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Abstract

Congenital muscular dystrophy with megaconial myopathy (MDCMC) is an autosomal recessive disorder characterized by
progressive muscle weakness and wasting. The observation of megamitochondria in skeletal muscle biopsies is exclusive to
this type of MD. The disease is caused by loss of function mutations in the choline kinase beta (CHKB) gene which results in
dysfunction of the Kennedy pathway for the synthesis of phosphatidylcholine. We have previously reported a rostrocaudal
MD (rmd) mouse with a deletion in the Chkb gene resulting in an MDCMC-like phenotype, and we used this mouse to test
gene therapy strategies for the rescue and alleviation of the dystrophic phenotype. Introduction of a muscle-specific Chkb
transgene completely rescues motor and behavioral function in the rmd mouse model, confirming the cell-autonomous
nature of the disease. Intramuscular gene therapy post-disease onset using an adeno-associated viral 6 (AAV6) vector
carrying a functional copy of Chkb is also capable of rescuing the dystrophy phenotype. In addition, we examined the ability
of choline kinase alpha (Chka), a gene paralog of Chkb, to improve dystrophic phenotypes when upregulated in skeletal
muscles of rmd mutant mice using a similar AAV6 vector. The sum of our results in a preclinical model of disease suggest
that replacement of the Chkb gene or upregulation of endogenous Chka could serve as potential lines of therapy for MDCMC
patients.

Introduction

Congenital muscular dystrophies (CMDs) are a group of auto-
somal recessive disorders exhibiting muscle weakness, wasting
and hypotonia at or soon after birth with progressively increas-
ing symptoms (1). There are currently at least 30 different types
of CMD. In 2006, we reported a spontaneous mouse mutation
displaying MD in a rostral to caudal gradient, with its hindlimbs
being more affected than its forelimbs coupled with the presence
of giant/megamitochondria, leading us to name it rostrocaudal
MD (rmd) (2). The rmd mouse carries a 1.6 kb deletion in the

choline kinase beta (Chkb) gene, resulting in complete loss of
CHKB activity. Chkb is an important enzyme in the Kennedy
pathway, required for de novo synthesis of phosphatidylcholine
(PC). In mammals, choline kinase is the enzyme in the first step
conversion of choline to phosphocholine which is ultimately
converted to PC, one of the four major biolipids in all cellular
membranes (3). In mammals, choline kinase activity is encoded
by two separate paralogous genes, choline kinase alpha (Chka)
and Chkb, which function either as homo- or hetero-dimers. Both
of these genes have wide tissue expression profiles and both
encoded enzymes phosphorylate choline to phosphocholine.
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Following the publication of the rmd mouse model, a group of
15 patients with CMD and megamitochondria were sequenced
and found to contain loss of function mutations in the CHKB
gene. The disease was classified as CMD with megaconial
myopathy (MDCMC), OMIM: 602541 (4). Both MDCMC patients
and mice have loss of function mutations in the Chkb or Chkb
gene and develop progressive MD indicates that the rmd mice
have good face and construct validity as models of MDCMC. To
date, there are at least 48 reported cases of MDCMC worldwide.
These were children born of unaffected parents and having
none or one affected sibling, indicating an autosomal recessive
inheritance. In all reported cases, patients showed generalized
muscle weakness starting at ~ 5 years of age. Some patients were
reported as early as 22 months of age. These patients missed all
major motor milestones and showed speech defects, with initial
speech occurring at ~5 years of age and pronounced cognitive
impairments at ~ 12 years of age. Many of these patients were
first reported due to presentation of floppiness and increased
tendencies to fall while walking or running and/or due to the
presence of diffuse skin disorders like mild ichthyosis (5-14).

Here we test several methods of functional rescue of dystro-
phy using the rmd mouse model. These tests included exam-
ining the effects of dietary intervention with CDP-choline, a
downstream compound of the Kennedy pathway, in an effort to
circumvent the defects in the pathway. We also tested pre- and
post-disease onset upregulation of CHKB in the rescue of MD
phenotype in the rmd mutant mice. Pre-disease onset rescue of
rmd was tested by overexpression of the Chkb gene in an engi-
neered muscle-specific transgenic mouse where Chkb expres-
sion was driven by the Titin (Ttn) gene promoter in the skeletal
and cardiac muscles. These transgenic rmd (Tg-rmd) mice also
allowed us to examine the cell-type specificity required for res-
cue of MD. Post-disease onset rescue was tested by intramuscu-
lar injections of adeno-associated viral (AAV) vectors expressing
either the Chka or Chkb genes in rmd mutant mice. Expression
of the Chka gene normally shuts down during postnatal muscle
differentiation (15), and our previous work suggested that resid-
ual CHKA activity in anterior muscle groups of the rmd mouse
correlated with reduced severity of dystrophic symptoms (15).
Thus, we sought to determine if CHKA could compensate for the
lack of Chkb as an alternative rescue mechanism in rmd mice.
We found that viral delivery of Chka was also efficacious with
comparable potency to rescue with the Chkb gene.

Results

Muscle-specific expression of Chkb transgene prevents
MD

We engineered a full-length cDNA of the mouse Chkb gene under
the control of the muscle-specific Ttn promoter and created
a line of Tg-rmd mice (Fig. 1A) (16). The Ttn-Chkb transgene
was also carried on a wild-type (WT) background. The Tg-rmd
and Tg-WT mice were physically indistinguishable from their
WT littermates at birth and through adulthood (Fig. 1B and E).
Real-time polymerase chain reaction (PCR) assay on tissue from
gastrocnemius muscle of Tg-rmd, Tg-WT, rmd and +/rmd mice
was performed to assess the levels of Chkb cDNA expression.
We observed 18-fold higher expression of Chkb mRNA levels in
the Tg-rmd muscles, compared to C57BL/6] controls, with no
detectable levels in mutant rmd muscle, a 0.21-fold expression
in heterozygous +/rmd muscles and a 14-fold higher expression
of Chkb in the Tg-WT mice (Fig. 1C). Body weights of Tg — +/rmd
mice were not significantly different from Tg-rmd and +/rmd,

indicating absence of a detrimental effect of Chkb overexpression
(Fig. 1D). It was also observed that Tg-rmd and Tg-WT mice were
physically indistinguishable from each other (Fig. 1D).

To determine if our transgene functionally rescued motor
performance, we tested for rescue of motor strength in
8- to 10-week-old Tg-rmd mice (n =10 mice/sex/genotype)
using behavioral assays including open field, rotarod, grip
strength and the Erasmus ladder tests. Mutant rmd mice
showed megamitochondria with decreased mitochondrial
numbers and increased mitochondrial areas at 2 weeks of
age (Supplementary Material, Fig. S2A-D) accompanied by
significant motor deficits at 4-5 weeks of age, rendering them
unsuitable for testing at 8-10 weeks as with the Tg-rmd mice
(Supplementary Material, Fig. S2E-K).

The open field test was used to assess basic locomotor func-
tion (ambulation) (17,18). Tg-rmd male and female mice travelled
an equal distance (Fig. 2A and B) and showed similar vertical
activity (Fig. 2C and D) relative to age- and sex-matched WT
littermate controls, suggesting normal ambulation and rearing
ability.

The accelerating rotarod is a forced performance test used
to examine motor impairments (17,19). When tested for their
ability to perform on the rotarod, our Tg-rmd mice were not
different from their age- and sex-matched WT littermate
controls, indicating normal motor endurance and performance
levels (Fig. 2E and F).

We tested muscle function using a grip strength assay (20).
Grip strength of forepaws and all paws were tested and normal-
ized to body weight in order to gauge the severity of the dystro-
phy phenotype. The Tg-rmd males and females showed a grip
strength similar to their age- and sex-matched WT littermate
controls, indicating normal forepaw and all paw grip strength
(Fig. 2G and H).

Fine motor coordination was tested using the Erasmus ladder,
which specifically tests cerebellar motor coordination related
to the precision and accurate timing of movement. The Eras-
mus ladder assay is sensitive to perturbations or disorders in
fine movement, equilibrium, posture and fine learning and can
distinguish between motor learning and motor coordination
problems, making it a suitable device to test for subtle motor
coordination disabilities in rodents (19,21,22). In this assay, motor
and coordination deficiencies would be indicated by a greater
percentage of missteps and backsteps on the ladder rungs. In
the present studies, Tg-rmd males and females were not sig-
nificantly different from age- and sex-matched WT littermate
controls in percent backsteps or percent missteps.

Mitochondrial area measurements (n =4 mice/sex/genotype)
from sections of the gastrocnemius muscle analyzed by trans-
mission electron (TE) microscopy showed that while rmd mutant
mice had mitochondria that averaged five times larger than
those of WT mice (P <107*), mitochondrial size was restored
to normal in Tg-rmd mice (P =0.1355; Fig. 3A-D). This can also
be seen in the frequency distribution of mitochondrial areas
where Tg-rmd mice restore the percentage of small mitochondria
while reducing the frequency of mitochondria exceeding 1 nm?,
whereas the rmd mice showed few mitochondria as large as
6 nm? (Fig. 3E). Mitochondrial numbers are reduced by half in
the affected rmd mice, whereas Tg-rmd mice show similar mito-
chondrial numbers to their WT littermates (Fig. 3F). Therefore,
restoration of Chkb gene expression in skeletal muscle provides
a cell-type specific rescue of Chkb expression and rescues the
mutant rmd phenotype.

Together, these results indicate restoration of muscle
strength and coordination in Tg-rmd mice and hence a
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Figure 1. (A) demonstrates the Chkb transgene construct with a functional copy of Chkb cDNA-inserted downstream of a complete exon 1 and partial exon 2 structure
followed by a SV40Poly A site downstream of the Chkb cDNA. (B) shows a WT (+/+), Tg-rmd and rmd (rmd/rmd) mouse from top to bottom with the Tg-rmd mouse being
physically comparable to the WT. Chkb gene expression in muscle is 18-fold higher in Tg-rmd and 14-fold higher in Tg-WT mice as seen from real-time PCR analysis,
whereas expression in rmd mice was not detectable and that in +/rmd mice was 0.21 times higher than in rmd mice (C). Tg-rmd, +/rmd (unaffected littermates) and
Tg+/rmd mice do not show significant differences in their body weights when measured starting at 3 weeks of age (post-wean; D). The Tg-rmd and Tg-WT mice are

physically indistinguishable from each other (E). N =4 mice/sex/genotype.

prevention of the rmd disease phenotype. No aberrant mouse
behavior or deaths were observed in any transgenic mice
indicating an absence of toxic effects from overexpression of the
Chkb transgene. However, in order to test this in a more thorough
manner, we examined WT C57BL/6] mice carrying the Ttn-Chkb
transgene (Tg-WT) and assessed levels of Chkb expression and
motor strength. For these studies, Tg-WT mice were evaluated
in the open field, rotarod and grip strength assays to confirm
absence of any detrimental effects of transgene overexpression
on motor performance.

Open field tests performed on n =10 mice/sex/genotype
revealed similar activity levels in Tg-WT and WT mice as mea-
sured by distance travelled (Fig. 4A and B). The Tg-WT male and
female mice showed a similar latency to fall compared to the WT
controls on the rotarod assay (Fig. 4C and D). In the grip strength
assay, the Tg-WT males were not significantly different from

WT male controls for forepaw and all paw grip strength. While
the Tg-WT females did not show any difference in forepaw grip
strength, there was a modest increase in all paw grip strength
compared to WT controls (P =0.01; Fig. 4E and F). Importantly,
these results confirm that overexpression of Chkb gene does not
result in any immediate detrimental effects in mice.

Dietary circumvention of defects in Kennedy pathway
fail to rescue rmd phenotype

While the restoration of Chkb gene expression with a
muscle-specific transgene was capable of preventing the onset
and progression of dystrophic symptoms, we also sought to test
whether we could bypass the biochemical defect by providing a
downstream metabolic product of the Kennedy pathway via
dietary supplementation. Previous studies have shown that
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Figure 2. Evaluation of motor activity and coordination in Tg-rmd mice. Open field results for spontaneous locomotion suggest normal ambulation in the Tg-rmd mice,
with distance travelled not significantly different from that of the controls tested in males (P =0.96) and females (P =0.66; A and B). Tg-rmd male (P =0.31) and female
(P =0.67) mice show no significant differences in their vertical activity indicative of normal rearing behavior (C and D). Latency to fall from three individual trials on
the rotarod assay shows normal motor coordination in the Tg-rmd male (P =0.41) and female (P =0.74) mice relative to age- and sex-matched WT littermate controls (E
and F). Grip strength assay results suggest normal forepaw and all paw normalized grip strength in the Tg-rmd mice compared to the unaffected controls tested. Males
showed a P =0.07 and females, a P =0.25 in forepaw grip strength (G), whereas males showed a P =0.37 and females, a P =0.09 in all paw grip strength (H). Erasmus
assay for fine motor assessment and coordination in Tg-rmd mice shows no significant difference in percent backsteps (males, P =0.59; females, P =0.54; I and J) and
percent missteps (males, P =14; females, P =0.56; K and L), suggesting no perturbance in motor coordination when compared to controls. N = 10 mice/sex/genotype,

aged 8-10 weeks. Error bars represent mean with standard deviation (SD).

intravenous injections of CDP-choline, a metabolite in the
Kennedy pathway that is downstream of the action of CHKB, can
help to prevent acute muscle damage in rmd mutant mice (23).
We tested whether dietary supplementation with CDP-choline
could also decrease dystrophy in the absence of Chkb. For the

study, 500 mg/kg/day of CDP-choline was provided in the diet
for a period of 3 months beginning at 3 weeks of age (24-26).
Mutant rmd mice (n =8 mice/sex) on dietary supplementation
were weighed daily for changes in growth rate and effects of
supplementation of the overt dystrophic symptoms compared
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Figure 3. Mitochondrial phenotype in Tg-rmd mice. Demonstration of megamitochondria in rmd mice (A), normal-sized mitochondria in WT littermates (B) and rescued,
normal-sized mitochondria in Tg-rmd mice (C). Mitochondrial areas are rescued in Tg-rmd (rescue) mice as compared to WT (control) and rmd (affected) littermates
with Tg-rmd mice having mitochondrial areas closer in value to control mice (D). Tg-rmd mice show a higher percent of larger fibers (area of fibers) when compared
to rmd mice (E). Mitochondrial numbers are restored in Tg-rmd mice compared to the decreased numbers in rmd mice, P <0.0001 (D). N =4 mice/sex/genotype, aged

4 weeks. Error bars represent mean with SD.

to their non-supplemented controls (n =4 mice/sex) and supple-
mented WT mice (n =4 mice/sex). However, no improvements
were observed in the growth rate or behavior of treated mice over
the study duration (Supplementary Material, Fig. S1A and B). At
the end of this study, two mice/sex/genotype were randomly
selected to perform mass spectrometry analysis for components
of the Kennedy pathway in muscle tissues of the treated mice,
and body weights were analyzed. Mass spectrometry analyses
showed no significant differences in the levels of CDP-choline in
the gastrocnemius muscle between the control and test groups
(Supplementary Material, Fig. S1C). These results indicate that
a dietary supplementation of CDP-choline does not lead to
improvement of MD in adult rmd mice.

Introduction of Chkb post-disease onset improves
dystrophy phenotype in rmd mice

The mutant rmd disease phenotype is observed as early as
2 weeks of age, with the mice showing megamitochondria
with decreased mitochondrial numbers and decreased muscle
strength (Supplementary Material, Fig. S2A-D). Hence, in order
to test the effects of upregulation of Chkb expression in
post-disease onset adult skeletal muscle, we performed
intramuscular injections of rmd mutant mice at 3 weeks of

age with an AAV6 carrying a 3x Flag-tagged functional copy
of the mouse Chkb cDNA and a self-cleaving p2A peptide-
enhanced green fluorescent protein (EGFP) reporter gene into
the gastrocnemius muscle. Each rmd mouse served as its own
control with the left leg being injected with 25 pl of 2 x 101 vg
of the AAV vector and the right leg being sham injected with
an equal volume of saline. Seven weeks post-injection, their
gastrocnemius muscles were analyzed for changes in muscle
weight, fiber area and percent of centralized nuclei. Gross
observation showed an increase in muscle size in the AAV-
injected muscle (Fig. 5A). In vivo fluorescence images of injected
rmd and unaffected WT mice showed that EGFP fluorescence
was localized to the site of injection indicating localized muscle
transduction. No EGFP fluorescence was detected in the saline-
injected leg (Fig. 5B). Gross hematoxylin and eosin (H&E)-stained
histological sections (Supplementary Material, Fig. S3A and B)
revealed a significant improvement in muscle fiber morphology
in the AAV-Chkb injected muscles compared with the saline-
injected muscles. H&E-stained montage images of the medial
and lateral gastrocnemius muscle show a rescue of muscle
fiber morphology in AAV-Chkb-injected muscles (Fig. 5C) when
compared to the saline-injected muscle (Fig. 5D). We describe
this as a partial rescue with the majority of muscle fibers in the
injected rmd leg having cross-sectional fiber areas comparable
to that of unaffected muscle fibers and show no centralized
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Figure 4. When tested for detrimental effects of overexpression of Chkb transgene in a WT mouse, it was observed that Tg-WT mice did not show significant differences
in locomotor activity in both male (P =0.45) and female (P =0.10) groups when compared to WT mice on the open field assay (A and B). Latency to fall on the rotarod
assay in males (P =0.25; C) and females (P =0.25; D) and forepaw and all paw grip strength in male (P =0.13 and 0.39, respectively; E) Tg-WT mice were not significantly
different compared to WT controls. The female Tg-WT mice did not show difference in forepaw grip strength (P =0.86) but showed slight difference in all paw grip
strength (P =0.01), when compared to WT controls. These tests indicate lack of immediate toxic effects in transgene expression. N =10 mice/sex/genotype, aged

8-10 weeks. Error bars represent mean and SD.

nuclei. However, there remain a percentage of muscle fibers with
significantly smaller cross-sectional areas comparable to those
of rmd mutant muscle and that show centralized nuclei. The
partial nature of rescue is not unexpected, with intramuscular
injections often resulting in a mosaic pattern of transduction.
Evidence of mosaicism is observed by immunofluorescent
staining for EGFP in the AAV-Chkb-injected muscles. Transduced
fibers stain positive for EGFP and have larger fiber areas, whereas
non-transduced fibers (visible upon overexposure of the tissue)
do not stain positive for EGFP and have significantly smaller
(P <0.0001) fiber areas (Supplementary Material, Fig. S4A-C).
The AAV-injected muscles of rmd mice showed a significant
increase in muscle weight in both males (P =0.004) and females
(P =0.006) compared to the saline-injected muscles, whereas
the AAV-injected muscles of the unaffected WT mice showed
no difference in muscle weight (P > 0.99 in males and P =0.65 in
females) suggesting that overexpression of CHKB rescues muscle
in dystrophic mice but does not induce muscle hypertrophy
in control mice (Fig.6A and B). AAV-injected rmd muscles
showed a reduced percent of centralized nuclei compared
to saline-injected muscles (P =0.001 in males and P =0.06
in females), while those from AAV-injected WT muscles did
not show any significant differences when compared to the
saline-injected contralateral muscles (P =0.35 and 0.29 in
males and females, respectively; Fig. 6C and D), reflective of the
specificity of rescue of the disease phenotype without alteration
of normal muscle. Analysis of cross-sectional myofiber areas
showed a significant increase (P =0.0001) in the average fiber
areas of AAV-Chkb-injected rmd muscles. Classifying fiber
areas in four quartiles into small (S=0-307 nm?), medium 1
(M1=307.01-795 nm?), medium (M2=795.01-1391 nm?) and
large (L=1391.01-14093 nm?) showed a significant increase in
the percent of M1, M2 and L fiber sizes and a significant decrease

in the percent of S fiber sizes in the AAV-injected rmd muscle
compared with the saline-injected muscle (Fig. 6E and F).

Chka can compensate for lack of Chkb in rmd mutant
mice

The normal developmental loss of Chka gene expression in
mouse caudal muscles during postnatal muscle differentiation
makes skeletal muscles of the hindlimb particularly susceptible
to disease in the case of Chkb gene mutations in mice.
In order to test the hypothesis that the paralogous CHKA
protein can functionally compensate for CHKB deficiency
in rmd mice, we injected rmd muscles with an AAV vector
expressing a human CHKA cDNA. The AAV-injected muscles
were observed to be larger than the saline-injected muscles
seven weeks post-injection (Supplementary Material, Fig. S3C).
In vivo fluorescence imaging of rmd mice showed that EGFP
florescence was localized to the site of injection whereas
the saline-injected site did not display any fluorescence
(Supplementary Material, Fig. S3D). Like the Chkb gene therapy
experiment, H&E staining of AAV-injected muscles showed
major regions of restored muscle structure (Supplementary
Material, Fig. S3E and F). Montage images stained with Gordon
and Sweet’s to highlight the circumference of each myofiber
showed significant regions with normal morphology and
regions of partial rescue in the AAV-CHKA-injected rmd muscles
(Supplementary Material, Fig. S4E and F). The AAV-injected
muscles of rmd mice weighed significantly more than the
saline-injected contralateral muscles with a P =0.008 and
0.006 in males and females, respectively. The difference in
muscle weights between the AAV- and sham-injected WT
control mice was not significant (P =0.31 in both males and
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Figure 5. AAV-Chkb-injected gastrocnemius muscles in males (A) and females (B) show significantly higher and restored muscle weights compared to sham-injected
muscles, whereas there is no difference in the AAV-Chkb and sham-injected gastrocnemius muscles of unaffected mice. Percent of centralized nuclei, an indicator of
poor muscle health, was observed to be significantly reduced in AAV-Chkb-injected rmd muscles compared to the sham-injected muscles in both males (C) and females
(D). Injected unaffected muscles did not show any significant differences when compared to sham-injected unaffected muscles in both males and females (C and D).
Injected rmd muscles show a significant (P =0.0001) increase in average fiber areas, in males and females, compared to sham-injected rmd muscle with a significant
increase in percentage of large (L) and medium (M1 and M2) fibers and a decrease in the percent of small (S) muscle fibers (E and F). N = 8 mice/sex/genotype. Mice were
injected at 3 weeks of age, and their gastrocnemius muscles were harvested at 7 weeks of age. Error bars represent mean and SD. Scale bars on (C) and (D) represent

500 pm; those in insets represent 100 pm at 20x magnification.

females; Fig. 7A and B). AAV-injected rmd muscles showed a
decrease in the percent of centralized nuclei in comparison to
saline-injected rmd muscle (P =0.16 and 0.008 in males and
females, respectively), while the AAV-injected control muscles
were not significantly different from the saline-injected control
muscles (P =0.06 and 0.16 in males and females, respectively;
Fig. 7C and D). Similar to our AAV-Chkb injections, treatment
with the AAV-CHKA virus rescues the disease phenotype in
dystrophic muscles without inducing hypertrophy of normal
muscle in WT mice. AAV-injected muscles showed a significant
increase (P <0.0001) in average muscle fiber area in males and
females. Fiber areas were classified into four quartiles, as in
case of Chkb injections, into small (S=0-209 nm?), medium 1
(M1=209.01-630 nm?), medium 2 (M2=630.01-1159 nm?) and
large (L =1159.01-8387 nm?). AAV-injected rmd muscles showed
a significant increase in the percent of M1, M2 and L fiber
sizes and a significant decrease in the percent of S fiber sizes
(Fig. 7E and F). Transduced AAV-Chka muscles stain positive for
EGFP and show larger fiber areas (P <0.0001) when compared
to non-transduced fibers in the AAV-Chka-injected muscles
(Supplementary Material, Fig. S4C and D).

Discussion

The discovery and characterization of the spontaneous rmd
mutant mouse led to the discovery of CHKB as the gene
underlying MDCMC (2,4), establishing the validity of the rmd
mouse as a model of the human disease and opening up avenues
for mechanistic and therapeutic preclinical studies. MDCMC is
caused by recessive loss of function mutations in the Chkb gene.
We have shown that the ubiquitous loss of Chkb in rmd mutant
mice leads to a cell and tissue-specific disease which can be
restored by upregulating expression of Chkb in skeletal muscle
tissues only, indicating that regeneration of skeletal musclesin a
Chkb-deficient environment is cell-autonomous. Intramuscular
AAV injections of Chkb and Chka genes also help restore muscle
morphology in rmd mutant mice, while dietary supplementation
of Kennedy pathway intermediates does not have a regenerative
or rescue effect.

Gene replacement of Chkb by transgenesis or by AAV6
delivery rescues the MD phenotype of the rmd mouse. Intro-
duction of a functional copy of the Chkb transgene under a
muscle-specific promoter prevented disease onset, with the
Tg-rmd mice showing normal mitochondrial dimensions and
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Figure 6. AAV-Chkb-injected gastrocnemius muscles in males (A) and females (B) show significantly higher and restored muscle weights compared to sham-injected
muscles, whereas there is no difference in the AAV-Chkb and sham-injected gastrocnemius muscles of unaffected mice. Percent of centralized nuclei, an indicator of
poor muscle health, was observed to be significantly reduced in AAV-Chkb-injected rmd muscles compared to the sham-injected muscles in both males (C) and females
(D). Injected unaffected muscles did not show any significant differences when compared to sham-injected unaffected muscles in both males and females (C and D).
Injected rmd muscles show a significant (P =0.0001) increase in average fiber areas, in males and females, compared to sham-injected rmd muscle with a significant
increase in percentage of large (L) and medium (M1 and M2) fibers and a decrease in the percent of small (S) muscle fibers (E and F). N =8 mice/sex/genotype. Mice
were injected at 3 weeks of age, and their gastrocnemius muscles were harvested at 7 weeks of age. Error bars represent mean and SD.

muscle strength. This indicates that although the Chkb gene
is ubiquitously expressed, the enzyme deficiency results in
a muscle-specific defect in PC biosynthesis that can only
be rescued by a cell-autonomous increase of CHKB activity
within muscle cells themselves. Overexpression of the Chkb
gene up to a 14-fold magnitude does not cause a negative
impact on the Tg-WT animals, with mice showing behavioral
and muscle strength phenotypes comparable to their non-
transgenic littermates. Further, introduction of the Chkb gene
using AAV6 post-disease onset in young adult rmd mice can
help reverse the degenerative muscle disease. Intramuscular
AAV6 vector injections containing a functional copy of Chkb
gene in adult skeletal muscle resulted in improved muscle
regeneration capacity and subsequent increased muscle weights
and fiber areas with a decreased number of centralized nuclei
compared to untreated rmd muscles (27-29). A detailed analysis
of fiber areas shows an increase in the percent of large and
medium-sized fibers in AAV-injected muscles with a significant
decrease in the percent of small-sized fibers. The mosaic
pattern of rescue in AAV-injected muscles correlates with
the transduction efficiency of intramuscular delivery and

further supports the cell-autonomous nature of this dystrophy
(Supplementary Material, Fig. S4). These results suggest that
replacing Chkb gene post disease-onset and in adult mice helps
reverse MD by increasing muscle regeneration and maintenance
of transduced fibers in dystrophic rmd mice. Injecting and thus
upregulating Chkb expression in unaffected muscles did not
have any detrimental effects as indicated by lack of hypertrophy
in AAV-Chkb-injected skeletal muscles. Our results support a
strategy of reintroducing the CHKB gene in MDCMC patients via
AAV-mediated gene therapy as a possible therapeutic measure.
Future preclinical studies focused on systemic injection of
vectors will need to be performed to support moving this into
the clinic.

Biochemical studies suggest that Chka and Chkb can function
either as homodimers or heterodimers in the phosphorylation
of choline to phosphocholine for the production of PC (30). In
rmd mice, total choline kinase activity in the hindlimbs is absent
whereas in the forelimbs, choline kinase activity is attenuated
by only 50% (15). These results led to the hypothesis that there
must be an age-dependent reliance on the activity of CHKB in
WT hindlimb skeletal muscles of mice as Chka gene expression
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Figure 7. AAV-Chka-injected gastrocnemius muscles in males (A) and females (B) show significantly higher and restored muscle weights compared to sham-injected
muscles, whereas there is no difference in the AAV-Chkb and sham-injected gastrocnemius muscles of unaffected mice. Percent of centralized nuclei was observed to
be significantly reduced in AAV-Chka-injected rmd muscles compared to the sham-injected muscles in both males (C) and females (D). Injected unaffected muscles
did not show any significant differences when compared to sham-injected unaffected muscles in both males and females (C and D). Injected rmd muscles show a
significant (P < 0.0001) increase in average fiber areas, in males and females, compared to sham-injected rmd muscle with a significant increase in percentage of large
(L) and medium (M1 and M2) fibers and a decrease in the percent of small (S) muscle fibers (E and F). N =8 mice/sex/genotype. Mice were injected at 3 weeks of age,
and their gastrocnemius muscles were harvested at 7 weeks of age. Error bars represent mean and SD.

decreases. The partial retention of choline kinase activity in the
forelimbs of adult rmd mice (due to residual Chka expression)
provides a possible explanation for the decreased severity of
disease in forelimb muscles versus the much more severe and
progressive dystrophy in hindlimb muscles. This led us to test
the possibility that CHKA can functionally compensate for CHKB
deficiency in the severely affected hindlimb muscles of the
rmd mutant mouse. The mechanism by which the endogenous
expression of Chka shuts down in adult mouse skeletal muscles
is still unclear. A study of CHKA expression in human skeletal
muscle over time has not been tested; however, GTEx expression
data across 53 adult tissues shows that CHKA transcript levels
are the lowest in adult skeletal muscles (GETx Portal version
V7) and likely explains why both human and mouse skeletal
muscles are particularly sensitive to loss of CHKB activity. Our
data indicated that increasing the expression of CHKA in post-
disease onset, adult skeletal muscles results in improved muscle
regeneration, increased muscle weights and fiber areas and a
decrease in the percent of centralized nuclei with no immediate
observable toxic effects. This suggests that even though CHKA

expression is normally shut down in adult skeletal muscles,
upregulation of its expression can compensate for lack of CHKB
activity. Thus, strategies that could reactivate endogenous CHKA
expression in adult skeletal muscles could provide a comple-
mentary avenue for therapeutic intervention.

One potential caveat to manipulating CHKA expression is that
increased levels of Chka, but not beta, has been implicated in
tumorigenesis, with CHKA overexpression detected in 40-60% of
human tumors (31). Transfecting human (Hek293T) cells with
CHKA was found to result in anchorage-independent growth
activity similar to that demonstrated by Rho-A activation (32).
It can be inferred that CHKA upregulation via AAV injections
could potentially cause non-cancer cells to take on a cancerous
phenotype, while siRNA downregulation could lead to cancer
cell death (33). Immediate evidence (7 weeks post-injection) for
this was not found in our experiments utilizing intramuscular
injections of CHKA in rmd skeletal muscles. CHKA-injected mice
will need to be aged and studied for potential tumorigenic
effects of gene upregulation in order to determine whether the
association between CHKA and cancer is directly causative of
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disease or whether it is instead a biomarker of the cancerous
state. Additionally, off-target effects of AAV-CHKA injected sys-
temically could be reduced by using muscle-specific promoters
like muscle creatinine kinase (MCK) (34-36).

Chkb deficiency causes MD in a rostral to caudal gradient in
mice as Chka expression is shut down in caudal adult skeletal
muscles. One might expect that there is a functional reason
for the observed decrease in normal Chka gene expression in
adult skeletal muscles; however, our data suggest that overex-
pression of CHKA via an AAV gene therapy approach is not
deleterious in skeletal muscles. In the CHKB-deficient condition,
CHKA can compensate for the lack of Chkb to form functional
a—o homodimers for the phosphorylation of choline to phos-
phocholine in skeletal muscles. Our results support that both
the upregulation of either CHKB or CHKA can be used as a
potential therapy for the rescue of MDCMC symptoms. Interest-
ingly, the upregulation of CHKB in our transgenic experiments
also reduces the presence of megamitochondria, indicating that
the two phenotypes are related and cannot be rescued inde-
pendent of each other. Megamitochondria are thought to result
in a disruption of normal myofiber structure, with altered cel-
lular architecture including disordered sarcomeric and muscle
triad structures that are necessary for the orderly distribution
of energy-producing mitochondria. Whether the generation of
megamitochondria in skeletal muscle directly causes the MD or
is just a biomarker of the disease remains to be tested.

Materials and Methods
Mouse colonies

All mice were bred and maintained at the Jackson Laboratory
(Bar Harbor, ME, USA) following procedures and protocols
approved by our Institutional Animal Care and Use Committee
(IACUC). For breeding, mice were kept in humidity and
temperature-controlled rooms with a 12:12 dark:light cycle.
They were given an extruded pellet 5K52 chow diet with 6% fat
(LabDiet, Brentwood, MO) ad libitum with free access to water
(HCl-acidified, pH 2.8-3.2). For all motor and behavioral tests, the
mice were moved to a separate room and singly housed where
they were maintained under IACUC-approved conditions until
completion of the test procedures. In this facility, the mice were
kept on a 4% extruded grain diet and were provided with clean
acid water unless mentioned otherwise.

Generation of transgenic (rescue) mouse

Expression of Chkb transgene in transgenic mice, for the
generation of rescues, was achieved by using the Ttn promoter
to express the Chkb cDNA transgene specifically in skeletal and
cardiac muscles (16). This promoter reproduces the endogenous
pattern of Ttn expression in muscles prior to the onset of the
rmd disease symptoms. The Ttn promoter includes 3.5 kb of
sequence upstream of the non-coding Ttn exon 1; the entire
2.1 kb of intron 1 and exon 2 is truncated just before the start
codon. The inclusion of an intron in the construct is beneficial
for proper long-term expression in transgenic mice and to
take advantage of any possible control elements that might
be located in the first intron. The polyadenylation signal is a
200 bp fragment derived from the SV40 viral genome that we
have successfully used in numerous transgenic lines. A 1589 bp
Chkb cDNA fragment, including 234 bp upstream from the

exon 1 ATG start codon (Ch15 reverse strand, 89429834 bp;
Ensembl GRCm38) to 145 bp downstream from the exon 11
TGA stop codon (89426584 bp) was PCR-cloned and blunt-
ligated into the Ttn plasmid backbone immediately after the
truncated exon 2. The completed pTtn-Chkb constructs were
injected into fertilized C57BL/6] eggs by the microinjection.
Transgenic founders were bred to C57BL/6] mice to generate
a stable colony and maintain the transgene on an inbred
background. Transgenic mice were identified through PCR
of tail DNA with a forward primer in the 3’ end of the TTN
promoter sequences, TTN100F (5'-TCTCCACCAAGAAGACGCTG-
3) together with a reverse primer in the third exon of Chkb,
Chkb-e3R (5-CTTTCTAATACCAAGGAGTCTACACC-3).

Mitochondrial area

Specimen preparation. For TE microscopy, four mice per geno-
type (rmd, WT and Tg-rmd) were used to analyze mitochondrial
structure. The medial and lateral gastrocnemius muscle were
isolated and fixed in a solution of 2% paraformaldehyde and
2% glutaraldehyde, in 0.1 M cacodylate buffer (pH 7.2) at 4 °C
overnight. Tissues were then washed, dehydrated in graded
series of ethanol and processed for 812 resin embedding. Sam-
ples were then cured at 70 °C for 48 h followed by thin sectioning
(90 nm) with a Leica EM UC6 ultramicrotome (Leica Microsys-
tems, Buffalo Grove, IL) on a diamond knife. The sections were
then placed on 300 mesh copper grids and stained using 2%
uranyl acetate and Reynolds lead citrate. Samples were evalu-
ated at 80 kV using a JEOL JM-1230 TE microscope (JEOL, Tokyo,
Japan) and images collected with an AMT 2 K digital camera
(Advanced Microscopy Techniques, Woburn, MA).

Mitochondrial area calculations. Ten pictures per sample (n =4)
were taken using the TE microscope. Mitochondrial areas were
measured using FiJi (version 2.0) and analysis of variance
(ANOVA) calculations were performed on Prism software
(version 7.0c for Mac OS X).

Behavioral and motor assays

Adult mice (n =10 sex/genotype) were evaluated in a battery of
behavioral tests for motor function. All technicians were blinded
to genotype for the duration of the entire battery of assays. The
time of the day at which each test was performed was kept
constant for each assay performed. The mice were allowed a
minimum resting period of two days between every test. All
equipment was sanitized and wiped with 70% ethanol before
and in between testing mice. The test animals were habituated
for 60 min in the testing room before each test. The order of
testing was as follows; open field, rotarod, grip strength and
Erasmus ladder.

Open field test. mice were evaluated in the open field as
previously described by Sukoff etal. (35). Briefly, mice were
individually placed in clear polycarbonate open field arenas
(40x40x40 cm) housed in sound attenuated, ventilated
chambers illuminated to a light level consistent with lighting
in the housing and procedure rooms (~500 lux). A 16 x 16 grid of
infrared beams were used to detect total distance traveled (cm)
and vertical activity. Data were recorded for 60 min with data
collection in 5 min bins and analyzed by Versamax software
(Omnitech, Columbus, OH).



Rotarod. The Ugo Basile rotarod was used to analyze motor
coordination and balance. The rotarod drum was steadily
accelerated from 4 to 40 rpm over a 300 s duration. Each animal
was evaluated in three consecutive trials with an inter-trial
interval of ~ 1 min, and the average latency to fall was recorded
for each trial as well as the average latency across all three trials
(17,19,37).

Grip strength test. Mice were individually tested using the force
gauge grip strength meter (BIOSEB, Kyoto, Japan). Each subject
was tested for three consecutive forepaw trials followed by three
consecutive all paw trials (six total trials). Grip strength was
measured in grams and normalized to body weight (19,20,37).

Erasmus ladder. The Erasmus ladder (Noldus, Wageningen,
Netherlands) was used to study locomotion and motor coordina-
tion in mice as previously described (21, 38). Briefly, each subject
was tested for 4 consecutive days, during which no audible tone
stimulus or perturbation (hurdles) were used. Data for percent
missed steps and percent backsteps were recorded and later
analyzed (22).

CDP-choline diet supplementation

For this study, four WT mice/sex and eight rmd mice/sex were
provided with CDP-choline-supplemented 76A laboratory diet
gel from ClearH,0 (Portland, ME), and four rmd mice/sex were
used as controls and were fed plain diet gel. Same-sex mice
were housed in doublets in each side of a duplex mouse cage.
87.5 mg of CDP-choline was mixed in 56 gms of standard 76A
laboratory diet gel cups. On an average a mouse eats 8 gms of
diet gel per day giving them a dose of 500 mg/kg/day. Diet gel
cups were changed three times a week (26). The WT mice were
administered diet gel cups spiked with CDP-choline to assess to
possibility of toxic effects due to increased consumption of CDP-
choline. Eight rmd mice/sex were administered CDP-choline-
spiked diet gel cups, these are referred to as Test mice; the
remaining four rmd mice/sex were administered standard diet
gel cups with no CDP-choline added, these are referred to as con-
trol mice. The total length of this study was 3 months. Mice were
weighed and assessed for general health every week (24,39,40).

Adeno-associated viral vector design. An AAV vector design: an
AAV subtype 6 was selected as it shows higher gene expression
and tropism in skeletal muscles (27,28). AAV vector plasmid AAV-
Chkb was derived from AAV-CAG-GFP plasmid (Addgene #28014).
This plasmid contains mouse Chkb cDNA tagged by a 3x Flag tag
(5-GACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGA
CTACAAGGATGACGATGACAAG-3) at the 5 end in order to
distinguish transduced Chkb expression from endogenous
expression, all under the control of a CAG (Cytomegalovirus
(CMV) early enhancer/chicken beta actin) promoter. The plasmid
also contains EGFP as a gene expression reporter protein, the
expression of which is driven by the CAG promoter through P2A
ribosomal skipping sequence downstream of the Chkb coding
sequence (41). Recombinant AAV6 vectors were produced by
triple transfection of HEK293T/17 cells with Chkb plasmid DNA,
PAAV2/6 packaging plasmid and pAd delta F6 helper plasmid
(Penn Vector Core, Philadelphia, PA) using linear polyethylen-
imine. Transfected cells were incubated at 37°C, 5% CO2 in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
2.5% fetal bovine serum. Three days after transfection, the crude
vector fraction was obtained by combining the precipitated
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products from culture medium with final 8% polyethylene glycol
and the cell extracts lysed by repeated freeze-thaw cycles. The
crude vectors were then purified by iodixanol density-gradient
ultracentrifugation. Purified AAV6 vector was dialyzed against
1x Phosphate-buffered saline (PBS) with 5% sorbitol. Viral titer
was measured using real-time PCR with primers for the inverted
terminal repeats (ITR) region (5'-GGAACCCCTAGTGATGGAGTT-3
and 5-CGGCCTCAGTGAGCGA-3'). A final volume of 300 pl with
a concentration of 1.84 x 10'® vg/ml was obtained for AAV-Chkb
injections and 150 pl of 2 x 10 vg/ml of AAV-Chka.

Transduction of muscle fibers and tissue processing. The left gas-
trocnemius muscle of 3-week-old rmd mice and unaffected con-
trols were injected locally with 2 x 10'° vg of AAV vector solution
in 25 pl PBS. The right gastrocnemius muscle was treated as
control and injected with 25 pl of sterile PBS solution only
(42,43). The injected animals were aged on shelf for 7 weeks
post-injection, and the gastrocnemius muscles were harvested
at 10 weeks of age and fixed in 10% neutral-buffered formalin
(NBF) for 24 h before embedding in paraffin.

Muscle fiber staining

Gordon and Sweets stain for reticular fibers. Injected gastrocne-
mius muscles were harvested 7 weeks post-injection and fixed
in 10% NBF. Samples were then oxidized in 1% potassium per-
manganate solution, bleached in oxalic acid, sensitized in 2.5%
ferric ammonium sulfate and impregnated with ammoniacal
silver solution. Following a rinse and a 2 min fix in formalin, the
samples are toned in 0.2% gold chloride solution and washed
with 5% sodium thiosulphate. Samples are rinsed, dehydrated
and clear mounted for microscopy analysis.

Immunofluorescent staining of AAV-injected muscle. AAV-
injected gastrocnemius muscles were harvested 7 weeks post-
injection and fixed in 10% NBE. Samples were then paraffin-
embedded, sectioned and mounted on microscope slides for
staining to visualize AAV-encoded GFP expression. Samples were
incubated overnight at 4 °C in primary antibody (abcam290;
diluted 1:1000), washed in PBS, blocked in a solution of 2%
bovine serum albumin (BSA) and 0.2% Triton in PBS. Samples
were then incubated in secondary antibody (ab150081) for 2 h
at room temperature (RT), washed in PBS and stained with 4’,6’-
diamidino-2-phenylindole (DAPI). Coverslips were mounted in
ProLong Gold Anti-Fade by Thermo Fischer Scientific (Waltham,
MA).

H&E staining. Injected muscle fibers were fixed in 10% NBF
and embedded. Post-embedding, the samples were processed
in a Leica automated stainer by Histology Core Services at the
Jackson Laboratory.

Muscle fiber area analysis

Cross sections of AAV and saline-injected muscles, stained using
Gordon and Sweets stain, were imaged using the Nanozoomer
(Hamamatsu, Shizuoka, Japan) and analyzed on the NDP view 2
software. Multiple images were collected at 20x magnification
and were then stitched using Fiji (version 2.0). Fiji was then
used to count fiber areas and numbers. Centralized nuclei were
manually counted using Image]J-generated stitched images.
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Statistical analysis

All the experiments were performed at the Jackson Laboratory.
All mouse handling, testing and analysis were performed
blinded for mouse genotype. Where appropriate, statistical
significance was calculated using Student’s t-test or two-way
ANOVA with post-hoc Bonferroni corrections unless otherwise
noted. Calculations were performed using Prism 7.0c software
for Mac OS X, and any significant differences (P < 0.05) between
test and control strains are denoted by an asterisk symbol.

Supplementary Material

Supplementary Material is available at HMG online.
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