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Telomerase is essential for telomere length maintenance. Mutations in either of the two core components of
telomerase, telomerase RNA (TR) or the catalytic protein component telomerase reverse transcriptase (TERT),
cause the genetic disorders dyskeratosis congenita, pulmonary fibrosis, and other degenerative diseases.
Overexpression of the TERT protein has been reported to have telomere length-independent roles, including
regulation of the Wnt signaling pathway. To examine the phenotypes of TERT haploinsufficiency and determine
whether loss of function of TERT has effects other than those associated with telomere shortening, we
characterized both mTERT*'~ and mTERT ™'~ mice on the CAST/EiJ genetic background. Phenotypic analysis
showed a loss of tissue renewal capacity with progressive breeding of heterozygous mice that was indistin-
guishable from that of mTR-deficient mice. mTERT '~ mice, from heterozygous mTERT*'~ mouse crosses,
were born at the expected Mendelian ratio (26.5%; n = 1,080 pups), indicating no embryonic lethality of this
genotype. We looked for, and failed to find, hallmarks of Wnt deficiency in various adult and embryonic tissues,
including those of the lungs, kidneys, brain, and skeleton. Finally, mTERT '~ cells showed wild-type levels of
Wnt signaling in vitro. Thus, while TERT overexpression in some settings may activate the Wnt pathway, loss
of function in a physiological setting has no apparent effects on Wnt signaling. Our results indicate that both
TERT and TR are haploinsufficient and that their deficiency leads to telomere shortening, which limits tissue
renewal. Our studies imply that hypomorphic loss-of-function alleles of A”TERT and kTR should cause a similar

disease spectrum in humans.

Short telomeres play a critical role in human disease. It was
first shown that short telomeres underlie the bone marrow
failure seen in autosomal dominant dyskeratosis congenita (57,
72). Short telomeres are also associated with a broad spectrum
of degenerative disorders that are linked to aging, including
aplastic anemia, pulmonary fibrosis, liver disease, and others
(1, 4, 5, 11, 41, 70, 78, 79). While these diseases were once
thought to be distinct, it is now clear that they share the
common molecular defect of progressive telomere shortening
(2). Progressive telomere shortening generates critically short
telomeres that limit the replicative capacity of cells (30) and, in
mice, is known to cause loss of tissue renewal capacity (29, 42)
and progressive organ failure (2).

Telomeres cap chromosome ends and distinguish a natural
chromosome end from a DNA break. When telomeres become
critically short, the protective function is lost, initiating a DNA
damage response (18, 20, 36). This damage response signals
through p53, leading to either apoptosis or cellular senescence.
Thus, maintaining telomere length is essential for cell survival.
Telomerase is the enzyme that maintains telomere length.
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During normal DNA replication, telomeres shorten due to the
inability of the replication machinery to fully copy the very
ends of chromosomes. The natural shortening is counterbal-
anced by telomerase, which adds telomeric DNA sequence
onto chromosome ends (28). Telomerase has two conserved
core subunits: an essential RNA component, TR, and a cata-
lytic protein component, TERT, as well as a number of species-
specific accessory factors (8). Telomerase establishes a length
equilibrium that is tightly regulated in the cell by telomere
binding proteins and regulatory kinases that regulate the ac-
tion of telomerase at the telomere (67). Mutations in the tel-
omerase components 7R and TERT that reduce telomerase
activity result in telomere shortening in both humans and mice
(4, 9, 45, 72, 79). The autosomal dominant inheritance of
dyskeratosis congenita, aplastic anemia, and pulmonary fibro-
sis in individuals carrying telomerase mutations is due to hap-
loinsufficiency when telomerase components are compromised
and short telomeres result (4, 5, 49, 70, 72, 79).

We generated and characterized a telomerase-null mouse to
understand the connection between telomere length and telo-
merase (9). The RNA component, mTR, was deleted in this
mouse, and initial studies were done on two different genetic
backgrounds, the 129/C57BL/6J mixed genetic background
(42) and later the C57BL/6J background (33). Both of these
laboratory strains of mice have unusually long heterogeneous
telomeres compared to those of humans and wild mice (31).
When these mTR ™/~ mice were successively interbred for six
generations, telomeres shortened with each generation (9). On
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this long-telomere genetic background, no phenotypes were
seen for the first three generations. After telomeres were suf-
ficiently short, the late-generation mTR™'~ G4 through
mTR ™/~ G6 mice showed a progressive functional decline in
tissues with high turnover rates (42). There was a pronounced
decrease in testis size due to germ cell apoptosis (32), and
significant degenerative effects were also seen in the hemato-
poietic system, gastrointestinal (GI) tract, and skin (26, 34, 35,
42, 64, 76).

To more fully examine phenotypes associated with short
telomeres, we generated mTR™*/~ and mTR ™/~ mice on the
CAST/EiJ genetic background, which has telomere lengths
similar to those of humans (31). While the C57BL/6J mTR ™/~
mice were instrumental in understanding the role of short
telomeres in limiting tumor growth (19, 50), the very hetero-
geneous and unusually long telomeres on this genetic back-
ground make phenotypic analysis difficult. In contrast to
C57BL/6J mTR ™/~ mice, CAST/EiJ mTR~’~ mice showed sig-
nificant defects in tissue renewal in the first generation (29).
Further, progressive breeding of CAST/EiJ mTR™~ mice
showed haploinsufficiency for telomerase similar to that seen
in human autosomal dominant dyskeratosis congenita families.
The phenotypes of these mice recapitulate many of the disease
phenotypes seen in human dyskeratosis congenita that contrib-
ute to the morbidity and mortality of the disease, including
bone marrow failure (3, 29). The progressive telomere short-
ening and decreased survival with each generation in these
mice are similar to the genetic anticipation found in dyskera-
tosis congenita. In these autosomal dominant families, the ge-
netic anticipation describes a worsening of the phenotype and an
earlier onset of disease in the later generations (4, 73).

Autosomal dominant dyskeratosis congenita was first found
to be caused by loss-of-function mutations in the A7R gene
(72), and other families were later identified that have muta-
tions in ATERT (4). Mutations in either ATR or h'TERT also
cause autosomal dominant pulmonary fibrosis (5, 70), indicat-
ing that mutation in either TR or h'TERT can result in hap-
loinsufficiency and telomere shortening (2). Mouse models of
mTR and mTERT deficiency can offer insight into the role of
these two components in human disease. The first experiments
to look at loss of telomerase function in mammals were done
using the mTR null allele, as described above. Subsequently,
three different groups generated mTERT /'~ mice (15, 45, 81).
All of these mice were analyzed on C57BL/6J and 129/
C57BL/6J mixed genetic backgrounds with long telomeres.
Progressive telomere shortening was seen in the embryonic
stem cells grown in culture (44, 45) and in successive genera-
tions of mTERT /'~ mice (22). Similar to the mTR™'~ mice,
there was no phenotype seen in the early generations (22, 81),
while later generations showed degenerative phenotypes in the
testes, intestine, and bone marrow (14, 54) similar to those of
mTR ™'~ mice.

To understand the human diseases associated with telome-
rase, it is important to know whether mutations in #7R and
hTERT would be expected to show similar or different pheno-
types. Telomerase mutations in families are typically initially
diagnosed as either dyskeratosis congenita or pulmonary fibro-
sis. However, the clinical manifestations of short telomeres are
very heterogeneous. The factors that determine which clinical
manifestation may be seen first are not yet clear. Several in-
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vestigators have suggested that the specific gene that is mu-
tated, hTR or hTERT, or the specific mutation may play a role
in determining which disease is seen (12, 23, 74, 77). Another
explanation that has been suggested for the difference in the
disease spectrum comes from recent literature suggesting that
the TERT protein may have functional roles independent of its
role in telomere elongation (16, 24, 47, 51, 60). If, indeed,
TERT has additional functions that are separate from telo-
mere length maintenance, it would be expected that some
mutations in ATERT might be manifested as diseases different
than those seen with mutations in 277TR.

To fully understand the potential spectrum of diseases that
are due to mutations in either A”TERT or hTR, we wanted to
critically examine the effects of mTERT loss and mTERT hap-
loinsufficiency in mice. To do this, we took advantage of the
CAST/Ei] mouse with short, homogeneous telomere length
distributions (31). By examining CAST/EiJ mTERT '~ and
mTERT"'~ mice and comparing them to CAST/Ei] mTR ™/~
and mTR"'~ mice, we can further determine whether any
additional phenotypes are seen that may be attributable to
alternative functions of TERT. In our analysis, we found that
the telomere shortening in mTERT '~ and mTERT "'~ mice
was very similar to that observed in mTR™/~ and mTR*'~
mice. We documented haploinsufficiency in progressive gener-
ations of mTERT*'~ and mTERT '~ mice that led to a loss of
tissue renewal capacity. Moreover, we did not find any addi-
tional phenotypes, including Wnt pathway defects, in
mTERT '~ mice, suggesting that the phenotypic consequence
of mTERT loss is caused by telomere shortening, not by te-
lomere-independent functions of mTERT.

MATERIALS AND METHODS

Mouse breeding. mTERT CAST/EiJ mice were generated by following the
protocol for mTR CAST/EiJ mice (29). Briefly, we backcrossed C57BL/6J
mTERT heterozygous mice (45) onto the CAST/EiJ background for six genera-
tions. After six backcrosses, heterozygous mice were designated HG1 for
heterozygous generation 1. The progeny of HG1 crosses generated KOg,, HG2,
and WT2* mice (see Fig. 1A). Subsequent generations were obtained by inter-
breeding increasingly heterozygous generations. HG1 mice were maintained by
crossing them to wild-type (WT) mice to avoid haploinsufficiency causing telo-
mere shortening. All animals were housed and bred in a pathogen-free environ-
ment at The Johns Hopkins University. All procedures were approved by the
Institutional Animal Care and Use Committee at The Johns Hopkins University.

Telomere length analysis. We measured telomere length by quantitative flu-
orescence in situ hybridization (Q-FISH) and flow cytometry FISH (Flow-FISH).
For Q-FISH, we generated metaphases from splenocytes as described previously
(33). Metaphase slides were hybridized with a Cy3-labeled PNA telomere probe
(Applied Biosystems) and imaged with a Zeiss Axioskop microscope, and telo-
mere length analysis was performed in a blinded fashion using the TFL-TELO
software (63). Flow-FISH was performed on splenocytes by following the pro-
tocol of Baerlocher et al. (6). Briefly, we isolated spleens and generated single-
cell suspensions using a 70-pm cell strainer (BD Falcon). We removed erythro-
cytes by lysing them in RBC Lysis Buffer (eBioscience). The remaining white
blood cells were washed with phosphate-buffered saline (PBS) and resuspended
in hybridization mix (70% formamide [Fisher Scientific], 0.5% blocking reagent
[Roche], 0.01 M Tris, 0.4 mg/ml fluorescein isothiocyanate [FITC]-labeled PNA
probe [Applied Biosystems]) and incubated at 87°C for 15 min and then over-
night at room temperature, both times in the dark. Cells were washed twice on
the following day (1% bovine serum albumin [BSA; Roche], 0.01 M Tris, 70%
formamide, 0.1% Tween 20 [Sigma]) and resuspended in 0.1% BSA. DNA was
stained with 7-aminoactinomycin D (4 pg/ml; Invitrogen) and RNase A treated
(0.2 mg/ml; Roche) for 30 min at room temperature in the dark. Samples were
run on a FACScalibur flow cytometer (BD Biosciences), and data were analyzed
using the FlowJo software. To ensure that the FL-1 channel was within the linear
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range of detection and sensitivity, we used FITC-labeled calibration beads
(Bangs Laboratories) prior to every run.

Pathology. Mice were euthanized, and organs were fixed in 10% formalin.
Where organ architecture needed to be preserved (GI tract, lungs), organs were
injected with 10% formalin. Following fixation, organs were embedded in par-
affin, sectioned, and stained with hematoxylin and cosin (H&E). For testis
analysis, testes were fixed in Bouin’s fixative overnight and similarly processed.
Testis slides were imaged on a Nikon Eclipse 50i microscope and analyzed using
the NIS-Elements imaging software (Nikon). Both pathologic and testis analyses
were performed in a blinded fashion. Complete blood counts were done on blood
obtained by cardiac puncture of anesthetized mice using heparin-rinsed syringes,
placed into EDTA-coated tubes (BD), and sent to the Johns Hopkins medical
lab for complete and differential blood counts on the same day. To analyze
mouse ribs, mice were sacrificed by CO, asphyxiation prior to X-ray analysis and
imaged using a Faxitron model MX-20 X-ray machine. To look for subtle Wnt-
related phenotypes, embryos from mTERT '~ crosses were dissected at embry-
onic day 13.5 (E13.5) to E14.5. The gross morphology, including body axis
formation, was examined in a blinded manner after dissection. Samples were
taken for genotype analysis, and embryos were then fixed in formalin. The lungs
and kidneys were dissected and examined for morphological changes. Embryonic
heads were processed for paraffin embedding according to standard methods.
Ten-micrometer serial coronal sections of the head were cut. Sections 250 pm
apart were stained with H&E. The major structures of the brain, including the
forebrain, midbrain, and cerebellum, of WT and mTERT '~ mice were com-
pared in a blinded manner by two independent researchers.

Luciferase assay. CAST/Ei] mTERT WT2* and KO, and C57BL/6J WT and
mTERT knockout (KO) G1 mouse embryonic fibroblasts (MEFs) were split into
24-well plates at a density of 10* cells per well and transfected with 200 ng total
DNA for 48 h using Fugene-6 (Roche). Transfected DNA contained several
plasmids, including 50 ng TOPflash firefly luciferase plasmid, 50 ng Wnt3a
plasmid, and 0.8 ng Renilla luciferase pTK-RL as a transfection control, and 99.2
ng of DNA for enhanced green fluorescent protein (EGFP). In samples where
one or more components were omitted, total DNA was adjusted to 200 ng/well
with DNA for EGFP. All plasmids were kindly provided by Jeremy Nathans.
After transfection, cells were washed with PBS and luciferase levels were mea-
sured using the Dual-Luciferase Reporter Assay System (Promega). Luciferase
levels were calculated by dividing firefly luciferase by Renilla luciferase levels.
Assays were performed at least in triplicate.

Statistical analysis. Statistical significance was calculated with the Prism soft-
ware (GraphPad) using an unpaired Student ¢ test. We considered a P value
below 0.05 to be statistically significant.

RESULTS

To examine the phenotypes associated with both complete
loss of mTERT and haploinsufficiency, we crossed the mTERT
null allele from the C57BL/6J strain (45) onto the CAST/EiJ
genetic background by crossing mTERT '~ mice to CAST/EiJ
WT mice for six generations. To examine the effects of
progressive telomere shortening, we then intercrossed the
heterozygous mice for nine generations (Fig. 1A). We desig-
nated each successive heterozygous generation HG1 through
HGY as previously described for mTR™~ mice (29). The
mTERT /= “knockouts” from each generation were desig-
nated KOg, through KOgo, and the WT littermates were
designated WT2* through WT9* (3). mTERT "'~ mice on the
C57BL/6J background were previously shown to have 50% of
the mTERT transcript level of WT mice (45). We confirmed a
similar decrease in mTERT mRNA in the bone marrow, liver,
and MEFs of the CAST/EiJ mouse strain by using quantitative
reverse transcription-PCR (data not shown).

Telomere shortening in mTERT ™'~ and mTERT*'~ mice is
similar to shortening in mTR™'~ and mTR*'~ mice. We first
examined the telomere lengths in WT, mTERT*'~, and
mTERT '~ mice by Q-FISH (63). There was significant telo-
mere shortening in mTERT '/~ mice compared to WT mice
(Fig. 1B), and two heterozygous littermates from this cross
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were intermediate in telomere length (Fig. 1C). This shows
that haploinsufficiency for mTERT leads to shorter telo-
meres in one generation. To compare telomere shortening
in mTERT '~ mice to the shortening that occurs in mTR ™/~
mice, we used Q-FISH on splenocyte metaphases prepared
from generation- and age-matched mice. The degree of telo-
mere shortening of mTERT '~ mice (Fig. 1D) was indistin-
guishable from that of mTR™'~ mice (Fig. 1E). This indicates
that loss of telomerase activity, whether from loss of mTR or
loss of mTERT, leads to a very similar degree of telomere
shortening.

To examine individual mice in successive generations of
heterozygous breeding, we used the Flow-FISH protocol (6).
Using this method, we first examined littermates from a cross
of mTERT*'~ HGS5 mice and compared the telomere lengths
to those of WT mice from our CAST/EiJ colony (Fig. 2A). The
mTERT KOg, mice had the shortest telomeres, followed by
the mTERT "'~ HG6 and WT6* mice. The mTERT"'* WT6*
mice show inheritance of short telomeres, as was seen for the
WT* mice from late-generation heterozygous crosses of
mTR™~ mice (3, 29).

To examine whether there is progressive telomere shorten-
ing with successive generations in mTERT"/~ mice, we com-
pared the telomere length in two HG1 mice to that in two HG7
mice. The later-generation mTERT+'~ HG7 mice had consid-
erably shorter telomeres, indicating that mTERT is haploinsuf-
ficient (Fig. 2B). We also saw mouse-to-mouse variation in
telomere length that was particularly evident in two HG7 lit-
termates. This mouse-to-mouse variation has been noted pre-
viously in Q-FISH experiments (Fig. 1D and B) (unpublished
data) and was confirmed by the analysis of six unrelated, age-
matched WT mice (Fig. 2C and D). This mouse-to-mouse
variation is likely due to the random inheritance of different
numbers of long and short telomeres from the parents (2).
Telomere length on any given chromosome end varies inde-
pendently of the chromosome identity, and random segrega-
tion at meiosis then allows such individual variation to occur
within litters (33).

Decreased survival with progressive breeding of mTERT*/~
mice. To examine the phenotypes that are due to the loss or
haploinsufficiency of mTERT, we examined the survival of
mTERT '~ KOg, and KOg; mice derived from progressive
generations of mTERT"'~ mice. The survival of mTERT /'~
mice decreased with progressive generations of breeding. The
median survival of the WT mice in our colony was 627 days
(n = 45). This survival decreased in KO, mice born to HG1
parents (median, 452 days; n = 82) and further decreased in
KO3 mice born to HG2 parents (median, 372 days; n = 36)
(Fig. 3A). Coincident with the decreased survival, there was
also a decrease in body weight in the mTERT '~ mice with
short telomeres (Fig. 3B). This decreased body weight is sim-
ilar to that in mTR™*'~ mice and may be due to bone marrow
failure, malabsorption secondary to the gastrointestinal de-
fects, or typhlocolitis, an inflammation of the colon secondary
to bone marrow failure (2).

mTERT*'~ and mTERT™'~ mice show phenotypes associ-
ated with human syndromes of telomere shortening. To estab-
lish the underlying cause of the decreased survival time in the
mTERT"'~ breeding colony, we carried out complete necropsy
of WT, mTERT*'~, and mTERT '~ mice under a protocol in
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FIG. 1. mTERT ™/~ and mTERT"'~ mice show telomere shortening and haploinsufficiency. (A) CAST/Ei] mTERT*'~ breeding scheme and
nomenclature of each generation. (B and C) Q-FISH analysis of littermates from an mTERT+'~ HG1 cross. TFU represents arbitrary telomere
fluorescence units. mTERT '~ KOg, (mean = 37,688 TFU) and WT WT2* (mean = 60,461 TFU) (B) and two mTERT"'~ HG2 littermates
(C) are compared on the same scale (means = 49,208 and 47,625 TFU, respectively). (D) Telomere length distribution in mTERT KOg, (mean
= 23,353 TFU) and (E) mTR KO, mice (mean = 22,136 TFU) compared to that in WT mice (mean = 60,461 TFU).

which the pathologist did not know the genotype of the mice
under study. The mTERT '~ mice showed the most severe
phenotypes, including intestinal villous atrophy and crypt de-
pletion, occasional crypt hyperplasia and microadenomas,
typhlocolitis in the large intestine, atrophy of the seminiferous
tubules, extramedullary hematopoiesis (EMH) in the liver and
spleen, and a skewed myeloid/erythroid ratio in the bone marrow.

Consistent with the haploinsufficiency seen in telomere
length maintenance, mTERT ™/~ mice also showed similar
pathology, although it was less severe than in the null ani-
mals, including a skewed myeloid/erythroid ratio, EMH, and
intestinal atrophy.

To more carefully examine the phenotypes seen in pathol-
ogy, we quantitated the appearance of abnormal seminiferous
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FIG. 2. Telomere length decreases in mTERT /= and mTERT "'~ mice analyzed by Flow-FISH. (A) Flow-FISH analysis of telomere length
within one litter and compared to that in WT mice. RFU is relative fluorescence units of the telomere signal (means: WT = 552 RFU, WT6* =
515 RFU, HG6 = 414 RFU, and KOg, = 349 RFU). (B) Telomere length comparison of two HG1 mice to two HG7 mice by Flow-FISH
(geometric means: HG1 = 468 RFU, HG1 = 459 RFU, HG7 = 349 RFU, and HG7 = 315 RFU). (C) Flow-FISH analysis of six independent WT
mice shows heterogeneity within mice of the same genotype. The numbers indicate the numbers of mice in our colony. (D) The quantitative
Flow-FISH value, normalized RFU to bovine thymocytes as an internal control, is shown for each mouse analyzed in panel C.

tubules in the testes. Telomere shortening in germ cells leads
to apoptosis in the testes (32, 42), which is evident in H&E-
stained sections as hypocellular seminiferous tubules. We com-
pared age-matched WT, mTERT"/~, and mTERT '~ mice and
found a significant increase in hypocellular tubules in both
mTERT"'~ and mTERT '~ mice, although the phenotype was
most pronounced in mTERT '~ mice, where telomeres were
significantly shorter (Fig. 4A and B).

Loss of tissue renewal due to short telomeres is seen in
several proliferative organs. The whole animal pathology indi-
cated there was significant villous atrophy in the small intestine
(Fig. 4C) and large intestine (Fig. 4E) in mTERT '~ mice. We
quantitated the degree of atrophy in H&E-stained sections
from mTERT '~ mice (Fig. 4D). mTERT '~ mice showed
both significant villous atrophy and microadenomas in regions
adjacent to regions of atrophy (Fig. 4C). This appearance of
microadenomas is similar to what was found in mTR ™'~ mice
and indicates that short telomeres, in addition to loss of tissue

renewal, may sometimes lead to neoplastic growth (3, 29). The
defect in the mTERT"'~ mice was more subtle and was seen
only in one older mouse. This lower penetrance of the intes-
tinal villous atrophy in mTERT "~ mice than in mTR "'~ mice
is likely due to the fact that the mTR™*/~ colony was established
7 years earlier and has undergone additional telomere short-
ening during breeding, allowing phenotypes due to haploinsuf-
ficiency to be manifested.

Aplastic anemia is a common manifestation of telomere
shortening in human patients with dyskeratosis congenita (7,
40). The EMH seen in the mouse is indicative of bone marrow
failure. To examine potential bone marrow dysfunction, we
performed complete blood cell counts and found a significant
decrease in the total white blood cell counts of mTERT '~
(P = 0.0007) and mTERT '~ mice (P = 0.0007) (Fig. 4F).
These decreased white blood cell counts are indicative of bone
marrow dysfunction in mice with short telomeres. Therefore,
the spectrum of pathological changes seen in mTERT "/~ mice
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is similar to that previously characterized in mTR™*'~ mice and may have additional roles in cell growth independent of its
in dyskeratosis congenita patients. function at telomeres (17, 55). Mice overexpressing mTERT

mTERT ™'~ mice show no additional phenotypes not seen in show excessive hair growth (65). In contrast, we examined but
mTR™'~ mice. Recent experiments have suggested that TERT did not find hair loss in mTERT '~ mice, indicating that ab-
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FIG. 4. mTERT ™/~ and mTERT "/~ mice show defects in tissue renewal. (A) H&E staining of testis sections from WT (left panel) and
mTERT ™'~ mice (right panel). Arrows show abnormal or empty tubules (magnification, X 100; scale bar = 100 wm). (B) Quantitation of abnormal
tubules in mTERT "'~ (HG1-HG3, n = 5; HG4-HG6, n = 6; HG7-HGS, n = 12) and mTERT '~ (n = 7) mice compared to those of WT (+/+,
n = 7) mice. * indicates P < 0.05; *** indicates P = 0.0002. (C) H&E staining of small intestine sections from WT (left panel) and mTERT '~
(right panel) mice. Arrow indicates area of villous atrophy, and arrowhead indicates microadenoma (magnification, X100; scale bar = 100 wm).
(D) Quantitation of percent villous atrophy in the GI tracts of WT (+/+, n = 5) and mTERT '~ (—/—, n = 5) mice. ** indicates P = 0.003.
(E) H&E staining of large intestine sections from WT (left panel) and mTERT '~ (right panel) mice. (F) White blood cell (WBC) counts of blood
from WT (+/+, n = 9), nTERT"'~ (HG7 and HGS, n = 12), and mTERT '~ (n = 12) mice. ** indicates P = 0.0007.
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FIG. 5. mTERT ™/~ mice are born in expected ratios and show no phenotypes ascribed to Wnt signaling deficiency. (A) Quantitation of
Mendelian ratios of progeny from each generation of heterozygous mice. (B) Total genotype distribution from all heterozygous crosses (n = 1,089)
from CAST/EiJ mTERT "'~ intercrosses: 22.9% WT, 50.6% mTERT*'~, and 26.5% mTERT '~. (C) X rays to examine rib numbers in CAST/EiJ
mTERT*"* and mTERT '~ mice. (D) Quantitation of rib numbers from X rays of WT and mTERT '~ mice in both the CAST/EiJ and C57BL/6J

genetic backgrounds.

sence of TERT does not affect hair growth. The TERT protein
has also been suggested to play a role in the Wnt signaling
pathway independent of its role at telomeres (16, 60). Most
Wnt pathway mutant mice (Wntl /'~ through Wat 11~'") have
severe developmental defects and die embryonically or right
after birth (46). To determine whether we might have missed a
class of mice that die embryonically due to Wnt pathway de-
fects, we first examined the ratios of genotypes of adult off-
spring from our crosses. Crosses of heterozygous CAST/Ei]
mTERT"'~ mice yielded expected Mendelian ratios of 23%
+/+,51% +/—, and 26% —/— mice, with 1,089 mice examined
(Fig. SA and B). Thus, we find no evidence of loss of the
mTERT '~ genotype due to embryonic defects.

To examine possible Wnt pathway phenotypes, we examined
organs of adult mTERT/~ mice. Blinded examination of
H&E-stained sections revealed no defects in the lungs, kid-
neys, heart, or urogenital tract in mTERT /'~ mice. A previous
publication (60) suggested that some mTERT '~ mice have
missing ribs, which was interpreted as a Wnt pathway devel-
opmental defect. To look specifically at rib numbers, we ex-
amined X rays of both WT and mTERT '~ CAST/EiJ mice
(n = 15), as well as WT and mTERT '~ C57BL/6] mice (n =
20) (Fig. 5C). All of the mice examined showed the normal
number and appearance of ribs (Fig. 5D).

While most Wnt KO mice have severe developmental de-

fects, it has been suggested that severe Wnt pathway defects
may not be seen in adult mTERT '~ mice due to developmen-
tal compensation (60). To determine whether there may be
subtle defects in the Wnt pathway in early development that
may be compensated for to allow survival, we examined em-
bryos from crosses of CAST/Ei] mTERT "'~ mice. To guide
our analysis, we examined specific phenotypes seen in Wnt
gene KO mice. Wnt4™'~, Wnt9b~'~, and Wnt11~'~ mice show
defects in kidney development (38, 48, 68). Wnt2/2b~'~ mice
show defects in lung development (25, 59). Defects in axis
development, including a truncated axis and truncated limbs,
are seen in Wnt3™/~, Wat5a™/~, and Wnt7a~'~ mice (43, 61,
80). Runting and small embryo size are found in several mu-
tants, including Wnt2™/~ mice (59). Urogenital defects are
seen in Wnt7~/~ and Wnt 96/~ mice (13, 56). Finally, failure
of the midbrain and cerebellum to develop is found in Watl /'~
mice (52, 53, 69). To determine whether these phenotypes are
seen in mTERT /'~ mice, we dissected 58 embryos from
mTERT"'~ intercrosses. WT and mTERT '~ embryos were
examined in a blinded fashion by two experts familiar with Wnt
developmental defects. The mTERT '~ embryos showed no
gross morphological differences; we did not find evidence of
axis truncation, limb truncation, or smaller embryo size (Fig.
6A and B). Embryos were dissected, and the lungs and kidneys
were examined for morphological defects (Fig. 6C and D). We
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FIG. 6. mTERT '~ embryos show no phenotypes ascribed to Wnt signaling deficiency. To look for subtle phenotypes, 58 embryos were
dissected and evaluated in a blinded fashion. Representative examples are shown. E13.5 (A) and E14.5 (B) WT (left panels) and mTERT '~ (right
panels) whole embryos (magnification, X0.8; n = 12 each) are shown. (C) Embryonic lungs dissected from WT (left panel) and mTERT '~ (right
panel) embryos at E14.5 (magnification, X3.2; n = 3 each). (D) Embryonic kidneys dissected from WT (left panel) and mTERT '~ (right panel)
embryos at E14.5 (magnification, X6.6; n = 3 each). Also shown are H&E-stained midbrain (E) and cerebellar primordium (F) sections from E14.5
WT (left panels) and mTERT ™'~ (right panels) embryos (magnification, X2.5; n = 3 each).

also examined embryonic brain sections for defects in the mid-
brain and cerebellum (Fig. 6E and F). We found no differences
between WT and mTERT ™'~ embryos in any of the tissues
examined. Our phenotypic data from Mendelian ratios and
adult and embryonic tissues showed no evidence of Wnt path-
way defects in two different genetic backgrounds.

To directly investigate whether absence of TERT affects
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Wnt signaling, we used a functional readout of Wnt-induced
transcriptional activity. CAST/EiJ and C57BL/6J WT and
mTERT '~ MEFs were transformed with the TOPflash re-
porter plasmid, which contains 7 tandem TCF binding sites
driving the luciferase reporter gene (58). To specifically
activate the Wnt pathway, these cells were cotransfected
with a plasmid that allows expression of the Wnt3a ligand
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FIG. 7. mTERT '~ cells show Wnt pathway signaling activation similar to that of WT cells in vitro. Luciferase activity was measured in MEFs
transfected with the TOPflash reporter plasmid and a control Renilla luciferase reporter, with and without Wnt3a ligand (see Materials and
Methods), as indicated below the graphs. (A) TOPflash luciferase assay of CAST/Ei) mTERT WT2* (%%, P = 0.0015, relative to basal activation)
and mTERT KOg, (**, P = 0.0031, relative to basal activation) MEFs. (B) TOPflash luciferase assay of C57BL/6J WT (##%, P = 0.0021, relative
to basal activation) and mTERT KO G1 (**, P = 0.0001, relative to basal activation) MEFs.
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and luciferase levels were measured. As a control, we mea-
sured the uninduced level of luciferase in cells that did not
receive the Wnt3a plasmid, as well as in untransfected cells.
The levels of luciferase in WT and mTERT '~ cells were
indistinguishable (P = 0.487) (Fig. 7A). Since previous ex-
periments indicating that TERT overexpression activates the
Wnt pathway were done in the C57BL/6J background, we re-
peated the luciferase reporter experiments with WT and
mTERT '~ MEFs from C57BL/6J mice (Fig. 7B) and again saw
no difference in luciferase levels between WT and mTERT '~
cells (P = 0.37). Thus, we conclude that loss of TERT does not
affect the Wnt signaling pathway.

DISCUSSION

Mutations in the telomerase components ATERT and hTR
lead to a spectrum of diseases of telomere shortening, includ-
ing dyskeratosis congenita, pulmonary fibrosis, aplastic ane-
mia, and liver disease, among others (2, 7, 75). To understand
whether these disease phenotypes in humans are likely to all be
due to telomere shortening or if some may be due to alterna-
tive functions of TERT, we examined the pathology in CAST/
Eil mTERT"'~ and mTERT '~ mice in detail. We found that
mTERT deficiency produces a phenotype indistinguishable
from that due to m7R deficiency and worsens with each gen-
eration, indicating that short telomeres mediate disease in both
mutant backgrounds.

Haploinsufficiency for mTERT results in telomere shorten-
ing and loss of tissue renewal. We found progressive telomere
shortening with successive breeding of mTERT*'~ mice, indi-
cating that loss of one allele of mTERT results in haploinsuf-
ficiency. While one previous study suggested that mTERT did
not show haploinsufficiency (15), three recent studies that ex-
amined successive generations of mTERT"'~ mice on the
C57BL/6J genetic background found progressive telomere
shortening (14, 22, 54). However, these studies using C57BL/6J
mTERT"~ mice did not find phenotypic changes in later-
generation heterozygotes using two different heterozygous
breeding schemes (14, 54). In contrast, we found with both
CAST/EiJ mTR"'~ (3, 29) and mTERT*'~ (this report) mice
that the progressive telomere shortening with each generation
is associated with a progressive decline in organ function, sim-
ilar to the genetic anticipation seen in dyskeratosis congenita
patients. Since many phenotypes in CAST/EiJ mTR*'~ and
mTERT*'~ heterozygous mice are initially subtle in early gen-
erations, it is likely that the lack of phenotype expression in
C57BL/6J mice is due to insufficient telomere shortening.
C57BL/6J mice have unusually long and heterogeneous telo-
meres, and thus, the consequences of telomere shortening are
not seen for many generations, even in the null background
(14, 42, 54). CAST/EiJ mice have both more homogeneous and
shorter telomere length distributions, similar to humans; thus,
the effects of short telomeres are manifested more clearly in
these mice.

Loss of mTERT does not affect Wnt signaling. The TERT
protein has been reported to function in several pathways that
are independent of telomere length regulation. Overexpres-
sion of mTERT has been reported to stimulate hair follicle
stem cell proliferation (65), activate transcription of the Wnt
and c-myc transcriptional pathways (16, 60, 66), and affect the

EFFECTS OF mTERT LOSS AND mTERT HAPLOINSUFFICIENCY 2377

transforming growth factor beta regulatory pathway (24). In
addition, in one study, knockdown of A”TERT was implicated in
the DNA damage response (51). In contrast to these results,
two independent studies have examined mTERT /'~ cells and
found no evidence of a change in the DNA damage response
(21, 71). In addition, whole-genome transcriptional analysis of
C57BL/6J mTERT '~ G1 MEFs and tissues revealed no genes,
including genes in the Wnt and DNA damage pathways, that
were specifically up- or downregulated compared to those in
WT cells (71). Here we functionally examined Wnt transcrip-
tional pathway activation by using the TOPflash reporter assay
and found similar levels of activation in WT and mTERT '~
cells.

How can we reconcile the activation of Wnt pathway genes
in mTERT overexpression with the lack of changes in Wnt
signaling when mTERT is deleted? It is possible that high-level
overexpression of TERT generates a new gain-of-function
phenotype that activates the Wnt pathway. Our studies argue
that this effect of TERT is not part of its normal physiological
function. Such generation of a neomorph upon high-level over-
expression has a precedent in the genetic literature (37, 82).
The activation of the Wnt pathway could play a role in some
situations when TERT is overexpressed, even though this is not
the normal role of TERT in most cells.

mTERT™'~ mice show no unexpected phenotypes. While
studies of mTERT '~ cells in culture allowed the examination
of transcriptional and DNA damage pathways (21, 71), careful
analysis of the mTERT /~ mouse can allow phenotypes to be
assessed in an unbiased manner. If TERT has essential func-
tions other than telomere lengthening, we would expect to see
phenotypes associated with those essential functions in
mTERT ™'~ mice. In one study, mTERT /=~ mice were re-
ported to have aberrant numbers of ribs, which is suggestive of
a Wnt pathway developmental defect (60). We found that
mTERT '~ mice do not die embryonically, as do most Wat
mutant mice. Adult mice also did not show characteristic Wnt-
related defects in the lungs, kidneys, or urogenital tract, and
there was no evidence of a rib number defect. Previous reports
of rib number variation may be due to mouse strain phenotypic
variability, as has been previously reported (10, 27, 39). Exam-
ination of mTERT '~ embryos and embryonic tissues also
revealed no subtle Wnt phenotypes. Finally, while TERT func-
tion has recently been linked to mitochondrial RNA processing
endoribonuclease (RMRP) (47), the blinded total necropsy we
performed showed no overt phenotypes in mTERT '~ mice
that might be expected from RMRP deficiency. The pheno-
types that we did find in mTERT '~ mice are very similar to
those seen in mTR ™/~ mice, consistent with the notion that
short telomeres mediate these effects.

mTR and mTERT produce indistinguishable phenotypes:
implications for human disease. The phenotypes seen in
mTERT*'~ and mTR™'~ mice were remarkably similar to each
other and recapitulate the phenotypes seen in human disease.
In humans, mutations in both ZTR and hTERT lead to auto-
somal dominant disease. Our evidence of haploinsufficiency
and progressive disease onset in both mTERT*'~ and mTR™/~
mice is consistent with the genetic anticipation found in these
families. It is still not known why some families with telome-
rase mutations present with dyskeratosis congenita and others
present first with pulmonary fibrosis. Because of disease het-
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erogeneity, it has been suggested that perhaps the disease
spectrum may differ, depending on whether there are muta-
tions in ATR or hTERT (23, 74, 77). Our analysis of the null
phenotype for loss of either TERT or TR indicates that, in an
isogenic genetic background, the phenotypes of mutations in
these two components are indistinguishable. Recent studies
indicate that a single mutant allele can cause heterogeneous
phenotypes within a family where pulmonary fibrosis is seen in
earlier generations and aplastic anemia becomes the predom-
inant phenotype in later generations (62). This evidence fur-
ther indicates that it is not the specific mutations in either
hTERT or hTR that determine the disease spectrum, but rather
telomere length.

In summary, we have found that loss of the protein compo-
nent of telomerase, TERT, and loss of the RNA component,
TR, result in indistinguishable phenotypes, suggesting that all
of the phenotypes we observed are due to telomere shortening.
We find no evidence of a phenotypic expression of proposed
alternative functions of TERT. Understanding all of the po-
tential manifestations of A”TERT and ATR mutations has im-
portant implications for human disease. Our findings make it
unlikely that specific diseases will be specifically associated
with mutations in the two different components. Effort can
therefore be focused on understanding how telomere shorten-
ing influences disease expression in different tissues. The abil-
ity to study the phenotype in heterozygous mice that mimic the
genetic anticipation and haploinsufficiency in humans makes
this a powerful model for understanding the consequences of
telomere shortening.
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