
Cation homeostasis and transport related gene 
markers are differentially expressed in porcine 
buccal pouch mucosal cells during long-term cells 
primary culture in vitro

Abstract
The mucous membrane is composed of two layers. The layer of stratified squamous epithelium and the 
underlying layer of the connective tissue. The epithelium is composed of keratinocytes that are in different 
stages of differentiation, depending on their localization. In our research, after isolation of primary in vitro 
cultured buccal pouch mucosal cells, we observed keratinocytes in various stages of differentiation and 
fibroblasts. These cells, depending on the ionic dynamics, may be subject to different morphological and 
biochemical transformations. Understanding the expression profile of the normal oral mucosal tissue is 
important for further research into the effects of biomaterials on the mucosal cells, their growth, prolife-
ration, and differentiation.
The porcine buccal pouch mucosal cells were used in this study. The oral mucosa was separated surgically 
and isolated enzymatically. The cells were in vitro cultured for 30 days, and after each step of in vitro cultu-
re (7 days, 15 days, 30 days), samples were collected for isolation of total RNA. The gene expression profile 
was measured using Affymetrix microarray assays.
In results, we observed genes belonging to two ontology groups: cation homeostasis and cation transport. 
These genes were up-regulated after 7 days of in vitro culture as compared to down-regulation after 15 and 
30 days of in vitro culture. These results suggested that dynamic growth, proliferation and cell adhesion 
are more intense in the first 7 days of in vitro culture. We also observed, for the first time, the expression of 
ATP13A3 in porcine oral mucosal cells.
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Introduction
The oral cavity architecture is formed by mucous 

membrane covered by epithelium, basal lamina and 
deeper located connective tissue. It was shown in 
several studies that oral superficial cells layers un-
dergo substantial morphological and biochemical 
modifications. The changes involve „morphologi-
cal balance” between keratinocytes and fibroblasts 
that form the structure of mucosa, as well as chang-
es in cellular metabolism as a direct response to 
oral cavity environment [1–3]. It is a fact that the 
oral mucous membrane is the first barrier to drug 
transport and delivery that significantly influenc-
es cell survival and/or apoptosis. The specificity of 
drug delivery belongs to the processes accompa-
nied by blood vessel network development, blood 
circulation and the induction of angiogenesis. The 
compound systems of blood vessels network and 
pathways of drug transport are involved in the pro-
cesses of drugs activity and administration [4]. The 
advanced experimental dentistry is based on the 
discovery of new pathways of drug activation and 
the possibility of application of several new bio-ma-
terials used in dentistry and/or implantology. It has 
been found that the application of new biomaterials 
is significantly associated with the biocompatibility 
of the material, which is regulated by activation of 
biochemical mechanisms that regulate several pro-
cesses such as cell growth and development, prolif-
eration, differentiation, and finally survival and/or 
apoptosis [5]. Moreover, the ability of oral tissues to 
form the blood vessel architecture and induce angi-
ogenesis is strongly related to tissue regeneration 
and reconstruction after surgery or trauma. The 
plasticity of oral tissue and capability for the forma-
tion of new blood vessels belongs to the new strate-
gies of human advanced experimental dentistry.

The in vitro culture of oral mucosal cells, particu-
larly those of the buccal pouch, was presented in 
our previous studies for the first time [6]. We ob-
served that the substantial increase of the real-time 
proliferation of porcine buccal pouch mucosal cells 
during long-term in vitro cultivation is accompanied 
by significant changes in gene expression profile re-
sponsible for cells growth, development and differ-
entiation. However, the expression of genes regulat-
ing mucosal cell and tissue morphology was never 
investigated before.

Material and Methods
Animals

For this study, a total of 30 pubertal crossbred 
Landrace gilts bred on a commercial local farm were 
used. They had a mean age of 155 days (range 140 
– 170 days), and the mean weight was 100 kg (95-
120 kg). All of the animals were housed under iden-
tical conditions and fed the same forage (depending 
on age and reproductive status). The experiments 
were approved by the Local Ethical Committee of 

the Poznan University of Life Sciences, Poland (per-
mission no. 32/2012, 30.06.2012).

Cell isolation and culture
After slaughter, samples of buccal pouch mucosa 

were obtained within 40 min and transported to the 
laboratory. The excised tissue was washed twice in 
Dulbecco’s phosphate buffered saline (D-PBS; Sig-
ma Aldrich, Madison, USA). The surface of the buccal 
pouch was surgically removed using sterile blades. 
The cell suspension obtained from this digestion 
was filtered through a mesh to remove non-disso-
ciated tissue fragments and then incubated with 
0.05% collagenase I (Sigma Aldrich, Madison, USA) 
for 40 min at 37 °C in a shaking water bath. Isolat-
ed cells were washed three times by centrifugation 
(10 min at 300 g) with Dulbecco’s modified Eagle’s 
medium (DMEM; Sigma Aldrich, Madison, USA) sup-
plemented with gentamicin (20 μg/mL) and 0.1% 
BSA. The epidermal side of the mucosa was gently 
scraped with a scalpel to detach the keratinocytes. 
The resultant cell suspension was filtered through a 
400-micron mesh and then washed three times by 
centrifugation (10 min at 300 g) with supplement-
ed DMEM. The final cell pellet was resuspended in 
DMEM supplemented with 10% fetal calf serum 
(FCS; Sigma Aldrich, Madison, USA) and 100 U/ml 
penicillin G, 10 mg/ml streptomycin, and 0.25 μg/
ml amphotericin B. Cell viability was 90 to 95% as 
determined by trypan blue staining (Sigma Aldrich, 
Madison, USA). The cells were cultured at 37 °C in a 
humidified atmosphere containing 5% CO2. Once the 
keratinocyte cultures attained 70–80% confluency, 
they were passaged by washing with PBS, digest-
ed with 0.025% trypsin/EDTA (Cascade Biologics, 
Portland, USA), neutralized by a 0.0125% trypsin 
inhibitor (Cascade Biologics, Portland, USA), cen-
trifuged, and resuspended at a seeding density of 
2x104 cells/cm2. The culture medium was changed 
every three days.

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

subjected to two rounds of sense cDNA amplifica-
tion (Ambion® WT Expression Kit). The obtained 
cDNA was used for biotin labelling and fragmen-
tation by Affymetrix GeneChip® WT Terminal La-
beling and Hybridization (Affymetrix). Biotin-la-
belled fragments of cDNA (5.5 μg) were hybridized 
to the Affymetrix® Porcine Gene 1.1 ST Array Strip 
(48°C/20 h). Microarrays were then washed and 
stained according to the technical protocol using 
the Affymetrix GeneAtlas Fluidics Station. The array 
strips were scanned employing Imaging Station of 
the GeneAtlas System. Preliminary analysis of the 
scanned chips was performed using Affymetrix Ge-
neAtlasTM Operating Software. The quality of gene 
expression data was confirmed according to the 
quality control criteria provided by the software. 
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The obtained CEL files were imported into down-
stream data analysis software.

All of the presented analyses and graphs were 
performed using Bioconductor and R programming 
languages. 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 analysed genes, mod-
erated t-statistics from the empirical Bayes method 
were performed. The obtained p-value was correct-
ed for multiple comparisons using Benjamini and 
Hochberg’s false discovery rate. The selection of 
significantly 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 cat-
ion transport and homeostasis. The differentially 
expressed gene list was uploaded to DAVID soft-
ware (Database for Annotation, Visualization and 
Integrated Discovery) [7], where genes belonging 
to “cation transport” and “cation homeostasis” gene 
ontology (GO) terms were obtained.

Interactions between differentially expressed 
genes/proteins belonging to the “cation trans-
port” and “cation homeostasis” GO terms were 
investigated by STRING10 software (Search Tool 
for the Retrieval of Interacting Genes) [8]. The list 
of gene names was used as a query for an interac-
tion prediction. The search criteria were based on 
co-occurrences of genes/proteins in scientific texts 
(text mining), co-expression, and experimentally 
observed interactions. The results of these anal-
yses generated a gene/protein interaction net-
work where the intensity of the edges reflected the 
strength of the interaction score.

In order to further investigate the changes in 
studied GO terms, we performed the z-score (the 
number of up-regulated genes minus the number of 

down-regulated genes divided by the square root of 
the count) analysis using the GOplot package.

Ethical approval
The research related to animal use has been com-

plied with all the relevant national regulations and 
instructional policies for the care and use of ani-
mals. Bioethical Committee approval no. 32/2012.

Results
Whole transcriptome profiling by Affymetrix mi-

croarray allows us to analyse the gene expression 
changes between 7, 15 and 30 days of buccal pouch 
mucosal cell culture. Using Affymetrix® Porcine Gene 
1.1 ST Array Strip we examined the expression of 
12257 transcripts. Genes with a fold change higher 
then abs (2) and with a corrected p-value lower than 
0.05 were considered as differentially expressed. This 
set of genes consisted of 130 different transcripts. 

DAVID (Database for Annotation, Visualization and 
Integrated Discovery) software was used for extrac-
tion of gene ontology biological process terms (GO-
BP) that contain differently expressed transcripts. 
Up and down-regulated gene sets were subjected to 
DAVID searching separately and only gene sets where 
adj. p-value was lower than 0.05 were selected. The 
DAVID software analysis showed that the differen-
tially expressed genes belonged to 56 Gene ontology 
groups. In this paper, we focused on “cation transport” 
and “cation homeostasis” GO BP terms. These sets of 
genes were subjected to hierarchical clusterization 
procedure and presented as heatmaps (Fig. 1). The 
gene symbols, fold changes of expression and correct-
ed p values of that genes were shown in table 1. In 
order to further investigate the changes within cho-
sen GO BP terms, we measured the enrichment levels 
of each selected GO BP terms. The enrichment levels 
were expressed as z-score and presented as circular 
visualization (Fig. 2).

Figure 1 Heat map representation of differentially expressed genes belonging to “cation transport” and “cation home-
ostasis” 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 the single gene)
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Moreover, genes that formed one particular GO 
group can also belong to other different GO term cat-
egories in Gene Ontology Database. For this reason, 
we explore the gene intersections between select-
ed GO BP terms. The relation between those GO BP 
terms was presented as well chart (Fig. 3) as well 
as heatmap (Fig. 4).

STRING interaction network was generated be-
tween differentially expressed genes belonging to 
each of selected GO BP terms. Using such a predic-
tion method provided us with the molecular inter-
action network formed between protein products of 
studied genes (Fig. 5).

Discussion
Cations and anions transport through the cell 

membrane and in the intracellular environment is 
important to the functioning of the cells. The cells 
isolated from the oral mucosa dynamically respond 
to a change in the concentration of cations in an en-
vironment when cultured in vitro. A good example of 
that is the influence of calcium ions on keratinocytes.

The mucous membrane is composed of two lay-
ers. The first layer of stratified squamous epithelium 
and the underlying layer of the connective tissue. 
The epithelium generally consists of keratinocytes. 
The basal layer consists of undifferentiated kerati-
nocytes and when cells move from the basal layer 
to the superficial layer, they undergo various mor-
phological and biochemical changes. These changes 
from undifferentiated to differentiated cells were 
observed during in vitro culture [9, 10]. The concen-
tration of calcium cations is significant for kerati-
nocyte survival. When in vitro content of Ca2+ is at a 
low level, cells retain a basal phenotype, while the 
concentration of Ca2+ at a high level contributes to 
keratinocyte differentiation [9]. Deyrieux and Wil-
son used HaCaT skin keratinocyte cell line in their 
study. When they transferred cells to low calcium 
medium (0.03 mM Ca2+), they observed that after 
3 weeks the cells went back to the basal-like state. 
Later they analyzed cells cultured on a low calcium 
medium, after changing the medium to high calcium 
concentration (2.8 mM Ca2+). High calcium concen-

TABLE 1 Gene symbols, fold changes in expression and corrected p values of studied genes

Gene symbol FC
D15/D7

FC
D30/D7

FC
D30/D15

P value D15/
D7

P value D30/
D7

P value D30/
D15

CCL8 0.109837 0.101557 0.924613 0.009909 0.002855 0.864829
PTGS2 0.176579 0.327797 1.856379 0.033272 0.086183 0.447703

SLC5A3 0.225224 0.33894 1.504902 0.028211 0.05553 0.540232
CCL2 0.254494 0.689284 2.708448 0.040744 0.404391 0.235089

ATP1B1 0.267104 0.497402 1.862204 0.031118 0.12303 0.326528
ATP13A3 0.279574 0.291783 1.04367 0.033845 0.040686 0.973114

LYN 0.396741 0.407409 1.026889 0.034636 0.042334 0.980695
STEAP1 0.425601 0.530046 1.245406 0.026836 0.044202 0.519251
TGFB1 0.443799 0.81545 1.837431 0.015016 0.216601 0.071989

Figure 2 The circular visualizations of the results of gene-annotation enrichment analysis between D15/D7, D30/D7 and 
D30/D15 respectively. The outer circles show a scatter plot for each term of the logFC of the assigned genes. Red circles 
display up-regulation and blue ones down-regulation. The inner circle is the representation of Z-score. The size and the 
colour of the bar correspond to the value of z-score
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Figure 4 Heatmap showing the gene occurrence between “cation transport” and “cation homeostasis” GO BP terms

Figure 3 The representation of the mutual relationship “cation transport” and “cation homeostasis” GO BP terms. The 
ribbons indicate which gene belongs to which categories. The genes were sorted by logFC from most to least changed 
gene. The logFC of these genes is represented by the inner circle, which represent the logFC between D15/D7, D30/D7 
and D30/D15 respectively
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tration induced differentiation of the HaCaT cells 
[9]. They also confirmed that the confluence of cells 
in culture affects the preservation of their basal or 
differentiated states. Hence, the confluence of ke-
ratinocyte cell cultures should be less than 85% [9].

In our in vitro culture, we have observed two 
types of cells: keratinocytes and fibroblasts. The 
fibroblasts form the feeder layer for keratinocytes, 
with both cell types growing on a regular DMEM cul-
ture medium. During long-term in vitro culture, ke-
ratinocytes undergo differentiation. It is also known 
that in primary in vitro culture, after induced differ-
entiation, keratinocytes do not live long and cannot 
retain a basal phenotype [9].

In our research, we focused on the expression of 
mRNA of genes that belong to two ontology groups. 
The first, “cation homeostasis”, includes genes that 
were involved in the maintenance of an internal 
steady state of cations within a cell (GO:005580) 
The second group, “cation transport”, contains 
genes involved in the movement of cations in and 
out of, as well as between cells. (GO:0006812). 
From the analyzed genes: 6 belong to both ontolo-
gy groups (ATP13A3, ATP1B1, CCL2, LYN, STEAP1, 
TGFB1), one belongs solely to cation homeostasis 
(CCL8), and two belong only to cation transport 
(PTGS2, SLC5A3). The expression of mRNA of the 
analyzed genes was the highest after 7 days of in 
vitro culture (IVC). The level of expression for most 
genes was reduced after 15 and 30 days of IVC. Only 
for two genes (TGFB1, CCL2), the expression level 
increased again after 30 days of IVC.

One of the important things for cell survival is 
the maintenance of the electrochemical potential 
on the cell membrane. Sodium/potassium-trans-
porting ATPase beta 1 (ATP1B1) is a component of 

the enzyme, which catalyzes the hydrolysis of ATP 
coupled with the exchange of Na+ and K+ ions across 
the plasma membrane. The Na+/K+ ATPase is a plas-
ma membrane pump which consists of alpha, beta 
and gamma subunit. The alpha subunit is a catalyt-
ic subunit. The beta subunit is responsible for the 
formation and integrity of the holoenzyme. Gamma 
subunit is a small hydrophobic polypeptide which is 
involved in modulation of pump function [11]. This 
pump is relevant for the maintenance of the intra-
cellular ionic homeostasis. It is also known that the 
Na+/K+ ATPase need Mg2+ that is not transported but 
essential for enzymatic activity [12]. Mg2+ cations 
can bind to the cytoplasmic surface of the Na+/K+ 
ATPase. Mg2+ ion reduces the local cation concerta-
tion in the electrolyte solution and at physiological 
concentrations can moderately alter the Na+, K+ and 
H+ concentrations. [12].

ATPase type 13A3 (ATP13A3) also belongs to 
the P-type ATPase family. This protein-mediates 
transport of cations across the membrane. The 
faulty effect of ATP13A3 may lead to impaired ion 
homeostasis. There is little information describ-
ing the functions of this protein. The precise sub-
strate specificity for ATP13A3 is unknown [13]. It 
is known that ATP13A3 plays a role in polyamine 
transport [14]. Graf et al. confirmed that ATP13A3 
mRNA is expressed in primary cultured pulmonary 
artery smooth muscle cells and endothelial cells 
[13]. Loss of ATP13A3 inhibits proliferation and in-
creases apoptosis of blood outgrowth endothelial 
cells (BOECs) [13]. Madan et al. analyzed the role of 
polyamine transport in pancreatic cancers [14]. The 
polyamines are required for cell growth and prolif-
eration. At physiological pH, polyamines exist pri-
marily as polycations and can be biosynthesized [14].

Figure 5 STRING-generated interaction network among differentially expressed genes belonging to the “cation trans-
port” and “cation homeostasis” GO BP terms. The intensity of the edges reflects the strength of the interaction score

Known interaction                         Predicted interactions            Others

SLC5A3ATP13A3

LYN
TGFB1

CCL2

ATP1B1

STEAP1 CCL8
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In our study, we observed a high-level of ATP1B1 
and ATP13A3 expression in both ontology groups 
after 7 days of IVC. After 15 and 30 days of IVC, the 
level expression of ATP1B1 and ATP13A3 was low-
er than on 7 days of IVC. It was the first notice of 
ATP13A3 expression in epithelial cells. The high 
expression of ATP1B1 and ATP13A3 after 7 days of 
IVC is associated with cell growth and their prolif-
eration. At a later time of IVC, the proliferation dy-
namics may be lower.

Another gene, for which we detected significant 
changes of expression in porcine buccal pouch 
mucosal cells in IVC, is six transmembrane epithe-
lial antigen of the prostate 1 (STEAP1) which was 
primarily discovered in the prostate epithelium. In 
normal human tissues, it is expressed at a low level 
[15]. Mostly, it is overexpressed in numerous types 
of tumours in prostate cancer [16] and other human 
tumours such as colon, bladder and liver cancers 
[17]. Its physiological function is unclear. The lev-
el of STEAP1 expression is higher in the early stage 
than in the later stage of prostate cancer [17]. Fer-
rous STEAP1 can reduce metal ion complex of Fe3+ 
and Cu2+. This protein plays a role of metal reduc-
tase and superoxide synthase [17]. Challita-Eid et 
al. described that STEAP1 plays a role as an intercel-
lular communication protein and may promote tu-
mour growth in vivo [18]. The secondary structure 
of STEAP1 may predispose it to be a protein trans-
porter or may affect intercellular communication 
by altering intracellular ion concentrations, which 
in turn regulate gap or adherence junction activity 
[18]. When we compared this information’s with 
our results, we may conclude that STEAP1 may be 
important for metal ion metabolism which is a con-
firmation of work presented by Kim et al.

Vaghjiani et al. investigated the expression of 
STEAP1 and STEAP2 in murine and human mesen-
chymal stem cells (MSCs). When they conducted the 
depletion of STEAP1 in human MSCs using RNAi, the 
cell adhesion to tissue culture plastic has been de-
creased [19].

We observed higher expression of STEAP1 after 
7 days of IVC and decreased expression in the next 
days of IVC. This result may confirm the conclusions 
described by Vanghjiani et al. [19]. In the early 
stages of IVC, cells undergo a period of adaptation 
to new environmental conditions and in this time 
the process of cell adhesion to the culture dish is 
extremely important.

In conclusion, we observed increased gene ex-
pression in the initial phase of IVC. In subsequent 
time intervals, the expression of most genes was 
lower compared to day 7. Increased expression of 
ATP1B1, ATP13A3 and STEAP1 may indicate cells 
adhesion process, extracellular matrix formation, 
and intercellular connection creation.
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