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The regulation of telomerase reverse transcriptase (TERT) plays an important role in the proliferative
capacity and survival of cells. Here, we report that exogenously as well as endogenously induced oxidative stress
leads to translocation of endogenous as well as overexpressed human TERT from the nucleus into the cytosol.
TERT is transported through the nuclear pores in a leptomycin-sensitive and Ran GTPase-dependent process.
H2O2-induced nuclear export of TERT is preceded by TERT tyrosine phosphorylation at position 707 and
prevented by the Src kinase family inhibitor PP1. Oxidative stress-induced nuclear export of TERT depends
on association with the Ran GTPase. In contrast, mutation of tyrosine 707 inhibits phosphorylation induced
by oxidative stress and prevents association with Ran and nuclear export of TERT. Moreover, inhibition of
tyrosine phosphorylation at 707 increases the antiapoptotic capacity of TERT. Taken together, depletion of
nuclear TERT by tyrosine phosphorylation-dependent nuclear export of TERT is a novel mechanism for
regulation of TERT localization, which reduces the antiapoptotic activity of TERT.

Telomeres are the physical ends of the chromosomes. They
maintain chromosome stability, genetic integrity, and cell via-
bility in a variety of different species (2, 10). Telomeres can
also function as a mitotic clock, since telomeres are progres-
sively shortened during each cell division. Telomere shortening
forces human primary cells to stop dividing when a critical
minimum telomere length is reached (8, 16). The enzyme telo-
merase, a ribonucleoprotein, counteracts the shortening of
telomeres. Telomerase contains a catalytical subunit, the telo-
merase reverse transcriptase (TERT), which uses a small inte-
gral RNA component as a template for the synthesis of the
dGT-rich strand of telomeres (20, 21, 42). Introduction of the
active subunit of the telomerase, TERT, into human cells ex-
tended both their life span and their telomeres to lengths
typical of young cells (4, 9, 63). In addition to the well-known
function of TERT to counteract telomere shortening, TERT
has been implicated in promotion of cell survival (45, 50).
Suppression of telomerase enzyme activity promotes apoptosis
of neuronal cells, germ cells, and thymocytes, whereas overex-
pression of TERT prevents apoptosis by interfering with a
premitochondrial step in the cell death cascade (27, 38, 61, 65).
Likewise, forced expression of TERT prevents apoptosis of
cardiac myocytes (45).

The regulation of TERT involves transcriptional and post-
transcriptional mechanisms. Sequence analysis has revealed
that the human TERT promoter contains binding sites for
several transcription factors (35). There is also growing evi-
dence for posttranscriptional regulation of TERT. Thus, telo-

merase enzyme activity can be posttranscriptionally regulated
by the kinases c-Abl, protein kinase C, ERK1/2, and Akt (5, 27,
30, 31, 33, 35, 38, 54, 61, 65). Moreover, binding proteins, like
heat shock proteins (HSPs), seem to be required for telome-
rase enzyme activity (29). Recently, the translocation of TERT
has been described as a third mechanism for posttranscrip-
tional regulation (36, 53). Thereby, TERT was shown to be
imported from the cytoplasm into the nucleus in T cells and
smooth muscle cells upon stimulation with growth factors (36,
41). Another study demonstrated that 14-3-3 signaling proteins
bind to TERT and thereby prevent nuclear export (53). More-
over, a recent study demonstrated that active human telome-
rase has a regulated intranuclear localization that is dependent
on the cell cycle state, transformation, and DNA damage (60).

Generally, the exchange of small molecules and macromol-
ecules in and out of the nucleus proceeds through nuclear pore
complexes (51). Nuclear pores allow passage in essentially two
modes: passive diffusion and facilitated translocation (43).
Since passive diffusion is inefficient as the diffusing objects
approach a size limit of 40 kDa (46), larger macromolecules
cross the nuclear pore in a complex consisting of transport
receptors—exportins for nuclear export and importins for nu-
clear import—and the small GTPase Ran (43). The gradient in
Ran-GTP concentration across the nuclear envelope thereby is
crucial for the directionality of the transport (43).

Reactive oxygen species (ROS) have been implicated in
aging, apoptosis, and numerous diseases (6, 12, 22, 59). Upon
production of high levels of ROS from exogenous or endoge-
nous sources, the redox balance is perturbed and cells are
shifted into a state of oxidative stress, which subsequently leads
to modifications of intracellular proteins and lipids and to
direct DNA damage (47). When the stress is severe, survival of
the cell is dependent on the repair or replacement of damaged
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FIG. 1. Exogenous oxidative stress induces translocation of hTERT. (A) A representative immunostaining using confocal microscopy is shown
for 293 cells overexpressing myc-tagged hTERTwt with or without treatment with 500 �M H2O2 for 3 h. (Upper panels) hTERT-myc staining (red).
(Lower panels) Tubulin staining to visualize the cell structure (green). Results from five different transfected dishes are shown. Cells with
predominantly nuclear hTERT staining were counted by three independent investigators. The quantification is shown on the right side. (B) 293
cells were incubated with H2O2 (500 �M) for the indicated times, and nuclear and cytosolic fractions were separated. Immunoblotting was
performed with an antibody against hTERT, and equal loading was confirmed either with topoisomerase 1 (nuclear fractions) or HSP90 (cytosolic
fractions) (n � 4). Blots were scanned and semiquantitatively analyzed (lower panels). co, control. (C) Telomerase enzyme activity was measured
in nuclear (nuc) and cytosolic (cyt) fractions of cells treated with 500 �M H2O2 for 3 h (n � 3 to 4). (D) 293 cells were incubated with H2O2 for
3 h, and hTERT protein levels were measured in whole-cell lysates (n � 3). A representative Western blot is shown. Equal loading was confirmed
with actin. Enzymatic activity of the samples is shown in the lower part of panel D.
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FIG. 2. Endogenous oxidative stress induces nuclear export of hTERT. (A) 293 cells were incubated for the indicated times with 100 ng of TNF-�
per ml and 10 �g of CHX per ml (TNF-�/CHX). Production of endogenous ROS was measured with H2DCF-DA by FACS analysis (n � 3). (B) After
preincubation with PEG-SOD for 12 h, 293 cells were incubated for the indicated times with TNF-�/CHX (n � 3). Production of endogenous ROS
was measured with DHE by FACS analysis. (C) Telomerase enzyme activity was measured in nuclear (nuc) and cytosolic (cyt) fractions of cells treated
with 10 �M C2-ceramide for 6 h or TNF-�/CHX for 1 h (n � 3 to 4). (D) After preincubation with 10 mM NAC for 1 h, 293 cells overexpressing myc-tagged,
full-length hTERT (hTERT-myc) were incubated with TNF-�/CHX for 1 h, and nuclear and cytosolic fractions were separated. Immunoblotting was
performed with an antibody against myc, and equal loading was confirmed either with topoisomerase 1 or tubulin. (n � 3). (E) A representative immu-
nostaining is shown for 293 cells overexpressing myc-tagged hTERTwt either untreated or treated with TNF-�/CHX for 1 h and 10 mM NAC as in-
dicated. (Upper panels) Nuclear staining with DAPI (blue). (Middle panels) hTERT-myc staining (red). (Lower panels) Tubulin staining (green).
Results are shown from five different transfected dishes. Cells with predominantly nuclear hTERT staining were counted by three independent investiga-
tors. The quantification is shown on the right side.
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FIG. 3. Nuclear export of hTERT occurs through the nuclear pores. (A) A representative immunostaining is shown for 293 cells overexpressing
full-length, myc-tagged hTERT. Cells were incubated with 500 �M H2O2 for 3 h or were preincubated with 10 ng of leptomycin B (LMB) per ml for 30
min followed by 500 �M H2O2 for 3 h. (Upper panels) Nuclear staining with DAPI (blue). (Middle panels) hTERT-myc staining (red). (Lower panels)
Tubulin staining (green). Results are shown from five different transfected dishes. Cells with predominantly nuclear hTERT staining were counted by
three independent investigators. The quantification is shown on the right side. (B) 293 cells overexpressing full-length, myc-tagged hTERT (hTERT-myc)
were preincubated with 10 ng of LMB per ml for 30 min and incubated with H2O2 for 3 h. Immunoblotting of the nuclear and cytosolic fractions was
performed with an antibody against myc (upper panel), topoisomerase 1 as a loading control for nuclear fractions (middle panel), and HSP70 for cytosolic
fractions (lower panels) (n � 4). The bar graphs below show the densitometric analysis (n � 4). (C) Telomerase enzyme activity was measured in nuclear
and cytosolic fractions of cells in the presence or absence of 500 �M H2O2 or 500 �M H2O2 and 10 ng of LMB per ml. A representative telomeric repeat
amplification product assay is shown. (D) Telomerase enzyme activity was measured in nuclear and cytosolic fractions of cells in the presence or absence
of 500 �M H2O2 or 500 �M H2O2 plus 10 ng of LMB per ml (n � 3).
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FIG. 4. Nuclear export of hTERT is dependent on the GTPase Ran. (A) Lysates from 293 cells overexpressing myc-tagged, full-length hTERT
were immunoprecipitated (IP) with an anti-myc antibody (left panels), an anti-Ran antibody, or an anti-mouse immunoglobulin G (IgG) antibody
as indicated. Immunoblot (IB) analysis was performed against anti-Ran (lower panels) or anti-myc (upper panels) antibody. The right panels show
the quality of the immunoprecipitations using an anti-myc or anti-Ran antibody. The input lane represents 1/10 of the cell lysate used for
immunoprecipitation. SN, supernatant of immunoprecipitate. (B) Lysates from 293 cells overexpressing myc-tagged hTERTwt were immunopre-
cipitated with an antimouse IgG or an anti-myc antibody as indicated, and immunoblot analysis was performed with an anti-CRM-1 antibody
(upper panel). Membranes were stripped and reprobed with an anti-myc antibody (lower panel). The input lane represents 1/10 of the cell lysate
used for immunoprecipitation. (C) A representative immunostaining is shown from cells overexpressing myc-tagged LacZ or myc-tagged Ran
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molecules, which can result in induction of apoptosis in se-
verely damaged cells.

Since the enzyme TERT seems to be involved in processes
of aging and apoptosis, we wanted to disclose a potential link
between ROS and human TERT (hTERT), by investigating
the regulation of hTERT by oxidative stress. Here, we dem-
onstrate that oxidative stress induces the depletion of hTERT
from the nucleus via export through the nuclear pores. Nuclear
export is initiated by ROS-induced phosphorylation of tyrosine
707 within hTERT by the Src kinase family. Interference with
the Src kinase family-dependent tyrosine phosphorylation of
hTERT inhibits depletion of nuclear hTERT and thereby po-
tentiates the antiapoptotic capacity of hTERT.

MATERIALS AND METHODS

cDNA cloning and plasmids. The hTERT construct was kindly donated by
R. A. Weinberg (40). hTERT was subcloned into the pcDNA3.1myc-his vector
(hTERTwt) or the pShooter vector, which targets TERT to the nucleus (hnuc
TERT) (Invitrogen). The nuclear pShooter mammalian expression vector incor-
porates signal sequences into hTERT to direct TERT to the nuclear location.
hTERTY707F was introduced into the hTERT wild type (hTERTwt) by site-
directed mutagenesis (Stratagene).

The Ran wild type (Ran wt) was cloned out of cDNA by using sense (5�-GC
GAATTCATGGCTGCGCAGGGAGAG) and antisense (5�-GCGGATCCGA
ACAGGTCATCCTCATCCGGGAGAGC) primers incorporating EcoRI and
BamHI restriction sites. The amplified DNA was restriction digested with EcoRI
and BamHI and subcloned into pcDNA3.1myc-his vector. Sequencing confirmed
the correct orientation and the entire coding region. Ran Q69L, Ran G19V, and
RanT24N mutants were introduced into Ran wt by site-directed mutagenesis
(Stratagene).

Cell culture and transfection. 293 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal calf serum. 293 cells were transfected
with Lipofectamine/Plus according to the manufacturer’s protocol (Gibco BRL)
as previously described (24) with a transfection efficiency of 90% � 4%.

Telomerase enzyme activity measurement. Telomerase enzyme activity was
measured with a commercially available PCR-based assay according to the man-
ufacturer’s protocol (Roche) as previously described (58).

In brief, after PCR amplification, PCR products were used for detection of
telomerase enzyme activity by either (i) enzyme-linked immunosorbent assay
(ELISA) or (ii) telomerase-mediated DNA laddering. (i) For ELISA, The PCR
products are immobilized via the biotin-labeled TS primers (provided with the
assay) to a streptavidin-coated microtiter plate. The linearity of the assay was
ensured by the positive controls provided by the company, and as negative
controls, H2O was used in the presence of the biotinylated primers. (ii) For the
telomerase-mediated DNA laddering, PCR products were resolved on a 12%
nondenaturing polyacrylamide gel. After transfer to positively charged nylone
membranes, the 6-bp telomerase-specific ladder was detected with streptavidin-
horseradish peroxidase and the enhanced chemiluminescence system (Amer-
sham).

Separation of nuclear and cytosolic fractions. Nuclear and cytosolic fractions
were separated with a commercially available kit according to the manufacturer’s
protocol (Pierce). In brief, cells were scraped off the dish and centrifuged at
800 � g for 5 min at 4°C. The resulting pellet was resolved in cytosolic extraction
reagent I (CERI buffer; provided by Pierce) and incubated for 10 min at 4°C.
After addition of CERII buffer (provided by Pierce) and further incubation for
1 min at 4°C, samples were centrifuged for 5 min at 16,000 � g for 5 min at 4°C.

The resulting supernatant contained the cytosolic fraction. The resulting pellet
was resuspended in nuclear extraction reagent (NER) buffer and incubated for
60 min at 4°C. After centrifugation for 15 min at 16,000 � g at 4°C, the resulting
supernatant was obtained as the nuclear fraction. The purity of the nuclear and
cytosolic fractions was ensured by immunoblotting with topoisomerase 1 (nucle-
ar) and HSP70 (cytosolic).

Immunoprecipitation and immunoblotting. Lysates (500 �g) were immuno-
precipitated with 5 �g of Ran antibody or myc antibody overnight at 4°C. After
incubation with A/G Plus agarose (Santa Cruz) for 2 h at 4°C, the resulting beads
were washed, subjected to sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer, and dissolved by SDS-PAGE.

Immunoblotting was performed with antibodies directed against TERT (1:200,
overnight, 4°C; Calbiochem); Ran, myc, and topoisomerase 1 (2 h, 1:250; all
Santa Cruz); tubulin (2 h, 1:500; Neomarkers); HSP70 and phosphotyrosine
clone 4G10 (overnight, 4°C, 1:500; Upstate Biotechnologies); and actin (2 h,
1:2,000; Sigma). Antibodies were detected by the Amersham ECL enhanced
chemiluminescence system.

Immunostaining. For immunostaining, cells were fixed in 4% paraformalde-
hyde and permeabilized with 0.3% Triton X-100 and 3% bovine serum albumin
in phosphate-buffered saline (PBS).

For coimmunostaining, cells were first incubated with an antibody against myc
(mouse, 1:50; overnight, 4°C; Santa Cruz), and Texas red-conjugated Fab frag-
ment antimouse antibody was used as secondary antibody (1:250, 1 h; Jackson
ImmunoResearch, Inc.). Since the antitubulin antibody is from the same host
species as the myc antibody (mouse), the cells were then incubated with an excess
of unconjugated Fab fragment antimouse antibody to block the first secondary
antibody step. Afterwards, cells were incubated with tubulin antibody (mouse,
1:50, 2 h; Neomarkers) and with fluorescein isothiocyanate (FITC)-conjugated
Fab fragment antimouse antibody (1:150, 1 h, room temperature; Jackson Im-
munoResearch, Inc.). Nuclei were counterstained with 0.2 �g of DAPI (4�,6�-
diamidino-2-phenylindole) per ml.

For confocal microscopy, cells were incubated with tubulin antibody (mouse,
1:50, 2 h; Neomarkers) and with FITC-conjugated Fab fragment antimouse
antibody (1:150, 1 h, room temperature; Jackson ImmunoResearch, Inc.). Af-
terwards, cells were incubated with an antibody against myc directly conjugated
with tetramethyl rhodamine isothiocyanate (sc-40; 1:100, 2 h; Santa Cruz). When
indicated, nuclei were incubated with TO-PRO-3 iodide (1:4,000, 5 min; Molec-
ular Probes). Cells were visualized by confocal microscopy (Zeiss LSM 510
META; magnification, 1:63 oil).

To quantify the cells with predominantly nuclear TERT-myc staining, 300 cells
per staining were counted by three independent observers.

Negative controls were performed as follows. Texas red-conjugated Fab frag-
ment antimouse antibody was used, and coimmunostaining with tubulin was
performed as described above. Cells were visualized by fluorescence microscopy
(Zeiss Axiovert 100; magnification, 1:63).

Detection of oxidative stress. Cells were incubated with 20 �M 2�,7� dichlo-
rodihydrofluorescein diacetate (H2DCF-DA) or 5 �M dihydroethidium (DHE)
for 30 min (Molecular Probes). Cells were trypsinized for 2 min, the reaction was
stopped with media, and cells were washed with PBS. Fluorescence intensity was
measured by fluorescence-activated cell sorter (FACS) analysis.

Apoptosis. Apoptosis was determined by FACS analysis with annexin V-
phycoerythrin (PE) binding and 7-amino-actinomycin (7AAD)-FITC staining
(Pharmingen). Apoptotic cells were defined as annexin V positive and 7AAD
negative. In brief, cells were trypsinized in the dish and pelleted. After being
washed twice with annexin binding buffer (10 mM HEPES, 140 mM NaCl,
2.5 mM CaCl2 [pH 7.4]), cell pellets were resuspended in 50 �l of annexin
binding buffer and incubated with 2.5 ng (each) of annexin V-PE and 7AAD-
FITC per ml for 20 min. The reaction was terminated by addition of 250 �l of
annexin binding buffer and then analyzed by FACS.

Q69L (dominant negative) incubated with H2O2 for 3 h. Cells were stained with TO-PRO-3 iodide to visualize the nuclei (blue, upper panel) and
anti-TERT antibody followed by a goat anti-rabbit FITC-conjugated antibody (green, second upper panel) and anti-myc antibody (red, second
lower panel). Cells were visualized by confocal microscopy. (D) A representative immunostaining is shown from cells overexpressing myc-tagged
Ran G19V (active). Cells were stained with DAPI to visualize the nuclei (blue, left panel) and anti-TERT antibody followed by a biotin-labeled
secondary antibody and streptavidin-FITC (green, second left panel) and anti-myc antibody (red, second right panel). (E) Nuclear and cytosolic
lysates of cells overexpressing Ran Q69L or Ran G19V were dissolved by SDS-PAGE. Immunoblotting was performed with an antibody against
hTERT (upper panels), and equal loading was confirmed either with topoisomerase 1 (nuclear fractions) or tubulin (cytosolic fractions) (n � 4)
(middle panels). Densitometric analysis of four independent experiments is shown (lower panels). (F) Telomerase enzyme activity was measured
in nuclear lysates of cells overexpressing LacZ, Ran Q69L, Ran G19V, or Ran T24N (n � 4) incubated in the presence or absence of H2O2 for
3 h.
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FIG. 5. Src kinase family-dependent tyrosine phosphorylation plays a role in nuclear export of hTERT. (A) 293 cells overexpressing myc-tagged
hTERTwt were incubated with 500 �M H2O2 in the presence or absence of 10 �M specific Src kinase family inhibitor PP1 for 15 min. Lysates of
nuclear fractions were immunoprecipitated (IP) with an anti-myc antibody, and immunoblot (IB) analysis was performed with an antiphospho-
tyrosine antibody (upper panel). Immunoprecipitations were controlled by immunoblotting with anti-myc antibody (lower panel). A representative
immunoblot is shown. The right panel shows the quality of the immunoprecipitation with an anti-myc antibody. The input lane represents 1/10 of
cell lysate used for immunoprecipitation. SN, supernatant of immunoprecipitate. (B) Densitometric analysis of three independent experiments is
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RESULTS

Exogenous oxidative stress induces translocation of hTERT.
To investigate the effects of oxidative stress on hTERT local-
ization, cells were incubated with 500 �M H2O2 for 3 h. H2O2

treatment resulted in a profound time-dependent change from
predominantly nuclear to a predominantly cytoplasmic local-
ization of myc-tagged hTERT protein (Fig. 1A). Likewise,
biochemical separation of the nuclear and cytoplasmic frac-
tions revealed that H2O2 time dependently reduced the endog-
enous hTERT protein in the nuclear fraction associated with a
concomitant increase in cytosolic hTERT protein (Fig. 1B).
Moreover, telomerase activity in the nuclear and cytosolic frac-
tions was significantly altered after H2O2 incubation (Fig. 1C).
Control experiments demonstrated that H2O2 treatment did
not affect the overall expression of the hTERT protein or
telomerase enzyme activity (Fig. 1D).

Endogenous oxidative stress induces the translocation of
hTERT. Next, we investigated whether endogenous formation
of ROS is sufficient to induce translocation of hTERT. Tumor
necrosis factor alpha combined with cycloheximide (TNF-�/
CHX) is known to induce endogenous oxidative stress (14, 26,
62). Indeed, incubation with TNF-�/CHX time dependently
increased formation of endogenous ROS, with maximum levels
after 30 min as determined by FACS analysis with H2DCF-DA
or DHE (Fig. 2A and B). The increase in endogenous ROS
formation was blocked by polyethylene glycol-superoxide dis-
mutase (PEG-SOD) (Fig. 2B). The resulting induction of en-
dogenous ROS was accompanied by a translocation of telo-
merase enzyme activity from the nucleus into the cytosol (Fig.
2C). C2-ceramide, another stimulus known to induce endoge-
nous oxidative stress with a maximum at 6 h in neuronal PC12
cells (14), also profoundly altered the localization of telome-
rase enzyme activity after 6 h of treatment (Fig. 2C).

To further demonstrate that endogenous and overexpressed
hTERT (hTERT-myc) showed similar changes in localization
after ROS treatment, we overexpressed hTERT into 293 cells.
Cells were then incubated with TNF-�/CHX for 30 min in the
presence or absence of the antioxidant N-acetylcysteine (NAC).
The localization of overexpressed hTERT was also altered
from the nucleus into the cytoplasm after TNF-�/CHX treat-
ment, as demonstrated by Western blot analysis of cytoplasmic
and nuclear fractions (Fig. 2D) and immunostaining (Fig. 2E).
NAC inhibited TNF-�/CHX-induced changes in cellular hTERT
localization (Fig. 2D and E).

Nuclear export of hTERT occurs via the nuclear pores.
Having demonstrated that exogenous and endogenous oxida-
tive stress causes changes in the localization of endogenous as
well as overexpressed hTERT, we wanted to get insights into
the underlying mechanism. Recently, it has been shown that
the nuclear export receptor CRM1 can bind to TERT (53).
This receptor in concert with the GTPase Ran can bind large

cargo molecules and transport them through the nuclear pores
into the cytosol. The best-characterized inhibitor for CRM1-
Ran-dependent transport is leptomycin B (31a). Therefore, we
investigated whether leptomycin B inhibits oxidative stress-
induced hTERT translocation. Indeed, leptomycin B inhibited
H2O2-induced hTERT export into the cytosol, as shown by
immunofluorescence microscopy and immunoblotting after
biochemical separation of the nuclear and cytosolic fractions
(Fig. 3 A and B). Moreover, H2O2-induced translocation of
telomerase enzyme activity from the nuclei into the cytosol was
prevented by leptomycin B treatment (Fig. 3C and D).

Translocation of hTERT is dependent on GTPase Ran.
Next, we investigated the involvement of GTPase Ran and
CRM1 in hTERT translocation in hTERT-overexpressing 293
cells. Coimmunoprecipitation studies using antibodies against
either myc or Ran revealed that hTERT indeed associates with
Ran (Fig. 4A) and CRM1 (Fig. 4B). The causal involvement of
Ran in mediating the nuclear export of hTERT was investi-
gated by overexpressing a dominant-negative GTPase-defi-
cient mutant (Ran Q69L), which cannot hydrolyze GTP and
was shown to inhibit export of proteins from the nucleus (32,
34, 52). Overexpression of Ran Q69L inhibited H2O2-induced
export of hTERT, as assayed by immunofluorescence and telo-
merase enzyme activity measurements (Fig. 4C, E, and F). In
contrast, expression of the active Ran mutants (Ran G19V and
Ran T24N) induced nuclear export of hTERT already under
basal conditions (Fig. 4D to F) (data not shown). These data
indicate that the translocation of hTERT induced by oxidative
stress from the nucleus into the cytosol is dependent on the
GTPase Ran.

Nuclear export of hTERT is dependent on tyrosine phos-
phorylation by the Src kinase family at tyrosine 707. Next, we
investigated the signaling induced by oxidative stress, which
triggers the nuclear export of hTERT. It is known that ROS
induce rapid activation of the Src kinase family in different cell
types (23, 56). Therefore, we first investigated hTERT tyrosine
phosphorylation. Treatment with 500 �M H2O2 resulted in a
time-dependent increase in hTERT tyrosine phosphorylation,
with a maximum achieved after 15 min of incubation, which
returned to baseline after 1 h (Fig. 5A and B) (data not shown).
Of note, hTERT tyrosine phosphorylation (maximum of 15
min) preceded the translocation of hTERT, which appeared
after 1 h (Fig. 1B and 3B, respectively). Since members of the
Src kinase family were found to be localized in the perinuclear
region and in the nucleus (49, 55, 57), we tested whether the
Src kinase family is involved in hTERT tyrosine phosphoryla-
tion. Therefore, we used the specific Src kinase inhibitor PP1
(25). PP1 significantly inhibited H2O2-induced nuclear hTERT
tyrosine phosphorylation (Fig. 5A and B). PP1 also inhibited
the nuclear export of hTERT, detected by immunostaining and
immunoblotting (Fig. 5C) (data not shown), as well as the

shown. (C) 293 cells overexpressing myc-tagged hTERTwt were incubated with 500 �M H2O2 in the presence or absence of 10 �M specific Src
kinase family inhibitor PP1 for 2 h. A representative immunostaining is shown. (Upper panels) Nuclear staining with DAPI (blue). (Middle panels)
hTERT-myc staining (red). (Lower panels) Tubulin staining (green). Results are shown from five different transfected dishes. Cells with
predominantly nuclear hTERT staining were counted by three independent investigators. The quantification is shown on the right side. (D) Telo-
merase enzyme activity was measured in nuclear fractions of cells treated with 500 �M H2O2 or 500 �M H2O2 and 10 �M PP1 for the indicated
times. Densitometric analysis is shown (n � 3).

VOL. 23, 2003 OXIDATIVE STRESS INDUCES NUCLEAR EXPORT OF TERT 4605



FIG. 6. Phosphorylation at tyrosine 707 signals nuclear export of hTERT. (A) 293 cells overexpressing myc-tagged hTERTwt or hTERT
(Y707F) were incubated with 500 �M H2O2 for 15 min. Lysates of nuclear fractions were immunoprecipitated (IP) with an anti-myc antibody, and
immunoblot (IB) analysis was performed with an antiphosphotyrosine antibody (PY [upper panel]). Immunoprecipitations were controlled by
immunoblotting with anti-myc antibody (lower panel). A representative immunoblot is shown. The right panel shows the quality of the immu-
noprecipitation using an anti-myc antibody. The input lane represents 1/10 of cell lysate used for immunoprecipitation. SN, supernatant of
immunoprecipitate. (B) 293 cells overexpressing myc-tagged hTERTwt or hTERT(Y707F) were incubated with H2O2 for 2 h. Immunoblotting of
the nuclear and cytosolic fractions was performed with an antibody against myc (upper panel), topoisomerase 1 (middle panel), and HSP70 (lower
panel). Representative immunoblots are shown (n � 5). (C) 293 cells overexpressing myc-tagged hTERTwt or hTERT(Y707F) were incubated
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reduction in nuclear telomerase enzyme activity induced by
H2O2 after 3 h (Fig. 5D).

hTERT exhibits a putative Src kinase phosphorylation site at
tyrosine 707. BLAST analysis revealed that this putative Src
kinase phosphorylation site is conserved between Tetrahymena
thermophila, Xenopus laevis, mice, and humans. Therefore, we
created a hTERT mutant replacing tyrosine 707 with nonphos-
phorylatable phenylalanine: hTERT(Y707F). In contrast to
hTERTwt, incubation with H2O2 did not induce tyrosine phos-
phorylation of hTERT(Y707F) (Fig. 6A). Moreover, H2O2-
stimulated nuclear export of TERT(Y707F) was inhibited (Fig.
6B and C), and H2O2-induced reduction of nuclear telo-
merase enzyme activity was prevented in cells overexpressing
hTERT(Y707F) (Fig. 6D). Since hTERT(Y707F) is not ex-
ported from the nucleus, we investigated the association of
hTERT(Y707F) with Ran to determine whether tyrosine phos-
phorylation of 707 is the signal for complex formation. Indeed,
immunoprecipitation studies revealed that, in contrast to
hTERTwt, hTERT(Y707F) did not associate with Ran (Fig.
6E). Taken together, these data demonstrate that tyrosine
phosphorylation of hTERT at tyrosine 707 signals oxidative
stress-induced nuclear export of hTERT.

Nuclear localization of hTERT enhances its antiapoptotic
function. High levels of ROS are known to induce apoptosis in
various cell types (44, 56). Different studies demonstrated that
TERT exerts an antiapoptotic effect (28, 61). Therefore, we
investigated whether nuclear localization of hTERT may en-
hance the antiapoptotic capacity of hTERT. Indeed, overex-
pression of hTERT(Y707F), which is resistant to ROS-induced
nuclear export, revealed more pronounced antiapoptotic ca-
pacity than hTERTwt (Fig. 7A). To further prove the concept
that nuclear localization of hTERT is important for its anti-
apoptotic capacity, we subcloned hTERTwt into a nuclear
shooter vector, which contains three nuclear targeting se-
quences at the C terminus and leads to forced expression of
the protein in the nucleus (13, 48). Overexpression of the nu-
clear targeted hTERT (hTERTnuc) also exerted an enhanced
apoptosis-suppressive effect comparable to that of hTERT
(Y707F) (Fig. 7A), demonstrating that nuclear localization of
hTERT importantly contributes to the antiapoptotic function
of hTERT. Control experiments revealed that hTERTnuc lo-
calized exclusively in the nucleus, even under treatment with
apoptotic stimuli (Fig. 7B). Moreover, the enhanced antiapo-
ptotic effect of hTERTnuc and hTERT(Y707F) was not due
to increased telomerase enzyme activity, because hTERTwt,
hTERTnuc, and hTERT(Y707F) revealed similar telome-
rase enzyme activity in whole-cell homogenates (data not
shown).

DISCUSSION

The data from the present study demonstrate that exoge-
nous and endogenous ROS stimulate hTERT translocation
from the nucleus into the cytoplasm via the nuclear pores in a
CRM1/Ran-dependent manner. Under basal conditions, 30%
of the cell population showed cytosolic staining of hTERT. A
reasonable explanation for this phenomenon could be that
cells are in different stages of the cell cycle under basal con-
ditions. Indeed, cell cycle stages are known to influence nu-
cleocytoplasmic transport (37). Further studies are needed to
determine the influence of cell cycle stages on hTERT trans-
location.

Previous studies indicated that TERT localization is a highly
regulated process. Thus, TERT is translocated from cytoplasm
to the nucleus after activation of T lymphocytes (36). Likewise,
stimulation of smooth muscle cells with growth factors in-
creased nuclear TERT (41). These studies suggest that pro-
proliferative stimuli induce an increase in nuclear telomerase
enzyme activity to maintain telomere length and subsequently
the proliferative capacity of the cells. In contrast, the present
study demonstrates that ROS induce the export of hTERT.
The question remains how ROS initiate complex formation
and export. Several previous studies—mainly with yeast—have
shown involvement of oxidative stress in nuclear transport via
the Ran GTPase. However, these studies reported that ROS
induced the shuttling of proteins from the cytoplasm to the
nucleus (11). One of the identified targets in mammals that is
shuttled from the cytoplasm into the nucleus upon ROS for-
mation is mitogen-activated protein kinase 1/2 (MAPK1/2) (1).
We could also document that the MAPK1/2 is reduced in the
cytoplasmic fraction in response to oxidative stress under con-
ditions in which hTERT is exported from the nucleus into the
cytoplasm (data not shown). Thus, nuclear export of hTERT
induced by ROS appears to be mediated by a rather specific
mechanism instead of a general effect of ROS on the export
machinery.

We demonstrate that the nuclear export of hTERT is regu-
lated by a Ran GTPase-dependent process via the export re-
ceptor CRM1. This is evidenced by coimmunoprecipitation of
hTERT with Ran and CRM1. These data are in accordance
with recent findings by Seimiya et al., who showed that differ-
ent TERT mutants can be exported from the nucleus (53).
Moreover, pharmacological inhibition of the CRM1-binding
capacity to its export cargos with leptomycin B or overexpres-
sion of a dominant-negative Ran construct prevented ROS-
induced nuclear export of hTERT. In contrast to recent find-
ings, we were unable to detect any coimmunoprecipitation of
hTERT with 14-3-3 proteins (data not shown), which led us
speculate that nuclear export of hTERT induced by oxidative

with 500 �M H2O2 for 2 h. A representative immunostaining is shown. (Upper panels) Nuclear staining with DAPI (blue). (Middle panels) hTERT-
myc staining (red). (Lower panels) Tubulin staining (green). (D) 293 cells overexpressing myc-tagged hTERTwt or hTERT(Y707F) were incubated
with H2O2 for 2 h, and telomerase enzyme activity in the nuclear fractions was measured. Densitometric analysis is shown (n � 3). *, P � 0.05
versus hTERTwt plus H2O2. (E) Lysates from 293 cells overexpressing myc-tagged hTERTwt or hTERT(Y707F) were incubated with H2O2 for
2 h. Cell lysates were immunoprecipitated with an anti-myc antibody, and immunoblot analysis was performed with an anti-Ran antibody (middle
panel) and an anti-myc antibody (upper panel). The lower panel shows the quality of the immunoprecipitation using an anti-myc antibody. The
input lane represents 1/10 of the cell lysate used for immunoprecipitation.

VOL. 23, 2003 OXIDATIVE STRESS INDUCES NUCLEAR EXPORT OF TERT 4607



FIG. 7. Nuclear localization of hTERT enhances its antiapoptotic function. (A) 293 cells were transfected with LacZ, hTERTwt, hTERT
(Y707F), or hTERTnuc and incubated with 10 �M staurosporine (ST) or 100 ng of TNF-� per ml and 10 �g of CHX per ml (TNF-�/CHX) for
3 h. Apoptosis was measured with annexin V by FACS analysis. *, P � 0.01 versus LacZ plus TNF-�/CHX; #, P � 0.05 versus hTERTwt plus
TNF-�/CHX; §, P � 0.05 versus hTERTwt plus staurosporine (n � 4 to 6). (B) 293 cells were transfected with hTERTnuc and then incubated with
TNF-� and cycloheximide for 3 h. A representative immunostaining is shown (n � 5). (Upper panels) Staining of nuclei with DAPI (blue). (Middle
panels) hTERTnuc-myc staining (red). The lower panels show the merge.
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stress may involve a different mechanism. Moreover, it has to
be noted that the association of TERT with 14-3-3 proteins
seems to be independent of the phosphorylation status of
TERT, which also differs from the study presented here (53).

We further identified tyrosine phosphorylation of hTERT as
the signal required for nuclear export by a Ran GTPase-de-
pendent process. Oxidative stress is well known to regulate
signaling pathways by tyrosine phosphorylation (23, 56). Our
data demonstrate that the putative Src phosphorylation site at
position Y707 of hTERT is phosphorylated after H2O2 stim-
ulation and that Y707 phosphorylation is required for hTERT-
Ran binding. Thus, Src kinase-dependent phosphorylation of
TERT mediates TERT binding to Ran in response to oxidative
stress to facilitate nuclear export via the export receptor
CRM1. In contrast, inhibition of the tyrosine kinase c-Abl,
which was previously shown to phosphorylate and inactivate
TERT (31), did not prevent H2O2-induced tyrosine phosphor-
ylation of hTERT (data not shown). Interestingly, tyrosine
phosphorylation has been described as a signal for nucleocy-
toplasmic shuttling for different targets, including transcription
factors STAT5 and STAT1 (39, 64) and now for hTERT as
reported here. Moreover, we detected localization of src in the
nucleus, which further underscored the concept that hTERT
tyrosine phosphorylation takes place in the nucleus in a Src
kinase family-dependent manner (data not shown). Thus, tyro-
sine phosphorylation in concert with nuclear localization sig-
nals and nuclear export signals makes an important contribu-
tion to the cellular localization of proteins.

The activity of TERT is not limited to the extension of
telomere ends but also appears to be involved in regulation of
apoptosis (3, 7, 15, 27, 38, 45, 61). The molecular mechanism
by which TERT regulates apoptosis is not yet clear. It has
recently been shown that overexpression of hTERT into fibro-
blasts prevents oxidative stress-induced apoptosis, but did not
inhibit oxidative stress-induced replicative senescence (19).
Therefore, it is tempting to speculate that hTERT is involved
in regulation of apoptosis independent of the preservation of
telomere length. This assumption is supported by data from
Gonzalez-Suarez, who demonstrated that in keratinocyte-tar-
geted telomerase-transgenic mice, the epidermis is highly
responsive to phorbol ester and wound healing is increased,
although telomere length is not changed (18). These data sug-
gest that telomerase actively promotes proliferation in cells
independent of telomere length. Moreover, these telomerase-
transgenic mice showed an increased incidence of spontaneous
cancer compared to their wild-type littermates, despite the fact
that both wild-type and transgenic mice have very long telo-
meres (17). In line with these findings, the antiapoptotic ca-
pacity of hTERT shown in this study was detected within a
few hours after transfection of the hTERT constructs. Thus,
hTERT seems to exert its antiapoptotic activity in the nucleus,
presumably due to illegitimate healing of DNA breaks (19) and
independent of direct telomere elongation (3).

Taken together, our data disclose a mechanism by which
exogenous H2O2 as well as endogenous oxidative stress can
induce dramatic changes in hTERT localization. Prevention
of nuclear export of hTERT by using a nonphosphorylatable
Y707 construct or a nuclear targeting vector significantly
enhanced the antiapoptotic activity of TERT against ROS-
dependent apoptosis induction. Thus, depletion of nuclear

hTERT by ROS may amplify cellular sensitivity to apoptosis,
irrespective of the effects on telomere length reduction and
cellular senescence.
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