CANCER RESEARCH | METABOLISM AND CHEMICAL BIOLOGY

MTAP Deficiency-Induced Metabolic Reprogramming
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Methylthioadenosine phosphorylase (MTAP) is a key enzyme
associated with the salvage of methionine and adenine that is
deficient in 20% to 30% of pancreatic cancer. Our previous study
revealed that MTAP deficiency indicates a poor prognosis
for patients with pancreatic ductal adenocarcinoma (PDAC). In
this study, bioinformatics analysis of The Cancer Genome Atlas
(TCGA) data indicated that PDACs with MTAP deficiency display
a signature of elevated glycolysis. Metabolomics studies showed
that that MTAP deletion-mediated metabolic reprogramming
enhanced glycolysis and de novo purine synthesis in pancreatic
cancer cells. Western blot analysis revealed that MTAP knockout
stabilized hypoxia-inducible factor 1ow (HIF1o) protein via post-
translational phosphorylation. RIO kinase 1 (RIOK1), a down-

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the second most
common gastrointestinal malignancy in the United States, with a
five-year survival rate of approximately 10% (1). Clinically, due to
early metastasis and invasion to nearby and distal organs in patients
with PDAC, the prognosis is poor (2). In addition, drug resistance to
traditional chemotherapy and the poor efficacy of targeted therapy
drugs also contribute to an unsatisfactory prognosis (3). The different
phenotypic characteristics of pancreatic cancers determine tumor
proliferation, invasion, metastasis and metabolic reprogramming, and
the underlying cause of the different phenotypes lies in genotypic
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stream kinase upregulated in MTAP-deficient cells, interacted with
and phosphorylated HIF1o to regulate its stability. In vitro experi-
ments demonstrated that the glycolysis inhibitor 2-deoxy-p-glucose
(2-DG) and the de novo purine synthesis inhibitor r-alanosine
synergized to kill MTAP-deficient pancreatic cancer cells. Collec-
tively, these results reveal that MTAP deficiency drives pancreatic
cancer progression by inducing metabolic reprogramming, provid-
ing a novel target and therapeutic strategy for treating MTAP-
deficient disease.

Significance: This study demonstrates that MTAP status impacts
glucose and purine metabolism, thus identifying multiple novel
treatment options against MTAP-deficient pancreatic cancer.

variations (4, 5). PDAC progression develop through a multistage
process with the accumulation of loss-of-function mutations of P53,
SMAD4, and CDKN2A (6). The CDKN2A gene is located at the
chromosome 9p21 locus and is proximal to methylthioadenosine
phosphorylase (MTAP) in the genome (7). Approximately 15% of all
tumor types contain the short-arm deletion of chromosome 9p21 (8),
and 80% to 90% of CDKN2A gene deletion tumors have homozygous
codeletion of MTAP (9). It is worth noting that MTAP deficiency in
PDAC has been investigated by Hustinx and colleagues and found to
occur in approximately 30% of all analyzed cases (10). The role of
CDKN2A in PDAC has been well studied, but MTAP has been much
less explored.

MTAP is a key metabolic enzyme involved in the methionine
salvage pathway (11). The natural substrate methylthioadenosine
(MTA) is catalyzed by MTAP to produce methionine and adenine (12).
In MTAP-deficient cancer cells, the salvage pathway for methionine
and adenine is absent and caused by decreased MTA catabolism. These
components are involved in cellular energy homeostasis, DNA syn-
thesis, and protein synthesis (13). A series of therapeutic strategies
have been developed for the metabolic defects in MTAP-deficient
tumors, to inhibit tumor progression. For example, MTAP-deficient
cells are more susceptible to de novo purine synthesis and methionine
deprivation inhibitors than MTAP-positive cells (14). Recent studies
demonstrated that the absence of MTAP in cancer cells creates
vulnerability by targeting the MAT2A/PRMTS5/RIO kinase 1 (RIOK1)
axis, indicating that this axis may be utilized to develop novel strategies
against MTAP-deficient cancers (15-17). These results suggested that
MTAP deletion may create metabolic vulnerability with decreased
MTA catabolism, which is bad for malignant proliferative cancer cells.
However, mounting evidence in cancers such as malignant melanoma,
osteosarcoma, gastrointestinal stromal tumors, the Ewing sarcoma
family of tumors and lung cancer demonstrates that MTAP deletions
confer malignant properties to cancer cells and are associated with an
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unfavorable prognosis (18-22). Therefore, it is of high necessity to
explore the mechanism by which MTAP deficiency results in defects in
MTA metabolism but tends to be associated with more malignant
properties. By using pancreatic cancer characterized by high frequen-
cies of MTAP deficiency, we explored the roles of MTAP-loss in
governing the metabolism and maintenance of malignancies.

In this study, our survival analysis of The Cancer Genome Atlas
(TCGA) dataset revealed that PDAC patients with deep deletion of
MTAP displayed worse overall survival (OS) and disease-free survival
(DES) compared with patients without alteration or with amplification
of MTAP. Consistent with the TCGA analysis, we demonstrated by
IHC staining that patient with lower MTAP expression exhibited
worse prognoses. Gene-set enrichment analysis (GSEA) results dem-
onstrated that the glycolysis pathway was the most significantly
enriched pathway in patients with PDAC with deep deletion of MTAP.
A series of experiments were conducted in vitro and in vivo further
validated the roles of MTAP in glycolytic regulation in pancreatic
cancer cells. Our mechanistic study revealed that RIOK1 expression
was increased in MTAP-deficient pancreatic cancer cells and that
RIOK1 phosphorylates and stabilizes hypoxia-inducible factor 1o
(HIF10t). Moreover, metabolomics studies revealed that MTAP-
deficient pancreatic cancer cells exhibit increased glycolysis and de
novo purine synthesis to compensate for the metabolic defects caused
by the weakened purine salvage pathway. Finally, we found that the
glycolysis inhibitor 2-DG and the de novo purine synthesis inhibitor L-
alanosine synergized to kill pancreatic cancer cells with MTAP loss.
Collectively, these results reveal novel roles of MTAP loss in pancreatic
cancer and provide possible targetable molecular mechanisms and
strategies for treating MTAP-deficient pancreatic cancer.

Materials and Methods

Cell culture

Human pancreatic cancer cell lines including CFPAC-1, PANC-1,
MIA PaCa-2, AsPC-1, and SW1990 cells were purchased from the
ATCC in 2018 and were cultured according to standard protocols
provided by the ATCC. PANC-1, MIA PaCa-2, and SW1990 cells were
cultured in DMEM. AsPC-1 cells were cultured in RPMI1640 medium.
CFPAC-1 cells were cultured in IMDM. All cell culture media were
supplemented with 10% FBS and 1% antibiotics. Human pancreatic
ductal epithelial cell line (HPDE) cells were cultured in keratinocyte
serum-free (KSF) medium supplemented with EGF and bovine pitu-
itary extract (Life Technologies; refs. 23, 24). We performed short
tandem repeat (STR) profiling to identify all cell lines in this study. All
cells were cultured in an incubator with 5% CQO, at 37°C and confirmed
to be free of Mycoplasma contamination.

Western blotting

Cells were lysed with RIPA lysis buffer (P0013B, Beyotime Bio-
technology Company) supplemented with protease and phosphatase
inhibitors (MedChemExpress) for 15 minutes on ice. Protein con-
centrations in cell lysates were measured with a BCA protein assay kit
(P0012, Beyotime Biotechnology Company, Shanghai). Total protein
lysates of different samples were separated on 8%-12% SDS-
polyacrylamide gels and then electrophoretically transferred to poly-
vinylidene difluoride (PVDF) membranes (set the power supply to
100V for 1 hour at 4°C). PVDF membranes were blocked with buffer
and subsequently incubated with specific antibodies at 4°C overnight
or 2 hours at room temperature. The following antibodies were used in
this study: anti-B-actin (1:4,000, ab8227, Abcam), anti-MTAP
(1:1,000, 11475-1-AP, ProteinTech), anti-HIF1o (1:1,000, 20960-1-
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AP, ProteinTech), anti-hydroxy-HIF1o (1:1,000, #3434, Cell Signaling
Technology), anti-RIOK1 (1:1,000, 17222-1-AP, ProteinTech), anti-
Flag (1:5,000, 20543-1-AP, ProteinTech), anti-HA (1:5,000, 51064-2-
AP, ProteinTech), anti-phospho-serine (1:1,000, ICP-9806, Nanning
Languang Biotechnology) and anti-phospho-threonine (1:1,000, ICP-
9807, Nanning Languang Biotechnology).

RNA extraction and quantitative real-time PCR

Total RNA was extracted from cells by using TRIzol reagent
(Invitrogen) and subsequently reverse transcribed into cDNA with
TaKaRa’s Prime Script RT kit. An ABI 7900HT Real-Time PCR system
was used to determine the expression status of designated genes by
reverse transcription-polymerase chain reaction (RT-PCR). The
274% method was applied to calculate mRNA expression levels, and
the levels were normalized to B-actin. Primers used were listed in
Supplementary Table S1.

Plasmids

To overexpress MTAP, MTAPP#%4 RIOK1, and RIOKIM™ (cat-
alytically dead mutant cDNAs), the pCDH-CMV-MCS-EF1-Puro
vector (System Biosciences) was used. The lentiCRISPRv2 vector
(Addgene plasmid # 52961) was used to knockout MTAP expres-
sion (11, 25). To knockdown RIOK1 and HIFlq, the pLKO.1 TRC
cloning vector (Addgene plasmid # 10878) was used (26). The two
target sequences for RIOK1 knockdown are GCAGATATGTATCG-
CATCAAA and CCAGACTGTTACAGGATTGAA, respectively. The
target sequence for HIFlow knockdown is CGGCGAAGTAAA-
GAATCTGAA. Related shRNA- or cDNA-expressing cell pools were
selected with puromycin after viral transduction. Related shRNA- or
cDNA-expressing cell pools were selected with puromycin after viral
transduction.

Cellular assay

To observe the proliferation of cells, we assessed cell viability by
using CCK-8 assay, colony formation assay and ICs, assessment. Cell
viability was assessed with a CCK-8 Kit according to standard pro-
tocols provided by the manufacturer (Dojindo Molecular Technolo-
gies). At each experimental time point, add 10 uL of CCK-8 solution to
each well and incubate for 1-2 hours. Plates were read at 450 nm on a
multimode microplate reader. For the colony formation assay, 1,000
cells were plated in 6-well plate and cultured for 14 days. The number
of colonies was counted under an inverted microscope. For the ICsq
assessment, cells were seeded in 96-well plate and treated with
the indicated inhibitors (1-alanosine, MCE, HY-16933; 2-deoxy-p-
glucose, MCE, HY-13966). The viable cells were counted with the
CCK-8 kit, and the absorbance at 450 nm was read on a spectropho-
tometer. % cytotoxicity = [1 — (absorbance of the experimental well
— absorbance of the blank)/(absorbance of the untreated control
well — absorbance of the blank)] x 100. We used the above formula
for mathematical calculations. The concentration of the drug required
to inhibit cell growth by 50% (ICs,) was determined by the concen-
tration-response curve.

Tumorigenesis study

BALB/c-nu mice (4-5 weeks of age, 18-20 g, Shanghai Laboratory
Animal Center) were housed in sterile, filter-capped cages. 4 x 10°
control and MTAP-overexpressing MIA PaCa-2 cells in 100 UL of PBS
were injected subcutaneously into the left and right flanks of mice. The
flanks of six other mice were injected subcutaneously with 4 x 10°
CFPAC-1 cells (right/MTAP-knockout and left/ MTAP wild type) in
100 uL PBS. Five weeks after implantation of the subcutaneous tumor,
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the mice were prepared for microPET/CT scanning after 6-8 hours of
fasting. After scanning, we euthanized the mice and removed the
subcutaneous tumors intact. The animal experiments in this study
were performed strictly in accordance with the guidelines for the care
and use of experimental animals and were approved by IACUC of
Fudan University (Shanghai, China).

MicroPET/CT imaging

An Inveon MicroPET/CT instrument (Siemens Medical Solutions)
was used for MicroPET/CT scanning and image analysis. Each mouse
with subcutaneous tumor was injected with 11.1 MBq (300 pCi) of
18F-FDG via the tail vein. The mice were anesthetized with isoflurane
for microPET/CT scanning starting at 2 hours after injection. Inveon
Research Workplace was used to obtain the percentage injected dose
per gram (%ID/g) and SUVs. The SUV,,,, was calculated using
standard methods according to our previous report (27). We included
six subcutaneous tumors in each experimental group and the control
group for statistical analysis of SUV .« value.

Metabolism assays

To investigate whether MTAP deletion regulates glycolysis and
mitochondrial respiration in pancreatic cancer cells, we performed the
extracellular acidification rate (ECAR) measurements and the oxygen
consumption rate (OCR) measurements using Seahorse Extracellular
Flux analyzer according to the manufacturer’s instructions for the
Seahorse Glycolysis Stress Test Kit and XF Cell Mito stress test kit.

Gas chromatography time-of-flight mass spectrometry (GC-TOF/
MS) and liquid chromatography-coupled tandem mass spectrometry
(LC-MS/MS) were performed to measure small-molecule metabolites
followed by unsupervised hierarchical clustering. Metabolomics assays
were conducted by Metabo-Profile (28). Data were analyzed using the
iMAP platform (v1.0; Metabo-Profile) and MetaboAnalyst 4.0 (29).
The whole relationship was visualized using a Z-score heat map.

Tumor glucose uptake analysis of patients with pancreatic
cancer

SUV max reflected glucose uptake capacity by assessing 18F-FDG
uptake via PET/CT imaging. To investigate the correlation between
MTAP expression level and glucose uptake, we collected the SUV ,.¢
data of tumors in patients with pancreatic cancer. The SUV ., was
calculated according to our previous reports (27).

Measurement of HIF1a protein half-life

To assess the protein stability of HIF1a,, cycloheximide was used to
inhibit protein synthesis, and protein lysates were harvested at the
indicated time points. Western blotting for HIF1o and B-actin were
performed, and the band intensities were quantified using Image]
software (30).

Protein interaction assay

The protein interactions were validated via a co-immuno-
precipitation (co-IP) assay (31), and protein colocalization in the cells
was confirmed via Immunofluorescence (32). For the co-IP assays,
cells were washed with ice-cold PBS and solubilized in RIPA lysis
buffer (P0013B, Beyotime Biotechnology Company) that contained
protease and phosphatase inhibitors. An equal amount of each protein
lysate was incubated with the indicated antibody (anti-HIFlow poly-
clonal antibody, 20960-1-AP, ProteinTech; anti-RIOK1 polyclonal
antibody, ab88496, Abcam; anti-Flag, 20543-1-AP Proteintech; anti-
HA, 51064-2-AP, Proteintech) for 6-8 hours at 4°C, followed by
incubation with Pierce Protein A/G magnetic beads for another
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2 hours. After washing 4-6 times to eliminate nonspecific protein
binding, the immune complexes were performed Western blot analysis
after denaturation in SDS-loading buffer. For the immunofluorescence
experiments, cells were plated onto glass coverslips. We used 4%
paraformaldehyde to fixed pancreatic cancer cells. The cells were
permeabilized with 0.1% Triton X-100 and blocked for 1 hour at
room temperature in PBS containing 1% BSA. The cells were then
incubated with the indicated primary antibodies (anti-HIFlow anti-
body, 1:100, ab179483, Abcam; RIOK1 polyclonal antibody, 1:500,
ab254723, Abcam) in blocking buffer at 4°C for overnight. After
washing three times with PBS, the cells were then incubated with the
indicated fluorophore-conjugated secondary antibodies at room tem-
perature for another 1 hour. After washing with PBS, the cells were
mounted with antifade solution with DAPI. The localization status of
the indicated proteins was observed using Confocal Microscopy. For
GST pull-down experiments, we generated recombinant His-tagged
RIOK1 and GST-tagged HIF1a proteins in bacteria. The expression
plasmids pET28a-RIOK1 and pGEX-4T-1-HIF1o were transformed
into BL21 (DE3) cells and induced with IPTG to produce the relevant
proteins. GST pulldown assays were performed as described
previously (33).

Synergy
Synergism between 2-DG and L-alanosine were assessed using the
Chou-Talalay method with CompuSyn software (34).

Tissue specimens and IHC staining

Clinical information of TMAs samples was acquired from patients
with PDAC who underwent surgical resection at Fudan University
Shanghai Cancer Center (FUSCC). All of the patients were informed
written consent and the studies were conducted in accordance with the
Declaration of Helsinki ethical guidelines and approved by the Insti-
tutional Research Ethics Committee of FUSCC. Postoperative follow-
ups were conducted by Huanyu Xia. MTAP and HIFlo expression
levels were calculated by multiplying the positivity and intensity scores
according to our previous report (35). The expression levels according
to the results of IHC scoring were classified as follows: negative (0, —),
weakly positive (1-4, +), moderately positive (6-8, ++), and strongly
positive (9-12, +++). Then, the patients were divided into two groups
(scores < 6, low expression; scores > 6, high expression). IHC staining
of MTAP and HIFlo. were performed according to standard proce-
dures. Slides were deparaffinized, rehydrated, and treated with 3%
H,0,. Antigen retrieval was performed in a pressure cooker for 15
minutes in Antigen Retrieval Citra Solution. The slides were then
incubated with peroxidase blocking reagent for 15 minutes. After
blocking for 1 hour at room temperature, the slides were incubated
with the indicated antibodies for 8-12 hours or overnight at 4°C. After
washing with PBS, the slides were incubated with the secondary
antibody at 37°C for 30 minutes. Next, streptavidin biotin complex
HRP-conjugated reagents were added to the samples and incubated at
37°Cfor 30 minutes. The slides were washed with PBS. After incubated
with DAB reagent, the tissue staining intensity was monitored under a
bright-field microscope, and the slides were then washed with distilled
water. The staining intensities were evaluated by three blinded pathol-
ogists. Antibodies used for THC staining were purchased from Abcam
(anti-MTAP antibody, ab126770, 1:200) and ProteinTech (HIFlo
polyclonal antibody, 20960-1-AP, 1:200).

TCGA and bioinformatics analysis

The DNA copy number and RNA-sequencing expression data from
TCGA dataset (http://www.cbioportal.org/) were analyzed. Patients
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without copy number or mRNA expression data were excluded.
Differentially expressed genes (DEGs) between patients with or with-
out MTAP copy number alterations were compared by DESeq anal-
ysis. Gene Set Enrichment Analysis (GSEA) was further performed to
reveal the biological pathways involved in pancreatic cancer progres-
sion in patients stratified by the MTAP copy number status. The
Kaplan-Meier curve comparing the survival of patients with or without
MTAP copy number alterations was estimated using the log-rank test.

Statistical analysis

GraphPad Prism 7.0 software and SPSS software (version 22.0; IBM
Corporation) were used for all statistical analyses. Statistical analyses
were performed using a two-tailed Student ¢ test to evaluate the
significance of the differences between two groups. For multiple
comparisons, the Tukey-Kramer honestly significant difference test
was applied following one-way analysis of variance (ANOVA). Pear-
son correlation analysis was used to determine the correlation between
the expression of two indicated molecules. Data are reported as the
mean + SD from three independent experiments. Kaplan-Meier
analysis and log-rank tests were used to analyze OS and DEFS.
Differences were considered significant at *, P < 0.05; **, P < 0.01;
. P <0.001.

Results

Deep MTAP gene deletion is prevalent in patients with PDAC
and associated with a poor prognosis

The gene encoding MTAP lies on chromosome 9p21 and is flanked
by CDKN2A, which encodes p16 and p14ARF (Fig. 1A). MTAP is
homozygously deleted in 27% to 42% of pancreatic cancers and other
solid tumors, as evidenced via analysis of the TCGA dataset at http://
www.cbioportal.org/ (Fig. 1B; refs. 36, 37). In addition, the mRNA
level of MTAP was analyzed based on a TCGA dataset. Forty-three of
177 patients (24.3%) showed deep deletions, 62 of 177 patients (35.0%)
showed LOH, and 72 of 177 patients (40.7%) showed nonalteration
(69/72) or amplifications (3/72). Combined analysis of the mRNA and
copy-number variation (CNV) data confirmed that deep deletion of
MTAP was correlated with strikingly reduced mRNA levels (Fig. 1C).
Further survival analysis revealed that patients with deep deletion of
MTAP had significantly poorer long-term OS (Fig. 1D) and DFS
(Fig. 1E) than patients without alteration or with amplification of
MTAP. Subsequently, we assessed MTAP expression for the prediction
of OS and DFS in pancreatic cancer. According to the THC staining
score, the patients were divided into High MTAP group and Low
MTAP group (Fig. 1F). By using IHC staining of MTAP, we dem-
onstrated that 26.5% of the patients from the FUSCC cohort displayed
an absence of MTAP expression, similar to the deletion frequency
observed in the TCGA cohort (Fig. 1G). In addition, the OS and DFS
analyses of the FUSCC cohort revealed that the patients with lower
MTAP expression levels had worse prognoses (Fig. 1H and I).

The metabolic pathway of glycolysis is significantly enriched in
PDAC patients with deep deletion of MTAP

To gain further insights into the biological processes and signaling
pathways associated with CNVs of MTAP, GSEA was performed
in TCGA datasets. The gene expression profiles of patients with
deep deletion, loss of heterozygosity (LOH) and nonalteration/
amplification of MTAP are listed in Fig. 2A. GSEA enrichment
plots showed that the metabolic pathway of glycolysis was the most
significantly enriched pathway in patients with deep deletion of
MTAP (Fig. 2B and C). Glycolysis is a multistep process catalyzed
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by different glycolytic enzymes (38, 39). Key enzymes in glycolysis
were selected and compared between patients with different
expression statuses of MTAP. The patients with deep deletion of
MTAP exhibited increased expression levels of glycolytic enzymes
(Fig. 2D). Collectively, these results indicated that patients with
MTAP deficiency may exhibit a stronger glycolytic phenotype than
those with intact MTAP.

MTAP negatively regulates glycolysis by decreasing HIF1a
stability in pancreatic cancer

To confirm the GSEA results indicating the roles of MTAP in
glycolytic regulation, we manipulated MTAP expression in pancreatic
cancer cells and examined its impact on glycolysis in vitro and in vivo.
First, we examined the status of MTAP expression in pancreatic cancer
cell lines and human pancreatic ductal epithelial cell lines, including
CFPAC-1, MIA PaCa-2, PANC-1, AsPC-1, SW1990 and HPDE
(Fig. 3A). We selected two cell lines for subsequent studies:
CFPAC-1, with MTAP expression, and MIA PaCa-2, which contains
a homozygous MTAP deletion. MTAP was silenced via the CRISPR
tool in CFPAC-1 cells and was overexpressed in MIA PaCa-2 cells via
lentivirus-mediated transfection (Fig. 3B). CFPAC-1 cells were also
exposed to methylthio-DADMe-immucillin A (MTDIA, 10 umol/L,
HY-101496 from MCE), which inhibit MTAP enzymatic activity.
Aspartate 220 is a critical residue necessary for enzyme activity at the
MTARP catalytic site (40). We created a novel MIA PaCa-2 cell line that
stably expressed MTAPP?2°* and thus was unable to exert the enzyme
activity of MTAP (Fig. 3B). By using Agilent extracellular flux analyzer
to measure glucose metabolism, we demonstrated that CFPAC-1 cells
with MTAP deficiency or MTDIA treatment had higher levels of
glycolysis, while forced expression of MTAP rather than MTAPP?2°4
in MIA PaCa-2 cells suppressed glycolysis (Fig. 3C and D; Supple-
mentary Fig. S1A). Our results suggested that MTAP deletion or
MTDIA treatment induced an obvious decrease in the OCR value in
CFPAC-1 cells. In addition, in MIA PaCa-2 cells, overexpression of
MTAP increased the OCR value, while overexpression of MTAPP?204
had little effect on the OCR value (Fig. 3E and F; Supplementary
Fig. S1B). These results indicate that the enzymatic activity of MTAP is
closely related to its regulation of glycolysis in pancreatic cancer cells.
Subsequently, we used MTAP-deficient CFPAC-1 cells and MTAP-
overexpressing MIA PaCa-2 cells to establish subcutaneous xenograft
mouse models and analyzed 18F-FDG uptake with PET/CT. The 18F-
FDG uptake results demonstrated that silencing MTAP increased 18F-
FDG uptake and that overexpressing MTAP decreased 18F-FDG
uptakel, further reinforcing the negative roles of MTAP in glycolysis
(Fig. 3G and H). Finally, we studied the relationship between MTAP
expression in tumor tissues from patients with PDAC and the ability of
tumor glucose uptake, as reflected on PET/CT scans. Patients with
lower levels of MT AP displayed higher maximum standardized uptake
values (SUV ,,,; Fig. 3I). Consistent with the GSEA results, these data
demonstrated that MT AP deficiency may confer a glycolytic advantage
on pancreatic cancer cells to meet the demand for malignant biological
behavior. HIF1ot is an important molecule that regulates glycolysis in
malignant tumors (41). According to the GSEA results, MTAP dele-
tion results in the enrichment of HIF1a-targeted genes in glycolytic
processes. Therefore, we sought to determine whether MTAP could
regulate HIF1ot expression. We observed that neither MTAP knockout
nor MTDIA treatment affected HIF1oo mRNA levels in CFPAC-1 cells,
and similarly, overexpression of MTAP or MTAPP?2%4 jh MIA PaCa-2
cells did not change HIF1o. mRNA levels (Fig. 3J; Supplementary
Fig. S1C). However, whether after knocking out MTAP or after
MTDIA treatment, we observed a significant upregulation of HIF1al
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Figure 1.

Deep MTAP gene deletion is prevalent in patients with PDAC and is associated with a poor prognosis. A, Schematic depicting the chr9 and chr9p21.3 regions
containing the MTAP gene close to the CDKN2A gene. B, MTAP was deleted in pancreatic cancer and other solid tumors in a dataset from TCGA. C, The transcriptional
levels of different MTAP mutation states, including the deep deletion group, loss of heterozygosity (LOH) group, and no alteration/amplification group, were
analyzed based on the TCGA dataset. D and E, Long-term overall survival and disease-free survival were significantly worse in patients with deep deletion of MTAP
than in patients without alteration or with amplification of MTAP in the TCGA datasets. Kaplan-Meier analysis and log-rank tests were used to analyze OS and DFS. F,
The expression of MTAP was assessed in pancreatic cancer patients. G, In total, 26.5% of the patients in the FUSCC cohort exhibited an absence of MTAP expression,
similar to the deletion frequency in the TCGA cohort. H and I, Overall survival (OS) and disease-free survival (DFS) analyses of the FUSCC cohort demonstrated that
patients with lower MTAP expression displayed worse prognoses.
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Figure 2.

The metabolic pathway of glycolysis is significantly enriched in PDAC patients with deep deletion of MTAP. A, The gene expression profiles of patients with deep
deletion, LOH, and nonalteration/amplification of MTAP are listed. B and C, GSEA enrichment plots show that the metabolic pathway of glycolysis was the most
significantly enriched pathway in patients with deep deletion of MTAP. D, Key enzymes in glycolysis were selected and compared between patients with different
expression statuses of MTAP.
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protein levels in CFPAC-1 cells (Fig. 3K, left; Supplementary
Fig. S1D). Furthermore, introduction of wild-type MTAP into MIA
PaCa-2 cells inhibited HIF1o protein levels, while overexpression of
the enzyme-dead form of MTAP did not inhibit HIF1c protein levels
(Fig. 3K, right). Subsequently, we performed a half-life assay of HIF1o.
in pancreatic cancer cells by inhibiting protein synthesis with cyclo-
heximide. In CFPAC-1 cells, silencing MTAP expression or treatment
with MTDIA increased HIFlal protein stability (Fig. 3L and M;
Supplementary Fig. S1E and S1F), while in MIA PaCa-2 cells, over-
expressing MTAP but not MTAPP?2°* significantly decreased HIF10,
stability (Fig. 3N and O). This pattern prompted us to evaluate
whether MTAP could regulate HIF1o. posttranslationally. Posttrans-
lational hydroxylation and phosphorylation account for HIF1o pro-
tein stability. Therefore, we examined the impact of MTAP on the
hydroxylation and phosphorylation of HIF1o.. Whether we knocked
out MTAP or inhibited its enzymatic activity with MTDIA in CFPAC-
1 cells or overexpressed MTAP in MIA PaCa-2 cells, we observed slight
changes in HIF1o hydroxylation (Fig. 3P; Supplementary Fig. S1G).
Similarly, overexpression of MTAPP?2%4 jn MIA PaCa-2 cells did
not significantly affect the hydroxylation of HIFlo. However, we
demonstrated that silencing MTAP or treating with MTDIA
increased serine and threonine residues phosphorylation of HIF1oL.
However, overexpression of MTAP, but not MTAPP?*°4, decreased
the phosphorylation of HIF1a (Fig. 3Q; Supplementary Fig. S1H).
Furthermore, we observed that silencing HIF1 0. expression reversed
the metabolic reprogramming caused by MTAP-KO in CFPAC-1
cells (Supplementary Fig. S1I-S1K). Finally, we demonstrated by
IHC staining that MTAP is negatively correlated with HIFlo
expression in patients with PDAC (Supplementary Fig. S2A and
S2B). Collectively, these results demonstrated that MTAP can
posttranslationally regulate HIF1ow protein stability and then reg-
ulate HIFlo-mediated glycolysis.

RIOK1, a kinase downstream of MTAP deletion, interacts with
HIF1« and regulates its stability to regulate glucose metabolism
in pancreatic cancer

HIF10 can be regulated by post-translational phosphorylation. The
kinase RIOK1 is strongly required for the growth of MTAP-deficient
cancer cells based on a previous report (15). Therefore, we sought to
determine whether MTAP could regulate HIF1o. protein stability via
RIOKI1. First, we observed that knockout of MTAP or treatment with
MTDIA in CFPAC-1 cells caused RIOK1 to be upregulated at the

MTAP Deficiency in Pancreatic Cancer

transcriptional and translational levels (Fig. 4A and B, left and
Supplementary Fig. S2C and S2D). Consistent with this result, over-
expression of MTAP but not MTAPP?2°* in MIA PaCa-2 cells reduced
the expression level of RIOK1 (Fig. 4A and B/right). RIOK1 is a novel
component of the PRMT5 complex that interacts directly with PRMT5
in cancer cells. It has been shown that PRMTS5 is inhibited by the
accumulation of the metabolite MTA in tumors with MTAP loss (42).
Interestingly, the interaction between RIOK1 and PRMT5 was
decreased while the interaction between RIOK1 and HIFlo was
increased in MTAP-loss CFPAC-1 cells compared with WT cells
(Supplementary Fig. S3A). We investigated the mRNA and protein
levels of RIOK1 in various PDAC cell lines and HPDE cells (Supple-
mentary Fig. S3B). We also detected the protein level of HIF1ct in these
cells. We observed that RIOK1 and HIFlo expression levels were
downregulated in MTAP-WT PDAC cells and HPDE cells compared
with MTAP-deficient PDAC cells. Therefore, we speculated that the
increased phosphorylation of HIF1o in MTAP-deficient pancreatic
cancer cells was regulated by RIOK1. We further observed colocaliza-
tion of RIOK1 and HIF1a in MIA PaCa-2 cells and human pancreatic
ductal adenocarcinoma tissue sections (Fig. 4C and D). To validate the
interaction between RIOK1 and HIF1o, CFPAC-1 cells were trans-
fected with RIOK1™4, RIOK1 and HIF10. were found to interact with
each other in Co-IP experiments (Fig. 4E). This interaction was further
confirmed between endogenous RIOK1 and HIFlca in MIA PaCa-2
cells (Fig. 4F). Our in vitro pull-down assay further indicated that
RIOKI1 directly bound to HIF1c: (Fig. 4G). To investigate whether the
direct binding of RIOK1 to HIF1ol can affect the phosphorylation of
HIF1a, we cotransfected RIOK1™* with HIF10"*“ in HEK293T cells
and observed that the Ser/Thr phosphorylation of HIFlo. was
increased (Fig. 4H). To clarify the regulatory effect of RIOK1 on the
phosphorylation level of HIFlo, we created RIOK1 shRNA MIA
PaCa-2 cells, as well as RIOK1wt rescue and RIOK1 active site
(D324N) and ATP binding domain (K208R) catalytically inactive
mutant (15, 43, 44) CFPAC-1 cells. RIOK1 silencing and overexpres-
sion efficiencies were evaluated by qPCR and Western blot analysis
(Supplementary Fig. $3C-S3D). Not RIOKIM“" (catalytically dead
mutant cDNAs) but RIOK1-WT introduction increased the phos-
phorylation of HIFlow (Fig. 4I). However, silencing RIOK1 in MIA
PaCa-2 cells decreased Ser/Thr phosphorylation of HIF1o. (Fig. 4]). By
using cycloheximide to inhibit protein synthesis and monitor protein
stability, we demonstrated that introduction of RIOK1-WT but not
RIOK1™" increased the protein stability of HIF1o (Fig. 4K and L).

Figure 3.

MTAP negatively regulates glycolysis in pancreatic cancer cells. A, Western blot and quantitative real-time PCR analyses of the indicated human pancreatic
cancer cell lines and HPDE cells. B, MTAP was knocked out in CFPAC-1 cells via the CRISPR tool and overexpressed in MIA PaCa-2 cells via lentivirus-mediated
transfection. C-F, The knockout of MTAP expression in CFPAC-1 cells and the overexpression of wild-type MTAP but not MTAPP?2°A in MIA PaCa-2-induced
metabolic reprogramming, as reflected by the ECAR and OCR. G and H, Representative 8E_FDG microPET/CT images of tumor-bearing mice. The xenografts with
CFPAC-1 (MTAP-WT and MTAP-KO) cells and MIA PaCa-2 (EV and MTAP) cells are indicated with white arrows. The ratios of the xenograft SUV ax in the MTAP-KO
group (n = 6) and the MTAP-WT group (n = 6). The ratios of the xenograft SUV ax in the MTAP group (n = 6) and the parent group (n = 6). 1, Representative BE.FDG
PET/CT images of PDAC patients with high or low MTAP expression. Patients with lower levels of MTAP displayed higher SUV .y values. Analysis of the SUV .y of
patients with PDAC in the high MTAP (n = 33) and low MTAP (n = 30) groups. J, Quantitative real-time PCR analysis of HIFloo mMRNA levels in CFPAC-1(MTAP-WT and
MTAP-KO) and MIA PaCa-2 (EV and MTAP and MTAPP?2%4) cells. K, Western blot analysis of HIF1a. protein levels in CFPAC-1 (MTAP-WT and MTAP-KO) and MIA
PaCa-2 (EV and MTAP and MTAPP?2%4) cells. L, CFPAC-1 (MTAP-WT and MTAP-KO) cells were treated with 20 ug/mL cycloheximide (CHX), and whole-cell lysates
were collected at the indicated time points forimmunoblot analysis. M, Line chart of relative band intensity for the indicated times. Semiquantification with B-actin as
aloading control and relative HIF1o protein levels at time O were set as 1. N, MTAP- or MTAPP?2%A_gyerexpressing MIA PaCa-2 cells and the corresponding control cells
were treated with cycloheximide (20 pg/mL) for the indicated durations, and the protein levels of HIF1o were determined by Western blotting. O, Line chart of
relative band intensity for the indicated times. Overexpression of MTAP, but not MTAPP?2%A  decreased the protein stability of HIFlo. in MIA PaCa-2 cells.
P, Immunoblot analysis of hydroxylated HIF1oeand HIF1o in CFPAC-1(MTAP-WT and MTAP-KO) and MIA PaCa-2 (EV and MTAP and MTAPP?294) cells. MTAP silencing
in CFPAC-1 cells and overexpression in MIA PaCa-2 cells did not significantly influence the hydroxylation of HIFla. Q, Immunoprecipitation (IP) analysis revealed
increased phosphorylated HIF1o. on serine and threonine residues and increased HIF1o protein levels in MTAP-KO CFPAC-1 cells compared with WT control cells.
Overexpression of MTAP but not MTAPP22°A significantly decreased phosphorylated HIF1o. on serine and threonine residues in MIA PaCa-2 cells. Data are shown as
the mean =+ SD from three independent experiments performed in triplicate. NS, nonsignificant; **, P < 0.01.
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However, silencing RIOK1 decreased the protein stability of HIF1a in
MIA PaCa-2 cells (Fig. 4M and N). Finally, we discovered an obvious
increase in the ECAR value and a decrease in the OCR value in
CFPAC-1 cells with the introduction of RIOK1-WT but not RIOK1™"
(Fig. 40 and P, left). At the same time, we also observed that silencing
RIOK1 inhibited glycolysis but promoted mitochondrial respiration in
MIA PaCa-2 cells by using Agilent extracellular flux analyzer (Fig. 40
and P, right). Using a CCK-8 kit, we have observed that RIOK1 can
promote the proliferation of pancreatic cancer cells (Supplementary
Fig. S3E and S3F).

MTARP is involved in the regulation of HIFla and glucose
metabolism via RIOK]1 in pancreatic cancer cells

To further clarify that MTAP regulates the phosphorylation of
HIF1o through RIOK1, we performed immunoblot assays and dem-
onstrated that overexpressed or silenced RIOK1 can rescue the change
in the HIF1a levels caused by MTAP overexpression or silencing in
MIA PaCa-2 and CFPAC-1 cells, respectively (Fig. 5A and B). By using
cycloheximide to inhibit protein synthesis and monitor protein sta-
bility, we demonstrated that in MTAP wild-type CFPAC-1 cells,
silencing MTAP increased the protein stability of HIFlo, while
simultaneous silencing of RIOK1 attenuated the increase in HIF1o
stability caused by MTAP knockout (Fig. 5C and D). However,
simultaneous introduction of RIOK1 mitigated the decrease in HIF1ot
stability caused by MT AP overexpression in MIA PaCa-2 cells (Fig. 5E
and F). Next, we further investigated whether the upregulation of
glycolysis induced by MTAP deletion was mediated by RIOKI. In
CFPAC-1 cells, silencing MTAP increased glycolysis levels and gly-
colytic capacity, while simultaneous silencing of RIOK1 attenuated the
increase in glycolysis caused by MTAP knockout (Fig. 5G). Cotrans-
fection of MTAP with RIOK1 in MIA PaCa-2 cells had a consistent
reverse effect on the ECAR value based on results obtained from
Agilent extracellular flux analyzer (Fig. 5H). Similarly, intervention
with RIOK1 expression also reversed the regulatory effect of MTAP on
mitochondrial respiration in CFPAC-1 and MIA PaCa-2 cells (Fig. 51
and J).

Metabolomics analysis confirmed that glycolytic and de novo
purine synthesis metabolites are significantly increased in
MTAP-deficient pancreatic cancer cells

To explore the direct impact of MTAP deficiency on metabolic
reprogramming, we performed metabolomics analysis to measure the
levels of metabolites regulated by MTAP knockout in both CFPAC-1

MTAP Deficiency in Pancreatic Cancer

cells and CFPAC-1 subcutaneous tumor cells (Fig. 6A). Via metabolic
pathway enrichment analysis (MPEA), we demonstrated that the
glycolysis pathway is among the significantly altered pathways in
MTAP-KO cells compared with controls (Fig. 6B). The significantly
altered metabolic pathways also included the pentose phosphate
pathway and the purine metabolism pathway. Because MTAP is a
key enzyme involved in the cysteine and methionine metabolism
pathway, it is not surprising that this pathway was significantly altered.
Glycolysis-related genes were evaluated by RT-PCR and were found to
have increased levels of transcription after MTAP knockout in
CFPAC-1 cells (Supplementary Fig. S4A). We also found that silencing
HIF1a recovered the increase of genes involved in glycolysis caused by
MTAP deficiency. Accordingly, overexpression of MTAP in MIA
PaCa-2 cells decreased the expression of these genes (Supplementary
Fig. S4B). Further LC/MS-MS metabolomics analysis demonstrated
that MTAP deficiency caused an increase in the levels of metabolites in
glycolysis and the pentose phosphate pathway (Fig. 6C and D). MTAP
salvages purines by releasing adenine from MTA, a byproduct of the
polyamine biosynthetic pathway. In MTAP-deficient cells, defects in
the salvage synthesis pathway enhanced de novo purine synthesis.
Consistent with these findings, we observed an increase in metabolites
in the de novo purine synthesis pathway (Fig. 6E). Collectively, these
results prompted us to propose that MTAP deficiency can induce
metabolic reprogramming by enhancing the Warburg effect and
pentose phosphate pathway to accelerate de novo purine biosynthesis
(Fig. 6F).

2-DG synergizes with L-alanosine to kill pancreatic cells with
MTAP deficiency

MTAP-null pancreatic cancer cells lack the ability to salvage purine
synthesis and are therefore more vulnerable to inhibition of de novo
purine synthesis; this finding was verified by Landon J. Hansen and
colleagues in glioblastoma (11). In previous studies, we found that the
increased de novo purine synthesis is closely related to the abnormally
elevated level of glycolysis, therefore, we aimed to determine whether
glycolysis could be a therapeutic target in MTAP-deficient pancreatic
cancer cells. First, we observed that MTAP knockout significantly
upregulated the protein levels of GLUT1 and HK2 in CFPAC-1 cells
(Fig. 7A), which is consistent with the changes in their transcription
levels. In addition, glucose uptake by MTAP-deficient CFPAC-1 cells
was significantly increased to meet the demand for robust glycolysis
metabolism (Fig. 7B). 2-Deoxy-p-glucose (2-DG) is a glucose ana-
logue that can act as a competitive inhibitor of glucose metabolism (45).

Figure 4.

RIOK1, a kinase downstream of MTAP deletion, interacts with HIFlocand regulates its stability to regulate glucose metabolism in pancreatic cancer. A, gPCR analysis of
RIOK1 expression in CFPAC-1(MTAP-WT and MTAP-KO) cells and MIA PaCa-2 cells infected with an empty vector or MTAP- and MTAPP?2°A-expressing virus. B-Actin
mRNA expression was used as an internal control. B, Knockout of MTAP in CFPAC-1 cells increased the protein level of RIOK1. Overexpression of MTAP in MIA PaCa-2
cells significantly inhibited RIOK1 protein levels, but overexpression of the MTAP mutant with no enzymatic activity did not significantly inhibit RIOK expression.
C, Colocalization of RIOK1 and HIF1o. in MIA PaCa-2 cells by immunofluorescence microscopy. Scale bar, 20 um. A statistical analysis of the fluorescence images is
added to the right of the fluorescence image. D, Colocalization of RIOKTand HIF1ain primary tumor sections from patients with human pancreatic cancer observed by
immunofluorescence. Scale bar, 200 um. E, We found that RIOKT can interact with HIF1a by utilizing a co-IP assay in CFPAC-1 cells. F, The endogenous binding
proteins of RIOK1and HIF1ain MIA PaCa-2 cells. G, Western blot analysis of RIOK1 binding to purified GST and GST-tagged HIF1o. using RIOKT antibody (top). GST and
GST-tagged HIFlo. were visualized by staining with Coomassie brilliant blue R-250 (bottom). The red and black asterisks are GST- and GST-tagged HIFlo,
respectively. H, In HEK293T cells, cotransfection of HIF1o™*A¢ with RIOK1™” increased Ser/Thr residue phosphorylation of HIF1c. I, Immunoprecipitation (IP) analysis
of the indicated proteins revealed that RIOK1-WT but not RIOKTMUt (RIOK1 K208R/D324N catalytically dead mutant cDNA) introduction significantly increased the
phosphorylation of HIF1o.in CFPAC-1 cells. J, Silencing RIOK1in MIA PaCa-2 cells decreased Ser/Thr residue phosphorylation of HIFlo.. Kand L, Cells were treated with
20 pg/mL cycloheximide (CHX), and whole-cell lysates were collected at the indicated time points for immunoblot analysis. Introduction of RIOKI-WT but not
RIOK1™*increased the protein stability of HIFlo.. M, MIA PaCa-2 cells with RIOK1 knockdown and the corresponding control cells were treated with cycloheximide
(20 pg/mL) for the indicated durations, and the protein levels of HIF1o. were determined by Western blotting. N, Silencing RIOK1 in MIA PaCa-2 cells decreased the
protein stability of HIFlo. O and P, Introduction of RIOK1-WT but not RIOKT™ increased the ECAR value and decreased the OCR value in CFPAC-1 cells. Silencing
RIOKT reduced the ECAR value and upregulated the OCR value in MIA PaCa-2 cells. Data are shown as the mean + SD from three independent experiments performed
in triplicate. **, P < 0.01.
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Figure 5.

MTAP is involved in the regulation of HIF1o. and glucose metabolism via RIOKT in pancreatic cancer cells. A, Western blot analysis indicated that knockdown of RIOK1
expression could reverse the upregulation of HIF1o protein levels induced by MTAP deficiency in CFPAC-1cells. B, RIOK1 rescued the change in HIF1o: levels caused by
MTAP overexpression in MIA PaCa-2 cells. C and D, In MTAP wild-type CFPAC-1 cells, MTAP silencing increased the protein stability of HIF1o, while simultaneous
RIOKT silencing attenuated the increase in HIF1o: stability caused by MTAP knockout. E and F, Overexpression of MTAP in MIA PaCa-2 cells decreased the stability of
HIFle, and simultaneous introduction of RIOK1 mitigated the decrease in HIFlo stability caused by MTAP. G, A Seahorse extracellular flux analyzer was used to
measure the ECAR, and the results indicated that simultaneous silencing of RIOK1 attenuated the increase in glycolysis level and glycolytic capacity caused by MTAP
knockout. H, A Seahorse extracellular flux analyzer was used to measure the ECAR, and the results indicated that overexpression of MTAP in MIA PaCa-2 cells
decreased glycolysis levels, and simultaneous introduction of RIOK1 mitigated the decrease in glycolysis levels caused by MTAP. |, Silencing of RIOK1 reversed the
decrease in the OCR value induced by MTAP knockout in CFPAC-1 cells. J, Introduction of RIOK1 attenuated the increase in the OCR value caused by MTAP in MIA
PaCa-2 cells. Data are shown as the mean + SD from three independent experiments performed in triplicate.
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Figure 7.

2-DG synergizes with L-alanosine to kill CFPAC-1pancreatic cells with MTAP deficiency. A, Western blot analysis indicated a significant increase in the protein levels of
GLUT1 and HK2 after MTAP knockout in CFPAC-1 cells. B, MTAP knockout CFPAC-1 cells had increased glucose utilization, as assessed by glucose uptake. C, 2-DG
treatment significantly reduced the level of ATP in MTAP-knockout CFPAC-1 cells but not MTAP wild-type CFPAC-1 cells. D, Treatment with the combination of
L-alanosine (200 nmol/L) and 2-DG (1 mmol/L) significantly promoted the death of MTAP-deficient CFPAC-1 cells but not MTAP wild-type CFPAC-1 cells. E and F,
Knockout of MTAP significantly increased the sensitivity of CFPAC-1 cells to L-alanosine (385 nmol/L vs. 3708 nmol/L) and 2-DG (1.4 mmol/L vs. 11.39 mmol/L)
compared with WT controls. G, Combined utilization of 2-DG and L-alanine exerted synergistic lethal effects in MTAP-deficient CFPAC-1 cells. H-M, Both CCK-8 and
colony formation assays showed that treatment with either L-alanosine or 2-DG significantly inhibited the proliferation of MTAP-deficient CFPAC-1 cells, and the
combination of the two inhibitors had the most obvious inhibitory effect. N, Schematic representation of the working model. Data are shown as the mean + SD from
three independent experiments performed in triplicate. NS, nonsignificant; **, P < 0.01.
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The high expression of GLUT1 and HK2 in MTAP-deficient pancre-
atic cancer cells provides sufficient preconditions for 2-DG to inhibit
glycolytic metabolism. 2-DG is imported into cancer cells by GLUT1
and then phosphorylated by HK2 to be converted into 2-DG-6-
phosphate, a toxic byproduct that inhibits glycolysis (46). We observed
that 2-DG treatment significantly reduced the level of ATP in MTAP-
KO CFPAC-1 cells compared with MTAP-WT CFPAC-1 cells
(Fig. 7C). In addition, compared with treatment with each inhibitor
alone, treatment with the combination of 2-DG and L-alanosine
significantly promoted the death of MTAP-knockout CFPAC-1 cells
but not MTAP wild-type CFPAC-1 cells (Fig. 7D). By determining the
ICs value, we found that the loss of MTAP significantly increased the
sensitivity of CFPAC-1 cells to L-alanosine and 2-DG (Fig. 7E and F).
Furthermore, to assess the interaction between L-alanosine and 2-DG,
the combination index (CI) values were calculated to obtain in vitro
cytotoxicity data for the combination of r-alanosine and 2-DG in
MTAP-loss and MTAP wild-type CFPAC-1 cells. According to Chou
theory, CI (47) values less than, equal to, or greater than 1 could
indicate that L-alanosine and 2-DG interact synergistically, additively,
or antagonistically, respectively. We concluded that the combination
of 2-DG and L-alanine exerted synergistic lethal effects on MTAP-KO
CFPAC-1 cells (Fig. 7G). We further found via CCK-8 and colony
formation assays that treatment with either r-alanosine or 2-DG
significantly inhibited the proliferation of MTAP-KO CFPAC-1 cells
and that treatment with the combination of these two inhibitors had
the most obvious inhibitory effect (Fig. 7H-J). We also observed that
L-alanosine and 2-DG could not significantly inhibit the proliferation
of MTAP wild-type CFPAC-1 cells (Fig. 7K-M). In MIA PaCa-2 cells,
we conducted a similar investigation. Overexpression of MTAP
decreased the protein levels of GLUT1 and HK2 as well as glucose
uptake (Supplementary Fig. S5A and S5B). We observed that 2-DG
treatment could not significantly reduce the level of ATP in MTAP-
WT rescue MIA PaCa-2 cells (Supplementary Fig. S5C). We confirmed
the synergistic lethal effects of L-alanosine and 2-DG on MIA PaCa-2
cells with MTAP deficiency (Supplementary Fig. S5D-S5G). Interest-
ingly, we observed that knocking down the expression of RIOK1 in
MIA PaCa-2 cells significantly increased the sensitivity to r-alanosine
but did not significantly increase the sensitivity to 2-DG (Supple-
mentary Fig. S5H and S5I). We speculated that knockdown of
RIOKI1 could inhibit glycolysis in cancer cells, resulting in reduced
uptake of 2-DG and, thus, weakening the tumor-suppressive effect
of 2-DG. We also observed that 1-alanosine and 2-DG could not
effectively inhibit HPDE cells (Supplementary Fig. S6A and S6B),
which suggested that the combined regimen can protect normal
pancreatic cells from damage while treating MTAP-deficient pan-
creatic cancer cells. Finally, the colony formation assays were
repeated with MTAP-KO and shRIOK1 CFPAC-1 cells and MTAP
and RIOK1 MIA PaCa-2 cells (Supplementary Fig. S7A-S7D).
Therefore, we conclude that due to the stabilizing effect of RIOK1
on HIF1a, the glycolysis level of MTAP-deficient pancreatic cancer
cells was upregulated, providing a prerequisite for the anticancer
effect of 1-alanosine combined with 2-DG.

Discussion

In summary, we showed that the loss of MTAP, a key enzyme
involved in the salvage of both methionine and adenine, enhances the
Warburg effect and increases cell vulnerability by cotargeting de novo
purine synthesis and glycolysis in pancreatic cancer (Fig. 7N). Met-
abolic reprogramming from glycolysis to de novo purine synthesis
meets the demands of nucleic acids and ATP to sustain the prolifer-
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ation of MTAP-null pancreatic cancer cells. These observations
explain why pancreatic cancer patients with MTAP deficiency display
a worse prognosis than patients with wild-type MTAP. Our results
regarding MTAP are consistent with the finding verified by Hansen
and colleagues in glioblastoma (11); specifically, these authors dem-
onstrated that MTAP deletion promotes glioblastoma pathogenesis by
shaping the epigenetic landscape and stemness of glioblastoma multi-
forme cells. However, the finding by Hansen and colleagues was very
recently challenged by Menezes and colleagues (48). Their findings
suggested that the loss of MTAP has no predictive significance for the
prognosis of gliomas and that MTAP is not a typical tumor suppressor
gene in gliomas. We believe that MTAP, as a key metabolic enzyme,
has different metabolic remodeling effects in different types of tumors,
which may be due to diversified tumor cell metabolism patterns. In
pancreatic cancer cells, one of the hallmarks is cellular energetics
characterized by the Warburg effect. It has been known for decades
that the glycolytic flux of cancer cells increases significantly even in the
presence of oxygen and normal mitochondrial function (49). Through
this study, we found that MTAP-deficient pancreatic cancer cells can
stabilize HIF1ow and activate its downstream glycolysis to meet the
energy requirements for malignant proliferation. Therefore, we believe
that MTAP is involved in regulating the malignant biological behavior
of pancreatic cancer.

MTAP expression is reported to be reduced in many tumors. It is
hypothesized that L-alanosine kills MTAP-null solid tumors based on
its inhibitory effect on de novo purine biosynthesis. However, a phase I
trial from multicenter studies using L-alanosine for the treatment of
MTAP-null cancers, including mesothelioma, pancreatic cancer, non-
small cell lung cancer (NSCLC), soft tissue sarcoma and osteosarcoma,
displayed limited effects on preselected patients (50). We believe that
the use of 1r-alanosine alone is not sufficient to kill MTAP-null
pancreatic cancer cells because increased glucose metabolism can
provide raw materials for nucleic acid synthesis, thus weakening the
antitumor effect of L-alanosine. Considering our results, we believe
that pancreatic cancer cells with MTAP loss are vulnerable to
synthetic lethal metabolic strategies in which 1r-alanosine induces
the inhibition of de novo purine synthesis, whereas 2-DG suppresses
the compensatory reliance of purine synthesis on the Warburg
effect. These in vitro experiments confirmed that the glycolytic
inhibitor 2-DG can inhibit the growth of MTAP-deficient pancre-
atic cancer cells and synergize with L-alanosine. Similarly, the effects
of combining the glycolysis inhibitor 2-DG with toxic nucleotides
used to interfere with nucleic acid metabolism remain to be
explored. In addition, it is necessary to explore strategies to leverage
the relationship between methionine metabolism remodeling and
abnormal glycolysis as a therapeutic vulnerability in MTAP-null
pancreatic cancer cells. For example, studies assessing whether the
glycolytic inhibitor 2-DG and methionine metabolism inhibitors,
such as MAT2A inhibitors, have synergistic lethal effects on MTAP-
deficient cells are warranted in the future. Because MTAP deletion
does not occur in normal pancreatic ductal epithelial cells, the
therapeutic agents targeting MTAP deletion used in this study are
both targeted and relatively safe. Our in vitro experiments also
confirmed that r-alanosine and 2-DG had no significant inhibitory
effect on normal HPDE cells.

The role of MTAP in glycolysis and de novo purine synthesis has
been studied by several groups (38, 51, 52). Other recent studies
demonstrated that the absence of MTAP in cancer cells creates
vulnerability by targeting the RIOK1 axis (15, 16). Although many
studies have been conducted because of the biological importance of
MTAP, few have explored the crosstalk between these findings. We
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confirmed that constitutive activation of the RIOK1/HIFlo axis in
MTAP-null pancreatic cancer cells caused abnormal glycolysis. Pre-
vious studies have reported that RIOKI is associated with PRMT5
based on its subsequent methylation of biomolecules (53). We found
that the interaction between PRMT5 and RIOK1 could be disrupted, as
the methylation activity of PRMT5 is inhibited in MTAP-deficient
cells caused by MTA accumulation. Therefore, HIF10, competes with
PRMTS for interaction with RIOK1. Competitive binding to RIOK1
leads to HIF1ow phosphorylation and subsequent stabilization. Using
catalytically dead point mutants of RIOK1, we demonstrated that the
catalytic activity of the enzyme is critical for stabilizing HIF1at levels to
upregulate glycolysis and provide energy for the proliferation of
MTAP-deficient PDAC cells. We confirmed that MTAP loss caused
a compensatory increase in RIOK1 levels in pancreatic cancer cells and
explained why RIOK1 is selectively required for the proliferation of
MTAP-deficient cancer cells from a new perspective of glycolysis
metabolism rather than methionine metabolism. Interestingly, it is
the phosphorylation modification that affects the stability of HIF1o
rather than the hydroxylation modification mediated by EGLNs in
most cases. Intracellular phosphorylation can flexibly respond to the
level of cell energy metabolism, and it can also regulate the activation
and stability of the HIF1a protein. MAPKs probably phosphorylate
the HIF1o protein, which could activate it (54). Soitamo and collea-
gues found that the redox state of the cells influences the function of
HIFlo and its stability, DNA binding, and phosphorylation (55). The
importance of oxygen-dependent and ubiquitin-mediated HIF-1 reg-
ulatory subunit (HIF1o) proteolysis was first reported in 1997. Since
then, increasing evidence has shown that even under normoxic con-
ditions, HIF1a. may become stable and active (56). We suggest that
phosphorylation of HIFlol in malignant tumors may be critical in
maintaining stability under normoxia. El-Deiry and colleagues
reported that CDK1 directly interacts with and phosphorylates HIF1a.
in an oxygen-independent manner (57). The mechanisms by which
phosphorylation increases HIF1ot protein stability involve both pro-
teasomal and/or lysosomal degradation. Yang Liuging and colleagues
proved that LINK-A and two protein kinases, BRK and LRRK2,
cooperate to mediate a growth factor-triggered signaling cascade to
synergistically increase the phosphorylation and stabilization of the
HIFlo protein under normoxia (58). Although we have confirmed
that RIOK1 can phosphorylate HIF1a, and promote its stability, it
cannot be ruled out that phosphorylation causes an increase in the
transcriptional activity of HIF-1a and thus promotes downstream gene
expression. Therefore, further studies are required to confirm the
impact of RIOK1 on HIFla transcriptional activity regulation. The
role of RIOK1 in cancer promotion in various malignancies (59, 60)
may also be related to its regulation of glycolytic metabolism. In
addition, the specific mechanism by which MTAP regulates RIOK1
requires further study. The main methyl donor, SAM is a universal
substrate for all methylation reactions in cancer cells, including DNA
methylation. DNA methylation is widely used as a “silent” epigenetic
marker for transcriptional repression. Deletion of MTAP leads to
downregulation of intracellular SAM levels (61). We speculated that
the decrease in histone and DNA methylation in the RIOK1 promoter
region caused by the deletion of MTAP may be one of the reasons for
the upregulation of RIOK. Interestingly, RIOK1 depletion was also
shown to block the proliferation of EGFR-driven and Ras-mutated
cancer cells in various cancers (59, 62). Of note, 95% of pancreatic
ductal adenocarcinomas carry an activating KRAS mutation. There-
fore, RIOK1 inhibitors have good research prospects for the treatment
of pancreatic cancer. We hope that we can utilize this type of
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biomarker-directed approach, such as combination treatment with
pharmacologic inhibitors of RIOK1 and 1-alanosine, to selectively
block the growth of MTAP-deficient cancers.

MTAP is always homozygously codeleted with the neighboring
CDKN2A gene, which encodes the tumor suppressor protein
pl6. pl6 is a cyclin-dependent kinase inhibitor that locks retino-
blastoma tumor suppressor protein (Rb) in its active, antiprolifera-
tive state (63). CDKN2A loss accompanied by MTAP deletion
promotes both Rb phosphorylation and subsequent progression
into the S-phase of the cell cycle (64). Aberrant cell-cycle progres-
sion caused by pl6 deletion requires a large amount of deoxyr-
ibonucleotides to support DNA synthesis to sustain uncontrolled
proliferation. Codeletion of CDKN2A and MTAP may not only be a
naturally occurring event due to proximity in the genomic locus (20)
but also have physiologic impacts. CDKN2A deletion disrupts fine-
tuned cell-cycle progression, leading to uncontrolled proliferation.
Moreover, codeletion of MTAP governs metabolic reprogramming
from glycolysis to nucleic acid synthesis required for DNA synthesis
to meet the demand for proliferation. However, the impact of p16
deletion on the metabolic remodeling of MTAP-deficient cells
warrants further study. More investigations and explorations are
required to examine the impact of pl6 on metabolic reprogram-
ming with the aim of developing novel strategies and targets against
pancreatic cancer.
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