DNA METHYLATION PROFILING OF PIG IPSCS
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FIG. 4. DNA methylation status of huKO-negative cells after sorting of Porco Rosso-4. (a) The huKO-negative and huKO-positive cells of
Porco Rosso-4 iPSC line after sorting. Scale bar = 50 um. (b) DNA methylation status of DIf7 and Enc1 before and after sorting (huKO-nega-
tive and huKO-positive). Open and closed circles indicate unmethylated and methylated CpG dinucleotides, respectively. (¢) The percent-
age of (hypomethylated clones)/(all sequenced clones) in the underlined regions of Figure 4b. Hypomethylated clones were defined on the
basis of the number of unmethylated CpGs underlined below the circles in each sequenced clone. At the DI7 locus, the DNA methylation
statuses of four CpGs were clearly different between the bulk Porco Rosso-4 line and PFF in Figure 2, whereas the other CpGs were almost
fully methylated in all of the sequenced clones, indicating that the methylation statuses of the four selected CpGs in the underlined region
were informative enough for evaluating the ratio of properly reprogrammed cells in huKO-negative and huKO-positive fractions. Thus,
sequenced clones with three or more unmethylated CpGs in the four CpGs were designated as hypomethylated at the D//7 locus. At the
Enc1 locus, about half of the sequenced clones exhibited six or more unmethylated CpGs within the eight CpGs examined in the bulk Porco
Rosso-4 line (Fig. 2). However, the other sequenced clones were almost fully methylated at the eight CpGs. Thus, sequenced clones exhib-
iting six or more unmethylated CpGs were designhated as hypomethylated to strictly evaluate properly reprogrammed cells at the Enc1
locus. With respect to the other four EShypo-T-DMRs (Ctnnb1, Sall4, Tle4, and Nebl) analyzed in Figure 2, the DNA methylation statuses of
hypomethylated CpGs in bulk Porco Rosso-4 cells did not differ between huKO-negative and huKO-positive cells (Supporting information
Fig. 2). Black and white bars indicate the ratio of hypermethylated and hypomethylated clones, respectively. BS, before sorting; N, huKO-
negative cells; P, huKO-positive cells.

remained unchanged compared with FBS-cultured
controls.

Improvement of the DNA methylation status of Porco
Clawn cells by culture under SF+2i conditions was con-
firmed by sodium bisulfite sequencing (Fig. Sb). Sall4,
Hexb, and Zfp64, all of which are Oct3/4-targets, were
hypermethylated in the presence of FBS, whereas deme-
thylation occurred under the SF+2i conditions. By con-
trast, demethylation at Hexb and Zfp64 was much less
pronounced in the 5-aza-dCtreated cells (Fig. Sb). These
results suggest that the SF+2i condition was the most
effective of those tested for reprogramming of the 36-gene
set. Demethylation also occurred in the SF+2itreated
cells at the DIl1 and Enc! loci (Supporting Information

Fig. 3a2), whereas a portion of cells remained hypermethy-
lated at the DIlI locus (Supporting Information Fig. 3b).
In addition, DNA methylation analysis revealed that a pro-
portion of cells still needed to be reprogrammed at the
Encl locus even after SF+2i treatment.

To examine whether SF+2i culture conditions are
effective in improving pluripotency scores, we cultured
Porco Clawn, in addition to several other iPSC lines,
under the same conditions (FBS, SE and SF+2i), and
DNA methylation status was analyzed by COBRA assay
(Fig. 5¢). Of note, the pluripotency scores of all the
three gene groups (Oct3/4-targets, KSM-targets, and
non-targets) were increased in Porco Rosso-4 cells
under SF+2i condition compared with FBS, or SF
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DNA METHYLATION PROFILING OF PIG IPSCS

conditions. Thus, SF+2i treatment is effective for multi-
ple porcine iPSC lines.

DISCUSSION

The porcine iPSCs analyzed in this study exhibited LIF-
dependent self-renewal and a round morphology, simi-
lar to mouse ESCs (Fujishiro et al., 2013). The expres-
sion patterns of several pluripotency-related marker
genes, including Oct3/4, were also similar among the
iPSC lines. As it is intended that these iPSC lines will be
used for applications such as chimera formation (Okita
et al., 2007) and transplantation experiments (Kobaya-
shi et al., 2010; Usui et al., 2012), it is important that
they are able to contribute to the ICM of the blastocyst
embryos. In this context, a simple index, other than
morphology and marker gene expression, correlating
with ICM contribution efficiency is required to allow
pre-screening to determine which iPSC lines are appro-
priate for use in labor- and cost-intensive transplanta-
tion experiments. We previously reported that mouse
iPSC lines with high chimera-forming ability (Aoi et al.,
2008) have DNA methylation profiles close to those of
ESCs (Sato et al., 2010). In this study, we focused on
the DNA methylation profile of mouse EShypo-T-DMRs
and determined a 36-gene set applicable to porcine
iPSC lines. The pluripotency scores, based on the DNA
methylation profile of the 36-gene set, were revealed to
differ among iPSC lines that were indistinguishable by
morphology or marker gene expression. Moreover, the
iPSC line with the highest pluripotency score contrib-
uted to the ICM as assessed by a chimera formation
experiment, whereas the iPSC line with the lowest
score contributed much less efficiently to the ICM. Col-
lectively, the DNA methylation profile of the 36-gene set
derived from mouse EShypo-T-DMRs correlated with
the ability to contribute to the ICM of blastocyst
embryos.

In the course of mouse iPSC establishment, reprog-
ramming for activation is important for genes such as
endogenous Oct3/4 and target genes of Yamanaka fac-
tors (Oct3/4, Sox2, Kif4, and ¢-Myc) (Okita et al., 2007;
Takahashi and Yamanaka, 2006). In this study, we cate-
gorized the 36-gene set into three groups (Oct3/4-tar-
gets, KSM-targets, and non-targets), and analyzed DNA
methylation status in porcine iPSCs. Among the three
groups, differences in pluripotency score were most

apparent in the Oct3/4-target genes. The Oct3/4-target
group contains genes that are important for the mainte-
nance of pluripotency in stem cells. For example, Sall4
is an Oct3/4-target gene (Chen et al., 2008; Sakaki-
Yumoto et al., 2006; Tsubooka et al., 2009) and was
hypomethylated in the porcine iPSC line exhibiting both
a high pluripotency score and efficient contribution to
ICM. Differences in pluripotency scores among the
examined iPSC lines were less significant in the KSM-
target group than the Oct3/4-target group. Non-target
genes can be thought of as downstream targets of the
four Yamanaka factors, thereby non-target genes should
be secondarily reprogrammed after activation of the pri-
mary targets of the Yamanaka factors. Thus, the pluripo-
tency score of non-target genes was relatively high in
iPSCs with high Oct3/4- and KSM-target scores, most
likely indicating the activation of the primary target
genes. Therefore, although pluripotency scores of Oct3/
4-target genes can be considered as the most important
index for evaluation of porcine iPSCs, the DNA methyla-
tion profiles of all three groups making up the 36 genes
are required for evaluation with high accuracy.

For establishing mouse iPSCs, 2i treatment has been
reported as effective for obtaining high-quality lines
Buehr et al., 2008; Hanna et al., 2009; Li et al., 2008).
The 2i consists of MEK- and GSK3b-inhibitors, both of
which prevent differentiation of mouse ESCs. In the por-
cine iPSC lines we examined, 2itreatment effectively
induced demethylation of the 36-gene set, with a conse-
quent increase in pluripotency scores. Since an increased
pluripotency score indicates cells with closer characteris-
tics to those of pluripotent stem cells, such as mouse
ESCs, the DNA methylation profile of the 36-gene set is
useful for detection of improvements of porcine iPSC
lines. In contrast, treatment of 5-aza-dC was less effective
for improvement of pluripotency scores, implying that
simple DNA demethylation by such compounds is insuffi-
cient. Taken together, DNA methylation profiling is useful
for evaluation of characteristic changes of porcine iPSCs.

Reprogramming of endogenous pluripotency-related
genes such as Oct3/4 is crucial for stably maintaining
iPSCs. By contrast, the first report of mouse iPSCs
(Fbx15 iPSCs) observed incomplete demethylation of the
endogenous Oct3/4 region and the cells were not trans-
mitted through the germline (Takahashi and Yamanaka,
2006), whereas superior germline-transmittable iPSC
lines (Nanog iPSCs) showed complete demethylation of

FIG. 5.

Improvement of DNA methylation status under different culture conditions. (a) DNA methylation status of Porco Clawn cells cul-

tured in the presence of FBS, or in serum-free (SF), SF + 2i, or 5-aza-dC conditions was analyzed by COBRA assay; the methylation level is
represented as a heatmap (left panel). The number of demethylated genes in each culture condition is shown in the right panel. (b) DNA
methylation status of three Oct3/4-target genes (Sall4, Hexb, and Zfp64) in Porco Clawn cells cultured under different conditions analyzed
by sodium bisulfite sequencing. Open and closed circles indicate unmethylated and methylated CpG dinucleotides, respectively. Arrow-
heads indicate CpG sites analyzed by COBRA assay. The methylation level (%) was calculated as methylated CpGs/all examined CpGs. (c)
DNA methylation status in Porco Rosso-4 cells cultured under SF or SF + 2i conditions and in Porco Rosso-6 cultured in the presence of
5-aza-dC was analyzed by COBRA assay. Pluripotency scores of the iPSC lines cultured under each condition were plotted for the three

gene-groups (Oct3/4-targets, KSM-targets, and non-targets).
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the endogenous pluripotency-related genes including
Oct3/4 (Okita et al., 2007). We previously reported that
the endogenous Oct3/4 promoter region was relatively
hypermethylated in the same porcine iPSC lines that
were examined in this study (Fujishiro et al., 2013). How-
ever, one iPSC line that we analyzed contained cells
showing reprogrammed and hypomethylated status
within the whole examined endogenous Oct3/4 locus,
suggesting that a small population of the cells were acti-
vated at the endogenous Oct3/4 locus. In mouse ESCs, a
1.5-fold increase or two-fold decrease in endogenous
Oct3/4 expression led to cellular differentiation (Niwa
et al., 2000). Therefore, the appropriate expression
level of endogenous Oct3/4 is important for mainte-
nance of pluripotency. In the pig, however, no bona
fide pluripotent stem cells, such as mouse ESCs, have
been described to date; thus, the appropriate expres-
sion level of endogenous Oct3/4 remains to be deter-
mined. Based on the bisulfite sequencing data of
endogenous Oct3/4 in our previous study (Fujishiro
et al., 2013) and several Oct3/4-targets in this study, a
proportion of the cells appear to be properly reprog-
rammed in the iPSC lines we examined. In addition, the
finding that huKO-negative cells, which are likely closer
to pluripotent cells (Fujishiro et al., 2013), exhibited
hypomethylation of EShypo-T-DMRs compared with the
bulk iPSC line further support the usefulness of DNA
methylation profile. Thus, DNA methylation analysis
can evaluate the ratio of properly reprogrammed cells
in each iPSC line without reference cells such as ESCs
in the case of mouse iPSCs.

The porcine iPSC lines examined in this study were
likely heterozygous and contained both properly and
improperly reprogrammed cells, even after SF/2j-treat-
ment, as shown by the measurement of the DNA meth-
ylation patterns of several EShypo-T-DMRs. For
aggregation experiments, one iPSC colony large enough
to be picked up was dissociated into single cells and
aggregated with early embryonic cells. Under the pres-
ent culture conditions, properly reprogrammed cells
such as huKO-negative cells, which we proved to have
better characteristics as stem cells (Fujishiro et al.,
2013), exhibited slower proliferation than improperly
reprogrammed cells (data not shown). This implies that
visible iPSC colonies, which can be used for aggregation
experiments to analyze ICM contribution, contain sub-
stantial numbers of improperly reprogrammed cells due
to higher proliferation potential than properly reprog-
rammed cells. Thus, the data demonstrating the ICM
contribution of iPSCs in this study may have underesti-
mated the ratio of properly reprogrammed cells that
could be deduced from DNA methylation analysis. In
this study, we identified several genes whose methylation
profiles could be used to evaluate the ratio of properly
reprogrammed cells. Thus, we will be able to identify
appropriate culture conditions for the maintenance of

properly reprogrammed cells by using the DNA methyla-
tion profiles of these genes.

In this study, we focused on the DNA methylation
profile of the 36-gene set derived from EShypo-T-DMRs
and established a new index for evaluation of porcine
iPSCs correlating with their efficient contribution to the
ICM of blastocysts. We provide proof-of-principle of the
concept that mouse EShypo-T-DMR information is appli-
cable to evaluate porcine iPSC lines. The gene set we
used in this study is effective on validation of stemness
under in vitro culture condition and in blastocyst stage
embryos as one aspect of pluripotency. However, the
other aspect of pluripotency to have broad lineage
potential is also important but cannot be assessed by
the gene set used in this study. We previously identified
differentiated-tissue-specific hypomethylated loci (Tis-
suehypo-T-DMRs), which are related to certain specific
somatic cell lineages and are hypermethylated in mouse
ESCs (Sato et al., 2010). By selecting another porcine
gene set from Tissuehypo-T-DMRs in addition to the 36-
gene set examined in this study, we will be able to per-
form more strict evaluation of porcine iPSCs in terms of
pluripotency of both stemness and broad lineage poten-
tial. Since our previous findings indicated that hundreds
of mouse EShypo- and Tissuehypo-T-DMRs could be
used for evaluation of mouse iPSCs, we anticipate deriv-
ing further information about EShypo- and Tissuehypo-
TDMRs in multiple porcine iPSC lines with higher
accuracy using next generation sequencer to perform
ultra-deep bisulfite sequencing.

In conclusion, information regarding DNA methyla-
tion derived from mouse EShypo-T-DMRs is a feasible
index for evaluation of porcine iPSCs as a pre-screening
tool, distinct from morphology and marker gene expres-
sion analysis. Evaluation of porcine iPSC lines by DNA
methylation analysis is simple and time/cost-saving. The
concept of evaluation of iPSCs by DNA methylation pro-
file is readily applicable to other mammalian cells,
including human iPSCs/ESCs, which cannot be eval-
uated by chimera formation for ethical reasons.

METHODS

Animal Care

All of the animal experiments in this study were
approved by the Institutional Animal Care and Use
Committee of Meiji University JACUC-11-1).

Chemicals

Chemicals were purchased from the Sigma Chemical
Co. (8t. Louis, MO), unless otherwise indicated.
Porcine iPSCs

Establishment of porcine iPSCs was described previ-
ously (Fujishiro et al., 2013). Porcine iPSC lines, Porco
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Rosso-4, —6, —622-14, and Epistem-like B9-2-5, express-
ing humanized Kusabira-Orange (huKO) were derived
from PFF of huKO-transgenic pigs (Matsunari et al.,
2008). Porco Clawn iPSC line was derived from PFF of
Clawn miniature pigs (Japan Farm, Kagoshima, Japan).
All the i{PSC lines were maintained in knockout DMEM
medium (Invitrogen, Rockville, MD) containing 15%
fetal bovine serum (FBS, Invitrogen) or knockout serum
replacement (KSR, Invitrogen), 1% NEAA (Invitrogen),
1% glutamax-L (Invitrogen), 100 pM 2-mercaptoethanol
(Invitrogen), 50 U/ml penicillin, 50 pg/ml streptomy-
cin, 10 puM forskolin (Biomol, Farmingdale, NY), and
0.5% porcine LIF with or without 5 pM 5-aza-2’-
deoxycytidine (5-aza-dC) for 10 days and two signal-
transduction inhibitors (2i) of 0.5 uM PD0325901 and 3
uM CHIR99021 for three weeks on MMC-treated STO
cells. huKO-negative and huKO-positive cells of Porco
Rosso-4 were sorted by BD FACS Aria (Becton Dickin-
son, N)).

COBRA Assay and Sodium Bisulfite Genomic
Sequencing

DNA methylation analysis by COBRA assay was per-
formed based on our previous results (Sato et al.,
2010) focusing on 58 genes that were hypomethylated
in mouse ESCs. Genomic DNA was purified using the
DNeasy Blood & Tissue Kit (Qiagen, Hilden, Ger-
many), and digested with a restriction enzyme Hind
III (Takara Bio, Shiga, Japan). Digested genomic DNA
was purified with a QIAquick Gel Extraction Kit (Qia-
gen), and bisulfite reactions were performed using the
EZ DNA Methylation-Direct Kit (Zymo Research,
Irvine, CA). Bisulfite-treated DNA was amplified with
BioTaq HS DNA polymerase (Bioline, London, UK)
using specific gene primers (Supporting Information
Table 1). Primer sequences are based on the porcine
genome assembly, Sscrofa9.2 (November 2009 build)
from the UCSC genome database. PCR was performed
under the following conditions: 95°C, 10 min; 40
cycles of 95°C, 30 s; 60°C, 30 s; 72°C, 1 min; final
extension 72°C, 2 min. Amplified PCR products were
digested with Hpy CH4 IV (New England BioLabs, Bev-
erly, MA) at 37°C for 3 h, or Taq I (Takara Bio) at 65°C
for 3 h and analyzed by electrophoresis. DNA methyla-
tion levels were calculated using the formula: esti-
mated methylation degree (%) =100 X I°/U°+19),
where I and 1°¢ represent intensities of digested and
undigested bands, respectively. The intensities of
bands were determined using Image] software pro-
vided by the National Institutes of Health C(http://
rsb.info.nih.gov/ij/). COBRA assay was independently
performed twice for all samples. PCR products were
cloned into the pGEM T-Easy vector (Promega, Madi-
son, WD), and 10 to 16 clones sequenced to determine

" DNA methylation status.

Preparation of Porcine Parthenogenetic Embryos

Porcine parthenogenetic embryos were generated as
reported previously (Matsunari et al., 2008). Briefly,
porcine ovaries were collected at local abattoirs. In
vitro maturated oocytes with expanded cumulus cells
were treated with 1 mg/ml of hyaluronidase dissolved
in Tyrode’s lactose medium containing 10 mM HEPES
and 0.3% (w/v) polyvinylpyrrolidone (HEPES-TL-PVP),
and separated from the cumulus cells by gentle pipet-
ting. Oocytes with evenly granulated ooplasm and an
extruded first polar body were selected for subsequent
experiments. Oocytes were transferred to an activation
solution consisting of 0.3 M mannitol (Nacalai Tesque,
Kyoto, Japan), 50 uM CaCl,, 100 pM MgCl,, and 0.01%
(w/v) PVA, and activated by applying a single direct cur-
rent pulse (150 V/mm, 100 psec) using an electrical
pulsing machine (LF201; Nepa Gene, Chiba, Japan).
Activated oocytes were cultured and treated with 5 ug/
ml cytochalasin B for 3 h to suppress extrusion of the
second polar body followed by in vitro culture for up to
4 days to obtain parthenogenetic host embryos at 4 to
8-cell- and morula-stages. In vitro culture of parthenoge-
netic embryos was performed in porcine zygote
medium-5 (PZM-5; Research Institute for the Functional
Peptides, Yamagata, Japan) under paraffin oil (Kanto
Chemical, Tokyo, Japan) in a humidified atmosphere of
5% CO,, 5% O,, and 90% N, at 38.5°C.

Production of Aggregated Embryos

Parthenogenetic embryos at 4- to 8-cell (day 3) or
morula (day 4) stages were used as host embryos for
aggregation of iPSCs. Host 4- to 8-cell embryos or moru-
lae were decompacted by incubation in C32+/Mg2 *-free
Dulbecco phosphate-buffered saline (DPBS; Nissui,
Tokyo, Japan) containing 0.1 mM EDTA-2Na and 0.01%
(w/v) PVA for 15-20 min, followed by removal of the
zona pellucidae by digestion with 0.25% (w/v) pronase
in DPBS. Small clumps (~30 cells) of iPSCs were iso-
lated from the feeder layer and kept in a drop of 21 mM
Hepes-buffered MEM (Invitrogen) supplemented with 5
mg/ml BSA (Sigma) (MEM-HEPES). Aggregation of iPSC
clumps and host embryos was carried out using the
micro-well method (Nagy and Rossant, 1993). Each
clump of iPSCs was aggregated with host blastomeres
isolated from two parthenogenetic embryos at 4- to 8-
cell or morula stages.

Some of the parthenogenetic host embryos were
aggregated with ICM clumps isolated from parthenoge-
netic blastocysts on day 6 by immunosurgery as
described previously (Nagashima et al., 2004). Isolated
ICM cells were labeled with fluorescent carbocyanine
dye (Dil, Takara Bio) for 30 min, followed by thorough
washing with MEM-HEPES.

Embryos produced by the aggregation method were
cultured for 48-72 h in PZM-5. Blastocysts at day 6
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were observed by confocal microscopy to analyze the
incorporation of the donor cells into the ICM. Images of
blastocysts placed in a drop of DPBS containing 5 pg/ml
Hoechst 33342 were taken using a confocal fluores-
cence microscope (FV-1000; Olympus, Tokyo, Japan).
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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 changesin 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 into 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) models have 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. LA), 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 +1 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. 1D). 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. At the 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. |F 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 (n =9, 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/1. Additional locomotion
studies performed in two 10-week-old DMD pigs confirmed
the difficulties in running and climbing (Supplementary Mater-
1al, 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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