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In response to ultraviolet B damage, keratinocytes undergo
apoptosis to eliminate damaged cells, thereby preventing
tumorigenic transformation. Caffeine, the most widely con-
sumed psychoactive substance, produces complex pharmaco-
logical actions; it has been shown to be chemopreventive in non-
melamona skin cancer in mice through increasing apoptosis.
Here we have investigated the molecular and cellular mecha-
nisms in the pro-apoptotic effect of caffeine on UVB-irradiated
human HaCaT keratinocytes. Pretreatment with caffeine
increased UVB-induced apoptosis in HaCaT cells. Caffeine
blocked UVB-induced Chk1 phosphorylation. In addition, sim-
ilar to the effect of the PI3K inhibitor LY294002, caffeine also
inhibited phosphorylation of AKT and up-regulation of COX-2,
two critical oncogenic pathways in skin tumorigenesis. How-
ever, phosphorylation of EGFR or ERK was unaffected. Inhibit-
ing ATR pathways by siRNA targeting ATR had little effect on
UVB-induced apoptosis or AKT activation, indicating that the
inhibitory effect of caffeine on apoptosis and the AKT pathway
does not require the ATR pathway. Inhibiting AKT by caffeine
blockedUVB-inducedCOX-2up-regulation. Expressionof con-
stitutively active AKT that was not inhibited by caffeine was
found to protect cells from caffeine-promoted apoptosis post-
UVB irradiation, indicating that AKT is an essential inhibitory
target for caffeine to promote apoptosis. Caffeine specifically
sensitized cells with unrepaired DNA damage to UVB-induced
apoptosis. These findings indicate that in HaCaT keratinocytes,
inhibiting the AKT/COX-2 pathways through an ATR-inde-
pendent pathway is a critical molecular mechanism by which
caffeine promotes UVB-induced apoptosis of unrepaired kera-
tinocytes for elimination.

Skin cancer is themost common type of cancer in the United
States (US). Each year more than one million new cases of skin
cancer are diagnosed in the US alone, accounting for 40% of all
newly diagnosed cancer cases (1, 2). The incidence of skin can-
cers continues to rise each year. Effective prevention of skin
cancer is essential to reduce this disease burden.

The major environmental factor in skin cancer is ultraviolet
radiation B (UVB)2 in sunlight, which causes the formation of
DNA damage products, i.e. cyclobutane pyrimidine dimers
(CPD) and pyrimidine (6–4) pyrimidone photoproducts
(6–4PPs) (3, 4). DNA damage subsequently triggers apoptotic
responses to eliminate damaged cells (5–7). In surviving cells,
failure to repair these major DNA damage products is the prin-
cipal cause of skin cancer.
In cells with damaged DNA, the DNA damage response

(DDR) signal-transduction pathway coordinates cell-cycle
transitions, DNA replication, DNA repair, and apoptosis. The
major regulators of the DNA damage response are the phos-
phoinositide 3-kinase (PI3K)-related protein kinases (PIKKs),
including ataxia-telangiectasia mutated (ATM) and ATM and
RAD3-related (ATR). ATMandATR respond to different types
of DNA damage: ATM responds to double strand breaks (DSB,
typical DNA damage caused by ionizing radiation (IR)), and
ATR responds to replication stress andUV-induced pyrimidine
dimers (8, 9). The list of ATR substrates is rapidly expanding;
however, the best studied is the Ser/Thr kinase checkpoint
kinase-1 (Chk1) (10, 11). ATM activates another checkpoint
protein, checkpoint kinase-2 (Chk2) (12–15). These pathways
coordinate the DNA damage checkpoint function. Defects in
the ATR/Chk1 and ATM/Chk2 pathways increase cancer risk
(16–21).
Two further factors are known to be important in the

response to UVB irradiation. First, the serine/threonine kinase
AKT, also known as protein kinase B (PKB), is a downstream
effector of phosphatidylinositol 3-kinase (PI3K) that has
recently been a focus of intense research. It appears that AKT
lies at the cross-roads of multiple cellular signaling pathways
and acts as a transducer of many functions initiated by growth
factors and other receptors that activate PI3K (22–24). One of
the major activities of AKT is to promote cell survival (22, 25).
AKT is activated in response to UVB irradiation and is fre-
quently activated in human cancers (1, 26, 27).
Second, cyclooxygenase-2 (COX-2), the rate-limiting

enzyme in arachidonic acid metabolism leading to prostaglan-
din synthesis, is up-regulated in murine and human NMSC
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(28). Overexpression of COX-2 promotes UV-induced skin
tumorigenesis in mice (29). Inhibition of COX-2 by biochemi-
cal inhibitors or genetic deletion decreases chemical- or UV-
induced skin tumor development (29–31). In addition, UVB
radiation induces COX-2 up-regulation in human skin, mouse
skin, and keratinocytes in vitro (1, 32). Extensive studies have
identified multiple mechanisms mediating UVB-induced
COX-2 up-regulation (1, 26).
A chemopreventive effect against UVB-induced skin malig-

nancies is observed for caffeine, themostwidely consumed psy-
choactive substance. Topical caffeine administration in mice
reduces UVB-induced skin tumorigenesis (33, 34). Topical or
oral caffeine treatment induces p53-independent apoptosis in
mouse epidermis and primary human keratinocytes post-UVB
irradiation (33–36). It has been proposed that the effect of caf-
feine is mediated by inhibiting ATR/Chk1 pathways (35, 36).
However, it remains unclear whether ATR/Chk1 is the only
mediating mechanism, or other apoptotic regulatory mecha-
nisms are involved. Sun-exposed normal skin harbors numer-
ous clones of p53-mutated premalignant keratinocytes (37–
41). Here we have used human HaCaT keratinocytes that
harbor UV-type p53 mutations as a model for premalignant
cells to investigate the precise molecular basis for the pro-apo-
ptotic effect of caffeine in UVB-irradiated keratinocytes and its
biological specificity and consequences. We found that inhibi-
tion of AKT/COX-2 plays a major role in caffeine apoptosis-
promoting effect on incompletely repairedUVB-damaged cells.

MATERIALS AND METHODS

Cell Culture—Human HaCaT keratinocytes (obtained from
Professor N. Fusenig) and HeLa cells (ATCC) were maintained
in amonolayer culture in 95% air/5%CO2 at 37 °C inDulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 units per ml penicillin, and 100
mg per ml streptomycin (Invitrogen, Carlsbad, CA). Normal
human epidermal keratinocytes (NHEK) were obtained from
Clonetics (Lonza) and cultured in KGM Gold BulletKit
medium (Clonetics, Lonza) according to the manufacturer’s
instructions. Cells were treated with caffeine at predetermined
concentrations 1 h prior to UVB irradiation and after UVB irra-
diation, except otherwise specified.
UVB Radiation—UVB radiation was performed as described

previously (27) using UV stratalinker with UVB bulbs (peak
emission at 312 nm, Stratagene). Our UVB radiation was mon-
itored every other week to measure the exposure output and
dose using a spectroradiameter (Luzchem). This UV system
comprises 0% UVC, 51% UVB, and 49% UVA.
Cell Viability and Apoptosis—Cell growth and apoptosis

were determined as described previously (42).
siRNA Transfection and Constitutively Active or Dominant

Negative AKTAdenoviral Infection—Cellswere transfectedwith
negative control (NC) or siRNA (ON-TARGETplus SMARTpool,
Dharmacon) targeting ATR or AKT1, using Amaxa Nucleofector
according to the manufacturer’s instructions as described previ-
ously (42). Then ATR, AKT1, or COX-2 knockdown was evalu-
ated by immunoblotting. For overexpression of constitutively
active AKT (Myr-AKT), cells were infected with an adenoviral
vector expressing constitutively active AKT (A�) or dominant

negative AKT (A-) as described previously (42). Empty vector was
used as a negative control (EV).
Western Blotting—Protein concentrations were determined

using the BCA assay (Pierce). Equal amounts of protein were
subjected to electrophoresis. Western blotting was performed
as described previously using film detection (27, 43). Antibod-
ies used included phospho-AKT (serine 473, p-AKT), total
AKT, phospho-ERK (p-ERK), ERK, phospho-EGFR (p-EGFR),
EGFR, COX-2, Chk1, Chk2, HA (hemagglutinin, for A�),
PARP, �-actin, GAPDH (Santa Cruz Biotechnology), p-Chk1
(serine 345), and p-Chk2 (threonine 68) (Cell Signaling
Technology).
Determination of Two Major Forms of UVB-induced DNA

Damage in Genomic DNA by Enzyme-linked Immunosorbent
Assay (ELISA)—ELISA assay of CPD and 6–4PPs were per-
formed as described previously (44). Cells were collected at dif-
ferent time points post-UVB and DNA was isolated using a
QIAampDNAMini kit (Qiagen, Valencia, CA). The DNA con-
centration was calculated from the absorbance at 260 nm using
NanoDrop 1000 (NanoDrop products, Wilmington, DE). The
CPD and 6–4PP inDNAwere quantified by ELISAwithmono-
antibodies (TDM-2 for CPD and 64 M-2 for 6–4PP, COSMO
BIO Co., Koto-Ku, Tokyo, Japan) as described previously (45)
according to the manufacturer’s instructions. The absorbance
of colored products derived from o-phenylene diamine (Sigma)
was measured at 492 nm with a TECAN M200 plate reader
(TECAN, Research Triangle Park, NC). For examining repair
kinetics, the percentage (%) of repair was calculated by compar-
ing the absorbance at the indicated time to that of the corre-
sponding absorbance at time 0 when there was no opportunity
for repair and 100% of CPDs (or 6–4PPs) were present
post-UVB.
Statistical Analyses—Statistical analyses were performed

using Prism 5 (GraphPad software, San Diego, CA). Data were
expressed as the mean of three independent experiments and
analyzed by Student’s t test and ANOVA. A p value of less than
0.05 was considered statistically significant.

RESULTS

Caffeine Increases UVB-induced Apoptosis in Human
HaCaT Keratinocytes—To determine the effect of caffeine on
responses of HaCaT cells to UVB radiation, we pretreated cells
with caffeine and analyzed cell viability. UVB (20 mJ/cm2)
slightly reduced cell viability (Fig. 1A). Caffeine (1mM) had little
effect on sham-irradiated cells, whereas in UVB-irradiated cells
it significantly decreased cell viability (Fig. 1A). Caffeine at 5
mM further reduced cell viability post-UVB. It is noteworthy
that caffeine at 5 mM seemed to also reduce cell viability in
sham-irradiated cells, although it did not reach statistical sig-
nificance (p � 0.05, Student’s t test).

To determine whether the decrease in cell viability is caused
by increased apoptosis, we used the annexin V/propidium
iodide assay followed by flow cytometric analysis to compare
apoptosis and necrosis between vehicle and caffeine-treated
cells post-UVB. UVB increased apoptosis, whereas pretreat-
ment of cells with caffeine significantly enhanced apoptosis
(Fig. 1B). No significant increase in necrosis was detected with
or without UVB or caffeine treatment. Immunoblot analysis
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further showed that caffeine at different doses increased UVB-
induced PARP cleavage, a hallmark of apoptosis (Fig. 1C).
These data indicate that caffeine sensitizes human HaCaT
keratinocytes to UVB-induced apoptosis.
ATR/Chk1 Is Inhibited by Caffeine but Is Dispensable for

UVB-induced Apoptosis in HaCaT Cells—The ATR/Chk1
pathway has been shown to be inhibited by caffeine (35, 36). To
determine the effect of caffeine on the ATR pathway in HaCaT
cells, we examined whether caffeine inhibits ATR/Chk1 path-
way and thereby increases UVB-induced apoptosis. UVB at dif-
ferent doses induced phosphorylation of both Chk1 and Chk2
at 0.5 h and up to 3 h (Fig. 2,A andB). Caffeine at different doses
inhibited UVB-induced Chk1 phosphorylation, while it had lit-
tle effect on Chk2 phosphorylation (Fig. 2C), indicating that
caffeine specifically inhibits the ATR/Chk1 pathway following
UVB damage.
To determine whether inhibiting the ATR/Chk1 pathway is

critical for the pro-apoptotic effect of caffeine, we investigated
the consequence of ATR inhibition by siRNA targeting ATR on
UVB-induced apoptosis of HaCaT, NHEK, and HeLa cells (Fig.

2,D and F, and supplemental Fig. S1,B andC). ATRknockdown
had little effect onUVB-induced PARP cleavage inHaCaT cells
(supplemental Fig. S1A) or apoptosis in HaCaT cells (Fig. 2E),
normal human epidermal keratinocytes (NHEK) (Fig. 2G), or
HeLa cells (supplemental Fig. S1D). These data indicate that
ATR inhibition is dispensable forUVB-induced apoptosis post-
UVB, independent of the cell types tested.
Caffeine Inhibits UVB-induced AKTActivation—The EGFR/

ERK/AKT pathway is critical for cell survival post-UVB (1, 26).
To determine themolecularmechanism by which caffeine pro-
motes UVB-induced apoptosis, we investigated the effect of
caffeine on the activation of EGFR, ERK, and AKT. UVB irra-
diation increased phosphorylation of AKT, ERK, and EGFR
(Fig. 3A). Caffeine (1, 5, or 10 mM) inhibited basal or UVB-
induced AKT activation, while it had no effect on ERK or EGFR
activation (Fig. 3A), indicating that caffeine specifically blocks
the AKT pathway through impacting EGFR downstream
pathways.
To determine the precise dose effect of caffeine on the AKT

and Chk1 pathways, we treated HaCaT cells with smaller doses

FIGURE 1. Caffeine promotes UVB-induced apoptosis. A, analysis of viability using the MTS assay in cells at 24 h post-UVB (20 mJ/cm2) pretreated with or
without caffeine (CAF, 1 or 5 mM). B, annexin V/propidium iodide assays followed by flow cytometric analysis of apoptosis and necrosis in cells at 18 h post-UVB
(20 mJ/cm2) or post-sham pretreated with or without caffeine (1 mM). C, immunoblot analysis of PARP cleavage (lower band) and �-actin in cells treated with
or without UVB (20 mJ/cm2) pretreated with or without caffeine at indicated concentrations. The experiment was repeated three times independently and a
representative blot was displayed. *, p � 0.05, significant difference between comparison groups using Student’s t test.

FIGURE 2. UVB-induced ATR/Chk1 is inhibited by caffeine but is dispensable for UVB-induced apoptosis. A, immunoblot analysis of phospho-Chk1
(p-Chk1, at serine 345), Chk1, phospho-Chk2 (p-Chk2, at threonine 68), Chk2 in cells at 0.5 h post-UVB at indicated doses (0, 5, 10, 20, 30, or 40 mJ/cm2).
B, immunoblot analysis of p-Chk1, Chk1, p-Chk2, and Chk2 at different times post-UVB (20 mJ/cm2). C, immunoblot analysis of p-Chk1, Chk1, p-Chk2, and Chk2
at 1.5 h post-UVB (20 mJ/cm2) in cells treated with caffeine at different concentrations (0, 1, 5, 10, or 20 mM). D, immunoblot analysis of ATR and �-actin in HaCaT
cells transfected with siRNA targeting ATR (siATR) or negative control (NC). E, annexin-V/propidium iodide assay followed by flow cytometric analysis of
apoptosis in HaCaT cells transfected with NC or siATR at 18 h post-UVB (0, 20, or 30 mJ/cm2). F, immunoblot analysis of ATR and �-actin in NHEK cells transfected
with siRNA targeting ATR (siATR) or negative control (NC). G, propidium iodide assay of fixed cells followed by flow cytometric analysis of apoptosis in NHEK cells
transfected with NC or siATR at 18 h post-UVB (60 mJ/cm2) or -sham irradiation. NS, not statistically significant between comparison groups using Student’s t
test. Each experiment was repeated three times independently and a representative blot was shown.
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of caffeine (0.1–0.5 mM). Caffeine in this range dramatically
reduced AKT phosphorylation (Fig. 3, B and C). Although caf-
feine at the same concentrations also significantly reduced
Chk1phosphorylation, the inhibitory effect onChk1phosphor-
ylation by caffeine at 0.25 and 0.5 mM was less extensive than
that on AKT phosphorylation (Fig. 3, B and C). These data
indicate that caffeine inhibited theUVB-inducedAKTpathway
more effectively than the Chk1 pathway. Similar to the effect of
pretreatment, caffeine added after UVB irradiation effectively
inhibited UVB-induced AKT activation (Fig. 3D), indicating
that inhibitingAKTby caffeine is not due to its sunscreen effect
(34). Similar to caffeine, the PI3K inhibitor LY294002 (LY, 10
�M) completely blocked UVB-induced AKT activation (Fig.
3E). These data suggest that caffeine specifically blocks the
AKT pathway.
To further determine the effect of caffeine on AKT activa-

tion, we pretreated cells cultured in low serum and then treated
them with 10% serum. Caffeine inhibited serum-induced AKT
activation as well as the basal AKT activation (Fig. 3F), whereas
it had no effect on phosphorylation of ERK and EGFR. These
data further demonstrate that caffeine specifically blocks AKT
activation without affecting EGFR or ERK activation.
Caffeine Inhibits UVB-induced Anti-apoptotic AKT Activa-

tion andCOX-2Up-regulation Independent of ATR—AKTacti-
vation closely interacts with COX-2 to increase cell survival in
UVB-irradiated cells (1, 46). We found that UVB induces
COX-2 up-regulation at 1.5 h and up to 24 h post-UVB (20
mJ/cm2) (Fig. 4, A and B). Caffeine inhibited UVB-induced
COX-2 up-regulation (Fig. 4, C and F). To examine the role of
ATR in caffeine effect on AKT activation and COX-2 expres-
sion, we investigated the effect of AKT knockdown using

siRNA targeting ATR. In both HaCaT and NHEK cells, ATR
inhibition blocked Chk1 activation, while it had no effect on
AKTphosphorylation orCOX-2 up-regulation (Fig. 4,E and F),
indicating a dispensable role for ATR in the inhibitory effect of
caffeine on AKT or COX-2.
To determine the AKT-COX-2 interaction and its role in

UVB-induced apoptosis, we first examined the effect of LY
(10 or 20 �M) on UVB-induced apoptosis. LY dramatically
increased UVB-induced PARP cleavage (Fig. 4G). AKT knock-
down by siRNA targeting AKT1, the major isoform in HaCaT
keratinocytes (42), increasedUVB-induced PARP cleavage, and
inhibited COX-2 up-regulation (Fig. 4H). COX-2 inhibition
was also detected in the treatment with LY (supplemental Fig.
S2A). Inhibiting COX-2 by its specific biochemical inhibitor
Indomethacin (Indo) blocked AKT activation (supplemental
Fig. S2B). COX-2 inhibition by siRNA targeting COX-2 abol-
ishedAKT activation and enhancedUVB-induced PARP cleav-
age (Fig. 4I). Cellular apoptosis analysis indicated that LY,
siAKT, or siCOX2 significantly increased UVB-induced apo-
ptosis (Fig. 4J). These data demonstrate that caffeine inhibits
the UVB-induced positive feedback loop between AKT and
COX-2, thus promoting UVB-induced apoptosis.
Activating AKT Antagonizes the Effect of Caffeine in Apopto-

sis—To further determine the causative role of AKT inhibition in
caffeine-promoted apoptosis, we infected HaCaT cells with an
adenoviral vector expressing constitutively active AKT (A�),
dominantnegativeAKT(A-), or emptyvector (EV)alone (Fig. 5A).
Caffeine had no effect on AKT activation in A� cells (Fig. 5A).
Expression of A� significantly reduced cell death in caffeine-
treated cells, whereas expression of A- increased UVB-induced
apoptosis andwas insensitive to caffeine treatment (Fig. 5B). Apo-

FIGURE 3. Caffeine inhibits UVB-induced AKT activation. A, immunoblot analysis of phospho-AKT (p-AKT), AKT, phospho-ERK (p-ERK), phospho-EGFR
(p-EGFR), EGFR, and �-actin in cells pretreated with caffeine at indicated concentration at 1.5 h post-UVB (20 mJ/cm2) or -sham. B, immunoblot analysis of
p-AKT, AKT, p-Chk1, and Chk1 in cells pretreated with caffeine at indicated concentration at 1.5 h post-UVB (20 mJ/cm2) or -sham. C, quantification of p-AKT or
p-Chk1 in B, normalized against total AKT and Chk1, respectively. D, immunoblot analysis of p-AKT, AKT, and �-actin in cells at 1.5 h post-UVB (20 mJ/cm2) with
caffeine added after UVB irradiation. E, immunoblot analysis of p-AKT and AKT in cells pretreated with caffeine or LY294002 (LY, 10 �M) at 1.5 h post-UVB (20
mJ/cm2). F, immunoblot analysis of p-AKT, AKT, p-ERK, ERK, p-EGFR, and EGFR in cells cultured in low-serum (0.1% fetal bovine serum, FBS) for 24 h and then
treated with 10% FBS for 30 min. Error bars show S.E. *, p � 0.05, significant difference in p-AKT in UVB-treated cells between vehicle and caffeine-treated
groups using Student’s t test. #, p � 0.05, significant difference in p-Chk1 in UVB-treated cells between vehicle and caffeine-treated groups using Student’s t
test. Each experiment was repeated three times independently, and a representative blot was shown.
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ptosis analysis showed that A� significantly reduced caffeine-en-
hanced apoptosis,whereasA- resembled the effect of caffeine (Fig.
5C). These findings strongly demonstrate that caffeine promotes
UVB-induced apoptosis through inhibiting the AKT pathway.
Caffeine Kills Cells with Unrepaired DNADamage—Survival

of damaged cells without complete DNA repair leads to tumor-
igenic mutations. To determine whether caffeine-promoted
apoptosis is specific for cells without complete repair, we first
investigated the repair of CPDs and 6–4PPs in surviving cells
following different doses of UVB radiation. Increasing doses of

UVB induced increasing initial CPD and 6–4PP immediately
after UVB (Fig. 6, A and B). At 24 h post-UVB, the percentage
(%) of remaining CPDs or 6–4PPs decreased, indicating DNA
damage repair (Fig. 6,A and B). Only partial repair of CPDs was
seen at 10, 20, or 30 mJ/cm2, while 6–4PPs were completely
removed at all UVB doses (Fig. 6, A and B). With increasing
UVB doses, CPD repair capacity significantly decreased (p �
0.05; Student’s t test between UVB doses; two-way ANOVA for
different UVB doses), while 6–4PP repair capacity remained
efficient (Fig. 6,C andD). These data demonstrated that surviv-
ing cells harbor CPD damage depending on the amount of ini-
tial UVB-induced DNA damage.
To determine whether caffeine selectively kills cells with

unrepaired damage, we separated live from dead cells and
measured the percentage of the CPD levels in vehicle and caf-
feine-treated cells post-UVB. In pooled live and dead cells (All),
caffeine had little effect on CPD repair at 24 h post-UVB (Fig.
6E). In dead cells, there was no repair of CPD. However, in live
cells, CPD levels were significantly reduced in caffeine-treated
cells as compared with vehicle-treated counterparts (Fig. 6E).
The presence of LY294002 (LY, 10 �M) had a similar effect on
the remaining CPD levels (Fig. 6E). Immunoblot analysis con-
firmed the absence of caspase-3 activation and PARP cleavage,
two key hallmarks of apoptosis, in live cells, while in dead cells
there was complete caspase-3 activation and PARP cleavage in

FIGURE 4. UVB-induced anti-apoptotic activation of AKT/COX-2 is independent of ATR. A, immunoblot analysis of p-AKT, AKT, COX-2 and �-actin in cells
at different times post-UVB (20 mJ/cm2) or -sham. B, immunoblot analysis of COX-2 and �-actin in cells at 6 and 24 h post-UVB (20 mJ/cm2) or -sham.
C, immunoblot analysis of COX-2 and �-actin in cells pretreated with vehicle (Veh) or caffeine (CAF, 0.25 mM) at 1.5 h post-UVB (20 mJ/cm2) or -sham.
D, immunoblot analysis of ATR and �-actin in cells transfected with siRNA targeting ATR (siATR) or negative control (NC). E, immunoblot analysis of p-Chk1,
Chk1, p-AKT, AKT, COX-2, and �-actin in HaCaT cells transfected with NC or siATR at 1.5 h post-UVB (20 mJ/cm2) or -sham. F, immunoblot analysis of p-Chk1,
Chk1, p-AKT, AKT, COX-2, and �-actin in NHEK cells transfected with NC or siATR at 1.5 h post-UVB (20 mJ/cm2) or -sham. G, immunoblot analysis of PARP
cleavage, p-AKT, AKT, and �-actin in cells treated with LY (0, 10, or 20 �M) at 1.5 h post-UVB (20 mJ/cm2) or -sham. H, immunoblot analysis of p-AKT, AKT, COX-2,
PARP cleavage, and �-actin in cells transfected with NC or siAKT1 at 6 h post-UVB (20 mJ/cm2) or -sham. I, immunoblot analysis of COX-2, p-AKT, AKT, PARP
cleavage, and �-actin in cells transfected with NC or siCOX-2 at 6 h post-UVB (20 mJ/cm2) or -sham. J, propidium iodide assay of fixed cells followed by flow
cytometric analysis of apoptosis in cells treated with LY (10 �M) or transfected with NC, siAKT, or siCOX2 at 18 h post-UVB (20 mJ/cm2) or -sham. *, p � 0.05,
significant difference in apoptosis in UVB-treated cells between NC, and LY, siAKT or siCOX2-treated groups using Student’s t test. Each experiment was
repeated three times independently and a representative blot was shown.

FIGURE 5. Activating AKT antagonizes the effect of caffeine on apoptosis.
A, immunoblot analysis of p-AKT, AKT, constitutively active AKT (A�) or dom-
inant negative AKT (A-) (HA) and �-actin in cells infected with an adenoviral
vector expressing A� or A- pretreated with or without caffeine (1 mM) at 1.5 h
post-UVB (20 mJ/cm2) or -sham. The experiment was repeated three times
independently and a representative blot was shown. B, analysis of viability
using the MTS assay in cells treated as in A at 24 h post-UVB (20 mJ/cm2).
C, annexin V/propidium iodide assays followed by flow cytometric analysis of
apoptosis and necrosis in cells treated as in A at 18 h post-UVB (20 mJ/cm2) or
-sham. Error bars show S.E. *, p � 0.05, significant differences between com-
parison groups using Student’s t test.
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the presence of caffeine (Fig. 6F). Similar patterns of caspase-3
activation and PARP cleavage were detected in LY-treated live
or dead cells (data not shown). These findings clearly demon-
strated that, similar to AKT pathway inhibition, caffeine specif-
ically sensitizes unrepaired cells to apoptosis under UVB geno-
toxic stress.

DISCUSSION

In this study, we have used human HaCaT keratinocytes to
determine the specific p53-independent mechanisms by which
caffeine promotes UVB-induced apoptosis and specific target-
ing of damaged cells. We found that low doses of caffeine
enhanced keratinocyte apoptosis following UVB. Indeed, inhi-
bition of UVB-induced AKT activation mediated caffeine-pro-
moted apoptosis. Although caffeine inhibited UVB-induced
Chk1 activation, ATR inhibition did not resemble the caffeine
effect on apoptosis. Our findings also demonstrated that caffeine
specifically promotes apoptosis of keratinocytes with unrepaired
DNAdamage, and therebyoffers an effective and targetedpreven-
tive approach to reducing tumorigenic transformation.
We found that ATR activation is dispensable for caffeine’s

proapoptotic effect followingUVB inHaCaT,NHEK, andHeLa
cells. Previous studies have reported that ATR/Chk1 is an
important proapoptotic target for caffeine (35, 36, 47, 48). Loss
of p53, downstreamofChk1, sensitizes cells to premature chro-
matin condensation caused by caffeine (47, 48). Lower caffeine
levels induce apoptosis in unirradiated JB6 cells via a p53-de-
pendent pathway (49). In response to UVB radiation, however,
caffeine enhances UVB-induced apoptosis in mouse skin and
primary human keratinocytes through a p53-independent
pathway (35, 50). Caffeine-induced apoptosis post-UVB is asso-
ciated with diminished Chk1 activation (35, 36). Consistent
with these studies, we found that caffeine blocked Chk1 activa-
tion inHaCaT cells. However, ATR inhibition by siRNAknock-

down had no effect on UVB-induced apoptosis, implying that
other targets for caffeine play important roles. Although there
was a trend that caffeine increases UVB-induced apoptosis in
NHEK cells (Fig. 2G), but it failed to reach a statistical signifi-
cance. The different findings between ours and previous studies
(35) may be due to different sources of the NHEK cells and
culture mediums or other unknown reasons, and require fur-
ther investigations.
Through screening of critical major anti-apoptotic pathways

in UVB responses, we found that the UVB-induced AKT/
COX-2 axis is inhibited by caffeine, even at low doses. This
inhibition of AKT by caffeine was more effective than that of
Chk1, indicating that UVB-enhancedAKT activation is amajor
target for caffeine in human keratinocytes. Using siRNAknock-
down and biochemical inhibition, we also demonstrated that
AKT and COX-2 form a positive feedback loop: inhibition of
one signal resulted in the loss of the other signal. AKT regulates
COX-2 up-regulation at the transcription level (51), a regula-
tory mode that has been implicated in several other cellular
models. The role of AKT has been shown in the effect of caf-
feine on cell proliferation and EGF-induced cell transformation
in JB6 cells (52, 53). In glioma cells deficient in PTEN, a negative
regulator of AKT, caffeine was found to negatively regulate
AKT and to radiosensitize the cells by enhancingG1 arrest (54).
In ratmicroglial cells, caffeine inhibits COX-2 protein synthesis
(55). Our current findings suggest that caffeine inhibits AKT
through a downstream of EGFR but not the ERK pathway. The
role of PI3K in the caffeine effect remains controversial (53, 56).
The direct molecular targets of caffeine remains to be deter-
mined in future studies.
Our findings have clearly demonstrated that inhibiting AKT

mediates the pro-apoptotic function of caffeine in UVB-irradi-
ated keratinocytes. When active AKT that caffeine does not

FIGURE 6. Caffeine promotes UVB-induced apoptosis in cells with unrepaired DNA damage. A, ELISA analysis of the percentage (%) of CPD remaining at
0 h and 24 h post-UVB (5, 10, 20, or 30 mJ/cm2). B, ELISA analysis of the percentage (%) of 6 – 4PP remaining at 0 h and 24 h post-UVB (5, 10, 20 or 30 mJ/cm2).
C, quantification of % CPD repair in A. D, quantification of % 6 – 4PP repair in B. E, ELISA analysis of % CPD remaining in pooled live and dead cells (All), dead cells,
and live cells pretreated with vehicle, caffeine (1 mM), or LY294002 (10 �M) at 0 h or 24 h post-UVB (20 mJ/cm2). F, immunoblot analysis of inactive and active
caspase-3, PARP cleavage and �-actin in control, UVB-treated dead cells, UVB-treated live cells, UVB/caffeine-treated dead cells and UVB/caffeine-treated live
cells. Error bars show S.E. The experiment was repeated three times independently and a representative blot was shown. *, p � 0.05, significant differences
between comparison groups using Student’s t test.

Caffeine Promotes Apoptosis

22830 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 26 • JULY 1, 2011



inhibit was expressed, the pro-apoptotic effect of caffeine was
blocked.Confirming the essential role ofAKT (1, 22, 25, 27) and
its downstream COX-2 pathway (1, 46), inhibiting AKT/
COX-2 abolished the key survival machinery in UVB-damaged
keratinocytes and thus sensitized these cells to UVB-induced
apoptosis.
AlthoughDNAdamage induces apoptosis, UVB also induces

anti-apoptotic AKT and COX-2 signaling. Surviving cells with
incomplete repair can become tumorigenic through accumu-
lating genetic mutations. Caffeine specifically promoted apo-
ptosis of keratinocytes without efficient repair, although it did
not affect the overall DNA repair capacity in human HaCaT
keratinocytes. However, several previous studies have sug-
gested that at higher concentrations caffeine affects DNA
repair in different cell types and biochemical studies. In human
fibroblasts irradiated with UVC, ATR inhibition by caffeine at
10 mM seems to inhibit DNA repair during S phase (57). In
biochemical studies of the caffeine effect on DNA repair using
purified DNA repair proteins from Escherichia coli, caffeine
(1–50 mM) was found to compromise the specific binding of
these DNA repair proteins with damaged DNA (58). Another
example of the different observations on the role of ATR in the
effect of caffeine was reported in checkpoint inhibition in cells
treated with hydroxyurea and ionizing radiation, in which
inhibiting the activation of either ATR or ATM is dispensable
(59). It appears that the role of ATR/caffeine in DNA damage
response ismuchmore complex than it is currently known, and
requires further investigations. Nevertheless, our studies have
clearly shown that, in caffeine-treated cells, only cellswith com-
plete repair survived. Such effect of caffeine resembles that of
AKT inhibition, further implying the importance of AKT inhi-
bition in the caffeine effect. This specific pro-apoptotic action
eliminated damaged cells and thus reduced tumorigenic
transformation.
In conclusion, we have demonstrated that caffeine effectively

inhibits the UVB-induced AKT/COX-2 pathway independent
of ATR. Blocking the AKT/COX-2 signaling by caffeine specif-
ically eliminates UVB-damaged keratinocytes without com-
plete DNA repair through apoptosis. Our findings add new
molecular insights into the chemopreventive action of caffeine
in UVB-induced skin cancer.
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