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Purpose: Ovarian cancer (OvCa) progression mainly takes place by intraperitoneal spread. Adhesion of
tumor cells to the mesothelial cells which form the inner surface of the peritoneum is a crucial step in
this process. Cancer cells use in principle different molecules of the leukocyte adhesion cascade to
facilitate adhesion. This cascade is initiated by selectin-ligand interactions followed by integrin -
extracellular matrix protein interactions. Here we address the question whether all tumor cells pre-
dominantly employ selectin-dependent leukocyte-like adhesion cascade (SDAC) or whether they use
integrin mediated adhesion for OvCa progression as well.
Methods: A comparative transcriptomic analysis of the human OvCa cell lines OVCAR8 and SKOV3 was
performed. Intraperitoneal xenograft model of OVCAR8 cells was used to determine whether there is a
correlation between SDAC gene expression and the metastatic potential of the control cells and the cells
overexpressing c-Fos. Transcriptomic analysis of OVCAR8 and SKOV3 samples was performed using
microarrays.
Results: One-third of the protein-coding genes involved in SDAC exhibited lower expression levels in
OVCAR8 than in SKOV3 cells. In contrast to SKOV3 cells, c-Fos overexpression in OVCAR8 cells did not
significantly influence the expression of SDAC genes. Intraperitoneal xenograft model of OVCAR8 cells
unexpectedly demonstrated that the aggressiveness of OVCAR8 tumors was not depended on the c-Fos
expression level and was comparable to that of SKOV3 control tumors. Gene expression analysis of tu-
mors suggests that SKOV3-derived tumor progression was mainly depended on SDAC. Progression of
OVCAR8 tumors relied on other cell adhesion molecules that do not interact with selectins.
Conclusions: High expression of c-Fos in ovarian cancer cells is not always associated with reduced
metastatic potential. Low expression level of SDAC genes may not ensure low OvCa metastatic potential
hence alternative adhesion mechanisms involving laminin-integrin interactions exist as well.

© 2017 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction

The E- and P-selectin-dependent leukocyte-like adhesion
cascade (SDAC) of tumor cells is considered a standard mechanism
of extravasation during metastasis formation [1e4]. The cascade is
divided into three sequential steps. The first step is the capturing
and rolling of tumor cells on the endothelial surface. The second
step is cellular arrest and tight attachment to the endothelial cells.
The third step is diapedesis or abrogation of endothelial integrity
and active transmigration through the endothelial barrier into the
aire (SFBBM). All rights reserved.
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tissues. The first and most crucial step is mainly mediated by
selectins [1,5e7]. Selectins are a family of transmembrane cell
adhesion glycoproteins. While stimulated endothelial and meso-
thelial cells express E- and P-selectins, tumor cells express their
respective ligands [4,8,9]. Although other cell adhesion molecules
such as integrins, cadherins, and galectins are also involved in tu-
mor cell adhesion, selectins are still regarded as themost important
molecules for the first step of the adhesion cascade. Ovarian cancer
progression mainly occurs by intraperitoneal metastasis facilitated
by the circulation of peritoneal fluid [10]. As in the case of hema-
togenous metastasis, one of the most crucial steps of the process is
an attachment of tumor cells to the peritoneal mesothelium. Po-
tential mechanisms may include binding of tumor cells both to
selectins [9] and to extracellular matrix proteins expressed on the
surface of human peritoneal mesothelial cells via integrins [10e12].
Whether all tumor cells employ solely selectin-dependent adhe-
sion to metastasize or whether additional cell adhesion molecules
play an important role is not yet clearly defined.

High expression of the transcription factor с-Fos, a known
oncogene, is associated with good prognoses in ovarian cancer
(OvCa) patients [13]. We recently showed that one possible reason
for the good prognosis is a change in tumor cell adhesion properties
[15]. Thus, stable c-Fos overexpression in the human OvCa cell lines
SKOV3 and OVCAR8 is associated with reduced adhesion of both
types of OvCa cells to extracellular matrix components and E-
selectin as well as to mesothelial and endothelial cells in in vitro
assays. Compared with control SKOV3 cells c-Fos overexpression in
SKOV3 cells transplanted in an intraperitoneal xenograft model
leads to higher overall survival of the mice, a decrease in the
number of circulating tumor cells (CTCs), and inhibition of tumor
growth and lung metastasis formation [15].

In the present study, we investigated the influence of c-Fos
overexpression on the transcriptome and the in vivo metastatic
potential of OVCAR8 cells in comparison with similar previously
obtained data for SKOV3 cells. The comparative transcriptomic
analysis of OVCAR8 and SKOV3 cells revealed that in cultured
control OVCAR8 cells one-third of the SDAC genes exhibit lower
expression levels as compared to that in cultured control SKOV3
cells. In contrast to SKOV3, c-Fos overexpression in OVCAR8 cells
does not significantly influence expression of the SDAC genes; the
levels of these genes in OVCAR8 cells overexpressing c-Fos are
similar to those of control OVCAR8 cells. We used an intraperitoneal
xenograft model of OVCAR8 cells to determine whether there was a
correlation between the SDAC gene expression and the metastatic
potential of the OvCa cells with and without c-Fos overexpression.
We showed that the aggressiveness of OVCAR8-derived tumors is
not dependent on the c-Fos expression level and is comparable to
that of SKOV3 control tumors. Our results suggest that OvCa cells
might use a selectin-independent mechanism of the initial
attachment to peritoneal mesothelium.
2. Materials and methods

2.1. Cell lines

All cells derived from the human OvCa cell line OVCAR8 were
cultivated as described in Ref. [11,14]. Stable clones overexpressing
c-Fos were generated as described in Ref. [15] by performing
transfections with the plasmid c-Fos-pIRES-P containing the full-
length c-Fos cDNA cloned in the bicistronic vector pIRES-P. Trans-
fectants with the empty vector were used as negative controls. The
differences in c-Fos expressionwere confirmed bywestern blotting.
For the following xenograft experiment, OVCAR8-c-Fos and
OVCAR8-pIRES-P (OVCAR8-NC, negative control) cells were used.
2.2. Intraperitoneal xenograft mouse model

Animal experiments were conducted according to the UKCCR
guidelines for the welfare of animals in experimental neoplasia
[16]. For injection into SCID mice, OVCAR8-NC and OVCAR8-c-Fos
cells were suspended in RPMI medium at a concentration of 5 х
106 ml�1. A total of 200 ml of that suspension was injected into the
peritoneal cavity of female mice (10 animals per group). Mice that
showed strong signs of tumor progression (ascites, shaggy coat and
loss of appetite [16]) were sacrificed. Primary tumors were
removed, weighed and processed for histological analysis, RNA
isolation, and protein isolation. Peritoneal metastases were excised,
counted, frozen or formalin fixed, and embedded in paraffin. Right
lungs were excised en bloc and prepared for histological analysis;
left lungs were subjected to DNA isolation. Bone marrow samples
were obtained by flushing the left femora with 1 ml of 0.9% NaCl.
The bone marrow suspension and 200 ml of blood were also sub-
jected to DNA isolation.

2.3. DNA extraction and real-time PCR for the detection of
circulating and disseminated tumor cells

DNA was extracted from 200 ml of murine blood using the
QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany). For DNA
isolation from murine bone marrow and lungs, the QIAamp DNA
Mini Kit (Qiagen, Hilden, Germany) was used according to the
manufacturer's instructions. A standard range with a 10-fold dilu-
tion of extracted DNA from 1 � 106 cultured OVCAR8 cells to one
cell was established. Control samples were isolated from mice
without injected tumor cells. To quantify human tumor cells by
real-time polymerase chain reaction (PCR), established primers
specific for human ALU sequences were used as described in
Ref. [17]. Analyses were performed in triplicate and in at least two
independent experiments for each sample.

2.4. RNA isolation and cDNA microarray analysis

Approximately 50mg of flash-frozen OVCAR8 control and c-Fos-
overexpressed primary tumor tissue was used. RNA isolation and
quality controls were performed as described in Ref. [18]. The RNA
integrity number (RIN) values ranged from 6.8 to 8.7. Procedures for
cDNA synthesis and labelling were carried out according to the
Ambion WT Expression Kit (Life Technologies, Darmstadt, Ger-
many) using 500 ng of total RNA as the starting material. These
experiments were performed using the Affymetrix Human Gene 1.0
ST Array (Affymetrix Inc., Santa Clara, CA, USA) according to the
manufacturer's instructions (Affymetrix Manual P/N 701880 Rev. 4)
and as described elsewhere [19]. The raw microarray data depos-
ited in NCBI's Gene Expression Omnibus and are accessible through
GEO Series accession number GSE97226 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc¼GSE97226).

2.5. Microarray data processing and bioinformatic analysis

Human Gene 1.0 ST microarray data were processed using the
Affymetrix Expression Console (build 1.4.1.46) [20] implementation
of the Robust Multichip Average (RMA) method [21]. The process-
ing microarray data are described in detail in Refs. [19,22]. For the
detection of differentially expressed genes, the threshold for the
adjusted p-value was set at 0.05, and the threshold for the fold
change (FC) was set at 1.5.

Bioinformatic analysis was performed using the DAVID online
tool (https://david.ncifcrf.gov/, version 6.8). All of the analyzed
genes were classified into several functional groups. The p-values
on the tabs are modified Fisher's exact p-values. When members of
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Table 2
Pathway analysis of mRNAs differentially expressed in OVCAR8-and SKOV3-c-Fos-
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two independent groups can fall into one of twomutually exclusive
categories, Fisher's exact test is used to determine whether the
proportions of those falling into each category differ by group. In
the DAVID annotation system, Fisher's exact test is used to measure
the gene enrichment in annotation terms. For bioinformatic anal-
ysis, we used only genes with expression levels of 100 Affymetrix
expression units (baseline threshold) or more.

3. Results

3.1. c-Fos overexpression does not affect metastasis in an
intraperitoneal xenograft model of OVCAR8 cells

To investigate the effects of c-Fos on tumor growth in vivo, we
injected control unmodified OVCAR8 (OVCAR8-NC) cells and
OVCAR8 cells overexpressing c-Fos (OVCAR8-c-Fos cells) intraper-
itoneally into SCID mice (10 mice per group). In contrast to our
earlier published data on SKOV3-derived tumors [15], c-Fos over-
expression in OVCAR8 cells did not inhibit the development of
cancer in vivo (Table 1). There was no statistically significant dif-
ference in the overall survival between OVCAR8-NC- and OVCAR8-
c-Fos-injected mice. The average weight of primary OVCAR8-c-Fos
tumors was quite higher than that of control OVCAR8-NC tumors,
but the changes were not statistically significant. We also quanti-
fied CTCs and disseminated tumor cells (DTCs) in the blood, lungs
and bone marrow using Alu-PCR. The average numbers of CTCs per
ml of blood and DTCs per gram of lung and bone marrow tissue
were even higher in OVCAR8-c-Fos mice than in control mice. Thus,
despite the reduction in adhesion properties observed in the in vitro
assays of OVCAR8 cells in response to c-Fos overexpression [15], the
metastatic potential of OVCAR8-c-Fos cells in vivo was not
inhibited.

3.2. Comparison of transcriptomes from OVCAR8 and SKOV3
samples

To reveal the possible causes of the different effects of c-Fos
overexpression in OVCAR8-and SKOV3-derived tumors, we per-
formed amicroarray analysis of OVCAR8-derived control and c-Fos-
overexpressed tumors. We also reanalyzed total RNA samples
previously isolated from SKOV3 control and c-Fos-overexpressed
cells [15] using the same type of microarrays. Then, we combined
and simultaneously analyzed the OVCAR8 tumor microarray data,
SKOV3 cell microarray data and previously obtained data for
OVCAR8 cells and SKOV3 tumors [15].
Table 1
Tumor growth and metastasis after intraperitoneal injection of OVCAR8 cells into
SCID mice.

Characteristic OVCAR8-NC OVCAR8-c-Fos

Survival (days) 40.2 ± 6.6 46.6 ± 0.5
Primary tumora 7/7b 5/5b

Peritoneal metastasis 7/7b 5/5b

Primary tumor weight (g) <0.02 g 0.4 ± 0.6 g
Ascites 0/7 (0%) 2/5 (40%)
CTCs/ml blood 5768 ± 3045 8229 ± 3006
DTC/lung 37 ± 6 107 ± 5
DTC/BM 52 ± 22 737 ± 324

Values ± SE.
NC: non-treated control.
CTCs: circulating tumor cells.
DTCs: disseminated tumor cells.
BM: bone marrow.

a Tumor at the injection site.
b The rest of the animals (a total of 10) were found dead and could not be

analyzed.
Together our present and previous results show that c-Fos
overexpression causes changes in the expression levels of hundreds
of genes in both types of cells and tumors. To identify potential
pathways responsible for the different responses of OVCAR8 and
SKOV3 tumors to c-Fos overexpression, we compared the tran-
scriptome profiles of c-Fos-overexpressing OVCAR8 cells and tu-
mors with those of SKOV3 samples. In particular, we identified 410
genes with 5-fold or larger differences in expression between
OVCAR8-c-Fos tumors and SKOV3-c-Fos tumors. In the cell samples,
we identified 347 such genes. Both mRNA lists were analyzed to
detect enriched metabolic pathways. The pathways identified are
listed in Table 2 and include cell adhesion, glycoproteins, extra-
cellular matrix organization, extracellular space, and membrane
proteins.

3.3. Deregulation of genes encoding proteins involved in the
selectin-dependent leukocyte-like adhesion cascade

Taking advantage of the combined analysis of the OVCAR8 tu-
mor and SKOV3 cell transcriptome data and the previously ob-
tained data from OVCAR8 cells and SKOV3 tumors [15], we
observed that 44% of the protein-coding mRNAs involved in the
SDAC are downregulated up to 12-fold in cultured SKOV3 cells in
response to c-Fos overexpression (see Additional file 1: Table S1).
Consistent with this finding, significantly reduced adhesion of
cultured SKOV3-c-Fos cells to E-selectin has also been demon-
strated [15]. SKOV3-derived tumors showed a similar response to c-
Fos overexpression and exhibited an up to 46-fold decrease in the
expression of genes from the SDAC (Fig. 1). In particular, the gene
expression levels of known E- and P-selectin ligands carrying gly-
coproteins such as CD44, MUC1, CD24, and PODXL [2,7,23e27] were
reduced 1.5-fold or more in the SKOV3-derived tumors compared
with control tumors.

Cultured OVCAR8 cells exhibited lower sensitivity in response to
c-Fos overexpression. Remarkably, the microarray data analysis
revealed that only 15% of the genes in the SDAC were down-
regulated. OVCAR8-derived tumors exhibited a significant decrease
(more than 1.5 times lower) in the expression of only one gene
(CD24) from the selectin ligands and other one (PODXL) even was
increased. It should be noted that 40% of the genes from the SDAC
exhibited lower expression levels (up to 147 times lower) in control
OVCAR8 tumors than in control SKOV3 tumors (see Additional file
overexpressed samples.

Pathway Number of genes Adjusted p-value

Tumors
Cell adhesion 40 3,8E-13
Glycoprotein 140 7,6E-11
Signal 128 1,1E-9
Glycosylation site: N-linked (GlcNAc …) 125 1,1E-6
Calcium ion binding 39 3,8E-6
Cadherin 15 6,6E-6
Secreted 68 5,1E-6
Extracellular matrix organization 19 2,7E-5
Extracellular space 52 1,8E-4
Membrane 166 3,6E-3
Cells
Cell adhesion 29 1,0E-9
Signal 85 1,1E-5
Glycoprotein 91 1,1E-5
Calcium ion binding 26 3,9E-3
Cadherin 10 3,1E-3
Membrane 116 1,7E-2
Secreted 41 2,2E-2
Extracellular space 35 2,3E-2



Fig. 1. Three sequential steps of the selectin-dependent leukocyte-like adhesion cascade of tumor cells during metastasis. Arrows mark downregulated or upregulated genes
encoding proteins involved in the cascade in response to c-Fos overexpression in SKOV3- (in blue) or OVCAR8-derived (in green) tumors.
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2: Table S2), and c-Fos overexpression reduced that number to 20%.
However, in both cultured cells and tumor samples with and
without c-Fos overexpression, 15e25% of the genes from the
cascade had higher expression levels in OVCAR8 samples (up to 10
times higher) than in SKOV3 samples. This group of genes included
many genes that are involved in the second and third steps of the
cascade (e.g., ICAM1, ICAM2, LAMA1, LAMB2, and JAM2).

3.4. Deregulation of genes encoding glycosylation enzymes

A prerequisite for E-selectin-dependent adhesion is the glyco-
sylation of cell surface proteins [2]. A minimal glycoepitope
required for selectin binding is the sialyl Lewis X structure (sLeX;
Neu5Aca2-3Galb1-4(Fuca1,3)GlcNAcb1-R) [8,28,29]. The sLeX can
cap N-/O-glycans on many proteins and glycans on lipids [8]. Below
we consider O- and N-glycosylation processes separately.

The total expression of genes encoding enzymes involved in O-
glycosylation in the control cultured SKOV3 cells and SKOV3-
derived tumors were 1.7 and 1.5-fold higher than that in the
respective OVCAR8 samples. c-Fos overexpression led to 1.9 and
1.6-fold downregulation in SKOV3 cultured cells and tumors,
respectively. Thus, the expression levels of the GALNT12, GALNT14
and GCNT3 genes decreased 4.8, 4.9 and 13.9 times in SKOV3 tu-
mors, respectively. In OVCAR8 cultured cells and tumors, there
were no significant changes in the expression levels of O-glyco-
sylation genes. As a result, the total amount of mRNA from O-
glycosylation genes in SKOV3 tumors with c-Fos overexpression
was close to that in OVCAR8 tumors.

Since some of the enzymes can substitute for others in terms of
activity, the changes in expression levels of individual genes may
not correlate with the level of glycosylation. To account for this
possible discrepancy, we considered several groups of O-glycosyl-
ation enzyme genes according to each step of O-glycan synthesis in
the cells. Of the variety of possible structures of O-linked oligo-
saccharides, for further consideration, we chose a part of the pro-
cess of O-glycan synthesis that is the most important in terms of
tumor aggressiveness [29]. In particular, we focused on the syn-
thesis of the Tn antigen and the structures of Core 1, Core 2, Core 3,
and Core 4 (Fig. 2). For each step of the synthesis (i ¼ 1, 2, 3…), the
ki coefficient was introduced to represent the number of enzymes
taking part in that step. We based this hypothesis on the observa-
tion that the amount of protein in the tumor cell was proportional
to the amount of mRNA of the respective gene in accordance with
[30]:

ki ¼
X

Etumor cell;

when
P

Etumor cell e a sum of expression levels (Affymetrix
microarray units) of genes encoding enzymes performing the i-th
step of O-linked oligosaccharides. Here we use the assumption that
the activities of all enzymes of the i-th step are nearly the same.

Based on [29,30], we identified five steps of O-linked oligosac-
charides. For each of the five steps, the respective ki coefficient was
calculated:

k1 e Tn antigen synthesis: GALNT1, GALNT2, GALNT3, GALNT4,
GALNT5, GALNT6, GALNT7, GALNT9, GALNT10, GALNT11, GALNT12,
GALNT13, GALNT14, GALNTL1 (GALNT16), GALNTL2 (GALNT15),
GALNTL4 (GALNT18), GALNTL5, and WBSCR17;
k2 e Core 1 structure synthesis: C1GALT1 and C1GALT1C1;
k3 e Core 3 structure synthesis: B3GNT6;
k4 e Core 2 structure synthesis: GCNT1, GCNT2, and GCNT3;
k5 e Core 4 structure synthesis: GCNT2 and GCNT3.

The gene expression levels and the values of all five coefficients
are presented in Additional file 3: Table S3.

Then, we calculated the fold changes of the coefficient values
comparing control and c-Fos-overexpressing OVCAR8 and SKOV3
samples (Table 3).

The results presented in Table 3 show that SKOV3 cells signifi-
cantly differed from OVCAR8 cells in the expression of genes
encoding enzymes that perform the second, fourth and fifth steps
of O-glycan synthesis (from 2 to 9 times). The amounts of mRNA
encoding the enzymes of the fourth and fifth steps were higher
while the amounts of mRNA encoding the enzymes of the second
step were lower in SKOV3 cells than in OVCAR8 cells. In response to



Fig. 2. Scheme of O-linked oligosaccharide synthesis. The numbers under the arrows
represent the steps of synthesis used for the respective coefficient calculations. As-
terisks mark the saccharide residue that can be capped by sLeX.

Table 3
Expression level differences of groups of genes performing each of the five steps of
O-linked oligosaccharide synthesis. The values of the ratios of respective coefficients
are presented (fold changes: FCs).

Type of samples Type of sample comparison FCa

k1 k2 k3 k4 k5

Cells OVCAR8-cFos/OVCAR8-control 0.9 0.9 1.0 1.0 1.4
SKOV3-cFos/SKOV3-control 0.7 0.7 1.4 0.2 0.1
SKOV3-control/OVCAR8-control 1.1 0.5 1.0 4.6 9.1
SKOV3-cFos/OVCAR8-c-Fos 1.0 0.4 1.4 1.0 1.0

Tumors OVCAR8-cFos/OVCAR8-control 0.9 1.0 1.1 1.1 1.3
SKOV3-cFos/SKOV3-control 0.8 0.9 1.1 0.1 0.1
SKOV3-control/OVCAR8-control 1.3 0.8 1.0 4.3 8.3
SKOV3-cFos/OVCAR8-c-Fos 1.2 0.7 1.0 0.6 0.7

a FC values indicating upregulation or downregulation of gene groups of 1.5 times
or more are indicated in bold.
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c-Fos overexpression, the expression levels of the enzyme-coding
genes of the fourth and fifth steps fell substantially in SKOV3
cells, while no significant changes in the expression of these genes
were observed in OVCAR8 cells. As a result, the amounts of en-
zymes of the respective steps in SKOV3 cells became comparable to
those of OVCAR8 cells. Of note, the enzymes of the fourth and fifth
O-glycan synthesis steps lead to the formation of the sLeX precursor
structure (Fig. 2).

Similar to the differences observed in SKOV3 and OVCAR8 cells,
SKOV3- and OVCAR8-derived tumors also exhibited significant
differences in the gene expression levels of the enzymes of the
fourth and fifth O-glycan synthesis steps. Almost no changes in
the expression levels of the enzymes of any of the steps in O-
glycan synthesis were observed in OVCAR8 tumors in response to
c-Fos overexpression. c-Fos overexpression in SKOV3 tumors
caused substantial reductions in the mRNA levels of enzymes
performing the fourth and fifth O-glycan synthesis steps. The
amount of enzyme-coding mRNAs of the fourth step in SKOV3
tumors was decreased 1.7-fold compared with that in OVCAR8
tumors.

The total mRNA levels of genes encoding enzymes involved in N-
glycosylation of cellular proteins were similar in control SKOV3 and
OVCAR8 cultured cells and tumors. c-Fos overexpression did not
cause any significant changes in the total amount of thesemRNAs in
any of the sample types. Such a lack of sensitivity to c-Fos over-
expression of the genes encoding N-glycosylation enzymes could
be explained by the large number of N-glycosylation enzymes, in
contrast to O-glycosylation enzymes, that operate in the endo-
plasmic reticulum (about half of all enzymes involved in N-glyco-
sylation) and play a crucial role in glycosylation of 50% of cellular
proteins as well as in maintaining cellular homeostasis [30,31]. N-
glycosylation is characterized by a large variety of possible oligo-
saccharide structures. Below we consider the gene expression of
the enzymes specifically involved in the synthesis of complex type
N-linked oligosaccharides (Fig. 3), which is the most common type
of N-glycans [30]. Enzymes involved in the synthesis of this type of
oligosaccharides function in the Golgi apparatus or on the cell
surface. The complex type N-linked oligosaccharides are also the
most important N-glycans in terms of the aggressiveness of tumor
cells [29].

For enzymes involved in the synthesis of the complex N-linked
oligosaccharides, we performed the coefficient calculation using
the same procedure that was used for the O-glycosylation enzymes.
The process of synthesis was divided into five sequential steps
(i ¼ 1 …, 5). For each step, a coefficient representing the total
expression of genes encoding enzymes involved in that step was
calculated:

k1 e MAN2A1 and MAN2A2;
k2 e FUT8;
k3 e MGAT2;
k4 e MGAT3;
k5 e MGAT5 and MGAT5В.

The gene expression levels and the values of all five coefficients
are presented in Additional file 4: Table S4.

Then, we calculated the FCs of the coefficient values comparing
control and c-Fos-overexpressing OVCAR8 and SKOV3 samples
(Table 4).

The results presented reveal that the mRNA levels of the genes
encoding enzymes involved in the first, third and fifth steps are
comparable in control SKOV3 and OVCAR8 cells. For the enzymes of
the second and fourth steps, the mRNA levels were 1.6- and 2-fold
higher, respectively in control SKOV3 cells than in control OVCAR8s
cells. c-Fos overexpression caused downregulation of genes
encoding enzymes performing the second and fourth steps in
SKOV3 cells, while c-Fos overexpression in OVCAR8 cells did not
cause any significant changes in the expression levels of these
genes. As a result, the mRNA levels of genes encoding enzymes
involved in all but the second step of synthesis in SKOV3 cells
became similar to those in OVCAR8 cells. The second step includes



Fig. 3. Scheme of complex type N-linked oligosaccharide synthesis. The numbers under the arrows represent the steps of synthesis used for the respective coefficient calculations.
Asterisks mark the terminal GclNAc residue that can be capped by sLeX.
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only the FUT8 gene, the expression of which was 1.9 times lower in
SKOV3 cells.

In control tumors, the mRNA levels of the genes encoding en-
zymes involved in all but the fourth step of complex type N-glycan
synthesis were similar between SKOV3 and OVCAR8 samples. The
mRNA expression levels of the genes encoding enzymes involved in
the fourth stepwere 2.4 times higher in SKOV3 control tumors than
in OVCAR8 control tumors. In OVCAR8 tumors, c-Fos over-
expression did not lead to changes in the mRNA levels of genes
encoding enzymes involved in any step of synthesis. However, in
Table 4
Expression level differences of groups of genes performing each of the five steps of
complex type N-linked oligosaccharide synthesis. The values of the ratios of
respective coefficients are presented (fold changes: FCs).

Type of samples Type of sample comparison FCa

k1 k2 k3 k4 k5

Cells OVCAR8-cFos/OVCAR8-control 0.9 0.9 1.2 1.1 0.9
SKOV3-cFos/SKOV3-control 0.9 0.3 1.0 0.7 1.0
SKOV3-control/OVCAR8-control 0.9 1.6 0.9 2.0 0.9
SKOV3-cFos/OVCAR8-c-Fos 0.8 0.5 0.8 1.4 1.0

Tumors OVCAR8-cFos/OVCAR8-control 1.2 1.3 1.3 1.0 0.9
SKOV3-cFos/SKOV3-control 0.6 0.8 1.2 0.5 0.6
SKOV3-control/OVCAR8-control 1.1 1.3 1.2 2.4 1.2
SKOV3-cFos/OVCAR8-c-Fos 0.6 0.9 1.1 1.2 0.9

a FC values indicating upregulation or downregulation of gene groups of 1.5 times
or more are indicated in bold.
SKOV3 tumors, overexpression of the transcription factor was
associated with 1.6-, 2-, and 1.6-fold downregulation of the
expression of the enzymes involved in the first, fourth and fifth
steps, respectively. As a result, similar to the cell samples, themRNA
levels of the genes encoding enzymes involved in all but the first
step of synthesis were comparable between SKOV3 and OVCAR8
tumors. The mRNA expression levels of the genes encoding en-
zymes involved in the first step were 1.7 times lower in SKOV3-cFos
tumors than in OVCAR8 tumors. Of note, the enzymes of the fifth
step, the expression levels of which were downregulated in SKOV3-
c-Fos tumors compared with those in OVCAR8 tumors, function in
the formation of an N-glycan structure that can be capped by sLeX.

Tetrasaccharide sLeX (Fig. 4) is a crucial component of the
glycosylation of tumor cell surface proteins that allows them to
serve as ligands for selectins [28,29]. As mentioned above, sLeX can
cap both O- and N-glycans [8]. The sugar residues relevant to this
process are specified in Figs. 2 and 3.

For enzymes involved in the synthesis of the sLeX structure, we
performed the coefficient calculation using the same procedure
that was used for the O- and N-glycosylation enzymes. The process
of sLeX synthesis was divided into five sequential steps (i ¼ 1 …,5)
according to [30,32e35]. For each step, the coefficient representing
the total expression of genes encoding enzymes performing that
step was calculated:

k1 e B4GALT1, B4GALT2, B4GALT3, B4GALT4, B4GALT5, and
B4GALT7;
k2 e B3GNT1, B3GNT2, B3GNT4, B3GNT5, and B3GNT8;



Fig. 4. The scheme of sialyl Lewis X (sLeX) synthesis. The numbers under the arrows represent the steps of synthesis used for the respective coefficient calculations. R e the terminal
GclNAc residue marked by an asterisk in Figs. 2 and 4.
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k3 e B4GALT1, B4GALT2, B4GALT3, B4GALT4, B4GALT5, and
B4GALT7;
k4 e ST3GAL3, ST3GAL4, and ST3GAL6;
k5 e FUT3, FUT4, FUT5, FUT6, FUT7, FUT9, FUT10, and FUT11.

The gene expression levels and the values of all five coefficients
are presented in Additional file 5: Table S5.

Then, as for the O- and N-glycosylation enzymes, we calculated
the FCs of the coefficient values comparing control and c-Fos-
overexpressing OVCAR8 and SKOV3 samples (Table 5).

The results presented reveal that c-Fos overexpression did not
significantly change the expression of the enzymes at any step of
sLeX synthesis in OVCAR8 cells and OVCAR8 tumors. In SKOV3 cells,
there were only partial changes in response to c-Fos over-
expression. However, in SKOV3 tumors, upregulation of the en-
zymes involved in the second step (1.8-fold) and downregulation
(1.7-fold) of the enzymes involved in the fifth step were observed.
The control cells and tumors showed comparable expression levels
of all enzymes except for the enzymes involved in the second step
of synthesis, which were 1.7 and 1.8 times higher, respectively, in
the SKOV3 samples, and the enzymes involved in the fifth step of
synthesis, which were slightly upregulated in the SKOV3 samples.
After c-Fos overexpression, the expression levels of the enzymes
involved in the first, third, and fifth steps were comparable in
SKOV3 and OVCAR8 tumors. The genes involved in the second step
Table 5
Expression level differences of groups of genes performing each of the five steps of
the tetrasaccharide sialyl Lewis X (sLeX) synthesis. The values of the respective co-
efficient ratios are presented (fold changes: FCs).

Type of samples Type of sample comparison FCa

k1 k2 k3 k4 k5

Cells OVCAR8-cFos/OVCAR8-control 1.1 1.0 1.1 1.0 0.8
SKOV3-cFos/SKOV3-control 0.9 1.1 0.9 0.9 0.8
SKOV3-control/OVCAR8-control 0.9 1.7 0.9 0.8 1.3
SKOV3-cFos/OVCAR8-c-Fos 0.8 1.8 0.8 0.8 1.4

Tumors OVCAR8-cFos/OVCAR8-control 1.0 1.1 1.0 1.0 0.8
SKOV3-cFos/SKOV3-control 0.9 1.8 0.9 0.8 0.6
SKOV3-control/OVCAR8-control 1.0 1.9 1.0 0.8 1.4
SKOV3-cFos/OVCAR8-c-Fos 0.9 3.1 0.9 0.6 1.1

a FC values indicating upregulation or downregulation of gene groups of 1.5 times
or more are indicated in bold.
were expressed at even higher levels in SKOV3 tumors. The genes
involved in the fourth step were expressed at levels 1.6-fold lower
in SKOV3 tumors than in OVCAR8 samples. It is interesting to note
that the ST3GAL6 gene encoding one of the two most important
sialyltransferases of the fourth step of sLeX synthesis [32,34,36] was
not expressed in OVCAR8 samples (see Table S5). This suggests that
sLeX was either absent or present at very low levels in OVCAR8
samples (both cells and tumors). In contrast, sLeX was present in
control SKOV3 tumors, and c-Fos overexpression significantly
reduced or totally abolished sLeX levels. This observation is
consistent with previously obtained flow cytometry data from
cultured cells [15].

4. Discussion

In our previous study, we have demonstrated that primary tu-
mor growth, number of circulating tumor cells, and number of
spontaneous lung metastases has been reduced in SCID mice
injected with c-Fos-overexpressing SKOV3 cells in comparisonwith
that inmice injectedwith control SKOV3 cells [15]. This observation
is mirrored in clinical studies in which high expression of c-Fos in
tumors is associated with favorable prognosis and longer
recurrence-free and overall survival in OvCa patients [13], a cor-
relation which stresses the clinical relevance of our model. In the
present study, we found that overexpression of c-Fos in OVCAR8
cells, which is also a human OvCa cell line, did not alter cancer
progression in SCID mice injected with the cells. This discrepancy
needed to be explained as understanding of molecular mechanisms
underlying this unexpected finding might facilitate understanding
of malignant progression in OvCa.

Intraperitoneal metastasis facilitated by the circulation of peri-
toneal fluid is the main route of OvCa progression, although he-
matogenous and lymphatic metastasis also occurs [10]. Potential
mechanisms for the attachment of OvCa cells to the peritoneal
surfaces include both binding of selectin ligands on tumor cells
with selectins on the mesothelium [9] and binding to extracellular
matrix proteins (e.g. collagen type I and IV, laminins, and fibro-
nectin) expressed on the surface of human peritoneal mesothelial
cells via integrins [10e12]. Mesothelial and endothelial cells ex-
press E- and P-selectins and it had been shown that SKOV3 cells
attach to endothelial and mesothelial monolayers in in vitro assays
mimicking physiological conditions in leukocyte transmigration
[15]. Overexpression of c-Fos in SKOV3 and, to a lesser extent,
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OVCAR8 cells lead to decrease in adhesion to endothelial and
mesothelial surfaces [15]. It has been hypothesized that, along with
other cancer cells and leukocytes, SKOV3 cells mainly use the
selectin-dependent leukocyte-like adhesion cascade for attach-
ment to peritoneal and endothelial surfaces during metastasis.

The majority of cell membrane selectin ligands contains sLeX

structures that are terminal carbohydrate residues of both N-/O-
glycans on many proteins and are crucial for the binding [8,28,29].
Unlike SKOV3 cells, OVCAR8 cells express little if any sLeX as shown
using flow cytometry [15]. Indeed, as mentioned above in contrast
to strong adhesion of SKOV3 cells, OVCAR8 cells show only weak
adhesion to selectin-expressing endothelial cells [15]. Since sLeX

represents the canonical selectin ligand, we compared expression
of the sLeX synthesizing enzymes in the OvCa cultured cells and
tumors. Samples of OVCAR8 tumors and, to a lesser extent, cultured
cells exhibited significantly lower amounts of mRNAs encoding the
enzymes than corresponding SKOV3 samples, especially for en-
zymes involved in the fourth and the firth steps of O-linked
oligosaccharide synthesis and in the second and fourth steps of N-
linked oligosaccharide synthesis (Tables 3 and 4; Figs. 2 and 3). Both
cultured SKOV3 cells and SKOV3-derived tumors showed dramatic
decrease in expression of O-glycosylation enzymes of the forth and
the firth steps and N-glycosylation enzymes of the first and the
second steps in response to c-Fos overexpression. The change
correlated with the reduced aggressiveness of SKOV3-derived tu-
mors. Interestingly, expression of the glycosylation enzymes in
OVCAR8 tumors and, to a lesser extent, in cultured OVCAR8 cells
was even slightly increased in response to c-Fos overexpression.
Low expression of selectin ligands suggests that the progression of
OVCAR8 tumors might not rely on the selectin-dependent leuko-
cyte-like adhesion cascade.

Molecular mechanisms of rolling, adhesion, and diapedesis
(Fig. 1) through the endothelial and peritoneal surfaces are some-
what similar for leukocytes and tumor cells [4]. Binding to extra-
cellular matrix proteins (ECM) or their receptors is another
potential mechanism of initial adhesion of cancer cells to the
peritoneum that might be a crucial step in OvCa progression. There
are several findings supporting this hypothesis. It has been
demonstrated that leukocytes show a6b1 integrin-mediated teth-
ering and arrest on laminin under physiological shear flow [37].
Interaction of a6b4 integrin with laminin supports tethering and
rolling of human breast epithelial and several types of carcinoma
cells [38]. Interestingly, integrin-ligand interactions can be acti-
vated by shear stress and operate even as catch and bonds [39e43].
It has been shown that b1 integrin mediates binding of head and
neck squamous cell carcinoma cells to laminin and the interaction
is enhanced under shear stress [41]. Taken together, we suggest
that the initial attachment of OVCAR8 cells to peritoneal meso-
thelium occurs predominantly through interactions of integrins
(e.g. integrins comprising subunits encoded by ITGA3, ITGA5, ITGA6,
ITGAV, ITGB1, ITGB4, ITGB5, and ITGB8 genes) with ECM proteins.

Interestingly, c-Fos overexpression in SKOV3 cells but not in
OVCAR8 cells decreases adhesion to ECM protein laminin-111 [15].
Noteworthy, the overall expression of laminin chains was similar in
SKOV3 and OVCAR8 specimens (Additional file 6: Table S6) with the
only exception of laminin a chain expression levels, which were
strikingly different. Out of five laminin a chains known to date,
SKOV3 cells and SKOV3-derived tumors expressed only a3 and a5
chains (Additional file 6: Table S6). c-Fos overexpression decreased
the expression levels of a3 and a5 in both SKOV3 cells and SKOV3-
derived tumors. Neither OVCAR8 cells nor OVCAR8-derived tumors
expressed a3 laminin chain, but expression of laminin a1 and a5
chains was detected in all OVCAR8 specimens (Additional file 6:
Table S6). c-Fos overexpression only slightly affected the expression
levels of the laminin a chains in OVCAR8 cells and tumors. Laminins
are able to bind to cell membrane receptors strongly affecting
cellular behavior and the binding is mainly dependent on in-
teractions between the cell and globular domains at the C terminus
of laminin a chains [44]. Since OVCAR8 cells stably express laminins
and laminin cellular membrane receptors such as integrins, it is
possible that the cancer progression might depend on adhesion to
and migration on the endogenously produced basement
membranes.

According to SABiosciences' database, a promoter of LAMC2
gene encoding g2 laminin chain contains AP-1 transcription factor
binding sites [45]. Indeed, c-Fos overexpression induced changes of
LAMC2 gene expression in both SKOV3 and OVCAR8 specimens,
however in different directions. OVCAR8 cells and OVCAR8-derived
tumors showed 3 and 6 times increase of g2 chain mRNA level,
respectively. There is only one laminin trimer, laminin-332, that
contains g2 chain [44]. As OCVAR8 cells lacked a3 laminin chain
expression, OVCAR8 cells and tumors presumably produced g2
chain as a monomer. Expression of g2 monomer has been shown in
many invasive tumors and is considered as a marker of invasive
tumor phenotype [46,47]. Overexpression of c-Fos in SKOV3 cells
and tumors was associated with decrease in laminin g2 chain
expression level (in 2.6e3 times) as well as with decrease in
expression of genes encoding the two other chains comprising
laminin-332 (LAMA3 and LAMB3 genes). Laminin-332 is heavily
involved in cell adhesion, migration, and survival of various types of
carcinomas [48,49] suggesting that laminins might also be involved
in SKOV3-derived tumor metastasis.

Molecular mechanisms underlying progression of OvCa is not
clear and involvement of laminins and their receptors in OvCa
metastasis is still speculative. Analysis of prognostic significance of
laminin chains and laminin receptors in patients with OvCa will be
helpful for elucidation of their involvement in progression of the
disease. Knock-out of genes encoding a1 and a3 laminin chains and
their receptors in OVCAR8 and SKOV3 cells, respectively, will allow
to test the importance of the laminins in metastasis. Xenograft
experiments with selectin-deficient mice will allow to further
clarify the importance of selectin and laminin pathways in OvCa
progression.

5. Conclusions

High expression of c-Fos in ovarian cancer cells is not always
associatedwith reducedmetastatic potential. Low expression of the
selectin-dependent leukocyte-like adhesion cascade genes and
selectin ligands may not always affect progression of ovarian can-
cer. We suggest that ovarian cancer cells sustain a high metastatic
potential via a selectin-independent pathway, presumably
involving extracellular matrix proteins and/or their receptors.
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