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Most hepatocellular carcinomas (HCCs) develop in patients with
chronic hepatitis, which creates a microenvironment for the growth
of hepatic progenitor cells (HPCs) at the periportal area and
subsequent development of HCCs. We investigated the signal from
the inflammatory liver for this pathogenic process in the hepatic
conditional B-catenin knockout mouse model. Senescent p-catenin-
depleted hepatocytes in aged mice create an inflammatory micro-
environment that stimulates periportal HPC expansion but arrests
differentiation, which predisposes mice to the development of liver
tumors. The release of complement C1q from macrophages in the
inflammatory niche was identified as the unorthodox signal that
activated the p-catenin pathway in periportal HPCs and was respon-
sible for their expansion and de-differentiation. C1q inhibitors
blocked the p-catenin pathway in both the expanding HPCs and
the liver tumors but spared its orthodox pathway in pericentral
normal hepatocytes. This mechanism has been validated in human
liver specimens from patients with chronic hepatitis. Taken together,
these results demonstrate that C1g- mediated activation of -catenin
pathway in periportal HPCs is a previously unrecognized mechanism
for replenishing hepatocytes in the inflammatory liver and, if un-
checked, for promoting hepatocarcinogenesis. C1q may become
a new target for blocking carcinogenesis in patients with chronic
hepatitis.

inflammation | microenvironment | periportal | progenitor cell |
liver cancer

ost cases of hepatocellular carcinoma (HCC) emerge after
decades of chronic hepatitis, induced by either viral in-
fections or by noninfectious etiology, before the final presentation
as cancer (1). Therefore, a common pathway for HCC develop-
ment involves chronic hepatitis as the microenvironmental factor
that predisposes to liver tumors (2). Understanding the mechanism
of how chronic hepatitis induces the transformation of hepatocytes
to cancer cells is essential to identify new therapeutic targets.
Because chronic hepatitis results in hepatocyte death, regen-
eration is required to replace the damaged cells and maintain
liver function. Repeated cycles of hepatitis and regeneration
select cells with a growth advantage to form expanding clones
and eventually form HCCs. Therefore, the origins of these
regenerating cells in the liver and the signal from the inflam-
matory microenvironment to stimulate their regeneration are
closely related to carcinogenesis and subject to investigation.
In normal liver cell turnover, newly generated hepatocytes
have long been considered to derive from replication-competent
mature hepatocytes (3). However, the regenerative activity of
these cells decreases in the liver of patients with chronic hepatitis
(4, 5); instead, the progenitor cells located around the portal
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veins are found to be the main source for promoting compen-
satory liver regeneration. Based on the evidence from several
recent studies, two different subgroups of periportal cells are
responsible for liver regeneration, depending on the severity of
liver diseases (6, 7). In subjects with mild liver damage, a sub-
group of periportal Sox9™ HNF4a* hybrid hepatocytes replenish
the injured liver but do not produce HCCs (7). In cases of severe
liver injury, in which the majority of hepatocytes lose their re-
generative potential and eventually undergo senescence, the
hepatic progenitor cells (HPCs) at the canal of Hering are ac-
tivated to repopulate the damaged liver, usually accompanied by
ductular reactions. Expansion of this group of HPCs leads to
liver tumor formation (8, 9).

In humans, many HCCs develop in the liver following a severe
ductular reaction, in which ~50% of cirrhotic nodules and HCCs
may be derived from the expanded HPCs that retain the expres-
sion of the progenitor cell markers CK19, OV6, and EpCAM (6).
Thus, researchers have focused on replacement of the severely
injured liver by periportal HPCs in patients with chronic hepatitis.
The accumulation of senescent hepatocytes has been demon-
strated in most advanced chronic liver diseases (10) and affects
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disease progression through a substantial influence on the inflam-
matory microenvironment (11). Whether the senescent hepatocyte-
induced inflammation affects the expansion and carcinogenesis
of periportal HPCs and the underlying mechanism merits
extensive study.

In the present study, we used the conditional p-catenin knockout
mouse model to investigate the mechanism by which senescence-
related chronic hepatitis induces the proliferation and carcino-
genesis of periportal HPCs. In this model, neither the pericentral
self-renewable cells nor the mature hepatocytes regenerate, be-
cause of depletion of the essential p-catenin. As shown in our
previous study, a compensatory regeneration of HPCs occurs from
8 to 9 mo, which is approximately the end of the hepatocytes’ life
span. The liver parenchyma is replaced by the expanding HPCs in
association with severe ductular reactions; the growing HPCs re-
main undifferentiated and develop liver tumors (12). Using this
animal model, Russell et al. (13) consistently demonstrated that
p-catenin is also important for liver regeneration after a choline-
deficient, ethionine-supplemented diet-induced liver injury, and
biliary epithelial cell-derived hepatocytes repopulate the liver
during recovery. In the present study, we found that the senescence-
associated inflammatory microenvironment predisposes the liver
to the expansion of HPCs from periportal area. Thus, this mouse
model appropriately recapitulates the expansion and carcinogen-
esis of periportal HPCs from the severe senescence type of human
liver diseases. Using this animal model, we identified Clq as the
key factor from the inflammatory liver that unorthodoxly activates
the p-catenin pathway and is critical for the expansion and de-
differentiation of periportal HPCs. Inhibition of Clq effectively
reverses the HPC phenotypes in this mouse model.

Results

Aging p-Catenin-Depleted Hepatocytes Undergo Senescence and
Induce an Inflammatory Microenvironment for HPC Expansion in the
Mouse Liver. To examine whether senescence-induced inflam-
mation predisposed the liver to the expansion of HPCs in
f-catenin KO mice, liver sections obtained from the mice at dif-
ferent ages were processed to check the senescence and inflam-
mation status. By staining with antibodies against senescence
markers, including p-galactosidase (SA-p-gal), p21, and pl6, we
first noted that some senescent hepatocytes started to appear in
the livers of 6- to 7-mo-old male p-catenin KO mice and were
surrounded by inflammatory cells (Fig. 1 4 and B). The number of
senescent hepatocytes gradually increased thereafter and peaked
at 8 to 12 mo, as indicated by immunohistochemistry (IHC)
staining for senescence markers (Fig. 1C and SI Appendix, Fig.
S1) and the elevated p21 expression levels (Fig. 1D for mRNA;
Fig. 1E for protein).

Meanwhile, the expression of the senescence-associated se-
cretory phenotype (SASP) factor CCL2, which plays a key role in
recruiting inflammatory cells (14), was also elevated along with
the increase in senescent cells (Fig. 1F). An enrichment of in-
flammatory cells in the livers of f-catenin KO mice age >8 mo
was demonstrated by hematoxylin and eosin (H&E) and CD45
staining (SI Appendix, Fig. S2 A and B). Flow cytometry analysis
further indicated increases in the numbers of infiltrating mono-
cytes and lymphocytes in the 10-mo-old p-catenin KO mouse livers
(Fig. 1G), with the increased CD11b* monocytes mainly the
Ly6C* subsets of proinflammatory monocytes (SI Appendix, Fig.
S3). This pattern is consistent with the documented pattern in-
duced by senescent hepatocytes in the liver (15, 16). These results
thus support the existence of an inflammatory microenvironment
in this animal model at the end of the hepatocyte life span (~8 to 9 mo)
that is associated with the senescence of p-catenin (—) hepatocytes.

As shown in our previous study, HPCs in the B-catenin KO
liver remain f-catenin—positive, in contrast to hepatocytes that
lose B-catenin expression by 2 wk after birth (12). This difference
is due to the low albumin promoter activity in the undifferentiated
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Fig. 1. Aging p-catenin-depleted hepatocytes undergo senescence and in-
duce inflammatory cell infiltration for HPC expansion in f-catenin KO mice.
(A-C) Representative images of IHC and IF staining for SA--gal, p21, p16,
and CD45 in the liver tissues of 6-mo-old WT mice, 6-mo-old f-catenin KO
mice (A and B), and 2- to 12-mo-old p-catenin KO mice (C). The two IHC
stainings for p16 and CD45 shown in B are in consecutive sections. Black
arrows indicate positive signals; black arrowheads indicate inflammatory
cells. (D) qRT-PCR data showing p21 expression in WT and p-catenin KO mice
at the indicated ages. (E) Representative Western blots showing p21, p-cat-
enin, and GS expression in WT (control) and p-catenin KO mice at the in-
dicated ages. (F) qRT-PCR data showing CCL2 expression in WT and p-catenin
KO mice at the indicated ages. (G) Immunophenotyping and quantifica-
tion of liver-infiltrating immune cells by flow cytometry analysis of 10-mo-
old WT and f-catenin KO mice, with the quantification results. KCs,
Kupffer cells; MoMs, monocytes; Lym, lymphocytes. (H) gRT-PCR data
showing GS expression in WT and p-catenin KO mice at the indicated ages.
Results are shown as mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001. (Scale
bars: 50 pm.)

HPCs, resulting in lower expression of Cre that is insufficient for
Cre-mediated depletion of the p-catenin gene. Therefore, the
undifferentiated HPCs proliferating in the B-catenin KO liver re-
main p-catenin (+). Elevated expression levels of p-catenin and
also of its downstream target gene, glutamine synthetase (GS),
following the increases in p21 and CCL2 were found in B-catenin
KO livers (Fig. 1E for protein; Fig. 1H for mRNA). In fact, the
concurrent presence of the senescent p-catenin (—) mature hepa-
tocytes and proliferating p-catenin (+) HPCs were well demon-
strated by immunofluorescence (IF) staining for B-catenin with
either Ki67 or p21 in the livers of f-catenin KO mice (SI Appendix,
Fig. S4). Taken together, these results supported the establishment
of a senescence-induced inflammatory niche in the p-catenin
KO mice, which predisposed the liver for subsequent expansion
of HPCs.

Expansion of HPCs Associates with Bile Ductular Reactions at the
Periportal Area in the Inflammatory Microenvironment. As men-
tioned above, the expression of p-catenin becomes an indicator
of undifferentiated HPCs proliferating in the f-catenin KO liver.
Therefore, with the aim of identifying any zonal pattern of the
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HPCs expanding in the inflammatory liver, the growth pattern of
p-catenin (+) HPCs was inspected in the liver tissues from f-catenin
KO mice at different ages by IF staining with the f-catenin
antibody.

The B-catenin (+) HPCs started to appear in 6- to 7-mo-old
mice around the periportal area (marked as CK19" bile ducts)
and gradually expanded toward the central vein until they replaced
almost the whole liver in 16- to 18-mo-old mice (Fig. 24). The
expansion of B-catenin (+) HPCs was associated with severe
ductular reactions (Fig. 24; increasing numbers of CK19-positive
cholangiocytes), suggesting the origin cells of the expanding HPCs
as bipotential ones for differentiation into either hepatocytes or
cholangiocytes.

The oval cells at portal area are well documented as origin
progenitor cells with the capability of bilineage differentiation,
which expand in the liver with chronic hepatitis when hepatocyte
proliferation is inhibited (17). An increase in OV-6" oval cells
was indeed identified in >8- to 10-mo-old f-catenin KO mouse
livers compared with 2- to 4-mo-old livers (SI Appendix, Fig. S5 A
and B), supporting the proliferation of oval cells in the in-
flammatory niche. The OV-6* oval cells were consistently de-
tected in close proximity of the expanding p-catenin (+) HPCs
and CK19* cholangiocytes in the portal area, in the liver of 8-10 mo
B-catenin KO mice (Fig. 2 B and C). Some OV-6" oval cells
were even positive for f-catenin staining, which are oval cells
possibly in transition to p-catenin (+) HPCs (Fig. 2D). These
results thus suggest the oval cells as potential origin cells for the
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Fig. 2. Expansion of HPCs is from the periportal area to the central region
and is associated with bile duct reactions in p-catenin KO mice. The liver
tissues obtained from p-catenin KO mice at different ages were processed for
IF staining with p-catenin and CK19 (A), CK19 and OV-6 (B), and p-catenin
and OV-6 (C and D) antibodies. P, portal area; C, central vein area. White
arrows in (D) indicate the cells coexpressing p-catenin and OV-6 proteins.
(Scale bars: 50 um for A; 20 pm for B-D.)
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expanding periportal HPCs and ductular cholangiocytes in this
animal model.

Immunostaining showed an enrichment of CD45" inflamma-
tory cells consistently associated in close proximity to the clusters
of senescent hepatocytes and p-catenin (+) HPCs (SI Appendix,
Fig. S6A4). Interestingly, different classes of inflammatory cells
were identified adjacent to the senescent hepatocytes or pro-
liferating HPCs. CD11b™ monocytes and CD3* T cells were
found close to the senescent hepatocytes but rarely around the
HPCs; the F4/80* macrophages, although distributed throughout
the liver lobules, were frequently identified in close contact with
the HPCs (SI Appendix, Fig. S6 B and C).

Overall, this p-catenin KO mouse model closely duplicates the
expansion of periportal HPCs in the senescence-associated hu-
man livers with chronic hepatitis.

Complement C1q Is Elevated in the Inflammatory Niche as a Candidate
Factor that Activates the p-Catenin Pathway in Periportal HPCs. With
the aim of identifying the genes/pathways that promote the pro-
liferation of HPCs in this inflammatory liver, we compared the
gene expression profiles in livers from control wild-type (WT) mice
and p-catenin KO mice at different ages using a microarray
analysis. The candidate factors previously reported to be involved
in regulating HPC proliferation, including IL-6, TWEAK, TGF-§,
HGF, FGF7, and Wnt ligands (9, 18, 19), did not show significant
changes. Instead, a prominent elevation in the expression levels of
complement component C1q (including subunits Clqa, Clgb, and
Clqc) was commonly identified in the livers of 10- and 18-mo-old
B-catenin KO mice by Biocarta, GeneMAPP, and KEGG analyses
(SI Appendix, Table S1 and Fig. 34). The elevated Clq expression
in the liver tissues of >9- to 10-mo-old p-catenin KO mice was
verified by qRT-PCR, Western blot analysis, and IHC staining
(Fig. 3 B-D). As documented, Clq consists of subunits Clqa,
Clgb, and Clqc and is produced by macrophages and dendritic
cells (20). Immunostaining of the liver tissues in >9- to 10-mo-old
pB-catenin KO mice revealed Clq expression in some inflammatory
cells, mainly the F4/80" macrophages rather than the CD11b* mono-
cytes around the proliferating p-catenin (+) HPCs (Fig. 3 E-G).

In addition to Clq’s function as the initiator for the classical
complement system (21), a recent study identified a novel
function of Clq in the activation of the canonical Wnt pathway
by binding to Frizzled receptors to activate Clr and Cls, which
cleaves the ectodomain of LRP6 to trigger the p-catenin pathway
(22). A positive signal for GS, a target gene for the p-catenin
pathway in liver, supports activation of the f-catenin pathway, a
major factor responsible for the proliferation and stemness of
progenitor cells (23), in the expanding periportal HPCs (Fig. 3H
and SI Appendix, Fig. S714). However, expression levels of the
classical Wnt ligands, including Wnt3, Wnt3a, Wnt2, Wnt9b,
Wntl, Wnt5a, Wntll, Wnt7a, Wnt7b, and Wnt10a, that could
activate the p-catenin pathway in HPCs, were not elevated in the
livers of 10- and 18-mo-old B-catenin KO mice (SI Appendix, Fig.
S7B). Instead, Clq and Clg-producing F4/80* macrophages
were enriched in the inflammatory microenvironment, including
those surrounding the GS™ HPCs (Fig. 31 and SI Appendix, Fig.
S6C). Thus, we performed IF staining with the phospho-LRP6
(S1490) Ab, which recognizes phosphorylated Ser in PPPSP
motifs (24), in liver tissues of 10-mo-old WT and f-catenin KO
mice. As an indicator of activation of the LRP6 mediated
B-catenin pathway (25), the WT control mice showed a positive
phospho-LRP6 (pLRP6) signal in hepatocytes only in the peri-
central area. In contrast, the cluster of f-catenin (+) HPCs at the
portal area in p-catenin KO mice showed a pLRP6 signal in
association with the Clq signals. These findings support LRP6-
mediated activation of the p-catenin pathway coupled with Clq
expression in the portal HPCs at the inflammatory microenvi-
ronment in p-catenin KO mice (SI Appendix, Fig. S8). Therefore,
we proposed that C1q might function as a candidate unorthodox
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Fig. 3. Complement C1q levels are elevated in the inflammatory niche and associated with activation of the p-catenin pathway in periportal HPCs. (A) Results
of the microarray analysis showing the levels of the C1ga, C1gb, and C1gc mRNAs in liver tissues collected from WT control and p-catenin KO mice at the
indicated ages. The levels were compared with the 2- to 3-mo-old WT livers, in which the level was set to 1. n = 3 to 6 per group. (B and C) qRT-PCR data
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(E) IF staining for C1q, F4/80, and CD11b in liver tissues of 10-mo-old p-catenin KO mice. White arrowheads indicate the colocalization of C1q and F4/80.
(F-I) Representative IF and IHC staining with indicated antibodies in 10- to 12-mo-old p-catenin KO liver tissues. (Scale bars: 50 um.)

factor from the inflammatory niche that activates the f-catenin
pathway in HPCs, thus maintaining their proliferation in the
B-catenin KO mouse livers.

Inhibition of C1q Suppressed the Expansion but Facilitated the
Differentiation of HPCs by Inhibiting Activity of the p-Catenin
Pathway. To test our hypothesis, we attempted to block Clq
activity using two Clq inhibitors, the 2J synthetic peptide (26)
and low molecular weight dextran sulfate (DXS) (27). We first
i.p. injected the 2J peptide into the 7-mo-old p-catenin KO
mice, the age around which the inflammatory niche forms. The
efficacy of this treatment was confirmed by a decrease in serum
complement C3a levels (Fig. 44). Interestingly, liver weight
was decreased by ~20% over the 2-mo treatment compared
with the untreated mice (Fig. 4B). The numbers of both the
B-catenin (+) and GS™ HPCs were also significantly decreased
in the livers of 2J peptide-treated p-catenin KO mice, as in-
dicated by IF staining (Fig. 4C) and Western blot analysis (Fig.
4D). A similar effect was observed on HPCs from f-catenin KO
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mice treated with another Clq inhibitor, DXS (SI Appendix,
Fig. S9 A-C). Thus, treatments with Clq inhibitors might re-
duce the proliferation of HPCs by inhibiting the activity of the
B-catenin pathway.

We then examined whether the p-catenin (+) HPCs undergo
terminal differentiation in response to the Clq inhibitor treatment,
which might elevate albumin-Cre expression to a level sufficient
for depleting p-catenin expression. The genomic DNA analysis
showed a significantly higher lox-P-mediated recombination effi-
ciency in both the 2J peptide- and DXS-treated p-catenin KO
livers compared with the untreated KO mouse livers (Fig. 4E for
the 2J peptide; SI Appendix, Fig. SOD for DXS). The results in-
dicate a role for Clq in maintaining the dedifferentiated state of
the expanded HPCs in p-catenin KO mice.

As a control experiment, the effect of DXS and 2J peptide on
the B-catenin pathway activity in the pericentral hepatocytes was
examined in the WT control mice by analyzing the expression of
GS protein. Neither the IHC or the Western blot analysis showed
any effect on GS from treatment with DXS and 2J peptide (Fig. 4

Ho et al.
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(7 mo) and after (9 mo) 2J peptide treatment, as determined by enzyme-linked immunosorbent assay. (B) Representative images of the gross view, liver weights
(Left) and liver-to-body weight ratios (Right) of 9-mo-old f-catenin KO mice with and without 2J peptide treatment. (C) Representative images of IF staining for the
indicated antibodies in continuous liver tissue sections collected from 9-mo-old p-catenin KO mice with and without 2J peptide treatment. Percentages of B-catenin
(+) and GS(+) areas were quantified and are shown in bar graphs to the right of the staining results. (D) Western blots showing the expression of p-catenin and GS in
liver tissues collected from 9-mo-old p-catenin KO mice with and without 2J peptide treatment. p-catenin and GS expression in the liver tissues from age-matched
WT control mice served as a positive control. (E) Genomic DNA was extracted from liver tissues collected from untreated and 2J peptide-treated p-catenin KO mice
and processed for qRT-PCR analysis using primer sets that differentiated the occurrence of Cre-loxP recombination to examine the percentage of cells in which
B-catenin was deleted in each liver tissue. The percentage observed in the livers of 2-mo-old -catenin KO mice was set to 100%. (F) Representative IHC staining for
GS in the liver tissues collected from 9-mo-old WT mice treated with PBS, DXS, or 2J peptide. (G) Western blot showing the expression of p-catenin and GS in the liver
tissues of WT mice treated with indicated inhibitors. (H) C3a levels in serum samples collected from WT mice after treatment with PBS, DXS, and 2J peptide. Results
are presented as mean + SD. N.S., not significant. *P < 0.05; **P < 0.01; ***P < 0.001. (Scale bars: 1 cm for B; 200 pm for C and F.)

F and G), although the efficacy was validated by a decrease in C3a  proliferation was also consistently identified in the 3- and 6-mo-old
(Fig. 4H). This indicates that targeting the unorthodox signal Clq ~ HBx-Tg/p-catenin KO mice (SI Appendix, Fig. S10 D and E).
in the inflammatory niche selectively blocked the p-catenin me- We attempted to examine the effects of the Clq inhibitors on
diated expansion of HPCs but spared its physiological functions liver tumors in p-catenin KO and HBx-Tg/p-catenin KO mice,
regulated by the orthodox Wnt signals in pericentral hepatocytes. ~ which contain either WT or the mutant p-catenin (clustering at
exon 3 as in human HCC) (28). Interestingly, a significant decrease
Liver Tumors Containing WT f-Catenin Are Responsive to C1q Inhibitor  in the Ki67 signal was observed in WT B-catenin—containing
Treatment. As shown in our previous study, HBx accelerates the  tumors but not in mutant p-catenin—containing tumors after
replacement event for HPCs and the subsequent carcinogenesis  treatment with the 2J peptide (Fig. 54), suggesting decreased
(12). In the HBx transgenic (HBx-Tg)/p-catenin KO mice, we  proliferation of the WT f-catenin—containing tumor cells. Mean-
found that the proliferation of HPCs was also predisposed by the  while, the inhibitor treatment significantly decreased the percent-
senescence of hepatocytes, with increases in hepatocytes positive  age of p-catenin (+) cells in the WT f-catenin—containing tumors
for SA-B-gal, p21, and p16 (SI Appendix, Fig. S104). Elevated C1q  but not in the mutant p-catenin—containing tumors, as supported
expression was also associated with the replacement event in this by the IHC staining and Western blot analysis results (Fig. 5 B and
animal model at an earlier age (~2 mo) (SI Appendix, Fig. S10 B C). Thus, the WT f-catenin—containing tumor cells might proceed
and C). The effect of the Clq inhibitors on suppression of HPC  toward terminal differentiation. Indeed, the albumin-Cre—driven
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recombination in the WT p-catenin—containing tumors was sig-
nificantly increased by the treatment (Fig. 5D). These results
demonstrate that the WT f-catenin—containing liver tumors
that developed in f-catenin KO or HBx-Tg/p-catenin KO mice
also responded to the Clq inhibitor treatment.

Increased C1q Expression in the Liver Tissues of Patients with Virus-
Induced Senescence-Associated Hepatitis. Finally, we examined this
novel mechanism identified in the B-catenin KO mice in human
specimens. We analyzed the expression of Clq in 146 pairs of
HCC tissues with differing viral etiologies, including HBV- and
HCV-related hepatitis, as well as in 9 hemangioma and 14 focal
nodular hyperplasia (FNH) specimens (which served as a normal
control). As revealed by qRT-PCR, Clq expression was elevated
in the nontumor portion of livers from patients with HBV- and
HCV-related HCC compared with the control normal livers from
patients with hemangioma and FNH (Fig. 64). This elevated Clq
expression in the nontumorous liver tissues of hepatitis patients
has been supported by data from the Gene Expression Omnibus
(GEO) database, including accession nos. GSE83148 (for HBV
hepatitis patients) and GSE14323 (for HCV hepatitis patients) (S/
Appendix, Fig. S11 A and B; P < 0.001).

A (B-cateninWT tumor)

This elevated Clq expression was further validated by IHC
staining. Abundant C1q* inflammatory cells, most likely mac-
rophages, were identified in the nontumor portion of the livers
from patients with HBV- and HCV-related HCC, but few such
cells were found in the normal liver tissues from patients with
hemangioma (Fig. 6B). Most of the Clqg-enriched hepatitis liver
also showed severe bile duct reactions at the periportal area,
suggesting the proliferation of HPCs (Fig. 6C).

We also examined the RNA levels of p21, a marker of cellular
senescence, in the nontumorous liver tissues of patients with
HBV- and HCV-related HCC by qRT-PCR. The results showed
a significant association between the RNA levels of Clq and p21
in both HBV- and HCV-infected patients (Fig. 6D), indicating
that Clq elevation is associated with senescence of hepatitic
livers. This association has also been validated by data from the
GEO database, including accession nos. GSE83148 (for HBV
hepatitis patients) and GSE14323 (for HCV hepatitis patients)
(SI Appendix, Fig. S11C; P < 0.001).

Finally, we examined the expression pattern of GS in liver
tumors from these HCC patients by IHC staining, and found
elevated GS expression in ~70% of these tumors. Approximately
40% of the GS™ HCCs developed in the Clq and bile duct
reaction-enriched liver contained the WT B-catenin (Fig. 6F).
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Fig. 5.

Liver tumors containing WT f-catenin are responsive to C1q inhibitor treatment. (A and B) Representative images of H&E and IHC staining for Ki67 (A)

and p-catenin (B) in WT and mutant p-catenin—containing liver tumors from p-catenin KO and HBx-Tg/p-catenin KO mice that were not treated or treated
with 2J peptide for 2 mo. Percentages of positive signals for Ki67 and p-catenin were quantified and are shown as bar graphs to the right of the images.
(C) Western blots showing the expression of p-catenin in WT and mutant p-catenin—containing liver tumors collected from untreated or 2J peptide-treated
tumor-bearing mice. p-catenin expression in the liver tissues of WT control mice served as a positive control. (D) Genomic DNA extracted from the liver
tissues collected from different groups of mice as indicated were processed for qRT-PCR analysis to evaluate the percentage of cells in which B-catenin was
deleted in each liver tissue. The percentage of p-catenin depletion in the liver tissues from 2-mo-old p-catenin KO mice was set to 100%. The p-catenin
mutations identified in the tumors were mutations or deletions at around exon 3 of the CTNNBT gene. Results are presented as mean + SD. N.S., not

significant. ***P < 0.001. (Scale bar: 50 um for A and B.)
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Fig. 6. Abundant Cig-expressing inflammatory cells are present in the
nontumor regions of liver tissues from patients with viral infection-related
HCC. (A) qRT-PCR of C1q in the nontumor and tumor liver tissues collected
from patients with HBV- and HCV-related HCC. The nontumor liver tissues
collected from patients with hemangioma or FNH were included as normal
liver controls. Results are presented as mean + SD. *P < 0.05; ***P < 0.001. (B
and C) Representative images of H&E and IHC staining for C1q (B) and CK19
(C) in the normal liver tissues and nontumorous liver tissues from patients
with HBV- and HCV-related HCC. (D) Association between the mRNA levels
of C1q and p21 in the nontumor liver tissues of patients with HBV- and HCV-
related HCC. (E) Representative images of the H&E and IHC staining for GS,
CK19, and C1q in the paired nontumorous (NT) and tumorous (T) liver tissues
collected from patients with HBV- and HCV-related HCC. (Scale bars: 50 um
for B and C; 100 pm for E.)

Taken together, these results support the idea that the mecha-
nism identified in the p-catenin KO mouse model might be
present in the human specimens as well.

Discussion

Chronic hepatitis causes the death of hepatocytes, followed by
active growth of residual cells in the inflammatory niche and
subsequent development of liver tumors. When hepatocyte
proliferation is blocked, as in the case of severe senescence-
associated hepatitis induced by hepatitis virus infection, small
cells with scant cytoplasm and oval-shaped nuclei (oval cells)
located in the canal of Hering proliferate at the periportal area.
This has long been considered the major source of compensatory
regeneration and subsequent liver tumors (29). Despite extensive
studies, the signal from the inflammatory niche required for
expansion of these HPCs has remained poorly characterized.
Our study demonstrates that the hepatic p-catenin KO mice is a
useful model for studying the underlying mechanism. Depletion
of the essential B-catenin leads the hepatocytes to senescence at
the end of their life span, which induces an inflammatory mi-
croenvironment for HPC regeneration from the periportal oval cells.
A recent study consistently showed a compensatory regeneration of
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hepatocytes from biliary cells when the hepatocyte proliferation is
impaired by p21 overexpression (30).

Based on the evidence obtained from different animal models,
various signals from the inflammatory niche have been shown to
be involved in the proliferation of progenitor cells in the liver,
including IL-6, TWEAK, and Wnt3a released from macrophages
and TGF-p, HGF, and FGF7 released from hepatic stellate cells
(31). Previous studies have suggested that HGF and IL-6 could
regulate the proliferation of progenitor cells through the PI3K/
AKT and STATS3 signaling pathway (32, 33) and that Wnt3a and
TGF-p signaling might activate the p-catenin pathway in HPCs
(31, 34). In addition, a group of diploid hepatocytes adjacent to
the central veins were recently shown to have self-renewing ac-
tivity, which is triggered by the Wnt ligands secreted from the
endothelial cells lining the central veins (3). Interestingly, our
microarray data do not show significant changes in the expres-
sion levels of these putative factors or the conventional Wnt li-
gands in the livers of aging f-catenin KO mice, but instead reveal
elevated expression levels of complement Clgq.

The complement system is an enzymatic cascade initiated by
the interaction of Clq with immune complexes to form a lytic
complex at the cell membrane, which kills and clears the targeted
cells (21). The effect is generally considered a host defense
mechanism for eliminating pathogen-infected cells. Interestingly,
the concentration of Clq in serum and its expression levels in
various tissues were found to be elevated during the aging pro-
cess, possibly as a mechanism to activate the B-catenin pathway
in aging cells (22). Our present study shows that this mechanism
works to regulate the expansion and dedifferentiation of HPCs in
the senescence-associated inflammatory liver. As Clq staining
was very low in nontumor tissues from patients with hepatic
hemangioma and FNH but quite prominent in these tissues from
patients with chronic hepatitis B and C patients, the macro-
phages producing high levels of Clq are not likely to be resi-
dential Kupffer cells, and may be influx circulatory monocytes/
macrophages attracted by the SASP factors released by the
senescent cells.

We further validated this mechanism in human specimens.
The number of Clg-secreting macrophages was significantly in-
creased in the nontumor region of liver tissues from patients with
HBV- and HCV-induced HCC, in which many hepatocytes un-
dergo senescence and trigger an associated inflammatory micro-
environment. The viral etiology for promoting the proliferation of
periportal HPCs might be triggered by the senescence of hepato-
cytes induced by viral infection, with previous microarray analyses
also showing higher C1lq expression levels in the livers of patients
with HBV- or HCV-induced hepatitis compared with normal liver
tissues (35, 36). Current antiviral therapies, such as direct-acting
antivirals for chronic hepatitis C and nucleotide analogs for
chronic hepatitis B, rapidly normalize serum aminotransferase
levels by reducing virus-induced inflammation and the associ-
ated HCC risk. Their efficacy may be related to the suppression
of Clg-mediated HPC proliferation suggested in our study, which
warrants further investigation.

Blockade of this unorthodox signal with Clq inhibitors sig-
nificantly decreased the proliferation of HPCs. Moreover, the
HPCs that already existed in the inflammatory environment might
have undergone terminal differentiation after discontinuation of
the B-catenin signaling pathway. Therefore, Clg-activated p-catenin
contributes to increased proliferation and dedifferentiation of
HPCs in the liver of patients with hepatitis. This mechanism is
apparently distinct from the effects of the orthodox Wnt signals on
the pericentral hepatocytes in the normal liver, which undergo
terminal differentiation soon after proliferation (3). Subsequent
studies of tumor development in this p-catenin KO mouse model
after long-term Clq inhibitor treatment will be interesting.

Of note, our study further indicates that not only the HPCs,
but also the liver tumors containing WT but not mutant p-catenin
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in either p-catenin KO or HBx-tg/B-catenin KO mice were re-
sponsive to the Clq inhibitor treatment. The number of p-catenin
(+) tumor cells in the liver tumors was significantly decreased,
from ~100% to ~30%, after 30 d of treatment. This decrease in
the number of p-catenin (+) tumor cells and associated increase in
Cre-mediated recombination events support the hypothesis that
the WT p-catenin—containing tumor cells might undergo terminal
differentiation in response to the inhibitor treatment, similar to
that of HPCs. As documented, the p-catenin pathway is active
in >70% of HBV-related HCCs, but in only ~20% of those con-
taining the mutant p-catenin (28). Although HCCs containing
mutant p-catenin are more frequent in HCV-related HCC,
mutation-independent activation of p-catenin remains in a signif-
icant proportion of HCCs, especially in HBV-related HCCs (37).
Our study suggests that most of the WT -catenin—containing liver
tumors in the p-catenin KO and HBx-tg/p-catenin KO mice might
develop in a Clg-dependent manner. Therefore, Clq could be a
candidate for activating the WT p-catenin in HCC and may be-
come a potential therapeutic target for such HCCs. Further
follow-up of the tumors developed in this p-catenin KO mouse
model after long-term Clq inhibitor treatment may help clarify
whether the progression of WT p-catenin—containing liver tu-
mors can be diminished by Clq inhibitor treatment.

In addition to the development of tankyrase inhibitors, such as
XAV939 and IWR-1, with the ability to accelerate the degra-
dation of p-catenin, several small molecules have been developed
to inhibit the B-catenin pathway by targeting multiple components
in this pathway (38). For example, LGK974 inhibits the secretion
of Wnt ligands by blocking the porcupine acyltransferase (39), and
ICG-001 and PRI-724 block the interaction of p-catenin with the
transcriptional coregulators CBP and TCF (40). However, none of
these compounds specifically inhibits the aberrant oncogenic ac-
tivation of the Wnt pathway. Therefore, they might also affect its
physiological function in normal cells and cause systemic side ef-
fects. In contrast, treatment with Clq inhibitors suppresses only
the Wnt pathway in HPCs in the inflammatory niche but spares the
normal ones in zone 3 functions, as shown in the WT control mice.
Our results thus highlight the advantage of this class of Wnt in-
hibitors that target Clq to suppress the pB-catenin pathway in
periportal HPCs specifically located in the inflammatory niche,
which inhibits their continuous proliferation and long-lasting
stemness. Therefore, this Clq mechanism provides a thera-
peutic target for future drug development to specifically block
inflammation-induced HPC proliferation and subsequent devel-
opment of HCC. In the present study, two complement inhibi-
tors, DXS and peptide 2J, worked well in our animal model
to block p-catenin activity in HPCs and could be candidates
for further drug development. In addition, there are several
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complement component inhibitors under development (41) that
can be tested in the future.

Materials and Methods

Detailed descriptions of the materials and methods used in this study,
including antibodies used, protein and RNA analyses, immunostaining,
senescence-associated SA-f-gal assay, microarray analysis, isolation of non-
parenchymal cells, flow cytometry analysis, complement C3a analysis, GEO)
dataset analysis, and statistical analysis, are provided in S/ Appendix.

Hepatocyte-Specific p-Catenin KO Mice and HBx Transgenic (Tg) Mice. All ani-
mal studies were conducted in accordance with the guidelines of the Association
for Assessment and Accreditation of Laboratory Animal Care and approved by
the Institutional Animal Care and Use Committee at the National Taiwan Uni-
versity College of Medicine. All the mice were bred and analyzed in a specific
pathogen-free facility. The transgenic mice with the hepatocyte-specific aloumin
promoter-driven Cre recombinase (Alb-Cre mice, C57BL/6) and the floxed
B-catenin (exons 2 to 6) (Ctnnb1™/* mice, C57BL/6) were obtained from The
Jackson Laboratory (stock nos. 003574 and 004152). The HBx-Tg mice were
generated by pronucleus microinjection of C57BL/6 fertilized eggs with a HBx
gene expression construct (in pAlb-In-pA-HS4 vector), with its expression driven
by the albumin promoter (42). The hepatocyte-specific HBx-Tg and p-catenin KO
mice were generated by crossing the hepatocyte specific p-catenin KO mice with
HBx-Tg mice. Breeding and genotyping were done as described previously (12).

Inhibitor Treatment. Low molecular weight DXS (D7037; Sigma-Aldrich) and 2J
peptide (synthesized by Mission Biotech) were delivered into the mice by i.v.
tail vein injection or i.p. injection twice weekly at concentrations of 30 mg/kg
and 2 mg/kg, respectively.

Clinical Specimens. Paired liver tissues from 9 hemangioma, 14 FNH, 111 HBV-
related HCC, and 35 HCV-related HCC patients collected in the Taiwan Liver
Cancer Network were included in this study. RNA extracted from the frozen tissues
was processed for qRT-PCR analysis, and liver tissue sections were processed for
the H&E and IHC staining. The Institutional Review Board of National
Taiwan University Hospital approved the use of these archived tissues.

Data Availability. All data discussed in the paper are included in the manu-
script and S/ Appendix.
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