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ABSTRACT

Ultraviolet (UV) irradiation from the sunlight is a major etiologic factor for premature skin aging. Long
noncoding RNAs (IncRNAs) are involved in various biological processes, and their roles in UV irradiation-induced
skin aging have recently been described. Previously, we found that the IncRNA RP11-670E13.6 was up-regulated
and delayed cellular senescence in UVB-irradiated primary human dermal fibroblasts. Here, we performed
further investigations of RP11-670E13.6 function. The results showed that this IncRNA directly bound to miR-
663a and functioned as a sponge for miR-663a to modulate the derepression of Cdk4 and Cdk6, thereby
delaying cellular senescence during UV irradiation-induced skin photoaging. Moreover, we found that RP11-
670E13.6 may facilitate DNA damage repair by increasing ATM and yH2A.X levels. In addition, heterogeneous
nuclear ribonucleoprotein H physically interacted with RP11-670E13.6 and blocked its expression. Collectively,
our results suggested that the RP11-670E13.6/miR-663a/CDK4 and RP11-670E13.6/miR-663a/CDK6 axis, which
may function as competitive endogenous RNA networks, played important roles in UVB-induced cellular
senescence.

INTRODUCTION

The aging of human skin is caused by genetic and
environmental factors. Among environmental factors,
solar ultraviolet (UV) B (290-320 nm) and UVA
irradiation (320-400 nm) are the main factors, causing
atrophy of the skin, coarse wrinkles and leathery skin
[1-3]. DNA photodamage and UV-generated reactive
oxygen species (ROS) are the initial molecular events
that lead to most of the typical histological and clinical
manifestations of skin aging. [4—6]. Most DNA damage
is repaired by functional repair systems in cells, once
unrepairable and extensive DNA damage occurs, cells
terminate proper division and enter a cell-senescent
state [7]. Although numerous factors are involved
in cellular senescence, the p53-p21 and pl6CPEN?4

(p16)—phosphorylated retinoblastoma protein pathways
are best documented in maintaining cellular senescence
and growth arrest [8].

Long noncoding RNAs (IncRNAs), which are more than
200 nucleotides in length, have been shown to play
crucial regulatory roles in numerous biological processes
[9, 10]. The mechanisms of action of IncRNAs are
multifactorial and largely dependent on the specific
intracellular  localization of the molecule [11].
MicroRNAs (miRNAs) are a class of short noncoding
RNAs (~22 nucleotides in length) [12, 13] that inhibit the
expression of target genes by binding to the 3’
untranslated region (3'-UTR) of specific mRNA targets
and hence degrade the mRNA or suppress translation
[14]. In recent years, the “competitive endogenous RNA”
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(ceRNA) hypothesis has been proposed, and several
studies have suggested the occurrence of interactions
between IncRNAs and miRNAs [15-17], adding to
the complexity of interactions between diverse RNA
species. Despite rapidly rising interest in the expression
and function of IncRNAs in cellular senescence [18-20],
their potential implications in skin photoaging remain
virtually unexplored.

In the previous study, we initially found that RPII-
670E13.6 was up-regulated in UVB-irradiated HDFs and
delayed cellular senescence through the pl6-pRB
pathway [21]. In this study, we further investigated the
functions and the regulatory mechanisms of RPII-
670E13.6 in HDFs. Our results provided important
insights into the RPI11-670E13.6/miR-663a/CDK4 and
RP11-670E13.6/miR-663a/ CDK6 axis as ceRNA
networks in  UVB-induced cellular senescence.
Moreover, we found that heterogeneous nuclear
ribonucleoprotein H (hnRNPH) physically interacted
with RP11-670E13.6 and blocked its expression.

RESULTS

UVB up-regulated RP11-670E13.6 in a ROS-
independent manner, and knockdown of RP11-
670E13.6 promoted cellular senescence

RP11-670E13.6 is a IncRNA consisting of one exon of
348 bp and located upstream of the TRIM25 gene locus
in chromosome 17 (Figure 1A). As shown in Figure 1B,
RPI11-670E13.6 expression was significantly elevated in
UVB-irradiated HDFs over time and the greatest
increase was at 24 h after UVB irradiation.

In the previous study, we found that the ratio of senescent
cells markedly increased following transfection with
small-interfering RNA (siRNA) targeting RP11-670E13.6
compared with that of the negative controls (NC) [21]. It
has been postulated that telomere shortening played an
important role in photoaging [22]. Senescence in primary
HDFs can be triggered by telomere erosion [23]. In this
study, relative quantitative real-time polymerase chain
reaction analysis confirmed the B-galactosidase staining
findings, showing that the mean telomere length
decreased in RP11-670E13.6 depleted HDF's at 24 h post-
irradiation (Figure 1Cb). Moreover, the mean length of
telomeres in UVB-irradiated HDFs decreased, suggesting
that acute photodamage might contribute to early
photoaging in human skin as a consequence of rapid
telomere shortening (Figure 1Ca).

UV-induced ROS production is responsible for both
clinical and biochemical manifestations of skin
photoaging [24], and antioxidant enzymes, including
catalase (CAT) and superoxide dismutase (SOD), are

important for modulating ROS by scavenging free
radicals in cells. To further investigate whether RP/1-
670E13.6 expression was required for modulating ROS
generation or vice versa, we pretreated cells with a ROS
scavenger (N-acetyl-Lcysteine, [NAC], 10 mM) before
detection of RPI1-670E13.6. As anticipated, 40 mJ/cm?
UVB exposure significantly increased ROS generation,
and NAC caused a reduction in UVB-induced ROS
generation (Supplementary Figure 1A). However, NAC
had no significant effect on UVB-induced up-regulation
of RP11-670E13.6 (Supplementary Figure 1B), neither
generation of ROS nor SOD and CAT activity in UVB-
irradiated HDFs were altered by RPII-670E13.6
reduction (Supplementary Figure 1C-1E).

Knockdown of RP11-670E13.6 induced DNA
damage

To elucidate the molecular mechanisms through which
RP11-670E13.6 affected UVB-damaged HDFs, we
performed expression profiling of HDFs transfected with
RP11-670E13.6 siRNA or siRNA NC using RNA-seq
(Supplementary Figure 2A). Differentially expressed
genes in RPI1-670E13.6 knockdown HDFs were
significantly associated with specific gene ontology (GO)
terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways. In RPI1-670E13.6-delepted HDFs,
significantly enriched GO terms included biological
processes, such as DNA replication (P < 4.9E-12), G1/S
transition of the mitotic cell cycle (P < 2.1E-08; Figure
2A), nucleosome assembly (P < 1.3E-07), chromatin
organization (P < 3.1E-07), and double-strand breaks
(DSBs) repair via homologous recombination (P < 1.9E-
06). Molecular functions, such as protein binding (P <
2.9E-06), helicase activity (P < 2.7E-05), and DNA
binding (P < 3.9E-05) were also affected (Supplementary
Figure 2B). Moreover, significantly enriched KEGG
pathways included viral carcinogenesis (P < 3.7E-10),
DNA replication (P < 3.8E-08), cell cycle (P < 6.6E-08),
and transcriptional misregulation in cancer (P < 7.4E-07,
Figure 2B). These findings were consistent with our
previous study that knockdown of RPII1-670E13.6
decreased HDFs proliferation and induced cell
cycle arrest.

Because the mRNA expressions of many genes involving
in DNA replication and DSBs repair were significantly
altered by RPII-670E13.6 depletion, we further
examined whether RP11-670E13.6 played a role in the
DNA damage response (DDR) in UVB irradiated HDFs.
Comet assays revealed an increase in the tail length of
HDFs at 24 h after 40 mJ/cm? UVB exposure (Figure
20), suggesting that the UVB dose of 40 mJ/cm? could
induce DNA DSBs in HDFs. Moreover, our results
showed that RPII-670E13.6 depletion reduced the
protein levels of ataxia telangiectasia mutated (ATM),
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which play a key role in UV damage signaling. (Figure
2D) [25, 26]. However, mRNA levels of ATM, in
addition to many other genes involved in the DDR were
significantly up-regulated by RPI1I1-670E13.6 depletion
(Figure 2E). It is well known that DSBs formation at late
time points after UV treatment activates ATM kinase
activity, which then contributes to the increase of
phosphorylation of Ser139 of histone H2A.X molecules
(yYH2A.X) [27]. Our results showed that the
phosphorylation of H2A.X was also decreased by
treatment with an siRNA targeting RPI11-670F13.6 in
UVB-irradiated (40 J/m2) HDFs (Figure 2F).
Immunofluorescence microscopic analyses showed that
vH2A.X foci were also decreased in the RP11-670E13.6
depleted HDFs than in controls (Figure 2G). The relative
area of YH2A.X was significantly lesser in the RP/I-
670E13.6-depleted HDFs at 24 h after UVB irradiation
than in control HDFs (Figure 2H).

Cellular distribution of RP11-670E13.6 in HDF's

To further study the underlying mechanisms through
which RP11-670E13.6 regulated cellular senescence,
we examined the cellular distribution of RPII-
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irradiated conditions. In control cells (physiological
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revealed RP11-670E13.6 in the nucleus, whereas it was
detected in the cytoplasm after UVB irradiation (Figure
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expressed in relative abundance in the cytoplasm after
UVB irradiation, which confirmed the results of FISH
(Figure 3B).
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Figure 1. UVB up-regulated RP11-670E13.6 levels, and knockdown of RP11-670E13.6 promoted cellular senescence. (A)
Schematic diagram of the localization of RP11-670E13.6. (B) Expression of RP11-670E13.6 in the UVB irradiation and control groups, as
determined by qRT-PCR. Data are shown as the means + standard errors of the means based on at least three independent experiments. (C)
(a) UVB irradiation decreased the mean length of telomeres in HDFs at 24 h post-irradiation. (b) Knockdown of RP11-670E13.6 decreased the
mean length of telomeres in HDFs at 24 h post-irradiation. Data are shown as the means * standard errors of the means based on at least
three independent experiments. P values were determined by Student’s t-tests. *P < 0.05; **P < 0.01; and ***P < 0.001.
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Figure 2. RP11-670E13.6 promoted DNA damage repair. (A) Top significant biological processes for genes whose transcript levels were
increased in RP11-670E13.6-depleted HDFs. (B) Top significant Kyoto Encyclopedia of Genes and Genomes pathways for genes whose
transcript levels were increased in RP11-670E13.6-depleted HDFs. (C) Comet tail length was quantified at 24 h after 40 mJ/cm? UVB
irradiation. Representative images are shown. Data are shown as the means +* standard errors of the means. (D) Representative image of
western blotting results for the effects of RP11-670E13.6 on the expression of ATM protein in HDFs. (E) Relative expression of the indicated
DNA damage-associated genes was determined by qRT-PCR in RP11-670E13.6-depleted HDFs and negative controls. Data are shown as the
means * standard errors of the means based on at least three independent experiments. (F) HDFs were mock treated or transfected with
siRNA against RP11-670E13.6. Two days after transfection, the cells were UVB (40mJ/cm?) irradiated and analyzed for H2AX phosphorylation
at the indicated time points by western blot. (G) HDFs were mock treated or transfected with siRNA against RP11-670E13.6. Two days after
transfection, the cells were UVB (40mJ/cm2) irradiated and analyzed for H2AX phosphorylation at 24h post-irradiation by immunofluorescent
staining. (H) Quantification of yH2A.X foci expressed as mean relative area per cell. Twenty nuclei from the HDFs transfected with RP11-
670E13.6 siRNA and control siRNA were examined. P values were determined by Student’s t-tests. *P < 0.05; **P < 0.01; and ***P < 0.001.
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affect Cdk4, Cdk6 and CyclinD1 expression via
modulation of miRNAs in the cytoplasm of HDFs after
UVB irradiation.

To test this hypothesis, several miRNA candidates that
have putative binding sites with CDK4, CDK6 and
CCND] were selected to perform dual-luciferase reporter
assays, and our data showed that miR-663a
overexpression decreased the luciferase activity of the
wild-type (WT) RPI11-670E13.6 reporter the most
(Supplementary Figure 3A). Thus, we selected miR-663a
to further investigate the association of RP/1-670E13.6
and miR-663a in UVB-induced cellular senescence.

MiR-663a promoted cellular senescence by targeting
CDK4 and CDK6

To investigate the biological functions of miR-663a in
cellular senescence upon UVB exposure, we explored the
potential effects of miR-663a on proliferation, apoptosis
and cell cycle progression. As shown in Figure 4A and
Figure 4B, miR-663a mimic inhibited the proliferation
and stimulated apoptosis of HDFs. Cell cycle analysis
showed that treatment of miR-663a inhibitor drove
progression beyond the G1/S transition in UVB-
irradiated HDFs (Figure 4C). To test whether RPII-
670E13.6 depletion caused defects in the Gl-to-S
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transition by interacting with miR-663a, we
cotransfection with RP11-670E13.6 siRNA and miR-
663a inhibitor in HDFs, and failed to observe G1/S arrest
in RP11-670E13.6 depleted HDFs (Figure 4D).

Next, we verified the predicted target regulation
relationship between CDK4/CDK6/CCNDI and miR-
663a by quantitative reverse transcription polymerase
chain reaction (QRT-PCR) and western blotting in HDFs.
Consistent with the fluorescence-activated cell sorting
data, the expression of G1/S phase checkpoint proteins
such as Cdk4 and Cdk6 were down-regulated in cells
with miR-663a overexpression (Figure 4F). Moreover,
miR-663a inhibited the expression of CDK4 mRNA,
whereas increased the CDK6 mRNA levels (Figure 4E).
In addition, our results showed that miR-663a had no
effect on CyclinD1 expression, though it decreased
CCNDI mRNA expression (Figure 4F).

To further investigate whether the suppression of Cdk4
and Cdk6 occurred via the potential interactions
at putative miR-663a-binding sites, we generated
different mutants (MUTs) and found out that miR-663a
overexpression  significantly  decreased Iuciferase
activities of the CDK4 and CDK6 WT reporters, but did
not affect that of the mutant reporters (Figure 4G,
Figure 4H), indicating that miR-663a directly bound to
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Figure 3. RP11-670E13.6 cellular localization. (A) FISH images showing localization of RP11-670E13.6 in HDFs treated with or without
UVB irradiation for 24 h. (B) Percentage of nuclear and cytoplasmic RNA levels of RP11-670E13.6, U6 and GAPDH measured by gRT-PCR after
subcellular fractionation in HDFs irradiated or not irradiated with UVB for 24 h. Data are shown as the means + standard errors of the means
based on at least three independent experiments. P values were determined by Student’s t-tests. *P < 0.05; **P < 0.01; and ***P < 0.001.
FISH, fluorescence in situ hybridization; 18S, probe for 18S rRNA; U6, probe for U6 snRNA.
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protein levels, but had no effect on the expression of CyclinD1. (G) Putative binding site of miR-663a in the 3'-UTR of CDK4 and the sites of
target mutagenesis are indicated. Luciferase activity in HDFs, demonstrating the effects of miR-663a on the expression of its target gene
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the 3’-UTR of CDK4 and CDK6 mRNA. Additionally,
miR-663a  overexpression significantly decreased
luciferase activities both of the CCNDI WT and MUT
reporters, indicating that CCNDI was not a direct target
of miR-663a (Supplementary Figure 3B).

RP11-670E13.6 acted as sponge for miR-663a

To further study the relationship between RP11-670E13.6
and miR-663a, we found that miR-663a overexpression
inhibited RP11-670E13.6 expression by approximately
42% (Figure 5A), whereas RP11-670E13.6 knockdown
increased miR-663a expression (Figure 5B). In our next
experiment, luciferase reporter constructs were generated
(Figure 5C), and dual-luciferase assays showed a
significant decrease in luciferase activities after
cotransfection with miR-663a mimic and the WT RP/[I-
670E13.6 expression vector, but not a MUT RPII-
670E13.6 expression vector (Figure 5D), indicating that
miR-663a bound directly to RPI11-670E13.6 and that the
binding sites were vital for reciprocal repression of RP/1-
670E13.6 and miR-663a. Thus, these data indicated that
RPI11-670E13.6 acted as an endogenous “sponge” by
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binding miR-663a, which abolished the repressive effects
of miR-663a on the Cdk4 and Cdk6 expression.

hnRNPH directly bound to and suppressed
RP11-670E13.6 expression

RNA-binding proteins (RBPs) that function as alternative
splicing regulators bind to pre-mRNA cis-acting elements
and can promote or repress spliceosome formation and
regulate alternative splice site usage in the mature
transcript [30]. To identify RBPs associated with RP/1-
670E13.6 production, we used affinity pulldown analysis,
mass spectrometry, and immunoblotting and revealed a
direct interaction between RPI[-670E13.6 and
hnRNPF/H (Figure 6A), which was further confirmed by
RNA immunoprecipitation (RIP) assays (Figure 6B).
Moreover, silencing of HNRNPH up-regulated RPII-
670E13.6 (Figure 6D), whereas HNRNPF had no effect
on its expression (Figure 6C, 6F), suggesting RPII-
670E13.6 is a target of hnRNPH but not hnRNPF.
Furthermore, we found that silencing of HNRNPH
increased HNRNPF mRNA but decreased hnRNPF
protein (Figure 6D, 6E), and vice versa (Figure 6F, 6G).

1.5

ﬂ

0.5

0.0

Relative miR-663a Expression
o

g ©
& &
N
o
&
é\ﬁ'
293T
8 1.54
E ** NS 3 NC mimic
8 I 1 @l miR-663a mimic
c |
o 1.0
o
a
4]
e
S
= 0.51
o
=
=]
K]
7]
© 0.0 T T
&
$ S
»
&7 &’
= N
o° o>
& N
© &
N &
Q\ ,:\
& &

Figure 5. Reciprocal repression of RP11-670E13.6 and miR-663a. (A) miR-663a negatively regulated the expression of its target gene
RP11-670E13.6. (B) RP11-670E13.6 negatively regulated the expression of miR-663a. (C) Putative binding site of miR-663a in RP11-670E13.6
and the site of target mutagenesis are indicated. (D) Luciferase activity in HDFs, demonstrating the effects of miR-663a on the expression of
its target gene RP11-670E13.6. Data are shown as the means + standard errors of the means based on at least three independent
experiments. P values were determined by Student’s t-tests. *P < 0.05; **P < 0.01; and ***P < 0.001.
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As shown in Figure 6H and Figure 61, UVB irradiation be a downstream target of hnRNPH. Additionally, we

reduced hnRNPH expression at both the mRNA and found that silencing of HNRNPH promoted HDFs
protein levels, however, knockdown of RP11-670E13.6 proliferation (Figure 6J), consistent with the biological
did not affect hnRNPH, suggesting RP11-670E13.6 may functions of increased RP11-670E13.6.
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Figure 6. hnRNPH directly bound to RP11-670E13.6 and repressed its expression. (A) Pull down results of RP11-670E13.6 by silver
staining (a) and western blot analysis (b) demonstrated the possible interactions between RP11-670E13.6 and hnRNPF/H. (B) RIP assays
demonstrating the enrichment of hnRNPF/H on RP11-670E13.6 transcripts relative to IgG in HDFs. (C) Knockdown of both hnRNPH and
hnRNPF had no effect on the expression of RP11-670E13.6. (D) Effects of HNRNPH1 siRNA on the expression of RP11-670E13.6 and hnRNPF.
(E) Effects of HNRNPF siRNA on the expression of RP11-670E13.6 and hnRNPH. (F) The mRNA expression levels of HNRNPH1. (G) HnRNPH/F
expression levels of HDFs treated with RP11-670E13.6 siRNA and UVB irradiation. (H) The mRNA expression levels of HNRNPH1. (I) hnRNP H/F
expression levels of HDFs treated with UVB irradiation(40mJ/cm?). (J) CCK-8 assays were used to detect the effects of HNRNPH1 on HDFs
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determined by Student’s t-tests. *P < 0.05; **P < 0.01; and ***P < 0.001.
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DISCUSSION

In the current study, we demonstrated that the IncRNA
RP11-670E13.6, interacted with hnRNPH, delayed
cellular senescence by facilitating DNA damage repair
and increasing Cdk4 and Cdké6 levels in UVB damaged
HDFs (Figure 7). Briefly, hnRNPH suppressed
expression of RPI1-670E13.6 under physiological
conditions. When UVB irradiation down-regulated
hnRNPH, RP11-670E13.6 expression was significantly
increased in a ROS-independent manner and facilitating
DNA damage repair by increasing the kinase activity of
ATM and the phosphorylation of histone H2A.X
molecules. Moreover, upon UVB irradiation, RPII-
670E13.6 translocated from the nucleus to the
cytoplasm. In the cytoplasm, RP/1-670E13.6 functioned
as an endogenous “sponge” by binding to miR-663a,
abolishing the repressive activities of miR-663a on Cdk4
and Cdk6, and thereby delaying UVB-induced cellular
senescence.

Telomere length is a molecular marker of cell aging, and
genomic instability due to telomere shortening has been
linked to aging-related diseases [31]. Recent studies have
suggested that intrinsic aging and photoaging share a
common pathway involving telomere-generated signaling
that is responsible for most clinical manifestations of skin
[32]. In this study, we found that knocked down RP/I-

Q LR 1)/ IR
xmﬁeus 3
- ‘/
miR-663a

Cytosol 4
™ m

CDK4 protein J/

I N
DNA damage '\
J

CDK4 mRNA

™ o

CDKémRNA

Promote cellular
senescence

> 09
[ J

CDK6é protein ‘l'

HDFs + UVB

C NV

Qcer /gt
Nucleus ArmyH2ax T

\ i)
\zp;-

miR-663a

670E13.6 decreased mean telomere length in UVB
irradiated HDFs, indicating that RP17-670E13.6 delayed
UVB-induced cellular senescence. It is well known that
cells undergo senescence in response to severely
damaged DNA [33, 34]. The DNA damage repair is
characterized by the activation of ATM and ATR [35],
which are recruited to the site of damage and lead to
phosphorylation of histone H2A.X. Phosphorylated
H2AX can be visualized as foci by immunofluorescence
using phospho-specific antibodies [36]. H2AX foci
colocalize with foci of other proteins, including NBS1,
53BP1, MDCI1, and BRCA1 [36-38]. Although the
initial recruitment of these proteins appears to be y-
H2AX independent, their retention as foci at longer times
post-irradiation does not occur in cells lacking H2AX,
leading to the suggestion that y-H2AX plays a critical
role in the retention of repair factors at the sites of DSBs
[39, 40]. One study examining ATM knockout cell lines
concluded that IR-induced y-H2AX foci formation is
ATM dependent [41]. In our study, RPII-670E[3.6
depletion inhibited the kinase activity of ATM, which
decreased the phosphorylation of H2A.X, leading to the
DNA damage in UVB-irradiated HDFs not been
repaired, and then inducing cellular senescence. Taken
together, our results suggest that RP/1-670E13.6 may
promote DNA damage repair by increasing ATM and
YH2A.X expression in UVB irradiated HDFs, and
thereby delaying cellular senescence.
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Figure 7. Schematic diagram of the hypothesis that IncRNA RP11-670E13.6 delayed UVB induced cellular senescence by
facilitating DNA damage repair and competing for miR-663a to up-regulate Cdk4 and Cdk6 expression in HDFs.
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Using bioinformatics analysis, we found that miR-663a
formed complementary base pairing with CDK4, CDK6
and RPI1-670E13.6, and luciferase reporter assays
confirmed that these molecules were direct targets of miR-
663a. It has been described that miR-663a inhibited cell
proliferation and invasion by targeting JunD in human
non-small cell lung cells and miR-663 may regulate the
proliferation of fibroblasts in hypertrophic scar [42, 43].
In this study, cell cycle analysis and cell proliferation
activity analysis showed that miR-663a inhibited cell
growth and induced cell cycle arrest. Moreover, our
experiments revealed that overexpression of miR-663a
repressed Cdk4 and Cdk6 by targeting the 3'-UTR of
CDK4 and CDK6. We have revealed that RP11-670E13.6
depletion may cause defects in the Gl-to-S transition
previously. Here, we showed that RPII-670E[3.6
depletion could not inhibit GI-S transition after
transfection with miR-663a inhibitor in HDFs, suggesting
that RP11-670E13.6 may up-regulate Cdk4 and Cdk6
expression by interacted with miR663a. Furthermore, we
have observed a negative regulation between RPII-
670E13.6 and miR-663a, providing evidence to the
reciprocal repression of RP1I1-670E13.6 and miR-663a.
Here, we only discussed the function that miR-663a was
targeted by RPII-670E13.6, and miR-663a targeted
RP11-670E13.6 was remain to be explored.

It is known that miRNAs negatively regulate gene
expression at the post-transcriptional level, mainly via
binding to the 3'- UTR of the target gene. The binding
of the miRNA with target mRNA may lead to blockage
of protein translation as well as reduced mRNA
stability, and the latter seems to be the predominant
mechanism in miRNA-dependent gene repression [44].
We showed that miR-663a overexpression decreased
CDK4 mRNA level and increased CDK6 level,
indicating that miR-663a may inhibit the expression of
Cdk4 and Cdk6 by degrading the CDK4 mRNA and
suppressing Cdk6 protein translation. The activities and
functions of IncRNAs are thought to depend on their
subcellular distribution [45]. Herein, we observed that
RP11-670E13.6 was localized in the nucleus under
physiological condition, but almost exclusively in the
cytoplasm following UVB irradiation, therefore, its
function as a ceRNA could be attributed to its
cytoplasmic localization. However, its roles in the
nuclear compartment were not investigated herein.
Nuclear biogenesis of RP11-670E13.6 may explain its
localization in the nucleus, although we speculate that
nuclear processes, such as transcription or epigenetic
regulation, could be involved, similar to other
previously described IncRNAs [46—48].

In vitro, cellular senescence happens in 2 steps: cell cycle
arrest followed, or sometimes preceded, by gerogenic
conversion (geroconversion). Geroconversion is a form

of growth, a futile growth during cell cycle arrest. It
converts reversible arrest to irreversible senescence,
which is driven in part by the growth-promoting mTOR
pathway [49-51]. It is known that telomere erosion
promotes DNA damage responsive signals, thereby
causing irreversible cell-cycle arrest [52]. In our study,
knocked down RP11-670E13.6 decreased mean telomere
length and induced serious DNA damage in UVB-
irradiated HDFs, suggesting RPI1-670E13.6 depletion
induce an irreversible state of cell-cycle. Moreover, in
UV-treated cells, mTOR remained fully active [53].
Thus, we considered that knocked down RP11-670E13.6
promote cellular senescence partly by inducing cell cycle
arrest in UVB-irradiated HDFs.

An important aspect of our findings concerns hnRNPH.
Our results showed that hnRNPH directly bound to and
suppressed RPI1-670E13.6  expression.  Although
hnRNPH-dependent regulation of splicing was linked to
the closely related protein hnRNPF [54], we found that
silencing of HNRNPF had no effect on RP11-670E13.6
expression. Moreover, our data showed that hnRNPH
protein were downregulated in UVB-irradiated HDFs
compared with that in non-irradiated cells, and ectopic
low expression of HNRNPH increased the relative levels
of RP11-670E13.6 and promoted HDFs proliferation,
consistent with our previous report demonstrating that
knockdown of RP11-670E13.6 inhibited cell proliferation
[21]. Thus, we identified hnRNPH as a factor that
repressed HDFs proliferation at least in part by inhibiting
the production of RPI1-670E13.6, although other RNA
targets of hnRNPH almost certainly also contributed to
preventing cell proliferation.

In summary, we propose a mechanism through which
IncRNA RP11-670E13.6 delayed cellular senescence by
facilitating DNA damage repair and competing for miR-
663a to up-regulate Cdk4 and Cdk6 expression in UVB
damaged HDFs. Moreover, we presented strong
evidence that hnRNPH physically interacted with RP/ -
670E13.6 and blocked its expression.

MATERIALS AND METHODS

Cell culture and UV irradiation

293T cells were purchased from the Cell Bank of the
Chinese Academy of Science (Shanghai, China). Primary
HDFs were cultured from normal human foreskin
specimens obtained from circumcision surgery in our
clinic and cultured in Dulbecco’s modified Eagle’s
medium (HyClone, Logan, UT, USA) supplemented with
10% fetal bovine serum (Gibco BRL, Grand Island, NY,
USA) and 1% penicillin/streptomycin (HyClone) at 37°C
in the presence of 5% CO,. HDFs were used from
passages 3 to 8 in all experiments. Each experiment was
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repeated in HDFs at least from three different individuals.
UVB irradiations were performed using a Waldmann UV
208T lamp (Herbert Waldmann GmbH & Co, Villingen-
Schwenningen, Germany) with a peak emission
wavelength of 313 nm as previously reported [21].

RNA- seq

Sequencing was performed at Shanghai KangChen Bio-
tech, and RNA-seq data were aligned to the reference
genome (human assembly GRCh37/hg19) using Tophat2
(http://ccb.jhu.edu/software/tophat). HTSeq (http://www-
huber.embl.de/HTSeq) was then applied on the aligned
data set to determine differentially expressed genes
with a “significant” status. GO and KEGG analyses of
differentially expressed genes were performed using
DAVID (https://david.nciferf.gov/).

Cell treatments and other techniques

Detailed protocols describing cell treatments and
other experimental techniques are presented in the
Supplementary Materials.

Statistical analysis

All data are expressed as means =+ standard errors of at
least three independent experiments. All statistical
analyses were carried out using GraphPad Prism 5
Software. Differences between groups were analyzed
using Student’s #-tests. In cases of multiple-group
testing, one-way analysis of variance was conducted.
Differences with P values of less than 0.05 were
considered statistically significant.
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SUPPLEMENTARY MATERIALS
Supplementary Methods
RNA isolation and qRT-PCR analysis

Total RNA from HDFs was extracted using TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA) and then
reverse transcribed to cDNA using a Revert Aid First
Strand ¢cDNA Synthesis Kit (Thermo Fisher Scientific).
Real-time qPCR analysis was performed using a SYBR
Fast qRT-PCR Master Mix Kit (Kapa Biosystems,
Wilmington, MA, USA) and a Light Cycler 480 system
(Roche, Basel, Switzerland) according to the
manufacturer’s instructions. For each sample and index,
the samples were studied in triplicate, with GAPDH
mRNA expression measured as an internal reference. The
primer sequences used in the real-time PCR are listed in
Supplementary Table 1. miRNA sequence-specific RT-
gqPCR for miR-663a and the endogenous control U6 were
performed using a Bulge-Loop miRNA qRT-PCR Starter
Kit (RiboBio, Guangzhou, China) and Bulge-Loop
miRNA gRT-PCR Primer (RiboBio). Fold changes were
calculated using the relative quantification (2744
method.

Telomere length analysis

To measure telomere length, total DNA was extracted
using a Genomic DNA Extraction Kit (Tiangen Biotech,
Beijing, China) according to the manufacturer’s manual.
Genomic DNA was quantified using a UV-Vis
spectrophotometer (Smart Spectro 2000; LaMotte,
Chestertown, MD, USA). Mean telomere length was
determined using quantitative real-time PCR as
described previously [55]. This method measures the
average ratio between the telomere repeat copy number
and that of a single-copy gene (36B4; T/S ratio) in each
sample. The T/S ratio is proportional to the average
telomere length, and the relative telomere length can
therefore be calculated quantitatively. Relative telomere
length was calculated from T/S ratio = 272, where ACt
= Cticlomere — Ct3ss. Primers specific for telomeres: (1:
5'-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGG
TGAGGGT-3"; 2: 5'-TCCCGACTATCCCTATCCCTA
TCCCTATCCCTATCCCTA-3") Primers specific for the
single-copy gene: (36B4u: 5'-CAGCAAGTGGGAAGG
TGTAATCC-3'; 36B4d: 5'-CCCATTCTATCATCAAC
GGGTACAA-3".

Primers design

We obtained FASTA format sequences from the
University of California Santa Cruz (UCSC) Genome
Browser (http://genome.ucsc.edu/) and used Primer6
software to design primers. Then we used Nucleotide

Basic Local Alignment Search Tool (BLAST)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to check
the primer pairs we selected.

RNA interference

siRNAs targeting RPI11-670E13.6, HNRNPHI, and
HNRNPF; siRNA NC; miRNA mimics; mimics NC;
miRNA inhibitor; and inhibitor NC were purchased
from RiboBio. The effective interference sequences
were all selected by RT-qPCR for the best gene
silencing effect and then wused for subsequent
experiments. The sequences are listed in Supplementary
Table 2. For transient transfection, primary HDFs in
passages 3—8 were plated in growth medium. After the
cells reached 30-50% confluence, cells were transfected
with siRNA, miRNA inhibitor or miRNA mimics using
a riboFECTTM CP Transfection Kit (RiboBio). Forty-
eight hours after transfection, the cells were irradiated
with UVB as described above and further cultured with
complete medium for 24 h before conducting
subsequent experiments.

Detection of SOD and CAT activity

After cells were lysed, the total protein was extracted to
detect the activity of SOD and CAT by using the Total
Superoxide Dismutase Assay Kit-WST ® (Dojindo,
Japan) and the Total Catalase Analysis Assay Kit
(Solarbio Science & Technology Co. Itd., Beijing)
according to the manufacturers’ instructions.

FISH

In situ hybridization was performed with a FISH Kit
(RiboBio). HDFs were briefly rinsed in phosphate-
buffered saline (PBS) and fixed in 4% formaldehyde for
10 min. The cells were then permeabilized in PBS
containing 0.5% Triton X-100 at 4°C for 5 min, washed
with PBS three times for 5 min, and prehybridizated at
37°C for 30 min before hybridization. Next, anti-RP/ -
670E13.6, anti-U6, and anti-18S oligodeoxynucleotide
probes were added in hybridization solution at 37°C
overnight in the dark. The next day, the cells were
counterstained with 4’,6-diamidino-2-phenylindole and
imaged using a Leica DFC300 FX microscope (Germany).

Isolation of nuclear and cytoplasmic RNAs
Cells were collected and washed with ice-cold PBS

twice. After centrifugation 1000 g for 5 min,
supernatants were removed. Cell pellets were
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resuspended in 0.5% v/v NP40-PBS by pipetting gently.
After centrifugation 1000 g for Smin, the supernatant
was collected as the cytoplasmic fraction and the pellet
was washed in ice-cold 0.5% NP40-PBS for two times.
The supernatant was discarded and the pellet was
nucleus. RNA was extracted by TRIzol reagent
following the manufacturer’s protocol.

Measurement of intracellular ROS

N-acetyl-L-cysteine (NAC), the ROS scavenger, was
purchased from Beyotime (Shanghai, China). Cells
were pre-treated with NAC (10 mM) for 1 h before
UVB irradiation and were cultured continuously in
complete culture medium with NAC (10 mM) after
UVB irradiation. Twenty-four hours or eight hours after
UVB irradiation, cells were incubated in serum-free
medium with 10 mM DCFH-DA (Applygen, Beijing,
China) for 30 min at 37°C, according to the
manufacturer’s protocol, and then washed three times
with DMEM. Images were captured using a
fluorescence microscope (Nikon Eclipse TS100). The
green fluorescence were measured to evaluate the levels
of intracellular ROS using Image J software version
1.8.0 (National Institutes of Health, USA).

Immunofluorescence

Cells were seeded and fixed on 12 x 12-mm glass
slides. For intracellular staining, the cells were fixed
with 4% paraformaldehyde for 30 min, permeabilized
with 0.2% Triton X-100 for 10 min, and then blocked
with 4% bovine serum albumin (BSA) at 37°C for 30
min. After washing with phosphate-buffered saline
(PBS) for 3 x 5 min, the cells were incubated with
gamma H2A.X (ab81299,1:50) overnight at 4°C and
then incubated with the specified secondary antibodies
(Alexa Fluor® 488-conjugated goat anti-rabbit IgG,
1/100) for 2 h. Nuclei were counterstained with 4,6-
diami-dino-2-phenylindole for 10 min at room
temperature. Fluorescent images were obtained using a
Leica DFC300 FX microscope (Germany). Digital
microphotographs of 20 fields randomly selected from
both UVB-irradiated HDFs transfected with control
siRNA and RP11-670E13.6 siRNA were obtained, and
images of each HDF were captured. The average area of
YyH2AX foci per cell for each treatment was
automatically calculated using Image J software version
1.8.0 (National Institutes of Health, USA).

Cell cycle analysis

After siRNA or miRNA inhibitor transfection for 48 h,
HDFs were trypsinized, washed with PBS and fixed in
70% ethanol at -20 °C overnight. The cells were then
treated with 50 mg/l RNase (Sigma-Aldrich, St. Louis,

MO, USA) and stained with 50 mg/l propidium iodide
(Sigma) in the dark at 37°C for 30 min. The cell cycle
was analyzed using flow cytometry (Cytomics FC500;
Beckman Coulter, Fullerton CA, USA).

Annexin V and PI staining and flow cytometry

The percentages of early and late apoptotic cells in
HDFs transfected with treatment of miR-663a mimics
and miRNA mimics control were measured using the
APC Annexin V and PI apoptosis detection kit and flow
cytometry, according to the manufacturer’s instruction.
HDFs were seeded at a density of 5 x 10* cells/well in
6-well plates. Cells were collected by centrifuging at
1,000 rpm for 5 min and washed twice with PBS at day
3 after transfection. The cells were simultaneously
stained with Annexin V-FITC and the non-vital dye PI,
which allowed the identification of intact cells, early
apoptotic cells, and late apoptotic cells.

Western blot analysis

Nuclear-cytoplasmic fractionation was conducted using
an NE-PER Nuclear and Cytoplasmic Extraction
Reagents kit (Thermo Fisher Scientific Inc., Rockford,
IL, USA). Proteins were extracted from cells and
quantified using a BCA protein assay kit (Bio-Rad,
Hercules, CA, USA). Equal amounts of protein were
separated using 10% sodium dodecyl sulfate-
polyacrylamide gels (Bio-Rad) and then transferred
onto polyvinylidene difluoride membranes (Millipore,
Billerica, MA, USA). After blocking in a solution of 5%
nonfat dry milk diluted in Tris-buffered saline, the
membranes were incubated with primary antibodies
overnight at 4°C. After incubation with corresponding
secondary antibodies conjugated to horseradish
peroxidase, the signals of the membranes were detected
using an enhanced chemiluminescence western blotting
substrate (Pierce, Rockford, IL, USA). The band
intensities from western blotting and normalization
were carried out using ImageJ (National Institutes of
Health, Bethesda, MD, USA). The primary antibodies
are listed in Supplementary Table 3.

Comet assays

Neutral comet assays were performed as previously
described [56].

Luciferase reporter assays

293T cells were seeded in 12-well plates. After 24 h, the
cells were cotransfected with psiCHECK2.0 luciferase
reporter vector (Promega, Madison, WI, USA) containing
the 3’-UTR fragment of CDK4,CDK6,CCNDI or pGL3-
basic luciferase reporter vector (Promega) containing the
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3'-UTR fragment of RPII-670E13.6, Renilla vector
(pRL-TK; Promega), and miRNA mimic NC or
miRNA mimic (RiboBio) using Lipofectamine 2000
(Invitrogen). Luciferase activities were measured 48 h
after transfection with a Dual-Luciferase Reporter Assay
System Kit (Promega) according to the manufacturer’s
instructions. Firefly luciferase activity was normalized to
Renilla luciferase activity for each sample.

RNA pull-down assays and mass spectrometry

Biotinylated RP11-670E13.6 sense and RP11-670E13.6
antisense were in vitro transcribed using T7 RNA
polymerase (Promega) and Biotin RNA Labeling Mix
(Roche) and then purified with Quick Spin columns
(Roche) according to the manufacturers’ instructions.
Biotinylated RNAs were mixed and incubated with
HDF lysates. Streptavidin agarose beads (Life
Technologies, Gaithersburg, MD, USA) were added to
each binding reaction, followed by a 1-h incubation
period at room temperature. The beads then were
washed briefly three times and boiled in sodium
dodecyl sulfate buffer. The eluted proteins were
detected by standard western blot analysis. RPII-
670E13.6 sense and RPI11-670FE13.6 antisense strand
protein bands acquired by RNA pull-down assays were
excised and examined by mass spectrometry to detect
the related proteins that bound directly with RPII-

670E13.6. The procedure was carried out according to
standard protocols, as described previously.

RIP

RIP assays were performed according to the guidelines
in the Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore). Briefly, cells were
lysed in lysis buffer containing a protease inhibitor
cocktail and RNase inhibitor. Magnetic beads were pre-
incubated with an anti-flag antibody or anti-rabbit IgG
for 30 min at room temperature, and lysates were
immunoprecipitated with beads at 4°C overnight. RNA

was purified from RNA-protein complexes and
analyzed by qRT-PCR. Total RNAs and
positive/negative controls were also assayed to

demonstrate that the detected signals were from RNAs
that bound specifically to hnRNP F/H.

Detection of cell viability

Cells were seeded into 96-well plates in 100 pL. medium
per well. After different treatments, HDFs were mixed
with 10 uL CCK-8 reagent (Dojindo, Kamimashiki-gun,
Kumamoto, Japan) per well in normal culture medium
for 2 h, and the absorbance at 450 nm was measured
with an enzyme mark instrument (Thermo Fisher
Scientific).
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Supplementary Figure 1. (A) 24 h after exposure to 40 mJ/cm? UVB, ROS content (magnification, 40x) in the UVB irradiation group was
increased compared with that in the control group, and NAC (10 mM) caused a reduction in UVB-induced ROS generation. (B) At 24 h after
exposure to 40 mJ/cm? UVB, NAC had no significant effect on UVB-induced upregulation of RP11-670E13.6. (C) ROS contents were not
influenced in RP11-670E13.6-depleted HDFs compared with that in the control group (magnification, 40x). (D, E) Activities of antioxidant
enzymes SOD and CAT. CAT, catalase; NS, not significant; SOD, superoxide dismutase.
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Supplementary Figure 2. (A) HDFs were transfected with RP11-670E13.6 or control siRNA. Forty-eight hours after transfection, whole-
transcriptome analysis was performed with RNA-seq. Heatmap showing the differentially expressed genes after RP11-670E13.6 knockdown

(P <0.05, FC log2 > 1.5). (B) Top significant molecular functions for genes whose transcript levels were increased in RP11-670E13.6-depleted
HDFs.
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Supplementary Figure 3. (A) Luciferase assays showed a significant decrease in luciferase activities after cotransfection of the RP11-
670E13.6 expression vector and miRNA mimics. (B) Putative binding site of miR-663a in the 3'-UTR of CCND1 and the sites of target
mutagenesis are indicated. Luciferase activity in HDFs, demonstrating the effects of miR-663a on the expression of CCND1. P values were
determined by Student’s t-tests. *P < 0.05; **P < 0.01; and ***P < 0.001.
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Supplementary Table 1. Primers used for qRT-PCR.

Gene Forward primer(5'-3') Reverse primer(3'-5')

GAPDH GGGAAACTGTGGCGTGAT GAGTGGGTGTCGCTGTTGA
RP11-670E13.6 CACTCTGCGGATGAGGAAG AGATGAGTGCTGGGAAGGAG
CCN2/CTGF GTTTGGCCCAGACCCAACT GGAACAGGCGCTCCACTCT
ATM TGGATCCAGCTATTTGGTTTGA CCAAGTATGTAACCAACAATAGAAGAAG
ATR TGTCTGTACTCTTCACGGCATGTT AAGAGGTCCACATGTCCGTGTT
CHK1 GGTGAATATAGTGCTGCTATGTTGACA TTGGATAAACAGGGAAGTGAACAC
MDM?2 GGCAGGGGAGAGTGATACAGA GAAGCCAATTCTCACGAAGGG
GADD45A GAGAGCAGAAGACCGAAAGGA CAGTGATCGTGCGCTGACT

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
CDK4 GAG GCGACTGGAGGCTTTT GGATGTGGCACAGACGTCC
CDK6 TCAGGTTGTTTGATGTGTGC TCCTTTATGGTTTCAGTGGG
CCND1 GCTGCGAAGTGGAAACCATC CCTCCTTCTGCACACATTTGAA
HNRNPHI TGGCTATAATGATGGCTATGG GTGTCCTGTTGTGCTCTG
HNRNPF AACTGCCTCTGCTACAAC ACACTTCTGGATGGTAATGA

Supplementary Table 2. Interference sequences.

Gene The interference sequences
TAGCAGCGCTGGTTATATT
CCACTCTGCGGATGAGGAA
GCACTCATCTGAGACCAGA
b-RP11-670E13.6 TTAGAGCATCCTCGCGACCA
TCATCTGAGACCAGAGGTGT
CCACTCTGCGGATGAGGAAG
GGTCCAAATAGTCCTGACA
h-HNRNPH1 GATCCACCACGAAAGCTTA
GTTCGCAACTCATGAAGAT
GGAAGTTAGGTCATACTCA
h-HNRNPF ACCGGTACATTGAGGTGTT
AAGCGACCGAGAACGACAT
Supplementary Table 3. Primary antibody information.
Antibody WB Product code Company
YH2AX 1:2000 ab81299 abcam
Cdk4 1:1000 ab137675 abcam
Cdké6 1:2000 ab151247 abcam
CyclinD1 1:2000 ab40754 abcam
ATM lug/ml ab82512 abcam
hnRNPH/F 1:1000 ab10689 abcam
B-actin 1:5000 ab8226 abcam
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Supplementary Table 4. Primers used for PCR amplification.

Gene Primer sequence
CDK4- 3'UTR F GCATGCGATCGCCCTGATTGGGCTGCCTCCAGA
R AATGCGGCCGCTAGGCCCTGTAATTTAACCA
CDKe- 3'UTR F GGCGCTCGAGTCCTTAGCACAGCACCACAG
R AATGC GGCCGCTCCAGGCATATCTTTCACCA
CCND1- 3'UTR F GGCGCTCGAGCCTGTGATGCTGGGCACTT
R AATGCGGCCGCCATGTTGGTGCTGGGAAGG
RP11-670E13.6 F (EcoRI) AAAAGAATTC GAGCTGGCGAAGGTCG

R (Notl) AAAGCGGCCGC TGTGGTTTAACAGTTCCTTTTTATT
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