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Background: The PIM-2 kinase is a potent survival factor; its role in the DNA damage response has never been addressed.
Results: PIM-2 promotes DNA lesions repair in an E2F-1 and ATM-dependent manner; Pim-2-silenced cells are more suscep-
tible to UV damage.
Conclusion: PIM-2 is an upstream activator of E2F-1 and ATM in the UV damage response.
Significance: PIM-2 is an essential component of the UV damage response.

The oncogenic nature ascribed to the PIM-2 kinase relies
mostly on phosphorylation of substrates that act as pro-surviv-
al/anti-apoptotic factors. Nevertheless, pro-survival effects can
also result from activating DNA repair mechanisms following
damage. In this study, we addressed the possibility that PIM-2
plays a role in the cellular response to UV damage, an issue that
has never been addressed before. We found that in U2OS cells,
PIM-2 expression and activity increased upon exposure to UVC
radiation (2–50 mJ/cm2), and Pim-2-silenced cells were signifi-
cantlymore sensitive to UV radiation. Overexpression of PIM-2
accelerated removal of UV-induced DNA lesions over time,
reduced �H2AX accumulation in damaged cells, and rendered
these cells significantlymore viable followingUV radiation. The
protective effect of PIM-2 wasmediated by increased E2F-1 and
activated ATM levels. Silencing E2F-1 reduced the protective
effect of PIM-2, whereas inhibiting ATM activity abrogated this
protective effect, irrespective of E2F-1 levels. The results
obtained in this study place PIM-2 upstream to E2F-1 andATM
in the UV-induced DNA damage response.

The DNA damage response (DDR)4 is a complex cellular
mechanism aimed to preserve DNA integrity after it has been
damaged. DNA double-strand breaks (DSB) are considered the
most deleterious damage thatmust be rapidly repaired through
either the nonhomologous end joining or the homologous
recombination pathways. Failure to properly repair DSBs leads
to apoptosis, but it might also lead to cancer. One of the earliest

events in the cell response toDSB is activation of the phosphati-
dylinositol 3-kinase like protein kinases: ATM (ataxia-telangi-
ectasia mutated), ATR (ataxia-telangiectasia and Rad3 related),
and DNA-PKcs (DNA-dependent protein kinase catalytic sub-
unit), which phosphorylate a wide range of checkpoint and
repair proteins (reviewed by Shiloh (1)). Among these kinases,
ATM is primarily activated after ionizing radiation or treat-
ment with radiomimetic drugs (1–5). ATR, on the other hand,
is the primary kinase activated after replication-dependent
DSB/replication stress (6, 7). One of the first proteins to be
phosphorylated upon DSBs is the histone variant H2AX (8),
and the appearance of phosphorylated H2AX on Ser-139
(�H2AX) became a common measure for detecting DSBs
(reviewed by Takahashi and Ohnishi (9)). Another biologically
important damaging agent is UV radiation. Although UVA
radiation (320–400 nm) can mainly cause DNA damage by
inducing reactive oxygen species, UVB (280–320 nm) andUVC
(200–280 nm) can directly target nuclear DNA by formation of
DNA lesions such as cyclobutane-pyrimidine dimers (CPDs)
and TC(6–4) photoproducts (10–14). These lesions can
inhibit DNA replication, as well as transcription, andmay cause
chromosomal breakage, mutations, and cell death (reviewed by
Batista et al. (15)). UV-inducedDNAdamage ismainly repaired
by the nucleotide excision repair (NER) mechanism. NER-defi-
cient cells are generally hypersensitive to the cytotoxic and
mutagenic effects of UV light (10, 16). UVB and UVC can indi-
rectly promote DNA DSBs through the collapse of replication
forks upon collisionwithUV-inducedDNAphotoproducts (17,
18). As in the case ofDSBs, theUV-inducedDNAdamage (UVB
and UVC) is also characterized by nuclear accumulation of
�H2AX, although the kinetics of this accumulation is different
from that seen after ionizing radiation-induced DSB (17,
19–21).
Members of the PIM serine/threonine kinase family, Pim-

1–3, are generally regarded as proto-oncogenes and are over-
expressed in a range of hematopoietic malignancies and solid
cancers (22–30). Transgenic mice overexpressing Pim-1 or
Pim-2, together with c-Myc, tend to developed lymphomas
with high frequency (31, 32), whereas E�-Myc transgenic mice
(overexpressing c-Myc alone) that were deficient for both
Pim-1 and Pim-2 exhibited delayed lymphoma development
(33).
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The human Pim-2 gene encodes for two isoforms, of 34 and
41 kDa, that share an identical kinase domain but differ at their
N terminus, with the 41-kDa isoform having an extended N
terminus because of an alternative translation initiation site
(25). Both isoforms share a panel of substrates, with increased
phosphorylation efficiency reported for the 34-kDa isoform
(34). During the past decade, PIM-2 has been shown to directly
contribute to cell survival. It was found to phosphorylate BAD
on Ser-112, thus preventing it from binding to and activating
the pro-apoptotic Bcl-Xl protein (34, 35). Other phosphoryla-
tion targets include: COT, the IkB kinase activator, which upon
phosphorylation leads to NF-�B-dependent pro-survival effect
(36); 4E-BP1, which upon phosphorylation promotes release of
the pro-survival eukaryotic translation initiation factor eIF-4e
(35); and API-5, an apoptotic inhibitor that is stabilized by
phosphorylation by PIM-2 (37). PIM-2 is involved also in reg-
ulation of cell cycle progression and cell proliferation. PIM-2
can promote G1 arrest either by directly phosphorylating and
thus stabilizing the cell cycle inhibitor p21Cip1/WAF1 (p21) (38)
or by promoting proteasome-dependent down-regulation of
CDC25A (39).On the other hand, PIM-2 can promote cell cycle
progression by phosphorylating the cell cycle inhibitor p27Kip1,
leading to its nuclear export and proteasome-dependent degra-
dation (40). In addition, PIM-2 can phosphorylate c-Myc on
Ser-329, thus stabilizing it and enhancing its transcriptional
activity (32).
Although cell survival effects have been ascribed to PIM-2, its

role in the cellular response to UV damage has never been
reported. The aim of this study was to address this issue. We
found that expression and activity of PIM-2 increased upon
exposure to UVC radiation and that Pim-2-silenced cells were
significantly more sensitive to UV radiation. Overexpression of
PIM-2 in U2OS cells accelerated reduction of UV-induced
DNA lesions over time, reduced �H2AX accumulation in dam-
aged cells, and rendered these cells less sensitive to the UV
radiation. The protective effect of PIM-2 was mediated by
increased E2F-1 levels and an increase in the activating phos-
phorylation of ATM on Ser-1981 (pATM). Silencing E2F-1
reduced the protective effect of PIM-2, whereas inhibiting
ATM activity abrogated the protective effect of PIM-2, irre-
spective of E2F-1 levels. The results obtained in this study place
PIM-2 upstream to E2F-1 and ATM in the UV-induced DNA
damage response.

EXPERIMENTAL PROCEDURES

Cell Culture—U2OS cells (human osteosarcoma) were cul-
tured in DMEM, supplemented with 10% fetal bovine serum,
L-glutamine (2 mM), and 1% penicillin-streptomycin-nystatin
(Invitrogen). The cells weremaintained at 37 °Cwith 5%CO2 in
a humidified chamber. For synchronization of cells to the G1
phase, the double thymidine blockmethod was applied. To this
end, cells were grown with DMEM without serum for 24 h,
washed with PBS, and kept growing with DMEM containing
10% FBS and 2.5 mM thymidine (diluted to 250 mM, in PBS) for
18 h (first block). Next, the cells were washed twice with PBS
and allowed to grow with fresh DMEM containing 10% FBS for
9 h before thymidinewas added again to growingmedium (final
concentration, 2.5 mM) for 18 h (second block). At this stage,

the cells were taken for FACS analysis to verify G1 arrest. For
the S phase, the cells were washed twice with PBS and allowed
to grow for 6 h with fresh DMEM containing 10% FBS. FACS
analysis was performed to verify synchronization at the S phase.
Real Time PCR Analysis—RNA was isolated using EZ-RNA

II kit (Biological Industries, Kibbutz Beit-Haemek, Israel). 2 �g
of total RNA were taken for cDNA preparation, using the
RevertAid Moloney murine leukemia virus reverse transcrip-
tase kit (Fermentas). cDNA was diluted 1:4 in HPLC-purified
H2O. Each reaction (10 �l) contained 5 �l of fast SYBR green
(Ready mix with Teq-pol) (Applied Biosystems), 1 �l of diluted
cDNA, and 0.3 pM fromeach primer (forward and reverse). Real
time PCR and data analysis were performed on the StepOne-
Plus real time PCR system (Applied Biosystems). The primers
used were: Pim-2 forward, 5�-ccctgcttcatgatgaaccctacact-3�;
Pim-2 reverse, 5�-ccatgtcatagaggaggatgcccag-3�; S12 forward,
5�-ggaaggcattgctgctgg-3�; and s12 reverse, 5�-cctcaatgacatccttgg-3�.
Protein Extraction and Western Blot Analysis—Cells were

harvested using lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1% Nonidet P-40) containing protease inhibitor
complete EDTA free (RocheApplied Science), and 1mMPSMF.
Protein concentration was determined using the Bradford
method, and 40 �g of protein were used for Western analysis
(7–15% polyacrylamide gels), according to standard procedure.
Signal was visualized by chemiluminescence detection reagents
(Pierce). The following primary antibodies were used: anti-
PIM-2-Self-made (25), anti-E2F-1 (Santa Cruz), anti-actin
(Santa Cruz), anti-ATM (Epitomics), anti-pAMT (Ser-1981)
(Epitomics), anti-�H2AX (Trevigen), anti-tubulin (Sigma),
anti-pKap1 (Ser-824) (Bethyl), anti-p53 (Santa Cruz), anti-
pp53 (Ser-15) (Cell Signaling), anti-CHK1 (Santa Cruz), anti-
pCHK1 (Ser-345) (Cell Signaling), anti-FLAG (Sigma), and
anti-H3K9 acetylated (Cell Signaling). The secondary antibod-
ies used were: goat anti-mouse IgG HRP-conjugated (Jackson
Laboratories) and donkey anti-goat IgGHRP-conjugated (Jack-
son Laboratories). The fluorescence secondary antibody used
was: Alexa 594 (Invitrogen).
Inducible Gene Expression—The Complete Control Induci-

ble Mammalian Expression System (Stratagene) was used to
generate a stable U2OS cell line expressing a FLAG-tagged
41-kDa isoform of PIM-2 in a PON-A-dependent inducible
manner. The Tet-On Gene Expression System (Clontech) was
used to generate a stableU2OS cell line expressing aHA-tagged
34-kDa isoform of PIM-2 in a doxycycline (DOX)-dependent
inducible manner. If not otherwise stated, activation of the
FLAG-tagged 41-kDa isoformof PIM-2was induced by PON-A
10�M for 48 h, and activation of theHA-tagged 34 kDa isoform
was induced by DOX 1 �g/ml for 48 h.
Transfections, Infections, and Silencing—Transfections of

equal amounts of cells (4 � 105 cells/10-cm plate) were carried
out using JetPEI transfection (Biomol) or polyjet reagent (Sig-
naGen Laboratories) according to the manufacturer’s instruc-
tions. For E2F-1 silencing, each experiment was done with at
least two different sets of siRNA (Sigma-MISSIONpredesigned
siRNA), with the same results. Key data are shown with both
sets. siRNAs were introduced to U2OS cells (5–20 pmol/ml),
using the PepMute siRNA transfection reagent (SignaGen Lab-
oratories), according to the manufacturer’s protocol. The cells
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were harvested and analyzed 48–96 h post-transfection. For
Pim-2 silencing, each targeting experimentwas performedwith
shRNA and an unrelated siRNA (Sigma), with similar results.
Key data are shownwith both targeting approaches. For siRNA,
the cells were treated as described above. For shRNA, retroviral
vectors were generated in 293T cells by co-transfection of
�-ecotropic packaging plasmid (10 �g), pSV-�-E-MLV (which
provides packaging helper function), and 10 �g of the pSUPER
retro plasmid containing Pim-2 shRNA. Polyjet transfection
reagent was used for transfection. After 8 h, post-transfec-
tion medium was replaced with fresh DMEM supplemented
with 10% FBS, and 5-ml aliquots of the retrovirus-containing
supernatant were collected thereafter at 6-h intervals. Five
collections were pooled together and frozen in aliquots. To
infect cells, they were incubated in 4.5 ml of retroviral super-
natant supplemented with 8 �g/ml polybrene (Sigma) for 5 h
at 37 °C. Then 5.5 ml of medium was added, and 24 h later
the medium was replaced by fresh medium, containing 2
�g/ml puromycin (Sigma). The Pim-2 shRNA primers
were: forward, 5�-gatccccaacatcctgatagacctacgcttcaagagagc-
gtaggtctatcaggatgtttttttggaaa-3�; and reverse, 5�-agcttttcca-
aaaaaacatcctgatagacctacgctctcttgaagcgtaggtctatcaggatgttggg-3�.
UV Irradiation—The cells were washed once with PBS,

which was removed from the dish prior to exposure to UVC
irradiation (254 nm) at intensities of 2–50 mJ/cm2. Medium
was added to the culture immediately after irradiation.
PIM-2 in Vitro Kinase Assay—PIM-2 in vitro kinase assay

was performed on Ser-75 (Ser-112 in mouse) of its substrate
BAD (34, 35). 105 cells were irradiated at 8 mJ/cm2 and har-
vested 10 and 20 min postirradiation (unirradiated cells were
used as control). PIM-2 was immunoprecipitated from total
protein extracts of these cells, using PIM-2 antibodies and aga-
rose A/G beads (Santa Cruz Biotechnology). 1 �g of recombi-
nant BAD (Santa Cruz Biotechnology) was added to 47 �l of
immunoprecipitated PIM-2 beads or to 0.1 �g of recombinant
PIM-2 (Abgen) in 47�l of kinase assay buffer, togetherwith 3�l
of a [�-32P]ATP solution (3 �l of [�-32P]ATP (250 �Ci) � 3 �l
of cold ATP (1 mM) � 24 �l of H2O). The reaction was incu-
bated 1 h at room temperature (gently resuspending the beads
every 10 min). Following incubation, the samples were boiled
for 5 min in sample buffer and separated in 10% SDS-PAGE.
The gels were then dried in a gel drier and exposed overnight to
a Fujifilm imaging plate, and signal was detected by the
BAS-MP phosphorimaging device (Fujifilm).
Monitoring DNA Damage by Alkaline Unwinding Flow

Cytometry—We have adopted the flow cytometry acridine
orange assay previously described (41), with slight modifica-
tions. U2OS cells were UV irradiated (8 mJ/cm2) and
trypsinized (1 ml) 5, 30, or 60 min post-UV irradiation (control
cells were not irradiated). The cells were washed once with
culturemedium and againwith cold PBS, and the cell pellet was
resuspended in 300 �l of cold PBS followed by 1 h of fixation by
dropwise addition of 3 ml of ice-cold 70% ethanol. After fixa-
tion, the cells were centrifuged (230 g) and resuspended in 35�l
of cold solution of 20 mM Tris, 1 mM EDTA, 100 mM NaCl, pH
7.4, and warmed slowly to 37 °C. The cells were then embedded
in 85 �l of 2.25% ultra-low temperature melting agarose
(Sigma) in PBS at 40 °C (on the wall of an Eppendorf tube), left

at room temperature for few minutes, and then left on ice (or
overnight at 4 °C) until solidification of agar. The following
steps were carried under subdued light. The cells were treated
with 1ml of alkaline buffer (300mMNaOH, 300mMKCl, 50�M

EDTA, pH 13) for 1 min, immediately washed three times with
1 ml of neutralization buffer (150 mM Tris, 150 mM NaCl, pH
7.4) followed by 1 h of incubation in neutralization buffer at
room temperature (or overnight at 4 °C). Next, we aspirated the
buffer and warmed the agarose to 60 °C until melting, cooled to
40 °C, and mixed with 250 �l of prewarmed (37 °C) solution of
0.1% Triton X-100, 80 mM HCl, 150 mM NaCl, pH 1.3, for 30 s.
Then cells were stained by adding 900 �l of freshly made acri-
dine orange buffer (126 mM Na2HPO4, 37 mM citric acid, 150
mM NaCl, 1 mM EDTA, 10 �g/ml RNase A, 22.1 �M acridine
orange). The samples were analyzed 15 min post-acridine
orange staining using FACStar plus flow cytometer (Becton
Dickinson, San Jose, CA). At least 104 cells were collected. Acri-
dine orange green florescent was monitored at 500–530 nm
(dsDNA) and acridine orange red florescent was monitored at
645 nm (ssDNA).
CPD Quantitation—U2OS cells were irradiated at 8 mJ/cm2

and trypsin harvested 5, 30, and 60 min post-UV irradiation
(control cells were not radiated). The cells were washed with 10
ml of culture medium and centrifuged (230 � g), and DNAwas
extracted using a genomic DNA miniprep kit (Sigma). CPD
quantificationwas carried out using the STA-322DNAdamage
ELISA kit (Cell Biolabs) according to company’s protocol.
Briefly, DNAwas diluted to 0.5�g/ml, denatured at 95 °C for 10
min, and rapidly cooled on ice for 10 min. 100 �l of DNA was
added to eachwell in theDNAhigh binding plate and incubated
at 37 °C for 2 h. The wells were washed twice with PBS and
blocked with 150 �l of diluent buffer for 1 h at room tempera-
ture. The buffer was removed, and 100�l of anti-CPD antibody
was added to each well for 1 h at room temperature on an
orbital shaker. The plate was washed (three times) with 250 �l
of washing buffer, blocked with 150 �l of blocking reagent (1 h
at room temperature on an orbital shaker), and washed again
(three times) with washing buffer before 100 �l of secondary
antibodywas added to eachwell (1 h at room temperature on an
orbital shaker). The plate was washed again, and 100 �l of sub-
strate solution was added to each well. Approximately 15 min
later, the reactionwas stopped using 100�l of stop solution and
immediately read at 450 nm.
Fluorescence-activated Cell Sorting Analysis—The cells were

trypsinized and peeled off the plates into a 15-ml tube contain-
ing 10 ml of medium, centrifuged for 5 min (210 � g at 4 °C),
and pellet was resuspended in 1ml of PBS. 250�l were taken for
analysis. The cells were incubated 20 min in PI buffer (PBS
containing 50 �g/ml PI, 0.1% Triton X-100, 0.07% sodium cit-
rate, and 1 mg/ml RNase A). Fluorescence intensity was ana-
lyzed by a FACStar plus flow cytometer (BectonDickinson, San
Jose, CA), using the Quest or ModFit software for analysis. For
annexin V/PI assay, the cells were harvested as described and
stainedwith annexin V and PI using theMEBCYT apoptosis kit
(MBLInternational), according to thecompany’sprotocol. Impor-
tantly, apoptotic rates determined by the sub-G1 phase of the cell
cycle or by the annexin V/PI assay gave rather similar results.
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MTTAssay for Cell Survival—U2OSTet-on cells were plated
in 96-wells plate (2 � 103 cells/well), and 24 h later DOX was
added to the cultures to a final concentration of 1 �g/ml for
48 h. UV irradiation was carried out as described above, with
the addition of DOX-containingmedium after irradiation. 24 h
later, the medium was replaced by 1 mg/ml MTT solution in
PBS (pH 7.4) for 2 h at 37 °C. The MTT solution was then
removed, andMe2SOwas added to dissolve the insoluble form-
azan product. The absorbance of the colored solution was read
by a spectrophotometer at 550 nm.
Immunocytochemistry—The cells were grown on a cover

glass in a 35-mm culture dish. At designated times after UV
radiation, the cells were fixed (20min in 4% paraformaldehyde)
and thenmaintain in blocking buffer (PBS containing 20% fetal
bovine serumand 0.5%TritonX-100) for 30min.Next, the cells
were incubated at room temperature with anti-�H2AX anti-
bodies diluted 1:100 in blocking buffer, followed by incubation
with the secondary antibody Alexa 596 goat anti-rabbit diluted
1:400 in blocking buffer. Chromatin was stained usingHoechst.
The cells weremountedwithmounting buffer (for 50ml buffer,
44ml of glycerol containing 5ml of 0.2 M Tris, pH 8.5, and 2.5 g
of n-propyl gallate) and further analyzed using Axio imager
fluorescent microscope.
ATM Inhibition—The cells were grown in the presence of 5

�MKU60019 (Tocris) 30min prior to UV irradiation. After UV
radiationKU60019 (5�M)was added again to themediumuntil
the cells were harvested. A similar inhibition protocol was used
for the KU55399 inhibitor (Tocris) but with a concentration of
10 �M.
Statistical Analysis—Throughout this study, Student’s t test

was applied to determine the statistical significance of differ-
ences between groups.

RESULTS

PIM-2 Protects Cells from UV-induced Damage—To get an
idea of whether Pim-2 is involved in the cell response to geno-
toxic damage, we first followed the expression level of endoge-
nous Pim-2 in U2OS cells, at both the RNA and protein levels,
in response to UVC (50 mJ/cm2) or etoposide (50 �M/24 h)
treatment. We found that endogenous Pim-2 was significantly
up-regulated, at both the RNA and protein levels (mainly the
34-kDa isoform), in response to UVC irradiation (Fig. 1A). In
fact, a prominent increase in the activity of PIM-2, judged by
increased phosphorylation of PIM-2 substrate BAD on Ser-75
(Ser-112 in mouse), was already evident 10–20-min postradia-
tion (Fig. 1B). This increase in BAD phosphorylation (pBAD)
could not be seen in Pim-2-silenced cells (Fig. 1B and supple-
mental Fig. S1A), suggesting that the increase in pBAD is
indeed PIM-2-dependent. A PIM-2 in vitro kinase assay that
was performed on protein extracts from UV-irradiated cells
further substantiated the increased activity of PIM-2 10–20
min following radiation, an activity that was associated with an
increase in the level of PIM-2 (supplemental Fig. S1, B and C).
Only a minor change was evident in PIM-2 protein levels fol-
lowing exposure to etoposide (supplemental Fig. S1D). To
determine whether the increased expression of PIM-2 was spe-
cifically due to the rather high UV radiation intensity of 50
mJ/cm2, we repeated these experimentswith various intensities

from 2 to 50 mJ/cm2 and found that UV radiation-dependent
elevation in PIM-2 levels was evident at all intensities, with a
more prominent increase at 8, 15, and 50 mJ/cm2 (supplemen-
tal Fig. S1E). To further assess the importance of PIM-2 to the
cell response to UV damage, we silenced Pim-2 in U2OS cells
and compared apoptotic rates, 24 h after UV radiation, to cells
treated with nonspecific (NS) shRNA or siRNA. As can be seen
in Fig. 1C, Pim-2-silenced cells exhibited significantly higher
apoptotic rates relative to NS control cells. Similar results were
obtained using both Pim-2-targeting agents (shRNA and
siRNA), suggesting that PIM-2 is indeed important for the UV
damage response of the cell. If this is the case, one could expect
that overexpression ofPim-2would render the cellsmore stable
to UV radiation. To test this hypothesis, we developed two
U2OS cell lines overexpressing Pim-2 in a stable and inducible
manner. In the first line, a FLAG-tagged 41-kDa isoform of
PIM-2 was induced by PON-A in a dose-dependent manner
(supplemental Fig. S1F), whereas in the second line, a
HA-tagged 34-kDa isoform of PIM-2 was induced byDOX, in a
dose-dependent manner (supplemental Fig. S1G). We found
that upon overexpression of either isoform of PIM-2 prior to
UV radiation, the percentage of apoptotic cells 24 h after radi-
ation was significantly reduced compared with control cells
(Fig. 1D and supplemental Fig. S2A). These results were further
substantiated by monitoring cell survival using the MTT assay
(supplemental Fig. S2B). It is noteworthy that the survival
assays corresponded to the apoptotic rates throughout this
study. Importantly, the protective effect of PIM-2 was kinase
activity-dependent because overexpression of a kinase-dead
form of PIM-2 (PIM-2KD, 39) did not reveal any protection
(supplemental Fig. S2C). Interestingly, Pim-2 overexpression
exerted only minor protection against etoposide treatment
(�5–10% decrease in apoptotic rates relative to control cells;
supplemental Fig. S3,A and B), suggesting a differential role for
PIM-2 in the cell’s response to different DNA damage inducers
and implying that PIM-2 has a significant role in the UV-in-
duced DNA damage response.
Accelerated Repair of UV-induced DNA Lesions in PIM-2-

expressing Cells—The protective effect exerted by PIM-2 could
result from either reduced amount of DNA lesions or acceler-
ated and more efficient repair of the DNA lesions. To differen-
tiate between these options we used two independent
approaches to assess the extent of DNA lesions at different time
intervals following exposure to UV radiation (8 mJ/cm2). The
first approach,monitoringDNAdamage by alkaline unwinding
flow cytometry, is based on differences in emitted fluorescence
from single versus double-stranded acridine orange-stained
nucleic acids, red and green, respectively. A direct positive cor-
relation has been reported between the red fluorescence emit-
ted from a cell, after alkaline unwinding of the DNA, and the
amount of DNA lesions it contains (41, 42). In our assay, a
significant difference (p � 0.05) was evident in the percentage
of cells exhibiting DNA lesions (increased red fluorescence)
between cells overexpressing PIM-2 (�DOX) and control cells
(�DOX), as soon as 5 min after radiation (75% versus 90%,
respectively), and this difference became even more apparent
30 min (43% versus 76%, respectively) or 60 min (33% versus
61%, respectively) after radiation (Fig. 2A). No difference was
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observed in unirradiated controls, either treated or not with
DOX. Similar differences between PIM-2-overexpressing cells
and control cells were obtained using an additional approach of
a direct ELISA assay for UV-induced CPDs, using anti-CPD
antibodies. As can be seen in Fig. 2B, 5 min after radiation, the
amount ofCPDs inPIM-2-overexpressing cells is reduced com-
pared with control cells, and as time passes the difference
becomes significant (p � 0.04 and p � 0.03 for 30 and 60 min,
respectively). Moreover, the kinetics of removal of CPDs was
slower upon silencing Pim-2 (with both shRNA and siRNA),
compared with nonrelevant shRNA/siRNA control, reaching a
statistically significant difference (p � 0.05) 30 min after radia-

tion (Fig. 2C). These differences seem not to be related to a
specific cell cycle stage because the cultures in these experi-
ments were not synchronized, and the cell cycle distribution
did not diverge significantly between samples. Nonetheless,
given that cells at the S phase of the cell cycle are known to be
more sensitive to UV radiation, we repeated the later set of
experiments in synchronized cell populations to determine any
possible cell cycle effects on our results. To this end, cells over-
expressing PIM-2 (�DOX) and control cells (�DOX) were
synchronized to either the G1 or S phase, using the double thy-
midine block method (Fig. 2D), before being exposed to UV
radiation (8 mJ/cm2), and 45 min postirradiation the relative

FIGURE 1. Involvement of PIM-2 in the UV-induced DNA damage response. A, up-regulation of PIM-2 following exposure to UVC radiation (254 nm). Cells
were irradiated at 50 mJ/cm2 and harvested at the indicated times postirradiation (control cells were not radiated). Left panel, real time PCR analysis of total RNA
from the irradiated cells, using Pim-2-specific primers. Primers for the S12 gene were used for endogenous control. Middle panel, Western analysis of proteins
extracted from the irradiated cells (40 �g) using antibodies against the PIM-2 protein. Anti-tubulin antibodies were used for equal loading control and
normalization. Right panel, densitometric analysis of PIM-2 signal (34-kDa isoform) from gels such as that depicted in the middle panel. Signal intensity with no
UV was determined as 1. B, increased activity of PIM-2 in UV-irradiated cells, judged by increased phosphorylation of BAD on Ser-75 (pBAD). Upper panel,
Western analysis of pBAD in extracts of naïve U2OS cells treated with nonspecific shRNA (NS), or Pim-2-silenced cells (PIM-2), at the indicated postirradiation
times. Anti-BAD antibodies were used for equal loading control and normalization. Lower panel, graphic representation of relative intensity of pBAD obtained
by densitometric analysis of pBAD signal from gels such as that depicted in the upper panel. Signal intensity in Pim-2-silenced cell (Pim-2 shRNA) with of no UV
was determined as 1. C, Pim-2 knockdown cells are more sensitive to UVC-induced apoptosis. Left panel, cell cycle FACS analysis of PI-stained cells, either
silenced for Pim-2 or transfected with NS shRNA, 24 h postirradiation with UVC (50 mJ/cm2). The horizontal line in each pattern indicates the channels included
in calculation of the sub-G1 phase. Right panel, percentage of cells at the sub-G1 phase, calculated from cell cycle patterns such as that presented in the left
panel. Results of both shRNA and siRNA are shown. D, cells overexpressing PIM-2 exhibit better resistance to UVC induce apoptosis. Left panel, annexin V/PI
FACS assay for cells either induced to overexpress the 41-kDa isoform of PIM-2 (�PON-A, 10 �M for 24 h) or not (�PON-A), 24 h postirradiation with UVC (50
mJ/cm2). Control cell cannot induce PIM-2 expression upon treatment with PON-A. Right panel, percentage of apoptotic cells (early � late apoptosis). In all
panels, the histograms summarize data from three independent experiments. *, statistically significant differences, p � 0.05.
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amount of CPDs was assessed as described above. As expected,
the relative amount of legions was much higher in the S phase
population, but in both the G1 and S phase cell populations,
PIM-2-expressing cells exhibited significantly reduced CPDs
compared with control cells (p� 0.05; Fig. 2D), excluding a cell
cycle effect on the protective properties of PIM-2. We con-
cluded that PIM-2 plays a role in the removal of the DNA
lesions and that overexpression of PIM-2 results in accelerated
and more efficient repair of the DNA lesions.
E2F-1Mediates PIM-2-stimulated Protection against UV-in-

duced DNA Damage—It has recently been reported that E2F-1
plays an important role in the UV-induced DNA damage

response (43, 44). Given these reports and given our previous
observation that E2F-1 is up-regulated upon overexpression of
PIM-2 in HeLa cells (39), we hypothesized that PIM-2-depen-
dent up-regulation of E2F-1 might contribute to the protective
effect of PIM-2 following UV radiation. To address this possi-
bility, we first determined E2F-1 levels following induction of
expression of either PIM-2 isoform (41- and 34-kDa isoforms)
in our U2OS system. We found that E2F-1 levels indeed
increased upon induction of expression of either PIM-2 variant
(Fig. 3A). We also found that upon exposure to UV radiation,
E2F-1 levels were elevated in U2OS cells, as expected (Fig. 3B).
However, when Pim-2 was silenced, E2F-1 levels were only

FIGURE 2. Accelerated repair of UV-induced DNA lesions in PIM-2-expressing cells. A, monitoring DNA damage in PIM-2-overexpressing cells (�DOX)
versus control cells (�DOX), exposed to UVC radiation (8 mJ/cm2), by alkaline unwinding flow cytometry. At the indicated time intervals postirradiation, cells
were fixed, embedded in low temperature melting agarose, treated with alkaline buffer to unwind damaged DNA, stained with acridine orange, and analyzed
by FACS for green and red fluorescence emitted from double- and single-stranded DNA, respectively. Left panel, region R1 represents distribution of undam-
aged cells, and region R2 represents distribution of damaged cells. The percentage of cells within each region is indicated. Right panel, percentage of cells with
DNA lesions, calculated from FACS analyzes such as that depicted in the left panel. *, statistically significant differences, p � 0.05. B, direct ELISA assay for
UV-induced CPDs in PIM-2-overexpressing cells (�DOX) versus control cells (�DOX), exposed to UVC radiation (8 mJ/cm2), using anti-CPD antibodies. *,
statistically significant differences, p � 0.05. C, direct ELISA assay for UV-induced CPDs in Pim-2-silenced cells (Pim-2 shRNA and siRNA) versus control cells
treated with NS shRNA, exposed to UVC radiation (4 mJ/cm2), using anti-CPD antibodies. D, the protective effect of PIM-2 overexpression is not cell cycle-de-
pendent. Left panel, cells overexpressing PIM-2 (�DOX) and control cells (�DOX) were synchronized to either the G1 or S phase, using the double thymidine
block method. Percentage of cells at either G1 or S phase is indicated. Right panel, relative amount of CPDs 45 min after UV radiation (8 mJ/cm2). CPDs in G1
synchronized control cells (G1-DOX) were determined as 1. *, statistically significant difference, p � 0.05.
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moderately increased, if at all, relative to cells treated with non-
specific shRNA/siRNA (Fig. 3B), indicating that PIM-2 contrib-
utes to the UV-related increase in E2F-1 levels. Furthermore,
we monitored apoptotic rates 24 h post-UVC radiation (50
mJ/cm2) under conditions of E2F-1 knockdown (Fig. 3C), with
and without PIM-2 (34-kDa isoform) overexpression. As
expected, in E2F-1 unsilenced cells (NS-siRNA), PIM-2 overex-
pression revealed �2-fold decrease in apoptotic levels, relative
to �DOX control cells (Fig. 3D). However, for E2F-1 knock-
down cells, the percentage of apoptotic cells was consistently
higher compared with the NS-siRNA control, with only mild

(but consistent and statistically significant) protection upon
PIM-2 overexpression (Fig. 3D). Furthermore, it has recently
been reported that E2F-1 stimulates NER by promoting GCN5
acetyltransferase-dependent acetylation of histone H3 Lys-9
(H3K9) (44). Therefore, to further substantiate the role of
E2F-1 in the PIM-2-dependent accelerated repair of the UV-
induced DNA legions, we tested whether PIM-2 also promotes
H3K9 acetylation. We found that indeed PIM-2-overexpress-
ing cells (�DOX) exhibit increased acetylation at all post-UV
time intervals tested, compared with control cells (Fig. 3E).
These results, together with the fact that E2F-1 silencing does

FIGURE 3. Involvement of E2F-1 in the PIM-2-dependent protection effect against UV-induced DNA damage. A, Western blot analysis (40 �g of total cell
extracts) of E2F-1 levels in cells overexpressing either the 41-kDa isoform of PIM-2 (PON-A) or the 34-kDa isoform (DOX), using anti-E2F-1 antibodies. For
detection of overexpressed PIM-2, anti-FLAG and anti-PIM-2 antibodies were used for the 41- and 34-kDa isoforms, respectively. Anti-tubulin antibodies were
used for equal loading control and normalization. B, up-regulation of E2F-1 following exposure to UVC is delayed in Pim-2-silenced cells. Left panel, Western blot
analysis of E2F-1 levels in cells either silenced for Pim-2 expression (Pim-2 shRNA) or cells transfected with NS shRNA as control, 2 and 4 h post-UVC irradiation
(50 mJ/cm2). Anti-tubulin antibodies were used for equal loading control and normalization. Right panel, graphic representation of relative E2F-1 levels,
obtained from densitometric analysis of gels such as that depicted in the left panel for Pim-2-silenced cells with either shRNA and siRNA. E2F-1 levels in
nonirradiated cells were determined as 1. C, E2F-1 silencing using two unrelated sets of E2F-1-specific siRNAs (no.1 and no.2). Nonspecific siRNA was used for
control. Anti-actin antibodies were used for equal loading control. D, left panel, cell cycle FACS analysis of PI-stained cells, under conditions of E2F-1 knockdown
(E2F-1 siRNA), with (�DOX) and without (�DOX) PIM-2 overexpression, 24 h postirradiation with UVC (50 mJ/cm2). Nonspecific siRNA (NS siRNA) was used as
control. Right panel, percentage of cells at the sub-G1 phase, calculated from cell cycle patterns such as those presented in the left panel, for E2F-1-silenced cells
with both sets of siRNA. Graphic representations in B and D summarize data from three independent experiments. *, statistically significant differences, p �
0.05. E, left panel, Western bolt analysis of histone H3 Lys-9 (H3K9) acetylation in cells overexpressing the 34-kDa isoform of PIM-2 (�DOX), versus control cell
(�DOX), at the indicated time intervals postradiation (50 mJ/cm2). Anti-tubulin antibodies were used for equal loading control and normalization. Right panel,
graphic representation of relative acetylated H3K9 levels at different time intervals following radiation, obtained by densitometric analysis of signals in the blot
presented in the left panel. Level of acetylated H3K9 in unirradiated control cells (�DOX) was determined as 1.
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not affect the increase in PIM-2 levels upon UV radiation (sup-
plemental Fig. S4A), imply that PIM-2 acts upstream to E2F-1
and that E2F-1 mediates the protective effect of PIM-2 against
UV-induced damage. However, our results also suggest the
existence of an alternative route throughwhichPIM-2 supports
resistance to UV damage.
PIM-2 Activates ATM and ATR—Both ATM and ATR were

reported to be activated and to play a role in the UV-induced
DDR (45, 46), thus also being potential mediators of the PIM-
2-dependent protection. In undamaged cells ATM exists as an
inactive dimer, which upon damage undergoes autophosphor-
ylation on Ser-1981 and dimer dissociation, rendering it active
to phosphorylate various substrates needed for the damage
response (47). We therefore examined the levels of ATM and
phospho-ATM (Ser(P)-1981, pATM) in response to PIM-2
overexpression. Cells overexpressing the 34-kDa isoform of
PIM-2 (�DOX) were exposed to UVC radiation (15 mJ/cm2)

and harvested 3, 6, or 8 h after exposure to radiation before
ATM and pATM levels were compared with �DOX control
cells. As can be seen in Fig. 4A, pATM levels were considerably
higher in all PIM-2-expressing cells, including unirradiated
cells, whereas ATM levels were unchanged. No such increase in
pATM could be obtained in control U2OS cells treated with
DOX (data not shown), indicating that DOX by itself cannot
affect the level of pATM. To further verify that PIM-2 indeed
activated ATM, we tested the phosphorylative status of both
p53 (on Ser-15, pp53) and Kap1 (on Ser-824, pKap1), known
substrates of ATM (48, 49). We found that upon overexpres-
sion of PIM-2, an increase in the level of pp53 was evident, even
in unirradiated cells, supporting the notion that ATM was
indeed activated (Fig. 4B). As to phospho-Kap1, a clear differ-
ence between PIM-2-overexpressing cells and control cells
could be seen following radiation (Fig. 4B). However, no signal
of pKap1 could be detected 6 h postirradiation in PIM-2-over-

FIGURE 4. PIM-2-dependent activation of ATM and ATR. A, left panel, Western blot analysis (40 �g of total cell extracts) of ATM and phosphorylated ATM on
Ser-1981 (pATM) in cells overexpressing the 34-kDa isoform of PIM-2 (�DOX), compared with (�DOX) control cells, 3, 6, and 8 h post-UVC irradiation (15
mJ/cm2). Anti-PIM-2 antibodies were used for detection of PIM-2 overexpression. Anti-tubulin antibodies were used for equal loading control and normaliza-
tion. Right panel, graphic representation of relative pATM levels, obtained from densitometric analysis of gels such as that depicted in the left panel. pATM levels
in nonirradiated �DOX control cells were determined as 1. Graph summarizes data from three independent experiments. *, statistically significant differences,
p � 0.05. B, left upper panel, Western blot analysis (40 �g of total cell extracts) of phosphorylated p53 on Ser-15 (pp53). Left lower panel, phosphorylated Kap1
on Ser-824 (pKap1), as indicators of active ATM, in cells overexpressing the 34-kDa isoform of PIM-2 (�DOX), compared with (�DOX) control cells, 2 and 3 h
post-UVC irradiation (15 mJ/cm2), respectively. Anti-actin and anti-tubulin antibodies were used for equal loading control and normalization. Note the different
exposure times of pp53 blots in unirradiated and irradiated cells. Right panel, relative pp53 and pKap levels, obtained from densitometric analysis of gels such
as those depicted in the left panel. pp53 and pKap1 levels in �DOX cells were determined as 1. *, statistically significant differences, p � 0.05. C, ATR increased
activation in PIM-2-overexpressing cells. Upper panel, Western blot analysis (40 �g of total cell extracts) of phosphorylated CHK1 on Ser-345 (pCHK1), in cells
overexpressing the 34-kDa isoform of PIM-2 (�DOX), compared with (�DOX) control cells, at the indicated times post-UVC irradiation (15 mJ/cm2). Anti-
GAPDH antibodies were used for equal loading control and normalization. Lower panel, graphic representation of relative pCHK1 levels, obtained from
densitometric analysis of gels such as that depicted in the upper panel. pCHK1 levels in nonirradiated (�DOX) control cells were determined as 1. Graph
summarizes data from three independent experiments. *, statistically significant differences, p � 0.05.
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expressing cells (�DOX) in the presence of the ATM-specific
inhibitor KU60019 (supplemental Fig. S4B), verifying that
phosphorylation of Kap1 is indeed ATM-dependent. Likewise,
no signal of pKap1 could be detected in unirradiated cells (Fig.
4B); possibly implying that the extent to which ATM was acti-
vated in unirradiated cells was beneath the threshold needed to
detect Kap1 phosphorylation. Alternatively, it might imply that
Kap1 becomes phosphorylation-competent only after damage.
These results indicate that PIM-2 can activate ATM and that
this activation might not be restricted to cells with actually
damaged DNA.
Stiff et al. (45) have reported that following UV treatment

ATM activation is ATR-dependent. To test whether ATR is
also activated upon PIM-2 overexpression, we analyzed phos-
phorylation of Chk1 on Ser-345 (pChk1), a knownATR-depen-
dent phosphorylation site, at different time intervals postirra-
diation. Only a mild signal of Chk1 phosphorylation could be
detected in unirradiated cells (Fig. 4C), suggesting that ATR
was not significantly active before UV treatment. Nonetheless,
after exposure to UV radiation PIM-2-overexpressing cells
consistently exhibited significantly increased pChk1 levels,
compared with �DOX control cells (Fig. 4C), at all time inter-
vals tested (p � 0.05), suggesting increased activation of ATR.
We concluded that PIM-2 amplifies not only the activation of
ATM but that of ATR as well, following UV-induced damage.
Does ATM activation by PIM-2 depend on E2F-1? To

address this questionwe analyzed pATM levels in E2F-1 knock-
down cells versus cells treated with NS-siRNA, in unirradiated
cells as well as 6 h after UVC radiation (15 mJ/cm2). We found
that E2F-1 silencing (with either siRNA) reduced theATMacti-
vation by PIM-2 but did not block it completely (Fig. 5), sug-
gesting that E2F-1 plays some role in PIM-2-dependent activa-
tion of ATM. It also suggested the existence of alternative
routes through which PIM-2 can activate ATM.
Is ATM activation important for the PIM-2-induced protec-

tion effect following UV radiation? To address this issue we
monitored the apoptotic rates 6 h after exposure to UV radia-

tion (15 mJ/cm2) in cells overexpressing PIM-2 and in �DOX
control cells under conditions of E2F-1 silencing or nonspecific
siRNA, with or without the ATM inhibitor KU55933. As
expected, the lowest rate of apoptotic cells was observed in
nonsilenced E2F-1 cells overexpressing PIM-2 with no inhibi-
tion of ATM (Fig. 6, A and B). Likewise, silencing of E2F-1
significantly reduced the protective effect of PIM-2, consistent
with the above described results. However, when the ATM
inhibitor was added, apoptotic rates were much higher, irre-
spective of whether E2F-1 was silenced or not (Fig. 6, A and B).
The efficiency of E2F-1 silencing andATM inhibitionwere ver-
ified as depicted in Fig. 6C. These results, together with the fact
that inhibition of ATM does not affect the increase in PIM-2
levels upon UV radiation (supplemental Fig. S4C), indicated
that ATM indeed acts downstream to PIM-2 and is indispen-
sable for the PIM-2 protective effect during the UV damage
response.
Reduced �H2AX Accumulation Following Exposure to UV

Irradiation in PIM-2 -overexpressing Cells—It is well docu-
mented that in cells exposed to UVB or UVC radiation, unre-
paired DNA lesions, such as CPDs, cause DSBs during the S
phase because of collapse of the replication fork. We assumed
that if PIM-2-overexpressing cells indeed remove the UV-in-
ducedDNA lesionsmore efficiently, the extent ofDSB accumu-
lation will also be reduced. To address this issue, we monitored
the accumulation and disappearance of �H2AX following UVC
radiation in UV-irradiated (8 mJ/cm2) PIM-2-overexpressing
cells (�DOX) compared with control cells (�DOX). The cells
were fixed 3, 6, 8, and 24 h post-UV radiation, and �H2AX
levels were determined immunocytochemically or by Western
blot analysis. In the immunocytochemical analysis, a most dis-
tinct difference was observed 6 h postirradiation where cells
overexpressing PIM-2 clearly showed reduced levels of �H2AX
compared with control cells (Fig. 7A and supplemental Fig. S5).
ForWestern blot analysis, PIM-2-expressing cells (34-kDa iso-
form) were irradiated (15mJ/cm2), and proteins were extracted
from cells before treatment, as well as 3, 6, 8, and 24 h post-UV

FIGURE 5. Knockdown of E2F-1 reduces PIM-2-dependent activation of ATM. Left panel, Western blot analysis (40 �g of total cell extracts) of pATM in cells
overexpressing the 34-kDa isoform of PIM-2 (�DOX), compared with control cells (�DOX), under conditions of E2F-1 silencing or transfection with NS siRNA,
with or without UVC irradiation (15 mJ/cm2). Tubulin antibodies were used for equal loading control and normalization. Right panel, relative pATM levels,
obtained from densitometric analysis of gels such as that depicted in the left panel using both sets of siRNA (no.1 and no.2). pATM level in unirradiated �DOX
cells treated with NS siRNA was determined as 1.
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radiation. No �H2AX could be detected in DOX-treated, unir-
radiated cells, indicating that neither DOX nor PIM-2 induce
�H2AX accumulation (Fig. 7B). �H2AX started to accumulate
3 h postirradiation in �DOX control cells, reaching a maxi-
mum level at 8 h postirradiation and with substantial residual
levels 24 h postirradiation. In PIM-2-overexpressing cells, how-
ever, significantly lower levels of �H2AX were apparent for all
time points tested (Fig. 7B). Importantly, the reduced �H2AX
levels were E2F-1-dependent because no such reduction was
detected in E2F-1-silenced cells overexpressing PIM-2 (Fig.
7C). On the contrary, �H2AX levels were increased relative to
control cells, upon E2F-1 silencing, regardless of DOX stimula-
tion. We therefore concluded that �H2AX accumulation upon
UV irradiation is significantly reduced in PIM-2-overexpress-
ing cells, indicating reduced amounts of DSBs.

DISCUSSION

The oncogenic nature ascribed to PIM-2 relies mostly on the
pro-survival effect exerted by phosphorylation of substrates
that upon phosphorylation act as pro-survival/anti-apoptotic
factors. Nevertheless, pro-survival effects can also result from
activating DNA repair mechanisms following damage. The
possibility that PIM-2 is involved in the DDR has never been
addressed. In this study, we found that endogenous PIM-2
expression (mainly the 34-kDa isoform) and activity are up-reg-
ulated soon after exposure to UV radiation but much less so

after treatment with etoposide, suggesting that PIM-2 plays an
intrinsic role in the cell response to UV-induced damage. This
conclusion was further verified by the dramatic increase in the
sensitivity of Pim-2-silenced cells to UV radiation and by the
fact that both PIM-2 isoforms had a significant protective effect
against UV-derived apoptosis. This protective effect could
reflect reduced amount of UV-induced DNA lesions, as has
been reported in pluripotent cells comparedwith differentiated
fibroblasts exposed to equal intensities of UVC radiation (50),
but it could also imply increased efficiency of the repair process
in these cells.We showed that it is the kinetics of removal of the
UV-induced DNA lesions that was faster in PIM-2-overex-
pressing cell versus control cell and in control cells versus Pim-
2-silenced cells, suggesting that PIM-2 contributes to a more
efficient removal of the lesions. This conclusion was further
supported by the reduced �H2AX accumulation over time in
PIM-2-overexpressing cells, suggesting reduced amounts of
DSB. It is noteworthy, however, that the mechanisms by which
Pim-2 expression and activity are up-regulated upon UV radi-
ation remain an open question that needs further investigation.
A clue to the answer of this question might be two consensus
NF-�Bbinding sites in the promoter region of Pim-2 (�270 and
�595 from the transcription start site), because it has been
reported that transcription factor NF-�B is involved in mediat-
ing the UV response in mammalian cells (51).

FIGURE 6. ATM inhibition abolishes the PIM-2 protective effect regardless of E2F-1 expression. A, cell cycle FACS analysis (propidium iodide-stained cells)
of cells overexpressing PIM-2 (�DOX), compared with (�DOX) control cells, under conditions of E2F-1 silencing (E2F-1 siRNA no.1) or nonspecific siRNA, with
or without the ATM inhibitor KU55933 (10 �M), 6 h post-UVC radiation (15 mJ/cm2). The horizontal line in each pattern indicates the channels included in
calculation of the sub-G1 phase. The percentage of sub-G1 cells is written above the horizontal line. B, percentage of cells at the sub-G1 phase, calculated from
cell cycle patterns such as that presented in A with both E2F-1 siRNA sets (no.1 and no.2). C, Western blot analysis (40 �g of total protein extract) for E2F-1 and
phosphorylated Kap1 on Ser-824 (pKap1) levels, in cells treated as described in A. Anti-tubulin was used for equal loading control and normalization.
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Our results suggest that PIM-2 exerts its protective effect
through up-regulation of E2F-1, because the protective effect
was greatly diminished in E2F-1-silenced cells. Previous reports
have tied E2F-1 to the UV damage response. Epidermic cells
from E2F-1 knock-out mice exhibit increased apoptosis upon
exposure to UVB radiation, and apoptosis was suppressed in
keratinocytes from transgenic mice overexpressing E2F-1, fol-
lowing UVB (43). E2F-1 levels were reported to rise following
UV radiation and to be recruited to theUV-inducedDNAdam-
age sites, independent of the ability of E2F-1 to regulate tran-
scription (44). Moreover, E2F-1 seems to be required for the
recruitment of NER factors to the sites of UV damage because
depletion of E2F-1 impairs the recruitment of these factors,
leading to reduced efficiency of DNA repair (44). Thus, the
unadvanced increase in E2F-1 levels shown in this study caused
by PIM-2 overexpression, can, of course, contribute to faster
recruitment ofNER factors to the sites ofUVdamage andhence
to a more efficient repair. What, then, regulates the increased
levels of E2F-1 upon exposure to UV radiation? E2F-1 can be
phosphorylated by ATM and ATR on Ser-31, phosphorylation
that stabilizes it and can definitely contribute to its up-regula-
tion (52, 53). This requires active ATM and/or ATR prior to
E2F-1 up-regulation, and it is possible, therefore, that PIM-2-
dependent activation of ATMandATR (as shown in this study)
contributes to E2F-1 up-regulation. However, we have shown
in this study that PIM-2-mediated ATM activation depends, at
least in part, on E2F-1, suggesting an additional mechanism for
PIM-2-dependent up-regulation of E2F-1. An alternative
explanation could be that PIM-2 activates transcription of

E2F-1 by stabilizing c-Myc, a known positive regulator of
E2F-1. Zhang et al. (32) have shown that PIM-2 phosphorylates
c-Myc on Ser-329, leading to its stabilization and increasing its
transcriptional activity. It was also reported that c-Myc is up-
regulated upon exposure to UVC (54). These reports, together
with our finding showing c-Myc up-regulation following PIM-2
overexpression or exposure to UVC radiation in our U2OS sys-
tem (Fig. 8) and showing that E2F-1 is not up-regulated upon
exposure to UVC in c-Myc-silenced cells (Fig. 8C), support the
notion that c-Myc is a PIM-2 target upon exposure to UV radi-
ation, leading to transcriptional activation of E2F-1.
Guo et al. (44) reported that recruitment of E2F-1 to UV

damage sites is ATR-dependent. Stiff et al. (45) have reported
that ATM activation following UV treatment does not rely on
autophosphorylation of Ser-1981, but rather it is ATR-depen-
dent. However, Yajima et al. (46) showed that ATM is impor-
tant for the UV-induced damage response, mainly in later
stages when DSB are formed because of collapse of the replica-
tion fork, and that ATMwas activated in an ATR-independent
manner. Our results reported herein demonstrate that in PIM-
2-overexpressing cells activation of both ATM and ATR is
intensified upon exposure to UV radiation and suggest that
ATM plays a crucial role in the PIM-2-induced stability after
exposure to UV. We do not know yet how exactly PIM-2 acti-
vates ATM and ATR. An intriguing possibility, based on our
results indicating reduced ATM activation upon E2F-1 silenc-
ing, suggests that E2F-1 contributes to ATM activation. E2F-1
was reported to promote p53 phosphorylation and apoptosis in
primary human fibroblasts through stimulating ATM activa-

FIGURE 7. Reduced �H2AX accumulation following UVC in PIM-2-overexpressing cells. A, immunocytochemical staining of �H2AX in cells overexpressing
the 34 kDa isoform of PIM-2 (�DOX), compared with (�DOX) control cells, 6 h post-UVC radiation (8 mJ/cm2). Rabbit anti-�H2AX antibodies were used as
primary antibody and Alexa 596 goat anti-rabbit as a secondary antibody (red). The nuclei were stained with Hoechst (blue). The bar represents 50 �m. B, left
panel, Western blot analysis (40 �g of total cell extracts) of �H2AX in cells overexpressing the 34-kDa isoform of PIM-2 (�DOX), compared with (�DOX) control
cells, at the indicated times post-UVC radiation (8 mJ/cm2). Anti-tubulin antibodies were used for equal loading control and normalization. Right panel, graphic
representation of relative �H2AX levels, obtained from densitometric analysis of gels such as that depicted in the left panel. �H2AX levels in �DOX control cells
3 h post-UV were determined as 1. Graph summarizes data from three independent experiments. *, statistically significant differences in �H2AX levels between
PIM-2-expressing cells and control cells (p � 0.05) at 6, 8, and 24 h. C, Western blot analysis (40 �g of total cell extracts) of �H2AX in cells overexpressing the
34-kDa isoform of PIM-2 (�DOX), compared with control cells (�DOX), under conditions of E2F-1 silencing (E2F1 siRNA) or NS siRNA. Actin antibodies were used
for equal loading control and normalization.
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tion (55). Moreover, E2F-1 was reported to be required for
ATM activation in the DDR induced upon infection of cells by
the human cytomegalovirus (56), supporting a role for E2F-1 in
ATM activation in some contexts. As to ATR, in our PIM-2
overexpression experimental system it seems not to be required
for ATM initial activation because ATMwas preactivated even
in unirradiated cells, whereas ATR was not. In fact, we could
show that in PIM-2-overexpressing cells ATR intensified acti-
vation after UV radiation was eliminated in the presence of
ATM inhibitors (not shown), suggesting that ATM contributes

to ATR activation in this case. Thus understanding the mutual
relationship between ATR and ATM in response to UV radia-
tion needs further investigation.
In conclusion, this study attributes an important role for

PIM-2 in the cell response to UV-induced DNA damage and
places it upstream to E2F-1 and ATM. Prealerting the response
mechanism by overexpressing PIM-2 prior to UV radiation
results in a more efficient removal of the induced DNA lesions
and exertion of a protection effect. We propose a model in
which PIM-2 induces activation of ATM, either by elevation of
E2F-1 through c-Myc or by an as yet unidentified E2F-1-inde-
pendent pathway, leading also to activation ofATR.OnceATM
and ATR are activated, an amplification cycle is initiated where
ATM and ATR can phosphorylate E2F-1 on Ser-31 and stabi-
lize it, thus enabling its further contribution to the amplifica-
tion cycle. This culminates in ATR- and E2F-1-dependent
recruitment of NER factors to the damage sites, ATM- and
ATR-dependent activation of the cell cycle checkpoints
through Chk1 and Chk2, respectively, and repair of the late
appearing DSB (Fig. 9). Finally, it seems that PIM-2 is not the
onlymember of the PIM family that is involved in theDDR.Hsu
et al. (57) have recently reported that knockdown of PIM-1, or
inhibition of its activity, in human prostate cancer cells resulted
in disruption of the nonhomologous end joining repair ofDSBs,
including disrupted activation of ATM.
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FIGURE 8. Increased c-Myc levels upon PIM-2 overexpression and UV radiation. A and B, Western blot analysis (40 �g of total cell extracts) of c-Myc levels
in cells overexpressing either the 34-kDa isoform (1 �g/ml DOX for the indicated times) (A) or the 41-kDa isoform of PIM-2 (10 �M PON-A for the indicated times)
(B). Anti-PIM-2 and anti-FLAG antibodies were used for detection of the 34- and 41-kDa isoforms, respectively. Anti-tubulin antibodies were used for equal
loading control and normalization. C, Western blot analysis (40 �g of total cell extracts) of c-Myc and E2F-1 levels in cells either silenced for c-Myc (cMyc shRNA)
or transfected with nonspecific shRNA as control, 1, 2, and 4 h post-UVC irradiation (50 mJ/cm2). Anti-actin antibodies were used for equal loading control and
normalization.

FIGURE 9. A proposed schematic model describing the E2F-1- and ATM-
mediated involvement of PIM-2 in the UV-induced DDR.
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