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Telomerase maintains cell viability and chromosomal stability through the addition of telomere repeats to
chromosome ends. The reactivation of telomerase through the upregulation of TERT, the telomerase protein
subunit, is an important step during cancer development, yet TERT protein function and regulation remain
incompletely understood. Despite its close sequence similarity to human TERT (hTERT), we find that mouse
TERT (mTERT) does not immortalize primary human fibroblasts. Here we exploit these differences in activity
to understand TERT protein function by creating chimeric mouse-human TERT proteins. Through the analysis
of these chimeric TERT proteins, we find that sequences in the human carboxy-terminal domain are critical
for telomere maintenance in human fibroblasts. The substitution of the human carboxy-terminal sequences
into the mouse TERT protein is sufficient to confer immortalization and maintenance of telomere length and
function. Strikingly, we find that hTERT protein accumulates to markedly higher levels than does mTERT
protein and that the sequences governing this difference in protein regulation also reside in the carboxy-
terminal domain. These elevated protein levels, which are characteristic of hTERT, are necessary but not
sufficient for telomere maintenance because stabilized mTERT mutants cannot immortalize human cells. Thus,
the TERT carboxy terminus contains sequences that regulate TERT protein levels and determinants that are
required for productive action on telomere ends.

Telomeres are protein-DNA structures that cap the ends of
linear chromosomes (11). These guanine-rich nucleotide re-
peats are bound by a large protein complex that protects chro-
mosomal ends from recombination and prevents telomere
ends from activating checkpoint responses (21). Telomeres
shorten with cell proliferation and with aging, and this short-
ening is countered by telomerase, a reverse transcriptase that
synthesizes telomere repeats (17). Telomerase is expressed in
a restricted pattern in mammalian tissues, predominantly in
stem cells and progenitor cells, and is upregulated in approx-
imately 90% of human cancers (24, 36, 37, 47, 53). Telomerase
activity is regulated at the level of expression of TERT, the pro-
tein catalytic subunit, which together with TERC, the telomerase
RNA component, comprises the catalytic core of the enzyme (10,
26, 47, 54, 65).

Telomeres shorten with cell division because of the end repli-
cation problem, which is the inability of DNA polymerase to
complete synthesis of the lagging strand. Consequently, telomeres
shorten in settings of insufficient telomerase activity, including in
primary human cells in culture and in human tissues with aging in
vivo (28, 30, 41). Telomere shortening has profound effects on cell
proliferation and survival. After 60 to 80 population doublings
(pd), shortened telomeres in human fibroblasts trigger a DNA

damage signal that causes replicative senescence (20), an arrest
that is enforced by the activation of the tumor suppressor proteins
p53 and Rb (27, 62). The inactivation of both p53 and Rb pre-
vents the replicative senescence response; however the continued
cell division that is associated with this extended lifespan results in
further telomere loss and the initiation of a second response,
which is termed crisis. In cells that have reached crisis, a subset of
telomeres become critically short or uncapped; that is, they can no
longer protect the chromosome end from recombination, result-
ing in end-to-end chromosome fusions (18). Each chromosome
fusion harbors two centromeres that can attach to opposite spin-
dle poles during mitosis, resulting in chromosome breakage and
elevated rates of apoptosis in cell cultures in crisis. Ectopic ex-
pression of human TERT (hTERT) in primary human cells re-
constitutes telomerase activity and prevents senescence and crisis
responses by adding telomere repeats de novo, thereby stabilizing
chromosome ends (13, 19, 68). In addition to synthesizing telo-
mere repeats, telomerase has been shown to protect telomere
ends from becoming dysfunctional by contributing to the func-
tional cap at the chromosome terminus (12, 46, 68).

The catalytic action of telomerase on telomere ends is tightly
regulated, in part through protein-protein interactions. In Sac-
charomyces cerevisiae, the catalytic core of telomerase interacts
with Est1p, which in turn binds Cdc13p, a critical telomere
end-binding protein. Like the TERT and TERC homologues
Est2p and TLC1, Est1p and Cdc13p are both required for
telomere maintenance and cell viability (43, 44). Est1p and
Cdc13p may function either by recruiting telomerase to the
telomere end (23) or by activating telomerase after it has
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become telomere associated (64). In humans, telomerase as-
sociates with the Est1p homologue Est1A, which can facilitate
telomerase-mediated telomere lengthening (59, 63). However,
our understanding of the molecular events in human cells that
are necessary for telomerase recruitment and activation re-
mains incomplete.

Additional insights into the function of telomerase have
come from structure-function studies that characterized the
TERT sequences that are required for enzymatic catalysis,
TERT-TERC association, and telomerase multimerization in
vitro. These studies have revealed four general domains that
are conserved in TERT proteins: two N-terminal regions, a
central reverse transcriptase (RT) domain, and a C-terminal
region (34). The RT domain contains seven motifs with simi-
larity to viral RTs, and these conserved sequences are required
for telomerase enzymatic activity in vitro (29, 42, 54). In the N
terminus, regions II, III, and T comprise a domain that is
critical for binding TERC and this domain is therefore re-
quired for enzymatic function in vitro (5, 6, 38, 49, 55, 67). The
most amino-terminal portion of the protein, region I, is also
important for enzymatic activity as well as telomere length
regulation (9, 25, 33, 51). In both yeast and human cells, te-
lomerase functions as a dimer comprised of two TERT mole-
cules and two TERC molecules (57, 66). In humans, dimeriza-
tion is in part mediated by TERT protein, through interaction
between N-terminal regions II and III and amino acids imme-
diately carboxy terminal to motif D in the RT domain (1, 8,
50). In addition to these interactions between TERT proteins,
the P3 pseudoknot region of human TERC participates func-
tionally in telomerase dimer formation (45, 60).

The C-terminal domain also contains sequences conserved
among TERT proteins from divergent species (7, 32, 56). In S.
cerevisiae, the C-terminal domain modulates telomerase pro-
cessivity, although TERT mutants in which this domain is
entirely deleted retain enzymatic function and the correspond-
ing mutant yeast strains remain viable (31, 56). In contrast,
C-terminal deletions in hTERT abrogate telomerase activity,
indicating that this region is necessary for catalytic function (5,
8). Similarly, the deletion or mutation of conserved residues in
the C-terminal domain of hTERT impairs telomerase proces-
sivity (32). The fact that TERT enzymatic function in vitro is
sensitive to both N- and C-terminal deletion analysis has com-
plicated efforts to understand TERT function in vivo through
the identification of protein domains that control immortaliza-
tion or telomere maintenance.

One approach circumvented these limitations and identified
domains in TERT that are required for immortalization of
primary human cells through scanning mutagenesis, replacing
groups of six amino acids with the sequence NAAIRS through-
out the amino- and carboxy-terminal regions whole protein.
These efforts led to the identification of two regions, one in the
N-terminal domain and one in the C-terminal domain, which
are required for cellular immortalization but preserve enzy-
matic activity in vitro (2, 7). These DAT (dissociates activities
of telomerase) domains were proposed to be required for the
recruitment of telomerase to telomeric chromatin (3, 4). Other
analyses of these TERT mutants found that the DAT mutants
showed reduced processivity, principally on oligonucleotide
primers matching the natural telomere sequence, indicating
that the DAT regions contribute to interactions between TERT

and its telomere substrate (40, 52). These data suggest that the
DAT mutants may fail to immortalize human cells because of
impaired interaction with telomere DNA sequences or with telo-
meric chromatin. Consistent with a potential role for the C ter-
minus in facilitating telomerase action on telomere ends, the
addition of heterologous amino acid sequences to the hTERT C
terminus prevented immortalization or impaired telomere main-
tenance in human cells (19, 68). Despite this progress, the protein
domains involved in recruiting telomerase to telomere ends or in
posttranslational regulation of TERT remain incompletely under-
stood.

To identify sequences that are required for TERT protein
regulation and for TERT protein function in vivo, we have
compared the activities of human and mouse TERT (mTERT)
orthologues in human cells. We find that mouse TERT cannot
immortalize primary human cells, despite efficient reconstitu-
tion of telomerase enzymatic activity. We exploit this impor-
tant difference in function to identify sequences that are crit-
ical for telomerase action in immortalization and in telomere
maintenance in vivo by creating chimeric proteins between
mTERT and hTERT. Unlike conventional mutagenesis, which
may alter protein structure in some cases, this approach takes
advantage of evolutionary conservation throughout the TERT
open reading frame to introduce subtle amino acid substitu-
tions at positions divergent between the two species and is
therefore more likely to preserve overall domain architecture.
This strategy identified the C terminus as a critical regulatory
domain controlling telomere maintenance, immortalization,
and steady-state protein levels in human cells.

MATERIALS AND METHODS

Cell culture. Human foreskin fibroblasts BJ cells (ATCC) and BJ cells trans-
duced with the simian virus 40 (SV40) early region (BJT), including both large
T and small t antigens (gift of R. Weinberg), were cultured in a 4:1 mixture of
Dulbecco’s modified Eagle’s medium (Invitrogen) and medium 199 (Invitrogen)
with 15% fetal bovine serum (Invitrogen) and 1% penicillin-streptomycin at 37°C
under 5% CO2. Phoenix A cells (gift of G. Nolan) were grown in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum and 1% penicillin-strep-
tomycin at 37°C under 5% CO2. For serial passage experiments, transduced BJT
cells were counted and plated every 3 to 4 days. Population doublings were
calculated using the formula log2(number cells harvested/number cells plated).
Population doublings were plotted against time (days). For metaphase analysis,
cells treated with Colcemid and metaphase chromosomes were prepared on glass
slides as previously described (16).

Construction of retroviruses and TERT mutants. EcoRI fragments comprising
the open reading frame of either hTERT or mTERT were cloned into the EcoRI
site of the pLPC retroviral plasmid (gift of S. Lowe). HMM was created by PCR
of the 5� region of hTERT with the primers 5�-GAATTCAGATCTCCGCGA
TGCCGCGCG-3� and 5�-GAATTCAGATCTCCTCACGCAGACGGTGC-3�.
This PCR product was digested with HindIII/BamHI and ligated to a 3� BamHI/
EcoRI-digested fragment of mTERT and a HindIII/EcoRI-digested vector.
MHH was engineered by ligating a 3� hTERT PCR product (primers 5�-GAA
TTCAGATCTTGGCCAAGTTCCTGC-3� and 5�-GAATTCAGATCT TCA
GTCCAGGATGGTCTTGAAGTC-3�) with a 5� mTERT HindIII/BamHI frag-
ment and a HindIII/EcoRI-digested vector. HMH and MMH were created by
replacing a 3� XbaI/EcoRI mTERT fragment from HMM and mTERT, respec-
tively, with a 3� hTERT PCR fragment (primers 5�-GGAATTCTAGACTTG
CAGGTGAACAGCCTC-3� and 5�-ATGGAATTCAGTCCAGGATGGTCT
TGAAG-3�) flanked by XbaI/EcoRI sites. MHM and HHM were engineered by
replacing the 3� ApaLI/EcoRI fragment of hTERT in MHH and hTERT, re-
spectively, with an ApaLI/RI PCR fragment of mTERT (primers 5�-GAATTC
GTGCACCAATATATACAAGATCTTCC-3� and 5�-ATGGAATTCTTAGTC
CAAAATGGTCTGAAAGTC-3�). mTERT-hC2 and hTERT-mC1 were created
by using a chimeric primer (5�-AGCCGCACATTGGCTCTGCTACCAAGCATT
CCTGCTCAAGCTG-3�) with the reverse primer from MMH to create a long 3�
primer for a second PCR with the forward primer from HHM. This chimeric PCR
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product was digested with ApaLI/RI and used to replace the 3� end of HHM or
mTERT, respectively, to create hTERT-mC1 and mTERT-hC2. hTERT-mC2 was
created by replacing a BsmI/RI fragment of hTERT with an mTERT PCR fragment
(primer 5�-GAATTCAAGCATTCCTGCTCAAGCTG-3� and the reverse primer
from HHM) flanked by these same restriction sites. mTERT-hC1 was created by
PCR as follows. Primer 5�-GAATTCATGCATGTGTGCTGCAGCTC-3� and the
reverse primer from HHM were used with hTERT-mC2 as a template. This PCR
product was digested with NsiI/RI and ligated to an mTERT fragment cut with
HindIII/NsiI and vector HindIII/RI. mTERT-h2-4, -3-4, and -4 used 5� primers
5�-CCTTTGACCAGCGTGTTAGGAAGAACCCCACATTTTTCC-3�, 5�-GCT
ATGCTATCCTGAAGGTCAAGAATGCAGGGATGTCGCTGGG-3�, and
5�-GGAATGACACTAAAGGCCTCTGGCCCTCTGCCCTCCG-3�, respec-
tively, with the reverse primer from HHM with hTERT-mC2 as a template to
create chimeric PCR products. These chimeric PCR products were subsequently
used as the 3� primer for PCR on mTERT with the 5� primer from HHM. Each
product was digested with NsiI/EcoRI, ligated to HindIII/NsiI-digested mTERT,
and vector digested with HindIII/EcoRI. All regions generated by PCR were
verified by DNA sequencing.

Retroviral transductions. Phoenix A cells (gift of G. Nolan) were plated at 1.5
� 106 to 2 � 106 cells per 10-cm dish and transfected the following day with 15
�g of plasmid DNA by calcium phosphate precipitation. Forty-eight hours after
transfection, Phoenix A supernatants were used to infect BJ or BJT cells that
were plated at 7 � 105 to 8 � 105 cells per 10-cm dish on the previous day. Three
serial infections were performed at 8- to 12-h intervals. Transduced cells were
selected by using 1 to 2 �g/ml puromycin beginning 24 h after the last infection.

Telomerase repeat amplification protocol (TRAP). TRAP was performed ac-
cording to standard protocols (TRAPeze; Chemicon).

Telomere length analysis by Southern blotting. Genomic DNA was isolated
from BJT cells by using lysis buffer (100 mM Tris [pH 8.5], 5 mM EDTA, 0.2%
sodium dodecyl sulfate [SDS], 200 mM NaCl) and 10 �g/ml proteinase K over-
night at 55°C. Genomic DNA was precipitated with isopropanol, washed with
70% ethanol, and resuspended in Tris-EDTA buffer at 55°C overnight. DNA (10
�g) was digested with RsaI/HinfI overnight. Two micrograms of digested DNA
was fractionated on a 0.8% agarose gel and transferred overnight to Hybond-N
membrane (Amersham) in 10� SSC (1� SSC is 0.15 M NaCl plus 0.015 M
sodium citrate). The ultraviolet light-cross-linked membrane was blocked by
prehybridization and then hybridized with a 32P-end-labeled (TTAGGG)4 oligo-
nucleotide by using Rapid Hyb (Amersham Biosciences) at 42°C for 1 h. Mem-
branes were washed once in 5� SSC and 0.1% SDS at room temperature for 20
min and twice in 1� SSC and 0.1% SDS at 42°C for 15 min and then exposed to
film. Telomere signal intensities were quantitated by scanning the autoradio-
graphs and using ImageJ software and the following equation: mean telomere
length � �(intensityi)/�(intensityi/kbi) (28).

RNA analysis by Northern blotting. RNA was isolated from cells by using
Trizol (Invitrogen). Five micrograms of RNA was resolved on a 1.2% formal-
dehyde agarose gel and then transferred to Hybond-N membrane (Amersham)
in 10� SSC overnight. After cross-linking and prehybridization, the membrane
was incubated in Ultrahyb at 42°C overnight with an appropriate cDNA fragment
labeled by random priming with [�-32P]-ATP. Membranes were washed twice
with 2� SSC and 0.1% SDS for 5 min at 42°C and twice with 0.1� SSC and 0.1%
SDS for 15 min at 42°C.

Immunofluorescence. BJ cells were plated to be subconfluent on coverslips in
six-well plates. The next day, phosphate-buffered saline (PBS)-washed coverslips
were permeabilized at room temperature with 0.2% Triton X-100 in PBS for 10
min and then washed three times with 2 ml PBS. Primary antibody (PAP; Sigma)
was diluted 1:400 in PBS-1% bovine serum albumin (BSA) and incubated with
the coverslips in a humidity chamber at 37°C for 50 min. Coverslips were washed
three times with 2 ml PBS before incubation with Cy3-conjugated anti-rabbit
antibody (Jackson ImmunoResearch) at 1:500 dilution in PBS-1% BSA plus
DAPI (4�,6�-diamidino-2-phenylindole) at 37°C for 50 min in a humidity cham-
ber. Coverslips were washed in PBS and then mounted on slides with polyvinyl
alcohol (Mowiol), sealed, and photographed by fluorescence microscopy.

Western blotting. All antibodies were diluted in blocking buffer (1� TBST
[Tris-buffered saline-Tween] and 5% nonfat milk). Staphylococcus aureus protein
A (SPA)-tagged TERTs were visualized using PAP (Sigma) at 1:1,000 dilution
for 1 to 3 h at room temperature. Anti-�-tubulin antibodies (Sigma) were diluted
1:20,000 and incubated with membranes for 1 h at room temperature, followed
by a 1-h incubation with horseradish peroxidase-conjugated anti-mouse antibody
(Jackson ImmunoResearch) at 1:20,000. Anti-FLAG Western analyses were
performed with M2 antibody (Sigma) at 1:400 for 1 h at room temperature,
followed by horseradish peroxidase-conjugated anti-mouse antibody at 1:5,000
for 1 h at room temperature.

Coimmunoprecipitation. 293T cells were transiently transfected with FLAG-
TERT-FLAG and/or CMV-hTERC or CMV-U64 constructs (gifts of K. Collins)
by calcium phosphate precipitation. Cells were lysed in hypotonic lysis buffer (20
mM HEPES, 2 mM MgCl2, 0.2 mM EGTA, 10% glycerol, 1 mM dithiothreitol,
0.1 mM phenylmethylsulfonyl fluoride), incubated on ice 5 min, and snap-frozen/
thawed twice. NaCl was added to 400 mM final concentration in two steps.
Lysates were cleared by centrifugation, diluted 1:2 in hypotonic lysis buffer plus
0.2% NP-40, and cleared again. M2 beads (Sigma) were blocked in wash buffer
(20 mM HEPES, 2 mM MgCl2, 0.2 mM EGTA, 200 mM NaCl, 0.1% NP-40, 10%
glycerol, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride) and block-
ing reagents (100 ng/ml yeast tRNA, 100 ng/ml yeast RNA, 100 ng/ml glycogen,
200 ng/ml BSA, 200 ng/ml casein) for 1 h at 4°C. Immunoprecipitations were
carried out with blocked M2 beads at 4°C for 1 h. Beads were washed with 1 ml
3� wash buffer and then divided in half (48). For RNA analysis, beads were
boiled in 2� RNA loading buffer and the RNA was resolved on a 7 M urea-5%
acrylamide gel and transferred to Hybond-N (Amersham). The blot was hybrid-
ized with 32P-labeled hTERC probe. Membranes were washed twice for 5 min in
2� SSC and 0.1% SDS at 42°C and once for 15 min in 0.1� SSC and 0.1% SDS
at 42o and then exposed to film overnight. Beads also were analyzed for protein
by Western blotting using M2 antibody (Sigma) as denoted above.

Telomere length analysis by quantitative fluorescence in situ hybridrization
(Q-FISH). Metaphase chromosomes were prepared from BJT cells by treatment
with Colcemid (0.1 �g/ml), followed by hypotonic KCl and fixation in cold
methanol-acetic acid. Chromosomes were hybridized with a Cy3-conjugated
(CCCTAA)3 peptide-nucleic acid probe as described previously (39). Briefly,
chromosomes were spread on glass slides and dried overnight. Slides were fixed
with 4% formaldehyde in PBS for 2 min, treated with pepsin (Sigma) at 1 mg/ml
for 10 min at 37°C, and hybridized with the telomere peptide-nucleic acid probe.
After hybridization for 2 h at room temperature, the slides were washed and
stained with DAPI at 1.5 �g/ml in antifade solution (VectaShield; Vector Lab-
oratories Inc.). Cy3 and DAPI digital images were captured with a SPOT RT
2.3.0 charge-coupled device camera (Diagnostic Instruments) on an Eclipse E800
microscope (Nikon) using SPOT Advanced software. Telomere intensities were
analyzed using TFL-Telo V.2.1 (gift of P. Lansdorp). At least 11 metaphases
(�2,000 telomeres) per sample were analyzed to determine the distribution of
telomere lengths in each sample. Telomere length distributions between samples
were statistically compared by the two-tailed Wilcoxon rank sum test.

RESULTS

mTERT cannot substitute for hTERT in immortalization of
human fibroblasts. To compare the activities of mTERT and
hTERT, we assessed their ability to prevent the critical telo-
mere shortening that is characteristic of human cells in crisis. A
subset of telomeres becomes uncapped during crisis, resulting
in chromosomal end-to-end fusions and apoptosis. We there-
fore studied human BJ fibroblasts that were stably expressing
the SV40 early region, which abrogates the replicative senes-
cence response, allowing telomeres to become critically short
at crisis with continued cell division. The expression of TERT
alleles in this cellular context is therefore a test of their ability
to synthesize and stabilize the shortest telomeres in the popu-
lation. Enforced expression of hTERT reconstituted telome-
rase activity as measured by the TRAP (Fig. 1A). Telomerase
activity was detected neither in untransduced BJT cells nor in
BJT cells that were infected with the retroviral vector alone
(Fig. 1A). The transduction of BJT cells with mTERT retro-
virus reproducibly resulted in telomerase activity by TRAP,
although the levels of TRAP activity were consistently lower
than that in hTERT-transduced cells (Fig. 1A and data not
shown). These data suggest that mTERT can assemble with hu-
man TERC (hTERC) to allow the formation of enzymatically
active telomerase ribonucleoprotein complexes. To assess di-
rectly the ability of mTERT to interact with hTERC, coimmu-
noprecipitation experiments were performed in 293T cells that
were transfected with expression plasmids for hTERC and
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either FLAG-tagged hTERT or FLAG-tagged mTERT.
TERT protein in lysates from transfected cells was immuno-
precipitated by using anti-FLAG antibody agarose. FLAG an-
tibody efficiently pulled down the tagged TERT proteins.
Northern blotting on the affinity-purified complexes showed
that hTERC was associated with both hTERT and mTERT at
comparable levels (Fig. 1B). Together, these data show that
mTERT efficiently interacts with hTERC in human cells, giv-
ing rise to an enzymatically active chimeric telomerase RNP,
consistent with previous findings (15).

To determine whether reconstitution of telomerase with
mTERT is sufficient to immortalize human fibroblasts, the
proliferative capacity of mTERT-BJT cells was compared to
that of hTERT-BJT cells through serial passage. Cells were
counted and seeded every 3.5 days for up to 60 population
doublings (80 days). Cells that were transduced with the empty
retroviral vector entered crisis after approximately 10 popula-
tion doublings, whereas hTERT-BJT cells showed a dramati-
cally increased lifespan, proliferating in an unimpeded fashion
for at least 60 population doublings (Fig. 1C). Despite the
efficient reconstitution of telomerase enzymatic activity, mTERT
did not extend the replicative lifespan of BJT cells (Fig. 1C).
Both vector-BJT and mTERT-BJT cultures showed character-
istic apoptotic morphology (data not shown) as well as elevated
rates of chromosomal end-to-end fusions (Table 1). In con-
trast, metaphase chromosomes from hTERT-transduced cells
showed no chromosomal end-to-end fusions, indicating that
telomeres remain protected in the hTERT cultures (P was
0.001 for hTERT versus mTERT by t test) (Table 1). Experi-
ments with BJ fibroblasts and IMR90 fibroblasts lacking ex-

pression of the SV40 early region similarly showed that
mTERT cannot avert replicative senescence of primary human
cells (data not shown). These results show that, unlike hTERT,
mTERT cannot prevent chromosomal end-to-end fusions or
extend the proliferative lifespan of human cells.

The appearance of end-to-end fusions in mTERT cultures
suggests that, despite efficient reconstitution of telomerase en-
zymatic activity, mTERT cannot synthesize telomere repeats in
human cells. To determine whether mTERT can extend hu-
man telomeres, telomere lengths were measured by Southern
blot analysis. Telomeres increased in length in BJT cells that
were transduced with hTERT with advancing cell divisions,

FIG. 1. mTERT cannot immortalize primary human fibroblasts. (A) Expression of mTERT in primary BJT cells reconstitutes telomerase
activity by TRAP assay. Note the telomerase elongation products in cells expressing hTERT and mTERT but not with empty vector alone. IC,
internal control for PCR. (B) mTERT interacts with hTERC in transfected human 293T cells. Left, �-FLAG immunoprecipitates (IP) were
analyzed for hTERC RNA by Northern blotting (top) and for TERT protein by �-FLAG Western blotting (bottom). Right, total cellular RNA
from transfected 293T cells analyzed by Northern blotting. U64, small nucleolar RNA used as a negative control. (C) mTERT is unable to
immortalize primary human fibroblasts during serial passage of hTERT-, mTERT-, or empty vector-BJT fibroblasts. (D) mTERT does not
lengthen telomeres. Telomere restriction fragment (TRF) Southern blot analysis of genomic DNA from hTERT-, mTERT-, or empty vector-BJT
cells over multiple population doublings is shown.

TABLE 1. Telomere analysis of stably transduced BJT cells a

TERT
type Metaphasesb Fusionsc Fusions/

metaphase

Mean
telomere
length at

crisisd

Mean
telomere
length at
pd150 d

Vector 12 8 0.67 5.68 	 0.44 NA
hTERT 21 0 0 NA 10.80 	 0.56
mTERT 21 15 0.71 5.75 	 0.23 NA
HMM 15 7 0.47 5.88 	 1.11 NA
MHH 17 8 0.47 ND ND
HMH 23 1 0.04 NA 3.86 	 0.21
MMH 29 5 0.17 NA 3.94 	 0.22
HHM 12 7 0.58 5.5 	 0.69 NA
mTERT-hC1 6 8 1.33 ND ND
hTERT-mC2 32 4 0.13 NA 4.56 	 0.21

a NA, not applicable; ND, not determined.
b Results are shown as the total number of metaphases analyzed.
c Results are shown as the number of fusions detected.
d Results are shown as mean 	 standard error.
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while cells that were transduced with vector alone showed
telomere shortening (Fig. 1D). Telomeres in mTERT-BJT
cells shortened progressively and were indistinguishable from
vector-only controls, with mean telomere lengths at crisis of 5.8
kb and 5.7 kb, respectively (Fig. 1D and Table 1). Together,
these data indicate that despite strong sequence similarity to
hTERT and reconstitution of enzymatically active telomerase
complexes in human cells, mTERT cannot effectively extend
human telomeres and fails to immortalize human fibroblasts.

The N terminus of hTERT cannot confer upon mTERT the
ability to immortalize human cells. The observation that mTERT
reconstitutes enzymatic activity but cannot extend the lifespan
of human cells creates a unique opportunity to understand the
protein domains and sequences that account for this important
difference in function. The similarity between the two proteins
allows for the exchange of homologous regions that should
conserve the overall structure of TERT while allowing for the
investigation of the effect of infrequent but functionally impor-
tant amino acid differences. To study the effects of these se-
quence differences on TERT function, we created chimeric
TERT proteins by exchanging mouse and human sequences in
three main functional domains spanning the TERT open read-
ing frame: (i) the amino-terminal domain containing the es-
sential domain I and TERC-binding domains II and III, (ii)
the reverse transcriptase domain, including the T motif and
the conserved RT motifs, and (iii) the carboxy-terminal re-
gion (Fig. 2A). Chimeric cDNAs were expressed from ret-
roviruses to characterize their function in primary human
cells.

To analyze the importance of sequence differences in the N
terminus, this region was exchanged between mouse and hu-
man TERT to yield the chimeric proteins HMM and MHH.
The nomenclature of these constructs is designed to show the
identity, whether mouse or human, of the N terminus, RT
domain, and the C terminus, based on position. Stable retro-
viral expression of the reciprocal mutants HMM and MHH in
BJT cells showed that HMM-BJT cells exhibited telomerase
activity similar to that of cells expressing wild-type hTERT,
whereas telomerase activity was not detected in MHH-BJT
cells (Fig. 2B). The lack of telomerase activity in the MHH
mutant was unexpected because mTERT efficiently interacted
with hTERC and because the human N-terminal domain could
be readily substituted in mTERT to yield an active telomerase
complex. To determine whether this mutant demonstrates en-
zymatic function in vitro, MHH protein was expressed in rabbit
reticulocyte lysates in the presence of hTERC RNA. When
equal amounts of mTERT and MHH proteins were used to
program TRAP reactions, MHH showed a significantly re-
duced activity compared to that of wild-type mTERT, thus
explaining the absence of enzymatic activity in transduced cells
(see Fig. S1 in the supplemental material). Although the MHH
mutant exhibited reduced enzymatic activity, the HMM mu-
tant was fully active, allowing us to determine whether the
human N terminus could confer the ability to immortalize
human cells.

To assess the importance of the N-terminal region in im-
mortalization, HMM- and MHH-transduced BJT cells were
cultured for approximately 20 population doublings (60 days).
Cells that were transduced with empty vector entered crisis by
population doubling 13 (day 50) as did MHH-BJT cells, which

was expected for an enzymatically impaired mutant (Fig. 2C).
Despite robust enzymatic activity by TRAP, HMM protein did
not extend the replicative lifespan of BJT cells. HMM-BJT
cells entered crisis by population doubling 18 (day 60) (Fig.
2C). Metaphase preparations demonstrated chromosomal
end-to-end fusions for both MHH-BJT and HMM-BJT (0.47
fusions per metaphase for each mutant) (P was 0.004 for MHH
and 0.008 for HMM versus hTERT by t test) (Table 1), and
both cultures showed apoptotic morphologies (data not shown).
Telomere Southern blot analysis demonstrated equivalent
telomere shortening for MHH, HMM, and vector-transduced
cells (mean telomere lengths at crisis were 5.9 kb and 5.7 kb for
HMM and vector, respectively) (Fig. 2D, Table 1, and data not
shown). These data indicate that, despite the strong telomerase
activity exhibited by the HMM mutant, the N-terminal domain
of human TERT did not allow telomere maintenance or ex-
tension of replicative lifespan when combined with the RT and
C-terminal domains of mTERT.

The mouse RT domain substitutes effectively for the human
RT domain in immortalization and telomere maintenance. To
determine whether the sequence differences that allow immor-
talization by hTERT but not by mTERT lie in the critical RT
domain, mouse and human RT domains were exchanged to
yield HMH and MHM proteins. The presence of the mouse
RT domain in HMH allowed telomerase activity in BJT cells
that was comparable to that of hTERT (Fig. 2B). Moreover,
when expressed in BJT cells through retroviral transduction,
the HMH mutant dramatically extended the replicative life-
span for at least 170 population doublings (over 200 days), an
activity that was indistinguishable from hTERT (Fig. 2C). In
contrast, empty vector controls and mTERT-transduced cells
entered crisis within 15 population doublings (day 50) (Fig.
2C). Consistent with the ability of the HMH mutant to immor-
talize cells, chromosomal end-to-end fusions were rare in
HMH cultures (0.043 fusions per metaphase) (P was 0.001 for
HMH versus mTERT by t test) (Table 1). To assess the ability
of HMH to maintain telomere length, telomere Southern blot
analyses were performed on DNA that was isolated during the
serial passage of HMH-BJT cells. Interestingly, telomeres in
the bulk population of HMH-BJT cells initially shortened,
despite the fact that the HMH mutant prevented telomere
uncapping and supported continued cell proliferation (Fig.
2E). Upon continued cell passage, it became evident that after
90 population doublings, mean telomere length stabilized at
approximately 3.9 kb (Fig. 2F and Table 1). These data show
that the mouse RT domain, in the context of the N-terminal
and C-terminal domains from hTERT, is sufficient to main-
tain telomeres, prevent telomere uncapping, and immortal-
ize BJT cells.

Analysis of the reciprocal mutant MHM revealed an absence
of telomerase activity in transduced cells, which was reminis-
cent of the MHH protein (Fig. 2B). When expressed in vitro in
rabbit reticulocyte lysates with hTERC RNA, MHM also
showed a markedly reduced specific activity compared to that
of mTERT (see Fig. S1 in the supplemental material). Thus,
both the MHH and the MHM mutants exhibit a defect in
enzymatic activity, likely specific to the juxtaposition of the
mouse N terminus and human RT domain. As anticipated for
a mutant with such a functional defect, MHM-transduced BJT
cells entered crisis simultaneously with empty vector controls,
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after 12 population doublings (by day 50) (Fig. 2C). In addi-
tion, chromosomal end-to-end fusions were elevated just as in
empty vector controls, consistent with an absence of telomere
maintenance in these cultures (data not shown). Together,
these data show that amino acid differences in neither the
N-terminal domain nor the RT domain explain the inability of

mTERT to maintain telomeres and prevent crisis in primary
human cells.

The C-terminal domain of TERT controls immortalization
and telomere maintenance. The preceding data demonstrate
that the substitution of the N-terminal sequences of hTERT
into the mTERT protein does not allow telomere maintenance

FIG. 2. Analysis of the N-terminal domain and RT domain in immortalization and telomere maintenance. (A) Schematic diagram of TERT
delineating the three major domains: N terminus, RT domain, and the C terminus (C-term). Functional regions I, II, III, T, N-DAT, and C-DAT
are indicated in dark gray. Conserved RT motifs 1, 2, A, B�, C, D, and E are designated by white lines. C1 and C2 regions that are defined in this
paper are shown in light gray. (B) TRAP analysis and (C) serial passage of BJT cells that were transduced with retroviruses expressing HMM,
MHH, HMH, MHM, hTERT, mTERT, or vector alone (IC, internal control). (D) Telomeres shorten in HMM-BJT cells. TRF analysis of
HMM-BJT cells over multiple population doublings (vector-BJT and hTERT-BJT are shown for comparison). (E and F) Telomeres shorten, but
then stabilize in HMH-expressing cells. TRF analysis of HMH-BJT and empty vector-BJT over multiple population doublings by TRF Southern
blot analysis (hTERT, hTERT-BJT sample for comparison) is shown.
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in human cells and that the mouse RT domain can effectively
substitute for the human RT sequences in telomere mainte-
nance and immortalization. These results show that the inabil-
ity of mTERT to maintain telomeres in human cells is not due
to sequence variation within these domains. To determine
whether amino acid variation in the C terminus accounts for the
differences in telomere maintenance between mTERT and
hTERT, we exchanged carboxy-terminal domains between the
two orthologues, creating HHM and MMH TERT mutants. Ret-
roviruses expressing HHM and MMH proteins were used to
infect BJT cells, and cell protein extracts were collected to analyze
telomerase activity. Interestingly, the transfer of the 120-amino-
acid C-terminal domain reversed the relative TRAP activity
of the mutants such that MMH exhibited significantly higher
activity than HHM. The enzymatic activity of HHM was
comparable to that of mTERT, whereas the activity of
MMH was elevated to that of hTERT (Fig. 3A).

To assess the effect of exchanging C-terminal domains on
cellular immortalization, the proliferative capacity of MMH-
and HHM-transduced BJT cultures was studied through serial
passage. Cells expressing HHM showed a finite lifespan that
was limited by crisis (population doubling 14, day 60) in a
fashion similar to that of mTERT-transduced cells and empty
vector controls (Fig. 3B). These results indicate that the in-
ability of mTERT to immortalize human cells is due to se-
quence divergence in the C terminus. Indeed, MMH-transduced
cells showed a dramatically extended lifespan comparable to that

of the cells expressing hTERT. MMH-BJT cultures demon-
strated continued proliferation for over 140 population dou-
blings (200 days) (Fig. 3B). Cytogenetic analysis showed that
MMH protein, but not the HHM mutant, efficiently preserved
telomere function. MMH-transduced cultures showed only
0.17 chromosomal fusions per metaphase, a rate of fusion
similar to that of hTERT (P was 0.003 for MMH versus
mTERT by t test). In contrast, cells expressing HHM exhibited
a significantly elevated prevalence of chromosomal fusions
(0.58 fusions per metaphase) (P was 0.012 for HHM versus
hTERT by t test) (Table 1). These data show that divergent
sequences in the C-terminal domain underlie the differential
activity of mouse and human orthologues in immortalization
and telomere maintenance of human cells.

To investigate directly the role of the C-terminal domain in
telomere length regulation, telomere Southern blot analyses
were performed by using genomic DNA that was isolated from
cells during serial passage. Mean telomere length decreased
progressively in HHM-BJT cells (Fig. 3C) similarly to that in
cells expressing empty vector or wild-type mTERT (Fig. 1D
and 2E). Interestingly, the mean telomere length in the pop-
ulation of HHM-BJT cells at crisis remained long (5.5 kb). In
fact, all the cultures that failed to immortalize, including those
transfected with HHM, HMM, wild-type mTERT, or empty
vector, entered crisis with similar mean telomere lengths (5.5
kb, 5.9 kb, 5.8 kb, and 5.7 kb, respectively). Despite the appar-
ently ample telomere reserve, all these cultures showed simi-

FIG. 3. C terminus controls enzymatic activity and immortalization. (A) C terminus of hTERT dictates activity level. TRAP analysis of BJT cells
that were transduced with retroviruses expressing HHM, MMH, hTERT, and mTERT (IC, internal control). (B) Serial passage of cells in panel
A shows that the C terminus of hTERT is necessary and sufficient for immortalization. (C and D) Telomeres shorten in HHM-BJT cells, leading
to crisis. Telomeres shorten and then stabilize in immortally proliferating MMH-BJT cells for up to 150 population doublings by TRF Southern
blot analysis.
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larly elevated rates of chromosomal fusions, which is clear
evidence of telomere dysfunction (Table 1). In comparison,
telomeres shortened in immortally proliferating MMH-BJT
cells for as long as 110 population doublings and were then
maintained at a stable length of approximately 3.9 kb (Fig. 3C
and D; Table 1). The mean telomere length of proliferating
MMH-BJT cells was significantly shorter than that of HHM-
BJT cells in crisis, indicating that the MMH mutant may
effectively maintain the shortest telomeres in the population.

To investigate whether the MMH mutant immortalizes hu-
man fibroblasts by synthesizing telomere repeats on the short-
est telomeres, we performed Q-FISH, which allows quantita-
tion of the telomere signal at each chromosome end (69). In
cultures that had been transduced with empty vector and were
therefore approaching crisis (pd 25), telomeres showed a
broad distribution with a median telomere signal of 827 fluo-
rescence units. In contrast, telomeres were markedly shorter in
MMH-BJT cells analyzed after a larger number of population
doublings (pd 150), showing a median telomere signal of 359
fluorescence units (P was 
0.0001 by two-tailed Wilcoxon rank
sum tests, vector versus MMH) (Fig. 4). Although telomeres
were, on average, shorter in MMH cells, the number of chro-
mosomal ends with telomere signals below the level of detec-
tion was greater in vector-transduced fibroblasts (6.2 signal-
free ends [SFEs] per metaphase for vector versus 3.0 SFEs per
metaphase for MMH cells, P was 0.0046). This elevated fre-
quency of SFEs in vector cells is consistent with the observa-

tion that vector-transduced cells enter crisis, whereas MMH
cells continue proliferating in immortal fashion. Together,
these data show that the human C-terminal sequences in
MMH allow telomere maintenance at a short set point and
that these short telomeres remain capped, as evidenced by the
continued proliferation of the culture and absence of chromo-
somal fusions. In addition to maintaining these short telomeres
through telomere synthesis, it is also possible that the presence
of telomerase enhances telomere stability in this setting by
contributing to the functional cap at chromosome ends (12).

An important role for the C1 domain in immortalization. To
understand which residues in the C terminus control immor-
talization, we compared the sequences in the TERT C-termi-
nal domain among vertebrates, including mice and humans.
Sequence alignment shows similarity throughout the length of
the C-terminal domain, with blocks of strong conservation
separated by smaller regions of divergence (see Fig. S2 in the
supplemental material). Based on this analysis, we divided the
C terminus into two regions such that divergent residues be-
tween the mouse and human orthologues fall equally into each
region, C1 or C2 (Fig. 2A; see Fig. S2 in the supplemental
material). Mutants comprising the open reading frame of
mTERT with a substitution of the C1 domain from hTERT
(mTERT-hC1) and the open reading frame of hTERT with the
C1 domain from mTERT (hTERT-mC1) were expressed in
BJT cells by retroviral transduction. The substitution of the C1
domain reversed the telomerase activity levels of these mu-
tants; mTERT-hC1 showed significantly increased TRAP ac-
tivity compared to that of hTERT-mC1 (Fig. 5A). Thus, the
ability of the C-terminal domain to alter telomerase activity, as
seen in the HHM and MMH mutants (Fig. 3A), maps to the
C1 domain.

To analyze the ability of hTERT-mC1 and mTERT-hC1 to
extend cellular lifespan, BJT cells that were transduced with
retroviruses expressing these alleles were serially passaged for
approximately 50 days. Neither hTERT-mC1 nor mTERT-hC1
could extend lifespan, and both cultures entered crisis by pop-
ulation doubling 5 (day 30); this behavior was similar to that of
the vector-only control (Fig. 5B). Consistent with their inability
to immortalize BJT cells, both hTERT-mC1- and mTERT-
hC1-transduced cells showed an increase in chromosome end-
to-end fusions by cytogenetic analysis, with mTERT-hC1-
transduced cells demonstrating 1.3 fusions per metaphase
(Table 1 and data not shown). These data suggest that the C1
domain harbors important sequences for telomere mainte-
nance and immortalization but that the human C1 sequences
are insufficient to allow immortalization in the context of
mTERT. The fact that MMH can immortalize cells, whereas
mTERT-hC1 cannot, indicates that there are additional resi-
dues in the C2 region that are necessary for a fully functional
C-terminal domain to facilitate telomere maintenance in hu-
man cells.

Exchanging the C2 sequences between mTERT and hTERT
further supported a critical role for the C1 domain in im-
mortalization. Substitution of the C2 regions did not alter
telomerase activity. Telomerase activity of mTERT-hC2 was
similar to that of mTERT, and activity of hTERT-mC2 was
unchanged compared to that of hTERT (Fig. 5A). Interest-
ingly, hTERT-mC2 was capable of immortalizing BJT cells
for at least 140 population doublings (200 days), whereas

FIG. 4. Telomeres are maintained at a short length and within a
narrow range in MMH-expressing cells. Q-FISH analysis of MMH-
BJT and vector-BJT cells. MMH cells at advanced passage (pd 150)
demonstrate a significantly shorter mean telomere length than those
for empty vector controls studied immediately before crisis (pd 25)
(median fluorescence value was 359 for MMH versus 827 for the empty
vector) (P was 
0.0001 by the two-tailed Wilcoxon rank sum test).

VOL. 26, 2006 REGULATION OF TERT THROUGH ITS CARBOXY-TERMINAL DOMAIN 2153



mTERT-hC2-BJT cells entered crisis similarly to controls
(less than 5 population doublings, 30 days) (Fig. 5B and data
not shown). Consistent with their extended proliferative
lifespan, hTERT-mC2-BJT cells showed only 0.075 end-to-
end fusions per metaphase, a number similar to that of
hTERT-transduced cells in cytogenetic analysis (P was 0.001
for hTERT-mC2 versus mTERT by t test) (Table 1). Telo-
mere measurements by Southern blot analysis showed that
telomeres shortened progressively in hTERT-mC2-BJT cultures
and then stabilized at approximately 4.6 kb (Fig. 5C and D;
Table 1); this was similar to telomere dynamics in immortal
HMH-BJT cells (Fig. 2E) and MMH-BJT cells (Fig. 3D). The
stabilization of telomere length was not due to upregulation of
the endogenous hTERT gene because allele-specific RT-PCR
showed that endogenous TERT cDNA was undetectable in all
retrovirally transduced cultures analyzed (see Fig. S3 in the
supplemental material). Taken together, these data show that
the sequences in the C terminus that allow immortalization in
human cells reside predominantly in the C1 region, although
additional residues in the C2 region are likely important in
facilitating immortalization in the MMH mutant (Table 2).

The TERT C terminus controls steady-state protein levels.
To understand the regulation of our TERT mutants at the
protein level, each mutant was tagged with an immunoglobu-
lin-binding repeat from SPA, facilitating sensitive and quanti-
tative detection by Western blotting (14). SPA-tagged TERT
proteins were expressed in BJ cells via retroviral transduction,
and total cell protein extracts were analyzed by Western blot-
ting. Surprisingly, whereas SPA-hTERT was readily detected
by Western blotting, SPA-mTERT protein was expressed at
much lower levels (Fig. 6A). This difference in protein level
was also seen with FLAG-hTERT and FLAG-mTERT, indi-
cating that the lower levels of mTERT protein are independent
of the specific tag used. In this case, immunoprecipitation with
anti-FLAG antibody agarose followed by �-FLAG Western
blotting was required to detect FLAG-mTERT protein (Fig.
6A). To determine whether the difference in steady-state
mTERT and hTERT protein levels could be due to variation in
mRNA levels, RNA was collected from these cells for North-
ern blot analysis. Using a probe to the SPA tag sequences, we
found no difference in the levels of retroviral transcripts for
mTERT and hTERT (Fig. 6B). Furthermore, indirect immu-
nofluorescence revealed that both hTERT and mTERT pro-
teins were predominantly expressed in the nucleus, therefore
the different activities of the TERT orthologues is unlikely to
be due to altered compartment of expression (Fig. 6C). These
findings indicate that expressing mTERT and hTERT from the
same retroviral promoter results in identical mRNA transcript
levels but a pronounced difference in steady-state protein lev-
els.

Given this unexpected and marked dissociation between
transcript and protein levels, we analyzed each of our tagged
TERT mutants in order to map a domain that was controlling

FIG. 5. Human C1 is crucial for extended lifespan and telomere main-
tenance. (A) TRAP analysis of BJT cells transduced with retroviruses
expressing MMH, HHM, mTERT-hC1, hTERT-mC1, mTERT-hC2,
hTERT-mC2, hTERT, or mTERT. (B) C1 domain of hTERT is re-
quired, but not sufficient for extended lifespan. Serial passage of cells

in panel A is shown. (C and D) Telomeres shorten then stabilize in
immortal hTERT-mC2-BJT cells over 150 population doublings by
TRF Southern blot analysis (mTERT-BJT and hTERT-BJT shown
for comparison).
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TERT protein level. Each SPA-tagged TERT construct was
stably expressed in BJ cells via retroviral transduction. SPA-
HMM was expressed at low levels, similar to those of SPA-
mTERT, indicating that when transferred to mTERT, the N-
terminal domain of hTERT does not lead to increased protein
levels (Fig. 6A). SPA-HMH accumulated to levels similar to
those of SPA-hTERT, suggesting that sequences in the RT
domain are not responsible for the low levels of mTERT pro-
tein (Fig. 6A). To determine whether the remaining domain,
the C terminus, dictates protein levels, we analyzed SPA-HHM
and SPA-MMH. SPA-HHM protein was expressed at mTERT-
like levels, whereas SPA-MMH accumulated to levels similar to
those of hTERT (Fig. 6A). Similar results were obtained in trans-
formed human embryonic kidney cells (293T) and in mouse em-

bryonic fibroblasts, indicating that the difference in protein levels
is intrinsic to the mTERT and hTERT proteins and not depen-
dent on cell type (data not shown). These results show that the
marked difference in steady-state protein levels between mouse
and human TERT orthologues is due to sequence variation in the
C-terminal domain.

Sequences within the SS1-2 regions of C1 dictate TERT
protein levels. To further delineate the region in the C termi-
nus of hTERT that controls protein levels, we analyzed SPA-
tagged versions of the C1 and C2 region mutants. An exchange
of the C1 region between mTERT and hTERT dramatically
altered protein levels. Protein levels of hTERT-mC1 were sig-
nificantly reduced, and conversely, mTERT-hC1 protein levels
were markedly increased (Fig. 6A). In contrast, substitution
of the C2 sequences had no effect on protein levels. The
levels of neither hTERT-mC2 nor mTERT-hC2 were af-
fected by the exchange of the C2 regions (Fig. 6A). The
results of Northern blot analysis of mRNA transcripts from
BJ cells that were stably transfected with each retroviral
construct showed that each chimeric cDNA was expressed
equally at the mRNA level, supporting the conclusion that
the different protein levels are intrinsic properties of each
mutant protein (Fig. 6B). These data demonstrate that se-
quences in the C1 region control steady-state TERT protein
levels in both species.

To delineate the sequences responsible for increased
steady-state protein levels, the C1 domain was divided into
four regions, denoted SS1 to -4, each approximately 14
amino acids in length (see Fig. S2 in the supplemental ma-
terial). New chimeric proteins were constructed in which the
human steady-state (hSS) sequences were substituted for
the endogenous mouse sequences in mTERT, yielding mTERT-
hSS2-4, mTERT-hSS3-4, and mTERT-hSS4 chimeric pro-
teins. SPA-tagged mTERT-hSS2-4 demonstrated markedly
increased protein levels compared to those of mTERT but
slightly reduced levels compared to those of mTERT-hC1,
which contains the entire C1 region from hTERT. However,
replacing the human SS2 sequence with the mouse SS2
sequence resulted in a dramatic reduction in protein levels,
comparable to those of wild-type mTERT (Fig. 6D,
mTERT-hSS3-4 and mTERT-hSS4 lanes). Together, these
data identify the SS1 and SS2 sequences within the C1
domain as those controlling TERT protein level.

All of the mutations that reduced hTERT protein levels
abrogated immortalization, suggesting that these elevated lev-
els are required for telomere maintenance. Interestingly, both
the mTERT-hC1 mutant and the mTERT-hSS2-4 mutant were
expressed at markedly higher levels than mTERT, and yet
neither immortalized human fibroblasts or prevented telomere
uncapping (Fig. 5, Table 1, and data not shown). These data
indicate that the protein level determinants and the se-
quences allowing immortalization are separable. Further-
more, these data show that elevated TERT protein levels
may be necessary but are not sufficient for immortalization. In
addition to controlling protein level, the C-terminal domain
serves a critical and species-specific function in enabling an
assembled, enzymatically active telomerase complex to pro-
ductively act on or to protect telomere ends.

TABLE 2. Summary of activities of TERT mutants

Construct Enzymatic
activity a

Immortalization/
telomere
stability b

Protein
levelc

��� � ����

� � �

��� � �

� � NDd

��� � ����

� � ND

� � �

��� � ����

��� � ����

� � �

� � �

� � ���

� � ��

� � �

� � �

a Enzymatic activity was determined by TRAP.
b Immortalization of BJT cells and telomere stability were determined by

metaphase analysis. �, allowed immortalization and telomere maintenance; �,
cells entered crisis, and chromosomes showed end-to-end fusions.

c Protein analysis was determined by Western blotting.
d ND, not determined.
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DISCUSSION

Although the protein sequences that are required for
TERT’s enzymatic function have been well delineated, less is
known regarding protein domains that mediate telomere main-
tenance in human cells. Through comparison of mouse and
human TERT orthologues, we have identified the C-terminal
domain (a region whose function is poorly understood) as a
complex regulatory domain that is controlling telomere main-
tenance and TERT protein levels. We find that the sequence
determinants that are regulating protein levels are separable

from the larger domain that is required for telomere mainte-
nance and stability (Table 2). These data identify the C termi-
nus as a critical regulatory domain controlling TERT action in
vivo and TERT posttranscriptional regulation.

Functional analysis of chimeric mouse-human TERT pro-
teins revealed that the inability of mTERT to synthesize telo-
mere repeats in human cells is not due to defects in the N
terminus or RT domains, which comprise the TERC-binding
region and the active site of the enzyme, respectively. The
MMH mutant effectively immortalized human fibroblasts, in-

FIG. 6. hTERT accumulates to markedly higher protein levels than those of mTERT and these differences in protein level are controlled by
SS1-2 sequences within the C1 domain. (A) Sequences regulating differences in mTERT and hTERT protein levels localize to the C1 domain.
Western analysis detecting SPA-tagged TERT proteins HMM, HMH, MMH, HHM, mTERT-hC1, hTERT-mC1, mTERT-hC2, hTERT-mC2,
hTERT, and mTERT (long, extended exposure time; �-tubulin, loading control) is shown. Differences in protein levels between mTERT and
hTERT were also seen with FLAG-tagged TERTs (bottom panel). Protein analysis of FLAG-TERTs in total cell lysates (left) and �-FLAG
immunoprecipitates (IP) (right) by FLAG Western blotting. (B) Differences in steady-state protein levels are not due to variation in RNA
expression. Data shown are results of Northern blot analysis of SPA-TERT cells in panel A (TERT, SPA probe; GAPDH, loading control).
(C) Nuclear localization of SPA-TERT in BJ cells. Indirect immunofluorescence analysis on vector-, SPA-hTERT-, and SPA-mTERT-transduced
BJ cells (DAPI, nuclear counterstain; merge, DAPI and TERT signals combined). (D) Human SS1-2 sequences control steady-state protein levels.
Western blot analysis of SPA-tagged chimeric proteins mTERT-hSS2-4, mTERT-hSS3-4 and mTERT-hSS4 (vector, MMH, mTERT-hC1, hTERT,
and mTERT for comparison; long, extended exposure time; �-tubulin, loading control) is shown. (E) Model of TERT C-terminal domain.
Sequences required for telomere maintenance are encoded in both C1 and C2 regions (red). Amino acids controlling protein accumulation are
embedded within the C1 region (SS1-2, blue). These residues controlling protein level are separable from the larger domain regulating telomere
maintenance.

2156 MIDDLEMAN ET AL. MOL. CELL. BIOL.



dicating that the mouse N terminus and RT domains function
appropriately in human cells. Furthermore, these results show
that the N-DAT domain in mTERT, which is 82% similar to the
human DAT region, functions properly in human cells (2). The
N-DAT domain has been proposed to mediate telomerase access
to telomeric chromatin (3, 4) or to contribute to interactions
between telomerase and telomere DNA repeats (40, 52). Instead,
our data identify the C terminus as a critical regulatory domain
controlling the ability of TERT to stabilize telomeres in cells and
to extend replicative lifespan.

We found that sequences in the human C-terminal domain
are both necessary and sufficient for telomere maintenance.
The substitution of the human C terminus for the mouse se-
quences in mTERT resulted in immortalization (MMH mu-
tant); conversely, replacing the human C terminus with the
mouse domain prevented immortalization (HHM mutant)
(Fig. 3B). The C1 sequences of hTERT are absolutely essential
for immortalization of human cells because the substitution of
the C1 region from mTERT into hTERT prevented immor-
talization. However, the human C1 sequences were not suffi-
cient to allow telomere maintenance in the context of mTERT
protein (mTERT-hC1) (Fig. 5B). Instead, both human C1 and
C2 regions were required in the mTERT protein (MMH). The
stricter requirement for both human C1 and C2 regions in
mTERT likely reflects subtle cooperative effects between the
C-terminal domain and more N-terminal sequences that ren-
der the hTERT protein more tolerant of substitution with the
mouse C2 sequences. Together, these results highlight the im-
portance of both the C1 and C2 regions within the C terminus
in allowing immortalization of human fibroblasts.

Surprisingly, we found that hTERT protein accumulates to a
markedly elevated level compared to that of mTERT protein
and that this difference is attributed entirely to the C-terminal
domain. Within this domain, the C1 sequences are responsible
for regulating TERT protein accumulation because exchang-
ing these sequences between mTERT and hTERT reversed
their relative levels. A detailed mutational analysis of the C1
region localized the region that regulated TERT protein level
to the SS1 and SS2 sequences (Fig. 6A and D). The elevated
protein levels that are characteristic of hTERT are likely nec-
essary for immortalization because replacing the C1 region in
hTERT with mTERT abrogated telomere maintenance and
immortalization. Importantly, the substitution of the stabilizing
residues, including either the entire C1 domain or SS2-4, from
hTERT into mTERT dramatically increased protein levels but
did not result in immortalization, indicating that elevated
TERT protein levels are not sufficient to prevent crisis. These
results clearly show that the sequences that control protein
accumulation and telomere maintenance in the C terminus
are separable. We therefore propose that sequences that
regulate TERT protein level are embedded in a larger do-
main that is required for immortalization and telomere
maintenance (Fig. 6E).

How does this larger C-terminal domain so profoundly in-
fluence TERT’s ability to immortalize human cells? To address
this question, we analyzed telomere lengths in MMH-express-
ing cells by Q-FISH. Telomeres in MMH cells at population
doubling 150 were maintained at a very short set point and in
a narrow range (Fig. 4). The fact that the vast majority of
chromosome ends showed detectable telomere repeats, cou-

pled with the stabilization of telomere lengths seen by South-
ern blot analysis, indicates that the MMH mutant synthesizes
telomeres repeats. These data show that the C terminus facil-
itates immortalization in part by enabling TERT to synthesize
telomere repeats in vivo. However, telomeres were undetect-
able at a subpopulation of chromosome ends (signal-free
ends). Metaphases from MMH cells exhibited 3.0 SFEs per
metaphase at pd 150, yet these cultures never entered crisis
and chromosomal fusions remained suppressed. We cannot
determine precisely the length of the SFE telomeres; however,
based upon the known sensitivity of Q-FISH, we estimate that
these telomeres are less than 150 nucleotides. Although the
more abundant SFEs in the empty vector-transduced cells re-
sulted in crisis and chromosomal fusions, the SFEs in the
MMH cultures remained stable. One possibility for the stabil-
ity of the SFEs and other short telomeres in the MMH cultures
is that these telomeres, while short, retain sufficient repeats to
allow T-loop formation and interaction with the shelterin pro-
tein complex (22). However, another nonmutually exclusive
possibility is that telomerase is physically capping or enhancing
telomere stability through direct association with the telomere,
as seen in experiments with both yeast (58, 61) and human cells
(46, 68). Together, these data support a model in which the
TERT C terminus is required to enable telomerase to produc-
tively act on and/or stabilize telomere ends.

The TERT C terminus may facilitate immortalization by
direct interaction with other molecules that are required for
productive telomere engagement. The inability of the mouse C
terminus to facilitate telomere maintenance in human cells
could therefore reflect evolutionary divergence in both the
C-terminal domain and its molecular targets such that these
important interactions are maintained in each species. The
compensatory evolutionary changes in TERT’s molecular tar-
gets might therefore prevent the mouse domains from func-
tioning fully in human cells. In the future, the identification of
the molecules that regulate TERT and that mediate its ability
to act on telomere ends in vivo will allow testing of this hy-
pothesis and will further our understanding of TERT function
in normal progenitor cells and in human cancer.

These findings provide insight into results from earlier stud-
ies showing that the addition of heterologous amino acids to
the C terminus dominantly interfered with immortalization
and telomere synthesis (19, 68). These heterologous C-termi-
nal amino acids likely alter the function of the C-terminal
domain in telomere maintenance or in regulating TERT pro-
tein levels. A systematic mutational analysis of the C terminus
of hTERT showed that most of the domain, including the C1
region, was essential for enzymatic activity in vitro. This re-
quirement for the C1 sequences in enzymatic function explains
why the C1 region was not identified as a domain that was
specifically required for telomere maintenance in that muta-
tional study (7). That study identified the final six amino acids
of the C terminus of hTERT as a C-DAT domain, one re-
quired for immortalization in vivo but not for TRAP activity in
vitro (7). However, this C-DAT region does not account for
the different activities of the mouse and human C-terminal
domains for at least two reasons. First, the mouse sequence in
the C-DAT region (FQTILD) differs from the human se-
quence (FKTILD) at only the second position, which was
shown to be tolerant of single-amino-acid substitutions in the
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immortalization assay. Second, the principal sequences in the
hTERT C terminus that confer telomere maintenance reside
in the C1 region, which is nonoverlapping with the C-DAT
sequences. Therefore, the C-terminal sequences identified
here comprise a novel domain in TERT that is required for
telomere maintenance and immortalization in human cells.

Our results showing that the SS1-2 sequences embedded
within the C terminus control TERT protein accumulation
suggest the possibility that regulation of TERT protein level is
coupled to telomere synthesis. Because mRNA levels for all
our TERT mutants were indistinguishable, the SS1-2 region
must specify protein levels either by affecting the rate of trans-
lation or by altering the rate of protein degradation. Consistent
with a role for the C-terminal domain in protein degradation,
the C terminus of hTERT was recently shown to bind E3
ubiquitin-ligase MKRN1. MKRN1 ubiquitinated hTERT in
vitro, and the overexpression of MKRN1 in human cancer cells
reduced telomerase activity and led to telomere shortening
(35). In the future, it will be important to determine which
pathways regulate endogenous TERT protein in both mouse
and human cells and to identify the molecular targets of the C
terminus that mediate telomere synthesis and stability.
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