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Cellular senescence is a growth-arrest program that limits cell proliferation. Low-power laser irradiation (LPLI) has been demonstrated to
promote cell proliferation. However, whether LPLI can inhibit cellular senescence remains unknown. In the present study, to investigate
the functional role of LPLI against skin aging, we used ultraviolet radiation b (UVB) to induce cell senescence. We first report that LPLI can
delay UVB-induced cell senescence. The senescence-associated b-galactosidase (SA-b-Gal) activity and p21 expression, hallmarks of
senescent cells, were decreased in the Forkhead box transcription factor FOXM1-dependent manner under treatment with LPLI. The
effect of LPLI was further enhanced with an overexpression of FOXM1, and abolished when FOXM1 was knockdown with short hairpin
RNA (shRNA). Furthermore, LPLI activated the extracellular regulated protein kinases (ERK) that was upstream of FOXM1. This led to
FOXM1 phosphorylation and nuclear translocation. Nuclear translocation enhanced FOXM1 transcriptional activity and promoted its
downstream target gene c-Myc expression that could inhibit p21 expression. These findings highlight the protective effects of ERK/FOXM1
pathway against UVB-induced cell senescence, suggesting a potential protecting strategy for treating skin aging by LPLI.
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Senescent cells differ from other non-dividing (quiescent,
terminally differentiated) cells. Hallmarks of senescent cells
include an essentially irreversible growth arrest, expression of
SA-b-Gal, and p16INK4a (Collado and Serrano, 2005; Ha
et al., 2008; Demidenko et al., 2009; Rodier and Campisi, 2011).
Skin aging has fascinated worldwide researchers for decades
because of its social impact. There are two main processes that
can induce skin aging: intrinsic and extrinsic. Evidence shows
that both intrinsic and extrinsic aging of the skin are probably
driven by similar biological, biochemical, and molecular
mechanisms (Rittie and Fisher, 2002). Extrinsic aging, also
called photoaging, is mainly due to UV-induced damage of the
dermal connective tissue of the skin, resulting in alterations of
the dermal extracellular matrix (Wlaschek et al., 2003; Oh
et al., 2006). UVB (290–320 nm) is an inherent component of
sunlight that can penetrate the epidermis to reach the upper
dermis composedmainly of fibroblasts and extracellular matrix
(Rosette and Karin, 1996). It interacts with cellular chroma-
tophores and results in DNA damage and activation of signaling
pathways related to growth, differentiation, senescence, and
connective tissue degradation (Helenius et al., 1999; Kang
et al., 2011), such as the activation of the p53-dependent
damage response (Campisi, 2005; Lombard et al., 2005; Hill
et al., 2008). Morever, the transcription of p53-dependent
genes, including that encoding p21, induces cell senescence
(Campisi, 2005; Collado and Serrano, 2005; Lombard
et al., 2005). p21 is a cyclin-dependent kinase inhibitors
(CDKIs) and a crucial mediator of p53-dependent senescence
(Brown et al., 1997; Campisi and d’Adda di Fagagna, 2007; Ha
et al., 2008; Demidenko et al., 2009). Therefore, inhibition of
p21 expression perhaps provides a potential strategy against
skin aging-induced by UVB.

FoxM1 is a transcription factor of the Forkhead family.
There are three isoforms of FoxM1 (FoxM1a, FoxM1b, and
FoxM1c) (Ye et al., 1997; Kaestner et al., 2000; Park
et al., 2008a), but only FoxM1b and FoxM1c exhibit trans-

activation activity (Ye et al., 1997; Leung et al., 2001; Ma
et al., 2005). Previous studies demonstrate that FoxM1c is the
predominant form expressed in various primary and secondary
cell lines (e.g., human BJ1 and mouse NIH3T3 cells) and
neonatal tissues rich in mitotically active cells (Yao et al., 1997;
Teh et al., 2002; Ma et al., 2005). FoxM1 is expressed in
proliferating cells (Korver et al., 1997; Laoukili et al., 2005;
Wang et al., 2005). Its expression is initiated just before entry
into S phase and peaks at the G2/M phase of the cell cycle
(Korver et al., 1997; Leung et al., 2001). FoxM1 depletion in
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mice and cell lines results in cell cycle defects and chromosomal
instability (Laoukili et al., 2005; Wonsey and Follettie, 2005;
Li et al., 2008). More importantly, FoxM1�/� MEFs show
increased expression of p19Arf and SA-b-Gal that are typical
markers of senescent cells (Dimri et al., 1995; Wang
et al., 2005; Wu et al., 2007).

Low-energy laser irradiation (LELI) or low level laser
irradiation (LLLI) is the use of light in the red, to near infrared,
with very low intensity, that induces non-thermo-related
biological events (Gavish et al., 2004). It has been employed in a
variety of clinical treatments. Light-mediated reaction to LPLI is
referred to as biostimulation (Yu et al., 2003). Previous studies
have found that LPLI promotes several cellular processes
including cell proliferation (Shefer et al., 2001, 2002; Gao
et al., 2006; Zhang et al., 2008, 2009) and anti-apoptosis
(Zhang et al., 2010b, 2012), promotes collagen synthesis
(Gavish et al., 2006), stimulates growth factors release (Saygun
et al., 2008), and upregulates cell cycle regulatory protein
expression (Shefer et al., 2002; Taniguchi et al., 2009). To date,
the role of LPLI against UVB-induced cell senescence and
whether FOXM1 can be activated under LPLI have not been
investigated.

In the present study, we show that LPLI promoted FOXM1
nuclear translocation in an ERK-dependent manner, enhanced
the transactivation of c-Myc, and ultimately resulted in
inhibiting UVB-induced p21 expression. The results suggest
that LPLI can inhibit UVB-induced cell senescence through
ERK/FOXM1 pathway.

Materials and Methods
Materials

LipofectamineTM 2000 was purchased from Invitrogen (Carlsbad,
CA). Hydroxyurea (HU) was purchased from Sigma–Aldrich
(St. Louis, MO), HU stock solution of 1mM was prepared in
distilled and deionized water, and stored at 4˚C. PD98059 (20mM)
was purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Plasmids pcDNA3-HA-FOXM1c and pTER-shFOXM1were kindly
supplied by Dr. K.M.yao (University of HK, Hong Kong). The
pYFP-ERK was a gift from Prof. Michiyuki Matsuda (Osaka
University, Japan).

Cell culture and cell cycle synchronization

Mouse embryonic fibroblasts Swiss NIH3T3 cells were obtained
from Ji Nan University, and cultured in a humidified (5% CO2, 37˚
C) incubator in Dulbecco’s modified Eagle’s medium (DMEM, Life
Technologies, Inc., Grand Island, NY), supplemented with 10%
fetal bovine serum, penicillin (100U/ml), and streptomycin
(100mg/ml). NIH3T3 cells were synchronized by serum
deprivation/HU double block. After 30 h, cells were washed three
times with PBS and replenished with DMEM and 10% FBS.

UV treatment

UV-irradiation was administrated at 5mJ/cm2, the source of UVB
radiation was a band of four UVB lamps (Tanon Science
Technology Co., Ltd., Shanghai, China) equipped with digital
controller to regulate UV dosage at a fixed distance of 15 cm from
the lamps to the surface of the cell culture plates. The majority of
the wavelengths were in the UVB range and the peak emission was
recorded at 314 nm. The NIH3T3 cells were treated with doses of
UVB ranged from 0 to 10mJ/cm2 with two stresses per day for
3 days. After six exposures to UVB, the cells were detected by the
corresponding subsequent treatments and methods.

Low-power laser irradiation

NIH3T3 cells were cultured for 24 h after treatment with UVB and
then irradiated with He-Ne laser (632.8 nm, 10mW, 12.74mW/

cm2, HN-1000, Guangzhou, China) at a fluence of 1.0 J/cm2. The
entire procedure was carried out as previously described (Gao
et al., 2006). The cells were treated with EGF (50 ng/ml) as a
positive control. PD98059 (20mM) was added to the culture
medium 30min before LPLI treatment. The entire procedure was
carried out at room temperature. Throughout each experiment,
the cells were kept either in a complete dark or a very dim
environment, except when subjected to the light irradiation, to
minimize the ambient light interference.

Senescence-associated b-galactosidase staining
(SA-b-Gal staining)

Phosphate-buffered saline-washed cells were fixed for 5min
(room temperature) in 3.7% formaldehyde. After washing with
phosphate-buffered saline (PBS), cells were incubated at 37˚C for
12 h with fresh SA-b-Gal stain solution (1mg of X-gal/ml, 5mM
potassium ferrocyanide, 5mM potassium ferricyanide, 150mM
NaCl, 2mM MgCl2, 40mM citric acid in PBS, pH 6.0).

Cell cycle analysis

To determine the cell cycle distribution, 1� 106 cells were seeded
onto a 100mm dish. After various treatments, cells were
trypsinized at indicated time and fixed with 70% ethanol.
Subsequently, cells were stained with RNase I and propidium
iodide (PI), and flow cytometric analysis was performed using a
FACSCantoTM II flow cytometry (Becton Dickinson, Mountain
View, CA) with excitation at 488 nm. The data was analyzed using
ModiFit LT software (Verity Software House, Maine).

Cell viability assays and cell apoptosis assay

NIH3T3 cells were cultured in 96-well microplates at a density of
5� 103 cells/well for 24 h. The cells were then divided into five
groups and exposed to UVB at fluence of 1, 2.5, 5, 10mJ/cm2. The
irradiation was performed on monolayer cells. In all cases, control
(non-irradiated) cells were kept in the same conditions as the
treated cells. Cell viability was assessed with CCK-8 (Dojindo
Laboratories, Kumamoto, Japan) according to the manufacturer’s
instructions. OD450, the absorbance value at 450 nm, was read
with a 96-well plate reader (DG5032, Hua dong, Nanjing, China),
to determine the viability of the cells.

Quantification of apoptosis by Annexin-V/PI staining was
performed (Rocco et al., 2006; Leong et al., 2007; Zhang
et al., 2011). Briefly, both floating and attached cells were collected
72 h after UVB treatment. Apoptotic cell death was determined
using the BD ApoAlert Annexin-V-FITC Apoptosis Kit (Becton
Dickinson, Biosciences) according to the manufacturer’s instruc-
tions. Flow cytometry was performed on a BD FACSCantoTM II
flow cytometer (Becton Dickinson).

Lysis conditions and preparation of cytosolic and nuclear
fractions

Cells were lysed for 40min on ice in lysis buffer (50mM
Tris–HCl pH 8.0, 150mM NaCl, 1% Triton X-100, and 100mM
PMSF). The lysates were centrifuged at 12,000 rpm for 5min at
4˚C, protein concentrations were determined using Brasford
method.

Cells under various treatments as indicated were lysed in low
salt lysis buffer (same as the lysis buffer except NaCl was reduced
to 10mM) and centrifuged at 2,500 rpm for 10min. The
supernatants were used as the cytoplasmic fractions. The pellets
were resuspended in high salt lysis buffer (same as the lysis buffer
except NaCl was increased to 350mM) and rotated for 60min at
4˚C and centrifuged at 14,000 rpm. The supernatants were used as
the nuclear fractions.
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Laser scanning confocal microscopy (LSCM)

To image single cells, the confocal laser scanning microscope
system (LSM510-ConfoCor2) (Carl Zeiss, Jena, Germany) was
used. All images were acquired after laser irradiation with a
Plan-Neofluar 40� /1.3 NA, oil-immersed objective lens. The
specific imaging process is as follows. The excitation wavelengths
were 514 nm for pYFP-ERK. The emission detection filters were
band pass 520–555 nm for pYFP-ERK. To quantify the results, the
fluorescence emission intensities (including the background
fluorescence) were obtained with Zeiss Rel 3.2 image processing
software (Carl Zeiss).

Immunofluorescence (IF)

After various treatments, cells were fixed in 4% paraformaldehyde
for 15min at room temperature and then were washed five times
with PBS. Samples were incubated in blocking buffer (10% bovine
serum albumin in PBS) for 1 h at room temperature, followed by
incubationwith anti-FOXM1 antibody at 4˚C overnight. Cells were
washed five times for 5min each, after which FITC-conjugated
secondary antibodies (Proteintech Group, Chicago) were
added for 2 h at room temperature. Nucleus was stained with PI
(10mg/ml). After five additional washes with PBS, slides were
mounted and analyzed by confocal microscopy.

RNA extraction and RT-PCR

RNA extraction and RT-PCR was performed as described in
previous studies (Ma et al., 2005). RNA from cells were extracted
using the TRIzolTM reagent (Life Technologies) according to the
manufacturer’s instruction. For semi-quantitative RT-PCR analysis
to determine the effect of MEK inhibitor (PD98059) inhibition on
FOXM1 expression, NIH 3T3 cells were pre-treated with 20mM
PD98059 at 30min before LPLI treatment. Total RNAs were
extracted at different treatments and 0.4mg of each sample was
subjected to reverse transcription using random hexamers to
prime cDNA synthesis. cDNA amounts and cycle numbers were
optimized to ensure that amplification was within the linear range
for quantitative analysis. FOXM1 and GAPDH cDNAs were
amplified using the following primers and cycle numbers: mouse
FOXM1, 50-ACCCAAGTGCCA-ATCGCCACTTG-30 and
50-GAAGCGGGGCTATTCCTTCACTGG-30, 30 cycles (368 bp);
mouse GAPDH, 50-AACGACCCCTTCATTGAC-30 and
50-TCCACGACATACTCAGCAC-30, 30 cycles (191 bp). PCR
fragments were resolved in 1% (w/v) agarose gels and detected
with ethidium bromide (EB).

Antibodies and Western blotting

The antibodies used for Western blotting include antibodies
against FOXM1 (Santa Cruz, CA), ERK (Cell Signaling Technology,
Inc., Beverly, MA), phosphoERK (Cell Signaling Technology, Inc.),
p21 (Santa Cruz), histone-H3 (Santa Cruz), GAPDH (Guangzhou
Jetway Biotech Co.,Ltd, China), Phosphoserine (Millipore
Corporation, MA), c-Myc (Bioworld Technology, Inc) and b-actin
(Cell signaling Technology, Inc.,). Equivalent samples (40–100mg
of protein extract was loaded on each lane) were subjected to
SDS-PAGE on 10% or 13% gel. The proteins were then transferred
onto nitrocellulose membranes and probed with the indicated
antibody, followed by secondary antibodies: goat anti-mouse
conjugated to Alexa Fluor 680 or goat anti-rabbit conjugated to
IRDyeTM800. Detection was performed using the LI-COR
Odyssey Infrared Imaging System (LI-COR, Inc., Lincoln, NE).

Immunoprecipitation (IP) and coimmunoprecipitation
(Co-IP)

Cells were extracted in lysis buffer (50mM Tris–HCl [pH 8.0],
150mM NaCl, 1% TritonX-100, 100mM PMSF) supplemented

with protease inhibitor cocktail set I for 60min on ice. After
centrifugation, the protein samples were incubated with 50%
slurry of protein A-Sepharose (Roche Applied Sciences,
Indianapolis, IN) at 4˚C overnight, and these mixed samples were
centrifuged at 12,000g for 30 sec. The supernatant was incubated
with the indicated antibody and subsequently with protein
A-Sepharose (50% slurry) at 4˚C overnight. The 12,000g pellets
were washed three times. After adding the same volume of Tris-
glycine SDS sample buffer to the sample, these samples were boiled
to remove Sepharose beads. After centrifugation at 12,000g for
1min, the cells lysates and immunoprecipitates were analyzed by
Western blotting.

Statistical analysis

All data represent at least three independent experiments and are
expressed as the mean� SEM. Differences between groups were
compared using Student’s t-tests by SPSS software, and significance
was accepted at P< 0.05.

Results
UVB induces cell senescence

In order to test the appropriate fluence of UVB (1, 2.5, 5, or
10mJ/cm2) that caused NIH3T3 cells senescence without cell
death, cell viability was determined by CCK-8 assay. As shown
in Figure 1A, the cell viability significantly decreased and
cytotoxicity was found after exposure to 10.0mJ/cm2, but not
5mJ/cm2. Similar results were obtained with flow cytometry
assay (Fig. 1B and C).

The SA-b-Gal staining has been used to identify the
senescent cells (Dimri et al., 1995; Rodier and Campisi, 2011).
It was performed to determine the appropriate UVB treatment
that could induce cell senescence. We found that UVB induced
cell senescence was in a dose-dependent manner (Fig. 1D and
E). Without leading to cell death, the dose of UVB used
throughout this study was 5mJ/cm2.

FOXM1c is essential for LPLI protecting cells from
UVB-induced cell senescence

To address whether FOXM1c could slow down the
senescence process, NIH3T3 cells were transfected with
HA-FOXM1c for 24 h overexpression and then treated by
UVB for 72 h with/without LPLI. As shown in Figure 2A, both
overexpression of HA-FOXM1c and LPLI treatment alone
inhibited UVB-induced cell senescence by SA-b-Gal staining
assay. More importantly, overexpression of HA-FOXM1c with
LPLI further suppressed the cell senescence (Fig. 2A and B).

To confirm the role of LPLI against UVB-induced cell
senescence, Western blotting was used to detect the
stimulation of endogenous p21 expression by UVB-treatment
which is a dominant protein believed to be a hallmark of
senescent cells (Li et al., 2008). We found that LPLI inhibited
the expression of p21 about 20% changes compared to UVB-
treated cells at 24 h (Fig. 2C). The p21 expression decreased at
36 h was almost the same as control cells, ultimately inhibited
UVB-induced cell senescence (Fig. 2C and D).

In order to detect the role of FOXM1,Western blotting was
performed to detect the expression of HA-FOXM1c and test
the ability of FOXM1-shRNA to inhibit the expression of
FOXM1 (Fig. 2E). As shown in Figure 2F and G, HA-FOXM1c
overexpression significantly inhibited the expression of p21
and enhanced the effect of LPLI. However, UVB-induced p21
expression increased after knockdown of FOXM1 by shRNA
(Fig. 2H and I).

To further investigate the function of FOXM1c in LPLI
attenuating UVB-induced cell senescence, DNA analysis by
flow cytometry was performed to detect the percentage of
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Fig. 1. 5mJ/cm2 UVB induces cell senescence. A: Cytotoxicity was analyzed at 48h after six exposures to UVB. Doses of UVB ranged from
0 to 10mJ/cm2 with 2 stresses per day for 3 days. Cell viability measured with CCK-8 assay. �P< 0.05, significant from the untreated cells.
Data represent the mean�SEM of three independent experiments. B–C: Cell death analysis of treated cells was performed by flow cytometry
with Annexin V/PI double staining after six exposures to UVB. B: Numbers refer to the percent Annexin V- and/or PI-positive cells in this
representative experiment. C: The percentages of cell viability were used to calculate. �P< 0.05, significant from the untreated cells. Data
represent the mean�SEM of three independent experiments. D: NIH3T3 cells were treated with UVB and stained with freshly prepared SA-
b-gal staining solution 2 days later. Doses of UVB ranged from 0 to 10mJ/cm2 with two stresses per day for 3 days. E: Quantitative analyses of
SA b-Gal-positive cells. Cells in at least four random fields were scored (n� 100 each). �P< 0.05.
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cells at the G0/G1 phase. We found that overexpression of
HA-FOXM1c with/without LPLI treatment significantly
decreased the percentage of cells at the G0/G1 phase,
suggesting that the protective function was due to an indirect
effect of a perturbation in cell cycle progression (Fig. 2J and K).

YFP-ERK translocates from cytoplasm to nucleus and
increases its interaction with FOXM1c after LPLI
treatment

To determine the role of FOXM1 during LPLI-inhibiting cell
senescence, we examined ERK that is upstream of FOXM1
(Ma et al., 2005). ERK localizes in both the nucleus and the
cytoplasm under normal physiological conditions (Bonni
et al., 1999; Brunet et al., 1999; Burack and Shaw, 2005), and
its activity is tightly regulated. YFP-ERK was transfected into

NIH3T3 cells to examine its subcellular localization. As shown
in Figure 3A, we found that ERK predominantly localized in
cytosol in the control cells, while LPLI promoted ERK
translocation from cytoplasm to nucleus which was similar to
epidermal growth factor (EGF) treatment. Moreover, the
effect of LPLI was abolished by PD98059, an inhibitor of MEK
(Fig. 3A). These results were further confirmed with a
quantitative analysis of nuclear YFP fluorescence emission
intensities (Fig. 3B) and detection of the ERK level in nucleus
with Western blotting (Fig. 3C). ERK translocation from
cytoplasm to nucleus indicated that ERK was activated by LPLI,
which was associated with phosphorylation as detected with
Western blotting (Fig. 3D).

We have demonstrated ERK is activated by LPLI. To
investigate the interaction between ERK and FOXM1c, we
examined the ERK-FOXM1c complex by Co-IP. Cells were

Fig. 2. FOXM1c is essential for LPLI protecting cells from UVB-induced cell senescence. NIH3T3 cells were transfected with HA-FOXM1c or
FOXM1 shRNA. A: SA-b-gal staining was performed to analysis cells senescence and the cells were photographed at CCD. NIH3T3 cells were
treated with UVB and stained with freshly prepared SA-b-gal staining solution. Similar results were obtained from three independent
experiments. B: HA-FOXM1c overexpression further inhibited UVB-induced cell senescence under LPLI. SA-b-gal staining was performed to
analysis cells senescence. Quantitative analyses of SA-b-Gal-positive cells. Cells in at least four random fields were scored (n� 100 each),
�P< 0.05. C–D: LPLI inhibited the UVB-induced p21 expression. Western blotting was performed to detect p21 expression under different
treatments at the indicated times. Similar results were obtained from three independent experiments. Quantitative analysis of p21 levels,
�P< 0.05, #P< 0.05. E: Western blotting was performed to detect the expression of HA-FOXM1c and test the ability of FOXM1-shRNA to
inhibit the expression of FOXM1. F–I: Western blotting was performed to detect the stimulation of endogenous p21 protein expression by
UVB treatment plus LPLI with/without HA-FOXM1 (F–G) and FOXM1 shRNA (H–I). Similar results were obtained from three independent
experiments. Quantitative analysis of p21 levels, �P< 0.05, #P< 0.05. J–K: Flow cytometry analysis the cell cycle of NIH3T3 cells with different
treatments. Numbers refer to the percent of cell cycle in this representative experiment (J). Typical cell cycle histograms representing
percentage of cells at G1, S, and G2 phases were recorded from three replicate experiments (K).
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treated with (þ) or without (�) LPLI and PD98059. As shown
in Figure 3E, we found that FOXM1c-ERK complex increased
significantly after treatment with LPLI, as well as
phosphorylation of FOXM1. The effects were inhibited in the
presence of PD98059. Similar results were obtained in HA-
FOXM1c transfected cells (Fig. 3F).

LPLI-induced FOXM1 nuclear translocation is in an
ERK-dependent manner and enhances the
transcriptional activity of FOXM1

FOXM1 expression is initiated before entry into S phase and its
level persists during the S phase (Korver et al., 1998; Leung
et al., 2001). NIH3T3 cells, synchronized using serum

starvation/HU double block, were harvested at various time
intervals after release from cell cycle arrest. From 0 to 6 h after
release, Western blotting analysis revealed low levels of
FOXM1 expression. FOXM1 level increased significantly at 7 h
after release, and there was a concomitant mobility shift of the
FOXM1 band (Fig. 4A).

To detect FOXM1 subcellular localization under different
phase, NIH3T3 cells were similarly synchronized and harvested
for immunofluorescence. Cells were stained with propidium
iodide (PI) to label the nucleus. Before removal of HU (0 h), low
levels of FOXM1 were detected in the nucleus. At 3 and 6 h
after release, FOXM1 was still predominately cytoplasmic.
Interestingly, there was a dramatic increase in nuclear-
expressing cells at 7 h after release (Fig. 4B).

To address whether the subcellular localization of FOXM1 is
modulated by LPLI via ERK, synchronized NIH3T3 cells were
treated with EGF, PD98059 and LPLI 1-h before the indicated
harvest time for immunofluorescence. As shown in Figure 4C,
LPLI, which can activate ERK, promoted FOXM1 nuclear
translocation at 6 h after release. Without LPLI, FOXM1
did not enter the nucleus. At 7 h after release, FOXM1
translocated to nucleus under normal condition. The nuclear
entry was abrogated in the presence of PD98059 (20mM)with/
without LPLI treatment (Fig. 4C). Similar results were obtained
in human dermal fibroblasts (HDFs) (Fig. 4D) although nuclear
FOXM1 expression levels in HDF cells was not the same as
NIH 3T3 cells, likely due to cell-specific variation. These results
suggest that FOXM1 nuclear translocation induced by LPLI was
in an ERK-dependent manner.

In order to determine the activation of FOXM1 under LPLI,
Western blotting and RT-PCR were performed for the
expression of FOXM1 at both protein and transcript levels,
respectively. c-Myc, the transcriptional target of FOXM1 as
described by Wierstra and Alves (2008) and its downstream
protein p21 were also investigated. Results show that LPLI
increased the expression of FOXM1 at both protein and
transcript levels, while PD98059 inhibited the effect of LPLI
(Fig. 4E and F). Similar results were obtained from the c-Myc
protein expression. Conversely, LPLI significantly suppressed
p21 expression and PD98059 neutralized the effect of LPLI

Fig. 3. YFP-ERK translocates from cytoplasm to nucleus and
increases its interaction with FOXM1c after LPLI treatment. A:
Representative sequential images of NIH3T3 cells expressing YFP-
ERK was in response to different treatments; Bar¼ 10mm. B:
Quantitative analysis of relative YFP-ERK fluorescence emission
intensities of nucleus in NIH3T3 cells was subjected to different
treatments, �P< 0.05, #P< 0.05. C: Western blotting of cytoplamsic
and nuclear extracts were designed to examine the level of ERK.
Cytoplasmic and nuclear fractions were obtained from the NIH3T3
cells after treatments. Similar results were obtained from three
independent experiments. Quantitative analysis of ERK levels,
�P< 0.05, #P< 0.05. D: Western blotting analysis of NIH3T3 cells
under different treatments was performed to detect phosphoration
of ERK. Similar results were obtained from three independent
experiments. Quantitative analysis of p-ERK levels, �P< 0.05,
#P< 0.05. E: Co-IP was performed to detect the ERK-FOXM1c
complex with or without LPLI/PD98059 treatments. After
treatment, Co-IP with an anti-FOXM1 antibody was used to pull
down ERK-FOXM1c, Western blotting was performed to detect
ERK, FOXM1c, and phosphorylation of FOXM1 in the IP complexes.
Similar results were obtained from three independent experiments.
Quantitative analysis of ERK-FOXM1c complex levels, �P< 0.05,
#P< 0.05. F: Co-IP was performed to detect the ERK-HA-FOXM1c
complex with or without LPLI/PD98059 treatments. NIH3T3 cells
were transfected with HA-FOXM1c. After treatment, Co-IP with an
anti-HA antibody was used to pull down ERK-FOXM1c, Western
blotting was performed to detect ERK and HA-FOXM1c in the IP
complexes. Similar results were obtained from three independent
experiments. Quantitative analysis of ERK-HA-FOXM1c complex
levels, �P< 0.05, #P< 0.05.
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(Fig. 4E). Overexpression of HA-FOXM1c promoted the
expression of c-Myc with or without LPLI and inhibited the
expression of p21 (Fig. 4G), while adding PD98059 or
knockdown of FOXM1 decreased c-Myc expression, and
enhanced p21 expression even under LPLI (Fig. 4G and H).
These suggest that LPLI-induced c-Myc expression and
inhibition on p21 were dependent on ERK/FOXM1
pathway.

Discussion

In this study, for the first time, the effect of FOXM1 against
UVB-induced cell senescence under LPLI was investigated. Our
results show that LPLI reduced SA-b-Gal activity, decreased

the expression of p21 protein and G1 phase arrest. These
effects were achieved through the activation of the ERK/
FOXM1 pathway by LPLI. Overexpression of FOXM1c with/
without LPLI attenuated the cell senescence. Inhibition of
FOXM1 by shRNA significantly reduced the effect of LPLI on
anti-cell senescence induced by UVB. LPLI promoted ERK
nuclear translocation, thereby increased FOXM1 accumulation
in nucleus and the transactivation of c-Myc, ultimately resulted
in inhibition of the p21 expression.

UV radiation is considered to be the most important factor
in skin aging, especially in premature aging (Wlaschek
et al., 2003). In the present study, cell viability and cell death
analysis demonstrated that UVB led cell senescence was in a
dose-dependent manner (Fig. 1). Based on this preliminary

Fig. 4. LPLI induces FOXM1 nuclear translocation is in an ERK-dependent manner and enhances the transcriptional activity of FOXM1.
NIH3T3 cells were synchronized at the G1/S boundary by serum starvation/HU double block. A: Cells at different time intervals after HU
release were harvested for Western blotting analysis. Progressive mobility shifts of the FOXM1 band were observed at 7 h after release.
B: NIH3T3 cells were synchronized by serum starvation/HU double block and fixed at various time points after removal of HU.
Immunofluorescence analysis for the localization of endogenous FOXM1 and nucleus was counterstained with PI. Merged images of FOXM1
and nuclear staining were also shown. FOXM1 was predominantly cytoplasmic at 0, 3, and 6h after release; FOXM1 became mainly in nucleus
at 7 h after release. C: Without treatment, FOXM1 was predominantly cytoplasmic at 6 h after release, while LPLI could promote FOXM1
nuclear translocation. Treatment with PD98059 abolished FOXM1 nuclear translocation at 7 h after release with/without LPLI. D: Human
dermal fibroblasts (HDFs) cells were synchronized at the G1/S boundary by serum starvation/HU double block. After different treatments,
immunofluorescence analysis for the localization of endogenous FOXM1, and nucleus was counterstained with PI. Merged images of FOXM1
and nuclear staining were also shown. Similar results were obtained from three independent experiments. E–F: Western blotting and RT-PCR
were performed to evaluate FOXM1 protein expression (E) and its transcript levels (F), respectively. G–H: c-Myc and p21 expression were
detected in untransfected (E), HA-FOXM1c-overexpressed (G) or FOXM1-shRNA-transfected (H) cells with/without LPLI/PD98059
treatment. Similar results were obtained from three independent experiments. Quantitative analysis of c-Myc and p21 levels, �P< 0.05,
#P< 0.05.
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study, we developed amodel of premature senescence induced
with a subcytotoxic UVB dose (5mJ/cm2).

LPLI has been shown to increase cell proliferation (Shefer
et al., 2001, 2002; Zhang et al., 2009; Huang et al., 2013).
Cellular senescence is a growth-arrest program that limits cell
proliferation. However, to date, there is no reported
investigation of LPLI on protecting against UVB-induced cell
senescence. Our results demonstrate that LPLI could protect
against UVB-induced cell senescence in NIH3T3 cells.
Senescence-associated b-galactosidase (SA-b-Gal) activity and
p21 expression were increased after UVB. Under LPLI
treatment, both SA-b-Gal positive cells and p21 expression
decreased, suggesting that LPLI could delay cell senescence
(Fig. 2).

How LPLI delays cell senescence is still unknown. It is well
established that FoxM1 is a key cell cycle regulator of both the
transition from G1 to S phase and progression to mitosis
(Leung et al., 2001; Wang et al., 2002; Laoukili et al., 2005;
Wonsey and Follettie, 2005; Park et al., 2008a,b). An
accumulation of cell cycle in G0/G1 was observed after UVB
treatment. With LPLI treatment, the percentage in G0/G1
phase decreased, while that in the S phase increased. This
indicates that LPLI relieved cell cycle arrest induced by UVB
(Fig. 2). Furthermore, overexpression of HA-FOXM1c with
LPLI significantly decreased the percentage of cells at the G0/
G1 phase comparing to that under LPLI alone (Fig. 2),
suggesting that the protective function was due to an indirect
effect of a perturbation in cell cycle progression through
FOXM1. The SA-b-Gal activity and p21 expression were also
further decreased when HA-FOXM1c overexpression under
LPLI treatment. Knockdown of FOXM1 increased UVB-
induced p21 expression (Fig. 2). These results suggest that LPLI
delayed UVB-induced cell senescence through FOXM1.

FOXM1 subcellular localization and expression vary in
different cell phases. Using synchronized NIH3T3 cells, we
show that the FOXM1 expression increased from 7 to 12 h
after release fromHU. FOXM1 began to translocate to nucleus
at 7 h after the release, while LPLI accelerated FOXM1 nuclear
translocation at 6 h after the release and there was an
associated activation of FOXM1 (Fig. 4). It has been proved that
FOXM1 nuclear translocation requires Raf/MEK/MAPK/ERK
signaling (Ma et al., 2005). Our results found that FOXM1
nuclear translocation induced by LPLI was abolished when the
cells were incubating with the MEK inhibitor PD98059 (Fig. 4),
suggesting activation of the MEK/ERK pathway was necessary
for stimulating nuclear translocation of FOXM1. The effect of
LPLI on MEK/ERK pathway was investigated. The results show
that LPLI promoted ERK translocation from cytoplasm to
nucleus associated with the phosphorylation of ERK, and
PD98059 inhibited this process (Fig. 3).

Previous studies indicate that there are similar results when
HDFs and NIH 3T3 cells under the same stimulates such as
MEK inhibitor PD98059 and IL-1 suppress basal and TGF-b-
induced CTGF mRNA and protein expression (Zhao
et al., 2004; Nowinski et al., 2010). Recent studies have
demonstrated that Centella asiatica extracts regulates HDFs
senescence induced by hydrogen peroxide partly through
promoting FOXM1 expression (Kim et al., 2011). FoxM1
counteracts oxidative stress-induced NIH 3T3 cells senes-
cence via up-regulating c-Myc expression, resulting in
suppressing p21 expression (Li et al., 2008). Reduced c-Myc
triggers cell senescence (Guney et al., 2006). Our results show
that c-Myc expression increased, while p21 was decreased
under LPLI (Fig. 4) and could inhibit cell senescence. The effect
of LPLI were inhibited in the presence of PD98059 (Fig. 4).
Therefore, there results confirm that LPLI delayed UVB-
induced cell senescence through FOXM1/c-Myc/p21 pathway.

In conclusion, our study demonstrates that LPLI realizes its
anti-aging effect by activating the ERK/FOXM1/p21 signaling

pathway. LPLI phosphorylates ERK, leading to the ERK’s
cytoplasm-to-nuclear translocation and promotes FOXM1
nuclear translocation. Nuclear localization enhances FOXM1
transcriptional activity and promotes its downstream target
gene c-Myc expression and inhibits UVB-induced p21
expression, ultimately delays cell senescence. A schematic of
the mechanism is summarized in Figure 5.

The delineation of the ERK/FOXM1/p21 signaling pathways
involved in LPLI inhibiting UVB-induced cell senescence
provides an insight into establishing LPLI as a novel approach
to against skin aging therapy. FOXM1 protein may be a
therapeutic target and LPLI may provide a potential therapeutic
strategy for the treatment of photoaging through activating
ERK/FOXM1/p21 signaling pathway.
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