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Abstract: Cancer/testis antigens (CTAs) are restrictively expressed in testis but aberrantly activated in tumors, functioning in
regulating male germline development and promoting carcinogenesis. As oncogenic regulators, CTA members are widely
involved in tumor initiation, invasion, metastasis, chemo-resistance and relapse, while their intrinsic immunogenicity and
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somatic silencing make them ideal targets for cancer immunotherapy. Here, we summarize recent advances in understanding
of the molecular mechanisms underlying CTAs’ oncogenic functions and aberrant activation in cancers, and discuss CTA-
targeting therapeutic strategies and clinical translation. Since the identification of the first CTA, MAGE-AI, in 1991,
numerous immunogenic germline-specific tumor-associated antigens have been discovered with the development of
serological analysis of cDNA expression libraries (SEREX). Based on their genomic loci, CTAs are classified as X-encoded
(X-CTAs) and non-X-encoded (non-X-CTAs). X-CTAs, such as GAGE, SSX, MAGE, and NY-ESO-1, are organized in
ordered tandem/inverted repeats in X-chromosome, showing high conservation across species but their roles remaining
unclear yet in male reproduction. Non-X-CTAs, such as PIWI and TDRD families, display tumor-promoting functions during
carcinogenesis and well-established roles during male germline development. Aberrant activation of CTA genes in tumors is
tightly linked to epigenetic reprogramming (DNA demethylation, histone acetylation, chromatin accessibility) and complex
regulation by transcription factors, regulatory RNAs, and even other CTAs. Notably, CTA expression is heterogeneous across
tumor types, subpopulations and stage-specific in some malignancies, endowing cancer cells with phenotypic plasticity and
adaptive advantages. Notably, CTAs play various roles during tumorigenesis, which have been evident to activate oncogenic
signaling, modulate post-translational modification and degradation of key signaling molecules, sustain cancer stemness,
regulate tumor-microenvironment crosstalk, mediate immune escape throughout tumor progression and etc. Collectively,
recent studies demonstrate that CTAs function as critical regulators in malignant tumor progression. Given their intrinsic
immunogenicity and testis-restricted expression pattern, CTAs represent ideal targets for cancer immunotherapy. Meanwhile,
an extensive pattern of alternative splicing and genetic alterations in cancer cells generate a large repertoire of potential
antigenic peptides derived from CTA genes. Nevertheless, current clinical trials and applications are largely limited to a few
prominent targets, such as NY-ESO-1. Hence, systematically investigating the immunogenicity of CTAs and developing
proper strategies to enhance CTA-based immunogenicity represent highly promising directions in the field.
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Table 1 Clinical trials of TCR-T therapy targeting CTAs
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Figure 1 Distribution of CTA gene families on the X chromosome
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Table 2 Expression patterns and indicated functions of X-CTA
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(A A 7 57, 58 WN'T/B-cateninfE S5 @ BTG 1

PO, A 5B 509 /52 JLPT raE 2o 4 A S5 5
o3 BB FIRE R 2 5 DIRE . MAGESE F &% b1
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THERISCHE N 2 22— IR 4 A B KR EE 5w
L AL BT A PEIRIT R DFE R I, 9/
BAPRMS 5 AE- O BAE. BEERE G
PEIGTT AT SE 20, XYL (0 1A q28 X I (I MAGEA
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