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Gene expression patterns in human embryonic stem
cells and human pluripotent germ cell tumors
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Remarkably little is known about the transcriptional profiles of
human embryonic stem (ES) cells or the molecular mechanisms that
underlie their pluripotency. To identify commonalties among the
transcriptional profiles of different human pluripotent cells and to
search for clues into the genesis of human germ cell tumors, we
compared the expression profiles of human ES cell lines, human
germ cell tumor cell lines and tumor samples, somatic cell lines, and
testicular tissue samples by using cDNA microarray analysis. Hier-
archical cluster analysis of gene expression profiles showed that
the five independent human ES cell lines clustered tightly together,
reflecting highly similar expression profiles. The gene expression
patterns of human ES cell lines showed many similarities with the
human embryonal carcinoma cell samples and more distantly with
the seminoma samples. We identified 895 genes that were ex-
pressed at significantly greater levels in human ES and embryonal
carcinoma cell lines than in control samples. These genes are
candidates for involvement in the maintenance of a pluripotent,
undifferentiated phenotype.

mbryonic stem (ES) cells are pluripotent cells that maintain

the ability to differentiate to derivatives of all three embry-
onic germ layers, even after prolonged culture in the undiffer-
entiated state (1, 2). A few genes involved in maintaining the ES
cell state, such as Oct4 (3-5), fibroblast growth factor 4 (6-8),
FoxD3 (9, 10), Sox2 (11), Nanog (12, 13), and genes involved in
the leukemia inhibitory factor (LIF) signaling pathway (14, 15)
have been functionally characterized in the mouse, but for
human ES cells (16) almost nothing is known about the regu-
lation of self-renewal and pluripotency. Microarray analysis
allows broad comparisons of patterns of gene expression be-
tween different cell types. For example, microarray analysis has
been used to define commonalties between mouse embryonic
and adult stem cells (17, 18) and has recently been used to
compare H1 human ES cells with differentiated cells (19). Here,
we performed microarray analysis to identify commonalties
among different pluripotent human cells and to look for clues to
the genesis of human germ cell tumors (GCTs).

Mouse and human GCTs arise from primordial germ cells
(PGCs), presumably from some dysfunction in their normal
development shortly after they populate the genital ridge (20,
21). Teratocarcinomas are a particular type of GCT that contain
undifferentiated stem cells, termed embryonal carcinoma (EC)
cells, and differentiated derivatives that can include all three
germ layers. In the laboratory mouse, testicular teratocarcino-
mas develop spontaneously in males of the 129 strain, and they
can be induced in several other strains by transplantation of the
genital ridge to ectopic sites between 11 and 13 days of embry-
onic development (21). When murine PGCs are cultured in vitro
under appropriate conditions, they convert to cells that closely
resemble EC and ES cells, and these are known as embryonic
germ cells to distinguish their origins (22).

Human teratocarcinomas most commonly arise in the testes of
young adult men (23). There is strong circumstantial evidence to
support the general consensus that, as in the laboratory mouse,
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these tumors also arise from PGCs during early embryonic
development, and consequently, they are classified as GCTs (24).
The pathology of the human GCT is somewhat different from
that of the mouse, the occurrence of a subset known as semi-
nomas being the most striking difference (24). Seminomas are
generally histologically uniform and seem to resemble a trans-
formed state of the PGC. Nonseminomatous GCTs, on the other
hand, typically include teratocarcinomas with EC components,
as well as cell types corresponding to the extra embryonic tissues,
the yolk sac as yolk sac carcinomas (YSCs), and the trophoblast
as choriocarcinomas. Both teratocarcinomas and seminomas
appear to arise, initially, as abnormal germ cells that form
carcinoma-in situ (CIS) within the seminiferous tubules (25). It
seems that human GCTs develop progressively, first by trans-
formation of PGCs to form CIS that then progress into an
invasive form. If during this process they retain the general
features of CIS and PGCs, they constitute a seminoma. Alter-
natively, they may convert into a cell type resembling the
embryonic inner cell mass (ICM). In this event, the cells further
progress to an EC state, from which differentiation yields all of
the various somatic and extraembryonic cell types that together
constitute a teratocarcinoma. In this view, EC cells resemble ES
cells derived directly from the ICM but are variants that have
adapted to tumor growth; in the terminology of Pierce (26), they
are caricatures of ES cells. Seminomas do not occur in the
laboratory mouse in which the very earliest intratubular GCTs
already contain EC cells. Moreover, whereas murine and human
EC and ES cells show marked differences in the expression of
markers and some aspects of cell biology, it is apparent that, like
human EC cells, mouse EC cells also resemble the ICM cells of
the peri-implantation blastocyst (27).

From this view of GCT development in humans, we might
expect the gene expression patterns of seminoma, EC, and ES
cells to be distinct but closely related, and the EC and ES
expression patterns should more closely resemble one another
than either resembles the seminoma cluster. Genes that are
expressed in common between seminoma and EC cells, but not
by ES cells, may reflect general aspects of their tumor origins.
Further, differences between EC and ES cells may reflect
adaptation of EC cells to tumor growth by suppression of
differentiation and promotion of self-renewal and survival, with
a reduced dependency on external cues for self-maintenance.
Lastly, genes shared by ES and EC cell lines may reflect genes
that are necessary for maintenance of a pluripotent or an
undifferentiated phenotype.

Abbreviations: EC, embryonal carcinoma; ES, embryonic stem; GCT, germ cell tumor; ICM,
inner cell mass; PGC, primordial germ cell; SAM, significance analysis of microarrays; YSC,
yolk sac carcinoma.
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Materials and Methods

Cell Lines, Cell Culture, and RNA Isolation. The human ES cell lines
were derived from the ICM of blastocyst-stage embryos (16).
The ES cell lines are all capable of both somatic and extraem-
bryonic (trophoblast) differentiation. The human EC cell lines,
NTERA2, 1777N, 2102Ep, 833KE, GCT27, and TERAI,
have all been derived from testicular teratocarcinomas, whereas
NCCIT was derived from an extragonadal GCT (28). NTERA2
(29), GCT27 (30, 31), 1777N (32), and NCCIT (33) have been
reported to be capable of significant somatic and/or extraem-
bryonic differentiation. In contrast, 2102Ep, 833KE, and
TERALI no longer show significant somatic or extraembryonic
differentiation. Of these, 2102Ep and 833KE form xenograft
tumors with a pure EC histology in nu/nu athymic mice (34-36).
1411H and GCT44 were both derived from human testicular
GCTs but exhibit the features of YSC cells rather than human
EC cells (30, 37). Both 1411H and GCT44 lack the expression of
typical EC marker antigens and form endodermal sinus tumors
when grown as xenografts in nu/nu athymic mice. Primary tissue
samples were clinical samples from Stanford University Medical
School. The 17 somatic cell lines are described in Table 4, which
is published as supporting information on the PNAS web site.

The five human embryonic stem cell lines were grown as
described (38). The human EC cell lines, NTERA2, NCITT,
2102EP, TER AL, 833KE, and 1777N (1777Nrpmet), were main-
tained by growth in DMEM (Invitrogen) supplemented with
10% FCS (GIBCO) and 2 mM L-glutamine (Invitrogen)
(DMEM/FCS) in a 37°C humidified atmosphere of 10% CO, in
air. NTER A2 were passaged by scraping with sterile, 3-mm glass
beads (Philip Harris Scientific, Ashby-de-la-zouch, Leicester-
shire, U.K.) and were then seeded onto fresh tissue culture
plastic (Nunc). All other cell lines were harvested by treatment
with 1 ml of 0.25% trypsin (wt/vol)/1 mM EDTA (Invitrogen)
per T75 flask for 5 min at 37°C, harvested with DMEM/FCS,
centrifuged, and then resuspended in DMEM/FCS onto fresh
tissue culture plastic (Nunc).

GCT44 and GCT27 were grown in 80% DMEM and 20%
defined FBS (HyClone), with 1 mM L-glutamine, 0.1 mM
2-mercaptoethanol (Sigma), and 1% nonessential amino acids
stock (Invitrogen) in a 37°C humidified incubator with 5% CO,
in air. Cultures were passaged on mitotically inactivated mouse
embryonic fibroblast (MEF) feeder layers as cells became
confluent by incubation at 37°C by treatment with 3 ml of 0.25%
trypsin (wt/vol)/1 mM EDTA (Invitrogen) per T75 flask for 5
min at 37°C, harvested with DMEM/FBS, centrifuged, and then
resuspended in DMEM/FBS onto fresh tissue culture plastic
(Falcon). After several passages, the GCT44 cell line was
removed from feeder layers, and RNA was extracted several
passages later.

To harvest cells for total RNA extraction, the EC cells were
washed once with PBS, harvested by scraping with 3-mm glass
beads and centrifuged to produce a pellet. ES cells were sepa-
rated from the MEF feeder layer by adding 1 ml of 1 mg/ml
collagenase IV (Invitrogen) to each well of a six-well plate and
incubated ~10-15 min at 37°C in a humidified chamber until
colonies began to pull away from the feeder layers. At this time,
0.5 ml of 10 mg/ml dispase (Invitrogen) in media was added to
each culture well and further incubated until colonies became
detached and were recovered in the supernatant. Either TRI
reagent (Sigma) or RNA-STAT 60 (Tel-Test, Friendswood, TX)
was used to isolate the RNA according to the manufacturer’s
instructions. Subsequently, mRNA was extracted from total
RNA with the FastTrack mRNA isolation kit (Invitrogen).

Testis tissue samples were flash-frozen on dry ice at the
time of radical or simple orchiectomy and stored at —80°C.
Histological characterization and purity of all samples were
verified by frozen section before RNA extraction. Poly(A)
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mRNA extraction and purification were performed according to
published protocols (ref. 39; The Brown Lab, http://brownlab.
stanford.edu).

Microarray Procedure and Data Analysis. Microarray procedures
were as described (39, 40). Briefly, for each hybridization, 2 ug
of purified mRNA from each sample was reverse-transcribed,
labeled with fluorescence-tagged nucleotides, and hybridized
against 1.5 ug of a common reference pool of mRNA for 14-18
h at 65°C on cDNA microarrays containing >44,000 elements,
representing ~30,300 unique genes, including characterized
genes and expressed sequence tags. After several washes, mi-
croarrays were scanned with a GenePix 4000 microarray scanner
and analyzed with GENEPIX 3.0 software (Axon Instruments,
Union City, CA). On visual inspection, spots of insufficient
quality were excluded from further analysis. Data files contain-
ing fluorescence ratios were entered into the Stanford Microar-
ray database (http://genome-wwwS5.stanford.edu). Spots were
required to have a signal over background of at least 1.5 for
either the sample or the reference to be included in the analysis.
A total of 45,087 spots met this criteria. We selected genes that
had absolute value of log,-normalized red/green =1.59 from the
mean expression values in at least four arrays across the sample
set. Genes with technically inadequate measurements in >25%
of spots were excluded from the analysis, resulting in 9,796 spots
being used in the cluster analysis. The genes and the samples
were organized by hierarchical clustering with the Pearson
correlation metric and average linkage clustering (41). To dem-
onstrate the statistical significance of differences in expression,
significance analysis of microarrays (SAM) was performed on
the genes selected for cluster analysis, as described (42).

Results

The mRNA expression pattern from 74 different cell lines or
tissue samples was examined by using cDNA microarray analysis.
We compared data from five different human ES cell lines (H1.1,
H7, H9, H13, and H14) with 36 human GCT cell lines or tumor
samples, 14 samples of normal testis and 17 somatic cell lines.
The GCTs included 7 human EC cell lines (NTERA2, NCITT,
2102EP, TERAL, 833KE, GCT27, and 1777N), 2 YSC cell lines
(GCT44 and 1141H), 2 primary yolk sac tumors, 2 primary ECs,
and 23 primary seminoma tumors.

We used hierarchical cluster analysis to sort the 9,976 clones
that were expressed at least 3-fold different from the mean
expression values across all of the samples in at least four
different arrays (Fig. 1). RT-PCR was performed to confirm the
expression profiles of a number of the genes (Fig. 3, which is
published as supporting information on the PNAS web site).
Genes with similar expression patterns are clustered together.
The different experiments were also clustered, and a dendro-
gram, illustrating the relationship between the expression pat-
terns, is shown with arrays with the most similar gene expression
profiles clustering together with the shortest branches (Fig. 14).
The five ES cell lines cluster together, indicating that their
expression patterns are more similar to each other than to any
of the other cell types in this analysis. The ES cells cluster as a
branch of the EC cell lines, and the YSC cell lines cluster
separately from the other EC cell lines, with significant differ-
ences in their expression patterns. The primary tissues clustered
as a distinct branch separate from the cultured cells. Within the
tissue samples, the ECs clustered with the seminomas and
separated from YSCs and normal testis, which represent more
differentiated tissues.

One goal of this analysis was to identify genes specifically
expressed at a higher level in pluripotent cell types. To do this,
we used SAM to determine the genes with statistically different
expression in ES cells, EC cells, or seminomas relative to
control-differentiated samples, including both somatic cell lines
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Samples of the hierarchical cluster analysis of 9,976 cDNA clones that were expressed at least 3-fold different from the mean expression values across

all of the samples in at least four different arrays. The colors indicates the relative expression levels of each gene, with red indicating positive expression above
reference and green indicating negative expression below the reference. (4) The dendrogram represents the relationship of the expression patterns. The lengths
of the arms are proportional to the similarities of the expression patterns, with shorter arms indicating closer relationships. (B) Cluster of genes surrounding
POUS5F1. These genes are highly expressed in ES and EC cells and seminomas but not YSCs and other differentiated tissue types. (C) Cluster of genes highly
expressed in ES and EC cells but not seminomas, YSCs, or other differentiated tissues. (D) Cluster of genes including members of Wnt-g-catenin pathway expressed
in ES and EC cells and YSCs. See Table 5, which is published as supporting information on the PNAS web site, or http://microarray-pubs.stanford.edu/es_cells_2/

supplement.shtml for a complete list of the genes.

and normal testis. SAM identified 1,760, 1,299, and 1,518 cDNAs
in ES and EC cells and seminomas, respectively, that were
significantly more highly expressed than the control-differenti-
ated cells (Tables 6-8, which are published as supporting
information on the PNAS web site). Each of these samples has
a median number of false significant genes of <2%. The results
from SAM are consistent with the hierarchical cluster analysis.
ES and EC cells share 895 highly expressed genes, over half of

13352 | www.pnas.org/cgi/doi/10.1073/pnas.2235735100

the genes categorized as highly expressed genes in either ES or
EC cells. This is a much higher number than either EC (481
genes) or ES (449 genes) cells share with seminomas. The genes
shared by ES and EC cells represent a pool of genes that may be
important in the maintenance of the pluripotent phenotype.
Among the 330 genes identified as highly expressed in ES and EC
cells and seminomas is POU5SFI (Oct4), a transcription factor that
has been previously shown to be expressed only in the pluripotent
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Table 1. The 25 most positively significant genes in human ES
cells as defined by SAM

Table 2. The 25 most positively significant genes in human EC
cells as defined by SAM

Fold Fold
Clone ID Gene name change Gene ID Gene name change
768508 FLJ10713, hypothetical protein FLJ10713 60.43 768508  FLJ10713, hypothetical protein FLJ10713 56.36
1607129 POU5F1, POU domain, class 5, transcription factor 1 51.34 1607129 POU5F1, POU domain, class 5, transcription 66.73
276915 DNMT3B, DNA (cytosine-5-)-methyltransferase 38 50.97 factor 1
135773  TERFI1, telomeric repeat binding factor 1 15.45 276915  DNMT3B, DNA (cytosine-5-)-methyltransferase 38  44.83
645485 Homo sapiens cDNA FLJ36616 16.18 1586535 FOXD3, forkhead box D3 30.12
809694 CRABPI, cellular retinoic acid binding protein 1 29.36 1946026 FLJ10884, hypothetical protein FLJ10884 24.52
1551722 AA922660 15.79 1941870 ESTs, weakly similar to SWI/SNF related 15.76
504774 GGTLAIT, y-glutamyltransferase-like activity 1 15.15 432477  ESTs 17.16
358217 GPC41, glypican 4 28.93 136668  ESTs 14.30
301878 SCGB3A2, secretoglobin, family 3A, member 2 22.64 358217  GPC4, glypican 4 14.62
1586535 FOXD3, forkhead box D3 37.48 1893670 ESTs 15.52
50354 OTX2, orthodenticle homolog 2 (Drosophila) 40.76 135773 TERF1, telomeric repeat binding factor 10.47
52430 SALL2, sal-like 2 (Drosophila) 24.60 488651 MGC16491, hypothetical protein MGC16491 17.22
436070 CA14, carbonic anhydrase XIV 16.03 645485 H. sapiens cDNA FLJ36616 12.08
291448  SILV, silver homolog (mouse) 14.85 251404 EST 14.52
239256 FZD7, frizzled homolog 7 (Drosophila) 18.65 81409 GABARAPL1, GABA(A) receptor-associated 16.99
1946026 FLJ10884, hypothetical protein FLJ10884 24.11 protein like 1
341328 TPM1, tropomyosin 1 (a) 13.66 208078 IMP-1, IGF-Il mRNA-binding protein 1 11.98
504763 SDC4, syndecan 4 (amphiglycan, ryudocan) 10.43 1551722  AA922660 10.73
1499830 H. sapiens cDNA FLJ25967 21.22 1628121 ESTs 18.58
743426  KIAA1576, KIAA1576 protein 12.38 1849084 SEMAGA, sema domain, (semaphorin) 6A 12.90
204335 CD24 or FLI37889 16.96 504774  GGTLAT, y-glutamyltransferase-like activity 1 8.68
788667  Multiple unigene clusters 14.66 32381 GABRB3, GABA A receptor, 83 12.19
32381 GABRB3, y-aminobutyric acid (GABA) A receptor, 14.79 2237353 GAL, galanin, Hs. 278959, A1623173 14.10
B3 824933  AK3, adenylate kinase 3 9.70
488651 MGC16491, hypothetical protein MGC16491 18.65 246808 NALP2, NALP2 protein 9.69
810873 SCNN1A, sodium channel, nonvoltage-gated 1 « 14.10

cells of the embryo and to promote differentiation when down-
regulated (43, 44). POUSFI is one of the top two significantly
differentially expressed genes in ES and EC cells and seminoma
(Fig. 1B). The cluster analysis shows that POUS5FI is highly ex-
pressed in these cell types, but not in YSCs, somatic tumor samples,
or normal testis (Fig. 1B). Because POUSFI is a central regulator
of pluripotency, genes having a similar expression pattern may also
be central to maintaining pluripotent cells. The gene that clusters
closest to POUSF1 is FLJ10713, among the top five genes in ES and
EC cells and seminomas. A homolog of FLJ10713 was also shown
to be highly expressed in mouse ES cells (17). ES and EC cells and
seminoma share a total of 330 genes that SAM identified as
positively significant genes. Forty percent of these genes are defined
only as an accession number, EST, or hypothetical protein, and
many of the other named genes have poorly defined functions,
highlighting the fact that the genes with critical roles in early
embryogenesis have been relatively unexplored.

A second class of 565 genes is highly expressed in ES and EC
cell lines but not in seminomas. A number of these genes are
among the most differentially expressed in ES and EC cells
(Tables 1 and 2). Among the most highly expressed is DNA
(cytosine-5-)-methyltransferase 38 (DNMT3B), a DNA methyl-
transferase that functions in early embryogenesis, specifically in
the ICM, epiblast, and embryonic ectoderm (45). Also among
these is FOXD3, a forkhead-family transcription factor that
interacts with Oct4, which is essential for the maintenance of
mouse primitive ectoderm (10). FOXD3 is undetectable by PCR
in mouse PGCs (46). These two genes cluster close together with
other genes, including SOX2, which was previously shown to be
important in pluripotent cell types of the early embryo (11). The
expression of this particular set of genes in ES and EC cells, but
not in seminomas, supports the hypothesis that seminomas are
closely related to PGCs and that EC cells represent a reversion
to a more ICM- or primitive ectoderm-like cell.

Sperger et al.

We specifically examined genes that might point to signaling
pathways that may be important for maintaining or differenti-
ating human ES cells (Table 3). Receptors were identified by
using the gene ontology function of the Source database (47).
Frizzled 7 (Fzd7) was the highest-ranked known receptor in
human ES cells and is also highly expressed in EC cells. Frizzled
8 is also highly expressed in ES and EC cells and seminomas.
Frizzled receptors are part of the Wnt-B-catenin pathway, and
B-catenin signaling has been shown to both delay and modulate
mouse ES cell differentiation (48). Fzd7 clusters with Tcf3, a
downstream element of B-catenin, with both being expressed in
ES and EC cells and YSCs (Fig. 1D). SAM also shows that all
four fibroblast growth factor receptor genes, Fgfrl-Fgfr4, are
highly expressed by human ES cells compared with differenti-
ated tissues (Table 3). We have previously shown that in
serum-free conditions, fibroblast growth factor signaling pro-
motes long term culture of human ES cells (38). The bone
morphogenic protein (BMP) receptor, type 1A, is also highly
expressed, and we have recently shown that BMPs induce human
ES cells to differentiate to trophoblast (49). Two receptors that
are notably absent from this list are the leukemia inhibitory
factor (LIF) receptor and its coreceptor, IL6ST (GP130). LIF
sustains undifferentiated proliferation of mouse ES cells in the
absence of fibroblasts (14) but does not sustain human ES cells
(16). Relative to the control RNA sample, both the LIF receptor
and IL6ST (GP130) are expressed at lower levels in human ES
cells, with JL6ST significantly less expressed than in differenti-
ated cell types by SAM (Fig. 44 and Table 6, which are published
as supporting information on the PNAS web site). These results
were confirmed by RT-PCR (Fig. 4B).

Genes differentially expressed in EC cells compared with ES cells
may reflect adaptation of tumor growth by suppression of differ-
entiation. We identified genes with different levels of expression in
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Chromosomal distribution of genes expressed significantly differently in ES cell lines than in EC cells. Genes expressed significantly higher in ES cell lines

(black) relative to EC cell lines and in EC cell lines (gray) relative to ES cell lines were determined by direct comparison using SAM. The chromosomal location of
each unique gene was retrieved from April 2003 freeze Golden Path (http://genome.ucsc.edu). The distribution of genes on the chromosomes is expressed as
the ratio of the number genes per chromosome in the subset to the number of genes per chromosome in the starting microarray set illustrated in Fig. 1.
Chromosome 12 in EC cells is significantly different from expected [hypergeometric test (P < 0.00001)].

ES and EC cell lines by direct comparison of the two data sets using
SAM (see Table 9, which is published as supporting information on
the PNAS web site). The most striking observation from this
analysis is that genes from chromosome 12 are greatly overrepre-
sented (P < 0.00001 by hypergeometric test) among those signifi-
cantly more highly expressed in EC cell lines when directly com-
pared with ES cell lines (Fig. 2). From studies of human GCTs
themselves, the frequent presence of one or more isochromosomal
12p, or amplification of at least part of chromosome 12p, has
previously focused attention on this region of the genome (50).
Studies of the early stages of GCT development have led to the

Table 3. The 20 most positively significant genes in ES cells
defined as receptors in the SOURCE database

Fold

Clone ID Gene name change
239256 FZD7, frizzled homolog 7 (Drosophila) 18.65
32381 GABRB3, GABA A receptor, 3 14.80
309929 GPR, putative G protein-coupled receptor 5.75
365147 ERBB2, v-erb-b2 erythroblastic leukemia viral 6.45

oncogene homolog 2
150361 IGFIR, insulin-like growth factor 1 receptor 7.63
154472 FGFR1, fibroblast growth factor receptor 1 6.45
305606 EPHAT, EphA1 4.98
1323361 NR2F6, nuclear receptor subfamily 2, group F, 4.03

member 6
137794 ACVR2B, activin A receptor, type IIB 3.83
768597 MUCT, mucin 1, transmembrane 4.49
1606300 BMPRIA, bone morphogenetic protein receptor, type  3.76

1A

785148 PTPRZ1, protein tyrosine phosphatase, receptor-type, 3.18
Z polypeptide 1
2016775 GPRC5B, G protein-coupled receptor, family C, group  3.69

5, member B
1160531 ERBB3, v-erb-b2 erythroblastic leukemia viral 2.42
oncogene homolog 3 (avian)
45231  GPR19, G protein-coupled receptor 19 3.02
610883 PCDHAT12, protocadherin a12 3.32
395955 GPR27, G protein-coupled receptor 27 3.74
810459 FZD8, frizzled homolog 8 (Drosophila) 2.92
752802 PSK-1, type | transmembrane receptor 2.91

(seizure-related protein)
1678361 PTPRF, protein tyrosine phosphatase, receptor type, F 2.75

13354 | www.pnas.org/cgi/doi/10.1073/pnas.2235735100

suggestion that this amplification has more to do with tumor
progression than tumor initiation, and it is generally common to
both seminoma and nonseminomatous forms of GCTs (51). A
number of transcription factors on chromosome 12 are more highly
expressed in EC cells than ES cells, including FOXM1, CREBL2,
and TEAD4. Also found among these genes is WNTS5B, a ligand that
binds to frizzled receptors; DUSP16 (MPK-7), a MAPK phospha-
tase that may act as a negative regulator of a MAPK pathway; and
FKBP4, which binds to steroid receptor complexes and may play a
role in intracellular signaling. A common minimal amplicon
(12p11.2-12p1) involved in tumor progression has been suggested
(52). We have identified a different region of chromosome 12
(12p12.2-12p13.33) containing 25 of the 36 genes we have identi-
fied as differentially expressed on chromosome 12. Interestingly, the
gene for Nanog, a protein recently described as being required for
maintenance of pluripotency in mouse ES cells (12, 13), is also
located in this region of chromosome 12 (12p13.31). Further studies
will be necessary to determine whether this region of the chromo-
some or any of these genes are important for tumor progression.

Taken together, this cDNA microarray analysis is consistent
with the hypothesis that human seminomas most closely resem-
ble transformed PGCs, and EC cells most closely resemble
transformed ICM or primitive ectoderm cells. The key differ-
ence that distinguishes a malignant human teratocarcinoma from
a benign teratoma is the persistence of the undifferentiated EC
cell population in teratocarcinomas. Human ES cells injected
into immunocompromised mice form benign teratomas in which
the undifferentiated ES cells do not persist. Because we can now
genetically manipulate human ES cells either by overexpressing
genes (53, 54) or subtracting function by homologous recombi-
nation (55), it will be possible to test the roles of the candidate
genes identified by this microarray analysis in converting human
ES cells to their malignant EC counterparts.
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