
Nucleotide, ribonucleotide and ribonucleoside 
binding belongs to differentially expressed genes 
in porcine epithelial oviductal cells during long-
term primary cultivation

Abstract
The oviduct play a crucial role in reproductive process, through facilitating successful embryo growth and 
conception. Oviduct activity is orchestrated by various factors, depending on cyclic dynamics, which cru-
cially affect the success of reproductive function. The morphological modifications of oviducts in response 
to the female reproductive cycle are well established. However, detailed characterization at the molecu-
lar level is still needed. The present study, employed primary in vitro cell cultures and high-throughput 
transcriptome analysis via an Affymetrix microarray approach, described nucleotide, ribonucleotide and 
ribonucleoside binding patterns at a molecular level in oviduct epithelial cells (OECs). 222 genes were tar-
geted belonging to four gene ontology biological process terms (GO BP): “adenyl nucleotide binding”, “ade-
nyl ribonucleotide binding”, “ribonucleotide binding”, “ribonucleoside binding”, which showed the greatest 
variability in the level of mRNA expression during of long-term cultivation. In this group of genes, special 
attention was paid to those showing the greatest variability in relation to the reference measurement, inc-
luding OASL, PIM1, ACTA2 and ABCA1. 
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Introduction
The oviduct (uterine tube or Fallopian tube) of 

the domestic mammals plays a crucial role in pro-
viding an optimal microenvironment for final gam-
ete maturation and transport, fertilization, and 
early embryo development [1]. Moreover, these 
main functions of the oviduct are highly based on 
its contractibility, the capacity of secreting oviduc-
tal fluid into the lumen and other oviductal compo-
nents include hormones, growth factors and their 
receptors [2]. The characteristic feature of oviduct 
epithelial cells (OECs) are cilia, which facilitate the 
transport of the oocyte and/or the embryo. The rest 
of the cells in the OECs are secretory cells, that pro-
duce fluid secreted into the fallopian tube. The his-
tological architecture of oviducts undergo substan-
tial modification as response to reproductive cycle 
during lifespan of females.

Establishment and characterization of in vitro 
cell cultures (IVC) may be one of the most prospec-
tive methods of tissue and organ regeneration, with 
a large probability for application as grafts in regen-
erative medicine. However, despite the fact that the 
stem-like specificity of cells cultured primarily in 
vitro is well known, the cellular physiology as well 
as the molecular properties require further devel-
opment. Long-terms primary cell cultures seem to 
be a very good tool for detailed characterization 
of different cell populations by recognition about 
the transcriptomic and proteomic profile and the 
changes that occur during cultivation.

Recent experiments indicated that the gene ex-
pression profile changes within the OECs was also 
accompanied by significant changes in cellular pro-
liferation capability in vitro. The results presented 
in previous studies are a valuable contribution for 
better understanding and elucidating many bio-
chemical pathways and morphological/metabolom-
ic factors existing in epithelial oviductal cells. Thus, 
employing a microarray approach, the molecular 
level processes identified were angiogenesis and 
blood vessels development [3], carbohydrates [4] 
and amino acids [5] metabolism. Furthermore, and 
plasticity of porcine cells associated with reproduc-
tion processes [6,7].  

The gene expression profile in OECs primary 
cultured for a long-time using microarray assays 
is demonstrated in this study, as part of a project 
aimed at the molecular characterization of this cell 
population. Affymetrix microarray assays identi-
fied the regulatory peptides and enzymes involved 
in nucleotide, ribonucleotide and ribonucleoside 
binding pathways. In this study we demonstrat-
ed the transcripts expression variability of genes 
belonging to “adenyl nucleotide binding”, “adenyl 
ribonucleotide binding”, “ribonucleotide binding”, 
“ribonucleoside binding” gene ontology biological 
process terms (GO BP)  during OECs long-term pri-
mary culture in vitro.

Material and Methods
Animals

Nine month old crossbred gilts (n=45) that dis-
played two regular estrous cycles were collect-
ed from a commercial herd. All the animals were 
checked daily for estrus behavior and were slaugh-
tered after reaching the anestrus phase of the estrus 
cycle. The uteri were then transported to the labo-
ratory within 30 min at 38 °C.

Oviductal epithelial cells (OECs) selection and 
culture

Oviducts were washed twice in Dulbecco’s phos-
phate buffered saline (PBS) (137 mM NaCl, 27 mM 
KCl, 10 mM Na2 HPO4, 2 mM KH2PO4, pH 7.4). Ep-
ithelial cells were surgically removed using sterile 
surgical blades. Then, the epithelium was incubated 
with collagenase I (Sigma Aldrich, Madison, USA), 
1mg/mL in Dulbecco’s modified Eagle’s medium 
(DMEM; Sigma Aldrich, Madison, USA) for 1h at 
37°C. The cell suspension obtained from this diges-
tion was filtered through 40 µm pore size strainer 
to remove blood and single cells. The residue was 
collected by rinsing the strainer with DMEM. The 
cells were centrifuged (200 g, 10 min), washed in 
PBS and centrifuged again. Then, the cells were in-
cubated with 0.5% Trypsin/EDTA (Sigma Aldrich, 
Madison, USA) at 37°C for 10 min. The reaction was 
stopped with fetal calf serum (FCS; Sigma Aldrich, 
Madison, USA). After incubation, cells where fil-
tered and centrifuged again. The final cell pellet was 
suspended in DMEM supplemented with 10% FCS, 
100 U/mL penicillin, 100 µg/mL streptomycin and 
1µg/mL amphotericin B. The cells were cultured at 
37°C in a humidified atmosphere of 5% CO2. Once 
the OECs cultures attained 70–80% confluency, 
they were washed with PBS and passaged. The pas-
sage procedure involves cell digestion with 0.025% 
Trypsin/EDTA, enzyme neutralization, centrifuga-
tion of samples, and resuspension at a seeding. The 
culture medium was changed every three days.

RNA extraction from Oviductal epithelial cells 
(OECs)

Oviductal epithelial cell were pooled (10 repli-
cates) and harvested at 24h, 7 days, 15 days and 30 
days after the beginning of in vitro the culture. Total 
RNA was extracted from samples using TRI Reagent 
(Sigma, St Louis, MO, USA) according to the meth-
od described by Chomczyński and Sacchi [8]. The 
RNA was quantified by measuring the optical densi-
ty (OD) at 260 nm (NanoDrop spectrophotometer; 
Thermo Scientific, Waltham, MA, USA). 100 ng of an 
RNA sample was used for downstream analysis.

Microarray expression analysis and statistics
Total RNA (100 ng) from each pooled sample 

was subjected to two rounds of sense cDNA ampli-
fication (Ambion® WT Expression Kit, provided by 
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Ambion, Austin, TX, USA). The synthesis of cRNA 
was performed by in vitro transcription (16 h, 40 
°C). Then, cRNA was purified and retranscribed 
into cDNA. Subsequently, cDNA samples were used 
for biotin labeling and fragmentation using an 
Affymetrix GeneChip® WT Terminal Labeling and 
Hybridization kit (Affymetrix). Next, the biotin-la-
beled samples were loaded onto and hybridized to 
the Affymetrix® Porcine Gene 1.1 ST Array Strip 
(48°C/20 h). Hybridization was conducted at 48 °C 
for 20 h, employing an AccuBlock™ Digital Dry Bath 
(Labnet International, Inc., Edison, NJ, USA) hybrid-
ization oven. Microarrays were washed and stained, 
according to technical protocol, using an Affymet-
rix GeneAtlas™ Fluidics Station (Affymetrix, Santa 
Clara, CA, USA). The strips were scanned using an 
Affymetrix GeneAtlas™ Imaging Station (Affymetrix, 
Santa Clara, CA, USA). The scans of the microarrays 
were saved on hard drives as *.CEL files for down-
stream data analysis.

All of the presented analyses and graphs were per-
formed using Bioconductor and R programming lan-
guages. Each *.CEL file was merged with a descrip-
tion file. In order to correct background, normalize, 
and summarize results, we used the Robust Multi-
array Averaging (RMA) algorithm. To determine the 
statistical significance of the analyzed genes, mod-
erated t-statistics from the empirical Bayes method 
were performed. The obtained p-value was corrected 
for multiple comparisons using Benjamini and Hoch-
berg’s false discovery rate. The selection of signifi-
cantly altered genes was based on a p-value beneath 
0.05 and expression higher than two fold. 

Differentially expressed genes were subjected 
selection by examination of genes involved in cell 
migration regulation. The differentially expressed 
gene list (separated for up- and down-regulated 
genes) was uploaded to DAVID software (Database 
for Annotation, Visualization and Integrated Discov-
ery) [9], where genes belonging to the terms of all 
three Gene Ontology (GO) domains were extracted. 
Expression data of these genes were also subjected 
to a hierarchical clusterization procedure, and their 
expression values were presented as a heat map. 

Subsequently the relation between the genes 
belonging to chosen GO terms were analyzed with 
GOplot package [10]. The GoPlot package had calcu-
lated the z-score: the number of up- regulated genes 
minus the number of down- regulated genes divid-
ed by the square root of the count. This informa-
tion allowed estimating the change course of each 
gene-ontology term.

Interactions between differentially expressed 
genes/proteins belonging to the studied gene ontol-
ogy group were investigated by STRING10 software 
(Search Tool for the Retrieval of Interacting Genes) 
[11]. The list of gene names was used as a query for 
an interaction prediction. The search criteria were 
based on co-occurrences of genes/proteins in sci-

entific texts (text mining), co-expression, and ex-
perimentally observed interactions. The results of 
such analyses generated a gene/protein interaction 
network where the intensity of the edges reflected 
the strength of the interaction score. 

Ethical approval
The research has been complied with all the rele-

vant national regulations, institutional policies and 
in accordance the tenets of the Helsinki Declaration, 
and has been approved by the authors’ institution-
al review board or equivalent committee. Poznan 
University of Medical Sciences Bioethics Committee 
approval no. 32/2012 from June 1, 2012.

Results
Whole transcriptome profiling by Affymetrix mi-

croarray allowed the analyzation of gene expres-
sion changes between 7, 15 and 30 days of porcine 
oviductal epithelial cells culture.  Through use of 
Affymetrix® Porcine Gene 1.1 ST Array Strip, we 
examined expression of 12257 transcripts. Genes 
with fold change higher than abs (2) and wit cor-
rected p-value lower than 0.05 were considered as 
differentially expressed. This set of genes consisted 
of 2533 different transcripts. The first detailed anal-
ysis was based on GO BP identification of differen-
tially expressed genes belonging to the significantly 
enrichment GO BP terms.

DAVID (Database for Annotation, Visualization 
and Integrated Discovery) software was used for 
extraction of gene ontology biological process term 
(GO BP) that contains differently expressed tran-
scripts. Up- and down-regulated gene sets were 
subjected to DAVID searching separately and only 
the gene sets which had an adj. p-value lower than 
0.05 were selected.  The analysis of the DAVID soft-
ware showed that there were 657 differentially 
expressed genes belonging to the Gene ontology 
terms. In this paper, we focused on 222 genes that 
belong to “adenyl nucleotide binding”, “adenyl ribo-
nucleotide binding”, “ribonucleotide binding”, “ri-
bonucleoside binding” GO BP terms. These sets of 
genes were subjected to the hierarchical clusteriza-
tion procedure and presented as heatmaps (Fig. 1). 
The gene symbols, fold changes in expression, En-
trez gene IDs and corrected p-values of those genes 
are also shown in table1. 

The enrichment of each GO BP term was calculated 
as a z-score and shown on the circle diagram (Fig. 2).

Chosen GO BP terms contain 222 differentially 
expressed genes. Therefore, we calculated the mean 
value of mean of fold change ratio of each gene be-
tween 7, 15 and 30 days of culture. Based on that 
criteria we chose the 10 most down-regulated and 
the 10 most up-regulated genes to further analysis.

In Gene Ontology database genes that formed 
one particular GO group can also belong to other 
different GO term categories. By this reasoning, we 
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explored the gene intersections between selected 
GO BP terms. The relation between those GO BP 
terms was presented as circle plot (Fig. 3) as well 
as heatmap (Fig. 4).

STRING-generated an interaction network among 
differentially expressed genes belonging to each of the 
selected GO BP terms. Using such a prediction method 
provided a molecular interaction network formed be-
tween protein products of studied genes (Fig. 5). 

Discussion
The morphological modifications of oviducts in 

response to the female reproductive cycle are well 
established [12]. However, detailed characterization 
at the molecular level remains a unresolved. Estab-
lishment and depiction of primary cell cultures in 
vitro appears to be a good approach for comprehen-
sive elucidating many biochemical pathways existing 
in ovaries. Therefore, the goal of the present project 

is to describe molecular changes in OECs during pri-
mary in vitro long-term culture, through employing 
microarray approach. Previous studies have shown 
various aspects of OECs’ morphological modifica-
tions and transcriptomic profile changes during in 
vitro cultivation [3–5]. The emphasis of the present 
study, is on groups of genes associated with nucleo-
tide/ribonucleotide binding mechanism. 

From the whole transcript profile after the mi-
croarray assay, during long-term in vitro cell cul-
ture, the lowest transcript levels were observed 
for OASL, 2′-5′-oligoadenylate synthetases (OASs) 
family member. OASs proteins belong to a group of 
IFN-induced antiviral proteins that are pivotal in 
the host defense mechanism against viral infection 
[13,14]. 2’-5’-oligoadenylate synthetase like (OASL) 
does not have the typical 2’-5’-OAS activity (to cat-
alyze the synthesis of 2′-5′-oligoadenylates (2-5A) 
from ATP for viral RNA degradation), but have dou-

FIGURE 1. Heat map representation of differentially expressed genes belonging to the “adenyl nucleotide binding”, “ade-
nyl ribonucleotide binding”, “ribonucleotide binding”, “ribonucleoside binding”  GO BP terms. Arbitrary signal intensity 
acquired from microarray analysis is represented by colours (green, higher; red, lower expression). Log2 signal intensity 
values for any single gene were resized to Row Z-Score scale (from -2, the lowest expression to +2, the highest expression 
for single gene). The 20 genes selected to this publication was marked green for upregulation and red for downregulation
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GENE 
SYMBOL

RATIO 
D7/D1

RATIO 
D15/D1

RATIO 
D30/D1

ADJUSTED 
P.VALUE 
D7/D1

ADJUSTED 
P.VALUE 
D15/D1

ADJUSTED 
P.VALUE 
D30/D1

ENTREZ 
GENE ID

MEAN RATIO

OASL -19.013577 -19.59127971 -20.33618335 2.69E-05 1.34E-05 7.93E-06 595119 -19.64701335

PIM1 -2.278169547 -7.702016846 -14.75410523 0.000841907 7.24E-06 1.14E-06 100157844 -8.244763875

RAB27A -2.438418171 -6.421074057 -12.17306946 0.000240688 4.70E-06 7.36E-07 606749 -7.010853897

ERBB3 -3.700854877 -8.072357208 -8.474685238 4.67E-05 3.53E-06 1.48E-06  --- -6.749299107

DDX60 -9.539122077 -5.148779 -4.690032007 7.61E-05 0.000244171 0.000232065  --- -6.459311028

NAV3 -2.570715662 -3.817701681 -12.08344185 0.005032343 0.000725275 2.01E-05  --- -6.157286398

MX2 -8.476906188 -5.025767174 -2.864164098 3.11E-05 6.87E-05 0.000433456 396893 -5.455612486

MCM4 -1.824811573 -2.553654794 -11.20276401 0.001672766 0.000140647 8.81E-07 100156398 -5.193743459

DHX58 -6.093081701 -5.06259312 -3.519635478 2.24E-05 1.83E-05 4.23E-05 100524520 -4.891770099

OAS1 -4.734227264 -4.803325858 -4.579644931 0.000637714 0.000454579 0.00038381  --- -4.705732684

CFTR 5.930096417 5.971243553 3.580726141 4.73E-05 2.79E-05 0.000103206 403154 5.160688703

BVES 5.084835235 6.889451287 4.958469165 0.000164789 4.63E-05 7.99E-05 100153106 5.644251896

NUAK1 5.90004438 7.687798942 4.205418788 2.17E-05 5.48E-06 1.88E-05 100523669 5.93108737

PANK1 7.855561899 3.491673705 7.158649931 7.45E-06 3.27E-05 2.08E-06 100154650 6.168628512

ACAA2 4.821347296 6.223974104 7.791004625 1.04E-05 3.05E-06 8.03E-07 100312959 6.278775342

FGFR1 4.599714105 5.650775055 8.942976069 1.33E-05 3.63E-06 6.88E-07 100153248 6.397821743

P2RX7 6.165142343 8.522042354 5.795397835 2.69E-05 6.72E-06 1.03E-05 497623 6.827527511

KIF23 6.496859984 7.105965066 7.104751913 0.000646977 0.000381978 0.000271214 100522116 6.902525654

ABCA1 6.313396076 5.556746901 10.33557918 3.95E-05 3.12E-05 4.36E-06 100152112 7.401907384

ACTA2 5.225241405 12.54084054 30.24621828 3.15E-05 3.09E-06 4.37E-07 733615 16.00410008

TABLE.1 Gene symbols, fold change in expression ratio, Entrez gene IDs, corrected p values and mean value of fold change 
ratio of the 20 chosen differentially expressed, studied genes

FIGURE 2. The circle plot showing the differently expressed genes and z-score of  the “adenyl nucleotide binding”, “adenyl 
ribonucleotide binding”, “ribonucleotide binding”, “ribonucleoside binding” GO BP terms. The outer circle shows a scatter 
plot for each term of the fold change of the assigned genes. Green circles display upregulation and red ones downregula-
tion. The inner circle shows the z-score of each GO BP term. The width of the each bar corresponds to the number of genes 
within GO BP term and the color corresponds to the z-score
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FIGURE 3. The representation of the mutual relationship of differently expressed genes that belongs to 20 chosen genes 
from “adenyl nucleotide binding”, “adenyl ribonucleotide binding”, “ribonucleotide binding”, “ribonucleoside binding” GO 
BP terms. The ribbons indicate which gene belongs to which categories. The middle circle represents logarithm from fold 
change (LogFC) between D7/D1, D15/D1 and D30/D1 respectively. The color of each block corresponds to the LogFC of 
each gene (green – upregulated, red – downregulated). The genes were sorted by logFC from most to least changed gene

FIGURE 4. Heatmap showing the gene occurrence between chosen 20 differently expressed genes that belongs to “adenyl 
nucleotide binding”, “adenyl ribonucleotide binding”, “ribonucleotide binding”, “ribonucleoside binding”  GO BP terms. 
The yellow color is associated with gene occurrence in the GO Term. The intensity of the color is corresponding to amount 
of GO BP terms that each gene belongs to
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ble-stranded RNA binding ability, and thus demon-
strates antivirus activity [15,16]. Two homologs of 
human OSAL (Oasl1 and Oasl2) have been identified 
in mice [17]. Provided by Evsikov et al. [18], analy-
sis of the cDNA library of Mus musculus fully grown 
oocytes (FGOs) reported Oasl family members tran-
scripts are expressed. Thus, the results suggest 
important role of OASs family to also activate mo-
lecular pathways underlying the oocyte-to-embryo 
transition. Other studies by Yan et al. [19], employ 
targeted deletion of one of the Oasl genes, Oasl1d, 
which causes reduced fertility in females but not in 
males, demonstrating that members of this fami-
ly are maternal effect genes, suggesting that OASL 
proteins may suppress the IFN/OAS/RNase L-me-
diated mRNA degradation, protecting oocyte [19]. 
A similar expression pattern was observed for an-
other OASs family member, 2’-5’-oligoadenylate 
synthetase 1 (OAS1). Talukder et al. [20] described 
increased interferon-stimulated genes expression 
(including OAS1) in medium after co-culture of bo-
vine oviduct epithelial cells with zygote up to em-
bryos had reached the 16-cell stage.

The PIM family of serine/threonine kinase pro-
teins consists of three, highly homologous, isoforms 
PIM1, PIM2 and PIM3. The PIM genes’ expression 
is induced by a variety of cytokines, growth factors 

and mitogens [21]. The Pim1, as pro-survival ki-
nase, has been implicated in tumorigenesis at dif-
ferent levels, especially in the control of cancer cells 
proliferation, migration and apoptosis [22]. These 
proteins have been labeled as “weak oncogenes” 
given that their overexpression induces hyperpro-
liferation but no tumors in many cases [23]. Sub-
sequent studies by Jiménez-Garcí�a et al. [24] have 
described generation of two conditional PIM1 and 
PIM2 transgenic mice that overexpress PIM1 or 
PIM2 in mammary gland, uterus and ovary to char-
acterize the proto-oncogenic role of PIM1/PIM2 in 
female hormone-dependent tissues. PIM1/2 over-
expression induced hyperproliferation and tumors 
in the female reproductive system and evoked a 
high inflammatory response and stem markers 
[24]. Other research highlighted the role of Pim1 in 
ovarian cancer (OC) development [25]. Currently, 
it appears that Pim1 is overexpressed in OC and is 
correlated with the poor overall survival of patients. 
Moreover, Pim1 may significantly enhance glycoly-
sis in OC cells. In conclusion, these results suggest 
that silencing or overexpressing Pim1 can suppress 
or promote OC cell proliferation [25]. PIM1 tran-
scripts expression significantly decreases over the 
time of cultivation. Thus decreasing activity, cell vi-
ability, because the PIM family of proteins has been 

FIGURE 5. STRING-generated interaction occurrence between 20 chosen differently expressed genes that belong to the 
“adenyl nucleotide binding”, “adenyl ribonucleotide binding”, “ribonucleotide binding”, “ribonucleoside binding”  GO BP 
terms. The intensity of the edges reflects the strength of interaction score
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implicated in the regulation of apoptosis, metabo-
lism, cell cycle, homing and migration.

In comparison, the presence of numerous genes, 
within the analyzed ontological groups, with a dif-
ferent mRNA expression pattern during the culture 
was demonstrated. We observed a growing tran-
script levels for subsequent measurement points 
during long-term cultivation. Definitely the high-
est upward trend was shown by ACTA2, a gene be-
longing to all GO terms of interest. Expression of 
α-smooth muscle actin (α-SMA) (encoded by the 
gene ACTA2) is involved in vascular contractility 
and blood pressure homeostasis [26]. Studies with 
mesenchymal stem cells (MSC) emphasized the role 
of Rho GTPases, Rac1 and Cdc42 in TGFβ-induced 
α-SMA expression in MSC [27]. A murine oviduc-
tal cell line (MOELOW) was also developed and then 
continuously passaged in culture to mimic cellular 
aging (MOEHIGH) [28]. The MOEHIGH cellular model 
during molecular analyses exhibited a downregula-
tion of Acta2 transcript levels.

A member of the ATP-binding cassette (ABC) 
family, ABCA1 also showed increased expression in 
cells during long-term cultivation, and was included 
in all discussed GO BP terms. It is well established 
that ABC family of proteins play a key role in con-
trolling cellular and total body lipid homeostasis 
[29,30]. ABCA1 is responsible for mediating of cho-
lesterol and phospholipids from cells to lipid-poor 
apolipoprotein A-I and to lipoprotein particles (e.g., 
high-density lipoproteins (HDL)) transport [31]. 
Transcriptomic analysis of the bovine oviduct epi-
thelium exhibit lower ABCA1 transcript levels in the 
ipsilateral side of the ampulla [32]. The promoter 
hypermethylation of ABCA1, both in ovarian cancer 
cell lines and ovarian cancer patient samples, was 
associated with poor prognosis in ovarian cancer 
patients [33]. Other investigators described expres-
sion of ABC family members (including ABCA1) in 
mouse spermatozoa in the seminiferous tubules 
and epididymis [34]. Furthermore, authors have 
shown that ABCA1 antibody treatment of immature 
spermatozoa reduces cholesterol efflux to lipid ac-
ceptors and inhibits in vitro fertilization. The find-
ings suggest that these transporters play a role the 
process of sterol efflux which renders spermatozoa 
capable of interacting and fertilizing an oocyte [34].

Conclusions
The current results characterize a large scale the 

transcriptomic profile of this cell population during 
long-term in vitro culture. The results presented 
in this paper indicate potential markers whose de-
creased expression during the cultivation may af-
fect the reduction of activity, cell viability.
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