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Telomerase consists of two essential components, the telomerase RNA template (TR) and telomerase reverse
transcriptase (TERT). The haplo-insufficiency of TR was recently shown to cause one form of human dysker-
atosis congenita, an inherited disease marked by abnormal telomere shortening. Consistent with this finding,
we recently reported that mice heterozygous for inactivation of mouse TR exhibit a similar haplo-insufficiency
and are deficient in the ability to elongate telomeres in vivo. To further assess the genetic regulation of
telomerase activity, we have compared the abilities of TR-deficient and TERT-deficient mice to maintain or
elongate telomeres in interspecies crosses. Homozygous TERT knockout mice had no telomerase activity and
failed to maintain telomere length. In contrast, TERT*/~ heterozygotes had no detectable defect in telomere
elongation compared to wild-type controls, whereas TR*/~ heterozygotes were deficient in telomere elongation.
Levels of TERT mRNA in heterozygous mice were one-third to one-half the levels expressed in wild-type mice,
similar to the reductions in telomerase RNA observed in TR heterozygotes. These findings indicate that both
TR and TERT are essential for telomere maintenance and elongation but that gene copy number and
transcriptional regulation of TR, but not TERT, are limiting for telomerase activity under the in vivo condi-

tions analyzed.

The replicative capacity of eukaryotic cells is potentially
limited by the fact that, in the absence of compensatory mech-
anisms, chromosomal synthesis is incomplete, resulting in a
loss of terminal chromosomal nucleotides with each cell divi-
sion. The termini of linear eukaryotic chromosomes consist of
telomeres [structures made up of terminal (TTAGGG),, hex-
anucleotide repeats in mammalian chromosomes] as well as
associated proteins (2, 3, 9). When, as a result of successive cell
divisions, telomeres shorten to a critical length, telomere func-
tion is compromised, leading to replicative senescence or cell
death through pathways that are incompletely understood (2,
15, 17, 22, 29). The best-characterized mechanism capable of
compensating for telomere loss is the synthetic elongation of
telomeric termini by the enzyme telomerase. Telomerase con-
sists of two essential molecular components, the telomerase
RNA (TR) component, which includes a template for telo-
meric DNA, and telomerase reverse transcriptase (TERT), the
RT that mediates telomere synthesis (2, 3, 7, 15, 22). In vitro
and in vivo studies have demonstrated that both TR and TERT
are essential to telomerase enzymatic activity and that, in the
absence of either of these components, progressive telomere
shortening and dysfunction ensue, eventually compromising
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cell division and cell survival (2, 3, 15, 16). The critical in vivo
role of telomerase has been most dramatically demonstrated in
seminal studies of TR-deficient mice, in which the absence of
TR expression and telomerase activity results in progressive
telomere shortening over sequential generations of mice, lead-
ing to sterility as a result of germ cell abnormalities, and phe-
notypic consequences, including reduced life span and multiple
organ- and tissue-specific changes (5, 21, 27). However, it is not
clear how TR and TERT expression are regulated in vivo and
how normal or altered expression of the genes encoding these
telomerase components contributes to normal or pathological
states.

It has been reported that TR is expressed in vivo and in vitro
in a relatively ubiquitous and constitutive manner, although
notable exceptions have been observed (4, 11). In contrast, it
has been suggested that TERT is under more rigorous tran-
scriptional regulation and is expressed by tumor cells and stem
cell populations but not by most normal somatic cells, although
again there have been significant exceptions to this generali-
zation (11, 34). The hypothesis that TERT expression is lim-
iting for telomerase enzymatic activity is supported by studies
in which transfection with human TERT has led to the induc-
tion of measurable telomerase activity, stabilization of telo-
mere length, and effective immortalization of fibroblasts, lym-
phocytes, and other cell types in vitro (33, 36). It remains
unclear, however, whether the expression of TR or TERT
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limits telomerase function during in vivo development and
function and whether genetic alterations in the expression of
either or both of these telomerase genes will have in vivo
consequences.

It was recently demonstrated that an autosomally inherited
form of dyskeratosis congenita (DKC) is caused by mutation in
the human TR (hTR) gene (30-32). DKC is a pleomorphic
disease characterized by bone marrow failure as well as alter-
ations in skin and other organ systems, and it was found that
patients with this syndrome have abnormally short telomeres;
these observations collectively provide the most direct evi-
dence to date that an alteration in telomerase can cause human
disease. A striking feature of this form of DKC is that it is
inherited as an autosomal dominant, suggesting that mutations
create a dominant negative hTR product or that haplo-insuf-
ficiency is responsible for the disease. The fact that at least
some mutations characterized in DKC appear to involve dele-
tions and the failure to express a product from the mutated
allele suggests that haplo-insufficiency, caused by the inactiva-
tion of one copy of the hTR gene, might be responsible for the
phenotype (31, 32). In another experimental approach, the
function of TR was assessed in a mouse model in which crosses
between two mouse species with markedly different telomere
lengths result in elongation of the shorter telomeres during in
vivo development (18). It was found that this telomere elon-
gation is telomerase dependent and did not occur in mouse TR
(mTR)-deficient knockout mice. Moreover, elongation was de-
ficient in mice heterozygous for the mTR knockout, demon-
strating a haplo-insufficient phenotype. Levels of TR in het-
erozygous mice were reduced to levels one-third to one-half of
those in wild-type mice (18). Collectively, these results indicate
that gene copy number and expression of TR may be function-
ally limiting in vivo, with consequences for normal biology and
for pathogenic pathways.

To compare the consequences of reduced expression and
copy number of the TERT gene with the observed conse-
quences of TR deficiency, we have generated TERT-deficient
mice and compared heterozygous and homozygous knockouts
for each of the telomerase components. Homozygous knock-
outs for either mTR or mTERT were unable to elongate telo-
meres in interspecies crosses, in contrast to wild-type mice.
Mice that were heterozygous for mTERT deficiency had re-
duced levels of mMTERT mRNA, which were one-third to one-
half of those measured in wild-type mice. However, in contrast
to the haplo-insufficiency found in mTR heterozygotes, mice
that were heterozygous for mTERT were fully competent for
telomere elongation. Thus, in this in vivo model of telomerase
function, TR gene copy number and transcription appear to be
limiting, whereas TERT does not. These observations are rel-
evant to potential pathways for telomerase dysfunction in hu-
man disease as well as in experimental model systems.

MATERIALS AND METHODS

Construction of the targeting vector. mTERT genomic DNA used for these
studies was a 6-kb fragment derived from strain 129 and containing exon 1 and
part of exon 2 of the mTERT gene. The DNA fragment was inserted into the
pBluescript-KS vector at the EcoRI site (KS-tert). A BamHI-Xbal fragment was
cut from KS-tert and subcloned into the pBluescript-KS vector (KS-BX). In
KS-BX, a unique enzyme restriction site (XhoI) was created by PCR proximally
to an ATG that corresponds to the translation initiation code of mMTERT mRNA.
Green fluorescent protein (GFP) and neomycin resistance genes were then
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inserted into the vector at the Xhol site. The resulting BamHI-Xbal DNA
fragment, containing GFP and neomycin resistance genes, was used to replace
the BamHI-Xbal fragment of KS-tert. The thymidine kinase gene was inserted at
a Notl site that was outside of the genomic DNA fragment. The final construct
was used as an mTERT gene-targeting construct.

Gene targeting in ES cells and production of mTERT knockout mice. The
mTERT-targeting construct was linearized with Sall and electroporated into
embryonic stem (ES) cells. G418-resistant colonies were selected and isolated as
previously described (8). Colonies of ES cells with homologous recombination
events were identified by Southern blot analysis with a BamHI-Xbal fragment
from KS-tert as a probe. Mutant mice were generated by standard protocol with
the selected ES clones. Southern blotting, reverse transcription-PCR, and telo-
merase activity assays were used to confirm the disruption of the mTERT gene,
as described below.

Mice. mTERT heterozygotes were maintained in a Mus musculus C57BL/6
(B6) background. Mice used in the present study had been backcrossed with B6
mice for at least three generations. Mus spretus (SPRET/Ei) mice were originally
obtained from the Jackson Laboratory (Bar Harbor, Maine). All animals were
housed at Bioqual (Rockville, Md.).

Identification of mTERT-deficient mice by PCR. mTERT genotypes were
identified by PCR. Tail DNA was purified with a DNeasy tissue kit (QIAGEN,
Valencia, Calif.). PCR primers were mTERT-TR (5'-CCC CAG GCG CCG
CAC AAA GG-3'), mTERT-TF (5'GGT CCT GGC TGT TTT CTA AG-3'),
and NEON2 (5'-CTG GAT TCA TCG ACT GTG GC-3'). PCRs were carried
out in 50 pl of a PCR mix containing 25 pl of PCR buffer (Supermix PCR kit;
Life Technologies, Rockville, Md.), 1 to 100 ng of tail DNA, and 0.2 pM
concentrations of the primers. PCRs were carried out at 95°C for 30 s, 58°C for
30 s, and 72°C for 1 min for 35 cycles. The wild-type genomic mTERT DNA
(150-bp) PCR product was visualized by agarose gel electrophoresis with
ethidium bromide staining when mTERT-TR and mTERT-TF primer pairs were
used. The knockout mTERT DNA (420-bp) PCR product was visualized when
mTERT-TR and NEON2 pairs were used.

Reverse transcription-PCR analysis for mTERT-deficient mice. Spleen lym-
phocytes were stimulated with concanavalin A (ConA; 5 pg/ml), lipopolysaccha-
ride (LPS; 15 wg/ml), and recombinant interleukin-2 (rIL-2; 150 TU/ml) for 48 h
(18, 20). A NucleoSpin kit (BD Biosciences) was used to isolate total RNA from
spleen cells for reverse transcription-PCR analysis. Two primer pairs were used
to detect mTERT expression. For the detection of 5 mTERT cDNA,
mTERTG658F (5'-AGA TCA AGA GCA GTA GTC GCC AG-3'), starting at
nucleotide 658 of the mTERT cDNA sequence, and mTERT950R (5'-TTT ACA
GCA CAC CGA CCC AGA G-3'), ending at nucleotide 950 of the mTERT
cDNA sequence, were used. For the detection of 3 mTERT cDNA,
mTERT2646F (5'-GCA AAA ACC TTC TCA GCA CC-3'), starting at nucle-
otide 2646 of the mTERT cDNA sequence, and mTERT2952R (5'-ACT TCA
ACC GCA AGA CCG AC-3'), ending at nucleotide 2952 of the mTERT cDNA
sequence, were used. Reverse transcription-PCRs were carried out in 50 pl of a
PCR mix containing 25 wl of PCR buffer (One-Step reverse transcription-PCR
kit; Life Technologies), 1 ug of total RNA, and 0.2 nM concentrations of the
primers. Reverse transcription-PCR was carried out at 42°C for 30 min and then
with 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 1 min. Reverse
transcription-PCR products were visualized by agarose gel electrophoresis with
ethidium bromide staining. The 5'-mTERT cDNA (292-bp) PCR product was
visualized when the primer pair mMTERT658F and mTERT950R was used. The
3’-mTERT ¢DNA (306-bp) PCR product was visualized when mTERT2646F
and mTERT2952R were used.

Identification of mTERT-deficient mice by Southern blot analysis. Southern
blot analysis was performed by a standard protocol as described previously (10).
Mouse tail genomic DNA from wild-type or mutant mTERT mice was digested
with BamHI or HindIII, electrophoresed on 0.7% agarose gel, and transferred
onto nylon filters. The filters were hybridized with 3*P-labeled probe in Hyb
buffer (Stratagene) at 65°C for 4 to 8 h. The probe was cut from KS-BX with
BamHI and Xbal and labeled with [«-3?P]dCTP with a Room Temperature
random primer kit (Stratagene). Filters were exposed after three washes with
0.2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.2% sodium
dodecyl sulfate for 10 min at 60°C.

Pulsed-field gel electrophoresis and in-gel hybridization for telomere length
determination. Mouse spleen cells were prepared and embedded in agarose
plugs as described previously (18, 37). DNA plugs were digested with Hinfl and
Rsal and electrophoresed in a 1% agarose gel at 14°C with a pulsed-field
apparatus. Gels were dried and hybridized with 3>P-labeled (CCCTAA), oligo-
nucleotides. Telomere repeats were revealed by exposing gels to X-ray film or by
phosphorimaging.
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Q-FISH. Spleen lymphocytes were stimulated with ConA (5 pg/ml), LPS (15
pg/ml), and rIL-2 (150 TU/ml) for 48 h (18, 20). Activated cells were treated with
Colcemid and fixed with 3:1 methanol-acetic acid. Metaphase cells were dropped
on slides that were then hybridized with Cy3-labeled (CCCTAA); oligonucleo-
tides, and chromosomes were stained with DAPI (4',6'-diamidino-2-phenylin-
dole). Fluorescent signals were collected and analyzed as previously described
(18, 20). By using FluoreSphere beads (Molecular Probes) as standards, fluores-
cent-signal intensities were calculated with quantitative fluorescence in situ hy-
bridization (Q-FISH) software from the Lansdorp laboratory (14). At least 10
metaphases and 800 telomeres from each mTR mutant genotype and at least 20
metaphases and 1,600 telomeres from each mTERT mutant genotype were used
to collect telomere fluorescent-signal data.

Telomerase activity assay. Telomerase activity was measured with the
TRAPeze telomerase detection kit (Chemicon) (19). Testis cells or spleen lym-
phocytes stimulated with ConA (5 pg/ml), LPS (15 pwg/ml), and rIL-2 (150 IU/ml)
for 48 h were lysed with CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-
propanesulfonate} buffer. PCR products were separated by electrophoresis on
12.5% nondenaturing polyacrylamide gels and visualized by SYBR Green stain-
ing.

Real-time PCR. Total RNA was isolated as described above. A standard curve
for mTERT was generated in each experiment by titrating purified plasmid
containing mTERT c¢DNA. A standard curve for GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) was similarly generated from total B6 mouse spleen
cell RNA. Real-time PCR was performed with a Superscript One-Step reverse
transcription-PCR kit (Invitrogen) and a 7900HT sequence detection system
(Applied Biosystems, Foster City, Calif.). Primers used for real-time PCR of
mTERT were mTERT 5'-TGG GTC TCC CCT GTA CCA AAT-3" and 5'-GGC
CTG TAA CTA GCG GAC ACA-3'. Primers for real-time PCR of GAPDH
were GAPDH 5'-TTC ACC ACC ATG GAG AAG GC-3' and 5'-GGC ATG
GAC TGT GGT CAT GA-3'. The fluorogenic probe for n\TERT was FAM-5'-
TGC CAC CAC GGA TAT CTG GCC CT-3'-TAMRA (where FAM is 6-car-
boxyfluorescein and TAMRA is 6-carboxytetramethylrhodamine). The fluoro-
genic probe for nGAPDH was FAM-5'-TGC ATC CTG CAC CAC CAA CTG
CTT AG-3'-TAMRA.

Generation and genotyping of transgenic mTERT mice. The mTERT con-
struct used to generate transgenic mice was isolated from a mouse testis cDNA
library by PCR. Briefly, a 3.4-kb mTERT cDNA fragment was isolated by NotI
digestion. The 5’ end was blunted and cloned 3’ downstream of 1.2 kb of the
human ubiquitin C promoter (28). The 3’ end of this construct contains 150 bp
from human c-jun and simian virus 40 splice and poly(A) sequences. The entire
transgene construct (5.5 kb) was released by Ndel-EcoRI digestion and micro-
injected into C57BL/6 mouse oocytes. Four different founder lines were identi-
fied by Southern blotting using a Kpnl-NotI fragment of mTERT as a probe, and
the experiments described here were carried out using two of the founder lines.
Mice expressing the transgene were subsequently identified with a PCR specific
for the TERT transgene. Tail DNA was purified with a DNeasy tissue kit
(QIAGEN) and analyzed by PCR using the following transgenic mTERT-spe-
cific primers: WH33 (5'-CCC CAG GCG CCG CAC AAA GG-3') and WH2953
(5'-GGT CCT GGC TGT TTT CTA AG-3’). PCRs were carried out in 50 pl of
a PCR mix containing 5 pl of 10X PCR buffer (Applied Biosystems), 0.1 mM
concentrations of the four combined deoxynucleoside triphosphates (Roche), 0.4
M concentrations of the primers, 0.5 U of AmpliTaq (Applied Biosystems), and
1 to 100 ng of tail DNA. The PCR was carried out at 95°C for 10 min, followed
by 30 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 1 min. The reaction
was completed by incubation at 72°C for 10 min. This PCR amplifies a single
band of 561 bp from transgenic mTERT-containing mice; DNA prepared from
mice that lack the transgene yields no amplified band. The expression of a
functional transgenic mMTERT product was confirmed by the ability of the trans-
gene to reconstitute in vitro telomerase activity in mTERT ~/~ mice (data not
shown).

RESULTS

Generation of mTERT-deficient mice. mTERT-deficient
mice were constructed as shown in Fig. 1A. A gene-targeting
vector was used to transfect mouse ES cells. Three of 148
G418-resistant ES cell clones were identified as homologous
recombination positive, and two of these clones were used to
generate mTERT knockout mice. In the targeted allele, GFP
and neomycin genes were inserted into the first exon of the
mTERT gene, disrupting mTERT expression (Fig. 1A).
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FIG. 1. Generation of mTERT /~ mice by gene targeting. +/+,
mTERT*"* mice; +/—, mTERT"~ mice; —/—, mTERT /" mice.
(A) Gene targeting strategy and restriction map of the mTERT gene.
The black boxes represent the exons of the mTERT gene. GFP and
neomycin genes were inserted into exon 1 5’ of the translation initia-
tion codon ATG. E, EcoRI; X, Xbal; EX1, exon 1; EX2, exon 2; B,
BamHI; H, HindIII; TK, thymidine kinase. (B) Southern blot analysis
of mouse tail DNA. The 7- and 9.3-kb bands represent the germ line
and target allele, respectively. (C) PCR genotype of mTERT knockout
mice. The wild-type band is 150 bp; the knockout band of an mTERT
knockout mouse is 420 bp. (D) Reverse transcription-PCR analysis of
mTERT gene expression. 5'mTERT represents the reverse transcrip-
tion-PCR product from the mTERT658F and mTERTI950R primers.
3'mTERT represents the reverse transcription-PCR product from the
mTERT2646F and mTERT2952R primers. (E) TRAP assay for tel-
omerase activity. Cell lysates were prepared from testes of mMTERT /"
(wild-type [WT]), mnTERT*/~, and mTERT /" (knockout [KO]) mice.
Telomerase activity is shown for each type of mouse for (from left to
right) 90, 30, 10, and 3.3 ng of lysate. A, serial dilutions of cell lysates
made before TRAP analysis; O, protein samples heated to 85°C for 10
min before TRAP assay; IS, internal standard.

L 3

mTERT-deficient mice were identified by using Southern blot
analysis, genomic PCR, reverse transcription-PCR, and assays
of telomerase activity. For Southern blot analysis, genomic
DNA was digested with BamHI, electrophoresed, and hybrid-
ized with probe A (Fig. 1A). Figure 1B shows the results of a
representative Southern blot experiment in which wild-type
mouse DNA generated a single 7-kb band, homozygous
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FIG. 2. SPRET/EIi telomeres undergo elongation in (B6 X SPRET/
Ei)F, mice. Telomeric repeat fragment distribution was analyzed by
pulsed-field gel electrophoresis and in-gel hybridization of telomeric
DNA from B6, SPRET/Ei (Sp), and (B6 X SPRET/Ei)F, (F1) mice.
The boxed area represents elongated telomeres of parental SPRET/Ei
origin. MK, molecular size marker.

mTERT knockout mouse DNA generated a single 9.3-kb
band, and heterozygous mTERT mouse DNA generated one
band of each length. Genotypes were also confirmed by PCR
(Fig. 1C). mTERT RNA expression in activated spleen lym-
phocytes from mTERT wild-type and putative mTERT knock-
out mice was assessed by reverse transcription-PCR using
primer pairs that are specific for both the 5" and 3’ ends of
mTERT. As assessed by either primer set, mMTERT knockout
mice did not express detectable mTERT mRNA, while het-
erozygous and wild-type mice expressed easily detectable
mRNA (Fig. 1D). Similar levels of telomerase activity in ex-
tracts from testis cells of mMTERT heterozygous and wild-type
mice were detected by a telomeric repeat amplification
(TRAP) assay (Fig. 1E), while in contrast, no telomerase ac-
tivity was detected in testis cell extracts of mTERT knockout
mice (Fig. 1E) or in extracts of mTERT knockout spleen lym-
phocytes stimulated with LPS, ConA, and rIL-2 (data not
shown).

Telomere elongation is deficient in mTERT~/~ and mTR ™/~
mice. The role of telomerase function in in vivo telomere
elongation was assessed in interspecies crosses between M.
musculus (B6) and M. spretus (SPRET/Ei) mice. Analysis of
telomere length by pulsed-field gel electrophoresis demon-
strated that telomeres from SPRET/Ei mice were substantially
shorter than those from B6 mice, and as previously described,
telomeres from (B6 X SPRET/Ei)F, mice, expressing wild-
type mTR and mTERT, had a bimodal distribution of telo-
mere length (Fig. 2). Notably, the short telomeres from these
F, mice were substantially longer than those from parental
SPRET/Ei mice, indicating that telomere elongation had oc-
curred during development of these mice, as previously re-
ported (18).

To compare the functions of mMTERT and mTR in telomere
maintenance and elongation, mTERT™/~ B6 mice were
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crossed with wild-type SPRET/Ei mice, generating mTERT*/~
and mTERT"" (B6 X SPRET/Ei)F, offspring. Female
mTERT"~ (B6 X SPRET/Ei)F, mice were backcrossed with
male mTERT™~ B6 mice to generate mTERT'™,
mTERT"/~, and mTERT '~ mice [(B6 X SPRET/Ei) X B6].
In parallel, mTR-deficient mice were bred to generate
mTR*~ and mTR*™* (B6 X SPRET/Ei)F, offspring and
mTR"", mTR"~, and mTR/~ [(B6 X SPRET/Ei) X B6]
offspring. In all experiments, comparisons were made between
or among mice which differed in mTERT or mTR genotype
but which were derived from the same breeding cohorts to
control for effects of other genetic heterogeneities.

To first determine whether expression of both mTERT and
mTR is essential for telomere elongation in interspecies mice,
telomere lengths of spleen lymphocytes from mTERT '+ and
mTERT /'~ [(B6 X SPRET/Ei) X B6] mice and from mTR*/*
and mTR~/~ [(B6 X SPRET/Ei) X B6] mice were assayed.
Q-FISH analysis demonstrated that, in mTERT ™" [(B6 X
SPRET/Ei) X B6] mice (Fig. 3B), the shortest telomeres were
substantially longer than those from SPRET/Ei mice (Fig. 3A),
indicating that telomere elongation had occurred during the
development of these mice, as previously reported (18, 37). In
contrast, short telomeres of putative SPRET/E; origin were not
elongated in mTERT '~ mice (Fig. 3C). As previously re-
ported, short SPRET/Ei telomeres were similarly elongated in
mTR™** mice (Fig. 3D) but not in mTR ™/~ mice (Fig. 3E)
(18). Comparable results were observed from pulsed-field gel
analysis of telomere length (data not shown). These findings
indicate that expression of both mTERT and mTR is essential
for telomere maintenance and elongation.

Telomere elongation is deficient in mTR*'~ mice but not in
mTERT™"'~ mice. The measurement of telomere elongation in
interspecies crosses provided an opportunity to further analyze
whether quantitative levels of mMTERT or mTR expression are
limiting in this in vivo assay of telomerase function. To this
end, telomere elongation was analyzed in mice that were het-
erozygous for inactivation of either mTR or mTERT. The
shorter set of telomeres in mTR™*/~ (B6 X SPRET/Ei)F, mice
was substantially smaller than that of wild-type (B6 X SPRET/
Ei)F, mice, as measured by Q-FISH (Fig. 4A and B), consis-
tent with results from a previous report and indicating that the
expression of mTR is limiting for telomere elongation in vivo
(18). In contrast, there was no detectable difference in the
lengths of telomeres in mTERT** and mTERT"/~ (B6 X
SPRET/Ei)F, mice when they were assayed by Q-FISH (Fig.
4C and D), with mice of both genotypes exhibiting similar
elongations of short, presumably SPRET/E], telomeres. Com-
parable results were again observed in pulsed-field gel analysis
of telomere length (data not shown). Thus, the expression of
mTR, but not mTERT, limits telomerase-dependent mainte-
nance of telomere length under these in vivo conditions.

TERT mRNA expression is reduced in mTERT*/~ mice. It
has been reported that the defect in telomere elongation ob-
served in mTR ™"/~ mice is associated with decreased expres-
sion of mTR RNA, providing an explanation for the haplo-
insufficiency in these mice (18). Because mTERT '~ mice did
not exhibit a defect in telomere elongation, it was important to
determine whether mTERT mRNA expression is altered in
these heterozygous mice. When RNA from mTERT*'* and
mTERT"/™ mouse testes was quantitated by real-time reverse
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FIG. 3. Telomere maintenance and elongation in [(B6 X SPRET/Ei) X B6] mice is dependent upon the expression of both mTR and mTERT.
Q-FISH frequency distributions of telomere signals in SPRET/Ei mice (A), mnTERT /" mice [(B6 X SPRET/Ei) X B6] (B), nTERT /" mice [(B6
X SPRET/Ei) X B6] (C), mTR™*'* mice [(B6 X SPRET/Ei) X B6] (D), and mTR ™'~ mice [(B6 X SPRET/Ei) X B6] (E) are shown. All Q-FISH
data represent the analysis of at least 10 metaphases and 800 telomeres for mTR mutant mice and 20 metaphases and 1,600 telomeres for mTERT

mutant mice.

transcription-PCR, it was found that mTERT"" and
mTERT"~ mice had similar amounts of control GAPDH
mRNA but that mMTERT mRNA was reduced by two- to three-
fold in mTERT "/~ mice (Fig. 5). Thus, a reduction in mTERT
mRNA does not result in a functional deficit in telomere elon-
gation, in contrast to the haplo-insufficiency that occurs in
association with a similar decrease in mTR RNA in mTR ™/~
mice.

Expression of transgenic mTERT does not affect telomere
elongation. Using a complementary strategy to further test the
effect of altered mTERT expression, we generated transgenic
lines that express mMTERT under the control of a human ubig-
uitin promoter and have tested the effect of transgenic mMTERT
expression in interspecies crosses with M. spretus. Elongations

A.

of short M. spretus telomeres were equivalent in mice crossed
with wild-type and mTERT-transgenic mice (Fig. 6). Thus,
neither overexpression of mTERT in transgenic mice nor re-
duced mTERT expression in heterozygous mTERT ™/~ mice
altered telomerase-dependent telomere elongation.

DISCUSSION

The regulation and maintenance of telomere length in mam-
malian cells is dependent upon the activity of telomerase as
well as the modulating effects of additional telomere-associ-
ated proteins. Thus, mice that are rendered deficient in mTR
by gene disruption are completely lacking in telomerase activ-
ity and undergo gradual erosion of telomere length over suc-
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FIG. 4. Telomere elongation is deficient in mTR*/~ but not in mTERT"/~ (B6 X SPRET/Ei)F, mice. Q-FISH frequency distributions of
telomere signals from mTR™/* mice (B6 X SPRET/Ei)F, (A), mTR "'~ mice (B6 X SPRET/Ei)F, (B), nTERT """ mice (B6 X SPRET/Ei)F, (C),
and mTERT™~ mice (B6 X SPRET/Ei)F, (D) are shown. All Q-FISH data represent the analysis of at least 10 metaphases and 800 telomeres
for mTR mutant mice and 20 metaphases and 1,600 telomeres for mTERT mutant mice.
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mTERT"~ (B6 x SPRET/Ei)F, mice. (B) Open squares represent
mGAPDH mRNA from mTERT** (B6 X SPRET/Ei)F, mice, and
filled squares represent mGAPDH mRNA from mTERT"/~ (B6 X
SPRET/Ei)F,; mice.

cessive generations, resulting in insufficiency of germ line cells
as well as multiple deficiencies in somatic cell lineages (4-6).
Knockout mice that are completely deficient in mTERT also
lack telomerase activity (19, 27), and telomere shortening has
been reported to occur over successive generations of these
mTERT-deficient mice (35; unpublished data).

Although these studies demonstrate the absolute require-
ment for both TR and TERT in vivo, they did not establish the
role played by quantitative regulation of these two telomerase

B6 Sp |(B6 x SPRET/Ei)F1
mTERT Tg: WT (#H)|WT|WT WT (+) +)

MK
Kb:

48—

23— |

9— &

FIG. 6. SPRET/EIi telomeres undergo the same elongation in wild-
type and mTERT-transgenic B6 or (B6 X SPRET/Ei)F, mice. Telo-
meric repeat fragment distribution was analyzed by pulsed-field gel
electrophoresis and in-gel hybridization of telomeric DNA from
SPRET/Ei (Sp), B6, and (B6 X SPRET/Ei)F, mice with a wild-type
genotype (WT) and/or the mTERT-transgene (+). The results shown
are representative of those from six mTERT-transgenic (B6 X
SPRET/Ei)F, mice from two independent transgenic lines. The boxed
area represents elongated telomeres of parental SPRET/Ei origin.
MK, molecular size marker; Tg, transgene.
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components under physiologic conditions or in disease patho-
genesis. The recent mapping of genes responsible for the in-
herited human disease DKC has provided provocative evi-
dence that altered telomere length or function can result in
pathology (25). Autosomal dominant DKC is caused by muta-
tion in TR, the RNA component of telomerase, and is marked
by abnormal telomere shortening (31). The fact that DKC is
caused by mutation in one copy of the hTR gene suggests that
haplo-insufficiency might result from reduced overall hTR ex-
pression caused by the inactivation of one allelic copy. The
possibility that haplo-insufficiency in TR expression can affect
telomere length maintenance was supported by recent studies
demonstrating that telomerase-dependent telomere elonga-
tion is deficient in interspecies mice which are heterozygous for
mTR inactivation and which thus express reduced levels of
mTR RNA, an effect that was shown to be independent of
genetic mTR polymorphisms or species-specific differences
(18). These results demonstrated that mTR expression can be
limiting for telomerase-dependent telomere maintenance in
vivo.

In the studies reported here, we generated mTERT-defi-
cient mice and studied the effect of inactivating one or both
copies of mMTERT on telomere lengths of interspecies crosses.
Fully deficient mTERT, homozygous knockout mice resem-
bled mTR knockout mice in lacking detectable telomerase
activity and in undergoing telomere shortening rather than the
elongation observed in wild-type controls. Heterozygous
mTERT"/~ mice expressed two- to threefold-lower levels of
mTERT mRNA than wild-type controls, similar to the two- to
threefold reduction in telomerase RNA observed in mTR™*/~
heterozygotes. However, when telomere length was measured,
it was found that telomere elongation occurred in mTERT*/~
heterozygous mice to a degree equivalent to that seen in wild-
type controls and in marked contrast to the deficiency observed
in mTR™*'~ mice. Thus, the restriction of mTR expression, but
not of mTERT expression, resulted in a reduced capacity for
telomere elongation, indicating that it is mTR gene expression
that is limiting for telomerase-dependent telomere mainte-
nance in this in vivo model system.

While the studies presented here were under review, Erd-
mann et al. (12) reported an analysis of telomere length in
mTERT heterozygous B6 mice. They found that, in successive
generations of backcrossing mTERT "/~ heterozygotes to wild-
type B6 mice, mTERT "'~ offspring demonstrated telomere
shortening beyond that seen in wild-type littermates. These
results are in contrast to the absence of any difference in
telomere length observed in mTERT heterozygous or wild-
type offspring of interspecies crosses between M. musculus
(B6) and M. spretus (SPRET/Ei) mice. The difference in results
between these two studies could reflect a difference in regula-
tion of mTERT and mTR expression under the conditions
studied. Thus, mTR but not mMTERT expression may be lim-
iting when telomerase is activated to achieve a new set point
for telomere length in interspecies crosses, whereas limiting
factors for telomere maintenance may differ under other cir-
cumstances. In this regard, it would be of interest to determine
the effect of mTR heterozygosity under the conditions studied
by Erdmann et al. It should be noted that differences in the
strategies used for mTERT inactivation cannot be excluded as
relevant to the findings of these studies.
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It has been reported that overexpression of transgenic
mTERT can increase cancer susceptibility (1, 13, 14) and the in
vivo proliferation and function in normal tissues (14, 26).
Transgenic mTERT overexpression in basal skin cells, driven
by the K5 promoter, was reported to have no effect on telo-
mere length in these cells (14, 26), whereas transgenic mTERT
expression in cardiac myocytes, under the control of the «
myosin heavy chain promoter, was found to “rescue” telomere
shortening observed in nontransgenic control mice (26). In the
studies reported here, we observed that transgenic overexpres-
sion of mTERT had no effect on telomere elongation in inter-
species crosses, consistent with the conclusion that wild-type
levels of mTERT expression are not limiting in this model
system.

An important question, as yet unanswered, is whether the
decrease in mMTERT mRNA in mTERT "/~ mice results in a
reduction in the levels of mTERT protein produced. The ab-
sence of an effect of reduced levels of mMTERT mRNA could
be explained by a failure to produce a corresponding reduction
in mTERT translation or steady-state protein levels. Alterna-
tively, a reduction in mTERT protein may occur without an
impact on telomere dynamics. We have to date been unable to
quantitate protein levels with the available anti-mTERT anti-
bodies and can therefore not yet distinguish between these
possibilities.

Liu et al. (23, 24) analyzed telomere length in mTERT /™,
mTERT"~, and mTERT '~ ES cells during progressive pas-
sage in vitro and observed that telomere length was maintained
in wild-type cells but decreased progressively in mTERT '~
cells. In addition, they found that mTERT "'~ ES cells failed to
maintain telomere length and underwent shortening at a rate
intermediate between the rates of shortening of wild-type and
homozygous deficient cells. From these findings, they con-
cluded that mTERT expression was limiting in ES cells, in
contrast to the absence of any detectable defect in mTERT ™/~
interspecies mice reported in the present studies. In our own
studies, we found that neither wild-type nor mTERT /'~ ES
cells underwent shortening during 5 months in continuous cul-
ture; in fact, ES cells of both genotypes exhibited modest and
comparable degrees of telomere elongation during this period
(data not shown). The basis for the difference in behavior of
mTERT"/~ ES cells in this study and in that of Liu et al. is
unclear but may reflect differences in ES cell populations
and/or culture conditions. Taken together, the results pre-
sented here suggest that the expression of mTR, but not
mTERT, limits telomere maintenance during embryonic and
early postnatal in vivo development in the interspecies model
that we have analyzed.

Identifying the factors that limit and determine telomerase
activity and telomere maintenance in vivo is significant both for
studies of underlying telomere biology and for an understand-
ing of potential roles of altered telomere expression in patho-
genesis. The haplo-insufficiency observed in mice deficient in
one copy of the TR gene appears to provide a model for the
mechanism underlying the inherited disease autosomal domi-
nant DKC. The absence of both haplo-insufficiency and func-
tional defect in mice deficient in one copy of mTERT suggests
that a recessively inherited deficiency in both copies of
mTERT, or a distinct dominant negative mechanism, may be
necessary to disrupt function and cause disease. The possibility

MoL. CELL. BIOL.

that different mechanisms may limit telomerase function in
different cell lineages and under different conditions remains
an important area for further study.
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