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ABSTRACT:
The identification of cancer-specific biomolecules is of fundamental importance 

to the development of diagnostic and/or prognostic markers, which may also serve 
as therapeutic targets. Some antigenic proteins are only normally present in male 
gametogenic tissues in the testis and not in normal somatic cells. When these proteins 
are aberrantly produced in cancer they are referred to as cancer/testis (CT) antigens 
(CTAs). Some CTA genes have been proven to encode immunogenic proteins that have 
been used as successful immunotherapy targets for various forms of cancer and have 
been implicated as drug targets. Here, a targeted in silico analysis of cancer expressed 
sequence tag (EST) data sets resulted in the identification of a significant number 
of novel CT genes. The expression profiles of these genes were validated in a range 
of normal and cancerous cell types. Subsequent meta-analysis of gene expression 
microarray data sets demonstrates that these genes are clinically relevant as cancer-
specific biomarkers, which could pave the way for the discovery of new therapies 
and/or diagnostic/prognostic monitoring technologies.

INTRODUCTION

Achieving effective treatments for cancers is more 
difficult once the disease has reached the metastatic stage. 
This, in combination with the trend towards personalised 
approaches to cancer medicine means there is an 
increasing need to identify and develop cancer-specific 
biomarkers that can be employed in the development of 
early, pre-metastatic diagnostic and treatment strategies 
[1-7]. Additionally, advances in tumour immunology have 
reignited interest in cancer immunotherapeutics, such as 
cancer vaccines, adoptive therapeutics and targeted drug 
delivery using antibody-drug conjugates [8-17]. 

Cancer/testis antigens (CTAs) have emerged as a 
group of proteins that have significant immunogenic and 
cancer-specific potential [18-27]. Bona fide CTA genes 

are defined by having expression restricted to the testes 
in normal adult males, but are also aberrantly activated 
in cancers of either gender [18-27]. CTA genes are of 
importance for two fundamentally distinct reasons. 
Firstly, there is an immunological barrier, known as the 
blood-testis barrier, which generates an immunological 
privilege within the testis that is enforced via a number 
of pathways [28,29]; consequently, testis antigens that 
normally reside in an immunologically privileged setting 
are capable of eliciting an autologous immune response 
in the peripheral blood/tissues. Thus, CTAs can serve 
as immunologically restricted cancer-specific antigens, 
making them exceptionally attractive as diagnostic, 
prognostic and therapeutic biomarkers/targets, the 
targeting of which should not induce deleterious side 
effects to non-cancerous somatic tissue. For example, 
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the activation of a specific cohort of such genes has 
been correlated with more aggressive lung cancers [30]. 
Additionally, use of an immunohistochemical approach in 
non-small cell lung cancers revealed a correlation between 
survival and the presence of known CTAs [31]. Of note, 
the presence of the CTA NY-ESO-1 correlated with an 
increased response to and benefit from neoadjuvant, and 
adjuvant chemotherapy respectively [31]. NY-ESO-1 is 
one of the most immunogenic CTAs and has been used as 
a successful target for adoptive therapy in the treatment of 
malignant melanoma [32]. 

Secondly, genes whose products normally serve to 
drive meiotic chromosome dynamics, germ cell regulation 
and gametogenic differentiation may have powerful 
oncogenic transforming activity if aberrantly expressed in 
non-germline, somatic tissues; a possibility that remains 
largely unexplored. The aberrant activation of these genes 
may confer biological processes that are advantageous 
to cancer cells but at the same time may be open to 
exploitation by therapeutic targeting (for examples, see 

33,34). Indeed, increasing evidence indicates that a soma-
to-germline transition could be a potential broad-spectrum 
oncogenic driver [35-39]. 

CTA genes have been classified based on expression 
profiles in normal tissues. These groups are: testis-
restricted, testis-selective, testis/brain [or central nervous 
system (CNS) tissue]-restricted and testis/brain (CNS 
tissue) selective respectively [40]. Most of the known 
CTAs are encoded for by genes on the X chromosome (X-
CT genes) [18,26,40], and many belong to large paralogous 
gene families (for example, see 41). Previously, meiosis-
specific genes have been identified as CTA genes (for 
example, see 42,43), but recently a more systematic study 
described an extensive set of putative meiosis-specific 
genes, meiCT (or meiCTA) genes, as cancer/testis (CT) 
genes [44]; many of these are autosomally encoded, 
fitting with the fact that the X chromosome becomes 
transcriptionally silenced in mammalian male meiosis 
[45,46].

Given the strict cancer specificity of CTAs, the 
identification of new CT genes has exceptional therapeutic 
and biomarker potential. In this study, we describe a 
novel sub-category of meiCT genes, which have clinical 
importance, as demonstrated through meta-analysis of a 
clinically-relevant gene expression microarray data sets. 

RESULTS

A bioinformatics pipeline was previously established 
to identify putative human meiosis-specific genes that 
could potentially encode CTAs. This was based initially 
on a cohort of mouse genes predicted to be associated 
specifically with meiosis and spermatocyte development 
[44]. High stringency human orthologue identification 
and filtering for mitotic expression resulted in 375 human 

genes which were potentially testis spermatocyte /meiosis-
specific [44]. These genes were then evaluated using an 
EST analysis pipeline based on the complete Unigene 
database [44]. Briefly, if a candidate gene was represented 
in a non-testis/non-central nervous system (CNS) normal 
tissue EST library, then it was excluded. The remaining 
genes were assessed further to see if they were represented 
in cancer EST libraries. From the original 375 potential 
testis-specific genes the EST analysis identified 177 
candidate genes, of which 9 were testis-restricted, but also 
gave a positive cancer EST signature (class 1); 75 were 
testis-restricted, with no cancer EST signature (class 2); 21 
were testis/CNS-restricted, with a positive EST signature 
(class 3) and 72 were testis/CNS-restricted, with no cancer 
EST signature (class 4). 

We have previously defined the meiCT genes based 
on validation and gene expression microarray analyses 
of the class 1-3 genes [44]. Within the initial class 1-3 
predicted gene sets RT-PCR validation revealed that a 
number were actually expressed in extensive somatic 
tissues [44]. Given this, we re-analysed our predicted class 
4 genes using an updated CancerEST pipeline [47] and 
from this we identified 54 putative class 4 genes, those 
with expression signatures only in the testis and CNS of 
healthy tissue (Supplementary Table). 

The gene expression profiles of the 54 candidate 
genes were validated using RT-PCR, initially on RNA 
isolated from a range of normal human tissues obtained 
post mortem, including testicular RNA. Of the 54 genes, 
21 were expressed in more than two non-testis/non-CNS 
normal tissues and were therefore dismissed at this stage. 
Of the remaining 33 genes (bold in Supplementary Table), 
30 had expression limited to the testis in normal tissue, 
2 had expression limited to the testis and normal CNS 
tissues and 1 further gene had expression in one or two 
normal tissues in addition to testis, with or without CNS 
expression.

The same 33 genes, which showed predominant 
(or only) expression in the testis (bold in Supplementary 
Table), were then analysed by RT-PCR in a range of 
cancer cell types. Following this analysis, 14 of these 
genes were shown to have no expression in any of the 
cancerous material (Supplementary Table). The expression 
profiles for those genes exhibiting cancer cell expression 
are shown in Figure 1. A further 16 genes were shown 
to have expression in at least one cancerous tissue and 
no expression in normal cells other than testicular cells 
(Figure 1, class B). Of the remaining 3 genes, 2 were 
cancer/testis/CNS restricted [i.e. expressed in at least 
one cancer cell type, in addition to the testis and normal 
CNS tissue (Figure 1, class C)] and 1 was cancer/testis-
selective [i.e. expressed in one or two normal tissues other 
than CNS, as well as the testis and at least one cancer type 
(Figure 1, class D)].
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Meta-analysis of candidate genes expression 
profiles

In order to explore the possible clinical relevance of 
the newly identified genes, we conducted meta-analyses 
using patient-derived cancer microarray data, including 13 
cancer types in a range of 80 microarray data sets [48]. 
Firstly, we investigated the expression profiles of 18 of 
the 19 genes that exhibited expression in at least one of 
the cancer cell types tested by RT-PCR (1 was not present 
on the microarrays -TGIF2LX). Of these, 9 showed meta-
up-regulation in either ovarian and/or prostate cancers 
(50.0%; Figure 2). An example of the meta-up-regulation 
of an individual gene (SPZ1) is given in the Forest plot 
profile for ovarian cancer in Figure 3. Whilst the meta-
analysis reveals 9 genes to be up-regulated for two 
given cancer types (ovarian, prostate), analysis of single 
cancer data sets from the 80 cancer data sets used reveals 
evidence for activation of a total of 15 of the 18 candidate 

genes in at least one patient-derived sample set (83.3%; 
Figure 4). 

Of the 33 genes with meiCT gene potential (based 
on expression patterns in normal tissue), 14 genes did 
not appear to be expressed in any of the cancer cell types 
analysed by RT-PCR (Supplementary Table). To further 
explore the possibility that these genes are meiCT genes, 
we used 11 of the 14 genes for meta-analyses using the 
80 cancer gene expression microarray data sets (3 were 
not present on the microarrays, C1orf141, HEATR7B and 
SATL1) and found expression profiles for 5 of these genes 
were indicative of a cancer type marker for ovarian and 
prostate cancers (45.5%; Figure 5). A further 5 (10 genes 
in total) were expressed in at least one single cancer data 
set (Figure 6), indicating the potential to mark a specific 
sub-group of tumours within a cancer type. Only C8orf74 
exhibited no measurable expression in cancer cells / 
tissues (although C1orf141, HEATR7B and SATL1 could 
not be analysed via meta-analyses due to their absence on 

Figure 1: Grid representation of gene expression profiles for the 19 meiCT genes shown by RT-PCR to have expression 
in at least one cancer cell type. Each gene has a lane allocation on the grid; the presence of a filled square in any column indicates that a 
positive RT-PCR signal was obtained (the shade of the filler indicates the intensity of the RT-PCR product on the agarose gel relative to the 
intensity of the band observed for the testis sample; the shade is not a reflection of the relative expression levels). Columns represent normal 
tissues (left hand set) and cancer cells/tissues (right hand set). Expression profiles for four previously characterised X chromosome encoded 
CTA genes have been shown as a positive control (set A: GAGE1, MAGEA1, NY-ESO-1, SSX2). The majority of the newly identified meiCT 
genes (16 genes; set B) had expression restricted to the testis in normal tissues, but exhibit expression in at least one cancer cell type. Two 
genes (HMGB4 and DNAJC5G; set C) exhibited expression restricted to the testis and central nervous tissues in normal tissue samples. One 
gene (BOLL; set D) was expressed in testis, central nervous tissue and two other normal somatic tissues (thymus & skeletal muscle). The 
chromosomal location of the genes is given in the column to the right of the gene names. 
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Figure 2: The Circos plot showing the meta-change in gene expression in relation to corresponding cancer types (ascribed 
by tissue type) for new meiCT genes that exhibited expression in at least one cancer cell type as assessed by RT-PCR (sets 
B-D in Figure 1; 18 of the 19 genes were subjected to the meta-analysis; TGIF2LX was not on the arrays). The plot shows 9 
genes exhibit meta-up-regulation in ovarian and/or prostate cancers. The weight of the connection corresponds to the magnitude of the 
meta-change in gene expression.

Figure 3: An example of a Forest plot for one of the newly identified meiCT genes, SPZ1. SPZ1 is up-regulated in ovarian 
cancers. The plot shows the 2-fold change for individual matched normal vs. tumour array sets [upper five horizontal lines; each study is 
illustrated by a square; the position on the x-axis represents the measure estimate (lg2-fold change ratio); the size is proportional to the 
weight of the study, and the horizontal narrow line reflects the confidence interval of the estimate], the total values for ovarian cancer (upper 
diamond; showing a significant up-regulation) and the total values for all cancers within the analyses (80 tumour vs. matched array sets for 
13 cancer types [44]) showing no significant up-regulation for pooled values (lower diamond).
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the arrays).

DISCUSSION

CTAs are cancer-specific biomarkers with 
considerable potential in prognostics/diagnostics and as 
therapeutic targets. The current classification system for 
CTA genes continues to be based on that put forward by 
Hoffman and colleagues [40]. We have since proposed a 
sub-category of CTA genes based on an in silico pipeline 
originating with putative meiotic genes; we have termed 
these meiCT genes [44]. Here we describe a further 29 
genes which are novel meiCT genes. As for previously 
characterised meiCT genes, we found that most of 
these new genes are autosomally encoded (28 out of 
29; Supplementary Table), a finding consistent with the 
transcriptional inactivation of the X chromosome during 
male meiosis [45,46]. An additional commonality with the 
previously characterised meiCT genes was the fact that 
many of this new cohort were shown to be up-regulated as 
a general marker for ovarian cancers: 10 of the new cohort 
displaying a meta-change increase in gene expression 

were in ovarian cancer. This again raises the possibility 
of using the meiCT genes to improve the diagnosis of this 
diverse and pernicious cancer type. It may be the case 
that genes that have a normal biological function (i.e. 
meiotic) in the foetal ovary are preferentially reactivated 
in cancers of this tissue type. Additionally, ovarian cancers 
are currently most frequently treated with cytoreductive 
surgery and chemotherapy although these types of tumours 
are immunoreactive and there is currently extensive work 
ongoing to explore the application of immune-based 
therapies for their treatment [49]. Thus, the identification 
of ovarian cancer-specific markers such as these is of 
exceptional potential therapeutic value [49]. 

Recent work has demonstrated that sub-groups 
of 26 germline and placental specific genes can be used 
to delineate aggressive metastasis-prone lung cancers 
[30]. This indicates that small sub-groups of tissue-
specific genes can serve as accurate biomarkers in the 
stratification of complex and heterogeneous cancers. 
The clinical implications of this are far reaching as they 
offer extensive potential in establishing best practice 
approaches to therapeutic stratification. This work 

Figure 4: Circos plot for single microarray analysis for meiCT genes exhibiting expression in cancer cells/tissues as 
revealed by RT-PCR. The expression of the genes is given corresponding to the data set in which a statistically significant up regulation 
was observed for the tumour vs. normal array analysis. For data set designations see [44] and [48]. The plot shows 15 of the 18 genes 
analysed are statistically significantly up-regulated in at least one cancer data set. 18 of the 19 genes showing cancer cell expression by 
RT-PCR analysis (Figure 1) were tested; three genes (ACTL9, CCDC116, RBM44) show no significant up-regulation in any of the array sets 
and so are not shown on the Circos plot (TGIF2LX was not on the arrays). 
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provides a paradigm for how germline gene expression in 
cancers can be applied to clinical stratification of complex 
disease. Having a definitive on/off expression profile, as 
observed with the meiCT genes, greatly enhances the 
potential simplicity of application of these genes in novel 
prognostics technologies. 

A number of studies have now specifically explored 
the potential of expression of human germline genes as 
cancer biomarkers. Interestingly, whilst common genes 
have been identified however, the various studies have 
all identified additional distinct genes indicating that the 
full mining of data sets of this magnitude require multiple 
and diverse approaches. For example, this current study 
has identified 32 new genes with tight germline and 
germline/CNS tissue-specific expression restrictions (of 
the 33 genes analysed, BOLL was unique in exhibiting 
expression in two other somatic tissues, so was classed 
as testis selective); however, a recent seminal and 
extensive study of human male germline/placental genes 
only identified 21 of the 32 (65.6%) genes reported here 
as germline -specific [30]. A slightly lower trend is seen 
when analysing previously reported meiCT genes (22 out 
of 52 meiCT genes (42.3%) were reported as germline 
genes [30]; a total of 52.4% for all reported meiCT genes 

[44 and data presented here]). 
In addition to serving as cancer biomarkers the 

meiCT genes may serve as therapeutic targets via a variety 
of routes. Firstly, the immunogenicity of the gene products 
of the meiCT genes remains very poorly characterised. 
Their highly stringent tissue specificity infers that their 
gene products could potentially serve as tumour-specific 
immunotherapeutic targets. Given the heterogeneity of 
cancer, both intra- and inter-tumour, the development of 
a large bank of markers/immunotherapeutic targets will 
be of increasing importance in personalisation strategies 
[5,50-52]. 

Lastly, germline genes in D. melanogaster serve 
to drive the oncogenic programme [38]. The human 
orthologues of these genes are also widely activated in 
human tumours [36] and other CTA genes have been 
demonstrated to be required for cancer cell proliferation 
and their depletion can serve to sensitise cancer cells to 
standard therapeutic agents (for example, see 33,34). 
Thus, not only can germline gene products potentially 
offer direct targets for drug therapies, but depletion of 
their activity can also serve to enhance the efficacy of 
existing therapies potentially enabling reduced dose 
regimes, which will limit undesired drug toxicities. The 

Figure 5: The Circos plot showing the meta-change in gene expression in relation to corresponding cancer types (ascribed 
by tissue type) for new meiCT genes that did not exhibit expression in at least one cancer cell type as assessed by RT-PCR 
[11 of the 14 genes (Supplementary Table) were subjected to the meta-analysis; 3 genes were not on the arrays (C1orf141, 
HEATR7B, SATL1)]. The plot shows 5 genes exhibit meta-up-regulation in ovarian and/or prostate cancers. The weight of the connection 
corresponds to the magnitude of the meta-change in gene expression.
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cancer-specific nature of meiCT gene expression makes 
these genes exceptionally attractive for further exploration 
in drug targeting and drug sensitisation. 

The suggestion that germline genes are oncogenic 
infers that some of the genes identified here could play 
a tumour initiating / progression role. One of the genes 
validated here is a member of the ADAM gene family - 
ADAM2. The ADAM proteins often exhibit proteolytic 
activity and have emerging roles in the invasive 
properties of specialist cells within the placenta [53]. Such 
proteolytic functions may promote invasion and metastasis 
of solid tumours. A putative role for other members of the 
adamalysins in the aetiology and pathology of colorectal 
cancer and melanoma has been proposed [54,55]. This 
might indicate that not only are germline genes required 
for oncogenesis, they might drive metastasis and/or 
invasion and thus offer cancer-specific intervention points 
to stop the lethal spread of tumours. 

SPZ1 was shown to be testis-specific in our normal 
tissue panel, a finding previously shown by Hsu and 
colleagues [56]. In their study, they further showed that 
the gene was expressed both in the testis and epididymis. 
We found positive expression in a colon and ovarian 
cancer cell line and on meta-analysis there was a 
significant up-regulation in ovarian cancer. It has since 
been shown by Hsu and colleagues that SPZ1, which 
encodes a transcription factor, acts as a proto-oncogene to 
promote cellular proliferation and tumour formation in a 
mouse model [57]. Despite this, SPZ1 is not a previously 
recognised CTA gene [18].

It has been suggested that another of the novel 
meiCT genes identified here, SHCBP1L, encodes a 
protein with strong homology to a mouse protein present 
in proliferating cells and may have similar physiological 
effects [58]. It remains unexplored whether this protein 
indeed acts through similar signal transduction pathways 

Figure 6: Circos plot for single microarray analysis for meiCT genes not exhibiting expression in cancer cells/tissues as 
revealed by RT-PCR. The expression of the genes is given corresponding to the data set in which a statistically significant up-regulation 
was observed for the tumour vs. normal array analysis. For data set designations see [44] and [48]. The plot shows 10 of the 11 genes 
analysed are statistically significantly up-regulated in at least one cancer data set. 11 of the 14 genes showing no cancer cell expression by 
RT-PCR analysis (Supplementary Table) were tested (3 genes were not on the arrays - C1orf141, HEATR7B, SATL1); one gene (C8orf74) 
showed no significant up-regulation in any of the array sets and thus is not shown on the Circos plot.
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to promote proliferation but as the gene has shown a 
statistically significant meta-change up-regulation, again 
in ovarian cancer, makes this possibility worthy of further 
exploration. 

Closing remarks

Germline genes are emerging as important cancer-
specific factors. The extent of their clinical importance is 
only now starting to come into focus, either as biomarkers 
for stratification and diagnosis, as oncogenic activators and 
as drug or immunotherapeutic targets. What is becoming 
increasingly apparent is the heterogeneity of tumour cell 
populations. This is the driver for the need to identify 
a large cohort of cancer cell markers that individually 
or in combination can target and mark a large number 
of tumour types and cell populations. Here we identify 
a new and extensive cohort of genes that can contribute 
to the growing catalogue of bona fide cancer-specific 
biomarkers.

MATERIALS AND METHODS

Cell lines and cell culture

The following cell lines were purchased from 
the European Collection of Cell Cultures (ECACC); 
1321N1, COLO800, COLO857, G-361, HCT116, HT29, 
LoVo, MM127, SW480 and T84. The H460 cell line was 
purchased from the American Type Culture Collection 
(ATCC), and the two ovarian adenocarcinoma cell lines, 
PEO14 and TO14, were obtained from Cancer Research 
Techology Ltd. The NTERA-2 (clone D1) cell line was 
gifted by Prof. P.W. Andrews (University of Sheffield) 
and is regularly authenticated within the group using 
standard antibody tests using anti-OCT4 antibodies and 
retinoic acid-induced differentiation. The A2780 cell line 
was provided by Prof. P. Workman (Cancer Research UK 
Centre for Cancer Therapeutics, Surrey, UK) and was 
authenticated at source. Primary cultures of proliferating 
human prostate smooth muscle cells were obtained from 
PromoCellTM(C-12574). All cultures were used within 
a six months period of obtaining validated lines from 
external sources.

1321N1, A2780, NTERA-2 (clone D1) and SW480 
cell lines were cultured in Dulbecco’s modified Eagle’s 
medium from InvitrogenTM (DMEM + GLATAMAXTM) 
supplemented with 10% foetal bovine serum (FBS). 
COLO800, COLO857 and H460 cell lines were cultured 
in Invitrogens Roswell Park Memorial Institute 1640 
medium (RPMI 1640) + GLUTAMAXTM with 10% FBS. 
PEO14 and TO14 cell lines were cultured in RPMI 1640 
+ GLUTAMAXTM supplemented with 10% FBS and 2mM 
sodium pyruvate, and MM127 was cultured in RPMI 

1640 + GLUTAMAXTM supplemented with 10% FBS and 
25mM HEPES. McCoy’s 5A medium + GLUTAMAXTM 
supplemented with 10% FBS was used to culture the 
G-361, HCT116 and HT29 cell lines. Ham’s F12 + 
DMEM (1:1) + GLUTAMAXTM (InvitrogenTM) with 10% 
FBS was used to culture T84 cells.

All cell lines were grown in a 37°C incubator with 
5% CO2, with the exception of the NTERA-2 (clone D1) 
cell line, which was grown at 37°C with 10% CO2.

cDNA construction

Total RNA preparations were obtained from the 
human normal tissue panels (ClontechTM; 636643). RNA 
from tumour tissues and cell lines were purchased from 
ClontechTM and AmbionTM. Total RNA was also isolated 
from cells using TRIzol (Invitrogen). Confluent cells 
were collected in TRIzol reagent and incubated at room 
temperature for 5 minutes. Chloroform was added with 
vigorous shaking and incubated for 5 minutes at room 
temperature. The aqueous phase was transferred to a 
clean tube following centrifugation at 12,000 g for 15 
minutes at 4°C. The RNA was precipitated out of solution 
using isopropanol (10 minutes at room temperature and 
centrifuged at 12,000 g for 20 minutes at 4°C). RNA 
preparations were re-suspended in RNase-free water 
containing DNase. The concentration and quality of RNA 
was measured using a NanoDrop (ND_1000). 1.0 µg of 
total RNA was reverse-transcribed into cDNA using the 
SuperScript III First Strand synthesis kit (InvitrogenTM) as 
per the manufacturer’s instructions.

Reverse Transcriptase-Polymerase Chain 
Reaction (RT-PCR)

The sequences for each of the genes analysed were 
obtained from the National Center for Biotechnology 
(NCBI; http://www.ncbi.nlm.nih.gov/). Forward and 
reverse primers for each of the genes were designed, and 
where possible were intron-spanning.

A volume of 2 µl of diluted cDNA (containing ~150 
ng/µl cDNA) was used for PCR in a 50 µl final volume. 
BioMixTM Red and MyTaqTM Red (BiolineTM) was used 
for PCR amplification. Samples were amplified with a 
pre-cycling hold at 96°C for 5 minutes, followed by 40 
cycles of denaturing at 96°C for 30 seconds, annealing 
at a temperature between 54 and 60°C for 30 seconds 
and extensions at 72°C for 40 seconds followed by a 
final extension step at 72°C for 5 minutes. The products 
were separated on 1% agarose gels containing ethidium 
bromide or Gel GreenTM.

ACKNOWLEDGEMENTS

SJS was supported by a Wales Clinical Academic 



Oncoscience357www.impactjournals.com/oncoscience

Training Fellowship from the Welsh Assembly 
Government and North West Cancer Research (project 
grant CR950). JF was supported by the National Institute 
of Social Care and Health Research (grant HS/09/008). 
RJM and JAW were funded by Cancer Research Wales. 
RJM was funded by North West Cancer Research (project 
grants CR888 and CR950). 

Conflict of Interest

There are no conflicts of interest to declare. 

REFERENCES

1. Bailey AM, Mao Y, Zeng J, Holla V, Johnson A, Brusco 
L, Chen K, Mendelsohn J, Routbort MJ, Mills GB, Meric-
Bernstam F. Implementation of biomarker-driven cancer 
therapy: existing tools and remaining gaps. Discov Med. 
2014; 17: 101-114.

2. Frantzi M, Bhat A, Latosinska A. Clinical proteomic 
biomarkers: relevant issues on study design & technical 
considerations in biomarker development. Clin Trans Med. 
2014; 3: 7.

3. Mabert K, Cojoc M, Peitzsch C, Kurth I, Souchelnytskyi S, 
Dubrovska A. Cancer biomarker discovery: current status 
and future perspectives. Int J Radiat Biol. 2014; in press.

4. Malottki K, Biswas M, Deeks JJ, Riley RD, Craddock C, 
Johnson P, Billingham L. Stratified medicine in European 
Medicines Agency licensing: a systematic review of 
predictive biomarkers. BMJ Open. 2014; 4: e004188.

5. Mendelsohn J. Personalizing oncology: perspectives and 
prospects. J Clin Oncol. 2013; 31: 1904-1911.

6. Pavlou MP, Diamandis EP, Blasutig IM. The long journey 
of cancer biomarkers from the bench to the clinic. Clin 
Chem. 2013; 59: 147-157.

7. Zaenker P, Ziman MR. Serologic autoantibodies as 
diagnostic cancer biomarkers-a review. Cancer Epidemiol 
Biomarkers Prev. 2013; 22: 2161-2181.

8. Blan CU. The perspective of immunotherapy: new 
molecules and new mechanisms of action in immune 
modulation. Curr Opin Oncol. 2014; 26: 204-214.

9. Crompton JG, Clever D, Vizcardo R, Rao M, Restifo NP. 
Reprogramming antitumour immunity. Trends Immunol. 
2014; S1471-4906: 00028-3.

10. Darcy PK, Neeson P, Yong CS, Kershaw MH. Manipulating 
immune cells for adoptive immunotherapy of cancer. Curr 
Opin Immunol. 2014; 27C: 46-52.

11. Lesterhuis WJ, Haanen JB, Punt CJ. Cancer immunotherapy 
– revisited. Nat Rev Drug Discov. 2011; 10: 591-600.

12. Mellman I, Coukos G, Dranoff G. Cancer immunotherapy 
comes of age. Nature. 2011; 480: 480-489.

13. O’Shea JJ, Kanno Y, Chan AC. In search of magic bullets: 
the golden age of immunotherapeutics. Cell. 2014; 157: 

227-240.
14. Ruella M, Kalos M. Adoptive immunotherapy for cancer. 

Immunol Rev. 2014; 257: 14-38.
15. Snook AE, Waldman SA. Advances in cancer 

immunotherapy. Discov Med. 2013; 15: 120-125.
16. Wayteck L, Breckpot K, Demeester J, De Smedt 

SC, Raemdonck K. A personalized view on cancer 
immunotherapy. Cancer Lett. 2013; S0304-3835: 00670-8.

17. Weiner L, Muray JC, Shuptrine CW. Antibody-based 
immunotherapy of cancer. Cell. 2012; 148: 1081-1084.

18. Almeida LG, Sakabe NJ, deOliveira AR, Silva MC, 
Mundstein AS, Cohen T, Chen YT, Chua R, Gurung S, 
Gnjatic S, Jungbluth AA, Caballero OL, Bairoch A, Kiesler 
E, White SL, Simpson AJ, et al. CTdatabase: a knowledge-
base of high-throughput and curated data on cancer-testis 
antigens. Nucleic Acids Res. 2009; 37: D816-819.

19. Caballero OL, Chen YT. Cancer/testis antigens: potential 
targets for immunotherapy. Cancer Sci. 2009; 100: 2014-
2021.

20. Cheng YH, Wong EW, Cheng CY. Cancer/testis 
(CT) antigens, carcinogenesis and spermatogenesis. 
Spermatogenesis. 2011; 1: 209-220.

21. Costa FF, Le Blanc K, Brodin B. Concise review: cancer/
testis antigens, stem cells, and cancer. Stem Cells. 2007; 25: 
707-711.

22. Fratta E, Coral S, Covre A, Parisi G, Colizzi F, Danielli R, 
Nicolay HJ, Sigalotti L, Maio M. The biology of cancer 
testis antigens: putative function, regulation and therapeutic 
potential. Mol Oncol. 2011; 5: 164-182.

23. Lim SH, Zhang Y, Zhang J. Cancer-testis antigens: the 
current status on antigen regulation and potential clinical 
use. Am J Blood Res. 2012; 2: 29-35.

24. Mirandola L, Cannon M, Cobos E, Bernardini G, Jenkins 
MR, Kast WM, Chiriva-Internati M. Cancer testis antigens: 
novel biomarkers and targetable proteins for ovarian cancer. 
Int Rev Immunol. 2011; 30: 127-137.

25. Simpson AJ, Caballero OL, Jungbluth A, Chen YT, Old LJ. 
Cancer/testis antigens, gametogenesis and cancer. Nat Rev 
Cancer. 2005; 5: 615-625.

26. Scanlan MJ, Simpson AJ, Old LJ. The cancer/testis genes: 
Review, standardization, and commentary. Cancer Immun. 
2004; 4: 1.

27. Whitehurst AW. Causes and consequences of cancer/testis 
antigen activation in cancer. Annu Rev Pharmacol Toxicol. 
2014; 54: 251-272.

28. Fijak M, Meinhardt A. The testis in immune privilege. 
Immunol Rev. 2006; 213: 66-81.

29. Mruk DD, Cheng CY. Tight junctions in the testis: new 
perspectives. Philos Trans R Soc Lond B Biol Sci. 2010; 
365: 1621-1635.

30. Rousseaux S, Debernardi A, Jacquiau B, Vitte A, Vesin A, 
Nagy-Mignotte H, Moro-Sibilot D, Brichon PY, Lantuejoul 
S, Hainaut P, Laffaire J, de Reynies A, Beer DG, Timsit 



Oncoscience358www.impactjournals.com/oncoscience

JF, Brambilla C, Brambilla E, et al. Ectopic activation 
of germline and placental genes identifies aggressive 
metastasis-prone ling cancers. Sci Transl Med. 2013; 5: 
186ra66.

31. John T, Starmans MH, Chen YT, Russell PA, Barnett SA, 
White SC, Mitchell PL, Walkiewicz M, Azad A, Lambin P, 
Tsao MS, Deb S, Altorki N, Wright G, Knight S, Boutros 
PC, et al. The role of cancer-testis antigens as predictive 
and prognostic markers in non-small cell lung cancer. PLoS 
One. 2013; 8: e67876.

32. Hunder NN, Wallen H, Cao J, Hendricks DW, Reilly JZ, 
Rodmyre R, Jungbluth A, Gnjatic S, Thompson JA, Yee C. 
Treatment of metastatic melanoma with autologous CD4+ 
T cells against NY-ESO-1. N Engl J Med. 2008; 358: 2698-
2703.

33. Cappell KM, Sinnott R, Taus P, Maxfield K, Scarbrough M, 
Whitehurst AW. Multiple cancer testis antigens function to 
support tumor cell mitotic fidelity. Mol Cell Biol. 2012; 32: 
4131-4140.

34. Whitehurst AW, Bodemann BO, Cardenas J, Ferguson 
D, Girard L, Peyton M, Minna JD, Michnoff C, Hao W, 
Roth MG, Xie XJ, White MA. Synthetic lethal screen 
identification of chemosensitizer loci in cancer cells. 
Nature. 2007; 446: 815-819.

35. Wang J, Emadali A, Le Bescont A, Callanan M, Rousseaux 
S, Khochbin S. Induced malignant genome reprogramming 
in somatic cells by testis-specific factors. Biochim Biophys 
Acta. 2011; 1809: 221-225.

36. Feichtinger J, Larcombe L, McFarlane RJ. Meta-analysis 
of expression of l(3)mbt tumor-associated germline genes 
supports the model that a soma-to-germline transition is a 
hallmark of human cancers. Int J Cancer. 2014; 134: 2359-
2365.

37. Wang J, Rousseaux S, Khochbin S. Sustaining cancer 
through addictive ectopic gene activation. Curr Opin Oncol. 
2014; 26: 73-77.

38. Janic A, Mendizabal L, Llamazares S, Rossell D, Gonzalez 
C. Ectopic activation of germline genes drives malignant 
brain tumor growth in Drosophila. Science. 2010; 330: 
1824-1827.

39. Lindsey SF, Byrnes DM, Eller MS, Rosa AM, Dabas N, 
Escandon J, Grichnik JM. Potential role of meiosis proteins 
in melanoma chromosomal instability. J Skin Cancer. 2013; 
2013: 190109.

40. Hofmann O, Caballero OL, Stevenson BJ, Chen YT, Cohen 
T, Chua R, Maher CA, Panji S, Schaefer U, Kruger A, 
Lehvaslaiho M, Carninci P, Hayashizaki Y, Jongeneel CV, 
Simpson AJ, Old LJ, et al. Genome-wide analysis of cancer/
testis gene expression. Proc Natl Acad Sci USA. 2008; 105: 
20422-20427.

41. Chomez P, De Backer O, Bertrand M, De Plaen E, Boon T, 
Lucas S. An overview of the MAGE gene family with the 
identification of all human members of the family. Cancer 
Res. 2001; 61: 5544-5551.

42. Shiohama Y, Ohtake J, Ohkuri T, Noguchi D, Togashi 
Y, Kitamura H, Nishimura T. Identification of a meiosis-
specific protein, MEIOB, as a novel cancer/testis antigen 
and its augmented expression in demethylated cancer cells. 
Immunol Lett. 2014; 158: 175-182.

43. Tureci O, Sahin U, Zwick C, Koslowski M, Seitz G, 
Pfreundschuh M. Identification of a meiosis-specific protein 
as a member of the class of cancer/testis antigens. Proc Natl 
Acad Sci USA. 1998; 95: 5211-5216.

44. Feichtinger J, Aldeailej I, Anderson R, Almutairi M, 
Almatrafi A, Alsiwiehri N, Griffiths K, Stuart N, Wakeman 
JA, Larcombe L, McFarlane RJ. Meta-analysis of clinical 
data using human meiotic genes identifies a novel cohort of 
highly restricted cancer-specific marker genes. Oncotarget. 
2012; 3: 843-853.

45. Cloutier JM, Turner JM. Meiotic sex chromosome 
inactivation. Curr Biol. 2010; 20: R962-963.

46. Turner JM. Meiotic sex chromosome inactivation. 
Development. 2007; 134: 1823-1831.

47. Feichtinger J, McFarlane RJ, Larcombe L. CancerEST: a 
web-based tool for automatic meta-analysis of public EST 
data. Database. 2014; 2014: bau024.

48. Feichtinger J, McFarlane RJ, Larcombe L. CancerMA: a 
web-based tool for automatic meta-analysis of public cancer 
microarray data. Database. 2012; 2012: bas055.

49. Tse BWC, Collins A, Oehler MK, Zippelius 
A, Heinzelmann-Schwarz VA. Antibody-based 
immunotherapy for ovarian cancer: where are we at? Ann 
Oncol. 2014; 25: 322-331.

50. Seoane J, De Mattos-Arruda L. The challenge of 
intratumour heterogeneity in precision medicine. J Intern 
Med. 2014; doi:10.1111/joim.12240.

51. Swanton C. Cancer evolution: the final frontier of precision 
medicine? Ann Oncol. 2014; 25: 549-551.

52. Topol EJ. Individualized medicine from prewomb to tomb. 
Cell. 2014; 157: 241-253.

53. Pollheimer J, Fock V, Knöfler M. Review: The ADAM 
metalloproteinases – novel regulators of trophoblast 
invasion? Placenta. 2014; 35S: S57-S63.

54. Przemyslaw L, Boguslaw HA, Elzbieta S, Malgorzata SM. 
ADAM and ADAMTS family proteins and their role in the 
colorectal cancer etiopathogenesis. BMB Rep. 2013; 46: 
139-150.

55. Moro N, Mauch C, Zigrino P. Metalloproteinases in 
melanoma. Eur J Cell Biol. 2014; S0171-9335: 00003-X.

56. Hsu SH, Shyu HW, Hsieh-Li HM, Li H. Spz1, a novel 
bHLH-Zip protein, is specifically expression in testis. Mech 
Dev. 2001; 100: 177-187.

57. Hsu SH, Hsieh-Li HM, Huang HY, Huang PH, Li H. 
bHLH-zip transcription factor Spz1 mediates mitogen-
activated protein kinase cell proliferation, transformation, 
and tumorigenesis. Cancer Res. 2005; 65: 4041-4050.

58. Sood R, Bonner TI, Makalowska I, Stephan DA, Robbins 
CM, Connors TD, Morgenbesser SD, Su K, Farque MU, 



Oncoscience359www.impactjournals.com/oncoscience

Pinkett H, Graham C, Baxevanis AD, Klinger KW, Landes 
GM, Trent JM, Carpten JD. Cloning and characterisation 
of 13 novel transcripts and the human RGS8 gene from the 
1q25 region encompassing the hereditary prostate cancer 
(HPC1) locus. Genomics. 2001; 73: 211-222.


