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DNA damage response upon UV radiation involves a complex network of cellular events required for
maintaining the homeostasis and restoring genomic stability of the cells. As a new class of players
involved in DNA damage response, the regulation and function of microRNAs in response to UV remain
poorly understood. Here we show that UV radiation induces a significant increase of miR-22 expression,
which appears to be dependent on the activation of DNA damage responding kinase ATM (ataxia telan-
giectasia mutated). Increased miR-22 expression may result from enhanced miR-22 maturation in cells
exposed to UV. We further found that tumor suppressor gene phosphatase and tensin homolog (PTEN)
expression was inversely correlated with miR-22 induction and UV-induced PTEN repression was atten-
uated by overexpression of a miR-22 inhibitor. Moreover, increased miR-22 expression significantly
inhibited the activation of caspase signaling cascade, leading to enhanced cell survival upon UV radiation.
Collectively, these results indicate that miR-22 is an important player in the cellular stress response upon
UV radiation, which may promote cell survival via the repression of PTEN expression.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

DNA damage is constantly induced by various endogenous and
exogenous genotoxic agents, such as reactive oxygen species from
cellular metabolism and ultraviolet (UV) radiation from the sun-
light. Unrepaired DNA damage may lead to genomic instability,
gene mutation/deletion and chromosome translocation, resulting
in tumorigenesis and aging. To counteract the detrimental effects
of genomic lesions, cells have evolved a comprehensive mecha-
nism, called DNA damage response (DDR), which involves DNA
damage sensing, cell cycle arrest, DNA repair, as well as cell senes-
cence and apoptosis when the damage is excessive [1,2]. DDR is
orchestrated primarily by two apical kinases, ATM and ATR, which
coordinate the cellular response by either directly phosphorylating
proteins involved in regulating cell cycle and DNA repair, or indi-
rectly modulating gene transcription through downstream tran-
scription factors such as p53 and NF-jB [3,4]. Recently,
microRNAs (miRNAs) are identified as an new category of impor-
tant players involved in gene regulation at the post-transcriptional
level upon DNA damage [5].
ll rights reserved.
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MicroRNAs are a class of small non-coding RNAs (�20–24
nucleotides), which primarily bind to the 30-untranslated region
(30-UTR) of target mRNA and negatively regulate gene expression
at posttranscriptional level [6]. Most miRNA genes, which are lo-
cated in introns of protein-coding genes or intergenic regions, are
transcribed by RNA polymerase II. The expression of miRNAs can
also be regulated during their biogenesis which involves RNase
III enzyme-dependent miRNA processing. The miRNA gene tran-
scripts, termed primary miRNA, can be recognized and cleaved
by Drosha/DGCR8 microprocessor complex to generate precursor
miRNA. Subsequently, precursor miRNA associates with exportin-
5, which directs their exportation from the nucleus. In cytoplasm,
precursor miRNAs are further processed by Dicer and the mature
form of miRNA can be loaded into RNA-induced silencing complex
(RISC) along with Argonaute (Ago) proteins to repress target gene
expression [5]. miRNAs may regulate canonical DDR by repressing
critical components of DDR signaling cascade, such as ATM, BRCA1,
p53 and Cyclin D/E, whereas the expression of miRNAs may be also
regulated by DDR [5,7].

It was reported that genotoxic stimulation, such as radiomi-
metic drug treatment and UVR, can alter the miRNA expression
profile through modulating miRNA transcription and maturation
[8,9]. However, the function of individual miRNA in regulating
DDR upon specific genotoxic stress remains to be further eluci-
dated. Here we show UVR significantly increased the expression
of miR-22 in an ATM-dependent fashion. Upregulation of miR-22
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may protect cells from UVR-induced apoptosis via repressing PTEN
expression.

2. Materials and methods

2.1. Cell culture, plasmids and reagents

Human embryonic kidney cell line HEK293T and Mouse embry-
onic fibroblast cells (wild-type and ATM-deficient) were main-
tained in DMEM medium containing 10% inactivated fetal bovine
serum. Human keratinocyte cell line HaCaT were grown in
DMEM/F-12 medium supplemented with 10% fetal bovine serum.
All cell lines were maintained in the presence of penicillin
(100 IU/mL) and streptomycin (100 mg/mL) at 37 �C with 5% CO2.
The expression construct of pre-miR-22 was from Origene (Rock-
ville, MD). Control (#26164) sponge construct obtained from Add-
gene and the strategy to generate miR-22 sponge have been
described in a previous report [10]. miR-22-luciferase reporter
was generated by insertion of miR-22-target sequence down-
stream of Luc2 gene sequence of pmirGLO Dual-Luciferase reporter
construct (Promega, Madison, WI) following manufacturers
instruction. Antibodies against PTEN or Tubulin were from Santa
Cruz Biotechnology (Santa Cruz, CA). Antibodies against pATM
(S1981), pChk1 (s317), Chk1, pAkt (T308), PARP1, caspase-8 or
cleaved caspase-3 were from Cell Signaling Technology (Danvers,
MA). UV radiation was carried out with GS Gene Linker UV Cham-
ber Crosslinker (BioRad, Hercules, CA).

2.2. RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was extracted from cells using the TRIZOL (Invitro-
gen, Carlsbad, CA) and then converted to first-strand cDNA using
Superscript III transcriptase (Invitrogen). For microRNA analysis,
total RNA was poly (A) tailed using poly (A) polymerase (Ambion)
as described previously [11] before reverse transcription. The small
noncoding RNA U6 and housekeeping gene GAPDH were used as an
internal control for miR-22 and PTEN quantitation respectively,
and gene expression was quantified as previously described [12].
The sequences of gene specific primers used for qPCR are shown
as follows: PTEN: Forward 50-GCTATGGGATTTCCTGCAGAA-30,
Reverse 50-GGCGGTGTCATAATGTCTTTCA-30; miR-22: Forward 50-
AAGCTGCCAGTTGAAGAACTGT-30, Reverse 50-GCGAGCACAGAAT-
TAATACGAC-30; GAPDH: Forward 50-GGATTTGGTCGTATTGGG-3,
Reverse 50-GTGGCTGGGGCTCTACTTC-30.

2.3. Immunoblotting

Total cell extracts were prepared and subjected to immunoblot-
ting as described previously [13]. The quantitation of immunoblot-
ting band intensity was carried out with Odyssey system using
IRDye 680/800-labeled secondary antibodies (Li-Cor, Lincoln, NE).

2.4. Luciferase assay

HEK293T cells were transfected with pmirGlo Dual-Luciferase
construct harboring miR-22 target sequence alone or along with
construct encoding pre-miR-22. After 36 h, cells were treated and
lyzed with passive lysis buffer and the activity of Firefly Luciferase
and Renilla Luciferase in the lysates were measured with the dual
Luciferase Assay System (Promega, Madison, WI).

2.5. Cell survival assay

HaCaT cells were mock transfected or transfected with pre-miR-
22. After 36 h, cells were exposed to UVC (20 J/m2) and harvested
at time indicated after UV treatment. Cells were then stained with
trypan blue and live cell percentage was obtained with TC10 Auto-
mated Cell Counter (Bio-Rad, Hercules, CA). Data from three inde-
pendent experiments were pooled and plotted as shown.

2.6. Statistical analysis

The results were presented as mean ± SD, and analyzed with
Students t-test. P < 0.05 was denoted as statistically significant.
3. Results

3.1. UV radiation significantly upregulates miR-22 expression

In an effort to explore the impact of UV radiation on miRNA reg-
ulation, we examined the expression of a group of selected miRNAs
with quantitative real-time PCR (qPCR) in cells exposed to UVC
treatment. Interestingly, miR-22 was found to be significantly
upregulated upon UV radiation. To confirm our results from the
initial screen, we generated a luciferase reporter construct in
which luciferase expression is under control of a miR-22 recogni-
tion element inserted in its 30-UTR region. Overexpression of a
pre-miR-22 construct was able to remarkably decrease the lucifer-
ase signal in human embryonic kidney HEK293T cells, indicating
that the reporter system is sensitive to the miR-22 level in the cells
(Fig. 1A). We found the luciferase activity was significantly reduced
at 6 h and 12 h in HEK293T cells after UV exposure, compared with
mock-treated cells (Fig. 1A). Consistently, the expression of miR-
22, measured by qPCR, was significantly increased in UV-treated
HEK293T cells (Fig. 1B). We also observed the similar upregulation
of miR-22 expression in human keratinocyte HaCaT cells upon UV
treatment (Fig. 1C). Collectively, these results indicate that miR-22
expression is significantly increased in cells exposed to UV
radiation.

3.2. UV radiation-induced miR-22 upregulation is ATM-dependent

UV-induced DNA damage has been shown to trigger a cell cycle-
dependent relocalization of Ago2 into stress granules and alter the
expression of various miRNAs in a partially ATM/ATR independent
fashion [9]. Meanwhile, miRNA biogenesis in MEF cells appeared to
be upregulated in response to treatment with radio-mimetic drug,
depending on ATM kinase activation [8]. Interestingly, increased
miR-22 expression upon genotoxic stimulation was abrogated in
ATM-deficient MEF cells [8]. In UV-induced DDR, ATR is believed
to be the dominant responding kinase to coordinated cellular re-
sponses to replication stress [14]. However, ATM may also play
an important role in regulating DNA damage response to UV radi-
ation. To explore whether ATM plays a role in miR-22 upregulation
in human cells upon UV radiation, we examined ATM activation
upon UV exposure. As shown in Fig. 2A, ATM phosphorylation at
Ser1981, an ATM activation marker, was readily detected in cells
treated by UV radiation, which is consistent with our previous
observation that treatment with replication stress-inducing agents,
such as UV and hydroxyurea, also activates ATM, although with a
slower kinetics compared with ATR [12].

To examine whether ATM activity is required for miR-22 upreg-
ulation by UV, we measured miR-22 reporter luciferase activity in
HEK293T cells upon UV radiation in the presence or absence of an
ATM-specific inhibitor KU55933. We found that the significant
decrease of luciferase activity upon UV radiation was attenuated
in cells treated with KU55933 (Fig. 2B). Moreover, UV treatment in-
duced a significant increase of miR-22 expression in wild-type MEF
cells, but not in ATM-deficient MEF cells (Fig. 2C). These observa-
tions were consistent with a previous report that miR-22 induction
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Fig. 1. UV radiation significantly upregulated miR-22 expression. (A) HEK293T cells were transiently transfected with pmirGLO Dual-Luciferase miR-22 reporter construct
alone, or along with pCMV-pre-miR-22. After 36 h, cells were treated with UV (20 J/m2) as indicated, and luciferase activity was quantified at 6 h or 12 h after the treatment.
The histogram represents the normalized relative luciferase activity (Fluc/Rluc) of three independent experiments; shown as mean ± SD. (B, C) Quantitative real time-PCR
analysis of miR-22 expression at 6 h or 12 h after UV treatment (20 J/m2) in HEK293T (B) and HaCaT cells (C). Fold change of miR-22 expression was normalized to untreated
cells and shown as mean ± SD.
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Fig. 2. UV-induced miR-22 upregulation is ATM-dependent. (A) HaCat and HEK293T cells were treated with UV (20 J/m2). Cells were harvested at indicated time points and
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by UV was inhibited by caffeine which may also block ATM activa-
tion [9]. Furthermore, the kinetics of miR-22 induction upon UV
treatment in HaCat and HEK293T cells correlated with the kinetics
of ATM activation in the respective cells. UV induced a quicker
ATM activation in HEK293T cells compared with that in HaCat
cells, although no significant difference in kinetics of ATR activa-
tion, marked by Chk1 phosphorylation, was detected between
the two cell lines (Fig. 2A). Consistently, the robust miR-22 induc-
tion was detected earlier after UV treatment in HEK293T cells than
in HaCat cells (Fig. 1B, C). Taken together this evidence indicates
that ATM is indispensable for miR-22 upregulation upon UV
radiation.

3.3. PTEN expression is repressed by miR-22 upon UV radiation

Based on seed region complementarity, hundreds of genes can
be predicted as potential targets for a given miRNA. However,
the specific gene set repressed by a miRNA may be cell type spe-
cific, and depend on diverse upstream signaling pathways. It was
shown that miR-22 may function as either oncogene or tumor-sup-
pressor through downregulating various gene targets, such as
PTEN, CDK6, SIRT1, Sp1, and EVI-1 [15–18], depending on the con-
text of malignancies examined. In our effort to determine the
potential target genes of UV-induced miR-22, we found that
increased miR-22 correlated with reduced expression of PTEN
(Fig. 3A), whose inhibition has been linked to carcinogenesis of
skin cancer upon UV radiation [19].

We identified one miR-22 recognition element within 30-UTR of
human PTEN gene (Fig. 3B), which is highly conserved among ver-
tebrates (www.Targetscan.org), indicating that miR-22-dependent
repression of PTEN may be evolutionarily preserved. We found
PTEN expression in HaCaT cells exposed to UV was decreased in
a time-dependent manner, which inversely correlated with an
increase in AKT activation (Fig. 3C). Consistently, we detected a

http://www.Targetscan.org
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significant decrease of PTEN mRNA level in both HEK293T and
HaCaT cells upon UV radiation (Fig. 3D). Furthermore, the decrease
of PTEN expression in response to UV radiation was rescued by
expressing a miR-22 sponge inhibitor in HEK293T cells (Fig. 3E),
suggesting that miR-22 played a critical role in PTEN repression
in cells upon UV treatment.
3.4. The increased miR-22 expression inhibits apoptosis in response to
UV radiation

PTEN is a well-known tumor suppressor gene involved in regu-
lating phosphatidylinositol 3-kinase (PI-3K)/Akt signaling path-
way, and PTEN suppression was shown to promote survival of
epidermal keratinocytes upon UV radiation [19]. Since miR-22
upregulation significantly repressed PTEN expression (Fig. 3), we
postulated that increase of miR-22 may protect cells from UV-in-
duced apoptosis. As we expected, overexpression of pre-miR-22
in HEK293T cells significantly inhibited PARP-1 and caspase-8
cleavage upon UV radiation (Fig. 4A). Similarly, UV-induced cleav-
age of PARP-1, caspase-8 and caspase-3 was also attenuated by
pre-miR-22 transfection in HaCaT cells (Fig. 4B). Moreover, the
inhibition of caspase activation was prominent at 3 h after UV
treatment in HEK293T cells transfected with pre-miR-22, while
the same anti-apoptotic effect of pre-miR-22 was not observed in
HaCaT cells until 6 h after UV exposure. This observation is consis-
tent with the qPCR results of miR-22 quantification in Fig. 1, which
suggested that UV-induced upregulation of miR-22 occurred with a
slower kinetics in HaCaT cells when compared to HEK293T cells
(Fig. 1B, C).

We further examined the impact of miR-22 inhibition on cell
apoptosis upon UV radiation by using a miR-22 sponge inhibitor.
Transient transfection of miR-22 sponge in HaCaT cells remarkably
increased caspase activation upon UV treatment (Fig. 4C), further
supporting a critical role of miR-22 in antagonizing cell apoptosis
by UV radiation. We also found that overexpression of pre-miR-
22 in HaCaT cells significantly increased the cell survival in re-
sponse to UV treatment (Fig. 4D). All these data indicate that
upregulation of miR-22 is an important mechanism involved in
the pro-survival response of cells upon UV radiation.
4. Discussion

As an active barrier against tumorigenesis, DDR involves a myr-
iad of cellular processes that maintain the genomic stability and
eliminate DNA damage. These processes depend on functional
modulation of a group of key molecules at transcriptional and
post-transcriptional levels. Since miRNAs were found to play an
important role in DDR, accumulating evidence has indicated that
the expression of miRNAs can be regulated at the transcriptional
level and during biogenesis upon DNA damage [5,7]. We found ma-
ture miR-22 expression was significantly increased upon UV radi-
ation in HEK293T cells and HaCaT cells (Fig. 1). Although miR-22
was shown to be transcriptionally activated by p53 in genotoxic
drug-treated HCT116 cells [20], we did not detect significant
change of pri-miR-22 level in either HEK293T or HaCaT cell lines
upon UV radiation (Data not shown), indicating that UV radiation
enhanced the expression of miR-22 most likely via promoting
miR-22 post-transcriptional processing in cells examined.

Several proteins involved in DNA damage response have been
shown to regulate the biogenesis of miRNAs [5]. It was found that
p53 enhanced the post-transcriptional maturation of a number of
miRNAs, such as miR-16-1, miR-143 and miR-145, in HCT116 cells



UV (h) 0 3 6 0 3 6

α-PARP1
Cleaved
PARP1

Ctrl pre-miR-22
HEK 293T

α-Casp8 Cleaved
Casp8

α-Tubulin
α-Casp8

α-Tubulin

α-PARP1

α-Cleaved
Casp3

Cleaved
PARP1

Cleaved
Casp8

UV (h) 0 3 6 0 3 6
Ctrl pre-miR-22

HacatA B

C

UV (h) 0 3 6 0 3 6
Ctrl sp-miR-22

Hacat

Cleaved
Casp8

α-Casp8

α-Cleaved
Casp3

0%

20%

40%

60%

80%

100%

T (h)

control
pre-miR-22

0 3 6 9 12 24

Su
rv

iv
al

 F
ra

ct
io

n

D

1 2 3 4 5 6
1 2 3 4 5 6

1 2 3 4 5 6

*
*

*

*: p<0.05α-Tubulin

Fig. 4. miR-22 inhibits apoptosis and promotes survival in cells exposed to UV radiation. (A) HEK293T cells were transiently transfected with control or pre-miR-22.
Transfected cells were left untreated or treated with UV (20 J/m2). Cells were collected after UV treatment at time as indicated. Whole cell lysates were immunoblotted with
anti-PARP1, anti-Caspase-8 and anti-Tubulin antibodies. (B) HaCaT cells were treated and analyzed as in (A). Whole cell lysates were immunoblotted with indicated
antibodies. (C) HaCaT cells were transfected with control or miR-22 sponge. After 36 h, Cells were treated with UV and analyzed as in (B) with indicated antibodies. (D) HaCaT
cells were transiently transfected with control or pre-miR-22. Transfected cells were treated with UV, and live cell population were quantified at time indicated. The cell
survival fraction data from three independent experiments were pooled and shown as mean ± SD. ⁄p < 0.05.

550 G. Tan et al. / Biochemical and Biophysical Research Communications 417 (2012) 546–551
upon DNA damage [21]. This enhancement depends on the func-
tional association between p53 and the Drosha processing com-
plex, bridged by DEAD-box RNA helicase p68, which facilitates
the processing of primary miRNAs to precursor miRNAs. However,
transcriptionally inactive p53 mutants failed to form such a func-
tional assembly between Drosha complex and p68, leading to
attenuated miRNA-processing activity [21]. We found significant
miR-22 induction by UV in HaCaT cells, which harbor p53 trans-
criptionally inactive mutations H179Y and R282W (http://www-
p53.iarc.fr), suggesting UV-induced miR-22 upregulation may be
independent of p53 at either transcriptional or post-transcriptional
level. Recently, KSRP was found to be phosphorylated by ATM in
response to DNA damage, which promoted KSRP association with
Drosha and Dicer, resulting in enhanced miRNA maturation [8].
We found upregulation of miR-22 by UV was ATM-dependent,
which is consistent with the observation that caffeine was able
to attenuate miR-22 induction upon UV radiation [9]. Further stud-
ies will be required to determine the function of KSRP in regulating
miR-22 biogenesis upon UV radiation.

miR-22 was found to be increased in human senescent fibro-
blasts and epithelial cells but decreased in various cancer cell lines
[16]. miR-22 may repress cancer progression by inducing cellular
senescence through repressing genes involved in the senescence
program, including CDK6, SIRT1, and Sp1[16]. Also, other pro-
oncogenic genes, such as ERa, EVI-1 and MYCBP, have been
identified as miR-22 target genes, which may be involved in
miR-22-dependent inhibition of tumor progression [18,22,23].
Nevertheless, a single miRNA may function as either tumor-sup-
pressor or oncogene depending on the gene it targets in the context
of different malignancies [24]. Overexpression of miR-22 was
found in human prostate cancer samples compared to adjacent
normal tissues [15]. A well-known tumor suppressor, PTEN, was
shown to be repressed by miR-22 through directly targeting its
30-UTR, resulting in hyper-activation of AKT and transformation
of bronchial epithelial cells [15,17]. Interestingly, miR-22 itself
can be upregulated by AKT, suggesting that miR-22 forms a feed-
forward circuit in its regulation [17]. miR-22-dependent PTEN
repression also effectively protected rat cardiomyocytes from
hypertrophy [25]. We found UV-induced miR-22 correlated with
decreased PTEN expression. Moreover, expression of a miR-22
sponge inhibitor was able to rescue the PTEN repression and pro-
mote cell apoptosis upon UV radiation. In contrast, increase of
miR-22 expression significantly inhibited caspase activation and
enhanced cell survival in human keratinocytes exposed to UV radi-
ation. These results strongly support a pro-survival role of miR-22
in cellular response to UV exposure. It also implies that miR-22
may function as an oncogene in tumorigenesis of skin cancer upon
UV radiation.

In this study, we found miR-22 was upregulated in cells ex-
posed to UV radiation, which protected cells from apoptosis
through repressing PTEN expression. This UV stress response
may inhibit the acute activation of caspase signaling cascade and
provide a time window for cells to repair the DNA damage induced
by UV, so as to mitigate the detrimental impact of UV radiation on
cells. On the other hand, overexpression or a long-lasting high miR-
22 level may contribute to tumorigenesis of skin cancers, such as
melanoma, whose pathogenesis is closely associated with solar
UV radiation. PTEN loss has been show to promote carcinogenesis
of skin cancer upon UV radiation [19], and miR-22-mediated PTEN
repression may contribute to this pathological process. A number
of miRNAs have been linked to melanoma progression [26], and
miRNAs have emerged as novel drug targets for cancer treatment
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[24]. We envision that miR-22 may serve as a potential therapeutic
target for preventing tumorigenesis of skin cancers induced by UV
radiation.
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