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Non-melanoma skin cancer, the most common neoplasia
after solid organ transplantation, causes serious morbidity and
mortality and is related to sun exposure. Cyclosporin A (CsA)
has been used widely to prevent rejection in organ transplanta-
tion. The mechanism of CsA action in causing cancer was
thought to be well understood via immunosuppression. Here,
we show that CsA promotes primary skin tumor growth in
immune-deficient mice and keratinocyte growth in vitro. In
addition, CsA enhances keratinocyte survival from removal of
extracellular matrix or UVB radiation. At the molecular level,
CsA increases AKT activation after serum treatment and UVB
irradiation. Furthermorewe found that expression of PTEN, the
negative regulator of AKT activation, is significantly reduced
post-CsA in humanHaCaT and A431 cells and inmouse skin in
vivo. CsA-induced PTEN down-regulation occurs at the tran-
scription level and is epidermal growth factor receptor-depen-
dent. Such PTEN suppression is required for increased AKT
activation. Inhibition of AKT activation abolishes CsA-pro-
moted growth and survival, indicating that AKT hyperactiva-
tion is essential for both growth and survival of CsA-treated
cells. In addition,mTOR signaling as a knownAKTdownstream
pathway is required for CsA-enhanced growth and survival.
Taken together, we have identified the PTEN/AKT pathway as
new molecular targets of CsA in epidermal keratinocytes, sug-
gesting a previously unknown mechanism in CsA-enhanced
skin carcinogenesis. Our findings challenge assumptions about
how CsA-associated tumors arise in skin.

Skin cancer is themost common cancer in the United States.
A population that is particularly at high risk is organ transplant
recipients, a growing subset of our population due to increased
graft survival and numbers of graft recipients. Skin cancers are
the most common malignant conditions in transplant recipi-
ents.With the development of new immunosuppressive agents,
the majority of transplant recipients can survive for decades,
and malignancy has become a major burden on long term sur-
vival. For example, the cumulative incidence of skin cancer in
transplant recipients in Queensland, Australia, increases from

7% after 1 year of immunosuppressive therapy to 82% after 20
years. Among skin cancers, squamous cell carcinoma (SCC)2 is
the most common skin cancer, occurring 65–250 times as fre-
quently as in the general population (1). In addition, SCCs
appear to be more aggressive in transplant recipients than in
the general population.
Many organ transplant recipients are given the drug cyclo-

sporin A (CsA) to suppress their immune system. Extensive clin-
ical studies have shown that the lifetime course of such treat-
ment causes a dramatic increase in risk of skin cancer as amajor
adverse effect (1–3). CsA increases the skin cancer risk, always
thought to be a side effect of the depressed immune system.
Ultraviolet (UV) exposure in patients taking immunosup-

pressant drugs is a major environmental risk factor for skin
cancer. UV radiation in sunlight reaching the Earth’s surface is
composed of UVB (280–315 nm) and UVA (315–400 nm). In
animal models, UV radiation is a complete carcinogen that can
initiate and promote skin carcinogenesis, resulting in SCC,
basal cell carcinoma, and melanoma (4–7). Enhanced cell sur-
vival, incomplete DNA repair, and immune suppression after
UV radiation are critical for skin carcinogenesis (8, 9). In organ
transplant recipients, skin cancer development depends on the
duration of immunosuppressive treatment and UV exposure
history after (or even before) transplantation. SCCs occur even
in children with organ transplantation, suggesting that immu-
nosuppressive treatment accelerates skin carcinogenesis (3).
Phosphatase and tensin homolog deleted on chromosome 10

(PTEN) is a negative regulator of AKT signaling and functions
as a tumor suppressor (10, 11). This discovery places PTEN into
a mechanistically critical position. Loss of PTEN function
results in increased AKT activation (12). The critical role of
functional PTEN suppression in skin malignancies has been
confirmed in humans and mice. Hereditary heterozygous
mutation of PTEN in humans is associated with Cowden syn-
drome (13), a disorder characterized by the onset of multiple
hamartomas in various tissues including the skin. Skin-condi-
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tional PTEN knock-out (k5Ptenflox/flox)mice develop sponta-
neous tumors (14).
It has long been considered that immunosuppression is

the only factor in the increased skin cancer in organ trans-
plant recipients. However, the action of CsA on keratino-
cytes may play an important role. This action may also
explain why skin cancer is the dominant form of cancer devel-
oped in these patients and may provide a molecular basis for
better preventive strategies. In this study we seek to determine
the direct effect of CsA on epidermal keratinocytes and the
molecular and cellularmechanisms involved in CsA-associated
skin carcinogenesis.

MATERIALS AND METHODS

Cell Culture, UVB Treatment, Adenoviral Infection, Immu-
nohistochemistry, and Immunoprecipitation—HaCaT, A431,
or HeLa (ATCC) cells were cultured in 60-mmdishes with nor-
mal culture medium. For UVB treatment, the Stratalinker 2400
equipped with 312-nm UVB bulbs (Stratagene, La Jolla, CA)
(UVC, 0%, UVB 51%, and UVA 49%) was used. The UV expo-
sure was performed in phosphate-buffered saline (PBS) after
washing the cells with PBS twice to avoid the photosensitiza-
tion effect of components in culture medium on the cells. In
selected experiments, cellswere preincubatedwith inhibitors at
37 °C for 1 h before irradiation. Inhibitors used were AG1478
(AG), LY294002 (LY), and rapamycin (Biomol, PlymouthMeet-
ing, PA). After UVB treatment, cells were incubated at 37 °C
with or without the inhibitors. Adenoviral infection was per-
formed as described previously (15–17). Immunohistochemis-
try analysis was performed by the Core facility at the University
of Chicago. PTEN levels were evaluated in basal keratinocytes
of the interfollicular epidermis. At least 50 keratinocytes were
selected for analysis of PTEN levels by ImageJ (National Insti-
tutes of Health).
CsA Treatment and Tumor Formation after Inoculation into

Nude Mice—HaCaT and A431 cells were treated with CsA at
predetermined concentrations or DMSO (0.001%, as vehicle
control). To determine tumor growth of A431 cells treatedwith
or without CsA, separate groups (six mice each group) of nude
mice (Harlan Sprague-Dawley) were inoculated subcutane-
ously with one million A431 cells using Matrigel as described
previously (18). In the CsA group, mice were treated daily with
CsA (20 mg/kg body weight) by gavage starting 1 day before
tumor cell injection. Tumor formation and growth were as-
sessed every other day. Separate groups of mice (n � 3) were
treated with CsA or vehicle daily for 30 days. At the end of the
studies, mice were euthanized. Skin (and tumor) tissues were
collected; half were fixed in formalin, and half were snap-frozen
in liquid nitrogen.
siRNA and shRNA Transfection—Transfection of cells with

siRNA or shRNA was performed as described previously
(16, 19). An ON-TARGETplus SMARTpool siRNA targeting
PTEN (Dharmacon, L-003023) was used, which included four
duplexes. Their target sequences are GAUCAGCAUACACA-
AAUUA, GACUUAGACUUGACCUAUA, GAUCUUGACC-
AAUGGCUAA, and CGAUAGCAUUUGCAGUAUA. The
sequences for PTEN shRNAs are GAGACAGACTGATGTG-

TATAC (i-1) (Origene, TR200219) and CGTATAC AGGAA-
CAATATTG (i-2, Addgene Plasmid10669) (20).
Determination of Apoptosis by Flow Cytometry—Apoptosis

was determined by staining cells with annexin V/propidium
iodide (PI) or fixed cells with PI followed by flow cytometry, as
described previously (15, 21).
Determination of Cell Viability—Cells were incubated for

48 h in non-tissue culture Petri dishes that do not support cell
attachment and then transferred to tissue culture dishes to
allow survived cells to attach. Twenty-four hours later, cell via-
bility wasmeasured using theMTS assay (CellTiter 96Aqueous
Proliferation Assay Promega) andmonitored at 492 nm using a
TECAN Infinite M200 plate reader according to the manufac-
turer’s instructions.
Western Blotting—Western blotting was performed as

described previously (19–21). Antibodies used were as follows:
PTEN (Santa Cruz Biotechnology), p-AKT (phospho-AKT-
Ser-473, and phospho-AKT-Thr-308, Cell Signaling Technol-
ogy), p-ERK (phospho-ERK1/2, Santa Cruz), p-EGFR (phos-
pho-EGFR-tyrosine 1173, Santa Cruz), AKT (AKT1, AKT2,
AKT3, and AKT1/2/3, Santa Cruz), ERK (Santa Cruz), EGFR
(NeoMarker), hemagglutinin (Santa Cruz), and �-actin (Santa
Cruz). The optical density of the scanned blot was quantified
using ImageJ relative to a standard titration curve of PTEN
protein. Data were expressed as percentage, with the protein
level in the control taken to be 100%.
Real-time PCR—Quantitative real time PCR assays were per-

formed using ABI7300 (Applied Biosystems, Foster City, CA).
Real-time reverse transcription-PCR fluorescence detection
was performed in 96-well plates with the SYBR� Green PCR
Master Mix (Applied Biosystems) as described previously
(22). Amplification primers were 5�-AGTTCCCTCAGCCGT-
TACCT-3� (forward) 5�-AGGTTTCCTCTGGTCCTGGT-3�
(reverse) for the PTEN gene and 5�-ACTGGAACGGTGAAG-
GTGACA-3� (forward) and 5�-ATGGCAAGGGACTTCCTG-
TAAC-3� (reverse) for �-actin. The threshold cycle number
(CT) for each sample was determined in triplicate. The CT for
values fro PTEN were normalized against �-actin as described
previously (22).
Luciferase Reporter Assays—HaCaT cells were seeded in

6-well plates and grown to 50–60% confluence. The plasmid
mixtures, containing 1 �g of PTEN promoter luciferase con-
struct (PTEN-Luc in pGL3 vector, kindly provided by Ian de
Belle at the Burnham Institute of Medical Research) and 0.025
�g of pRL-TK (Promega, used as a transfection efficiency con-
trol), were transfected using FuGENE 6 transfection reagent
(Roche Applied Science) according to the manufacturer’s pro-
tocol. The empty vector pGL3 was used as a vector control. At
48 h after transfection, the cells were harvested in 1� luciferase
lysis buffer (Promega), and luciferase activity was measured
with a TD-20/20 Luminometer (Turner BioSystems) and nor-
malized with the values of pRL-TK luciferase activity using a
dual luciferase reporter assay kit (DLR, Promega).
Statistical Analyses—Data were expressed as the mean of

three independent experiments and analyzed by Student’s t test
and analysis of variance. A two-sided value of p � 0.05 was
considered significant in all cases.
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RESULTS

CsA Increases Growth of A431 Cells in NudeMice—Todeter-
mine the direct effect of CsA on keratinocytes, we first exam-
ined the effect of CsA on tumor growth of human epidermoid
A431 SCC cells in nude mice, which do not have an immune
system for CsA to suppress. CsA was dissolved in olive oil and
administered by gavage 1 day before tumor cell inoculation.
The treatment was continued daily at 20mg/kg of body weight.
In the CsA-treated group, A431 cells were pretreated with CsA
(250 ng/ml) for 72 h before inoculation. The selection of this in
vitro CsA concentration is based on the plasma levels of stan-
dard CsA therapy in organ transplant recipients (23).
A431 cells grew tumors in nude mice (Fig. 1A). The tumors

developed in the CsA-treated group grew significantly faster
than those in vehicle-treated counterparts (p � 0.05). The
tumors were much larger than those in vehicle-treated mice in
weight and in size (p � 0.05; Fig. 1, B–D). As nude mice do not
have the immune system for CsA to suppress, these data indi-
cate that CsA promotes immunosuppression-independent
growth of A431 cells in vivo.
CsA Promotes Growth of Keratinocytes in Vitro—To deter-

mine whether CsA directly affects cell growth in vitro, we ana-
lyzed the difference in growth of cells with or without CsA
treatment. We established CsA-treated keratinocytes by cul-
turing human HaCaT keratinocytes in the presence of CsA at
different concentrations (0, 100, 250, or 1000 ng/ml) for 16
weeks. This treatment regimen is based on the clinical data
that SCCs in CsA-treated organ transplant recipients take
years to develop, indicating that the increased SCC inci-
dence requires cumulative and chronic CsA treatment. We
selected HaCaT cells as the cellular model to examine the
molecular mechanisms of CsA-enhanced skin carcinogene-
sis, because HaCaT cells are not tumorigenic but possess
UV-type p53 mutations (24) and, therefore, have been used
widely as a UV-initiated cellular model to evaluate skin
tumor promotion and progression caused by UV and other
factors. Indeed, p53 mutations are detectable in normal non-
tumor skin in humans (25). We found that CsA-treated cells
grew significantly faster than vehicle-treated cells at 3 and
4 days (p � 0.05) but not at 1 and 2 days after plating the

same number of cells (Fig. 1E).
These findings demonstrate that
CsA directly promotes growth of
HaCaT keratinocytes.
CsA Promotes Survival of Kerati-

nocytes—To further determine the
effect of CsA on epidermal kerati-
nocytes, we examined whether CsA
has an effect on survival of keratino-
cytes, which is critical to eliminate
damaged cells.
We first examined cell survival

upon removal of the extracellular
matrix. CsA-treated or vehicle-
treated cells were trypsinized and
plated on non-tissue culture Petri
dishes. This type of dish prevents
cells from attaching and, therefore,

forces them into suspension. 24 and 48 h later, cells were col-
lected. Cells grown in regular dishes and attached to the dishes
were used as controls. No apoptosis was detected at 24 h after
removal of the extracellular matrix. However, removal of the
extracellular matrix for 48 h without exposure to CsA induced
apoptosis in 40% of the cells compared with control cells in
which only 7.8% were apoptotic (Fig. 2A). CsA at 100 ng/ml
significantly reduced apoptotic cells to 17%, and CsA at 250
ng/ml reduced apoptotic cells to 15% (p � 0.05). MTS assays
indicated that CsA at 100 and 250 but not 1000 ng/ml signifi-
cantly inhibited apoptosis (p � 0.05; Fig. 2B). These data indi-
cate that CsA protects cells from apoptosis induced by loss of
the extracellular matrix.
Next we determined the effect of CsA on UV-induced apo-

ptosis in keratinocytes. UV damage is associated with increased
skin cancer risk in organ transplant recipients (3). Apoptosis in
response to UVB is critical to eliminate damaged cells.We used
annexin V and sub-G1 assays to measure apoptosis. In CsA-
treated cells, 20 mJ/cm2 UVB-induced apoptosis was slightly
lower than in vehicle-treated cells (Fig. 2, C and D). In control
cells, however, 30 mJ/cm2 UVB induced 37% apoptosis,
whereas only about 7% apoptosis was detected in cells treated
with CsA (100 or 250 ng/ml) (p � 0.05; Fig. 2, C and D). In
addition, we determined apoptosis by staining fixed cells with
propidium iodine and then analyzed the sub-G1 population as
shown by the arrow (Fig. 2E). There was no apoptosis for cells
kept in the dark.When cells were exposed to UVB (25mJ/cm2),
16% cells were apoptotic in control cells, whereas only about 7%
of cells underwent apoptosis in CsA-treated cells (p� 0.05; Fig.
2, E and F). These data indicate that CsA protects keratinocytes
from UVB-induced apoptosis.
CsA Enhances AKT Activation upon Serum Treatment or

UVB Radiation andDown-regulates PTEN—AKThyperactiva-
tion plays an important role in cell growth and survival and is
negatively regulated by the tumor suppressor PTEN (12). To
determine the molecular mechanisms of CsA-promoted cell
growth and survival, we analyzed the effect of CsA on AKT
activation and PTEN levels. CsA (100, 250, or 1000 ng/ml)
increased AKT phosphorylation at serine 473 at 24 and 48 h
after incubation with 10% fetal bovine serum (FBS) (p � 0.05;

FIGURE 1. CsA increases tumor growth of A431 cells in nude mice and promotes keratinocyte growth in
vitro. A, nude mice (6/group) were treated with CsA (20 mg/kg of body weight) or vehicle (olive oil, 200 �l). The
next day A431 cells treated with vehicle (DMSO, 0.001%) or CsA (250 ng/ml) for 3 days were injected subcuta-
neously into the mice. The mice were continuously treated with CsA daily until the end of the study. Days shows
the days after cell injection. B, tumor weight at the end of the study is shown. C and D, representative pictures
of tumors from mice treated with or without CsA are shown. E, cells (1 � 104) were seeded in 96-well plates and
cultured for different times. Cell growth was determined by an MTS assay. *, p � 0.05, significant difference
from cells or mice treated without CsA.
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Fig. 3,A andB). In screening themechanisms of CsA-enhanced
AKT activation, we found that CsA significantly down-regu-
lated PTEN (p � 0.05; Fig. 3, A and B). These findings indicate
that CsA treatment increases AKT activation and decreases
PTEN levels in keratinocytes.
To determine whether the increased AKT activation is FBS-

specific or is also hyperactivated in response to UVB radiation,
we starved vehicle- or CsA-treated cells with 0.1% FBS for 24 h
to eliminate serum effect. Then the starved cells were exposed
to UVB radiation (20 mJ/cm2). This UVB dose was selected
because it is the lowest dose inducing apoptosis of human
HaCaT keratinocytes (Fig. 2B). UVB inducedAKT activation at
1.5 and 3 h post-exposure. CsA treatment at 100 and 250 ng/ml
significantly enhanced UVB-induced AKT phosphorylation at
both time points (p� 0.05), whereas CsA at 1000 ng/ml had no
effect on UVB-induced AKT activation (Fig. 3,C andD). These
data demonstrate that the effect of CsA on UVB-induced AKT
activation is CsA-dose dependent; the clinical therapeutic CsA
plasma levels (100 and 250 ng/ml) increase AKT activation,
whereas the higher concentration (1000 ng/ml) does not. To
further characterize the molecular effect of CsA, we deter-
mined whether CsA has a similar effect on the activation of
EGFR, the AKT upstream pathway, and the activation of ERK
as EGFR downstream. UVB radiation induced a slight increase
in EGFR phosphorylation; CsA at 100 or 250 ng/ml had no
effect on UVB-induced EGFR phosphorylation, whereas CsA at
1000 ng/ml dramatically increased EGFR phosphorylation. UVB
activated ERK, whereas CsA treatment reduced ERK phosphory-
lation. It seemsthatat1000ng/mlCsA-inducedEGFRactivation is
disconnected with AKT signaling and ERK pathway (Fig. 3C).

To analyze the effect of CsA
on UVB-induced AKT activation at
later times, we collected cells at 1.5,
6, and 24 h post-UVB radiation. We
found that CsA significantly in-
creased AKT phosphorylation at
both serine 473 and threonine 308
(p � 0.05; Fig. 3, E and F). These
data indicate that AKT and PTEN
are the molecular targets of CsA.
There are three AKT isoforms:

AKT1, AKT2, and AKT3 (26).
AKT3 expression is low in epider-
mis, whereas AKT1 and AKT2 are
expressed (27). Using specific anti-
bodies for each isoform to immuno-
precipitate AKT1, AKT1/2/3 (AKT),
AKT2, and AKT3, we found that,
consistent with previous studies
(27), AKT1 is the dominant isoform
constituting 85% of total AKT (Fig.
3G).Only about 15%AKTwasAKT2,
whereas no AKT3 was detected.
Similarly, AKT1 is the major iso-
form to be phosphorylated at serine
473 and threonine 308 under nor-
mal growth condition. CsA signifi-
cantly increased AKT1 phosphory-

lation at serine 473 and threonine 308 (p� 0.05; Fig. 3,H and I).
We could not detect AKT2 phosphorylation.
PTENDown-regulation EnhancesUVB-inducedAKTActiva-

tion in CsA-treated Cells—It is known that PTEN deficiency
causes increasedAKT activation (28, 29). To determine the role
of PTEN down-regulation in AKT activation, we first knocked
down PTEN using small interfering RNA (RNAi) targeting
PTEN (iPTEN) and then exposed the cells to UVB. Negative
control (NC) siRNA was used as a transfection control. UVB
induced AKT activation in NC-transfected cells. PTEN knock-
down had little effect on AKT activation at 1.5 h (data not
shown), whereas it dramatically increasedAKTactivation at 3 h
and up to 24 h post-UVB (Fig. 4A).
To rule out off-target effect of RNAi, we used two indepen-

dent short hairpin RNAs (i-1 and i-2) targeting PTEN at differ-
ent sequences. HeLa cells were used, because much higher
transfection efficiency can be achieved from these cells than
fromHaCaTor other keratinocytes.We found that both i-1 and
i-2 effectively knocked downPTEN (Fig. 4B). At 24 h post-UVB,
AKT phosphorylation (at serine 473) was significantly higher
in i-1- and i-2-transfected cells than in NC-transfected cells
(p � 0.05). Thus, we confirmed that PTEN down-regulation
increases UVB-induced AKT activation.
When we increased PTEN levels in CsA-treated cells using

an adenoviral vector expressing wild-type PTEN, AKT phos-
phorylation (at serine 473) was significantly reduced (p �
0.05; Fig. 4, C and D), demonstrating the critical role of CsA-
induced PTEN suppression in enhancing UVB-induced AKT
activation.

FIGURE 2. CsA inhibits apoptosis. A, cells treated with CsA (0, 100, and 250 ng/ml) for 16 weeks were
trypsinized and plated in non-tissue culture dishes. 24 or 48 h later, cells were collected and stained with
TACSTM annexin V kits (Trevigen), and apoptosis was determined by flow cytometry. B, cell survival was deter-
mined by MTS assay at 48 h after the cells lost their extracellular matrix by seeding them in regular tissue culture
dishes and then incubating for 24 h. C, cells treated with vehicle or CsA (100, 250, or 1000 ng/ml) were exposed
to UVB. Eighteen hours after UVB, cells were collected for annexin V/propidium iodide (PI) assay as in A.
D, quantification of live, apoptotic, and necrotic cells from A is shown. E, cell apoptosis was analyzed by
propidium iodide as indicated by the sub-G1 population. F, quantification of sub-G1 population. *, p � 0.05,
significant difference from cells treated without CsA. FITC, fluorescein isothiocyanate.
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Upstream pathways including EGFR and PI3K are criti-
cal for AKT activation (26). To determine whether these
pathways are required for CsA-enhanced AKT activation,
we preincubated cells with the specific EGFR kinase inhibi-
tor AG (1 �M) or the specific PI3K inhibitor LY (10 �M).
Higher AKT activation was seen in CsA-treated cells than
vehicle-treated cells (Fig. 4E). Either AG or LY inhibited
both basal and CsA-induced AKT activation, indicating that
CsA-enhanced AKT activation requires EGFR and PI3K
activity.
CsA Down-regulates PTEN in Mouse Skin and in A431 Cells—

To determine whether CsA-induced PTEN down-regulation
is specific for HaCaT cells, we determined the effect of CsA
on PTEN levels in mouse epidermis and in A431 epidermoid
SCC cells. To minimize the possible role of immunosuppres-
sion, we used nude mice. We used immunohistochemistry

and Western analysis to measure PTEN protein levels in
mouse epidermis. Daily CsA (20 mg/kg of body weight) for
30 days significantly down-regulated PTEN protein levels in
basal (as indicated by arrow) and suprabasal keratinocytes
(Fig. 5,A and B). This significant PTEN down-regulation was
further confirmed by Western analysis (p � 0.05; Fig. 5, C
and D).
To further test the hypothesis that PTEN is down-regulated

by CsA in keratinocytes, we determined the effect of CsA on
PTEN in A431 epidermoid cells. CsA treatment significantly
suppressed PTEN levels after 4 weeks (p � 0.05; Fig. 5, E and F)
but not 1 week. In parallel, CsA treatment for 4 weeks signifi-
cantly increasedAKTphosphorylation but not EGFRphosphor-
ylation (p� 0.05; Fig. 5, E andG). Therefore, we confirmed that
CsA treatment down-regulates the tumor suppressor PTEN in
epidermal keratinocytes.

FIGURE 3. CsA treatment increased AKT phosphorylation and decreased PTEN levels. A, HaCaT cells treated with vehicle or CsA were incubated with fresh
medium with 10% FBS. Then cells were collected at 24 or 48 h. Cell lysates were analyzed by immunoblotting with antibodies specific for phospho-AKT473
(p-AKT), phospho-ERK (p-ERK), phospho-EGFR, EGFR, ERK, AKT, PTEN, or �-actin as an equal loading control. B, shown is quantification of PTEN levels and AKT
phosphorylation. C, cells were starved with 0.1% FBS for 24 h to remove serum effect. Cells were then exposed to UVB (20 mJ/cm2) and collected at 1.5 or 3 h
after UVB radiation. Cell lysates were analyzed as in A. D, shown is quantification of p-AKT/AKT. a.u., arbitrary units. E, cells were exposed to UVB as in C and then
incubated for 1.5, 6, or 24 h. Cells were collected and analyzed by immunoblotting as in A with antibodies specific for p-AKT473, phospho-AKT308 (p-AKT308),
AKT, PTEN, or �-actin (as an equal loading control). F, quantification of p-AKT473/AKT and p-AKT308/AKT is shown. G, HaCaT cell lysates were incubated with
AKT1, AKT1/2/3 (AKT), AKT2, and AKT3 antibodies to pull down these proteins. Their levels in the pulldown assay were measured by immunoblotting using
anti-AKT1/2/3, anti-p-AKT473, and anti-phospho-AKT308 antibodies. IP, immunoprecipitation. Percentage (%) of each isoform in total AKT was shown at the
bottom. H, cells were exposed to UVB (20 mJ/cm2) and collected at 1.5 h. Cell lysates were incubated with anti-AKT1 and anti-AKT2 antibodies to pull down
AKT1 and AKT2. p-AKT473, p-AKT308, and total AKT were determined by immunoblotting as in G. Total cell lysate from UVB-irradiated cells without CsA
treatment was used as an input. I, quantification of p-AKT473/AKT and p-AKT308/AKT was as in H. *, p � 0.05, significant difference from cells treated without
CsA.
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CsA Down-regulates PTEN at
the Transcription Level and in an
EGFR-dependent Manner—To de-
termine themechanisms of CsA-in-
duced PTEN reduction, we exam-
ined the involvement of alterations in
PTENmRNA levels and transcrip-
tion. CsA treatment (100 and 250
ng/ml) significantly reduced PTEN
mRNA levels (Fig. 5H). To further
explore whether this PTEN sup-
pression ismediated at the transcrip-
tion level, we determined PTEN pro-
moter transcription activity using a
reporter assay. CsA significantly
suppressed PTEN promoter activity
(Fig. 5I). These findings demon-
strate that CsA down-regulates
PTEN transcription.
Todetermine themolecularmecha-

nisms, we analyzed the role of EGFR
pathway inCsA-inducedPTENdown-
regulation. When CsA-treated cells
were incubated with the EGFR
kinase inhibitor AG (1 and 5�M) for
72 h, PTEN levels were significantly
increased (Fig. 5J, p � 0.05). Thus,
EGFR pathway is critical for CsA-
induced PTEN down-regulation.
AKT Activation Is Required for

CsA-induced Resistance to Apopto-
sis Induced by UVB and Growth—
The AKT pathway plays critical
roles in cell survival and growth
(26). To determine whether AKT
activation enhanced by CsA treat-
ment protects cells from UVB-
induced apoptosis, we pretreated
CsA- or vehicle-treated cells with
the specific PI3K/AKT inhibitor LY
(10�M) for 1 h and then exposed the
cells to UVB (30 mJ/cm2). Fourteen
hours after UVB radiation, we col-
lected the cells and analyzed apo-
ptosis as described in Fig. 2C. Inhib-
iting AKT activation by LY induced
apoptosis in cells kept in the dark
(Fig. 6A), demonstrating that AKT
signaling is critical for cell survival
in cells without UVB radiation.
CsA treatment reduced apoptosis
induced by UVB radiation. How-
ever, LY significantly increased apo-
ptosis in both CsA-treated and
untreated cells upon UVB radiation
(p � 0.05). It appears that more
CsA-treated cells underwent apo-
ptosis after UVB radiation when AKT

FIGURE 4. PTEN suppression is critical for CsA-enhanced AKT activation. Western blotting was used to
determine PTEN, p-AKT (serine 473), total AKT, and �-actin (as an equal loading control) as in Fig. 3. A, HaCaT
cells were transfected with siRNA targeting PTEN (iPTEN) or NC. Cells were then exposed to UVB (20 mJ/cm2)
and collected at 3, 6, and 24 h. B, HeLa cells were transfected with short hairpin RNA targeting PTEN or NC and
then exposed to UVB as in A. Cells were collected at 24 h for Western analysis. i-1 and i-2 were two different
shRNAs targeting different sequences of the PTEN gene. C, HaCaT cells treated with vehicle or CsA were
infected with an adenoviral vector expressing PTEN or EV. Cells were then exposed to UVB as in A and then
collected at 1.5 h for Western analysis. D, shown is quantification of p-AKT/AKT in C. E, cells treated with or
without CsA were treated with the EGFR kinase inhibitor AG (1 �M) or the specific PI3K inhibitor LY (10 �M) for
1 h. Veh, vehicle. Then cells were collected for Western analysis. *, p � 0.05, significant difference from cells
treated without CsA. #, p � 0.05, significant difference from cells without PTEN overexpression.

FIGURE 5. CsA suppresses PTEN expression in mouse skin and A431 cells, and such PTEN suppression
involves down-regulation of PTEN transcription and EGFR pathway. A, immunohistochemical staining for
PTEN in epidermis is shown. Nude mice (n � 3) were treated with CsA (20 mg/kg of body weight) daily for 30
days or vehicle (olive oil). Skin was collected and analyzed for PTEN levels. The arrow indicates the basal
keratinocytes to be used for quantification of PTEN levels. B, quantification of PTEN levels in A is shown.
C, immunoblot analysis of PTEN levels in nude mouse skin with or without CsA treatment as in A is shown.
D, shown is quantification of PTEN levels in C. E, A431 cells were treated with CsA (0, 100, or 250 ng/ml) for 1 and
4 weeks and collected for immunoblot analysis for PTEN, p-AKT, AKT, p-EGFR, EGFR, and �-actin as an equal
loading control as in Fig. 3. F, quantification of PTEN levels in E is shown. G, quantification of p-AKT/AKT in E is
shown. H, PTEN mRNA levels were determined by real-time PCR in vehicle and CsA-treated cells. I, shown is a
reporter assay using PTEN promoter reporter of vehicle and CsA-treated cells. Luciferase activity was analyzed
by dual luciferase reporter assay. J, shown is an immunoblot analysis of PTEN, p-EGFR, EGFR, and �-actin in
CsA-treated cells at 72 h post-AG (0, 1, 5 �M). Vehicle-treated cells were used as a comparison control. *, p �
0.05, significant difference from mice or cells treated without CsA.
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pathway was inhibited, suggesting that CsA-treated cells highly
depend on AKT activation for cell survival under UVB stress.
To further elucidate the role of AKT activation, we infected

cells with an adenoviral vector expressing dominant negative
AKT (DN-AKT) to inhibit AKT activation (30). DN-AKT
expression inhibited UVB-induced AKT phosphorylation (at
serine 473) in vehicle- and CsA-treated HaCaT cells, whereas
empty vector (EV) had no effect (Fig. 6B). CsA significantly
inhibitedUVB-induced apoptosis (p� 0.05), whereasDN-AKT
increased it in both vehicle- and CsA-treated cells (p � 0.05;
Fig. 6C). To further determine the role of AKT activation in
survival, we infected vehicle-treated HaCaT cells with consti-
tutively active AKT (A�, Myr-AKT) to increase AKT activa-
tion. The antibodies for total AKT detected Myr-AKT, which
migrated slightly slower than endogenous AKT (Fig. 6D) (31).
Compared with EV, A� also enhanced AKT phosphorylation
in cells exposed to UVB and sham-irradiated (Fig. 6D).
Increased AKT activation significantly reduced UVB-induced
apoptosis (p � 0.05; Fig. 6E). Therefore, these findings demon-
strate that AKT activation enhances cell survival upon UVB
damage.
To determine whether AKT activation plays an active role in

CsA-promoted cell growth, we treated the cells with LY (10�M)
for 24 and 72 h. Although LY had no effect on cell growth at
24 h, it significantly inhibited cell growth at 72 h in both vehicle-
and CsA-treated cells (p� 0.05; Fig. 6F). Taking together, CsA-
enhanced AKT activation promotes both cell survival and
growth.

mTOR Signaling Is Critical
for CsA-mediated Survival and
Growth—mTOR is a downstream
pathway of AKT and plays a critical
role in skin tumorigenesis (32). To
delineate the mechanism by which
AKT affects survival and growth, we
assessed the role of mTOR as a
downstream effector. Inhibition of
mTOR with rapamycin (10 or 20
�M) significantly increasedUVB-in-
duced apoptosis in vehicle- and
CsA-treated HaCaT cells (p � 0.05;
Fig. 7A). Rapamycin at either con-
centration abolished the anti-apo-
ptotic effect ofCsA. In addition,more
cells underwent apoptosis upon UVB
radiation when mTOR was inhib-
ited. Using a viability assay, in vehi-
cle- and CsA-treated cells we found
that rapamycin significantly re-
duced cell survival after UVB irradi-
ation (p � 0.05; Fig. 7B). Thus, our
results indicate that CsA-treated
cells highly depend on mTOR sig-
naling for cell survival after UVB
damage.
To determine the role of mTOR

signaling in CsA-promoted growth,
we incubated cells with different

concentrations of rapamycin (0, 2, 5, 10, and 20 �M) for 24 and
72 h. Rapamycin had no significant effect at 24 h, whereas at
72 h, CsA significantly inhibited growth of vehicle- and CsA-
treatedHaCaT cells (p� 0.05; Fig. 7C). These data demonstrate
thatmTOR signaling is essential forCsA-enhanced cell survival
from UVB damage and growth.

DISCUSSION

CsA has been widely used to prevent graft rejection in
organ transplantation. The mechanism of CsA action in
causing skin cancer was thought to be well understood via
immunosuppression. However, the marginal increase (1–3-
fold) of skin cancer in AIDS patients depending on geo-
graphical regions (33–38) does not support the mechanisms
of immune surveillance in skin carcinogenesis. Recent evi-
dence has indicated that CsA increases metastasis of lung
cancer cells in nude mice that have no immune system for
CsA to suppress (39). Yarosh et al. (40) have demonstrated
that CsA at 1 �g/ml reduce the repair of UVB-induced DNA
damage and inhibit apoptosis in human keratinocytes
through inhibiting nuclear factor of activated T-cells
(NFAT). Here we have shown that chronic treatment of
humanHaCaT keratinocytes with CsA at therapeutic plasma
levels (100 and 250 ng/ml (23)) promotes growth and sur-
vival from loss of extracellular matrix and UVB radiation.
CsA enhances AKT activation through suppressing PTEN.
Our studies identified PTEN/AKT pathways as the new
molecular targets of CsA in epidermal keratinocytes.

FIGURE 6. AKT activation is essential to promote survival and growth of keratinocytes treated with or
without CsA upon UVB radiation. A, cells treated with or without CsA (250 ng/ml) as in Fig. 1 were incubated
with the specific PI3K inhibitor LY (10 �M) and then exposed to UVB (30 mJ/cm2). Fourteen hours after UVB
radiation, we collected the cells and analyzed apoptosis as described in Fig. 2A. *, p � 0.05, significant differ-
ence from cells treated without LY. B, cells were infected with an adenoviral vector expressing dominant-
negative AKT (DN-AKT) or EV and then exposed to UVB (20 mJ/cm2). Cells were collected at 1.5 h for immuno-
blotting analysis as in Fig. 3. Expression of DN-AKT was monitored by immunoblot using anti-hemagglutinin
antibody. C, cells were infected as in B with dominant-negative AKT. Cells were exposed to UVB and collected
for apoptosis analysis as in Fig. 2A. *, p � 0.05, significant difference from cells treated without CsA. #, p � 0.05,
significant difference from cells treated without LY. D, HaCaT cells were infected with an adenoviral vector
expressing constitutively active AKT (A�) or EV. Cells were then exposed to UVB as in B and collected at 1.5 h for
immunoblot analysis for p-AKT (serine 473), total AKT, and �-actin. Expression of A� was monitored by immu-
noblot using anti-hemagglutinin antibody. E, cells were infected as in D. Cells were then exposed to UVB and
collected for apoptosis analysis as in C. F, cells were seeded as in Fig. 1G. Twenty-four hours later cells were
treated with LY (10 �M) for 24 and 72 h. Cell growth was determined by MTS assay. *, p � 0.05, significant
difference from cells treated without LY.
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CsA promotes cell survival and growth in vitro and tumor
growth of human epidermoid squamous cell carcinoma A431
cells in vivo in immune-deficient nudemice after subcutaneous
injection. Our findings indicate immunosuppression-indepen-
dent mechanisms that act on the keratinocytes by activating
oncogenes, inactivating tumor suppressors, or both.
At the molecular level, CsA increases AKT activation that

is required for cell survival and growth. An increased sur-
vival has been seen in CsA-treated lung cancer cells (39). As
UVB radiation in sunlight is a major risk factor causing skin
cancer in humans, apoptosis of keratinocytes after UVB radia-
tion has been considered to be cancer-preventive through elim-
inating damaged cells. Consistent with previous studies (40),
our data indicate that CsA treatment inhibits UVB-induced
apoptosis. InhibitingAKTactivation by the specific PI3K inhib-
itor LY294002 abolished the enhancing effect of CsA on sur-
vival and growth.
CsA treatment down-regulates the tumor suppressor and

AKT-antagonizing protein PTEN in both HaCaT and A431
cells in vitro and inmouse epidermis in vivo. Such PTEN reduc-
tion in CsA-treated cells enhanced AKT activation, because 1)
increasing PTEN levels inCsA-treated cells inhibitedAKTacti-
vation and 2) knock-down PTEN enhanced AKT activation
after UVB irradiation. In addition, EGFR and PI3K activation is
required for the basal and CsA-induced AKT activation. CsA-
enhanced AKT activation post-UVB may also involve EGFR
and PI3K activation (4, 8).
We found that CsA-induced PTEN down-regulation was at

the transcription level and was EGFR-dependent. It is possible
that EGFR downstream pathways including Ras activation
mediateCsA-inducedPTENdown-regulation (41).We are cur-
rently continuing to elucidate the molecular mechanisms of
CsA-induced PTEN suppression in keratinocytes in detail.
It seems that the mTOR pathway as an AKT downstream

signal plays a critical role inCsA-promoted growth and survival
of keratinocytes. In fact, it has shown that the mTOR inhibitor
rapamycin, a new immunosuppressive drug, antagonizes skin
tumorigenesis in hairless mice first exposed to UVB and then
treated CsA (42).
As a critical downstream target of AKT activation, mTOR

plays critical roles in cell growth and survival, and AKT/mTOR
have been considered as a targets for cancer therapy (43–45).

Recent studies have shown that
rapamycin inhibits primary and
metastatic tumor growth of mu-
rine colon cancer, melanoma, or
renal cancer cells in mice, whereas
CsA promotes metastasis of these
cancer cells (46–48). The oppos-
ing effects of rapamycin and CsA
observed in these studies unlink
immunosuppression from tumori-
genesis and tumor progression. The
combination of CsA and rapamycin
for immunosuppression for organ
transplant recipients has been pro-
posed to reduce cancer burden in
these individuals.However, the high

wound healing complication rates after kidney transplantation
(49) and tracheal anastomosis complication after lung trans-
plantation (50) may limit the clinical application of rapamycin
immediately after transplantation. Animal studies have shown
that rapamycin impairs all steps of the wound healing process
(51). Better strategies targeting PTEN/AKT are needed to
reduce the oncogenic effect of CsA.
Our studies not only identify PTEN/AKT as new molecular

targets of CsA in epidermal keratinocytes but also provide
promise for preventing and treating skin cancer in CsA-treated
organ transplant patients. Better preventive and therapeutic
agents are urgently needed. Targeting PTEN/AKT pathways in
combination with sun protection may provide hope to reduce
the skin cancer burden in these patients.
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