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Progenitor (“oval”) cell expansion accompanies many forms of liver injury, including alcohol toxicity and
submassive parenchymal necrosis as well as experimental injury models featuring blocked hepatocyte repli-
cation. Oval cells can potentially become either hepatocytes or biliary epithelial cells and may be critical to
liver regeneration, particularly when hepatocyte replication is impaired. The regulation of oval cell prolif-
eration is incompletely understood. Herein we present evidence that a TNF family member called TWEAK
(TNF-like weak inducer of apoptosis) stimulates oval cell proliferation in mouse liver through its receptor
Fnl14. TWEAK has no effect on mature hepatocytes and thus appears to be selective for oval cells. Transgenic
mice overexpressing TWEAK in hepatocytes exhibit periportal oval cell hyperplasia. A similar phenotype was
obtained in adult wild-type mice, but not Fnl4-null mice, by administering TWEAK-expressing adenovirus.
Oval cell expansion induced by 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) was significantly reduced
in Fn14-null mice as well as in adult wild-type mice with a blocking anti-TWEAK mAb. Importantly, TWEAK
stimulated the proliferation of an oval cell culture model. Finally, we show increased Fn14 expression in
chronic hepatitis C and other human liver diseases relative to its expression in normal liver, which suggests a
role for the TWEAK/Fn14 pathway in human liver injury. We conclude that TWEAK has a selective mitogenic

effect for liver oval cells that distinguishes it from other previously described growth factors.

Introduction

Compensatory epithelial hyperplasia following liver injury
involves 1 of 3 different cellular compartments, depending on
the nature of the injury. With simple loss of hepatocyte mass,
the paradigm of which is partial hepatic resection, hepatocytes
within the remaining lobes proliferate. When the injury consists
of biliary obstruction, proliferation of the biliary epithelium is
prominent. Injury that both reduces hepatocyte mass and impairs
hepatocyte proliferation elicits the appearance of “oval” cells.
Oval cells arise from the portal area of the lobule, which is the
location of the putative hepatic stem cell. These cells are viewed as
a progenitor cell type because of their known ability to differenti-
ate into either hepatocytes or biliary epithelial cells (BECs) (1).
With the development of improved techniques for detecting oval
cells in liver sections, it has become apparent that the oval cell
compartment participates in a range of injuries to human liver
(2) and may be critical to the survival of patients with acute liver
failure (3, 4). There are many rodent models for oval cell prolif-
eration. A commonly used model involves treating rats with the
carcinogen 2-acetylaminofluorene (2-AAF) followed by a growth
stimulus in the form of partial hepatectomy (AAF/PH) or carbon

Nonstandard abbreviations used: AAF, acetylaminofluorene; AAT, a1 antitrypsin;
ALT, alanine aminotransferase; BEC, biliary epithelial cell; DDC, 3,5-diethoxycar-
bonyl-1,4-dihydrocollidine; HCC, hepatocellular carcinoma; NASH, nonalcoholic
steatohepatitis; NRC-1, normal rat cholangiocyte-1; Ntg, nontransgenic; PCNA,
proliferating cell nuclear antigen; PH, partial hepatectomy; TWEAK, TNF-like weak
inducer of apoptosis.
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tetrachloride (AAF/CCl4). This results in impressive growth of a
population of small ovoid cells with a large ratio of nucleus to
cytoplasm (5-7). These oval cells express phenotypic markers of
both immature hepatocytes and BECs, such as a-fetoprotein and
cytokeratins 8 and 18 respectively (7-9).

Hepatic regeneration after PH is a multistep process involving
numerous cytokines and growth factors. HGF, EGF, and TGF-a
are viewed as primary stimuli but require that hepatocytes be
primed by other soluble factors, including TNF and IL-6 (1, 10).
Some of the same factors have been implicated in oval cell pro-
liferation (1, 9, 11-15). However, their effects are not specific
for oval cells, which raises the question of whether they are both
necessary and sufficient.

TNF-like weak inducer of apoptosis (TWEAK) (16) is a member
of the TNF-o family of growth regulators that has weak apoptotic
activity for certain human tumor cell lines (17). Its mRNA is broad-
ly expressed in normal tissues, including the liver. Studies using an
array of cell types have indicated that its putative actions are broad
and include regulation of cell survival, proliferation and migration,
and induction of proinflammatory cytokines and chemokines (18).
ATWEAK receptor known as Fn14, a member of the TNF receptor
family, has been identified (19, 20). Its expression is restricted to epi-
thelial and mesenchymal cell types. In the liver of the growing new-
born, Fn14is highly expressed (21). It is minimally expressed in the
adult except during injury and repair, such as following PH in mice
and hepatocellular carcinoma (HCC) in mice and humans (20). In
the course of studies exploring the biological role of TWEAK, we
prepared a transgenic mouse expressing the gene under control of
the al antitrypsin (AAT) promoter, which is primarily expressed in
the liver (22). The livers in these mice exhibited a striking periportal
Number 9
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Figure 1

TWEAK transgene is expressed primarily in the livers of 2 independent transgenic lines. (A) AAT promoter directs expression of TWEAK
transgene to the liver and at low levels to the kidney. Quantitative PCR using transgene-specific primers was done with cDNA pooled from 3
adult transgenic animals. Data was normalized to the levels of the GAPDH gene. (B) Time course of TWEAK and (C) Fn14 mRNA expression
in TWEAK-Tg vs. Ntg mice was measured by quantitative PCR. Each time point represents the combined RNA from 3 different animals. (D)
TWEAK protein expression in 2 independent transgenic founder lines as compared with that in a control littermate. TWEAK protein was detected

by staining frozen liver sections with a hamster anti-TWEAK mAb.

outgrowth of oval cells but otherwise appeared healthy. The find-
ings were confirmed by transiently overexpressing TWEAK in the
adult mouse liver and by chemically inducing oval cell prolifera-
tion in the mouse. In the latter model, anti-TWEAK mAb blocked
oval cell expansion. TWEAK overexpression in these models had
no detectable effect on hepatocyte proliferation. Moreover, the
TWEAK receptor, Fnl4, was present on ductal structures and oval
cells. In addition, TWEAK was shown to be mitogenic in an oval
cell culture model. We concluded that TWEAK initiates prolifera-
tion of oval cells and is specific to this population. The potential
relevance to human liver disease is supported by additional data
demonstrating increased Fnl4 expression on bile ducts and duct-
like structures in human cirrhotic liver.

Results

TWEAK transgenic mice. Transgenic mice carrying full-length
murine TWEAK cDNA under the murine AAT promoter
(TWEAK-Tg) were prepared. Two lines were developed. TWEAK
transgene expression was predominantly hepatic, but low levels
were also detected in the kidney by quantitative PCR (Figure 1A).
The developmental expression of TWEAK and Fn14 was also
analyzed by quantitative PCR. In nontransgenic (Ntg) mice,
TWEAK expression was very low at all tested times. In contrast,
in TWEAK-Tg mice, TWEAK was detectable at low levels as early
as E15.5, and its expression continuously increased, reaching
high levels in the adult (Figure 1B). In both TWEAK-Tg and Ntg
animals, Fn14 expression only reached significant levels begin-
ning at birth: it remained relatively high in adult and older trans-
genic mice but decreased in the age-matched Ntg mice, which
suggests that it is subject to ligand regulation (Figure 1C).

The Journal of Clinical Investigation

htep://www.jci.org

One founder line strongly expressed TWEAK protein in the liver
in hepatocytes and focally and weakly in the kidney (Figure 1D);
the protein was not detected in other organs. The second found-
er line exhibited a weaker expression of TWEAK protein in the
liver. Circulating TWEAK protein at levels of 8-25 ng/ml was
detected only in the high-expressing line.

Transgenic TWEAK overexpression results in oval cell proliferation. An
increased number of oval cells, defined as small cells with an oval
nucleus and scant cytoplasm, spreading from the periportal region
was observed in TWEAK-Tg mice as compared with Ntg mice. This
phenotype was observed as early as 2 weeks of age (data not shown).
By 8 weeks and thereafter to 5-8 months, TWEAK-Tg livers exhib-
ited a relatively high number of cells organized either in single file
or in duct-like structures in the periportal region and extending
into the liver lobule. (Figure 2, C and D). The majority of the duct-
like structures were irregularly shaped with a poorly defined lumen.
The livers of Ntg littermates were normal, each portal tract having
1 or 2 well-formed bile ducts (Figure 2, A and B).

We used immunohistochemical staining of serial sections to fur-
ther characterize the proliferating cells. As in previously published
work, A6 antigen (23, 24) and the hematopoietic marker CD34
(25) were expressed by both proliferating oval cells and normal
BECs (26). In control mice, A6 and CD34 coexpression was detect-
able only in bile ducts (Figure 2, E-G), with CD34 being present
also in the portal vein endothelium (data not shown). In contrast,
TWEAK-Tg livers exhibited an increased number of periportal A6-
and CD34-expressing cells (Figure 2, H and I), with some cells dis-
playing both markers (Figure 2J). The data indicate that TWEAK-Tg
mice have increased numbers of oval cells based on their morphol-
ogy, location, and marker expression. The immaturity of the cells
Volume 115 2331
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Figure 2

TWEAK overexpression promotes oval cell hyperplasia. (A-D) H&E staining of 8-
to 10-week-old (A and B) Ntg or (C and D) TWEAK-Tg livers. Magnification, x320
(A and C); x500 (B and D). (E-G) A6 (red) and CD34 (green) expression in Ntg
livers. (E) A6 expression on bile duct epithelium. (F) CD34 expression on bile duct
epithelium. (G) Coexpression of A6 and CD34. (H-J) TWEAK-Tg livers showing
increased expression of (H) A6 and (I) CD34 in oval cells and bile ducts and (J)
increased coexpression of A6 and CD34. Original magnification, x200 (E—J).

is inferred from the fact that most are not organized as ductular
structures; however, the latter were also present, suggesting that a
range of maturation states may be present.

TWEAK is proapoptotic in some settings, which raises the pos-
sibility that the observed proliferation of oval cells was secondary
to hepatocyte death. To test this, we examined proliferation and
apoptosis in TWEAK-Tg relative to Ntg livers. Only periportal oval
cells and BECs exhibited significantly increased proliferation in
TWEAK-Tg relative to that in Ntg mice (Figure 3A) while hepato-
cyte proliferation was similar in both (Figure 3B). The increased
proliferation of oval cells in the TWEAK-Tg mice was evident as
early as 2 weeks of age and persisted thereafter although it decreased
somewhat with age. Cell death was examined with TUNEL stain-
ing (Figure 3, C and D). At 2 weeks and 8 weeks, when oval cell
proliferation was most evident, there was no difference in hepato-
cyte apoptosis between the TWEAK-Tg and Ntg mice (Figure 3D).
At 7 months, the TWEAK-Tg liver showed an increase in apoptotic
hepatocytes relative to a very low rate of apoptosis in age-matched
controls. The significance of this finding is uncertain. Interestingly,
at early time points, oval cell apoptosis was increased (Figure 3C),
suggesting that increased proliferation in TWEAK-Tg mice is
accompanied by a detectable increase in cell turnover. Finally,
2332
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TWEAK-Tg mice had normal serum transaminases
and no detectable inflammation or bile deposits (data
not shown). Taken together, the data indicate that the
proliferative phenotype is not due to an impaired hepa-
tocyte response to injury.

Fn14 expression is associated with BECs and periportal
cells. If oval cells respond directly to TWEAK, they pre-
sumably express the TWEAK receptor, Fnl4. This was
examined by in situ hybridization with both embryo
and adult livers. At E18.5 both transgenic (Figure 4E)
and control mice (Figure 4A) expressed similar levels of
Fn14 mRNA in the ductal plate cell layers surround-
ing the portal mesenchyme from which bile ductules
emerge (27). Low levels of Fn14 were also uniformly
expressed in the parenchyma. Fn14 expression peaked
in newborn mice, being slightly increased in TWEAK-Tg
mice (Figure 4F) relative to Ntg litctermates (Figure 4B)
and was also expressed in BCEs and surrounding peri-
portal cells (Figure 4, B and F), with scattered and gen-
erally lower expression in the parenchyma. In the adult
livers of both transgenic and control mice, Fn14 expres-
sion was sharply diminished. In Ntg adult mice, it was
detectable mostly in BECs, in a few periportal cells, and
atavery lowlevel in the parenchyma (Figure 4, C and D).
In contrast, in adult TWEAK-Tg liver, Fn14 expression
was strikingly elevated in the region of oval cell hyper-
plasia (Figure 3, G and H).

Role of TWEAK in adult mice. As shown in Figure 1B,
TWEAK transgene mRNA expression is driven by the
AAT promoter, is detectable as early as day 15 of fetal
development, and, as previously reported, increases rap-
idly through day 18 (28). This raises the possibility that
TWEAK exerts its effects mainly in utero rather than in
the adult. This was explored in 2 different models. First
we transiently overexpressed TWEAK in normal adult
mouse liver using an adenoviral vector (Ad-TWEAK).
Control mice received an equivalent number of viral
particles containing GFP and lacking TWEAK cDNA
(Ad-control), and transduction was confirmed by GFP expression
in the liver (data not shown). Seven days after Ad-TWEAK adminis-
tration, the liver exhibited a remarkable proliferation of oval cells,
some of which were organized in duct-like structures (Figure SA).
The identity of the cells was determined both by morphological
criteria and by the coexpression of A6 and CD34 markers (Figure 5,
B and C). Mice receiving the control adenovirus showed a minimal
amount of ductal proliferation (Figure 5, D-F).

Adenoviruses caused a mild inflammatory response and limited
hepatocyte damage that peaked by day 7. Since TWEAK was report-
ed to induce apoptosis in some systems (29-32), we wished to rule
out the possibility that TWEAK and an adenoviral vector could act
synergistically to enhance hepatocyte damage and thus stimulate
oval cell proliferation. Therefore, we assessed serum alanine amino-
transferase (ALT) levels and apoptosis in the liver both prior to and
at the peak of the inflammatory response. We found normal ALT
values and very few apoptotic hepatocytes in both Ad-TWEAK- and
Ad-control-treated mice prior to day 7 (Figure 5, G and H).

The second model we used to test the role of TWEAK in adult
mice was a liver injury model in which oval cell proliferation was
induced chemically by 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) feeding. First we asked whether the TWEAK pathway is
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expressed in this model. Seven days after the start of DDC feeding,
we found that Fn14 expression was markedly upregulated in the
reactive portal area (Figure 6B) in contrast to Fnl4 expression in
control mice (Figure 6A), supporting the possibility that TWEAK
pathways play a role in the regulation of these cells. The scattered
and low expression of Fnl4 in the lobule was similar in DDC-
treated and control mice. Expression of TWEAK itself in control
mice was present across the lobule, possibly in resident stellate

A B

Figure 4

Increased Fn14 mRNA expres-
sion in the hyperplastic regions
of adult TWEAK-Tg relative to
Ntg livers. Fn14 mRNA expres-
sion was detected by in situ
hybridization using a murine
Fn14 riboprobe template. (A-D)
Ntg liver in (A) E18.5 embryo,
(B) newborn, and (C) 8-week-
old mouse. Darkfield (top) and
brightfield (bottom) views are
shown. Magnification, x250. (D)
Ntg 8-week-old liver. Magnifica-
tion, x640. (E-H) TWEAK-Tg
liver in (E) E18.5 embryo, (F)
newborn, and (G) 8-week-old
mouse. Darkfield (top) and
brightfield (bottom) views are
shown. Magnification, x250. (H)
TWEAK-Tg 8-week-old liver.
Magnification, x640.
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and Kupffer cells (Figure 6C). In comparison, in DDC-fed mice,
TWEAK was strikingly elevated in reactive portal areas; it appeared
also to be slightly higher in the parenchyma (Figure 6D). When
DDC-fed mice were treated with a blocking anti-TWEAK mAb, the
proliferation of A6-positive oval cells was significantly inhibited
(Figure 7, D and E) relative to that in untreated DDC-fed mice and
control IgG-treated DDC-fed mice (Figure 7, B and C). Control Ig
had no effect on the DDC-induced progenitor cell proliferation

C
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Ad-TWEAK administration in adult mice induces oval cell and biliary duct hyperplasia in the
absence of significant liver damage. Mice were dosed with either Ad-TWEAK or Ad-control,
as described in Methods, and livers were obtained 3 or 7 days later for TUNEL staining
or 7 days later for H&E, A6, and CD34 staining. Serial frozen sections were stained with
A6 or CD34 in order to assess marker coexpression. (A—C) Ad-TWEAK treated mice. (A)
H&E staining showing a marked oval cell and ductal hyperplasia. (B) Extensive A6 and
(C) CD34 coexpression on oval cells and duct-like cells and on BECs. (D-F) Ad-control—
treated mice. (D) H&E staining showing an inflammatory response induced by Ad-control
vector. (E) A6 and (F) CD34 coexpressed on bile ducts in the portal tract region and CD34
additionally expressed on vessels. Magnification, x200. (G) Serum ALT measured in 1U/I
3 days after adenoviral administration, showing no signs of liver damage. (H) TUNEL stain-
ing at days 3 and 7 after Ad-control or Ad-TWEAK administration. Magnification, x400.

compared with the untreated DDC-fed mice (Figure 7, B and C).
We conclude from these 2 models that TWEAK causes prolifera-
tion with selectivity for oval cells in adult mice.

TWEAK-induced oval cell proliferation is Fnl4 dependent. Accumu-
lating evidence suggests that Fnl4 is the receptor for TWEAK,
although some studies have opened the possibility of additional
receptors (18). In order to examine the role of Fn14 in mediating the
mitogenic effect of TWEAK, we recently generated Fnl4-null mice
(Fn14-KO), which were fertile and viable with no gross or histologi-
cal abnormality. For this purpose, the 2 animal models described
above were utilized in the Fn14-KO mice. As described above and
shown by A6 staining in Figure 5B, Ad-TWEAK caused a prominent
oval cell and ductal hyperplasia in the wild-type mice (Figure 8A)
relative to Ad-control-treated wild-type mice, which showed no sig-
nificant proliferation (Figure 8C). However, Fn14-KO mice adminis-
tered Ad-TWEAK exhibited no hyperplastic phenotype (Figure 8B),
and their livers appeared histologically similar to those of Ad-con-
trol-treated wild-type or Fn14-KO mice (Figure 8, C-E), indicating
that the mitogenic effect of TWEAK on oval cells in the liver is exclu-
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sively Fn14 dependent. Thus, the numbers of A6-
positive cells in the Fn14-KO mice treated with
Ad-TWEAK were low and comparable to those
in either wild-type or Fn14-KO mice treated
with Ad-control, as quantified by MetaMorph
software (Figure 9E). We wished to test wheth-
er Fn14 also mediates oval cell proliferation in
the physiological model of DDC feeding. As
described above, DDC-fed wild-type mice exhib-
ited marked oval cell proliferation (Figure 9B)
relative to wild-type mice fed a regular diet
(Figure 9A). DDC-fed Fn14-KO mice exhibited
40% less oval cell proliferation than DDC-fed
wild-type mice (Figure 9, D and E). This reduc-
tion in oval cell proliferation was similar to the
effect obtained with pharmacological blocking.
There was no significant difference between
the wild-type and Fn14-KO mice maintained
on a regular diet, either histologically or in the
amount of A6 expression (Figure 9, A and C).
These data provide independent evidence for the
role of the TWEAK/Fn14 pathway in the induc-
tion of oval cell proliferation.

TWEAK is mitogenic for normal rat cholangiocyte—1
cells. As a direct test of the mitogenic effect of
TWEAK on bile duct-derived epithelial cells,
this factor was added to the medium of normal
rat cholangiocyte-1 (NRC-1) cells. The NRC-1
cell line expresses ¢ integrin and thus repre-
sents reactive BECs or mature oval cells (data
not shown). The cultures were placed in serum-
free medium for 24 hours, at which point they
were growth-arrested. TWEAK was added and
the response assessed by incorporation of BrdU
into the nucleus. TWEAK stimulated DNA
synthesis in a dose-dependent fashion. At the
optimal concentration (100 ng/ml), 40% of the
culture was BrdU-positive (Figure 10).

Fnl14 is expressed in BECs and duct-like structures
in buman liver disease. Extending the results in
mice to human liver disease, we asked whether
Fn14 was expressed in diseases involving progenitor cell prolifera-
tion, such as chronic viral hepatitis, alcoholic liver disease, and
nonalcoholic fatty liver disease (3, 33). In normal liver, we found
that Fn14 is expressed in bile ducts and in some smooth muscle
cells surrounding them (Figure 11A). Interestingly, increased Fn14
expression was detected in nonalcoholic steatohepatitis (NASH),
alcoholic liver disease, and HCV with HCC (Figure 11, B-D), in
which Fn14 was found in the abundant duct-like structures and
in bile ducts. In some sections, Fn14 also appeared to be expressed
in the fibrotic regions, possibly representing trapped ductal struc-
tures and smooth muscle cells.

Discussion
This report shows that TWEAK selectively stimulates prolifera-
tion of a hepatic progenitor cell population known as oval cells
both when overexpressed in transgenic mice and when transiently
expressed in adult mice. This mitogenic effect of TWEAK is medi-
ated exclusively through Fn14. In addition, the physiological role
of TWEAK as a novel stimulator of oval cell proliferation is demon-
Volume 115
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Figure 6

Fn14 and TWEAK are upregulated in the reactive portal area (includ-
ing oval cells and bile ducts) in the DDC-fed mice but not in control
mice fed regular diet with no DDC. Fn14 expression was detected by
in situ hybridization. Dark- and brightfield pictures of the same field are
displayed in (A) a control mouse on regular diet and (B) a DDC-fed
mice on day 7. TWEAK expression in (C) control mouse on regular diet
and (D) DDC-fed mouse on day 7. Magnification, x250.

strated in the DDC liver injury model, which features progenitor cell
expansion. Since existing models of oval cell proliferation appear
to require blockade of hepatocellular proliferation, we examined
TWEAK-Tg mice for the presence of this condition and found no
evidence for hepatic damage. In addition, we found that TWEAK
pathway blockade had no effect on the regenerative response to PH
(A. Jakubowski and D.M. Bissell, unpublished observations). Previ-
ous studies have provided evidence that HGF, TGF-a, EGF, FGF,
TNF-a, IL-6, and leukemia-inhibitory growth factor (LIF) modulate
oval cell proliferation in the context of injury (34) (12, 15, 35-37).
However, these growth factors also modulate hepatocyte prolifera-
tion in response to injury (10, 38, 39). In contrast, TWEAK appears
to be selective for oval cells, with no detectable mitogenic effect on
hepatocytes, and represents the first such factor described.

The hyperplastic phenotype observed in the livers of both
TWEAK-Tg mice and Ad-TWEAK-treated mice resembles that
found in mice fed with choline-deficient, ethionine-containing
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(CDE) diet as well as in the AAF/PH model of oval cell prolifera-
tion (7, 8, 40). In the CDE model, individual OV-6- and a-fetopro-
tein-positive periportal oval cells appear early, then differentiate
into duct-like structures and later into hepatocytes (40). Simi-
larly, individual unorganized oval cells were observed in 2-week-
old TWEAK-Tg mice; these preceded the appearance of duct-like
structures, found in adult 8-week-old mice, which suggests that
these cells represent a less mature differentiation stage. As pre-
viously reported, progenitor cells expressed both A6 and CD34
markers (25). Some progenitor cells expressed CD34 but not
A6, which suggests that they represent a less mature population
(26, 41). Thus, it is likely that the observed oval cells represent var-
ious maturation stages, up to definitive BECs. However, A6 and
CD34 markers are also expressed on mature BECs, and therefore
we cannot rule out the possibility that some of the proliferating
cells were BECs. Whether or not the TWEAK-elicited cells mature
into hepatocytes, as do carcinogen-induced oval cells (7, 42), will
be the focus of a future study. It will be important to determine
whether TWEAK acts solely to expand the progenitor population
or is also a differentiating factor for the biliary pathway. Interest-
ingly, we observed no progression of the hyperplastic phenotype
leading to oval cell accumulation in older animals nor increased
liver mass. Instead, oval and ductal cells, but not hepatocyrtes,
had a higher turnover in TWEAK-Tg mice compared with control
mice, suggesting that TWEAK may contribute mainly to initiat-
ing progenitor cell expansion.

Fn14 is expressed on the ductal plate in the embryonic liver and
on the biliary duct epithelium and a few periductal cells in the adult
normal liver; such cells may include the hepatic stem cells that pre-
sumably reside in or near the canals of Hering. These findings fur-
ther support the conclusion that TWEAK directly delivers growth
signals to progenitor cells and BECs in vivo. It has been reported
that hepatic stellate cells proliferate in close proximity to oval cells,
elaborating growth factors that are mitogenic for oval cells (43).
The participation of stellate cells in the induction of the hyperplas-
tic phenotype cannot be excluded since they may also express Fn14
(D.M. Bissell, unpublished observations). However, this is less likely
since the number of periportal cells with smooth muscle actin was
unchanged in TWEAK-Tg mice, indicating an absence of activated
stellate cells (data not shown). The role of TWEAK in driving oval
cell proliferation was demonstrated also in the DDC chemical inju-
ry model for oval cell expansion, in which blocking anti-TWEAK
mADb resulted in 35% inhibition of oval cell proliferation. A simi-
lar level of inhibition was also obtained in the DDC-fed Fn14-KO
mice, thus supporting the conclusions obtained with the pharma-
cological inhibition: that the TWEAK/Fn14 pathway plays a role
in stimulating oval cell proliferation. Since TWEAK blockade as
well as the Fn14 deficiency did not result in complete inhibition of
oval cell proliferation, other pathways appear to be involved in this
function. We found that Fn14 mRNA was upregulated in oval cells
and BECs in the reactive portal area of DDC-fed mice. The source
of endogenous TWEAK in this model is speculative, but most likely
the source is Kupffer cells or infiltrating macrophages, as suggested
by TWEAK mRNA expression in monocyte/macrophage cell popu-
lations (17, 18). Although Fn14 was also weakly expressed on scat-
tered hepatocytes, we found no evidence that TWEAK produced in
the portal zone has any effect on lobular hepatocytes.

Recently, Polek et al. (44) examined the differentiating effect
of TWEAK on a murine monocyte/macrophage cell line that
does not display Fn14. Under the influence of TWEAK, the cells
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acquired the features of osteoclasts, which suggests the possibil-
ity of an additional TWEAK receptor. The nature of this putative
receptor and its tissue distribution remain to be determined. In
the liver, the mitogenic effect of TWEAK appears to be mediated
solely by the known TWEAK receptor, Fn14.

The classical models of oval cell proliferation involve admin-
istration of carcinogens (7, 42). In general, these compounds
block hepatocyte proliferation, and studies have shown that
neoplasia in these models does not arise by dedifferentiation
of mature hepatocytes. Thus, it is thought that cancer arises
out of transformed oval cells (3, 7, 42, 45, 46). Also, oval cells
have been identified in human liver diseases associated with a
high incidence of HCC or cholangiocarcinoma (such as chronic
viral and alcoholic hepatitis, NASH, and sclerosing cholangitis)
(43, 47, 48). Our studies show that expression of the TWEAK
receptor, Fnl4, increases in some of these same diseases. On the
other hand, we monitored our TWEAK-Tg mice for almost 1 year
and found no indications of uncontrolled cell growth or frank
neoplasia. Rather, the oval cell population reaches a plateau in
which hyperplasia appears to be balanced by apoptosis.

In summary, our study reveals a novel role for TWEAK: initia-
tion of oval cell proliferation, most likely by directly signaling to
these Fnl4 receptor-bearing cells. Unlike other growth factors

Figure 8

Mitogenic effect of TWEAK on oval cells is Fn14 dependent. Fn14-KO or
wild-type mice were dosed with Ad-TWEAK or Ad-control as described in
Methods, and frozen livers were obtained 7 days later and stained for A6
expression. The amount of positive staining was then quantitated using
MetaMorph software. Ad-TWEAK—treated (A) wild-type mice and (B)
Fn14-KO mice. Ad-control-treated (C) wild-type mice and (D) Fn14-KO
mice. Magnification, x100. (E) Quantitation of A6 staining using Meta-
Morph software. *P < 0.02 by 2-tailed Student’s t test.
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Figure 7

TWEAK pathway blockade in DDC-fed mice inhibits the proliferation of
AB-expressing oval cells. DDC-fed mice were dosed with either hamster
anti-TWEAK mAb, hamster control mAb, or PBS and sacrificed 7 days
later. Frozen liver sections were stained for A6 expression. The amount
of positive staining was then quantitated using MetaMorph software. (A)
Mouse fed regular diet with no DDC. (B) DDC-fed mouse. (C) Control
Ig-treated DDC-fed mouse. (D) Hamster anti-TWEAK mAb-treated
DDC-fed mouse. Magnification, x200. (E) Quantitation of A6 staining
using MetaMorph software. *P < 0.05 by 2-tailed Student’s t test.

and cytokines that play a role in both oval cell and hepatocyte
growth, TWEAK appears to have a selective effect on oval cells.
The ability to block oval cell expansion in the DDC model by
inhibiting the TWEAK pathway demonstrates that this induc-
ible pathway is an important stimulator of hepatic stem cell
responses during liver injury. Moreover, since TWEAK binds to
many progenitor cells of the mesenchymal lineage, including
human muscle satellite cells, preadipocytes, and chondrocytes
(T. Zheng, unpublished observations), it is possible that TWEAK
may be a regulator of organ progenitor cells in multiple organ
systems. Its potential role in chronic human liver diseases in
which progenitor cell activation is featured is suggested by the
increased expression of Fnl4 on the abundant duct-like struc-
tures present in alcoholic cirrhosis and viral hepatitis.

Methods

Generation of TWEAK-Tg mice. The murine transgenic construct was generat-
ed so that it contained an apoE enhancer-human AAT promoter, the full-
length murine TWEAK coding sequence (aa 1-249), and the SV40 polyA
addition site. The plasmid containing the enhancer/promoter region was
a generous gift from K.P. Ponder (Washington University School of Medi-
cine, St. Louis, Missouri, USA). An EcoRV + BglII + Scal fragment was used
for microinjection. The full-length murine TWEAK sequence is recorded
in GenBank (accession no. AF030100). Full-length TWEAK-Tg C57BL/6 x
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DBA/2 F1 mice were generated by M. Baetscher (Oregon Health Sciences
University) using standard procedures. Mice were genotyped by PCR of
genomic tail DNA for a 246-bp transgene-specific product. TWEAK-Tg
mice were maintained by backcrossing to the CS7BL/6 strain.

Generation of Fnl14-KO mice. Fn14-KO mice were generated using a
standard approach. Briefly, a 10-kb Kpn1 genomic DNA fragment con-
taining the full murine Fn14 gene was isolated, and a targeting vector
was designed to delete the first 2 exons, which contained the entire
extracellular ligand-binding domain of Fn14. The target vector was
transfected into the J1 129 ES cell line and selected with G418. ES cell
clones were screened for homologous recombination using Southern
blot, and the correct clones were injected into C57BL/6 blastocysts to
generate chimeras. Mice heterozygous for targeted Fnl4 alleles were
obtained through further breeding and identified using Southern blot
or PCR. The null mutation was confirmed by both Northern blot and
RT-PCR (data not shown). Mice were bred to homozygosity on the 129
background. The Fnl4 mutation was backcrossed 5 times onto the
CS57BL/6 background, and wild-type and KO mice were intercrossed to
generate cohorts for experiments.

TWEAK ELISA. Circulating TWEAK was detected in mouse serum by
solid-phase ELISA using anti-TWEAK mAbs that have been previously
described (49, 50). The BC.B10 mAb was coated onto 96-well microtiter
plates and kept overnight at 4°C. Plates were then washed and blocked
with PBS containing 1% BSA, after which serum or the murine version
of the previously described recombinant soluble TWEAK (49) standard
dilutions were added and incubated for 1 hour at room temperature.
Plates were washed and TWEAK detected by a 1:1 premixture of bioti-
nylated anti-TWEAK mAb AB.D3 and streptavidin-alkaline phosphatase
(Jackson ImmunoResearch Laboratories Inc.) incubated for 1 hour at
room temperature followed by the addition of 4-nitrophenylphosphat
substrate (PNPP; Boehringer Mannheim).

Adenovirus preparations. The first generation adenoviral vector (E1, E3
deleted, serotype S) expressing soluble murine TWEAK was created via
standard methods in 293 cells (51, 52). Purification was done by dou-

ble-cesium chloride density equilibrium gradient centrifugation and
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Figure 9

DDC-fed Fn14-KO mice have reduced proliferation of A6-expressing oval
cells. Fn14-KO mice or age-matched control littermates were fed with
the DDC diet or with regular chow. Mice were sacrificed 14 days later,
and frozen liver sections were stained for A6 expression, which was then
quantified using MetaMorph software. Wild-type mice fed (A) regular diet
or (B) DDC-containing diet. Fn14-KO mice fed (C) regular diet or (D)
DDC-containing diet. Magnification, x200. (E) Quantitation of A6 staining
using MetaMorph software. *P < 0.02 by 2-tailed Student’s t test.

the vector stored at -80°C (10 mM TrisHCI, 1 mM MgCl2, 10% glycerol
vol/vol, pH 8.0). Expression of murine TWEAK from this vector was veri-
fied using an ELISA assay both in vitro with A549 cells (ATCC) and in
vivo with mice given the vector intravenously. A comparable adenoviral
construct expressing GFP was used as a control.

Adenoviral delivery studies. CS7BL/6 female mice of 6-8 weeks purchased
from Taconic Farms were used in the adenoviral delivery experiments.
In some of the studies, Fn14-KO females or age-matched littermates of
8-10 weeks were used.

A total adenoviral vector dose of 10!! viral particles was used in both
control and experimental mice in order to insure a good transduction
efficiency. Thus, control mice were dosed with 10!! control particles (Ad-
control), while experimental mice were dosed with a mixture of 0.05 x 10!
TWEAK-expressing particles (Ad-TWEAK) and 0.95 x 10!! Ad-control
particles, thus maintaining a constant total particle number. Mice were
sacrificed at the time points indicated; liver samples were harvested and
fixed in 4% paraformaldehyde or frozen in OCT for further analysis. All
mouse studies were approved by the Institutional Animal Care and Use
Committees of Biogen Idec Inc. and UCSF.

DDC-feeding protocol. Adult male CS7BL/6 (25-35 g) purchased from
Charles River Laboratories were used in this model. In some studies, 10-
to 12-week-old Fn14-KO males or age-matched control littermates were
used. Mice were fed a diet containing DDC (Sigma-Aldrich). For this pur-
pose, regular standard chow (Basal Diet 5755) was mixed with 0.1% DDC
(TestDiet Inc.). For pharmacological blocking experiments, the blocking
anti-TWEAK mAb AA.DG7 (150 mg) or the same amount of a hamster
IgG isotype control were injected i.p. 24 hours before the mice started the
DDC-supplemented diet. Mice were dosed twice a week thereafter at 3- to
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Figure 10

TWEAK induces proliferation of NRC-1 cells. NRC-1 cells were cul-
tured with a range of TWEAK concentrations in serum-free medium
for 48 hours. Then TWEAK-containing medium was renewed, with
the addition of BrdU, and incubated a further 24 hours. Positive cells
and total cells were counted in 10 randomly chosen fields. Results
are expressed as percentage of BrdU-positive cells. Graph shows the
combined results of 3 independent experiments.
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Figure 11

Fn14 expression in human liver. Serial frozen human liver sections
were stained with either anti-Fn14 mAb or H&E. (A) Normal liver. (B)
NASH cirrhosis. (C) Alcoholic cirrhosis (end stage). (D) HCV with HCC.
Magnification, x210.

4-day intervals. The blocking anti-TWEAK mAb used has subnanomolar
affinity for TWEAK by Biacore analysis and completely inhibits soluble
TWEAK binding to Fnl4-expressing cells and soluble TWEAK-induced
IL-8 production by tumor cells (16, 49). Mice were sacrificed at the indi-
cated time points, liver and body weights were recorded, and pieces of
liver were frozen in OCT or fixed in 4% paraformaldehyde.

Serum chemistry. Sera were analyzed for ALT and aspartate aminotrans-
aminase (AST) using an Olympus AU400e Chemistry Immuno Analyzer.

Histopathological analysis. Livers were either frozen in OCT compound
(Fisher Scientific) or fixed in 10% neutral buffered formalin, paraffin-
embedded, and H&E stained. Proliferating cells were detected by pro-
liferating cell nuclear antigen (PCNA) staining of paraffin-embedded
tissues using a kit (Zymed Labs). Apoptotic cells were detected using
a TUNEL assay (ApopTag Peroxidase In Situ Apoptosis Detection Kit;
Intergen Co.). Cells expressing PCNA or TUNEL were counted by a
blinded observer at x200 magnification as indicated. For each marker,
results are expressed as the total number of positive cells per 20 fields
and are the average of those from 3-6 individual animals.

Immunobistochemistry. Indirect immunoperoxidase staining was per-
formed on acetone-fixed mouse liver frozen sections using the rat primary
antibodies A6 (1:60 dilution of hybridoma supernatant) and anti-CD34
(6 ug/ml; BD Biosciences — Pharmingen) or a hamster anti-TWEAK mAb
which has previously been described (16, 49). Staining was detected with
either biotin-conjugated rabbit anti-rat IgG (Vector) or biotin-conjugat-
ed mouse anti-hamster IgG (clones G192-1 and G94-56; BD Biosciences
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— Pharmingen) and streptavidin ABC complex (DakoCytomation). For
immunofluorescent staining, we costained sections with A6 and biotin-
conjugated rat anti-CD34 and detected them with the secondary anti-
bodies Alexa Fluor 594 goat anti-rat IgG and Alexa Fluor 488 streptavidin
(Invitrogen Corp.), respectively. Frozen human liver sections were from
explanted livers obtained at the time of liver transplantation. Sections
were stained with mouse anti-Fn14 (clone ITEM-4; eBioscience), which
was detected with biotin-conjugated horse anti-mouse IgG (Vector Labo-
ratories). Negative controls were performed using the appropriate isotype
control. In some studies, expression was quantified using MetaMorph
software (version 6.1; Universal Imaging Corp.).

In situ hybridization. Techniques for in situ analysis have been described
in dertail elsewhere (53, 54). Fnl4 riboprobe templates were generated
using specific PCR primers containing T7 polymerase promoter bind-
ing sites on either the forward or reverse primers to generate sense or
antisense templates, respectively. The murine Fn14 riboprobe template
has 448 bps and is specific for nucleotides 9-456 in the coding domain
(GenBank accession no. BC025860). The 226-bp TWEAK riboprobe
template is specific for nucleotides 228-454 in the murine TWEAK
(TNFSF12) coding domain (GenBank accession no. AF030100). This
region corresponds to coding exons 3, 4, 5, and 6 of the TWEAK gene.
High specific-activity probes were synthesized using an Ambion T7
MAXIscript in vitro transcription kit and 32P-radiolabeled UTP (> 3,000
Ci/mM,; PerkinElmer), according to the manufacturers’ instructions. All
probes were used in a hybridization buffer containing 30,000 cpm/ml
final probe concentration. Microscopic analysis of the expression pat-
terns was performed on a Leica DMR system modified for reflective
darkfield microscopy, and pictures displayed are of a single area photo-
graphed in both darkfield and brightfield. Images were captured using
a CoolSNAP RGB camera (Photometrics) and Openlab software (version
3.0.4; Improvision). Adobe Photoshop 7.0 was used to adjust the con-
trast for improved visualization.

Real-time PCR. RNA levels were quantified using real-time PCR on total
RNA isolated from livers using the TRIzol reagent (Invitrogen Corp.)
and further purified by RNeasy (QIAGEN) according to the manufac-
turer’s instructions.

Oligonucleotide primers (20-25 bp) and TagMan MGB probes (Applied
Biosystems) for detecting murine TWEAK and Fn14 were designed from
Affymetrix consensus sequences using Primer Express software, ver-
sion 2.0.0 (Applied Biosystems). Murine TWEAK primer sequences were
as follows: forward, 5'-CGAGCTATTGCAGCCCATTAT-3'; backward,
5'-ACCTGCTTGTGCTCCATCCT-3'. Murine Fnl4 primer sequences
were as follows: forward, 5'-CTAGTTTCCTGGTCTGGAGAAGATG-
3'; backward, 5'-CCCTCTCCACCAGTCTCCTCTA-3'. These sequences
mapped in the extracellular domains of both TWEAK and Fn14 mol-
ecules. Therefore, TWEAK primers detected total TWEAK expression,
including both endogenous and transgene expression. For the detection
of TWEAK transgene, primers were purchased from Epoch Biosciences.
TWEAK transgene-specific primer sequences were as follows: forward, 5'-
TCCAGACATGATAAGATACATTGATGAG-3'; backward, 5'-GTTA"CAA
ATA"AAGCAATAGCATCAC-3'. These sequences mapped at the junction
between the SV40 polyA site and the murine TWEAK sequence, therefore
detecting only transgene TWEAK. Probes contained a fluorescent reporter
dye (FAM) covalently linked to the 5’ end and a minor groove binder/
nonfluorescent quencher (MGBNF) covalently linked to the 3" end. The
probe for total TWEAK was 5'-6FAM-AGGTTCATCCTCGGCC-3' and
for Fn14 was 5'-6FAM-AGAGAAAAGTTTACTACCCCC-3'. The probe for
TWEAK transgene, purchased from Epoch Biosciences, was as follows:
5'-GACAAACCACA"ACTAG-3'. Oligonucleotide standard templates were
designed by the addition of 10 bp of gene-specific sequence to the 5’ and
Volume 115
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3’ ends of the amplicon. Reverse-phase HPLC-purified primers and oli-
gonucleotide standard templates were from Biosearch Technologies, and
HPLC-purified probes were from Applied Biosystems. Primers and probes
for GAPDH (Applied Biosystems) served as an internal control. Assays
were performed in quadruplicate in a 7900HT thermal cycler (Applied
Biosystems) under the following conditions: 1 cycle at 50°C for 2 minutes
(uracyl N-deglycosylate digest); 1 cycle at 95°C for 10 minutes (activation
of Taq thermostable polymerase); and 40 cycles at 95°C for 15 seconds
and at 60°C for 60 seconds. The fluorescence emission was collected every
7 seconds for the length of the run for each reaction well. Relative tran-
script quantities were determined for each sample by comparison with
oligonucleotide standard curve using Sequence Detection Software (ver-
sion 2.2; Applied Biosystems).

Cell culture. NRC-1 cells, a cholangiocyte cell line from rat liver, were
obtained from N.F. LaRusso (Mayo Clinic, Rochester, Minnesota, USA)
and maintained as described. The growth medium contained 5% fetal-calf
serum (55), and the substratum was of gelled collagen type I (Vitrogen-100;
Angiotech BioMaterials Corp.). Under these conditions, the cells grow as
a compact monolayer with the morphology of oval cells. Like oval cells in
vivo, they are strongly positive for B¢ integrin (data not shown). Prior to
study, the cells were serum-starved for 24 hours. TWEAK was then added in
serum-free medium, and cultures were incubated for 48 hours. The TWEAK-
containing medium was renewed, with the addition of BrdU (50 ug/ml),

and incubated a further 24 hours. The cultures were washed, fixed, and

research article

stained with anti-BrdU using a kit from Zymed Laboratories Inc.; cells were
counterstained lightly with hematoxylin. Positive cells (with brown-black
nuclei) and total cells were counted in 10 randomly chosen fields.
Statistical analysis. Data are presented as mean + SD and were analyzed by
2-tailed Student’s ¢ test. A Pvalue less than 0.05 was considered significant.
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