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Abstract: Ductular reaction (DR) is seen in liver diseases as an abnormal proliferation of cells with a biliary pheno-
type; however, the mechanism underlying this condition is controversial. We have previously demonstrated ectopic
expression of SOX9, a marker of biliary cells, on HepPar1-positive hepatocytes in biliary atresia (BA). Notch signaling
has recently been reported to be involved in the biliary conversion of hepatocytes in vivo. The aims of this study,
using BA livers, were to elucidate the involvement of ectopic SOX9 expression with DR and the association between
Notch signaling and DR progression. Formalin-fixed paraffin embedded liver sections from 47 BA livers were used.
Liver specimens from three living liver transplant donors were included as control. Two Alagille syndrome (AGS)
livers were used for investigating the involvement of Notch signaling. The medical records of the patients were ret-
rospectively reviewed. Image and data processing were performed using ImageJ software. Progressive cholestatic
liver injury after Kasai portoenterostomy led to decreasing numbers of SOX9+HepParl+ cells and an increasing
CK19+ area. SOX9+HepParl+ cell numbers were significantly negatively correlated with CK19+ area size (r=-0.6,
P=0.002) at the time of liver transplant. Immunohistochemical analysis using AGS liver, which has defective Notch
signaling, showed remarkable accumulation of SOX9+HepParl+ cells and a reduction in the number of CK19+
cells. The progression of DR in BA liver, characterized by increasing CK19+ area, is mediated by SOX9+HepParl+
cells, and Notch signaling may be required for the progression of DR.
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Introduction origin is still unknown. Therefore, understand-
ing the mechanism of DR is essential for con-

The liver has a remarkable capacity for hepato- trolling the pathological conditions of liver dis-

cyte self-renewal to enable homeostasis to be
maintained [1]. However, impaired self-renewal
capacity following liver injury leads to abnormal
proliferation of cells with a biliary phenotypic,
such as cytokeratin19-positive (CK19+) reac-
tive ductular cells (RDCs). This pathological
condition is known as ductular reaction (DR) [2,
3]. It is thought that DR aims to repair and com-
pensate for anatomical and functional loss
caused by liver injury [4]; however, DR is also
thought to have a crucial role in the etiology of
fibrosis [5]. Three possible candidates for the
origin of DR cells have been reported; preexist-
ing cholangiocytes, hepatic stem/progenitor
cells and hepatocytes [3, 6, 7], but the exact

ease. Sex-determining region Y-box9 (SOX9)
was identified as the gene responsible for the
human haploinsufficiency disease, campomelic
dysplasia (OMIM #114290) [8, 9]. In liver, SOX9
is the earliest biliary marker and regulates the
maturation of bile ducts during embryonic
development [10]. Also, the SOX9+ liver progen-
itor zone continuously supplies hepatocytes
during liver regeneration [11]. Thus, SOX9 has
an important function in bile duct generation
and liver regeneration. Biliary atresia (BA) is a
rare infantile disease characterized by bile duct
obliteration with unknown pathogenesis [12].
Kasai portoenterostomy (KP) is usually per-
formed in the early infantile period, but subse-
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Figure 1. Breakdown for the liver specimens. A total of 49 liver specimens from 37 BA patients were enrolled. Five
specimens were excluded from this study. The liver specimens from 12 patients were analyzed both at the time of

KP and LT (groups Il and IlI).

quent liver transplantation (LT) is necessary in
cases with failed KP [12]. DR is a characteristic
pathological feature of BA [13]. We previously
reported ectopic SOX9 expression on HepPar1+
hepatocytes in BA. Furthermore, chronological
change in the expression of SOX9 and CK19
from the time of KP to LT suggested that
SOX9+HepParl+ cells have the possibility of
emerging earlier than CK19+ RDCs [14]. Thus,
we hypothesized that SOX9+HepParl+ cells are
involved in the emergence of CK19+ RDCs. The
aim of this study was to elucidate the associa-
tion of SOX9+HepParl+ cells with the progres-
sion of DR in BA liver, and to shed light on the
mechanism of DR progression.

Here, we attempted to confirm the relationship
between SOX9+HepParl+ cells and DR. We
then attempted to confirm whether the Notch
signaling, a key regulator in normal biliary devel-
opment [15], is involved in the progression of
DR using Alagille syndrome (AGS) liver. We
focused on Notch signaling because activation
of Notch signaling mediates the conversion of
hepatocytes to a biliary phenotype in vivo [16,
17]. Also SOX9 is a direct target of Notch [16].
AGS is a dominantly inherited disorder charac-
terized by interlobular bile duct paucity as a
consequence of mutations in the genes encod-
ing JAG1 [18], a Notch receptor ligand , or
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NOTCH2, a Notch receptor [19]. Our results
indicate that ectopic SOX9 expression has a
close relationship with DR progression, and
suggest that Notch signaling may be required
for the progression of DR during cholestatic
liver injury.

Materials and methods

Forty nine liver specimens from 37 BA patients
who underwent KP and/or LT in our institution
between January 2007 and May 2015 were
recruited (Figure 1). Each specimen was divid-
ed into four groups. Group |, 10 liver specimens
obtained at the time of KP from patients living
with a native liver; group Il, 12 specimens
obtained at KP from patients requiring LT; group
lll, 12 specimens obtained at LT from patients
who had undergone KP in our institution; group
IV, 10 specimens obtained at LT from patients
who had undergone KP in other institutions.
Liver specimens of groups Il and Il were
obtained from the same patients. All BA
patients were type 3 (atresia at the porta hepa-
tis, the most common type) [12]. Three living
donors for LT and two AGS patients were includ-
ed for pathological comparison with BA
patients. The AGS patients were confirmed by
identification of JAG1 mutations; one was
c.2408 G>A (p.W803X), the other was ¢.222
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143 days old (at KP)

Figure 2. Duct-like structures consist of SOX9+HepParl+ cells in BA pa-
tients of various ages. The duct-like structures are seen in periportal fields many).
or at the periphery of hepatic lobules. Most duct structures consisted of
SOX9+HepPar- cells. Framed squares show the duct-like structures under
twofold magnification. SOX9: red. HepParl: green. Scale bars: 100 ym (A-C,
E and F); 50 uym (D).

C>A (p.Y74X). Two BA patients were excluded
because of a poor state of specimen preserva-
tion, and three patients who underwent LT
without preceding KP were also excluded.
Specimens were collected by wedge resection
from the periphery of native livers. Medical
records were retrospectively reviewed. Co-
llected clinical data were age, and levels of
serum total bilirubin (T-Bil), aspartate transami-
nase (AST), alanine transaminase (ALT), gam-
ma-glutamyl transferase (y-GTP), total protein
(TP), choline esterase (ChE), white blood cells
(WBC), platelets (PIt), international normalized
ratio of prothrombin time (PT-INR) and fibrosis
(F) staging. F staging was evaluated by New
Inuyama classification as follows: FO, no portal
fibrosis; F1, fibrosis portal expansion; F2, bridg-
ing fibrosis; F3, bridging fibrosis with lobular
distortion; and F4, cirrhosis [20]. This study was
approved by the institutional review boards at
Kumamoto University Hospital, and written
informed consent was obtained from each
patient.

Immunofluorescence staining (IF)

Specimens were fixed at room temperature for
at least 72 hours in 10% formalin (134-10047;
Wako Pure Chemical Industries, Ltd., Osaka,
Japan) and embedded in paraffin (7810; Saku-
ra Finetek Japan Co., Ltd., Tokyo, Japan). Speci-
mens were then sectioned at 5 ym. The IF pro-
tocol used was as described previously [14].

5079

4 months old (at LT)

The primary antibodies and
concentrations used were:
rabbit anti-SOX9 at 1:200
(AB5535; Merck Millipore, Bil-
lerica, MA, USA), mouse anti-
CK19 at 1:100 (NCL-CK19;
Leica Biosystems, Wetzlar,
Germany) and mouse anti-
HepParl at 1:35 (M7158;
Dako Japan Co., Ltd., Tokyo,
Japan). Nuclei were counter-
stained with 4’,6-diamidine-
2’-phenylindole dihydrochlori-
de (DAPI) (SCR-38448; dia-
nova GmbH, Hambrug, Ger-

Image processing

Immunostained sections were

photographed with an Olym-

pus BX51 microscope at 20x
magnification. To quantify the immunostaining,
at least six non-overlapping randomly selected
portal areas were taken for each patient.
Immunostaining images were processed by
Paintshop® Pro 12 (COREL™). The following
processes were performed using Imagel
1.46 software (National Institutes of Health,
Bethesda, MD, USA). Images of DAPI and SOX9
were converted to 8-bit grayscale to adjust the
threshold. Threshold values were given by auto
thresholding. Watershed segmentation was
then performed, which is a method for auto-
matically separating particles to avoid underes-
timation due to aggregation of cells. The num-
bers of SOX9+ and DAPI+ cells were counted
automatically. The size of the lower limit of
counted cells was set at 20 pixel>. SOX9+
HepParl+ and SOX9+HepPar-negative (SOX9+
HepPar-) cells were visually counted. The
SOX9+HepParl+ ratio is the percentage of the
SOX9+HepParl+ cell number to the DAPI+ cell
numberinaHepParl+field. The SOX9+HepPar1-
ratio is the percentage of the SOX9+HepPar1-
cell number to the DAPI+ cell number in a field.
Images of CK19 staining were split into three
8-bit grayscale images by “Split Channels” and
the threshold of the selected image from the
three was adjusted. The applied threshold
value was 30 added to a value given by auto
thresholding. This was because compensated
images were more reflective of original images.
The CK19+ ratio is the percentage of positive
pixels to total pixels in a field.
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Table 1. Clinical data of BA patients at the time of KP and LT
Group Il (at KP, n=12) Group lll (at LT, n=12) P value

Age at KP (days) 70.5 (29-143) Same as left NA

Age at LT (year) NA 0.5 (0.3-0.7) NA

T-Bil (mg/dL) 9.2 (4.8-10.3) 12.0 (3.1-42.7) 0.161
ALT (U/L) 89.5 (26-272) 132 (30-714) 0.27°1
y-GTP (U/L) 367 (110-1025) 180 (24-513) 0.06f1
TP (g/dL) 5.8 (5.1-6.9) 5.9 (4.2-7.4) 0.88f
ChE (U/L) 292 (201-397) 115 (61-212) 0.002°1
WBC (/pL) 12600 (8100-19200) 11500 (5400-18400) 0.33f
PIt (x103%/uL) 340 (171-721) 167 (115-354) 0.004f
PT-INR 1.0 (0.9-1.4) 1.4 (1.1-1.8) 0.003f
F staging 3(1-4) 4 (3-4) 0.007+#

NA, not applicable. Data are shown as medians (ranges). TWilcoxon signed-rank
test, *Fisher’s exact test.

Donor

SOX9/HepPar1

»
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Figure 3. Immunofluorescence staining of a living donor and BA livers. Many
more SOX9+HepParl+ cells are found at KP than at LT, and are rarely seen in
adonor liver. Arrowheads show SOX9+HepParl1+ cells. More SOX9+HepPar1-
cells and CK19+ RDCs are observed at LT than at KP. Scale bars: 100 um.

CK19/DAPI

Statistics 18.0 software (SP-
SS, Inc., Chicago, IL, USA).

Results

Duct-like structures consist of
SOX9+HepParl+ cells

To investigate a potential pa-
thological role of SOX9+Hep-
Parl+ cells, we performed
double IF for SOX9 and Hep-
Parl in BA liver obtained at
the time of KP and LT. SOX9 is
a biliary marker [10] and is
also expressed in RDCs [14].
Most duct structures were
composed of SOX9+HepParl-
cells (Figure 2). However, in
periportal fields or at the
periphery of hepatic lobules,
duct-like structures consisting
of SOX9+HepParl+ cells were
found (Figure 2). This finding
was recognized at various
ages (Figure 2), but never in
living donors. This finding sug-
gests that SOX9+HepParl+
cells could be associated with
the emergence of duct struc-
tures in BA.

Ectopic SOX9 expression may
expand prior to the progres-
sion of DR and decrease

Statistical analysis

All data in tables are shown as median values
and ranges. The Mann-Whitney U-test and the
Wilcoxon signed-rank test were used to test
comparisons between groups. Categorical vari-
ables were compared with Fisher’'s exact
test. The relationship between valuables was
assessed using Pearson’s correlation coeffi-
cient or Spearman’s rank correlation coeffi-
cient. A receiver operating characteristic (ROC)
curve was obtained for determination of the
cut-off value. The value was determined by the
closest point on the ROC curve to the upper left
corner. Native liver survival rate was estimated
using the Kaplan-Meier method and the log
rank test. All tests were two sided, and P<0.05
was considered statistically significant. Sta-
tistical analyses were performed using PASW
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under progressive cholestatic
liver injury after KP

To confirm the emergence of ectopic SOX9
expression preceding the proliferation of
CK19+ cells in BA livers, we performed IF and a
chronological comparison using group Il (at KP,
n=12) and group lll (at LT, n=12). The two
groups were derived from the same patients.
Prior to histological analysis, we retrospectively
checked clinical data (Table 1). All patients who
required LT and who had undergone KP in our
institution were less than 1 year old during the
study period. There were no improvements
after KP in liver function at the time of LT as
indicated by T-Bil, ALT and y-GTP. Furthermore,
ChE, PT-INR and F staging were significantly
worsened at LT (P=0.002, P=0.003 and P=
0.007, respectively). These data indicate that
BA patients in group Ill had progressive choles-
tatic liver injury after KP.

Int J Clin Exp Pathol 2016;9(5):5077-5086
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Figure 4. Transition of SOX9+HepParl+ ratios (A) and CK19+ ratios (B) from
the time at KP to LT. Aimost all the SOX9+HepParl+ ratios were decreased
at the time of LT, whereas all of the CK19+ ratios were increased at the time

of LT.

Representative IF images of the BA patient are
shown with those of a living donor (Figure 3).
Many more SOX9+HepParl+ cells were ob-
served at KP than at LT. In contrast, more
CK19+ and SOX9+HepParl- cells were obser-
ved at LT than at KP. SOX9+HepParl+ cells
were rarely seen in donors (Figure 3). The
Wilcoxon signed-rank test (group Il vs Ill)
showed that the SOX9+HepParl+ ratio at the
time of LT was significantly decreased com-
pared with that at the time of KP (P=0.02),
whereas CK19+ and SOX9+HepPar1- ratios at
the time of LT were significantly increased com-
pared with those at the time of KP (P=0.002
and P=0.03, respectively) (Table 2). In addition,
all SOX9+HepParl+ ratios decreased except in
one patient, whereas all CK19+ ratios increased
(Figure 4). These data indicate that progressive
cholestatic liver injury facilitates not only DR
progression, as shown by the increased num-
ber of CK19+ and SOX9+HepParl- cells but
also by the decreased number of SOX9+
HepParl+ cells. In addition, these data suggest
that the emergence of SOX9+HepPerl+ cells
may precede the proliferation of CK19+ cells in
BA liver.

Ectopic expression of SOX9 has a close rela-
tionship with DR progression at LT

To confirm the relationship between the level of
clinical cholestasis after KP and the popula-
tions of SOX9+HepParl+, SOX9+HepParl- and
CK19+ cells, we analyzed the statistical corre-
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KP
(n=12)

lations between T-Bil and the
ratios using all liver specimens
at the time of LT (groups llI
and IV). Although the SOX9+
HepParl+ ratio had no signifi-
cant correlation with T-Bil lev-
els (r=-0.3, P=0.23, data not
shown), SOX9+HepParl- and
CK19+ ratios positively corre-
lated with T-Bil levels (r=0.7,
P=0.001; r=0.5, P=0.009, res-
pectively) (Figure 5A and 5B).
The positive correlations be-
tween SOX9+HepParl- and
CK19+ ratios and T-Bil levels
indicate that proliferation of
cells with a biliary phenotype
are involved in the severity of
cholestasis.

LT
(n=12)

Next, to investigate whether ectopic SOX9
expression is involved in DR progression, we
determined the pathological relationship
between ectopic SOX9 expression and the pro-
liferation of biliary phenotypic cells at LT. We
assessed the statistical correlations between
the SOX9+HepParl+ ratio and SOX9+HepPar1-
and CK19+ ratios. The SOX9+HepParl+ ratio
had a significantly negative correlation with the
SOX9+HepParl- ratio (r=-0.5, P=0.03) and the
CK19+ ratio (r=-0.6, P=0.002) (Figure 5C and
5D). The negative correlations between the
SOX9+HepParl+ ratioand both SOX9+HepPar1-
and CK19+ ratios indicate that the SOX9+
HepParl+ ratio may be associated with DR
progression.

Notch signaling may be required for the
SOX9+HepParl1+ cell-mediated progression of
DR

To elucidate whether Notch signaling is involved
in DR progression, we performed IF with AGS
liver sections at the time of LT. The numbers of
CK19+ cells and interlobular bile ducts that
consisted of CK19+ cells were small in spite of
sustained severe cholestasis (Figure 6A, 6B
and 6E). Surprisingly, drastic expansions of
SOX9+HepParl+ cells were confirmed in liver
lobes (Figure 6C and 6D). These findings indi-
cate that defective Notch signaling can induce
the accumulation of SOX9+HepParl+ cells and
reduce the number of CK19+ cells despite
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9 months old (at LT) 1 year 8 months old (at LT)
- -
- -
SOX9+HepPar1+ ratio (%)  CK19+ratio (%)  T-Bil (mg/dL) ALT(ULL) T-BA(umoliL)  y-GTP (UIL)

AGS (9 m old) 38.6 1.2 189 36 280 234
AGS (1y8m old)) 49.9 0.4 12 126 352 252

SOX9/CK19/DAPI

SOX9/HepPar1

E

Figure 6. Immunofluorescence staining and clinical data of AGS patients at
the time of LT. A small number of CK19+ cells is confirmed despite sever cho-
lestasis (A, B and E), whereas a quite large number of SOX9+HepParl+ cells is
confirmed in AGS livers (C, D). Scale bars: 200 ym. m, months; y, year.

severe cholestasis. This suggests that Notch
signaling may be required for SOX9+HepParl+
cells to be involved in DR progression.
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Discussion

The findings of this study
using BA liver indicated that
SOX9+HepParl+ cells can
have a role in mediating DR
progression following chole-
static liver injury. Moreover,
immunohistochemical find-
ings using AGS liver sug-
gested that Notch signaling
may be needed in SOX9+
HepPar1+ cells for the pro-
gression of DR. From this
study, the importance of
SOX9+HepParl+ cells is
recognized.

The most likely candidate
for the origin of SOX9+Hep-
Par1+ cells is hepatocytes.
This is because the chrono-
logical changes of a de-
creasing SOX9+HepParl+
ratio and increasing SOX9+
HepParl- and CK19+ ratios
under progressive choles-
tatic liver injury after KP
(Table 2) suggest that cells
with a biliary phenotype are
derived from cells with a
hepatocytic phenotype. Th-
is speculation is consistent
with recent in vivo reports
demonstrating that inter-
mediate cells, which have
both hepatocytic and biliary
phenotypes, originate from
hepatocytes [17, 21]. More-
over, Sox9 is an early mark-
er of hepatocyte-to-biliary
cell conversion in mouse
[17, 22]. In this study, we
cannot exclude the possibil-
ity that a subpopulation of
SOX9+HepParl+ cells origi-
nate from hepatic progeni-
tor cells (HPCs). However,
HPCs do not effectively pro-
duce mature hepatocytes
in mouse injury models

[23, 24]. Moreover, AGS livers have many
SOX9+HepPerl1+ cells (Figure 6C-E) in spite of
a near absence of HPCs and RDCs [13]. Thus,

Int J Clin Exp Pathol 2016;9(5):5077-5086
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Table 2. Immunohistochemical analysis data of BA patients at the time of KP and LT

Donor (n=3)  Group Il (at KP, n=12) Group Il (at LT, n=12) P value
SOX9+HepParl+ ratio (%) 0.0 (0.0-0.5) 4.6 (1.5-17.6) 1.1 (0.3-8.6) 0.02
SOX9+HepParl- ratio (%) 1.6 (1.3-2.6) 6.9 (4.0-15.3) 11.3 (7.7-19.3) 0.03
CK19+ ratio (%) 0.5 (0.5-0.7) 3.3(1.8-6.7) 5.8 (3.7-9.4) 0.002

Data are shown as medians (ranges). Donor data is shown as control. Wilcoxon signed-rank test is used to compare between

groups Il and 1l

Table 3. Comparative data between native liver survivors (group I)

and non-native liver survivors (group Il)

part of a regenerative mech-
anism in some tissues [17,

Group | (at KP, n=10) Group Il (at LT, n=12) P value

21, 27]. Transdifferentiation

has two proposed models.

Age at of KP (days) 66 (38-101) 70.5 (29-143) 0.877 . . )
i One is that a cell first dedif-
T-Bil (mg/dL) 9.1(7.9-11.6) 9.5 (4.8-10.3) 1.0f . . .
. ferentiates into a progenitor
ALT (U/D) 105 (21-264) 89.5(26-272) 10 stage before it can differenti-
y-GTP (U/L) 607 (139-1896) 367 (110-1025)  0.26' ate to the new lineage. The
TP (g/dL) 5.6 (4.9-6.4) 5.8 (5.1-6.9) 0.671 other is that a cell directly
ChE (U/L) 265 (141-359) 292 (201-397) 0.157 transdifferentiates to a new
WBC (/uL) 13150 (5100-18600) 12600 (8100-19200) 0.51F phenotype [28]. Several re-
PIt (x103/pL) 487 (239-735) 341 (171-721) 0.13t ports suggest that Sox9
PT-INR 1.0 (0.8-1.2) 1.0 (0.9-1.4) 0.211 functions in the expansion of
F staging 3(2-4) 0.94% the pool of multipotent pro-

Data are shown as medians (ranges). tMann-Whitney U-test, *Fisher’s exact test.

most SOX9+HepParl+ cells are likely to be
derived from hepatocytes only.

In this study, we demonstrated that progressive
cholestatic liver injury after KP leads to
decreased SOX9+HepParl+ cell numbers and
increased SOX9+HepParl- and CK19+ cells
numbers (Table 2 and Figure 4), and that
SOX9+HepParl+ cells have a close association
with the proliferation of CK19+ cells (Figure 5).
Several in vitro and in vivo studies have indi-
cated that hepatocytes and biliary cells have
mutual plasticity [17, 21, 25, 26], and have indi-
cated that cells of intermediate phenotype
appear at the time of regeneration [17, 21]. A
linage tracing study of the relationship between
SOX9 and liver regeneration using the 3,5-
diethoxycarbonyl-1,4-dihydrochollidine  (DDC)
injured mouse model demonstrated that some
hepatocytes converted to CK19+ cells through
cells characterized as Sox9+ epithelial cell
adhesion molecule (EpCAM)-negative [21].
Thus, we consider that the SOX9+HepParl+
cells seen in BA are the cells mediating hepato-
cyte to CK19+ cell conversion. Although it has
generally been considered that terminally dif-
ferentiated liver epithelial cells do not differen-
tiate into any other phenotypes, recent reports
have proposed transdifferentiation, which is
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genitor cells in the develop-
ment of the pancreas and
neural crest [29-31]. There-
fore, SOX9 might be involved in dedifferentia-
tion of hepatocytes during the process of trans-
differentiation and be involved in expansion of
the intermediate cell population between hepa-
tocytes and CK19+ cells.

In contrast to BA, a remarkable expansion of
SOX9+HepParl+ cells and a small number of
CK19+ cells was confirmed in AGS (Figure 6A-D
and Supplement Figure 1). Defective Notch sig-
naling can lead to accumulation of intermedi-
ate cells between hepatocytes and biliary cells
due to “incomplete” ductular transdifferentia-
tion from hepatocytes [13, 32, 33]. Also, inhibi-
tion of Notch signaling led to reducing the level
of DR [34]. Thus, Notch signaling may be
required for DR progression derived from
SOX9+HepParl+ cells. However, we also con-
sider that Notch signaling is not absolutely
essential to induce DR, because CK19+ cells
already existed in AGS liver despite insufficien-
cy of Notch signaling (Figure 6A and 6B).
Besides, regeneration of peripheral intrahepat-
ic bile duct has been confirmed in adult
Albumin-Cre Rbpj"/x Hnfé™/1x mice, which
have with specific deletions of Rbpj and Hnf6 in
liver epithelial cells and bile duct insufficiency
[22, 35]. Rbpj and Hnf6é are mediators of
canonical Notch signaling. Therefore, alterna-
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tive signaling pathways other than Notch also
have the possibility to contribute to the mecha-
nism of DR.

Several candidates have recently been demon-
strated that have capability of biliary transdif-
ferentiation. In vitro, TNFa, an inflammatory
cytokine secreted by Kupffer cells, promotes
biliary transdifferentiation through Jun N-
terminal kinase signaling [25], and treatment
of liver explants from E10 mice with Wnt3A
facilitates biliary differentiation [36]. In vivo,
excess stimulation of TGFB signaling induces
the appearance of hepatobiliary cells [37, 38].
Therefore, signaling pathways other than Notch
might be involved in human hepatocyte conver-
sion or dedifferentiation into SOX9+HepParl+
cells even differentiation into CK19+ cells.

The level of the SOX9+HepParl+ ratio might
indicate the extent of the progenitor pool,
because SOX9 has the function of extending
progenitor cells [30]. Thus, we speculated that
BA patients with a small SOX9+HepParl+ cell
number at the time of KP could not survive
longer with their native liver compared with
patients with a large SOX9+HepPar1+ cell num-
ber because of insufficient regeneration ability.
The cut-off value of the SOX9+HepParl1+ ratio
at KP (groups | and Il, n=22) determined by ROC
analysis was 10.9%. According to this value,
the 22 patients were re-divided into two groups;
High SOX9+HepParl+ ratio group (>10.9%,
n=5) and Low SOX9+HepParl+ ratio group
(£10.9%, n=17). The clinical data between
native liver survivors and non-native liver survi-
vors showed no statistical differences at KP
(Table 3), however, cumulative native liver sur-
vival rate (P=0.07; Supplement Figure 2)
showed that the SOX9+HepParl+ ratio might
be predictive for the prognosis of native liver
survival if a greater number of BA patients were
recruited.

In conclusion, this is the first study to describe
association SOX9+HepParl+ cells with DR in
BA livers. The findings suggest that SOX9+
HepParl+ cells can have an important role for
mediating the progression of DR and that Notch
signaling may contribute to DR progression.
Future studies for additional elucidation of the
mechanism of DR may lead to new therapies
for liver regeneration or liver fibrosis induced by
cholestatic liver injury.
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Supplement Figure 1. Comparison of SOX9+HepParl+ ratio between BA and AGS. BA patients included all the pa-
tients under 1 year old at the time of LT.
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Supplement Figure 2. Cumulative native liver survival rate of BA patients (n=22) after KP. Comparison between
High SOX9+HepParl1+ ratio group (>10.9%, n=5) and low SOX9+Hepparl+ ratio group (£10.9%, n=17). Long-rank
test, P=0.07.



