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ABSTRACT

In the stomach of a gastric ulcer patient who had been administered an anti-acid, a gram-negative and
urease-negative bacillus similar in size to Helicobacter pylori was infected together with H. pylori. Ac-
cording to biochemical test and 16S rRNA gene analysis, the urease-negative bacterium was identified as
Kingella denitrificans, a human nasopharyngeal commensal. In contrast to the standard strain of
K. denitrificans, the isolate showed catalase activity, did not produce acid from glucose, and exhibited acid
tolerance. Acid tolerance of H. pylori was increased by cocultivation with the K. denitrificans isolate, but
not with other isolates of K. denitrificans. Disruption of physiological and immunological niche by dys-
biotic colonization of bacterium may provide pathological attributes to human stomach. Collectively, a
careful administration of anti-acids to the elderly, especially those with atrophic gastritis, is necessary to

Kingella denitrificans

avoid repression of the gastric barrier to bacteria.

Dysbiosis © 2013, Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.

Published by Elsevier Ltd. All rights reserved.

1. Introduction

Helicobacter pylori (H. pylori) colonizes approximately half of the
world's population and causes chronic gastritis, peptic ulcers, and
gastric adenocarcinoma [ 1]. Eradication of this bacterium improves
the symptoms of patients with peptic ulcer and gastric lymphoma
of mucosa-associated lymphoid tissue [2,3]. Isolation of H. pylori
from endoscopic gastric biopsy specimens is the most reliable
method for detecting H. pylori infection and essential for drug
susceptibility testing [4].

The gastric acid determines bacterial susceptibility to the
stomach and inhibits infectious agents from reaching the intes-
tine [5]. Urease activity is crucial for H. pylori to colonize the
stomach through neutralizing the acidic environment and
providing chemotactic motility [6]. However, colonization of
urease-negative H. pylori and Campylobacter jejuni is reported in

* Corresponding author. Present address: Shimane University, Faculty of Medi-
cine, Enyacho 89-1, Jzumo, Shimane 693-8501, Japan. Tel.: 481 853 20 2148;
fax: +81 853 20 2147.

E-mail address: yosiyama@med.shimane-u.ac.jp (H. Yoshiyama).

1 Two authors contributed equally to the work.

patients receiving acid-reducing compounds [7,8]. Moreover,
predisposed decrease of acid secretion, due to therapy, disease,
or age, increased bacterial population in gastric juice [9,10].
Disproportional use of proton pump inhibitors is considered to
promote small intestinal bacterial overgrowth, which is preva-
lent in patients with irritable bowel disease (IBD) [11]. The
gastrointestinal microbiota clearly contributes to development of
IBD both in mouse models and patients [12].

A gram-negative bacillus, Kingella denitrificans (K. denitrificans),
is a component of the normal upper respiratory and genitourinary
tract flora and sometimes causes severe infection [13—15]. Kingella
species are plump gram-negative bacilli and positive for cyto-
chrome c oxidase [16]. Unlike the related species, such as Neisseriae
and Moraxellae, Kingella species are catalase-negative similar to
Cardiobacterium hominis and Eikenella corrodens. However, strain
UB-75 of Kingella oralis and strain UB-204 of E. corrodens were
catalase positive [17]. The type-strain of K. denitrificans character-
istically produces acid from glucose and is positive for prolyl-
aminopeptidase. Different from other species in the genus,
K. denitrificans reduces nitrate to nitrite [16].

Necessity for careful identification of urease-negative bacteria in
the gastric mucosa is highlighted in this paper. Of particular

1341-321X/$ — see front matter © 2013, Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases. Published by Elsevier Ltd. All rights reserved.
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interest, disruption of integrated immunological niche by dysbiotic
colonization of commensal bacteria is discussed.

2. Materials and methods
2.1. Patient

A 78-year-old man suffering from gastric ulcer had been admin-
istered 40 mg of histamine receptor 2 (H2) antagonist, ranitidine,
per day for two years. Endoscopic observation revealed multiple
gastric ulcer scars with severe atrophic gastritis. Gastric mucosal
biopsy from the antrum and the body was performed to determine
histological findings and detect H. pylori. The biopsy specimen
was positive for the CLO-test (Kimbarly-Clark, Roswell, GA).

The study was approved by the Yamaguchi University Hospital
Ethics Committee. Informed consent was obtained from the pa-
tient. The research was carried out in accordance with the Decla-
ration of Helsinki.

2.2. Bacterial isolation and culture conditions

The gastric biopsy specimen was homogenized and a loopful of
inoculum was streaked onto a plate of an HP selective medium
(Eiken Chemical Inc., Tokyo, Japan) containing amphotericin B
(2 pg/ml), trimethoprim (5 pg/ml), polymyxin B (2.5 IU/ml), and
vancomycin (10 pg/ml). The plate was grown in a microaerobic
atmosphere (5% O3, 10% CO,, 85% Nj) at 37 °C for 5 days. The type-
strain of K. denitrificans ATCC33394 was obtained from the Amer-
ican Type Culture Collection. K. denitrificans KDY1 was isolated from
a nasopharyngeal swab of a leukemic patient and H. pylori CPY3401
was from gastric biopsy specimen [18] in Yamaguchi University
Hospital, respectively. And HPT73 is an isogenic ureB-disrupted
mutant of CPY3401. The culture condition of K. denitrificans was
exactly the same as that of H. pylori.

2.3. Morphology

Hematoxylin-eosin, Giemsa, and Gram stainings were per-
formed by a standard method. For electron microscopy, bacteria
were grown in brucella broth containing 3% horse serum for 24 h,
washed once with 5 volumes of 10% glycerol MOPS buffer and
suspended in 5 volumes of saline. Samples were dried onto a
collodion-carbon-coated grid. Shadowing was performed and
samples were observed with a JEM-200CX (JEOL) transmission
electron microscope as described [18].

2.4. Detection of a H. pylori-specific gene in paraffin-embedded
biopsy samples

DNA was extracted from paraffin-embedded gastric biopsy tis-
sues using DEXPAD (Takara BioCo. Shiga, Japan) and subjected to
PCR. The primers ureF1 (ATA TTA TGG AAG AAG CGA GAG C) and
ureR (ATG GAA GTG TGA GCC GAT TTG), corresponding to bases
2783—2804 and 3076—3096, respectively, of the ureA gene of
H. pylori amplified 314-bp fragments. For the second round of PCR
amplification, primers ureR and ureF2 (CAT GAA GTG GGT ATT GAA
GC; +2893—2912) were used.

2.5. Biochemical characterization

Catalase production was tested by placing bacteria from the
plates into a drop of 3% hydrogen peroxide on a slide glass. Cyto-
chrome c oxidase activity was tested on an oxidase strip (Eiken
Chemical Inc.). Hydrolysis of urea was detected with Christensen
urea agar (Eiken Chemical Inc.).

Fig. 1. Histologic section of the biopsy sample. A. The specimen from the antral lesions
of chronic active gastritis was stained with hematoxylin and eosin. Infiltration by
mononuclear cells and grandular atrophy and intestinal metaplasia could be observed.
Magnification, x140. B. H. pylori-like bacteria were stained with Giemsa in the gastric
pit of the same antral biopsy specimen as in panel A. Arrows indicate curved bacilli.
Magnification, x1000.

The ID test HN-20 rapid NISSUI (Nissui Pharmaceutical Co., Tokyo,
Japan) was used for identifying Haemophilus and Neisseria species.
This system assays activities for alanine aminopeptidase, alkaline
phosphatase, nitrate and nitrite reduction, urease, ornithine decar-
boxylase, indole production, proline aminopeptidase, glucosidase, y-
glutamyl transpeptidase, and p-galactosidase. This system also ex-
amines acid production from glucose, maltose, fructose, mannose,
mannitol, trehalose, sucrose, lactose, and xylose.

2.6. 16S ribosomal RNA genome sequencing and data analysis

Bacterial 16S rRNA genes were amplified using universal
primers for eubacterial 16S rRNA genes [19]. 16S rRNA sequences
were compared by using the Clustal W suite of program [20]. The
sequences were between 1467 and 1473 bp long, and the 5’ end was
located at position 9 and the 3’ end was position 1482 in the
Escherichia coli numbering system. A rooted phylogenetic tree [21]
has been created.

2.7. Acid sensitivity

The survival of the isolate under different pH conditions [22 ] was
evaluated. Cell suspensions from 48 h cultures were incubated at
37°Cfor 1 hwith glycine-HCl buffer (pH 2.0), Mcllvain’s buffer (0.2 M
NazHPOy, 0.1 M citric acid, [pH 4.0]), and 0.1 M phosphate buffer (pH
7.0). After incubation, serial 10-fold dilutions of the cell suspensions
in 150 mM NaCl were plated onto brucella agar plates containing
3% horse serum and incubated for 72 h at 37 °C to determine CFU.

2.8. Urease assay
Urease activity in bacterium [ 18] was determined and expressed

in micromoles of urea hydrolyzed per minute per milligram of
protein in the crude extract.
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Table 1
Properties of the isolate, K. denitrificans, and H. pylori.

H. pylori
CPY3401
Urease (-+)

H. pylori
HPT73
Urease ()

K. denitrificans K. denitrificans K. denitrificans
NHP1 ATCC3394 KDY1

Catalase production® + +
Oxidase production® + o
Alanine aminopeptidase + +
Phosphatase - -
Nitrate reduction - =
Nitrite reduction - -
Urease activity® + -
Indole production — -
Ornithine decarboxylase - —
Glucosidase - -
Proline aminopeptidase - -
y-Glutamyl aminopeptidase + +
Acid production from
Glucose - —
Maltose - -
Fructose - -
Mannose - -
Mannitol - -
Trehalose - -
Sucrose - -
Lactose - —
Xylose — -
Growth at 42° - -

+
+
L+ o+

i
I

++
NS
S

1

i
i
!

+
+

2 Items for routine assay to identify H. pylori.
b Weakly positive.

3. Results
3.1. Isolation of a gram-negative and urease-negative bacterium

The histology of the gastric biopsy specimens indicated grand-
ular atrophy and intestinal metaplasia accompanied by infiltration
of mononuclear cells to the lamina propria, a typical observation in
gastric mucosa infected with H. pylori (Fig. 1A). Though it is not
specific, a few bacteria-like organisms could be seen in the gastric
lumen (Fig. 1B). H. pylori ureA gene was amplified in the paraffin-
embedded gastric tissue (not shown).

A bacterium isolated from the culture of biopsy specimen was
named NHP1. The bacterial colonies corroded the agar surface and

had no hemolytic activity on sheep blood agar. Growth was obtained
at 37 and 42 °C under the microaerobic conditions (Table 1). A gram-
negative bacillus, quite similar in size and morphology with H. pylori
was observed (Fig. 2). However, NHP1 lacked the urease activity.

3.2. Morphological and genetical analysis

The electron microscopy showed that H. pylori CPY3401 had a
curved body with a bundle of sheathed flagella at one pole (Fig. 3A),
whereas strain NHP1 was rod-shaped with no flagella and some-
times appeared in pairs (Fig. 3B).

The basic local alignment search tool showed that the 16S rRNA
sequence of NHP1 had the highest similarity with the gene of K.

B

Fig. 2. Gram stain and colonies of bacteria. Bacteria were cultured for 2 days with HP selective plate. The grown bacterial colonies (lower pictures) were smeared on the glass and
Gram-stained (upper pictures). A. H. pylori CPY3401, B. NHP1, Magnification of Gram Stain, x1000.
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Fig. 3. Electron micrographs. A. H. pylori CPY3401, B. NHP1 C. K. denitrificans KDY1,
Bar = 500 nm.

denitrificans (Fig. 4A). The 1468 sequence alignment of NHP1 and
K. denitrificans ATCC33394 (type-strain) had 99% identity (not
shown). NHP1 differs in its sequence by only 3 bases from UB-294,
an oral isolate of K denitrificans [23] and by 5 bases from
ATCC33394 (Fig. 4B). Since a phylogenetic tree derived from the
distant matrix by using the neighbor joining method {28] formed a
tight cluster on the tree (Fig. 4A), NHP1 was diagnosed as
K. denitrificans.

However, the electronmicrograph of another isolate of
K. denitrificans, KDY1, was 0.5—0.6 by 0.5—1.0 um that is shorter
than NHP1 and CPY3401 and had long and thin pili about 5 nm in
diameter (Fig. 3C). NHP1 resembled to H. pylori at a glance espe-
cially in size, but H. pylori possessed slightly curved body when
observed carefully (Fig. 2).

3.3. Biochemical identification

A scoring-based test system for Haemophilus and Neisseria
species showed NHP1 as K. denitrificans at the highest probability
(12% in Table 1). Since other species name having the similar score
was not presented by the ID test, the isolate was identified as
K. denitrificans. Biochemical features of NHP1 were almost identical
to those of K. denitrificans strains, ATCC33394 and KDY1, except for
catalase activity and acid production from glucose. The scoring
system diagnosed the NHP1 isolate as K. denitrificans, consistent
with the sequencing result.

3.4. Acid sensitivity

The acid sensitivity of H. pylori CPY3401 was compared with
K. denitrificans NHP1, KDY1, and ATCC33394 (Table 2). Colony
forming units per ml (CFU/ml) of the initial inoculum of NHP1
numbered 107°, declining to 1052 after a 1 h exposure to pH 4.0 at
37 °C. On the other hand, CFU/ml of the initial inoculum of H. pylori
CPY3401 numbered 1082, decreasing to 10*! after 1 h at pH 4.0.
Thus, the survival ratio of bacteria after 1 h at pH 4.0 was 1 in 107
in K. denitrificans NHP1, compared to 1 in 10*! in H. pylori.
K. denitrificans NHP1 was indicated 10%4-fold more tolerant to acid
(pH 4.0) than H. pylori CPY3401. In contrast, the type-strain
(ATCC33394) and a clinical isolate (KDY1) were vulnerable to
acid. Their initial inocula numbered 1083 and 10”8, respectively,
declining to less than 10'° after exposure to pH 4.0.

Each isolate of K. denitrificans was mixed one-on-one with
H. pylori CPY3401 and exposed to buffers with different pH. The
initial CFU/ml of H. pylori and NHP1 mixture numbered 1079,
declining to 1087 after a 1 h exposure to pH 4.0. Five hundred clones
were picked up from the colonies exposed to pH 4.0, then subjected
to urease assay. The urease activity of H. pylori CPY3401 and NHP1
was 353.5 mmol/min/mg and 15.4 mmol/min/mg, respectively.
None of the pH 4 plates either from H. pylori and ATCC33394 or
H. pylori and KDY1 showed more than 100 mmol/min/mg of urease
activity. On the other hand, number of colonies which showed
more than 100 mmol/min/mg of urease activity in the pH 4 plate of
the H. pylori and NHP1 was 116 (23.2%), indicating CFU/ml of sur-
vived H. pylori was 1051°. When H. pylori was mixed with other
isolates of K. denitrificans (ATCC33394 and KDY1), all of the survived
bacteria after exposure to pH 4.0 showed urease activity and CFU/
ml did not exceeded 10 Acid tolerance of H. pylori was increased
up to 160-fold by cocultivation with acid tolerant K. denitrificans
NHP1.

We have repeated the experiment by changing the time length
(20, 40, and 60 min) for bacterial exposure to acidic conditions (pH
2,4, and 7). In the acidic condition (pH 4), single culture of H. pylori
could not survive. However, mixture of H. pylori with K. denitrificans
showed survival of H. pylori after 20 min in pH 4, which was better
when mixed with acid tolerant NHP1 (65.4%) than with ATCC33394
(32.1%) (Fig. 5).

4. Discussion

The gastric juice represents a barrier to microbes in saliva and
ingested food, mainly by the bactericidal activity of hydrochloric
acid [23]. A study in patients with hypochlorhydria being treated
with anti-acid and histamine receptor 2 (H2) antagonists identified
bacteria originating from the mouth in the gastric contents [24].
Moreover, acid-inhibiting proton pump inhibitors caused gastric
colonization by oral-type bacteria in healthy volunteers [10]. The
gastric barrier to infection has more significant meaning to hosts
having a weakened immunological defense [25].

We isolated a rod-shaped isolate of K. denitrificans, which is
different from general plump-shaped isolate not only by the
morphology. However, the 165 rRNA sequence of the isolate
showed 99% identity with the type-strain ATCC33394. The novel
K. denitrificans isolate, NHP1, was better able to survive in acidic
conditions than the type-strain of K. denitrificans (Table 2). Though
acid exposure of H. pylori alone did not show survival of the bac-
terium, mixture of H. pylori with K. denitrificans showed survival of
H. pylori (Fig. 5). We assume that K. denitrificans may bind with
H. pylori, thus, K. denitrificans enables H. pylori more acid resistant
by coating the bacterial body. This coating may be more effective in
acid tolerant NHP1 than acid sensitive ATCC43349. Such a differ-
ence in acid tolerance between isolates could also be observed in
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Fig. 4. Genetic analyses of 165 rRNA sequences of K. denitrificans. A. Rooted phylogenetic tree based on 16S rRNA sequence comparisons. Bar indicates 0.01% differences in

nucleotide sequences. Horizontal distances are equivalent to genetic distances. Type st
electronic retrieval from GenBank under the accession numbers indicated in each pare
corresponding to positions in the Escherichia coli 16S rRNA numbering system. Bases

Neisseria gonorrhoeae [26]. Thus, a specific strain of K. denitrificans
might be able to survive in the human stomach. Furthermore,
Kingella kingae, a commensal of the human respiratory tract [27],
also causes acute gastroenteritis before the onset of systemic
symptoms [28]. Though an association of K. denitrificans with
gastrointestinal disease has not yet been described, our experi-
mental results showed K. denitrificans NHP1 isolate help survive
H. pylori in the acidic condition.

Human alimentary tract harbors hundreds of commensal mi-
crobes that interact with the host and provide genetic, metabolic,
and immunological attributes [29]. On the other hand, infection
with dysbiotic microbes or environmental stresses such as expo-
sure to xenobiotics could alter compositional or functional prop-
erties of gut microbes and disrupt immune homeostasis by specific
members of this community [30,31]. Since K. dentrificans could be

Table 2
Survival of bacteria after incubation in solutions of different pH.

Survival after incubation in buffers®

pH 2 pH 4 pH7

Strain

H. pylori CPY3401 <1.0 4.1 8.2
K. denitrificans NHP1 <1.0 6.2 79
K. denitrificans ATCC33394 <1.0 <1.0 83
K. denitrificans KDY1 <1.0 <1.0 7.8
Strains

NHP1 + H. pylori CPY3401 <1.0 6.5(6.15)" 7.9
ATC(C33394 + H. pylori CPY3401 <1.0 3.9¢ 7.8
KDY1 + H. pylori CPY3401 <1.0 4.0° 79

2 Numbers are expressed as log10 CFU/ml of the mean results of more than two
experiments.

b Since 23.2% of the colonies were positive for urease. log10 CFU/ml of H. pylori is
6.15, which is shown in the parenthesis.

€ All the colonies are urease positive.

-3

rains are indicated by adding T at the last of each name. 16S rRNA sequences are available for
nthesis. B. Variations of DNA sequences of the 165 rRNA gene of K. denitrificans. Numbers are
deviated from the sequencing result of type-strain ATCC33394 were underlined.

colonized into atrophic gastric epithelium where the mucosal
barrier systems are perturbed due to chronic inflammation, it
might profoundly affect pathology and clinical prognosis of chronic
gastritis caused by H. pylori infection. Moreover, the commensal
may interact with H. pylori to stimulate inflammatory signals that
have a great impact on the tumor development and progression
[32]. Consistent with this idea, the commensal microbes switch
their contribution from gastrointestinal homeostasis to pathogenic
inflammation, once they communicate with dysbiotic pathogens
such as Salmonella typhimurium [33]. Furthermore, it is of great
interest to evaluate whether infections with K. dentrificans or other
commensals are associated with the susceptibility to gastric

100
NHPA

80 [1 ATCC33394
g B Buffer (pH4)
s
2
2
3
w

20 60

{min)

Fig.5. Acid tolerance of H. pylori. Acid tolerance of H. pylori at 20, 40, and 60 min in the
pH 4 buffer was assayed by mixing H. pylori CPY3401 with K. denitrificans NHP1,
K. denitrificans ATCC3394, and buffer alone. Percent survival of H. pylori CPY3401 at pH
4 condition in contrast to pH 7 condition was calculated by comparing the numbers of
colonies.
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inflammation and tumorigenicity in patients with H. pylori infec-
tion. Conclusively, a careful administration of anti-acids to the
elderly, especially those with atrophic gastritis, is required to
maintain the gastric barrier to other bacteria.
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Endothelial progenitor cells (EPC) can differentiate into both endothelial cells and contractile smooth
muscle cells (SMC). Previously we reported that TR-BME2 cells, a model for EPC, developed contractile
SMC-like characteristics in culture medium deprived of endothelial cell growth factors (ECGF). The aim
of the present study was to clarify the effect of one of these factors, basic fibroblast growth factor (bFGF)
on differentiation of EPC. First it was confirmed that bFGF receptor (FGFR-1) mRNA is expressed in TR-
BME2 cultured in both ECGF-rich and ECGF-deprived medium. When TR-BME2 cells were cultured in
ECGF-deprived medium, they differentiated into contractile SMC. Expression of an undifferentiated state
marker, CD133, and proliferation of TR-BME2 were both reduced by ECGF deprivation, but these changes
were diminished in the presence of bFGF. mRNA expression of smooth muscle a-actin (SMA) and smooth
muscle protein 22 (SM22), which are contractile SMC markers, was induced by deprivation of ECGF and
the induction was suppressed by bFGF. In vascular endothelial cell growth facter (VEGF)-induced tube for-
mation assay, TR-BME2 cells formed tube structures in the presence of bFGF, but not in its absence. Qur
results indicate that bFGF is essential for the maintenance of EPC phenotype, serving to suppress differen-

tiation to contractile SMC.

Key words
eration; tube formation

Endothelial progenitor cells (EPC) are derived from bone
marrow and differentiation of EPC to endothelial cells (EC)
and smooth muscle cells (SMC) contributes to vasculogenesis
in adults.? Both EC and mural cells, consisting of SMC and
pericytes, contribute to the development and maintenance of
the vasculature. The contribution of EPC to vasculogenesis
in adults was reported to be around 10%.> However, the fac-
tors controlling differentiation of EPC to EC or SMC remain
unclear. Differentiation of stem cells and progenitor cells is
regulated by cytokines such as basic fibroblast growth fac-
tor (bFGF also known as FGF2). For instance, neural stem
cells are maintained in the undifferentiated state by bFGF,
and begin to differentiate to neuronal cells or astrocytes if
deprived of bFGF.¥ bFGF is also involved in survival of an-
gioblasts, which play a role in vasculogenesis.”’ However, it is
not clear whether bFGF acts to maintain the undifferentiation
state of EPC.

EPC characteristically express CDI133, CD34, and Flk-1
(also known as vascular endothelial growth factor receptor-2
(VEGFR-2)), while mature EC express CD34 and Flk-1.57
EPC loses CDI33 expression in the systemic circulation, so
that CD133 is a marker for early EPC.3? CDI33, CD34 and
Flk-1-positive EPC show chemotactic activity in the presence
of vascular endothelial cell growth factor (VEGF).5'®!Y For
further study, we have established a conditionally immortal-
ized bone marrow-derived EPC line clone 2, namely TR-
BME?2, derived from temperature-sensitive SV40 transgenic
rats.!’? TR-BME2 cells express CDI133, CD34, Flk-1 von Wil-
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lebrand factor and annexin I1.>' Fluorescence-labeled TR-
BME2 cells injected systemically into tumor-bearing rats ac-
cumulated into the solid tumors, induced vasculogenesis and
promoted tumor growth, suggesting that TR-BME2 cells have
potential to differentiate into EC in response to VEGFE.’~'»
TR-BME2 cells are cultured in endothelial cell growth me-
dium-2 (EGM-2) medium, which contains several endothelial
cell growth factors (ECGF) that are required to maintain the
characteristics of EPC.

SMC have two phenotypes, i.e., contractile and synthetic.®
Contractile SMC express smooth muscle a-actin (SMA)
and smooth muscle protein 22 (SM22) as markers, and have
the ability to contract in response to vasoconstricting mes-
sages.”™'® We have shown that TR-BME2 cells differentiate to
contractile SMC on culture in ECGF-deprived endothelial cell
basal medium-2 (EBM-2) medium, and the contractile SMC
further differentiate to synthetic SMC in the presence of plate-
let-derived growth factor (PDGF)-BB.? Therefore, TR-BME2
cells have the potential to differentiate into either EC or SMC.
It is possible that some factor(s) in ECGF is involved in main-
taining the undifferentiated state of EPC, but so far it has not
identified. EGM-2 medium contains bFGF, VEGF, epidermal
growth factor (EGF) and insulin-like growth factor (IGF) as
ECGF. We hypothesized that bFGF is involved in suppression
of differentiation of EPC to contractile SMC. Therefore, the
aim of this study was to test this idea by examining the effect
of bFGF on differentiation of EPC. We used TR-BME2 cells
as a model for EPC.

© 2014 The Pharmaceutical Society of Japan
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MATERIALS AND METHODS

Cell Culture Rat bone marrow EPC-derived cell line
clone 2, TR-BME2, was used as described below.!? TR-
BME2 cells were maintained on human plasma fibronectin
(Life Technologies Inc., Rockville, MD, U.S.A) and type I
collagen-coated dishes (Iwaki, Tokyo, Japan) in EGM-2 me-
dium, ie., Endothelial Basal Medium-2 (EBM-2; Clontech,
San Diego, CA, U.S.A.) supplemented with EGM-2 BulletKit
(Clontech Laboratories, Mountain View, CA, U.S.A.) (ex-
cept for hydrocortisone), bFGF, VEGF, EGF, IGF-1, ascorbic
acid, heparin, gentamicin and fetal bovine serum (FBS).
To investigate the effect of each growth factor, the EBM-2
was supplemented with that given growth factor, i.e.,, human
bFGF (Sigma-Aldrich, St. Louis, MO, U.S.A), human VEGF
(Strathmann Biotec GmbH & Co., KG, Hamburg, Germany),
EGF (bundled in the EGM-2 BulletKit) or IGF (bundled in the
EGM-2 BulletKit), together with other components mentioned
above. Cells were incubated at 37°C in a humidified 5% CO,
incubator.

Reverse Transcription-Polymerase Chain Reaction (RT-
PCR) Analysis mRNA expression of rat glyceraldehyde-
3-phosphate dehydrogenase (G3PDH), rat FGF receptor-1

689

(FGFR-1) and rat CD133 in TR-BME2 was analyzed by RT-
PCR analysis. DNA sequences of the sense and anti-sense
primers are shown in Table 1. Total RNA was isolated by
the acid phenol procedure using ISOGEN reagent (Wako
Pure Chemical Industries, Ltd., Tokyo, Japan) according to
the manufacturer’s protocol. RT was performed from 1ug of
total RNA using oligo (dT),s as a primer and M-MLV reverse
transcriptase (ReverTraAce; Toyobo Co., Ltd., Osaka, Japan).
RT-PCR was conducted using Platinum PCR SuperMix (Life
Technologies Inc.). The reaction was carried out for 18 to 35
cycles of 94°C, 15s for denaturing; 58 or 68°C, 20s for an-
nealing; and 72°C, 1min for extension. PCR products were
visualized by ethidium bromide staining after resolution on
5% acrylamide gel. They were subcloned into a plasmid vector
using pGEM-T Easy Vector System I (Promega, Madison, WI,
U.S.A)) and then sequenced from both directions using a DNA
sequencer (CEQ2000XL DNA Analysis System; Beckman
Coulter, Fullerton, CA, U.S.A.). The sequences of PCR prod-
ucts were confirmed to be consistent with the corresponding
reference sequence.

Cell Proliferation Assay TR-BME2 cells were cultured
on 96-well plate in EGM-2 or EBM-2 medium in the absence
or presence of bFGF at 37°C for 72h. Cell number was as-

Table 1. Primers Used for RT-PCR Analysis
Sense primer (5'-3") Anti-sense primer (5'-3)
G3PDH GCATGGCCTTCCGTGTTCCTA GTCCACCACCACCCTGTTGCTGT
FGFR-1 GCGTGCCTGTGGAAGAAC ACTCCTGGTTGGAGGTCAAG
CD133 AAGCAGCAAGTTGCCGGAGGAA GTCATCTTCTCTGTGATGGCGTACA
SMA GCTATGCTCTGCCTCATG TTCATTCCCGATGGTGATCA
SM22 GCAGCAGTGCAGAGGACTGTA GGTCGCCCATAGCCTGTCA
A B
EGM-2 EBM-2 EGM-2 EBM-2
No ECGF +bFGF No ECGF +bFGF +VEGF
FGFR-1
G3PDH
C . 29
(0]
-g B
£ 15 \
T 1 \ !
o ] \
g ” \
£05- \
[ -
o 0 \
EGM-2 0 0.01 0.1 1 10
bFGF concentration (ng/mL) in EBM-2
Fig. 1. Effects of bFGF on Maintenance of the Undifferentiated State and on Proliferation of TR-BME2 Cells

mRNA expression of FGFR-1 (A), CD133 (B) and G3PDH in TR-BME?2 cells cultured by EGM-2 (hatched column) or EBM-2 medium in the presence (closed column)
and absence (open column) of 20ng/mL bFGF or 25ng/mL VEGF at 37°C for 8d were analyzed by RT-PCR. The PCR products were electrophoresed on 5% acrylamide
gel and then visualized by ethidium bromide staining. (C) TR-BME2 cells were cultured in EGM-2, or EBM-2 medium in the presence of bFGF in the concentration range
of 0—10ng/mL at 37°C for 72h. Cell number was assessed by WST-1 assay. Each column represents the mean*S.E.M. (n=3). Statistical significance of differences was
analyzed by Student’s #-test between EGM-2 (hatched column) and the no-ECGF control (white column) as shown by (") and by ANOVA with Dunnett’s muitiple compari-
son test compared to the no-ECGF control (open column) as shown by (*). A p value of less than 0.05 was regarded as significant.
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sessed by measuring mitochondrial reduced nicotinamide ad-
enine dinucleotide (NADH)-dependent dehydrogenase activity
using Cell Counting Kit (Dojindo Laboratories, Kumamoto,
Japan) containing WST-1. Cells were added with 10uL of
5 ug/mL WST-1 and incubated for 1h at 37°C in 5% CO, in-
cubator. Then, absorbance at 450 nm was measured.

Quantitative Real-Time PCR Analysis (PCR) ¢gPCR
analysis was performed using an ABI PRISM 7700 sequence
detector system (PE Applied Biosystems, Foster City, CA,
U.S.A)) with 2X SYBR Green PCR Master Mix (Life Tech-
nologies Inc.) as per the manufacturer’s protocol. To quan-
tify the amount of specific mRNA in the samples, a standard
curve was generated for each run using pGEM-T Easy Vector.
Relative expression of a specific gene compared to G3PDH
expression was also quantified. The control lacking the RT
enzyme was assayed in parallel to check for genomic con-
tamination. PCR was performed through 40 cycles of 95°C for
30s, 60°C for I min, and 72°C for | min after pre-incubation
at 95°C for 10min using specific primers.

Tube Formation Assay TR-BME2 cells were precultured
in EGM-2 or EBM-2 medium in the absence or presence
of bFGF (20ng/mL) or VEGF (25ng/mL) for 8d. Matrigel
(Becton Dickinson, Bedford, MA, U.S.A.) was used to coat
a 24-well culture plate (0.25mL/well). After polymerization
of the Matrigel at 37°C for 1h, cells suspended in 0.5mL of
EBM-2 supplemented with 25ng/mL VEGF (4x10* cells/well)
were transferred to the gel and incubated at 37°C for 5h. Tube
formation of the cells were observed using a conventional
bright-field microscope. Numbers of the tube like structures
were counted in randomly selected fields.

Statistical Analysis Data are presented as a percentage of
the value for untreated control culture and shown as meanz
S.EM. (n=3). The significance of differences was evaluated
by means of one-way ANOVA with Dunnett’s multiple com-
parison test. The criterion of significance was a p value less

EGM-2 EBM-2

Vol. 37, No. 4

than 0.05.
RESULTS

FGFR-1 Expression in TR-BME2 Cells EGM-2 medium
is composed of EBM-2 medium with several ECGF supple-
ments. To analyze the effect of bFGF and other growth factors
included in EGM-2 medium, we used EBM-2 medium supple-
mented with a single designated growth factor and the other
additives. First, we measured the expression of rat fibroblast
growth factor receptor (FGFR-1) in TR-BME2 cells cultured
in ECGF-deprived EBM-2 medium and in EGM-2. FGFR-1
mRNA was expressed in TR-BME2 cells in both media, and
exposure of TR-BME2 to bFGF did not change the expression
level of FGFR-1 (Fig. 1A).

Effect of bFGF on Undifferentiated State and Prolif-
eration of TR-BME2 Cells To investigate whether bFGF
contributes to maintenance of the undifferentiated state and
proliferation of TR-BME2 cells, we measured mRNA ex-
pression of CDI33 and viability in the presence of bFGF.
TR-BME2 cells cultured in ECGF-deprived EBM-2 medium
showed a reduction of CDI33 expression. The expression of
CDI133 was maintained in EBM-2 medium supplemented with
bFGF, whereas VEGF was ineffective (Fig. 1B). The prolifera-
tion rate of TR-BME2 cells cultured in EBM-2 medium was
increased approximately 1.5-fold by the addition of bFGF in a
concentration-dependent manner (Fig. 1C), and was similar to
that of cells cultured in EGM-2 medium.

Effect of bFGF on a Contractile SMC Marker To
clarify the effect of bFGF on expression of a contractile SMC
marker, SMA, we measured mRNA expression of SMA in the
presence of various growth factors. Although VEGEF, EGF and
IGF did not change the expression of SMA in TR-BME2 cells
cultured in EBM-2 medium compared to the no-ECGF control,
SMA expression in cells cultured in the presence of bFGF was

A No ECGF +VEGF +bFGF B ¢
0.14— 0.2~
87 & o.12-] o) .
% 5
Tz 3 o4 @ 015~
226 z 7 g
g g %0.08— 5
[Sa= g = 0.1
g4 % 0.06 2
< 8 o 2 .
Z A = I
=% 2 = <
z = £ 0.02— % ]
0 0 = 0
0 5 10 20 0 5 10 20

EBM-2

EGM-2
Fig. 2. Effect of bFGF on Differentiation of TR-BME2 Cells

bFGF (ng/mL) bFGF {ng/mL)

Quantitative RT-PCR for vascular smooth muscle cell markers, SMA and SM22, was performed. (A) TR-BME2 cells were cultured in EGM-2 (hatched column), or
EBM-2 medium in the presence (closed column) and absence (open column) of 20ng/mL bFGF, 25ng/mL VEGF, EGF or IGF at 37°C for 10d. Representative PCR prod-
ucts of SMA and G3PDH as a loading control were electrophoresed (upper panel) and the mRNA copy number per ng total RNA was determined (lower panel). (B, C) TR-
BME?2 cells were cultured in EBM-2 medium in the presence (closed column) and absence (open column) of bFGF at 37°C for 10d. Relative mRNA expression of SMA
and SM22 normalized by G3PDH was shown in panels B and C, respectively. Statistical significance was analyzed by Student’s r-test between EGM-2 (hatched column)
and the no-ECGF control (white column) as shown by (*) and by ANOVA with Dunnett’s multiple comparison test compared to the no-ECGF control (open column) as

shown by (*). A p value of less than 0.05 was regarded as significant.
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Fig. 3. Tube Formation of TR-BME2 on Matrigel

TR-BMEZ2 cells were cultured in EGM-2, or EBM-2 medium in the presence or absence of 20ng/mL bFGF or 25ng/mL VEGF for 8d. (A) Tube formation of the cells on
Matrigel-coated well was analyzed by bright-field images as described in Materials and Methods. Arrowheads indicate representative tube structure. (B) Numbers of the
tube like structures were counted as described in Materials and Methods. Statistical significance of differences was analyzed by Student’s #-test between EGM-2 (hatched
column) and the no-ECGF control (white column) as shown by (*) and by ANOVA with Dunnett’s multiple comparison test compared to the no-ECGF control (open col-

umn) as shown by (¥). A p value of less than 0.05 was regarded as significant.

significantly lower, being similar to that of cells cultured in
EGM-2 medium (Fig. 2A). SMA mRNA expression and SM22
mRNA expression normalized by G3PDH were more than
5-fold and 2-fold suppressed, respectively, by the addition of
bFGF in the concentration range of 5—20ng/mL (Figs. 2B, C).

Effect of bFGF on Tube Formation from EPC To ad-
dress the effect of bFGF on the differentiation potential of
EPC to EC, tube formation by VEGF-exposed cells was
examined. TR-BME2 cells precultured in EGM-2 medium
formed tubes (Fig. 3A). TR-BME2 cells precultured in EBM-2
medium in the presence or absence of VEGF alone little
formed tubes, but they did form tubes if they had been pre-
treated with bFGF (Fig. 3A). Counting of tube-like structures
indicate a significant increase of tube structure by bFGF
treatment, which is almost equal to the number pretreated in
EGM-2 medium (Fig. 3B).

DISCUSSION

TR-BME2 cells are cultured in EGM-2 medium contain-
ing ECGF to maintain the characteristics of EPC. TR-BME2
cells cultured in EGM-2 showed expression of CD133 (Fig.
1B) and little expression of SMA (Fig. 2A). However, TR-
BME2 cells cultured in ECGF-deprived EBM-2 showed
down-regulation of CDI133 and up-regulation of SMA (Figs.
1B, 2A). Therefore, TR-BME2 cultured in EGM-2 medium
and in ECGF-deprived EBM-2 medium exhibit EPC-like and
SMC-like phenotype, respectively. These results confirmed
the ability of TR-BME2 to undergo EPC-like differentiation
to SMC, as we have reported.? Among the ECGF, we found
that bFGF increased viability and CDI133 expression (Fig. 1).
These results are consistent with reports that human umbilical
vein endothelial cell (HUVEC) migrate in response to bFGF.'”)

EPC express FGFR-1, and two isoforms of FGFR-1 generated
by alternative splicing, ie., FGFR-1b and FGFR-Ic, accept
bFGF as a ligand.?*?Y Both EPC-like and SMC-like TR-BME2
showed expression of FGFR-1 (Fig. 1). The effect of ECGF on
FGFR-1 expression was minimal (Fig. 1). TR-BME2 cultured
in ECGF-deprived medium showed induction of SMA, and
addition of bFGF alone suppressed SMA induction (Fig. 2).
The suppression of SMA mRNA expression by bFGF was
saturated at S5ng/mL and further suppression was not observed
(Fig. 2). The suppression of differentiation from EPC to SMC
was also associated with suppression of SM22, but the effect
of bFGF on SM22 was smaller than that in the case of SMA
(Fig. 2). These findings indicate that bFGF plays a role in
maintenance of the undifferentiated state of EPC.

TR-BME2 cells have the ability to differentiate to EC and
form tube structure on culture in EGM-2 medium (Fig. 3),
like human EPC.2? Addition of VEGF to TR-BME2 cells
cultured in ECGF-deprived medium did not induce CD133
expression, influence SMA expression, or induce tube forma-
tion (Figs. 1B, 2A, 3), implying that TR-BME2 cells cultured
in ECGF-deprived medium remain as SMC. Supplementation
of bFGF enabled VEGF-induced tube formation of TR-BME2
cells (Fig. 3). bFGF is also involved in tube formation of
adipose-tissue-derived stem cells.”® bFGF and PDGF-BB
synergistically release VEGF from EPC and promote tumor
neovascularization.”*?> These results indicate that EPC re-
quire bFGF for maintenance of tube-forming potential.

bFGF enhances proliferation of retinal vascular endothe-
lial cells by activating extracellular signal-regulated kinase
(ERK)1/2 and Akt.*® ERK1/2 and migration of EC are less
activated in bFGF knockout mice compared to wild-type
mice.”” bFGF activates ERK in SMC, and the cells are de-
differentiated, promoting proliferation.”® Taken together, the
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above findings suggest that bFGF plays a role in maintenance
of undifferentiation and proliferation in EPC vie ERK and Akt
signaling pathways before activation by VEGF for vasculogen-
esis.

Therapeutic vasculogenesis is useful for rescue of peripheral
and circulatory organs from ischemia.”*” VEGF-transduced
EPC transplantation required 30 times fewer cells than cell
therapy alone, and contributed to in vivo neovascularization,””
Therefore, EPC are useful for therapeutic vasculogenesis. But,
to effectively utilize bone-marrow derived EPC for therapy, it
is important to control differentiation of EPC to EC or SMC.

In conclusion, bFGF has roles in maintenance of the undif-
ferentiated state and in proliferation of EPC, allowing EPC to
maintain the potential to differentiate to EC. Lack of bFGF
exposure leads EPC to differentiate to contractile SMC. Thus,
controlled exposure of EPC to bFGF could be useful for thera-
peutic vasculogenesis.
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ABSTRACT

The Epstein-Barr virus (EBV) encodes its own microRNAs (miRNAs); however, their biological roles remain elusive. The com-
monly used EBV B95-8 strain lacks a 12-kb genomic region, known as BamHI A rightward transcripts (BART) locus, where a
number of BART miRNAs are encoded. Here, bacterial artificial chromosome (BAC) technology was used to generate an EBV
B95-8 strain in which the 12-kb region was fully restored at its native locus [BART(+) virus]. Epithelial cells were stably infected
with either the parental B95-8 virus or the BART(+) virus, and BART miRNA expression was successfully reconstituted in the
BART(+) virus-infected cells. Microarray analyses of cellular gene expression identified N-myc downstream regulated gene 1
(NDRG]I) as a putative target of BART miRNAs. The NDRG1 protein was barely expressed in B cells, highly expressed in epithe-
lial cells, including primary epithelial cells, and strongly downregulated in the BART(+) virus-infected epithelial cells of various
origins. Although in vitro reporter assays identified BART22 as being responsible for the NDRG1 downregulation, EBV genetic
analyses revealed that BART22 was not solely responsible; rather, the entire BART miRNA cluster 2 was responsible for the
downregulation. Immunohistochemical analyses revealed that the expression level of the NDRG1 protein was downregulated
significantly in EBV-positive nasopharyngeal carcinoma specimens. Considering that NDRG1 encodes an epithelial differentia-
tion marker and a suppressor of metastasis, these data implicate a causative relationship between BART miRNA expression and

epithelial carcinogenesis in vivo.

IMPORTANCE

EBV-related epithelial cancers, such as nasopharyngeal carcinomas and EBV-positive gastric cancers, encompass more than 80%
of EBV-related malignancies. Although it is known that they express high levels of virally encoded BART miRNAs, how these
miRNAs contribute to EBV-mediated epithelial carcinogenesis remains unknown. Although a number of screenings have been
performed to identify targets of viral miRNAs, many targets likely have not been identified, especially in case of epithelial cell
infection. This is the first study to use EBV genetics to perform unbiased screens of cellular genes that are differentially expressed
in viral miRNA-positive and -negative epithelial cells. The result indicates that multiple EBV-encoded miRNAs cooperatively
downregulate NDRG1, an epithelial differentiation marker and suppressor of metastasis. The experimental system described in
this study should be useful for further clarifying the mechanism of EBV-mediated epithelial carcinogenesis.

‘he Epstein-Barr virus (EBV) is a common herpesvirus that is
o widespread in all human populations. Primary EBV infections
in adolescence often manifest as infectious mononucleosis (1).
EBV infection is also associated with several types of lymphomas
and epithelial malignancies. The B95-8 strain of EBV, an infec-
tious mononucleosis-derived isolate, is biologically indistinguish-
able from other isolates of EBV in that it efficiently produces prog-
eny virus and transforms peripheral B-lymphocytes in vitro (2).
The marmoset lymphoblastoid B95-8 cell line is one of the most
widely used EBV-producing cell lines. Although the B95-8 strain
was assumed to be a prototype EBV, restriction mapping and
DNA sequencing analyses revealed that its genome contains a de-
letion of approximately 12 kb (3-5). This deleted region is appar-
ently dispensable for progeny virus production and B-cell trans-
formation; hence, its importance has been underestimated.

The recent discovery of EBV-encoded microRNA (miRNA)
genes within the 12-kb region has dramatically changed the situ-
ation. The initial discovery of five EBV miRNAs was followed by
the subsequent identification of a number of additional miRNAs
(6-9); to date, 44 mature miRNAs have been identified, of which 4
are encoded at the BHRF1I locus, and 40 are encoded at the BART
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locus. A complete list of EBV miRNAs, including their mature and
precursor sequences, is available at miRBase (www.mirbase.org).
BART miRNAs are of particular interest because 17 of their 22
pre-miRNAs are located within the B95-8 deleted region. When
studies were conducted to identify genes that were uniquely ex-
pressed in EBV-infected epithelial cells, this region was found to
be actively transcribed in nasopharyngeal carcinoma (NPC) cells
(10, 11). The transcripts were named as complementary-strand
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transcripts (10), BARFO (12), or BARTs (13). Whether the tran-
scripts are translated to one or more proteins remains enigmatic;
however, it is now clear that they serve as primary transcripts that
are processed to generate mature BART miRNAs. BART miRNAs
are derived from BART introns prior to splicing (14). Similar to
the high expression levels of BART RNAs in epithelial cells, BART
miRNAs are also expressed at high levels in NPC cells (9, 15) and
in gastric carcinoma cells (16). BART miRNAs are also expressed
at high levels in NK/T lymphoma-derived cell lines (17). On the
other hand, few viral proteins are expressed in EBV-infected epi-
thelial cells, suggesting that BART miRNAs contribute to epithe-
lial tumorigenesis (18-20).

Many target proteins of BART miRNAs have been identified to
date. Those that are encoded by EBV itself include BALF5 (21),
LMP1 (22), LMP2A (23), and BHRF1 (23, 24). Previously identi-
fied cellular targets include Bim (25), CAPRIN2 (24), CASP3 (26),
DAZAP2 (27), DICERI1 (28), E-cadherin (29), IPO7 (26, 30), and
PUMA (31). Many other candidate target genes have been identi-
fied by miRNA targetome studies (24, 27, 30, 32); the biological
significances of these miRNA-target interactions have yet to be
clarified. BART miRNA targets in epithelial cells have not been
explored extensively; thus, many targets have probably not been
identified.

The high expression levels of BART miRNAs in epithelial cells
suggest that the B95-8 strain of EBV, which lacks many of the
BART pre-miRNA genes, is phenotypically different from wild-
type EBV. Thanks to the recent development of bacterial artificial
chromosome (BAC) systems that enable the manipulation of EBV
genomes in Escherichia coli (33), it has become feasible to restore
the deleted region of the B95-8 strain using the equivalent DNA
fragment of an EBV strain that retains the region. Here, we used
BAC technology to seamlessly restore the missing 12-kb region at
its native locus in a recombinant EBV B95-8 strain. We identified
small but significant differences in the gene expression patterns of
epithelial cells harboring recombinant viruses with or without the
12-kb deletion. We present genetic evidence here that multiple
BART miRNAs cooperatively downregulate an epithelial cell-spe-
cific metastatic suppressor protein.

MATERIALS AND METHODS

Cell culture. B95-8 is a lymphoblastoid cell line obtained by infection of
marmoset monkey peripheral blood leukocytes with EBV (2). HEK293
cells are neuro-endocrine cells obtained by transformation of embryonic
kidney cells with adenovirus (34), and they have been used as EBV-pro-
ducer cells (35). B95-8 cells, HEK293 cells, and Burkitt’s lymphoma-de-
rived Akata cells (36) were maintained in RPMI medium (Sigma-Aldrich
Fine Chemicals, St. Louis, MO) supplemented with 10% fetal bovine se-
rum (FBS). AdAH cells (37, 38) were maintained in Dulbecco modified
Eagle medium (Sigma) supplemented with 10% FBS. C666-1 cells (a gift
from Kowk-Wai Lo) (39) was maintained in RPMI medium supple-
mented with L-glutamine (Life Technologies) and 10% FBS. PC-3 cells
(JCRB cell bank) were maintained In F-12K medium (Life Technologies)
supplemented with 7% FBS.

Cloning of EBV genome as BAC clones. An experimental strategy to
clone B95-8 strain EBV genome into a BAC vector is essentially the same
as previously described methods (35, 40), except that a targeting vector
with different right and left homology arms was used to facilitate a subse-
quent reconstitution of the B95-8 deleted region. A targeting vector with
enhanced green fluorescent protein (EGFP) and hygromycin resistance
genes (40), flanked by a right homology arm from the Nhel site (nucleo-
tide [nt] 143210) to the Mlul site (nt 149732) of B95-8 strain EBV genome
(V01555) and a left homology arm (from the BssHII site [nt 146953] to
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the Nhel site [nt 154909]) was constructed. B95-8 cells were transfected
with a Nhel-linearized targeting vector, selected by hygromycin, and hy-
gromycin-positive cell clones were obtained. Episomal fractions (41) of 14
hygromycin-resistant, EGEP-positive cell clones were used to transform
electrocompetent DH10B cells. Bacterial colonies were obtained from 6 of
14 clones, and DNA minipreparation of 6 bacterial clones revealed that 2
of 6 clones were homologously recombined clones.

B95-8 cells harboring homologously recombined EBV-BAC clones
were induced to productive replication by transducing BZLF1 (a switch
gene of productive replication), and culture supernatants containing mix-
ture viruses of parental B95-8 strain EBV and a targeted virus were used to
establish lymphoblastoid cell lines (LCLs). EBV-BAC clones were subse-
quently rescued from the established LCLs, and an EBV-BAC clone with
fewer (five copies) BamHI W repeats was selected. The estimated size of
the obtained EBV-BAC clone, referred to as B95-8 EBV-BAC here, was
~169.5 kb.

Recombinogenic engineering to restore the B95-8 deleted region.
Counter selection BAC modification kit (Gene Bridges, Dresden, Ger-
many), a rapid homologous recombination system in Escherichia coli, was
used to obtain a BART-restored EBV-BAC clone. A double-stranded
DNA fragment containing kanamycin resistance and streptomycin sensi-
tivity genes (rpsLneo) was amplified using primers listed in Table S1 in the
supplemental material. A PCR product with 50-bp sequences homolo-
gous to subgenomic regions flanking the deletion junction (nt 152012)
was obtained. The PCR product was inserted into the B95-8 deletion
junction of the B95-8 EBV-BAC to obtain the intermediate clone by using
neo as a positive selection marker. A DNA fragment of Akata strain EBV
(36) was then used to restore the B95-8 deleted region. A part of BamHI
B1 fragment (the Mlul-BamHI subfragment, corresponding to nt 137443
to 146422 of EBV-wt) and an entire BamHI W1I1 fragment (correspond-
ing to nt 146422 to 148949 of EBV-wt), both derived from Akata strain
EBV, were tandemly cloned into pMBL19-vector (42) to obtain pMBL19
B/B1AW1I1. The rpsLneo gene of the intermediate clone was replaced
with a BbvCI fragment of pMBL19 B/BIAW111 using rpsL as a negative
selection marker. Bacterial colonies that were resistant to chlorampheni-
col and streptomycin were screened to obtain BAC clones that lost the
rpsLneo cassette. As a result, the B95-8 deleted region was seamlessly
restored in the BART(+) EBV-BAC. The sequence file of BART(+) EBV-
BAC has been assembled from sequences of EBV B95-8 genome (V01555)
(3) and the Family of Repeats (A]278309) (43), EBV Akata sequence span-
ning the B95-8 deleted region (unpublished), and the transgenes (BAC
vector and EGFP and hygromycin resistance genes) as shown in the sup-
plemental material.

To generate a BART-deleted revertant, the rpsLneo PCR product de-
scribed above was used to replace the 12-kb region of the BART(+) EBV-
BAC with rpsLneo by using neo as a positive selection marker. A DNA
fragment spanning nt 151912 to 152118 of B95-8 strain EBV was PCR
amplified using the primers listed in Table S1 in the supplemental mate-
rial. The obtained PCR product was subsequently used to replace the
rpsLneo cassette by using rpsL as a negative selection marker.

To generate recombinant viruses with specific BART miRNA(s) de-
leted, rpsLneo was PCR amplified using the primers listed in Table S1 in
the supplemental material, and a pre-miRNA gene of BART22 was first
replaced by the rpsLneo cassette to obtain an EBV-BAC clone, BART22-
rpsLneo. A double-stranded 120-bp PCR product, consisting of 60-bp
upstream and 60-bp downstream sequences flanking the BART22 pre-
miRNA sequence, was obtained by using oligonucleotides listed in Table
S1 in the supplemental material. The rpsLneo of cassette of BART22-
rpsLneo was replaced by the 120-bp PCR product to obtain a BAC clone of
BART22A with no selective marker left behind. A similar experimental
strategy was used to obtain EBV-BAC clones of BART8-11A and
BART21-14A by using BART22-rpsLneo as a starting material. Primers
used to make these recombinant genomes and to verify the deletions are
listed in Table S1 in the supplemental material.
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Recombinant virus production and infection. EBV-BAC DNAs were
prepared from each 200-ml bacterial culture by using a Nucleobond
BAC100 kit (Macherey-Nagel, Duren, Germany). HEK293 cells were
transfected with BAC clone DNAs (1 g of each) using Lipofectamine
2000 (Invitrogen). At 2 days posttransfection, the transfected cells were
replated to 10-cm collagen-coated dishes in medium containing 150 pg of
hygromycin per ml. Hygromycin-resistant colonies with bright EGEP flu-
orescence were grown, and cell clones that were highly competent for
entering lytic replication after BZLF1 transfection were selected. Recom-
binant virus production was performed as described previously (40).

A retroviral vector pCLMFG-CR2, encoding EBV receptor CR2
(CD21), was constructed by inserting a PCR-amplified CR2 gene into
pCLMFG-MCS vector, and VSVG-pseudotyped retroviral vector was
produced as described previously (44). AJAH and PC-3 cells were in-
fected with the retroviral vector expressing CR2 and were subsequently
infected with either the recombinant viruses. Pools of stably infected
AdAH and PC-3 cells were obtained by hygromycin selection. Lympho-
blastoid cell lines (LCLs) were established by infecting peripheral blood
mononuclear cells with the recombinant viruses as described previously
(40).

miRNA expression analyses. Total RNAs were isolated from various
cells using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. For Northern blot analyses, aliquots (5 jug) of RNAs were
electrophoresed through 15% polyacrylamide-urea gels, and separated
RNAs were transferred onto Hybond N+ membrane (Amersham). Ra-
diolabeled oligonucleotide probes specific for EBV miRNAs were pre-
pared by end labeling of synthetic oligonucleotides with [y-**P]ATP (Per-
kin-Elmer Life & Analytical Sciences). Sequences of oligonucleotide
probes are listed in Table S2 in the supplemental material. Membranes
were prehybridized in ULTRAhyb-Oligo buffer (Ambion) at 37°C for 30
min, followed by hybridization with radiolabeled oligonucleotide probes
at 37°C overnight. Membranes were washed with 2 X SSC (1X SSCis 0.15
M NaCl plus 0.015 M sodium citrate) containing 0.05% sodium dodecyl
sulfate (SDS) for 30 min at room temperature and then twice with 0.1X
SSC containing 0.1% SDS for 15 min at room temperature. Signals were
detected by means of BAS2500 analyzer (Fuji Film Inc.). For relative
quantification of BART miRNAs in the infected cells, aliquots (100 ng) of
RNAs were subjected to TagMan small RNA assay (Applied Biosystems)
(45) according to the manufacturer’s instructions.

Cellular gene expression analyses. Total RNAs of two independent
B95.8v-infected and two independent BART(+ )v-infected HEK293 cell
clones (or two independent pools of the infected AdAH cells) were pro-
cessed for Microarray analysis using 3D-Gene human Oligo Chip 25k
(Toray, Tokyo, Japan). cDNA synthesis, antisense RNA (aRNA) amplifi-
cation, Cy5 labeling of aRNA, and hybridization to oligonucleotide tips
were performed according to the supplier’s protocol (3D-Gene; Toray).
Hybridization signals were scanned using 3D Gene Scanner 3000 (Toray).
The raw data for each spot were normalized by substitution with the mean
intensity of the background signal. The detected signals for each gene were
normalized by a global normalization method (the median of the detected
signal intensity was adjusted to 25).

Quantitative reverse transcription-PCR (RT-PCR) analyses were per-
formed by using the One-Step SYBR PrimeScript RT-PCR Kit 1T (TaKaRa
Bio, Inc,, Otsu, Japan) according to the manufacturer’s instructions.
Primer pairs used for NDRG1 and GAPDH ¢DNA amplification are listed
in Table S3 in the supplemental material.

Western analyses. Aliquots of cells (4 X 10° cells each) were pelleted,
resuspended in 150 pl of phosphate-buffered saline (without magnesium
and calcium) and 300 pl of 1.5X lysis buffer (187.5 mM Tris-HCI [pH
6.8], 4.5% SDS, 9% urea, and 15% glycerol), and sonicated to obtain
whole-cell extracts. Protein concentrations of the extracts were deter-
mined by using a DC protein assay kit (Bio-Rad). The equal aliquots of the
extracts were electrophoresed through or SDS-10% polyacrylamide gels
(for NDRG1, GAPDH, LMP1, and LMP2A) or SDS-7% polyacrylamide
gels (for EBNAs) and subjected to Western blot analyses. Expressions of
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NDRGI and GAPDH were detected by using either anti-NDRG!1 rabbit
monoclonal antibody D8G9 (Cell Signaling, catalog no. 9485) or anti-
GAPDH antibody 14C10 (Cell Signaling, catalog no. 2118) as primary
antibodies and a horseradish peroxidase-conjugated anti-rabbit IgG (GE
Healthcare) as a secondary antibody. Expression of EBNAs was detected
with human serum reactive to six EBNAs as a primary antibody and a
horseradish peroxidase-conjugated anti-human IgG as a secondary anti-
body. The expression of LMP1 was detected using monoclonal antibody
(MAb) §12 (specific to LMP1) and peroxidase-conjugated anti-mouse
1gG, whereas the expression of LMP2A was detected using rat MAb 15F9
(Abcam) and peroxidase-conjugated anti-rat IgG.

Reporter assay and miRNA mimic transfections. Primer sequences
used for making various NDRG1-related constructs are listed in Table $3
in the supplemental material. The 3" untranslated region (UTR) of the
NDRG1 gene was amplified by using genomic DNA of HEK293 cells as a
template. The PCR product was digested by Spel and cloned between
Spel-Pmel sites of pMIR-report (Ambion) to obtain pMIR-luc-NDRGI.
NDRG1 ¢DNA was PCR amplified using pINCY-NDRGT1 (Incyte cDNA
Collection, clone LIFESEQ7593133; Thermo Scientific) as a template. The
EcoRI-BamHI-digested PCR product was cloned into EcoRI-BgllI-di-
gested pSG5 vector (Stratagene) to make pSG5-NDRG1. A PCR-based
mutagenesis protocol (46) was used to simultaneously introduce Pstl sites
to disrupt three BART22 seed-matched sequences within NDRG1 the 3’
UTR of pMIR-luc-NDRGT1 (see Table $3 in the supplemental material).

Synthesized mirVana miRNA mimics of BART miRNAs were pur-
chased from Applied Biosystems. For each well of 48-well dishes, the
BY5.8v-infected HEK293 cells (5 X 10* cells) were cotransfected with
pMIR-luc-NDRG1 (2.5 ng), pRL-TK (1 ng), and 6 pmol of miRNA mim-
ics (6 pmol/300 pl = 20 nM) by using Lipofectamine RNAIMAX (Invit-
rogen) according to an RT protocol. Triplicate transfections were per-
formed for each sample. At 48 h posttransfection, cells were lysed by 1
passive lysis buffer (Promega) using 65 l of per each well, and 20-pl
aliquots were assayed by using a dual-luciferase reporter assay system
(Promega) and a MicroBeta® LumiJET (Perkin-Elmer).

Immunohistochemistry and EBER-ISH of NPC biopsy specimens.
Biopsy specimens were obtained from NPC patients who had been diag-
nosed at the Division of Otolaryngology at Kanazawa University Hospital,
as well as its branch hospitals, according to protocols approved by the
institutional review board. The data were analyzed anonymously. Paraf-
fin-embedded specimens were used for the immunohistochemical analy-
sis of NDRG1 (using anti-NDRG1 antibody; Cell Signaling, catalog no.
9485), as well as for EBER-ISH, as previously described (47).

RESULTS

Restoration of the 12-kb deleted region of the EBV B95-8 strain.
The 12-kb genomic region that is deleted in the EBV B95-8
strain spans nt 139724 to 151554 of the EBV-wt sequence
(NC_007605.1) (48). In the B95-8 strain (GenBank V01555), the
deletion is located at nt 152012 (Fig. 1A). Notably, 17 of the 22
BART pre-miRNA genes are encoded within the deleted region
(Fig. 1B).

The entire genomic sequence of the EBV B95-8 strain was
cloned into a targeting vector containing a BAC vector sequence, a
hygromycin resistance gene, and an enhanced green fluorescent
protein expression cassette (Fig. 1A). The insertion sites of the
transgenes differed from those of the previously described EBV-
BAC clones 2089 (35) and 172-kb BAC (40) (Fig. 1A). Different
insertion sites were chosen to facilitate the subsequent restoration
of the 12-kb B95-8 deleted region. A B95-8 EBV-BAC clone with 5
copies of BamHI W repeat (~169.5 kb in size) was obtained (Fig.
1C). The clone with five BamHI W repeats was intentionally cho-
sen (see Materials and Methods for details), as it should be small
enough to accommodate a 12-kb additional sequence of the BART
miRNA region later.
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FIG 1 Experimental strategy used to restore the deleted BART miRNA cluster in the EBV B95-8 strain. (A) Schematic map of the deletion junction of the EBV
B95-8 strain. The deletion junction is indicated with nucleotide no. of the B95-8 genome (V01555). The left (1t) and right (rt) homologous arms of the targeting
vector and the restriction enzymes used to construct the vector are indicated. The viral open reading frames (horizontal arrows), BART transcription start sites
(P1 and P2), and positions of the BART pre-miRNA genes (numbered vertical lines) are also shown. (B) Schematic map of the 12-kb region of EBV-wt that is
missing in the EBV B95-8 strain. The numbered vertical lines indicate the positions of the pre-miRNA genes; those that are deleted in the EBV B95-8 strain are
shown in gray. The horizontal arrows indicate the positions of viral open reading frames. (C) Schematic illustrations of the B95-8 EBV-BAC and the BART(+)
EBV-BAC. The latter was obtained from the former via the intermediate clone with positive and negative selection marker genes (rpsLneo). A DNA fragment of
EBV Akata strain was used to restore the missing 12-kb region of B95-8 EBV-BAC. (D) Restriction enzyme mapping and Southern blot analyses of the B95-8 and
the BART(+) EBV-BAC clones. The intermediate clone was also included to the analysis. The DNAs were digested with BamHI or EcoRI and analyzed by agarose
gel electrophoresis followed by ethidium bromide staining (left panel). The BamHI and EcoRI fragments spanning the deletion junction are indicated by
arrowheads, and their calculated sizes (see Table S4 in the supplemental material for the details) are indicated at the bottom. The gel was subsequently processed
for Southern blot analysis (right panel) using the BamHI W1I1 fragment of the EBV Akata strain as a probe. Note the 12-kb increase in the size of the EcoRI
fragment spanning the deletion junction in the BART(+) EBV-BAC clone.
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FIG 2 Expression of BART miRNAs in the cells infected with the recombinant
viruses. (A) The expression levels of 13 BART miRNAs (four from cluster 1 and
eight from cluster 2) in the B95.8v-infected and the BART(+)v-infected
HEK293 cells, AdAH cells, and LCLs were examined by Northern blotting.
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The obtained BAC clone was further modified using E. coli-
mediated recombinogenic engineering. First, tandemly connected
positive and negative selection marker genes were inserted to the
B95-8 deletion junction to obtain an intermediate clone (Fig. 1C).
Subsequently, the DNA fragment of the EBV Akata strain (36),
whichisatype 1 EBV, like the B95-8 strain, was used to replace the
marker genes of the intermediate clone. The BART-restored EBV-
BAC clone, designated BART(+) EBV-BAC (Fig. 1C), was
~181.5 kb in size, which is within the size limits for efficient pack-
aging into virions (49). Restriction enzyme mapping and South-
ern blot analyses of the repaired region confirmed the expected
12-kb increase in the sizes of bands spanning the repaired region
(Fig. 1D and see Table S4 in the supplemental material).

Establishment of cell lines infected with the B95-8 or the
BART-restored virus. To generate virus-producing cells, the
newly obtained B95-8 and BART(+) EBV-BAC clones were stably
transfected into HEK293 cells, and multiple HEK293-derived cell
clones capable of producing recombinant viruses [here referred to
as B95.8vand BART(+ )v] were obtained. The integrity of the EBV
genomes in the stably transfected HEK293 cell clones was confirmed
by recovering the BAC clones from the cells and subjecting them to
restriction enzyme analyses (data not shown). The obtained virus-
producing HEK293 cells are here referred to as “B95.8v-infected” and
“BART(+)v-infected” HEK293 cells. Frozen virus stocks of B95.8v
and BART(+)v with up to 10*? CFU/ml transforming titers were
obtained and used for infection experiments.

For epithelial cell infection, AdAH cells were chosen as recipi-
ent cells. The AdAH cells had long been assumed as human ade-
noid epithelium-derived cells (38). However, they are likely to be
contaminated with human cervical carcinoma-derived HeLa cells
(37), as they were actually positive for human papillomavirus type
18 DNA and E6 E7 mRNA expression (data not shown). AdAH
cells were transduced with the EBV receptor CR2 (CD21) and
then infected with the viruses. Pools of stably infected AdAH cells
were obtained by hygromyecin selection. Multiple LCLs were also
established by infecting peripheral B lymphocytes with the viruses.

Total RNAs were extracted from the infected HEK293 and
AdAH cells, as well as from the LCLs, and the expression levels of
13 BART miRNAs were examined by Northern blotting (Fig. 2A).
The total RNA of the EBV-positive NPC cell line C666-1 (39) was
used as a positive control. BART3-3p and BART2-5p, which are
encoded upstream and downstream of the B95-8 deleted region,
respectively, were expressed in all of the cell types. Notably,
BART2-5p expression was enhanced slightly in the B95.8v-in-
fected cells, presumably because the BART2-5p gene was located
near the BART transcription start site due to the 12-kb deletion
(Fig. 1B).

As expected, all of the BART miRNAs that are encoded within
the B95-8 deleted region (16, 17-5p, 6-5p, 8-5p, 9-5p, 9-3p, 22,
10-3p, 11-5p, 11-3p, and 19-3p) were expressed only in the cells
that were infected with the BART-restored virus (Fig. 2A).
BART9-5p and BART20-5p were hardly expressed in all of the

Total RNA extracted from the NPC-derived C666-1 cell line was used as a
control. The expression of U6 snRNA was used as a loading control. (B) Tag-
Man small RNA assay was used to determine relative expression levels of
BART17-5p and BART?22 in the BART(+ )v-infected HEK293 cells, AdAH
cells, and LCLs. The values of miRNA expression levels were normalized by
those of hsa-miR-16 expression levels among different cells. The average
miRNA expression levels in the LCLs were adjusted to 1.
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