Figure 5. Reverse transcription-PCR for endogenous HNF1a
and HNF1§ in wild-type pigs at 4 weeks of age. Both HNF1u (A)
and HNF18 (B) were negative in isolated glomeruli. Liver was used as a
positive control, and heart as a negative control. G = isolated
glomeruli; L = liver; H = heart.
doi:10.1371/journal.pone.0092219.g005

cellular response in these species is different under  diabetic
conditions, Several reports of nodular sclerosis in the diabetic
rodent model support this explanation.

In addition to the mesangial changes under hyperglycemia, our
model suggests the involvement of unigque hemodynamic factors in
nodular morphogenesis. Glomerular hyperfiltration- or hypertro-
phy promotes diabetic nephropathy; however, whether glomerular
hemodynamic effects aceclerate the formation of diabetic nodules
in humans remains controversial. Accordingly, the present study
showed that glomerular nodular lesions in diabetic pigs were
localized predominandy in the deep cortex. Notably, glomeruli
were significantly larger in the deep cortex of diabetic pigs
compared to in that of wild-type pigs, but were unchanged in the
superficial cortex of both groups. These observations suggest that
glomerular hemodynamic ellects also promote formation of
glomerular nodular lesions in diabetic pigs. Similarly, - diabetic
nephropathy was accelerated in eNOS-knockout mice, attenuated
by improvement of ¢eNOS activity in db/db mice [32,33], and
antihypertensive therapy alone significantly suppressed the devel-
opment of nodular lesions and mesangiolysis in diabetic ¢NOS-
knockout mice [34]. Based on these reports and our current
findings, our results suggest the involvement of glomerular
hiypertension in nodular lesion formation in diabetes. Therefore,
prominent glomerular hyperfilration and hypertrophy may be the
basis of glomerular nodule development in our diabetic pig model.

The inserted dominant-negative human MODY gene might
have stimulated mesangial matrix. synthesis by mhibiting endog-
enous HNFla or HNFIf function, regardless of the diabctic
milicu. Typically, HNFla functions as a homodimer or a
heterodimer  with the structurally  related  protein HNFIB
[14,15,35]. Thus, a donunant-negative mutant HNF1oP291fsinsC
should inhibit FINFlo or HNFIB by forming an inactive
heterodimer at the site of endogenous HNFla or HNFIB
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expression.  The RT-PCR  study confirmed that mutant
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“MODY$ géne. Although thiere were several differences compared

to the pathology of human glomerular nodular lesions, the
somewhal acute and constitutive formation of nodules in the
mammalian models might provide information that will facilitate
identfication of the principal mechanism underlying glomerular
nodular formation. ‘ St
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Introduction

Pigs have attracted attention as large experimental animals
capable of providing valuable information that is highly extra-
polatable to humans due to their anatomical, physiological, and
hematological features [1-5]. To date, pig models of various
human diseases, such as cystic fibrosis [6], diabetes mellitus [7,8],
Alzheimer’s disease [9], and retinitis pigmentosa [10], have been
created. In addition, research on the use of genetically modified
pigs as organ/tissue donors for xenotransplantation into humans is
advancing - [11,12]. In fact, encapsulated porcine islets of
Langerhans have been transplanted into humans and are now
under clinical trials to assess their safety and efficacy for curing
type I diabetes mellitus [13].

The knockout (KO) of endogenous genes is a useful tool for
analyses of gene function and the production of animal models
that mimic human diseases. A variety of gene KO mice have been
generated using embryonic stem (ES) cells genetically modified by
homologous recombination (HR). As authentic ES cells are not
available in pigs, HR using somatic cells:-has been employed to
generate gene KO pigs in combination with somatic cell nuclear
transfer (SCNT) technology. However, the low efliciency (fre-
quency, 107% to 107% of HR for mammalian cultured cells

PLOS ONE | www.plosone.org

hinders the generation of KO pigs [14-16], and the generation of
KO pigs through HR therefore remains limited.

One new technique uses zinc finger nucleases (ZFNs) to knock
out endogenous genes and is expected to overcome the inefficiency
and complexity of HR in mammals [17]. Enginecered ZFNs are
artificial restriction enzymes comprised of a zinc finger DNA-
binding domain and a DNA cleavage domain [18]. We previously
were the first to demonstrate that gene KO in primary porcine
fetal fibroblasts in vitro was possible using ZFNs [19], and somatic
cells that were genetically modified by ZFNs were shown to be
capable of producing gene KO pigs after SCNT [20-23]. In these
studies, the ZFN-encoding plasmid DNA was introduced into
somatic cells or the nuclear donor cells for SCNT. However,
plasmid DNA can also be integrated into the genome of cells,
which may result in the disruption of endogenous genes and the
constitutive expression of ZFNs. This drawback of plasmid DNA
can be eliminated by the use of ZFN-encoding mRNA, which
cannot be inserted into the host genome. Gene KO using ZFN-
encoding mRNAs in rodents has been performed via direct
injection into the fertilized eggs [24-26], although the generation
of KO piglets using ZFN-encoding mRINA has yet to be reported.

The present study sought to investigate whether ZFN-encoding
mRNAs can be used to generate gene KO pigs. We chose the
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interleukin-2 receptor.gamma ([L2RG) gene on the X-chromo- .

some of male cells as a target gene to be knocked out. JLZRG
encodes the common gamma chain (y,), and mutations in IL2RG
‘lead to X-linked severe combined immunodeficiency (XSCID),
which is characterized by profound defects in cellular and humoral
immunity in humans [27,28). Furthermore, knockout of IL2RG
was previously shown to give rise to the XSCID phenotype in male
pigs [29]. We therefore applied ZFN-encoding mRNA to knock
out /L2RG in male porcine fibroblast cells, which are capable of
supporting the development to live offspring after SCNT. Here,
we show that an endogenous gene in porcine primary cultured
cells could be knocked out using ZFN-encoding mRNAs, thereby
allowing the efficient production of a gene KO pig by means of
somatic cell cloning.

Results

Design of ZFNs and isolation of IL2RG KO cells

Similar to JLZRG in humans, mice, and rats, porcine IL2RG is
found on the X chromosome and consists of 8 exons [30]. In this
study, we constructed a ZFN that targets exon 1 of porcine IL2RG.
This pair (right and left) of ZFNs contains 4 zinc finger proteins
each, and both the right and left ZFNs recognize a target sequence
of 24 'bp: (Figure 1A). IL2RG KO cells were generated via the
electroporation of ZFN-encoding mRNAs into porcine male fetal
fibroblasts with transient cold shock: treatment at 32°C for 3 d
[31]. No visible morphological abnormalities were detected in the
fetal fibroblasts following the introduction of mRNA and transient
cold shock treatment. Of the 192 single cell-derived cell lines
obtained by limiting dilution, 1 cell line (1/192, 0.5%) with a ZFN-
induced mutation was established, and this cell line (#98,
Figure 1B) was used as the nuclear donor for SCNT. DNA
sequence analyses showed that these cells carried both a 3-bp
substitution and an 86-bp deletion spanning the major transcrip-
tion start point and the start codon (ATG) of porcine ILZ2RG,
indicating that this mutation was likely to disrupt /L2RG function.
Sufficient numbers of KO cells were prepared for SCNT after
culture for 3 weeks.

Production and analysis of /IL2RG KO cloned pigs

First, the developmental competence of the SCNT embryos
reconstructed with the JL2RG KO cells was examined i vitro. Of
the 403 SCNT embryos produced in duplicated experiments, 237
(58.8%) developed. into blastocysts (Table 1). This blastocyst
formation rate was comparable to those reported in our previous
studies [32]. Second, 199 blastocysts (Figure 2A) obtained by
SCNT were . subjected to transfer to 2 estrus synchronized
recipient gilts (P177 and P178; Table 1). Pregnancy was confirmed
in both gilts at 39 d of gestation. On day 113 of gestation, 4 male
cloned pigs were obtained from 1 recipient (P177) via cesarean
section (Figure 2B). The body weight and length of the 4 piglets
ranged from 0.56 to 1.16 kg and 22 to 28 cm, respectively. The
other recipient (P178) miscarried at 46 d of gestation. '

PCR genotyping and DNA sequence analyses of the 4 cloned
pigs showed that all 4 pigs had the same mutation as the nuclear
donor cells (3-bp substitution and 86-bp deletion; Figure 2C and
D). Western blot analyses further showed that all 4 pigs lacked the
IL2RG protein (Figure 2E).

Phenotypic characterization of IL2RG KO pigs

Gross anatomical analysis revealed that all 4 IL2RG KO pigs
completely lacked thymuses (Figure 3A, B). Histological analysis of
the spleens clearly showed the presence of lymphocytes in the
white pulp of the peripheral lymphoid sheath tissue (PALS) in
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wild-type. (WT) pigs (Figure :3C), whereas the IL2RG KO pigs
showed very few or no lymphocytes in the PALS (Figure 3D).
Embryonic hematopoiesis in the red pulp was strong in both WT
and IL2RG KO pigs (data not shown). The lymphocyte counts in
the peripheral blood of the WT and IL2RG KO pigs were
15.7£2.2%10%/ ul and 6.5£3.0x10%/ pl, respectively, indicating
a significant reduction in the lymphocyte number in IL2ZRG KO
pigs (P<0.01; Figure 3E). )

Flow' cytometric analyses of the peripheral blood (Figure 4A)
showed that the number of CD3" T cells in IL2RG KO pigs
(0.3%*0.1%) was drastically lower than that in® WT pigs
(74.0%*10.2%; P<0.0001). In addition, IL2RG KO pigs lacked
CD3"CD4* and CD3"CD8* T cells. The number of NK cells
(monocyte/granulocyte”, CD37; and CD16") was also ‘notably
lower in IL2RG KO pigs than WT pigs (IL2RG KO, 0.9%£0.2%
vs. WT, 8.1:4.5%; P=0.004), although the B cell population
(CD3™ and CD45RAY) in IL2RG KO pigs was observed to be the
same as that in WT pigs. As observed in the peripheral blood, the
numbers of splenic T cells (ILZRG KO, 0.2%*0.1% vs. WT,
28.1%+10.9%; P<0.0001)  and NK - cells - (IL2RG KO,
0.8%%0.3% vs. WT, 3.9%*0.8%; P =0.0001) were significantly
reduced in ILZRG KO pigs (Figure 4B). Thus, an almost complete
lack of T and NK cells was observed in the IL2ZRG KO pigs, which
is similar to human XSCID patients.

Discussion

In rodents, the microinjection of ZFN-encoding mRNA into
fertilized eggs has been used for the creation of gene' KO animals,
mainly due to its simplicity. However, the drawbacks of this
microinjection method include inefficiency and the occurrence of
mutation mosaicism [24]. The transfer of mRNA-injected eggs
into recipient females gives rise to both non-mutant and mutant
offspring, and the generation of mutants results in undesired
mutations that are meaningless with regard to the traits of the gene
KO animals. Mutation mosaicism can result from sustained ZFN
activity during later embryogenesis or the re-cleavage of the
already-modified alleles [33,34]. Individuals with the desired
mutation can be selected after crossbreeding with WT animals.
Such a breeding process, however, requires enormous time, labor,
and costs in large animals such as pigs, which have longer
gestation intervals than rodents. We therefore applied the gene
KO procedure using SCNT for the generation of IL2RG KO pigs
in the present study. With this method, nuclear donor cells could
be examined #n wiro for the induced mutations prior ‘to the
production of ‘cloned ‘animals by SCNT [2]. Thus, the wasteful
production of - undesired " animals can be avoided. To our
knowledge, this study is. the first to demonstrate the: generation
of cloned pigs from gene KO cells prepared using ZFN-encoding
mRNA.

For the generation of gene KO pigs by somatic cell cloning, HR
has traditionally been used to knock out a target gene in nuclear
donor cells [11,12,29]. In HR, an antibiotic-based cell selection is
performed to obtain KO cells; however, several issues arise,
including (1) the insertion of an antibiotic cassette into the host
genome using targeting vectors, (2) the senescence or exhaustion of
nuclear donor cells caused by the prolonged culture associated
with antibiotic selection, and (3) the unavoidable contamination of
non-targeted cells despite the positive-negative screening [29,35—
37]. Therefore, a re-cloning process, namely repeated nuclear
transfer, is often necessary to obtain KO offspring {38,39]. In the
re-cloning process, fetuses are collected after the first round of
SCNT and embryo transfer, and these first-round cloned fetuses
can be analyzed for gene KO status. The establishment of primary
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Porcine IL2RG (8 exons) Porcine fetal fibroblasts
2 3 4

i

I— Electroporation of
ZFN-encoding mRNAs

— Transient cold shock (32°C, 3 days}

=
Ao
Eae
| cosooemeres JENY

— Single cell cloning
(Limit dilution)

I—Mutation analysis
Y
TATTCCTGCAGCTGCCICTGCIGEGGETGEGACTGA Ny nlaar donor cell
ATAAGGACGTCGACGGAGACGACCCCCACCCTGACT

Clone #98 aggggcccag gtt
WT aggggcccag gttcctgac® cagtctacac ccaggaaaca aggagtaagc gco

Clone #98 -=CT TG GGG-TGGGAC
WT AGCCACCATT GCCAGTCAAA TCCCTCTTAT TCCTGCAGCT TCIGOLG GGGGETGGEAC

Clone #98 TGAACCCGAA GGTCCTCACG CACAGTGGGA ATGARGACAT CACAGCTGgt gggaaactgg
WT TGAACCCGAA GGTCCTCACG CACAGTGGGA ATGAAGACAT CACAGCTGgt gggaaactgg

Figure 1. Design of ZFNs targeting the pig /L2RG gene and isolation of nuclear donor cells. (A) Schematic representation of ZFNs binding
to pig IL2RG. The coding and untranslated regions are indicated by gray and white boxes, respectively. A ZFN consists of a nuclease domain (Fok I)
and a DNA-binding domain (zinc finger proteins), and the recognition sequences of the zinc finger proteins are underlined. (B) Flow chart for the
isolation of nuclear donor cells (clone #98) for SCNT. (C) ZFN-induced mutation in cell clone #98. The upper and lower sequences represent the WT
and clone #98 sequence of IL2RG, respectively. The deletion mutation and nucleotide substitution in clone #98 are indicated by a hyphen and black
box, respectively. The initiation codon of IL2RG is shown in a dotted box. The ZFN-binding and ZFN-cleavage sites are double-underlined and boxed,
respectively. The major transcription initiation site is indicated with a circle.

doi:10.1371/journal.pone.0076478.g001

culture cells from the gene KO fetus requires obtaining excised, provided that the proper site-specific recombinase
rejuvenated nuclear donor cells for the next round of SCNT. technology, such as Cre-loxP recombination, was incorporated
Using these rejuvenated cells, the antibiotic cassette can be [40].

C IL2RG-KO

M1 2 3 4 WT

86bp deletion
D —20p Cetetion E
85bp 1bp
o . \ o IL2RG-KO
GHELCAGG T TCT B{GY CTGRGOYGEOMETGAALRGAAGGTCOTE
» P “ w » M 1 2 3 4 WT

Substitution

-~ |lL2RG

- (-actin

Figure 2. Generation and analysis of /L2RG KO pigs. (A) Cloned blastocysts transferred to recipient gilts. (B) Cloned IL2RG KO pig delivered by
cesarean section at.113 d of gestation. {C) PCR genotyping for the 4 cloned piglets obtained. M: DNA marker. (D) The DNA sequence analysis of IL2RG
in a cloned pig. The arrows and boxes indicate the same mutation as that of the nuclear donor cell (clone #98). (E) Western blot for IL2RG protein in
the spleens of IL2RG KO pigs. B-actin was used as a loading control. M: protein standard marker.

doi:10.1371/journal.pone.0076478.g002
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Table 1. in vitro development of SCNT embryos and
production of IL2RG KO pigs.

SCNT embryos reconstructed 403

i
Blastocyst-stage embryos on day 5

237 (58.8%)

*Day 5-6 embryos.
46 d of gestation.
doi:10.1371/journal.pone.0076478.t001

In contrast, ZFN-encoding mRNAs can generate gene KO cells
without antibiotic selection. In fact, sufficient numbers of nuclear
donor cells for SCNT can be obtained in a short period of time
(approximately 3 weeks). Moreover, the IL2ZRG-KO cells gener-
ated by the ZFN-encoding mRNAs in this study allowed for the
direct production of full-term cloned fetuses without rejuvenation
of the nuclear donor cells and subsequent re-cloning. As a result,
we obtained full-term cloned fetuses within 6 months, including
the period spent establishing the KO cells, whereas the HR
method requires an average of 12 to 18 months to obtain KO
animals. An additional advantage of ZFN-encoding mRNAs is
transient ZFN expression, which reduces the incidence of off-
target mutations [41]. Off-target events are a potential limitation
of the ZFN technique [26,42,43], although the introduction of
ZFN-encoding mRNAs leads to the immediate translation of
ZFNs in the cytoplasm without the risk of genomic integration,
which could disrupt endogenous genes. Carlson et al. recently

WT IL2RG-KO

Generation of IL2RG Knockout Pig by ZFN-mRNAs

generated KO pigs using TALEN-encoding mRNA [44]. Based
on these collective results, we believe that it is important to
compare the efficiencies of ZFN- and TALEN-mRNA in
generating KO pigs.

A marked decrease in the number of T and B cells has been
reported in XSCID mice [45,46] and rats [24]. In human XSCID
patients, although the number of T and NK cells is significantly
decreased, the number of B cells remains normal or is occasionally
increased [28,47]. Thus, the phenotypes of rodent XSCID models
do not necessarily mimic the conditions of human XSCID. In
contrast, the IL2RG KO pigs obtained in this study lacked T and
NK cells but showed normal B cell populations, and identical
phenotypic characteristics were shown ina previous report in
which XSCID pigs were generated through HR [29]. Thus,
IL2RG KO pigs are considered to be an accurate model that
mimics human XSCID. ; o

Opportunistic infections in XSCID animals after birth are
unavoidable under conventional housing conditions. We therefore
used the full-term IL2RG KO pig fetuses recovered via cesarean
section (113 d of gestation) for our analyses to avoid any changes
due to infections.

In conclusion, this study presents a simple, non-integrating
strategy for generating KO pigs using ZFN-encoding mRNA,
which successfully generated IL2ZRG KO pigs via the SCNT
method in a short period of time. The combination of ZFN-
encoding.- mRNA with  SCNT provides a robust method for
generating KO pigs without genomic integration. Moreover, the
resulting IL2RG KO pigs showed a phenotype similar to that of
human XSCID. Although further characterization is required,
these findings represent the first step toward developing a porcine
SCID model, and we believe that this JL2RG KO pig model will
greatly contribute not only to cancer and stem cell research but
also to preclinical evaluations of the transplantation of pluripotent
stem cells, such as iPS cells.
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Figure 3. Phenotypes of /L2RG KO pigs. (A, B) The thymic phenotype in WT and IL2RG KO pigs. The white arrowheads indicate normal thymuses
in WT pigs. (C, D) Histological analysis of the spleens of WT and IL2RG KO pigs. The white pulp of the spleen is indicated by a dotted white circle.
Bar =100 um. (E) The proportion of lymphocytes in the peripheral blood (PB) of WT and IL2RG KO pigs. The data represent the means + SD values for
4 pigs. The asterisk indicates a statistically significant difference (P<0.01) between the values for WT and /L2RG KO pigs (n=4).
doi:10.1371/journal.pone.0076478.g003
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Figure 4. Flow cytometric analysis of mononuclear cells in /L2RG KO pigs. (A) Flow cytometric analysis of T, B, and NK cells in the peripheral
blood of IL2RG KO pigs. The dot plots show CD3, CD4, and CD8 cells for the demarcation of T cell subpopulations and CD3, CD45RA, and CD16 (in the
non-myeloid fraction, i.e, monocyte/granulocyte (M/G)-negative) cells for the differentiation of T cell, B cell, and NK cell’subpopulations ir ‘the
peripheral blood, respectively. (B) The proportion of T (CD3*) and NK (M/G™, CD37, CD16%) cells among the mononuclear cells in the spleens of IL2RG
KO pigs. The data represent the mean * SD values of the 4 pigs obtained. )

doi:10.1371/journal.pone.0076478.9004

Materials and Methods

Animal care and chemicals

All of the animal experiments in this study were approved by the
Institutional Animal Care and Use Committee of Meiji University
(IACUC10-0004). All chemicals were purchased from the Sigma-
Aldrich Chemical Co. (MO, USA) unless otherwise indicated.

Design of ZFNs and mRNA preparation

Custom ZFN plasmids for pig IL2RG were obtained from
Toolgen Inc. The design and validation of these ZFNs was
performed by Toolgen Inc (Seoul, South Korea). The constructed
ZFNs were designed to target the sequence of exon 1 in the pig
IL2RG gene. Each of the ZFNs had 4 zinc finger domains

PLOS ONE | www.plosone.org

recognizing 12 bases (Figure 1). For the production of ZFN-
encoding mRNA, each of the ZFN plasmids was digested with the
restriction enzyme Xho I. The linearized plasmids were then
purified with phenol/chloroform to generate a high-quality DNA
template for # witro transcription. Capped ZFN mRNA was
produced from the linearized DNA template via i witro
transcription using a MessageMAX T7 ARCA-Capped Message
Transcription Kit (Cambio, Cambridge, UK). A poly(A) tail was
then added to each mRNA by polyadenylation using the Poly(A)
Polymerase Tailing Kit (Cambio). The poly(A)-tailed ZFN-
encoding mRNA was then purified using a spin column with the
MEGAclear Kit (Life Technologies, CA, USA) and fmnally
resuspended in RNase-free water at 400 ng/ pl.
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Isolation of IL2RG KO cells and culture conditions

A primary culture of porcine fetal fibroblast cells (male line) was
used as the progenitor line for the isolation of ILZRG KO cells.
The fibroblast cells and their derivatives (KO cells) were seeded
onto type I collagen-coated dishes or plates (Asahi Glass, Tokyo,
Japan) and cultured in MEMa (Life Technologies) supplemented
with 15% FBS (Nichirei Bioscience, Tokyo, Japan) and 1x
antibiotic-antimycotic solution (Life Technologies) in a humidified
atmosphere containing 5% CO, at 37°C. The fetal fibroblasts
were cultured to 70-90% confluence, washed twice with D-
PBS(—) (Life Technologies), and treated with 0.05% trypsin-
EDTA (Life Technologies) to isolate and collect the cells. The cells
(4x10°) were then suspended in 40 pi of R buffer (supplied as part
of the Neon Transfection System, Life Technologies), and 2 ul of
ZFN-encoding mRINA solution (400 ng/ pl) was added. The cells
were then electroporated under the following conditions: pulse
voltage, 1,100 V; pulse width, 30 ms; and pulse number, 1
(program #6). Following electroporation, the cells were cultured
at 32°C for 3 d (transient cold shock) first without antibiotics in the
medium described above for 24 h and then with antibiotics in the
medium [31]. For recovery after the transient cold shock
treatment, the cells were cultured at 37°C: until they approached
confluence, and then limiting dilution was performed to obtain
single cell-derived clones in five 96-well plates. At 12 d after
limiting dilution, cells at relatively high confluency (>50%) in each
well were selected and divided for further culture and mutation
analysis. The cells at low confluency (~50%) after limiting dilution
were not used in further experiments.

Analysis of ZFN-induced mutations in nuclear donor cells
and cloned fetuses

The target region of IL2ZRG-ZFNs was amplified by direct PCR
from the cell clones using MightyAmp DNA polymerase (Takara
Bio, Shiga, Japan) and the corresponding primers (5'-
ATAGTGGTGTCAGTGTGATTGAGC and 5'-TACGAACT-
GACTTATGACTTACC). Nested PCR was then performed
using PrimeSTAR HS DNA polymerase (Takara Bio) and the
appropriate primers (5'-ATACCCAGCTTTCGTCTCTGC and
5'-TTCCAGAATTCTATACGACC). Subsequently, the PCR
fragment including the ZFN target region was examined using
the sequencing primer 5'-AGCCTGTGTCATAGCATAC, the
BigDye Terminator Cycle Sequencing Kit, and an ABI PRISM
3100 Genetic Analyzer (Life Technologies). For analysis of the
mutation in cloned fetuses, genomic DNA was extracted from the
tail biopsies of fetuses using a DNeasy Tissue and Blood Kit
(QIAGEN, Hilden, Germany), and then PCR genotyping and
DNA sequencing were performed as described above. All new
sequence data is deposited in DDBJ/EMBL/GenBank
(AB846644-AB846648).

SCNT and embryo transfer

SCNT was performed as described previously with . slight
modifications [32]. Briefly, in vitro-matured oocytes containing
the first polar body were enucleated via the gentle aspiration of the
polar body and the adjacent cytoplasm using a beveled pipette in
10 mM HEPES-buffered Tyrode lactose medium containing 0.3%
(w/v) polyvinylpyrrolidone (PVP), 0.1 pg/ml demecolcine, 5 pg/

ml cytochalasin B (GB), and 10% FBS. Fibroblasts (clone #98)

were used as nuclear donors following cell cycle synchronization
via serum starvation for 2 d. A single donor cell was inserted into
the perivitelline space of an enucleated oocyte. The donor cell-
oocyte complexes were placed in a solution of 280 mM mannitol
(Nacalai Tesque, Kyoto, Japan) (pH 7.2) containing 0.15 mM
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MgSOy, 0.01% (w/v) PVA, and 0.5 mM HEPES and were held
between 2 electrode needles. Membrane fusion was induced with a
somatic hybridizer (LF201; NEPA GENE, Chiba, Japan) by
applying a single direct-current (DC) pulse (200 V/mm, 20 ps)
and a pre- and post-pulse alternating current (AC) field of 5 V at
1 MHz for 5s. The reconstructed embryos were cultured in
NCSU23 medium supplemented with 4 mg/ml BSA for 1 to
1.5 h, followed by electrical activation. The reconstructed embryos
were then washed twice in an activation solution containing
280 mM mannitol, 0.05 mM CaCly, 0.1 mM MgSOy, and 0.01%
(w/v) PVA and were aligned between 2 wire electrodes (1.0 mm
apart) of a fusion chamber slide filled with the activation solution.
A single DC pulse of 150 V/mm was applied for 100 ys using an
electrical pulsing machine (Multiporator; Eppendorf, Hamburg,
Germany). After activation, the reconstructed embryos were
transferred into PZM5 supplemented with 5 pg/ml CB and
500 nM Scriptaid for 3 h. The embryos were then transferred into
PZM35 supplemented with Scriptaid and further cultured for 12 to
14 h. After incubation, the embryos were further cultured in
PZM5, and the dish was maintained under a humidified
atmosphere of 5% COy, 5% Oy, and 90% Nj at 38.5°C. Beyond
the morula stage, the embryos were cultured in PZM5-supple-’
mented with 10% FBS.

Crosshred (Large White/Landrace x Duroc) prepubertal gilts
weighing 100 to 105 kg were used as recipients of the SCNT

. embryos. The gilts were given a single intramuscular injection of

1,000 IU of eCG to induce estrus. Ovulation was induced by an
intramuscular injection of 1,500 IU of hCG (Kawasaki Pharma-
ceutical, Kanagawa, Japan) that was given 66 h after the injection
of eCG. The SCNT embryos cultured for 5 to 6 d were surgically
transferred into the oviducts of the recipients approximately 146 h
after hCG injection.

Western blot analysis

After the IL2ZRG KO and age-matched WT pigs were sacrificed,
their dissected spleens were homogenized in RIPA buffer (Thermo
Scientific, MA, USA) with a protease inhibitor cocktail (Nacalai
Tesque) and subjected to centrifugation, and the . supernatants
were collected. The protein concentrations of the samples were
quantified using a DC protein assay (Bio-Rad, CA, USA) based on
the Lowry method. Approximately 40 pg of protein from the

~spleen extracts was subjected to 10% SDS-PAGE and transferred

by electroblotting to a Hybond-P PVDF membrane (GE

‘Healthcare Bio-Sciences, NJ, USA). The membranes were blocked

for 30 min at room’temperature with Blocking One (Nacalai |
Tesque). After blocking, the membranes were incubated with an
anti-IL2RG antibody (1:200 dilution; Santa Cruz Biotechnology,
CA, USA) for 1 h at room temperature and were subsequently
incubated with HRP-conjugated anti-rabbit IgG antibody (1:5,000
dilution; Santa Cruz Biotechnology) for 1 h at room temperature.
The blot was developed using ECL Western Blotting Detection
Reagents (GE Healthcare Bio-Sciences). The signal was detected
and imaged with an ImageQuant LAS-4000 system (GE
Healthcare Bio-Sciences).

Flow cytometric analysis

Peripheral blood mononuclear cells were harvested from the
whole blood and spleens of IL2RG KO pigs using the erythrocyte
lysis solution PharmLyse (Becton Dickinson, BD, NJ, USA), and
1x10° cells were incubated with mouse anti-pig CD3e (Abcam,
Gambridge, UK), CD4a (BD), CD8a (BD), CD16 (AbDSerotec,
NG, USA), CD45RA (AbDSerotec), and monocyte and granulo-
cyte (M/G, Abcam) antibodies for 30 min at room temperature.
After incubation, the cell suspension was washed and resuspended
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with PBS (=) supplemented with 1% FBS (w/v). The cell
populations isolated from the peripheral blood and spleens of
IL2RG-KO pigs were cvaluated using a FACSCalibur flow
cytometer (BD) cquipped with a 488-nm argon laser. The cell
debris and aggregates were gated out of the analysis using
bivariate, forward/side scatter (FSC/SSC) parameters. In all
analyses, the virtual lymphocyte population was gated, and the

gated 1 x10" events per sample were acquired and analyzed using
CELLQuest Pro software (BD).

Histological analysis
After the IL2RG KO and age-matched WT pigs were sacrificed,
their dissected spleens were fixed in 10% neutral buffered formalin
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Dystrophin-deficient pigs provide new insights
into the hierarchy of physiological derangements
of dystrophic muscle
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Duchenne muscular dystrophy (DMD) is caused by mutations in the X-linked dystrophin (DMD) gene. The ab-
sence of dystrophin protein leads to progressive muscle weakness and wasting, disability and death. To estab-
lish a tailored large animal model of DMD, we deleted DMD exon 52 in male pig cells by gene targeting and
generated offspring by nuclear transfer. DMD pigs exhibit absence of dystrophin in skeletal muscles, increased
serum creatine kinase levels, progressive dystrophic changes of skeletal muscles, impaired mobility, muscle
weakness and a maximum life span of 3 months due to respiratory impairment. Unlike human DMD patients,
some DMD pigs die shortly after birth. To address the accelerated development of muscular dystrophy in
DMD pigs when compared with human patients, we performed a genome-wide transcriptome study of biceps
femoris muscle specimens from 2-day-old and 3-month-old DMD and age-matched wild-type pigs. The transcrip-
tome changes in 3-month-old DMD pigs were in good concordance with gene expression profiles in human DMD,
reflecting the processes of degeneration, regeneration, inflammation, fibrosis and impaired metabolic activity.
In contrast, the transcriptome profile of 2-day-old DMD pigs showed similarities with transcriptome changes
induced by acute exercise muscle injury. Our studies provide new insights mto early changes associated
with dystrophin deficiency in a clinically severe animal model of DMD.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe X-linked
disease that affects 1 in 3500 males. DMD is caused by
loss-of-function mutations in the DMD gene (~2.5 Mb, 79
exons) that lead to a shift in its reading frame, out-of-frame
transcripts and loss of the essential muscle cytoskeletal

protein dystrophin (1). The hotspots for mutations are in
the regions of exons 3—7 and of exons 45-55 (2). DMD is
characterized by progressive muscle weakness and wasting:
patients present first symptoms before the age of 5 years,
lose ambulation around the age of 12 years and die of re-
spiratory or heart failure in the second to fourth decade of
life (3).
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While curative treatments are currently not available, genetic
and pharmacological approaches are under investigation, some
having advanced to early phase clinical trials (4—7).

Existing mouse {8=10) and dog (11) modelshave been instru-

mental to understand the pathophysiology of DMD and to

develop therapeutic strategies, but have limitations with
respect to resemblance of the clinical phenotype and/or the
type of mutation (reviewed in 12).

The pig is an established model organism for biomedical re-
search closely resembling the human size, anatomy and physi-
ology (reviewed in 13). Importantly, gene targeting allows the
generation of tailored large animal models, as exemplified by
the cystic fibrosis pig (14). Here, we report the generation and
the clinical, pathological and biochemical characterization of
pigs with a targeted deletion of DMD exon 52, a frequent muta-
tion in human DMD (15). Transcriptome profiling of skeletal
muscle from 2-day-old and 3-month-old DMD . pigs provided
new insights into the hierarchy of physiological derangements
of dystrophic muscle.

RESULTS
Generation of DMD exon 52 deficient pigs

A bacterial artificial chromosome (BAC; CH242-9G11) carry-
ing the relevant part of the porcine DMD gene was modified
by recombineering (16) to replace the region corresponding to
human, DMD exon 52 by a neomycin resistance cassette
(Fig. 1A), which is expected to result in a frame shift in the tran-
script (15). Modified BACs were transfected into primary kidney
cells from a 3-month-old male piglet, and cell clones occurring
after positive selection were screened by quantitative polymer-
ase chain reaction (PCR) for replacement of DMD exon 52.
Eight of 381 cell clones (2.1%) were successfully targeted, and
2 of them were used for nuclear transfer. For each cell clone, a
pregnancy was established by transfer of cloned embryos into re-
cipient gilts. Four piglets of the first litter were life born, eutha-
nized within 48 h and tissue samples were processed for
histological characterization. Genotyping - confirmed the
absence.of DMD exon 52 (Fig. 1B). Two piglets of the second
litter died during birth due to an obstetric complication, while
the other two piglets (#1263, #1264; Fig. 1C) were delivered
by caesarean section and survived. DMD exon 52 was deleted
in these two piglets (Fig. 1B).

DMD exon 52 deficient pigs lack dystrophin and show
reduced levels of dystrophin-associated proteins

The DMD transcript profile in skeletal muscle was analysed by
RNA-sequencing (RNA-Seq). In the DMD samples, exon 52
sequences were entirely missing, but junctions from exons 51
to 53 were detected, leading to a 41 frame shift and two stop
codons in exon 53 and four stop codons in exon 54 (Supplemen-
tary Material, Fig. S1).

Two monoclonal antibodies against different human dys-
trophin epitopes showed normal dystrophin staining of muscle
fibres of a neonatal WT piglet, whereas in DMD piglets dys-
trophin staining was negative (Fig. 1D), reflecting the situation
in the majority of human DMD patients (17) (Supplementary
Material, Fig. S2). A monoclonal spectrin-specific antibody
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showed membrane integrity of muscle fibres in WT and DMD
piglets (Fig. lD) Immunoblot analysis confirmed the absence
of dystrophin in skeletal muscle of DMD piglets (Fig. 1E).

Since dystrophin-associated proteins (DAPs) are reduced in-

DMD patients (reviewed in 18), we evaluated the abundance
of a-sarcoglycan and B-dystroglycan in skeletal muscle of
DMD piglets by immunofluorescence analysis. The levels of
both DAPs were clearly reduced in DMD pigs as in DMD
patients (Supplementary Material, Fig. S2).

Dystrophin-deficient pigs exhibit striking muscle weakness

DMD piglets #1263 and #1264 showed reduced mobility when
compared with age-matched WT controls, but were able to
move and feed on their own. Atthe age of 3 days, their serum cre-
atine kinase (CK) levels were largely elevated (1649 and 2117
versus 210 + 112 U/l in 5 age-matched WT controls). #1264
died from an intestinal infection at the age of 2 weeks.

Locomotion studies of DMD pig #1263 were performed at the
age of 9 weeks using a size-matched WT pig as a control. The mo-
bility of the DMD pig was disturbed in all three gaits (walk, trot,
gallop), with shortened strides and stiff movements being the
most prominent features (Supplementary Material, Video S1).
While the WT pig easily mastered repeatedly jumping up and
down a platform (height 25 cm), the DMD pig failed to climb
the platform (Fig. 1F and Supplementary Material, Video S1),
demonstrating striking muscle weakness.

Severity of the DMD phenotype correlates with birth weight

To address the clinical phenotype of DMD pigs systematically,
we performed a second series of nuclear transfer experiments,

resulting in a total of 22 DMD piglets (1=19, 9 and 4 per

litter). The cloned piglets showed a large variation in birth
weight, which is a finding known to be associated with nuclear
transfer technology (19) and is not related to the DMD mutation.
Interestingly, we observed a negative correlation between birth
weight and life expectancy (Fig. 2A). Animals with a birth
weight of more than 1200 g died within the first few days.
DMD piglets with the highest birth weight (1820—-1980 g)
were most severely affected and could not move at all (Fig. 2A
and Supplementary Material, Video S2). The clinical symptoms
suggested muscle weakness and breathing problems as primary
causes of death. In contrast, the life expectancy of five animals
with a relatively low birth weight was in the range of 3
months, as observed for DMD piglet #1263 from the first
SCNT series. At the age of 4 weeks, their serum CK values
ranged between 21 000 and 63 000 U/l. Additional locomotion
studies performed in two 10-week-old DMD pigs confirmed
the difficulties in running and climbing (Supplementary Mater-
ial, Video S3).

DMD pigs exhibit fulminant progressive muscular
dystrophy

DMD pigs of different ages and age-matched WT pigs were sub-
jected to systematic pathological analysis. Grossly, DMD pigs
displayed pale skeletal muscles of moist texture, with multifocal
areas of pale discolouration, especially in the diaphragm and
intercostal musculature. Histological examination revealed a
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Figure 1. Targeted deletion of exon 52 of the porcine DMD gene and consequences for dystrophin expression and muscle function. (A) Schematic picture of replace-
ment of exon 52 by a neo® cassette to generate the targeting BAC. The primers used to detect the loss of exon 52 are indicated as arrows. (B) Genomic PCR analysis
demonstrating the loss of DMD exon 52 in cloned piglets; WT, wild-type; 4CTB, B-actin gene. (C) Ten-day-old DMD mutant pigs. (D) Immunofluorescence analysis
demonstrating lack of dystrophin expression in biceps femoris muscle of a DMD pig. Anti-spectrin antibodies were used formembrane staining; original magnification
% 400; bar = 50 pum. (E) Western blot confirming the absence of dystrophin in a DMD pig and a human DMD patient. Anti-dysferlin antibodies were used to control
for equal loading within species. (F) Inability of a 9-week-old DMD pig to climb a 25 c¢m platform, demonstrating striking muscle weakness.

myopathy with excessive fibre size variation, numerous large
rounded hypertrophic fibres, branching fibres and fibres with
central nuclei, as well as scattered clusters of segmentally nec-
rotic fibres, next to hypercontracted fibres and groups of smallre-
generating muscle fibres. These lesions were accompanied by
interstitial fibrosis and mononuclear inflammatory cell infiltra-
tion, mimicking the hallmarks of the human disease. The sever-
ity and extent of these alterations progressed with age (Fig. 2B)
and was most severe in the diaphragm, the laryngeal and inter-
costal musculature, and triceps brachii muscle. Examination of
the heart musculature did not reveal accentuated signs for a
cardiac involvement (Fig. 2C).

Morphometric analyses were performed on samples of
biceps femoris muscle of 2-day-old and 3-month-old DMD

and WT pigs (Fig. 3A). The mean minimal Feret’s diameter
of muscle fibres was 34% (P < 0.01) and 55% (P < 0.001)
reduced in 2-day-old and 3-month-old DMD pigs when
compared with age-matched WT controls '(Fig. 3B). Further,
the proportion of muscle fibre cross-section profiles with cen-
trally located nuclear section profiles was doubled in
2-day-old DMD pigs and was increased by more than
20-fold in 3-month-old DMD pigs (Fig. 3B). The distribution
of muscle fibre diameters from the mean was similar in
2-day-old DMD and WT pigs (Fig. 3C, left panel). In contrast,
3-month-old DMD pigs displayed a broadened, biphasic
distribution, with peaks in small and large diameters of fibre
size (Fig. 3C, right panel), indicating progressive DMD
pathology.
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Figure 2. Birth weight, life expectancy and pathological alterations of DMD pigs. (A) A significant negative correlation between birth weight and life expectancy was
revealed in the 22 DMD pigs of the second series of cloning experiments. Representative pigs are shown in the photograph. Note that pigs with a high birth weight
between 1820 and 1980 g (marked by asterisks) were not able to stand or to move (see also Supplementary Material, Video S2). (B) Age-related progression of severity
of structural alterations in skeletal muscle of DMD pigs of different ages asindicated. Histology of the biceps femoris muscle, paraffin sections, hacmatoxylin and eosin
(H&E)-staining; inset: demonstration of interstitial fibrosis by Masson’s trichrome-staining (blue colour). Short arrows indicate large, rounded fibres with intemalized
central nuclei, long arrows necrosis of muscle fibres. Bars = 10 wm. (C) Histopathology of muscles of 3-month-old DMD pigs (a—g) and an age-matched control pig
(h). Paraffin sections. H&E-staining (a—e, g, h), Masson’s trichrome-staining (f). Bars = 50 wm, barininsettoe = 10 pm. Cross-sections of the triceps brachii muscle
(a, h), the diaphragm (left pillar, b), thyreohyoideus muscle (larynx, ¢) and longissimus dorsi muscle (d) demonstrating excessive variation of fibre diameters with
hypertrophic rounded fibres with centrally located nuclei (short arrows), regeneration of fibres (arrowhead in inset to a) and necrosis of muscle fibres (long
arrows) with peri- and endomysial mononuclear (histiocytic) cell infiltration (b). (e) (triceps brachii muscle, longitudinal section; inset: biceps femoris muscle,
cross section): Branching/splitting of fibres. (f) (diaphragm, longitudinal section): interstitial fibrosis (blue colour). (g) (heart, left ventricle, longitudinal section):
Normal histomorphology. )

In summary, the clinical and pathological studies indicate that

DMD pigs develop a progressive muscular dystrophy in an
accelerated mode when compared with human patients.

Differentjal expression and localization of utrophinin young
versus older DMD pigs

I DMD patients and in the mdx mouse model, an up-regulation
of dystrophin-related protein (utrophin) has been observed,
which can partially compensate the function of dystrophin

(reviewed in 20). Thus, we asked if the level of utrophin expres-
sion in DMD pigs may contribute to their accelerated phenotype.

Western blot analysis showed a trend of increased utrophin ex-.
pression in 2-day-old and markedly increased utrophin levels in
3-month-old DMD pigs when compared with age-matched WT
pigs (Fig. 4A).

Immunohistochemistry did not detect sarcolemmal utrophin
expression in 2-day-old DMD and WT pigs (Fig. 4B). In both
groups, blood vessels were strongly stained, probably represent-
ing the main source of signal in the western blot analysis. In
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Figure 3. Quantification of structural alterations of skeletal muscle in DMD versus WT pigs at 2 days(n = 3/3) and 3 months ofage (n = 5/3). (A) Histology of biceps
femoris muscle. Short arrows indicate large, rounded fibres with internalized central nuclei, long arrow necrosis of muscle fibres. Plastic (GMA/MMA) sections, H&E
staining; bars = 10 pum. (B) Mean minimal Feret’s diameter of muscle fibre cross-section profiles (biceps femoris muscle) and proportion of muscle fibre cross-section
profiles with central nuclei cross-section profiles. The coefficient of variation in the minimal Feret’s diameter was significantly (P < 0.001) higher in DMD pigs of both
age groups (2 days: 0.38 + 0.01 versus 0.29 + 0.02 in WT; 3 months: 0.71 & 0.05 versus 0.31 + 0.01 in WT). While the volume density of muscle fibres was not
different between 2-day-old DMD and W'T piglets, this parameter was significantly (P < 0.001) decreased in 3-month-old DMD pigs (0.71 + 0.04) when compared
with age-matched WT pigs (0.96 + 0.02). (C) Distribution of deviations of muscle fibre minimal Feret’s diameters from the mean fibre diameter (in classes of 10%
deviation) in the biceps femoris muscle. Note the broadened biphasic distribution of muscle fibre diameters in 3-month-old DMD pigs. Data: means + SD. Signifi-

cance: *P < 0.05;**P < 0.01; ***P < 0.001.

contrast, 3-month-old DMD pigs displayed clear sarcolemmal
utrophin staining (Fig. 4B).

Genotype- and age-related transcriptome changes in skeletal
muscle

To systematically address the markedly accelerated disease pro-
gression in DMD pigs when compared with human DMD patients
and mdx mouse models, we performed a holistic transcriptome
study of biceps femoris muscle from 2-day-old (n=4) and
3-month-old DMD pigs (n = 3) and of age-matched WT controls
(n = 3 per age) using Affymetrix PorGene 1.0 ST arrays. A heat
map of the differentially expressed genes (DEGs) among the

four groups defined by genotype x age is shown in
Figure 5A. The numbers of transcripts with increased and
decreased abundance in 2-day-old DMD versus WT pigs were
176 and 67, respectively. The corresponding numbers of DEGs
in 3-month-old DMD versus WT pigs were 164 and 35. In add-
ition, a large number of DEGs (77 up- and 148 down-regulated)
between 2-day-old and 3-month-old DMD pigs were found
(Fig. 5B). These DEGs do notreflect the physiological age-related
change of the muscle transcriptome profile, since only 12 (16%)
up-regulated and 5 (3%) down-regulated genes were also differen-
tially expressed between 2-day-old and 3-month-old WT pigs
(Fig. 5C). Only 11 genes (LAMA2, SMPDL3A, PRG4, PLSCRA4,
ARID5B, ANKRDI, ANKRD44, TPR, CSRP3, GABARAPLI,
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Figure 4. Analysis of utrophin expression in DMD and WT pigs. (A) Western blot indicating that utrophin tends to be up-~regulated in 2-day-old and is markedly
up-regulated in 3-month-old DMD pigs when compared with age-matched WT controls. The Ponceau Red stained membrane is shown to demonstrate equal
loading of the lanes. (B) Immunohistochemical detection of utrophin in biceps femoris muscle of 2-day-old and 3-month-old DMD pigs and age-matched WT
controls. Three-month-old DMD pigs exhibit pronounced sarcolemmal utrophin staining (brown colour, arrows). In 2-day-old DMD and WT pigs, utrophin staining

is restricted to blood vessels (arrowheads). Paraffin sections. Bars = 50 um.

CPM) were commonly overexpressed in both 2-day-old and 3-
month-old DMD pigs when compared with age-matched WT
pigs, while 5 transcripts (GADLI, MSTN, AMPD!, EGF, DMD)
were reduced in abundance in DMD pigs of both age groups
(Fig. 5D), indicating marked differences in the molecular
changes associated with the DMD pathology in 2-day-old and 3-
month-old animals. Microarray data have been deposited in the
GEO database (www.ncbi.nlm.nih.gov/geo/) with the accession
number GSE44096.

To get insight into the biological relevance of these transcrip-
tome changes, we performed functional annotation clustering of
the DEGs using the Database for Annotation, Visualisation and
Integrated Discovery (DAVID) v6.7 (21,22). In addition, we
used the tools REVIGO (23) and Cytoscape (24) to visualize
enriched gene ontology (GO) terms.

Enriched GO terms for genes overexpressed in 2-day-old DMD
versus WT pigs were ‘(actin) cytoskeleton’, ‘muscle organ devel-
opment, actin filament-based movement’, ‘DNA repair’, ‘lipid
transport’ and ‘proteolysis’ (Fig. 6A; Supplementary Material,
Table S1A). GO terms of transcripts with decreased abundance
in 2-day-old DMD pigs included ‘extracellular matrix’, ‘extracel-
lular matrix organisation’, ‘cell adhesion’, ‘cell cycle/mitosis/
cytoskeleton’, ‘collagen’, ‘lipid biosynthetic process’, ‘growth

factor’, ‘vasculature development’, ‘regulation: of cell cycle’ -

and ‘regeneration/regulation of growth’ (Fig. 6B; Supplementary
Material, Table S1B). These transcriptome changes are compat-
ible with the histological findings of muscular dystrophy in the
absence of inflammation and fibrosis.

In contrast, highly enriched GO terms of genes overexpressed
in biceps femoris muscle of 3-month-old DMD versus WT pigs

included ‘extracellular region’, ‘cell adhesion/extracellular
matrix’, ‘lysosome/vacuole’, ‘proteolysis’, ‘polysaccharide/
heparin binding’, ‘collagen’, ‘wound healing’, ‘cell-matrix adhe-
sion, integrin-mediated signalling pathway’, ‘cell motion/migra-
tion’, ‘phospholipid binding’, ‘regulation of apoptosis® and
‘adaptive immune response’ (Fig. 7A), while ‘glucose metabolic
process’, ‘glycolysis’ and ‘growth factor activity’ were enriched
GO terms for down-regulated genes in 3-month-old DMD pigs
(Fig. 7B). The full list of enriched GO terms of DEGs between 3-
month-old DMD and WT pigs is shown in Supplementary Mater-
ial, Table S2A and B. These molecular changes reflect the
progressive muscular dystrophy in 3-month-old DMD pigs, in-
volving degeneration, regeneration, inflammation and reactive fi-
brosis going along with a severe metabolic disturbance.

This was confirmed by functional annotation clustering
of genes differentially expressed between 2-day-old and
3-month-old DMD pigs: enriched GO terms of genes with
higher expression in 2-day-old DMD: piglets, such as ‘cofactor
binding’, ‘mitochondrion’, ‘aerobic respiration’, ‘cellular respir-
ation’, ‘carboxylic acid binding’, ‘FAD binding’ and ‘cofactor/co-
enzyme metabolic process’ (Supplementary Material,
Table S3A), are compatible with higher metabolic activity,
while GO terms of genes with higher transcript levels in 3-
month-old DMD pigs (Supplementary Material, Table -S3B)
reflect the processes of degeneration (‘lysosome/vacuole’, ‘apop-
tosis’), regeneration (‘tube morphogenesis’, ‘cell motion/migra-
tion’, ‘tube development’), inflammation (‘immune response/
inflammation’, ‘adaptive immune response’; ‘immunoglobulin
receptor/binding’, ‘antigen processing and presentation’, ‘im-
munoglobulin’) and fibrosis (‘extracellular matrix’, ‘extracellular
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Figure 5. Differential gene expression in biceps femoris muscle of 2-day-old and 3-month-old DMD and WT pigs. (A) Heat-map of the DEGs among the four groups
defined by genotype x age. Increased abundance of transcripts is indicated in red, decreased abundance in blue colours. (B) Number of DEGs between the four groups.
Numbers in red and blue indicate the genes up- and down-regulated between the group at the end of an arrow versus the group at the arrow head. (C) Age-related
transcriptome changes. The numbers in the overlap segment indicate DEGs commonly up- and down-regulated between 2-day-old and 3-month-old pigs of the
DMD and WT groups. (D) Genotype-related transcriptome changes. The numbers in the overlap segment indicate DEGs commonly up- and down-regulated

between DMD and WT pigs of both age classes.

structure organisation’, ‘collagen’). In WT pigs, the genes
expressed at higher levels in 2-day-old animals were summarized
by GO term ‘extracellular matrix’, while in 3-month-old animals
transcripts belonging to GO terms ‘muscle contraction’, ‘glucose
metabolic process’ and ‘chloride ion binding’ were more abun-
dant (Supplementary Material, Table S4A and B).

Transcriptome changes in skeletal muscle of 3-month-old
DMD pigs reflect human DMD and mdx mouse muscle

Next, we asked if the transcriptome changes observed in DMD
pigs reflect the findings of gene expression studies in skeletal
muscle of DMD patients and of the mdx mouse. Pescatori ef al.
(25) determined gene expression profiles in muscle biopsies of
19 DMD patients younger than 2 years, thus addressing the pre-
symptomatic phase of the disease. Haslett er al. (26) investigated
the transcriptome of skeletal muscle tissue in DMD children
older than 5 years, when impaired muscle function and ambula-
tion becomes clinically manifest. A systematic study of tran-
scriptome changes in skeletal muscle of mdx mice between 7
and 112 days of age was performed by Porter et al. (27). To
compare the changes in gene expression profiles of muscle
samples from 2-day-old and 3-month-old DMD pigs versus age-
matched controls with these published data sets, we performed
gene set enrichment analyses (GSEAs) (28) providing a
measure (normalized enrichment score, NES) of the concord-
ance of DEG sets.

The transcripts with increased abundance in 3-month-old
DMD pigs were in good concordance with the genes found to

be up-regulated in DMD children younger than 2 years (25)
(Fig. 7C), older than 5 years (26), and in mdx mouse muscles
at 23 and 28 days of age (27) (Supplementary Material,
Fig. S3A), as indicated by NES >2 with g-values of less than
0.001. A similarly good concordance was found for the down-
regulated genes (Supplementary Material, Fig. S3B).

Transcriptomics of 2-day-old DMD pig muscle identifies
a mechanical stress signature

The gene expression profiles of biceps femoris muscle samples
from 2-day-old DMD piglets were rather different from the pub-
lished sets of DEGs in DMD patients and in mdx mouse muscles
(Supplementary Material, Fig. S3C). Specifically, samples from
2-day-old DMD pigs did not display the characteristic transcrip-
tome signatures of ECM remodelling, inflammatory response
and decreased energy metabolism which were observed even
in DMD patients younger than 2 years, ie. in the pre-
symptomatic period. Instead, the set of transcripts with increased
abundance in 2-day-old DMD piglets was similar to a set of
genes up-regulated in muscle after acute exercise injury in
humans (29) (Fig. 6C) and to transcripts induced by contractile
overload (high-force eccentric contractions) in murine skeletal
muscle (30) (NES = 1.7624; ¢ == 0.002; data not shown).

DISCUSSION

In this study, we generated the first pig model for a genetic
muscle disease by gene targeting. In mouse (31) and human
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Figure 6. Graph-based visualization of enriched GO terms of genes differentially expressed between DMD and WT pigs at the age of 2 days. (A) GO terms of
up-regulated and (B) GO terms of down-regulated genes in DMD versus WT pigs. The graphs were produced from all significantly enriched GO terms found by
DAVID functional annotation clustering using the tools REVIGO (23) and Cytoscape (24). Each GO term is a node in the graph, and 3% of the strongest GO term
pairwise similarities are designated as edges in the graph. The generality of GO terms is indicated by bubble size, with smaller bubbles implying more specific
terms. (C) Gene set enrichment analysis of DEGs up-regulated in 2-day-old DMD pigs versus age-matched WT pigs in a set of genes up-regulated in human skeletal
muscle exposed to acute endurance exercise (29). The enrichment profile (green curve) shows a non-random distribution indicated by a roughly triangular outline and a
peak close to one of the extremes of the signal-to-noise ordered data set, This distribution means that a higher proportion than expected under the null hiypothesis of the
genes up-regulated in human skeletal muscle after acute endurance exercise is up-regulated in DMD pigs and fewer than expected are down-regulated or neutral. The
leading edge subset containing the most up-regulated genes are the genes positioned left of the peak in the enrichment curve profile. The NES was calculated as outlined
in the Materials and Methods section. The g-value is the false discovery rate (FDR) corrected P-value.

embryonic stem cells (32), a high rate of homologous recombin-
ation was observed with large targeting vectors based on BACs,
avoiding the need for isogenetic DNA and negative selection
markers (reviewed in 33). Therefore, we used a BAC containing -
the porcine DMD exon 52 and replaced it by recombineering
(16). After nucleofection of the modified BAC into pre-tested

nuclear donor cells, exon 52 replacement was observed in
around 2% of the stable nucleofected cell clones, rendering
BAC targeting an attractive method for introducing targeted
mutations into large animal genomes. Importantly, the two tar-
geted cell clones used for nuclear transfer produced pregnancies
and offspring at arate within the usual range of nuclear transferin
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Figure 7. Graph-based visualization of enriched GO terms of genes differentially expressed between DMD and WT pigs at the age of 3 months, and comparison with a
transcriptome study of DMD patients. (A) GO terms of up-regulated and (B) GO terms of down-regulated genes in DMD versus WT pigs. The graphs were produced
from all significantly enriched GO terms found by DAVID functional annotation clustering using the tools REVIGO (23) and Cytoscape (24) as explained in legend of
Figure 6. (C) Gene set enrichment analysis of DEGs up-regulated in 3-month-old DMD pigs versus age-matched WT pigs in a set of genes up-regulated in skeletal
muscle of DMD boys younger than 2 years (25). The enrichment profile (green curve) shows a non-random distribution indicated by a roughly triangular outline and a
peak close to one of the extremes of the signal-to-noise ordered data set. This distribution means that a higher proportion than expected under the null hypothesis of the
genes up-regulated in DMD boys is up-regulated in DMD pigs and fewer than expected are down-regulated or neutral. The leading edge subset containing the most
up-regulated genes are the genes positioned left of the peak in the enrichment curve profile. The NES was calculated as outlined in the Materials and Methods section.
The g-value is the false discovery rate (FDR) corrected P-value.

the pig (34), demonstrating that BAC targeting and selection of Pigs lacking DMD exon 52 displayed a complete loss of dys-
single clones do not interfere with the potential of donor cellsto  trophin, as it is the case in the majority of DMD patients (17). In
yield cloned offspring. addition, the levels of dystrophin-associated glycoproteins
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a-sarcoglycan and B-dystroglycan were reduced, mirroring the
situation in DMD patients.

The DMD pig appears to be a bona fide model of the human dys-
trophy as ascertained by the absence of the dystrophin protein, ele-
vated serum CK and progressive muscular dystrophy. The
percentage of muscle fibre cross-sections with central nuclei
(~10%) in 3-month-old DMD pigs appeared rather low when
compared with mdx mice of the same age (~60%) (35). This
might on the one hand reflect a lower regenerative potential of
porcine DMD muscles, and might contribute to the accelerated
severé muscle phenotype seen in DMD pigs when compared

with mdx mice. On the other hand, the low percentage of muscle .

fibres with central nuclei might reflect the young age of the inves-
tigated pigs. Likewise, studies in mdx mice show that the percent-
age of muscle fibres with central nuclei increases with age (36).
Another important point is that in mdx mouse muscle the myonu-
clei remain central for a long time after regeneration and can thus
be used as a marker for regenerated muscle fibres, while in larger
mammals the majority of nuclei in regenerating muscle fibres
quickly become subsarcolemmal (reviewed in 37). Thus the
higher percentage of central nuclei in the mdx mouse when com-
pared with the DMD pig may reflect the difference in post-
regenerative remodelling in the two species.

In addition to progressive muscle pathology, DMD pigs show
characteristic disturbances of locomotion, including the inabil-
ity in climbing a platform, which is comparable with the early
difficulties of DMD patients in climbing stairs. It appears that
DMD pigs exhibit the pathological and functional hallmarks of
the human disease, but develop them in an accelerated mode.
This offers improved oppertunities for early and clear-cut read-
outs in efficacy studies of new treatments when compared with
currently available animal models.

Our findings raise the questions (i) why disease progression in
DMD pigs is markedly accelerated when compared with human
patients; and (i) why the severity of muscular dystrophy was
associated with birth weight of DMD pigs.

Up-regulation of utrophin at the sarcolemma is.a common ob-
servation in dystrophin-deficient human and mouse muscle
(reviewed in 20). Functional compensation of dystrophin defi-
ciency by utrophin has been demonstrated by amelioration of
the pathology in mdx mice expressing utrophin. transgenes
(38,39) and by the fact that double mutant mice lacking both dys-
trophin and utrophin present a more severe phenotype than mice
lacking only one of these proteins (40). Thus we asked whether
the rapidly progressing muscular dystrophy of DMD pigs is due
to a lack of sarcolemmal utrophin up-regulation. Since increased
levels of utrophin have been observed in regenerating,
dystrophin-deficient, or inflamed muscle without a correspond-
ing increase in UTRN mRNA (41), we compared utrophin ex-
pression between DMD and WT pigs on the protein level by
western blot and immunohistochemistry. While in muscle speci-
mens of 3-month-old pigs, the sarcolemma stained clearly posi-
tive for utrophin, we did not detect sarcolemmal utrophin
expression in 2-day-old DMD pigs. The utrophin expression
pattern in DMD pigs reflects the situation in humans where
young cases of DMD show very little sarcolemmal utrophin,
but as the disease progresses utrophin is detectable on many
mature muscle fibres (reviewed in 42).

Consistent with these findings, sarcolemmal utrophin was
markedly increased in canine X-linked muscular dystrophy
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(CXMD) in skeletal muscle 0of 30- and 60-day-old and adult dys-
trophlc animals (43). Moreover, in these dogs, utrophin expres-
sion was more persistent when compared with controls and
female carriers. In the Golden Retriever muscular dystrophy
(GRMD) animal model, a high mortality rate was observed
during the first 2 weeks of life (44). Notably, utrophin immunos-
taining was absent, faintly or variably positive in skeletal muscle
from 2-day-old dystrophic CXMD animals which died spontan-
eously. Similarly absent or variable utrophin expression was
reported in puppies which died after days 8, 9 and 11 (43). In
line with the findings in neonates of the canine muscular dys-
trophy model, the lack of sarcolemmal utrophin up-regulation
in the 2-day-old DMD pig muscle may contribute to the lethality
of some animals shortly after birth.

To gain insight into the: hxerarchy of disease mechanisms of
muscular dystrophy of DMD pigs, we performed a holistic tran-
scriptome analysis of skeletal muscle specimens from 2-day-old
and 3-month-old animals. The muscle transcriptome changes of
3-month-old DMD pigs were very similar to those reported for
muscle samples of DMD patients, demonstrating that the
DMD pig reflects the human disease on the molecular level. In
contrast, the transcriptome profile of skeletal muscle from
2-day-old DMD pigs was rather different from published tran-
scriptome data sets of human DMD muscle. Interestingly,
CCL2—coding for CC chemokine ligand 2, a ligand of CC che-
mokine receptor 2 (CCR2)—was one of the most down-
regulated transcripts in 2-day-old DMD pigs. Experiments in
Ccl2 knockout mice demonstrated that CCL2 deficiency
results in reduced inflammation and 1mpa1red regeneratxon
after acute muscle injury (45). Further, Ccl2™'~ mice exhibited
reduced expression of /gf7, which was also seen in 2-day-old
DMD pigs. In contrast, CCL2 transcript levels were elevated in
3-month-old versus 2-day-old DMD pigs associated with
marked inflammatory and regenerative processes. Thus CCL2
is an interesting candidate to be involved in the transition from
the early lesions observed in 2-day-old DMD piglets to the
severe muscular dystrophy observed in 3-month-old DMD
pigs withall clinical and pathological hallmarks of human DMD.

A classical hypothesis regarding the pathophysiology of dys-
trophin deficiency is that abnormal fragility and leakiness of the
muscle cell membrane represents the initial pathology of DMD,
which is made worse by mechanical stress (reviewed in 20). A
primary role of mechanical stress in early DMD pathology is sup-
ported by the fact that the set of transcripts with increased abun-
dance in 2-day-old DMD piglets was similar to a set of genes
up-regulated in muscle after acute exercise injury (29,30). Our ob-
servation that the survival time of DMD pigs was inversely asso-
ciated with birth weight (Fig. 2A) points to an effect of intrauterine

" and postnatal growth rate on the severity of the disease. Human
~foetal growth reaches a maximum between 30 and 36 weeks

and declines thereafter as the mother fails to meet the increasing
energy demand of her growing foetus. In contrast, pig foetuses
have not reached their peak growth rate at birth and can double
their birth weight within 7—10 days due to high rates of protein de-
position and lean tissue growth and a marked increase in body fat,
while human babies need 5 months to double their birth weight
(reviewed in 46). Thus,.the pig is a model of accelerated
growth, which may aggravate the phenotypic consequences of
DMD deficiency via different routes. Foetal pig muscles grow
by hypertrophy from around day 75 of pregnancy (47). Since
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