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Liver regeneration after partial hepatectomy is one of
the most studied models of cell, organ, and tissue
regeneration. The complexity of the signaling path-
ways initiating and terminating this process have pro-
vided paradigms for regenerative medicine. Many
aspects of the signaling mechanisms involved in he-
patic regeneration are under active investigation. The
purpose of this review is to focus on the areas still not
well understood. The review also aims to provide
insights into the ways by which current concepts of
liver regeneration can provide understanding regard-
ing malfunction of the regenerative process in liver
diseases, such as acute liver failure. (4mJ Pathol 2010,
176:2—13; DOI: 10.2353/ajpath.2010.090675)

Liver regeneration after two-thirds partial hepatectomy
(PHx) in rodents has become a useful paradigm of study-
ing regenerative organ growth. The popularity of the
model is based on two important aspects. First, the re-
moval of the resected tissue is not associated with mas-
sive necrosis. The resected hepatic tissues are amenable
to “clean” removal due to the multilobular structure of rat
and mouse liver. Thus, regeneration of the residual lobes
from its very beginning is mediated by processes rele-
vant only to liver tissue and not to necrosis or acute
inflammation. In contrast, in models involving necrosis of
lobular zones induced by toxins (eg, CCl4), the events of
first day after toxic injury are dominated by acute inflam-
mation of the necrotic zones. Polymorphonuclear leuko-
cytes and macrophages infiltrate the necrotic area to
remove dead hepatocytes. Second, because PHx stimu-
lates immediate initiation of regeneration without compli-
cations from inflammatory situations, and because PHx
can be performed in a few minutes, the regenerative
phenomena can be precisely timed, with a reference
(time 0) point from the time of the performance of PHXx.
These two attributes of the model are the major reason for
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its usefulness, enhanced popularity, and acceptance
through the years by many investigators. 2

Although the model of PHXx is a relatively “clean” one, it
should be emphasized that in human disease settings,
many processes involving innate immunity, tissue healing
through removal of necrotic material, etc are of para-
mount importance and may have a significant role to
play. The PHx model allows distinct understanding of the
regenerative process per se, but for a better understand-
ing of the regenerative process in the context of human
liver disease, some of these nonregenerative aspects of
the response to injury need to be eventually integrated
with the PHx model.

Biochemical studies based on whole tissue homoge-
nates and cellular localization techniques have defined the
kinetics of cell proliferation and key intracellular events,
such as activation of cell cycle-associated genes and key
transcription factors (Cyclin D1,2 Signal transducer and ac-
tivator of transcription 3 (STAT3),* nuclear factor kB [NF-
kB],° etc). Performance of PHx on different “knock-out”
strains of mice deficient for specific genes has revealed con-
trolling roles and influences of several signaling molecules,
which, though not mitogenic for hepatocytes per se, nonethe-
less appear to contribute to optimization of the regenerative
process. The absence of these important signals is associated
with a delay but not elimination of regeneration.

Despite all of the advantages of live animal studies,
determination of signaling pathways in live animals and
whole tissues has inherent limitations. Tissues comprise
several cell types, and data obtained from a liver tissue
homogenate do not necessarily represent hepatocytes,
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as they could also be affected by changes in stellate
cells, macrophages (Kupffer cells), biliary ductules, and
sinusoidal endothelial cells. The technique of isolation
and culture of hepatocytes based on perfusion of liver by
collagenase was introduced in the early 70s and allowed,
for the first time, the isolation and culture of most of the
hepatocytes from a rat, mouse, or human liver.®” Hepa-
tocytes were derived directly from the liver, without any
intervening mitotic events. As such, these cultures were
called “primary” cultures of hepatocytes.

Even though there are inherent limitations of primary
cultures (loss of differentiation of hepatocytes and its resto-
ration by extracellular matrix®), they have been very useful in
delineating several aspects of hepatocyte biology. Different
signals can be assessed for their capacity to stimulate
hepatocyte DNA synthesis in chemically defined (serum-
free) media. Typically a five- to tenfold increase in DNA
synthesis above control levels is considered a significant
effect and is most commonly seen by hepatocyte growth
factor (HGF) and ligands of the epidermal growth factor
receptor (EGFR), of which epidermal growth factor (EGF)
and transforming growth factor « (TGF«) are the most com-
monly used.®? Other substances, including norepineph-
rine,®'° prostaglandins,’ tumor necrosis factor (TNF) «,'?
estrogens,'® and insulin' are not significantly mitogenic by
themselves but enhance the effects of HGF, EGF, and
TGFa.® Hepatocyte proliferation is strongly induced by
combining HGF and EGF but there is gradual loss of ex-
pression of hepatocyte-associated genes.® Addition of
complex extracellular matrix products prevents loss of he-
patocyte differentiation'® but blocks the mitogenic effects of
HGF and EGF. These findings have set paradigmatic back-
grounds for understanding many of the events elicited by
PHx. Based on a combination of effects seen both with
whole animals and with primary cultures of hepatocytes, the
signals associated with initiation and control of the prolifer-
ative events after PHx can be separated into two groups.
Complete mitogens and auxilary mitogens.

Complete mitogens are mitogenic in hepatocyte cul-
tures in chemically defined (serum-free) media. In addi-
tion, they cause liver enlargement and hepatocyte DNA
synthesis when injected in sufficient doses into whole ani-
mals.'®~"8 Currently, there are two groups of signals that fall
in this category: 1) Hepatocyte growth factor (HGF) and
receptor c-Met and 2) Ligands of the EGF R (EGF, TGFa,
Heparin Binding-EGF, Amphiregulin).

Ablation of the signaling pathways associated with
Auxiliary mitogens causes a delay but does not abolish
liver regeneration. Typically, these substances are not
mitogenic in hepatocyte cultures and when injected in
animals do not cause hepatocyte DNA synthesis and liver
enlargement. The list of these substances is relatively
long and includes norepinephrine and the a1 adrenergic
receptor,® TNF and TNFR1, " interleukin (IL) 6,2°2" Notch
and Jagged®? (recombinant Jagged causes DNA synthe-
sis in hepatocyte cultures), vascular endothelial growth
factor (VEGF) and receptors | and 11,>® bile acids,*
serotonin,?® complement proteins,?® leptin,?” insulin,?®
fibroblast growth factor (FGF) 1 and FGF2.2°3°

In some cases there is overlap in function between the
two groups. For example, FGF1 and FGF2 and recombi-
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nant Jagged 1 induce a moderate degree of hepatocyte
proliferation in culture, but they have not been shown to
cause hepatocyte proliferation when injected into normal
rats or mice.

A recent review by this author® provides a detailed
description of the multiplicity of pathways and cellular
proliferation kinetics involved in initiation and termination
of liver regeneration, the role of growth factors and cyto-
kines in the process, and the capacity of hepatocytes
and biliary epithelial cells to function as facultative stem
cells for each other. Such information has also been
provided in other reviews on the subject.’*"32 The pur-
pose of this review is to concentrate on aspects of liver
regeneration least understood and to provide recent and
classic information that helps formulate the mechanistic
dilemmas of the field. Such dilemmas are numerous and
constitute either areas of active investigation or topics
that are not easily amenable to experimental analysis,
and thus difficult to assess in a mechanistic manner.

Is There a Single Signal Driving Liver
Regeneration?

There has been a tendency in this field (and other areas
of regenerative biology) to assign single causal relation-
ships to initiation of liver regeneration by signals/agents
whose blockade or deficiency leads to delay in the re-
generative process. Delays in liver regeneration have
been demonstrated by blocking of signals mediated by
norepinephrine, Notch/Jagged, TNF, bile acids, seroto-
nin, components of complement, and IL6 (see above).
Regeneration completes when the remnant lobes enlarge
to the size of the original liver, a process that typically
requires about five to seven days in rat and mouse.
Elimination of the signals of either direct or auxiliary mi-
togens causes delays in regeneration as manifested by
delayed activation of transcription factors (STAT3, NF-
kB) and delay or diminished magnitude of hepatocyte
DNA synthesis in the first one to two days. The eventual
completion of the regenerative process, despite the initial
delays, demonstrates that there is no single signal that
alone drives the regenerative process. There is a remark-
able redundancy between signals so that many of the
signaling agents overlap in function, and eventually pro-
vide the missing contributions of the blocked pathway, so
that regeneration completes itself. However, it is often
assumed that because regeneration eventually com-
pletes, any signal whose deletion merely delays regen-
eration is of no importance. This is not the case. Delay of
regeneration is likely to have serious adverse effects on
the life of the animal, when regeneration is critically
needed to prevent loss of liver function and liver failure.
Thus, all processes identified so far (and likely more to
come) that are important for the optimization of the intra-
cellular events after partial hepatectomy should be con-
sidered as important signaling contributors and likely to
operate in tandem and provide the essential redundancy
that confers a safety margin to liver regeneration and
allows it to operate with maximal efficiency. The conse-
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quences of elimination of the signals from both MET and
EGFR have not been reported so far.

Studies on interference with specific signals tend to
rely on mice with specific genetic deficiencies. The mice
often demonstrate alterations in liver histology, which
themselves have secondary effects whose contribution
cannot be easily determined.°3 Many times there is no
apparent alteration in histology and livers are considered
“normal” with the exception of the missing signal. Sec-
ondary gene expression changes deriving from the orig-
inal signaling block often are not considered in these
studies. In view of the above, acute elimination of specific
signals so that there are no long-term adaptive changes
in gene expression or histological changes should be a
useful complementary approach. As an example, tar-
geted elimination of the HGF receptor from mouse hepa-
tocytes leads to progressive fibro-fatty change in the
livers.®33* When these livers are subjected to partial
hepatectomy, there is a dampening of the response in the
first proliferative cycle, and hepatocyte proliferation is
decreased but measurable, down to one third of the
control mice. Acute elimination (“knock-down”) of Met
signaling in rats on the other hand, by a ShRNA ap-
proach, results in complete elimination of Bromode-
oxyuridine labeling and mitoses in the first proliferation
cycle. Putting aside differences in the species used
(mouse versus rats), the acute elimination of MET signal-
ing is more effective in restricting the effects of the first
proliferative cycle than the longer-term genetic approach,
which results in adaptations imparting redundancy and thus
potentially masking the inhibitory effects. (As an example of
this concern, the reader is referred to the differences in
responses seen in mice after acute removal of integrin-
linked kinase by Adeno-Cre (causing massive hepatocyte
apoptosis®) and slower removal of integrin-linked kinase
by genetic approaches, causing massive adaptation of the
liver and reprogramming of gene expression, leading to
hepatocyte hyperproliferation.®®

Role of Portal and General Circulation in
Initiation of Liver Regeneration

Portal Circulation

After PHx in rats and mice, each residual lobe of liver
retains its supply of hepatic artery and portal vein
branches. Whereas the amount of arterial blood going
into every lobe remains essentially the same, the rela-
tive proportion and amount of portal vein blood going
into each lobe increases threefold. The reason for this
is simple mathematics. PHx removes two thirds of the
liver mass.®” The entire portal circulation continues to
traverse through a liver reduced to one third of its
original size. Thus, the flow of portal blood per hepa-
tocyte or unit liver mass theoretically increases three-
fold after PHx. Several signaling changes appear in
liver tissue and hepatocyte nuclei within 15 minutes
after PHx. These include increase in urokinase activity
(within five minutes), B-catenin migration to hepatocyte

nuclei (five minutes), and migration of Notch1 intracel-
lular domain (NICD) to hepatocyte nuclei (15 minutes).
The very rapid induction of these signaling changes
suggests two alternatives. 1) The volume of portal flow
per unit mass, which increases instantly, is a sufficient
stimulus to initiate further cascades of signals such as
the above. 2) The portal blood contains signaling mol-
ecule(s) whose relative three times increase per hepa-
tocyte results in further signaling initiating regenerative
activities.

These alternatives are not mutually exclusive. Several
studies have shown that portal vein flow by itself is im-
portant in triggering some early changes, including in-
duction of urokinase plasminogen activator gene expres-
sion®® and activation of HGF. There is no easy scalable
experimental approach, however, to proportionately cor-
relate portal flow to the initiation of regenerative events
and there is no clear answer as to whether the increase in
portal vein flow is sufficient to initiate regeneration. When
portal flow is restricted, and despite decreased activation
of HGF the percentage of hepatocyte nuclei expressing
PCNA (a marker of entry into cell cycle) does not appre-
ciably change. Portal circulation contains increased con-
centrations of insulin (derived from pancreas) and EGF
(derived from Brunner’s glands of the duodenum).®® EGF
is a direct hepatocyte mitogen. It is not clear, however,
whether a mere relative increase in EGF concentration
would be sufficient to trigger the magnitude of the
changes seen. EGF concentration, however, may be in-
creasing in the portal circulation because norepinephrine
rises in the blood after PHx,® and it is known that it can
cause increased production of EGF from Brunner's
glands.*® Infusion of EGF into unoperated animals does
cause increased DNA synthesis, but the scale is much
smaller than that seen after PHx.*'

General Circulation

Earlier studies had shown that in rats joined in parabiotic
circulation, hepatectomy of one member of the pair re-
sulted in DNA synthesis of the liver of the other member
of the pair.*? In addition, DNA synthesis was observed in
transplanted grafts of hepatic tissue*® as well as in iso-
lated hepatocytes transplanted into the adipose tissug®*
when the liver of the recipient animal was subjected to
PHx. All of these studies suggested that PHx results in
generation of mitogenic signals that can trigger DNA
synthesis in hepatocytes anywhere in the body. Attempts
to identify such signal(s) by using DNA synthesis in he-
patocyte cultures led to isolation of HGF.#>® It is now
known that HGF does increase in peripheral blood within
one hour after PHx,*” that it is present in the active
(heterodimeric) form,*® and that the source of the early
circulating HGF is hepatic pericellular and extracellular
glycosaminoglycans, which are present in the pericellular
or extracellular matrix associated with hepatocytes in
periportal sites of hepatic lobules.**:%° (There is synthesis
of new HGF occurring in liver and lungs, but this does not
occur until three hours after PHx [see below]). Because
the methods used to identify the active mitogenic princi-



ple(s) in the blood after PHx used bioassays relying on
hepatocyte proliferation in culture, they unavoidably
would not detect changes in other signaling molecules
that do not have this property. From subsequent studies
we now know that in addition to the direct mitogen HGF,
other “auxiliary mitogens” also increase in the peripheral
blood, including norepinephrine, TNF,*" IL6,%° bile ac-
ids,?* and insulin.®? Of interest, hyaluronic acid, presum-
ably derived from the extensive ECM remodeling after
PHx, also increases in the peripheral blood" and so does
TGFB1," also present in hepatic ECM bound to decorin.
The kinetics of this response of transplanted hepatocytes
in comparison with the proliferation kinetics of the ortho-
topic liver have not been studied.

Another recently studied component of the blood
that should be a logically expected regulator of the
regenerative response is glucose. Recent studies by
Rudnick et al showed that there is persistent hypogly-
cemia after PHx and that administration of 10% Dex-
trose in the drinking water reversing the hypoglycemia
had substantial inhibitory effects on the regenerative
response.®3

Ratio of Portal to Arterial Blood in the Extensive
Hepatectomy Model and the “Small for Size”
Transplanted Liver Graft

Partial hepatectomy is a well-tolerated procedure in
which two thirds of the liver tissue is excised. On the other
hand, several reports have indicated that 90% hepatec-
tomy is mostly fatal.>* The reason(s) for this is not clear.
There is a similar issue related to orthotopic liver trans-
plantation, under the name of (graft being) “small for
size.” In this situation, a small portion of the liver trans-
planted to an adult most often results in failure and the
transplanted liver does not grow in size, whereas a liver
portion at 60% of a typical adult liver mass typically
responds much better and eventually grows to the size
of an adult liver. The “small for size” situation has been
investigated from the perspective of new hemodynam-
ics and altered ratios of portal to arterial blood flow
after transplantation. Several studies have shown that
when the full portal vein flow has to traverse through
a much reduced liver size, then the pressure building
up in the portal vein effectively shuts down the flow
through the portal arterioles and the liver becomes
“dearterialized.”®%"°® Adenosine may play a role in this
phenomenon.®® The failure to regenerate under these
circumstances is not different from the situation in
which PHx is accompanied by ligation of the hepatic
artery, which also results in failure to regenerate. It is
highly likely that the failure to regenerate after 90%
hepatectomy in rodents is attributable to portal vein
pressure impacting on hepatic artery flow, though
other factors related to gene expression, growth fac-
tors, and cytokines have not been entirely ruled out as
contributors to this phenomenon.
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Signaling Contributions of Other Organs to
Regeneration of Liver

As mentioned above, there is a rise of multiple signaling
molecules in the peripheral blood after PHx. These in-
clude HGF, norepinephrine, TNF, IL6, bile acids, seroto-
nin, TGFB1, hyaluronic acid, etc. The origin(s) of each of
these substances rising in the blood during liver regen-
eration is not clear (except for bile acids, which are
generated only in the liver). Norepinephrine is normally
cleared by the liver, thus a reduction in liver mass asso-
ciated with diminished clearance may cause a rise in
catecholamines. TNF and IL6 production increases in the
liver after PHx, but the potential of production of these
cytokines by other organs has not been investigated. The
story related to HGF is more complex. There is a rise of
active HGF protein in the plasma with a peak at one hour
after PHx.*” This is probably derived from remodeling of
hepatic extracellular and pericellular matrix, in which
HGF concentration decreases after PHx.*®6° These
events are mediated by matrix remodeling initiated by
urokinase plasminogen activator and matrix metallopro-
teinase 9.°":%2 At three hours after PHXx, there is a begin-
ning of rise in HGF mRNA in the liver, primarily from
stellate®® and endothelial®® cells. This is associated with
increase in the concentration of active HGF protein in
whole liver homogenates.“® Of interest, however, is the
fact that at the same time point and with the same time
kinetics there is also an increase in HGF production in the
lungs,®* kidney, and spleen.®® The increase in lungs is
comparable with that seen in liver. The fate of PHx-
stimulated HGF produced in lungs is not clear. There
are no studies to determine whether it stays in the
lungs, whether it is exported to the blood to function in an
endocrine manner, or whether it has any effect on hepatic
regeneration. The robustness and reproducibility of the
phenomenon suggests that it should play a meaningful
role. The nature of the signals that would lead to in-
creased production of HGF in the lungs and other tissues
after liver resection is not clear. Norepinephrine is known
to stimulate production of HGF in mesenchymal cells®®
and it does rise after PHx,® thus being a reasonable
candidate for causing the increase of HGF in several
tissues. There have been no systematic studies, how-
ever, to address this relationship. The promoter region of
the HGF gene includes an IL6 response element, but
there is no direct evidence for IL6 inducing production of
HGF.57=%° LIF on the other hand, a cytokine that (similarly
to ILB) is also acting through gp130, has been shown to
stimulate production of HGF.”® Whether these or other
molecules are to account for the production of HGF by
lungs, kidneys, and spleen, the cells involved in this
phenomenon and its overall importance in liver regener-
ation are not clear at this point.

The peripheral nervous system (both sympathetic and
parasympathetic) has also been implicated in liver regen-
eration. The mechanisms by which the parasympathetic
nervous system may exert such controls (through the
vagus nerve) are not clear.”’ The effects may not be
directly on hepatocytes, as the vagus nerve has been
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shown to affect vascular flow, etc. Resection of the sym-
pathetic nervous system also leads to delay in liver re-
generation.® The role of the sympathetic nervous system
may be mediated via norepinephrine, because blockade
of the a adrenergic receptor leads to similar results.®
Recent studies have demonstrated that hepatic stellate
cells may also be producing catecholamines including
norepinephrine.” These cells express a variety of genes
seen in neurons and astrocytes, including glial fibrillary
acidic protein and many neurotrophin receptors,”® and
they may be the venue from which sympathetic functions
affect the regenerative process.

Paracrine versus Autocrine Effects of Growth
Factors during Liver Regeneration

Tyrosine phosphorylation of kinase sites of MET and
EGFR can be demonstrated within 30 to 60 minutes after
PHx. This is probably related to increased release and
activation of HGF from intrahepatic stores as well as to
EGF effects on its receptor. EGF is synthesized in Brun-
ner’'s glands of the duodenum.®® The synchrony of Tyr-
phosphorylation of MET and EGFR is not entirely ex-
plained because EGF is always available to the liver. On
the other hand, enhanced concentration of EGF in the
portal blood has not been ruled out and norepinephrine
(which has been shown to induce expression of HGF®®) is
also known to enhance production of EGF in Brunner’s
glands of the duodenum.®® Other studies have shown
“cross talk” of MET and EGFR in several cell lings,”*"®
and the interaction of the two receptors at the early steps
after PHx has not been directly addressed.

There are many growth factors produced by hepato-
cytes during regeneration, and some of them may have
not only paracrine but also autocrine effects. TGFa,
FGF1, and FGF2 have been shown to be mitogenic to
hepatocytes in culture, with TGFa being by far more
active than FGF1 and FG2. The same growth factors,
however, are also mitogenic for many nonparenchymal
cell types, especially endothelial cells. Is TGFa acting as
an autocrine mitogen for the hepatocytes that produce it?
There are no critical and feasible experiments to answer
this question in vivo. Mice deficient in TGFa have a normal
response to PHx,”® but this is probably attributable to
redundant expression of other complementary EGFR li-
gands during regeneration, such as HB-EGF and Amphi-
regulin, both of which have been shown to have regula-
tory effects on liver regeneration.””"®

The paracrine effects of the same growth factors have
not been critically demonstrated either, though there is an
assumption that they must have an effect on endothelial
and stellate cells. During regeneration, hepatocytes also
produce purely angiogenic factors such VEGF and An-
giopoietins 1 and 2.79®° Previous studies have shown
that VEGF stimulates production of HGF in endothelial
cells via VEGF receptor 1. In view of this, it is highly likely
that the rise in HGF seen during liver regeneration is
mediated by not only stellate cells but also the endothelial
cells.?® The peak in HGF mRNA expression in liver oc-
curs 12 hours after PHx, a time in which most of the

hepatocytes are already in S-phase.”23" HGF receptor is
already Tyr-phosphorylated at 1 hour after PHx. There-
fore, if HGF is playing a paracrine role to stimulate hepa-
tocyte proliferation, this must be aimed toward the sec-
ond (smaller) wave of DNA synthesis occurring at day 2
in the rat and day 3 after PHx in the mouse.®' HGF
however is also a mitogen for biliary epithelial cells®' and
endothelial cells, and the role of HGF produced from new
HGF mRNA synthesis is not clear. “Knock-down” of HGF
mRNA by silencing RNA was effective in decreasing the
HGF mRNA expression, but it minimally affected prolifer-
ation of hepatocytes, suggesting that the effect of pre-
existing HGF protein (not affected by the silencing of
mRNA) is more important in driving hepatocyte prolifera-
tion than that of the newly synthesized HGF .82

PDGF is a mitogen for hepatic stellate cells, and it is
produced by hepatocytes during regeneration.®® PDGF
is not a mitogen for hepatocytes in culture. On the other
hand, in transgenic mice with overexpression of PDGF in
hepatocytes there is hepatic enlargement and eventually
hepatic neoplasia.®* It is possible that excess PDGF may
lead to increase in numbers of hepatic stellate cells and
overproduction of HGF, causing these effects. TNF is
produced by macrophages, and its effects on regulation
and timing of activation of NF-«B should be viewed as a
paracrine effect between macrophages (Kupffer cells)
and hepatocytes. On the other hand the sources of IL6, a
regulator of activation and timing of STAT3, have not
been clearly delineated. There is evidence that Kupffer
cells produce IL6, and this may be the source of IL6
leading to the acute phase response. Other sources of
production of IL6, however, including hepatocytes, have
not been ruled out.

Growth Factors, Fas and TNF, Liver
Regeneration, and Liver Failure

Current evidence from the existing literature on liver re-
generation has shown that HGF and ligands of EGFR are
major regulators of hepatocyte proliferation and that sig-
naling mediated by MET and EGFR is a very early event
of the regenerative process.? Studies in hepatocytes and
other cell types have shown that activation of signaling by
either of these two receptors leads to activation of NF-«B,
STAT3, phosphoinositide 3-kinase (PI3K), and eventually
Akt.85-87 Although the two mitogenic receptors are ca-
pable of activating the full cascade of signaling leading to
hepatocyte proliferation in hepatocyte cultures or in other
cell types, studies with mice deficient in TNF receptor 1
(TNF R1~/~ mice) have also shown that in the absence of
TNF signaling NF-kB activation is delayed and defi-
cient.”>'® This demonstrates that the timing and optimal
activation of NF-«B during liver regeneration is a TNF-
dependent event. Similar results were seen in mice in
which TNF was blocked by administering specific anti-
bodies.?® IL6 is apparently exercising similar effects on
activation of STAT3.298° Even though regeneration (as
evidenced by restoration of hepatic mass) eventually
completes in TNFR17/~ and IL6~/~ mice, the importance
of these regulatory events should not be underestimated



especially in the setting of human disease, where optimi-
zation of liver regeneration after catastrophic loss of he-
patic parenchyma may be a serious determinant of sur-
vival. TNF effects on liver appear to be dependent on its
capacity to activate NF-kB. In the absence of activation of
NF-«B, TNF can lead hepatocytes to apoptosis.®® NF-«B
activation is associated with enhanced expression of NO
synthase, which contributes to protection of hepatocytes
from TNF-induced apoptosis.®' Under conditions in
which activation of NF-«B activation is not possible, TNF
may lead to hepatocyte apoptosis and liver failure.92:°3
Studies in mice have shown that activation of NF-kB by
TNF is dependent on Akt phosphorylation.®* Although
TNF can stimulate phosphorylation of Akt in primary
mouse hepatocyte cultures, Akt activation via Tyr
phosphorylation is a well-recognized effect of both
MET and EGFR.®%®7 In mice in which MET was specif-
ically removed only in hepatocytes, Akt activation was
very delayed after PHx and activation of ERK1/2 did not
occur.®® Clinical studies and experimental models of
liver failure have shown elevated levels of TNF and Fas
ligand and an interaction between TNF and Fas in
inducing hepatocyte apoptosis.®®9°

Acute inhibition of MET by ShRNA leads to complete
blockade of hepatocyte proliferation in the first 24 hours
after PHx.82 Smaller but similar events are seen by
ShRNA knock-down of EGFR (Paranjpe and Michalopou-
los, unpublished observations, 2009). Although the ef-
fects on hepatocyte proliferation are not surprising, MET
knock-down resulted in unexpected elevation of expres-
sion of proapoptotic genes, decrease in expression of
several antiapoptotic genes, and enhanced activation
of caspase 3.%% The reason for enhanced expression of
proapoptotic genes after suppression of MET and EGFR
is not clear. Several previous studies have shown that
MET and EGFR protect cells from apoptosis induced by
Fas and TNF.8” Suppression of levels of MET may lead to
increased levels of monomeric Fas because MET nor-
mally dimerizes with Fas and prevents it from forming Fas
trimers required for Fas activation by Fas Ligand.®® MET
is also a potent activator of PI3K and Akt and MAPK, and
decreased activation of MET may affect the balance of
activation of NF-«B to the extent that the latter depends
on Akt activation.#”-°* Similar effects on Akt activation
and effects on NF-«B activation may be anticipated from
decreased activation of EGFR, also a known potent acti-
vator of PIBK and Akt. The dependence of activation of
NF-«B by TNF and the requirement for Akt phosphoryla-
tion is one of the settings in which interdependence be-
tween HGF and EGFR ligands and TNF may be a crucial
determinant for a regenerative or apoptotic outcome.
Further complicating the scenario, TNF directly induces
MET expression via NF-«B activation in several hepatic-
derived cell lines.®”

There is considerable circumstantial evidence sug-
gesting that acute liver failure in some circumstances
may be attributable to a lack of normal interplay between
EGFR, MET, and TNF and Fas. 1) Both TNF and Fas are
reported increased in human ALF and in experimental
models.®® 2) The progenitor cell pathway through which
biliary epithelial cells undergo transformation to become
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hepatocytes (oval cell pathway in rodents®®) is activated
in human cases of ALF.°° There is experimental evidence
from multiple models that this pathway does not become
active unless hepatocyte proliferation is inhibited and
there is demand for liver regeneration.®® These findings
suggest that in ALF, hepatocytes do not receive (or do
not respond to) mitogenic signals, thus triggering the
activation of the progenitor cell pathway. There is cer-
tainly no lack of HGF during human ALF, because the
HGF levels in that condition are the highest recorded in
the literature.’ In view of this, any failure of the HGF/
MET signaling system must be attributable to a lack of
proper function of the MET receptor. A sizable number of
hepatocyte nuclei (17%) are Ki-67 positive during liver
failure. This, however, is not inconsistent with EGFR and
MET dysfunction. Hepatocytes do become proliferating
cell nuclear antigen—positive in large numbers when MET
is silenced, but they do not complete the cell cycle.®?
There have been no direct assessments of the func-
tionality and levels of MET and EGFR in ALF. 3) The
scenario that ALF in humans may be attributable to
dysfunctional interaction between MET/EGFR and TNF/
FASL leading hepatocytes to apoptosis should be fur-
ther investigated. Some of the concepts are summa-
rized in Figure 1.

Mechanisms Leading to Proper Termination
of Liver Regeneration

Most of the studies on liver regeneration have focused on
pathways leading to its initiation after PHx. However, the
mechanisms leading to its proper termination are equally
interesting and much less understood. At the end of
regeneration, liver mass is adjusted with relatively high
accuracy to the prehepatectomy numbers.™©" There is a
small wave of hepatocyte apoptosis at the end of regen-
eration in the rat and mouse, suggesting a pathway to
correct for inappropriate increases in cell numbers.?’
TGFB1 is a known suppressor of hepatocyte prolifera-
tion.’©? Its expression increases early (within 5 hours)
after PHx, and it stays elevated until the end of regener-
ation.’®® Overexpression of TGFB in transgenic mice
(specific to hepatocytes, under control of Albumin pro-
moter) causes massive elevation of TGFB1 in the plasma
(leading to glomerulonephritis!) but it does not appear to
affect liver regeneration. ' Hepatocyte-specific inactiva-
tion of TGFB receptor | by itself does not prolong regen-
eration, unless combined with inactivation of the Activin
receptor.'®® Activin itself is also one of the few known
cytokines that selectively inhibit hepatocyte prolifera-
tion. On the other hand, TGFB1 is also gradually elim-
inated from hepatic pericellular matrix as regeneration
progresses'°® and its levels rise in the plasma with the
same kinetics as that of HGF, suggesting “dumping” of
TGFB1 in the plasma as a result of the remodeling of the
extracellular matrix, because TGFB is bound to decorin, a
protein present in the hepatocyte pericellular matrix."'°”

Perhaps the strongest evidence for a role for TGFB in
regulation of regeneration comes from a different angle.
Injection of dominant negative constructs against TGFgB
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Figure 1. Hepatocyte proliferation after partial hepatectomy (PHx) depends
on a concerted action between MET (the HGF receptor), EGFR (EGF recep-
tor), and several cytokines, including tumor necrosis factor (TNF). TNF can
have a promitogenic effect if it can activate NF-kB. If this activation does not
occur, TNF can lead hepatocytes to apoptosis. NF-«kB activation is dependent
on activation of Akt. Both MET and EGFR are strong inducers of Akt activa-
tion. In the event that MET and EGFR fail to act, absence of Akt activation
may tip the balance and lead TNF to an apoptotic role, potentially causing
liver failure.

receptor ii or activin receptor Il in normal, unoperated,
rats stimulated DNA synthesis in hepatocytes.'®® The
authors interpreted the data as suggesting that hepato-
cytes are under a constant “tonic” antagonism between
growth factors and TGFB in the immediate pericellular
environment of the hepatocytes, and that both of growth
factors and TGFB have a small but constant agonistic
effect in normal livers. Interference with the signaling of
TGFB unmasks the effect of the growth factors, driving
hepatocytes to proliferation. To the extent that at the end
of regeneration both growth factors (eg, HGF, HB-EGF)
as well as TGFp are restored in the hepatic extracellular
matrix, it is fair to ask whether the termination of regen-
eration is a reverse process of the initiation. At the initia-
tion of regeneration, remodeling of the extracellular
matrix leads to HGF release and activation providing
mitogenic signals for hepatocytes; TGFB on the other
hand is removed from the pericellular environment of
hepatocytes and found elevated in the plasma, where
it is known to be bound by a-2-macroglobulin.©® Thus,
at the initiation of regeneration the signaling power
between HGF and TNGR is shift toward HGF, whereas
at the termination of regeneration, ECM (binding HGF)

Liver
HGE HGF \Urokinase
inactive inactive
Glycosaminoglycans
e Hepatectomy
TGFf

active

Figure 2. Interaction between HGF and TGFB1 during initiation of liver
regeneration. HGF is a mitogen for hepatocytes, whereas TGFB1 is known as
a mito-inhibitor. HGF binds to glycosaminoglycans and TGFB1 to decorin,
both of which are present in the pericellular matrix surrounding hepatocytes.
After PHX, activation of urokinase leads to remodeling and degradation of the
pericellular matrix. HGF is therefore released and activated by urokinase,
where it can have a local mitogenic effect on hepatocytes. Concentrations of
both HGF and TGFp1 rapidly increase in plasma after PHx. Whereas HGF
can exert effects on hepatocytes from plasma, TGFB1 is neutralized by
binding to a-2 macroglobulin. The tilt in the balance between HGF and
TGFP1 at the earliest stages of liver regeneration is a key component of the
early stimuli leading hepatocytes to proliferation.

and decorin (binding TGFB) bring in the pre-PHx bal-
ance to the pericellular environment of the hepatocytes
(Figure 2).

If termination of regeneration is associated with re-
apposition of HGF and TGFB in ECM, it is important to
understand what are the mechanistic pathways associ-
ated with ECM during regeneration. Previous studies pro-
vided details on pathways and events associated with
initial remodeling/degradation of ECM at the beginning of
regeneration and restoration of ECM at the end of the
process. #1912 ECM however is not only a repository
of growth regulators. ECM is a rich source of signaling to
the cells it surrounds and such signaling is mediated via
integrins. Recent studies showed that interference with
signaling of integrins in the liver via liver-specific genetic
elimination of integrin linked kinase led to enhanced pro-
liferation of hepatocytes and biliary cells in the absence
of PHx.%® Liver was reorganized in terms of gene expres-
sion (initial overall down-regulation and subsequent up-
regulation of hepatocyte associated genes) and became
larger than normal. In hepatocyte cultures, ECM (in the
form of exogenously added matrix such as collagen gels
or extracts from EHS sarcoma, a.k.a “Matrigel”) inhibits
proliferation and enhances hepatocyte proliferation.® The
findings of spontaneously enhanced hepatocyte prolif-
eration and down-regulation of hepatocyte-associated



genes after interference with signaling by ECM/integrins
in whole liver, is consistent with all of the previous litera-
ture of the effects of ECM in hepatocyte cultures. More to
the point of termination of regeneration, however, mouse
livers with hepatocytes deficient in integrin linked kinase
did not properly terminate organ growth at the end of
regeneration but kept on growing and reaching a size
59% greater than the original liver.'®" There was en-
hanced expression of HGF as well as enhanced hepato-
cyte nuclear expression of Yap (Yes-associated protein,
target of hippo kinase and recently associated with size
regulation of organs, including liver''®) These findings
suggest that ECM signaling via integrins has an important
role to play in proper termination of liver regeneration.
The ECM is a complex mixture of proteins and glycos-
aminoglycans, including a myriad of components. One of
these components is Glypican-3 (GPC3). It is the most
overexpressed protein in human hepatocellular carcino-
mas (HCC)'"* and other tumors, and it is a clinical marker
for human liver cancer.'® It is a protein present in abun-
dance in the pericellular matrix of many epithelial cells
including hepatocytes.”'® Loss-of-function deletion of
GPC3 in humans result in the Simpson-Gholabi-Behmel
(SGB) syndrome, which is associated with organomegaly
including liver and most other internal organs, enlarge-
ment of bones and muscles, etc.”'” The findings associ-
ated with SGB syndrome suggest that though GPC3 is
markedly produced by HCCs, it nonetheless may be a
growth suppressor, perhaps produced by HCCs as a
failed feedback of growth suppression to which HCCs
cannot respond. Mice with loss-of-function deletion of
GPC3 has similar symptoms.''® We recently found that
GPC3 expression increases during the end of liver regen-
eration and that inhibition of expression of GPCS3 is asso-
ciated with enhanced growth of hepatocytes in cul-
ture."’® We also found that GPC3 is interacting with
CD81, a tetraspanin family member associated with
growth regulation and also with entry of hepatitis C virus
into hepatocytes.’®® GPC3 and CD81 associate during
liver regeneration at the time when hepatocyte prolifera-
tion ceases (day 2) and the time when proliferation of
non-parenchymal cells is complete (days 5 to 6). There is
more to be understood on GPC3 and its effects in termi-
nation of regeneration, but the findings underscore the
complexity of ECM related pathways and their contribu-
tion to the process of termination of liver regeneration.

Is There a “Hepatostat”

The concept arises from older experiments involving liver
transplantation in which livers from small animals (eg,
baboons to humans, small dogs to large dogs) enlarge
after transplantation to reach a liver size associated in
proportion to the size of the recipient animal.'®' Addi-
tional support for the concept also arises from the numer-
ous studies documenting that at the end of regeneration
after PHx liver reaches the original prehepatectomy size
with high precision, and then it stops.'®" There can be
many contributing pathways related to this process, and
they may be related to internal hormones (eg, estrogens
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causing increase liver size during pregnancy), ECM (see
above), hepatic regulation of levels of free growth factors
and growth inhibitors (eg, see above on ECM, HGF and
TGFB1), and perhaps many other mechanisms. The phe-
nomenon is well documented, but it is not clear whether
there are specific “sensor molecules” that trigger or sup-
press growth related signals so that the liver size is
properly maintained. Small molecules such as glucose®®
and bile acids®* or larger proteins such as Selenoprotein
119" may also play a role.

Other Regulatory Pathways: Thinking
“Outside of the Box”

A recent publication'?? used inducible and rampant ex-
pression of a transposon in hepatocytes of p53~/~ mice
and noticed the appearance of many HCCs per mouse
liver. It was assumed that the insertion of the transposon
(Sleeping Beauty'?®) resulted in activation of growth pro-
moting genes or inactivation of tumor suppressor genes.
A metaanalysis of the supplemental data of this publica-
tion can be performed to demonstrate the frequency by
which insertion of the transposon in proximity to specific
genes was associated with HCC development. Of 67
tumors, there were 51 associated with transposon inser-
tion related to EGFR, five tumors with insertion affecting
both EGFR and MET and 10 tumors with no insertion
related to either EGFR or MET. Of interest, no tumors had
MET alone as an insertion hit without also an associated
hit on EGFR. This may be related to the potential interac-
tions of these two receptor tyrosine kinases in regulation
of hepatocyte growth (see above). There were no other
receptor tyrosine kinases involved in these hits, in accor-
dance with the data on MET and EGFR and their unique
role in hepatocyte growth regulation, discussed above.
There were two “hits” associated with Tnfsf4, a member
(No. 4) of the TNF superfamily, but no hits with TNF itself.
In addition, however, to the above cast of the “usual”
characters, there were multiple insertion “hits” associated
with many other receptors and ligands, not known until
now to have a role on hepatocyte growth regulation.
These included olfactory receptors (77 hits), follistatin
(a known binder and inactivator of Activin, a hepato-
cyte growth inhibitor'®4: 45 hits), glutamate receptors
(metabotropic or inotropic: total of 37 hits), GABA recep-
tor (14 hits: previous literature shows GABA inhibiting
liver regeneration'®'2%) Ephrin receptors (16 hits),
ADAM proteases (18 hits), Glypicans (13 hits), adrener-
gic receptors (7 hits: extensive older literature on adren-
ergic receptors and hepatocyte growth regulation, see
above®'9). Multiple intracellular pathways associated
with cell structure (catenins, cadherins), mitogenic signal
transduction pathways (MAPK, PI3K, etc) and a variety of
potassium and calcium channels had from 10 to 25 hits
each. The results provide an independent validation of
the role genes already known involved with hepatocyte
growth regulation (eg, MET, EGFR, adrenergic receptors,
etc) but also provide a glimpse on the totality and diver-
sity of many other genes not yet considered as involved
or studied extensively in relation to liver regeneration. The
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findings are likely to stimulate research on these mole-
cules of potential growth regulatory importance and fur-
ther dissect the complexity of the regenerative response.

Summary

Liver regeneration is both a clinically important process
and a great model to study regenerative growth. Much is
now understood about the signals driving and terminat-
ing the process, both in terms of ligand/receptor systems
and in terms of whole body contributions, including cir-
culatory events and signaling contributions from other
organs. Studies with hepatocellular carcinomas suggest
that there may be more pathways contributing to regula-
tion of hepatocyte growth than those currently known.'2?
Near future studies should shed some light on some of
these. We can feel confident, however, that many of the
basic signaling actors in this process have been already
defined. The knowledge gained should be useful to un-
derstand liver regeneration not only as a successful ho-
meostatic outcome, but also as a process that may some-
times fail, leading to catastrophic situations. Liver failure,
essentially a failure of regeneration attributable to ad-
verse circumstances, should be subjected to mechanis-
tic analysis based on the knowledge already gained on
regeneration, and perhaps therapeutic interventions may
be designed with impact on human liver disease.
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