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The Insertion in Fingers Domain in Human Telomerase Can Mediate
Enzyme Processivity and Telomerase Recruitment to Telomeres in a
TPP1-Dependent Manner
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In most human cancer cells, cellular immortalization relies on the activation and recruitment of telomerase to telomeres. The
telomere-binding protein TPP1 and the TEN domain of the telomerase catalytic subunit TERT regulate telomerase recruitment.
TERT contains a unique domain, called the insertion in fingers domain (IFD), located within the conserved reverse transcriptase
domain. We report the role of specific h\TERT IFD residues in the regulation of telomerase activity and processivity, recruitment
to telomeres, and cell survival. One hTERT IFD variant, hTERT-L805A, with reduced activity and processivity showed impaired
telomere association, which could be partially rescued by overexpression of TPP1-POT1. Another previously reported hTERT
IFD mutant enzyme with similarly low levels of activity and processivity, h\TERT-V791Y, displayed defects in telomere binding
and was insensitive to TPP1-POT1 overexpression. Our results provide the first evidence that the IFD can mediate enzyme pro-
cessivity and telomerase recruitment to telomeres in a TPP1-dependent manner. Moreover, unlike " TERT-V791Y, hTERT-
V7638, a variant with reduced activity but increased processivity, and hTERT-L805A, could both immortalize limited-life-span

cells, but cells expressing these two mutant enzymes displayed growth defects, increased apoptosis, DNA damage at telomeres,
and short telomeres. Our results highlight the importance of the IFD in maintaining short telomeres and in cell survival.

Telomeres are the protective nucleoprotein structures that cap
the ends of linear eukaryotic chromosomes, thus preventing
the aberrant and fatal activation of the DNA damage repair ma-
chinery. During normal somatic cell division, the end replication
problem arising from the inability of DNA polymerase to com-
pletely replicate telomeres leads to progressive telomere loss and,
over time, triggers cellular senescence to prevent carcinogenesis.
The renewal capacity of germ cells, stem cells, and cancer cells is
limited by telomere erosion and relies on the activation of a telo-
mere maintenance mechanism for cellular survival. In over 85%
of human cancers, detectable expression of telomerase, a special-
ized reverse transcriptase, is a requirement for cellular immortal-
ization (1).

In humans, telomerase is minimally composed of the core cat-
alytic subunit human telomerase reverse transcriptase (WTERT)
and an intrinsic RNA moiety, human telomerase RNA (hTR), to
dictate the de novo synthesis of tandem TTAGGG repeats. Telo-
merase has the unique ability to synthesize long stretches of telo-
meric sequence repeats using its short RNA template through
reiterative rounds of DNA synthesis, partial dissociation, trans-
location, and realignment with the newly synthesized telomere
end. In human cells, this unique property, termed “repeat addi-
tion processivity” (RAP), is a determinant of telomere mainte-
nance and cellular survival (2). The reverse transcriptase region of
the TERT subunit contains seven motifs (1, 2, A, B’, C, D, and E)
that are also conserved in other nucleic acid polymerases. Impor-
tantly, TERT distinguishes itself from other conventional reverse
transcriptases by the presence of a large insertion within the fin-
gers subdomain between the conserved motifs A and B’, referred
to as the insertion in fingers domain (IFD). The Tribolium casta-
neum TERT crystal structure reveals that the IFD is located on the
periphery of the TERT ring (3). In Saccharomyces cerevisiae, spe-
cific residues in the IFD were found to be critical for RAP (4).
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More recently, we demonstrated that an hTERT variant with a
mutation in the IFD, hTERT-V791Y, is defective in DNA synthesis
and in localization to the telomeres and is not competent to im-
mortalize telomerase-negative limited-life-span cells (5). This led
us to speculate that the valine at position 791 and the IFD domain
are important for telomerase recruitment to the telomeres and for
cell survival.

Telomerase recruitment to its site of action, the telomere, is
essential for its function. Enzymes mutated in the N-DAT (disso-
ciates activity of telomerase) region of the h\TERT N-terminal do-
main (TEN) are catalytically active but fail to maintain telomeres
and immortalize cells (6). A role for the N-DAT region in telome-
rase recruitment was later proposed (7). Several proteins are in-
volved in the recruitment of telomerase to the telomeres, includ-
ing the shelterin components TPP1 (8, 9) and TIN2 (10), the Cajal
body RNA chaperone TCABI1 (11), the negative regulator of telo-
merase activity PinX1 (12), and the double-stranded telomeric-
DNA-binding protein HOT1 (13). Extensive studies on TPP1 re-
vealed that the TPP1 TEL patch (TPP1 glutamate [E] and leucine
[L] rich) within the oligonucleotide-binding (OB) domain pro-
motes telomerase processivity when complexed with POT1 and is
required for telomerase recruitment to the telomeres (14-18). A
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recent study identified catalytically active TEN domain mutant
enzymes defective in telomere localization and maintenance, de-
fining a direct interaction interface between TPP1 and hTERT
(19).

Here, we studied the role of the human telomerase IFD in the
regulation of telomerase-specific functions, recruitment to telo-
meres and cellular survival. We report the implication of specific
hTERT IFD residues in the regulation of telomerase activity and
processivity. The hTERT IFD variant hTERT-V791Y, previously
reported to display low levels of activity and processivity (5), ex-
hibited defects in telomere binding and was insensitive to TPP1-
POT1 overexpression in the present study. One hTERT IFD vari-
ant, hTERT-L805A, with reduced activity and processivity showed
impaired telomere association, which could be partially rescued
by TPP1-POT1 overexpression. Another hTERT IFD variant,
hTERT-V763S, which had reduced activity but increased proces-
sivity, could be stimulated by overexpression of TPP1-POTI. Our
results provide the first evidence that the IFD can mediate enzyme
processivity and telomerase recruitment to telomeres in a TPP1-
dependent manner. Moreover, unlike hTERT-V791Y, hTERT-
V763S and hTERT-L805A mutant enzymes could both immortal-
ize limited-life-span cells, but cells expressing these two variants
displayed growth defects, increased apoptosis, DNA damage at
telomeres, and short telomeres. Our results highlight the impor-
tance of the IFD in regulating maintenance of short telomeres and
cell survival.

MATERIALS AND METHODS

Plasmid construction. The pMSCV-puromycin-N-term-3XFLAG-
hTERT was constructed by insertion of BglII- and EcoRI-digested PCR
product encoding 3XFLAG-hTERT into pMSCV-puromycin. pcDNA6/
myc-His C-hTERT, pVAN3XFLAG-hTERT, and pMSCV-puromycin-N-
term-3XFLAG-hTERT were used as templates for the generation of
pcDNA6/myc-His C-hTERT-V763S, -V791Y, and -L805A, pVAN3XFLAG-
hTERT-V763S, -V791Y, and -L805A, and pMSCV-puromycin-N-term-
3XFLAG-hTERT-V763S and -L805A.

Cell culture, retroviral infection, and transient transfection. Retro-
viral infection of HA5 and transient transfections of HEK 293 and HeLa
cells were performed as previously described (2). Retroviral infection of
HeLa cells was performed using the same protocol as for HA5 cells.

Protein analysis by Western blotting. Western blotting was per-
formed as previously described (2). Briefly, detection of hTERT was done
using anti-hTERT (C-20; Santa Cruz) with a dilution of 1:500 for 1 h 30
min at room temperature (RT), washed three times for 5 min with 1X
phosphate-buffered saline-Tween (PBS-T), and blotted with rabbit anti-
goat antibody (Dako) at a 1:5,000 dilution for 1 h at room temperature.
Blotting of 3XFLAG-TPP1 and 3XFLAG-POT1 was performed using
mouse M2 anti-FLAG antibody (F3165; Sigma) at a dilution of 1:1,500 for
30 min at room temperature. Blots were washed and blotted with horse-
radish peroxidase (HRP)-conjugated secondary anti-mouse antibody
(Amersham) ata 1:10,000 dilution for 30 min at room temperature. Blot-
ting of actin and tubulin was performed using mouse antiactin (Chemi-
con) and mouse antitubulin (Sigma) at a dilution of 1:5,000 for 30 min at
room temperature, and blots were washed and probed with secondary
anti-mouse HRP-conjugated antibody (Amersham) ata 1:10,000 dilution
for 30 min at room temperature. After blotting with the secondary anti-
body, blots were washed three times in 1X PBS-T and revealed using
Pierce ECL Plus Western blotting substrate (Thermo Fisher Scientific).

Direct primer extension assay. Reconstitution of wild-type (WT) tel-
omerase and variants in HEK 293 cells and direct primer extension exper-
iments were performed as previously described (2, 19) with the following
modifications. Unless otherwise stated, reactions were performed at 30°C
for 2 h and then stopped by addition of 100 .l of 3.6 M ammonium acetate
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(NH,OAc) and 20 pg of glycogen (20). Samples were precipitated with
450 pl of cold anhydrous ethanol at —80°C overnight. Samples were cen-
trifuged at 4°C for 30 min. The pellets were then washed with 70% etha-
nol, air dried, and resuspended in 5 pl of water with 5 pl of deionized
formamide loading dye (Ambion). Samples were boiled for 10 min at
95°C for denaturation prior to loading onto the 7 M urea—10% polyacryl-
amide—1X Tris-borate-EDTA (TBE) denaturing gel. Gels were dried at
80°C for 2 h, exposed overnight on a phosphorimager cassette and
scanned using Storm 840 scanner (GE Healthcare). Data were analyzed
using ImageQuant TL software (GE Healthcare). Telomerase activity was
quantified by determining the number of counts in each lane relative to
the number of WT counts. Telomerase processivity quantitation was done
based on the “>15 repeats” method as described previously (15). In our
study, the lower limit of high processivity is represented by products with
10 or more telomeric repeats added. Values are expressed relative to that
for the WT, which was set to 100% RAP.

Pulse-chase time course experiment. The pulse-chase experiment
was performed and quantified as previously described (2). Reactions were
stopped and processed as described above.

Immunofluorescence experiment. The immunofluorescence experi-
ment was performed as previously described with a few modifications
(21). Briefly, HeLa cells overexpressing hTERT-WT or hTERT-variants
and hTR were extracted with 0.1% Triton X-100 for 5 min on ice, followed
by fixation in 4% formaldehyde—PBS for 15 min at room temperature
(RT). Cells were permeabilized again for 10 min on ice and blocked in 5%
bovine serum albumin (BSA) for 1 h at RT. Cells were probed using goat
anti-TERT (Santa Cruz) and mouse anticoilin (Michael Terns) at 1:50 and
1:10,000 dilutions in PBG (1% cold fish water gelatin, 0.5% BSA, 1 X PBS),
respectively. Coverslips were washed with PBG and immunostained with
secondary antibodies (1:100) conjugated to fluorescein isothiocyanate
(FITC) (donkey anti-goat IgG; Jackson ImmunoResearch Lab, Inc.) or
Cy3 (donkey anti-mouse; Jackson ImmunoResearch Lab, Inc.). Cover-
slips were washed with PBG and mounted in Vectashield with DAPI (Vec-
tor Laboratories). Images were captured using an Axio Imager M1 (63;
Carl Zeiss, Jena, Germany).

FISH. hTR-telomere fluorescence in situ hybridization (FISH) was
performed as previously described (5), using HeLa cells coexpressing
hTERT-WT or hTERT-variants and hTR (22), three different Cy3-conju-
gated hTR probes (23), and an Oregon green-conjugated telomeric probe
(8). Cy3 monoreactive dye was from GE Healthcare (Piscataway, NJ),
Oregon green 488 from Invitrogen, and probes from Operon (Huntsville,
AL). Images were captured using an Axio Imager M1 microscope (63X;
Carl Zeiss, Jena, Germany).

ChIP. Chromatin immunoprecipitation (ChIP) was performed using
HeLa cells overexpressing 3 X FLAG-tagged mutant and WT hTERTs as
previously described (24) with the following modification. Ten picomoles
of Alu and telomeric (T,AG;); probes were end labeled with 10 pmol of
[y-**P]ATP (PerkinElmer) and purified using G-25 columns (GE Health-
care). Quantitation of telomere binding was done using the formula (telo
IP/telo input)/(AluIP/Alu input) (25), and values are expressed relative to
WT telomerase binding to telomeres.

Quantitative fluorescence in situ hybridization analysis and signal
free ends. Metaphase spread analysis for detection of signal free ends
(SFE) was performed as described previously (2, 5). Imaging was per-
formed using an Axio Imager M1 microscope (63X; Carl Zeiss, Jena,
Germany). Quantitative analysis of telomere length and SFE was per-
formed with TFL-Telo (Peter Lansdorp).

Apoptosis analysis by fluorescence-activated cell sorting (FACS).
Retrovirally infected hTERT-HAS cells were grown to confluence in a
10-cm dish. Cell medium was collected and combined with trypsinized
cells from the plate. Cells were treated with propidium iodide (Sigma-
Aldrich, St. Louis, MO) and annexin V-fluorescein isothiocyanate (BD
Bioscience) using a BD LSRFortessa analyzer at the Lady Davis Institute
Flow Cytometry Facility. Data were analyzed using BD FACSDiva dongle
software.

mcb.asm.org 211


http://mcb.asm.org

Chu et al.

Immunofluorescence combined with FISH for TIF detection. For
visualization of telomere dysfunction-induced foci (TIF), HAS5 cells were
grown on coverslips for 24 h, and then the previously described protocol
(23) for detection of telomeres by FISH was carried out using the Cy3-
labeled telomeric peptide nucleic acid (PNA) probe (Cy3-TelC) (Pa-
nagene). Following the last wash from the FISH protocol, coverslips were
washed three times with 1X PBS, 10 min per wash, to remove any residual
deionized formamide. Coverslips were preblocked in 3% BSA at RT for 1
h and then incubated with mouse anti-yH2AX (Upstate Cell Signaling
Solutions) at 1:200 in 3% BSA—1X PBS-T for 1 h at RT. Coverslips were
washed three times with 1X PBS-3% BSA, 5 min per wash, and blotted
with FITC-conjugated donkey anti-mouse IgG (Jackson ImmunoRe-
search Lab, Inc.) ata 1:100 dilution for 30 min at RT in 1 X PBS-T, washed
three times for 5 min in 1 X PBS, and mounted in Vectashield with DAPI
(Vector Laboratories).

Telomere restriction fragment length (TRF) analysis. Analysis of
telomere length was performed as previously described (2), with a few
modifications. Briefly, genomic DNA was extracted from HeLa cells using
10 mM Tris (pH 8), 0.1 M NaCl, 2.5 mM EDTA, and 0.5% SDS), followed
by overnight digestion with 0.1 mg/ml proteinase K. A 10% sample vol-
ume of 3 M sodium acetate (pH 5.2) was added to samples, samples were
mixed, and 1 sample volume of isopropanol was added. DNA was ac-
quired using a pipette tip and transferred to a new tube containing 75%
ethanol (the process was repeated three times). DNA was washed in 100%
ethanol, air dried, resuspended in 1X buffer 4 (NEB), and digested over-
night with HinfI/Rsal (NEB). The next day, samples were supplemented
with fresh enzymes and buffer and digested for 8 h. Electrophoresis of the
digested DNA was carried out in a 0.7% agarose gel in 0.5X TBE at 70 V
for 16 h. The gel then was denatured for 30 min in 0.5 N NaOH and 1.5 M
NaCl and neutralized for 30 min in 1 M Tris-HCI (pH 7.5) and 1.5 M
NaCl. The gel was dried at RT for 30 min and then at 50°C for 1 h.
Hybridization was carried out at 37°C overnight, in 5X SSC (1X SSC is
0.15 M NaCl plus 0.015 M sodium citrate), 5X Denhardt’s solution, and
0.1X P-wash, in the presence of [y-**P]ATP-labeled (C;TA,), probe. The
gel was washed at RT for 15 min in 2X SSC, followed by 3 washes for 10
min in 0.1% SSC and 0.1% SDS. The gel was autoradiographed on X-ray
film (Kodak) or on a phosphorimager cassette for 24 h and scanned using
the Storm 840 imager (GE Healthcare). A [y->*P]ATP-labeled \-HindIIT
molecular weight marker was used to determine telomere length. Using
ImageQuant TL software (GE Healthcare), 40 boxes were created for each
sample lane. Mean telomere length was obtained using the formula
3,(0D;)/%(0OD//L;), where OD is the band intensity (volume) in each box
(or position i) and L is the DNA size in the box (or position 7).

Statistical analysis. Statistical significance was calculated using the
program GraphPad Prism. Parameters were analyzed using one-way anal-
ysis of variance (ANOVA) and the Dunnett posttest, which compares all
samples to the control sample (WT). Significance level was determined
using 95% confidence intervals. A P value of =0.05 is considered not
significant, a value of 0.01 to 0.05 is significant, a value of 0.001 to 0.01 is
very significant, and a value of 0.0001 to 0.001 is extremely significant.

RESULTS

hTERT-V763S and hTERT-L805A expressed in cells reconsti-
tute lower levels of telomerase activity and altered levels of re-
peat addition processivity compared with wild-type telomerase.
Sequence alignment of the human telomerase IFD with the corre-
sponding region from various organisms using Clustal W (Fig.
1A) illustrates the high degree of sequence conservation of this
domain. In order to identify IFD residues involved in the regula-
tion of telomerase-specific functions, we mutated two well-con-
served hydrophobic residues, valine 763 and leucine 805, to serine
and alanine, respectively, in an effort to reduce enzyme activity
and/or processivity. Valine 763 was mutated to serine based on an
earlier published sequence alignment (4) in which the corre-
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sponding Saccharomyces cerevisiae TERT amino acid is a serine
residue. In vitro, yeast telomerase is less processive than human
telomerase (26), and we predicted that this substitution might
negatively impact telomerase catalytic functions. The S. cerevisiae
amino acid corresponding to hTERT L805 is a valine, which is
similar to a leucine. We thus mutated L805 to alanine. We also
included, as a control, another IFD variant, h\TERT-V791Y, pre-
viously reported to display reduced enzyme activity and proces-
sivity (5). We overexpressed hTERT-V763S, hTERT-V791Y,
hTERT-L805A, or wild-type hTERT (hTERT-WT), and hTR, in
HEK 293 cells (often referred to as supertelomerase cells) (5, 27,
28). Next, using the direct primer extension assay, we assessed the
ability of the hTERT variant complexes to reconstitute enzymatic
functions (Fig. 1B) and quantified levels of DNA synthesis and RAP
relative to levels reconstituted by hTERT-WT (set at 100%). Western
analysis confirmed that the hTERT variants and hTERT-WT were
expressed at similar levels (Fig. 1C). The hTERT-V791Y mutant
enzyme displayed defects in DNA synthesis and RAP (DNA syn-
thesis, 9.63% = 3.31% [mean * standard deviation]; RAP,
58.66% =* 8.82%), as previously reported (5). Similarly to the
hTERT-V791Y mutant enzyme, hTERT-L805A also displayed de-
fects in DNA synthesis (33.18% = 9.08%) and RAP (46.72% =
0.82%). Interestingly, the hTERT-V763S mutant enzyme, despite
showing defects in DNA synthesis (37.80% * 11.62%), had 1.51-
fold- = 0.07-fold-higher levels of RAP than the WT enzyme. Us-
ing a pulse-chase time course experiment, we observed that
hTERT-V763S displays a 1.76- = 1.20-fold increase in the rate of
RAP compared to the WT enzyme, thus confirming that this mu-
tant enzyme exhibits true processivity rather than extending the
telomeric substrate in a distributive manner (Fig. 1D).

We confirmed that the observed defects were not due to inef-
ficient assembly of the mutant proteins with hTR. Since localiza-
tion of hTERT to Cajal bodies is dependent on its assembly with
hTR (19, 29, 30), we performed coimmunofluorescence experi-
ments using antibodies against hTERT and coilin, a marker of
Cajal bodies (Fig. 1E). We observed colocalization of WT and
mutant hTERTSs with coilin (Fig. 1E), confirming that the hTERT-
V763S, hTERT-V791Y, and hTERT-L805A are competent in ho-
loenzyme assembly. We also assessed the translocation efficiency
(31) of the mutant hTERTs and confirmed that the observed
changes in activity and processivity were not due to differences in
the rate-limiting translocation step (data not shown).

Defects in DNA synthesis and processivity of hTERT-L805A
but not hTERT-V791Y can be rescued by overexpression of
TPP1-POT. The role of TPP1-POT1 in the stimulation of telome-
rase activity and RAP is well established (15-17, 31-33). Stimula-
tion of telomerase by TPP1-POT1 depends on the association of
telomerase with TPP1-POT1 and is used as a biochemical indica-
tor for this interaction (19). Recently, the hTERT TEN domain
was identified as directly interacting with TPP1 to mediate telo-
merase recruitment to telomeres (19). Based on our previous
observations that hTERT-V791Y is defective in associating with
telomeres (5), we investigated the possibility that TPP1-POT1
stimulates the function of hTERT-V791Y, hTERT-L805A, or
hTERT-V763S. Stimulation of telomerase requires both TPP1 and
POT1 (31); we therefore coexpressed TPP1 and POT1 in HEK293
cells expressing the various supertelomerase enzymes and per-
formed a direct primer extension assay (Fig. 2A). Protein levels
were assessed by Western blotting to confirm equal expression
of TPP1, POT1, and the hTERT variants in the different cells
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FIG 1 Specific IFD residues regulate telomerase activity and processivity. (A)
Sequence alignment of TERT IFDs from selected organisms (Bos taurus, Canis
lupus familiaris, Homo sapiens, Mus musculus, Tetrahymena thermophila, Sac-
charomyces cerevisiae, and Tribolium castaneum) was performed using Clustal
W2. Labels above the alignment indicate the valines at amino acids 763 and 791
as well as the leucine at 805 in hTERT and the corresponding residues at
equivalent positions in the other TERTS. (B) Representative gel from a direct
primer extension experiment using mutant and WT telomerases expressed
and reconstituted with coexpressed hTR in HEK 293 cells (supertelomerase
system) for assessment of telomerase total DNA synthesis (activity) and repeat
addition processivity levels using the telomeric substrate (T,AGj;);. L.C., load-
ing and recovery control (T,AGj;),. Results are representative of three experi-
ments. (C) Representative immunoblot of hTERT using 50 pg of total protein
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(Fig. 2B). We observed a partial rescue of the levels of DNA syn-
thesis (70.19% = 26.29% versus 20.84% = 2.08%) and complete
rescue in RAP (103.24% = 11.99% versus 69.34% = 8.41%) re-
constituted by hTERT-L805A in the presence of TPP1-POT1 (Fig.
2C). However, levels of DNA synthesis and RAP reconstituted by
hTERT-V791Y were similar in the presence or absence of TPP1-
POT1 overexpression (Fig. 2C). Overexpression of TPP1-POT1
and hTERT-V763S led to an enhancement of both total DNA
synthesis and RAP (18.33% = 2.86% versus 2.63% = 0.42 and
300.34% = 9.30% versus 154.63% = 6.63%, respectively) (Fig. 2C
and D). Furthermore, stimulation of the WT telomerase total
DNA synthesis and RAP by TPP1-POT1 (210.00% = 16.87%
and 130.00% = 5.89%, respectively, versus 100%) (Fig. 2C and
D) was observed when the incubation time was reduced to 60
min, consistent with published reports (15-17, 31-33). How-
ever, due to the low levels of catalytic activity of the hTERT
V791Y and L805A variants, a 120-min incubation was neces-
sary to obtain a quantifiable signal for measurement of telome-
rase activity or processivity.

These data suggest that interaction with TPP1 may be com-
pletely abolished by the valine-to-tyrosine amino acid substitu-
tion at position 791, while a less efficient TPP1-hTERT-L805A
interaction can be partially compensated by the overexpression of
TPP1-POT]I, as reflected by an increase in the level of total DNA
synthesis and RAP. The enhancement of DNA synthesis and pro-
cessivity of hTERT-V763S by TPP1-POT1 suggests that alteration
of the valine at position 763 may also partially affect interaction
with TPP1.

Specific IFD residues regulate telomerase localization and
recruitment to telomeres. The binding of telomerase to the telo-
mere is a crucial step for nucleotide addition to chromosome ends
by telomerase. Thus, we first assessed the binding of the hTERT
IFD variants and hTERT-WT to telomeres by chromatin immu-
noprecipitation (ChIP). We cotransfected HeLa cells with hTR
and 3XFLAG-tagged hTERT (WT or variants), performed an IP
against the FLAG tag, and isolated and analyzed the coprecipitated
DNA. Telomeric DNA was detected using a radiolabeled (T,AGs;);
probe, and a probe against Alu repeats was used as a control (Fig.
3A). While hTERT-V763S displays an increased telomere binding
affinity (153.39% = 53.37%), both hTERT-V791Y (50.78% =
29.98%) and hTERT-L805A (58.98% = 2.51%) display signifi-
cantly decreased binding to telomeres compared with hTERT-WT

from HEK 293 supertelomerase cells used for panel B to confirm equal h\TERT
protein expression. Blots were probed using antibodies against h"TERT or the
loading control actin. Results are representative of three experiments. (D) A
representative pulse-chase time course experiment for the h\TERT-V763S mu-
tant enzyme and hTERT-WT was conducted to confirm processive telomeric
substrate extension and to measure the relative rate of repeat addition proces-
sivity. During the 5-min pulse reaction, hTERT-V763S and WT telomerases
reconstituted in HEK 293 cells were incubated with the telomeric substrate
(T,AG;); to incorporate [a-**P]dGTP into any new telomeric repeats synthe-
sized. During the chase reaction, excess nonradioactive dGTP was added to
initiate several chase reactions. Reactions were stopped at the indicated time
points (in minutes). L.C., loading and recovery control [(T,AG;),]. Results are
representative of three experiments. (E) Representative coimmunofluores-
cence experiment using mutant and WT telomerases overexpressed and re-
constituted with coexpressed hTR in HeLa cells (supertelomerase system). An
untransfected sample (mock) was used as a negative control to assess nonspe-
cific signals. DAPI was used for detection of the nucleus. Fixed cells were
probed using antibodies against h\TERT and coilin to visualize telomerase and
Cajal bodies, respectively. Results are representative of two experiments.
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(set at 100%) (Fig. 3B). Our data suggest that the reduced DNA
synthesis and RAP levels for the latter two variants may be due to
impaired interaction with the telomere, resulting from potential
defects in telomerase recruitment.

We also investigated the ability of the \TERT IFD variant com-
plexes to localize to the telomeres by assessing the localization of
hTR to the telomere using fluorescence in situ hybridization
(FISH) experiments. Localization of hTR to the telomere, which is
dependent on the presence of hTERT at the telomere (23), has
been used extensively as a marker of telomerase localization or
recruitment to the telomere (5, 8, 11, 14, 29, 34). Using HeLa cells
overexpressing hTERT (mutant or WT) and hTR, we performed
FISH using an Oregon green fluorescently labeled telomere se-
quence-specific probe and three different Cy3 fluorescently la-
beled hTR-specific probes to assess the localization of telomerase
to the telomeres (Fig. 3C). Equal protein expression was verified
by Western analysis (Fig. 3D). Quantitation of the average num-
ber of hTR-telomere associations per cell revealed that HeLa cells
expressing hTERT-V791Y had significantly fewer hTR-telomere
associations (1.07 = 0.17) than cells expressing hTERT-WT
(5.60 = 0.11), which is comparable to the previously reported
number of hTR-telomere associations for hTERT-V791Y (1.86 =
0.18) and hTERT-WT (7.14 = 0.74) (5) (Fig. 3E). HeLa cells ex-
pressing hTERT-L805A also displayed significantly fewer hTR-
telomere associations (1.91 * 0.35) than the WT enzyme, whereas
colocalization of hTR and telomeres in cells expressing the
hTERT-V763S enzyme (4.99 * 0.13) was similar and not statisti-
cally different from the number of colocalizations in hTERT-WT-
expressing cells (Fig. 3E). hTR was observed at five or more telo-
meres in 70.50% = 2.83% of HeLa cells coexpressing hTERT-WT
and in 56.50% =* 4.95% of hTERT-V763S-expressing cells (Fig.
3F). The percentage of cells containing hTR associations with five
or more telomeres decreased to 0.00% = 0.00% in cells coexpress-
ing hTERT-V791Y and hTR and to 4.50% = 2.83% in cells coex-
pressing hTERT-L805A and hTR (Fig. 3F). These results, and
those obtained with ChIP, indicate that IFD domain V791Y and

FIG 2 Defects in DNA synthesis and RAP of hTERT-L805A but not hTERT-
V791Y can be rescued by overexpression of TPP1-POT. (A) Representative gel
of a direct primer extension experiment using mutant and WT telomerases
expressed and reconstituted with coexpressed hTR in HEK 293 cells (superte-
lomerase system) in the presence or absence of coexpressed TPP1-POT1 (TP)
for assessment of telomerase total DNA synthesis (activity) and repeat addition
processivity levels using the telomeric substrate (T,AG;);. L.C., loading and
recovery control (T,AG;),. (B) Representative immunoblot of hTERT,
3XFLAG-hTPP1, and 3XFLAG-hPOT]1 using 50 g of total protein from the
HEK 293 supertelomerase cells used for panel A to confirm equal protein
expression. Blots were probed using antibodies against h\TERT, FLAG (to de-
tect hTPP1 and hPOT1) or the loading control actin. (C) Quantitation of
relative total DNA synthesis reconstituted by mutant and WT telomerases
expressed in HEK 293 cells as for panel A was performed by measuring the total
incorporation of radiolabeled dGTP into the extension products. Values are
normalized to the L.C. DNA synthesis of WT telomerase in the absence of
coexpressed TPP1-POT1 was set to 100%. A P value of 0.0001 to 0.001 is
extremely significant (***). Values are from three experiments. (D) Quantita-
tion of repeat addition processivity (RAP) reconstituted by mutant and WT
telomerases expressed in HEK 293 cells as for panel A was performed by mea-
suring the extension products with 10 or more telomeric repeats over total
product. RAP of WT telomerase in the absence of coexpressed TPP1-POT1
was set at 100%. A P value of 0.001 to 0.01 is very significant (**), and a value
0f 0.0001 to 0.001 is extremely significant (***). Values are from three exper-
iments.
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FIG 3 Overexpression of TPP1-POT1 partially rescues the defective localization of h\TERT-L805A, but not hTERT-V791Y to telomeres. (A) Representative ChIP
experiment using M2 anti-FLAG antibody against 3XFLAG-tagged hTERT mutants or hTERT-WT coexpressed with hTR in HeLa cells (supertelomerase
system). Immunoprecipitated chromatin was probed with oligonucleotide probes against telomeric DNA sequences [telo; (T,AG;);] or Alu repeats. (B)
Quantitation of binding of mutant telomerases and WT telomerase to telomeric DNA, as represented in panel A. Quantitation was performed by normalizing to
input, and nonspecific binding to Alu sequences was taken into account for the calculations. Binding of hTERT-WT to telomeres was set at 100%. A P value of
0.01 to 0.05 is significant (*), a value of 0.001 to 0.01 is very significant (**), and a value of 0.0001 to 0.001 is extremely significant (***). Values are from three
experiments. (C) Representative hTR-FISH experiment using mutant and WT telomerases expressed and reconstituted with coexpressed hTR in HeLa cells
(supertelomerase system) with or without coexpressed TPP1-POT1. An untransfected sample (mock) was used as a negative control to assess nonspecific signals.
DAPI was used for detection of the nucleus. An Oregon green-conjugated telomeric probe, (T,AGj;);, was used for the detection of telomeres. Three different
Cy3-labeled hTR probes were used to detect telomerase localization. Yellow foci indicate colocalization of hTR (telomerase) at the telomeres. (D) Immunoblot
of hTERT, 3XFLAG-hTPP1, and 3XFLAG-hPOT]1 using 50 pg of total protein from the HeLa supertelomerase cells used for panel C to confirm equal protein
expression. Blots were probed using antibodies against h'TERT, FLAG (to detect hTPP1 and hPOT1), or the loading controls actin and tubulin. An untransfected
sample (mock) was used as a negative control for nonspecific signals. (E) Quantitation of average number of hTR-telomere associations per cell, as represented
in panel C. A P value of 0.001 to 0.01 is very significant (**), and a value of 0.0001 to 0.001 is extremely significant (***). Values are from two experiments, with
=200 cells counted in each. (F) Quantitation of percentage of cells containing 5 or more hTR-telomere associations, as represented in panel C. A P value of 0.01
to 0.05 is significant (*), and a value of 0.0001 to 0.001 is extremely significant (***). Values are from two experiments, with =200 cells counted in each.
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L805A mutant telomerase enzymes are defective in recruitment to
telomeres, possibly due to disrupted interaction with TPPI.
Overexpression of TPP1-POT1 partially rescues the defec-
tive localization of hTERT-L805A but not hTERT-V791Y to
telomeres. Based on the known role of TPP1 in recruitment of
telomerase to telomeres (8, 9) and our results showing stimulation
of telomerase catalytic activity of the IFD domain hTERT-L805A
mutant enzyme by TPP1-POT1, we addressed the question of
whether overexpression of TPP1-POT1 or of TPP1 or POT1 indi-
vidually could stimulate recruitment of hTERT-L805A and
hTERT-V791Y to the telomeres in HeLa cells (Fig. 3C). Overex-
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pression of either TPP1 or POT1 individually with telomerase
(WT or variants) had no significant effect on telomere localization
compared to the overexpression of telomerase alone (data not
shown). Colocalization of hTR to telomeres in HelLa cells coex-
pressing hTR and WT hTERT was similar in the absence and pres-
ence of overexpressed TPP1-POT1 (average of 5.60 = 0.11 versus
5.88 = 0.00 colocalizations/cell, respectively) (Fig. 3E). hTR was
observed at five or more telomeres in 70.50% * 2.83% of HeLa
cells coexpressing WT telomerase and in 78.99% * 1.56% of
hTERT-WT-expressing cells also coexpressing TPP1 and POT1
(Fig. 3F). Overexpression of TPP1 and POT1 significantly in-
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creased the number of hTR-telomere localizations in cells express-
ing hTERT-L805A (average of 3.48 * 0.03 versus 1.91 = 0.35
colocalizations/cell in the absence of TPP1 and POT1) but not to
levels observed in cells expressing hTERT-WT (Fig. 3E). The per-
centage of cells expressing hTERT-L805A containing five or more
hTR-telomere associations increased when TPP1-POT1 were also
coexpressed (25.00% * 2.12%) versus 4.50% = 2.83% (Fig. 3F).
However, the low average number of hTR-telomere colocaliza-
tions in cells expressing hTERT-V791Y could not be rescued by
overexpression of TPP1-POT1 (1.29% = 0.03% versus 1.07% *
0.17%) (Fig. 3E). The overexpression of TPP1-POTT1 in cells ex-
pressing hTERT-V791Y did not increase the percentage of cells
containing five or more hTR-telomere colocalizations (Fig. 3F).
These results indicate that the hTERT-V791Y variant is defective
in recruitment to the telomeres, most probably due to its inability
to interact with TPP1. This finding, together with the absence of
complete recovery of hTERT-L805A localization to telomeres
upon overexpression of TPP1-POT1, suggests that residues of the
IFD domain can mediate telomerase recruitment to telomeres in a
TPP1-dependent manner. The enhancement of DNA synthesis
and processivity of hTERT-V763S by TPP1-POT1 is consistent
with a role of TPP1-POT1 in regulating activity/processivity (15,
17,31-33, 35).

Limited-life-span cells expressing IFD mutant enzymes dis-
play growth defects accompanied by an increase in apoptosis,
signal-free ends, and DNA damage at telomeres. We previously
reported that the IFD domain variant h\TERT-V791Y is unable to
immortalize limited-life-span HAS cells, resulting in high levels of
apoptosis accompanied by an increase in the frequency of short
telomeres (5). To determine if other IFD residues regulate cell
survival and short telomere maintenance, we retrovirally infected
HAS cells with hTERT-V763S, hTERT-L805A, or hTERT-WT.
HAS cells are life span-limited hTERT-negative human embry-
onic kidney cells transformed with simian virus 40 (SV40) and
thus are senescence defective but can undergo apoptosis resulting
from the inability to maintain telomere length in the absence of a
functional telomerase enzyme (5, 6, 36). Following infection, we
selected two clones expressing each hTERT variant or hTERT-WT
and followed their growth in culture for ~300 days (Fig. 4A). The
expression of hTERT, assessed by Western blotting, was compa-
rable between WT- and variant-expressing cells and remained rel-
atively constant at early (20 days postinfection), middle (100 days
postinfection) and late (200 days postinfection) passages (Fig.
4B). When the number of population doublings was plotted
against number of days (Fig. 4A), we observed a significant growth
defect for both hTERT-V763S- and hTERT-L805A-expressing
cells compared to hTERT-WT-expressing cells.

To determine if the decrease in cell growth rate was due to an
increase in apoptosis, we performed fluorescence-activated cell
sorting (FACS) analysis (Fig. 4C). hTERT-V763S- and hTERT-
L805A-expressing cells displayed high levels of apoptosis com-
pared to hTERT-WT-expressing cells that were particularly
evident at 200 days postinfection. Based on the defects of hrTERT-
L805A and hTERT-V791Y in binding to telomeres (ChIP) and
associating with telomeres (h'TR-FISH) and the increase in short
telomeres previously observed in hTERT-V791Y-expressing cells
(5), we predicted that an increase in cellular apoptosis possibly
resulted from the inability of IFD domain hTERT mutant en-
zymes to be recruited to short telomeres. We prepared metaphase
spreads of hTERT-expressing cells at 20 and 200 days postinfec-
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tion, followed by quantitative FISH (Q-FISH) analysis using a
PNA-telomeric probe and costaining with DAPI for chromosome
visualization (Fig. 4D). Stable expression of hTERT-WT and
hTERT-V763S led to an increase in the mean telomere length of
late-passage cells compared to early-passage cells (84.65 to 101.10
arbitrary units of fluorescence [AUF] and 74.08 to 109.20 AUF,
respectively) while " TERT-L805A-expressing cells failed to elon-
gate telomeres, resulting in a decrease from 105.5 AUF at early
passage to 94.11 AUF at late passage (Fig. 4E). We also quantified
the percentage of chromosome ends that lack a telomeric signal, or
signal-free ends (SFEs), as a measure of short telomeres and found
that persistently higher levels of SFEs could be detected in cells
expressing hTERT-V763S or hTERT-L805A than in the hTERT-
WT-expressing cells (Fig. 4F). At late passages (~200 days postin-
fection), hTERT-V763S clone A and hTERT-L805A clone A dis-
played frequencies of 12.77% and 18.84% SFEs, respectively,
compared to hTERT-WT-expressing cells, which had only 2.03%
SFEs (Fig. 4E). Levels of SFEs were higher in hTERT-L805A-ex-
pressing cells than in hTERT-V763S-expressing cells, consistent
with lower binding of h\TERT-L805A to telomeres than of h TERT-
V763S, which we observed by ChIP and hTR-FISH. Importantly,
at late passages, hTERT-L805A-expressing cells also displayed ob-
servable telomeric fusion events (Fig. 4D, middle), which likely
resulted from the inability of the shortened telomere to perform
the end-capping function.

When telomeres shorten sufficiently to affect T-loop forma-
tion, telomere uncapping occurs, and telomeres are recognized as
double-strand breaks by the DNA damage repair machinery. This
leads to the formation of telomere dysfunction-induced foci
(TIF). Since we observed high levels of SFEs in hTERT variant-
expressing cells, we measured TIF levels in HA5 cells expressing
these variants at 200 days postinfection using combined immuno-
fluorescence and FISH (Fig. 5A). An antibody against y-H2AX
foci in combination with a Cy3-labeled telomeric PNA probe was
used to assess colocalization of DNA damage at the telomeres.
Quantitation of the average number of TIF per cell and percentage
of TIF-positive cells (=3 TIF/cell) indicates that both parameters
were elevated in h\TERT-V763S (clone A, 9.09% TIF-positive cells
and 0.70 TIF/cell; clone B, 8.18% TIE-positive cells and 0.77 TIE/
cell) and hTERT-L805A (clone A, 8.49 TIF-positive cells and 0.83
TIF/cell; clone B, 7.72% TIF-positive cells and 0.70 TIF/cell) com-
pared with the " TERT-WT expressing cells (clone A, 0.00% TIF-
positive cells and 0.12 TIF/cell; clone B, 0.45% TIF-positive cells
and 0.19 TIF/cell) (Fig. 5B and C). These data provide evidence
that the residues at position 763 and 805 are critical in regulating
short-telomere maintenance and cellular survival.

The hTERT-V763S mutant enzyme does not appear to be de-
fective in enzyme processivity, binding to telomeres (ChIP), or
localization to telomeres (hTR-FISH). Interestingly, HA5 cells ex-
pressing hTERT-V763S displayed significantly higher levels of
short telomeres than hTERT-WT-expressing cells. Therefore, we
speculated that the hTERT-V763S enzyme might be defective in
elongating short telomeres but not in maintenance of average
telomere length. To determine the effects of the mutant telomer-
ases on telomere maintenance, we stably expressed the mutant
and WT hTERTs in HeLa cells, which have longer telomeres than
HAS cells. We confirmed equal hTERT expression in the different
clones by Western analysis (Fig. 5D) and measured the effect of
mutant and WT telomerase expression on telomere length by te-
lomeric restriction fragment length (TRF) analysis (Fig. 5E). The
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FIG 4 hTERT-V763S- and hTERT-L805A-expressing cells display growth defects, an increase in signal free ends and apoptosis. (A) Growth curves of HA5 cells
expressing hTERT-V763S, hTERT-L805A, or hTERT-WT. Growth of two clones for each hTERT variant or hTERT-WT (clones A and B) was monitored for
>250 days. Two clones of cells infected with empty vector control (clones A and B) did not survive past 140 days. For comparison purposes, data for
hTERT-WT-expressing clones and hTERT vector-containing clones are shown in both graphs. (B) Representative immunoblot of hTERT using 50 pg of total
protein from HA5 cells expressing hTERT variants or hTERT-WT and assessed for growth, as reported in panel A, to confirm similar protein expression at early
(E), middle (M), and late (L) passages. Blots were probed using antibodies against FLAG (3 XFLAG-hTERT) or the loading controls actin and tubulin. Results
are representative of three experiments. (C) FACS analysis was performed at early (20 days postinfection) and late passages (200 days postinfection) of HAS5 cells
containing vector or expressing hTERT mutant enzymes or hTERT-WT (clones A and B for each) to assess the percentage of apoptotic cells. h\TERT-WT-
expressing HAS5 cells treated with staurosporine (STS) were used as a positive control for cell death. (D) Representative metaphase spreads were followed by
Q-FISH analysis of HA5 cells expressing hTERT mutant enzymes or hTERT-WT at early and late passages to assess the levels of signal free ends (short telomeres).
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telomere length of hTERT-WT-expressing cells progressively in-
creased over 6 weeks, consistent with a previous report (19). Sim-
ilarly, the hTERT-V763S-expressing cells displayed a progressive
increase (from 4.0 to 4.9 kb) in telomere length, suggesting that
this mutant enzyme is not defective in telomere elongation per se
(Fig. 5E and F). In contrast, cells expressing hTERT-L805A dis-
played only a slight increase in telomere length (from 2.5 to 2.9 kb)
(Fig. 5F), and neither the empty vector control nor hTERT-V791Y
induced telomere elongation (Fig. 5E and F). These results
strongly suggest that hTERT-V763S is capable of extending telo-
meres with a longer starting length, such as in HeLa cells (com-
pared to HA5 cells). The growth defects observed in hTERT-
V763S-expressing HA5 cells might be due to the inability of this
mutant to elongate/maintain telomeres with short initial lengths.
Altogether, our data support an important role for the IFD in the
maintenance of short telomeres.

DISCUSSION

Telomerase biogenesis, trafficking, and recruitment to telomeres
are prerequisites for the enzyme’s ability to act at telomeres in a
processive manner and immortalize cells. In this study, we sought
to determine the role of the unique human telomerase IFD in the
regulation of telomerase-specific functions in vitro as well as in
vivo and demonstrated that this region of hTERT is involved in
mediating telomerase activity, processivity, and recruitment to
telomeres in a TPP1-dependent manner.

A recent study identified specific basic residues within the
hTERT TEN domain that directly interact with the acidic TEL
patch of TPP1 (19). Although an interaction interface between the
hTERT IFD residues and the TEL-patch of TPP1 OB fold is im-
probable due to the nonpolar nature of the valine and leucine
residues (V763, V791, and L805), the hTERT IFD could possibly
interact indirectly with TPP1. Several studies suggest that interac-
tion with TPP1 for recruitment and telomerase catalytic activation
may involve regions other than the TEN domain (14, 15, 33).
Furthermore, mutations in the hTERT C-terminal extension pre-
vent association of telomerase with the TPP1-OB fold (14), while
the interaction of telomerase with TPP1 is not abolished upon
TEN domain deletion (15), suggesting that other hTERT regions,
perhaps the IFD, may be important to work synergistically with
the TEN domain for maximum catalytic activation and recruit-
ment of telomerase. Consistent with these reports, in coimmuno-
precipitation experiments using overexpressed TPP1 and telome-
rase as well as immunofluorescence/FISH of endogenous TPP1
with overexpressed telomerase, we found no difference in the
binding to TPP1 (immunoprecipitation) or colocalization with
endogenous TPP1 (immunofluorescence/FISH) when comparing
the mutant or WT telomerases (data not shown).

Based on the Tribolium castaneum crystal structure (37), we
speculate that the substitution of these amino acids may indirectly
affect the interaction with the incoming DNA substrate, resulting
in altered telomerase catalytic functions. Although the beetle

TERT lacks the TEN domain and a large region of the IFD motif
(37), the antiparallel a-helices 13 and 14, constituting the IFD
motif, are implicated in the structural coordination of a-helices 10
and 15, which are involved in mediating interactions with the
DNA substrate and RNA template, respectively (37). Immunoflu-
orescence experiments show that the variant hTERTS can localize
to the Cajal bodies, suggesting that hTERT-V763s, hTERT-
V791Y, and hTERT-L805A are proficient in telomerase assembly
(Fig. 1E). In agreement with an earlier study on the S. cerevisiae
TERT IFD that demonstrated the importance of this motif as a
determining factor for primer recognition and binding (4), our
findings suggest that the h\TERT IFD can potentially be involved in
mediating the binding to the telomeric substrate. Indeed, our in
vitro data demonstrate that mutations in the IFD region lead to
defective DNA synthesis and altered levels of processivity. Fur-
thermore, ChIP experiments show that the ability of hTERT-
L805A and hTERT-V791Y to localize and bind telomeres is com-
promised.

Our previous work showed that the hTERT-V791Y fails to im-
mortalize HA5 cells (5). Despite similar defects of the hTERT-
V791Y and hTERT-L805A in reconstituting telomerase activity
and processivity and in localization to the telomere, hTERT-
L805A is able to immortalize HA5 cells. These results are consis-
tent with the stimulation of hTERT-L805A’s enzymatic activity,
processivity, and recruitment to telomeres, but not of hTERT-
V791Y, by the overexpression of TPP1-POT1. These data support
the hypothesis that the IFD is involved in interacting with the
telomeric substrate and more specifically, in a manner that is de-
pendent on TPP1. Importantly, in spite of the significantly lower
levels of telomerase activity, processivity, and decreased recruit-
ment of h\TERT-L805A to telomeres, this mutant enzyme was nev-
ertheless able to immortalize HA5 cells, possibly relying on a dis-
tributive mode of telomere maintenance rather than a processive
one when telomeres are short (38). The growth defects observed in
hTERT-L805A-expressing limited-life-span cells can be explained
by defects in the maintenance of short telomeres, represented by
elevated levels of SFEs, which subsequently lead to telomere un-
capping, TIF formation, and increased levels of apoptosis. Fur-
thermore, enhancement of h TERT-L805A catalytic functions and
partial rescue in telomere association mediated by overexpression
of TPP1-POT1 suggests that the mutated amino acid may poten-
tially induce a subtle conformational change that renders the
interaction of hTERT-L805A with TPP1 suboptimal, but the pres-
ence of excess TPP1 can compensate for a less efficient hTERT-
L805A-TPP1 interaction. Alternatively, overexpression of TPP1-
POT1 may offset a less efficient interaction of the mutant enzyme
with other proteins involved in telomerase recruitment, such as
HOT1 (13) or TIN2 (10).

The glycine residue at position 100 of the hTERT TEN domain
is important for stimulation of telomerase processivity in vitro by
TPP1-POT]I, as its substitution by a valine residue abolishes such
enhancement (33). Furthermore, hTERT-G100V fails to localize

Individual chromosomes were stained with DAPI, and the telomeric DNA was probed with a Cy3-labeled PNA telomeric probe. White arrows indicate signal free
ends (short telomeres). The yellow arrow indicates telomeric fusion. Magnification, X63. (E) Quantitation of telomere length in HA5 cells expressing hTERT
mutant enzymes or hTERT-WT (clone A from each), expressed as arbitrary units of fluorescence (a.u.f.). The red line indicates the mean telomere length. A P
value 0f 0.0001 to 0.001 is extremely significant (***). The total number of telomeres analyzed ranged from 3,500 to 4,000. (F) Quantitation of percentage of signal
free ends at early and late passages. Two clones for each hTERT variant and hTERT-WT were analyzed. At least 1,000 telomeres were counted per clone for each

passage.
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FIG 5 hTERT-V763S- and hTERT-L805A-expressing HA5 cells display higher levels of DNA damage at telomeres compared to hTERT-WT-expressing HAS5 cells. (A)
Representative combined FISH-immunofluorescence (IF) experiment for the detection of DNA damage at the telomeres in HA5 cells expressing hTERT mutant
enzymes or hTERT-WT at ~200 days postinfection (late passage). DAPI stains the nucleus. FITC-conjugated donkey anti-mouse antibody against anti-yH2AX
antibody detects YH2AX (IF). A Cy3-labeled PNA probe against the telomeres was used for FISH. Yellow foci represent colocalization of YH2AX at the telomeres, which
represents telomere dysfunction-induced foci (TIF). (B) Quantitation of average number of TIF per cell. At least 200 cells were counted per clone. Two clones for each
hTERT variant and hTERT-WT were analyzed. (C) Quantitation of percentage of TIF positive cells. Cells containing 3 or more TIF were counted as positive. At least 200
cells were counted per clone. Two clones for each hTERT variant and hTERT-WT were analyzed. (D) Immunoblot of hTERT using 100 g of total protein from HeLa
cells expressing hTERT-variants, "\TERT-WT and vector control, assessed for telomere elongation, to confirm similar protein expression at 2 and 6 weeks postinfection.
Blots were probed using antibodies against h"TERT or the loading controls actin and tubulin. (E) Representative TRF analysis of genomic DNA digested with Hinfl/Rsal
to evaluate telomere length of HeLa cells at 2, 4, and 6 weeks postinfection. Average telomere length at each time point is shown below the gel. \-HindIII marker sizes are
shown on the left of the gel. The asterisk represents signal due to internal telomeric sequences. (F) Plot of telomere length versus percentage of telomeres to assess telomere
length distribution from the TRF gel shown in panel E. The asterisk represents signal due to internal telomeric sequences.
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to telomeres, accumulating instead in Cajal bodies (14), and is
unable to immortalize HA5 cells (33). These data led to the spec-
ulation that this mutant enzyme was defective in recruitment due
to impaired interaction with the TPP1 OB fold. The hTERT-
V791Y variant displays the same phenotypes as hTERT-G100V
and is the second hTERT variant reported to be insensitive to
stimulation by TPP1-POT1, suggesting that the V791 residue is
important for mediating binding to telomeres through a direct or
indirect interaction with TPP1.

It has previously been reported that telomerase activity and
processivity can be regulated independently (27). This phenome-
non was also observed with the V763S mutant enzyme, which
displays lower levels of DNA synthesis but higher levels of RAP
than the WT enzyme. Additionally, although the rate of repeat
addition processivity regulation was previously shown to be inde-
pendent of the levels of processivity in hTERT motif 3 mutant
enzymes (27), we observed a higher rate of RAP for the hTERT-
V763S variant, which could have potentially contributed to the
higher level of processivity. Since no defect in localization or binding
to the telomeres was observed with the hTERT-V763S mutant en-
zyme, and since the overexpression of TPP1-POT1 was able to en-
hance telomerase activity and processivity of this mutant enzyme, we
speculate that the h\TERT-V763S variant is capable of interacting with
TPP1 to allow telomerase recruitment to telomeres.

The higher levels of RAP and lower activity displayed by
hTERT-V763S suggest that interactions of hTERT-V763S with
other telomerase-associated proteins might be affected, such as
that with the negative regulator of telomerase activity, hPif1 (39).
A putative binding site for the mouse Pif]1 was mapped to residues
536 to 928 of hTERT, which encompasses the IFD region (amino
acids 721 to 822) (40). More recently, hPif]l was reported to pref-
erentially dislodge telomerase from long telomeres in order to
recycle the telomerase to shorter telomeres for elongation (41). In
accordance with this model, if hTERT-V763S interaction with
hPifl is altered, the mutant enzyme might continue to elongate
the same telomere at the expense of other short telomeres. This
also suggests that this variant might be less able to interact and
elongate telomeres that are short, consistent with the observed
increase in short telomeres, or SFEs, in HA5 cells expressing
hTERT-V763S. Moreover, the higher level of processivity dis-
played by this enzyme might be due to an enhanced ability of the
hTERT-V763S to interact with TPP1-POT]1.

Despite the high levels of processivity exhibited by hTERT-
V763S in vitro and the ability of R TERT-V763S to be recruited to
telomeres, HAS5 cells expressing hTERT-V763S exhibited growth
defects in comparison with hTERT-WT-expressing HA5 cells.
Growth defects were likely due to increased apoptosis caused by
uncapped telomeres and a failure to elongate short telomeres, ev-
ident by the higher levels of SFEs and TIF displayed by these cells
than by the hTERT-WT-expressing cells. In human cells, telome-
rase was previously proposed to favorably elongate short telo-
meres (42—45). Our data support the idea that A TERT-V763S can-
not be recruited to the short telomeres, possibly due to a preferred
binding to longer substrates or its inability to be displaced from
the elongated telomeres by hPif1 and, thus, failure to be recycled
to shorter ones.

Consistent with the ChIP data, which showed efficient binding
of hTERT-V763S to the telomeres in HeLa cells, this mutant en-
zyme was also able to induce telomere elongation when stably
expressed in HeLa cells. This strongly supports the hypothesis that
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in HA5 cells, which display shorter telomeres than HelLa cells,
hTERT-V763S is unable to bind to short telomeres for telomere
maintenance, suggesting an important implication of the IFD in
the maintenance of short telomeres.

In summary, our data propose an important role for the hu-
man telomerase IFD in the regulation of telomerase-specific func-
tions, recruitment to telomeres, and cell survival. We demonstrate
for the first time that the IFD can mediate telomerase activity,
processivity, and telomerase recruitment to telomeres in a TPP1-
dependent manner. Additional studies of other associated pro-
teins as potential candidates that can interact with the h\TERT IFD,
such as the recruitment protein HOT1 or the telomerase traffick-
ing protein TCABI, and hPif] will allow a better definition of the
exact function of the IFD in telomerase regulation, telomere
maintenance, and cellular survival.
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ADDENDUM

While the manuscript was under review, a cryo-electron micros-
copy structure of Tetrahymena telomerase subunits was published
(46) in which the authors suggest that p50 is a structural and
functional paralog of TPP1. Furthermore, the cryo-electron mi-
croscopy density attributed to the IFD apparently independently
contacts both p50 and the TERT TEN domain. Based on the Tet-
rahymena telomerase structure, the authors propose that the hu-
man TERT IFD may interact with the TPP1 OB fold and hTERT
TEN domain, in support of our findings that the human TERT
IFD regulates telomerase and telomere function in a TPP1-depen-
dent manner.
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