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Abstract

Ultraviolet B (UVB) radiation is the major environmental risk factor for developing skin cancer,
the most common cancer worldwide, which is characterized by a berrant activation of Akt/mTOR
(mammalian target of rapamycin). Importantly, the link between UV irradiation and mTOR
signaling has not been fully established. Apigenin is a naturally occurring flavonoid that has been
shown to inhibit UV-induced skin cancer. Previously, we have demonstrated that apigenin
activates AMP-activated protein kinase (AMPK), which leads to suppression of basal mTOR
activity in cultured keratinocytes. Here, we demonstrated that apigenin inhibited UVB-induced
mTOR activation, cell proliferation and cell cycle progression in mouse skin and in mouse
epidermal keratinocytes. Interestingly, UVB induced mTOR signaling via PI3K/Akt pathway,
however, the inhibition of UVB-induced mTOR signaling by apigenin was not Akt-dependent.
Instead, it was driven by AMPK activation. In addition, mTOR inhibition by apigenin in
keratinocytes enhanced autophagy, which was responsible, at least in part, for the decreased
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proliferation in keratinocytes. In contrast, apigenin did not alter UVB-induced apoptosis. Taken
together, our results indicate the important role of mTOR inhibition in UVB protection by
apigenin, and provide a new target and strategy for better prevention of UV-induced skin cancer.
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1. Introduction

Non-melanoma skin cancer (NMSC), including basal cell carcinomas (BCC) and squamous
cell carcinomas (SCC), is the most common form of cancer worldwide, with more than two
million new cases diagnosed yearly in the United State alone. Extensive epidemiologic,
clinical and biological studies have proven that ultraviolet B (UVB) radiation is the major
carcinogen for NMSC[1-3]. While UV exposure can be reduced by application of
sunscreens, a substantial part of the population continues to receive significant doses of UV
due to occupational and recreational activities, and the number of NMSC cases continues to
rise.

Apigenin (5,7,4’-trihydroxyflavone) is a bioflavonoid present in a wide variety of food
sources including tea, onions, parsley, thyme, celery and sweet red pepper[4]. Topical
application of apigenin to mouse skin has been shown to reduce the incidence and the size of
tumors in mouse models of skin carcinogenesis using both chemical carcinogens and UV
exposure[5, 6]. Apigenin has multiple properties that make it a promising chemopreventive
agent[7]. It can inhibit angiogenesis[8, 9], stabilize and enhance the expression of tumor
suppressive p53[10, 11], inhibit pro-inflammatory COX-2 expression[12, 13], and cause cell
cycle arrest [14, 15] and apoptosis[16, 17] through multiple mechanisms. However, the full
scope of apigenin's chemopreventive function is not known. We reported recently that
apigenin can activate AMP-activated protein kinase (AMPK) in keratinocytes (both human
keratinocyte cell lines and primary normal human epidermal keratinocytes) and the
activation of AMPK results in the inhibition of baseline activity of the mammalian target of
rapamycin (mTOR) signaling pathway[18].

In mammalian cells, mTOR is the key component of two distinct functional complexes,
MTORC1 and mTORC2. mTORC1 contains the regulatory-associated protein of mTOR
(Raptor), mLST8, and proline-rich Akt substrate 40 kDa (Pras40). The mTORC1 is sensitive
to rapamycin and regulates cell growth by controlling ribosome biogenesis, protein and lipid
synthesis. The two best-known substrates of mMTORCL1 are the ribosomal protein S6 kinase
(p70S6K) and the eukaryotic initiation factor 4E binding protein (4E-BP1)[19]. mTORC2
comprises mLST8, mSIN1, and the rapamycin-insensitive companion of TOR protein
(Rictor). mTORC2 can activate Akt by phosphorylation on S473 and is generally thought to
be rapamycin-insensitive although prolonged exposure to high rapamycin concentrations
may prevent its assembly and function[19, 20].

Multiple lines of evidence indicate a crucial role of mTOR in the etiology of NMSC. UV-
induced NMSC is a major problem in organ transplant recipients, and the use of mMTOR
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inhibitor as a post-transplantation immunosuppressive significantly reduces NMSC
occurrence[21]. More directly, Chen et al examined many cases of malignant SCC,
precancerous actinic keratosis and normal skin samples by immunohistochemistry, and
found that mTOR itself, as well as its downstream targets p70S6K, 4E-BP1 and Akt, are
phosphorylated at much higher levels in SCC than actinic keratosis and normal skin[22].
Protein microarray analysis of SCC, actinic keratosis and normal skin similarly revealed
abnormally activated mTOR signaling in SCC[23]. More recently, Carr et al reported unique
but complementary roles of mMTORC1 and mTORC?2 in controlling proliferation and
apoptosis in the skin, whereby inhibition of mTOR suppresses UVB-induced keratinocyte
proliferation and survival[24].

Here, we investigated mTOR activation by UVB and whether the blockade of UVB-induced
mMTOR activity by apigenin are transduced via Akt or AMPK. Results from both in vitro and
in vivo analyses demonstrate simultaneous inhibition of UVB-induced keratinocyte
proliferation, cell cycle progression, and mTOR activation by apigenin. Despite the fact that
UVB-induced mTOR activation is driven by PI3K/Akt signaling and apigenin is capable of
blocking Akt phosphorylation/activation, apigenin's inhibition of UVB-induced mTOR
signaling was mainly due to its activation of AMPK rather than suppression of Akt
activation. Finally, consistent with mTOR's role as a hub between proliferation and
autophagy, apigenin treatment of UVB-irradiated keratinocytes results in elevated
autophagy levels, but not apoptosis. Thus mTOR inhibition and increase in autophagy likely
contribute to the reduction in the UVB-induced keratinocyte proliferation by apigenin. Our
results indicate the importance of mTOR blockade for apigenin's chemopreventive function
and point to a new target and strategy to improve prevention of skin cancer.

2. Materials and Methods

2.1. Cell culture, UVB irradiation and drug treatment

The mouse 308 keratinocyte cell line derived from Balb/c mouse skin initiated with
dimethylbenz[a]anthracene contains a point-mutated H-ras gene and wild-type p53
gene[25]. 308 cells were maintained in Suspension Minimum Essential Medium (United
States Biologicals) supplemented with 8% chelexed (Bio-Rad Laboratories) fetal bovine
serum, 0.02 mM Ca2*, 0.1 mM non-essential amino acids, 2 mM L-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin (Life Technologies). Cells were used at 80-90%
confluence. For UVB exposure, the culture medium was removed and saved, the cells were
rinsed with phosphate-buffered saline (PBS), irradiated, and the medium replaced. We used
FS40T12 lamps (National Biological) with emission peak at 313 nm, in combination with
Kodacel filter (Eastman Kodak) to eliminate UVC (< 295 nM). Apigenin, wortmannin
(Sigma-Aldrich), Compound C (EMD Chemicals), MK-2206 and A-769662 (Selleckchem)
stock solutions were prepared in dimethyl sulfoxide (DMSO). Chloroquine was dissolved in
water. Apigenin, wortmannin and MK-2206 were added 1 h prior to UVB irradiation, and
Compound Cand chloroquine were added 1 h before UVB or apigenin + UVB treatment.
The concentration of DMSO in cell cultures was less than 0.1%.
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2.2. Treatment of animals

All studies involving mice were performed in accordance with the Guide for the Care and
Use of Laboratory Animals, and all the procedures approved by Northwestern University
Animal Care and Use Committee. Adult (6-8 week old) female SKH-1 hairless mice
(Charles River Laboratories) were assigned to 4 groups (control, apigenin alone, UVB, and
apigenin + UVB, n=5). Apigenin was applied at 5 pmol in 0.2 ml DMSO/ acetone (1:9)
vehicle mix. Mice were topically treated with apigenin or vehicle daily for 5 days, 1 hr prior
to UVB irradiation (1000 J/m? daily) where applies. At 24 h after final UVB exposure mice
were sacrificed to harvest dorsal skin. Skin tissue was formalin-fixed and paraffin-embedded
for further analysis or frozen for biochemical studies.

2.3. Western blotting

For in vitro experiments, cells were harvested in the lysis buffer (20 mM Tris HCI, pH 7.5,
150 mM NaCl, 2 mM EDTA, 10% glycerol, 1% Triton X-100, 1 mM PMSF, protease and
phosphatase inhibitor cocktail). Protein concentration was measured with BCA reagent
(Pierce). Equal amounts of protein lysates were loaded and resolved by SDS PAGE
followed by eletrophoretic transfer onto nitrocellulose membranes. The membranes were
blocked for 90 min at room temperature in 5% dry milk in Tris-buffered saline (TBS) with
0.1% Tween 20 (TBS-T) and incubated at 4 °C overnight with primary antibodies.
Following incubation with appropriate horse radish peroxidase-conjugated secondary
antibodies, signals were detected using Enhanced Chemiluminescence System(Thermo
Scientific). For in vivo experiments, dorsal skin was harvested and underlying fat and blood
vessels were removed. Epidermal tissues were collected by scraping the surface of epidermis
with a razor blade and placed into ice-cold RIPA buffer. The lysates were sonicated on ice
for 10 sec, centrifuged at 16,000 x g for 20 min at 4°C, and supernatants were collected.
Western blotting was performed as described above. The following antibodies were used:
AMPK;, p-AMPK (T172), Akt, p-Akt (S473), p70S6K, p-p70S6K (T389), 4E-BP1, p-4E-
BP1 (S65), LC3, p44/42 MAPK (Cell Signaling Technology) and CDK2, Actin (Santa Cruz
Biotechnology). Protease and phosphatase inhibitor cocktail was from Sigma-Aldrich.

2.4. Histology and immunohistochemistry

Dorsal skins from at least 3 mice per condition were immediately fixed in 10% neutral
buffered formalin for 24 h, embedded in paraffin and 5 pm sections were cut. H&E staining
and immunohistochemistry for Ki-67, CDK2 and p-mTOR (Ser2448) were conducted at
Northwestern University Mouse Histology and Phenotyping Core. Measurement of
epidermal thickness and count of Ki-67 positive cells were performed as described
previously[9].

2.5. Immunofluorescence

Cells were grown on Lab-Tek Chamber Slides (Nalgene Nunc International), treated as
desired, rinsed in PBS and fixed for 15 min in 4% paraformaldehyde in PBS at room
temperature. The cells were further washed with PBS and treated for 10 min with 0.3%
Triton X-100 in PBS. After 1 h blocking (0.1% Tween 20, 5% goat serum in PBS) the slides
were incubated with LC3 antibody in 5% goat serum for 48 h at 4°C, followed by incubating
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with goat anti-rabbit 1gG conjugated with Alexa Fluor 488 (Life Technologies) at room
temperature for 2h. After final wash with PBS, the slides were mounted in Vectashield with
DAPI (Vector Laboratories) and visualized with a fluorescence microscope.

2.6. Transient Transfection

Cells were transiently transfected using Lipofectamine 3000 reagent (Life Technologies)
following the manufacturer's instructions. Briefly, cells were plated in 6-well plates and
grown to 70-80% confluence in antibiotic-free medium, 2 pg plasmid DNA in 100 pl of
Opti-MEM medium was incubated with 4 ul of P3000 reagent at room temperature for 5
min, followed by 5 pl of Lipofectamine 3000 in an additional 100 ul of Opti-MEM medium.
The mixture was incubated for 20 min and layered onto the cells. After 6 h incubation, the
transfection medium was replaced with fresh growth medium, and the cells incubated
overnight for gene expression.

2.7. RNA Interference

SiRNA duplexes targeting mouse AMPKa1/2, Aktl/2, Akt3 and non-targeting control
siRNA were purchased from Santa Cruz Biotechnology. The transfection of siRNA into 308
cells was performed by using Lipofectamine RNAIMAX (Invitrogen) according to the
manufacturer's instructions. Forty eight h (for AMPK) or 72 h (for Akt) after transfection,
cell density was adjusted so cell confluence would be 90%, then the transfected cells were
treated with apigenin and UVB.

2.8. Flow cytometry

For cell cycle analysis, cells were serum-starved overnight and treated as indicated, then
serum was added back to the medium. Cells were harvested 24 h after UVB exposure, fixed
in ice-cold methanol for 30 min, washed twice with PBS and incubated with propidium
iodide (PI) solution (50 pug/ml P1, 0.1% Triton X-100 and 0.2 mg/ml RNase A) at 37 °C for
20 minutes. Cells were further incubated for 1 h at 4 °C and proceed to analysis using a BD
LSR Fortessa Cell Analyzer. For apoptosis analysis, cells were cultured in normal medium
with serum and harvested at 24 h after UVB irradiation. Apoptosis was measured by using
the Annexin V Apoptosis Detection Kit (BD Biosciences) according to the manufacturer's
protocol.

2.9. Statistical analyses

Statistical analyses were carried out using Prism 6 (Graph Pad software). Data were
expressed as the mean of at least three independent experiments and error bars indicated
standard deviation of the mean (SD). Data were analyzed by one-way or two-way ANOVA
and Tukey's multiple comparisons test. P values below 0.05 were set as significant.
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3. Results

3.1. Apigenin suppresses UVB-induced keratinocyte proliferation and cell cycle
progression

During UVB-induced NMSC, exacerbated proliferation of keratinocytes is a key feature
responsible for epidermal hyperplasia and tumor promotion. To determine whether apigenin
inhibits this aspect of UVB-induced skin carcinogenesis in vivo, we compared skins of
SKH-1 mice subjected to UVB irradiation in the absence and in the presence of topical
apigenin. Substantial thickening of the epidermis in UVB-irradiated mice compared to
sham-irradiated control animals was indicative of proliferation and apigenin significantly
attenuated the UVB-induced thickening (Fig. 1A, B). Importantly, apigenin alone did not
cause any thinning of the epidermis in sham-irradiated mice (Fig. 1A, B). Direct assessment
of cellular proliferation by Ki-67 labeling showed similar pattern, whereby UVB induced an
approximately 4-fold increase in Ki-67-positive nuclei at 24 hours post UVB irradiation and
this increase was significantly reduced by apigenin (Fig. 1C, D). Again, apigenin had no
effect on basal proliferation in sham-irradiated epidermis (Figure 1C, D).

Cell proliferation can also be measured by G1-S transition of the cell cycle. In agreement
with the results of epidermal thickening and Ki-67 positive nuclei, UVB irradiation
increased the number of 308 mouse keratinocytes in S-phase, apigenin treatment abolished
this increase, when cells were grown in serum-free medium to synchronize them in Gp phase
and then subjected to treatments (Fig. 1E) Because G4 — S transition is dependent on cyclin-
dependent kinase 2 (CDK?2) binding to Cyclin E, we assessed CDK2 levels in 308 cells and
in mouse skin. In cultured cells, UVB caused a moderate increase in CDK2 protein and
apigenin strongly reduced both basal and UVB-induced CDK2 expression (Fig. 1F).
Similarly, CDK2 expression in the skin of SKH-1 mice underwent similar changes, with
moderate nuclear staining in control animals, which was visibly increased after UVB
irradiation and considerably reduced by apigenin (Fig. 1G). Collectively, these results
demonstrate that apigenin dramatically inhibits UVB-induced keratinocyte proliferation and
cell cycle progression both in vivo and in vitro.

3.2. Apigenin inhibits UVB-mediated mTOR activation

Recent studies indicate that UV irradiation induces mTOR activation and inhibition of
mTOR signaling suppresses UVB-induced keratinocyte proliferation[24]. We have
demonstrated previously that apigenin can inhibit mTOR signaling at baseline in cultured
keratinocytes[18]. We therefore hypothesized that it may also block mTOR activation
induced by UVB. To assess mTOR activity, we measured the phosphorylation of p70S6
kinase (p70S6K) and elF4E binding protein (4E-BP1), two immediate downstream targets
of mTOR. As shown in Fig. 2A, UVB irradiation increased the phosphorylation of p70S6K
and 4E-BP1 in 308 cells. Importantly, apigenin inhibited UVB-induced phosphorylation of
both mTOR targets. Our previous study has demonstrated that apigenin inhibits base level of
mTOR activity in human keratinocytes[18]. Here, we also found apigenin treatment
suppressed the phosphorylation of p70S6K and 4E-BP1 in normal culture of mouse
keratinocytes (Fig. 2B). In addition, we detected mTOR activation directly, by
immunostaining of mouse skin with antibodies for active, phosphorylated mTOR (Fig. 2C)
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and showed a dramatic increase in epidermal mTOR due to UVB irradiation, which was
completely abolished by apigenin (Fig. 2C).

3.3. Activation of mTOR by UVB irradiation is dependent on PI3K/Akt signaling

The PI3K/Akt and the mTOR signals form interdependent pathways that play critical roles
in the regulation of cell growth, proliferation, and survival. Several studies have
demonstrated that Akt can induce mTOR activity in multiple ways[26]. In agreement, we
found that in 308 cells UVB irradiation induced Akt activation (phosphorylation on Ser 473)
that reached its maximum by 12 h and lasted for at least 24 h following UVB exposure (Fig.
3A). To determine whether UVB-induced mTOR activation is dependent on PI3K/Akt
pathway, we used wortmannin, a specific and potent inhibitor of PI3K. Pretreatment with
wortmannin completely abolished UVB-induced increase in Akt phosphorylation as well as
UVB-induced phosphorylation of p70S6K and 4E-BP1, indicating that mTOR activation by
UVB is a downstream event following PI3K/Akt activation.

3.4. Apigenin inhibits UVB-induced mTOR signaling through activation of AMPK

Previously, we have reported that apigenin inhibits Akt activation in many different cell
types, including normal keratinocytes, prostate and pancreatic cancer cells[27-29]. Because
UVB-induced mTOR activation was dependent on PI3K/Akt pathway, we sought to
determine whether apigenin blocks UVB-induced mTOR activation by Akt interference. For
that purpose we have generated 308 cells expressing constitutively active Akt (CA-Akt)
(Fig. 4A). CA-Akt overexpression in 308 cells caused a significant increase in activation of
mTOR pathway at baseline and in response to UVB irradiation, as was evidenced by
increased phosphorylation of p70S6K(Fig. 4A). However, apigenin still effectively blocked
mTOR activation regardless of CA-Akt presence (Fig. 4A). In order to further confirm that
the inhibition of UVB-induced mTOR activation is not dependent on Akt, another two
approaches were used: First, 308 cells were pretreated with either MK-2206 (an Akt specific
inhibitor), or a combination of MK-2206 with different doses of apigenin prior to UVB
irradiation. As illustrated in Fig. 4B, MK-2206 completely suppressed Akt activity but failed
to inhibit UVB-induced phosphorylation of p70S6K. In addition, dose-dependent inhibition
of mTOR activation by apigenin was not affected by MK-2206 (Fig. 4B). Second, cells were
transfected with Akt sSiRNA to knock down Akt expression, and the knockdown of Akt was
confirmed by immunoblotting as shown in Fig. 4C. Although transfection of 308 cells with
the Akt siRNA decreased the Akt protein level dramatically compared with the non-
targeting control siRNA, apigenin still inhibited UVB-induced phosphorylation of p70S6K
(Fig. 4C). Together, these studies demonstrate that suppression of Akt does not contribute to
apigenin-mediated mTOR inhibition.

We have previously shown that apigenin activates AMPK, an mTOR inhibitor, in human
keratinocytes and thus causes decreased mTOR activation at baseline[18]. Therefore it was
possible that in UVB-irradiated cells AMPK is similarly involved in mTOR regulation by
apigenin as well. To address this possibility, we examined AMPK activation in 308 cells.
Interestingly, UVB increased AMPK phosphorylation over baseline(sham-irradiated cells).
However, apigenin increased AMPK phosphorylation with much greater potency, both in
control and irradiated mouse keratinocytes (Fig. 5A). In agreement, Western blot of mouse
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epidermis showed modest upregulation of phosphorylated-AMPK by UVB and dramatic, >
10-fold upregulation by apigenin in sham-irradiated controls and UVB-irradiated skin (Fig.
5B). Importantly, pre-treatment of 308 keratinocytes with AMPK inhibitor Compound C
prior to UVB and/ or apigenin treatment, completely abolished the inhibition effect of
apigenin on p70S6K phosphorylation (Fig. 5C). We further confirmed the critical role of
AMPK in apigenin's inhibition of UVB-induced mTOR activation by siRNA approach. As
shown in Fig. 5D, AMPK protein level was dramatically reduced by transfection cells with
AMPK siRNA, and apigenin lost the ability to block UVB-induced mTOR activation.
Instead of apigenin, we also found that A-769662, an activator of AMPK, can inhibit UVB-
induced mTOR signaling through the activation of AMPK (Fig. 5E), providing another
piece of evidence to support the important role of AMPK in inhibition of UVB-induced
mTOR activation. Taken together, our results demonstrate that apigenin-mediated AMPK
activation, but not Akt interference, is necessary and sufficient for suppression of UVB-
induced mTOR by apigenin.

3.5. Apigenin enhances UVB-induced autophagy, but not apoptosis, in mouse
keratinocytes

mTOR is an important signaling hub, which balances proliferation and autophagy, where by
low mTOR activity results in metabolic distress and autophagy. In autophagic cells, the
cytosolic form of microtubule-associated protein 1A/1B-light chain 3 (LC3-1) is converted
to the low molecular weight form, LC3-I1, a common indicator of autophagy. Western blot
analysis of 308 cell lysates showed decreased levels of LC3-11 upon UVB irradiation,
suggesting decreased autophagy. In contrast, apigenin increased LC3-11 (LC3-1 cleavage),
both in untreated and in UVB-treated cells (Fig. 6A). This was confirmed by
immunofluorescence staining of 308 cells for LC3 (Fig. 6B). Using the number of cells with
LC3-positive puncta (autophagosomes) as the autophagy index, we observed a modest
increase in autophagy in UVB-irradiated keratinocytes, which did not reach statistical
significance (Fig. 6B, C). Importantly, apigenin caused statistically significant increases in
autophagy both in control and in UVB-treated keratinocytes (Fig. 6B, C). Recently Carr et al
reported on distinct roles of MTORC1 and mTORC2 in control of cutaneous proliferation
and apoptosis in the skin: Selective mTORC1 inhibition by rapamycin suppressed UVB-
induced proliferation but had no effect on cell death; in contrast, mTOR deletion or
mTORC2 disruption sensitized keratinocytes to UVB-induced apoptosis[24]. In this study
we showed that apigenin inhibited the activation/phosphorylation of downstream targets of
both mTORCL1 (p70S6K and 4E-BP1, Fig. 2A) and mTORC2 (Akt (S473), Fig. 4A). To
assess the contribution of the two mTOR complexes to apigenin effects on cell survival, we
measured apoptosis in UVB-irradiated 308 keratinocytes in the absence and in the presence
of apigenin. Apigenin caused an increase in the baseline apoptosis of cultured keratinocytes.
However, apigenin did not augment UVB-induced apoptosis (Fig. 6D), suggesting that
apigenin acts in this case via mTORCL. Since apigenin enhances autophagy through
inhibition of mTOR, we further determined whether autophagy is involved in the induction
of apoptosis by UVB or apigenin. Treatment of cells with chloroquine, an inhibitor of
autophagy, didn't change the pattern of apoptosis induced by UVB or apigenin (Fig. 6D).
However, compared to the result that UVB irradiation increases the number of cells in S-
phase and apigenin treatment abolishes this increase (Fig. 1E), inhibition of autophagy
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blocked cells from entering S-phase (the percentage of S-phase cells dropped from 40% to
20% in control cells), and UVB couldn't increase S-phase cells and apigenin lost its ability
to suppress cells to enter S-phase (Fig. 6E), indicating apigenin inhibits UVB-induced cell
proliferation through enhancing autophagy.

4. Discussion

The mTOR signaling pathway is essential for cell growth and proliferation, whereby it holds
in check the balance between proliferation and autophagy[30]. Hyperactive mTOR signaling
is a hallmark of many cancers, which prompted multiple discovery programs seeking potent
small molecules that, similarly to rapamycin, specifically target mTOR. To improve the
modest bioavailability and efficacy of rapamycin, several rapamycin derivatives (rapalogs)
have been developed. However, the clinical efficacy of the rapalogs as cancer therapy is
modest, likely due to their cytostatic rather than cytotoxic effect[31]. Another possible
reason for their limited efficacy could be due to multiple negative feedback loops that
moderate mTOR activity, especially for mMTORCL, which repress PI3K signaling. Thus
mTOR inhibitors may re-activate PI3K and Akt by disrupting this negative feedback[32-34].
The work on the second generation of inhibitors with dual mTOR/PI3K action is in progress,
however these novel inhibitors, in addition to improved efficacy are likely to possess higher
toxicity than rapamycin[35]. In this study, we found that the bioflavanoid apigenin is a
unique and distinctive naturally occurring dual-specificity inhibitor, which simultaneously
and independently blocks UVB-induced Akt and mTOR. An added benefit is that apigenin
has a very favorable toxicity profile, a feature that makes it especially attractive for cancer
prevention and therapy.

We have shown previously that apigenin treatment causes Go/M arrest in keratinocytes, in
part due to inhibition of the mitotic kinase activity of p34cd2, and perturbation of cyclin B1
levels[15]. Since UVB mainly induces G1-S cell cycle progression[36], we synchronized
cells in Gg phase prior to UVB exposure. We found that apigenin not only decreased UVB-
induced G1 - S transition, but also reduced CDK2 expression. This is in line with our
previous findings that apigenin blocked CDK2 kinase activity[37]. Interestingly, Chen et al
reported that constitutive activation of mTOR pathway, which is frequent in epidermal
tumors, especially in malignant ones, is tightly correlated with CDK2 expression[22]. Our
study is the first to establish the link between UVB irradiation, CDK2 and mTOR activation.
Moreover, in the present study we found that apigenin is a potent inhibitor of UVB-induced
mTOR activation and associated CKD2 expression in mouse skin. Our data align mTOR and
CDK?2 as important mediators of UVB-induced skin carcinogenesis,although the mechanism
by which mTOR regulates CDK2 expression remains elusive.

UVB irradiation induces DNA damage, which may generate mutations and genomic
instability, eventually leading to carcinogenesis. Failure to eliminate the damaged cells,
either by DNA repair or apoptosis, results in the retention of UVB-induced mutations that
can lead to aberrant regulation of cell signaling and ultimately skin cancer[38]. Through a
series of elegant experiments, Carr et al established that mMTORC1 and mTORC2 play
unique and distinct roles in controlling proliferation and apoptosis in skin. MTORC2
inactivation sensitizes epidermal keratinocytes to UVB-induced apoptosis. In contrast,
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mTORC1 blockade by rapamycin reduces G; to S cell cycle progression and blocks the
proliferation of keratinocytes induced by UVB irradiation[24]. Thus, hyper-activation of
both mTOR pathways is required for damaged keratinocytes to survive and proliferate with
higher risk of malignant transformation. UV-induced p53 mutations frequently occur in
human skin cancer, in agreement with the critical role of p53 in the elimination of severely
damaged cells[39], and keratinocytes with mutated p53 are less prone to UV-induced
apoptosis as is evidenced by decreased amounts of sunburn (apoptotic cells) in the
epidermis[40, 41]. However, UVB can induce apoptosis in HaCaT human keratinocytes cell
line, which bears p53 mutations, suggesting p53-independent apoptosis in response to
UVBI[17]. Our previous studies uncovered enhanced apoptosis in UVB-irradiated
keratinocytes through both the intrinsic and extrinsic apoptotic pathways, and also via a p53-
independent pathway[17]. Surprisingly, in 308 mouse keratinocytes cells that express wild-
type p53, apigenin failed to enhance UVB-induced apoptosis, suggesting other mechanisms
of cell elimination underlying chemopreventive action.

Autophagy is a common consequence of mMTOR inhibition, whereby long-lived or damaged
proteins and organelles are engulfed by membrane vesicles and degraded for recycling. In
addition to its role as a homeostatic mechanism, studies of the past two decades revealed
dual role for autophagy in different stages of carcinogenesis. Removal of the damaged
organelles and proteins reduces chromosome instability, and leads to a type 11 (non-
apoptotic) programmed cell death, which counteracts cancer initiation[42-44]. However, in
established tumors, autophagy may enhance the survival of cancer cells in conditions of low
nutrients and hypoxia, and serve as a cytoprotective mechanism for cancer cells to resist
cancer therapy[42-44]. A pharmacological autophagy induction in normal skin may provide
a new chemoprevention strategy. Here, we demonstrate that AMPK-dependent mTOR
inhibition by apigenin significantly enhances autophagy in UVB-irradiated keratinocytes.
This could have two consequences. First, increased autophagy could eliminate protein
complexes including those caused by single and double-stranded DNA breaks, which could,
at least in part, ameliorate UVB-induced mutagenesis and subsequent carcinogenesis. On the
other hand, concomitant inhibition of Akt could compromise survival of keratinocytes
undergoing autophagy causing resulting in non-apoptotic death, elimination and decreased
carcinogenic effect.

The link between autophagy and proliferation is not well understood, however a recent
report by Cianfanelli et al identified scaffold protein AMBRAL, a component of the
autophagy signaling network and a downstream target of mTOR, can facilitate the
interaction between c-Myc and its phosphatase PP2A. When mTOR is inhibited, AMBRA1
enhances PP2A activity, causing c-Myc dephosphorylation and degradation, which result in
attenuated proliferation[45]. Previous studies also demonstrated c-Myc deactivation by
apigenin[46]. Our results (Fig. 1E and 6E) also indicate that autophagy regulates
proliferation, and future studies will determine whether AMBRAL is also involved in anti-
proliferative action of apigenin.

Cell Sgnal. Author manuscript; available in PMC 2017 May 01.
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5. Conclusions

In summary, we have demonstrated that UVB activates mTOR, a critical player in skin
carcinogenesis. Importantly, we show that apigenin potently and independently inhibits Akt
and mTOR signaling pathways and provides a possible mechanism that links AMPK-
dependent inhibition of mMTOR with enhanced autophagy and decreased proliferation in
UVB-exposed keratinocytes (Fig. 7). Our results identify apigenin as a naturally occurring
dual specificity inhibitor of mTOR/ Akt signaling, which could replace rapalogs as an agent
for prevention and treatment of skin cancer, suppresses cell proliferation and induces
autophagy in keratinocytes.
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Highlights
UVB irradiation activates mTOR, a critical player in skin carcinogenesis.
Activation of mTOR by UVB is dependent on PI3K/Akt signaling.
Apigenin inhibits UVB-induced mTOR signaling through activation of AMPK.

mTOR inhibition by apigenin enhances autophagy, further reducing
proliferation in keratinocytes.
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Fig. 1. Apigenin inhibits UVB-induced proliferation and cell cycle progression in mouse
keratinocytes

(A-D) SKH-1 mice were subjected to UVB radiation (1000 J/m? daily, 5 days), or topical
apigenin (Api, 5 pmol, in 200 ul vehicle, DMSO: acetone 1:9) was applied 1 h prior to each
UVB exposure. Mice were also sham-irradiated and treated with apigenin, and the control
group of mice was subjected to sham irradiation and vehicle. 24 h after the final UVB
exposure, the mice were euthanized, dorsal skin was harvested, fixed in formalin and
paraffin-embedded. (A) Representative Hematoxylin and Eosin (H&E) staining of skin
sections (scale bar, 100 um). (B) Quantitation of epidermal thickness (mean + SD), *, P <
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0.001; **, P< 0.0001. Three sections per mouse and 3 mice per group were evaluated. (C)
Immunohistochemistry (IHC) for proliferation marker Ki-67 (scale bar, 100 um). (D)
Quantification of Ki-67 staining (mean + SD), *, P < 0.01; **, P < 0.0001. Three fields from
3 independent sections/group were examined, Ki-67 positive nuclei were calculated per
linear 100 um of epidermis and hair follicles were not included in analysis. (E) Cell cycle
analysis of mouse 308 keratinocytes: determination of cells in S-phase (mean = SD), *, P <
0.01; **, P < 0.001. 308 cells at 80-90% confluence were synchronized by nutrient
withdrawal overnight, pre-treated for 1 hr with apigenin (25 uM), and irradiated with UVB
(500 J/m?), as indicated. Cells were harvested at 24 h post irradiation and analyzed by flow
cytometry. Data are from 3 independent experiments. (F) 308 cells were treated as above
and CDK2 expression was analyzed by Western blot. (G) IHC for CDK2. The mice were
treated as in (A-D).
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Fig. 2. Apigenin suppresses MmTOR activationby UVB
(A) Western blot analysis of mTOR downstream targets p-p70S6K and p4E-BP1 in 308

cells exposed to UVB (500 J/m2) and/or pre-treated with apigenin (25 uM) for 1 h where
indicated, and harvested at 24 h post irradiation. (B) Dose-dependent effect of apigenin on
baseline mTOR activation. 308 cells were treated with apigenin or vehicle for 24 h and
harvested for immunoblotting. (C) Inhibition of mTOR activation in vivo: Control and UVB-
irradiated SKH-1 mice (see Fig.1 for details) were treated topically with apigenin or vehicle
1 hr prior to irradiation. IHC was performed on dorsal epidermis sections using antibodies
for active phosphorylated mTOR (p-mTOR, Ser 2448).
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Fig. 3. mTOR activation by UVB involves PI3K/Akt signaling
(A) Time course of Akt activation in UVB irradiated 308 cells. Cells were irradiated (500

J/im?) for indicated time periods, and phospho-Akt assessed by immunoblotting. Total Akt
and Actin were used to as certain equal loading. (B) PI3K inhibitor Wortmannin attenuates
UVB-induced mTOR activation. 308 keratinocytes were pre-treated with 5 pM wortmannin
for 1 h, where indicated, irradiated and harvested 12 h (for Akt analysis) or 24 h (for
p70S6K and 4E-BP1) following UVB irradiation. Representative Western blots are shown.
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Fig. 4. Inhibition of UVB-induced mTOR by apigenin is independent of its suppression of Akt
(A) 308 cells were transiently transfected with an expression vector encoding constitutively

active Akt (CA-Akt) or a control vector, incubated overnight. Apigenin (25 uM) was added
1 h prior to UVB irradiation (500 J/m2) and the cells were harvested 24 after UVB
irradiation. mTOR activation (phosphorylation of its target p70S6K) and Akt activation/
phosphorylation were assessed by Western blot. (B) 308 cells were pre-treated with Akt
inhibitor MK-2206 (1 uM) or in combination with different doses of apigenin for 1 h before
subjecting to UVB irradiation (500 J/m?2), or (C) 308 cells were transfected with SIRNA
against Akt or non-targeting control siRNA, and 72 h later cells were exposed to apigenin
and UVB irradiation as described above. All samples were collected 24 post irradiation.
Western blotting was performed to measure phosphorylated p70S6K/Akt and total p70S6K/

Akt.
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Fig. 5. AMPK is essential for the blockade of UVB-induced mTOR pathway by apigenin
(A) Apigenin activates AMPK at baseline and in UVB-irradiated cells. 308 cells were

treated as indicated. Apigenin (25 uM) was added 1 hr prior to irradiation. The cells were
harvested at 24 h after irradiation. (B) Apigenin activates AMPK in mouse skin. SKH-1
mice were irradiated as described in Fig.1. Apigenin was given topically 1 hr prior to
irradiation at 5 and 10 pmol. Whole-skin protein extracts were immunoblotted for

phosphorylated and total AMPK and p44/42 MAPK was used as loading control. (C) 308
cells were pre-treated with 5 uM compound C or vehicle (DMSO) for 1 h, then 25 pM
apigenin was added to the media for another 1 h and followed by UVB exposure (500 J/m?).
(D) 308 cells were transfected with AMPK siRNA or non-targeting control siRNA, and 48 h
later cells were exposed to apigenin and UVB irradiation as described above. (E) 308 cells
were pre-treated with different doses of AMPK activator A-769662 for 1 h before subjecting
to UVB irradiation. All samples in (C-D) were harvested 24 h after irradiation and
phosphorylated and total p70S6K/AMPK were assessed by Western blot.
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Fig. 6. The effect of apigenin on UVB-induced autophagy and apoptosis
(A) Immunoblot of endogenous LC3 (LC3-1 and LC3-11) in 308 cells exposed to UVB (500

J/m2) and/or pre-treated with apigenin (25 pM) for 1 h where indicated, and harvested at 24
h post irradiation. (B) 308 cell were treated as above, and the LC3 puncta (autophagosomes,
white arrows) were monitored by immunofluorescence. (C) The percentage of cells with >5
LC-3 positive puncta was calculated using least 200 cells per treatment. (D) 308 cells were
treated as above, or pre-treated with autophagy inhibitor chloroquine (50 uM) for 1 h before
apigenin treatment and UVB irradiation, and apoptosis detected by annexin-V staining
followed by flow cytometry. Mean + SD are shown, *, P < 0.01. (E) Determination of cells
in S-phase was by carried out by cell cycle analysis as described in Fig.1, except that cells
were pre-treated with chloroquine as above.
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Fig. 7. Signaling pathways involved in inhibition of mMTOR activation by apigenin and
subsequent cellular reaction in keratinocytes

UVB activates mTOR pathway through PI3K/Akt signaling, while apigenin inhibits UVB-
induced mTOR activation mainly by AMPK, further induces autophagy and suppresses cell
proliferation.
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