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Abstract: The GAGE protein is detected only in cancer and in testis and is expressed from a cluster of nearly identical
gene copies on the X-chromosome. We determined the lengths of these GAGE gene clusters from human families,
identical twins, and in clinical samples from cancer patients. The GAGE cluster lengths proved to be highly heteroge-
neous, ranging from 13 to 39 gene copies, with an average content of 20 GAGE genes per cluster. Low levels of mei-
otic rearrangement in families and mitotic rearrangement in adult solid tumors are detectable. Analysis of Rothmund
-Thomson syndrome (RTS) kindreds and probands showed GAGE cluster inheritance and stability indistinguishable
from that found in non-RTS individuals. These observations support the concept of evolutionarily rapid rearrange-
ment of clustered repetitive sequences in the human genome.
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Introduction

GAGE is a member of the CT family of genes,
defined as having expression only in cancer and
in testis (reviewed in [1]). The founding mem-
ber of the class, MAGE, was identified in mela-
noma cells using a T cell epitope cloning tech-
nique [2]. Since that time the list of CT genes
has expanded to include over 100 members [3]
(http://www.cta.Incc.br/). Importantly, many of
the protein products of the CT genes have
proven to be immunoreactive. Since testis is an
immunoprivileged site, this has opened the door
to potential CT protein based immunotherapeu-
tic strategies for cancer treatment. Indeed, sev-
eral early phase clinical trials have already been
conducted with promising results [4-8].

GAGE is a small, acidic protein of 117 amino
acids (12.9 kDa) and has been found in 24% of
melanoma samples, 25% of sarcomas, 19% of
non-small cell lung cancers, 19% of head/neck

tumors and 12% of bladder cancers (reviewed
in [9]). GAGE transcripts are seen in melanoma
[10, 11], lung cancer [10], thyroid carcinoma
[12, 13], breast cancer [14], hepatocellular car-
cinomas [15] and ovarian cancer (30%) [16,
17]. Clinically, GAGE expression has been dem-
onstrated to correlate with poor prognosis in
stomach cancer [18], esophageal cancer [19]
and neuroblastoma [20]. The GAGE protein has
been characterized as having anti-apoptotic
activity, conferring resistance to Fas-ligand,
taxol and gamma irradiation [21]. GAGE expres-
sion also confers cellular resistance to killing by
interferon gamma  (IFN-y  through post-
translational downregulation of interferon regu-
latory factor 1 (IRF1) with subsequent down-
regulation of caspases 1 and 7, and through
stabilization of nucleophosomin [22].

The GAGE transcript has five spliced exons, the
first of which is untranslated. The gene produc-
ing the GAGE transcript is multicopy, with a unit
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gene repeat of 9,556 bp. Over one third of all
CT genes have multiple gene copies in the ge-
nome, with 12 of the individual CT proteins ex-
pressed from at least six gene copies each [23].
The multiple copies of the GAGE gene are struc-
tured as a tandemly repeated cluster of at least
15 gene copies at Xpl11.23. The repeated
genes in the GAGE cluster are oriented in a
head-to-tail manner, without any intervening
sequences. The intimately clustered genomic
structure is similar in nature to the clustered
ribosomal RNA genes (rDNA) we have already
characterized [24-26], as well as to other gene
clusters elsewhere in the genome [27].

The GAGE cluster is “young,” being found only in
human, chimpanzee and macaque, is under
apparent positive selection for protein function,
and has undergone steady copy nhumber expan-
sion over the last 4 million years [28]. Other CT-
genes on the X chromosome are similar: recent
evolutionary additions diverging faster and un-
der stronger selection than either CT-genes
found on autosomes, or non-CT genes on the X
chromosome [29]. In this work, we describe a
physical assay we developed to measure the
number of gene copies in each GAGE cluster.
We used this assay with blood samples from
human families, human cancer susceptibility
(Rothmund-Thomson syndrome) kindreds and
probands, and clinical specimens from human
cancers to determine the range of human varia-
tion of the GAGE cluster, and the stability of the
cluster under normal human meiosis and in the
genomic pathology of human cancers.

Materials and methods

All human subjects provided informed written
consent to participate in a research protocol
approved by the Institutional Review Board for
Human Subjects Research at the University of
Kentucky (Lexington KY) with the exception of

Table 1. PCR conditions

Rothmund-Thomson syndrome patients and
family members who provided informed written
consent to participate in a research protocol
approved by the Institutional Review Board for
Human Subjects Research at Baylor College of
Medicine (Houston TX).

Cell lines derived from Rothmund-Thomson pa-
tients and their families were generated as de-
scribed previously [30]. High molecular weight
genomic DNA was prepared in the solid phase
from cells, blood and tissues embedded in aga-
rose as described previously [24, 26]. Genomic
DNA was subjected to restriction digestion with
Stul (New England Biolabs) unless otherwise
noted, and loaded onto 1% PFC agarose (Bio-
Rad) pulsed field gels. Gels were run in 0.5 x
TBE (44.5 mM Tris base, 44.5 mM boric acid, 1
mM EDTA pH 8.0) for 20 hours with 6 V/cm
electrical field vectors at 120° separation, with
a switching frequency that varied linearly from
10" to 40", at 14C. Following electrophoresis,
gels were equilibrated to 0.5% final concentra-
tion glycerol, dried, rehydrated and Southern
blotted as described previously [25].

Southern probe templates specific to the GAGE
cluster were isolated by PCR from human ge-
nomic DNA either with the primer set 1: GAGE-
1F: GTCCTCCTTCCCTTCACAGG and GAGE-1R:
TTCTCGTGATTGCTGCTTTG or with primer set 2:
GAGE-2F: AGACCCAGTTCAGAGGAGCA and GAGE
-2R: CGTGAAGAACAAAGCACCAA.

Radiolabeled Southern probes were generated
by PCR amplification of the template products
derived from human genomic DNA described
above using the appropriate primer sets. PCR
conditions were listed as Table 1.

Results

Our experimental strategy is shown in Figure 1A.

2.0 pl TAQ buffer (10x)

2.0 yl PCR product @ 10 pg/ul

2.0 yl forward primer @ 1 uM

2.0 yl reverse primer @ 1 yM

5.0 yl a32P-dATP (50 uCi @ 3000 Ci/mmol)
2.0 ul d(GTC)TP @ 40 pM each

1.0 pl dATP @ 20 pM (not radioactive)

0.4 pl TAQ (2U)

3.6 ul H20

94°C 30"

65°C 30"

72°C 1'+ 2"/cycle
40 cycles total
72°CT'

hold at 4C
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Figure 1. Human GAGE gene clusters. A) Experimental schematic showing a model GAGE cluster containing six gene
copies. Restriction digestion with enzymes that do not have a recognition site in the unit gene repeat will liberate
entire gene clusters (straight blue lines), with a small amount of additional flanking-sequence DNA (wavy blue lines).
Open rectangles: unit GAGE clusters; double black lines: non-GAGE genomic DNA. B) GAGE unit gene repeat. Tran-
scription proceeds clockwise from the indicated transcription start site. Exons: thick green bars; introns: thin green
bars; high copy genomic repeats: pink regions and thin arrows; unique genomic sequences: black bars. The positions
of Southern blot probe 1 and probe 2 are indicated by red arrows. C) Southern blot of GAGE clusters liberated from
genomic DNA by the indicated restriction enzymes and detected with the indicated Southern probe. Digests were
overnight: Avrll: 12 units at 37C, Stul: 20 units at 37C, Swal: 20 units at room temperature. Genomic DNA isolated
from the peripheral blood from two different unrelated female donors (FASHY, XAVIL). Open star: unresolved DNA
due to inefficient digestion with the Swal enzyme.

For tandemly repeated genes with very high
sequence identity, the gene cluster can be liber-
ated from bulk genomic DNA by digestion with a
restriction enzyme that lacks a recognition site
in the unit gene repeat. The liberated cluster
can be size-resolved by pulsed field gel electro-
phoresis, detected though Southern hybridiza-
tion, and the number of gene copies inferred
from the length of the cluster with a small cor-
rection for flanking non-cluster DNA. Each re-
peat of the GAGE gene is 9556 bp. We initially
selected two different Southern probes with

236

predicted minimal cross-reactivity to the refer-
ence human genome, and three different re-
striction enzymes, Avrll, Stul and Swal to liber-
ate the GAGE cluster from bulk genomic DNA
(Figure 1B). Anticipating that evolutionarily
rapid GAGE cluster restructuring due to homolo-
gous recombination would cause a diversity of
cluster lengths in the human population, we
assayed genomic DNA from two human fe-
males, with the prediction that each X-
chromosome would have a different sized GAGE
cluster and thereby show two different length

Am J Transl Res 2011;3(3):234-242
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that the GAGE clusters identi-
fied by Southern blotting are
slightly shorter when liber-
ated by Avrll than by Stul
(Figure 1C). After verifying
the DNA sequence of probe
2, we selected Stul and probe
2 as an optimal combination
for further experiments.

e -

To establish the range of nor-
mal human variation in GAGE
cluster lengths and to deter-
mine the degree of meiotic
cluster rearrangement, we
analyzed the GAGE cluster

Figure 2. GAGE clusters in families and identical twins. A) Families (all
Circles: females, squares: males. A potential meiotic
recombination event (dotted blue oval) is shown in the first PYFI son (blue

names are coded).

square). B) 10 sets of female identical twins.

clusters, in a manner similar to the 5S rDNA
gene cluster at 1g42 [25]. We were able to
resolve these two predicted GAGE clusters
(Figure 1C) using either Avrll or Stul (Swal failed
to efficiently digest the agarose-embedded ge-
nomic DNA), and with either Southern probe.
The three bands seen with Avrll digestion in the
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lengths in human families
(Figure 2A). We found strong
heterogeneity in the lengths
of the GAGE cluster ranging
from 135 kb up to 380 kb,
corresponding to from 13 to
39 gene copies, after sub-
tracting the predicted 9.7 kb of non-GAGE flank-
ing DNA, with a median cluster length of ap-
proximately 20 GAGE repeats. Females gener-
ally show two distinct GAGE clusters and males
only one, consistent with the X-linkage of the
cluster. We observed primarily predicted pat-
terns of Mendelian inheritance without rear-

Am J Transl Res 2011;3(3):234-242
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tissue. We observed the same
mitotic rearrangement phe-
nomenon in one of the colon
cancers (Figure 3C, ‘DAPEB’).
Otherwise the GAGE cluster
configuration in tumors was
comparable to that in normal
tissues, with the exception of
loss of one GAGE cluster in a
female lung cancer (Figure 3B,
‘TIPOR’), likely due to X-
chromosome aneuploidy. The
two confirmed mitotic events
in these 36 solid tumor sets
would indicate a detectable
rearrangement frequency of
around 5%.

remission
50% blasts, mono AML
remission
remission

end induction
pre-transplant
end induction

21% blasts, pre-B ALL
13% blasts, pre-B ALL
92% blasts, T-cell ALL
85% blasts, pre-B ALL
22% blasts, pre-B ALL

Figure 4. GAGE clusters in pediatric leukemia. Peripheral blood either with
or without blasts is analyzed for GAGE clusters by Southern blotting. No
alterations between the blasts and the normal cells were detected.

rangement, with the exception of one potential
meiotic recombination event in the female
germline of the PYFI family (Figure 2A, blue dot-
ted circle). To further establish the reproducibil-
ity of the assay, we determined GAGE cluster
lengths in 10 sets of female identical twins. In
all cases, the twins shared the identical GAGE
cluster configuration (Figure 2B).

Next we sought to determine whether the GAGE
cluster was stable under potentially elevated
recombination rates in human cancer. We com-
pared the GAGE cluster configuration in individ-
ual human Ilung and colorectal tumors to
matched control DNA from the same individuals
isolated from either peripheral blood or surgi-
cally excised pathologically confirmed non-
tumor tissue. In one male lung cancer (Figure
3A, ‘XEPRY’) we observe evidence of mitotic
rearrangement generating a new GAGE cluster
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end induction

67% blasts, pre-B ALL

In order to assess potential
GAGE restructuring in pediatric
leukemia, in addition to the
adult solid tumors described
above, we compared the GAGE
cluster genomic architecture
between peripheral blood con-
taining blasts and peripheral
blood from the same patients
after their disease was in re-
mission. We detected no dif-
ferences in the GAGE cluster
configurations between dis-
ease-containing and disease-
free blood sample from eight
different pediatric patients (Figure 4).

remission
remission

36% blasts, pre-B ALL

Finally we sought to extend our analysis of
GAGE architecture to families with hereditary
cancer syndromes. We assayed GAGE architec-
ture in EBV-immortalized lymphocytes from
eight kindreds containing Rothmund-Thomson
syndrome Type 2 probands, and from four Roth-
mund-Thomson syndrome Type 1 probands
(Figure 5). We found that GAGE cluster lengths
segregated following the normal Mendelian
manner in the kindreds, and that the immortal-
ized cells from Rothmund-Thomson probands
displayed well-defined stable banding patterns.

Discussion
We found that the normal human variation in

GAGE gene copy number is from 13 to 39 GAGE
gene repeats on each X chromosome. This is

Am J Transl Res 2011;3(3):234-242
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drome arising as a result of
mutations in RECQL4 (RTS
type 2) confers an increased

unrelated
probands

O00O0 cancer risk, particularly of

osteosarcoma [30, 31]. As
RECQL4 is a member of the
RecQ family of proteins asso-
ciated with altered replication
and recombination pheno-
types [32], we hypothesized
that a potentially recombina-
tion-prone genomic locus like
GAGE might display acceler-
ated instability in lines defec-
tive for RECQL4. Counter to
this hypothesis, we found
that cells from Rothmund-
Thomson probands either
with RECQL4 defects (RTS
type 2) or without RECQL4
defects (RTS type 1) display
well-defined discrete banding
patterns with no overt evi-

Figure 5. GAGE clusters in Rothmund-Thomson kindreds and probands.
Circles: females, squares: males. RTS probands indicated in red. ents

considerably less variation that we had earlier
found in the 45S ribosomal RNA genes that var-
ied from 1 to over 140 copies per cluster [25].
The GAGE clusters also recombine with reduced
frequency relative to the rDNA clusters. There
are several plausible factors that may account
for this reduced frequency of rearrangement:
the GAGE unit repeat at 9.6 kb is shorter than
the 43 kb rDNA repeat and there are only one or
two GAGE clusters per genome (in males and
females respectively) compared to the ten rDNA
clusters. Nevertheless, the high degree of inter-
person GAGE cluster heterogeneity indicates
that the GAGE clusters are restructuring rapidly
in evolutionary time, even if less rapidly than the
rDNA. In a similar manner, although we can
detect GAGE cluster alterations in adult solid
tumors at a frequency of around 5%, this is con-
siderably less than the greater than 50% fre-
quency of rDNA restructuring we observed in
human adult solid tumors. Interestingly, both of
the cancer patients in which we detected GAGE
cluster restructuring also exhibited rDNA cluster
restructuring in their disease, suggesting a po-
tential mechanistic link between the two proc-
esses [26].
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dence of instability. GAGE
clusters inherited from par-
heterozygous for
RECQL4 mutation segregated
in the normal Mendelian
manner.

Conclusions

The average human GAGE gene cluster length
exhibits strong heterogeneity, varying from 13
to 39 gene copies, with an average of approxi-
mate 20 copies per X-chromosome. Both mei-
otic and mitotic alterations to GAGE cluster
length occur at detectable frequencies.
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