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Fig. 3. Immunohistochemistry analysis of dUTP pyrophosphatase (dUTPase) expression in hepatocellular carcinoma (HCQ). (A) A
representative photomicrograph of dUTPase staining in an HCC and adjacent non-cancerous liver tissue. (B) A representative photomicrograph
of dUTPase staining in an HCC. Both nuclear (red arrows) and cytoplasmic (blue arrows) forms of dUTPase were detected. (C) Representative
photomicrographs of HCC tissues with low (0-50%) and high (> 50%) frequencies of nuclear and cytoplasmic dUTPase-positive cells.

(D and E) Kaplan-Meier survival analysis of HCC tissues with nuclear (D) or cytoplasmic (€) dUTPase expression. High percentages of nuclear
dUTPase-positive tumour cells significantly correlated with poor clinical outcome in recurrence-free survival.

HCC and nuclear dUTPase expression, implicating the
potential effectiveness of nuclear dUTPase level as a
biomarker for predicting the survival of HCC patients
after surgical resection.

Discussion

Here, using a global gene expression profiling approach
(18), we have identified the activation of the nucleotide/
nucleoside metabolism-related gene DUT (encoding
dUTPase) in HCC. Notably, an intense dUTPase expres-
sion was detected in a subset of HCC with a poor
prognosis. To the best of our knowledge, this is the first
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report describing the correlation between dUTPase acti-
vation and poor survival outcome in HCC patients.

In normal cells, dUTPase is known to catalyse the
hydrolysis of dUTP to dUMP in order to maintain the
dUMP pool at a certain level for thymidylate synthesis
(26). Interestingly, dUTPase mutations in Escherichia coli
increased dUTP levels, leading to dUTP misincorpora-
tion into DNA during replication, which resulted in DNA
fragmentation and apoptosis (27). Furthermore, intro-
duction of E. coli dUTPase into human tumour cells
resulted in the induction of resistance to fluorodeoxyur-
idine cytotoxicity (28), suggesting a pivotal role of
dUTPase in the prevention of DNA damage. Thus,
dUTPase activation in the nucleus appears to be critical
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Table 2. Clinicopatholagical characteristics and dUTP pyropho-
sphatase expression in hepatocellular carcinoma (n = 82)

Low High

duUTPase expression (nuclear)  (n=52) (n=30) P-value
Age ( < 60 years/>60 years) 1933 8/22 0.36
Sex (male/female) 36/16 2317 0.47
Virus (HBV/HCV/B+ C/NBNC) 15/33/1/3  1020/0/0 0.48
Cirrhosis {yes/no) 3319 22/8 0.36
AFP ( < 20ng/ml/>20ng/ml)  32/20 15/15 0.31
Histological grade™®

-l 14 3

-t 36 20

Hi-v 2 7 0.0099
Tumour size ( < 3cm/=3cm)  31/21 19/11 0.74
TNM dassificationt (I, Will, v)  43/9 25/5 0.94
dUTPase expression Low High
(cytoplasmic) (n=27) (n=55) P-value
Age ( < 60 years/>60 years)  10/17 17/38 0.58
Sex {male/fernale) 19/8 40/15 082
Virus (HBVW/HCV/B + C/NBNC) 8171N 17/36/0/2 0.56
Cirrhosis (yes/no) 17/10 38/17 0.58
AFP (< 20ng/ml/>20ng/ml)  16/11 31724 0.80
Histological grade™

=il 7 10

1] 20 36

-tV 0 9 0.077
Tumour size ( < 3cm/=3cm)  17/10 33/22 0.80
TNM dassification™
{0, i, v) 21/6 47/8 0.39

*Edmondson-Steiner grades.

FUICC TNM classification of liver cancer, 6th edition (2002).

AFP, -fetoprotein; dUTPase, dUTP pyrophosphatase; HBY, hepatitis 8
virus; HCV, hepatitis C virus.

for preventing DNA damage possibly at the S phase.
Specifically, this activation may prevent dUTP misincor-
poration in various cancers and thus avert DNA damage
and apoptosis induction. Indeed, dUTPase activation has
recently been reported in colorectal and brain cancer (29,
30), and dUTPase accumulation might correlate with 5-
FU-based chemotherapy resistance and poor prognosis
in colorectal cancer (26).

If dUTPase activation plays a central role in the
development of resistance to thymidylate synthase in-
hibitors in order to prevent a DNA damage response,
dUTPase inhibition may facilitate the eradication of
cancer cells by sensitizing these cells to such inhibitors.
Indeed, a recent study suggested a drastic sensitization of
colon cancer cells to 5-FU by siRNAs-mediated dUTPase
suppression (31, 32), which is consistent with our
current observation, Because all HCC samples used in
this study were surgically resected, we could not evaluate
the effect of dUTPase expression on clinical HCC
patients’ outcome in relation to chemosensitivity to
thymidylate synthase inhibitors. Nevertheless, intense
nuclear dUTPase expression may be a good biomarker

Takatori et af.

Table 3. Cox regression analysis of recurrence-free survival rate
relative to dUTP pyrophosphatase expression and clinicopathological
parameters (n=82)

Univariate Multivariate
HR HR
Variables (n) (95% C)) P-value (95% CI) P-value
Child-Pugh
A 1
B 1.73 0.38
(0.50-5.97)
Tumour size
< 3cm (n=50) 1
>3cm(n=32) 1.58 0.28
(0.69-3.63)
TNM stage*
1, 11 {n=68) 1 1
i, WV {n=14) 2.57 0.038 295 0.027
(1.05-6.29) (1.11-6.79)
Serum AFP
< 20ng/ml(n=49) 1
>20ng/ml (n=38) 1.54 0.31
(0.66-3.56)
Microvascular invasion
No 1
Yes 1.98 0.095
(0.89-4.44)
BCLC stage
A 1
8/C 2.16 0.07
(0.93-5.00)
Cytoptasmic dUTPase
Low (n=27) 1
High (n =55} 1.15 0.73
(0.50-2.62)
Nuclear dUTPase
Low (n=52) 1 1
High (n = 30) 247 0032 261 0.024
(1.08-5.66) (1.13-6.05)

*UICC TNM classification of liver cancer, 6th edition (2002).
AFP, a-fetoprotein; Cl, confidence intervals; dUTPase, dUTP pyropho-
sphatase; HR, hazard ratio.

for predicting the response to thymidylate synthase
inhibitors, and its usefulness should be further evaluated
in the future.

In conclusion, comprehensive gene expression profiling
shed new light on the role of dUTPase in HCC. Nuclear
dUTPase accumulation is potentially a good biomarker
for predicting poor prognosis in HCC patients, and the
development of a dUTPase inhibitor may promote the
possibility of tumour eradication in HCC patients.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article;

Fig. 81. Subcellular localization of genes detected in
each SAGE library.

Fig. §2. Microarray analysis of DUT and TS gene
expression in 238 HCC cases publicly available
(GSE5975). DUT was overexpressed more than 2-fold in
121 of 238 HCC tissues {median: 2.03), whereas TS was
overexpressed more than 2-fold in 54 of 238 HCC tissues
(median: 1.41) compared with the non-cancerous liver
tissues.

446

Takatori et al.

Fig. $3. (A) Transfection of siRNAs targeting DUT
(DUT2) decreased DUT expression compared with the
control (scrambled sequence). Gene expression was eval-
uated in triplicates 72 hours after transfection (mean +
SD). (B) DUT gene knockdown sensitized HuH7 cells to
low-dose 5-FU (0.25 mg/ml) (mean + SD).

Fig. $4. Nuclear and cytoplasmic dUTPase expres-
sion and cell proliferation in HCC. PCNA indexes in
nuclear dUTPase-high HCC were higher than those in -
low HCC with statistical significance (P = 0.01). Cyto-
plasmic dUTPase expression was not associated with
PCNA indexes in HCC.

Table S1. A summary of constructed SAGE libraries.

Please note: Wiley-Blackwell is not responsible for
the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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ORIGINAL ARTICLE

CD14™ Monocytes Are Vulnerable and Functionally
Impaired Under Endoplasmic Reticulum Stress in
Patients With Type 2 Diabetes

Takuya Komura,' Yoshio Sakai," Masao Honda,' Toshinari Takamura,' Kouji Matsushima,> and

Shuichi Kaneko!

OBJECTIVE—Although patients with diabetes suffer from in-
creased infections and a higher incidence of cancer due to
impaired immune function, details on diabetes-induced decrease
in immunity are lacking. We assessed how immune-mediating
peripheral blood mononuclear cells (PBMCs) are affected in
diabetes.

RESEARCH DESIGN AND METHODS--From 33 patients
with type 2 diabetes and 28 healthy volunteers, we obtained
PBMCs and investigated their susceptibility to apoptosis and
functional alteration.

RESULTS—In a subpopulation of PBMCs, monocytes derived
from patients with diabetes were more susceptible to apoptosis
than monocytes from healthy volunteers. Monocytes from pa-
tients with diabetes had decreased phagocytotic activity and
were less responsive fo Toll-like receptor (TLR) ligands, al-
though the expression of TLRs did not differ significantly be-
tween the two groups. Furthermore, monocytes from patients
with diabetes had a distinetly different. gene expression profile
compared with monocytes from normal volunteers as assessed
wilh DNA microarray analysis. Specilically, quantitative real-litne
detection PCR measurements showed an elevated expression of
the markers of endoplasmic reticulum (ER) stress in diabetic
monocytes, and electron microscopic examination of monocytes
revealed morphologic alterations in the ER of cells derived from
patients with diabetes. Consistently, the ER stress inducer tuni-
camycin increased apoptosis of otherwise healthy monocytes
and attenuated the proinflammatory responses to TLR ligands.

CONCLUSIONS—These data suggest that monocytes comprise
a substantially impaired subpopulation of PBMCs in patients
with diabetes and that ER stress is involved in these pathologic
changes mechanistically. This implies that the affected mono-
cytes should be investigated further to better understand diabetic
immunity. Diabetes 59:634-643, 2010
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ype 2 diabetes is the most frequent metabolic

disease and the leading cause of human morbid-

ity and mortality (1,2). Based on epidemiologic

data, patients with diabetes are immunocompro-
mised and have an increased incidence of infections in the
respiratory tract, urinary tract, and skin (3-5). The high
incidence of colorectal, breast, and pancreatic malignan-
cies in patients with diabetes is also considered to be a
consequence of diabetes-associated defects in immune
function (6,7).

Although studies on immune cells and circulating cyto-
kines have shed some light on this diabetic immunologic
phenomenon, conflicting results have been reported and
do not adequately explain the perturbed immune function
in patients with diabetes. Controversial results concerning
the phagocytotic activity of polymorphonuclear neutro-
phils and monocytes are in part due to differences in the
patients themselves, insufficient numbers in the study
populations, or inconsistencies in the collection of the
cell populations under investigation (8-11). Therefore,
further studies are needed to explain the decreased im-
mune function of patients with diabetes.

We previously investigated the gene expression signa-
tures of peripheral blood mononuclear cells (PBMCs) in
patients with diabetes and observed transcriptional ex-
pression features that were distinct from those of healthy
volunteers (12). Apoptosis-related genes were upregulated
in the PBMCs of patients with diabetes. Based on this
result, we investigated apoptotic activity and immunologic
function in PBMCs from patients with type 2 diabetes.

We observed that the CD14 = monocyte fraction was the
most affected subpopulation of PBMCs from these pa-
tients; these cells were especially vulnerable to apoptosis
compared with other cell subpopulations. We also found
that CD14" monocytes demonstrated attenuated phagocy-
totic activity and deficient Toll-like receptor (TLR) signal-
ing, both of which are important for innate immunity
(13,14). Transcriptional analysis and electron microscopic
examination of monocytes from patients with diabetes
showed evidence of endoplasmic reticulum (ER) stress,
which may underlie the functional defects in these cells.
Collectively, the data presented herein show that CD14~
monocytes are a vulnerable cell population under ER
stress in these patients that could contribute to decreases
in immune function in diabetes.

RESEARCH DESIGN AND METHODS

Thinty-three patients with type 2 diabetes (male/female, 15/18; age 62.0 -~ 8.6
years; ALC 9.2 = 2.08) and 28 healthy volunteers (male/female, 15/13; age
58.2 = 102 years; ALC 5.4 = 0.7%) were ewrolled consecutively for the

diabetes.diabetesjoumals.org
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TABLE 1
Characteristics of the study subjects

Diabetic Healthy

patients volunteers

(n = 33) (n = 28) P
Age (years) 62.0 = 8.6 58.2 + 10.2 NS
Sex (male/female) 15/18 15/13 NS

BMI (kg/m?) 235+ 42 236+ 48 NS

White blood cell counts

(ml) 4,800 = 1,700 5,600 = 1,900 NS
Lymphocytes (%) 23.5 + 3.5 22.7+25 NS
Monocytes (%) 52x16 6.1+ 23 NS
Hemoglobin {g/dl) 14.1 * 1.3 136 £ 1.6 NS
Total cholesterol (mg/dl) 182 + 24 180 + 35 NS
Triglyceride (mg/dl) 138 + 37 163 + 33 NS
FPG (mg/dl) 185 + 38 8674  <0.001
Al1C (%) 92 =20 5407 <0.001
Diabetic complications

(+/=)* 19/14 NA
Insulin treatment (~/-) 10/23 NA

Data are means * SD. *Diabetic complications: nephropathy, neu-
ropathy, retinopathy, macroangiopathy. FPG, fasting plasma glucose;
NA, not applicable.

apoptosis assay (Table 1). The groups were not significantly different in terms
of their clinical parameters, except for the fasting plasma glucose and A1C
levels. The patients with diabetes (» = 16) from whom adequate nuibers of
monocytes were obtained were enrolled for additional experiments along with
17 other patients with diabetes (male/female, 8/9; age 60.5 = 7.2 years; AIC
88 = 1.8%) whose clinical profiles fit the diabelic profile {Table 1). Infornted
consent for this study was obtained from all subjects. The experimental
protocol was carried out in accordance with the Declaration of Helsinki.
Isolation of subpopulations of PBMCs and flow cytometric analysis.
PBMCs were freshly isolated from heparinized venous blood using Ficoll-
Hypague (Sigma-Aldrich, St. Louis, MO) as previously described {12). CD4"
T-cell and CD14™ monocyte subpopulations were isolated using a magnetic
cell sorting system in accordance with the manufacturer's protocol (Miltenyi
Biotec, Bergisch Gladhach, Germany). Isolated cells were purified by >80% as
measured by flow cytometric analysis vsing FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA). To assess the expression of TLRs on monecytes,
PBMCs were incubated with phosphatidylethanolamine (PE)-labeled anti-
TLR2, -TLR3, or -TLR4 (eBioscience, San Diego, CA) and fluorescein isothio-
cyanate (FITC)-labeled anti-CD14 antibodies (BD Biosciences) and analyzed
by flow cytometry. Data were analyzed using CELLQuest Software (BD
Biosciences).

Quantitative real-time detection PCR. Reul-time detection (RTD)-PCR
was performed as previously described {15). Briefly, total RNA obtained from
cells using a MicroRNA isolation kit (Stratagene, La Jolla, CA) was reverse-
transcribed using 1 pg oligo (dT) primer and Super Script II Reverse
transcriptase (Invitrogen, Carishad, CA). The relative quantities of mRNA
expression were analyzed by RTD-PCR using ABI PRISM 7800 HT Sequence
Detection System (Applied Biosystems, Foster City, CA). All primer pairs and
probes were obtained from the TagMan assay reagents library. Expression
levels of genes were calculated with the 2722 method using either 3-actin or
GAPDH as internal control genes.

Apoptotic cell detection assay. Freshly isolated PBMCs were incubated
with AIM-V (Invitrogen) serum-free culture media containing 5 or 30 mmoll
glucose at 37°C with 5% CO, for up to 24 h. The cells were incubated with
FITC-labeled anti-CD4, -CD 14, or -CD56 antibodies (BD Biosciences) and with
PE-labeled annexin-V and 7-amino-actinomycin D (7-AAD) (BD Biosciences)
in PBS containing 2% BSA (Sigina-Aldrich). Apoptotic cells were determined
by flow cytometry as the fraction of cells labeled with annexin-V that were
T-AAD negative. At least 10,000 cells per sample were analyzed.
Phagocytosis assay. Phagocytotic activity was assessed using a Phagotest
Kit {Orpegen Phanna, Heidelberg, Germany) and FITC-abeled opsonized
Excherichia coli in accordance with the manufacturer's protocol. Briefly,
heparinized whaole blood obtained from the 33 patients with diabetes and 28
healthy volunteers was incubated with FITC-abeled £. cofi for 10 min at 37°C.
After removing the erythrocyles, the remaining cells were incubated with
propidium iodide to detect viable leukocytes by flow cytonetny. Monocyte
papulations were assessed based on cellular granularity and size as side
scitter and forward scatter, respectively, and FITC-positive cells were as-
sessed as monocytes with phagocytosed FITC-labeled E. coli.

diabetes.diabetesjournals.org
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TLR ligand stimuli and expression of proinflammatory cytokine genes.
Peptidoglycan (PGN; 1 pg/ml) from Streplomyces sp. (Sigma-Aldrich), Poly
(1:C) (6 pg/m); Sigma-Aldrich), and lipopolysaccharide (LPS; 2 pg/ml) from E.
coli (Sigmna-Aldrich), which are TLR2, TLR3, and TLR4 ligands, respectively,
were added to monocytes (3 X 107 cells) freshly isolated from the 33 patients
and 28 healthy volunteers in AIM-V media. Before and 3 h after incubation, the
expression of tumor necrosis factor-a {TNF-«) and interleukin-18 (IL-18) was
analyzed by RTD-PCR.

Analysis of gene expression by DNA microarray. Total RNA was obtained
from CD14" monocytes using MicroRNA isolation kit (Stratagene), and the
mRNA was amplified twice using the Amino Allyl MessageAmp aRNA Kit
(Ambion, Austin, TX). The reference RNA sample was isolated fromm CD14'
monocyles from a 30-yew-old healthy wale volunteer and amplified i the
same manner. Amplified mRNA was labeled with cyanin (Cy) 5 or Cy3
(Amersham, Buckinghamshire. U.K.). Equal amounts of the amplified mRNAs
were hybridized to an oligo-DNA chip (AceGene Human Oligo Chip 30K;
Hitachi Sofiware Engineering, Yokohama, Japan) overnight and washed prior
to image scanning.

The fluorescence intensity of each spot on the oligo-DNA chip was
obtained using ¢cDNA Microarray Scan Array G (PerkinElmer, Wellesley, MA),
The obtained images were guantified using DNAsis array V2.6 software
(Hitachi Software Engineering). For normalization, the intensity of each spot
with oligo DNA was subtracted from that of spots without oligo DNA in the
samme block. The spol was validated when the intensity was within the
intensity plus or minus a twofold range of SI) within each block. By calibrating
the median as the hase value, the intensities of all spots were adjusted for
normalization between Cy5 and Cy3. Hicrarchic clustering of gene expression
was calibrated using the method described above using BRB Array Tools
(http:/linus.nei nih. gov/BRB-ArrayTools. hunl). The nonfiltered data were log-
transformed and applied to the average linkage clustering with centered
correlation. For the functional analysis of the 813 upregulated genes, we used
GenMAPP (htip://www.genmapp.org), a computer program designed for view-
ing and analyzing genome-scale daia on MAPPs representing biological
pathways and any other groups of genes.

Electron microscopy. Monocytes obtained from three healthy volunteers
and three patients with diabetes were fixed with 2.5% glutaraldehyde and then
postfixed in 1% (volivol) cacodylate-buffered osntivan tetroxicte. Sauples were
dehydrated in a graded series of ethanol, transferred to propylene oxide, and
embedded in Epon-Araldite (Sigma-Aldrich). Ultrathin sections were obtained
and observed under a Hitachi H-7500 electron microscope (Hitachi High-
Technologies, Hitachinaka, Japan).

Caspase-3 assay and enzyme-linked immunosorbent assay (ELISA) of
cytokines. Monocytes fromn a healthy volunteer were harvested and treated
with tunicamycin (1 or 5 pg/Anl) in AIM-V media. Every 3 h up to 12 h after
tunicamycin treatrent, we assessed apoptosis by flow cytometry as described
above. After 12 h of incubation, the expression levels of BCL-2, (YEBP
homologous protein (CHOP), and BiP (immunoglobulin heavy chain binding
protein) were assessed by RTD-PCR. The DEVD-<cleaving activity of active
caspase-3 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 accordance the manufacturer’'s protocol. The pNA light
emission was quantified using a microtiter plate reader at a wavelength of 405
. In addition, we measured the production of proinflammatory eytokines by
RTD-PCR 6 h after treatment of monocytes (3 X 10° cells) with tunicamy-
cin (1 or 5 pg/mi) or the TLR ligands PGN (1 pg/ml), Poly (1:.C) (5 pg/mi),
and LIS (2 pwg/mi). The concentrations of TNF-a, IL-18, and IL-6 in the
culture supernatants were measured using an ELISA kit (eBioscience).
Statistical analysis. Data are expressed as means * SEM. The Mann-
Whitney U test was applied (o assess the significant differences between the
Lwo groups. Statistical significance was deteninined as P <2 0.05, P <2 (.01, and
1< 0001,

RESULTS

Increased apoptosis of CD14" monocytes from patients
with diabetes. We first assessed the frequency of apoptosis
in the PBMC fractions from 33 patients with diabetes and
28 nondiabetic healthy volunteers. Apoptosis of the iso-
lated cells was assessed after 3-h incubation in AIM-V
serum-free media containing 5 mmol/1 glucose (physiolog-
ical concentration in blood). As shown in Fig. 14, a
significant difference in the frequency of apoptosis was
observed in the PBMCs isolated from patients with diabe-
tes and healthy volunteers. Adding serum to AIM-V seruin-
free media did not affect the difference in apoptosis (data
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FIG. 1. Monocytes contributed to the valnerability of the PBMCs in patients with diabetes. A: PBMCs were obtained from 33 patients with diabetes and
28 healthy volunteers, Isolated PBMCs were harvested in AIM-V serum-free culture media supplemented with 5 mmol/ glucose for 3 h and incubated
with FITC-labeled anti-CD4, -CD14, or -CD56 antibodies, together with PE-labeled annexin-V to assess the frequency of apoptotic cells in each
subpopulation of PBMCs. Apoptotic cells were identified by double-staining with PE-labeled annexin-V and 7-AAD by flow cytometry. The frequencies
of apoptotic cells determined as the annexin-V—positive and 7-AAD-negative population are expressed as means + SEM with statistical comparisons
for both groups. The nonparametric Mann-Whitney U test was used to calculate the P value. **P < 0.01, ***P < 0.001. The PBMCs of patients with
diabetes were more susceptible to apoptosis than those of healthy volunteers, and CD14* monocytes were contributors. B: Among the 33 patients with
diabetes, those with poor glyeemic control reflected as A1C 29.0% were more susceptible to apoptosis in CD14* monocytes. Data are expressed as
means + SEM with a statistical comparison of both groups. *P < 0.05. C: Monocytes were isolated from 15 patients with A1C 29.0% and 18 patients
with A1C <9.0%. The expression of the BCL-2 gene in their monocytes before and after incubation in AIM-V serum-free media was assessed by
RTD-PCR. After 3-h incubation, the expression of BCL-2 was not upregulated in the poor glycemic control group (A1C 29.0% ), compared with the fair

control group (A1C <9.04). Data are expressed as means = SEM with statistical comparisons of both groups. *P < 0.05.

not shown). The numbers of whole PBMCs and CD4",
CDI4", and CD56" cells were similar in both diabetic and
healthy subjects (data not shown). CD14" monocytes
were observed to be the major contributor to the in-
creased apoptosis measured in the PBMCs. In contrast,
apoptosis of CD4" T-cells and CD536™ natural killer (NK)
cells was not significantly different between the two
groups (Fig. 1A). When the incubation period in culture
media with or without serum was extended to 24 h, ~20%
of the CD56" NK cells of both patients with diabetes and
healthy volunteers were induced to undergo apoptosis.
When incubation period was extended to 5 days, ~5% of
CD4" T-cells of both patients with diabetes and healthy
volunteers were induced to undergo apoptosis; there was
no significant difference in cell viability of CD56" NK cells
and CD4' T-cells between the two groups (data not
shown). BCL-2 expression of CD4" T-cells was not differ-

36 DIABETES, VOL. 59, MARCH 2010

ent between the two groups (data not shown). Apoptosis
of PBMC subpopulations incubated in culture media con-
taining 30 mmol/l glucose was not different from cells
incubated in 5 mmol/ glucose-containing media (data not
shown). Moreover, the susceptibility of PBMCs from pa-
tients with diabetes to apoptosis was not related to clinical
features such as vascular complications, insulin treatment,
and fasting plasma glucose concentrations (data not
shown).

However, among the 33 patients with diabetes, the
frequency of apoptotic CD14’ monocytes from those with
poor glycemic control (A1C =9.0%) was elevated com-
pared with patients with fair glycemic control (AlC
<9.0%) (Fig. 1B). Furthermore, after 3-Ii incubation, the
increased ratio of the expression of the antiapoptotic
gene, BCL-2, was substantially lower in monocytes from
the 156 patients with A1C =9.0% compared with the 18
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expressed as means + SEM. *P < 0.05.

patients having A1C <9.0%, as assessed by RTD-PCR (Fig.
1C). These data suggest that the monocytes of patients
with diabetes are susceptible to apoptosis, especially
under conditions of poor glycemic control.

Attenuated function of monocytes from patients with
diabetes. To determine whether functional alterations
exist in monocytes isolated from the 33 patients with

diabetes.diabetesjournals.org

diabetes, we cocultured the monocytes with FITC-labeled
E. coli and counted the number of fluorescent monocytes
that phagocytosed the labeled E. coli by flow cytometry
The ratio of monocytes that phagocytosed E. coli to all
monocytes in patients with diabetes was higher than in
the healthy volunteers (Fig. 24 and B). No significant
correlation was observed between the ratio of phagocy-
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with diabetes (W) and 28 healthy volunteers ([]) were cultured in AIM-V serum-free media supplemented with each TLR ligand: PGN, Poly (I:C),
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RTD-PCR. The basal (prestimuli) expression of TLR2, TLR3, and TLR4 (4) and TNF-«a and IL-1{3 (B) did not differ significantly between the two
groups. The TLR ligand-induced expression of TNF-a (€) and IL-1p (D) was downregulated in the monocytes of patients with diabetes. Data are

expressed as means = SEM. *P < 0.05, **P < 0.01.

tosed E. coli and AlC levels among the patients (data
not shown).

Next, we assessed the responsiveness of monocytes to
external pathogenic stimuli in vitro. Monocytes typically
express pattern-recognition molecules such as the TLRs
that are important for innate immunity against various
pathogens (13,14). The expression levels of TLR2, TLR3,
and TLR4 were not significantly different between mono-
cytes from patients with diabetes and those from healthy
volunteers, as assessed by RTD-PCR (Fig. 34) and flow
cytometry (data not shown). We also found that transcrip-
tional expression of TLR signal molecules (MyD88, IRAKI1,
and TRAF6 for TLR2 and TLR4 signaling and TRIF for
TLR3 signaling) was not altered in diabetic monocytes
compared with nondiabetic monocytes (data not shown).
Next, we exposed the monocytes from the patients with
diabetes and healthy volunteers to the TLR ligands, PGN
(a TLR2 ligand), Poly (I:C) (a TLR3 ligand), and LPS (a
TLR4 ligand) and measured the expression of the proin-
flammatory cytokine genes, TNF-a and IL-1B3. After incu-
bation, the expression of the cytokines was not
significantly different between the groups (Fig. 3B), but the
responsiveness to PGN, Poly (I:C), and LPS was signifi-
cantly attenuated in monocytes from patients with diabe-
tes compared with those from healthy volunteers as
assessed by RTD-PCR (Fig. 3C and D). These results
demonstrate that the monocytes of patients with diabetes
are functionally impaired, which implies that they could
contribute to immune deficiency in diabetes.

638 DIABETES, VOL. 59, MARCH 2010

ER stress is a molecular feature of impaired monocytes.
To elucidate the molecular features of the diabetic mono-
cytes that were distinctly susceptible to apoptosis, DNA
microarray analysis was performed on CDI14' cells iso-
lated from five randomly selected patients with diabetes
and five healthy volunteers. These subjects demonstrated
clinical features near the median of all study subjects.
Unsupervised hierarchic clustering analysis was per-
formed to assess the gene expression profiles of mono-
cytes obtained from patients with diabetes and healthy
volunteers; 17,184 filtered genes were evaluated after
excluding genes that were not expressed or those with low
expression levels that prevented their analysis in 50% of
the cases. As shown in Fig. 44, two completely discernible
clusters formed between the patients with diabetes and
the healthy volunteers.

We identified 813 genes that were upregulated in the
monocytes from patients with diabetes compared with those
of healthy volunteers (P < 0.05, Student ¢ test). Analysis of
the biological processes concerning these genes was per-
formed using GenMAPP. The identified genes were shown to
be involved in posttranslational protein modification systems
occurring in the Golgi apparatus or were involved in ER
stress (Table 2 and supplementary Table 1, available in an
online appendix at http:/diabetes.diabetesjournals.org/
cgi/content/full/db09-0659/DC1). The elevated expression
of genes related to ER stress, such as CHOP and BiP, was
confirmed using RTD-PCR; the expression of these genes
was significantly higher in the monocytes from the 33

diabetes.diabetesjoumals.org
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ER stress-induced apoptosis and attenuation of TLR
signaling in human monocytes. The results described
above indicated that the monocytes from patients with
diabetes have compromised immunologic function and
that ER stress is a distinct feature in these cells. To

patients with diabetes than in those from the 28 healthy
volunteers (Fig. 48). In contrast, no significant difference
in the expression of these genes was observed in CD4"
T-cells from patients with diabetes and healthy volunteers
(Fig. 40).

Electron microscopy further confirmed ER stress in the
monocytes derived from patients with diabetes. As shown
in Fig. 4D, morphologic alterations of the ER such as
corruption of concentric, continuous, and regular layer
structure and a decreased number of ribosomes on the ER
membrane were evident from the electron photomicro-
graphic images.

diabetes.diabetesjournals.org

determine whether ER stress could be a mechanism
underlying the observed increase in apoptosis and de-
creased responsiveness to TLR ligands, CD14" cells iso-
lated from a healthy volunteer were treated with the ER
stress inducer, tunicamycin (1 pg/ml), in AIM-V media. As
shown in Fig. 54 and B, an increased number of apoptotic
cells was observed among monocytes treated with tunica-
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TABLE 2
Biological processes for upregulated genes in monocytes of
diabetic patients

Z score  Permute P value
MAPP name

Golgi apparatus 3.383 0.000
Ribosomal proteins 3.691 0.002
Unfold protein binding 2471 0.026
Intracellular protein

transport 2.310 0.029
Enzyme-linked receptor

protein signaling pathway 2.175 0.042
Nuclear receptor 2.316 0.043
Gametogenesis —1.998 0.049

mycin compared with untreated monocytes after >6 h of
incubation. Treatment of monocytes with a higher concen-
tration of tunicamycin (5 pg/ml) induced more apoptosis
(Fig. 5A and B), and when monocytes were treated with
tunicamycin for 12 h, the activity of the proapoptotic
protease, caspase-3, significantly increased (Fig. 5C).
Treatment with tunicamycin coordinately decreased the
expression of BCL-2 (Fig. 5D) and increased the expres-

sion of the ER stress markers, CHOP and BiP (Fig. 6EF).
These results suggest that ER stress promotes apoptosis of
human monocytes.

Next, we investigated how tunicamycin-induced ER
stress affected the responsiveness of human monocytes to
TLR ligands. Treatment of monocytes with tunicamycin
for 6 h did not affect the transcriptional and translational
expression of TLR2 and TLR4 (data not shown). As shown
in Fig. 6A-C, however, the expression of the proinflamma-
tory cytokines TNF-a, IL-13, and IL-6 was downregulated
after stimulation with TLR2 and TLR4 ligands. Further-
more, the production of TNF-«, IL-18, and IL-6 in media
was measured by ELISA and found to decrease after
treatment of human monocytes with tunicamycin and after
stimulation with TLR2 or TLR4 ligands (Fig. 6D-F). How-
ever, tunicamycin-induced ER stress did not affect expres-
sion after treatment of monocytes with the TLR3 ligand,
Poly (I:C) (data not shown).

DISCUSSION

In the present study, we observed that PBMCs from
patients with diabetes were more susceptible to apoptosis
compared with PBMCs from healthy volunteers and that
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volunteer were incubated in AIM-V culture media supplemented with tunicamycin (TM) (1 or 5 pg/ml). The frequency of apoptotic cells was
analyzed by flow cytometry every 3 h for 12 h. More apoptotic cells were observed among monocytes treated with tunicamycin for >6 h of
incubation, compared with untreated monocytes. A: Representative scattergram of annexin-V and 7-AAD for monocytes treated with tunicamycin.
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BCL-2 expression in monocytes incubated with tunicamycin for 12 h was downregulated. E: The expression levels of the ER stress markers CHOP
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CDI14 " monocytes comprised the primary PBMC subpopu-
lation undergoing apoptosis. We also found that CD14"
monocytes from patients with diabetes were hyporespon-
sive to TLR ligands and that they had attenuated phago-
cytotic activity. Transcriptional analysis and electron
microscopy revealed the presence of ER stress in the
affected diabetic monocytes. Consistently, monocytes iso-
lated from nondiabetic patients showed a similar increase
in apoptosis and a weakened response to TLR ligands,
when they were treated with tunicamyecin, indicating that
ER stress may be a pivotal mechanism underlying the
decreased immunologic function observed in patients with
diabetes.

As innate immune-defense mediators, monocytes are
capable of ingesting exogenous pathogens to protect the
host from infectious diseases. Previous studies have
shown that phagocytosis in diabetic neutrophils and
monocytes is attenuated (10,11). Similarly, in our study
population, monocytes from patients with diabetes were
less capable of phagocytosing E. coli pathogens compared
with monocytes derived from healthy volunteers. This
novel finding might explain, at least in part, the decrease in
immune function characteristic of patients with diabetes
(16). Nevertheless, the detailed mechanisms underlying
diabetes-induced decreases in phagocytotic activity re-
main unclear, because simple high-glucose concentration
neither affected the phagocytotic activity and TLR expres-
sion nor induced ER stress in nondiabetic monocytes in
vitro (data not shown).

The TLRs are pattern-recognition receptors that are
important for recognizing pathogens, inducing proinflam-
matory responses, and preventing the host from acquiring
infectious diseases (17-20). The expression of TLR2,

diabetes.diabetesjournals.org

TLR3, and TLR4 in CD14 " monocytes was similar between
patients with diabetes and healthy volunteers. The admin-
istration of a high dose of insulin downregulates TLR
expression (21). Transformed monocyte-lineage blastoma
cells showed increased TLR expression under hyperglyce-
mic conditions in vitro (22). Type 2 diabetes is character-
ized as a state of inadequately controlled glycemia
associated with hyperinsulinemia due to peripheral insulin
resistance (1). Taken together, the TLR expression may be
affected by hyperglycemia and hyperinsulinemia in a com-
plex manner. In contrast to the previous finding that
monocytes from patients with diabetes were hypersensi-
tive to the TLR ligand, LPS (23,24), we observed that the
TNF-o and IL-1B expression from monocytes derived from
patients with type 2 diabetes diminished after exposure to
PGN, Poly I:C, and LPS—ligands of the TLR2, TLR3, and
TLR4 receptors, respectively. These data suggest that
diabetes perturbs signaling downstream of the TLRs. In
this study, we collected CD14" monocytes from PBMCs
via enrichment using magnetic beads; this protocol was
used to remove T-cells, NK cells, B-cells, dendritic cells,
and basophils from the PBMC mixture. This is in contrast
to the methodology used to isolate these cells in many
other studies, in which monocytes were obtained as
adherent cells in the culture dish or by a rosetting tech-
nique (25,26). CD14" cells have been shown to be com-
posed of multiple subtypes of activated states; the
classical monocyte-isolation methods used in the other
studies might unknowingly remove the fraction of mono-
cytes that are susceptible to apoptosis (27). More than half
of the CD14" diabetic monocytes isolated in this study
were dead after 12-h incubation, even in media containing
physiological concentration of glucose (data not shown).
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Our current data showing attenuation of TLR responsive-
ness to ligands in diabetic monocytes suggest that initial
immune responses that are normally triggered by viruses,
bacteria, and parasites could be impaired in diabetes,
which is consistent with epidemiologic data showing a
high incidence of infection in patients with diabetes (3-5).

Gene expression and electron microscopic analysis of
monocytes derived from patients with diabetes showed
active signatures of ER stress; this is important because
ER is an organelle essential for the proper folding and
glycosylation of proteins after protein synthesis (28).
When cells are under ER stress, protein kinase R-like ER
kinase, inositol-requiring enzyme 1, and activating tran-
scription factor 6 are activated and function in the adap-
tation to stress, proper folding of proteins, and removal of
harmful unfolded proteins, respectively (29,30). However,
prolonged ER stress leads to apoptotic cell death, which is
mediated by CHOP (31). CHOP is a crucial and specific
molecule for ER stress—induced apoptosis and alters the
transcription of the BCL-2 gene family members (32). The
current study showed that diabetic monocytes had in-
creased levels of ER stress-related apoptotic molecules.
Moreover, nondiabetic monocytes treated with tunicamy-
cin, an ER stress inducer, underwent apoptosis in a
manner similar to monocytes derived from patients with
diabetes. From these data, we conclude that ER stress
contributes to the susceptibility of diabetic monocytes to
apoptosis.

We also observed that tunicamycin-induced ER stress
diminished TLR2 and TLR4 signaling without altering
expression of TLRs. Tunicamycin induces ER stress by
disturbing N-linked glycosylation (33), and previous re-
ports suggest that perturbations in this glycosylation at-
tenuate TLR2 and TLR4 signaling in vitro (34,36). Hence,
these data collectively indicate that ER stress may under-
lie decreases in TLRZ and TLR4 signaling and affect
immune function in patients with diabetes.

TLR3 signaling is different from the other TLR signaling
pathway; for example, it is independent of MyD88. TLR2
and TLR4 are expressed on the cell surface, whereas TLR3
is expressed in intracellular compartments such as endo-
somes (13}, and its ligands require internalization before
signaling occurs. This suggests that disturbances in TLR3
signaling in diabetic monocytes may be due to reasons
other than ER stress. Further investigations are needed to
elucidate the detailed mechanisms of attenuated TLR
signaling in monocytes from patients with diabetes.

ER stress has been shown to be a mainstay of the
diabetic condition. Its pathologic importance in diabetes is
especially important in pancreatic p-cells, in which glu-
cose toxicity results in ER stress and insufficient insulin
secretion (36-38). The current study suggests that mono-
cytes are yet another population of cells vulnerable to
hyperglycemia-induced ER stress and dysfunction. Never-
theless, the mechanisms that render pancreatic B-cells and
monocytes vulnerable to ER stress in patients with diabe-
tes remain uncertain.

Diabetes is considered a chronic inflammatory disease.
Activated macrophages that produce proinflammatory cy-
tokines such as TNF-w, II-18, and IL-6 are thought to
contribute to insulin resistance in muscle and adipose
tissues (39,40). Furthermore, the atherosclerotic compli-
cations in paticnts with diabetes have a basis in inflamma-
tion; local inflammatory foci in atherosclerotic lesions are
commonly composed of foam cells derived from activated
macrophages (41,42). Further studies are needed to deter-
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mine whether different subpopulations of monocyte-de-
rived cells, for example, systemically circulating and
locally residing inflamunatory cells, are susceptible to
hyperglycemia-induced ER stress and dysfunction.

In conclusion, our findings show that CD14* monocytes
are susceptible to ER stress—induced alterations in inflam-
matory signaling and apoptosis, which may play a role in
the decreased immune function observed in patients with
diabetes. Further investigations are needed to discern the
mechanisms of diabetes-induced ER stress and perturba-
tions in inflammatory signaling in CD14* monocytes.
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Differential MicroRNA Expression Between Hepatitis B

and Hepatitis C Leading Disease Progression to

Hepatocellular Carcinoma

Shunsuke Ura,' Masao Honda,"? Taro Yamashita,' Teruyuki Ueda,' Hajime Takatori,' Ryuhei Nishino,"'

Hajime Sunakozaka,' Yoshio Sakai,' Katsuhisa Horimoto,? and Shuichi Kaneko!

MicroRNA (miRNA) plays an important role in the pathology of various diseases, including
infection and cancer. Using real-time polymerase chain reaction, we measured the expression
of 188 miRNAs in liver tissues obtained from 12 patients with hepatitis B virus (HBV)-
related hepatocellular carcinoma (HCC) and 14 patients with hepatitis C virus (HCV)-
related HCC, including background liver tissues and normal liver tissues obtained from nine
patients. Global gene expression in the same tissues was analyzed via cor:plementary DNA
microarray to examine whether the differentially expressed miRNAs could regulate their
target genes. Detailed analysis of the differentially expressed miRNA revealed two types of
miRNA, one associated with HBV and HCV infections (n = 19), the other with the stage of
liver disease (n = 31). Pathway analysis of targeted genes using infection-associated miRNAs
revealed that the pathways related to cell death, DNA damage, recombination, and signal
transduction were activated in HBV-infected liver, and those related to immune response,
antigen presentation, cell cycle, proteasome, and lipid metabolism were activated in HCV-
infected liver. The differences in the expression of infection-associated miRNAs in the liver
correlated significantly with those observed in Huh7.5 cells in which infectious HBV or
HCV clones replicated. Out of the 31 miRNAs associated with disease state, 17 were down-
regulated in HCC, which up-regulated cancer-associated pathways such as cell cycle, adhe-
sion, proteolysis, transcription, and translation; 6 miRNAs were up-regulated in HCC,
which down-regulated anti-tumor immune response. Conclusion: miRNAs are important
mediators of HBV and HCV infection as well as liver disease progression, and therefore

could be potential therapeutic target molecules. (HEPATOLOGY 2009;49:1098-1112.)

Abbreviations: <DNA, complementary DNA; CH, chronic hepatitis; CH-B,
chronic hepatitis B; CH-C, chronic hepatitis C; HBV, heparitis B virus; HCC,
hepatocellular carcinoma; HCC-B, hepatitis B-related bepatocellular carcinoma;
HCC-C, hepatitis C-related hepatocellular carcinoma; HCV, hepatitis C virus;
miRNA, microRNA: RTD-PCR, real-time detection polymerase chain reaction:
SVM, support vector machine.
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1098

icroRNA (miRNA) is an endogenous, small, sin-
gle-strand, noncording RNA consisting of 20 to
25 bases and regulates gene expression of various
cell types. It plays an important role in various biological
processes, including organ development and differentiation
as well as cellular death and proliferation, and is also involved
in various diseases such as infection and cancer.'
miRNAs are produced as follows. A primary miRNA
with a hairpin loop structure is cleaved into a precursor
miRNA and transported out of the nuclei with a carrier
protein (Exportin-5). The precursor miRNA is then pro-
cessed by Dicer and converted into an active single-strand
RNA in the cytoplasm. The miRNA binds to a target
messenger RNA in a sequence-dependent manner and
induces degradation of the target messenger RNA and
translational inhibition. One miRNA regulates the ex-
pression of multiple target genes; bioinformatics analyses
have suggested that the expression of more than 30% of
human genes is regulated by miRNAs.*”
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Table 1. Characteristics of Patients Used for Analysis of miRNA and Microarray Samples
Histology Background Histological Tumor
Patient of Liver Grade of Size TNM HCV-RNA HBV-DNA
No. Virus Age Sex ALT Activity Fibrosis HCC (mm) Staging (KIu/mL) (LEG/mL)
1 HBV 57 M 16 2 4 Moderate 20 Il - 34
2 HBY 51 M 57 1 2 Moderate 48 Il - < 2.6
3 HBV 61 M 17 1 4 Well 16 I - < 3.7
4 HBY 47 M 19 1 4 Moderate 15 | - et |
5 HBV 72 M 19 1 1 Well 25 Il - NA
6 HBY 73 M 62 1 3 Moderate 45 1] - b
7 HBV 42 M 36 1 4 Moderate 18 | - <3
8 HBV 63 M 13 1 2 Moderate 15 | - 2.8
9 HBV 68 F 54 1 2 Well 56 I - 4.1
10 HBV 70 ‘M 13 0 2 Well 40 Il - < 3.7
11 HBV 58 M 29 1 4 Moderate 35 IVA* - 3.3
12 HBV 72 M 22 1 4 Moderate 18 | - 6
13 HCV 66 F 33 2 4 Well 25 1] 423 -
14 HCV 67 M 89 1 4 Well 30 Il > 850 e
15 HCV 64 M 31 1 4 Moderate 75 i <5(+) -
16 HCV 68 M 30 0 4 Well 23 ] > 850 =
17 HCV 46 M 98 2 3 Moderate 20 | > 850 -
18 HCV 68 F 32 2 4 Moderate 25 1] <5(+) -
19 HCV 66 F 46 2 4 Well 2D Il > 850 -
20 HCV 47 M 246 1 3 Moderate 20 I 262 -
21 HCV 15 M 20 1 3 Moderate 19 Il 85.1 -
22 HCV 17 M 21 0 1 Moderate 20 Il < 5(=) -
23 HCV 66 M 46 2 2 Well 60 Il 50.3 —
24 HCV 65 M 89 1 1 Poorly 25 ] 850 -
25 HCV 53 M 54 0 1 Moderate 28 1] < Bi(—) -
26 HCV 75 F 212 b | 4 Well 19 | 580 -
27 - 51 F 18 0 0 - - - = =
28 - 78 F 13 0 0 - - - - -
29 - 75 M 20 0 0 - - - = -
30 - 34 M 12 0 0 - - - - o
31 - 64 M 30 0 0 - - - = -
32 - 78 M 9 0 0 - - - = -
33 - 53 M 19 0 0 - - - - =
34 - 64 F 12 0 0 - - - - -
35 - 60 F 20 0 0 - - - - -

HCV RNA was assayed via Amplicor Monitor Test (KIU/mL); HBV DNA was assayed via transcription-mediated amplification (LEG/mL).

Abbreviations: ALT, alanine aminotransferase; F, female; HBV, hepatitis B virus; HCC, hepatocellular carcinoma: HCV, hepatitis C

tumor-node—metastasis.
*Vascular invasion (+).

Infection of the human liver with hepatitis B virus
(HBV) and hepatitis C virus (HCV) induces the develop-
ment of chronic hepatitis (CH), cirrhosis, and in some
instances hepatocellular carcinoma (HCC).® The virolog-
ical features of these two distinct viruses are completely
different; however, the viruses infect the liver and cause
CH, which is not distinguished by histological examina-
tion or clinical manifestations. We previously reported
that gene expression profiles in chronic hepatitis B
(CH-B) and chronic hepatitis C (CH-C) are different.
Proapoptotic and DNA repair responses were predomi-
nant in CH-B, and inflammatory and antiapoprotic phe-
notypes were predominant in CH-C. However, factors
inducing these differences in gene expression remain to be
elucidated.”'?

virus; M, male; TNM,

We examined miRNA expression in liver tissue with
HBV-related liver discase (CH-B and HCC-B) and
HCV-related liver disease (CH-C and HCC-C) and in
normal liver tissue via real-time detection polymerase
chain reaction (RTD-PCR). We also performed global
analysis of messenger RNA expression in these tissues us-
ing complementary DNA (cDNA) microarray. These
analyses allowed us to find characteristic miRNAs associ-
ated with HBV or HCV infection as well as the progres-
sion of liver disease.

Patients and Methods

Patients. The study subjects included 12 patients
with CH-B complicated by HCC and 14 patients with
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Fig. 1. (A) miRNA-specific RTD-PCR using sheet hairpin primers. (B) miRNA amplification curves by RTD-PCR.

CH-C complicated by HCC. Gene expression analysis
was approved by the ethics committee of the Graduate
School of Medicine, Kanazawa University Hospital, Ja-
pan, between 1999 and 2004. In addition, nine normal
liver tissue samples obtained during surgery for metastatic
liver cancer were used as control samples. Surgically re-
moved liver tissues were stored in liquid nitrogen until
analysis. Histological classification of HCC and histolog-
ical evaluation of hepatitis in noncancerous regions for
each patient are shown in Table 1. HCV viremia in two
patients with CH-C was persistently cleared by interferon
therapy before HCC development. There were no signif-
icant differences in the histological findings of HCC and
noncancerous regions, as well as in sex, age, and hepatic
function between the HBV and HCV infection groups.
Quantitative RTD-PCR. Approximately 1 mg of
each liver tissue sample stored in liquid nitrogen was
ground with a homogenizer while still frozen, and total
RNA containing miRNA was isolated according to the
protocol of the mirVana miRNA Isolation kit (Ambion,
Austin, TX) and stored at —80°C until analysis. miRNA
expression levels were quantitated using the TagMan
MicroRNA Assays Human Panel Early Access kit (Ap-
plied Biosystems, Foster City, CA). cDNA was prepared
via reverse transcription using 10 ng each of the isolated
total RNA and 3 pL each of the reverse transcription
primers with specific loop structures. Reverse transcrip-
tion was performed using the TagMan MicroRNA Re-
verse Transcription kit (Applied Biosystems) according to
the manufacturer’s protocol. Then, a mixture of 6.67 L
of nuclease-free water, 10 pL of TagMan 2 X Universal
PCR Master Mix (No AmpErase UNG; Applied Biosys-
tems), and 2 pL of TagMan MicroRNA Assay Mix,

which was included in the kit, was prepared for each sam-
ple on a 384-well plate; 1.33 L of the reverse transcrip-
tion product was added to the mixture, and amplification
reaction was performed on an ABI PRISM 7900HT (Ap-
plied Biosystems). Expression levels of 188 miRNAs in
each sample were quantitated.

Analysis of RTD-PCR Data. The measured 188
miRNAs included RNUGB, which is commonly used as a
control for miRNA. B-Actin and glyceraldehyde 3-phos-
phate dehydrogenase were also measured simultaneously
for correcting RNA amount. The mean Ct values and
standard deviations of each miRNA were calculated from
expression data of all patients obrained by RTD-PCR.
miRNA with the lowest expression variation was used as
the internal control. Ct values of each miRNA were then
corrected by the Ct value of the internal control to yield
—ACt values defined as relative miRNA expression levels
and used for analyses. Statistical analyses and hierarchical
cluster analyses of expression data were performed using
BRB ArrayTools (http://linus.nci.nih.gov/BRB-Array-
Tools.html). Relative miRNA expression levels were fur-
ther normalized using the median over the all patients so
that the normalized expression levels of each patient have
a median log ratio of 0. A class prediction method was
used for classifying two patient groups based on the su-
pervised learning method, and a binary tree classification
method was used for classifying three or more patient
groups with a statistical algorithm of the support vector
machine (SVM). Class prediction was performed using
SVM incorporating genes differentially expressed at a uni-
variate parametric significance level of 7 = 0.01. The
prediction rate was estimated via cross-validation and the
bootstrap method for small sample data.!" (It is worth
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Fig. 2. (A) Hierarchical cluster analysis using total miRNA. Chronic hepatitis is indicated by histological stage and grade (F, fibrosis; A, activity)
and type of infecting virus (B or C). HCC is indicated by histological grade (w, well differentiated; m, moderately differentiated; p, poorly differentiated)
and type of infecting virus (B or C), with the patient number added at the end. (B) Relationship between five classes divided by binary tree
classification. Expression profiles were first classified into normal liver and non-normal liver groups (node 1), then into HBV and HCV groups (node
2). The HBV group was further divided into HCC-B and CH-B (node 3), and the HCV group into HCC-C and CH-C (node 4).
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Fig. 3. Cluster 1: Eight miRNAs specifically differentiated node 1 classification. Cluster 2: Nineteen miRNAs specifically differentiated node 2
classification. Cluster 3: Twenty-three miRNAs differentiated CH-B and HCC-B as well as CH-C and HCC-C.
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Fig. 4. Analysis of miRNA expres-
sion data. Target genes of miRNAs
were predicted using MIRANDA
Pro3.0; candidate target genes spot-
ted on microarray were identified;
number of genes that actually exhibit
significant (P << 0.05) changes in ex-
pression among the genes was deter-
mined; and signal pathways involving
genes regulated by the miRNAs that
had exhibited differential expression
between each group were analyzed
using MetaCore (Table 4).

>,

hsa-miR-105

o

noting that the prediction rate may be likely an overesti-
mate of the true rate, given the weaknesses of cross-vali-
dation and bootstrapping methods in a strict sense.)

Microarray Analysis. cDNA microarray slides (Liver
chip 10k) were used as described.’® RNA isolation, am-
plification of antisense RNA, labeling, and hybridization
were performed according to the protocols described.”!°
Quantitative assessment of the signals on the slides was
performed by scanning on the ScanArray 5000 (General
Scanning, Watertown, MA) followed by image analysis
using GenePix Pro 4.1 (Axon Instruments, Union City,
CA) as described.!?

Preliminary Survey of Independency of Paired
Samples from the Same Patient. CH and HCC expres-
sion data were derived from the same patient. Before fur-
ther analysis, we examined whether the miRNA
expression of paired samples was similar or independent.
We compared differences in the expressions of paired and
nonpurcd CH and HCC samples using the Dunnett
test (Supplcmcntary Dara). All possible tests performed
for data pairs represented no dependency due to the
paired data from the same patients. For data analysis, we

Table 2-1. Class Prediction

Prediction No. of
No. Class (%) Predictors P Value
1 HBV versus HCV 87 32 <0.001
2 N versus CH (B+C) 91 26 0.007
3 CH (B+C) versus HCC (B+C) 92 34 0.003

Class prediction algorithm was used for the classification of two groups of
patients. Feature selection was based on the univanate significance level (al-
pha = 0.01). The support vector machine classifier was used for class prediction.

Abbreviations: CH, nontumor lesion of HCC; HCC, hepatocellular carcinoma; N,
normal.

f }Sequences

miRBase

HLA-DPB1
HLA-A
ANUBL1
MAP3K8

IL-17RC

SETBP1
RBM17
B2M
PRG1

LRRC18
PLAU

CDK9

In house liver chip '

used the standard pairwise class comparison and predic-
tion tool in BRB ArrayTools.

Identification of Candidate miRNA Target Genes.
Candidate target genes predicted to be regulated by
miRNAs based on sequence comparison were selected us-
ing MIRANDA Pro3.0 (Sanger Institute). Of the selected
genes, those represented on a microarray chip were then
examined for expression (Fig. 4). The number of genes
showing a significant (P <0.05) expression difference
among the candidate target genes represented on the chip
was statistically analyzed to evaluate the significance of
expression regulation by miRNAs. Analysis of signifi-
cance was performed using Hotelling T2 test (BRB Ar-
rayTools).

Pathway Analysis. Of the candidate miRNA target
genes, those showing a significant (7 < 0.01) expression
difference between N, CH-B, HCC-B, CH-C, and
HCC-C samples were analyzed for pathways involving
these genes using MetaCore software suite (GeneGo, St.
Joseph, MI). Significance probability was calculated using

Table 2-2 Binary Tree Classification

Group 1 Group 2 No. of  Misclassification
Node Class Class Predictors Rate (%)
1 HCC-B, HCC-C, CH-B, CH-C N 20 49
2 HCC-B, CH-B HCC-C, CH-C 19 13.5
3 HCC-B CH-B 15 29.2
4 Hcc-C CH-C 14 179

Binary tree classification algorithm was used for the classification of each
category of patients. Feature selection was based on the univariate significance
level (alpha = 0.01). The supporit vector machine classifier was used for class
prediction. There were four nodes in the classfication tree.

Abbreviations: CH-B, non-tumor lesion of HCC-B; CH-C, nontumor lesion of
HCC-C; HCC-B, hepatitis B virus-related hepatocellular carcinoma; HCC-C, hepa-
titis C virus-related hepatocellular carcinoma; N, normal
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