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ARTICLE INFO ABSTRACT

Keywords: Duchenne muscular dystrophy (DMD) is a myopathy characterized by progressive muscle weakness caused by a

Duchenne muscular dystrophy mutation in the dystrophin gene on the X chromosome. We recently showed that a medium-chain triglyceride-

Kemgerfic diet containing ketogenic diet (MCTKD) improves skeletal muscle myopathy in a CRISPR/Cas9 gene-edited rat model

;erslcerfotg?;: of DMD. We examined the effects of the MCTKD on transcription profiles in skeletal muscles of the model rats to

Skeletal muscle assess the underlying mechanism of the MCTKD-induced improvement in DMD. DMD rats were fed MCTKD or
normal diet (ND) from weaning to 9 months, and wild-type rats were fed with the ND, then tibialis anterior
muscles were sampled for mRNA-seq analysis. Pearson correlation heatmaps revealed a one-node transition in
the expression profile between DMD and wild-type rats. A total of 10,440, 11,555 and 11,348 genes were
expressed in the skeletal muscles of wild-type and ND-fed DMD rats the MCTKD-fed DMD rats, respectively. The
MCTKD reduced the number of DMD-specific mRNAs from 1624 to 1350 and increased the number of mRNAs in
common with wild-type rats from 9931 to 9998. Among 2660 genes were differentially expressed in response to
MCTKD intake, the mRNA expression of 1411 and 1249 of them was respectively increased and decreased. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses suggested that the
MCTKD significantly suppressed the mRNA expression of genes associated with extracellular matrix organization
and inflammation. This suggestion was consistent with our previous findings that the MCTKD significantly
suppressed fibrosis and inflammation in DMD rats. In contrast, the MCTKD significantly increased the mRNA
expression of genes associated with oxidative phosphorylation and ATP production pathways, suggesting altered
energy metabolism. The decreased and increased mRNA expression of Sln and Atp2al respectively suggested that
Sarco/endoplasmic reticulum Ca®*-ATPase activation is involved in the MCTKD-induced improvement of skel-
etal muscle myopathy in DMD rats. This is the first report to examine transcription profiles in the skeletal muscle
of CRISPR/Cas9 gene-edited DMD model rats and the effect of MCTKD feeding on it.

Abbreviations: DAPC, dystrophin-associated glycoprotein complex; DEG, differentially expressed gene; DMD, Duchenne muscular dystrophy; FPKM, fragments per
kilobase of exons per million mapped reads; GO, gene ontology; KD, ketogenic diet; KR, ketogenic ratio; MCT, medium-chain triglycerides; MCTKD, medium-chain
triglycerides containing ketogenic diet; ND, normal diet; PC, principal component; SERCA, sarco/endoplasmic reticulum (SR) Ca*" ATPase; TA, tibialis anterior; WT,
wild type.
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1. Introduction

Duchenne muscular dystrophy (DMD) is an X-linked myopathy
caused by a deficiency of dystrophin protein in muscle. Dystrophin is a
component of the dystrophin-glycoprotein complex that connects the
cytoskeleton to the basement membrane [1]. Defects in dystrophin cause
persistent muscle degeneration, necrosis, fibrosis, and adipose tissue
replacements [2]. Despite therapeutic advances, irreversible skeletal
muscle weakness with consequent loss of mobility, inevitable progres-
sive cardiomyopathy, and respiratory failure, eventually lead to the
death of affected individuals [3]. Therefore, new therapeutic methods
that could complement existing strategies and enhance treatment
effectiveness for this lethal disease need to be identified.

Several animal models of DMD have been created to develop effec-
tive therapeutic options. The most popular animal model is the mdx
mouse, but the lifespans of mdx and WT mice are similar, and the pa-
thology is milder than that of human DMD. We generated rat models of
DMD using CRISPR/Cas9 genome editing and found that skeletal muscle
injury and the cardiomyopathy phenotype was more severe in the DMD
rats than the mdx mice [4-6]. A change in the DMD transcriptome in
skeletal muscles has been identified in humans and mice. The skeletal
muscle transcriptome of DMD in boys is characterized by an increased
inflammatory response, extracellular matrix remodeling, muscle
regeneration pathways, and the reduced transcription of genes involved
in energy metabolism [7,8]. These trends are similar in mouse models
[9,10], but some genes clearly differ between mdx and human DMD.
Currently, there are no data on the DMD rat transcriptome, and whether
the phenotype of DMD rats is more similar to humans than to mdx mice
even at the transcriptional level remains unclear.

Ketogenic diets (KD) are high-fat, low-carbohydrate diets that pro-
mote the production of ketone bodies in the liver, and they have been
applied to patients with intractable epilepsy since the 1920s. A keto-
genic diet containing medium chain triglycerides (MCTKD) was devel-
oped in the 1970s as an alternative to the classical ketogenic diet.
Medium chain triglycerides are absorbed and transported more effi-
ciently than other types of fat and will yield more ketones per unit of
dietary energy [11]. Therefore, less total fat is needed on an MCT diet,
which can include more protein and carbohydrate food sources. We
recently found that dietary intervention with an MCTKD improves
skeletal muscle function and pathology in DMD rats [12], suggesting
that it could be a novel dietary treatment option for patients with DMD.
Furthermore, MCTKD significantly inhibited necrosis, inflammation,
and fibrosis in the skeletal muscles of DMD rats and promoted regen-
eration by stimulating satellite cell proliferation.

Here, we analyzed the global transcriptome of skeletal muscles from
CRISPR/Cas9 gene-edited DMD model rats. We also examined the ef-
fects of an MCTKD on transcriptional changes in DMD rats to understand
the cellular and molecular processes involved in the beneficial effects of
MCTKD on skeletal muscle myopathy in DMD.

2. Materials and methods
2.1. Ethics approval

All animal experiments and handling procedures complied with the
guidelines of the National Institute of Advanced Industrial Science and
Technology (AIST), The University of Tokyo, and relevant international
guidelines for the proper care and use of laboratory animals. The Insti-
tutional Animal Care and Use Committees at AIST and The University of
Tokyo approved the experimental protocol (Permission Nos: 2020-358
and P20-012, respectively).

2.2. Rat model of DMD

We previously established a Wistar-Imamichi rat model with an out-
of-frame mutation in the DMD gene using CRISPR/Cas9 gene-editing.
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The DMD rats have deletion in exons 3 and insertion and conversion
in exon 16 in the DMD gene. The DMD rats were perpetuated by crossing
WT male rats with females harboring a heterozygous mutation in the
Dmd gene. All rats were maintained in groups (2-4 per cage) at 23 °C
under a 12-h light/dark cycle (lights on at 8 a.m.) and food and water
were supplied ad libitum.

2.3. Dietary intervention

Male DMD rats were randomly assigned to groups after weaning at 3
weeks of age (n = 6 each) and fed with the AIN93 M normal diet (ND) or
the MCTKD. The controls were WT littermates fed with the ND (n = 4).
The dietary intervention continued from the age of 3 weeks to 9 months.
Two types of MCTKD were used to rapidly increase blood ketone level
after the dietary intervention started. The rats were fed for the first 10
days with an MCTKD containing a ketogenic ratio (KR) of fat weight to
carbohydrate + protein weight of 2.0, followed thereafter by an MCTKD
with a KR of 1.4.

2.4. Extraction of RNA and mRNA-seq analysis

Total RNA was extracted from frozen tibialis anterior (TA) muscles
disrupted in RNAiso Plus (Takara Bio Inc. Kusatsu, Japan) using a Micro
Smash MS-100R (Tommy Seiko Co., Ltd., Tokyo, Japan). Messenger
RNA was purified from total RNA using poly-T oligo-attached magnetic
beads. After fragmentation, the first strand cDNA was synthesized using
random hexamer primers, followed by second strand cDNA synthesis
using dTTP. After end repair, a poly(A) tail was added to double-
stranded cDNA, then ligated with an RNA adaptor, followed by size
selection, amplification, and purification. The library was checked with
Qubit, quantified using real-time RT-PCR and size distribution was
determined using a bioanalyzer. The libraries were sequenced on an
Illumina NovaSeq 6000 sequencing platform (Illumina In., San Diego,
CA, USA), and 150 bp paired-end reads were generated.

2.5. Sequence data analysis

Clean reads were obtained from the raw data in FASTQ format by
removing low quality reads and reads with poly(N) sequences. The clean
paired-end reads were mapped to a reference genome using Hisat2
v2.0.5. Uniquely mapped reads accounted for ~93% in all samples, and
only uniquely mapped reads were subsequently analyzed. The read
numbers mapped to each gene were counted using featureCounts v1.5.0-
p3. Genes with fragments per kilobase of exons per million mapped
reads (FPKM) > 1 were considered as being expressed. Differential
expression was analyzed using the DESeq2R package (1.20.0). Genes
with a P < 0.05 identified by DESeq2 were considered as being differ-
entially expressed.

2.6. Gene function analysis

We analyzed the pathways enriched by differentially expressed genes
(DEGs) using Gene Ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) and the clusterProfiler R package, in which gene
length bias was corrected. The GO and KEGG categories with corrected
P < 0.05 were considered as being significantly enriched.

2.7. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from rat frozen TA muscles using RNAiso
Plus (Takara Bio Inc., Otsu, Japan). Complementary DNA was then
synthesized using PrimeScript™ RT reagent kits with gDNA Eraser
(Takara Bio). Quantitative RT-PCR (qRT-PCR) proceeded on a Light-
Cycler™ (Roche Diagnostics, Mannheim, Germany), using SYBR® Pre-
mix Ex Taq™ II (Takara Bio Inc) under the following amplification
conditions: 45 cycles of 95 °C for 5 s, 57 °C for 10 s, and 72 °C for 10 s.
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Supplementary Table 1 shows the qRT-PCR primer sets, and the amount
of target mRNA was normalized to the amount of Cmas.

2.7. Statistical analysis

The significance of differences (p) in RNA-seq data between two
groups was assessed using negative binomial distribution tests. Expres-
sion determined from qRT-PCR results was compared using one-way
ANOVA followed by Tukey-Kramer multiple comparison tests.

3. Results
3.1. Correlation and principal component analysis of mRNA-seq data

Samples of RNA obtained from TA muscles were analyzed using
mRNA-seq, and >93% of reads were obtained as unique maps.
Messenger RNA expression was quantified then normalized for each
individual. Pearson correlation analysis of mRNA-seq data showed that
all samples closely correlated within groups (Pearson correlation coef-
ficient, R> = ~0.91; Fig. 1A). A single node transition was identified
between the WT and DMD groups, and the R? between tended to be
larger between the WT rats and the MCTKD-fed DMD rats than the ND-
fed DMD rats. The first and second principal components (PCs)
explained 62.83% and 12.12% of the total variation in mRNA expres-
sion, respectively (Fig. 1B). The divergence of the first principal
component (PC1) generally reflected differences between groups, with a
particularly clear divergence between DMD and WT rats. Similar to the
Pearson correlation results, the MCTKD-fed DMD rats were located be-
tween, but were much closer to those given the ND-fed DMD rats than
WT rats on the PC1 axis.

3.2. Analysis of DEGs

Genes with an average of >1.0 FPKM of in each group were defined
as expressed, and the number of genes that were independently
expressed and co-expressed in each group were compared (Fig. 2A).
Overall 10,440, 11,555 and 11,348 genes were expressed in the TA
muscles of WT rats, and the DMD rats fed with the ND and the MCTKD,
respectively. The MCTKD reduced the number of genes expressed only in
DMD rats from 1624 to 1350 and increased the number of mRNAs in
common with WT rats from 9931 to 9998. The mRNA expression of 6130
and 5142 genes was significantly increased, and that of 4992 and 4159
was decreased, respectively, in TA muscles of ND-fed DMD rats and the
MCTKD-fed DMD rats compared with WT rats (Supplementary Fig. 1). A

A Pearson correlation between samples
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comparison between MCTKD-fed DMD rats and ND-fed DMD rats
revealed that the expression of 1411 and 1249 of 2660 DEGs was
respectively increased and decreased in response to the MCTKD.

3.3. Enrichment analysis of DEGs downregulated by MCTKD

We used GO and KEGG to identify biological processes and signaling
pathways, respectively, which were associated with downregulated
DEGs. The 4992 downregulated DEGs in ND-fed DMD rats compared
with WT rats, were enriched in the biological processes of generation of
precursor metabolites and energy, mitochondrion organization, mito-
chondrial respiratory chain complex assembly, energy derivation by
oxidation of organic compounds, and oxidative phosphorylation (Sup-
plementary Fig. 2A). The signaling pathways enriched in downregulated
DEGs in ND-fed DMD rats compared with WT rats were thermogenesis,
oxidative phosphorylation, and pathways of neurodegeneration - mul-
tiple diseases, Huntington disease, and Parkinson disease (Supplemen-
tary Fig. 2B).

The 4159 DEGs downregulated in MCTKD-fed DMD rats compared
with WT rats were enriched in the biological processes of generation of
precursor metabolites and energy, cellular respiration, energy deriva-
tion by oxidation of organic compounds, oxidative phosphorylation, and
mitochondrion organization (Supplementary Fig. 3A). The signaling
pathways enriched in DEGs downregulated in MCTKD-fed DMD rats
compared with WT rats comprised thermogenesis, oxidative phosphor-
ylation, Parkinson disease, diabetic cardiomyopathy, and pathways of
neurodegeneration - multiple diseases (Supplementary Fig. 3B).

The 1249 DEGs downregulated in MCTKD-fed DMD rats compared
with ND-fed DMD rats were enriched in the biological processes of
extracellular structure organization, extracellular matrix organization,
response to bacterium, cytokine-mediated signaling, and responses to
interleukin-1 (Fig. 3A). The signaling pathways enriched in these DEGs
comprised TNF signaling, protein digestion and absorption, IL-17
signaling, pertussis, and advanced glycation endproducts-receptor for
advanced glycation endproducts (AGE-RAGE) in diabetic complications
(Fig. 3B).

3.4. Enrichment of DEGs upregulated by MCTKD intake

We used GO and KEGG to identify biological processes and signaling
pathways associated with upregulated DEGs.

The 6130 upregulated DEGs in ND-fed DMD rats compared with WT
rats were enriched in the biological processes of leukocyte migration,

inflammatory  response, extracellular structure organization,
o2
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Fig. 1. Gene expression correlations among ND-fed DMD rats, MCTKD-fed DMD rats and WT rats.
(A) Pearson correlation heatmaps and (B) principal component analysis of gene expression (FPKM) among ND-fed DMD rats (n = 6), MCTKD-fed DMD rats (n = 6)

and WT rats (n = 4). Ratios of variance are shown as PCs.
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(A) Venn diagram of co-expression among ND-fed DMD rats, MCTKD-fed DMD rats and WT rats. Genes with fragments per kilobase of exons per million mapped reads
(FPKM) > 1 were considered as being expressed. (B) Volcano plots of DEGs between ND-fed DMD rats and MCTKD-fed DMD rats.

extracellular matrix organization, and regulation of cell activation
(Supplementary Fig. 4A). The signaling pathways enriched in these
DEGs were cytokine-cytokine receptor interaction, viral protein inter-
action with cytokine and cytokine receptor, chemokine signaling
pathway, complement and coagulation cascades, and hematopoietic cell
lineage (Supplementary Fig. 4B).

The 5142 upregulated DEGs in MCTKD-fed DMD rats compared with
WT rats were enriched in the biological processes of leukocyte migra-
tion, inflammatory response, chemotaxis, taxis, and extracellular matrix
organization (Supplementary Fig. 5A) and the signaling pathways of
cytokine-cytokine receptor interaction, viral protein interaction with
cytokine and cytokine receptor, chemokine signaling pathway, com-
plement and coagulation cascades, and hematopoietic cell lineage
(Supplementary Fig. 5B).

The 1411 DEGs upregulated in MCTKD-fed DMD rats compared with
ND-fed DMD rats, were enriched in the biological processes of genera-
tion of precursor metabolites and energy, energy derivation by oxidation
of organic compounds, cellular respiration, ATP metabolic process, and
purine ribonucleoside triphosphate metabolic process (Fig. 4A). The
enriched signaling pathways were diabetic cardiomyopathy, thermo-
genesis, oxidative phosphorylation, chemical carcinogenesis - reactive
oxygen species, and carbon metabolism (Fig. 4B).

3.5. Expression of known DMD related genes

We compared the expression of genes involved in calcium overload
and structural proteins such as dystrophin-associated glycoprotein
complex (DAPC) to determine the effects of the MCTKD on the expres-
sion of genes associated with DMD progression. Supplementary Fig. 6
shows relative mRNA expression profiles of the genes associated with
sarco/endoplasmic reticulum (SR) Ca®" ATPase (SERCA) activity, Sin,
Ryr1, Atp2al and Atp2a2. The MCTKD minimally affected the expression
Atp2a2, but significantly decreased the mRNA expression of Sln, a
SERCA inhibitor and significantly increased that of Ryr1 and Atp2al in
MCTKD-fed DMD rats compared with ND-fed DMD rats. Gene expression
of the structural protein DAPC was minimally affected by the MCTKD,
compared with the ND-fed DMD rats (Supplementary Fig. 7). We vali-
dated the expression of genes associated with SERCA activity, DAPC,
and inflammation using qRT-PCR to avoid RNA-seq bias (Supplementary
Fig. 9-11). We then assessed whether the relatively severe disease

phenotype of DMD rats simulates DMD-related gene expression in pa-
tients with DMD. We compared our results from DMD rats with previous
findings of mdx mice and patients with DMD (Supplementary Fig. 8).
The expression of genes involved in ECM formation tended to be
enhanced in DMD rats compared with mdx mice.

4. Discussion

We aimed to determine the underlying mechanism of the ameliora-
tive effects of MCTKD on DMD skeletal muscle myopathy. We therefore
analyzed the effects of MCTKD on the transcriptional profiles of TA
muscles in DMD rats. Pearson correlation heatmaps and PCA revealed
remarkably different gene expression profiles between DMD and WT
rats. We found far more DEGs in the TA muscle of ND-fed DMD rats than
the MCTKD-fed DMD rats. The results of the GO and KEGG enrichment
analyses of DEGs suggested that the MCTKD significantly suppressed the
mRNA expression of genes associated with extracellular matrix
composition and inflammation, and significantly activated that of genes
related to oxidative phosphorylation and ATP production pathways. The
analysis of genes associated with DMD pathogenesis suggested that
MCTKD activated SERCA. This is the first study to analyze the tran-
scription profiles and effects of an MCTKD on the skeletal muscle of
CRISPR/Cas9 gene-edited DMD model rats.

Although fibrosis is a hallmark of DMD, little or none is detectable in
the fore or hind limbs of mdx mice (the most popular mouse models of
DMD), until they reach an advanced age [13,14]. In contrast, fibrosis is
evident 3-month-old DMD rat [4]. Consistent with these facts, we found
here that the expression of genes involved in ECM formation such as
COL1A1, COL1A2, LUM, BGN, and COL6A1 was significantly enhanced
in DMD rats compared with mdx mice (Supplementary Fig. 8). The
mRNA expression of the ADAM10, COL4A3, LAMB2, P4HAZ2, SERPINH]1,
and TGFB3, is increased in human DMD but decreased or unchanged in
mdx and DMD rats, which might reflect species differences between
human and rodents. Like human DMD, the mRNA expression of genes
associated with inflammation was also increased in DMD rats compared
with mdx mice (Supplementary Fig. 8). These findings of at least fibrosis
and inflammation indicated that DMD rats are suitable models of human
DMD and transcriptome changes.

Our results indicated that MCTKD exerts two major effects on the
DMD rat transcriptome. One is the suppression of mRNA levels of genes
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Fig. 3. Gene ontology and KEGG pathway analyses of downregulated
DEGs in ND-fed DMD rats and MCTKD-fed DMD rats.

(A) GO and (B) KEGG pathway analyses of downregulated genes in ND-fed DMD
rats and MCTKD-fed DMD rats.

involved in inflammation and fibrosis pathways. This was consistent
with our previous observations of fewer CD11b-positive cells and less
fibrosis in TA sections of MCTKD-fed DMD rats [12]. The MCTKD might
reduce inflammation as the immune system adapts to a reduced glucose
supply and energy metabolism switches to mitochondrial fatty acid
oxidation, ketogenesis, and ketolysis that occur during prolonged caloric
restriction and fasting [15-19]. Only corticosteroid-based anti-in-
flammatory therapy has been approved for DMD [20]. Since
anti-inflammatory therapy suppresses fibrosis and improves DMD
myopathy, MCTKD might improve DMD via the suppression of inflam-
matory pathways and the subsequent improvement of fibrosis with ke-
tone bodies.

The other effect of MCTKD was to increase gene expression associ-
ated with oxidative phosphorylation and mitochondrial function. This
might be explained by changes in SERCA. The sarcolemma is disrupted
during muscle contraction and relaxation in DMD, causing extracellular
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(A) GO and (B) KEGG pathway analysis of upregulated genes in ND-fed DMD
rats and MCTKD-fed DMD rats.

Ca" to flow through the membrane cleft into the cytoplasm, resulting in
increased concentrations of cytosolic Ca?t [21]. Abundant SERCA on
the sarcoplasmic reticulum actively takes up > 70% of cytosolic Ca" in
the sarcoplasmic reticulum [22]. Sarcolipin inhibits SERCA and is
abnormally elevated in the muscles of patients and animal models of
DMD [23]. In our experiments, MCTKD suppressed and increased the
expression of Sln and Atp2al respectively, suggesting SERCA activation.
Lowering the gene expression of sarcolipin ameliorates dystrophic pa-
thology in a dystrophin/utrophin double KO mutant mouse model [23],
and Atp2al overexpression improves the mdx phenotype [24]. Sus-
tained elevated cytosolic Ca?* levels cause mitochondrial dysfunction
due to the formation of mitochondrial permeability transition pores [25,
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26], and pharmacological SERCA activation reduces cytosolic Ca2"
levels, restores mitochondrial respiratory function and improves mdx
pathogenesis [27]. Therefore, the MCTKD might regulate cytosolic Ca>*
concentrations and restore mitochondrial function by increasing Atp2al
and suppressing Sln expression. This might have increased the gene
expression of oxidative phosphorylation, increased ATP production, and
restored muscle function.

This study has some limitations. The functional consequences of
identified changes in gene expression in vivo or in vitro require investi-
gation. We also investigated only steady-state mRNA expression that
might reflect either an active transcription process or RNA stability. In
addition, although RNA-seq is currently one of the best methods for
quantifying gene expression, and RNA-seq data closely correlates with
gqRT-PCR data, it has some bias regarding gene length and genes with
low expression. The present RNA-seq and qRT-PCR results revealed
consistent trends for most genes, except Utrn and Dtnb genes, the
expression of which was extremely low in RNA-seq. This likely resulted
in the low number of RNA-seq reads and low accuracy. Another critical
limitation of this study is that the gene expression of distinct cell sub-
populations was simply averaged because it was bulk tissue RNA-seq,
although the present study aimed to evaluate the global effect of
MCTKD on TA muscles of DMD rats. Because skeletal muscle comprises
several cell populations, whether the changes at the transcriptional level
in the tissue bulk RNA-seq in this study are due to differences in cell
populations or in levels of transcripts of individual cells is unclear.
Confirmation of gene expression in individual cells will support more
comprehensive information.

In summary, this study revealed the genome-wide expression profile
of a CRISPR/Cas9 gene-edited rat model of DMD. The findings indicated
that the MCTKD suppresses the expression of genes associated with
extracellular matrix composition and inflammation in model rats and
activates the expression of genes associated with oxidative phosphory-
lation and ATP production pathways in DMD. Our results deepen un-
derstanding of the molecular mechanisms underlying the improvement
of skeletal muscle myopathy induced by MCTKD and should lead to the
development promising new therapeutic strategies to combat DMD.
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