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BIOSYNTHESIS OF STEROIDS
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Fig. 5 KEGG Pathway map and array data (biosynthesis of steroids).
Gene expression changes were mapped on the pathways. Each circle
within a box represents the corresponding probe set on Human
Genome U133 Plus 2.0 array because multiple probe sets are
sometimes designed for a single gene. Red circles indicate overex-
pressed genes in cured cells compared to parental Huh7 cells. The

Rep-Feo cells showed that the replication of the HCV
replicon was suppressed by clofibrate and fenofibrate in a
dose-dependent manner, whereas pioglitazone and troglit-
azone elevated expression levels of replicon. The MTS
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dotted numerical code in each box represents the Enzyme Commis-
sion (EC) number based on the recommendations of the Nomencla-
ture Committee of the International Union of Biochemistry and
Molecular Biology (IUBMB). Correspondence between the genes that
were examined in the microairay analyses and enzymes that are
presented in Fig. 5 is shown in Supplementary Table 4

assay did not show any effect on cell viability or replica-
tion. These results suggest that the decrease or increase in
HCYV replication is due to specific effects of PPAR-alpha or
gamma agonists on HCV replication.
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Fig. 6 Real-time detection RT-PCR. Real-time RT-PCR was per-
formed to verify expression levels of genes that were listed in the
cholesterol biosynthesis pathway in Fig. 4c and that showed

Discussion

In our present analyses, we identified MAPK signaling,
biosynthesis of steroid related and TGF-beta signaling
pathways as significantly changed pathway processes by
comparing replicon-expressing and cured cells (Supple-
mentary Table 2). The results suggest that these pathways
were primarily affected by HCV replication. Comparison
of cured cells and naive Huh7 cells identified cell cycle,
TGF-beta, sphingolipid metabolism, and biosynthesis of
steroids pathways as significantly changed pathways.
Interestingly, cholesterol biosynthesis pathways were sig-
nificantly changed in both comparisons (Supplementary
Tables 2, 3). These data suggest that these pathways may
positively regulate cellular HCV replication and that cho-
Jesterol biosynthesis pathways are primarily activated by
HCV replication and may be essential for continuous virus
replication.

There are several studies that report gene expression
changes in replicon-expressing Huh7 cells as compared
with the naive cells [30-32]. In those studies, however, the
changes in gene expression do not only reflect the effect of
intracellular HCV replication, but also reflect alteration of
host cell clonalities. Indeed, there are inconsistencies
among studies. Use of the cured Huh7 cells can minimize
the effect of cellular clonal changes because such Huh7
subclones have already been selected through HCV repli-
con transduction, drug-resistance selection and subsequent
HCV elimination [33]. In our study, we have compared
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differences in their expression levels by microarray analyses. Assays
were done in triplicate, and asterisks indicate P-values of less than
0.05

gene expression between genotype 1b and 2a replicon cells,
respective cured cells and the naive parental cells, and have
identified molecular signaling or metabolic pathways that
were differentially up- or down-regulated over different
HCV genotypes.

Comprehensive microarray analyses and pathway anal-
yses were very useful for the identification of molecular
mechanisms of HCV infection and replication in the host
cells. We used the KEGG Pathway database [28], a
knowledge-based database of biological systems that inte-
grates genomic, chemical and systemic functional infor-
mation. KEGG provides a reference knowledge base for
linking genome to life through the process of PATHWAY
mapping, which is to map, for example, a genomic or
transcriptomic content of genes to KEGG reference path-
ways to infer systemic behavior of the cells or the organ-
ism. These pathway databases are free on-line resources.
Using these analyses, the close relation between cholesterol
metabolism and HCV replication was demonstrated.
Moreover, in relation to this, when we examined the
pathways of other lipid metabolism, it was shown that fatty
acid biosynthesis metabolism-related pathways were sig-
nificantly changed in cured cells, and indeed we found a
large number of lipid droplets in the cytosol of replicon
cells and cured cells.

The HCV-JFHI strain is the basis of a robustly repli-
cating cell culture system reported recently [5]. We have
performed comprehensive gene expression analyses using
the HCV-JFH1 and the cured Huh7.5.1 cell line [6]. The

- 493 -



J Gastroenterol

FATTY ACID METABOLISM

Actty-Cod O——,
emsrere
\‘ & L.eq'u'lr ]
1 C‘g_kj L ConQ
3 Z5116K
3-Qz0-
hezs-
decemyt
Coa
11121 ssfhstzn] 11121 sshitazn] 2| sz
&3
Py:r\xy
leranoyt hexas
ok deamost
oA
Rz Ezrvfazi4 42174} 4214 21| Rziefazig] 4z174)
Bl trereHez- wreTeur:
esayi-Coh § Hired masOct Gec 2
A 4 Coh
T Fisze f1aes- A EEn 336 1323~ 1399
[—J;j 13932f{1333 139230 13213 {13593 13213 ] [‘*“3" 1""“J
Tems
omm Bubm 4 ym )1? t;:m)‘r decpreyt- O mn.a, ?4 20 ot
cab oyt
[ car\lm
(
213

Glwtpe

Fig. 7 KEGG Pathway map and array data (fatty acid metabolism).
Gene expression changes were mapped on the pathways. Each circle
within a box represents the corresponding probe set on Human Genome
U133 Plus 2.0 array because multiple probe sets are sometimes
designed for a single gene. Red circles indicate overexpressed genes in

Fig. 8 Detection of
intracellular lipid droplets and
HCV NS protein. a Huh7 cells, = :
replicon cells and cured cells 6 : ; i
were fixed and stained with Oil % s
red O and Mayer’s hematoxylin.
Intracellular lipid droplets were S
detected as red spheres in the

cells. Nuclei are stained in blue.

b Replb/Huh7 cells were =
labeled with antibodies against
NS5A (red). Lipid droplets and
nuclei were stained with
BODIPY493/503 (green) and
DAPI (blue), respectively

Huh7
A

Huh7

KEGG Pathway analyses have identified several signifi-
cantly affected pathways that are involved in the cell
cycle, TGF-beta signaling, PPAR signaling and sterol
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cured cells compared to parental Huh7 cells. The dotted numerical
code in each box represents the Enzyme Commission (EC) number.
Correspondence between the genes that were examined in the
microarray analyses and enzymes that are presented in Fig. 7 are
shown in Supplementary Table 4

Huh7-Rep1b Cured-1b

Huh7-Rep1b

biosynthesis. These findings are consistent with our
present results using the HCV subgenomic replicon (see
the Supplementary Table 5; Supplementary Figs. 4, 5).
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Fig. 9 Results of secondary screening with PPAR-alpha and -gamma
agonists. Luciferase activity for HCV replication levels is shown as a
percentage of the control. Cell viability is also shown as percentage of

The JFH1 strain, however, showed substantial cytopathic
effects on cultures of more than 5 days accompanied by
overall induction of apoptosis-related genes and massive
cell death [34]. Thus, it was difficult to conduct gene
expression studies consistently.

Lipid metabolism is involved in the life cycle of many
viruses. Recent studies have demonstrated the localization
of HCV nonstructural proteins in the lipid raft in the endo-
plasmic reticulum (ER) forming intracellular replication
complexes, called membranous webs [35, 36]. Because the
lipid raft is enriched in cholesterols and sphingolipids,
depletion of these lipids leads to inhibition of HCV genomic
replication [19]. Amemiya et al. [37] reported that another
serine palmitoyliransferase, myriocin, depleted cellular
sphingomyelin contents and inhibited HCV replication.

It has been reported that statins efficiently suppress
HCV replication in vitro and in vivo [38-40]. Statins are
inhibitors of HMG-CoA reductase and shut down choles-
terol biosynthesis by preventing the formation of mevalo-
nate from 3-hydroxy-3-methyl-glutaryl CoA. As we have
shown in the results, all enzymes in the cholesterol syn-
thesis pathway were upregulated in the replicon-expressing
and the cured Huh7 cells. In addition to lowering intra-
cellular levels of sterols, statins also reduce levels of iso-
prenoids, which are derived from mevalonate. Isoprenoids
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the control. Each bar represents the average of quadruplicate data
points with standard deviation represented as the error bar. Asterisks
denotes a significant difference from the control of at least P < 0.05

such as farnesyl pyrophosphate and geranylgeranyl pyro-
phosphate serve as lipid attachments for a variety of
intracellular signaling molecules. In our results, the cho-
lesterol biosynthesis pathway was also upregulated
between cured versus naive cell lines as well as replicon
versus cured cell lines. These results suggest that HCV
replication may promote synthesis of lipids including ste-
roids that were essential for the viral efficient replication.

It has been recognized that HCV infection causes
hepatic steatosis and subclinical insulin resistance and that
they are independent of other risk factors such as obesity or
the presence of diabetes mellitus. Similarly, in HCV cell
cultures, Yang et al. [41] have reported that cellular fatty
acid synthase is upregulated in HCV-infected Huh7 cells
and specific inhibition of the enzymatic activity caused
suppression of HCV replication. In the present study,
although lipid metabolism-related genes were upregulated
in cured cells, which supports efficient HCV replication,
there was not significant change in lipid-related genes
between replicon-expressing as compared with cured cells
(Fig. 7). These results suggest that HCV subgenomic rep-
lication does not cause steatosis as it did in full-length
HCV cell culture [41]. These discrepancies might be due to
the absence of the presence of HCV structural genes
including core and envelope proteins.
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We have shown an increase in lipid droplets in HCV
replicon-positive cells and their cured cell lines as a phe-
notype of the gene expression profiles (Fig. 8). On the other
hand, ACOX1, a rate-limiting enzyme of peroxisomal beta-
oxidation, was higher in cured cells than parental Huh7 cells
(Fig. 7) [42]. We have shown preliminarily that cellular
SREBP1 (sterol regulatory element-binding protein 1),
which regulates a set of triglyceride synthesis enzymes en
bloc, is upregulated in HCV replicon-positive cell lines.
These discrepancies might be due to more proficient acti-
vation of SREBPI1-induced fatty acid biosynthesis path-
ways. Collectively, our results suggest that the overall fatty
acid synthesis pathway, not only fatty acid synthase, is
activated by upregulation of a set of responsible enzymes.

We have investigated effects of PPAR agonists to
HCV replication. PPAR-alpha agonists, clofibrate and
fenofibrate suppressed HCV replication (Fig. 9). PPAR-
alpha, not PPAR-gamma, is expressed in hepatocytes,
recognizes cellular free fatty acids and leukotriene B4 as
a specific ligands, and mediates oxidative degradation of
triglyceride and depletion of intracellular fat droplets {43,
44). These properties of PPAR-alpha agonists suggest
that the level of HCV replication is affected by the
increased production of fatty acids, but not by the
overexpression of their related enzymes. PPAR-gamma
agonists, in contrast, amplified HCV replication. Because
PPAR-gamma is a regulator of fatty acid metabolism in
peripheral tissue and is not expressed in the hepatocytes
or in Huh7 cells (data not shown), it is possible that the
effects of the PPAR-gamma agonists on HCV replication
may be through its pleiotropic side effects such as p38
MAPK activation [45]. Very recently, it has been
reported that HCV-NSS5A proteins induce expression of
PPARgamma [46].

In conclusion, comprehensive gene expression and
pathway analyses were useful to study molecular pathways
that were involved in HCV pathogeneses and to identify
host factors for HCV replication that could constitute
antiviral targets.
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Inhibition of hepatitis C virus replication by chloroquine
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Abstract

Background Autophagy has been reported to play a piv-
otal role on the replication of various RNA viruses. In this
study, we investigated the role of autophagy on hepatitis C
virus (HCV) RNA replication and demonstrated anti-HCV
effects of an autophagic proteolysis inhibitor, chloroquine.
Methods Induction of autophagy was evaluated following
the transfection of HCV replicon to Huh-7 cells. Next, we
investigated the replication of HCV subgenomic replicon
in response to treatment with lysosomal protease inhibitors
or pharmacological autophagy inhibitor. The effect on
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HCV replication was analyzed after transfection with
siRNA of ATGS, ATG7 and light-chain (L.C)-3 to replicon
cells. The antiviral effect of chloroquine and/or interferon-
o (IFNo) was evaluated.

Results The transfection of HCV replicon increased the
number of autophagosomes to about twofold over untrans-
fected cells. Pharmacological inhibition of autophagic pro-
teolysis significantly suppressed expression level of HCV
replicon. Silencing of autophagy-related genes by siRNA
transfection significantly blunted the replication of HCV
replicon. Treatment of replicon cells with chloroquine
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suppressed the replication of the HCV replicon in a dose-
dependent manner. Furthermore, combination treatment of
chloroquine to IFNe: enhanced the antiviral effect of IFNe
and prevented re-propagation of HCV replicon. Protein
kinase R was activated in cells treated with IFN« but not with
chloroquine. Incubation with chloroquine decreased degra-
dation of long-lived protein leucine.

Conclusion The results of this study suggest that the
replication of HCV replicon utilizes machinery involving
cellular autophagic proteolysis. The therapy targeted to
autophagic proteolysis by using chloroquine may provide a
new therapeutic option against chronic hepatitis C.

Keywords Autophagy - Autophagosome -
HCYV replicon - Chloroquine

Introduction

The genome of HCV, a member of the family Flaviviridae,
consists of a positive-sense single-stranded RNA. Peg-
interferon/ribavirin combination therapy, which is the most
effective therapy against HCV infection, is effective in
around 50% for genotype 1 and 80% for genotypes 2 and 3
[1-3], however, many people cannot tolerate the serious
side effects and are resistant to Peg-interferon/ribavirin
combination therapy. Difficulties in eradicating HCV are
attributable to the limited number of treatment options
against HCV [4, 5]. Therefore, the search for novel thera-
peutic agents remains a strong aspiration.

Autophagy - is an evolutionarily conserved cellular
pathway in which the cytoplasm and organelles are
engulfed within double-membraned vesicles, known as
autophagosomes. While cellular autophagy is thought to be
in preparation for the turnover and recycling of cellular
constituents [6-8], this process has been proposed as a
mechanism of virus replication complex formation in
positive-stranded RNA viruses including poliovirus, equine
arteritis virus and coronavirus [9-12]. In these viruses, the
replication complexes consist of double membrane vesicles
in the cytoplasm, suggestive of an autophagosome origin
[9, 12]. Recently, it was reported that transfection of HCV
replicon induced autophagy [11]. Additionally, Sir et al.
[13] demonstrated that the suppression of autophagy
inhibited the replication of HCV. These findings suggested
that the autophagy plays a pivotal role in HCV replication.

Chloroquine, which is widely used for the treatment of
malaria, is a well-established inhibitor of autophagic pro-
teolysis which acts by inhibiting acidification of lysosomes
and endosomes [14]. It has been reported that chloroquine
exerts direct antiviral effects on several RNA viruses
including coronaviruses, flaviviruses and human immuno-
deficiency virus (HIV) [8, 15-17]. Moreover, clinical
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studies have demonstrated the safety, tolerability, and
efficacy of chloroquine in the antiviral treatment of HIV
infection [18, 19]. Here, we have demonstrated that auto-
phagic proteolysis plays a pivotal role on HCV replication,
moreover, the inhibition of autophagic proteolytic path-
ways can constitute an effective new therapeutic target
against HCV.

Materials and methods
Cell culture and treatment

Huh-7 cells were stably transfected with HCV replicon
expressing chimeric protein of firefly luciferase and neo-
mycin phosphotransferase [20, 21]. They were cultured in
Dulbecco’s modified essential medium (DMEM) (Sigma, St.
Louis, MO) supplemented with 10% foetal bovine serum
(FBS) at 37°C under 5% CO,. To maintain cell lines carrying
the HCV replicon, G418 (Wako, Osaka, Japan) was added to
the medium at a final concentration 500 pg/ml.

Luciferase assay

Luciferase activities were quantified to evaluate the repli-
cation of HCV replicon by a luminometer (Lumat LB9507;
Berthold, Germany) using a Bright-Glo Luciferase Assay
System (Promega, Madison, WI). Assays were performed
in triplicate, and the results were expressed as mean + SD
as percents of controls.

Cell viability assay

The viability of cells was assessed by WST-1 assay. Cells
were cultured in 96-well plates at 5 x 10*/well for 24 h,
and then treated with 3-methyladenine [22] (10 mM),
mixture of E64d (1 pg/ml) and pepstatin A [23] (1 pg/ml),
and chloroquine ( 107°-107> M) for 18 h. Cell proliferation
reagent WST-1 (Roche, Swiss) was added to each well, and
the cells were incubated for another 1 h at 37°C. The
absorbance was measured against a background control by
microplates reader (SPECTRA max 340PC, Molecular
Devices, Sunnyvale, CA) at 450 nm. The reference wave-
length was 650 nm.

Inhibition of autophagy and replication
of HCV replicon

Cells were freated with 3-methyladenine (10 mM) or
mixture of E64d (I pg/ml) and pepstatin A (1 pg/ml),
chloroquine (10_7—10'3 M), interferon (IFN)e (100 U/mtl)
for 18 h, the levels of replication of HCV replicon were
assessed by luciferase assay. Moreover, cells were cultured
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with chloroquine (107> M) and/or TFNa (100 U/ml) for
7 days, then continued to incubate without drugs for
another 21 days. Replication levels of HCV replicon were
determined by luciferase assay at 7th and 21st days from
cessation of drugs.

Identification of autophagosomes

Naive Huh7 cells, Huh7/Rep-Feo cells, and Huh7/Rep-Feo
treated with IFNg for 14 days were seeded on 30 mm
dishes and incubated for 48 h. In addition, Huh7/Rep-Feo
cells were treated with chloroquine (10’5 M) for 18 h.
Cells were prefixed with 2% glutaraldehyde, post-fixed
with 1% osmic acid, dehydrated in graded ethanol,
embedded in resin, and cut into sections on an ultrami-
crotome. The cells were analyzed by a transmission elec-
tron microscope (Hitachi H7100, Japan). The number of
autolysosomes in 100 pmz of cytoplasm was counted by
using transmission electron microscopy.

Small interfering RNA knockdown of ATGS, 7, LC-3

A combination of four chemically synthesized siRNA
duplex molecules targeted to the human ATGS, 7, LC-3a,
LC-38 mRNA sequence (Dharmacon, Lafayette, CO) was
transiently transfected (final concentration 50 nM) into
Huh7/Rep-Feo cells using a transfection reagent (Dharm-
acon, Lafayette, CO). siRNA targeted to enhanced green
fluorescence protein was used as a control. Forty-eight
hours after transfection, levels of HCV replication were
analyzed by luciferase assay.

Western blot analysis

Twenty-five micrograms of total cell lysates were sub-
jected to SDS/PAGE on a 10% gradient gel and electro-
phoretically transferred onto polyvinylidene fluoride
membranes. After blocking with 5% non-fat dry milk in
Tris-buffered saline, membranes were incubated with pri-
mary rabbit monoclonal antibody against Phospho-protein
kinase R (P-PKR) (Cell Signaling Technology, Danvers,
MA) or light-chain 3 (LC3), followed by a secondary
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
antibody (Cell Signaling Technology, Danvers, MA).
Subsequently, specific bands were visualized using ECL
detection kit (Amersham Pharmacia Biotech, Midland, ON,
Canada).

Protein degradation assay

Long lived protein is mainly degraded by autophagy
[24]. Cells were incubated with Williams’ E/10% FBS

containing 0.5 pCi/ml [**Clleucine for 24 h to label
long-lived proteins. Cells were washed with Williams’
E/10% FBS containing 107> M of unlabeled leucine and
incubated with the medium for 2 h to allow degradation
of short-lived proteins and minimize the incorporation of
labeled leucine. The cells were then washed with phos-
phate-buffered saline (PBS) and incubated at 37°C with
Williams® E/10% FBS in the presence or absence of
chloroquine (107> M). After 4 h, aliquots of the medium
were taken and a one-tenth volume of 100% trichloro-
acetic acid was added to each aliquot. The mixtures were
centrifuged at 12,000g for S min, and the acid-soluble
radioactivity was determined using a liquid scintillation
counter. At the end of the experiment, the cultures were
washed twice with PBS, and 1 ml of cold trichloroacetic
acid was added to fix the cell proteins. The fixed cell
monolayers were washed with trichloroacetic acid and
dissolved in 1 ml of 1 N NaOH at 37°C. Radioactivity in
an aliquot of 1 N NaOH was determined by liquid
scintillation counting. The percentage of protein degra-
dation was calculated according to published procedures
[25].

Hub-7 Huh?/Rep-Feo Huh7/Rep-Feo
treated with TEN

B (22308}

0 . O — .-;; S

Huh-7

" Huh-7  Huh Rep:Fco
Rep-Feo  treated with JFN

Number of autolysosonies/100un7 of cytoplasm

Fig. 1 Expression of autophagy is changed by presence or absence of
HCV replicon. a Naive Huh7 cells, Huh7/Rep-Feo cells, and Huh7/
Rep-Feo treated with IFNe for 14 days were seeded on 30 mm dishes
and incubated for 48 h. The cells were analyzed by a transmission
electron microscopy. Autophagosomes (arrow heads) were detected
by transmission electron microscopy. b The number of autolysosomes
in 100 pm? of cytoplasm was counted by using transmission electron
microscopy
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Fig. 2 Inhibition of autophagy A
suppressed replication of HCV
replicon. a Cells were treated
with 3-methyladenine (3-MA)
(10 mM) or a mixture of E64d
(1 pg/ml) and pepstatin A (Pep)
(1 pg/ml) for 18 h, the levels of
replication of HCV replicon
were assessed by luciferase
assay. b Cells were treated with
3-methyladenine (10 mM),
mixture of E64d (1 pg/ml) and
pepstatin A (I pg/ml) for 18 h.
Cell proliferation reagent
WST-1 was added to each well,
and the cells were incubated
for 1 more hour at 37°C. The
absorbance was measured
against a background control by
microplates reader at 450 nm.
The reference wavelength was
650 nm. ¢ A combination of
four chemically synthesized
siRNA duplex molecules
targeted to the human ATGS, 7,
LC-3¢, LC-3f mRNA sequence
was transiently transfected into
Huh7/Rep-Feo cells using a
transfection reagent. siRNA
targeted to enhanced green
fluorescence protein was used as
the control. Forty-eight hours
after transfection, levels of HCV
replication were analyzed by
luciferase assay
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Statistical analysis

Differences were compared using ANOVA. Basically P
values less than 0.05 were considered as statistically
significant.

Results

The inhibition of autophagy suppressed
replication of HCV replicon

We counted numbers of autophagosome and autolysosome
in cells transduced with HCV replicon Rep-Feo by using
electron microscopy. Double membrane vesicles with
the morphology of autophagosomes were identified at
2.3 vacuoles/cells in naive Huh-7 cells, while transfection
of HCV replicon increased the number of vacuoles to about
fourfold over untransfected Huh-7 cells (Fig. la, b).
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Subsequent treatment of the cells with IFNe (100 U/ml) for
14 days to eliminate HCV replicon substantially decreased
the autophagolysosome in cytoplasm of Huh7/Rep-Feo
cells (Fig. 1a, b). These observations suggested that HCV
replicon induces formation of autophagosomes. To clarify
the role of autophagy on the replication of HCV, Huh7/
Rep-Feo cells were treated with 3-methyladenine (10 mM)
or a mixture of E64d (10 pg/ml) and pepstatin A (10 pg/ml)
which inhibited autophagic protein degradation. Replica-
tion level of HCV replicon in cells was increased to about
twofold after 18 h in control media, however incubation
with 3-methyladenine completely blunted increases in
replication of HCV replicon. Treatment with 3-methylad-
enine decreased the number of autophagosomes to about
19% of Huh7/Rep-Feo cells. Furthermore co-incubation
with E64d and pepstatin A decreased replication of HCV
replicon to about 66% of control (Fig. 2a). Next, WST-1
assay was performed to check the cytotoxicity of these
drugs. Treatment with 3-methyladenine or a mixture of
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Fig. 3 Effect of chloroquine on A
inhibition of HCV replication
and cell viability. a Effect of
chloroquine on replication of
HCYV replicon. Huh-7 Rep/Feo
cells were seeded in 48-well
plate and incubated with
chloroquine (107-107* M) for
18 h. Replication levels of HCV
replicon were determined by
luciferase assay. Values are
shown as percentages of the
control cells. [*P < 0.05 vs.
control (18 h) by ANOVAL

b Effect of chloroquine on
proliferation of Huh-7 Rep/Feo
cell lines in vitro. Cells seeded
in 96-well plates were treated
with 107° to 107*M of
chloroquine. After 18 h, effects
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E64d and pepstatin A did not affect cell viability (Fig. 2b).
To clarify the role of autophagy induction in the replication
of HCV, we suppressed the induction of autophagy by
silencing autophagy-related genes (ATGS, ATG7, LC-3a
and LC-3f) by siRNA transfection. Silencing of autoph-
agy-related genes reduced the replication of HCV replicon
to about 70% of control (Fig. 2c). Transfection with siRNA
of autophagy related genes decreased the number of auto-
phagosomes to about 30% of control. These results indi-
cated that autophagy plays a pivotal role in replication of
HCV.

Chloroquine inhibits the replication of HCV replicon

Next, we evaluated the anti-HCV effect of chloroquine,
which is a lysosomotropic agent that raises intralysoso-
mal pH and impairs autophagic protein degradation. To
assess the effects of chloroquine on the intracellular
replication of the HCV replicon, Huh7/Rep-Feo cells
were cultured with various concentrations of chloroquine
in the medium. The replication of the HCV replicon was

increased to about twofold within 18 h in the control
media, however, which was suppressed by chloroquine in
a dose-dependent manner (Fig. 3a). Next, cytotoxicity of
chloroquine was analysed by WST-1 assays. Huh7/Rep-
Feo cells treated with chloroquine showed no significant
effect on cell viability in doses of lower than 107> M
(Fig. 3b). However, incubation with 10™* M of chloro-
quine reduced the cell viability to 25% of control. On
the basis of the toxicity curve, the ICsy of the drug was
calculated to be 3.6 x 107°M (Fig. 3c). The average
ECso of chloroquine was calculated as 2.2 x 107’ M
(Fig. 3c). The replication of HCV replicon was sup-
pressed to nearly 40% of control at 107> M of chloro-
quine, which did not affect cell viability. These data
indicated that chloroquine efficiently inhibited the repli-
cation of HCV replicon in the absence of toxic effect to
cells at the concentration of 107> M. Accordingly, we
used 107> M of chloroquine for the following study.
Next, we conducted the following assay to determine the
synergistic inhibitory effect of chloroquine to IFNo on
HCV replication. Treatment with chloroquine for 18 h
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Fig. 4 Combination effect of chloroguine with IFNe on HCV
replication. a Huh-7 Rep/Feo cells were treated with chloroquine
(10_5 M) and/or IFNa (100 U/ml) for 18 h. Values are shown
as percentages of the control cells [*P < 0.05 vs. control (18 h)
by ANOVA, %P < 0.05 vs. IFNu treatment group by ANOVA].
b Assessment of re-propagation of HCV replicon after long term
treatment of chloroquine and/or IFNo. Huh-7 Rep/Feo was incubated
with chloroquine (10~ M) and/or IFNe (100 U/ml) for 7 days, then
drugs were removed from the medium and incubation continued for
another 21 days. Luciferase assay was performed at the 7th and 21st
days from cessation of drugs. Values are shown as percentages of the
control cells [*P < 0.05 vs. IFNe treatment group (day 28) by
ANOVA]

resulted in a significant decrease of HCV replicon to about
40% of control. On the other hand, incubation with IFNa
for 18 h inhibited the replication of HCV replicon to the
levels about 15% of controls as expected. However, co-
incubation with 100U/ml of IFN and 107> M of chloro-
quine further decreased HCV replication significantly
(Fig. 4a).

To determine whether long-term chloroquine treatment
inhibits post-treatment re-propagation of HCV replicon, we
followed up luciferase activity of the cells at the 7th and
21st days after 7 days of treatment with chloroquine and/or
IFNu (Fig. 4b). In HCV replicon cells treated by chloro-
quine, luciferase activities recovered to 53 and 88% on 7
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and 21 days after cessation of treatment. In cells that were
treated by IFNg, luciferase activity maintained background
level for 7 days post-treatment. However, it reappeared in
21 days. In sharp contrast, co-incubation with IFNo and
chloroquine for 7 days suppressed HCV replication for the
extensive period up to 21 days, even in the absence of
these drugs (Fig. 4b).

Anti-HCV effect of chloroquine
independent of IFN signaling pathway

IFN-inducible double-stranded RNA-activated protein
kinase R (PKR) plays a key antiviral role against hepatitis
C virus [26, 27]. To elucidate the mechanisms of the
inhibitory effect of chloroquine on HCV replication,
phosphorylated PKR (P-PKR) was evaluated by western
blotting analysis. P-PKR was detectable in cells treated
with IFNg after 24 h; this increase in P-PKR expression
peaked at 24 h after IFNe treatment and was reduced at
48 h (Fig. 5a). In contrast, P-PKR was not observed in
cells treated with chloroquine at any time point.

Chloroquine blunts autophagic proteolysis
in cells transfected with HCV replicon

It is reported that chloroquine disrupts lysosomal function,
preventing effective autophagic protein degradation, leading
to the accumulation of ineffective autophagosomes [28].
Therefore, we investigated if chloroquine led to the accu-
mulation of autolysosomes as a result of suppression of
proteolysis. We performed electron microscopic investiga-
tion to evaluate quantities of autophagosomes and
autolysosomes. Ultrastructural analysis identified 0.94 +
0.1 vacuoles/100 pmz of autolysosomes in control cells;
however, treatment with chloroquine increased the number
of autolysosomes dramatically to about 13-fold over control
(Fig. 5b). Furthermore, the molecular form of LC3 protein of
the cells, which is a component of autophagosomes, was
examined by western blot analysis to ensure that chloroquine
treatment leads to the accumulation of autophagosomes and
autolysosomes. As shown in Fig. 5c, immunopositive pro-
tein bands for LC3-1 and LC3-II forms were clearly evident
in control cells. After chloroquine treatment, LC3-II
expression increased at 4 h (Fig. 5¢) to about threefold over
control without enhancing LC3-I expression, and at 8 h
(Fig. 5¢) LC3-II expression was further enhanced. Finally,
we evaluated turnover of the long-lived protein leucine,
which was mainly degraded by autophagy. Huh7/Rep-Feo
cells were labeled with ['*C]leucine for 24 h, and degrada-
tion of ["*C]leucine in cells treated with or without chloro-
quine was measured. Chloroquine treatment decreased
degradation of leucin to 76% of control, indicating that
chloroquine blunts degradation of proteins via an autophagic
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Fig. 5 Chloroquine suppresses 12h

24h 48h

autophagic protein degradation,

not interferon pathways. a Cells Control CQ
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were treated with 107> M of
chloroquine (CQ) or 100 U/ml of
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IFNo for 24-48 h.

Phosphorylation of PKR was
assessed by western blot

GAPDH

analysis. GAPDH was used as
loading control. b Ultrastructural
analysis showing the effect of
chloroquine on the number of
autolysosomes. Huh-7/Rep-Feo
cells were incubated with
chloroquine for 18 h.
Autolysosomes were identified
as the double membrane vesicles
(arrow heads) of cytoplasm in
Huh-7 Rep/Feo. The number of

(x3,000)

autolysosomes in 100 pm? of
cytoplasm was counted by using
transmission electron
microscopy. Data represent
mean == SEM of individual
preparations from pictures
(*P < 0.05 vs. control by
ANOVA). ¢ Western blot
analysis of LC3 in Huh7
Rep/Feo. The lysate of Huh7
Rep/Feo treated with
chloroquine for 4-8 h were
immunoblotted with LC3.
GAPDH was used as loading
control
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Fig. 6 Turnover of long lived protein. Huh-7 Rep/Feo cells were
labeled with [**Clleucin for 4 h, then degradation of long-lived
protein in chloroquine treated cells was measured as described in
Materials and Methods. The percentage of protein degradation was
calculated by dividing the amount of acid-soluble radioactivity in the
medium at that time by the amount of acid-precipitable radioactivity
present in the cells at time zero. Data are mean + SEM of value of
triplicate in each group (*P < 0.05)

pathway (Fig. 6). These results demonstrate that chloro-
quine-induced the accumulation of autolysosomes was due
to disruption of autophagic proteolysis.
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Discussion

Previous reports have disclosed that autophagy plays a
pivotal role on the replication of several RNA viruses
[10-12]. Our present results demonstrate that antophagy is
induced by transfection of HCV replicon and is reduced by
deletion of replicon due to IFNo (Fig. la, b). These results
suggest that autophagy is induced in the presence of HCV
replication in its host cells. However, the role of autophagy
in the pathogenesis of HCV is largely unclear. We found
that the inhibition of autophagosome formation and auto-
phagic proteolysis blunt the replication of genotype 1b
subgenomic HCV replicon (Fig. 2a, c). Sir et al. [13]
reported that inhibition of autophagy also reduced the
replication of the JFHI1-based full length genotype 2a
genome. Therefore, the utilization of autophagy on viral
replication is shown by HCV strains across different
genotypes.

On the other hand, not only a silencing of autophagic
gene but also pharmacological inhibition of autophagic
proteolysis possesses anti-HCV effects (Fig. 2a, ¢). How-
ever, treatment with both chloroquine and the mixture
of E64d and pepstatin induced the accumulation of
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autophagosomes in cytoplasm. Therefore, it is likely that
HCV does not utilize the double membrane structure as the
localization of the viral replication formation. These results
support the hypothesis that protein degradation due to
autophagy is important for HCV replication.

Chloroquine is a well-known inhibitor of autophagic
protein degradation and is often used as an anti-malarial
agent. Moreover, the anti-viral effect of chloroquine on
other RNA viruses has been already reported in clinical
trials [15, 16]. In our results, chloroquine inhibits the
intracellular replication of an HCV replicon in a dose-
dependent manner (Fig. 3a). This antiviral effect of
chloroquine was clearly not due to cytotoxic effects
(Fig. 3b). Moreover, chloroquine possesses a synergistic
effect with IFNo on HCV replication (Fig. 4a). Although
IFN¢ possesses strong anti-HCV effects, re-propagation
of HCV replicon was observed after 3 weeks following
7 days of treatment with IFNe. Interestingly, co-incuba-

tion with IFNa and chloroquine for 7 days prevented re-

propagation of HCV replicon (Fig. 4b). Chloroquine is a
lysosomal weak base that is known to affect acid vesi-
cles leading to dysfunction of several proteins [29]. It
was demonstrated that disruption of lysosomal function
impairs maturation of viruses through inhibiting the low-
pH dependent proteases in trans-Golgi vesicles in HIV
and the SARS coronavirus infection in vitro [15, 29].
However, little is understood about the mechanism of its
antiviral effect. In previous reports, various drugs which
possess inhibitory effects on the replication of HCV and
have a synergistic action with IFNo have been proposed
as new therapeutic agents to treat HCV. Some of them
have proved to exhibit their anti-HCV effects through
augmentation of IFN-induced antiviral gene responses
[30, 31]. However, the anti-HCV effect of chloroquine
was not associated with activation of ome of IFN
receptors signaling molecule PKR (Fig. 5a). Our results
showed chloroquine induced the accumulation of inef-
fective autophagosomes in cytoplasm of Huh7/Rep-Feo
cells (Fig. 5b) and inhibited the degradation of long-lived
protein leucine (Fig. 6). These findings imply that chlo-
roquine effectively impairs the function of autophagy in
our experiment. These results indicated that chloroquine
is a new anti-HCV agent that targets the autophagic
proteolysis.

Previous reports have shown that chloroguine pos-
sesses anti-viral effects on various RNA viruses. Its best-
studied effects are those against HIV replication, which
are being tested in clinical trials [17, 18]. HCV co-
infection is common in HIV-positive patients in USA
and Europe [32, 33]. Since HIV infection accelerates the
progression of HCV-related liver disease, treatment of
HCV is generally recommended. However, co-infected
patients have a greater risk of antiretroviral therapy-
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associated hepatotoxicity than patients with HIV only
[34]. Moreover, treatment with ribavirin is believed to
increase the risk of anemia in patients taking the HIV
drug zidovudine [35]. A clinical study designed for HIV
patients showed the safety and efficacy of chloroquine
used for long terms up to 48 weeks [36]. Therefore, the
combination therapy of interferon and chloroquine is,
possibly, a hopeful therapy for HCV-HIV co-infected
patients. Since chloroquine is known as one of the
inexpensive drugs, therefore, chloroquine might provide
a new effective, safe and economical therapeutic option
for patients with HCV. In conclusion, autophagic prote-
olysis might be a new therapeutic target on the replica-
tion of HCV.

References

1. Yotsuyanagi H, Koike K. Drug resistance in antiviral treatment
for infections with hepatitis B and C viruses. ] Gastroenterol.
2007;42:329-35.

2. Bruno S, Stroffolini T, Colombo M, Bollani S, Benvegnu L,
Mazzella G, et al. Sustained virological response to interferon-
alpha is associated with improved outcome in HCV-related
cirrhosis: a retrospective study. Hepatology. 2007;45:579-87.

3. Shiffman ML, Cooksley WG, Dusheiko GM, Lee SS, Balart L,
Reindollar R, et al. Peginterferon alfa-2a in patients with chronic
hepatitis C and cirrhosis. N Engl J Med. 2000;343:1673-80.

4, Sezaki H, Suzuki F, Kawamura Y, Yatsuji H, Hosaka T, Akuta N,
et al. Poor response to pegylated interferon and ribavirin in older
women infected with hepatitis C virus of genotype Ib in high
viral load. Dig Dis Sci. 2009;54:1317-24.

5. Honda T, Katano Y, Urano F, Murayama M, Hayashi K, Ishigami
M, et al. Efficacy of ribavirin plus interferon-u in patients aged
60 years with chronic hepatitis C. ] Gastroenterol Hepatol.
2007;22:989-95.

6. Wang CW, Klionsky DJ. The molecular mechanism of autoph-
agy. Mol Med. 2003;9:65-76.

7. Klionsky DJ, Emr SD. Autophagy as a regulated pathway of
cellular degradation. Science. 2000;290:1717-21.

8. Reggiori F, Klionsky DJ. Autophagy in the eukaryotic cell.
Eukaryot Cell. 2002;1:11-21.

9. Prentice E, Jerome WG, Yoshimori T, Mizushima N, Denison
MR. Coronavirus replication complex formation utilizes com-
ponents of cellular autophagy. J Biol Chem. 2004;279:10136-41.

10. Randolph VB, Winkler G, Stollar V. Acidotropic amines inhibit
proteolytic processing of flavivirus prM  protein. Virology.
1990;174:450-8.

11. Posthuma CC, Pedersen KW, Lu Z, Joosten RG, Roos N,
Zevenhoven-Dobbe JC, et al. Formation of the arterivirus repli-
cation/transcription complex: a key role for nonstructural protein
3 in the remodeling of intracellular membranes. J Virol.
2008;82:4480-91.

12. Suhy DA, Giddings TH Jr, Kirkegaard K. Remodeling the
endoplasmic reticulum by poliovirus infection and by individual
viral proteins: an autophagy-like origin for virus-induced vesi-
cles. ] Virol. 2000;74:8953-65.

13. Sir D, Chen WL, Choi J, Wakita T, Yen TS, Ou JH. Induction of
incomplete autophagic response by hepatitis C virus via the
unfolded protein response. Hepatology. 2008;48:1054-61.

- 505 -



J Gastroenterol

14.

18.

20.

21.

22.

23.

24.

25.

Poole B, Ohkuma S. Effect of weak bases on the intralysosomal
pH in mouse peritoneal macrophages. J Cell Biol. 1981;90:
665-9.

. Vincent MJ, Bergeron E, Benjannet S, Erickson BR, Rollin PE,

Ksiazek TG, et al. Chloroquine is a potent inhibitor of SARS
coronavirus infection and spread. Virol J. 2005;2:69.

. Savarino A, Gennero L, Chen HC, Serrano D, Malavasi F,

Boelaert JR, et al. Anti-HIV effects of chloroquine: mechanisms
of inhibition and spectrum of activity. AIDS. 2001;15:2221-9.

. Savarino A, Boelaert JR, Cassone A, Majori G, Cauda R. Effects

of chioroquine on viral infections: an old drug against today’s
diseases? Lancet Infect Dis. 2003;3:722-7.

Sperber K, Chiang G, Chen H, Ross W, Chusid E, Gonchar M,
et al. Comparison of hydroxychloroquine with zidovudine in
asymptomatic patients infected with human immunodeficiency
virus type 1. Clin Ther. 1997;19:913-23.

. Paton NI, Aboulhab J. Hydroxychloroquine, hydroxyurea and

didanosine as initial therapy for HIV-infected patients with low
viral load: safety, efficacy and resistance profile after 144 weeks.
HIV Med. 2005;6:13-20.

Tanabe Y, Sakamoto N, Enomoto N, Kurosaki M, Ueada E,
Maekawa S, et al. Synergistic inhibition of intracellular hepatitis
C virus replication by combination of ribavirin and interferon-
alpha. J Infect Dis. 2004;189:1129-39.

Yokota T, Sakamoto N, Enomoto N, Tanabe Y, Miyagishi M,
Maekawa S, et al. Inhibition of intracellular hepatitis C virus
replication by synthetic and vector-derived small interfering
RNAs. EMBO Rep. 2003;4:602-8.

Seglen PO, Gordon PB. 3-Methyladenine: specific inhibitor of
autophagic/lysosomal protein degradation in isolated rat hepato-
cytes. Proc Natl Acad Sci USA. 1982;79:1889-92.

Ueno T, Ishidoh K, Mineki R, Tanida I, Murayama K, Kadowaki
M, et al. Autolysosomal membrane-associated betaine homo-
cysteine methyltransferase. Limited degradation fragment of a
sequestered cytosolic enzyme monitoring autophagy. I Biol
Chem. 1999;274:15222-9.

Klionsky DJ, Emr SD. Autophagy as a regulated pathway of
cellular degradation. Science. 2000;290:1717-21.

Gronostajski RM, Pardee AB. Protein degradation in 3T3 cells
and tumorigenic ftransformed 3T3 cells. J Cell Physiol.
1984;119:127-32.

- 506 -

26.

27.

28.

29.

31.

32.

33.

34.

35.

36.

Clemens MJ. PKR-a protein kinase regulated by double-stranded
RNA. Int J Biochem Cell Biol. 1997;29:945-9.

Gale MJ Jr, Korth MJ, Tang NM, Tan SL, Hopkins DA, Dever
TE, et al. Evidence that hepatitis C virus resistance to interferon
is mediated through repression of the PKR protein kinase by the
nonstructural SA protein. Virology. 1997;230:217-27.
Glaumann H, Ahlberg J. Comparison of different autophagic
vacuoles with regard to ultrastracture, enzymatic composition,
and degradation capacity—formation of crinosomes. Exp Mol
Pathol. 1987;47:346-62.

Thorens B, Vassalli P. Chloroguine and ammonium chloride
prevent terminal glycosylation of immunoglobulins in plasma
cells without affecting secretion. Nature. 1986;321:618-20.

. Dev A, Patel K, McHutchison JG. New therapies for chronic

hepatitis C virus infection. Curr Gastroenterol Rep. 2004;6:77-
86.

Lin K, Kwong AD, Lin C. Combination of a hepatitis C virus
NS3-NS4A protease inhibitor and alpha interferon synergistically
inhibits viral RNA replication and facilitates viral RNA clearance
in replicon cells. Antimicrob Agents Chemother. 2004;48:4784—
92.

Staples CT Jr, Rimland D, Dudas D. Hepatitis C in the HIV
(human immunodeficiency virus) Atlanta V.A. (Veterans Affairs
Medical Center) Cohort Study (HAVACS): the effect of coin-
fection on survival. Clin Infect Dis. 1999;29:150-4.

Denis F, Adjide CC, Rogez S, Delpeyroux C, Rogez JP, Wein-
breck P. Seroprevalence of HBV, HCV and HDV hepatitis
markers in 500 patients infected with the human immunodefi-
ciency virus, Pathol Biol (Paris). 1997;45:701-8.

Sulkowski MS, Benhamou Y. Therapeutic issues in HIV/HCV-
coinfected patients. J Viral Hepat. 2007;14:371-86.

Alvarez D, Dieterich DT, Brau N, Moorehead L, Ball L,
Sulkowski MS. Zidovudine use but not weight-based ribavirin
dosing impacts anaemia during HCV treatment in HIV-infected
persons. J Viral Hepat. 2006;13:683-9.

Paton NI, Aboulhab J, Karim F. Hydroxychloroquine, hydroxy-
carbamide, and didanosine as economic treatment for HIV-1.
Lancet. 2002;359:1667-8.

@ Springer



J Gastroenterol 2009; 44:173-182
DOI 10.1007/s00535-008-2284-4

Journal of

Gastroenterology
© Springer 2009

Musashi-1 suppresses expression of Paneth cell-specific genes in

human intestinal epithelial cells

MINEKAZU MURAYAMA'®, RyuicHl OxaMoTo'*, K1icHIRO TSUCHIYA', JUNKO AKIYAMA'
TeTsUYA NaKAMURA', NAOYA SAKAMOTO!, TAXANORI KaNAT, and MAMORU WATANABE'

!Department of Gastroenterology and Hepatology, Graduate School, Tokyo Medical and Dental University, 1-5-45 Yushima, Bunkyo-ku,

Tokyo 113-8519, Japan

*Department of Advanced Therapeutics in GI Diseases, Graduate School, Tokyo Medical and Dental University, Tokyo, Japan

Background. Musashi-1 (Msi-1) is a RNA-binding
protein, known as a putative marker of intestinal stem
cells (ISCs). However, little is known about the function
of Msi-1 within human intestinal epithelial cells (IECs).
Thus, the present study aimed to clarify the role of
Msi-1 in differentiation and proliferation of IECs.
Merhods. A human intestinal epithelial cell line stably
expressing Msi-1 was established. Proliferation of the
established cell lines was measured by bromodeoxy-
uridine incorporation, whereas differentiation were
assessed by reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis of lineage-specific genes.
Activities of the Notch and Wnt pathways were exam-
ined either by reporter assays or expression of down-
stream target genes. The distribution of Msi-1 and
PLA2G2A expression in vivo was determined by immu-
nohistochemistry. Results. Constitutive expression of
Msi-1 in TECs had no significant effect on cell prolifera-
tion, but suppressed expression of Paneth cell-specific
genes, including PLA2G2A. Msi-1 appeared to sup-
press expression of the PLA2G2A gene at the mRNA
level. Analysis of Notch and Wnt pathway activity,
however, revealed no significant change upon Msi-1
expression. The expression of Msi-1 and PLA2G2A in
vivo was restricted to IECs residing at the lowest part
of the human intestinal crypt, but was clearly separated
to within basal columnar cells or mature Paneth cells,
respectively. Conclusions. Msi-1 suppresses expression
of Paneth cell-specific genes in IECs, presumably
through a pathway independent from Notch or Wnt.
These findings suggest Msi-1 is a negative regulator of
Paneth cell differentiation, an may contribute to main-
tain the undifferentiated phenotype of ISCs.
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Introduction

The rapid and continuous renewal of the intestinal
epithelium is maintained by the regulated supply of
newborn cells that arise from a common progenitor cell
called the intestinal stem cell (ISC).' Such tissue-specific
stem cells share common potentials to self renew and
also to give rise to all cell lineages composing the resid-
ing tissue.” Such properties of stem cells are maintained
by a complex interaction of various cell-signaling path-
ways." Among such signaling pathways, Wnt and Notch
represent the core molecular pathways that play crucial
roles in maintaining stem cell properties.’ Indeed, both
Wnt and Notch signaling have been shown to function
in intestinal crypt epithelial cells, including the ISCs.” A
recent study identified Lgr-5, a direct target of the
canonical Wnt pathway, as a definite marker of murine
ISCs.* This study further emphasized the dominant role
of the canonical Wnt pathway in maintaining cell pro-
liferation and multipotency of 1SCs. It is, however,
known that activation of the canonical Wnt pathway is
present not only in ISCs but also in Paneth cells residing
just adjacent to ISCs, where it promotes maturation and
restricts the cell position of such cells.” Thus, activation
of the canonical Wnt pathway appears to have a
completely different function in ISCs and Paneth cells,
presumably depending on the cell context determined
by other molecular factors. However, the molecular
mechanism regulating such lineage-specific functions
of canonical Wnt signaling in IECs remains largely
unknown.

Musashi-1 (Msi-1) is an RNA-binding protein, and its
gene was formerly reported as another candidate marker
gene for ISCs.*” Its molecular function has been deter-
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mined as translational repression of target genes, such
as m-Numb, a negative regulator of Notch signaling."
In both mice and humans, Msi-1 has been shown to be
expressed in ISCs, but in sharp contrast, its expression
is completely lacking in mature Paneth cells.*”"" Thus,
Msi-1 might function within intestinal epithelial cells
(IECs) to maintain their undifferentiated state.’>"
However, the molecular function of Msi-1 in IECs has
never been described.

Herein, we show that expression of Msi-1 in IECs
suppressed expression of Paneth cell-specific genes,
such as PLA2G2A. Msi-1 appeared to downregulate
expression of the PLA2G2A gene at the mRNA level,
through a molecular pathway independent of both
Notch and Wnt, the two major molecular pathways that
are known to regulate Paneth cell differentiation. These
results suggest that Msi-1 is a negative regulator of
Paneth cell differentiation in IECs, and that it has a
functional role in maintaining the undifferentiated state
of ISCs.

Materials and methods

Cell culture

Human colon cancer-derived LS174T cells were cul-
tured in minimal essential medium (GIBCO, Billings,
MT, USA) supplemented with 10% fetal bovine serum,
2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/mi
streptomycin (Invitrogen, Carlsbad, CA, USA), at 37°C
in a humidified incubator with 5% CO,.

Plasmids

For construction of the expression plasmid for Msi-1
(pcDNA3.0-Msi-1), the entire coding lesion of the
mouse Msi-I gene was polymerase chain reaction (PCR)
amplified from pcDNA3.0-FLAG-Msi-1 (kindly pro-
vided by Dr. Hideyuki Okano), and inserted into
pcDNA3.0 (Invitrogen). For construction of the
enhanced green fluorescent protein (EGFP) expression
plasmid (pCMV-FLAG-EGFP), the coding sequence of
pEGFP-C1 (Stratagene, La Jolla, CA, USA) was PCR
amplified and inserted into the pCMV-FLAG-Tag
vector (Stratagene).

Establishment of cell lines stably expressing Msi-1
or EGFP

Expression plasmids for Msi-1 (pcDNA3.0-Msi-1) or
EGFP (pCMV-FLAG-EGFP) were transfected into
LS174T cells as previously described." After 2 days of
culture, cells were selected by addition of G418 (1 mg/
ml) to the culture medium. Subsequently, G418-
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resistant cells were cloned into sublines expressing
Msi-1 or EGFP, designated as LS174T/Msi-1 cells or
LS174T/GFP cells, respectively.

Microscopic imaging and immunostaining of
cultured cells

Microscopic images of cultured cells were collected
using an epifluorescence microscope system (BZ-2000,
Keyence, Osaka, Japan). Immunostaining of cultured
cells were done as previously described.""® For detec-
tion of Musashi-1, primary antibody (14HI, kindly
provided by Dr. Hideyuki Okano) was diluted to 1:1000
and detected by an Alexa-488-conjugated secondary
antibody (Molecular Probes, Eugene, OR USA). Cells
were counterstained by 4,6-diamino-2-phenylindole
(DAP]), and mounted in Vectashield mounting medium
(Vector Laboratories, Burlingame, CA, USA).

Cell proliferation assay

Incorporation of bromodeoxyuridine (Brd-U) was
examined using a cell proliferation enzyme-linked
immunosorbent assay (ELISA) kit (Roche Diagnostics,
Mannheim, Germany), according to the manufacturer’s
instructions. Briefly, cells were seeded onto a 96-well
dish at various cell densities, cultured for 48 h, and
labeled with Brd-U for 8 h at the end of culture. Each
condition was measured in triplicate and the results
analyzed by Student’s ¢ test.

Reverse transcription-polymerase chain reaction

Total RNA was prepared using TRIzol reagent (Invit-
rogen) according to the manufacturer’s instructions.
Reverse transcription (RT) was carried out as previ-
ously described.”” Forward and reverse primers used
for the PCR reaction are summarized in Table 1. For
semiquantitative PCR, 1 pl of cDNA was amplified with
025U of LA Tag polymerase (Takara, Otsu, Japan),
using the optimized amplification cycles determined for
each primer set. Amplified products were separated by
1.8% agarose gel electrophoresis, stained with ethidium
bromide, and visualized by the Lumi-Imager F1 system
(Roche Diagnostics). For quantitative PCR, 1ul of
cDNA was amplified using SYBR green master mix
(Qiagen, Valencia, CA, USA), and analyzed by a 7500
real-time PCR system (Applied Biosystems, Foster
City, CA, USA).

Immunoblotting

Immunoblot analysis was done as previously described.”
Briefly, 1 x 10° cells were seeded onto 6-cm culture
dishes and collected for protein extraction after 48 h of
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Table 1. Primers used in the present study

175

Primer sequence

Gene Forward Reverse

Musashi-1  5-GGCTTCGTCACTTTCATGGACCAGGCG-3 5-GGGAACTGGTAGGTGTAAC-¥

MUC2 5-CTGCACCAAGACCGTCCTCATG-3 5-GCAAGGACTGAACAAAGACTCAGAC-¥
TFF3 5" TGAGGAGTACGTGGGCCTGTCTGCAAA-3’ Y-CGGGTGGAGCATGGGACCTTTATT-¥
KLF-4 5-GGGAGAAGACACTGCGTCA-3 -GGAAGCACTGGGGGAAGT-¥

Isomaltase  5-TACTAGAAGACAAGATCCCGCT-¥ 5-GTAGTTCCTTTCCCCCATACAT-¥

Lactase 5-CCCCAAAGCATCAGCGAAGTT-¥ 5- CTACACGTITCCGCAAGAGCT-¥
PLA2G2A 5-ACCATGAAGACCCTCCTACTG-%¥ 7-GAAGAGGGGACTCAGCAACG-Y

HD-5 5-CCCAGCCATGAGGACCATCG-% 5-TCTATCTAGGAAGCTCAGCG-¥

HD-6 5-CCACTCCAAGCTGAGGATGATC-¥ 5-CCACTCCAAGCTGAGGATGATC-¥
Lysozyme  5-CTCTCATTGTTCTGGGGC-¥ ¥-ACGGACAACCCTCTTTGC-Y

c-Myc 5 CTTCTGCTGGAGGCCACAGCAAACCTCCTC-3  5-CCAACTCCGGGATCTGGTCACGCAGGG-3
EphB3 -AGCAACCTGGTCTGCAAAGT-3 5-TCCATAGCTCATGACCTCCC-3’

G3PDH 5-TGAAGGTCGGAGTCAACGGATTTGGT-3" 5-CATGTGGGCCATGAGGTCCACCAC-Y
GFP - TGAAGGTCGGAGTCAACGGATTTGGT-3¥ 5-CATGTGGGCCATGAGGTCCACCAC-3

culture. Total cell lysate was prepared using radioim-
munoprecipitation assay buffer. Fifty micrograms of
each lysate was subjected to analysis. Primary antibod-
ies used were as follows: mouse anti-Musashi-1 (1:500,
Chemicon, Temecula, CA, USA), rabbit anti-GFP
(1:2500, MBL, Nagoya, Japan), Goat anti-NUMB
(1:100, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit anti-Hesl (kindly provided by Dr. T.
Sudo), mouse anti-B-actin (1:5000, Sigma, St. Louis,
MO, USA). Primary antibodies were detected by the
appropriate horseradish peroxidase-conjugated second-
ary antibodies, and visualized by the Lumi-Imager F1
system (Roche Diagnostics) using enhanced chemilumi-
nescence (Amersham Biosciences, Buckinghamshire,
UK) as a substrate.

Quantification of PLA2G2A secretion

For PLA2G2A protein quantification, 1 x 10° cells were
seeded onto a 6-¢cm dish and cultured for up to 5 days.
Supernatants were collected at 1, 3,and 5 days of culture
and analyzed with a sSPLA2 (human type IIA) enzyme
immunoassay (EIA) kit (Cayman Chemical, Ann Arbor,
MI, USA). The assay was performed in triplicate,
and the results statistically analyzed by paired Student’s
t test.

Reporter assays

Reporter assays using the dual luciferase system
(Promega, Madison, WI, USA) has been previously
described.”® TOP-Flash and FOP-Flash reporter plas-
mids were purchased from Upstate Biotechnology
(Lake Placid, NY, USA). Each condition was examined

in triplicate and the results analyzed by Student’s
f test.

Human intestinal tissue specimens

Normal human small intestinal tissues were obtained
from patients who underwent surgery for the treatment
of Crohn’s disease at Yokohama Municipal General
Hospital, and macroscopically intact regions of each
specimen were subjected for immunohistochemical
staining, Written informed consent was obtained from
each patient, and the study was approved by the ethics
committee of Yokohama Municipal General Hospital
and Tokyo Medical and Dental University.

Immunohistochemistry

Immunohistochemistry using human intestinal tissues
has been previously described. Primary antibodies
used were as follows: Rat anti-Musashi-1 (1:1000, kindly
provided by Dr. Hideyuki Okano), and Goat-anti-
human PLA2G2A (1:200, sc-14468, Santa Cruz Bio-
technology). Microwave treatment (500 W, 10 min) in
10 mM citrate buffer was required for detection of both
Msi-1 and PLA2G2A. Msi-1 antibody was visualized
using Alexa-488-conjugated Tyramide (Molecular
Probes) as a substrate for the avidin-biotin complex
(Vector Laboratories), whereas PLA2G2A antibody
was visualized by Alexa-394-conjugated secondary anti-
body (Molecular Probes). Sections were counterstained
with DAPI and mounted in Vectashield mounting
medium (Vector Laboratories). Fluorescent images
were captured by the epifluorescence microscope system
(BZ-2000, Keyence).
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Results

Establishment of stable cell lines constitutively
expressing Msi-1

To analyze the functional role of Msi-1, we planned to
assess the effect of Msi-1 expression in human 1ECs.
For this purpose, we employed LS174T cells as the
parental (host) cells, as we have previously shown that
these cells readily express a wide variety of lineage-
specific genes,"™"® but do not express detectable amount
of endogenous Msi-1 protein (Fig. 1B). These features
of LS174T cells makes them an ideal model for examin-
ing whether expression of Msi-1 can modulate prolifera-
tion as well as differentiation of human IECs. Following
transfection of an expression plasmid for Msi-1, we suc-
cessfully generated three clones of L.S174T cells that
stably expressed Msi-1 (designated hereafter as LS174T/
Msi-1 cells). We also generated another clone of LS174T
cells that stably expressed EGFP to serve as a control
(LS174T/GFP cells). RI-PCR analysis of these gener-
ated cell clones revealed mRNA expression from the
corresponding transgenes (Fig. 1A). Also, immunoblot
analysis clearly showed expression of green fluorescent
protein (GFP) or Msi-1 protein in LS174T/GFP or
LS174T/Msi-1 cells, respectively (Fig. 1B). An epifiuo-
rescence view of these cells also assured constitutive
expression of GFP in all of the LS174T/GFP cells but
not in the other cell clones (Fig. 1C). In contrast, immu-
nostaining of Msi-1 protein revealed constitutive expres-
sion of Msi-1 protein in all of the LS174T/Msi-1 cells
but not in the other cell clones (Fig. 1D). A phase-
contrast view showed no clear difference between
parental cells and LS174T/GFP cells, as both cell clones
aggregated to form a round cell colony consisting
of vertically piled-up cells (Fig. 1C). LS174T/Msi-1 cells,
however, failed to form such cell colonies, but showed
a very flat cell morphology and appeared to spread
horizontally as a monolayer of cells (Fig. 1C). These
results collectively confirmed that the generated cells
surely expressed GFP or Msi-1 protein in a constitutive
manner, and also suggested that expression of Msi-1
might have induced some intracellular changes influenc-
ing the shape and nature of colony formation of LS174T
cells.

Expression of Msi-1 did not change cell proliferation
but decreased expression of Paneth cell-specific genes in
LS174T cells

As we found morphological changes in cells and colony
shape of LS174T/Msi-1 cells (Fig. 1C), we examined
whether they underwent changes in cell proliferation.
Analysis of Brd-U incorporation, however, showed no
significant change in LS174T/Msi-1 cells compared with
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LS174T/GFP cells (Fig. 2A). Next, we analyzed the
expression of lineage-specific genes, to evaluate the
effect of Msi-1 expression upon IEC differentiation.
Results of the RT-PCR analysis showed no change in
expression of goblet cell-specific genes such as MUC-2,
TFF-3, or KLF-4 (Fig. 2B). Also, genes specific for
absorptive cell lineage (Fig. 2B) or neuroendocrine cell
lineage (data not shown) remained undetectable in
both LS174T/GFP and 1.S174T/Msi-1 cells. In sharp
contrast, expression of Paneth cell-specific genes such
as PLA2G2A, HD-5, and Lysozyme' appeared to
be decreased in LS174T/Msi-1 cells, compared with
LS174T/GFP cells (Fig. 2B). This suggested that expres-
sion of Msi-1 might have suppressed expression of
Paneth cell-specific genes in LS174T/Msi-1 cells.

To confirm our earlier resulis, we further examined
the expression of one of the Paneth cell-specific genes,
PLA2G2A, as it showed the clearest decrease in mRNA
in LS174T/Msi-1 cells (Fig. 2B). Quantitative RT-PCR
confirmed an up to 90% decrease of PLA2G2A mRNA
expression in LS174T/Msi-1 cells, compared with
LS174T/GFP cells (Fig. 3A). PLA2G2A protein secre-
tion also showed a significant decrease in LS174T/Msi-1
cells compared with LS174T/GFP cells (Fig. 3B). From
these results, Msi-1 appeared to suppress PLA2G2A
gene expression at the mRNA leve], leading to decreased
secretion of mature PLA2G2A protein.

Expression of Msi-1 did not change the expression level
of genes downstream of Notch and Wnt pathways in
LS174T cells

As it is has been previously reported that one of the
molecular functions of Msi-1 is translational repression
of m-Numb, a negative regulator of Notch signaling,"
we next examined whether suppression of PLA2G2A
gene expression might be induced through modulation
of the Notch signaling pathway. Immunoblot analysis of
m-Numb or Hes1 expression, however, showed equiva-
lent expression of both proteins in LS174T/Msi-1 and
LS174T/GFP cells (Fig. 4A). Consistently, the reporter
assay for RBP-Jk-dependent transcription showed
no significant difference between LS174T/Msi-1 and
LS174T/GFP cells (Fig. 4B). These results suggest that
expression of Msi-1 had minimal effect upon expression
of m-Numb or target genes of Notch in LS174T cells.
In addition to Notch, the Wnt signaling pathway has
been described as another key signaling pathway for
Paneth cell differentiation.”*® Also, PLA2G2A has been
shown to be one of the direct target genes of the canoni-
cal Wnt pathway."” As a recent study reported that
Msi-1 could modulate signaling of the Wnt pathway,”
we next examined whether expression of Msi-1 had
modulated the intracellular activity of the Wnt path-
way. Consistent with the previous result in mammary
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Fig. 1. Establishment of cell lines stably expressing Musashi-1. A Reverse transcriptase-polymerase chain reaction (RT-PCR)
analysis of the generated cell lines. GFP (green fluorescent protein) indicates a clone of LS174T cells that constitutively expresses
enhance green fluorescent protein (EGFP) (LS174T/GFP cells), whereas Msi-1 #1, Msi-1 #2, and Msi-1 #3 indicate distinct clones
of LS174T cell that constitutively express Musashi-1 (Msi-1) (LS174T/Msi-1 cells). Parental indicates the parental LS174T cells.
Note that mRNA expression of Msi-1 or GFP is clearly observed in LS174T/GFP cells or LS174T/Msi-1 cells, respectively, but
not in parental cells. B Immunoblot analysis of the generated cell lines. Total cell lysate obtained from each cell line was analyzed
for expression of Msi-1, GFP, and P-actin. Msi-1 protein was detected exclusively in the LS174T/Msi-1 cell lines (Msi-1 #1, #2,
and #3), whereas GFP protein was detected exclusively in LS174T/GFP cells (GFP). C Morphological changes and GFP expres-
sion in the generated cell lines. Phase contrast view of the cell lines shows aggregated, round colony formation in parental and
LS174T/GFP cells (GFP), whereas a flat, monolayer expansion is observed in LS174T/Msi-1 cells (Msi-1 #1, #2, and #3). An
epifluorescence view confirmed stable expression of GFP in LS174T/GFP cells, but not in other cells. D Expression of Msi-1
protein in generated cell lines. Cells were stained by Msi-1 specific antibody and visualized by Alexa-488-conjugated secondary

antibody. Cells were also counterstained with 4’,6-diamino-2-phenylindole (DAPI). Staining confirmed the expression of Msi-1
protein in LS174T/Msi-1 cells (Msi-1 #1, #2, and #3), and not in other cells
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