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Apoptosis is an important cellular response to UV radiation (UVR), but the corresponding mechanisms
remain largely unknown. Here we report that the p85� regulatory subunit of phosphatidylinositol 3-kinase
(PI-3K) exerted a proapoptotic role in response to UVR through the induction of tumor necrosis factor alpha
(TNF-�) gene expression. This special effect of p85� was unrelated to the PI-3K-dependent signaling pathway.
Further evidence demonstrated that the inducible transcription factor NFAT3 was the major downstream
target of p85� for the mediation of UVR-induced apoptosis and TNF-� gene transcription. p85� regulated
UVR-induced NFAT3 activation by modulation of its nuclear translocation and DNA binding and the relevant
transcriptional activities. Gel shift assays and site-directed mutagenesis allowed the identification of two
regions in the TNF-� gene promoter that served as the NFAT3 recognition sequences. Chromatin immuno-
precipitation assays further confirmed that the recruitment of NFAT3 to the endogenous TNF-� promoter was
regulated by p85� upon UVR exposure. Finally, the knockdown of the NFAT3 level by its specific small
interfering RNA decreased UVR-induced TNF-� gene transcription and cell apoptosis. The knockdown of
endogenous p85� blocked NFAT activity and TNF-� gene transcription, as well as cell apoptosis. Thus, we
demonstrated p85�-associated but PI-3K-independent cell death in response to UVR and identified a novel
p85�/NFAT3/TNF-� signaling pathway for the mediation of cellular apoptotic responses under certain stress
conditions such as UVR.

Exposure to UV radiation (UVR), a ubiquitous environ-
mental stress factor, is implicated in many medical problems,
such as sunburn and skin cancer. Multiple types of damage to
the cellular components (DNA, RNA, and proteins) can be
observed upon UVR exposure (1, 24, 60). Apoptosis is an
important response against oncogenesis by eliminating genet-
ically damaged cells. Thus, the deregulation of the apoptotic
response to UV radiation contributes greatly to the process of
UVR-induced carcinogenesis (44, 60).

In addition to the direct cellular damage, UVR induces the
production and release of some inflammatory cytokines, such
as tumor necrosis factor alpha (TNF-�) (33, 42, 44), interleu-
kin-1 (IL-1) (5), and IL-6 (27). TNF-� induction has been
demonstrated to be an acute-phase response to UVR and
contributes to UVR-induced cell apoptosis (29, 42, 44). TNF-�
was originally established as an important cytokine for the
mediation of the immune response, and the corresponding
mechanism for the modulation of TNF-� gene expression in
the immune system has been well characterized (10, 16, 48, 49).
Many of the early studies have demonstrated that the nuclear
factor of activated T cells (NFAT) is the key factor responsible

for TNF-� induction in T and B lymphocytes exposed to var-
ious stimuli (10, 13, 48, 49).

NFAT is a transcription factor family that includes five
members: NFAT1 (NFATp or NFATc2), NFAT2 (NFATc or
NFATc1), NFAT3 (NFATc4), NFAT4 (NFATc3 or NFATx),
and NFAT5 (Ton EBP). Different NFAT members have dis-
tinct tissue expression profiles. NFAT1 and NFAT2 are ex-
pressed predominantly in the lymphocytes and have been
proven to play a pivotal role in human TNF-� gene transcrip-
tion in response to various types of stimulation (13, 48, 49).
NFAT4 is also detected in cells derived from the immune
system, and the overexpression of NFAT4 in transgenic mice
leads to enhanced TNF-� expression in T cells (7). NFAT5 is
distinct from the other four NFAT family members and is
involved in the induction of TNF-� gene transcription during
hypertonic stress alone (12). Unlike other NFAT family mem-
bers, NFAT3 is preferentially expressed in the nonlymphoid
tissues. Whether this factor plays a regulatory role in TNF-�
expression in other somatic cells outside the immune system
remains to be elucidated.

Class IA phosphatidylinositol 3-kinase (PI-3K) is a central
component for transducing signals essential for multiple cellu-
lar processes including cell proliferation, differentiation, mo-
tility, and survival. PI-3K is a heterodimer consisting of a 110-
kDa catalytic subunit (p110) and a regulatory subunit. To date,
five regulatory subunits of PI-3K in mammalian cells have been
identified, including two 85-kDa proteins (p85� and p85�), two
55-kDa proteins (p55� and p55�), and one 50-kDa protein
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(p50�) (14, 15). Of these isoforms, p85� is predominantly and
ubiquitously expressed in most tissues and is thought to be the
major element of response to most stimuli (13). One estab-
lished role for the regulatory subunit of PI-3K is to recruit the
p110 catalytic subunit to the membrane and then catalyze
the conversion of phosphatidylinositol 4,5,-bisphosphate into
the second massager molecule phosphatidylinositol 3,4,5-
triphosphoate, which activates a wide range of the downstream
targets, including the serine/threonine kinase Akt (14, 15).
Although the PI-3K/Akt signaling pathway mediates cell sur-
vival under multiple stress conditions (14, 32), its role in the
determination of cell fates in response to UVR appears to be
cell type dependent (9, 40, 41, 54, 58).

In addition to forming a complex with the p110 catalytic
subunit, p85� exists in a monomeric form due to the greater
abundance of p85� than of p110 in many cell types (51). It has
been proven that monomeric p85� is able to act as a mediator
for transducing the insulin-like growth factor 1-dependent cel-
lular response (33). Moreover, p85� is also involved in the
apoptotic response under oxidative stress in a PI-3K-indepen-
dent manner (57). Therefore, p85� is a multifunctional protein
and its role under stress conditions may go beyond its effect
through the well-known PI-3K pathway.

Here we addressed a novel function of p85� in UVR re-
sponse by the genetic abolishment or targeted disruption of
p85� expression in mouse embryonic fibroblasts (MEFs). Our
results reveal a p85�-dependent but PI-3K-independent apop-
totic response upon UVR and further identify a novel p85�/
NFAT3/TNF-� pathway for the specific mediation of type B
UV (UVB) radiation-induced cell death. This is the first time,
to the best of our knowledge, that the role of p85� in the
activation of NFAT3 in response to UVR has been established,
and this role may have medical implications in the prevention
of UVR-related diseases.

MATERIALS AND METHODS

Plasmids, antibodies, and reagents. The TNF-�-luciferase reporter plasmid,
in which the transcription of the luciferase reporter gene is driven by the up-
stream 5�-flanking region of the TNF-� gene promoter (nucleotides �1260 to
�60), has been described previously (56, 59). The NF-�B-, AP-1-, and NFAT-
luciferase reporter plasmids were also described previously (23, 55). The expres-
sion plasmid containing full-length mouse p85� cDNA (pSR�-p85�) and the
empty vector pSR� were kindly provided by W. Ogawa (Kobe University School
of Medicine, Japan) and described previously (19). The plasmids containing
cDNA for the dominant negative mutant of PI-3K (�p85), a deletion mutant of
p85� lacking the binding site with the p110 catalytic subunit and thus blocking
PI-3K activity, were described in previous studies (19, 30). The adenoviral plas-
mid expressing the dominant negative mutant of Akt (AD-DN-Akt/K179M),
which has a kinase-dead mutation with a single-amino-acid replacement of lysine

179 (K179M), was constructed and kindly provided by Bing-Hua Jiang (West
Virginia University, Morgantown, WV). The adenovirus was produced and am-
plified by transfecting HEK 293 cells with the plasmids. The antibodies used in
the Western blot and super gel shift assays were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and Cell Signal Technology (Beverly, MA),
respectively. Cyclosporine A (CsA) and wortmannin were purchased from Sigma
(St. Louis, MO).

Cell culture. p85��/� and p85��/� MEFs isolated from wild-type and p85�/�

mice were kindly provided by Y. Terauchi and T. Kadowaki (University of
Tokyo, Tokyo, Japan) and were described in a previous study (47). The TNF-�
receptor I (TNF-�RI)�/�, TNF-�RII�/�, TNF-�RI/II�/� MEFs and the corre-
sponding wild-type MEFs were the primary cultures derived from the TNF-�RI,
TNF-�RII, and TNF-�RI/II gene knockout mice and the wild-type mice, which
were kindly provided by Sung O. Kim (University of Western Ontario, Canada).
The MEFs were maintained in Dulbecco’s modified Eagle medium (DMEM;
Calbiochem, San Diego, CA) supplemented with 10% fetal bovine serum (FBS),
1% penicillin/streptomycin, and 2 mM L-glutamine (Life Technologies, Inc.,
Rockville, MD).

siRNA. The small interfering RNAs (siRNAs) targeting the mouse p85�,
mouse TNF-�, mouse NFAT3, and human COX-2 genes were designed with the
aid of the siRNA Target Finder (http://www.ambion.com/techlib/misc/siRNA
_finder.html; Ambion Inc., Austin, TX), and the corresponding expression plas-
mids were constructed using the GeneSuppressor system (Imgenex Co., San
Diego, CA). The target sequence of mouse TNF-� siRNA was 5�-AATTCGA
GTGACAAGCCTGTA-3�, the target sequence of human COX-2 siRNA was
5�-AGACAGATCATAAGCGAGGA-3�, and the target sequence of mouse
p85� siRNA was 5�-TCGAAGGACTGGAATGTTCGACTCT-3�. The target
sequence of mouse NFAT3 siRNA was described previously (31). The siRNA
oligonucleotides specifically targeting the mouse TNF-�RI and TNF-�RII genes
were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell transfection. All of the stable and transient transfections were performed
with Lipofectamine reagents (Life Technologies, Inc., Rockville, MD) according
to the manufacturer’s instructions. To stably transfect the p85��/� and p85��/�

MEFs with the luciferase reporter constructs, the luciferase reporter plasmids
(expressing TNF-�, NF-�B, AP-1, or NFAT) were introduced into the cells
together with lacZ-hygro�, a vector conferring hygromycin resistance. The re-
sulting drug-resistant stable transfectants were identified by using hygromycin B
selection. For transient transfection, the cells were transfected with the luciferase
reporter constructs and then subjected to the next-step exposure 30 h after
transfection. To disrupt the expression of p85�, TNF-�, or NFAT3, p85��/�

MEFs were transfected with the corresponding siRNA recombinant construct
and the stable transfectants were identified by using G418 selection. To knock
down the expression of TNF-�RI and/or TNF-�RII, the p85��/� MEFs were
transfected with the commercially available TNF-�RI or TNF-�RII siRNA oli-
gonucleotides either separately or in combination. The cells were then harvested
48 h later and subjected to the next-step stimulations. For the restoration of p85�
expression in the p85��/� MEFs, the cells were cotransfected with the plasmid
pSR�-p85� and lacZ-hygro�, and the stable transfectants were obtained by using
hygromycin B selection. The wild-type MEFs with �p85 overexpression were
established by cotransfection of the MEFs with the �p85 construct and the
lacZ-hygro� vector. To interfere with the activity of Akt, the wild-type MEFs
were infected with AD-DN-Akt/K179M and the cells were then exposed to UVB
radiation 36 h after infection with the virus.

RT-PCR. Total RNA was extracted with TRIzol reagent (Gibco), and cDNA
was synthesized with the ThermoScript reverse transcription-PCR (RT-PCR)
system (Invitrogen, Carlsbad, CA). For the detection of TNF-� induction, a pair
of oligonucleotides (5�-CCAGACCCCACACTCAGAT-3� and 5�-AACACCCA

FIG. 1. p85� exerted proapoptotic activity specifically in response to UVR. (A) Identification of p85�, p50�, and p55� expression in p85��/�

and p85��/� MEFs. (B) p85��/� and p85��/� MEFs were exposed to different doses of UVB radiation, and cell apoptosis was determined by flow
cytometry analysis 24 h later. AP, apoptosis; �, present; �, absent. (C) Quantification data from three independent experiments described in the
legend to panel B. (D) p85��/� and p85��/� MEFs were treated with arsenite (10 	M), and the level of cell apoptosis was determined 12 and
24 h later. Results from a representative experiment and the percentage of the apoptotic cells in each group are presented. (E) p85��/� and
p85��/� MEFs were exposed to different doses of UVB radiation, and the cleavage of caspase 3 and PARP was detected 12 h later. (F) Forced
expression of p85� partially restored the wild-type response in p85��/� MEFs (P85��/�/P85�). (G) p85��/� and p85��/� MEFs, p85��/� MEFs
transfected with a vector, and p85��/� MEFs expressing p85� were exposed to UVB radiation (2 kJ/m2), and cell apoptosis was detected 24 h later.
A representative result and the percentage of the apoptotic cells in each group are presented. (H) p85��/� MEFs transfected with a vector and
p85��/� MEFs expressing p85� were exposed to different doses of UVB radiation, and the cleavage of caspase 3 and PARP was detected 12 h
later.
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TTCCCTCACAG-3�) were synthesized as described in a previous report (18)
and used as the specific primers to amplify mouse TNF-� cDNA. The mouse
�-actin cDNA was amplified by using the primers 5�-GACGATGATATTGCC
GCACT-3� and 5�-GATACC ACGCT TGCTCTGAG-3�.

Cell apoptosis assay. Cells seeded in 6-well plates (2 
 105/well) were starved
by replacing the medium with 0.1% FBS-DMEM 24 h prior to UV radiation.
Culture plates were then covered with a thin layer of fresh medium (0.1%
FBS-DMEM) and exposed to UVR. Control cultures were identically processed
but not irradiated. The UVB light source was purchased from UVP Inc. (Upland,
CA) and emitted �95% 302-nm-wavelength UVB light. Exposure to UVB ra-
diation for 1, 2, or 4 min corresponds to a dose of 1, 2, or 4 kJ/m2 of UVB
radiation. After the indicated time periods, the UVR-treated and control cells
were harvested and fixed in 75% ethanol and then stained with propidium iodide
solution (50 	g/ml) in the presence of RNase A. Propidium iodide is excluded by
the viable cells, but it can penetrate the membranes of the apoptotic or dead
cells. The apoptotic profile was determined by flow cytometry utilizing a Beck-
man-Coulter EpicsXL flow cytometer on the FL3 channel, and gating was set to
exclude debris and cellular aggregates. Twenty thousand events were counted for
each analysis, and two to four independent experiments for each group were
conducted. The subdiploid DNA peak, immediately adjacent to the G0/G1 peak,
represented apoptotic cells and was quantified by histogram analyses.

Western blot assay. Cellular protein extracts were prepared with a cell lysis
buffer (10 mM Tris-HCl [pH 7.4], 1% sodium dodecyl sulfate, 1 mM Na3VO4)
and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The
membranes were probed with the primary antibodies indicated in the figures and
the alkaline phosphatase-conjugated second antibody. Signals were detected by
using the ECF Western blotting system as described in previous reports (24, 30).

Luciferase reporter assay. MEFs transiently or stably transfected with the
luciferase reporter constructs were seeded into 96-well plates (8 
 103/well) and
subjected to the various treatments when cultures reached 80 to 90% confluence.
Cellular lysates were prepared at the time points indicated in the figures, and the
luciferase activities were determined by using a luminometer (Wallac 1420 Vic-
tor 2 multilabel counter system) as described in previous studies (24, 30). The
results are expressed as relative activities normalized to the luciferase activity in
the control cells without treatment.

Electrophoretic mobility shift assays (EMSA). Nuclear proteins were pre-
pared with the CelLytic-NuCLEAR extraction kit (Sigma, St. Louis, MO) ac-
cording to the manufacturer’s protocols. Five micrograms of nuclear protein was
subjected to the gel shift assay by incubation with 1 	g of poly(dI-dC) DNA
carrier in DNA binding buffer (10 mM Tris [pH 8.0], 150 mM KCl, 2 mM EDTA,
10 mM MgCl2, 10 mM dithiothreitol, 0.1% bovine serum albumin, 20% glycerol)
in a final volume of 10 	l on ice for 10 min. Then a volume corresponding to 105

cpm (108 cpm/	g) of the 32P-labeled double-stranded oligonucleotide (2 	l) was
added, and the reaction mixture was incubated at room temperature for 30 min.
For competition experiments, 20-fold molar excesses of the unlabeled oligonu-
cleotides or the irrelevant cold probes were added before the addition of the
probe. For the super gel shift assay, nuclear extracts were incubated with 2 	g of
either the preimmune serum or the specific anti-NFAT3 antibody for 30 min at
4°C before the addition of the probe. DNA-protein complexes were resolved by
electrophoresis on 5% nondenaturing glycerol-polyacrylamide gels.

The following synthetic oligonucleotides (5� to 3�) were used as probes or
competitors in EMSA experiments (core sequences are underlined): GCCCAA
AGAGGAAAATTTGTTTCATACAG (NFAT site on the murine IL-2 pro-
moter), GGCCCAAAGACCTTTATTTGTTTCATACAG (mutated NFAT site
on the murine IL-2 promoter), CCCCAACTTTCCAAACCCT (nucleotides
�185 to �167 containing the putative NFAT site on the mouse TNF-� pro-

moter; designated probe TNF-�-NFAT1), GGAAGTTTTCCGAGGGTTGA
ATGA (nucleotides �79 to �56 containing the putative NFAT site on the mouse
TNF-� promoter; designated probe TNF-�-NFAT2), GAACATGTCTTGACA
TGTTC (p53 site on the mouse p21 promoter), GAGCCGCAAGTGACTCAG
CGCGGGCG (AP-1 consensus sequence), and GAGTTGAGGGGACTTTCC
CAGGC (NF-�B consensus sequence).

Site-directed mutagenesis. Site-directed mutagenesis was performed with the
QuikChange II XL site-directed mutagenesis kit (Stratagene, La Jolla, CA)
according to the manufacturer’s protocol. The following synthetic oligonucleo-
tide primers (lowercase letters indicate the mutated positions) were used for the
construction of the mutants: 5�-CTGGGTGTCCCCCAACgTTaaAAACC CTC
TGCCCC-3� (designated �1260 ��178) and 5�-CTCCACCAAGGAAGTTaga
CGAGGGTTGAATGAGAGC-3� (designated �1260 ��72). The nucleotide
sequences of the mutants were confirmed by automatic DNA sequencing.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was performed
with the EZ ChIP kit (Upstate) according to the manufacturer’s protocol.
Briefly, cells were untreated or treated with UVB radiation (1 kJ/m2) for 12 h
and then genomic DNA and the proteins were cross-linked with 1% formalde-
hyde. The cross-linked cells were pelleted, resuspended in lysis buffer, and
sonicated to generate 200- to 500-bp chromatin DNA fragments. After centrif-
ugation, the supernatants were diluted 10-fold and then incubated with anti-
NFAT3 antibody or the control rabbit immunoglobulin G at 4°C overnight. The
immune complex was captured by protein G agarose saturated with salmon
sperm DNA and then eluted with the elution buffer. DNA-protein cross-linking
was reversed by heating at 65°C for 4 h. DNA was purified and subjected to PCR
analysis. To specifically amplify the region containing the putative NFAT-re-

FIG. 2. The resistance of p85��/� MEFs to UV-induced apoptosis was unrelated to PI-3K-dependent pathway activation. (A) p85��/� and
p85��/� MEFs were exposed to UVB radiation (1 kJ/m2), and the phosphorylation statuses of Akt (P-Akt), GSK3� (P-GSK3�), and p70S6k

(P-p70S6k were detected by a Western blot assay at the indicated time periods after UVR exposure. (B) p85��/� MEFs were infected with the
adenovirus expressing DN-Akt or that expressing GFP (AD-GFP). The overexpression of DN-Akt or GFP in p85��/� MEFs was detected 36 h
postinfection. (C) Cells described in the legend to panel B were subjected to UVB radiation exposure 36 h after infection with the virus, and the
activation of GSK3� and the inducible cleavage of caspase 3 were detected 12 h later. (D) Cells described in the legend to panel B were subjected
to UVB radiation exposure, and the incidence of cell death was determined by flow cytometry analysis 30 h after radiation. AP, apoptosis; �,
present; �, absent. (E) p85��/� MEFs stably transfected with the �p85 construct or the control vector (vc) were exposed to UVB radiation. The
activation of Akt and GSK3� and the inducible cleavage of caspase 3 were detected 12 h later. (F) Cells treated as described in the legend to panel
E were subjected to flow cytometry analysis 30 h after UVR exposure to determine the percentage of apoptotic cells. (G) p85��/� MEFs were
pretreated with wortmannin (200 nM) or its carrier dimethyl sulfoxide (DMSO) for 1 h, followed by exposure to UV radiation. The activation of
Akt and the inducible cleavage of caspase 3 and PARP were detected 12 h later. (H) Cells treated as described in the legend to panel G were
subjected to flow cytometry analysis 30 h after UVR exposure.

FIG. 3. Both p85��/� and p85��/� MEFs are competent for UVB
radiation-induced phosphorylation of JNKs (P-JNKs) and p38K (P-
p38K). (A) Induction of JNK and p38K phosphorylation at different
time periods after a single dose of UVB radiation (1 kJ/m2). (B) In-
duction of JNK and p38K phosphorylation 1.5 h after treatment with
different doses of UVB radiation.

VOL. 27, 2007 INVOLVEMENT OF p85� IN UVR-INDUCED CELL APOPTOSIS 2717



2718 SONG ET AL. MOL. CELL. BIOL.



sponsive elements on the mouse TNF-� promoter, PCR was performed with the
following pair of primers: 5�-CGATGGAGAAGAAACCGAGACAGA-3� (for-
ward) and 5�-AGGGAGCTTC TGCTGGCTGGCTGT-3� (reverse). The prim-
ers that targeted the region �1 kb upstream of the NFAT binding sites on the
TNF-� promoter were also used in the PCR analysis to support the specificity of
the ChIP assay: 5�-CCTGCACCATCTGTGAAACCCAAT-3� (forward) and 5�-
AATCCACCATGTC TCTGGGAGCTG-3� (reverse).

RESULTS

Genetic evidence that p85� plays a key role specifically in
UVR-induced apoptosis. p85� has been shown to perform mul-
tiple functions dependent on or independent of PI-3K activity
(13, 33, 57). To investigate the role of p85� in responses to
UVR, primary MEFs isolated from the p85� gene knockout
mice and the corresponding wild-type mice with an otherwise
identical genetic background were used in the present study.

Due to the alternative splicing mechanism, the p85� gene
(Pik3r1) encodes three protein isoforms, including the full-
length p85� and the two truncated splicing variants, p50� and
p55�, which share identical C-terminal sequences with p85�
but have the N-terminal section of the p85� polypeptide re-
placed by unique sequences of 6 and 34 amino acids, respec-
tively (25). The p85��/� MEFs are derived from the mice with
a single deletion of exon 1A (containing the initiation codon
for p85�) of the Pik3r1 gene, which results in the selective
abolishment of p85� expression without disrupting the p50�
and p55� splicing variants corresponding to the intact exons 1B
and 1C (containing the initiation codons for p50� and p55�,
respectively) (47). We also confirmed the specific absence of
p85� expression in p85��/� MEFs, in which the levels of p50�
and p55� were normal, by Western blot assay with the antibody
raised against the common C terminus of p85�, p50�, and
p55� (Fig. 1A). Another isoform of the 85-kDa regulatory
subunit of PI-3K, p85�, was encoded by a distinct sequence of
cDNA, and its expression level was not altered by the selective
disruption of the p85� gene (47).

To determine whether p85� is specifically involved in the
stress-induced cellular responses, we initially exposed p85��/�

and p85��/� MEFs to various damaging stimuli, including
UVR, arsenite, and a nickel compound, and then compared
the cellular apoptotic responses of the two types of MEFs. As
shown in Fig. 1B and C, apoptosis among the wild-type cells in
response to UVR could be obviously detected 24 h after UVR
exposure but this response was significantly attenuated among
the p85��/� MEFs under the same conditions. In contrast, the
level of induction of apoptosis in response to arsenite was

much higher among the p85��/� MEFs than among the wild-
type cells (Fig. 1D), while NiCl2-induced cell death did not
show an obvious difference between p85��/� and p85��/�

MEFs (data not shown). Therefore, p85� filled a specific role
in the mediation of cellular apoptosis in response to UVR. We
further confirmed this result by the detection of caspase 3
cleavage and poly(ADP-ribose) polymerase (PARP) cleavage,
two well-documented indicators of cell apoptosis (38), which
were clearly observed in p85��/� MEFs under UV radiation
but significantly inhibited in the p85��/� cells under the same
treatment (Fig. 1E). These observations indicate that the inci-
dence of UVR-induced apoptosis was specifically impaired in
the p85�-null MEFs.

To rule out the possibility that the resistance to UVR-in-
duced apoptosis in p85��/� MEFs was due to gene changes
other than that resulting in the p85� deficiency during the
establishment of the p85��/� MEFs, p85��/� MEFs were
transfected with a plasmid containing the full-length p85�
cDNA for stable expression (Fig. 1F). Compared to the control
vector transfectant, p85��/� MEFs with the forced expression
of p85� showed a partially restored apoptotic response under
UVR (Fig. 1G). Consistently, UVR-induced caspase 3 and
PARP cleavage was also present in the p85��/� cells in which
p85� had been reintroduced (Fig. 1H). These data clearly
demonstrate that p85� acts as a mediator specifically for UVR-
induced cell apoptosis in MEFs.

The impaired apoptotic response in p85�-null MEFs upon
UVR was mediated by a PI-3K-independent pathway. The PI-
3K-dependent pathway has been proven to be a critical cell
survival cascade under multiple stress conditions (13, 32), but
its role in the response to UVR remains controversial (9, 40,
41, 54, 58). Optimal signaling through PI-3K depends on a
critical molecular balance of the regulatory and catalytic sub-
units (50, 51). Therefore, p85� deficiency might lead to the
deregulation of the PI-3K-dependent pathway and affect the
cell apoptotic response. To assess this possibility, we detected
the activation status of Akt and p70S6k, two important down-
stream targets of PI-3K that our group has proven to be in-
volved in the response to UVR in another mouse cell line (22,
24, 54). As shown in Fig. 2A, no significant difference in UVR-
induced Akt or p70S6k phosphorylation between the p85�-null
and the wild-type MEFs was observed. Glycogen synthase ki-
nase 3� (GSK3�), a downstream target of Akt in many cellular
responses (36), could also be induced by UVB radiation in
both p85��/� and p85��/� cells at comparable levels (Fig.

FIG. 4. p85�-mediated UVB radiation-induced apoptosis by the induction of TNF-� gene transcription. (A) p85��/� and p85��/� MEFs stably
transfected with TNF-�-luciferase reporter constructs were exposed to different doses of UVB radiation, arsenite, nickel chloride, or H2O2. The
luciferase activities were determined 12 h (for UVB radiation and H2O2) or 24 h (for arsenite and nickel chloride) later. The results were expressed
as the relative TNF-� promoter activity normalized to the luciferase activity of the cells without any treatment. (B) p85��/� and p85��/� MEFs
were exposed to different doses of UVB radiation (upper panel) or H2O2 (lower panel), and the transcription of TNF-� mRNA was detected by
a RT-PCR assay 12 h later. The relative levels of expression of TNF-� mRNA normalized to the expression in the �-actin control are presented.
(C and D) The reintroduction of exogenous p85� partially reactivated TNF-� gene transcription in p85��/� MEFs [P85��/�(P85)] 24 h after UV
radiation. TNF�-Luc, TNF-�-luciferase reporter construct. (E) p85��/� MEFs stably transfected with TNF-�-specific siRNA or the control siRNA
were exposed to different doses of UVB radiation, and the inducible TNF-� gene transcription was detected by a RT-PCR assay 12 h after UV
radiation. (F) Stable transfection with TNF-�-specific siRNA decreased the expression of the TNF-� precursor (30 kDa) in the wild-type cells.
(G) Cells described in the legend to panel E were exposed to a single dose of UVB radiation (2 kJ/m2), and the level of cell apoptosis was
determined 24 h later. AP, apoptosis; �, present; �, absent. (H) The cleavage of caspase 3 and PARP was inhibited in a stable transfectant with
TNF-� siRNA 12 h after UV radiation.
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2A). These data suggest that p85� deficiency does not affect
the activation status of the PI-3K-dependent pathway in the
UVR response.

To further assess the role of the PI-3K-dependent pathway
under UVR exposure, AD-DN-Akt/K179M was introduced
into the wild-type MEFs and the adenovirus construct express-
ing green fluorescent protein (GFP) was used as a control (Fig.
2B). The effectiveness of the functional overexpression of the
dominant negative mutant of Akt (DN-Akt) in p85��/� MEFs
was confirmed by the reduced activation of the downstream
target of Akt, GSK3�, under UVR (Fig. 2C). However, no
obvious changes in the incidence of cell death among the
DN-Akt-overexpressing p85��/� MEFs compared with the
GFP-overexpressing cells were observed, as evidenced by both
flow cytometric analysis (Fig. 2D) and the induced cleavage of
caspase 3 (Fig. 2C). Consistently, the introduction of �p85 into
the wild-type MEFs resulted in an inhibition of UVR-induced
Akt and GSK3� activation (Fig. 2E) without influencing the
cell apoptotic response to UVR stress (Fig. 2E and F). Similar
phenomena in the human keratinocytes have been observed
according to a previous report (58). In addition, we found that
pretreatment of the wild-type MEFs with wortmannin, an es-
tablished specific PI-3K inhibitor, had no effects on the cellular
apoptotic response to UVR stimulation, although the induc-
ible Akt activation was almost totally blocked by the wortman-
nin pretreatment (Fig. 2G and H). Taken together, these re-
sults indicate that the disruption of PI-3K/Akt pathway
activation does not show obvious effects on the incidence of
cell death in response to UVR. Accordingly, p85� exerts pro-
apoptotic activity in response to UVR via a PI-3K/Akt-inde-
pendent pathway.

p85�-null MEFs were competent for the activation of JNKs
and p38K in response to UVR. The c-Jun N-terminal kinases
(JNKs) and p38 kinases (p38K) are two important protein
kinases that mediate cell apoptosis induced by various stresses,
including UVR (11). To test whether p85� transmits the
apoptotic signal through these two pathways, UVR-induced
phosphorylation of JNKs and p38K in the wild-type and
p85��/� MEFs was analyzed. As shown in Fig. 3, JNK and
p38K phosphorylation under UVR exhibited the same dynam-
ics in both p85��/� and p85��/� MEFs. Thus, we exclude the
involvement of JNKs and p38K-dependent pathways in p85�-
mediated cell apoptosis in response to UVR.

p85� mediated UVR-induced apoptosis by the induction of
TNF-� expression. TNF-� induction is one of the acute-phase
responses to UVR and contributes to UVR-induced patho-
genic effects, including cell apoptosis (44). To further address
the molecular mechanism of p85�-mediated cell death, we
next analyzed whether p85� deficiency affected UVR-induced
TNF-� expression. To this end, the wild-type and p85��/�

MEFs were stably transfected with the TNF-�-luciferase re-
porter plasmid, in which the transcription of the luciferase
reporter gene was driven by the mouse TNF-� promoter (nu-
cleotides �1260 to �60) (56, 59). We found that the TNF-�
promoter-driven luciferase activities were significantly induced
in wild-type MEFs in a dose-dependent manner but that such
induction was dramatically suppressed in p85��/� transfec-
tants under the same experimental conditions (Fig. 4A). We
further confirmed this result by a RT-PCR assay. Again, the
specific transcription of TNF-� mRNA was significantly in-

duced by UVB radiation in wild-type MEFs but not detectable
in the p85��/� MEFs (Fig. 4B). These results suggest that the
particular event of TNF-� induction in response to UVR can
be interrupted by p85� deficiency.

To further illustrate the cause-effect relationship between
the expression of p85� and UVR-induced TNF-� gene tran-
scription, the p85�-null MEFs were transfected with the plas-
mid expressing the full-length p85� and the TNF-� promoter-
driven luciferase reporter and then the stable transfectant mass
was established. As expected, the reintroduction of p85� into
the null mutant cells resulted in the induction of the TNF-�
promoter-driven luciferase activities by UVB radiation (Fig.
4C). Consistently, the transcription of TNF-� mRNA induced
by UVB radiation was also restored in the MEFs in which p85�
was reintroduced, as indicated by the results of the RT-PCR
assay (Fig. 4D). We therefore conclude that p85� functions as
a mediator for TNF-� induction in fibroblasts in response to
UV radiation.

An earlier study revealed that p85� has an effect on the
mediation of the apoptotic response to H2O2-induced oxida-
tive stress (57). UV radiation also yields reactive oxidative
species in vivo (28). Therefore, we wondered whether p85�-
mediated TNF-� up-regulation was a common response to the
oxidative stress or whether it was specific to certain UVR
damaging signals. To clarify this issue, wild-type and p85�-null
MEFs stably transfected with TNF-�-luciferase reporter plas-
mids were treated with different oxidative reagents, including
H2O2, arsenite, and NiCl2 (4, 52). We found that all of these
tested oxidative reagents failed to obviously induce the tran-
scriptional activation of the TNF-� promoter (Fig. 4A and B).
Therefore, we conclude that the effect of p85� on TNF-�
transcriptional activation is specifically induced by UVR dam-
age and is unrelated to the oxidative stress.

To further define whether the p85�-mediated TNF-� induc-
tion contributed to UVR-induced cell apoptosis, the wild-type
MEFs were stably transfected with a plasmid expressing a
specific siRNA targeting the mouse TNF-� gene and a control
irrelevant siRNA (human COX-2 siRNA). The efficacy of the
stably expressed TNF-� siRNA in the suppression of UVR-
induced TNF-� mRNA transcription was verified by a RT-
PCR assay (Fig. 4E). Western blot analysis further demon-
strated that the stable expression of TNF-� siRNA caused a
significant decline in the level of expression of the cellular
TNF-� precursor in the whole-cell extracts (Fig. 4F). However,
we failed to detect the release of soluble TNF-� into the cell
culture supernatant upon UV radiation. Actually, the level of
induction of TNF-� proteins by UVB radiation was reported to
be extremely low and usually beyond the limit of detection by
regular immunoassays (46).We further provided evidence that
inhibiting TNF-� induction reduced the incidence of UVR-
induced apoptosis (Fig. 4G) and partially inhibited caspase 3
and PARP cleavage in response to UVR (Fig. 4H) while there
were no obvious changes in the apoptosis-resistant status of the
p85�-null cells with or without TNF-� siRNA transfection
(data not shown). These data indicate that the inducible p85�-
mediated TNF-� gene transcription represents an apoptotic
pathway in response to UVR.

It is generally believed that TNF-� exerts its biological ef-
fects by binding with its cognate membrane TNF receptor (17).
However, due to the extremely low level of the released TNF-�
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FIG. 5. Knockdown of TNF-� receptor expression increased UVR-induced cell apoptosis. (A) Identification of TNF-�RI�/�, TNF-�RII�/�,
and TNF-�RI/II �/� MEFs. (B) TNF-�RI�/�, TNF-�RII�/�, and TNF-�RI/II�/� MEFs and the corresponding wild-type MEFs were exposed to
different doses of UVB radiation, and then the level of cell apoptosis was determined 24 h later. AP, apoptosis; �, present; �, absent. (C, E, and
G) Wild-type cells were transfected with TNF-�RI- or TNF-�RII-specific siRNAs and the corresponding control siRNAs either separately (C and
E) or in combination (G). The levels of expression of TNF-�RI and/or TNF-�RII were detected 48 h after transfection (D, F, and H). Cells
described in the legend to panels C, E, and G were subjected to UVB radiation exposure 48 h after transfection, and the level of cell apoptosis
was determined 24 h after UV radiation.
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induced by UVB radiation (as described here and in reference
46), we wondered if this trace amount of TNF-� triggers cel-
lular apoptosis through the classical TNF receptor-dependent
manner in response to UVR. To address this issue, primary
cultures of TNF-�RI�/�, TNF-�RII�/�, and TNF-�RI/II�/�

MEFs (Fig. 5A) were exposed to UVR, and the incidence of
cell apoptosis was detected by flow cytometry analysis. Unex-
pectedly, the knockdown of either membrane TNF-�RI or
TNF-�RII or both of the two receptors rendered the cells
more sensitive than the wild-type cells, not resistant to, UVR-
induced apoptosis under various conditions (Fig. 5B). Consis-
tently, the incidence of cell death in response to UV radiation
also increased when the wild-type cells were transfected with
TNF-�RI- or TNF-�RII-specific siRNA either separately or in
combination compared with that among the control siRNA-
transfected cells (Fig. 5C to H). Altogether, these results sug-
gest that TNF-� induced by UVR appears to mediate the
prodeath effect independently of the membrane TNF receptor.

NFAT, but not NF-�B, AP-1, or Egr-1, was involved in p85�-
mediated TNF-� gene transcription in response to UVR.
Bioinformatics analysis revealed that the mouse TNF-� pro-
moter region was enriched with several putative DNA binding
sites of some important transcription factors, such as NF-�B,
NFAT, AP-1, and early growth response protein 1 (Egr-1), all
of which have been implicated in the regulation of human
TNF-� gene expression in the immune-system cells (10, 13, 49,
50). Therefore, to investigate which of these factors is engaged
in the p85�-mediated TNF-� induction in response to UVR,
the wild-type and p85�-null cells were stably transfected with
the luciferase reporter plasmids containing several tandem
consensus binding sites for AP-1, NF-�B, or NFAT. The in-
duction of Egr-1 was monitored by Western blot assay. As
shown in Fig. 6, UVB radiation-induced NF-�B-dependent
luciferase activities were comparable in the wild-type and the
p85�-null cells (Fig. 6A). The induction of Egr-1 in response to
UVB radiation did not show a big difference in the two types
of MEFs, either (Fig. 6B). AP-1 transcriptional activity, as well
as the activation of AP-1 components (including Jun, Fos, and
ATF family members), was effectively induced by UVB radia-
tion at similar levels in p85��/� and p85��/� MEFs (Fig. 6C
and D). Therefore, we exclude the involvement of NF-�B,
Egr-1, and AP-1 in the discrepancy in levels of TNF-� induc-
tion between the wild-type and the gene knockout cells.

Some NFAT family members (NFAT4 and 5) have been
previously shown to be involved in murine TNF-� induction in
T cells (2, 7). One of our previous studies has also demon-
strated UV-induced NFAT transactivation in mouse epidermal

cells (21). Consistently, we found an obvious induction of
NFAT transcriptional activity in the wild-type MEFs upon UV
radiation, while a much lower level of induction in p85��/�

cells was observed. The reintroduction of p85� into the null
mutant cells partially restored the NFAT transactivation under
the same conditions (Fig. 6E). In addition, when the TNF-�-
luciferase reporter-transfected wild-type cells were exposed to
UV radiation in the presence of different doses of CsA, a
specific inhibitor of the calcineurin/NFAT pathway, UVR-in-
duced TNF-� gene transcription was efficiently inhibited in a
dose-dependent manner (Fig. 6F and G). Based on these re-
sults, we anticipated that the NFAT activity might be involved
in the process of p85�-mediated TNF-� induction in MEFs
upon UV radiation.

The process of UVR-induced NFAT3 nuclear translocation
and the subsequent binding of NFAT3 to the TNF-� promoter
were regulated by p85� in MEFs. To address which NFAT
family member might be involved in p85�-regulated TNF-�
gene transcription in response to UVR, whole-cell extracts of
p85��/� MEFs, p85��/� MEFs, and the null mutant cells in
which p85� expression was restored were subjected to the
Western blot assay to detect the expression profiles of the
distinct NFAT family members. As shown in Fig. 7A, NFAT3
is the predominant form of this family of proteins expressed in
the wild-type MEFs. The deficiency of p85� led to a reduced
NFAT3 basal level, and the return of p85� into the null mutant
cells restored NFAT3 expression. Although the expression of
NFAT4 also could be detected in both the wild-type and the
null mutant cells, its role in the p85�-regulated response ap-
peared to be minimal because its level of expression was much
lower than that of NFAT3. There was no detectable expression
of NFAT1, 2, or 5 in the MEFs. These data suggest that
NFAT3 may be the major NFAT family member that is in-
volved in the p85�-regulated response to UVR.

To reveal how p85� regulates NFAT3 activation in response
to UVR, we next detected the nuclear translocation of NFAT3,
one of the key steps for the activation of this transcription
factor. As shown in Fig. 7B, UV radiation induced an obvious
nuclear import of NFAT3 in the wild-type MEFs. However,
the process of NFAT3 nuclear accumulation was significantly
inhibited in the p85�-null cells. Actually, we repeatedly ob-
served that the amount of nuclear NFAT3 was further de-
creased, rather than increased, in the null mutant cells after
UV radiation. The reintroduction of p85� into the null mutant
cells restored the shuttling of NFAT3 into the nucleus upon
UVR. In addition, CsA pretreatment significantly blocked the
nuclear import of NFAT3 in the wild-type cells in a dose-

FIG. 6. NFAT was involved in p85�-mediated TNF-� induction in response to UVR. (A) p85��/� and p85��/� MEFs stably transfected with
NF-�B-luciferase reporter constructs were exposed to UV radiation, and the inducible luciferase activities were determined 12 h later. (B) p85��/�

and p85��/� MEFs were exposed to UVR (1 kJ/m2), and the cytosolic and nuclear extracts were prepared 12 h after radiation. The expression
level of Egr-1 was monitored by a Western blot assay. (C) AP-1 transcriptional activity was determined to be similar to that of NF-�B as described
in the legend to panel A. (D) A Western blot assay showed comparable levels of phosphorylation of Jun (P-c-Jun), Fos, and ATF (P-ATF2) family
members in response to UVR in p85��/� and p85��/� MEFs. (E) p85��/� and p85��/� MEFs and the p85��/� MEFs expressing p85�
[P85��/�(P85)] were transiently transfected with the NFAT-luciferase reporter constructs (NFAT-Luc) and exposed to UVB radiation, and the
NFAT transcriptional activity was determined 24 h later. (F) p85��/� MEFs stably transfected with TNF-�-luciferase reporter constructs were
pretreated with different doses of CsA for 2 h and then exposed to UV radiation (1 kJ/m2). The luciferase activities were determined 12 h later.
(G) Cells described in the legend to panel F were pretreated with a single dose of CsA (5 	M) for 2 h and then exposed to different doses of UV
radiation. The luciferase activities were determined 24 h later.
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dependent manner. NFAT3 in CsA-treated cells showed a
higher molecular weight than that in the CsA-untreated cells,
probably due to the full phosphorylation of this transcription
factor through the disruption of the activity of calcineurin in
the presence of CsA (Fig. 7C). Taken together, these data
indicate that the process of NFAT3 nuclear translocation was
regulated by p85� in response to UVR.

To further assess the link between NFAT3 activation and
p85�-mediated TNF-� induction under UVR, EMSA experi-
ments were performed to address whether the two putative
NFAT binding sites, which contained the GGAAA NFAT core
sequence and were located at positions �178 and �72 relative
to the transcription start site of the TNF-� gene (Fig. 7D),
could act as the functional NFAT-responsive elements in the
response to UVR. For this purpose, two oligonucleotides in-
cluding these sequences were synthesized and used as probes
(named TNF-�-NFAT1 and TNF-�-NFAT2) in a gel shift
assay. As expected, both of the probes efficiently bound to the
nuclear proteins from the UVB radiation-treated p85��/�

MEFs (lanes 2 in Fig. 7E and F) but the formation of the
retarded DNA-protein complexes was significantly inhibited in
p85��/� MEFs (lanes 4 in Fig. 7E and F). The specific binding
of the nuclear proteins with these two probes was confirmed by
competition experiments. As shown in Fig. 7G, the major re-
tarded band detected by the TNF-�-NFAT2 probe in wild-type
cells was efficiently outcompeted by a 20-fold molar excess of
the unlabeled TNF-�-NFAT2 cold probe and the oligonucle-
otide containing the NFAT binding sequence on the murine
IL-2 promoter but not by the same amount of the mutant
IL-2/NFAT, NF-�B, AP-1, and p53 cold probes. Similar results
were also obtained in the TNF-�-NFAT1 cold probe compe-
tition assay (data not shown). When the nuclear proteins of
UVR-treated wild-type cells were subjected to the super gel
shift assay, we found that the addition of the specific anti-
NFAT3 antibody to the reaction mixtures caused the super-
shift of the inducible complexes generated with both probes
(lanes 6 in Fig. 7E and F) while the isotype control antibody

did not alter the retarded complexes in the samples (lanes 5 in
Fig. 7E and F), demonstrating the presence of NFAT3 in both
DNA-protein complexes. In addition, CsA pretreatment effi-
ciently inhibited the formation of the specific complexes in a
dose-dependent manner (Fig. 7H and data not shown). The
reintroduction of p85� significantly restored the binding of the
nuclear extracts with the two probes in p85�-null cells (Fig. 7I
and data not shown). These data indicate that the interaction
of the CsA-sensitive NFAT3 with the TNF-� gene promoter
was regulated by p85� under UVR.

To further confirm the results from EMSA experiments, we
next performed the ChIP assay by using the specific antibody
against NFAT3 or normal serum. The detection of the TNF-�
promoter among the antibody-captured genomic DNA frag-
ments was performed by PCR amplification with primers de-
signed to specifically recognize the region containing NFAT-
responsive elements. As shown in Fig. 7J, efficient promoter
amplification from the input samples from p85��/� and
p85��/� MEFs and the null mutant cells expressing p85�
could be observed, with or without UV radiation. The NFAT3
antibody strongly coimmunoprecipitated with the target
TNF-� promoter region DNA from UVB radiation-treated
p85��/� cells but not with that from the UVB radiation-un-
treated samples, indicating the inducible recruitment of
NFAT3 to the endogenous TNF-� promoter in the wild-type
MEFs under the simulated conditions. Furthermore, no signal
was observed in the control immunoglobulin G-immunopre-
cipitated samples, supporting the specific binding of NFAT3
with the TNF-� promoter. In contrast, samples from UVB
radiation-treated p85��/� cells immunoprecipitated with anti-
NFAT3 antibody did not show detectable amplification of
TNF-� promoter DNA while the immunoprecipitation of the
chromatin from UVB radiation-simulated null mutant cells
expressing p85� with anti-NFAT3 antibody led to a marked
restoration of the enrichment with the target promoter DNA.
Further specificity of this ChIP assay was demonstrated by the
inability to detect the occupancy of NFAT3 on a region �1 kb

FIG. 7. NFAT3 nuclear translocation and the DNA binding ability of NFAT3 with the mouse TNF-� gene promoter were regulated by p85�
under UVR. (A) The expression profiles of the five NFAT family members in p85��/� and p85��/� MEFs and the null mutant cells in which p85�
was reintroduced were determined by a Western blot assay. Commercially available HeLa whole-cell extracts (for NFAT5) or Ramos nuclear
extracts (for NFAT1 through 4) served as the positive controls for each antibody. (B) Cytosolic and nuclear extracts (indicated as C and N,
respectively) from UVR-treated and untreated p85��/� and p85��/� MEFs and the p85��/� MEFs expressing p85� were prepared and subjected
to a Western blot assay to detect the nuclear translocation of NFAT3 under UV radiation. (C) p85��/� MEFs were pretreated with different doses
of CsA for 2 h, followed by exposure to UV radiation. The cytosolic or nuclear distribution of NFAT3 was determined 12 h after radiation.
(D) Sequences containing two putative NFAT binding sites on the TNF-� gene promoter were used as probes in EMSA experiments. The
consensus NFAT binding sequence is underlined and italicized. (E and F) p85��/� and p85��/� MEFs were exposed to UVR (1 kJ/m2). The
nuclear extracts prepared 12 h after radiation were subjected to the gel shift assay with TNF-�-NFAT1 (E) or TNF-�-NFAT2 (F) as a probe. A
super gel shift assay was performed in the presence of the antibody (Ab) specific for NFAT3 or the preimmune serum. IgG, immunoglobulin G;
�, present; �, absent. (G) A 20-fold molar excess of the unlabeled TNF-�-NFAT2, IL-2/NFAT, mutant IL-2/NFAT, NF-�B, p53, or AP-1 cold
probe was added to the binding reaction mixtures of p85��/� MEFs to determine the specific binding. (H) p85��/� MEFs were pretreated with
different doses of CsA for 2 h, followed by exposure to UV radiation. Nuclear extracts were prepared 12 h after radiation and subjected to a gel
shift assay with the TNF-�-NFAT1 oligonucleotide as a probe. (I) p85��/� and p85��/� MEFs and MEFs with p85� reintroduced [P85��/�(P85)]
were exposed to UVB radiation, and the ability of NFAT to bind to the TNF-� gene promoter was determined 12 h later by using the
TNF-�-NFAT2 oligonucleotide as a probe. (J) Soluble chromatin prepared from UVB radiation-treated and -untreated p85��/� and p85��/�

MEFs and the p85��/� MEFs expressing p85� was subjected to a ChIP assay using normal serum or anti-NFAT3 antibody. Immunoprecipitated
chromatin DNA was PCR amplified with primers that specifically annealed to the region flanking NFAT-responsive elements (indicated as
NFAT-RE) or the sequence �1 kb upstream of the NFAT binding sites (indicated as the US sequence) on the TNF-� gene promoter. (K) p85��/�

MEFs were stably transfected with the parental TNF-�-luciferase reporter construct (�1260) or the individual site-directed mutants (�1260
��178 and �1260 ��72). The stable transfectants were treated with different doses of UVB radiation, and the luciferase activities were
determined 24 h after radiation.
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upstream of the NFAT-responsive elements on the TNF-�
promoter. Thus, these results strongly demonstrate the p85�-
dependent recruitment of NFAT3 onto the endogenous
TNF-� promoter after UVB radiation in vivo.

Given the efficient association of the functional NFAT3 with
the TNF-� gene promoter region, we next determined the
contribution of these NFAT3 binding sites to the overall tran-
scriptional induction of TNF-� by UVB radiation. To this end,
site-directed mutagenesis was performed using the parental
TNF-�-luciferase reporter construct (nucleotides �1260 to
�60) as a template. As shown in Fig. 7K, mutation of either of
the two NFAT binding sites caused a 75 to 90% reduction in
the induction of TNF-� gene transcription by UVB radiation,

strongly confirming the critical role of NFAT3 in TNF-� in-
duction under UVR.

Knockdown of NFAT3 decreased TNF-� gene transcription
and cell apoptosis in response to UVR. To further confirm the
contribution of NFAT3 activation to p85�-mediated TNF-�
induction and cell apoptosis, wild-type MEFs were cotrans-
fected with the specific NFAT3 siRNA and the TNF-�-lucif-
erase reporter constructs. The knockdown of NFAT3 expres-
sion in the NFAT3 siRNA stable transfectants compared with
the expression in control siRNA-transfected cells was verified
by a Western blot assay (Fig. 8A). When the cells were exposed
to UV radiation, TNF-� promoter-driven luciferase activities
were almost abolished by the disruption of NFAT3 expression

FIG. 8. Knockdown of NFAT3 expression reduced UVB radiation-induced TNF-� gene transcription and cell apoptosis. (A) p85��/� MEFs
were cotransfected with NFAT3 siRNA or the control siRNA and the TNF-�-luciferase reporter constructs, and the corresponding stable
transfectants were identified. The inhibition of endogenous NFAT3 expression by NFAT3 siRNA transfection was confirmed by Western blot
assay. (B and C) Cells described in the legend to panel A were exposed to UVB radiation, and the inducible transcription of the TNF-� gene was
assessed by using a luciferase reporter assay (B) and RT-PCR analysis (C). (D) Cells described in the legend to panel A were exposed to UVB
radiation, and cell apoptosis was detected 30 h after radiation. AP, apoptosis; �, present; �, absent. (E) Cells described in the legend to panel
A were exposed to UVB radiation, and the inducible cleavage of caspase 3 was detected 24 h after UVR exposure.
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(Fig. 8B). RT-PCR analysis further confirmed the inhibitory
effect of NFAT3 siRNA on UV-induced TNF-� gene tran-
scription (Fig. 8C). Accordingly, cell apoptosis in response to
UV radiation was also significantly reduced in NFAT3 siRNA-
transfected cells, as evidenced by both flow cytometry and the
inducible cleavage of caspase 3 (Fig. 8D and E). These data
further demonstrate that NFAT3 is the critical mediator of
UVB radiation-induced TNF-� gene transcription and cell
apoptosis.

p85� siRNA blocked UVR-induced apoptosis by the inhibi-
tion of NFAT3 activity and TNF-� gene transcription. To
further confirm the above-described results obtained with
p85��/� MEFs, p85��/� MEFs were transfected with a con-
struct containing the specific p85� siRNA, and the specific
interference in p85� expression in the siRNA stable transfec-
tant, in which the levels of p50� and p55� were normal, was
confirmed by a Western blot assay (Fig. 9A).When the cells
were subjected to UVR exposure, a significant reduction in the
incidence of cell death among the p85� siRNA-transfected
MEFs compared with that among the control siRNA-trans-
fected cells was observed (Fig. 9B). Furthermore, the ability of
NFAT to bind to the corresponding TNF-� promoter region
(Fig. 9C), as well as the inducible TNF-� gene transcription
under UVR (Fig. 9D and E), were also obviously inhibited by
the specific knockdown of p85� expression. These results fur-
ther confirm that UVR-induced cell apoptosis is mediated by
the p85�/NFAT3/TNF-� signaling pathway.

DISCUSSION

UV radiation is an important environmental stress respon-
sible for the occurrence of human skin cancer. Dysfunction of
the apoptotic response to UVR plays a critical role in the
process of UVR-induced cellular carcinogenesis (1, 24, 60).
However, the molecular mechanism for the mediation of the
UVR-induced apoptotic effect remains elusive. In this study,
we presented evidence that p85�, which is well known as a
regulatory subunit of PI-3K, transmits the UVR-induced apop-
totic response through the sequential activation of NFAT3 and
the induction of TNF-� gene transcription in mouse fibro-
blasts. Moreover, this proapoptotic role of p85� does not in-
volve PI-3K activity. Thus, our results disclose a novel pathway
of p85�/NFAT3/TNF-� for the mediation of cell apoptosis in
response to UVR and may have an implication for the preven-
tion of UVR-induced carcinogenesis.

It has been demonstrated that p85� is a multifunctional
protein and serves as a critical mediator in various physiolog-
ical processes, dependent on or independent of PI-3K activity
(33, 43, 45, 51, 57). One previous study has revealed the in-
volvement of p85� in the p53-mediated apoptotic response to
oxidative stress, which is unrelated to the activation of the
PI-3K signal transduction pathway, suggesting the potential
role of p85� in transmitting cell damage signaling (57). Our
data in the present study provide further strong evidence for a
p85�-dependent but PI-3K activity-independent cellular death
response which is mediated by the induction of TNF-� expres-
sion. These results suggest that p85� transmits apoptotic sig-
naling by employing different pathways under different types of
stimulation. In addition, we noticed that the genetic abolish-
ment or targeted disruption of p85� expression did not alter

the levels of other PI-3K regulatory subunits (p50�, p55�, and
p85�) (Fig. 1A and 9A). Therefore, p85� has the unique pro-
apoptotic activity, probably due to its distinct protein structure,
which cannot be found in the other isoforms.

Although we identified the novel p85�/NFAT3/TNF-� path-
way for the mediation of the UVR-induced apoptotic effect, it
is still unknown how this mediation is linked to the UVR
damage signaling. A previous study showed that the level of
p85� expression was altered in response to oxidative stress
(57). However, unlike the investigators in that study, we did
not observe the detectable up- or down-regulation of p85�
protein levels in response to UVR (Fig. 4H and data not
shown). We therefore propose that the model for the p85�-
mediated cell death response under oxidative stress may not be
applied to the role of p85� in the response to UV radiation,
although the oxidative stress is also a common biological effect
of UVR damage. Further supporting this notion, our results
indicate that p85� did not mediate an apoptotic effect but
rather appeared to confer a protective effect on cells exposed
to other well-known oxidative reagents such as arsenite and
nickel compounds. Thus, the specific proapoptotic role of p85�
reported here may be elicited by UV radiation via an event
unrelated to those of oxidative stress.

How p85� is functionally linked to NFAT3 in response to
UVR remains to be elucidated. We observed an obviously
decreased basal level of NFAT3 due to the deficiency of the
p85� gene, and the reintroduction of p85� into the null mutant
cells restored NFAT3 expression (Fig. 7A). However, NFAT3
mRNA levels in p85��/� and p85��/� MEFs were compara-
ble (data not shown). Therefore, p85� appears to exert some
regulatory function for the stability of NFAT3 in the resting
fibroblasts through an unknown mechanism. This result was
further supported by the decreased NFAT3 level in the p85�
siRNA-transfected MEFs (data not shown). Upon UV radia-
tion, nuclear import and export of NFAT3 was observed in
p85��/� and p85��/� MEFs, respectively (Fig. 7B), indicating
that p85� regulates the activity of NFAT3 by modulation of its
cytoplasm-nucleus shuttling in response to UVR. As we know,
nuclear import and export are the most important steps for
NFAT activation and are tightly regulated by the phosphory-
lation status. NFAT proteins are phosphorylated and reside in
the cytoplasm in resting cells. Upon stimulation, the calcium-
and calmodulin-dependent phosphatase calcineurin triggers
the dephosphorylation of NFAT by interacting with the N-
terminal regulatory domain conserved in NFAT proteins,
which then promotes the translocation of these proteins from
the cytoplasm to the nucleus (20, 34). Conversely, the nuclear
export of NFATs is triggered by some NFAT kinases, which
rephosphorylate the activated dephosphorylated NFAT pro-
teins in the nucleus (20, 34). PI-3K impacts many cellular
pathways through phosphorylation cascades; among them,
GSK3� has been proven to be a common protein kinase that
triggers the phosphorylation and nuclear export of all NFAT
family members (3). p38K possesses the same function but
selectively targets only NFAT1 and NFAT3 (20). Unfortu-
nately, the UVR-induced activation of both GSK3� and p38K
showed similar dynamics in p85��/� and p85��/� MEFs (Fig.
2A and Fig. 3). Thus, we disfavor the possibility that the pu-
tative effect of p85� on NFAT3 nuclear localization is via a
mechanism that is dependent upon these two kinases. There-
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FIG. 9. p85� siRNA blocked UVR-induced apoptosis, the DNA binding activity of NFAT, and TNF-� gene transcription. (A) The level of
p85� expression was specifically knocked down by transfection with p85� siRNA, while the levels of p50� and p55� were not altered. (B) p85��/�

MEFs stably transfected with p85� siRNA and the control siRNA were exposed to UVB radiation, and then cell apoptosis was detected 30 h after
radiation. AP, apoptosis; �, present; �, absent. (C) Cells described in the legend to panel B were treated with UVB radiation, and the nuclear
extracts were prepared 12 h after UVR exposure and then subjected to the gel shift assay using the TNF-�-NFAT2 oligonucleotide as a probe.
(D) Cells described in the legend to panel B were transiently transfected with the TNF-�-luciferase reporter construct and then exposed to UV
radiation 30 h after transfection. Inducible TNF-� gene transcription was detected 12 h after UVR exposure. (E) The transcription of TNF-�
mRNA was detected in the cells described in the legend to panel B by a RT-PCR assay 12 h after UV radiation.
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fore, p85� is most likely to functionally link to NFAT3 by
targeting its nuclear import process via the modulation of
calcium mobility, interaction between NFAT3 and calcineurin,
or the specific phosphatase activity of calcineurin. Further-
more, p85� contains SH2 and SH3 domains, which can medi-
ate the binding of p85� with other functional proteins, includ-
ing p110 (15). Thus, the mechanism involving the effect of
p85� in response to UVR might also occur through the inter-
play of p85� with other input from diverse signaling pathways,
which possibly results in the recruitment of some adaptor mol-
ecule(s) to form a complex with p85� and then cooperatively
regulate NFAT3 nuclear translocation and activities.

The essential roles of four NFAT family members (NFAT1,
2, 4, and 5) in the induction of the human TNF-� gene have
been extensively illustrated by using immune cells exposed to
various stimuli (10, 13, 48, 49). However, there are no reports
regarding the involvement of NFAT3 in TNF-� transcriptional
regulation, probably due to the preferential expression pattern
of NFAT3 outside of the immune system (20). Our result is the
first demonstration of the critical role of NFAT3 in the induc-
ible TNF-� gene expression in mouse fibroblasts. Besides the
widely known cytokine gene expression properties of NFATs,
several reports have addressed the participation of NFATs in
cell cycle progression, cell apoptosis, and malignant transfor-
mation (8, 39, 53). For example, NFAT1 is able to play a
proapoptotic role in T lymphocytes and therefore the deregu-
lation of NFAT1 may rescue normal T cells from apoptosis and
enable tumor cell survival (8). Conversely, NFAT2 is proven to
protect adipocytes from apoptosis in response to growth factor
withdrawal, thus taking part in tumor development by sustain-
ing cell survival (39). In addition, both NFAT1 and NFAT5
have been demonstrated to be mediators of integrin-induced
carcinoma invasion (26). Our previous results also elucidate
the tumor suppressor function of NFAT3 in mouse epithermal
cells in response to tetradecanoyl phorbol acetate stimulation
(31). Data in this study further present the putative proapop-
totic activity of NFAT3 downstream of p85�, which may pre-
vent the accumulation of the mutant or even the fully malig-
nant cells under UV radiation, thus contributing to the
suppression of tumorigenesis.

As an acute-phase response to UV radiation, the induction
of TNF-� has been proven to be involved in UVR-triggered
cell apoptosis (37, 42, 44), but the mechanism involved in the
UVR-induced TNF-� expression is largely unknown. The re-
sults of the present study provide direct evidence of the essen-
tial role of p85� in UVR-induced TNF-� induction. It is no-
table that UVR-induced TNF-� gene transcription in
keratinocytes can also be observed. Both the keratinocytes and
fibroblasts are components of the skin tissue and represent the
natural UVR-targeted cell types. Coincidentally, an overdose
of p85� expression relative to that of p110 is observed in both
types of cells (35, 50, 51). Therefore, it seems that the ratio of
p85� to p110 is an important determinant for UV-induced
TNF-� expression. How TNF-� induction triggers cell apop-
tosis in response to UVR also needs further elucidation. It
seems that the effect of TNF-� on the mediation of cell apop-
tosis in response to UVR cannot be explained simply by using
the classical model, in which TNF-� exerts activity through
binding to its cognate membrane receptor (17), because we
failed to detect the release of the mature form of TNF-� from

UVB radiation-treated MEFs although the transcription of
TNF-� mRNA was substantially induced under the same con-
ditions (Fig. 4A and B). In addition, the knockdown of the
expression of either TNF-�RI or TNF-�RII or both made the
cells more sensitive rather than resistant to UVR-induced cell
apoptosis (Fig. 5). Also, we did not find a detectable difference
in JNK and NF-�B activation (Fig. 3 and 6A), the common
event associated with the activation of the membrane TNF-�
receptor by binding with TNF-� (6), between the wild-type and
p85�-knockout MEFs during response to UVR. It has also
been shown previously that the direct application of soluble
TNF-� is not able to induce apoptosis in mouse keratinocytes,
a kind of natural UVR target cells constitutively expressing the
TNF-� receptor (44). Therefore, whether TNF-� mediates
UV-induced cell apoptosis via other pathways independent of
binding with its cognate receptor is an interesting question that
is under further investigation.

In summary, the present study demonstrates that the signal
transducer p85� can be induced to specifically mediate cell
apoptosis in response to UV radiation by activating the novel
p85�/NFAT3/TNF-� pathway. Therefore, targeting p85�
might be medically significant for obviating UVR-induced skin
cancers.
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