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Abstract Pigs have been recognized as an excellent
biomedical model for investigating a variety of
human health issues. We developed genetically
modified pigs that exhibit the apparent symptoms of
diabetes. Transgenic cloned pigs carrying a mutant
human hepatocyte nuclear factor 1o gene, which is
known to cause the type 3 form of maturity-onset
diabetes of the young, were produced using a
combined technology of intracytoplasmic sperm
injection-mediated gene transfer and somatic cell
nuclear transfer. Although most of the 22 cloned
offspring obtained died before weaning, four pigs that
lived for 20-196 days were diagnosed as diabetes
mellitus with nonfasting blood glucose levels greater
than 200 mg/dl. Oral glucose tolerance test on a
cloned pig also revealed a significant increase of
blood glucose level after glucose loading. Histo-
chemical analysis of pancreas tissue from the cloned
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pigs showed small and irregularly formed Langerhans
Islets, in which poor insulin secretion was detected.
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Introduction

Advances in transgenic technologies have enabled the
production of animals showing disease progression
similar to that seen in humans (Prather et al. 2003).
These animals provide models for etiological and
pathogenetic research and are also useful tools for the
development of new drugs (Larsen and Rolin 2004;
Lunney 2007; Prather et al. 2003).

Diabetes mellitus, characterized by high blood
glucose levels and various complications such as
diabetic retinopathy, diabetic nephropathy, and dia-
betic neuropathy, is one of the most serious chronic
diseases in modern society (Wild et al. 2004). This
disease is caused by a physical or functional loss of
the f-cell mass, primarily due to an autoimmune
process (type 1 etiological process) and/or increased
need for insulin due to insulin resistance (type 2
process; Tuomi 2005). Development of diabetes has
been attributed to multiple genetic and/or environ-
mental factors (Knip et al. 2005; Taylor et al. 2007).
For example, genetic mutation of hepatocyte nuclear
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factor (HNF)-1« is described as a cause of diabetes
(Yamagata et al. 1996; Yamagata 2003). HNF-1a is a
transcription factor expressed in the liver, kidney,
small intestine, and spleen, as well as in the pancreas
(Miquerol et al. 1994; Nicosia et al. 1990). Mutations
in HNF-1a cause the type 3 form of maturity-onset
diabetes of the young (MODY3), which is an
early-onset non-insulin-dependent type of diabetes
characterized by autosomal dominant inheritance
(Yamagata et al. 1996; Yamagata 2003).

Transgenic (tg) mice carrying mutant HNF-1o
have been produced, and those mice show diabetic
symptoms such as high blood glucose Ilevels,
impaired insulin secretion, and hypoplasia of the
islets of Langerhans (Hagenfeldt-Johansson et al.
2001; Watanabe et al. 2007; Yamagata et al. 2002).
Small animal models of disease such as in rodents,
however, often do not faithfully mimic the relevant
human conditions (Lunney 2007). In contrast, dia-
betic models in pigs, which are well known to display
anatomical and physiological similarities to humans,
would be useful in research, including the develop-
ment of new therapies and drugs (Larsen and Rolin
2004; Lunney 2007).

Several porcine models of diabetes induced by
streptozotocin administration have been reported
(Larsen et al. 2002; Murakami et al. 2007), but there
have been no porcine models of diabetes caused by
transgenesis to date. The present study produced tg-
cloned pigs carrying the human HNF-1o mutant gene,
and demonstrated that these pigs exhibit the patho-
physiological characteristics of diabetes.

Materials and methods
Animal care

All animal experiments in this study were approved
by the Institutional Animal Care and Use Committee
of Meiji University (IACUC-04-004) and the Animal
Code of Bios (ACB-2005; Bios, Kanagawa, Japan).

Fig. 1 Structure of an
expression vector for the
mutant human HNF-1o

DNA constructs

An expression vector (Fig. 1) for the mutant human
HNF-1o0 ¢cDNA (HNF-1aP291fsinsC) (Yamagata
et al. 1996) was constructed as described previously
(Watanabe et al. 2007). This DNA vector was
constructed based on pBluescript SK(-) (Stratagene,
LaJolla, CA, USA) and consists of the enhancer for
the immediate-early gene of human cytomegalovirus
(CMV-LE, 0.4 kbp) followed by the porcine insulin
promoter (0.7 kbp), the human HNF-10P291fsinsC
cDNA (2.3 kbp), the SV40 poly-adenylation signal
(0.1 kbp), and the chicken f-globin insulator
(1.2 kbp, Watanabe et al. 2007). The transgene
fragment was excised from the plasmid vector by
enzymatic digestion, separated by gel electrophoresis,
and purified using a GENECLEAN II Kit (MP
Biomedicals, Solon, OH, USA).

Production of tg-fetuses and somatic cell cloning

Tg-cloned pigs carrying human HNF-10P291fsinsC
cDNA were produced using a combined method of
intracytoplasmic sperm injection (ICSI)-mediated
gene transfer and somatic cell nuclear transfer
(SCNT) (Kurome et al. 2006). Introduction of the
transgene into porcine in vitro-matured (IVM)
oocytes by an ICSI-mediated gene transfer method
was undertaken as described elsewhere (Kurome
et al. 2006, 2007).

A total of 164 embryos that developed from
sperm-injected oocytes were transferred into two
estrus-synchronized recipient gilts after culture for 1
or 2 days in PZMS5 (Functional Peptide, Yamagata,
Japan). Recipients were autopsied to recover the
fetuses at gestational day 36.

Among the ten fetuses obtained, two tg-fetuses
(#111-2 and #111-4) were identified by PCR and
Southern blot (Fig. 2), and used to collect nuclear donor
cells. PCR conditions have been reported previously
(Watanabe et al. 2007). Sex of the fetuses was also
confirmed by PCR (Kawarasaki etal. 1995). In addition,
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Fig. 2 Southern blotting for the HNF-10P291fsinsC gene in
nuclear donor cells

the copy number of the transgene was confirmed by
Southern blot analysis (Watanabe et al. 2007).

A primary culture of fibroblast cells was estab-
lished from one of the tg-fetuses by routine cell
culture technology and was maintained in Dulbecco’s
Modified Eagle Medium supplemented with 15%
fetal calf serum (FCS). After 3—4 passages, cells were
stored frozen until used for nuclear transfer.

SCNT was performed using IVM oocytes as
recipient cytoplasts, as described previously (Kurome
et al. 2006, 2008). Briefly, oocytes were enucleated
by aspirating the first polar body and adjacent
cytoplasm using a beveled pipette (diameter 30 pm)
in Tyrode’s lactose medium supplemented with
10 mM HEPES and 0.3% (w/v) polyvinylpyrrolidone
in the presence of 0.1 pg/ml demecolcine, 5 pg/ml
cytochalasin B, and 10% FCS (Yin et al. 2002). Fetal
fibroblast cells established from a tg-fetus were used
as nuclear donors after cell cycle synchronization by
serum starvation for 48 h. A single donor cell was
inserted into the perivitelline space of an enucleated
oocyte. Membrane fusion of the donor cell and the
cytoplast was induced by applying a single direct
current (DC) pulse (200 V/mm, 20 ps x 1) and pre
and post-pulse alternating current fields of 5V,
1 MHz for 5 s in a 280 mM mannitol solution (pH
7.2) containing 0.15 mM MgSO,, 0.01% (w/v)
polyvinyl alcohol, and 0.5 mM HEPES. Recon-
structed embryos were cultured in NCSU23 (Petters
and Wells 1993) for 1-1.5 h, followed by electrical
activation. Cloned embryos were surgically trans-
ferred into estrus-synchronized recipients after cul-
ture for 1 or 2 days in PZMS5 medium.

Characterization of tg-cloned pigs

Transcription of the transgene in the organs of tg-
cloned pigs was confirmed by RT-PCR (Watanabe
et al. 2007). Translation of the transgene was
confirmed by western blot analysis as described

previously (Watanabe et al. 2007), except for the use
of the polyclonal goat anti-human HNF-1o antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, USA)
and the secondary antibody, alkaline phosphatase-
conjugated polyclonal donkey anti-goat IgG (Santa
Cruz Biotechnology).

Biochemical analysis of blood components

Venous blood samples were collected in tubes
containing heparin to determine the concentrations
of lactate dehydrogenase (LDH), aspartate amino-
transferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP), y-glutamyl transpepti-
dase (y-GTP), albumin (ALB), globulin (Ig), total
protein (TP), total bilirubin (TB), total cholesterol (T-
CHO), triglyceride (TG), phospholipids (PL), crea-
tine kinase (CK), cholinesterase (ChE), blood urea
nitrogen (BUN), creatinine (CRE), uric acid (UA),
glucose (GLU), calcium (Ca), inorganic phosphate
(IP), sodium (Na), potassium (K), and chloride (CI)
using an Auto Chemical Analyzer (JCA-DMS; JEOL,
Tokyo, Japan). The concentration of 1,5-anhydrog-
lucitol (1,5-AG) was determined using the enzymatic
method (SRL, Tokyo, Japan).

Oral glucose tolerance test (OGTT)

An OGTT was performed on a tg-cloned pig showing
high blood glucose level on postpartum day 20. After
fasting for 13 h, a glucose solution (3 g glucose/kg
body weight) was administrated to the pig through an
oral catheter. Blood samples were drawn from the
cervical vein at 0, 30, 60, 120, 180, and 240 min after
glucose loading.

Histochemical analysis and immunohistochemical
analysis

Both tg-cloned and control pigs were sacrificed by
exsanguination under anesthesia. Dissected organs
were fixed in a 10% neutral-buffered formalin
solution, embedded in paraffin, sectioned, and finally
stained with hematoxylin and eosin (HE).

For immunohistochemistry, sections were incubated
with the diluted primary anti-pig insulin polyclonal
guinea pig antibody for 30 min at room tempera-
ture, followed by incubation with the secondary anti-
body of “EnVision + Rabbit/HRP” (DakoCytomation,
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Glostrup, Denmark) for 30 min, and finally stained with
diaminobenzidine (DakoCytomation, Glostrup,
Denmark).

Statistics

Values for the biochemical parameters of the blood
plasma were expressed as mean + SD. Differences
were analyzed using a two-tailed unpaired Student’s
1 test.

Results
Production of tg-cloned pigs with SCNT

Fibroblast cells established from a male transgenic
fetus (#111-2) carried ten copies of the transgene, as
confirmed by Southern blot analysis (Fig. 2). These
cells were used as nuclear donor cells in SCNT. A
total of 927 cloned embryos were produced and
transferred into 12 recipient gilts, all of which
became pregnant. Although one gilt miscarried on
gestational day 36, 11 gilts farrowed a total 22 live
and 9 stillborn piglets.

The mean body weight of the tg-cloned piglets was
857 g (range 499-1,310 g). All piglets were con-
firmed as transgenic by PCR. While 17 of the 22
offspring died within 10 days after birth, five lived
20 days or longer (Fig. 3). Four of these piglets,
DI09, DI12, DI17, and DI21, which lived for 30, 22,
196, and 120 days, respectively, were judged as

Fig. 3 A transgenic cloned piglet with diabetes mellitus,
19 days postpartum
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diabetic, with nonfasting blood glucose levels greater
than 200 mg/dl. DIO3 died before measuring the
blood sugar level at 20 days after birth.

DI17 and DI21 developed quadriplegia at 166 and
113 days, respectively, and subsequently could not
move independently. Cause of death was pneumonia
for DIO9 but was unknown for the remaining three
animals.

Transcription and translation of the transferred
gene

Analysis was performed to determine if the intro-
duced transgene (HNF-10P291fsinsC) was tran-
scribed and translated. Transcription of the
transgene was confirmed by RT-PCR in organs
including the brain, heart, lung, liver, pancreas,
spleen, and kidney. Western blotting using an anti-
human HNF-1a polyclonal antibody detected protein
expression of the transgene in the heart, pancreas, and
kidney (Fig. 4).

Biochemical analysis of plasma from tg-cloned
pigs

As shown in Fig. 5, DI0O9, one of the five cloned pigs
that survived more than 20 days showed a nonfasting
blood glucose level of 231 mg/dl at postpartum day
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Fig. 4 Western blot analysis of the HNF-10P291fsinsC gene
product in transgenic (7G) and nontransgenic (Non) piglets.
The 315 amino acid HNF1oP291fsinsC protein (Ex) was
detected in the brain (B), lung (LU), heart (H), pancreatic head
(Ph), pancreatic tail (Pf), spleen (S), and kidney (K). In the
liver (LI) of transgenic piglets, the HNF-1¢P291fsinsC protein
was not detected. M: molecular size marker. En: endogenous
HNF-1a
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Fig. 5 Nonfasting blood glucose concentrations of the control
piglets (-#-, n = 3) and the transgenic cloned piglets, DI0O9
(-O0-), DI12 (-$-), DI17 (-A-), and DI21 (-O)-)

18. This level remained greater than 200 mg/dl until
death at day 30 due to pneumonia. DI12 showed a
nonfasting blood glucose level of 485 mg/dl at 7 days
after birth, and it remained greater than 400 mg/dl
until death at 22 days. The blood glucose level of
DI17 was 339 mg/dl at 10 days after birth, and it
remained about 400 mg/dl until day 164. Nonfasting
blood glucose level of DI21 reached 220 mg/dl at
18 days after birth, then it fluctuated below or over
200 mg/dl until day 49. After day 49, it remained
greater than 200 mg/dl until day 107.

DI12 underwent OGTT at 20 days after birth.
Blood glucose level after fasting for 13 h was
278 mg/dl and increased to 788 mg/dl 2 h after
glucose loading (Fig. 6).

The plasma levels of 1,5-AG in tg-cloned pigs and
in control wild-type pigs were compared. In contrast
to a mean level of 6.8 £ 1.5 ng/ml (range 4.5-
11.9 pg/ml) in wild-type pigs, the concentration of
1,5-AG was significantly lower in the tg-cloned pigs
DIO9 and DI12, at 3.3 pg/ml (age 28 days) and
1.1 pg/ml (age 20 days), respectively. In DI17 and
DI21, 1,5-AG levels reflected increases in blood
glucose and were significantly lower than that in the
control group (Fig. 7).

Furthermore, we investigated 22 biochemical
parameters in the plasma of tg-animals that lived at
least 20 days. Table 1 shows the blood biochemical
findings for DI17 and DI21 at 48 and 120 days after
birth. Creatinine concentrations for the tg-cloned pigs
(0.6-0.8 mg/dl) were comparable to those in control
pigs (0.7-0.9 mg/dl), and remained within the normal
range until death. This suggests that the kidneys of tg-
cloned pigs functioned normally. At the age of
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Fig. 6 Oral glucose tolerance test of the control piglets (-#-,
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Fig. 7 1,5-AG concentrations of the control piglets (-@-,
n = 3) and the transgenic cloned piglets, DI0O9 (-OJ-), DI12
(-©-), DI17 (-A-), and DI21 (-O)-)

48 days, AST was within the normal range, but when
compared to control pigs, AST was higher at the age
of 120 days for the tg-cloned pigs (DI17: 116.3 units/I,
DI21: 119.1 units/l vs. control: 20.4 + 6.8 units/I),
suggesting the possibility of hepatic dysfunction. At
120 days values of LDH and CK also showed large
difference from controls. Increase of LDH may
indicate hepatic dysfunction. High CK value is one
of the characteristics of diabetes, though influence of
stress caused by blood sampling can not be ruled out.

Histological analysis of tg-cloned pigs

Histological examination of the pancreas, kidneys,
and liver was performed in the two pigs with longer
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Table 1 Biochemical parameters in the plasma of the transgenic cloned piglets, DI17 and DI21, and control piglets at 48 and

120 days after birth

48 Days 120 Days
DI17 DI21 Control DI17 DI21 Control

LDH (units/1) 2683.6 2475.7 1922.3 £+ 274.6 3122.7 4362.9 11904 £+ 101.5
AST (units/1) 37.2 61.7 529 £ 538 116.3 119.1 204 + 6.8
ALT (units/l) 333 36.9 342 + 49 53.9 71.6 374+ 43
ALP (units/1) 1342.3 769.4 1334.0 + 99.8 408.2 144.5 599.6 £ 217.3
y-GTP (units/1) 29.7 26.0 409 + 12.8 46.4 30.6 30.5 + 18.0
ALB (g/dl) 2.3 2.3 3.8+ 0.2 3.0 32 39402
Ig (g/dl) 2.5 2.6 1.6 £0.2 2.3 2.5 22402
TP (g/dl) 4.9 4.9 534+02 53 5.6 6.1 £ 0.0
TB (mg/dl) 0.1 0.1 0.3 £ 0.1 0.3 0.3 0.2 £ 0.0
T-CHO (mg/dl) 92.5 87.4 73.9 + 13.6 75.4 109.8 89.9 + 14.3
TG (mg/dl) 26.5 34.1 244 + 112 17.6 66.2 24.0 + 3.6
PL (mg/dl) 107.2 93.5 91.6 + 25.5 71.6 105.9 86.0 £ 174
CK (units/l) 3628.0 3984.6 2212.8 £ 1307.2 3141.1 4297.4 421.7 £ 81.4
ChE (units/1) 241.6 233.0 240.4 + 26.1 284.9 215.5 1979 £ 5.6
BUN (mg/dl) 21.3 11.3 9.1 £2.0 17.0 21.1 119+ 1.0
CRE (mg/dl) 0.8 0.7 0.7 £ 0.1 0.8 0.6 0.9 +£ 0.0
UA (mg/dl) 0.02 0.02 0.04 + 0.03 0.02 0.02 0.03 £ 0.00
GLU (mg/dl) 508.0 239.1 80.3 + 14.9 394.8 178.1 1349 £ 7.5
Ca (mg/dl) 11.1 11.1 11.6 £ 0.4 8.6 9.5 11.1 £ 0.3
IP (mg/dl) 4.4 6.8 9.6 £ 0.5 5.9 6.0 84 £ 0.5
Na (mEq/1) 143.2 154.2 140.5 £ 2.7 142.5 146.6 143.1 £ 0.9
K (mEqg/1) 5.8 6.3 59 +05 4.6 5.9 5915
CI (mEqg/l) 105.7 112.6 101.0 £ 3.2 114.1 109.8 1083 £ 0.3
1,5-AG (pg/ml) 1.8 3.1 88 £22 1.0 1.0 6.7 +£ 0.7

survival with hyperglycemia (DI21 120 days; DI17
196 days) and in DIO9 and DI12, which had hyper-
glycemia but died between 20 and 30 days old. In the
tg-cloned pigs, the pancreas contained a mixture of
large acinar cells filled with secretory granules and
slightly smaller acinar cells (Fig. 8a, b). Immuno-
staining showed disorganized islets of Langerhans,
including numerous degenerative cells (Fig. 8c, d). In
DI12, an animal with severe diabetes, the islets of
Langerhans were comprised of only insulin-negative
cells.

In kidney tissue from DIO9 and DI12, HE-stained
sections showed relatively immature glomerular
structures and vacuolation of proximal tubule epithe-
lial cells. In kidney tissue from DI17 and DI21, some
glomerular sclerosis and hypertrophy was evident
(Fig. 8e, 1).

@ Springer

In DIO9 and DI12, liver tissue showed delayed
growth with extramedullary hematopoiesis. In DI17,
some hepatocyte focal necrosis and fibrosis was
observed (Fig. 8 g, h).

Discussion

When developing animal models of human diseases,
the extent of genetic modification can have adverse
effects on long-term survival and reproductive abil-
ity. This not only limits the usefulness of the model
animals but also hampers breeding and establishment
of strains. In the present study, we first obtained
transgenic fetuses using an ICSI-mediated gene
transfer method and then produced tg-cloned pigs
with established primary culture cells. Even in pig
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Fig. 8 Histochemical
analysis of the pancreas,
kidney and liver of the
transgenic cloned piglets.
Paraffin-embedded sections
of pancreas (a, b), kidney
(e, f) and liver (g, h) tissues
were stained with HE.
Pancreas section was also
stained with an antibody
against insulin (c, d).
Langerhans islets (arrow)
from transgenic cloned
piglets (b, d) were smaller
than those from the controls
(a, ¢). The blue and green
arrows in the kidney image
of the transgenic cloned
piglet (f) show
representative glomerular
hypertrophy and glomerular
sclerosis, respectively. A
glomerulus of the control
piglet is indicated by an
arrow in E. In the liver of
the transgenic cloned piglet
focal necrosis (arrow: g)
and fibrosis (arrow: h) were
observed. Scale

bar = 100 pm

disease models with severe phenotypes that limit
individual growth and survival, the combined use of
ICSI-mediated gene transfer and SCNT can enable the
production of individuals from transgenic fetal cells.

The present study successfully produced several
tg-cloned pigs with diabetes that exhibited high blood

glucose level. However, most tg-cloned pigs died
within 2 weeks after birth. The degree to which
pathogenesis induced by the transfer of the mutant
HNF1la gene played a role in this short survival is
unknown. In addition, effect of insertional mutation
caused by transgene integration on high mortality of
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the tg-cloned pigs cannot be ruled out. In clones
produced by SCNT, death during the neonatal period
due to epigenetic modification is common (Park et al.
2005), so the possible role of a similar modification in
early clonal death in our study cannot be excluded.
The group of tg-cloned pigs in this study was derived
from the same nuclear donor cell, and the marked
differences in disease severity and survival among
individuals suggest effects of epigenetic modification
in somatic cell-cloned pigs.

Diabetes in tg-cloned pigs was confirmed by
nonfasting blood glucose levels and an OGTT.
Demonstration of persistent, rather than transient,
elevation of blood glucose was important. We
therefore measured 1,5-AG in plasma which reflects
blood glucose concentrations in patients with diabetes
within the several previous days, instead of glycos-
ylated hemoglobin (HbAlc). In pigs, hemoglobin
contains very little HbAlc due to the limited glucose
permeability of erythrocytes (Higgins et al. 1982).
Normally, 1,5-AG is filtered and completely reab-
sorbed in the kidney (Yamanouchi et al. 1989). In
diabetes with elevated blood glucose levels, glucose
is not completely reabsorbed in the kidney, so serum
1,5-AG is decreased due to competitive inhibition in
renal tubular reabsorption (Yamanouchi et al. 1992,
1996). Changes in the concentration of 1,5-AG
depend on the duration and degree of glycosuria.
Thus, 1,5-AG responds sensitively and rapidly to
changes in the concentration of serum glucose,
clearly reflecting elevations of glucose within the
few previous days (Yamanouchi et al. 1992, 1996). In
tg-cloned pigs, the decrease in 1,5-AG, along with
increased blood glucose, provides further evidence of
chronic hyperglycemia.

HNF1a mutations have been identified as a cause
of MODY3 (Yamagata et al. 1996). In MODY3,
hyperglycemia develops due to insufficient insulin
secretion by f cells and abnormal islet structure. In
addition, the MODY3 phenotype is often associated
with impaired renal resorption of glucose, whereas
other tissues that also express HNF1«, including the
liver and intestine, do not show clinically significant
defects (Iwasaki et al. 1998; Thomas et al. 2002).

Dominant-negative mutant HNF1la tg-mice have
diabetes and abnormal pancreatic islet morphogene-
sis, but the liver and kidneys are normal (Hagenfeldt-
Johansson et al. 2001; Watanabe et al. 2007;
Yamagata et al. 2002). These features are similar to

@ Springer

MODY3 in humans (Hagenfeldt-Johansson et al.
2001; Watanabe et al. 2007; Yamagata et al. 2002).
In our tg-cloned pigs, as in humans and mice, no
renal dysfunction was evident by biochemical anal-
ysis. However, the clinical biochemistry values
suggested possible hepatic inflammation. The rela-
tionship to transgene expression is unknown.

DI09 and DI12, which died on days 30 and 22,
respectively, showed immature renal development.
While abnormal renal function was not detected
based on creatinine data in DI17 and DI21, which
exhibited relatively longer survival, histopathological
findings confirmed several cases of glomerular
hyperplasia. Whether these lesions were attributable
to the dominant-negative effects of mutant HNF1«,
secondary changes due to chronic hyperglycemia, or
anomalies associated with SCNT is difficult to say
with certainty. HNF-1a knock-out mice exhibit a
phenotype that lacks insulin secretion with severe
renal dysfunction (Pontoglio et al. 1996, 1998).
Although western blotting showed high expression
of the mutant protein in the kidneys, polyuria and
proteinuria, as confirmed in knockout mice, were not
observed. Glomerular degeneration and hypertrophy
have been reported as early lesions in diabetic
nephropathy (Mahimainathan et al. 2006), so renal
lesions in tg-cloned pigs were probably due to
chronic hyperglycemia.

RT-PCR confirmed expression of mutant mRNA
in the livers of tg-cloned pigs, although western
blotting showed no mutant protein. Changes in the
liver were thus also likely due to chronic hypergly-
cemia. Recently, a nonsense-mediated decay (NMD)
pathway that degrades mRNA transcripts harboring
premature termination codons (PTCs) and prevents
expression of mutant proteins has been reported
(Frischmeyer and Dietz 1999). The most common
mutation, P291fsinsC, is known to show dominant-
negative activity when overexpressed in MIN6 mouse
insulinoma, C33 human epithelial cervical carci-
noma, and INS-1 rat cells in vitro (Vaxillaire et al.
1999; Wang et al. 2000; Yamagata et al. 1998), but is
not found in HeLa cells (Thomas et al. 2002). Such
diverse effects of P291fsinsC may be ascribed to the
NMD pathway (Harries et al. 2004). In the tg-cloned
pigs in our study, the absence of significant transgene
effects on the liver may be attributable to organ
differences in PTC stability, which would influence
transgene translation.
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In conclusion, the present study suggests the
possibility of preparing a porcine diabetes model by
applying to pigs the dominant-negative mutant
approach verified in mice. As the homology of
human and porcine proteins is often high, this
strategy of inducing a dominant-negative mutant
using a human mutant gene may be used to prepare a
wide variety of disease models. In the future,
however, it will be necessary to closely analyze
interference between porcine endogenous proteins
and human mutant proteins originating from trans-
genes. To develop a practically useful diabetes
model, further study will be needed to improve
postnatal survival of the tg-cloned pigs.
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