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The regenerative capacity of mammalian adult liver
reflects the ability of a number of cell populations
within the hepatic lineage to take action. Limited in-
formation is available regarding factors and mecha-
nisms that determine the specific lineage level at
which liver cells contribute to liver repair as well as
the fate of their progeny in the hostile environment
created by liver injury. In the present study, we at-
tempted to identify novel molecules preferentially in-
volved in liver regeneration by recruitment of transit-
amplifying, ductular (oval) cell populations. With a
subtractive c¢cDNA library screening approach, we
identified 48 enriched, nonredundant gene products
associated with liver injury and oval cell proliferation
in the adult rat liver. Of these, only two, namely
a-fetoprotein and a novel transcript with high homol-
ogy to human DMBT1 (deleted in malignant brain
tumor 1), were specifically associated with the emer-
gence of ductular (oval) cell populations in injured
liver. Subsequent cloning and characterization of the
rat DMBT1 homologue revealed a highly inducible ex-
pression in ductular reactions composed of transit-
amplifying ductular (oval) cells, but not in ductular re-
actions after ligation of the common bile duct. In
human liver diseases, DMBT1 was expressed in ductu-
lar reactions after infection with hepatitis B and acet-
aminophen intoxication, but not in primary biliary
cirrhosis, primary sclerosing cholangitis, and obstruc-
tion of the large bile duct. The expression heterogene-
ity in ductular reactions and multiple functions of
DMBT1 homologues point to intriguing roles in regu-

lating not only tissue repair but also fate decision and
differentiation paths of specific cell populations in the
hepatic lineage. (Am J Pathol 2002, 161:1187-1198)

The proficiency of the adult mammalian liver to regener-
ate under pathophysiological conditions has long been
recognized. However, only recently has it been firmly
established that this regenerative capacity reflects the
ability of several recognized populations of cells with
stem-like characteristics to respond to damage of liver
tissue. Because hepatic cells with stem-like properties
are ideal therapeutic targets in patients suffering chronic
liver failure, further knowledge of the mechanisms regu-
lating the commitment of a particular cell type to partici-
pate in liver repair is important both for identification of
therapeutic potentials and in understanding develop-
mental processes and tissue homeostasis.

The hallmarks of stem cells include competency to
renew repeatedly, to renew the stem cell population, and
to generate sufficient differentiated progeny to maintain
or regenerate the functional capacity of a tissue." In
rodent models, reconstruction of liver mass lost to surgi-
cal resection is achieved through proliferation of fully
differentiated, normally quiescent hepatocytes and bile
duct cells in the residual tissue. These mature cells in the
hepatic lineage are numerous, can respond rapidly, and
give rise to a large number of progeny while maintaining
their differentiated phenotype.>3 However, in certain
types of toxic hepatic injury impairing the replication of
hepatocytes, a large population of ductular epithelial
cells, possibly originating from endogenous stem cells in
the canal of Hering, is produced. The resulting intricate
network of ductular structures invade the parenchyma,
where the ductular epithelial cells may differentiate to
hepatocytes or bile duct cells to reconstitute the archi-
tecture and function of the damaged liver tissue.* © The
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ductular epithelial cells are, therefore, at least bipotential
progenitor cells and have, because of their cytological
appearance with an oval-shaped nucleus and a high
nuclear to cytoplasmic ratio, been named oval cells. Nev-
ertheless, regeneration in response to other classes of
hepatotoxins impairing hepatocyte replication seems to
be accomplished by vigorously proliferating small hepa-
tocyte-like progenitor cells expressing phenotypic char-
acteristics of fetal hepatoblasts and adult mature hepa-
tocytes.”® It is not established if these small incompletely
differentiated hepatocyte-like cells resemble the popula-
tion of mature hepatocytes in adult liver giving rise only to
new hepatocytes or the bipotential fetal hepatoblasts
capable of differentiation into mature hepatocytes and
bile duct cells during fetal liver development. Finally,
there may be two origins of stem cells in the liver: endog-
enous stem cells located in the canal of Hering and
exogenous stem cells derived from the bone marrow and
capable of differentiation into hepatocytes and bile duct
cells after homing to the injured liver.®™°

The existence of hepatic cells with stem-like properties
in humans is less well established. However, the ability of
hepatocytes and bile epithelial cells to reconstitute liver
mass and function after surgical resection is well known.
Furthermore, ductular reactions recognized in a variety of
genetic, acute, and chronic liver diseases display cells
with phenotypic characteristics of the bipotential ductular
(oval) cells in rodent models."'"'® As in rodent liver, the
intrahepatic origin of these stem-like cells is likely to be
the canals of Hering."® Finally, it has recently been shown
that in human transplant recipients, hepatocytes and bile
duct cells can be derived from extrahepatic circulating
multipotent stem cells, probably of bone marrow origin,
and that these cells are involved in replenishment of
hepatic epithelial cells.’”'® Thus, the tremendous regen-
erative capacity of the mammalian liver seems to be
reflected by the ability to call forth a cellular response at
different levels in the hepatic lineage. This has led to the
hypothesis that similar to other organ systems, the cellu-
lar lineage of the liver consists of true stem cells located
in the canal of Hering, progenitor cells [transit-amplifying
bipotential ductular (oval) cells], and mature hepatocytes
and bile duct cells.®

Limited information is available regarding factors and
mechanisms that determine the contribution of a liver cell
population at a specific lineage level to liver repair as well
as the fate of its progeny in the hostile environment cre-
ated by liver injury. However, the ability of a particular cell
population in the hepatic lineage to respond and partic-
ipate in liver regeneration seems to be associated with
the type of injury inflicted.®”2° These differences are
reflected in the hepatic expression patterns of several
growth regulatory molecules.?’ 24 Hence, it is tempting to
hypothesize that the specific microenvironment created
in response to a particular liver injury may determine fate
decision and differentiation paths of the recruited cell
populations, allowing the progeny to survive and prolifer-
ate in a hostile environment. Therefore, if a more targeted
approach to decreasing tissue injury and enhancing re-
pair/regeneration in humans is to be achieved a better
understanding of the cellular and molecular mechanisms

allowing stem cells to repopulate, proliferate, and differ-
entiate in a hostile environment is required.

In the present study, we have focused our efforts on
identifying novel molecules and mechanisms defining the
microenvironment necessary for proliferation of transit-
amplifying ductular (oval) cells in injured liver. We have
used a selective subtractive cDNA library screening ap-
proach applying a polymerase chain reaction (PCR)-
based cDNA library construction and cDNA array analy-
sis, extensive Northern blot analysis of identified
molecules in representative models of rat liver regenera-
tion, PCR-based cDNA cloning, and immunostaining of
formalin-fixed tissue from experimental rat models as well
as from a number of human liver diseases displaying
ductular reactions. Here we report the identification and
characterization of DMBT1 and its rat homologue dmbt1
4.7kb as novel molecules in liver regeneration. The mol-
ecules are rapidly induced after liver injury, and show
strong heterogeneity of expression in ductular reactions
of adult human and rat liver dependent on the injury
induced. These findings point to intriguing roles of the
molecules as factors in the microenvironment regulating
not only tissue repair but also fate decision and differen-
tiation paths of transit-amplifying ductular (oval) cells.

Materials and Methods

Experimental Animal Models

Male Wistar rats, 8 weeks of age, were purchased from
M&B A/S (Ry, Denmark) and kept under standardized
conditions with access to food and water ad libitum. Liver
regeneration through replication of mature hepatocytes
and bile duct cells was achieved by surgical resection of
the median and left lateral liver lobes removing ~70% of
the liver mass (PHx protocol).? Liver regeneration by
transit-amplifying ductular (oval) cells was achieved us-
ing the AAF/PHx protocol in which treatment with
2-acetylaminofluorene (2-AAF) (9 days, 20 mg/kg/day by
gavage) was interrupted at day 5 to perform a 70%
hepatectomy.®2° Liver regeneration through proliferation
of small hepatocyte-like progenitor cells was achieved by
inhibiting replication of mature hepatocytes by two intra-
peritoneal injections of retrorsine (30 mg/kg) 2 weeks
apart, followed by a 70% hepatectomy 5 weeks after the
last treatment with retrorsine (retrorsine/PHx protocol).”
Control groups included: 1) a sham operation with lapa-
rotomy only; 2) treatment with 2-AAF (9 days, 20 mg/kg/
day by gavage) combined with a sham operation at day
5; and 3) treatment with retrorsine (30 mg/kg i.p. 2 weeks
apart) followed by a sham operation 5 weeks after the last
treatment with toxin. Finally, proliferation of mature bile
duct cells was induced by ligation of the common bile
duct for 5 days.?® Groups of three animals were sacri-
ficed by cervical dislocation at the time points indicated
in the figures, and parts of the livers were snap-frozen in
liquid nitrogen for RNA extraction, or fixed for histological
examination. The Danish Council for Supervision with
Experimental Animals had approved the studies.



Human Tissue Samples

Normal liver tissue from liver transplant donors or taken
for diagnostic purposes (n = 7) served as control sam-
ples. Diseased tissue samples were obtained from trans-
plant recipients with primary biliary cirrhosis (n = 5, cir-
rhotic stage with active inflammation), primary sclerosing
cholangitis (n = 3, cirrhotic stage with active inflamma-
tion), obstruction of the large bile duct (n = 2, cirrhotic
stage), acetaminophen intoxication (n = 5, submassive
liver cell necrosis), and hepatitis B infection (n = 3,
submassive liver cell necrosis). A few tissue samples
were received fresh allowing one part to be snap-frozen
in liquid N, for later extraction of total RNA and one part
to be fixed in formalin. The remaining samples were only
fixed in formalin. All fixed tissues were embedded in
paraffin for routine histology and immunohistochemistry.

Differential Expression Cloning and Sequencing

The suppression subtractive hybridization cDNA library
was constructed with the PCR-Select cDNA subtraction
kit (Clontech Laboratories Inc., Palo Alto, CA) according
to the manufacturer’s instructions. The rat livers chosen
for library construction were selected according to histo-
logical evaluations of liver morphology and cellular com-
position. A rat liver from the AAF/PHx protocol at day 10
after partial hepatectomy harboring a very large popula-
tion of transit-amplifying ductular (oval) cells was chosen
as the tester sample. As the driver sample a normal liver
from an untreated rat was used. Polyadenylated RNA
[poly(A)* RNA] was prepared from snap-frozen liver tis-
sue by ultracentrifugation through a cesium chloride
cushion and enrichment by oligo(dT)-cellulose chroma-
tography. Samples of 2 ug of poly(A)* RNA were re-
verse-transcribed to cDNA. Subsequently, tester and
driver cDNA were hybridized, the remaining unhybrid-
ized sequences amplified by PCR, and cloned into pCRII
plasmid vectors (TA cloning kit; Invitrogen, Carlsbad,
CA). Differentially expressed cDNA sequences were
identified by cDNA array analysis as described in the
PCR-Select cDNA subtraction kit protocol (Clontech). In
the present study, 600 Escherichia coli transformants car-
rying the pCRII plasmid vector were analyzed for cDNA
inserts by PCR. Of these, 196 transformants containing
cDNA inserts larger than 250 bp were chosen for further
array analysis. The cDNA products were amplified by
PCR and arrayed on nylon membranes. Subsequently,
the membranes were hybridized to cDNA probes pro-
duced by forward and reverse subtraction and labeled
with [®*?P]dCTP (Rediprime; Amersham Pharmacia Bio-
tech, Uppsala, Sweden). Clones containing cDNA inserts
that exclusively hybridized to the forward-subtracted
probe [representing cDNAs expressed highly in liver re-
generating by recruitment of transit-amplifying ductular
(oval) cells] were sequenced using the ABI Prism BigDye
Terminator Cycle Sequencing Ready Reaction Kit with an
automated sequencer (ABI373; PE Applied Biosystems,
Foster City, CA). DNA sequences and conceptual trans-
lations were compared with known nucleotide and pro-
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tein sequences using the BLAST algorithm (www.nci.n-
Im.nih.gov/BLAST/). Four publicly accessible databases
were searched: SwissProt, GenBank nr protein, GenBank
nr nucleotide, and dbEST-expressed sequence tags.

Cloning of Rat dmbt1 4.7kb

The full-length cDNA for rat dmbt1 4.7kb was cloned by
reverse transcribing 1 ug of total RNA (AAF/PHx protocol
10 days after PHx) into cDNA with the Smart Race cDNA
amplification kit (Clontech). The resulting cDNA was then
amplified in a 50-ul 5" Race PCR reaction composed of
2.5 ul of cDNA template (diluted 1:100), 5 ul of Universal
primer mix, 5 ul of Buffer A, and 5 ul of Buffer B (Elongase
Enzyme Mix System; Life Technologies, Palo Alto, CA), 200
wmol/L each of dNTP, 1 ul Elongase Enzyme Mix, and 400
nmol/L gene-specific primer (Eb-3-UTR rev1, 5'-CTAGCTA-
GAGAAAGGATGGTGATGCCA-3'). The cDNA was ampli-
fied by an initial denaturing step for 2 minutes at 94°C
followed by 35 cycles of 30 seconds at 94°C, 30 seconds at
60°C, and 12 minutes at 68°C. The PCR products were
cloned into the pCR-XL-TOPO plasmid vector (TOPO XL
PCR cloning kit, Invitrogen) and sequenced.

Northern Blot and Semiquantitative Reverse
Transcriptase-PCR Analyses

In experiments on liver regeneration, animals were sac-
rificed as indicated and total RNA extracted from ~50 mg
of snap-frozen liver tissue (RNeasy kit; Qiagen Inc., Santa
Clarita, CA). Populations of viable nonparenchymal cells
were isolated by perfusion of the liver in situ as de-
scribed.?? The nonparenchymal cell populations were
isolated 7 days after partial hepatectomy in the AAF/PHx
protocol combining treatment with 2-AAF and a 70%
hepatectomy, or O (untreated), 3, 6, 24, 48, and 96 hours
after initiation of treatment with 2-AAF alone (20 mg/kg/
day). Hepatocytes were isolated O (untreated), 3, 6, 24,
48, and 96 hours after treatment with 2-AAF alone (20
mg/kg/day) by a two-step in situ perfusion procedure.?’
All cell preparations were snap-frozen in liquid nitrogen
and stored at —70°C until total RNA was isolated (RNAs-
tat Reagent; Tel-Test Inc., Friendswood, TX).

Northern blot analysis was performed by electrophore-
sis of 10 ng of total RNA in 1% agarose/0.2 formaldehyde
gels and transfer onto nylon membranes. A rat Multiple
Tissue Northern (MTN) blot was purchased from Clon-
tech. For quantification, a slot blot analysis was per-
formed by immobilizing 10 pg of total RNA onto nylon
membranes. Membranes were hybridized to cDNA
probes labeled with [3°P]dCTP. The probe for rat dmbt1
4.7kb encompassed nucleotides 4260 to 4623 of the
3'-untranslated sequence (GenBank accession number
to be deposited), and for rat a-fetoprotein (AFP) nucleo-
tides 101 to 329 (GenBank accession no. X02361). Both
cDNA fragments were isolated in the subtraction library
analysis.

For semiquantitative reverse transcriptase-PCR analy-
sis of DMBT1 in human liver, samples of 1 ug of total RNA
were reverse-transcribed and amplified using the Advan-
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Table 1. Subtractive cDNA Library of Genes Highly Expressed in Rat Liver Regeneration by Transit-Amplifying Ductular (Oval)
Cells
Accession Accession Accession
No. Insert identity no. No. Insert identity no. No. Insert identity no.
1 Endomembrane AF160213 17 6.2 kda, protein NM_019059 33  MtNS-like protein AF151726
protein emp70*
2  a-Fetoprotein* V01254 18  Ebnerin/dmbt1* U32681 34  hnRNP H Y14196
3 Carbamyl phosphate M12322 19  14-kda, ubiquitin Uu04308 35 Lysosomal- NM_008640
synthetase 1* conjugating enzyme associated
transmembrane
protein 4A
4 «-1-acid V01216 20 Receptor for activated AJ132860 36 Voltage-dependent NM_011696
glycoprotein® kinase C anion channel 3
(Vdac3)*
5 Na-, K-ATPase B M14137 21 Lysine-ketoglutarate AJ224761 37  Guanine nucleotide NM_013106
subunit® reductase/saccharo- binding protein,
pine a-inhibiting
dehydrogenase* polypeptide
(Gnai3)
6 FGF-4 induced U42383 22 Cytochrome P450 IVB1 NM_016999 38  Unknown*
serine/threonine (Cyp4b1)*
type 2C
phosphatase
homologue
(FIN13)~
7 Amino acid AF249673 23  RNA binding motif NM_016809 39 Phenylalanine K02599
transporter system protein (Rbm3)* hydroxylase*
A (ATA2)*
8  Corticoid steroid- X70533 24 Translation elongation  NM_017245 40  Elongation factor 1 19339
binding globulin* factor 2 (EF-2)* a (EF-1)7
9  Ribosomal protein X78443 25  Stem-loop binding NM_009193 41  Anthracycline- U35833
L24* protein (Slbp)* associated
resistance protein
(Arx)*
10 Tyrosine amino X02741 26 p68 RNA helicase* X65627 42  CDC23* NM_004661
transferase*
11 Fibronectin* L29191 27  Urate oxidase” M24396 43  mdrib* M81855
12 Interferon-related X17400 28  Proliferation-associated NM_011119 44  MHC class Il RT1.D  AJO01998
putative protein protein 1 (Plfap)* ar
(TIS7)*
13 Aspartate amino D00252 29  Guanine nucleotide- L.10336 45 Histone H1.2 Y12291
transferase releasing protein
(CAspAT)* (mss4)
14 Thioredoxin U30o789 30 Peroxisomal phytanoyl- AF121345 46  Chaperonin 731555
interacting factor CoA hydroxylase containing TCP-1
(PHYH) epsilon (Ccte)
15  Stromal cell derived  NM_009146 31  Leucine amino NM_015907 47  Chaperonin subunit  NM_007638
factor receptor 2 peptidase 7 (eta) (Cct7)
(Sdfr2, SDR2)*
16 Glvr-1 M73696 32  Proton/phosphate M23984 48  y-Actin® X52815
symporter

*cDNA inserts used in the comparative Northern blot analysis.

tage 2 PCR enzyme system (Clontech) and the following
forward and reverse primers: hDMBT1-ZP-fwd3 (5'-
CCTGCTCTGTCTGCCAAATCACATGCAAGCC-3') and
hDMBT-3-UTR revi1 (5'-GCATGGATTCTGGGACTGCAG-
GTCTATGGGCCA-3'). As internal standard of the RNA
amount used in the PCR, a primer pair of human B-actin
(5’-TCTGGCCGTACCACTGGCAT-3') and (5'-cactgtgttg-
gcgtacaggt-3') were used for amplification. Ampilification
conditions were 35 cycles of 30 seconds at 94°C, 30 sec-
onds at 65°C, and 2 minutes at 72°C.

Immunohistochemistry

Tissue specimens were fixed in 4% neutral formalin or
paraformaldehyde for 24 hours and processed for routine

histology. Immunostaining of liver tissue was performed
on 5-um paraffin sections that were cleared with xylene
and rehydrated through a graded series of alcohols (5
minutes each) ending with 10 minutes of incubation in
phosphate-buffered saline. After quenching of endoge-
nous peroxidase activity (15 minutes of incubation in
methanol containing 2% H,0,), antigenic unmasking was
accomplished by either heating in 10 mmol/L of sodium
citrate (pH 6.0) for 15 minutes (DMBT1 and cytokeratin 7)
or treatment with 0.1% trypsin for 15 minutes at 37°C
(AFP). Nonspecific activity was blocked by a 60-minute
incubation in blocking solution composed of 100 mmol/L
Tris (pH 7.6), 550 mmol/L NaCl, 10 mmol/L KCI, 0.05%
Triton X-100, 1% bovine serum albumin, and 1.5% serum
of the secondary antibody species in a humidified cham-
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Figure 1. Gene expression analysis of AFP and the DMBTt1 homologue in rat liver. A: Northern blot analysis. Each lane contains 10 pg of total RNA isolated from
one rat liver. Membranes were hybridized to cDNA probes labeled with [*?PIdCTP and visualized by autoradiography. Hybridization with $18 was used to assess
integrity and equal loading of RNA samples. B: Quantification of gene expression by slot blot and phosporimager analysis. Each point represents the mean of
hepatic gene expression in three animals normalized to the expression in a control group of three untreated rats. AAF/sham, treatment with 2-AAF and laparotomy
only; Ret/sham, treatment with retrorsine and laparotomy only; sham, laparotomy only; AAF/PHX, treatment with 2-AAF and a 70% hepatectomy; Ret/PHX,
treatment with retrorsine and a 70% hepatectomy; PHx, 70% hepatectomy only. Animals were sacrificed 1, 3, 5, 7, and 9 days after the surgical procedure.

ber at room temperature. The sections were subse-
quently incubated overnight with the primary antibodies
diluted in the above solution at 4°C. Specific binding of
antibody was revealed by streptavidin/biotin immunoper-
oxidase techniques (Vectastain ABC Elite kit; Vector Lab-

oratories, Burlingame, CA) with diaminobenzidine as
substrate followed by light staining with Mayer’'s hema-
toxylin. The primary antibodies used on rat tissue were
rabbit polyclonal against gp-340/DMBT1 (rabbit anti-hu-
man 421-gp-340,282° diluted 1:400), and AFP (rabbit

Figure 2. Cellular localization of AFP (a, ¢, e) and the rat homologue of DMBT1 (b, d, f) at day 9 after a 70% hepatectomy in the AAF/PHx protocol. a and b
feature a portal area with an intricate network of transit-amplifying ductular (oval) cells penetrating the hepatic parenchyma. ¢ and d feature structures of
intestinal-type tissue staining positive for dmbt1 but not for AFP. e and f feature a focus of small basophilic hepatocytes entrapping structures of ductular (oval)
cells staining positive for both AFP and dmbtl. pv, portal vein; bd, bile duct; arrows point to structures of ductular (oval) cells. Original magnifications: X400

(c and d); X200 (e and ).
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Figure 3. A: Localization of rat dmbtl in normal rat liver (a), 5 days after
ligation of the common bile duct (b), 5 days after initiation of 2-AAF
treatment (¢), 5 days after partial hepatectomy in the AAF/PHx protocol (d),
5 days after partial hepatectomy (e), and 5 days after partial hepatectomy in
the Ret/PHx model (f). Short arrows point to ductular structures; long
arrows point to a focus of small hepatocyte-like cells. pv, portal vein; bd,
bile duct. B: Analysis of dmbt1 and AFP transcripts in isolated liver cell
populations by Northern blotting of 10 ug of total RNA. Hybridization to the
placental form of glutathione $-transferase (GST-P) was used as a common
marker for bile duct and ductular (oval) cells to verify the purity of non-
parenchymal (NPC) versus parenchymal (hepatocytes) cell populations. Hy-
bridization with S18 was used to assess integrity and equal loading of RNA.
Original magnifications, X200 (a to f).

anti-human AFP, diluted 1:800; DAKO, Glostrup, Den-
mark). Immunostaining of human tissues was achieved
with mouse monoclonal antibodies against human gp-
340/DMBT1 (mouse monoclonal Hyb213-6,282° diluted
1:100) and human cytokeratin 7 (mouse monoclonal anti-
human cytokeratin 7, diluted 1:100; BioGenex, San
Ramon, CA). The specificities of the gp-340/DMBT1 an-
tibodies were verified by Western blot analysis of DMBT1
protein purified from rat liver and human bronchi alveolar
lung washings (data not shown).

Results

Identification of Genes Preferentially Expressed
in Rat Liver Harboring Transit-Amplifying
Ductular (Oval) Cells

We approached the isolation of genes preferentially ex-
pressed in liver regenerating by recruitment of transit-
amplifying ductular (oval) cells by identifying uniquely
expressed transcripts in the AAF/PHx protocol as com-
pared to the normal liver. Our overall screening ap-
proach, encompassing PCR-based construction of a
subtractive cDNA library and cDNA array analysis com-
bined with sequence acquisition and bioinformatics of
resulting library clones, identified 48 enriched, nonredun-
dant gene products (Table 1).

To confirm a preferential expression in liver regenerat-
ing from transit-amplifying ductular (oval) cells, a com-
parative Northern blot analysis of 30 gene products listed
in Table 1 was performed using a number of experimental
models to induce regeneration from cells at different
stages in the hepatic lineage. Regeneration was
achieved by: 1) mature hepatocytes and bile duct cells
using the PHx protocol; 2) transit-amplifying ductular
(oval) cells using the AAF/PHx protocol; and 3) small
hepatocyte-like progenitor cells using the retrorsine/PHx
protocol. Control groups included a sham operation,
treatment with 2-AAF combined with a sham operation,
and treatment with retrorsine combined with a sham op-
eration. Animals were sacrificed 1, 3, 5, 7, and 9 days
after partial hepatectomy and gene expression patterns
analyzed. All products studied were expressed at higher
steady-state levels in the liver harboring a large popula-
tion of transit-amplifying ductular (oval) cells (AAF/PHx
protocol day 9 after PHx) as compared to sham-treated
animals, confirming the efficacy of the subtraction anal-
ysis. Interestingly, of the 30 transcripts studied only tran-
scripts encoded by AFP and a gene sequence with high
identity to rat Ebnerin,*° mouse CRP-ductin,®" and human
gp-340/DMBT12°%2 showed preferential expression in
the AAF/PHXx protocol (Figure 1A). The steady-state levels
of the remaining 28 transcripts were clearly elevated in
the AAF/PHXx protocol but were also increased to variable
degrees in other protocols of injury (data not shown).

Expression of AFP in the rat is normally restricted to the
hepatoblasts in the fetal liver. However, during develop-
ment of the bipotent transit-amplifying ductular (oval) cell
phenotype in adult liver AFP expression is ac-
quired.*%232533 |n the AAF/PHx model of liver regener-
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Table 2. Summary of dmbtl and a-Fetoprotein Protein Expression in Epithelial Cell Compartments Under Various Conditions of

Liver Injury and Regeneration in the Adult Rat Liver

Epithelial cells in

Epithelial cells in

Epithelial cells in Epithelial cells in

bile ducts and ductular foci of small structures of
Hepatocytes ductules reactions hepatocytes intestinal-type tissue
Control —/=* /- NPS NP NP
Sham, 5 days -/= -/= NP NP NP
BDL, 5 days —/= —/= -/- NP NP
PHx, 5 days —/- +/-T NP NP NP
AAF/Sham, 5 days -/ +/- +H(+)* NP NP
AAF/PHx, 5 days —/- +/- +/+ NP NP
AAF/PHx, 9 days —/—= +/— +/+ (H)/(+) +/—
Ret/Sham, 5 days == -/= NP NP NP
Ret/PHx, 5 days —/—= +/— +/(+) —/= NP

*—/—, Immunostaining of dmbt1/AFP not detectable.
T+ Immunostaining detectable.

*(+), Immunostaining not detectable in all epithelial cells in the structure.

SNot present by histological examination.

ation, transit-amplifying ductular (oval) cells proliferate to
form an intricate network of ductular structures. The num-
ber of transit-amplifying ductular (oval) cells reaches a
maximum between 8 and 11 days after the partial hepa-
tectomy®® in accordance with the increasing expression
of AFP from day 7 to day 9 after hepatectomy in the
present study (Figure 1B, AAF/PHXx protocol). In contrast,
increased levels of AFP transcripts were not detectable
by Northern blot analysis in liver regeneration from small
hepatocyte-like progenitor cells (Figure 1B, Ret/PHx pro-
tocol) or from mature hepatocytes and bile duct epithelial
cells (Figure 1B, PHx protocol). Therefore, expression of
AFP seems to be a highly specific marker for transit-
amplifying ductular (oval) cells in the regenerating adult
rat liver. Expression of the DMBT1 rat homologue also
appeared to be strongly associated with transit-amplify-
ing ductular (oval) cells (Figure 1B, AAF/PHx model).
However, increased expression of the DMBT1 homo-
logue was detected already at day 3 after hepatectomy
(Figure 1B, AAF/PHXx protocol). Furthermore, expression
of the DMBT1 homologue was detectable in the AAF/
sham and Ret/PHx protocols in accordance with the pre-
viously described emergence of small populations of
transit-amplifying ductular (oval) cells in portal areas.”2®

Immunostaining with antibodies against AFP and
DMBT1 detected both proteins in structures of transit-
amplifying ductular (oval) cells at day 9 after hepatec-

tomy in the AAF/PHXx protocol (Figure 2, a and b). Expres-
sion of dmbt1 in newly formed bile ducts (Figure 2b) and
in structures resembling intestinal epithelium (Figure 2d)
was in contrast to the lack of AFP expression in the same
structures (Figure 2, a and c). In the large foci of newly
formed, small basophilic hepatocytes only entrapped
structures of transit-amplifying ductular (oval) cells ex-
pressed both proteins (Figure 2, e and f).

We have previously described heterogeneity in AFP
expression among the bile ductules and the larger bile
ducts after activation of transit-amplifying ductular (oval)
cells.?522 In the AAF/PHXx protocol, only a small popula-
tion of the total number of bile ductules expressed AFP at
early time points (up to 5 days after PHx)?>3% whereas the
larger bile ducts consistently were negative. At later time
points, from 5 days after PHx and beyond, all cells in
ductular structures attained the ability to express AFP.33
Therefore, we investigated if the expression of the
DMBT1 rat homologue would follow a similar induction
pattern. In control liver, a few cells of the larger hepatic
bile ducts occasionally showed a positive reaction with
the antibody against DMBT1. Cells in the bile ductules,
endothelial cells, and hepatocytes were negative (Figure
3A, a). Interestingly, induction of DMBTT expression was
observed in all ductular epithelial cells in models in which
transit-amplifying ductular (oval) cells have been identi-
fied [ie, AAF treatment alone (Figure 3A, c), AAF/PHx
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Figure 4. A: Northern blot analysis of DMBT1 homologues in normal adult rat tissues. Left: Samples of 2 ug of poly (A+) RNA are loaded in each lane and the
membrane exposed to X-ray film for 7 days. Right: Samples of 10 ug of total RNA are loaded in each lane and the membrane exposed to X-ray film for 2 days.
B: Domain organization of rat dmbtl 4.7kb and members of the SRCR superfamily group B with high homology to dmbt1 4.7kb.
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model (Figure 3A, d), and retrorsine/PHx model (Figure
3A, f)]. After PHx, DMBT1 expression was also detected
in ductular epithelial cells at the time when they prolifer-
ate to reconstitute the bile epithelial structures® (Figure
3A, e). Hepatocytes proliferating after PHx (Figure 3A, e),
small hepatocyte-like progenitor cells proliferating in re-
sponse to treatment with retrorsine/PHx (Figure 3A, f),
and ductular cells proliferating after ligation of the com-
mon bile duct (Figure 3A, b) did not react with the anti-
bodies. In the AAF/PHx protocol 5 days after PHx, some
hepatic endothelial cells also stained positive for dmbt1
protein (Figure 3A, d). A summary of AFP and dmbt1
protein expression in epithelial cell populations under
various conditions of liver injury and regeneration in the
adult rat liver is presented in Table 2. Northern blot anal-
ysis of separated hepatocyte and nonparenchymal cell
populations after AAF treatment alone confirmed that
induction of dmbt1 expression was exclusive to the non-
parenchymal cell populations. The induction was ob-
served in cell isolates as early as 24 hours after initiation
of the AAF treatment (Figure 3B).

The DMBT1 Homologue Expressed in
Regenerating Rat Liver Is a Specific Splice
Variant

The transcript size of the DMBT1 rat homologue expressed
in regeneration from transit-amplifying ductular (oval) cells
was calculated from the Northern blot analysis in Figure 1A
to be ~4700 bp (hereafter referred to as rat dmbt1 4.7kb).
Northern blot analysis of normal, adult rat tissues revealed
that the 4.7-kb splice variant appeared specifically in the
injured liver. With the exception of the intestine, expression
levels in adult tissues were generally very low (Figure 4A). A
number of different splice variants were detected by the
cDNA probe specific to the 3’-untranslated region of rat
ambt1 4.7kb, including a 6.0-kb transcript in normal liver,
lung, and intestine, a 8.4-kb variant in spleen, skeletal mus-
cle, and kidney, a 7.7-kb variant in heart, and a 1.7-kb
variant in testis (Figure 4A). Long-range PCR with a primer
designed from the subtraction clone used in the Northern
blot analysis with identity to the 3’ end of human DMBT1
cDNA, resulted in amplification of a single product from rat
liver harboring a large population of transit-amplifying
ductular (oval) cells. The 4651-bp cDNA product contained
a 5'-untranslated region of 17 bp, followed by an ORF of
4273 bp, and a 3'-untranslated region of 378 bp. The 3'-
untranslated region was included in the cDNA sequence
isolated in the subtraction library screen. The nucleotide
sequence of rat dmbt1 4.7kb cDNA has been deposited at
the European Molecular Biology Laboratory nucleotide se-
quence database.

The ORF encoded a polypeptide chain of 1380 amino
acids, including a putative signal peptide of 20 residues
(Figure 4B). When the signal peptide was omitted, the
calculated molecular mass of the polypeptide chain was
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~149 kd. The domain organization of rat dmbt1 4.7kb
was similar to the organization of the human, mouse, and
rabbit homologues®®3"3* and features the putative sig-
nal peptide followed by the first SID/CRP domain, and
three SRCR (scavenger receptor cysteine-rich) domains
separated by fours SID/CRPs. The third SRCR domain
was followed by a short Thr-rich region, a CUB (C1r/C1
seconds, sea urchin epidermal growth factor, bone mor-
phogenetic protein-1) domain, a short Ser-Thr-Pro-rich
region, a second CUB domain, a second short Ser-Thr-
Pro-rich region, a fourth SRCR domain, a third short Ser-
Thr-Pro-rich region, a third CUB domain, a ZP (zona
pellucida) domain, and finally an amino acid sequence
containing a transmembrane domain and a short cytoso-
lic tail of 23 and18 amino acids (Figure 4B). Rat dmbt1
4.7kb represented a longer cDNA sequence of rat Eb-
nerin originally cloned from von Ebner's glands®® and
reported to be expressed during transit-amplifying ductu-
lar (oval) cell proliferation in a previous study.®

Heterogeneity of DMBT1 Expression Revealed
in Ductular Reactions of Human Liver

By reverse transcriptase-PCR analysis, specific tran-
scripts encoded by DMBT1 were amplified from clinical
tissue samples displaying ductular reactions in livers with
submassive necrosis caused by acetaminophen intoxi-
cation (n = 1) and hepatitis B infection (n = 2) but not
from normal liver (n = 1), primary biliary cirrhosis (n = 1),
and primary sclerosing cholangitis (n = 1) (data not
shown). These preliminary results encouraged us to in-
vestigate the expression of DMBT1 protein in ductular
reactions of a larger number of clinical tissue samples
using immunohistochemical staining against cytokeratin
7 (CK7) as a marker for duct or ductular-derived epithelial
cells.®® In liver showing a normal morphology (n = 7) no
reaction with the antibody against DMBT1 was observed
in CK7-positive ductular structures [Figure 5, a (DMBT1)
and b (CK7)]. In liver regenerating after parenchymal
destruction because of hepatitis B infection (n = 3) or
acetaminophen intoxication (n = 5), DMBT1 staining was
observed in association with reactive ductular structures
formed by CK7-positive cells [Figure 5¢ (DMBT1) and d
(CK7); e (DMBT1) and f (CK7)]. DMBT1 protein appeared
to be located in the apical membrane of ductular epithe-
lial cells (Figure 5, ¢ and e). Consistent with previous
observations®® both reactive bile ductules and interme-
diate (transitional) hepatocyte-like cells stained for CK7 in
livers with end-stage primary biliary cirrhosis, primary
sclerosing cholangitis, and obstruction of the large bile
duct (Figure 5; h, j, I). However, neither the ductules nor
the intermediate hepatocyte-like cells stained positive for
DMBT1 in these three diseases (Figure 5; g, i, k).

Figure 5. Representative immunostaining of DMBT1 (a, ¢, e, g, i, k) or cytokeratin 7 (CK7) (b, d, £, h, j, D in human liver disease with ductular reactions. Pairs
of serial sections were used in the analysis. Normal liver (a, b), hepatitis B infection (¢, d), acetaminophen intoxication (e, f), primary biliary cirrhosis (g, h),
primary sclerosing cholangitis (i, j), and large bile duct obstruction (k, D). Original magnifications, X400.
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Discussion

Throughout the past several years, it has become in-
creasingly clear that liver regeneration is fundamentally
regulated by several peptides that act in a highly coor-
dinated manner to ensure rapid restoration of tissue func-
tion and mass. These include members of several distinct
growth factor and cytokine families operating through
cognate cell surface receptors on responsive epithelial
cell populations in both autocrine and paracrine modes
of action.??"?2 |n a previous study, we used a similar,
although less stringent subtractive cDNA library ap-
proach, to demonstrate that modulation of molecules in-
volved in interferon-y-mediated events was associated
with emergence of transit-amplifying ductular (oval) cells
in regenerating rat liver.?® This first study was designed
to identify modulation of molecules associated with the
nonparenchymal cell population and was performed on
isolated, nonparenchymal cell populations enriched in
transit-amplifying ductular (oval) cells. The aim of the
present study was to define molecules associated with
changes in the microenvironment of the liver regenerat-
ing from transit-amplifying ductular (oval) cells and,
therefore, homogenates from regenerating liver harbor-
ing a large population of transit-amplifying ductular (oval)
cells were used. Furthermore, a stringent cDNA array and
expression analysis were added in the present study to
identify molecules that were strongly associated with re-
generation from transit-amplifying ductular (oval) cells.
Therefore, it is not surprising that the molecules reported
previously as being modulated during regeneration from
transit-amplifying ductular (oval) cells®® are not identical
to the molecules presented in Table 1. Interestingly, two
molecules, namely AFP and DMBT1 (Ebnerin), have been
identified as strongly associated with liver regeneration
from transit-amplifying ductular (oval) cells in both stud-
ies indicating that these molecules in combination with
the events controlling their modulation may be particu-
larly important as factors in fate decision and differentia-
tion of transit-amplifying ductular (oval) cells within the
hepatic lineage.

Considering the possible importance of DMBT1 as a
novel molecule in liver regeneration from transit-amplify-
ing ductular (oval) cells, we decided to clone the com-
plete cDNA sequence of the dmbt1 splice variant ex-
pressed in regenerating rat liver. The cloned cDNA
sequence, rat dmbt1 4.7kb, has a size of 4651 bp and
encodes a protein composed of a putative signal peptide
sequence, four group B SRCR domains, three CUB do-
mains, one ZP domain, a transmembrane region, and a
short cytoplasmic tail with potential phosphorylation sites.
The protein has a domain organization similar to the
SRCR group B proteins Ebnerin,®*® CRP-ductin,®' hen-
sin,®* and gp-340/DMBT129:%? in the rat, mouse, rabbit,
and human, respectively. SRCR domains are capable of
mediating protein-protein interactions and the majority of
proteins containing SRCR domains have been implicated
in functions within the immune defense system.®® The
CUB domain was first identified in tolloid, a protein that
activates decapentaplegic (dpp, the Drosophila trans-
forming growth factor-B homologue). The domain has

been recognized as a common motif in proteins involved
in embryo- and organogenesis including bone morpho-
genetic protein-1,37 but are also found in plasma proteins
such as serine protease molecules including comple-
ment subcomponents Cls/Clr- and MBL-associated
serine proteases. The ZP domain, present in ZP sperm
receptor proteins, bears some similarity to another trans-
forming growth factor-g-binding protein, the type Il re-
ceptor betaglycan.®® Consequently, the domain structure
of rat dmbt1 4.7kb implies a role for the protein as a
putative signaling receptor in pathways involved in liver
regeneration from transit-amplifying ductular (oval) cells.

At least two distinct functions of DMBT1 homologues
have been identified. Clearly, the proteins have one func-
tion in the mucosal defense system and a second in
epithelial differentiation. A splice variant of human
DMBT1 also called gp-340 binds the collectin protein
surfactant protein D (SP-D).?%2° SP-D is generally
present on the apical side of all mucosal surfaces includ-
ing the intrahepatic bile ducts,®® and the protein has
been shown to play an important role in opsonization of
bacteria, viruses, and allergens, in modulating the im-
mune response by suppressing macrophage activation
and oxidant production as well as inhibiting T-lymphocyte
proliferation, and in maintaining surfactant phospholipid
homeostasis.“®~*? Furthermore, DMBT1 homologues
have recently been identified as putative trefoil factor
receptors.*® Trefoil factors, a family comprised of three
small proteins designated TFF1 (pS2), TFF2 (SP), and
TFF3 (ITF), are secreted onto the apical side of mucosal
surfaces including the intrahepatic bile ducts. Although
their mechanisms of action are unknown, trefoil factors
can protect epithelial surfaces from a variety of deleteri-
ous agents, including bacterial toxins, chemicals, and
drugs, and seem to play a key role in promoting epithelial
regeneration after injury.***® Induced expression of
dmbt1 in transit-amplifying ductular (oval) cells in regen-
erating rat liver and of DMBTT in ductular reactions of
human liver after submassive parenchymal necrosis
caused by acetaminophen intoxication or hepatitis B in-
fection may, therefore, comprise an important protective
mechanism in the hostile environment created by liver
injury and facilitate functional restoration of the damaged
liver. Interestingly, neither ductular structures nor inter-
mediate (transitional) hepatocyte-like cells expressed
DMBTT1 in diseases such as primary biliary cirrhosis,
primary sclerosing cholangitis, and obstruction of the
large bile duct in which the progression is from initial
primary damage of the biliary tree to secondary injury of
the lobule in the end stage. This fundamental difference
between ductular reactions in human liver disease may
suggest that the direct damage of the biliary tree and/or
a different signaling from the extracellular matrix could
affect the expression of DMBTT in these diseases and
point to the use of DMBT1 as an interesting marker pro-
tein for diagnostic purposes.

Several lines of evidence also support an intriguing
role of DMBT1 homologues in epithelial differentia-
tion.®"*®47 |n the small intestine, mouse CRP-ductin is
expressed in the crypt epithelium from the stem cells in
the crypt base to the terminally differentiating cells in the



crypt top. However, as the cells move from the crypt to
the villus, the gene seems to turn off.3! Therefore, it was
reasoned that CRP-ductin might be involved in differen-
tiation of intestinal epithelium. Recent biochemical stud-
ies have established that rabbit hensin is able to switch
the polarity and induce processes of terminal differentia-
tion in kidney epithelial cells. Hensin seems to induce a
reorganization of the apical membrane and its associated
cytoskeleton with the expression of cytokeratin 19 and
Villin. The result is an apical-basal cell polarization and
epithelial columnarization similar to what occurs in termi-
nal differentiation of other epithelia.>*“® It has been pro-
posed that a population of nonpolarized, undifferentiated
cells located in the biliary ductules and with a blast-like
phenotype, replicate and differentiate to transitional cells
exhibiting a similar apical-basal polarity and phenotype
as transit-amplifying ductular (oval) cells.*® Therefore, it
is tempting to speculate that expression of DMBT1 may
be a critical determinant of fate decision and differentia-
tion of transit-amplifying ductular (oval) cells in adult liver
injury and repair.
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