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Recently we found a small hepatocyte-specific pro-
tein, annexin A3 (AnxA3), in fractionated adult rat
hepatocytes. Here we describe the results of an in vivo
demonstration of AnxA3-expressing cellular phenotypes
in the liver with 2-acetylaminofluoren (2-AAF)/carbon
tetrachloride (CCly)-injury. In association with. an
elevation of alanine amino transferase (ALT) and
aspartic acid amino transferase (AST) activities, hepatic
AnxA3 mRNA increased markedly. AnxA3-positive
cells were detected in clustered cells present in or
emerging from the pericentral region. These albumin-
expressed cells were histologically similar to cells
expressing CD34, a hematopoietic cell marker protein.
The number of clusters decreased in the days following
CCl; treatment, and annexin-negative, but albumin-

positive, oval cells appeared. We concluded that the

agent-induced liver defect initially recruits bone mar-
row-derived cells, and that it promotes differentiation of
these cells into AnxA3-positive cells, followed by emer-
gence of the oval cells, which might have a role in the
restitution of the damaged liver.
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The liver plays central roles in the metabolism of
nutrients, production of plasma proteins, detoxification
of xenobiotics and so on. The liver precisely maintains
its mass when it receives surgical resection of hepatic
lobes or undergoes loss of hepatocytes by viral infection
or by cytotoxic chemicals. Regeneration of the liver is
performed by the extraordinarily high replicative po-
tency of parenchymal hepatocytes and biliary epithelial

cells,'? but in some pathological livers that suffer
suppressed hepatocyte proliferation, other participants
arise either from inside or outside the liver contributing
to immediate rebuilding of the organ.>” Of these
participants, oval cells are known to emerge from a
locus in the canal of Hering following chronic liver
injury,® and they work as a kind of stem cells with their
bipotential capacity to become either hepatocytes or
biliary ducts.>!" On the other hand, small hepatocytes,
a hepatic cell fraction of smaller size (approximately
17um in diameter) and, with higher proliferating
potential than the majority of hepatocytes, are assumed
to be another candidate for hepatocyte progenitor.'2!
The origin of small hepatocytes, however, remains
controversial. In cell culture experiments using human
and animal hepatocytes, researchers isolate small hep-
atocyte-like progenitor cells in these isolated hepato-
cytes,'2! whereas in in vivo experiments using anti-
mitotic or anti-replicative agents such as 2-AAF or
retrorsine, they observe oval cells as a progenitor of
small hepatocytes.'>'® There is an old finding that both
oval cells and small hepatocytes can be generated from
duct cells,” but there is no substantial evidence on the
lineages connecting oval cells and small hepatocytes.
Recently we identified AnxA3 as a small hepatocytes-
specific protein,'” and determined its expression profile
in primary cultured hepatocytes.!”!9 AnxA3 was
detected in primary cultures of hepatocytes at 48 h, but
not in those cells at very beginning as early as 2.5h,
suggesting that AnxA3 is expressed by hepatocytes
when they are reprimed to proliferate in culture. Any
growth-promoting condition, e.g., addition of epidermal
growth factor (EGF) or hepatocyte growth factor (HGF)
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to the culture medium, or inoculation of parenchymal
cells with less population, enhances AnxA3 expression
of hepatocytes. Conversely, suppression of AnxA3 gene
expression with small-interfering RNA (siRNA) mark-
edly inhibits growth of the transfected parenchymal
hepatocytes.'® As described above, we identified
AnxA3 from isolated cultured small hepatocytes, and
later we detected it in unfractionated hepatocytes
cultured for 2d. Thus the expression of AnxA3 might
not be confined to small hepatocytes, and it might be
implemented in cells that acquire growth potential or
ones that recover dedifferentiating properties.'”

Similar circumstances may occur in vivo, but little
evidence has been obtained for the expression profile
and pathophysiological role of AnxA3 in the liver in
vivo. Hence we produced hepatic lesions in rats using 2-
acetylaminofluoren/carbon tetrachloride (2-AAF/CCl,),
which is known to stimulate strongly the in situ
emergence of hepatic progenitor cells, mainly ductular
cells involving oval cells, in pericentral necrotic lesion
and in periportal arborized ductular zones.!62%

In associating with hepatocyte damage in the peri-
central area 2d after 2-AAF/CCl, treatment, clustered
cells expressed both AnxA3 and albumin emerge in the
area, followed by disappearance of these cells and
appearance of albumin/OV-6-positive oval cells. OV-6
is a specific marker for the oval cells.?’) Given the
emergence of such unusual clusters, it is highly probable
that the lesional reaction strongly elicited blood compo-
nents including hematopoietic stem cells, macrophages
and Kupffer cells, which closely relate to the emergence
of clustered cells. The results of this investigation
performed in an acute phase of liver failure failed to
demonstrate the fate of AnxA3-positive cells. If these
unusual cells have the potential to become mature
hepatocytes, their differentiation is hampered in the
presence of a hepatocyte-specific antimitotic agent, 2-
AAF, so that one must discontinue this agent in order to
determine the further fate of such cells. Since no one has
demonstrated a substantial relationship between oval
cells and small hepatocytes, we do not know yet whether
the cells in clusters were progeny of oval cells. Hence
we conclude that with agent-induced inflammation in
the liver, AnxA3-positive cells emerge from the peri-
central area, especially in the most necrotic zone, zone
3. Because these AnxA3-positive cells coexpressed
albumin, they must have been a hepatocyte progenitor.

Materials and Methods

Induction of acute liver injury. All animal experi-
ments were performed in accordance with the Guide-
lines for Animal Experiments of the College of
Bioresource Sciences  of Nihon University. Female
F344 rats, 9 weeks old, purchased from Japan SLC
(Shizuoka, Japan), were maintained on a standard diet,
CE-2 (Clea Japan, Tokyo, Japan) and were allowed
access to the diet and water freely. For the experimental

onset of acute hepatic failure, rats were administered 2-
AAF (Sigma-Aldrich, St. Louis, MO, USA) by oral
gavage at a dose of 10mg/kg body weight/d for up to
9d. On the Sth day of 2-AAF administration, CCl,
(Wako Pure Chemical Industries, Osaka, Japan) diluted
5 times with corn oil was given to rats as a bolus (CCly,
60pl = 90mg/100g b.w., per os). Liver and blood
samples were obtained from rats under anesthesia with
Nembutal before and after treatment with CCls. To
estimate the damage to the liver, serum levels of alanine
amino transferase (ALT) and aspartic acid amino trans-

ferase (AST) were assayed using commercial kits
(Wako).

RNA isolation and RT-PCR. Total RNA was extracted
from the liver samples by the single-step method.??
Real-time RT-PCR was performed with a rapid thermal
cycler system, LightCycler (Roche Diganostics, Lewes,
UK) as described elsewhere.?® The primers for AnxA3
for PCR were as follows: 5-CAA ATT CAC CGA GAT
CCT GT-3' and 5-AGC AGC AGG TCT TCA AAA
TG-3'. These primers were designed by referring to the
gene sequences officially presented to the public by
GenBank (AnxA3 = MO012823), and synthesis was
rendered to Nihon Gene Research Laboratories (Miyagi,
Japan).

Immunohistochemical examination. Serial liver sec-
tions each cut 3 um thick were prepared from parafor-
maldehyde-fixed paraffin-embedded blocks. The depar-
affinated and rehydrated sections were heated for 5 min
at 100°C in 10 mwm citrate buffer (pH 6.0), and treated
with either 10% mouse serum (for counterstaining of
albumin and AnxA3) or 10% bovine serum albumin
(for other forms of staining) for 1h. After they were
washed with PBS, sections were incubated for 1h with
an specific antibody to each antigen. The antibodies
used were anti-rat albumin goat IgG (MP Biomedicals,
Aurora, OH, USA), diluted 1:800 before use, and anti-
human AnxA3 rabbit IgG (1:200), a gift from Dr. F.
Russo-Marie and Dr. C. Ragueness-Nicol. The fluores-
cence-labeled secondary antibodies were Cy3-labeld
anti-goat murine IgG, 1:200 (Chemicon International,
Temecula, CA, USA) and FITC-labeled anti-rabbit
sheep 1gG, 1:200 (MP Biomedicals). For observation
of CD-34, tissue sections were incubated for 18 h at 4 °C
with the primary antibody, anti-mouse CD34 rabbit IgG
(1:200) (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), followed by incubation with secondary antibody,
FITC-conjugated sheep anti-rabbit I1gG, 1:100 (MP
Biomedicals). To stain OV-6, deparaffinated sliced sec-
tions were incubated with primary monoclonal anti-
human/rat OV-6 antibody (R&D Systems, Minneapolis,
MN, USA), and treated with Histofine Simplestain Max
PO (Nichirei, Tokyo, Japan). Then peroxidase activity
on the secondary antibody was detected with 3,3'-di-
aminobenzidine (Merck, Tokyo, Japan).

Each liver section thus treated was mounted on a
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Serum ALT and AST Activities of Normal Rats, and 2-AAF and 2-AAF/CCl,-Treated Rats.

Serum ALT (a) and AST (b) activities were measured with commercial kits. There was no leakage of ALT or AST in rats treated with or i
without 2-AAF. However, CCl, treatment in the course of 2-AFF administration caused severe inflammation to the livers in several days, but, as
shown by the ALT and AST values, these rats on the 4th day tended to recover from the inflammation. Bars represent the mean = S.E. for 3 rats
(control, 2-AAF, 2nd day), and the mean for 2 rats (3rd day and 4th day).

cover glass with a mounting medium, Vectashield
(Vector Laboratories, Burlingame, CA, USA), and
subjected to observation with a fluorescent microscope,
Axioplan 2 (Carl Zeiss Microlmaging, Oberkochen,
Germany).

Cryosection and Oil red O staining. Cryosections
prepared from rat liver were stained with Oil red O and
hematoxylin. Briefly, the liver tissues were fixed with
paraformaldehyde and embedded in OCT compound
(Sakura Finetek Japan, Tokyo, Japan), and then cut 8 pm
thick to give serial sections. The tissue sections were
dried by air, followed by immersion into 50% (v/v)
aqueous isopropanol. Staining with a 60% Oil red O
solution (Muto Pure Chemicals, Tokyo, Japan) was
performed for 30min at 37°C, and sections were
washed briefly with 50% aqueous isopropanol and
distilled water. For morphologic observation of tissues
and cellular nuclei, the sections were counterstained for
7min with Mayer’s hematoxylin (Wako). After they
were washed with water, the sections were mounted
with an aqueous mounting medium, Mount-Quick
Aqueous (Daido Sangyo, Tokyo, Japan), and observed
under a fluorescent microscope, Axioplan 2, with
devised filter sets.

Results

Liver injury caused by 2-AAF/CCl,

The rats treated by oral gavage of 2-AAF for 5d did
not show any marked increase in serum ALT or AST
values (Fig. 1a and b), whereas, those that underwent a
single treatment with CCl; and 2-AAF administration
(the 2-AAF/CCly-treated rats) showed much higher
levels of ALT and AST activities than untreated control
or 2-AAF-treated alone. Each level of activity was
highest in 2d, and then decreased at 4d after CCl,

treatment. Thus our present protocol for intoxication of
liver produced the acute hepatic lesions that healed to
some extent within 4 d of injury; the recovery rate at this
moment was estimated to be approximately 70% of the
most serious lesion at 2d in respect to the enzyme
activities measured. The mode of ALT and AST
elevation in our 2-AAF/CCls-treated rat model was
quite similar to that of Sigala et al.,*® although the
maximum levels of ALT and AST in our model were 8
times and 3 times higher than those of Sigala er al.,*®
respectively, because we used CCly, 601l (approxi-
mately 90 mg)/100 g body weight, 1,000 more than that
of Sigala et al.,” at 0.066 mg/100 g body weight.

The histological examination of the livers from 2-
AAF/CCly-treated rats revealed that on the 2nd day
after CCly treatment there were large numbers of cell
clusters stained densely with hematoxylin and eosin
(H&E) in acinus zone 3 (Fig. 2a, arrowheads), the
closest area to central vein (CV). In this area, there was
also infiltration of inflammatory cells (Fig. 2a, thin
arrows). Even the hepatocytes located in acinus zones 1
and 2 were abnormally distended by fat droplets
(Fig. 2a, thick arrows, and b, Oil red O/hematoxylin
stain).

On the 4th day after CCl, treatment, such steatotic
livers with many clusters decreased markedly in number
(Fig. 2c¢, Oil red O/hematoxylin stain), and necrotic
image was alleviated in consistently with the restoration
of chemical indications as shown in Fig. 1. The
hepatocytes at this restored stage had microvesicular
fat accumulation, if any fat accumulation (Fig. 2c,
arrows).

Annexin A3 expression of intoxicated rat livers

The levels of AnxA3 mRNA expressed in the livers
were measured quantitatively by RT-PCR. Since mRNA
normalizers such as glyceraldehyde-3-phosphate dehy-
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Fig. 2. Histological Examination of 2-AAF/CCl,-Treated Rat Liver.
Inflammatory liver sections prepared from rats 2d and 4d after
CCl, treatment were stained with H&E (a) or Oil red O/hematoxylin
(b and c). In (a), H&E staining of the liver section showed
characteristic red-colored clustered cells (arrowheads) immediately
around the central vein (CV), corresponding to acinus zone 3.
Surrounding these cells there were vacuoles, and on the outer
boundary of the picture (a), distended hepatocytes with fat droplets
can be seen (thick arrows). There were inflammatory cells in this
area (thin arrows). As the lower panels show large fat droplets
observed in the liver section at 2d after 2-AAF/CCl, treatment (b)
were mostly absorbed by hepatocytes (arrows in c). Scale bars =
50 um.

drogenase (GAPDH) and S-actin were not constantly
expressed in the livers of our 2-AAF/CCl,-administered
rat model as has been reported elsewhere,?>) the AnxA3
mRNA was normalized with total RNA extracted from
the liver samples according to Bustin’s recommenda-
tions.”> Administration of 2-AAF alone to rats by oral
gavage for 9-10d hardly caused any change in their
hepatic morphologies (data not shown). The AnxA3
mRNA levels of the livers from 2-AAF-treated rats were
almost equal to those from control rats (Fig. 3), but in 2-
AAF/CCl,-treated rat livers, the AnxA3 levels were 2—
2.5 times higher than those of untreated control rats
(Fig. 3, see the bar at 3d). The elevated level of AnxA3
lasted for 4d after CCly treatment, indicating that the
AnxA3-positive cells are resistant to 2-AAF. A trace but
certain level of AnxA3 mRNA in control rats (Fig. 3,
left bar) can be explained by the presence of a small
number of AnxA3-producing cells, which as described
in Fig. 4 were determined histologically to be non-
parenchymal cells in the liver.

The tissue section from the control rat liver (Fig. 4a,
H&E stain) and its serial sections stained by fluores-
cence for albumin and AnxA3 (Fig. 4b and c) represent
a typical hepatic cord with parenchymal cells expressing
albumin (b). Although it was difficult to identify
AnxA3-positive cells in the counterstained section, the
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Fig. 3. AnxA3 Expression in 2-AAF/CCl,-Treated Rat Livers.

Total liver RNA isolated was analyzed quantitatively by real-time
PCR method using AnxA3-specific primers. Because of the
heterogeneous expression of housekeeping genes, the data were
not normalized with these genes. The ordinate shows the amounts of -
mRNA in the livers relative to that of control assumed to be 1.0.
Bars represent the mean x S.E. for three rats (control, 2AAF, 2nd d),
and the mean for two rats (3rd d and 4th day).

Fig.4. Immunohistochemical Examination of AnxA3-Positive Cells
in Normal Rat.

Serial liver sections prepared from normal control rats were
stained with H&E (a), anti-rat albumin (b) and anti-human AnxA3
(c). The radial line up of hepatocyte architecture (a, H&E stain) was
composed of albumin-producing parenchymal cells, as can be seen
in the staining with anti-albumin/Cy3-antibodies (b). The AnxA3-
producing nonparenchymal cells were slightly stained by anti-
AnxA3/FITC-antibodies (arrowheads in ¢), and the positive cells
can be seen on the H&E-stained section, apparently consistently
with the forms of mononuclear cells (arrowheads in a). Scale
bars = 50um.

fluorescence of AnxA3 disclosed that there was a trace
population of AnxA3-positive cells (arrowheads in panel
c), and these cells are determined to be mononuclear
non-parenchymal cells (Fig. 4c, arrowheads indicate
AnxA3-positive cells, and the serially prepared section-
stained nuclei by H&E, Fig. 4a).
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Fig. 5. Histological and Immunohistochemical Examinations of the
Serially Prepared Liver Sections Prepared from 2-AAF/CCl,-
Treated Rats.

Figures 5a and b are H&E-stained sections of rat livers from 2d
(a) and 4d (b) after CCl; treatment of rats, which had been
administered 2-AAF by oral gavage for 5 d. Note the drastic changes
caused around the pericentral region. One can see around the central
vein (CV) newly formed clusters with a clear boundary between
them (box'in a), hepatocytes distended by lipid droplets (thick
arrows), erythrocytes (thin arrows), and vacuoles formed after
steatosis (arrowheads). The less-populated clusters remained at the
lower left side of CV (b, thin arrows), with infiltrated inflammatory
cells (arrowheads) and newly appearing ductular structures with
many epithelial cells, indicating neo-angiogenetic reaction (thick
arrows). Panels (c) and (d) are immunohistochemical observations of
the serial liver sections from (a) and (b) respectively. A number of
cells in the cluster were albumin as well as AnxA3-positive (c, see
also higher magnitude e and f, in which the cells formed a cluster are
encircled by arrowheads). The hepatocytes around the pericentral
area were albumin-negative (arrows in c). Figure 5d and its higher
magnitude (i) represent the appearance of oval cells in zone 2 in
which oval cells strongly expressing albumin and the clusters
expressing AnxA3 can be seen. Figure 5g shows CD34-positive
cells in some places near CV in Fig. 5a. Figure 5h shows faintly-
stained CD34 positive cells in some places in panel b. Scale bars in
panels a-d and i = 50um; in panels e~h = 10um.
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Fig.6. The Occurrence of OV-6-Positive Cells in Zone2 4 Days after
2-AAF/CCl, Treatment.
OV-6-positive cells were localized either single (arrowheads) or
in ductular form (arrow) around the CV, where clustering structures
remained. Scale bar = 50pum.

Appearance of annexin-positive and albumin-positive
cells in the hepatic lesion

The serial sections prepared from the livers of 2-
AAF/CCl,-treated rats were subjected to immunohisto-
chemical examination using antibodies specific to
albumin and AnxA3 (Fig. 5). In H&E-stained sections,
a striking drastic change in the rat liver was observed 2 d
after CCl, treatment (Fig. 5a, see also Fig. 2a above). At
this stage there were traces of necrosis with some
bleeding in acinus zone 3 (Fig. 5a, thin arrows indicate
erythrocytes among the clustered cells), and large
numbers of clusters stained more clearly than other
cells by hematoxylin were localized around the central
vein (CV). The outer zone beyond the assembled line of
vacuoles (Fig. 5a, arrowheads) was paved with hepato-
cytes, but these cells were abnormally extended by fat
droplets to 30-40um diameter, and were closely
attached each other (Fig. 5a, thick arrows).

Two days later, on the 4th day from 2-AAF/CCl,-
injury, the clusters were mostly replaced by a large
number of epithelial-like cells with small nucleus and

Table 1. Summary of Changes in Cellular Phenotypes in Hepatic Lesions Caused by 2-AAF/CCl,-Treatment

Interval after CCl, treatment (d)

0 2 4
Marker e Q ® E’J ‘ ® @ * ® ®e 2
Annexin A3 - ++ - +/— - +/—
Albumin ++ +++ - +/- +++ +/-
CD34 - 4 - +/— - —
OoV-6 - - — . -

*, Clustered cells including blood corpuscle-like small cells; F. ] Hepatocytes; @, Oval cells

Fluorescence intensity: —, not stained; +/—, faintly stained; +, weakly stained; ++, moderately stained; +++, strongly stained
The blank boxes under each cell shape represent absence of the cell type to be stained in the microscopic fields examined.

v
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scant cytosol (Fig. 5b, thick arrows). Some clusters
remaining at this stage can be seen in the box in Fig. 5b.

Immunohistochemical examination with fluorescence
to albumin and AnxA3 was performed for identification
of the cells emerging from the hepatic lesion. At 2d
after CCly treatment, the pericentral region of the liver
was stained positively with both fluorescences (Fig. 5c).
The AnxA3-positive cells were localized in places
where small cell-including clusters were present
(Fig. 5a, H&E stain). The panels enlarged from the
box in (c) make clear what cells were AnxA3-positive.
One of the clusters (see the H&E-stained clusters in e,
arrowheads) has a few fragments with fluorescence, and
those might have been derived from different cells in the
cluster. In addition, the yellow fluorescence shows that
they merged with antigenicities of albumin and AnxA3
(. The hepatocytes surrounding the pericentral area
were not stained by fluorescence (c, white arrows).

On 4th day from 2-AAF/CCl, treatment, epithelial-
like small cells appeared in the pericentral region (b,
thick arrows), and these cells were determined to be
immunologically negative to albumin and AnxA3
(Fig. 5d, serial section after b), but as shown in the

boxed area in (d) and the magnified panel (i), there were

oval cells with typical oval-shaped nuclei of albumin-
positive immunologic phenotype in zone2 (h, arrow-
heads). The previously observed clusters that expressed
albumin and AnxA3 at 2d after treatment can be seen on
the left side of the panel (i, arrows).

Figure 5g shows the presence of CD34-positive blood
corpuscle-like cells among the clusters that appeared 2 d
after 2-AAF/CCls-injury. Some of the albumin and
AnxA3-positive clustered cells were also CD-34 posi-
tive cells.

As shown in Fig. 6, immunohistochemical examina-
tion of oval cells disclosed that these OV-6-positive
cells existed in zone 2 either as a single cells (arrow-
heads) or as cells likely to form a ductular structure
(arrow).

Our observations are summarized in Table 1. The
liver intoxicated by the carcinogenic and inflammatory
agents, 2-AAF/CCly, fell into acute liver failure in 2d,
and judged by chemical and histological analyses, it
proceeded to the recovery stage 4 d after CCly treatment.
During the period of these 4d, the cells that appeared
or disappeared from the lesion changed strikingly. The
clustered cells including several AnxA3 and albumin-
positive small cells, which originated from blood
corpuscle-like cells with CD34 antigen, appeared on
day 2 and disappeared thereafter, and, in turn, oval
cells emerged on day 4 from the ruins in zone 2 sur-
rounding post-necrotic pericentral zone 3. The clustered
cells and following oval cells are likely to have had
independent progenies, since they emerged from differ-
ent zones at different times. AnxA3 must be a protein
expressed by the immature growing hepatocytes, which
in this study did not differentiate further in the presence
of 2-AAF.

Discussion

It is generally accepted that replication of lost cells or
tissues of the liver can be done by the major hepatic
residents, parenchymal hepatocytes, and that no other
cells are required.!?7262" However, if proliferation of
hepatocytes is blocked experimentally, bone marrow-
derived hematopoietic stem cells, origin-unknown oval
cells (stem-like cells) or proliferative small hepatocytes
emerge from circulatory blood or from inside the
liVCl’.4'5'28_32)

We identified AnxA3 as a protein expressed by
smaller proliferative hepatocytes, that is, by cells with
lower gravity, but not by differentiated mature paren-
chymal cells having higher gravity.!” We also found
that transfection of AnxA3-targeted siRNAs to primary
cultured hepatocytes greatly suppressed DNA synthesis,
and made DNA synthesis enhanced with either HGF or
EGF invalid.'® Thus we were able to demonstrate for
the first time that AnxA3 plays a pivotal role in the
multiplication of hepatocytes. Although the molecular
function of hepatic AnxA3 is not yet known, it may be
similar to that of microglia or neutorophils, in which
AnxA3 works as a bridge to bind phospholipids and
proteins, and granule to granule via Ca%* 33-36)

Hence study of growth-related AnxA3 in hepatocytes
and related phenotypes, if any, during hepatic regener-
ation might help to determine how such cells acquire
growth potential and differentiate into hepatocytes and
hepatic ductular cells. To detect AnxA3 in an animal
liver, we employed a 2-AAF/CCly-induced acute liver
failure program, in which 2-AAF specifically inhibited
hepatocyte mitosis and prevented cell proliferation and
CCl, gave rise to hepatic injury through its reactive
metabolite, trichloromethyl radical, generated in the first
phase detoxification mechanism in hepatocytes.3’->%

The combined use of these cytotoxic agents is known
to cause hepatocyte damage specifically in the pericen-
tral region, and strongly to stimulate restitution of the
liver either by recruiting hematopoietic stem cells or by
calling together endogenous cells, those which are 2-
AAF resistant (primarily the oval-like cells).®*® Qur
present 2-AAF/CCl,-injure program produced severe
damage in pericentral zone3 2-3d after treatment, and
restored the lesion some 30% in 4d (Fig. 1). In this
model, the pericentral cellular phenotypes changed
strikingly; e.g., the typical hepatic cords made of
albumin-producing hepatocytes with a trace population
of AnxA3-positive non-parenchymal cells (Fig. 4)
changed into severe lesions with newly appearing cell
clusters including small hepatocyte-like cells. There was
also infiltration of blood cells, erythrocytes and macro-
phages as well as the bone marrow-derived hemato-
poietic cells as has been demonstrated by Yin, et al.’®
(Figs. 2 and 5). Immunohistochemical examination
showed that some of the cells in a cluster coexpressed
AnxA3 and albumin, and also expressed CD34 (Fig. 5).
Therefore, some of these cells appreared to have been
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derived from the bone marrow, and then committed to
become hepatocytes. For this commitment, several
factors are required, e.g., a serum factor occurring .in
rodents with severe liver damage.*!

In respect to the striking changes in cellular pheno-
types observed in the lesion, it is most plausible to think
that in our animal model the damaged hepatocytes with
2-AAF/CCl, were replaced by agent-resistant hemato-
poietic stem cells, and that, receiving strong stimulative
pressure for restitution, these new dwellers had to form a
cluster to live under the agent (2-AAF)-induced anti-
proliferative condition. Nevertheless, they broke up the
cluster in 2d, for the following reasons: i) the AnxA3-
positive cells did not become mature hepatocytes,
because hepatocytes are 2-AAF-susceptible and ii) the
AnxA3-positive cells do not have sufficient longevity to
live longer, so that they were scavenged by macrophages
or Kupffer cells or disappeared by apoptosis. As has
been reported by many investigators, oval cells scattered
around the central vein (Figs. 5h and 6) can differentiate
further into hepatocytes via the massive emergence of
small hepatocytes, if 2-AAF is withdrawn from the
animal 342-49 .

In the present study, we observed under pathological
conditions with 2-AAF/CCls-injury a striking change in
cellular phenotypes that might work for rebuilding of the
damaged liver, because the rats remaining without
sacrifice were able to survive. This is the first report of
the appearance of AnxA3-expressing small cell clusters
in an acute hepatic lesion. Since AnxA3 is expressed
when hepatocytes acquire growth potential,'” its ex-
pression by cells coexpressed with albumin in hepatic
lesions should be a trigger for parenchymal cell
generation. The fate of AnxA3-producing cells in
relation to the restitution of the entire liver.involving
periportal zonel remains to be elucidated.

Acknowledgments

We thank Mr. Yuta Ogawa for technical assistance.
This work was supported by grants from the following
sources: (i) For Health Science Research from the
Japanese Ministry of Health, Labor and Welfare (to
S.N.), (i1) Academic Frontier Project (to T.S.) from the
Ministry of Education, Culture, Sports, Science, and
Technology of Japan. Y.I. was supported by a Fellow-
ship from the Academic Frontier Project.

References

1) Fabrikant, J. 1., Studies on cell population kinetics in the
regenerating liver. Natl. Cancer Inst. Monogr., 30, 169—
183 (1969).

2) Michalopoulos, G. K., and DeFrances, M. C., Liver
regeneration. Science, 276, 60-66 (1997).

3) Parent, R, Marion, M. J, Furio, L., Trepo, C., and Petit,
M. A, Origin and characterization of a human bipotent
liver progenitor cell line. Gastroenterology, 126, 1147~

4)

5)

6)

7

8)

9

10)

11)

12)

13)

14)

15)

16)

17)

18)

1156 (2004).

Vig, P, Russo, F. P.,, Edwards, R. J., Tadrous, P. },
Wright, N. A, Thomas, H. C., Alison, M. R, and Forbes,
S. J., The sources of parenchymal regeneration after
chronic hepatocellular liver injury in mice. Hepatology,
43, 316-324 (2006).

Yavorkovsky, L., Lai, E., Ilic, Z., and Sell, S,
Participation of small intraportal stem cells in the
restitutive response of the liver to periportal necrosis
induced by allyl alcohol. Hepatology, 21, 1702-1712
(1995).

Lagasse, E., Connors, H., Al-Dhalimy, M., Reitsma, M.,
Dohse, M., Osborne, L., Wang, X., Finegold, M.,
Weissman, 1. L., and Grompe, M., Purified hemato-
poietic stem cells can differentiate into hepatocytes in
vivo. Nat. Med., 6, 1229-1234 (2000).

Dabeva, M. D., Alpini, G., Hurston, E., and Shafritz, D.
A., Models for hepatic progenitor cell activation. Proc.
Soc. Exp. Biol. Med., 204, 242-252 (1993).

Theise, N. D., Saxena, R., Portmann, B. C., Thung, S. N.,
Yee, H., Chiriboga, L., Kumar, A., and Crawford, J. M.,
The canals of Hering and hepatic stem cells in humans.
Hepatology, 30, 1425-1433 (1999).

Lemire, J. M., Shiojiri, N., and Fausto, N., Oval cell
proliferation and the origin of small hepatocytes in liver
injury induced by D-galactosamine. Am. J. Pathol., 139,
535-552 (1991).

Alison, M., Golding, M., Lalani, E. N, Nagy, P.,
Thorgeirsson, S., and Sarraf, C., Wholesale hepatocytic
differentiation in the rat from ductular oval cells, the
progeny of biliary stem cells. J. Hepatol., 26, 343-352
(1997).

Sirica, A. E., and Williams, T. W., Appearance of
ductuiar hepatocytes in rat liver after bile duct ligation
and subsequent zone 3 necrosis by carbon tetrachloride.
Am. J. Pathol., 140, 129-136 (1992).

Tateno, C., Takai-Kajihara, K., Yamasaki, C., Sato, H.,
and Yoshizato, K., Heterogeneity of growth potential of
adult rat hepatocytes in vitro. Hepatology, 31, 65-74
(2000).

Sidler Pfandler, M. A., Hochli, M., Inderbitzin, D.,
Meier, P. ], and Stieger, B., Small hepatocytes in culture
develop polarized transporter expression and differen-
tiation. J. Cell Sci., 117, 4077-4087 (2004).

Herrera, M. B, Bruno, S., Buttiglieri, S., Tetta, C., Gatti,
S., Deregibus, M. C,, Bussolati, B., and Camussi, G.,
Isolation and characterization of a stem cell population
from adult human liver. Stem Cells, 24, 2840-2850
(2006).

Avril, A, Pichard, V., Bralet, M. P., and Ferry, N.,
Mature hepatocytes are the source of small hepatocyte-
like progenitor cells in the retrorsine model of liver
injury. J. Hepatol., 41, 737-743 (2004).

Best, D. H., and Coleman, W. B., Treatment with 2-AAF
blocks the small hepatocyte-like progenitor cell response
in retrorsine-exposed rats. J. Hepatol., 46, 1055-1063
(2007).

Niimi, S., Oshizawa, T., Yamaguchi, T., Harashima, M.,
Seki, T., Ariga, T., Kawanishi, T., and Hayakawa, T.,
Specific expression of annexin IIT in rat small hepato-
cytes. Biochem. Biophys. Res. Commun., 300, 770-774
(2003).

Niimi, S., Harashima, M., Gamou, M., Hyuga, M., Seki,



19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

30)

Annexin A3-Expressing Cells Emerge from Necrotic Liver Lesion

T., Arga, T., Kawanishi, T., and Hayakawa, T.,
Expression of annexin A3 in primary cultured paren-
chymal rat hepatocytes and inhibition of DNA synthesis
by suppression of annexin A3 expression using RNA
interference. Biol. Pharm. Bull., 28, 424-428 (2005).
Harashima, M., Niimi, S., Koyanagi, H., Hyuga, M.,
Noma, S., Seki, T., Ariga, T., Kawanishi, T., and
Hayakawa, T., Change in annexin A3 expression by
regulatory factors of hepatocyte growth in primary
cultured rat hepatocytes. Biol. Pharm. Bull., 29, 1339-
1343 (2006).

Alison, M. R,, Poulsom, R., Jeffery, R., Dhillon, A. P.,
Quaglia, A., Jacob, J., Novelli, M. Prentice, G.,
Williamson, J., and Wright, N. A., Hepatocytes from
non-hepatic adult stem cells. Nature, 406, 257 (2000).
Dunsford, H. A., and Sell, S., Production of monoclonal
antibodies to preneoplastic liver cell populations induced
by chemical carcinogens in rats and to transplantable
Morris hepatomas. Cancer Res., 49, 4887-4893 (1989).
Chomczynski, P., and Sacchi, N., Single-step method of
RNA isolation by acid guanidinium thiocyanate-phenol-
chloroform extraction. Anal. Biochem., 162, 156-159
(1987). -

Heid, C. A., Stevens, 1., Livak, K. J., and Williams, P.
M., Real time quantitative PCR. Genome Res., 6, 986—
994 (1996).

Sigala, F., Kostopanagiotou, G., Andreadou, I,
Kavatzas, N., Felekouras, E., Sigalas, P., Bastounis, E.,
and Papalambros, E., Histological and lipid peroxidation
changes after administration of 2-acetylaminofluorene in
a rat liver injury model following selective periportal
and pericentral damage. Toxicology, 196, 155-163
(2004).

Bustin, S. A., Quantification of mRNA using real-time
reverse transcription PCR (RT-PCR): trends and prob-
lems. J. Mol. Endocrinol., 29, 23-39 (2002).

Coleman, J. P., Kirby, L. C., Setchell, K. D., Hylemon,
P. B., Pandak, M., Heuman, D. M., and Vlahcevic, Z. R.,
Metabolic fate and hepatocyte toxicity of reverse amide
analogs of conjugated ursodeoxycholate in the rat.
J. Steroid Biochem. Mol. Biol., 64, 91-101 (1998).
Koch, K. §., and Leffert, H. L., Normal liver progenitor
cells in culture. In “Stem Cells Handbook,” ed. Sell, S.,
Humana Press, Totowa, pp. 367-384 (2004).

Mitaka, T., Hepatic stem cells: from bone marrow cells

to hepatocytes. Biochem. Biophys. Res. Commun., 281,

1-5 (2001).

Thorgeirsson, S. S., and Grisham, J. W., Overview of
recent experimental studies on liver stem cells. Semin.
Liver Dis., 23, 303-312 (2003).

Menthena, A., Deb, N, QOertel, M., Grozdanov, P. N,
Sandhu, J., Shah, S., Guha, C., Shafritz, D. A., and
Dabeva, M. D., Bone marrow progenitors are not the
source of expanding oval cells in injured liver. Stem
Cells, 22, 1049-1061 (2004).

31)

32)

33)

34)

35)

36)

39)

40)

41)

42)

43)

44)

3089

Gleiberman, A. S., Encinas, J. M., Mignone, J. L.,
Michurina, T., Rosenfeld, M. G., and Enikolopov, G.,
Expression of nestin-green fluorescent protein transgene
marks oval cells in the adult liver. Dev. Dyn., 234, 413-
421 (2005).

Ong, S. Y., Dai, H., and Leong, K. W, Inducing hepatic
differentiation of human mesenchymal stem cells in
pellet culture. Biomaterials, 27, 4087-4097 (2006).
Konishi, H., Namikawa, K., and Kiyama, H., Annexin III
implicated in the microglial response to motor nerve
injury. Glia, §3, 723-732 (2006).

Le Cabec, V., and Maridonneau-Parini, 1., Annexin 3 is
associated with cytoplasmic granules in neutrophils and
monocytes and translocates to the plasma membrane in
activated cells. Biochem. J., 303, 481-487 (1994).
Sopkova, J., Raguenes-Nicol, C., Vincent, M., Chevalier,
A., Lewit-Bentley, A., Russo-Marie, F., and Gallay, J.,
Ca(2-+) and membrane binding to annexin 3 modulate
the structure and dynamics of its N terminus and domain
1. Protein Sci., 11, 1613-1625 (2002).

Rosales, J. L., and Ernst, J. D., Calcium-dependent
neutrophil secretion: characterization and regulation by
annexins. J. Immunol., 159, 6195-6202 (1997).

Gordis, E., Lipid metabolites of carbon tetrachloride.
J. Clin. Invest., 48, 203-209 (1969).

Petersen, B. E., Goff, J. P., Greenberger, J. S., and
Michalopoulos, G. K., Hepatic oval cells express the
hematopoietic stem cell marker Thy-1 in the rat.
Hepatology, 27, 433-445 (1998).

Yin, L., Lynch, D, Ilic, Z., and Sell, S., Proliferation and
differentiation of ductular progenitor cells and littoral
cells during the regeneration of the rat liver to CCl,/2-
AAF injury. Histol. Histopathol., 17, 65-81 (2002).
Sell, S., Osborn, K., and Leffert, H. L., Autoradiography
of “oval cells” appearing rapidly in the livers of rats fed
N-2-fluorenylacetamide in a choline devoid diet. Carci-
nogenesis, 2, 7-14 (1981). .
Hong, H., Chen, J. Z., Zhou, F., Xue, L., and Zhao, G.
Q., Influence of serum from liver-damaged rats on
differentiation tendency of bone marrow-derived stem
cells. World J. Gastroenterol., 10, 2250-2253 (2004).
Yoon, B. L., Choi, Y. K., and Kim, D. Y., Differentiation
processes of oval cells into hepatocytes: proposals based
on morphological and phenotypical traits in carcinogen-
treated hamster liver. J. Comp. Pathol., 131, 1-9 (2004).
Bustos, M., Sangro, B., Alzuguren, P., Gil, A. G., Ruiz,
J., Beraza, N, Qian, C., Garcia-Pardo, A., and Prieto, J.,
Liver damage using suicide genes. A model for oval cell
activation. Am. J. Pathol., 157, 549-559 (2000).
Crosby, H. A, Hubscher, S., Fabris, L., Joplin, R., Sell,
S.. Kelly, D., and Strain, A. J., Immunolocalization of
putative human liver progenitor cells in livers from
patients with end-stage primary biliary cirrhosis and
sclerosing cholangitis using the monoclonal antibody
OV-6. Am. J. Pathol., 152, 771-779 (1998).



