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Adenovirus serotype 35 vector-mediated transduction
following direct administration into organs of

nonhuman primates
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Adenovirus (Ad) serotype 35 (Ad35) vectors have altracted
remarkable attention as alternatives to conventional Ad
serotype 5 (Ad5) vectors. In a previous study, we showed
that intravenously administered Ad35 vectors exhibited a
safer profile than Ad5 vectors in cynomolgus monkeys, which
ubiquitously express CD46, an Ad35 receptor, in a pattern
similar to that in humans. However, the Ad35 vectors poorly
transduced the organs. In this study, we examined the
transduction properties of Ad35 vectors after local adminis-
tration into organs of cynomolgus monkeys. The vectors
transduced different types of cells depending on the organ.
Hepatocytes and microglia were mainly transduced after
the vectors were injected into the liver and cerebrum,

Keywords: adenovirus serotype 35 vector; local administration;

Adenoviruses (Ads) are nonenveloped, double-stranded
DNA viruses with icosahedral symmetry. To date, 51
human adenovirus (Ad) serotypes have been identified
and classified into six species.”* Among these serotypes,
Ad serotype 5 (Ad5), which belongs to species C, is the
basis of almost all the Ad vectors commonly used,
including those used in clinical trials. Conventional Ad5
vectors have several advantages as gene delivery
vehicles. However, it is now well established that the
hurdles to Ad5 vector-mediated gene therapy are the
high seroprevalence to Ad5 in adults and the refractori-
ness of cells lacking the expression of coxsackievirus-
adenovirus receptor, which is a primary receptor for
Ad5, to Ad5 vectors. Pre-existing anti-Ad5 immunity
significantly decreases the transduction efficiencies of
Ad5 vectors. Even when an Ad5 vector-based vaccine
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respectively. Injection of the vectors into the femoral muscle
resulted in the transduction of cells that appeared to be
fibroblasts and/or macrophages. Conjunctival epithelial
cells showed transgene expression following infusion
into the vitreous body of the eyeball. Transgene expression
was limited to areas around the injection points in most of
the organs. In contrast, Ad35 vector-mediated transgene
expression was not detected in any of the organs not injected
with Ad35 vectors. These results suggest that Ad35 vectors
are suitable for gene delivery by direct administration to
organs.

Gene Therapy (2009) 16, 297-302; doi:10.1038/gt.2008.154;
published online 18 September 2008

nonhuman primate; CD46

was administered locally into muscle, pre-existing anti-
Ad5 antibodies reduced its efficacy.>* A lack of coxsack-
ievirus-adenovirus receptor expression renders the cells
unsusceptible to Ad5 vectors at least in vitro. Important
target cells for gene therapy, including hematopoietic
stem cells and dendritic cells, often poorly express
coxsackievirus-adenovirus receptor. In addition to these
drawbacks, Ad5 vectors have high hepatic tropism. Even
when Ad5 vectors are locally injected into a diseased
area (for example, a tumor), they are drained from the
injection sites into the systemic circulation and primarily
transduce hepatocytes because of their high hepatic
tropism; on the other hand, efficient transduction is
obtained around the injection points. When Ad vectors
carry a transgene that exerts cytotoxic effects on
transduced cells, Ad vector-mediated hepatic transduc-
tion leads to severe hepatotoxicity.>”

In contrast, human species B Ad serotype 35 (Ad35)
vectors, which our group and several others have
developed,®" possess attractive properties that can
overcome the drawbacks of conventional Ad5 vectors.
First, Ad35 vector-mediated transduction is not ham-
pered by anti-Ad5 antibodies, because Ad35 belongs to a
different species (species B) than Ad5 (species C).
Second, Ad35 vectors bind to human CD46 as a receptor.
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Human CD46 is expressed on almost all human cells,
leading to broad tropism of Ad35 vectors in human cells,
including coxsackievirus-adenovirus receptor-negative
cells.812 However, intravenous administration of Ad35
vectors resulted in inefficient transduction in the organs
of human CD46-transgenic (CD46TG) mice and cyno-
molgus monkeys, which express CD46 in a pattern
similar to that of humans.'®>*" These results indicate that
CD46 does not successfully serve as a receptor for
intravascularly injected Ad35 vectors and that Ad35
vectors are unsuitable for intravascular transduction.
However, this property of Ad35 vectors would suggest
a potential advantage, in that unwanted transduction
would not occur in organs other than the organs targeted
following direct injection of Ad35 vectors when draining
from injected sites into the bloodstream. These properties
suggest that Ad35 vectors would be suitable for gene
transfer by local administration into the organs. In this
study, we examined the transduction properties of Ad35
vectors following intraorgan administration in nonhu-
man primates, that is, cynomologus monkeys.

A previously constructed Ad35 vector expressing
B-galactosidase (Ad35LacZ)'® was locally administered
at a dose of 1.5x 10" vector particles (VP) per point
(high dose) or 3 x 10 VP per point (low dose) in the
following eight organs of two cynomolgus monkeys
(designated no. 8 and no. 9; no. 8 received the high dose
of Ad35LacZ and no. 9 received the low dose): liver,
cerebrum, eyeball (vitreous body), quadriceps femoris
muscle, pancreas, kidney, spleen and nasal cavity. Four
days after administration, the tissues around the injec-
tion sites (approximately 40 x 40 x 10 mm?® with a central
focus at the injection point) were collected and subjected
to an analysis of B-galactosidase expression and histo-
logical pathology. The health condition of the monkeys
was also monitored until necropsy.

Overall, both monkeys did well during the experi-
ment. There were no apparent abnormalities in body
temperature or heart rate, although no. 8, the high-dose
monkey, exhibited slight reductions in blood pressure
and body weight. Both monkeys apparently exhibited
increased serum levels of aspartate aminotransferase and
creatine phosphokinase on days 0-2 after injection. Mild
decreases in hemoglobin levels and increases in levels of
lactate dehydrogenase and C-reactive protein were also
found in both animals. However, these changes were
probably due to the operation. The levels of alanine
aminotransferase, alkaline phosphatase, albumin, glu-
cose, calcium, chloride and sodium in the serum were
mostly within the normal ranges.

After the direct injection of the Ad35 vectors, the
transduction profiles were assessed by immunostaining
of B-galactosidase in the tissue sections; Table 1 sum-

marizes the results. A detailed transduction profile in

each organ is described below.

Liver

Direct injection of Ad35LacZ to the liver caused tissue
damage around the injection site (Figures la and b).
Infiltration of inflammatory cells, necrotic focus and
regenerated bile duct epithelial cells were observed.
Immunostaining of the liver sections revealed that
hepatocytes were mainly transduced with Ad35LacZ in
both no. 8 and no. 9 monkeys (Figures 2a and b). A
higher level of B-galactosidase was expressed in the liver

Gene Therapy

Table 1 P-galactosidase expression in the organs following direct
injection of Ad35LacZ into organs

No. 8 (high dose) No. 9 (low dose)

Liver +++
Cerebrum +4+
Eyeball
Femoral muscle
Pancreas
Kidney

Spleen

Nasal cavity

P+ +
T s S

+++, strong positive; ++, moderate positive; +, weakly positive;
—, negative.

of no. 8 than in that of no. 9. The transduced cells were
predominantly distributed around the injection point
(approximately 1x1mm? and were not found outside
the periphery of the injection site. B-galactosidase was
not expressed in the liver lobes, which were not injected
with Ad35LacZ. B-galactosidase-expressing cells were
mainly found on the border region between the normal
and damaged areas. Direct injection of naked plasmid
DNA or Ad5 vectors into mouse liver also resulted in the
localized distribution of transgene-expressing cells
around the injection points.’®” The liver would not
allow dispersion of locally injected Ad vectors in the
tissue.

Cerebrum

Ad35LacZ was stereotaxically injected into the left
frontal lobe of the cerebrum. After infusion of the high
dose of Ad35LacZ, softening of the tissue, which
appeared necrotic, was widely observed in the left basal
ganglia (Figure 1c). Neutrophils were infiltrated into the
necrotic area. In contrast, injection of a low dose of
Ad35LacZ resulted in no apparent toxicity, although
slight bleeding was found around the artery (Figure 1d).
Transduced cells, which appeared to be microglia, were
found around the softening regions of both no. 8 and no.
9 animals, although the latter had fewer transduced
microglia (Figures 2c and d). There were no B-galacto-
sidase-expressing cells in the right hemisphere of the
brain, which was infused with phosphate-buffered saline
buffer (data not shown).

Eye

Ad35LacZ was infused into the vitreous body for
inoculation into the eyeball. The high dose induced
invasion by inflammatory cells, including macrophages
and neutrophils, into the ciliary body, iris and retina
(Figure 1e). Necrotic changes were also found in all
layers of the retina. The low dose caused similar damage
to the eyeball. The high dose mediated transduction in
the conjunctival epithelial cells (Figure 2e). p-galactosi-
dase expression was not observed in other areas. After
injection into the vitreous body, Ad35LacZ might be
drained from it and transduce the conjunctival epithelial
cells. Bora et al.*® demonstrated that human CD46 was
hardly expressed in eye tissues, suggesting that these
tissues are refractory to Ad35 vectors. We did not find
B-galactosidase expression in the eye of no. 9 animal.
Phosphate-buffered saline injection did not result in
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Figure 1 Tissue histology in the organs of cynomolgus monkeys 4 days after intraorgan injection of Ad35LacZ. (a and b) The liver, (c and d)
cerebrum, (e and f) eyeball, (g and h) skeletal muscle, (i and j) pancreas, (k and 1) kidney and (m and n) spleen. Young male cynomolgus
monkeys (Macaca fascicularis) were housed and handled in accordance with the rules for animal care and management of the Tsukuba Primate
Center and with the guiding principles for animal experiments using nonhuman primates formulated by the Primate Society of Japan. The
animals (approximately 3 years of age, 1.9 and 2.2 kg) were certified free of intestinal parasites and seronegative for simian type-D retrovirus,
herpesvirus B, varicella-zoster-like virus and measles virus. The protocol of the experimental procedures was approved by the Animal
Welfare and Animal Care Committee of the National Institute of Biomedical Innovation (Osaka, Japan). The liver, cerebrum, eyeball, nasal
cavity, pancreas, kidney, skeletal muscle and spleen of cynomolgus monkeys were each injected with Ad35LacZ suspended in 200 pl (100 pl
for eyeball) of phosphate-buffered saline at a dose of 1.5 x 10" vector particles (VP) per point (monkey no. 8) or 3 x 10° VP per point (monkey
no. 9). Four days after injection, tissue sections were hematoxylin—eosin stained by a routine method. Dotted-line circles in (b) and (c) indicate
the necrotic area in the liver and the softening area in the cerebrum, respectively.
transgene expression or apparent abnormality in the  transduce human, rat and mouse primary muscle cells
eyeball (data not shown). through different pathways. Danko et al.?° reported that

transgene expression levels by intramuscular injection of
Femoral muscle naked DNA were lower in dogs and nonhuman primates
Severe inflammation did not occur after intramuscular than in rodents. On the other hand, several studies
injection of the high dose, although we found slight  demonstrated the utility of Ad35 vectors as vaccine
damage to the muscle fibers (Figure 1g). In contrast, the  vectors that express antigen by intramuscular adminis-
low dose induced more severe inflammation (Figure 1h). tration in mice and nonhuman primates.>* Macrophages
Infiltration of neutrophils and macrophages was seen in ~ and/or dendritic cells transduced with Ad35 vectors
the muscle of no. 9. It is currently unclear why the  might play important roles in transgene-specific immune
low dose induced higher levels of damage. A slight  responses by intramuscular injection of Ad35 vectors.
difference in the injection point might affect Ad35 vector-
induced inflammatory responses in the muscle. -
galactosidase expression was found only in the cells that ~ Pancreas
appeared to be macrophages and/or fibroblasts located ~ Injection into the pancreas caused no severe damage to
among the muscle fibers in both monkeys (Figures 2g  that organ in either monkey (Figures 1i and j). We did not
and h). No muscle fibers expressed B-galactosidase in  find transduced cells in the pancreas of no. 8; in contrast,
either monkey. It remains to be elucidated why intra-  p-galactosidase was apparently expressed in exocrine
muscular injection of Ad35 vectors mediated poor  acinar cells of no. 9 in the pancreatic lobules (Figures 2i
transduction in muscle fibers of cynomolgus monkeys.  and j). Chemiluminescence assay of B-galactosidase also
Ad35 vectors transduced the muscle following intramus- ~ revealed significant levels of B-galactosidase expression
cular injection in wild-type mice and in CD46TG  in the pancreas of no. 9 but not in that of no. 8 (data not
mice.'** The transduction mechanism and efficiencies ~ shown). Wang et al?' also demonstrated that direct
of Ad35 vectors in muscle fibers might differ among  injection of conventional Ad vectors and adenoasso-
species, and the muscle of nonhuman primates might be ~ ciated virus vectors into murine pancreas achieved
more refractory to transduction than that of rodents. efficient transduction in acinar cells. Pancreatic acinar
Thirion et al.' demonstrated that Ad vectors would  cells would be susceptible to Ad vectors.
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Figure2 pB-galactosidase expression in the organs of cynomolgus monkeys 4 days after intraorgan injection of Ad35LacZ. (a and b) The liver,
(c and d) cerebrum, (e and f) eyeball, (g and h) skeletal muscle, (i and j) pancreas, (k and 1) kidney and (m and n) spleen. Ad35LacZ was
locally administered in the organs of cynomolgus monkeys at the low (3 x 10'° vector particles (VP) per point) or high dose (1.5 x 10" VP per
points) as described in Figure 1. Four days after injection, the tissues were collected for analysis of B-galactosidase expression and histological
pathology. Immunostaining of B-galactosidase was performed using anti--galactosidase antibody (Abcam, Cambridge, UK).

Kidney

Ad35LacZ injection to the left kidney induced infiltration
by inflammatory cells, including lymphocytes, into the
interstitial tissue of the kidney (Figures 1k and 1). The
right kidney, which was injected with phosphate-
buffered saline, did not exhibit B-galactosidase expres-
sion or inflammatory responses (data not shown). The
high dose did not mediate B-galactosidase expression,
but the low dose led to apparent transduction (Figures 2k
and 1). The renal tubular epithelial cells: were mainly
transduced with Ad35LacZ. In the kidney, compared
with the other organs, transduced cells’ were more
widely spread around the injection points. Refractoriness
to the high dose and massive p-galactosidase expression
by the low dose in the pancreas and kidney together
form a major conundrum in this study. The differences in
transduction efficiencies might be due to the slight
differences in injection sites. Especially, Ad35LacZ may
have been drained into the renal tubule of no. 9 following
injection into the kidney, leading to efficient transduction
in the renal tubule epithelial cells. Ad35 was originally
identified in the kidney and causes cystitis,”* indicating
the tropism of Ad35 for renal epithelial cells.

Spleen and nasal cavity

Unexpectedly, direct injection of Ad35LacZ to the spleen
did not induce inflammatory responses such as hyper-
plasia (Figures Im and n). There was no B-galactosidase
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expression in the spleen of either monkey (Figures 2m
and n). For transduction in the mucosal membrane of the
nasal cavity, Ad35 vector suspensions were instilled into
the nasal cavity of each monkey, but neither one showed
B-galactosidase expression or cellular damage in the
mucosal membrane of the nasal cavity {data not shown).

Other organs
B-galactosidase production in the lung, heart, thymus,
bone marrow, lymph node, bladder and testis, which
were not injected with Ad35LacZ, were examined. by
chemiluminescence assay. None of these organs showed
detectable p-galactosidase expression (data not shown).
Next, we determined the blood . concentrations of
Ad35LacZ genome DNA in the blood using quantitative
real-time PCR to examine whether or not Ad35LacZ
locally injected to the organs was drained from the
injection site into the bloodstream. The Ad35 vector
DNA was detected in the blood as soon as 6 h post-
injection, then gradually decreased (Figure 3). However,
the blood-clearance kinetics of Ad35LacZ following
intraorgan injection were slower than those following
intravenous administration, which were previously
reported,®® although the total amounts of Ad35 vector
doses in this study (no. 8: 1.5 x 10" VP x 8 points; no. 9:
3x 10" VP x 8 points) were comparable to or lower
than those in the previous study in which Ad35LacZ
was intravenously infused in cynomolgus monkeys
(0.4-2 x 10" VP per kg, 1.88-2.96 kg).*® Ad35 vector
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Figure 3 Blood concentrations of Ad35 vectors in cynomolgus
monkeys following intraorgan administration. Ad35LacZ was
locally administered in the organs of cynomolgus monkeys at the
low (3 x 10" vector particles (VP) per point, closed square) or
high dose (1.5 x 10"" VP per points, open triangle) as described in
Figure 1. Blood was collected at the indicated post-injection time
points (6, 24, 48, 72 and 96 h post-injection). Total DNA, including
Ad vector DNA, was isolated from the blood, and the Ad vector
DNA contents were measured by quantitative TagMan PCR assay,
as previously described.

DNA was still detectable 4 days after injection. These
results suggest that Ad35 vectors or Ad35 vector DNA
remaining in the injection sites might be gradually
released from the injection sites and drained into the
bloodstream.

Furthermore, to examine whether or not Ad35LacZ
draining into the bloodstream was accumulated in the
organs, we determined the Ad35 DNA contents in
the portions of the liver and spleen that were away from
the respective injection sites. The liver and spleen play
crucial roles in the clearance of systemically injected Ad
vectors. The Ad35 vector DNA was not detected in those
portions of the liver in no. 9, but was detected in the
portions of the liver in no. 8 and in those of the spleen in
both monkeys (data not shown). These results suggest
that Ad35LacZ or the Ad35 vector DNA draining into the
systemic circulation would be taken up by the liver and
spleen. We further assessed the Ad35 DNA contents in
the lungs, heart, thymus and bone marrow, in which
Ad35 vectors were not directly infused. Ad35 vector
DNA was detected in the lungs and heart of no. 8 but not
in those of no. 9 (data not shown). We did not detect
Ad35 vector DNA in the thymus or bone marrow of
either monkey. Considering that intravascularly injected
Ad35 vectors did not efficiently transduce organs,'®
organs must not be transduced with Ad35LacZ, which
is drained into the bloodstream and taken up by the
organs.

In most cases of cancer gene therapy using Ad vectors,
the vectors are administered directly to the tumor
regions.?*2¢* When used as vaccine vectors, on the other
hand, Ad vectors are intramuscularly injected.?”? In
addition, Ad vectors are intramyocardially injected in
angiogenic gene therapy.?®*° Thus, direct infusion of Ad
vectors to organs is one of the most frequent application
methods in clinical settings. However, there has been
little information about the transduction properties of
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these vectors following direct injection into organs. This
study demonstrated that different types of cells were
transduced with Ad35 vectors depending on the organ
after direct infusion into the organ. The differences in the
histological structures and cell types comprising the
organs would explain the differences in transduction
propetties of locally injected Ad35 vectors. This study
provides important information for clinical study by
intraorgan injection of Ad35 vectors, although the
characteristics of the organs (structure, cell types and
so on) differ different between normal tissue and
diseased areas.
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The ERas gene promotes the proliferation of and formation of teratomas by mouse embryonic stem (ES)
cells. However, its human orthologue is not expressed in human ES cells. This implies that the behavior of
transplanted mouse ES cells would not accurately reflect the behavior of transplanted human ES cells and
that the use of nonhuman primate models might be more appropriate to demonstrate the safety of human ES
cell-based therapies. However, the expression of the ERas gene has not been examined in nonhuman primate
ES cells. In this study, we cloned the cynomolgus homologue and showed that the ERas gene is expressed
in cynomolgus ES cells. Notably, it is also expressed in cynomolgus ES cell-derived differentiated progeny
as well as cynomolgus adult tissues. The ERas protein is detectable in various cynomolgus tissues as assessed
by immunohistochemisty. Cynomolgus ES cell-derived teratoma cells, which also expressed the ERas gene
at higher levels than the undifferentiated cynomolgus ES cells, did not develop turnors in NOD/Shi-scid, IL-
2Ry (NOG) mice. Even when the ERas gene was overexpressed in cynomolgus stromal cells, only the
plating efficiency was improved and the proliferation was not promoted. Thus, it is unlikely that ERas
contributes to the tumorigenicity of cynomolgus cells, Therefore, cynomolgus ES cells are more similar to
human than mouse ES cells despite that ERas is expressed in cynomolgus and mouse ES cells but not in

**Center for iPS Cell Research and Application, Institute for Integrated Cell-Material Sciences, Kyoto University, Kyoto, Japan

human ES cells,

Key words: Embryonic stem cell; ERas; Cynomolgus monkey; Tumorigenesis

INTRODUCTION

The ERas gene promotes the growth of and formation
of teratomas by mouse ES cells by producing a constitu-
tively active ERas protein and is not expressed in mouse
ES celi-derived differentiated progeny or mouse tissues
(22). Disruption of the ERas gene in mouse ES cells
by homologous recombination results in a significantly
reduced proliferation rate and a reduced tumorigenic po-
tential without loss of pluripotency (22). Although the
ERas gene is expressed in divergent species such as
mice, dogs, and cows, it is not expressed in humans
(1,12,17). Its inactivation is likely a relatively recent

event in mammalian evolution. It is intriguing to specu-
late that some of the differences in the proliferation rate
or other properties of mouse and human ES cells (9,13)
are related to the differences in expression of this consti-
tutively active ERas gene. It may also imply that the
behavior of transplanted mouse ES cells does not accu-
rately reflect the behavior of transplanted human ES
cells and that the use of nonhuman primate models
(11,21,25) would be more appropriate to demonstrate
the safety (tumorigenicity) of human ES cell-based ther-
apies (12). However, the expression of the ERas gene
has not been examined in nonhuman primate ES cells
(19,24). Here, we show that the ERas gene is expressed
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in cynomolgus ES cells unlike human ES cells. In addi-
tion, the ERas gene is widely expressed in adult cyno-
molgus tissues. However, its forced expression in cyno-
molgus cells even at high levels was not related to
tumorigenesis. Therefore, cynomolgus ES cells are more
similar to human than mouse ES cells despite that ERas
is expressed in cynomolgus and mouse ES cells but not
in human ES cells.

MATERIALS AND METHODS
Cell Culture and Differentiation

A cynomolgus ES cell line (CMKS6) (19), its subline
(CMKG6GQ) stably expressing enhanced green fluorescent
protein (EGFP) (20), and a human ES cell line (SA181,
Cellartis AB, Goteborg, Sweden) (10) were maintained
on a feeder layer of mitomycin C (Kyowa, Tokyo, Ja-
pan)-treated mouse (BALB/c, Clea, Tokyo, Japan) em-
bryonic fibroblasts (MEFs) as previously described
(10,19). Confluent ES cells were dissociated from the
feeder layer using 0.1% collagenase type IV (Invitrogen,
Carlsbad, CA, USA). Cynomolgus stromal cells were
obtained from cultured adherent cells of cynomolgus
bone marrow. '

For neural differentiation from cynomolgus ES cells,
astrocyte-conditioned medium (ACM) was prepared by
culturing astrocytes obtained from mouse fetal cerebra
in Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium containing an N2 supplement (Invitrogen) (15).
Colonies of cynomolgus ES cells (800-1000 pm in di-
ameter) were plucked from the feeder layer using a glass
capillary and transferred into nonadhesive bacteriologi-
cal dishes each containing ACM supplemented with 20
ng/ml of recombinant human fibroblast growth factor-2
(FGF-2) (R&D, Minneapolis, MN, USA). The colonies
were cultured for 12 days, giving rise to neural stem
cells, which were plated onto poly-L-lysine/laminin
(Sigma-Aldrich, St. Louis, MO, USA)-coated dishes and
cultivated for 7 days in Neurobasal medium supple-
mented with 2% B-27 (both from Invitrogen), 20 ng/ml
of FGF-2, and 20 ng/ml of recombinant human epider-
mal growth factor (R&D). After the medium was re-
placed with ACM' and 14 days of culture, the neural
stem cells differentiated into neurons (16).

ERas Cloning and Transfection

Based on the human ERas cDNA sequence in Gen-
bank (accession No. NM 181532), the primer set
-CAT GGA GCT GCC AAC AAA GCC TG-3' and 5'-
TGT GTC CCT CAA AGC TAG TTG CCT-3' was de-
signed for the cynomolgus ERas’ complete coding se-
quence. Total RNA was extracted from cynomolgus ES
cells using the EZ1 RNA universal tissue kit (Qiagen,
Hilden, Germany) with RNase-Free DNase Set (Qia-
gen), and reverse-transcribed using the RNA LA PCR
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kit (Takara, Shiga, Japan) with an oligo dT primer. The
resulting cDNA was subjected to PCR with this primer
set. The PCR product was sequenced with the ABI
Prism 310 (Applied Biosystems, Foster, CA, USA). The
sequence analysis was performed with Genetyx-Mac
software (Genetyx Corporation, Tokyo, Japan). We pre-
viously constructed the plasmids pPyCAG-EGFP-gw-IP
(expressing EGFP) and pPyCAG-EGFP-gw-IP-mouse
ERas (expressing EGFP-mERas) (22). The cDNA en-
coding the human or cynomolgus ERas gene was inserted
into pPyCAG-EGFP-gw-IP to construct pPyCAG-EGFP-
gw-IP-human ERas (expressing EGFP-human ERas) or
pPyCAG-EGFP-gw-IP-cynomolgus ERas (expressing
EGFP-cynomolgus ERas), respectively. The insert was
confirmed by DNA sequencing. The plasmids were
transfected into cynomolgus stromal cells using Lipofec-
tamin 2000 (Invitrogen). The transfected cells were se-
lected in the presence of puromycin (5 pg/mi).

Transplantation

Cells (1 x 107/site) were transplanted into the thigh
muscle of immunodeficient NOD/Shi-scid, IL-2Ry™!
(NOG) mice which were purchased from Central Insti-
tute for Experimental Animals (Kanagawa, Japan). Cy-
nomolgus ES cell-derived teratomas were generated
after in utero transplantation of cynomolgus ES cells
into fetal sheep as described previously (23). Adherent
cells from the teratomas were propagated in DMEM
(Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS) (HyClone, Logan, UT, USA). All experi-
ments were performed in accordance with the Jichi
Medical University Guide for Laboratory Animals. Ex-
perimental procedures were approved by the Animal
Care and Use Committee of Jichi Medical University.

Reverse Transcription (RT)-PCR

c¢DNA was prepared from each sample as mentioned
above and subjected to PCR with the following primer
sets: for Oct-4, 5'-GGA CAC CTG GCT TCG GAT T-
3’ and 5’-TTC GCT TTC TCT TTC GGG C-3'; and for
glyceraldehyde-3-phosphate” dehydrogenase (GAPDH),
5’-CCC TGG CCA AGG TCA TCC ATG ACA AC-3’
and 5"-CCA GTG AGC TTC CCG TTC AG-3’. Ampli-
fication conditions were 30 cycles of 95°C for 60 s,
58°C for 60 s, and 72°C for 60 s. PCR without the initial
RT was also conducted to rule out DNA contamination.
For real-time quantitative RT-PCR, a QuantiTect SYBR
Green PCR kit (Qiagen) and the ABI Prism 7000 (Ap-
plied Biosystems) were used, and amplification condi-
tions were 40 cycles of 95°C for 60 s, 58°C for 60 s,
and 72°C for 60 s. The gene expression levels were ad-
justed based on those of the internal control GAPDH.
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Immunoblotting

Preparation of cell lysates and Western blot analyses
were performed as described previously (22). Briefly,
cells (1 X 107) were washed twice with ice-cold phos-
phate-buffered saline (PBS) and suspended in the buffer
containing 10 mM Tris-HCI (pH 7.5), 1 mM MgCl,, and
the 1x Complete Protease Inhibitors (Roche, Basel,
Switzerland), followed by incubation on ice for 30 min:
These samples were disrupted with Dounce tissue ho-
mogenizer (Wheaton, NJ, USA) and added with 1 M
NaCl to a final concentration of 150 mM. For lysis,
these samples were added with a final concentration of
5% SDS, 1% NP-40, and 1% deoxicorate acids, fol-
lowed by incubation on ice for 10 min. The samples
were then centrifuged at 12,000 X g for 30 min at 4°C,
and supernatants were collected. The protein concentra-
tions were measured by the Bio-Rad Bradford assay
(BioRad Laboratories, CA, USA). An equal amount of
protein (10 pg per lane) was electrophoresed on 12.5%
polyacrylamide gel (Atto, Tokyo, Japan) and blotted
onto a PVDF membrane (Immobiron; Millipore, MA,
USA). The membrane was blocked by TBST containing
5% wi/v Amersham ECL-Blocking Agent (GE Health-
care, Buckinghamshire, UK) and then incubated with
rabbit antiserum against mouse ERas (22) overnight at
4°C. After washed with TBST, the membrane was incu-
bated with anti-rabbit IgG HRP (Jackson Laboratory,
CA, USA) at room temperature for 60 min. Signal was
detected using Amersham ECL Plus Western Blotting
Detection reagents (GE Healthcare) according to the
manufacturer’s protocol and visualized on the LAS 3000
mini (Fujifilm, Tokyo, Japan).

Immunohistochemistry

For the immunofluorescent staining of frozen sec-
tions, tissues were fixed with 4% paraformaldehyde. The
sections were labeled with rabbit: anti-serum against
mouse ERas (22). The primary antibody (Ab) was de-
tected with a Tyramide Signal Amplification Kit (In-
vitrogen). After nuclei were stained with DAPI (Don-
jindo, Kumamoto, Japan), the sections were observed
with a confocal laser scanning microscope (Olympus,
Tokyo, Japan). For immunohistochemistry, tissues were
fixed with 4% paraformaldehyde and embedded in par-
affin. To identify GFP-positive cells, the sections were
stained with rabbit anti-GFP Ab (Clontech, Palo Alto,
CA, USA), reacted with the Dako EnVision+ System
HRP (Dako, Copenhagen, Denmark), and visualized
with 3,3’-diaminobenzide tetrahydrochloride (Dojindo).
Nuclei were counterstained with hematoxylin.

Flow Cytometry

The expression of GFP and ERas was analyzed using
a FACS Calibur flow cytometer (BD Pharmingen, San
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Diego, CA, USA). To detect ERas, cells were fixed us-
ing fixation/permeabilization buffer (eBioscience, San
Diego, CA, USA) for 2 h at 4°C and then incubated with
Alexa Fluor 647 (Invitrogen)-conjugated rabbit anti-
serum against ERas for 60 min at 4°C. Data acquisition
and analysis were performed using CellQuest software
(BD Pharmingen). Fluorescence-conjugated, irrelevant
Abs served as negative controls,

Cell Prolifération Assay

Total cell numbers: and proliferating cell numbers
were measured with Cell Counting Kit-8 (Dojindo) and
with Cell Proliferation ELISA, BrdU (colorimetric)
(Roche), respectively. For Cell Counting Kit-8, cells
were seeded in 96-well plates at 5x 10° per well and
measured after 6, 24, 36, 48, and 80 h of incubation
according to the manufacturer’s instructions. For Cell
Proliferation ELISA, cells were seeded in 96-well plates
at 2 x 10° per well and measured after 24, 36, 48, 72,
and 96 h of incubation. Significant differences were ex-
amined using the t-test.

RESULTS AND DISCUSSION
Cynomolgus Cells and Tissues Express ERas

We first cloned and sequenced the cynomolgus ortho-
logue of the ERas gene from cDNA of the undifferenti-
ated cynomolgus ES cells (Fig. 1A). The translated
amino acid sequence showed a higher degree of homol-
ogy to human than mouse ERas (99% vs. 75%) (Fig.
1B). We could not detect the ERas protein in cynomol-
gus ES cells by flow cytometry, implying its weak ex-
pression (data not shown).

Next, we examined the expression of the ERas gene
in adult cynomolgus tissues by RT-PCR. Using a primer
set to cover the entire coding region, the amplicons from
all nine somatic tissues were the same size as that from
cynomolgus ES cells (Fig. 2A). The PCR product was
sequenced to confirm that it was the ERas gene. This
clearly shows that a full-length version of the ERas gene
is transcribed in cynomolgus tissues, despite that ERas
is not expressed in mouse tissues (22).

‘We then examined the protein expression in adult cy-
nomolgus tissues by immunohistochemistry. Immu-
noblotting revealed that the antibody reacts to human
and cynomolgus ERas as well as mouse ERas, although
the antibody was generated against recombinant mouse
ERas (22) (Fig. 2B). In addition, it specifically reacts to
ERas (25 kDa) and does not react to other Ras family
proteins (N-, H-, or K-Ras; 21 kDa) in cynomolgus cells
expressing these Ras genes (Fig. 2B). Using this anti-
body, we detected ERas-positive cells in all tissues
tested (brain, thymus, intestine, and ovary) (Fig. 2C). At
a higher magnification, it turned out that ERas is local-
ized on the cytoplasmic membrane as expected (Fig.
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Figure 1. Cloning and sequencing of cynomolgus ERas. (A) The expression of the cynomolgus (cyno) ERas gene is detectable in
cynomolgus ES cells (CMKG6), but not in human ES cells (SA181), by reverse transcription (RT)-PCR. To exclude the possibility
of genomic DNA contamination, PCR without the RT procedure (des:gnated RT -) was also conducted. DW (distilled water)
indicates no template in the réaction. RT-PCR of the GAPDH sequence is also shown as an internal control. (B) Amino acid
sequences of cynomolgus, human (accession No. NM 181532), and mouse (accession No. NM 181548) ERas are shown. Amino
acids identical to cynomolgus ERas are shown as dots and conserved amino acids are encircled with a solid line.

2D). We also tested mouse. tissues, but ERas-positive
cells were not detectable (Fig. 2C). Taken together, the
ERas protein is indeed expressed in cynomolgus tissues,
unlike in murine tissues.

The expression of the ERas gene becomes undetect-
able after the differentiation of mouse ES cells (22). We
examined the expression of the ERas gene after the dif-
ferentiation of cynomolgus ES cells. Cynomolgus ES
cell-derived neurons and teratoma cells were examined
for the expression of ERas as well as Oct-4, a pluripo-
tent marker of ES cells. They were positive for ERas
but negative for Oct-4 (Fig. 3A). Although cyromolgus
ES cell-derived neurons were fragile and scarcely sur-
vived after dissociation from the culture dish, adherent
teratoma cells could be cultured for more than six pas-

sages at a dilution of 1:4 to 1:8. Quantitative RT-PCR
showed that the ERas gene expression levels were even
higher in the cultured teratoma cells than in the undiffer-
entiated cynomolgus ES cells (Fig. 3B). Then, we trans-
planted 1 x 107 cultured teratoma cells expressing the
ERas gene (GFP-positive, passage 3) into the thigh mus-
cle of NOG mice (n = 3), and examined the tumorige-
nicity of the cells. NOG mice were used as recipients,
because they are more immunodeficient than other im-
munodeficient mice and transplanting to NOG mice is
the most sensitive assay to detect tumorigenesis (7,14).
However, no tumor developed after 2.5 months, al-
though the transplanted cell progeny (GFP positive)
were detected in every specimen (Fig. 3C). On the other
hand, undifferentiated cynomolgus ES cells formed tera-
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Figure 2. Cynomolgus tissues express ERas. (A) The expression of the cynomolgus ERas gene is detectable in various cynomolgus
tissues by RT-PCR. To exclude the possibility of genomic DNA contamination, PCR without the RT procedure (designated RT —)
was also conducted. DW indicates no template in the reaction. RT-PCR of the GAPDH sequence is also shown as an internal
control. (B) Cynomolgus bone marrow stromal cells were transfected with the mouse ERas (mERas), human ERas (hERas), or
cynomogus ERas (cyERas) gene fused with the EGFP gene, and immnunoblotted with the polyconal anti-ERas antibody. Although
the antibody was generated against recombinant mERas (22), it reacts to hERas and cyERas as well as mERas. In addition, it does
not react to cynomolgus other Ras family proteins (N-, H-, or K-Ras; 21 kDa). ERas (25 kDa) fused with EGFP (26 kDa) is
detectable at 51 kDa. In mERas-transfected cells, ERas alone released from the fusion protein was also detected. (C) Using the
anti-ERas antibody, ERas-positive cells (red) were detected in cynomolgus brain, thymus, intestine, and ovary. Control indicates
the staining of cynomolgus brain without the primary ERas antibody. Although the primary antibody to ERas was originally
developed for mouse ERas and should react more strongly to mouse than cynomolgus ERas, no positive signals were detected in
mouse brain. (D) The ERas fluorescence with or without DAPI is shown at a higher magnification of both cynomolgus brain and

thymus. ERas was detected on the cytoplasmic membrane.



