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Transcriptional regulation of ataxia–telangiectasia and
Rad3-related protein by activated p21-activated kinase-1
protects keratinocytes in UV-B-induced premalignant skin
lesions
S Beesetti1, J Mavuluri1, RP Surabhi1, TM Oberyszyn2, K Tober2, RS Pitani3, LD Joseph4, G Venkatraman5 and SK Rayala1

Sun-induced skin lesions, in particular actinic keratosis, are generally considered as premalignant skin lesions that can progress into
squamous cell carcinoma (SCC) and invasive SCC if left untreated. Therefore, understanding the molecular mechanisms by which
the ultraviolet-B (UV-B)-exposed cells are being protected and the signaling pathways that promote the progression of certain
premalignant skin lesions to malignant lesions will permit us to prevent or cure skin cancers. In the current study, we found that
phospho-p21-activated kinase-1 (Pak1) and Pak1 expression was high in clinical samples of sunlight-induced premalignant skin
lesions assessed by immunohistochemistry. Further, we observed that phospho-Pak1 and Pak1 levels are high in UV-B-exposed
hairless SKH mouse model skin samples as compared with unexposed skin tissue. Our results from cell line and animal models
showed that Pak1 is activated in response to UV-B radiation, and this activated Pak1 translocates from the cytoplasm to the nucleus.
Inside the nucleus, Pak1 via C-Fos binds to a specific promoter region of DNA repair kinase ATR (ataxia–telangiectasia and
Rad3-related protein) and acts as a transcriptional regulator of ATR. Results from our analysis showed that Pak1 overexpression,
knockdown and Pak1 knockout cell line models showed that Pak1 confers protection to keratinocytes from UV-B-induced apoptosis
and DNA damage via ATR. To our knowledge, this is the first study that evaluates the functional and clinical significance of a
signaling molecule, Pak1, in sun-induced premalignant skin lesions and indicates that increased Pak1 activation and expression
could serve as an early warning sign of progression toward non-melanoma skin cancer, if ignored.
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INTRODUCTION
Non-melanoma skin cancer (NMSC)—which includes both basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC)—has
become a growing health concern over the recent years and is
mainly due to overexposure to ultraviolet (UV) radiation.1 The
frequency of NMSC is solidly allied to solar UV radiation exposure.2

UV-B is a potent natural carcinogen competent enough to initiate,
endorse and facilitate the progression of skin cancer.3 Develop-
ment of UV-B-induced skin carcinoma is an intricate and multistep
process with an intermediate stage of developing skin lesions
before the transformation stage. Although not classified as NMSC,
these precursor lesions of NMSC-like actinic keratosis and
polymorphic light eruptions if left untreated may sometimes
transform into SCC.4,5 Actinic keratosis serves as a precursor for
~ 60% of SCCs.6 Thus, these lesions can be an early warning sign of
skin cancer and also serve as biomarkers in chemopreventive
studies.
UV-B induces DNA damage by forming cyclobutane pyrimidine

dimers, which might lead to mutations in the epidermal cells,
leading to the cancer cell progression.7 Damage of cells at the
molecular stage and DNA level instigates transcription factor

pathways, which in turn regulate a number of UV response gene
expressions involved in the course of cell proliferation, cell
differentiation and cell survival, and thus have a major role in
tumor progression.8 DNA damage response is a network of
signaling pathways that ensures genomic integrity and stability by
recognizing and repairing the DNA damage.9 It is well established
that stalled forks at replication and factors that induce bulky
adducts, such as UV-B radiation, activate ataxia–telangiectasia and
Rad3-related protein (ATR).10 Repair of DNA damage induced by
UV is of high importance to UV-induced skin cancer. Nucleotide
excision repair (NER) mechanism either repairs the damage
completely before replication or synthesis of DNA may occur
after replication using repair-specific DNA polymerase, which is
error free in human cells to avoid the impending mutation at sites
damaged by UV. NER is an exceedingly conserved strategy to
repair bulk DNA damages, such as cyclobutane pyrimidine dimers
induced by cosmological UV-B radiation, and are repaired
efficiently without mistake, but flawed repair of these lesions
may result in mutations of oncogenes.3

Accumulating data have indicated that epidermal growth factor
receptor (EGFR) has a significant role in signal transduction
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induced by UV rays.11 Reactive oxygen species generated by UV
mediates EGFR activation, which in turn inhibits tyrosine
phosphatase activities.12 Hence, in epidermal keratinocytes, the
phosphorylation of multiple tyrosine residues of EGFR increases.
EGFR activation results from autophosphorylation of intracellular
C-terminal domain at specific tyrosine residues, which act as
docking sites for various signals, which might in turn activate
different signal transduction cascades resulting eventually in
cellular responses.11,13 Thus, reactive oxygen species function
upstream of EGFR. Tumorigenesis was suppressed on pharmaco-
logical inhibition of EGFR activation by UV in a genetically initiated
skin tumorigenesis mouse model.14 P21-activated kinase-1 (Pak1)
is a serine/threonine signaling kinase and a well-known regulator
of cytoskeletal remodeling that has a vital role in cell survival
functions.15,16 An alteration in Pak1 expression has been
renowned in various types of cancers.17 Small Rho GTPases
Cdc42 and Rac, protein kinase A, phosphoinositide-dependent
kinase-1, EGFR and AKT are a wide range of upstream signaling
molecules that regulate Pak1 activity via phosphorylation or
protein–protein interaction.18 In addition, Pak1 dysregulation has
been shown to be associated with DNA damage.19

Despite all this information, the molecular events that
contribute to UV-induced skin carcinogenesis are feebly under-
stood mainly owing to the lack of mechanistic insights. It is also
unclear how the normal keratinocytes are transformed into
malignant ones and what progressive change occurs in the
biology of skin cells, which remains the focus of this study. In the
current study, we looked at the Pak1 expression in various
premalignant lesions of NMSC and observed that increased
expression of phospho-Pak1 and Pak1 is related to histological
evidence of chronic sun damage. We also elucidate the molecular
mechanism of Pak1 activation by UV-B in keratinocyte cell lines
and animal models.

RESULTS
Pak1 expression is deregulated in human premalignant
sun-induced skin lesions and UV-B- exposed mouse skin tissues
To study the role of Pak1 in the initiation and progression of
chronic sun-induced skin lesions to more invasive forms such as
NMSC, phospho-Pak1 and Pak1 expression was evaluated in
formalin-fixed, paraffin-embedded human sunlight-induced skin
lesions (n= 16, details about specific samples used are given in
Supplementary Table 2) by immunohistochemistry (IHC). Results
from our studies showed that phospho-Pak1 expression was
higher in sunlight-induced skin lesions as compared with Pak1.
The mean Q-score of phospho-Pak1 in skin lesion samples studied
was 8.37, as compared with 5.18 for Pak1, probably indicating that
Pak1 expression and its activation could serve as a marker for
sunlight-induced lesions. The mean and median along with their
respective s.d. for the Q-scores are shown in Figure 1a.
To support our clinical findings of upregulated and activated

Pak1 in human skin samples, we performed IHC studies on skin
samples collected from controlled mouse experiments exposed to
25 weeks of UV-B. IHC data show that Pak1 levels are not only high
but also activated as documented by strong positivity for
phospho-Pak1 in UV-B-exposed skin samples compared with the
age-matched controls. The mean Q-score of phospho-Pak1 and
Pak1 in UV-B exposed skin samples studied was 12.0 and 1.5,
respectively, as compared with 1.5 and 0.25, respectively, for the
unexposed skin samples (Figure 1b). This Q-score value was found
to be statistically significant, probably indicating that
Pak1 expression and its activation could serve as a marker for
UV-B-induced lesions.

Pak1 is activated in response to UV-B radiation in in vitro and
in vivo models
UV-B radiation was reported to induce keratinocyte proliferation
and survival.20 As the role of Pak1 in normal cell survival and

Figure 1. IHC analysis of Pak1 expression in sun-induced skin lesions and UV-B-exposed mouse skin tissues. (a) Representative images of
phospho-Pak1 and Pak1 IHC in human sun-induced lesions. (b) Representative images of phospho-Pak1 and Pak1 IHC in mouse UV-B-exposed
and -unexposed skin tissue. The mean and median along with their respective s.d. for the Q-scores is shown in the table.
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proliferation is well defined and based on our above clinical data,
we hypothesized that Pak1 might be activated in response to
UV-B. UV-B radiation significantly induced Pak1 activity in normal
cell line human epidermal keratinocyte adult, normal human
fibroblasts AG1522, human keratinocyte cell lines A431 and HaCaT
and in murine epidermal cell line JB6 in a dose- and time-
dependent manner (Figures 2a–d, upper panels). Further, we
determined the Pak1 activation status in a physiological in vivo
whole-animal setting by UV-B radiation, and results showed that
Pak1 activity was significantly increased in mouse skin tissue
(Figure 2e, upper panel). As Pak1 kinase activity depends on its
activation by phosphorylation,15 we also observed a significant
increase in Pak1 phosphorylation at serine 144 (Figures 2a–e,
lower panels) and threonine 212 site by UV-B radiation
(Supplementary Figure S1).

UV-B alters the localization of Pak1
Pak1 is found both in the cytoplasmic and nuclear compartments,
and earlier studies21 have demonstrated that activated Pak1
translocates into the nuclear compartment. This incited us to
investigate the effect of Pak1 phosphorylation and its activation
on its subcellular localization in control and UV-B-irradiated A431
and HaCaT cells by confocal microscopy. Significant increase in
the levels of nuclear phospho-Pak1 was observed upon UV-B
stimulation, an indication of activated Pak1 being translocated to
the nucleus from the cytoplasm (Figures 3a and b). In support of
this notion, cytoplasmic and nuclear proteins extracted from UV-B-
stimulated A431 and HaCaT cells also showed similar results
(Figures 3c and d). Taken together, these results revealed that
UV-B stimulation activates Pak1, and activated Pak1 in turn
translocates from the cytoplasmic to the nuclear compartment.

ATR, a novel transcriptional target of Pak1
ATR has been shown to be specifically associated and activated
with DNA damage induced by UV-B.10 Nuclear Pak1 was shown to
modulate the expression of various genes—that is, nuclear factor
of activated T-cell 1, tissue factor, phosphofructokinase-muscle
isoform tissue factor pathway inhibitor 1 and fibronectin—in
various cellular frameworks.22–24 These two observations com-
bined with the fact that Pak1 is activated immediately after UV-B
radiation and translocated to the nuclear compartment raised the
possibility that Pak1 might regulate ATR. To explore whether ATR
is the downstream molecular target that is regulated by Pak1, we

made stable Pak1 overexpression clones and stable clones of
lentiviral Pak1 short hairpin RNA (shRNA) in both HaCaT and A431
cell lines (Figures 4a–d, upper panels) and looked for ATR levels in
both the systems. Results showed that there is a significant
change in the protein and mRNA levels of ATR upon modulating
Pak1 levels (Figures 4a–d, lower panels). Further, we checked for
ATR levels in Pak1-knockout clones of HaCaT cell line and
observed that there is a convincing decrease in mRNA and
protein levels of ATR (Supplementary Figure S2A).
Consistent with this, we found that Wt-Pak1 augmented the

2.1- kb ATR promoter activity (−2032 to +121) (Figure 5a, upper
and lower panels). Further, to check whether kinase activity of
Pak1 is essential for ATR promoter regulation, we used (constitu-
tively active) Pak1-T423E construct and performed ATR promoter
luciferase assay. Results showed a significant increase in ATR
promoter activity with the expression of constitutively active
Pak1-T423E (Figure 5a, upper and lower panels). This was further
confirmed with the use of Pak1 inhibitors—Frax597 and IPA3—
which resulted in radical decrease of ATR levels with both the
inhibitors (Supplementary Figures S2B and C). Further, to check
the role of nuclear Pak1 in ATR promoter activation, we used a
mutant construct of Pak1 NLS22 and observed that this Pak1 NLS
mutant was not capable of increasing the activity of ATR promoter
(Figure 5b, upper and lower panels). These results clearly indicate
that Pak1 kinase activity and its localization into the nucleus is
required for the ATR promoter activation.
Further, we checked the effect of UV-B on ATR promoter activity

and observed that there is an increase in the promoter activity
with UV-B. In addition to this, we also looked at the role of Pak1 in
UV-B-induced ATR promoter activity and observed no significant
increase in the promoter activity of ATR upon silencing Pak1
(Figure 5c). Next, to gain deeper insights into the modulation of
ATR by Pak1, we made different deletion constructs of ATR to
identify the core promoter region of ATR that is regulated by Pak1.
Results showed that the core sequence of the promoter was
localized in the region from − 531 to +121, and the same could be
sufficient for ATR gene activation by Pak1, as the enhanced
promoter activity by Pak1 was found to be similar in all deletion
constructs (Figure 5d, upper and lower panels). Further, we
performed chromatin immunoprecipitation-based promoter walk
with four different primer sets that cover the 2.1- kb region and
examined the conscription of Pak1 onto the 2.1- kb ATR promoter
region. Our results showed that Pak1 was recruited to the 652- bp
ATR core promoter at a region (F4) between − 531 and +121

Figure 2. (a–d) Pak1 is activated by UV-B: HEKa, AG1522, HaCaT, A431 and JB6 cells were irradiated with a stipulated dose of UV-B. After
incubation for 30 min, Pak1 kinase activity was checked using PAKtide (Tricine gel) and MBP (myelin basic protein) as substrates. Phospho-
PAKtide and phospho-MBP bands were analyzed with autoradiogram images; Ponceau or Memcode image shows equal amount of substrates
used for the kinase assay, and subsequent immune blotting was carried out with anti-Pak1 antibody (upper panel) and was detected using
alkaline phosphatase (AP) or horseradish peroxidase (HRP) substrate. Western blots of equal amounts of total protein from control (Con) and
UV-B-irradiated cells (lower panel) were carried out using phospho-Pak1 (phosphorylation at serine 144) and Pak1 antibody. (e) Pak1 activity in
skin tissue lysates of Swiss Albino mice on whole-body UV-B irradiation (400 mj/cm2 and 200 mj/cm2). HEKa, human epidermal
keratinocyte adult.
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(Figure 6a), and the recruitment was enhanced upon UV-B
treatment as analyzed by quantitative PCR.

Pak1 regulates ATR via the C-Fos pathway
Our observations that ATR promoter activity is modulated by Pak1
encouraged us to study the possible regulatory mechanism of ATR
transcription by Pak1. Pak1, which lacks the transcriptional activity
on its own, was shown to modulate gene expression via several
transcription factors.25 To identify the transcription factors that
mediate the induction of ATR by Pak1, we next analyzed the
sequence of ATR core promoter using various transcription factor
prediction tools. We observed that C-Fos is one such potential
transcriptional factor that binds to the ATR promoter. It was
reported that C-Fos is induced by UV-B radiation.26 As UV-B role in
induction of C-Fos is already established and the fact that Pak1 is
activated by UV-B, we assumed that C-Fos could be an appropriate
candidate to study Pak1-mediated ATR regulation. On the basis of
this, we rationaled that Pak1 might be regulating ATR via C-Fos.
To examine the possibility of involvement of C-Fos in ATR

regulation by Pak1, we initially checked for the ATR core promoter
activity by transfecting C-Fos and Pak1. As expected, Pak1 alone
induced the ATR promoter activity, whereas a synergistic increase
in the activity of ATR promoter was observed upon transfection
with both C-Fos and Pak1 (Figure 6b). Further, to establish the

C-Fos importance in upregulation of ATR by Pak1, C-Fos
expression was silenced using siRNA and the recruitment of
Pak1 onto the ATR core promoter was examined. Significant
decrease in the Pak1 recruitment to the ATR promoter was
observed upon C-Fos silencing (Figure 6c). Further, to narrow
down the C-Fos-binding region on the ATR promoter in the
transcriptional regulation of ATR by Pak1, we scanned the 652- bp
ATR core promoter using the prediction tool ConSite and
identified two potential C-Fos-binding sites : TGACTCAC27 at
positions − 376 to − 368 and − 314 to − 306 in the core promoter
region of ATR. Next, to investigate the functional C-Fos-binding
region on the ATR promoter, deletion constructs were made by
deleting the two binding sites alone or in combination and
promoter luciferase activity was assessed. Results showed that
deletion of binding sites 1 and 2 individually (C-Fos del1 and C-Fos
del2) did not show any effect on ATR promoter activity by Pak1,
whereas the promoter construct in which both the C-Fos-binding
sites were mutually deleted (C-Fos del3) showed no enhanced
promoter activity with Pak1, thereby indicating that both C-Fos-
binding sites are important for ATR activation by Pak1 (Figure 6d).
Further, the recruitment of C-Fos to the ATR promoter was studied
by performing electrophoretic mobility shift assay (EMSA) using
the oligonucleotides containing the C-Fos consensus sequence for
both the predicted sites, and binding of the C-Fos was analyzed.
The formation of DNA–protein complexes and the observed

Figure 3. Pak1 translocates to the nucleus upon UV-B irradiation in keratinocytes. (a and b) Confocal microscopy images of A431 and
HaCaT cells either untreated (Cntrl) or treated (UV-B) with 200 and 40 mj/cm2 dose of UV-B, and harvested at 30 min for immunofluorescence.
Nuclear staining (blue) by 4',6-diamidino-2-phenylindole (DAPI). (c and d) A431 and HaCaT cells were untreated or treated with 200 and
40 mj/cm2 dose of UV-B, respectively, harvested at 30 min, and lysates from cytoplasmic and nuclear extracts were analyzed by western
blotting with Pak1-specific antibody. Poly (ADP-ribose) polymerase (PARP), paxillin or tubulin were used as markers for nuclear and cytoplasm
lysates, respectively.
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complex was significantly enhanced with UV-B treatment, as
observed in results (Figure 6e).

Pak1 confers efficient survival and DNA damage response to
keratinocytes in response to UV-B
It is already established that Pak1 promotes cell survival
functions.15 Above results clearly showed that Pak1 is rapidly
activated following UV-B exposure and the fact that UV-B radiation
induces keratinocyte proliferation and survival20 encouraged us to
examine the role of Pak1 in cell proliferation on UV-B irradiation.
For this, Pak1-modulated stable clones of A431 were exposed to
UV-B and cell growth rate was determined. Results showed that
UV-B irradiation caused a decrease in cell viability compared with
control cells, which were recovered partially on overexpression of
Pak1, whereas UV-B irradiation of Pak1-downregulated knock-
down (KD) clones resulted in reduced proliferation compared with
nontarget shRNA-expressing NT clones (Figure 7a, upper and
lower panels). Further, to check the long-term effects of Pak1 after
UV-B irradiation, we performed clonogenic cell survival assay in
Pak1-modulated clones either with or without UV-B and counted
the number of colonies after 20 days. The results showed that

Pak1-overexpressing clones formed larger number of colonies as
compared with vector control clones upon UV-B irradiation,
whereas Pak1-KD clones showed reduced ability to form colonies
upon UV-B irradiation (Figure 7b, upper and lower panels;
Supplementary Figures S3 and S4). These results are in
corroboration with the previous findings that cell survival in
short-term culture was reduced after UV irradiation.28 However,
Pak1 regulation modulates the cell survival functions of both the
clones and accredit the significance of exogenous Pak1 in
conferring the long-term protective function against UV-B-
irradiation-induced cytotoxic effect.
On the basis of the above results, we next focused on the role of

Pak1 in UV-induced apoptosis by terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay. Pak1 over-
expression clones showed a decrease in the percentage of
TUNEL-positive cells, whereas an increase in the percentage of
TUNEL-positive cells was observed upon UV-B irradiation in
Pak1-knockdown clones (Figure 7c, upper and lower panels). This
was further supported by the DNA damage alkaline comet assay
results, which showed an increase in the tail moment in
Pak1-knockdown clones upon exposure to UV-B, whereas
Pak1-overexpressing clones were more resistant to the effect of

Figure 4. ATR, a novel molecular target of Pak1. (a and b) Quantitative PCR (qPCR) and western blot analysis of ATR in stable Pak1
overexpression clones in HaCaT and A431. Pak1 expression (upper panel) and upregulation of ATR (lower panel). (c and d) qPCR and western
blot analysis of ATR in stable Pak1 shRNA knockdown clones in HaCaT and A431. Pak1 expression (upper panel) and downregulation of ATR
(lower panel).
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UV-B (Figure 7d, upper and lower panels; Supplementary Figures
S5 and S6). Further, we analyzed the functional role of Pak1 upon
UV-B using HaCaT Pak1-knockdown clones (Supplementary
Figures S7). To strengthen the fact that Pak1 confers protection
on UV-B-induced DNA damage, we developed Pak1-knockout cells
(Pak1-null cells) in HaCaT background and studied the response of
cells on UV-B-induced damage. Pak1-knockout cells showed
higher Annexin-V-positive cells compared with the control cells
(Figure 7e, upper and lower panels). Taken together, these data
suggest that Pak1 confers an efficient protective role in DNA
damage response induced by UV-B.

DISCUSSION
The aim of this study was to define the role of Pak1 in UV-B-
induced premalignant skin lesions. Strong clinical and experi-
mental evidence supports UV-B-induced premalignant skin lesions
as precursors of SCC of the skin. To our knowledge, this is the first
study to evaluate the functional and clinical significance of a
signaling molecule—Pak1—in sun-induced skin lesions and UV-B-
exposed mouse models. At present, p53 mutations and sunburn
cells (apoptotic keratinocytes) are well-known markers of DNA
lesions induced by UV-B and act as precursors for malignant
transformation of epidermal keratinocytes.29 With this study, we
propose that increased Pak1 expression and its activation in sun-
induced skin lesions could serve as an early warning sign of
progression toward NMSC, if unattended.
Several upstream regulators of Pak1 are known to be involved

in UV-B signaling. Recently, Pak1 was shown to be a therapeutic
target in BRAF wild-type melanomas.30 However, the direct role of
Pak1 and its contribution to the signaling and etiology of NMSC
has not yet been studied. A number of genes such as
ectodysplasin A2 receptor, β2 pleckstrin homology-like domain,

family A member 3 (PHLDA3), G-to-S phase expressed protein 1,
DNA damage-inducible transcript 4, adrenergic receptor and
(sestrin) p53-induced protein were reported to mediate p53-
dependent DNA damage signaling31 and are known to be
regulated by Pak1 in response to ionizing radiation, providing
evidence that Pak1 signaling is also involved in DNA damage
response. In addition, Pak1 per se has been shown to be involved
in DNA repair pathways for ionizing radiation-induced DNA
damage via MORC2.32 In this study, we provide clear molecular
evidence that Pak1 participates in UV-B-induced DNA damage
response via ATR. It was previously shown that UV damage
increases the transcriptional activity of ATR.33 Interestingly, the
ATR promoter region that they used for luciferase reporter assay
to show ATR induction by UV-B coincided with the region we
identified, that is, Del3 ATR promoter construct (−531 to +121),
where Pak1 is recruited and is the core promoter region observed
in our results. There was a significant increase in the recruitment
of Pak1 to the ATR promoter upon UV-B radiation, indicating the
pivotal role of Pak1 in regulating the transcriptional activity of ATR
by UV-B. Thus, increased ATR will participate in pathways
mediating the DNA damage response and thereby protect cells
from UV-induced DNA damage. This also indirectly signifies the
inherent protective function of Pak1 in response to the DNA-
damaging agent UV-B.
The role of C-Fos in the cellular defense against the genotoxic

effect of UV radiation was well established.34 As Pak1 cannot bind
to DNA on its own, it may use the transcriptional factor C-Fos as a
mediator to induce the transcriptional activity of ATR in response
to UV-B. Functional studies with Pak1-modulating clones revealed
that the stimulus leading to keratinocytes' sensitivity to UV-B
irradiation is circumvented on Pak1 overexpression, providing
evidence that Pak1 protects the cells against UV-B-induced
apoptosis and DNA damage. Previously, Pak1 was shown to

Figure 5. Pak1 modulates ATR transcription. (a) A431 and HEK-293 cells were co-transfected transiently with 0.5 μg of ATR FL promoter with or
without wild-type Pak1 (Wt) or active Pak1 (T423E). Western blot showing endogenous ATR expression on transfection of wild-type Pak1 (Wt)
or active Pak1 (T423E) transiently. (b) A431 and HEK-293 cells were transiently co-transfected with 0.5 μg of ATR FL promoter with or without
Pak1 (Wt) or Pak1 that lacks signal for nuclear localization (Pak1 NLS). (c) A431 cells were transiently transfected with 0.5 μg of ATR FL promoter
and irradiated with UV-B 200 mj/cm2 after downregulation of Pak1 with Pak1 siRNA. (d) An illustrative representation of ATR luciferase reporter
plasmids with insert 2 -kb DNA and truncated fragments of ATR promoter. Arrow indicates the transcription start site. The number of bases
upstream and downstream of the transcription start site (upper) are indicated by numbers, luciferase activity of ATR promoter FL, Del1, Del2
and Del3 in A431 and HEK-293 cell lines and identification of core promoter region essential for ATR regulation by Pak1 (lower).
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protect the cells from apoptosis by phosphorylating the death
agonist bad.35 It is imperative to note that the very low
transfection efficiency in HaCaT cells36 pressed us to perform
further functional and mechanistic studies in human keratinocyte
A431 cells and that these cells have greater tolerance to UV-B-

induced damage and other biological assays such as cell viability
as compared with HaCaT cells.37 In a way this means that the
Pak1-mediated functional mechanism of UV-B regulation might
hold true in vivo even in the case of HaCaT Cells, but at a relatively
lower UV-B dose. We maintained the defined minimal erythemal

Figure 6. Pak1 modulates ATR via C-Fos. (a) Schematic representation of the 2 -kb ATR promoter, showing analyzed regions. The recruitment
of Pak1 to ATR promoter in A431 cells was shown by chromatin immunoprecipitation (ChIP) analysis. Ctrl and UV represent untreated and
UV-B (200 mj/cm2) treated, respectively. (b) HEK-293 cells were co-transfected with 0.5 μg of 2- kb pGL4 ATR Del3 luciferase reporter and Pak1
or C-Fos or Pak1 and C-Fos. (c) ChIP analysis showing that the recruitment of Pak1 to human ATR promoter is mediated by C-Fos in A431 cells.
ChIP was carried out with an anti-Pak1 antibody after downregulation of C-Fos with C-Fos siRNA followed by PCR amplification using the
specific primers for F4. Western blot showing the siRNA-mediated downregulation of c-Fos in A431 cells. (d) Schematic representation of the
0.5- kb ATR core promoter, showing the C-Fos-binding regions deleted (Del1, Del2 and Del1 and 2). A431 and HEK-293 cells were
co-transfected with 0.5 μg of pGL4 ATR Del3 luciferase reporter or pGL4 ATR Del3 C-Fos binding regions deleted (Del1, Del2 and Del1 and 2)
luciferase reporter or pGL4 basic vector plasmid with or without Pak1. (e) EMSA analysis of c-Fos binding to human ATR promoter using
biotin-labeled probe that mimics c-Fos-binding sites using A431 cell nuclear lysate.

Figure 7. Pak1 protects keratinocytes from apoptosis and UV-B-induced DNA damage. (a) Cell proliferation assay upon UV-B treatment.
(b) Clonogenic assay in which colony formation efficiency was calculated on UV-B treatment. (c) TUNEL assay graph represents % of TUNEL-
positive cells and (d) Comet assay graph represents % of tail moment. Top panel represents stable Pak1 overexpression clones and bottom
panel represents Pak1 shRNA knockdown clones of A431. (e) Western blot and Annexin V assay of HaCaT Pak1-knockout clones.
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dose reported in the literature for most of the cellular and
functional assays, although the UV-B dosage varied between
different cell lines depending on their tolerance.38

In our study, we observed an increase in Pak1 phosphorylation
and activation as early as 15 to 30 min after UV-B irradiation,
indicating that Pak1 activation might be an early and indirect
membranous event. Previous studies using EGFR inhibitors
revealed that Pak1 activation is mediated via the EGFR pathway,
which is an upstream activator of Pak1.39 However, our results
(data not shown) showed that the Pak1 kinase activity induced by
UV-B was not completely diminished by blocking the EGFR
pathway, indicating that there could be other possible mechan-
isms of Pak1 activation by UV-B.
Results from our clinical samples showed higher Pak1 expres-

sion in the dermal and epidermal layers in sun-induced skin
lesions in contrast to normal skin where Pak1 expression was
observed only in basal layers of the epidermis. This corroborates
with the previously reported studies that in NMSC Pak1 is high in
both the dermal and epidermal layers, whereas in the normal skin
it is present only in the epidermal layer.40 This probably indicates
that Pak1 expression and localization could be an indicator of
progression marker from normal skin to sun-induced skin lesions
to NMSC.
Cells have evolved complex defense system to counteract the

harmful effects of UV-B irradiation. The DNA repair and recovery
from lower levels of UV-B damage is the first line of defense
against UV-B by all the eukaryotes.41 They respond to DNA
damage by increased activation or expression of many early
responsive genes, such as p53, c-fos, NF-kB and c-jun. Interestingly,
some of these genes, such as NF-kB, are also activated by signals
that arise outside the nucleus, indicating a degree of overlap
between nuclear and non-nuclear signaling events. At the plasma
membrane, UV-irradiated cells activate Fas or TNF receptors,
which recruit and activate upstream caspase leading to apoptotic
death.42 In the cytoplasm, various mitogen-activated protein
kinase family members are activated, which participate in either
prosurvival (for example, ERK) or proapoptotic (for example, JNK
and p38-mitogen-activated protein kinase) functions.43 Finally,
reactive oxygen species generated in the cytoplasm can induce
different proapoptotic or antiapoptotic events, by mediating its
effect through oxidative DNA damage, activation of kinase
signaling cascade or activation of different genes.
Despite having increasing literature evidence that UV-B targets

both cell membrane and nuclear components, it is unclear how
these relate to each other and whether they are mutually
exclusive or work in a synchronized manner. It is also reported
that there exists a signal transfer process from sunlight photo-
products inside the nucleus to the cytoplasm.44 In addition, the
concept of signaling loop also explains the activation of
cytoplasmic and membrane kinases in response to DNA damage
caused by radiation.45 Thus, it is the net sum of all of these events
that determine the eventual fate of UV-irradiated cell. In
conclusion, our study demonstrates that Pak1 is activated in
response to UV-B and this activated Pak1 in turn activates the
transcription of DNA repair kinase ATR, which eventually
participates in DNA damage response and protects the cells.
Despite all these protective mechanisms deliberated by Pak1 via
ATR, if the damaged DNA is not properly repaired persisting DNA
damage can result in mutations in oncogenes and tumor
suppressor genes, leading to permanent alterations in signaling
pathways that control cell survival, proliferation and differentia-
tion. All this depends on the dose and the number of cells that are
targeted for the subsequent UV-B exposure and that these cellular
level events may significantly affect the time needed to
accumulate alterations in genes needed for skin cancer to arise,
ultimately resulting in cancer.

MATERIALS AND METHODS
Cell culture
The immortalized epidermal human keratinocyte (HaCaT) and human
epidermoid carcinoma A431 cell lines were purchased from NCCS (Pune,
India). The mouse epidermal cell line JB6 was maintained in minimum
essential medium. Human epidermal keratinocyte adult was purchased
from Invitrogen (Waltham, MA, USA). Human skin fibroblast AG1522 cells
were obtained from Dr Sonia M de Toledo (The State University of New
Jersey, New Brunswick, NJ, USA). Mouse epidermal cell line JB6 cells were
obtained from Dr Rana P Singh (JNU, Munirka, New Delhi).

UV irradiation of cells
For UV radiation, cells were given prewarmed phosphate-buffered saline
wash and then UV-B irradiated. UV gene linker is used as a source of UV
irradiation (UV-B) that is equipped with an energy output control (UVP,
model CL-1000).

Animal studies
Animal studies were conducted as per the standard procedures and
principles approved by Animal ethics committee of IIT Madras.

Western blot
Cell extracts were then resolved by 8% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, proteins were transferred to nitrocel-
lulose membranes, which is blocked in 5% skim milk for 1 h, and specific
antibodies were used for probing.

Pak1 in vitro kinase assay
Pak1 in vitro kinase assay was performed by immunoprecipitating
the endogenous Pak1 from a 100 -μg aliquot of cell lysates from
UV-B-irradiated keratinocytes. PAKtide/MBP was used as a substrate.

Stable Pak1 overexpression and Pal1-knockdown clones
Pak1 gene cloning and stable overexpression. Retroviral-mediated stable
clones overexpressing Pak1 were developed according to the prior
protocols (Garry P Nolan, Stanford University, Stanford, CA, USA). The cells
were selected for stable integration using puromycin. All the primer
sequences used in this study are enlisted in Supplementary Table 1.

Pak1-knockdown clones. Pak1-knockdown clones were generated by
transducing HaCaT and A431 cell lines with lentiviral particles containing
plasmid constructs coding for an shRNA sequence against p21-activated
kinase.

Pak1-knockout clones
Pak1-knockout clones were generated by transducing HaCaT cell line with
Alfa Pak1 CRISPR/Cas9 KO Plasmid (h), sc-400857 with FugeneHD as per
the manufacturer’s protocol (Santa Cruz Biotechnology, Santa Cruz,
CA, USA).

TUNEL assay
Clones were cultured on 60- mm cell culture plates at a seeding density of
1 × 106 cells per plate. After 24 h of serum starvation, the cells were UV-B
irradiated. After the recovery time of 30 min, trypsinized cells were used for
the TUNEL assay, that is, performed with the APO-BRDU Kit (BD
Pharmingen, San Deigo, CA, USA) as per the instructions provided.

ATR promoter cloning and luciferase activity
Human ATR promoter (FL) (from − 2032 to +120) was cloned from human
total genomic DNA by PCR amplification with a set of primers followed by
insertion into Kpn1 and XhoI sites of pGL4 basic vector. The 5′ truncations
of 2.2- kb FL fragments (Del) were generated by PCR. The c-Fos-binding
site deletion constructs (c-Fos Del) were made using NEB Q5 polymerase,
with specific primers.
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Electrophoretic mobility shift assay
UV-B-treated and UV-B-untreated A431 nuclear lysates were extracted
using the Nonidet P-40 lysis method. The Light Shift Chemiluminescent
EMSA Kit (Pierce Biotechnology, Rockford, IL, USA) was used to perform the
EMSA assay.

Immunohistochemistry
For IHC, sun-induced skin lesions (Supplementary Table 2) were procured
from the Pathology department of Sri Ramachandra University after
obtaining ethical clearance. Progesterone receptor/estrogen receptor-
positive breast cancer tissue samples were used as a positive control and
secondary antibody-only control was used as a negative control.
UV-B-exposed and UV-B-unexposed skin samples from hairless SKH mouse
model were procured from Dr KathleenTober (The Ohio State University,
Columbus, OH, USA). IHC was carried out using mouse anti-phospho-Pak1
antibody, P3237, for human sections and rabbit anti-phospho-Pak1
antibody, SAB4300127, for mouse sections; rabbit anti-Pak1 antibody
was also used.

Statistics
Experiments were carried out in triplicate. Data are presented in means
plus or minus the standard errors of the mean. The differences between
UV-B-irradiated and control groups were analyzed using the Graph Prism
Program. T-test was used to calculate the P-value of two groups compared.
Values of P⩽ 0.05 were considered to be statistically significant.
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