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SUMMARY

This review discusses controversies regarding hepatic stem
cells and their roles in liver maintenance and regeneration.

Insights in liver regeneration helped advance in vitro studies
to propagate primary hepatocytes and to generate hepato-
cytes from pluripotent stem cells.

Epithelial cells in the liver (known as hepatocytes) are
high-performance engines of myriad metabolic functions
and versatile responders to liver injury. As hepatocytes
metabolize amino acids, alcohol, drugs, and other sub-
strates, they produce and are exposed to a milieu of toxins
and harmful byproducts that can damage themselves. In
the healthy liver, hepatocytes generally divide slowly.
However, after liver injury, hepatocytes can ramp up pro-
liferation to regenerate the liver. Yet, on extensive injury,
regeneration falters, and liver failure ensues. It is therefore
critical to understand the mechanisms underlying liver
regeneration and, in particular, which liver cells are
mobilized during liver maintenance and repair. Contro-
versies continue to surround the very existence of hepatic
stem cells and, if they exist, their spatial location, multi-
potency, degree of contribution to regeneration, ploidy, and
susceptibility to tumorigenesis. This review discusses
these controversies. Finally, we highlight how insights into
hepatocyte regeneration and biology in vivo can inform
in vitro studies to propagate primary hepatocytes with
liver regeneration-associated signals and to generate he-
patocytes de novo from pluripotent stem cells. (Cell Mol
Gastroenterol Hepatol 2021;11:273-290; https://doi.org/
10.1016/j.jcmgh.2020.09.016)
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The liver is essential to life and performs diverse
critical roles as a metabolic workhorse and guard-
ian. Akin to a 24-hour biochemical factory, the liver syn-
thesizes voluminous amounts of key proteins (eg,
coagulation factors and carrier proteins) and detoxifies
harmful substances (eg, ammonia and bilirubin)."* For de-
tails on liver functions, we refer the reader to other
reviews.’ "’

As one of the largest organs in the human body, the adult
liver comprises approximately 300 billion cells."® More than

70% of cells within the liver are epithelial cells known as
hepatocytes, which are heavy weightlifters of the liver’s
complex metabolic functions. Hepatocytes are organized in
reiterated functional units shaped as hexagons, which are
known as lobules. Each lobule comprises hepatocytes ar-
ranged in linear cords; at one pole is the central vein, and at
the opposite is the so-called portal triad (bile ducts, hepatic
artery, and portal vein) at the periphery. Hepatocytes located
at different positions along the lobule were named on the
basis of their proximity to these various blood vessels.” At the
periphery of the lobule are periportal hepatocytes, which
receive blood carrying nutrients and oxygen from the hepatic
artery and portal vein (Figure 1). Encircling the central vein
are radial layers of concentric hepatocytes known as peri-
central or perivenous hepatocytes.” Hepatocytes in the mid-
section of the liver lobule (between the central and portal
veins) are referred to as mid-lobular hepatocytes.
Hepatocytes across the liver lobule appear morphologi-
cally similar to one another, which belies the extent of their
heterogeneity. There is a heterogenous continuum of
different hepatocyte subtypes. Depending on their proximity
to central veins or portal veins, hepatocytes perform distinct
metabolic roles. This phenomenon is called zonation,*”
which explains how the liver paradoxically manages
opposing metabolic functions (eg, fatty acid oxidation vs
lipogenesis, as well as glycolysis vs gluconeogenesis). These
disparate metabolic labors are divided among sub-
populations of hepatocytes. Pericentral hepatocytes mainly
perform glutamine synthesis, glucose breakdown (glycol-
ysis), lipogenesis, bile acid synthesis, and xenobiotic meta-
bolism. By contrast, periportal hepatocytes are more active
in other functions including urea, glucose, and glycogen
synthesis, cholesterol biosynthesis, and fatty acid oxidation.”
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Besides diversity in function, individual hepatocytes also
differ in their number of chromosomes (ploidy). A signifi-
cant fraction of the hepatocyte population is polyploid (with
1 or 2 nuclei, each containing 2, 4, 8, or even more sets of
chromosomes). In the adult rodent liver, more than 75% of
hepatocytes are polyploid with at least 4n DNA content.’' **
In the adult human liver, approximately 30%-50% of he-
patocytes are polyploid."*** The abundant polyploidy evi-
denced among hepatocytes is quite unlike what is found in
some other diploid cell types, and the specific physiological
importance of hepatocyte polyploidy (if any) remains enig-
matic. It has been suggested that polyploidization increases
metabolic capacity, channeling resources via gene duplica-
tion to increase protein production and metabolism.'*'®
Polyploidization has also been proposed to defend hepato-
cytes against injury or tumorigenesis, which this review will
discuss later.

New technologies such as single molecule fluorescence
in situ hybridization'” and single-cell RNA sequencing'®"’
have captured differences in ploidy and gene expression
among hepatocytes at unprecedented resolution.”*”** For
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example, single molecule fluorescence in situ hybridization
revealed that multinucleated polyploid hepatocytes can be
found in all zones of the liver lobule.”* Hepatocytes are
currently classified into 9 layers of cells spanning from the
central vein to portal vein, with each layer defined by a
unique gene expression signature.20 Pericentral hepatocytes
express Wnt target gene AxinZ and Glutamine Synthetase,
mid-lobular hepatocytes express peak levels of Hamp and
Hamp2, and periportal hepatocytes preferentially express
Ass1 and Asl1.”%?! Consistent with RNA profiling, protein
expression analyses using mass spectrometry confirmed
zonated expression of proteins across these liver lobule
layers.”* This intricate spatial pattern implies a great
degree of spatial organization and biological control.

The remarkable spatially-layered organization of hepato-
cytes in the liver lobule and their unique gene expression
signatures begets a question: how is liver zonation established
and regulated during liver development and homeostasis?
Interestingly in mouse livers, zonation is first detected after
birth as Glutamine Synthetase expression becomes restricted
to pericentral hepatocytes®>*® (Figure 1).
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In adults, the zonal pattern of hepatocyte functions is
likely maintained by gradients of signaling proteins, nutri-
ents, and oxygen established across the liver lobule as blood
flows from the portal to central zones.”*” Single-cell RNA
sequencing showed that expression of genes associated with
the hypoxia and Wnt signaling pathways is concentrated in
the pericentral zone, whereas the expression of genes
associated with the Ras pathway is enriched in the peri-
portal zone?® (Figure 1). Notably, Ras is an essential
downstream component of a number of signaling pathways
including hepatocyte growth factor (HGF)/mesenchymal-
epithelial transition (MET),”® fibroblast growth factor
(FGF),*” and insulin signaling.’” Besides Ras signaling, other
signaling pathways including the Hedgehog signaling
pathway have been increasingly implicated in regulating
metabolic zonation of the liver, and thus warrant further
investigation.7'3]

Whnt signals are among the most well-studied factors that
zonate the adult liver; they are low at the periportal region
and higher in the pericentral region.’”** Wnt signaling li-
gands (eg, Wnt2 and Wnt9b) and Wnt co-agonist R-spondin3
are produced by endothelial cells of the central vein.***®
These ligands are short-range®” and signal to the adjacent
pericentral hepatocytes, which express the Wnt receptors
Fzd7 and Fzd8 and Wnt co-agonist receptors leucine rich
repeat containing G protein-coupled receptor 4 (Lgr4), Lgr5,
and Lgr6.”*** Consequently, this short-range Wnt signaling
activates expression of Wnt target gene Axin2 in pericentral
hepatocytes.>® Wnt is crucial to instill pericentral hepatocyte
identity, as exemplified by the perturbed zonation and loss of
pericentral marker Glutamine Synthetase observed when Wnt
signaling is suppressed through deletion of its transcriptional
effector beta-catenin.”***

Although not often viewed as a classic morphogen, ox-
ygen itself also shows graded levels across the liver lobule,
being higher periportally and lower pericentrally; hypoxia
pathway signaling thus shows an inverse gradient of activ-
ity.*?*% In line with this, hypoxia-inducible factors (HIFs),
key transcription factors regulating molecular responses to
oxygen, are highly enriched at the pericentral region.*®
Deletion of HIFla in hepatocytes led to impaired glucose
metabolism during liver regeneration®” and high-fat
induced obesity or diabetes.”” Inactivation of HIF2a sup-
pressed liver steatosis in mice, whereas constitutive
expression of HIF2a led to lipid accumulation in hepato-
Cytes.41 However, zonation markers were not examined in
these studies. Future studies may interrogate the effects of
deleting HIFs on liver zonation by examining whether per-
icentral or periportal hepatocyte markers are still expressed
in their respective zones.

Altogether, although liver zonation has now been
described at high resolution, the upstream drivers of zona-
tion await further definition. It is likely that a combination
of signaling and metabolic pathways are operative, but how
these pathways intersect to implement the finely graded
spatial zonation observed in the adult liver is less well-
understood. A common feature in developmental biology
is that countervailing gradients of opposing signaling mol-
ecules can “sharpen” gene expression boundaries to achieve
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greater spatial precision.”” How this may similarly apply to
the zonated adult liver remains underexplored. Candidate
molecules beyond Wnt that similarly preserve liver zonation
may emanate from the non-hepatocyte lineages within the
liver that surround hepatocytes. Comprehensive profiling of
mouse and human hepatocytes and other non-hepatocytes
(eg, endothelial cells, immune cells, and stellate cells in
the liver) at the single cell level could infer candidate
zonation signals showing graded expression across the liver
lobule.*® Then spatial visualization and targeted genetic
studies could be used to unravel mechanisms that orches-
trate liver zonation.

Controversies Surrounding Hepatic
Stem Cells and Their Roles in

Regeneration

In addition to performing an extraordinary range of
functions to sustain the body, the liver also possesses an
immense and remarkable regenerative capacity. On surgical
resection, the liver can grow quickly to restore its original
mass.**** Interestingly, the mode of regeneration differs on
the basis of the degree of injury. When ~30% of the liver is
resected, hepatocytes within the liver undergo hypertrophy
(or cellular enlargement). If ~70% of the liver is resected,
hepatocytes rapidly divide to compensate for the decline in
liver function.”> How regenerating hepatocytes decide to un-
dergo hypertrophy vs proliferation in response to different
extents of liver injury is fascinating and not well-understood.

Various other sources of cells including Foxl1+,*® MIC1-
1C3+,"” or Ck19+*? cells have also been proposed to yield
hepatocytes during injury. Despite some evidence demon-
strating that Ck19+ bile duct cells can transdifferentiate
into hepatocytes under circumstances of severe injury,*’
others proposed that liver regeneration is predominantly
enacted by hepatocytes rather than non-hepatocytes.**°
Ck19+ bile duct cells can proliferate during sustained
diet-induced injury*®*® or when genetic ablation of §1-
integrin was combined with artificially enforced cell-cycle
arrest of hepatocytes to prevent hepatocyte-driven regen-
eration.*® Taken together, bile duct cells are thought to
transdifferentiate into hepatocytes when native hepatocytes
cannot enter cell cycle. On the other hand, others showed
that mainly hepatocytes proliferate substantially to yield
new hepatocytes during regeneration,”’ as exemplified by
lineage tracing of albumin-expressing hepatocytes.”® To
address this dichotomy, a direct side-by-side comparison of
the regenerative ability of bile duct cells and hepatocytes in
the same mouse and under the same injury conditions
would be worthwhile. This could be achieved using
orthogonal genetic lineage tracing strategies”” to separately
label bile duct cells and hepatocytes and to simultaneously
track their respective homeostatic and regenerative behav-
iors in the same mouse. In sum, hepatocytes can self-
replicate and give rise to additional hepatocytes.”® Howev-
er, are hepatocytes equal in generating new hepatocytes? Is
a select minority responsible? Is there a distinct group of
hepatic “stem cells”?
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Hepatic Stem Cells and Homeostasis

Currently, controversy surrounds whether there are
specialized hepatic stem cells that can self-renew and
generate the full zonated repertoire of mature hepatocytes
in the liver lobule. Another outstanding question is whether
a particular local microenvironment or a specialized niche
can confer “stem cell” activity to a certain group of hepa-
tocytes in one part of the liver lobule but not in other
regions.

In recent years, it has been proposed that a special
subset of hepatocytes localized in the pericentral zone
seems more apt at proliferating and yielding new hepato-
cytes.35 Lineage tracing of hepatocytes expressing Wnt
target gene Axin2 showed these hepatocytes can yield up to
30% of total hepatocytes within the liver lobule after 1 year.
These pericentral hepatocytes are diploid, long-lived, and
responsive to Wnt signals produced by pericentral endo-
thelial cells.*” This is conceptually appealing because diploid
hepatocytes should expectedly harbor more extensive pro-
liferative capacity than most polyploid hepatocytes.

Although Wnt-responsive Axin2% pericentral hepato-
cytes can clonally renew during homeostasis and persist for
a long time, the extent of their proliferative capacity is
variable across different studies. A subsequent study found
Axin2* hepatocytes contribute sparsely to liver turnover,
mostly remaining in the pericentral area without yielding
periportal hepatocytes.”* Similarly, lineage tracing of other
Whnt-responsive hepatocytes (that express R-spondin re-
ceptors Lgr4 or Lgr5) for 18 months during homeostasis
found that single hepatocytes yielded clones of few cells (eg,
1-5 cells), indicating a low degree of cell division during
homeostasis.*°° These divergent observations may be due
to use of different lineage tracing strategies. In the first
study, CreERT2 recombinase was knocked into the Axin2
locus, thus inactivating one allele of Axin2.%° However, Axin2
is a negative regulator of Wnt signaling, and therefore
Axin2"*ER* mice might have enhanced Wnt signaling.’*
This perhaps explains the substantial growth of peri-
central hepatocytes, because Wnt is a mitogen in the liver®®
and elsewhere.’” In subsequent lineage tracing studies,**"”
Axin2-CreERT2 and Lgr5-CreERT2 recombinase cassettes
were introduced as transgenes and were randomly inte-
grated into the genome. A limitation of this approach is the
risk of disrupting endogenous mouse genes, which could
influence liver regeneration. Together such caveats of these
lineage tracing approaches may obfuscate the extent of
regenerative capacity harbored by Wnt-responsive hepato-
cytes. Ideally, future lineage-tracing studies would perform
targeted knock-ins of recombinase proteins into endoge-
nous genes without disrupting their coding sequence, for
instance, by using 24 or internal ribosome entry site
linkers®®°7; this type of approach is increasingly adopted as
the method of choice in the stem cell field.”®

Viral-mediated labeling of single hepatocytes found no
evidence for “zonal dominance”; rather, hepatocytes strewn
across the liver lobule appeared competent to proliferate
and expand.”’ One potential caveat is that viral-mediated
labeling of hepatocytes could alter the hepatocytes
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themselves, but this study detected no changes in cell pro-
liferation after viral infection.”’ Likewise, lineage tracing of
a subset of hepatocytes expressing high levels of telomerase
reverse transcriptase (Tert™®"), scattered across the liver
lobule, showed these cells can grow clonally to repopulate
the liver for about 1 year.59 However, it was not mentioned
whether the antibiotic selection cassette was removed in the
generation of this Tert“ "R allele,”® which could alter
expression of the recombinase. Nevertheless, these studies
pose an alternative view: that liver homeostasis could be
maintained by multiple populations of renewing hepato-
cytes without any specific zonal dominance.

Because multiple populations of hepatocytes in their
respective zones can maintain and/or regenerate the liver
during homeostasis (Figure 1), this still raises the question
whether hepatocytes are equally proliferative or whether
some are more proliferative than others during homeosta-
sis. Randomly distributed Tert"s" hepatocytes proliferated
faster than Tert'” hepatocytes.”® Similarly, Axin2+ hepa-
tocytes are more proliferative than Axin2- hepatocytes
around the pericentral vein area.*>°” With multiple prolif-
erative populations of hepatocytes, one population could
conceivably persist longer than others. This has not yet been
addressed by direct comparisons of Tert"®" vs Axin2+ he-
patocytes. However, periportal hepatocytes that express
major facilitator superfamily domain containing 2A
(Mfsd2a) eventually wane and reduce in numbers during
homeostasis.”” By contrast, pericentral hepatocytes are
long-lived; Lgr5+ hepatocytes maintain their own lineage
during homeostasis and persist long-term.””

To date, how hepatocytes compare in maintaining the
healthy, uninjured liver is an open question. Development of
multiple genetic tools allowing long-term, simultaneous
tracing and visualization of the different zones of the lobule,
without interfering with hepatocyte proliferation and
signaling pathways, will help elucidate this question and
overcome inherent limitations associated with past
approaches.

Versatile Responses to Injury and Interconversion
of Hepatocytes

During homeostasis, the liver consistently maintains its
mass with a slower turnover rate relative to other prolif-
erative organs such as the intestines.®* Even then, the liver
is vulnerable and exposed to excess fats, alcohol, viruses,
toxins, and harmful metabolites; it has built-in failsafe
mechanisms. During injury, hepatocytes can undergo
massive compensatory proliferation and express genes
normally detected in other zones of hepatocytes (Figure 2).

Wnt signaling is essential for hepatocyte regeneration
after liver injury.°? Although Wnt signaling is typically
concentrated in pericentral hepatocytes, on injury, mid-
lobular hepatocytes that were originally Wnt-inactive can
become Wnt-active.”” For example, Axin2-negative hepato-
cytes within other zones (eg, the mid-lobular zone) express
Axin2 after diphtheria toxin A-mediated ablation of Axin2+
hepatocytes® (Figure 2B). A similar phenomenon was
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observed on pericentral injuries, Lgr5-negative hepatocytes
express Lgr5”° (Figure 24). How do these Wnt target genes
become activated in hepatocytes that are farther away from
the Wnt ligand-expressing central veins®” is unclear. One
hypothesis is that Wnt-expressing immune cells, such as
macrophages, infiltrate the injured liver and activate Wnt
signaling more broadly across the lobule.”” Indeed,
macrophage-specific deletion of the Wnt secretion factor
Whtless in mice lowered hepatocyte proliferation 40 hours
after partial hepatectomy, suggesting an early role of
macrophage-derived Wnt signals in driving liver

regeneration.®* Activation of Wnt signaling in hepatocytes
during injury may act as a prerequisite for cells to respond
to liver injury. This is supported by how liver-specific
deletion of Lgr5°? or ablation of Axin2-expressing hepato-
cytes®” significantly impaired regeneration. Taken together,
the extent and spatial reach of Wnt signaling are altered
after liver injury, and this enables liver regeneration.
Several lines of evidence indicate that damage to one
zone of hepatocytes triggers a compensatory proliferative
response in noninjured hepatocytes at other zones. When
pericentral hepatocytes are damaged by CCl, treatment,
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periportal hepatocytes (expressing Mfsd2a) grow and
expand within the liver®® (Figure 2C). Lineage tracing of
periportal hepatocytes (expressing both Sox9 and hepato-
cyte nuclear factor 4 alpha [Hnf4a]) also showed they
replenish liver mass during chronic injuries to pericentral
hepatocytes®*® and injuries induced by partial hepatec-
tomy®° (Figure 2D). Conversely, damage of periportal he-
patocytes stimulates compensatory proliferation of
pericentral and mid-lobular hepatocytes.”™*?

From a pragmatic standpoint, having multiple zones of
hepatocytes that participate in liver regeneration and
generate new hepatocytes”" is advantageous. When injury is
inflicted to hepatocytes in a given zone, it would be bene-
ficial that other zones of hepatocytes can respond to the
damage and execute regeneration. By contrast, having
regenerative capacity concentrated only in one zone would
likely render the liver prone to failure if that zone became
damaged. Broadly distributed across the liver lobule, Tert™
hepatocytes respond to periportal and/or pericentral-
specific liver injuries,”” expanding and crossing zonal
boundaries. On CCls-induced pericentral injury or 3,5-
diethoxycarbonyl-1,4-dihydrocollidine-induced injury, Ter-
t" hepatocytes can expand and repopulate across the liver
lobule. Genetically ablating Tert" hepatocytes with diph-
theria toxin A dramatically reduced the extent of regener-
ation by the injured liver (Figure 2E).

Second, different parts of the liver lobule are susceptible
to different drug-induced toxicities.”® Acetaminophen and
alcohol inflict damages to predominantly pericentral hepa-
tocytes as they are metabolized by P450 cytochrome
enzyme Cyp2el.®” Conversely, allyl alcohols and viral hep-
atitis damage periportal hepatocytes and cause inflamma-
tion of mostly the periportal tracts.°*°®? The susceptibility
of different parts of the liver lobule to different toxins re-
iterates the importance of a flexible system whereby mul-
tiple hepatocyte compartments can proliferate and
compensate for injuries occurring in other regions.

Taken together, the wide ability of hepatocytes to pro-
liferate and replenish other hepatocytes suggests complex
regulatory and compensatory mechanisms at the lobule
level. This also implies a tight coordination to reestablish
metabolic zonation and size of the liver on injury. Notably,
the proliferative hepatocytes discussed above appear
“functional” (ie, they express genes related to liver physi-
ology and metabolism). This contrasts with other tissues
such as the blood and intestines, wherein proliferative stem
cells and progenitors are “undifferentiated” and apparently
lack clear physiological functions.”’””* On the other hand, it
is also possible that hepatocytes “dedifferentiate” as they
proliferate during injury, before repairing the liver.

Ploidy Status, Proliferative Zones, and
Tumorigenesis

Adding to the complex discussion on the identity of he-
patic stem cells is the question whether proliferating he-
patocytes have a preferred ploidy status. This is relevant;
after all, hepatocyte polyploidy has long been associated
with terminal differentiation and senescence in pioneering
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studies.* This section of the review will discuss (1) the
intriguing link between hepatocyte ploidy status and pro-
liferative capacity during liver regeneration and (2) the
paradoxical relationship between polyploidization and un-
controlled proliferation/tumorigenesis.

In light of the substantial degree of polyploidy in the
adult liver, can polyploid hepatocytes nonetheless divide or
undergo reductive mitosis to reduce their ploidy status on
demand? Contrary to the notion that polyploid hepatocytes
are senescent and incapable of proliferation, a recent study
genetically traced polyploid hepatocytes in vivo using
Rosa26-Confetti multicolor reporter mice and showed that
multicolored polyploid hepatocytes can replicate exten-
sively during homeostasis and regeneration.”®> Polyploid
hepatocytes can engraft injured mouse livers and reduce
their ploidy status to become diploid hepatocytes.”® Then
diploid hepatocytes were serially transplanted into new
host mouse livers and were found to reconstitute polyploid
hepatocytes, significantly regenerating the recipient livers.”*
However, it was unclear whether polyploid hepatocytes
undergo ploidy reduction before proliferating and then
reacquire polyploidy after liver repair was accomplished”?
(Figure 2F). If polyploid hepatocytes are important to liver
recovery, then one would expect mice with reduced hepatic
polyploidy to be less capable of liver repair. Indeed, deletion
of polyploidy regulators such as E2F transcription factors’*
in mice reduced hepatic polyploidy, and the mice became
more susceptible to morbidities associated with liver
injuries.75

Nevertheless, polyploid hepatocytes were observed to
have lower growth advantage than diploid hepatocytes.”®
Mouse livers lacking E2f7 and E2f8 have more diploid he-
patocytes, which proliferate faster than controls because of
rapid transits through the cell cycle.”® Interestingly, in a
recent lineage tracing study whereby hepatocytes were
randomly labeled, diploid hepatocytes proliferated more
efficiently than polyploid hepatocytes in injured liver; most
of the large clones were diploid after injury unlike in the
normal liver.”"

The enhanced proliferation of diploid hepatocytes may
contribute to age-dependent liver regeneration; neonatal
livers (where hepatocytes are mostly diploid) can regen-
erate from injury more efficiently than adult livers. For
example, neonatal livers can regrow locally at the injured
lobe, without compensatory growth from adjacent lobes
and without fibrosis. Similarly, neonatal hepatocytes
engraft to a larger extent than adult hepatocytes on
transplantation into Gunn rats.”” However, this period of
expanded regeneration potential of hepatocytes is tran-
sient and fades with age.”® Unlike neonatal livers, adult
livers recover from partial hepatectomy by compensatory
hypertrophy and cell division across the remaining
lobes,*” with a permanent change in liver architecture and
development of fibrotic scars.”® Together, this suggests
that intrinsic properties of neonatal hepatocytes (eg, their
diploidy) influence their abilities to engraft and regenerate
host livers. However, the full set of mechanisms underly-
ing the advanced regenerative prowess of the neonatal
liver remains to be detailed.
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Diploid hepatocytes proliferate quickly and also appear
more prone to tumorigenesis than polyploid hepatocytes.”®
E2f7/8’" mice that have predominantly diploid hepatocytes
are vulnerable to spontaneous tumorigenesis. Similarly,
when these mice were challenged with tumor-promoting
stimuli, their livers developed numerous tumors.’® This
suggests that those tumors were driven, at least in part, by
diploid hepatocytes capable of rapid proliferation.”®
Consistently, diploid Lgr5+ pericentral mouse hepatocytes
are also susceptible to neoplastic transformation triggered
by activation of the Erbb pathway and thus give rise to
diethylnitrosamine-induced hepatocellular ~carcinoma.””
Therefore, diploidy may be both a boon and a bane,
conferring enhanced hepatocyte proliferation in both health
and disease.

Conversely, polyploidy plays a tumor suppressive role in
the liver. Ploidy reduction by premature weaning or tran-
sient knockdown of E2f8 increased incidences of tumor
formation.”® Furthermore, tumorigenesis is suppressed in
mice with higher number of polyploid hepatocytes. In
contrast, mice with mostly diploid hepatocytes developed
tumors earlier in mutagen- and high fat-induced models.””
One explanation is that polyploid hepatocytes are more
recalcitrant to tumorigenesis because they possess multiple
copies of tumor suppressor genes, thus buffering them from
spontaneous genetic loss of tumor suppressors.

Paradoxically, although the polyploid state confers pro-
tection against tumor formation, it has also been thought to
accelerate progression of tumorigenesis.l5'80’82 Genome
doubling is among the most common events in cancer.?’ In
fact, polyploidy has been associated with aggressive,
difficult-to-treat solid tumors, and highly polyploid hepato-
cellular carcinomas (HCCs) have poorer prognosis than
HCCs with a lower degree of polyploidy.'* Thus, polyploidy
in hepatocytes may be a double-edged sword, with diver-
gent roles in tumorigenesis depending on the cellular
context.

A fascinating question is what regulates the poly-
ploidization of hepatocytes? Although embryonic hepato-
cytes are diploid, polyploid hepatocytes emerge in
postnatal rodent livers during the suckling-to-weaning
transition. This suggests a link between the onset of di-
etary intake and profound changes of hormonal (ie, insulin)
production and liver polyploidization.®*®** Indeed, insulin/
phosphoinositide-3-kinase (PI3K)/protein kinase B (Akt)
signaling has been found to be critical for the genesis of
binucleated hepatocytes.®>®® Destruction of insulin-
producing rat pancreatic beta cells by streptozotocin
before weaning reduced circulating levels of insulin and
reduced the number of polyploid hepatocytes.”®
Conversely, injecting insulin increased numbers of binu-
cleated hepatocytes. Insulin signaling acts via PI3K/Akt,
which also leads to incomplete cytokinesis.?® Besides being
a downstream target of insulin signaling, Akt is also a
downstream target of Yes-associated protein (Yap)
signaling. Yap activation induces Akt phosphorylation,
which cooperates with p300 to retain S-phase kinase
associated protein 2 (Skp2) in the cytoplasm. Then Skp2
causes cyclin-dependent p27 to hyperaccumulate, leading
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to mitotic arrest and hence polyploidy.”” Whether addi-
tional signaling pathways regulate the ploidy status of he-
patocytes is not well-explored.

Together, this suggests that signaling pathways and
ploidy play important roles regulating the proliferation of
hepatocytes during liver damage through robust checks and
balances. However, how proliferative signals and ploidy
interact and are dynamically modulated to regulate liver
regeneration and prevent uncontrolled tumor growths re-
mains to be addressed. Importantly, deciphering the con-
nections among ploidy status, tumor formation, and
signaling control will help shed new light on mechanisms
underpinning liver tumorigenesis. Ultimately, understand-
ing this could better inform targeted therapies that inhibit
tumor growth and cancer progression.

Propagation of Primary Hepatocytes

in Vitro: Common Signaling Themes
Because hepatocytes in various zones of the liver lobule
proliferate in response to physical resection and chemical
insults, primary hepatocytes should theoretically proliferate
ex vivo within the right environment. The ability to culture
primary hepatocytes in large numbers would overcome the
shortage of hepatocytes for various practical applications
including cellular transplantation therapies, drug toxicology
testing, and disease modeling.®®®° However, historically it
has been difficult to culture hepatocytes for extended
amounts of time, while preserving their functionality.”””°

Propagation of Hepatocytes Using Signals
Promoting Regeneration

Because hepatocytes operate in a complex signaling
environment in vivo and divide infrequently during ho-
meostasis, one can imagine the difficulty in preserving these
states in vitro. For a long time, methods to culture primary
hepatocytes have not been able to expand these cells in
large numbers.”’”* Beyond just hepatocytes, most adult
cells appear to have a finite proliferative capacity and
eventually senesce, unable to re-enter cell cycle.”*?®

Another major hurdle in primary hepatocyte expansion
in vitro is that once hepatocytes are removed from the host,
their signaling environment becomes altered, they begin to
lose important hepatic metabolic gene expression and
rapidly "dedifferentiate”.’>°! Here the term dedifferentia-
tion is used loosely to refer to the functional regression of
hepatocytes, although it is unclear whether this same phe-
nomenon occurs in vivo or whether it is an in vitro artifact.
The loss of hepatic functionality also correlates with an in-
crease in proliferation of the "dedifferentiated" hepatocytes.
Some approaches to propagate primary hepatocytes
reduced liver marker ALBUMIN’® and increased immature
marker alpha-fetoprotein (AFP) or even biliary markers SRY-
box transcription factor (SOX9) or cytokeratin 19 (CK19)
(Table 1).

It is now possible to expand primary human hepatocytes
in vitro to some extent by activating hepatocyte prolifera-
tion through the addition of exogenous signaling cues



Table 1.Protocols to Expand Primary Human and Rodent Hepatocytes in Vitro

Hepatocyte Types of Signals used to expand Gene expression of
Article source cell culture hepatocytes Expansion period expanded hepatocytes In vivo experiment
Hu et al, 2018 Human and 3D organoid HGF, EGF, WNT agonist (R- Mouse: 2-3 months Mouse: Afp, Alb, Hnf4a, Cyp1a2, Hepatocytes were expanded as
mouse cell spondin 1, CHIR99021), TGF8 Human: 2.5-11 months Cyp3aili single cells and transplanted
culture inhibitor (A83-01), ROCK Human: ALB, HNF4A, CYP2ET, into immunodeficient FRG
inhibitor (Y27632), fibroblast AFP mice via splenic injection.
growth factor 7 (FGF7), Engrafted hepatocytes
FGF10, TGFa expressed ALBUMIN, MRP2,
CYP2ET1, and secreted human
serum albumin
Fu et al, 2018 Human 2D cell HGF, EGF, WNT agonist 10 days CK19 (cytokeratin 19), CK7 Hepatocytes were transplanted
culture (CHIR99021), TGFg inhibitor (cytokeratin 7), HNF4A, SOX9, via intrasplenic injection into
(A83-01), ROCK inhibitor HNF1A, CK18 (cytokeratin 18), Fah—/—Rag2—/— mice; 7.2%-
(Y27632), lysophosphatidic EpCAM, CD24 16.1% engraftment was
acid, sphingosine-1- observed; the cells expressed
phosphate ALBUMIN and were able to
secrete ALBUMIN and alpha-
1-antitrypsin
Garnier et al, 2018 Human 3D organoid HGF, EGF, Wnt3a, TGFg inhibitor 2 months CK19, EpCAM, SOX9, Ki67 N/A
cell (A83-01), forskolin, R-spondin
culture 1, FGF10, Noggin, ROCK
inhibitor (Y27632)
Katsuda et al, 2019 Human 2D cell Wnt agonist (CHIR99021), TGFg 14-18 days CK19, EPCAM, CD44, CD133, Hepatocytes were transplanted
culture inhibitor (A83-01), ROCK CD24, integrin subunit alpha 6 via intrasplenic injection into
inhibitor (Y27632) (ITGA6), SOX9, Prospero chronic injured livers of cDNA-
Homeobox (PROX1), AXIN2 wPA/SCID mouse. 10-11
weeks after transplantation,
17%-39% of transplanted
cells engrafted the liver,
expressed CYP2C, and
secreted ALBUMIN
Katsuda et al, 2017 Rat and 2D cell Wnt agonist (CHIR99021), TGFg3 15 days Ck19, Forkhead Box M1(Foxm1), Hepatocytes were transplanted
mouse culture inhibitor (A83-01), ROCK proliferating cell nuclear via intrasplenic injection into

inhibitor (Y27632)

antigen (PCNA), Afp, Sox9,
Epcam, Cd90, Forkhead Box
J1 (Foxj1), Hnf1b, Hnf6, Cd44,
Itgab

cDNA-uPA/SCID mouse
model and observed that
75%-90% of the liver
comprised of transplanted rat
cells. Engrafted cells secreted
Albumin and expressed
hepatocyte markers (Cyp1a2,
Cyp3a1l, Cyp7al, Mrp2,
Hnf4a)
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Table 1.Continued

Leoe

Hepatocyte Types of Signals used to expand Gene expression of
Article source cell culture hepatocytes Expansion period expanded hepatocytes In vivo experiment
Zhang et al, 2018 Human 2D cell HGF, EGF, Wnt3a, FGF10, TGF8 1 month CK19, CK7, SOX9, CD133, Hepatocytes were transplanted via
culture inhibitor (A83-01), ROCK CYP1A2, ALB, AAT intrasplenic injection into Fah
inhibitor (Y27632) —/—Rag2—/—IL2rg-/- mouse
model. The engrafted cells
increased survival after 4 months
of transplantation, reduced
serum levels of aspartate
transaminase, alanine
transaminase, and total bilirubin,
and increased serum levels of
ALBUMIN. Engrafted cells
repopulated approximately 64%
of the mouse liver and expressed
ALBUMIN and HNF4A 4 months
after transplant
Xiang et al, 2019 Human 2D cell Forskolin, TGF inhibitor 2 months ALB, AAT, carbamoyl-phosphate ~ N/A
culture (SB431542), Wnt inhibitor synthase 1(CPS1), CYP3A4,
(IWP2), Notch inhibitor (DAPT), CYP1A2, CYP2C9 CYP2D6,
bone morphogenetic protein CYP2B6
inhibitor (LDN193189)
Peng et al, 2018 Mouse 3D cell HGF, EGF, Wnt agonist 6 months Hnf4a, Yap, NF-kB, Ki67, Alb, Hepatocytes were transplanted via
culture (CHIR99021), TNF« transthyretin (Ttr), tyrosine intrasplenic injection into Fah
aminotransferase (Tat), Fah —/—Rag2—/—IL2rg-/- mouse
model. 80% repopulation was
observed 103 days after
transplantation, and the
engrafted cells expressed FAH,
pericentral genes (Glt1, Gs,
Cyp2e1), and Cps1
Huch et al, 2013 Mouse 3D cell HGF, EGF, R-spondin 1, Wnt3a, 8 months Ck19, Lgr5, Sox9 Hepatocytes were expanded as
culture FGF10 3D aggregates and were
transplanted via intrasplenic
injection into Fah—/—Rag2
—/—IL2rg-/- mice.
Transplanted cells expressed
Fah and Hnf4a and improved
mice survival
Huch et al, 2015 Human 3D cell HGF, EGF, Wnt conditioned 6 months CK7, LGR5, SOX9, HNF4a, CK19, Hepatocytes were transplanted via
culture medium, R-spondin 1, TGF@ AXIN2 intrasplenic injection into

inhibitor (A83-01), FGF10,
forskolin, bone morphogenetic
protein inhibitor (Noggin),
ROCK inhibitor (Y27632)

CClg-induced liver injury mouse
model. Engrafted cells expressed
ALBUMIN; secreted ALBUMIN
and alpha-1-antitrypsin

ROCK, rho associated kinase; TGFg, transforming growth factor beta.
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known to regulate liver regeneration in vivo. These
signaling cues include HGF, epidermal growth factor (EGF),
tumor necrosis factor (TNF), Wnt, and Yap signaling.’”%®
Inactivation of these pathways in vivo impairs liver regen-
eration,”*”?"1%? reiterating their functional importance. In
these recent studies, activators of HGF, EGF, and Wnt
signaling, and inhibitors of transforming growth factor @
(TGFB) and rho-associated kinase (ROCK) signaling, are
among the factors used to expand primary human hepato-
cytes in 2-dimensional (2D) or 3-dimensional (3D) cultures
(Table 1).1037108

For example, Wnt signals promote long-term culture
of primary hepatocytes in most studies, echoing their
function to sustain Wnt-responsive hepatocytes in
vivo, 3>5496:104-107,109 1 vitro, media containing WNT3A
resulted in hepatocytes expanding 10,000-fold without ge-
netic manipulation,’® similar to how Wnt signaling sustains
hepatocytes in vivo. However, Wnt alone appears insuffi-
cient to expand primary hepatocytes.’®!0*10

Another important signal is TNFe, an injury-induced in-
flammatory cytokine that has been shown to promote
expansion of mouse hepatocytes in 3D cultures.'®” In vivo,
TNFe is responsible for the regeneration of the adult liver
after injury and also the liver’s developmental growth."'” The
exact function of TNFa remains unclear, although it is re-
ported to promote DNA replication in hepatocytes through
interactions with nuclear factor kappa B signaling.'’" By
adding TNFa« as well as other factors to primary mouse he-
patocyte cultures, 3D aggregates of mouse adult hepatocytes
could be cultured for more than 6 months, while maintaining
expression of certain important hepatic genes.'”” Remark-
ably, these TNFa-expanded hepatocytes could also robustly
engraft the injured mouse liver, attesting to their value.'®’
However, whether TNF« or other signals will prove equally
effective in maintaining human hepatocytes remains an
outstanding question.

In addition to the above signals, oxygen levels were
modulated to mimic hypoxia and promote proliferation of
hepatocytes.”® However, normoxia appears sufficient to
expand hepatocytes in various other studies (Table 1).
Nevertheless, hypoxia-regulated genes are enriched in the
pericentral hepatocytes than in periportal hepatocytes.”’
The mechanisms by which hypoxia is beneficial to prolif-
eration are unclear.

Although the aforementioned signaling cues enhance
the proliferation of hepatocytes in vitro, they also lead to
loss in hepatocyte functionality and mature gene expres-
sion. However, such altered states appear reversible; after
expanding primary hepatocytes in vitro, they can be
“redifferentiated” with differentiation-inducing factors
including dexamethasone and oncostatin M or trans-
planted into mouse liver, where they adopted higher
expression of hepatocyte genes and showed enhanced
liver functions’®'?>" 107199112 (Tahle 1), For example,
"redifferentiation” of expanded hepatocytes increased AL-
BUMIN and HNF4A'°*''® expression and enhanced p450
cytochrome activities.”® This suggests that these hepato-
cytes are poised to differentiate in response to differen-
tiation cues. However, it remains unclear whether the
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"redifferentiated” hepatocytes also recapitulate the zona-
ted properties of hepatocytes in vivo; for example, how
similar are these hepatocytes to the pericentral, mid-
lobular, or periportal hepatocytes in the liver? A future
experiment will be to determine how "dedifferentiation”
in culture affects global hepatocyte gene expression and
whether "redifferentiation” reinstates the original expres-
sion profile.

Preventing Hepatocyte Dedifferentiation and
Hippo/Yap Signaling

Altogether, it appears that upon in vitro culture, prolif-
erating hepatocytes express lower levels of metabolic genes,
potentially temporarily losing their key metabolic functions.
For example, mouse hepatocytes regenerating injured livers
have increased chromatin accessibility in loci of genes
driving proliferation and reduced accessibility to regulatory
regions of genes controlling metabolism.**

Hepatocytes down-regulate functional genes (eg, ALBU-
MIN) and express immature markers (eg, alpha-fetoprotein)
during in vitro propagation and become "dedifferentiated”
as they transit to a more immature, proliferative state.
Interestingly, hepatocyte "dedifferentiation" is associated
with activated YAP signaling; proliferating hepatocytes have
a higher expression of YAP target genes.”””® Knocking out
Yap in these hepatocytes prevented the loss of ALBUMIN
expression in culture.”® As a parallel approach, small mol-
ecules inhibiting actomyosin contraction, actin polymeriza-
tion, and Yap signaling also helped preserve the expression
of hepatocyte genes.”’ Together, this demonstrates the
importance of Yap signaling in hepatocyte expansion.

In vivo, the role of Yap signaling in promoting prolifer-
ation of hepatocytes is also evident. Hippo/Yap signaling
controls organ growth, and its dysregulation leads to un-
controlled proliferation and hepatocellular carcinogenesis in
the liver.'*>"*'® Liver-specific overexpression of Yap led to
hepatomegaly (with 4-fold increase in liver size within
weeks),"'® and persistent expression of Yap results in
tumorigenesis."'”""'? Acute postnatal loss of upstream reg-
ulators of Yap, including Mst1/2"?° in mice and Ww45 in
Drosophila,121 led to increased YAP levels, resulting in he-
patomegaly and eventually liver cancer. Conversely,
knocking out Yap target NUAKZ in a Doxycycline-inducible
YAP mouse model reduced tumor growth.”®%?

In vitro, Yap signaling and Yap nuclear localization are
affected by cell density, cell shape, extracellular matrix
stiffness, and actomyosin cytoskeleton.lzg’]27 Indeed, he-
patocytes often "dedifferentiate” as they become more
spread out in the cell culture dish (as visualized by F-actin
expression).”® When spreading of primary hepatocytes was
limited by growing them on micropatterned devices, these
constrained hepatocytes did not "dedifferentiate”; they have
cytoplasmic Yap localization and retained expression of
ALBUMIN.”® This novel notion linking cell spreading to cell
fate is important and can have implications in cultures of
other epithelial cell types beyond hepatocytes.

In sum, the ability to culture primary hepatocytes for
long periods is an important step, but a number of questions
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remain to be addressed. One question is whether all
expanded hepatocytes are conducive to "redifferentiation”,
or if there are any cells refractory to "redifferentiation” after
in vitro expansion. Even though these hepatocytes may be
"redifferentiated”, another important question is whether
prolonged expansion of hepatocytes in vitro using HGF, EGF,
Wnt, and other signals will convert some of them into
tumorigenic cells. After all, overactivation of a number of
these pathways in vivo can result in uncontrolled prolifer-
ation and tumorigenesis."'>'?%"13% To address these ques-
tions, one can perform time course experiments to track
molecular changes in hepatocytes during expansion at the
single cell level and over a prolonged period of time.

Generation of Human Pluripotent Stem
Cell-Derived Hepatocyte-like Cells:

Progress and Possibilities

Although primary human hepatocytes are appealing
sources of liver cells, these cells must be obtained from
human liver tissues, which are often scarce. In addition,
digestion of human liver tissue to isolate cells can be tech-
nically challenging. A parallel approach to generate hepa-
tocytes in vitro is to differentiate human pluripotent stem
cells (PSCs) into hepatocyte-like cells (HepLCs) through
exposure to growth factors and small molecules.’**™*** One
major advantage of using human PSCs as a starting source of
hepatocytes is that they are highly abundant'**'*> and can
be propagated to generate (theoretically) limitless numbers
of hepatocytes. A key goal in this field is to generate highly
pure and fully functional hepatocytes in vitro that are
counterparts to hepatocytes in vivo.

Converting human PSCs into hepatocytes requires a se-
ries of intermediate steps that mimic embryonic develop-
ment and liver organogenesis. In vivo, pluripotent epiblast
cells sequentially turn into intermediate cell types (primi-
tive streak, definitive endoderm, posterior foregut, and liver
progenitors), before differentiating into hepatocytes. In
some in vitro differentiation studies, human PSCs were
exposed to different doses and combinations of signals to
drive the formation of desired cell types at each lineage
decision point. Importantly, generation of highly pure
HepLCs involves suppressing the specification of unwanted
lineages (ie, non-liver cell-types) at each step of the differ-
entiation process.’**'*® One challenge is that signaling cues
operate with rapid temporal dynamics to guide the forma-
tion of specific cell types."** Thus, the time of signal acti-
vation is important because prolonged addition of certain
signaling factors over an unwarranted period of time may
lead to formation of undesired lineages.

Remarkably, human PSC-derived HepLCs appear func-
tional to some extent; they have been shown to be meta-
bolically active in vitro, and they are capable of secreting
ALBUMIN, metabolize lipids and glycogen, and have high
levels of cytochrome P450 enzyme
activities, 3#134140-142117 Thege HepLCs are also able to
engraft into mouse models of acute and chronic liver injury

and retain some of their metabolic functionalities
in ViVO.132'148'149
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However, akin to in vitro-expanded primary hepatocytes,
human PSC-derived HepLCs are typically less functional and
express lower xenobiotic metabolic genes than freshly
isolated primary human hepatocytes. Some studies have
shown that PSC-derived HepLCs exhibit fetal-like pheno-
types, representing an immature cell state by comparison to
fully-mature adult hepatocytes."*> The overall tran-
scriptome profiles of human PSC-derived HepLCs are also
distinct from that of primary human hepatocytes.'*"**°
More specifically, expression patterns of cytochrome P450
enzymes in human PSC-derived HepLCs appear more
similar to fetal hepatocytes than adult ones."*>"*° It remains
challenging to generate hepatocytes that are functionally
comparable to hepatocytes found in the adult liver. Hence,
understanding how hepatocytes mature in vivo will be
necessary to provide insights on how to achieve better
in vitro generation of functionally mature hepatocytes.

Even though human PSC-derived HepLCs are less func-
tional than hepatocytes in vivo, transplanted hepatocytes
can engraft and repopulate the mouse liver over time in
chronic mouse models of liver injury.’**'*® In one study, the
level of engraftment of human PSC-derived HepLCs in
mouse models of liver injury was 10.2%."*® In addition,
transplantation of human PSC-derived HepLCs into the liver
of injured mice can improve the overall survival of these
mice.”*"**? These engrafted HepLCs expressed ALBUMIN
and could secrete human ALBUMIN protein into the mouse
bloodstream.**'*" Despite a lower degree of functionality,
the less “mature” HepLCs demonstrate a certain capacity to
proliferate in vivo under injury conditions. It remains to be
determined whether human PSC-derived HepLCs after
transplantation can adopt different hepatocyte subtype
identities and become spatially zonated in vivo to perform a
spectrum of functions, analogous to how authentic hepato-
cytes presumably regenerate the injured liver in vivo.

Another important consideration is what specific genetic
or chemical mouse models of liver injury the HepLCs are
transplanted into, as the type and extent of injury presum-
ably alters the engraftment of transplanted
HepLCs."?!13%148151 Eor example, mice lacking a key tyro-
sine metabolic enzyme (fumarylacetoacetate hydrolase or
Fah) can develop chronic liver failure, thereby providing a
selective growth advantage for transplanted, wild-type
(FAH)+ HepLCs.'®? In particular, injuring the mouse liver
provides "space" for transplanted cells to engraft, grow, and
potentially restore liver functionality. However, a rigorous
comparison of human PSC-derived HepLCs in both acute
and chronic models of liver injury awaits.

It remains a major challenge to generate human PSC-
derived HepLCs that are functionally on par with primary
hepatocytes, and many outstanding questions remain.’
What are the proportions of pericentral-like or periportal-
like hepatocyte subtypes within the pool of differentiated
human PSC-derived HepLCs? Are they responsive to Wnt
signaling activation in vitro, analogous to pericentral hepa-
tocytes in vivo? Are these hepatocytes diploid or polyploid?
Although it has been suggested in a study that pericentral
HepLCs can be generated from human PSCs,'*° further
follow-up functional validations may shed light on how
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comparable are the hepatocytes generated in vitro to he-
patocytes found in the liver. In sum, human PSC-derived
HepLCs can also serve as valuable models to investigate
molecular mechanisms regulating metabolic functions and
proliferation.

Conclusion

Liver disease is one of the leading causes of mortality in
the world, accounting for 2 million deaths per year.'”® Even
though the liver has an immense ability to regenerate, when
the damage is too severe, liver failure occurs."”* One solu-
tion is liver transplantation, but the shortage of human liver
donors makes this option unavailable to many people.'’”
Therefore, there is immense interest in understanding
how the liver recuperates from toxic insults or physical
injuries, which holds promise for developing new strategies
to either protect the liver from injury or to enhance its
regeneration.

The question of which population of cells within the liver
have a superior ability to proliferate and regenerate the
entire liver remains debatable. Some believe that liver stem
cells reside mostly in one particular zone (pericentral or
periportal), whereas others believe that liver stem cells are
distributed randomly throughout the liver lobule. In addi-
tion, some groups have found that liver regeneration is
based on innate characteristics of hepatocytes, such as their
ploidy or telomerase activity.

By understanding the mechanisms regulating the liver's
response to insults and metabolic zonation in vivo, one can
harness and apply this knowledge to generate hepatocytes
in vitro of therapeutic interest for drug testing or liver
transplantation. Specifically, generating large numbers of
hepatocytes from human PSCs or primary liver tissues is of
growing interest because these hepatocytes hold promise
for cell replacement therapy (for patients on the wait list for
liver transplantation), drug testing, and modeling of liver
diseases. Altogether, there is hope in the field of liver
regeneration that the ability to generate abundant and pure
hepatocytes in vitro can provide an alternative cell source
for liver transplantation.
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