A ° Kendall 16

8 . . r=0.532
e ® p<0.001
. 7 * .
E 2P0
2 .
£ .
o 5 .
@
a 4
7]
% 3
1 - <> HBeAg-. Ab+
@ HBeAg+ Ab-
0
4 5 6 7 8 8 10
HBV-DNA (Log Copies/ml)
B 9
Kendall 1b
8 ’ r=0.101
¢ . p=0.315
7 <,
= D4
E ® o hd .« °
> 6 . .
£ 5 P [
2 T .
4 -
& %
T 3 “~.\‘,\ * >
2
1. & HBeAg-. Ab+
& HBeAg+ Ab-
0 -
0 50 100 150 200
ALT (IU/L)
c 18 Kendall b
1 o o ) =0.076
4 p=0.449
5 »
= 14 o $
£ 4 o?
2 - T
— .
e 10 <
o -
) 8 200 ey
5 - R
6 ¢ " e
& L o tes®
4 - “ k3
2. (> HBeAg-. Ab+
4 HBeAg+, Ab-
0
4 5 6 7 8 9 10
HBV-DNA (Log Copies/ml)
D 18 Kendall 1
r=0.520
16 ¢ e p<0.001
= 14
E
= 12
£
o 10
54
5 o
% |
|
4|
2 ‘ (> HBeAg- Ab+
I @ HBeAg+. Ab-
0! . .
0 50 100 150 200

ALT (IUL)

Figure 6. Analysis of the correlations between levels of heat shock proteins (HSPs), hepatitis B virus (HBV) DNA, and alanine aminotransferase
(ALT). Open symbols indicate the values in samples from HBeAg-negative, HBeAb-positive patients. Filled symbols indicate the values in samples from
HBeAg-positive, HBeAb-negative patients. The statistical analysis was performed by use of nonparametric Kendall 7, methods. An approximately
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This figure is available in its entirety in the online
version of the Journal of Infectious Diseases.

Figure 8. Frequency of CD4'CD25'FoxP3* cells.

CD4*CD25"FoxP3" cells was also decreased during lamivudine
therapy. Moreover, the expression level of TLR2 on CD4'CD25*
cells gradually declined during entecavir therapy (Figure 7G).

Suppressive activity of T, cells. The suppressive activity
of T, cells was analyzed by means of coincubation of unstained
isolated T, cells and autologous CD4*CD25" cells with CFSE
staining. Ex vivo peripheral blood samples from 10 selected
patients were analyzed before treatment, 3 months after the
start of treatment, and 6 months after the start of treatment.
The mean fluorescence intensity of the CFSE staining of the
CD4"CD25™ cells was statistically significantly decreased at 6
months after the start of treatment (P<.05). These data in-
dicate that the suppressive activity of T, cells was gradually
decreased during entecavir treatment.

DISCUSSION

In this study, we have demonstrated that the levels of sHSP60
in patients with chronic hepatitis B were statistically signifi-
cantly higher than those in patients with chronic hepatitis C.
Moreover, the levels of sHSP60 were correlated with the HBV
DNA levels but not with the ALT levels. On the other hand,
the levels of sSHSP70 were correlated with the ALT levels but
not with the HBV DNA levels. This discrepancy in the cor-
relation might be due to differences in the mechanism of heat
shock protein production or secretion. The release of such heat
shock proteins from cells is triggered by physical trauma and
behavioral stress as well as by exposure to immunological dan-
ger signals [31, 32]. Stress protein release occurs both through
physiological secretion mechanisms and during cell death by
necrosis {33, 34]. HSP60 might be induced by the stress of
HBYV replication, because the levels of HSP60 were clearly cor-
related with the HBV DNA levels. On the other hand, HSP70
secretion might also be caused by cell death, because the levels
of sHSP70 were correlated with the ALT levels. However, we
should wait for more detailed studies about the HBV-specific
induction of HSP60 to confirm this correlation. Extracellular
stress proteins of the heat shock protein and glucose-regulated
stress protein families, including HSP60, have powerful effects
on the immune response [35]. Moreover, various kinds of im-
mune cells such as macrophages, dendritic cells, CD4"effector
T cells, and T, cells are affected by heat shock proteins [28,
35]. Most recently, Cohen-Sfady et al [36] reported that HSP60
enhanced the activity of IL-10 secretion from B cells. This effect
could support our findings of the immune-suppressive effect
of HSP60. However, we can not draw conclusions about the

whole effects of immune responses because the various kinds
of immune cells might affect each other by means of cytokines,
chemokines, stress-related proteins, and direct binding,

In this study, we focused on the effect of HSP60 on T, cell
function by isolating T, cells, because many research groups
had reported that the function and frequency of T, cells might
be related to HBV replication. T, cells play an important role
in the immune-hyporesponsiveness of patients with chronic
hepatitis B. Previously, we demonstrated that the polarization
of CD4" T cells was suppressed when the cells were stimulated
with HBcAg in patients with chronic hepatitis B. T,., cells are
important cells in the suppression of the T helper 1 cell response
by HBcAg, as demonstrated by the increased population of IL-
10-secreting CD4"CD25" cells. This indicates the presence of
an inducible T, cell population, which is specific for HBcAg
and produces IL-10, as well as a natural T, cell population in
patients with chronic hepatitis B. Pretreatment with rHSP60
increased the frequency of HBcAg-specific IL-10-secreting
CD4'CD25" cells and enhanced the IL-10-secreting activity.
These results indicate that pretreatment with rHSP60 might
enhance the susceptibility of the HBcAg response and the func-
tion of IL-10 production by T, cells. These data might not
imply that there was an expansion of HBcAg-specific T, cells
as a result of the rHSP60 pretreatment, because the incubation
phase was for only 16 h (4 h of pretreatment with rHSP60 plus
12 h of coincubation with HBcAg-presenting APCs). However,
there is a possibility that continuous exposure to sHSP60 might
induce an expansion of T, cells by enhancing the sensitivity
of the expansion signal.

In this study, we found that the effect of HSP60 could be
blocked by TLR2 neutralizing antibody but not by TLR4 neu-
tralizing antibody. These data indicate that the effect of HSP60
could depend on TLR2. During entecavir therapy, not only the
frequency of T, cells but also the serum levels of HSP60 and
surface expression of TLR2 on T, cells gradually decreased.
Therefore, we performed the suppression assay to detect the
activity of T, cells by use of ex vivo isolated T, cells, The
results of this suppression assay indicate that the reduction of
the HBV DNA level could suppress the excessive activity of T,,,
cells. In our previous study, the frequency and the function of
HBV-specific cytotoxic T lymphocytes were partially recovered
after therapy with nucleoside or nucleotide analogues [11]. The
results clearly indicate that this restoration might be due to not
only the reduction of HBV antigens but also the reduction of
the frequency and function of T, cells.

On the basis of genomic analysis, 8 genotypes (A-H) of HBV
have been defined, among which genotypes A, B, and especially
C are prevalent in Japan [37—40]. Previous studies suggested
that the clinical outcome of chronic hepatitis B was more severe
in patients infected with genotype C, compared with those
infected with genotype B [38, 39]. In this study, most of the
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samples had HBV genotype C because of the high frequency
of HBV genotype C infection in Japan. However, the expression
levels of HSP60 were different among samples with the various
genotypes in preliminary in vitro studies (data not shown). In
addition, the expression patterns of chemokines in HBV-rep-
licating Huh7 cells are apparently different among the various
genotypes (Y. Kondo et al, unpublished data, May 2009). How-
ever, during entecavir treatment, the level of sHSP60 produc-
tion in patients with genotype Bj HBV infection was quite
similar to that in patients with genotype C HBV infection. We
could not determine the relevance of the HBV genotypes and
sHSP60 production levels because of the small numbers of
genotype Bj—infected patients in this study.

In conclusion, we found that HSP60 was produced by HBV-
replicating hepatocytes and determined the relevance of sHSP60
to T,, cells functions, especially for IL-10-secreting activity. The

reg

understanding of the immunopathogensis of chronic hepatitis
B could contribute to the development of novel kinds of im-
mune therapy. Combination therapy with nucleoside or nu-
cleotide analogues should be a reasonable method, because the
suppression of HBV replication could reduce the excessive im-
mune tolerance induced by T, cells.
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Biliary epithelial cells (BEC) are morphologically and functionally
heterogeneous. To investigate the molecular mechanism for their
diversities, we test the hypothesis that large and small BEC have
disparity in their target gene response to their transcriptional regulator,
the biliary cell-enriched hepatocyte nuclear factor HNF6. The expres-
sion of the major HNF (HNF6, OC2, HNF1b, HNFla, HNF4a,
C/EBPb, and Foxa?2) and representative biliary transport target genes
that are HNF dependent were compared between SV40-transformed
BEC derived from large (SV40LG) and small (SV40SM) ducts,
before and after treatment with recombinant adenoviral vectors ex-
pressing HNF6 (AdHNF6) or control LacZ ¢cDNA (AdLacZ). Large
and small BEC were isolated from mouse liver treated with growth
hormone, a known transcriptional activator of HNF6, and the effects
on selected target genes were examined. Constitutive Foxa2, HNFla,
and HNF4a gene expression were 2.3-, 12.4-, and 2.6-fold, respec-
tively, higher in SV40SM cells. This was associated with 2.7- and
4-fold higher baseline expression of HNFla- and HNF4a-regulated
ntcp and oatpl genes, respectively. Following AdHNF6 infection,
HNF6 gene expression was 1.4-fold higher (P = 0.02) in AdHNFé6
SV40SM relative to AJHNF6 SV40LG cells, with a corresponding
higher Foxa2 (4-fold), HNFla (15-fold), and HNF4a (6-fold) gene
expression in AJHNF6-SV40SM over AJHNF6-SV40LG. The net
effects were upregulation of HNFG6 target gene glucokinase and of
Foxa2, HNF1a, and HNF4a target genes oatp!, ntcp, and mrp2 over
AdLacZ control in both cells, but with higher levels in AdHG6-
SV40SM over AdH6-SV40LG of glucokinase, oatpl, ntcp, and mrp2
(by 1.8-, 34-, 2.4-, and 2.5-fold, respectively). In vivo, growth
hormone-mediated increase in HNF6 expression was associated with
similar higher upregulation of glucokinase and mrp2 in cholangio-
cytes from small vs. large BEC. Small and large BEC have a distinct
profile of hepatocyte transcription factor and cognate target gene
expression, as well as differential strength of response to transcrip-
tional regulation, thus providing a potential molecular basis for their
divergent function.

heterogeneity; bile transport; hepatocyte nuclear factors; hepatocyte
nuclear factor 6

HEPATIC GENE EXPRESSION IS primarily regulated at the transcrip-
tional level by families of hepatocyte nuclear factors (HNF).
Among these, the homeodomain HNFI, the orphan nuclear
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receptor HNF4, the ONECUT HNF6 (also known as OC-1 and
OC-2), forkhead box (FoxA), and the CCATT/enhancer-bind-
ing proteins (C/EBP) are cell-autonomous, liver-enriched tran-
scription factors bearing specific DNA-binding domains,
which recognize cognate DNA motifs on the regulatory region
of hepatic target genes to participate in a cross-regulatory
network for modulating target gene activities (10, 36). In vivo,
HNF participate in the liver developmental program. For in-
stance, Foxal and Foxa2 are implicated in hepatic specification
(24), HNF4a in hepatic fate determination (30), and OC1 and
OC2 in biliary cell lineage specification (8). HNF also partic-
ipate in the regulation of hepatic function in the mature liver,
including glucose metabolism by HNF4a (39), HNFla (25),
HNF6 (22), or cholesterol and bile acid metabolism by HNF6
(41) and Foxa2 (7).

The liver is the largest internal organ of the body and is
composed of two types of epithelial cells: /) hepatocytes and
2) cholangiocytes (2). Hepatocytes account for ~70% and
cholangiocytes for 3-5% of the endogenous liver cell popula-
tion. Cholangiocytes [also known as biliary epithelial cells
(BEC)] populate the bile ducts (2). The intrahepatic bile duct
size ranges from large ducts emanating from the confluence of
the extrahepatic bile ducts at the liver hilum to progressively
smaller intrahepatic ducts (19). In experimental models, small
BEC refer to BEC lining the small bile ducts, whereas large BEC line
larger biliary ducts (3, 15). Small and large rodent BEC have
distinct morphometry (15), gene expression profile (38), as
well as proliferative, apoptotic, and secretory responses to
experimental stimuli (1, 14, 15). This BEC heterogeneity is
clinically relevant in that the large and small ducts are differ-
entially targeted in human cholangiopathies (37), stressing the
importance of understanding the molecular mechanism regu-
lating their functional diversities.

Since hepatocytes and BEC embryonic cellular origins are
from multipotent hepatoblasts (34), it is not surprising that they
have overlapping physiological function, such as solute secre-
tion and metabolic activities (23), and are, therefore, likely to
share transcriptional regulation. Compared with BEC, the role
of HNF in the molecular regulation of differentiated liver-
specific genes in hepatocytes is better understood (10, 36).
Among HNFs, the current body of data suggest that HNF6 is a
dominant BEC-enriched transcription factor. It is critical to the
early commitment of hepatoblasts to the biliary epithelial
lineage as mutant mice with global HNF6 deletion exhibit
biliary duct malformations and early mortality from cholestasis
(9). Our laboratory has shown that HNF6 transcription factor is
also highly expressed in BEC in the mature mouse liver and
can negatively regulate BEC proliferation during early bile
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duct ligation injury (17). The transcriptional regulation of
hepatic target genes by HNF6 is broad, involving gene with
metabolic and transport function (22, 29, 35, 41), as well as
other HNF, such as HNF4a (21), HNFI1b (9), and Foxa2 (21),
suggesting that HNF6 can comprehensively regulate the biliary
cell molecular signature, and that enforced HNF6 expression in
large and small biliary cells would elucidate the molecular
basis for their heterogeneity. To further our understanding of
BEC gene regulation, we herein test the hypothesis that the
biliary cell-enriched transcription factor HNF6 differentially
regulates the large and small BEC downstream transcriptional
events. We first characterized the expression profile of HNF
and selected HNF target genes in the SV40 large T antigen-
transformed and immortalized large and small BEC (SV40LG
and SV40SM, respectively). We compared changes in the BEC
transcriptional response to increasing HNF6 expression in
these cell lines using recombinant adenoviral vectors express-
ing HNF6 cDNA (AdHNF6). We evaluated representative in
vivo HNF6 target gene expression in large and small BEC
isolated from liver tissues following administration of HNF6-
enhancing vector growth hormone (GH), a known STATS-
mediated transcriptional activator of HNF6 promoter (21).

MATERIALS AND METHODS

Materials. SVA0LG and SV40SM BEC were derived from BALB/c
mice and characterized as previously described (38). The construction
and preparation of the replication-defective recombinant adenoviral
vectors expression of the bacterial LacZ (AdLacZ) or mouse HNF6
c¢DNA (AdHNF6) have been reported (41). HNF6, HNF1a, HNF4a,
Foxa2, C/EBPb, and B-actin antibodies were obtained from Santa
Cruz Technology.

Cell culture. As previously described (15), cells were incubated at
37°C in 5% CO atmosphere in D-MEM (Gibco) supplemented with
10% FBS, 1% pen/strep, and 1% L-glutamine. For experiments (n =
4), cells were plated at 5 X 10° cells in 10-cm culture dishes for mock
infection or infection with a multiplicity of infection of 35 infectious
units of AJHNF6 or AdLacZ in 1 ml of media for 60 min, following
which media was added to a final 10-ml volume. Cells were harvested
after 24 h of infection and washed three times with PBS to remove
residual virus for subsequent total RNA extraction.

Animal procedures. Six- to eight-week-old male CD1 mice were
kept in a 12:12-h light-dark-cycles with free access to standard chow
and water. All animals received humane care, according to the criteria
outlined in the Guide for the Care and Use of Laboratory Animals by

Table 1. Primer sequences for mouse genes
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the National Academy of Sciences and the National Institutes of
Health (NIH). The animal care and use section of the NIH funding
application was reviewed in accordance with the policies of the
Institutional Animal Care and Use Committee and approved. Mice
received an initial intraperitoneal injection of human recombinant GH
(obtained from the National Institute of Diabetes and Digestive and
Kidney Diseases National Hormone and Peptide Program) at 4 pg/g
body wt, followed by a 3 wg/g body wt injection every 6 h and killed
after 24 h for BEC isolation and purification.

BEC isolation. The procedure was described previously (2) but
briefly, following in situ collagenase perfusion, in three different
experiments, the cholangiocyte mixture from the biliary tracts were
separated into large and small cells by counterflow elutriation (3) with
further purification by immunoaffinity using immunomagnetic beads.
Glucose-6-phosphatase and vimentin immunostaining was done to
rule out contamination by hepatocytes and mesenchymal cells, respec-
tively (1).

Gene analyses. Total liver RNA was extracted using RNA-
STAT-60 (Tel-Test “B”, Friendswood, TX). Following DNase I
(Ambion, Austin, TX) digestion, cDNA was synthesized using the
cDNA Synthesis Kit (Biorad, Hercules, CA) and purified through
Qiagen column. Reactions were amplified using the appropriate
primer sets and analyzed in triplicate using a MyiQ Single Color
Real-Time PCR Detection System (Biorad). The relative expression
of the genes was calculated by a mathematical delta-delta method
developed by PE Applied Biosystems. Levels were reported after
normalization to housekeeping gene cyclophilin for each gene. The
primers sequences for mouse genes are provided in Table 1.

Western blot assays. Crude protein extracts were prepared from
AdHNF-6 infected SV40LG and SV40SM cells, and protein concen-
trations were determined using the Bradford method (Bio-Rad).
HNF6, HNFla, HNF4a, Foxa2, C/EBPb, and B-actin immune com-
plexes were detected with horseradish-conjugated secondary antibody
(Fisher), followed by chemiluminescence (ECL + plus, Amersham
Biosciences).

Statistical analysis. All data are expressed as means * SD, unless
otherwise indicated. Intergroup differences were evaluated by analysis
of variance for repeated measures. A P value of <0.05 is considered
to be significant. All statistical analyses were performed with the
software SPSS.

RESULTS

Constitutive expression of hepatocyte transcription factors
in SVA0LG and SV40SM cells. The SV40 large T antigen-
transformed large (SV40LG) and small BEC (SV40SM), de-
rived from large and small bile ducts of mouse liver, were

Primers

Gene Forward sequence

Reverse sequence

Transcription factors

HNFla 5'-TTC TAA GCT GAG CCA GCT GCA GAC G-3'
HNFIb 5'-GAA AGC AAC GGG AGA TCC TC-3'
HNF6 5'-GGT CTG GGC AGC ATT CAC AAC-3'
HNF4a 5'-ACA CGT CCC CAT CTG AAG-3’
C/EBPb 5'-ATC GAC TTC AGC CCC TAC CT-3'
Foxa2 5'-CCA TCA GCC CCA CAA AAT G-3'
Hepatic function genes
Glucokinase 5'-CCT GGG CTT CAC CTT CTC CTT-3’
Mrp2 5'-AGA GGG CGG TGA CAA CCT GAG-3’
Ntcp 5'-ATG ACC ACC TGC TCC AGC TT-3'
Oatpl 5'-AAT TTG GGA AGA GTG GCC TT
TGFb2R 5'-CGG AAA TTC CCA GCT TCT GG-3'

5'-GCT GAG GTT CTC CGG CTC TTT CAG A-3'
5'-CCT CCA CTA AGG CCT CCC TC-3'

5'-CAG GGT GGT GGG CTT CAA AG-3'

5'-CTT CCT TCT TCA TGC CAG-3'

5'-GGC TCA CGT AAC CGT AGT CG-3'

5'-CCA AGC TGC CTG GCA TG-3'

5'-GAG GCC TTG AAG CCC TTG GT-3'
5'-CGG ATG GTC GTC TGA ATG AGG-3’
5'-GCC TTT GTA GGG CAC CTT GT-3'
5'-TGG AGT CAA TGC AAA AAC CA

5'-TTT GGT AGT GTT CAG CGA GC-3’

Sequences are annotated with the binding position upstream of the transcription start site. See text for definitions of gene acronyms.
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previously characterized (38) and shown to display morpho-
logical, phenotypic, and functional characteristics of freshly
isolated large and small cholangiocytes (15). The baseline
profile in the expression of hepatocyte transcription factors
HNF6 (OCI) and its paralog OC2 (18), HNF1b, HNFlIa,
HNF4a, Foxa2, and C/EBPb was assessed by real-time PCR in
SV40LG and SV40SM cell lines. Figure 1 illustrates that,
while HNF6, OC2, HNFIb, and C/EBPb gene expression
levels were comparable in small and large BEC, Foxa2,
HNFla, and HNF4a levels were 2.3-fold (P = 0.001), 12.4-
fold (P = 0.001), and 2.6-fold (P = 0.02), respectively, higher
in SV40SM cells. Consistent with the fact that HNF expression
is primarily regulated at the transcriptional level, Western
blotting for protein expression (Fig. 1B) exhibits the same
pattern of higher Foxa2, HNFla, and HNF4a levels in
SV40SM cells.

Constitutive expression of HNF target genes in SV40LG and
SV40SM cells. Intrahepatic bile acid transport is among
many of BEC important functions (26). We next examined
the expression of hepatic bile acid transport genes, which
are known target genes for HNF: ntcp (the Na™-dependent
taurocholate cotransport peptide for bile acid import, also
known as slc10al) is transcriptionally regulated by HNFla
(13) and HNF4a (13, 16); mrp2 (the multidrug resistance-
associated protein for xeno- and endobiotics bile acid ex-
port, also known as abcc2) by HNFla and HNF4a (20, 32),
and possibly by Foxa2 (7); and oatpl (the organic anion
transporter for basolateral bile acid uptake, also known as
slc2lal) by HNFla (4, 27) and HNF4a (11, 16). Since the
above data showed that SV40LG and SV40SM cells have
differential expression of Foxa2, HNFla, and HNF4a tran-
scription factors, we next sought to characterize the baseline
expression of HNF6, Foxa2, HNFla, and HNF4a target

A Constitutive expression of hepatocyte transcription
factors

OSV40LG  ESV40SM

G771

genes. As control target genes for HNF6, we assayed glu-
cokinase (GK, previously shown to be positively regulated
by HNF6) (22) and TGFb2R (shown to be negatively regu-
lated by HNF6) (31, 40) and did not find differences in their
baseline expression (Fig. 2). HNFla/HNF4a target genes
ntcp and oatpl are expressed at 2.7-fold (P = 0.004) and
4-fold higher levels (P = 0.01) in SV40SM than SV40LG
cells. Since mrp2 expression levels were low, the biological
significance of a statistical difference in the expression
between SV40LG and SV40SM cells (1.6-fold higher in
SV40SM, P = 0.001) is not clear.

Effects of increasing HNF6 expression in BEC on known
HNFG6 target genes. Since HNF6 is a major BEC-enriched
transcription factor, cells were mock infected or treated with
AdLacZ and AdHNF®6 to assess if increasing HNF6 expres-
sion can transcriptionally alter BEC gene profiles. Since
mock-infected cells have comparable gene expression levels
as AdLacZ-infected cells (data not shown), the results
comparing AdLacZ- against AAHNF6-infected cells are pre-
sented (Table 2). Previous studies have shown that AAHNF6
tail vein injection effectively increased HNF6 gene and
nuclear protein expression in both hepatocytes and bile
ducts (17). Following AdHNF6 treatment, HNF6 gene ex-
pression was also appropriately increased in AdHNF6-
SV40LG and AdHNF6-SV40SM cells relative to AdLacZ-
treated control by 1,450-fold and 2,608-fold, respectively,
corresponding to a 1.4-fold higher HNF6 expression in
AdHNF6-SV40SM relative to AdHNF6-SV40LG (P =
0.02) (Table 1). Western blotting of AdLacZ- and AdHNF6-
infected SV40LG and SV40SM cells confirmed a similar
pattern of higher HNF6 protein expression in AJdHNF6-
SV40SM cells (Fig. 3). HNF6 target gene TGFb2R (Table 2)
changed minimally in AJHNF6-infected SV40LG, but, con-

50
— 40
§ 30
§ 2 Fig. 1. Constitutive expression of hepatocyte transcription fac-
© 10 tors in SV40LG (large) and SV40SM (small) cell lines. .
0 A: real-time PCR bar graph of HNF6, OC2, HNFla, HNF1Ib,
HNF6 0C2 HNF1b Foxa2 HNF1a HNF4a CEBFPb Foxa2, HNF4a, and C/EBPb gene levels (after normalization to
housekeeping gene cyclophilin), showing higher Foxa2,
Cells Cells x-fold gene levels HNF1a, and HNF4a in SVAOSM over SV40LG cells. The table
Genes SV40 LG SV40 SM SV40SM over SV40LG | p value shows Foxa2, HNFla, and HNf4a gene levels and the x-fold
Foxa2 0.56 +/- 0.3 13 +/-0.2 2.3* 0.001 higher expression with the corresponding P values in SV40SM
HNFla 1.2+/-0.1 14.9 +/-2.5 12.4* 0.001 over SV40LG cells. B: Western blotting micrographs of Foxa2,
HNF4a 143 +/- 1.4 36.9 +/- 6.3 2.6% 0.02 HNF1a, HNF4a, and B-actin protein expression in SV40LG and
SV40SM cells. Bar graph of densitometry analysis of the
immune complexes after normalization with B-actin shows
higher Foxa2, HNFla, and HNF4a expression levels in
B SVADLG GYAR0m SV40SM cells relative to SV40LG cells. *P values of signifi-
cance at <0.05. See text for definitions of gene acronyms used
Foxa2 - in figures.
B-Actin (Y YT ¥ ) HNF protein levels
CISV40LG ESV40SM
HNF1a - o 310 *
B.Actin iz Yol 99 D g 5
)
HNF4a === Foxa2  HNFla  HNF4a
B-Actin WU
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Constitutive expression of BEC genes

B SV40LG
O SV40SM
1.5
1.2
[
@ 0.9
Fig. 2. Constitutive expression of target genes in 2 0.6
SV40LG and SV40SM cell lines. Real-time 8 '
PCR bar graph shows glucokinase (GK), 03 :
TGFb2R, nicp, oatpl, and mrp2 gene levels, and '
table shows ntcp, oatplal, and mrp2 gene levels " X
and the x-fold higher expression in SV40SM
over SV40LG cells with the corresponding GK TGFb2R Ntcp Oatp1 Mrp2
P values. *Significant P values.
Cells Cells x-fold gene levels
Genes SV40 LG SV40 SM SV40SM over SV40LG | p value
GK 0.7 +/-0.27 0.8 +/-0.13 1.1 0.5
TGFb2R 1.1 +/-0.06 1+/-0.03 1 0.7
Ntcp 0.12 +/- 0.03 0.32 +/- 0.04 2.7* 0.004
Oatp1| 0.01 +/-0.001 0.04 +/- 0.01 4* 0.01
Mrp2| 0.001 +/- 0.001 0.0016 +/- 0.001 (1.6) (0.001)

sistent with the higher expression of HNF6 in AdHNF6-
SV40SM cells, its level is 1.6-fold more diminished in
AdHNF6-SV40SM relative to AJHNF6-SV40LG cells (P =
0.03). HNF6 target gene glucokinase response was more
dramatic, with a 16- and 38-fold upregulation following
AdHNF6 infection over AdLacZ control in AdHNFG6-
SV40LG and AdHNF6-SV40SM cells, respectively, corre-
sponding to an 1.8-fold higher (P = 0.02) glucokinase
expression in AdHNF6-SV40SM cells compared with
AdHNF6-SV40LG cells. These results demonstrate that
BEC and hepatocytes display similar HNF6 target gene
response, but most of all, that small BEC have higher
reactivity to HNF6 transcriptional regulation.

Effects of increasing HNF6 BEC expression on other HNF
and HNF-regulated bile transport target genes. We next
evaluated the effect of HNF6 overexpression on the tran-
scriptional response of other known HNF6-dependent HNF
[such as HNF4a (21), HNF1b (9), and Foxa2 (21)] in BEC
(Fig. 4). Despite an unexpected AdHNF6-associated sup-
pression of endogenous HNF4a gene levels (Fig. 4B) in both
SV40SM (by 2-fold, P = 0.05) and SV40LG cells (by
6.4-fold, P = 0.002), the net effect of higher HNF6 expres-

Table 2. Effect of AAHNF6 on HNF6 and HNF6 target genes

sion in AJHNF6-SV40SM over AdHNF6-SV40LG BEC is
illustrated in Fig. 44, demonstrating that the final Foxa2,
HNFla, and HNF4a expression in AJHNF6-infected small
BEC remained markedly higher than in AdHNF6-infected
large BEC, with a 4-fold (P = 0.01), 15-fold (P = 0.001),
and 6.5-fold (P = 0.03) difference, respectively.

Effects of AAHNF6 treatment on HNF-regulated bile trans-
port target genes. As seen in Fig. 5, the response to AAHNF6
infection in both SV40LG and SV40SM cells of the biliary
genes was characterized in AJHNF6-SV40 cells relative to
AdLacZ-SV40 cells by upregulation of ntcp, oatpl, and
mrp2 expression with enhanced ntcp (5.3-fold up, P =
0.001, Fig. 5A), oatpl (5-fold up, P = 0.001, Fig. 5B), and
mrp2 (24-fold up, P = 0.01, Fig. 5C) expression in
AdHNF6-SV40 LG cells, and increased ntcp by 6.5-fold
(P = 0.001, Fig. 5A), oatpl by 4.2-fold (P = 0.003, Fig.
5B), and mrp2 by 30-fold (P = 0.001, Fig. 5C) in AAHNF6-
SV40SM cells.

The net effects of AdHNF6 infection of higher HNFG6,
Foxa2, HNFla, and HNF4a expression in AHNF6-SV40SM
relative to AdHNF6-SV40LG were associated with corre-
spondingly higher levels of ntcp (2.4-fold, P = 0.02), oatpl

x-Fold AdHNF6 x-fold AdHNF6 SV40SM

AdLacZ AdH6 vs. AdLacZ vs. AdHNF6 SV40LG P Value

HNF6

SV40LG 0.7+03 725 = 109 1,450

SV40SM 04=03 1043 = 98 2,608 1.4 0.02
GK

SV40LG 0.8 £ 0.37 1319 16

SV40SM 0.6 =02 2346 38 1.8 0.02
TGFb2R

SV40LG 1£0.14 0.8+ 0.1 0.8

SV40SM 1 £0.11 0.5 = 00.1 2.0 1.6 0.03

SV40LG and SV40SM cells were treated with AdLacZ or AJHNF6 for 24 h. Total RNA was extracted for real-time PCR analysis of HNF6, cyclophilin, and
HNF6-target genes glucokinase (GK) and TGFb2R. Table shows gene levels after normalizing with housekeeping gene cyclophilin, the x-fold changes in gene
level between AdLacZ-treated cells and AJHNF6-treated cells, and the x-fold difference between AJHNF6-treated SV40SM and AJHNF6-treated SV40LG cells

with its corresponding P values. See text for definitions of gene acronyms.
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AdLacZ AdHNF6
Sm Lg Sm Lg

HNFE = e
BACtin’ me G D

HNF6 protein expression

_ 2
[ 5

o4 I OAdLacZ
o 3 *

% 2 |_“- B AdHNF6
= 1

@ 0

SV40LG SV40SM

Fig. 3. Effect of adenoviral HNF6 (AdHNFG6) treatment on SV40 biliary
epithelial cell (BEC) HNF6 protein expression. SV40LG and SV40SM
cells were infected with AdLacZ and AdHNF6 for 24 h. Micrograph shows
Western blotting results of HNF6 protein expression in SV40SM (Sm) and
SV40LG (Lg) cells. Bar graph shows densitometry results of the immune
complexes after normalization to B-actin with values reported relative to
AdHNF6-infected SV40LG cells, showing a twofold higher HNF6 expres-
sion in AdHNF6-SV40SM over AdHNF6-SV40LG cells. *Significant P
values.

(3.4-fold, P = 0.006), and mrp2 (2.5-fold, P = 0.02) in
AdHNF6-SV40SM compared with AdJHNF6-SV40LG cells.
Effects of increasing in vivo HNF6 expression on target gene
transcription. To evaluate HNF6 in vivo target gene tran-
scriptional response, hepatic HNF6 expression was physio-
logically enhanced by treatment with recombinant GH, a
known STAT5-mediated transcriptional activator of HNF6
promoter (21). The mrp2 gene expression was selected
since, among the above bile transport gene-positive tran-
scriptional responses to AdHNF6 treatment, mrp2 levels
were the most dramatically enhanced (by >20-fold in both
SV40LG and SV40SM cells). Large and small BEC were
isolated for gene expression analyses following 24 h of GH
administration (Fig. 6). As expected from our laboratory’s
previous work in GH-treated liver (40, 41), HNF6 gene
expression was appropriately increased in large (by 1.5-

A Transcription factors gene level following AHNF6
infection

[0 AdHNF6 SV40LG
B AdHNF6 SV40SM

G773

fold) and small BEC (by 1.7-fold) relative to PBS control
(Fig. 6A). Consistent with our laboratory’s previous findings
that SV40SM cell lines displayed a magnified responsive-
ness to HNF6 induction relative to SV40LG cells, in vivo
GH-treated small BEC had significant increases of glucoki-
nase (2.8-fold, P = 0.05; Fig. 6B) and mrp2 (5-fold, P <
0.001; Fig. 6A) gene expression over PBS-treated small
BEC. Of note, unlike our laboratory’s previous SV40 cell
data showing enhanced glucokinase (Table 1) and mrp2
response (Fig. 5C) to AJHNF®6 infection in SV40LG cells,
this increase was not seen in GH-treated large BEC, possi-
bly because GH-induced HNF6 in vivo expression was less
dramatic. Compared with GH-treated large BEC, glucoki-
nase and mrp2 levels were 2.4-fold (P = 0.04) and 3.4-fold
(P < 0.001), respectively, higher in GH-treated small BEC
than GH-treated large BEC, showing that the same pattern
of small BEC in vitro sensitivity in its transcriptional
response to HNF6 was also seen in vivo.

DISCUSSION

The concept of biliary cell morphological and functional
heterogeneity originating from the early work in rat biliary
model system (2, 6) has progressively gained acceptance with
many comprehensive reviews on this subject (14, 19, 28).
Since the liver epithelial cell phenotype and function are
determined by the spectrum of hepatic-specific genes, whose
expression are regulated by liver-enriched HNFs, an evaluation
of the BEC transcriptional characteristics is a logical start in
furthering our understanding of basic molecular mechanism for
BEC diversities.

We found that the small and large BEC display distinctive
constitutive levels of hepatocyte transcription factors and
biliary cell-enriched gene expression. The small SV40 BEC
exhibited higher expression of Foxa2, HNFla, and HNF4a
hepatocyte transcription factors. This transcriptional profile
likely provides the molecular basis for higher constitutive
expression of HNF1a-, HNF4a-, and Foxa2-candidate target
genes such as nfcp, oatpl, and mrp2 in SV40SM cells. The

Fig. 4. Net effect of AdHNF6 treatment on
SV40 BEC hepatocyte nuclear factor (HNF)

Gene level

expression. A: bar graph shows OC2, HNF1b,
Foxa2, HNFla, HNF4a, and C/EBPb gene
levels for AdHNF6-infected SV40LG and
AdHNF6-infected SV40SM cells. *Significant
differences in levels between AdHNF6
SV40LG vs. AJHNF6 SV40SM cells. Table

oc2 HNF1b Foxa2 HNF1a HNF4a CEBPb shows gene levels and the x-fold higher ex-
pression levels of HNFal, HNF4a, and Foxa2
in AdHNF6-SV40SM relative to AdHNF6-
_ Cells Cells xfold gene levels SV40LG cells with the corresponding P val-
| _Genes | AJHNF6SV4OLG | AdHNF6SV40SM |SV40SM over SV40LG | pvalue | ues. B: table shows HNF4a gene levels in
HNFla 1+/-0.2 15+/-2.5 15* 0.001 AdLacZ- and AJHNF6-infected SV40LG and
HNF4a 2 +/-0.38 134/-6 6.5% 0.03 SV40SM cells and x-fold suppression (with
the corresponding P values) in gene levels of
Foxe2| 02+-004 0.8 +-0.1 4 0.01 AdHNF6-infected SV40 cells relative to Ad-
LacZ-infected cells. *Significant differences in
B
levels between AdLacZ and AdHNF6-infected
HNF4a AdLacZ AdHNF6 x-fold suggression p value cells.
SV40 LG 11.8 +/-1.3 2+/-0.38 6.4* 0.002
SV40 SM 31+/-7.2 13 +/-6 2* 0.05
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A Ntcp gene expression
(2.4x)
3
T, B
Q
° OAdLacZ
€ 1 "
s '_*_- BAdHNF6
0
SV40 LG Sv40 SM
x-fold
Ntcp AdLacZ AdHNF6 AdHNF6 over AdLacZ p value
SV40 LG 0.19 +/- 0.01 1+/-0.2" 5.3 0.001
Sv40 SM 0.37 +/-0.03 2.4 +/-0.01* 6.5 0.001
B Oatp1 gene expression
: (3.4x)
Fig. 5. Effect of AJHNFG6 treatment on SV40 0.3
BEC gene expression. SV40LG and SV40SM 5 %
cells were infected with AdLacZ and AJHNF6 2 0.2
for 24 h. Bar graphs show gene levels for ntcp ® . OAdLacZ
(A), oatpl (B), and mrp2 (C) in AdLacZ- and S 0.1 K B AJdHNF6
AdHNF6-infected SV40LG and SV40SM cells. o
*Significant differences in levels between Ad- 0
LacZ and AdHNF6-infected cells. **Signifi-
cantly higher nfcp, oatpl, and mrp2 levels (2.4-, Sv40LG SV40 SM
3.4-, and 2.5-fold, respectively) in AJHNF6-in- x-fold
infected SVAOLG, The tablesshow gene evelsof |22 AdLacz AJHNFE | AdHNF6 overAdlscZ | pvalue |
infected cells with the corresponding P values. SV40 LG| 0.01 +/- 0.004 0.05 +/- 0.01* 5 0.001
SV40 SM| 0.04 +/- 0.001 0.17 +/- 0.04* 4.2 0.003
C Mrp2 gene expression
0.04 (2%}
T 0.03
2 0.02
g OAdLacz
2 0.01
o B AdHNF6
0 |
SV40 LG SV40 SM
x-fold
Mrp2 AdLacZ AdHNF6 AdHNF6 over AdLacZ p_value
SV40 LG| 0.0005 +/- 0.0001 | 0.012 +/- 0.0015* 24 0.01
SV40 SM| 0.001 +/- 0.0001 0.03 +/- 0.006* 30 0.001

dominance of HNFIla and HNF4a as BEC-enriched tran-
scription factors in small biliary cells is consistent with
previous genomewide promoter analyses of human hepato-
cytes, showing that HNFla, HNF4a, and HNF6 are the core
group of HNFs in orchestrating the transcription of a wide
array of differentiated hepatic genes (29). Of great interest
to us, it remains to be seen in future experiments whether
large biliary cell could be induced into acquiring the same
small BEC molecular repertoire upon enforced expression
of these HNF1a-, HNF4a-, and Foxa2-enriched hepatocyte
transcription factors, and, conversely, whether the small
biliary cell would lose its constitutive molecular imprint
following reversal of its HNF profile.

Small BEC also displayed a higher transcriptional re-
sponse level to HNF6 treatment. Since HNF6 transcriptional

regulation of target gene also involves other HNF, such as
HNF4a (21), HNF1b (9), and Foxa2 (21), we first evaluated
HNF response patterns to AJHNF6 in SV40 BEC. Consis-
tent with the known cross-regulatory transcriptional net-
work among HNFs, AJHNF6 treatment affected the HNF
profile of BEC, albeit with a negative effect on HNF4a
transcription for both large and small SV40 BECs. A simple
explanation for this unexpected suppressive response is that
previous results demonstrating hepatic HNF4a-positive
transcriptional response to HNF6 could not be extrapolated
to that of BEC. Alternatively, the approach of using HNF6
adenoviral expression vectors to transduce HNF6 expression
in BEC cell lines limits this analysis to HNFs as cell-
autonomous regulators outside the context of in vivo sys-
tems. An evaluation of in vivo cholangiocytes’ HNF and
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A LG SM
PBS GH PBS GH
HNF6 WEmantn HNF6 PBS GH p-value
GK - L6l 1+-02 | 154+-03 0.05 Fig. 6. Effects of growth hormone (GH)-
Mrp2  see.som . y oA mediated HNF6 increases on BEC gene ex-
Cyclophilin = @» e e S 12008 ) 204 e pression. LG and SM BEC were isolated
from PBS- or GH-treated mice (n = 3).
B . . Total RNA was extracted for real-time PCR
Mrp2 expression following GH treatment analyses of HNF6, mrp2, GK, and cyclophi-
*k . . .
_ 6 " lin. A: micrograph shows representative real-
[3 (2.7x) |Mrp2 EBS GH pvalue | time PCR gel results, and table shows HNF6
% 4 oPBS LG| 13004 15404 D07 gene levels with the corresponding P values.
2 - BGH SM| 08+-0.37 ) 4+-09° =0.001 B and C: bar graphs show gene levels for
L K mrp2 (B) and GK (C) in PBS- and GH-
x 0 r:—ﬁ treated BEC. *Significant differences in lev-
els between PBS- vs. GH-treated BEC.
LG SM **Significantly higher mrp2 and GK levels
C ; : (2.7- and 2.4-fold, respectively) in GH-
4GK expression follov:rl\ g GH treatment treated SM relative to LG cholangiocytes.
E (2.4x) GK PBS GH p-value Tables show the gene levels with the corre-
< : —_— L] 1+-009 [ 1+-015 0.99 sponding P values.
2 * 3 3 B
;i ] EGH SM| 0.87 +/-0.33| 2.4 +/-1.1 0.05
% [ i
LG

target gene response are pending to shed light on the true
physiological significance of these in vitro findings. The
relevance of the suppressive transcriptional response of
HNF4a to HNF6 overexpression in SV40BEC is unclear, but
does not diminish the remarkable findings that Foxa2,
HNFla, and HNF4a remain dominant transcription factors
in the AdHNF6-infected small BEC, with commensurate
higher expression levels of their target genes, ntcp, oatpl,
and mrp2.

Following AdHNF6 infection, despite unchanged Foxa2
and HNFla, yet suppressed HNF4a expression, HNFla-,
HNF4a-, and/or Foxa2 target gene ntcp, oatpl, and mrp2
levels were significantly enhanced in both large and small
SV40 cells, suggesting that the response pattern of these bile
transport genes is more complex than just straightforward
transcriptional regulation by HNFla, HNF4, Foxa2, or
HNF6, since HNFs commonly function in a cross-regulatory
fashion. With respect to nfcp, transient transfection of
CMV-HNF6 expression vectors in HepG2 cell lines did not
activate ntcp reporter gene constructs (data not shown).
Furthermore, prior AJHNF6 liver infection by tail vein
injection did not enhance whole liver ntcp or mrp2 expres-
sion (40), suggesting that ntcp and mrp2 gene response
cannot be directly attributed to simple HNF6 transcriptional
effects on their promoters. Since HNF commonly participate
in a transcriptional network with the proper complement of
HNF and cross-interaction among HNFs controlling the
target gene profile, BEC upregulation of ntcp and mrp2
expression following AdHNF6 infection could be due to
potential molecular synergistic interactions between HNF6
and HNF1a/HNF4a/Foxa2, perhaps through the recruitment
of coactivators to orchestrate target gene activation. A
precedence for this mechanism has been described with
HNF6-HNF4a activation of glucose-6-phosphatase pro-
moter by joint engagement of the peroxisome proliferator-
activated receptor-y coactivator-la (5); or with HNF6-C/
EBPa recruitment of the CREB binding protein CBP coac-

tivator to enhance Foxa2 promoter activities (33, 42). Of
note, oatpl hepatic gene expression and oatpl promoter
occupancy by HNF6 nuclear proteins are severely dimin-
ished in HNF6 liver conditional null mice (manuscript
submitted), suggesting that oatp/ is an authentic HNF6
target gene. Upregulation of oatpl expression in AdHNF6
treated cells is consistent with direct transcriptional stimu-
lation of oatpl by HNF6 or HNF1a-HNF6 interaction.

Gene profiling (12, 38) and functional studies (14) have
shown that large BEC participate in choleresis, immune, and
hormone regulation. Our gene expression data suggest that
small BEC may carry a more substantial role in the transport
of bile acid and bile acid constituents than large BEC.
Further analyses for the respective contribution of these cell
populations to the liver adaptive response to injury in
experimental models of cholestasis are pending to assess the
physiological significance of these observations.

Overall, the results lend support to our hypothesis that the
large and small cholangiocytes have different transcriptional
characteristics, thus providing a potential mechanistic basis
for their functional heterogeneity. The data also imply that
the well-described intricate interactions among hepatocyte
transcription factors in coordinating the transcriptional pro-
file of end genes in hepatocytes may also exist in BECs.
Further characterization of the complexities of promoter
regulation of biliary-enriched genes in the large and small
BECs will enhance our understanding of their differential
susceptibility to disease processes in an effort toward mod-
ulating their individual pathological responses.
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Knockout of Secretin Receptor Reduces Large
Cholangiocyte Hyperplasia in Mice With Extrahepatic
Cholestasis Induced by Bile Duct Ligation

Shannon Glaser,>** Ian P. Lam,°* Antonio Franchitto,> Eugenio Gaudio,” Paolo Onori,’ Billy K. Chow,’
Candace Wise,>>* Shelley Kopriva,>* Julie Venter,>* Mellanie White,”* Yoshiyuki Ueno,” David Dostal,*

Guido Carpino,® Romina Mancinelli,> Wendy Butler," Valorie Chiasson,* Sharon DeMorrow,

2,4
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Heather Francis,””* and Gianfranco Alpini

During bile duct ligation (BDL), the growth of large cholangiocytes is regulated by the
cyclic adenosine monophosphate (cAMP)/extracellular signal-regulated kinase 1/2 (ERK1/
2) pathway and is closely associated with increased secretin receptor (SR) expression.
Although it has been suggested that SR modulates cholangiocyte growth, direct evidence
for secretin-dependent proliferation is lacking. SR wild-type (WT) (SR*'*) or SR knock-
out (SR™'7) mice underwent sham surgery or BDL for 3 or 7 days. We evaluated SR
expression, cholangiocyte proliferation, and apoptosis in liver sections and proliferating
cell nuclear antigen (PCNA) protein expression and ERK1/2 phosphorylation in purified
large cholangiocytes from WT and SR™'~ BDL mice. Normal WT mice were treated with
secretin (2.5 nmoles/kg/day by way of osmotic minipumps for 1 week), and biliary mass
was evaluated. Small and large cholangiocytes were used to evaluate the in vitro effect of
secretin (100 nM) on proliferation, protein kinase A (PKA) activity, and ERK1/2 phos-
phorylation. SR expression was also stably knocked down by short hairpin RNA, and basal
and secretin-stimulated cAMP levels (a functional index of biliary growth) and prolifera-
tion were determined. SR was expressed by large cholangiocytes. Knockout of SR signifi-
cantly decreased large cholangiocyte growth induced by BDL, which was associated with
enhanced apoptosis. PCNA exPression and ERK1/2 phosphorylation were decreased in
large cholangiocytes from SR™'~ BDL compared with WT BDL mice. Iz vivo administra-
tion of secretin to normal WT mice increased ductal mass. In vitro, secretin increased pro-
liferation, PKA activity, and ERK1/2 phosphorylation of large cholangiocytes that was
blocked by PKA and mitogen-activated protein kinase kinase inhibitors. Stable knock-
down of SR expression reduced basal cholangiocyte proliferation. SR is an important
trophic regulator sustaining biliary growth. Conclusion: The current study provides strong
support for the potential use of secretin as a therapy for ductopenic liver diseases. (HErato-
LOGY 2010352:204-214)

holangiocytes line the intrahepatic biliary sys-
giocy p ry sy
tem, which modifies the bile of canalicular ori-
gin into its final composition before reaching
the small intestine.""? Several gastrointestinal peptides/
hormones, including bombesin, gastrin, and secretin,
g g

regulate cholangiocyte secretory activity."> Among
these factors, secretin plays a key role in the biliary
secretion of water and bicarbonate, because secretin re-
ceptor (SR) is expressed in rodent and human liver by
larger bile ducts."*® In large cholangiocytes, secretin

Abbreviations: BDL, bile duct ligation; BSA, bovine serum albumin; cAMR cyclic adenosine monophosphate; CCly, carbon tetrachloride; ERK1/2, extracellular
signal-regulated kinase; FACS, fluorescence-activated cell sorting; IBDM, intrahepatic bile duct mass; MEK, mitogen-activated protein kinase kinase; PCNA,
proliferating cell nuclear antigen; PCR, polymerase chain reation; PKA, protein kinase A; SEM, standard error of the mean; SR, secretin receptor; W, wild-type.
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increases cyclic adenosine monophosphate (cAMP) lev-
els"*>7* and induces the opening of the Cl~ channel
(cystic fibrosis transmembrane conductance regulator,
CFTR) leading to the activation of the CI"/HCO;~
anion exchanger 2'® and secretion of bicarbonate in
bile.>

Human cholangiocytes are the target cells in several
cholangiopathies, including primary biliary cirrhosis
and primary sclerosing cholangitis, diseases associated
with dysregulation of the balance between cholangio-
cyte proliferation/apoptosis.’’ Rodent cholangiocytes,
which are normally mitotically quiescent,lz’13 mark-
edly proliferate in animal models of cholestasis includ-
ing extrahepatic bile duct ligation (BDL) or acute car-
bon tetrachloride (CCly) administration.'>'*  The
proliferative response of the intrahepatic biliary epithe-
lium to BDL is heterogeneous, because large (but not
small) cholangiocytes proliferate through the activation
of cAMP-dependent ERK1/2 signaling'>'® leading to
enhanced ductal mass.>!'%4

Because SR is only expressed by large cholangiocytes
in the liver,!"#>%12:14 changes in the functional expres-
sion of this receptor have been suggested as a patho-
physiological tool for evaluating changes in the degree
of cholangiocyte growth/loss.”'*'* Indeed, we have
shown that (1) cholangiocyte hyperplasia (after BDL
or 70% hepatectomy) is associated with enhanced SR
expression and secretin-stimulated cAMP levels and bi-
carbonate secretion'>'>1 18 and (2) cholangiocyte
damage (after CCly) decreases the funcuonal expres-
sion of SR in large cholangiocytes.'* In pathological
conditions—such as the CCl; model, which is charac-
terized by lack or damage of the hormonally respon-
sive large cholangiocytes—small cholangiocytes prolif-
erate and express SR e novo."*

The hormonal actions of secretin through SR have
been studied in the pancreas, stomach, and biliary epi-
thelium."” Although it has been su§gested that SR
modulates cholangxocyte growth,™'*>"'* the direct link
between SR expression and its possible role in the reg-
ulation of biliary proliferation has not been elucidated.
The aim of our study was to determine the role that

GLASER ET AL. 205

SR plays in sustaining large cholangiocyte growth dur-
ing cholestasis induced by BDL.

Materials and Methods

Materials. Reagents were purchased from Sigma
Chemical Co. (St. Louis, MO) unless otherwise stated.
The nuclear dye 4',6-diamidino-2-phenylindole was
obtained from Molecular Probes, Inc. (Eugene, OR).
Porcine secretin was purchased from Peninsula Labora-
tories (Belmont, CA). The polyclonal SR antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) was
raised against a peptide mapping at the C terminus of
SR of human origin and cross-reacts with mouse.*’
The antibody against proliferating cell nuclear antigen
(PCNA) was purchased from Santa Cruz Biotechnol-
ogy. The mouse anti—cytokeratin-19 antibody was pur-
chased from Caltag Laboratories Inc. (Burlingame,
CA). Goat phosphorylated ERK1/2 and total ERK1/2
(44-42 kDa) polyclonal affinity purified antibodies
were purchased from Santa Cruz Biotechnology. The
RIA kits for the determination of intracellular cAMP
levels in cholangiocytes were purchased from Perkin
Elmer (Shelton, CT).

Animal Models. All animal experiments (Table 1)
were performed in accordance with a protocol
approved by the Scott & White and Texas A&M
Health Science Center Institutional Animal Care and
Use Committee and conformed to the Guide for the
Care and Use of Laboratory Animals published by the
National Institutes of Health (Publication No. 85-23,
revised 1996). Our SR™™* (wild-type [WT]) or SR
knockout (SR™7)?! mice were maintained in a tem-
perature-controlled environment (20-22°C) with a
12:12-hour light/dark cycle. We used adult male WT
and SR™'~ mice (approximately 25-30 g) of the N5
generation: (1) as normal treated with saline (0.9%
NaCl) or secretin (2.5 nmol/kg/day, a dose similar to
that used by us for another gastrointestinal hormone,
gastrin, in rodents)'® by way of intraperitoneally
implanted Alzet osmotic minipumps (Alzet, CA) for 7

*These authors contributed equally to this work.

Supported in part by the Dr. Nicholas C. Hightower Centennial Chair of Gastroenterology from Scott & White; the VA Research Scholar Award; a VA Merit
Award; National Institutes of Health Grants DK58411 (to G. A.), DK081442 (t0 S. S. G.), and DK078532 (to S. D.); University Funds PRIN 2007 (to P
O.); PRIN 2007 (n. 2007HPT7BA_001) and Federate Athenaeum funds from University of Rome “La Sapienza” (1o E. G.).

Address reprint requests to: Shannon Glaser, Ph.D., or Gianfranco Alpini Ph.D., Department of Medicine, Texas AGM Health Science Center, College of
Medicine, Medical Research Building, 702 SW H. K. Dodgen Loop, Temple, TX 76504. E-mail: sglaser@medicine.tambsc.edu(S. S.Glaser) Or galpini@medicine.

tambsc.edu (G. Alpini); fax: 254-724-5944.

Copyright © 2010 by the American Association for the Study of Liver Diseases.

Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/hep.23657
Potential conflict of interest: Nothing to report.

— 430 —



206 GLASER ET AL.

HEPATOLOGY, July 2010

Table 1. Evaluation of Body Weight, Biliary Expression of SR, Lobular Necrosis, Percentage of PCNA- or TUNEL-Positive Large
Cholangiocytes, and Large IBDM in Liver Sections

Percentage of Large

Percentage of Large Percentage of Large

Body Welght Cholanglocytes Lobular Cholangiocytes Cholangiocytes

Groups (g) Positive for SR Necrosis Positive for PCNA Large IBDM Positive by TUNEL
WT normal + NaCl, 1 week 27.8 = 0.8 19.83 * 1.96 (-) 6.20 = 0.97 0.17 = 0.03 ND
WT normal + secretin, 1 week 256 = 0.5 30.60 = 2.04* (-) 40.80 = 2.29* 0.35 = 0.02* ND
Normal SR~ + NaCl, 1 week 28.6 = 0.7 ND (—) 420 = 0.66 0.18 = 0.02 ND
Normal SR~/ + secretin, 1 week 290 £ 18 ND (-) 533 + 1.08 0.18 = 0.03 ND
WT BDL, 3 days 232 * 0.7 39.0 = 2.07* (+) 60.62 = 2.30 1.26 = 0.06 ND

SR/~ BDL, 3 days 220 £ 05 ND (++) 39.67 = 2.161 0.57 = 0.06t 10.50 = 1.08
WT BDL, 7 days 232 * 0.7 4133 == 2:.35* (+) 47.67 = 1.50 2,51 £ 0.12 ND

SR™/~ BDL, 7 days 262 = 0.6 ND (++) 30.83 = 2.07t 1.40 = 0.11¢ 13.33 = 0.88

Body weight values are derived from 10-20 animals per each group. Evaluations were performed in liver sections (4- to 5-um-thick). IBDM was measured as the
area occupied by cytokeratin-19-positive bile duct/total area x 100. Lobular necrosis was scored as follows: —, 0 foci; +/—, <2 foci; +, 2-4 foci; ++, >4 foci.

Data are expressed as the mean = SEM.

Abbreviations: ND, not detected; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.
*P < 0.05 versus the corresponding value of WT normal mice treated with NaCl for 1 week.
1P < 0.05 versus the corresponding value of WTmice with BDL for 3 and 7 days, respectively.

days; or (2) for sham operation or BDL (for 3 and 7
days).>?*** Because our previous studies’’ showed
that SR™'~ mice have a renal defect in water reabsorp-
tion and associated polyuria and polydipsia, experi-
ments were performed to determine whether the
response of SR™'~ mice to BDL was due to the lack
of SR rather than severe dehydration. Thus, we eval-
uated changes in body weight and mortality rate in
the experimental groups of Table 1. In addition, both
WT and SR™'~ mice (after BDL or administration of
secretin) received oral hydration therapy, consisting of
up to 1 ml of normal saline subcutaneously up to
twice daily along with water in gel form on the
ground and food supplements. Because there were no
differences in cholangiocyte proliferation between nor-
mal WT and normal SR™"™ mice and their corre-
sponding sham mice, we did not show the results
from the sham animals.

Immortalized and Freshly Isolated Cholangiocy-
tes. The in vitro studies were performed in freshly iso-
lated or immortalized™® large cholangiocytes. The ra-
tionale for performing these studies only in large
cholangiocytes is based on the fact that secretin stimu-
lated 77 vivo the proliferation of only large bile ducts
and that following BDL, large but not small cholan-
giocytes proliferate.” Freshly isolated large cholangio-
cytes (=99% by cytokeratin-19 immunohistochemis-
try)*>?° were purified by centrifugal elutriation®”'*
followed by immunoaffinity separation by a monoclo-
nal antibody, rat IgG,, (provided by Dr. R. Faris,
Brown University, Providence, RI), against an antigen
expressed by all mouse cholangiocytes.” Our large
mouse cholangiocyte lines, which display morphologi-
cal, phenotypic, and functional features similar to that

of freshly isolated large cholangiocytes were cultured as
described.>®?

Evaluation of Secretin Receptor Expression. We
evaluated the expression of SR by immunohistochemis-
try in paraffin-embedded liver sections from the exper-
imental groups of Table 1. Because immunohistochem-
istry shows that only large bile ducts from WT (but
not knockout) animals express SR, we evaluated the
expression of SR by way of immunofluorescence and
real-time polymerase chain reaction (PCR) in freshly
isolated large cholangiocytes from normal and 3- and
7-day BDL WT mice. Semiquantitative immunohisto-
chemical analysis of SR expression in sections was per-
formed as described.” Light microscopy photographs
of liver sections were taken by Leica Microsystems
DM 4500 B Light Microscopy (Weltzlar, Germany)
with a Jenoptik Prog Res C10 Plus Videocam (Jena,
Germany). Immunofluorescence for SR was also per-
formed in large cholangiocytes from normal and 3-
and 7-day BDL WT mice.”*® Images were visualized
using an Olympus IX-71 confocal microscope. For all
immunoreactions, negative controls (with normal se-
rum from the same species substituted for the primary
antibody) were included.

In freshly isolated large cholangiocytes from normal
and BDL WT mice, messenger RNA and protein
expression of SR were evaluated by way of real-time
PCR?*® and western blot analysis, respectively.”® For
real-time PCR, RNA was extracted from cholangio-
cytes using the RNeasy Mini Kit (Qiagen Inc, Valen-
cia, CA) and reverse-transcribed using the Reaction
Ready First Strand ¢cDNA synthesis kit (SuperArray,
Frederick, MD). These reactions were used as tem-

plates for the PCR assays using an SYBR Green PCR

— 431 —



HEPATOLOGY, Vol. 52, No. 1, 2010

master mix and specific primers designed against the
mouse secretin receptor gene NM_001012322,24 and
glyceraldehyde 3-phosphate dehydrogenase, the house-
keeping gene (SuperArray, Frederick, MD) in the real-
time thermal cycler (ABI Prism 7900HT sequence
detection system). A AACt analysis was performed
using normal large cholangiocytes as the control sam-
ple. Data are expressed as fold-change of relative mes-
senger RNA levels * standard error of the mean
(SEM) (n = 6).

Evaluation of Liver Histology, Cholangiocyte Apo-
ptrosis, and Proliferation. All liver sections were scored
by two board-certified pathologists who were blinded to
the identity of the samples. Lobular necrosis was evaluated
in liver sections stained with hematoxylin-eosin.>® Lobular
necrosis was scored as follows: —, 0 foci; +/—, <2 foci;
+, 2-4 foci; ++, >4 foci.”® Sections were examined in a
coded fashion by BX-51 light microscopy (Olympus, To-
kyo, Japan) equipped with a camera. We measured (1) the
percentage of cholangiocyte apoptosis by semiquantitative
terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling kit (Apoptag; Chemicon International,
Inc.); (2) cholangiocyte proliferation by evaluation of the
percentage of small and large cholangiocytes positive for
PCNA’; and (3) intrahepatic bile duct mass (IBDM)® of
small (<15 um)' and large (>15 um)" bile ducts. IBDM
was measured as the area occupied by cytokeratin-19—pos-
itive bile duct/total area x 100. Proliferation was eval-
uated by immunoblots® for PCNA in protein (10 ug)
from lysate from spleen (positive control) and large chol-
angiocytes from WT and SR™'~ BDL mice. Blots were
normalized by f-actin.’ The iritensity of the bands was
determined by way of scanning video densitometry using
the Storm 860 and the ImageQuant TL software version
2003.02 (GE Healthcare, Little Chalfont, Buckingham-
shire, England).

Measurement of cAMP Levels and Phosphoryla-
tion of ERKI/2. These experiments were performed
in large cholangiocytes from WT and knockout 7-day
BDL mice, a period where a marked ductal hyperpla-
sia is observed.”'* We evaluated basal and secretin-
stimulated cAMP levels (a functional parameter of
cholangiocyte growth)'>'® by commercially available
RIA kits*%; and phosphorylation of ERK1/2 by immu-
noblots in protein (10 pug) from cholangiocyte lysate.
The intensities of the bands were determined by scan-
ning video densitometry using a phospho-imager.

In Vitro Effect of Secretin on the Proliferation,
Protein Kinase A Activity, and ERK1/2 Phosphoryl-
ation of Large Cholangiocytes. Our small (negative
control) and large cholangiocytes® were treated at 37°C
with 0.2% bovine serum albumin (BSA) (basal) or secre-
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tin (100 nM) for 48 hours in the absence or presence of
preincubation (1 hour) with H89 (protein kinase A
[PKA] inhibitor, 30 uM) or PD98059 (mitogen-acti-
vated protein kinase kinase [MEK] inhibitor, 10 nM)
before evaluating proliferation by CellTiter 96 Cell Pro-
liferation Assay20 (Promega Corp., Madison, WI). Ab-
sorbance was measured at 490 nm on a microplate spec-
trophotometer (Molecular Devices, Sunnyvale, CA).
Data were expressed as the fold change of treated cells
compared with vehicle-treated controls. In separate
experiments, large cholangiocytes were treated with
0.2% BSA (basal) or secretin (100 nM) for 6 hours in
the absence or presence of H89 (30 uM) or PD98059
(10 nM) before evaluating PCNA expression by way of
immunoblotting,” PKA activity,”® and phosphorylation
of ERK1/2 by way of immunoblotting.” The intensity
of the bands was determined as described above.

Stable Transfected Knockdown of Secretin Recep-
tor in Large Cholangiocytes. To provide conclusive
evidence that SR is a key proproliferative regulator sus-
taining large cholangiocyte growth, we stably knocked
down the expression of this receptor in large cholangio-
cyte lines.® The mouse cell line lacking SR was estab-
lished using SureSilencing short hairpin RNA (Super-
Array, Frederick, MD) plasmid for mouse SR containing
a marker for neomycin resistance for the selection of sta-
bly transfected cells, according to the instructions pro-
vided by the vendor as described.”® A total of four
clones were assessed for the relative knockdown of the
SR gene using real-time PCR and a single clone with
the greatest degree of knockdown was selected for subse-
quent experiments. In selected and mock-transfected
clones, the degree of SR knockdown was also evaluated
by way of fluorescence-activated cell sorting (FACS)
analysis and western blot analysis as described.?®

The two cell lines—mock-transfected clone (trans-
fected with control vector) and the SR knockdown
clone (80% knockdown efficiency of the message by
real-time PCR [data not shown] and 50% knockdown
of protein expression by FACS)—were then treated
with 0.2% BSA (basal) or secretin (100 nM for 5
minutes) before evaluation of cAMP levels by way of
RIA*7'8 o1 0.2% BSA (basal) or secretin (100 nM)
before measuring proliferation by way of MTS assay
(48-hour incubation). The mock-transfected and SR
knockdown clones in large cholangiocytes were incu-
bated in culture medium before evaluating basal prolif-
erative activity by MTS proliferation assay (after incu-
bation for 6, 24, 48, and 72 hours).

Statistical Analysis. All data are expressed as the
mean * SEM. Differences between groups were ana-
lyzed using the Student unpaired # test when two
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Fig. 1. Evaluation of SR expression by (A) immunohistochemistry in liver sections from WT and SR/~ normal mice, and mice with BDL for 3
and 7 days, (B) immunofluorescence, (C) real-time PCR, and (D) immunoblots in freshly isolated large cholangiocytes from normal and 3- and
7-day BDL WT mice. (A) Large bile ducts from normal and BDL WT mice express SR (red arrows). Original magnification x40. (B) Specific immu-
noreactivity for SR in representative fields is shown in red; cell nuclei were stained with 4',6-diamidino-2-phenylindole (blue). Scale bar = 25
um. (C,D) Data are expressed as the mean + SEM of six experiments. *P < 0.05 versus normal.

groups were analyzed, and by way of analysis of var-
iance when more than two groups were analyzed, fol-
lowed by an appropriate post hoc test.

Results

Evaluation of Secretin Receptor Expression. In
liver sections, we demonstrated that large but not

small bile ducts from normal and BDL WT mice
express SR (Fig. 1A and Table 1). The expression of
SR in large bile ducts was higher in: normal WT mice
treated with secretin compared to saline-treated mice
(Table 1) and WT BDL compared with normal WT
mice (Table 1). There was no positive staining for SR
in bile ducts from normal and BDL SR™'™ mice (Fig.
1A). The expression of SR was confirmed by way of
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Fig. 2. Evaluation of the number of (A) large PCNA-positive cholan-
giocytes and (B) large IBDM in normal mice treated with saline or se-
cretin for 1 week. In WT mice treated with secretin, there was an
increase in the number of (A) large PCNA-positive cholangiocytes (red
arrows) and (B) large IBDM (red arrows) compared with normal WT
mice treated with saline. Original magnification x40 (A) and x20 (B).

immunofluorescence in large cholangiocytes purified
from normal and BDL WT mice (Fig. 1B). Real-time
PCR and immunoblot assay revealed that the expres-
sion of SR messenger RNA and protein was higher in
large BDL cholangiocytes compared with normal large
cholangiocytes (Fig. 1C,D).

Evaluation of Liver Weight, Lobular Necrosis,
Cholangiocyte Apoptosis, and Proliferation. No sig-
nificant differences in body weight and mortality rates
were observed among the experimental groups of Table
1. No difference in lobular necrosis was observed in
normal WT and SR™~ mice, whereas the typical ne-
crosis present in the BDL model showed only a
smaller increase (not significant) in SR~/ BDL mice
compared with WT BDL mice. The chronic adminis-
tration of secretin to normal WT mice increased the
percentage of large PCNA-positive cholangiocytes and
large IBDM compared with normal WT mice treated
with saline (Fig. 2A,B and Table 1); secretin did not
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increase the proliferation of small ducts that do not
express SR (not shown).” In normal SR™/~ mice, se-
cretin did not induce changes in cholangiocyte prolif-
eration or apoptosis (Fig. 2A,B and Table 1). Follow-
ing BDL, there was an increase in the percentage of
PCNA expressing cholangiocytes and IBDM in large
bile ducts compared with normal mice (Fig. 3A,B and
Table 1). Similar to previous studies,'® large IBDM
was enhanced in parallel with the increased duration
of BDL (Fig. 3B and Table 1). Knockout of SR
reduces large cholangiocyte proliferation and large
IBDM induced by BDL>*° compared with WT BDL
mice (Fig. 3A,B and Table 1).

Evaluation of Proliferation, cAMP Levels, and
Phosphorylation of ERK1/2 in Isolated Large Chol-
angiocytes. In large cholangiocytes from 7-day SR/~
BDL mice, there was decreased PCNA expression
compared with cholangiocytes from WT BDL mice
(Fig. 4A). Basal cAMP levels of large cholangiocytes
from SR™™ BDL mice were significantly lower than

S

BOL 3 days

Fig. 3. Evaluation of the number of (A) large PCNA-positive cholan-
giocytes and (B) large IBDM in WT and SR/~ mice with BDL for 3
and 7 days. Original maghnification x40 (A) and x20 (B).
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