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The maintenance of eukaryotic telomeres requires telomer-
ase, which is minimally composed of a telomerase reverse tran-
scriptase (TERT) and an associated RNA component. Telome-
rase activity is tightly regulated by expression of human (h)
TERT at both the transcriptional and post-translational levels.
The Hsp90 and p23 molecular chaperones have been shown to
associate with hTERT for the assembly of active telomerase.
Here, we show that CHIP (C terminus of Hsc70-interacting
protein) physically associates with hTERT in the cytoplasm
and regulates the cellular abundance of hTERT through a
ubiquitin-mediated degradation. Overexpression of CHIP pre-
vents nuclear translocation of hTERT and promotes hTERT
degradation in the cytoplasm, thereby inhibiting telomerase
activity. In contrast, knockdown of endogenous CHIP results
in the stabilization of cytoplasmic hTERT. However, it does
not affect the level of nuclear hTERT and has no effect on te-
lomerase activity and telomere length. We further show that
the binding of CHIP and Hsp70 to hTERT inhibits nuclear
translocation of hTERT by dissociating p23. However, Hsp90
binding to hTERT was not affected by CHIP overexpression.
These results suggest that CHIP can remodel the hTERT-
chaperone complexes. Finally, the amount of hTERT associ-
ated with CHIP peaks in G,/M phases but decreases during S
phase, suggesting a cell cycle-dependent regulation of hTERT.
Our data suggest that CHIP represents a new pathway for
modulating telomerase activity in cancer.

Telomeres, the specialized nucleoprotein complexes at the
ends of eukaryotic chromosomes, are essential for the mainte-
nance of chromosome integrity (1, 2). In most organisms,
telomere DNA consists of long tracts of duplex telomere re-
peats (TTAGGG in vertebrates) with 3’ single-stranded G
overhangs (3) and is tightly associated with the six-protein
complex, shelterin, which protects chromosome termini from
being recognized as sites of DNA damage (4, 5). Loss of te-
lomere function results in chromosome end fusions, degrada-
tion, and other inappropriate reactions, leading to cell senes-
cence, apoptosis, or abnormal cell proliferation (6, 7). In the
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absence of a telomere maintenance pathway, dividing somatic
cells show a progressive loss of telomeric DNA during succes-
sive rounds of cell division because of a DNA end replication
problem (8, 9). Thus, telomere shortening functions as a con-
trol mechanism that regulates the proliferative capacity of
cells. Although recombination-mediated telomere elongation
has been demonstrated for replenishing telomere DNA (10,
11), the major mechanism to offset telomere erosion is based
on telomerase (12, 13). In humans, telomerase is strongly re-
pressed in normal somatic tissues but is expressed in most
cancer cells, suggesting that the activation of telomerase is a
critical step in human oncogenesis (14, 15).

Although the enzymatic activity of telomerase is regulated
by hTERT? at the transcriptional level (16, 17), several lines of
evidence have suggested a post-translational regulation of
telomerase activity. A number of telomerase-associated pro-
teins have been identified in vertebrates and appear to regu-
late telomerase assembly (18), localization (19, 20), and enzy-
matic function (21, 22). hTERT is positively or negatively
regulated through a succession of post-translational modifica-
tions, including phosphorylation and ubiquitination. PKC and
Akt have been shown to phosphorylate hTERT and function
as a positive regulator of telomerase (23, 24). In contrast, te-
lomerase activity is inhibited by c-Abl kinase-mediated phos-
phorylation of hTERT (25). In the case of ubiquitination,
MKRNT1 is the first factor identified as an E3 ubiquitin ligase
for hnTERT in mammalian cells (26). MKRN1 directly binds
hTERT both in vitro and in vivo and promotes ubiquitination
of hTERT, thereby reducing telomerase activity as well as te-
lomere length. The molecular chaperone Hsp90 and p23 asso-
ciate with hTERT, and their associations are required for the
assembly of active telomerase (18, 27). Hsp90 is a highly con-
served and abundant molecular chaperone found in all eu-
karyotes and is required for proper folding and maturation of
its substrate proteins (28). The co-chaperone p23 binds the
ATP-bound dimeric form of Hsp90 and stabilizes the Hsp90-
substrate complexes (29). Disruption of Hsp90 by geldanamy-
cin inhibits telomerase activity through the ubiquitin-medi-
ated degradation of hTERT (26).

CHIP (C terminus of Hsc70-interacting protein) is a co-
chaperone protein identified through its interaction with Hsc/
Hsp70 (30, 31). CHIP possesses a tetratricopeptide repeat

2 The abbreviations used are: hTERT, human telomerase reverse tran-
scriptase; E3, ubiquitin-protein isopeptide ligase; Hsp90, heat shock pro-
tein 90; Hsp70, heat shock protein 70; TPR, tetratricopeptide repeat;
TRAP, telomeric repeat amplification protocol.
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(TPR) domain responsible for chaperone binding, a charged
domain, and a U-box domain essential for E3 ubiquitin ligase
activity (32, 33). Through its interaction with molecular chap-
erones, CHIP has been shown to mediate ubiquitination and
degradation of various chaperone-bound proteins. Because
hTERT is highly sensitive to Hsp90 disruption (26, 34), it is
possible that CHIP may serve as the chaperone-associated
ubiquitin ligase capable of targeting hTERT for ubiquitina-
tion. It is still not clear, however, whether CHIP plays a physi-
ological role in the regulation of telomerase activity. Here, we
present evidence that CHIP interacts with hTERT in the cyto-
plasm and promotes hTERT ubiquitination. Furthermore, we
show that the binding of CHIP and Hsp70 to hTERT inhibits
nuclear translocation of hTERT by dissociating p23. The re-
sulting cytoplasmic hTERT is rapidly ubiquitinated and de-
graded by the proteasome. We also found that the amount of
hTERT associated with CHIP peaks in G,/M phases during
which telomerase does not act on telomeres but decreases
during S phase, suggesting a cell cycle-dependent regulation
of hTERT by CHIP. These results suggest that CHIP repre-
sents a new pathway for modulating telomerase activity in
cancer.

EXPERIMENTAL PROCEDURES

Cell Culture and Plasmids—The human lung carcinoma
cell line H1299 was cultured in RPMI 1640 medium, and the
human cervical carcinoma cell line HeLa S3 was cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin in 5% CO,, at 37 °C. The expression vector for
GST-CHIP was constructed by inserting the whole coding
region from pcDNA3-CHIP into pGEX-5X-1, and the GST
fusion proteins were purified by glutathione-Sepharose beads
according to the manufacturer’s instructions (Amersham Bio-
sciences). The CHIP-His expression vectors were kindly pro-
vided from Neckers and co-workers (35), and the h\TERT-HA
expression vector was from Seimiya et al. (20). The FLAG-
hTERT, MKRN1-V5, and HA-ubiquitin expression vectors
have been described previously (26).

GST Pulldown, Immunoprecipitation, and Immunoblotting—
GST pulldown, immunoprecipitation, and immunoblotting
were performed as described previously (22). Briefly, the ex-
pression vectors were transfected into H1299 cells using Lipo-
fectamine 2000 (Invitrogen) for 24 h followed by lysis. For
GST pulldown assay, lysates were precleared with glutathi-
one-Sepharose 4B (Amersham Biosciences) and incubated
with glutathione-Sepharose beads containing GST fusion pro-
teins for 2 h at 4 °C. For immunoprecipitation, lysates were
preincubated with protein A-Sepharose (Amersham Bio-
sciences) and incubated with primary antibodies precoupled
with protein A-Sepharose beads for 2 h at 4 °C. Immunopre-
cipitation and immunoblotting were performed using anti-
FLAG (Sigma), anti-HA (Santa Cruz Biotechnology), anti-
hTERT (Rockland), anti-CHIP (Santa Cruz Biotechnology),
anti-Hsp90 (Santa Cruz Biotechnology), anti-Hsp70 (Santa
Cruz Biotechnology), anti-p23 (Abcam), anti-dyskerin (Santa
Cruz Biotechnology), anti-proliferating cell nuclear antigen
(Santa Cruz Biotechnology), and anti-actin (Sigma) antibodies
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as specified. All the immunoblots are representatives of at
least three experiments that demonstrated the similar results.

Telomerase Assay—The telomeric repeat amplification pro-
tocol (TRAP) was used as described previously (36). Briefly,
cell extracts (200 ng of protein) were added to the telomerase
extension reactions and incubated for 20 min at 37 °C. PCR
was performed using the HTS primer and HACX primer for
30 cycles (denaturation at 94 °C for 30 s, annealing at 62 °C for
30 s, and extension at 72 °C for 30 s). As an internal telomer-
ase assay standard, NT and TSNT primers were added to the
PCR mixture as described previously (37). Telomerase prod-
ucts were resolved by electrophoresis on a 12% nondenaturing
polyacrylamide gel. Bands were then visualized by staining
with SYBR Green (Molecular Probes), and the signal intensity
was quantified with a LAS-4000 Plus Image analyzer (Fuji
Photo Film).

Immunofluorescence Microscopy—Cells were grown on
glass coverslips fixed with 2% paraformaldehyde in phos-
phate-buffered saline (PBS) for 10 min and permeabilized in
0.4% Triton X-100 in PBS for 20 min. Cells were then blocked
in 5% bovine serum albumin and incubated with goat anti-
hTERT antibody or mouse anti-His antibody overnight at
4 °C. After washing with PBS, cells were incubated with Alexa
Fluor 488 rabbit anti-goat immunoglobulin and Alexa Fluor
568 goat anti-mouse immunoglobulin (Molecular Probes).
DNA was stained with 4,6-diamino-2-phenylindole (Vectash-
ield, Vector Laboratories) for 1 h at room temperature. Fluo-
rescence images were captured by using an Olympus BX61
fluorescence microscopy.

RNA Interference—The siRNA target sequences specific
for CHIP were 5'-CGCUGGUGGCCGUGUAUUA-3’ for
siCHIP-1 and 5'-AGCUGGAGAUGGAGAGCUA-3' for
siCHIP-2. The siRNA target sequences specific for Hsp70
were 5'-CUGUGUUUGCAAUGUUGAATT-3’ for siHsp70-1
and 5'-AGAUGAAUUUAUACUGCCATT-3' for siHsp70-2.
The siRNA target sequences specific for p23 were 5'-GCU-
UAGGGAAAGAGAAUAATT-3' for sip23-1 and 5'-
GAUAUGCUGUAUUUGCCUATT-3' for sip23-2. The
siRNA duplexes were transfected into H1299 cells using
RNAiMax transfection reagent (Invitrogen). The scrambled
sequence (5'-AATCGCATAGCGTATGCCGTT-3’) was used
as a control and did not correspond to any known gene in the
data bases. For long term treatment of siRNA, siRNA was
transfected to H1299 cells, and transfection was repeated at
3-day intervals.

In Vivo Ubiquitination Assay—H1299 cells were trans-
fected with HA-ubiquitin, FLAG-hTERT, and CHIP-His ex-
pression vectors, followed by treatment with 10 um MG132 to
inhibit proteasome function. Lysates were subjected to immu-
noprecipitation with anti-FLAG antibody, followed by immu-
noblotting with anti-HA antibody to illuminate ubiquitin-
modified hTERT.

Double Thymidine Block of HeLa Cells—HeLa S3 cells were
grown in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum. Cells were cultured to logarithmic phase
and incubated in medium containing 2 mm thymidine
(Sigma). After 16 h, cells were washed twice with PBS and
incubated with regular medium for 8 h before a second incu-
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FIGURE 1. CHIP interacts with hTERT in the cytoplasm. A, GST, GST-CHIP, and GST-KIP were immobilized on glutathione-Sepharose and incubated with exog-
enously expressed hTERT-HA, followed by immunoblotting with anti-HA antibody. GST fusions were visualized by Coomassie Blue staining. Molecular mass mark-
ers are shown in kilodaltons. B, H1299 cells co-transfected with hTERT-HA and CHIP-His were treated with 10 um MG132 for 2 h and subjected to immunoprecipita-
tion (IP) with either anti-His or anti-HA antibodies, followed by immunoblotting as indicated. C, H1299 cells were subjected to immunoprecipitation with either
anti-hTERT or anti-CHIP antibodies, followed by immunoblotting as indicated. IgG antibody was used as a negative control. D, cytoplasmic and nuclear extracts
were separately collected from H1299 cells transfected with hTERT-HA and subjected to immunoprecipitation with anti-HA antibody. Duplicate blots were immu-
nolabeled with anti-tubulin (for cytoplasmic fraction) and anti-lamin (for nuclear fraction) antibodies to confirm the absence of the cross-contamination in each
fraction. £, H1299 cells were co-transfected with hTERT-HA, along with His-tagged wild-type or mutant CHIP as indicated and treated with 10 um MG132 for 2 h.
Immunoprecipitation was carried out with anti-HA antibody to pull down CHIP-His. F, H1299 cell lysates were incubated with anti-CHIP, anti-dyskerin, or mouse IgG
antibodies and incubated with protein G-Sepharose. The supernatants (depleted) and immunoprecipitates (/P) were analyzed by immunoblotting with antibodies
against CHIP and dyskerin. G, supernatants and immunoprecipitates were analyzed for telomerase activity by the TRAP assay. To test RNA-dependent extension,
RNase A (0.25 mg/ml) was added to the extracts before the primer extension reaction. ITAS represents the internal telomerase assay standard.

bation in 2 mm thymidine for 16 h. Cells were released and we first examined the direct interaction between hTERT and

collected at 2-h intervals after release from the second thymi-
dine block.

Fluorescence-activated Cell Sorter (FACS) Analysis—Cells
were washed with PBS and fixed for 30 min in ice-cold 70%
ethanol. The fixed cells were resuspended in PBS containing
RNase A (200 ug/ml) and propidium iodide (50 pg/ml) and
incubated in the dark for 30 min at room temperature. Cell
cycle distribution was examined by flow cytometry using a
FACScan flow cytometer (BD Biosciences).

RESULTS

CHIP Interacts with hTERT in the Cytoplasm—To investi-
gate the role of CHIP in the regulation of telomerase activity,

ACEEVEN
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CHIP by a GST pulldown experiment. GST-CHIP, but not the
control GST, precipitated hTERT-HA expressed in H1299
cells (Fig. 1A). KIP, which was known to interact with hTERT,
was used as a positive control (22). To determine whether
hTERT and CHIP associate in vivo, H1299 cells co-trans-
fected with hTERT-HA and CHIP-His were treated with the
proteasome inhibitor MG132 to block degradation of ubiq-
uitinated hTERT and subjected to immunoprecipitation.
hTERT-HA was detected in anti-His immunoprecipitates when
CHIP-His was expressed (Fig. 1B). Likewise, CHIP-His was
recovered in anti-HA immunoprecipitates. Endogenous
hTERT and CHIP were immunoprecipitated by endogenous
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CHIP and hTERT in H1299 cells, respectively (Fig. 1C), indi-
cating that hTERT interacts with CHIP in mammalian cells.
To determine whether these two proteins have any opportu-
nity to interact in intact cells, cytoplasmic and nuclear ex-
tracts were separately collected from H1299 cells expressing
hTERT-HA. Whereas hTERT-HA was predominantly local-
ized to the nucleus, the majority of endogenous CHIP signal
was detected in the cytoplasm (Fig. 1D). Co-immunoprecipi-
tation experiments showed that CHIP was immunoprecipi-
tated by hTERT-HA in the cytoplasmic fraction, but not in
the nuclear fraction, suggesting that CHIP is capable of inter-
acting with hTERT in the cytoplasm.

CHIP contains a three TPR repeat domain at the N termi-
nus, required for its interaction with chaperones, and a U-box
domain at the C terminus, required for ubiquitin ligase activ-
ity (32, 33). The K30A mutation in the TPR domain disrupts
interaction with Hsp90 or Hsp/Hsc70 chaperones, and the
H260Q mutation in the U-box domain abolishes the ubiquitin
ligase activity (35). To examine the effect of the CHIP mu-
tants on their interaction with hTERT, H1299 cells were co-
transfected with hTERT-HA and either wild-type or mutant
CHIP-His and treated with MG132. Co-immunoprecipitation
experiments revealed that the K30A mutation severely im-
paired the interaction between hTERT and CHIP, whereas
the H260Q mutation demonstrated a strong interaction with
hTERT (Fig. 1E). These results indicate that the chaperone
binding activity of CHIP is required for the interaction with
hTERT.

To ensure accurate cellular telomerase activity, h\TERT
should be properly assembled and translocated into the
nucleus. Our observation that the hTERT-CHIP interac-
tion occurred in the cytoplasm prompted us to hypothesize
that CHIP may associate with an intermediate or immature
hTERT, which is biologically nonfunctional for telomerase
activity. To test this hypothesis, we performed immuno-
precipitation using antibodies against CHIP and dyskerin,
each of which efficiently depleted its cognate protein from
H1299 cell lysates (Fig. 1F). Lysates depleted of either
CHIP or dyskerin were analyzed for telomerase activity by
the TRAP assay. Whereas dyskerin depletion resulted in
removal of most of telomerase activity, CHIP depletion did
not reduce the overall level of telomerase activity (Fig. 1G).
Conversely, telomerase activity was associated with dys-
kerin immunoprecipitates, but not with CHIP immunopre-
cipitates. These results suggest that, although dyskerin re-
sides in the active telomerase complex, CHIP associates
with the catalytically inactive telomerase complex in the
cytoplasm.

CHIP Inhibits the Nuclear Localization of hTERT and Pro-
motes the Proteasomal Degradation of h'TERT—Because CHIP
has been shown to possess E3 ubiquitin ligase activity (33, 35),
we investigated the involvement of CHIP in hTERT degrada-
tion. Overexpression of CHIP led to a clear reduction in the
levels of RTERT-HA in a dose-dependent manner (Fig. 24).
Incubation of cells with MG132 rescued the CHIP-induced
reduction of h\TERT, whereas the treatment with the lysoso-
mal proteolysis inhibitor E-64 had no effect on hTERT level.
These results indicate that h\TERT degradation proceeds via
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the proteasome. We also show that overexpression of CHIP
significantly decreased endogenous hTERT protein level (Fig.
2B). However, overexpression of CHIP had no effect on
WTERT mRNA level (supplemental Fig. 14). We next exam-
ined whether CHIP influences telomerase activity. Telomer-
ase activity was significantly reduced in cells expressing CHIP
compared with the control cells (Fig. 2C). However, reduction
in telomerase activity was not rescued by MG132 treatment,
further suggesting that CHIP-bound hTERT is nonfunctional
for telomerase activity in vivo.

We next examined the effect of the CHIP mutants on
hTERT degradation. Although overexpression of wild-type
CHIP significantly reduced the hTERT level, the H260Q mu-
tant is partially defective in degrading hTERT-HA (Fig. 2D).
This could be due to lack of ubiquitin ligase activity in the
H260Q mutant. In contrast, the K30A mutant did not reduce
the hTERT level, presumably because it failed to interact with
hTERT. In the TRAP assay with the CHIP mutants, we ob-
served that overexpression of H260Q resulted in a significant
reduction in telomerase activity compared with the vector
control (Fig. 2E). However, the K30A mutant did not reduce
the overall level of telomerase activity. These results suggest
that the inhibitory effect of CHIP on telomerase activity is
mediated through the chaperone binding activity of CHIP but
not through its ubiquitination activity.

Because the nuclear localization of hTERT is required for
telomerase activity to elongate telomeric DNA in vivo, we
examined whether CHIP affects the nuclear localization of
hTERT. H1299 cells transfected with wild-type or mutant
CHIP were treated with MG132 and subjected to indirect im-
munofluorescence staining. Whereas endogenous hTERT was
predominantly localized to the nucleus in the control cells,
transfection of wild-type CHIP or H260Q resulted in a cyto-
plasmic accumulation of hTERT (Fig. 2F). However, the K30A
mutant did not affect the nuclear localization of hTERT.
Identical results were observed in HeLa S3 cells (supplemen-
tal Fig. 2). Because telomerase activity was not detected in the
cytoplasmic fraction (supplemental Fig. 3), these results sup-
port the idea that CHIP-bound hTERT fails to translocate
into the nucleus and that the resulting cytoplasmic hTERT is
not assembled into active telomerase and could be subse-
quently degraded by the proteasome.

We further examined that the amount of CHIP is involved
in regulating the protein stability of hTERT. The protein sta-
bility was monitored in cells expressing CHIP-His or the
empty vector after cycloheximide treatment to inhibit new
protein synthesis. Overexpression of CHIP-His significantly
reduced the half-life of hTERT compared with the control
cells (Fig. 2G). In both cases, hTERT was stabilized upon
treatment with MG132, indicating that CHIP regulates the
half-life of hTERT through the proteasome-dependent
degradation.

CHIP Knockdown Increases the Level of Cytoplasmic h'TERT
but Does Not Affect Telomerase Activity—To examine the role
of CHIP in a more physiological setting, the expression of en-
dogenous CHIP was depleted using two different small inter-
fering RNA (siRNA) duplexes. CHIP knockdown resulted in a
clear increase in the level of endogenous hTERT (Fig. 34),
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FIGURE 2. CHIP inhibits nuclear localization of hTERT and enhances hTERT degradation. A, H1299 cells were co-transfected with hTERT-HA and increas-
ing amounts of CHIP-His and treated with or without 10 um MG132 or E-64 for 2 h as indicated. The hTERT levels were measured by immunoblotting with
anti-HA antibody. B, H1299 cells were transfected with or without CHIP-His, and lysates were analyzed by immunoblotting for the expression of endoge-
nous hTERT and CHIP-His. C, H1299 cells transfected with CHIP-His or the empty vector were treated with or without 10 um MG132 for 2 h, and lysates were
analyzed for telomerase activity by the TRAP assay. D, H1299 cells were co-transfected with hTERT-HA and increasing amounts of CHIP-His, H260Q-His, or
K30A-His. The hTERT levels were measured by immunoblotting with anti-HA antibody. £, H1299 cells transfected with CHIP-His, H260Q-His, or K30A-His
were analyzed for telomerase activity by the TRAP assay. F, H1299 cells transfected with CHIP-His, H260Q-His, or K30A-His were treated with 10 um MG132
for 2 h and subjected to indirect immunofluorescence with anti-hTERT (green) or anti-His (red) antibodies, followed by fluorescent microscopic observation.
The nuclei were stained with 4,6-diamino-2-phenylindole (DAPI, blue). G, H1299 cells were co-transfected with hTERT-HA, along with CHIP-His or the empty
vector, and treated with 100 pg/ml cycloheximide for the indicated times. Lysates were analyzed by immunoblotting with anti-HA or anti-actin antibodies.
Cells were pretreated with 10 um MG132 as indicated. ITAS represents the internal telomerase assay standard.

further confirming that CHIP negatively regulates the stability
of hTERT protein in mammalian cells. As measured by RT-
PCR analysis, an increase in the level of hTERT protein was
not due to a CHIP-related increase in the transcription of the
WTERT gene (supplemental Fig. 1B). We next examined
whether CHIP knockdown affects telomerase activity. Intrigu-
ingly, no significant difference was observed in telomerase
activity between CHIP knockdown cells and the control cells
(Fig. 3B).

Because CHIP interacts only with cytoplasmic hTERT, we
determined whether CHIP knockdown affects the subcellular
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localization of hTERT. Cytoplasmic and nuclear extracts were
separately collected from H1299 cells and subjected to immuno-
blot analysis to assess endogenous hTERT level. Whereas CHIP
knockdown did not affect the level of nuclear hTERT, it caused a
significant increase in the level of cytoplasmic hTERT (Fig. 3C).
Telomerase activity was exclusively detected in the nuclear ex-
tracts but not in the cytoplasmic extracts (Fig. 3D). Consistently,
telomerase activity in the nuclear extracts was not affected by
CHIP knockdown. These results indicate that an increase in cy-
toplasmic hTERT by CHIP knockdown did not affect the overall
level of telomerase activity.
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FIGURE 3. CHIP knockdown increases the level of cytoplasmic hTERT but does not affect telomerase activity. A, H1299 cells were transfected with
scrambled or CHIP siRNA (siCHIP-1 or siCHIP-2). The protein levels of endogenous CHIP and hTERT were measured by immunoblotting with anti-CHIP and
anti-hTERT antibodies. B, H1299 cells were transfected with scrambled or CHIP siRNA, and lysates were analyzed for telomerase activity by the TRAP assay.
C, cytoplasmic and nuclear extracts were separately collected from H1299 cells transfected with scrambled or CHIP siRNA, and lysates were analyzed by im-
munoblotting for the expression of endogenous CHIP and hTERT. D, cytoplasmic and nuclear extracts were separately collected from H1299 cells trans-
fected with scrambled or CHIP siRNA, and lysates were analyzed for telomerase activity by the TRAP assay. E, H1299 cells transfected with scrambled or CHIP
siRNA were subjected to indirect immunofluorescence with anti-hTERT (green) antibody, followed by fluorescent microscopic observation. The nuclei were
stained with 4,6-diamino-2-phenylindole (DAPI, blue). F, H1299 cells transfected with scrambled or CHIP siRNA were treated with 100 wg/ml cycloheximide
for the indicated times, and lysates were analyzed by immunoblotting with anti-hTERT or anti-actin antibodies. Cells were pretreated with 10 um MG132 as

indicated. ITAS represents the internal telomerase assay standard.

Because telomerase elongates telomeres, the best readout
for a change in telomerase activity is telomere length. There-
fore, we compared telomere length in control versus CHIP
siRNA-treated cells over time. We repeatedly treated H1299
cells with CHIP siRNA at 3-day intervals for 2 weeks. The
same method has been used to study the role of the DNA rep-
lication factors in telomere maintenance (38, 39). Whereas
about 80-90% of endogenous CHIP was depleted during the
course of repetitive siRNA transfection (supplemental Fig.
4A), telomerase activity was not affected by CHIP knockdown
(supplemental Fig. 4B). In addition, telomere length was not
significantly altered in CHIP siRNA-treated cells compared
with the control cells over this long term treatment (supple-
mental Fig. 4C). These results suggest that telomerase activity
and telomere length were not significantly affected by CHIP
knockdown.

To further confirm the effect of CHIP knockdown on the
subcellular localization of R TERT, CHIP knockdown cells
were subjected to indirect immunofluorescence staining to
monitor the localization of endogenous hTERT. Consistent
with the immunoblot results in Fig. 3C, a clear accumulation
of hTERT in the cytoplasm was observed in CHIP knockdown
cells compared with the control cells (Fig. 3E). However,
CHIP knockdown did not significantly change the nuclear
localization of hTERT.

To examine the effect of CHIP knockdown on the turnover
of hTERT protein, H1299 cells were transfected with scram-
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bled or CHIP siRNA, incubated with cycloheximide to block
new protein synthesis, and then analyzed by immunoblotting
with hTERT antibody. As shown in Fig. 3F, endogenous
hTERT was turned over with a half-life of ~4 h in the control
cells. CHIP knockdown significantly extended the half-life of
hTERT. Turnover of hTERT was blocked by the MG132
treatment, indicating that h\TERT degradation is mediated by
the proteasome.

CHIP Enhances hTERT Ubiquitination—To investigate
whether hTERT is ubiquitinated prior to its proteasome-de-
pendent degradation, H1299 cells were co-transfected with
FLAG-hTERT, HA-ubiquitin, and CHIP-His. CHIP overex-
pression decreased the levels of FLAG-hTERT, but MG132
reversed this trend (Fig. 4A). To illuminate ubiquitin-modi-
fied hTERT, anti-FLAG immunoprecipitates were evaluated
by immunoblotting with anti-HA antibody. Ubiquitinated
hTERT was elevated by CHIP expression even in the absence
of MG132. This modification was further enhanced in cells
treated with MG132 (Fig. 4A). In addition, hTERT displayed
enhanced CHIP-induced ubiquitination in a dose-dependent
manner in the presence of MG132 (Fig. 4B). In an experiment
with the CHIP mutants, the H260Q mutant caused a marked
increase in hTERT ubiquitination compared with the vector
control but a slight decrease compared with wild-type CHIP
(Fig. 4C). In contrast, the K30A mutant did not stimulate
hTERT ubiquitination, suggesting that chaperone binding
activity of CHIP is necessary for hTERT ubiquitination. Be-
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FIGURE 4. CHIP promotes hTERT ubiquitination. A, H1299 cells were co-transfected with HA-ubiquitin, FLAG-hTERT, and CHIP-His and treated with 10 um
MG132 for 2 h as specified. FLAG-hTERT was visualized with anti-FLAG antibody, and immunoprecipitation (IP) was carried out with anti-FLAG antibody be-
fore probing with anti-HA antibody. Ub, ubiquitin. B, H1299 cells were co-transfected with HA-ubiquitin, FLAG-hTERT, and increasing amounts of CHIP-His
and treated with 10 um MG132 for 2 h. Immunoprecipitation was carried out with anti-FLAG antibody before probing with anti-HA antibody. C, H1299 cells
were co-transfected with HA-ubiquitin and FLAG-hTERT, along with CHIP-His or H260Q-His or K30A-His, and treated with 10 um MG132 for 2 h. Immunopre-
cipitation was carried out with anti-FLAG antibody, followed by immunoblotting (/B) with anti-HA antibody. D, H1299 cells were co-transfected with hTERT-
HA, MKRN1-V5, and CHIP-His and treated with or without 10 um MG132 as specified. The protein levels of hTERT-HA were measured by immunoblotting
with anti-HA antibody. E, H1299 cells were co-transfected with HA-ubiquitin, FLAG-hTERT, and CHIP-His or MKRN1-V5 and treated with 10 um MG132 for 2 h
as specified. FLAG-hTERT was visualized with anti-FLAG antibody, and immunoprecipitation was carried out with anti-FLAG antibody before probing with
anti-HA antibody. F, H1299 cells transfected with CHIP-His and MKRN1-V5 were analyzed for telomerase activity by the TRAP assay as indicated. ITAS repre-
sents the internal telomerase assay standard.

cause the H260Q mutant is unable to catalyze protein ubiq- vector control (Fig. 4F). When both proteins were co-ex-
uitin conjugation, its ability to promote hTERT ubiquitination pressed, we observed an additive effect on telomerase activity.
suggests that CHIP-bound hTERT could be ubiquitinated by CHIP Remodels the hTERT-Chaperone Complex to Inactive
another E3 ligase that targets hTERT. Form—The Hsp90 and p23 molecular chaperones have been

Because MKRN1 was shown to be an E3 ligase for hTERT shown to associate with hTERT for the assembly of active
(26), we next investigated whether both CHIP and MKRN1 telomerase (18, 27). Because CHIP-bound hTERT is localized
promote hTERT ubiquitination. Overexpression of MKRN1 to the cytoplasm and appears to be biologically nonfunctional
caused a clear reduction in the hTERT level, which was fur- for telomerase activity, it is conceivable that CHIP may re-
ther decreased by CHIP overexpression (Fig. 4D). However, model the hTERT-chaperone complex, resulting in a failure
hTERT degradation was blocked by MG132 treatment. In the ~ of hTERT to mature. To test this possibility, H1299 cells were
presence of MG132, there was a significant increase in both co-transfected with hTERT-HA and CHIP-His prior to

unmodified and ubiquitinated MKRN1 proteins, suggesting MG132 treatment and subjected to immunoprecipitation.
that MKRNT1 is rapidly degraded through auto-ubiquitination =~ Expression levels of endogenous Hsp90, Hsp70, and p23 pro-
(Fig. 4D). However, the level of CHIP expression was not al- teins were not affected by CHIP overexpression (Fig. 54). In
tered by MG132 treatment. We also found that the amount of  the absence of CHIP overexpression, all three chaperones
ubiquitinated hTERT was significantly increased in cells co- interacted with hTERT. However, the h\TERT-Hsp70 interac-

transfected with both CHIP and MKRN1 compared with cells  tion was significantly increased by CHIP overexpression, and
transfected with either CHIP or MKRNI1 alone (Fig. 4E). We p23 was dissociated from hTERT. Hsp90 binding to hTERT

next compared the effects of CHIP and MKRN1 on telome- was not affected by CHIP overexpression (Fig. 54). To exam-
rase activity. Overexpression of CHIP or MKRNT1 led to a ine these findings in closer detail, H1299 cells were co-trans-
marked decrease in telomerase activity compared with the fected with hTERT-HA and increasing amounts of CHIP-His
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FIGURE 5. CHIP remodels the hTERT-chaperone complexes. A, H1299 cells were co-transfected with hTERT-HA and CHIP-His and treated with 10 um
MG132 for 2 h. Lysates (input) and anti-HA immunoprecipitates (/P) were analyzed by immunoblotting with anti-HA, anti-His, anti-Hsp90, anti-Hsp70, and
anti-p23 antibodies. B, H1299 cells were co-transfected with hTERT-HA and increasing amounts of CHIP-His and treated with 10 um MG132 for 2 h. Lysates
(input) and anti-HA immunoprecipitates were analyzed by immunoblotting. C, H1299 cells were co-transfected with hTERT-HA and CHIP-His, H260Q-His, or
K30A-His and treated with 10 um MG132 for 2 h. Lysates (input) and anti-HA immunoprecipitates were analyzed by immunoblotting. D, cytoplasmic and
nuclear extracts were separately collected from H1299 cells co-transfected with hTERT-HA and CHIP-His prior to treatment with 10 um MG132 for 2 h. Ly-
sates (input) and anti-HA immunoprecipitates were analyzed by immunoblotting. £, H1299 cells transfected with hTERT-HA and scrambled or CHIP siRNA
were treated with 10 um MG132 for 2 h. Lysates (input) and anti-HA immunoprecipitates were analyzed by immunoblotting.

prior to MG132 treatment. CHIP overexpression resulted in a
substantial increase in association of Hsp70 with hTERT but
promoted dissociation of p23 from hTERT in a dose-depen-
dent manner (Fig. 5B). We next investigated the effect of the
CHIP mutants on the hTERT-chaperone complexes. The
H260Q mutant led to an increase in association of Hsp70 with
hTERT but a dissociation of p23 from hTERT to a similar
extent with wild-type CHIP (Fig. 5C). In contrast, the K30A
mutant was unable to interact with hTERT and did not affect
the association of Hsp70 and p23 with hTERT.

To further study the effect of CHIP overexpression on the
subcellular localization of the hTERT-chaperone complexes,
we examined the levels of chaperones bound to hTERT in
cytoplasmic and nuclear fractions (Fig. 5D). In the absence of
CHIP overexpression, the majority of Hsp90 and p23 proteins
associated with hTERT were localized to the nucleus. In con-
trast, Hsp70 bound to hTERT was only detected in the cyto-
plasm. When CHIP was overexpressed, Hsp90 bound to
hTERT was accumulated in the cytoplasm, but p23 was disso-
ciated from hTERT. The amount of Hsp70 bound to hTERT
was remarkably increased in the cytoplasm, suggesting that
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Hsp70 is actively recruited to hTERT by CHIP overexpres-
sion. These results support the notion that hTERT interacts
with CHIP and Hsp70 in the cytoplasm as it progresses to-
ward the degradative pathway. We next examined the effect
of CHIP knockdown on the interaction of hTERT with chap-
erone proteins. Consistent with data presented above, Hsp90,
Hsp70, and p23 proteins interacted with hTERT in H1299
cells transfected with the scrambled siRNA (Fig. 5E). How-
ever, Hsp70 interaction with hTERT was significantly inhib-
ited by CHIP knockdown, although binding of Hsp90 and p23
to hTERT was not affected. These results indicate that CHIP
is required for Hsp70 recruitment to hTERT.

Because CHIP associates with Hsp70 and functions as a
chaperone-dependent ubiquitin ligase (40, 41), we tested
whether CHIP is sufficient to interact with hTERT in the ab-
sence of Hsp70. The expression of endogenous Hsp70 was
depleted using siRNAs (siHsp70-1 and siHsp70-2). The inter-
action between hTERT and CHIP was dramatically reduced
by Hsp70 knockdown (Fig. 6A), suggesting that hTERT-CHIP
interaction depends on Hsp70. When telomerase activity was
compared in control versus Hsp70 siRNA-treated cells, no
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significant difference was observed in telomerase activity
(Fig. 6B), consistent with the results shown in CHIP knock-
down cells (Fig. 3B). To determine the effect of Hsp70 knock-
down on the subcellular localization of A TERT, Hsp70
knockdown cells were treated with MG132 and subjected to
indirect immunofluorescence staining. The nuclear localiza-
tion of hTERT was not significantly affected by Hsp70 knock-
down (Fig. 6C). We note that Hsp70 knockdown led to a clear
accumulation of hTERT in the cytoplasm. These findings are
consistent with the results shown in CHIP siRNA-treated
cells (Fig. 3E).

Because Hsp90 and p23 remain associated with active te-
lomerase in the nucleus (27, 42), we wanted to verify the criti-
cal role of p23 in the regulation of telomerase activity. To de-
termine the effect of p23 knockdown on hTERT degradation,
H1299 cells were transfected with hTERT-HA and siRNA
duplexes targeting p23 (sip23-1 and sip23-2), and we assessed
the protein levels. Knockdown of endogenous p23 markedly
reduced the hTERT levels (Fig. 7A). However, this h-TERT
degradation was inhibited by MG132 treatment. We also
found that p23 knockdown induced a cytoplasmic accumula-
tion of hTERT-HA in the presence of MG132, whereas
hTERT-HA was predominantly localized to the nucleus in
cells transfected with the scrambled siRNA (Fig. 7B). Inhibi-
tion of nuclear localization of hTERT by p23 knockdown was
further confirmed by immunofluorescence staining. Endoge-
nous hTERT was significantly accumulated in the cytoplasm
by p23 knockdown (Fig. 7C), indicating that p23 is required
for nuclear translocation of A TERT. We next determined the
effect of p23 on telomerase activity. p23 knockdown resulted
in a significant reduction in telomerase activity compared
with the scrambled siRNA control (Fig. 7D).

CHIP Specifically Interacts with hTERT in G,/M Phases—
Telomerase elongates telomeric DNA preferentially during S
phase of the cell cycle (43). Although several lines of evidence
have suggested the cell cycle-dependent regulation of telome-
rase (44 —46), it is unclear how telomerase is restricted to act
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specifically on telomeres during S phase. Because CHIP asso-
ciates with catalytically inactive hTERT in the cytoplasm, we
examined whether CHIP influences telomerase activity during
the cell cycle. The double thymidine block method was used
to obtain HeLa S3 cells synchronized at the G, /S transition,
and cell cycle progression was monitored upon removal of
thymidine by FACS analysis (Fig. 84). When we performed
the TRAP assay with the synchronized cells, telomerase
activity peaked in S phase but decreased during G,/M phase
(Fig. 8B).

We next investigated the interaction of h\TERT and CHIP
over the course of the cell cycle. HeLa S3 cells transfected
with hTERT-HA were synchronized and subjected to immu-
noblot analysis. Expression of hTERT-HA peaked in S phase
whereas expression of endogenous CHIP and dyskerin did not
vary through the majority of the cell cycle (Fig. 8C). Immuno-
blot for proliferating cell nuclear antigen was used for an in-
dependent marker of S phase. The levels of A”TERT mRNA
and human telomerase RNA component transcripts were not
changed during cell cycle progression (supplemental Fig. 5).
Immunoprecipitation of CHIP revealed that the amount of
hTERT-HA associated with CHIP peaked in G,/M phases but
decreased during G, and S phases (Fig. 8D). Likewise, CHIP
was specifically immunoprecipitated by hTERT-HA during
G,/M phases. Interestingly, dyskerin was specifically dissoci-
ated from hTERT in G,/M phases. These results are consis-
tent with the idea that CHIP modulates telomerase activity
through dynamic control of the hTERT protein stability in a
cell cycle-dependent manner.

DISCUSSION

Telomerase activity is tightly regulated at multiple levels,
including hTERT gene expression, post-translational protein-
protein interactions, and covalent modifications of hnTERT,
including phosphorylation and ubiquitination (12, 23). Here,
we report the identification of CHIP as a hTERT-interacting
protein and provide evidence that CHIP modulates the degra-
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FIGURE 7. p23 plays an essential role in the nuclear localization of
hTERT. A, H1299 cells transfected with hTERT-HA and scrambled or p23
siRNA (sip23-1 or sip23-2) were treated with or without 10 um MG132 for 2 h
as specified. The protein levels of endogenous p23 and hTERT-HA were
measured by immunoblotting as indicated. B, cytoplasmic and nuclear
extracts were separately collected from H1299 cells transfected with
hTERT-HA and scrambled or p23 siRNA and treated with 10 um MG132 for

2 h. The protein levels of endogenous p23 and hTERT-HA were measured by
immunoblotting. C, H1299 cells transfected with scrambled or p23 siRNA
were treated with 10 um MG132 for 2 h and subjected to indirect immuno-
fluorescence with anti-hTERT (green) antibody, followed by fluorescent mi-
croscopic observation. The nuclei were stained with 4,6-diamino-2-phe-
nylindole (DAPI, blue). D, H1299 cells transfected with scrambled or p23
siRNA were analyzed for telomerase activity by the TRAP assay. ITAS repre-
sents the internal telomerase assay standard.

dation pathway of hTERT. We show that CHIP promotes
hTERT ubiquitination and degradation by the proteasome
without affecting the cellular level of A”TERT mRNA.
Overexpression of CHIP inhibits nuclear translocation of
hTERT and decreases the protein stability of hTERT, thereby
inhibiting telomerase activity. In contrast, knockdown of
CHIP increases the level of cytoplasmic hTERT. However, it
does not affect the level of nuclear hTERT and has no effect
on telomerase activity and telomere length. Although cyto-
plasmic hTERT was accumulated by CHIP knockdown, te-
lomerase activity was detected exclusively in the nuclear ex-
tracts but not in the cytoplasmic extracts as measured by the
TRARP assay. These findings suggest that cytoplasmic hTERT
may not be properly assembled into the active telomerase ho-
loenzyme. Nevertheless, we cannot exclude the possibility
that the absence of a change in telomerase activity may be due
to the assay used in this experiment, instead of testing endog-
enous telomerase activity by the conventional method. In ad-
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dition, we observed no significant change in telomere length
by CHIP knockdown. The absence of a change in telomere
length may reflect either that 2 weeks of knocking CHIP down
is not enough to observe such change or that telomeres in
CHIP knockdown cells do not alter as much as observed in
the terminal restriction fragment length analysis. However,
given that cytoplasmic hTERT is nonfunctional for telomer-
ase activity, it is more likely that this mode of regulating
hTERT levels may have no impact on telomere length.

Our data indicate that CHIP physically interacts with
hTERT in the cytoplasm in vitro and in vivo. This interaction
requires the chaperone-binding TPR domain but is indepen-
dent of the U-box domain with E3 ubiquitin ligase activity.
We have found that CHIP overexpression led to a cytoplasmic
retention of hTERT, thereby inhibiting telomerase activity.
However, the cytoplasmic retention of hTERT was not in-
duced by a TPR domain point mutant of CHIP (K30A), which
is unable to interact with Hsp/Hsc70 or Hsp90. These results
suggest that inhibition of telomerase activity by CHIP can be
achieved by blocking nuclear import of hTERT. The resulting
cytoplasmic hTERT is rapidly degraded by the proteasome.
Thus, the ability of CHIP to induce hTERT ubiquitination
and degradation correlates with its ability to bind hTERT.
Although the U-box domain of CHIP is not required for
hTERT binding nor to inhibit nuclear import of hTERT, it is
necessary for ubiquitination and degradation of hTERT. In-
triguingly, we observed that the H260Q mutant still retains
the ability to ubiquitinate hTERT and causes a partial de-
crease in hTERT level. These results suggest that the U-box
domain of CHIP might be dispensable for its function in stim-
ulating hTERT ubiquitination and degradation. Similar re-
sults were observed on CHIP-mediated ubiquitination of E47
(47) and Runx2 degradation (48). In the case of E47, CHIP
does not act as an E3 ligase for E47 but appears to act more as
an adaptor to facilitate the interaction between E47 and Skp2.
This complex can join the SCF E3 ligase complex to initiate
ubiquitination of E47 (47). Similarly, other factors might be
involved in the hTERT ubiquitination process mediated by
CHIP.

Previously, MKRN1 has been reported to function as an E3
ubiquitin ligase for hTERT (26). In this work, we provide evi-
dence that CHIP, like MKRN1, can promote hTERT ubiquiti-
nation. Overexpression of either MKRN1 or CHIP independ-
ently reduced the cellular level of hTERT as well as
telomerase activity, which is further decreased in cells co-
transfected with both genes. Because MKRN1 and CHIP are
each capable of promoting ubiquitination of A TERT, CHIP
may target hTERT for ubiquitin-mediated degradation
through an MKRN1-independent mechanism. We cannot,
however, exclude the possibility that the two proteins may
function cooperatively under physiological conditions. When
hTERT fails to be translocated into the nucleus by its interac-
tion with CHIP, the cytoplasmic hTERT might be ubiquiti-
nated by MKRN1, together with CHIP. Indeed, we observed
that the H260Q mutant causes a partial increase in hTERT
ubiquitination. However, whether or not both MKRNT1 and
CHIP can bind hTERT simultaneously in the cytoplasm is not
known. In this study, we also show that the CHIP-hTERT
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the proteasome in G,/M phases during which telomerase does not act on telomeres. ITAS represents the internal telomerase assay standard.

interaction specifically occurs in G,/M phases, suggesting that  Hsp90, Hsp70, and other co-chaperones have been shown to

CHIP negatively regulates the hTERT level in a cell cycle-de-
pendent manner. Therefore, it will be of interest to determine
whether the association of hTERT and MKRNT1 is cell cycle-
dependent. The functional similarity between CHIP and
MKRNI raises many important questions about the physio-
logical significance of the multiple pathways that exert nega-
tive control over hTERT. It is yet uncertain exactly how these
pathways are specifically regulated and under what situations
they are differently activated.

The molecular chaperone network plays a key role in main-
taining a balance between folding and degradation of its vari-
ous substrates (49, 50). Multichaperone complexes containing
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assemble on substrate polypeptides through several interme-
diate assembly steps (51). Prior studies indicated that Hsp90
and p23 interact with hTERT and are required for the assem-
bly of active telomerase (18, 27) and the nuclear localization
of hTERT (42). Hsp70 also associates with hTERT but readily
dissociates when telomerase is folded into its active form. In
this study, we found that CHIP overexpression resulted in a
substantial reduction in association of p23 and hTERT, but it
does not affect the Hsp90 binding to hTERT. On the other
hand, Hsp70 binding to hTERT occurred only in the cyto-
plasm and was significantly increased by CHIP overexpres-
sion. However, the K30A mutant, which cannot interact with
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Hsp70, failed to bind hTERT and promote hTERT degrada-
tion. Furthermore, we found that the interaction between
hTERT and CHIP was dramatically reduced by Hsp70 knock-
down. These results suggest that Hsp70 binding to CHIP is
required for hTERT degradation and that the interaction be-
tween CHIP and hTERT is stable only in the presence of
CHIP-Hsp70 association. Similar results were recently re-
ported on CHIP-mediated HIF-1a degradation (52). In this
case, Hsp70 directly interacts with HIF-1« and mediates
HIF-1a degradation through recruitment of CHIP.

Based on previous reports and our data, we propose a
model for chaperone-mediated hTERT folding and degrada-
tion (Fig. 8E). Dynamic control of the hTERT protein stability
involves several chaperone-mediated assembly steps. In this
model, Hsp90 appears to associate constitutively with nascent
hTERT in the cytoplasm. p23 recruitment to the hTERT-
Hsp90 complexes maintains hTERT in a conformation ena-
bling the nuclear translocation. The reduced maturation of
hTERT upon p23 knockdown suggests that the integrity of
the hTERT-Hsp90-p23 complex is critical for the nuclear lo-
calization of active telomerase. The binding of CHIP and
Hsp70 to hTERT causes dissociation of p23 from hTERT and
induces a failure of h"TERT to mature, resulting in cytoplas-
mic accumulation of an immature form that is incompetent in
nuclear translocation. The cytoplasmic hTERT complex is
rapidly ubiquitinated by CHIP and/or MKRN1 and subse-
quently degraded by the proteasome. Thus, both p23, which
favors nuclear translocation, and the CHIP-Hsp70 complex,
which favors degradation, compete for binding to hTERT.
The outcome of this competition likely dictates which of the
two fates of hTERT, nuclear translocation or degradation, is
favored. Importantly, we found that the association of A TERT
with CHIP is cell cycle-dependent. Because the nuclear local-
ization of hTERT preferentially occurs during S phase, the
CHIP-mediated hTERT degradation pathway may be specifi-
cally activated in G, and M phases during which telomerase
does not act on telomeres (Fig. 8E).

In conclusion, our data provide evidence for an important
role of CHIP in regulating telomerase activity by modulating
the cellular abundance of hTERT in addition to the known
negative regulator MKRN1. This study enriches our knowl-
edge of the dynamic regulation of hTERT protein stability
during the cell cycle and suggests alternative approaches for
inhibiting telomerase activity in cancer.
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