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ABSTRACT: Telomerase is a ribonucleoprotein complex that
is essential for persistent cellular proliferation. The catalytic
subunit of human telomerase, hTERT, functions as a reverse
transcriptase and promotes vitality by maintaining telomeric
DNA length. hTERT is tightly regulated with complex but
poorly understood positive and negative regulation at several
levels including transcription, protein−protein interactions,
and post-translation modifications. Because evidence impli-
cates hTERT as an apoptosis inhibitor and because telomerase activity tends to decrease during apoptosis, we hypothesized that
hTERT is a caspase substrate leading to down regulation during apoptosis. Caspases are proteases that initiate and execute
apoptosis by cleaving target proteins. Indeed, we found that caspases-6 and -7 cleave hTERT during apoptosis in cultured cells.
Caspase-6 cleaves at residues D129 and D637, and caspase-7 cleaves at E286 and D628. Three of the caspase cleavage sites are
unique motifs. All four caspase motifs appear conserved in TERTs from old world monkeys and apes, and the caspase-6 sites
appear conserved in all primates. The caspase site that cleaves at D129 appears conserved in amniotes. hTERT fragments
generated by cleavage were remarkably persistent, lasting hours after caspase activation. These results reveal a new biologically
relevant mechanism for telomerase down regulation through caspase-mediated cleavage of hTERT and expand the list of known
caspase motifs.

Telomerase is a ribonucleoprotein complex that extends the
3′ strand of each telomere in order to maintain the proper

length of chromosome ends and ensure chromosome
stability.1,2 In addition to this essential role, telomerase
functions away from telomeres appear to affect transformation,
stem cell biology, proliferation, and survival.3,4 Telomerase
activity is generally absent from normal somatic cells but
present in malignant tumors, consistent with its critical function
in cellular immortalization and carcinogenesis.5−8 In addition to
roles in cancer, telomerase deficiencies have been linked to
premature aging and age related disorders.9,10

Telomerase consists minimally of two subunits: telomerase
RNA (TER), which serves as a template for telomeric DNA
synthesis, and telomerase reverse transcriptase (TERT), a
reverse transcriptase that adds telomeric repeats onto
telomeres.11−14 Human TER expression is regulated, but
constitutive, whereas hTERT expression is upregulated in
proliferative cells and repressed in nonproliferative cells.15,16

Because of its importance, telomerase regulation has been the
subject of several studies16,17 but remains poorly understood.
Understanding the basic roles of telomerase in cellular biology
and physiology requires a more complete understanding of its
activation and repression, and it is likely that the mechanisms of
telomerase regulation vary with its biological functions.
The canonical biochemical telomerase activity, telomere

maintenance by primer extension, requires both TERT and
TER.14,18,19 There is evidence for noncanonical telomerase
functions away from the telomere, and some of these appear to
require telomerase activity, whereas others do not.10,20 For

example, a suggested role of telomerase in DNA repair appears
dependent on its catalytic activity but not on telomere
lengthening.21 Other noncanonical telomerase functions, such
as inhibition of apoptosis22−24 and activation of Wnt signaling,4

do not appear to require telomerase catalytic activity. Ectopic
expression of hTERT has been shown to increase resistance to
apoptosis and necrosis,22,25,26 and hTERT has been shown to
prevent apoptosis independently of hTER and telomere
extension.27−29

Defects in apoptosis regulation are associated with a variety
of conditions including neurodegenerative,30 cardiovascular,31

and immune system disorders32 and cancer.33,34 Apoptosis is
initiated and executed by caspases, a family of cysteine
proteases that cleave substrates at specific tetrapeptide sites
(P4−P3−P2−P1) where P1 is usually aspartate and occasion-
ally glutamate.35,36 Caspases can be separated into two groups:
initiator caspases and effector caspases.35,37 Initiator caspases,
such as caspases-2, -8, -9, and -10, are activated by various
signaling pathways and activate effector caspases-3, -6, and -7.
Effector caspases ensure apoptosis by cleaving cellular
substrates.22,47 The cleavage of a substrate by a caspase can
result in several effects including loss of function, gain of
function, and changes in subcellular localization.38,39

Because telomerase and caspases play pivotal but opposite
roles in the regulation of apoptosis, we hypothesized that
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telomerase is negatively regulated by caspases. Here, we
demonstrate that hTERT is both a caspase-6 and -7 substrate
in apoptotic cells. Remarkably, cleavage occurs at noncanonical
motifs that are conserved in primate TERTs, and cleavage
results in the formation of stable hTERT-derived fragments.

■ MATERIALS AND METHODS
Materials. The following antibodies were used: rabbit anti-

hTERT (Abcam, Ab32020, recognizes a C-terminal epitope),
mouse anticaspase-6 (Cell Signaling), mouse anticaspase-7
(Cell Signaling), mouse anti-β-actin (Sigma, St. Louis, MO),
HRP-conjugated anti-rabbit secondary antibody (GE bioscien-
ces), and HRP-conjugated goat anti-mouse secondary antibody
(Thermo-Scientific). Peptides z-VAD-fmk, z-VEID-fmk, and ac-
DEVD-fmk were purchased from Calbiochem. Carbonyl
cyanide m-chlorophenylhydrazone (CCCP), vincristine, etopo-
side, and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] were purchased from Sigma-Aldrich. Active
recombinant caspases (caspases-1−10) were from BioVision.
Cells and Cell Culture. The human chronic myelogenous

leukemia K562 cell line was cultured in Dulbecco’s modified
Eagle/F12 medium (DMEM/F12) (Gibco) supplemented with
10% FBS. The transformed human embryonic kidney
HEK293T cell line was cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS. The
peripheral T-cell leukemia Jurkat cell line was maintained in
RPMI 1640 supplemented with 10% FBS. All cells were from
ATCC.
Caspase Cleavage Reactions. Recombinant telomerase

complexes were reconstituted in rabbit reticulocyte lysates and
immunopurified using anti-Flag antibody beads as we
previously described.40 10 μL of immunopurified, [35S]-labeled,
recombinant hTERT containing a C-terminal Flag epitope
(Flag-hTERT), Flag-hTERT-hTER complex, or Flag-hTERT
mutants were incubated with caspase (1 unit) in caspase buffer
(50 mM Hepes, pH 7.2, 50 mM NaCl, 0.1% CHAPS, 10 mM
EDTA, 5% glycerol, and 10 mM DTT) for 1 or 6 h at 37 °C. A
general caspase inhibitor z-VAD-fmk (10 μM) was preincu-
bated with caspase-7 for 30 min prior to incubation with Flag
-hTERT-hTER as a control. Reaction products were resolved
by SDS-PAGE and analyzed by phosphorimaging.
Mutagenesis. hTERT mutants were generated using a

standard PCR-based site-directed mutagenesis protocol,41 and
mutations were verified by DNA sequencing.
Detection of Proteins by Western Blot. Cell lysates

containing 50−100 μg of protein were separated by SDS-PAGE
and transferred to nitrocellulose membranes. Membranes were
blocked with nonfat dry milk (5% w/v) in Tris-buffered saline
containing 0.1% Tween-20 for 1 h, blotted with a primary
antibody for hTERT, caspase-6, or caspase-7 for 1 h at room
temperature, and then blotted with a HRP-conjugated
secondary antibody for 1 h at room temperature. Blots were
developed using ECL chemiluminescence detection reagent
(Amersham Bioscience). Membranes were reprobed with anti-
β-actin antibody as a loading control.
Treatment of Cells with Apoptosis Inducing Agents.

HEK293T cells and K562 cells were incubated with CCCP (50
μM) or etoposide (50 μM) for various time points. Jurkat cells
were incubated with vincristine (50 nM) for 12 or 24 h. In
experiments with caspase inhibitors, cells were treated with 100
μM of z-VAD-fmk (a general caspase inhibitor), ac-DEVD-fmk
(caspase-7 inhibitor), or z-VEID-fmk (caspase-6 inhibitor) for 1
or 3 h prior to treatment. Cells were lysed using Chaps lysis

buffer (10 mM TrisHCl pH 7.5, 1 mM MgCl2, 1 mM EGTA,
0.5% CHAPS, 10% glycerol, supplemented before use with
protease inhibitor cocktail III (Calbiochem) and 5 mM β-
mercaptoethanol). hTERT cleavage products were analyzed by
Western blot. Apoptotic cells were quantified by flow
cytometry and cell viability was measured using the MTT
assay. Telomerase activity was detected by TRAP assay in wild-
type cells or direct assay in cells expressing recombinant
telomerase as previously described.40

Transient Expression of Telomerase. HEK293T cells or
K562 cells were transfected in 6-well plates using Lipofectamine
2000 (Invitrogen) and 4 μg of total plasmid DNA following the
manufacturer’s protocol: 0.66 μg of pVan107 to express
hTERT and 3.33 μg of pBS-U1-hTER to express hTER were
used.42 Control transfections included empty vector, hTERT or
mutant expressing plasmid only, and hTER expressing plasmid
only. 24 h post-transfection, cells were trypsinized, transferred
to a 25 cm2 flask, and grown 24 h (HEK293T) or 48 h (K562).
48 or 72 h post-transfection, cells were trypsinized, washed
once in PBS, and lysed in 400 μL of Chaps lysis buffer. After
incubation at 4 °C for 30 min on a rotating wheel, cell debris
was removed by centrifugation at 4 °C for 10 min at 13000g.
The supernatant (∼4 mg total protein/mL) was aliquoted, flash
frozen in dry ice, and stored at −80 °C. Telomerase activity was
detected by direct assay,40 and hTERT was detected by
Western blot.
Generation of Stable Caspase-6 and Caspase-7

Knockdown Cell Lines. K562 cells were plated in six-well
plates and infected with shRNA-lentiviral vectors targeting
either caspase-6 or -7 (Sigma-Aldrich, caspase-7:
TRCN0000003519, caspase-6: TRCN0000003516). Cultures
were grown to confluence, and knockdown of caspase-6 or -7
was confirmed by Western blot (anticaspase-6 or anticaspase-7,
Cell Signaling). K562 transfected with shGFP was used as
control. Lentivirus for caspase-6 and caspase-7 were produced
by the UNC Viral Vector Core Facility.

■ RESULTS
Telomerase Is a Caspase Substrate in Vitro. To test the

hypothesis that hTERT is a caspase substrate, we incubated
immuopurified, recombinant telomerase (Flag-hTERT-hTER)
with recombinant human caspases-1−10. Remarkably, caspases-
6 and -7 each generated three major proteolytic fragments,
demonstrating for the first time that hTERT is a caspase
substrate (Figure 1A). Other caspases, 1, 5, and 8, appear to
have some, if limited, ability to cleave hTERT. We did not
follow up on these as we expect that these are nonspecific
reactions owing to the excess of caspase used in the
experiments and the long incubation times. The robust, rapid,
and complete cleavage by caspases-6 and -7, by contrast, led us
conclude the cleavage was specific. To ensure that cleavage of
hTERT was not due to nonspecific degradation, we showed
that cleavage with caspase-7 can be blocked with the general
caspase inhibitor z-VAD-fmk (Figure 1A, compare lane 12 to
lane 8). We also found that cleavage of hTERT was
independent of hTER using affinity purified Flag-hTERT
(data not shown). These results indicate that both caspase-6
and -7 cleave hTERT in vitro, cleavage is independent of
assemblage of hTERT in the telomerase complex, and each
caspase appears to cleave hTERT at two sites to generate three
fragments.
hTERT Is a Caspase-6 and -7 Substrate in Apoptotic

Cancer Cells. To determine if hTERT is a caspase substrate
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in apoptotic cells, we treated Jurkat cells with vincristine in the
presence or absence of the general caspase inhibitor z-VAD-
fmk, the caspase-6 inhibitor z-VEID-fmk, the caspase-7
inhibitor ac-DEVD-fmk, or with a combination of both
caspase-6 and -7 inhibitors. As predicted from our in vitro

studies, cellular hTERT was cleaved in cells treated with
vincristine and the general caspase inhibitor z-VAD-fmk
prevented cleavage (Figure 1B). Preincubation with either a
caspase-6 inhibitor or a caspase-7 inhibitor only partially
protected hTERT from caspase cleavage, but a combination of
caspase-6 and -7 inhibitors afforded complete protection
(Figure 1B, compare lanes 4 and 5 to lane 6). These data
suggest that hTERT is a substrate for both caspase-6 and -7 in
apoptotic cells.
To determine if hTERT was a caspase substrate in other cell

types, we treated HEK293T and K562 with etoposide or with
the mitochondrial depolarizing agent CCCP and probed
hTERT cleavage by Western blot. Full length hTERT levels
decreased concomitant with the appearance of new hTERT-
antibody reactive peptides, as expected if hTERT is cleaved by a
caspase (Figure 2). Notably, in each cell line tested cleavage of
hTERT was rapid and resulted in stable hTERT peptide
fragments that remained for several hours.
Identification of Caspase Cleavage Sites in hTERT. To

investigate the biological importance of hTERT cleavage,
caspase resistant hTERT mutants were generated. Bioinfor-
matics analysis using PeptideCutter yielded no predictable
caspase-6 or -7 sites, and CASVM43 and Cascleave44 predicted
over 20 sites combined. To map the location of potential sites,
we first analyzed the cleavage patterns of hTERT truncation
mutants: hTERT fragments 1−927, 201−1132, and 401−
1132.45 On the basis of the cleavage patterns of the truncation
mutants, we determined that one of the cleavage sites was
between amino acids 100 and 200, another was between 250
and 400, and the other two were near amino acid 650. On the
basis of these date, we mutated possible cleavage sites by
changing select aspartate and glutamate residues to alanine.
Both aspartate and glutamate residues were included because
numerous identified substrates contain a glutamic acid residue
at the P1 position.43 Mutation at several sites predicted by
CASVM43 and Cascleave44: D442, D444, D516, D768, and
D936 did not prevent cleavage in vitro (data not shown).
However, mutation of both D129 and D637 to alanine blocked
caspase-6 cleavage and mutation of both E286 and D628 to
alanine blocked cleavage by caspase-7 (Figure 3). Remarkably,
these are unique caspase recognition motifs; only TVTD has
previously been shown to be a caspase recognition motif, and

Figure 1. Recombinant [35S]-Flag-hTERT is cleaved by caspase-6 and
caspase-7. (A) Recombinant hTERT is a caspase substrate in vitro.
Affinity purified recombinant Flag-hTERT-hTER complex was
incubated with 1 unit of the indicated caspase. Caspases are identified
above the gel, and the position of full-length hTERT is labeled
hTERT. Molecular weight markers are approximate and indicated by
arrows on the right. Caspase inhibitor z-VAD-fmk was added in one
caspase-7 reaction (lane 12). (B) Endogenous hTERT is a cellular
caspase substrate. Jurkat cells were treated with vincristine and hTERT
was detected in whole cell extracts by Western blotting. Cells were
preincubated with a general caspase inhibitor (lane 3), with a caspase-6
or -7 inhibitor (lanes 4 and 5, respectively), or with a combination of
caspase-6 and -7 inhibitors (lane 6). Full length and hTERT fragments
are indicated with arrows to the right of the blots. β-Actin was used as
a loading control.

Figure 2. hTERT is a caspase substrate in HEK293T and K562 cells. hTERT was detected in cell extracts by Western blotting. (A) Western blot of
HEK293T cells after treatment with CCCP for the indicated time. (B) Western blot of K562 cells after treatment with CCCP for the indicated time.
(C) Western blot of HEK293T cells after treatment with etoposide for the indicated time. hTERT and stable hTERT-antibody reactive fragments
are indicated by arrows. β-Actin was used as a loading control.
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Figure 3. hTERT mutants prevent caspases-6 and -7 cleavage. Recombinant, [35S]-Flag-hTERT or the indicated Flag-hTERT mutants were
incubated with (A) caspase-6 or (B) caspase-7. Full-length hTERT (1132 amino acids, 120 kDaA) and cleavage products are indicated with
approximate molecular weights indicated. (C) The position and sequences of the caspase recognition motifs are displayed on hTERT. The hTERT
sequence is displayed as a rectangle with conserved regions shaded: the N-terminal extension or TEN domain is light gray (TEN), the RNA-binding
domain is gray (TRBD), the RT domain is dark gray (RT), and the C-terminal extension is the black (CTE). (D) Sequence alignment of several
vertebrate TERTs. Predicted caspase-6 and -7 motifs are shaded.

Figure 4. Caspase resistant hTERT mutants have variable telomerase activity and cellular expression levels. (A) Telomerase activity of recombinant,
immunopurified mutants was determined by a direct primer extension assay and percent telomerase activity is reported with respect to wild-type
hTERT. All activities were normalized to a [32P]-labeled 100 nt DNA used as a loading control (LC). Lane 1, wild-type hTERT; lane 2, D129A
hTERT mutant; lane 3, D637A hTERT mutant; lane 4, D129A/D637A hTERT mutant; lane 5, E286A hTERT mutant; lane 6, D628A hTERT
mutant; lane 7, E286A/D628A hTERT mutant; lane 8, D129A/D637A/E286A/D628A hTERT mutant. Wild-type hTERT and hTERT mutants
were assembled with hTER and telomerase activity was detected by direct assay.30 (B) Expression levels of recombinant hTERT and caspase
resistant mutants were detected by Western blot 72 h after transient transfection of K562 cells.
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the other three have not been observed to the best of our
knowledge.46 Analysis of available TERT sequences suggests
that the TVTD motif has been conserved since the early
amniotes, whereas the two caspase-6 sites appear to be
specifically conserved in old world monkeys and apes (Figure
3C).
Telomerase was reconstituted in vitro with the caspase

resistant hTERT mutants. We found that caspase-6 resistant
mutants D129A, D637A, and D129A/D637A were active in
telomerase assays (Figure 4A, lanes 2−4). Caspase-7 resistant
mutant D628A retained telomerase activity whereas E286A and
the double mutant E286A/D628A were inactive (Figure 4A,
lanes 5−7). The caspase-6 and -7 resistant mutant D129A/
D637A/E286A/D628A was completely devoid of telomerase
activity as expected since it contained the inactivating E286A
mutation (Figure 4A, lane 8).
Both Caspase-6 and -7 Cleave hTERT in Apoptotic

Cells. To confirm that caspase-6 and -7 are responsible for
hTERT cleavage in cells, we transfected K562 cells with wild-
type or caspase resistant hTERT mutants and analyzed hTERT
cleavage after treatment with CCCP. We explored transient
transfection as a simple system to examine the behavior of the
caspase resistant mutants in cells. Western blot analysis
revealed that hTERT expression was decreased for the
enzymatic-inactive mutants that contained E286 as well as
D129A/D637A (Figure 4B). This suggests that these mutations
are destabilizing. Importantly, we found that recombinant
hTERT was a target of caspase cleavage, and its activity
decreased during apoptosis (Figure 5). Cells expressed similar

levels of recombinant hTERT or hTERT mutants when
transfected in the absence of the telomerase RNA-expressing
plasmid pBS-U1-hTER (see Figure 6 lanes marked with a
minus sign), so experiments below were generally performed
with only hTERT-expressing plasmid. In addition, cells
expressed significantly more recombinant hTERT than
endogenous hTERT. We estimate ∼100-fold higher expression
of recombinant hTERT based on telomerase activity and
Western blot (see Figure 6A for example, where the lane
showing the per-caspase resistant mutant no cleavage products
from endogeneous hTERT are visible). These studies
demonstrate that transient transfection of hTERT expressing

plasmids is sufficient for a preliminary examination of the
molecular consequences of caspase activity on hTERT and
hTERT mutants in cells.
We then examined cleavage patterns of caspase resistant

hTERT mutants after CCCP treatment. Mutants were
predictably resistant to caspsase cleavage at the sites of
mutation, and only the hTERT mutant D129A/D637A/
E286A/D628A was completely resistant to cleavage in cells,
as expected (Figure 6A). The K562 cell line expresses both
caspase-6 and -7, and both caspase-6 and -7 were activated after
CCCP treatment, indicating that hTERT cleavage occurred
concomitantly with caspase activation (Figure 6B). To further
confirm that both caspase-6 and -7 contribute to hTERT
cleavage, we transiently transfected hTERT or hTERT mutants
into K562 cells that stably express caspase-6 or -7 shRNA and
examined the effect of CCCP treatment on hTERT cleavage.
We found that the caspase-6 resistant hTERT mutant D129A/
D637A remained intact in caspase-7 knockdown cells and the
caspase-7 resistant hTERT mutant E286A/D628A remained
intact in caspase-6 knockdown cells (Figure 7). Taken together,
our results confirm that caspase-6 and caspase-7 cleave hTERT
at four unique sites (Figure 3C).
Effect of Caspase Resistant hTERT Mutants on Cell

Viability. Several studies have demonstrated that telomerase
can inhibit or activate apoptosis depending upon cell type and
experimental conditions.3,23,25,47 We anticipate that caspase
resistant hTERT mutants will be useful for investigating the
role of telomerase in apoptosis and its regulation by caspases.
To explore this possibility, we examined if transient transfection
of wild-type or caspase resistant hTERT mutants affected cell
viability of CCCP-treated K562 cells. Control experiments
showed that transient transfection of hTERT or hTER-
expressing plasmids alone or in combination had no effect on
CCCP-induced apoptosis (Figure 8 and data not shown). Since
equivalent levels of hTERT mutants were expressed in the
absence of telomerase RNA overexpression (see the untreated,
i.e., CCCP minus, lanes in Figure 6A and data not shown),
experiments were conducted with cells transfected with hTERT

Figure 5. Recombinant hTERT is a cellular caspase substrate. (A)
Proteolytic cleavage of recombinant hTERT expressed in transiently
transfected K562 cells after CCCP treatment. (B) Activity of
recombinant telomerase in transiently transfected K562 cells after
CCCP treatment. Telomerase activity was detected by primer
extension assays using crude cell extracts.30

Figure 6. Mutation at predicted caspase cleavage sites protects hTERT
in cells. (A) Proteolytic cleavage of transiently transfected hTERT or
hTERT mutants in K562 cells 1.5 h after treatment with CCCP. (B)
Caspase-6 and caspase-7 are activated 1.5 h after incubation of K562
cells with CCCP.
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expressing plasmids only. We found that cells expressing
D628A, D637A, or D129A/D637A/E286A/D628A hTERT
mutants were less sensitive to CCCP treatment when
compared to cells transfected with wild-type hTERT (Figure
8A,C). Interestingly, expression of hTERT D129A resulted in
modestly increased sensitivity to CCCP (Figure 8A). The
observed effects of hTERT mutants on CCCP-induced cell
death does not appear to be dependent on telomerase activity
as inactive mutants, for example D129A/D637A/E286A/
D628A hTERT, protected cells despite not reconstituting
telomerase activity.
To explore the individual contributions of hTERT cleavage

specifically at caspase-6 and -7 sites to cell viability, we
expressed caspase-6 resistant hTERT mutants in caspase-7
knockdown cells and caspase-7 resistant hTERT mutants in
caspase-6 knockdown cells and analyzed cell viability after
CCCP treatment (Figure 8B,D). Overall, the effects were
modest, though under some condition as much as a 2-fold
increase in survival was observed (Figure 8D, 100 μM CCCP).
In addition, some interesting trends were observed. For
example, in wild-type cells, only mutants D129 and E286
failed to provide any greater protection against CCCP than

Figure 7. Caspase-6 resistant hTERT is fully protected in caspase-7
knockdown cells and caspase-7 resistant hTERT is fully protected in
caspase-6 knockdown cells. (A) K562 cells were engineered to stably
express caspase-6 or caspase-7 shRNA, and knockdown was confirmed
by Western blot. (B) Cleavage products of caspase-7 resistant hTERT
mutants were analyzed by Western blot in caspase-6 knockdown cells
after CCCP treatment. (D) Cleavage products of caspase-6 resistant
mutants were analyzed by Western blot in caspase-7 knockdown cells
after CCCP treatment.

Figure 8. Caspase-6 and -7 resistant mutants affect viability of CCCP-treated K562 cells. K562 cells or K562 cells stably transfected with caspase-6 or
-7 shRNA were transiently transfected with hTERT or caspase resistant mutants followed by treatment with CCCP (50 μM) for 72 h. Cell viability
was determined after 72 h of treatment using the MTT assay. Results represent the mean ± SEM of three independent experiments performed in
triplicates. Statistical significance: P-values are (*) P < 0.05, (**) P < 0.01, and (***) P < 0.001 for cells transfected with caspase resistant mutants
versus cells transfected with wild-type hTERT. (A) Wild-type K562 cells transfected with wild-type hTERT or caspase-6 resistant mutants were
treated with CCCP. (B) K562 cells stably transfected with caspase 7 shRNA were transfected with wild-type hTERT or caspase-6 resistant mutants
and treated with CCCP. (C) Wild-type K562 cells transfected with wild-type hTERT or caspase-7 resistant mutants were treated with CCCP (D)
K562 cells stably transfected with caspase 6 shRNA were transfected with wild-type hTERT or caspase-7 resistant mutants and treated with CCCP.
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wild-type hTERT (Figure 8A,C). In caspase knockdown cells,
however, each caspase resistant hTERT mutant was protective
(Figure 8B,D). Interestingly, in contrast to the results observed
with wild-type K562 cells, the D129A mutant was more
resistant to apoptosis than cells overexpressing wild-type
hTERT in caspase-7 knockdown cells (compare Figures 8A
and 8B). These results further validate the hypothesis that
caspases cleave hTERT as part of the apoptosis pathway.

■ DISCUSSION
Telomerase enhances cellular proliferation and promotes
genetic stability by helping maintain telomeres as well as
other putative noncanonical functions.4,10,20 Because of its role
in proliferation, telomerase activity is upregulated in most
cancer cells and stem cells and during the proliferative phase of
a variety of cell types including activated lymphocytes.16,48−50

Given its prominent role in preserving proliferative potential, it
is not surprising that antiproliferative agents, for example p53,
downregulate telomerase.51 To date, several mechanisms for
telomerase downregulation have been reported including
decreased hTERT transcription,16,52,53 altered cellular local-
ization,54 changes in hTERT phosphorylation status,55 and
altered splicing of hTERT mRNA.56,57 Here, we show for the
first time that hTERT, the catalytic subunit of telomerase, is
downregulated by caspase-6 and -7. We identified four caspase
cleavage sites, two sites for caspase-6 and two for caspase-7
(Figure 3C). Remarkably, three of the caspase recognition
motifs are unique: TSLE, VNMD, and PKPD. Only the caspase
cleavage motif TVTD had been previously identified as a
cleavage site in another protein: the antiapoptotic baculovirus
p49 protein, which contains a TVTD motif that functions as a
suicide substrate-type caspase inhibitor.46 It is interesting that
mutation of the TVTD motif in hTERT was modestly
sensitizing to CCCP (Figure 8), which is the expected result
if the hTERT TVTD motif inhibits caspase activity.
One question this study provokes is why would caspases

target hTERT? Caspases are involved in both apoptotic and
nonapoptotic functions and are critical players in development
and inflammation.58 Telomerase is also involved in apoptosis,
acting primarily as an inhibitor of apoptosis through its ability
to extend telomeric DNA and potentially through noncanonical
activities.20 Moreover, positive and negative regulation of
hTERT coincides with proliferation during development,
lymphocyte activation, and stem cell expansion and differ-
entiation, and new roles of hTERT in these pathways continue
to be revealed.53,59 The observation that hTERT is a caspases-6
and -7 substrate identifies a previously unknown mechanism of
telomerase regulation with implications for a number of
biologically important processes. In addition, the observation
that hTERT mutants that prevent caspase cleavage have
modest but statistically significant effects on apoptosis is
consistent with a biological role for this interaction.
An intriguing biological overlap between telomerase and

caspase activity is in neuronal apoptosis induced by ischemic
brain injury28,60 and Alzheimer’s disease (AD).61−63 The p10
fragment corresponding to active caspase-6 is detected in
human brain tissue and is elevated in brain samples from AD
patients,61 and mounting evidence suggests that decreased
telomerase activity and telomere shortening in neurons also
correlates with neurodegenerative disorders.64,65 In addition,
studies have shown that hTERT expression is decreased in
neurons of AD patients.66 Since caspase cleavage is a major
factor in neuronal degeneration in AD and caspase-6 is the

main caspase implicated in neuronal dysfunction and AD
pathogenesis, it is possible that the decreased telomerase
activity, hTERT levels, and the loss of nuclear localization of
hTERT in AD are due in part to proteolytic cleavage of hTERT
by caspase-6. Our results provide a basis for further studies
linking neuronal damage, telomere deterioration, caspase
activation, and hTERT cleavage.
An important consideration is the biochemical consequences

of hTERT cleavage by caspases. hTERT is cleaved at several
key positions within the polypeptide chain. D129, a site of
caspase-6 cleavage, is located in GQ motif of the conserved N-
terminus, also known as the TEN or DAT domain. The N-
terminus is critical for telomere recruitment, is involved in
telomerase RNA-binding by hTERT, and may promote
telomerase processivity.67−70 Perhaps more germane to
apoptosis is a mitochondrial localization leader sequence in
hTERT located within the first 20 amino acids of its N-
terminus.47 The role of telomerase in the mitochondria is
poorly understood, and many reports demonstrate that hTERT
inhibits apoptosis, reduces oxidative stress, and provides stress
resistance,71−73 though there is evidence that under some
conditions hTERT may have a pro-apoptotic role.47 We
showed that blocking cleavage at D129 lead to a modest
increase in sensitivity to CCCP treatment. Perhaps, mutation of
D129 affects localization of hTERT fragments to the
mitochondria. For example, since the proteolytic fragment
generated from the D129A hTERT is a non-natural fragment of
hTERT, it might have a dominant negative effect on the
hTERT protective functions associated with mitochondrial
localization.
The other N-terminal caspase cleavage site, E286, is located

in the flexible linker between the N-terminal TEN domain and
the RNA binding domain, TRBD.74 hTERT-E286A was found
to be inactive when reconstituted with hTER both in vitro and
in cells. Perhaps hTERT containing the E286A mutations is less
stable than wild-type as indicated by its decreased expression in
cells compared to wild-type hTERT when coexpressed with the
telomerase-RNA expressing plasmid (see Figure 4B). The other
hTERT caspase cleavage sites, D628 and D637, are surrounded
by highly conserved residues and are located in the reverse
transcriptase (RT) domain. D628 is located at the end of motif
1 and D637 is located in motif 2. Both D628A and D637A
hTERT mutants provided moderate resistance to CCCP
toxicity and both were catalytically active. Importantly, the
hTERT mutant D129A/E286A/D628A/D637A, which is
catalytically inactive, conferred protection when compared to
cells transfected with wild-type hTERT. This indicates that the
increased cell viability we observed in Figure 8 was directly
related to hTERT cleavage, independent of telomerase activity.
The effects of the various caspase resistant hTERT mutants

on viability in wild-type and caspase knockdown cells suggest
that the products of hTERT cleavage have variable effects
depending on the site(s) of cleavage. For example, in caspase-7
knockdown cells, the hemi caspase-6 resistant D129A mutant
resulted in decreased sensitivity to CCCP, whereas in wild-type
K562 cells, the D129A mutant conferred increased sensitivity to
CCCP. A substantial portion of caspase substrates are cleaved
into stable domains, suggesting that physical separation of
functional domains can lead not only to protein inactivation but
also to production of dominant negative fragments or
fragments with new activities.36,75 hTERT appears to generate
stable domains after caspase cleavage (see Figure 2). Combined
with the different effects of the caspase mutants, it suggests that
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each hTERT fragment may have unique biological activity. For
example, it is possible that each caspase-cleavage product could
differentially impact the formation of the telomerase
holoenzyme complex, apoptosis, or inhibit (or activate)
proposed noncanonical hTERT functions. The fact that several
hTERT fragments persist after cleavage in cells portends a gain
of function. Future studies will reveal the phenotypes, if any, of
these fragments.
In conclusion, we have shown that hTERT is a caspase-6 and

-7 substrate and hTERT cleavage attends apoptosis. Caspase-6
and -7 cleavage of hTERT results in stable fragments, and
cleavage occurs at four separate sites that appear conserved in
old world monkeys and apes. Three of the cleavage sites are
unique, and one is a noncanonical site previously observed in
only one other protein. Finally, we generated caspase resistant
hTERT mutants that confirmed the location of cleavage sites
and will allow the biological roles of hTERT cleavage to be
carefully examined in future experiments.
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