.1242/dmm.033241
http://doi.org/10.1080/17460441.2019.1613370
http://doi.org/10.1038/s41467-018-03050-0
http://doi.org/10.1371/journal.pone.0188438
http://www.ncbi.nlm.nih.gov/pubmed/28051265
http://doi.org/10.1371/journal.pone.0158241
http://doi.org/10.1080/15384101.2015.1120930
http://www.ncbi.nlm.nih.gov/pubmed/26636483
http://doi.org/10.1111/jcmm.13202
http://www.ncbi.nlm.nih.gov/pubmed/28544376
http://doi.org/10.1038/nature07823
http://www.ncbi.nlm.nih.gov/pubmed/19219026
http://doi.org/10.1016/j.trecan.2019.08.005
http://doi.org/10.1016/j.molcel.2010.09.022
http://doi.org/10.1016/j.yexcr.2017.03.013
http://doi.org/10.1007/s00795-020-00249-3
http://doi.org/10.1146/annurev.biochem.74.082803.133142
http://doi.org/10.1016/j.yexcr.2017.03.007
http://www.ncbi.nlm.nih.gov/pubmed/28284840
http://doi.org/10.1074/jbc.M203781200
http://www.ncbi.nlm.nih.gov/pubmed/12149254
http://doi.org/10.1136/gutjnl-2014-307616
http://www.ncbi.nlm.nih.gov/pubmed/25601637

	Introduction 
	Results 
	KrasG12D-LOH Elevated HIF-2 Expression in PDAC Cells at Both Protein and mRNA Levels 
	KrasG12D-LOH Triggered HIF-2-Dependent c-Myc Activation 
	LOH-Activated HIF-2-c-Myc Signaling Enhanced Noncanonical Gln Metabolism 
	HIF-2 Knockdown Impaired KrasG12D and KrasG12D-LOH PDAC Cell Growth 
	HIF-2 Knockdown Suppressed Invasion and Migration of KrasG12D and KrasG12D-LOH PDAC Cells 
	HIF-2 Knockdown Increased Cell Cycle Arrest and Apoptosis of KrasG12D and KrasG12D-LOH PDAC Cells 
	Role of HIF-2 in KrasG12D and KrasG12D-LOH PDAC Cells In Vivo 

	Discussion 
	Materials and Methods 
	Cell Culture and Transfection 
	Polymerase Chain Reaction (PCR) 
	Western Blotting 
	Measurement of Gln Consumption, the NADPH:NADP+ Ratio, and Intracellular ROS Levels 
	Cell Viability, Colony Formation, Transwell, Cell Cycle, and Apoptosis Assays 
	Xenograft Mouse Model 
	Immunohistochemistry 
	GEPIA Database Analysis 
	Statistical Analysis 

	References

