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Functional inhibition of Oct leads to HNF4a upregulation
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Abstract. Organic cation transporters (human, OCT;
mouse, Oct) are responsible for the intracellular uptake and
detoxification of a broad spectrum of endogenous and exog-
enous substrates. The OCT1 gene SLC22A1 (human; mouse,
Scl22al) is transactivated by hepatocyte nuclear factor 4a
(human, HNF4a; mouse, Hnf4a). HNF4a is a master regu-
lator of hepatocyte differentiation and is frequently associated
with hepatocellular carcinoma (HCC). In addition, the down-
regulation of HNF4a is associated with enhanced fibrogenesis.
Our recent study revealed that hepatocarcinogenesis and
fibrosis were enhanced with the loss of Oct3 (gene, Slc22a3).
Notably, differences in Hnf4a expression, and in cholestasis
and fibrosis were also detected in Oct3-knockout (FVB.
SIc22a3tm10pb, Oct37") mice. To the best of our knowledge,
no data exists on an interaction between Oct3 and Hnf4a. We
hypothesised that loss of Oct3 may have an impact on Hnf4a
expression. In the present study, gene expression analyses were
performed in liver tissue from untreated Oct3” and wild type
(FVB, WT) mice. C57BL/6, Oct3”- and WT mice were treated
with pro-fibrotic carbon tetrachloride (CCl,) or thioacet-
amide (TAA) for 6 weeks to chemically induce liver fibrosis.
Cholestasis-associated fibrosis was mechanically generated in
Oct3"- and WT mice by bile duct ligation (BDL). Finally, stably
OCT1- and OCT3-transfected tumour cell lines and primary
murine hepatocytes were treated with the non-selective OCT
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inhibitor quinine and Hnf4a expression was quantified by
gPCR and immunofluorescence. The results revealed that
Hnf4a is one of the top upstream regulators in Oct3” mice.
Hnf4a mRNA expression levels were downregulated in Oct3™
mice compared with in WT mice during cholestatic liver
damage as well as fibrogenesis. The downregulation of Hnf4a.
mRNA expression in fibrotic liver tissue was reversible within
4 weeks. In stably OCT1- and OCT3-transfected HepG2 and
HuH?7 cells, and primary murine hepatocytes, functional
inhibition of OCT led to the upregulation of Hnf4a mRNA
expression. Hnf4o was revealed to be located in the cytosol of
WT hepatocytes, whereas Oct3™ hepatocytes exhibited nuclear
Hnf4o expression. In conclusion, Hnf4a was downregulated in
response to cholestasis and fibrosis, and functional inhibition
of Oct may lead to the upregulation of Hnf4a.

Introduction

Organic cation transporters (human: OCT, mouse: Oct) are
membrane transport proteins involved in many metabolic
processes. Recently, we and others found that downregulation
of OCT]1 is associated with tumour progression in human hepa-
tocellular and cholangiocellular carcinoma (1-4). Furthermore,
we demonstrated that the loss of Oct3 (gene: Scl22a3) leads to
enhanced proliferation and hepatocarcinogenesis (5).

OCT expression is regulated via complex mechanisms.
The OCT1 gene SCL22A1 (mouse: Scl22al) is trans acti-
vated by hepatocyte nuclear factor 4alpha (human: HNF4a,
mouse: Hnf4a) (6). Glucocorticoid receptor induced expres-
sion of HNF40 was found to contribute to indirect OCT1
gene upregulation in primary human hepatocytes, but not in
hepatocyte-derived tumour cell lines (7).

HNF4a is a master regulator of hepatocyte differentiation
and metabolism, controlling the development of the hepatic
epithelium, liver morphogenesis (8) and hepatic metabolic
function (9). This nuclear factor is also known as a tumour
suppressor (10). For example, HNF4a deletion promotes diethyl
nitrosamine-induced hepatocellular carcinoma in mice (11)
and HNF4a inhibition blocks hepatocyte differentiation and
promotes biliary cancer (12). Furthermore, overexpression of
HNF4a in human mesenchymal stem cells suppresses hepa-
tocellular carcinoma development through downregulation of
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the Wnt/p-catenin signalling pathway (13). HNF4a also seems
to play a pivotal role in fibrosis progression, as the downregu-
lation of HNF4a aggravates hepatic fibrosis in rats (14). Vice
versa, Fan et al described a regression effect of HNF4a on liver
cirrhosis in rats (15) and HNF4a-induced hepatic stem cells
ameliorated chronic liver injury in liver fibrosis models (16).

Oct3 deficient mice (FVB.SIc22a3tm1Dpb, Oct3™) do not
have an obvious phenotype (17). but we have recently shown
enhanced proliferation, hepatocarcinogenesis and fibrosis
progression in these mice (5,18). We studied Oct3™ mice in
different models of liver damage (DEN/Phenobarbital, bile
duct ligation (BDL), carbon tetrachloride (CCl,) treatment) in
order to analyse Octl regulation. The knockout mice showed
a hepatic phenotype with enhanced Ki-67 staining, leucocyte
infiltration and fibrosis quantified by hydroxyproline assay
and Sirius red staining (5,18). Hence, the upstream regula-
tory mechanism is still unclear. Surprisingly, we also found
differences in Hnf4a expression in cholestasis and fibrosis in
Oct3 mice. Octl and Oct3 are both expressed in the liver (19)
and substitute each other (17,20). To date no data exists on an
interaction between Oct3 and Hnf4a. We hypothesised that
loss of Oct3 has an impact on Hnf4 o expression. Therefore,
we analysed Hnf4a expression in different fibrosis models
in Oct3” and wild type (FVB, WT) mice, stably transfected
tumour cell lines and primary murine hepatocytes.

Materials and methods

Animals. Animal care (housing, husbandry conditions) and
animal procedures were performed in accordance with
the European Council Directive of 24 November, 1986
(86/609/EEC), and the present study was approved by the
state animal care commission (Koblenz; approval number,
23 177-07/G 14-1-010). Mice received standard food for
rodents (Altromin Lage, Nr. 1314) with free access to food
and water. They were kept in groups of five siblings of the
same sex per cage with constant temperatures of 22-24°C and
humidity of 55+10% as well as a 12-h day and night rhythm.
Male Oct3-knockout (FVB.Slc22a3tm1Dpb, Oct3”) (17),
their WT littermates (FVB) and C57BL/6 mice (in total n=51),
4-6 weeks old with an average body weight of 20 g at the start
of the experiment, were used in this study. Oct3”" mice were
kindly provided by Prof. Schinkel, Cancer Centre Amsterdam.
C57BL/6 and WT mice were bred by the Translational Animal
Research Centre (TARC) of the University Medical Centre,
Johannes Gutenberg-University Mainz. To investigate the
relevance of Oct3 expression and the effects on cholestasis
and fibrosis, two different animal models of fibrosis were
analysed: i) Chemically induced liver fibrosis by the
application of pro-fibrotic carbon tetrachloride (CCl,) or thio-
acetamide (TAA) for 6 weeks; and ii) cholestasis-associated
fibrosis after 7 days of bile duct ligation (BDL).

Gene expression analysis. Total RNA was extracted from
livers of three 5-week-old untreated WT and Oct3”" mice
using the High Pure RNA tissue kit (cat. no./ID: 11828665001,
Roche Diagnostics) following the manufacturer's instructions.
RNA quantity and purity were estimated using a NanoDrop
ND-1000 Spectrophotometer (NanoDrop Technologies)
and integrity was assessed by Agilent 2100 Bioanalyzer

(Agilent Technologies). cDNA libraries were generated using
the QuantSeq 3'mRNA-Seq Library Prep kit for Illumina
(Lexogen, Vienna, Austria) following the manufacturer's
instructions (21). RNA sequencing was performed using
I1lumina HiSeq Rapid Mode by the Institute of Human Genetics,
Department of Genomics, Life & Brain Center, University
of Bonn. The sequencing kit was HiSeq 3000/4000 SBS Kit
(single read, 50 cycles) (cat. no./ID: FC-410-1001; Illumina).
Coverage was standard 3' Seq. The loading concentration of
DNA was 0.06-0.44 nmol assuming a nucleotide length of
100-300 bp. Data were deposited at the BioProject database
(http://www.ncbi.nlm.nih.gov/bioproject/685115, BioProject
ID PRINAG85115). The read sequences were aligned to the
Mus_musculus.GRCm38.74 reference genome followed by
read mapping and read counting, as described before using the
Bioconductor package Rsubread (V 1.24.2) (22). Before aligning
reads, low quality reads were filtered, reads containing adapter
sequences, and duplicate mapping reads using Bioconductor
package ShortRead (V 1.32.1) (23). For differential expression
analysis (WALD-Test) the Bioconductor package DESeq2
(V 1.14.1) with an adjusted P-value <0.01 was used (24). All
data analysis was performed using R programming language
and related packages.

Functional classification and network analysis were
performed using Ingenuity Pathway Analysis (Ingenuity
Systems Inc.). The significance of each network, function and
pathway was determined by the scoring system provided by
Ingenuity Pathway Analysis tool. Data will be provided on
demand.

Induction of fibrosis. C5TBL/6, WT and Oct3" mice, 4-6 weeks
old, were treated with pro-fibrotic thioacetamide (TAA) or
CCl, for 6 weeks (25). TAA was injected intraperitoneally
three times a week in escalating doses, starting with 50 mg/kg
(doses 1 and 2, week 1), 100 mg/kg (doses 2 to 5, weeks 1-2),
200 mg/kg (doses 6 to 10, weeks 2-4), 300 mg/kg (doses 11
to 15, weeks 4-5), and 400 mg/kg (dose 16 onwards, week 6).
Placebo intraperitoneal injection served as the control. CCl, was
administered three times a week by oral gavage in escalating
doses 50/50 vol/vol mixed with mineral oil: 0.875 ml/kg (dose 1
dose, week 1), 1.75 ml/kg (doses 2 to 7, weeks 1-2), 2.5 ml/kg
(doses 8 to 13, weeks 3-4), and 3.25 ml/kg (after week 4). Oral
gavage of mineral oil served as the control. Animals were culled
by cervical dislocation after 6 weeks of treatment or after 1 to
4 weeks of reversal, death was confirmed by loss of heartbeat
through direct cardiac palpation and tissues were harvested for
gPCR and histological analysis.

Induction of cholestasis. WT and Oct3” mice, 7-10 weeks old
(body weight 18-20 g), underwent bile duct ligation (BDL) or
placebo surgery (sham operation) as previously described under
anaesthesia with 100 mg/kg Ketamine and 20 mg/kg Rompun
(i.p) (26-28). Animals were sacrificed by cervical dislocation
after 7 days; death was confirmed by loss of heartbeat and
tissues were harvested for gPCR and histological analysis.

RNA isolation and RT-gPCR analysis. Total RNA was
extracted from liver tissue using the High Pure RNA Tissue
Kit (Roche Diagnostics) and cDNA synthesis was performed
using the iScript cDNA Synthesis kit (Bio-Rad) according to
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the manufacturer's recommendations. Quantitative analysis
of Octl (SIc22A1) transcripts was performed by quantitative
real-time reverse transcriptase (RT-) polymerase chain reac-
tion (QPCR). The Quantitect SYBR-Green PCR Kit (Qiagen)
and validated primers of a Quantitect Primer Assay with the
primer sets Mm_SLC22A1_2_SG (OCT1; 84 bp fragment),
Mm_HNF4a (HNF4a; 100 bp fragment forward, 5'-GGATAT
GGCCGACTACAGCG-3' and reverse, 5-"AGATGGGGACGT
GTCATTGC-3') and Mm_GAPDH_3_SG (GAPDH; 144 bp
fragment) (Qiagen) were used according to the manufacturer's
instructions. For the amplification, an initial denaturation at
95°C for 15 min, followed by 15 sec at 94°C, 30 sec at 55°C and
30 sec at 72°C for 40 cycles was used. Samples were run on a
LightCycler® 480 real-time PCR system (Roche Diagnostics).
The relative expression levels were calculated by normalisa-
tion to GAPDH gene expression using the LightCycler® 480
software Release 1.5.0.

Western blot analysis. Total protein extracts were prepared
in sample buffer pH 8.0 containing 20 mM Tris, 5 mM
EDTA, 0.5% Triton X-100 and EDTA-free protease inhibitors
(Complete Mini, 1:25; Roche Diagnostics). For western blot
analysis 60 ug total protein was separated by a 12% SDS-PAGE
gel. The gel was transferred onto a nitrocellulose transfer
membrane (OPTITRAN BA-S85/Whatman) following sepa-
ration. Rabbit anti-HNF4a monoclonal antibody (1:1,000;
Abcam) or goat anti-actin polyclonal antiserum (1:1,000;
Santa Cruz Biotechnology, Inc.) were used as the primary anti-
bodies. Horseradish peroxidase (HRP)-conjugated anti-rabbit
or anti-goat IgG (Santa Cruz Biotechnology, Inc.) was used as
the secondary antibody at a 1:10,000 dilution. Protein bands
were visualised using Western Lightning® Plus-ECL enhanced
chemiluminescent substrate (Perkin Elmer).

Immunofluorescence. Primary murine hepatocytes were incu-
bated with rabbit-polyclonal-anti Hnf4a (Bioss Antibodies
Inc.) as the primary antibody after preincubation with hydrogen
peroxide for blocking of endogenous peroxidase. Endogenous
biotin was blocked with the Avidin-Biotin Blocking kit (Vector
Laboratories) and contaminating proteins were inhibited by
ROTI®-Immunoblock solution (ROTH). After incubation with
the secondary antibody (goat anti-rabbit IgG-Biotin, 1:1,000;
Dako Cytomation), the TSA™ Cyanine system (Perkin Elmer)
was added. For the negative control, the primary antibody
was omitted. The images were evaluated under a fluorescence
microscope (Olympus BX51, Olympus U-RFL-T).

Oct inhibition. HepG2 (ATCC® HB-8065™), a human liver
cancer cell line, and HuH7 (RRID: CVCL_0336), a well
differentiated hepatocyte-derived carcinoma cell line, were
grown at 37°C in a humidified atmosphere (5% CO,) in plastic
culture flasks (Falcon 3112; Becton-Dickinson). The medium
was Dulbecco's modified Eagle's medium (31885-023; Life
Technologies) supplemented with 10% foetal calf serum (Life
Technologies). Medium was changed every 2-3 days and the
culture was split every 7 days.

The pcDNAOCT1 and pcDNAOCT3 plasmids and an
empty vector (Invitrogen; Thermo Fisher Scientific, Inc.)
were stably transfected into HepG2 and HuH7 cells by
mixing with the Attractene Transfection Reagent (Qiagen)

according to the instructions of the manufacturer. Primary
hepatocytes were isolated from Oct3” and WT mice and
cultured in collagen-coated 24-well culture plates (2.5x10°/ml)
as previously described (29). For functional inhibition of
the transporters, primary murine hepatocytes were treated
with different doses (0, 50, 100 and 150 uM) of the stan-
dard non-selective OCT inhibitor quinine (Sigma-Aldrich;
Merck KGaA) for 48 h (30-35).

Statistical analysis. Data management and statistical analysis
were performed with Prism version 7.0 (GraphPad Software,
Inc.). Results are expressed as means + SEM and represent data
from a minimum of three independent experiments assessed
in triplicates. Three biological replicates were assumed being
the minimum for any inferential analysis (biological repeti-
tion). As sample numbers were small, normal distribution was
assumed. Therefore, no normality test was necessary. When
two groups were compared, unpaired Student's t-test was used.
Data with more than two groups were analysed by one-way
or two-way ANOVA with Dunnett's multiple comparisons test
after one-way ANOVA and Tukey-Kramer test after two-way
ANOVA. For Pearson's correlation analysis SPSS program
(version 23.0; IBM Corp.) was used. P<0.05 was considered
statistically significant.

Results

Hnf4a is one of the top upstream regulators in Oct3” mice.
Transcriptome analysis showed that Hnf4a is one of the top
upstream regulators in Oct3”" mice (P<0.001), with 110 target
molecules. Hnf4a plays a pivotal role in regulating various
transmembrane proteins and enzymes in Oct3”- mice (Fig. 1A).
The majority of genes regulated by Hnf4a were upregulated
in Oct3” mice (Fig. 1B). Other significantly upregulated
(positive z-score) upstream regulators were the (proto-)
oncogenes myc (P=1.59x10""%; z=2.21) and kras (P=5.43x107;
z=0.77), while the tumour suppressor tp53 was significantly
downregulated (negative z-score) in Oct3™ mice (P=1.1x107;
z=-3.15) (Fig. 1C).

Deletion of Oct3 leads to Hnf4a mRNA downregulation in
cholestasis and fibrosis. Untreated Oct3” mice did not show
differences in Hnf4o mRNA expression in comparison to WT
littermates at the age of 4 weeks (Fig. 2A). Hnf4a mRNA
expression was significantly downregulated in cholestatic
Oct3” mice (n=6) in comparison to WT mice (n=8) 7 days
after BDL (P<0.01) (Fig. 2B).

Also, after chemical fibrosis induction with 6 weeks of
CCl, treatment, Hnf4oo mRNA expression was significantly
downregulated in Oct3”" mice (n=7) as compared to WT mice
(n=9) (P<0.001) (Fig. 2C).

Hnf4a mRNA downregulation in fibrosis is reversible. Fibrosis
was induced with TAA and CCl, treatment for 6 weeks in
C57BL/6 mice (n=5), which are susceptible to conventional
toxin-induced fibrosis progression and reversal models. Hnf4a
mRNA expression was quantified by qPCR at the end of the
treatment period and after up to four weeks of reversal. After
6 weeks of TAA and CCl, treatment, Hnf4a mRNA expres-
sion was significantly downregulated in fibrotic mouse livers
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A B Genes Prediction Expr Log Ratio
CYP3AS Upregulated 2.868
CYP2C8 Upregulated 2.836
Cyp2al2/Cyp2a22 Upregulated 2,501
ASGR2 N.s. regulated 2.130
APOA1 Upregulated 2.118
SERPINA1 ulated 2.110
APOAZ Upregulated 2.100
CYP2E1 M.s. regulated 2.053
ABCE11 N.s. regulated 2.005
PRODH2 N.s. regulated 1.890
APOM ulated 1.879
CYP3AT Uprequlated 1.740
ABCBY N.s. regulated 1.730
ANG N.s. regulated 1.685
SGK2 N.s. regulated 1.524
TR Upregulated 1.454
SLCISAG M.s. regulated 1.347
F13B N.s. regulated 1.305
PCNA Downregulated 1.274
MPZL2 N.s. regulated 1.270
PEMT N.s. regulated 1.255
POLR1B M.s. regulated 1.186
/ LOC102724788/PRODH ulated 1.167
. : oTC Upregulated 1.061
¥ / . j Srorhiace MRTO4 N.s. regulated 1.043
5 J Al {1 lonchamnes CLDN3 N.s. requlated 1.040
s b DIS3 N.s. regulated 1.040
— cgn Kinase ARMCE N.s. regulated 1.035
CLDND1 Ns. regulated 1.024
O oter BRIP1 N.s. requiated 0,978
WDR12 N.s. requlated 0,932
o nge em;::;,m Less AGPAT1 N.s. regulated 0,910
p— POPS N.s. regulated 0.905
4 @  Downroguisted RPS25 N.s. regulated 0,901
. Relatioeiships. TMA1E N.s. regulated 0,889
(el B} S L e AQP1 Upregulated 0,872
2+ - et e gig Mo TMEM208 N.s. regulated 0,853
@® O —. NOG3L N.s. requiated 0842
2 —— - - - mm' SSR2 N.s. regulated 0,837
2 o4 iy SCARB1 ulated 0,805
'P —— ductneon TMEM33 MN.s. @QM 0,794
N 1 s | -eeeee-- trmt renatae MCHZ2 N.s. regulated 0,784
CAMKZD N.s. regulated 0.782
-2+ LSR N.s. requlated 0,742
UTP23 N.s. regulated 0,731
FARSE N.s. regulated 0,691
-4 . - - YBX1 N.s. regulated 0.686
NOP16 M.s. regulated 0,686
mye e Ll ATFEB N.s. regulated 0,670
PERP Upregulated 0,649

Figure 1. Gene expression analysis. (A) Hnf4a network in Oct3™ (n=3) mice. Network shapes: Double circle, complex/group; diamond, enzyme; square,
growth factor; box, ion channel; triangle, kinase; circle, other; green, upregulated genes; red, downregulated genes; line, direct interaction; dashed line,
indirect interaction; arrow, causation. (B) Hnf4a dependent genes in Oct3” (n=3) mice. The majority of Hnf4a dependent genes in Oct3” mice is upregulated.
(C) Activation status (z-score) of the three top upstream regulators in Oct3” mice (n=3); while myc and kras are significantly upregulated, tp53 is significantly

downregulated in Oct3” compared to WT mice. Results were normalized to WT results.

Oct37, Oct3-knockout (FVB.SIc22a3tm10pb); N.s., not significant.

(P<0.01 compared to baseline). After reversal for one and four
weeks, the Hnf4o mRNA level increased again (Fig. 2D and E).
Hnf4o mRNA expression correlated well with Octl mRNA
expression (Fig. 2F).

Functional inhibition of Oct induces Hnf4o mRNA expression.
Oct regulation cannot be easily studied, as the transporters
are not relevantly expressed in cell lines (36). Therefore,
experiments with stably OCT1- and OCT3-transfected tumour
cell lines (HepG2 and HuH7, n=4) and primary hepato-
cytes isolated from Oct3” (n=6) and WT (n=4) mice were
performed. Proof that transfection with pcDNAOCT1 and
pcDNAOCT3 induced overexpression of OCT1 and OCT3
compared with the empty vector was provided as Fig. SI.
Hnf4oa mRNA expression was significantly upregulated
in OCTI1- and OCT3-transfected HepG2 and HuH7 cells
compared with in tumour cells transfected with empty vector
(Fig. 3A) and primary Oct3” hepatocytes (Fig. 3B) after
treatment with the Oct inhibitor quinine (P<0.01). Western
blots and immunofluorescence in primary WT and Oct3™"
hepatocytes showed an increase of Hnfa protein expression
with escalating quinine doses (Figs. 3C and S2-4). These data

ok

P<0.0001 vs. WT mice. Hnf4a, hepatocyte nuclear factor 4a;

clearly show that functional loss of Oct induces the expres-
sion of Hnf4a. Interestingly, immunofluorescence of primary
murine hepatocytes showed that Hnf4a was not only increased
with escalating quinine doses, but theHnf4a distribution also
differed between Oct3” and WT hepatocytes. While Hnf4o.
was located in the cytosol of WT hepatocytes, Oct3” hepato-
cytes showed nuclear Hnf4a expression, indicating that Oct3
affects Hnf4a in vivo (Figs. 3C and S5).

Discussion

HNF4a has been extensively studied in many tissues and
tumour cell lines, but few data exist about an interaction
with OCTs. According to previous findings, Hnf4a is down-
regulated in fibrosis (14). Chemically induced fibrogenesis
with two different agents (CCl, and TAA) resulted in Hnf4a
mRNA downregulation. Interestingly, the mRNA of this
nuclear factor was re-expressed after stopping administration
of TAA and CCl, when fibrosis reversal occurred, indicating
that the Hnf4o downregulation in fibrotic tissue is reversible
(Fig. 2A and B). This means that the effect is real, reproduc-
ible and relevant. To date, no data exist on the reversibility
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Figure 2. Hnf4a downregulation in cholestasis and fibrosis. (A) Hnf4a. mRNA expression in 4 weeks old untreated Oct3”" (n=5) and WT mice (n=5); no signifi-
cant difference was detected. (B) Hnf4o mRNA expression in Oct3” (n=6) and WT mice (n=6) 7 days after BDL; Hnf4a mRNA expression was significantly
downregulated in Oct3”" mice. Sham operation served as control. Values are expressed as fold expression relative to the control. (C) Hnf4a mRNA expression
in Oct3” (n=7) and WT mice (n=9) after 6 weeks of CCl, treatment: Hnf4a. mRNA expression was significantly downregulated in Oct3” mice. Oral gavage
of mineral oil served as the control. Values are expressed as fold expression relative to the control. (D) Results of Hnf4o mRNA expression after induction of
fibrosis with TAA for 6 weeks and after reversal for one and four weeks in C57BL/6 mice (n=5). Placebo intraperitoneal injection and oral gavage of mineral
oil served as the control. (E) Results of Hnf4a mRNA expression after induction of fibrosis with CCl, for 6 weeks and after reversal for one and four weeks
in C57BL/6 mice (n=5). Placebo intraperitoneal injection and oral gavage of mineral oil served as the control. (F) Correlation of Hnf4a and Octl mRNA
expression after induction of fibrosis with TAA and CCl, for 6 weeks and after reversal for one and four weeks in C57BL/6 mice (n=5). "P<0.05, “P<0.01;
"*P<0.001; “"P<0.00001 vs. Control. Hnf4a, hepatocyte nuclear factor 4a; Oct3”, Oct3-knockout (FVB.SIc22a3tm10pb); WT, wild type; TAA, thioacet-

amide; CCl,, carbon tetrachloride; BDL, bile duct ligation; n.s., not significant; w, weeks; rev, reversal.

of Hnf4a downregulation in fibrosis, emphasising that
confounders do not falsify previous findings. Moreover, the
activation of the (proto-) oncogenes myc and kras and the inhi-
bition of the tumour suppressor tp53 in Oct3” mice (Fig. 1D)
are in line with previous findings of enhanced proliferation
and hepatocarcinogenesis with the loss of Oct3 (5). However,
the upstream regulatory mechanism is still unclear.

To date, no data exist on a link between OCT3 and HNF4a.
The OCT1 gene is transactivated by HNF4a. (6), and chemosen-
sitivity to oxaliplatin and 5-FU mediated by OCT1 is induced
by HNF4a in renal cell carcinoma (37). Therefore, differences
in Hnf4o expression between Oct3” and WT mice are likely.
There was no difference in Hnf4Aa mRNA expression between
untreated Oct3” and WT mice (Fig. 2D), but upon induction of
fibrosis or cholestasis, the downregulation of Hnf4a. mRNA was
more intense in Oct3” mice (Fig. 2E and F). This clearly shows
that Hnf4o regulation is affected in cholestasis and fibrosis in
Oct3” mice. Because Hnf4a is a master regulator of hepatocyte
differentiation (8) and fibrosis progression (14),these findings may
contribute to identify Hnf4a as an upstream regulator involved
in the promotion of enhanced proliferation, inflammation and
fibrosis progression in Oct3”" mice, as recently published (5,18).
Also, gene expression analyses revealed that the majority of

genes regulated by Hnf4a are activated in untraded Oct3” mice.
But these data represent a pilot study and have to be evaluated
critically. To further study the effect of loss of OCT function
on HNF4a, Hnf4a mRNA expression was induced in stably
OCT1- and OCT3-transfected tumour cell lines (HepG2 and
HuH?7) and primary Oct3” and WT hepatocytes after treatment
with the non-selective OCT inhibitor quinine (P<0.01), showing
n upregulation of Hnf4a mRNA expression with the loss of Oct
function (Fig. 2A and B). Due to the transactivation of the OCT1
gene by HNF4a (6), a feedback mechanism is possible, but not
identified yet. Interestingly, immunofluorescence of primary
murine hepatocytes showed that Hnf4a was not only increased
with escalating quinine doses, but the Hnf4a distribution also
differed between Oct3™" (nuclear) and WT (cytosol) hepatocytes
(Fig. 2C), indicating that not only transcriptional loss of Oct3 but
also functional loss of Oct affect Hnf4a.. The fact that not only
transcriptional but also functional factors play a relevant role
in OCT regulation is in line with a previous characterisation of
OCT3 as a cellular mechanism underlying rapid, non-genomic
glucocorticoid regulation of monoaminergic neurotransmission,
physiology and behaviour (38). OCT expression is regulated by
transcriptional as well as complex epigenetic (39,40) and meta-
bolic (41,42) factors. There is not a distinct pathway to explain
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Figure 3. Oct inhibition leads to Hnf4a upregulation. (A) Hnf4a mRNA expression in stably OCT1 (pcDNAOCT1)- and OCT3 (pcDNAOCT?3)-transfected
HepG2 (n=4) and HuH7 (n=4) cells after 48 h of treatment with 250 #M of the non-selective OCT inhibitor quinine: OCT inhibition leads to Hnf4a. mRNA
upregulation. Values are expressed as fold expression relative to empty vector in transfected tumour cell lines. Control groups were HepG2 and HuH7 cells
transfected with the empty vector. (B) Hnf4a mRNA expression in primary murine hepatocytes (Oct3”): n=4, WT: n=6) after 48 h of treatment with 250 uM
of the non-selective OCT inhibitor quinine: OCT inhibition leads to Hnf4a mRNA upregulation. Untreated primary murine hepatocytes served as control.
(C) Representative western blots including densitometry and immunofluorescence (magnification, x10) in primary murine hepatocytes of two Oct3” and WT

mice after 48 h treatment with escalating quinine doses (0, 50, 100 and 150 pM). "P<0.05; “P<0.01;

sk

P<0.0001 vs. 0 M quinine. n.s., not significant; Hnf4a,

hepatocyte nuclear factor 4a; Oct3”, Oct3-knockout (FVB.SIc22a3tm10pb), WT, wild-type.

the function and mechanism of Oct3 in the context of liver
damage. Therefore, the role of transcriptional and functional
loss of Oct3 in Hnf4a regulation and finding a mechanistic link
between Oct3 and Hnf4o needs further investigation.

For the first time, we show that Oct3 and Hnf4a regulation
might be associated, with crucial effects on proliferation and
fibrosis progression in the liver. Our results suggest that these
transporters are key regulators of Hnf4a-dependent pathways.
Further efforts are necessary to understand the complex regula-
tion of Oct in the context of Hnf4a. Clinical relevance remains
open. OCTs are emerged via gene duplication and substitute
each other (39,40,43). Potentially a complete loss of Oct func-
tion is not compatible with life. This needs further studies

In conclusion, Hnf4a is downregulated in cholestasis and
fibrosis and functional inhibition of OCT leads to the upregu-
lation of Hnf4a. Thus, we present a novel link between the
transporters and the Hnf4a network.
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