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Telomerase synthesizes telomeres at the ends of human chromosomes during S phase. The results presented here suggest
that telomerase activity may be regulated by intranuclear trafficking of the key components of the enzyme in human cells.
We examined the subcellular localization of endogenous human telomerase RNA (hTR) and telomerase reverse tran-
scriptase (WTERT) in HeLa cervical carcinoma cells. Throughout most of the cell cycle, we found that the two essential
components of telomerase accumulate at intranuclear sites separate from telomeres. However, during S phase, both hTR
and hTERT are specifically recruited to subsets of telomeres. The localization of telomerase to telomeres is dynamic,
peaking at mid-S phase. We also found complex associations of both hTR and hTERT with nucleoli and Cajal bodies
during S phase, implicating both structures in the biogenesis and trafficking of telomerase. Our results mark the first
observation of human telomerase at telomeres and provide a mechanism for the cell cycle-dependent regulation of

telomere synthesis in human cells.

INTRODUCTION

The ends of linear eukaryotic chromosomes are capped by
nucleoprotein structures termed telomeres. In vertebrates,
telomeres consist of simple DNA repeats of TTAGGG bound
by several proteins (Colgin and Reddel, 2004; Smogorze-
wska and de Lange, 2004). Telomeres serve to maintain
chromosome integrity, preventing illegitimate recombina-
tion and end-to-end joining (de Lange, 2002; Harrington,
2004; Blasco, 2005). However, because of the unidirectional
nature of DNA polymerases and DNA processing events,
some telomere sequence is lost with each round of DNA
replication. If this loss is not compensated, the telomeres will
reach a critically short length, triggering the cell to enter a
state of replicative senescence or apoptosis (McEachern et al.,
2000; de Lange, 2002).

Telomerase is the ribonucleoprotein (RNP) enzyme that
synthesizes telomeres. The telomerase reverse transcriptase
(hTERT) catalyzes de novo repeat addition using a short
motif within the integral telomerase RNA (hTR) as a tem-
plate (Greider and Blackburn, 1989). These two components
are essential for the activity of the enzyme. Human telomere
synthesis occurs early in development (Collins and Mitchell,
2002; Cong et al., 2002). The majority of adult somatic cells
do not have appreciable telomerase activity and telomeres
gradually shorten, limiting cell division capacity (Harley et
al., 1990). In the majority of human cancers, however, telom-
erase is reactivated and provides the sustained proliferative
capacity of these cells (Shay and Bacchetti, 1997). An under-
standing of telomerase biology thus has important implica-
tions for both cancer and aging.
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Telomeres are synthesized during S phase in human cells
(Ten Hagen ef al., 1990; Wright et al., 1999); however, it is
unclear how telomerase is restricted to function specifically
during this stage of the cell cycle. Some existing evidence is
consistent with the idea that the cell cycle-dependent regu-
lation of telomerase could occur at the level of subcellular
trafficking. Redistribution of components of telomerase has
been observed during S phase, when telomere synthesis
occurs. Wong ef al. (2002) showed that the subnuclear dis-
tribution of green fluorescent protein (GFP-hTERT) fusion
proteins changed from predominantly nucleolar to nucleo-
plasmic as cells progressed through S phase. In similar stud-
ies, Yang et al. (2002b) also reported movement of GFP-
hTERT protein during S phase, in this case into nucleoli.
Regarding the other essential component of the enzyme,
Jady et al. (2004) reported a possible influx of telomerase
RNA through Cajal bodies during S phase. However, al-
though there is some evidence that both hTR and hTERT
move during S phase, movement to telomeres, and thus a
direct link to regulation of function, has not been found in
vertebrate cells. More persuasive evidence is available from
ciliates, where telomerase RNA localizes to discrete nuclear
foci throughout most of the cell cycle, and a fraction of the
RNA is mobilized to the replication band, the site of DNA
(and telomere) synthesis, during S phase (Fang and Cech,
1995).

In this work, we have investigated the subnuclear distri-
bution of endogenous human TR and TERT over the course
of the cell cycle and found compelling evidence that regu-
lation of telomerase activity occurs via trafficking of hTR and
hTERT in human cells. Our results indicate that hTR and
hTERT move to telomeres from separate sites specifically
during S phase. hTR is found in Cajal bodies, as we and
others have reported previously (Jady et al., 2004; Zhu et al.,
2004), throughout most of the cell cycle. Here, we provide
the first clear evidence that hTERT resides in subnuclear foci
that do not correspond to nucleoli, Cajal bodies, or telomeres
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during most of the cell cycle. The movement of hTR and
hTERT to telomeres during S phase is preceded and accom-
panied by other changes in localization that may relate to
biogenesis and/or transport of the components. Our results
suggest that hTERT moves to nucleoli and that Cajal bodies
containing hTR accumulate at the periphery of nucleoli early
in S phase. In addition, we find that both hTR and hTERT
localize to foci adjacent to Cajal bodies during S phase,
marking a potential site outside of telomeres where both
endogenous telomerase components are detected. The im-
plications of our findings with regard to telomerase biogen-
esis and telomere length regulation are discussed.

MATERIALS AND METHODS

Cell Culture and Synchronization

Monolayer HeLa cells were grown on coverslips in DMEM (Sigma-Aldrich,
St. Louis, MO) supplemented with 10% fetal calf serum (FCS) (American Type
Culture Collection, Manassas, VA) at 37°C with 5% CO,. IMR90 primary
fibroblasts were grown in minimum essential Eagle’s media (American Type
Culture Collection) with 10% FCS. IMR90-hTERT cells (Ouellette et al., 1999)
were grown in a 4:1 mixture of DMEM and medium 199 (Invitrogen, Carls-
bad, CA). Synchronous populations of HeLa cells were obtained by double
thymidine block. Briefly, cells were treated with 2 mM thymidine (Sigma-
Aldrich) for 18 h, released in normal media for 9 h, and retreated with 2 mM
thymidine for another 18 h. Alternatively, HeLa cells were synchronized by
treatment with 5 mM hydroxyurea for 24 h after 24 h of serum withdrawal.
Cells were fixed at various time points after release and analyzed as described
below.

5-Bromodeoxyuridine (BrdU) Labeling

Before fixation, cells were incubated with 100 uM BrdU (Sigma-Aldrich) for
30 min at 37°C. Cells were then rinsed once with 1X phosphate-buffered
saline (PBS) (137 mM NaCl, 10 mM Na,HPO,, 2.7 mM KCl, and 1.4 mM
KH,PO,, pH 7.4) and fixed with 4% formaldehyde (Electron Microscope
Sciences, Fort Washington, PA), 10% acetic acid, and 1X PBS for 10 min at
room temperature. After two PBS washes, cells were permeablized in 70%
ethanol overnight at 4°C. Cells were denatured in 70% formamide (Sigma-
Aldrich), 2X SSC for 5 min at 80°C. After three PBS washes, BrdU was
detected using fluorescein isothiocyanate-conjugated anti-BrdU monoclonal
antibody (mAb) (BD Biosciences, San Jose, CA; 20 ul of antibody was diluted
in 70 ul of 0.05% Tween 20 in PBS [PBST]) for 2 h at room temperature. After
three PBS washes, coverslips were mounted in 90% glycerol, 1 mg/ml p-
phenylenediamine, 1X PBS, and 0.1 pg/ml 4',6-diamidino-2-phenylindole
(DAPI). If fluorescence in situ hybridization (FISH) was to be performed, cells
were fixed again in 4% formaldehyde in 1X PBS for 10 min at room temper-
ature and washed twice with PBS.

hTR and Telomere FISH

Probes complementary to different regions of telomerase RNA (nucleotides
indicated) or telomere repeats were as follows: hTR 128-183 (probe 1),
GCT*GACATTTTT*TGTTTGCTCT*AGAATGAACGGT*GGAAGGCGGCA-
GGCCGAGGCT*T; hTR 331-383 (probe 2), CT*CCGTTCCTCTTCC-
T*GCGGCCTGAAAGGCCT*GAACCTCGCCCT*CGCCCCCGAGT*G; hTR
393-449 (probe 3), AT*GTGTGAGCCGAGT*CCTGGGTGCACGT*CC-
CACAGCTCAGGGAAT*CGCGCCGCGCT*C; and telomere repeats (probe
4), CT*AACCCTAACCCT*AACCCTAACCCT*AACCCTAACCCT*AACCC-
TAACCCT*A. T* indicates aminoallyl-modified thymidines. All probes were
synthesized by QIAGEN (Valencia, CA). Probes were conjugated with either
Cy3 or Cy5 monofunctional reactive dye according to manufacturer’s proto-
col (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom).
FISH was performed essentially as described previously (Zhu et al., 2004),
http:/ /www singerlab.org/protocols) with the following modifications. For
each coverslip, 20-30 ng of each Cy3-labeled hTR probe (1-3 above) and 5 ng
of Cy5-labeled telomere probe (4) were hybridized overnight at 37°C. After
hybridization, cells were washed twice with 2X SSC, 50% formamide for 1 h
at 37°C. Coverslips were mounted as described above.

Coilin and TRF1 Immunofluorescence (IF)

After FISH, cells were washed twice with PBS. Cells were incubated with one
or both of the following antibodies at the indicated dilution for 1 h at room
temperature: mouse anti-p80 coilin (1:10,000; gift from G. Matera, Case West-
ern Reserve University, Cleveland, OH) and rabbit anti-TRF1 (1:350; gift from
Dominique Broccoli [Fox Chase Cancer Center, Philadelphia, PA] and Susan
Smith [Skirball Institute, New York, NY]). Cells were washed three times with
PBS and then incubated with secondary antibody (1:100 Cy2-conjugated goat
anti-rabbit IgG [H+L], 1:100 AMCA-conjugated goat anti-mouse IgG [H+L],
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or 1:100 Cy5-conjugated goat anti-mouse IgGy) for 1 h at room temperature.
All secondary antibodies were obtained from Jackson ImmunoResearch Lab-
oratories (West Grove, PA). After three PBS washes, slides were mounted as
described above. All antibodies were diluted in PBST.

hTERT Immunofluorescence

hTERT IF was performed essentially as described in Masutomi et al. (2003).
Cells were washed in PBS and then fixed with chilled acetone for 5 min. After
two PBS washes, cells were treated with 2 M HCl at room temperature for 20
min followed by a PBS wash and neutralization with 0.1 M boric acid, pH 8.5,
for 10 min. After two additional PBS washes, cells were blocked with 1%
bovine serum albumin (BSA) in PBS at 4°C overnight. Cells were incubated
with mouse anti-hTERT 2C4 (Abcam, Cambridge, MA; 1:2000-1:5000 in 1%
BSA) for 2 h at room temperature, washed three times with PBS, and incu-
bated with Cy2-conjugated goat anti-mouse IgM (Jackson ImmunoResearch
Laboratories; 1:100 in PBST) for 2 h at room temperature. After three PBS
washes, the cells were mounted as described above. When hTERT staining
was combined with TRF1 or coilin, the hTERT IF protocol was followed using
the above-described antibodies at the indicated dilutions except that cy3-
conjugated goat anti-rabbit IgG (H+L) was used to recognize TRF1 and
mouse anti-coilin was recognized with Cy5-conjugated goat anti-mouse IgGy
antibody. Both secondary antibodies were obtained from Jackson ImmunoRe-
search Laboratories.

Microscopy

Analysis was performed on a Zeiss Axioskop 2 Mot Plus fluorescence micro-
scope (Carl Zeiss Microimaging, Thornwood, NY). Images were acquired at
63X or 100X magnification (Plan Apochromat objectives, numerical aperture
1.4) using a cooled charge-coupled device Retiga Exi Fast 1394 camera (Qim-
aging, Burnaby, British Columbia, Canada) and IPLab Spectrum software.

RESULTS

Nowvel Patterns of Telomerase RNA Localization during S
Phase

Our laboratory developed a FISH procedure specific for the
detection of endogenous hTR in human cells and was the
first to describe its intranuclear localization (Zhu et al., 2004).
Several controls established the specificity of our FISH pro-
cedure for hTR (Zhu et al., 2004). Using this technique, we
found that hTR localized to Cajal bodies in telomerase-
positive human cancer cell lines (Zhu et al., 2004). In the
course of that study (performed with asynchronous popu-
lations of cells), we noticed that a small percentage of cells
displayed different patterns of hTR localization. For exam-
ple, we observed additional hTR foci that did not stain with
antibodies against coilin (the marker protein of Cajal bod-
ies).

To investigate whether the secondary hTR localization
patterns observed at low frequency in asynchronous popu-
lations reflected cells in particular stages of the cell cycle, we
performed hTR FISH and coilin IF on cell cycle-synchro-
nized HeLa cervical carcinoma cells. HeLa cells were syn-
chronized with a double thymidine block (or hydroxyurea;
our unpublished data) and monitored for synchronization
efficiency at the indicated time points by BrdU analysis (to
distinguish S-phase cells) and DAPI staining (to distinguish
mitotic cells). (Fluorescence-activated cell sorting analysis
with propidium iodide-stained cells (to examine DNA con-
tent) was also performed to confirm the synchronization
efficiency in some cases.) The BrdU staining patterns also
allowed us to assess the S subphase (i.e., early, mid, and late)
status of populations of cells as well as individual cells
(O’Keefe et al., 1992).

As expected, throughout the majority of the cell cycle, \TR
localizes exclusively to Cajal bodies (Figure 1, G; and G,).
However, during S phase, a dynamic change in the subcel-
lular distribution of hTR was observed in a significant num-
ber of cells. hTR remained associated with Cajal bodies in
most cells; however, several novel hTR localization patterns
were observed, which peaked at distinct points in S phase.
Beginning in G;/S and peaking in early S, hTR foci were
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Figure 1. Localization of human telomerase RNA in HeLa cells at various stages of the cell cycle. hTR (red, detected by FISH) and coilin
(green, Cajal body marker protein detected by IF) were analyzed by fluorescence microscopy in cells 0 (G,/S), 4 (mid-S), 8 (G,), 10 (M), 12
(early G,), and 15 (mid-G,) hours after release from double thymidine block. Differential interference contrast (DIC) panels show differential
interference light microscopy data. DAPI panels shows DNA staining. Merge panels show superimposition of hTR and coilin fluorescence
data (yellow indicates overlap of signal). Arrows in mid-S merge panel indicate hTR foci that do not colocalize with coilin.
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found in ring-like patterns within the nucleus (Figure 1, row
2). In most cells, coilin colocalized with hTR in the rings, as
shown (Figure 1, row 2). By mid-S phase, the distribution of
hTR foci in rings had declined, and hTR occurred in small,
nucleoplasmic foci that did not stain with anti-coilin anti-
bodies (Figure 1, row 3, denoted by arrowheads). In addi-
tion, hTR was sometimes observed in foci immediately ad-
jacent to Cajal bodies (detailed below). These patterns were
specific to S phase; they were not observed in cells in G, or
G, phases of the cell cycle.

During mitosis, previous research has shown that Cajal
bodies dissociate, and then reform during early G, of the cell
cycle (Andrade et al., 1993). We found that hTR localization
parallels that of the Cajal body marker protein coilin during
cell division, with only a slight temporal delay in reassocia-
tion after mitosis. Like coilin, hTR displayed a diffuse local-
ization pattern throughout mitosis (Figure 1, row 5 shows
hTR diffusely localized in interchromatin region). No asso-
ciation with discrete foci was observed. After mitosis, Cajal
body formation precedes hTR accumulation in Cajal bodies.
In early G,, Cajal bodies had reformed in nearly all (~90%)
of cells examined, but no hTR foci were found in most
(~65%) cells (Figure 1, row 6). By mid-G, (15 h postrelease),
hTR had reaccumulated in all Cajal bodies (Figure 1, row 1).
Together, these results demonstrate that the cell cycle has
dramatic effects on the localization of hTR and that there is
a dynamic, S phase-specific rearrangement of hTR in human
cancer cell nuclei.

Telomerase RNA Localizes to the Periphery of Nucleoli
during Early S Phase

We found that the ring-like pattern of hTR (and coilin) foci
observed during early S phase seems to correspond to local-
ization to the periphery of nucleoli (Figure 2A). In addition
to the ring pattern, we also observed hTR foci that seemed to
be distributed across the surface of a nucleolus in some focal
planes (Figure 2A). At early S phase, ~17% of cells (370 cells
analyzed from 3 separate experiments) contained hTR foci
localized around the periphery of a nucleolus. In the major-
ity of cases, the hTR ring was observed around only one
nucleolus within a given cell, suggesting a previously un-
described heterogeneity among individual nucleoli. We did
not find telomeres at these rings; telomeres colocalized with
hTR/coilin rings in <1% of 1197 cells examined in two
experiments. The peripheral nucleolar hTR pattern was less
frequent at G,/S and mid-S than at early S phase and was
not observed in cells outside S phase.

As shown in Figure 1, coilin was found with hTR in the
nucleolar rings in the majority (~80%) of cells. The localiza-
tion of Cajal bodies to the periphery of nucleoli is well
documented (indeed, Cajal bodies were initially termed nu-
cleolar accessory bodies; Gall, 2003; Cioce and Lamond,
2005), although an S-phase-specific association has not been
described previously. We cannot exclude the possibility that
the Cajal bodies and hTR are internal to nucleoli based on
the studies presented here, but the distribution of the foci is
suggestive of localization on the surface of the nucleolus.
Elegant studies in HeLa cells have demonstrated the move-
ment of Cajal bodies to and from nucleoli (Platani et al.,
2000). Our results suggest that Cajal bodies containing hTR
move to the periphery of nucleoli during early S phase in
HeLa cells.

Telomerase RNA Localizes to Subsets of Telomeres during
Mid-S Phase

To ascertain whether the coilin-negative, S-phase-specific
hTR foci described above (Figure 1, row 3) were at telo-
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meres, we coanalyzed hTR and telomeres in S-phase cells.
We performed hTR FISH in conjunction with either telomere
FISH (probe directed against telomere repeat sequences) or
immunofluorescence with antibodies against the double-
stranded telomere binding protein TRF1 (Figure 2B). Cells
were examined 0 (G,/S), 2 (early S), 4 (mid-S), 6 (late S), and
8 (S/G,) h postrelease from a double thymidine block. At
G,/S and early S, we found that hTR colocalized with a few
telomeres (1-2/cell) in ~3 and 9% of cells, respectively (562
and 370 cells analyzed from 6 and 3 separate experiments,
respectively). During mid-S, there was an increase in both
the number of cells that had hTR-telomere associations and
in the number of associations per cell. In ~19% of mid-S-
phase cells (698 cells from 5 experiments), hTR was found at
telomeres—typically one to five per cell with a maximum of
11 colocalizations observed in one cell. The telomere associ-
ations declined in late S phase, to 11% of cells (336 cells from
3 experiments) and one to two per cell. hTR was also still
found in or near Cajal bodies in most of these cells. hTR was
not found at telomeres in G, phase (our unpublished data).
These results indicate that human telomerase RNA moves to
telomeres during mid-S phase.

hTERT Also Associates with Telomeres and Nucleoli
during S Phase

Telomerase requires both hTR and hTERT for function. Pre-
vious studies found that ectopically expressed GFP-hTERT
fusion protein shows striking S-phase-specific intranuclear
rearrangements (Wong et al., 2002; Yang ef al., 2002b), but it
was not found to localize to telomeres. Here, we have inves-
tigated the localization of endogenous hTERT protein.

We performed immunofluorescence using the 2C4 mAb
against hTERT (Masutomi et al., 2003) and observed a punc-
tate nuclear staining pattern in HeLa cells. The staining
pattern described previously for this antibody in HeLa cells
was more generally nucleoplasmic (Masutomi ef al., 2003), so
we examined the specificity of the pattern observed in our
experiments (Figure 3A). We found that the more restricted
staining pattern that we obtained was specific to hnTERT. We
knocked down hTERT expression in HeLa cells by RNA
interference (Masutomi et al., 2003) and observed a marked
decrease in the fluorescence signal intensity (including com-
plete elimination of signal in some cells), indicating that the
signal in the intranuclear foci corresponded to hTERT (Fig-
ure 3A). As an additional test, we compared staining in
IMR90 primary lung fibroblasts to IMR90 cells stably ex-
pressing hTERT from an exogenous construct (Ouellette ef
al., 1999). We observed some staining in the primary fibro-
blasts (Figure 3A), consistent with previous observations
that normal cells express a low level of hTERT protein
(Masutomi et al., 2003). The number and intensity of the foci
was significantly greater in the cells expressing exogenous
hTERT. Similar results were seen when hTERT was stably
expressed in BJ cells (our unpublished data). Together, these
results indicate that the 2C4 staining observed under these
conditions is specific to hTERT and that hTERT is found in
nucleoplasmic foci.

In synchronized cells, we found that hTERT (like hTR)
localizes to nucleoli during the early stages of S phase (Fig-
ure 3B). Diffuse nucleolar localization of hTERT is detectable
in 23% of cells at G,/S (429 cells analyzed from 2 separate
experiments) and intensifies as cells enter early S, when the
localization is apparent in 35% of cells (282 cells from 2
experiments) (Figure 3B). Like hTR, hTERT was observed in
a subset of nucleoli (typically 1) within a cell. Nucleolar
association of hTERT declined as cells progressed through S
phase (9% of 236 cells in late S phase in 2 experiments).

Molecular Biology of the Cell
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Figure 2. Human telomerase RNA is found at the periphery of nucleoli and at telomeres during S phase. (A) hTR and coilin seem to be
associated with the surface of nucleoli during early S phase. The localization of hTR (red, detected by FISH) is superimposed on coilin (green,
detected by IF, 1) or cellular architecture (visible by DIC light microscopy, 2 and 4) in indicated panels. The cells shown are in early S phase.
Arrowheads denote nucleoli exhibiting apparent peripheral or surface hTR signals. (B) hTR associates with telomeres during mid-S phase.
hTR (red, detected by FISH) and telomeres (green, detected by TRF1 IF or telomere FISH as indicated) were analyzed in mid-S-phase cells.
DAPI panel shows DNA staining. BrdU panel shows a mid-S-phase pattern. Arrows in merge panels indicate foci where both hTR and

telomeres are present.

Later in S phase, additional hTERT foci occurred, which
corresponded to a subset of telomeres (Figure 3C). Colocal-
ization of hTERT and telomeres (assessed by TRF1 [or TRF2;
our unpublished data] antibody staining) occurred in a few
(<5%) cells at G,/S (391 cells from 2 experiments). Local-
ization of hTERT to telomeres peaked in mid-S phase when
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24% of cells (463 cells from 2 experiments) were found to
contain one to five colocalizations (Figure 3C).
Unfortunately, to date we have been unsuccessful in si-
multaneously analyzing hTERT and hTR (because of incom-
patibility of the IF and FISH protocols). Independently, hTR
and hTERT display remarkably similar temporal patterns of
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Figure 3. Cellular localization of human telomerase reverse transcriptase. (A) Intranuclear foci recognized by hTERT antibody 2C4 are
specific to hTERT. The panels show 2C4 immunostaining of HeLa cells and HeLa cells within which hTERT was knocked down by RNA
interference (—hTERT) and of IMR90 primary fibroblasts and an IMR90 strain that overexpresses hTERT (+hTERT). Data in each pair of
panels were normalized to allow visual comparison. (B) hTERT is found in nucleoli in early S-phase cells. The localization of hTERT (red,
detected by IF) is superimposed on cellular architecture visible by DIC light microscopy in merge panels. (C) hTERT is found at telomeres
in mid-S-phase cells. hTERT (red) and TRF1 (green) localization is shown. Arrowheads indicate representative foci where both hTERT and
TRF1 are present.
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Figure 4. Temporal patterns of association of human telomerase
RNA and telomerase reverse transcriptase with nuclear structures
during S phase in HeLa cells. The percentage of cells in which hTR
(A) and hTERT (B) was found associated with each structure in
G,/S, early S, mid-S, late S, and S/G, phase cells is indicated as
follows: telomeres (®) and nucleoli (hTR peripheral and hTERT
internal) (A) on left axis; colocalization with Cajal bodies (#) and
Cajal body-associated foci (M) on right axis (note difference in scale
of axes). Each point plotted represents an average of at least 158
(and as many as 698) total cells counted from at least two (and as
many as 6) experiments, with the exception of the S/G, time point
for hTERT, which represents data from a single experiment.

localization to telomeres and nucleoli during S phase (Figure
4). The results suggest an S-phase-specific mobilization of
the components of the telomerase RNP to its functional
destination, the telomere.

hTR and hTERT Are Found in Foci Adjacent to Cajal
Bodies during S Phase

Our results indicate that hTR normally accumulates in Cajal
bodies in HeLa cells and that hTERT does not. (Previously,
we reported localization of YFP-hTERT to Cajal bodies in
HelLa cells; Zhu et al., 2004.) However, in the current work,
we did not detect significant accumulation of endogenous
hTERT in Cajal bodies in either asynchronous or S-phase
cells; hTERT colocalized with coilin in <5% of cells (Figure
4).) Although we did not observe endogenous hTERT in
Cajal bodies, we did detect a specific accumulation of both
hTERT and hTR in foci immediately adjacent to Cajal bodies
during S phase. Figure 5 shows examples of the associations
of hTR and hTERT with Cajal bodies observed in S-phase
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Figure 5. Human telomerase RNA and telomerase reverse tran-
scriptase are found in foci adjacent to Cajal bodies during S phase.
Coanalysis of coilin (blue) and hTR (red) or hTERT (red) in early or
mid-S-phase HeLa cells is shown. Merge panels show superimpo-
sition of coilin and hTR or hTERT signals. Insets show enlargements
of close associations of distinct coilin and hTR or hTERT foci (indi-
cated by arrowheads in merge panel).

HeLa cells. The associations seem to represent one or two
structures containing hTR or hTERT in direct contact with a
Cajal body. In these cases, there is relatively little hTR (or
hTERT) found in the core of the Cajal bodies. (The pattern
does not represent simple pixel shifting relative to coilin
data because the offsets occurred along multiple vectors
within a single field and did not affect colocalizations in
adjacent cells.) In some cases, particularly for hTR, it seems
that the foci may be present at poles of the Cajal body (rather
than in distinct adjacent structures) (e.g., Figure 5, row 2). In
other cases, it is clear that the hTR or hTERT foci are distinct
from the Cajal body (e.g., Figure 5, row 4). The timing and
frequency with which hTR or hTERT are observed closely
associated with Cajal bodies are similar to telomere associ-
ations (Figure 4). At mid-S phase, localization to foci asso-
ciated with Cajal bodies was found in 31% cells for hTR (698
cells analyzed from 5 separate experiments) and in 38% cells
for hTERT (280 cells from 2 experiments). At least in the case
of hTERT, there is also significant association in early S
phase, suggesting that the peak of localization to Cajal body-
associated foci occurs just before mid-S phase (Figure 4). It is
not currently known whether the hTR or hTERT foci corre-
spond with other, previously described Cajal body-associ-
ated nuclear bodies (Liu and Dreyfuss, 1996; Yannoni and
White, 1997; Schul et al., 1999; Zhao et al., 2000; Miele et al.,
2005).

DISCUSSION

Telomere synthesis is restricted to S phase in human cells. In
this study, we show that the two key components of telom-
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A B C
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ma
TERT Foci Nucleolus
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Figure 6. Model for cell cycle-regulated
> -5 . trafficking of telomerase subunits to telo-
. : 3 meres during S phase. The predominant
Cajal BOdy Telomere phase-specific localization of hTR and hTERT
is shown for G; (A), early S (B), and mid-S
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erase, telomerase RNA and the catalytic protein subunit
hTERT, are targeted to telomeres specifically in S phase. Our
study marks the first time human telomerase has been visu-
alized at telomeres and suggests that the restriction of telo-
mere elongation to S phase of the cell cycle is achieved by
subnuclear trafficking of the telomerase RNP. Furthermore,
our results indicate that multiple nuclear structures play
roles in the regulated transport and biogenesis of telomer-
ase.

Telomere Synthesis

Our finding that the recruitment of telomerase to telomeres
is restricted to S phase (peaking in mid-S; Figures 2B, 3C,
and 4) correlates well with the known timing of telomere
elongation in human cells (Ten Hagen et al., 1990; Wright et
al., 1999). Strikingly, our data suggest that telomerase accu-
mulates at only a subset of telomeres in a given cell (and in
only a fraction of cells in a population) at any given time
(Figures 2B, 3C, and 4). The lack of detection of telomerase at
some telomeres could certainly reflect further limitations of
the experimental approach. However, this finding is also
consistent with the idea that telomerase may not act on
every telomere during every cell cycle, as has been demon-
strated in yeast where only a small fraction of telomeres
(~7%) are extended within a given cycle (Teixeira ef al.,
2004). Studies in both yeast and mammalian cells indicate
that telomerase preferentially elongates the shortest telo-
meres in a population (Ouellette et al., 2000; Teixeira et al.,
2004). Alternatively, all telomeres may be extended during
each cell cycle, but not simultaneously, such that telomerase
is active at only a subset of telomeres at any given time
point. It is known that chromosomes replicate at different
rates during S phase (Woodfine ef al., 2004; Zou et al., 2004),
and thus the timing of telomere synthesis could vary, for
example, with the timing of replication-induced changes in
chromatin structure and telomere accessibility at individual
chromosomes.

Telomerase Trafficking Pathway

By following the subcellular localization of endogenous hTR
and hTERT molecules throughout the cell cycle, we have
obtained important insight into the pathway that telomerase
may follow on its way to its site of action, the telomere
(Figure 6). However, it is important to note that although the
successful detection of hTR and hTERT at telomeres sug-
gests excellent sensitivity, the results of our experiments do
not preclude the presence of lower concentrations of hTR or
hTERT in cellular compartments other than those identified,
including the nucleoplasm. In addition, as discussed above,
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the various localization patterns described here are not ob-
served in every cell in a synchronized population at a given
time point, which may reflect technical limitations or real
differences in the timing or extent of telomere synthesis
within and among individual cells.

Before S phase, during G, (and also following S phase, in
G,), hTR and hTERT are observed in separate intranuclear
structures (Figure 6A). Telomerase RNA is present in Cajal
bodies (Figure 1), consistent with previous findings (Jady et
al., 2004; Zhu et al., 2004). In contrast, h\TERT accumulates in
distinct nucleoplasmic foci, which may represent previously
unrecognized nuclear bodies or identified structures not
previously known to contain hTERT (Figure 3). These find-
ings suggest that the two key subunits of telomerase may be
sequestered away from one another throughout most of the
cell cycle.

Specifically during S phase, hTR and hTERT exhibit a
dynamic redistribution and become targeted to common
intranuclear sites. In early S phase, both hTR and hTERT can
be found associated with nucleoli, although apparently not
within a shared compartment (Figure 6B). hTR is present in
Cajal bodies that seem to reside around the periphery of the
nucleolus (Figures 1 and 2), whereas hTERT seems to be
distributed throughout the interior of the nucleolus (Figure
3). Movement of Cajal bodies to and from nucleoli has been
documented previously (Platani et al., 2000) and may ac-
count for the appearance of hTR at nucleoli in S phase.
Intriguingly, we often find hTR or hTERT at a single nucle-
olus within a cell. Although it is well known that the nucle-
olus supports a number of functions beyond its conventional
role in ribosome biogenesis (Pederson, 1998; Olson et al.,
2000; Lam ef al., 2005), our results suggest a previously
undescribed division of labor among nucleoli.

Beginning in early S phase and peaking at mid-S (Figure
6C), a novel pattern of hTR and hTERT localization emerges
in foci that seem to be physically associated with Cajal
bodies (Figure 5). The hTERT found in Cajal body-associated
foci may originate in nucleoli or come directly from the
nucleoplasmic hTERT foci. The hTR foci may arise by seg-
regation of hTR to one pole of a Cajal body, as is suggested
by some of our data (e.g., Figure 5, row 2). Although we
cannot demonstrate colocalization of hTR and hTERT in the
Cajal body-associated foci (or at telomeres) for technical
reasons, it seems possible (based on the similarity of the
spatial and temporal patterns, and frequency of occurrence)
that both components of telomerase are found together here
(Figure 6C). Our analysis of hTERT suggests that localiza-
tion to the Cajal body-associated foci precedes localization to
telomeres, which peaks more distinctly in mid-S phase (Fig-
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ure 4, see occurrence of Cajal body association at early S).
We envision that Cajal bodies with a compartmentalized
cargo of hTR and hTERT deliver telomerase to individual
telomeres throughout the cell (Figure 6C).

In support of a role for Cajal bodies in the delivery of
telomerase to telomeres, we have observed occasional colo-
calization of the Cajal body-associated hTR and hTERT foci
with telomeres (our unpublished data), but the very low
frequency of these associations (observed in ~2-3% of S-
phase cells) suggests that the interactions with telomeres
would be either transient or not preserved under our exper-
imental conditions. In addition, live cell imaging has re-
vealed that Cajal bodies undergo dramatic movements
within the nucleus, including journeys across the diameter
of the nucleus, fusion with other Cajal bodies, fragmentation
into smaller bodies, and transient associations with nucleoli
and specific chromosomal loci (Gall, 2000; Platani et al., 2000;
Sleeman ef al., 2003; Cioce and Lamond, 2005). (In contrast,
the majority of telomeres seem to be anchored to the nuclear
matrix with limited capacity for migration; Luderus et al.,
1996; Molenaar et al., 2003.) Finally, an intriguingly similar
cell cycle-regulated delivery of transcription and processing
factors to histone gene loci also seems to involve Cajal
bodies and closely associated foci. Emerging evidence sug-
gests that HiNF-P, a histone gene transcription factor, and
p220/NPAT, an associated protein, colocalize at or near
Cajal bodies in S phase, which localize to histone gene loci
resulting in activation of histone gene transcription (Frey
and Matera, 1995; Ma et al., 2000; Zhao et al., 2000; Shopland
et al., 2001; Miele et al., 2005). Similarly, the RNA processing
factors CstF and CPSF seem to move out of Cajal bodies into
adjacent structures (termed cleavage bodies) that colocalize
with histone gene loci in S phase (Schul et al., 1999).

Although neither the detailed localization of endogenous
hTR and hTERT through the cell cycle nor the visualization
of hTR and hTERT at telomeres has been described previ-
ously, some aspects of the pathway described in this work
are supported by previous reports. The association of hTR
with Cajal bodies in human cells throughout most of the cell
cycle is consistent with the previous observations of our
laboratory and others (Jady et al., 2004; Zhu et al., 2004).
However, Jady et al. (2004) reported an increase in the
brightness of hTR FISH signal in Cajal bodies (relative to
nucleoplasm) in cells in S phase, and it is not immediately
clear how this observation relates to the pathway defined
here. Consistent with our findings, a small percentage of
cellular hTR has been detected in biochemical fractions con-
taining nucleoli (Mitchell et al., 1999), and hTR localizes to
nucleoli (as well as Cajal bodies) when injected into Xenopus
oocytes (Lukowiak ef al., 2001). In addition, ectopically ex-
pressed GFP-hTERT fusion proteins have been found to
localize to nucleoli, and Yang et al. reported increased nu-
cleolar association during S phase (Wong et al., 2002; Yang et
al., 2002b). Our results place the previous observations
firmly in the context of a cell cycle-regulated pathway.

Regulation of Telomerase Trafficking

Our results indicate that the transport of telomerase to telo-
meres is exquisitely regulated in the context of the cell cycle.
On the basis of these findings, it will now be interesting to
determine how movement of the RNA and protein subunits
is linked to the cell cycle. One logical possibility is that some
of the same kinases and phosphatases that drive other S-
phase events (e.g., cdk2/cyclin A and cdc25) also modify
telomerase subunits (and telomere binding proteins) to reg-
ulate molecular interactions and thereby influence telomer-
ase trafficking (and telomere accessibility). In hTR, RNA
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elements termed the CAB box and H/ACA motif have been
found to be important for localization of the RNA to Cajal
bodies and nucleoli, respectively (Lukowiak et al., 2001; Jady
et al., 2004), and the domains of hTERT that mediate nucle-
olar localization have been defined (Etheridge et al., 2002;
Yang et al., 2002b). One would predict that these domains
and proteins that interact with these domains could be mod-
ified to effectively regulate telomerase trafficking.

Telomerase Biogenesis

It is clear from our results that the trafficking of hTR and
hTERT is regulated by the cell cycle. Interestingly, our find-
ings suggest the possibility that the assembly of the telom-
erase enzyme may also be regulated to restrict telomere
synthesis to S phase (i.e., the essential subunits may be
compartmentalized away from each other as well as from
their substrate). The detectable pools of hTR and hTERT are
not found in common structures outside of S phase (Figures
1 and 3), suggesting that human telomerase is assembled
specifically during S phase and disassembled (or destroyed
in the case of hTERT; Masutomi ef al., 2003; Kim et al., 2005)
after each cell cycle, perhaps during M phase when the
telomerase subunits do not seem to be associated with struc-
tures (Figure 1; our unpublished data).

If the biogenesis of telomerase is regulated by the cell
cycle, our results suggest two likely sites for the assembly of
the enzyme during S phase. hTR and hTERT are both found
in foci associated with Cajal bodies and at telomeres in
mid-S phase. The Cajal body-associated foci hold the poten-
tial for interaction with the SMN complex, a known RNP
assembly factor that resides in Cajal bodies (Terns and
Terns, 2001; Gubitz ef al., 2004). SMN is known to interact
with telomerase and specifically to interact with GAR1 (an
hTR-associated protein) and hTERT, suggesting that SMN
may function in the biogenesis of telomerase (Bachand et al.,
2002; Whitehead et al., 2002).

Our data are also consistent with the possibility that te-
lomerase may assemble at the telomere. There is solid evi-
dence that yeast telomerase is assembled at telomeres. In this
case, the core components of telomerase, TLC1 (telomerase
RNA) and Est2p (TERT) are constitutively present at telo-
meres, and assembly of active telomerase is regulated by an
S-phase-specific recruitment of an essential telomerase sub-
unit, Estl, to telomeres (Taggart et al., 2002).

However, although telomerase activity is restricted to S
phase in intact cells (Ten Hagen et al., 1990; Wright et al.,
1999), catalytically active telomerase enzyme (assessed by
TRAP assay) can be extracted from both human and yeast
cells at any stage of the cell cycle (Holt et al., 1997 but see
Zhu et al., 1996; Yang et al., 2002a). It is not clear whether this
extracted telomerase activity reflects enzyme present in cells
or assembled from individual components after cell lysis
and extract preparation (as has been demonstrated to occur
in the case of another RNA—protein complex; Mili and Steitz,
2004). The potential regulation of telomerase biogenesis by
the cell cycle will require further investigation.

Coupling telomerase trafficking to the cell cycle may have
evolved in eukaryotes as an efficient mechanism to restrict
the activity of telomerase to the period when chromosomes
are replicated and to limit potentially deleterious activity of
telomerase at nontelomeric sites (i.e., chromosome healing at
double-stranded breaks) during the remainder of the cell
cycle (Sprung et al., 1999). Future research in the field will
further delineate the intranuclear trafficking patterns of te-
lomerase, define the molecular mechanisms of telomerase
biogenesis and telomere recruitment, and determine how
these processes are regulated by the cell cycle.
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