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ABSTRACT

Cellular senescence can be induced by high levels
of reactive oxygen species (ROS) produced by mi-
tochondria. However, the mechanism by which ele-
vated mitochondrial ROS levels are produced during
replicative senescence is not yet fully understood.
Here, we report that loss of the RNA-binding protein,
human antigen R (HuR), during replicative senes-
cence leads to an increase in ROS levels through
enhanced mitochondrial localization of the telom-
eric protein TIN2. HuR binds to the 3′ untranslated
region of TIN2 mRNA. This association decreases
TIN2 protein levels by both destabilizing TIN2 mRNA
and reducing its translation. Conversely, depletion
of HuR levels enhances TIN2 expression, leading to
increased mitochondrial targeting of TIN2. Mitochon-
drial localization of TIN2 increases ROS levels, which
contributes to induction and maintenance of cellu-
lar senescence. Our findings provide compelling ev-
idence for a novel role of HuR in controlling the
process of cellular senescence by regulating TIN2-
mediated mitochondrial ROS production, and for a
useful therapeutic route for modulating intracellular
ROS levels in treating both aging-related complica-
tions and cancer.

INTRODUCTION

Telomeres are specialized nucleoprotein complexes that are
essential for the stability and protection of chromosome
ends and have been implicated in aging and cancer devel-
opment (1,2). Mammalian telomeres consist of long tracts
of duplex TTAGGG repeats with 3′ single-stranded G over-
hangs and are tightly associated with numerous copies
of six-protein complexes called shelterin (3,4). Three shel-
terin proteins, TRF1, TRF2, and POT1, directly recognize
telomeric repeats and are associated with three additional
proteins, TIN2, TPP1 and RAP1. The shelterin complex

protects the natural chromosome ends from being incor-
rectly identified as double-strand DNA breaks (5,6). Al-
though the shelterin complex functions as a unit, individual
components have distinct roles in the regulation of telomere
function. Functional alteration of the shelterin proteins can
lead to telomere loss, inappropriate DNA repair reactions,
and DNA damage response at telomeres.

TIN2 plays a central role in the assembly and structural
integrity of shelterin complexes through its ability to inter-
act with TRF1, TRF2 and TPP1 (7,8). TIN2 binding to
TPP1 connects the TPP1/POT1 heterodimer to TRF1 and
TRF2 on duplex telomeric repeats, allowing POT1 to as-
sociate with single-stranded telomeric DNA (9–11). Deple-
tion of TIN2 removes the telomere’s protection by destabi-
lizing the shelterin complex, causing activation of telomeric
DNA damage signaling (12,13). TPP1 regulates telomerase
recruitment to telomeres through the interaction of its N-
terminal OB-fold domain with telomerase reverse transcrip-
tase (TERT). This interaction is crucial for maintenance of
telomere length (14–16). Due to its ability to interact with
TPP1, functional inhibition of TIN2 results in reduced lev-
els of TPP1-mediated telomerase recruitment to telomeres,
suggesting an indirect role for TIN2 in the regulation of
telomere length homeostasis (17,18). In humans, loss-of-
function mutations in TIN2 have been associated with a
number of diseases including dyskeratosis congenita, aplas-
tic anemia, pulmonary fibrosis, and multiple types of cancer
(19–22).

In addition to its role in telomere maintenance, TIN2
can also localize to the mitochondria, where it is post-
translationally processed and can regulate oxidative phos-
phorylation (23,24). The N-terminal region of TIN2 is es-
sential for targeting TIN2 to the mitochondria, and also
for interaction with TPP1 (25). Whereas truncation of the
18 N-terminal amino acids in TIN2 disrupts TPP1 binding
and enhances mitochondrial localization, mutations that
disrupt the mitochondrial localization sequence maintain
TPP1 binding and facilitate TPP1’s nuclear localization. In
addition, depletion of TIN2 increases mitochondrial ATP
production and oxygen consumption, and inhibits ROS
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generation (23). These findings suggest that TIN2 likely par-
ticipate in the regulation of mitochondrial function inde-
pendent of its role in telomere maintenance (23,24).

HuR is a ubiquitously expressed member of the Hu
RNA-binding protein family and has been implicated in
various biological processes (26–30). Through its binding
to AU-rich elements (AREs), which are typically located in
3′ untranslated regions (3′UTRs), HuR regulates the stabil-
ity, translation, and subcellular distribution of target mR-
NAs. In many cases, HuR has been shown to stabilize vari-
ous target mRNAs (31–36). However, some studies have re-
vealed that HuR regulates target mRNA expression by re-
ducing mRNA stability (37,38). Thus, the biological conse-
quence of HuR association with mRNAs varies depending
on the precise target mRNA involved. Interestingly, HuR
levels are markedly reduced in human fibroblasts undergo-
ing replicative senescence and in aged human tissues (39–
42). Indeed, depletion of HuR accelerates the senescent
phenotype, while overexpression of HuR delays replicative
senescence. Therefore, it is widely assumed that HuR is in-
volved in replicative senescence by regulating the expression
of multiple senescence-related genes.

Although ROS produced by mitochondria indisputably
plays an important role in senescence (43–45), important
questions include how elevated mitochondrial ROS levels
are produced during replicative senescence. In this work, we
examined whether HuR regulates the expression of telom-
ere binding proteins. We found that HuR decreases TIN2
protein levels by both destabilizing TIN2 mRNA and re-
ducing its translation. We also show that depletion of HuR
levels enhances TIN2 expression and increases mitochon-
drial targeting of TIN2 in both primary human fibroblasts
and human cancer cells. In our model, mitochondrial local-
ization of TIN2 leads to an increase in ROS levels, which in
turn triggers or accelerates cellular senescence. These results
suggest that HuR controls some aspects of cellular senes-
cence by regulating TIN2-mediated mitochondrial ROS lev-
els.

MATERIALS AND METHODS

Cell culture and plasmids

Human cervical carcinoma HeLa cells and human fetal
lung fibroblast IMR-90 were cultured in Dulbecco’s mod-
ified Eagle’s medium, and human osteosarcoma U2OS
cells were cultured in McCoy’s modified medium supple-
mented with 10% fetal bovine serum, 100 units/mL peni-
cillin, and 100 �g/mL streptomycin in 5% CO2 at 37◦C.
The expression vectors for Flag-HuR and TIN2-Myc were
constructed by inserting the respective full-length cDNAs
into pLNCX2 (Clontech) and pcDNA6/myc-His A (In-
vitrogen), respectively. The TIN2-F37D/L38E, TIN2-L48E
and TIN2-K62A/K64A plasmids were generated by site-
directed mutagenesis using the QuikChange II kit accord-
ing to the manufacturer’s instructions (Stratagene). GFP-
TIN2 3′UTR plasmids were constructed by inserting the
full-length and truncated 3′UTR fragments into pEGFP-
C1 plasmid (Clontech) as indicated. All constructs were ver-
ified by DNA sequencing.

Establishment of stable cell lines

The retrovirus vectors were constructed by cloning the
shRNA oligonucleotides for targeting HuR (5′-GATCC
CCGTCTGTTCAGCAGCATTGGTTCAAGAGACC
AATGCTGCTGAACAG ACTTTTTA-3′ for shHuR-1;
5′-GATCCCCTGTGAAAGTGATTCGTGATTTCAA
GAGAATC ACGAATCACTTTCACATTTTTA-3′ for
shHuR-2) into a pSUPER.retro.puro vector (Oligoengine)
and transfected into HEK293T packaging cells with pGP
(for gag-pol expression) and pE-ampho (for env expres-
sion) vectors according to the manufacturer’s instructions
(TAKARA). After 48 h, the culture supernatants were har-
vested and filtered through a 0.45 �m filter. HeLa cells were
transduced with the viral supernatants containing 4 �g/ml
polybrene (Sigma-Aldrich). After selection with 1 �g/ml
puromycin (Gibco), stable cell lines were established as
mass cultures from separate transductions and checked for
protein expression by immunoblot analysis with anti-HuR
antibodies.

Quantitative RT-PCR analysis

Total RNA was extracted from HeLa cells using Easy-
BLUE (Intron). The reverse transcription reaction was per-
formed with 1 �g of total RNA using random primer and
M-MLV reverse transcriptase (Promega). cDNA was used
for quantitative PCR. For isolation of mRNA bound to
HuR, immunoprecipitation was performed using a HuR-
specific antibody. The immunoprecipitation materials were
incubated with proteinase K at 45◦C for 1 h and then used
for reverse transcription. For quantitative real-time PCR,
each PCR reaction contained cDNA, gene-specific primer
pairs, and TOPreal™ qPCR 2X PreMIX (SYBR Green with
high ROX) according to the manufacturer’s instructions
(Enzynomics). GAPDH primers were used as an endoge-
nous reference. Primer pairs are listed in Supplementary Ta-
ble S1. Reactions were performed in triplicate for each sam-
ple and were analyzed using the ABI PRISM 7300 Sequence
Detection System (Applied Biosystems). Quantitative RT-
PCRs were carried out following the MIQE guidelines, and
an MIQE checklist is provided in Supplementary Table S2
(46).

Immunoblotting and immunoprecipitation

Immunoblotting and IP were performed as previously de-
scribed (47). The expression vectors were transiently trans-
fected using Lipofectamine 3000 reagent according to
the manufacturer’s protocol (Invitrogen). Cells were resus-
pended in lysis buffer (0.5% NP-40, 1.5 mM MgCl2, 25
mM HEPES–KOH, pH 7.5, 150 mM KCl, 10% glycerol,
and proteinase inhibitor cocktail), and incubated on ice
for 30 min. Lysates were clarified by centrifugation at 16
000 × g for 15 min at 4◦C to remove insoluble material.
For IP, the supernatants were pre-cleared with either mouse
or rabbit IgG (Santa Cruz Biotechnology) and protein A
sepharose beads (GE Healthcare) for 30 min at 4◦C and
then incubated with primary antibodies at 4◦C overnight,
followed by incubation with protein A-Sepharose beads
for 1 h. After binding, the beads were washed extensively
with lysis buffer and subjected to immunoblot analysis.
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IP and immunoblotting were performed using anti-Flag
(M2, Sigma), HuR (3A2, Santa Cruz Biotechnology), GFP
(B-2, Santa Cruz Biotechnology), dyskerin (H-300, Santa
Cruz Biotechnology), TRF1 (C-19, Santa Cruz Biotechnol-
ogy), TRF2 (D1Y5D, Cell Signaling Technology), RAP1
(A300-306A, Bethyl Laboratories), POT1 (ab21382, Ab-
cam), TPP1 (ab54685, Abcam), TIN2 (ab136997, Abcam),
Lamin A/C (N-18, Santa Cruz Biotechnology), p53 (FL-
393, Santa Cruz Biotechnology), p21 (C-19, Santa Cruz
Biotechnology), p16 (H-43, Santa Cruz Biotechnology),
and tubulin (TU-02, Santa Cruz Biotechnology), as spec-
ified. All immunoblots are representative of at least three
experiments that demonstrated similar results.

Polysome analysis

Cells were transfected with empty vector or Flag-HuR and
incubated with 100 �g/ml cycloheximide for 10 min and
lysed with polysome extraction buffer containing 20 mM
Tris–HCl, pH 7.5, 100 mM KCl, 5 mM MgCl2 and 0.5%
NP-40 as previously described (48). Cytoplasmic lysates
were fractionated by ultracentrifugation through 10–50%
linear sucrose gradients and divided into 24 fractions. The
total RNA in each fraction was extracted with Easy-BLUE
(Intron) and analyzed by quantitative RT-PCR analysis.

Immunofluorescence and telomere fluorescence in situ hy-
bridization (FISH)

Immunofluorescence and FISH were performed by modi-
fying existing protocols (49). Briefly, cells grown on glass
coverslips were fixed with 4% paraformadehyde in PBS
for 10 min, permeabilized in PBS containing 0.5% Tri-
ton X-100 for 10 min, and then blocked with PBS con-
taining 0.5% bovine serum albumin and 0.2% cold fish
gelatin for 10 min. Cells were then incubated with mouse
anti-TIN2, mouse anti-Myc, and rabbit anti-TOM20 for
16 h at 4◦C. After thorough washing with PBS, cells
were incubated with Alexa Fluor 488-conjugated anti-
rabbit immunoglobulin and Alexa Fluor 568-conjugated
anti-mouse immunoglobulin (Molecular Probes). For TIF
analysis, cells were incubated with rabbit anti-53BP1 (sc-
22760, Santa Cruz Biotechnology) or rabbit anti-�H2AX
(2577, Cell Signaling Technology), followed by incubation
with Alexa Fluor 488-conjugated anti-rabbit immunoglob-
ulin. Telomere FISH staining was performed with Cy3-
(CCCTAA)3 peptide nucleic acid probe (Panagene) as pre-
viously described (50). Cells were counterstained with 4,6-
diamino-2-phenylindole (DAPI) (Vectashield; Vector Labo-
ratories). Immunofluorescence images were captured using
a confocal laser-scanning microscope LSM 700 (Carl Zeiss).

Detection of mitochondrial superoxide production

Mitochondrial superoxide levels were measured with a Mi-
toSOX™ Red mitochondrial superoxide indicator according
to the manufacturer’s instructions (Invitrogen). The fluo-
rescent signals were collected in the FL2-H channel of a
FACSCalibur flow cytometry and analyzed using CellQuest
software (BD Bioscience). Results were analyzed by the ‘M2
percentage’ fluorescence variation using Flowing Software

2.0. M2 indicates the percentage of cells with enhanced ROS
production. To determine the absolute superoxide levels in
control and HuR knockdown cells, the MitoSOX Red fluo-
rescent signals were corrected in the PE channel of a flow cy-
tometer (Beckman Coulter CytoFLEX). The mean fluores-
cence levels measured from unstained cells were subtracted
from the levels of the MitoSOX Red stained cells. The super-
oxide levels were presented as the relative mean fluorescent
intensity compared to the average level of control.

Imaging of mitochondrial superoxide production

For fluorescence microscopy image, increased fluorescence
of MitoSOX Red was used as an assay for mitochondrial
superoxide production. Cells were incubated with 5 �M
of MitoSOX Red for 10 min and counterstained with 4,6-
diamino-2-phenylindole (DAPI) prior to fluorescence mea-
surement using a confocal laser-scanning microscope LSM
700 (Carl Zeiss). The fluorescence intensity was quantified
using ImageJ software. The results represent relative fluo-
rescence intensity normalized to controls.

Cell cycle analysis

Cells were washed with PBS and fixed for 30 min in ice-
cold 70% ethanol. Cells were resuspended in PBS contain-
ing RNase A (200 �g/ml) and propidium iodide (50 �g/ml)
and incubated in the dark for 30 min at room temperature.
Cell cycle distribution was monitored by flow cytometry us-
ing a FACScan flow cytometer (BD Biosciences).

Cellular fractionation

Mitochondrial and cytosolic fractions were obtained us-
ing the Mitochondria/Cytosol Fractionation Kit according
to the manufacturer’s instructions (BioVision). Briefly, cells
were resuspended in cytosol isolation buffer mix, homog-
enized by an ice-cold tissue homogenizer, and centrifuged
at 700 × g for 10 min at 4◦C. The supernatant was recen-
trifuged at 10 000 × g for 30 min in 4◦C, and the pelleted mi-
tochondrial fraction was resuspended in mitochondria iso-
lation buffer mix. To obtain the nuclear fraction, cells were
resuspended in hypotonic buffer (10 mM HEPES–KOH,
pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM DTT, 0.2
mM phenyl methylsulphonyl fluoride) for 10 min on ice, fol-
lowed by addition of 0.625% NP-40 for 20 min. After cen-
trifugation at 14 000 × g for 5 min at 4◦C, the nuclear pel-
lets were resuspended in nuclear extraction buffer (20 mM
HEPES–KOH, pH 7.9, 25% Glycerol, 420 mM NaCl, 1.5
mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM phenyl
methylsulphonyl fluoride) for 20 min on ice and centrifuged
at 14 000 × g for 20 min at 4◦C. The supernatant was col-
lected as the nuclear fraction.

Senescence-associated �-galactosidase assay

Senescence-associated �-galactosidase assays were per-
formed as previously described (51). Briefly, cells were
plated in side culture chambers and washed with PBS, fol-
lowed by fixation with 2% formaldehyde/0.2% glutaralde-
hyde for 5 min. Cells were then incubated for 12 h with
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senescence-associated �-galactosidase staining solution (1
mg/ml X-gal, 40 mM citric acid/sodium phosphate, pH 6,
5 mM potassium ferrocyanide, 5 mM ferricyanide, 150 mM
NaCl and 2 mM MgCl2).

Statistical analysis

All data are presented as the means ± standard error of
the means from three independent experiments. Statistical
analyses were performed using a two-tailed, equal-sample
variance Student’s t-test. P values <0.05 were considered
statistically significant.

RESULTS

HuR represses TIN2 expression levels by both destabilizing
TIN2 mRNA and reducing its translation

Given that HuR controls the stability, translation, and in-
tracellular localization of various target mRNAs (28), we
set out to investigate whether HuR regulates the expression
of mRNAs encoding shelterin proteins in HeLa cells. Im-
munoprecipitation (IP) reactions were performed to isolate
mRNA bound to endogenous HuR using HuR-specific an-
tibodies. The identification of mRNA from the immuno-
precipitated material was achieved by quantitative reverse
transcription-polymerase chain reaction (RT-PCR) analy-
sis. Among the six shelterin mRNAs tested, TIN2 mRNA
alone was highly enriched in HuR immunoprecipitated
samples compared to IgG controls (Figure 1A). We also
examined functional links between HuR and telomerase
holoenzyme components and found that HuR did not in-
teract with mRNAs encoding telomerase holoenzyme com-
ponents (Supplementary Figure S1). In addition, we de-
termined that HuR also interacts only with TIN2 mRNA
in telomerase-negative U2OS cells (Supplementary Figure
S2). These results indicate that TIN2 mRNA could be a tar-
get of HuR in both telomerase positive and negative cancer
cell lines.

To investigate the role of HuR in the regulation of TIN2
expression, we examined the effect of HuR overexpression
on TIN2 levels. The expression of Flag-HuR in HeLa cells
reduced the overall levels of TIN2 protein (Figure 1B). This
alteration is specific for TIN2 because overexpression of
HuR did not influence the levels of other shelterin pro-
teins. Reduction in TIN2 caused by HuR overexpression
did not reverse upon treatment with the proteasome in-
hibitor MG132, indicating that HuR does not influence
TIN2 protein stability (Figure 1C). To further verify these
findings, HeLa cells transfected with Flag-HuR were incu-
bated with cycloheximide to block new protein synthesis
and analyzed by immunoblot to detect TIN2 levels. The
half-life of TIN2 was not significantly altered by HuR over-
expression compared to empty vector control (Supplemen-
tary Figure S3). We also found that none of the shelterin
proteins and telomerase components interacted with HuR
(Supplementary Figure S4).

To gain insight into how HuR represses TIN2 expres-
sion, we assessed the levels of TIN2 mRNA in cells ex-
pressing Flag-HuR by quantitative RT-PCR. Overexpres-
sion of HuR decreased the levels of TIN2 mRNA, but did
not affect the levels of other shelterin mRNAs (Figure 1D),

implying that HuR overexpression reduces the stability of
TIN2 mRNA. To further confirm these findings, cells were
treated with actinomycin D to block de novo mRNA syn-
thesis. Total cellular RNA was extracted at the indicated
times and subjected to RT-PCR to determine the half-life of
TIN2 mRNA. As shown in Figure 1E, the half-life of TIN2
mRNA in HuR-expressing cells was significantly short-
ened compared to empty vector-expressing control cells. To-
gether, these results suggest that HuR interacts with the
TIN2 mRNA and represses TIN2 expression at least in part
by destabilizing TIN2 mRNA.

In addition to regulating target mRNA stability, HuR
also modulates the translation of some target mRNAs
(52). To test the possibility that HuR may influence TIN2
translation, we performed polysome analysis in cells trans-
fected with Flag-HuR. Cytoplasmic lysates were fraction-
ated through sucrose gradients to separate ribosomal sub-
units (40S and 60S), monosomes (80S) and progressively
larger polysomes (Figure 1F). Overexpression of HuR did
not change the overall polysome distribution profiles. RNA
was extracted from each of the 24 fractions, and the levels of
TIN2 and GAPDH mRNAs were quantified by quantitative
RT-PCR analysis. Whereas TIN2 mRNA levels peaked at
fraction 16 in control cells, the distribution of TIN2 mRNA
shifted leftward when HuR was overexpressed, peaking at
fraction 11, indicating that TIN2 mRNA formed on aver-
age smaller polysomes after HuR overexpression (Figure
1F). The distribution of GAPDH mRNA was not affected
by HuR overexpression. Overall, these results suggest that
HuR represses TIN2 expression levels by both destabilizing
TIN2 mRNA and reducing its translation.

HuR represses TIN2 expression through the TIN2 3′UTR

To find the region at which HuR binds TIN2 mRNA, we
constructed a GFP-derived reporter plasmid bearing the
TIN2 3′UTR (Figure 2A). Overexpression of Flag-HuR
reduced the expression of GFP protein from the chimeric
plasmid, pGFP-TIN2 3′UTR, but did not affect the con-
trol plasmid, pGFP (Figure 2B). The levels of GFP-TIN2
3′UTR transcript were also decreased by HuR overexpres-
sion. In contrast, depletion of HuR by short hairpin RNA
(shRNA) increased the levels of both GFP protein and
mRNA from the pGFP-TIN2 3′UTR, but not from the
pGFP (Figure 2C). These results demonstrate that HuR
represses TIN2 expression through an interaction with
TIN2’s 3′UTR.

To determine the HuR binding region within the 3′UTR
of TIN2 mRNA, we divided the TIN2 3′UTR into four
fragments and constructed a series of GFP-derived reporter
constructs bearing FL (full-length 3′UTR), A, B, C, or D
fragments (Figure 2D). HeLa cells were transfected with
GFP-derived reporter constructs and subjected to IP with
anti-HuR antibodies in order to identify the TIN2 3′UTR
region bound to HuR. The results showed that endogenous
HuR interacts with full-length 3′UTR and fragment B, but
not with fragments A, C or D (Figure 2E). Moreover, over-
expression of Flag-HuR reduced the levels of GFP expres-
sion in cells expressing pGFP-FL and pGFP-B (Figure 2F).
We also performed RT-PCR to assess the half-life of vari-
ous reporter transcripts in the presence of actinomycin D
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Figure 1. HuR represses TIN2 expression by destabilizing TIN2 mRNA and reducing its translation. (A) HeLa cell lysates were subjected to immunopre-
cipitation (IP) with anti-HuR antibody, followed by quantitative RT-PCR to measure the enrichment of mRNAs of shelterin proteins in HuR IP compared
with control IgG IP. Graphical representation of the relative mRNA levels of shelterin proteins in HuR IP normalized against the IgG control. (B) HeLa
cells expressing Flag-HuR were analyzed by immunoblot analysis to detect various shelterin proteins and used �-tubulin as a loading control. Graphical
representation of the relative levels of shelterin proteins normalized against the vector control. (C) HeLa cells expressing Flag-HuR were treated with
10 mM MG132 for 6 h and analyzed by immunoblot with antibodies against HuR and TIN2. (D) HeLa cells expressing Flag-HuR were analyzed by
quantitative RT-PCR to detect the mRNA levels of various shelterin proteins. Graphical representation of the relative levels of shelterin mRNAs normal-
ized against the vector control. (E) HeLa cells were transfected with Flag-HuR and treated with 2 �g/ml actinomycin D for the indicated periods. Total
RNA was extracted at each time point, and the TIN2 mRNA levels were measured by quantitative real-time PCR and normalized against the GAPDH
mRNA. The results represent the average of three independent experiments. (F) HeLa cells expressing Flag-HuR were fractionated into cytoplasmic ex-
tracts through sucrose gradients. The arrow indicates the direction of sedimentation. Small (40S) and large (60S) ribosomal subunits, monosomes (80S),
and larger polysomes are shown from low to high molecular weights. The distribution of TIN2 and GAPDH mRNAs was quantified by RT-PCR analysis
of RNA isolated from 24 gradient fractions. The histograms represent the means and standard errors of the means from three independent experiments.
Statistical analyses were performed using a two-tailed, equal-sample variance Student’s t-test. *P < 0.001.
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and found that HuR reduced the half-life of GFP-FL and
GFP-B transcripts (Figure 2G). Because fragment B is still
quite long (∼250 bp), we mapped the interaction of HuR
in fragment B in closer detail. As shown in Supplementary
Figure S5, the first 50 bp of fragment B is responsible for
HuR-dependent repression of GFP.

Depletion of HuR levels enhances TIN2 expression and in-
duces growth arrest

Given that HuR levels decline during replicative senescence
in human fibroblasts (39–42), we examined whether HuR
depletion is sufficient to induce senescence in HeLa cells.
To address this issue, we infected HeLa cells with retro-
virus particles expressing two different shRNAs that in-
hibit HuR expression (shHuR-1 and shHuR-2) or control
shRNA (shControl). Stable cell lines were established as
mass cultures from separate transductions and monitored
population doubling (PD) at regular intervals. HuR knock-
down cells maintained reduced levels of HuR throughout
the duration of the experiments (see Figure 3C). The growth
rates of two independent HuR knockdown cell lines grad-
ually slowed down and almost stopped dividing at ∼PD
50 (Figure 3A). We next examined whether this growth ar-
rest correlates with an altered cell cycle distribution. HuR
knockdown cells exhibited an increase in the proportion
of cells in G1 and a concomitant decrease in the propor-
tion of cells in S, G2, and M phases, which is consistent
with growth arrest in the G1 phase of the cell cycle (Figure
3B). In addition, HuR knockdown cells at PD 42 showed
increased levels of p53, p21Cip1, and p16INK4a, which indi-
cates cellular senescence (Figure 3C) (53–55). In contrast,
these senescence-associated genes were not induced at PD 3.
HuR knockdown cells were also stained intensely for SA-�-
Gal activity at PD 42 and displayed a flattened and enlarged
morphology (Supplementary Figure S6). These results sug-
gest that HuR is essential for cell proliferation in HeLa cells.

Because HuR decreases TIN2 protein levels by destabiliz-
ing TIN2 mRNA and reducing its translation, we examined
whether converse HuR depletion increases TIN2 expres-
sion. HuR knockdown cells maintained elevated levels of
TIN2 protein throughout the duration of the experiments,
but did not alter the levels of other shelterin proteins (Figure
3D). The levels of TIN2 mRNA were also increased in HuR
knockdown cells compared to control cells, as measured by
RT-PCR analysis (Figure 3E). We also measured the half-
life of TIN2 mRNA by treating cells with actinomycin D.
The half-life of TIN2 mRNA was prolonged by HuR de-
pletion (Figure 3F), further supporting our hypothesis that
HuR reduces the stability of TIN2 mRNA. In contrast, the
half-life of TIN2 protein was not influenced by HuR deple-
tion (Supplementary Figure S7), indicating that HuR does
not affect the stability of TIN2 protein.

We next examined whether the levels of TIN2 are also el-
evated in human fibroblasts rendered senescent phenotype
via replicative exhaustion. As shown in Supplementary Fig-
ure S8, IMR90 fibroblasts exhibited growth arrest at ∼PD
55 by replicative senescence. Whereas HuR protein levels
were decreased as cells entered senescence, TIN2 protein
levels were markedly increased in senescent cells compared
to young cells, but the levels of other shelterin proteins were

not altered. These findings support the idea that HuR nega-
tively regulates the levels of TIN2 during normal replicative
senescence.

Telomere dysfunction can result in telomere dysfunction-
induced foci (TIFs) by activation of a DNA damage re-
sponse at telomeres (56,57). Moreover, telomeres are fa-
vored targets of a persistent DNA damage response in cel-
lular senescence (58). Because HuR depletion increases the
levels of TIN2 protein, we tested whether HuR depletion in-
duces TIFs in the nucleus. The TIFs identified with 53BP1
(Figure 3G) and �H2AX (Supplementary Figure S9) an-
tibodies were examined in HuR knockdown and shRNA
control cells. Although TIN2 expression was increased im-
mediately upon HuR depletion, TIFs were not induced by
HuR depletion at PD 3, suggesting that the increase in TIN2
caused by HuR depletion had no direct effect on telomere
maintenance. Intriguingly, depletion of HuR induced nu-
merous 53BP1 and �H2AX foci at telomeres when cells en-
tered cellular senescence (at PD 42). Approximately 60% of
HuR knockdown cells contained more than five TIFs per
nucleus (Figure 3H). These results suggest that induction of
TIFs could be a senescence-associated phenotype, but not
directly due to TIN2 overexpression.

Because HuR depletion leads to cellular senescence, we
investigated the effect of HuR depletion on the regulation of
telomere length. We measured telomere length by telomere
quantitative fluorescence in situ hybridization (Q-FISH).
Relative telomere lengths were not altered even when HuR
knockdown cells were at late PDs (Supplementary Figure
S10), suggesting that HuR depletion-induced growth arrest
is not caused by telomere shortening in HeLa cells.

Depletion of HuR increases mitochondrial localization of
TIN2, but does not affect TIN2 nuclear localization

Given that TIN2, in addition to being localized to telom-
eres, can also be targeted to the mitochondria by its N-
terminal mitochondrial targeting sequence (23), we exam-
ined the effect of HuR depletion on subcellular localization
of TIN2 in HuR knockdown cells. Endogenous TIN2 ex-
hibited a punctate staining pattern in the nucleus and also
localized to the cytoplasm (Figure 4A). The cytoplasmic
staining of TIN2 overlapped with the mitochondrial marker
TOM20, indicating mitochondrial targeting of TIN2. We
noticed that the cytoplasmic TIN2 signals appeared to be
slightly higher in HuR knockdown cells than in control
cells. However, TIN2 signals colocalized with telomeres in
the nucleus were not altered by HuR depletion. These re-
sults suggest that the increase in TIN2 caused by HuR de-
pletion may be confined to the mitochondria.

To further investigate TIN2 subcellular distribution, we
separately collected nuclear, soluble cytoplasmic, and heavy
membrane protein fractions from control and HuR knock-
down cells. Successful fractionation was indicated by the
relative enrichment of the respective proteins in various
fractions, and mitochondria were enriched as expected in
the heavy membrane fraction. Consistent with the im-
munofluorescence results, a clear increase in TIN2 levels
was observed in the mitochondrial fraction of HuR knock-
down cells, whereas TIN2 levels in the nuclear fraction were
not affected by HuR depletion (Figure 4B). On the other
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Figure 3. Depletion of HuR enhances TIN2 expression and induces cellular senescence. (A) Cell growth curves of HeLa cells stably expressing control
shRNA (shControl) or HuR shRNAs (shHuR-1 and shHuR-2). Stable cells were replated every 3–4 days to maintain log-phase growth and calculate the
growth rate, with day 0 representing the first day after puromycin selection. (B) Cell cycle profiles of stable clones expressing control shRNA or HuR
shRNAs. Stable cells were harvested at PD 42 after selection, and cell cycle profiles were determined by propidium iodide staining and flow cytometry.
The results represent the average of three independent experiments. (C) Stable cells expressing control shRNA or HuR shRNAs were harvested at the
indicated PDs and analyzed by immunoblot to measure the protein levels of HuR, p53, p21, and p16. (D) Stable cells expressing control shRNA or
HuR shRNAs were harvested at PD 42 and analyzed by immunoblot to detect various shelterin proteins. Graphical representation of the relative levels
of shelterin proteins normalized against the control shRNA. (E) Stable cells expressing control shRNA or HuR shRNAs were harvested at PD 42 and
analyzed by quantitative RT-PCR to measure the mRNA levels of various shelterin proteins. Graphical representation of the relative levels of shelterin
mRNAs normalized against the control shRNA. (F) Stable cells expressing control shRNA or HuR shRNAs were treated with 2 �g/ml actinomycin D
for the indicated periods. The TIN2 mRNA levels were measured by quantitative real-time PCR and normalized against the GAPDH mRNA. The results
represent the average of three independent experiments. (G) Stable cells expressing control shRNA or HuR shRNAs at the indicated PDs were analyzed
by indirect immunofluorescence for co-localization of 53BP1 foci (green) with telomeric sites marked by TTAGGG-specific FISH probe (red). DNA was
stained with DAPI (blue). A subset of 53BP1 foci colocalized with TTAGGG probe are indicated by arrows. (H) Quantification of the induction of TIFs
by HuR depletion. Cells with five or more DNA-damage foci colocalized with TTAGGG probe were scored as TIF positive. For each condition, at least
100 nuclei were counted. The histograms represent the means and standard errors of the means from three independent experiments. Statistical analyses
were performed using a two-tailed, equal-sample variance Student’s t-test. **P < 0.0001.
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Figure 4. Depletion of HuR increases mitochondrial localization of TIN2. (A) HeLa cells stably expressing control shRNA or HuR shRNAs were analyzed
by indirect immunofluorescence for co-localization of TIN2 with TOM20 (mitochondrial marker). DNA was stained with DAPI. (B) Stable cells expressing
control shRNA or HuR shRNAs were harvested at the indicated PDs. Nuclear, cytosolic, and mitochondrial fractions were separately collected and
analyzed by immunoblot with anti-TIN2 antibodies. Blots were immunolabeled with anti-lamin (for nuclear fraction), anti-tubulin (for cytosolic fraction),
and anti-TOM20 (for mitochondrial fraction) antibodies as loading controls. (C) Stable cells expressing control shRNA or HuR shRNAs were subjected
to immunoprecipitation with anti-TPP1 antibodies, followed by immunoblot analysis with anti-TIN2 antibodies. IgG was used as a negative control.

hand, the cytoplasmic levels of TIN2 are slightly increased
in HuR knockdown cells compared to control cells. This
could be due to enhanced expression of TIN2 caused by
HuR depletion. These results suggest that increased TIN2
levels occur in the mitochondria. We noticed that HuR
knockdown cells maintained the increased mitochondrial
localization of TIN2 until PD 42 (Figure 4B).

It has been reported that a TIN2-TPP1 interaction is
important for targeting TIN2 to the nucleus (25). Dis-
ruption of the TPP1-interacting region in TIN2 resulted
in decreased nuclear localization of TIN2 (23). To test
whether HuR depletion affects the interaction between
TIN2 and TPP1, we performed immunoprecipitation analy-
sis with anti-TPP1 antibodies in HuR knockdown cells. The
amounts of TIN2 in anti-TPP1 immunoprecipitates were
not altered by HuR depletion (Figure 4C), indicating that
HuR depletion did not affect TIN2 nuclear localization.

Depletion of HuR results in high levels of ROS through mi-
tochondrial targeting of TIN2

TIN2 has been reported to regulate mitochondrial oxida-
tive phosphorylation (23). Reducing TIN2 expression en-
hanced ATP and oxygen production, and inhibited ROS
generation. Given that HuR depletion enhances mitochon-
drial localization of TIN2, HuR depletion may lead to an
increase in ROS levels possibly due to TIN2 mitochondrial
targeting. Consequently, elevating mitochondrial ROS lev-
els could contribute to the induction and maintenance of
cellular senescence. To test this hypothesis, we examined the
impact of HuR depletion on ROS production. HuR knock-
down and control cells were analyzed for mitochondrial su-
peroxide levels at early and late PDs using MitoSOX Red
and flow cytometry. Mitochondrial superoxide levels were

slightly higher in HuR knockdown cells than in control cells
at PD 3 and further enhanced at PD 42 (Figure 5A). We
also explored the effect of the mitochondrial ROS scavenger
MitoTempo in HuR knockdown cells. The increase in mi-
tochondrial superoxide levels was prevented by the treat-
ment of MitoTempo (Figure 5B). To further verify the HuR
depletion-mediated increase in superoxide levels, we per-
formed the fluorescence detection analysis using confocal
microscopy. Consistent with the flow cytometry results, Mi-
toSOX Red signals in HuR knockdown cells were higher
than in control cells at PD 3 and further enhanced at PD 42
(Figure 5C). Taken together, these results indicate that HuR
depletion causes increased mitochondrial ROS levels as the
cells enter senescence.

To determine whether the increase in ROS levels caused
by HuR depletion is directly due to increased TIN2 expres-
sion, HeLa cells were transiently transfected with TIN2-
Myc and analyzed for mitochondrial ROS levels. We used
TIN2 tagged with Myc on the C terminus, as N-terminal
tagging blocks TIN2 mitochondrial localization (23). Mi-
tochondrial ROS levels were increased in TIN2-expressing
cells compared to control cells (Figure 5D), which was fur-
ther verified by MitoSOX RED fluorescence detection (Fig-
ure 5E). These results imply that TIN2 contributes, at least
in part, to the induction of cellular senescence by elevating
the basal levels of oxidative stress.

As the cancer cell lines are genetically altered, we wanted
to confirm the above data in a human primary fibroblast
IMR90 cell line. IMR90 cells were infected at early PD with
retrovirus particles expressing HuR or control shRNA. As
shown in Supplementary Figure S10A, depletion of HuR
induced cellular senescence at ∼ PD 30, whereas control
cells exhibited growth arrest at ∼PD 55. As in HeLa cells,
mitochondrial ROS levels were induced by HuR depletion
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Figure 5. Depletion of HuR increases the ROS levels through enhanced mitochondrial targeting of TIN2. (A) HeLa cells stably expressing control shRNA
or HuR shRNAs at the indicated PDs were incubated with 5 �M MitoSOX Red and analyzed for detection of the mitochondrial superoxide levels by flow
cytometry. Results were presented by ‘M1 and M2 percentage’ fluorescence variation. M1 is placed around the control cells, and M2 is placed to the right
of M1 to indicate an increase in ROS level. (B) Stable cells expressing control shRNA or HuR shRNAs at the indicated PDs were incubated with or without
10 �M MitoTempo (MT) for 2 h. Harvested cells were incubated with 5 �M MitoSOX Red, and the mitochondrial superoxide levels were presented as
the mean fluorescent intensity fold change compared to the average value of control. (C) Stable cells expressing control shRNA or HuR shRNAs at the
indicated PDs were incubated with 5 �M MitoSOX Red and analyzed for fluorescence detection of the mitochondrial superoxide levels. Digital images of
MitoSOX Red fluorescence were obtained by confocal microscopy and overlaid on the DAPI images. ROS levels are presented as the mean fluorescence
intensity fold change compared to the average value of control. (D) HeLa cells transfected with TIN2-Myc were incubated with 5 �M MitoSOX and
analyzed for detection of the mitochondrial ROS levels by flow cytometry. Results were presented by ‘M1 and M2 percentage’ fluorescence variation. (E)
HeLa cells transfected with TIN2-Myc were incubated with 5 �M MitoSOX Red and analyzed for fluorescence detection of the mitochondrial ROS levels.
Digital images of MitoSOX Red fluorescence were obtained by confocal microscopy and overlaid with DAPI images. ROS levels are presented as the mean
fluorescence intensity fold change compared to the average value of control. The histograms represent the means and standard errors of the means from
three independent experiments. Statistical analyses were performed using a two-tailed, equal-sample variance Student’s t-test. ***P < 0.005.
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at early passage and further increased at later passage (Sup-
plementary Figure S11B and C). We also found that overex-
pression of TIN2-Myc caused an increase in mitochondrial
ROS levels (Supplementary Figure S11D and E). Therefore,
HuR depletion-induced ROS production could be due to
TIN2 overexpression, but not related to specific cell line
backgrounds.

Mitochondrial localization of TIN2 leads to increased ROS
levels

TIN2 contains two potential amphipathic helices within the
N-terminal first 90 residues, which are essential and suf-
ficient to target TIN2 to mitochondria (23). Mutations at
F37D/L38E or L48E within this region enhance mitochon-
drial targeting and inhibit nuclear localization by disrupting
TIN2 interaction with TPP1 (23). Conversely, mutations at
K62A/K64A reduce mitochondrial localization and main-
tain TPP1 binding ability to TIN2 (23). To examine the ef-
fects of these mutations on TIN2 subcellular localization,
we transfected HeLa cells with wild-type or mutant TIN2-
Myc expression vectors and subjected them to immunoflu-
orescence staining. Wild-type TIN2 was detected in both
the nucleus and the cytoplasm. The cytoplasmic signals
overlapped with the mitochondrial marker TOM20 (Figure
6A). When co-expressed with Flag-TPP1, TIN2 was pre-
dominantly localized to the nucleus, supporting the notion
that TPP1 binding causes TIN2 to accumulate in the nu-
cleus. The F37D/L38E and L48E mutants predominantly
localized to the mitochondria, whereas the majority of the
K62A/K64A mutant proteins were detected in the nucleus
(Figure 6A). Consistent with previous report (23), TIN2
was found to be proteolytically processed into the shorter
fragments in the mitochondria (Figure 6B). Under the con-
ditions in which nuclear localization of TIN2 was favored,
mitochondrial processing was diminished.

We next investigated whether mitochondria-targeted
TIN2 increases ROS levels. Because TIN2 translocation to
the mitochondria is inhibited by TPP1 binding, we trans-
fected HeLa cells with wild-type and mutant TIN2-Myc
together with or without Flag-TPP1, and assessed for mi-
tochondrial ROS levels. Whereas overexpression of wild-
type TIN2 alone slightly enhanced mitochondrial ROS lev-
els compared to the vector control, co-expression of TPP1
significantly attenuated ROS production (Figure 6C). The
F37D/L38E and L48E mutant cells exhibited higher ROS
levels in the mitochondria regardless of TPP1 expression,
whereas the K62A/K64A mutant cells maintained only
basal levels of ROS (Figure 6C). Similar results were ob-
tained by fluorescence detection using confocal microscopy
(Supplementary Figure S12). These findings demonstrate
that mitochondria-targeted TIN2 causes an increase in ROS
levels.

Because the F37D/L38E and L48E mutants show higher
ROS levels in the mitochondria, we examined whether sta-
ble expression of these mutants in HeLa cell may induce
growth suppression. HeLa cell lines stably expressing wild-
type TIN2 or K62A/K64A grew normally and continued to
divide throughout the duration of the experiments (Figure
6D). In contrast, the growth rates of cells stably express-
ing F37D/L38E or L48E mutants gradually slowed down

and almost stopped dividing at ∼PD 35. This growth ar-
rest was accompanied by altered cell cycle distribution (Fig-
ure 6E) and enhanced expression of senescence-associated
genes at late PD (Figure 6F). About 70% of F37D/L38E-
or L48E-expressing cells were stained intensely for SA-�-
Gal activity, and displayed a flattened and enlarged mor-
phology (Supplementary Figure S13). However, no such
changes were found in cells expressing wild-type TIN2
and K62A/K64A. Overexpression of F37D/L38E or L48E
led to an increase in mitochondrial ROS levels (Figure
6G), which was further verified by MitoSOX RED fluo-
rescence detection (Supplementary Figure S14). Taken to-
gether, these results suggest that high ROS production is a
direct result of mitochondrial targeting of TIN2.

DISCUSSION

HuR protein regulates the stability, translation, and intra-
cellular localization of various mRNAs. However, the bi-
ological consequence of HuR association varies depend-
ing on its target mRNA (26–30). Although the underly-
ing mechanisms are not fully understood, HuR has been
shown to stabilize target mRNAs that encode proteins asso-
ciated with cell proliferation and cell cycle progression (40).
Given that HuR levels decreases with replicative senescence,
the expression levels of these target mRNAs are reduced in
senescent cells. Conversely, loss of HuR during replicative
senescence leads to stabilization of mRNAs encoding cell
growth-inhibitory proteins (38). Since progressive telomere
loss leads to replicative senescence by limiting the replica-
tive capacity of dividing cells (59), we explored the influ-
ence of HuR on the expression of shelterin proteins. Here
we show that HuR decreases TIN2 protein levels by destabi-
lizing TIN2 mRNA and reducing its translation. Depletion
of HuR enhances mitochondrial targeting of TIN2, subse-
quently leading to an increase in ROS levels, which in turn
contributes to induction of cellular senescence. These find-
ings provide compelling evidence for a novel role of HuR
in controlling the process of cell growth and cellular senes-
cence.

Among the six shelterin transcripts, HuR associates with
and destabilizes the 3′UTR of TIN2 mRNA. HuR asso-
ciation is specific for TIN2, as HuR did not affect the
mRNA levels of other shelterin proteins. This association
was further confirmed using GFP-derived reporter con-
structs. The critical question that remains to be answered
is how HuR destabilizes TIN2 mRNA. The mechanism
may involve the recruitment of the RNA-induced silenc-
ing complex (RISC) through the direct interaction of RISC
with HuR on TIN2 mRNA. For instance, HuR and AUF1
have been shown to directly associate with the 3′UTR of
p16 mRNA, and this association was proposed to recruit
RISC to mRNA, thereby destabilizing it (38). Because the
knockdown of either HuR or AUF1 increases p16 expres-
sion, these two different RNA-binding proteins represses
p16 expression through an interdependent mechanism. In
the case of c-Myc, association of HuR with mRNA adja-
cent to the let-7 binding site facilitates the recruitment of
let-7-loaded RISC, resulting in repression of c-Myc expres-
sion (37). This indicates that HuR and miRNA can function
jointly to regulate target mRNA stability. These findings
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Figure 6. Mitochondrial targeting of TIN2 leads to enhanced ROS levels. (A) HeLa cells were transfected with wild-type and mutant TIN2-Myc together
with Flag-TPP1 as indicated and analyzed by indirect immunofluorescence for co-localization of TIN2 with TOM20 (mitochondrial marker). (B) HeLa
cells were transfected with wild-type and mutant TIN2-Myc together with Flag-TPP1 and analyzed by immunoblot with anti-Myc and anti-Flag antibodies.
The asterisk marks the position of nonspecific bands. (C) HeLa cells were transfected with wild-type and mutant TIN2-Myc together with Flag-TPP1,
incubated with 5 �M MitoSOX, and analyzed for detection of the mitochondrial ROS levels by flow cytometry. Results were presented by ‘M1 and M2
percentage’ fluorescence variation. (D) Cell growth curves of HeLa cells stably expressing wild-type and mutant TIN2-Myc proteins. Stable cells were
replated every 3–4 days to maintain log-phase growth and calculate the growth rate. (E) Stable cells expressing wild-type and mutant TIN2-Myc proteins
were harvested at PD 35, and cell cycle profiles were determined by propidium iodide staining and flow cytometry. The results represent the average of
three independent experiments. (F) Stable cells expressing wild-type and mutant TIN2-Myc proteins were harvested at the indicated PDs and analyzed
by immunoblot to measure the protein levels of p53, p21 and p16. (G) Stable cells expressing wild-type and mutant TIN2-Myc proteins at PD 35 were
incubated with 5 �M MitoSOX and analyzed for detection of the mitochondrial ROS levels by flow cytometry.
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suggest that RISC-mediated regulation might be a com-
mon mechanism in HuR-dependent destabilization of tar-
get mRNAs. It will be of immediate interest to investigate
the involvement of miRNA and other RNA-binding pro-
teins in HuR-dependent TIN2 mRNA regulation.

Nuclear TIN2 plays an essential role in the structural
integrity of shelterin by connecting the TPP1/TOP1 het-
erodimer to TRF1 and TRF2 on the duplex telomeric re-
peats (7,8). In this study, we demonstrate that HuR deple-
tion increases mitochondrial translocation of TIN2. TIN2
translocation to the mitochondria was abrogated by overex-
pression of TPP1, which is consistent with previous report
that TIN2-TPP1 interaction in the cytoplasm is important
for targeting TIN2 to the nucleus (23). These observations
indicate that TIN2 has dual localizations and regulates mi-
tochondrial function independent of its role in the telomere.
The important biological consequence of mitochondrial
targeting of TIN2 is the production of ROS. Overexpres-
sion of wild-type TIN2 enhances the mitochondrial ROS
levels, but co-expression of TPP1 significantly attenuated
ROS. In addition, expression of the F37D/L38E and L48E
mutants, which enhance mitochondrial localization, leads
to constitutive production of high ROS levels. However, ex-
pression of K62A/K64A mutant, which inhibits mitochon-
drial translocation, results in reduced ROS levels. Based on
our data presented in this study, we propose the following
model to explain the mechanism by which reduced HuR
levels contribute to induction and maintenance of cellular
senescence. In this model, low HuR expression contributes
to accumulating TIN2 in the mitochondria, which in turn
maintains the high levels of ROS, leading to induction of
cellular senescence. On the other hand, high HuR expres-
sion in dividing cells represses TIN2 expression and de-
creases its mitochondrial translocation, thereby maintain-
ing a highly proliferative state. Our model supports the find-
ing that HuR has been found to be highly expressed in nu-
merous cancers (60,61). Since HuR stabilizes the prolifera-
tive transcripts and destabilizes the growth-inhibitory tran-
scripts, aberrant expression of HuR could cause normal cell
transformation.

The effects of HuR on cellular senescence are not caused
by telomere dysfunction, but rather by TIN2’s presence in
the mitochondria. This conclusion is based on the follow-
ing pieces of data. First, loss of HuR during cellular senes-
cence did not affect nuclear localization of TIN2. Second,
although loss of telomere length can induce human replica-
tive senescence, we did not observe any change in telomere
length during HuR depletion-induced senescence in HeLa
cells. Third, telomere dysfunction was not induced in TIN2-
overexpressing cells, as determined by TIF analysis (Supple-
mentary Figure S15). Finally, mitochondrial localization of
TIN2 led to an increase in ROS levels, resulting in induc-
tion of cellular senescence. Thus, we conclude that HuR-
mediated cellular senescence is a direct result of the mito-
chondrial targeting of TIN2 initiated by HuR depletion.

It is well documented that ROS produced by mitochon-
dria contributes to induction of cellular senescence (62,63).
Lowering the levels of intracellular antioxidants accelerates
the premature onset of senescence, while increasing cellular
oxidant scavengers appears to delay senescence. Although
HuR expression is reduced in human fibroblasts during

replicative senescence and in aged human tissues (39–42),
the mechanism by which HuR regulates ROS levels is not
yet fully understood. Through regulation of the turnover
and/or translation of various target mRNAs, HuR could
possibly diminish ROS levels by either reducing ROS pro-
duction or by enhancing ROS clearance. Although our find-
ings highlight the HuR-TIN2 regulatory axis as a critical
regulator of cellular oxidative stress, other HuR targets may
also contribute to regulation of mitochondria-derived ROS.
Recently, Zarei et al. demonstrated that HuR enhances
antioxidant activity of pancreatic cancer cells by upregu-
lating a NADPH-generating enzyme, isocitrate dehydroge-
nase 1 (IDH1) (64). Thus, multiple pathways could be in-
volved in controlling mitochondrial ROS levels by prosur-
vival protein, HuR. Recent research progress has indicated
that TERT is localized to the mitochondria and alleviates
intracellular ROS production in a telomere-independent
way (65). In this work, we found that HuR does not inter-
act with mRNAs encoding telomerase holoenzyme compo-
nents including TERT (Supplementary Figure S1). These
results suggest that telomerase activity and TERT localiza-
tion could not be affected by HuR protein.

Although our findings in this work support a role for
ROS in mediating cellular senescence, important question
remains as to how mitochondrial targeting of TIN2 leads
to increased ROS levels. One possible mechanism is that
HuR-dependent TIN2 activation may induce the electron
leak from the electron transport chain, leading to a higher
rate of ROS production in the mitochondria, although the
underlying signaling remains elusive. Alternatively, TIN2
may associate with intracellular antioxidant enzymes such
as superoxide dismutase and catalase and inhibit their enzy-
matic activity, leading to a rise in intracellular ROS levels.
Based on our findings presented herein, further investiga-
tion of the role of mitochondrial TIN2 in the onset of cel-
lular senescence will provide a useful therapeutic route for
modulating intracellular ROS levels in both aging and can-
cer.
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