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Pan-cancer analysis of CDKN2A alterations D
identifies a subset of gastric cancer with a cold
tumor immune microenvironment

Chao Deng'?", Zi-xi Li'", Chen-jun Xie'", Qing-lin Zhang?, Ben-shun Hu*, Mei-dan Wang', Jie Mei®, Chen Yang’,
Zhangfeng Zhong® and Ke-wei Wang'"

Abstract

Background Although CDKN2A alteration has been explored as a favorable factor for tumorigenesis in pan-cancers,
the association between CDKN2A point mutation (MUT) and intragenic deletion (DEL) and response to immune
checkpoint inhibitors (ICls) is still disputed. This study aims to determine the associations of CDKN2A MUT and DEL
with overall survival (OS) and response to immune checkpoint inhibitors treatment (ICls) among pan-cancers and the
clinical features of CDKN2A-altered gastric cancer.

Methods This study included 45,000 tumor patients that underwent tumor sequencing across 33 cancer types from
four cohorts, the MSK-MetTropism, MSK-IMPACT, OrigiMed2020 and TCGA cohorts. Clinical outcomes and genomic
factors associated with response to ICls, including tumor mutational burden, copy number alteration, neoantigen
load, microsatellite instability, tumor immune microenvironment and immune-related gene signatures, were collected
in pan-cancer. Clinicopathologic features and outcomes were assessed in gastric cancer. Patients were grouped based
on the presence of CDKN2A wild type (WT), CDKN2A MUT, CDKN2A DEL and CDKN2A other alteration (ALT).

Results Our research showed that CDKN2A-MUT patients had shorter survival times than CDKN2A-WT patients in
the MSK MetTropism and TCGA cohorts, but longer OS in the MSK-IMPACT cohort with ICls treatment, particularly

in patients having metastatic disease. Similar results were observed among pan-cancer patients with CDKN2A DEL
and other ALT. Notably, CDKN2A ALT frequency was positively related to tumor-specific objective response rates

to ICls in MSK MetTropism and OrigiMed 2020. Additionally, individuals with esophageal carcinoma or stomach
adenocarcinoma who had CDKN2A MUT had poorer OS than patients from the MSK-IMPACT group, but not those
with adenocarcinoma. We also found reduced levels of activated NK cells, T cells CD8 and M2 macrophages in tumor
tissue from CDKN2A-MUT or DEL pan-cancer patients compared to CDKN2A-WT patients in TCGA cohort. Gastric
cancer scRNA-seq data also showed that CDKN2A-ALT cancer contained less CD8 T cells but more exhausted T
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cells than CDKN2A-WT cancer. A crucial finding of the pathway analysis was the inhibition of three immune-related
pathways in the CDKN2A ALT gastric cancer patients, including the interferon alpha response, inflammatory response,

and interferon gamma response.

Conclusions This study illustrates the CDKN2A MUT and DEL were associated with a poor outcome across cancers.
CDKN2A ALT, on the other hand, have the potential to be used as a biomarker for choosing patients for ICl treatment,
notably in esophageal carcinoma and stomach adenocarcinoma.

Keywords CDKN2A, Immunotherapy, Immune checkpoint inhibitor, Pan-cancer

Introduction

Immunotherapy represented by immune checkpoint
inhibitors (ICIs) such as cytotoxic T-lymphocyte anti-
gen-4 (CTLA-4), programmed cell death 1 (PD-1), and
programmed death-ligand 1 (PD-L1) inhibitors can pro-
vide long-term clinical benefits for patients with various
types of tumors [1]. Therefore, accurately identifying can-
cer subtypes sensitive to immunotherapy is a focus for
cancer patients with non-surgical treatment.

Cyclin-dependent  kinase  inhibitor 2  A/2B
(CDKN2A/2B) are both tumor suppressor genes with the
second most frequent genetic alterations following p53.
The human CDKN2A/B locus at 9p21 contains genes
encoding p16INK4A, p14ARF and p15INK4B, which can
inhibit CDK kinase activity and regulating G1 cell cycle.
The inactivation of CDKN2A/2B can result in uncon-
trolled cell growth and proliferation [2]. Notably, dele-
tion, mutation or hypermethylation of CDKN2A/2B are
frequently observed in head and neck cancer, non-small
cell lung cancer (NSCLC), prostate adenocarcinoma
(PRAD), glioma, esophageal carcinoma, bladder cancer
and T-cell lymphoma [2-8].

Currently, the association between CDKN2A altera-
tion (ALT) and immunotherapy response is controver-
sial. For example, Hildur Helgadottir et al. find a positive
association between CDKN2A point mutation (MUT)
and melanoma immunotherapy efficacy [9]. In a large
cohort of 149 patients with stage III/IV NSCLC who
receive radiotherapy, CDKN2A ALT predicts immuno-
therapy resistance [10]. In addition, for those individuals
with advanced kidney renal clear cell carcinoma (KIRC),
CDKN2A deletion is significantly associated with worse
overall survival (OS) in patients with tumor-infiltrat-
ing T cells after PD-1 blockade [11]. In ‘cold’ tumors,
patients with 9p21 deletion show low tumor-infiltrating
white blood cells (TILs) and low objective response rates
(ORRs) to ICIs [12]. The association of CDKN2A ALT
with reduced benefit from ICI therapy is found in urothe-
lial carcinoma (UC), not in five other cancers: esophago-
gastric cancer, head and neck cancer, NSCLC, renal cell
carcinomas, and melanoma [7]. More research is needed
to completely understand the mechanisms underlying
the link between CDKN2A mutations/deletions and the
responsiveness to ICI. We hypothesize that CDKN2A

ALT leads to enrichment of tumor mutation-specific
neoantigens on the cell surface, which is beneficial to
the recognition and attack of immune cells. On the other
hand, CDKN2A ALT leads to uncontrolled cell growth
and proliferation caused by abnormal activation of
CDK2/4/6. Thus, pan-cancer analysis of CDKN2A ALT
may provide new insights into varying prognostic asso-
ciations involving CDKN2A ALTs among cancer types
or show some rationales for different levels of clinical
response to ICIs.

In this study, we used more than 47,000 patients from
the Memorial Sloan Kettering-Metastatic Events and
Tropisms (MSK-MetTropism) [13], the Memorial Sloan
Kettering-Integrated Mutational Profiling of Actionable
Cancer Targets (MSK-IMPACT) [14], the China pan-can-
cer (OrigiMed2020) [15]and the Cancer Genome Atlas
(TCGA) cohorts [16] to explore the characteristics of
CDKN2A ALT, MUT or DEL and their associations with
clinical outcomes and response to ICIs among pan-can-
cer patients treated or not treated with immunotherapy.

Methods

Patients and data collection

As the discovery cohort, we used a larger clinical-
genomic database (n=25,755) across 50 tumor types
from the MSK-MetTropism cohort (Fig. 1A). In addition
to somatic mutation data, demographic characteristics
and clinical data were downloaded from the cBioPortal
(https://www.cbioportal.org). Altogether, 24,503 patients
were included after filtered missing CDKN2A somatic
mutation information, survival, gender, age, MSI and
duplicate samples (Table S1). In order to unravel the
potential effects of different CDKN2A-mutant types on
ICI, the CDKN2A-mutant sets should be divided into
point mutation and deletion. The CDKN2A-ALT is an
acronym for CDKN2A alterations, which include mis-
sense mutations, silent mutations, truncating mutations,
inframe mutations, splice mutations, fusion mutations,
amplifications, deep deletions, and structural variants.
Three different forms of CDKN2A point mutations
(CDKN2A MUT) exist: nonsense mutations, missense
mutations, and silent mutations. Based on the cohorts
provided by cBioPortal, only cases with CDKN2A homo-
zygous deletion were available, so we defined CDKN2A
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Fig. 1 Overall schematic flow-chart of this study (A) and potential effects of CDKN2A alterations on the immune microenvironment and immunotherapy
(B). MSK-MetTropism, Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets; MSK-IMPACT, Memorial Sloan Kettering-
Integrated Mutational Profiling of Actionable Cancer Targets; ICl, immune checkpoint inhibitors; OS, overall survival; TCGA, the Cancer Genome Atlas

homozygously deleted as CDKN2A DEL [17]. In all, in
this study CDKN2A ALT subtypes included CDKN2A-
MUT, CDKN2A-DEL, CDKN2A other-ALT and
CDKN2A-WT groups.

The MSK-MetTropism cohort underwent sequenc-
ing at Memorial Sloan Kettering Cancer Center between
November 18, 2013, and August 18, 2021, for a period
of 1.6 years. These cases were part of the AACR Project
Genomics Evidence Neoplasia Information Exchange
(GENIE) 9.0-public database, which was a collaborative

endeavor known as the AACR Project GENIE Consor-
tium (AACR Project GENIE Consortium, 2017) [18].
The tumors were profiled utilizing the Memorial Sloan
Kettering Integrated Molecular Profiling of Action-
able Cancer Targets (MSK-IMPACT) clinical sequenc-
ing test. This technique makes use of a next-generation
sequencing platform based on hybridization capture,
according to description by Cheng et al. [19]. The MSK-
IMPACT panel used for profiling was made up of mul-
tiple generations that examine a varied number of genes.
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These include 341 genes (n=1,801 samples), 410 genes
(n=6,372 samples), and 468 genes (n=17,602 samples).
The panel detects somatic mutations, rearrangements,
copy-number changes, TMB, chromosomal instabil-
ity, and microsatellite instability in cancers. To provide
a thorough picture of our study, we incorporated all
patients and their genetic data from the discovery cohort,
which was taken from the MSK-MetTropism cohort. It
is important to emphasize that the patients in the MSK-
MetTropism cohort received no ICIs medications. We
used survival and genetic data to examine the frequency
distribution of CDKN2A-ALT and its prognosis in pan-
cancer patients.

MSK-IMPACT cohort with ICls

Next, we recruited 1661 patients from the MSK-influence
cohort who received ICIs treatment to assess the influ-
ence of CDKN2A ALT on clinical outcomes in various
cancer types after ICIs (https://www.cbioportal.org) [14].
The FDA-approved MSK-IMPACT assay is a next-gen-
eration sequencing-based diagnostic utilized at Memo-
rial Sloan Kettering Cancer Centre for genetic profiling
in precision oncology [20]. It discovered somatic muta-
tions by examining certain gene panels. The impact
of CDKN2A ALT, as evaluated by the MSK-IMPACT
test, on overall survival in patients receiving ICI treat-
ment was our primary focus. Patients in the cohort
had a variety of cancers, including NSCLC, melanoma,
renal cell carcinoma (RCC), bladder cancer, and head
and neck squamous cell carcinoma. 146 patients in the
cohort received anti-CTLA4 therapy, 1447 received anti-
PD1 or PD-L1 therapy, and 189 received both types of
immunotherapies.

TCGA cohort

We utilized the TCGA cohort, encompassing a diverse
array of cancer types, to examine how CDKN2A ALT
affects patient prognosis in the absence of ICIs treatment.
Analyzing the TCGA cohort, potentially as a validation
cohort, would yield valuable insights into the influence of
CDKN2A ALT on patient prognoses without ICI treat-
ment, thereby enhancing our understanding in this field.
The last cohort consisted of 11,160 patients across 33
tumor types from TCGA cohort. The CDKN2A ALT data
was retrieved from the cBioPortal and the survival data
including OS, progression-free survival (PES), disease-
free survival (DSS) and disease-free interval (DFI) was
retrieved from TCGA pan-cancer clinical data resource
(TCGA-CDR) [16]. TCGA pan-cancer RNA-seq data
were downloaded from UCSC Xena data portal (https://
xenabrowser.net) for immune microenvironment assess-
ment, immune function genes expression analysis, and
pathway enrichment analysis. Figure 1B shows the flow
chart of this study.
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OrigiMed 2020

We further used the big pan-cancer cohort from China
(OrigiMed 2022) to undertake a comprehensive exami-
nation of the prevalence of CDKN2A ALT in the Asian
population and its potential association with immuno-
therapy response. The next cohort comprised 10,194
patients (China Pan-cancer, OrigiMed 2020) across 25
tumor types from the Chinese population. The CDKN2A
ALT data was retrieved from the cBioPortal (https://
www.cbioportal.org). Additionally, TMB, MSI status and
CNA data came from a previous study [21].

Study outcomes

The primary outcomes were CDKN2A ALT frequency,
survival status, immunotherapy regimen and response.
We calculated the tumor type-specific and the total
CDKN2A ALT frequency in each cohort. The immuno-
therapy involved in this study referred to ICIs therapy
including CTLA-4 blockade, PD-1/PD-L1 blockade and
combination. Immunotherapy response was evaluated
using the objective response rate (ORR). Individuals who
had a total or partial response to ICIs were classified as
responders, denoting that the disease had undergone
significant improvement (partial response) or complete
eradication (complete response). Conversely, individuals
who exhibited no improvement or experienced a con-
sistent state of their condition were categorized as non-
responders, characterized by either a stable or advancing
sickness [22]. Tumor type-specific ORR mainly referred
to the original publications [23-28]. The prediction of
neoantigen burden involves gene sequencing and analy-
sis of tumor tissue [29]. DNA sequences from the tumor
tissue are analyzed to identify tumor-associated antigens
with mutations, and bioinformatics algorithms are then
used to predict the probability of their presentation on
HLA molecules. For each sample, the fraction of genome
changed (FGA) was calculated by taking the percentage
of the genome with absolute log2 copy ratios greater than
0.2. The log2 copy-number ratios were calculated using
the previously described approach [19]. This method
allowed us to estimate the degree of genetic modifica-
tions in each sample by focusing on mutations that sur-
passed a specified log2 copy ratio threshold.

TME and pathway enrichment analysis

To explore the effect of CDKN2A ALT on tumor micro-
environment, we evaluated the infiltration levels of 22
diverse immune cells using the CIBERSORT algorithm
in TCGA cohort [30]. Next, we investigated the asso-
ciation between CDKN2A ALT subtypes and canonical
immune-functional genes, including immunoinhibitory
molecules, immunostimulators, major histocompatibility
complex (MHC) molecules, chemokines, and chemokine
receptors in TCGA cohort [27, 31].
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RNAseq data of eight tumor types: esophageal carci-
noma (ESCA), kidney renal clear cell carcinoma (KIRC),
kidney renal papillary cell carcinoma (KIRP), lung adeno-
carcinoma (LUAD), mesothelioma (MESO), pancreatic
adenocarcinoma (PAAD), sarcoma (SARC), and stom-
ach adenocarcinoma (STAD) with the most significant
effect of CDKN2A ALT on OS were extracted. They
were merged into a bigger cohort, among which differ-
ential gene expressions (DGEs) between CDKN2A ALT
subtypes and CDKN2A-WT patients were obtained by
R package DESeq2 [32]. Moreover, R package Cluster-
Profiler was also used for gene set enrichment analysis
(GSEA) [33].

Single-cell RNA-sequencing data analysis

We conducted an analysis of single-cell RNA-sequencing
data of gastric cancer. The data was downloaded from
the GEO database (GSE206785) [34] (http://www.ncbi.
nlm.nih.gov/geo/). We performed Seurat-based analysis
to preprocess the single-cell data. Quality control mea-
sures, including the threshold for the number of detected
genes per cell and the percentage of mitochondrial genes
expressed, were similar to those used in Boxi Kang et al’s
study [34]. We identified markers for each main cell clus-
ter using the FindAllMarker function. Cell type markers
were sourced from the CellMarker website [35] and pre-
vious studies [34, 36—42].

Cell culture, lentivirus transfection, and Western blot
analysis
The human gastric cancer cell lines AGS and HGC-27
were obtained from the Chinese Academy of Sciences in
Shanghai, China. The cells were cultured in RPMI1640
media containing 10% foetal bovine serum, 100 U/
mL penicillin and streptomycin with 37 °C in a humid
atmosphere containing 5% CO,. When transfecting the
CDKN2A interference plasmid, transfection reagents and
Opti-MEM may be applied, and the reagents were intro-
duced into the cells for 8 h of culture before changing
the culture media. The transfection efficiency should be
assessed 24 h after transfection, and the culture medium
should be replaced again for 24 h after successful trans-
fection. The lentiviral particles encoding the CDKN2A
shRNA were constructed by Hanbio, shanghai, China.
After full breaking of the lysate on ice for 1 h, cells
were collected, cell lysate was added, and cell protein was
extracted by centrifugation at low temperature. The pro-
tein content was determined using a BCA kit. The cell
protein was transported through SDSPAGE and a poly-
vinylidene fluoride (PVDF) membrane after the sample
buffer was deformed at high temperatures. Skim milk
was sealed for 2 h, washed with TBST, and incubated
with primary antibody overnight at 4 °C. After cleaning
with TBST, the second antibody was incubated for 1 h,
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and the findings were obtained using ECL. The following
primary antibodies were used for Western blotting: anti-
CDKN2A/p14ARF (ab185620; Abcam), anti-CDKN2A/
p16INK4a (ab241543; Abcam).

Statistical analysis

OS, PES, DSS and DFI were compared between CDKN2A
ALT subtypes and CDKN2A-WT patients using the log-
rank test and Cox regression analyses. The correlation
between tumor-specific ORRs and CDKN2A ALT fre-
quency was analyzed using the Pearson or Spearman cor-
relation analysis. Continuous variables were compared in
CDKN2A ALT-subtypes and CDKN2A-WT patients by
the One-way ANOVA or kruskal-Wallis test. The func-
tions of genes were determined using gene set enrich-
ment analysis (GSEA), and the Benjamini-Hochberg
method was used to adjust the p-value. All significance
tests were two-sided, and p<0.05 was considered statisti-
cally significant. Data were analyzed with R. version 4.1.1
(R Foundation for Statistical Computing).

Results
Association of alteration (ALT) with outcome measures in
all tumors not treated with ICls in the MSK-MetTropism
cohort
Of 25,775 patients enrolled in the MSK-MetTro-
pism cohort, 1992 (7.7%) were CDKN2A-DEL, 1412
(5.5%) were CDKN2A-MUT and 22,280 (86.4%) were
CDKN2A-WT (Fig. 2A). This cohort included 27 cancer
types, and Skin Cancer (Non—Melanoma) had the high-
est CDKN2A ALT frequency (46.7% were CDKN2A-DEL
and 4.8% were CDKN2A-MUT), followed by melanoma,
mesothelioma, pancreatic cancer, head and neck can-
cer, bladder cancer and gastrointestinal stromal tumor
(Fig. 2B). Of 24,503 patients with complete OS data,
CDKN2A-DEL patients had the most FGA, MSI score
and largest number of patients having metastatic disease,
while those CDKN2A-DELMUT patients had the big-
gest TMB and mutation count (Table S1). Log-rank test
showed that CDKN2A-ALT (hazard ratio [HR], 1.76;
95% CI, 1.67-1.85; Fig. 2C), CDKN2A-DEL (HR, 1.81;
95% CI, 1.69-1.93; Fig. 2D), CDKN2A-MUT (HR, 1.69;
95% CI, 1.57-1.83; Fig. 2D) patients had poorer OS than
CDKN2A-WT patients. Moreover, after adjusting FGA,
MSI, TMB, age, metastasis status and gender using mul-
tivariable Cox regression, CDKN2A-DEL, CDKN2A-
MUT, CDKN2A-Other ALT still could predict OS of
participants (HR, 1.38; 95% CI, 1.29-1.48; 1.22; 95% CI,
1.12-1.33; 1.16; 95% CI, 0.85-1.58; Fig. 2E).
Subsequently, a pan-cancer survival analysis uncov-
ered a consistent association between CDKN2A ALT and
inferior OS in various cancer types (Fig. 2F). Likewise,
a comparable association was observed in patients with
CDKN2A-DEL (Figure S1E). However, this particular
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Fig. 2 CDKN2A alterations in the MSK-MetTropism cohort. (A) The distribution of CDKN2A-DEL, CDKN2A-MUT and CDKN2A-WT patients. COKN2A-MUT:
CDKN2A point mutation, CDKN2A-DEL: CDKN2A deletion, CDKN2A-WT: CDKN2A-wide type. (B) Frequency of CDKN2A DEL, CDKN2A MUT and CDKN2A
other ALT in each cancer type. (C) Over survival (OS) in CDKN2A-WT and CDKN2A-alteration (ALT) patients. (D) OS in prespecified subgroups including
CDKN2A-DEL, CDKN2A-MUT, CDKN2A-WT and CDKN2A other-ALT groups. HR: hazard ratio, Cl: confidence interval. (E) Multivariable Cox regression analy-
sis presented the association between CDKN2A DEL, CDKN2A MUT, CDKN2A other ALT, various types of cancer and OS after controlling for other factors
including FGA, MSI score, TMB, age, and metastasis status. The median values for FGA, MSI Score, TMB, Age, and Mutation Count are 0.15, 0.24, 4.32, 63.9,
and 5.0, respectively. Patients with values below the median were assigned to the reference group, while those equal to or above the median were as-
signed to the treatment group. Forest plot of association between CDKN2A ALT and OS of all patient (F) and patients diagnosed with primary cancer (G)

observation was limited to patients diagnosed with six
specific types of cancer and having CDKN2A-MUT (Fig-
ure S1B). Significantly, a meta-analysis confirmed the
positive correlation between CDKN2A ALT, CDKN2A
MUT, CDKN2A DEL, and unfavorable prognosis in pan-
cancers (Fig. 2F, Figure S1B and E).

Patients with CDKN2A ALT had poor prognosis in as
many as 12 primary cancer types (Fig. 2G). Furthermore,
when it came to metastatic cancers, we discovered that

patients with CDKN2A ALT had even worse prognostic
outcomes in 10 different cancer categories (Figure S1A).
Additionally, our study enabled us to identify a specific
subset of cancers that consistently displayed these dis-
tinctive prognostic characteristics. Examples of such
cancers included pancreatic cancer, bladder cancer, thy-
roid cancer, renal cell carcinoma, and gastrointestinal
stromal tumor (Fig. 2G and Figure S1A). Patients with
CDKN2A DEL had similar outcomes (Figure S1F and G).
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CDKN2A MU were associated with poor prognosis in as
many as six primary tumor types (Figure S1C). Further-
more, when it came to metastatic cancers, patients with
CDKN2A MU had even worse prognostic outcomes in
four different tumor categories (Figure S1D). Addition-
ally, stratified survival analysis suggested that CDKN2A-
ALT patients were shorter OS than CDKN2A-WT
patients across multiple levels of CNA, MSI, TMB, age,
mutation count, gender, tumor purity and race (Figure
S1H). To determine the association between CDKN2A
ALT and response to ICIs among pan-cancer patients
treated with immunotherapy (CTLA-4 blockade, PD-1/
PD-L1 blockade or combination), tumor-specific ORRs
were summarized according to some cancer immuno-
therapy studies. Of note, with the frequency of CDKN2A
ALT extracted from the MSK-MetTropism cohort, we
found a significant correlation between CDKN2A ALT
frequency and ORRs (r, 0.58; P=0.002; Figure S1I), sug-
gesting that cancer patients with CDKN2A ALT might
benefit more from immunotherapy.

Association of CDKN2A ALT with outcome measures in all
tumors treated with ICls in the MSK-IMPACT cohort

We used 1661 patients from the MSK-IMPACT cohort
treated with ICIs to assess changing effect of CDKN2A
ALT on clinical outcomes of some cancer types after
immunotherapy. Association of CDKN2A ALT with pro-
longed OS reached statistical significance in all patients
(HR, 0.77; 95% CI, 0.59-0.99; Figure S2A). Particularly
noteworthy, CDKN2A-MUT patients outlived CDKN2A-
WT patients after immunotherapy (HR, 0.65; 95% CI,
0.47-0.88; Fig. 3A), whereas patients with CDKN2A DEL
did not (HR, 1.27; 95% CI, 0.65—2.45; Fig. 3A). Moreover,
multivariable Cox regression showed that CDKN2A DEL,
CDKN2A MUT, CDKN2A other ALT could not predict
the OS of participants after immunotherapy (HR, 1.54;
95% CI, 0.80—2.98; 0.88; 95% CI, 0.64-1.21; 1.77, 95% CI,
0.94-3.32; Fig. 3B). Next, in the MSK-IMPACT cohort
with ICIs treatment, significant associations of CDKN2A
MUT, DEL, and ALT with OS were not found in esopha-
gogastric cancer, breast cancer, melanoma, and NSCLC
except for bladder cancer (Figure S2B; Fig. 3C and D), in
contrast to the MSK-MetTropism cohort (Fig. 2F, Figure
S1B and E). These disparities may be due to immunother-
apy used in the MSK-IMPACT cohort’s 1661 patients.
Similarly, a random effects meta-analysis of studies found
no significant association between CDKN2A MUT, DEL,
ALT, and OS in pan-cancer patients (Fig. 3C and D, Fig-
ure S2B).

Furthermore, survival analysis stratified by immuno-
therapy types suggested that CDKN2A-MUT patients
treated with PD-1/ PD-L1 inhibitors (HR, 0.65; 95% CI,
0.44-0.95; Fig. 3E) but not CTLA-4 inhibitors (HR, 0.53,
95%CI, 0.24—1.18; Fig. 3F) or a combination of the two

Page 7 of 18

(HR, 1.15, 95%CI, 0.56—2.40; Figure S2C) had a better OS
than CDKN2A-WT patients. Next, CDKN2A DEL was
not related to OS in either primary or metastasis cancers
(Fig. 3G and H; HR, 1.23; 95% CI, 0.55-2.77; metastasis,
HR, 1.20; 95% CI, 0.38-3.74). Conversely, CDKN2A-
MUT patients exhibited longer OS than CDKN2A-
WT patients with metastatic disease (HR, 0.59; 95% ClI,
0.40-0.87; Fig. 3H). Patients with primary cancers did
not show this difference (HR, 0.81; 95% CI, 0.47-1.38;
Fig. 3G). We combined the five cancer types with the
highest CDKN2A ALT frequency in the MSK-MetTro-
pism cohort and the TCGA cohort. Three cancer types
were eventually identified and survival analyses were
performed, and it was found that CDKN2A-ALT had
a worse OSin PAAD and MESO except HNSC (Figure
S2D-F). Based on this, we found that CDKN2A-ALT has
a poor prognostic effect in some tumors, so pan-cancer
analysis was subsequently performed.

Associations of CDKN2A ALT with clinical outcomes in
TCGA cohort

The TCGA cohort (#=10,953) was used to assess the
effect of CDKN2A ALT on clinical outcomes. The
CDKN2A ALT was associated with poorer OS (HR, 2.04;
95% CI, 1.89-2.19; Fig. 4A) and progression-free survival
(PES; HR, 1.87; 95% CI, 1.76—1.99; Fig. 4B). A pan-cancer
survival analysis revealed that CDKN2A-ALT patients
had a shorter OS and PFS than CDKN2A-WT patients
in multiple cancer types, including LGG, KIRC, MESO,
kidney renal papillary cell carcinoma (KIRP), pancreatic
adenocarcinoma (PAAD), head and neck squamous cell
carcinoma (HNSC), glioblastoma multiforme (GBM),
lung adenocarcinoma (LUSC, Fig. 4F and G). In addi-
tion, 399 (3.6%) of all patients were CDKN2A-MUT,
1378 (12.6%) were CDKN2A-DEL, and 8673 (79.2%)
were CDKN2A-WT (Figure S3A). In most tumor types,
the frequency of CDKN2A-DEL was greater than that of
CDKN2A MUT (Fig. 4E).

Next, all patients with CDKN2A MUT (OS, HR, 1.59,
95%CI: 1.36-1.86, Fig. 4C; PFS, 1.56, 95%ClL: 1.36—1.79,
Fig. 4D) or CDKN2A DEL (OS: HR, 2.67, 95%CI: 2.46—
2.89, Fig. 4C; PFS, 2.37, 95%CI: 2.21-2.55, Fig. 4D) had
a worse prognosis in TCGA cohort. Meta-analysis sug-
gested that patients with CDKN2A DEL had poor OS
(HR, 1.88, 95%CI: 1.41-2.51, Fig. 4I) and PFS (HR,
1.59, 95%CI: 1.26-2.00, Figure S3C), while those with
CDKN2A MUT did not (OS: HR, 1.12, 95%CI: 0.94-1.34,
Fig. 4H and PFS, 1.18, 95%CIL: 0.95-1.46, Figure S3B).
However, after extracting tumor-specific ORRs from
some cancer immunotherapy studies, the correlation of
CDKN2A ALT frequency with ORRs did not reach statis-
tical significance (1, 0.2; p=0.28) in TCGA cohort (Figure
S3D). In conclusion, CDKN2A ALT was associated to a
worse OS in patients who were not treated with IClIs; the



Deng et al. Human Genomics (2024) 18:55 Page 8 of 18
1.00
cKoN2A - " "
- wr Variable N Hazard ratio Hazard ratio p
- ;EULY CDKN2A WT 1510 * Reference
Lo - omerair DEL 20 ———— | 1.54(0.80, 2.98) 0.20
§ MUT 112 —— 0.88 (0.64, 1.21) 0.42
£ om0 Other ALT 19 ———— | 1.77(0.94,3.32) 0.08
§ Sex Female 627 — Reference
[ o Male 1034 - 0.88 (0.76, 1.01) 0.07
.25 |
p=0.02 Drug Type Combination 255 — Reference
DEL vs WT, HR=1.27, 95%Cl: 0.65-2.45 .
MUT e WT, HRe0.65, S54CL 047088 CTLA-4 9 T 1.22(0.86, 1.72) 026
0.00{ Other ALT vs WT, HR=1.43, 95%Cl: 0.76-2.68 PD-1 1307 B —— 1.97 (1.59, 2.45) <0.001
° 2 Time (‘:gomhs) 0 & Sample Type Metastasis 930 — Reference
wihs1o w01 » o ] Primary 731 - 0.99 (0.86, 1.14) 0.88
. 3;; 2 A 5 9 9 Age 1661 | | 0.99 (0.98, 1.00) 0.05
th |
“ 109 2% 410 500 aon T™B >10vs. <10 1661 | M- 0.58 (0.49, 0.70) <0.001
Time (months) 05 115 2253
C MUT vs WT D DEL vs WT
Source HR (95% CI) ., Source HR (95% CI)
Bladder Cancer 0.26 [0.08; 0.82] —_— Melanoma 2.68[0.66; 10.93] —_—t-—
Esophagogastric Cancer 1.90[0.85; 4.26] T Non-Small Cell Lung Cancer 1.47 [0.55; 3.96] ——
Melanoma 0.71[0.42; 1.21] —- Bladder Cancer 1.71[0.24; 12.34] .
Non-Small Cell Lung Cancer 0.62[0.29; 1.31] — Esophagogastric Cancer 0.94[0.23; 3.90] —
Colorectal Cancer 2.911[0.39; 21.71] Total (common effect) 1.55[0.80; 3.01] _
Breast Cancer 0.39[0.05; 2.88] Total (random effect) 1.55[0.80; 3.01] _—
Cancer of Unknown Primary 0.43 [0.06; 3.16] N ) T T 1
Head and Neck Cancer 1.33[0.58; 3.09] = Heterogeneity: x3 = 1.07 (P =0.78), I“ = 0% 0.1 05 1 2 10
Total (common effect) 0.83 [0.60; 1.14] = HR (95% CI)
Total (random effect) 0.82[0.50; 1.34] li:'i
Heterogeneity: X2 = 12.59 (P=0.08), 1% = 44% 0.1 05 1 2 10
HR (95% CI)
E PD-1 F CTLA-4 G Primary H Metastasis

COKN2A

-t

<~ DEL
MuT

<= Other ALT

COKN2A

-~

- DEL
MUt

= Other ALT

Survival probability
o
3

Survival probability
°
3

p<0.001
DEL vs WT, HR=38.12, 95%Cl: 4.08-356.27
MUT vs WT, HR=0.53, 95%Cl: 0.24-1.18
Other ALT vs WT, HR=0.001, 95%CI:0.00-Inf

p=0018
DEL vs WT, HR=1.17, 95%ClI: 0.52-2.62

MUT vs WT, HR=065, 95%Cl: 0.44-0.95
Other ALT vs WT, HR=2.06, 95%CI:1.07-3.99

[ 20

80 0 20 80

40 40
Time (months) Time (months)

WT 1202 242 35 4 0 wr 4 1
DEL{ 14 0 0 0 0 DEL 810 6‘ 20 g 0
76 16 2 0 0 16 1 9 5 1
Other ALT { 15 0 0 0 0 Other ALT { 2 2 1 0 0
[ 20 4 60 80 [) 20 40 60 80

Time (months) Time (months)

CDKN2A

-~ wr

-~ DEL
MuT

= Other ALT

Survival probability
o
3

Survival probability
°
3

p=0046

DEL vs WT, HR=1.20, 95%Cl: 0.38-3.74
MUT vs WT, HR=0.59, 95%CI: 0.40-0.87
Other ALT vs WT, HR=1.24, 95%Cl: 0.62-2.51

0 20

p=0.041
DEL vs WT, HR=1.23, 95%Cl: 0.55-2.77
MUT vs WT, HR=0.81, 95%Cl: 0.47-1.38

Other ALT vs WT, HR=6.04, 95%Cl: 1.49-24.55 0.00:

40 80
0 20 40 .
Time (months) Time (months)

WT{679 5 25 1 Wr{831 232 45 9 1

DEL{ 12 0 0 0 DEL{ 8 0 0 0 0

37 6 1 0 75 29 12 5 1
oerALT] Y H 0 0 Other ALT | 16 3 1 0 0
0 X 60 0 20 40 60 80

20 40
Time (months) Time (months)

Fig. 3 Associations of CDKN2A alterations with OS and objective response rates to ICls in the MSK-IMPACT cohort. (A) OS in prespecified subgroups
including CDKN2A-DEL, CDKN2A-MUT, CDKN2A-WT and other ALT groups. (B) Multivariable Cox regression analysis presented the association between
CDKN2A-DEL, CDKN2A-MUT and CDKN2A-other ALT and OS after controlling for other factors including drug type, sex, TMB, age, and metastasis status.
Forest plot of association between CDKN2A-MUT (C) and CDKN2A-DEL (D) and OS. OS of CDKN2A-DEL, CDKN2A-MUT, CDKN2A-WT and other ALT groups
with PD-1 (E) and CTLA-4 (F) inhibitors treatment, primary cancer (G) or metastasis (H)

addition of ICIs also might improve clinical outcomes in
pan-cancer patients.

Associations of CDKN2A ALT with clinical outcomes in the
merged cohort

Considering that the MSK-IMPACT cohort was a cohort
after ICIs treatment, while the OrigiMed 2022 cohort
lacked survival outcomes, we only merged the MSK-
MetTropism cohort and TCGA cohort to explore the
impact of CDKN2A ALT on patient survival. In the
merged cohort, we found that CDKN2A ALT was asso-
ciated with poorer OS (HR, 1.95; 95% CI, 1.86-2.03;
Figure S3E). A pan-cancer survival analysis revealed
that CDKN2A-ALT patients had a shorter OS than
CDKN2A-WT patients in 23 cancer types, including

thymic epithelial tumor, thyroid cancer, renal non clear
cell carcinoma, salivary gland cancer, gastrointestinal
stromal tumor, adrenocortical carcinoma and so on.
Among the 37 types of cancers in the merged cohorts,
23 cancer types with CDKN2A ALT exhibited shorter
OS compared to CDKN2A-WT patients (Figure S3F).
These cancer types include some of the most common
malignancies such as breast cancer, glioma, pancreatic
cancer, prostate cancer, head and neck cancer, non-small
cell lung cancer, gastrointestinal stromal tumor, blad-
der cancer, colorectal cancer, and hepatobiliary cancer.
Additionally, a meta-analysis indicated that patients with
CDKN2A ALT had poor OS (HR, 1.89, 95%CI: 1.54—2.32,
Figure S3F).
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Fig. 4 Associations of CDKN2A alterations with clinical outcomes in the TCGA cohort. OS (A) and PFS (B) in CDKN2A-WT and CDKN2A-ALT patients. OS
(€) and PFS (D) in CDKN2A-DEL, CDKN2A-MUT, CDKN2A-WT and CDKN2A-other ALT patients. (E) Frequency of CDKN2A-DEL, CDKN2A-MUT and CDKN2A-
other ALT in each cancer type. Forest plot of association between CDKN2A ALT and OS (F) and PFS (G). Forest plot of association between CDKN2A

MUT(H) and DEL(I) and OS
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Landscape of CDKN2A ALT in a China pan-cancer cohort
(OrigiMed 2022)

We explored the prevalence of CDKN2A ALT among
10,194 patients across 25 cancer types in the OrigiMed
2022 cohort with clinical data (Fig. 5A). In total, 1220
patients (11.97%) had CDKN2A-ALT, 605 patients
(5.93%) had CDKN2A-MUT, and 421 patients (4.13%)
had CDKN2A-DEL (Figure S4A). Mutations diagram
circles were colored with respect to the corresponding
ALT types and showed that the H83Y was the most fre-
quent somatic mutation site (Fig. 5B). Among nine genes
germline pathogenic variants including APC, ATM,
BRCA1, BRCA2, CDH1, MLH1, MSH2, MSH6, and
PALB2 being associated with the risk of gastric cancer
[43], CDKN2A had co-occurrence with MLH1, MSHBS6,
BRCA1 and BRCA2 (Fig. 5C). To explore the immuno-
therapy response, we found the correlation between

Altered in 1220(11.97%) of 10194 samples.
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CDKN2A ALT frequency and ORRs in the OrigiMed
2022 cohort did not reach statistical significance (r, 0.29;
p=0.16; Fig. 5D). The highest frequency of CDKN2A
ALT was observed in patients with esophagogastric can-
cer, followed by thymic tumor, pancreatic cancer, gall-
bladder carcinoma and melanoma (Fig. 5E). Patients with
CDKN2A MUT had more elevated TMB, mutation count
and age than those with CDKN2A WT (Fig. 5F, G and
Figure S4B). Patients with CDKN2A ALT tended to have
metastatic disease, be male and stage IV (Fig. 5H, and
Figure S4C, D). Patients with CDKN2A MUT showed
similar results. Those CDKN2A DEL patients were
more likely to be recurrent and older than CDKN2A
WT patients (Fig. 5H and Figure S4B). Furthermore, the
treatment distribution differed significantly among four
CDKN2A VAR subtypes (Fig. 4SE).
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TME in TCGA pan-cancer cohort

Pan-cancer immunogenicity can be influenced by
genomic mutation. In the TCGA pan-cancer cohort, we
used CIBERSORT to assess immune cell infiltration of
tumor tissue. NK cells activated, monocytes, Tregs, B
cells naive, T cells CD8, T cells CD4 memory resting, and
macrophages M2 were lower in CDKN2A-MUT or DEL
patients’ tumor tissue than in CDKN2A-WT patients,

A B
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implying an immune cold tumor immune microenviron-
ment in TCGA pan-cancer with CDKN2A VAR (Fig. 6A).
Similarly, CDKN2A-MUT or DEL patients had lower
expression of critical immune function genes in most
tumor types, which could influence immune regulators in
the tumor microenvironment, such as immunoinhibitory
molecules, immune stimulators, MHC molecules, che-
mokines, and chemokine receptors, than CDKN2A-WT
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patients (Fig. 6B, Figure S5 A and B). These findings sug-
gested that CDKN2A MUT or DEL could result in a cold
tumor immune microenvironment and primary resis-
tance to immune checkpoint therapy.

Pathways associated with CDKN2A ALT in TCGA pan-cancer
cohort

We evaluated at eight cancer types with high frequencies
of CDKN2A VAR and a significant influence on patient
outcomes: ESCA (Esophageal carcinoma), KIRC (Kidney
renal clear cell carcinoma), KIRP (Kidney renal papillary
cell carcinoma), LUAD (Lung adenocarcinoma), MESO
(Mesothelioma), pancreatic (PAAD), SARC (Sarcoma)
and Stomach adenocarcinoma (STAD). To further assess
pathways associated with CDKN2A mutational status,
GSEA were implemented on gene sets for all patients
with and without CDKN2A ALT on in TCGA above
eight cancer types-cohorts. Several pathways of tumori-
genesis, development and metastasis, including TNFA
signaling via NFKB, MYC targets, mTORCI1 signaling,
KRAS signaling, G2M checkpoint, Estrogen response,
P53 pathway, EMT and E2F targets were upregulated
in CDKN2A-MUT or DEL tumors (Fig. 6C). Of note,
inflammatory response and IL6 JAK STAT3 signaling
were not significantly altered among four groups, while
IL2 STATS5 signaling were downregulated in CDKN2A-
DEL tumors, and IFN ALPHA response were upregu-
lated in CDKN2A-MUT and DEL tumors (Fig. 6C).
Expectedly, hypoxia was significantly downregulated in
CDKN2A-DEL tumors than in CDKN2A-WT tumors.
Hypoxia can attenuate the function of cytotoxic T cells
and attract regulatory T cells to reduce tumor immuno-
genicity [44].

Three pan-cancer cohorts (the MSK MetTropism,
TCGA, and OrigiMed 2020 cohorts) found high
CDKN2A ALT rates and significant survival effects in
esophageal/stomach cancer, and Smita Sihag et al. found
that CDKN2A had strong association with poor OS in
487 esophageal/stomach cancer patients with targeted
sequencing [45]. Furthermore, utilizing the latter cohort,
we found that all patients with CDKN2A MUT (OS: HR,
1.76, 95%CI: 1.31-2.36, Fig. 6D) or CDKN2A DEL (OS:
HR, 1.61, 95%CI: 1.08-2.39, Fig. 6D) tended to have poor
OS than those with WT. We used the TCGA gastric can-
cer dataset to compare the expression levels of the p14
ARF (p14) and p16INK4a (p16) proteins in the CDKN2A
mutant group and found that the p16 protein was consid-
erably less expressed than the p14 protein (Fig. 6E) [46].
Next, western blotting revealed a downregulation of p16
but no change in p14 expression in CDKN2A knockdown
gastric cancer cell lines (AGS and HGC-27, Fig. 6F). Our
findings demonstrated that CDKN2A VAR promoted cell
proliferation by reducing expression of p16 with function
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as a regulator of the cell cycle of inhibiting CDK4 and
CDKG® in gastric cancer.

scRNA-seq of gastric cancer cells identifies cold immune
microenvironment in CDKN2A ALT tissues

Previous studies in gastric cancer have reported that
CDKN2A loss confers a cold tumor immune microen-
vironment [12]. We analyzed the scRNA-seq profiles of
21 primary gastric cancers (n=59,594 cells), 20 of which
were CDKN2A WT and one were CDKN2A-mutant
(Missense Mutation) based on WES [34], to determine if
CDKN2A ALT in gastric cancer was significantly associ-
ated with decreased inflammation. To shed light on cell
populations present in gastric tumors, we clustered the
59,594 cells and identified 15 subclusters (Figure S6A)
which were subsequently determined to be eight cell sub-
groups including B cells (MS4A1, CD79A), CD4 T —cells
(CD3D, IL7R), CD8 T-cells (GZMA, GZMB, CD3E),
endothelial cells (PLVAP, NOTCH3, ENG), epithelial cells
(MUCI1, KRTS8), fibroblasts cells (COL1A1, COL1A2),
myeloid cells (CD14, S100A9) and plasma cells (SDCI1,
XBP1) (Fig. 7A and C). A high proportion of CD8 T cells
was observed in patients with CDKN2A WT (39.33%)
while a low proportion of CD8 T cells was observed in
patients with CDKN2A ALT (1.32%) (Fig. 7B and D).
Those CDKN2A other ALT samples from TCGA cohort
used in this study were shown to display more CD8 T
cells (Fig. 6A). Similarly, three immune-related path-
ways including interferon alpha response, inflammatory
response and interferon gamma response were inhibited
in the CDKN2A ALT group (Fig. 7E-G). The mTOR sig-
naling, MYC targets v1 signaling, and TNFA signaling via
NFKB signaling were low enriched in the CDKN2A ALT
group (Fig. 7H-]).

To understand the characteristics for the tumor cells,
we performed re-clustering of CD8 T cells demonstrat-
ing nine sub-cell population including cell cycle cells
(TUBA1B, HIST1H4C, KIAA0101, STMNI1 and TUBB),
effector cells (NKG7), effector memory cells (GZMB,
ANXA1l and CREM), exhausted cells (CTLA4 and
LAG3), intraepithelial cells (LIPF), macrophages cells
(HSPA1A, HSPA1B and CXCLS), naive cells (IL7R), resi-
dent memory cells (ANXA1 and GZMB) and Treg cells
(IL2RA) (Fig. 7K and Figure S6B). The examination of the
gastric cancer scRNA-seq data revealed that the tumors
from CDKN2A-ALT patients had more exhausted CD8
T cells than those from CDKN2A WT patients (Fig. 7L).
The results demonstrated the presence of a cold immune
microenvironment in CDKN2A-ALT tumors, which may
account for the resistance to ICIs. Our results highlighted
the potential of scRNA-seq data to illuminate previously
unknown characteristics of the immune microenviron-
ment in cancers and promote the development of more
effective immunotherapies.



Deng et al. Human Genomics

Cell type

(2024) 18:55

-20

40

oreor2s
ore0126
oreoizs
oreotis
ore2r
orsra
orsiozs
D181025-
orstots
oreost
otacscs
oreosos | ]
0160605
oracsos
oreoi2s
oreoize] ]
oreoi2s
oraotis
oreotts
ot I
oiriorz

Bcells

1 cpivar

CoaTcets
o8 cots
1 Encovetol

Fibroblasts.
Myeloid cells
Plasma cells

Enrichment Score

INTERFERON ALPHA RESPONSE

NES =-1.632
p.adj=0070
FDR =0.050

M

111

1000

[]

2000 3000 4000
Rank in Ordered Dataset

5000

INFLAMMATORY RESPONSE

Page 13 of 18

Average Expression
2
1
0

Percent Expressed
25

Enrichment Score

INTERFERON GAMMA RESPONSE

1000

H

4000
Rank in Ordered Dataset

2000 3000 5000

MTORC1 SIGNALING

NES = 1.498
p.adj=0056

AL HIHW

T T T
3000 4000 5000
Rank in Ordered Dataset

TNFA SIGNALING VIA NFKB

4 2 04
s
§ 00 8 s
£ T o
D (9]
2 0.2 2
ﬁ ﬁ 0.0
= -0.4 padj . =
) TI] o
v T T T
1000 2000 3000 4000 5000 1000 2000
Rank in Ordered Dataset
MYC TARGETS V1
o o
§ ‘8- 02
& 00+ 8
H £ 00
£ -0.2+ £
5 NES =-1.647 5 -0.2 | NES=-1.228
E -0.4 4 padj=0029 E p.adj = 0.259
[in] FDR=0.021 W o4 | FOR=0.185

1000 2000 3000 4000

Rank in Ordered Dataset

5000

T T T T
2000 3000 4000 5000

Rank in Ordered Dataset

T
1000

CD8 T cells

CDB T calls

Coree
et
Etacomony

[ -

-
Mocronages
o
[s—
oo

T W
CDKNZA

Fig. 7 Single-cell transcriptional profiling of human GC. (A) scRNA-seq tSNE projection of 59,594 single cells from 21 primary GCs samples. (B) tSNE plot
of 59,594 single cells from 21 primary GCs samples, color-coded by group. (C) Dot plot showing the gene expression patterns of cell-type marker genes
in the scRNA-seq data. (D) Proportions of cell types in individual samples (above) and in different groups (bottom). scRNA-seq, single-cell RNA sequenc-
ing. (E-J) The GSEA plot shows enrichment of several pathways in CDKN2A ALT group. FDR <0.05 is considered as significantly enriched. (K) tSNE plot of
CD8+T cells from 21 primary GCs samples. (L) The proportion of each CD8* T cell cluster in CDKN2A-WT and CDKN2A- ALT patients

Discussion

In this study, we examined the prevalence of CDKN2A
MUT and DEL in 25,755 tumor samples from 33 can-
cer types in the MSK-MetTropism cohort and discov-
ered associations between CDKN2A MUT or DEL and
clinical outcomes in pan-cancer patients with/without

ICIs treatment. The associations were investigated fur-
ther in three additional cohorts (#=23,015). Patients
with CDKN2A ALT who were not treated with ICIs
had a shorter OS, while those with CDKN2A ALT who
were treated with ICIs, especially those with meta-
static disease, had a longer OS. The CDKN2A ALT was
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also positively correlated with ORRs to ICIs and with
decreased anti-tumor immunity. This study used a larger
sample of different teams from different backgrounds
to ensure that the results of the study could be general-
ized and to highlight the potential value of CDKN2A
ALT as a predictive biomarker of response to ICIs, which
can have implications for the personalization of cancer
immunotherapy.

The CDKN2A/2B ALTs may result in abnormal activa-
tion of CDK2/4/6, so CDK inhibitors serve as a poten-
tial treatment for patients with CDKN2A/2B ALTs [47].
The growth of tumor cells is inhibited both in vivo and
in vitro when pl16INK4a gene is transferred into lung
cancer cells, glioma cells and gastric cancer cells without
p16INK4a expression by transgenic technology, suggest-
ing that the expressed product has tumor therapeutic
effect [48-50]. Clinical study also shows that CDKN2A
methylation, mutation, or loss of p16 (INK) protein are
associated with increased melanoma susceptibility to
CDK4/6 inhibitor Palbociclib [51]. However, Palboci-
clib has no efficacy in pancreatic and biliary cancer with
CDKN2A ALT [47]. Likewise, in another study, patients
with p16/CDKN2A deficient imatinib/sunitinib-resistant
gastrointestinal stromal tumor have no significant clini-
cal benefits of Palbociclib monotherapy [52]. Intriguingly,
elevated tumor cell antigen presentation combined with
anti-tumor T cell responses shows that CDK4/6 inhibi-
tors may increase response to ICIs for tumors [53]. In
agreement with the above study, a significant correla-
tion of CDKN2A ALT frequency with ORRs was found
in the MSK-MetTropism and MSK-IMPACT cohorts.
Our study suggests that combined therapy with ICIs
and CDK4/6 inhibitors may have additional advantages
over their corresponding monotherapies. Currently,
there is a clinical trial of patients with ERT breast can-
cer treated with a combination of three FDA-approved
CDK4/6 inhibitors and anti-PD-1/PD-L1 inhibitors
(NCT03294694, NCT 02778685 and NCT03147287) [54].

In a small clinical study of 20 patients with NSCLC
treated with PD-1 blockade, hyperprogressive disease was
found five patients, four of whom carried CDKN2A/B
ALTs [55]. This result suggests that CDNK2A/B inacti-
vation or copy number loss may be associated with poor
immunotherapy response in tumor patients. Next, the
positive correlation of PD1/PD-L1 inhibitors with hyper-
progressive disease was found in advanced NSCLC and
metastatic head and neck squamous cell carcinoma [56,
57]. However, in the MSK-IMPACT cohort of our study
the PD1/PD-L1 inhibitors seem to improve the clini-
cal outcome of CDKN2A-MUT patients with NSCLC
or head and neck cancer, treated by ICIs, in despite of
CDKN2A ALT being found to be a risk factor of survival
in the MSK-MetTropism and TCGA cohorts. Encourag-
ingly, 215 CDKN2A-MUT patients with bladder cancer
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after ICIs treatment had better OS than CDKN2A-WT
patients in this study. On the contrary, CDKN2A ALT
was associated with poor response to ICIs and OS in 44
urothelial carcinoma patients treated with ICIs from the
dana-farber cancer institute [7]. These apparently con-
flicting results could be due to disease heterogeneity and
relatively small sample sizes of 44 urothelial carcinoma
patients.

In the MSK-MetTropism cohort, CDKN2A ALT had a
worse prognosis in most primary cancer types than met-
astatic. However, it was noteworthy that CDKN2A ALT
was favored in the prognosis of patients treated by ICIs
from cancer patients having metastatic disease and not
primary cancers patients in the MSK-IMPACT cohort.
Similarly, CDKN2A DEL increased the risk of distant
metastasis in multiple cancers, including HNSC, KIRC,
PAAD, skin cutaneous melanoma (SKCM), and stomach
adenocarcinoma (STAD) in TCGA cohort [58]. Specifi-
cally, CDKN2A ALT reduces cancer cell apoptosis and
increases the migration and invasion of cancer cells by
downregulating P53 expression and upregulating RB1
phosphorylation [59]. Theoretically, the increase of meta-
static tumor sites and neoantigens caused by CDKN2A
ALT provides an opportunity for the tumor-infiltrating
white blood cells (TILs) to recognize and attack cancer
cells in the tumor tissues. Of importance, compared to
primary tumor sites with more immune cell depletion,
new metastatic sites might have more abundant tumor
immune cells to improve the therapeutic efficiency of
ICIs.

One notable finding was that in the MSK-IMPACT
cohort, patients with CDKN2A MUT exhibited a notably
improved OS following treatment with ICIs compared
to patients with CDKN2A WT. Conversely, in TCGA
dataset, we assessed the extent of immune cell infiltra-
tion using CIBERSOFT and observed that CDKN2A-
MUT, CDKN2A-ALT, or CDKN2A-DEL cases displayed
reduced immune cell infiltration and lower expression
levels of crucial genes associated with tumor immune
function. Moreover, earlier investigations have dem-
onstrated that CDKN2A DEL is associated with the
establishment of a cool tumor immunological micro-
environment [12, 60, 61]. ‘Cold tumors’ is a term used
to describe tumors that have a limited or weak immune
response [62]. These tumors typically have a low level of
immune cell infiltration and lack the presence of certain
immune-stimulating molecules [63]. As a result, they are
less likely to respond to immunotherapy, which aims to
stimulate the immune system’s ability to recognize and
destroy cancer cells [64]. Research suggests that certain
factors, such as CDKN2A ALT, confers a cold tumor
immune microenvironment and influence the immune
response to immunotherapy [12]. Interestingly, our find-
ings also revealed that CDKN2A-ALT patients displayed
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a cold tumor immune microenvironment in gastric can-
cer single-cell data analysis. However, it is noteworthy
that the OS of CDKN2A-ALT patients who received ICIs
in the MSK-IMPACT cohort was remarkably superior to
that of CDKN2A WT patients. This paradoxical result
can potentially be explained by several factors.

First, in our study, patients with CDKN2A ALT had
more elevated TMB than those with CDKN2A WT.
Elevated TMB can result in the production of more
tumor-specific antigens (TSAs), which can enhance the
recognition and targeting of tumors by the immune sys-
tem. This increased antigenicity may contribute to better
responses to ICIs, even if there is less immune cell infil-
tration in the tumor microenvironment [65]. The recog-
nition and attack of these antigens by ICIs can potentially
inhibit tumor growth and improve treatment outcomes.
This highlights the complex interplay between TMB,
antigen presentation, and the efficacy of immunotherapy
in patients with CDKN2A ALT.

Second, within the TCGA cohort, it was observed
that patients with CDKN2A-ALT exhibited decreased
expression levels of immunosuppressive genes, includ-
ing CTLA4 and IDOL1. Furthermore, an examination of
single-cell data in gastric cancer has demonstrated that
tumors originating from patients with CDKN2A-ALT
exhibit a higher abundance of fatigued CD8 T cells and
a lower abundance of regulatory T cells compared to
tumors from CDKN2A WT individuals. The activation
of latent anti-tumor T cell responses with immune treat-
ment has the potential to reawaken immune memory
against the tumor [66]. In the context of “cold” tumors,
it is noteworthy that a limited population of anti-tumor
immune cells exists, which holds the potential to exert a
favourable influence on therapeutic interventions [67].

Ultimately, clinical investigations have provided data
indicating that a deficiency in the quantity of immune
infiltrating cells within the tumor could potentially
enhance the efficacy of immunotherapy [68, 69]. Insuffi-
cient infiltration of immune cells may lead to the immune
system’s failure in recognizing cancer antigens [70].
Immunotherapy enhances the immunological response
of a patient’s immune system in identifying cancer anti-
gens, hence augmenting the overall efficacy of the therapy
in combating the disease. The efficacy of immunotherapy
against tumors may be attributed, in part, to the lack of
immune cell infiltration within the tumor [71]. In brief,
it is worth noting that this is an area of ongoing research,
and the specific mechanisms underlying the sensitivity
of CDKN2A-altered tumors to immunotherapy are still
being explored. Further investigations and clinical studies
are needed to fully understand and develop this concept.
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Limitations

Our study has several limitations. First, the second vali-
dation cohort comprised 10 194 patients from the Chi-
nese population and did not have clinical outcomes to
assess the association between CDKN2A ALT frequency
and prognosis. Second, although CDKN2A ALT was
inversely associated with the OS of patients treated with-
out ICIs and positively associated with the OS of patients,
especially patients having metastatic disease, treated with
IClIs, the relationship and underlying mechanisms behind
this association need to be further assessed. Third, the
lack of CDK4/6 inhibitors treatment limited the analy-
sis of interaction effects between ICIs and CDK4/6
inhibitors on clinical outcomes of pan-cancer patients
with CDKN2A ALT. Fourth, only single-cell data from
CDKN2A point mutation study of stomach cancer were
given, not those from single-cell analysis of CDKNA
DEL patients. Therefore, further in-depth examination
of combined therapy with ICIs and CDK4/6 inhibitors in
pan-cancer patients with CDKN2A ALT will be neces-
sary in future studies.

Conclusions

To our knowledge, this cohort study with the largest sam-
ple size determines the association of CDKN2A ALT with
clinical outcomes and response to ICIs among pan-can-
cer patients treated or not treated with immunotherapy
to provide a reference for better personalizing therapy for
CDKN2A ALT cancer patients. Overall, CDKN2A ALT
remain an important area of research in cancer immuno-
therapy, and further studies are needed to clarify the role
of CDKN2A mutations/deletions as potential biomarkers
for ICI treatment.
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