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484  Table 1. Efficiency of the ICSI-MGT method for the production of Tg pig fetuses and offspring

485  carrying the Pdxl-Venus gene.

No. of embryos - Production - efficiency of Production efficiency of Tg

Recipient
transferred fetuses or offspring (%) "' fetuses or offspring (%)
Fetus W8 83 8.4 [7/83] 28.6 [2/7]
W9 81 3.7 [3/81] 100 [3/3]
Wil 79 7.6 [6/79] 33.3 [2/6]
Offspring W10 127 4.7 [6/127] 33.3 [2/6]

486 ™ No. of fetuses or piglets / No. of embryos transferred x 100

487 ™ No. of Tg fetuses or piglets / No. of fetuses or piglets obtained x 100

488
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489  Table 2. Expression of the Pdx-Venus gene in Tg pig fetuses produced by the ICSI-MGT method.

Fluorescence Transgene  copy

Fetus Fetal age Fétal sex

intensity number
W38-1 Day 48 F + 30
W8-5 Day 48 F + 5
W9-1 Day 47 F + 5
W9-2 Day 47 M ++ 15
W9-3 Day 47 M ++ 70
W11-2 Day 65 F + 5
WI11-5 Day 65 F ++ 100<

490
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a (11OUSE m promote —
Rabbit B-globin

Figure 1. Structure of an expression vector for the'deI ';I/enuk cDNA.

A schematic presentation of the Pdx-Venus transgené used to generate frahsgeﬁic pigs. :The fusion

gene (8.4 kb) consists of 6.5 kb of the mouse Pdx1 promoter and a rabbit B-globin gene including an

insertion of 0.72 kb Venus cDNA in the 3" exon and a polyadenylation signal in the 3 —flanking

region. Transcription and translation start site are indicated by +1 and M, respectively.
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504

505

Figure 2. Pancreas-specific éxpreESi‘On of the PdxI-Venus gene in the Tgk‘,pi g fetus.
Bright-field (A) and fluorescence microscopic (B) observation of the pancreas (arrowheads). Acinar
cells (C, HE stain) showed prominent Venus expression (D). D, duodenum; L, liver; Si, small

intestine; Sp, spleen; St, Stomach. Scale bars = 5 mm (A, B); 50 um (C, D).
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515

Figure 3. Expression of the Pdx-Venus gené in;the‘ ﬁanéréés :;)f aTg pig.

(A) Green fluorescent spots were observed by ﬂuorengnce stereomicroscopy throughout the
pancreatic tissue of the Tg pigs (left panel), indicating Pdx!-Venus expression in islets.

Right panel: pancreatic tissue of a control wild-type pig. The inset in each panel presents a bright-field
image of the tissue. Scale bars =2.5 mm.

(B) Immunohistochemical staining of pancreatic islets of a PdxI-Venus Tg pig. Merged images of the
Tg pig islet demonstrated that the expression of the PdxI-Venus gene was confined to B-cells (top left),

whereas this gene was not expressed in glucagon-producing cells (top right). Scale bars = 50 pm.

27



516

517

518

519

520

521

522

523

524

Figure 4. Fluorescencé of pancreétié isléts ~i$olatéd froma de] Venus Tg pig.

(A) Pancreatic islets isolated from a Tg pig; (A) Flyuorescent;spOts were obéerved in“th'e’islets ofaTg
pig. (B) Dithizone-stained isléts of a Tg ypi’g. ?(C’,:‘Cy’) Paﬁcreatic islets of a de]y—Veh’its Tg pig
transplanted into the kidney capsule of NOD/SCID mice (arrowheads). Bright-field (C) and
fluorescence (C’) observation by fluorescence stereomicroscopy showed that the fluorescence of the
transplanted islets was clear at 30 days after transplantation (A’). Scale bars = 200 um (A-C); 1 mm (C,

c).
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525 Supplementary Information
526
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Founder transgeni
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527

528  Supplementary Figure 1. FISH analysis of the transgene integration site in the Pdx]- Venus Tg pigs.

529
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531
532 Supplementary Figure 2. Pancreas-specific transgene expression in G1 offspring of the PdxI-Venus
533  Tgpig.

534 Venus expression was observed only in the pancreas of the PdxI-Venus Tg pig. The insets show
535  bright-field images of each tissue.

536  Scale bars = 2.5 mm.
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Supplementary Text
Physiological characteristics of Pdx]-Venus-Tg pigs

Gl offspringkwefe,obtained by’ b'ifeeding the ‘founde‘r’ Tg “p‘igs with wild-type pigs. The weights
of G1 Tg(one’fkemale andi;one‘ lnale) offspnng and aiinon-Tig' g(one"male) flittennate were assessed until
the pigs were‘three mon‘ths_gold. The :kpost"’kv‘kveaningfblood glucose leVelS‘: of these pigswere measured
weekly until the salne age l3100d samples collected from the eaf vein were analyzed usmg a human
blood glucose meter (Glucocard G+ meter  GT-1820; Arkray, Inc Kyoto Japan). At ﬂve months old,
the fasting and postprandlalblood insulin levels of the animals were measured

Various aspects of blood biochemieal;parametersfwere analyzed in three Gl pigs aged between
5and 15 months of age to detel‘mine whethel the del-VenusyT“gp,igs hada norrnal ‘bhysiol‘ogy before
and aﬁer sexual maturlty Asa control female and male non—Tg pigs, aged between 7 and 8 months of
age, from the same litter as the Tg’plgs were used. Blood urea n1trogen (BUN) glucose (GLU),
creatinine (CRE), total ‘~protein : (TP),~ total cholesterOl ﬁ;:‘(TCHO), 5t‘riglyce'ride i (TG), aspartate
ammotransferase (AST) alanme ammotransferase (ALT) sodlum (Na) potassmm (K) and chloride
(Cl) were measured usmg an auto analyzer (DRI- CHEM FDC 700 Fujlﬁlm Tokyo, Japan) Insulin
concentrations were measure’d usmg ELISA (Pig Insulin ELISA-KIT (TMB)5 AKRIN-OIBT; ‘Shibayagi,
Gunma Japan), and the concentra‘nons of l 5-anhydrogluc1tol (l 5-AG) were determmed usmg the
standard enzymatic method (SRL Tokyo, Japan) | | | | )

Suppl. F1g 3 shows the physmloglcal features of the Tg p1gs and their non-Tg s1b11ngs The G1
Tg piglets grew at the same rate as their non-Tg siblings (Suppl. Fig. 3A).

The non-fasting blood glucose levels of the Tg pigs, which were monitored consecutively after
weaning until the pigs were 3 months old, were within the normal physiological range for blood
glucose for pigs (Suppl. Fig. 3B). With regard to postprandial blood glucose and insulin levels, the Tg
pigs showed similar reactions to those of non-Tg pigs (Suppl. Fig. 3C, D), indicating that the

pancreatic functions of Pdx1-Venus Tg pigs were normal.
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562 All 13 blood biochemical parameters measured were found to be within the normal ranges in
563  the Tg pigs and their non-Tg control siblings (Suppl. Table 1). Blood 1,5-anhydroglucitol (1,5-AG)
564  levels, indicators of glycemic control during the previous days, were also within the normal ranges in

565  the Tgpigs.
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572

573

Supplementary Table 1. Serum biochemical profile of the Tg and control wild-type pigs.

TgM) - Tg(F) Tg (M) Tg (F) Control (M)  Control (F)
~ Age (months) 5 5 8 15 8 7

BUN (mg/dl) 16.2 13.4 13.2 9.3 9.1 11.6
GLU (mg/dl) 132 152 109 91 98 112
CRE (mg/dl) 12 0.7 1.1 2.1 1.5 1.3
TP (g/dl) 7.4 6.6 7.1 7.5 7.3 7.5
TCHO (mg/dl) 77 79 | 75 91 75 59
TG (mg/dl) 38 55 36 56 34 19
AST (U 43 30 28 20 38 26
ALT (U/) 27 32 29 28 42 33
Na (mEg/l) 142 141 142 150 145 143
K (mEq/l) 4.4 43 3 4.6 3.2 3.3
Cl (mEg/l) 104 103 99 110 109 101
Insulin (ng/ml) 1.88 3.99 1.97 2.17 0.22 1.62
1,5-AG (ug/ml) 5.0 4.0 22 3.7 1.8 3.8

aminotransferase; Na, sodium; K, potassium; Cl, chloride

33

TCHO, total cholesterol; TG, triglyceride; AST, aspartate aminotransferase;

M, male; F, female; BUN, blood urea nitrogen; GLU, glucose; CRE, creatinine; TP, total protein;

ALT, alanine
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Supplementary Figure 3. Physiological features of the Pdx.-Venus Tg pigs.
A. Growth of the Tg and non-Tg pigs.
B. Non-fasting blood glucose concentration of the Tg and non-Tg pigs.

C, D. Post-feeding increase in blood glucose (C) and insulin (D) concentrations in the Tg and non-Tg

pigs.
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Introduction

Diabetic nephropathy is the leading cause of end-stage renal
discase {1,2]. Glomerular nodular lesions, known as Kimmelsticl-
Wilson nodules, arc a pathological hallmark of human diabetic
nephropathy. In 1936 Kimmelstiel and Wilson first described
intercapillary glomerulosclerosis as a sign of advanced diabetic
glomerular changes [3]. The presence of glomerular nodular
lesions is known to be associated with poor renal outcome [4,3].

Although investigated extensively, the morphogenesis of dia-
betce glomerular nodules remains to be determined. One major
reason for this is a lack of animal models that accurately represent
the nodules typically present in humans. Some rodent models of
diabetes show segmental mesangial expansion and glomerular

basement membrane (GBM) thickening, but few exhibit distinct

PLOS ONE | www.plosone.org

glomerular nodular lesions [6]. To date, the four representative
diabetic rodent models with glomerular nodules are: endothcelial
nitric oxide synthase (eNOS) knockout db/db mice [7], receptor for
advanced glycation end products (RAGE)/megsin/mducible niwic
oxide synthase (INOS) overexpressing transgenic mice  [8],
monocrotaline-treated  Otsuka  Long-Evans  Tokushima  Fatty
(OLETT) rats [9] and BTBR 0b/0b mice [10]. eNOS knockout
db/db mice developed focal nodular glomerulosclerosis at 26 weeks
of age [7]. RAGE/megsin/iNOS overexpressing transgenic mice
also showed nodular-like lesions in 30-40% of glomeruli at 16
weeks of age [8]. Monocrotaline-treated OLETF rats showed a
few nodular-like lesions at 50 weeks of age [9]. BTBR 0b/0b mice
showed diffuse but rare nodular mesangial sclerosis at 20 weeks of
age [10]. These rodent models suggest that diabetic conditions in
rodents do not lead to reproducible formation of diffuse
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glomerular nodular lesions. In-addition, although two diabetic pig
models—streptozotocin-induced diabetic pigs and INS* trans-
genic pigs—were created, both failed to reproduce diabetic kicney
manilestations [11,12,13]. Thus, it may be more appropriate to
create a diabetic. mammalian model - with - the same  genetic
mutations present n human diabetes that exhibits diabetic renal
complications similar to those in humans.

In humans, several forms of diabetes are associated with genetic
mutations. Maturity-onset diabetes of the young type-3 (MODY3)
is an early onset, non-insulin-dependent -form .of" - diabetes
characterized by autosomal-dominant inheritance [14]. Those
suffering from MODY3 have insufficient insulin  secretion,
resulting in a similar pathophysiology to that seen in human
type-2  diabetes [14,15]. Hepatocyte nuclear factor 1-alpha
(HNFla) is the ranscription factor believed to be responsible for
MODY3 [14,15]. It is expressed in-the liver, pancreas, proximal
tubules, stomach, and small intestine [15,16,17]. The most
common mutation in the HNFla gene is the result of a cylosine
(C) nucleotide inscrtion into a poly-C wact around codon 291
(designated as P291fsinsC), which causes frameshift-mutation-
mediated deletion of the transactivation domain [14,15].

We have successfully  created: diabetic pigs carrying the
dominant-negative mutant HNF1oP291fsinsC gene that is re-
sponsible for severe hyperglycemia: with: decreasing numbers of
pancreatic beta cells [18]. Using these transgenic animals, in the
present study we investigated the sequence of morphological
events that leads to glomerular nodular lesions in diabetic
nephropathy based on the human MODY3 gene. We expecied
the components and processes of glomerular nodular lesions in
diabetic pigs to resemble those in human diabetic nephropathy.

Materials and ,Methoyds

Animals

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Meiji University TACUC-09-
006). As described previously, focus was on the use of transgenic
pigs carrying a dominant-negative mutant HNFlo. gene [18]. In
short, a transgenic pig carrying an expression vector for the
mutant human HNFla ¢cDNA (HNF1oP29115insC) was used. The
transgene construct consisted of the enhancer for an immediate-
carly gene of human cytomegalovirus, followed by a porcine
insulin promoter, the human HNF1a1291fsinsC cDNA, a SV40
poly-adenylation signal and a chicken B-globin insulator. Trans-
genic pigs carrying this ¢DNA were produced as reported
clsewhere [19].

Study protocol

One transgenic and three wild-type pigs were used for
biochemical and histological analyses through kidney biopsy.
Tests were conducted at monthly intervals until the animals were
10 months of age. For histological analyses, autopsy of additional
three transgenic and three wild-type pigs was conducted at 19
weceks of age.

Biochemical analysis

Serum and urine were collected each month alter birth untl
completion of the study. The following biochemical parameters
were measured: blood urea nitrogen, creatinine, plasma glucose,
total protein, total cholesterol, triglycerides, aspartate aminotrans-
[erase, alanine aminotranslerase and 1,5-anhydroglucitol. Urine
was also amalyzed in terms of total protein/creatinine and
albumin/creatinine.

PLOS ONE | www.plosone.org
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Histochemistry of renal sections

For kidney biopsy, the animals were anesthetized by an
intramuscular ‘injection of ‘ketamine (11 mg/kg, Fujita Pharma-
centical Co., Lid., Tokyo, Japan), with isoflurane (DS Pharma
Animal Health Co., Ltd.,” Osaka, Japan) inhalation for mainte-
nance. After the kidney location was confirmed using an ultrasonic
pulse-echo technique, specimens were obtained using a Bard
Monopty disposable biopsy needle (18 Gx20 cm, Bard Biopsy
Systerns, Tempe, AZ, USA). Kidney specimens were fixed with
4% paraformaldehyde for paraffin sections or 2% glutaraldehyde
for electron microscopy. For kidney autopsy, the animals were
anesthetized by an intramuscular injection of 1% mafoprazine
(0.5 mg/kg, DS Pharma animal Health Co., Lid.) and intravenous
injection of pentobarbital (Kyoritsu Sciyaku Corporation, Tokyo,
Japan). After the animals were sacrificed by exsanguination
through cutting cervical artery under ancsthesia, kidney tissues
were dissected and fixed with 4% paraformaldehyde for paraffin
sections. @

Paraffin sections were processed for periodic acid=Schifl' (PAS)
staining, periodic acid~methenamine-silver (PAM) staining, Mas-
son’s trichrome (MT) staining and: immunostaining. Specific
primary antibodies were as follows: mouse anti-collagen T antibody
(1:50; Abcam, Cambridge, UK), rabbit anti-collagen IIT antibody
(1:400; Abcam), rabbit anti-collagen IV antibody (1:50; Abcamy),
mouse anti-collagen V antibody {1:50; Abcam), rabbit anti-
collagen VI antibody (1:50; Abcam), rabbit anti-advanced
glycation end products (AGE) andbody (1:250; Abcam), mouse
anti-V-carboxymethyl-lysine (CML) antibody (1:500; TransGenic
Inc., Ltd., Kumamoto, Japan) and rabbit anti-transforming growth
factor beta-1 (TGF-B1) (V) antibody (1:100; Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, USA). For immunostaining, antigen
retrieval was performed using a microwave (10 mM citrate buffer;

pH 6.0) (collagen I) or 100 pg/mL proteinase K (collagen III, IV,

V, and VI). Therealter, primary antibodies were incubated in an
EnVision labeled polymer-HRP (Dako, Glostrup, Denmark) or
Histofine kit (Nichirei Bioscience Inc., Tokyo, Japan) followed by
reaction with peroxidase-conjugated streptavidin (Nichirei). Per-
oxidase activity was visualized using a liquid diaminobenzidine
substrate (Dako). Hematoxylin was used to stain nuclei.

Distribution of glomeruli with nodular lesions

To estimate the prevalence of glomeruli with nodular lesions
between the superficial and decep cortexes, sections representing
the entire depth of the cortex were subdivided into three zones of
equal width: the superficial, middle and deep cortex. The
proportion of glomeruli with nodules in cach sample was
calculated and compared between the  superficial and  deep
cortexes in autopsy specimens of transgenic and wild-type pigs at
19 weeks of age (60240 glomeruli per kidney per animal).

Measurement of glomerular tuft area

To estimate glomerular tuft arca between the superficial and
deep cortexes, sections representing the entire depth of the cortex
were subdivided into three zones of equal width: the superficial,
middle and deep cortex. The glomerular tuft arca in cach sample
was calculated using NanoZoomer 2.0-RS (Hamamatsu Photonics
K K., Hamamatsu, Japan) and compared between the superficial
and deep corlexes in autopsy specimens of transgenic and wild-
type pigs at 19 weeks of age (69-393 glomeruli per kidney per
animal). :
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Table 1. Analysis of biochemical parameters in tr.

Glomerular Nodular Lesions in Diabetic Pigs

sgenic (Tg) and wild-type (WT) pigs at age 1, 5 and 10 months.

1 month old

Blood urea- nitrogen (mmol/l) . 13.6 2.71+043

Creatinine (pmol/l) 53.0 61.9£0.0

Total cholesterol (mmol/l) 11.6 295018

Asperate aminotransferase (IU/])

1,5-anhydroglucitol (jig/ml) . 2.8

Urinary albumin/creatinine (g/gCr) <0.10

5 months old 10 months old

10.8 5.07£043 9.35 453

354 88488 26.5 115

1.86 2.00£0.05 1.09 1.66

128

1.1 9.6=0.7 25 6.7

141 0.77%+0.59 0.23 <0.1

Aberrations: Tg = transgenic pigs; WT = wild-type pigs; *: n=1.
doi:10.1371/journal.pone.0092219.t001

Thickness of the glomerular basement membrane

In biopsy specimens of pigs at 4 weeks and 5 months ol age, 2%
glutaraldehyde-fixed kidney cortex tissuc was visualized by
transmission clectron . microscopy. GBM thickness was estimated
by measurements at five random capillaries in one glomerulus per
animal. In each capillary, a series of five photographs were taken
at 12,000 x magnilication, a grid was overlaid on the photograph,
and GBM thickness was mecasured at the points interseeting the
grid, with the exception of paramesangial areas. This method is a
modified version of that of Hudkins, e al. [10].

Glomerular isolation, RNA isolation and reverse
transcription PCR (RT-PCR)

To evaluate HNFla or HNFIf expression, RT-PCR was
performed using isolated glomeruli from one wild-type pig at 4
weeks of age. The amimal was anesthetized using isoflurane (DS
Pharma Animal Health Co., Ltd.) and perfused with phosphate-
buffered saling (PBS). The kidneys, liver and heart were then
removed. Using the renal artery, the kidneys were perfused with a
1 mg/mkL iron powder in PBS. They were then minced into 1-
mm” picces and passed through a 100-pm cell strainer. Finally,
glomeruli containing the iron -powder were isolated using a
magnetic particle concentrator. Total RNA was extracted from
the isolated glomeruli, liver, and heart using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). RNA was quantified using a
Nanodrop 1000 spectrophotometer (Thermo: Fisher Scientific
K.K., Rockford, IL). Total RNA (1 pg) was reverse-transcribed
using the Thermoscript RT-PCR - System  (Life Technologies
Corporation, Carlsbad, CA, USA) into first-strand cDNA. Then,
10 ng of ¢cDNA template and 0.23 mmol/1 of sequence-specific
primers were used to perform RT-PCR. Primer sequences (3’ to
3") were as follows: HNFla forward: CACAGTCTGCTGAG-
CACAGA

HNFlo reverse: TTGGTGGTGTCGGTGATGAG

HNF1 forward: AGAGGGAGGCCTTAGTGGAG

HNFI1B reverse: GAGAGGGGCGTCATGATGAG

The liver and heart were used as positive and negative controls,
respectively.
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Statistical analysis

Manmn-Whimey U tests using StatView-] 5.0 (Adept Scientific,
Acton, MA, USA) were performed for comparison of the
glomerular nodular distribution and glomerular it arca. Data
are shown as means = standard crrors (SE).
calculated from the data. Statistical significance was considered at
p-values < 0.05.

P-values were

Results

Transgenic pigs carrying a dominant-negative mutant
HNF1a gene showed severe diabetic mellitus

The biochemical parameters of a single transgenic pig were
compared with those of three wild-type pigs over a 10-month
period (Table 1). Body weight was lower in transgenic pigs than in

‘wild-type pigs (Figure STA). In transgenic pigs, the plasma glucose

levels were elevated to 22.2-33.3 mmol/L as early as 11 days aller
birth. This hyperglycemia persisted unal 10 months of age (Figure
S1B). 1,5-Anhydroglucitol, which reflects the merease in plasma
glucose levels during the past several days, was at low levels,
mdicating severe diabetes mellitus (Figure SI1C). In l-month-old
pigs, total cholesterol was high, but decreased after 2 months of
age. In contrast, wiglycerides were elevated throughout the
lifespan of the pigs, which is a symptom also observed in humans
with diabetic mellitus. However, serumn creatinine levels were
within the normal range and no proteinuria was detected in
transgenic pigs until 10 months of age.

Transgenic pigs exhibited characteristic diffuse
glomerular nodular lesions

Kidney autopsy revealed distinet glomerular nodular lesions at
age 19 weeks in all three transgenic pigs (Figure [A). These
nodules were diffuse and  accllular, consisting of abnormal
matrices. Matrices were slightly evident by PAS staining, strongly
by PAM staining, and appeared as a distinct blue color by MT
staining. This staining pattern points to the abundance of collagen
fibers m the nodules. Numerous nodules formed within an
individual glomerulus and were disuributed throughout with no
discernible pattern. However, more were present in the deep
cortex than in the superficial cortex (86.62:7.73 vs. 30.6£12.2%)
(p=10.0495; Figure 1B). Additionally, the glomerular tult area in
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A Transgenic Transgenic Wild-type
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Figure 1. Renal pathological findings at age 4 and 19 weeks in transgenic pigs. A) In transgenic pigs, mesangial expansion commenced as
early as 4 weeks. At 19 weeks, distinct glomerular nodules had formed. Magnification: 400 x. B) The number of glomeruli with nodules as a fraction of
the total number was compared between the superficial cortex and deep cortex. C) Glomerular tuft area in superficial and deep cortexes was
compared between wild-type pigs and transgenic pigs. Transgenic pigs; n =3, wild-type pigs; n=3. *P<0.05. WT = wild-type pigs; Tg = transgenic

pigs.
doi:10.1371/journal.pone.0092219.g001

the deep cortex was significantly larger in (ransgenic pigs than in us. 6,166£80 pm?; p=0.8273; Figure 1C). This unique distribu-

wild-type pigs (16,566:983 vs. 9,694224 pm?; p=0.0495), but tion of nodules and glomerular tuft size suggested that glomerular
was not significantly different in the superficial cortex (6,616£588
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Wild-type
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Figure 2. Immunostaining for collagen types 1, lll, IV, V and VI at age 4 weeks (left) and 19 weeks (middle) in transgenic pigs, and 19
weeks in wild-type pigs (right). In transgenic pigs, collagen types !, lll, IV, V and VI were accumulated in the nodules as early as 4 weeks. Collagen

types lll, IV and Vi were strongly positive. Magnification: 400 x.
doi:10.1371/journal.pone.0092219.g002

hyperfilation might conwibute Lo formation of nodules in
transgenic pigs.

Immunostaining revealed that the nodules consisted of various
types of collagen, mcluding types I, IIL, IV, V and VI (Figure 2).
Collagen types ITI, TV and VI were present at high concentrations,
whereas collagen types 1 and V were relatively less abundant.
AGE, CML and TGF-Bl werc also detected in the nodules
(Figure 3). AGE tended to be found at the margins of the nodule.
CMI. and TGF-B1 were localized in the nodules in the same
patterns as scen in human diabetic nephropathy [20,21,22].

To monitor the sequence of nodular formation, monthly kidney
biopsies were performed undl the age of 10 months. Mesangial

PLOS ONE | www.plosone.org

> and contained
the abnormal matrices similar to those scen in transgenic pigs at 19
weeks of age (Figure 1A). Thereafter, the matrices expanded
gradually with age. Collagen fibers and AGE, deposition were
exclusively associated [rom the carly evolution to the end of the
study period (Figures 2 and 3). Glomerular nodular lesions did not
lead to segmental glomerulosclerosis or active adhesion.

Another major histological development was the vacuolization
of the cytoplasm of epithelial cells in the proximal wbules,
resembling  Armanni-Ebstein  lesions  (Figure S2) [23]. The
frequency of mesangiolysis and exudative lesions was low (~1
per 200 glomeruli). Other diabetic changes normally seen in

expansions were (ormed as early as 4 weeks of
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Figure 3. Immunostaining for AGE, CML and TGF-f at age 4 weeks (left) and 19 weeks (middle) in transgenic pigs, and 19 weeks in
wild-type pigs (right). In transgenic pigs, AGE, CML and TGF-f accumulated in the glomerular nodules as early as 4 weeks, Magnification: 400 x.
AGE = advanced glycation end product; CML = N’-carboxymethyl-lysine; TGF-B = transforming growth factor-beta.

doi:10.1371/journal.pone.0092219.g003

humans were absent from the pig models, including tubular
atrophy, interstitial fibrosis and arteriolar hyalinosis.

Glomerular nodular lesions consisted of interstitial forms
of fibril collagen

To determine whether glomerular nodular = lesions were
associated with the typical diabetic changes found in humans,
biopsy specimens from animals at 4 wecks and 5 months of age
were visualized by electron microscopy. At 4 weeks, bright fibers
began to appear in the mesangial matrices (Figure 4A and B),
accompanied by lipid particles and cell debris. At a high
magnification, the fibers were seen (o closely resemble interstitial
types of collagen, being of 46-nm diameter with a 50-nm cross-
striation- cycle (Figure 4E). These collagens were found predom-
inantly around mesangial cells, suggesting that this was their point
of origin (Figure 4A). Within 5 months the fibers had accumulated
in the mesangium and had expanded to nodular formations
(Figure 4C). This nodule expansion encroached upon capillary
lumens and caused them to become occluded. A subendothelial
widening, accompanied by a loss of endothelial fenestration and
occasional mesangial interposition, was also noted (Figure 4D).
The GBM thickness -of the transgenic pigs was not different from
that of wild-type pigs at both 4 weeks and 5 months of age (4
weeks: 163 nm in transgenic pigs 5. 186210.3 nm in wild-type
pigs, 5 months: 194 nm in transgenic pigs vs. 181£5.2 nm in wild-

type pigs) (Figure 4F).
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Endogenous HNF1o and HNF1( were absent from the
glomeruli of wild-type pigs

RT-PCR for HNFlo and HNFIf in the glomeruli of wild-type
pigs at 4 weceks of age was performed to determine whether
insertion of the dominant-negative mutant FINF1aP291(sinsC
gene contributed to the development of glomerular nodular lesions
by inhibiting - endogenous HNFlo or HNTIB function in
glomerular cells. Both HNFla and HNFIf were absent from
the isolated glomeruli, but were expressed in the positive control
liver tissuc (Figure 5A and B). Therefore, the dominant-negative
mutant. HNF1aP291fsinsG. gene insertion did not contribute
directly to the glomerular nodular formation in transgenic pigs.

Discussion and Conclusions

Our pig model carrying a dominant-negative human MODY3
gene is the first to show reproducible diffuse glomerular nodular
lesions in a mammalian model of diabetes. The ability to perform
repeat kidney biopsics was a great advantage in terms of
understanding the & zioo morphological events involved in
glomerular nodular formation.

Glomerular nodular lesions in our diabetic pigs were charac-
terized by monotonous accumulation of interstitial forms of
collagen fibrils in the mesangium. Inidally, small nodules were
detected as early as 1 month of age and developed diffuscly until
10 months of age. Notably, these were basically acellular round
nodules without mesangial proliferation, inflammatory infiltrates
or mesangiolysis, (cold nodule); this differs from human diabetic
nodules. Immunostaining for various collagens revealed predom-
inantly collagen type ITT, IV, V and V1 in our model, similar to in
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Figure 4. Transmission electron microscopy at age 4 weeks (A,B,E) and 5 months (C,D) in transgenic pigs. A) In 4-week-old transgenic
pigs, mesangial widening is associated with fiber deposition in the mesangial matrices. Magnification: 2,000 x. B) Fibers accumulated at mesangial
areas, forming early lesion. Magnification: 500 x. C) At 5. months, established glomerular nodules showed that mesangial areas and capillary lumens
are filled with bright fibers (arrows). Vacuolations of proximal tubules were also seen (arrowheads). Magnification: 300 x. D) Subendothelial widening
with loss of endothelial fenestration and mesangial interposition are shown. Note that collagen is also found in the subendothelial spaces (arrows).
Magnification: 1,500 x. E) The nodules consist of fibril collagens with cross striation, indicating interstitial-type forms of collagen fibrils. Magnification:
10,000 x. F) Thickness of glomerular basement membranes in transgenic pigs was no different from those in wild-type pigs at 4 weeks and 5 months

old. Transgenic pigs; n=1, wild-type pigs; n=3. Tg = transgenic pigs; WT = wild-type pigs; GBM = glomerular basement membrane.

doi:10.1371/journal.pone.0092219.g004

human diabetic nodules [24,25]. However, our diabetic nodules
also exhibited collagen type I deposition, which is unusual in
human diabetic nephropathy [24,25,26]. Electron microscopy
showed a distinet interstitial collagen type, which appeared to be a
mixture of types I, III and V collagen, as the main component.
This was synthesized in the mesangial cells in the carly stage, and
tended to expand toward the corresponding capillary lumina,
finally resulting in nodular sclerosis.

Although the detailed sequence of events leading to nodular
formation, and the structure of the nodules, in this model may not
be identical to that in humans with type-2 diabetes, the nodules
expressed AGEs from a young age. AGEs are produced by non-
enzymatic glycation under hyperglycemia, and glomerular AGE
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deposition is an important characteristic of nodular morphogenesis
in human diabetes {21,27,28]. Spccifically, CML is the major
AGE accumulated in nodular lesions [20,21]. Glomerular AGEs
stimulate  extracellular matrix production by mesangial cells
through reactive oxygen specics (ROS)-promoted TGF-§ expres-
sion [27,28,29,30]. Glomerular ROS producton was caused by
AGE-mediated RAGE upregulation or glucose metabolism
[27,28,30,31]. In this regard, early onset exclusive AGE deposition
and TGF-B1 expression in the nodules of diabetic pigs sugges(
AGE-mecdiated collagen synthesis in mesangial cclls under a
persistent hyperglycemic condition. The differences in nodular
morphogenesis and its collagen composition between our model
and human diabetic nephropathy suggest that the mesangial
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