MicroRNAs Expression in Primary Biliary Cirrhosis

Color Key

8 V cl
v
o
==
=3
o3
g
-2 0 2 4
Value hsa-let-7d-3p
hsa-miR~328
hsa-miR-720
hsa-miR-150-5p
hsa-miR-128
hsa-miR~4466

hsa-miR-3157-3p
hsa-miR~3158-3p
hsa-miR-1267
hsa~-miR-5010-5p
hsa-miR-422a
hsa-miR-423-5p
hsa-miR~3184~3p
hsa-miR-5588-5p
hsa-miR-3605-3p
hsa-miR-3960
hsa-miR-1273g-5p
hsa-miR-3065-5p
hsa-miR~33a-5p
hsa-miR-1273a
hsa-miR-532-5
hsa-miR-4746-5p
hsa-miR-769-5p
hsa-miR-222-3p
hsa-miR~221-3p
hsa-miR-500a~3p
hsa-miR-99b-3p
hsa-miR-766-5p
hsa-miR-26b-3p
hsa-miR~197-3p
hsa-miR-139-5p
hsa-miR~374a-3p
hsa-miR~146b-5p
hsa-miR-148a-3p
hsa-miR-30a-3p
hsa-miR-365b-3p
hsa-miR-30b~-3p
hsa-miR-27b-3p
hsa-miR-~3591-3p
hsa~miR—505—3g
hsa-miR~193b-5p
hsa-miR-30b-5p
hsa-miR-28-5p
hsa-miR-30e-3p
hsa-miR-~653
hsa-miR~301b
hsa-miR-26a-5p
hsa-miR-148b-3p
hsa-miR-340-5)
hsa-miR-301a-3p
hsa-miR-21—5g
hsa~miR~628-5p
hsa-miR-548k

hsa-miR-3153

hsa-miR-542-3p
hsa-let-7a-3p

hsa-let-7f-2-3

hsa-miR~34a-3p
hsa-miR~664-3p
hsa-miR~140-5p
hsa-miR-30e-5p
hsa~-miR~101-5p
hsa-miR~18b-3p

% hsa-miR-19a-3p
W M O O 0 N~ N D W0 M e N e N W o N
$45339838483d9044L1d4422]
M I T ITIIILESSFSIIISTSESS
o.n.&maaaaaa(x)oooooo§§000§§§

Figure 1. Heat map and hierarchical clustering. Individual miRNA expression were caiculated by R platform and heat map was computed and
described using a function of heatmap.2 in gplots. It uses hierarchical clustering with Euclidean distance; Pearson Linear Correlation and Ward's
method to generate the hierarchical tree [56]. ANOVA was applied to extract differentially expressed miRNAs and adjustment of the p-value by
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multiple comparisons was performed by calculating FDR. Those miRNAs with FDR<0.1 were presented. The red indicates high level of miRNA

expression and the blue shows low.
doi:10.1371/journal.pone.0066086.g001

clinical or pathological differences can be found in clustering
subgroups.

Nine miRNAs were confirmed to be significantly differentially
expressed between the PBC group and viral hepatitis group or
healthy control by Illumina deep sequencing. Among these 9
miRNAs, the serum levels of hsa-miR-505-3p and miR-197-3p
were significantly lower in patients with PBC than in those with
viral hepatitis and healthy controls, hsa-miR-139-5p was lower in
patients with PBC than in those with viral hepatitis and miR-500a-
3p were lower in patients with PBC than in healthy controls. Of
note, we conducted qRT-PCR on the sera of some PBC who had
already been treated with ursodeoxycholic acid. The serum levels
of miRNA showed improvements in some samples (data not
shown). Accordingly, quantifying these miRNAs may yield reliable
diagnostic information. However, one problem is that the
quantification of miRNA in this study used standardization by
the total numbers of 1,000,000 reads in the deep sequencing or a
comparative method in qRT-PCR. In other words, it was assumed
that the same amount of miRNA was contained in each serum
sample. Therefore, if one miRNA is quantified in a single
specimen, we will not be able to accurately assess the result.

Specific circulating miRNA profiles have been reported for
various diseases [32] [5] [33] [34] [35]. These circulating miRINA
profiles have been described as correlating with differentially
expressed miRNA in diseased tissue, such as liver injured by drugs
or stomach afflicted with gastric cancer [36] [37]. Moreover, some
disease-specific profiles can inform both the diagnosis and
prognosis [38] [39]. Therefore, to determine if any of these
diferentially expressed miRINAs could lead to better understanding
of the molecular mechanism that perpetuates PBC, we examined
for gene targets that may be reflected by this particular miRINA
expression signature. Of the several target prediction algorithms
prepared, we selected mirror 2.0. There has been evidence that a
seed region of miRNA positioned within a limited range in the 3’
UTR of a target gene degrades the mRNA function [40]. We
predicted 75 genes as targets for 9 differentially expressed miRNAs
and conducted a functional analysis of DAVID. This analysis
revealed that the genes of catenin (cadherin-associated protein),
alpha 1 and similar to breast cancer anti-estrogen resistance 1
predicted target genes of the listed miRNA and played a role in
cell-to-cell adhesion signaling, and the genes of baculoviral IAP
repeat-containing 2, protein phosphatase 3 catalytic subunit beta
isoform and tumor necrosis factor ligand superfamily member 10
were related to apoptosis. The onset of autoimmune disorders with
PBC can be linked to apoptosis. A previous report described that
the expression of TRAIL receptors is up-regulated by an increased
bile acid level and that the serum level of soluble TRAIL is
elevated, which may be involved in the development and
progression of PBC [41,42]. However, further work will be
required so that these miRINAs can serve not only as biomarkers
but also for the elucidation of the pathogenesis of PBC.

GO analysis provides representations of biclogical annotations
using precisely defined terms [43]. A previous report has described
a number of genes involved in the signaling, regulation of I-
kappaB kinase/NF-kappaB cascade and homeostasis that are
associated with PBC [44] [45,46]. Additionally, our study
indicated the biological processes, cellular component and
molecular functions affected by the target genes included those
associated with cell or membrane fraction, various kinds of ion
binding and protein serine/threonine phosphatase complex, all of
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which are potentially related to PBC. Further studies will need to
examine the relationship between differentially expressed miR-
NAs, both in serum and liver tissue, and target genes, which may
provide more insights into the role of miRNAs in the pathology of
PBC.

In conclusion, our results indicate that sera from patients with
PBC have a unique miRNA expression profile compared to viral
hepatitis and healthy controls and down-regulated expression of
hsa-miR-505-3p and 197-3p may represent new clinical biomark-
ers in PBC. This study suggests that the amounts of miRNAs in
serum have potential as diagnostic and prognostic biomarkers for

PBC.

Materials and Methods

Patients and sample processing

We included sera of 10 patients with PBC who were treatment-
naive, sera of 5 patients with CH-B, sera of 5 patients with CH-C
and sera of 5 healthy controls in this study. Initially these serum
samples were enrolled to be analyzed by the Illumina miRNA
deep sequencing (Illumina). The diagnosis of all cases was based
on internationally established criteria [23].

Library preparation and lllumina sequencing

A ten ml venous sample was collected from each participant.
The whole blood was separated into serum and cellular fractions
by centrifugation at 2,500 r.p.m. for 10 min, followed by 10 min
centrifugation at 10,000 r.p.m. to completely remove cell debris.
The supernatant serum was stored at —20°C until analysis. Total
RNA was extracted from 800 pl of serum using Trizol LS
(Invitrogen, Carlsbad, CA). The libraries were constructed from
total RNA using the TruSeq Small RNA Sample Prep Kit
(Illumina, San Diego, CA) following the manufacturer’s protocol.
Briefly, RNA 3’ and 5" adapters were ligated to target microRNAs
in two separate steps. Reverse transcription reaction was
conducted to the ligation products to create single stranded
c¢DNA. The ¢cDNA was amplified by PCR using a common primer
and a primer containing the index sequence. One pl of each
library was loaded on an Agilent Bioanalyzer (Agilent, Santa
Clara, CA) to check the size, purity, and concentration. Libraries
were sequenced on an Illumina GA IIx (SCS 2.8 software;
Tllumina, SanDiego, CA), with a 32-mer single end sequence.
Image analysis and base calling were performed using RTA 1.8
software.

Sequence and statistical analysis

Raw miRNA sequence reads were conducted as a quality check
and the 3’ and 5' adapter sequences were removed by cutadapt
while discarding reads shorter than 20 nucleotides [27]. The
sequence reads were mapped with miRBase (Release 18) and
UCSC (hgl9) by use of bwa (0.5.9-r16), allowing one nucleotide
base mismatch [47] [48].

Digital expression levels were normalized by taking into account
the length of miRNAs and the total number of miRINA reads
generated in each library using TMM normalization [28]. Read
counts of each identified miRNA was normalized to the total
number of miRNA reads, and then the ratio was multiplied by a
constant set to 1 x10° in this study. ANOVA was applied to extract
differentially expressed miRINAs among the four groups. Adjust-
ment of the p-value by multiple comparisons was performed by
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calculating FDR [49]. Those miRNAs with FDR<O0.1 were
extracted as differentially expressed and used in the following
analysis. Hierarchical clustering was performed using an R
platform and a heat map described as using a function of
heatmap.?2 in gplots [50].

gRT-PCR validation study

In addition to 25 samples analyzed by llumina sequencing, five
more serum samples of CH-B, CH-C and healthy controls (a total
of 10 samples in each group) were used in qRT-PCR validation
study. We followed the protocol previously reported by Mitchell ¢z
al. to determine the endogenous miRNA levels with spiked-in
miRNA. Spiked-in miRNA was designed against Caenorhabditis
elegans microRNA-39 (cel-miR-39) (5'- UCA CCG GGU GUA
AAU CAG CUU -3’) and was synthesized by Sigma Aldrich
Japan [32]. After total RNA isolation from 300 pl serum, reverse
transcription was conducted using a TagMan miRNA RT kit for
identification of the cel-miR-39 expression (Applied Biosystems)
with 5 fmol/pl for the internal control. gRT-PCR were conducted
for detection of hsa-miR-1273g-5p, miR-505-3p and miR-139-5p
in 20 yl PCR reactions using TagMan MicroRNA assay with
StepOne Plus detection system at 50°C for 2 min and 95°C for
10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min
(Applied Biosystems). For detection of hsa-miR-33a-5p, miR-3960,
miR-766-5p, miR-30b-3p, miR-197-3p and miR-500a-3p expres-
sion, we used the Exiqon system. Total RNA was reverse
transcribed using the miRCURY LNA™ Universal RT miRNA
PCR, Polyadenylation and ¢cDNA synthesis kit (Exiqon). cDNA
diluted 50 x was assayed in 10 pl PCR reactions according to the
protocol for miRCURY LNA™ Universal RT miRNA PCR with
StepOne Plus detection system at 95°C for 10 min, followed by 40
cycles of 95°C for 10 s and 60°C for 1 min (Exiqon). The data
were analyzed by the 2724 method.

Statistical methods

Expression levels of the selected miRNAs detected by qRT-
PCR were normalized to cel-miR-39 and presented as the fold-
change (2724%Y above the control (CH-C-5): AACt= (Cturya-
Clteel-mir-39)patients~(CtmiRNACleel-mir-39)cH.c-5. Results for normal-
ly distributed continuous variables are given as means (*standard
errors of the mean) and compared between groups by Student’s t-
test. Results for non-normally distributed continuous variables are
summarized as medians (interquartile ranges) and were compared
by Mann-Whitney U test.

In silico analysis of miRNA target gene

For computational prediction of miRNA target genes, we used
an algorithm: miRror 2.0 (June 2010 release, http://www.proto.
cs.huji.ac.il/mirror/) [51]. MiRror 2.0 encompasses most of the
available miRNA-target prediction tools covering human miR-
NAs. The algorithms used are collectively called miRNA-target
prediction databases (MDBs): (i) PITA (Kartez); (i) PicTar 4
(Krek); (i) TargetRank (Nielsen); (iv) TargetScan (Lewis); (v)
microCosm (John); (vi) miRanda (Betel); (vii) DIANA-microT
(Maragkakis); (viii) MirZ (Hausser); (ix) miRDB (Wang); (x) RNA
22 (Miranda); (xi) MAMI (Sethupathy); (xii) miRNAMap2 (Hsu).
The number of candidate genes and the number of miRNAs are
indicated for each of the major MDBs. We selected as the search
mode: miR2Gene; and as the search parameters of organism:
human; and of selected tissue: all. Advanced parameters were
inputted, cutoff: 0.01; database hits: 2; and target counts: 3. We
created a list of common target genes for miRNAs. Then, these
common targets were annotated by an annotation tool at the
DAVID v6.7 (January 2010 release, http://david.abce.nciferf.
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Table 4. Clinical information of patients enrolled in the validation study.
PBC (n=10) CH-C (n=10) CH-B {(n=10) Healthy (n=10)
Male/Female 2/8 4/6 6/4 6/4
Age range 51-72 47-70 27-72 26-62
Histological findings®
Scheuer score 1(4) 1 (s) (1)
HAI 1M 21®3(1) 132433
T-bil (mg/di)® 0.9 (05-1.2) 09 (0.6-1.5) 0.8 (0.5-1.1) 0.8 (0.6-1.0)
ALT qu® 424 (26-71) 47.1 (12-193) 1397 (13-585) 258 (18-38)
ALP (lU/)° 560.3 (404-800) 2387 (167-403) 2217 (111-319) 2304 (148-302)
Albumin (g/di)° 3.9 (3.4-4.2) 40 (3.5-4.2) 39 (3.7-44)  4(38-43)
PT-INR® 0.97 (0.88-1.05) 1.02 (0.91-1.11) 1.07 {0.99-1.18) 1.07 (1.02-1.13)
AMA positivity : : 6 )
M2 positivity 9
HBV-DNA (Log copies/ml)® - 6.2 (34-9.1)
HCV-RNA (LoglU/mh® 6.4 (5.1-7.3)
*The numbers of patients are indicated in the parentheses.
®The range of laboratory data is indicated in the parentheses.
doi:10.1371/journal.pone.0066086.t004
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Figure 2. Validation of deep sequencing results for selected miRNAs. We have registered 10 samples in each group listed on Table S3. The
threshold cycle for each miRNA primer/probe set were normalized with spiked in cel-miR-39 primer/probe pair and compared to CH-C-5. Result for
normally distributed continuous variables are given as means and compared between groups by Student’s t-test. Results for non-normally distributed
continuous variables are summarized as medians and were compared by Mann-Whitney U test. Statistical significance indicates by one asterisk

(p<0.05) and two (p<0.01).
doi:10.1371/journal.pone.0066086.g002
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Table 5. Predicted target genes of 9 differentially expressed miRNA by lllumina sequencing in PBC.
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Targets Description miRIS* P-value
NM_000350 ATP-binding cassette, sub-family A (ABC1), member 4 0.250 1.83E-04
NM_000434 sialidase 1 (lysosomal sialidase) (NEU1), mRNA, 0.306 6.06E-04
NM_000491 complement component 1, g subcomponent, B chain 0.250 6.64E-04
NM_000663 4-aminobutyrate aminotransferase (ABAT), nuclear gene 0417 9.55E-03
NM_000767 cytochrome P450, family 2, subfamily B, polypeptide 6 0.361 3.72E-03
NM_000878 interleukin 2 receptor, beta (IL2RB), mRNA. 0.250 7.10E-03
NM_001001716 nuclear factor of kappa light polypeptide gene 0306 8.66E-03
NM_001007214 calcyclin binding protein (CACYBP), transcript variant 0.306 1.90E-03
NM_001012320 zinc finger protein 302 (ZNF302), transcript variant 0.306. 3.32E-03
NM_001029997 zinc finger protein 181 (ZNF181), transcript variant 0.292 7.83E-03
NM_001033557 protein phosphatase 1B (formerly 20), - 0.250 7.51E-03
NM_001033910 TNF receptor-associated factor 5 (TRAF5), transcript 0.361 5.99E-03
NM_001034 ribonucleotide reductase M2 (RRM2), mRNA. 0.361 6.78E-03
NM_001098831 MORN repeat containing 4 (MORN4), transcript variant 0.306 4.68E-03
NM_001111125 1Q motif and Sec7 domain 2 (IQSEC2), transcript’ - 0.361 2.49E-03
NM_001128932 cytochrome P450, family 4, subfamily F, polypeptide 11 0.361 8.47E-04
NM_001135146 solute carrier family 39 (zinc transporter), member 8 - 0389 1.13E-03
N‘M_001136216 transmembrane protein 51 (TMEMS51), transcript variant 0.250 2.75E-03
NM_001142289 mahogunin, ring finger 1 (MGRN1), transcript variant - 0.361 7.27E-03
NM_001142353 protein phosphatase 3 (formerly 2B), catalytic 0.250 1.72E-03
NM_001142610 unc-51-like kinase 2 (C. elegans) (ULK2), transcript 0347 5.97E-03
NM_001143944 LEM domain containing 2 (LEMD2), transcript variant 2, 0.250 2.08E-03
NM_001146699 RNA binding motif protein:19 (RBM19), transcript 0.306 6.81E-03
NM_001159322 ‘ pﬁc;;pholipase A2, group IVC (cytosolic, 0.292 1.32E-03
NM_001166 baculoviral 1AP repeat-containing 2 (BIRC2), mRNA. © 0250 5.10E-03
NM_001293 chloride channel, nucleotide-sensitive, 1A (CLNS1A), 0.250 1.32E-03
NM_001337 chemokine (C-X3-C motif) receptor 1 (CX3CR1), MRNA. 0417 1.39E-03
NM_001678 ATPase, Na+/K+ transportiﬁg, beta 2 poiypeptide 0.417 4.07E-04
NM_001903 catenin (cadherin—as‘sociated protein), alpha 1, 102 kDa 0.389 3.97€-03
NM_002298 lymphocyte cytosolic protein 1 (L-plastin) (LCP1), 0.417 4.64E-03
NM_003810 tumor hecrosis factor (ligand) superfamily, member 10 0250 1.95€-03
NM_004414 regulator of calcineurin 1 (RCAN1), transcript variant 0.250 521E-03
NM_004642 cyclin‘dependent kifiase 2 associated protein 1 0.306 8.18E-04
NM_005046 kallikrein-related peptidase 7 (KLK7), transcript 0.306 7.63E-03
NM_005371 methyltransferase like 1 (METTL1), transcﬁbt variant 0.250 291E-03
NM_005517 high—mobbility group nucleosomal binding domain 2 0417 8.69E-03
NM_005736 ARP1 actin-related protein 1 homolog A, centractin 0361 | 8.46E-03
NM_006598 solute carrier family 12 (potassium/chloride 0.361 5.04E-03
NM_014012 RAS (RAD and GEM)-like GTP-binding 1 (REM1), mRNA. 0250 727603
NM_014452 tumor necrosis factor receptor superfamily, member 21 0.250 1.53E-03
NM_014567 . breast cancer anti-estrogen resistance 1 (BCAR1), 0.250 6.32E-03
NM_014718 calsyntenin 3 (CLSTN3), mRNA. 0.250 3.78E-03
NM_014784 Rho guanine nucleotide exchange factor (GEF) 11 0.306 7.74E-03
NM_015278 SAM and SH3 do‘main containing 1 (SASH1), mRNA, 0.417 8.14E-03
NM_015352 protein O-fucosyltransferasé 1 (POFUT1), transcript 0472 1.47E-03
NM_016033 family with sequence similarity 82, member B (FAM828B), 0.458 3.43E-03
NM_016332 - selenoprotein X;.1.(SEPX1), mRNA. 0306 ,4.68‘E»03,“
NM_019072 small glutamine-rich tetratricopeptide repeat 0417 8§71E—03
NM_019860 5-hydroxytryptamine (serotonin) receptor 7 (adenylate 0250 7.39E-04
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gov/) [52]. DAVID can detect functional enrichment of a gene list
based on the GO terms, KEGG pathway and BIOCARTA
pathway. Differences were considered significant when the P value
was less than 0.05.

Ethics statement

This study was approved by the Ethics Committee of the
Tohoku University School of Medicine (2010-404) and written
informed consent was obtained from each individual.

Supporting Information

Figure S1 The pathway of cell-to-cell adhesion signal-
ing. The functional annotation analysis of BIOCARTA showed
that the genes of catenin (cadherion-associated protein), alpha 1
and similar to breast cancer anti-estrogen resistance 1 played roles
in this pathway. The stars indicate the related genes.

(TIFF)

Figure 82 The pathway of apoptosis. The functional
annotation analysis of BIOCARTA showed that the genes of
baculoviral IAP repeat-containing 2, protein phosphatase 3
(formerly 2B), catalytic subunit, beta isoform and tumor necrosis

PLOS ONE | www.plosone.org

Table 5. Cont.

Targets Description miRIS* P-value
NM_020211 RGM domain family, member A (RGMA), mRNA. 0.250 3.32E-03
NM_021131 protein phosphatase 2A activator, regulatory subunit 4 0.403 5.94E-03
NM_021939 FK506 binding protein 10, 65 kDa (FKBP10), mRNA. 0.306 1.13E-03
NM_021943 zinc finger, AN1-type domain 3 (ZFAND3), mRNA, 0.306 1.60E-03
NM_022497 mitochondrial ribosomal protein 525 (MRPS25), nuclear 0417 8.60E-03
NM_024025 dual specificity phosphatase 26 (putative) (DUSP26), 0403 1.66E-03
NM_024596 microcephalin 1 (MCPH1), mRNA. 0.361 1.00E-03
NM_024637 galactose-3-O-sulfotransferase 4 (GAL35T4), mRNA. 0.361 1.73£-03
NM_024667 vacuolar protein sorting 37 homolog B (S. cerevisiae) 0.306 3.92E-03
NM_024898 DENN/MADD domain containing 1C (DENND1C), mRNA.. 0.250 7.54E-03
NM_025108 chromosome 16 open reading frame 59 (C160rf59), mRNA. 0.250 3.39E-03
NM_031287 splicing factor 3b, subunit 5, 10kDa (SF3B5), mRNA. 0.306 4.48E-03
NM_032139 ankyrin repeat domain 27 (VPS9 domain) (ANKRD27), 0.306 9.38E-03
NM_032497 zinc finger protein 559 (ZNF559), mRNA. 0.347 4.45E-03
NM_080678 ubiquitin-conjugating enzyme E2F (putative) (UBE2F), 0.347 3.60E-03
NM_138396 membrane-associated ring finger (C3HC4) 9 (MARCH9); . 0.306 5.18E-04
NM_138799 membrane bound O-acyltransferase domain containing 2 0.361 7.92E-03
NM_145168 short chain dehydrogenase/reductase family 42E, member 0306 8.59E-03
NM_147202 chromosome 9 open reading frame 25 (C90rf25), mRNA, 0417 4.67E-03
NM_173509. family with sequence similarity 163, member A 103610 2.90E-03
NM_175839 spermine oxidase {SMOX), transcript variant 1, mRNA. 0.361 4.28E-03
NM_178‘468 family with sequence similarity. 83, member C (FAM83C), . = 0.250 : 4.68E-03
NM_178832 MORN repeat containing 4 (MORN4), transcript variant 0.306 4.68E-03
NM_178835 zinc finger protein 827 (ZNF827), mRNA. +.0.361 PR R O 5.67E-03
NM_1 82527 calcium binding ﬁrotefn 7 (CABP7), mRNA. 0417 1.95E-03
NM_198853 . tripartite motif-containing 74 (TRIM74), mRNA. 0403 i ‘: S 1.82E-03
*miRIS :miRror Internal Score ranges from 0 top 1 by average 2 components (number of databases and input hits).
doi:10.1371/journal.pone.0066086.t005

factor (ligand) superfamily, member 10 was related to apoptosis.
The gene is indicated with the stars.
(TIFF)

Table S1 The list of differential expression levels of
miRNA in each sample.
(XLS)

Table S2 Biological function analysis in GO terms of
predicted gene targets of differentially regulated miR-
NAs using DAVID.

(DOC)
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GABA Induces the Differentiation of Small Into Large
Cholangiocytes by Activation of Ca’*/CaMK
I-Dependent Adenylyl Cyclase 8

Romina Mancinelli,® Antonio Franchitto,”® Shannon Glaser, > Fanyin Meng,"*** Paolo Onori,”

Sharon DeMorrow,>> Heather Francis,">** Julie Venter,> Guido Carpino,® Kimberley Baker,"?

Yuyan Han,® Yoshiyuki Ueno,”'® Eugenio Gaudio,”” and Gianfranco Alpini"**"

Large, but not small, cholangiocytes (1) secrete bicarbonate by interaction with secretin recep-
tors (SRs) through activation of cystic fibrosis transmembrane regulator (CFTR), CI” /HCO;
(apex) anion exchanger 2 (C1”/HCO3; AE2), and adenylyl cyclase (AC)8 (proteins regulating
large biliary functions) and (2) proliferate in response to bile duct ligation (BDL) by activa-
tion of cyclic adenosine monophosphate (cAMP) signaling. Small, mitotically dormant chol-
angiocytes are activated during damage of large cholangiocytes by activation of D-myo-
inositol 1,4,5-trisphosphate/Ca”*/calmodulin-dependent protein kinase (CaMK) I. gamma-
Aminobutyric acid (GABA) affects cell functions by modulation of Ca>*-dependent signaling
and AC. We hypothesized that GABA induces the differentiation of small into large cholan-
giocytes by the activation of Ca>*/CaMK I-dependent AC8. I vivo, BDL mice were treated
with GABA in the absence or presence of 1,2-bis-(o-aminophenoxy)-ethane-N,N,N',N'-tetra-
acetic acid, tetraacetoxymethyl ester (BAPTA/AM) or N-(6-aminohexyl)-5-chloro-1-naphtale-
nesulfonamide (W7) before evaluating apoptosis and intrahepatic bile ductal mass (IBDM) of
small and large cholangiocytes. Iz vitro, control- or CaMK I-silenced small cholangiocytes
were treated with GABA for 3 days before evaluating apoptosis, proliferation, ultrastructural
features, and the expression of CFTR, CI"/HCO3; AE2, AC8, and secretin-stimulated cAMP
levels. In vivo administration of GABA induces the apoptosis of large, but not small, cholan-
giocytes and decreases large IBDM, but increased de novo small IBDM. GABA stimulation of
small IBDM was blocked by BAPTA/AM and W7. Subsequent to GABA #n vitro treatment,
small cholangiocytes de novo proliferate and acquire ultrastructural and functional pheno-
types of large cholangiocytes and respond to secretin. GABA-induced changes were prevented
by BAPTA/AM, W7, and stable knockdown of the CaMK I gene. Conclusion: GABA damages
large, but not small, cholangiocytes that differentiate into large cholangiocytes. The differen-
tiation of small into large cholangiocytes may be important in the replenishment of the biliary
epithelium during damage of large, senescent cholangiocytes. (HepATOLOGY 2013558:251-263)

he intrahepatic biliary epithelium is a network diameter) lined by small cholangiocytes (~8 um
of interconnecting ducts of different functions in size) and larger ducts (>15 um in diameter)
and sizes,"? with small ducts (<15 um in lined by larger cholangiocytes (~15 pm in size)."”

Abbreviations: Abs, antibodies; AC, adenylyl cyclase; BAPTAIAM, 1,2-bis-(o-aminophenoxy)-ethane-N,N,N',N -tetraacetic acid, tetraacetoxymethyl ester; BDL, bile

duct ligation; b.w., body weight; BSA, bovine serum albumin; cAME cyclic adenosine phosphate; CaMK, calmodulin-dependent protein kinase; CFTR, cystic fibrosis
transmembrane regulator; CI/HCO5 AE2, CI"/HCO3 anion exchanger 2; GABA, gamma-aminobutyric acid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
HEE, hematoxylin and eosin; IBDM, intrahepatic bile duct mass; IE i ofts nee; IHC, i histochemistry; I intraperitoneal; IP3, D-myo-inositol 1,4,5-

trisphosphate; GABA, gamma-aminobutyric acid; mRNA, messenger RNA; PCNA, proliferating cellular nuclear antigen; PCR, polymerase chain reaction; PKC, protein
kinase C; RIA, radioimmunoassay; SEM, standard error of the mean; shRNA, short hairpin RNA; SR, secretin recepror; TUNEL, quantitative terminal deoxynucleotidyl
transferase biotin-dUTP nick-end labelingg W7, N-(G-aminobexyl)-5-chloro-1-naphtalenesulfonamide.

Erom the ' Department of Research, Central Texas Veterans Health Care System, *Scott & White Digestive Disease Research Center, >Division of Gastroenterology,
Department of Medicine College of Medicine, and Division of Research and Education, Scort ¢ White Digestive Diseases Research Center, Texas AGM Health Science
Center, Temple, TX; *Department of Anatomical, Histological, Forensic Medicine and Orthopedics Sciences, University “Sapienza’, Rome, Italy; *Eleonora Lorillard
Spencer Cenci Foundation, Rome, Italy; ”Experimental Medicine, University of LAquila, LAquila, Italy; ®Department of Health Science, IUSM University of Rome,
Iraly; *Department Gastroenterology, Yamagata University Faculty of Medicine, Yamagata, Japan; and '°CREST, Yamagata, Japan.

Received November 21, 2012; accepted January 31, 2013.

- 709-



252  MANCINELLI ET AL.

Cholangiocytes regulate the homeostasis of the biliary
epithelium by affecting the functions of this system by
activation of Ca®*- (small cholangiocytes)® and/or
cyclic adenosine monophosphate (cAMP)-dependent
(large cholangiocytes) signaling>>° In rodent liver,
large cholangiocytes are the only cells that (1) express
the receptor for secretin (SR), cystic fibrosis transmem-
brane regulator (CFTR), and CI"/HCOj; anion
exchanger 2 (CI7/HCOj3 AE2) and (2) secrete bicar-
bonate in response to secretin by activation of cAMP-
dependent CFTR=>Cl"/HCO; AE2.'*>"% Ca**-de-
pendent adenylyl cyclase (AC)8 (expressed mainly by
large cholangiocytes) regulates large biliary functions.”
Normal cholangiocytes are mitotically dormant,’
but proliferate or are damaged in response to bile duct
ligation (BDL) or acute CCly administration.>’® The
proliferative responses of cholangiocytes to these path-
ological maneuvers are heterogeneous and size depend-
ent.”'®"" Tn rodents with BDL, only large cholangio-
cytes proliferate (thus increasing large intrahepatic bile
duct mass; IBDM)>'? by activation of cAMP-depend-
ent signaling.”'* The function of small cholangiocytes
is less defined.*!® D-myo-inositol 1,4,5-trisphosphate
(IP5)/Ca**t/ calmodulin-dependent  protein  kinase
(CaMK) I signaling is important in regulating small
cholangiocyte function.”” We have previously shown
that concomitant with damage of large cholangio-
cytes,'®'" small cholangiocytes de novo proliferate and
acquire functional markers of large cholangiocytes to
compensate for the loss of large bile ducts."”" How-
ever, the mechanisms by which small cholangiocytes
replenish the biliary epithelium subsequent to the
damage of large ducts are unknown.
Gamma-aminobutyric acid (GABA) is the chief in-
hibitory neurotransmitter in the mammalian central
nervous system. The liver represents the major site of
synthesis and metabolism of GABA."® Because GABA
affects cell functions by the activation of Ca*"-depend-
ent signaling and inhibition of AC activity,* we tested
the hypothesis that GABA (1) damages large cholan-
giocytes and (2) induces the differentiation of small

HEPATOLOGY, July 2013

into functional large cholangiocytes by Ca**/CaMK
I-dependent activation of ACS.

Materials and Methods

Materials. Reagents were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO), unless
otherwise indicated. BAPTA/AM (1,2-bis-(0-amino-
phenoxy)-ethane-N,N,N’,N'-tetraacetic acid, tetraace-
toxymethyl ester; intracellular Ca** chelator)* and
N-(6-aminohexyl)-5-chloro-1-naphtalenesulfonamide (W7;
a calmodulin antagonist that binds to calmodulin and
inhibits Ca”*/calmodulin-regulated enzyme activities,
such as CaMK protein kinase)* were purchased from
Calbiochem Biotechnology (San Diego, CA). Primers
for real-time polymerase chain reaction (PCR) were
purchased from SABiosciences (Valencia, CA). The
RNeasy Mini Kit (to purify total RNA) was purchased
from Qiagen Inc. (Valencia, CA). The radioimmunoas-
say (RIA) kits, for the measurement of cAMP (cAMP
['**1] Biotrak Assay System, RPA509) and IP; (IP;
[’H] Biotrak Assay System, TRK1000) levels, were
purchased from GE Healthcare (Piscataway, NJ). Anti-
bodies (Abs) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA), unless otherwise indicated.
The CFTR monoclonal Ab (immunoglobulin G1) was
purchased from Thermo Fisher Scientific (Fremont,
CA). The anti CI"/HCO;3; AE2 Ab was obtained from
Alpha Diagnostic International (San Antonio, TX).

In Vivo and In Vitro Models. Male C57/BI6GN
mice (20-25 g) were purchased from Charles River
Laboratories (Wilmington, MA), kept in a tempera-
ture-controlled environment with 12-hour light-dark
cycles and free access to water and standard chow.
Studies were performed in normal mice, and mice
that, immediately after BDL,? were treated with daily
intraperitoneal (IP) injections of (1) 0.9% saline (vehi-
cle) or (2) GABA (50 mg/kg body weight; bw)"® in
the absence or presence of BAPTA/AM (6 mg/kg
b.w.)'¢ or W7 (50 pumol/kg b.w.)"” for 7 days. Animal
surgeries and anesthesia (50 mg/kg b.w., IP) were

This work was supported partly by the Dr. Nicholas C. Hightower Centennial Chair of Gastroenterology from Scott & White, the VA Research Scholar Award,
a VA Merit Award, the National Institutes of Health (grant nos.: DK062975 and DK76898; to G.A.), and by University funds (o RO.) and PRIN 2007 and
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performed in accord with protocols approved by the
Scott & White and Texas A&M HSC Institutional
Animal Care and Use Committee (Temple, TX). In
vitro studies were performed in immortalized small
and large cholangiocyte lines, which display morpho-
logical and functional characteristic similar to that of
freshly isolated small and large cholangiocytes.®'®

GABA Receptor Expression. GABA receptor expres-
sion (GABA,, GABAg, and GABA() was evaluated by
immunohistochemistry (IHC) in liver sections (4-5
um thick). After IHC, sections were analyzed by two
board-certified researchers in a blinded fashion using a
BX-51 light microscope (Olympus, Tokyo, Japan) with
a video camera (Spot Insight; Diagnostic Instrument,
Inc., Sterling Heights, MI) and evaluated with an
Image Analysis System (IAS 2000; Delta Sistemi,
Rome, Italy). Expression of GABA receptors was eval-
uated in small and large cholangiocytes by real-time
PCR and immunofluorescence (IF).!” The primers
(from SABiosciences) used are described in the Sup-
porting Materials. A delta delta threshold cycle analysis
was obtained using small cholangiocytes as control
samples. Data are expressed as relative messenger RNA
(mRNA) levels *= standard error of the mean (SEM)
of GABA receptor/glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) ratio. After staining, images were
visualized in a coded fashion using an Olympus IX-71
confocal microscope. For all immunoreactions, nega-
tive controls were included.

In Vivo Studies

Effect of GABA on Biliary Apoptosis and IBDM and the
Expression of CaMK I and AC8 in Liver Sections. We
measured liver morphology, lobular damage, and ne-
crosis by hematoxylin and eosin (H&E) staining and
steatosis by Oil Red staining in paraffin-embedded
liver sections (4-5 um thick, three sections evaluated
per group of animals). At least 10 different portal areas
were evaluated for each parameter. Liver sections were
examined by two board-certified researchers in a coded
fashion by a BX-51 light microscope (Olympus)
equipped with a camera.

We evaluated the apoptosis of small and large chol-
angiocytes by quantitative terminal deoxynucleotidyl
transferase biotin-dUTP nick-end labeling (TUNEL)
kit (Apoptag; Chemicon International, Inc., Temecula,
CA) in liver sections. TUNEL-positive cells were
counted in a coded fashion in six nonoverlapping
fields (magnification, x40) for each slide; data are
expressed as the percentage of TUNEL-positive chol-
angiocytes. The number of small and large cholangio-
cytes in liver sections was determined by evaluation of
IBDM, which was measured as the area occupied by
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cytokeratin  19—positive bile duct/total area x 100.
Morphometric data were obtained in six different
slides for each group; for each slide, we performed, in
a coded fashion, the counts in six nonoverlapping
fields: n = 36.

By IHC, we evaluated, in a coded fashion, the
expression of Ca*"-dependent CaMK I and AC8 in
liver sections from BDL mice treated with saline or
GABA for 1 week. Six different slides were evaluated
per group. After staining, sections were analyzed for
each group wusing a BX-51 light
(Olympus).

In Vitro Studies

Mechanisms by Which GABA Induces the Differentia-
tion of Small Into Large Cholangiocytes. After trypsini-
zation, small cholangiocytes were seeded into six-well
plates (500,000 cells/well) and allowed to adhere to
the plate overnight. Cells were treated at 37°C with
GABA (1 uM)*®*! for 1, 3, or 7 days in the absence
or presence of preincubation (2 hours) with BAPTA/
AM (5 ,uM)4 or W7 (10 uM).* Subsequently, we
measured: (1) Bax (proapoptotic protein) and prolifer-
ating cellular nuclear antigen (PCNA; index of DNA
replication) expression by immunoblottings in protein
(10 pg) from cholangiocyte lysate (2) expression of
SR, CFTR, and CI"/HCO3; AE2 by IF in cell smears,
and (3) basal and secretin-stimulated cAMP levels by
RIA.>* For immunoblottings, band intensity was
determined by scanning video densitometry using the
phospho-imager, Storm 860 (GE Healthcare) and
ImageQuant TL software (version 2003.02; GE
Healthcare).

After treatment of small and large cholangiocytes
with 0.2% bovine serum albumin (BSA; basal) or
GABA (1 uM)*®*! for 3 days, we evaluated, by scan-
ning electron microscopy, the ultrastructural features
of these cells (Supporting Materials).

For cAMP measurements, after GABA treatment (1
UM for 3 days), small cholangiocytes (1 x 10°) were
stimulated at room temperature for 5 min with: (i)
0.2% BSA or secretin (100 nM) in the absence/pres-
ence of 5-min preincubation with BAPTA/AM (5 uM)
or W7 (10 uM)

Role of CaMK I in GABA-Induced Differentiation of
Small Into Large Cholangiocytes. We have developed a
stable-transfected small mouse cholangiocyte line char-
acterized by decreased expression of the CaMK I
gc:ne.4 We evaluated, by IF, whether small control vec-
tor- or CaMK I short hairpin RNA (shRNA)-trans-
fected cholangiocytes express GABA receptors. Then,
we performed studies to demonstrate that (1) GABA
increases IP; levels, mRNA, and/or protein expression for

microscope
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CaMK I and ACS in small cholamgiocytes4 and (2) silenc-
ing of CaMK I in small cholangiocytes prevents GABA-
induced differentiation of small into large cholangiocytes
and AC8 activation. The primers (from SABiosciences)
used are described in the Supporting Materials.

Knockdown (~70%)* of the CaMK I gene in small
cholangiocytes was established by a SureSilencing
shRNA (SABiosciences) plasmid for mouse CaMK I,
containing the gene for neomycin (geneticin) resistance
for selection of transfected cells.* Control or CaMK I
shRNA-transfected small cholangiocytes were incu-
bated at 37°C with GABA (1 uM) for 3 days before
evaluating (1) expression of GABA receptors by IF (2)
PCNA protein expression by immunoblottings, (3)
expression of SR, CFTR, and CI7/HCOj5; AE2 by IF
in a coded fashion, and (4) basal and secretin-stimu-
lated CAMP levels by RIA.>??

Role of AC8 on GABA-Induced Differentiation of
Small Into Large Cholangiocytes. Because AC8 regu-
lates the function of large cholangiocytes,” we proposed
to demonstrated that IP5/Ca**/CaMK I-dependent,
GABA-induced differentiation of small into large chol-
angiocytes are dependent on the presence or activation
of AC8. Thus, we studied: (1) biliary expression of
AC8 (by THC) in liver sections and small cholangio-
cytes from BDL mice treated with saline or GABA for
1 week and (2) message expression of AC8 by real-time
PCR* in control vector- or CaMK I shRNA-transfected
small cholangiocytes treated with 0.2% BSA or GABA
(1 pM) for 3 days. We studied the effect of in witro
GABA treatment (1 M, 3 days) in the absence or pres-
ence of preincubation (2 hours) with the AC8 inhibitor,
2'-deoxyadenosine 3'-monophosphate (10 mM),”® on
the differentiation of small into large cholangiocytes by
measuring the semiquantitative expression of SR,
CFTR, and CI"/HCOj; AE2 by IE The primers used
are shown in the Supporting Materials.

Statistical Analysis. Data are expressed as mean =
SEM. Differences between groups were analyzed by
the Student unpaired # test when two groups were ana-
lyzed and by analysis of variance when more than two
groups were analyzed, followed by an appropriate
post-hoc test. Mann-Whitneys U test was used to
determine ultrastructural differences between cells
treated with BSA or GABA. For SEM, statistical analy-
ses were performed using SPSS statistical software

(SPSS, Inc., Chicago, IL).

Results

Evaluation of GABA Receptor Expression. Both
small (yellow arrows) and large (red arrows) bile ducts

HEPATOLOGY, July 2013

from normal (not shown) and BDL (treated with vehi-
cle or GABA) mice express GABA,, GABAg, and
GABAC receptors (Fig. 1A). By real-time PCR and IF
(Fig. 1B,C), small and large cholangiocyte lines express
the three GABA receptor subtypes.

In Vivo Studies

Effect of GABA on Biliary Proliferation and Apopto-
sis. H&E and Oil Red staining of liver sections show
that there were no significant differences in degree of
lobular damage, necrosis, and steatosis among the sev-
eral groups (not shown).

Administration of GABA to BDL mice increased
the percentage of apoptosis of large cholangiocytes,
compared to vehicle-treated BDL mice (Fig. 2A).
Small bile ducts were resistant to GABA-induced apo-
ptosis (Fig. 2A). Consistent with the concept that IP5/
Ca®*/CaMK 1 signaling regulates the function of small
cholangiocytes,” blockage of this pathway by BAPTA/
AM or W7 (administered together with GABA)
increased apoptosis in small bile ducts, compared to
BDL mice treated with saline or GABA alone
(Fig. 2A).

IBDM was higher in large, compared to small, chol-
angiocytes (Fig. 2B). There was decreased large IBDM
(Fig. 2B) and de novo proliferation of small cholangio-
cytes with increased small IBDM (Fig. 2B). GABA
stimulation of small IBDM was partly blocked by
BAPTA/AM and W7 (Fig. 2).

In Vitro Studies

Effect of GABA on Apoptosis and  Proliferation of
Small Cholangiocytes and the Functional Switch of Small
Into Large Cholangiocytes. There were no changes in
Bax protein expression in small cholangiocytes treated
with GABA, compared to basal (Fig. 3A). GABA
increased PCNA protein expression in small cholangio-
cytes, compared to basal (Fig. 3B), an increase that
was blocked by preincubation with BAPTA/AM and
W7 (Fig. 3B). There were no differences in expression
of Bax and PCNA in small cholangiocytes treated with
0.2% BSA for time zero, 1, 3, or 7 days (not shown).
Our basal values (Fig. 3A,B) correspond to 3 days of
BSA treatment.

The study performed by scanning electron micros-
copy aimed to analyze the ultrastructural features of
the cell surface, shows that large cholangiocytes (basal
treatment) show a surface with a high density of mi-
crovilli and the presence of a primary cilium for each
cell (the cilium characterizes a large or mature cholan-
giocy‘te)24 (Fig. 3C). Subsequent to GABA treatment,
large cholangiocytes show a not-well-preserved mor-
phology, a decrease in microvilli density, and an ab-
sence of primary cilia (Fig. 3C). Small cholangiocytes
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A
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BDL+ GABA
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(fold increase)
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< |0
33
C Mouse cholangiocytes
Small cholangiocytes Large cholangiocytes

Fig. 1. (A) Both small (yellow arrows) and large (red arrows) intrahepatic bile ducts from BDL mice (treated with vehicle or GABA) express
GABA,, GABAg, and GABA. receptor subtypes. Original magnification: x40. (B and C) By PCR and IF, small and large cholangiocyte lines express
the three GABA receptor subtypes. Data are mean + SEM of three PCR reactions. *P < 0.05 versus expression of GABA receptors in small
cholangiocytes. (C) Specific immunoreactivity of representative fields is shown in green, and nuclei were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI; blue). Bar = 200 um.
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Fig. 2. (A and B) Evaluation of apoptosis and IBDM of small and large cholangiocytes in liver sections from BDL mice treated with vehicle or
GABA for 1 week. (A) Administration of GABA to BDL mice increased the percentage of apoptosis of large cholangiocytes, compared to controls.
*P < 0.05 versus apoptosis of large cholangiocytes from BDL mice treated with vehicle. #P < 0.05 versus apoptosis of small cholangiocytes
from BDL mice treated with saline or GABA alone. (B) After administration of GABA to BDL mice, there was decreased large IBDM and the de
novo proliferation of small cholangiocytes partly blocked by BAPTA/AM and W7. Original Magnification: x20. *P < 0.05 IBDM of large cholan-
giocytes from BDL mice treated with NaCl versus BDL+GABA; #P < 0.05 IBDM of small cholangiocytes from BDL versus BDL+GABA; &P <
0.05 IBDM of small cholangiocytes from BDL+-GABA versus BDL-+GABA-+BAPTA/AM and BDL-+GABA+4WT7. Yellow arrows: small ducts; red

arrows: large ducts.

show a cell size slightly reduced, compared with large
cholangiocytes, few microvilli, and the absence of pri-
mary cilia (Fig. 3C). Small cholangiocytes treated in
vitro with GABA for 3 days show an increase in cellu-
lar size and a higher density of microvilli, compared to
basal (Fig. 3C).

Large (not shown), but not small (Fig. 4A), cholan-
giocytes express SR, CFTR, and CI7/HCOj; AE2.

Subsequent to in vitro GABA treatment, small cholan-
giocytes de novo express SR, CFTR, and ClI"/HCO;
AE2 (Fig. 4A). As expected,” secretin increased cAMP
levels of large cholangiocytes (not shown). When small
cholangiocytes were treated with GABA for 3 days in
vitro, there were increased basal cAMP levels and Je
novo responsiveness to secretin with increased cAMP
levels (Fig. 4B). GABA-induced increases in secretin-
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Fig. 3. Evaluation of (A) apoptosis and (B) proliferation of small and large cholangiocytes treated for with BSA or GABA (1 uM) in the ab-
sence or presence of selected inhibitors. (A) Data are mean = SEM of eight western blots. (B) Data are mean * SEM of 11 immunobloftings.
*P < 0.05 versus the corresponding basal value. (C) Scanning electron microscopy of small and large cholangiocytes treated with BSA or GABA
(1 uM) for 3 days. Small cholangiocytes show a cell size slightly reduced, compared to large cholangiocytes, fewer microvilli, and the absence
of primary cilia. Small cholangiocytes treated in vitro with GABA for 3 days show a weak increase in cellular size, compared to small cholangio-
cytes, and a higher density of microvilli. Data are indicated as mean * SEM. P < 0.05 was considered statistically significant. Cell size: small
plus BSA versus small plus GABA (P = 0.18; not significant); &large plus BSA versus large plus GABA (P < 0.05). Microvilli density: ~small
plus BSA versus small plus GABA (P < 0.05); *large plus BSA versus large plus GABA (P < 0.05).

stimulated cAMP levels were blocked by BAPTA/AM
and W7 (Fig. 4B).

Role of CaMK I in GABA-Induced Differentiation
of Small Into Large Cholangiocytes. Both vector-
(not shown) and CaMK I-transfected small cholangio-
cytes express all three GABA receptors (not shown). n
vivo administration of GABA to BDL mice increased

the expression of CaMK I protein in small ducts (Fig.
5A). GABA (after 3 days of in witro treatment)
increased 1P levels and CaMK I expression of small
cholangiocytes (Fig. 5B). Knockdown of CaMK I in
small cholangiocytes blocked (1) stimulatory effects of
GABA on PCNA protein expression (Fig. 6A), (2)
GABA-induced de novo acquisition of SR, CFTR, and
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Fig. 4. (A) Representative IF for SR, CFTR, and CI”/HCO; AE2 exchanger in small mouse cholangiocytes treated with BSA, GABA (1 uM), or
AC8 inhibitor plus GABA (1 pM) for 3 days. After in vitro GABA treatment, small cholangiocytes de novo acquire these proteins. GABA-induced
de novo expression of SR, CFTR, and CI™/HCO3 AE2 was reduced by the AC8 inhibitor. Bar = 200 um. (B) Measurement of basal and secre-
tin-stimulated cAMP levels in small cholangiocytes treated for 3 days with 0.2% BSA (or GABA) (1 uM in the absence or presence of selected
inhibitors) for 3 days. In small cholangiocytes treated with GABA, there were increased basal cAMP levels. When small cholangiocytes were
treated with GABA, these cells de novo respond to secretin with increased cAMP levels. In small cholangiocytes, de novo secretin-stimulated
cAMP levels were blocked by BAPTA/AM and W7. Data are mean = SEM of 11 experiments. #P < 0.05 versus the corresponding basal value

of cholangiocytes treated with BSA.

CI"/HCO3 AE2 (Fig. 6B), and (3) de novo secretin-
stimulated cAMP levels (Fig. 6C).

Role of AC8 in CaMK I-Dependent GABA Differ-
entiation of Small Into Large Cholangiocytes. Subse-
quent to 7z wvive administration of GABA to BDL
mice, there was enhanced AC8 protein expression in

small ducts, expression that was blocked by pretreat-
ment with BAPTA/AM and W7 (Fig. 7A,B). Subse-
quent to #n vitro treatment with GABA (3 days, 1
UM), there was increased AC8 mRNA expression in
vector-transfected small cholangiocytes (Fig. 7C).
GABA did not increase the expression of AC8 in small
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Fig. 5. (A) Measurement of CaMK | protein expression in liver sections from BDL mice treated in vivo with saline or GABA for 1 week. Admin-
istration of GABA to BDL mice increased the expression of CaMK | in small bile ducts. Original Magnification: x40. *P < 0.05 versus the corre-
sponding basal value of BDL mice treated with saline. (B) Evaluation of IP3 levels (18 evaluations) and CaMK | expression (by PCR and
immunoblots; n = 4} in small cholangiocytes treated in vitro with GABA (3 days at 1 uM). *P < 0.05 versus the corresponding basal value.

cholangiocytes transfected with CaMK I shRNA (Fig.
7C). GABA-induced de nove (1) activation of PCNA
expression (see Fig. 3B), and (2) expression of SR,
CFTR, and CI"/HCO3; AE2 (Fig. 4A) of small chol-
angiocytes was blocked by the ACS8 inhibitor.

Discussion

Our findings relate to the functional switch of small
into large cholangiocytes after prolonged iz vivo and
in vitro: GABA treatment. We have shown that small
and large cholangiocytes express the three GABA recep-
tor subtypes. /n vivo administration of GABA: (1) indu-
ces apoptosis of large, but not small, cholangiocytes and
(2) decreased large IBDM, but increased de novo small
IBDM, in BDL mice. GABA stimulation of small
IBDM was partly blocked by BAPTA/AM and W7.
The in vivo data support our recent studies'’ in BDL
rats, where GABA induced damage of large ducts and
the de novo proliferation of small cholangiocytes.

However, our recent i vivo studies in rats'’ 4id not (1)
demonstrate the direct effects of GABA on cholangiocyte
functions, effects that could be nonspecific and mediated
by the release of unidentified growth factors, and (2)
address the mechanisms by which GABA induces i
vitro the differentiation of small into large cholangio-
cytes. Thus, we proposed to develop an in vitro model
in which GABA interacts with receptors on cholangio-
cytes and induces differentiation of small into large func-
tional cholangiocytes by activation of IP53/Ca**/CaMK
I-dependent AC8 signaling. The differentiation of small
into large cholangiocytes (evidenced by the de novo ac-
quisition of ultrastructural and functional phenotypes of
large cholangiocytes) was associated with increased (1)
IP; levels and CaMK I phosphorylation and (2) expres-
sion of AC8 in small cholangiocytes. In small cholangio-
cytes, knockdown of the CaMK I gene prevented (1)
GABA-induced differentiation into large cholangiocytes
and (2) GABA-induced increase of AC8. The study has
important clinical implications, because, in pathological
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de novo secretin-stimulated cAMP levels of small cholangiocytes. Knockdown of CaMK I in small cholangiocytes blocked the stimulatory effects
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conditions associated with damage/loss of large ducts,
the proliferation of small cholangiocytes and the differ-
entiation of these cells into large cholangiocytes may be
key in the replenishment of the biliary epithelium.

We first performed in vivo studies in BDL mice to
demonstrate the decrease of large IBDM and de novo
proliferation of small ducts after GABA iz vivo admin-
istration. Small and large cholangiocytes differentially
respond to liver injury with changes in apoptotic, pro-
liferative, and secretory activities.>'**> After BDL,
only large cholangiocytes proliferate, leading to
increased IBDM and secretin-stimulated choleresis by
activation of cAMP signaling.>'® After damage of large
ducts by CCly, small cholangiocytes (resistant to
CClg-induced apoptosis) de novo proliferate and ac-
quire large cholangiocyte phenotypes to compensate
for the loss of large duct functions.'® The mechanisms
by which small cholangiocytes acquire phenotypes of
large cholangiocytes are unknown. The differential
apoptotic and proliferative responses to GABA in vitro

treatment does not depend on the different expression
of GABA receptors, because both small and large chol-
angiocytes express the three GABA receptors that likely
mediate these effects. Indeed, our recent study®® in
human cholangiocarcinoma cells has shown that block-
ing of GABA,, GABAg, and GABA( receptors pre-
vents GABA inhibition of
proliferation.

The reason why GABA damages only large ducts

may also be the result of sensitization from obstructive
26

cholangiocarcinoma

cholestasis and subsequent biliary/seric accumulation
as well as dysregulation of GABA metabolism during
liver damage.”” The higher resistance of small cholan-
giocytes to GABA may also depend on their more un-
differentiated nature, whereas large (more differenti-
ated) cholangiocytes are more susceptible to injury.'’
Indeed, the presence of a larger nucleus and a smaller
cytoplasm in small cholangiocytes suggests the undif-
ferentiated nature of these cells.”® Large cholangiocytes
(displaying a larger cytoplasm) are perhaps more
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Fig. 7. (A) Measurement of AC8 expression by IHC in liver sections from BDL mice treated with saline or GABA in the absence or presence of
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differentiated cells and more susceptible to damage.*®
The higher expression of the antiapoptotic protein, B-
cell lymphoma 2, by small ducts in normal and cir-
rthotic human liver may also explain the higher resist-
ance of small cholangiocytes to injury.”” The higher
expression of Ca*"-dependent signaling may contrib-
ute to the higher resistance of the small cholangiocyte
compartment to injury, as suggested in other cell
systems.>°

We propose several speculations to explain why
small cholangiocytes differentiate #n vivo into large
cholangiocytes when the latter cells are damaged. Dur-
ing damage of large ducts, there must be a compensa-
tory mechanism in the biliary epithelium (represented
by small bile duct compartment) that is activated
(acquiring traits of large cholangiocytes)'®?! to main-
tain the homeostasis of the biliary tree. Also, the dif-
ferentiation of small, undifferentiated cholangiocytes
into large (more senescent) cholangiocytes may be a
natural process of senescence accelerated by GABA.
Our findings parallel the pathophysiology of the intes-
tine, where there is intestinal epithelial cell maturation
along the crypt-villus axis,>* an event that is regulated
by changes in the intestine microenvironment and
neuroendocrine interactions.’®> Similar to previous

studies,”® we propose that changes in the biliary
microenvironment may partly explain the effect of
GABA on small and large cholangiocytes.

Another interesting aspect to consider regards the
possible role of GABA receptor antagonists in experi-
mental models and human pathologies. When the liver
of BDL rats is deprived of cholinergic (by vagotomy)
or adrenergic (by 6-hydroxydopamine) innervation,
large cholangiocytes lose their response to cholestasis
and undergo apoptosis, reducing cAMP levels and the
choleretic response to secretin.>>?® The damage and
loss of proliferative and secretory functions of cholan-
giocytes, by vagotomy and 6-OHDA, is prevented by
the administration of forskolin, and f1-/f2-adrenergic
receptor agonists.>> ¢ Because GABA concomitantly
damages large cholangiocytes and induces ductular
reaction, we speculate that the administration of
GABA receptor antagonists may prevent the damage
of large cholangiocytes (sustaining large biliary prolif-
eration and secretion) in the denervated liver. This
may be important for the homeostasis of the trans-
planted (denervated) liver, where ischemic or infectious
insults against intrahepatic bile ducts may not be
adequately counteracted during the immediate post-
transplant period.
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Fig. 8. Cartoon describing the differentiation of Ca2+~dependent
cholangiocytes into cells that (in addition to maintaining their Ca’t-
dependent signaling) express markers of large cholangiocytes by
Ca2+/CaMK I-dependent activation of AC8. In this model, after chronic
in vitro treatment, small cholangiocytes acquire markers of large chol-
angiocytes and, de novo, respond to secretin with changes in secretory
activity.

The finding that the activation of IP5/Ca**-depend-
ent signaling regulates the differentiation of small into
large cholangiocytes supports the concept that cross-
talk between TP3/Ca*" and cAMP is important in the
regulation of biliary homeostasis. For example, alpha-1
adrenergic receptor agonists stimulate secretin-stimu-
lated choleresis of BDL rats by Ca®*- and protein ki-
nase C (PKC)a/fll-dependent activation of cAMP sig-
naling.>” Gastrin inhibits cAMP-dependent secretion
and hyperplasia in BDL rats by activation of Ca**-de-
pendent PKCo.’® In support of our findings, activa-
tion of the Ca®*/calcineurin/NFAT?2 pathway controls
smooth muscle cell differentiation.®® Ca®* ions regu-
late the differentiation and proliferation of human
bone-marrow—derived mesenchymal stem cells.”” In
this study, we have identified two signaling molecules
(CaMK I and ACB) playing major roles in the differ-
entiation of Ca®*-dependent small into large cholan-
giocytes. Previous studies in other cells support the
concept that CaMK I regulates the expression of
AC8.%! In fact, when secretion was induced by forsko-
lin, a general stimulator of AC isoforms, except for
AC9 and sAC, administration of calmodulin inhibitors
and AC8 small interfering RNA did not cause a signif-
icant inhibitory effect.” AC8 is the only known cal-
modulin-activated AC in cholangiocytes, whereas AC9
activity is inhibited by calmodulin.

We have developed a novel i vitro model where, af-
ter in vitro treatment, small cholangiocytes acquire (by
Ca®*/CaMK I-dependent activation of AC8) markers
of large cholangiocytes and, e movo, respond to
secretin with changes in secretory activity (Fig. 8).

HEPATOLOGY, July 2013

Activation of the small cholangiocyte “niche” and the
subsequent ductular reaction may be an important
compensatory mechanism to replenish the biliary epi-
thelium in pathologies of large bile ducts.
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