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UVB-induced lesions in mammalian cellular DNA can, through the process of mutagenesis, lead to carcinogen-
esis. However, eukaryotic cells have evolved complex mechanisms of genomic surveillance and DNA damage
repair to counteract the effects of UVB radiation. We show that following UVB DNA damage, there is an overall
inhibition of protein synthesis and translational reprogramming. This reprogramming allows selective synthesis of
DDR proteins, such as ERCC1, ERCC5, DDB1, XPA, XPD, and OGG1 and relies on upstream ORFs in the 59

untranslated region of these mRNAs. Experiments with DNA-PKcs-deficient cell lines and a specific DNA-PKcs
inhibitor demonstrate that both the general repression of mRNA translation and the preferential translation of
specific mRNAs depend on DNA-PKcs activity, and therefore our data establish a link between a key DNA damage
signaling component and protein synthesis.
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The DNA of an organism can be structurally altered by
both intra- and extracellular agents, and damaged DNA, if
it is not repaired, can lead to genomic instability, muta-
genesis, and cell death. Therefore, eukaryotic cells have
developed efficient genomic surveillance and DNA repair
mechanisms to maintain their genetic integrity. These
mechanisms act in conjunction with DNA damage
checkpoints to ensure that cells are growth-arrested until
DNA repair is completed (d’adda di Fagagna et al. 2004;
Sancar et al. 2004; Bartek and Lukas 2007; Harper and
Elledge 2007; Hakem 2008).

UV radiation introduces cyclopyrimidine dimers (CPDs)
and 6-4 photoproducts (6-4PPDs) into DNA. These bulky
DNA lesions are removed by the nucleotide excision

repair (NER) pathway (Shuck et al. 2008). Initially, CPDs
and 6-4PPDs are recognized through either specific DNA-
binding complexes (DDB or XPC-RAD23B) or stalled
RNA polymerase complexes. Subsequently, the con-
certed actions of the TFIIH–XPA–RPA complex unwind
the damaged region of DNA, and the defective strand is
excised by structure-specific endonucleases (ERCC1-XPF
and XPG). The DNA duplex is then repaired through gap
polymerization and DNA ligation (Fousteri and Mullenders
2008; Shuck et al. 2008). Both NER intermediates and
stalled replication forks resulting from UV DNA damage
activate the DNA damage checkpoint kinases ATR, ATM,
and DNA-PKcs (Zou and Elledge 2003; Stiff et al.
2006; Yajima et al. 2006). These kinases, with the aid of
mediator proteins such as 53BP1 and MDC1, initiate the
assembly of damage checkpoint complexes at repair sites
(Rappold et al. 2001; Goldberg et al. 2003; Harper and
Elledge 2007). More than 700 ATM and ATR target
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proteins have been identified recently, including proteins
involved in cell cycle arrest, DNA replication, chromatin
remodeling, and NER (Matsuoka et al. 2007; Stokes et al.
2007). Thus it appears that checkpoint complexes con-
taining ATM, ATR, and DNA-PKcs orchestrate the DNA
damage response through multiple pathways, including
coordinating processes such as growth arrest and replica-
tion arrest with DNA repair.

Signaling to gene expression plays a major role in the
DNA damage response. Both UV and ionizing radiation
increase the transcription of hundreds of genes, including
genes directly involved in NER such as XPC, DDB2,
PCNA, and Gadd45A (Rieger and Chu 2004; Boerma et al.
2005; da Costa et al. 2005). However, it has also been
reported that cellular protein synthesis is markedly
inhibited after UV irradiation (Deng et al. 2002; Wu
et al. 2002). This apparent paradox could be explained
by the differential regulation of mRNA translation,
which has been observed under other conditions of cell
stress (Spriggs et al. 2008). Large-scale profiling of mRNA
translation efficiencies during cell stress has revealed that
certain mRNAs evade the global inhibition of protein
synthesis (Johannes et al. 1999; Blais et al. 2004; Bushell
et al. 2006; Thomas and Johannes 2007; Spriggs et al.
2008). Furthermore, many of these mRNAs are translated
using alternative mechanisms of translation initiation,
such as internal ribosome entry (Johannes et al. 1999;
Bushell et al. 2006). In general, these mRNAs encode
proteins essential to the stress response. For example,
selective mRNA translation results in increased synthe-
sis of chromatin remodeling proteins during apoptosis,
whereas during hypoxia, mediators of the unfolded pro-
tein response are preferentially translated (Blais et al.
2004; Bushell et al. 2006).

Here we show that UVB DNA damage reduces the
global rate of protein synthesis and increases phosphory-
lation of the translation initiation factor eukaryotic
initiation factor a (eIF2a). However, despite the general
repression of translation, mRNAs encoding NER proteins
are selectively recruited to the polysomes, and moreover,
these mRNAs are efficiently translated. In addition, we
established that upstream ORFs (uORFs) in the 59 un-
translated regions (UTRs) of these mRNAs play a vital
role in the mechanism of selective mRNA translation.
Both the inhibition of protein synthesis and the selective
synthesis of NER proteins depend on UVB-induced DNA-
PKcs activity. Therefore we demonstrated for the first
time that signaling through the DNA damage checkpoint
kinase, DNA-PKcs, coordinates the reprogramming of
mRNA translation in response to UVB DNA damage.

Results

Exposure of HeLa cells to UVB light causes a reduction
in protein synthesis

HeLa cells were exposed to a nonlethal dose of UVB light
(275 J/m2) (see Supplemental Fig. S1A,B) or mock-treated,
lysed, and the DNA examined to determine the extent of
production of thymidine dimers as described previously
(Mori et al. 1991). One hour after exposure, there was
an approximately sevenfold increase in the thymidine
dimers present in the DNA that were repaired by the cell
after 36 h (Fig. 1A). To assess the effect that exposure to
UVB light had on translation, global protein synthesis
rates were measured, and the data show that these are
reduced to ;35% after 8 h (Fig. 1B). The levels and
phosphorylation status of eIFs were determined, and in

Figure 1. Inhibition of protein synthesis follow-
ing UVB-induced DNA damage. HeLa cells were
mock- or UVB-irradiated (275 J/m2) and har-
vested at the times shown following exposure.
(A) The relative amount of cyclo-pyrimidine
dimers (CPDs) produced by this treatment were
measured by ELISA using a monoclonal anti-
body specific to CPDs. Measurements are the
mean of four independent experiments, and error
bars represent 1 standard deviation from the
mean. (B) Protein synthesis rates were deter-
mined by liquid scintillation counting of newly
incorporated [35S]-methionine at the time points
indicated. Measurements are the mean of three
independent experiments normalized to that of
the unirradiated cells. Error bars represent 1
standard deviation from the mean. (C) Cell
lysates derived from control and UVB-irradiated
cells were separated by SDS-PAGE, immuno-
blotted, and probed with antibodies against
eIF2a. There was a significant change in the
phosphorylation status of eIF2a but no other
eIFs (see Supplemental Fig. S1C). (D) Cell lysates
were separated on (10%–50%) sucrose density
gradients and the absorbance across the gradient read at 254 nm. Positions of the 40S, 60S ribosomal subunits and polysomal fractions
are indicated.
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agreement with other studies of irradiation (Deng et al.
2002; Jiang and Wek 2005), the decrease in global trans-
lation rates appears to be mediated, in the most part, by
a change in the phosphorylation state of the a subunit of
eIF2 (Fig. 1C; Supplemental Fig. S1C). There was no
change in the levels of eIF4G (or any increase in the
cleavage products consistent with the nonapoptotic state
of the cells) (Supplemental Fig. S1A,B) or in phosphoryla-
tion status of the eIF4E inhibitor 4EBP1 (Supplemental
Fig. S1C). Moreover, 4 h following UVB exposure, no cell
cycle arrest was detected (Supplemental Fig. S2). To
examine the association of ribosomes with the total
cellular population of mRNAs following UVB irradiation,
cytoplasmic extracts prepared from both control and
treated HeLa cells were subjected to sucrose density
gradient analysis. Exposure of HeLa cells to UVB light
resulted in a considerable decrease in the amount of
polysomes and a corresponding increase in the abundance
of the 40S and 60S complexes (Fig. 1D). There was no
significant RNA degradation at these time points, and
Northern analysis to compare the steady-state levels of
ribosomal RNA, actin, and ribosomal protein S16 (rpS16)
mRNAs in control cells and UVB-exposed cells demon-
strated that there was no change after 8 h (Supplemental
Fig. S1D–F). Taken together, these data are consistent
with inhibition of protein synthesis at the initiation
stage.

cDNA microarray analysis shows that a subset
of mRNAs are subject to differential translational
regulation following UVB irradiation

It was then important to identify those individual
mRNAs that still remain polysomally associated follow-
ing UVB exposure. Thus the polysome/subpolysome
distribution of mRNAs was analyzed in untreated and
UVB-irradiated cells using cDNA microarray (this type of
analysis rules out changes in transcription that may
occur; see Spriggs et al. 2008 for further information).
Sucrose density gradients were fractionated into ;12
fractions, and RNA derived from sucrose gradient frac-
tions 7–12 (polysomes) was compared with RNA from
fractions 1 to 6 (subpolysomes) to obtain a measure of the
translational status of mRNAs in both control and UVB-
exposed cells (Fig. 1D). The majority of mRNAs displayed
reduced association with the polysomes following UVB
exposure (Fig. 1D). However ;8% of mRNAs were re-
sistant to the UVB-induced translational inhibition and
did not relocate from the polysomes into the subpoly-
somes. Together these data imply that certain mRNAs
are subject to differential translational regulation follow-
ing UVB exposure. Distinct categories of mRNAs that
displayed either increased or decreased relative trans-
lational efficiency following UVB exposure were identi-
fied (Tables 1, 2). Within the group of genes whose relative
translational efficiency was increased following UVB
irradiation, ;9% encode proteins with roles in DNA
damage repair processes (Supplemental Table S3). These
include several genes encoding members of the NER
pathway including XPA, ERCC5, ERCC1, and DDB1,

and interestingly, these were found to be unchanged
when transcriptional profiling was performed following
UVC exposure (Rieger and Chu 2004). Other mRNAs
whose protein products have a survival role and anti-
apoptotic role—e.g., TEGT, Bcl-2, and Mcl-1 (Table
1)—were also shown to be associated with the polysomes.
The mRNAs whose translational efficiency was substan-
tially reduced in UVB-irradiated cells include those with
proapoptotic functions (e.g., BAD, BAK1, and SIVA [Table
2]) and death signaling (e.g., TRAF3 [Table 2]). These two
sets of data are different from those obtained when cells
were treated with TNF-related apoptosis-inducing ligand
(TRAIL) to induce apoptosis (Supplemental Tables S1, S2;
Bushell et al. 2006), showing that there is coordinated
recruitment of a specific subset of mRNAs to the poly-
somes following UVB exposure.

Changes in gene expression and the rate of synthesis
of specific proteins following UVB exposure correlate
with cDNA microarray analysis

To verify the data from the microarray analysis, Northern
analysis was also performed (Fig. 2A). According to the
microarray analysis, APE1 (Table 2), PABP, rpS16, and
rpS6 (data not shown) mRNAs showed a marked decrease
in their relative translational efficiency following UVB
exposure. In agreement with these data, Northern anal-
ysis of sucrose density gradient fractions showed a sub-
stantial reduction in the amount of these mRNAs that
sedimented with the polysomes and a concomitant in-
crease in the mRNA associated with the subpolysomal
fractions (Fig. 2A). Conversely, according to the micro-
array analysis, ERCC5, DDB1, ERCC1 (Table 1), and XPD
(data not shown) mRNAs all showed a marked increase in
their relative translational efficiency following UVB
exposure. In agreement, these mRNAs are all associated
with fractions that contained more polysomes following
UVB exposure (Fig. 2A; Supplemental Fig. S3 for quanti-
fication of these data). Interestingly, the mRNAs that
relocated to heavier polysomes following UV-exposure
were found to be associated with two or more ribosomes
under control conditions (Fig. 2A). Thus, the mRNAs that
encode ERCC1, ERCC5, DDB1, XPD, and MNAT1 are all
found to be associated with ribosomes, with very little
message associated with the 40S or 60S ribosomal frac-
tion, in comparison with APE1 and PABP (Fig. 2; Supple-
mental Fig. S3). It has been shown previously that
messages that contain uORFs in their 59 UTRs are gen-
erally associated with two or more ribosomes (Zhou et al.
2008), suggesting that many of the mRNAs identified by
the screen (Table 1) contain uORFs. The mRNAs encod-
ing c-Myc and OGG1 remain associated with approxi-
mately the same number of ribosomes and showed no net
change in their positions on the gradients (Fig. 2A;
Supplemental Fig. S3). Collectively, these data show that
mRNAs that encode proteins required for the DDR are
subject to differential polysomal association following
UVB exposure (Fig. 2; Tables 1, 2).

To determine whether the changes in polysome asso-
ciation reflected rates of synthesis of specific polypeptides,
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cells were exposed to UVB light and pulse-labeled for 5
min with [35S]-methionine before harvesting at the times
indicated post-irradiation, cell lysates were prepared and
proteins immunoprecipitated. The rate of synthesis of

DDB1, ERCC1, ERCC5, OGG1, ATM, and c-Myc all
increased following exposure of cells to UVB (Fig. 2Bi).
For example, 4 h following exposure of cells to UVB light,
there is a reduction in global protein synthesis rates to

Table 1. Selected candidate mRNAs that displayed significantly increased quantile ranking HeLa cells exposed to UVB light
compared with control cells

Genes are clustered into functional groups. A color scale has been used to represent the ratio of mRNA in subpolysome to polysome
fractions. Transformed from the log2[Polysome:Subpolysome], where green indicates subpolysome-associated, and red signifies that the
mRNA is predominately polysome-associated.
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50% (Fig. 1B); yet under these conditions, the rates of
synthesis of c-Myc and DDB1 have increased by approx-
imately twofold (Fig. 2B, panel i). Moreover these changes
are not reflected by alterations in the total amount of
mRNA present, and in the parallel samples that were
taken for Northern analysis, there was a decrease in the
corresponding mRNAs following UVB exposure (Fig. 2B,
panel ii). In contrast, the rates of synthesis of APE-1 and
RAD52 decreased to a greater extent than the global
protein synthesis rates to 19% and 3%, respectively (Fig.
2B, panel i), and again, while there was a decrease in the
levels of these mRNAs, these are insufficient to account
for the changes in protein synthesis observed (Fig. 2B,
panel ii). The images obtained from these paired experi-

ments were scanned and quantified using ImageQuant,
and these data were used to calculate the relative trans-
lational efficiency. The data show that in the case of
DDB1, ERCC1, and c-Myc, there is an overall increase in
translational efficiency, albeit to different extents (Fig.
2C). There was a small, but reproducible, increase in the
synthesis of ERCC5 (;1.8-fold), and an increase in the
amount of ERCC5 mRNA that was polysomally associ-
ated mRNA following UVB exposure (Fig. 2A). In con-
trast, there was a large decrease in the translational
efficiency of RAD52 and APE1 (Fig. 2C). These changes
in the rate of protein synthesis correlate well with the
microarray data and the polysome analysis with the ex-
ception of c-Myc. The increased translational efficiency

Table 2. Selected candidate mRNAs that displayed significantly decreased quantile ranking HeLa cells exposed to UVB light
compared with control cells

Genes are clustered into functional groups. A color scale has been used to represent the ratio of mRNA in subpolysome to polysome
fractions. Transformed from the log2[Polysome:Subpolysome], where green indicates subpolysome-associated, and red signifies that the
mRNA is predominately polysome-associated.
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of c-Myc following UV exposure is perhaps rather sur-
prising given that there was no net change in position on
the sucrose density gradient (Fig. 2A). However, we
showed previously that c-myc mRNA contains an IRES
within the 59 UTR that is active following DNA damage
(Subkhakulova et al. 2001), a target binding site for
miR34C within the 39 UTR, and that in control cells,
c-myc mRNA is translationally repressed yet present on
the polysomes (Kong et al. 2008). One explanation for
these data is that following UVB exposure, a relief of miR
repression allows the increased synthesis of c-Myc by
cap-independent mechanisms (Fig. 2B,C).

uORFs allow translational reprogramming of DNA
repair enzymes following UVB exposure

There are several mechanisms that could be responsible
for the selective recruitment of mRNAs to the poly-
somes, and these could involve distinct sequence motifs
in both the 39 and 59 UTRs of these mRNAs (Gebauer and
Hentze 2004). Examination of the 59 UTRs of the mem-
bers of the repair pathway that remain polysomally asso-
ciated following UVB show that seven out of eight of
these mRNAs contain uORFs compared with ;30% of the
total genome (Matsui et al. 2007), which is approximately

Figure 2. Post-transcriptional changes in
gene expression and changes in the rate of
protein synthesis of a number of polypep-
tides confirm the polysome profiling data.
(A) Untreated HeLa cells or HeLa cells
exposed to UVB light were harvested after
4 h and applied to 10%–50% ([w/v] sucrose
density gradients). mRNA was generated
from the individual fractions from the gra-
dients, and Northern analysis was performed
to determine the polysome/subpolysome
distribution of the mRNAs shown. Re-
presentative blots are shown of paired
experiments carried out at the same time,
but analysis was performed on three in-
dependent occasions. These data are in
agreement with that obtained from poly-
some profiling. For example, the data would
predict that DDB1 becomes more polyso-
mally associated following UVB exposure
while APE1 becomes less polysomally as-
sociated following UVB exposure. (B, panel
i) To measure the rates of protein synthesis
of DDB1, ERCC1, ERCC5, OGG1, ATM,
c-Myc, RAD52, and APE1, untreated HeLa
cells and HeLa cells 2 and 4 h following
UVB exposure were incubated with [35S]-
methionine for 10 min prior to harvesting.
Total cell lysates were prepared from these
samples, and the proteins shown were
immunoprecipitated using specific antibod-
ies. Immunoprecipitated proteins were re-
solved by SDS-PAGE and detected using
PhosphorImager analysis. These experi-
ments were performed on three indepen-
dent occasions. (Panel ii) To measure total
RNA levels, parallel samples were taken,
and mRNA was extracted. These samples
were subjected to Northern analysis, and
DDB1, ERCC1, ERCC5, OGG1, ATM,
c-Myc, RAD52, and APE1 mRNAs were
detected using specific probes as indicated.
These experiments were performed on
three independent occasions. (C) The data
obtained from the experiments shown in A

and B (carried out in parallel) were analyzed
using ImageQuant software to measure the fold-change for each of the mRNAs and proteins following UVB exposure. This allowed the
calculation of the relative translational efficiency. The data show that there is an increase in translational efficiency for proteins that
were found to be more polysomally associated (e.g., DDB1) but a marked decrease in translational efficiency in the proteins that were
less polysomally associated (e.g., RAD52).
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a threefold enrichment. The 59 UTRs of ERCC1, ERCC5,
and DDB1 (Supplemental Fig. S4A) were chosen for
further study. To investigate whether these regions of
RNA could be involved in the DDR, the cDNAs that
corresponded to these 59 UTRs were subcloned into pGL3
upstream and in-frame with the gene encoding firefly
luciferase (for vector diagrams, see Supplemental Fig.
S4B), and the effect of these 59 UTRs on translation of
the downstream reporter firefly luciferase tested (Supple-
mental Fig. S4C, panel i). To test whether these 59 UTRs
had a role in maintaining expression of the corresponding
mRNAs following UVB exposure, these constructs (Sup-
plemental Fig. S4B) were then transfected into HeLa cells,
and after 48 h, cells were exposed to UVB light. Samples
were harvested at the times shown following irradiation,
and luciferase activity was determined (Fig. 3A, panel

i–v). The data show that in the presence of UVB light,
there is a reduction in expression of luciferase from
the mRNAs encoded by pGL3 (Fig. 3A, panel i) and
the mRNAs that contain the mutated versions of the
59 UTRs encoded by the plasmids pGDDB1mtL,
pERCC1mtL, and pERCC5mtL (Fig. 3A, panels ii,iii,iv;
where the AUG codons have been mutated to AUA) by
;85% after 10 h. The presence of the wild-type 59 UTRs
derived from ERCC1, ERCC5, and DDB1 allows lucifer-
ase expression to be maintained to approximately a four
times higher level when compared with the mutated
constructs, suggesting that these upstream regions do
indeed have a role in maintaining synthesis of the related
mRNAs following UVB exposure (Fig. 3A, panels iii,iv,v)
at 10 h. Moreover, the data show that at 4 h, there is an
increase in the synthesis of luciferase produced from the

Figure 3. uORFs allow continued syn-
thesis of DNA repair enzymes. (A) The
plasmid constructs that contained the
uORFs derived from DDB1, ERCC1, and
ERCC5 (and the mutated versions) (S3A)
were transfected into HeLa cells, which
were then exposed to UVB light. After the
times shown post-irradiation, the cells
were lysed, and luciferase activity was de-
termined. Since translation of the trans-
fection control was also reduced following
UVB exposure, mRNA was isolated from
cell lysates, and the amount of firefly
luciferase mRNA present in the cells was
measured by quantitative PCR. The lucif-
erase expression was then calculated rela-
tive to the level of mRNA present. The
error bars represent one standard deviation
from the mean. The data show that the
presence of the 59 UTRs derived from
DDB1 (panel ii), ERCC1 (panel iii), or
ERCC5 (panel iv) confer resistance to trans-
lational repression, and luciferase is still
produced following UVB exposure. How-
ever, mutating the AUG codons is suffi-
cient to inhibit the production of firefly
luciferase following UVB exposure. More
of the 59 UTR derived from ATF4 was
insufficient to increase the expression of
luciferase. (B, panel iii) Cells were trans-
fected with the constructs shown and then
treated with salburinal for 12 h. (Panel i)
This compound is a selective inhibitor of
complexes that dephosphorylate eIF2a

(Boyce et al. 2005), and in the presence of
this compound, there was an increase in
the phosphorylation of the a subunit of
eIF2 as expected. However, the data show
that in contrast to ATF4 (panel ii) the 59

UTRs derived from ERCC5 (panel iv),
ERCC1 (panel v), or DDB1 (panel vi) were
not resistant to the effects of this com-
pound, and the decrease in translation
following treatment was similar to that

found with the pGL3 reporter vector. Taken together, these data suggest that a reduction in ternary complex levels alone is insufficient
to elicit a response.
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vectors that harbor the ERCC1 and ERCC5 59 UTRs in
agreement with the increased rate of synthesis of the
endogenous proteins observed at this time point (Fig. 2C).
However, other elements must also be required for DDB1
synthesis since endogenous synthesis rates of this protein
increase 4 h after UVB exposure (Fig. 2C). Interestingly,
there was no increase in the production of luciferase from
the vector that contained the 59 UTR of ATF4 (Fig. 3A,
panel ii). This 59 UTR contains a uORF that has been
shown previously to be selectively translated during
conditions of low ternary complex due to an increase
in the phosphorylation of eIF2a (Harding et al. 2000; Lu
et al. 2004; Hinnebusch 2005). Therefore, to determine
whether the increase in phosphorylation of eIF2a alone
was sufficient for the DNA damage uORFs identified to
be functional, two alternative methods were used to
induce an increase in the phosphorylation eIF2a, namely,
exposure of cells to salubrinal (Fig. 3B) and thapsigargin
(Supplemental Fig. S4C, panel i). The data show that, as
expected, the uORF contained within the 59 UTR of ATF4
was sufficient to increase the expression of luciferase
fourfold following exposure of cells to salubrinal (Fig. 3B,
panel ii); however, no such increase was observed from
the cells transfected with vectors that contained the 59

UTRs found in ERCC5, ERCC1, or DDB1 (Fig. 3B, panels
iv–vi). These data would strongly suggest that phosphor-
ylation of the a subunit of eIF2 alone is insufficient to
elicit a full response to the translational reprogramming
that occurs following the exposure of cells to UVB light,
suggesting that additional signaling pathways and pro-
teins must be involved.

DNA-PKcs is required for translational repression
following cellular UVB exposure

To identify the cellular sensors that are involved in the
UVB-mediated translational response, the role of kinases
involved in the DDR were investigated. Thus, specific
inhibitors of two of the kinases were used: Ku-55933,
which has been shown to inhibit ATM (Hickson et al.
2004), and Nu-7441, which inhibits DNA-PKcs (Zhao
et al. 2006). Moreover, when Nu-7741 was tested in vitro
at a concentration of 10 mM against a panel of 60 diverse
kinases, no inhibition of kinase activity in this panel was
observed (Hardcastle et al. 2005). HeLa cells were exposed
to UVB light in the presence/absence of these inhibitors
and then pulse-labeled with [35S]-methionine 4 h after
exposure (Fig. 4A). The presence of Ku-55933 alone
causes a small reduction in total protein synthesis rates,
and these are further inhibited following UVB exposure.
In contrast, while treatment of cells with Nu-7441 also
had a small effect on protein synthesis in control cells, in
the presence of this compound, the translational repres-
sion observed following UVB exposure was inhibited (Fig.
4A). Western analysis was performed to assess the effects
of these compounds on the phosphorylation of the a

subunit of eIF2 (Fig. 4B). Treatment of cells with Ku-
55933 causes an increase in phosphorylation of the a

subunit of eIF2 in nonirradiated cells; however, following
UVB exposure, this is increased further. In the presence of

UVB light and the DNA-PKcs-specific inhibitor NU-
7441, there was no additional increase in the phosphor-
ylation of the a subunit of eIF2, suggesting that this
compound inhibits the translational repression that oc-
curs following UVB exposure (Fig. 4B). It has been shown
previously that signaling through GCN2 is required to
inactivate translation following UV exposure (Deng et al.
2002; Jiang and Wek 2005). Therefore, the effect that
these inhibitors had on the phosphorylation status of
GCN2 and other eIF2 kinases, PRK and PERK, following
UVB-exposure was investigated (Fig. 4B). The data show
that while there is no increase in the phosphorylation of
PKR and PERK following exposure of cells to UVB light,
there is an increase in the phosphorylation of GCN2.
Moreover, incubation of HeLa cells with the DNA-PKcs
(Nu-7441) but not the ATM (Ku-55933) inhibitor blocks
the activation of GCN2 (Fig. 4B). To examine this effect
on GCN2 in the presence of inhibitors, further cells were
transfected with cDNA encoding GCN2 protein that
additionally encoded a Flag tag. Cells were exposed to
UVB light in the presence/absence of the inhibitors,
lysed, and the GCN2 protein was immunoprecipitated
from cell extracts (Fig. 4C). It can be seen that following
UVB exposure, there is an increase in the degree of phos-
phorylation of GCN2. However, in the presence of Nu-
77441, there is no decrease in GCN2 phosphorylation,
again suggesting that the inhibition of protein synthesis
occurs via signaling from DNA-PKcs to GCN2 (Fig. 4C).

To examine the association of ribosomes with the total
cellular population of mRNAs in the presence of these
inhibitors following UVB irradiation, cytoplasmic ex-
tracts prepared from both control and treated cells were
subjected to sucrose density gradient analysis (Fig. 4D).
The data show that in cells incubated with the ATM
inhibitor (Ku-55933) alone there is a partial inhibition of
total protein synthesis, since there is in an increase in the
subpolysomes and a decrease in the amount of polysomal
material on the gradient (in agreement with the increase
in the phosphorylation of the a subunit of eIF2 observed)
(Fig. 4D, panel ii). However, following UVB exposure,
there is a further reduction in the amount of polysomal
material, in agreement with the inhibition of protein
synthesis observed (Fig. 4A,B). In the presence of the
DNA-PKcs inhibitor (Nu-7441) alone, there is a slight
increase in the amount of subpolysomally associated
material (Fig. 4D, panel iii). However, following UVB
exposure, there is no further decrease in the amount
of polysomally associated mRNAs, and the gradient
traces are virtually identical in agreement with the
[35S]-methionine incorporation data (Fig. 4A). It was then
necessary to determine whether signaling from DNA-
PKcs was required for the relocalization of these mRNAs.
Thus the effect that a reduction in the activity or levels of
this protein had on polysomal association of mRNAs
encoding DDB1, ERCC1, and ERCC5 was determined
(Fig. 4E). In the presence of the ATM inhibitor (Ku-55933),
all three mRNAs associated with an increased number of
ribosomes following UVB exposure (Fig. 4E, panel ii),
whereas following incubation with DNA-PKcs inhibitor
(Nu-7441), this was prevented (Fig. 4E, panel iii).
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These data would suggest that signaling from DNA-
PKcs is required for the translational reprogramming that
occurs following UVB exposure.

To confirm a role for DNA-PKcs in translational in-
hibition, RNAi was used to reduce the level of DNA-PKcs
(Supplemental Fig. S5). However, although the data
obtained agree with that obtained using the inhibitors
(Fig. 4A–C), it was difficult to reduce the levels of DNA-
PKcs to more than ;50% via this technique. Therefore,
a DNA-PKcs-deficient cell line, M059J, was used in
conjunction with its related paired cell line, M059K
(Allalunis-Turner et al. 1993) to further examine the role
of this protein in translational inhibition (Fig. 5A, panel i).
These cells were exposed to UVB light, pulse-labeled with
[35S]-methionine, and harvested at the times shown fol-
lowing UVB exposure (Fig. 5A, panel ii). Four hours after
UVB exposure, the rate of protein synthesis in M059J cells
was reduced to 85% while in M059K cells, it was reduced
to 40% in agreement with the data obtained with the

DNA-PKcs inhibitor (Fig. 5A, panel ii). Cells were then
exposed to UVB light, and the degree of phosphorylation of
eIF2a, GCN2, and PERK was determined. The data show
that in cells that contain DNA-PKcs there is an increase in
the degree of phosphorylation of eIF2a and GCN2; how-
ever, in the cells that lack DNA-PKcs, there was no
increase (Fig. 5B), in agreement with the data obtained
with the selective DNA-PK inhibitors (Fig. 4). To deter-
mine the effect on recruitment of selective mRNAs to the
ribosomes, cells were then exposed to UVB light and the
total ribosomes analyzed (Fig. 5C, panels i,ii). These data
show that in cells that contain DNA-PKcs, there is a re-
duction in the polysomally associated mRNAs following
UVB exposure (Fig. 5C,panel i) but not in the cells that
have no expression of DNA-PKcs (Fig. 5C, panel ii). The
RNA obtained from these gradients was probed to assess
changes in polysomal location for DDB1, ERRC1, and
ERCC5 (Fig. 5D). The data show that, in M059K cells upon
UVB exposure, all three mRNAs become associated with

Figure 4. DNA-PKcs is required for both
translational inhibition and reprogramming
of protein synthesis. (A) HeLa cells were pre-
treated with inhibitors of DNA-PKcs (Nu-
7441), ATM (Ku-55933), or DMSO control
and then exposed to UVB light. Protein syn-
thesis rates determined by liquid scintillation
counting of newly incorporated [35S]-methio-
nine 4 h following exposure. Measurements
are the mean of three independent experi-
ments, and the values were normalized to that
of the nonirradiated cells. Error bars represent
one standard deviation from the mean. (B) To
assess the effect that the ATM (Ku-55933) or
DNA-PKcs (Nu-7441) inhibitors had on the
phosphorylation status of eIF2a and the eIF2a

kinases shown (GCN2, PRK, and PERK), cells
were preincubated with these compounds and
exposed to UVB light, and samples were har-
vested after 4 h. Cell lysates generated from
these samples were separated by SDS-PAGE
and immunoblotted with the antibodies
shown. In the presence of the ATM inhibitor
(Ku-55933), there is an increase in the degree
of phosphorylation of eIF2a in nonirradiated
cells; however, following UVB exposure, there
is further phosphorylation of this protein. In
contrast, in the presence of the DNA-PKcs
inhibitor (Nu-7441), there is no increase in
the phosphorylation of eIF2a following UVB
exposure. The kinases that are known to
phosphorylate eIF2a, GCN2, PKR, and PERK
were also tested, and the DNA-PKcs inhibitor

blocks the phosphorylation of GCN2 but not the other eIF2a kinases. (C) To assess the effect that UVB light and the DNA-PKcs
inhibitor had on GCN2, cells were transfected with a plasmid that encodes GCN2 containing a Flag tag. Following exposure with UVB
in the presence/absence of the DNA-PKcs inhibitor GCN2, protein was immunoprecipitated and separated by SDS-PAGE and
immunoblotted for total GCN2. The data show that in the presence of the DNA-PKcs inhibitor GCN2 phosphorylation is inhibited. (D)
HeLa cells were pretreated with the ATM inhibitor (Ku-55933) (panel ii) or the DNA-PKcs (Nu-7441) (panel iii) or untreated and were
then either exposed to UVB light. Cell lysates were prepared 4 h following exposure and were applied to 10%–50% (w/v) sucrose density
gradients. These were fractionated and the absorbance across the gradient measured at 254 nm. (E) Cell lysates from HeLa cells 6Ku-
55933 or 6Nu-7441 and treated with 6UVB light were fractionated using sucrose density gradient analysis on 10%–50% (w/v) sucrose
gradients. Northern analysis was performed on the mRNA isolated from the individual fractions to determine the polysome/
subpolysome distribution of DDB1, ERCC1, and ERCC5.

UV-induced reprograming of translation

GENES & DEVELOPMENT 1215



an increased number of ribosomes (Fig. 5D, panel i), yet in
the DNA-PKcs-deficient M059J cells, this was again
inhibited (Fig. 5D, panel ii). Taken together, these data
provide further evidence to show that following UVB

exposure, signaling via DNA-PKcs is required to mediate
translational repression.

Discussion

Our data suggest that there are two separate effects on
translation as a result of UVB exposure, a reduction in
total protein synthesis rates, and a reprogramming of the
translation of a subset of mRNAs, particularly those re-
quired for the DDR, and this allows the increased
synthesis of proteins required to repair the damage (Fig.
2; Tables 1, 2). Importantly, the data show that the
mRNAs that are recruited to the polysomes are specific
to UVB exposure (Fig. 2; Tables 1, 2). Thus in parallel
experiments to examine which mRNAs remain polyso-
mally associated during apoptosis (Supplemental Tables
1, 2; Bushell et al. 2006), and in studies by others that have
examined polysomal association of mRNAs following
hypoxia and ER stress when translation is also reduced
by increases in phosphorylation of the a subunit of eIF2
(Blais et al. 2004; Thomas and Johannes 2007), members
of the excision repair pathway were not identified. To
identify whether there was a common RNA motif among
the mRNAs that were found to be up-regulated following
UVB exposure whose protein products were associated
with DNA repair processes, the 59 and 39 UTRs of these
mRNAs were examined. The data show that there is
a prevalence of uORFs in the 59 UTRs of these mRNAs
(Supplemental Fig. S4), and these elements help to main-
tain protein synthesis of the mRNAs tested following
DNA damage (Fig. 3). In the case of ERCC1 and ERCC5 59

UTRs 4 h following UVB exposure, there is an induction
in luciferase expression that is similar to that observed
with the endogenous protein (Figs. 2C, 3A [panels iv, v]).
However, the presence of these elements is not sufficient
to maintain protein synthesis under other conditions in
which levels of ternary complex are reduced (Fig. 3B;
Supplemental Fig. S4), and we hypothesize that certain
trans-acting factors are also required, and as part of the
UV damage response, the interaction of specific proteins
with the uORFs identified could control their function.

We investigated the signaling pathways that could be
involved in the translational response, and our data
suggest a role for DNA-PKcs in both the translational
shutdown and the reprogramming. These data were
surprising for two reasons. Firstly, previous studies have
suggested that DNA-PKcs plays a major role in non-
homologous end-joining, ATM responds primarily to
double-strand breaks, and ATR reacts to UVB or stalled
replication forks (Yang et al. 2003). However, it has been
shown that following UV damage, ATR phosphorylates
DNA-PKcs, and the data suggest that DNA-PKcs could be
a direct downstream target of ATR (Yajima et al. 2006;
Stokes et al. 2007). These data agree with earlier studies
that suggest that DNA-PKcs has a role in NER (Muller
et al. 1998) and cell cycle arrest following UV exposure
(Park et al. 1999). The data shown herein support a role for
this protein in the UV damage response and strongly
suggest that signaling via DNA-PKcs is required to in-
hibit gene expression at the level of translation following

Figure 5. (A, panel i) Cell lysates from M059K or M059J cells
were prepared separated by SDS-PAGE and immunoblotted for
DNA-PKcs. As expected, no DNA-PKcs was detected in M059J
cells. (panel ii) M059K or M059J cells were exposed to UVB light,
and protein synthesis rates were determined by liquid scintilla-
tion counting of newly incorporated [35S]-methionine. Measure-
ments are the mean of three independent experiments nor-
malized to that of the nonirradiated cells. Error bars represent
one standard deviation from the mean. (B) Cell lysates from
M059K (panel i) orM059J (panel ii) cells were exposed to UVB
light and immunoblotted for eIF2a, GCN2, and PERK. The data
show that there in no change in the degree of phosphorylation of
eIF2a or GCN2 in cells that lack DNA-PKcs. (C) M059K (panel i)
orM059J (panel ii) cells were exposed to UVB light and, after 4 h,
cell lysates were prepared and fractionated using sucrose density
gradient analysis on 10%–50% (w/v) sucrose gradients. (D) Cell
lysates were generated from M059K (panel i) orM059J (panel ii)
cells 6 exposure to UVB light and applied to 10%–50% (w/v)
sucrose gradients. mRNA was isolated from individual fractions,
and Northern analysis was performed to determine the poly-
some/subpolysome distribution of DDB1, ERCC1, and ERCC5.
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UVB exposure. Secondly, a direct role for DNA-PKcs in
the control of translation is difficult to reconcile with the
nuclear localization of this protein. However, a subpopu-
lation of DNA-PKcs has been shown to be associated with
the plasma membrane (Feng et al. 2004), and it has been
shown recently that cAMP regulates the nuclear/cyto-
plasmic trafficking of DNA-PKcs (Huston et al. 2008).
While further studies are required to fully elucidate the
mechanism of DNA-PKcs signaling to the translation
machinery following UVB exposure, our data suggest
that this protein either directly or indirectly controls
the phosphorylation of GCN2 (Figs. 4, 5). These data
agree with previous studies that show that in UVC-
irradiated cells, GCN2 was responsible for phosphoryla-
tion of the a subunit of eIF2. These data showed that cells
that lacked GCN2 were unable to repress translation
following UV irradiation, whereas inhibition of trans-
lation was still observed in cells that were deficient for
PKR or PERK (Deng et al. 2002; Jiang and Wek 2005).

Finally, our data provide further evidence for control
of gene expression by ‘‘RNA operons’’ (Keene 2007),
whereby specific RNA motifs and their cognate RNA
binding proteins organize RNA transcripts to ensure that
the correct proteins are synthesized when required by the
cell, particularly under conditions of patho-physiological
cell stress (Keene 2007). Such RNA operons are coregu-
lated and are therefore capable of forming higher-order
‘‘RNA regulons’’ (Keene 2007), and we hypothesize that it
is likely that ‘‘DNA damage regulons’’ may exist to post-
transcriptionally regulate gene expression following al-
ternative types of DNA damage that is meditated, for
example, by exposure of cells to alkylating agents or ion-
izing radiation.

Materials and methods

Plasmid constructs

The plasmids used are described in Coldwell et al. (2001). The 59

UTRs of mRNA as indicated were obtained by PCR using primer
pairs (Supplemental Fig. S5). These fragments were then cloned
into the pGL3 vector at the 59 end with either EcoRI or SpeI as
indicated by sequence.

Antibodies

Antibodies were purchased from Cell Signaling XPG, DDB1,
APE1, DNA-PKcs, RAD52, PARP, eIF2 a, eIF2a (P), b-actin,
4EBP1, and eIF4E and used at 1:2000 (with the exception of
actin, 1:10,000) neomarkers, c-Myc, (1:2000), Gentex, ATM
(1:5000), or were a gift from Dr. S. Morley (University of Sussex);
eIF4G, eIF4E (P).

Cell culture and transient transfections

HeLa cells were cultured using conditions described on the
American Type Culture Collection Web page (see http://
www.atcc.org). Cell lines M059J and M059K were a kind gift
(CRUK, Clare Hall Laboratories) and were grown as above but in
a medium containing a 1:1 mixture of Dulbecco’s Modified
Eagle’s Medium and Ham’s F12 medium supplemented with 15
mM HEPES, 0.5 mM sodium pyruvate, 1.2 g/L sodium bicarbon-

ate, 0.05 mM nonessential amino acids (Sigma), 2.5 mM
L-glutamine (Sigma), and 10% FCS (Helena Biosciences).

Ultraviolet induction of DNA damage

Cells were typically grown to 80%–90% confluency, and their
media was removed before being exposed to 275 J/m2 UVB-
irradiation from a UVBM-57 lamp (peak wavelength 302 nm)
(UVBP Products), and their media were then replaced. Consistent
with previous studies, this degree of UVB exposure in HeLa cells
did not cause a reduction in cell viability (Zhang et al. 1997).

Measurement of DNA damage by ELISA

Levels of CPD formation in native DNA were measured using
an ELISA-based technique as described by Mori et al. (1991).
Briefly, 96-well PVC microtiter plates were coated with 0.003%
protamine sulfate. Genomic DNA was extracted using a Qiamp
Blood Kit (Qiagen) according to the manufacturer’s instructions
at the time points indicated in the text. DNA was then diluted to
0.2 mg/mL concentration and heated for 10 min to 100°C and
immediately chilled for 15 min on ice to prevent renaturation.
Fifty microliters of each sample were distributed per well using
five wells for each sample and then dried completely overnight at
37°C. Following washing with PBS-T (0.05% Tween 20 in PBS),
plates were incubated with TDM-2 antibody (1:1000 dilution),
which recognizes CPDs in ssDNA; secondary antibody was
added at 1:2000 Biotin-F(ab9)2 fragment of anti-mouse IgG (H +

L) (Zymed) diluted with PBS and developed using Peroxidase-
Streptavidin (Zymed and buffer containing 8 mg of o-phenylene
diamine, 4 mL of H2O2 [35%], 20 mL of citrate-phosphate buffer
at pH 5.0). The absorbance at 492 nM was measured using
a microtiter plate reader (Bio-Tek Instruments).

TRAIL-induced apoptosis

The TRAIL induces apoptosis via the death receptor–mediated
pathway of apoptosis. HeLa cells were grown to 90% confluency
and treated with 1 mg/mL His-tagged TRAIL (a kind gift from
Marion MacFarlane, University of Leicester). Cells were har-
vested at 4 h post-treatment.

Treatment of cells with small molecule inhibitors

Cells were grown to 80% confluence as described and, 20 min
before initial exposure to ultraviolet radiation, were incubated
with the small chemical inhibitors Ku-55933 (10 mM) and Nu-
7741 (1 mM), before harvesting after 2, 4, or 8 h.

Transient transfections

HeLa cells were transfected using FuGene 6 (Roche) following
the manufacturer’s instructions. The activities of firefly lucifer-
ase in lysates prepared from transfected cells were measured
using a Luciferase reporter assay system (Promega), and light
emission was measured over 10 sec using an OPTOCOMP I
luminometer. Activity was calculated as the average of firefly
luciferase expression relative to the level of mRNA (measured by
quantitative PCR) and expressed relative to the value obtained in
untreated cells. All experiments were performed in triplicate on
at least three independent occasions. Errors were calculated as
the standard deviation of the three activities and expressed as
a percentage of the average activity.

Determination of protein synthesis rates

For determination of protein synthesis rates following UVB
exposure, the method used has been described in detail pre-
viously (Clemens et al. 1998).

UV-induced reprograming of translation
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SDS-PAGE and Western blotting

For the detection of eIF4E, eIF4G, 4EBP1, and PARP S10, cell
extracts were prepared as described previously (Clemens et al.
1998; Morley et al. 1998) and subjected to electrophoresis on
SDS–polyacrylamide gels, and the proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore). Pro-
teins were detected with the relevant antisera using chemilumi-
nescent reagents (West et al. 1998).

Immunoprecipitation

HeLa cells were radiolabeled with [35S]-methionine, and im-
munoprecipitations were performed as described previously
(Stoneley et al. 2000). Samples were subjected to SDS-PAGE,
and the amount of radiolabel incorporated was visualized and
quantified on a PhosphorImager (Molecular Dynamics). Experi-
ments were performed on three independent occasions, and
a representative gel is shown.

Sucrose gradient density centrifugation and RNA detection

Sucrose gradient density centrifugation was used to separate
ribosomes into polysomal and subpolysomal forms. Gradients
were then fractionated with continuous monitoring at 254 nm,
and RNA was isolated from each fraction as described previously
(Johannes et al. 1999).

RNA analysis

Northern analysis of RNA isolated from sucrose density gra-
dients was performed as described previously (Johannes and
Sarnow 1998). Radiolabeled DNA hybridization probes were
generated using the RadPrime kit according to the manufac-
turer’s instructions (Invitrogen). Northern analyses on total RNA
samples obtained following UVB exposure were performed as
described on at least three independent occasions.

Preparation of fluorescently labeled cDNA for microarray

hybridization and data analysis

The human cDNA microarrays contained a set of ;10,000
human cDNA clones, manufactured in MRC Unit Leicester.
Fluorescently labeled DNA probes were generated from equal
proportions of RNAs (;7 mg) of pooled polysomal fractions
(fractions 1–6 F, Cy5) and pooled nonpolysomal fraction (frac-
tions 7–11, Cy3). Microarray slides were scanned using a GenePix
4200A microarray scanner and GenePix Pro 5.1 software (Axon
Instruments).

Analysis of microarray data

GenePix Pro 5.1 was used to quantify fluorescence intensities for
individual spots on the microarray. The data obtained were then
normalized using Normalise version NorTT (MRC Toxicology
Unit; http://www.systems-toxicology.com). Data were ranked
from most polysome-associated to least polysome-associated,
and the rank difference was calculated. Genes selected for further
study were at least 2 standard deviations from the mean rank
difference. Only genes for which the fluorescence signal in each
channel exceeded certain cutoffs (including regression correla-
tion, signal–noise ratio, signal intensity, and the tolerance of
missing data among multiple measurements) were retrieved
from SMD for further analysis. The measure Ii(x) of each gene
x defining the polysomal association status was calculated as
follows (Qin and Sarnow 2004): 2816 genes passed the SMD filter
and were used for the ranking analysis.

Log2 control ratio of gene:

CiðxÞ= log2½Cy5(polysomal-associated mRNAÞ�
� log2½Cy3ðnonpolysomal mRNAÞ�;

(i replicates of control experiment, i = 1:5)
Log2 apoptosis ratio of gene x:

AiðxÞ= log2Cy5(polysomal-associated mRNAÞ�
� log2½Cy3ðnonpolysomal sampleÞ�;

(i replicates of UV-exposed experiment, i = 1:5)
The relative standing of values mean[Ai(x)] or mean[Ci(x)] were

calculated, respectively, in the ordinal and percentage rank (Fig.
2B). The rank change in percentile of gene x between UVB and
control is defined as

DðxÞ= percentile rank½AðxÞ� � percentile rank½CðxÞ�

The mRNAs remaining associated with polysomes are expected
to have a high value of D(x), while the mRNAs shifted dramat-
ically out of polysomes have a relatively low D(x). We used
Northern blot analysis to determine the D(x) cutoff value of
positive candidate genes for further experimental analyses;
approximately the top 3% of the list test positive in this analysis.
Microarray experiments were conducted three times, and the
results shown are an average of three experiments. Data were
further visualized and clustered by using TIGR MeV 4.0 (http://
www.tm4.org/mev.html).
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