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Summary
Dyskeratosis congenita (DC), an inherited bone marrow failure syndrome, is caused by defects in
telomerase. Somatic cells from DC patients have shortened telomeres and clinical symptoms are
most pronounced in organs with a high cell turnover, including those involved in hematopoiesis and
skin function. We previously identified an autosomal dominant (AD) form of DC that is caused by
mutations in the telomerase RNA component (TER). In this study, we evaluated whether retroviral
expression of TER and/or telomerase reverse transcriptase (TERT), the catalytic component of
telomerase, could extend telomere length and rescue AD DC cells from a phenotype characteristic
of early senescence. Exogenous TER expression, without TERT, could not activate telomerase in
AD DC skin fibroblasts. Transduction of TERT alone, however, provided AD DC cells with sufficient
telomerase activity to extend average telomere length and proliferative capacity. Interestingly, we
found that expression of TER and TERT together resulted in extension of lifespan and higher levels
of telomerase and longer telomeres than expression of TERT alone in both AD DC and normal cells.
Our results provide evidence that AD DC cells can be rescued from defects in telomere maintenance
and proliferation, and that coexpression of TERT and TER together provides a more efficient means
to elongate telomeres than expression of TERT alone. Similar strategies may be useful for
ameliorating the detrimental effects of telomere shortening in AD DC and other diseases associated
with telomerase or telomere defects.
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Introduction
Telomeres consist of hexameric tandem repeats (TTAGGG) of DNA located at the
chromosome ends and are necessary for maintaining chromosome integrity, function, and

Correspondence Aloysius J. Klingelhutz, Department of Microbiology and Holden Cancer Center, University of Iowa, 2202 MERF, 375
Newton Road, Iowa City, IA 52242, USA. Tel.: (319) 335 7788; fax: (319) 353 4556; e-mail: al-klingelhutz@uiowa.edu.

NIH Public Access
Author Manuscript
Aging Cell. Author manuscript; available in PMC 2008 February 4.

Published in final edited form as:
Aging Cell. 2007 June ; 6(3): 383–394.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



replication (Moyzis et al., 1988; Greider, 1991). Telomeres normally shorten with each cell
division and it is thought that this eventually results in cellular dysfunction, aging, and genetic
instability (Vaziri et al., 1994; Allsopp et al., 1995; Blasco, 2005). Shortening of telomeres is
primarily due to what has been termed ‘the end replication problem’, which simply means that
DNA polymerase cannot completely replicate the 5′ end of newly synthesized linear DNA
strands because it requires a 3′ primer (Levy et al., 1992). In addition, a number of other
mechanisms for telomere loss have been described (Lansdorp, 2005). Telomeres can be
maintained by telomerase, an enzyme complex consisting of an RNA component called TER
that acts as a template for a reverse transcriptase component TERT (telomerase reverse
transcriptase) to catalyze the addition of telomere repeats to the telomere ends (Greider &
Blackburn, 1987; Feng et al., 1995; Autexier et al., 1996; Meyerson et al., 1997; Nakamura
et al., 1997; Weinrich et al., 1997). Telomerase is active in human germline cells and most
cancers (Kim et al., 1994; Wright et al., 1996). Most normal human somatic cells, such as
fibroblasts, express TER but have low to undetectable levels of TERT and almost undetectable
levels of telomerase activity. Some highly proliferative cells such as activated B and T
lymphocytes also have active telomerase, although in these cells it is thought to be tightly
regulated (Broccoli et al., 1995; Counter et al., 1995; Harle-Bachor & Boukamp, 1996).
Definitive proof that telomere shortening is involved in cellular senescence was provided in a
seminal study in which it was demonstrated that expression of TERT could activate telomerase,
maintain telomeres, and extend the lifespan of human cells without any other apparent changes
(Bodnar et al., 1998; Jiang et al., 1999).

Dyskeratosis congenita (DC), inherited in both an X-linked and an autosomal dominant (AD)
manner, is a premature aging syndrome characterized by bone marrow failure, leukoplakia,
abnormal skin pigmentation, and nail dystrophy (Dokal, 2000; Collins & Mitchell, 2002; Dokal
& Vulliamy, 2003). A variety of somatic abnormalities normally seen in aged individuals have
also been reported in DC, including aplastic anemia, hair loss, gray hair, osteoporosis, cancer,
and pulmonary and hepatic fibrosis. DC patients also display an increased risk for malignancy,
although bone marrow failure is the main cause of early mortality. The X-linked version of the
disease is caused by mutations in dyskerin, a protein that interacts with TER, and is required
for TER accumulation (Heiss et al., 1998; Mitchell et al.,1999a; Collins & Mitchell, 2002; Fu
& Collins, 2003). Measurement of telomeres from the somatic cells from patients of the X-
linked form of the disease revealed that they were shorter than normal (Mitchell et al.,
1999b; Vulliamy et al., 2001a). The AD form of DC (AD DC), a more rare form of DC, is
generally caused by mutations in TER (Vulliamy et al., 2001b; Yamaguchi et al., 2003),
although a recent article reported a three-generation AD DC kindred that was associated with
a mutation in TERT (Armanios et al., 2005). Other studies have shown that certain forms of
aplastic anemia, without overt signs of DC, are also associated with mutations in TER and
TERT (Yamaguchi et al., 2003, 2005; Ly et al., 2005; Vulliamy et al., 2005; Xin et al.,
2006). These latter results suggest that certain hematologic disorders besides DC may also be
associated with defects in telomere length maintenance.

We have recently identified a large three-generation kindred of AD DC individuals with a TER
mutation that display all of the typical features associated with DC (Vulliamy et al., 2001a).
The mutation in this family creates a 3′ truncation of the last 74 bases of TER. Interestingly,
this region has been shown to be important for binding to dyskerin, thus potentially linking the
X-linked and autosomal forms of the disease (Mitchell et al., 1999a). It has been speculated
that some TER mutations may act in a dominant negative fashion, interfering with the normal
TER expressed from the other allele (Prescott & Blackburn, 1997; Ren et al., 2003). This does
not appear to be the case for the TER mutant found in our family as it expressed at low to
undetectable levels, and reconstitution experiments indicate that it has no dominant negative
effect (Marrone et al., 2004). A recent study suggests that some naturally derived TER mutants
can act in a dominant negative fashion, although none of these mutants had a large-scale
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deletion (Xin et al., 2006). Average telomere lengths in lymphocytes from AD DC patients are
shorter than normal (Vulliamy et al., 2001a,b; Baerlocher et al., 2002; Goldman et al., 2005),
and AD DC lymphocytes exhibit proliferative and functional defects (Knudson et al., 2005).
Telomere length analysis of individual chromosomes in AD DC cells failed to detect a bimodal
distribution of telomere lengths, but instead demonstrated that cells had shortened telomeres
overall, suggesting that shortened telomeres inherited from the affected parent may be
preferentially elongated during development at the expense of longer telomeres from the
unaffected parent (Goldman et al., 2005).

Reconstitution of telomerase components and telomere length in DC cells could be considered
as a potential means to prevent premature senescence and cell dysfunction in vitro and in
vivo. A recent report demonstrated that exogenous expression of TERT in X-linked DC
fibroblasts was able to extend lifespan but was insufficient to elongate telomeres without
coexpression of TER (Wong & Collins, 2006). To our knowledge, no definitive experiments
have been performed to determine whether telomerase activation in cells from patients with
AD DC can restore telomere length. In the present study, we have transduced AD DC
fibroblasts with different combinations of TERT and TER vectors and demonstrate that
telomerase activation can restore telomere length and rescue cells from senescence. Our studies
indicate that coexpression of TERT and TER together may provide a more efficient means to
restore and elongate telomere length than expression of TERT alone.

Results
Shortened telomeres and lifespan in AD DC fibroblasts

AD DC fibroblasts proliferated at rates similar to normal cells at early passage. However, the
proliferative lifespan of the AD DC cells was about half that of their normal counterparts (Fig.
1A). To quantitatively assess telomere signal between the AD DC and normal cells and in the
cells as they were passaged in culture, we used an established real-time polymerase chain
reaction (PCR) methodology that measures relative levels of telomere repeats as compared to
a single gene copy control (Cawthon, 2002). Using this method, we found that telomere signal
in the early passage AD DC cells was significantly less than that observed in early passage
normal cells (~three-fold less) and even less than that observed in normal cells at the point of
senescence (Fig. 1B). This is similar to data obtained previously on lymphocytes from third-
generation patients from this family (Knudson et al., 2005). Thus, somatic cells from AD DC
patients start out with extremely short telomeres and a proliferative lifespan in vitro that
essentially mirrors proliferative defects in vivo.

Reconstitution of TER, telomerase, and telomere length in AD DC fibroblasts
To determine whether telomerase and telomere length could be reconstituted in AD DC cells,
we generated a replication defective feline immunodeficiency virus (FIV) vector that
coexpresses TER and enhanced green fluorescent protein (eGFP) from separate promoters (Fig.
2A). In this construct, the TER gene contains a large portion (515 bp) of the endogenous 3′
end, which we reasoned would allow for proper processing of the RNA into the mature form
(Kim et al., 2001;Fu & Collins, 2003). As has been described previously (Fu & Collins,
2003), a snoRNA U3 promoter was used to drive TER expression, whereas eGFP was
expressed from a cytomegalovirus (CMV) promoter. This vector, designated FIV TER/eGFP,
was used to generate vesicular stomatitis virus G (VSV-G) pseudotyped virus and was tested
for functionality in telomerase negative VA13 cells. VA13, which utilizes an alternative
lengthening of telomeres (ALT) mechanism of telomere elongation, is negative for expression
of both TER and TERT, but a variant was generated that expresses TERT but still remains
telomerase negative (Fu & Collins, 2003). Infection of TERT VA13 cells with our vector
resulted in high telomerase activity, demonstrating that the vector was efficient and functional
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at expressing TER (Fig. 2B). Northern analysis also verified that cells transduced with the
TER/eGFP construct expressed a mature TER RNA of approximately 450 bases in length (Fig.
2C).

We then performed experiments to determine whether the FIV TER/eGFP vector could
reconstitute TER expression and telomerase activity in AD DC cells. As it is known that normal
fibroblasts express barely detectable levels of TERT, we reasoned that activation of telomerase
in AD DC and normal fibroblasts would require exogenous expression of TERT. AD DC and
normal fibroblasts were therefore transduced with different combinations of vectors to express
GFP alone, TER alone, TERT alone, or TER and TERT together. Approximately 90%
transduction efficiency was obtained using the FIV constructs at a multiplicit of infection
(MOI) of 5, as assessed by GFP expression (data not shown). Cells that had been successfully
transduced with the TERT retroviral vectors were selected in G418, whereas cells that were
transduced with the lentiviral vector were followed for eGFP expression. Cells were passaged
as pools or individual colonies and were ring cloned and subcultured. Analysis of TER levels
in the vector only cells by quantitative reverse transcriptase PCR (RT-PCR) demonstrated that
AD DC cells had approximately half as much TER transcript as normal cells, as would be
expected due to one defective copy of TER in AD DC cells (Fig. 3A). Based on this result, it
was not surprising that expression of TERT alone activated telomerase in AD DC fibroblasts
but to a lower level (~1/2) than that observed when TERT alone was expressed in normal
fibroblasts (Fig. 3B). Interestingly, expression of TERT alone, in both AD DC and normal
fibroblasts, resulted in higher levels of TER, suggesting that TERT can stabilize TER as has
been previously proposed (Fig. 3A) (Wong & Collins, 2006). As expected, both AD DC and
normal fibroblasts transduced with the TER vector alone had higher levels of TER than
untransduced cells, but TER expression alone did not activate telomerase in either cell type.
Expression of TER and TERT together in AD DC fibroblasts, on the other hand, brought the
level of telomerase to approximately the same as what was observed in normal fibroblasts that
expressed TERT alone. Coexpression of TER and TERT in normal fibroblasts caused
telomerase activity that was higher than that observed with TERT alone, indicating that TER
levels were a limiting component in cells that overexpressed TERT.

We next assessed telomere signal, as a measure of telomere repeats, in the cells by qPCR.
Telomere signal corresponded well with telomerase activity (Fig. 3B,C). Transduction of
vector or TER alone did not activate telomerase or elongate telomeres in either AD DC or
normal cells, and TERT AD DC cells had approximately half the telomere signal of TERT
normal cells (Fig. 3C). Telomere signal was clearly much greater in AD DC or normal cells
that expressed TER and TERT together. Thus, our results indicate that AD DC cells were
partially deficient for telomere elongation upon TERT expression alone but that coexpression
of TERT and TER together resulted in robust telomerase activity and telomere elongation in
both AD DC and normal cells.

Extension of proliferative capacity and maintenance of telomeres in AD DC cells
Experiments were next undertaken to determine the fate of transduced cells over long-term
culture. To do so, we cultured three clones each of TERT and TERT/TER expressing cells for
an additional 20 passages (~60 pd). Comparison of cells at approximately 15 pd postcloning
(E) to cells at approximately 75 pd postcloning (L) demonstrated that AD DC fibroblasts clones
expressing TERT alone maintained shorter telomeres than normal fibroblasts expressing TERT
alone, again reflecting haplo-insufficiency of TER in the AD DC cells (Fig. 4A). None of the
TERT DC clones exhibited elongation of telomeres beyond that observed at early passage and
at least one of these clones exhibited telomere shortening over time. However, both the normal
and AD DC clones expressing TERT and TER together generally had longer telomeres at later
passage, with some clones exhibiting extremely long telomeres. Measurement of telomerase
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activity in early and later passage transduced DC cells indicated heterogeneity among different
clones, and several of the TERT and TERT/TER clones exhibited a decrease in telomerase
activity over time (Fig. 4B). The reason for this loss is unknown. Not surprisingly, the one
TERT/TER DC clone, DC-TERT/TER-C, with the longest telomeres at later passage also
maintained the highest levels of telomerase at later passage (Fig. 4).

Despite differences in telomerase and telomere signal, all AD DC normal clones expressing
TERT alone or TERT and TER together had a significantly extended lifespan, which was
greater than three times that of vector alone (> 75 pd vs. ~20 pd post-subcloning), and these
cells are apparently immortal. Visual examination of the transduced AD DC fibroblasts
demonstrated that expression of TERT alone or TERT and TER together caused a ‘rejuvenated’
phenotype in that they exhibited a morphology that was similar to early passage normal
fibroblasts (Fig. 5). No consistent differences in cell growth or morphology were observed
between cells that expressed TERT alone and cells that expressed TERT and TER together. In
contrast, cells expressing TER alone did not appear to be phenotypically different than vector
alone, indicating that expression of TER alone has no profound consequences in AD DC or
normal fibroblasts.

To further characterize how TER and TERT expression affected telomere length in AD DC
and normal fibroblasts, telomere specific quantitative fluorescence in situ hybridization (Q-
FISH) was performed on a subset of transduced cells. Using Q-FISH, it was demonstrated that
vector AD DC fibroblasts had telomere lengths that were approximately half that of normal
(6.7 kb vs. 11.2 kb) (Fig. 6A,B). Expression of TERT alone resulted in intermediate telomere
lengths (11.2 kb for TERT DC and 24.4 kb for TERT normal) whereas coexpression of TERT
and TER together resulted in long telomere lengths (32 kb for TERT/TER DC and 51 kb for
TERT/TER normal). Interestingly, the TERT/TER DC clone at early passage exhibited two
subpopulations that resulted in an apparent bimodal distribution of telomere length (Fig. 6B).
This pattern was not observed in DC cells transduced with vector or TERT alone, indicating
that DC cells do not start with a bimodal distribution. Furthermore, two distinct subpopulations
of cells with different telomere lengths were apparent in the early passage DC-TERT/TER-C
clone (data not shown). Assessment of a later passage of this particular clone demonstrated
even more extensive elongation (average telomere length of ~114 kb) and a more normal
distribution of length (Fig. 6C), suggesting that the subpopulation with longer telomeres
outgrew the population with shorter telomeres. Interestingly, all the transduced cells at early
and later passage retained an apparently normal diploid karyotype (data not shown). Overall,
these results indicate that TERT alone can activate telomerase and, for the most part, maintain
telomeres in AD DC cells, but that TERT and TER together leads to higher telomerase activity
and longer telomeres.

Telomerase acts on shortest telomeres in AD DC cells
To examine the effects of telomerase reactivation in AD DC fibroblasts, we measured telomere
length on individual chromosomes through Q-FISH and karyotyping. Most chromosomes in
AD DC cells that expressed vector alone or TER alone had short telomeres with some
chromosomes, such as chromosome 2, having extremely short telomeres (Fig. 7). Upon TERT
expression, overall telomere length on all the chromosomes increased and, interestingly, even
very short telomeres were restored to a length that was similar to other chromosomes. Our
results indicate that telomerase acts on the shortest telomeres, preferentially, and that all
telomeres are brought to a new baseline length. These results nicely validate studies on
lymphocytes from AD DC individuals and unaffected children of an AD DC parent, which
suggested that telomerase acts on the shortest telomeres during development (Goldman et
al., 2005).
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Discussion
In this study, we have demonstrated that telomerase reconstitution in AD DC cells restores
telomere length and significantly extends cellular lifespan. Expression of TERT alone,
although sufficient to extend the lifespan of AD DC cells, did not result in telomeres that were
as long as TERT expressing normal cells, although our results indicate that even limited
telomerase activity acts on the shortest telomeres in the AD DC cells. Coexpression of TERT
and TER together caused high levels of telomerase activity and greatly extended telomere
length in both AD DC and normal fibroblasts. Our results provide important insights into how
TERT and TER synergize in human cells to restore telomeres and point to possible strategies
to extend telomere length in hematopoietic stem cells or other cells that are refractory to
telomere elongation by expression of TERT alone.

Clearly, telomerase is tightly regulated in normal cells and levels are critical for determining
whether telomeres are maintained or not. In AD DC families with mutations in TER, it is the
level of TER that is rate limiting for telomerase activity. Telomerase haplo-insufficiency during
development is thought to result in telomere shortening and telomeres become even shorter in
dividing cells from tissues of highly proliferative organs such as the hematopoietic system and
the skin. Mouse knockout studies support this conclusion in that TER or TERT heterozygotes
exhibit telomere shortening over time and with increasing generations (Hathcock et al.,
2002; Armanios et al., 2005; Hao et al., 2005). In our experiments, overexpression of TERT
resulted in telomerase levels that were approximately half that of TERT expressing normal
cells, reflecting the expected haplo-insufficiency for TER in AD DC cells. Our finding that
TERT expression alone in AD DC cells led to an overall increase in average telomere length
as compared to cells with vector alone indicates that limiting levels of telomerase act on the
shortest telomeres. This result is in line with mouse studies demonstrating that crosses between
telomerase knockout mice with short telomeres and mice with wild-type telomerase and long
telomeres results in progeny with an intermediate telomere length equilibrium characterized
by elongation of the shortest telomeres and preferential maintenance of short telomeres
(Hathcock et al., 2002; Liu et al., 2002). Our findings also complement results showing that
unaffected homozygous wild-type children from affected AD DC patients have shorter average
telomere length overall but no specific set of chromosomes that have extremely short length
(Armanios et al., 2005; Goldman et al., 2005).

Recent studies indicate that coexpression of TER and TERT together results in higher
telomerase and longer telomeres than TERT expression alone, providing further evidence that
TER levels can limit telomere maintenance (Cristofari & Lingner, 2006; Wong & Collins,
2006). In our studies, exogenous expression of TER and TERT together also resulted in robust
telomerase activity and greatly extended telomeres in some clones. Although our experiments
indicated that TERT alone resulted in extended lifespan and longer telomeres than cells
transduced with vector alone, we did not observe extensive telomere elongation over time in
these cells and, in at least one case, we observed telomere shortening. This latter result is similar
to a recent study by Wong and Collins showing that TERT expression alone in fibroblasts from
X-linked DC patients resulted in higher telomerase and significantly extended lifespan but not
telomere elongation (Wong & Collins, 2006). Any differences in telomere length maintenance
upon expression of TERT alone between X-linked and AD DC cells could be due to a variety
of factors including expression levels of dyskerin in the different cells.

Whether transduction of TER alone could activate telomerase in other somatic cells from AD
DC patients is unknown, but may in part be dependent on the level of endogenous TERT, which
is nearly undetectable in fibroblasts. Some cells such as hematopoietic stem cells appear to be
somewhat refractory to immortalization by TERT, and TERT expression alone did little in
terms of maintaining telomeres (Wang et al., 2005). Coexpression of TERT and TER together
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might provide a more efficient means to activate telomerase, restore telomeres, and extend
proliferative lifespan in these cell types. In our studies, coexpression of TERT and TER
sometimes led to telomeres that were incredibly long. Such long telomeres are not generally
observed in diploid human cells and it is possible that these cells have lost mechanisms to
regulate normal telomere length. In this regard, it will be of interest to ascertain levels of
proteins known to be involved in telomere length regulation (e.g., TRF1, TRF2, and POT1) in
cells with such long telomeres (de Lange, 2005).

Because there is the potential of upregulating telomerase to ameliorate problems associated
with telomere shortening and poor cell proliferation in DC patients (and even the elderly), it
will be important to determine whether AD DC cells with restored telomeres retain normal
cellular function. TERT has been shown to have functions that go beyond its ability to elongate
telomeres and these functions could interfere with normal cell physiology (Dong et al.,
2005). Extensive telomere elongation may also disrupt normal cell responses. For example,
there is evidence that telomere length plays a significant role in regulating response to DNA
damaging agents and oxidative stress (Goytisolo et al., 2000; Wong et al., 2000; Gonzalez-
Suarez et al., 2003). The cells that we have generated should be of significant value in
determining whether restored telomere length, particularly extremely long telomeres, alters
responses to these agents. Exogenous expression of TERT may also result in cellular
transformation and the consequences of telomerase activation and telomere elongation with
regard to the carcinogenic process in AD DC cells is unknown. It should be noted that telomere
length is not the only factor that regulates senescence in human cells. Several studies, including
our own, indicate that telomere-independent stress-related pathways such as p16INK4a

upregulation are important for inducing a senescence response even in the presence of high
telomerase activity and long telomeres (Kiyono et al., 1998; Dickson et al., 2000; Noble et
al., 2004; Darbro et al., 2006; Janzen et al., 2006). It is interesting to note that in our
experiments, normal fibroblasts senesced with a telomere length that was longer than that
observed in AD DC fibroblasts, indicating that other factors may come into play in determining
when senescence in culture occurs.

Although still speculative, it is possible that problems associated with telomerase mutations
and telomere shortening could be ‘fixed’ in adult stem cell populations by transduction of
telomerase component genes. One could envision that such a strategy might be useful for
treating certain patients with aplastic anemia, including DC patients, where there is a
demonstrated association between telomere shortening and disease. Even if one could safely
extend telomeres in hematopoietic stem cells to extend their lifespan, thus potentially
alleviating bone marrow failure, other tissue in the affected individuals could still fail due to
premature telomere shortening and senescence in the cells of these tissues. Nevertheless, our
studies are proof of principle that it is possible to restore telomeres and proliferative capacity
in cells from AD DC patients and provide an entry point to develop strategies to alleviate
telomere shortening in vivo.

Experimental procedures
Cell culture

The University of Iowa Internal Review Board approved this study and all subjects gave
informed consent. Fibroblasts were obtained from 4 mm skin punch biopsies of a third-
generation AD DC-affected patient (Knudson et al., 2005) and a normal age-matched control.
Briefly, the epidermis was removed by overnight dispase treatment at 4°C. The underlying
dermis was incubated in collagenase overnight at 37 °C and dissociated by pipetting. Cells
were spun down and replated in culture dishes in 10% FBS/DMEM with Fungizone, penicillin,
and streptomycin for the first passages, with removal of Fungizone for subsequent passages.
The cells were split 1 : 8 when they were 90% confluent. TERT expressing VA-13 cells were

Westin et al. Page 7

Aging Cell. Author manuscript; available in PMC 2008 February 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



kindly provided by Kathy Collins (Berkeley) and grown in 10% FBS/DMEM with penicillin
and streptomycin.

Retroviral constructs, and transduction of cells
A FIV vector that coexpresses TER and eGFP from separate promoters was generated by
inserting the TER gene with a 5′ upstream U3 promoter and the TER endogenous 3′ end (a gift
from Kathy Collins, Berkeley) into the Mre11 site of eGFP pVETL (kindly provided by Beverly
Davidson, University of Iowa). The TER gene contains a large portion of the endogenous 3′
end (515 bp), which allows processing of the RNA into the mature form, resulting in a normal
451 base product (Kim et al., 2001; Fu & Collins, 2003). FIV constructs were pseudotyped
with VSV-G at the Gene Vector Core at the University of Iowa using previously described
methods (Wang et al., 1999). The TERT-pBABE-neo vector (Dickson et al., 2000) was
obtained from Robert Weinberg (Whitehead Institute, Cambridge, MA, USA) and the pLXSN
vector from Denise Galloway (Fred Hutchinson Cancer Research Center, Seattle, WA, USA).
These latter murine leukemia virus (MLV)-based vectors were packaged in Phoenix
Amphotropic packaging lines according to previously published protocols (Darbro et al.,
2006). All retroviral infections were carried out overnight in the presence of polybrene at 8
μg mL−1 All cells were dually infected with combinations of an FIV or MLV-based vector for
consistency. Infection with eGFP FIV or TER eGFP FIV vectors were performed at ~2 MOI
and infection was monitored by visualizing green fluorescence after 48 h. Cells infected with
TERT-pBABE-neo or pLXSN were selected in 1 mg mL−1 G418 for 10 days. Cells were
passaged as pools or plated at high dilutions and ring cloned after approximately 10 days
growth. Clones were selected on the basis of green fluorescent expression (presence of eGFP
FIV or TER eGFP FIV).

Real-time PCR to quantify telomere signal
Real-time quantitative PCR was performed based on the protocol from Cawthon et al.
(2003) (Cawthon, 2002; Epel et al., 2004). Genomic DNA was isolated from one 100 mm
confluent plate by trypsinizing and pelleting the cells and using the Qiagen (Qiagen, Valencia,
CA, USA) blood/tissue DNA kit according to manufacturer’s instructions. DNA was eluted in
100 μL volumes. Thirty-five nanogram of DNA was amplified using two different sets of
primers, one for telomere sequences, and the other for the house-keeping gene 36B4. The
composition of the master mixes was identical except for the primer pairs. PCR reactions
contained 1× 6-ROX reference dye (Invitrogen, Carlsbad, CA, USA), 0.2×Syber Green
(Roche, Indianapolis, IN, USA), 15 mM Tris-HCl pH 8.0, 50 mM KCl, 2 mM MgCl2, 0.2 mM each
dNTP, 5 mM DTT, 1% DMSO, and 1.25 U AmpliTaq Gold DNA polymerase (Applied
Biosystems, Foster City, CA, USA). Telomere primer concentrations were: tel1, 270 nM (5′-
GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT-3′) and tel2, 900 nM (5′-
TCCCGACTATCCCTATCCCTATCCCTATCCCCTATCCCTA-3′). The 36B4 primer
concentrations were: 36B4u, 300 nM (5′-CAGCAAGTGGGAAGGTGTAATCC-3′) and
36B4d, 500 nM (5′-CCCATTCTATCATCAACGGGTACAA-3′). The PCR profile for both
primer sets was 95 °C for 10 min, followed by 30 cycles at 95 °C for 15 s, and 54 °C for 2 min.
Samples were run in triplicate in a 25-μL volume. The T : S ratio (telomere signal over single
gene signal) was calculated as [2Ct(telomere)/2Ct(36B4)]−1 or 2−ΔCt Once the T/S ratio was
calculated, it was made relative to one sample (usually normal fibroblasts or vector control) as
indicated and replicate values were averaged. For error bars, standard error of the mean was
calculated from the three independent replicates.

Q-FISH and karyotyping
Q-FISH with Cy-3-labeled (CCCTAA)3 peptide nucleic acid (PNA) and subsequent analysis
of digital images were performed as described (Poon et al., 1999; Baerlocher et al., 2002).
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Briefly, we hybridized a PNA probe (CCCTAA)3 specific for mammalian telomeres (Applied
Biosystems) for 2 h at room temperature to methanol/acetic acid-fixed cells followed by heat
denaturation at 72 °C for 3 min. To remove nonhybridized PNA probes, slides were washed
with 0.05% Tween-20-containing PBS at 56 °C for 15 min and were visualized by using a
Nikon Eclipse E800 fluorescence microscope. For each cell line, at least 400 chromosomes
were analyzed and the mean fluorescence intensity was correlated to telomere length as
ascertained by utilizing plasmids with fixed numbers of telomere repeats (Poon et al., 1999).
Image acquisition and analysis software (TFL-Telo, developed in the Lansdorp laboratory and
available from
http://www.flintbox.com/technology.asp?sID=7BDFF89E0F704B879F6EBFB3C841A343&page=535
) was used for analysis and display of data. For analysis of telomere length from individual
chromosomes, both Q-FISH and karyotyping was performed as previously described (Martens
et al., 1998).

Measurement of TER levels
Total RNA was collected from cultured primary fibroblast samples using TRI Reagent
followed by chloroform extraction and ethanol precipitation as per the manufacturer’s
instructions followed by purification using RNeasy (Qiagen) according to manufacturer’s
protocol. cDNA was constructed from 1.8 μg of isolated RNA using the RETROscript reagents
and protocols (Ambion, Austin, TX, USA). TER RNA expression levels were analyzed using
real-time PCR. Briefly, cDNA was amplified in triplicate using TER primers1 (forward: 5′-
TCTAACCCTAACTGAGAAGGGCGTAG-3′; reverse: 5′-
GTTTGCTCTAGAATGAACGGTGGAAG-3′) in conjunction with SYBR-GREEN PCR
master mix (Applied Biosystems) and was analyzed on an ABI PRISM 7000 Sequence
Detection System. Primers amplifying 18 s RNA (forward: 5′-CCT
TGGATGTGGTAGCCCGTTT-3′; reverse: 5′-AACTTTCGATGGTAGTCGCCG-3′) were
run in parallel to normalize RNA levels among fibroblast samples and ΔCt was calculated for
each sample by the equation: ΔCt = CtTER − Ct18S. Fold differences in TER mRNA levels
were calculated relative to normal fibroblasts infected with empty vector (Vector N-HSF-1)
by using the equation: 2(ΔΔCt) where ΔΔCt = ΔCt(Vector N-HSF-1) − ΔCt(Cell Type).

Quantitative telomerase assay
Real-time quantitative telomeric repeat amplification protocol (RTQ-TRAP) assays were done
based on a protocol from Hou et al. (2001). Briefly, a 50-μL reaction mixture containing 1×
SYBER Green buffer (Applied Biosystems), 2.5 mM each dNTP, 1.5 mM MgCl2, 1 mM EGTA,
1 μg T4 Gene 32 protein (NEB), 0.1 μg each of primers TS (5′-
AATCCGTCGAGCAGAGTT-3′) and ACX [5′-GCGCGG(CTTACC)3CTAACC-3′], one
unit AmpliTaq Gold polymerase, and 1 μL (1000 cell equivalent) of protein lysate. Reactions
were performed in the ABI PRISM 7700 thermal cycler (Applied Biosystems). The PCR
mixture was incubated at room temperature for 30 min followed by 40 cycles (95 °C for 10
min, 95 °C for 15 s, and 60 °C for 1 min). Triplicate threshold values (Ct) were compared with
standard curves derived from serial dilutions of telomerase-immortalized E6 LXSN E7 LXSH
keratinocytes (5000, 1000, 200, 40 cells).

Northern analysis
DIG Northern analysis was conducted using a DIG Northern Kit as described in the
manufacturer’s protocol (Roche Applied Science). Total RNA of 2 μg was separated on a 2%
denaturing agarose gel and was transferred to Hybond-N membrane (Amersham, Arlington
Heights, IL, USA). DIG-labeled hTER antisense RNA was synthesized using T7 polymerase
and SfoI cut pBSV3hTR500 (hTER plasmid from Kathy Collins) as a template. Antisense
DIG-labeled RPLP0 (Ribosomal Protein Large P0, aka 36B4) from a SalI digested pGEM5
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plasmid clone of RPLP0 was used as a loading control. After hybridization and washes,
chemiluminescent detection was performed with anti-DIG-AP antibody and CDP-Star (Roche)
followed by exposure in a FujiImager.
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Fig. 1.
Premature senescence and short telomeres in AD DC (DC-HSF-1) as compared to normal (N-
HSF-1) fibroblasts. (A) DC-HSF-1 cells proliferated for approximately half the lifespan of
normal cells. (B) Quantification of telomere signal in normal and AD DC fibroblasts at early
passage and senescence. Telomere signal was ascertained by real-time PCR methodology as
described in the Experimental procedures. The T : S ratio represents the ratio of telomere signal
over that of a single gene copy control (all relative to the T : S ratio of N-HSF-1 at early
passage). All error bars represent standard error of the mean from three replicate assays.
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Fig. 2.
Reconstitution of telomerase in TER negative cells. (A) The TER/eGFP FIV lentiviral
construct. The TER gene along with a U3 small nucleolar (sno) RNA polymerase II promoter
was inserted into the replication defective eGFP FIV construct. (B) The TER/eGFP FIV and
eGFP vector alone were pseudotyped with VSV-G and were transduced into TERT expressing,
TER negative VA13 cells. Transduction resulted in high telomerase activity in these cells,
indicating functionality of the introduced TER gene. (C) Northern blot showing the
accumulation of mature TER of approximately 450 bases in cells transduced with the TER/
eGFP FIV as compared to eGFP FIV alone. RPLP0 is an internal control for RNA loading.
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Fig. 3.
Reconstitution of TER, telomerase, and telomere length in AD DC fibroblasts. Cells were
transduced with vector, TER alone, TERT alone, or TER and TERT together. AD DC cells are
in black and normal cells in white. (A) TER levels in transduced cells as measured by QRT-
PCR. Values are relative to vector transduced normal cells (N-Vector). (B) Telomerase activity
as measured by a quantitative PCA TRAP assay [in cell equivalents as compared to the activity
of a standard E6/E7 immortalized human skin keratinocytes (HSK) cell line]. (C) Relative
telomere length in transduced cells. Quantification of telomere signal was ascertained by real-
time PCR methodology. The T : S ratio represents the ratio of telomere signal over that of a
single gene copy control (all relative to the T : S ratio of N-Vector). All error bars represent
standard error of the mean from three replicate assays.
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Fig. 4.
(A) Telomere length over long-term passaging in TERT and TERT/TER transduced AD DC
(DC) and normal (N) fibroblast clones. E, early passage (P5, ~15 pd postcloning); L, later
passage (P25, ~75 pd postcloning). Three clones of each cell type were analyzed. Telomere
length was assessed as in Fig. 3 with a quantitative PCR assay. Relative T : S ratio is the ratio
of telomere over single gene signal made relative to early passage normal (N) fibroblasts. All
values represent the average of three replicate assays. Error bars are standard error of the mean.
(B) Telomerase activity in early and late passages of TERT and TERT/TER transduced DC
cells. ‘E’ and ‘L’ designations are similar to those described in 4A. Error bars represent standard
error of the mean for three replicate assays.
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Fig. 5.
Telomerase reconstitution ‘rejuvenates’ AD DC fibroblasts. Normal and DC fibroblasts were
transduced with vector, TER, TERT, or TERT/TER as described in the Experimental
procedures. Photographs were taken within three passages after selection (×100
magnification).
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Fig. 6.
Telomere length as assessed by Q-FISH. (A) Representative metaphases of vector only AD
DC fibroblasts (Vector-DC-HSF-1), TERT expressing AD DC fibroblast clone at early passage
(TERT-DC-HSF-1 clone A), and TERT-TER expressing AD DC fibroblast clone at early
passage (TERT-TER-DC-HSF-1 clone C). Q-FISH was performed using a PNA telomere-
specific probe (see Experimental procedures). (B) Histogram representation of telomere signals
from > 400 telomeres per cell type of transduced early passage AD DC fibroblasts including
Vector-DC-HSF-1, TERT-DC-HSF-1 clone A, and TERT-TER-DC-HSF-1 clone C (top three
panels) and transduced early passage normal (N-HSF-1) fibroblasts Vector-N-HSF-1, TERT-
N-HSF-1 clone A, and TERT-TER-N-HSF-1 clone C (bottom three panels). The Y-axis on
each graph represents frequency of events while the X-axis represents telomere length (as
ascertained by calibration with controls). Average telomere lengths are shown beneath each
graph. (C) Extensive elongation and a normal distribution of telomere length in later passage
TERT-TER DC cells.
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Fig. 7.
Effects of telomerase on telomere length at individual chromosome arms. Graphs represent
telomere length on the ‘p’ and ‘q’ arms from individual chromosomes of early passage cells
expressing eGFP only (A), TER (B), or TERT (C). The distribution of telomere length at
individual chromosome arms in 7–20 metaphase cells is expressed in box plots. In each box
plot, the stars represent the first and 99th percentile of the telomere length values, the lines
represent the 10th and 90th percentile, and the boxes represent the 25th and 75th percentile.
Median values are given by the small box and the 50th percentile of the telomere length
distribution by the horizontal bar in the box.
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