
Introduction

Mammary cancer is the most common malignant
neoplasm in the bitch (Dorn et al. 1968). The an-
nual incidence in dogs is 3 times higher than in hu-
mans (MacEwen 1990). In both species,
metastases of mammary gland tumor to lungs or
lymph nodes are the main problem. Metastasis is a
final step in the progression of mammary gland

cancer, usually leading to death. The precise na-
ture of the metastases is still not clearly defined. It
has been suggested that metastases may arise from
a tumor progressing to a pre-malignant state with-
out any significant changes in gene expression
(Hynes 2003). Another hypothesis is that a metas-
tasis is an escape of carcinoma cells from the pri-
mary tumor (via lymphatic and blood vessels) to
the target organ (Wang et al. 2002). Fox and co-
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workers (1990) suggested that metastatic clones
are derived from one or more initial cells of the
primary tumor. Metastasis is also regarded as a ge-
netic evolution of the primary cancer, which sug-
gests that the gene expression pattern of a
metastatic tumor is different from that of the pri-
mary tumor.

Ramaswamy et al. (2003) suggested that the
molecular signature of metastasis, also termed the
metastatic gene signature, could be detected by
comparison of primary tumors with their
metastases. Kang et al. (2003) defined a “bone me-
tastasis signature”, by identifying genes responsi-
ble for metastasis in bones. They found
5 overexpressed genes that enhanced metastasis in
bones. Individual overexpression of any individ-
ual gene was insufficient to increase the metastatic
ability of the cancer, but overexpression of some
genes at the same time highly elevated the meta-
static potential of the primary tumor. Kakiuchi
et al. (2003) showed different patterns of gene ex-
pression of human small lung cell cancer in each
site of metastasis (lung, liver, kidney, bone), sug-
gesting that the metastatic signature is different in
each site.

There is no published data regarding the
transcriptomic portrait of metastases in dogs. This
is the first study undertaken to identify genes re-
sponsible for the metastasis of canine mammary
tumors to lungs. We compared the transcriptomic
profile of 2 adenocarcinoma cell lines isolated
from canine mammary tumors with cell lines iso-
lated from their metastases to lungs, by using
oligonucleotide microarrays.

Materials and methods

Media, reagents, glassware and plastics

Phosphate buffer saline (PBS), penicil-
lin-streptomycin, fungizone, and fetal bovine se-
rum (FBS) were obtained from Gibco BRL
(Gaithersburg, MD, USA), DAPI from Invitrogen
(USA), monoclonal antibodies against Bcl-2 from
Dako Cytomation (Denmark), while RPMI 1640
medium, 7-amino-actinomycin D (7AAD),
camptothecin (CPT) and all the other reagents
were obtained from Sigma Aldrich (St. Louis,
MO, USA). Sterile conical flasks, 4 and
8-chamber culture slides (Lab-Tek), 24-chamber
culture plates, sterile cell scrapers, and sterile dis-
posable pipettes were purchased from Nunc Inc.
(Naperville, IL, USA).

Cell lines and cell culture

The cell lines used in this study were isolated from
mammary adenocarcinomas (CMT-W1 and
CMT-W2) or their metastases to lungs
(CMT-W1M and CMT-W2M, respectively) of
2 bitches. The epithelial origin of all these cells
was confirmed by immunohistochemical evalua-
tion. The expression of cytokeratin, vimentin,
muscle actin, S100, and p63 proteins was mea-
sured (data not shown). The pathological and
immunohistochemical examination was based on
WHO classification.

Cells were cultured in optimal conditions:
RPMI-1640 medium enriched with 10% (v/v)
heat-inactivated FBS, penicillin-streptomycin
(50 iU/mL), and fungizone (2.5 mg mL–1), in an at-
mosphere of 5% CO2 and 95% humidified air, at
37°C, and routinely subcultured every second day.
The detailed methods of canine mammary cancer
cell culturing were as described in our previous
publication (Król et al. 2009).

Induction of apoptosis and immunofluorescence

staining for cytometry

The test of cell culture exposure to camptothecin
(CPT) was applied to examine cell susceptibility
to apoptosis. CPT is an inhibitor of DNA
topoisomerase I and is used as an anticancer drug.
This method and CPT doses were described in our
previous study (Król et al. 2009).

Exponentially growing cells were seeded on
Lab-Tek 4-chamber culture slides and cultured for
24 h. For apoptosis induction the medium was then
removed and replaced with a medium containing
0.3 µg mL–1 CPT for 1, 6, 9 and 12 h (cells cul-
tured in 10% FBS medium without CPT were used
as a control; 4 replicates were performed).

Cells were fixed in 0.25% formaldehyde for
15 min, washed twice with PBS, suspended in
ice-cold 70% methanol, and maintained at 4°C for
30 min. Finally, methanol was aspirated and sam-
ples were stored at –80°C until staining. For
antiapoptotic potential measurement, cells were
washed twice with PBS, and incubated in the dark
for 30 min with fluorescein isothiocyanate
(FITC)-conjugated anti-Bcl-2 antibodies diluted
1:100 with PBS. The Bcl-2 protein is commonly
known as the main antiapoptotic factor, and its
overexpression in cancer cells ensures resistance
to chemotherapy. The Bcl-2 content was com-
pared in all examined cancer cell lines, by using
FITC-conjugated anti-Bcl-2 antibody and calcu-
lating mean Bcl-2-related fluorescence in a
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Scan^R screening station. After incubation the cells
were washed twice with PBS and then incubated
with a 5-�g mL–1 solution of 7-aminoactinomycin D
(7AAD) in PBS containing 2% FCS, 0.1% sodium
azide, and 0.3% saponin for 10 min in the dark to
counterstain DNA. Coverslips were mounted on
microscope slides by using an ICN mounting me-
dium (ICN Biomedicals Inc, Aurora, OH, USA).

Cytometry

The slides were examined using a Scan^R screen-
ing station (Olympus Optical Co., Germany), the
modular microscope-based imaging platform de-
signed for fully automated image acquisition and
data analysis of biological samples and analysis
software (Olympus Scan^R software for screening
applications). Numbers of apoptotic cells and of
cells in each phase of cell cycle were examined
based on the cytograms. Simultaneous visualiza-
tion of each cell ensured the proper classification
(DNA content and morphology). Scan^R analysis
was also performed to measure Bcl-2-related fluo-
rescence. Digital images were processed using
Adobe Photoshop software.

DNA ploidy analysis

DNA ploidy was analyzed as described by
Darzynkiewicz et al. (1994). The canine mam-
mary tumor cells were stained with DAPI. Canine
lymphocytes were used as an external DNA stan-
dard and run in parallel with the sample. In each
sample, 105 cell nuclei were analyzed with a
FACSC Vantage flow cytometer (Becton
Dickinson Sunnyvale, CA). The DNA index (DI)
is a value given to express the amount of DNA
content relative to normal and is a ratio of mean or
modal channel no. of DNA aneuploid G0G1 peak
to mean or modal channel no. of DNA diploid
G0G1 peak. A DNA diploid population (G0/G1) is
given a DI of 1.00 ±10% by definition. Amounts
of DNA greater than 2n are termed “hyperdiploid”
or “hyperploid”.

RNA isolation and validation

CMT-W1, CMT-W1M, CMT-W2, and
CMT-W2M cells were cultured until 90% conflu-
ence. The medium was next removed and replaced
with PBS. Cells were scraped and the total RNA
from the cell suspension samples was isolated us-
ing a Total RNA kit (A&A Biotechnology, Po-
land) according to the manufacturer’s protocol.
Isolated RNA samples were dissolved in
RNase-free water. The quantity of isolated RNA
was measured using NanoDrop (NanoDrop Tech-

nologies, USA). The samples with adequate
amounts of RNA were treated with DNaseI to
eliminate DNA contamination. The samples were
subsequently purified using RNeasy MiniElute
Cleanup Kit (Qiagen, Germany). Finally RNA
samples were analyzed on a BioAnalyzer
(Agilent, USA) to measure final RNA quality and
integrity.

Probe labeling and hybridization

For each microarray slide, the total RNA (20 µg)
of each cell line was reverse-transcribed using Su-
perScript Plus Indirect cDNA Labeling kit
(Invitrogen, USA) according to the manufac-
turer’s protocol. Nucleotides, labeled with Cy5
dye in one probe, and Cy3 dye in another probe
(Perkin Elmer, USA), were used for the synthe-
sized single-strand cDNA. The efficiency of dye
incorporation was measured using NanoDrop
(NanoDrop Technologies, USA). For each slide,
the RNA of cells from different passages was
used.

Before hybridization, dog-specific oligo-
nucleotide microarray slides Canis familiaris
V1.0.1 AROS (Operon, USA) with 25 383 probes
were prepared according to the manufacturer’s
protocol. The hybridization mixture contained hy-
bridization buffer and Cy3/Cy5-stained nucleic
acid of CMT-W1/CMT-W1M in the first experi-
ment and Cy3/Cy5-stained nucleic acid of
CMT-W2/CMT-W2M in the second experiment.
Three replicates of each experiment (CMT-W1 vs
CMT-W1M and CMT-W2 vs CMT-W2M) were
performed. Hybridization was performed using
automatic hybridization station HybArray12
(PerkinElmer, USA).

Hybridization signal detection, quantification

and analysis

The acquisition and analysis of hybridization in-
tensities was performed using the microarray
scanner ScanArray HT and ScanExpress software
(PerkinElmer, USA). Different types of values
were obtained for quantification of dot intensity.
Due to experimental variations in the specific ac-
tivity of oligonucleotide target preparations or ex-
posure time that might alter the signal intensity,
data from different hybridizations were automati-
cally normalized (LOWESS method), (Oshlack
et al. 2007) by ScanExpress software. The average
ratio of 3 slides was calculated.

Real-time PCR

Primers were designed using PRIMER3 software
(Table 1). The HPRT gene was used as the
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non-regulated reference gene for the normaliza-
tion of target gene expression (Brinkhof et al.
2006; Etschmann et al. 2006). Quantitative
real-time PCR was performed using fluorogenic
SYBR Green and the Sequence Detection System
Fast 7500 (Applied Biosystems). Data analysis
was carried out using the 7500 Fast System SDS
Software Version 1.4.0.25 (Applied Biosystems).
Relative transcript abundance of a gene is ex-
pressed in ÄCt values (ÄCt = Ctreference – Cttarget).
Relative changes in transcript are expressed as
ÄÄCt values (ÄÄCt = ÄCtlung – ÄCtmammary gland).
The fold change in expression of the target gene
was estimated as 2ÄÄCt. The estimated fold change
for each gene was compared with the same estima-
tion from the microarray analysis.

Statistical analysis

Results were statistically analyzed using the
ANOVA and Tukey multiple-range tests and a
standard t-test with Prism version 3.00 software
(GraphPad Software, USA) and Microsoft Excel
2003; differences between means were regarded
as significant at P � 0.05.

The microarray data were analyzed with SAM
software (Statistical Analysis of Microarrays;
Stanford University, USA). The list of genes sig-
nificantly differing in expression was generated
with a false discovery rate (FDR) of < 5%, which
is sufficient for reliable microarray analysis
(Tusher et al. 2001; Rao et al. 2008; Rao et al.
2009). To perform further analysis we chose genes
whose expression changed at least 1.5 fold in each
of 3 examined slides and identified the gene func-
tion by using the NCBI database, PANTHER
pathway analysis software (Mi et al. 2005), and
Architect Pathway software (Stratagene, USA).

Results

Analysis of ploidy, cell cycle, and apoptosis in

CMT-W1/CMT-W1M and CMT-W2/CMTW-

2M cell lines

Examination of ploidy (Figure 1) revealed that one
cell line was tetraploid (CMT-W2: 4n), one cell
line was near-tetraploid (CMT-W2M: near 4n),

and the other cell lines were aneuploids
(CMT-W1: 7.5n; CMT-W1M: 4.5n). Both meta-
static cell lines had lower DNA indexes than their
primary tumors. The mean G1 peak values for leu-
kocyte DNA, CMT-W1, CMT-W1M, CMT-W2,
and CMT-W2M were 108, 407, 242, 219, and 204,
respectively. The DNA indexes (DI) were: 7.5,
4.5, 4.0, 3.8 in CMT-W1, CMT-W1M, CMT-W2,
and CMT-W2M, respectively. The CV value (co-
efficient of variation) was < 5%.

Cytometric analyses revealed significant dif-
ferences in the cell cycle and apoptosis between
examined cells. The cell cycle evaluation in the
CMT-W1 cell line showed an average of 53%,
14%, and 27% of cells in the G1, S and G2M

phases, respectively (Figure 2a). The metastatic
CMT-W1M cell line showed a significant
(P < 0.05) decrease in the number of cells in the
G1 phase (36%) and an increase in the number of
cells in the G2M phases (42%). This was also seen
in the second pair: CMT-W2 and CMT-W2M
(Figure 2 b). In cell line CMT-W2, the percent-
ages of cells were: 59 in G1, 9 in S, and 26 in G2M
phases; in cell line CMT-W2M, the percentages of
cells were: 50 in G1, 8 in S, and 30 in G2M phases.
The number of cells undergoing spontaneous
apoptosis was significantly higher in both meta-
static cell lines (9% in CMT-W1M and 12% in
CMT-W2M) than in the primary mammary
adenocarcinoma cell lines CMT-W1 and
CMT-W2 (6% in both cases) (Figure 2a–b).

Expression of Bcl-2 and susceptibility to

CPT-induced apoptosis in examined cell lines

Bcl-2 histograms clearly showed higher
Bcl-2-related fluorescence in the primary mam-
mary adenocarcinoma cells, compared to their
metastases (Figure 3). The mean fluorescence in-
tensities of Bcl-2 in the CMT-W1 and CMT-W1M
lines were: 96 U.fl. and 84 U.fl., respectively,
whereas measurements of the same parameter in
the CMT-W2 and CMT-W2M lines were: 85 U.fl.
and 39 U.fl., respectively. The galleries of cells re-
located from the histograms confirmed more in-
tensive Bcl-2-related green fluorescence in the
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Table 1. Primers used in this study

Target gene Forward primer Reverse primer Optimum annealing

temp. (oC) time (s)

HPRT AGCTTGCTGGTGAAAAGGAC TTATAGTCAAGGGCATATCC 59 5

GHSR TTCCACGTGGGGCGATATTTATT TGGCAGCACTGAGGTAGAAGAGG 59 5



primary mammary gland tumor cells than in the
metastatic cells (Figure 3).

The number of apoptotic cells before CPT ad-
ministration was significantly higher in both meta-
static cell lines, compared with the primary cell
lines (Figure 4), which confirms results presented
in Figure 2. CPT induced progressive, significant
increases in the number of apoptotic cells in each
cell line, although more so in the metastatic cell
lines. The highest number of apoptotic cells was
observed in the metastatic CMT-W2M cell line,
reaching 18.4% after 12 h of exposure to CPT. The
average number of apoptotic cells in the other met-
astatic cell line (CMT-W1M) was 14% after 12 h
of incubation with CPT. The number of apoptotic
cells in the primary CMT-W1 and CMT-W2 lines
increased to 14.9% and 11.7%, respectively, after
12 h of exposure to CPT (Figure 4). This experi-
ment was repeated 4 times.

Transcriptomic signature of lung metastases

originating from canine mammary

adenocarcinoma

Thanks to the comparison of transcriptomic pro-
files of the studied cell lines, 104 up-regulated and
21 down-regulated genes were identified in the
metastatic CMT-W1M cell line in comparison
with its primary tumor cells (CMT-W1). A similar
effect was observed in the second pair of cell lines:
83 genes were up-regulated and 25 down-regu-
lated in the metastatic cell line CMT-W2 com-
pared with the primary tumor cells (CMT-W2M).
Down-regulated genes in both metastatic cell lines
were mainly involved in signal transduction, im-
munity, defense, and developmental processes
(Figure 5). The majority of up-regulated genes in
the metastatic cell lines were involved in
apoptosis, signal transduction, developmental pro-
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Figure 1. Comparison of histograms used to establish DNA ploidy of examined cell lines: leukocytes (a); CMT-W1
cells (b); CMT-W1M cells (c); leukocytes (d); CMT-W2 cells (e); CMT-W2M cells (f), representative of 4 independent

experiments. The arrow points to the G1 peak.



cesses, cell structure and motility, cell adhesion,
cell cycle control, intracellular protein traffic, pro-
tein metabolism and modification, and nucleoside,
nucleotide and nucleic acid metabolism (Fig-

ure 5). The up-regulated genes in the metastatic
cell lines were mainly involved in the following
cellular pathways: angiogenesis, cytoskeletal reg-
ulation by Rho GTPase, G-protein signaling path-
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Figure 2. Comparison of cell cycle phases (G1, S, G2M) and spontaneous apoptosis (A) of CMTW1 vs CMT-W1M (a)
and CMT-W2 vs CMT-W2M (b) cell lines cultured in optimal conditions for growth. Results are means ± SD (N = 4).

Asterisks denote significant differences (P � 0.05).

Figure 3. Comparison of histograms and galleries of CMT-W1 and CMT-W1M (a) and CMT-W2 and CMT-W2M (b)
cells labeled with FITC-conjugated anti Bcl2 antibody (green fluorescence). DNA was stained with 7-AAD (red

fluorescence), representative of 4 independent experiments.



43

Figure 4. Numbers of apoptotic cells (%) in CMT-W1 and CMT-W1M (a) and CMT-W2 and CMT-W2M (b) cell
cultures before and 1, 6, 9 and 12 h after camptothecin (CPT) administration (0.3 µg/ml). Results are means ± SD (N = 4).

Means for the same cell line, which differ significantly (P � 0.05), are marked with different letters.

Figure 5. Classification of up- and down-regulated genes in metastatic cell lines CMT-W1M (a) and CMT-W2M (b),
according to their involvement in biological processes (based on the PANTHER Database, www.pantherdb.org)
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Table 2. Characteristics of up-regulated genes common to both metastatic cell lines: CMT-W1M and CMT-W2M (up-regulated in comparison to the primary tumor cells). The

list of genes was created with SAM software analysis (FDR < 5%). The biological processes and molecular functions of the genes are based on the PANTHER database

(www.pantherdb.org). Fold change results are means (N = 3).

Gene symbol Gene name Molecular function Biological process Fold change

CMT-W1M CMT-W2M

ALX4 aristaless-like homeobox 4 homeobox transcription factor; other
DNA-binding protein

mRNA transcription regulation; segment specification;
neurogenesis

2 1.67

ARFGAP1 ADP-ribosylation factor GTPase activating protein 1 nucleic acid binding; other G-protein mod-
ulator

G-protein-mediated signaling; cell adhesion; cell struc-
ture and motility

2.63 1.69

DIAPH1 diaphanous homolog 1 (Drosophila) non-motor actin-binding protein cell motility 1.6 1.72

FSCN1 fascin homolog 1, actin-bundling protein
(Strongylocentrotus purpuratus)

non-motor actin-binding protein oncogenesis; cell motility 1.92 1.72

GHSR growth hormone secretagogue receptor G-protein coupled receptor G-protein-mediated signaling 2 1.9

NKG7 natural killer cell group 7 sequence unclassified natural killer-cell-mediated immunity; apoptosis 1.85 1.67

PLD2 phospholipase D2 phospholipase phospholipid metabolism; signal transduction 1.5 1.54

POLR2F polymerase (RNA) II (DNA directed) polypeptide F DNA-directed RNA polymerase general mRNA transcription activities 1.5 1.79

POU6F2 POU domain, class 6, transcription factor 2 homeobox transcription factor mRNA transcription regulation; developmental pro-
cesses

1.89 1.89

RASSF1 Ras association (RalGDS/AF-6) domain family,
member 1

other G-protein modulator signal transduction; apoptosis 1.5 1.89

SFRP4 secreted frizzled-related protein 4 unclassified unclassified 2.32 1.67

SMOC2 SPARC related modular calcium binding 2 other select calcium-binding proteins unclassified 2 1.5

SNX15 sorting nexin 15 amino acid transporter amino acid transport; intracellular signaling cascade;
transport

2.38 1.67

WDR74 WD repeat domain 74 calmodulin-related protein; annexin unclassified 1.73 1.67

WNT7B wingless-type MMTV integration site family, mem-
ber 7B

other signaling molecule ligand-mediated signaling; developmental processes 1.89 1.5



way, integrin signaling pathway, Parkinson
disease pathway, and Wnt signaling pathway.
Among the up-regulated genes we found 15 genes
common to both metastatic cell lines (Table 2).
These genes were involved mainly in signal
transduction (ARFGAP1, SNX15, GHSR, WNT7B,
RASSF1), cell motility and structure (DIAPH1,
FSCN1, ARFGAP1), developmental process
(WNT7B, POU6F2), and apoptosis (NKG7,
RASSF1) (Figure 6).

The significantly higher expression of GHSR
in both metastatic cell lines CMT-W1M and
CMT-W2M compared to the primary cell lines
CMT-W1 and CMT-W2 was confirmed using
real-time PCR (Figure 7). In our opinion GHSR
is the most important factor involved in metasta-
sis.

Discussion

Several papers describing transcriptional studies
in canine mammary gland tumors (Rao et. al.
2008; Król et al. 2009; Paw³owski et. al. 2009;

Rao et. al. 2009) have been published, but to the
best of our knowledge this is the first report de-
scribing the transcriptomic signature of canine
cancer metastatic cells. The phenotypic differ-
ences between primary mammary adeno-
carcinomas and their metastases were shown by
the comparison of their DNA index (ploidy) and
cell cycle parameters (Figures 1 and 2), expression
of the main antiapoptotic protein Bcl-2 (Figure 3),
and the cancer cell response to apoptotic stimulus
(Figure 4). Generally, both primary mammary tu-
mor cell lines CMT-W1 and CMT-W2 showed a
higher antiapoptotic potential as well as a higher
DNA index, and a lower rate of spontaneous and
induced apoptosis than their metastatic
CMT-W1M and CMT-W2M cell line counter-
parts. Korczak et al. (1988) compared the ploidy
of metastases with the primary tumor of origin,
and showed considerable variation. Thus
metastases may derive from different initial meta-
static cells. This supports the hypothesis that tu-
mor populations evolve and cells with metastatic
potential may be similar to, but in some cases dif-
ferent from, cells in the primary tumor. Fox et al.
(1990) also suggested that metastases frequently
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Figure 6. Classification of up-regulated genes common to both metastatic cell lines CMT-W1M and CMT-W2M,
according to their involvement in biological processes (based on the PANTHER Database, www.pantherdb.org).

Figure 7. Comparison of GHSR expression in metastatic CMT-W1M and CMT-W2M cell lines to CMT-W1 and
CMT-W2 primary cell lines (fold change) in microarray experiments and real-time PCR (N = 3). The fold change was

significantly different at P < 0.05



derive from a specific and unique subpopulation
of the primary tumor that has undergone genetic
changes. They suggested that these genetic
changes may be accompanied by phenotypic
changes. However, in later experiments,
Gruvberger-Saal et al. (2004) showed that tumor
ploidy is not directly correlated to any specific
molecular characteristic and hence has no specific
stereotypic gene expression profile. Why was it
difficult to find a unique gene expression profile
for all nondiploid tumors? Those authors sug-
gested that nondiploid tumors gain and lose chro-
mosomes but that all changes do not follow the
same pattern; therefore, the effects of aneuploidy
on gene expression are diverse. Their hypothesis
agrees with our own results, because we could not
find any ploidy-specific gene expression. Lu and
coworkers (2007) examined gene expression in
non-neoplastic hepatic cells with different ploidy.
They also did not find any major changes of gene
expression patterns between hepatocytes of differ-
ent ploidy. In our opinion it would be worthwhile
to investigate why metastatic cells loose their
chromosomes during the metastatic process.

The phenotypic differences and, correspond-
ingly, the differences in gene expression between
mammary cancer cells and their metastases to the
lungs, may be in some parts caused by sequential
steps in the metastatic process, which include in-
vasion through the extracellular matrix,
intravasation, survival in the circulation,
extravasation into a distant site, and progressive
growth at that site (Tarin et al. 1984; Fidler et al.
1973; Cameron et al. 2000). There is an observa-
tion that metastatic cells show tissue tropism,
meaning that they prefer to grow in specific organs
in a way that cannot be explained by circulatory
patterns alone. In breast cancer, which is the mat-
ter of our special interest, metastasis usually af-
fects bones and lungs, and less frequently the liver
or brain. Although the genetic basis of these meta-
static properties is poorly understood, the ability to
complete each step involved in metastasis is prob-
ably caused by the activation of specific cellular
pathways or genetic mutations in the evolution of
the primary tumor (Fidler et al. 2003). Con-
sidering that in each site of metastasis (lung, liver,
kidney, bone) the gene expression is different
(Weigelt et al. 2003; Kakiuchi et al. 2003), the spe-
cific “organ-target” gene expression profiles can
be defined. It is possible that whole metastatic
gene signatures or their elements may have a func-
tion in primary tumor growth. Minn et al. (2005)
provided further evidence for this hypothesis, with
the finding that cell lines expressing the lung met-

astatic signature are more tumorigenic when ex-
perimentally injected into the mammary glands of
mice. Despite promoting growth in mammary
glands and in lungs, these genes are not general
mediators of neoplastic growth. It is also impor-
tant that the microenvironment of a distant metas-
tasis specific to a given organ does not influence
the overall gene expression profile (Weigelt et al.
2003).

Consistently with the hypotheses mentioned
above, we found more up-regulated genes in
“evolved” metastatic cells than in the “more prim-
itive” primary cells. Thus, we suppose that these
differences are linked to the specific “tar-
get-organ” gene expression signature and are not
linked to the specific conditions that are in the
place where new tumors develop. A comparison of
the numbers of up- and down-regulated genes in-
volved in biological processes in the metastatic
CMT-W1M cell line showed significant differ-
ences. The most important differences concerned
the number of genes involved in RNA/DNA me-
tabolism (1 down-regulated gene and 24
up-regulated genes), signal transduction (2 down-
regulated genes and 24 up-regulated genes), de-
velopmental process (2 down-regulated genes and
13 up-regulated genes), and cell structure and mo-
tility (1 down-regulated gene and 9 up-regulated
genes).

Comparison of the numbers of up- and
down-regulated genes involved in the other meta-
static CMT-W2M cell line showed similar differ-
ences to those in the CMT-W1M cell line. The
most important differences concerned the number
of genes involved in RNA/DNA metabolism
(1 down-regulated gene and 14 up-regulated
genes), signal transduction (3 down-regulated
genes and 21 up-regulated genes), developmental
processes (2 down-regulated genes and 11
up-regulated genes), and cell structure and motil-
ity (1 down-regulated gene and 5 up-regulated
genes). A difference in expression of the genes in-
volved in cell adhesion was also observed
(1 down-regulated gene and 5 up-regulated
genes). The listed biological functions are very
important in the metastatic cascade.

Table 2 shows that 15 up-regulated genes are
common to both metastatic cell lines. They are in-
volved in various biological processes (Figure 6).
The main functions of these genes are: signal
transduction, developmental processes, and nu-
cleic acid metabolism. As many as 4 of the 15
genes are involved in cell motility, cell structure,
and adhesion. These processes allow metastatic
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cell invasion through extracellular matrix,
intravasation, survival in the circulation, and
extravasation into a distant site. Three of the 15
up-regulated genes common to both of the meta-
static cell lines (CMT-W1M and CMT-W2M) are
involved in the process of apoptosis and
oncogenesis.

A few of the 15 common up-regulated genes
were the subject of our special interest. The
growth hormone secretagogue receptor (GHSR) is

one of the most important candidates for a meta-
static signature gene. The essential role of growth
hormone (GH) in breast carcinogenesis has previ-
ously been described (Mol et al. 1995; Gil-Puig
et al. 2002) and demonstrated in our study on the
canine mammary carcinoma (Król et al. 2009).
Ghrelin is an internal ligand to the GHSR, increas-
ing GH secretion (Jeffrey et al. 2005). Ghrelin has
been described as a carcinogenic factor in breast
cancer by stimulating cell proliferation via an
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Figure 8. Involvement of identified “metastatic” genes in cellular pathways (scheme elaborated using Pathway Architect
software, Stratagene, Agilent Technologies, USA). Arrows with symbol (+) indicate stimulation, while arrows with
symbol (-) indicate inhibition. Gh = growth hormone; PRL = prolactin; EPO = erythropoietin; HNF4A = hepatocyte
nuclear factor 4 alpha. The genes up-regulated in both metastatic CMT-W1M and CMT-W2M cell lines are marked in

yellow-green boxes.



autocrine or paracrine mechanism. Jeffrey et al.
(2005) were first to report a totally different ex-
pression of the GHSR in normal breast tissue and
in tumor tissue. Dexbury et al. (2003) described
how ghrelin treatment increases the proliferative,
migratory, and invasive potential of pancreatic
cancer cells. The mechanism underlying ghrelin-
induced proliferation in breast cancer is unknown,
although it is likely to act by stimulating the
mitogen-activated protein kinase pathway
(overexpressed also in the CMT-W1M cell line).
Jeffrey et al. (2005) suggest that blockade of the
ghrelin axis may have some therapeutic benefits.

In humans, Agathanggelou et al. (2005) de-
scribed another up-regulated gene common to
both the CMT-W1M and CMT-W2M cell lines:
the Ras association (RalGDS/AF-6) domain fam-
ily member 1 gene (RASSF1A). Expression of
RASSF1A in tumor cell lines decreased in vitro
colony formation and in vivo tumorigenicity. It
can induce apoptosis and also stabilize
microtubules, which enhances the metastatic po-
tential. Proteins of the Ras family are closely re-
lated to the Arf protein family. Two families of
GTP-binding proteins within the Ras super family,
Rho and Arf, are involved in both actin and mem-
brane remodeling by increasing cell adhesion, mo-
tility, and invasion.

Secreted modular calcium-binding protein
(SMOC-2) is a factor of unknown function. It has
been described as a factor promoting G1/S pro-
gression in the cell cycle and as a factor required
for efficient DNA synthesis in response to PDF
and other growth factors (Liu et al. 2008). It is an
open question whether or not SMOC-2 expression
is deregulated in diseases involving aberrant cell
proliferation, such as cancer. Potentially, a failure
to appropriately down-regulate SMOC-2 results in
overexpression and may contribute to malignancy.
Although a role for SMOC-2 in tumorigenesis has
not been tested, it is possible that aberrant
SMOC-2 overexpression could promote the
growth of tumor cells, particularly those that are
dependent on mitogenic growth factors, such as
PDGF (Liu et al. 2008).

Lee et al. (2004) showed that transcription of
the secreted frizzled-related protein 4 sFRP pro-
tein family (SFRP4) is frequently down-regulated
in human neoplasms. They also showed that a
higher level of SFRP4 results in growth suppres-
sion and apoptosis in cell lines.

Minn et al. (2005) described fascin homolog 1
actin-binding protein (FSCN) as one of the genes
responsible for breast cancer metastasis to the
lungs. Tumor metastasis depends on cell adhesive-
ness, motility, and deformability, resulting from

the quantitative alterations and rearrangement of
various actin-binding cytoskeletal components,
such as cortactin and fascin (Li et al. 2008).

A download of the list of the 15 up-regulated
genes common to both metastatic cell lines to the
Pathway Architect software revealed a close cellu-
lar correlation between 7 of their products (Fig-
ure 8). GHSR, which is the focus of our main
interest, acts in the negative feedback loop with
SFRP4. It stimulates prolactin, but it induces
SFRP4 to decrease levels of PO4

3–, with a result-
ing overall inhibition of GHSR. GHSR also stimu-
lates GH secretion. GHSR stimulates POLR2F
(via EPO) and ARFGAP1, as well as FSCN1 via
GH. ARFGAP1 stimulates both ALX4 and
RASSF1 via GTP-ase. The role of GHSR,
RASSF1, FSCN1 and SFRP4 in mammary cancer
and its metastases was outlined above, but the
function of products of the other identified genes
remains unknown.

Results of this study and the relevant literature
enable us to conclude that the GH-GHSR axis may
play an essential role in the metastasis of mam-
mary cancer cells to the lungs, either alone or in
conjunction with the other up-regulated genes.
However, this hypothesis needs further investiga-
tion.
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