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ARTICLE INFO ABSTRACT

5-Hydroxytryptamine (5-HT), a neurotransmitter and vasoactive factor, has been reported
to promote proliferation of serum-deprived hepatocellular carcinoma (HCC) cells but the
detailed intracellular mechanism is unknown. As Wnt/p-catenin signalling is highly dysre-
gulated in a majority of HCC, this study explored the regulation of Wnt/p-catenin signalling
by 5-HT. The expression of various 5-HT receptors was studied by quantitative real-time
polymerase chain reaction (qPCR) in HCC cell lines as well as in 33 pairs of HCC tumours
and corresponding adjacent non-tumour tissues. Receptors 5-HT1D (21/33, 63.6%),
5-HT2B (12/33, 36.4%) and 5-HT7 (15/33, 45.4%) were overexpressed whereas receptors
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5-HT2A (17/33, 51.5%) and 5-HT5 (30/33, 90.1%) were reduced in HCC tumour tissues. In vitro
data suggests 5-HT increased total B-catenin, active B-catenin and decreased phosphory-
lated B-catenin protein levels in serum deprived HuH-7 and HepGz2 cells compared to con-
trol cells under serum free medium without 5-HT. Activation of Wnt/p-catenin signalling
was evidenced by increased expression of B-catenin downstream target genes, Axin2, cy-
clin D1, dickoppf-1 (DKK1) and glutamine synthetase (GS) by gPCR in serum-deprived
HCC cell lines treated with 5-HT. Additionally, biochemical analysis revealed 5-HT disrup-
ted Axinl/B-catenin interaction, a critical step in B-catenin phosphorylation. Increased
Wnt/B-catenin activity was attenuated by antagonist of receptor 5-HT7 (SB-258719) in
HCC cell lines and patient-derived primary tumour tissues in the presence of 5-HT. SB-
258719 also reduced tumour growth in vivo. This study provides evidence of Wnt/B-catenin
signalling activation by 5-HT and may represent a potential therapeutic target for
hepatocarcinogenesis.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Liver cancer is ranked as the second leading cause of cancer
death in men worldwide. There were an estimated 745,500
deaths in 2012 (Torre et al., 2015). HCC is the primary malig-
nancy of liver cancer. Men have a higher incidence of devel-
oping HCC than women. Endemic in south-east Asia and
sub-Saharan Africa, the incidence of HCC is also on the rise
in the western world due to an increase in hepatitis C virus
(HCV) infection (Altekruse et al., 2009). HCC suffers from
poor prognosis due to lack of effective diagnostic markers
for early detection combined with a high rate of post-
operative recurrence. Chronic hepatitis B virus (HBV) and
HCV infections, exposure to aflatoxins, chronic alcohol
abuse, non-alcoholic steatohepatitis and pre-existing dia-
betes are well documented risk factors for HCC (Schutte
et al.,, 2009; Tseng et al., 2012) but the molecular and cellular
mechanisms leading to hepatocarcinogenesis are not well
understood.

Serotonin, also known as 5-hydroxytryptamine (5-HT), is a
monoamine hormone and neurotransmitter. It is mainly syn-
thesized in the gastrointestinal tract (enterochromaffin cells),
but a small percentage is also synthesized within the nervous
system. 5-HT also regulates several physiological functions in
the gastrointestinal tract. Recent studies have shed light on its
role in liver diseases, including liver fibrosis (Ruddell et al,,
2006), mediation of oxidative stress in non-alcoholic steatohe-
patitis (Nocito et al., 2007), and aggravation of liver hepatitis
(Lang et al., 2008). All of these conditions being risk factors
for HCC.

5-HT is a potent mitogen for many different cell types
(Cattaneo et al., 1993; Hambek et al., 2006; Siddiqui et al.,
2006), including hepatocytes (Soll et al., 2010) and it is also
crucial for liver regeneration (Lesurtel et al., 2006). There
are 7 different 5-HT receptors with 14 subtypes, suggesting
an extraordinary level of functional complexity. Soll et al.
(2012) reported an increased expression of 5-HT1B and 5-
HT2B in 32% and 35% of HCC patients, respectively, and
their increased expression has been associated to increased
tumour size and proliferative index. 5-HT2B receptor has

also shown to stimulate hepatic stellate cells, which are
negative regulators of liver regeneration. In healthy liver,
the expression of 5-HT2B is reduced whereas it is increased
in patients with chronic liver disease. Furthermore, antago-
nism of 5-HT2B has shown to attenuate fibrogenesis and im-
proves liver function in fibrotic disease models (Ruddell
et al., 2006).

Of these 14 receptor subtypes, 5-HT receptors 5-HT1A, 5-
HT1B, 5-HT2A, 5-HT2B and 5-HT7 are expressed in the human
gastrointestinal (GI) tract and involved in normal liver func-
tion (Ruddell et al., 2008; Siddiqui et al., 2006). Receptors 5-
HT4 and 5-HTS are either not expressed or poorly expressed
in the liver (Mader et al., 2006). In this study, we investigated
5-HT receptors that are expressed in the human gastrointes-
tinal tract and showed differential expression in HCC cell lines
and immortalized human hepatocytes (MIHA). We did not
observe differential expression of 5-HT4, 5-HT1A and 5-HT1B
in MIHA and HCC cell lines. We also studied 5-HT1D as this
has been shown to be expressed in bladder (Siddiqui et al.,
2006) and pancreatic (Gurbuz et al., 2014) cancers, which are
also part of the GI tract and we were interested to know its
expression in HCC cell lines and tissues.

5-HT has also been reported as an important factor for
Wnt/B-catenin signalling during axis formation in Xenopus
(Beyer et al., 2012). Through a series of complex experiments
Beyer et al. (2012) implicated an interaction between 5-HT
and Wnt/p-catenin signalling at the level of ligand and/or re-
ceptors. As Wnt/p-catenin signalling is a hallmark of several
cancers including HCC we investigated the effect of 5-HT on
Wnt/B-catenin signalling in HCC.

The Wnt/B-catenin pathway is critical for embryonic devel-
opment, self-renewal and liver regeneration (Monga et al.,
2001). However, it is highly dysregulated in HCC with B-cate-
nin accumulation reported in 40—70% of HCC cases (Monga
et al,, 2001; Nhieu et al.,, 1999; Suzuki et al., 2002; Wong
et al., 2001). Cytoplasmic levels of B-catenin are controlled
by phosphorylation by a destruction complex consisting of
GSK3p/Axin/APC. The phosphorylated B-catenin is then tar-
geted for ubiquitination and degradation by the proteasome.
However, activation of Wnt signalling in a majority of HCC
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tumours is achieved through either mutation in B-catenin or
due to aberrant expression of the different components of
the Wnt/B-catenin pathway. When the Wnt pathway is dysre-
gulated stabilization of B-catenin in the cytoplasm enhances
its nuclear translocation where it cooperates with TCF/LEF
family of transcription regulators and induces transcription
of downstream target genes such as cyclin D1, c-Myc (Huang
and He, 2008).

Considering the role of the Wnt/p-catenin pathway and 5-
HT in HCC tumourigenesis, we studied the relationship be-
tween the two in HCC and also investigated the effect of 5-
HT receptor antagonists on Wnt/p-catenin signalling.

2. Materials and methods
2.1. HCC cell lines and tissues

MIHA and 6 HCC cell lines, PLC/PRF/5 (PLC), MHCC97L (97L)
and MHCC97H (97H), HuH-7, Hep3B and HepG2 were grown
in Dulbecco’s Modified Eagle Medium (DMEM) (Invitrogen,
Grand Island, NY, USA) supplemented with 10% foetal bovine
serum (FBS) (Invitrogen) and 1% penicillin and streptomycin
(Invitrogen) at 37 °C in a humidified atmosphere with 5% car-
bon dioxide.

Thirty-three pairs of tumour and adjacent non-tumour
liver tissues were obtained from patients with primary HCC
resected at Queen Mary Hospital, Hong Kong. Consent
regarding the use of clinical specimens for research was ob-
tained from Institutional Review Board of The University of
Hong Kong/Hospital Authority Hong Kong West Cluster
(HKU/HA HKW IRB).

2.2. Chemicals and reagents

5-Hydroxytryptamine (Tocris Bioscience, Bristol, UK) was dis-
solved in ddH,O with a final concentration of 10 mM and
stored in —20 °C prior to use. Antibodies against Axinl,
Axin2, phosphorylated B-catenin (p-p-catenin), GSK3p, phos-
phorylated GSK3p (p-GSK3B), and B-actin were purchased
from Cell Signalling Technology (Danvers, MA, USA); B-cate-
nin was purchased from BD Biosciences (San Jose, CA, USA)
and active B-catenin was purchased from Millipore (Billerica,
MA, USA). SB-258719, a 5-HT7 inhibitor, and cycloheximide
were purchased from Tocris Bioscience. MG132 was obtained
from Sigma Aldrich (St Louis, MO, USA). ICG-001 was pur-
chased from Selleck Chemicals.

2.3. Experimental conditions

HCC cell lines, HuH-7 and HepG2 cells were harvested, seeded
in culture plates/dish and allowed to adhere overnight. The
cells were cultured in serum free medium (SFM) for 48 h,
then the medium was replaced with medium containing
50 pM 5-HT for 24 h or otherwise indicated. For experiments
involving ICG-001, the cells were incubated with ICG-001 for
24 h followed by the addition of 5-HT for another 24 h. For ex-
periments involving 5-HT and SB-258719, the cells were incu-
bated with 50 pM SB-258719 for 2 h followed by the addition of
50 uM 5-HT for 24 h (Liang et al., 2013; Soll et al., 2010).

2.4. MTT

Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) assay. 3000/well HCC
cells were seeded in 96-well plates. 24 hours after the cells
adhered to the plates, medium was removed and cells were
incubated in SFM for another 48 h followed by the addition
of 5-HT or SB-258719. 10 pl of MTT solution (5 mg/ml) was
dispensed into each well and plates were incubated for 4 h
at 37 °C. After incubation, 100 pl dimethyl sulfoxide was added
per well and colour formation was quantified in a plate reader
at 570 nm wavelength with 655 nm being the reference
wavelength.

2.5. qPCR

Total RNA was isolated using TRIzol reagent (Invitrogen) and
treated with DNase I (Qiagen) to remove residual genomic
DNA. RNA was then dissolved in diethylpyrocarbonate
(DEPC)-treated water and stored at —80 °C prior to use. Reverse
transcription and qPCR were performed as described previ-
ously (Fatima et al., 2012). The primers used for the study
are as follows:

5-HT1D forward: 5-GTCGGACTGTCTGGTGAACA-3, 5-HT1D
reverse: 5-GAGTGAGGGTGGATTCAGGA-3; 5-HT2A forward: 5-
TCCTACACAGGCAGG AGGAC-3, 5-HT2A reverse: 5-TGCAG
GACTCTTTGCAGATG-5; 5-HT2B forward: 5-GCCTTCTTCACAC
CTCTTGC-3, 5-HT2B reverse: 5-AACCATGTTAGGCGT TGAGG-
3; 5-HT5 forward: 5-CTGTGTGGTGCTCTTCGTGT-3, 5-HT5
reverse: 5-GCAGAGTCCTTCACCTCCAC-3; 5-HT7 forward: 5-TC
AGCCAGGACTTTG GCTAT-3, 5-HT7 reverse: 5-TGTGTTTG
GCAGCACTCTTC-3.

2.6. Preparation of cytoplasmic and nuclear extracts

Cytoplasmic and nuclear extracts were prepared using the NE-
PER Nuclear and Cytoplasmic Extraction Reagents kit from
Thermo Fisher Scientific (Rockford, IL, USA) according to the
manufacturer’s protocol.

2.7. Immunoprecipitation and western blot

After treatment with 5-HT for 24 h, cells were washed twice
with PBS and lysed with IP lysis buffer (Tris 50 mM, NaCl
150 mM, EGTA 2 mM, EDTA 1 mM, NP-40 1%) on ice for
30 min. Cellular lysates were collected after centrifugation at
14,000 rpm 4 °C, 10 min and were pre-cleared with protein-
A/G beads (Roche, Mannheim, Germany) for at least 3 h at
4 °C. Immunoprecipitation of the complexes was performed
by incubating the cellular lysates with B-catenin antibody at
4 °C overnight. The immunocomplexes were washed with
cold PBS thrice and re-suspended in SDS sample buffer fol-
lowed by analysis by western blot which was done as
described previously (Fatima et al., 2012).

2.8. Patient-derived primary HCC culture
Liver tumour specimens, obtained from the liver patients in

People’s Hospital of Shenzhen, were cut into small pieces
and re-suspended in pre-warmed 0.1% Collagenase IV (Sigma
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Aldrich, St Louis, MO, USA) and then shaken in 37 °C incubator
for 40—60 min to fully dissociate the tissue specimen into sin-
gle cells. The cells were filtered through 70 puM strainer,
washed with ice-cold PBS for three times and then re-
suspended in DMEM/F12 (Invitrogen) supplemented with
10% FBS (Invitrogen) and EGF (Invitrogen). The cells were
then seeded in 12-well plates coated with rat tail collagen
type I (diluted with PBS) and allowed to adhere for a few hours.
The medium was discarded and the cells were incubated with
DMEM/F12 without FBS for 24 h and then treated with 5-HT
and/or SB-258719 for MTT experiment or collection of protein
for western blot.

2.9. Immunohistochemistry

Paraffin-embedded tumours were sectioned (4 pM) and
mounted on glass slides. Immunohistochemistry analysis
was performed as described previously (Fatima et al., 2012).

2.10. Animal experiment

Male athymic Balb/c nude male mice between the ages of 7—-9
weeks were bred in 12-h day/light cycle environment with free
access to food and water. HuH-7 cells were trypsinized (Invi-
trogen), washed and re-suspended in PBS. 2 x 10° HuH-7 cells
in 200 pl PBS were injected subcutaneously into the flanks of
the mice. When the tumours reached about 100 mm?, the
mice were randomly divided into two groups (6 animals per
group); one group received 20 mg/kg SB-258719 in 200 pl water
subcutaneously twice a day and the other group of 200 pul PBS
daily. Tumour growth was calculated with calipers every day,
and the volume was calculated according to the formula:
volume = (width)? x length/2. Other indicators such as body
weight, feeding behaviour, stool and motor activity were
also observed. The animals were killed two weeks after subcu-
taneous injection.

2.11. Statistical analysis

All experiments were carried out in triplicates and the data
was expressed as mean =+ standard deviation (SD) unless
otherwise indicated. Statistical analysis was done using Prism
for Windows (version 5.01) (GraphPad Software, La Jolla, CA,
USA) and SPSS17.0 for Windows (version 16.0) (IBM, New
York, NY, USA). Two-way analysis of variance (ANOVA) or
the Student’s t-test was used to study significant difference
in treatments. For clinicopathological analysis, Pearson’s X>
was used to calculate the P-value. Statistical significance
was defined as P < 0.05.

3. Results

3.1. Differential expression of 5-HT receptor subtypes in
HCC cell lines and tissues

Expression of various 5-HT receptors were evaluated in six
HCC cell lines by qPCR and compared with immortalized
normal hepatocytes (MIHA). All the five 5-HT receptors stud-
ied are differentially expressed in the 6 different types of

HCC cell lines (Figure 1A). 5-HT1D has higher expression in
the metastatic cell lines (97L and 97H) and reduced expression
in the primary cell lines (HepG2, Hep3B, HuH-7, and PLC)
compared to MIHA. Receptors 5-HT2A, 5-HT2B and 5-HT5
are reduced in almost all the cell lines compared to MIHA,
with the exception of increased expression of 5-HT2A in
PLC. Receptor 5-HT7 has higher expression in the two primary
cell lines (HepG2 and HuH-7) and reduced expression in the
remaining cell lines compared to MIHA. The varied expression
of the receptors in different HCC cell lines ranging from pri-
mary cell lines to metastatic cell lines is suggestive of their
differing functional roles.

We next checked their expression in 33 pairs of matched
HCC tumours and their corresponding adjacent non-tumour
liver tissues. Receptors 5-HT1D (21/33, 63.6%), 5-HT2B (12/33,
36.4%) and 5-HT7 (15/33, 45.4%) were significantly overex-
pressed in HCC tumour tissues whereas receptor 5-HT5 (30/
33, 90.1%) was reduced in HCC tumour tissues. Receptor 5-
HT2A did not show any significant statistical difference be-
tween HCC tumour and corresponding non-tumour tissues
(Figure 1B). Overexpression was defined as 5-HT receptor hav-
ing a tumour/non-tumour expression ratio greater than
twofold, and under expression was defined as having this ra-
tio less than twofold.

We next analysed the association of 5-HT receptor expres-
sion to clinicopathological parameters. Receptor 5-HT1D was
associated with non-tumorous liver histology and tumour
size (Table 1). Receptor 5-HT2A was associated with non-
tumorous liver histology (Table 2). No association was found
between receptors 5-HT2B (Table 3) and 5-HT5 (Table 4) with
any of the clinicopathological parameters. Receptor 5-HT7
(Table 5) was found to be associated to non-tumorous liver
histology and venous infiltration.

3.2 5-HT enhances growth of serum-deprived HCC cells

To determine whether 5-HT can promote HCC cell prolifera-
tion we measured cell viability of HuH-7 and HepG2 cells
both in the presence and absence of 10% FBS in combination
with 5-HT. As shown in Figure 2A, HuH-7 and HepG2 cells
demonstrate reduced growth in SFM compared to cells grown
in 10% FBS (SFM vs FBS, **P < 0.001, two-way ANOVA). Howev-
er, 5-HT enhanced cell viability of serum-deprived HuH-7 and
HepG2 cells (SFM vs SFM + 50 um 5-HT, **P < 0.001, two-way
ANOVA). Furthermore, other than HuH-7 and HepG2, the
remaining HCC cell lines, MIHA, Hep3B, PLC, 97L and 97H
did not respond to 5-HT under serum deprivation
(Supplementary Figure 1A). To confirm the proliferative effect
of 5-HT we also investigated the effect of 5-HT in the presence
of 10% FBS whereby 5-HT did not promote proliferation of
HuH-7 and HepG2 cells (Supplementary Figure 1B). Further-
more, as shown in Supplementary Figures 2A—C, 5-HT also
did not influence cell migration, apoptosis or cell cycle. How-
ever, treatment with 5-HT inhibited autophagy in HuH-7 and
HepG2 cells (Supplementary Figure 2D). In both cell lines,
microtubule-associated protein light chain 3 (LC3B) protein,
required for autophagosome assembly and a widely used
marker for autophagy (Mizushima et al., 2010), increased after
24 h of SFM but in the presence of 5-HT its levels decreased.
Secondly, p62 protein levels, an additional marker of
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Figure 1 — Expression of different 5-HT receptors on HCC cell lines and tissues. gPCR analysis of 5-HT receptor subtypes in (A) HCC cell lines
and (B) 33 pairs of HCC tissues (T) and their corresponding adjacent non-tumour tissues (NT). Receptor expression of each sample is presented by
the fold ratio against MIHA or all NT tissues (*P < 0.05, P < 0.01, ns denotes no significant difference, #-test).

autophagy, increased 24 h after 5-HT treatment. Specific inter-
action between p62 and LC3 is critical for specific degradation
of autophagy. As degradation of p62 is dependent on auto-
phagy, p62 protein levels are increased upon inhibition of
autophagy (Itakura and Mizushima, 2011).

3.3. 5-HT enhances 3-catenin in serum-deprived cells

Since Wnt/B-catenin signalling is highly dysregulated in HCC,
we first asked whether 5-HT affects B-catenin protein levels in
serum-deprived cells. HepG2 cells contain a heterozygous
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Table 1 — Clinical correlation of 5-HT1D gene expression in HCC.

Clinicopathological features Frequency (%) Receptor 5-HT1D P value
Mean + SD/number of patients
Overexpression
- +

Age (year) 0.261
<53 15 (45.5) 7 8
>53 18 (54.5) 5 13

Sex 0.614
Male 29 (87.9) 11 18
Female 4 (12.1) 1 3

Non-tumorous liver histology 0.032*
Non-cirrhotic 2 (6.1) 0 2
Chronic hepatitis 16 (48.5) 3 13
Cirrhotic 15 (45.5) 9 6

Tumour size (cm)® 0.027*
<5 9 (27.3) 6 3
>5 24 (72.7) 6 18

Tumour recurrence 0.784
Absence 12 (36.4) 4 8
Presence 21 (63.6) 8 13

Venous infiltration” 0.692
Absence 15 (45.5) 6 9
Presence 18 (54.5) 6 12

Number of tumour nodules 0.443
1 25 (75.8) 10 15
>2 8 (24.2) 2 6

Cellular differentiation®? 0.688
Well differentiated 11 (33.3) 3 8
Moderately differentiated 14 (42.4) 6 8
Poorly differentiated 7 (21.2) 3 4

AJCC stage 0.064
Iand II 15 (45.5) 8 7
Il and IV 18 (54.5) 4 14

*P < 0.05.

a Tumour size was defined as the length of the largest tumour nodule.

b Venous infiltration was defined based on findings by microscopic and major pathologic examination.
c Well differentiated (Edmonson grade 0—2); moderately differentiated (Edmonson grade 3); poorly differentiated (Edmonson grade 4).
d Partial data is not available and statistics were based on available data of 32 patients.

deletion in exon 3 of the B-catenin gene, resulting in two B-cat-
enin proteins, the wild-type B-catenin (92 kDa) and the trun-
cated form (75 kDa). As shown in Figure 2B, 5-HT increased
total B-catenin protein levels in both serum-deprived cell lines
in a time-dependent manner compared to control cells under
serum starvation only. Previous studies have suggested that
phosphorylation of p-catenin at specific Ser/Thr residues fol-
lowed by its ubiquitination results in B-catenin degradation
(Amit et al., 2002). Therefore we examined the phosphoryla-
tion status of B-catenin in response to 5-HT. Compared to
serum-deprived control cells, 5-HT increased active form of
B-catenin (dephosphorylated on Ser37 or Thr41) and reduced
p-B-catenin protein levels in HuH-7 and HepG2 after 24 h.
The active form of p-catenin mediates target gene activation
whereas p-B-catenin is targeted for degradation. However, in
both cell lines 5-HT had no effect on Axin1, total GSK3p, and
p-GSK3B. 5-HT had no effect on the Wnt/B-catenin pathway
under FBS condition (Supplementary Figure 3).

5-HT also enhanced mRNA levels of B-catenin downstream
targets, e.g. Axin2, cyclin D1, DKK1, and GS in both cell lines
(Figure 2C). After observing an increase in total B-catenin levels,
we nextinvestigated the distribution of cytoplasmic and the nu-
clear B-catenin protein levels. 5-HT increased cytoplasmic B-
catenin levels in HuH-7 and HepG2 cells after 24 h but nuclear
B-catenin levels remain unchanged in both cell lines (Figure 2D).

To confirm the role of B-catenin in the proliferation of HCC
cells induced by 5-HT, we used a Wnt pathway inhibitor, ICG-
001, which inhibits the association of cAMP-responsive
element binding (CREB)-binding protein (CBP) and B-catenin
leading to down regulation of B-catenin-TCF4 responsive
genes e.g. cyclin D1 (Emami et al, 2004). As shown in
Supplementary Figure 4A, treatment with ICG-001 reduced
cyclin D1 protein levels and also inhibited the proliferation
of HuH-7 and HepG2 cells both alone and/or in combination
with 5-HT (5-HT vs ICG-001 + 5-HT, *™P < 0.001, two-way
ANOVA) (Supplementary Figure 4B). These results suggest
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Table 2 — Clinical correlation of 5-HT2A gene expression in HCC.

Clinicopathological features Frequency (%) Receptor 5-HT2A P value
Mean =+ SD/number of patients
Overexpression
- +

Age (year) 0.101
<53 15 (45.5) 13 2
>53 18 (54.5) 11 7

Sex 0.191
Male 29 (87.9) 20 9
Female 4(12.1) 4 0

Non-tumorous liver histology 0.031*
Non-cirrhotic 2 (6.1) 0
Chronic hepatitis 16 (48.5) 11 5
Cirrhotic 15 (45.5) 13 2

Tumour size (cm)” 0.202
<5 9 (27.3) 8 1
>5 24 (72.7) 16 8

Tumour recurrence 0.825
Absence 12 (36.4) 9 3
Presence 21 (63.6) 15 6

Venous infiltration” 0.475
Absence 15 (45.5) 10 5
Presence 18 (54.5) 14 4

Number of tumour nodules 0.097
1 25 (75.8) 20 5
>2 8 (24.2) 4 4

Cellular differentiation“? 0.524
Well differentiated 11 (33.3) 9 2
Moderately differentiated 14 (42.4) 10 4
Poorly differentiated 7 (21.2) 4 3

AJCC stage 0.392
Iand II 15 (45.5) 12 3
Il and IV 18 (54.5) 12 6

*P < 0.05.

a Tumour size was defined as the length of the largest tumour nodule.

b Venous infiltration was defined based on findings by microscopic and major pathologic examination.
c Well differentiated (Edmonson grade 0—2); moderately differentiated (Edmonson grade 3); poorly differentiated (Edmonson grade 4).
d Partial data is not available and statistics were based on available data of 32 patients.

the importance of the Wnt/B-catenin pathway in the prolifer-
ation of HCC induced by 5-HT.

3.4. Increased B-catenin due to inhibition of 3-catenin
degradation

To determine whether the increased B-catenin by 5-HT in
serum-derived HuH-7 and HepG2 cells is a result of its
increased synthesis or decreased degradation, HuH-7 and
HepG2 cells were treated with 5-HT and cycloheximide
(CHX, inhibitor of de novo protein synthesis) alone or in com-
bination. Serum-deprived HuH-7 and HepG2 cells were
treated with 5-HT for 2 h followed by treatment with 100
uM CHX for the indicated time points. According to
Figure 3A, B-catenin is up regulated after treatment with
5-HT and CHX compared to CHX alone, suggesting that in-
crease of B-catenin by 5-HT is a result of decreased degrada-
tion. Furthermore, we also checked if inhibition of B-catenin
degradation is influenced by the proteasome system. Serum-

deprived HuH-7 and HepG2 cells were pre-treated with 0.5 uM
MG132 (proteasome inhibitor) for 2 h, followed by treatment
with 5-HT for 24 h. As shown in Figure 3B, combination of
MG132 and 5-HT resulted in the same increase in B-catenin
levels as after MG132 alone.

3.5. 5-HT disrupts Axinl/B-catenin interaction

GSK3B-mediated B-catenin phosphorylation and its subse-
quent degradation is regulated by interaction of Axinl with
GSK3p and B-catenin (Huang and He, 2008). As 5-HT increased
B-catenin but did not significantly affect total GSK3p and
Axin1 protein levels, we asked whether 5-HT disrupted the
interaction between Axinl/p-catenin, which represents a
pivotal step in p-catenin degradation. In HuH-7 cells,
co-immunoprecipitation with B-catenin antibody demon-
strated that 5-HT decreased the association between
B-catenin and Axinl. The result was repeated upon co-
immunoprecipitation with Axinl antibody. Furthermore,
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Table 3 — Clinical correlation of 5-HT2B gene expression in HCC.

Clinicopathological features Frequency (%) Receptor 5-HT2B P value
Mean + SD/number of patients
Overexpression
- +

Age (year) 0.741
<53 15 (45.5) 10 5
>53 18 (54.5) 11 7

Sex 0.545
Male 29 (87.9) 19 10
Female 4 (12.1) 2 2

Non-tumorous liver histology 0.204
Non-cirrhotic 2 (6.1) 1 1
Chronic hepatitis 16 (48.5) 8
Cirrhotic 15 (45.5) 12 3

Tumour size (cm)® 0.065
<5 9 (27.3) 8 1
>5 24 (72.7) 13 11

Tumour recurrence 0.632
Absence 12 (36.4) 7 5
Presence 21 (63.6) 14 7

Venous infiltration” 0.692
Absence 15 (45.5) 9 6
Presence 18 (54.5) 12 6

Number of tumour nodules 0.357
1 25 (75.8) 17 8
>2 8 (24.2) 4 4

Cellular differentiation®? 0.222
Well differentiated 11 (33.3) 8 3
Moderately differentiated 14 (42.4) 7 7
Poorly differentiated 7 (21.2) 6 1

AJCC stage 0.290
IandII 15 (45.5) 11 4
Il and IV 18 (54.5) 10 8

*P < 0.05.

a Tumour size was defined as the length of the largest tumour nodule.

b Venous infiltration was defined based on findings by microscopic and major pathologic examination.
c Well differentiated (Edmonson grade 0—2); moderately differentiated (Edmonson grade 3); poorly differentiated (Edmonson grade 4).
d Partial data is not available and statistics were based on available data of 32 patients.

5-HT also disrupted the interaction between GSKp and Axin1/
B-catenin (Figure 3C). Thus, increase in B-catenin in serum-
deprived HuH-7 cells may be due to disruption of the Axin1/
GSK3p/B-catenin complex resulting in B-catenin stabilization.

3.6. Receptor 5-HT7 antagonist, SB-258719, attenuates
B-catenin

As receptors 5-HT1D and 5-HT7 were significantly overex-
pressed in HCC clinical tissues and that their expression was
correlated to liver histology and tumour size or venous infil-
tration, respectively, we next investigated if antagonists of
5-HT receptors attenuated 5-HT induced growth of HCC cells
and B-catenin protein levels. Although 97L cells overexpressed
receptor 5-HT1D mRNA, they did not respond to 5-HT, thus we
focused on receptor 5-HT7. Both cell lines, HuH-7 and HepG2,
expressed receptor 5-HT7 and responded to 5-HT treatment
(Figure 2A).

We first checked the effect of 5-HT7 antagonist, SB-258719,
on the growth of serum-deprived cells in the presence of 5-HT.
Serum-deprived HuH-7 and HepG2 cells were treated with

different concentrations of SB-258719 for 2 h followed by addi-
tion of 5-HT. As shown in Figure 4A, SB-258719 reduced the
cell viability of serum-deprived HuH-7 and HepG2 cells,
compared to cells treated with 5-HT alone (Figure 4, 5-HT vs
5-HT + SB-258719 50 uM, **P < 0.001, two-way ANOVA). This
suggests that 5-HT may regulate cell proliferation via 5-HT7
subtype. We next assessed whether SB-258719 affected B-cat-
enin protein levels. As shown in Figure 4B, serum-deprived
HuH-7 and HepG2 cells treated with 5-HT alone show
increased B-catenin levels but treatment with SB-258719 alone
had no effect. However, when the serum-deprived cell lines
were pre-treated with SB-258719 for 2 h followed by 5-HT for
24 h, B-catenin levels decreased in both cell lines.

3.7. SB-258719 attenuates proliferation and (3-catenin
protein levels of patient-derived primary HCC cultures

To further confirm reduced cell growth and attenuation of B-
catenin protein levels by SB-258719, we investigated the effect
of SB-258719 in primary HCC tumour cell cultures which
closely mimic in vivo tumour microenvironment. Following
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Table 4 — Clinical correlation of 5-HT5 gene expression in HCC.

Clinicopathological features Frequency (%) Receptor 5-HT5 P value
Mean =+ SD/number of patients
Overexpression
- +

Age (year) 0.658
<53 15 (45.5) 14 1
>53 18 (54.5) 16 2

Sex 0.238
Male 29 (87.9) 27 2
Female 4(12.1) 3 1

Non-tumorous liver histology 0.767
Non-cirrhotic 2 (6.1) 2 0
Chronic hepatitis 16 (48.5) 14 2
Cirrhotic 15 (45.5) 14 1

Tumour size (cm)” 0.266
<5 9 (27.3) 9 0
>5 24 (72.7) 21 3

Tumour recurrence 0.170
Absence 12 (36.4) 12 0
Presence 21 (63.6) 18 3

Venous infiltration” 0.658
Absence 15 (45.5) 14 1
Presence 18 (54.5) 16 2

Number of tumour nodules 0.072
1 25 (75.8) 24 1
>2 8 (24.2) 6 2

Cellular differentiation“? 0.254
Well differentiated 11 (33.3) 11 0
Moderately differentiated 14 (42.4) 12 2
Poorly differentiated 7 (21.2) 7 0

AJCC stage 0.097
Iand II 15 (45.5) 15 0
Il and IV 18 (54.5) 15 3

*P < 0.05.

a Tumour size was defined as the length of the largest tumour nodule.

b Venous infiltration was defined based on findings by microscopic and major pathologic examination.
c Well differentiated (Edmonson grade 0—2); moderately differentiated (Edmonson grade 3); poorly differentiated (Edmonson grade 4).
d Partial data is not available and statistics were based on available data of 32 patients.

extraction of primary hepatocytes, the cells were serum-
starved for 48 h and pre-treated with SB-258719 for 2 h before
incubation with 5-HT and analysed for cell viability by MTT. Of
the six specimen collected, three cases demonstrated reduced
cell growth after treatment with SB-258719 with the ICsg
around 100 uM (Figure 5A). Of these three cases, unfortunately
only one case had sufficient cells for detection of B-catenin
protein levels in which SB-258719 reduced B-catenin protein
levels (Figure 5B).

3.8. SB-258719 suppresses in vivo tumourigenicity

To assess the in vivo anti-cancer activity of 5-HT7 antagonist
SB-258719, tumour xenograft mouse model was constructed
by subcutaneous injection of HuH-7 cells and when the
tumour reached about 80—100 mm? after three weeks, the
mice were randomly divided into two groups, control and
SB-258719 group. Tumour growth in the SB-258719 group
was significantly reduced compared to the control group
(Figure 6A and B), while the motor, feeding habit and body
weight did not show any obvious difference between the

two groups (data not shown). The SB-258719 group also had
reduced tumour weight compared to the control group but
this could not exhibit any statistical significance due to the
limited sample number (Figure 6C). We next investigated the
effect of SB-258719 on the Wnt/B-catenin pathway in vivo.
Immunohistochemical analysis of tumour xenografts showed
that tumours in the control group had strong cytoplasmic and
nuclear B-catenin accumulation and weakly stained for GSK3p
levels. On the other hand, tumours from the SB-258719 group
had reduced B-catenin accumulation in both the cytoplasm
and the nucleus and exhibited strong GSK3p levels
(Figure 6D). These results imply that SB-258719 attenuates
Wnt/B-catenin signalling and plays an important regulatory
role in tumourigenesis.

4. Discussion

Deregulation of the Wnt/B-catenin signalling is characteristic
of several cancers including HCC and accumulation of B-cate-
nin has been associated to poor HCC prognosis (Chen et al,,
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Table 5 — Clinical correlation of 5-HT7 gene expression in HCC.

Clinicopathological features Frequency (%) Receptor 5-HT7 P value
Mean + SD/number of patients
Overexpression
- +

Age (year) 0.898
<53 15 (45.5) 8 7
>53 18 (54.5) 10 8

Sex 0.846
Male 29 (87.9) 16 13
Female 4 (12.1) 2 2

Non-tumorous liver histology 0.000*
Non-cirrhotic 2 (6.1) 0 2
Chronic hepatitis 16 (48.5) 4 12
Cirrhotic 15 (45.5) 14 1

Tumour size (cm)® 0.101
<5 9 (27.3) 7 2
>5 24 (72.7) 11 13

Tumour recurrence 0.692
Absence 12 (36.4) 6 6
Presence 21 (63.6) 12 9

Venous infiltration” 0.025*
Absence 15 (45.5) 5 10
Presence 18 (54.5) 13 5

Number of tumour nodules 0.054
1 25 (75.8) 16 9
>2 8 (24.2) 2 6

Cellular differentiation®? 0.462
Well differentiated 11 (33.3) 6 5
Moderately differentiated 14 (42.4) 6 8
Poorly differentiated 7 (21.2) 5 2

AJCC stage 0.202
Iand II 15 (45.5) 10 5
Il and IV 18 (54.5) 8 10

*P < 0.05.

a Tumour size was defined as the length of the largest tumour nodule.

b Venous infiltration was defined based on findings by microscopic and major pathologic examination.
c Well differentiated (Edmonson grade 0—2); moderately differentiated (Edmonson grade 3); poorly differentiated (Edmonson grade 4).
d Partial data is not available and statistics were based on available data of 32 patients.

2014). Recently, 5-HT has been reported to promote prolifera-
tion of different cell types but its mechanism of action re-
mains to be elucidated. To our knowledge, the present study
is the first to demonstrate the influence of 5-HT on Wnt/B-cat-
enin signalling in HCC. Our results show that 5-HT promoted
proliferation of serum-deprived HCC cells by influencing B-
catenin.

We first confirmed the differential expression of 5-HT re-
ceptors, 5-HT1D, 5-HT2A, 5-HT2B, 5-HT5 and 5-HT7 in HCC tis-
sues and their corresponding non-tumour tissues. The
expression of 5-HT1D, 5-HT2A and 5-HT7 significantly corre-
lated to non-tumorous liver histology (non-cirrhotic, chronic
hepatitis, cirrhosis). This is contrary to a study by Soll et al.
(2012) who reported significant correlation of 5-HT2B expres-
sion to higher proliferative index and however did not observe
any difference in 5-HT7 expression between HCC tumour and
non-tumour tissues (Soll et al., 2012). Thus, this is the first
study to report overexpression of 5-HT7 in HCC. The differ-
ence in 5-HT receptor expression between the two studies
may be due to different underlying etiology of the HCC patient

cases and the genetic heterogeneity of HCC. In the study by
Soll et al. (2012), the patient pool consisted of HCC cases
with various underlying etiologies including HBV infection,
HCV infection, alcohol abuse, haemochromatosis and there
were many patients with unknown etiologies. Our patient
cases were mostly HCC with underlying cirrhosis and HBV
infection. The correlation of 5-HT1D, 5-HT2A and 5-HT7 to
non-tumorous liver histology may imply that the different re-
ceptors could play a role in the different histological stages of
HCC, warranting further studies to check any association of
the 5-HT receptors to a distinct etiology. Furthermore, a large
patient cohort will be important to investigate the diagnostic
and prognostic significance of the 5-HT receptors. Using
genome-wide analysis including cDNA microarrays, several
studies have reported distinguished gene expression profiles
between HBV and HCV associated HCC (Honda et al., 2006;
lizuka et al., 2002; Kim et al., 2003; Lee et al., 2008), suggesting
that hepatitis viruses affect gene expression in a type-specific
manner leading to hepatocarcinogenesis by different
mechanisms.
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Figure 3 — 5-HT enhances B-catenin protein level via decreased degradation and disrupts Axin1/B-catenin interaction. (A) Serum-deprived HuH-
7 cells and HepG2 cells were first cultured with 5-HT for 2 h followed by 100 pM CHX treatment for the indicated time points. B-Catenin levels
decreased in SFM cells in the presence of CHX only but treatment with CHX and 5-HT in serum-deprived cells resulted in increased B-catenin
protein levels as did 5-HT treatment alone. (B) Serum-deprived HuH-7 and HepG2 cells were pre-treated with 0.5 pM MG132 for 2 h and
followed by 5-HT for another 24 h 5-HT increased B-catenin protein levels in the presence of MG312. (C) Protein from HuH-7 cells under SFM
and 5-HT treatment was immunoprecipitated with Axin1 or B-catenin antibodies and immunoblotted for Axin1, B-catenin and GSK3p by western
blot.

Similar to results reported by Soll et al. (2010), we only
observed proliferation of HCC cells and inhibition of auto-
phagy upon treatment of HCC cells with 5-HT (Soll et al,,
2010). We did not observe difference in cell migration,
apoptosis, or cell cycle between serum-deprived cells and cells
treated with 5-HT. Autophagy has been associated to several
diseases including cancer (Levine and Kroemer, 2008; Li
et al., 2013). Several studies have reported attenuation of
Wnt/B-catenin signalling by autophagy via interaction of
Wnt/B-catenin signalling components with LC3 or p62 (Gao
et al., 2010; Petherick et al., 2013). As both autophagy and
Wnt/B-catenin signalling play a critical role in hepatocarcino-
genesis (Li et al.,, 2013; Takigawa and Brown, 2008), it will be
important to investigate how activation of Wnt/-catenin sig-
nalling by 5-HT inhibits autophagy.

Cytoplasmic/nuclear accumulation of p-catenin is a hall-
mark of Wnt/B-catenin signalling either due to mutation in
B-catenin or due to aberrant expression of the different com-
ponents of the Wnt/B-catenin pathway. Nuclear p-catenin in
HCC has been associated to tumour progression and poor
prognosis (Cieply et al., 2009; Inagawa et al., 2002). Our results
show that 5-HT increased cytoplasmic p-catenin levels as well
as B-catenin downstream targets, Axin2, cyclin D1, DKK1 and
GS in serum-deprived cells. Being a downstream target of B-
catenin, DKK1 is also a reported antagonist of the Wnt/B-cat-
enin signalling supporting a negative feedback mechanism
to regulate the Wnt/B-catenin pathway. However, increased
DKK1 has been reported in HCC implying disruption of its
negative feedback mechanism. Increased expression of
DKK1 mRNA in HCC has been correlated to cytoplasmic/

Figure 2 — 5-HT can promote proliferation of serum-deprived HuH-7 and HepG2 cells and upregulate B-catenin. (A) The relative viability of
HuH-7 and HepG2 cells cultured in 10% FBS, or SFM with or without 5-HT (50 pM and 100 pM 5-HT) was detected by MTT. 5-HT increased
proliferation of serum-deprived HuH-7 and HepG2 cells (SFM vs SFM + 5-HT, **P < 0.001, two-way ANOVA). (B) HuH-7 and HepG2 cells
were cultured in SFM for 48 h followed by addition of 5-HT for indicated time points. 5-HT increased total B-catenin, active B-catenin and
decreased p-B-catenin protein levels. Axinl, total GSK3B and p-GSK3p protein levels remain unchanged. (C) Relative mRNA expression of B-
catenin downstream targets was assessed by qPCR. 5-HT increased mRNA levels of Axin2, cyclin D1, DKK1, and GS in HuH-7 and HepG2 cells
(*P < 0.05, ™P < 0.01, t-test). (D) 5-HT increased cytoplasmic B-catenin protein levels in serum-deprived HuH-7 and HepG2 cells.
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viability was detected by MTT. SB-258719 inhibited the proliferative effect of 5-HT (5-HT vs 5-HT + SB-258719, **P < 0.001, two-way
ANOVA). (B) SB-258719 reduced B-catenin protein levels in serum-deprived HCC cells in the presence of 5-HT compared to 5-HT treatment
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Figure 5 — The effect of SB-258719 on patient-derived primary HCC cultures. (A) SB-258719 attenuated the growth of patient-derived primary
HCC cultures in the presence of 5-HT and cell viability was detected by MTT. (B) SB-258719 down-regulated the expression of B-catenin in
patient-derived primary HCC cultures compared to 5-HT treatment only.
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Figure 6 — SB-258719 suppresses tumorigenicity of HCC xenografts in vivo. (A) HuH-7 cells were subcutaneously injected into BALB/c nude mice.
The xenograft tumours were treated with vehicle or SB-258719 20 mg/kg twice a day subcutaneously for 10 days and tumour growth was measured
every day. Compared to the control group, SB-258719 treatment reduced (B) tumour growth (*P < 0.01, two-way ANOVA) and (C) tumour weight
(ns denotes no significant difference, #-test). (D) Immunohistochemical analysis of B-catenin and GSK3p in the SB-258719 treatment and control
group. Tumour xenografts from SB-258719 treatment group had reduced accumulation of B-catenin and increased accumulation of GSK3.
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nuclear B-catenin accumulation resulting in poor over-all sur-
vival and prognosis (Yu et al., 2009). GS is another liver-related
Whnt-target gene (Cadoret et al., 2002) that has been suggested
as a marker for the identification of B-catenin mutations in
HCC (Austinat et al., 2008).

Although 5-HT increased cytoplasmic B-catenin levels and
not nuclear p-catenin levels in the HCC cell lines, it may imply
that 5-HT on its own may not be sufficient to promote Wnt/p-
catenin signalling and may require other components. Import
and export of B-catenin to and from the nucleus is a regulated
process. Several studies have reported that activation of Wnt/
B-catenin signalling does not influence B-catenin transloca-
tion to the nucleus and that cytoplasmic-nuclear shuffling of
B-catenin may be governed by other cytoplasmic and nuclear
retention factors (Everly et al., 2004; Henderson and Fagotto,
2002; Krieghoff et al., 2006). Krieghoff et al. (2006) reported nu-
clear localization of B-catenin to be regulated via nuclear
import by TCF4 and BCL9 and via nuclear export by APC and
Axin (Krieghoff et al., 2006). Recently Sharma et al. (2012) iden-
tified Armadillo repeats (10—12) on B-catenin that facilitate its
nuclear transport by direct interaction with nuclear pore com-
plex proteins e.g. Nup62, Nup98 and Nup153 (Sharma et al.,
2012). Further studies are warranted to understand the role
of 5-HT in the nucleus and whether it affects any cyto-
plasmic/nuclear retention factors that influence Wnt/p-cate-
nin signalling. We have also previously reported increased
cytoplasmic B-catenin as well as cyclin D1 protein levels
without concurrent increase in nuclear B-catenin protein
levels in HCC cells (Fatima et al., 2012).

In an attempt to delineate the mechanism of how 5-HT in-
creases B-catenin levels, other components of the Wnt/B-cat-
enin pathway were studied. In serum-deprived medium,
presence of 5-HT increased active B-catenin levels and
decreased phosphorylated B-catenin, which is a prerequisite
for subsequent ubiquitination and degradation, suggesting
that increased B-catenin in the cytoplasm could be a result
of B-catenin stabilization and decreased B-catenin degrada-
tion. Supporting this, when serum-deprived cells were treated
with CHX, the presence of 5-HT masked the effect of CHX,
thereby preventing B-catenin degradation. Stabilization of B-
catenin also results from the disruption of the interaction be-
tween the B-catenin destruction complexes. The scaffolding
protein, Axinl, interacts with GSK3p and B-catenin and or-
chestrates phosphorylation of B-catenin at Ser45 by casein ki-
nase la (CKla) followed by phosphorylation by GSK3p at Ser33/
Ser37/Thr41 and its subsequent degradation (Orford et al,
1997). Based on these results we propose that 5-HT disrupts
the association between Axinl/GSK3p/B-catenin, thereby
inhibiting GSK3p-mediated phosphorylation of B-catenin.
The unphosphorylated B-catenin is not degraded and thus ac-
cumulates in the cytoplasm.

To confirm the in vitro effect of 5-HT on Wnt/p-catenin sig-
nalling, the treatment of HCC cells with 5-HT7 receptor antag-
onist, SB-258719, reduced proliferation of serum-deprived
cellsin the presence of 5-HT, and attenuated B-catenin protein
levels in both HCC cell lines and patient-derived primary HCC
cultures, which closely mimic tumour micro-environment.
Reduced cytoplasmic and nuclear B-catenin levels were also

observed in tissues from in vivo xenograft model. Together,
these results suggest the 5-HT7 subtype may influence aber-
rant activation of the Wnt/B-catenin pathway in HCC and
may also act as a potential therapeutic target for HCC. Given
the presence of various 5-HT receptors in HCC, 5-HT may exert
its effect via differing mechanisms and also only 5-HT2B and
its antagonist has been studied in some detail in HCC. Soll
etal. (2010) and Lianget al. (2013) both observed varying mech-
anism of action of 5-HT2B receptor subtype in HCC. Soll et al.
(2010) reported that 5-HT increased mTOR downstream tar-
gets, p70S6K and 4E-BP1, facilitating survival and inhibiting
autophagy in serum-deprived HCC cells. On the other hand,
Liang et al. (2013) observed that 5-HT promoted proliferation
of serum-deprived HCC cells via upregulation of Foxo3a.
Furthermore, Soll et al. (2010) and Liang et al. (2013) reported
decreased p70S6K and 4E-BP1, and Foxo3a, respectively,
following treatment of HCC cells with 5-HT2B antagonist.
Thus the activation of different pathways by 5-HT suggests
its complex role in HCC proliferation and represents a com-
plex cross-talk between signalling pathways.

It will also be worthy to investigate if the receptors function
redundantly. As 5-HT proliferates HCC cells via upregulation
of Foxo3a (Liang et al., 2013) and that Foxo3a has shown to
interact with B-catenin (Hoogeboom et al.,, 2008), further
studies are warranted to study the interaction of p-catenin
and Foxo3a under the influence of 5-HT and its antagonists.
Oncogenic phosphoinositide 3-kinase (PI3K/AKT) suppresses
the function of Foxo3a by phosphorylating Foxo3a and
sequestering Foxo3a to the cytoplasm. In colon cancer,
Tenbaum et al. (2012) reported that in the presence of nuclear
B-catenin accumulation, activation of FOX0O3a by PI3K/AKT in-
hibitors, which are caused in the treatment of colon cancer,
can promote metastasis (Tenbaum et al., 2012). Thus it would
be important to study if 5-HT leads PI3K/AKT and the Wnt/B-
catenin pathways to converge to regulate cell cycle progres-
sion in HCC cells.

We conclude that expression of various 5-HT receptors is
involved in HCC hepatocarcinogenesis. This study identified
dysregulation of the Wnt/B-catenin signalling pathway under
the influence of 5-HT resulting in B-catenin stabilization.
However, B-catenin accumulation was reversed by 5-HT7
antagonist. Thus, 5-HT mediated Wnt/p-catenin signalling in
HCC may serve as a potential therapeutic target.
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