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ABSTRACT 

Identifying cancer-specific biomarkers represents an ongoing challenge to the development of novel cancer 

diagnostic, prognostic and therapeutic strategies. Cancer/testis (CT) genes are an important gene family with 

expression tightly restricted to the testis in normal individuals but which can also be activated in cancers. Here we 

develop a pipeline to identify new CT genes. We analysed and validated expression profiles of human meiotic genes 

in normal and cancerous tissue followed by meta-analyses of clinical data sets from a range of tumour types resulting 

in the identification of a large cohort of highly specific cancer biomarker genes, including the recombination hot spot 

activator PRDM9 and the meiotic cohesin genes SMC1beta and RAD21L. These genes not only provide excellent 

cancer biomarkers for diagnostics and prognostics, but may serve as oncogenes and have excellent drug targeting 

potential. 

 

INTRODUCTION 

The demarcation of neoplastic cells from healthy tissue represents an important goal in clinical oncology; this 

is of particular interest given the need for diagnostic markers to enable early intervention strategies, such as surgical 

resection, and the re-emergence of immunotherapeutics, cancer vaccines and targeted drug delivery via antibody-

drug conjugates [1-10]. To achieve this goal, the identification of tumour-associated antigens is of central importance 

[for example, see 11-13]. Whilst almost all cancer cells have an altered gene expression profile, including many up 

regulated genes, most of the associated antigens are recognised as ‘self’ by the immune system, limiting their use in 

immune therapeutic, prognostic and diagnostic technologies. One family of proteins, the so-called cancer/testis (CT) 

antigens, represents an excellent group of cancer-specific biomarkers [14-21]. These are produced in the testes of 

healthy male adults and can also be found in cells with a cancerous phenotype. The immunological privilege of the 

testis [22,23] makes the CT antigens excellent immunological targets and a number of CT antigens have been 

employed successfully in a range of clinical applications, including adoptive therapeutics for late stage cancer 

treatment [for example, see 24]. Some CT antigens are also present in other immunologically privileged tissues of the 

central nervous system (CNS) and these are referred to as cancer/testis-CNS (CT/CNS) antigens [25]. 

Many genes have been purported to encode CT antigens [21], however, not all of these have endured 

continued scrutiny and many of the genes have subsequently been found to have some degree of expression in 

normal somatic tissues [25]. This has lead to the redefining of CT genes into testis (and CNS)-restricted and testis 

(and CNS)-selective, where there is some evidence to indicate the latter class are expressed in at least one non-

immune privileged, normal tissue type [25,26]. 

CT antigens have been further sub-classified into those which are encoded by genes on the X chromosome 

(X-CT genes) and those which are encoded by genes on autosomes (non-X-CT genes) [14-21]. The majority of 
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characterised testis-restricted CT genes are X-CT genes and many of these reside within large families of 

orthologous genes, such as the MAGE family [14-21,27]. In addition, some CT genes are co-expressed in the same 

cancerous tissue, suggesting a dysfunction in one or more, as yet uncharacterised, testis-specific transcriptional 

regulatory pathway(s) [for example, see 28]. 

It has been demonstrated that some CT antigens have the potential for oncogenic activity or contribute to 

maintaining or enhancing the neoplastic state [19]. For example, MAGE-A2 has been demonstrated to induce the 

down regulation of one of the primary tumour suppressor genes, p53 [29]. Furthermore, MAGE-A2 and another 

MAGE family member, MAGE-A6, have been demonstrated to have the potential to induce resistance to 

chemotherapeutic agents [30]. However, the function, the oncogenic activity and the drug resistance-inducing 

potential of CT antigens remains poorly studied considering the potential importance of these proteins. 

There has been speculation that some CT antigens could function in the testes to mediate the meiotic 

programme [31,32]. During meiosis the chromosomes of diploid progenitor cells (spermatogonia in testis) become 

reductionally segregated to produce haploid gametes (sperm cells in testis) [33,34]. This meiotic chromosome 

segregation involves a complex and poorly understood series of events, which include the pairing of homologous 

chromosomes followed by a covalent conjoining to generate a bivalent which is required for chromatid alignment at 

the first meiotic division. It has been postulated that the aberrant production of CT antigens with chromosome 

modulating potential in mitotically dividing somatic cells could result in inappropriate non-allelic inter-/intra-

chromosomal recombination and inter-homologue recombination events which could generate oncogenic genetic 

changes such as translocations and losses of heterozygocity [21,31,32]. In addition, the aberrant expression of 

meiotic chromosome regulators in matched induced pluripotent stem cells (iPSCs) has been demonstrated to illicit an 

immune response to iPSC-induced teratomas in mice indicating a broader importance to understanding the 

consequences of aberrant expression of meiotic genes [35]. 

In male mammals there exists a unique mechanism for the meiosis-specific transcriptional silencing of the X 

chromosome during the meiotic zygotene to pachytene transition, which is dependent upon meiotic double-strand 

break formation in unpaired chromatin [36]. This meiotic X inactivation suggests that most of the genes encoding 

known testis-restricted CT antigens are silenced during meiosis, as most of these are X-encoded and so may have 

largely non-meiotic roles in the testis. 

These findings lead us to postulate that there is a family of human meiosis-specific genes, which are 

autosomally encoded and therefore not subjected to meiotic X inactivation. If these genes are aberrantly expressed 

in cancers and iPSCs they might represent a clinically important, novel sub-class of the testis-restricted CT gene 

family. Moreover, we speculated that such genes might have oncogenic activity by encoding proteins which interfere 

with chromosome dynamics and cell division when aberrantly expressed in mitotically dividing somatic cells. Here we 

identify human meiosis-specific genes showing the characteristics of CT genes, which we designate meiCT genes. 

This work defines a novel, meiosis-specific sub-class of clinically-relevant CT genes which includes previously 

uncharacterised human testis-specific genes, the human meiotic hotspot regulator gene PRDM9, the meiotic 

regulator gene STRA8 and meiosis-specific sister chromatid cohesion regulator genes. 
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