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Table 6 Changes in hepatic fatty acid composition

Fatty acid Control p? Ezetimibe p? PP
Before After Before After

C12:0 (lauric acid) 7712 15.2+5.6 0.219 63+1.8 18.8+4.7 0.019 0.494
C14:0 (myristic acid) 19.94£2.5 33.0+10.1 0.228 17.6£2.2 56.6£13.0 0.014 0.148
C16:0 (palmitic acid) 185.9+£23.8 303.9+118.2 0.334 169.7+£22.9 583.9+176.8 0.042 0.202
C16:1n-7 (palmitoleic acid) 24.2+4.5 37.3+134 0.362 22.3+4.3 51.9+13.2 0.031 0.368
C17:0 (margaric acid) 4.6+0.7 3.5+0.1 0.400 5.3+0.8 16.0+4.1 0.024 0.025
C18:0 (stearic acid) 45.9+4.4 54.4+8.9 0.283 56.0%7.1 125.1£30.2 0.017 0.042
C18:1n-9 (oleic acid) 166.4+25.1 250.2+91.6 0.367 173.9+30.6 381.9+84.3 0.017 0.288
C18:2n-6 (linoleic acid) 80.4x12.3 87.9+£22.5 0.556 73.9+8.5 147.3+36.1 0.035 0.066
C18:3n-6 (y-linolenic acid) ND ND ND ND

C18:3n-3 (a-linolenic acid) 0.6+£04 0.0£0.0 0.171 0.6+0.4 0.0£0.0 0.178 0.981
C20:0n-6 (arachidic acid) ND ND ND ND

C20:1n-9 (eicosenoic acid) 55+1.1 4.7+19 0.639 5.7+1.0 13.1+4.8 0.170 0.168
C20:2n-6 (eicosadienoic acid ) ND ND ND ND

C20:3n-6 (dihomo-y-linolenic acid) ND ND ND ND

C20:3n-9 (eicosatrienoic acid) ND ND ND ND

C20:4n-6 (arachidonic acid) ND ND ND ND

C20:5n-3 (eicosapentaenoic acid) ND ND ND ND

C22:0 (behenic acid) ND ND ND ND

C22:1n-9 (erucic acid) 14.2+£2.5 11.7£2.7 0474 16.2+2.4 19.2+1.0 0.664 0.468
C22:2n-6 (docosadienoic acid) 2.8+1.0 1.8+1.0 0.433 223+0.7 62.3£2.9 0.176 0.152
C22:4n-6 (docosatetraenoic acid) ND ND ND ND

C22:5n-3 (docosapentaenoic acid) ND ND ND ND

C22:6n-3 (docosahexaenoic acid) 13.6+3.5 7.8+3.3 0.232 14.243.7 48.7+19.9 0.109 0.097
C24:1 (nervonic acid) ND ND ND ND

The data are expressed as 10™ mg/mg liver, means + SE
2 p value for the intragroup comparison (baseline vs 6 month)

® p value for the intergroup comparison (changes from baseline between groups)

ND, not determined

genes involved in the L-carnitine pathway, including CPT14,
were coordinately downregulated. A decreased L-carnitine
pathway could be associated with reduced (-oxidation of
palmitic acids in mitochondria, resulting in an increase in
long-chain fatty acids (lauric, myristic, palmitic, palmitoleic,
margaric, stearic, oleic and linoleic acids). Unbalanced fatty
acid composition could induce oxidative stress and lead to
insulin resistance in the ezetimibe group. In addition, genes
involved in the cholesterol and NEFA biosynthesis, including
SREBF?2, were coordinately upregulated in the ezetimibe group
(Table 3), probably as a result of deceased absorption of exog-
enous cholesterol. Upregulation of SREBF2 potentially re-
presses the expression of hepatocyte nuclear factor 4, which is
required for CPT! transcription [35]. Moreover, recent reports
have demonstrated that microRNA (miR)-33, encoded by an
intron of Srebp2 [36], inhibits translation of transcripts involved
in fatty acid {3-oxidation, including CPT7 [37]. miR-33 is also
implicated in decreased insulin signalling by reducing insulin

receptor substrate-2 [38, 39]. Hepatic gene expression profiles
may, to some extent, explain hepatic fatty acid composition and
impaired glycaemic control in the ezetimibe group. These novel
SREBP-2-mediated pathways in the gene expression network
may be relevant to a recent report that a polymorphism in the
SREBF?2 predicts incidence and the severity NAFLD and the
associated glucose and lipid dysmetabolism [15]. These unique
hypotheses should be confirmed in future in vitro and in vivo
studies.

Our study has some limitations. First, the number of
patients is relatively small because the data and safety monitor-
ing board recommended that the study intervention and enrol-
ment be discontinued in light of the higher proportion of
adverse events in the ezetimibe group than in the control group.
Second, our trial was a 6 month open-label study that resulted in
subtle changes in liver pathology compared with previous
reports [40]. Indeed, a 6 month duration may be too short a
period to expect improvement of fibrosis, which is a slowly
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progressive process [40]. Third, the average serum aminotrans-
ferase levels were lower than those in previous studies [9, 10],
and most of the patients had mild steatosis, fibrosis and lower
NAS at baseline before ezetimibe treatment. Serum ALT levels
did not decrease with ezetimibe treatment in the present study,
in contrast to the significant improvement reported previously
[9, 10]. And finally, secondary outcomes are always at risk of
false-positive associations. Therefore, we not only presented
the changes in HbA;. (p=0.001 for ezetimibe treatment and
p=0.041 for the intergroup difference at the end of the study),
but also showed the signature of hepatic fatty acid composition
and hepatic gene expression profiles that support the hypothesis
that ezetimibe increases HbA ., and hepatic fatty acids contents
possibly through the SREBP-2-miR33 pathway. No previous
studies have raised this issue, which is worth investigating. The
same mechanism may underlie a statin-induced deterioration of
glucose tolerance, which remains a serious concern. Further-
more, the SREBP-2-miR33 pathway may raise a concern for
a safety issue of combination therapy with ezetimibe and
statins because these agents may additively upregulate
SREBF?2 expression [41]. Future large-scale, long-duration
studies involving more severely affected patients are required
to determine the definite efficacy and risks of ezetimibe in the
treatment of NAFLD.

In conclusion, the present study represents the first
randomised controlled clinical trial of the efficacy of ezetimibe
on liver pathology, energy homeostasis, hepatic fatty acid com-
position and hepatic gene expression profiles in patients with
NAFLD. The lipid profile and liver histology of cell ballooning
and fibrosis were significantly improved by ezetimibe treatment.
However, our findings suggest an increase in oxidative stress,
insulin resistance and HbA . on treatment with ezetimibe, which
should be taken into consideration in NAFLD patients.
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sue, with miR-122 abundance reduced from normal t not HBV-infected liver. Similar
“{“drfferences were observed in HCV- vs. HBV-infected chrmpanzees Among HCV-infected Japanese 'subjects .
- reductions in miR-122 abundance m"non-tumor tissue were associated with a single nucleotide polymorphism near
"gthe IL28B gene that predrcts poor esponse to interferon- based therapy (TGvs. TT genotype at rs8099917), and
correlated “negatively with the abundance of multiple interferon-stimulated gene transcripts. Reduced levels of
~ miR-122 in chronic hepatitis C thus appear to be associated with endogenous interferon responses to the virus, while
- differences in mlR 122 expressmn in HCV- versus HBV-associated HCC Ilkely reflect virus-specific mechamsms,
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Introduction by 50% among males and by 29% in females [4]. These

changes in the incidence of HCC are largely due to increases

Globally, liver cancer is the fifth and seventh most common in HCV-associated malignancy. Similarly, while HBV infection

malignancy in men and women, respectively, and the third historically has been the major risk factor underlying

most deadly [1]. Most (85-95%) of these cancers are development of HCC in Asia, in Japan it has been supplanted
hepatocellular carcinoma (HCC) [2], and many are associated in recent decades by HCV infection [5].

with persistent intrahepatic infections with hepatitis C virus The exact mechanisms underlying HCV- and HBV-

(HCV) or hepatitis B virus (HBV) [2,3]. Although the ftotal associated malignancy are unknown [6,7]. Chronic infections
cancer death rate decreased within the United States by over with either virus may result in cirrhosis, which alone is a major
1.5% between 2001-2007, deaths due to liver cancer increased risk factor for liver cancer [2]. However, there may also be
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virus-specific mechanisms at work. While immune-mediated
mechanisms are both necessary and sufficient for the
development of HBV-related cancer in murine models, liver
cancer arises in the absence of inflammation in HCV-
transgenic mice [8,9]. Moreover, some HCV proteins may
interact with host tumor suppressors and possibly impair
cellular responses to DNA damage [10]. If virus-specific
mechanisms of oncogenesis are important in the development
of HCC, it is reasonable to anticipate that the pathways leading
to HCV- and HBV-associated cancer might differ, possibly
leaving distinguishing genetic or epigenetic marks in the tumors
that arise. If so, understanding these differences would be
important for biomarker discovery, and potentially design of
preventative and therapeutic interventions.

Here, we describe a study that was aimed at determining
whether the abundance of microRNA-122 (miR-122) is different
in liver cancer arising in patients with chronic HCV infection
compared to cancers arising in the context of chronic HBV
infection. Mature microRNAs (miRNAs) are 20-23 nucleotides
in length and encoded either by microRNA genes or from within
conventional protein-coding genes. They act generally by
binding to specific sites within the 3’ untranslated region (3’
UTR) of cellular mRNAs, to which they recruit RNA-induced
silencing complexes (RISC) that repress translation and
destabilize the mRNA [11-13]. miR-122 is a liver-specific
miRNA that accounts for the majority of miRNAs in hepatocytes
[14]. It regulates a large number of genes within the liver [15],
and has several tumor suppressor-like properties [16,17].
Importantly, miR-122 is a crucial host factor for HCV
replication, binding to the 5’ untranslated RNA segment of the
viral genome, physically stabilizing it, and promoting viral
protein expression [18-20].

Because of its liver-specific nature and tumor suppressor-like
qualities [16,17], it is of interest to know whether miR-122
expression is altered in liver cancers. Prior studies investigating
miR-122 expression in liver cancers have produced conflicting
results, particularly as related to the underlying viral causes of
cancer. Two early studies suggest that miR-122 abundance is
generally reduced in HCC [21,22]. However, Hou et al. [23]
reported that miR-122 expression was maintained in both HBV-
and HCV-associated cancer, while Varnholt et al. [24] reported
that miR-122 levels were increased significantly in HCV-
associated cancers when compared to non-cancerous tissue.
Coulouarn et al. [25] reported higher miR-122 expression levels
in HCV- versus HBV-associated cancers. To some extent,
these conflicting results may reflect different patient
populations, or possibly methodologic differences, not only in
the measurement of miR-122 abundance but also in how
miR-122 abundance was compared across tissue samples.

In an effort to resolve this controversy, we conducted a
comprehensive analysis of miR-122 expression in liver cancers
arising in a genetically homogenous group of Japanese
patients. Using a highly accurate, miR-122-specific quantitative
reverse-transcription, polymerase chain reaction (QRT-PCR)
assay, and paying particular attention to how miR-122
measurements are compared between tissue samples, we
show that miR-122 expression is significantly reduced in HBV-
associated HCC but not in most HCV-associated cancers. We
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also demonstrate that miR-122 abundance is reduced in non-
tumor HCV-infected liver in association with increased
expression of interferon (IFN)-stimulated genes (ISGs).

Materials and Methods

Ethics statement

Liver tissue was obtained from Japanese patients
undergoing surgical resection of liver cancer (primary or
metastatic) at the Liver Center of Kanazawa University Hospital
(Kanazawa, Japan). All subjects provided written informed
consent for participation in the study, and tissue acquisition
procedures were approved by the ethics committee of
Kanazawa University under a protocol entitled "Gene
expression analysis of peripheral blood cells and liver in
patients with liver and gastrointestinal cancers”. Archived liver
tissue and serum samples were collected prior to December
15, 2011 from chimpanzees housed and cared for at the
Southwest National Primate Research Center (SNPRC) of the
Texas Biomedical Research Institute in accordance with the
Guide for the Care and Use of Laboratory Animals. All
protocols were approved by the Institutional Animal Care and
Use Committee. SNPRC is accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC) International and operates in accordance with the
NIH and U.S. Department of Agriculture guidelines and the
Animal Welfare Act.

Human subjects and tissue samples

Paired samples of HCC and non-tumor liver tissue were
obtained from Japanese patients undergoing surgical resection
of HCC at the Liver Center of Kanazawa University Hospital
(Kanazawa, Japan). Non-infected ‘normal’ liver tissue was
similarly collected from patients undergoing resection of
metastases of non-hepatic primary cancers. Patients were
categorized as HCV-infected by the presence of HCV RNA
(COBAS Ampli-Prep/COBAS TagMan System) and absence of
hepatitis B surface antigen (HBsAg) in serum or plasma at the
time of surgery, while HBV infection was defined by the
presence of HBsAg and absence of anti-HCV antibodies. HCC
was categorized according to the degree of cellular
differentiation, while fibrosis and inflammation in non-tumor
tissue from HBV- and HCV-infected patients were compared
after scoring each [26,27]. The IL28B genotype of study
subjects with HCV infection was defined at the rs8099917
locus as described previously [28].

Chimpanzee care and sample collection

We studied archived liver tissue and serum samples
collected prior to December 15, 2011 from chimpanzees
housed and cared for at the Southwest National Primate
Research Center (SNPRC) of the Texas Biomedical Research
Institute. At the time samples were obtained, animals
considered to be non-infected (‘normal’) were negative for HBV
and HCV markers; HBV infection was defined as the presence
of serum HBsAg, and HCV infection by the presence of HCV
RNA detectable in sera by RT-PCR.
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Small RNA quantitation in human samples

Human tissue samples were stored in liquid nitrogen until
processed for RNA extraction. Approximately 1 mg of tissue
was ground using a tissue homogenizer and total RNA isolated
using the mirVana miRNA isolation kit (Ambion). Liver RNA
samples were subsequently stored at -80°C or on dry ice
during shipment. The quality of the isolated RNA (RIN score)
was assessed using an Agilent 2100 Bioanalyzer (Agilent RNA
6000 Nano Kit, Agilent Technologies) [29]. Quantification of
miR-122, miR-191, Let-7a, miR-24, and the small nuclear RNA
(snRNA) UB was carried out by quantitative reverse-
transcription, polymerase chain reaction (qQRT-PCR) in a two-
step process. RNA (12.5 ng) was reversed transcribed in a 10
ul reaction mix using reagents provided with the Universal
cDNA Synthesis kit (Exigon) and the manufacturer's
recommended procedure. Quantitative PCR was carried out
subsequently with the SYBR Green Master Mix Kit (Exiqon),
mixed locked-nucleic acid primer sets specific for each miRNA
or snRNA (Exigon), and the CFX96 PCR System (Bio-Rad).
Results are presented as relative copy number normalized to
total RNA. Alternatively, absolute miR-122 copy numbers were
estimated using serial dilutions of single-stranded synthetic
miR-122 (Dharmacon) as a standard.

miR-122 and HCV RNA quantitation in chimpanzee
samples

Total RNA was extracted from serum and liver using RNA
Bee (Leedo Medical Labs, Houston, TX), chloroform extraction
and isopropanol precipitation. Detection of miR-122 was
performed using primers and probes for miR-122 included in
the ABI TagMan assay (Cat No. 4373151) and the ABI TagMan
microRNA Reverse Transcription Kit (Cat No. 4366596). The
RT reaction was performed with 5 ng of total cell RNA, and the
PCR amplification was performed with one-tenth of the
resulting cDNA. The RT reaction was performed at 16°C for 30
min, followed by 42°C for 30 min, and 85°C for 5 min. The
TagMan Universal PCR Master Mix with no AmpErase UNG
was used for PCR amplification with reaction conditions of
95°C for 10 min followed by 40 cycles at 95°C for 15 sec and
60°C for 1 min. A standard curve was generated using a
synthetic RNA equivalent to mature miR-122. HCV viral RNA
levels in the serum and liver were determined using a real-time,
quantitative RT-PCR (TagMan) assay detecting sequences in
the viral 5 noncoding RNA using an ABI 7500 sequence
detector (PE Biosystems, Foster City, CA) as previously
described [30]. Synthetic HCV RNA was used to generate a
standard curve for determination of genome equivalents. The
forward primer was from nucleotide 149 to 167 (5'-
tgcggaaccggtgagtaca-3'), the reverse primer was from
nucleotide 210 to 191 (5'-cgggtttatccaagaaagga-3’) and the
probe was from nucleotide 189 to 169 (5-
ccggtcgtectggeaatteeg-3') in the 5" NCR of HCV.

Affymetrix array analysis

Human RNA samples were subjected to high-density
oligonucleotide microarray analysis as described previously
[28]. In brief, cDNA amplified using the WT-Ovation Pico RNA
Amplification System (NuGen, San Carlos, CA, USA) was used

PLOS ONE | www.plosone.org

miR-122 in HCV- vs. HBV-Associated Liver Cancer

for fragmentation and biotin labeling with the FL-Ovation cDNA
Biotin Module V2 (NuGen). Biotin-labeled cDNA suspended in
hybridization cocktail (NuGen) was hybridized to Affymetrix
U133 Plus 2.0 GeneChips, followed by labeling with
streptavidin-phycoerythrin. Probe hybridization was determined
using a GeneChip Scanner 3000 (Affymetrix) and analyzed
using GeneChip Operating Software 1.4 (Affymetrix).

Statistical analysis

Statistical analyses were carried out using Prism V software
(Graphpad Software, Inc). The paired t test was used for
comparison of results arising from groups of paired tissue
specimens (HCC versus non-tumor tissue), while the unpaired t
test or Mann-Whitney test was used for comparisons between
groups of unrelated tissues (e.g., HBV versus HCV infection).
Nonparametric analysis of the correlation between miR-122
and ISG expression levels was done by the Spearman method.
Other statistical tests were as described in the text.

Results

miR-122 abundance in HCV- versus HBV-associated
liver cancer

We measured miR-122 abundance in paired tumor and non-
tumor tissues collected from 26 patients undergoing surgical
resection of HCC: 16 with concomitant chronic HCV infection,
and 10 infected with HBV. The age, gender, histological
classification of HCC, and fibrosis score of non-tumor tissues
are shown in Figure 1 (see also Table 1). Subjects infected
with HCV (predominantly genotype 1b) were approximately one
decade older than those with HBV infection (66.6 + 8.0 s.d.
versus 54.3 + 9.1 s.d. years, p=0.001, Figure 1A), consistent
with previous studies indicating that HCC is generally
diagnosed at an earlier age in HBV-infected Japanese patients
[31]. There were no significant differences in the histological
classification of HCC or scores for fibrosis or inflammatory
activity in non-tumor tissues between the two groups (Figure
1B and C, and Table 1). There were more females among
those with HCV infection (10 male and 6 female) than HBV (9
male and 1 female), but this difference did not achieve
statistical significance (Chi square test with Yate’s correction).

gRT-PCR revealed significant differences in the abundance
of miR-122 in both tumor and non-tumor tissue samples when
the HBV- and HCV-infected groups were compared (Figure 2).
miR-122 abundance (miR-122 copy number per ug total RNA)
was significantly lower in HCC tissue from HBV-infected versus
HCV-infected subjects (p=0.009 by two-sided t test). In
contrast, the miR-122 abundance in non-tumor tissue from
HBV-infected patients was significantly greater than that in the
HCV-infected patients (p=0.0005 by two-sided t test). The
mean miR-122 abundance in HCC tissue was less than half
that in non-tumor tissue in HBV-infected patients (p=0.003 by
two-sided, paired t test). Strikingly, this relationship was
reversed in the HCV-infected patients, in whom miR-122
abundance in HCC tissue was almost twice that in the non-
tumor tissue (p=0.008 by two-sided paired t test). There was no
significant difference in the abundance of miR-122 in the non-
tumor tissue from HBV-infected patients and HCV-associated
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Figure 1. Age, histological classification of tumors, and scoring of non-tumor tissue for inflammation and fibrosis. (A)
Age of subjects from whom HBV- and HCV-associated HCC and paired non-tumor samples were obtained. (B) Histological
classification of tumors: W = well differentiated, M = moderately differentiated, P = poorly differentiated. (C) Individual scores for
fibrosis and inflammatory activity in non-tumor tissue. Bars represent mean values. See also Table 1.

doi: 10.1371/journal.pone.0076867.g001

HCC. miR-122 abundance varied quite widely in liver tissue
collected from non-infected individuals undergoing resection of
metastatic tumors. Despite this, miR-122 abundance was
significantly less in HBV-associated cancer tissue and non-
tumor HCV-infected tissue than in the non-infected tissues
(p=0.016 and 0.013, respectively).

To account for potential differences in degradation of the
RNA or efficiency of reverse transcription between tissue
samples, we assessed the abundance of several other small
RNAs against which we could normalize the abundance of
miR-122. U6, a noncoding snRNA component of the
spliceosome, is commonly used to normalize miRNA
abundance. However, we observed substantial differences in
U6 abundance in these tissues, suggesting that U6 would be a
poor normalizer (Figure 3A). Substantially less variation was
observed in the abundance of the miRNAs, miR-24 or Let-7a
(Figure 3B and C), for which the standard deviation of the
critical threshold [25] in the PCR assay was 0.79 and 1.27,
respectively, compared to 1.34 for U6. Notably, we observed
no difference in the abundance of Let-7a in HBV-associated
cancer and non-tumor tissues (p=0.52 by two-sided, paired t
test), despite a prior report suggesting that Let-7a expression is
regulated by the HBx protein and increased in abundance in
HBV-associated HCC [32]. In addition, ailthough miR-24
negatively regulates the expression of hepatocyte nuclear
factor 4-alpha (HNF4-alpha) and thus might be up-regulated in
some liver cancers [33], we did not observe this. A strong
positive correlation was evident between the abundance of
miR-24 and Let-7a (Figure 3E, Spearman r,=0.7959, p<0.001
by two-tailed t test), suggesting that these miRNAs might
belong to a common regulatory network and that either could
be used to normalize miR-122 abundance. In contrast, there
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was no correlation between miR-24 and either U6 or miR-122
abundance (Figure 3D and F), which indicates that U6 and
miR-122 are regulated independently of miR-24. Importantly,
when the miR-122 abundance was normalized to miR-24
levels, miR-122 expression remained significantly depressed in
HBV-associated HCC when compared either with paired non-
tumor tissue, or HCC tissue from HCV-infected subjects
(p<0.001 and p=0.002, respectively, Figure 2B). In replicate
assays, the abundance of miR-122 in non-tumor HCV-infected
tissue also remained significantly lower than either non-infected
or HBV-infected liver tissues (Figure 2B). Similar associations
were found when miR-122 abundance was normalized to
Let-7a (data not shown).

To assess further the possibility of bias in these results due
to differences in the quality of the RNA samples, we compared
the RNA integrity number (RIN) [29] of each sample with the
abundance of each of the small RNAs detected. Interestingly,
while the quantity of U6 snRNA detected correlated positively
with the RIN score (Spearman r, = 0.5216, two-tailed p =
0.0001) (Figure S1A in Supporting Information), this was not
the case with miR-24 or Let-7a (r, = -0.124 and -0.045,
respectively). RIN scores also did not vary significantly
between tumor and non-tumor tissue-derived RNA samples, or
RNA from HBV- vs. HCV-infected tissue. Thus, although the
quality of the RNA samples was generally high (mean RIN =
8.0 £ 0.17 s.e.m.), it was an important factor in determining the
abundance of U6 but not either of these miRNAs. These data
suggest that U6 is less stable than the miRNAs and provide
additional support for the use of miR-24 (or Let-7a) as a
standard against which to normalize miR-122 abundance (see
Discussion). Nonetheless, when miR-122 results were
normalized to U6 abundance, the correlations described above
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Table 1. Characteristics of Study Subjects.

miR-122 in HCV- vs. HBV-Associated Liver Cancer

HBV (n=10) Non-infected (n=9)

Inflammation n (%)

HCC Histologic Differentiation n (%)

Moderate-Well

Poor-Moderate

1L28B genotype (rs8099917)

n/a = “not applicable”; n.d. = “not done”
doi: 10.1371/journal.pone.0076867.t001

between miR-122 abundance, in both tumor and non-tumor
tissues, and the type of virus infection remained strongly
statistically significant (Figure S1B in Supporting Information).
The mean miR-122 abundance was substantially lower in HBV-
associated HCC tissue than in HBV-infected non-tumor tissue
(p = 0.003 by paired t-test), while this relationship was reversed
in HCV-infected liver (p = 0.001). miR-122 abundance was also
significantly lower in non-tumor tissue from HCV-infected
subjects than HBV-infected subjects (p < 0.001).

To exclude the possibility of bias due to the trend toward a
less differentiated histologic classification among HBV-
associated cancers (Figure 1B), we limited the comparison of
miR-122 abundance to those HCC tissues that were scored as
moderately differentiated and their corresponding paired non-
tumor samples. While this reduced the number of subjects
available for analysis, miR-122 abundance remained
significantly lower in HBV- versus HCV-associated cancer
tissue: p=0.007 when compared on the basis of miR-122 copy
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number/mg RNA (Figure 2C) vs. p=0.033 when normalized to
miR-24 (Figure 2D). Thus differences in miR-122 abundance in
HCC associated with HBV vs. HCV infection are independent
of the degree of histologic differentiation of the cancer.
Collectively, these results provide strong evidence that
miR-122 expression is reduced in HCC associated with HBV
infection, but not in most HCV-associated liver cancers.

Reduced miR-122 abundance is associated with
interferon responses in HCV-infected liver

The data shown in Figure 2 indicate that miR-122 is
frequently reduced in abundance in non-tumor, HCV-infected
liver tissue, but not in liver infected with HBV. To determine
whether similar HCV-induced suppression of miR-122
expression occurs in chimpanzees (Pan troglodytes), the only
animal species other than humans that is permissive for HCV
infection, we measured miR-122 abundance in liver tissues
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Figure 2. miR-122 expression in paired HCC and non-tumor liver tissue from patients with chronic HBV and HCV infection
and control, non-infected liver tissue. (A) miR-122 abundance quantified by gRT-PCR in paired tumor and non-tumor tissues
and non-infected (‘normal’) liver from patients undergoing resection of metastatic tumors, normalized to total RNA. (B) Relative
miR-122 abundance normalized to miR-24 abundance in the same tissues. (C) miR-122 abundance in HCC classified histologically
as “moderately differentiated”, paired non-tumor tissue from the same patients, and non-infected (‘normal’) liver. (D) miR-122
abundance in the subset of tissues shown in panel C, normalized to miR-24 abundance. The statistical significance of differences
between paired observations was estimated using the paired t test, while differences between non-paired observations were

analyzed by the Mann-Whitney test.
doi: 10.1371/journal.pone.0076867.g002

collected previously from 45 HCV-infected chimpanzees, and
compared this to that present in 10 HBV-infected animals, and
6 that were not infected with either virus. These results showed
that miR-122 expression was significantly reduced in HCV-
infected liver compared to both HBV-infected (p<0.0001) and
normal, non-infected (p=0.007) chimpanzee liver (Figure 4A). A
strong, negative correlation (Spearman r.= -0.63, p<0.0001)
existed between hepatic miR-122 expression levels and HCV
RNA copy numbers in serum (Figure 4B). The mean miR-122
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abundance was lower in HBV-infected liver than in uninfected
chimpanzee liver (Figure 4A), but the difference did not achieve
statistical significance (p=0.059 by two-tailed t test). Thus,
intra-hepatic miR-122 abundance is reduced in HCV-infected
chimpanzees as well as humans. This is consistent with earlier
studies that have found reduced intrahepatic expression of
miR-122 in patients with advanced chronic hepatitis C [34-36].

Sarasin-Filipowicz et al. [36] reported previously that
miR-122 levels were reduced in liver from HCV-infected
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doi: 10.1371/journal.pone.0076867.g003

patients who responded poorly to treatment with pegylated
IFN-a and ribavirin (Peg-IFN/RBV). Consistent with this, we
observed a negative correlation between miR-122 abundance
in non-tumor tissue from HCV-infected human subjects and the
GT versus TT genotype at the rs8099917 locus in the IL28B
gene (p=0.011, Figure 5A) that is predictive of a poor response
to Peg-IFN/RBV therapy [37]. HCV-infected patients with the
TT genotype are prone to a greater inflammatory response
than those with TG or GG [38]. Thus, differences in 1L28B
genotype may have contributed to a correlation we observed
between miR-122 abundance and A1 versus A2 Metavir
activity scores (Figure 5B, 6 of 7 subjects with an A2 Metavir
score had the TT genotype). Importantly, the association
between [L28B genotype and miR-122 abundance was
observed only in non-tumor liver from HCV-infected patients,
and not in paired HCC tissue (Figure 5A).

Patients who are non-responsive to Peg-IFN/RBV, or who
have IL28B genotypes predictive of a poor response to Peg-
IFN/RBV therapy, are likely to have increased pre-treatment
intra-hepatic ISG transcript levels compared to those who
respond well to treatment [39-41]. We thus asked whether a
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correlation existed between miR-122 abundance and levels of
selected ISG ftranscripts in HCV-infected non-tumor tissue
determined by Affymetrix 133U Plus 2.0 GeneChip assay. For
this analysis, we selected ISGs that were shown previously to
be correlated with treatment response [39] (Figure 5C). We
also included Mx1 and OAS1, both well-characterized ISGs.
Overall, the Affymetrix signals for these genes showed a strong
trend toward negative correlations with miR-122 abundance.
Fourteen of 24 1SGs demonstrated a Spearman rank-order
coefficient, r,, < -0.300; this negative correlation was significant
(p<0.05) for 7 of the 1ISGs by one-tailed t test (Figure 3C).
These data are consistent with the notion that reduced
miR-122 abundance is associated with strong intrahepatic IFN-
mediated responses to the virus.

miR-191 abundance is increased in HBV-associated
HCC

Since Elyakim et al. [42] reported recently that miR-191 was
increased in HCC arising in a study population comprised
mostly of HBV-infected subjects, we also quantified miR-191
expression levels in the human tissue samples. We confirmed
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Figure 4. miR-122 expression in chimpanzee liver tissue. (A) Hepatic miR-122 abundance in liver biopsies from chimpanzees
infected with HBV or HCV, or not infected with either virus (‘normal’). Statistical significance was assessed by non-paired two-sided t
test. Bars represent mean values. (B) Liver miR-122 expression plotted against serum HCV RNA abundance from acutely HCV-
infected chimpanzees. r, = Spearman rank-order correlation coefficient.
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miR-191 levels were modestly increased in HBV-associated
HCC compared to non-tumor HBV-infected tissue when
normalized to total RNA (p=0.049 by two-sided, paired t test,
Figure 6). This trend remained significant only by one-sided t
test when the miR-191 abundance was normalized to miR-24
abundance (p=0.045), and was absent when miR-191 levels
were normalized to U6 snRNA. miR-191 abundance in non-
tumor, HBV-infected tissue was similar to that in both tumor
and non-tumor liver from HCV-infected subjects (Figure 6).

Discussion/Conclusions

miR-122 is a critical regulator of hepatic gene expression
and an essential host factor for HCV replication [15,18,43]. It
also has important tumor suppressor properties [16,44], and
recent reports indicate that loss of its expression promotes
carcinogenesis in knockout mice [45,46]. While its abundance
is often reduced in HCC [21,22], two previous studies suggest
that miR-122 expression may be preserved in liver cancer
arising in patients with HCV infection [24,25]. We confirm this,
showing in a genetically and geographically homogeneous
population of patients, and normalizing results either to total
RNA or to levels of miR-24, that miR-122 abundance is
significantly reduced from normal in HBV-associated HCC but
not in liver cancer associated with HCV infection (Figure 2A
and B). This difference in miR-122 expression is independent
of the histologic classification of the tumors (Figure 2C and D),
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as well as the degree of fibrosis or inflammation in paired non-
tumor tissue from the same patients. Conversely, we show that
miR-191 tends to be increased in abundance in HBV-
associated cancer, but not HCV-associated HCC (Figure 6).
These observations have important implications for the
pathogenetic mechanisms involved in viral carcinogenesis
within the liver. While HCC may arise as a result of factors
common to both HBV and HCV infection (such as chronic
inflammation, oxidative stress, and progressive fibrosis leading
to cirrhosis), distinctive molecular signatures associated with
HBV- versus HCV-associated cancer suggest there are
fundamental differences in the ways these two viruses cause
cancer.

Our study highlights the challenges inherent in comparing
miRNA abundance in different clinical samples. In addition to
potential differences in the proportion of cells present within a
biopsy that are of hepatocellular origin vs. derived from other
cell lineages, a constant concern is the quality of the RNA.
While our initial analysis, like many studies, compared miR-122
copy numbers based on the quantity of total RNA subjected to
RT-PCR, this approach can be biased by differences in the
quality of the RNA and degree of RNA degradation. Although
our RNA samples were of generally high quality (see Figure
S1A in Supporting Information), we determined miR-24, Let-7a,
and U6 snRNA copy numbers and evaluated each as a
standard against which miR-122 abundance could be
normalized to account for potential differences in RNA integrity
(Figure 3). Median miR-24 and Let-7a copy numbers did not
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Figure 5. miR-122 expression, IL28B genotype, Metavir scores and ISG transcript levels in HCV-infected human liver. (A)
miR-122 expression in HCC and paired non-tumor samples from subjects with HCV infection, grouped according to rs8099917
genotype (TT or GT). (B) miR-122 expression levels in non-tumor tissue from HCV-infected subjects categorized according to
Metavir score for (left) fibrosis and (right) inflammatory activity. (C) Correlation between miR-122 abundance and expression levels
of selected ISGs determined by Affymetrix U133 Plus 2.0 Array analysis. With the exception of OAS1 and Mx1, intrahepatic
transcript levels of these ISGs have been shown previously to be predictive of Peg-IFN/RBV treatment outcome [31]. “r,” =
Spearman rank-order correlation coefficient. Filled symbols indicate a statistically significant negative correlation (p<0.05 by one-

sided t test).
doi: 10.1371/journal.pone.0076867.g005

vary significantly between tumor and non-tumor tissue samples
from HBV- and HCV-infected subjects (one-way ANOVA),
suggesting that the expression of these miRNAs is relatively
constant in liver and that either could serve as a standard for
normalizing miR-122 abundance. In contrast, median U6 copy
numbers varied significantly between these tissue groups (p =
0.004 by one-way ANOVA with Kruskal-Wallis test) and, more
importantly, were strongly correlated negatively with the RIN
score, a measure of RNA integrity [29] (Figure S1A in
Supporting Information). There was no correlation between the
RIN score and miR-24 or Let-7a abundance, suggesting that
U6 snRNA may be less stable and more prone to degradation
than the miRNAs. This may be due to the greater length of U6
(106 nts vs. ~20-23 nts for miRNAs), or the absence of terminal
modifications that may influence the stability of miRNAs [47].
Consistent with this, Let-7a was found to have greater
biological stability and to be superior to U6 for normalization of
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miRNA abundance in previous studies of rat hepatocyte RNA
[48]. Nonetheless, even though these data argue against the
use of U6 as a standard for normalizing miR-122 copy
numbers, we found the abundance of miR-122 was significantly
reduced in HCC associated with HBV but not HCV infection,
and that miR-122 abundance was significantly depressed in
non-tumor tissue infected with HCV but not HBV, using any of
these small RNAs, including U6, to normalize the miR-122
results.

While it remains unclear exactly how miR-122 contributes to
the HCV lifecycle, it is known to promote viral replication
independently of its regulation of hepatic genes [49]. It binds to
two sites near the 5’ end of the viral genome [18], recruiting
argonaute 2 (EIF2C2) and physically stabilizing the RNA by
protecting it from 5 exonucleolytic Xrn1-mediated decay
[19,20]. However, miR-122 has other, positive effects on HCV
replication beyond its ability to physically stabilize the viral
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genome [20,50]. It is essential for HCV replication, and its
therapeutic silencing with an antisense oligonucleotide has
potent antiviral effects [15,51]. No other RNA virus is known to
rely so completely on a cellular miRNA for its replication cycle.
Thus, the continued expression of miR-122 in HCV-associated
HCC could reflect close linkage between carcinogenesis and
HCV replication and viral protein expression. We speculate that
miR-122 expression is preserved in HCV-associated HCC (in
contrast to HBV-associated cancer) because HCV-encoded
proteins help to drive a multi-stage process of carcinogenesis
within infected cells. This may result from the ability of the virus
to directly disable DNA damage responses or other cellular
tumor suppressor functions, and to contribute directly to
malighant conversion of hepatocytes as reviewed elsewhere
[10,52]. Early loss of miR-122 during the progression to cancer

PLOS ONE | www.plosone.org

10

would eliminate virus replication, protecting the cell from further
effects of viral protein expression. In contrast, in HBV-infected
cells, a loss of miR-122 expression could both accelerate
tumorigenesis and enhance replication, as miR-122 appears to
restrict, rather than promote, HBV replication [53-56]. Although
speculative, this hypothesis raises the interesting possibility
that HCV-associated cancers arise within the small minority of
hepatocytes infected with the virus, and not the much larger
number of uninfected bystander cells [52,57].

Epigenetic mechanisms are likely to contribute to the
differential expression of miR-122 and miR-191 in HCC. The
miR-122 promoter is hyper-methylated in the HBV-associated
HCC-derived cell line, Hep3B [58]. It remains to be seen
whether differences exist in methylation of the promoter in vivo
in HBV- versus HCV-associated cancers, but bacterial artificial

October 2013 | Volume 8 | Issue 10 | 76867

- 326 -



chromosome array-based methylated CpG island amplification
(BAMCA) studies indicate significant differences in the
methylation patterns present in HBV- and HCV-associated
HCC [59]. The HBx protein expressed by HBV may influence
cellular methyltransferase activity, and could possibly
contribute to altered methylation patterns [60]. An additional
possibility is that epigenetic differences in HBV- and HCV-
associated HCC could reflect different cell types from which the
cancer originates, as HBV may be capable of infecting
hepatocyte progenitors [61].

Our results also show that miR-122 expression is reduced in
non-tumor liver tissue from HCV-infected persons. In contrast,
contrary to a recent report by Wang et al. [54], we found that
miR-122 is expressed at normal levels in non-tumor HBV-
infected liver (Figure 2). Several lines of evidence suggest that
this difference may reflect a more active IFN response in HCV-
versus HBV- infected livers. In vitro studies suggest that [FN-8
inhibits miR-122 expression [36,62], and HCV stimulates a
more robust intrahepatic innate immune response than HBV
[63,64]. Consistent with this, our results reveal a correlation
between miR-122 abundance in non-tumor tissues and 1L28B
genotype, defined by a single nucleotide polymorphism
(rs8099917) associated with response to Peg-IFN/RBV as well
as endogenous pre-treatment 1ISG expression levels (Figure
5A) [40,41]. We also found an inverse relationship between the
abundance of several ISG transcripts and miR-122 (Figure 5C).
Interestingly, this relationship was not observed in tumor
tissues from these patients, suggesting that genetic or
epigenetic changes alter miR-122 regulation in HCC tissue, or
that the cancer cells are refractory to stimulation by type 1
IFNs.

Consistent with our findings in HCV-infected patients, we
also observed a reduction in miR-122 abundance in liver tissue
from HCV-infected chimpanzees (Figure 4A), and an inverse
correlation between the abundance of HCV RNA in the liver
and serum HCV RNA levels (Figure 4B). Although Sarasin-
Filopowicz et al. [36] demonstrated a trend toward lower
miR-122 abundance in liver tissues with high viral RNA copy
numbers, this did not achieve statistical significance and no
correlation was evident between serum RNA levels and
miR-122 abundance in the patients studied by this group. It is
not clear why such a relationship exists in chimpanzees but not
infected humans. One possibility is that it might be related to
the fact that chimpanzees generally have very robust
intrahepatic innate immune responses to HCV, with uniformly
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Endoplasmic reticulum (ER) stress causes impairment of the intracellular protein synthesis machinery,
affecting various organ functions and homeostasis systems, including immunity. We found that ER stress
induced by the N-linked glycosylation inhibitor, tunicamycin, caused susceptibility to apoptosis in the
human monocytic cell line, THP-1 cells. Importantly, prior to tunicamycin-induced apoptosis, the proin-
flammatory response to toli-like receptor (TLR) 4 ligand lipopolysaccharide (LPS) stimulation was atten-

’é;ywords" uated with respect to the expression of the proinflammatory cytokines. This impaired expression of
Mofltxjfe proinflammatory cytokines was a consequence of the inhibition of NF-«xB activation. Moreover, tunica-

mycin-induced ER stress disturbed the differentiation of THP-1 cells into macrophages induced by phor-
bol-12-myristate-13-acetate treatment. We also confirmed that ER stress affected the response of
primary human monocytes to TLR ligand and their ability to differentiate into macrophages. These data
suggest that ER stress imposes an important pathological insult to the immune system, affecting the cru-
cial functions of monocytes.

TLR signaling
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© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Homeostasis of physiological activities and structural compo-
nents of the body requires properly functioning cellular machinery,
including the components involved in protein synthesis. The endo-
plasmic reticulum (ER) plays a central role in the synthesis, matu-
ration and assembly of secretary and structural proteins [1], and
under some conditions, ER stress can disrupt ER function [2]. ER
stress affects physiological cellular activities, disturbing cell-type
specific functions or cell viability and inducing apoptosis [3]. ER
stress has been observed in a variety of diseases, such as cancer,
metabolic diseases, atherosclerosis and neurodegenerative dis-
eases, including Parkinson’s disease and Alzheimer’s disease [4-
7]; however, it is not clear whether ER stress is the cause or conse-
quence of these diseases.

Composed of many cell types, including monocytes, macro-
phages, dendritic cells (DCs) and lymphocytes, the immune system
contributes to homeostasis by protecting the host from exogenous
pathogens or harmful unexpected endogenous events, such as can-
cer. Monocytes are critical immune cells that express pattern-rec-
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ognition molecules, toll-like receptors (TLRs), important for innate
immunity against various pathogens [8,9]. Monocytes are also the
progenitors for differentiation into macrophages or DCs, both of
which are pivotal regulators of immune reaction [10].

Previously, we observed that human monocytes in patients
with diabetes were under ER stress, were functionally impaired
regarding TLR signaling and were vulnerable to apoptosis [11].
These observations suggested that ER stress is involved in the
impairment of monocytes, thereby compromising host immunity.

In this study, we further examined how ER stress affects mono-
cytes. When primary human monocytes and THP-1 human mono-
cytic cell line cells were stimulated with toll-like receptor (TLR) 4
ligand lipopolysaccharide (LPS), we observed that monocytes were
attenuated in their capability to secrete proinflammatory cyto-
kines. Moreover, when cells were under ER stress induced by the
N-linked glycosylation inhibitor, tunicamycin, decreased activation
of NF-xB was observed. In addition to this functional impairment
of cytokine expression, ER stress also impaired monocyte differen-
tiation into macrophages. Interestingly, the TLR4 signaling in dif-
ferentiated macrophages was also impaired under ER stress.
These results demonstrate that ER stress is an important patholog-
ical condition that broadly affects monocyte-lineage cells, influenc-
ing the innate immune system function of monocytes and
macrophages as well as the differentiation capability of progenitor
cells for antigen presentation.
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2. Materials and methods
2.1. Human monocytes

THP-1 cells, a human monocytic cell line, were obtained from
American Type Culture Collection (Manassas, VA). THP-1 cells were
cultured in RPMI1640 culture medium (Invitrogen, Carlsbad, CA)
supplemented with 10% heat-inactivated fetal bovine serum (FBS,
Invitrogen). Human primary monocytes were obtained from
healthy volunteers as follows: peripheral blood mononuclear cells
(PBMCs) were freshly isolated from heparinized venous blood
using Ficoll-Hypaque (Sigma-Aldrich, St. Louis, MO). CD14" mono-
cyte subpopulations were isolated using a magnetic cell sorting
system in accordance with the manufacturer’s protocol (Miltenyi
Biotec, Bergisch Gladbach, Germany).

2.2. Induction of macrophage-differentiation

For macrophage differentiation, THP-1 cells were cultured in
medium supplemented with Phorbol-12-myristate-13-acetate
(PMA) (50 ng/ml) (Sigma-Aldrich) for 72 h. Primary human mono-
cytes were cultured in medium supplemented with GM-CSF
(100 ng/ml) (Sigma-Aldrich) for 4 days. Macrophage differentia-
tion was assessed by morphology under microscopic examination
and expression of the macrophage-related surface markers,
CD11b and CD68, as analyzed by flow cytometry analysis and
quantitative real-time detection PCR (RTD-PCR).

2.3. ER stress induction

To induce ER stress, THP-1 cells were treated with 1 or 5 pg/ml
of tunicamycin (Sigma-Aldrich) and 3 uM thapsigargin (Sigma-Al-
drich) for 12 h. The treated cells were assessed for apoptosis and
cytokine expression in response to LPS stimulation.

2.4. Flow cytometry analysis

Flow cytometry analysis was performed as previously reported.
For the surface molecule expression, cells were incubated with
phycoerythrin (PE)-labeled anti-TLR4 (eBioscience, San Diego,
CA), anti- CD11b and CD68 (BD Biosciences, San Jose, CA) in PBS
containing 2% bovine serum albumin (BSA) (Sigma-Aldrich). For
assessment of apoptosis, cells were incubated with fluorescein iso-
thiocyanate (FITC)-labeled anti-CD14 antibody (BD Bioscience) and
with PE-labeled Annexin-V and 7-amino-actinomycin D (7-AAD,
Apoptosis Detection Kit I, BD Biosciences). Apoptotic cells were
determined by flow cytometry for the fraction of cells labeled with
Annexin-V that were 7-AAD negative using a FACSCalibur™ flow
cytometer (BD Biosciences). Data were analyzed using CELLQuest™
Software (BD Biosciences). At least 10,000 cells per sample were
analyzed.

2.5. RTD-PCR

RTD-PCR was performed as previously described [12]. Briefly,
total RNA obtained from cells using a MicroRNA isolation kit (Strat-
agene, La Jolla, CA) was reverse-transcribed using 1 pg oligo (dT)
primer and Super Script II reverse transcriptase (Invitrogen) in
accordance with the manufacturers’ protocol. The relative quanti-
ties of mRNA expression were analyzed by RTD-PCR using an ABI
PRISM 7900 HT Sequence Detection System (Applied Biosystems,
Foster City, CA). Primer pairs and probes for BCL-2, BCL-XL, TLR4,
MyD88, TNF-q, IL-1B, C/EBP homologous protein (CHOP), immuno-
globulin heavy chain binding protein (BiP), CD11b, CD68, and B-ac-
tin were obtained from the TagMan assay reagents library. Gene

expression levels were calculated with the 2744t

B-actin as the internal control.

method using

2.6. TLR ligand stimulation

LPS (1 pg/ml) from E. coli (Sigma-Aldrich) was added to condi-
tioned THP-1 cells (3 x 10° cells) or PMA-induced differentiated
cells in AIM-V culture medium (Invitrogen). After 3 h incubation,
the gene expression of TNF-o and IL-1B was analyzed by RTD-
PCR. In addition, the concentration of TNF-o¢ and IL-18 in the cul-
ture medium supernatants after 12 h LPS stimulation was mea-
sured using an ELISA kit (eBioscience) in accordance with the
manufacturer's protocol. With regard to primary human mono-
cytes (5 x 10° cells), the gene expression of TNF-o and IL-18 was
analyzed by RTD-PCR after 4 h LPS stimulation. The concentration
of TNF-a. and IL-18 in the culture medium supernatants after 12 h
LPS stimulation was measured using an ELISA Kkit.

2.7. Measurement of caspase-3 activity

THP-1 cells (3 x 10°) were harvested and treated with tunica-
mycin (5 pg/ml) in RPMI1640 culture medium. After 48 or 72 h
incubation, THP-1 cells were lysed, and the DEVD-cleaving activity
of active caspase-3 in the lysate was measured using labeled Asp-
Glu-Val-Asp-p-nitroanilide (DEVD-pNA) as the substrate and the
Caspase-3 Colorimetric Assay Kit (Promega, Madison, WI) in accor-
dance with manufacturer’s protocol. The pNA light emission was
quantified using a microtiter plate reader at a wavelength of
405 nm.

2.8. Western blot

Conditioned THP-1cells were washed twice with PBS and lysed
in 100 pl of lysis buffer (10 mM Tris-HCI (pH 7.4), 1% SDS). A total
of 10 pg of total proteins were loaded per well and separated on a
7% SDS-PAGE by electrophoresis, followed by transfer to a nitrocel-
lulose membrane. The transferred nitrocellulose membranes were
probed with anti-TLR4, anti-MyD88 or anti-B-actin antibody (Cell
Signaling Technology, Danvers, MA) at a concentration of 1:500.
The secondary goat-anti-rabbit antibody conjugated with horse-
radish peroxidase (HRP) was used at a concentration of 1:1000
(Cell Signaling Technology). The membrane was visualized by
chemiluminescence using the ECL kit (Amersham Biosciences, Pis-
cataway, NJ). Each expression level was assessed and compared to
B-actin expression using densitometry.

2.9. Microscopic observation of immunofluorescent cells

For assessment of NF-xB nuclear translocation, THP-1 cells
were treated with tunicamycin for 12 h, followed by stimulation
with LPS (1 pg/ml) for 40 min. Treated cells were plated at a den-
sity of 1 x 10° cells per 22-mm glass coverslip. Cells were fixed
for 30 min in cold 4% paraformaldehyde, permeabilized for 2 min
at 25°C in 0.25% Triton X-100 and incubated with PBS supple-
mented with 10% BSA. Fixed and permeabilized cells were incu-
bated with PBS with 10% BSA containing anti-NF-xB p65 (Cell
Signaling Technology). After being washed three times in PBS, cov-
erslips were incubated with the anti-rabbit IgG conjugated with
FITC (Jackson Immunoresearch, West Grove, PA). Nuclei were
stained with 4, 6-diamino-2-phenylindole (Vector Laboratories,
Burlingame, CA). Fluorescent cells were examined with a laser-
scanning confocal microscope (Radiance 2100; Bio-Rad, Hercules,
CA).
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2.10. NF-xB ELISA

Quantitative analysis of NF-xB p65 activation was performed
using the CASE™ activation of signaling ELISA kit for NF-xB p65
S536 (SABiosciences Corporation, MD) according to the manufac-
turer’s instructions with slight modifications. Briefly, 1.5 x 10%-
cells were seeded and incubated on the 96-well plate overnight.
Cells were fixed, washed and blocked to avoid non-specific anti-
body binding. Cells were incubated with anti-pan-NF-kB p65
S536 antibody or anti-phospho-NF-kB specific antibody, washed,
and incubated with the secondary antibody. After washing cells,
colorimetric detection was performed using a microtiter plate
reader at a wavelength of 450 nm.

2.11. Statistical analysis

Data are expressed as means + SEM. The Mann-Whitney U test
was applied to assess the significant difference between the two
groups. Statistical significance was determined as P < 0.05.

3. Results

3.1. Attenuation of TLR signaling prior to apoptosis in human
monocytes under ER stress

We examined how ER stress affects the viability of THP-1 cells
by assessing the frequency of apoptotic THP-1 cells when treated
with tunicamycin (5 pg/ml). Apoptotic cells were defined as cells
positive for Annexin-V and negative for 7-AAD by flow cytometry.
As shown in Fig. 1A and B, a low frequency of apoptotic cells was

(A)
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observed at 12 h. After 24 h, an increased frequency of apoptosis
was observed among THP-1 cells treated with tunicamycin com-
pared to untreated cells. When cells were treated with tunicamy-
cin for 48 h and 72 h, the activity of the pro-apoptotic protease,
caspase-3, was significantly increased (Fig. 1C). Furthermore, the
expression of the anti-apoptotic genes, BCL-2 and BCL-XL was sub-
stantially lower in tunicamycin-treated THP-1 cells compared with
untreated cells (Fig. 1D). When cells were treated with tunicamy-
cin, the activity of the pro-apoptotic protease caspase-3 was signif-
icantly increased after 48 h (Fig. 1C), though not at 12 h (data not
shown). We also observed similar results using 1 pg/ml tunicamy-
cin treatment, but alternations were less compared with 5 pg/ml
tunicamycin treatment (data not shown). These results suggest
that ER stress induced conventional apoptosis in the human mono-
cytic cell line.

-Monocytes typically express pattern-recognition molecules
such as TLRs that are important for innate immunity against
various pathogens. TLR4 is the receptor for the LPS ligand,
and plays a role in host defense against gram-negative infection
[13]. To determine whether THP-1 cells were functionally af-
fected under ER stress induced by tunicamycin treatment, we
assessed the responsiveness of THP-1 cells to LPS stimulation
in vitro.

We examined whether the expression of TLR4 and MyD88, a
crucial adaptor molecule for TLR signaling, was affected in THP-1
cells under ER stress induced by tunicamycin treatment at 12 h.
We confirmed that tunicamycin treatment induced ER stress on
THP-1 cells at 12 h, observing that the expression levels of pivotal
genes related to ER stress, CHOP and BiP, were up-regulated
(Fig. 2A). Whereas expression of TLR4 and MyD88 was not affected
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Fig. 1. ER stress increased the susceptibility of THP-1 cells to apoptosis. (A-B) THP-1 cells were incubated in culture medium supplemented with tunicamycin (5 pg/ml). The
frequency of apoptotic cells was analyzed by flow cytometry at 12 h, 24 h 48 h and 72 h. More apoptotic cells were observed among the THP-1 cells treated with tunicamycin
for more than 48 h incubation compared to the untreated THP-1 cells. (A) A representative scatter gram of Annexin-V and 7-AAD for THP-1 cells treated with tunicamycin.
The numbers in each quadrant indicate the percentage of apoptotic cells. (B) The average number of apoptotic cells was calculated in triplicate for each condition. (C) Caspse-3
activity in THP-1 cells treated with tunicamycin was significantly increased at 48 h and 72 h incubation. (D) The BCL-2 and BCL-XL expressions in THP-1 cells incubated with
tunicamycin for 48 h and 72 h were significantly down-regulated. Filled circle, no treatment; open circle, treatment with tunicamycin (5 pg/ml). TM, tunicamycin. Data are
expressed as means + SEM. **P < 0.01, **P < 0.001.
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Fig. 2. Tunicamycin treatment induced ER-stress related molecules, but did not affect the expression of TLR4 and its accessory molecule MyD88 in THP-1 cells. (A) The
transcriptional expression levels of the ER stress markers CHOP and BiP in THP-1 cells incubated with tunicamycin for 12 h were significantly up-regulated (RTD-PCR). Data
are expressed as means + SD of four independent experiments. (B-C) The expression of TLR4 was not affected by 12 h incubation with tunicamycin, as assessed by RTD-PCR
(B), flow cytometry (C) and Western blot (D) Similarly, MyD88 expression was not affected (D). Filled bars, no treatment; open bars, treatment with tunicamycin (5 pg/ml).

*P<0.001.

with 12 h incubation with tunicamycin (Fig. 2B-D), the gene
expression of the proinflammatory cytokines, TNF-o and IL-1,
was down-regulated in the tunicamycin-treated THP-1 cells that
were stimulated with LPS for 3 h (Fig. 3A). Concomitantly, the con-
centration of TNF-o0 and IL-1B in culture medium was also de-
creased after 12 h stimulation with LPS (Fig. 3B), indicating that
the production of these cytokines from THP-1 cells was dimin-
ished. We also observed similar results using a lower concentration
of tunicamycin (1 pg/ml), along with another ER stress inducer,
thapsigargin, which is an endoplasmic reticulum Ca?* ATPase
inhibitor (Supplemental Fig. 1). Both 12 h tunicamycin (1 pg/ml)
and 12 h thapsigargin (3 pM) treatments induced ER stress, but
did not induce apoptosis, alteration of caspase-3 activity, or
expression of anti-apoptotic genes (data not shown).Furthermore,
we confirmed a similar effect of ER stress attenuation of TLR4 sig-
naling in primary human monocytes (Fig. 3C and D). The gene
expression of IL-1B was significantly down-regulated in tunicamy-
cin-treated primary human monocytes that were stimulated with
LPS for 4 h (Fig. 3C), and the gene expression of TNF-a was slightly
down-regulated. The concentration of TNF-a and IL-1B in culture
medium was also decreased after 12 h stimulation with LPS
(Fig. 3D). These results demonstrate that TLR signaling in human
monocytes under tunicamycin-induced ER stress was functionally
impaired with regard to the TLR4 stimulation-signaling to produce
proinflammatory cytokines.

3.2. ER stress inhibited the activation of NF-kB in THP-1 cells
stimulated with LPS

To further assess how ER stress affects the expression of proin-
flammatory cytokines, we examined the expression of NF-xB, a
pivotal transcriptional factor of proinflammatory cytokines
[14,15]. THP-1 cells treated with tunicamycin were stimulated
with LPS, and the activation of NF-xB was assessed every 40 min
up to 120 min. Before LPS stimulation, no significant difference in
NF-xB activation was observed, with or without treatment of
tunicamycin in THP-1 cells (Fig. 4A). However, after LPS stimula-
tion, NF-xB activation was not induced in THP-1 cells under ER
stress compared with untreated THP-1 cells (Fig. 4A). Concomi-
tantly, the translocation of NF-xB into the nucleus induced by
LPS stimulation for 40 min was not observed in untreated THP-1
cells when cells were under ER stress (Fig. 4B). Furthermore, we
examined the translocation of NF-xB induced by TNF-o stimula-
tion in THP-1 cells under ER stress to clarify whether other stimu-
lation also affects the activation of NF-kB under ER stress. We did
not observed significant translocation of NF-xB following TNF-o
stimulation, as compared with LPS stimulation (Supplemental
Fig. 2), suggesting that the effect on NF-kB mobilisation under ER
stress was caused only by TLR signaling. These results demonstrate
that activation of NF-xB in response to the LPS stimulation was im-~
paired in THP-1 cells under ER stress.
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