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Abstract
Profilin-1 (PFN1) regulates actin polymerization and cytoskeletal growth. Despite the essential roles of PFN1 in cell inte-
gration, its subcellular function in keratinocyte has not been elucidated yet. Here we characterize the specific regulation of 
PFN1 in DNA damage response and repair machinery. PFN1 depletion accelerated DNA damage-mediated apoptosis exhibit-
ing PTEN loss of function instigated by increased phosphorylated inactivation followed by high levels of AKT activation. 
PFN1 changed its predominant cytoplasmic localization to the nucleus upon DNA damage and subsequently restored the 
cytoplasmic compartment during the recovery time. Even though γH2AX was recruited at the sites of DNA double strand 
breaks in response to DNA damage, PFN1-deficient cells failed to recruit DNA repair factors, whereas control cells exhibited 
significant increases of these genes. Additionally, PFN1 depletion resulted in disruption of PTEN-AKT cascade upon DNA 
damage and CHK1-mediated cell cycle arrest was not recovered even after the recovery time exhibiting γH2AX accumula-
tion. This might suggest PFN1 roles in regulating DNA damage response and repair machinery to protect cells from DNA 
damage. Future studies addressing the crosstalk and regulation of PTEN-related DNA damage sensing and repair pathway 
choice by PFN1 may further aid to identify new mechanistic insights for various DNA repair disorders.
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Introduction

Skin is a primary barrier to detrimental circumstance 
such as UV and chemical attack. Skin cells, especially 
keratinocytes in epithelial layer, undergo dynamic changes 
in response to DNA damage, and a single DNA break-
age can be lethal leading to malignant transformation if 
it remains unrepaired, or aberrantly repaired. Ultra vio-
let radiation B (UVB) is one of the DNA damage agents 
inducing a wide range of DNA damages, which include not 

only single-strand DNA breaks (SSBs) and DNA damage 
adducts such as pyrimidine dimers, but also DNA double 
strand breaks (DSBs), and each of those products upon 
DNA damage undergoes suitable DNA repair machin-
ery [1, 2]. DNA DSBs trigger the DNA damage response 
(DDR), which requires activation of the ataxia-telangi-
ectasia mutated (ATM) kinase–initiated by recruitment 
of the MRE11, RAD50, and NBS1 (MRN) complex to 
the sites of DSBs, and subsequent phosphorylation of its 
downstream substrates involved in various branches of 
the DDR network that signals cell cycle arrest and DNA 
repair. Accumulation of DNA damage to both genomic 
and mitochondria contributes to extrinsic aging-associated 
skin alterations as well as carcinogenesis. Young individu-
als with basal cell carcinoma (BCC) have been reported 
to show poor efficiency of DNA repair in response to 
extrinsically induced DNA damage compared to healthy 
groups and exhibit more precocious aging [3]. In addition, 
previous study has shown that UV-induced DNA dam-
age initiates one of the signals for MMP-1 release, and 
enhanced DNA repair function reduces MMP-1 expression 
in human skin cells and tissues [4]. Thus, understanding 
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of mechanisms that underlie the system of DDR and repair 
is crucial to provide a better therapeutic strategy for skin 
carcinogenesis and aging.

Profilins are widely known as actin binding proteins 
that are essential for actin polymerization and cytoskeleton 
organization [5]. In an actin assembly, profilin catalyzes 
the exchanges of ADP to ATP of globular actin (G-actin) 
and it leads to ready state of actin nucleation at barbed end 
of filamentous actin (F-actin) [6]. Profilins are composed 
of four isoforms and among these family Profilin1 (PFN1) 
is the most widely expressed and studied gene emphasiz-
ing its roles as a component of actin assembly. Dysregula-
tion of PFN1 induces actin cytoskeleton-associated altera-
tions such as cell proliferation, migration and adhesion 
with morphological changes [7–9]. However, apart from 
the roles of PFN1 in cytoskeleton remodeling, it has been 
reported that PFN1 regulates drug resistance within the 
interaction of p53 in breast cancer cells and also exhibits 
the roles in autophagy-mediated drug resistance interact-
ing with the Beclin1 complex in multiple myeloma [10]. In 
breast cancer, overexpression of PFN1 upregulates PTEN 
expression following decrease of levels in AKT activation 
and PFN1-PTEN interaction inhibits IKK phosphoryla-
tion leading to suppress NF-kB activation [11]. Despite 
the extensive research on PFN1, its subcellular functions, 
especially the functional roles of nuclear compartment 
of PFN1 in the stressed condition, are yet to be eluci-
dated. Therefore, in this study we firstly characterized the 
functional roles of PFN1 in human keratinocytes and its 
specific regulation in DNA damage response and repair 
machinery.

Materials and methods

Cell culture and treatments with DNA damage 
agents

HaCaT cells kindly gifted from the laboratory of Profes-
sor Sangjin Kang from CHA University, are the immortal-
ized human keratinocytes originally derived from the nor-
mal skin. HaCaTs were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; WELGENE, KOREA) supple-
mented with 10% fetal bovine serum (FBS; WELGENE, 
KOREA) and 1% penicillin–streptomycin (WELGENE, 
KOREA) at 37 °C and 5%  CO2, and passages between 1 
and 10 were used for all experiments. Ultraviolet B (UVB, 
20 mJ/cm2) radiation using UV Crosslinker (CL-1000 M, 
UVP, USA) and doxorubicin (DOX, 0.5 μM) were used to 
induce DNA damage in HaCaT cells. To provide recovery 
time for cells, cells were washed three times with PBS and 
maintained in the fresh media supplemented with 10% FBS.

Cell transfection and infection

The pLKO lentiviral vectors to knockdown PFN1 (shPFN1 
construct sequence; CCG GTA CGT GAA TGG GCT GAC 
ACT TCT CGA GAA GTG TCA GCC CAT TCA CGT ATT 
TTTG) and pCMV-FLAG-PFN1 to overexpress PFN1 were 
purchased from abcam and Sino Biological, respectively. 
The corresponding lentiviruses were packaged and gener-
ated by transfecting pLKO-lentiviral shPFN1 plasmid or 
pCMV-FLAG-PFN1 with VSVG and d8.9 into L293 cells. 
Lentiviral infection was carried out as follows: post trans-
fection with Lipofectamine 2000 (Thermo scientific, USA), 
viruses were collected after 72 h. After passing through 
0.45 μM filters, viruses were used to infect HaCaT cells in 
the presence of 8 μg/mL polybrene. Following the lentiviral 
infection, cells were maintained in the presence of puromy-
cin or hygromycin at 2 μg/mL for at least 72 h for selection. 
Reverse transcription polymerase chain reaction (RT-PCR) 
and immunoblotting analyses were conducted to validate the 
levels of PFN1.

Quantitative real time reverse transcription 
polymerase chain reaction

SYBR Green (Roche, Basel, Switzerland) assays were used 
to quantitate DNA damage response and repair pathway 
related genes in HaCaT cells. Total RNA extracted using 
TRIzol reagent (Ambion, Life Technologies Corporation, 
CA, USA) at 1ug was converted to cDNA using M-MLV 
reverse transcriptase (Promega, Madison, WI, USA), dNTP 
(Invitrogen, Carlsbad, CA, USA) and oligo dT primer 
(Labopass, Seoul, Korea). With 1/10 volume of cDNA, gene 
expression was quantitatively analyzed. Amplifications were 
run in a CFX Connect™ Real-Time PCR Detection System 
(BioRad, Hercules, CA, USA). A DNA melting-curve was 
used to confirm the presence of a single PCR product in 
each assay. Real-time PCR results for DNA damage response 
and repair pathway related genes were normalized to β-actin 
mRNA expression and analyzed using the ordinary one-way 
ANOVA analysis with Dunnett’s multiple comparison tests. 
Primer sequence pairs used for these analyses are shown in 
Supplementary Table 1.

Immunoblotting analysis

Immunoblotting and subcellular fractionation were per-
formed as previously described [12]. PFN1 (Abcam; 
ab118984, 1:2000), PTEN (Cell Signaling; 9188, 1:1000), 
Phospho-PTEN (Ser380/Thr382/383) (Cell Signaling; 9549, 
1:1000), AKT (Cell Signaling; 4691, 1:1000), Phospho-Akt 
(Ser473) (Cell Signaling; 4060, 1:1000), α-Tubulin (Cell 
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Signaling; 2144, 1:2000), SP1 (Santa cruz biotechnology; 
sc-59X, 1:2000), γH2AX (Abcam; ab11175, 1:2000), Chk1 
(Santa cruz biotechnology, sc-377231, 1:1000), Phospho-
Chk1 (Ser317) (Cell Signaling; 2344, 1:1000), Chk2 (Santa 
cruz biotechnology; sc-9064, 1:1000), Phospho-Chk2 
(Thr68) (Novus Biologicals; NB100-92502, 1:1000), PARP 
(Cell Signaling; 9532, 1:1000), Cleaved-PARP(Asp214)
(D64E10) (Cell Signaling; 5625, 1:1000) and β-actin 
(Abcam; ab54724, 1:2000), respectively followed by incu-
bation with IgG-HRP (1:3000, Abcam, UK). Protein bands 
were visualized by Lumi femto solution (Dogen, Korea). 
Image J (National Institutes of Health, Bethesda, MD, USA) 
was used to quantify bands and compare to the loading 
control.

Immunofluorescence and microscopy

Immunofluorescence (IF) staining was performed as previ-
ous described [12]. HaCaT cells were plated on matrigel-
coated cover glasses (1:8 dilution; growth factor-reduced, 
Corning, USA) in a 24-well plate and grown for 24 h prior 
to IF staining. Localization studies were performed using 
antibody to PFN1 (Abcam; ab118984, 1:500), Phalloidin 
(Abcam; ab176753, 1:1000), Vinculin (Merck; FAK100-
Part No.90227, 1:100), E-cadherin (Abcam; ab1416-500, 
1:100), EpCAM (Abcam, 187270, 1:100), γH2AX (Abcam; 
ab11175, 1:300), cleaved caspase 3 (Cell Signaling; 9661s, 
1:100), and further incubated with anti-rabbit or anti-mouse 
IgG fluorescence (Invitrogen). Cover glasses were mounted 
in Vectashield mountant with DAPI (Vector Laboratories) 
as nuclear stain. Images were captured using oil immersion 
63 × objectives Zeiss 510 microscopy (Carl Zeiss MicroIm-
aging, Röttingen, Germany) and processed using Zen soft-
ware (ZEISS) and further analyzed with ImageJ (National 
Institutes of Health, Bethesda, MD) to measure and analyze 
the intensity of IF staining.

Wound healing assay

HaCaT cells were seeded in a 6-well plate and cultured to 
100% confluence. After 24 h of starvation, a linear scratch 
was generated using a sterile 1 ml pipette tip and the gap 
distances of wound closure were measured at serial time 
points up to 72 h. Image J was used to quantify and the gap 
distances of wound closure.

Cell proliferation assay

The capacity of proliferation of HaCaTs was determined 
directly by counting total cell number manually using hemo-
cytometer. 5 × 103 cells were seeded in 96 well plates and 
the number of cells were counted at 0 h, 24 h, 48 h, 72 h, 
and 96 h.

Cell viability assay

Viability assays of HaCaTs were performed using Cell Via-
bility Assay Kit (#QM1000, BIOMAX, Korea) according to 
the manufacturer’s instructions. 5 × 103 cell were seeded in 
96 well plates and 100ul of DMEM media were added onto 
each well, then incubated for 24 h, 48 h, 72 h, then 10ul 
QuantiMAX™ was added at intervals of 24 h incubation 
time. Reaction of QuantiMax mixture (BIOMAX, Korea) 
was conducted on the shaker for 90mins, then 450 nm wave-
length was detected using a Multiskan™ GO Microplate 
Spectrophotometer (Thermo scientific, USA). Cell viability 
values are expressed as percent control and are the means of 
3 determinations (*P < 0.05, ***P < 0.005).

Sphere formation assay

HaCaT cells were plated in a 6-well plate at the density of 
5 × 105 cells/well in DMEM supplemented with 10% FBS 
and 1% penicillin–streptomycin with 90 rpm of shaking. 
After 7 days of incubation, the sphere size was measured 
under the inverted microscope with 4 × or 10 × objective.

Cell cycle assay

The cell cycle stage depending on the status of PFN1 in 
response to DNA damage was analyzed by using propidium 
iodide (PI) staining kit (Abcam, UK). Cells were harvested 
and fixed in 70% ice-cold ethanol overnight, washed two 
times with PBS, and resuspended in PI/RNase A (Abcam, 
UK) buffer for 15 min at room temperature. Cells were then 
examined by flow cytometer (Beckman Coulter, USA) and 
the data were analyzed using CytExpert software (Beckman 
Coulter, USA).

Statistical analysis

Statistical significance was determined by a two tailed Stu-
dent’s t-test. A P-value that was < 0.05 was considered statis-
tically significant (P < 0.05(*), P < 0.01(**), P < 0.001(***) 
and P < 0.0001(****)).

Results

Profilin‑1 regulates actin formation in HaCaT cells

PFN1 plays an important role in actin polymerization by 
binding to actin and the activity of nucleotide exchange [5, 
8, 13]. To examine its roles in human keratinocytes, PFN1 
expression was suppressed in HaCaT cells by transducing 
a lentiviral vector expressing a construct targeting PFN1 
shRNA (shPFN1). Depletion of PFN1 was validated by 
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RT-PCR, qPCR and immunoblotting analyses. These anal-
yses showed that shPFN1 transduction in HaCaTs induces 
approximately tenfold reduction in PFN1 expression at both 
mRNA and protein levels (Fig. 1a–d). In a culture condi-
tion, empty vector(EV)-transduced HaCaTs were grown 
as a colony whereas PFN1-depleted cells displayed more 
independent growth (Fig. 1e). In addition, co-Immunofluo-
rescence (co-IF) staining of PFN1 with phalloidin, a marker 
for filamentous actin examined the effect of PFN1 deple-
tion on actin cytoskeletal reorganization. It revealed that 
PFN1 depletion induces a significant reduction (− 3.3 fold) 
of phalloidin expression, particularly weaker at the sites 
of cell–cell contacts compared to those of control group 
implicating crucial roles of PFN1 in F-actin formation and 
cytoskeletal organization in keratinocytes (Fig. 1f, g and 
Supplementary Fig. 1a).

PFN1 plays an important role in cell–cell adhesion

PFN1 has been recently suggested as a key player in regu-
lating cell–matrix adhesion of human aortic endothelial 
cells [14, 15]. This led us to ask whether the status of 
PFN1 has any impact on integrating focal adhesion com-
plex in human keratinocytes. HaCaT cells were trans-
fected with CMV-flag-tagged PFN1 cDNA, which could 
be distinguished from endogenous PFN1 by anti-flag 
detection, to induce PFN1 overexpression, and cell–cell 
adhesion was analyzed in PFN1-overexpressed HaCaTs 
compared to EV- or shPFN1-transduced cells. The sta-
tus of PFN1 expression at the condition of knockdown 
(shPFN1) or overexpression (O/E PFN1) compared to con-
trol group (EV) were validated by RT-PCR and immu-
noblotting analyses (Fig. 2a, b). The impact of PFN1 on 
cellular adhesive structure at focal adhesion complex was 
examined by counterstaining of phalloidin with Vincu-
lin in shPFN1-, O/E PFN1, or EV-transduced HaCaT 
cells. Cells were grown on matrigel-coated cover glass 
to increase the capacity of cell–cell adhesion. Vinculin 
is a major focal adhesion plaque protein within a link-
age of F-actin and integrins acting as a mechanical clutch 
to stabilize cell–cell adhesion [16, 17]. Co-IF of Vincu-
lin and phalloidin revealed significant disruption of both 

F-actin and focal adhesion complex, which is evidenced 
by reduced expression, especially at the site of cell–cell or 
cell–matrix contacts. Intracellular localization of Vinculin 
at focal adhesion was completely disappeared with PFN1 
depletion whereas remained highly expressed in control 
and PFN1-overexpressed cells (Fig. 2c and Supplemen-
tary Fig. 2a). Our findings might imply that loss of PFN1 
causes Vinculin-dependent integrin-mediated adhesion 
failure and subsequent attenuation of adhesion-mediated 
signaling transduction [18]. Interestingly, PFN1-knock-
down mediated by shPFN1 transduction induced signifi-
cant cellular morphological alterations displaying more 
circular shapes with decreased filopodia protrusions exhib-
iting low levels of cell–cell adhesion compared to control 
group (Supplementary Fig. 2b, c). This might imply that 
loss of actin cytoskeleton organization induced by PFN1 
knockdown leads to decrease the ability of cell–cell or 
cell–matrix adhesion following reduction in filopodia 
protrusion and morphological alterations. However, little 
impact was observed in O/E PFN1 group compared to con-
trol (Supplementary Fig. 2b, c). Furthermore, intracellular 
adhesion is regulated by actin cytoskeleton remodeling 
within a complex of an adherent protein, E-cadherin [15] 
and actin fibers organize circumferential cables to mediate 
cell–cell adhesion at the boundaries of cell–cell contacts 
[19]. Collaborations of actin circumferential cable with 
adhesion complexes contribute to determine the ability of 
cell–cell adhesion [20]. IF analyses of phalloidin (Figs. 1b, 
2c, and Supplementary Fig. 2a) demonstrated a significant 
reduction of circumferential actin fiber formation in PFN1-
depleted cells compared to control group indicating an 
important role of PFN1 in actin cytoskeleton organization. 
To support this notion, co-IF analyses for E-cadherin and 
EpCAM, widely used cell–cell adhesion markers, were 
performed. It demonstrated that predominant subcellular 
localization of both E-cadherin and EpCAM at the sites 
of cell–cell adhesion was almost disappeared in PFN1-
depleted cells whereas both EV- and O/E PFN1-transduced 
HaCaTs showed clear and obvious boundaries in between 
of neighboring cells (Fig. 2d). Wound healing assay, which 
is preferentially related to cell–cell adhesion, revealed 
that the rates of wound closure were increased with PFN1 
knockdown suggesting that a significant reduction in the 
rates of cell–cell adhesion and cell–cell interaction at 
the sites of cell junctions (Fig. 2d) might lead cells to 
be free to migrate (Supplementary Fig. 2d, e). To further 
investigate whether these alterations have impacts on cell 
migration and invasion, we next performed assays for cell 
migration and invasion using trans-wells. PFN1-depleted 
HaCaTs showed increased rates of migration and invasion 
than other two groups. However, little differences were 
observed between PFN1-onverexpressed cells and con-
trol (Supplementary Fig. 2f, g). These observations might 

Fig. 1  Loss of PFN1 reduces F-actin formation in HaCaT cells. The 
knockdown efficiency of PFN1 was validated by RT-PCR (a), QRT-
PCR (b), and immunoblotting (c, d) analyses. e Images displaying 
morphological characteristics of EV- or shPFN1-tranduced HaCaT 
cells. Scale Bar; 100 um. f Co-immunofluorescence (IF) staining 
of PFN1 and PHALLOIDIN with DAPI nuclear staining in EV- or 
shPFN1-tranduced HaCaT cells. Scale Bar; 20 um. The relative inten-
sity of PFN1/PHALLOIDIN expression in shPFN1-transduced cells 
compared to EV cells is summarized in the graphs shown in (g). The 
data represents the means ± SD from three independent experiments. 
*P < 0.05, ****P < 0.0001

◂
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implicate that PFN1 regulates cytoskeleton organization, 
which is an important phenotypical standard determined 
by cellular ability to adhere and transduce signals to adja-
cent cells.

PFN1 participates in human keratinocyte 
proliferation

To verify whether PFN1 plays a role in cell proliferation of 
human keratinocytes, we analyzed the rates of cell prolif-
eration by measuring cellular dehydrogenase activities at 
different time points (0–96 h) in the presence or absence of 
PFN1 in HaCaTs. It has been previously reported that bal-
anced levels of PFN1 is essentially required for the stemness 
of breast cancer cell, MB-231 [21, 22]. Compared to control 
group, PFN1-overexpressed HaCaTs showed slower growth 
rates whereas much accelerated growth was observed in 
PFN1-depleted cells (Supplementary Fig. 3a). In addition, 
PFN1-depleted HaCaTs exhibited elevated levels of p-ERK 
at Thr202/Tyr204 (1.4-fold) compared to EV-transduced 
cells, while PFN1-overexpressed cells showed dramati-
cally decreased levels of p-ERK (0.6-fold) (Supplementary 
Fig. 3b, c), which are consistent with previous findings [23]. 
These results implicate that disruption of actin cytoskeletal 
organization and cell–cell adhesion induced by PFN1 knock-
down has an effect on cell proliferation via ERK-mediated 
signaling activation. To further investigate roles of PFN1 
in anchorage-independent growth, HaCaT cells were plated 
in a 6-well plate with 90 rpm of shaking, which allows vir-
tually no cell attachment to generate 3-dimensional (3D) 
culture condition. On day 7 of 3D culture sizes and numbers 
of individual spheroids were measured. Compared to EV-
transduced spheroids, shPFN1-spheroids were much smaller 
(0.3-fold) and O/E PFN1-transduced spheroids were 3-times 
larger in size (Supplementary Fig. 3d, e). In 3D environ-
ment, cell growth requires collaboration of various cellu-
lar features such as cell adhesion, cell–cell interaction and 
polarity, which are distinct from those of 2-dimensional (2D) 
culture system [24]. This might be evidenced by our analyses 
for the impact of PFN1 on cell proliferation based on com-
parison between anchorage-dependent and anchorage-inde-
pendent assays. Interestingly, it revealed that PFN1 depletion 

accelerates cell proliferation in anchorage-dependent assays, 
however, PFN1-depleted cells showed less spheroid forma-
tion with smaller size compared to control in anchorage-
independent assays. Moreover, overexpressed PFN1 exerted 
little impact on the rates of cell proliferation in anchorage-
dependent manner, however, they showed larger sphere size 
formation than control group in 3D culture condition. These 
results implicate that cytoskeleton remodeling mediated by 
PFN1 has a different effect on 2D or 3D growth of skin 
epithelial cells. This might provide an evidence for different 
growth rates depending on the status of PFN1 expression in 
different culture conditions.

Alterations in PFN1 subcellular localization 
upon DNA damage response and repair

It has been recently reported that the subcellular localiza-
tion of PFN1 is regulated by exportin 6 and amyotrophic 
lateral sclerosis(ALS)-related PFN1 mutations have cyto-
plasmic inclusions and decrease of nuclear import suggest-
ing a critical role of nuclear compartment of PFN1 [25, 26]. 
Although cytoplasmic PFN1 has been extensively studied 
as a key modulator of actin polymerization and cytoskeletal 
reorganization, its nuclear functions are still poorly under-
stood. This led us to examine the subcellular localization of 
PFN1 in human keratinocytes in the stressed condition with 
external stimuli inducing DNA damage. Cells were treated 
with doxorubicin (DOX) or ultraviolet radiation B (UVB) 
to induce DNA damage and subsequently 6–24 h time was 
given for cells to recover after DNA damage. Consistent 
with the previously reported findings [27], PFN1 was pre-
dominantly cytoplasmic but still present in the nucleus in 
the absence of DOX or UVB in culture. Following 0.5 μM 
of DOX or 20 mJ of UVB exposure, its cytoplasmic locali-
zation was significantly changed to the nucleus, and sub-
sequently nuclear localization of PFN1 was restored back 
to the cytoplasm during the recovery time (Fig. 3a–d, Sup-
plementary Fig. 4a, b). These observations implicate that 
nuclear PFN1 might be required for responding to the DNA 
damage and the process of repair function.

PFN1 depletion accelerates DNA damage‑induced 
apoptosis

We next seek to determine whether PFN1 has roles in regu-
lating DNA damage-induced apoptosis in HaCaT cells. 
DOX (0.5 μM) or UVB (20 mJ) was applied to 80% con-
fluent HaCaT cells and the rates of cell viability were ana-
lyzed using Cell Viability Assay Kit (BIOMAX, Korea), 
which detects cellular dehydrogenase activity by meas-
uring absorbance (Fig. 3e, f). Interestingly, loss of PFN1 
induced no changes in cell viability of keratinocytes in a 
steady state. However, PFN1 depletion accelerated DNA 

Fig. 2  PFN1 participates in cell–cell adhesion. PFN1 knockdown 
(shPFN1: pLenti-shPFN1 transduction) or overexpression (O/E 
PFN1: pCMV-FLAG-PFN1 transduction) was validated by RT-
PCR (a) and immunoblotting (b) analyses compared to control (EV: 
pLenti-EV transduction). β-actin was used for loading control. c 
Co-IF of PHALLOIDIN and VINCULIN with DAPI nuclear staining 
in EV-, shPFN1, or O/E PFN1-transduced cells. PHALLOIDIN/VIN-
CULIN stained regions are matched to the magnified images from the 
optical images. d Co-IF of E-CADHERIN and EpCAM with DAPI 
nuclear staining in EV-, shPFN1, or O/E PFN1-transduced cells. 
Scale Bar; 20 um. Three representative images (#1–#3) of each con-
dition are shown

◂
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damage-mediated apoptosis, which was supported by 
increased levels of cleaved-PARP and cleaved-caspase3, 

well-known apoptosis markers (Fig. 3g, h, Supplemen-
tary Fig. 5a–d), suggesting a crucial role of PFN1 in DNA 
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damage-mediated apoptosis via apoptosis-related PARP 
signal transduction.

PFN1 deficiency promotes G1/S arrest and cell 
apoptosis via PTEN‑AKT disruption in response 
to DNA damage

It has been recently reported that PTEN regulates DDR and 
repair machinery by associating with DDR and repair fac-
tors through cell signal transduction including PI3K-AKT 
signaling [12, 28]. To address this, we next examined the 
correlation between PFN1 and PTEN-mediated DDR and 
repair signaling. PFN1-depleted HaCaT cells exhibited 
1.5-fold increase of PTEN expression at mRNA level and 
remained similar at protein level. However, interestingly 
4.5-fold increased phosphorylated-PTEN was observed in 
PFN1-depleted cells compared to control in a steady state 
(Fig. 4a–c). This might suggest that PFN1 plays an impor-
tant role in regulating the functional activity of PTEN by 
modulating its C-terminal phosphorylation which results 
in PTEN loss of function. Upon DNA damage induced 
by DOX treatment the levels of p-AKT (S473) was highly 
increased following the elevation of p-PTEN (S380/T382/
T383) and both p-AKT and p-PTEN levels were returned 
back to the basal levels after 24 h of recovery time in normal 
cells whereas PFN1-depleted HaCaTs showed that PTEN 
was remained highly phosphorylated independent of recov-
ery time after DNA damage induction (Fig. 4d), implicating 
that PFN1 depletion might desensitize cells to DOX-induced 
DNA damage. DNA damaged sites are recognized by ATM 
or ATR complex and these subsequently initiate DNA repair 
machinery followed by cell cycle arrest that is regulated by 
checkpoint kinase family; Checkpoint kinase 1 (CHK1) is 

a serine/threonine-specific protein kinase which regulates 
cell cycle arrest between G1/S phase, which process is initi-
ated by ATR complex at the sites of SSBs or DSBs [29]. 
Checkpoint kinase 2 (CHK2) regulates S/G2 phase cell cycle 
arrest in response to DNA DSBs, which are recognized by 
ATM-associated complex [30]. Previously, PTEN loss has 
been reported to inhibit CHK1 to cause DSBs [31]. We 
demonstrated the disruption of PTEN-AKT cascade with 
PFN1-depletion in response to DNA damage. Intriguingly, 
CHK1-mediated cell cycle arrest was not recovered even 
after the recovery time exhibiting high levels of γH2AX 
accumulation at 24 h of recovery time after DOX treatment 
(Fig. 4e). However, CHK2 activation pattern showed no dif-
ferences between EV- and PFN1-depleted cells (Fig. 4e). 
Consistent with these data, flow cytometry analyses for 
cell cycle arrest upon DOX-induced DNA damage depend-
ing on the status of PFN1 expression demonstrated that in 
PFN1-depleted group more cells underwent DOX-induced 
apoptosis process (blue boxes; 4.32% vs. 12.95%) and also 
were arrested in G1/S phase at 12 h of recovery time after 
DOX treatment (red boxes; 34.86% vs. 24.64%) compared 
to control cells (Fig. 4f, g).

PFN1 deficiency attenuates DNA damage response 
and repair machinery

To further investigate the status of DNA damage and repair 
in the presence or absence of PFN1 in response to DNA 
damage, γH2AX and 53BP1 were co-immunostained and 
the number of their foci were quantified at each time point 
after DOX treatment and recovery time. H2A histone family 
member X (H2AX) is widely used as DNA double strand 
breakage marker [32] and tumor suppressor p53-binding 
protein 1 (53BP1) is well-known as a surrogate marker for 
non-homologous end-joining (NHEJ) DNA repair [33]. 
Interestingly, cells lacking PFN1 displayed both γH2AX 
and 53BP1 foci formed in a steady state indicating PFN1 
deficiency might induce the accumulation of damaged DNA 
even in the absence of external damage. Upon DOX-induced 
DNA damage γH2AX was successfully recruited at the sites 
of DSBs in both EV- and shPFN1-transduced cells, how-
ever damaged cells of PFN1-depleted group failed to recover 
back to the normal status exhibiting persistent accumula-
tion of γH2AX with higher numbers of foci formed com-
pared to control group (Fig. 5a, b). Furthermore, 53BP1 was 
recruited and disassociated rapidly in EV-transduced cells 
upon DOX treatment, whereas PFN1-depleted cells showed 
slower recruitment upon DOX treatment and 53BP1 foci 
were remained undissociated even after 24 h of recovery 
time (Fig. 5a and c). These results led us to investigate the 
expression levels of four candidate DNA repair-related genes 
(PTEN, 53BP1, FANCD2, and RAD51), which might pro-
vide a clue for the factors that are essentially affected by 

Fig. 3  Alteration of subcellular localization of PFN1 upon DNA 
damage and PFN1 depletion accelerates DNA damage-induced 
apoptosis. a IF of PFN1 with DAPI nuclear staining in the absence 
of doxorubicin (No DOX) or after 3 h of exposure to DOX (0.5 μΜ) 
followed by 6 h or 24 h of recovery time in HaCaT cells. Scale Bar; 
20 um. b Immunoblotting analysis of nuclear (N) and cytosolic (Cy) 
distributions of total PFN1 in No DOX, or DOX (0.5 μΜ) treatment 
followed by 24 h of recovery time. Loading controls: SP1 (nuclear) 
and α–tubulin (cytosolic). c IF of PFN1 with DAPI nuclear staining 
in HaCaT cells with No UVB, or UVB (20  mJ) exposure followed 
by 6 h or 24 h of recovery time. Scale Bar; 20 um. d Immunoblotting 
analysis of nuclear (N) and cytosolic (Cy) distribution of PFN1 in No 
UVB, or UVB (20 mJ) exposure followed by 0.5 h or 6 h of recovery 
time. Loading controls: SP1 (nuclear) and α–tubulin (cytosolic). Cell 
viability assay of EV- or shPFN1-transduced HaCaT cells in response 
to doxorubicin (DOX) (e) or UVB (f) exposure up to 48 h. g Immu-
noblotting analysis of PFN1, PARP, and Cleaved PARP in EV- or 
shPFN1-transduced HaCaT cells. Cells were exposed to DOX (0.5 
μΜ) for 0 h, 3 h, and allowed to recover 6 h or 12 h. β-actin was used 
for loading control. h Immunoblotting analysis of PFN1, PARP, and 
Cleaved PARP in EV- or shPFN1-transduced HaCaT cells. Cells were 
exposed to UVB (20 mJ), and allowed to recover for 0.5 h, 1.5 h or 
6 h. β-actin was used for loading control
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PFN1-regulated DDR and repair signaling. Surprisingly, 
compared to PFN1-depleted group, EV-transduced cells sig-
nificantly increased the levels of expression of these genes, 
except for RAD51, a surrogate marker for homologous 
recombination (HR) DNA repair pathway, in the presence of 
DOX-induced DNA damage (Fig. 5d). Even though further 
studies will be required to address the detailed mechanisms 
underlying PFN1-determined DNA repair signaling path-
ways, these data demonstrate that PFN1 deficiency attenu-
ates DNA damage response and repair function, especially 

non-HR-related repair system, via aberrantly activated 
PTEN-AKT signaling pathway and also PFN1 loss induces 
apoptotic processes by accumulating damaged DNA and 
arresting cells in G1-S phases of cell cycle (Supplemen-
tary Fig. 6). Besides the key roles of PFN1 in cytoskeleton 
remodeling as an actin-binding protein, our findings strongly 
suggest the crucial roles of PFN1 as a novel regulator in 
DNA damage response and repair function within the asso-
ciation of PTEN-AKT axis to protect the cells from extrinsi-
cally induced DNA damage.
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Discussion

Cytoskeleton is essential for cell survival, motility and dif-
ferentiation and its disruption is one of the most distinct 
features observed in various diseases [34, 35]. Alzheimer’s 
disease is reported to be related to disruption of neuronal 
cytoskeleton and also most of cancer is associated with 
cytoskeleton-mediated morphological changes with aberrant 
alterations of cellular features including invasion, migration 
and proliferation [36, 37]. Profilins have four subfamilies and 
their expression patterns or functions differ in various organs 
or cell types. For example, although both PFN1 and PFN2 
are expressed in breast cancer cells, they have distinct effects 
on cell migration and invasion ability [38]. In this study, we 
transduced lentiviral vectors expressing shPFN1 or PFN1 
cDNA to manipulate PFN1 expression levels in keratino-
cyte, HaCaT cells, which exhibit normal morphogenesis 
and express all the major surface markers of keratinocytes, 
integrin α6 and CD71 [39–41]. Moreover, upon stimula-
tion HaCaT cells differentiate expressing specific differ-
entiation markers, including Keratins 1/10, filaggrin, and 
involucrin and also have various inflammatory mediators in 
response to TNFα or IL-1β, they have been suggested as an 
appropriate model to investigate the epidermal homeostasis 
and its pathophysiology, and anti-inflammatory interven-
tion on skin diseases [39, 42, 43]. PFN1 depletion showed 
dysregulation of F-actin organization such as circumfer-
ential actin cables and F-actin stress fibers with morpho-
logical changes, strongly suggesting that PFN1 is essential 
for actin cytoskeleton organization in keratinocytes. Actin 

cytoskeleton remodeling mediated by PFN1 leads to actin 
filament-associated functions such as filopodia protrusions 
and cell adhesion in which actin binding proteins participate 
in [44]. While PFN1 downregulation decreases the forma-
tion of filopodia protrusions and the ability of focal adhe-
sion exhibiting circular morphology, PFN1-overexpressed 
cells showed filopodia protrusions and focal adhesion at the 
similar level observed in control group. Furthermore, PFN1-
depleted cells showed no F-actin circumferential structures 
and recruitment of E-cadherin and EpCAM at the surface 
of cell–cell contacts. Loss of ability of cell–cell adhesion 
mediated by PFN1 depletion caused significant reduction in 
sphere formation and also displayed more active migration 
due to loss of cell–cell adhesion. It failed to recruit Vincu-
lin in PFN1-depleted cells whereas more abundant foci of 
Vinculin were observed in control and PFN1-overexpressed 
cells. Based on the results produced from wound healing 
assay and IF analyses for Vinculin, PFN1 depletion leads 
cells to be free by losing the ability of cell–cell adhesion, 
which accelerates wound-closure even though they have 
lower anchorage ability. Furthermore, while PFN1-depleted 
cells showed attenuated proliferation with ERK activation in 
2D culture condition, PFN1-overexpressed cells displayed 
slower rates of proliferation with low ERK activation. Inter-
estingly, in 3D culture condition, PFN1 depletion lowers 
spheroid formation ability instigated by loss of cell–cell 
adhesion with cytoskeleton disruption, whereas PFN1 over-
expression resulted in same or larger sphere size compared 
to control group. Thus, these results might implicate that 
molecular mechanisms associated with PFN1 underlying 
cytoskeleton remodeling in an anchorage-dependent sys-
tem differ from those of anchorage-independent cell growth 
condition. It was previously reported that PFN1 deficiency 
induced suppression of 3D outgrowth with Smad-3 upreg-
ulation [45]. In addition, both PFN1 overexpression and 
downregulation in breast cancer cells decrease the numbers 
and size of sphere formed in anchorage-independent culture 
and the loss of PFN1 showed negative effects on tumor-initi-
ating ability with cancer stemness associated transcriptome 
alteration [46]. These reports indicate that PFN1 participates 
in determining cellular features of structural remodeling and 
the regulation of gene expression.

PFN1 is known to have roles in cytoskeleton organi-
zation and other cellular features including apoptosis, 
immune response, stemness, angiogenesis and cell signal-
ing [46–49]. PFN1 is ubiquitously localized to both cyto-
plasm and nucleus. However, its subcellular function has 
not been widely studied yet. It has been recently reported 
that nuclear compartments of actin, which primarily acts 
within the complex with actin binding proteins like WASP 
and actin-nucleating ARP2/3, are recruited to damaged chro-
matin to undergo DNA double strand break repair. Addi-
tionally, actin-driven movements induced by polymerization 

Fig. 4  PFN1 has roles in DNA damage signaling in response to 
doxorubicin treatment. a Real-time reverse transcriptase PCR (RT-
PCR) was used to quantitate the mRNA expression of PTEN in EV- 
or shPFN1-transduced HaCaT cells. All values were normalized 
to β-actin. ***P < 0.001. Data are representative of three biological 
replicates. All graphs depict mean ± s.e.m. b Immunoblotting analy-
ses of p-PTEN (Ser380/Thr382/383) and PTEN expression in EV- or 
shPFN1-transduced HaCaT cells. β-actin was used for loading con-
trol. Each number below the bands for PTEN indicate the relative 
PTEN expression normalized to β-actin. Ratio for p-PTEN/PTEN in 
EV- or shPFN1-transduced cells was shown in the graph show in (c). 
d Immunoblotting analyses of PFN1, p-PTEN (Ser380/Thr382/383), 
PTEN, p-AKT (Ser473), and AKT in EV- or shPFN1-transduced 
cells in the absence or presence of DOX (0.5 μΜ) treatment followed 
by 0 h, 6 h or 24 h of recovery time. GAPDH was used for loading 
control. e Immunoblotting analyses of γH2AX, p-CHK1 (Ser317), 
CHK1, p-CHK2 (Thr68), and CHK2 in EV- or shPFN1-transduced 
cells in the absence or presence of DOX (0.5 μΜ) treatment followed 
by 0 h, 6 h or 24 h of recovery time. GAPDH was used for loading 
control. f Flow cytometry analyses for cell cycle arrest in EV- or 
shPFN1-transduced cells. Cells were exposed to DOX (0.5 μΜ) for 
0  h or 1  h, and allowed to have 12  h to recover. The proportion of 
cells for apoptosis, G0/G1, S, and G2/M phases were shown in the 
table shown in (g). For the highlighted comparison between EV- and 
shPFN1-transduced groups at 12 h of recovery time after 1 h of DOX 
exposure, numbers for apoptosis are boxed in blue and for G0/G1 in 
red
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strongly affect double strand break repair, especially by 
homologous recombination (HR) repair [50]. In our study, 
we showed alterations of subcellular localization of PFN1 
from the cytoplasm to the nucleus upon UVB or doxoru-
bicin-induced DNA damage. Interestingly, PFN1-depleted 
cells showed decreased sensitivity to DNA damage, which 
might be occurred through disruption of PTEN-AKT–CHK1 
signal cascade. Subcellular fractionation and co-IF analy-
ses demonstrate the lack of nuclear compartment of PFN1 
and higher phosphorylated levels of PTEN at C-terminus in 
PFN1-depleted cells suggesting that nuclear compartment 
of PFN1 and inactivated nuclear PTEN might be crucial 
factors that contribute to the attenuation of DDR and repair. 
These might lead acceleration of DNA damage-induced 
apoptosis with cell cycle arrest disorder in PFN1-depleted 
cells displaying more accumulation of γH2AX. Taken 
together, PFN1 might be suggested as a key factor during the 

processes of nuclear actin polymerization and DNA damage 
response and repair, that are strongly correlated together.

In this study, we firstly characterized the functional roles 
of PFN1 in human keratinocytes and its regulation in DNA 
damage response and repair machinery. PFN1 depletion 
induced dysregulation in F-actin organization with disrup-
tion of focal adhesion assembly with decreased cell–cell 
adhesion despite aberrantly proliferative phenotypes with 
ERK activation in an anchorage-dependent or independent 
growth. In particular, reduced capacity of cell–cell adhe-
sion led to diminish cell growth in an anchorage-independ-
ent condition. PFN1 is ubiquitously observed both in the 
cytoplasm and the nucleus. However, upon doxorubicin or 
UVB-mediated DNA damages, the subcellular localization 
of PFN1 was changed to the nucleus from cytosol, and it 
returned back to the cytoplasm during recovery time. PFN1 
depletion induced PTEN loss of functions instigated by 

Fig. 5  PFN1 deficiency attenuates DNA damage response and repair. 
a IF of γH2AX and 53BP1 with DAPI nuclear staining in EV- or 
shPFN1-transduced HaCaT cells in the absence or presence of DOX 
(0.5 μΜ) exposure followed by 0  h, 6  h or 24  h of recovery time. 
Scale Bar; 20 um. b The percentage of γH2AX-positive cell (y-axis) 
in EV- or shPFN1-transduced cells at the indicated time points of 
exposure to DOX (No DOX, DOX (0.5 μΜ)) and recovery time (0 h, 
6  h, and 24  h). c The percentage of 53BP1-positive cell (y-axis) in 

EV- or shPFN1-transduced cells at the indicated time points of expo-
sure to DOX (No DOX, DOX (0.5 μΜ)) and recovery time (0 h, 6 h, 
and 24  h). d QRT-PCR analyses of PTEN, 53BP1, FANCD2, and 
RAD51 in EV- or shPFN1-transduced HaCaT cells in the absence 
or presence of DOX (0.5 μΜ) exposure. *P < 0.05 ***P < 0.001 
****P < 0.0001. Data are representative of three biological replicates. 
All graphs depict mean ± s.e.m
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C-terminal phosphorylation. Upon DNA damage PTEN-
AKT cascade is preferentially required to be activated to 
recruit and initiate DNA damage signaling. In the absence 
of PFN1, DNA damage signal transduction via PTEN-AKT-
CHK1 fails to commence and damaged cells are remained 
unrepaired exhibiting γH2AX accumulation. Future study 
will extend our findings to other types of cells to confirm 
the roles of PFN1 as a sensor of DNA damage response and 
repair signaling. If it is globally applicable, this valuable 
finding of crosstalk and regulation of DNA damage sensing 
and repair pathway choice determined by PFN1 may fur-
ther provide to identify new mechanistic insights for various 
DNA repair-related disorders.
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