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Hepatocellular Carcinoma (HCC), the predominant primary
hepatic malignancy, is the prime contributor to mortality. De-
spite the availability of multiple surgical interventions, patient
outcomes remain suboptimal. Immunotherapies have emerged
as effective strategies for HCC treatment with multiple clinical
advantages. However, their curative efficacy is not always sa-
tisfactory, limited by the dysfunctional T cell status. Thus, there
is a pressing need to discover novel potential biomarkers in-
dicative of T cell exhaustion (Tex) for personalized immuno-
therapies. One promising farget is Cyclin-dependent kinase
inhibitor 2 (CDKN2) gene, a key cell cycle regulator with aber-
rant expression in HCC. However, its specific involvement
remains unclear. Herein, we assessed the potential of CDKN2
expression as a promising biomarker for HCC progression,
particularly for exhausted T cells. Our transcriptome analysis
of CDKN2 in HCC revealed its significant role involving in
HCC development. Remarkably, single-cell transcriptomic analy-
sis revealed a notable correlation between CDKN2 expression,
particulaly CDKN2A, and Tex markers, which was further
validated by a human cohort study using human HCC tissue
microarray, highlighting CDKN2 expression as a potential bio-
marker for Tex within the intricate landscape of HCC progres-
sion. These findings provide novel perspectives that hold pro-
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mise for addressing the unmet therapeutic need within HCC
treatment. [BMB Reports 2024; 57(6): 287-292]

INTRODUCTION

HCC, which accounts for most primary cancers of the liver,
stands as the fourth leading cause of cancer-induced mortality
worldwide (1). Owing to the restricted discernment achieved
through the prevailing early diagnostic methodologies and the
aggressive nature characterizing HCC, a substantial proportion
of patients are commonly diagnosed at advanced stages, where-
in surgical or localized therapeutic interventions are ineffective
(2). In this regard, researchers are striving to advance immune
checkpoint inhibitor (ICls) therapies to reactivate antitumor
immune response for long-lasting tumor remissions (3, 4). How-
ever, unexpectedly, the efficacy of ICls is occasionally subopti-
mal.

Several studies have pointed toward a considerable propor-
tion of CD8" T cells demonstrate functional hyporesponsive-
ness, rendering them ineffective for cancer elimination. This
signifies the existence of a dysfunctional T cell status defined
as Tex (5). Tex encompasses overall dysfunctional conditions
that emerge within a repressive tumor microenvironment with
extended exposure to antigens, and is characterized by re-
duced capacity of T cells to secrete cytokines and increased
expression of inhibitory receptors (6). The upregulation of di-
verse inhibitory receptors, typified by programmed cell death
protein 1 (PD-1), has been recognized as a pivotal hallmark of
Tex, with its co-expression on CD8" T cells significantly im-
pacting the severity of functional deficits. Blocking these sup-
pressive receptors is supposed to be a viable strategy to en-
hance the curative efficacy of ICls (7). Therefore, the foremost
imperative is to discern the distinct T cell states in individual
patients to provide personalized therapeutic evidence for im-
munotherapies. Nevertheless, there is a conspicuous scarcity
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of effective biomarkers for identifying Tex status, highlighting
the pressing need for further endeavors in this domain.

Notably, recent investigations have implied the existence of
another tolerogenic pathway that disrupts T cell function and
responsiveness, known as T cell senescence (Tes). Tes has been
reported to involve in multiple types of cancers, such as HCC,
gastric cancer, and lung cancer (8), with common attributes in
senescent somatic cells. Current research has demonstrated the
significance of Tes in regulating HCC tumorigenesis, develop-
ment, and immune infiltration, wherein a gene family, CDKN2,
holds significant involvements (9). CDKN2 gene is cyclin-de-
pendent kinase inhibitor with main functions of cell cycle
regulation, which manifests marked dysregulation in diverse
cancer types, with clarified correlation with unfavorable clin-
ical prognosis (10, 11). However, despite its emphasized impact
across multiple cancers, studies on the mechanistic pathways
and significance of CDKN2 in HCC are still lacking clarity.
Intriguingly, a previous study confirmed that CDKN2B is an
essential target through which PD-1 promotes Tex progression
(12), which extremely contrasts with its conventional function.
Nevertheless, hitherto, studies elucidating the putative relevan-
ce of CDKN2 gene in Tex during HCC progression, beyond its
impact on Tes, remains unclear.

In our study, we aimed to estimate the potential implications
of senescence-associated factor CDKN2 in HCC, particularly
in Tex. Our observations indicated that CDKN2 gene assume
pivotal roles in the pathogenesis and advancement of HCC.
Remarkably, CDKN2 expression, notably that of CDKN2A, held
significant promise as a potential biomarker of Tex in HCC.
These findings not only provide novel insights for in-depth me-
chanical explorations, but also yield promising avenues for
potential immunotherapeutic interventions.
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Fig. 1. CDKN2 gene expression profiles in normal liver and he-
patocellular carcinoma (HCC) indicating the implication of CDKN2
in HCC development. (A-C) Boxplots showing relative mRNA levels
of CDKN2 gene in patients with HCC belonging to three inde-
pendent cohorts. The horizontal line crossing each box designates
the median, while the top and bottom edges represent the first
(25%) and third quartiles (75%), respectively. The dots indicate
the expression value of each subject. ****P < 0.0001.
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RESULTS

Expression patterns of CDKN2 gene family in human HCC
To assess the potential implications of CDKN2 gene in HCC,
we analyzed the RNA sequencing data and corresponding cli-
nicopathological information sourced from three independent
Gene Expression Omnibus (GEO) cohorts (Fig. 1). Across these
datasets, CDKN2A and CDKN2C consistently exhibited elevated
expression levels in HCC compared to normal tissues. Con-
versely, CDKN2B expression was remarkably upregulated in
GSE25097 and GSE36376, while displaying a mild but dis-
cernible increasing trend in GSE14520. In contrast, CDKN2D
showed varying ambiguity and even slightly conflicting expres-
sion profiles, which necessitated further assessment within
specific clinical settings. Collectively, although conclusive re-
marks regarding the expression profiles of certain CDKN2 re-
mained elusive, elevated expression of CDKN2A and CDKN2C
provided evidence of the implication of CDKN2 in HCC pa-
thogenesis.

CDKN2 gene expression was associated with survival
outcomes in patients with HCC

To further investigate the implication of CDKN2 gene in HCC
advancement, Kaplan-Meier assay of CDKN2 expression in
patients with HCC sourced from The Cancer Genome Atlas
(TCGA) liver hepatocellular carcinoma (LIHC) cohorts was per-
formed. Notably, our investigation of overall survival illumi-
nated a positive association between CDKN2 expression and
adverse prognosis in HCC. Individuals with HCC were initially
grouped into high- and low-expression cohorts based on a
conventional and commonly recognized classification, as pre-
vious described (13). Individuals with higher expression levels
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Fig. 2. CDKN2 gene expression was associated with survival out-
comes in patients with HCC. (A) Kaplan-Meier curves showing the
correlation between CDKN2 gene expression and overall survival
by comparing patients with HCC demonstrating high and low
CDKN2 expression. (B) Kaplan-Meier curves showing the differen-
tial survival probability between CDKN2 expression subgrouping di-
vided using optimized values obtained from the R package, multi-
pleROC.
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of CDKN2 gene exhibited markedly diminished overall survi-
val rates compared to those with lower expression levels (Fig.
2A), suggesting that CDKN2 was a promising indicator of de-
creased survival rates in HCC.

To validate our findings and ensure the avoidance of any
bias, patients with HCC were further categorized based on the
optimal cutoff of CDKN2 expression values determined by
multiple receiver operating characteristic curve (multipleROC)
analysis (14). Consistent with our previous results, patients with
HCC exhibiting elevated CDKN2 expression consistently de-
monstrated significantly worse prognosis than those with lower
expression levels of CDKN2 (Fig. 2B). These findings empha-
size the considerable involvement of CDKN2 in HCC progres-
sion.

Single-cell transcriptomic analysis of CD8" T cell indicated a
correlation between CDKN2A expression and Tex

To explore the mechanisms that underlie the correlation be-
tween CDKN2 gene expression and HCC clinical outcomes,
we carried out a systematic single-cell transcriptomic analysis.
Specifically, we focused on CD8" T cells originating from in-
dividuals with HCC, with a particular focus on assessing their
correlation with immune checkpoints. UMAP-based trajectory
assay confirmed the existence of CD8" T cells in PTC and TTC
(Fig. 3A). Intriguingly, the expression patterns of CDKN2B and
CDKN2C did not exhibit substantial associations with distinct
cellular subsets, registering comparatively modest levels. On the
other hand, CDKN2D exhibited a relatively similar expression
pattern to that of PTC rather than TCC. Conversely, CDKN2A
demonstrated distinct similarities in specific subpopulations
within the TCC. Notably, CDKN2A was expressed in a sub-
population of CD8™ T cells originating from HCC cells. These
observations prompted us to delve deeper into the intricate as-
sociation between CDKN2 expression and immune checkpoints,
which are pivotal regulators of Tex progression. The visualiza-
tion results indicated a consistent association between CDKN2A
expression and Tex markers, encompassing PDCD1, ENTPD1,
CXCL13, and CTLA4. Contrastingly, CDKN2D displayed con-
current expression with Naive T cell markers, encompassing
CCR7, TCF7, LEF1, and SELL; whereas CDKN2B and CDKN2C
did not display relatively similar expression correlations. Ad-
ditionally, specific analysis yielded supportive evidence that
CDKN2A was substantially present among PD-1 positive T
cells (30.27%), juxtaposed with a meager presence within PD-1
negative T cells (9.71%). To further validate the correlation
between CDKN2 and Tex, we assessed the relationship between
each gene and exhausted T cell markers including PDCD1,
ENTPDI1, and CTLA4 (Fig. 3B). CDKN2A, CDKN2B, and CDKN2C
exhibited positive correlations with these immune checkpoints,
with CDKN2A demonstrating the most pronounced association.
In line with our prior findings, COKN2D did not show any
correlation with these markers indicative of Tex, suggesting its
potential involvement in naive T cells rather than Tex (Fig.
3C). Collectively, drawing upon the existing analysis, we spe-
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Fig. 3. CDKN2A positively associated with immune checkpoints
in exhausted CD8" T cells in patients with HCC. (A) UMAP-based
Trajectory Analysis demonstrating the developmental trajectory of
CD8" T cells in peripheral blood (PTC) and HCC tissues (TTC). (B)
UMAPs visualization representing the diverse expression patterns
of CDKN2 gene in diverse cell types and cell type-specific tran-
scriptional profiles of typical genes in exhausted and naive status.
(C) The correlation analysis of each CDKN2 gene expression with
exhausted T cell markers in the context of HCC.

culate that CDKN2A may be linked to Tex progression within
the context of HCC. These observations provide a plausible
rationale for adverse clinical outcomes associated with elevated
CDKN2 expression, particularly CDKN2A, within the scope of
our study and in the context of prior investigations.

Histologic analysis of human HCC suggested CDKN2A
expression as a potential biomarker and positive association
with the functional state of Tex

For further validation, we recruited a cohort of 79 patients
with HCC and performed further validation. Considering the
difficulty in obtaining normal liver tissues from healthy indivi-
duals, we collected para-cancerous tissues from patients with
HCC that represented normal liver tissues along with HCC
specimens. All collected human samples were processed into
microarrays, followed by immunofluorescence staining and
analysis of clinicopathological characteristics. Elevated CDKN2A
expression in HCC was validated through representative co-
staining images (Fig. 4A), which was substantiated by higher
percentage of CDKN2A positive (CDKN2A™) cells and robust
fluorescence intensity, in comparison to para-cancer cells (Fig.
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Fig. 4. Microarray-based analysis verified the correlation between
CDKN2A and T cell exhaustion (Tex) status in the context of HCC.
(A) Representative immunofluorescence staining indicating the differ-
ential expression patterns of CDKN2A in HCC compared to normal
tissues, as well as the co-expression among CDKN2A and Tex markers
PD-1 and CD8. Scale bar: 200 um (Merged figure), 50 um (Enlarged
figure). (B) The expression patterns of CDKN2A in HCC and normal
tissues. (C) Kaplan-Meier curves verifying the implication of CDKN2A
in HCC advancement. (D) The normalized co-expression percentage
between PD-1 and CDKN2A in cancer and adjacent paracancer
tissues. (E) The co-expression feature plot of CDKN2A and PD-1
in cancer and paracancer tissues, respectively. (F) The expression
patterns of CDKN2A in Tex. (G) Bubble chart from multivariate analy-
sis displaying the correlation among CDKN2A, CD8*, and PD-1
expression. (H) Principal Component Analysis (PCA) Biplot revealing
the correlation among CDKN2A, CD8*, and PD-1. PC: Principal
Component. (I) Kaplan-Meier curves elucidating the implication of
CDKN2A-Tex in HCC progression. *P < 0.05, **P < 0.01.

4B). Collectively, these findings suggested that CDKN2A held
certain potential involving in HCC development. To further
verify the implication of CDKN2A with regard to the clinical
outcomes of patients with HCC, we subsequently divided the
patients into high (top 25%, marked as HI) and low (bottom
25%, marked as LO) expression cohorts based on CDKN2A
expression levels. Kaplan-Meier analysis highlighted a negative
association between CDKN2A expression and the overall poor
prognosis of HCC individuals, thus corroborating our findings
from the bioinformatic analysis (Fig. 4C).

To substantiate the underlying implications of CDKN2A in
Tex, we assessed the correlation between the expression pro-
files of CDKN2A and typical Tex markers PD-1. An evidently
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elevated co-expression percentage between PD-1 and CDKN2A
was observed in cancer tissues compared to that in adjacent
paracancer (Fig. 4D), consistent with the findings in the co-
expression feature plot of CDKN2A-PD-1 (Fig. 4E). Meanwhile,
the proportion of CDKN2A-PD-1-CD8" positive (CDKN2A-Tex ")
cells, along with the intensity of CDKN2A expression within
these CDKN2A-Tex " cells, was increased in HCC compared to
normal tissues (Fig. 4F). Notably, bubble chart derived from
multivariate analysis revealed concurrent high expression of
CDKN2A in conjunction with elevated expression of PD-1 and
CD8" in CDKN2A-Tex" cells, concomitant with an analogous
pattern observed in the low expression cohort (Fig. 4G). The
results from the Principal Component Analysis (PCA) Biplot
revealed an impressive PC1 (98.069%) of total variance with
similar expression trends among these factors (Fig. 4H), in
conjunction with the bubble chart, suggesting the existence of
mutual relationships between CDKN2A and Tex. Moreover,
analysis of survival rates displayed a distinct pattern, indicating
that elevated levels of CDKN2A-Tex” was inversely correlated
with the prognosis of HCC individuals (Fig. 41).

DISCUSSION

Tumor suppressive mechanism inherent to CDKN2 gene is
contemplated to restrict the growth of cancers in the early
stage (15). Loss of CDKN2 gene has been verified as a signifi-
cant effector for diverse cancers like HCC (16). Conversely,
overexpression of this tumor suppressor was observed to acce-
lerate the onset of multiple cancers (17). Additionally, elevated
CDKN2 expression has been identified in HCC (18) and de-
monstrated a positive correlation with enhanced HCC risk (19,
20), being consistent in our present study and previous reports
while contradictory compared to its inherent suppressive fea-
tures. However, the origin of this contradiction is not entirely
understood. Meanwhile, the extent of their involvement in the
development of HCC, whether through senescence or other
mechanisms, also remains unclear.

Recent research revealed that CDKN2 has been implicated
in triggering T cell dysfunction through Tes induction (21), with
its overexpression being a reasonable mechanism for promo-
ting HCC progression. Apart from Tes, emerging investigations
have revealed another mechanism termed Tex, demonstrating
certain impacts in HCC progression (22, 23); however, the spe-
cific molecular mechanisms remain largely undefined. Both
dysfunctional states exhibit overlapping features but possess
distinct regulatory mechanisms. The failure of ICls in treating
patients with glioblastoma indicates that T cell subsets in this
specific tumor is predominantly senescent rather than exhausted
(24). In contrast, the mutual representation of both states is
also evident within tumors. For instance, T cells expressing Tes
biomarkers exhibit an adverse response to PD-1 inhibitors in
patients with advanced lung cancer, implying that Tes confers
resistance to exhaustion inhibition (25). This emphasizes the
intricate mechanistic crosstalk between Tes and Tex. Remark-
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ably, PD-1 has been identified as a contributor to T cell dys-
function through the upregulation of Tes marker, CDKN2B
(12). Despite debates regarding the expression of exhaustion
markers such as PD-1 and LAG-3 on Tes (26, 27), we ques-
tioned whether CDKN2 might also participate in the regulation
of Tex in a manner relatively independent of Tes.

To address this apprehension, the pivotal core was to ascer-
tain whether there is an association between CDKN2 and Tex,
and if so, to elucidate the specific nature of this relationship.
Single-cell transcriptomic analysis intuitionally indicated the
positive correlation between expression of CDKN2 gene,
particularly CDKN2A, and exhausted T cell markers. This find-
ing aligned with and further elucidated prior research, affir-
ming the existing connection between CDKN2A and immune
infiltrates within the HCC TME (19). However, regrettably, due
to the lack of proteomics dataset from patients with HCC,
herein, we were unable to analyze the protein expression of
CDKN2 in HCC via the public available database. In this case,
we conducted human cohort study using HCC microarray to
verify the involvement of CDKN2 in HCC progression. Addi-
tionally, the analogous expression patterns between CDKN2A
and Tex markers, as well as the significant co-expression
observed in HCC tissues compared to those of normal, jointly
substantiated the existence of mutual relationships between
CDKN2A and Tex. HCC patients with higher CDKN2A expres-
sion in terms of Tex have adverse prognosis, implying that
CDKN2A might also function as an indicator of Tex state,
thereby synergistically impairing the clinical outcomes of HCC
patients. These verifications provide compelling evidence to
reinforce the notion that CDKN2A holds potential as a bio-
marker indicating Tex status within the HCC context. While,
limited by the absence of publicly available data regarding the
impacts of CDKN2A expression on the efficacy of immune
checkpoint blockade therapy or T cell therapy, herein we are
unable to corroborate our findings using existing datasets. Fur-
ther experimental investigations are essential to uncover the
underlying mechanisms, thus providing insightful targets for
advanced HCC therapy.

Conclusively, we conducted an assessment on the expres-
sion profiles of CDKN2 gene in HCC. Our results emphasize
the potential contribution of CDKN2A in Tex, implying its
regulatory involvement in HCC progression. Further in-depth
mechanical studies at molecular level are imperative to un-
ravel the precise modulation of CDKN2 in HCC and explore
promising therapeutic interventions targeting the CDKN2 gene
to address this malignancy.

MATERIALS AND METHODS

Data acquisition and processing

Hepatic transcriptomic datasets including normal liver and
HCC tissues were downloaded from the NCBI GEO databases
(28-30). Additionally, RNA sequencing and clinical data of the
LIHC cohort were obtained from TCGA data portal. To ensure
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the integrity and comparability of the HCC transcriptomic data
sourced from TCGA, a normalization procedure was executed
via the method of Fragments Per Kilobase of Exon per Million.

Gene Ontology (GO) enrichment assay

The complete transcriptomes of 20 individuals exhibiting the
highest or lowest expression levels for each CDKN2 gene were
obtained from LIHC. Subsequently, the absolute fold changes
(F.C. = Abs [mean expressions of highest / lowest]) were
calculated to pinpoint the top associated phenotype ontology
terms. Gene sets were regarded as statistically enriched when
P-value and false discovery rate were below 0.05.

Trajectory analysis and gene expression assessment

The data applied for the analysis was obtained from public
GEO database (31), which encompassed single-cell RNA sequen-
cing data originating from peripheral blood (PTC), adjacent nor-
mal tissues, and tumor tissues (TTC) of 6 individuals with HCC.
The trajectory assay was performed by the phate R package.

Validation of bioinformatic analysis using human samples
from HCC microarray

Human liver HCC microarray (HLivH180Su11) was obtained
from Shanghai Outdo Biotech Company, consisted of para-
cancer and cancer tissue from HCC patients. Immunofluore-
scence staining was conducted as previously described (5),
targeting PD-1, CD8", and CDKN2A. Staining images and
quantifications were scanned and assessed by the TissueFAXS.

Data assessment and statistical analysis

All data were evaluated as previously described, via Rstudio, R
version 4.2.3, and R packages (Data processing: reshape2,
naniar, skimr, stringr, and dplyr; Boxplot and survival curve:
ggpubr, ggplot2, survival, egg, gridExtra, pROC, multipleROC,
and survminer). The R package multipleROC were performed
to identify the optimal values of gene expression for survival
probability assessment. The optimal values were subsequently
employed to stratify the sample population into two distinct
groups. The survival outcomes were displayed with Kaplan-
Meier curves, produced via R packages, survival and survminer.
The P-value was considered statistically significant below 0.05.
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