
Original Article
PDE10A Inhibition Reduces the Manifestation
of Pathology in DMD Zebrafish and
Represses the Genetic Modifier PITPNA
Matthias R. Lambert,1,2 Janelle M. Spinazzola,1,2 Jeffrey J. Widrick,1,2 Anna Pakula,1,2 James R. Conner,1,2

Janice E. Chin,6 Jane M. Owens,6 and Louis M. Kunkel1,2,3,4,5

1Division of Genetics and Genomics, Boston Children’s Hospital, Boston, MA 02115, USA; 2Department of Pediatrics, Harvard Medical School, Boston, MA 02115, USA;
3The Stem Cell Program, Boston Children’s Hospital, Boston, MA 02115, USA; 4Harvard Stem Cell Institute, Cambridge, MA 02138, USA; 5The Manton Center for Orphan

Disease Research at Boston Children’s Hospital, Boston, MA 02115, USA; 6Rare Disease Research Unit, Pfizer, Cambridge, MA 02139, USA
Duchennemuscular dystrophy (DMD) is a severe genetic disor-
der caused by mutations in the DMD gene. Absence of dystro-
phin protein leads to progressive degradation of skeletal and
cardiac function and leads to premature death. Over the years,
zebrafish have been increasingly used for studying DMD
and are a powerful tool for drug discovery and therapeutic
development.
In our study, a birefringence screening assay led to identifica-
tion of phosphodiesterase 10A (PDE10A) inhibitors that
reduced the manifestation of dystrophic muscle phenotype in
dystrophin-deficient sapje-like zebrafish larvae. PDE10A has
been validated as a therapeutic target by pde10a morpholino-
mediated reduction in muscle pathology and improvement in
locomotion, muscle, and vascular function as well as long-
term survival in sapje-like larvae. PDE10A inhibition in zebra-
fish and DMD patient-derived myoblasts were also associated
with reduction of PITPNA expression that has been previously
identified as a protective genetic modifier in two exceptional
dystrophin-deficient golden retriever muscular dystrophy
(GRMD) dogs that escaped the dystrophic phenotype. The
combination of a phenotypic assay and relevant functional
assessments in the sapje-like zebrafish enhances the potential
for the prospective discovery of DMD therapeutics. Indeed,
our results suggest a new application for a PDE10A inhibitor
as a potential DMD therapeutic to be investigated in a mouse
model of DMD.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a progressive and severe
recessive genetic disorder caused by mutations in the DMD gene1,2

that lead to the absence of functional dystrophin protein.3 Dystrophin
is an integral part of the dystrophin-associated glycoprotein complex
(DAPC) at the sarcolemma4,5 that provides structural stability and a
signaling anchor to the muscle fibers.6,7 In the context of dystrophin
loss, muscle fibers become more susceptible to contraction-induced
injuries,8 which exacerbate sarcolemma permeability and give rise
to a cascade of inflammatory and impaired regenerative capacity
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events, causing progressive necrosis of the fibers and their replace-
ment by connective tissue and fat (for reviews, see Guiraud et al.6

and Allen et al.7).

Approximately 1 in 5,000 newborn boys is affected by DMD.9,10

Patients living with DMD start to typically show a gradual decline
of muscle function in the first decade of age,11,12 and most develop
cardiovascular complications in the second decade, which is one of
the main causes of premature death besides respiratory failure.7,13

The recent advances in whole-genome/exome sequencing and the
use of large-scale databases have enabled the identification of several
genetic modifiers that influence clinical presentation of the disease
(for review, see Hightower and Alexander14). Variants in the
SPP1,15 LTBP4,16,17 CD40,18 ACTN3,19 and TCTEX1D1 genes20

were associated with age of ambulation loss and muscle function in
patients with DMD. Moreover, the use of animal models including
dystrophin-deficient mice led to additional identification of genetic
modifiers and respective mechanisms of action that impact secondary
pathways of the disease.21–27 In our laboratory, Jagged1 and Pitpna
were revealed from the study of two exceptional escaper golden
retriever muscular dystrophy (GRMD) dogs that exhibited a very
mild phenotype.28,29 Ringo and his descendant Suflair displayed his-
tological features of the dystrophic process, but they remained fully
ambulatory with a normal lifespan and they were able to breed natu-
rally without compensatory upregulation of the structurally similar
protein utrophin.30,31 This striking story raised the paradigm shift
that large muscles can be partially functional despite the absence of
muscle dystrophin.32 Both escaper dogs showed an overexpression
of Jagged1 due to a naturally occurring variant in its promoter, and
an improvement of in vitro myogenic regenerative capacities.28

Further microarray analysis of muscle also revealed Pitpna as the
only exclusive gene differentially expressed between escaper and
s).
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severely affected dogs.29 PITPNA downregulation enhanced the for-
mation of mature myotubes in DMD patient-derived muscle cells,
while it restored muscle phenotype and prolonged the survival of dys-
trophin-deficient zebrafish (Danio rerio).29

Over the years, zebrafish have been increasingly used for studying the
muscular dystrophies and are a powerful tool for drug discovery and
therapeutic development.33,34 Zebrafish models of DMD such as sapje
and sapje-like recapitulate several features of the human disease.
These include the absence of functional dystrophin andmanifestation
of severe dystrophic muscle phenotype. This phenotype is first
observable on day 4 after fertilization by using a non-lethal optical
technique based on the transparency of zebrafish larvae and the bire-
fringence properties of zebrafish skeletal muscle.35–38 Previous work
from our laboratory took advantage of dystrophin-deficient zebrafish
to perform phenotypic high-throughput small-molecule screening
that would not be possible in mammalian systems, and we identified
compounds that restore muscle integrity as seen by birefringence and
improved survival.39–41 Other laboratories have also been utilizing
this assay to identify small molecules that may yield promising
DMD therapies,42–44 since some have been confirmed in DMDmouse
models41,43,45 or used in clinical trials.46,47

In the present study, we aimed to use the birefringence assay in dys-
trophin-deficient sapje-like zebrafish to identify new pathways that
first reduce the manifestation of the DMD phenotype and then
repress pitpna expression. We also incorporated additional relevant
functional assessments to enhance the potential of novel drug discov-
ery for DMD. We identified phosphodiesterase PDE10A inhibitors
and validated that morpholino-mediated specific pde10a repression
led to reduction in muscle pathology and improvement in locomo-
tion, muscle, and vascular function as well as long-term survival in
sapje-like zebrafish larvae. Moreover, PDE10A inhibition led to a
reduction of PITPNA expression in the sapje-like zebrafish as well
as DMD patient-derived myoblasts and holds promise for the devel-
opment of a new therapeutic avenue.

RESULTS
PDE10A Inhibitors Reduce the Dystrophic Muscle Phenotype in

Dystrophin Null Zebrafish Larvae

A short-term birefringence screening assay was performed to identify
novel therapeutic candidates that limit the dystrophic muscle pheno-
type in dystrophin null sapje-like (SL�/�) zebrafish. The non-selective
PDE inhibitor aminophylline was used as positive control, which was
discovered as a positive effector in a previous short-term birefrin-
gence screening assay in our laboratory and confirmed independently
in dystrophin null zebrafish.39,42,43,48 The design of our assay is pre-
sented in Figure 1A.

As previously described,38 our assay confirmed that SL�/� larvae
showed a characteristic “affected” patch-like pattern of birefringence
with dark areas representing myofibrillar disorganization and muscle
degeneration among bright areas of normal somatic muscle structures
at 4 days post-fertilization (dpf) (Figure 1B). Whole-muscle birefrin-
gence intensity of individual SL�/� larvae was only 72% (p < 0.05) of
the maximal birefringence seen in “unaffected” wild-type (WT) and
unaffected heterozygous (Hets) siblings (Figure 1C), consistent with
other dmd zebrafish lines.49 Treatment with compound A and PF-
02545920, two PDE10A small-molecule inhibitors, reduced the mani-
festation of the patch-like pattern of birefringence, especially in the
dorsal muscle area (Figure 1B). The whole-muscle birefringence in-
tensity of individual SL�/� larvae treated with compound A and
PF-02545920 was significantly improved compared to control vehicle
SL�/� larvae (p < 0.05) and represented �84% of the maximal bire-
fringence seen in WT/Hets siblings (Figure 1C). Interestingly, there
was inter-fish variation in efficacy with a subtype of SL�/� larvae dis-
playing birefringence intensity equivalent to that of their WT siblings
(Figure 1C). In our assay, Mendelian genetics dictates 25% of the
progeny to be dystrophin null and exhibit a dystrophic muscle pheno-
type seen by birefringence. Hence, deviation from this percentage was
used to gauge the efficacy of the small molecules. The proportion of
fish that manifested an abnormal muscle birefringence was signifi-
cantly decreased when treated with compound A and PF-02545920
and represented �19% and �15% (p < 0.05) of the cohort, respec-
tively (Figure 1D).

In previous studies, the PDE5 inhibitor sildenafil improved birefrin-
gence of dystrophin null zebrafish.39,41 In the present study, we com-
bined PDE10A inhibitors compound A or PF-02545920 and the
PDE5 inhibitor sildenafil at different concentrations in sapje-like
larvae (Figure S1). However, these combinations did not show any
synergistic improvement of the muscle birefringence phenotype
seen in our assay (Figure S1). It is noteworthy that PF-02545920
alone, from 0.15 to 0.5 mg/mL, and compound A alone at
2.5 mg/mL displayed the maximum muscle efficacy assessed by bire-
fringence without affecting fish survival (Figure S1). The use of PF-
02545920 at 0.15 mg/mL showed greater efficacy compared to the
use of compound A at 2.5 mg/mL (Figure S1).

Taken together, these results clearly demonstrate that the use of
PDE10A inhibitors compound A and PF-02545920 reduces the mani-
festation of the dystrophic muscle phenotype observed by birefrin-
gence in dystrophin null sapje-like zebrafish larvae.

The Use of pde10a Morpholino Reduces the Dystrophic Muscle

Phenotype in Dystrophin Null Zebrafish Larvae

To validate PDE10A as a therapeutic target in sapje-like zebrafish,
pde10a morpholino antisense oligonucleotide was injected in one-
cell-stage embryos. Similar injections were carried out by using a stan-
dard control morpholino to demonstrate the specific effects of Pde10a
inhibition. At 4 dpf, a muscle birefringence assay was performed, and
extensive analysis of the phenotype was conducted to assess muscle
and vascular function as well as survival of sapje-like zebrafish. The
design of our morpholino study is presented in Figure 2A.

At 4 dpf, pde10a morphant zebrafish exhibited a 50% reduction of
Pde10a protein level compared to non-injected siblings, while
Pde10a protein expression was not altered in control morphant larvae
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Figure 1. Short-Term Birefringence Screening Assay in Dystrophin-Deficient Zebrafish Identifies Phosphodiesterase 10A (PDE10A) Inhibitors That Reduce

the Manifestation of the Dystrophic Muscle Phenotype

(A) Design of short-term birefringence screening assay in dystrophin-deficient sapje-like zebrafish: pairs of sapje-like+/� zebrafish were mated and treatments were applied to the

progeny in six-well plates (30 embryos per well) from 1 day post-fertilization (dpf). At 4 dpf, a birefringence assay was performed. (B) White light and birefringence images of

representative 4-dpf larvae treated with 0.1% DMSO (vehicle, control), 2.5 mg/mL aminophylline (positive control), 2.5 mg/mL compound A, or 0.5 mg/mL PF-02545920 (two

PDE10A inhibitors from Pfizer). Scale bars represent 1 mm. (C) Dot plots showing percentage of whole-muscle birefringence intensity of 4-dpf larvae. The whole-muscle

birefringence intensity was normalized to the area of measure and larvae were genotyped. At least 22 (n = 22) zebrafish per experimental treatment were analyzed in three (N = 3)

independent experiments. Statistical differences between groups are presented as follows: *p < 0.05 (t test,±SEM).WT,wild-type larvae; Hets, heterozygous sapje-like+/� larvae.

(D) Dot plots showing percentage of 4-dpf larvae that display abnormal muscle birefringence pattern (named as abnormal birefringence score) in each well. Mendelian genetics

dictates 25% of the progeny to be dystrophin null and exhibit the muscle dystrophic phenotype seen by birefringence (red dashed line). Experimental treatments were performed

in triplicate wells in at least seven (N = 7) independent experiments. Statistical differences between groups are presented as follows: *p < 0.05 (t test, ±SEM).

Molecular Therapy
(Figure 2B). On the same day, pde10a morphant SL�/� larvae ex-
hibited a clear improvement in the skeletal muscle organization
seen by birefringence and confirmed by phalloidin staining with fewer
fiber detachments, unlike control morphant SL�/� larvae (Figure 2C).
The whole-muscle birefringence intensity of individual pde10a mor-
phant SL�/� was nearly restored to the WT/Hets sibling level (�95%,
Figure 2D), while the whole-muscle birefringence intensity of control
morphant SL�/� was not improved (�64%), compared to non-in-
jected WT/Hets siblings (�65%, Figure 2D). Furthermore, the pro-
portion of pde10amorphant larvae that manifested abnormal muscle
birefringence was significantly decreased and represented about 18%
of the cohort (p < 0.05), compared to �25% in the non-injected sib-
ling cohort (Figure 2E). Indeed, sequencing confirmed that around
6% of pde10a morphant zebrafish carried a dystrophin null genotype
and escaped manifestation of abnormal muscle birefringence at 4 dpf
(Figure S2A). In contrast, the proportion of control morphant zebra-
fish that manifested abnormal muscle birefringence was not reduced
1088 Molecular Therapy Vol. 29 No 3 March 2021
(Figure 2E), and no escaper larvae were identified in the cohort
(Figure S2B).

These results clearly demonstrate that injection of a pde10amorpho-
lino at the one-cell stage of development reduces manifestation of the
dystrophic muscle phenotype seen by birefringence in sapje-like ze-
brafish larvae and mimics the use of PDE10A inhibitors.

Improvement in Long-Term Survival of pde10a Morphant

Dystrophin Null Zebrafish Larvae

Following the birefringence assay, the survival of unaffected (WT,
SL+/�, and potential SL�/� escapers) and affected sapje-like siblings
(that only contain SL�/�

fish) was monitored for 30 days and is pre-
sented in Figure 3. The survival of affected sapje-like larvae started to
decline around 10–12 dpf compared to unaffected siblings (p < 0.05)
and reached 50% of survival at day 24. In contrast, the survival of
pde10a morphant affected SL larvae was significantly improved



Figure 2. pde10A Morpholino Reduces the Manifestation of the Dystrophic Muscle Birefringence Phenotype in Dystrophin-Deficient Zebrafish

(A) Design ofmorpholino study: pairs of sapje-like+/� zebrafish weremated and pde10Amorpholino or standard control morpholino (negative control) was injected in one-cell-

stage progeny embryos. At 4 dpf, a birefringence assay was performed and unaffected (normal muscle birefringence phenotype) as well as affected larvae (abnormal muscle

birefringence phenotype) were sorted to conduct genotyping or further analysis. In each experiment, morphant zebrafish (morpholino-injected larvae [MO]) were compared to

non-injected siblings (non-injected larvae [NI]). (B) At 4 dpf, total proteins were extracted from 20 (n = 20) zebrafish per biological replicate and western blotting was per-

formed. Upper panel: representative western blot images from Pde10a and Gapdh antibodies. Lower panel: bar graph showing Pde10a protein expression normalized to

Gapdh. At least four (N = 4) independent experiments were performed. Statistical differences between groups are presented as follows: *p < 0.05 (t test, ±SEM). (C) White

light, birefringence, and phalloidin staining images of representative 4-dpf larvae. Scale bars of white light and birefringence panels represent 1 mm. Scale bars of phalloidin

staining panel represent 100 mm. (D) Dot plots showing percentage of whole-muscle birefringence intensity of 4-dpf larvae in pde10a morpholino experiments and control

morpholino experiments. The muscle birefringence intensity was normalized to the respective area of measure, and larvae were genotyped. SL�/�, dystrophin null sapje-

like�/� larvae. Twenty-one to 23 (n = 21–23) zebrafish per group were analyzed in three (N = 3) independent experiments. Statistical differences between groups are

presented as follows: *p < 0.05 (t test, ±SEM). (E) Dot plots showing percentage of 4-dpf larvae that display an abnormal muscle birefringence pattern (named as abnormal

birefringence score) in pde10a morpholino experiments and control morpholino experiments. Mendelian genetics dictates 25% of the progeny to be dystrophin null and

exhibit the muscle dystrophic phenotype seen by birefringence (red dashed line). Each dot represents the percentage of zebrafish that display an abnormal muscle bire-

fringence pattern in a cohort (n = 200–300) of non-injected or morphant siblings. Eight to 10 (N = 8–10) independent experiments were performed per condition. Statistical

differences between groups are presented as follows: *p < 0.05 (t test, ±SEM).
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from day 12 to day 27 compared to non-injected affected siblings
(p < 0.05), and it was similar to non-injected unaffected siblings by
day 20 (p > 0.05, Figure 3A). The survival of control morphant
affected sapje-like larvae was still impaired and followed the trend
of non-injected affected sibling survival (Figure 3B).

Our results demonstrate that mildly affected pde10amorphant sapje-
like larvae exhibit a longer lifespan similar to that of unaffected sib-
lings at the early stage of life.

Improvement inMotor andMuscle Function of pde10aMorphant

Dystrophin Null Zebrafish Larvae

Given the substantial correction of muscle phenotype and the longer
lifespan in pde10a morphant sapje-like larvae, we hypothesized that
motor function might be improved.
Motor function of dystrophin-deficient sapje-like larvae has never
been documented. However, it is known that locomotor activity of ju-
venile zebrafish changes under different illumination conditions.50–52

Using the DanioVision chamber (Noldus), we developed a light-dark
locomotion assay in 48-well plates to analyze velocity (mm/min), dis-
tance traveled (mm), and maximum acceleration capacity (mm/s2) of
individual 5-dpf sapje-like larvae. The results are presented in
Figure 4.

Upon the light condition, a pattern of gradually increased locomotor
activity was monitored for 30 min in unaffected WT/Hets larvae,
while this spontaneous locomotor activity was almost completely ab-
lated in affected SL�/� larvae. Indeed, swimming velocity of SL�/�

larvae was constantly reduced (#p < 0.05, Figure 4A) and the total dis-
tance traveled represented about 9% of normal assessed in WT/Hets
Molecular Therapy Vol. 29 No 3 March 2021 1089
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Figure 3. LifespanWas Extended in pde10aMorphant Dystrophin-Deficient

Zebrafish

Pairs of sapje-like+/� zebrafish were mated and pde10a morpholino or standard

control morpholino (negative control) was injected in one-cell-stage progeny em-

bryos. At 4 dpf, a birefringence assay was performed and unaffected larvae (normal

muscle birefringence phenotype) as well as affected larvae (abnormal muscle

birefringence phenotype) were sorted. (A and B) From 4 to 30 dpf, the survival of

larvae in (A) pde10a morpholino experiments and (B) control morpholino experi-

ments was evaluated and compared to non-injected siblings. One hundred thirty to

300 (n = 130–300) zebrafish per group were analyzed in at least three (N = 3) in-

dependent experiments. Statistical differences between groups were determined

from a log-rank test (p < 0.05).
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siblings (p < 0.05, Figure 4B). In contrast, the locomotion of pde10a
morphant SL�/�

fish was significantly improved since swimming ve-
locity was constantly increased compared to non-injected SL�/� sib-
lings (*p < 0.05, Figure 4A; Figure S3) and distance traveled was three
times higher than in non-injected SL�/� siblings and represented
about 27% of the total distance traveled by WT/Hets siblings
(p < 0.05, Figure 4B; Figure S3). Furthermore, the maximum acceler-
ation of SL�/� larvae was also reduced to 23% of capacity observed in
WT/Hets siblings, while it was significantly improved in pde10amor-
phant SL�/� larvae and reached 38% of normal capacity (Figure 4D).
Improvement of spontaneous locomotor activity upon the light con-
dition was specific to pde10a morpholino injections since swimming
velocity (Figure 4E), distance traveled (Figure 4F; Figure S3) and
maximum acceleration capacity (Figure 4H) of control morphant
SL�/� larvae were not improved compared to non-injected SL�/�

siblings.

Following the light-to-dark transition, we were able to analyze swim-
ming performance under more strenuous conditions since locomotor
activity was sharply increased for about 10 min due to abrupt visual
stimulus, and then gradually returned to baseline activity. During
the 10-min acute response, swimming velocity (Figure 4A) and total
1090 Molecular Therapy Vol. 29 No 3 March 2021
distance traveled (Figure 4C) by SL�/� and WT/Hets siblings were
similarly increased; however, the rise in maximum acceleration of
SL�/� larvaewas significantly impaired compared toWT/Hets siblings
(#p < 0.05, Figure 4D). In contrast, the maximum acceleration of
pde10amorphant SL�/�was improved, being similar toWT/Hets sib-
lings for the firstminute andwas still significantly improved compared
to non-injected SL�/� siblings after 5 min (*p < 0.05, Figure 4D); after
10min, themaximumacceleration of pde10amorphant SL�/� reached
the baseline level of non-injected SL�/� siblings (Figure 4D). Improve-
ment of stimulated locomotor activity following the light-to-dark
transition was specific to pde10a morpholino injections since
maximum acceleration capacity of control morphant SL�/� larvae
were similarly impaired compared to non-injected SL�/� siblings (Fig-
ure 4H). However, it is worth noting that the gradual return to baseline
was impaired in the pde10a morphant WT/Hets larvae compared to
non-injected WT/Hets siblings (Figures 4A, 4C, and 4D).

Altogether, these results clearly demonstrate that spontaneous and
stimulated motor function of pde10a morphant sapje-like�/� was
improved.

To assess whether the correction of muscle phenotype and the
enhancement of motor function can be related to an improvement in
muscle function, the force production of sapje-like trunk musculature
wasmeasured at 6–7 dpf. The results are presented in Figure 5. As pre-
viously described in dystrophin null sapje fish,53 the twitch and tetanic
forces of SL�/�

fish were depressed to 63% of normal. In pde10amor-
phant SL�/�, the twitch and tetanic forces were substantially increased
by�17% and reached about 73% of normal (Figures 5B and 5E). Injec-
tion of the control morpholino did not significantly change the force
production compared to non-injected siblings (Figures 5C and 5F).

Besides the improvement of locomotor function, the results demon-
strate that the muscle force production was also greater in pde10a
morphant sapje-like�/� larvae and may contribute to the extended
lifespan.

Improvement in Vascular Function of pde10a Morphant

Dystrophin Null Zebrafish Larvae

As previously shown, death occurs at the early larval stage in dystro-
phin-deficient zebrafish, likely due to skeletal muscle defects and
feeding failure.33 However, cardiovascular dysfunction has never
been studied in dystrophin-deficient zebrafish, which may be an addi-
tional cause of death as described in patients. At 5 dpf, SL�/�

fish did
not develop pericardial edema as seen in some zebrafish models of
cardiac defect;54 however, SL�/� larvae showed a decreased heart
rate (113 ± 4 beats per minute [bpm]) compared to WT/Hets siblings
(135 ± 4 bpm, Figure 6A). In contrast, the heart rate of pde10a mor-
phant SL�/� was similar to the normal (134 ± 8 bpm, Figure 6A),
while it was not improved in control morphant SL�/� (i.e., 118 ±

2 bpm, Figure 6B). Furthermore, the posterior cardinal vein of
SL�/� appeared to be abnormal (Figure S4) and the blood flow was
reduced to 68% of normal (Figure 6C). Representative videos of
the blood flow from the posterior cardinal vein are presented in



Figure 4. Improvement in Locomotion of pde10a Morphant Dystrophin-Deficient Zebrafish

Pairs of sapje-like+/� zebrafish weremated and pde10amorpholino or standard control morpholino (negative control) was injected in one-cell-stage progeny embryos. At 4 dpf, a

birefringence assay was performed and unaffected larva (normal muscle birefringence phenotype) as well as affected larvae (abnormal muscle birefringence phenotype) were set

in 48-well plates. At 5 dpf, following a dark period of acclimation, a light/dark locomotion assay was performed in the DanioVision observation chamber (Noldus) and data were

generated fromEthoVision XT tracking software (Noldus). In each experiment,morphant zebrafishwere compared to non-injected siblings. At the end of the experiment, fishwere

collected and genotyped. (A–D) pde10amorpholino experiments. (E–H) Standard control morpholino experiments. (A and E) Graphs show swimming velocity (mm/min) for the

entire assay. # indicates statistical differences between NI SL�/� and NI WT/Hets larvae; asterisk (*) indicates statistical differences between NI SL�/� and pde10a morphant

SL�/� larvae; x indicates statistical differences betweenNIWT/Hets and pde10amorphantWT/Hets (p < 0.05, t test,±SEM). (B and F) Graphs show cumulative distance traveled

(mm) for 30-min light period. Statistical differences between groups are presented as follows: *p < 0.05 (t test, ±SEM). (C and G) Graphs show cumulative distance traveled (mm)

for 30-min dark period following light-to-dark transition. Statistical differences between groups are presented as follows: *p < 0.05 (t test, ±SEM). (D and H) Graphs show

maximumacceleration capacity (mm/s2) for the entire assay. # indicates statistical differences betweenNISL�/� andNIWT/Hets larvae; asterisk (*) indicates statistical differences

betweenNISL�/� andpde10amorphantSL�/� larvae; x indicates statistical differences betweenNIWT/Hets and pde10amorphantWT/Hets (p< 0.05, t test,±SEM). From90 to

230 (n = 90–230) zebrafish were analyzed per condition within at least four (N = 4) independent experiments.
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Videos S1, S2, S3, and S4 (related to Figure 6). In contrast, the poste-
rior cardinal vein blood flow of pde10a morphant SL�/� was
improved and represented 90% of normal (Figure 6C), while it was
still impaired in control morphant SL�/� (Figure 6D).

These results show that dystrophin-deficient sapje-like fish might
display an early impairment of vascular function that is restored by
knockdown of pde10a and might contribute to the extended lifespan
of sapje-like fish.
PDE10A Inhibition Reduced PITPNA Expression in Dystrophin

Null Zebrafish Larvae and DMD Patient-Derived Myoblasts

Based on the GRMD escaper dog story,29 the basis of our study was to
identify small-molecule targets that, when inhibited, improved the
muscle birefringence and repressed the genetic modifier pitpna.

At 4 dpf, pde10a morphant SL�/� exhibited an �50% reduction of
pitpna transcript (Figure 7A) and protein level (Figure 7B), while con-
trol morphant larvae did not exhibit any alteration of pitpna
Molecular Therapy Vol. 29 No 3 March 2021 1091
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Figure 5. Increase in Specific Force Produced by pde10a

Morphant Dystrophin-Deficient Zebrafish

Pairs of sapje-like+/� zebrafish were mated and pde10a mor-

pholino or standard control morpholino (negative control) was

injected in one-cell-stage progeny embryos. At 4 dpf, a birefrin-

gence assay was performed and unaffected larvae (normal

muscle birefringence phenotype) as well as affected larvae

(abnormal muscle birefringence phenotype) were sorted. At 6–7

dpf, twitch and tetanic force were measured in the tails and

normalized to the cross-section area (CSA). In each experiment,

morphant zebrafish were compared to non-injected siblings. At

the end of the experiment, fish were collected and genotyped. (A

and D) Representative twitch (A) and tetanic force signal (D) are

shown. Scale bars represent 50 ms. (B and C) Dot plots show

twitch force (kPa) in (B) pde10a morpholino experiments and (C)

control morpholino experiments. (E and F) Dot plots showing

tetanic force (kPa) in (E) pde10a morpholino experiments and (F)

control morpholino experiments. Eleven to 16 (n = 11–16) ze-

brafish per group were analyzed within at least three (N = 3) in-

dependent experiments. Statistical differences between groups

are presented as follows: *p < 0.05 (t test, ±SEM).
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expression (Figures 7A and 7B). In the baseline condition (non-in-
jected), affected SL�/�

fish exhibited an increase of pitpna mRNA
level (Figure S5A), similar to the observation in GRMD dogs.29 In
the mildly affected pde10a morphant SL�/�, pitpna expression was
decreased and restored to baseline level of unaffected WT/Hets sib-
lings (Figure S5A); a similar change in Pitpna expression was
observed in the notable GRMD escaper dogs.29 Interestingly, SL�/�

larvae treated with PDE10A inhibitor PF-02545920 also exhibited
decreased pitpna transcript at 4 dpf (Figure S5B).

Based on our findings, we aimed to assess the efficacy of PDE10A in-
hibition in primary cultures of DMD patient cells. PDE10A inhibitor
PF-02545920 was applied to primary cultures of CD56+ DMD
patient-derived myoblasts and myotubes. Treatment of DMD pa-
tient-derived myoblasts with 25 mM PF-02545920 for 24 h led to a
reproducible and significant reduction (�30%–40%) of PITPNA
mRNA (Figure 7C) and protein expression (Figure 7D). In myotubes,
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treatment with 25 mM PF-02545920 at day 6 of differ-
entiation for 24 h led to similar decrease of PITPNA
mRNA expression (Figure 7C) while it did not influ-
ence PITPNA protein expression (Figure 7D).

These results demonstrate that PDE10A is a potential
modulator of PITPNA expression in the sapje-like ze-
brafish and DMD patient-derived myogenic cells.

DISCUSSION
In the present study, we identified PDE10A inhibitors
that reduce the dystrophic muscle phenotype by using
our birefringence screening assay in dystrophin-defi-
cient sapje-like zebrafish larvae. This pathway was
then validated by using a morpholino antisense oligo-
nucleotide that led to specific repression of pde10a and to similar
restoration of muscle integrity. In addition to our phenotypic assay,
we designed a workflow of different functional assessments that
enhanced the potential for the prospective discovery of DMD thera-
peutics. We have built on previous behavioral studies and assessed the
locomotion of sapje-like larvae combined with the measure of muscle
function. We showed that specific repression of pde10a improved
motor and muscle function, as well as vascular function and long-
term survival, in sapje-like larvae. These different points are discussed
below.

PDEs are recognized for being essential regulators of the cellular con-
tent and subcellular compartmentalization of cyclic nucleotides by
catalyzing the degradation of 30,50-cyclic AMP (cAMP) and 30,50-cy-
clic GMP (cGMP), which are used as second messengers for a wide
range of signaling pathways and physiological processes.55,56 To
date, 11 families of PDEs have been identified that have unique



Figure 6. Improvement in Cardiovascular Activity of

pde10a Morphant Dystrophin-Deficient Zebrafish

Pairs of sapje-like+/� zebrafish were mated and pde10a

morpholino or standard control morpholino (negative control)

was injected in one-cell-stage progeny embryos. At 4 dpf, a

birefringence assay was performed and unaffected larva

(normal muscle birefringence phenotype) as well as affected

larvae (abnormal muscle birefringence phenotype) were sor-

ted. At 5 dpf, anesthetized larvae were recorded for at least

30 s under a microscope. In each experiment, morphant ze-

brafish were compared to non-injected siblings. At the end of

the experiment, fish were collected and genotyped. (A and B)

Dot plots show the heart rate (beats per minute [bpm]) of 5-dpf

larvae in (A) pde10a morpholino experiments and (B) control

morpholino experiments. Seventeen to 24 (n = 17–24) ze-

brafish were analyzed within at least three (N = 3) independent

experiments. Statistical differences between groups are pre-

sented as follows: *p < 0.05 (t test, ±SEM). (C and D) Dot plots

show blood flow (arbitrary units [a.u.]) of posterior cardinal vein

in (C) pde10a morpholino experiments and (D) control mor-

pholino experiments. Blood flow was measured by using

DanioScope software (Noldus). Ten to 22 (n = 10–22) ze-

brafish were analyzed within at least three (N = 3) independent

experiments. Statistical differences between groups are pre-

sented as follows: *p < 0.05 (t test, ±SEM).

www.moleculartherapy.org
substrate sensitivity, tissue distribution, and subcellular localization.
Therefore, PDE dysfunctions are associated with a multitude of path-
ophysiological states and provide the basis for considering PDEs as
therapeutic targets.56 Initial studies showed that total PDE activity
was exacerbated in young (but not old) dystrophin-deficient mdx
hind leg muscle (5–8 weeks).57,58 Human studies also showed that
PDE activity was elevated in quadriceps of young patients with
DMD (4–6 years).59 In our present study, we showed that inhibition
of Pde10a improved the birefringence pattern in 4-dpf sapje-like
larvae, and it is an indicator for the reduction of muscle degeneration,
as previously described.38 Our finding adds PDE10A inhibitors to the
other PDE inhibitors, that is, PDE4 and PDE5, previously identified
by Kawahara et al.,39 using the birefringence screening assay in dys-
trophin-deficient zebrafish, as potential modulators of the DMD
muscle phenotype. PDE4 inhibitors affect the cAMP-protein kinase
A (PKA) pathway while PDE5 inhibitors modulate the nitric oxide
(NO)- soluble Guanylate Cyclase (sGC)-cGMP-Protein Kinase G
(PKG) pathway that are both attenuated in mdx mice.60,61 Chronic
treatment with PDE4 inhibitor piclamilast or PDE5 inhibitor silden-
afil showed a potent anti-fibrotic and anti-inflammatory effect in the
gastrocnemius muscle of mdx mice associated with a reduction of
serum creatine kinase (CK), while the combination of both inhibitors
showed a synergistic effect.62 PDE10A is a dual-substrate PDE that
hydrolyzes both cAMP and cGMP. In our birefringence assay, the
combination of PDE5 and PDE10A inhibitors did not show any syn-
ergistic effect. However, we did not assess the anti-fibrotic and anti-
inflammatory aspects. PDE10A is known to be expressed in skeletal
and cardiac muscle as well as in vascular tissues, among others,62–65
and the tissue distribution has to be considered in the dystrophic
context for further phenotypic characterization in order to differen-
tiate the action of PDE10A from the other PDEs.

In addition to our phenotypic assay, we incorporated different func-
tional assays that have never been documented in sapje-like zebrafish.
Zebrafish larvae show a plethora of swimming behaviors and are sen-
sitive to a variety of stimulus modalities.50–52 The light-dark locomo-
tor assay creates a pattern of stress-induced movements in the dark
for a short period of time, followed by a resting state in the light,
and it has been used in high-throughput screening of various neuro-
active drugs.50–52 Absence of dystrophin is known to reduce locomo-
tion in sapje larvae;29,35 however, it has never been analyzed and
quantified in dystrophin-deficient sapje-like. Using an automatic sys-
tem (DanioVision, Noldus), the locomotor activity between sapje-like
andWT siblings at 5 dpf was clearly distinct. In the light, the locomo-
tor activity of sapje-like larvae was almost absent while the distance
traveled by WT siblings was 10-fold higher and the velocity as well
as the maximum acceleration were increased by 5-fold. This differ-
ence was then reduced in the dark. Thus, this assay could be widely
used to assess efficacy of therapeutics in motor function of dystro-
phin-deficient sapje-like larvae.

In our study, morpholino-mediated pde10a repression partially (and
significantly) restored locomotor activity in sapje-like larvae. Because
PDE10A is also highly expressed in the striatum that controls motor,
emotional, and cognitive function,56 the influence of the central sys-
tem cannot be excluded in our assay. Indeed, we noticed that pde10a
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Figure 7. PDE10A Inhibition Leads to Reduction of PITPNA Expression in Dystrophin-Deficient Zebrafish and DMD Patient-Derived Myoblasts

Pairs of sapje-like+/� zebrafish were mated and pde10amorpholino or standard control morpholino (negative control) was injected in one-cell-stage progeny embryos. At 4

dpf, a birefringence assay was performed and unaffected (normal muscle birefringence phenotype) as well as affected larvae (abnormal muscle birefringence phenotype)

were collected. In each experiment, morphant zebrafish were compared to non-injected siblings. (A) Total mRNA was extracted from 10 (n = 10) zebrafish per biological

replicate and TaqMan qRT-PCRwas performed. Bar graphs show pitpnamRNA expression normalized to hprt1. In each experiment, the replicate was run three times and at

least five (N = 5) independent experiments were performed. Statistical differences between groups are presented as follows: *p < 0.05 (t test, ±SEM). (B) Total proteins were

extracted from 20 (n = 20) zebrafish per biological replicate and western blotting was performed. Upper panel: representative western blot images from Pitpna and Gapdh

antibodies. Lower panel: bar graph showing Pitpna protein expression normalized to Gapdh. At least four (N = 4) independent experiments were performed. Statistical

differences between groups are presented as follows: *p < 0.05 (t test, ±SEM). (C) In a primary culture of CD56-positive myoblasts and myotubes (at day 6 of differentiation)

fromDMDpatients, 25 mMPDE10A inhibitor PF-02545920 or 0.25%DMSO (control) was applied for 24 h. Total mRNAwas extracted and TaqMan qRT-PCRwas performed.

Bar graph shows PITPNA mRNA expression normalized to GAPDH. (D) Total proteins were extracted and western blotting was performed. Upper panel: representative

western blot images with PITPNA and GAPDH antibodies. Lower panel: bar graph showing PITPNA protein expression normalized to GAPDH. In each experiment, two DMD

patient cell lines were used, and replicates were run three times in at least three (N = 3) independent experiments. Statistical differences between groups are presented as

follows: *p < 0.05 (t test, ±SEM).
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repression might not be beneficial for motor function in WT fish,
since locomotor activity was slightly impaired following the light-
to-dark stimulus. Thus, direct measures of muscle function must be
combined with this behavioral assay. Additional experiments showed
that the enhancement of locomotor activity in pde10a morphant
sapje-like larvae was associated with a 17% increase in specific force
(p < 0.05) in the tail and muscle trunk. Our data were generated at
6–7 dpf, and greater improvement might be expected at an earlier
stage of development (i.e., 4 dpf) since the morpholino dilutes
through mitotic activity over time. A similar range of efficacy was re-
ported inmdxmice diaphragm treated with sildenafil that exhibited a
15% increase in specific force.45 Indeed, the use of sildenafil, or
another PDE5 inhibitor, tadalafil, showed promising results to slow
the progression of ambulatory, respiratory, and cardiac dysfunctions
1094 Molecular Therapy Vol. 29 No 3 March 2021
in mdx and GRMD dogs,45,66–69 while functional sympatholysis was
restored and the decline of motor performance was delayed in upper
limbs of patients.47,70 However, sildenafil and tadalafil did not
improve cardiac and ambulatory functions of patients, respec-
tively.46,70 Failure of PDE5 inhibition to restore some function in pa-
tients might be due to the administration of treatment after evident
decline of function; therefore, a prophylactic use (before 7 years of
age) might be recommended as seen in DMD animal models. In
our study, PDE10A morpholino or small-molecule inhibitors were
applied before the onset of muscle degeneration in sapje-like larvae.
Although the benefits of prophylactic application of PDE10A inhibi-
tors is important to demonstrate, future studies are needed to deter-
mine whether application after onset of pathology will also induce
similar benefits.
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Altogether, our data raise the intriguing question of how some pde10a
morphant dystrophin-deficient larvae that manifested not full but
partial improvement of muscle phenotype and function can exhibit
a similar survival rate to WT larvae by 17 dpf. Besides alteration of
vascular function, cardiomyopathy is emerging as the leading cause
of death among patients with DMD,13 and it has been little studied
in dystrophin-deficient zebrafish. Clear alteration of vasculogenesis
has been documented in sapje larvae,41 which is consistent with our
observation in sapje-like in which the posterior cardinal vein was
not clearly defined and the blood flow was impaired, and reduction
of pde10a expression was associated with restoration of blood flow.
Due to technical limitations, we were not able to record blood circu-
lation in non-anesthetized larvae, and we were not able to assess the
microvasculature that surrounds muscles. Further characterizations
are necessary to determine whether sapje-like larvae represents a
pertinent model to study vascular function in the DMD context given
that patients with DMD typically manifest alteration of intramuscular
blood flow after exercise.47,71 Furthermore, we also characterized a
decrease of the heart rate in sapje-like larvae that was restored
when pde10a expression was reduced. Cardiac defects typically man-
ifest as pericardial edema in zebrafish larvae,54 as seen in the zebrafish
model of LGMD2I.72 In our study, neither non-injected nor mor-
phant sapje-like larvae manifested pericardial edema at 5 dpf; there-
fore, changes in blood circulation and heart rate are not likely due
to a cardiac defect, but rather a faulty vasculature system. However,
a late development of cardiac failure cannot be excluded since patients
with DMD develop cardiomyopathy in the second decade and exhibit
alteration of heart rate. Further experiments need to be done since a
recent study showed that PDE10A inhibition can reduce fibrosis and
restore cardiac function in mouse models of cardiac diseases.65 Alto-
gether, our data suggest that repression of pde10a also has a protective
effect on vasculature function andmay be one of the mechanisms that
extend the lifespan of dystrophin-deficient sapje-like larvae.

Overall, our study presents additional evidence that the dystrophin-
deficient sapje-like zebrafish is a relevant model in order to identify
new targets that influence different aspects of DMD pathology, and
thereby an important complement to the more established mamma-
lian models. Our experiments indicate that not do only dystrophin-
deficient sapje-like zebrafish replicate the skeletal muscle defects of
DMD, but they may also model some aspects of the cardiovascular
pathology associated with dystrophin deficiency. However, pheno-
typic screening with small molecules designed to modulate human
target proteins introduces the complexity of species translation and
associated risks of screen failure and off-target effects, resulting in
false positives. In our study, PF-02545920 induced toxicity above
0.3 mg/mL and did not improve long-term survival in sapje-like larvae,
while PF-02545920 at 25 mM did not induce any toxic effect in pri-
mary human cell cultures (data not shown). Therefore, in zebrafish,
target validation studies must be considered by evaluating zebra-
fish-specific morpholinos for target-specific knockdown effects
similar to those achieved by the small molecules. The morpholino-
induced effect should also be confirmed by using a negative standard
control morpholino in the same study.73
The basis of our study was also to identify small molecules and vali-
date pathways that repress the genetic modifier pitpna in sapje-like ze-
brafish. Pitpna has been identified as the exclusive gene differentially
expressed between severe GRMD dogs and escaper GRMD dogs that
carry a variant in the Jagged1 promoter.28,29 The protective effect of
pitpna repression was confirmed by injection of pitpna morpholino
in DMD sapje zebrafish that led to a restoration of the muscle pheno-
type, a greater swimming ability, and to a prolonged lifespan.29

PITPNA is an important modulator of lipid signaling and membrane
trafficking,74–76 and we have previously shown that repression of
PITPNA also led to reduction of PTEN levels and increase of phos-
phorylated AKT (pAKT) in the DMD context.29 Induction of AKT
signaling is known to play a significant role in muscle growth, vascu-
larization, and metabolism, and to block the dystrophic pathogen-
esis.77–83 In our study, reduction of pde10a expression in sapje-like
led to pitpna repression, while the transcript level of jagged1 was
not changed (data not shown). In DMD patient-derived myoblasts,
the selective PDE10A inhibitor PF-02545920 led to similar repression
of PITPNA. However, the repression of PITPNA was seen only at the
transcript level during later stages of differentiation. We did not test
PDE10A inhibitors at earlier stages of differentiation nor after longer
treatment times. Moreover, we do not exclude the possibility that
PDE10A inhibition-mediated reduction of pitpna expression in
sapje-like zebrafish might achieve its effect through other cell types
in muscle. Thus, further cell-based experiments must also consider
the efficacy of PDE10A inhibitors in other cell types from DMD
patients.

In conclusion, PDE10A inhibition presents several reasons to be
further studied as a potential DMD therapeutic. (1) PDE10A inhibi-
tors are known to be safe since PF-02545920 has already been used in
several clinical trials for treating schizophrenia and Huntington’s dis-
ease,56 and they have been described as a potential candidate for treat-
ing obesity and diabetes,63 as well as colorectal cancer.84 (2) More-
over, the level of PITPNA repression was similar to that described
in the escaper dogs (30%–40% repression) and might reflect the safe
range of efficacy since complete loss of Pitpna in mice leads to severe
pathologies and premature death.85 (3) Interestingly, the use of a
PDE5 morpholino and the PDE5 inhibitor sildenafil in sapje-like
larvae and in primary human muscle cell culture did not decrease
the expression of PITPNA (data not shown), so it is likely that
PDE5 and PDE10A regulate distinct pathways. (4) PDE10A inhibi-
tion led to partial (but still significant) reduction in muscle pathology,
and improvement in motor, muscle, and vascular function in sapje-
like larvae. In general, animal models or DMD patients who express
genetic modifiers for DMD present with a delay in the onset of the
disease or a mild phenotype in the best case. Thus, an intervention
that aims to modulate a genetic modifier would not likely completely
reduce disease outcomes or restore function per se. However, there is
still precedence to pursue pharmacological therapies targeting genetic
modifiers for DMD. Indeed, modest benefit can be particularly
important for patient quality of life while there is no available cure.
Moreover, effective treatment for DMD is likely to require a combi-
nation of therapies that complement both the primary defect and
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its different secondary consequences.86 Finally, the modulation of ge-
netic modifiers aims to improve function regardless of patients’ ge-
netic mutations, so that it can be of interest for all patients. (5) We
are aware that further studies are necessary to determine whether
pitpna repression per se is driving the reduction of disease outcomes
mediated by PDE10A inhibition in sapje-like larvae, and we do not
exclude that additional pathways may be involved. However, our
study suggests that PDE10A inhibition-mediated repression of pitpna
might be beneficial in sapje-like zebrafish and supports a new indica-
tion for PDE10A inhibitors as potential DMD therapeutics to be
further investigated in a mouse model of DMD.

MATERIALS AND METHODS
Zebrafish

Dystrophin-deficient sapje-like zebrafish (sapcl100) were housed in the
Boston Children’s Hospital Aquatics Facility (environmental and
housing conditions are available at https://dx.doi.org/10.17504/
protocols.io.bb2iiqce). The study was carried out in strict accordance
with the Institutional Animal Care and Use Committee (protocol
#18-08-3749R).

Genotyping of sapje-like Zebrafish

Genomic DNA was extracted and used as a PCR template with the
following primer set: forward, 50-TCTGAGTCAGCTGACCACA
GCC-30 and reverse, 50-ATGTGCCTGACATCAACATGTGG-30.
Sanger sequencing was performed in the Boston Children’s Hospital
Intellectual and Developmental Disabilities Research Center Molecu-
lar Genetics Core to identify the G-to-A mutation in the donor splice
junction of dystrophin exon 62 that leads to a premature stop codon
and absence of functional muscle dystrophin in sapje-like�/� zebra-
fish as previously described.38

Short-Term Birefringence Assay for Small-Molecule Screening

The design of the short-term birefringence assay is presented in Fig-
ure 1A. Pairs of Hets sapje-like+/� zebrafish were mated, and prog-
eny embryos were collected and maintained at 28.5�C. On day 1 af-
ter fertilization, embryos were dechorionated and placed in six-well
plates with 30 embryos/well. Each well contained an experimental
treatment that was initiated on 1 dpf and renewed on 2 dpf. In
the present study, PDE10A inhibitors (compound A, referenced as
compound 26,87 and PF-02545920,88 both from Pfizer) and a
PDE5 inhibitor (#PZ0003, sildenafil citrate salt, Sigma-Aldrich) in
the presence of 0.1% DMSO (#D5879, Sigma-Aldrich) in E2 water
were used as experimental treatments. Control conditions of 0.1%
DMSO in E2 water and positive control conditions of 2.5 mg/mL
aminophylline (#A1755, Sigma-Aldrich) in the presence of 0.1%
DMSO in E2 water were also applied in each experiment. On 4
dpf, the dystrophic muscle phenotype was evaluated by using a bire-
fringence assay that involves passing polarized light through the
transparent zebrafish under the microscope. Briefly, larvae were
anesthetized with 0.02% tricaine (MS-222, Sigma-Aldrich) and
aligned between two polarizing filters on a Zeiss Discovery V8 ste-
reomicroscope. One filter was rotated to visualize the maximum
birefringence illumination, and larvae were imaged under similar
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light exposure by using ZEN software (Zeiss). Dystrophin null
sapje-like�/� larvae show a characteristic patch-like pattern of bire-
fringence (Figure 1B), with dark areas representing myofibrillar
disorganization and muscle degeneration among bright areas of
normal somatic muscle structures as previously described.38 Mende-
lian genetics dictates 25% of the progeny to be homozygous dystro-
phin null and exhibit this dystrophic muscle birefringence pheno-
type. Deviations from this percent as an abnormal birefringence
score was used to gauge muscle efficacy of the small molecules as
previously described.39,40 Each well corresponded to a biological
replicate (n) in which the percent of larvae that manifested an
abnormal birefringence pattern has been scored. At least three
(n = 3) replicates have been performed in each independent exper-
iment (N). Whole-muscle birefringence intensity normalized to the
selected area was also quantified by using ImageJ as previously
described,49,89 and it was used to gauge muscle efficacy of the small
molecules in individual sapje-like larva. At least 22 (n = 22) larvae
per experimental treatment were analyzed within three (N = 3) in-
dependent experiments.

Confirmation of Candidate Small Molecules by Using

Morpholino Antisense Oligonucleotides in sapje-like Zebrafish

Pairs of Hets sapje-like+/� zebrafish were mated and pde10A transla-
tion blocking morpholino (50-TCCATGTCTGACCGCCAGCGAG
TAG-30, Gene Tools) was injected in one-cell-stage embryo progeny.
Specificity of pde10A morpholino injections was evaluated by per-
forming similar injection procedure with a negative standard control
morpholino (50-CCTCTTACCTCAGTTACAATTTATA-30, Gene
Tools) widely used in previous studies. Approximately 200–300 em-
bryos were injected in each independent experiment (N). On 4 dpf,
the dystrophic muscle phenotype was evaluated by birefringence
assay as described above, and the abnormal birefringence score was
determined in at least eight (N = 8) independent experiments. The
whole-muscle birefringence intensity was also determined in at least
21 (n = 21) larvae per group within three (N = 3) independent exper-
iments. At the end of the birefringence assay, larvae were genotyped
as described above.

In other independent experiments, unaffected larvae with a normal
birefringence pattern and affected larvae with an abnormal birefrin-
gence pattern were sorted and went through an extensive study in
which muscle and cardiovascular function as well as lifespan were
evaluated as described in Figure 2A. Procedure details are presented
below.

Whole-Mount Immunohistochemistry Staining of sapje-like

Larvae

Zebrafish embryos were fixed overnight in 4% paraformaldehyde
(PFA) and then washed twice in PBS and 1% PBS-Tween 20 for
10 min, respectively. Embryos were then permeabilized at the room
temperature for 1 h in 2% PBS-Triton X-100 on the slow shaking
rotor. Next, embryos were washed twice with 1% PBS-Tween 20 for
5 min and blocked for 1 h in 5% goat serum (Sigma, G9023) in 1%
PBS-Tween 20. Phalloidin antibody (Alexa Fluor 488, A12379,
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Invitrogen) was added to the blocking solution (1:20) and to the fixed
and blocked embryos and shacked further overnight at 4�C in the
dark. The day after, embryos were washed twice with 1% PBS-Tween
20 for 15 min, stained with Hoechst (1:1,000) for 10 min, washed
again with 1% PBS-Tween 20, and mounted in 3% methylcellulose
(Sigma, M0387-100G). Phalloidin whole-mount staining was imaged
by using a Zeiss LSM 700 laser scanning confocal microscope and
ZEN software.

Long-Term Survival Assay

Following morpholino injections and a birefringence assay, the
long-term survival of affected and unaffected zebrafish was as-
sessed from 4 to 30 dpf. Mortality was counted every other day
and statistical differences between groups were determined as fol-
lows: p < 0.05 using the log-rank test. At least 130 (n = 130) larvae
per group were used on 4 dpf within three (N = 3) independent
experiments.

Procedures for Zebrafish Protein Expression Analysis

Total protein content of 20 or more 4-dpf affected and unaffected
larvae were separately extracted in a lysing Matrix D tube (MP Bio-
medicals) containing cold M-PER mammalian protein extraction
reagent (Thermo Scientific) with anti-proteases (cOmplete, mini,
EDTA-free, Roche) and anti-phosphatases (PhosSTOP, Sigma-
Aldrich). Protein extracts were homogenized for 1 h at 4�C and
centrifuged at 13,500 rpm for 30 min at 4�C. Protein concentration
from the supernatant was determined using a Pierce bicinchoninic
acid (BCA) protein assay kit (Thermo Scientific). In order to
perform SDS-PAGE, protein contents were denatured in Novex
Tris-glycine SDS buffer (Invitrogen) containing 50 mM dithiothrei-
tol (NuPAGE reducing agent, Invitrogen) and boiled for 8 min at
95�C. Protein samples were separated on Novex 4%–20% Tris-
glycine mini gels (Invitrogen) and transferred to a 0.2-mm polyviny-
lidene fluoride (PVDF) membrane (Invitrogen). Membranes were
blocked in 5% non-fat dry milk in TBST (Tris-buffered saline [Bos-
ton BioProducts] with 0.05% Tween 20). Membranes were then
blotted with primary antibodies (anti-Pde10a, 1:2,000, ab151454,
Abcam; anti-Pitpna, 1:1,000, ab180234, Abcam; anti-Gapdh,
1:1,000, sc-47724, Santa Cruz Biotechnology) in blocking solution
overnight at 4�C. After three 10-min washes in TBST, membranes
were probed with secondary antibodies (immunoglobulin G [IgG],
horseradish peroxidase [HRP]-linked, 7076S or 7074S, Cell
Signaling Technology) in blocking solution for 2 h at room temper-
ature, and finally extensively washed in TBST. Chemiluminescence
detection was captured using Pierce enhanced chemiluminescence
(ECL) western blotting substrate (Thermo Scientific) and X-ray
film (Genesee Scientific). Protein signal intensities were analyzed
on ImageJ software and normalized to the respective GAPDH
signal. Whether membranes needed to be reprobed to use another
antibody, stripping membrane was performed using 10 M NaOH
buffer. One (n = 1) biological replicate per group, which corre-
sponded to twenty 4-dpf larvae, was extracted in each independent
experiment. At least four (N = 4) independent experiments were
used for protein expression analysis.
Procedures for Zebrafish mRNA Expression Analysis

Total RNA content of at least ten 4-dpf affected and unaffected larvae
were separately isolated using TRIzol reagent protocol (Invitrogen).
RNA concentration was determined using a NanoDrop instrument
(Thermo Fisher Scientific), and cDNA synthesis was performed using
a SuperScript first-strand synthesis system (Invitrogen). TaqMan
real-time PCR in triplicate technical replicates was performed using
a pitpnaa TaqMan gene expression assay (Dr03088095_g1, Thermo
Scientific) and an hprt1 TaqMan endogenous gene expression control
assay (Dr03095135_m1, Thermo Scientific) with TaqMan gene
expression master mix (Thermo Scientific) and detected in the Boston
Children’s Hospital Molecular Genetics Core Facility using a CFX96
touch system (Bio-Rad). pitpnaaCt values were normalized to respec-
tive hprt1 Ct values. One (n = 1) biological replicate per group,
which corresponded to ten 4-dpf larvae, was used in each indepen-
dent experiment. Each biological replicate was used for TaqMan
real-time PCR in triplicate technical replicates within at least five
(N = 5) independent experiments.

Assessment of Zebrafish Locomotor Activity

Affected and unaffected 4-dpf larvae were randomly placed on 48-
well plates with one larva/well. At 5 dpf, plates were placed in a
DanioVision observation chamber (Noldus) and larvae were accli-
mated for 30 min in the dark at 28.5�C. Since the locomotor activity
of juvenile zebrafish changes under light/dark conditions,50–52 a
30-min light period followed by a 30-min dark period were then
applied as presented in Figure 4A. The total distance each larvae
swam (mm) and the maximum acceleration capacity (mm/s2) of
the larvae were calculated by the EthoVision XT tracking software
(Noldus). Larvae were subsequently genotyped as described above.
From 90 to 230 (n = 90–230) larvae were analyzed per group within
at least four (N = 4) independent experiments.

Assessment of Zebrafish Muscle Force Production

Affected and unaffected larvae (6 and 7 dpf) were anesthetized in tri-
caine, the head of each larva was removed and stored for genotyping,
and a portion of the body was attached between a force transducer
and high-speed motor using a 10-0 monofilament. The attachment
points were at the gastrointestinal opening and several myotomes
proximal from the tip of the tail (but see below). Twitches, induced
by a supramaximal, 200-ms stimulus, were used to establish the
optimal length for tension. Tetani were then obtained with 30-ms
trains of stimuli at 300 Hz. Force was normalized to the maximum
cross-sectional area of the preparation. The cross-sectional area was
assumed to be elliptical and was calculated from images of the prep-
aration’s width and depth. Experiments were conducted in a fish bi-
carbonate buffer maintained at 25�C and continuously equilibrated
with 95% O2, 5% CO2. Greater details concerning the methods are
available in a previous publication from our laboratory.53 The inves-
tigator was blinded as to the treatment of the larvae studied. Analysis
of birefringence suggested that there may be less myofibrillar disorga-
nization proximal to the section of the larvae originally studied. To
address this possibility, a subset of experiments was conducted in
which the attachment points were just distal to the yolk sac and at
Molecular Therapy Vol. 29 No 3 March 2021 1097
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the gastrointestinal opening. There were no differences in the func-
tional results obtained from these two sets of preparations and data
were combined for analysis.

Assessment of the Cardiovascular Activity

Affected and unaffected 5-dpf larvae were anesthetized with 0.02%
tricaine (MS-222, Sigma-Aldrich) since this concentration does not
affect cardiac function of juvenile zebrafish, as previously described.90

On a thin layer of 2% gelatin/E2 water, larvae were positioned under a
Nikon SMZ1500 stereomicroscope. Heart rate and the posterior car-
dinal vein were visualized through the transparent body of the larvae
and were recorded for at least 30 s at 28�C using a Basler acA1300-
60gm camera (100 frames/s, 1,024� 768 pixels). Heart beats per min-
ute were determined manually after recording, while the blood flow of
the posterior cardinal vein (arbitrary unit) were determined by draw-
ing three random arenas of measurement along the vein in
DanioScope software (Noldus). Larvae were subsequently genotyped
as described above. From 10 to 22 (n = 10–22) larvae were analyzed
per group within at least three (N = 3) independent experiments.

Human Samples

Human tissue was collected under the protocol #03-12-205R
approved by the Committee of Clinical Investigation at Boston Chil-
dren’s Hospital. All patients gave their written consent to participate.
Tissue from two patients with DMD was snap-frozen and primary
muscle cells were dissociated and purified following CD56 fluores-
cence-activated cell sorting (FACS) sorting, as previously described.91

Human myoblasts were cultured on plates coated with 0.1% gelatin in
proliferation medium (20% fetal bovine serum, 1% penicillin-strepto-
mycin-glutamine, DMEM with 4.5 g of glucose, Gibco) until 90%
confluence and then switched to differentiation medium (2% horse
serum, 1% penicillin-streptomycin-glutamine, DMEM with 1 g of
glucose, Gibco) in 5% CO2-humidified atmosphere at 37�C as previ-
ously described.91 Pharmacological treatments that included PDE10A
inhibitor PF-02545920 at a concentration of 25 mM in the presence of
0.25% DMSO (#D5879, Sigma-Aldrich) were applied to myoblasts
under proliferation or to differentiated culture (day 6) for 24 h (con-
centration and duration of treatment have been selected based on
different cell-based experiments that effectively used PF-02545920
compound65,84,92). Cells were then rinsed three times with cold PBS
and scrapped in cold radioimmunoprecipitation assay (RIPA) buffer
(Boston BioProducts) containing anti-proteases (cOmplete, mini,
EDTA-free, Roche) and anti-phosphatases (PhosSTOP, Sigma-
Aldrich). Procedures for protein expression analysis are described
above. Anti-PITPNA (1:1,000, sab1400211, Sigma-Aldrich) and
anti-GAPDH (1:50,000, sc-47724, Santa Cruz Biotechnology) pri-
mary antibodies were used. Protein signal intensities were analyzed
on ImageJ software and normalized to respective GAPDH signal.
Cells were also then rinsed three times with cold PBS and total
RNA was isolated using TRIzol reagent protocol (Invitrogen). Pro-
cedures for mRNA expression analysis are described above. A
PITPNA TaqMan gene expression assay (Hs00737576_m1, Thermo
Scientific) and GAPDH TaqMan gene expression assay
(Hs02786624_g1, Thermo Scientific) were used for TaqMan real-
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time PCR. PITPNA Ct values were normalized to respective GAPDH
Ct values. At least nine (n = 9) biological replicates were used within
three (N = 3) independent experiments for each experimental treat-
ment. Each biological replicate for TaqMan real-time PCR was run
in triplicate technical replicates.

Statistical Analysis

For the small-molecule experiments, experimental treatments were
compared to the internal DMSO control group. For the morpholino
experiments, morphant groups were compared to internal respective
uninjected groups from the same cohort. All results (except for the
long-term survival assay) were shown as means ± SEM. Statistical an-
alyses of the data were performed using GraphPad Prism to imple-
ment a Student’s t test (or log-rank test for the long-term survival
assay). p values of <0.05 were considered to be statistically significant.

SUPPLEMENTAL INFORMATION
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