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Abstract
Interleukin-12 (IL-12)–deficiency promotes photocarcinogenesis in mice; however, the molecular mechanisms under-
lying this effect have not been fully elucidated. Here, we report that long-term exposure to ultraviolet (UV) radiation
resulted in enhancement of the levels of cell survival kinases, such as phosphatidylinositol 3-kinase (PI3K), Akt
(Ser473), p-ERK1/2, and p-p38 in the skin of IL-12p40 knockout (IL-12 KO) mice compared with the skin of wild-type
mice. UV-induced activation of nuclear factor-κB (NF-κB)/p65 in the skin of IL-12 KO mice was also more prominent.
The levels of NF-κB–targeted proteins, such as proliferating cell nuclear antigen (PCNA), cyclooxygenase-2, cyclin D1,
and inducible nitric oxide synthase, were higher in the UV-exposed skin of IL-12 KO mice than the UV-exposed skin
of wild types. In short-term UV irradiation experiments, subcutaneous treatment of IL-12 KO mice with recombinant
IL-12 (rIL-12) or topical treatment with oridonin, an inhibitor of NF-κB, resulted in the inhibition of UV-induced in-
creases in the levels of PCNA, cyclin D1, and NF-κB compared with non–rIL-12– or non–oridonin-treated IL-12 KO
mice. UV-induced skin tumors of IL-12 KO mice had higher levels of PI3K, p-Akt (Ser473), p-ERK1/2, p-p38, NF-κB, and
PCNA and fewer apoptotic cells than skin tumors of wild types. Together, these data suggest that the loss of en-
dogenous IL-12 activates survival signals in UV-exposed skin and that may lead to the enhanced photocarcinogene-
sis in mice.
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Introduction
Interleukin-12 (IL-12) is a pleiotropic cytokine that is secreted by ac-
tivated professional antigen presenting cells [1]. Previously, we and
others have shown that IL-12p40–deficiency enhances photocarcino-
genesis in mice in tumor incidence, tumor multiplicity, and the extent
of tumor angiogenesis [2–4]. IL-12 possesses antitumor activity, en-
hances antitumor immunity, and can repair ultraviolet (UV)-induced
DNA damage in the form of cyclobutane pyrimidine dimers [1,2,5,6].

It has been reported that several signal transduction pathways, which
mediate cell proliferation, transformation, and cell death, are involved in
UVradiation–induced skin carcinogenesis [7]. UVB radiation–induced
signaling events are primarily mediated through mitogen-activated pro-
tein kinases (MAPKs) and activation of transcription factors, such as
nuclear factor-κB (NF-κB) [8,9]. The activation of MAPKs by UVB
plays a significant role in tumor promotion and malignant transforma-
tion [9]. Furthermore, Akt, a prosurvival factor that is the downstream
serine/threonine kinase of phosphatidylinositol-3-kinase (PI3K) family
members, is critical for UVB-induced tumor promotion and tumor cell
survival [10]. Akt can activate various antiapoptotic proteins including
NF-κB and can inactivate several proapoptotic proteins, including Bad
and caspase 9 [11]. It has been documented thatNF-κB is a downstream
target of the MAPK signal transduction pathway and that the activation
of NF-κB plays a crucial role in inflammation, cellular proliferation,
and induction of cancers. Many studies have shown the constitutive
up-regulation of NF-κB in a variety of tumor cells [12–14]. Conse-
quently, the NF-κB activating pathway is a major target for the develop-
ment of alternative anticancer agents/drugs.
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In this study, we therefore focused our attention on examining the
possible role of IL-12 deficiency on cell survival signals in photocarci-
nogenesis by the analysis of UVB-exposed skin and UVB-induced
skin tumors in IL-12–deficient or IL-12 knockout (IL-12 KO) mice,
and resultant data were compared with their wild-type IL-12–proficient
counterparts. Using immunohistochemical analysis, Western blot anal-
ysis, and real-time polymerase chain reaction (PCR), we demonstrate
that long-term UVB exposure results in enhanced up-regulation of cell
survival kinases, including PI3K, p-Akt, and MAPK, in the skin of the
IL-12 KO mice compared with the skin of the wild-type mice. Similar
enhancement of cell survival kinase activity and NF-κB signaling in the
UV-induced skin tumors in the IL-12 KO mice suggests that a loss
of endogenous IL-12 activates cell survival signals and that may lead
to enhanced photocarcinogenesis in mice.

Materials and Methods

Chemicals and Antibodies
Antibodies specific for caspase 3, caspase 9, Akt, p-Akt, p-Bad, Bad,

MAPKs, NF-κB, IKKα, and IκBα were purchased from Cell Signaling
(Danvers, MA). Oridonin, an inhibitor of NF-κB, was obtained from
Calbiochem (San Diego, CA). Immunostaining-specific proliferating
cell nuclear antigen (PCNA) antibody and all other secondary anti-
bodies were obtained from Santa Cruz Biotechnology, Inc (Santa
Cruz, CA). Anti-PI3K, inducible nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2) antibodies were obtained from Cayman
Chemicals (Ann Arbor, MI). The protein assay kit was obtained from
Bio-Rad (Hercules, CA), and the enhanced chemiluminescence West-
ern blot analysis detection reagents were purchased from Amersham
Pharmacia Biotech (Piscataway, NJ). Terminal deoxynucleotide trans-
ferase (TdT)–mediated dUTP-biotin nick end-labeling (TUNEL) assay
system was obtained from Promega (Madison, WI). The endotoxin-free
mouse recombinant IL-12 (rIL-12) was purchased from eBioscience
(SanDiego,CA). All other chemicals were purchased fromSigmaChemi-
cal, Co (St Louis, MO).

Animals
Pathogen-free female C3H/HeN mice (6-7 weeks old) were pur-

chased from The Jackson Laboratory (Bar Harbor, ME). The IL-
12p40 KO mice on a C3H/HeN background were generated in our
Animal Resource Facility as described previously [2]. The mutation in
the p40 chain of IL-12 in IL-12 KO mice completely eliminates the
synthesis of biologically active IL-12. All mice were maintained under
standard conditions: 12-hour dark/12-hour light cycle, 24 ± 2°C tem-
perature, and 50 ± 10% relative humidity. Themice were fed the Purina
Taklad diet (Harlan Teklad, Madison, WI) and water ad libitum. The
experimental animal protocol was approved by institutional animal care
and use committee of the University of Alabama at Birmingham.

UV Irradiation of Mice
Mice were exposed to UV radiation as described previously [2,4].

Briefly, the clipper-shaved dorsal skin was exposed to UV radiation
from a band of four FS24 T1 UVB lamps (Daavlin, UVA/UVB Re-
search Irradiation Unit, Bryan, OH) equipped with an electronic con-
troller to regulate UV dosage. The UV lamps primarily emit UVB
(290-320 nm, >80% of total energy) and UVA (320-375 nm, <20%
of total energy) radiation with peak emission at 314 nm as monitored
[2]. The UVB emission was also monitored regularly using a UVradio-
meter (Daavlin, Bryan, OH).
Photocarcinogenesis Protocol
A photocarcinogenesis protocol was used as described earlier

[2,15]. Briefly, mice were UVB irradiated everyday (180 mJ/cm2) for
a total of 10 days to stimulate tumor initiation. One week after the last
UVB exposure of the tumor initiation stage, the mice were irradiated
with the same dose of UVB thrice weekly until the end of the protocol
to stimulate tumor promotion. The number of mice in each UVB-
exposed group (IL-12 KO or WT) was 20. The UVB-irradiated dorsal
skin of the mice was examined on a weekly basis for papillomas or
tumor appearance. Growths greater than 1 mm in diameter that per-
sisted for at least 2 weeks were defined as tumors and recorded. Tumor
data for each mouse were recorded until the yield and tumor size stabi-
lized. Control groups of mice (IL-12 KO and WT), which were age-
and sex-matched with the experimental groups, were not exposed to
UVB (sham irradiated, n = 20).

Evaluation of Tumor Size
At the termination of the photocarcinogenesis experiment, the tumor

data on each mouse were recorded. The dimensions of all the tumors on
eachmouseweremeasured, and tumor volumeswere calculated using the
hemiellipsoid model formula: tumor volume = 1/2 (4π/3) (l/2) (w/2) h,
where l = length, w = width, and h = height.

Short-term UV Exposure Protocol
For short-term UV exposure, the mice were exposed to UVB

(90 mJ/cm2) on alternate days for a total of three exposures and
killed 24 hours after the last UVB exposure. IL-12 KO mice were
assigned randomly to one of four groups (n = 5 per group). Group 1,
mice were exposed to UVB. Group 2, mice were injected subcutane-
ously with endotoxin-free murine rIL-12 (1000 ng/100 μl PBS) on
the shaved back 3 hours before each UVB exposure. Group 3, mice
were treated topically with oridonin (20 μmol/100 μl acetone) as de-
scribed [16], on the shaved back approximately 30 minutes before
each UVB exposure. Group 4, non–UVB-exposed control mice, which
were injected with 100 μl of sterile saline subcutaneously before each
sham irradiation.

Preparation of Tumor and Skin Lysates and Western
Blot Analysis

Skin and tumor lysates for Western blot analysis were prepared as
described previously [4,8]. The tissue samples were pooled from at
least three mice in each group, and three sets of pooled samples from
each treatment group were used to prepare lysates, thus n = 9 to 10.
Briefly, proteins (30-50 μg) were resolved on 10% Tris-glycine gel
and transferred onto nitrocellulose membranes. Membranes were incu-
bated in blocking buffer for 1 hour at room temperature and then
incubated with the primary antibodies in blocking buffer overnight
at 4°C. The membrane was then washed with PBS buffer and then
incubated with secondary antibody conjugated with horseradish
peroxidase (HRP). Protein bands were visualized using enhanced
chemiluminescence detection reagents (Amersham Life Science, Inc,
Piscataway, NJ). To verify equal protein loading and transfer of pro-
teins from gel to membrane, the blots were stripped and reprobed
for β-actin.

Immunohistochemical Detection of Caspase 3 and
PCNA Proteins

Tissue samples were placed in 10% neutral-buffered formalin, pro-
cessed, and embedded in paraffin blocks. Tissue sections (5 μm thick)
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were deparaffinized and rehydrated in a graded series of alcohols. After
rehydration, an antigen-retrieval process was performed by placing the
slides in 10 mM sodium citrate, pH 6.0, at 95°C for 20 minutes fol-
lowed by a 20-minute cooling step as described [17]. The sections were
washed in PBS, and nonspecific binding sites were blocked with 1%
BSA with 2% goat serum in PBS. The sections were incubated with
an anti–caspase 3 or anti-PCNA antibody for 1 hour at room temper-
ature. The sections were washed and incubated with the appropriate
secondary antibody conjugated with HRP for 30 minutes. After wash-
ing in PBS, sections were incubated with diaminobenzidine and coun-
terstained with hematoxylin and eosin. The numbers of PCNA-positive
and caspase 3–positive cells were counted in at least at five different
fields. Representative photomicrographs were obtained using a Qcolor5
digital camera attached to an Olympus BX41 microscope (Olympus,
Tokyo, Japan).

NF-κB/p65 Activity Assay
For quantitative analysis of NF-κB/p65 activity, NF-κB TransAM

Activity Assay Kit (Active Motif, Carlsbad, CA) was used following
the manufacturer’s protocol. For this assay, the nuclear extracts of epi-
dermal skin samples from various treatment groups were prepared
using the Nuclear Extraction Kit (Active Motif ) according to the
manufacturer’s direction. Absorbance was recorded at 450 nm with
reference taken at 650 nm. The results are expressed as the percent-
age OD of control (non–UVB-exposed) group.

Detection of Apoptotic Cells Using the TUNEL Assay
Tumor sections (5 μm thick) were stained for apoptosis by in situ

labeling of DNA breaks using the TUNEL method according to the
manufacturer’s protocol (Promega). Briefly, after deparaffinization and
hydration, the sections were incubated with proteinase K (20 μg/ml)
for 15 minutes at room temperature and washed with PBS followed by
fixation using 4% paraformaldehyde. The sections were equilibrated
with rTdT reaction mixture (25 mM Trizma base pH 6.6, 200 mM
potassium cacodylate pH 6.6, 0.2 mM DTT, 0.25 mg/ml BSA, and
2.5 mM cobalt chloride) for 10 minutes. The sections were then
covered with the biotinylated nucleotide mixture (1 μl/100 μl rTdT
mix) and the rTdT enzyme mixture (1 μl/100 μl rTdTmix) in rTdT
buffer and incubated in a humidified chamber at 37°C for 60 minutes.
The reaction was terminated by transferring the slides into 2× SSC
buffer for 15 minutes at room temperature. Endogenous peroxidase
was inactivated by incubating with 0.3% H2O2 for 5 minutes. The
sections were rinsed with PBS and incubated with streptavidin-HRP
(1:500 vol/vol) for 30 minutes. After washing in PBS, the sections
were incubated with diaminobenzidine substrate solution with per-
oxidase and counterstained with Harris hematoxylin (Sigma Chemical,
Co). The numbers of TUNEL-positive cells were counted using an
Olympus BX41 microscope, n = 6. Representative photomicrographs
were obtained using a Qcolor5 digital camera system fitted to an
Olympus BX41 microscope.

RNA Extraction and Quantitative Real-time PCR
Total RNA was extracted from samples of the mouse epidermis

using TRIzol reagents (Invitrogen, Carlsbad, CA) following the pro-
tocol recommended by the manufacturer. The concentration of total
RNA was determined by measuring the absorbance at 260 nm using
a Beckman/Coulter DU 530 spectrophotometer (Fullerton, CA).
The expression of PCNA messenger RNA (mRNA) and cyclin D1
mRNA was estimated using real-time PCR. For mRNA quantifica-
tion, complementary DNA (cDNA) was synthesized using 1 μg of
RNA through a reverse transcription reaction (iScript cDNA Synthesis
Kit; Bio-Rad). Using the SYBR Green/Fluorescein PCR Master Mix
(SuperArray Bioscience, Corp, Frederick, MD), cDNA was amplified
using real-time PCR with a Bio-Rad MyiQ thermocycler and SYBR
Green detection system. Samples were run in triplicate to ensure am-
plification integrity. Manufacturer-supplied primer pairs (SuperArray
Bioscience, Corp) were used to estimate the mRNA levels of PCNA,
cyclin D1, COX-2, iNOS, and β-actin. The standard PCR conditions
were as follows: 95°C for 15 minutes, then 40 cycles at 95°C for 30 sec-
onds; 55°C for 30 seconds and 72°C for 30 seconds, as recommended by
the manufacturer of the primers. The expression levels were normalized
to that of the β-actinmRNA in each sample. The threshold for positivity
of real-time PCR was determined based on negative controls. For
mRNA analysis, calculations for determining the relative level of gene
expression were made using the cycle threshold (C t) method. The mean
C t values from duplicate measurements were used to calculate the ex-
pression of the target gene with normalization to the housekeeping gene
used as internal control (β-actin), and using the 2−ΔC t formula.

Statistical Analysis
The results are expressed as the mean ± SD. The statistical signifi-

cance of difference between the values of treatment groups was deter-
mined using analysis of variance followed by post hoc Tukey test. P < .05
was considered statistically significant.

Results

IL-12 Deficiency Enhances Photocarcinogenesis in Mice
Because IL-12 has been shown to possess antitumor activity [18],

we determined the effect of IL-12 deficiency on susceptibility to
UVB-induced skin carcinogenesis. Following the photocarcinogenesis
protocol, we found that UVB-induced tumor development occurred
14 days earlier in IL-12 KO mice than their wild-type counterparts
(Figure 1A). In tumor multiplicity, the total number of tumors in the
group of IL-12 KO mice (n = 20) remained higher than the total num-
ber of tumors in the group of wild-type mice throughout the experi-
mental protocol (Figure 1A). At the termination of the experiment,
the total number of tumors was significantly higher in the group of
IL-12 KO mice (P < .001) than the group of wild-type mice. The
tumor volume or size was significantly higher in the group of IL-12
KO mice compared with their wild types (P < .001; Figure 1B) at
the termination of the photocarcinogenesis experiment [2]. These data
clearly indicate that IL-12–deficient mice are susceptible to UVB-
induced skin carcinogenesis.

IL-12 Deficiency Activates PI3K/Akt Signaling Pathway in
UV-Irradiated Skin

The risk of photocarcinogenesis can be increased through various
signaling pathways including the activation of cell survival kinases
[7,9,10]. Studies have shown that the activation of PI3K plays an
important role in tumor promotion and carcinogenesis [19–21]. To
investigate which signaling pathways are activated in UV-exposed skin
in the absence of IL-12, we examined the kinases PI3K/Akt, p38
MAPK, and ERK1/2 in skin samples from UVB-exposed IL-12 KO
mice and UVB-exposed wild-type mice using Western blot analysis.
We found that the basal levels of PI3K proteins were higher in the
non–UV-exposed skin of IL-12 KOmice than in the non–UV-exposed
skin of WTmice. As expected, the levels of both the catalytic (p110)



Figure 1. IL-12 deficiency enhances photocarcinogenesis in mice and enhances activation of the cell survival kinases, PI3K, Akt, and MAPK
in long-term UV-exposed mouse skin. (A and B) IL-12–deficient mice have a greater number of tumors per group and larger tumor volume/
tumor than WT mice, n = 20. Significant difference versus WT mice, *P < .001. (C) The expression levels of PI3Kp85 (regulatory) and
PI3Kp110 (catalytic) and the phosphorylation of Akt (Ser473) are enhanced in UV-exposed skin, and there is greater enhancement in the
UVB-exposed IL-12–deficient mouse skin than in the UVB-exposed WT mouse skin. (D) The phosphorylation of ERK1/2 and p38 proteins
is enhanced in long-term UV-exposed skin, and this effect is more pronounced in the UVB-exposed IL-12–deficient mouse skin than in the
UVB-exposed WT mouse skin. Data were compared with those obtained using skin samples from age-matched non–UVB-exposed control
mice. Representative blots are shown from three independent experiments in which almost identical results were observed.
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and regulatory (p85) subunits of PI3K in IL-12 KO and wild-type
mouse skin were higher in the UVB-exposed skin than in the non–
UV-exposed control mouse skin, with the levels of these subunits
(p110 and p85) being relatively higher in the UV-exposed skin of
IL-12–deficient mice compared with the UV-exposed skin of WTmice
(Figure 1C ). Most of the biologic effects of PI3K are mediated through
the activation of the downstream target Akt, a prosurvival factor. The
data from Western blot analysis revealed that the phosphorylation
of Akt (Ser473) was higher in the UVB-exposed skin of IL-12 KO mice
than their WT counterparts (Figure 1C ), although the levels of total
Akt remained unchanged in the skin samples from both WT and
IL-12 KO mice.
The activation of MAPK/ERK also plays an important role in the

antiapoptotic or cell survival effects [9,22–24]. The MAPKs belong
to a family of serine/threonine protein kinases and are believed to act
as a system that mediates signal transduction from the cell surface to
the nucleus. The results of Western blot analysis indicated that the
phosphorylation levels of the ERK1/2 (p44 and p42) and p38 pro-
teins of MAPK family in the UV-exposed skin of IL-12 KO and WT
mice were higher than those in the skin samples from the non–UV-
exposed control mice and that the phosphorylation levels of ERK1/2
and p38 proteins were higher in the long-term UV-exposed skin of
IL-12 KO mice than in the UV-exposed skin of WTmice, as shown
in Figure 1D. Moreover, the basal levels of phosphorylated ERK1/2
and p38 were higher in the normal skin (non–UV-exposed) of IL-12
KO mice than in the normal skin of WT mice. The total amount
of ERK1/2 and p38 proteins remained unchanged in both WT
and IL-12 KO mice skin samples.

IL-12 Deficiency Enhances Activation of NF-κB/p65 in
UV-Exposed Mouse Skin

Activation of MAPK/ERK and PI3K/Akt results in the activation
of NF-κB and its downstream targets that regulate cellular prolifera-
tion [8,21]. Western blot analysis indicated a marked activation of
NF-κB/p65 and its translocation to the nucleus in the UV-exposed
skin of both WT and IL-12 KO mice, with greater activation and
translocation of NF-κB in the UV-exposed skin of IL-12 KO mice
(Figure 2A). As shown in Figure 2B, the activity of nuclear NF-κB/
p65 was significantly higher (P < .005) in the UVB-exposed skin of
IL-12 KO mice than in the UVB-exposed skin of their WT counter-
parts. The induction of IKKα has been shown to be essential for
UVB-induced phosphorylation and degradation of IκBα. The levels
of activation of IKKα were higher in the UVB-exposed skin of mice
than in the non–UVB-exposed control mice. Overall, the activa-
tion of IKKα and NF-κB proteins was higher in the UVB-exposed
skin of IL-12 KO mice than in the UVB-exposed skin of their WT
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counterparts. As assessed by Western blot analysis, the degradation of
the IκBα protein and translocation of NF-κB to the nucleus further
activate their downstream targets such as iNOS, COX-2, and PCNA,
as shown in Figure 2C . Analysis of the expression of the proliferation-
and inflammation-specific proteins, cyclin D1, PCNA, COX-2, and
iNOS using real-time PCR (Figure 2D) further indicated significantly
higher mRNA levels of cyclin D1 (P < .01), PCNA (P < .01), COX-2
(P < .05), and iNOS (P < .01) in theUVB-exposed skin of the IL-12KO
mice than those in the UVB-exposed skin of theWTmice (Figure 2D).
Figure 2. IL-12–deficientmice aremore susceptible toUVB-inducedact
exposure of themouse skin enhances the activation of NF-κB and IKKα
mice. (B) The activity ofNF-κB in the nuclear fraction of epidermal lysate
UVB-induced activation of NF-κB–targeted proteins, such as iNOS, cycl
than in their wild-type counterparts. Epidermal skin lysates from long-te
blot analysis. The expression levels of these proteins were also compa
tative blot is shown from three independent experiments with almost
PCNA, cyclin D1, COX-2, and iNOS was determined using real-time PC
presented as the expression of the individualmRNAwith normalization t
mice that were not UV irradiated were used as a control. Significant di
NF-κB Activation Is an Important Mediator of UVB-Induced
Cellular Proliferation in IL-12 KO Mice

As the activation of NF-κB has been shown to regulate cell prolifer-
ation, we were interested in further examining the role of NF-κB in
IL-12 KO mice in mediating the effect of UVB-induced cellular pro-
liferation. For this purpose, a short-term experiment was conducted
using IL-12 KO mice. These mice were exposed to UVB (90 mJ/cm2)
three times on alternate days with or without the treatment of rIL-12
to determine the effects of restoration of IL-12, or oridonin, which
ivation ofNF-κB/p65 andNF-κB–targetedproteins. (A) Long-termUVB
, and this effect is greater in the skin of IL-12 KOmice than that ofWT
swasmeasured usingNF-κB/p65–specific activity assay kit, n=6. (C)
in D1, PCNA, and COX-2, is greater in the skin of IL-12–deficient mice
rm UV-exposedWT and IL-12 KOmouse skin were used forWestern
red with non–UVB-exposed age-matched control mice. A represen-
identical observations. (D) The total epidermal mRNA expression of
R as described in the Materials and Methods section. The results are
oβ-actin using theC tmethod,n=6.Skin samples fromage-matched
fference versus UV-exposed WT mice, *P < .01; **P < .005.
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the UVB-induced tumors of IL-12 KO mice than in the UVB-induced
tumors of WTmice (Figure 5C ). The relatively lower expression of
the proapoptotic protein Bad and increased level of p-Bad (Ser136)
might be due to the activation of Akt at Ser473 in the UVB-induced
tumors of the IL-12 KO compared with the UVB-induced tumors of
WTmice. These data suggest that this may be the reason that IL-12
KO mice develop more tumors in UV-exposed skin than their wild-
type counterparts [2,3] and suggest that the endogenous IL-12 in the
IL-12–proficient mice (WT) contributes to their development of fewer
tumors on exposure to a UVB carcinogenesis protocol.
Discussion
Previously, we and others showed that a deficiency of IL-12 enhances

the risk of photocarcinogenesis in mice [2,3] suggesting that IL-12
possesses antiphotocarcinogenic activities. Cell survival signals, includ-
ing the PI3K/Akt, MAPK, and NF-κB signaling pathways, have been
associated with cellular proliferation and carcinogenesis [10,19,20].
Therefore, in this study, we investigated the effects of IL-12 deficiency
on PI3K/Akt, MAPK, and NF-κB signaling in UVB-exposed skin and
skin tumors with the goal of gaining insights into the mechanisms that
link the lack of endogenous IL-12 with the rapid growth of skin tumors
and the multiplicity of these tumors in UVB-exposed IL-12 KO mice
and the mechanisms by which endogenous IL-12 may afford some pro-
tection against UVB-induced photocarcinogenesis in mice.

It is well established that activation of PI3K can play an important
role in carcinogenesis [20,25,26]. The biologic effects of PI3K are
mediated through the activation or phosphorylation of the downstream
target, Akt. Akt, also known as protein kinase B, is a serine/threonine
kinase, which has been identified as an important component of pro-
survival signaling pathways [27]. Our study demonstrates that long-
term exposure of mice to UVB radiation enhances the activation of
PI3K and Akt in both IL-12–deficient and WTmice. However, the
UVB-induced activation of PI3K and Akt was higher in the IL-12–
deficient mice than in the WTmice. The PI3K/Akt signaling pathway
regulates the activity of the transcriptional factor, NF-κB, which in turn
is known to regulate several well-known markers of tumor promotion
and tumor cell proliferation, for example, COX-2, iNOS, PCNA, and
cyclin D1 [28,29]. Our study clearly demonstrates that exposure of
mice to UVB radiation induces the expression of both regulatory (p85)
and catalytic (p110) subunits of PI3K and activates Akt by phosphory-
lation at Ser473 in both IL-12/23–deficient and WTmice, with these
effects being more pronounced in the IL-12–deficient mice than in
their WT counterparts. The greater activation of PI3K/Akt pathway
in the skin of the IL-12 KO mice has the potential to promote cell
survival by activating the NF-κB signaling pathway [30]. Thus, the
greater susceptibility of the IL-12 KO mice to photocarcinogenesis
may be mediated, at least in part, through greater activation of the
PI3K/Akt pathway.

The activation of NF-κB, which has been implicated in inflamma-
tion, cell proliferation, and oncogenic processes [31,32], depends on
the phosphorylation and subsequent degradation of IκB proteins.
Our study showed that long-term exposure to UVB irradiation en-
hances the activation of NF-κB/p65 in the skin of IL-12–deficient
and WTmouse skin and simultaneously enhances the expression of
IKKα while inhibiting the degradation of IκBα. These effects are more
pronounced in the skin of IL-12 KO mice. The activation of NF-κB
has been shown to upregulate the expression of proinflammatory cyto-
kines and inflammatory and oxidative gene products, such as COX-2
and iNOS [23,33], as well as key regulators of cell proliferation, most
notably its effects on cell cycle progression, including its effects on
cyclin D1, a cyclin that is expressed early in the cell cycle and is impor-
tant for DNA synthesis [24]. Most of these genes have been shown
to be upregulated in human cancers, suggesting that up-regulation of
NF-κB and subsequent up-regulation of NF-κB–targeted genes may
promote the development of cancers. In this study, we observed that
UVB exposure of IL-12–deficient and WT mouse skin markedly
upregulated the expression of NF-κB–responsive proteins, such as
COX-2, iNOS, cyclin D1, and PCNA, and that this effect was more
pronounced in the UVB-exposed skin of the IL-12 KO mice than the
UVB-exposed skin of WTmice. The up-regulation of these NF-κB–
targeted proteins in the UVB-exposed skin of IL-12 KO mice may
explain the susceptibility of the IL-12–deficient mice to photocarcino-
genesis. As it is well known that the NF-κB pathway has a role in cell
survival and proliferation, our findings suggest that the enhanced photo-
carcinogenesis in IL-12–deficient mice may be due to the enhanced
activation of NF-κB.

We observed that long-term exposure to UVB radiation stimulates
the phosphorylation of MAPK proteins in IL-12–deficient mice to a
greater extent than long-term UVB exposure of WTmouse skin. The
higher levels of phosphorylation of MAPK proteins play a major role
in cell growth, differentiation, and proliferation and may lead to
clonal expansion of tumor cells into tumors [9]. The MAPK signaling
pathway is an important upstream regulator of the activity of tran-
scription factors implicated in carcinogenesis [34]. Our Western blot
data demonstrate that the expression levels of UVB-induced phos-
phorylated proteins of MAPK family, such as ERK1/2 and p38, in
IL-12 KO mouse skin were higher than those in the skin of WTmice.
The phosphorylation of ERK1/2 has been shown to play a critical role
in transmitting signals from extracellular to intracellular molecules.
Phosphorylation of ERK1/2 and p38 also influences the activation of
inflammation and progression of various types of tumors. Therefore,
the increase in the expression of phosphorylation of MAPK proteins
after UVB irradiation of mice may, in turn, enhance the downstream
events, such as activation of NF-κB that can contribute to the develop-
ment of skin cancers. We suggest that comparatively higher phosphory-
lation of MAPK proteins in the UVB-exposed skin of IL-12 KO mice
than WTmice might be responsible for their stimulatory effects on the
activation of transcription factor NF-κB. Because activation of NF-κB
plays a critical role in tumor promotion, we further verified its effect by
treating the IL-12 KOmice subcutaneously with rIL-12 or with topical
application of oridonin, an inhibitor of NF-κB. We found that sub-
cutaneous treatment of IL-12 KO mice with rIL-12 resulted in the in-
hibition of UVB-induced activation of NF-κB and in the subsequent
inhibition of the expression levels of PCNA and cyclin D1. These data
add new information that restoration of IL-12 in IL-12 KO mice re-
verses the photodamaging effects of UV radiation. Similar effects were
also obtained when these mice were treated with oridonin. This set
of data suggests that if the IL-12 deficiency is corrected or if the acti-
vation of NF-κB is inhibited, then the process of cellular proliferation
can be reduced.

We further checked the effects of IL-12 deficiency on the kinase path-
ways in UVB-induced skin tumors. It was observed that the pattern
of enhancement of cell survival signals, including the expression lev-
els of PI3K/Akt, MAPK, and NF-κB, in the UVB-induced tumors
was identical to those found in the long-term UVB-exposed skin of
the IL-12 KO and WTmice. Analysis of the UVB-induced tumors
further confirmed that the numbers of TUNEL-positive and activated
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caspase 3–positive cells were significantly lower in the UVB-induced
tumors of IL-12 KO mice than the UVB-induced tumors of WT
mice. In addition, the proliferation potential of tumor cells in the per-
centage of PCNA-positive cells was higher in the UVB-induced tumors
of IL-12 KO mice than in the UVB-induced tumors of WTmice.
Together, the present findings suggest that endogenous IL-12 defi-

ciency promotes the UVB-induced cell survival signals in mouse skin
and that this may be a contributing factor in the early, rapid, and en-
hanced development of skin tumors induced by UVB exposure of
IL-12 KO mouse skin. In other words, stimulation of endogenous
IL-12 may downregulate the cell survival signals in the skin and tumors
and thus may inhibit or retard UV carcinogenesis. Further, it is sug-
gested that endogenous enhancement of IL-12 may be considered as
an effective strategy for the prevention of UV irradiation–associated
skin diseases including skin cancers.
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