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FiGURE 3 - Bel-xL siRNA inhibited the growth of PC-3 cells and
enhanced the cells’ sensitivity to CDDP. (a) PC-3 cells transfected
with Bel-xL siRNA or Bel-xL siRNA-SCR were incubated with
CDDP (12 uM; right panel) or without (left panel) at 48 hr after trans-
fection. The cell viability was determined at each time point with a
cell counting kit. The results represent means = SD (n = 8). *p <
0.001 versus Bel-xL siRNA-SCR. (b) PC-3 cells transfected with Bel-
xL siRNA or Bcl-xL siRNA-SCR were treated with CDDP (12 uM,
black bars) either alone or in the presence of Z-VAD-FMK (50 uM).
TUNEL assay was performed 72 hr later. The results represent means
+ SD (n = 6). *p < 0.001 versus Bel-xL siRNA-SCR without CDDP;
#p < 0.001 versus Bel-xL siRNA-SCR with CDDP; $p < 0.001 versus
Bel-xL siRNA without CDDP and "p < 0.001 versus Bel-xL siRNA
with CDDP. (¢) PC-3 cells were transfected with Bel-xL siRNA or
Bel-xL siRNA-SCR and Z-VAD-FMK (50 uM) was added at 6 hr
after transfection. Caspase-3 activity was determined 72 hr post-trans-
fection. Caspase-3 activity is shown as relative to that with no siRNA.
Staurosporine (STS, 5 pM) was used as a positive control. The results
represent means = SD (n = 4). *p < 0.001 versus Bel-xL siRNA-
SCR; *p < 0.001 versus Bcl-xL siRNA.
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Comparison between combinational treatment of Bel-xL
SIRNAICDDP and CDDP alone

We compared the anti-tumor effect of combinational treatment
of Bel-xL siRNA/CDDP and CDDP (2 or 4 mg/kg) alone. As
shown in Fig. 7, a combinational treatment of Bel-xL siRNA with
a low dose of CDDP (2 mg/kg) showed significant inhibition com-
pared with a high dose of CDDP (4 mg/kg) alone (p < 0.05).

Atelocollagen enhanced delivery efficiency of siRNA
in PC-3 xenografts

Cy3-labeled Bcl-xL siRNA (100 pg) with or without atelocolla-
gen was injected iv into mice bearing PC-3 xenografts. Strong flu-
orescence intensity was observed in the tumors upon injection of
Bel-xL siRNA-Cy3 with atelocollagen, but almost no fluorescence
was observed in the tumors upon injection of a naked Bcl-xL
siRNA-Cy3 (Fig. 8a). The transfection efficiency of Bcl-xL
siRNA-Cy3 in tumors after intravenously injection with or without
atelocollagen was 40 and 6%, respectively. To examine the loca-
tions of systemically delivered Bel-xL siRNA-Cy3 with atelocol-
lagen in the tumors, sections were stained for endothelium (CD31)
and fibroblasts (FSP-1), respectively. Some spots of red fluores-
cence of Bcl-xL siRNA-Cy3 were merged with CD31- or fibro-
blast-specific protein-1- positive cells (Figs. 85, 8¢).

Distribution of siRNA in PC-3 xenografts and several normal
organs dfter systemic administration via atelocollagen

To investigate the distribution of siRNA in vivo, we intrave-
nously injected nude mice bearing PC-3 xenografts with Bcl-xL
siRNA/atelocollagen, and then analyzed the- amounts of siRNA in
several tissues by hybridization with a specific probe followed by
reverse-phase HPLC analysis. As shown in Figures 9a¢ and 9b,
both reliable reproducibility and satisfactory recovery of the mea-
surement were obtained. The xenografts and several normal
organs (liver, kidney, lung, spleen and brain) were excised at the
indicated time points after siRNA injection. The results showed
12.4, 10.4 and 2.6 ng (average amounts from four tumors) of intact
Bel-xL siRNA per gram of tissue in PC-3 xenografts excised 15,
30 and 60 min after injection, respectively. No intact siRNA was
found in the normal tissues analyzed (Fig. 9c¢).

No IFN-o induction was found in pDCs after treatment with
Bel-xL siRNA in vitro

The IFN-a level in the medium of pDCs was examined 24 hr
after the treatment with Bel-xL siRNA with or without atelocolla-
gen. No [FN-« induction was found in the cells treated with either
a naked Bcl-xL. siRNA or Bcl-xL siRNA with atelocollagen,
whereas [FN-« induction was found in the medium treated with
positive control poly(I:C) (Fig. 10qa).

No abnormality was found in the IFN-uo induction, liver enzyme
or renal function of nude mice after systemic administration
with Bel-xL siRNA

The IFN-a level in serum was examined in mice injected with
100 pg of Bel-xL siRNA in the presence or absence of atelocolla-
gen. Neither naked Bel-xL siRNA nor Bel-xL siRNA with atelo-
collagen induced IFN-«, whereas positive control poly(L:C)
strongly induced it (Fig. 10b4). Liver and renal functions were
tested at days 1 and 7 after treatment with Bel-xL siRNA/atelocol-
lagen only or Bcl-xL siRNA/atelocollagen plus CDDP, respec-
tively. Neither liver damage (AST and ALT) nor renal damage
(BUN and creatinine) was observed after treatment with Bcl-xL
siRNA/atelocollagen or Bcl-xL siRNA/atelocollagen plus CDDP,
whereas positive control, CCl, caused serious liver damage at day
I (Fig. 10c¢).

Discussion

RNAIi in vivo has tremendous potential, not only for the elucida-
tion of gene function in animals but also as a therapeutic platform
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FIGURE 4 — Determination of an optimal concentration and injection mode of Bcl-xL siRNA for in vivo therapeutic experiments. (a) Bel-xL
siRNA (0.5 or 1 nmol/tumor) with 0.5% atelocollagen was injected into PC-3 xenografts. Mice were killed and the tumors were excised after 3
days following one injection of Bel-xL siRNA. The mRNA and protein levels of Bel-xL were determined by real time PCR and ELISA, respec-
tively. The results represent means = SD (n = 4). *p < 0.01; **p < 0.001 versus no treatment, *p < 0.05; *¥p < 0.01 versus 0.5 nmol/tumor.
(b, ¢) Mice bearing PC-3 xenografts (tumor volume = 50-80 mm?) were systemically injected with Bcl-xL siRNA/atel ocollagen into the tail
vein. Three days after the last injection, the mice were killed and the tumors were excised. The mRNA and protein levels of Bel-xL were deter-
mined by real-time PCR and ELISA, respectively. (b) Bcl-xL siRNA (100 pg) with one injection, 2 consecutive injections, or 3 consecutive
injections was administered, respectively. The results represent means + SD (n = 3). *p < 0.05; **p < 0.01 versus no treatment. "p < 0.05 ver-
sus single injection. (¢) Three consecutive injections with various concentratlons of Bcl-xL siRNA were examined. The results represent means
+ SD (n = 4). *p < 0.05; **p < 0.01; **¥p < 0.001 versus no treatment. *p < 0.05. HPRT1 was used as a control.
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atelocollagen. PC-3 xenografts were excised 24 hr later. Sections were
made and the fluorescence was observed. (a—c¢) Sections were stained
for nuclei with DAPI (a), endothelial cells with CD31 (b) and fibro-
blasts with ST00A4/FSP-1 (c), respectively. All bars, 20 pm.

in humans.” However, there are many obstacles to overcome to
apply it therapeutically. Intravenous administration of siRNA in
animals results in the rapid, extensive removal of siRNA from the
blood via renal excretion, tissue distribution, and nuclease degra-
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FIGURE 9 — Distribution of siRNA systemically delivered with ate-
locollagen in xenografts and normal tissues. (@) Reproducibility of the
measurement. Amount of Bel-xL siRNA in each tumor sample was
repeatedly measured (n = 3). Each coefficient value (%) was calcu-
lated. (b) Recovery of the measurement. Ten nanograms of Bcl-xL
siRNA were exogenously added into each tumor sample. The amount
of increased siRNA in the sample was measured, and the recovery
value was calculated. (¢) Nude mice bearing xenografts were systemi-
cally injected with 100 pg of Bel-xL siRNA with atelocollagen. PC-3
xenografts and several normal organs (liver, kidney, lung, spleen and
brain) were excised 15, 30, or 60 min later. Intact Bel-xL siRNA in
tissues was determined by hybridizing with a specific fluorescence-
labeled oligoribonucleotide, followed by quantification with reverse-
phase HPLC. The results represent means = SE (n = 4).

dation.*® A specific and effective cellular uptake of siRNA in the
desired tissues also can be expected. In this study, we determined
a modality for delivering siRNA targeting Bel-xL into pregrown
PC-3 xenografts via an atelocollagen-mediated systemic adminis-
tration method, and consequently achieved a significant therapeu-
tic effect. To downregulate Bcl-xL protein effectively in the xeno-
grafts, we showed the following modality (Fig. 4), i.e., three con-
secutive daily /v injections of siRNA/atelocollagen complex
(siRNA, 100 pg per injection; atelocollagen, 0.05% and 200 pl per
single injection). We designated these three consecutive injections
as one set, and administered a total of four sets in 4 weeks
(Fig. 6a).

Atelocollagen is a natural product prepared from bovine dermal
collagen 17 Atelocollagen shows neither antigenicity nor t0\1c1ty
in ammals since antigenic telopeptides are eliminated by pepsm
digestion.!” The atelocollagen delivery method does not require
any chemical modification of the siRNA itself to stabilize it
against nuclease, whereas many reports reveal the necessity of
chemically mod1fym§ siRNA, including Changes to the phosphor-
othioate backbone,™” 2/-0O-methyl RNA 2’-deoxy-2’-fluorouri-
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B No treatment
O Bei-xL. siRNA/atelocollagen + CDDP

B Bcl-xL siRNA/atelocollagen

measured. CCl,; was used as a positive
control for acute liver damage. The results
represent means = SD (n = 3).

dine RNA, or locked nucleic acid.>** These chemical modifica-
tions, especially that involving the phosphorothioate backbone,
cause toxicity in animals. On the other hand, when we intrave-
nously injected mice with the Bel-xL siRNA/atelocollagen com-
plex, we observed no liver or renal toxicity. Moreover, there was
no IFN-« induction in mice. No gross adverse effects, i.e., loss of
body weight, were observed during the therapy (data not shown).
Therefore, the proposed therapeutic procedure is safe.

The amounts of Bel-xL siRNA in tumors intravenously admin-
istered via atelocollagen were successfully detected. In contrast,
we did not detect any intact Bel-xL siRNA in brain, liver, or
spleen at all. These results strongly suggested that the systemic
administration method via atelocollagen is very selective in
delivery and accumulation in tumor tissues, consistent with the
report2 using luciferase siRNA and in vivo imaging system. This
phenomenon is probably because of the enhanced permeability
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and retention (EPR) effect.*' High molecular weight macromole-
cules (more than 40 kDa) show restricted renal excretion and
prolonged plasma half-lives.** Macromolecules’ prolonged circu-
lation time enables them to utilize the abnormal vasculature with
increased permeability found in solid tumors. Indeed, the PC-3
xenograft abundantly expresses vascular endothelial growth fac-
tor-A (VEGF-A contents in the PC-3 xenograft: 103 + 16 pg/mg
protein; means = SD from four xenografts),34 and thus VEGEF-A
upregulates the tumor permeability.*® Moreover, we also success-
fully enabled the delivery of siRNA with atelocollagen intrave-
nously to inflammatory tissues via a similar EPR effect.'® In the
inflammatory tissues, MCP-1 upregulates the permeability.!544%
From a viewpoint of enhanced permeability, tumors and inflam-
matory tissues resemble each other. Therefore, the atelocollagen-
mediated systemic method enables to deliver the siRNA specifi-
cally into either tumors or inflammatory tissues.

The Bcl-x gene codes two transcript variants (Bcl-xL, long iso-
form; and Bcl-xS, short isoform; respectively) by alternative splic-
ing.*® Bel-xL shows anti-apoptotic activity, whereas that of Bcl-
xS is pro-apoptotic. There is a difference of only 189 continuous
nucleotides (as shown in a black frame in Fig. 1a) between Bcl-xL
and Bcl-xS, and Bel-xL possesses all of the sequences that Bel-xS
has. Because of the opposite activity of the two variants, we
designed a specific siRNA to downregulate only Bel-xL. Thus, we
selected all of the target sequence for the siRNAs within the
region that only Bel-xL. possesses, and we demonstrated a specific
decrease in the expression of Bcl-xL upon transfection of Bel-xL
siRNA into PC-3 cells without any changes in the expression of
Bcl-xS (Fig. 2¢). So far, although many reports have shown Bcl-
xL targeting cancer therapy via either an antisense or RNA] strat-
egy, few reports have dealt carefully with the issue of Bcl-xS. It is
crucial to design a specific sSiRNA when the target gene possesses
several transcript variants, especially for a gene that shows differ-
ent activity upon coding.
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In prostate cancer, chemotherapeutics such as paclitaxel (Taxol,
PTX) and CDDP have a long history of use and provide a great
degree of clinical benefit.*’ In our previous report,”> we showed
the combined anticancer effect of siRNA targeting midkine (MK)
and PTX against PC-3 xenograft. MK is a heparin-binding growth
factor that promotes the cell cycle in cancer cells.'®!'"*® We suc-
cessfully enabled PTX dose reductions of up to 12 mg/kg without
loss of the antitumor effect, when combined with MK siRNA via
the atelocollagen-mediated local delivery method.'> At a dose of
12 mg/kg, we observed no severe bone marrow suppression (leu-
kopenia and neutropenia). The principal mechanism underlying
PTX’s cytotoxic action is the stabilization of microtubules, which
leads to mitotic arrest.*” PTX has also been shown to induce phos-
phor(}/lation of Bel-xL protein as well as Bcl-2, leading to apopto-
sis.*®*! Thus, the abundant expression of Bel-xL is a crucial deter-
minant of PTX chemotherapy efficacy, and reduced expression of
Bel-xL via RNAI can weaken PTX’s anticancer effect. Accord-
ingly, we chose CDDP as a chemotherapeutic agent to combine
with Bcl-xL siRNA therapy. We were able to reduce the CDDP
dose as much as 2 mg/kg by combining it with Bcl-xL siRNA
therapy.

In conclusion, we established an atelocollagen-mediated siRNA
delivery method via systemic administration to treat pregrown
solid xenografts of prostate cancer without any severe side effects.
Using the proposed method, we enabled intact siRNA to accumu-
late selectively in tumors. This method has the potential to become
a conclusive method to systemically deliver siRNA to animals.
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Cardiac remodeling is thought to be the major cause of chronic heart
dysfunction after myocardial infarction (MI). However, molecules
involved in this process have not been thoroughly elucidated. In this
study we investigated the long-term effects of the growth factor
midkine (MK) in cardiac remodeling after MI. MI was produced by
ligation of the left coronary artery. MK expression was progressively
increased after MI in wild-type mice, and MK-deficient mice showed
a higher mortality. Exogenous MK improved survival and ameliorated
left ventricular dysfunction and fibrosis not only of MK-deficient mice
but also of wild-type mice. Angiogenesis in the peri-infarct zone was
also enhanced. These in vivo changes induced by exogenous MK were
associated with the activation of phosphatidylinositol 3-kinase
(PI3K)/Akt and MAPKs (ERK, p38) and the expression of syndecans
in the left ventricular tissue., In vitro experiments using human
umbilical vein endothelial cells confirmed the potent angiogenic
action of MK via the PI3K/Akt pathway. These results suggest that
MK prevents the cardiac remodeling after MI and improves the
survival most likely through an enhancement of angiogenesis. MK
application could be a new therapeutic strategy for the treatment of
ischemic heart failure.

growth factor

ISCHEMIC HEART DISEASE (IHD) remains a leading cause of mor-
bidity and mortality in many industrialized countries. Current
treatment options for patients with advanced IHD include
medical therapy or coronary revascularization by percuta-
neous coronary angioplasty or coronary bypass graft surgery
(33). In a significant number of IHD patients, however, the
standard revascularization therapies do not improve their
clinical outcome. Induction of neovascularization by molec-
ular biological procedures is expected to be a valid approach
to ameliorate the pathophysiological changes in the ventri-
cles of IHD. Transfer of angiogenic genes, cell implantation,
and the administration of some growth factor proteins were
reported to induce angiogenesis, leading to a prevention of
cardiac fibrosis and resultant contractile dysfunction in
animal THD models (39). Most double-blind placebo-con-
trolled clinical trials to date, however, failed to demonstrate
sufficient efficacy of these procedures (11, 34).
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Midkine (MK) is a heparin-binding growth factor with a
molecular weight of 13 kDa, first isolated as the product of a
retinoic acid-responsive gene in an embryonal carcinoma cell
differentiation system, and is rich in basic amino acids and
cysteine (15, 16). Structurally, MK shares ~50% sequence
homology with pleiotrophin/heparin-binding growth-associ-
ated molecule (PTN/HB-GAM) but is not related to other
growth factors or neurotrophic factors. The mouse MK and
human MK have more than 90% homology (23), and human
MK showed significant effects for mouse in vivo models (12,
13). MK has various biological activities; it promotes neurite
outgrowth, survival of embryonic neurons, fibrinolytic activity
of endotheial cells, and the migration of inflammatory leuko-
cytes. MK is expressed strongly in early as well as advanced
stages of tumors and involved in carcinogenesis and tumor
progression. MK could have an angiogenic action on the
ischemic heart because MK was shown to increase vascular
density in tumorigenesis (4). The present study was designed to
test this hypothesis in mouse models of myocardial infarction
(MI). We have found that endogenous MK is responsible for
adaptive angiogenesis in the heart after MI by regulating the
activation of phosphatidylinositol 3-kinase (PI3K)/Akt and
MAPKs. Exogenous application of MK was shown to improve
cardiac function and survival of the post-MI mice through
prevention of left ventricle (V) remodeling. Notably, this
improvement was observed not only in MK-deficient (MKKO)
mice but also in wild-type (WT) mice.

MATERIALS AND METHODS

Mouse models. All animal experiments were performed in ac-
cordance with the regulations adopted by National Institutes of
Health and approved by the Animal Care and Use Committee of
Nagoya University. MKKO mice were generated as described
elsewhere (25). Adult male C57BL/6 (WT) and male MKKO mice
with the C57BL/6 genetic background were used in either ische-
mic-reperfusion or a ligation model of MI (age, 10-12 wk old; and
weight, 22-25 g) and were fed normal rodent chow. Mice were
anesthetized with pentobarbital (100 mg/kg ip) and ventilated
through a nose cone with a tidal volume of 0.2 ml at 120
breaths/min using a rodent respirator (model SN-480-7; Shinano,
Tokyo, Japan). The extremity leads of the ECGs were monitored
continuously. A thoracotomy was performed in the left third
intercostal space, and the beating heart was exposed. An 8-0
polypropylene suture was passed under the left coronary artery at
the inferior edge of the left atrium and tied with a slipknot to
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produce occlusion. Myocardial ischemia was verified by blanching
of the LV and ST elevation in ECGs. Air was then evacuated from
the chest cavity, and the chest was closed with the ends of the slip
outside of the incision. The ventilator was then removed, and
normal respiration was restored. The blood samples of mice at 24 h
after ischemic-reperfusion or the ligation procedure were collected
from tail veins (0.2 ml each), and serum cardiac tropinin T (¢TnT)
levels were measured to estimate the initial MI size (SRL, Tokyo,
Japan). The animals were euthanized 7-28 days after the surgical
operation,

For the in vivo MK treatment experiments, MK protein in saline
(1 mg/ml) was subcutaneously infused for 7-28 days by using an
osmotic pump (Alza, Palo Alto, CA). As the control, saline was
infused by the pump. The pumps were implanted under the ab-
dominal skin and exchanged in each 7 days.

Histology. Mouse hearts were embedded in paraffin after fixation
with 4% paraformaldehyde and were cut into 5-pm sections across the
apex-base axis of the LV,

To recognize structural remodeling after MI, the sections were
stained by both hematoxylin and eosin and picrosirius red. The
amounts of collagen deposition (scar area) were estimated from six
cross sections to cover the whole ventricles in each heart using
automated image analysis software (Scion, Frederick, MD). Ten
high-power fields per sample were analyzed, and the results were
totaled for each animal.

Immunohistochemistry. Immunostaining of MK in paraffin sec-
tions was performed as described previously (12). Exposure to
secondary antibody conjugated with goat anti-rat IgG (Jackson
Laboratory, Bar Harbor, ME) was followed by incubation with
biotinyl-tyramide and streptavidin-horseradish peroxidase (NEN
Life Science Products, Boston, MA) to enhance the immunoreac-
tive signals. The specificity of immunostaining for MK was con-
firmed by absorption of the anti-MK antibodies with recombinant
MK, followed by heparin-sepharose affinity chromatography (12).

Immunohistochemical studies of von Willebrand factor (vWF)
and CD31 were used to detect newly developed microvessels. The
frozen sections (5-pm slices) were incubated overnight with the
rat-anti-mouse vWF antibody (Santa Cruz, CA) or with the rat-
anti-mouse CD31 antibody (BD Biosciences, Franklin Lakes, NJ)
then exposed to the secondary antibody conjugated with goat
anti-rat IgG (BD Biosciences). The images were analyzed by two
investigators who were blinded with respect to the identification of
the groups. The results were expressed as average numbers of
capillaries per square millimeter.

Echocardiography. Transthoracic echocardiography was performed
with a Nemio 20 (Toshiba Medical, Tokyo, Japan) to evaluate global
cardiac function before and after MI creation. Mice were lightly
anesthetized with diethyl ether and placed in the supine position on
a heating pad. The level of anesthesia was kept very light to
maintain regular spontaneous respiration and to avoid compromis-
ing hemodynamic conditions (13). A 12-MHz transducer was
applied to the left hemithorax, and two-dimensional targeted M-
mode tracings were recorded. The data were analyzed by an
observer blinded to the treatment and genotype of mouse.

MK protein and antibodies. Human recombinant MK protein was
generated and purified as previously described (12). Monoclonal
antibodies against mouse MK were raised by injection of the
purified protein into rabbits and were refined by affinity chroma-
tography on protein-A and MK columns, Antibodies were specific
to MK and did not react with PTN/HB-GAM.

Culture of human umbilical vein endothelial cells. Human umbil-
ical vein endothelial cells (HUVEC) were purchased (Iwaki, To-
kyo, Japan) and maintained according to an attached manual.
Briefly, recovery cells were cultured at 37° in 5% C0O,-20% O, in
5% fetal bovine serum (FBS) supplemented with growth factors,
50 U/ml penicillin, and 50 pg/ml streptomycin. HUVEC at the
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third or fourth passage were used for the in vitro Matrigel assay
and for the Western blotting.

Western blot analysis. Western blot analysis was performed to
evaluate protein levels. LV tissue homogenates were subjected to
SDS-PAGE on a 7.5% polyacrylamide gel, and proteins were
electroblotted on polyvinylidene fluoride (PVDF) membranes
(Atto, Tokyo, Japan). After blocking, the membrane was incubated
with primary antibodies: anti-mouse Akt/PKB antibody (Upstate,
Lake Placid, NY) anti-diphosphorylated Akt/PKB antibody (Upstate), PI3K
(Upstate), anti-moue ERK antibody (Sigma) anti-diphosphorylated
ERK1/2 antibody (NEN Life Science Products), hypoxia inducible
factor (HIF)-1a (Bethyle, Montgomery, TX), JNK (Cell Signaling
Technology, Boston, MA), P38 (Cell Signaling Technology), Bcl-2,
Bad, and Bax (Santa Cruz Biotechnology, Santa Cruz, CA) and then
exposed to biotinylated anti-mouse IgG (Sigma, St. Louis, MO),
horseradish peroxidase-conjugated streptavidin (Amersham Pharma-
cia Biotech, Little Calfont, UK), and enhanced chemiluminescence
reagent (Amersham Pharmacia Biotech).

To detect Akt and ERK1/2 proteins in vitro, cultured HUVEC were
lysed in SDS sample buffer, the cell lysate was subjected to SDS-
PAGE on a 7.5% polyacrylamide gel, and proteins were etectroblotted
on PVDF membrane. The membrane was sequentially immunoblotted
as described above. The intensity of the bands was quantified by
densitometry (Atto).

Matrigel angiogenesis assays. For in vitro assay, the maintaining
medium of confluent HUVEC was changed into 0.5% FBS in
endothelial cell basal medium (EBM)-2 without supplemented
growth factors. Twenty-four hours later, the medium was then
aspirated and the cells were washed twice with phosphate-buffered
saline (PBS), trypsinized, and plated in wells coated with growth
factor-depleted Matrigel (Becton Dickison, Bedford, MA) (18) in
0.5% FBS in EBM-2 without growth factors. The HUVEC were
then treated with either 100 ng/ml MK, 100 ng/ml basic FGF
(bFGF; positive control), or PBS (control). At 6 h later, the palates
were photographed, and the extent of tube formation was qualita-
tively assessed.

To assess the angiogenic efficacy in vivo, C57/BL6 mice were
anesthetized with pentobarbital (100 mg/kg ip injection). The
growth factor-depleted Matrigel was mixed with 20 U/ml heparin
(Elkins Sinn, Cherry Hill, NJ) and either 500 ng/ml MK, 500 ng/ml
bFGF (positive control), or PBS (control). Matrigel mixture (0.5
ml) was injected subcutaneously in the abdominal midline using
sterile conditions. Fourteen days later, the pellets were then col-
lected with a piece of underlying abdominal wall, fixed with
paraformaldehyde for 2 h, and processed for paraffin embedding.
The sections cut into 5 wm thickness were stained with hematox-
ylin and eosin or immunostained with an antibody against vWF,
Images of sections at X40 magnification were photographed with
a digital camera and analyzed using automated image analysis
software. Ten random high-power fields were analyzed, and the
results were totaled for each animal.

Real-time PCR. To quantify mRNA expression of Syndecans
(Assay ID: Sdel Mm00448918_m1, Sdc3 Mm01179832_m1, Sdc4
Mm00488527_m1), PI3K catalytic subunit p110 (Mm00440894_m1), Ak,
monocyte chemoattractant protein (MCP)-1 (Ccl2 Mm00441242_m1), ma-
trix metalloproteinases (MMP)-2(Mm00439508_m1) and MMP-
9(Mm00600163_m1) in the LV free wall of mouse hearts and
HUVEC, we performed a real-time PCR assay (Perkin-Elmer ABI
Prism 7700) (27). 18s mRNA was used as an internal control.
Sequence-specific probes were purchased from Applied Biosystems
(Foster City, CA).

Statistic analysis. All values are expressed as means * SE.
Statistical comparisons among the groups were performed by
ANOVA with Bonferroni post hoc tests. Comparisons between two
groups were made using unpaired Student’s t-test. The cumulative
survival rate of mice after MI creation was analyzed by Kaplan-
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Meier method with the long-rank procedure, Probability values of
<0.05 were considered significant.

RESULTS

MK expression pattern in chronic phase. We evaluated the
time course of MK expression after MI. The protein expres-
sion gradually increased, became apparent at 7 days, and
persisted until 14 days (Fig. 1A, fop). mRNA expression
levels of MK were elevated from 3 days (4.0-fold; P < 0.05
vs. sham) to 14 days (7.2-fold; P < 0.05 vs. sham; Fig. 14,
bottom).

Survival rate after MI is improved by exogenous MK treat-
ment. In MKKO mice, most animals (7 of 8) died by 7 days
after MI, whereas the survival rate of WT mice was 44% at
28 days [WT with no treatment (WT-NT) in Fig. 1B]. Pump
failure or ventricular rupture occurred more frequently in
MKKO (5 of 7) than in WT (3 of 10) mice,

To examine the therapeutic potential of MK treatment
after MI, we subcutaneously administered MK protein using
an osmotic pump to MKKO mice. The survival rate of
MKKO mice was significantly improved by supplemental
treatment of MK protein [knockout (KO)-MK in Fig. 1B].
We further examined the effect of MK treatment on WT
mice. At 24 h after MI, there was no significant difference
of the serum ¢TnT level between WT-NT and MK treatment
(WT-MK) groups (data not shown). Surprisingly, the sur-
vival rate was significantly improved to 90% by MK (P <
0.05; WT-MK in Fig. 1B). Consistent with this phenome-
non, the serum brain natriuretic peptide (BNP) level at 28
days after MI in WT-MK mice was significantly lower than
that of WT-NT (129 * 5 pg/dl vs. 370 * 98 pg/dl; P < 0.05;

Fig. 1C).

Fig. 1. Midkine (MK) expression pattern after A

myocardial infarction (MI) and consequences of MK

MK treatment in terms of survival rate, serum GAPDH 'Shar‘“"
brain natriuretic peptide (BNP), and echocardio-

graphic assessments. A: protein expression of
MK was identified by Western blotting in left
ventricular (LV) tissue of wild-type (WT) mice.
The photograph shown is a representative of 5
independent experiments. mRNA expression of
MK (normalized to 18S) was measured by RT-
PCR and summarized in the graph. *P < 0.05 vs.
sham. B: survival rate estimated by Kaplan-
Meier method in WT with no treatment (WT-
NT; n = 18), WT treated with MK (WT-MK;
n = 21), MK knockout mice (MKKO; n = 8),
and MKKO treated with MK (KO-MK; n = 5).
Survival rates of WT-MK and KO-MK were
significantly higher than that of WT-NT (P <
0.05). C: serum BNP at 28 days (d) after MI. The
values in WT-MK were significantly less than
those of WT-NT (n = 15 each). D: LV end-
diastolic diameter (LVEDd), LV end-systolic dia-
meter (LVESd), gjection fraction (EF), and frac-
tional shortening (FS) measured in echocardio-
graphy at 7, 14, 21, and 28 days after MI. Values
are means = SD of WI-NT (n = 8) and
WI-MK (n = 9). LVEDd and LVESd in 2
WT-MK at 21 and 28 days were significantly  ¢p 49
smaller than those in WT-NT. EF and FS in &,
WT-MK at 28 days were significantly better than 1

those in WT-NT, *P < 0.05 vs. WT-NT. 20
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MK treatment suppressed cardiac dysfunction and prevented
progression of heart failure after MI. Figure 1D summarizes
the parameters of echocardiography 7-28 days after ML
Without MK treatment (WT-NT), LV end-diastolic diameter
(LVEDd) and LV end-systolic diameter (LVESd) were pro-
gressively increased, whereas ejection fraction (EF) and
fractional shortening (FS) were progressively decreased
during the entire follow-up period. This deterioration was
prevented by MK treatment (WT-MK). LVEDd and LVESd
at 28 days in WT-MK (4.3 = 0.5 mm and 3.6 = 1.0 mm)
were significantly smaller than those in WT-NT (6.0 + 0.4
mm and 5.3 = 0.4 mm; P < 0.05). EF and FS at 28 days in
WT-MK (44.3 £ 10.1% and 21.2 * 5.4%) were signifi-
cantly better than those in WT-NT (32.1 + 0.6% and 15.3 *
0.3%; P < 0.05).

Exogenous MK treatment inhibits LV remodeling and en-
hances neovascularization in WT mice after MI. To estimate
LV remodeling, we first examined fibrosis. The area of
collagen deposition quantified by picrosirius red staining at
28 days after MI in WT-MK was significantly smaller than
that in WT-NT (Fig. 24). Incidence of collagen deposition
in WT-NT was expanded not only in the infarct zone but
also in noninfarcted remote myocardium (Fig. 24).

We next examined the gene expression of MMPs in the
LV tissue. The MMP-9 mRNA level at 28 days after MI was
significantly lower in WT-MK than in WT-NT (5.4 * 1.82
vs. 2.2 = 0.87; P < 0.05; Fig. 2B). The MMP-2 mRNA level
at 28 days after MI in WT-MK tended to be lower than that
in WT-NT although the difference did not reach a statistical
significance (Fig. 2B).

Neovascularization was evaluated by means of immunohis-
tochemistry. The CD31-immunopositive microvessel popula-
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Fig. 2. Fibrosis and mRNA expression of matrix metalloproteinase (MMP)-2
and MMP-9 in ventricles at 28 days after MI. A: representative cross section
of the ventricles in a WT-NT and WT-MK mouse stained by picrosirius red.
The incidence of collagen deposition in the WT-MK was less expanding in the
noninfarct area. Left scale bar, 2 mm,; right scale bar, 50 pum. B: mRNA levels
(normalized to 18S) of MMP-2 and MMP-9 in LV tissue after MI. MMP-9
mRNA in WT-MK (n = 3) was less than that in WT-NT (n = 4). Values are
means * SD; *P < 0.05 vs. WI-NT.

tion in the LV tissue at 28 days of WT-MK was significantly
larger than that of WT-NT (79.2 = 9.6 cells/mm? vs, 51.2 *
9.4 cellsymm?;, P < 0.05; Fig. 3, A and B). To analyze the
association between angiogenic phenomenon in WT-MK and
proinflammatory action, we assessed transcript levels of
MCP-1 in mouse LV tissue 7 days after MI. The expressions of
MCP-1 mRNA in WT-MK were significantly higher than in
WT-NT (1.35 + .45 vs. 0.6 = .17; P < 0.05; Fig. 3C).

To guarantee the above-mentioned protective effect of ex-
ogenous MK administration, administered MK must be prop-
erly delivered to the injured site of the heart. Figure 3D shows
the localization of MK protein administered via an osmotic
pump in a KO-MK mouse. The infused MK protein was
localized in residual cardiomyocytes in the peri-infarct zone,
and the MK accumulation area was roughly consistent with the
CD31-enriched area.

Exogenous MK treatment enhances PI3K/Akt and MAPK
signaling. Enhanced neovascularization by MK treatment
prompted us to examine the expression of cell surface
molecules (syndecans) and intracellular ones (PI3K, Ak,
ERK, p38, and HIF-1a) that have relation to angiogenesis.
The expressions of syndecans mRNA in LV tissue of
WT-MK were significantly higher than in WT-NT 28 days
after MI [syndecan-1 (Synd-1), 8.2 = 4.0- vs. 3.2 * 1.3-
fold; syndecan-3 (Synd-3), 2.3 + 0.7- vs. 1.2 * 0.2-fold;
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and syndecan-4 (Synd-4), 1.4 * 0.38 vs, 0.83 * 0.2; P <
0.05. Values are normalized to sham] (Fig. 4).

Although there were no substantial differences of expres-
sions of total PI3K and Akt between WT-MK and WT-NT,
phosphorylation of PI3K (p-PI3K) and p-Akt was significantly
increased in WT-MK (by 76.2% and 61.3%, respectively; P <
0.05) compared with WT-NT (Fig. 54). Akt phosphorylation
was remarkably reduced in the MKKO compared with WT at
24 h after MI (0.23 = 0.09 vs, 0.9 = 0.29; P < 0.05; Fig. 5A).
p-Akt was localized in the microvessel area in WT-MK (Fig.
5B). The expression of p-ERK1/2 and p-p38 in WT-MK were
significantly higher than in WT-NT (p-ERK1/2, 1.48 £ 0.75
vs. 0.57 = 0.18; p-p38MAP, 1.98 + 0.44 vs. 0.21 % 0.054,
P < 0.05; Fig. 5C).

Expression of the transcription factor HIF-1a was also exam-
ined. HIF-1a expression was remarkably increased in WT-MK
(0.085 = 0.041 vs. 0.028 x 0.013; P < 0.05; Fig. 5D).

Exogenous MK treatment reduced apoptosis. The cellular
consequence after MK administration was further evaluated as
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Fig. 3. Neovascularization and localization of infused MK in ischemic heart
after ML A: representative immunolabeling pictures for CD31 in LV free wall
sections from a WT-NT and a WI-MK mouse 28 days after ML Armrows
indicate CD3l-positive microvessels in the peri-infarct zone. Scale bar, 100
nm. B: density of CD31-positive capillaries in the peri-infarct zone. Values are
means * SE of WT-NT (n = 5) and WT-MK (n = 7). *P < 0.05 vs. WT-NT.
The capillary density in WT-NT was significantly less than that of WT-MK.
C: quantitative analysis of monocyte chemoattractant protein (MCP)-1 gene
expression, The expression of mRNA (normalized to 18S) in WI-MK was
significantly increased compared with that of WT-NT. D: localization of
infused MK in the LV peri-infarct zone of a KO-MK mouse. Arrows indicate
MK localization in the section of low (leff) and high (right) magnification. Left
scale bar, 100 jum; right scale bar, 50 pm. MKKOT, MKKO mouse treated
with exogenous MK.
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Fig. 4. Expressions of syndecans by MK treatment after MI. Quantitative
analysis of syndecan-1, -3, and -4 mRNA expression (normalized to 18S) in
the MK treatment hearts was significantly increased compared with that of
WT-NT. The data are shown as means = SD; *P < 0.05 vs. WT-NT.

to apoptotic changes in the LV tissue. Terminal deoxynucleo-
tidyl transferase dUTP-mediated nick-end labeling (TUNEL)-
positive cells were markedly decreased in WT-NT at 28 h after
MI (Fig. 6A). The bax-to-bcl-2 expression ratio of the LV
tissue in WT-MK was significantly suppressed compared with
that of WT-NT (0.72 * 0.37 vs. 1.46 = 0.32; P < 0.05; Fig.
6B). p-Bad was significantly increased in WT-MK compared
with WT-NT (1.0 + 0.2 vs. 1.2 = 0.2; P < 0.05; Fig. 60).
Angiogenic activity of MK in Matrigel assay in vitro and
in vivo. To confirm the ability of MK to enhance angiogenesis,
we first examined the effect of exogenous MK on the formation
of vascular structure of HUVEC in an in vitro Matrigel assay.
Treatment of HUVEC with 100 ng/ml MK for 6 h resulted in
a considerable acceleration of the formation of visible rings
and cords of cells on growth factor-depleted Matrigel in the
absence of serum. This enhancement of tubular network for-
mation by MK was comparable with the effect of 100 ng/ml
bFGF (Fig. 7A). We also examined the effect of MK on the
activation of Akt in HUVEC by Western blotting (Fig. 7B).
Treatment of HUVEC with 100 ng/m! MK for 6 h caused a

MIDKINE PREVENTS VENTRICULAR REMODELING

significant increase of p-Akt (by 68.2% from control; P <
0.05), and this upregulation was reversed completely by the
concomitant application of 30 nmol/l wortmannin, a specific
inhibitor of PI3K. The network formation of HUVEC en-
hanced by MK was reversed by wortmannin (Fig. 74).

To assess the angiogenic properties of MK in vivo, we
measured the extent of vessel invasion into Matrigel pellets
implanted in mouse abdominal walls. The incorporation of 500
ng/ml MK into the Matrigel resulted in a significant increase of
vessels seen after 14 days compared with that of control
pellets. The increase of capillary density by MK, which was
measured by immunostaining for vWF in the pellets, was
comparable with the effect of 100 ng/ml bFGF (Fig. 7, C
and D).

DISCUSSION

The present study demonstrated that MK plays a crucial
role in the cardiac remodeling after ML, Exogenous in vivo
application of MK to WT mice after MI activated PI3K/Akt
and MAPKs. Concomitantly, exogenous MK enhanced neo-
vascularization in the peri-infarct zone, ameliorated LV
fibrosis and dysfunction, and improved survival rate. More-
over, MKKO mice showed a higher mortality and less
activation of Akt compared with WT mice. The angiogenic
action of MK, which was associated with Akt activation,
was confirmed in in vitro experiments using HUVEC. Taken
together, these results suggest that MK exerts a protective
effect against the ventricular remodeling after MI through
the activation of angiogenesis.

Angiogenesis is the most important repair process of
tissues subjected to ischemic insult, and stimulation of
neovascularization is expected to reduce ventricular remod-
eling and dysfunction after MI (17, 36). The intracellular
signaling molecules responsible for the neovascularization
include PI3K/Akt and MAPKs (13, 24, 28). Among them,
Akt is a serine/threonine protein kinase that is activated by
a number of growth factors (e.g., VEGF, hepatocyie growth
factor, and bFGF) in a PI3K-dependent manner. Akt regu-
lates multiple critical steps in angiogenesis, including en-
dothelial cell survival, migration, and capillary-like struc-
ture formation (32). HIF-1a exists downstream of Akt and
regulates expression of many angiogenesis-related genes
including those of VEGF and FLT (2, 9, 18, 20). It is of note
that HIF-1a upregulates MK expression (30). Therefore, the
potent angiogenic activity of MK as shown in the present
experiments using mouse MI models would be explained
primarily by the PI3K-Akt signaling axis like other growth
factors. The marked reduction of Akt phosphorylation in
MKKO mice suggested that MK has critical role to activate
Akt, and indeed, exogenous treatment of MK for WT mice
caused remarkable acceleration of Akt and PI3K activation
after M1, In addition to these in vivo data, the in vitro action
of exogenous MK on HUVEC to activate Akt and promote
tubulogenesis was prevented by wortamannin, a specific
inhibitor of PI3K.

Angiogenesis is deeply associated with inflammatory re-
action (1). For instance, monocyte/macrophages accumula-
tion is a critical player in both capillary sprouting and
collateral artery growth. These inflammatory cells produce a
variety of angiogenic cytokines and growth factors upon
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Fig. 5. Consequences of MK treatment in
terms of phosphatidylinositol  3-kinase
(PI3K)/Akt pathway, MAPK family, and
hypoxia inducible factor (HIF)-la expres-
sions. A: Western blots of PI3K and Akt in
LV at 28 days after ML. The amounts of
phosphorylated (p) PI3K and p-Akt in
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activation. MCP-1, TNF-«, bFGF, and MMPs belong to
their repertoire (14, 37). In this study, the expression pattern
of MK matched with the macrophage infiltration in acute or
subacute inflammation phase after MI (14), and the survival
rate of MKKO mice was significantly worse than WT in this
phase (Fig. 1). From these data, there is a possibility that
MK is also produced by inflammatory cells. In fact, Narita
et al. (26) showed that MK is expressed by macrophages in
neointima of hypercholesterolemic rabbits. On the other
hand, MK is known to promote the chemotaxis of neutro-
phils or the migration of macrophages (12). Our laboratory
has shown previously that MK has a critical role in neoin-
tima formation by enhancing the recruitment of inflamma-
tory cells (12). MK also induces activation of MCP-1 and
mediates the inflammatory reaction in the kidney subjected
to ischemia-reperfusion (31). These observations suggest
that the potent angiogenic activity of MK in the heart after
MI is mediated in part by its proinflammatory action.

Is associated with an inflammatory reaction, which is a
prerequisite for healing and scar formation. There is com-
plex interplay among many factors involved in the reaction.
In terms of LV remodeling and dysfunction after MI, in-
flammation can induce either undesirable or beneficial ef-
fects (10, 14). The former effect is the result of the progres-
sion of myocardial injury, whereas the latter one is the result
mainly of an enhancement of angiogenesis, and the final
consequence is determined by their balance under a variety
of pathological conditions (7). Among MK-associated in-
flammatory molecules, MCP-1 has long been considered to
play a deleterious role in postinfarct LV dysfunction and
remodeling. Morimoto et al. (21), however, have shown in

WT-MK were significantly larger than those
in WT-NT (n = 4 each). The expression of
p-Akt in MKKO was significantly less than

in WT-NT. Graphs are summaries of densi-
D tometric values. B: immunohistochemistry of
p-Akt in WT-NT and WT-MK. Scale bar,

MKKO

HIF 1-c 100 pm. C: representative Western blots
GAPDH (EERaEEy showing ERK1/2 phosphorylation and p38
MAPK phosphorylation. Values are means +

WT-NT WT-’CAK SE (n = 4). D: expression of HIF-la was

significantly increased in WT-MK compared
40 with WT-NT. *P < 0.05 vs. WT-NT. Arrows
indicate microvessel area.
3.0

2.0

HIF 1-o/ GAPDH

WT-NT ~ WT-MK

their study using transgenic mice that the cardioselective
overexpression of MCP-1 prevents LV dysfunction and
remodeling after MI through an enhancement of neovascu-
larization.

We also found in the present study that the expression of
syndecans was enhanced in MK-treated WT mice. Synde-
cans are membrane-bound heparan sulfated proteoglycans,
and implicated in angiogenesis. For example, mice lacking
Synd-4 show impaired angiogenesis, and Synd-2 is required
for angiogenic spouting during zebrafish development (3, 6).
It is interesting that MK binds to syndecans (6). Further-
more, a recent study by Vanhoutte et al. (35) using mice of
targeted Syndl deletion and adenovirus Synd! gene over-
expression has demonstrated that increased the expression
of Synd-1 in MI prevents inverse healing, thereby reducing
cardiac dilatation and dysfunction after MI. Accordingly,
MK-induced syndecan family could contribute the amelio-
ration of LV remodeling and dysfunction after MI through a
similar mechanism. Beside syndecans, MK binds to other
cell surface molecules. The MK receptor is thought to be a
molecular complex including syndecan family members;
protein-tyrosine phosphatase-{, a chondroitin sulfate proteo-
glycan; members of the low density lipoprotein receptor-
related protein family; and anaplastic lymphoma kinase, a
receptor-type tyrosine kinase (15, 19, 22, 24). Biological
significance of these molecules after MI remains to be
verified.

Fukui et al. (8) recently showed that MK has therapeutic
effects for cardiac remodeling after MI. Although they did
not show the detailed molecular mechanisms, the results
were similar with our data in the point that the angiogenic
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effect of MK showed preventive action for LV remodeling.
In addition to their data, we have shown the involvement of
the PI3K/Akt pathway in MK-mediated angiogenesis. Fur-
thermore, the antiapoptotic effects of MK in MI model were
demonstrated in the present study. We previously showed in
mouse acute MI model induced by ischemia-reperfusion that
MK ameliorates acute myocardial injury through its potent
antiapoptoic action (13). In this study, we also found that
MK treatment reduced apoptotic reaction in the chronic
phase of ligation model. The signaling pathways of angio-
genesis and apoptosis overlap and cross-talk each other:
MAPKs especially initiate the activation of Bax and Bel-2
(29). Bad, an proapoptotic member of the Bc¢l-2 family, is
displaced by Bax from binding to Bcl-2 and Bel-XL (38). In
addition to MAPKs, the phosphorylated Akt inhibits the
apoptotic effects of Bad (5). These facts suggest that the MK
could prevent remaining myocardiocytes from apoptosis via
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Fig. 6. Effects of apoptotic change in the postinfarct heart. A: terminal
deoxynucleotidyl transferase dUTP-mediated nick-end labeling (TUNEL)
staining in the peri-infarct area of WT-NT and WT-MK. WT-MK shows a
marked decrease of TUNEL-positive apoptotic cells. B: representative Western
blots of Bcl-2 and Bel-2-associated X protein (Bax). The ratio of Bel-2 to Bax
in the WT-MK (n = 4) was significantly decreased compared with that in
WT-NT (n = 4). C: representative Western blots of p-bcl-x\/bel-2-associated
death promoter (Bad). The p-Bad in the WT-MK (n = 4) was significantly
increased compared with that in WT-NT (n = 4). Values are means + SD.
*P < 0.05 vs. WT-NT. Scale bars, 100 pm. IP, immunoprecipitation.
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Fig. 7. Matrigel assays in vitro and vivo. A: in vitro assay to see the formation
of vascular structure of human umbilical vein endothelial cells (HUVEC).
HUVEC were seeded on growth factor-depleted Matrigel in the absence of
serum and in the presence of either 100 ng/ml MK (n = 8), 100 ng/ml basic
(b)FGF (positive control; n = 8), or vehicle (control; n = 6) and were
photographed after 6 h. MK-treated and bFGF-treated cells showed much more
extensive ring and cord formation than control cells. Scale bars, 50 pm.
B: activation of Akt in HUVEC assessed by Western blots in Matrigel assay in
vitro. Application of 100 ng/ml MK for 6 h caused a significant upregulation
of p-Akt, and this upregulation was reversed by concomitant application of 30
nmol/l wortomannin (Wort; means = SE, n = 5 each). *P < 0.01 vs. control.
##P < 0.01 vs. MK alone. C: in vivo assay is sections from control and MK-
and bFGF-impregnated Matrigel pellets (hematoxylin and eosin). Treatment
with either MK (500 ng/ml) or bFGF (100 ng/ml) resulted in a considerable
increase in vessel invasion. Scale bar, 100 pm, D: density of newly formed
vessels in Matrigel assessed by von Willebrand factor immunostaining
(means * SE; n = 10 each). *P < 0.05 vs. control.

MAPKs and Akt pathways. The potent angiogenic and
antiapoptotic activities of MK in the chronic phase of MI
may synergistically exert effects on the prevention of LV
remodeling and dysfunction in favor of long-term survival.
The beneficial effects of exogenous MK application would
provide a new perspective for the innovation in the treat-
ment of MI
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Successful cross-breeding of cloned pigs
expressing endo-p-galactosidase C and
human decay accelerating factor

Yazaki S, Iwamoto M, Onishi A, Miwa Y, Suzuki S, Fuchimoto D,
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Kuzuya T, Maruyama S, Ogawa H, Kadomatsu K, Uchida K,

Nakao A, Kobayashi T. Successful cross-breeding of cloned pigs
expressing endo-B-galactosidase C and human decay accelerating factor.
Xenotransplantation 2009; 16: 511-521. © 2009 John Wiley & Sons A/S.

Abstract: Background: For successful organ xenotransplantation,
genetically engineered pigs have been actively produced. Our attention
has focused on (i) reduction of «Gal expression by its digestion enzyme,
endo-B-galactosidase C (EndoGalC), and (ii) inhibition of complement
activation by human decay accelerating factor (hDAF). Cell sorting and
nuclear transfer enabled the effective production of cloned pigs
expressing transgene at high levels, We report the successful cross-
breeding of pigs expressing EndoGalC and hDAF.

Methods: After hDAF and EndoGalC genes were transfected into pig
fibroblasts from the fetus of Landrace x Yorkshire and Meishan,
respectively, transfected cells expressing transgenes effectively were
collected using a cell sorter. Cloned pigs were produced using the
technology of somatic cell nuclear transfer. After cross-breeding of
cloned pigs, kidneys expressing both EndoGalC and hDAF were
transplanted into baboons to examine the efficacy of gene transduction.
Results: Well-designed cloned pigs were produced by cross-breeding.
aGal expression levels in cloned pigs were reduced up to 2 to 14%,
compared to that in wild-type pigs. hDAF expression reached about 10-
to 70-fold, compared to that in human umbilical vein endothelial cells.
No congenital deformity was observed. There was no problem of
increased stillbirth rate or growth retardation. Hyperacute rejection
could be avoided in such a cloned pig to baboon kidney transplantation
without any treatment for anti-pig antibody removal. However, grafts
suffered from fibrin deposition as early as | h after transplantation, and
were rejected after 1 week.

Conclusions: Using a cell sorting system for effective collection of trans-
fected cells, two types of cloned pigs were produced with a very high level of
hDAF expression and a low level of aGal expression. Such genetic
modification was effective in preventing hyperacute rejection, but there
was an immediate lapse into procoagulation after transplantation,
resulting in acute vascular rejection. Effective suppression of antibody
binding to the graft would be necessary, even if a high level of hDAF is
expressed.
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Introduction

In clinical application for xenotransplantation,
which promises to overcome the mounting donor
shortage, potent immune response must be totally
controlled. The elimination of Galal, 3Gal (aGal)
antigens which had been considered to present the
highest immunological barrier to successful pig to
human xenotransplantation, has been realized by
advanced clone technology, namely, successful
production of al1,3 galactosyltransferase knockout
(GT-KO) pigs [1-3].

However, graft injury has not been prevented
completely even when organs from such GT-KO
pigs were transplanted into non-human primates
[4-7]. To obtain long-term graft survival, the
indispensable key would be a novel strategy includ-
ing gene transduction or knock-out (elimination) of
other factors for donor pigs as well as effective
treatment for recipients such as improvement of
pharmacological immunosuppression and tolerance
induction [8-11]. Several candidates for additional
modifications proposed earlier include the regula-
tion of complement, coagulation, costimulatory
signal, and innate immunity such as NK and
macrophage and infection [12,13]. Human regula-
tory protein such as human decay accelerating factor
(hDAF, CDS55), membrane co-factor protein (MCP,
CD46) and CD59 has been considered to be one of
the essential transgenes [14-17], because comple-
ment is related to cytotoxicity, inflammation, pro-
coagulation and immune response, and becomes a
strong initiator for endothelial activation, leading to
graft injury immediately after antibody binding or
independently of it [18-20].

The first step in achieving genetically engineered
pigs for xenotransplantation was the introduction
of human DAF (CD55), which was a landmark
because of the drastic improvement in graft survival
over 3 months [21]. We previously reported the
usefulness of high expression of hDAF in pig cells
(over 15-fold higher than human endothelial cells),
which showed a high ability to prevent the cyto-
toxicity of human sera [22]. Subsequently, we have
made it possible to produce cloned pigs with such
high hDAF expression using a cell sorter, which
allowed the collection of hDAF highly expressed
fibroblasts for nuclear transfer.

In developing a strategy to eliminate «Gal
expression, we originally directed our attention to
the digestion of aGal epitopes using the enzyme,
called endo-pB-galactosidase C (EndoGalC) [23].
After that, GT-KO pigs were proven to be
successfully produced. However, the production
of cloned GT-KO pigs has been feasible in a
limited number of institutions, because gene
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knock-out (elimination) in pigs requires cutting-
edge technology and a robust budget, compared to
gene introduction. To explore the possibility of
EndoGalC gene transfer as an alternative and
additional strategy to GT-KO, we have continued
to produce cloned pigs expressing EndoGalC,
according to promising evidence which showed
that an in vitro test of gene transfer of EndoGalC
demonstrated almost complete removal of aGal
expression from pig cells [24].

Next, cross-breeding of pigs expressing hDAF
and EndoGalC has been attempted, resulting in the
establishment of genetically engineered pigs effec-
tively expressing both hDAF and EndoGalC
genes. We have examined the usefulness of the
pig graft with a high level of hDAF expression and
EndoGalC-induced aGal reduction.

In this study, we report the successful cross-
breeding of pigs expressing hDAF and EndoGalC,
and the effectiveness and limitation of such gene
transduction in a pig to baboon kidney transplan-
tation model.

Materials and methods
Animals

In connection with the production of genetically
engineered pigs, all procedures were carried out in
accordance with National Institute of Agrobiologi-
cal Sciences after approval by the Japanese Mini-
stry of Education, Culture, Sports, Science and
Technology. Breeding and transfer of the produced
genetically engineered pigs complied with the
Cartagena protocol domestic law.

The pigs and baboons used in this study received
humane care in compliance with the Guide for the
Care and Use of Laboratory Animals prepared by
the National Academy of Sciences and published by
the National Institutes of Health. Experimental
protocols for clone pig to baboon kidney transplan-
tation were approved by the Committee on Research
Animal Care, Institute for Laboratory Animal
Research, Nagoya University School of Medicine.

Preparation of donor cells expressing hDAF for nuclear transfer

Pig fibroblasts which were obtained from the fetus
of Landrace X Yorkshire as described previously
[25] were used for hDAF gene transfer. hDAF
c¢DNA was subcloned into the pCAGGS expres-
sion cassette (pCAG-hDAF-p(A)) that contains
the cytomegalovirus enhancer, chicken p-actin
promoter, and a portion of the second intron
[26]. Next, a puromycin-resistance gene cassette
(PGK-puro-p(A)) was ligated to the terminal
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CAG-hDAF-pac

Fig. 1. Vector constructs. (A) hDAF

expression vector; (B) EndoGalC
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expression vector. hDAF, human decay
accelerating factor; Endo, endo-B-galacto-
sidase C; CMV-1E, Cytomegalovirus
immediate-early 1 gene enhancer; CAG,
Chicken B-actin promoter; pA, Rabbit
pB-globin polyA; PGK, Mouse phospho-
glycerate kinase 1 promoter; pac,
Puromycin resistant gene; neo, Neomycin-
resistant gene; p(A), Mouse phosphoglyc-
erate kinase 1 poly(A) signal; CT, Cyto-
plasmic tail; TM, Transmembrane domain;

Noti
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region of the pCAGGS expression cassette. Sea
Urchin Ars insulator gene was then outwardly
ligated to the two ends of the cassettes, and hDAF
expression vector (pOL-CAGhDAF-pac) was com-
pleted (Fig. 1A). hDAF expression vector was
introduced into fetal fibroblasts by Lipofectamine
PLUS Reagent (Invitrogen, Carlsbad, CA, USA).
After puromycin selection (1.0 to 2.0 pg/ml) for
7 days and cell culture for 2 weeks, fibroblasts
were subjected to fluorescence-activating cell sort-
ing (FACS) (EPICS ALTRA Multi-COMP; Beck-
man Coulter, Fullerton, CA, USA). Cells stained
with fluorescein isothiocyanate (FITC)-conjugated
anti-CDS55 (hDAF) antibody at a high level were
collected by gating on fluorescence intensity
(Fig. 2A). Only fibroblasts expressing hDAF at a
high level were used for nuclear transfer.

Preparation of donor cells expressing EndoGalC for nuclear
transfer

Pig fibroblasts obtained from the fetus of Meishan
as described previously [25] were used for Endo-

A

hDAF

Fig. 2. Flow cytometric analysis before B
and after cell sorting. (A) hDAF-expressed
fibroblasts; (B) EndoGalC-expressed
fibroblasts. Left: before cell sorting; right:
after cell sorting. Control (+) and control
() indicate wild-type pig fibroblasts with
and without the staining of FITC-labeled
antibody. Transfected cells were sorted
within the range of M1 by FACS. Sorted
cells are indicated by thick lines. MFI,
mean fluorescence intensity.
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GalC gene transfer. We earlier reported that
EndoGalC digests the linkage between Gal Bl-4
GlcNAc in Gal epitopes and that the gene intro-
duction effectively reduced aGal expression in pig
cells [24,27]. pCAGGS/GT + EndoGalC expres-
sion cassette was prepared as described previously
[24]. Next, an inverted neomycin-resistance gene
cassette (PGK-neo-p(A): neo(—)) was ligated to the
terminal region of the pCAGGS expression cassette
and pCAGGS/GT + EndoGalC-neo(~) expression
vector was completed (Fig. 1B). Fetal somatic cells
were electroporated in 500 pl of HEPES-buffered
saline containing 5 nM of pCAGGS/GT+ Endo-
GalC-neo(-) expression vector using an electropo-
ration system (Gene Pulser II; Bio-Rad Co. Ltd.,
Hercules, CA, USA) with 750 V/cm, 950 pF one
pulse. Electroporated cells were then cultured in a
100-mm plastic dish (#3003; Becton Dickinson,
Franklin Lakes, NJ, USA) with 10ml of
Dulbecco’s Modified Eagle’s Medium (DMEM)
(D5796; Sigma-Aldrich, St. Louis, MO, USA)
containing 10% fetal bovine serum at 37 °C in a
humidified atmosphere of 5% CO, in air. After 24
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to 48 h in culture, 500 to 800 pg/ml of neomycin
was added to the medium for selection of cells
carrying pCAGGS/GT+ EndoGalC-neo(~) for
10 days. These surviving cells were grown to
confluence and stained with FITC-labeled Griffonia
simplicifolia isolectin IB4 (GS-IB4) which recog-
nizes aGal, and subjected to FACS (EPICS AL-
TRA Multi-COMP). The mean fluorescence
intensity (MFI) was used to quantitate the expres-
sion level of aGal. Therefore, cells stained with
GS-IB4 at a low level could be surmised to be
expressing EndoGalC at a high level and collected
by gating on fluorescence intensity (Fig. 2B). Only
fibroblasts expressing aGal at a low level were used
for nuclear transfer.

Production of clonad pigs expressing hDAF and EndoGalC

Cloned piglets expressing hDAF and EndoGalC
were produced by nuclear transfer as described
previously [25]. Moreover, in vivo and in vitro
mature oocytes (metaphase II oocytes) used for
somatic cell nuclear transfer were prepared as
described previously [25,28]. Metaphase II oocytes
were enucleated by gentle aspiration of the first
polar body and adjacent cytoplasm using a beveled
pipette (25 to 30 pm) in PZM3 medium [29]
containing 5.0 pg/ml cytochalasin B (CB). After
enucleation, cocytes were washed in PZM3 with-
out CB. Nuclei of transgenic donor cells were
transferred into the enucleated oocytes by direct
intracytoplasmic injection using a piezo-actuated
micromanipulator (Prime Tech., Tsuchiura, Japan)
in accordance with the method described previ-
ously [25,28,30]. Oocytes injected with donor cell
nuclei were transferred to activation solution
consisting of 0.28 M d-mannitol, 0.05 mM CaCl,,
0.1 mM MgSO,, and 0.01% (w/v) bovine serum
albumin (BSA; Sigma, St. Louis, MO, USA), and
washed once. The oocytes were then stimulated
with a direct current pulse of 1.5 kV/cm for 100 ps
using a somatic hybridizer (SSH-10; Shimadzu,
Kyoto, Japan). They were then transferred for 2 h
to PZM3 supplemented with CB to prevent extru-
sion of a pseudo-second polar body. The recon-
structed (nuclear transferred) oocytes were then
cultured in PZM3 medium in an atmosphere of 5%
CO,, 5% O,, and 90% air at 38.5 °C for 2 days
until the two- to eight-cell stage. The cleaved
embryos were transferred to the oviducts (200
embryos per a surrogate) of an anesthetized
surrogate mother (mature LWD; Landrace X
Large White X Duroc crosses). Embryo transfer
was performed nine times using 11 surrogates for
the embryos derived from nuclear transfer of
hDAF expressing cells. Similarly, embryo transfer
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was performed seven times using seven surrogates
for the embryos derived from nuclear transfer of
EndoGalC expressing cells. These surrogate moth-
ers were previously pregnant by artificial insemi-
nation after injection of superovulation inducing
hormones and artificially aborted. After embryo
transfer, these mothers were kept under a conven-
tional environment employed for housing pigs and
observed daily for confirmation of pregnancy by
checking estrus. All of the transgenic cloned piglets
were delivered on day 113 to 116 of gestation
without labor induction.

Cross-breeding of cloned pigs expressing hDAF and EndoGalC

For preservation of progeny and analysis of
transgene expression, fibroblasts were obtained
from the ear after birth and cultured in DMEM
supplemented with 10% FCS. The course of cross-
breeding of cloned pigs expressing hDAF and
EndoGalC was depicted in Fig. 7. Meishan female
pig expressing EndoGalC founder was bred with a
Large White x Landrace male pig expressing
hDAF to produce the F1 generations. Close
attention was paid to the following cross-breeding
in the light of the preservation of genetic variation
as much as possible and the minimization of any
problems associated with inbreeding depression in
subsequent generation.

Flow cytometry

The efficacy of transgene was evaluated by flow
cytometry. Cultured fibroblasts obtained from the
piglet’s ear were examined for evaluation of the
expression level of hDAF and aGal antigens.
Aortic endothelial cells harvested from euthanized
cloned piglets or stillborn neonate were also
examined for evaluation. For the detection of
hDAF and aGal antigen, FITC-labeled anti-CD55
(hDAF) antibody (BD Biosciences, San Jose, CA,
USA) and FITC-labeled GS-IB4 (Sigma) were
used as mentioned above. The expression level of
hDAF was described as a relative value of
human positive control, which was calculated by
MFL

Human umbilical vein endothelial cells (HUVEC)
and human aortic endothelial cells (HAEC) (Lonza
Corporation, Walkersville, MD, USA) were used
as a positive control at low passage number (below
7) to avoid instability of expression pattern
and change of character. Fibroblasts and aortic
endothelial cells (PAEC) obtained from wild-type
newborn pigs were used as a negative control for
hDAF expression and as a positive control for
aGal expression. The expression level of aGal
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