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Downregulation of activin-signaling gene expression
in passaged normal human dermal fibroblasts
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Abstract. Activins are members of the transforming growth
factor-p (TGF-p) superfamily and play important roles in
proliferation, differentiation, and apoptosis of various target
cells. We investigated changes of activin, activin receptor
(ActR), and Smad-signaling gene expression with increasing
passage number in normal human dermal fibroblasts. The
expression of mRNA and protein was measured by reverse
transcription-quantitative polymerase chain reaction and
immunoblot analysis from passage numbers 5 to 15. Activin A
and follistatin transcript levels increased with increasing
passage number. ActR types IA, IB, ITA and IIB mRNA levels
decreased at high passage number. The levels of Smad?2,3 and 4
protein decreased with increasing passage number, which also
attenuated phosphorylation of Smad2 and 3 protein expres-
sion. Smad7 was enhanced with increasing passage number.
These results suggest that expression of activin-signaling in
aging normal human dermal fibroblasts increases activin A
and follistatin, whereas ActR-Smad signaling is decreased.

Introduction

Activins are members of the transforming growth factor-f§
(TGF-f) superfamily and are growth and differentiation factors
that exert effects on a broad range of cells and tissues (1,2).
Activin signaling plays a role in regulating the normal
proliferation and differentiation in epidermal keratinocytes.
A previous study summarized activin signaling transduction
and interaction between activin and TGF-f signaling during
hair follicle formation, hair growth cycling, skin function, and
wound healing (3). Follistatin is an activin-binding protein
that functions as an antagonist by binding TGF-p family
members such as activin, bone morphogenetic proteins,
myostatin, growth differentiation factor 11, and TGF-f31
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to block interaction with their signaling receptors. Activin
and follistatin play important roles in skin development,
inflammatory processes, angiogenesis, and wound healing.
There is information about the expression of activin subunits
and receptors in fibroblasts and keratinocytes, but there is no
report of regulation of follistatin expression in these cells (4).

The biological activity of activin is regulated by specific
heteromeric complexes consisting of type I and type II
serine/threonine kinase receptors. Activin receptor (ActR)
type II binds activin independently of ActR I are unable to
signal without ActR I. Formation of heteromeric complexes
of ActR I and ActR II is required for mediation of cellular
signals (5). The signal transduction pathway is conserved for
the TGF-f superfamily members, involving the receptor-Smad
system. Smad is a primary mediator of TGF-f3 signaling. Smad2
and Smad3 heterodimerize with Smad4 and translocate to the
nucleus to participate in transcriptional regulation of target
genes (6). Smad7 functions as an inhibitor of TGF-f signaling,
including activin signaling (7). Transcription of SMAD?7 is
induced by TGF-f} or activin, which indicates the negative
feedback mechanism of TGF-f/activin signaling (8). The
role of the activin/Smad pathway in regulating in vitro-aged
normal fibroblasts remains unclear. Previous studies have
shown that number of normal human dermal fibroblast gradu-
ally reduced with increasing passage number, and expression
of aging biomarkers, including procollagen type I and VII,
elastin, fibrillin-1, and SIRT1 and SIRT6 were downregulated
by passaging (9).

We investigated changes of activin, its receptors, and
Smad-signaling gene expression with increasing passage
number in normal human dermal fibroblasts.

Materials and methods

Culture of normal human dermal fibroblasts. Normal human
dermal fibroblasts were isolated from tissue removed after
circumcision of two 13- and 14-year-old males. The proce-
dures followed in the present study were approved by the
Institutional Review Board Committee of the Kyung Hee
University Medical Center (Seoul, Republic of Korea; KMC
IRB no. 0407-01), and adhered to the recommendations of The
Declaration of Helsinki. The human dermal fibroblasts were
cultured in Dulbecco's modified Eagle's medium containing
10% fetal bovine serum and antibiotics (Gibco; Thermo Fisher
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Scientific, Inc.) at 37°C in a humidified atmosphere of 5% CO,
and 95% air. Previously, our group characterized the isolated
fibroblasts of different passages for their proliferative capacity,
and the results demonstrated that their population doubling
time was significantly increased with passage number (9),
confirming that the proliferative capacity of the fibroblasts
gradually declined with serial passaging. The cell population
doubling time was calibrated by a formula of Kuchler (10).

RNA extraction and reverse transcription-quantitative poly-
merase chain reaction (RT-gPCR). Total RNA was purified
from cultured cells using the TRIzol reagent method and
following the manufacturer's protocol (Invitrogen; Thermo
Fisher Scientific, Inc.). First-strand cDNA synthesis was
performed with 1 pg of total RNA and Oligo(dT),s primers
using a reverse transcription system (Promega Corporation),
according to the manufacturer's protocol. The primer
sequences and product size were as follows: activin A
(5'-GGACATCGGCTGGAATGACT-3' and 5'-GGCACT
CACCCTCGCAGTAG-3',71 bp), follistatin (5'-CAGTAAGTC
GGATGAGCCTGTCT-3' and 5'-CAGCTTCCTTCATGG
CACACT-3', 74 bp), ActR IA (5'-AGGCTGCTTCCAGGT
TTATGAG-3' and 5-TGGCAGCACTCCACAGCTT-3',
81 bp), ActR IB (5-TACTCTGTGTCTGGCAGGCTACTC-3'
and 5'-GCTTTGGTTCCACAGTCTGAGAT-3', 82 bp),
ActR IIA (5'-CCTGTTTTAAGAGATTATTGGCAGAA-3'
and 5"-TGCGTCGTGATCCCAACAT-3', 84 bp), ActR 1IB
(5'"-TTCGATTTGAGCCAGGGAAA-3' and 5'-GAGCAC
CTCAGGAGCCATGT-3', 80 bp), and p-actin (5'-GCGAGA
AGATGACCCAGATC-3', 5-GGATAGCACAGCCTGGAT
AG-3'; 77 bp). qPCR was performed on the StepOneplus
Real-Time PCR system using Power SYBR-Green PCR
Master Mix (Applied Biosystems; Thermo Fisher Scientific,
Inc.). PCR was performed with 1 ul of cDNA in 20 ul reaction
mixtures, consisting of 10 ul of Power SYBR-Green PCR
Master Mix, 2 ul of primers, and 7 pl of PCR-grade water. The
reactions were performed with a denaturation step at 95°C for
10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for
1 min. The relationship between a target gene and [3-actin was
determined using the formula 2-tareeteene-f-actin) “an( the relative
quantities of transcripts were measured.

Immunoblot analysis. Cells were collected, washed with cold
phosphate-buffered saline, and then treated with lysis buffer
containing 1 mM PMSF (Cell Signaling Technology, Inc.).
Protein concentrations were determined using BCA protein
assays (Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Ten micrograms of protein were frac-
tionated on 10 or 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis gels and transferred onto a nitrocellulose
membrane (Amersham Pharmacia Biotech). The membranes
were blocked with 1% bovine serum albumin (BSA) for 1 h
at room temperature and then incubated overnight at 4°C
with antibodies against Smad2, phosph-Smad2, Smad3, phos-
phor-Smad3, Smad4 (Cell Signaling Technology, Inc.), Smad7
(Santa Cruz Biotechnology, Inc.), and B-actin (Sigma-Aldrich;
Merck KGaA). The antibodies were diluted (1:1,000 for
Smad?2, 3 and 4; 1:250 for Smad7; 1:5,000 for (3-actin) using
Tris-buffered saline containing 0.05% Tween-20 (TBS-T).
After washing with TBS-T for 1 h, the membranes were

incubated for 1 h at room temperature with anti-rabbit and
anti-mouse horseradish peroxidase-conjugated secondary
antibodies diluted 1:3,000 (1:10,000 for B-actin) in TBS-T. The
membranes were subsequently washed with TBS-T for 1 h, and
proteins were detected using Amersham ECL Prime Western
Blotting Detection Reagent (GE Healthcare Life Sciences).
Protein expression was analyzed using an Amersham Imager
600 (GE Healthcare Life Sciences). Protein band densities
were measured using Imagel] analysis software (Imagel,
version 1.44; National Institutes of Health).

Statistical analysis. Data are expressed as the mean + standard
error. Data were compared by one-way analysis of variance
and Tukey's post hoc test. Statistical analyses were performed
using the GraphPad Prism 5 software (GraphPad Software
Inc.). P<0.05 and P<0.01 were considered to indicate statistical
significance.

Results

Regulation of activin, follistatin and ActR mRNA with
increasing passages. Cells were cultured 5-15 passages in vitro,
and expression of activin signal gene mRNA was measured by
gPCR. The activin A and follistatin transcripts were signifi-
cantly enhanced with increasing passage number (Fig. 1A).
The ActR IB mRNA level was increased at passage 10
compared to passage 5 but then decreased at passage 15. The
ActR TA, ITA and IIB transcripts were significantly reduced
with increasing passage number (Fig. 1B).

Regulation of Smad signaling protein with increasing passages.
To determine a potential role of Smad signaling in normal
human dermal fibroblasts, cells were cultured 5-15 passages
in vitro, and expression of Smad signal genes protein was
measured by immunoblot analysis. The phosphorylation
of Smad2 and 3 proteins was significantly decreased with
increasing passage number, and the level of Smad4 protein
was reduced. The Smad7 of Smad inhibitor was enhanced with
increasing passages number (Fig. 2A and B).

Discussion

Skin aging involves a variety of processes that are influenced
by physiological phenomena from chronologic or natural
aging, as well as environmental factors of photoaging (11).
Activin, its receptors, and follistatin (activin binding proteins)
are important regulators of cell proliferation, differentiation
and apoptosis in hair follicle initiation, hair cycling, normal
skin homeostasis, and wound healing (3). Activins are involved
in wound repair through regulation of skin and immune cell
migration and differentiation, as well as re-epithelialization
and formation of granulation tissue. Activins also affect the
expression of collagens through fibroblasts and modulate scar
formation (12). We found that the activin A and follistatin tran-
scripts were significantly increased with increasing passage
number. These results suggest that activin A and follistatin
signals are enhanced in aging fibroblasts during senescence.
Activins have shown an important role in wound repair as
well as in keratinocyte differentiation, in dermal fibrosis, and
possibly also in human skin disease (13). An increase in the
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Figure 1. Expression of activin, follistatin, and ActR mRNA in normal human dermal fibroblasts. Cells were incubated from passage numbers 5 to 15.
Expression of mRNA was measured using qPCR. The relationships between (A) activin and follistatin, and (B) ActR and 3-actin were determined using
the formula, 2-tareet gene - factin) "and the relative quantities of transcripts were measured. The data are mean + SD of two independent sets of triplicate samples.

"P<0.05, compared with 5 passages. ActR, activin receptors.

level of activin A mRNA in human basal cell carcinomas and
squamous cell carcinomas was noted compared with normal
skin, whereas the level of follistatin mRNA was similar in
normal and tumorigenic skin (14). Activin and follistatin are
an important regulatory system modulating developmental
and regeneration processes (15). Activin A and follistatin are
produced by normal and abnormal hepatocytes and help regu-
late hepatocyte regeneration in the healthy liver. Pathological
increase of both activin and follistatin in hepatocyte is shown
with several liver diseases including fibrosis, cirrhosis, and
hepatocellular carcinoma (16). Activin A has shown an
increase in serum from older women (43-47 years old) relative
to younger women (19-38 years old) (17,18). The expression of
follistatin is altered in the tissue during fibrosis, suggesting a
role of endogenous follistatin in regulating the fibrotic effect
of activin (19). We could not perform ELISA of activin A and
follistatin using supernatant. This is because cells must be

cultured for several periods of time, so after 3 days of incuba-
tion, the medium must be exchanged with a new medium and
as the number of passages increases, the growth rate of the
cells is delayed and incubation time is not constant. In addition
each time the medium was exchanged to maintain cell growth,
various factors were lost from the supernatant and new mate-
rials were created. The signal transduction pathway is highly
conserved for the TGF-f superfamily members, involving the
receptor-Smad system. Similar to TGF-f3, bone morphogenic
protein (BMP), and activin needs two type of the cell surface
receptors (Type I and II receptor) for its signal transduc-
tion (20). However, the mechanisms through which activin
signaling pathways cause aging in dermal fibroblasts are not
well understood. In this study, we used passaged fibroblasts
as a model for skin aging, focusing on the signal pathway as
the cause of intrinsic senescence. We found that ActR IA, IB,
ITA and IIB transcript levels were all reduced in late-passage
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Figure 2. Expression of Smad proteins in normal human dermal fibroblasts. Cells were incubated from passage numbers 5 to 15. Protein expression was
determined using immunoblot analysis. (A) Cells were lysed, and 10 ug of soluble protein was separated by electrophoresis on a 10% SDS-PAGE gel.
(B) Densitometry analyses are presented as the relative ratio of Smad to 3-actin. The data are mean + SD of two independent sets of triplicate samples. "P<0.05,

compared with 5 passages.

fibroblasts. These results showed that passaged human fibro-
blasts undergo decreased ActR I and II transcription during
replicative senesces, suggesting repressed in aging fibroblasts
as a results of downregulated ActR binding capacity. When
human skin ages, decreases in the size and rigidity of fibro-
blasts enhance TGF-f receptor type II (TGFBRII) mRNA and
protein levels. TGFBRII promoter activity is also decreased,
suggesting that downregulation of TGFPBRII expression may
result, at least in part, from reduced gene transcription (21).
Aging rat prostate showed significantly decreased TGFpRI
and TGFBRII mRNA in older rat tissue recombinants
compared with 4-, 12- and 17-month-old recombinant tissues.
In contrast, normal rat prostates of different age groups showed
no effect on the levels of TGFBRI and TGFARIT mRNA (22).
The levels of TGFPRII mRNA and protein in the epidermis
of the forearm (sun-exposed) of the elderly were significantly
lower than those of upper-inner arm (sun-protected) skin of the
same individual (23). Activin and its receptor are expressed
primarily in mouse skin and are primarily localized to fibro-
blasts, and increased expression of activin [B-subunits in the
skin after injury suggests a role in skin repair (24).

Smads constitute a structurally similar family of proteins
that are key signal transducers for receptors in the TGF-3

superfamily and are critical for regulation of cell develop-
ment and growth (25). Phosphorylated Smad2 and Smad3
associated with Smad4 induce signal transduction generated
by TGF-f and activin, while Smad7 inhibits this intracellular
signaling (26). We did find significant decrease in Smad2,
3 and 4 protein levels with increasing passage number, and
phosphorylation of Smad2 and 3 was reduced. However, Smad7
was increased at late-passage number. These results suggest
that Smad genes suppress signaling activity during replica-
tive senescence in normal human dermal fibroblasts, and that
Smad?7 acts as feedback regulation of the activin signaling
pathway. Smads signaling is repressed in aging fibroblasts as
a result of decreased ActR binding capacity. Taken together,
these results indicate that expression of ActR is decreased,
and Smad binding force are reduced. However, inactivation
of Smad2 and Smad3 phosphorylation decreased binding of
Smad4, Therefore, it affects the acitivn/Smad signaling in
replication senescence. The immunoreactivity of pSmad2 was
observed to decrease in the epidermis of photoaged forearm
skin versus matched intrinsically aged skin. This decrease
was also found in the epidermis of upper-inner arm skin of
the elderly versus the young. The UV-induced downregula-
tion of TGFBRII and the concerted over-expression of Smad7
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cause inhibition of the TGF-f-induced phosphorylation of
Smad2 (23). In thyroid cells, the expression of Smad and the
presence of pSmad2/3 and Smad4 proteins in the nucleus of
tumor cells indicate propagation of TGF-f/activin signaling.
However, high expression of Smad7 in most malignant
tumors may contribute to reduction of Smad antiprolifera-
tive signaling in thyroid carcinomas (27). Overexpression of
Smad7 blocked TGF-B1-induced Smad3 phosphorylation
and nuclear accumulation of Smad2/3 in fibroblasts derived
from human Peyronie's disease (28). Recently we have
demonstrated that the TGF-f signaling pathway is controlled
primarily by downregulation of receptors at the transcrip-
tional level, and suppression of the TGF-f/Smad pathway
is associated with reduced MMP, TIMP, and collagen type
I and III expression in aging human dermal fibroblasts,
suggesting that activation of NF-kB, Akt-JNK and MAPK
reduce TGF-f/Smad transcription in passaged normal
human dermal fibroblasts (29). We assumed that decrease of
TGF-p/activin/Smad pathways in aging human dermal fibro-
blasts is reduced receptor binding capacity as well as activity
of Smad phosphorylation. Moreover, aging of fibroblasts
exerted downregulation of expression effects on target gene
by decreasing TGF-f/Activin/Smad signal pathway.

In conclusion, we demonstrated that increasing passage
number in normal human dermal fibroblasts enhanced
activin A and follistatin, whereas activin signaling pathway
is controlled primarily through downregulation of ActR at the
transcriptional level, and suppressed the expression of Smad
signaling.
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