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BRAF is an important gene in colorectal cancers (CRCs) that is
associated with molecular characterization and resistance to tar-
geted therapy. Although microRNAs (miRNAs) are useful bio-
markers of various cancers, the association between miRNA and
BRAF in CRCs is undefined. Therefore, this study was conducted
to identify a relationship between specific miRNA molecules and
BRAF mutation in CRCs and serrated lesions. miRNA array was
used for the measurement of 760 miRNAs in 29 CRCs. To assess
the identified miRNAs, quantitative reverse transcription-PCR
was performed on 721 CRCs, 381 serrated lesions and 251 non-
serrated adenomas. Moreover, proliferation and invasion assays
were conducted using cell lines. miRNA array analysis revealed
that microRNA-31 (miR-31)-5p was the most up-regulated
miRNA in CRCs with mutated BRAF (V600OE) compared with
CRCs possessing wild-type BRAF (including cases with KRAS
mutation). High miR-31 expression was associated with BRAF
and KRAS mutations and proximal location (P < 0.0001). High
miR-31 expression was related to cancer-specific mortality [multi-
variate hazard ratio = 2.06, 95% confidence interval: 1.36-3.09, P
= 0.0008]. Functional analysis demonstrated that miR-31 inhibi-
tor decreased cell invasion and proliferation. With regard to ser-
rated lesions, high miR-31 expression was less frequently detected
in hyperplastic polyps compared with other serrated lesions. In
conclusion, associations were identified between miR-31, BRAF

Abbreviations: CI, confidence interval; CRC, colorectal cancer; EGFR, epi-
dermal growth factor receptor; FFPE, formalin-fixed paraffin-embedded; HP,
hyperplastic polyp: HR, hazard ratio; miRNA, microRNA; miR-31, micro-
RNA-31; MSI, microsatellite instability: MSS, microsatellite stability; OR,
odds ratio; gRT-PCR, quantitative reverse transcription—PCR; SSA/P, sessile
serrated adenoma/polyp; TSA, traditional serrated adenoma.
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and prognosis in CRC. Transfection of miR-31 inhibitor had an
antitumour effect. Thus, miR-31 may be a promising diagnostic
biomarker and therapeutic target in colon cancers. Moreover,
high miR-31 expression in serrated lesions suggested that miR-31
may be a key molecule in serrated pathway.

Introduction

BRAF, a member of the RAF gene family, which encodes a serine~
threonine protein kinase and plays an important role in the activation
of RAS-RAF-MEK-ERK signalling pathway, is one of the targeted
genes in colorectal cancers (CRCs) (1-5). With regard to patient
survival and chemoresistance, previous studies have shown an asso-
ciation between BRAF (V60OE) mutation and high cancer-specific
mortality rates among patients with CRC (2,5). In addition, BRAF has
been associated with resistance to monoclonal antibodies against the
epidermal growth factor receptor (EGFR) in patients with KRAS wild-
type metastatic CRC refractory to chemotherapy (2,3). Therefore,
these results suggest that further analysis of BRAF may enable us to
identify the molecular characterization and the potential therapeutic
target in CRCs.

MicroRNAs (miRNAs) constitute a class of small non-coding RNA
molecules (21-25 nucleotides) that function as post-transcriptional
gene regulators. miRNAs can function as oncogenes or tumour sup-
pressors. Therefore, they have been increasingly recogunized as use-
ful biomarkers for various human cancers (6-15). In CRCs, several
miRNAs are known to be deregulated (16-39) and target genes in
the downstream effectors of EGFR (25,29,31-33). However, miRNAs
specific to BRAF or its activation remain largely unknown.

The serrated pathway has attracted considerable attention as an
alternative route to CRC. Approximately 30% of CRCs are hypoth-
esized to arise from serrated lesions (40). Accumulating evidence sug-
gests an association between CRCs with mutated BRAF and serrated
lesions in many cases, as indicated by the high frequency of BRAF
mutation in serrated lesions (40,41). Of these lesions, sessile serrated
adenoma/polyp (SSA/P) has been identified as the precursor lesion of
microsatellite instability (MST)-high CRC with BRAF mutation in the
proximal colon (40-42). However, the role of miRNAs in the develop-
ment of CRC via the serrated pathway has not been examined in large
samples of serrated lesions to date.

Therefore, we hypothesized that some specific miRNA molecules
may regulate BRAF activation in CRCs. They may also play an impor-
tant role in the progression of serrated lesions. To test this hypothesis,
we conducted miRNA array analysis to detect miRNA molecules that
are potentially associated with BRAF mutation using a database of
1353 colorectal tumours.

Materials and methods

Patients and tissue specimens

Formalin-fixed, paraffin-embedded (FFPE) tissues of 735 CRCs (stages I-1V),
391 serrated lesions and 259 non-serrated adenomas (i.c. tubular or tubulovillous
adenomas) of patients who underwent endoscopic resection or other surgical
treatment at Sapporo Medical University Hospital, Keiyukai Sapporo Hospital
and JR Sapporo Hospital between 1997 and 2012 were collected. To avoid selec-
tion bias as far as possible, we consecutively collected FFPE specimens of CRC
tissues, serrated lesions and non-serrated adenomas. The criterion for diagno-
sis of CRC was invasion of malignant cells beyond the muscularis mucosa.
Intramucosal carcinoma and carcinoma in situ were classificd as adenoma.
Colorectal tumours were classified by location as follows: the proximal colon
(caccum, ascending and transverse colon), distal colon (splenic flexure, descend-
ing and sigmoid colon) and rectum.
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To clarify the association between miRNA expression and survival in meta-
static CRC patients, we limited the patients who received adjuvant chemo-
therapy to those treated with 5-fluorouracil-based adjuvant chemotherapy.
Paticnts with metastatic CRC treated with other targeted therapies (i.e. anti-
vascular endothelial growth factor or anti-EGFR antibody) were excluded. The
patients were tollowed up until death or December 2012, whichever came first.
Informed consent was obtained from all the patients before specimen collec-
tion. This study was approved by the respective institutional review boards
of the participating institutions. Tamour and paired normal colorectal tissucs
were reviewed by two pathologists (ME. and T.H.). The term ‘prognostic
market’ is used throughout this article according to the REMARK Guidelines
(43).

Histopathological evaluation of colorectal serrated lesions

Histological findings for all colorectal serrated lesion specimens were evalu-
ated by a pathologist (M.E)) who was blinded to the clinical and molecular
information. Serrated lesions [hyperplastic polyps (HPs) (N = 143), SSA/P
(N = 131) and traditional serrated adenoma (TSA) (N = 113)] were classified
on the basis of the current World Health Organization (WHO) criteria (44).

RNA extraction and miRNA array analysis

Total RNA was extracted from FFPE tissues using the miRNeasy FFPE Kit
(Qiagen, Valencia, CA). The TagMan® Array Human MicroRNA A + B Cards
Set v3.0 (Applied Biosystems, Foster City. CA) was used for simultaneous
measurement of the expression of 760 miRNAs on a microfluidic PCR plat-
form. In brief, 1 pg of total RNA was reverse transcribed using the Megaplex
Pools Kit (Applicd Biosystems), following which miRNAs were amplified
and detected by PCR with specific primers and TagMan probes. PCR was run
in the 7900HT Fast Real-Time PCR system (Applied Biosystems), and SDS
2.2.2 software (Applied Biosystems) was used for comparative analysis of the

an endogenous control. AC; was calculated by subtracting the Cy values of
U6 from the C; values of the gene of interest. Expression of cach miRNA in
the tumour samples was calculated using the equation 2727, where AC; =
(CymiRNA - C;U6).

Quantitative reverse transcription—PCR of miR-31

MictoRNA-31 (miR-31)-5p expression was analysed using TagMan micro-
RNA Assays (Applied Biosystems). In brief, Sng of total RNA were reverse
wranscribed using specific stero—loop RT primers. following which they were
amplified and detected by quantitative reverse transcription-PCR (qRT-PCR)
with specific primers and TagMan probes. PCR was run in triplicate using the
7500 Fast Real-Time PCR System (Applied Biosystems). SDS v1.4 software
(Applied Biosystems) was used for comparative AC; analysis. U6 served as
an endogenous control.

DNA extraction, pyrosequencing of KRAS, BRAF and PIK3CA and ASI
analysis

Genomic DNA was extracted from FFPE tissues of colorectal tumours using
QIAamp DNA FFPE Tissue Kit (Qiagen). Using extracted genomic DNA,
PCR and targeted pyrosequencing were performed for KRAS (codons 12 and
13), BRAF (V600OE) and PIK3CA (exons 9 and 20) (45). MST analysis was
performed using 10 microsatellite markers, as described previously (46). MSI-
high was defined as instability in 230% of the markers, and MSI-low/microsat-
ellite stability (MSS) as instability in <30% of the markers (46).

Sodivin bisulfite treatment and pyrosequencing to measure MLH1 promoter
methylation

Bisulfite modification of genomic DNA was performed using a BisulFlash™
DNA Modification Kit (Epigentek, Brooklyn, NY). Bisulfite pyrosequencing
for MLHI methylation was performed using the PyroMark Kit (Qiagen), as
described previously (47).

Colon cancer cell line and miRNA transient transfection

In this study, seven colon cancer cell lines (COLO-320-HSR, DLD-1, HCT-116,
HT-29. Lovo. RKO and SW480) were utilized (Supplementary Table 1, avail-
able at Carcinogenesis Online). Total RNA was extracted from cell pellets using
the TRIzol Reagent (Invitrogen by Life Technologies. Carlsbad, CA) according
to the manufacturer’s instructions. Cells were transfected using the Cell Line
Nucleofector Kit V (Lonza, Basel, Switzerland) with a Nucleofector T elec-
troporation device (I.onza) for DLD-1, HCT-116 and RKO and Lipofectamine
2000 (Invitrogen by Life Technologies) for COLO-320-HSR, HT-29, Lovo and
SW480, according to the manufacturer’s instructions. At 72 h after transfection,
the cells were harvested for gRT-PCR or western blotting.
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Assays for proliferation and invasion

Proliferation of miRNA transfectants was analysed by measuring the uptake
of tritiated thymidine in 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide assay (MTT assay; Sigma~Aldrich, St Louis, MO). In brief, trans-
fected cells were seeded into 96-well plates to a density of 5x 10° cells per
well. After incubation for 0, 24. 48, 72 and 96h, MTT assays were performed
using the Cell Counting Kit-8 (Dojindo, Tokyo, Japan) according to the manu-
facturer’s instructions.

Cell invasion was assessed by a Matrigel invasion assay. After incubation
for 24h, 1x 10° transfected cells suspended in 500 ul of serum-free medium
were added to the top of BD BioCoat Matrigel Invasion Chambers (BD
Biosciences, Bedford, MA) prehydrated with phosphate-buffered saline, and
750 pl of medium supplemented with 10% fetal bovine serum was added to
the lower wells of the plate. After incubation for 24 h, the invading cells were
fixed, stained and analysed under a microscope (Olympus, Tokyo, Japan).
Cells were counted in five random fields per membrane. In both assays, the
experiments with each cell line were performed three times.

Western blot analysis

Protein expression was analysed using a standard immunoblot pracedure with
anti-KRAS and anti-BRAF. All primary antibodies were procured from Santa
Cruz Biotechnology (Santa Cruz, CA). The anti-f-actin monoclonal antibody
was used as a loading control (Oncogene Research Products, La Jolla. CA).
The immunoreactive bands were visualized using enhanced chemilumines-
cence (Thermo Scientific, Rockford, TL).

Statistical analysis

IMP (version 10) and SAS (version 9) software programs were used for statisti-
cal analyses (SAS Institute, Cary, NC). All P values were two sided. Univariate
analyses were performed to investigate clinicopathological and molecular
characteristics according to the miR-31 expression level; a chi-square test or
Fisher’s exact test was used for categorical data. whereas analysis of variance
was used to compare the mean patient age and tumour size. To account for
multiple hypothesis testing in associations between miR-31 expression and
other 12 covariates, the P value for significance was adjusted by Bonferroni
correction te P = 0.0042 (=0.05/12).

In survival analysis, the Kaplan—-Meier method and log-rank test were used to
assess the survival time distribution. Cox proportional hazards regression mod-
els were used to compute mortality hazard ratios (HRs) according to the miR-31
expression status. Stratification by the tumour-node-metastasis disease stage (1,
A, IIB, TIA, B, HIC and TV) was performed using the ‘strata” option in
the SAS ‘proc phreg’ command. A multivariate model initially included sex
(male versus female), age at diagnosis {continuous), tumour size (continuous),
year of diagnosis (continuous), tumour location (proximal colon versus distal
colon and rectum), tamour differentiation (well to moderate versus poor), MST
status (MSI-high versus MSS/MSI-low). MLF/ methylation (present versus
absent) and mutations of BRAF, KRAS and PIK3CA (present versus absent).
A backward elimination was performed with a threshold of P = 0.10, to avoid
overfitting. Cases with missing information for any of the categorical covariates
[tamour differentiation (1.7%). MSI status (1.9%), MLH! methylation (4.9%),
mutations of BRAF (0.1%), KRAS (1.5%) and PIK3CA (0.1%)] were included
in the majority category of the given covariate to avoid overfitting. We con-
firmed that excluding cases with missing information in any of the covariates
did not substantially alter results (data not shown).

A multivariate logistic regression analysis was employed to examine the
associations with miR-31 expression status (as an outcome variable), adjust-
ing for potential confounders. The model initially included a similar set of
covariates to the initial Cox model. A backward elimination procedure with a
threshold of P =0.10 was used to select variables in the final model. Cases with
missing information for a given covariate were included in a majority category
in the initial model, and if the covariate remained in the final model, those
cases were included using a missing indicator variable in the final model. The
P value for significance was adjusted by Bonferroni cotrection to P = 0.0042
(=0.05/12).

Results

Detection of high-level miR-31 expression in BRAF-mutated CRCs
on miRNA array analysis

To examine the miRNA expression signature in BRAF-mutated
CRCs, 29 cases of CRCs (Supplementary Table 2, available at
Carcinogenesis Online) were randomly selected from the CRC
specimens for miRNA array analysis. Median levels of expression in
the BRAF mutation group were compared with those in the BRAF
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wild-type group (including cases with KRAS mutation). miRNA array
data revealed differential expression in 33 individual miRNAs (P <
0.05 by Mann—Whitney U-test) between the two groups (Table I). All
33 miRNAs displayed higher expression levels in the BRAF mutation
group than in the BRAF wild-type group. Of the 760 miRNAs, miR-
31-5p was up-regulated the most often (335-fold change, P = 0.009).

Distribution of miR-31 expression in CRCs and association
of miR-31 with clinicopathological and molecular features

We assayed miR-31 expression in 735 FFPE CRC tissue specimens
and successfully obtained 721 (98%) valid results. Fourteen patients
were unavailable for miR-31 expression analysis because of the lack
of extracted RNA from FFPE CRC tissue specimens. We utilized 721
CRC cases, based on the availability of miR-31-5p expression data.
miR-31 expression levels were quantified in CRC specimens and
paired normal mucosa specimens. miR-31 expression was calculated
using the equation 272, where AC; = (C; miR-31 — C;U6). To cal-
culate the relative expression of miR-31 in each CRC, 27 of cancer
tissue was divided by 272" of paired normal tissue. The distributions
of miR-31 expression in the 721 CRC specimens were as follows:
mean: 41.9; median: 6.3; SD: 176.2; range: 0.04-2108; interquartile
range: 2.0-23.4. Cases with miR-31 expression were then divided into
quartiles for further analysis: Q1 (<2.0), Q2 (2.0-6.2), Q3 (6.3-23.3)
and Q4 (223.4). Table II shows the clinicopathological and molecular
features of CRCs according to miR-31 expression level. High miR-
31 expression was significantly associated with larger tumour size,
proximal location, poor differentiation, advanced disease stage, BRAF
mutation, KRAS mutation and MSI-high status (P < 0.0042 for all).

miR-31: BRAF and colon cancer survival

High miR-31 expression and patient survival

The influence of high miR-31 expression on clinical outcome was
assessed in 721 CRC patients (stages I-1V). During follow-up of
the 698 patients eligible for survival analysis, mortality occurred in
149, including 115 deaths confirmed to be attributable to CRCs. The
median follow-up time for censored patients was 4.7 years. Kaplan—
Meier analysis was performed using categorical variables (QI, Q2,
Q3 or Q4). Significantly higher mortality was observed in patients
with high miR-31 expression in terms of cancer-specific survival (log-
rank test: P = 0.0013) and overall survival (log-rank test: P = 0.0026)
than in those with low miR-31 expression (Figure 1).

In univariate Cox regression analysis, compared with Q1 cases, sig-
nificantly higher mortality rates were observed in Q2 cases [HR: 1.96;
95% confidence interval (CI): 1.06-3.77; P = 0.031], Q3 cases (HR:
2.16;95% CI: 1.18-4.13; P = 0.012) and Q4 cases (HR: 3.10; 95% CI:
1.76-5.78; P < 0.0001) (Table {IT). Similarly, compared with Q1 cases,
an independent association with shorter prognosis was observed in Q4
cases in stage-stratified (HR: 2.49; 95% CI: 1.40-4.67; P =0.0016) and
multivariate analyses (HR: 2.91; 95% CIL: 1.60-5.57; P = 0.0004) for
cancer-specific survival (Table ITI). On the other hand, compared with Q1
cases, slightly but insignificantly higher mortality rates were observed in
Q2 and Q3 cases in stage-stratified (Q2: P = 0.11, Q3: P = 0.23) and
multivariate stage-stratified analyses (Q2: P=0.14, Q3: P=0.18) (Table
ITT). Similar results were observed in stage-stratified and multivariate
stage-stratified analyses for overall survival (data not shown). Therefore,
we made a dichotomous miR-31 expression variable, defining Q4 as the
‘high-expression group’ and combining Q1, Q2 and Q3 into the ‘low-
expression group’. In multivariate stage-stratified analysis, compared

Table I. Differentially expressed miRNA in BRAF-mutated and BRAF wild-type CRCs by miRNA array analysis

No. Name of miRNA Relative miRNA expression (miRNA/UG) P
(miR base ID)
BRAF mutation group BRAF wild-type group Fold change (mutation
(median; N=7) (median; N =22 group/wild-type group)

1 hsa-miR-31-5p 29 925.00 89.30 335.0 0.009
2 hsa-miR-215 7.65 0.10 74.5 0.001
3 hsa-miR-151-3p 1312.00 24.40 53.8 0.003
4 hsa-miR-539-5p 370.00 7.57 48.9 0.021
5 hsa-miR-31-3p 77.30 2.14 36.1 0.002
6 hsa-miR-661 3125.00 91.80 34.1 0.011
7 hsa-miR-197-3p 4.78 0.16 29.2 0.002
8 hsa-miR-483-3p 605.00 21.90 27.6 0.032
9 hsa-miR-185-5p 15.40 0.56 273 0.024
10 hsa-miR-223-3p 10.50 0.40 25.9 0.005
11 hsa-miR-451a 23.50 1.00 23.5 0.015
12 hsa~miR-410 19.90 0.85 234 0.001
13 hsa-miR-15b-5p 9.01 0.40 227 0.004
14 hsa~-miR-126-5p 8.45 0.37 22.6 0.013
5 hsa-miR-221-3p 99.90 4.82 20.7 0.048
16 hsa-miR-10b-3p 13.80 0.67 20.6 0.015
17 hsa-miR-29¢-3p 19.50 1.02 19.1 0.001
18 hsa-miR-625-5p 185.00 10.30 18.0 0.002
19 hsa-miR-34a-5p 75.70 4.37 17.3 0.032
20 hsa-miR-7-1-3p 10.40 0.60 173 0.001
21 hsa-miR-10b-5p 23.10 1.49 155 0.008
22 hsa-miR-26b-5p 5.46 0.36 15.2 <0.001
2 hsa-let-7a-5p 5.86 042 13.9 0.048
24 hsa-miR-145-3p 2.82 0.20 13.8 0.028
25 hsa-miR-374a-5p 26.30 1.96 134 0.001
26 hsa-miR-222-3p 11.80 0.89 13.2 0.011
27 hsa-miR-379-5p 1.41 0.11 13.0 0.024
28 hsa-miR-30c-5p 1.59 0.14 11.8 0.002
29 hsa-miR-100-5p 3.26 0.28 11.6 0.004
30 hsa-miR-625-3p 13.20 1.16 11.4 0.001
31 hsa-miR-142-5p 5.23 0.48 11.0 0.002
32 hsa-miR-99a-5p 2.02 0.19 10.5 0.003
33 hsa-miR-425-5p 10.80 1.07 10.1 0.005

The fold change is expressed as the median of the BRAF mutation group divided by that of the wild-type group for each miRNA. P values were determined by

the Mann-Whitney U-test. miRNAs with P <0.05 are listed.
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Table L. Clinicopathological and molecular features of 721 CRCs according to quartiles of miR-31 expression

Clinicopathological lotal NV miR-31 expression P
or molecular feature
Q1 (<2.0) Q2 (2.0-6.2) Q3 (6.3-23.3) Q4 (223 .4)
All cases 721 180 180 181 180
Gender
Male 422 (59%) 101 (56%) 107 (59%) 103 (57%) 111 (62%) 0.70
Female 299 (41%) 79 (44%) 73 (41%) 78 (43%) 69 (38%)
Age (mean % SD) 669+11.4 65.7+11.3 67.3x11.0 67.8+12.0 66.7+11.2 0.34
Tumour size (mm) 46.5x23.6 36.6+£17.3 44.8+20.9 50.0+23.1 544279 <0.0001
(mean = SD)
Year of diagnosis
Prior to 2002 334 (46%) 93 (52%) 80 (44%) 76 (42%) 85 (47%) 0.29
2003-2012 387 (54%) 87 (48%) 100 (56%) 105 (58%) 95 (33%)
Tumour location
Rectum and distal colon 465 (64%) 135 (75%) 125 (69%) 119 (66%) 86 (48%) <0.0001
(splenic flexure to sigmoid)
Proximal colon 256 (36%) 45 (25%) 55(31%) 62 (34%) 94 (52%)
(caecum to transverse)
Tumour differentiation
Well to moderate 655 (92%) 176 (99%) 170 (96%) 162 (91%) 147 (84%) <0.0001
Poor 54 (8.0%) 2(1.1%) 7 (4.0%) 16 (9.0%) 29 (16%)
Disease stage
1 138 (19%) 59 (32%) 31 (17%) 23 (13%) 25 (14%) <(.0001
TIA 157 (22%) 46 (26%) 42 (23%) 37 (20%) 32 (18%)
B 57 (1.9%) 10 (3.6%) 10 (5.6%) 20 (11%) 17 (9.4%)
A 41 (5.7%) 14 (7.8%) 11(6.19%) 12 (6.6%) 4 (2.2%)
B 163 (23%) 23 (13%) 45 (25%) 46 (25%) 49 (27%)
mc 82 (11%) 14 (7.8%) 20 (11%) 21 (12%) 27 (15%)
w 83 (12%) 14 (7.8%) 21 (12%) 22 (12%) 26 (14%)
BRAF mutation
Wild-type 685 (95%) 176 (98%) 179 (99%) 173 (96%) 157 (87%) <0.0001
Mutant 35 (4.9%) 3(1.7%) 1 (0.6%) 8 (4.4%) 23 (13%;)
KRAS mutation
Wild-type 479 (67%) 130 (74%) 123 (69%) 126 (70%) 100 (57%) 0.0042
Mutant 231 (33%) 45 (26%) 56 (31%) 54 (30%) 76 (43%)
PIK3CA mutation
Wild-type 642 (89%) 168 (94%) 160 (89%) 163 (90%) 151 (84%) 0.023
Mutant 78 (11%) 11 (6.2%) 20 (11%) 18 (9.9%) 29 (16%)
MSI status
MSS/MSI-tow 658 (93%) 172 (99%) 171 (97%) 164 (92%) 151 (85%) <0.0001
MST-high 49 (6.9%) 2 (1.2%) 6 (3.4%) 14 (7.9%) 27 (15%)
MLH ! methylation
Unmethylated 387 (56%) 106 (62%) 102 (59%) 94 (54%) 85 (51%) 0.15
Methylated 299 (44%) 65 (38%) 71 (41%) 80 (46%) 83 (49%)

Percentage (%) indicates the propottion of cases with a specific clinicopathological or molecular feature within a given quartile category (Q1, Q2, Q3 or Q4) of
miR-31 expression by qRT-PCR. P values were calculated by analysis of variance for age and tumour size and by a chi-square test or Fisher’s exact test for all
other variables. To account for multiple hypothesis testing in associations between miR-31 expression and other 12 covariates, the P value for significance was

adjusted by Bonferroni correction to £ = 0.0042 (=0.05/12).

with the ‘low-expression group’, a significantly higher mortality rate
was observed in the ‘high-expression group” (HR: 2.06: 95% CI: 1.36—
3.09; P = 0.0008) in cancer-specific analysis (Table HI).

In stage-stratified (stages 1-IV) analysis, the mortality rate in terms
of cancer-specific survival was significantly higher in CRC groups
(stages TI-IV) with high miR-31 expression levels (log-rank test:
P =0.035, P = 0.020 and P = 0.024, respectively) than in those with
low miR-31 expression levels (Supplementary Figure 1, available
at Carcinogenesis Online). Our data also showed that high miR-31
expression was related to cancer-specific mortality, regardless of BRAF
status (Supplementary Figare 2, available at Carcinogenesis Online).

Multivariate logistic regression analysis in cases of high miR-31
expression

Considering potential confounding and potential cause-effect
sequence, we performed a multivariate logistic regression analysis to

Page 4 of 8

assess the relationships with miR-31 expression. The results showed
that high miR-31 (Q4) expression was significantly associated with
BRAF [odds ratio (OR): 7.05; 95% CI: 3.08-16.8; P < 0.0001}, KRAS
mutation (OR: 2.61; 95% CT: 1.75-3.90; P < 0.0001) and tumour
location in the proximal colon (OR: 2.21; 95% CI: 1.49-3.28; P <
0.0001) (Table IV).

Association of miR-31 expression and clinicopathological and
molecular features in serrated lesions

We assessed 650 FFPE tissue specimens of serrated lesions and non-
serrated adenomas in the miR-31 expression assay and successfully
obtained 632 (97%) valid results. Then miR-31 expression levels
were also quantified in 381 colorectal serrated lesions and 251
non-serrated adenomas. It is very difficult to obtain miRNA speci-
mens of paired normal tissue for comparison with colorectal ser-
rated lesions and non-serrated adenomas by endoscopic resection
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Fig. 1. Kaplan—Meier survival curves for CRCs (stages I-1V; N = 698)
according to the miR-31 expression level. Cancer-specitic survival: left panel
and overall survival: right panel. Significantly higher mortality rates were
observed in patients with high miR-31 expression than in those with low
expression for both cancer-specific (log-rank test: P = 0.0013) and overall
survival (log-rank test: P = 0.0026).

because of the small size of the resected sample. Therefore, we
incorporated pooled normal mucosa specimens in each plate to
standardize all assay runs. Distributions of miR-31 expression were
as follows (mean = SD; median): HP (10.3 = 19.3; 2.6), SSA/P
(20.5 £ 25.1; 12.9), TSA (24.8 + 28.0; 14.7) and non-serrated ade-
noma (14.1 =24.9; 3.4).

Supplementary Table 3, available at Carcinogenesis Online, shows
the clinicopathological and molecular features, including miR-31
expression, in serrated lesions and non-serrated adenomas. High miR-
31 expression (Q4 in CRCs; expression level 223.4) was frequently
detected in cases of SSA/P [32% (41/128)] and TSA [37% (42/113)]
compared with those of HP [13% (18/140)] and non-serrated adenoma
[19% (45/251)] (P < 0.0001). Multivariate regression analysis was

miR-31: BRAF and colon cancer survival

adjusted for potential confounders including BRAF and KRAS muta-
tions, tumour location and tumour size. The results showed a persistent
significant association between high miR-31 expression and histologi-
cal type [SSA/P: P =0.0092, TSA: P < 0.0001 (HP as a referent)].

Functional analysis of miR-31 expression in colon cancer cell lines
miR-31 mimics and the inhibitor were transfected into colon cancer
cell lines. The results confirmed the up-regulation or down-regu-
lation of miR-31 expression (Supplementary Figure 3, available at
Carcinogenesis Online). The Matrigel invasion assay revealed enhanced
invasive potential of the miR-31 mimic (Figure 2A) after transfection
(72h later) into cancer cell lines. Similar results were observed in the
proliferation assay (data not shown). In the proliferation assay, signifi-
cantly decreased cell proliferation was also observed as a result of trans-
fection (96h later) of the miR-31 inhibitor (Figure 2B). Similar results
were observed in the invasion assay (data not shown).

To determine the effect of miR-31 on BRAF and KRAS target pro-
teins, expression of those proteins was compared before and after
transfection (72 h later) of the miR-31 inhibitor into the cell lines. The
results of western blot analysis demonstrated that after transfection,
BRAF target proteins decreased in colon cancer cell lines, regardless
of the mutational status (Figure 2C). In contrast, none of the colon
cancer cell lines showed a decrease in KRAS target proteins.

Discussion

In this study. specific miRNA expression associated with BRAF
(V60OE) mutation was identified. The results of miRNA array analy-
sis revealed that miR-31 was the most up-regulated gene in BRAF-
mutated CRCs compared with BRAF wild-type CRCs. In a database
of 721 patients with CRC, high miR-31 expression was associated
with BRAF and KRAS mutations and proximal location in multivari-
ate logistic regression analysis. After the transfection of the miR-31
inhibitor, western blot analysis revealed a decrease in BRAF target
protein in colon cancer cell line. Thus, our data support the hypothesis

Table III. Association of miR-31 expression with patient mortality in CRCs

miR-31 expression (quartile) Total N Cancer-specific survival
Univariate Stage-stratified Multivariate stage-stratified
HR (95% CT) HR (95% CT) HR (95% CI)
Q1 (<2.0) 171 1 (referent) 1 (referent) 1 (referent)
Q2 (2.0-6.2) 174 1.96 (1.06-3.77) 1.65 (0.89-3.18) 1.59 (0.86-3.07)
Q3 (6.3-23.9) 177 2.16 (1.18-4.13) 1.46 (0.79-2.81) 1.53 (0.83-2.96)
Q4 (224.0) 176 3.10(1.76-5.78) 249 (1.40-4.67) 291 (1.60-5.57)
P for trend 0.0009 0.013 0.0032
Low-expression group (Q1-3) 522 1 (referent) 1 (referent) 1 (referent)
High-expression group (Q4) 176 1.84 (1.25-2.67) 1.78 (1.20-2.60) 2.06 (1.36-3.09)
P 0.0024 0.0043 0.0008

The multivariate, stage-stratified Cox model included the miR-31 expression variable stratified by sex, age at diagnosis, tumour size, year of diagnosis, tumour
location, tumour differentiation, MST status, MLH methylation and mutations of BRAF, KRAS and PIK3CA.

Table I'V. Multivariate logistic regression analysis of miR-31 expression in CRCs

Variables in the final model for miR-31 expression (as an outcome variable) Adjusted OR (95% CT) P
[high-expression group (Q4) versus low-expression group (Q1-3)]

BRAF mutant (versus wild-type) 7.05 (3.08-16.8) <0.0001
KRAS mutant (versus wild-type) 2.61 (1.75-3.90) <0.0001
Proximal colon (versus distal colon and rectum) 2.21 (1.49-3.28) <0.0001
Poor differentiation (versus well to moderate) 2.75(1.38-5.44) 0.0044
Tumour size (for 30 mm increase as a unit) 1.46 (1.11-1.92) 0.0062

A multivariate logistic regression analysis assessing the relationships with miR-31 expression status initially included sex, age, tumour size, year of diagnosis,
tumour location, tumour differentiation, disease stage, MSI. MLH methylation, and mutations of BRAF, KRAS and PIK3CA, considering potential confounding
and causal relationships. For multiple hypothesis testing, the P value for significance was adjusted by Bonferroni correction to 0.0042 (=0.05/12).
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Fig. 2. Functional analysis of miR-31. (A) Results of the Matrigel invasion
assay. Invading cells are indicated by arrow heads in the left panel. The right
panel represents the means of five random microscopic fields per membrane;
error bars represent the standard deviations. This assay revealed that the miR-
31 mimic enhanced invasion by 8.5-fold (P = 0.0045) in SW480 cells (KRAS
mutated) after transfection (72 later). The P value was analysed using a
paired 7T-test. (B) In the proliferation assay. the miR-31 ishibitor significantly
decreased cell proliferation in HT-29 cells (BRAF mutated) (P = 0.0001).
The graph depicts the means of 16 replications; error bars represent standard
deviations. (C) In western blot analysis, after transtection (72 h later) of the
miR-31 inhibitor, BRAF target proteins were decreased in RKO cells (BRAF
mutated), HT-29 cells (BRAF mutated), DLD-1 cells (KRAS mutated),
SW480 cells (KRAS mutated) and COLO-320-HSR (wild-type). respectively.

that miR-31 may regulate BRAF activation in CRCs. We also identified
that high miR-31 expression was an unfavourable prognostic factor in
patients with CRC, independent of clinicopathological and molecular
features. In contrast, high miR-31 expression was frequently detected
in cases with SSA/P and TSA compared with those with HP, suggest-
ing an oncogenic role of this miRNA in the serrated pathway. The
transfection of the miR-31 inhibitor exhibited an antitumour effect in
functional analysis. Therefore, miR-31 may be a promising diagnostic
biomarker and the therapeutic target in patients with CRC.

miR-31 is located at 9p21.3 and is reportedly deregulated in vari-
ous human cancers (8,9,11,12,15). Previous studies have shown that
miR-31 has oncogenic potential in oesophageal squamous cell carci-
noma (8) and acts as a tumour suppressor in oesophageal adenocarci-
noma (15), gastric cancer (12), ovarian cancer (11) and breast cancer
(9). With regard to CRC, an association has been reported between
miR-31, oncogenic potential (21-24,26.48), deeper invasion (24,48)
and advanced disease stage (21,24,48); however, none of these stud-
ies have examined the association between miR-31 expression and
mortality in CRC patients. In the present study, a large database was
utilized. High miR-31 expression was independently associated with
shorter prognosis in the multivariate stage-stratified Cox model. The
importance of large-scale studies cannot be emphasized enough.
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Small studies with null results are much less likely to remain unpub-
lished compared with small studies with significant results; this feads
to publication bias. In contrast to previous studies (21-24,26,48), the
present study examined the miR-31 expression status in a much larger
sample of CRCs. Therefore, our data support the hypothesis that
high miR-31 expression may be a prognostic biomarker of CRC.w
Nevertheless, the data on CRCs presented here have some limitations.
including the cross-sectional, observational nature of the study. Future
independent studies should confirm the correlation between miR-31
and unfavourable prognosis in patients with CRC.

The tamour molecular characterization for personalized medicine
is becoming important in CRCs (1-5,16,17.45). Accumulating evi-
dence suggests that similar to PIK3CA and PTEN mutations, BRAF
mutations confer therapeutic resistance to cetuximab and panitu-
mumab (2,3) in patients with CRCs because these genes are located
downstream of EGFR. In addition, a relationship between BRAF
mutation and unfavourable survival has been previously reported in
patients with CRCs (2,5). These results suggest that BRAF mutation
can be a new biomarker for molecular diagnosis and identification of
prognostic factors; however, no previous study has identified specific
miRNAs associated with BRAF mutation in a large sample of colorec-
tal tumours. In the current study, associations were identified between
miR-31 expression and BRAF mutation and CRC prognosis. Previous
studies have detected high miR-31 expression in CRC patients with
MSI-high status (20.28,34) or poor differentiation (21,23). In the pre-
sent study, high miR-31 expression was significantly associated with
MSI-high status in univariate analysis; however, no significant associ-
ation was observed in multivariate analysis. Furthermore, in serrated
lesions, despite the fact that MSI-high was quite low [1.5% (6/381)].
high miR-31 expression was frequently detected in cases with SSA/P
and TSA. Thus, high miR-31 expression in CRC patients with MSI-
high in previous studies (20,28,34) may have been due to BRAF muta-
tion, which has been strongly associated with MSI-high status (1,5).

Recent studies have reported that several miRNAs target the genes
in the downstream effectors of EGFR, such as miR-143 and miR-145
(25,29) for KRAS, miR-520a and miR-525 (30) for PIK3CA and miR-
21 (31,32) and miR-155 (32) for PTEN. Moreover, BRAF is thought
to be targeted by miR-143 and miR-1435. which play a role as tumour
suppressors (29). In the present study, high miR-31 expression was
strongly associated with BRAF mutation in a CRC large sample. Tn
addition, after transfection of the miR-31 inhibitor. western blot anal-
ysis revealed a decrease in BRAF target protein. These results support
the hypothesis that miR-31 may regulate the activation of BRAF gene
in CRC. The exact mechanism of this regulation by miR-31 remains
unknown; however, a recent study has reported that miR-31 may
target a RAS p21 GTPase-activating protein 1 (RASA1), which is a
negative regulator of the RAS-RAF-MEK-ERK signalling pathway
(35). Therefore, miR-31 may regulate BRAF activity via suppression
of RASAL in CRC, resulting in up-regulation of the signalling path-
way. These findings also imply that miR-31 may serve as a molecular
target of the RAF or MEK inhibitor.

Our data also showed a decrease in BRAF target proteins regardless
of the mutational status after transfection of the miR-31 inhibitor. This
decrease in BRAF target proteins was observed in all cell lines; however,
none of the colon cancer cell lines exhibited a decrease in KRAS target
protein. One possible explanation for these phenomena is that miR-31
may target the negative regulator, which plays a role in the pathways
downstream of RAS. Further functional analysis is required to clarify
the regulatory role of miR-31 in the RAS-RAF-MEK-ERK signalling
pathway and its potential as a molecular target of those inhibitors.

Previously, SSA/P was often classified as HP, which was consid-
ered to have no malignant potential. However, recent studies have
shown that SSA/P is mainly observed in the proximal colon (49) and
is associated with frequent BRAF mutation and MLHT methylation
(40-42). These results suggest that SSA/P possesses malignant poten-
tial and might be a precursor lesion of MSI-high CRC with BRAF
mutation in the proximal colon. With regard to miRNA expression in
serrated lesions, a previous study involving serrated lesions (N = 37)
reported that SSA/P was characterized by high levels of miR-181b
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and miR-21 expression compared with HP (50). However, the authors
concluded that discrimination between the two lesions was impossi-
ble on the basis of miR-181b and miR-21 expression. Thus, the effects
of miRNA expression in serrated lesions remain largely unknown. In
the present study, high miR-31 expression was frequently detected
in cases with SSA/P and TSA compared with those with HP in large
samples of serrated lesions (N = 381). After adjusting for BRAF and
KRAS mutation status, tumour location and tumour size, a persis-
tently significant association between high miR-31 expression and
the pathological features of SSA/P and TSA was observed. Thus, our
data suggest that high miR-31 expression may occur in the early stage
of colorectal tumorigenesis and play an oncogenic role in serrated
lesions. Moreover, our findings challenge the common conception of
discrete molecular features of SSA/Ps versus HPs. They may, there-
fore, have a substantial impact on clinical and translational research.

In conclusion, in this study, high miR-31 expression was associated
with BRAF mutation involving a CRC large sample. This result may
indicate that miR-31 is one of the important miRNAs in CRC with
BRAF mutation. In addition, high miR-31 expression was associated
with patient mortality. Finally, an antitumour effect was observed as a
result of transfection of the miR-31 inhibitor. Thus, miR-31 may be a
promising diagnostic biomarker and therapeutic target in patients with
CRC. Moreover, our data suggest that miR-31 may play an important
role in the progression of serrated lesions.

Supplementary material

Supplementary Tables 1-3 and Figures 1-3 can be found at
http://carcin.oxfordjournals.org/
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Summary

In developing organs, epithelial tissue structures are mostly developed by the perinatal period. However, it is unknown whether
epithelial cells are already functionally mature and whether they are fixed in their lineage. Here we show that epithelial cells alter their
plasticity during postnatal development by examining the differentiation potential of epithelial cell adhesion molecule (EpCAM)"
cholangiocytes (biliary epithelial cells) isolated from neonatal and adult mouse livers. We found that neonatal cholangiocytes isolated
from 1 week old liver converted into functional hepatocytes in the presence of oncostatin M and Matrigel®. In contrast, neither
morphological changes nor expression of hepatocyte markers were induced in adult cholangiocytes. The transcription factors hepatocyte
nuclear factor 4o and CCAAT/enhancer binding protein o (C/EBP«), which are necessary for hepatocytic differentiation, were induced
in neonatal cholangiocytes but not in adult cells, whereas grainyhead like 2 (Grhl2) and hairy enhance of slit 1 (Hesl1), which are
implicated in cholangiocyte differentiation, were continuously expressed in adult cells. Overexpression of C/EBP« and Grhl2 promoted
and inhibited hepatocytic differentiation, respectively. Furthermore, adult cholangiocytes formed a monolayer with higher barrier
function than neonatal ones did, suggesting that cholangiocytes are still in the process of epithelial maturation even after forming tubular
structures during the neonatal period. Taken together, these results suggest that cholangiocytes lose plasticity to convert into hepatocytes
during epithelial maturation. They lose competency to upregulate hepatocytic transcription factors and downregulate cholagiocytic ones
under conditions inducing hepatocytic differentiation. Our results suggest that a molecular machinery augmenting epithelial integrity
limits lineage plasticity of epithelial cells.

Key words: Epithelial progenitors, Plasticity, Cholangiocytes, Bile duct, Mature hepatocytes

Introduction avoid any leakage of bile during drainage. However, it is unknown
During development, tissue stem/progenitor cells differentiate to whether cholangiocytes in the neonatal liver have similar epithelial
multiple types of epithelial cells, which establish various tissue characteristics as those in the adult liver.
structures, including alveoli in the lung, renal tubules in the In the adult liver, there are at least three possible sources
kidney, and hepatic cords and bile ducts in the liver. Given that of hepatocytes and cholangiocytes: self duplication of mature
organs need to perform their physiological functions after the cells, the stem cell system, and lineage conversion. The self
birth, epithelial tissue structures may be mostly developed at the duplication of hepatocytes and cholangiocytes to replace aged or
birth or soon after. However, it is unknown whether epithelial damaged cells is the simplest way, which may be the case in
cells are fixed in their lineage and fully functional in neonatal normal and in acutely injured livers (Michalopoulos, 2007;
organs. Malato et al., 2011). In contrast, after severe chronic liver injury,
The liver contains two types of epithelial cells, named the duplication ability of the epithelial cells may be exhausted
hepatocytes and  cholangiocytes, which originate from and stem or progenitor cells may be activated to supply
hepatoblasts  (fetal liver stem/progenitor cells) during hepatocytes and cholangiocytes (Espanol Suner et al., 2012). In
development (Oertel et al, 2003; Tanimizu et al., 2003). addition to the self duplication and stem/progenitor cell systems,
Cholangiocytes are biliary epithelial cells forming bile duct lineage conversion should be taken into consideration
tubules. Bile ducts connect the liver to the intestine to drain the (Michalopoulos, 2011). It has been shown that mature
bile secreted by hepatocytes. It can be assumed that cholangiocytes hepatocytes (MHs) have the potential to transdifferentiate into
acquire epithelial characteristics including secretory and barrier cholangiocyte like cells (Nishikawa et al., 2005; Zong et al.,
functions when they establish the tubular structure, since it is 2009). In contrast to hepatocytes, it remains unclear whether
physiologically important to modulate the composition of bile and cholangiocytes have the ability to convert into hepatocytes.
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In this work we examined the differentiation potential of
cholangiocytes in neonatal and adult mouse liver. We found that
neonatal, but not adult, epithelial cell adhesion molecule
(EpCAM)" cholangiocytes expressed hepatocytic transcription
factors and converted into hepatocytes in vitro that were
structurally and functionally similar to MHs. Interestingly,
neonatal cholangiocytes are still immature compared with adult
ones even though they have already established tubular structures
in vivo. Our results indicate that neonatal cholangiocytes possess
plasticity to convert into hepatocytes but lose this ability during
maturation of bile ducts. We further demonstrated that a
transcription factor implicated in epithelial maturation limited
lineage plasticity of cholangiocytes.

Results

Cholangiocytes proliferate and retain the cholangiocytic
phenotype on type I collagen gel

Because the number of cholangiocytes isolated from the liver is
limited and not enough to examine their differentiation potential,
we first established a primary culture in which cholangiocytes
keep the original characteristics and efficiently proliferate. To
isolate mature cholangiocytes from 6 week old (6W) mouse
liver, two step collagenase perfusion was performed and the
remaining tissue containing Glisson’s capsules was further
digested. EpCAM™ cholangiocytes were enriched by magnetic
activated cell sorting (MACS; supplementary material Fig. S1).
They were plated on culture wells coated with type I collagen
(Col ) or a thin layer of Matrigel (MG), or covered with Col I
gel or MG gel (Fig. 1A). On wells coated with Col 1, only a very
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small number of cells survived and proliferated. On MG coated or
MG gel wells, 2 or 3 days after plating, cells began to proliferate
slowly. On Col 1 gel, cells proliferated very efficiently. In all four
conditions, cells survived and proliferated after replating at day 7
of primary culture. Importantly, on Col I gel, as well as MG gel,
expression of EpCAM was retained on cholangiocytes but
disappeared when grown in wells coated with Col 1 (Fig. 1B;
supplementary material Fig. S2). During the culture on Col I gel,
cholangiocytes maintained expression of cholangiocyte markers
[osteopontin (OPN), SRY related HMG box transcription factor 9
(Sox9) and hepatocyte nuclear factor (Hnf)1p], but did not express
the hepatocyte marker, Hofda (Fig. 1C), and kept epithelial
characteristics, such as the ability to form cystic structures in 3D
culture; about 1% of cells formed cysts during 10 days in culture
ever after the fourth passage (Fig. 1D; supplementary material Fig.
S2). We further confirmed that, like mouse cholangiocytes, human
EpCAM" cholangiocytes proliferated and retained the expression
of EpCAM on Col I gel (supplementary material Fig. S3). In the
following experiments, we examined differentiation potential of
cholangiocytes after expansion in Col 1 gel culture.

Hepatocytic differentiation potential of adult
cholangiocytes

To examine the hepatocytic differentiation potential of
cholangiocytes, EpCAM’ cells derived from 6 8W mouse
livers were cultured on Col T gel for 5 days and then replated
onto dishes coated with gelatin. To induce hepatocytic
differentiation, oncostatin M (OSM) was added to the culture
medium after the cells reached confluency. On day 9 in culture,

Fig. 1. In vitro expansion of EpCAM® cholangiocytes on Col-I gel. (A) Proliferation of EpCAM" cholangiocytes on Col-I and Matrigel®. Cholangiocytes
were cultured on Col-I-coated or MG-coated wells or on Col-T gel or MG. Every 7 days, they were replated onto dishes coated with the same extracellular matrix
as the primary culture. During primary culture, cholangiocytes proliferated on Col-I gel, MG gel and MG-coated dishes, though they proliferated most
efficiently on Col-I gel. Beyond secondary cuiture, cholangiocytes proliferated in all conditions. (B) Adult cholangiocytes retained the expression of EpCAM on
Col-T gel. EpCAM expression was examined by fluorescence-activated cell sorting (FACS). More than 90% of cells retained EpCAM expression on Col-T gel.
(C) Adult cholangiocytes retained the expression of marker genes on Col-I gel. Cultured cholangiocytes expressed the cholangiocyte markers EpCAM, Sox9,
HNF1B, and OPN. EpCAM" cells isolated from 6W mouse liver were cultured on Col-I gel for 7 days, fixed in 4% PFA, and incubated with anti-Sox9,
anti-HINF1§ and anti-OPN antibodies. Nuclei were counterstained with Hoechst 33258. (D) Adult cholangiocytes form cysts with the central lumen in three-
dimensional culture. At day 7, cultured cholangiocytes were dissociated from Col-I gel, replated on a layer of MG, and then overlaid with 5% MG. Cysts were
stained with anti-EpCAM (green), anti-OPN (red), and phalloidin (white). Nuclei were counterstained with Hoechst33258 (blue).
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cells were overlaid with 5% MG (Fig. 2A). Dense cytoplasm and
clear cell cell contacts were observed after sequential treatment
with OSM and MG (Fig. 2B). However, as shown in Fig. 2B, the
cells barely expressed hepatocyte markers including albumin,
carbamoylphosphate synthetase 1 (CPSI), phosphoenolpyruvate
carboxykinase (PEPCK), and tryptophan 2,3 dioxygenase
(Tdo2). Thus, hepatocytic characteristics could not be induced
in adult cholangiocytes.

Hepatocytic differentiation potential of neonatal
cholangiocytes

To investigate whether cholangiocytes have the potential to
differentiate into hepatocytes during the early stage of bile duct
formation, we applied the same culture conditions to neonatal
cholangiocytes isolated from 1W liver. Similar to adult
cholangiocytes, neonatal cholangiocytes continued to express
cholangiocyte markers during culture on Coll gel
(supplementary material Fig. S4). As shown in Fig. 24,
neonatal cells cultured on gelatin proliferated and formed a
monolayer in which the cells were in close contact with each
other. After addition of OSM to the medium on day 5, the cells
altered their morphology, developing round nuclei and dense
cytoplasm. When the cells were overlaid with MG, cytoplasmic
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granularity increased. Furthermore, bile canaliculus (BC) like
structures were observed between the cells. During the sequential
treatment of OSM and MG, there was increased expression of
the genes for albumin, metabolic enzymes including glucose 6

phosphatase (G6Pase), PEPCK, tyrosine aminotransferase
(TAT), Tdo2, CPSI and cytochrome P450 proteins (Cyps)
(Fig. 2B). We also examined expression of cholangiocyte
markers including cytokeratin (CK) 7, CK19 and EpCAM,
and found that CK7 and EpCAM were downregulated during
hepatocytic differentiation (Fig. 2B and supplementary material
Fig. S5). Immunocytochemical analysis showed that albumin and
CPSI proteins, which were not expressed in neonatal
cholangiocytes at the beginning of the culture period, were
expressed in the cytoplasm after inducing hepatocytic
differentiation (Fig. 2C3; Figs 4, 7, 8), whereas both proteins
were not induced in adult cholangiocytes (Fig. 2C1; Figs 2, 5, 6).
However, EpCAM was not downregulated in adult
cholangiocytes but was in neonatal ones during culture
(Fig. 2C9 12). To examine whether cells treated with MG
acquired differentiated functions, amunonium chloride was added
to the culture medium. The concentration of ammonium ions in
the medium gradually decreased with the time in the wells of
cultured neonatal cholangiocytes but not in those of adult cells

Fig. 2. Neonatal, but not adult, cholangiocytes differentiate
to functional hepatocytes. (A) Morphological changes of adult
and neonatal cholangiocytes during culture. Adult
cholangiocytes show dense cytoplasm at day 5 in culture. Cell
cell contacts were clearly visible after overlaying with MG.
Neonatal cholangiocytes had round nuclei and dense cytoplasm
in the presence of OSM. Cell cell contacts were more evident
after overlaying with MG. After expansion on Col-I gel, adult
and neonatal cholangiocytes were used to induce hepatocytic
characteristics by sequentially treating them with OSM and MG.
Scale bars: 50 pm. (B) Neonatal cholangiocytes were induced to
express hepatocyte markers. Hepatocyte marker expression was
examined by PCR. Adult cholangiocytes weakly expressed
albwmin but not other hepatocyte markers even in the presence of
OSM and MG. In contrast, hepatocyte markers such as CPSI,
G6Pase, PEPCK, TAT and Tdo2 were induced in neonatal
cholangiocytes during culture. Cypla2 and Cyp2d10 were also
expressed. Among cholangiocyte markers, CK7 and EpCAM
were slightly downregulated in the presence of OSM and MG.
Experiments were repeated three times, independently, and the
representative data are shown. (C) Expression of hepatocyte
markers at the protein level. At 1 day after plating onto gelatin-
coated dishes, neonatal cholangiocytes did not express albumin
and CPSI. After inducing hepatocytic differentiation, albumin
(red) was expressed in many cells. Some cells expressed CPST
(red). In contrast, both proteins were not expressed in adult
cholangiocytes before and after treatment of OSM and MG. Scale
bars: 50 um. (D) Hepatocytes derived from neonatal
cholangiocytes eliminated ammonium ions from the medium.
Ammonium chloride (2 mM) was added to neonatal
cholangiocytes treated with MG. Ammonium ions in the medium
were eliminated by hepatocytes derived from neonatal
cholangiocytes. Average values at each time point are shown
(*s.d.). (E) Hepatocytes derived from neonatal EpCAM cells
formed BC-like structures. After incubation in the presence of
MG, cells were further treated with 100 uM taurocholate, and
FDA was then added. Hepatocytes derived from neonatal
cholangiocytes metabolized FDA and fluorescein was secreted
into BC-like structures. Scale bar: 50 um.
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(Fig. 2D). Finally, to confirm whether BC like structures were
generated, we added fluorescein diacetate (FDA) to the culture
medium after augmenting formation of BC like structures in the
presence of taurocholate (Fu et al, 2011). We found that
metabolized fluorescein was excmted into BC like structures
(Fig. 2E). These data indicate that cholangiocytes possessed the
ability to convert into functional hepatocytes during the neonatal
period.

HNF4¢ and C/EBPqa are induced in neonatal
cholangiocytes during culture

Transcription factors have been shown to determine and convert
the lineages of many types of cells. At the time when
hepatoblasts are committed to cholangiocytes, transcription
factors related to hepatocytic differentiation, including HNF4ua
and CCAAT/enhancer binding protein o (C/EBP%), are
suppressed, whereas those related to cholangiocytic
differentiation are upregulated (Tanimizu and Miyajima, 2004;
Yamasaki et al., 2006). Therefore, we tested the possibility that
the expression patterns of these transcription factors differ
between neonatal and mature cholangiocytes. We focused on
HNF4a and C/EBPuo, because both of these are crucial for the
differentiation and/or maturation of hepatocytes (Parviz et al,,
2003; Mackey and Darlington, 2004). Using quantitative PCR,
we examined the expression of HNF4x and C/EBPz in neonatal
and mature cholangiocytes during culture for hepatocytic
differentiation. We also examined the expression of FoxAl
(HNF3a), which has been shown to be a crucial factor conferring
hepatocytic characteristics on multipotent as well as somatic cells
(Sekiya et al., 2009; Sekiya and Suzuki, 2011). HNF4« and C/
EBPa. genes were clearly induced in neonatal but not in mature
cholangiocytes, whereas Fox4! was expressed in both cell types
(Fig. 3A). These results suggest that the efficient induction of
HNF40 and C/EBPa is necessary for cholangiocytes to convert
into hepatocytes. Immunofluorescence analysis further confirmed
that HNF4o and C/EBPo were induced in neonatal
cholangiocytes but not in adult ones after inducing hepatocytic
differentiation (Fig. 3B).

Overexpression of C/EBP¢ and inhibition of the Notch
signaling pathway slightly increase hepatocyte gene
expression in mature cholangiocyies

To examine whether HNF4o and C/EBPo could induce
hepatocytic characteristics, we introduced their ¢DNAs into
mature cholangiocytes using retroviral vectors. Cholangiocytes
induced with HNF4o or C/EBPo were sequentially treated with
OSM and MG. Both HNF40 and C/EBPu slightly increased
expression of albumin, whereas only C/EBPa upregulated CPS7
(Fig. 3C).

Because the Notch signaling pathway has been implicated in
cholangiocyte differentiation of hepatoblasts and hepatocytes
(Tanimizu and Miyajima, 2004; Zong et al, 2009),
considered a possibility that constitutive activation of the
pathway might inhibit hepatocytic differentiation of adult
cholangiocytes. Therefore, we also examined whether inhibition
of the Notch pathway by adding 3,5 difluorophenylacetyl L
alanyl L 2 phenylglycine ¢ butyl ester (DAPT), a vy secretase
inhibitor that potentially blocks the Notch signaling pathway
(Sastre et al., 2001), could induce the hepatocytic differentiation
of mature cholangiocytes. The DAPT treatment slightly
decreased expression of Hesl, one of major targets of the
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Fig. 3. Overexpression of C/EBPa slightly induces CPSI expression in
adult cholangiocytes. (A) Expression of HNF4«, C/EBPx and FoxAl in
cholangiocytes during culture. HNF4a and C/EBPa were induced in neonatal
cholangiocytes but not in adult cholangiocytes. FoxAl was expressed in both
types of cells. Expression levels are presented relative to the expression levels
in MHs cultured for 1 day. Two-tailed Student’s ¢-tests were performed using
Microsoft Excel. (B) Protein expression of HNF4« and CPSI. HNF4o and C/
EBPz proteins were induced in neonatal cholangiocytes after inducing
hepatocytic differentiation. Nuclei were counterstained with Hoechst 33258.
Scale bars: 50 pm. (C) Expression of CPSI was induced by the
overexpression of C/EBPa, but not HNF44. (D) Induction of hepatocyte
markers by overexpression of C/EBP« in the presence of a y-secretase
inhibitor. Expression of albumin and CPST hepatocytic induced by C/EBPa
was further upregulated in the presence of DAPT, a y-secretase inhibitor and a
potent inhibitor for the Notch signaling pathway. The data also show that
expression of Tdo2 and Cyp2d10 were slightly increased.

Notch pathway, whereas expression of albumin was significantly
increased in the presence of DAPT (supplementary material
Fig. S6).

Next, we examined whether overexpression of C/EBPa and
inhibition of the Notch pathway have an additive effect on
hepatocytic differentiation. As shown in Fig. 3D, albumin and
CPS] were induced to a greater extent by a combination of DAPT
and C/EBPu expression than by the treatment of either of them
alone. 7do2 and Cvp2dil0) were slightly induced by the
combination of DAPT with C/EBPa. Although the level of
expression of hepatocyte markers was much lower than in MHs,
C/EBPu expression affected the differentiation status of mature
cholangiocytes.
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Grainyhead-like 2 inhibits hepatocytic differentiation
Overexpression of C/EBPo only slightly promoted hepatocytic
differentiation. Therefore, we assumed that molecular machinery
strongly stabilizing the cholangiocyte lineage might exist in adult
cholangiocytes. As candidates of inhibitory factors, we examined
expression of cholangiocytic transcription factors including Sox9,
hairy enhance of slit 1 (Hesl), Heyl and grainyhead like 2
(Grhl2) that we identified as cholangiocyte specific transcription
factors (Senga et al., 2012). Their expression was higher in adult
cholangiocytes than in neonatal cells (Fig. 4A). Furthermore,
Grhl2 and Hesl were maintained at lower levels in neonatal cells
than in adult cells during culture (Fig. 4B). Interestingly, Grhl2
expression was further inhibited in neonatal culture after
inducing hepatocytic differentiation by sequential treatment
with OSM and MG. Downregulation of Grhl2 in neonatal
cholangiocytes and its continuous expression in adult cells during
the culture were further confirmed by immunofluorescence
analysis (supplementary material Fig. S7). Therefore, we
considered the possibility that constant expression of Grhl2 in
adult cholangiocytes might inhibit hepatocytic differentiation.
To test this hypothesis, we introduced Grhl2 into neonatal
cholangiocytes and induced hepatocytic differentiation, and
found that Grhl2 inhibited induction of hepatocyte markers
(Fig. 4C). We further confirmed that Grhl2 blocked expression of
albumin, CPSI, HNF4¢q, and C/EBP« proteins induced by OSM
and MG (Fig. 4D). Moreover, the downregulation of Grhl2 by

short interfering RNAs (siRNAs) in adult cholangiocytes slightly
induced hepatocytic characteristics (supplementary material Fig.
S8). These results suggest that maintenance of Grhl2 at a high
level is a crucial factor fixing adult EpCAM" cells in the
cholangiocyte lineage.

Epithelial characteristics of neonatal and adult
cholangiocytes

Given that Grhl2 is implicated in maturation of cholangiocytes
(Senga et al., 2012), we considered the possibility that neonatal
and adult cholangiocytes might be different in terms of their
maturation status as epithelial cells, although bile duct structures
are formed in neonatal liver (Fig. 5A). To examine epithelial
characteristics of cholangiocytes, we cultured them to develop
monolayers, and first measured transepithelial resistance (TER).
In the culture condition used here, cholangiocytes formed
a monolayer during 2 days of incubation. During and after
the formation of the monolayers by neonatal and adult
cholangiocytes, values of TER increased and reached a plateau
(supplementary material Fig. S9). After 4 days of incubation, the
monolayer of adult cholangiocytes showed the higher TER value
than that of neonatal cells (Fig. 5B). We also examined the efflux
of 4 kDa fluoresceinisothiocyanato dextran (FITC dextran) and
found that FITC dextran passed through the monolayer derived
from neonatal cholangiocytes more readily than through that
of adult cells (Fig. 5C). These results indicated that neonatal
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maintained in adult cells during culture. Expression of Hesl in
neonatal cholangiocytes remained at a lower level compared with
adult cells. However, in contrast to Grhl2, Hesl was not further
downregulated during hepatocytic differentiation of neonatal
cholangiocytes. Culture was repeated three times, independently.
Error bars represent s.d. Two-tailed Student’s -tests were performed
using Microsoft Excel. (C) Grhl2 inhibits hepatocytic differentiation
of neonatal cholangiocytes. Grhl2 was introduced to neonatal
cholangiocytes. Hepatocytic differentiation was induced by OSM and
MG. Grhl2 inhibited the induction of hepatocytes markers. Cultures
were repeated three times, independently. (D) Grhl2 inhibits
expression of albumin, CPST, HNF4« and C/EBP« proteins. Neonatal
cholangiocytes introduced with the control vector or the vector
containing Grhl2 were treated with OSM and MG. Expression of
albumin, CPSI, HNF4q and C/EBPa was examined by
immunostaining (red). Myc-tagged Grhl2 was detected by anti-Myc
antibody (green). Scale bars: 50 pm.
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Fig. 5. Neonatal cholangiocytes are immature epithelial cells as
compared with adult cells. (A) Bile ducts are present in neonatal and adult
livers. EpCAM™ cholangiocytes form bile ducts in neonatal (1W-old) and
adult livers. Tight junctions, recognized by ZO1 staining, are present around
the lumens of neonatal and adult bile ducts. Liver sections were incubated
with anti-EpCAM (green) and anti-ZO1 (red) antibodies. Nuclei were
counterstained by Hoechst 33258. Boxes in panels | and 5 are enlarged in
panels 2 4 and 6 8, respectively. Scale bars: 50 pm. (B) Neonatal
cholangiocytes have a lower TER value. Fifty thousand cholangiocytes were
plated onto Col-T gel in a 12-well plate. TER values at day 4 are shown in the
graph. Cultures were repeated three times, independently. Bars indicate s.e.m.
Two-tailed Student’s /-tests were performed. (C) Higher paracellular efflux of
4 kDa FD occurs through the monolayer of neonatal cholangiocytes. At day 4
of culwre, paracettular efflux of 4 kDa FITC-dextran (FD) was examined for
the monolayers of neonatal and adult cholangiocytes. Bars indicate s.e.m.
Two-tailed Student’s #-tests were performed. (D) Neonatal cholangiocytes
form smaller cysts than adult cells in 3D culture. Neonatal and adult
cholangiocytes dissociated from Col-I gel were incubated in gel containing
5% Matrigel. Representative neonatal and adult cysts are shown in the left
panels. Scale bar: 50 pm. After incubation for 10 days, the diameter of the
fumen was measured. Cultures of neonatal and adult cholangiocytes were
repeated three and two times, respectively. Each culture was performed in
four wells. A dot plot is shown with bars indicating the means * s.e.m.

cholangiocytes formed relatively immature tight junctions (TJs)
compared with adult cells.

As we previously reported, maturation of TJs promotes
epithelial morphogenesis, which could be correlated with
enlargement of the apical lumen of cysts formed in three
dimensional culture of epithelial cells (Senga et al., 2012). After
10 days of three dimensional culture, about 1% of neonatal and
adult cholangiocytes formed cysts with a central lumen.
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However, the lumen size of neonatal cysts was significantly
(P<<0.0001) smaller than that of adult cysts, further suggesting
that neonatal cells form relatively immature TJs compared with
adult ones (Fig. 5D). These results indicate that neonatal
cholangiocytes are immature epithelial cells.

Discussion

In this study, we demonstrated that cholangiocytes possess the
ability to convert into hepatocytes in the neonatal period but this
capability is lost in the adult. Similarly, it has been demonstrated
that pancreatic duct cells have the potential to differentiate into
endocrine and exocrine cells in the neonatal period but their
differentiation potential becomes limited in the adult (Kopp et al.,
2011). Thus, tubular epithelial cells may generally lose lineage
plasticity during postnatal development.

Although, as we mentioned above, it has been shown that
neonatal pancreatic duct cells lose the capability to differentiate
to multiple types of cell during development, it is not known how
the plasticity of epithelial cells is limited. We unexpectedly found
that neonatal cholangiocytes are still developing epithelial
characteristics even after forming the tubular structure. Tt can
be assumed that production of bile by neonatal hepatocytes is less
than that by mature ones and, therefore, relatively immature TJs
in neonatal livers are sufficient to prevent the leakage of bile to
the parenchyma and/or to the blood vessels, including the portal
vein and the hepatic artery. This assumption seems to be
consistent with the fact that the accumulation of bile in the
neonatal gallbladder is much less than in the adult one
(supplementary material Fig. S10). Furthermore, we showed
that Grhl2 was expressed at a higher level in adult than in
neonatal cholangiocytes and could inhibit hepatocytic
differentiation. As we previously demonstrated, Grhi2
promotes formation of functional TJs by establishing a
molecular network among claudin 3, claudin 4 and Rab25
(Senga et al., 2012). Thus, our results suggest that the molecular
machinery that establishes the epithelial integrity limits the
differentiation potential of epithelial cells and thereby stabilizes
the lineage of the cells.

It was recently shown that transcription factors could covert
fibroblasts into pluripotent stem cells or other types of somatic
cells (Yamanaka and Blau, 2010; Yang, 201 1). The combination of
Gatad, HNFlo and FoxAl, or that of HNF4a plus FoxAl, A2 or
A3, was able to convert mouse skin fibroblasts to hepatocytes
(Huang et al., 2011; Sekiya and Suzuki, 2011). Because these
proteins are strongly expressed in MHs but not in cholangiocytes,
we considered the possibility that their expression status is a key to
determining the potential for hepatocytic differentiation. In
addition to these transcription factors, we focused on C/EBPuo,
which is also important for the functions of MHs (Inoue et al.,
2004). During the course of hepatocytic differentiation, neonatal
cholangiocytes expressed FoxAl, HNF4a and C/EBPa. Adult
cholangiocytes, however, expressed FoxAl but neither HNF4o nor
C/EBPo. To elucidate the difference in induction, we examined
epigenetic modification of the promoters of HNF4a and C/EBPo.
Compared with hepatocytes, methylation of CpG sequences
increased in cholangiocytes (supplementary material Fig. S11).
However, there was little difference between 1W and 6W
cholangiocytes. Other epigenetic mechanisms or upstream
factors may regulate the expression of HNF4u and C/EBPx in
hepatic epithelial cells. Although C/EBPo expression was
effective in conferring hepatocytic characters on cholangiocytes,
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the level of induction was limited. This indicates that other factors
may block lincage conversion. The present study suggests that
Grhl2 is one such inhibitory factor.

Although Grhi2 did not affect expression of C/EBPa mRNA, it
did block induction of C/EBPa protein during hepatocytic
differentiation (supplementary material Fig. S12; Fig. 4),
suggesting that Grhi2 or its target inhibits translation of
C/EBPo. However, downregulation of Grhl2 alone did not
markedly induce expression of C/EBPa and hepatocytic
differentiation in adult cholangiocytes. This result indicates that
other molecules might be involved in regulating those processes.
Nevertheless, when upregulation of C/EBPa and downregulation
of Grhl2 simultaneously occurred in adult cholangiocytes,
hepatocytic markers were further upregulated and some cells
expressed albumin and CPSI proteins (supplementary material
Fig. S13). Moreover, we demonstrated that the inhibition of the
Notch pathway by DAPT was effective in inducing hepatocytic
characteristics in adult cholangiocytes, although DAPT treatment
only slightly upregulated Hesl. Given that the Notch pathway
could regulate the lineage of hepatic epithelial cells
independently of Hesl (Jeliazkova et al., 2013), other targets of
the pathway may be also involved in conferring hepatocytic
characteristics in adult cholangiocytes. Taken together our results
suggest that to induce hepatocytic differentiation in adult
cholangiocytes, we may need to not only promote expression
of hepatocytic transcription factors but also inhibit
cholangiocytic factors and the Notch pathway.

In summary, we demonstrate here that cholangiocytes alter
their lineage plasticity during epithelial maturation. We identified
a possible molecular network augmenting epithelial structures
and functions, which also contributes to stabilization of the
epithelial cell lineage by blocking conversion to other lineages.
Our results suggest that it is not easy to convert the mass of
mature cholangiocytes to hepatocytes; however, several groups
have reported that hepatocytes can be produced from pluripotent
stem cells or somatic cells (Si Tayeb et al., 2010; Huang et al,,
2011; Sekiya and Suzuki, 2011). Although induced hepatocytes
differentiate to functional hepatocytes in diseased mice, it is still
difficult to control the process of hepatocytic differentiation of
pluripotent and somatic cells and produce a mass of MHs in vitro.
Neonatal cholangiocytes have a remarkably strong ability to
convert into hepatocytes, so for pluripotent cells to achieve the
differentiation status of these cells would be an important step in
the differentiation process. We have successfully expanded
human cholangiocytes isolated from adult human liver tissue in
the same culture conditions as used for mouse cholangiocytes
(supplementary material Fig. S3). In addition, cholangiocytes
isolated from extrahepatic bile ducts and the gallbladder of adult
mice could proliferate efficiently in the same culture conditions
(data not shown). Therefore, if we could find a factor that reverts
mature cholangiocytes to the differentiation status of neonatal
ones, it may be possible to produce functional hepatocytes that
can be used as a source of cell therapy and for drug screening.

Materials and Methods

Extracellular matrix, growth factors and chemicals

Col-I (3 mg/ml) was purchased from Koken Co., Ltd (Tokyo, Japan). Growth
factor-reduced Matrigel® (MG), which contains extracellular matrix proteins
including type IV collagen, laminin-111 and nidogen, was purchased from BD
Biosciences (Bedford, MA). Epidermal growth factor (EGF), hepatocyte
growth factor (HGF) and OSM were purchased from R&D  Systems
(Minneapolis, MN).
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Isolation and culture of cholangiocytes

One-week (IW)- and 6-week (6W)- old mice (C57BL6, Sankyo Lab Service,
Japan) were used to isolate neonatal and aduit cholangiocytes, respectively. All the
animal experiments were approved by the Sapporo Medical University
Institutional Animal Care and Use Committee and were carried out under the
institutional guidelines for ethical animal use. A two-step collagenase perfusion
method was performed through the portal vein of adult mice or through the left
ventricle of neonatal mice to digest liver tissues. After the removal of parenchymal
cells, the residual material including bile ducts was further digested with Liberase
TM (Roche Applied Sciences, San Diego, CA) for neonatal tissues or with
collagenase/hyaluronidase solution for adult tissues. Enzymatic digestion was
terminated by adding ice-cold fresh medium containing 10% fetal bovine serum
(FBS).

The cell suspension was passed sequentially through a 100-pum mesh and a 70-
pm cell strainer (BD Biosciences). Nonspecific binding of antibodies was blocked
by an antibody against the Fcy receptor (anti-CD16/CD32 antibody; BD
Biosciences). Cells were incubated with biotin-conjugated anti-EpCAM antibody
(BioLegend, San Diego, CA) followed by streptavidin microbeads (Miltenyi
Biotec, Gladbach, Germany). EpCAM” cells were purified through a MACS
column (Miltenyi Biotec). Twenty thousand cells were placed in each well of'a 12-
well plate. For culture on Col-I gel or MG, collagen type TAC (Koken) mixed with
10x reconstitution buffer containing 200 mM HEPES, 50 mM NaOH, 260 mM
NaHCO;, 10x Dulbecco’s modified Eagle’s medium (DMEM) and PBS or MG
was added to each well. To coat wells with collagen type IAC or MG, these agents
were diluted in 0.1 M CH3;COOH and DMEM/F12 medium, respectively, and
500 ult of solution was added to each well. The cells were cultured in DMEM/F12
medium supplemented with 10% FBS, 10 ng/ml EGF and HGF, 5x107¢M
dexamethasone (Dex; Sigma Chemical Co.. St. Louis, MO) and 1x insulin-
transferrin-selenium (ITS; Gibco, Carlsbad, CA). After 5 7 days in culture, cells
were dissociated from the dishes and then used for subculture (supplementary
material Fig. S1).

Human liver tissue was obtained from a patient who underwent hepatic resection
at Sapporo Medical University Hospital, with informed consent and the approval
of the Sapporo Medical University Ethics Committees. The liver tissue was
digested by a mcthod reported previously (Sasaki et al., 2008). Cholangiocytes
‘were isolated from the remaining tissue using the same protocol as that used for the
isolation of mouse cholangiocytes and then purified through an MACS column
with  FITC-conjugated anti-human EpCAM (BioLegend) and auti-FITC
microbeads (Miltenyi Biotec).

Induction of hepatocytic differentiation

After culture on Col-I gel, cholangiocytes were dissociated from the gel and 5x10*
cells were cultured in each well of 24-well plates coated with gelatin. After the
cells became confluent, they were incubated with 20 ng/ml OSM, 1% DMSO,
1077 M Dex, and 1x ITS for 4 days and then overlaid with 5% MG for an
additional 4 days.

To examine the ability to eliminate ammonium ions from the culture medium,
NH4Cl was added to the culture medium at 2 mM. The concentration of
ammonium ions was measured every 2 hours by using the Ammonia Test Wako
(Wako Pure Chemical Industries, Osaka, Japan).

To enhance the formation of bile canaliculus (BC) structures in the colonies,
100 uM taurocholate (Tokyo Chemical Industry Co. Ltd, Tokyo, Japan) was added
to the medium for 1 day. The formation of BC-like structures was confirmed by
incubation with 10 pg/ml fluorescein diacetate (FDA; Sigma-Aldrich, St. Louis,
MO) for 30 minutes. The accumulation of metabolized fluorescein into BC-like
structures was examined.

Overexpression of transcription factors

c¢DNAs of C/EBPa, HNF 4o and Grhl2 were amplified by PCR and inserted
into retroviral vectors to generate pMXsNeo-C/EBPa, pMXsPuro-HNF4¢ and
pMXsNeo-Grhl2. Retrovirus was added to the culture 48 hours after starting the
culture on Col-I gel. For the control, pMXsNeo or pMXsPuro was introduced to
cholangiocytes. G418 (1 mg/ml) or puromyecin (10 pg/ml) was added to the culture
24 hours after infection to select cells with pMXsNeo-C/EBPo or pMXsNeo-
Grhi2, and pMXsPuro-HNF4a, respectively. After incubation in the presence of
antibiotics for 24 hours, cells were incubated in medinm without them for 2 or 3
days before replating onto gelatin-coated dishes.

PCR

Total RNA was isolated from purified EpCAM™ cells using an RNeasy Mini Kit
(Qiagen, Hilden, Germany). ¢cDNA was synthesized using an Omniscript Reverse
Transcription Kit (Qiagen). Primers used for PCR are shown in supplementary
material Table S1.

Immunofluorescence chemistry
Cholangiocytes induced to differentiate or colonies derived from EpCAM™ cells
were fixed in PBS containing 4% paraformaldehyde (PFA) at 4°C for 15 minutes.
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After permeabilization with 0.2% Triton X-100 and blocking with Blockace (DS
Pharma, Biomedical Co. Ltd, Osaka, Japan), cells were incubated with primary
antibodics (supplementary material Table S2). Signals were visualized with Alexa-
Fluor-488, -555 or -633-conjugated secondary antibodies (Molecular Probes,
Carlsbad, CA). Nuclei were counterstained with Hoechst 33258. Images were
acquired with a Nikon X-81 fluorescence microscope.

Measurement of TER and paracellular tracer flux

Fifty thousand cholangiocytes dissociated from the Col-I gel were replated on a
12 mm Transwell with a 0.4 pum pore, polyester membrane coated with Col-I gel,
which was placed in a 12-well plate (Corming Inc., Corning, NY). TER was
measured directly in the culture medium using a Millicell-ERS epithelial Volt
Ohm wmeter (Millipore, Billerica, MA) during the culture. The TER values were
calculated by subtracting the background TER of blank filters, followed by
multiplying by the surface area of the filter (1.12 em?). For the paracellular tracer
flux assay, 4 kDa FITC-dextran (Sigma-Aldrich) was added to the medium inside
the Transwell dish on day 4 at a concentration of | mg/ml. After incubation for
2 hours, an aliquot of medium was collected from the basal compartment. The
paracellular tracer flux was determined as the amount of FITC-dextran in the basal
medium, which was measured with an Infinite M1000 Pro multi-plate reader
(Tecan Group Ltd, Mannedorf, Switzerland).

Three-dimensional culture

Neonatal and adult cholangiocytes were cultured in gel containing Matrigel® as
previously reported (Tanimizn et al, 2007). Briefly, cholangiocytes were
dissociated from Col-I gel and 5,000 cells were replated on the mixture of
Matrigel® and type T collagen (1:1 v/v) in a well of an S-well coverglass chamber
(Nunc, Roskilde, Denmark) covered with 5% Matrigel®. After 5 minutes of
incubation, cells were fixed and used for immunofluorescence analysis.
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Differentiation Capacity of Hepatic Stem/Progenitor
Cells Isolated From p-Galactosamine-Treated Rat Livers

Norihisa Ichinohe," Naoki Tanimizu," Hidekazu Ooe,' Yukio Nakamura,"* Toru Mizuguchi,® Junko Kon,'
Koichi Hirata,” and Toshihiro Mitaka'

Oval cells and small hepatocytes (SHs) are known to be hepatic stem and progenitor cells.
Although oval cells are believed to differentiate into mature hepatocytes (MHs) through
SHss, the details of their differentiation process are not well understood. Furthermore, it is
not certain whether the induced cells possess fully mature functions as MHs. In the present
experiment, we used Thyl and CD44 to isolate oval and progenitor cells, respectively,
from D-galactosamine-treated rat livers. Epidermal growth factor, basic fibroblast growth
factor, or hepatocyte growth factor could trigger the hepatocytic differentiation of sorted
Thyl™ cells to form epithelial cell colonies, and the combination of the factors stimulated
the emergence and expansion of the colonies. Cells in the Thyl™*-derived colonies grew
more slowly than those in the CD44 " -derived ones iz vitro and in vivo and the degree of
their hepatocytic differentiation increased with CD44 expression. Although the induced
hepatocytes derived from Thyl™ and CD44™ cells showed similar morphology to MHs
and formed organoids from the colonies similar to those from SHs, many hepatic differen-
tiated functions of the induced hepatocytes were less well performed than those of mature
SHs derived from the healthy liver. The gene expression of cytochrome P450 1A2, trypto-
phan 2,3-dioxygenase, and carbamoylphosphate synthetase I was lower in the induced
hepatocytes than in mature SHs. In addition, the protein expression of CCAAT/enhancer-
binding protein alpha and bile canalicular formation could not reach the levels of produc-
tion of mature SHs. Conclusion: The results suggest that, although Thyl" and CD44"
cells are able to differentiate into hepatocytes, the degree of maturation of the induced
hepatocytes may not be equal to that of healthy resident hepatocytes. (HepatoLogy 2012;
57:1192-1202)

he liver normally exhibits a very low level of becomes a trigger for regeneration, and replication of

cell turnover, but when loss of mature hepato-

cytes (MHs) occurs, a rapid regenerative
response is elicited from all cell types in the liver to
restore the organ to its initial state. The loss may occur
as a result of toxic injury, viral infection, trauma, or
surgical resection. Because hepatocytes are the major
functional cells of the liver, large-scale hepatocytic loss

existing hepatocytes is generally the quickest, most effi-
cient way to compensate for the lost functions. How-
ever, when the replication of hepatocytes is delayed or
entirely inhibited, hepatic stem/progenitor cells (HPCs)
are activated.'” As HPCs, oval cells and small hepato-
cytes (SHs) are well known. Oval cells were first
reported to be cells that possessed an ovoid nucleus and

Abbreviations: Abs, antibodies; AFR alpha-fetoprotein; Alb, albumin; BC, bile canaliculus; bFGE basic fibroblast growth factor; BrdU, 5-bromo-2-
deoxyuridine; BW, body weight; CPS-1, carbamoylphosphate synthetase I: CK, cytokeratin; C/EBR CCAAT/enbancer-binding protein; CYPIA2, cytochrome P4£50
1A42; 3D, three-dimensional; DPPIV, dipeptidylpeptidase 1V: ECM, extracellular matrix; EGE epidermal growth factor; FD, fluovescent diacetate; FGE fibroblast
growth factor; GalN, p-galactosamine; HA, hyaluronic acid; HGFE hepatocyte growsh factor; HNE hepatocyte nuclear factor; HPCs, hepatic stem/progenitor cells;
ICC, immunocytochemistry; INF-y, interferon-gamma; I intraperitoneally; LI, labeling index; MH, mature hepatocyte; mRNA, messenger RNA; PBS, phosphate-
buffered saline; PH, partial hepatectomy; qPCR, quantitative polymerase chain reaction; RET, vetrorsing; SH, small bepatocyre; TAT, tyrosine aminotransferase;
TGE transforming growth factor; TNF-a, tumor necrosis factor alpha; TDO, tryprophan 2,3-dioxygenase;
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scant cytoplasm.” The appearance of oval cells has been
reported in rat livers treated with hepatotoxins, such as
2-acetylaminofluorene (2-AAF), combined with partial
hepatectomy (PH) and p-galactosamine (GalN)."”™ In
GalN-induced rat liver injury, it has been shown that
oval cells appear in the periportal area and differentiate
into MHs through basophilic small-sized ones.*” Oval
cells show a wide range of phenotypic heterogeneity,
and cytokeratins (CKs) 7 and 19, alpha-fetoprotein
(AFP), CD34, c-kit, and Thyl have been reported as
markers for them.">>”

On the other hand, SHs are a subpopulation of he-
patocytes, and cells isolated from healthy adult rats'®"!
and human livers'” can clonally proliferate to form col-
onies and differentiate into MHs iz virro.'"'? Recently,
we identified CD44 as a specific marker of SHs.'* In
GalN-treated rac livers, CD44™ cells appear near the
periportal area berween Thyl™ oval cells and resident
hepatocytes soon after the emergence of Thyl™ oval
cells.'” In addition, we previously showed that Thyl™*
oval cells differentiate into hepatocytes through CD44™
cells.'>!® Our data suggested that cells sequentially con-
verted from Thyl"CD44 to Thyl "CD44" and then
to Thyl CD44™ cells during the process of hepartocytic
differentiation of oval cells.'>'® Furthermore, sorted
Thyl™ and CD44" cells could repopulate host livers
when they were transplanted into rat livers treated with
retrorsine (RET) and two-thirds PH.

Although most oval cells are thought to differentiate
into MHs, the details of their differentiation process,
such as factors for hepatic commitment, characteristics
of intermediate cells, and their fates are not well under-
stood. In additon, it has not been elucidated whether
the induced hepatocytes differentiate to possess the
same capabilides as MHs. In the present experiment,
we aimed to clarify which factors might induce hepato-
cytic differentiation of Thyl™ cells and to examine how
Thyl™ cells could differentiate into hepatocytes through
CD44" cells. In addition, we examined whether the
Thyl* and CD44" cells could differentiate into fully
MHs, as with those in the healthy adult liver.

Materials and Methods

Animals and Liver Injury Model. Male F344 rats
(dipeptidylpeptidase IV [DPPIV]™ strain; Sankyo Lab
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Service Corporation, Inc., Tokyo, Japan), weighing
150-200 g, were used. All animals received humane
care, and the experimental protocol was approved by
the committee on laboratory animals according to
Sapporo Medical University guidelines. For GalN-
injured livers, GalN (75 mg/100 g body weight [BW]
dissolved in phosphate-buffered saline [PBS]; Acros,
Geel, Belgium) was intraperitoneally (IP) adminis-
tered.'* For the transplantation experiment, female
F344 rats (DPPIV  strain; Charles River Laborato-
ries, Wilmington, MA) were (IP) given two injections
of RET (30 mg/kg BW; Sigma-Aldrich Chemical
Co., St. Louis, MO), 2 wecks apart,w and 4 weeks
after the second injection, two-thirds PH was per-
formed (RET/PH liver). Sorted DPPIV™ cells (5 x
10° cells/0.5 mL) were transplanted into RET/PH
livers (DPPIV ) through the spleen (at least 3 rats
per group).

Isolation and Culture of Cells. Rats were used to
isolate hepatic cells by the collagenase perfusion
method, as previously described.'® After perfusion, the
cell suspension was centrifuged at 50 x g for 1 mi-
nute. The supernatant and the precipitate were used
for sorting Thyl™ and CD44" cells and preparing
MHs, respectively. The procedure used for cell sorting
was as previously described,’® with some modifica-
tions. Antibodies (Abs) used for cell sorting are listed
in Supporting Table 1. Thyl"CD44™ cells were sorted
from CD44" cell and Thyl™ cell fractions by using
anti-Thyl or CD44 Abs, respectively, and both were
pooled. Furthermore, Thyl™ and CD44™ cells were
also separated from CD44 and Thyl cell fractions,
respectively. After the number of viable cells was
counted, 1 x 10° viable cells were plated in 12-well
plates (Corning Inc., Corning, NY) and cultured in
the medium listed in Supporting Table 2. The me-
dium was replaced with fresh medium thrice-weekly.

To examine whether cells in the colonies could fully
differentiate into MHs and form functional bile canali-
culi (BCs), ThylTCD44 and Thyl CD44" cells
sorted from GalN-D3 and SHs derived from a healchy
liver were cultured for 10 days. Thereafter, some dishes
were treated with Matrigel (BD Biosciences, San
Diego, CA) for 10 days. To enhance the organoid for-
mation of the colonies, as previously 1.'eported,19
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