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ABSTRACT

UV radiations challenge genomic stability and are a recognized cancer risk
factor. We previously found that the RNA-binding protein NONO regulates the intra-S
phase checkpoint and its silencing impaired HeLa and melanoma cell response to
UV-induced DNA damage. Here we investigated the mechanisms underlying NONO
regulation upon UVC treatment. We found that UVC rays induce the expression
of mir320a, which can indeed target NONO. However, despite mir320a induction,
NONO mRNA and protein expression are not affected by UVC. We found through RNA
immunoprecipitation that UVC rays induce the ubiquitous RNA-binding protein HUR
to bind NONO 5’UTR in a site overlapping mir320a binding site. Both HUR silencing
and its pharmacological inhibition induced NONO downregulation following UVC
exposure, whereas concomitant mir320a silencing restored NONO stability. UVC-
mediated mir320a upregulation is triggered by p53 binding to its promoter, which
lies within a region marked by H3K4me3 and H3K27ac signals upon UVC treatment.
Silencing mir320a sensitizes cells to DNA damage. Overall our findings reveal a new
mechanism whereby HUR protects NONO from mir320-mediated degradation upon
UVC exposure and identify a new component within the complex network of players
underlying the DNA damage response adding mir320a to the list of p53-regulated
targets upon genotoxic stress.

INTRODUCTION systems. We recently showed that the non-pou domain-
containing octamer-binding protein (NONO, also known
Safeguarding genome integrity is crucial to prevent as p54NRB) contributes to the intra-S phase checkpoint

the accumulation of cancer promoting genetic alterations. activation following UVC irradiation [2].
By directly causing harmful DNA lesions [1], UV NONO is an RNA binding protein that belongs to
radiations are among the major environmental threats to the Drosophila behavior/human splicing (DBHS) family
genomic stability. Indeed, UV radiations represent the of multifunctional proteins, including also paraspeckle
main risk factor for skin cancer, including melanoma. component 1 (PSPC1) and splicing factor, proline- and
Cells respond to UV-induced DNA damage by glutamine-rich (SFPQ), which are localized into the nucleus
activating a finely tuned cascade of events which include and are involved in various aspects of RNA metabolism.
the activation of cell-cycle checkpoints and DNA repair NONO, which is located on chromosome Xq13.1, contains
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two tandem RNA recognition motifs (RRMs) and has
a role in RNA processing [3, 4]. In particular, NONO
can regulate transcription, forming either repressive or
activating complexes and function in transcript splicing,
polyadenylation, stabilization, localization and transport
[4]. NONO has been also involved in the retention of
hyperedited RNA in the nucleus [5], and in coupling the
circadian clock to the cell cycle [6]. NONO seems able to
bind also DNA and, consistently, it has been found localized
onto chromatin, in sub-nuclear bodies called paraspeckles
and in DNA damage-induced foci [3]. Indeed, NONO
is involved in DNA repair and functions both in non-
homologous end joining and homologous recombination
pathways [4, 7-9]; it binds the PARP1-generated poly ADP-
ribose structures at the damage sites [10]; is implicated in
the cell response to both double-strand breaks [8, 11, 12]
and to UVC-induced DNA damage [2].

NONO deregulation occurs in different tumour
types, such as papillary renal carcinoma in which it
has been found subjected to a chromosomal inversion
generating a NONO/TFE3 fusion protein [13]. Moreover
NONO has been found mutated in small intestine
neuroendocrine tumours [14] and altered in breast,
prostate and colon cancer [15—18]. Interestingly, NONO
has been proposed as a factor underlying melanoma
development and progression [19]. In particular, NONO
is strongly expressed in melanoma samples compared with
normal tissues and in melanoma cell lines compared with
normal melanocytes. However, not all melanoma cell lines
showed a clear correlation between mRNA and protein
expression leading the authors to suggest the existence
of post-transcriptional mechanisms of NONO regulation
[19]. Having previously shown that NONO silencing
impairs the intra-S phase checkpoint and checkpoint
kinase 1 activation upon irradiation both in melanoma cell
lines and in human cervix carcinoma cells, here we aimed
to investigate the mechanisms of NONO regulation at the
transcriptional and post-transcriptional level following
exposure to UV radiations.

RESULTS

Analysis of NONO mRNA identifies putative
HUR and mir320a binding sites

Sequence analysis of NONO mRNA, through the
Segal lab online software (http://genie.weizmann.ac.il/),
led to the identification of a putative microRNA320a
(mir320a) binding site, which overlaps with one of two
AU-rich elements (AREs) within the 5 UTR (Figure
1A). Interestingly, the ubiquitous RNA binding protein
HUR (also named ELAVLI) regulates target mRNAs by
binding their AREs [20] and NONO has been previously
identified as an HUR potential target by ribonucleoprotein
immunoprecipitation and microarray analysis [21].
Whereas HUR role in post-transcriptional regulation upon

stress conditions, including exposure to UV rays, is well
established [20], the role of mir320a in the cell response
to UV has not been investigated.

NONO is a bona fide target of mir320a, which is
induced upon exposure to UVC

So, to investigate the possible involvement of
mir320a in response to UVC radiations and its possible
consequences on NONO regulation, we first exposed HeLa
cells to 10J/m? of UVC and analyzed mir320a expression
at different time points. UVC radiation treatment induced
a rapid up-regulation of mir320a (Figure 1B). To assess
whether NONO mRNA is a bona fide target of mir320a
we transfected HEK-293 cells with either a mimic-
mir320a or a mimic-SCR and monitored NONO protein
levels. Mir320a overexpression induced NONO protein
decrease 96 hours upon transfection (Figure 1C), which
was mirrored by a reduction of NONO mRNA levels at
the same timepoint (Figure 1D). Following mir320a
ovexpression, however, at earlier timepoints we detected
an increase in NONO mRNA suggesting that mir320a
might lead to either an mRNA accumulation following
translation block or interfere with its synthesis/stability
before achieving its repressive function, which will have
to be further dissected. To demonstrate that mir320a acts
directly through the predicted site onto NONO mRNA, we
cloned either the wt mir320a binding region within NONO
5’ UTR or a mutated (mut) form into the pmirGLO vector
containing a luciferase reporter. As expected, whereas the
mimic-SCR did not affect luciferase values of neither wt
or mut 5* UTR, the overexpression of mir320a reduced
NONO wt 5° UTR luciferase expression without altering
the activity of the mut construct (Figure 1E). This mut
binding region showed higher basal levels of luciferase
activity compared with its wt counterpart probably owing
to an impaired binding of endogenous mir320a (Figure
1E). To test this hypothesis, we transfected in HeLa cells
a sponge320a expressing vector to reduce the endogenous
mir320a levels. Forty-eight hours after transfection, HeLa
cells showed a reduced expression of mir320a with respect
to a scrambled sequence (Supplementary Figure S1A) and
a concomitant increase in the basal luciferase activity of
wt NONO 5’ UTR (Supplementary Figure S1B), further
supporting the finding that mir320a targets NONO mRNA
in the putative 5° UTR site. In addition, we investigated
the impact of mir320a silencing on NONO levels in
absence of UVC treatment. The reduction of endogenous
mir320a determined NONO mRNA and protein increase
compared with the sponge CTR (Figure 1F).

HUR regulates NONO mRNA stability in
response to UV radiations

So, considering that NONO is a bona fide target
of mir320a, which is induced upon exposure to UVC,
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we explored whether NONO mRNA and protein levels
were modulated following cell exposure to 10J/m? of
UVC. Surprisingly, but consistently with the crucial role
of NONO in mediating the UVC-induced DNA damage
response (DDR), UVC treatment did not change NONO
expression pattern neither at the RNA (not shown and see
shCTR in Figure 2B) or at the protein level (Figure 2A).
We therefore wondered whether HUR, which regulates the
function of many mRNAs involved in cell proliferation
and DNA repair [22, 23], could have a role in the
stabilization of NONO mRNA. So, we transfected HeLa
cells with an HUR-targeting shRNA (shHUR) expressing
vector, which effectively reduced HUR mRNA and protein
levels compared with the control sequence (shCTR)
(Supplementary Table S1, Supplementary Figures S1C and

S1D), and exposed them to 10J/m?> UVC. HUR silencing
indeed reduced relative NONO mRNA expression as early
as two hours after irradiation (Figure 2B) without effect
onto the untreated cells, indicating that HUR contributes to
NONO mRNA stabilization upon exposure to UVC rays.
Likely NONO mRNA reduction following HUR silencing
is due to mir320a upregulation, which indeed peaks at two
hours under these conditions (Supplementary Figure S1E).

HUR function is regulated by various phosphorylation
events that modulate its ability to bind target mRNAs [24].
In particular, p38 mitogen-activated protein kinase (p38
MAPK) in response to y radiations and UVB, has been
shown to phosphorylate HUR favouring its cytoplasmic
localization and mRNA target stabilization [25, 26]. So,
we used a chemical inhibitor of p38 MAPK, SB203580,
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Figure 1: Mir320a regulates NONO mRNA expression. A. A portion of NONO 5’ UTR (NM_001145408) including the putative
HUR (bold italics) and the overlapping mir320a (underlined) binding sites. B. Mir320a expression in HeLa cells upon exposure to 10J/m?
UVC rays was evaluated at the indicated time points by real time RT-PCR. The 5S rRNA expression levels were used as a normalization
control. Data are reported as fold change of miR320a expression relatively to the control (Oh UVC). Statistically significant differences
between the treated cells and the control cells were evaluated by Anova/Dunnett (*** p<0.001; n=3). Error bars denote relative S.D. C.
NONO protein expression levels were evaluated by Western blot at the indicated time points following HEK-293 transfection with 50nM
of mimic-SCR or mimic-mir320a. GAPDH expression was analyzed as a loading control. A representative blot of three independent
experiments is shown. NT, non transfected. D. NONO mRNA expression was evaluated at the indicated time points following HEK-293
transfection of mimic-SCR or mimic-mir320a by real time RT-PCR. NONO mRNA levels were normalized to those of the B-actin gene
and reported as fold change values compared to the non-transfected cells. Statistically significant differences between various conditions
were evaluated by Anova/Dunnett (*** p<0.001; n=3). Error bars denote relative S.D. E. Luciferase assay of HEK-293 cells transfected
with the pmirGLO-5’UTRwt and mutated plasmids in presence of mimic-SCR or mimic-mir320a. The luciferase values were normalized
to those of Renilla activity, as an internal control. Statistically significant differences between various conditions were evaluated by Anova/
Tukey (*** p<0.001; n=3). Error bars denote relative S.D. F. NONO mRNA and protein expression was evaluated by real time RT-PCR
(upper panel) and Western blot (lower panel) 48 h after HeLa cell transfection of either the sponge320a or the CTR vector without UVC
treatment. The result is representative of three independent experiments. Statistically significant differences between various conditions
were evaluated by Student z-test (** p<0.01; n=3). Error bars denote relative S.D.
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to block the endogenous HUR activity and we monitored cells (UNT) (Figure 2D), similarly to another HUR target,

the effect of UVC radiations onto NONO mRNA. the cell-cycle inhibitor p21, described to be stabilized by
HeLa cells were pre-treated with 10uM of SB203580 HUR in response to UV radiations [23], which served as
followed or not by 10J/m? of UVC rays. Interestingly, positive control. Overall our data indicate an important role
the chemical inhibition of p38 MAPK reduced NONO of HUR in the stabilization of NONO mRNA upon exposure
mRNA level, which seemed consistent with a reduced to UVC radiations.
HUR binding activity (Figure 2C). Indeed, through RNA
immunoprecipitation (RIP) in HeLa cells, we found that HUR protects VONO mRNA from degradation
HUR effectively binds the endogenous NONO mRNA in by the DNA damage induced mir320a
response to UVC rays. In fact, following exposure to 10J/m?
UVC and four hours of incubation, HUR binding to NONO To assess whether HUR regulates NONO mRNA
mRNA increased three times with respect to the untreated stabilization by interfering with mir320a-mediated
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Figure 2: HUR protects NONO mRNA from mir320a-mediated degradation. A. NONO protein levels in HeLa cells were
evaluated at the indicated time points following exposure to 10J/m? of UVC rays by Western blot. GAPDH was used as a loading control. A
representative blot of three independent experiments is shown. B. HeLa cells were transfected with either the control shCTR or the shHuR
vector and after 48h exposed to 10J/m? UVC rays. NONO mRNA expression levels were analyzed at the indicated time points by real time
RT-PCR and normalized to those of the B-actin gene. Statistically significant differences between various conditions were evaluated by
Anova/Dunnett (** p<0.01; n=3). Error bars denote relative S.D. C. HeLa cells were pre-treated with the p38 MAPK inhibitor (SB203580)
for 1h, exposed to 10J/m? of UVC rays and incubated with SB203580 until collection at the indicated time points. NONO mRNA levels were
analyzed by real time RT-PCR and normalized to those of the B-actin gene. The result is representative of three independent experiments.
Statistically significant differences between various conditions were evaluated by Anova/Dunnett (*** p<0.001; n=3). Error bars denote
relative S.D. D. RNA immunoprecipitation assay in HeLa cells exposed to 10J/m> UVC rays followed by 4h of incubation. Real time RT-
PCR was performed to quantify the amount of NONO mRNA bound to HUR. IgG was used as a negative immunoprecipitation control.
CDKN24, encoding the p21 cell cycle inhibitor, was used as a positive control whereas GAPDH was used as a normalization control. UNT,
untreated. The result is representative of three independent experiments Statistically significant differences between various conditions
were evaluated by Student #-test (** p<0.01; n=3). Error bars denote relative S.D. E. HeLa cells were transfected with either shHUR alone
or in combination with the sponge320a vector and exposed to 10J/m*> UVC rays. NONO mRNA levels were analyzed by real time RT-PCR
at the indicated time points and normalized to those of the B-actin gene. Statistically significant differences between various conditions were
evaluated by Anova/Dunnett (* p<0.05; ** p<0.01; *** p<0.001; n=3). Error bars denote relative S.D. F. HeLa cells were transfected with
the sponge CTR or sponge320a vector, pre-treated with SB203580 for 1h followed by exposure to 10J/m* UVC rays and incubated for the
indicated time points. NONO mRNA levels were analyzed by real time RT-PCR at the indicated time points and normalized to those of the
B-actin gene. The result is representative of three independent experiments. Statistically significant differences between various conditions
were evaluated by Anova/Dunnett (*** p<0.001; n=3). Error bars denote relative S.D.
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degradation, we transfected HelLa cells with shHUR
in presence or not of sponge320a and we measured
the relative NONO mRNA expression upon UVC rays
treatment. As a result, the reduction of endogenous
mir320a reverted the effect of NONO mRNA
downregulation induced by HUR silencing (Figure
2E). Finally, we pre-treated with 10uM of SB203580
the HeLa cells expressing or not sponge320a and we
demonstrated how the chemical inhibition of HUR activity
was able to revert the mir320a-mediated NONO mRNA
downregulation (Figure 2F). Overall our data show that
HUR binds NONO mRNA in response to UV rays, and
protects it from mir320a action, which is consistent with
previous findings showing that HUR binding within the
untranslated region of its target mRNA, nearby to miRNA
binding sites, competes with the mirRNAs action [27].

p53 regulates mir320a transcription in response
to UV radiation

Given p53 role as a key regulator of the G1/S
checkpoint in response to UV radiations [28], we
evaluated its possible involvement in mir320a up-
regulation in response to UV rays. We pre-treated for
two-hours HeLa cells with 25uM of the p53 inhibitor
pifithrin-a. [29, 30] before treatment with 10J/m? UVC.
Interestingly, p53 chemical inhibition blocked mir320a
up-regulation upon UV exposure (Figure 3A). To further
assess whether mir320a increase depended on p53, we
used wt and p53—/— colon carcinoma cell lines (HCT).
Consistently with the previous experiment, UV treatment
induced a time dependent up-regulation of mir320a
also in wt HCT cells whereas, in p53—/~HCT mir320a
expression levels did not change upon exposure (Figure
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3B). To explore the possibility that p53 could directly
regulate mir320a transcription, we searched through the
Matlnspector Software [31] possible p53 binding sites
located upstream the mir320a gene. We identified eight
putative p53 binding sites within an approximately 4,6
kb-long region (Supplementary Table S2). Through a
preliminary chromatin immunoprecipitation-qPCR (CHIP-
qPCR) assay (data not shown), we tested the possible p53
binding to these regions and then focused on two sites
within the 22245703 and 22247836 chromosomal region
(NC_000008.11), which showed either high or no p53
binding, defined as p53BS and ctr respectively. CHIP-
qPCR analysis of HeLa cells one hour after treatment with
10J/m? UVC showed that p53 indeed binds selectively
pS53BS following DNA damage stimuli with respect to the
control antibody (Figure 4A). To confirm that the region
upstream the mir320a gene can effectively function as
a promoter, we performed CHIP-qPCR assays using
specific antibodies against the histone H3 trimethylated
on lysine4 (H3K4me3) and the histone H3 acetylated on
lysine 27 (H3K27Ac), to distinguish chromatin signatures
of active promoters [32]. Our data indicate that upon
UVC induction H3K4me3 and H3K27Ac mark pS3BS
but not the ctr region, suggesting that the identified p53
binding site lies within a region compatible with an active
promoter (Figure 4B,C). Accordingly, using ENCODE
data [33] strong H3K4me3 and H3K27ac signals were
detected in the genomic region comprising the pS3BS in
human keratinocytes, and in HeLa-S3, consistent with
the presence of an active promoter of the mir320a gene
(Supplementary Figure S2).

Finally, we cloned a 880bp-region upstream to the
mir320a gene, including a wt or mutated p53BS, into a
luciferase reporter vector that we transfected in Hela
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Figure 3: Mir320a induction in response to UVC radiations depends on p53. A. HeLa cells were pre-treated with 25uM of the
p53 inhibitor pifithrin-a for 2h followed by exposure to 10J/m? UVC rays. Mir320a expression levels were analyzed by real time RT-PCR at
the indicated time points. The 5S rRNA expression levels were used as a normalization control. Statistically significant differences between
various conditions were evaluated by Anova/Tukey (*** p<0.001; n=3). Error bars denote relative S.D. B. HCT116 wt and HCT116 p53—/—
were exposed to 10J/m?> UVC radiation and mir320a levels were measured by real time RT-PCR at the indicated time points. The 5S rRNA
expression levels were used as a normalization control. Statistically significant differences between various conditions were evaluated by
Anova/Dunnett (*** p<0.001; n=3). Error bars denote relative S.D.
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along with a p53 expressing vector or the empty vector as
a control. p53 ectopic expression resulted able to activate
luciferase expression driven by the wt mir320a promoter
region (Figure 4D) but not by the mutated one (Figure 4E).

Mir320a silencing impairs cell viability and ATP
production in response to UV radiation

To investigate the biological effect of mir320a
downregulation in the long term, we generated HeLa cells
stably silenced for mir320a using a sponge320a plasmid.
Further confirming that mir320a has indeed a crucial role
in the cell response to UV radiation, we found that mir320a
stable silencing was able to induce a radiation sensitive
phenotype in HeLa cells treated with different doses of
UVC followed by incubation for ten days. UVC treatment
reduced wt HeLa cell viability to a lesser extent compared
with the sponge320a silenced cells (Figure 5A, 5B).

Consistently, mir320a knockdown has been reported
to sensitize cells to H,O,-induced oxidative stress. In
response to oxidative stress, and in other contexts,
mir320a was described to regulate glycolysis, the initial

step of glucose catabolism [34]. The interplay between
the cellular metabolic response and DNA damage is
still poorly understood, however, inborn errors in DDR
pathways in both human syndromes and mouse models
typically show defects in energy metabolism [35]. So,
to explore mir320a effects in this context we exposed
sponge320a stably silenced cells to 10J/m?> UVC and we
measured the ATP levels at the indicated time points, as
a readout of the DNA damage metabolic response given
that UV rays were shown to modulate ATP values [36].
Interestingly, UVC rays induced an up-regulation of ATP
production in the control cells, whereas mir320a silencing
impaired ATP production suggesting a possible role of
mir320a in sustaining the metabolic response to DNA
damage (Figure 5C).

DISCUSSION

Genomic instability is a well-recognized hallmark
of cancer [37]. UV radiations are among the main
environmental challenge to genomic stability [38] and the
primary risk factor for skin cancer, including melanoma

>
[os]
O

5 0012 7 & BAb-p53 .,,1'8 B H3K4me3 0.8 4 x BH3K27ac
5 WAb-p53 UV = B H3K4me3 UV 2 mH3K27ac UV
2 0lg6 2 OlgG 2 06 olgG
£ 0.008 BlgG UV 212 Ba UV s Bloe UV
§ 2 g 04
£ 0.004 Lo S
- S 5 0.2
o 5 B
2 < 5
0 X0 SN
pS3BS p53BS otr p53BS ctr
D8 E 5 -
I Empty vector I Empty vector
———  mmp53-HA [ p53-HA
> 6 1,5 4 *k
s >
3 =
P g
[0] 4 3
o ©
g 3
3 2 S 051
-
.. N

wt mir320a promoter mutated mir320a promoter

Figure 4: pS3 directly regulates mir320a transcription in response to UVC radiations. Chromatin immunoprecipitation
(CHIP) assay was performed in HeLa cells 2h after exposure to 10J/m*> UVC by using antibodies specific for p53 A. (* p<0.05; n=3),
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Statistically significant differences between various conditions were evaluated by Student t-test. Error bars denote relative S.D. D. HeLa
cells were transfected with a pGL3-mir320a promoter wt in combination with pCEFL-HA (empty vector) or p5S3-HA. The activity of the
luciferase reporter was evaluated 48h after transfection. Renilla values were used as a normalization control. The result is representative
of three independent experiments. Statistically significant differences between various conditions were evaluated by Student t-test (***
p<0.001; n=3). Error bars denote relative S.E. E. Luciferase activity of the mutated pGL3-mir320a promoter was evaluated in HeLa cells
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[39]. Proteins involved in RNA metabolism act as key
players in the DDR [40]. Among these, we previously
found NONO to be involved in the regulation of the cell
response to UV. NONO silencing impaired both HeLa and
melanoma cell response to UV [2]. Interestingly, NONO
was found overexpressed in malignant melanomas, in
which it was suggested to be post-transcriptionally
regulated [19].

Here, we set out to explore the mechanisms
underlying NONO regulation in response to UV rays.

By sequence analysis, we identified a putative
mir320a binding site into the 5> UTR of NONO mRNA,
overlapping a ARE element, which is a putative HUR
binding site. HUR is an RNA binding protein with a
crucial role in the post-transcriptional control of gene
expression upon different stress cues, including UV
[24]. HUR binds a large set of target RNAs bearing U
or AU-rich sequences in their 5’ and 3 UTRs leading
to their stabilization, increased or decreased translation
throughout different mechanisms [20, 41], including
competitive or cooperative interactions with microRNAs
[42]. Interestingly, a previous screen identified NONO
as a potential HUR target [21]. Whereas HUR role in
orchestrating the DDR is established, the role of mir320a
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in the UV-induced DDR is unknown. Based on all these
considerations, we first assessed mir320a expression upon
UV exposure and then we analyzed the interplay among
NONO, mir320a and HUR 1in this setting.

We found that UVC irradiation triggered a rapid
increase of mir320a expression in HeLa cells and, indeed,
NONOQO is a bona fide mir320a target because the ectopic
expression of a mimic mir320a was able to reduce both its
mRNA and protein levels 96 hours following transfection,
consistent with other reports [43]. We further confirmed
that mir320a was acting by binding the predicted site
into NONO 5° UTR. In fact, by cloning this region, or
a mutated form, in a reporter vector, we showed that a
mimic mir320a could reduce luciferase activity when
challenged with the wt site, but not with the mutated site,
containing vector. Similarly, a sponge320a was able to
increase the luciferase activity of the wt site containing
vector through reduction of endogenous mir320a levels.
As the sponge320a increases endogenous NONO levels
in unperturbed conditions, it is likely that mir320a is
involved in the maintenance of NONO steady state levels.

Following exposure to UVC radiations, however,
NONO mRNA and protein levels remained constant
despite the high mir320a induction. Although surprising
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Figure 5: Mir320a silencing impairs cell viability and ATP production in response to UVC radiation. A. Colony formation
assay was performed in HeLa stably expressing a sponge-control or a sponge320a vector. 500 HeLa cells were treated with UVC rays at the
indicated doses and stained with crystal violet upon incubation for 10 days. Statistically significant differences between various conditions
were evaluated by Anova/Tukey (* p<0.05; ** p<0.01; *** p<0.001; n=3). Error bars denote relative S.E. A representative image of each
condition is shown in B. C. HeLa cells were exposed to 10J/m? UVC followed by incubation at the indicated time points. ATP values
were normalized against protein content. Statistically significant differences between various conditions were evaluated by Anova/Dunnett

(* p<0.05; n=3). Error bars denote relative S.E.
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this finding appeared consistent with the crucial role of
NONO in the regulation of the UVC-induced DDR that
we previously identified [2] and prompted us to investigate
HUR function in this context.

HUR silencing decreased NONO mRNA as early as
2 hours upon UVC treatment but had no effect in untreated
cells suggesting that HUR contributes to increase NONO
mRNA stability following stress cues. Moreover, NONO
decrease upon HUR silencing was likely dependent
on mir320a, which also peaked at 2 hours upon UVC
treatment under these conditions probably reflecting the
fact that HUR silencing impacted on a wide network of
players involved in the DNA damage response, including
p53 itself [44].

HUR itself is tightly controlled and its activity
depends on its sub-cellular localization and phosphorylation
status [20, 24, 45]. In particular, upon treatment with
various DNA damaging agents p38 MAPK-mediated
phosphorylation induces HUR cytoplasmic localization
and mRNA target stabilization [24]. Consistently, the
pharmacological inhibition of p38 MAPK reduced NONO
expression level both in basal conditions and upon exposure
to UVC radiations, which could suggest a reduced binding
of HUR and consequent impairment of its positive effect of
NONO stability.

Indeed a RIP assay confirmed that HUR binding
to NONO mRNA increases following exposure to UVC
similarly to another HUR target, CDKN1A, which encodes
the cell-cycle inhibitor p21 and is a key regulator of the
DDR [23, 25].

To ascertain whether HUR binding to NONO mRNA
protects its target from mir320a-mediated degradation, we
analyzed NONO mRNA expression in HUR silenced cells
upon UVC treatment and transfection of the sponge320a
vector. Silencing mir320a restored NONO stability

[>

NO uvC

xR

mir320a

5'UTR NONO mRNA ™™ ™ e e

l

NONO mRNA degradation

‘complementing” HUR absence. Similarly, silencing
mir320a also restored NONO stability following p38
MAPK inhibition, not only upon UVC treatment but also
under basal conditions, suggesting that mir320a and p38
MAPK might regulate the normal physiological levels of
NONO whereas HUR binding seems UVC-dependent.
Overall, our data suggest that NONO might be part of the
HUR-coordinated RNA operon unleashed in response to
DNA damage [46], which includes p53 [44] and also its
target p21 [23]. Interestingly, our data add NONO to the
list of genes that are targeted by HUR through the binding
of their 5° UTR, such as p27 [47], IGFIR [48], and HIF 1a
[49]. Whereas HUR inhibits p27 and IGF1R translation
and induce HIFla translation, here we found that HUR
binding through the NONO 5° UTR protected its target
from the mir320-mediated degradation, providing a new
example of competitive regulation of mRNAs by HUR
and miRNAs acting at a proximal site [42].

We then wondered whether UV-induced mir320a up-
regulation could be part of the pS3-orchestrated response
to genotoxic stress. We found that the UVC-dependent
mir320a increase was abrogated both in HelLa through
chemical inhibition of p53 and in HCT cells devoid of
p53. Moreover, mir320a pattern of expression upon UVC
treatment is consistent with the expression/activation
of p53 previously reported with an increase at 6 and 12
hours and reduction at 24 hours [50]. In silico analysis
of the mir320 locus identified putative p5S3 binding sites
and our CHIP-qPCR data demonstrated not only that p53
effectively binds the predicted p5S3BS upstream the mir320
gene, indicating a direct role of p53 in UVC-dependent
mir320a upregulation, but also that this region lies within
an active promoter. Consistently, ENCODE data reveals
strong signals of H3K4me3 and H3K27ac, two markers
known to identify active regulatory regions including

uvc -) HUR activation

-) p53 response

-) mir320a upregulation
-) NONO intra-S phase

checkpoint

P53,
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mir320a
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mir320a
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DNA damage response

Figure 6: Schematic diagram depicting the p53-mir320a—HUR-NONO pathway model triggered upon exposure to

UVC radiations.
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promoters [51, 52], in the genomic region upstream of
miR320a, which includes the p53BS. Altogether, our
ChIP data demonstrated that both H3K4me3 and H3K27ac
signals in the mir320a promoter are increased upon UVC
treatment, indicating that the promoter activity of this
region is responsive to UV radiation-induced p53 action.
Finally, analysis of the activity of such promoter region,
upstream of a luciferase reporter, showed that p53 was
able to trigger reporter activation through the predicted
binding site but not through its mutated form.

Mir320a acts as a tumour suppressor in different
cancer types and its downregulation correlates with
chemoresistance in colon [53], breast [54] and prostate
cancer [55]. Two studies so far showed that mir320a is
negatively regulated by the ETSI transcription factor [34,
54] and positively regulated by the CREBI1 transcription
factor in cervical cancer cells upon starvation [56].
The promoter regions described comprise also the p53
binding site herein identified. Despite p53 and ETSI1
seem to have different effects on mir320a, as well as on
other reciprocally regulated promoters [57], Etsl is a
key component of a UV-responsive p53 transcriptional
activation complex in ES cells [58]. So, it will be
interesting to assess whether also ETS1 has a role in p53-
mediated mir320a regulation upon UVC exposure.

Overall our findings showed that, upon exposure
to UVC, p53 induced mir320a expression while HUR
protected NONO from mir320a-mediated degradation
(see Figure 6 for a schematic diagram depicting the p53—
mir320a—HUR-NONO pathway model). However, what is
the role of mir320a in the cell response triggered by p53
upon UVC-induced DNA damage remains to be defined.
So, to assess the relevance of mir320a contribution to the
DDR, we analyzed the effect of different doses of UVC
radiations on HeLa cells stably silenced for mir320a. We
found that mir320a stable silencing sensitized HeLa cells to
UVC-induced DNA damage. Interestingly, we also found
that upon UVC treatment mir320a silenced cells failed to
up-regulate ATP levels. A previous report showed that UV
treatment was able to induce ATP levels in rat fibroblasts
and, in particular, the switch from anaerobic to oxidative
phosphorylation was key to trigger cell death pathways [36].
As mir320a has been shown to reduce glycolysis by direct
targeting key enzymes of this process [34], we can speculate
that the p53-induced mir320a upregulation upon irradiation
might underlie the complex p53 response, which includes
the regulation of metabolic pathways — such as glycolysis
restriction and oxidative phosphorylation enhancement —
that is crucial for the activity of p53 in determining cell fate
decisions following DNA damage [59].

Overall our findings reveal a new mechanism whereby
HUR protects NONO for mir320a-mediated degradation in
response to UVC-induced DNA damage. Moreover our data
identify a new component within the complex network of
players underlying the DDR adding mir320a to the list of
p53-regulated targets upon genotoxic stress.

MATERIALS AND METHODS

Cell culture and irradiation

HelLa, HEK-293 and HCT116 cell lines were
purchased from American Type Culture Collection;
HCT116 cell lines were provided by Prof. Colantuoni
(University of Sannio, Italy) [60]. All cell lines were
grown in RPMI1640, except HEK-293 which were
cultured in DMEM, supplemented with 10% foetal bovine
serum (FBS), penicillin (100U/ml), streptomycin (100pg/
ml), 2mM glutamine.

UV irradiation was performed, at the indicated
doses, using the UVC 500 UV Crosslinker (GEHealthcare
Life Sciences, Italy).

Plasmids construction and transfection

Mimic-mir320a and mimic-SCR were purchased
from ThermoScientific and transfected into HEK-293 cells
through the siPORT Transfection Agent (ThermoScientific,
Italy). The 5> UTR encompassing the target sequence for
miR320a onto NONO (NM_001145408) was amplified
and cloned into Pmel and Xbal sites of pmirGLO Dual-
Luciferase miRNA Target Expression Vector (Promega,
Italy) (Supplementary Table S1). To generate NONO 5’
UTR mutated in the putative mir-320a binding site, (mut,
C592G and C593G) we used the QuikChange® Site-
Directed Mutagenesis Kit (AgilentTechnologies, CA,
USA) and specific primers (Supplementary Table S1).
To silence mir320a and HUR, we cloned into BamHI and
Hindlll sites of the pSilencer 5.1 vector (ThermoScientific)
a sponge320a and a short-hairpin RNA targeting HUR
(shHUR), (Supplementary Table S1). A commercial
non-targeting-shRNA (shCTR) was purchased from
ThermoScientific. HeLa cells were transiently transfected
with Attractene Transfection Reagent (QIAGEN, Italy).
The 880 bp region of chromosome 8 containing the p53
binding site upstream the mir320a locus (mir320a/p53-
binding-site) (NC_000008.11=22244962-22248662nt),
was amplified from human genomic DNA and cloned
into Sacl and Xhol sites of pGL3-BASIC (Promega)
(Supplementary Table S1). Mutations in the p53-binding
site were introduced with specific primers through the
QuikChange Kit (Supplementary Table S1).

RNA isolation and quantitative RT-PCR

Total RNA was extracted from HelLa, HEK-
293, HCT116 wt and p53(-/-) cells using Trizol
(ThermoScientific). All samples were treated with
DNasel (ThermoScientific). For mRNA expression
analysis, 500ng of total RNA were reverse-transcribed
using  Superscript  III  (ThermoScientific). All
qRT-PCR reactions were performed in a 7900HT fast-
RealTimePCR system (Applied Biosystem) using SYBR
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Green real-time PCR master mix (ThermoScientific).
To quantify mir320a levels, total RNA was reverse-
transcribed using the Universal cDNA Synthesis kit and
analyzed using primer sets for mir-320a and for small 5S
rRNA (all from Exiqon, Denmark). qRT-PCR for miRNA
expression was performed using the Sybr Green master
mix (Exiqon). Primers and PCR conditions are listed
in Supplementary Table S1. RT-PCR data are shown
as histograms reporting the fold of change of mRNA
or miRNA mean expression + relative s.d., relatively
to the control at the basal level (Oh of UVC treatment
or untransfected). The mRNA or miRNA expression
values are calculated by the 2744 method, relatively to
controls (B-actin and 5S rRNA, respectively). Statistical
analysis was performed on the ACt values as specified
below.

Luciferase assays

HEK-293 cells were cultured in 24-well plates
and transfected with pmirGLO-NONO 5° UTR
(2ug) and 50nM mimic mir320a or mimic SCR with
Lipofectamine2000 (ThermoScientific). Cell lysates were
prepared 48h after transfection using the Dual-Luciferase
Reporter Assay System (Promega) and luciferase
activity was measured through the Victor X2 Multilabel
Plate Reader (PerkinElmer, Italy). Luciferase values
were normalized to those of Renilla activity, used as an
internal control. HEK-293 cells were transfected with the
pSilencer-sponge320a and pmirGLO-NONO 5’ UTR with
X-tremeGENE DNA Transfection reagent (SigmaAldrich,
Italy). HeLa cells were transfected with the pGL3
mir320a/p53-binding-site for 48h and then exposed to
UV rays only or in combination with pifithrin-a. The
combination experiments were carried out performing a
2h pre-treatment with 25uM pifithrin-a before irradiation.

Immunoblots

Protein lysates and Western blot analyses were
carried out according to standard procedures. Protein
lysates were prepared at 4°C in 50mM HEPES pH7.5,
1% (vol/vol) Triton X-100, 150mM NaCl, SmM EGTA,
supplemented with protease and phosphatase inhibitors
(ThermoScientific). Proteins from the cleared lysates were
quantified and subjected to SDS-page. Antibodies against
NONO (c-17, SC-23249), GAPDH (FL-335, SC-25778) and
HUR (3A2, SC-5261), all from SantaCruzBiotechnology
(SCBT, Germany), were used at 1:500 dilution.

RNA immunoprecipitation (RIP)

HUR RIP was performed as previously described
[61]. Briefly, HeLa cells were grown in 10x150mm plates
up to 90% confluence. Cell extracts were resuspended
in NT2 buffer (50mM Tris HCI pH7.5, 150mM NaCl,
ImM MgClI2, 0.05% NP40, 10mM Ribonucleoside

Vanadyl Complex (New England Biolabs, MD, USA),
0,25U/ml RNaseOUT (ThermoScientific), 2mM DTT,
30mM EDTA supplemented with a protease inhibitor
cocktail (SigmaAldrich) chilled at 4°C. Equal amounts
of proteins (5Smg) were pre-cleared for 60’ at 4°C using
Protein G-Sepharose beads (PGS) (ThermoScientific)
and extensively washed, while 15pg of the anti-
HUR(3A2) antibody (sc-5261) or isotype control IgG1
(BD Biosciences, CA, USA) were pre-coated onto PGS
beads rocking at 4°C for 16h. Then, 100ul of 50% (v/v)
pre-coated beads were added to the lysates and tumbled
overnight at 4°C. Beads were then pelleted and washed,
followed by proteinase K treatment for 30’ at 55°C.
Immunoprecipitated RNAs were extracted with Trizol and
treated with DNasel for 30” at 37°C. cDNA was obtained
as previously detailed. RIP-qPCR conditions and primers
are listed in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP) assay

Chromatin immunoprecipitation (ChIP) was
performed as previously described [62]. Briefly, HeLa
cells were grown up to 90% of confluence in 10x150
mm plates, fixed with 1% formaldehyde 10° at 37°C.
Cells were washed twice with ice-cold PBS, ice-scraped
and lysed in SDS lysis buffer. Chromatin was sheared
by sonication to generate 200-1000bp DNA fragments
followed by centrifugation at 14,000 rpm for 15°. For
each immunoprecipitation, the NT and UV samples were
pre-cleared for 1h at 4°C with Protein A-Sepharose beads
(PAS) (ThermoScientific) and incubated at 4°C with 2ug
of p53-DO01 antibody (SCBT) or isotype control IgG1.
Immunocomplexes were washed twice with Iml TE
pHS8.0, cross-linking was reverted by adding 200mM
NaCl and heating the samples at 65°C overnight. Samples
were then treated with proteinase K (20ug), following
addition of Tris pH7.0 (20ul) and 0.5 M EDTA (10ynl),
and incubated at 42°C for 45°. DNA was recovered by
phenol-chloroform extraction and ethanol precipitation.
DNA pellets were resuspended in water (50pl). For ChIP-
qPCR 2l were used per reaction and enrichment was
calculated by comparison with 1% of the corresponding
input sample. Data are reported as mean =+ s.d. of three
independent experiments. a-pS3 DO1 (sc-126) and
normal rabbit IgG (sc2021) were supplied by Santa Cruz
Biotechnology. a-H3K3me3 (ab8580) and a-H3K4Ac27
(ab4729) were supplied by Abcam and normal isotype
control mouse IgGl (777273) were supplied by BD
Biosciences. PCR conditions and primers are listed in
Supplementary Table S1.

ATPlite assay

ATP concentration was monitored using the ATPlite
detection assay system (PerkinElmer). Briefly, HeLa
spongeCTR and sponge320a were exposed to 10J/m> UVC
rays followed by incubation for the indicated time points.
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The ATP value was measured through the luciferase
activity with the Victor X2 Multilabel Plate Reader
(PerkinElmer) and normalized by the proteins content.

Colony formation assay

For clonogenic assays, 500 cells were seeded in 60
mm plates and exposed to the indicated different doses of
UVC. Two weeks after, colonies were fixed with methanol
and stained with crystal violet.

Statistical analysis

The results were expressed as the mean + standard
deviation (S.D.) or standard error (S.E.) and derived from
three independent experiments, as indicated. Statistical
analyses were performed using the GraphPad Software.
Student ¢ test was used to analyze the differences between
two experimental conditions. Statistically significant
differences between the means of multiple matched groups
were evaluated by one-way Anova with either Dunnett
post-test, to compare all data versus control, or Tukey post-
test, to compare all pairs of data. P values are indicated
by asterisks with * p <0.05 was considered statistically
significant.

ACKNOWLEDGMENTS

We are grateful to the Sbarro Health Research
Organization  (http://www.shro.org), the Human
Health Foundation (http://www.hhfonlus.org) and the
Commonwealth of Pennsylvania. We are indebted to
Paola Indovina and Iris Maria Forte for their help with
the statistical analysis of the results. A.G. is also Director
of Research Line 3 at CROM, Istituto Nazionale Per Lo
Studio E La Cura Dei Tumori; Naples.

CONFLICTS OF INTEREST

The authors have no conflict of interests.

GRANT SUPPORT

This work was supported by the AIRC- Associazione
Italiana per la Ricerca sul Cancro, IG 2014-15690 to A.G.

“Supplementary Information accompanies the paper
on the website”.

REFERENCES

1. Harvey Lodish AB, S Lawrence Zipursky, Paul Matsudaira,
David Baltimore, and James Darnell. (2000). Molecular
Cell Biology, 4th edition.

2. Alfano L, Costa C, Caporaso A, Altieri A, Indovina P,
Macaluso M, Giordano A and Pentimalli F. NONO regulates

10.

11.

12.

13.

14.

the intra-S-phase checkpoint in response to UV radiation.
Oncogene. 2015.

Shav-Tal Y and Zipori D. PSF and p54(nrb)/NonO--multi-
functional nuclear proteins. FEBS Lett. 2002; 531:109-114.

Knott GJ, Bond CS and Fox AH. The DBHS proteins SFPQ,
NONO and PSPC1: a multipurpose molecular scaffold.
Nucleic Acids Res. 2016; 44:3989-4004.

Zhang Z and Carmichael GG. The fate of dsRNA in the
nucleus: a p54(nrb)-containing complex mediates the
nuclear retention of promiscuously A-to-I edited RNAs.
Cell. 2001; 106:465-475.

Kowalska E, Ripperger JA, Hoegger DC, Bruegger P,
Buch T, Birchler T, Mueller A, Albrecht U, Contaldo
C and Brown SA. NONO couples the circadian clock
to the cell cycle. Proc Natl Acad Sci U S A. 2013;
110:1592-1599.

Bladen CL, Udayakumar D, Takeda Y and Dynan WS.
Identification of the polypyrimidine tract binding protein-
associated splicing factor.p54(nrb) complex as a candidate
DNA double-strand break rejoining factor. J Biol Chem.
2005; 280:5205-5210.

Li S, Kuhne WW, Kulharya A, Hudson FZ, Ha K, Cao Z and
Dynan WS. Involvement of p54(nrb), a PSF partner protein,
in DNA double-strand break repair and radioresistance.
Nucleic Acids Res. 2009; 37:6746-6753.

Rajesh C, Baker DK, Pierce AJ and Pittman DL. The
splicing-factor related protein SFPQ/PSF interacts with
RADSI1D and is necessary for homology-directed repair
and sister chromatid cohesion. Nucleic Acids Res. 2011;
39:132-145.

Krietsch J, Caron MC, Gagne JP, Ethier C, Vignard
J, Vincent M, Rouleau M, Hendzel MIJ, Poirier GG
and Masson JY. PARP activation regulates the RNA-
binding protein NONO in the DNA damage response to
DNA double-strand breaks. Nucleic Acids Res. 2012;
40:10287-10301.

Salton M, Lerenthal Y, Wang SY, Chen DJ and Shiloh Y.
Involvement of Matrin 3 and SFPQ/NONO in the DNA
damage response. Cell Cycle. 2010; 9:1568-1576.

Kuhnert A, Schmidt U, Monajembashi S, Franke C,
Schlott B, Grosse F, Greulich KO, Saluz HP and Hanel
F. Proteomic identification of PSF and p54(nrb) as
TopBP1-interacting proteins. J Cell Biochem. 2012;
113:1744-1753.

Clark J, Lu YJ, Sidhar SK, Parker C, Gill S, Smedley
D, Hamoudi R, Linehan WM, Shipley J and Cooper CS.
Fusion of splicing factor genes PSF and NonO (p54nrb) to
the TFE3 gene in papillary renal cell carcinoma. Oncogene.
1997; 15:2233-2239.

Banck MS, Kanwar R, Kulkarni AA, Boora GK, Metge
F, Kipp BR, Zhang L, Thorland EC, Minn KT, Tentu
R, Eckloff BW, Wieben ED, Wu Y, et al. The genomic
landscape of small intestine neuroendocrine tumors. J Clin
Invest. 2013; 123:2502-2508.

www.impactjournals.com/oncotarget

78137

Oncotarget



16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Pavao M, Huang YH, Hafer LJ, Moreland RB and Traish
AM. Immunodetection of nmtS5/pS54nrb isoforms in human
breast cancer. BMC Cancer. 2001; 1:15.

Zhu Z, Zhao X, Zhao L, Yang H, Liu L, Li J, Wu J, Yang
F, Huang G and Liu J. p54(nrb)/NONO regulates lipid
metabolism and breast cancer growth through SREBP-1A.
Oncogene. 2016; 35:1399-1410.

Nelson LD, Bender C, Mannsperger H, Buergy D,
Kambakamba P, Mudduluru G, Korf U, Hughes D, Van
Dyke MW and Allgayer H. Triplex DNA-binding proteins
are associated with clinical outcomes revealed by proteomic
measurements in patients with colorectal cancer. Mol
Cancer. 2012; 11:38.

Ishiguro H, Uemura H, Fujinami K, Ikeda N, Ohta S and
Kubota Y. 55 kDa nuclear matrix protein (nmt55) mRNA is
expressed in human prostate cancer tissue and is associated
with the androgen receptor. Int J Cancer. 2003; 105:26-32.

Schiffner S, Zimara N, Schmid R and Bosserhoff AK.
pS4nrb is a new regulator of progression of malignant
melanoma. Carcinogenesis. 2011; 32:1176-1182.

Hinman MN and Lou H. Diverse molecular functions of Hu
proteins. Cell Mol Life Sci. 2008; 65:3168-3181.
Abdelmohsen K, Srikantan S, Yang X, Lal A, Kim HH,
Kuwano Y, Galban S, Becker KG, Kamara D, de Cabo R
and Gorospe M. Ubiquitin-mediated proteolysis of HuR by
heat shock. EMBO J. 2009; 28:1271-1282.

Wang W, Caldwell MC, Lin S, Furneaux H and Gorospe
M. HuR regulates cyclin A and cyclin Bl mRNA stability
during cell proliferation. EMBO J. 2000; 19:2340-2350.
Wang W, Furneaux H, Cheng H, Caldwell MC, Hutter D,
Liu Y, Holbrook N and Gorospe M. HuR regulates p21
mRNA stabilization by UV light. Mol Cell Biol. 2000;
20:760-769.

Kim HH, Abdelmohsen K and Gorospe M. Regulation of
HuR by DNA Damage Response Kinases. J Nucleic Acids.
2010; 2010.

Lafarga V, Cuadrado A, Lopez de Silanes I, Bengoechea
R, Fernandez-Capetillo O and Nebreda AR. p38 Mitogen-
activated protein kinase- and HuR-dependent stabilization
of p21(Cipl) mRNA mediates the G(1)/S checkpoint. Mol
Cell Biol. 2009; 29:4341-4351.

Fernau NS, Fugmann D, Leyendecker M, Reimann K,
Grether-Beck S, Galban S, Ale-Agha N, Krutmann J and
Klotz LO. Role of HuR and p38MAPK in ultraviolet
B-induced post-transcriptional regulation of COX-2
expression in the human keratinocyte cell line HaCaT. J
Biol Chem. 2010; 285:3896-3904.

Bhattacharyya SN, Habermacher R, Martine U, Closs
EI and Filipowicz W. Relief of microRNA-mediated
translational repression in human cells subjected to stress.
Cell. 2006; 125:1111-1124.

Smith ML, Ford JM, Hollander MC, Bortnick RA,
Amundson SA, Seo YR, Deng CX, Hanawalt PC and
Fornace AJ, Jr. p5S3-mediated DNA repair responses to UV

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

radiation: studies of mouse cells lacking p53, p21, and/or
gadd45 genes. Mol Cell Biol. 2000; 20:3705-3714.

Komarov PG, Komarova EA, Kondratov RV, Christov-
Tselkov K, Coon JS, Chernov MV and Gudkov AV. A
chemical inhibitor of p53 that protects mice from the side
effects of cancer therapy. Science. 1999; 285:1733-1737.

Di Marzo D, Forte IM, Indovina P, Di Gennaro E, Rizzo V,
Giorgi F, Mattioli E, lannuzzi CA, Budillon A, Giordano A
and Pentimalli F. Pharmacological targeting of p53 through
RITA is an effective antitumoral strategy for malignant
pleural mesothelioma. Cell Cycle. 2013; 13:652-665.
Cartharius K, Frech K, Grote K, Klocke B, Haltmeier
M, Klingenhoff A, Frisch M, Bayerlein M and Werner
T. Matlnspector and beyond: promoter analysis based on
transcription factor binding sites. Bioinformatics. 2005;
21:2933-2942.

Shlyueva D, Stampfel G and Stark A. Transcriptional
enhancers: from properties to genome-wide predictions. Nat
Rev Genet. 2014; 15:272-286.

Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, Ward
LD, Epstein CB, Zhang X, Wang L, Issner R, Coyne M, Ku
M, Durham T, Kellis M and Bernstein BE. Mapping and
analysis of chromatin state dynamics in nine human cell
types. Nature. 2011; 473:43-49.

Tang H, Lee M, Sharpe O, Salamone L, Noonan EJ, Hoang
CD, Levine S, Robinson WH and Shrager JB. Oxidative
stress-responsive microRNA-320 regulates glycolysis in
diverse biological systems. FASEB J. 2012; 26:4710-4721.

Mitchell SValJ. (2011). Relationship Between DNA Damage
and Energy Metabolism: Evidence from DNA Repair
Deficiency Syndromes. In: Vengrova S, ed. DNA Repair
and Human Health.

Tomiyama A, Serizawa S, Tachibana K, Sakurada K,
Samejima H, Kuchino Y and Kitanaka C. Critical role for
mitochondrial oxidative phosphorylation in the activation of
tumor suppressors Bax and Bak. J Natl Cancer Inst. 2006;
98:1462-1473.

Hanahan D and Weinberg RA. Hallmarks of cancer: the
next generation. Cell. 2011; 144:646-674.

Besaratinia A, Yoon JI, Schroeder C, Bradforth SE,
Cockburn M and Pfeifer GP. Wavelength dependence of
ultraviolet radiation-induced DNA damage as determined
by laser irradiation suggests that cyclobutane pyrimidine
dimers are the principal DNA lesions produced by terrestrial
sunlight. FASEB J. 2011; 25:3079-3091.

Boukamp P. UV-induced skin cancer: similarities--
variations. J Dtsch Dermatol Ges. 2005; 3:493-503.
Dutertre M, Lambert S, Carreira A, Amor-Gueret M
and Vagner S. DNA damage: RNA-binding proteins
protect from near and far. Trends Biochem Sci. 2014;
39:141-149.

Abdelmohsen K and Gorospe M. Posttranscriptional

regulation of cancer traits by HuR. Wiley Interdiscip Rev
RNA. 2010; 1:214-229.

WWw

.impactjournals.com/oncotarget

78138

Oncotarget



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Srikantan S, Tominaga K and Gorospe M. Functional
interplay between RNA-binding protein HuR and
microRNAs. Curr Protein Pept Sci. 2012; 13:372-379.

Achari C, Winslow S, Ceder Y and Larsson C. Expression
of miR-34c induces G2/M cell cycle arrest in breast cancer
cells. BMC Cancer. 2014; 14:538.

Mazan-Mamczarz K, Galban S, Lopez de Silanes I,
Martindale JL, Atasoy U, Keene JD and Gorospe M. RNA-
binding protein HuR enhances p53 translation in response
to ultraviolet light irradiation. Proc Natl Acad Sci U S A.
2003; 100:8354-8359.

Doller A, Pfeilschifter J and Eberhardt W. Signalling
pathways regulating nucleo-cytoplasmic shuttling of
the mRNA-binding protein HuR. Cell Signal. 2008;
20:2165-2173.

Keene JD. RNA regulons: coordination of post-
transcriptional events. Nat Rev Genet. 2007; 8:533-543.

Kullmann M, Gopfert U, Siewe B and Hengst L. ELAV/Hu
proteins inhibit p27 translation via an IRES element in the
p27 5°UTR. Genes Dev. 2002; 16:3087-3099.

Meng Z, King PH, Nabors LB, Jackson NL, Chen CY,
Emanuel PD and Blume SW. The ELAV RNA-stability
factor HuR binds the 5’-untranslated region of the human
IGF-IR transcript and differentially represses cap-dependent
and IRES-mediated translation. Nucleic Acids Res. 2005;
33:2962-2979.

Galban S, Kuwano Y, Pullmann R, Jr., Martindale JL,
Kim HH, Lal A, Abdelmohsen K, Yang X, Dang Y, Liu
JO, Lewis SM, Holcik M and Gorospe M. RNA-binding
proteins HuR and PTB promote the translation of hypoxia-
inducible factor lalpha. Mol Cell Biol. 2008; 28:93-107.

Latonen L, Taya Y and Laiho M. UV-radiation induces
dose-dependent regulation of p53 response and modulates
p53-HDM?2 interaction in human fibroblasts. Oncogene.
2001; 20:6784-6793.

Creyghton MP, Cheng AW, Welstead GG, Kooistra T,
Carey BW, Steine EJ, Hanna J, Lodato MA, Frampton GM,
Sharp PA, Boyer LA, Young RA and Jaenisch R. Histone
H3K27ac separates active from poised enhancers and
predicts developmental state. Proc Natl Acad Sci U S A.
2010; 107:21931-21936.

Heintzman ND, Stuart RK, Hon G, Fu Y, Ching CW,
Hawkins RD, Barrera LO, Van Calcar S, Qu C, Ching
KA, Wang W, Weng Z, Green RD, Crawford GE and
Ren B. Distinct and predictive chromatin signatures of

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

transcriptional promoters and enhancers in the human
genome. Nat Genet. 2007; 39:311-318.

Wan LY, Deng J, Xiang XJ, Zhang L, Yu F, Chen J, Sun Z,
Feng M and Xiong JP. miR-320 enhances the sensitivity of
human colon cancer cells to chemoradiotherapy in vitro by
targeting FOXM1. Biochem Biophys Res Commun. 2015;
457:125-132.

He DX, Gu XT, Jiang L, Jin J and Ma X. A methylation-
based regulatory network for microRNA 320a in
chemoresistant breast cancer. Mol Pharmacol. 2014;
86:536-547.

Hsieh IS, Chang KC, Tsai YT, Ke JY, Lu PJ, Lee KH, Yeh
SD, Hong TM and Chen YL. MicroRNA-320 suppresses
the stem cell-like characteristics of prostate cancer cells by
downregulating the Wnt/beta-catenin signaling pathway.
Carcinogenesis. 2013; 34:530-538.

Li QQ, Zhang L, Wan HY, Liu M, Li X and Tang H.
CREBI-driven expression of miR-320a promotes
mitophagy by down-regulating VDACT expression during
serum starvation in cervical cancer cells. Oncotarget. 2015;
6:34924-34940. doi: 10.18632/oncotarget.5318.

Gu L, Zhu N, Findley HW, Woods WG and Zhou M.
Identification and characterization of the IKKalpha
promoter: positive and negative regulation by ETS-1 and
p53, respectively. J Biol Chem. 2004; 279:52141-52149.
Xu D, Wilson TJ, Chan D, De Luca E, Zhou J, Hertzog PJ
and Kola I. Etsl is required for p53 transcriptional activity
in UV-induced apoptosis in embryonic stem cells. EMBO
J.2002; 21:4081-4093.

Kruiswijk F, Labuschagne CF and Vousden KH. p53 in
survival, death and metabolic health: a lifeguard with a
licence to kill. Nat Rev Mol Cell Biol. 2015; 16:393-405.

Zurlo D, Assante G, Moricca S, Colantuoni V and Lupo
A. Cladosporol A, a new peroxisome proliferator-
activated receptor gamma (PPARgamma) ligand, inhibits
colorectal cancer cells proliferation through beta-catenin/
TCF pathway inactivation. Biochim Biophys Acta. 2014;
1840:2361-2372.

Keene JD, Komisarow JM and Friedersdorf MB. RIP-Chip:
the isolation and identification of mRNAs, microRNAs and
protein components of ribonucleoprotein complexes from
cell extracts. Nat Protoc. 2006; 1:302-307.

Carey MF, Peterson CL and Smale ST. Chromatin
immunoprecipitation (ChIP). Cold Spring Harb Protoc.
2009; 2009:pdb prot5279.

www.impactjournals.com/oncotarget

78139

Oncotarget



