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Abstract

Deletion of the 9p21 chromosomal region is among the most frequently observed homozygous genomic events in human
cancers. This locus contains the methylthioadenosine phosphorylase (MTAP) gene along with CDKN2A and CDKN2B, and its
loss has been associated with inferior clinical outcomes and diminished benefit from immune checkpoint blockade. Recent
therapeutic strategies have highlighted MTAP deficiency as a targetable vulnerability through synthetic lethal interactions
involving MAT2A and PRMTS inhibition. The present study was designed to determine the incidence of MTAP loss across
advanced gastrointestinal (GI) malignancies, characterize its accompanying genomic features, and evaluate its relevance as a
prognostic biomarker. Comprehensive next-generation sequencing was conducted on a large dataset comprising 64,860 tumor
specimens derived from five distinct GI cancer types. Integrated genomic and clinical analyses were performed, and patient
outcomes were retrospectively compared between tumors harboring MTAP loss and those retaining MTAP. Across all GI
cancers examined, MTAP loss was detected in 8.30% of cases. The alteration was most frequently observed in pancreatic ductal
adenocarcinoma (PDAC), affecting 21.7% of tumors, while colorectal carcinoma (CRC) exhibited the lowest frequency at 1.1%.
A higher proportion of MTAP-deficient tumors was identified among East Asian patients with PDAC (4.4% vs 3.2%, P =.005)
and intrahepatic cholangiocarcinoma (IHCC; 6.4% vs 4.3%, P = .036). The presence of MTAP loss was associated with tumor
type—specific differences in the distribution of potentially actionable genomic alterations, including ATM, BRAF, BRCA2,
ERBB2, IDHI1, PIK3CA, and PTEN. In PDAC, IHCC, and CRC, MTAP-deficient tumors demonstrated lower rates of
microsatellite instability and reduced tumor mutational burden. Furthermore, tumor cell PD-L1 expression was less commonly
observed in MTAP-loss IHCC compared with MTAP-intact counterparts (23.2% vs 31.2%, P = .017).MTAP deficiency in
gastrointestinal cancers predominantly arises in conjunction with deletion of the 9p21 locus and is present in approximately 8%
of cases overall. The frequency of MTAP loss varies considerably by tumor subtype, occurring in 22% of PDAC, 15% of IHCC,
8.7% of gastroesophageal adenocarcinoma, 2.4% of hepatocellular carcinoma, and 1.1% of CRC. Importantly, MTAP loss does
not preclude the coexistence of other clinically relevant, targetable genomic alterations.
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Introduction effective approach for discovering tumor suppressor

genes [1-3]. Cytogenetic analyses conducted during the

The detection of recurrent somatic homozygous deletions
within cancer genomes has long been employed as an

Access this article online

merpub.com/

Received: 03 November 2023; Accepted: 26 January 2024

Copyright CC BY-NC-SA 4.0

How to cite this article: Lee MH, Choi JW. Genomic Landscape and Clinical
Implications of MTAP Loss in Advanced Gastrointestinal Malignancies. Arch
Int J Cancer Allied Sci. 2024;4(1):67-80.
https://doi.org/10.51847/1wgE2vWBFG

1990s identified the p21 region of chromosome 9 as a
hotspot for homozygous deletions across multiple tumor
types, ultimately leading to the identification of the
CDKN2A tumor suppressor gene in 1994 [4-6].
Homozygous loss of tumor suppressor loci is a critical
driver of malignant transformation, and deletion of the
9p21 region (hereafter referred to as 9p21 loss) has been
shown to represent an early event in cancer evolution [7,
8].
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The methylthioadenosine phosphorylase (MTAP) gene is
located immediately adjacent to CDKN2A within the
9p21 locus and is frequently eliminated through the same
interstitial chromosomal deletion that removes both
CDKN2A and CDKN2B, a genomic alteration referred
to in this study as MTAP loss [9] (Figure 1a). Pan-cancer
analyses using The Cancer Genome Atlas dataset have
reported homozygous MTAP deletion in approximately
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9.3% of tumors, with an additional 27.8% exhibiting loss
of heterozygosity at 9p21 due to hemizygous MTAP
deletion [10]. Despite the relatively common occurrence
of 9p21 and MTAP loss across malignancies, progress in
this area has been hindered by the inherent difficulty of
therapeutically  targeting
alterations.
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Figure 1. Genomic localization of 9p21 and biological consequences of MTAP loss.

Scientific interest in the biology of MTAP deficiency has
re-emerged following seminal studies published in 2016
demonstrating that MTAP loss creates a synthetic lethal
vulnerability to inhibition of methionine
adenosyltransferase 2A (MAT2A) and protein arginine
methyltransferase 5 (PRMT5) [11-13]. MTAP functions
as a rate-limiting enzyme in the terminal step of the
methionine salvage pathway, facilitating the regeneration
of intracellular adenine and methionine pools and
supporting the metabolic demands of rapidly
proliferating, metabolically stressed tumor cells [14]
(Figure 1b). Loss of MTAP results in intracellular
accumulation of methylthioadenosine (MTA), a
metabolite that has been linked to more aggressive tumor
behavior [15, 16]. Although the precise molecular basis

underlying the synthetic lethal interaction between
MTAP deficiency and MAT2A or PRMTS inhibition has
not been fully elucidated, emerging data suggest that
dysregulation of alternative splicing and polyadenylation
may contribute to this vulnerability [17, 18]. Notably,
early-phase clinical trials have provided proof-of-
concept evidence that MTAP-deficient tumors can be
therapeutically targeted using PRMTS5 inhibitors, with
encouraging signals of clinical activity [19]

Despite these advances, the relevance of MTAP loss as a
therapeutic target in advanced gastrointestinal (GI)
malignancies has not been systematically evaluated.
Existing studies describing the genomic features and
clinical significance of MTAP loss have largely been
conducted in pan-cancer cohorts, with relatively small
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representations of GI tumors. In these broader analyses,
MTAP loss has been associated with inferior overall
survival (OS) [10]. In addition, deletion of the 9p21 locus
encompassing MTAP has emerged as a predictive marker
of an immunologically “cold” tumor microenvironment,
characterized by altered immune cell infiltration,
decreased T-cell receptor diversity, reduced PD-L1
and shifts in immunoregulatory gene
expression profiles [10, 20]. Across cohorts treated with
anti—PD-(L)1 therapies—primarily consisting of patients
with melanoma, lung, and urothelial cancers—tumors
harboring 9p21 loss demonstrated significantly shorter
progression-free survival (PFS) and disease-specific
survival compared with 9p21-intact tumors [10].

In contrast, the frequency,

expression,

associated genomic
alterations, immune features, and clinical implications of
MTAP loss in advanced GI cancers have not been
previously defined. The present study therefore aimed to
determine the prevalence of MTAP loss across major GI
malignancies, characterize differences in genomic
coalterations between MTAP-deficient and MTAP-intact
tumors, and explore associations with immune-related
biomarkers and clinical outcomes in common GI cancer
subtypes.

Materials and Methods

Study populations and clinical data

Genomic Profiling Cohort (N = 64,860)

This investigation was performed following approval by
the Western Institutional Review Board (Protocol No.
20152817). A large dataset
assembled consisting of patients diagnosed between
January 1, 2018 and July 15, 2022 with one of five
gastrointestinal (GI) malignancies: pancreatic ductal
adenocarcinoma (PDAC), intrahepatic
cholangiocarcinoma (IHCC), hepatocellular carcinoma
(HCC), colorectal carcinoma (CRC), or gastroesophageal
adenocarcinoma (GEAC). All included patients had
previously received comprehensive genomic testing as
part of routine clinical management at a centralized
molecular diagnostics facility accredited by the Clinical
Laboratory Improvement Amendments (CLIA) and the
College of American Pathologists (CAP) (Foundation
Medicine, Inc.).

Tumor classification was assigned based on the
histopathologic diagnosis provided by the submitting
clinician and subsequently confirmed through centralized
pathology review. Available clinicopathologic variables,

cross-sectional was

including age at testing, sex, histologic subtype,
immunohistochemical  findings, and  diagnostic
verification, abstracted  from  pathology
documentation and corresponding medical records.
Clinical Outcomes Cohort (N = 102)

To assess the prognostic relevance of homozygous
MTAP deletion in advanced GI malignancies, a separate
retrospective cohort was identified at The University of
Texas MD Anderson Cancer Center (MDACC). This
cohort included 102 patients with advanced-stage PDAC
or IHCC diagnosed between January 11, 2018 and
August 2, 2022 whose tumors had clearly defined MTAP
copy number status, categorized as either homozygous
loss or intact based on next-generation sequencing (NGS)
results.

Patients with MTAP-intact tumors were matched to those
with MTAP loss according to age, sex, and ethnic
background. Clinical variables, including baseline
demographics, treatment exposure, and therapeutic
outcomes, were obtained through systematic review of
electronic health records. Progression-free survival
(PFS) was calculated from the start date of any systemic
treatment line to documented clinical or radiographic
progression or discontinuation of therapy for that
treatment line, as determined by the treating oncologist.
Overall survival (OS) was defined as the interval from
initial cancer diagnosis to death from any cause.

were

Genomic analysis and sequencing methodology

Comprehensive genomic characterization of tumors in
the genomics-only cohort was conducted using U.S.
Food and Drug Administration—approved hybrid
capture—based NGS assays. DNA was extracted from
formalin-fixed, paraffin-embedded tumor specimens,
each containing a minimum tumor cellularity of 20%.
Library construction involved adaptor ligation followed
by hybridization-based enrichment targeting the
complete coding sequences of up to 324 cancer-
associated genes, in addition to selected intronic regions
from up to 31 genes commonly involved in oncogenic

rearrangements.
Sequencing output was interrogated for a broad range of
genomic alterations, including single nucleotide

substitutions, short insertions and deletions, copy number
changes (both amplifications and homozygous
deletions), and select gene rearrangements or fusions,
using previously validated methodologies [21]. Variant
detection employed Bayesian statistical modeling for
base substitutions, localized de novo assembly for short
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insertions and deletions, comparative analysis against
process-matched normal controls for copy number
assessment, and evaluation of chimeric sequencing reads
to identify rearrangement events [22].

For downstream analyses, short variants were included
only if annotated as “Known Pathogenic” or “Likely
Pathogenic,” unless otherwise specified. MTAP status
was assigned based on copy number estimates generated
by the NGS pipeline; tumors designated as MTAP loss
uniformly demonstrated a copy number of zero,
consistent with homozygous deletion of the MTAP locus.

PD-L1 immunohistochemical analysis

Evaluation of programmed death-ligand 1 (PD-L1)
expression was conducted in selected tumor samples
from the Foundation Medicine cohort using the Dako
22C3 PharmDx assay. All staining procedures were
performed in a CLIA- and CAP-certified reference
laboratory in strict accordance with the manufacturer’s
protocol. PD-L1 expression was assessed by a board-
certified pathologist and quantified using the tumor
proportion score (TPS). TPS was calculated as the
percentage of viable tumor cells exhibiting any definitive
partial or complete linear membranous staining,
excluding purely cytoplasmic staining, relative to the
total number of viable tumor cells, multiplied by 100.
Tumors were categorized as PD-L1 “low positive” when
TPS ranged from 1% to 49%, and as PD-L1 “high
positive” when TPS exceeded 50%.

Tumor mutational burden and microsatellite instability
Tumor mutational burden (TMB) for cases in the
genomics-only cohort was calculated using sequencing
data spanning approximately 0.83—1.14 megabases (Mb)
of interrogated genomic regions. A  validated
computational algorithm was applied to estimate
mutation burden by extrapolating detected genomic
alterations to the exome or whole-genome level, as
previously described [23]. Microsatellite instability
(MSI) status was determined through analysis of
sequencing data from 114 microsatellite loci, each
consisting of repeat lengths between 7 and 39 base pairs
[24]. An NGS-derived MSI score was generated and
subsequently classified as MSI-high, MSI-intermediate,
or microsatellite stable using unsupervised clustering
based on samples with MSI status previously defined by
gold-standard testing methods.

Inference of genomic ancestry

Because self-reported or physician-documented race
information was unavailable in the genomics-only
cohort, patient ancestry was inferred computationally
using ancestry-informative genetic markers. Genomic
ancestry assignment was performed with a random forest
classification model single
polymorphism (SNP) variation, categorizing samples
into one of six ancestral groups: East Asian, European,
South Asian, African, Admixed American, or South
Asian [25].

based on nucleotide

COSMIC trinucleotide mutational signature analysis
Mutational signature profiling was conducted in
accordance with previously established methodologies
[26]. The overall distribution of mutational burden was
first evaluated to determine an appropriate cutoff for
reliable signature detection [27]. Analyses focused on six
major COSMIC trinucleotide mutational signatures:
mismatch repair deficiency (signatures 6, 15, 20, and 26),
APOBEC-mediated mutagenesis (signatures 2 and 13),
ultraviolet light exposure (signature 7), polymerase
epsilon deficiency (signature 10), tobacco-associated
mutagenesis (signature 4), and alkylating agent exposure
(signature 11).

Statistical methods

All statistical analyses were performed using SPSS
version 28.1.1 (IBM Corp., Armonk, NY, USA).
Differences between categorical variables were
evaluated using Fisher’s exact test. Adjustment for
multiple comparisons was performed using Bonferroni
correction to control the false discovery rate. All
statistical tests were two-sided, and a P-value of less than
.05 was considered statistically significant. Graphical
data representation was generated using R version 4.3.1.
Survival outcomes, including overall survival (OS) and
progression-free survival (PFS), were analyzed using the
Kaplan—Meier method, with survival curves generated in
Prism version 10. Group comparisons were performed
using the log-rank test. Multivariable survival analyses
were conducted using Cox proportional hazards
regression models to estimate hazard ratios (HRs), 95%
confidence intervals (Cls), and corresponding P-values.

Results and Discussion
Genomics-only cohort

Analysis of the genomics-only cohort revealed that
MTAP loss was observed in 21.6% of pancreatic ductal
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adenocarcinoma (PDAC) cases (3401/12,319 tumors),
15.3% of intrahepatic cholangiocarcinoma (IHCC) cases
(785/4352  tumors), 8.7% of gastroesophageal
adenocarcinoma (GEAC) cases (589/6143 tumors), 2.4%
of hepatocellular carcinoma (HCC) cases (32/1306
tumors), and 1.1% of colorectal carcinoma (CRC) cases
(396/35,537 tumors) (Figures 2a and 1). Across the five
gastrointestinal tumor types profiled, MTAP loss was
present in 8.7% of tumors overall (5203/59,657). The
distribution of MTAP-loss cases was similar with respect
to patient age and sex (Table 1).
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Genetic ancestry analysis indicated that the majority of
tumors across all types were of European descent
(PDAC: 78.2%; IHCC: 73.7%; GEAC: 90.7%; HCC:
65.3%; CRC: 72.4%). Notably, MTAP-loss tumors were
enriched among patients of East Asian (EAS) genomic
ancestry in PDAC (4.4% versus 3.2%, P = .005) and
THCC (6.4% versus 4.3%, P = .036) when compared with
tumors retaining MTAP.
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Figure 2. Frequency of MTAP loss and 9p21 alterations in gastrointestinal cancers.
(a) Distribution of MTAP loss across various GI tumor types as determined by immunohistochemistry

(IHC).

(b) (b) Rates of co-alterations in 9p21-associated genes CDKN2A and CDKN2B, comparing MTAP-loss
versus MTAP-intact tumors.

Abbreviations: PDAC, pancreatic ductal
adenocarcinoma; IHCC, intrahepatic
cholangiocarcinoma; CRC, colorectal carcinoma;

GEAC, gastroesophageal adenocarcinoma; HCC,
hepatocellular carcinoma
Statistical significance: *P <.05; **P <.01; ***P <.001;

kP <.0001.

Table 1. Baseline demographic and clinical characteristics of patients in the genomics-only and clinical outcomes

cohorts.
PDAC: PDAC: IHCC: IHCC: HCC: HCC: CRC: CRC: GEAC: GEAC:
Cohort MTAP MTAP MTAP MTAP MTAP MTAP MTAP MTAP MTAP MTAP
Intact Loss Intact Loss Intact Loss Intact Loss Intact Loss
Genomics-only
cohort?
Number of
0/ i 12,319 3,401 4,352 785 1,306 32 35,537 396 6,143 589
cases owithin  Jo ) 216)  (847)  (153) (97.6) (4)  (989) (L)  (913) (87

tumor type)
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Gender (% 529 52.4 489 51.1 75.3 59.4 55.6 58.3 86.4 83.7
male)
Age, median, 67 (23- 67(25- 66(18- 66(18- 67 (5- 61.5 61 (10- 61.5 66 (22- 65 (21-
years (range) 89) 89) 89) 89+) 89) (34-83) 89) (21-89) 89) 89)
Genomic
ancestry, %
AFR 10.1 9.8 8.8 8.0 13.9 12.5 12.5 10.9 2.8 2.0
AMR 7.5 8.0 11.9 10.8 12.5 12.5 10.1 10.9 5.1 5.6
EAS 3.2 4.4 43 6.4 6.7 9.4 40.5 455 1.1 0.8
EUR 78.5 77.1 73.6 74.2 65.3 65.6 72.4 73.5 90.6 91.0
SAS 0.7 0.7 1.4 0.5 1.6 0 0.9 0.3 0.4 0.5
Clinical
outcomes
cohort
Number of
cases (% within 11 21 49 21 — — — — — —
tumor type)
Gender (% 727 333 500 333 — — — — — —
male)
Age. median 62.7 60.8 57.3 54.0
’ ’ (52.4- (19.0- (23.6- (23.3- — — — — — —
years(range) oy 0 209)  772)  805)
Ethnicity
Caucasian 9 14 40 17 — — — — — —
African 1 5 1 1 — — — — — —
Hispanic 1 2 3 1 — — — — — —
Asian 0 0 2 — — — — — —
NGS panel
used, %
FoundationOne
CDx 5 17 43 21 — — — — — —
Perthera 2 1 0 0 — — — — — —
Tempus xT 3 3 6 0 — — — — — —
MSK IMPACT 1 0 0 — — — — — —

*The FoundationOne CDx NGS panel was used for the
entire Genomics-only cohort: 64 860 (100%).

Abbreviations: MTAP, methylthioadenosine
phosphorylase; PDAC, pancreatic ductal
adenocarcinoma; HCC, intrahepatic

cholangiocarcinoma; HCC, hepatocellular carcinoma;
CRC, colorectal carcinoma; GEAC, gastroesophageal
adenocarcinoma; AFR, African; AMR, admixed
American; EAS, East Asian; EUR, European; SAS,
South Asian.

Analysis of genomic profiles comparing MTAP-loss and
MTAP-intact tumors across gastrointestinal cancers
revealed that MTAP-deficient tumors almost always
carried co-alterations in CDKN2A and CDKN2B
(Figure 2b). Across all five tumor types, the prevalence
of these co-alterations differed significantly depending

on MTAP status. In colorectal carcinoma (CRC), only a
small fraction of MTAP-intact tumors exhibited
mutations in CDKN2A (1.8%) or CDKN2B (0.4%)
among 35,537 cases. By contrast, nearly every CRC
tumor with MTAP loss displayed concurrent CDKN2A
(99.7%) and CDKN2B (95%) alterations, despite the low
overall frequency of MTAP loss in CRC (1.1%).
Similarly, in pancreatic ductal adenocarcinoma (PDAC),
MTAP-intact tumors already demonstrated relatively
high mutation rates in CDKN2A (43%) and CDKN2B
(10%), whereas MTAP-loss PDAC tumors occurred
almost exclusively as part of a 9p21 deletion, with 99.8%
and 95% harboring co-alterations in CDKN2A and
CDKN2B, respectively.

When examining mutations with potential clinical
actionability, significant differences emerged between
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MTAP-loss and MTAP-intact tumors (Figures 3 and 2).
In CRC, ERBB?2 alterations were enriched in MTAP-
deficient tumors (8.8% vs 5.1%, P = .008), while
PIK3CA mutations were less frequent (13.4% vs 19.0%,
P =.015). In gastroesophageal adenocarcinoma (GEAC),
ATM mutations were more common in MTAP-loss cases
(6.1% vs 3.6%, P =.038). No significant disparities were
observed in hepatocellular carcinoma (HCC). For
intrahepatic cholangiocarcinoma (IHCC), MTAP-loss
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tumors had higher frequencies of BRCA2 (3.4% vs 2.0%,
P = .043) and BRAF (9.2% vs 4.7%, P < .0001)
mutations, while IDH1 mutations were less frequent
(6.9% vs 15%, P <.0001) compared with MTAP-intact
tumors. FGFR2 mutations in IHCC did not differ
significantly by MTAP status (12.7% vs 11.6%, P =
.594). In PDAC, PTEN mutations were slightly more
prevalent in MTAP-loss tumors (2.4% vs 1.4%, P =
.001).
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Figure 3. Genomic alteration patterns in MTAP-loss versus MTAP-intact tumors in the genomics-only cohort.
Panels display the prevalence of co-occurring mutations classified as either potentially targetable or untargetable
across five GI cancer types: (a) pancreatic ductal adenocarcinoma (PDAC), (b) intrahepatic cholangiocarcinoma
(IHCCQ), (c) colorectal carcinoma (CRC), (d) gastroesophageal adenocarcinoma (GEAC), and (e) hepatocellular
carcinoma (HCC). In the graphs, solid bars represent MTAP-loss tumors, and striped bars indicate MTAP-intact

tumors. Values shown correspond to the percentage of tumors with each alteration. Statistical significance is
indicated as follows: *P < .05; **P <.01; ***P < .001; ****P < .0001.

The frequency of alterations in genes considered
“undruggable” differed depending on tumor type and
MTAP status (Figure 3). In CRC, MTAP-loss tumors
had fewer APC mutations (48% vs 79%, P <.0001) and
CTNNBI mutations (1.5% vs 4.3%, P = .014) than
MTAP-intact tumors, but showed higher rates of STK11
(3.3% vs 0.7%, P <.0001) and KEAP1 (1.3% vs 0.4%, P
= .067) alterations. GEAC tumors with MTAP loss
exhibited a lower proportion of TP53 mutations (75% vs
87%, P <.0001).

In IHCC, MTAP-loss tumors had slightly reduced TP53
(31% vs 35%, P <.05) and TERT (5% vs 8.1%) mutation
frequencies, whereas KRAS (23% vs 19%, P < .05),
SMAD4 (14% vs 6.6%, P <.0001), and KEAP1 (2.4%
vs 1.1%, P <.05) mutations were more frequent. PDAC
tumors with MTAP loss had higher rates of KRAS
(94.4% vs 92.6%, P =.001), TP53 (80.3% vs 77.8%, P =
.005), and MYC (7.4% vs 4.8%, P < .0001) mutations
compared with MTAP-intact PDAC. SMADA4 alterations
were consistently more common in MTAP-loss tumors
across PDAC (34.1% vs 24.6%, P < .0001), ITHCC
(13.6% vs 6.6%, P <.0001), and CRC (24.2% vs 16.9%,
P=.001).

Regarding immunotherapy biomarkers, differences by
MTAP status were evident in CRC, IHCC, and PDAC.
Microsatellite instability—high (MSI-H) was less
common in MTAP-loss tumors in CRC (0.5% vs 5.7%, P
<.0001), IHCC (0.4% vs 2.1%, P = .001), and PDAC
(0.1% vs 0.6%, P = .0008; Figure 4a). PD-LI
immunohistochemistry data were available for a subset
of tumors: 34% of PDAC, 17.5% of IHCC, 25% of HCC,
18.2% of CRC, and 12.3% of GEAC, with differences in
expression observed depending on tumor type (Figure
4b; Table 1).

Tumor mutational burden (TMB) was significantly
reduced in MTAP-loss tumors in CRC (4.6 vs 7.3
Mut/Mb, P <.0001) and THCC (2.5 vs 3.0 Mut/Mb, P =
.0015; Figure 4c). Additional analyses using TMB
thresholds confirmed statistically meaningful differences
in CRC, IHCC, and PDAC (Figure 4d).
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cholangiocarcinoma (IHCC), and pancreatic ductal
adenocarcinoma (PDAC). Panel A illustrates
microsatellite instability (MSI) status, panel B shows
PD-L1 expression, panel C reports mean tumor
mutational burden (TMB), and panel D depicts TMB

Among 5,234 tumors from the Genomics-only cohort,
trinucleotide mutational signatures were evaluated using
COSMIC-based analysis (Table 2). In CRC, the
APOBEC-related mutational signature was more
frequently detected in MTAP-loss tumors than in MTAP-
intact cases (7.3% vs 1.3%, P = .054). A similar
enrichment was observed in PDAC (16.7% vs 5.6%, P =
.044). Additionally, UV-associated mutational patterns

using standard clinical cutoffs. Symbols (-) and (+)

represent negative and positive results, respectively.

Statistical significance is indicated as follows: *P <
.05; #*P < .01; ***P < .001; ****P < .0001.

were more common in MTAP-loss CRC compared with
MTAP-intact tumors (4.9% vs 0.2%, P = .015).

Table 2 summarizes key statistically significant genomic
co-alterations and immunotherapy biomarkers identified
in MTAP-loss GI This table highlights
differences across tumor types, offering a concise
overview of alterations that may have therapeutic or
prognostic relevance.

tumors.

Table 2. Key co-alterations and immunotherapy markers in gastrointestinal tumors harboring MTAP loss.

Higher prevalence in

Higher prevalence in

Lower prevalence Lower prevalence in

Tumor MTAP-loss: Genomic MTAP-loss: in MTAP-loss: MTAP-loss:
alterations Immunotherapy markers Genomic alterations Immunotherapy markers
CDKN2A, CDKN2B, . N APC, CTNNBI, MSI-high, mean TMB,
CRC ERBB2, KEAP1, SMADA4, PD-L1 high positive PIK3CA TMB > 20 mut/Mb, PD-L1
STK11 negative
ATM, CDKN2A, CDKN2B,
GEAC KRAS (G12X) — TP53 —
HCC CDKN2A, CDKN2B — — —
BRAF, BRCA2, CDKN2A, MSI-high, mean TMB,
[HCC CDKN2B, KEAP1, KRAS PD-L1 negative IDH1, TERT, TP53 TMB > 10 mut/Mb, PD-L1
(all variants), SMAD4 low positive
CDKN2A, CDKN2B, MSI-high, TMB > 10
PDAC  KRAS (all variants), MYC, PD-L1 high positive — mut/Mb, TMB > 20

PTEN, SMADA4, TP53

mut/Mb, PD-L1 negative

Clinical outcomes cohort

At MD Anderson Cancer Center, 42 patients with
advanced gastrointestinal tumors—equally split between
pancreatic ductal adenocarcinoma (PDAC, n = 21) and
intrahepatic cholangiocarcinoma (IHCC, n = 21)—were
found to have homozygous MTAP loss. These cases were
compared to a group of 60 patients with intact MTAP,
matched for key demographic and clinical features
(Tables 1 and 3). Patients with MTAP-deficient tumors
showed a tendency toward shorter overall survival (OS)
relative to MTAP-intact patients; this
difference did not reach statistical significance (Figure
5).

When examining the impact of additional co-alterations
on survival in IHCC, multivariate analysis highlighted
several genes linked to poorer outcomes. Specifically,
CDKN2A alterations were associated with a more than
twofold increase in the hazard of death (HR 2.15; 95%

however,

CI 1.064.40; P = .035). Similarly, CCNE]1 alterations
conferred a markedly higher risk (HR 8.86; 95% CI 1.16—
67,369; P = .035), and MYC alterations also correlated
with reduced OS (HR 1.28; 95% CI 1.28-7.10; P =.012)
(Table 4).

Pancreatic Cancer

HR for OS: 2.53 (95% CI 0.75-8.60)
Log-rank p=0.125

Cum Survival

° 10 20 30 w0 % 3

OS (months)

a)
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Cholangiocarcinoma

HR for OS: 1.70 (95% CI 0.79-3.66)

Log-rank p=0.168
— MTAP-intact
— MTAP-loss

Cum Survival

0S (months)
b)

Figure 5. Impact of MTAP status on overall survival
in the Clinical Outcomes Cohort. (a) Kaplan-Meier
survival analysis for patients with advanced
pancreatic cancer. (b) Kaplan-Meier survival analysis
for patients with advanced cholangiocarcinoma.

MTAP loss has recently emerged as a promising target
for cancer therapy. In MTAP-deficient tumors,
intracellular accumulation of methylthioadenosine
(MTA) increases sensitivity to inhibition of PRMTS5 and
MAT2A, creating a synthetic lethal vulnerability [12,
28]. This relationship is being actively pursued in early-
phase clinical trials for advanced solid tumors. For
example, a Phase I study of MRTX1719, a PRMT5
inhibitor, has produced RECIST partial responses in
patients with MTAP-loss mesothelioma, non-small cell
lung cancer, melanoma, gallbladder adenocarcinoma,
and malignant peripheral nerve sheath tumors [19]. The
responses observed in gallbladder adenocarcinoma—a
typically aggressive and therapy-resistant cancer—
highlight the potential relevance of MTAP-targeted
therapies in gastrointestinal (GI) malignancies.

Despite growing interest, data on MTAP loss in GI
cancers remain limited. Fundamental epidemiologic
information, such as prevalence and co-occurring
genomic alterations, is largely unknown, yet is critical for
guiding trial design. In this study, we analyzed over
64,000 tumor profiles from the five most common GI
cancers to quantify MTAP-loss prevalence, explore
genomic differences between MTAP-loss and MTAP-
intact tumors, and evaluate overlap with established
immunotherapy biomarkers. To our knowledge, this
represents the largest dataset investigating MTAP status
in GI tumors.

Our results show that MTAP loss is among the more
common potentially targetable alterations in PDAC

(22%), IHCC (15%), and  gastroesophageal
adenocarcinoma (GEAC, 8.7%) [29-31]. In contrast,
MTAP loss is rare in hepatocellular carcinoma (HCC)
and colorectal carcinoma (CRC), suggesting that
dedicated clinical trials for these tumor types may have
limited feasibility. Importantly, MTAP loss in GI cancers
almost always occurs as part of 9p21 deletion, with
concurrent CDKN2A and CDKN2B loss. Previous
genomic studies and some commercial panels have not
consistently tested for MTAP specifically, complicating
retrospective outcome analyses [32, 33]. However, near-
universal testing for CDKN2A and CDKN2B can serve
as a surrogate for identifying MTAP loss or guide
focused MTAP testing in select cases. Recognizing that
MTAP loss effectively reflects 9p21 loss also facilitates
interpretation of molecular and clinical studies on this
chromosomal region [10, 20, 34]. In PDAC and GEAC,
some MTAP-intact tumors still harbor CDKN2A and
CDKN2B alterations, making direct confirmation of
MTAP status particularly important in these cancers.
Demographic analysis revealed no significant differences
in age or sex between patients with and without MTAP
loss. Notably, tumors from individuals of East Asian
genomic ancestry were more likely to exhibit MTAP
loss, suggesting a potential genetic predisposition,
reminiscent of patterns seen with EGFR mutations in
East Asian lung cancer populations [35]. Further
investigation is warranted, as existing studies report
conflicting data regarding MTAP-loss prevalence in East
Asian patients [36, 37].

Our analysis indicates that MTAP-loss in gastrointestinal
(GI) cancers does not occur exclusively from other
targetable driver mutations. While current clinical trials
for MTAP-loss focus on MAT2A or PRMTS inhibitors
as single agents, combination targeted approaches may
ultimately  offer superior efficacy [38]. The
comprehensive mutational profiling provided in this
study highlights the prevalence of co-occurring
alterations that could potentially be exploited in
combination therapy. For instance, in intrahepatic
cholangiocarcinoma (IHCC), MTAP-loss
demonstrated a significantly higher frequency of BRCA2
and BRAF alterations, suggesting a potential biological
interdependence that could be leveraged therapeutically.
Prior research has linked breast cancer risk to defects in

tumors

methionine metabolism and a methionine-dependence
phenotype in BRCA1/2 mutation carriers [39]. These
observations imply that a combination strategy involving
poly(ADP)-ribose polymerase inhibitors and MAT2A or
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PRMTS inhibitors in MTAP-loss GI cancers warrants
further preclinical investigation.

In pancreatic ductal adenocarcinoma (PDAC), PTEN
mutations were enriched among MTAP-loss tumors. This
finding is notable as several early-phase trials are
evaluating PI3K/Akt/mTOR-targeted therapies, which
could be considered for combinatorial regimens in this
context [40]. Alternatively, a sequential treatment
strategy may be appropriate for patients harboring both
MTAP-loss and actionable genomic alterations, thereby
broadening the therapeutic options. For example,
approximately 36% of BRAF-mutated IHCC cases have
been previously reported to co-occur with MTAP-loss, a
trend recapitulated in our cohort [41]. These patients
could potentially receive BRAF inhibitors, which have
tumor-agnostic FDA approval, followed by PRMTS5 or
MAT?2A inhibitors upon progression, or vice versa [42].
Previous studies have associated 9p21 or MTAP-loss
with poor immunotherapy response, possibly due to
mechanisms involving immune evasion through cell
cycle regulation, metabolic pathways, and type I
interferon responses [43]. In our Genomics-only cohort,
MTAP-loss in CRC, IHCC, and PDAC correlated with a
significantly lower likelihood of MSI-high status. PD-L1
expression was significantly reduced in MTAP-loss
IHCC tumors, whereas it was unexpectedly elevated in
MTAP-loss PDAC and CRC. Interestingly, MTAP-loss
CRC also demonstrated increased alterations in STK11
and KEAP1, genes previously implicated in
immunotherapy resistance in NSCLC and pan-cancer
analyses [44, 45].

Mutational signature analysis provides insight into the
processes shaping tumor genomes [27, 46]. In our cohort,
MTAP-loss PDAC and CRC exhibited elevated
APOBEC and UV-associated mutational signatures,
respectively, suggesting potential differences in
endogenous and exogenous mutational processes in
MTAP-loss GI cancers that merit further study.
Regarding clinical outcomes, no robust survival data
currently exist for MTAP-loss in GI cancers. In both
advanced PDAC and THCC, patients with MTAP-loss
tumors showed shorter median overall survival (OS)
compared to MTAP-intact cases, though these
differences were not statistically significant. In IHCC,
CDKN2A alterations, rather than MTAP-loss itself, were
significantly associated with worse median OS in
multivariate analysis. Prospective studies are needed to
clarify the prognostic relevance of MTAP-loss in
advanced PDAC and IHCC.

Limitations of this study include the relatively small
sample size in the Clinical Outcomes Cohort (n = 102)
and the fact that only approximately one-third of patients
had PD-L1 immunohistochemistry and fewer than 10%
had COSMIC signature
analysis. Additional limitations inherent to retrospective
analyses include potential selection bias and variability
in treatment, monitoring, and follow-up across the
cohort. While NGS was used to reliably detect
homozygous MTAP-loss, we did not assess alternative
mechanisms of MTAP inactivation, such as epigenetic
silencing via promoter methylation, which has been
reported in melanoma and glioblastoma [47, 48].

trinucleotide mutational

Conclusion

MTAP-loss represents a promising therapeutic target,
particularly in PDAC, THCC, and gastroesophageal
adenocarcinoma (GEAC), where it exhibits a relatively
high prevalence and distinct genomic features. In
gastrointestinal cancers, MTAP-loss almost always
occurs as part of 9p21 deletion, and our comprehensive
genomic and immunotherapy biomarker profiling
provides a foundation for future translational and clinical
research. The absence of mutual exclusivity with other
actionable mutations, combined with the identification of
co-occurring targetable alterations, highlights the
potential for sequential or combination treatment
strategies in patients with MTAP-loss GI tumors.

Acknowledgments: was created with

BioRender.com.

Figure 1

Conflict of Interest: Dean C. Pavlick, Vamsi Parimi,
Richard S.P. Huang, Tyler Janovitz, Natalie Danziger,
Mia A. Levy, and Jeffrey S. Ross are current or former
employees of Foundation Medicine, a wholly owned
subsidiary of Roche, with stock options. Shubham Pant
reported consulting or advisory role with Zymeworks,
Ipsen, Novartis, Janssen, AskGene Pharma, BPGBio,
Jazz, AstraZeneca, Boehringer Ingelheim,
USWorldmeds, Nihon Medi-Physics Co, Ltd, and
Alligator Bioscience; and research funding (to
institution) from Mirati Therapeutics, Lilly, Xencor,
Novartis, Bristol-Myers Squibb, Astellas, Framewave,
4D  Pharma, Boehringer  Ingelheim, @ NGM
Pharmaceuticals, Janssen, Arcus, Elicio, Biontech, Ipsen,
Zymeworks, Pfizer, InmunoMET, Immuneering, and
Amal Therapeutics. Milind Javle reported advisory board



Zhang H, Chen ZH, Savarese TM.. Codeletion of the
genes for pl6ink4, methylthioadenosine
phosphorylase, interferon-al, interferon-p1, and
other 9p21 markers in human malignant cell lines.
Cancer Genet Cytogenet. 1996;86(1):22-28.
10.1016/0165-4608(95)00157-3
Han G, Yang G, Hao D, et al. 9p21 loss confers a
cold tumor immune microenvironment and primary
resistance to immune checkpoint therapy. Nat
Commun. 2021;12(1):5606. 10.1038/s41467-021-
25894-9
. Marjon K, Cameron Michael J, Quang P, et al.
MTAP deletions in cancer create vulnerability to

Lee and Choi Arch Int J Cancer Allied Sci, 2024, 4(1):67-80

role or research funding from Abbvie, Array, Astellas, 9.
AstraZeneca, Bayer, Beigene, Biocartis, Boehringer
Ingelheim, Bristol-Myers Squibb, Celgene, Daiichi,

GSK, Halozyme, Helsinn, Incyte, Ipsen, Janssen
Research, Lilly, Merck Sharp & Dohme, EMD Serono,
Novartis, Transthera, Meclun, Eli Lilly, Oncosil, QED,
Taiho, Servier, and Agios. The other authors indicatedno  10.
financial relationships.

Financial Support: None
Ethics Statement: None 11

References

Cheng J, Demeulemeester J, Wedge DC, et al. Pan-
cancer analysis of homozygous deletions in primary

targeting of the MAT2A/PRMT5/RIOK1 axis. Cell
Rep. 2016;15(3):574-587.
10.1016/j.celrep.2016.03.043

12. Kryukov GV, Wilson FH, Ruth JR, et al. MTAP
tumours uncovers rare tumour suppressors. Nat deletion confers enhanced dependency on the
Commun.  2017;8(1):1221.  10.1038/541467-017- PRMTS5 arginine methyltransferase in cancer cells.
01355-0 - Science. 2016;351(6278):1214-1218,
Cox C, Bignell G, Greenman C, et al. A survey of 10.1126/science.aad5214
homozygous deletions in human cancer genomes. 13. Mavrakis KJ. Tii ERM. Schlabach MR. et al
Proc Natl Acad Sci USA. 2005;102(12):4542-4547. Disordered ’ methionir’le metabohsn’l 0
10.1073/pnas 0408593102 MTAP/CDKN2A-deleted  cancers leads to
Kohno T, Yokota J.. Molecular processes of dependence on PRMTS Science
chromosome 9p21 deletions causing inactivation of 2016:351(6278):1208-1213
the p 1,6 tumOr SUppressor gene' n human ?ancer: 14. Zappia V, Della Ragione F, Pontoni G, Gragnaniello
deduction from structural analysis of breakpoints for V. Carteni-Farina M Human  5’-deoxy-5'-
deletions. DNA. Repair (Amst). 2006;5(9-10):1273- methylthioadenosine phosphorylase: kinetic studies
1281. 10.101§/J.dnarep.2006.05.021 and catalytic mechanism. Adv Exp Med Biol.
Kamb A, Gruis NA, Weaver-Feldhaus J, et al. A cell 1988:250:165-177. 10.1007/978-1-4684-5637-0 15
cycle regulator potentially involved in genesis of 15. Stevens AP, Spangler B, Wallner S, et al. Direct and
many - tumor tyPes' Science. 1994;264(5157):436- tumor microenvironment mediated influences of 5°-
440.10.1126/science.8153634 . deoxy-5’-(methylthio)adenosine on tumor
Kowalczyk J, Sandberg AA.. A possible subgroup of progression of malignant melanoma. J Cell
all ~with — 9p=. Cancer Genet ~Cytogenet. Biochem. 2009;106(2):210-219. 10.1002/jcb.21984
1983;9(4):383-385. 10.1016/0165-4608(83)90086-9 Kirovski G, Stevens AP, Czech B, et al. Down-
Ch11cot§ RRf Brown E, Rowley JD.. Lymp hObllaStIC regulation of methylthioadenosine phosphorylase
leukemia with lymphomatous features associated (MTAP) induces progression of hepatocellular
with abnormalities of the short arm of chromosome carcinoma via accumulation of 5’-deoxy-5'-
9. N Engl J Med 1985313(5):286-291. methylthioadenosine (MTA). Am J Pathol.
10.1056/NEJM198508013130503 2011:178(3):1145-1152
7. Gerstung M, Jolly C, Leshchiner I, et al. The 10 1(;16/j ajpath.2010.11.059
evolutionary history of 2,658 cancers. Nature. 17. Kalev P, Hyer ML, Gross S, et al. MAT2A inhibition

2020;578:122-128. 10.1038/s41586-019-1907-7

8. Beroukhim R, Mermel CH, Porter D, et al. The
landscape of somatic copy-number alteration across
human cancers. Nature. 2010;463(7283):899-905.
10.1038/nature08822

blocks the growth of mtap-deleted cancer cells by
reducing PRMTS5-dependent mrna splicing and
inducing DNA  damage. Cancer  Cell
2021;39(2):209-224.e11.
10.1016/j.ccell.2020.12.010



Arch Int J Cancer Allied Sci, 2024, 4(1):67-80

Lee and Choi

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Giuliani V, Miller MA, Liu CY, et al. PRMTI1-
dependent regulation of rna metabolism and DNA
damage response sustains pancreatic ductal
adenocarcinoma. Nat Commun. 2021;12(1):4626.
10.1038/s41467-021-24798-y

Engstrom LD, Aranda R, Waters L, et al
MRTX1719 is an MTA-cooperative PRMTS5
inhibitor that exhibits synthetic lethality in
preclinical models and patients with MTAP-deleted
cancer. Cancer Discov. 2023;13(11):2412-2431.
10.1158/2159-8290.CD-23-0669

Ebot EM, Duncan DL, Tolba K, et al. Deletions on
9p21 are associated with worse outcomes after anti-
PD-1/PD-11 monotherapy but not
chemoimmunotherapy. = NPJ  Precis
2022;6(1):44. 10.1038/s41698-022-00286-4
Lipson D, Capelletti M, Yelensky R, et al.
Identification of new ALK and RET gene fusions
from colorectal and lung cancer biopsies. Nat Med.
2012;18(3):382-384. 10.1038/nm.2673

Frampton GM, Fichtenholtz A, Otto GA, et al.
Development and validation of a clinical cancer
genomic profiling test based on massively parallel
DNA sequencing. Nat Biotechnol.
2013;31(11):1023-1031. 10.1038/nbt.2696
Chalmers ZR, Connelly CF, Fabrizio D, et al.
Analysis of 100,000 human cancer genomes reveals
the landscape of tumor mutational burden. Genome
Med. 2017;9(1):34. 10.1186/s13073-017-0424-2
Trabucco SE, Gowen K, Maund SL, et al. A novel
next-generation sequencing approach to detecting
microsatellite instability and pan-tumor
characterization of 1000 microsatellite instability-
high cases in 67,000 patient samples. J Mol Diagn.
2019;21(6):1053-1066.
10.1016/j.jmoldx.2019.06.011

Newberg J, Connelly C, Frampton G.. Abstract
1599: Determining patient ancestry based on
targeted tumor comprehensive genomic profiling.
Cancer Res. 2019;79(13 Supplement):1599-1599.
10.1158/1538-7445.am2019-1599

Zehir A, Benayed R, Shah RH, et al. Mutational
landscape of metastatic cancer revealed from
prospective clinical sequencing of 10,000 patients.
Nat Med. 2017;23(6):703-713. 10.1038/nm.4333
Alexandrov LB, Nik-Zainal S, Wedge DC, et al. ;
Australian Pancreatic Cancer Genome Initiative.

Oncol.

Signatures of mutational processes in human cancer.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nature.
10.1038/nature12477
Marjon K, Cameron MJ, Quang P, et al. MTAP
deletions in cancer create vulnerability to targeting
of the MAT2A/PRMTS/RIOK1 axis. Cell Rep.
2016;15(3):574-587.
https://doi.org/10.1016/j.celrep.2016.03.043 [
Huffman BM, Ellis H, Jordan AC, et al. Emerging
role of targeted therapy in metastatic pancreatic
adenocarcinoma.  Cancers.  2022;14(24):6223.
10.3390/cancers14246223

Karasic TB, Eads JR, Goyal L.. Precision medicine
and immunotherapy  have arrived for
cholangiocarcinoma: an of recent
approvals and ongoing clinical trials. JCO Precis
Oncol. 2023;7(7):¢2200573. 10.1200/P0.22.00573
Nagaraja AK, Kikuchi O, Bass AJ.. Genomics and
targeted therapies in gastroesophageal
adenocarcinoma. Cancer Discov. 2019;9(12):1656-
1672. 10.1158/2159-8290.CD-19-0487
Sa-ngiamwibool P, Hamasaki M, Kinoshita Y, et al.
Challenges and limitation of  MTAP
immunohistochemistry in diagnosing desmoplastic
mesothelioma/sarcomatoid pleural mesothelioma
with desmoplastic features. Ann Diagn Pathol.
2022;60:152004.
10.1016/j.anndiagpath.2022.152004

Hofman P, Berezowska S, Kazdal D, et al. Current
challenges and practical aspects of molecular
pathology for non-small cell lung cancers. Virchows
Arch. 2023. 10.1007/s00428-023-03651-1

Barriga FM, Tsanov KM, Ho YJ, et al. Machete
identifies interferon-encompassing chromosome
9p21.3 deletions as mediators of immune evasion
and metastasis. Nat Cancer. 2022;3(11):1367-1385.
10.1038/s43018-022-00443-5

Shi Y, Au JSK, Thongprasert S, et al. A prospective,
molecular epidemiology study of EGFR mutations
in asian patients with advanced non—small-cell lung
cancer of adenocarcinoma histology (pioneer). J
Thorac Oncol. 2014;9(2):154-162.
10.1097/jt0.0000000000000033

Xu W, Anwaier A, Liu W, et al. Genomic alteration
of MTAP/CDKN2A  predicts  sarcomatoid
differentiation and poor prognosis and modulates
response to immune checkpoint blockade in renal
cell carcinoma. Front Immunol. 2022;13:953721.
10.3389/fimmu.2022.953721

2013;500(7463):415-421.

overview



Arch Int J Cancer Allied Sci, 2024, 4(1):67-80

Lee and Choi
37. Cao J, Hu J, Liu S, et al. Intrahepatic
cholangiocarcinoma: genomic  heterogeneity

38.

39.

40.

41.

42.

between eastern and western patients. JCO Precis
Oncol. 2020;4(4).

Jin H, Wang L, Bernards R.. Rational combinations
of targeted cancer therapies: background, advances
and challenges. Nat Rev Drug Discovery.
2023;22(3):213-234. 10.1038/s41573-022-00615-z

Beetstra S, Suthers G, Dhillon V, et al. Methionine-
dependence phenotype in the de novo pathway in
BRCA1 and BRCA2 mutation carriers with and
without  breast Cancer  Epidemiol
Biomarkers Prev. 2008;17(10):2565-2571.
10.1158/1055-9965.EPI-08-0140

Conway JR, Herrmann D, Evans TJ, Morton JP,
Timpson P.. Combating pancreatic cancer with pi3k
pathway inhibitors in the era of personalised
medicine. Gut. 2019;68(4):742-758. 10.1136/gutjnl-
2018-316822

Tang TY, Nichetti F, Kaplan B, et al. Comparative
genomic analysis and clinical outcomes of BRAF-
mutated advanced biliary tract cancers. Clin Cancer
Res.  2023;29(23):4853-4862. 10.1158/1078-
0432.CCR-23-1926

Subbiah V, Kreitman RJ, Wainberg ZA, et al.
Dabrafenib plus trametinib in BRAFV600E-mutated
rare cancers: The phase 2 roar trial. Nat Med.
2023;29(5):1103-1112. 10.1038/s41591-023-
02321-8

cancer.

43.

44,

45.

46.

47.

48.

Spiliopoulou P, Yang SYC, Bruce JP, et al. All is not
lost: learning from 9p21 loss in cancer. Trends
Immunol. 2022;43(5):379-390.
10.1016/5.1t.2022.03.003

Chen X, Su C, Ren S, Zhou C, Jiang T.. Pan-cancer
analysis of KEAP1 mutations as biomarkers for
immunotherapy outcomes. Ann Transl Med.
2020;8(4):141. 10.21037/atm.2019.11.52

Skoulidis F, Goldberg ME, Greenawalt DM, et al.
STK11/LKB1 mutations and PD-1 inhibitor
resistance in KRAS-mutant lung adenocarcinoma.
Cancer Discov. 2018;8(7):822-835. 10.1158/2159-
8290.CD-18-0099

Van Hoeck A, Tjoonk NH, van Boxtel R, CuppenE..
Portrait of a cancer: mutational signature analyses
for  cancer  diagnostics. BMC  Cancer.
2019;19(1):457. 10.1186/s12885-019-5677-2
Behrmann 1, Wallner S, Komyod W, et al
Characterization of  methylthioadmtap=enosin
phosphorylase (MTAP) expression in malignant
melanoma. Am J Pathol. 2003;163(2):683-690.
10.1016/S0002-9440(10)63695-4

Hansen LJ, Sun R, Yang R, et al. MTAP loss
promotes stemness in glioblastoma and confers
unique susceptibility to purine starvation. Cancer
Res.  2019;79(13):3383-3394. 10.1158/0008-
5472.CAN-18-1010



