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Inhibition of Experimental Liver
Cirrhosis in Mice by Telomerase
Gene Delivery

Karl Lenhard Rudolph,’ Sandy Chang,"? Melissa Millard,’
Nicole Schreiber-Agus,® Ronald A. DePinho*

Accelerated telomere loss has been proposed to be a factor leading to end-stage
organ failure in chronic diseases of high cellular turnover such as liver cirrhosis.
To test this hypothesis directly, telomerase-deficient mice, null for the essential
telomerase RNA (mTR) gene, were subjected to genetic, surgical, and chemical
ablation of the liver. Telomere dysfunction was associated with defects in liver
regeneration and accelerated the development of liver cirrhosis in response to
chronic liver injury. Adenoviral delivery of mTR into the livers of mTR ™/~ mice
with short dysfunctional telomeres restored telomerase activity and telomere
function, alleviated cirrhotic pathology, and improved liver function. These
studies indicate that telomere dysfunction contributes to chronic diseases of
continual cellular loss-replacement and encourage the evaluation of “telom-

erase therapy” for such diseases.

Cirrhosis of the liver is the seventh leading
cause of death by disease, affecting several
hundred million people worldwide (/). In this
chronic disease, a diverse array of hepatotox-
ins, ranging from chronic viral hepatitis to
alcohol, promotes continual hepatocyte de-
struction that, in turn, stimulates abnormal
patterns of hepatocyte regeneration and fi-
brous scarring over many years (2). The re-
sulting distortion of the liver architecture
compromises hepatocyte function, causing
systemic life-threatening complications. Left
unchecked, this pathological process culmi-
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nates in fatal end-stage liver failure, marked
by extensive fibrotic replacement and cessa-
tion of hepatocyte proliferation (2, 3).

Liver cirrhosis is characterized by the con-
version of hepatic stellate cells into activated,
myofibroblast like cells (2). It has been postu-
lated that hepatocyte destruction itself serves as
an activation signal for this conversion, possi-
bly by the release of insulin-like growth factor
or lipid peroxides from apoptotic cells (2).
Therefore, factors that govern the survival of
hepatocytes could potentially influence stellate
cell activation and fibrogenesis.

The second key aspect of terminal liver
failure, hepatocyte proliferative arrest, has
been linked to several etiologic factors in-
cluding altered hepatocyte-matrix interac-
tions (2), growth inhibition by abundant
transforming growth factor-B1 (TGF-B1)
(4), and/or critical telomere shortening. The
telomere hypothesis is a particularly appeal-
ing one, because sustained hepatocyte turn-
over accelerates the pace of telomere attrition
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in the human cirrhotic liver (5), thereby pre-
sumably activating senescence or crisis
checkpoints. The importance of telomere
maintenance in long-term cellular and organ
homeostasis has been experimentally verified
in cultured human cells and in telomerase-
deficient mice (6, 7). These mice lack the
telomerase RNA (mTR) gene and show pro-
gressive telomere shortening from one gen-
eration to the next. In late-generation mice
(e.g. generation 6), telomere dysfunction and
genomic instability are associated with im-
paired proliferation and/or apoptosis in organ
systems with high renewal requirements,
such as the bone marrow and the gut (§). In
contrast, the liver is unperturbed and appears
to function and develop normally even in
late-generation mTR ™/~ mice (9). Here we
use the mTR ™~ mice to evaluate the role of
telomere shortening in chronic liver disease.
Liver injury was induced in these animals by
three experimental procedures to gauge how
telomere shortening influences hepatocyte
proliferation, survival, and ultimately predis-
position to cirrhosis.

The first system, the albumin-directed
urokinase plasminogen activator (Alb-uPA)
transgenic mouse, allows investigation of the
factors governing hepatocyte regenerative ca-
pacity. Alb-uPA expression has been shown
to cause widespread hepatocyte death and
liver failure in newborn mice (10). However,
60% of hemizygous transgenic mice survive
as a result of spontaneous transgene deletion
in rare hepatocytes that then clonally expand
to reconstitute the entire organ by 3 months
of age (/). To assess the impact of loss of
telomerase activity and telomere shortening
on liver regeneration capacity, we monitored
Alb-uPA transgene transmission as well as
phenotypic differences in mTR™*’* mice and
successive generations of mTR ™/~ mice (12).
Consistent with previous reports (11), we
observed transmission rates of 31% for
mTR** and 27% for second-generation
(G2) mTR~/~ mice (Fig. 1A). Because the
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,—M B G2 mTR ™'~ mice are telomerase-deficient yet
; still possess long, intact telomeres (7), it ap-

pears that telomerase activity itself is not a key
determinant of hepatocyte regeneration poten-
tial: In contrast, a decrease in transgene trans-
mission (16% transgene-positive on postnatal
day 12) and reciprocal rise in perinatal deaths
became evident in G3 mTR ~/~ mice (Fig. 1A).
In addition, the few surviving Alb-uPA G3
mTR™~ mice exhibited reduced fitness and
mTR+/+ G6 mTR-/- 72h after PH poor weight gain relative to Alb-uPA mTR*/*
controls, whereas nontransgenic G3 mTR ™~
and mTR*/* animals were phenotypically in-
a mTR+/+ distinguishable (Fig. 1B). Flow—fluorescence in
8 G3mTR-/- situ hybridization (FISH) telomere length mea-
surements of peripheral blood lymphocytes
documented the expected progressive decline in
telomere lengths from G1 to G3 (7, 13).
To assess clonal liver regeneration poten-
. tial in the surviving Alb-uPA transgenic
0 48 72 96 144 Prophase Metaphase Anaphase mice, we monitored the growth of regenera-
time after PH (h) tive liver nodules, which are estimated to arise
. from about 20 cell doublings of a single trans-
D mTR+/+ G6 mTR-/- gene-negative  hepatocyte (/7). Impaired
. growth of regenerative nodules in the Alb-uPA
G3 mTR ™/~ livers was first detectable by 2
weeks of age and most pronounced by week 4
(Fig. 1C). The impaired macroscopic growth of
regenerative nodules in mice with shorter telo-
- 0 e ; e meres correlated with a 3.6-fold increase in
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Fig. 2. Impaired cell cycle progression and anaphase bridging in regenerating mTR~/~ livers after partial ~dUTP nick-end labeling)-positive apoptotic
hepatectomy. (A) Telomere length of peripheral blood lymphocytes determined by Flow-FISH (73) in 8  cells in the regenerative nodules (Fig. 1D, top)
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TR/~ mice 72 hours after PH, as determined by flow cytometry. (C) Delayed progression through mitosis  puclear antigen (PCNA)-positive S phase cells
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the liver (/4). In this procedure greater than
50% of hepatocytes follow a highly synchro-
nized cell cycle reentry pattern, reaching peak
S-phase activity at 24 to 48 hours, maximal
mitosis at 72 hours, and cessation of cell
division at 96 hours after PH. After this re-
generative wave, normal organ histology is
reestablished within 1 week (15). Consistent
with the shorter telomere length of G6
mTR ™~ mice (Fig. 2A), the liver mass of G6
mTR™/~ mice at 72 hours after PH was
reduced relative to mTR*/* controls, despite
comparable liver weight in G6 mTR ™~ and
mTR*'* mice not subjected to PH (9). In
addition, although all mTR*/* mice were
found to be free of lethal postoperative com-
plications, 3 of the 10 G6 mTR ™~ mice died
48 to 72 hours after PH. Interestingly, these
compromised mice had shorter telomeres
than the G6 mTR '~ survivors (9).

The impaired regeneration of post-PH liv-
ers of surviving G6 mTR ™/~ mice prompted
us to analyze the regenerative profile of G6
mTR ™/~ hepatocytes by flow cytometry, mi-
totic index determination, and bromode-
oxyuridine labeling. These cells showed a
normal onset of S phase at 24 hours after PH
(9). In contrast, at 72 hours after PH, flow
cytometry of cells from the regenerating liver
front (16) revealed a two- to threefold in-
crease in the G,/M fraction of G6 mTR ™/~
hepatocytes relative to mTR*'* and G3
mTR ™/~ controls (Fig. 2B). This effect was
also apparent microscopically as an increase
in the number of mitotic figures (Fig. 2C).
Further classification of the mitotic profile
demonstrated a decrease in the prophase frac-
tion and a compensatory increase in the meta-
phase/anaphase fraction (Fig. 2C). These data
are consistent with impaired cell progression
through mitosis, as opposed to a higher num-
ber of cells entering mitosis. We propose that
telomere loss may interfere with progression
through mitosis because of the production of
end-to-end chromosomal fusions, opposing
kinetochore alignment, and anaphase bridges
(17). Indeed, hemotoxylin and eosin (H&E)—
stained liver'sections at 48 to 96 hours after
PH showed many aberrant mitotic figures
and anaphase bridges only in the G6
mTR ™/~ liver samples (Fig. 2D). Together,
these findings indicate that telomere dys-
function delays the mitotic progression of
regenerating G6 mTR ™/~ hepatocytes and
in turn delays the restoration of liver mass
after surgical hepatectomy.

The third approach we used to assess the
impact of telomere dysfunction on liver re-
generation was repeated toxin-mediated liver
injury, which is known to culminate in liver
cirrhosis. In humans, cirrhosis often results
from the accumulated effects of years of sus-
tained hepatocyte destruction and subsequent
regeneration. This can be modeled in mice by
repeated exposure to hepatotoxins such as
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CCl, (18). In mice, 12 to 18 repeated appli-
cations of CCl, are required to induce modest
liver cirrhosis, which is thought to be mech-
anistically linked to hepatocyte necrosis (8).
Given the long length of mouse telomeres
(19), the promiscuous somatic expression of
telomerase in the mouse liver, and the limited
number of cell divisions after CCl, treatment,
the mTR ™/~ mouse affords a system in which
to test whether telomere dysfunction limits
hepatocyte function and accelerates the de-
velopment of liver cirrhosis.

One consistent feature of the cirrhotic pa-
tient is poor weight gain due to several fac-
tors including hypermetabolism, malabsorp-
tion, recurrent infections, and poor appetite
(20). Another feature of the cirrhotic condi-
tion is impaired bile drainage (cholestasis),
leading to persistently elevated serum biliru-
bin levels and jaundice (27). After 3 months of
CCl, treatment (22), the G6 mTR™'~ mice
showed significantly impaired gain of body
weight compared with mTR** or G3
mTR ™/~ mice. After 6 months of CCl, admin-
istration, poor weight gain persisted in G6
mTR ™/~ mice and became manifest in G3
mTR ™/~ mice as well (Fig. 3A). Marked in-
creases of serum bilirubin levels were also seen
in the G6 mTR ~/~ mice after only two rounds
of CCl, (Fig. 3B). Finally, liver sections of

Fig. 3. Telomere shor- A

tening accelerates the Br

development of cirthosis 50

. . =]

in response to chronic F +mTR+/+
liver damage. (A) Re- = § 49| #G3mTR/
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mice after repeated liver = =
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tions of 10 pl of 10%

mTR** and G3 mTR ™/~ mice, treated with
six rounds of CCl,, exhibited mild lipid accu-
mulation (steatosis) and minimal fibrosis (Fig.
3C), whereas comparable sections from G6
mTR ™~ mice showed pronounced steatosis,
centrilobular fibrosis, and inflammatory lym-
phocytic infiltrates—hallmarks of chronic he-
patic injury and cirrhosis (Fig. 3C).

To determine if telomerase administration
could block the development of cirrhosis in
mice with dysfunctional telomeres, we con-
structed adenoviral vectors that would direct
the expression of GFP (green fluorescent pro-
tein) alone or mTR-GFP to the livers of
mTR*/* and G6 mTR ™/~ mice (23). In these
studies, we verified that the mean telomere
length in lymphocytes of G6 mTR ™/~ mice
was ~70% reduced compared with that of
mTR*/* mice (Fig. 4A). Forty-eight hours
after delivery of 1 X 102 viral particles by
tail vein injections, telomerase activity was
detected in the liver but not in the spleen of
G6 mTR ™/~ mice infected with the Ad-mTR-
GFP virus (Fig. 4B, compare lane 5 with lane
4), consistent with the strong liver tropism of
adenovirus (24). Liver cryosections obtained
at the same time demonstrated GFP fluores-
cence in 85 to 100% of liver cells.

We next examined whether cirrhosis
could be inhibited in G6 mTR™/~ mice by

CCl, per gram of body 0
weight), with six mice

examined per group. (B)

A twofold increase of c
serum  bilirubin in G6

mTR ™/~ mice compared

with similarly treated G3
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mice (six mice per group) 2
was seen after the sec-
ond injection of CCl,.
(C) H&E-stained (up-
per; bar: 50 pm) and
Masson-trichrome-
stained (lower; bar: 100
pm) liver sections of
mTR*/*, G3 mTR™/~,
and G6 mTR™/~ mice 6
months after repeated
CCl,-induced liver injury.
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in body weight in Ad-GFP-infected G6
mTR ™~ mice compared with a 6% increase
in Ad-mTR-GFP-infected G6 mTR ™/~ mice.
Moreover, the severity of ascites was inverse-
ly correlated with serum albumin levels (Fig.
5B). Albumin is a major product of hepato-
cytes and a critical serum protein required for
the maintenance of vascular oncotic pressure
and fluid homeostasis; thus, these findings
are consistent with improved liver function
after telomerase treatment.

Histological examinations of liver sec-
tions 2 weeks after CCl, treatment showed
fibrosis in combination with increased steato-
sis, pericentral necrosis, and a marked in-
crease in both cell and nuclear size only in

.,

. GP mTH-GJFP[ GFP  mTRGFP
MTR+/+ G6 mTR-/- 1

livers of Ad-GFP-infected G6 mTR ™/~ mice

to lane 1) and in the liver b
(Fig. 6A, top). After prolonged exposure to

of adult G6 mTR™/~ mice

2 345 6
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(compare lane 5 to lane 3)
48 hours after infection.

No restoration of telomerase activity was seen in the spleen of Ad-mTR-GFP-infected mice
(lane 4). Telomerase activity of 293 cells was assessed as a positive control (lane 6).
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per experimental group). (Right) Frequency and severity of ascites after 4 weeks of alternate-day CCl,
treatment, determined at the time of surgical biopsies of the liver.

this gene therapy approach. Two days before
initiation of repeated alternate-day CCl, in-
jections, mTR*'* and G6 mTR™/~ mice
were infected with Ad-mTR-GFP or Ad-GFP
(25). At 17 days after infection, ~45% of
liver cells in Ad-mTR-GFP-infected G6
mTR ™~ mice were GFP-positive, whereas
<10% were GFP-positive in Ad-GFP-infect-
ed mTR** and G6 mTR™/~ mice, or in
Ad-mTR-GFP-infected mTR*/* mice (Fig.
5A). These data suggest that there was posi-
tive selection of mTR-GFP—expressing cells
in the livers of G6 mTR ™/~ mice.

If restoration of telomerase activity con-

fers a growth advantage to G6 mTR ~/~ hepa-
tocytes, then it should improve the regenera-
tive capacity and phenotypic outcome of G6
mTR ™/~ mice subjected to chronic liver
damage. Severe (>5% of body weight) accu-
mulation of peritoneal fluid (ascites, a clini-
cal hallmark of advanced liver cirrhosis) (26)
was observed in 5 of 5 G6 mTR ™~ mice
after 4 weeks of CCl, treatment, whereas
only 3 out of 10 mTR*'* mice exhibited
trace ascites at this time point (Fig. 5B).
When infected with Ad-mTR-GFP, only 2 of
6 G6 mTR™/~ mice showed modest ascites.
These data matched an acute 13% increase

CCl, (4 weeks), mild fibrosis also developed
in livers of mTR™* and mTR-rescued G6
mTR ™~ mice (Fig. 6A, bottom). Our obser-
vations that serum levels of alanine amino-
transferase and aspartate aminotransferase in
response to CCl, treatment are equal in
mTR*'* and G6 mTR ™/~ mice suggest that
the extent of CCl,-induced hepatic necrosis
was not significantly affected by telomere
shortening.

A strong correlation between decreased cell
proliferation and progression of human liver
cirrhosis has been described (3). In the liver of
G6 mTR ™~ mice infected with Ad-GFP, min-
imal hepatocyte proliferation, as measured by
immunohistochemistry with the proliferation
marker PCNA (27), was observed 2 weeks
after continuous exposure to CCl, (Fig. 6B).
(Fig. 6B). In contrast, Ad-mTR-GFP-infected
G6 mTR ™/~ mice showed high rates of hepa-
tocyte proliferation (comparable to that seen in
the mTR*/* mice) (Fig. 6B) (27). There was a
66% decrease in the mitotic index and a 58%
decrease in anaphase bridges in Ad-mTR-GFP
G6 mTR ™/~ mice as compared with Ad-GFP-
infected G6 mTR '~ mice. Thus, delivery of
the telomerase RNA gene rescues telomerase
dysfunction and impaired hepatocyte prolifera-
tion in G6 mTR ™~ mice.

TGF-B1 has been identified as a major
factor stimulating stellate cell fibrogenic ac-
tivity, a hallmark of human liver cirrhosis
(4). After 2 weeks of repeated CCl, injury,
increased TGF-B1 staining was present in
liver sections of Ad-GFP-infected G6
mTR ™/~ mice as compared with Ad-mTR-
GFP-infected G6 mTR ™/~ mice (Fig. 6C).
TGF-B1 was predominantly expressed in
centrilobular areas and correlated with an
enhanced number of a—smooth muscle anti-
gen and desmin-positive cells, both markers
of activated stellate cells (Fig. 6D) (2, 27).

In conclusion, these results underscore the
importance of the regenerating hepatocyte in
the pathogenesis of liver cirrhosis and forge a
pathogenic chain of events from telomere
dysfunction to anaphase bridges to impaired
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Fig. 6. Reactivation of telomerase reduces liver cirrhosis in G6 mTR™/~  treated G6 mTR™/~ mice (arrows point to PCNA-positive cells; bar: 100

mice. (A) Masson-Trichrome stains 2 and 4 weeks after repeated CCl,
treatment showed accelerated fibrosis (arrows) in Ad-GFP-treated G6
mTR ™/~ mice as compared with Ad-mTR-GFP—treated G6 mTR™/~ mice
(bar: 200 pm). (Inset) Reticulin staining of pericentral fibrosis (arrow) in
Ad-GFP—treated G6 mTR™/~ mice (bar: 50 wm). Enhanced steatosis is
apparent in Ad-GFP—treated G6 mTR™/~ mice. (B) PCNA staining (top)
showed decreased hepatocyte proliferation in chronically injured livers of

wm). Increased TGF-B1 immunoreactivity (middle) is evident in centri-
lobular areas of Ad-GFP-treated G6 mTR™/~ mice (arrows) but not in
Ad-mTR-GFP-treated G6 mTR™/~ mice (bar: 100 wm). (Inset) Typical
cytoplasmic localization of TGF-B within cells (bar: 10 wm). An increased
number of desmin-positive stellate cells (bottom) in Ad-GFP-treated
mice (arrows); in contrast, Ad-mTR-GFP-treated mice showed only back-
ground staining of endothelial cells of hepatic vessels (bar: 100 wm).

Ad-GFP-treated G6 mTR™/~

liver regeneration. The development of an-
aphase bridges in hepatocytes and subsequent
double-strand DNA breaks could initiate
DNA damage responses, resulting in growth
arrest and increased apoptosis. Liberation of
lipid peroxides (formed by dying hepato-
cytes) and/or activation of cell cycle inhibi-
tors such as TGF-B1 could promote stellate
cell activation leading to fibrosis. In addition,
telomere shortening might alter the ability of
cells to cope with various stresses (e.g., di-
minished oxidative stress capacity), possibly
resulting in increased hepatocyte death typi-
cal of end-stage chronic liver disease.

Our study indicates that telomere shorten-
ing contributes to the pathogenesis of liver
cirrhosis and that telomerase therapy may be
beneficial for this disease. Can we extend
these animal-based findings to humans? The
significant reduction in telomere length seen
in human cirrhotic livers is well within the
range associated with activation of cellular
senescence and the onset of genetic instabil-
ity (28). In the mouse, telomere attrition is
associated more often with crisis than with
replicative senescence (7, 29). However, both
responses converge upon common physiolog-
ical end points that affect the ability of hepa-

mice as compared with Ad-mTR-GFP-

tocytes to sustain robust regenerative re-
sponses after injury. On this basis, it is rea-
sonable to anticipate that activation of telom-
erase could inhibit the development of liver
cirrhosis or terminal liver failure in humans.

As a caveat, the possible adverse effects
of telomerase reactivation will have to be
considered, particularly given the correlation
between telomerase overexpression and can-
cer pathogenesis (30). Over 80% of hepato-
mas exhibit telomerase activity (31), suggest-
ing that telomerase reactivation could facili-
tate tumor formation in the liver. In contrast,
the increased cancer incidence we have ob-
served in aging mTR ™/~ mice (8) indicates
that activation of telomerase might act as a
double-edged sword in terms of genomic in-
stability and tumor formation. In addition, a
transient activation of the enzyme (as in our
gene transfer experiments) may be insuffi-
cient to facilitate the clonal expansion of
single transformed cells required for tumor
formation. From a clinical point of view,
patients with end-stage liver cirrhosis await-
ing liver transplantation might be ideal can-
didates for telomerase therapy, because te-
lomerase-mediated improvement in liver
function could extend survival, and the even-

(Inset) Typical morphology of desmin-positive stellate cells (bar: 10 wm).

tual surgical removal of the organ should
minimize potential cancer risk.

Finally, the liver’s wound healing re-
sponse is a paradigm for how other organ
systems might respond to the stress of long-
standing cell depletion and renewal. Thus, in
principle, the pathophysiological and thera-
peutic insights gained from the study of liver
cirrhosis may be applicable to other chronic
high-turnover disease states such as immu-
nosenescence in advanced human immunode-
ficiency virus infection (32) and bone-mar-
row exhaustion in myeloproliferative diseas-
es (33).
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Because of a critical shortage in suitable organs, many patients with terminal
liver disease die each year before liver transplantation can be performed.
Transplantation of isolated hepatocytes has been proposed for the temporary
metabolic support of patients awaiting liver transplantation or spontaneous
reversion of their liver disease. A major limitation of this form of therapy is the
present inability to isolate an adequate number of transplantable hepatocytes.
A highly differentiated cell line, NKNT-3, was generated by retroviral transfer
in normal primary adult human hepatocytes of an immortalizing gene that can
be subsequently and completely excised by Cre/Lox site-specific recombination.
When transplanted into the spleen of rats under transient immunosuppression,
reversibly immortalized NKNT-3 cells provided life-saving metabolic support
during acute liver failure induced by 90% hepatectomy.

Orthotopic allogeneic liver transplantation re-
mains the only treatment option available to
patients with terminal liver failure or inborn
errors of liver metabolism. Because its appli-
cation is limited by donor organ availability,
considerable morbidity, mortality, and high
cost, there is a need to develop bridging
procedures to sustain patients with subacute
or acute liver failure. Hepatocyte transplanta-
tion (HTX) has been used to correct metabol-
ic defects and provide metabolic support in
experimental animal models of hepatic fail-

ure (/). The hyperbilirubinemia of rats genet-
ically deficient in uridine diphosphate glucu-
ronosyltransferase was corrected by HTX (7).
Substantial increases in plasma albumin lev-
els were also documented after HTX into
analbuminemic rats (/). Recently, intrasplen-
ic transplantation of differentiated adult hepa-
tocytes in human patients with severe en-
cephalopathy and multisystem organ failure
was able to control hyperammonemia and
ensure short-term survival until orthotopic
liver transplantation was successfully per-
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