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Abstract—Expression levels of genes encoding specific transcription factors and other functionally important proteins vary
upon aging of pancreatic and bronchial epithelium cell cultures. The peptides KEDW and AEDL tissuespecifically affect
gene expression in pancreatic and bronchial cell cultures, respectively. It is established in this work that the DNA methyla
tion patterns of the PDX1, PAX6, NGN3, NKX21, and SCGB1A1 genes promoter regions change upon aging in pancreatic
and bronchial cell cultures in correlation with variations in their expression levels. Thus, stable changes in gene expression
upon aging of cell cultures could be caused by changes in their promoter methylation patterns. The methylation patterns of
the PAX4 gene in pancreatic cells as well as those of the FOXA1, SCGB3A2, and SFTPA1 genes in bronchial cells do not
change upon aging and are unaffected by peptides, whereas their expression levels change in both cases. The promoter
region of the FOXA2 gene in pancreatic cells contain a small number of methylated CpG sites, their methylation levels being
affected by cell culture aging and KEDW, though without any correlation with gene expression levels. The promoter region
of the FOXA2 gene is completely unmethylated in bronchial cells irrespective of cell culture age and AEDL action. Changes
in promoter methylation might be the cause of age and peptideinduced variations in expression levels of the PDX1, PAX6,
and NGN3 genes in pancreatic cells and NKX21 and SCGB1A1 genes in bronchial cells. Expression levels of the PAX4 and
FOXA2 genes in pancreatic cells and FOXA1, FOXA2, SCGB3A2, and SFTPA1 genes in bronchial cells seem to be controlled
by some other mechanisms.
DOI: 10.1134/S0006297915030062
Key words: short peptides, DNA methylation, transcription, cell differentiation, pancreatic cell culture, bronchial cell cul
ture, differentiation factors

We established earlier that pancreatic cell aging in
vitro is accompanied by changes in expression of a num
ber of genes. Most of these genes code for proteins impor
tant for pancreatic cell differentiation. Addition of the
tetrapeptide KEDW changes expression of these genes
and synthesis of their respective encoded proteins in
young, mature, and aged cell cultures [1]. Besides, the
KEDW peptide has been shown to reduce blood glucose
levels in rats with streptozotocin and alloxaninduced
diabetes mellitus [2]. The KEDW peptide also lowers
Abbreviations: AEDL, peptide HAlaGluAspLeuOH; bp,
base pair; CGI, CpGisland; KEDW, peptide HLysGluAsp
TrpNH2; TIS, transcription initiation site.
* To whom correspondence should be addressed.

blood glucose levels on empty stomach and at standard
glucose tolerance test, as well as decreases the insulin sen
sitivity index, in patients of advanced age with diabetes
mellitus type 1 and 2 [3, 4]. Upon aging in vitro of human
bronchoepithelial cells, a decrease in expression levels of
genes NKX21 and FOXA1, coding for respective tran
scription factors, and SCGB3A2, coding for the second
secretoglobin of the 3A family, occurs, whereas the
expression levels of FOXA2 and SCGB1A1 genes are
unchanged [5]. Addition of a tetrapeptide AEDL increas
es the expression levels of the NKX21 and SCGB1A1
genes in young and mature bronchoepithelial cell cultures
but does not affect them in aged cultures. The SCGB3A2
gene expression is stimulated by the peptide in mature
cultures only, the FOXA1 gene expression in mature and
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aged cultures, and the FOXA2 gene expression in all cul
tures. The expression levels of genes MUC4, MUC5AC,
and SFTPA1, coding for functionally active proteins of
bronchial epithelium, are progressively diminished upon
aging of the cell cultures. The addition of peptide AEDL
stimulates SFTPA1 expression in cultures at any passage,
MUC4 expression in mature and aged cultures, and
MUC5AC expression in young cultures only. Besides, the
peptide AEDL enhances the synthesis of proteins con
trolling cell differentiation, proliferation, and apoptosis
in bronchial epithelium upon aging. Bronchial protective
activity of AEDL has been observed in bacterial acute
lung inflammation animal models, chronic fibrosis, and
sublethal hypertoxic lung damage [6]. The actions of pep
tides KEDW and AEDL appeared to be not only selective
with respect to different genes, but also tissuespecific,
KEDW preferentially affecting pancreatic cells but not
the bronchial ones, and AEDL vice versa [6].
The molecular mechanisms of gene expression mod
ulation with tetrapeptides remain essentially unknown,
but the main features of this modulation (age and tissue
specificity, geneselective action, timescale of multiple
cell passages) suggest an epigenetic mode of action.
Cytosine DNA methylation is the most extensively stud
ied epigenetic genome modification, playing significant
role in stable changes of gene activity upon cell differen
tiation and aging in mammals [712].
We describe in this work investigation of the cytosine
methylation patterns of genes modulated by the KEDW
and AEDL peptides in pancreatic and broncoepithelial
cell cultures upon aging, as well as possible effects of these
peptides on these methylation patterns.

MATERIALS AND METHODS
Human epithelial cell cultures of pancreatic carcino
ma MIA PaCa2 (Institute of Cytology, Russian Academy
of Sciences) and human bronchoepithelial embryonic
cell line FLECH (Research Institute of Influenza,
Ministry of Healthcare of the Russian Federation) were
used.
The cells of 2nd, 7th, and 14th culture passages were
regarded as young, mature, and aged, respectively, in
compliance with recommendations of the International
Association for Cultural Studies (USA, San Francisco,
2007). The cell cultures were divided into control and
experimental groups. The respective tetrapeptide (KEDW
for pancreatic cells, AEDL for bronchial cells) was added
at each passage to cells of experimental groups at
20 ng/ml final concentration, and an equivalent volume
of physiological solution was added to the control group
cells. The pancreatic cells were cultured in vials with
25 cm2 surface (JetBiofil, Japan) in 5 ml of growth medi
um consisting of DMEM with addition of Lglutamine
(Biolot, Russia), 15% of cows fetal serum SCBIOL
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(Biolot), and 1% penicillin–streptomycin solution in a
CO2 incubator under standard conditions (5% CO2,
37°C). Bronchial cells were cultured in Petri dishes
(3.5 cm diameter) treated with gelatin solution (Biolot),
15% fetal bovine serum, 82.5% iMEM, 1.5% of HEPES
buffer with Lglutamine, and 1% penicillin–strepto
mycin solution in a CO2 incubator under standard condi
tions (5% CO2, 37°C). We used trypsin–Versene solution
for cell subcultivation at ratio 3 : 1.
DNA isolation from cultured cells and its treatment
with sodium bisulfite were carried out with the QIAamp
DNA Mini Kit and EpiTect Bisulfite Kit (Qiagen,
Germany) by protocols recommended by the supplier.
The oligonucleotide primers for PCR amplification of
bisulfitemodified genomic DNA were constructed with
the BiSearch webbased service [13, 14]. The target sites
were chosen located in TIS proximal CpGisland (CGI)
sequences, or immediately preceding the TIS sequences
for genes devoid of CGIs. PCR amplification was carried
out in two consecutive steps, changing one of the primers
for a more internal one and using 2 μl aliquot of the first
step PCR mix as a matrix on the second step. A DT322
realtime PCR detection system (DNATechnology,
Russia) and qPCRmixHS SYBR+ROX kit (Evrogen,
Russia) were used. Typical amplification conditions used
were 95°C – 5 min matrix denaturation/polymerase acti
vation; 40 cycles of (95°C – 30 sec denaturation; 5256°C
(minimal melting temperature of respective primer pair
minus 3°C) – 30 sec primer annealing; 72°C – 45 sec
elongation); 72°C – 2 min final elongation. The final
PCR products were fractionated by 2% agarose gel elec
trophoresis, amplified target DNA fragments were quick
ly cut out under long wavelength (310 nm) UV light, and
extracted with a QIAquick Gel Extraction Kit (Qiagen).
The target DNA fragments were sequenced at the
Genome service center (http://www.genomecentre.ru/)
with an ABI PRISM® BigDye™ Terminator v. 3.1 kit on
an Applied Biosystems 3730 DNA Analyzer (Applied
Biosystems, USA). Free Sequence Scanner v. 1 soft
(Applied Biosystems) was used for visualization of results
and their export into fastaformat files. The cytosine
methylation patterns were obtained from sequence data
with the Meth Tools 2.0 webbased service [15]. The
methylation levels of partially methylated sites were cal
culated from the areas of respective peaks of cytosine vs.
thymine in fourdye electrophoregram data produced by
the sequencing machine [16, 17]. Arithmetic means of
three independent determinations (biological parallels)
were rounded to the next multiple of 10%.

RESULTS
The methylation patterns of a promoter proximal
CpG island of the PDX1 gene in pancreatic cells are
shown in Fig. 1. This gene codes for a transcription factor

Fig. 1. Methylation patterns of the PDX1 gene promoter CGI in pancreatic cell cultures on aging.
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protein controlling the early stages of pancreatic develop
ment [18]. We found previously that this gene is equally
expressed in young and mature pancreatic cell cultures,
whereas its expression level in aged ones is about 1.5fold
higher. The peptide KEDW diminishes the level of PDX1
gene expression in young cell cultures, does not affects its
expression in mature ones, and enhances its expression in
aged cell cultures. As can be seen in Fig. 1, most CpG
sites of the PDX1 promoter CGI are unmethylated in
pancreatic cell cultures. There are about a dozen partial
ly methylated CpG sites in this region. It must be noted
that the methylation levels of three sites upstream of TIS
(transcription initiation site) are minimal (~10%),
whereas seven sites located downstream of TIS have high
er methylation levels (~30%). These methylation patterns
are identical in young and mature cell cultures, in accor
dance with similar expression levels of the gene in these
cells. The methylation levels of all sites except the two
most upstream ones are decreased in aged cells: the third
site (–130 bp relative to TIS) is fully unmethylated,
methylation levels of the three upper sites of those locat
ed downstream of TIS are minimal (10%), and methyla
tion levels of other sites downstream of TIS are about
20%. Thus, a moderate increase in PDX1 gene expression
level in aged cell cultures correlated with a small but
appreciable decrease in its methylation level. The addi
tion of the KEDW peptide to young cell cultures does not
affect methylation of PDX1. The addition of KEDW leads
to a noticeable reduction in the PDX1 methylation level
in mature cell cultures and to a significant reduction in
aged cell cultures (all the sites upstream of TIS become
completely unmethylated, whereas the methylation levels
of downstream sites diminish to a minimum). These data
are in accord with significant stimulation of the gene
expression in aged cell cultures.
Another studied gene, PAX6, codes for a transcription
factor involved in βcell maturation during the late stages
of pancreatic development [19]. The expression levels of
this gene are similar in pancreatic cell cultures at all pas
sages, but their modulation by KEDW varies. Addition of
KEDW reduces PAX6 expression level in young cell cul
tures, increases it in mature ones, and increases it still
more in aged ones. The PAX6 promoter region CGI is
nearly completely unmethylated in pancreatic cell cul
tures (Fig. 2). The only exceptions are two partially
(~30%) methylated CpG sites located about 300 bp
upstream of TIS. This methylation pattern was found in
control cultures of all passages as well as in KEDWtreat
ed young cultures. In mature cultures, KEDW addition
leads to a decrease in methylation levels of two partially
methylated sites, whereas in KEDWtreated aged cultures
these sites become completely unmethylated. Whether
these small differences in methylation are connected with
variable PAX6 gene expression is unclear.
Still another studied gene, NKX61, codes for a tran
scription factor involved in pancreatic development start
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ing from early embryonic stages [19]. At early embryonic
stages, this gene is expressed in common multipotent pro
genitor cells of pancreas, whereas at late stages its expres
sion is confined to βcells. We found NKX61 to be max
imally expressed in mature pancreatic cell cultures,
whereas its expression levels in young and aged cell cul
tures are somewhat lower and quite similar to each other.
The addition of KEDW to mature cell cultures does not
affect the NKX61 expression, whereas in young and aged
cultures it increases expression of the NKX61 gene to
levels similar to that in mature cultures. A promoterasso
ciated CGI of NKX61 is essentially unmethylated in
pancreatic cell cultures (Fig. 3). The only exceptions are
a couple of partially methylated sites. Methylation levels
of these sites are significantly lower in mature and aged
cultures as compared to the young ones. Addition of
KEDW to young cultures leads to a decrease in methyla
tion to levels similar to those in mature and aged cultures.
Addition of KEDW to mature and aged cultures leads to
complete demethylation of promoter CGI. Thus, no
direct correlation between promoter methylation and
NKX61 expression levels was observed. Probably, minor
methylation of a few sites in this region does not interfere
with the gene transcription.
The NGN3 gene codes for a transcription factor
involved in early stages of pancreatic βcell differentia
tion [19]. The expression levels of NGN3 are similar at all
cell culture passages studied. Effects of KEDW on NGN3
expression are agedependent. Its addition leads to a
small increase in expression levels in young and mature
cell cultures and to a very significant increase (nearly 3
fold) in aged ones. The NGN3 promoter CGI is moder
ately methylated in pancreatic cell cultures (Fig. 4). Of
three dozens of CpG sites analyzed, most are completely
unmethylated. There are eight sparse CpG sites in this
region with highly variable (20100%) methylation levels.
Methylation levels of these sites tend to be lower in
mature cells as compared to young ones, and in aged cells
as compared to mature ones. Addition of KEDW does not
affect NGN3 gene methylation in young cultures,
decreases its methylation level in mature cultures, and
leads to its nearly full demethylation in aged cultures.
These changes in promoter methylation might explain
variable effects of KEDW on NGN3 expression in cell cul
tures of different ages.
The FOXA2 gene codes for a transcription factor
involved in pancreatic development at all stages starting
from definitive endoderm cells and continues to express
in differentiated pancreatic cells [18, 19]. One of the spe
cific targets of FOXA2 is the early pancreas development
gene PDX1. FOXA2 is actively expressed in both pancreat
ic and bronchoepithelial cell cultures [1, 5]. Its expression
levels are similar in young and aged cell cultures, whereas
expression level in mature ones is about 1.8fold higher.
The effects of KEDW on FOXA2 expression in 2nd, 7th,
and 14th passage cells are variable: moderate stimulation

Fig. 2. Methylation patterns of the PAX6 gene promoter CGI in pancreatic cell cultures on aging.
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Fig. 3. Methylation patterns of the NKX61 gene promoter CGI in pancreatic cell cultures on aging.
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Fig. 4. Methylation patterns of the NGN3 gene promoter CGI in pancreatic cell cultures on aging.
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in young and aged cells, and inhibition in mature cells.
Thus in the presence of KEDW the expression levels of
FOXA2 become quite similar in cultures of all passages
studied. There is a CGI in the FOXA2 sequence beginning
just upstream of TIS (–195 bp) and extending to a better
part of the gene coding region. Most CpG sites in that
CGI are unmethylated, though there are a few partially
methylated ones (Fig. 5). Their methylation levels vary
from 30 to 100% in young cell cultures, 20 to 60% in
mature, and 10 to 40% in aged ones. Addition of KEDW
to young cultures diminishes FOXA2 methylation levels to
those observed in control mature cultures. The peptide
does not change FOXA2 methylation levels in mature cul
tures, whereas in aged cultures it leads to nearly full
demethylation. Thus, FOXA2 methylation displays only a
limited correlation with gene expression. We suggest that
5′end CGI methylation does not affect FOXA2 expres
sion or is only one of multiple factors controlling the
expression.
Transcription factor FoxA2 is known to play a signif
icant role in early embryonal stages of lung development.
Together with another transcription factor, Nkx21, it
appears to be an earliest specific molecular marker of lung
line cells [20]. Expression levels of the FOXA2 gene in
bronchoepithelial cell cultures are variable upon aging.
They are minimal in young cell cultures and about 3fold
higher in mature and aged ones. Addition of the AEDL
peptide leads to a more than 10fold increase in FOXA2
expression in young cells, whereas in mature and aged
cells only a moderate (23fold) increase in expression is
observed. Nevertheless, the 5′end CGI of FOXA2 is com
pletely unmethylated in both control and AEDLtreated
cultures at all studied passages. Evidently, some other
mechanisms, not DNA methylation, are responsible for
the agedependent and peptideinduced modulation of
FOXA2 expression in bronchoepithelial cells.
The NKX21 gene codes for a transcription factor
involved in early stages of lung buds formation [20].
Similar to pancreas, lungs arise from foregut endoderm
cells, lung pathway selection being determined by Nkx2
1 and FoxA2 combination, whereas pancreatic pathway
selection by Pdx1 and FoxA2. The NKX21 expression
levels are similar in bronchoepithelial cells of various
ages. Addition of AEDL stimulates NKX21 expression in
young and mature cell cultures, but does not affect it in
old ones. There is a CGI associated with the promoter
region of NKX21, essentially unmethylated in bron
choepithelial cells (Fig. 6). The only exception are three
CpG sites located between 275 and 370 bp upstream of
TIS that are partially (1020%) methylated in young and
mature cell cultures. The addition of AEDL to young and
mature cells leads to full demethylation of these sites.
Thus, the NKX21 promoter methylation patterns corre
lates with expression.
The FOXA1 gene codes for a transcription factor
controlling terminal differentiation of alveolar cells and
BIOCHEMISTRY (Moscow) Vol. 80 No. 3 2015
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the lung secretoglobin and other functionally important
proteins expression [20]. The expression levels of FOXA1
in bronchoepithelial cells are decreased in later passages.
Addition of AEDL does not affect FOXA1 expression in
young cultures and moderately stimulates it in mature
and aged cultures. Thus, the peptide slows agespecific
decline in FOXA1 expression. There is a CGI associated
with the FOXA1 promoter. It is fully unmethylated in
bronchoepithelial cells in all samples investigated.
Hence, agespecific and peptide modulation of FOXA1
expression in bronchoepithelial cells does not depend on
its methylation patterns.
Some of the genes investigated do not have any pro
moterassociated CGIs (PAX4, SCGB1A1, SCGB3A2, and
SFTPA1). Few CpG sites in their promoter regions
immediately preceding TIS could be either methylated
(PAX4, SCGB1A1) or unmethylated (SCGB3A2, SFTPA1).
Most of these CpG sites have similar methylation patterns
in all cell samples studied, and hence their connection to
agespecific or peptide modulation of gene expression
seems to be quite unlikely. The only notable exception
could be SCGB1A1. It has similar expression levels in
bronchoepithelial cell cultures at all passages but is vari
ably modulated by AEDL. Addition of the peptide leads
to a strong (3fold) stimulation of SCGB1A1 expression in
young cell cultures, moderate (1.5fold) stimulation in
mature ones, and practically does not affect it in aged cul
tures. There are no CGIs in the SCGB1A1 promoter
region, the methylation level of few CpG sites present
being rather high (Fig. 7). The methylation levels of these
sites are similar in young and mature cell cultures and
somewhat lower in the aged ones. Addition of AEDL
decreases promoter methylation in young and mature
cells to a level characteristic of the control aged cells and
does not affect methylation in aged cells. These effects
correlate with the AEDL modulation of SCGB1A1
expression in aging cell cultures.

DISCUSSION
Most of the genes investigated in this work have pro
moterassociated or TISproximal CGIs. Such promoter
CGIs are associated in the first place with the genes cod
ing for housekeeping proteins and transcription factors
involved in organ and tissue development [2124]. Most
of these CGIs are fully unmethylated, their methylation
serving as a fixation mechanism of stable gene repression.
This mechanism is used for repression of pluripotency
genes in somatic cells, inactivation of X chromosome
genes, and allelespecific repression of imprinted genes.
All the genes studied here are actively expressed in the
respective cell cultures. Thus, low methylation levels of
their promoter CGIs are quite anticipated. Partial methy
lation of a few CpG sites in these CGIs appears to be an
indication of epigenetic heterogeneity of the studied cell

Fig. 5. Methylation patterns of the FOXA2 gene 5′end proximal CGI in pancreatic cell cultures on aging.
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Fig. 6. Methylation patterns of the NKX21 gene promoter CGI in bronchoepithelial cell cultures on aging.
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Fig. 7. Methylation patterns of the SCGB1A1 gene promoter region in bronchoepithelial cell cultures on aging. Methylation levels of specific CpG sites are shown with nearby numbers.
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cultures. We suppose the cell aging in culture to be accom
panied by asynchronous epigenetic changes. Thus, at any
moment there are epigenetically different cells represent
ing various aging stages. The epigenetic changes accompa
nying cell aging in culture are probably not strictly time
programmed, time and order of their occurrence being
variable. The epigenetic heterogeneity of cell cultures
could account for both partial DNA site methylation and
differences in gene expression levels. The complete
methylation of all CpG sites in CGIs is known to invoke a
“closed” chromatin structure inaccessible to transcription
factors [2124]. Such changes do not occur in genes stud
ied in this work. First, most of their CpG sites remain
unmethylated. Second, expression levels of these genes are
variable but high in all cells. Could relatively small changes
in methylation levels of a few CpG sites be responsible for
quantitative variations in gene expression? We suppose this
to be quite possible for some of the genes investigated. It
has been shown that methylation of even single CpG sites
in promoter region, both CGI containing and devoid of
CGIs, affects their affinity to specific transcription factors
[2527]. It is worth a special note that the connection
between promoter methylation and inhibition of its activ
ity is not obligatory. In most cases, DNA methylation of
promoter region does interfere with transcription by
inhibiting binding of respective protein factors. However,
there are some examples of positive effects of promoter
methylation on transcription [25, 27]. DNA methylation
can either inhibit or stimulate binding of transcription reg
ulatory proteins, the effect of this binding being dependent
on protein function. Thus, DNA methylation can be a
part of either negative or positive gene expression control.
Variable gene expression levels in pancreatic and bron
choepithelial cell cultures found in this study are probably
caused by local epigenetic changes.
Whether the peptide effects found are of epigenetic
nature is less clear. On one hand, an evident correlation
between expression stimulation and promoter under
methylation has been found (PDX1, PAX6, NGN3, NKX2
1, and SCGB1A1). On the other hand, such correlation
has not been found for other genes. Some genes are simi
larly methylated irrespective of age and peptide action
(PAX4 in pancreatic cells, FOXA1, SCGB3A2, and
SFTPA1 in bronchial ones). The FOXA2 methylation in
pancreatic cells displays some correlation to its expres
sion, whereas in bronchial cells this gene is completely
unmethylated but variously expressed. The peptide mod
ulation of gene expression in the studied cells probably
depends on multiple mechanisms, DNA methylation
being just one of them. It must be noted that some of the
studied genes are targets of protein factors encoded in
other genes (for example, PDX1 is a specific target of
FoxA2, NGN3 is target of Pdx1, etc.). Thus, some of the
effects found in this study could be secondary ones.
Short biologically active peptides are essential tissue
specific gene expression modulators and, in some cases,
BIOCHEMISTRY (Moscow) Vol. 80 No. 3 2015
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DNA methylation modulators. Thus, such short peptides
could be effective epigenetic regulatory signal molecules
affecting gene function and cell differentiation.
Molecular mechanisms of their action are generally
unstudied. However, there are some data concerning
methylationdependent interaction between peptides and
DNA [28]. A hypothesis has been proposed that peptides
can interfere with DNA methylation, thus affecting gene
expression. Such interference could be one of the mech
anisms of transcription modulation by peptides [29]. The
data concerning effects of peptides on promoter methyla
tion obtained in this study are in general accordance with
this hypothesis.
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