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Abstract. Background.: Striking similarities between stem cells
and cancer cells have led to the concept of the existence of a
cancer stem cell, a concept that has since been documented in
many tumours including breast, brain and prostate tumours.
Teratocarcinomas are malignant tumours  occurring
predominantly in the testes composed of undifferentiated stem
cells and mature tissues. Cancer stemness was studied using the
teratocarcinoma model of tumourigenesis. Materials and
Methods: The gene expression profile of murine embryonic stem
cell lines was compared to its malignant counterpart, murine
teratocarcinoma cell lines. Validation was performed using real-
time quantitative PCR. Results: A list of 1170 differentially
expressed genes was obtained. Significant pathways involved in
cancer stemness included oxidative stress and angiogenesis.
Transcription factors and extracellular matrix molecules
appeared prominently. Conclusion: Novel molecules have been
highlighted including decorin, an extracellular matrix protein,
which may provide opportunities for the investigation of
innovative strategies in the future treatment of cancer.

The stem cell theory of cancer is a relatively old hypothesis
but has been neglected by the prevailing paradigm in the
field of cancer (1). The concept of the existence of a
‘malignant stem cell’ as the cell of origin of tumours was
initially proposed by Pierce in 1974 (2). Due to their
longevity and specific self-renewing properties, it is believed
they have a greater propensity to accumulate carcinogenic
mutations compared to short-lived, differentiated cells and
thus are an ideal target of the carcinogenic process (3).
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Some of the first evidence of the existence of cancer stem
cells came from haematological malignancies, where only a
small subset of cancer cells were shown to be capable of
forming new tumours (4). Their existence has since been
demonstrated in prostate cancer (5), breast cancer (6), brain
tumours (7), gastric cancer (8, 9), malignant melanoma and
osteosarcoma (10). The similarities between stem cells and
cancer cells are striking and have been extensively
documented in the literature (11). The defining features of
a stem cell are its inherent abilities to both self renew and
differentiate, features also present in some cancer cells
albeit in a less controlled manner. Thus, applying our
knowledge of the principles of stem cell biology could lead
to a more extensive understanding of the regulation of
cancer cell proliferation and progression and produce new
targets for more effective cancer therapies.

Teratomas (benign) and teratocarcinomas (malignant)
are germ cell tumours found in the gonads and occasionally
in extragonadal sites along the midline. Teratocarcinomas
are malignant tumours composed of embryonal carcinoma
cells and teratomatous elements (i.e. mature differentiated
tissues). Embryonal carcinoma (EC) cells represent the
stem cells of teratocarcinoma (12) and have also been
termed the malignant equivalent of embryonic stem cells
(13). As many of the molecular pathways that underlie
tumourigenesis are also involved in normal embryogenesis,
the study of EC cells provides an excellent model to
elucidate the mechanisms involved in tumour growth. Our
study aims to provide a unique insight into cancer stem cell
biology through the study of teratoma tumourigenesis in a
mouse model by comparison of normal embryonic stem
cells and their malignant counterparts, teratocarcinoma
cells. Identification of the fundamental differences between
normal stem cells and their malignant counterparts, as we
do in our teratoma model, should provide important
information towards the development of successful cancer
therapies. The specific targeting of cancer stem cells and
their complete elimination is now regarded as essential to
improve prognosis and allow recurrence-free survival.
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Table 1. The top 5 pathways, molecular functions and biological processes most over-represented in the 1170 gene list.

Pathways

Molecular Functions

Biological Processes

Oxidative stress response
Apoptosis signalling pathway
Angiogenesis

Wnt signalling pathway
TGF-Beta signalling pathway

[ I R

Transcription factors

Reverse transcriptase

Extracellular matrix structural proteins
Extracellular matrix

Homeobox transcription factors

Developmental processes
mRNA transcription

mRNA transcription regulation
Neurogenesis

Ectoderm development

Materials and Methods

Cell culture. Cell lines were obtained from the American Tissue
Type Collection (ATCC).The murine embryonic stem cell line, ES-
E14TG?2a, the pluripotent teratocarcinoma cell line, SCC-PSA1
and the nullipotent teratocarcinoma cell line, Nulli-SCC1 were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Invitrogen Corporation, Carlsbad, CA, USA) supplemented with
10% foetal bovine serum (Invitrogen), 4 mM L-glutamine
(Invitrogen) and 100 U/ml of penicillin/streptomycin (Invitrogen)
on 0.1% gelatine-coated plates with the addition of 0.1 mM
2-mercaptoethanol (Sigma-Aldrich, Ireland) to the murine
embryonic stem cells (mES). Cells were maintained in their
undifferentiated state using irradiated murine fibroblasts, ATCC
56-X. Cells were passaged every three days.

RNA isolation. Total RNA was extracted from all three cell lines from
two consecutive passages in triplicate using the Qiagen RNeasy Mini
kit (Qiagen, West Sussex, UK) following the manufacturer’s protocol.
The quality and quantity of RNA was assessed using a
spectrophotometer (Beckman DU® Series 500, Beckman Coulter
(U.K.) Limited, Buckinghamshire, UK) and Agilent 2100 bioanalyser
(Agilent Technologies, Santa Clara, CA, USA).

Expression profiling. Digoxigenin-UTP labelled cRNA was generated
and linearly amplified from 2 pg of total RNA using Applied
Biosystems Chemiluminescent RT-IVT Labelling Kit v2.0 (Applied
Biosystems, Foster City, CA, USA) and manufacturer’s protocol.
Array hybridisation (6 arrays per sample), chemiluminescent
detection, image acquisition and analysis were performed using
Applied Biosystems Chemiluminescence Detection Kit and an
Applied Biosystems 1700 Chemiluminescent Microarray Analyser.
Applied Biosystems Mouse Genome Survey Arrays were used.

Data analysis. The AB1700 package for R software (a free language
and environment for statistical computing and graphics, R
Development Core Team, 2004) was employed to filter data using a
signal/noise ratio threshold >3 in at least one sample. It read the
output from the AB1700 software with normalisation of data and
performance of ¢-test and fold change with graphics to visualise -test
results. Fold change values were calculated for each gene filtered.
Two separate comparisons were performed in R-ES cells versus
pluripotent and ES cells versus nullipotent teratocarcinoma cells.
Data was imported into Spotfire® (Spotfire AB, Sweden) for further
analysis. Gene lists were compared using a Venn diagram method to
determine those genes common to both lists. This list of probe IDs
was then matched to fold change values from both original lists in R
and refined by eliminating genes with a fold change value <2 and
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false discovery rate (FDR) (14) of <0.05. The refined lists were then
compared to determine only those genes significantly differentially
expressed in both lists. Functional categories were determined using
PANTHER (http://www.pantherdb.org).

Quantitative real-time PCR analysis. Two microgrammes of total
RNA from the cell line samples was converted to cDNA using the
High Capacity cDNA Archive kit (Applied Biosystems) following
the manufacturer’s protocol. The cDNA was used for quantitative
real-time PCR amplification with TagMan™ chemistry (Applied
Biosystems) using 39 pre-designed TagMan™ Gene Expression
Assays from Applied Biosystems. Values were normalised relative
to mouse GAPDH.

Results

Microarray analysis of mouse embryonic stem cells.
Transcriptional gene expression profiles for mES cells, pluri
and nullipotent teratocarcinoma cells were determined from
comparisons using R and Spotfire to compare mES cells to
both malignant cell lines separately. Genes differentially
expressed between mES cells and both sets of malignant cells
were chosen on the basis of having a fold change of >2 and
a FDR of <0.05. This resulted in a list of 1170 differentially
expressed genes, 50-55% of which were down-regulated in
malignant cells and 45-49% of which were up-regulated in
malignant cells. Of this list of genes, 43.2% were unknown
or unnamed. The gene list was imported into PANTHER
(15), a web-based functional classification system provided
by Applied Biosystems, to examine the functions of genes in
our list. PANTHER allowed determination of pathways,
molecular functions and biological processes that were over-
represented in our list compared to a reference list (Table
I). We also examined the most highly up- and down-
regulated genes within our lists (Table II).

Confirmation of differentially expressed genes using real-time
RT-PCR. A subset of genes was chosen to independently
validate the results of the microarray data (Table III).
Genes chosen were representative of pathways, molecular
functions and biological processes significantly over-
represented in our list, as well both the most highly up- and
down- regulated genes and genes with very little change. In
the majority of cases, fold changes from TaqMan data



Heffron et al: Microarray Analysis of Cancer Stemness

Table II. Most highly up- and down-regulated genes in murine nulli and pluripotent malignant teratocarcinoma cells compared to mES cells.

Genes up-regulated in malignant cell lines

Genes down-regulated in malignant cell lines

Nulli vs. ES comparison Pluri vs. ES comparison

Nulli vs. ES comparison Pluri vs. ES comparison

Gene Nulli vs. Plurivs.  Gene Nulli vs.  Pluri vs. Gene Nulli vs. Pluri vs. Gene Nulli vs.  Pluri vs.

symbol ES (FC) ES (FC) symbol ES (FC) ES(FC) symbol ES (FC) ES (FC) symbol  ES (FC) ES (FC)
1 Serpina3m 90.9 7.3 Hkdcl 0.2 58.8 Dcn 0.0006 0.4859 Eif2s3y 0.002 0.003
2 Pramel6 76.9 0.2 Hs3stl 0.2 55.6 Tnc 0.0014 0.2811 Ubelyl 0.023 0.017
3 H2-Ebl 58.8 2.7 Klk6 11.5 47.6 Tm4sf1 0.0016 0.3775 Testvl 0.257 0.022
4 XIr5 52.6 4.7 Aqgp8 0.3 41.7 Ccl2 0.0017 0.2986 Testv3 0.132 0.030
5 Tex13 47.6 14.5 Gliprl 0.3 40.0 Eif2s3y 0.0022 0.0026 Ctla2a 0.022 0.031
6  Adm?2 37.0 17.5 Prgl 0.2 40.0 Col3al 0.0025 0.2905 Hoxbl1 0.079 0.058
7 Serpina3k 35.7 3.6 Galgr2 4.0 38.5 S100a4 0.0025 0.2820 Uty 0.063 0.063
8 Bhmt 31.3 2.5 F2 2.9 33.3 Nipl 0.0036 0.2036 Mafb 0.066 0.065
9 Ccnal 27.8 10.0 Pthrl 0.1 333 Pth 0.0066 0.1647 Hoxb2 0.123 0.068
10  Hoxd8 25.0 5.5 Ctsh 0.1 27.8 Col6a3 0.0097 0.4717 Olig3 0.086 0.071
FC: Fold change.

a Microarray v.s. TagMan data Microarray v.s. TagMan data

ES vs. Nulli 36 targets

4
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Log{FC) Microarray

Log(FC) TagMan

ES vs. Pluri 39 targets

Log{FC) Microarray

Log(FC) TagMan

Figure 1. Validation of microarray data. a) Log (FC) TagMan vs. Log (FC) Microarray in ES vs. Nulli comparison. Correlation coefficient=0.97,
slope=0.78. b) Log (FC) TagMan vs. Log (FC) Microarray in ES vs. Pluri comparison. Correlation coefficient=0.86, slope=0.68.

corresponded well to their microarray fold change value
counterpart (Figure 1).

Discussion

Using cRNA microarrays with independent validation with
real-time RT-PCR, we performed a unique comparison of
normal mES cells with their malignant counterpart, murine
teratocarcinomas. To incorporate as many malignant
events as possible, we took two teratocarcinoma cell lines,
one being pluripotent, thus capable of differentiation, and
one being nullipotent, thus incapable of differentiation and
therefore highly malignant. The direct comparison of the
cancer stem cell of teratocarcinoma to its normal
counterpart should provide a vast array of potential
biomarkers and highlight differences between the two that
may provide a therapeutic window. ES cells have been well
characterised in both mouse and humans with previous
studies comparing them to adult stem cells, including

haematopoietic and neural stem cells (16, 17), or focusing
on the comparison of the undifferentiated to differentiated
state in order to obtain information on stem cells thus
leaving a scarcity of information on the direct comparison
of a stem cell and its malignant counterpart. In our study,
we wanted to examine the fundamental differences
between a normal mouse embryonic stem cell and its
malignant counterpart in their resting states in an attempt
to uncover the basic underlying differences between a
normal stem cell and its malignant equivalent. The
challenge is to pinpoint the differences between cancer
stem cells and normal stem cells as identification of these
distinctive differences will provide novel targets for future
cancer therapies (18). Indeed, the actual targeting of
cancer stem cells as a therapeutic option has now been put
forward by a number of groups (11, 19, 20) and the
ultimate success of a treatment may be dependent on the
elimination of the cancer stem cell in any given tumour
(21). However, a difficulty that may arise with the
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Table I11. List of validated targets used for quantitative real-time PCR.

Gene symbol Gene name Probe ID RefSeq NM AB Assay ID
Adamts5 A disintegrin-like and metalloprotease (reprolysin type) with 429467 NM_011782.1 MmO00478620_m1
thrombospondin type 1 motif, 5 (aggrecanase-2)
Afp alpha fetoprotein 929310 NM_007423.2 Mm00431715_m1
Cendl Cyclin D1 684806 NM_007631.1 Mm00432359_ml1
Cdknlc cyclin-dependent kinase inhibitor 1C (P57) 930704 NM_009876.2 Mm00438170_m1
Cited1 Cbp/p300-interacting transactivator with Glu/ 902496 NM_007709.3 Mm00455934_m1
Asp-rich carboxy-terminal domain 1
Dcn Decorin 409948 NM_007833.1 Mm00514535_m1
Dscam Down syndrome cell adhesion molecule 721264 NM_031174.2 Mm00518961_m1
Egrd early growth response 4 493170 NM_020596.1 Mm00842279_g1
Eif2s3y eukaryotic translation initiation factor 2, subunit 3, structural gene Y-linked ~ 931120 NM_012011.1 MmO00468995_gl
Fgfs fibroblast growth factor 5 783155 NM_010203.2 Mm00438919_m1
Foxj1 forkhead box J1 660384 NM_008240.2 MmO00807215_ml1
Fzdl frizzled homolog 1 (Drosophila) 435251 NM_021457.2 Mm00445405_s1
Galgr2 UDP-N-acetyl-alpha-D-galactosamine: (N-acetylneuraminyl)- 698706 NM_008081.1 Mm00484661_m1

galactosyl-N-acetylglucosaminylpolypeptide-beta-1,
4-N-acetylgalactosaminyltransferase

Gatal GATA binding protein 1 689522 NM_008089.1 Mm00484678_m1
Gatab GATA binding protein 6 500605 NM_010258.2 Mm00802636_m1
Gdf15 growth differentiation factor 15 786761 NM_011819.1 Mm00442228 ml
Hhip Hedgehog-interacting protein 605104 Mm00469580_m1
Hoxbl homeo box Bl 427869 MmO00515118_g1
Hoxdl homeo box D1 364937 NM_010467.1 Mm00439370_g1
Hoxd9 homeo box D9 738419 NM_013555.2 Mm00442840_m1
IgfbpS insulin-like growth factor binding protein 5 729395 NM_010518.1 Mm00516037_m1
Kif2 Kruppel-like factor 2 (lung) 709254 NM_008452.1 Mm00500486_g1
Klko6 Kallikrein 6 884776 NM_010639.5 Mm00834006_g1
Leftyl left right determination factor 1 378445 Mm00438615_m1
Lifr leukemia inhibitory factor receptor 844166 Mm00442940_m1
Mafb v-maf musculoaponeurotic fibrosarcoma oncogene family, protein B (avian) 373273 NM_010658.2 Mm00627481_s1
MMP2 matrix metalloproteinase 2 871400 NM_008610.2 Mm00439508_m1
Myc myelocytomatosis oncogene 819312 NM_010849.2 Mm00487803_m1
Nanog Nanog homeobox 593412 XM_132755 Mm02019550_s1
Notch4 Notch gene homolog 4 (Drosophila) 341143 NM_010244.2 Mm00440525_m1
Olfr1450 olfactory receptor 1450 652688 NM_146371.1 Mm00526458_s1
Olig3 oligodendrocyte transcription factor 3 420862 NM_053008.1 Mm02525085_s1
Pousfl POU domain, class 5, transcription factor 1 615439 NM_013633.1 Mm00658129_gh
Pramel6 preferentially expressed antigen in melanoma like 6 590714 NM_178249.2 Mm00626457_m1
Rabl5 RABI15, member RAS oncogene family 917261 NM_134050.2 Mm00513627_m1
Rhoj ras homolog gene family, member J 678861 NM_023275.1 Mm00502666_m1
Scmi2 sex comb on midleg-like 2 (Drosophila) 651398 NM_133194.2 Mm00453761_m1
Slamf9 SLAM family member 9 774433 NM_029612.2 Mm00504048_m1
Sox17 SRY-box containing gene 17 774026 NM_011441.2 Mm00488363_m1
Sox2 SRY-box containing gene 2 848340 NM_011443.2 Mm00488369_s1
Testvl 2-cell-stage, variable group, member 1 801958 NM_018756.2 Mm02525932_s1
Tert telomerase reverse transcriptase 568446 NM_009354.1 Mm00436931_m1
Tex12 testis expressed gene 12 919185 NM_025687.1 Mm00499441_m1
Timp2 tissue inhibitor of metalloproteinase 2 908795 NM_011594.2 Mm00441825_m1
Tnc tenascin C 915023 NM_011607.1 Mm00495662_m1
Tnfrsf9 tumor necrosis factor receptor superfamily, member 9 461834 NM_011612.1 Mm00440525_m1
Wnt6 wingless-related MMTYV integration site 6 590115 NM_009526.2 Mm00437351_m1

elimination of cancer stem cells is the eradication of their  of detection and treatment of both teratocarcinoma and
normal counterparts (19). Our comparison of a normal  other tumours.

stem cell and its malignant counterpart aims to overcome The most significant pathway represented in our data
this predicament and thus provide more effective methods  was that of oxidative stress, a mechanism that protects
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the cell from ageing and thus a property required by
stem cells to retain their enduring status within the body
(22). Ramalho-Santos et al. found a similar theme of
cells under stress in their comparisons of embryonic and
adult stem cells (16). Among the genes involved in the
oxidative stress response were the dual specificity
phosphatases (DUSPs), a subclass of protein tyrosine
phosphatases uniquely able to hydrolyse the phosphate
ester bond on both a tyrosine and a threonine or serine
residue on the same protein (23). The expression of
some of the DUSPs differs in cancer stem cells in our
study compared to the reported expression of these
molecules in other malignancies (24, 25). Indeed,
DUSPY has not been reported previously in malignancy.
DUSPs have also been investigated for their use as
antineoplastic agents as illustrated by Lyon et al. in
various cancer and Alzheimer’s disease (26). TGFp
signalling pathways were also found by Ramalho-Santos
et al. to have an important role in stem cells and again
this pathway was over-represented in our data (16).
TGFp signalling is involved in a wide range of cell fate
decisions and cellular processes (27). Apoptosis and
angiogenesis were also significantly over-represented in
our data and correlated with two of the hallmarks of
cancer as outlined by Hanahan et al. (28).

Genes involved in the extracellular matrix were found to
be over-represented in our dataset. Indeed, decorin is one of
the most down-regulated genes in our malignant population
compared to the normal mES population. Decorin is a
member of a family of small leucine-rich proteoglycans and
is involved in a number of cellular processes including matrix
assembly, fibrillogenesis and the control of cell proliferation
(29). Its expression has also been shown to be differentially
down-regulated in hepatocellular, lung and ovarian tumours.
Thus, this finding of reduced decorin expression in
malignancy is reaffirmed in our study.

Conclusion

We have found some of the typical pathways, biological
processes and molecular functions associated with
malignancy and included in the hallmarks of cancer in our
comparison of mES cells and teratocarcinoma stem cells.
However, many differences have been highlighted which
may be of potential significance in the search for novel
therapeutic strategies against cancer and the specific
targeting of the cancer stem cell.
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