
Review
Liver Repopulation and Carcinogenesis: Two Sides
of the Same Coin?

Fabio Marongiu, Silvia Doratiotto,
Stefania Montisci, Paolo Pani, and Ezio Laconi
From the Dipartimento di Scienze e Tecnologie Biomediche,

Sezione di Patologia Sperimentale, Università di Cagliari,
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Liver repopulation by transplanted normal hepato-
cytes has been described in a number of experimental
settings. Extensive repopulation can also occur from
the selective proliferation of endogenous normal
hepatocytes, both in experimental animals and in the
human liver. This review highlights the intriguing
association between clinical and experimental condi-
tions related to liver repopulation and an increased
risk for development of hepatocellular carcinoma. It
is suggested that any microenvironment that is able to
sustain the clonal growth of normal transplanted (or
endogenous) hepatocytes is also geared to select for
the emergence of rare resistant cells with an altered
phenotype. Whereas the first pathway leads to liver
repopulation with normal histology, the latter results
in the growth of focal proliferative lesions and carries
an increased risk of neoplastic disease. The implica-
tions of this association are discussed, both in terms
of pathogenetic significance and possible ther-
apeutic exploitation. (Am J Pathol 2008, 172:857–864;
DOI: 10.2353/ajpath.2008.070910)

The liver is the only solid organ that can be efficiently
repopulated through transplantation of normal isolated
hepatocytes. A number of experimental systems have
been developed over the past 10 to 15 years describing
this remarkable phenomenon.1–11 The analysis of these
systems has revealed that two key requirements must be
fulfilled for the process to occur: (1) transplanted cells
must be endowed with a growth and/or survival advan-
tage compared with the hepatocytes in the recipient or-
gan, and (2) there must be space for donor-derived cells
to expand, in that transplanted cells only divide at the
expense of preexisting resident hepatocytes.12 In fact,

liver repopulation is a coordinated process of cell re-
placement, during which no increase in total liver mass is
observed, whereas normal transplanted hepatocytes
take the lead over the endogenous damaged counter-
part. The above paradigm applies to virtually all available
models of liver repopulation via transplanted cells,
including the albumin-urokinase-plasminogen activa-
tor (uPA) transgenic mouse,1,2 the fumaryl-acetoacetate-
hydroxylase (Fah)-null mouse,3 the multidrug resistance-2
(mdr-2) knockout mouse,9 the bcl-2-transduced mouse
hepatocyte model,8 the retrorsine-treated4 – 6 or mono-
crotaline-treated11 rat model, and the radiation-treated7 rat
models.

An intriguing aspect that has received little attention so
far is that most, if not all of these model systems capable
of sustaining liver repopulation are also associated with
an increased risk of cancer development in the liver
(Table 1).12,13 Such increased risk is inherent to these
model systems, ie, it is independent of cell transplanta-
tion. Furthermore, the human diseases related to some of
these animals models, including hypertyrosinemia (mod-
eled by the Fah-null mouse) and familial intrahepatic
cholestasis (modeled by the mdr-2 knockout mouse), are
also burdened with an increased risk of hepatocellular
carcinoma, developing at childhood age.14,15 Is this a
pure chance phenomenon, or does it suggest the exis-
tence of a fundamental linkage between the two pro-
cesses, two sides of the same coin per se? In this review,
the evidence for this intriguing association will be exam-
ined, and its possible biological significance and clinical
implications will be discussed.
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Models for Liver Repopulation and Increased
Risk of Cancer

(i) The Albumin-Urokinase-Plasminogen
Activator (uPA) Transgenic Mouse

The uPA transgenic mouse model was the first to be
associated with massive liver repopulation.1,2 In this an-
imal, targeted expression of uPA leads to chronic hepa-
tocyte toxicity. However, it was observed that rare hepa-
tocytes losing the transgene can selectively proliferate
and regenerate the entire organ.1 Based on this finding,
hepatocytes isolated from a congenic donor were then
transplanted into the uPA mouse and tested for their
ability to selectively proliferate in the host liver. Four to
five weeks later, up to 80% of hepatocytes in the recipient
liver were found to be of donor origin,2 thereby confirming
that the constitutive expression of the uPA transgene in
resident hepatocytes generates a selective environment
that favors the growth of cells with a normal (nontrans-
genic) phenotype. The uPA transgenic mouse is one of
the most widely used systems for liver repopulation; in
more recent years, human hepatocytes have been trans-
planted into a double mutant severe combined immune
deficient/uPA transgenic mouse, leading to extensive re-
placement of the mouse liver by human cells.16

As early as 1992, Sandgren et al17 reported the devel-
opment of liver cancer in the uPA transgenic mouse, with
over 70% incidence of adenoma and carcinoma. Inter-
estingly, all cancers were derived from endogenous
hepatocytes that had lost the uPA transgene, thereby
gaining a growth advantage compared with uPA-ex-
pressing neighboring cells. The authors proposed that
extended segments of genomic DNA were probably lost
in these cells together with the transgene, and this could
explain both their growth advantage and their altered
phenotype, causing their high propensity to progress to
cancer.17 Furthermore, mitogenesis per se was excluded
as a driving force for carcinogenesis in this system, in
that several regenerative nodules with a normal pheno-
type were also observed in uPA-transgenic mice.17

Thus, at least two types of rare hepatocytes can be
generated in the uPA transgenic livers following loss of
the transgene: (1) hepatocytes that are seemingly normal
and can participate in the process of liver repopulation,
resulting in normal tissue architecture, and (2) phenotyp-
ically altered hepatocytes that can represent the site of
origin of focal lesions, liver nodules and hepatocellular
carcinoma. The important issue here is that both cell
types and both processes (ie, liver repopulation with

normal histology and cancer development) appear to be
driven by the same basic mechanism: the selective emer-
gence of hepatocytes that have lost the uPA transgene
and that are stimulated to clonally expand because of the
continuous death of uPA-expressing damaged hepato-
cytes. To our knowledge, no liver tumors have been re-
ported arising from normal transplanted hepatocytes in this
system; however, when mice carrying the uPA transgene and
lacking recombination activation gene 2 knockout were trans-
planted with woodchuck hepatitis virus-infected hepatocytes,
chronic viral infection and hepatocellular carcinoma were ob-
served after several months18

(ii) The Fumaryl-Acetoacetate Hydrolase
(Fah)-null Mouse and Human Hereditary
Tyrosinemia

A general principle similar to the one discussed for the
uPA transgenic mouse applies to the Fah-null mouse
model of liver repopulation.3 The Fah-deficient mouse
serves as a model for hereditary tyrosinemia type I in
humans. In both humans and mice, the lack of Fah en-
zyme, which is involved in the tyrosine catabolic pathway,
leads to accumulation of its substrate, fumaryl-acetoac-
etate and its precursor maleyl-acetoacetate. Both fu-
maryl-acetoacetate and maleyl-acetoacetate are thought
to be involved in liver toxicity, which is found in tyrosine-
mia type I patients and includes progressive liver failure
and development of hepatocellular carcinoma (HCC)
early in life.19 Using the mouse model of Fah deficiency,
Grompe and colleagues3 demonstrated that normal
hepatocytes transplanted in the these animals were able
to replace �80% of host liver. However, if transplanted
Fah-deficient mice were exposed to the drug 2-(2-nitro-4-tri-
fluoromethylbenzoyl)-1,3-cyclohexanedione, which limits the
accumulation of toxic metabolites fumaryl-acetoacetate and
maleyl-acetoacetate in host cells, no selective growth advan-
tage for donor-derived hepatocytes was observed.3

Nontreated Fah-deficient mice die within 6 weeks from
fulminant hepatic failure. However, if the animals were
either given 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cy-
clohexanedione or transfected with an adenoviral vector
carrying the Fah gene, they could survive for several
months.20,21 Interestingly, 50% (3 of 6) of surviving mice
developed HCC, whereas no liver cancer was seen in 9
age-matched heterozygous controls,21 indicating that the
Fah-null background is conducive to neoplastic develop-
ment in the liver. Similar to the u-PA transgenic mouse
model, no evidence of neoplastic lesions arising from
transplanted normal hepatocytes has been reported in
the Fah-deficient mouse. In fact, serial transplantation
studies conducted in this animal model revealed that up
to six serial passages could be performed from donor to
recipient, with preservation of repopulating capacity and
in the absence of neoplastic transformation.22 The latter finding
again points out that mitogenesis per se is not sufficient for
cancer development.

As already mentioned, the Fah-null mouse is a model
for human hereditary tyrosinemia type I, and several anal-
ogies are present between the two systems. Patients with

Table 1. Animal Models of Liver Repopulation Associated
with Increased Risk of Liver Cancer Development

The albumin-urokinase-plasminogen activator (uPA)
trangenic mouse1,2,17

The fumaryl-acetoacetate hydrolase (Fah) null mouse3,19

The mouse model of progressive familial intrahepatic
cholestasis9,22

The retrorsine-based rat model for hepatocyte
transplantation and liver repopulation4–6,23

858 Marongiu et al
AJP April 2008, Vol. 172, No. 4



this disease survive to early childhood without treatment,
but they develop chronic liver disease and liver cancer at
a very young age.14 Interestingly, livers from some of
these patients were also reported to harbor clones of
seemingly normal hepatocytes expressing the Fah en-
zyme and resulting from self-induced correction of the
genetic defect.23 Such clones gradually expand, display
a normal histological appearance, and can replace up to
85% of the Fah-deficient human liver. Notably, the extent
of repopulation by reverted, Fah-positive hepatocytes
was reported to be inversely correlated with the clinical
severity of the disease in these patients.19

In summary, the cytotoxic microenvironment of Fah-
deficient livers sustains the selective growth of phenotyp-
ically normal hepatocytes, leading to extensive repopu-
lation, both in human patients23 and in experimental
animals3; on the other hand, the same microenvironment
can also foster the expansion of altered hepatocytes
resistant to cytotoxicity, leading to the emergence of
dysplastic nodules and the development of HCC in
young patients,14 as well as in the corresponding exper-
imental animal model.20,21

(iii) The Mouse Model of Progressive Familial
Intrahepatic Cholestasis

An interesting variant to the basic paradigm described
for the uPA-transgenic and the Fah-null mice is illustrated
by the mouse model of human progressive familial intra-
hepatic cholestasis.9 These animals lack the mdr 2 car-
rier protein and are therefore unable to secrete phospho-
lipids into bile, leaving unopposed the cytotoxic
detergent action of bile salts. Hepatocyte damage is
confined to periportal areas, which are most active in bile
salt uptake and metabolism. Elegant studies by De Vree
et al9 have indicated that the liver of mdr 2-deficient mice
can be repopulated via transplantation of normal hepa-
tocytes. However, repopulated areas are confined to pe-
riportal regions, where liver toxicity is expressed. The
process of repopulation is self-limited and tightly con-
trolled: if animals are fed bile salts in the diet, this causes
an expansion in the areas of liver damage and a parallel
increase in the extent of repopulation by transplanted,
mdr 2-expressing normal cells. However, withdrawal of
the bile salt-containing diet results in a relative decrease
in repopulated areas.9

Relevant to the present discussion, nontransplanted
mdr 2-deficient mouse liver is highly prone to developing
hepatocellular carcinoma.24 Most importantly, children
affected by progressive familial intrahepatic cholestasis
also incur a high risk for the development of liver can-
cer.15 Thus, the analysis of this model system again
reinforces the notion that endogenous conditions in the
liver resulting in the selective growth of transplanted nor-
mal hepatocytes are also associated with an increased
risk for neoplastic disease in the absence of cell
transplantation.

(iv) The Retrorsine-Based Rat Model for
Hepatocyte Transplantation and Liver
Repopulation

Animal models of liver repopulation described thus far
rely on specific “genetic” backgrounds of the recipient
liver such that the resulting metabolic toxicity on resident hepa-
tocytes translates into a growth advantage for phenotypically
normal transplanted cells and/or endogenous altered hepato-
cytes with a presumptive “resistant” phenotype.12

In our laboratory we have used an alternative ap-
proach to develop a more general strategy for effective
liver repopulation. In this system, donor hepatocytes are
transplanted into a normal host liver in which endogenous
growth capacity has been hampered by a precondition-
ing treatment.5,6 Briefly, recipient animals are pretreated
with retrorsine (RS), a naturally occurring pyrrolidizine
alkaloid that is able to exert a long-lasting block on the
endogenous hepatocyte cell cycle. Under these condi-
tions, normal hepatocytes, transplanted after the alkaloid
has been metabolized, can selectively respond to growth
stimuli and gradually repopulate the entire liver. In fact,
�90% repopulation of the RS-treated liver is observed
after 2 to 8 months post-transplantation, depending on
the intensity of the growth stimulus applied.5,6 Trans-
planted cells integrate into the recipient parenchyma,
and the repopulated liver appears structurally normal. It
is also important to note that no increase in total liver
mass is observed at any point in time during the process
of liver repopulation; rather, the transplanted cells grad-
ually expand and slowly replace the unresponsive, RS-
exposed endogenous cells.5,6 Other models of liver re-
population in the rat are based on a similar preconditioning
principle, including preexposure to radiation7 or to mono-
crotaline,11 a pyrrolizidine alkaloid related to RS.

The original observations obtained using normal hepa-
tocyte transplantation have been extended to hepato-
cytes isolated from preneoplastic liver nodules as the
donor cell population.25 Recipient animals pretreated
with the same RS-based protocol and then injected with
a nodular hepatocyte cell suspension indicate that the
growth-constrained microenvironment imposed by RS on
endogenous hepatocytes can sustain the selective ex-
pansion of transplanted nodular cells, resulting in the
emergence of liver nodules and subsequent progression
to HCC (Figure 1). By contrast, it is important to note that
neither normal nor nodular hepatocytes did proliferate to
any significant extent on transplantation into untreated
normal hosts.25

Thus, the experimental findings obtained with the RS
model provide compelling evidence that the same liver
microenvironment that is permissive for the selective
growth of normal transplanted hepatocytes also has the
capacity to stimulate the clonal expansion of altered/
nodular hepatocytes and set the stage for their progression
toward neoplasia. Interestingly, animals treated according
to the RS protocol for liver repopulation but in the absence
of hepatocyte transplantation survive for over 2 years in
good health with no overt cancer developing in their livers;
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however, hepatic nodules were present in 6 of 8 animals (S.
Doratiotto and E. Laconi, unpublished observation).

(v) Preconditioning with Radiation

Guha et al7 were the first to report that exposure to
radiation could prime the liver to massive endogenous
hepatocyte replacement via transplantation of normal iso-
lated cells. This finding was later confirmed and ex-
tended by Malhi et al,26 who combined radiation with
ischemia-reperfusion, followed by hepatocyte transplan-
tation. The above findings suggest that preconditioning
with radiation induces critical changes in the liver micro-
environment that are conducive to the selective prolifer-
ation of normal, transplanted hepatocytes. The precise
mechanisms underlying this phenomenon have yet to be
elucidated. Radiation is known to inhibit liver growth for
extended periods of time;27 thus, its effect would appear
to be similar, at least in principle, to that exerted by RS, ie,
a persistent block on endogenous hepatocyte cell cycle.

On the other hand, exposure to radiation increases the
risk of cancer development in the liver, via a mechanism
consistent with a promoting effect,28 although its initiating
potential appears to be weaker.29 Interestingly, this very
closely parallels similar results that have been reported
for pyrrolizidine alkaloids related to RS,30 suggesting that
these two types of exposure (ie, radiation and pyrroliz-
idine alkaloids) may in fact share basic common mech-
anisms of action, at least in relation to carcinogenesis
and liver repopulation.

Why are Liver Repopulation and Carcinogenesis
Associated?

Taken together, the evidence presented indicates that
conditions that are permissive for liver repopulation by
normal hepatocytes are consistently and inherently asso-
ciated with an increased risk of cancer development in
the liver (Table 1). This association is intriguing and leads
one to consider that these two processes may share
common basic biological mechanisms; ie, the clonal

growth of normal and altered/preneoplastic hepatocytes
appears to be sustained by similar driving forces (Figure 2).

This concept is best illustrated by data obtained using
the RS-based model for cell transplantation. To our
knowledge, this is the only experimental system in which
the fate of both normal and nodular transplanted hepa-
tocytes has been analyzed and compared, with unequiv-
ocal results. The growth behavior of transplanted normal
and nodular cells is very similar, in that both cell types
can clonally expand when transplanted into RS-treated
host liver, whereas neither cell population is able to grow
significantly on transplantation into a normal, untreated
recipient.5,6,25

These findings, together with those discussed above
for other models, suggest a series of important consider-
ations. First, in these systems of liver repopulation, the
microenvironment generates specific growth stimuli that
are capable of sustaining the clonal expansion of both
normal and altered/nodular hepatocytes. Such stimuli re-
sult from an altered turnover of endogenous hepatocytes;
accordingly, they are very low in the normal liver. Inci-
dentally, this points to a critical role of an altered tissue
environment in the emergence of early focal lesions dur-
ing cancer development.31

Figure 1. Normal (a) or nodular (b) wild-type rat hepatocytes transplanted into the liver of dipeptidylpeptidase type IV-deficient, syngenic hosts. Tissue samples
were stained for the expression of dipeptidylpeptidase type-IV enzyme (rust-orange color). Note the diffuse, infiltrative growth pattern of normal hepatocytes in
a, contrasted by the sharp demarcation between nodular and surrounding hepatocytes in b.

Figure 2. Proposed shared mechanisms for liver repopulation and
carcinogenesis.
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Second, altered growth pattern,32–34 rather than al-
tered growth per se,35 emerges as the hallmark that
better defines the phenotypic behavior of normal versus
altered/nodular hepatocytes in these systems. In fact,
both undergo selective clonal proliferation, but the outcome
is different in either case, with one leading to liver repopu-
lation with normal histology when the cell involved is a
normal hepatocyte and the other yielding nodular growth
and progression toward cancer when the cell of origin is a
phenotypically altered hepatocyte (Figures 1 and 2).

Third, the point above also questions the dominant
view that altered/nodular hepatocytes should be en-
dowed with a higher-than-normal growth potential to un-
dergo clonal proliferation. Perfectly normal hepatocytes,
with a normal growth potential and a regulated cell cycle,
behave very similarly under similar experimental condi-
tions, ie, they also generate clones; conversely, altered/
nodular hepatocytes do not grow to any significant extent
when transplanted into a normal host liver. This reiterates
the concept that parameters related to growth regulation
per se need not be altered at the early stages of the
carcinogenic process.

What are the possible molecular bases sustaining the
different phenotypic behavior during clonal expansion of
normal versus altered/nodular hepatocytes? Stated an-
other way, why do repopulating normal hepatocytes in-
tegrate into the host liver, resulting in a seemingly normal
histology, whereas altered cells display a focal growth
pattern and eventually expand and compress the sur-
rounding tissue? Broadly speaking, this leads one to
consider that parameters related to cell-to-cell and/or
cell-to-extracellular matrix communication might be dif-
ferent in the two cell populations.33 Several studies sug-
gest that, in fact, this might be the case.

Thus, a decreased expression of the gap-junction pro-
tein connexin 32 (Cx32) was initially reported during ex-
perimental carcinogenesis in rat liver.36–38 Later, altered
expression and/or distribution of Cx32 was also docu-
mented in human liver during chronic hepatitis, cirrhosis,
and HCC.39,40 In more recent studies, mice lacking Cx32
protein function were found to be more susceptible to
developing liver tumors.41,42 Overall, these data support
the hypothesis that altered expression and/or regulation
of Cx32 occurs and could play a role at very early stages
of cancer development in the liver. However, the issue is
not completely settled in that it has been difficult to define
whether the reported changes in the regulation of Cx32
regulation are a cause or a consequence of focal growth
occurring during carcinogenesis. In fact, when hepatic
foci were exposed to phenobarbital, a known tumor pro-
moter, the large majority showed high proliferative rate
and decreased expression of Cx32. However, on with-
drawal of phenobarbital, a high proportion of foci de-
creased their growth rate (promoter-dependent) and in-
creased Cx32 expression, whereas a few foci retained a
high growth rate (promoter-independent) and showed no
increase in Cx32 protein levels.37 It would appear from
these results that Cx32 down-regulation in early focal le-
sions is related to their proliferative state and need not
reflect an inherent property of altered hepatocytes. Future
studies addressing the pattern of Cx32 expression during

clonal expansions of either normal or nodular hepatocytes
should provide important insights into this issue.

Another membrane component possibly involved in
the altered phenotypic behavior of nodular hepatocytes
are the integrins, a class of transmembrane proteins that
function as major adhesion receptors with extracellular
matrix.43 These molecules play key roles in several basic
biological processes, including carcinogenesis. Integrins
are heterodimers of � and � subunits. The heterodimer
�-5-�-1 (IG-5-1), which binds to fibronectin (FN) in the
extracellular matrix, is one of the major integrins ex-
pressed in the liver, being involved in cell proliferation
and cell death. For example, epidermal growth factor
receptor signaling is mediated through the uPA receptor,
which is linked to IG-5-1/FN and the extracellular regu-
lated kinase pathway.44 Additional data suggest that IG-
5-1 ligation by fibronectin might translate into a cell sur-
vival signal, whereas up-regulation of IG-5-1 in the
absence of fibronectin leads to cell death.45

Expression of IG-5-1 is decreased in human HCC and
is further reduced in less differentiated cancers.46 These
changes are related to the acquisition of an invasive and
metastatic phenotype by cancer cells. Data on the ex-
perimental system are limited: however, they do suggest
that reduced expression of IG-5-1 might be an early
event during cancer development in the liver.47 Interest-
ingly, a recent report has indicated that integrin and
extracellular matrix are important regulators of cell en-
graftment following normal hepatocyte transplantation in
the liver,48 supporting the concept that these proteins are
indeed key players in cell-to-cell and cell-to-extracellular
matrix interactions in the liver.

Within this context, one should also consider the po-
tential role of matrix metalloproteinases (MMPs), a family
of enzymes that collectively degrade all components of
the extracellular matrix.49 They play fundamental roles in
tissue remodeling, inflammation, wound healing, fibrosis,
cell migration, and metastasis, among others.50 MMP2,
also known as gelatinase A, is expressed in many epi-
thelial tissues, including liver; it is synthesized as a pro-
enzyme that becomes activated on proteolytic cleavage.
Unlike other MMPs, the activation of MMP2 occurs at the
cell surface,51 a feature that confers to this enzyme a
central role in cell migration. In the liver, the source of
MMP2 is mainly the hepatic stellate cell (HSC).52 How-
ever, when activated HSCs are cultured in vitro, only the
native pro-MMP2 is secreted in the culture medium. The
presence of active MMP2 becomes evident only when
HSCs are cocultured with hepatocytes.53 Moreover, frag-
ments of hepatocyte membrane can activate pro-MMP2
secreted by HSCs.53 These findings highlight the com-
plexity and the specificity of MMP2 activation during var-
ious processes associated with liver physiology and pa-
thology.54 MMP2 activity is also up-regulated at early
time points (within 6 to 12 hours) following partial hepa-
tectomy in rat liver, indicating involvement of this enzyme
in matrix remodeling in preparation for hepatocyte cell
division.55,56 Furthermore, Koenig et al57 have demon-
strated increased MMP2 protein expression at the lead-
ing edge of proliferating clusters of normal hepatocytes
transplanted into RS-treated rat livers. This finding is
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strongly suggestive of a role of MMP2 in normal hepato-
cyte migration and, as an inference, in the process of
integration of transplanted hepatocyte clones in the host
liver. If this hypothesis is correct, it is possible to envision
how altered regulation of MMP2 activation could hamper
the capacity of nodular hepatocytes to integrate into the
host liver architecture.

The latter proposition could appear as paradoxical, in
view of the fact that increased activity of MMPs, including
MMP2, has been associated with cancer and metastasis.50

For example, human HCCs reportedly express higher
MMP2 levels compared with surrounding tissue, and this
parameter correlates with tumor recurrence.58,59 How-
ever, it should be noted that acquisition of invasiveness
and metastatic potential are late events in cancer pro-
gression, and nodular hepatocytes are not endowed with
these phenotypic properties. Interestingly, it has been
reported that HSCs, the main source of MMP2, are fewer
in number in human dysplastic nodules compared with
cirrhotic nodules and HCC,60 suggesting that MMP2
availability could be decreased in early cancer precursor
lesions. Thus, altered regulation of MMP2 protein is yet
another potential component contributing to the focal
growth pattern of nodular hepatocytes.

Significance and Future Perspectives

Is the general paradigm derived from the analysis of liver
repopulation of broader significance in the context of
other experimental or clinical settings? In a recent review,
Rudnick and Perlmutter61 suggest that this might be the
case for �-1-antitrypsin (�-1AT) deficiency and, possibly,
other liver diseases. In �-1AT deficiency, globules of
unsecreted protein accumulate in hepatocytes, leading
to cell injury, chronic toxicity, and a higher risk for the
development of HCC.62 Studies conducted in a mouse
model of this disease indicate that hepatocytes loaded
with globules are relatively growth suppressed, providing
a proliferative advantage for a population of hepatocytes
that is relatively devoid of protein globules.63 In fact, the
latter population occupies an increasing proportion of the
liver as the animal ages, ultimately becoming the site of
origin for liver cancer.62 It is noteworthy that these find-
ings have recently been matched with a clinical counter-
part: Hadzic et al64 reported that hepatocellular carci-
noma arising in a patient with �-1AT deficiency was also
devoid of globules, whereas surrounding hepatocytes
were loaded with protein deposits. Interestingly, Rudnick
et al63 have further suggested that �-1AT deficiency
could possibly benefit from therapeutic strategies based
on normal hepatocyte transplantation, given that endog-
enous parenchymal cells are relatively refractory to
growth stimuli. If proven, the latter possibility would ex-
tend the analogies between �-1AT deficiency and other
conditions associated with both liver repopulation and
carcinogenesis discussed in the preceding paragraphs.

Along these lines, is any of the above applicable to the
clinical condition most commonly associated with the
development of liver cancer in humans, ie, liver cirrhosis?
Obviously, the complexity of cirrhosis and its different

etiologies defy any attempts to make general statements
regarding its basic biology. However, one cannot over-
look the fact that cirrhotic liver also harbors different
types of nodular growths, including those referred to as
regenerative nodules, composed of bona fide normal
hepatocytes, and those displaying various degrees of
dysplastic changes.65–68 The issue regarding the clonal
nature of these lesions is still highly debated.65–70 Various
authors67,69–71 have reported that a significant proportion
of bona fide regenerative nodules and most, if not all,
dysplastic nodules are clonal in origin. This would indi-
cate that the microenvironment of the cirrhotic liver is able
to stimulate the clonal expansion of both seemingly nor-
mal and altered/dysplastic hepatocytes, thereby sug-
gesting a basic pathogenetic analogy with the systems
described above. Pertinent to this point, it is worth men-
tioning that cirrhosis is associated with impaired liver
regeneration both in humans72,73 and in experimental
animals.74,75 Thus, it is reasonable to hypothesize that
such a growth-impaired background could foster the se-
lective emergence of rare hepatocytes,76 with either nor-
mal or altered phenotype. This is in agreement with the
hypothesis of Park et al,60 who proposed that dysplastic
nodules arise as clonal expansions of altered hepato-
cytes in a process that runs in parallel with the develop-
ment of liver cirrhosis.

The liver has enormous regenerative capacity.77 How-
ever, it has been shown that even a single episode of
massive regeneration (such as that elicited by two-thirds
partial hepatectomy) attenuates hepatocyte replicative
potential and activates events related to cell aging.78

Interestingly, hepatocytes isolated from a normal un-
treated donor and transplanted in a regenerated liver
display a relative growth advantage compared with the
resident counterparts and are able to form clonal clus-
ters.78 Furthermore, it has been reported that repeated
partial hepatectomy can exert a promoting stimulus on
chemically induced hepatic nodules in experimental ani-
mals.79 These findings reinforce the concept that the selec-
tive growth of normal and altered/nodular hepatocytes ap-
pears to be elicited under similar experimental conditions.

As a final note, one should consider the possibility that
a better understanding of the interplay between normal
and altered cells in a chronically injured tissue may help
in the design of novel therapeutic approaches. If in fact
carcinogenesis and liver repopulation do represent two
sides of the same coin, as suggested by the above
considerations, would it be possible to devise strategies
to increase the likelihood of one side of the coin (repopu-
lation) prevailing over the other (carcinogenesis)? In sim-
pler terms, would it be feasible to establish a competition
between the two cell types (normal versus altered hepa-
tocytes), thereby modulating their respective rate of
growth? There are no data to directly answer this ques-
tion at the present time. However, some relevant evi-
dence is beginning to emerge. As already mentioned,
Demers et al19 have reported that in Fah-deficient pa-
tients the extent of liver replacement by endogenous,
seemingly normal, hepatocytes generated through muta-
tion reversion was inversely correlated with the clinical
severity of the disease; the authors suggest that the
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reverted hepatocytes play a protective role in the evolu-
tion of chronic liver disease in these patients. It is tempt-
ing to speculate that normal transplanted hepatocytes
could be equally (or possibly more) efficient in positively
modulating the clinical progression of this disease, as it is
observed in the Fah-deficient mouse.3 Another case in
point is the Long Evans Cinnamon rat, a model for human
Wilson’s disease.80 In these animals, normal hepatocyte
transplantation performed at a young age yields repopu-
lation as high as 80% of the liver, resulting in the correc-
tion of the associated metabolic defects and chronic liver
disease.80 As a corollary to these findings, it is important
to note that experimental liver repopulation per se does
not result in any increased risk of donor cell-derived
neoplastic disease.22,81

In summary, the analysis of available models for liver
repopulation provides compelling evidence to indicate
that any cytotoxic microenvironment (the same coin) sus-
taining the selective growth of normal transplanted hepa-
tocytes (side one) can also select for the emergence of
rare resistant cells with an altered phenotype (the other
side of the coin). This establishes a close mechanistic link
between liver repopulation on one hand and early phases
of cancer development on the other. Such a link requires
further investigation and can possibly be exploited for
devising novel therapeutic strategies.
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