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ARTICLE INFO ABSTRACT
Keywords: Cancer/testis antigens (CTAs) are reproductive tissue-restricted genes, frequently ectopic
Hepatocellular carcinoma expressed in tumors. CTA genes associate with a poor prognosis in some solid tumors, due to their

Cancer-testis antigens
Bioinformatics

Risk score

Prognosis

potential roles in the tumorigenesis and progression. However, whether CTAs relate with hepa-
tocellular carcinoma (HCC) remains unclear. In this study, the prognostic signatures based on
CTA genes were investigated and validated in three cohorts including Chinese HCC patients with
hepatitis B virus infection (CHCC-HBV), International Cancer Genome Consortium (ICGC) and
The Cancer Genome Atlas (TCGA) cohorts. Univariate, LASSO, and multivariate Cox regression
analyses were used to screen prognostic genes and develop the prognostic gene signature. A
prognosis model was established with six CTA genes (SSX1, CTCFL, OIP5, CEP55, NOL4, and
TPPP2) in CHCC-HBV cohort, and further validated in the ICGC and TCGA cohorts. The CTA
signature was an essential prognostic predictor independent of other clinical pathological factors.
High-risk group exhibited up-regulated cell cycle-related and tumor-related pathways and more
MO macrophage, activated mast cell, activated memory CD4" T cell, and memory B cell infil-
tration. Furthermore, CTA signature correlated with the sensitivity to multiple chemotherapy
drugs. Our results highlighted that the CTA gene profiling was a prognostic assessment tool for
HCC patients.

1. Introduction

Hepatocellular carcinoma (HCC) is the most common primary liver cancer, ranking the sixth major contributor to cancer-related
mortality on a global scale [1]. Since most patients with HCC are asymptomatic in the early stage, they are usually diagnosed at the
advanced stage [2]. Despite the rapid advancement in the target therapy and immunotherapy of HCC, the prognosis of HCC patients
remains grim, with the average five-year survival rate of 19.6% [3]. The Barcelona Clinic Liver Cancer (BCLC) classification for HCC
provides an efficient decision-making guide for clinicians. However, patients with the same BCLC stage undergoing the same therapy
frequently have different prognoses, highlighting that HCC is a highly heterogeneous malignancy [4]. Consequently, it is extremely
important to discover novel prognostic biomarkers which could improve the risk stratification among HCC patients. Cancer-testis
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antigens (CTAs) belong to the tumor-associated antigens [5]. Due to their potential roles in tumor progression, CTAs could be
considered as prognosis biomarkers of some tumors [6]. Abnormal CTA reactivation may facilitate tumor progression through
epigenetic regulation, angiogenesis promotion, and immune escape [7]. Recent studies revealed that synovial sarcoma X-2 (§SX2) and
synaptonemal complex protein 1 (SCP-1) expressions led to cellular genomic instability in multiple cancers [7,8].
Melanoma-associated antigen A1(MAGEA1) overexpression correlated with the poor overall survival in esophageal squamous cell
carcinoma and lactate dehydrogenase C4 (LDH-C4) expression positively correlated with the tumor size, the epidermal growth factor
receptor (EGFR) and Ki-67 expressions in breast cancer [9,10]. In this study, we investigated whether CTA signature was a prognostic
biomarker for survival among HCC patients. Prognostic signature based on six CTA genes was established in CHCC-HBV cohort [11]
and then validated in the The Cancer Genome Atlas (TCGA) and the International Cancer Genome Consortium (ICGC) datasets. To
further elucidate the possible biological mechanisms underlying the signature, we examined the association between the signature and
signaling pathways, immune heterogeneity, and drug sensitivity in HCC. The prognostic significance of CTAs was highlighted in HCC
and this CTA panel may promote patient stratification in clinical practice.

2. Materials and methods
2.1. Cancer-testis antigens

276 CTA genes were extracted in the CTA database (http://www.cta.Incc.br/).

2.2. Patient cohorts

Our group previously performed the multi-omics analysis of hepatitis B virus (HBV)-related HCC using paired tumor and adjacent
liver tissues from 159 patients [https://www.biosino.org/node,OEP000321] [11]. The RNA-seq data and clinical information of 365
patients with HCC with were collected from TCGA (https://portal.gdc.cancer.gov/) and another 231 HCC patients were collected from
ICGC (https://dcc.icge.org/).

2.3. Screening of cancer-testis antigens

To acquire the differentially expressed CTA genes, the univariate Cox proportional hazard regression model was constructed using
the R package ‘coxph’ (http://rstudio.com). In this study, log rank P < 0.05 was selected as the threshold. The least absolute shrinkage
and selection operator (LASSO) was performed using the R package ‘glmet’ to identify the CTA signature gene.

2.4. Establishment and validation of the cancer-testis antigen signature

Multivariate Cox survival analysis was performed to construct the prognostic risk model. According to the median of risk score, all
patients from the validation datasets were divided into two groups: the low-risk and high-risk groups. The R package ‘survival’ was
performed on the two groups. The R package ‘timeROC’ was used to perform a receiver operating characteristic (ROC) analysis of the
classification of this risk score. The univariate and the multivariate Cox proportional hazards regression were used to decipher the
relevant clinic pathological variables. The model was represented in the form of a nomogram and the plotting of calibration curves by
R language (version: 4.1.0).

2.5. Analysis of gene set enrichment

To identify the differences of the biological functions between the two groups, GSEA (version: 4.1.0, http://www.gsea-msigdb.org/
gsea/index.jsp) and the package ‘GSVA Bioconductor’ by the enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
were performed.

2.6. Immune heterogeneity underlying the CTA signature

CIBERSORT analysis of our cohorts identifies relative scores of immune cell subpopulations. An analysis was performed on the two
groups differences by performing the Wilcoxon matched-pairs test. P < 0.05 was selected as the threshold. Heatmap and violin plots
were plotted with R packages ‘pheatmap’ and ‘vioplot,’ respectively. Calculation and visualization on the infiltrating immune cells and
risk score were performed with the R package ‘corrplot’.

2.7. Analysis of protein-protein interaction

Construction and analysis of protein-protein interaction networks of the signature gene was carried out through the Search Tool for
the Retrieval of Interacting Genes/Proteins (STRING) (http://string-db.org).
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2.8. Analysis of immunohistochemical

Protein expressions of 6 CTA signature genes by immunohistochemical staining were acquired from Human Protein Atlas (https://
www.proteinatlas.org/).

2.9. Analysis of the correlation between drug susceptibility and the CTA signature

The correlation between the CTA signature and antitumor drug sensitivity/resistance was assessed with gene expression data and
chemical compound activity (DTP NCI-60) data obtained from the CellMiner database. R packages including ‘impute’, ‘limma’,
‘ggplot2’, and ‘ggpubr’ were utilized to assess the association between gene expression levels and drug susceptibility. Notably, all the
drugs used in the present research were subjected to approval by the US Food and Drug Administration.

3. Results
3.1. Establishment of a cancer-testis antigen risk model

A total of 755 HCC patients (Table 1) were collected from three cohorts (159 patients in CHCC-HBV cohort as the training set, 365
patients in TCGA cohort and 231 patients in ICGC cohort as the validation data sets). We obtained 276 CTAs from CT database (http://
www.cta.lnce.br), and 95 genes were excluded based on these criteria below: (1) not matched to the Ensembl database; (2) lack
protein-coding transcripts; (3) not expressed in any normal or HCC samples; (4) were double annotated in CT database; (5) Considering
expression in at least 60% of HCC patients in the CHCC-HBV cohort. Totally, 148 genes were filtered out from the database. Hier-
archical cluster analysis demonstrated the pair-wise correlation between all 159 HCC cases based on mRNA expression of 57,820
putative protein-coding genes (Fig. 1A). A total of 16 and 19 CTAs were downregulated and upregulated in HCC, respectively (Fig. 1B).
Then, Cox regression analysis revealed that 13 genes were associated with overall survival (OS) among the list of above 84 CTAs (P <
0.05). Eight genes had a high hazard ratio (HR > 1) and were defined as high risk factors, while five genes had a low hazard ratio (HR
< 1) and were defined as protective factors (Fig. 1C). Following stepwise Cox proportional hazards regression analysis, eight CTA genes
were chosen to construct the risk model (Fig. 1D).Ultimately, following LASSO logistic regression analysis six prognostic genes were
selected including TPPP2, NOL4, OIP5, CEP55, CTCFL, and SSX1 (Fig. 1E-G; risk score = (—0.057 x expression level of TPPP2) +
(—0.191 x expression level of NOL4) + (0.097 x expression level of OIP5) + (1.525 x expression level of CEP55) + (—0.419 x
expression level of CTCFL) + (—0.055 x expression level of SSX1)).

The expression status of signature proteins in human HCC tumors and normal liver tissues by IHC staining were acquired from

Table 1
Clinical characteristics of HCC patients by three cohorts
CHCC-HBV cohort TCGA cohort ICGC cohort

No. of patients 159 365 231
Age (median, range) 54(20-81) 61(16-90) 69(31-89)
Gender (%)
Female 31(19.5%) 119(32.6%) 61(26.4%)
Male 128(80.5%) 246(67.4%) 170(72.6%)
AFP (ng/ml)

<200 89(56.0%) NA NA

>200 70(44.0%) NA NA
unknown 0(0.0%) NA NA
Grade (%)
Grade 1 NA 55(15.1%) NA
Grade 2 NA 175(47.9%) NA
Grade 3 NA 118(32.3%) NA
Grade 4 NA 12(3.3%) NA
unknown NA 5(1.4%) NA
Vascular Invasion

Yes 122(76.7%) NA NA

No 37(23.3%) NA NA
unknown 0(0.0%) NA NA
TNM Stage (%)
I 91(57.2%) 170(46.6%) 36(15.6%)
I 14(8.8%) 84(23.0%) 105(45.5%)
111 52(32.7%) 83(22.7%) 71(30.7%)
v 2(1.3%) 4(1.1%) 19(8.2%)
unknown 0(0.0%) 24(6.6%) 0(0.0%)
Survival status
OS days (median) 1020.9 556 780
Censored (%) 0(0.0%) 126(34.5) 42(18.2)

TCGA, The Cancer Genome Atlas; ICGC, International Cancer Genome Consortium; AFP, Alpha Fetoprotein; TNM, Tumor Node Metastasis; NA,
Not Applicable.
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Figure.1. The transcriptomic landscape of 83 CTA and the identification of CTA genes in prognostic model construction in the training
cohort. (A) The expression of 83 CTAs after screening and filtering in each patient excluding 95 genes which were not matched to the Ensembl
database, or lack protein-coding transcripts, or was not expressed in any normal or HCC samples, and the certain genes were double annotated in the
CT database. (B) Volcano plot of differential expression of CTA between tumor and adjacent normal tissues of 159 HCC patients. (C) Forest plot of 13
CTAs related to prognosis selected by single factor Cox regression analysis. (D, E) VENN map and forest map of 8 prognostic-related differentially
expressed CTAs. (F) The CvFit Line chart shows that the model with the smallest cross-validation error is composed of 6 CTAs. (G) Lambda chart of
CTAs that might not be an independent indicator of prognostic monitoring.

Human Protein Atlas (https://www.proteinatlas.org/). The proteins encoded by risk-related genes CEP55 and OIP5 were evidently
highly expressed in HCC tissues (Fig. S1A). According to PPI network analysis, the signature genes were centered around CEP55 and
OIP5 (Fig. S1B-C)..

3.2. Evaluation of six CTA genes-panel for predicting prognosis in HCC

Patients were assigned to either high- or low-risk group using the median risk score as the cutoff value. The distribution of risk
scores was plotted and higher risk scores were corresponded to greater mortality (Fig. S2A-F). PCA and t-SNE analysis were used to
evaluate the efficiency of discrimination between the high-risk and low-risk groups, and the distribution of patients in the different risk
groups extended in two directions, suggesting that the model could classify patients effectively (Fig. S2G-L). Survival analysis indicated
that patients in the high-risk group exhibited worse OS in training and validating datasets (P < 0.05) (Fig. 2A-C). The ROC areas under
the curve (AUC) were all greater than 0.6 in both the training data set as well as validation data sets for OS at one, two, and three years
(Fig. 2D-F). The CTA gene signature was validated in the internal validation series in subgroups with AFP < 400 ng/mL, early-stage
(BCLC stage A), and advanced stage (BCLC stages B and C) (P < 0.05). Moreover, the signature was substantially better than majority of
clinicopathological parameters, with the AUC being 0.723, 0.733, and 0.700 for one-year OS in the CHCC-HBV, TCGA, and ICGC
cohorts, respectively (Fig. 2G-I). Nevertheless, AUC was slightly lower than AFP (AUC = 0.734) and TNM stage (AUC = 0.817) in
CHCC-HBYV and TCGA cohorts, respectively. Moreover, the signature was of great importance to AFP false-negative (AFP < 20 ng/mL)
HCC patients.

3.3. Clinical value of six CTA genes-panel

To assess the independence of the CTA signature in the three cohorts, univariate and multivariate Cox regression analyses were
performed on the clinicopathological characteristics and the risk score. Potential confounders, such as TNM stage, Edmondson-Steiner
grade, portal vein tumor thrombus (PVTT), AFP, BCLC stage, age, and sex, which were most likely to be related to clinical outcomes,
were subjected to univariate and multivariate analyses. Age, PVTT, AFP, and risk score were statistically significant risk factors in the
training set (P < 0.05) through the univariate analysis (Fig. 3A). Likewise, Sex, TNM stage, and risk score were risk factors in the ICGC
validation data set (P < 0.05) (Fig. 3B), and TNM stage and risk score were risk factors in the TCGA validation data set (P < 0.05)
(Fig. 3C). Following the multivariate Cox regression analysis, the risk score was an independent prognostic factor in three data sets (P
< 0.05) (Fig. 3D-F). Our results showed that this CTA panel had superior predictive capacity over the conventional clinicopathological
variables. In addition, an exploratory data analysis on the association of risk score and the clinicopathological features was performed
to further evaluate the clinical significance of the six CTA panel. Different AFP levels, TNM stages, and PVTT were correlated with
different stratification of risk scores in the training data set (Fig. 3G-I), so were TNM stages in the ICGC validation data set (Fig. 3J),
and different grades and TNM stages in the TCGA validation data set (Fig. 3K-L). The above mentioned analysis indicated that the
higher risk scores might be associated with the severe TNM stage and Edmondson-Steiner grade.

3.4. Construction a nomogram for predicting the prognosis of HCC

A nomogram was developed based on the training cohort which integrated the CTA gene signature, AFP to predict the OS of HCC
patients (Fig. 4A). The calibration curves for three-year OS closely aligned with the diagonal, indicating good alignment between the
observed and predicted possibility for the three-year OS (Fig. 4B and C). However, the accuracy of the model for predicting the OS at
one year and two years was not same as at three years.

3.5. CTA related biological processes and pathway analysis

GSEA and GSVA were performed to explore the mechanism of potential molecular mechanisms in high- and low-risk groups in the
training cohort. The KEGG pathways were enriched in Fig. 5A-C. As expected, GSEA indicated that cancer-related pathways including
Notch pathway, P53 pathway, and VEGF pathway were subjected to an enrichment in the high-risk group. Both GSVA and GSEA
pathway analyses indicated that in the high-risk group, cell cycle-related pathways were activated, whereas pathways that were
metabolism-related were upregulated in low-risk group. An interesting finding was that antigen processing as well as the presentation
pathway were stimulated in low-risk patients.
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3.6. CTAs predicted immune infiltration and responses of immunotherapy

Despite a plethora of advances in treatment, most patients with HCC respond poorly to immunotherapy [12].Whether CTA
expression in HCC is associated with immune infiltration is substantive but still ill-defined. Using CIBERSORT, a deconvolution method
which deduces the immune cell subpopulation abundance from the data of bulk-tissue transcriptome, the immune cell subpopulations
were identified. There were more activated memory CD4" T cells, memory B cells, activated mast cells, and MO macrophages infil-
trated in the high-risk group, whereas more M1 macrophages and CD8™ T cells were infiltrated in the low-risk group (Fig. 6A-B).
Increased expression of CXCL10 and PRF1 were detected in the low-risk group compared to those in the high-risk group (Fig. 6D).
Accordingly, the immune response of the low-risk group might be significantly activated. The correlation between the infiltration
degrees of 22 immune cells and the risk score was obtained (Fig. 6C). A positive correlation was found between memory B cells and risk
score, while a negative correlation was found between macrophages and the risk score, indicating that the low-risk group had a
stronger innate immune response. Taken together, these analyses underscore a potentially important role of the CTA signature in
predicting immune response.

3.7. Drug sensitivity features underlying the CTA signature
Using the CellMiner dataset, we interpreted the correlation between cell sensitivity to anticancer drugs with the CTA signature

genes in the model. Different expression of the signature genes had different sensitivity to antitumor drugs, with the top 16 drugs with
the smallest p-values demonstrated (Fig. S3). The sensitivity of most antitumor drugs was negatively correlated with the expression of
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CTCFL and CEP55. Conversely, the sensitivity of most antitumor drugs was positively correlated with NOL4 and OIP5 expressions. It
was worth noting that the expression of CTCFL had a positive correlation with resistance to adriamycin and epirubicin, frequently used
in transcatheter arterial chemoembolization (TACE). It was illustrated that the expression of CTCFL might be helpful for choosing
appropriate chemotherapy drugs for TACE in HCC patients.

4. Discussion

Tumor antigens are the optimal targets for cancer immunotherapy, especially CTAs encoded by genes expressed in tumors but not
in most normal tissues [13]. Melanoma antigen 1 was the antigen firstly discovered by van der Bruggen through cytolytic T lym-
phocytes and DNA-cloning [14]. Subsequently, several tumor antigens, such as SSX, SCP1, and NY-ESO-1, was identified by means of
screening the cDNA expression library. Due to the growing list of testis-related genes expressed in cancer, the term ‘CTA’ was named to
cover all of these genes [15]. CTAs are classified into two types: CT-X antigens which are encoded in the X chromosomes and those not
encoded in the X chromosomes (non-X CT antigens). The high expression of multiple CTAs, such as PRAME, MAGE family, NY-ESO-1,
and CT45 family, accelerates tumor growth, epithelial-mesenchymal transition, drug resistance, metastasis, and recurrence [7,16].
The expression of the most CTA genes increases in cancers, and are positively correlated with the clinical stage and predicated poor
prognosis of patients with tumors, indicating their potential role in tumor development, progression, and prognosis [17,18].

Our work reveals a transcriptome landscape of CTA genes expression in HCC and provides potential biomarkers for cancer
prognostic prediction. We also developed a composite prognostic nomogram based on the six identified CTA genes signature and the
clinical characteristics and could be considered as a potential prognostic prediction model. The six CTA genes panel comprising SSX1,
CTCFL, OIP5, CEP55, NOL4, and TPPP2 might play an important role in HCC development, progression and metastasis. OIP5 promotes
the metastasis and progression of HCC via the signaling pathways of mTORC1 and p-catenin [19]. CEP55, functioning as an oncogene,
enhanced cell migration and invasion of HCC via upregulating JAK2-STAT3-MMPs signal pathway [20]. Identification of mRNA
microarray expression profiling detect the high expression of CEP55 and CEP55 is a candidate prognostic indicator of tumor, which is
consistent with our CTA gene signature [21,22]. The protein expression of OIP5 and CEP55 are more abundant in human HCC tissues
than the normal liver tissues through the immunohistochemistry from public database. OIP5 and CEP55 are the critical nodes of
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Figure.6. Analysis of immune heterogeneity. (A) Distribution of immune cells in high-risk and low-risk groups. (B) Differences in tumor-
infiltrating immune cells in different risk groups. (C) The Correlations between immune cells and risk score. (D) Differences in immune-related
gene expression between low- and high-risk groups.

signature interconnection.

Tumor cells commonly underwent the atavisms, such as increased expression of embryonic and CTA genes [23]. Based on the
published researches, the overwhelming majority CTAs acting as the oncogenic genes facilitated the tumorigenicity and metastasis of
tumors. However, some CTAs were regarded as the tumor suppressor genes, such as SSX1, CTCFL, NOL4, and TPPP2, the deeper
molecular mechanism of regulating HCC remains elusive and need further exploration. This study showed the CTA signature was
associated with the pathway activation, immune heterogeneity, protein expression, and drug response in HCC.

The antigen processing and presentation pathways are highly enriched in the low-risk group through functional enrichment
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analysis. Tumor cells could reduce immune recognition by targeted antigen processing and presentation to achieve immune escape.
The defects within the antigen processing and presentation pathways could drive tumorigenesis and malignant transformation [24]. In
tumor microenvironment, the activity of indoleamine 2, 3-dioxygenase (IDO) suppresses the immune response by decreasing the levels
of tryptophan which is necessary for T cell proliferation, and meanwhile increasing the levels of kynurenine which promotes
CD8-+T-cell exhaustion [25]. A preclinical study illuminated that targeting IDO in rodent models inhibits tumor growth and elicits an
antitumor immune response [26]. Histidine degradation affects the sensitivity of cancer cells to methotrexate, which may be exploited
by histidine supplementation to increase methotrexate efficacy [27]. Concurrently, GSEA analysis reveals that the metabolism-related
pathway is enriched in the low-risk group, suggesting intervention that exploit metabolism to improve tumor immunotherapy.

The CTA genes exert a crucial function in modulating tumor immunity. According to the published studies, the number of MAGE-
Al- and MAGE-A3-specific T cells boosted following vaccination in melanoma patients [28,29]. In our study, more infiltration of
memory B cells, MO macrophages, activated memory CD4" T cells, and activated mast cells were found in the high-risk group. In
addition, CXCL10 and PRF1, the two immune activity-related genes, were higher in the low-risk group. We inferred that the immune
response was activated to enhance the antitumor response in the low-risk group, thereby improving the clinical outcome of HCC
patients. The innate immune cells also modulate the tumor progression [30]. Interestingly, we observed that the innate immune
response negatively correlated with the risk score. We have performed analysis between CTA signature and immune cell infiltration,
while the precise mechanism through which CTA genes regulates tumor microenvironment still remained poorly understood. Lastly,
we observed that CTAs were correlated to doxorubicin and adriamycin resistance, indicating that our CTA signature might serve as a
guide for choosing chemotherapy drugs.

In conclusion, this work delineates the landscape of CTA gene expression in HCC, several key predictions require further functional
validation. Larger clinical samples are needed to verify the accuracy of the model. The six CTA genes-panel for HCC patients may be a
reliable prognostic evaluation tool for clinical practice.
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