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It is a little acknowledged fact that the discipline of tumor immunology has been the source of many findings of
critical importance in cancer-related as well as cancer unrelated fields. For example, it was the search for tumor
antigens that led to the discovery of the CD8 T cell antigen (1) and the concept of differentiation antigens (2)
(and the CD system for classifying cell surface antigens), and to the discovery of p53 (3). The immunogenetic
analysis of resistance to viral leukemogenesis provided the first link between the MHC and disease susceptibility
(4), and interest in the basis for non-specific immunity to cancer gave rise to the discovery of TNF (5). These are
only a few examples from our own work, and I could site many other key insights into important biological issues
that have come from other groups whose prime motivation was understanding the role of the immune system in
cancer. The reason for this historical prelude is to give some perspective to another area of tumor immunology
that I believe holds great promise for a deeper understanding of cancer, and this has to do with the category of
antigens referred to as cancer/testis (CT) antigens, first recognized as targets for CD8 T cell recognition of
autologous human melanoma cells (6, 7). The molecular definition of these antigens was a culmination of prior
efforts to establish systems and methodologies for the unambiguous analysis of humoral (8) and cellular (9)
immune reactions of patients to autologous tumor cells (autologous typing), and this approach of autologous
typing also led to the development of SEREX (serological analysis of cDNA expression libraries) for defining the
molecular structure of tumor antigens eliciting a humoral immune response (10). As a consequence of T cell
epitope cloning and SEREX analysis, a growing number of CT antigens have now been defined, and other
approaches, e.g., representational difference analysis and in silico surveys of cDNA data banks are adding to the
list (Table 1 and references therein).

There are now 14 genes or gene families that code for products with the following characteristics: (i) mRNA
expression in normal tissues is restricted to testis, fetal ovary, and placenta, with little or no expression detected
in adult ovary. (ii) mRNA expression in cancers of diverse origin is common - up to 30 - 40% of a number of
different cancer types, e.g., melanoma, bladder cancer, sarcoma express one or more CT antigens. (iii) The X
chromosome codes for the majority of CT antigens, but a number of more recently defined CT coding genes
have a non-X chromosomal locus. (iv) In normal adult testis, expression of CT antigens is primarily restricted to
immature germ cells -, e.g., spermatogonia (31). However, a recently defined CT antigen, OY-TES-1, is clearly
involved in late stages of sperm maturation (see below). In fetal ovary, immature germ cells (oogonia/primary
oocytes) express CT antigens, whereas oocytes in the resting primordial follicles do not (32). In fetal placenta,
both cytotrophoblast and syncytiotrophoblast express CT antigens, but in term placenta, CT antigen expression
is weak or absent (33). (v) A highly variable pattern of CT antigen expression is found in different cancers, from
tumors showing only single positive cells or small cluster of positive cells to other tumors with a generally
homogeneous expression pattern (31, 34). (vi) The function of most CT antigens is unknown, although some role
in regulating gene expression appears likely. Two CT antigens, however, have known roles in gamete
development - SCP-1, the synaptonemal complex protein, is involved in chromosomal reduction during meiosis
(35), and OY-TES-1 is a proacrosin binding protein sp32 precursor thought to be involved in packaging acrosin in
the acrosome in the sperm head (36). (vii) There is increasing evidence that CT expression is correlated with
tumor progression and with tumors of higher malignant potential. For instance, a higher frequency of MAGE
mRNA expression is found in metastatic vs. primary melanoma (37) and in invasive vs. superficial bladder
cancer (38), and NY-ESO-1 expression in bladder cancer is correlated with high nuclear grade (39). (viii) There
appears to be considerable variation in the inherent immunogenicity of different CT antigens as indicated by
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specific CD8+ T cell and antibody responses in patients with antigen positive tumors. To date, NY-ESO-1
appears to have the strongest spontaneous immunogenicity of any of the CT antigens - e, g, up to 50% of
patients with advanced NY-ESO-1+ tumors develop humoral and cellular immunity to NY-ESO-1 (40, 41).

 
Table 1. Human CT (Cancer/Testis) Antigens.

CTa System # Genes Chromosome
Location

Detection
Systemb

References

1 MAGE 16 Xq28/Xp21 T, Ab 7,10,12,13

2 BAGE 2 Unknown T 14

3 GAGE 9 Xp11 T 15,16

4 SSX >5 Xp11 Ab 10,17

5 NY-ESO-1

LAGE-1

2 Xq28 Ab, T, RDA 18,19

6 SCP-1 3 1p12-p13 Ab 20

7 CT7 / MAGE-C1 1 Xq26 Ab, RDA 21,22

8 CT8 1 Unknown Ab 23

9 CT9 1 1p Ab 24

10 CT10 / MAGE-C2 1 Xq27 RDA, Ab 25,26

11 CTp11 1 Xq26 -Xq27 -c 27

12 SAGE 1 Xq28 RDA 28

13 cTAGE-1 1 18p11 Ab 29

14 OY-TES-1 2 12p12-p13 Ab 30

aNumbered according to the CT nomenclature proposed by Old & Chen (11).
bAbbreviations: Ab, antibody; T, CD8+ T cell; RDA, representational difference analysis.
cDefined by differential mRNA expression in a parental vs. metastatic melanoma cell variant.

 

As expected, most attention has been given to the potential of CT antigens as targets for cancer vaccine
development, and, other than mutational antigens and virus encoded antigens, they clearly represent the most
specific tumor antigens discovered to date. However, I believe they also provide a new way to think about cancer
and its evolution during the course of the disease. The starting point for this view is the fact that CT antigen
expression is restricted to early germ cell development and cancer. Germ cells give rise to gametes (oocytes and
spermatocytes) and trophoblastic cells that contribute to the formation of the chorion and the placenta. Primitive
germ cells arise in the wall of the yolk sack and during embryogenesis migrate to the future site of the gonads. In
oogenesis, the process begins before birth, with oogonia differentiating into primary oocytes. The primary
oocytes, which reach their maximal numbers during fetal development, are arrested at the initial phase of
meiosis, and do not renew and complete meiosis until ovulation and fertilization. In contrast, spermatogenesis
begins at puberty and is a continuous process of mitosis to maintain the spermatogonia pool and meiosis to
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generate the mature sperm population. CT antigens, like SCP-1 and OY-TES-1, the proacrosomal binding
protein precursor, are clearly important in gametogenesis, and it is likely that the other CT antigens with their
restricted expression in gametes and trophoblasts also play a critical role in early germ cell development.

What then causes the reactivation of CT genes during cancer development and progression? And does the
expression of these genes contribute to the malignant behavior of cancer cells?

One possibility to account for aberrant CT expression in cancer relates to the global demethylation associated
with certain cancers (42). The promoter region of the MAGE gene has binding sites for transcriptional activators
and these are methylated in normal somatic cells but demethylated in MAGE-expressing cancer cells and testis.
Although cancer-associated demethylation could therefore account for CT (MAGE) expression in tumors, it does
not easily accommodate the usual observation of non-coordinate expression patterns (sets) of different CT
antigens in most tumors. Also, the marked heterogeneity in CT expression in some tumors (34, 43) is also not
easily explicable by a global demethylation process. Another mechanism for reactivating CT expression in
cancer has to do with mutations in regulatory regions of the CT genes. Although no mutations in CT genes have
been found to date, more extensive sequencing, particularly in the promoter region, needs to be done before this
can be excluded. However, mutation of CT genes is unlikely to be a common mechanism for the induction of CT
expression in cancer. Another possibility to account for the appearance of CT antigens in cancer is the induction
or activation of a gametogenic program in cancer. According to this view, the different CT sets seen in cancer
would replicate the corresponding sets of CT antigens normally expressed during different stages of
gametogenesis or trophoblast development. What would activate this specific gene program in cancer?
Triggering events for inducing the gametogenic program could be a mutation in an as yet unidentified master
switch in germ cell development, or an activation of this master switch by threshold mutations in oncogenes,
suppressor genes, or other genes in cancer. It is also possible that activation of a single CT gene could be the
switch for activating other genes in the gametogenic program. Supporting evidence for this idea comes from the
study of synovial sarcoma, where a translocation event involving the SYT gene on chromosome 18 and the
SSX-1 or SSX-2 gene on chromosome X is associated with high expression of unrelated CT antigens, such as
NY-ESO-1 and MAGE (44, 45). Extending this line of reasoning and relating it to the role of demethylation in the
appearance of CT antigens, a demethylation state in cancer (whatever its cause) could induce the gametogenic
program and result in the activation of silent CT genes. Alternatively, demethylation may be an intrinsic part of
the gametogenic program, and therefore a consequence not a cause of switching on the gametogenic program
and CT genes in cancer.

In addition to questions about mechanisms for reactivating CT antigen expression in cancer, another important
issue is whether expression of these genes in the cancer cell contributes to its malignant behavior? In the
absence of specific information, discussion of this matter must be speculative, but the finding that gametes,
trophoblasts and cancers share a battery of antigens restricted to these cell types is an invitation to extend the
search for other shared characteristics. It was a similarity in the biological features of trophoblasts and cancer
cells that prompted the Scottish embryologist John Beard at the turn of the last century to propose his
trophoblastic theory of cancer (46, 47). In his view, cancers arise from germ cells that stray or are arrested in
their trek to the gonads. Under the influence of carcinogenic stimuli, such cells undergo a conversion to
malignant trophoblastic cells. These malignant trophoblastic cells take on features of the resident cell types in
different organs, but the resulting cancers, no matter their site of origin or how distinct they appear
morphologically, are of trophoblastic origin. Beard ascribed the invasive, destructive and metastatic features of
cancer to functions normally displayed by trophoblastic cells, e.g., invasion of blood vessels, growth into the
uterine wall, and spread beyond the uterus. From a contemporary perspective, Beard's idea that cancers are
derived from arrested germ cells seems incompatible with our growing knowledge of serological and molecular
markers that distinguish different pathways of normal differentiation and their preservation in cancer. Beard's
insight that trophoblasts and cancer cells share common features is better explained by the induction of a
gametogenic program in resident cancer cells, rather than the derivation of cancer from an aberrant germ cell.
The end result, however, would be the same - selected features of cells undergoing gametogenesis and
trophoblast development being imposed on transformed somatic cells.

In addition to CT antigens, what other features shared by germ cells and cancer might be expected? With the
finding that SCP-1, a critical element in the meiotic program, is expressed in non-germ cell cancers, other
proteins uniquely associated with meiosis should be sought. It goes without saying that the induction of a meiotic
program in a somatic cell, normal or malignant, would likely lead to chromosomal anarchy, a prime feature of
advanced cancers. Defining OY-TES-1, the proacrosin binding protein precursor that is part of the unique
program leading to the formation of spermatozoa, as a CT antigen, suggests that other mature sperm-specific
gene products might be expressed in cancer. In addition, expression of CT antigens by trophoblasts sheds new
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light on an old issue - the much studied sporadic production of human chorionic gonadotropin (HCG) and other
trophoblastic hormones by human cancers, e.g., (48, 49, 50). The production of HCG by cancer cells has been
generally viewed as yet another indication of the genetic instability of cancer cells, resulting in the random and
aberrant activation of silent genes during carcinogenesis and tumor progression. However, it can also be viewed
as a consequence of the induction of a gametogenic/trophoblastic program in cancer, one that would also result
in the semi-coordinate expression of CT antigens. Activation of this program would also confer other properties
of germ cells, gametes, and trophoblasts on cancer cells, but these are more difficult to relate in any precise
fashion. Nonetheless, immortalization, invasion, lack of adhesion, migratory behavior, induction of blood vessels,
demethylation, and downregulation of MHC, are some features shared by cancer and by cells undergoing germ
cell/gamete/trophoblast differentiation pathways. The metastatic properties of cancer may also have its
counterpart in the migratory behavior of germ cells, and in the propensity of normal trophoblast cells to migrate to
other organs, such as the lung, during normal pregnancy, but then to undergo involution at term.

In pursing the idea of a program change in cancer leading to the expression of gametogenic features, a
hypothesis I call "Gametogenic Program Induction in Cancer" (GPIC), it might be well to distinguish at least four
different pathways involved in germ cell development: A) germ cell to germ cell, B) germ cell to oogonia to
oocytes, C) germ cell to spermatogonia to sperm, and D) germ cell to trophoblast. The meiotic program would be
common to B and C, proteins like OY-TES-1 would be restricted to C, and HCG would be a characteristic of D.
The reason for distinguishing these pathways and ultimately stages in each pathway is that the variety of
patterns or sets of CT antigens observed in different cancers may be a reflection of the germ cell program, e.g.,
pathway and stage that has been induced in these cancers.

With this background and framework of thinking about the relation of gametogenesis and cancer development,
there are a number of topics that need to be pursued:

The search for new CT antigens should be intensified. At present this can best be done by SEREX,
particularly with libraries from testis, normal or malignant trophoblasts, or tumors or tumor cell lines
(growing with or without demethylating agents) that express a range of CT antigens, or by extending the
use of representational difference analysis. Bioinformatics and microarray technology offer exciting
possibilities for mining cDNA databanks for transcripts that show cancer/gamete/trophoblast specificity.

1.  

Establishing the expression pattern of known CT antigens in normal gametogenesis and trophoblast
development is critical for identifying markers that distinguish different pathways and stages in the normal
gametogenic program. This information provides a basis for interpreting the complex patterns of CT
expression in cancers in relation to gametogenic pathways/stages, and for suggesting new ways to
classify cancer on the basis of CT phenotypes.

2.  

Although the frequency of expression of individual CT antigens in different tumor types has generally been
defined, far more information is needed about the composite CT phenotype of individual tumors, and how
frequently these composite CT patterns are seen in tumors of different origin. With this information, we
can begin to establish whether there is any correlation with other biological features of the tumor, e.g.,
growth rate, local vs. invasive, primary vs. metastatic, different metastatic deposits in the same patient,
etc.

3.  

At which stage in the life history of cancer are CT (gametogenic) features induced? This can be
approached in model systems in the mouse, in vitro systems with human cells, or with naturally occurring
tumors in man that show incremental stages in tumor progression. As discussed above, there is evidence
that CT expression is a sign of greater malignancy, but this needs to be more firmly established in a broad
range of tumor types.

4.  

The heterogeneous expression of CT antigens in a large proportion of human cancers needs to be
understood. Does this reflect a quantitative difference in levels of mRNA/protein in CT+ and CT- cells, or is
there a qualitative distinction between CT+ and CT- cells in CT mRNA/protein expression? Laser
dissection microscopy may be one way to analyze this question and cloning of tumor cells from a tumor
with heterogeneous CT expression could be another approach. There is a growing impression that
established human cancer cell lines show a higher frequency of CT antigen expression than what would
be expected from CT typing of the corresponding tumor type, particularly tumors with a low frequency of
CT expression. This could be a secondary consequence of in vitro culture, or it could be that CT+ cells
(even if they represent only a minority population of the tumor) have a growth advantage for propagating
in vitro, and possibly also in vivo.

5.  

Although CT antigens provide a strong link between the gametogenic program and cancer, it will be
critical to determine whether other distinguishing features of gamete development are expressed by

6.  
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cancer and whether their expression can be correlated with CT antigen expression. The many reports
over the last three decades of HCG production by certain human cancers provide a specific starting point
to explore this issue and ask whether the production of HCG can be correlated with CT antigen
expression, particularly a unique pattern of CT expression, one possibly reflecting the trophoblast
program.

Defining the role of CT antigens in gametogenesis and trophoblast development and their functional
significance in cancer represents major challenges. Transgenic and knock-out approaches using mouse
CT counterparts, and transfection analysis with CT coding genes in normal and malignant human cells are
obvious ways to begin addressing these issues. However, the multiplicity of CT antigens, their likely
overlapping activities, and the problem of devising relevant assay systems, suggest that deciphering the
functional meaning of CT antigens in cancer will not be an easy task.

7.  

Much of contemporary cancer research is dominated by the search for abnormalities in growth regulatory genes
and for understanding how the individual and composite activities of these genes result in the phenomenon we
call cancer. Genetic changes in cancer also have the potential for re-awakening silent genetic programs in
cancer cells, conferring functions and behavior that are normally expressed at other places and at other times in
the organism, and that are advantageous to the success of cancer. The basis for the idea that a gametogenic
program is induced in cancer comes from the discovery of a battery of CT antigens that normally show highly
restricted expression in gametes and trophoblasts. The idea that gametic / trophoblastic traits are re-expressed
in cancer is certainly not a new one, nor one that has escaped the interest of many investigators. However, with
the array of powerful new techniques at hand, it is now possible to establish whether cancer has acquired some
of its malignant properties by commandeering the gene program that initiates life.

 

Abbreviations

CT, cancer/testis; HCG, human chorionic gonadotropin; SEREX, serological analysis of cDNA expression
libraries
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