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Table 1. Fluorescence activated cell sorting (FACS) analyses for the
population of red fluorescent protein (RFP)- and green fluorescent
protein {GFP)-positive cells in melanoma tumor

Cell lines Fluorescent % of total sorted
coinoculated signal used cells in tumor SD
WM1552C-RFP + RFP 0.26 0.21
SK-Mel-2-GFP GFP 85.9 4.72
SK-Mel-2-RFP + RFP 3.22 1.8
SK-Mel-2-GFP GFP 42 1.6

Formed tumors with coinoculation of indicated cell lines were
isolated, dissected, and subjected to FACS analyses, n = 4.

human melanoma cell line, but not from normal melano-
cytes, increased migration and invasion of human mes-
enchymal stem cells. The CM-induced migration was
inhibited by neutralization of FGF2 (Watts and Cui, 2012).
Our results are consistent with these studies showing
that CM of human melanoma cells increased migration of
human endothelial cells via FGF2 signaling (Fig. 1).
Furthermore, we have demonstrated the role of Epacl
in migration of endothelial cells via paracrine-acting FGF2
signaling, which subsequently results in increased angio-
genesis (Figure 2). In addition, our results indicated the
existence of FGF2-dependent cell/cell communication not
only between melanoma and endothelial cells but also
between melanoma and melanoma cells. This melanoma/
melanoma cell communication in migration was obvious
between Epac1-rich and Epaci1-poor melanoma cells, but
unclear between Epacl-rich and Epacl-rich melanoma
cells (Figure 3C). This lacking of cell/cell commmunication
is probably explained by saturated migration via abundant
expression of Epacl in the same cells as we have
previously shown (Baljinnyam et al., 2011) and by the
minimal effect of autocrine FGF2 signaling. Regarding
WM1552C migration (Figure 3B), although Epacl’s
expression varies between the cell lines used for the
study, the degree of migration did not directly reflect the
degree of Epacl expression. This was attributable, at
least in part, to saturation of paracrine-acting FGF2
signaling and is supported by the data showing that
FGF2 receptor expression is much higher in WM1552C
cells compared with HEMA-LP (data not shown) in which
the effects of CM are variable. Altogether, in terms of
melanoma progression, Epac1’s role in migration affects
three types of cells: 1) Epacl-rich melanoma cells
themselves, 2) Neighboring endothelial cells, 3) Neigh-
boring Epac1-poor melanoma cells. Accordingly, targeting
Epact would be an inhibitory mechanism for melanoma
progression.

Perlecan is necessary for the bhinding of FGF2 to FGF
receptor in human melanoma cells (Aviezer et al., 1997).
N-sulfation of HS chains is critical for this interaction
(Faham et al., 1996; Kreuger et al.,, 1999; Maccarana
et al.,, 1993; Schlessinger et al.,, 2000). Although N-
sulfation is largely regulated by NDSTs, little is known

about how the expression/activity of NDSTs is regulated.
We have shown that Epacl can increase NDST-1
expression in melanoma cells (Baljinnyam et al., 2009).
In addition, N-sulfation of HS was increased in the
mixture of medium and cell lysate (Baljinnyam et al.,
2011). In the present study, N-sulfation of secreted
perlecan in the CM was reduced by Epacl1 knockdown
(Figure 4A). Furthermore, FGF2 binding to FGF receptor
was inhibited by- Epacl knockdown (Figure 4B, C).
Therefore, it is proposed that Epac1-rich melanoma cells
can affect FGF2 signaling in neighboring cells via modi-
fication of N-sulfation of HS on perlecan. Meanwhile,
knockdown of Epac1 reduced the amount of perlecan as
demonstrated by Western blot analysis with a perlecan-
specific antibody (CCN-1) (data not shown). Interestingly,
expression of perlecan is regulated by the cAMP
response element (CRE) as its promoter (Furuta et al.,
2000). Thus, Epacl potentially may regulate perlecan
expression itself in addition to N-sulfation of HS, sug-
gesting multiple roles of Epacl on biosynthesis HSPG.
However, further studies would be required to confirm
this because another study found that Epacl does not
regulate transcription through CREB transcription factors
and that the best characterized route for Epacl to
regulate transcription is through C/EBP transcription
factors (Yarwood et al., 2008, JBC).

Our data showed that melanomas- formed by coinoc-
ulation of Epacl-rich and Epacl-poor melanoma cells
involved both melanoma populations (Figure 6D and
Table 1). These data suggest that cell/cell coommunication
within melanomas may support the survival of melanoma
cells with lower malignancy potential. To confirm that
Epac1 in Epac1-rich melanoma cells affect proliferation of
another Epacl-poor melanoma cells, it is necessary to
examine whether Epacl knockdown decreases the
number of Epaci1-poor melanoma cells in vivo. However,
inhibition of Epac1 itself affects angiogenesis as shown in
our data (Figure 2), which may result in decreased
proliferation of Epacl-rich (SK-Mel-2) cells themselves.
Indeed, knockdown of Epac1 reduced tumor growth in
vivo (data not shown). Therefore, knockdown of Epaci
itself may affect the local blood supply and thus survival
and proliferation of Epac1-poor melanoma cells. There-
fore, when Epac1 is knocked down in Epacl-rich mela-
noma cells, multiple factors may affect proliferation of
Epac1-poor melanoma cell, suggesting difficulty of inter-
pretation of the acquired data. Recently, specific Epac1
inhibitors have become commercially available. These
inhibitors, HJC-0350 and ESI-09, indeed suppressed CM-
induced migration in WM3248 cells (Figure S5), suggest-
ing potential usage of these inhibitors for melanoma
therapy, which will be addressed in our future study.
Finally, HS binds to and regulates the activity of extracel-
lular superoxide dismutase (EC-SOD), which results in
increased protection against oxidative stress (Yamamoto
et al., 2000). In addition, a device containing HS to deliver
FGF2 enhanced FGF2's antioxidative property (Galderisi
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et al., 2013). Accordingly, one could argue that Epac1 has
antioxidative stress effects via the modification of HS-
FGF2 signaling. Indeed, CM of SK-Mel-2 cells inhibited
H,0,-induced apoptosis of WM1552C cells (data not
shown). This antiapoptotic effect of the CM may modify
the survival of WM1552C cells coinoculated with SK-Mel-
2 cells .in vivo (Figure 5), whereas rigorous examination
for the protection against antioxidative stress should be
performed to obtain conclusive evidence.

In summary, this study for the first time demonstrated
Epac1-mediated cell/cell communication by modification
of FGF2-HS interaction. Our findings may lead to a new
strategy for the melanoma therapy targeting a certain
population of melanoma cells, that is, Epacl-rich mela-
noma cells. Future research should attempt to examine
the effect of Epact-specific inhibitors on melanoma
progression.

Methods

Reagents and cell lines

HEMA-LP was purchased from Invitrogen (Carlsbad, CA,
USA), HUVEC was from VEC Technologies. WM1552C
was from Dr. Meenhard Herlyn, Wistar Institute. C8161

cell line was provided by Dr. Mary JC Hendrix. SK-Mel-2.

cells (ATCC) were maintained in MEM containing 10%
FBS, 1% penicillin/streptomycin. WM1552C and C8161
cells were maintained in RPMI with 10% FBS, 1%
penicillin/streptomycin.  HEMA-LP and HUVEC cells
were maintained in EndoGRO medium (EMD Millipore,
Billerica, MA, USA) containing 5% FBS. Antibodies
against Epac1, FGF2, and FGFR-1 were from Cell Signal-
ing, anti-NDST-1 antibody was from Abnova and anti-o-
tubulin antibody was purchased from Abcam (Cambridge,
MA, USA).

Short hairpin RNA transduction

Short hairpin RNA (shRNA) transductions with lentivirus
(Santa Cruz Biotechnology) were performed as we
previously described (Baljinnyam et al., 2010). C8161
cells were incubated with 8 pg/ml of Polybrene and
lentiviral particles harboring shRNA were selected with
puromycin dihydrochloride for 1 week. Fresh puromycin-
containing medium was replaced every 3-4 days. Estab-
lished cell lines are as follows: C8161 cells with control
shRNA (C8161/control), C8161 cells with Epact shRNA
[C8161/EpacT(-)].

Migration assay

Migration assay was performed using the 24-well Boyden
chambers (8 um pores, BD Biosciences, San Jose, CA,
USA) as we previously described (Baljinnyam et al.,
2009). The cells were plated at a density of
1 x 10° cells/100 pl of medium in the inserts and incu-
bated for 16 h at 37°C in the conditioned media. The
insert membranes were stained using the Diff-Quick kit
(Dade Behring). Pictures were taken and migrated cells
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were counted with Image J software using 10 randomly
chosen fields.

Purification of human perlecan

About 2 L of conditioned medium for 72 h by confluent
cultures of human melanoma cells was purified by DEAE—
Sepharose chromatography (Whitelock et al., 1999)
(100 ml bed volume, flow rate 1 ml/min) which had been
equilibrated with 2560 mM NaCl (20 mM Tris, 10 mM
Methylenediaminetetraacetic acid, 1T mM phenylmethyl-
sulfonyl fluoride, 1 mM benzamidine, pH 7.5). The col-
umn was washed extensively with the buffer, and bound
proteins were eluted using 1 M NaCl, 20 mM Tris,
10 mM Methylenediaminetetraacetic acid. The presence
of HS-bound perlecan was monitored in column fractions
using antibodies to HS (10E4) in an enzyme-linked
immunosorbent assay (ELISA). The protein concentration
was measured using the Coomassie Plus assay (Pierce),
and aliquots were stored at —70°C until used for further
Western blot analyses.

Western blot analysis

Western blot analysis was performed as previously
described (Ilwatsubo et al.,, 2003, 2004). Briefly, cells
were lysed and sonicated in RIPA lysis buffer. Equal
amounts of protein were subjected to SDS-PAGE, were
transferred to Millipore Immobilon-P membrane, and
immunoblotting with respective antibodies was per-
formed.

Tube formation assay

Human umbilical vein endothelial cells under seven
passages were used in all experiments. In vitro angio-
genesis tube formation assay was performed as we
previously described with some modifications (De Lore-
nzo et al., 2004; Movafagh et al., 2006). HUVEC (5000/
well) were seeded in 24-well plates coated with Matrigel
(Biosciences Discovery), incubated in CM for 4 h at 37°C.
The tube formation was quantified by counting the
number of connecting branches between two discrete
endothelial cells.

Immunoprecipitation

Dynabeads-Protein G for immunoprecipitation (Life Tech-
nologies, Carlsbad, CA, USA) were incubated with the
primary antibodies and added to the soluble cell lysate
fraction. These antibody-coated Dynabeads™, Life Tech-
nologies, Carlsbad, CA, USA bound to the target proteins
were separated by the magnet and after repeated
washing three times, the isolated protein complexes
were subjected to SDS-PAGE and immunoblotting with
respective antibodies.

FGF2-binding assay

FGF2-binding assay was performed as previously
described (Reiland and Rapraeger, 1993). Briefly, HUVEC
cells were plated in 24-well plate with 1.5 x 10° cells
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density and incubated with and without indicated. The
cells were pulsed with 50 pM "28-bFGF for 2 h at 4°C in
binding buffer, washed three times with 20 mM HEPES
(pH 7.4) containing 150 mM NaCl and 0.2% BSA at 4°C.
Low-affinity HSPG-binding sites were detected by two
collected 1-ml washes of 20 mM HEPES (pH 7.4)
containing 2 M NaCl and 0.2% BSA at 4°C. High-affinity
FGFR complex binding sites were detected by two
collected 1-ml washes of 20 mM sodium acetate {pH
4.0) containing 2 M NaCl and 0.2% BSA at 4°C. Collected
washes were counted in a Cobra 5003 counter (Packard/
Perkin Elmer, Waltham, MA, USA). Control experiments
were performed with unlabeled FGF2 to determine non-
specific binding. Results were reported as the relative
binding of experimental condition compared with
untreated controls.

Generation of GFP- and RFP-labeled melanoma cells
Cells were incubated with lentiviral particles for GFP and
RFP expression (Biogenova, Potomac, MD, USA) and
were selected with FACS before the inoculation to obtain
the cells homogenously expressing RFP or GFP. FACS
cell sorting was performed by a FACS Caliburs (BD
Biosciences). In vivo imaging of RFP- and GFP-labeled
tumor cells were carried out by in vivo imaging system
(IVIS).

Tumor growth assay

BALB/c athymic (nu/nu) mice were inoculated in the right
flank with C8161 cells with or without Epacl shRNA
deletions (108 cells/0.1 ml culture medium) (n = 6/group).
In another series of experiments, prelabeled SK-Mel-2
cells (MM, high Epacl1 expression) and WM1552C cells
(RGP, low Epac1 expression) were used: (a) SK-Mel-2-
GFP + SK-Mel-2-RFP injected mice n = 8/group; (b)
SK-Mel-2-GFP+WM-1552C-RFP  cells injected mice
n = 8/group; ¢. WM-1552C-GFP+ WM-1552C-RFP cells
injected mice, n = 4/group. Tumor growth was assessed
twice a week by caliper measurement of tumor diameter
in the longest dimension (L) and at right angles to that
axis (W) {De Lorenzo et al., 2011). Tumor volumes were
estimated using the formula, L x W x W x =/6. At the
end of the experiment, half of each tumor was fixed by
immersion in 10% phosphate-buffered formalin, dehy-
drated, and embedded in paraffin. Major organs were
subjected to gross pathology and histology analysis to
determine metastases. Studies were approved by the
Animal Care and Use Committee of New Jersey Medical
School.

Immunofluorescent staining

The paraffin-embedded slides of melanomas from BALB/
c mice were subjected to deparaffinization in xylene,
followed by treatment with a graded series of alcohols
(100%, 95%, and 80% ethanol [v/v] in double-distilled
H,0) and rehydration in- PBS (pH 7.5). For antigen
retrieval, the sections were submerged in a boiling

temperature citrate buffer (pH 6.0) for 15 m. The samples
were blocked with the Image-T FX signal enhancer
(Invitrogen) to prevent non-specific staining and incubated
with primary antibodies and respective secondary
antibodies. Alexa Fluor 488- and 594-conjugated goat
anti-rabbit and anti-mouse antibodies (Molecular Probes,
Life Technologies) were used as secondary antibodies.
The slides were mounted using Prolong Gold mounting
media with 4', 6-diamidino-2-phenylindole (DAPI).

For the study of RFP- and GFP-labeled cells in tumors,
tissue sections from tumors were immunostained with
rabbit antibody against GFP (dilution 1:100, Abcam),
mouse antibody against RFP (dilution 1:200; Abcam).
Negative controls without the primary antibody were
performed to show specificity of the antibody.

Immunohistochemical staining

Tumor angiogenesis was evaluated by immunostaining for
CD31 (dilution1:250, Santa Cruz Biotechnologies, Santa
Cruz, CA, USA). Tissue sections were cut and immuno-
stained with the primary antibody for CD31 using the
standard VectaStain ABC kit (Vector Laboratories,
Burlingame, CA, USA). Microvessel density was assessed
by counting the number of microvessels positive for CD31
at x400 magnification. Negative control without the
primary antibody was performed at the same time.

Overexpression of Epac1

Adenoviral OE of Epac1 in melanoma cells was per-
formed as we previously described (Baljinnyam et al,,
2009).

Data analysis and statistics

Statistical comparisons among groups were performed
using one-factor anova with Bonferroni post hoc test.
Statistical significance was set at the 0.05 level.
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Supporting Information

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

Figure S1. Epacl overexpression (OE) increases
migration of primary melanoma cell lines. (A) Western
blot of Epac1 OE in WM115 and WM3248 cells 24 h after

adenoviral infection. (B) Epact OE increased migration of
WM115 and WM3248 cells. *P < 0.05 versus control,
n=4.

Figure S2. Epac1 regulates CM-induced migration of
primary melanoma cells. (A) Western blot of C8161 cells
with or without Epac1shRNA (Sigma Aldrich) transduc-
tion. (B) Epac1 knockdown with Epact shRNA (Sigma) in
C8161 cells inhibited the CM-induced migration of
WM1552C cells.

Figure S3. FGF2 is involved CM-induced migration of
primary melanoma. Indicated combinations of cells for
the evaluation of migration and CM preparation were
examined. The neutralizing FGF2 antibody reduced cell
migration in all examined combinations. #, P <0.05
versus CM, n = 4.

Figure S4. FGF2 is involved in Epac1 OE-mediated CM
migration. CM of WM3248 cells with adenoviral Epac1
OE increased migration of SK-Mel-2 cells. The nFGF2
antibody inhibited the Epac1 OE-induced migration, n = 4.

Figure S5. Epac1 inhibitors reduce CM-induced migra-
tion. Migration of WM3248 cells was inhibited by CM of
SK-Mel-24 cells were treated with indicated Epac inhib-
itors, n = 4. k
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1. Introduction

Atbirth, the separation of the foetus fromits maternal environment con-
stitutes a dramatic change for the infant, as it moves froman aquatic to an
atmospheric environment. Infants must start breathing with their lungs
immediately and are suddenly exposed to conditions of high oxygen
tension. It appears that certain specific physiological processes take
place in reaction to these environmental stresses to modify the

cardiovascular system and thus rapidly adapt the infant to the postnatal
environment. A prime example is the closure of the ductus arteriosus
(DA), which is an arterial shunt vessel connecting the pulmonary
artery with the aorta.!

In the foetus, the DA diverts ventricular output away from the high-
resistance pulmonary vascular bed into systemic circulation. Although
its patency is essential for foetal circulation, once pulmonary circulation
is established, the DA must be closed. Persistent patent DA (PDA) after
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birth often causes serious problems in very premature infants, depend-
ing on the degree of left-to-right shunting. It has been reported that more
than 50% of infants with birth weights <1000 g receive pharmacological
therapy consisting of cyclooxygenase (COX) inhibitors or surgical liga-
tion of the DA to prevent respiratory distress, heart failure, intraventri-
cular haemorrhage/brain injury, bronchopulmonary dysplasia, or
necrotizing enterocolitis.”> > Because the current pharmacological and
surgical therapies for treating PDA are not always ideal,*~® it is highly
desirable to find a relatively simple and non-invasive strategy that
would prevent PDA from occurring.

It is well known that increasing oxygen tension in the arteries
promotes DA constriction by inhibiting voltage-gated potassium chan-
19 and activating voltage-gated calcium channels."" =" Simultan-
eous withdrawal of placental prostaglandin E; (PGE,) and promotion
of PGE; catabolism in the lungs also contribute to DA closure."*~1¢
Thus, changes in serum composition, as induced by the initiation of res-
piration, significantly affect closure of the DA. The onset of respiration is
also known to facilitate alveolar fluid absorption in the lungs,”” ~** which
may also lead to changes in serum osmolality. In this regard, it was
reported convincingly by Feldman and Drummond?®® that full-term
infants exhibit low serum osmolality for the very first few days of life,
and that their level of serum osmolality reaches adult levels by the fifth
day of life. The significance of this transient decrease in serum osmolality
has been largely overlooked in infants, including premature infants, who
frequently suffer from PDA.

Under physiological conditions, body fluid osmolality is tightly regu-
lated to near 300 mOsm/kg through the intake or excretion of water
and salt.?" This homeostatic osmoregulation is vital, and hypotonicity
is sensed, at least in part, by transient receptor potential (TRP) channels,
such as TRP vanilloid 4 (TRPV4)? or TRP melastatin 3 (TRPM3),2%4
which act as Ca®* channels. Because changes in intracellular Ca**
([Ca®™]) are related to DA constriction,”’ ~"* we hypothesized that
the transient decrease in serum osmolality may contribute to DA
closure, potentially via TRP channels.

In this study, we demonstrated a similar transient decrease in serum
osmolality at birth in rat neonates, as previously reported in human neo-
nates by Feldman et al*® Furthermore, we found that hypoosmolality
contributed to the constriction of the DA through the activation of
TRPM3 in rats. We also demonstrated that this transient decrease is
observed in relatively mature human preterm infants, but is absent in
extremely preterm infants. Extremely preterm infants with PDA, in par-
ticular, exhibited early elevation of serum osmolality. We thus suggest
that serum osmolality plays an important role in regulating DA constric-
tion, and that adjusting serum osmolality to proper levels might contrib-
ute to DA closure among extremely preterm infants.

nels

2. Methods

Detailed information in the Methods section used in this study can be found
in Supplementary Material online.

2.1 Reagents

Anti-TRPM3 antibody was purchased from Novus Biologicals (Littleton, CO,
USA). Pregnenoclone sulfate, a TRPM3 channel stimulator, was purchased
from Sigma-Aldrich (St Louis, MO, USA). Isosakuranetin, a TRPM3
channel inhibitor, was purchased from Extrasynthese (Genay, France).
Nicardipine hydrochloride was purchased from Wako (Osaka, Japan). Indo-
methacin was purchased from Calbiochem (San Diego, CA, USA).
KB-R7943, an NCX inhibitor, was purchased from Calbiochem.

2.2 Animal studies

Wistar rat foetuses and neonates were obtained from timed-pregnant
mothers purchased from Japan SLC, Inc. (Shizuoka, Japan). The experiments
were approved by the Yokohama City University Institutional Animal Care
and Use Committee in accordance with the Guide for the Care and Use
of Laboratory Animals (reference number: F-A-13-006).

2.3 Human studies

Protocols for using blood samples and human tissues were approved by the
Research Ethics Committee in Yokohama City University Hospital and Kana-
gawa Children’s Medical Center (reference numbers: B100107034 and
D13021010) and conformed to the principles outlined in the Declaration
of Helsinki.

2.4 Primary culture of rat DA and aorta smooth
muscle cells

Immediately after euthanasia of the mother rat using 200 mg/kg of pentobar-
bital, the foetuses were obtained by the caesarean section. After decapita-
tion of the foetuses, vascular smooth muscle cells (SMCs) in primary
culture were obtained from the DAs (DASMCs) and the aortas (ASMCs)
of rat foetuses at the 21st day of gestation (e21) as previously described.'*%®
Asingle line of SMCs were obtained from about 10 rats. More than four lines
of SMCs were used for each experiment. The subconfluent cells of three to
six passages were used in the experiments.

2.5 Serum osmolality measurement

Serum osmolalities during the perinatal period in rats and humans were ana-
lysed by a freezing-point depression osmometer (model 210, Fiske Associ-
ates, Norwood, MA, USA). Blood samples from rat foetuses at e21 and
infant rats at Day 0 (1 or 2 h after birth), Day 1, Day 2, and Day 7 were
obtained by heart puncture after rats were anaesthetized with isoflurane.
To obtain €21 rat foetuses and Day 0 rat infants by the caesarean section,
the maternal rats at e21 were euthanized with 200 mg/kg of pentobarbital.
The rat neonates over Day 1 were normally delivered and raised by their
mothers until the day of measurement.

Human infants were enrolled in the study after parental written informed
consent was obtained. Sixty-two total preterm infants who were admitted to
the neonatal intensive care unit (NICU) of Yokohama City University Hos-
pital at >24 and <36 weeks of gestation were recruited prospectively
between October 2010 and March 2013. Exclusion criteria were major con-
genitalanomalies, congenital heart diseases, and death in the first week of life.
The patients were divided into two groups: those with >28 weeks of gesta-
tion and those with <28 weeks of gestation. The <<28-week group was sub-
divided into PDA and non-PDA groups. In the >28-week group, there was
only one patient with PDA. In this study, PDA was defined as the necessity of
indomethacin therapy within the first week of life. Indomethacin is not
prophylactically administrated at this institution. The patients were followed
up until 7 days after birth.

Clinical backgrounds were recorded and are summarized in Table 1.
Extremely preterminfants with PDAwere treated with intravenous injection
of indomethacin between Day 1 and Day 5 (2.1 £ 1.4 days). None of the
infants received indomethacin before the osmolality measurement of Day
1,and 11 0f 15 cases (73.3%) received this therapy on Day 1 or Day 2. Respira-
tory distress syndrome (RDS) was defined as any situation in which surfac-
tant was administered for therapy. Cord blood (CB) samples were
obtained at the time of delivery and samples from neonates were collected
on admission to the NICU (1 haafter birth) and on Days 1 (9—29 hafter birth)
and 2 (33-53 h after birth) after birth. All the samples used to test serum
osmolality were centrifuged at 845 g for 5 min and the serum samples
were kept frozen at —30°C until analysis.
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Variables A B

28-35 weeks

Gestational age (weeks)
Birth weight (g)

Male, n (%)

RDS, n (%)

Maximum FiO, in 12 h
SFD, n (%)

Apgar score at 1 min

3256 + 220
1617.1 £ 5125
20 (57%)

8 (23%)

0.32 £ 0.15
10 (29%)

69 + 2.1
Apgar score at 5 min 83415
Infection, n (%) 1(3%)
Antenatal steroids, n (%) 15 (43%)
Furosemide, n (%) 0 (0%)

26.6 + 1.06
823.0 + 2447
5 (42%)

8 (67%)
0.53 4 0.25
5 (42%)
54424
73+ 17

2 (17%)
11(92%)

0 (0%)

2.6 Osmolyte measurement

Serum Na™, K*, glucose, and urea nitrogen (BUN) were measured using an
i-STAT blood analysis system (Abbott Laboratories, Princeton, NJj, USA).

2.7 RNA isolation and quantitative reverse
transcription—polymerase chain reaction

Pooled tissues of the DA and the aorta were obtained from rat e19 foetuses
(n > 40), 21 foetuses (n > 40), and neonates on the day of birth (Day 0,
n > 40). Before tissue collection, rat foetuses were decapitated and neo-
nates were anaesthetized with isoflurane. After the total RNA was isolated,
reverse transcription—polymerase chain reaction was performed using a
PrimeScript RT reagent kit (TaKaRa Bio, Tokyo, Japan) and SYBR Green
(Applied Biosystems, Foster City, CA, USA). The sequences of the
primers for the TRP isoforms are described in Supplementary material
online, Table S1.

2.8 Immunohistological staining

DA tissues from rat Day 0 neonates and DA tissues from human neonates
obtained during cardiac surgery were stained for TRPM3.

2.9 Isometric tension of the DA vascular rings

Isometric tension of the vascular rings of the DA (n = 8) and the aorta
(n =7) from rat e21 foetuses was measured as previously described.>?®
The DA and aortic rings were independently isolated after decapitation
from eight and seven rats, respectively. After a vasoconstriction plateau
had been attained, osmolality of the bath fluid was reduced step by
step from 300 to 220 mOsm/kg. Vasoconstriction at 250 mOsm/kg was
also observed over 30 min in other DA rings (n = 5). Vasoconstriction
induced by pregnenolone sulfate, a TRPM3 channel stimulator, was mea-
sured in the DA rings. The vasoconstrictions induced by hypoosmolality
(250 mOsm/kg, n=4) or pregnenolone sulfate (200 pmol/L, n=4)
were measured under pre-treatment of the TRPM3 inhibitor isosakurane-
tin?”28 (25 wmol/L). Hyperosmotic relaxation of the DA ring was evalu-
ated in indomethacin-induced DA constriction. The degree of vascular
constriction was expressed as a percentage of the constriction induced
by 120 mmol/L of KCL

2427 weeks without
PDA (n = 12)

C P-value

24-27 weeks with
PDA (n = 15)

Avs.Bvs.C Avs.B

<0.001%
<0.001%

26.1 + 095 <0.001%
782.9 + 201.6 <0.001%
9 (60%) 0.584
10 (67%) 0.003*
0.48 + 021 <0.001*
3 (20%) , 0430
50+ 15 0.002f 0.027*
74416 0.019% 0.094
2 (13%) 0.244
14 (93%) <0001%
2 (14%) 0.172

0.012%
0.001%

0.006!

2.10 Intracellular Ca*>* concentration ([Ca**])
in SMCs

DASMCs or ASMCs obtained from more than 40 foetuses were placed in
96-well microplates at 1 x 10* cells/well. After 2 days of incubation, SMCs
were loaded with 5 pmol/L of fura-2/AM (Dojindo, Kumamoto, Japan) in
Tyrode solution for 20 min at 37°C. Hypotonic stimulation was induced
by adding Tyrode solution containing no NaCl into each well, which
induced an osmolality reduction by changing the NaCl concentration. The
data were obtained from four independent experiments assayed in triplicate
using four lines of SMCs.

2.11 RNA interference

Small interfering RNA (siRNA) of TRPM3 and control siRNA were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA). According to
the manufacturer’s instructions, cultured DASMCs were transfected with
siRNA targeted for TRPM3 using Lipofectamine RNAIMAX (Invitrogen).2
We examined the mRNA expressions of all TRPM isoforms, and found
that TRPM3, TRPM4, and TRPM7 were abundantly expressed in the rat
DA, and expressions of the other isoforms were faint (data not shown).
TRPC1 has been reported to contribute to DA contrac:’cicm,29 and TRPV4
is known to be activated with hypoosmolality.Zl Therefore, we examined
the off-target effect of TRPM3-targeted siRNA on the abovementioned
TRP channels. Efficacy of TRPM3 silencing and off-target effects on other
TRP isoforms were analysed using the data from four lines of SMCs.

2.12 Rapid whole-body freezing method

Awhole-body freezing method was used to examine the in situ morphologies
and inner diameters of foetal and neonatal rat DA specimens as previously
described.?® Briefly, after the maternal rats were anaesthetized with isoflur-
ane, in utero foetuses at e21 were injected intraperitoneally with pregneno-
lone sulfate (100 mg/kg of body weight) or indomethacin (2 mg/kg of body
weight). The adequacy of anaesthesia was monitored by assessment of skel-
etal muscle tone, respiration rate, and response to tail pinch. After 1 h, they
were delivered by the caesarean section and immediately frozen in liquid
nitrogen before breathing. Other rat neonates delivered at €21 by the cae-
sarean section were injected intraperitoneally with NaCl solution (0.15—
1.5 mol/L) at birth to modulate serum osmolality. After 30 min, rat neonates
were anaesthetized with isoflurane and frozen in liquid nitrogen. After
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caesarean section, the maternal rats were euthanized by 200 mg/kg of pento-
barbital. The frozen specimens were sectioned under a microscope, and the
inner diameters of the DA, the pulmonary artery (PA), and the aorta were
measured. DA/PA ratios were used to evaluate in vivo DA constriction.

2.13 Statistical analysis

All values are shown as the mean + SEM of more than three independent
experiments, except the characteristics of the patients, which are expressed
as the mean =+ SD. Detailed statistical analysis is shown in Supplementary
material online. A value of P < 0.05 was considered significant.
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N
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3. Results

3.1 Hypotonic stimulation contracted
the rat DA

As reported previously in human neonates,”® we found that serum
osmolality was also transiently decreased in rat neonates. In full-term
rat neonates, it was decreased by >20 mOsm/kg within 1 h after birth
(Figure 1A) and reached normal adult levels over the next several days.
We then examined the potential role of this hypoosmolality in the
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DA, using isolated rat DA rings and a wire myograph. Hypoosmolality
was generated by modulating the Na™ concentration, a major compo-
nent in serum osmolality. We found that rat DA rings contracted at
250 mOsm hypotonic stimulation (Figure 1B), and that the contraction
was in a hypoosmolality-dependent manner (down to 220 mOsm)
(Figure 1C, left). This contraction was reversible when osmolality was
restored to 285 mOsm (Figure 1C, right). In contrast, hypoosmolality-
induced contraction was absent in the aortic tissue rings (Figure 1D).
It is unlikely that the Na/Ca exchanger (NCX) plays a role in this
hypoosmolality-induced regulation, since inhibition of NCX by
KB-R7943 did not alter hypoosmolality-induced DA contraction (see
Supplementary material online, Figure ST).

To explore the molecular mechanisms for this DA contraction, we
measured [Ca®*7], which most likely regulates DA constriction, using
fura-2 in DASMCs and ASMCs. When these tissues were exposed to
a hypotonic solution, [Ca®* ], was increased in an osmolality-dependent
manner in DASMCs (Figure 1E, left), but not in ASMCs (Figure 1E,
middle). Thus, osmotic sensor(s) appear to play a role only in
DASMCs (Figure 1E, right). These data suggest that serum osmolality is
physiologically decreased after birth, and that the hypoosmolality
induces a postnatal contraction in the DA by regulating [Ca>*].

3.2 Hypoosmotic sensing is mediated
by TRPM3 in rat DASMCs

TRP channels are known to act as osmotic sensor molecules. In particu-
lar, it has been reported that TRPV4 and TRPM3 are activated by
hypoosmolality.?>=** We found that mRNA expression of TRPM3
was greater in the rat DA than in the aorta during development, i.e.
preterm (e19) and full-term (e21) foetuses as well as normal newborn
neonates (d0) (Figure 2A). In contrast, TRPV4 mRNA expression was
similar in both the DA and the aorta (Figure 2B). The protein expression
of TRPM3 was mostabundantin the medial layer of the rat DA (Figure 2C)
and in the human DA (see Supplementary material online, Figure $2).
We also examined the role of TRPM3 in hypoosmolality-induced
elevation of [Ca®*];. Hypotonic stimulation induced changes in [Ca®*];
(Figure 1E), but such changes disappeared when TRPM3 was silenced
by siRNA (Figure 3A—C). The TRPM3-targeted siRNA did not decrease
some other TRP channels, i.e. TRPC1, TRPV4, TRPM4, and TRPM7 (see
Supplementary material online, Figure $3). In addition, when DASMCs
were preincubated with the TRPM3 inhibitor isosakuranetin, hypotonic
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stimulation-induced [Ca**]; elevation was attenuated (Figure 3D). The

voltage-gated Ca®* channel is activated by TRP channel-mediated
Ca*" influx. We therefore then examined the involvement of a voltage-
gated Ca*" channel, and found that the voltage-gated Ca** channel
blocker nicardipine did not suppress the hypoosmolality-induced
[Ca®*];elevation (Figure 3E). Thus, expression of TRPM3 may be respon-
sible for osmolality-induced contraction of the DA.

3.3 Pharmacological stimulation of TRPM3
caused contraction of the rat DA

Similarly, pregnenolone sulfate, a TRPM3 stimulator,” increased the rat
DA ring tension in vitro in a dose-dependent manner (Figure 4A). We also
injected pregnenolone sulfate into rat foetuses intraperitoneally in utero
and found that DA closure was moderately but significantly facilitated
(Figure 4B), although this contraction was less than that caused by indo-
methacin, a COX inhibitor and thus a potent DA contracting drug. Fur-
thermore, inhibition of TRPM3 using isosakuranetin attenuated the DA
ring contraction induced by hypoosmotic stimulation (Figure 4C) or
pregnenolone sulfate stimulation (Figure 4D). Taken together, these find-
ings suggest that changes in osmolality regulate Ca”* transients in the
DA via TRPM3, resulting in DA contraction, at least, in rats.

3.4 Serum hyperosmolality suppressed DA
closure

Based on the above findings, we assumed that serum hyperosmolality
would, in contrast, inhibit DA closure. We injected the same volume
of various concentrations of NaCl into rat neonates to increase
their serum osmolality. Injecting 0.15 mol/L of NaCl resulted in
285.8 mOsm/kg of serum osmolality and did not alter DA closure
(Figure 5A—B). In contrast, injecting higher concentrations of NaCl
(0.6—1.5 mol/L) increased serum osmolality and inhibited DA clo-
sure in a serum osmolality-dependent manner (Figure 5A—B). We then
examined the involvement of the inhibition of TRPM3 in hyperosmolality-
induced DA dilation. We found that hyperosmolality dilated indomethacin-
induced DA ring contraction; however, this was not affected by the
inhibition of TRPM3 through the use of isosakuranetin (Figure 5C).
These findings suggest that an acute increase in serum osmolality
could inhibit DA closure, although this does not appear to involve
TRPM3.
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3.5 Postnatal changes of serum osmolality
in human preterm infants

Our data in rats demonstrated that hypoosmolality promoted DA con-
striction and that hyperosmolality inhibited DA closure. Since PDA
develops in preterm infants in humans, we examined the relationship
between PDA and serum osmolality. We measured serum osmolality
of preterm infants in three groups: (i) infants delivered at 28-35
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Py
wn

340:390 nm ratio (% of basal)
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S o -
g O v

340:390 nm ratio (% of basal)

weeks of gestation (28—35-WG, moderate-preterm, and late-preterm
infants, n = 35), (i} infants delivered at 2427 weeks of gestation with
PDA (24-27-WG PDA+, extremely preterm infants, n = 15), and
(iii) infants born at 24-27 of gestation without PDA (24-27-WG
PDA—, extremely preterm infants, n = 12) (Table 7). Serum osmolality
was determined with CB (equivalent to foetal blood at the time of birth),
infant blood at Day O (1 h after birth), Day 1, and Day 2.
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First we analysed all the groups of infants and found that serum osmo-
lality significantly decreased at birth and gradually recovered to levels of
CB (Figure 6A). In accordance with these data, in 28—35-WG infants,
serum osmolality was decreased significantly after birth (CB vs. Day 0;
284.2 + 1.6 vs. 275.1 + 1.5, P < 0.001) and recovered to levels of CB
at Day 2 (284.2 4+ 1.6 vs. 284.9 + 1.9, NS; Figure 6B). This pattei”n was
consistent with data on full-term human®® and rat neonates. In both
24-27-WG groups, however, serum osmolality was scarcely decreased
at Day 0, but was significantly elevated thereafter (Days 1 and 2;

Relative contraction (% KCI)

Figure 6B). Importantly, this elevation was significantly greater in the
24-27-WG PDA+4 group than in the 24~27-WG PDA— group or
the 28-35-WG group (Figure 6C). Such dynamic differences were
observed only between Day 0 and Day 1 among the three groups
(Figure 6D—E). Thus, relatively mature infants (28—35-WG) exhibited
a transient decrease and gradual recovery in serum osmolality after
birth. This decrease did not occur in immature infants (24—-27-WG)
and rather steeply increased between Day 0 and Day 1,and this increase
was much greater in infants with PDA.
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3.6 Changes in osmolality and osmolytes

Serum osmolality is regulated mainl); by Na't, K*, BUN, and glucose.
This regulation can be approximately expressed by the following
formula: serum osmolality = 2(Na* 4 K*) + glucose/18 + BUN/2.8.
To understand which component is the cause of the changes in serum
osmolality in preterm infants, these osmolytes were measured in CB
and blood samples after birth. Patients’ profiles for osmolytes analysis
are shown in Supplementary material online, Table S2. Changes in
serum Nat concentration were significantly correlated with those in
serum osmolality (Figure 7A). No correlation between serum osmolality
and K™, BUN, or glucose was observed (Figure 7B—D).

4. Discussion

We have demonstrated that serum osmolality decreases after birth and
gradually increases over the next few days, even in moderate- and late-
preterm human infants. These findings are similar to those reportedina
study performed in the late 1960s, in which it was found that serum
osmolality of normal full-term infants was depressed after birth and
rose to normal adult levels by Day 5.2° We have further demonstrated
in this study that extremely preterm infants showed no such early
decrease, but exhibited a rapid increase in serum osmolality. This was
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particularly so among those infants with PDA. Using rat DAs, we then
provided evidence supporting the hypothesis that serum hypoosmolal-
ity promotes DA closure, and that the mechanism most likely involves
the hypoosmolality sensor TRPM3. Accordingly, although serum osmo-
lality perse has been largely ignoredin the past few decades, it may play an
important role in regulating DA closure.

Since hypoosmolality raises [Ca®*]; in rat DASMCs and increases
tension in the rat DA, the ability to sense a decrease in serum osmolality
appears to be important for DA closure. We found that the hypoosmol-
ality sensor TRPM3 was expressed in the DA tissues of humans and rats,
and that TRPM3 is involved in hypoosmolality-induced DA contraction.
TRPM3 is widely expressed in mammalian cells, including the collecting
tubular epithelium of the kidney, pancreatic 3-cells, neurons, and vascu-
lar SMCs.>"~3* Recently, Naylor et al.* reported the existence of a
TRPM3 protein in the smooth muscle layer of the human saphenous
vein and examined the functional role of TRPM3 in contractile responses
in the mouse aorta. Majeed et al>* have also demonstrated
TRPM3-mediated [Ca**]; increases in human vascular SMCs. These
data are consistent with our finding that TRPM3 contributes to
closure ofthe DA viaincreased [Ca®*t]; Although we have not examined
whether a deficiency of TRPM3 would cause a failure of DA closure, the
occurrence of PDA has not been reported in the studies on TRPM3
knockout mice.*>?® In this context, the hypoosmolality-induced DA
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closing mechanism, unlike the well-known oxygen-induced constriction
mechanism, may not be the principal mechanism for DA closure. In add-
ition to hypoos»molality-induced DA closure, our data suggested that
hyperosmolality attenuates DA closure in a TRPM3-independent
manner. Although previous reports demonstrated that hypertonic
stimulation induced arterial dilatation via activation of potassium chan-
nels,**® whether hyperosmolality-induced activation of potassium
channels also promotes dilatation in the DA needs to be examined in
the future.

Accumulating evidence suggests that TRPM3 could be regulated by
pregnancy hormones and by the pharmacological treatment of
PDA.3**? TRPM3 is known to be stimulated by physiological steroids
including pregnenolone sulfate.*® Majeed et al.** demonstrated that
progesterone bonded to TRPM3 and inhibited endogenous TRPM3
activity in human vascular SMCs. It is of interest that foetuses are
exposed to high levels of progesterone during the course of pregnancy,
and that rapid withdrawal of this hormone occurs upon separation
from the placenta®® Because our data demonstrated that TRPM3
mRNA was highly expressed in both premature and mature rat foe-
tuses, it is tempting to speculate that TRPM3 might be kept inactive
until birth by placental progesterone.

The mechanism by which serum osmolality is decreased at birth
remains to be elucidated. However, two mechanisms, at least, may
be considered. Serum osmolytes may be withdrawn through

28-35-w

Serum osmolality (mOsm/kg)
3

PDA-  PDA+
24-27-w

PDA-  PDA+

28-35-w 2427w

utilization and/or excretion via the kidneys at birth. Alternatively,
osmolytes may be diluted in circulating blood. In this regard, we
found that changes in serum osmolality were best correlated with
those of Na¥ among other osmolytes, such as K™, glucose, or BUN.
Because serum Na* may not be utilized or excreted rapidly within
an hour after birth, it is most likely that dilution of the circulating
blood occurs. In the present study, there was no significant correl-
ation between KT, glucose, or BUN and osmotic changes. However,
the data, which included a relatively small number of samples, did
not negate the contributions of small amounts of K¥, glucose, and
BUN to osmotic changes. This explanation agrees, at least in part,
with previous studies demonstrating increased lung fluid clearance
at respiratory onset: it has been shown that, immediately after birth,
lung fluid shifts to the circulating blood compartment via aquaporins
in the lung epithelium.41’42 This may cause dilution of circulating
blood, although lung fluid is also expelled mechanically at birth. The
exact mechanisms of the transient decrease in serum osmolality,
however, need to be further examined in future studies.
Ourfindings may also be of some practical use to paediatricians treat-
ing patients with PDA, i.e. serum osmolality should not be allowed torise
too high among extremely preterm infants with PDA. In general, such
infants are likely exposed to increased serum osmolality. Because pae-
diatricians are afraid of fluid overload and thus worsening of the

patency of the DA simply due to circulating volume expansion,***
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they tend to give fluid supplementation in smaller quantities. Further-
more, water evaporation and loss are greater among extremely
preterm infants because of their immature and thin skin.** Concentrat-
ing urine is also insufficient, due to hypo-responsiveness to arginine
vasopressin.* These factors may all contribute to increased serum
osmolality among extremely preterm infants,*” and thus might worsen
PDA, as implied by our study. Thus, it seems reasonable to propose
that keeping their serum osmolality at the proper, but not high, level
may be important among preterm infants at risk for PDA.

In conclusion, serum osmolality is transiently decreased after birth,
andthis decrease may be a physiological mechanism to facilitate DA con-
traction. [t may be time to reconsider the importance of serum osmolal-
ity in postnatal adaptation, especially among extremely preterm infants,
who are most likely to develop PDA. Maintaining proper serum osmo-
tality may be a clinically meaningful approach to improve the therapeutic
outcome of such patients with PDA.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Abstract Morphological detection of cancer cells in the
rabbit VX2 allograft transplantation model is often difficult
in a certain region such as serosal cavity where reactive
mesothelial cells mimic cancer cells and both cells share
common markers such as cytokeratins. Therefore, tagging
VX2 cells with a specific and sensitive marker that easily
distinguishes them from other cells would be advantageous.
Thus, we tried to establish a successively transplantable,
enhanced green fluorescent protein (EGFP)-expressing VX2
model. Cancer cells obtained from a conventional VX2-
bearing rabbit were cultured in vitro and transfected with an
EGFP-encoding vector, and then successively transplanted
in Healthy Japanese White rabbits (HIWRs) (n = 8).
Besides, conventional VX2 cells were transplanted in other
HIWRs (n = 8). Clinicopathological comparison analyses
were performed between the two groups. The success rate of
transplantation was 100 % for both groups. The sensitivity
and specificity of EGFP for immunohistochemical detection
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of VX2 cells were 84.3 and 100 %, respectively. No sig-
nificant differences in cancer cell morphology, tumor size
(P = 0.742), Ki-67 labeling index (P = 0.878), or survival
rate (P = 0.592) were observed between the two. VX2 cells
can be genetically altered, visualized by EGFP, and suc-
cessively transplanted without significant alteration of
morphological and biological properties compared to those
of the conventional model.

Keywords Enhanced green fluorescent protein - Gene
transfer technique - Rabbit - Shope papilloma virus -
Carcinoma

Introduction

Supported by manageability and a broad understanding of
genes, the use of mice or rats can substantially save space
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and time in animal experiments. While these rodents are
invaluable for understanding the mechanisms of human
diseases, other non-rodent models are required in cer-
tain situations. The rabbit is one such species that is widely
used in biomedical research. The rabbit is more biologi-
cally similar to humans than rodents [1]. Additionally,
because of the larger organs in rabbits, intricate surgical
manipulation and imaging studies are easier to perform in
rabbits than in mice or rats.

In oncology, the rabbit VX2 allograft cancer model is
widely used not only in basic studies but also in preclinical
and translational studies that cannot easily be performed in
humans. The prototype for this model was derived from a
virus-induced papilloma in rabbits [2], which subsequently
progresses into a metastasizing carcinoma [3] that can be
successively transplanted into other rabbits [4]. Subse-
quently, the loss of viral dependency of the tumors has
been reported, and one of the tumors was denominated [5].

In this model, VX2 cancer cells proliferate in a host
rabbit that maintains a natural immunity, which makes this
model] attractive and unique. Furthermore, this model rep-
licates human peritoneal carcinomatosis well [6]. However,
identification of the VX2 cancer cells is often difficult in
regions such as serosal cavity or serosal membrane, where
reactive mesothelial cells mimic VX2 cancer cells and both
cells share common epithelial antigens such as cytokera-
tins. Therefore, tagging VX2 cancer cells with a simple,
specific and sensitive marker that easily distinguishes them
from other cells would be advantageous not only for
accurate detection of the cells but also for saving time and
cost in experiments.

Green fluorescent protein is a useful and reliable marker
for visualizing live cells or molecules [7]. Theoretically,
the green fluorescent protein gene transfer technique can be
applied for the rabbit VX2 allograft cancer model, but no
satisfactory model has been established to date. One reason
for the absence of a model is likely that VX2 cancer cells
are unstable ex vivo and easily lose transplantability after
long-term cultivation or frozen storage [8—10]. Although
some researchers have described a method for establishing
a VX2 cell line [10-15], these cell lines are not routinely
used for VX2 transplantation. This tendency is exemplified
by the fact that a successive transplantation approach is still
more common than the use of an experimental cell line
[16]. This lack of available resources has prompted us to
develop an appropriate and feasible methodology to insert
an exogenous gene into VX2 cancer cells without using a
VX2 cell line.

The aim of this study was to make a successively
transplantable rabbit model of VX2 cancer cells that
express enhanced green fluorescent protein (EGFP).

@ Springer

Materials and methods
Animals

A total of 22 Japanese white rabbits were used in this study.
All animal procedures were performed in accordance with
the approval and guidelines of the Institutional Animal
Care and Use Committee of Yokohama City University
(approval ID: F11-131, F-D-12-40). Each rabbit was indi-
vidually housed, allowed free access to standard laboratory
food and water, and maintained under a 12-h light/dark
cycle per day at Yokohama City University Animal Center.
During the experimental procedures, each rabbit was
anesthetized by isoflurane inhalation using an anesthesia
machine (SN-487-0T; Shinano Seisakujo; Tokyo, Japan).
Euthanasia was administered to rabbits via cardiac injec-
tion of isoflurane after successive transplantation was
performed.

As shown in Fig. 1, one VX2-bearing rabbit (Csk, Std;
female; 15 weeks old; 3.2 kg; Japan SLC; Hamamatsu,
Japan) was used as the original source of VX2 cells.
Three healthy rabbits (Kbs; females; 8-14 weeks old;
2.0-2.8 kg; Oriental Yeast; Tokyo, Japan) were used as
carriers for the preliminary transplantation. Two healthy
rabbits (Kbs; females; 11 weeks old; 2.5 kg) were used
for controls: one for the mock transfection control and the
other for the cultured conventional VX2 transplantation
control. Sixteen healthy rabbits (Kbs) were randomly
allocated into two experimental groups for the comparison
study: an EGFP gene-introduced VX2-transplanted rabbit
group (n = 8) and a conventional VX2-transplanted rabbit
group (n = 8). The EGFP gene-introduced VX2 group
consisted of 6 females and 2 males, and the age was
12.8 £+ 1.2 weeks (mean £ SE) and the weight was
2.51 £ 0.16 kg (mean £ SE) at the time of transplanta-
tion. The conventional VX2 group consisted of 6 females
and 2 males, and the age was 14.9 &+ 0.7 weeks
(mean £ SE) and the weight was 2.86 & 0.73 kg
mean £ SE) at the time of transplantation. The rabbits in
these two groups had no statistically significant differ-
ences in age (P = 0.072, unpaired Student’s r test) or
weight (P = 0.156, unpaired Student’s ¢ test). The pri-
mary end point for both experimental groups was defined
as cancer growth, and the secondary end point was
defined as death from cancer. Cancer growth was grossly
inspected 3 weeks after transplantation, and the longest
diameter of the tumor was measured with calipers. For the
survival analysis, a total of 8 rabbits were reared without
medical treatment from transplantation to death, and post-
mortem inspection was performed to determine the cause
of death.
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Plasmid preparation

Human embryonic kidney (HEK) 293T cells were grown in
100-mm culture dishes (Iwaki AGC Techno Glass; Fun-
abashi, Japan) containing RPMI-1640 medium (Sigma-
Aldrich Japan; Tokyo Japan) supplemented with heat-
inactivated 10 % fetal bovine serum (FBS) (Sigma-Aldrich
Japan), 100 units/ml of penicillin (Sigma-Aldrich Japan),
and 0.1 mg/ml of streptomycin (Sigma-Aldrich Japan) in a
5 % CO, incubator at 37 °C.

EGFP complementary DNA was amplified by PCR with
PrimeSTAR HS DNA polymerase (TakaraBio; Otsu,
Japan) using the pIRES2-EGFP vector (Takara Bio) with
the following mismatch primers containing EcoRI restric-
tion sites: forward, 5'-ATGGGAATTCCCgggGTGAGCAA
GGGCGAGGA-3' (the first methionine [ATG] was con-
verted to glycine [GGG], M1G) or 5'-ATGGaattcACCA
TGGTGAGCAAGGGCGAGGAG-3'; reverse, 5'-ATCTA
GGAATTCGGCCGCTTTACTTGTA-3' (the EcoRI restric-
tion sites are italicized). The amplified EGFP cDNA was cut
with EcoRI (TakaraBio) and inserted into the EcoRI site of
the pQCXIP vector (TakaraBio). E. Coli DHS5 competent
cells (TakaraBio) were transformed with the EGFP gene-
inserted pQCXIP vector and cultured according to the man-
ufacturer’s instructions.

- The pQCXIP/EGFR vector and pCL10A1l retroviral
packaging vector (TakaraBio) which expresses the 10A1
envelope protein under the control of the CMV immediate-
early promoter were cotransfected into HEK 293T cells
using the Lipofectamine 2000 reagent (Invitrogen, Carls-
bad, CA, USA), according to the manufacturer’s instruc-
tions. At 24 h after cotransfection, the conditioned medium
was recovered from the dishes and used as a viral solution,
as described below.

Primary culture of conventional VX2 cancer cells

After the fur was trimmed with an electric hair clipper and
the skin surface was cleaned with rubbing alcohol, the
conventional VX2 cancer tissue was cleanly excised from
the thigh muscle of the rabbit with a sterile scalpel to avoid
bacterial contamination from the environment. Trimming
of the VX2 cancer tissue was performed with sterile scis-
sors to eliminate other tissues and necrotic substances, and
the tissue was washed twice in RPMI-1640 medium sup-
plemented with an antibiotic and antimycotic mixed solu-
tion (Nacalai Tesque; Tokyo, Japan). The VX2 cancer
tissue was then cut piece-by-piece in a sterile dish with
sterile scissors. The cut surfaces of the VX2 cancer tissue
were immediately imprinted onto sterile collagen type
I-coated, 100-mm culture dishes (Iwaki AGC Techno
Glass). The VX2 cancer cells were imprinted on a total of
30 culture dishes and were grown in 1 % FBS-containing

RPMI-1640 medium with an antibiotic and antimycotic
mixed solution in'a 5 % CO, incubator at 37 °C.

Introduction of the EGFP gene into VX2 cancer cells
and transplantation

On the fifth day after cultivation, the recovered viral
solution was added to the VX2 culture dishes to introduce
the EGFP gene into VX2 cancer cells, as shown in Fig. 1.
At the same time, the VX2 culture medium was condi-
tioned with 10 pg/ml of polybrene (Sigma-Aldrich Japan),
and the VX2 culture dishes were incubated for 24 h for
EGFP gene transduction. On the sixth day, the culture
medium was replaced with 1 % FBS-containing RPMI-
1640 containing antibiotics without polybrene, and the
EGFP gene-introduced VX2 culture dishes were incubated
for an additional 24 h. On the seventh day, the culture
medium was replaced with 1 % FBS-containing RPMI-
1640 with 10 pg/ml of puromycin (Invitrogen Japan;
Tokyo, Japan), and the EGFP gene-introduced VX2 culture
dishes were incubated for 2 days for the selection of EGFP
gene-introduced VX2 cancer cells. On the ninth day, the
rate of EGFP expression in VX2 cells was calculated by
counting approximately 1,000 neoplastic cells in randomly
selected high power fields under the fluorescence micro-
scope. After removing all of the medium from the EGFP
gene-introduced VX2 culture dishes, these dishes were
washed twice with PBS (—) (Wako Pure Chemical; Osaka,
Japan) and subjected to 0.25 % trypsin (Sigma-Aldrich
Japan) treatment for 2 min in a CO, incubator at 37 °C.
After adding 1 % FBS-containing RPMI-1640 to these
dishes, the EGFP gene-introduced VX2 cancer cells were
centrifuged at 800 rpm for 5 min, and the VX2 cells were
resuspended with serum-free RPMI-1640 containing anti-
biotics, to a concentration of 1 x 10% VX2 cells/ml. 2 ml
of the solution was inoculated into the thigh muscle of a
healthy rabbit as a carrier. After 3 weeks, the EGFP gene-
introduced VX2 cancer tissue was excised for further
selection in puromycin, as described below.

Secondary culture of EGFP gene-introduced VX2
cancer cells for super-selection

For further selection, the EGFP gene-introduced VX2
cancer cells were cultured in 1 % FBS-containing RPMI-
1640 medium with 10 pg/ml of puromycin. On the fourth
day, the rate of EGFP expression in VX2 cells was cal-
culated by counting approximately 1,000 neoplastic cells in
randomly selected high power fields under the fluorescence
microscope. After the super-selective, EGFP gene-intro-
duced VX2 cancer cells were retrieved, 2 X 106 cells were
injected into the thigh muscles of a healthy rabbit as a
carrier.
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(same procedure repeated 3 times)

Fig. 1 Diagram of the experimental procedure for VX2 in vitro culture, EGFP gene-introduction, selection, and transplantation

Successive transplantation study of EGFP gene-introduced VX2 cells was carried out using the carrier
gene-introduced VX2 and conventional VX2 rabbit as described above. Briefly, the tumor tissue was

cleanly excised, trimmed, and cut into pieces. The VX2
For the purpose of pathological study and survival analysis,  cancer cells were collected through a sterile cell strainer
successive transplantation of the super-selective, EGFP (BD Falcon Cell Strainer 100 micron; Becton and
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