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Table 1. Characteristics of the Randomized Cohorts and SVR Rates of Heterozygous Genotype rs12979860CT With Additional
Genotyping of rs8099917

Random Samp! Sampl Mean HCV RNA Severe SR

Size Number Age *=SD Male >>400.000 fU/mL Fibrosls rs12979680CT/ rs8099917TT r512979680CT/ rs8099917TG P-value
10% 96 4711 58% 69% 55% 48% 36% 0.408

20% 192 48411 59% 80% 43% 43% 32% 0.379

30% 295 48+11 60% 72% 48% 50% 38% 0.154

40% 396 4711 63% 66% 55% 57% 39% 0.012

50% 474 47111 60% 68% 53% 56% 37% 0.003

60% 588 4811 58% 71% 52% 57% 35% 0.0001
70% 654 47411 58% 72% 52% 56% 39% 0.002

80% 754 48+11 58% 70% 51% 55% 39% 0.002

90% 835 48111 59% 71% 52% 56% 40% 0.001

100% 942 48+11 59% 70% 52% 55% 40% 0.001

SD, standard deviation; U, international units; SVR, sustained virological response; P < 0.05 considered to be statistically significant.

fibrosis stage on the SVR rates of genotype 1s12979860CT/
rs8099917TT and rs12979860CT/1s8099917TG (Supporting Table
1). Again, it becomes obvious that the impact of additional genotyping
of 158099917 on the prediction of SVR is improved in patients with
heterozygous genotype of 1512979860 who have high baseline HCV
RNA levels (P = 3.7 x 107%), HCV subtype 1a (P = 3.3 x 1077,
or severe fibrosis stages (P = 0.001), being female (P = 0.023), or of
younger age (7 = 0.029). Thus, the different patient characteristics
most likely explain the differences in the SVR rates.

From that, one possibly may conclude that two SNPs are good in
large cohorts but not relevant for clinical practice. However, the idea of
large studies is to inform individual clinical practice. Our resulis
derived from a large cohort suggest that algorithms and models that
include both 1512979860 and 15809917 as well as bascline parameters
and viral factors are informative to guide therapeutic decision making,”
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Plasma Lysophosphatidic Acid Levels and Hepatocellular Carcinoma

To the Editor:

We read with interest the article by Mazzocea et al.,' showing
that serum lysophosphadidic acid (LPA) levels are increased in he-
patocellular carcinoma (HCC) patients correlated with tumor bur-
den, while not enhanced in cirrhosis patients. However, we think
that their LPA values in serum samples need to be carefully eval-
uated, because of some technical issues in the measurement of LPA
levels in blood samples. First, because LPA is released from plate-
lets, LPA has been measured in_ g]asma but not in serum when
evaluating its clinical significance.” Second, as we previously dem-
onstrated,” LPA levels in plasma samples are markedly increased af-

ter sample preparation unless the temperature is kept under strict
control, potendally because the synthetic enzyme autotaxin (ATX)
and the substrate lysophosphatidyl choline coexist in plasma sam-
ples to abundantly produce LPA. LPA was once reported as a bio-
marker of ovarian cancer,” but contrary data were later demon-
strated, in which a distinct sampling of plasma may explain this
discrepancy.® Indeed, LPA levels in serum reported by Mazzocea
et al. were approximately 10 times higher than the previously
reported LPA levels in plasma.™ If their LPA values in serum were
increased after sampling similarly in cach sample, plasma LPA lev-
els might be correlated with HCC burden as reported. To clarify
this, we have newly measured plasma LPA levels in HCC patients,
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Fig. 1. Plasma LPA levels and HCC burden. Plasma LPA levels,
measured in 21 HCC patients (13 males and 8 females; 2 patients
with chronic hepatitis B, 15 with chronic hepatitis C, and 4 with non-B
non-C chronic liver disease), were not significantly correlated with HCC
burden as evaluated by RECIST (Response Evaluation Criteria in Solid
Tumors; Spearman rank, r = 0.158, P = 0.4937). This study was
approved by the Institutional Research Ethics Committee and informed
consent was obtained for the use of the samples.

and found that they were not correlated with tumor burden, as
shown in Fig. 1. Morcover, plasma LPA levels in HCC patients
(0.12 = 0.09 mM, mean = SD, n = 21), were not different from
the previously reported levels in non- -HCC patients with chronic
hepatiis C (010 = 0,05 mM).? I\lthoug,h Mazzocea et al,
mportcd no enhancement of serum LPA levels in cirrhosis patients,
we® and others® previously showed that plasma LPA levels and
serum ATX activity were increased in chronic liver diseases in
association with fibrosis and cholestatic pruritus, from which HCC
frequently arises. Collectively, a role of LPA in HCC should be
cautiously analyzed.
Hrrosur [kepa, M.D., Pu.D.'
KenicHiro Envooku, M.D. Pu.D.
Ryvunosuke Oukawa, Pr.D.!
Kazuiiko Koike, M.D., Pu.D.*
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Reply:

Tkeda et al. remark that platelets are a main source of lysophos-
phatidic acid (LPA) and therefore the interpretation of LPA serum
concentragions  deserves  careful  attendon.  However, the same
authors previously reported’ an inverse correlation between plasma
LPA concentrations and the number of platelets in patients wich
chronic C hepatitis. Therefore, it is possible that in physiologic
conditions platelets remain the main source of LPA, while in
chronic inflammation such as hepatitis C, liver cirrhosis, or hepato-
cellular carcinoma (HCC), the plateler contribution to LPA pro-
duction may likely become less relevant. In our study we analyzed
sera for LPA detection in healthy donors, liver cirthosis, and HCC
patients, performing well-standardized procedures of collection for
cach sample. Thus, the contribution of platelets to the LPA con-
centration was, in reality, normalized. On the contrary, the authors
should consider that even in plasma or whole blood, platelet acti-
vation is an extremely difficult problem to deal with and control.
For example, prolonged tourniquet application, or twisting of the
needle in the vein, are major factors interfering with the function
of platelets during blood withdrawal, as reviewed by Ruggeri.*
Unfortunately, these limitations are common for a numbu‘ of mol-
ccules involved both in cancer and in blood cell biology.”

Morcover, Tkeda et al. investigated patients with chronic hepati-
tis C, in whom the inflammatory response is a key component of
the tissue microenvironment. In their study, the fibrotic status was
also questionable, due o their choice of statistical method (com-
parison among groups should be done with Kruskal-Wallis tests),
and because of the very limited number of patients (14), furcher
stratified into four different  Broups, which means the conclusions
were affected by low power.! In our study,” we compared liver cir-
rhosis versus HCC. In the former case, the inflammadon is
reduced  while the fibrotic response is increased, consequentdy
inducing a different microenvironment response.” This could
explain why patients with liver cirrhosis display relacively low levels
of LPA. In addition, it is conceivable that when HCC develops in
cirthotic liver, LPA levels rise once more, as in cases of active
inflammatory states (i.e., viral hepatitis). Another key point is
patient selection. lkeda et al. do not provide any information with
regard to the clinical features of the padents, i.c., etiology, BCLC
stage, previous therapy, ete., as well as how they calculated the size
of the tumor in patients with multifocal discase, for instance.
Finally, some differences between Caucasian and Asian patients
with HCC are 10 be expected, since the natural history is com-
pletely different in Western and Southeast Asian countries.® In our
study,” we demonstrated that LPA has a role in promoting tumor
progression and we did not attempt to speculate about the use of
LPA as a clinical biomarker. To validate LPA as a potential bio-
marker for HCC a different study design is required, as well as
first considering the power of the study. ']hc enhancement of se-
rum LPA levels rq)ortcd by Watanabe et al.' referred to a relatively
small number of patients with chronic hepatitis C. In addition, the
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MicroRNA-140 Acts as a Liver Tumor Suppressor
by Controlling NF-xB Activity by Directly Targeting
DNa Methyltransferase 1 (Dnmtl) Expression

Akemi Takata,' Motoyuki Otsuka,’ Takeshi Yoshikawa,' Takahiro Kishikawa,' Yohko Hikiba,?

Shuntaro Obi,> Tadashi Goto,' Young Jun Kang,* Shin Maeda,' Haruhiko Yoshida,’
Masao Omata,' Hiroshi Asahara,>®” and Kazuhiko Koike'

MicroRNAs (miRINAs) are small RINAs that regulate the expression of specific target genes.
While deregulated miRNA expression levels have been detected in many tumors, whether
miRNA functional impairment is also involved in carcinogenesis remains unknown, We
investigated whether deregulation of miRNA machinery components and subsequent func-
tional impairment of miRNAs are involved in hepatocarcinogenesis. Among miRNA-
containing ribonucleoprotein complex components, reduced expression of DDX20 was fre-
quently observed in human hepatocellular carcinomas, in which enhanced nudlear factor-
kB (NF-kB) activity is believed to be closely linked to carcinogenesis. Because DDX20 nor-
mally suppresses NF-xB activity by preferentially regulating the function of the NF-xB-sup-
pressing miRNA-140, we hypothesized that impairment of miRNA-140 function may be
involved in hepatocarcinogenesis. DNA methyltransferase 1 (Dnmtl) was identified as a
direct target of miRNA-140, and increased Dnmtl expression in DDX20-deficient cells
hypermethylated the promoters of metallothionein genes, resulting in decreased metallo-
thionein expression leading to enhanced NF-«B activity. MiRNA-140-knockout mice were
prone to hepatocarcinogenesis and had a phenotype similar to that of DDX20 deficiency,
suggesting that miRINA-140 plays a central role in DDX20 deficiency-related pathogenesis.
Conclusion: These results indicate that miRNA-140 acts as a liver tumor suppressor, and
that impairment of miRNA-140 function due to a deficiency of DDX20, a miRNA machin-

ery component, could lead to hepatocarcinogenesis. (HeraroLOGY 20133557:162-170)

epatocellular carcinoma (HCC) is the third

most common cause of cancer-related mortal-

ity worldwide.' Although multiple major risk
factors have been identified, such as infection with hep-
atitis viruses B or C, the molecular mechanisms under-
lying HCC development remain poorly understood,
hindering the development of novel therapeutic
approaches. Therefore, a better understanding of the
molecular pathways involved in hepatocarcinogenesis is
critical for the development of new therapeutic options.

Nuclear factor-kB (NF-xB) is one of the best-character-
ized intracellular signaling pathways. Its activation is a
common feature of human HCC.> It acts as an inhibitor
of apoptosis and as a tumor promoter™” and is associated
with the acquisition of a transformed phenotype during
hepatocarcinogenesis.® In fact, studies using patient sam-
ples suggest that NF-xB activation in the liver leads to the
development of HCC.” Although there are conflicting
reports,8 activation of the NF-kB pathway in the liver is
crucial for the initiation and promotion of HCC."

Abbreviations: DEN, diethylnitrosamine; Dnmtl, DNA methylansferase 1; HCC, hepatocellular carcinoma; miRNA; microRNA; miRNE miRNA-containing
ribonncleoprotein; MT, wetallothionein; NF-kB, nuclear factor-B; R1-PCR. reverse-transcription polymerase chain reaction; TNF-u, tiwmor necrosis factor-o;

TRAIL, TNF-related apoptosis-inducing ligand; UTR, untransated region.
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MicroRNAs (miRNAs) are small RNA molecules that
regulate the expression of target genes and are involved
in various biological funcrions.”'* Although specific
miRNAs can function as either suppressors or onco-
genes in tumor development, a general reduction in
miRNA expression is commonly observed in human
cancers.'>*? Tn this context, it can be hypothesized that
deregulation of the machinery components involved in
miRNA function may be related to the functional
impairment of miRNAs and the pathogenesis of
carcinogenesis.

In this study, we show that the expression of
DDX20, an miRNA-containing ribonucleoprotein
(miRNP) component, is frequendy decreased in human
HCC. Because DDX20 is required for both the prefer-
ential loading of miRNA-140 into the RNA-induced
silencing complex and its function,™ we hypothesized
that DDX20 deficiency would lead to hepatocarcino-
genesis via impaired miRNA-140 function. MiRNA-
140 knockout mice were indeed more prone to hepato-
carcinogenesis, and we identified a possible molecular
pathway from DDX20 deficiency to liver cancer.

Materials and Methods

Mouse and Liver Tumor Induction. MiRNA-
140" mice have been described.?® Recombinant mu-
rine tumor necrosis factor-o (TNF-o) (25 pug/kg;
Wako, Osaka, Japan) was injected into the tail vein,
and the mice were sacrificed 1 hour later. To induce
liver tumors, 15-day-old mice received an intraperito-
neal injection of diethylnitrosamine (DEN) (25 mg/kg
body weight), and were sacrificed 32 weeks later. All
animal experiments were performed in compliance
with the regulations of the Animal Use Committee of
the University of Tokyo and the Institute for Adult
Disease, Asahi Life Foundation.

Plasmids. FLAG-tagged human DDX20-expressing
plasmids were as described.” The pGL3-based reporter
plasmid containing Dnmtl 3’ untranslated region
(UTR) sequences was provided by G. Marucucci.”

Detailed Materials and Methods. The detailed ex-
perimental procedures of clinical samples, cells, plas-
mids, reporter assays, reverse-transcription polymerase
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Table 1. Cases with Differential Expression Levels of miRNP
Components in HCC (n = 10)

Gene ID Gene Symbol Decreased Increased No Change
23405 Dicerl 2 1 7
27161 EIF2C2 (AGO2) 1 1 8
6895 TARBP2(TRBP2) 2 0 8
11218 DDX20 (GEMIN3) 8 0 2
50628 GEMINA 1 0 9

The expression levels of each miRNP component were determined via
immunohistochemistry,

The numbers indicate the number of cases that had the differential expres-
sion levels (decreased, increased, or no change) in HCC tissues compared with
those in surrounding liver tissues.

chain reaction (RT-PCR) analysis, antbodies, western
blotting, cell assays, immunohistochemistry, microarray
analysis, methylation analysis, and electrophoretic mo-
bility-shift assay are described in the Supporting
Information. ’

Statistical Analysis. Statistically significant differen-
ces between groups were determined using a Wilcoxon
rank-sum test. A Wilcoxon signed-rank test was used
for statistical comparisons of protein expression levels
between HCC and surrounding noncancerous tissues.

Results

DDX20 Expression Is Frequently Decreased in
HCC. The expression levels of proteins reported to be
miRNP components (Dicer, Ago2, TRBP2, DDX20
[also known as Gemin3], and Gemin4)*® were initially
determined via immunohistochemistry in HCC and
noncancerous  background liver tissues from 10
patients. DDX20 expression was lower in HCC tissue
compared with the surrounding noncancerous tissue in
8 of 10 cases, whereas expression of the other genes
was unchanged (Table 1 and Supporting Fig. 1).
Therefore, and because DDX20 was recently identified
as a possible liver tumor suppressor in mice,”” we
determined its role as a human HCC suppressor.

DDX20 protein expression was lower in several
HCC cell lines, such as Huh7 and Hep3B (Fig. 1A),
compared with normal hepatocytes. DIDDX20 protein
levels were also lower in human HCC needle biopsy
specimens than in surrounding noncancerous liver
tissue  (Fig. 1B). Immunohistochemical analysis

Address reprint reguests to: Motoyuki Otsuka, M.D., 1)L7)ﬂl?7ﬂ67ll of Gastroenterology, Graduate School of Medicine, University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-8655, fapan. E-mail: otsukamo-thy@min.acjp; fox: (81)-3-3814-0021.
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Fig. 1. Reduced DDX20 expression levels in hepatocellular carcinoma. (A) DDX20 protein expression in HCC cell lines. Numbers between the
panels indicate DDX20 protein levels normalized to f-actin levels. Lysates of 293T cells transiently transfected with a FLAG-tagged DDX20-
expressing plasmid yielded two DDX20 bands corresponding to the endogenous DDX20 protein and the transfected FLAG-tagged DDX20 protein
(*) as a positive control (p.c.; far right lane). Data represent the results of three independent determinations. (B) DDX20 protein expression in
four HCC needle biopsy specimens and in the surrounding noncancerous background liver tissue (Back). *Positive control. (C) Immunohistochem-
ical analysis of DDX20 protein expression in HCC and surrounding tissues (background liver). Two representative cases are shown. Scale bars,
500 um. The fower panels display magnified images of the boxed areas in the upper panels. (D) Grid summarizing DDX20 immunohistochemical
staining data from 70 cases. In 47 cases (pink shading), DDX20 protein levels were lower in the HCC tissues than in the surrounding tissues

(P < 0.05; Wilcoxon signed-rank test).

confirmed that DDX20 expression was frequently
lower in HCC than in surrounding noncancerous liver
tissue (Fig. 1C,D). Specifically, 47 of 70 cases exam-
ined showed reduced DDX20 protein expression in
HCC versus background noncancerous liver tissue
(Fig. 1D and Supporting Table 1). These results indi-
cate that the expression of DDX20, an miRNI com-
ponent, is frequently reduced in human HCC, and
suggest that this reduced DDX20 expression might be
involved in the pathogenesis of a subset of HCC cases.

NF-xB Activity Is Enhanced by DDX20 Deficiency.
Because DDX20 knockout mice are embryonic-
lethal,” DDX20 has been suggested to have important
biological roles. DDX20, a DEAD-box pmtein,29 was
originally found to interact with survival motor neuron
protein.”’ Later, it was identified as a major compo-
nent of miRNPs,”" which may mediate miRNA func-
tion. As we have reported, DDX20 is preferentially
involved in miRNA-140-3p function,?? acting as a
suppressor of NF-xB activity in the liver.? DDX20-
knockdown PLC/PRF/5 cells exhibit enhanced NF-kB
activityz3 (Fig. 2A). Whereas the proliferation rates of
DDX20-knockdown cells and control cells were com-
parable (Fig. 2B), apoptotic cell death after stimulation
with TNF-related apoprosis-inducing ligand (TRAIL),

which induces both cell apoptosis and NF-xB activa-
tion,”” was significandy reduced in DDX20-knock-
down cells (Fig. 2C). Similar results were obtained
using DDDX20-knockdown HepG2 cells (Supporting
Fig. 2A-D). Conversely, NF-xB activity was reduced,
but cell proliferation remained unchanged, in Hep3B
cells stably overexpressing DDX20 (Fig. 2D,E). Sensi-
tivity to TRAIL-induced apoptosis was restored in
these cells (Fig. 2F). Similar results were also obtained
using Huh7 cells (Supporting Fig. 2E-H). These data
confirm a previous report that DDX20 deficiency
enhances NF-xB activity and the downstream events
of this pathway.

Metallothionein  Expression Is Decreased by
DDX20 Deficiency. Next, to investigate the biological
consequences of DDX20 deficiency, we examined the
changes in transcript levels in DDX20-knockdown
cells using microarrays (GEO accession number:
GSE28088). The expression of genes driven by NF-xB
that are related tw carcinogenesis, such as FASLG,
IRAK1, CARDS9, and Galectin-1, were enhanced sig-
nificantly in DDX20-knockdown cells, as expected
(Table 2). To determine the mechanism underlying the
enhanced NF-xB activation in DDX20-deficient cells,
we searched for candidate genes and noticed that the
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Fig. 2. Modulation of downstream events of the nuclear factor-B pathway by DDX20. (A) Left; Establishment of stable DDX20-knockdown
(DDX20 KD) PLC/PRF/5 cells. *Positive control (p.c.). Right: DDX20 deficiency enhances TNF-z~induced NF-xB activity, NF-«B reporter plasmids
were transiently transfected into control (Ctrl) or DDX20-knockdown (KD) PLC/PRF/5 cells. The cells were then treated with TNF-o (5 ng/mL) or
vehicle for 6 hours. *P < 0.05. Data are presented as the mean * SD of three independent determinations. (B) Cell proliferation rates were
comparable for control (Ctr) and DDX20-knockdown (KD) PLC/PRF/5 cells. Data are presented as the mean = SD of three determinations. (C)
DDX20 deficiency reduces TRAIL-induced apoptotic cell death. Control (Ctrl) and DDX20-knockdown (KD) PLC/PRF/5 cells were incubated with
25 ng/mL TRAIL. Data represent cell viability after TRAIL stimulation (gray bars) relative to the number of vehicle-treated cells (white bars). *P
«0.05. Data are presented as the mean = SD of triplicate determinations. (D) Left: Establishment of stable DDX20-overexpressing cells. Hep3B
cells were infected with control or FLAG-tagged DDX20-overexpressing lentiviruses and selected on puromycin. Westem blot analysis confirmed
increased expression of DDX20 protein. Right: DDX20 overexpression suppresses TNF-o-induced NF-xB activity. NF-wB reporter plasmids were
transiently transfected into Hep3B control (Ctrl) and DDX20-overexpressing (DDX20) cells treated with TNF-z for 6 hours. Data are presented as
the mean = SD of three independent determinations. *P < 0.05. (E) Proliferation of control (Ctrl) and DDX20-overexpressing (DDX20) Hep3B
cells was measured as described in (B). (F) DDX20 overexpression reduces TRAIL-induced apoptotic cell death. Data for control (Ctrl) and
DDX20-overexpressing (DDX20) Hep3B cells are shown. *P < 0.05.

Table 2. Increased Expression of NF-iB-Related Genes in DDX20-Knockdown HepG2 Cells Compared with Wild-Type Cells

RefSeq ID Symbol Description Ratio Rep tive Gene Functi
NM_000639 FASLG Fas ligand 35 NF-kB target, apoptosis
NM_052813 CYorf151 CARD9 25 NF-xB cascade, NF-xB target
NM_014959 CARDS Tumor up-regulated CARD-containing 22 NF-kB target
antagonist of CASP9 (TUCAN)
NM_131917 FAF1 FAS-associated factor 1 (hFAF1) 1.9 Cytoplasmic sequestering of NF-kB, NF-kB target
NM_020644 TMEM9B Transmembrane protein 9B precursor 1.9 Positive regulation of NF-kB transcription factor activity
NM_017544 NKRF ITBA4 protein 1.9 Negative regulation of transcription
NM_006247 PPP5C Protein phosphatase T 1.8 Positive regulation of NF-xB cascade
NM_020345 NKIRAS1 KappaB-Ras1 1.8 NF-xB cascade
NM_001569 IRAK1 IRAK-1 1.7 Positive regulation of NF-xB transcription factor activity
NM_177951 PPM1A Protein phosphatase 1A 1.7 Positive regulation of NF-xB cascade
NM_018098 ECT2 Epithelial cell-transforming sequence 2 oncogene 1.6 Positive regulation of NF-kB cascade
NM_002305 LGALS1 Galectin-1 {putative MAPK-activating protein MP12) 1.6 Positive regulation of NF-kB cascade
NM_015093 TAB2 TAK1-binding protein 2 1.6 Positive regulation of NF-xB cascade
NM_004180 TANK TRAF-interacting protein 1.5 NF-kB cascade
NM_014976 PDCD11 Programmed cell death protein 11 1.5 IRNA processing
NM_015336 ZDHHC17 Putative NF-xB-activating protein 205 1.5 Positive regulation of NF-xB cascade
NM_002503 NFKBIB 1KB-p 1.5 Cytoplasmic sequestering of NF-xB
NM_138330 INFG75 Zinc finger protein 675 1.5 Negative regulation of NF-xB transcription factor activity

The genes were identified as NF-B-related based on the Gene Ontology and the GeneCodis Databases.
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Table 3. Decreased Expression Levels of MT Genes in DDX20
Knockdown HepG2 Cells Compared with Wild-Type Cells

Symbot Description Ratio
MT1E Metallothionein-1E 0.12
MT1F Metallothionein-1F 0.36
MT1H Metallothionein-1H 0.16
MT1G Metallothionein-1G 0.06
MT1M Metallothionein-1M 0.24
MT1X Metallothionein-1X 0.27
MT2A Metallothionein-2 0.28
MT3 Metallothionein-3 0.84
MTLS Metallothionein-like 5 (Tesmin) 1.12

Numbers in boldface type indicate values <0.5.

expression levels of a group of metallothioneins (MTs),
such as MTI1E, MT1E MTI1G, MTIM, MT1X, and
MT2A, were all significantly decreased when DDX20
was deficient (Table 3). The decreased expression of
MTs in DDX20-knockdown HepG2 and PLC/PRF/5
cells was confirmed via quantitative RT-PCR (Fig. 3a
and Supporting Fig. 3). Expression of MT-3, which
was not altered in the microarray analysis, was simi-
larly unaltered in quantitative RT-PCR analysis. Nota-
bly, it was already known that MTs are frequently
silenced in human primary liver cancers.”*¢ In addi-
tion, MT knockout mice have enhanced NF-xB activ-
ity, likely due to reactive oxygen species, and these
mice are more prone to hepatocarcinogenesis.”” These
results suggest that DDX20 deficiency enhances NF-
KB activity by decreasing the expression of MTs, which
could facilitate the development of liver cancer.
MiRNA-140 Directly Targets Dumtl. Because MT
expression is regulated principally by CpG island
methylation in their promoter regions,”®*? we exam-
ined the quantitative methylation status of MT pro-
moters in DDX20-knockdown cells. The CpG islands
of the MTIE, MT1G, MTIM, MTIX, and MT2A
promoters, and the CpG shores of the MTIF pro-
moters, were significantly more highly methylated
under DDX20-deficient conditions, as determined by
the comprehensive IHlumina Quantitative Methylation
BeadChip method (Table 4, Supporting Table 2, and
GSE 37633). A crucial step in DNA methylation
involves DNA methyleransferase (Dnmt), which cata-
lyzes the methylation of CpG dinudleotides in
genomic DNA.* The methylation status of MT pro-
moters is mediated specifically by Dnmtl.*" Because
Dnmtl contains a predicted miRNA-140-3p rtarget
site in its 3’ UTR, with a perfect march to its seed
sequences (Fig. 3B), and because the effects of
miRNA-140-3p activity were impaired in DDX20-
knockdown cells,” it was hypothesized that whereas
miRNA-140 normally targets and suppresses Dnmtl
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protein expression, miRNA-140-3p dysfunction due to
DDX20 deficiency results in enhanced Dnmtl expres-
sion, leading to hypermethylation of MT promoters.
Consistent with this hypothesis, Dnmt! expression was
increased  significantly in DDX20-knockdown cells
(Fig. 3C). miRNA-140 precursor overexpression sup-
pressed activity of the Dnmtl 3’ UTR reporter con-
struct, the effect of which was lost when two muta-
tions were introduced into its seed sequences (Fig.
3D). MiRNA-140 precursor overexpression suppressed
Dnmtl protein expression (Fig. 3E). These results
indicate that miRNA-140 directly targets Dnmtl and
suppresses its expression in the normal state, Consis-
tently, decreased DDX20, increased Dnmtl, and
decreased MT expression were detected together in
human clinical HCC samples, as determined via
immunohistochemistry  (Fig.  3F). By contrast,
miRNA-140  precursor-overexpressing  Huh7  cells
showed increased expression of MTs and reduced NF-
kB activity in wvitro (Supporting Fig. 4A,B). Moreover,
the increase in the number of spheres formed from
PLC/PRF/5 cells due to DDX20 knockdown was
antagonized by treaement with an NF-xB inhibitor or
a demethylating agent (Supporting Fig. 5). Taken to-
gether, these results suggest that the up-regulated
Dnmtl protein  expression caused by functional
impairment of miRNA-140-3p due to DDX20 defi-
ciency results in decreased expression of MTs wia
enhanced methylation at the CpG sites in their pro-
moters. This may lead to enhanced NF-xB activity
and cellular transformation at least in vitro.
MiRNA-140 Is a Liver Tumor Suppressor. To fur-
ther examine the biological consequences of functional
impairment of miRNA-140 due to DDX20 deficiency,
we determined the phenotypes of miRNA-140 knock-
out (miRNA-140""") mice (Fig. 4A). Similar to the in
vitro DDX20 knockdown results, Dnmtl expression
was increased and MT levels decreased in the liver tis-
sue of these mice (Fig. 4B). NF-kB~DNA binding ac-
tivity was enhanced in the livers of miRNA-140"'"
mice after tail-vein injection of TNF-o, a crucial cyto-
kine that induces NF-xB activity and hepatocarcino-
genesis (Fig. 4C). As was found in MT knockout
mice, phosphorylation of p65 at serine 276, which is
critical for p65 activation, was significantly increased
in the livers of miRNA-140""" mice after DEN expo-
sure, which induces NF-xB activation and liver
tumors®’ (Fig. 4D). Notably, the size and number of
liver tumors that developed 8 months after DEN ex-
posure were markedly elevated in miRNA-140"'
mice compared with control mice (Fig. 4E,F). These
results indicate that miRNA-140""" mice are indeed
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reverse-transcriptase polymerase chain reaction. The relative expression ratios of the MTs in control (white bars) and DDX20-knockdown (black
bars) HepG2 cells were calculated by normalizing control cell values to 1.0. The data represent the mean * SD of three independent determina-
tions. *P < 0.05. (B) Putative miRNA-140-3p target sites in the 3’ UTR of human Dnmtl. Seed sequences are indicated in red. (C) Dnmtl
expression was increased in DDX20-knockdown cells. Ctrl, control cells; KD, DDX20-knockdown cells. (D) Left: Schematic diagrams of wild-type
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knockdown cells. (F) Representative histochemical images showing expression of DDX20, Dnmtl, and MT proteins in HCC (upper three panels)
and surrounding tissue (lower panels). Compared with adjacent noncancerous liver tissue, HCCs exhibited decreased DDX20 and MT expression
and increased Dnmt1 expression. Note that adjacent sections were stained for each protein. Scale bar, 50 um.
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Table 4. WMethylation Levels in CpG Islands of the MT Genes
in DDX20-Knockdown HepG2 Cells Compared with Control

Cells
CpG Island
Symbol Methylation Ratio Target ID
MT1E 1.14 cg00178359
1.29 cg06463589
3.65 cg02512505
1.02 cg15134649
MT1G 2.14 cg16452857
1.03 cg27367960
1.00 cg03566142
0.99 cg07791866
MTIM 1.16 ¢g02132560
0.98 cg02160530
1.03 cg04994964
MT1X 1.24 cg05596720
1.05 cg26802333
1.06 cg09147880
1.01 cg08872713
MT2A 2.06 cg07395075
0.94 cg20430434

Values were determined using the quantitative Hlumina Human Methylation
BeadsChip. Boldface values indicate increased methylation levels in DDX20
knockdown cells.

more prone to liver cancer development and suggest
that miRNA-140 acts as a liver tumor suppressor,
probably by suppressing NF-xB activity, although we
cannot completely exclude other molecular mecha-
nisms. Nonetheless, these results also suggest that the
impairment of miRNA-140 function due to DDX20
deficiency may lead to hepatocarcinogenesis in
humans, as we have observed in miRNA-140"""" mice

(Supporting Figs. 6 and 7).

Discussion

Here, we report that miRNA-140""" mice have
increased NF-kB activity and are more prone to HCC
development. In addition, we show that DDX20, an
miRNP component, is frequently decreased in human
HCC tissues. Because DDX20 deficiency preferentially
causes impaired miRNA-140 function,> the functional
impairment of miRNA-140 may result in phenotypes
similar to those of miRNA-140""" mice and may lead
to hepatocarcinogenesis. In support of the hypothesis
that DDX20 dysfunction is involved in hepatocarcino-
genesis, DDX20 is located ar 1p21.1-p13.2, a fre-
quently deleted chromosomal region in  human
HCC,”” and DDX20 was recently identified as a pos-
sible liver tumor suppressor in a functional screen in
mice.”” Although the possibility that intracellular sig-
naling pathways other than miRNA-140 may also be
involved in the biological consequences of DDX20
deficiency cannot be denied, we believe that functional
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impairment of miRNA-140 plays a major role in the
phenotypes induced by DDX20 deficiency, based on
the phenotypic similarities.

Changes in miRNA expression levels have been
reported in various tumors.”'*** However, in this
study, we found that reduced expression of an miRNA
machinery component might lead to carcinogenesis, at
least in part, through functional impairment of miR-
NAs. Recent studies have shown that components of
the RNA interference machinery are associated with
the outcome of ovarian cancer patients,™ and that sin-
gle-nucleotide polymorphisms in miRNA machinery
genes can be used as diagnostic risk markers.**"
Therefore, the impairment of miRNA function caused
by deregulated miRNA machinery components may
also be involved in carcinogenesis.

Our study identified Dnmtl as a critical target of
miRNA-140. The decreased MT expression due to the
CpG  promoter methylation induced by Dnmel
resulted in enhanced NF-xB activity. This finding was
consistent with the results obtained using MT gene
knockout mice, in which enhanced NF-xB activation
promoted hepatocarcinogenesis.’” The decrease in MT
expression that results from increased Dnmtl expres-
sion caused by functional impairment of miRNA-140,
together with increased NF-xB activation and heparto-
carcinogenesis in MT knockout mice,” supports the
concept that the DDX20/miRNA-140/Dnmel/MT/
NF-xB pathway may play a crucial role in hepatocarci-
nogenesis. However, we cannot fully exclude the possi-
bility that other intracellular signaling pathways are
also involved in the induction of hepatocarcinogenesis
by miRNA-140 or DDX20 deficiency, because the
precise role of NF-xB in hepatocarcinogenesis has not
been clearly defined,® although constitutive activation
of NF-kB signaling has been frequently detected in
human HCCs.*® The mechanisms by which DDX20
expression is initially decreased and the reason its locus
is frequently deleted in HCC remain to be elucidated.
However, because DIDX20 expression is also regulated
by methylation of its CpG promoter,” once this path-
way is deregulated, decreased DDX20 expression could
be maintained by a positive feedback mechanism, even
without deletion of its locus.*”

In conclusion, this study shows that miRNA-140
acts as a liver tumor suppressor. We show that
DDX20, an miRNP component, is frequenty
decreased in human HCC, which may induce hepato-
carcinogenesis via impairment of miRNA-140 func-
tion. These results suggest the importance of investiga-
tions of not only aberrant miRNA expression

R x"]7’/ . .
levels,'*'*'7*® bur also deregulation of miRNP
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'Abstract

“Background: It has been hypotheSIzed that persvslent hepatms C virus (HCV) infection is mediated in paﬁ by viral
" proteins that abrogate the host immune response, including the complement system but the precise mechanisms are
not well understood. ‘We investigated whether HCV proteins are involved in the fragmentation of complement
component 4 (C4), 'composed of subunits C4q, C4B, and C4y, and the role of HCV proteins in complement activation.

Methods: Human C4 was mcubated with' HCV nonstructural (NS) 3/4A prolease, core, or NS5, Samples were
separated by sodium dodecy! suifate-polyacrylamide gel electrophoreS|s and then subjected to peptlde sequencing.
‘The activity of the classical complement pathway was examined using an erythrocyte hemolysis assay. The cleavage
-pattern of C4 in NS3/4A-expressing and HCV-infected cells, respectively, was also examined.

Results: HCV NS3/4A protease cleaved C4y in a concentration-dependent manner, but viral core and NS5 did not. A
'specific inhibitor of NS3/4A protease reduced C4y cleavage. NS3/4A protease—mediated cleavage of C4 inhibited
classical pathway activation, which was abrogated by a NS3/4A protease inhibitor. In addition, co-transfection of cells
with C4 ‘and wild-type NS3/4A, but not a catalytic-site mutant of NS3/4A, produced cleaved C4y fragments. Such C4
processlng, with a.concomitant reduction ‘in levels of full-length C4y, was also observed in HCV-infected cells-
expressing C4. :

Conclusions: C4 is a novel cellular substrate of the HCV NS3/4A protease Understanding dlsturbances in‘the
complement system mediated by NS3/4A protease ‘may provude new. insights -into the mechanisms .underlying
persistent HCV infection.
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Introduction

Hepatitis C virus (HCV) is a single-stranded positive-strand
RNA virus of the Flaviviridae family. The viral genome encodes
four structural proteins and six non-structural (NS) proteins [1].
NS3/4A, a complex consisting of NS3 with serine protease
activity and cofactor NS4A, plays an essential role in
processing of HCV proteins. NS3/4A is a target of direct-acting
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antiviral agents (DAA) [2,3], and use of an NS3/4A protease
inhibitor as a DAA markedly increases the therapeutic effect of
other anti-HCV agents. Thus, NS3/4A protease may play an
important role in interfering with the antiviral response.

HCV has been hypothesized to block the host immune
response against persistent infection [4]. Furthermore, the time
required for HCV-infected patients to develop hepatic cirrhosis
varies among individuals; in particular, the progression of
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hepatic fibrosis seems to be slower in HCV carriers with
persistent normal alanine aminotransferase (ALT) levels than in
chronic hepatitis patients with elevated ALT levels [5]. These
differences in clinical features might be caused by variations in
the host immune response, but the underling mechanism is
unclear.

In the course of proteomic analyses aimed at identifying
proteins potentially involved in the pathophysiology of hepatic
diseases, we found that a specific peptide fragment of
complement component 4 (C4) was significantly more
abundant in HCV carriers with persistent normal ALT than in
patients with chronic hepatitis [6], as well as more abundant in
HCV carriers, regardless of ALT levels, compared to healthy
controls. Assuming that C4 expression levels are similar
among these groups, this C4 fragment may be generated by
post-translational processing in HCV-infected individuals.

The complement system is part of the innate immune
system, which can be activated through three pathways: the
classical pathway, the mannose-binding lectin pathway, and
the alternative pathway. C4, which is involved in the classical-
and mannose-binding lectin pathways, can be cleaved by
certain cellular protease(s), leading to a cascade of C4
activation [7]. In this study, we provide the first evidence that
HCV NS3/4A cleaves C4, and that this cleavage attenuates
activation of the classical pathway of complement system.

Materials and Methods

Materials

HCV NS3/4A protease (217 amino acid [aa} fusion protein
with NS4A co-factor fused to the N-terminus of NS3 protease
domain) with His-tag, HCV core (aa 1-102) with GST-tag, and
HCV NS5 (aa 2061-2302) with GST-tag were purchased from
AnaSpec (Fremont, CA) or ProSpec (Rehovot, Israel). Isolated
human-derived complement components (C1, C2) were
obtained from Hycult Biotech (Uden, Netherlands), and C4 and
C4-deficient guinea pig serum (C4d-GPS) were purchased
from Sigma-Aldrich (St. Louis, MO). VX950, a HCV NS3/4A
serine protease inhibitor, was obtained from Selleck Chemicals
(Houston, TX). Veronal buffer, sheep erythrocytes, and
hemolysin were purchased from Wako (Osaka, Japan), Nippon
Biotest Laboratories Inc. (Tokyo, Japan), and Denka Seiken
Co. (Tokyo, Japan), respectively.

NS3/4A protease cleavage assay

HCV NS3/4A protease, core, or NS5 (3 pl) and 9 pi of Assay
buffer (SensolLyte® 490 HCV Protease Assay Kit, AnaSpec)
containing 30 mM dithiothreito! (DTT) were added to C4 (3 pl),
and the mixture was incubated at 30°C for 30 min. The solution
was separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE), and resolved proteins were
stained with Coomassie brilliant blue (CBB). In a separate
experiment, VX950 was pre-incubated with NS3/4A protease at
30°C for 30 min, and then incubated with C4 at 30°C for 30
min. Proteins detected by CBB staining were subjected to N-
terminal peptide sequence analysis at Nippi Inc. (Tokyo,
Japan).
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Hemolytic analysis

The method used for hemolytic analysis has been described
previously [8,9]. Briefly, intermediates of complement
components were sequentially added to sheep erythrocytes
sensitized by hemolysin (Ab-sensitized sheep erythrocytes,
EA). Dilute erythrocytes and complement components were
prepared in Veronal buffer containing 2% gelatin (GVB). To
prepare EA, hemolysin was added to 10 ml of erythrocytes
(5%10® cells/mi) and incubated at 37°C for 30 min. C1 (10 ug)
was added to 5 ml of EA, incubated at 30°C for 15 min, and
washed twice with GVB (EAC1). NS3/4A protease was
prepared in a solution containing 20 mM Tris-HCI (pH 8.0),
20% glycerol, 100 mM KCI, 1 mM DTT, and 0.2 mM EDTA,
adjusted to pH 7.5. The reaction solution was adjusted to 2 mM
DTT to ensure a uniform effect on C4 activity. C4 was
incubated with the NS3/4A protease, and then mixed with 100
pl of EAC1 and incubated at 30°C for 15 min (EAC1-C4). After
washing twice with GVB, 1 pl of C2 (0.1 mg/ml) was added and
the mixture was incubated at room temperature for 4 min
(EAC1-C4-C2). After washing twice again with GVB, 150 pl of
80-fold diluted C4d-GPS was added to 30 ul of EAC1-C4-C2,
and the mixture was incubated at 37°C for 30 min. The optical
absorbance of the centrifuged supernatant was determined at
415 nm, and the level of hemolysis was calculated using the
following formuia: Hemolysis (%) = (sample OD,s — no C4
ODyy5)/(total hemolysis in distilled water OD4y5 — no C4 OD,,5)
x100. “No C4" refers to a control sample containing EAC1 not
incubated with C4. In a separate experiment, VX850 was first
pre-incubated with NS3/4A protease at 30°C for 30 min, and
then incubated with C4 at 30°C for 30 min.

Cell culture and transfection

Human hepatoma-derived Huh7.5.1 cells (a kind gift from Dr.
F. V. Chisari, The Scripps Research Institute, La Jolla, CA) and
human embryonic kidney (HEK) 293T cells were cultured at
37°C under 5% CO, in DMEM containing 10% FBS, 100
units/ml  penicillin, and 100 g/ml streptomycin. DNA
transfections of Huh7.5.1 cells and 293T cells were performed
using Lipofectamine LTX/PLUS Reagent (Invitrogen, Carlsbad,
CA) and polyethylenimine (Alfa Aesar, Heysham, Lancashire,
UK), respectively. The transfection complex was formed at a
DNA:reagent ratio of 1:1 (w/w) in OptiMEM (Invitrogen) with
incubation for 15 min at room temperature before it was added
to the culture.

Preparation of virus stock

The pJ6/JFH1 plasmid was generated by replacing the
structural region of the JFH-1 strain with that of the JBCF
strain, as described [10]. Cell culture—derived infectious HCV
particles (HCVcc) were produced by introducing in vitro
transcribed RNA from pJ6/JFH1 into Huh-7.5.1 cells by
electroporation. The culture supernatant was concentrated
using a 100-kDa MWCO Amicon Ultra Centrifugal Filter
(Millipore, Bedford, MA). Virus infectivity was measured by
indirect immunofluorescence analysis. Virus stocks (1x107
focus-forming units/ml) were divided into small aliquots and
stored at ~80 °C until use.
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Plasmids

The C4 expression plasmid pFN21-C4A was purchased from
Kazusa DNA Research Institute (Kisarazu, Japan). To create
pFN21-C4A delH-Tag, the N-terminal Halo-Tag of pFN21-C4A
was removed by digestion with Hindlll and Pvul, followed by
blunt-ending with KOD FX neo (Toyobo, Osaka, Japan).
pCAG-HA-NS3/4A, which expresses full-length NS3 and NS4
(derived from HCV genotype 1b, Con-1 strain) with an HA tag
at the N-terminus of NS3 was generated as described [11].
Point mutation of serine to alanine at position 139 (S139A) in
pCAG-HA-NS3/4A was achieved by site-directed mutagenesis
using two primers: 5-~TAC TTG AAG GGC TCT GCG GGC
GGT CCA CTG C-3' and 5-GCA GTG GAC CGC CCG CAG
AGC CCT TCA AGT A-3". The point mutation was confirmed by
DNA sequencing.

Immunoprecipitation and immunoblotting

Goat anti-human complement C4 antibody (MP Biomedicals,
Santa Ana, CA) was bound to protein G-agarose beads
(Thermo Scientific, Rockford, IL) in binding buffer (0.5%
Nonidet P-40, 25 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA
and protease inhibitor cocktail [Roche, Basel, Switzerland}) for
1 h at room temperature. Culture supernatants were incubated
with the beads for 1 h at room temperature, and the
immunoprecipitated proteins were eluted by heat treatment for
5 min at 100°C with 2x sample buffer. Culture supernatants
were directly mixed with 3x sample buffer at a ratio of 1 volume
supernatant to 2 volumes sample buffer (1:2 [v/v]). Cells were
solubilized in lysis buffer (1% Triton X-100, 25 mM Tris, pH 7.5,
150 mM NaCl, 1 mM EDTA and protease inhibitor cocktail) on
ice. Cell debris was removed by centrifugation, and the
resultant supernatants were diluted 1:2 (v/v) with 3x sample
buffer. Precipitated proteins, culture supernatants, and cell
lysates were separated by SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Immobilon-P,
Millipore). After biocking in 4% BlockAce (DS Pharma
Biomedical, Osaka, Japan), the blots were incubated with the
indicated primary antibodies, followed by the secondary
antibody in TBST (25 mM Tris [pH 7.5], 150 mM NaCl, and
0.1% Tween 20). The primary antibodies used were anti-Cdy
(clone H-291, Santa Cruz Biotechnology, Dallas, TX), anti-
human complement C4, anti-HA (Sigma, St. Louis, MO), anti-
HCV core (clone 2H9) and anti-GAPDH (clone 6C5, Santa
Cruz Biotechnology). Donkey polyclonal Secondary Antibody to
Goat 1gG-H&L (HRP) (Abcam, Cambridge, UK), HRP-linked
anti-mouse IgG, and HRP-linked anti—rabbit IgG (Cell Signaling
Technology, Danvers, MA) were used as secondary antibodies.
Finally, proteins were Vvisualized using an enhanced
chemiluminescence (ECL) reagent (ECL Select Western
Blotting Detection Reagent, GE Healthcare, Little Chalfont,
UK).

Statistical analysis

The concentration of proteins detected by Western blots was
determined by densitometric analysis using the Imaged
software [12]. Statistical analysis was performed with the SPSS
software (SPSS Inc., Chicago, IL) using the Tukey test, with P
< 0.05 considered to indicate a significant difference.
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Figure 1. C4 is cleaved by HCV NS3/4A protease at

Cys-1583/Ser-1584 or Cys-1590/Ala-1591. (A) HCV NS3/4A
protease, core, or NS5 was added to C4, and the products
were separated by SDS-PAGE and subjected to CBB staining.
Two approximately 17-kDa proteins (Fragment F1 and F2) and
a 15-kDa protein (Fragment F3) were detected after incubation
of C4 with HCV NS3/4A protease, but not after incubation with
core or NS5. (B) Amino acid sequence of aa 1451-1620 region
of C4. Protein fragments were analyzed by N-terminal peptide
sequencing. The sequences of the N-termini of the 17-kDa
proteins (Fragment F1 and F2) were SAEVCQCA and
AEGKCPRQ, which are located at aa 1584—1591 and 1591
1598 in C4, respectively. The sequence of the N-terminus of
the 15-kDa protein (Fragment F3) was EAPKVVEE, which is
located at aa 1454-1461 in C4. (C) Schematic representation
of C4y chain, and Fragment F1, F2 and F3.

doi: 10.1371/journal.pone.0082094.g001

Results

HCV NS3/4A protease cleaves C4 in vitro
To test cleavage of C4 mediated by HCV proteins, C4
(containing subunits C4a, C4B, and C4y) was mixed with

NS3/4A protease, core, or NS5, followed by incubation at 30°C

for 30 min. As shown in Figure 1A, doublet bands at 17 kDa
(fragments F1 and F2 in the enlarged view) and one band at 15
kDa (fragment F3) were detected in the presence of NS3/4A
protease and C4. These bands were not detected after
incubation of C4 with core or NS5, or when either core or NS5
were incubated aione.

N-terminal sequence analyses revealed that the bands at
approximately 100, 75, and 32 kDa (Figure 1A) represented
C4a (N-terminus sequence identified: NVNFQKAI), C4pB
(KPRLLLFS), and C4y (EAPKVVEE), respectively. As shown in
Figure 1B, the N-terminal sequences of the doublet proteins at
17 kDa were identical to sequences found in C4y: SAEVCQCA
(aa 1584-1591 of C4) and AEGKCPRQ (aa 1591-1598). In
addition, the N-terminal sequence of the 15-kDa fragment was
EAPKVVEE (aa 1454-1461), indicating that the 15-kDa
fragment is the N-terminal region of the C4y. These results
demonstrate that HCV NS3/4A protease cleaves C4 between
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Figure 2. HCV NS3/4A protease inhibits the classical
pathway, as assessed by hemolysis. C4 was incubated in
the presence or absence of HCV NS3/4A protease, and then
C1-sensitized EA (EAC1) was added (EAC1-C4). After
washing, C2 was added to form EAC1-C4-C2, and the complex
was. resuspended in C4d-GPS. The absorbance of the
centrifuged supernatant was determined at 415 nm. The grade
of hemolysis decreased in the presence of NS3/4A protease in
a dose-dependent manner. All measurements were performed
in triplicate, and data are expressed as means * SD.

doi: 10,137 1/journal.pone.0082094.g002

either Cys-1583 and Ser-1584 or Cys-1590 and Ala-1591,
consistent with the consensus sequence of HCV NS3
proteinase cleavage sites [3,13]. Possible locations for the 15-
and 17-kDa fragments of C4y are shown in Figure 1B and 1C.

HCV NS3/4A protease decreases the activity of the
classical pathway of the complement system in a
concentration-dependent manner

To examine the functional significance of C4 cleavage by
NS3/4A protease, complement components were serially
added to EA to reproduce the classical pathway of the
complement system. C4, untreated or treated with various
concentrations of N83/4A, was added at various
concentrations to the EA-C1 mixture, followed by addition of C2
and C4d-GPS, which were used as sources of C3 and C5-C9.
Erythrocyte hemolysis, which is caused by the complement-
mediated fusion of erythrocytes, was quantified (Figure 2).
NS3/4A treatment significantly decreased hemolysis levels in a
concentration-dependent manner. This result, together with
those in Figure 1, suggests that the C4 cleavage mediated by
NS3/4A protease may contribute to inhibition of compiement
activation via the classical pathway.
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Figure 3. VX950, a HCV NS3/4A protease inhibitor,

abrogates cleavage of C4 induced by HCV NS3/4A
protease. (A) VX950 was added to HCV NS3/4A protease at
the indicated concentrations, and then C4 was added. Proteins
were separated by SDS-PAGE for CBB staining. The three C4-
derived fragments of 17 kDa and 15 kDa produced by NS3/4A
protease action could not be detected after pretreatment with
VX950, and this change was accompanied by an increased
concentration of the 32-kDa C4y chain. (B) The C4y, 17-kDa,
and 15-kDa bands were quantified by densitometric analysis
using the Image J software. (C) C4 was incubated in the
presence or absence of HCV NS3/4A or VX950, and then C1-
sensitized EA (EAC1) was added (EAC1-C4). C2 and C4d-
GPS were then added, and the absorbance of the supernatant
was determined at 415 nm. Hemolysis was inhibited by NS3/4A
protease and this inhibition was blocked by VX950. All
measurements were made in triplicate, and data are expressed
as means + SD.

doi: 10.1371/journal.pone.0082094.g5003

HCYV protease inhibitor reduces inactivation of
complement by blocking C4 cleavage by NS3/4A
protease

We tested the effect of VX950, a specific inhibitor of NS3/4A
protease, on C4 cleavage by NS3/4A protease and inhibition of
complement activation. As shown in Figure 3A and 3B, under a
condition in which more than 80% of 32-kDa C4y was
processed into 17- and 15-kDa fragments in the presence of
NS3/4A protease (lanes 5), pretreatment of the protease with 1
UM VX950 moderately inhibited the cleavage of Cdy (lanes 4).
The NS3/4A-mediated processing of C4y into 17- and 15-kDa
fragments was almost completely blocked by VX950 at 210 uM
(lanes 1-3). In the erythrocyte hemolysis assay, the reduction
in hemolysis level mediated by NS3/4A significantly recovered
in the presence of VX850 (Figure 3C). These results confirmed
cleavage of C4y by NS3/4A and the involvement of the
protease in the classical complement pathway.

Cleavage of C4y in NS3/4A-expressing cells and HCV-
infected cells

To determine whether HCV NS3/4A protease cleaves C4 in
cells, we analyzed 32-kDa C4y and its processed fragments in
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Figure 4. C4 is cleaved by HCV NS3/4 protease in cell
cultures. (A) 293T cells were transfected with the indicated
plasmids. Anti-C4 immunoprecipitates (IP) of supernatants
were separated by SDS-PAGE and analyzed by
immunoblotting with anti-C4y antibody. Detergent-solubie cell
lysates were separated by SDS-PAGE and analyzed by
immunoblotting with anti-HA and anti-GAPDH antibodies. (B)
293T cells were transfected with the indicated plasmids.
Culture supernatants were analyzed by immunoblotting with
anti-C4y antibody. Anti-C4 immunoprecipitates  (IP) of
supernatants were analyzed by immunoblotting with anti-C4
antibody. Detergent-soluble cell lysates were analyzed by
immunoblotting with anti-HA and anti-GAPDH antibodies. (C)
Huh7.5.1 cells were mock-infected or infected with HCVcc at a
multiplicity of infection of 2 for 6 h, followed by mock-
transfection or transfection with C4 expression plasmid. Culture
supernatantszand:cell lysates were analyzed as described in
(A) and (Bﬁﬁ?j e anti-C4y antibody was not appropriate for
immunoblotting of IP samples derived from Huh7.5.1 cultures
because of unavoidable nonspecific cross-reaction. * indicates
non-specific reactions in (A) — (C).

doi: 10.1371/journal.pone.0082094.g004

culture medium from 293T cells cotransfected with expression
plasmids encoding C4 (pFN21-C4A delH-Tag) and NS3/4A
protease (pCAG:=HA-NS3/4A). Co-expression of C4 and
NS3/4A derived from HCV genotype 1b led to production of the
17-kDa C4y fragment and reduction in the level of 32-kDa C4y
(Figure 4A). In contrast, the 17-kDa fragment was not detected,
and the 32-kDa C4y level was not changed, when a mutant
NS3 with an amino-acid substitution at the catalytic-site
(S138A)/4A was co-expressed with C4 (Figure 4B). Next, we
investigated C4 cleavage in HCV-infected cultures. In the
culture medium of Huh7.5.1 cells infected with HCVcc of strain
J6/JFH-1 (genotype 2a) expressing of C4 from pFN21-C4A
delH-Tag, the 17-kDa fragment was produced, and the level of
32-kDa C4y was reduced accordingly (Figure 4C). These data
demonstrate that C4y can be cleaved by HCV NS3/4A, either
expressed from a plasmid or in HCV-infected cells, and that
proteases of both genotypes 1b and 2a are functional in this
cleavage.

Discussion

The results of this study show that C4y is cleaved by HCV
NS3/4A protease in vitro and in cell culture. Cleavage of C4 by
HCV NS3/4A protease leads to inhibition of activity of the
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classical complement pathway. C4 cleavage and abrogation of
complement activation are blocked by an inhibitor of NS3/4A
protease.

HCV NS3/4A protease plays an important role in the
replication of non-structural regions [2,3], and might also
directly act on the IFN signaling system to inhibit the host
immune response and prevent viral clearance, thereby
contributing to persistent HCV infection. However, a direct
relationship between HCV infection and complement
components has not been previously established. Levels of
functional C3 or C4 assessed by hemolysis assay are reduced
after infection by flaviviruses such as Dengue virus and West
Nile virus (WNV) [9,14]. In mice infected with y-herpesvirus or
WNYV, genetic deletion of complement C3 or C4 not only
enhances mortality but also increases persistent replication of
y-herpesvirus or WNW RNA levels [14,15]. Furthermore,
Mouilton et al. reported that mousepox virus dissemination was
more severe, and viral loads in tissues were higher, in C3-
deficient mice; leading to higher mortality than in wild-type
mice; those authors concluded that the complement system is
critical for slowing viral spread and decreasing tissue titer and
damage [16]. Thus, it is likely that the complement system is
widely associated with development of viral infection. Further
investigation of the role of complement activation mediated by
HCV proteins such as HCV NS3/4A protease may provide new
insights into development of persistent HCV infection.

Our results indicated that the C4 cleavage site of HCV
NS3/4A protease is between either Cys-1583 and Ser-1584 or
Cys-1590 and Ala-1591 of C4, both of which are located in the
Cd4y chain (Figure 1). HCV NS3/4A protease has previously
been suggested to cleave at Cys/Thr and Ala/Ser sites [3,13],
which is broadly consistent with our results. C4 was also
cleaved by HCV NS3/4A protease in HCV-infected cells (Figure
4C), in which unprocessed 32-kDa C4y and cleaved 17-kDa
fragment in the culture medium were observed. in cultures of
human hepatoma HepG2 cells, the major fraction of C4a, C4p,
and C4y were present in the culture medium rather than in cells
[17,18]. In good agreement with that finding, we detected little
C4 in Huh-7—derived cells (data not shown). We speculate that
immediately after synthesis, at least a fraction of C4y can be
quickly cleaved by NS3/4A in virally replicating cells, followed
by secretion into the culture medium. However, we cannot rule
out the possibility that HCV NS3/4A protease is present
extracellularly and is functional under some particular
conditions, because addition of recombinant antigens derived
from the NS3 region to NS4 improves the sensitivity of the anti-
HCV test in serum and shortens the window period for
seroconversion in patients infected with HCV [19].

Complement components are involved in innate immunity
and are responsible for one of the major immunological
mechanisms mediated by antibodies [7]. In viral and bacterial
infection, these components cause lysis of the outer membrane
of virus particles [20] and infected cells [21] by the membrane
attack complex C5-C9, ultimately resulting in elimination of the
pathogen. Some viruses, such as cytomegalovirus, induce
expression of cellular complement inhibitors, for example,
decay-accelerating factor and monocyte chemoattractant
protein, leading to increased levels of these proteins on the
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surfaces of infected cells. Human immunodeficiency virus may
incorporate the complement inhibitors into the viral envelope
[22,23]. NS1 protein secreted from flaviviruses, such as
dengue virus, West Nile virus, and yellow fever virus, not only
attenuates activation of the classical and lectin pathways by
directly interacting with C4, but also inactivates C4b by
interacting with C4-binding protein [9,24]. Thus, NS1 of
flaviviruses is considered to play a role in protecting the virus
from complement-dependent neutralization. To our knowledge,
however, our study provides the first evidence that the viral
protease plays a role in protecting the virus from the
complement defense system via proteolytic processing of the
complement component.

In particular, C4 is involved in the classical and mannose-
binding lectin pathways of the complement system, and it is
responsible for the major activity of complement components.
Upon antibody binding to an antigen, C4 is cleaved into C4a
and C4b by the C1g-C1r-C1s complex, and C4b then binds to
C2a (C4b2a) on the cell membrane to cleave C3 into C3a and
C3b. Subsequently, C3b binds to C4b2a to cleave C5, and
finally C5b and C6-C9 form the membrane attack complex to
cause lysis of the cell membrane [7]. The erythrocyte
hemolysis assay used in this study reproduces this cascade
and revealed that HCV NS3/4A protease cleaves C4 and
decreases the activity of the classical pathway. The specific
assay was constructed to evaluate the function of C4 in the
classical pathway by allowing HCV NS3/4A protease to act on
C4 alone, without influence from other complement
components. Therefore, further work is needed to determine
whether HCV NS83/4A protease affects other components.

Several studies have demonstrated that HCV proteins
influence complement systems and may be involved in evading
antiviral immune responses of the host, as follows. Amet et al.
reported that CD59, which may inhibit formation of the
membrane attack complex, is incorporated into cultured cells
and plasma primary HCV virions and inhibited activation of
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Abstract

Using a high-throughput screening system involving HCV JFH-1-Huh 7.5.1 cells, we determined that the ligands of class II nuclear receptors,
retinoids and rexinoids inhibit HCV infection. Retinoids, ligands of retinoic acid receptor (RAR), and rexinoids, ligands of retinoid X receptor
(RXR), reduced extracellular HCV RNA of HCV infected cells in a dose-dependent manner. The 50% effective concentrations were below
10 nM, and the 50% cytotoxic concentrations were over 10 pM. Both agonists and antagonists demonstrated jinhibition, which indicates that the
effect is not dependent on retinoic acid signaling. These chemicals reduced HCV RNA and NS5A protein levels in cells harboring the sub-
genomic HCV replicon RNA, which suggests that the chemicals affect HCV RNA replication. These compounds were also effective against
persistently infected cells, although the reduction in the intracellular HCV RNA was smaller than that of the extracellular HCV RNA, suggesting
that viral post-replication step is also inhibited. In combination with interferon (IFN), retinoid exhibited a synergistic effect. Retinoids did not
enhance expression of the IFN effector molecule PKR. These series of compounds warrant further investigation as new class of HCV drugs, for
the clinical translation of our observation may lead to increased anti-HCV efficacy.
© 2013 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: Hepatitis C virus; HCV; Retinoid; Retinoic acid; Rexinoid

1. Introduction

Hepatitis C virus (HCV) is a leading cause of chronic liver
diseases such as hepatitis, cirrhosis, and hepatocellular carci-
noma (HCC). HCC usually occurs after establishment of liver
cirrhosis in HCV-infected individuals. Although the prevalence
of HCV infection in HCC differs noticeably with geographical
regions, two-thirds of hepatocellular carcinoma patients are
chronically infected with HCV in Japan | 1]. Because of limited
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fax: 481 3 5285 1272.
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efficacy and high cost of preexisting drugs, HCV infection has not
yet been eradicated from the world especially Asia. The current
standard therapy, acombination of interferon (IFN) and ribavirin,
is not effective for all the patients, in addition to having serious
side effects. Because of the urgent need for novel HCV therapies,
many studies on HCV drugs have been conducted. In addition to
in vitro screenings targeting specific HCV viral enzymes and
screenings using HCV genome-harboring replicon cells, the
HCV JFH-1-Huh 7.5 cell infection system has been recently
developed |2] and is now used for screening. This system is
applicable to easy screening assays [3.4] and is capable of
identifying and analyzing inhibitors that have effects on any
stages of HCV life cycle: viral attachment, entry, replication, and
post-replication. This system targets not only viral components
but also the host components involved in HCV infection.

1286-4579/$ - see front matter © 2013 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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We screened chemical libraries using an easy high-throughput
screening with the JFH-1-Huh 7.5 cell system [4], and discovered
that several ligands of class II nuclear receptors inhibited HCV
infection. These ligands had a notable effect on HCV infection;
the 50% effective concentrations (ECsg) were below 10 nM. The
nuclear receptors are classified into two classes: receptors for
steroid hormones (class I) and receptors for non-steroid ligands
(class II). The class II nuclear receptors include retinoic acid re-
ceptor (RAR), retinoid X receptor (RXR), peroxisome
proliferator-activated receptors (PPARs), vitamin D receptor
(VDR), thyroid hormone receptor (TR), and liver X receptor
(LXR). The common biological characteristic of the class II re-
ceptors is that they work as a dimer with the RXR |5-7]. The
RAR consists of three subtypes, o, B and v, encoded by separate
genes. All-trans-retinoic acid (ATRA) is a retinol (vitamin A)
metabolite and considered as a natural ligand of RARs. ATRA
and some synthetic analogs bind RARs and are referred to as
retinoids [5,6]. ATRA is used as an effective anticancer drug for
the treatment of acute promyelocytic leukemia (APL). Am80isa
synthetic retinoid with specific activation of RARa, which is also
clinically used for APL as tamibarotene. RXR also consists of
three subtypes, o, B, and vy. In addition, 9-cis-retinoic acid
(9CRA) and some synthetic ligands of RXRs are called rexinoids
[7]. RXR is unique in that it forms a homodimer, whereas all the
other class 1I receptors exclusively form heterodimers with the
RXR. 9CRA is also a metabolite of retinol and is believed to be a
natural ligand of the RXR, but is capable of binding the RAR.
Bexarotene is a synthetic selective agonist of RXR prescribed as
Targretin and used for cutaneous T cell lymphomas in USA and
some other countries.

There are some reports regarding the in vitro inhibitory
effect on HCV of ATRA and other retinoids {8,9]. Further-
more, Bocher et al. reported a preclinical use of ATRA for the
treatment of hepatitis C patients and demonstrated its thera-
peutic potential |10}, Nevertheless, the mechanism of the
retinoid inhibitory effect on HCV has not been examined and
remains unclear. Retinoids have been already approved for
treatments of other diseases. That is, their pharmacological
properties had been already investigated and safety is verified,
suggesting benefit for HCV treatment. Therefore, in this study,
we attempted to elucidate how retinoids and related chemicals
inhibit HCV infection and obtain some clues allowing the
understanding of the mechanism of action.

2. Materials and methods
2.1. Cells and virus

Huh 7.5.1 cells and 293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Sigma—Aldrich Co. St.
Louis, MO, USA) with 10% fetal bovine serum (FBS). HCV
JFH-1 (genotype 2a) (HCVcc) was generated and stocked as
described previously |3]. Subgenomic replicon cells, clone #4-
1 and clone #5-15, which are derived from Huh 7 cells, harbor
the JFH-1 genome (genotype 2a) {11] and the genotype 1b
HCV genome |12}, respectively. A persistently infected cell
line was prepared as described below. Huh 7 cells were
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inoculated with HCVcc at a multiplicity of infection (MOI) of
1. The cells were passaged every 3—5 days with a cell density
at more than 5 x 10° cells/10 cm-dish. HCVee inoculated cells
were monitored via intracellular and extracellular HCV core
protein levels as determined by ELISA (HCV ELISA Test
System, Ortho-Clinical Diagnostic K. K., Tokyo, Japan) and
immunostaining and immunoblot using a specific antibody
(anti-HCV core protein antibody, #40015B, Anogen, Mis-
sissauga, Canada). After HCVec inoculation of Huh 7 cells,
the intracellular HCV RNA and extracellular infectivity were
detected for over ten passages. These cells were also cultured
in DMEM with FBS.

2.2. Chemicals

All-trans-retinoic  acid (ATRA) was purchased from
Calbiochem-Merck KGaA (Darmstadt, Germany) and 9-cis-
retinoic acid (9CRA) was from LKT (St. Paul, MN, USA).
Am80, adapalene, TTNTB, and GW3965 were purchased
from Tocris Bioscience (Bristol, UK). LE135, bexarotene,
CD3254, UVI3003, SR11237, and TO901317 were purchased
from Sigma—Aldrich Co. Ro41-5253, GW 1929, and vitamin
D3 were purchased from Enzo Life Science Inc. (Farmingdale,
NY, USA). Clofibrate was purchased from Cayman Chemicals
(Ann Arbor, MI, USA), and thyroxin was from Santa Cruz
Biotech Inc. (Santa Cruz, CA, USA). Human interferon (IFN)
@ was purchased from PeproTech Inc. (Princeton, NJ, USA).

2.3. Quantification of viral titer in the supernatant and
cells

To detect the reduction of HCV RNA in the supernatant, we
used an easy quantitative real-time RT-PCR, the tube-capture-
RT-PCR described before | 3]. Briefly, the test compounds were
added to Huh 7.5.1 cells seeded in 96-well plates as was HCVcc
(MOI = 0.01), and after 5 days, the culture supernatant was taken
and subjected to quantitative real-time RT-PCR using the Su-
perScript III Platinum SYBR Green One-Step qRT-PCR Kit™
(Invitrogen Co., Carlsbad, CA, USA) by the Agilent Technolo-
gies Mx3000P (Santa Clara, CA, USA) |3]. For measuring the
copy number of HCV RNA, 5 x 10* cells were seeded in 24-well
plate per well, infected, and cultured for the indicated time. RNA
was extracted with the QIlAamp viral RNA Mini Kit™ (Qiagen
GmbH, Hilden, Germany) from the supernatant or with the
RNeasy Mini Kit ™ (Qiagen) from cells for quantitative real-
time RT-PCR. The primers for HCV RNA were 5'-GAGT
GTCGTACAGCCTCCAG-3' (nucleotides 97—116) and 5-
AGGCCTTTCGCAACCCA-3 (nucleotides 280—264). The
standard JFH-1 RNA protocol for measurement of copy number
has been previously described | 3. As an internal control, glyc-
eraldehyde-3-phosphate-dehydrogenase (GAPDH) mRNA was
measured with the primers 5-CCACCCATGGCAAATTCC-3
and 5'-TGGGATTTCCATTGAT-3'. To evaluate the expression
of protein kinase R (PKR) and 2/, 5'-oligoadenylate synthetase 1
(OAS1), we used 5'-TGGCCGCTAAACTTGCATATC-3' and
5'-GCGAGTGTGCTGGTCACTAAAG-3 as primers for PKR



