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Abstract

DOCK3 is a member of the DOCK family of guanine nucleotide exchange factors that regulate cell migration, fusion and
viability. Previously, we identified a dysregulated miR-486/DOCK3 signaling cascade in dystrophin-deficient muscle, which
resulted in the overexpression of DOCK3; however, little is known about the role of DOCK3 in muscle. Here, we characterize
the functional role of DOCK3 in normal and dystrophic skeletal muscle. Utilizing Dock3 global knockout (Dock3 KO) mice, we
found that the haploinsufficiency of Dock3 in Duchenne muscular dystrophy mice improved dystrophic muscle pathologies;
however, complete loss of Dock3 worsened muscle function. Adult Dock3 KO mice have impaired muscle function and Dock3
KO myoblasts are defective for myogenic differentiation. Transcriptomic analyses of Dock3 KO muscles reveal a decrease in
myogenic factors and pathways involved in muscle differentiation. These studies identify DOCK3 as a novel modulator of
muscle health and may yield therapeutic targets for treating dystrophic muscle symptoms.
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Introduction

Skeletal muscle formation requires a complex coordination
of a myriad of signaling factors and cell populations to
efficiently form mature myofibers capable of generating muscle
force. Duchenne muscular dystrophy (DMD) is an X-linked
neuromuscular disorder caused by pathogenic mutations in the
DYSTROPHIN gene resulting in the lack of functional dystrophin
protein. This dystrophin-deficiency results in a degradation of
the link between filamentous actin and the extracellular matrix
predisposing to structural damage. In DMD patients, after the
loss of ambulation, their skeletal muscles begin to progressively
deteriorate and are replaced with adipocytes, inflammatory
cells and necrotic tissue. While the dystrophin protein has
been thought of as a classical muscle structural protein, recent
evidence suggests that it also plays a significant role in the
regulation of various cellular signaling pathways involved in
dystrophic pathology (1-5).

The DOCK (dedicator of cytokinesis) family of proteins func-
tions as key signaling factors that regulate cellular migration,
fusion and survival in different cell and tissue types (6). DOCK1
and DOCK5 have been shown to play key roles in myoblast
fusion through CRK1/MAPK14 protein interactions (7,8). Addi-
tional studies have demonstrated that DOCK3 and DOCK4 activ-
ity can regulate key downstream pathways such as Sonic hedge-
hog to regulate axonal guidance and RAC1 activation (9). DOCK3
(previously called MOCA or modifier of cell adhesion) was shown
to be essential for normal neuronal function, and Dock3 global
knockout (KO) mice develop plaques in the brain (10). Human
patients with loss-of-function DOCK3 variants develop intellec-
tual disability, ataxia and developmental delay and have low
muscle tone from birth (11-13). There is strong genetic evidence
that the disease severity of patients with DOCK3 pathogenic vari-
ants is linked to the degree of which DOCK3 can activate RAC1
signaling as a guanine nucleotide exchange factor (GEF) pro-
tein (13). Previously, we identified a muscle-enriched microRNA,

miR-486, as a regulator of dystrophin-deficient skeletal muscle
pathology in mice and human muscle biopsies through its neg-
ative regulation of DOCK3 mRNA expression levels (14,15). We
hypothesized that DOCK3 may be a direct regulator of muscle
function and that its dysregulation in DMD may play significant
downstream consequences in the progression of the disease. We
assessed the roles of DOCK3 in DMD pathology in both zebrafish
and mouse models of the disease. We analyzed Dock3 KO mouse
muscles and found significant perturbations in muscle integrity
and function. Furthermore, Dock3 KO mouse muscle cells were
analyzed for their ability to proliferate, differentiate and viability
in culture. Transcriptomic analyses of Dock3 KO tibialis anterior
(TA) muscles revealed a significant downregulation of several
muscle pathways including the fusogen myomixer (Mymx), also
referred to as myomerger or minion (16-18). This work demon-
strates the critical role of DOCK3 in normal myogenesis and a
gene-dosing effect of DOCK3 expression levels on dystrophin-
deficient muscle health.

Results

Dock3 gene expression is upregulated in dystrophic
muscles

We first aimed to assess endogenous Dock3 gene expression
levels in normal and dystrophin-deficient muscle. Previously,
we established DOCK3 as an mRNA target of miR-486, a muscle-
enriched miRNA whose expression is reduced in with dystrophic
disease progression (14). We evaluated Dock3 gene expression in
our DMD mouse model, mdx°®, and compared with wild-type
(WT) (C57BL/6] strain) aged-matched male mice. The mdx>® mice
have significantly fewer revertant dystrophic fibers, increased
muscle weakness and an overall greater dystrophic pathology
than the classical mdx strain of mice (19,20). We observed Dock3
mRNA expression to be significantly elevated in the mdx>®
muscles compared with aged-matched WT control muscles



across three different muscles types including the TA, soleus
and diaphragm starting at 1 month of life (Fig. 1A-C). These
findings of elevated Dock3 mRNA were found to be consistent
throughout adulthood into aged (12-month-old) mdx>® muscles
(Fig. 1A-C).

Knockdown of dock3 mRNA in dystrophic zebrafish
larvae improves muscle structure and overall outcomes

Zebrafish are a powerful model system for DMD disease model-
ing due to their translucent ex vivo development, large offspring
sizes, ease of genetic manipulation and ability to uptake com-
pounds in their skin and gills during early developmental stages
(21-23). Zebrafish Dock3 protein amino acid sequences showed
a strong amount of evolutionary conservation to mouse and
human DOCK3 protein sequences (85% homology with mouse
and human; Supplementary Material, Fig. S1). We performed in
situ hybridization (ISH) for zebrafish dock3 mRNA expression in
WT (AB strain) zebrafish embryos at the early stages of develop-
ment including prior to and after muscle formation. Zebrafish
dock3 mRNA was detected at low levels during early somite
formation with strong expression in the developing brain, neural
tube and dorsal muscle by 4 days post-fertilization (dpf) (Fig. 2A).
The sapje zebrafish is a widely used DMD model that has the
severe muscle weakness and myofiber degradation comparable
to those observed in the later stages of DMD patient skeletal
muscles (21,24,25). Unlike mammals, zebrafish lack definitive
sex chromosomes and the dystrophin (dmd) gene in zebrafish
is located on chromosome 1 (26). Mating of sapje heterozy-
gote fish results in a Mendelian percentage of 25% affected
zebrafish that can be easily identified via birefringence assay
(24,25). The sapje homozygote mutant larvae showed severe
myofiber disruption in affected larvae versus unaffected (sapje
heterozygotes and WT) larvae (25,27-29) (Fig. 2B). Given our find-
ings of increased Dock3 expression in mdx>® muscles, we tested
whether the modulation of zebrafish dock3 expression might
affect dystrophic outcomes. We observed significantly fewer
than expected affected sapje zebrafish in our dock3 morphant
(dock3 MO) zebrafish compared with control morphants when
using a low dose of dock3 morpholino (1 ng) (Fig. 2C). However,
the high dose of dock3 morpholino (6 ng) resulted in a higher
number of affected sapje zebrafish, suggesting that there may be
an optimal dose for blocking dystrophic pathology. These results
were further confirmed using histochemical staining of F-actin
in the dorsal muscles of the 1 ng dock3 MO sapje zebrafish, which
revealed fewer areas of myofiber detachment and overall more
integrity compared with control MO sapje homozygotes, while
the converse was observed for the high dose dock3 morphant
(Fig. 2D). Altogether, these data suggest that DOCK3 expression
levels are strongly linked towards dystrophic pathologies and
overall outcomes in DMD zebrafish.

Knockdown of DOCK3 in isolated human DMD
myoblasts increases myogenic fusion

To investigate the effects of DOCK3 on myoblast fusion in
dystrophin-deficient cells, we infected DMD and normal primary
human myoblasts with lentiviral particles of either shRNA
DOCK3, shRNA scrambled (i.e. non-targeting) or a mock control
(Fig. 3A). DMD myoblasts have poor terminal differentiation
into myotubes (30,31). We observed a significantly higher
myogenic fusion index in the shRNAi DOCK3 DMD myotubes
compared with either shRNA scrambled or mock-treated DMD
muscle cells (Fig. 3A and B). To validate the DOCK3 mRNA
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Figure 1. Dock3 mRNA expression levels are increased in adult mdx>® mouse
skeletal muscles. Real-time qPCR data from WT and mdx>® mice taken from
(A) TA, (B) soleus and (C) diaphragm muscles at 1, 3, 6, 9 and 12 months
of age demonstrating the significant increase in Dock3 mRNA expression in
mdx>% dystrophic mouse muscle compared with WT muscle (n =3 per genotype
and cohort, performed in triplicate; two-way ANOVA with Tukey’s correction;
#%P < 0.01, ¥**P < 0.001).

knock-down, we performed western blot analysis for DOCK3
protein levels and confirmed a marked reduction of DOCK3 pro-
tein expression (Fig. 3C). These data reveal that the knockdown
of DOCK3 mRNA in human DMD myoblasts improves myogenic
fusion percentages despite dystrophin-deficiency.
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Figure 2. Knockdown of dock3 mRNA in DMD zebrafish reduces dystrophic pathology. (A
robust expression of zebrafish dock3 mRNA in muscle tissues at stages of early muscle formatlon and muscle pioneer cell fusion. Not shown sense probes are used as
internal controls. Arrowheads demarcate dock3 mRNA ISH signal. Scale bar = 100 pm. (B) Representative images of normal and sapje mutant birefringence morphology.
Scale bar =200 pm. (C) Quantification of muscle birefringence shows that 1 ng of dock3 MO improves muscle birefringence scoring in sapje mutant zebrafish, while
6 ng of dock3 MO worsens muscle birefringence scoring. (n =3 experimental replicates; one-way ANOVA with Tukey’s correction; *P < 0.05). (D) MyHC (F-59 antibody)
immunofluorescent staining of 4 dpf WT (uninjected) or sapje mutant larvae injected with control (mock) morpholino, or dock3 MO (1 or 6 ng). Arrowheads demarcate

myofiber tears from the sarcolemmal membrane. Scale bar =40 pm.

Knockdown of Dock3 in mdx>" mice improves
cardiotoxin-induced muscle injury repair

We next investigated the role of DOCK3 in DMD pathology using
the mdx>*® mouse model of DMD. Given our findings of DOCK3
in myoblast fusion, we hypothesized that DOCK3 might play
a role in muscle repair following injury. Mdx>® mice were co-
injected with cardiotoxin (ctx) into the TA muscles along with
either siRNA scrambled (control) or mouse Dock3 siRNA (Fig. 3D).
The mdx>® mice treated with Dock3 siRNA had a more improved
muscle injury repair pathology and muscle architecture com-
pared with siRNA scrambled-treated mice 7 days after injury
(Fig. 3E). The siRNA Dock3-treated mdx>® mice had significantly
less centralized myonuclei than the control group (Fig. 3F). To

) ISH of zebrafish dock3 mRNA during early developmental time points. Note the

validate Dock3 mRNA knockdown, we performed western blot
analysis which confirmed a strong reduction of DOCK3 protein
expression levels (Fig. 3G). These results support a potential
beneficial effect of reducing DOCK3 expression in the mdx>®
mice during muscle injury-induced repair and regeneration.

Haploinsufficiency of Dock3 improves muscle
pathologies in mdx>* mice

Given our previous findings demonstrating that DOCK3 expres-
sion levels are elevated in DMD patients and mdx>® mice, we
used Dock3 global KO mice and evaluated their muscles on
dystrophic mdx®® strain background in three separate cohorts.
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Figure 3. Knockdown of DOCK3 in DMD patient muscle cells and mdx>® mice increases myogenic differentiation and improves pathology. MyHC staining reveals that
the knockdown of DOCK3 protein in human DMD primary myotubes increases myogenic fusion indices. (A) Immunofluorescence of MyHC (MF-20 antibody, DSHB
Iowa, red) and nucleus marker (DAPI, blue) of Day 7 differentiated human DMD primary myotubes either transduced with mock (control), shRNA scrambled (negative
control) and shRNA DOCK3 lentiviral particles [transduced at a multiplicity of infection (MOI) of 10]. Scale bar =50 pm. (B) Summary graph of average myogenic
fusion indices as calculated by percentage of nuclei inside of MyHC™ cells out of 250 nuclei, as previously described (68). DMD primary myotubes transduced with
shRNA DOCK3 demonstrated significantly higher amount of myogenic fusion. (n=3 experimental replicates, one-way ANOVA with Tukey’s correction, *P < 0.05). (C)
Western blot analysis of whole cell lysates taken from Day 7 differentiated DMD myotubes transduced with mock (control), shRNA scrambled (shRNA internal control)
or shRNA DOCK3 knockdown lentiviral particles, demonstrating successful knockdown of DOCK3 protein expression. (D) Schematic showing co-injection in mdx>® mice



2860 | Human Molecular Genetics, 2020, Vol. 29, No. 17

Muscle architecture was assessed at 6 months of age across all
groups by measuring a number of centralized myonuclei and
fiber size distribution via hematoxylin and eosin (H&E) histo-
chemistry (Fig. 4A-C), as well as measuring the severity of fibro-
sis via Masson’s trichrome staining (Fig. 4D and E). Consistent
with our initial findings, the global Dock3 KO mice on mdx> back-
ground [Dock3:mdx>® double KO (DKO)] mice developed exacer-
bated muscle weakness and all Dock3:mdx>® DKO mice expired
by 6 months of age due to diaphragm muscle weakness (data
not shown). Muscle structural analyses revealed severe myofiber
disruption and fibrosis in the Dock3:mdx>® DKO mice compared
with mdx>¥ (Fig. 4A-D). Interestingly, the haploinsufficiency of
Dock3 in mdx>¥ mice (Dock3t/~:mdx>V) improved muscle fiber
architecture, larger myofiber sizes and improved muscle pathol-
ogy in comparison with the mdx*® and Dock3:mdx>® DKO double
mutant mice (Fig. 4A-D). Western blot analysis revealed that
Dock3*~:mdx*® mice had a 75% reduction in DOCK3 protein
compared with mdx>*¥ mice (Fig. 4F and G). These findings sug-
gest that Dock3 dosage levels influence the pathologic outcomes
of dystrophin-deficient muscles and that the haploinsufficiency
of Dock3 is beneficial in dystrophic muscle pathology.

Adult Dock3 KO mice have abnormal muscle
architecture, muscle mass and metabolism

Given our data demonstrating that the loss of DOCK3 expression
in dystrophin-deficient muscle results in differential muscle
effects, we further interrogated the role of DOCK3 expression
in muscle health and metabolism in WT mice. Global Dock3 KO
mice had increased centralized myonuclei and altered fiber size
distribution, indicating impaired muscle health compared with
control WT mice (Fig. 5A-C). In addition, we observed significant
muscle fiber atrophy reflected in smaller myofiber frequencies
in the Dock3 KO mouse muscle compared with control WT mus-
cles (Fig. 5C). Additionally, adult Dock3 KO mice had significantly
lower body weight compared with WT mice at 6 months of
age (Fig. 5D). Quantitative magnetic resonance (QMR) imaging
in Dock3 KO mice revealed reduced lean mass (Fig. 5E), while
there was no effect on total fat mass (Fig. 5F) compared with
WT mice. As muscle is the primary source of glucose and given
our previous findings linking DOCK3 to the PTEN/AKT muscle
growth pathway, we next measured the ability of Dock3 KO
mice to respond to a glucose challenge via a glucose tolerance
test (GTT) (32). The GTT revealed that Dock3 KO mice had a
significantly impaired response to the glucose bolus, indicat-
ing a deficit in glucose metabolic processing (Fig. 5G). We then
investigated the role of Dock3 in global locomotor function using
open field activity tracking to record basal activity levels in both
aged-matched (6-month-old) WT and Dock3 KO male mice. Dock3
KO mice demonstrated significantly decreased distance trav-
eled and average velocity compared with WT mice, indicating
a reduction in basal locomotor function (Fig. 5H and I; Supple-
mentary Material, Fig. S2). This demonstrates an decrease in
locomotor ability in Dock3 KO mice at 6 months of age similar to
that reported for the mdx mouse model and consistent with our
findings that Dock3 KO mice have significant muscle weakness
and myofiber atrophy (33—40). Additionally, we assessed cardiac

function in WT and Dock3 KO mice and found no significant
differences in functional parameters (Supplementary Material,
Fig. S3). These findings implicate a crucial role for DOCK3 in the
maintenance of muscle mass and metabolic function in skeletal
muscle.

RNA-sequencing of Dock3 KO muscles reveals
dysregulated muscle transcripts

To determine what pathways may be affected by the loss of
DOCKS3 protein in muscle, we performed RNA-sequencing (RNA-
seq) on adult TA skeletal muscles from WT and Dock3 KO mice.
Transcriptome analysis revealed 280 differentially expressed
genes (DEGs) as shown by volcano plot (157 downregulated in
blue and 123 upregulated in orange) (Fig. 6A). Gene ontology (GO)
analyses revealed significant alterations in muscle structural
and metabolic signaling pathways in the Dock3 KO mice (Fig. 6B),
which is consistent with the severe Dock3 KO phenotype
observed. We identified the top 10 up- and down-regulated
transcripts, excluding undefined transcripts, of Dock3 KO mice
compared with WT by sorting top genes according to the
statistical significance (adjusted P-value) and the strength of fold
change induced (log,-fold change) (Fig. 6C and D). We confirmed
a significant decrease in Dock3 mRNA transcript in the Dock3
KO mouse muscles (Fig. 6D). These findings reveal significant
transcriptomic changes in important muscle structural and
metabolic signaling pathways in the absence of DOCK3 protein.

Dock3 KO myoblasts fail to differentiate and have
reduced myogenic fusion capabilities

Previous studies have demonstrated that DOCK1 and DOCK5
are essential for normal myoblast fusion and differentiation
via actin nucleation factors (7,8,41). Additionally, previous
studies have demonstrated that DOCK3 interacts with the
WAVE complex to activate RAC1, modulate actin dynamics and
promote cellular outgrowth (42). We postulated that DOCK3’s
function in modulating actin dynamics might influence muscle
differentiation and fusion capabilities. We tested whether
lentiviral shRNA knockdown of DOCK3 mRNA affected myogenic
differentiation capabilities in primary human muscle cells.
Healthy human myoblasts were treated with either mock, sShRNA
scrambled (negative control) or shRNA DOCK3 and assessed for
myogenic differentiation capability using myosin heavy chain
(MyHC) fluorescence (Fig. 7A). Myoblasts treated with shRNA
DOCK3 had significantly impaired myogenic differentiation
compared with other control groups as evidenced by decreased
amounts of MyHC-positive cells (Fig. 7B). Western blot analysis
validated the reduction of DOCK3 protein levels by shRNA
DOCK3 mRNA knockdown (Fig. 7C). Moreover, we replicated this
experiment using primary myoblasts isolated from our Dock3 KO
mice and WT mice and measured their myogenic differentiation
capacity. We isolated primary myoblasts from adult WT and
Dock3 KO mouse TA muscles and evaluated their ability to fuse
upon exposure to reduced serum medium. Dock3 KO myoblasts
showed poor myogenic differentiation capacity with an overall
reduced amount of myotubes compared with aged-matched WT

of cardiotoxin (10 pM ctx) as well as either siRNA double-stranded (ds) oligos to inhibit mouse Dock3 mRNA (siRNA Dock3) or a scrambled ds oligo (siRNA scrambled;
control). Experiment was performed in each leg and mice were evaluated 7 days post ctx injury. (E) Representative H&E staining of the siRNA-injected mdx>® muscles
7 days post ctx. Scale bar =50 pm. (F) Summary graph showing reduced centralized myonuclei when mdx>® mice were injected with siRNA Dock3 (n=S5, student’s
t-test, two-tailed, *P < 0.05). (G) Western blot analysis of whole muscle lysates from siRNA scrambled and siRNA Dock3 muscle demonstrating successful knockdown

of Dock3 protein.
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controls (Fig. 7D and E). Taken together, these studies demon-
strate a critical role of DOCK3 protein in myogenic differentiation
and myotube formation. As we noted a significant decrease
in expression levels of the myogenic fusion peptide myomixer
(Mymx-Myomerger-Minion) in Dock3 KO TA muscles (Fig. 7D), we
postulated that this decrease in myomixer-myomerger-minion
expression may be the cause of the limited myogenic differen-
tiation capacity of the Dock3 KO myoblasts. We overexpressed
FLAG-tagged Mymx (henceforth referred to as Mymx OE) or GFP
in Dock3 KO myoblasts. The Dock3 KO myoblasts transfected
with Mymx-Myomerger-Minion overexpression plasmid demon-
strated a slightly increased percentage of multi-nucleated
cells as observed by increase in the myogenic fusion index
compared with the GFP-control (Supplementary Material, Fig.
S4). Moreover, we found no significant difference in myogenic
differentiation factors between Mymx OE and GFP Dock3 KO
myoblasts, indicating that overexpression of myomixer has
minimal effects in improving the myogenic differentiation
capability in the Dock3 KO myoblasts in Dock3 KO myoblasts
(Supplementary Material, Fig. S4).

Discussion

We have identified DOCK3 as a modifier of normal and
dystrophin-deficient skeletal muscle health and function. First,
we showed that DOCK3 is strongly elevated in expression levels
in dystrophin-deficient mouse skeletal muscles consistent
with the DOCK3 expression profile in human patients.® While
complete loss of Dock3 expression in Dock3 KO and Dock3:mdx>®
DKO mice have detrimental effects on skeletal muscles,
haploinsufficiency of Dock3*/~:mdx>¥ improves myofiber size
and skeletal muscle pathology. These findings were further
validated in the zebrafish sapje DMD zebrafish. Taken as
a whole, these studies demonstrated that the reduction
of Dock3 expression in DMD models prevents the severity
of dystrophic muscle pathology. These findings potentially
represent the discovery of DOCK3 as new therapeutic target for
DMD, as previous findings have identified factors that provide
protective haploinsufficiency in mdx mice. For example, the
haploinsufficiency of the transcription factors Six4 and Six5 in
mdx mice similarly resulted in improved muscle grip strength
and extended life span when haploinsufficient in mdx mice (43).
While the roles of other DOCK proteins in muscle are not well
described, it is possible that DOCK3 may have some overlapping
and non-overlapping functions with DOCK4 based on similar
protein sequence structure and domains. Studies in the Dock4
KO mice revealed an essential role for DOCK4 in social behaviors
and that the DOCK4-mediated activation of RAC1 in neurons
could be overcome by constitutive RAC1 overexpression (44).
Additional studies demonstrating that DOCK3 expression levels
are tightly linked to RAC1 activation suggest that RAC1 activation
may compensate for the loss of DOCK3 in muscle (45-47). Given
our previous findings demonstrating that DOCK3 overexpression
activates PTEN/AKT signaling in DMD muscle, the restoration
of DOCK3 expression levels to that of WT muscle may restore
RAC1 activation and could prevent the activation of cell death
pathways that occurs in dystrophic muscles (14,48).

Complete loss of DOCK3 expression in both WT and
dystrophin-deficient muscle resulted in worse muscle health,
decreased myoblast fusion, glucose intolerance and defective
muscle locomotive function. This is consistent with the
reporting of clinical muscle hypotonia and muscle weakness
in patients with pathogenic DOCK3 variants (11-13). It is also
consistent with the essential role of DOCK3 in axonal growth
and the formation of protein aggregates leading to neurological
deficits (10). Indeed, the compound loss of DOCK3 and the dys-
trophin protein likely impairs the myofiber membrane integrity
and ability of RAC1 to be activated at the myofiber membrane.
Thus, resulting in the exacerbated muscle pathologies that we
observed in the Dock3—/—:mdx5cv double KO mice. Previous
studies have demonstrated an essential role for dystrophin
and an intact myofiber membrane to activate RAC1 (49,50).
These studies are in compliment with ours and highlight an
essential requirement for the dystrophin-associated protein
complex as a requisite signaling hub for proper downstream
signaling processes in skeletal muscle. The mechanism of action
of DOCK3 in myogenesis and its role as a GEF remains of key
interest to understand its function in muscle disease. As a GEF,
DOCK3 activates RAC1, a Rho-GTPase, which has been shown
to be tightly regulated in myogenesis (51). Overexpression of a
constitutively active RAC1 in C,Cy; mouse skeletal myoblasts
inhibits differentiation demonstrating the importance of RAC1
activation status in regulating temporal signals in myogenesis
(52). Similar to the glucose impairment, we observed that in the
Dock3 KO mice, the muscle Racl KO mice show impaired glucose
processing (Raun et al.,, 2018). Interestingly, it has been shown
that the overexpression of Def-6 (also called HMGB1), a GEF
protein similar to DOCK3, impairs the downregulation of RAC1
activity and results in inhibited myogenic differentiation (53).
These studies provide mechanistic insight into the molecular
interplay between DOCK3 and RAC1 in dystrophin-deficient
muscles and myogenesis.

Additionally, we observed multiple myogenic differentiation
factors that were decreased in expression levels in the Dock3 KO
muscles via transcriptomic pathway analysis. A key question
remains on whether DOCK3 functions to alter the filamen-
tous actin in myoblasts or works through another mechanism
to regulate the myogenic differentiation process. Our studies
revealed that the overexpression of the myomixer-myomerger-
minion peptide in Dock3 KO myoblasts while slightly increas-
ing the myogenic differentiation capability did not fully restore
normal myogenic differentiation. It remains likely that DOCK3
has essential interactions with actin and other key molecules
that may be the source of the impaired myogenic differentiation
observed in the Dock3 KO myoblasts.

Our findings provide evidence that DOCK3 plays a key role in
normal muscle fusion and affects dystrophin-deficient muscle
pathologies and outcomes. Furthermore, as DOCK3 expression
levels are tightly correlated with dystrophic disease progression,
DOCK3 may be a potential DMD biomarker that could be used
to measure disease severity in muscle. Moreover, our findings
also provide strong evidence for DOCK3 as a potential novel
therapeutic target for the treatment of DMD. Future experiments
aimed at further elucidating the mechanism of DOCK3 in muscle

(D) Masson’s Trichrome stain to visualize fibrotic area in WT, mdx> and Dock31/~:mdx>%. Scale bar =250 pm. Arrowheads indicate fibrotic muscle. (E) Percent of
fibrotic area comparing WT, mdx>® and Dock31/~:mdx5®V TA muscle (n=4, one-way ANOVA with Tukey’s correction; *P < 0.05, **P < 0.01). (F) Western blot analysis of
whole muscle lysate from mdx5¢ and Dock3/~:mdx>® mice for DOCK3 protein expression level quantification. (G) Quantification of DOCK3 protein expression level

(n=4, student’s t-test, two-tailed, **P < 0.01).


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa173#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa173#supplementary-data
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Figure 5. Adult Dock3 KO mice have abnormal muscle architecture, muscle mass and metabolism. (A) H&E immunohistochemistry of Dock31/* (WT), Dock3*/~ and Dock3
KO TA adult muscle on WT background. Scale bar =50 pm. Arrowheads indicate necrotic/fibrotic muscle. (B) Percent of centralized myonuclei out of 600 myofibers/TA
comparing WT and Dock3 KO mice. (n=>5, student’s t-test, two-tailed, ****P < 0.0001). (C) Comparison of WT and Dock3 KO mice fiber size distribution curve based on
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differentiation, signaling and its contribution towards muscle
metabolic regulation are warranted.

Materials and Methods
Mice

Dock3 global KO mice (Jax mice stock# 033736) were obtained
from the laboratory of Dr David Shubert (Salk Institute) and
have been previously described (10). These mice contain a beta-
galactosidase cassette integrated in-frame into exon 2 of mouse
Dock3 locus resulting in a complete disruption of the gene.
WT (C57BL/6 J; stock# 000664) and mdx>® (stock# 002379) were
originally obtained from Jackson Labs (Bar Harbor, ME). All mice
were maintained on the C57BL/6 ] strain background. All mouse
strains were maintained under standard housing and feeding
conditions with the University of Alabama at Birmingham Ani-
mal Resources Facility under pathogen-free, sterile conditions
under the animal protocol number 21393.

Zebrafish morpholino experiments

WT AB and sapje (dmd™???* mutation on the AB strain back-
ground) zebrafish were used for all zebrafish morpholino exper-
iments. A dock3 morpholino (5'-GCCTCAGATCAATCAACTCGTTC
AT-3') and a control FITC-labeled (5'-CCTCTTACCTCAGTTACAAT
TTATA-3') non-targeting morpholino (Gene Tools LLC; Philomath,
OR) were used for all morpholino injections. Zebrafish mor-
pholinos were injected into one-cell embryos obtained from
sapje heterozygote matings at amounts of 0.1, 0.5, 1, 2, 3 and 6
nanograms (ng) in a solution of 1x Danieau buffer, water and
phenol red (Sigma Aldrich, St. Louis, MO) as previously described
(54). For MyHC zebrafish larvae were fixed in 4% paraformalde-
hyde (Electron Microscopy Sciences) overnight at 4°C and then
following 3x washes in 1xPBS for 5 min were incubated for 1 h
at room temperature with F-59 (MyHC; Developmental Studies
Hybridoma Bank, lowa City, IA) in the dark. Larvae were then
washed 3x in 1xPBS for five min per wash and then incubated
with anti-mouse Alexa Fluor-568 (Invitrogen; Cat# A-11004) for
45 min atroom temperature in the dark. After an additional three
washes in 1x PBS, the fish were then placed on superfrosted
slides (FisherScientific; Waltham, MA) and imaged on a Nikon
Eclipse E-1000 microscope. All adult fish were fed a standard diet
of Artemia salina (brine shrimp) three times per day under a 14 h
on, 10 h off light cycle in 3 L tanks with a density of no more
than 20 fish per tank as standard of care guidelines. All zebrafish
strains were maintained University of Alabama at Birmingham
Animal Resources Aquatics Facility under pathogen-free condi-
tions under the animal protocol number 20320.

Zebrafish muscle birefringence assay

Subsequently following the locomotor assay, birefringence assay
was performed on 5 dpf larvae as previously described. Larvae
were anesthetized using MS-222 and placed on microscope with
polarizing light attachment. In this assay, when the polarized
light is shone on the larvae, a white light is refracted back
and captured in the camera if the muscle is healthy and has
organized fibers. However, if the muscle is broken down and

disorganized (worsened muscle phenotype), the polarized light
will shine straight through and will appear in the camera as
black (absence of white refracted light).

ISH zebrafish experiments

The zebrafish dock3 mRNA (dock3-201 ENSEMBLE transcript;
ENSDARGO00000063180) was used as a template and an antisense
region containing 300 base pairs sequence of the end of dock3
mRNA coding sequence was used for in vitro transcription
probe synthesis. In vitro transcription reactions performed
using the MegaScript Sp6 (Cat# AM 1330) and MegaScript T7
Transcription (Cat# AM 1334) kits (ThermoFisher Scientific)
were used following the manufacturer’s guidelines. Morpholino
injected zebrafish embryos were placed in fish water containing
1x PTU (Sigma; Cat# P7629) at 24 h post-fertilization. ISH
reactions were performed on 4% paraformaldehyde (Electron
Microscopy Sciences; Hatfield, PA; Cat# 15710) zebrafish embryos
using the DIG RNA Labeling Kit (MilliporeSigma; Burlington,
MA,; Cat# 11175025910) following a standardized protocol (55).
The DIG-labeled embryos were imaged under the dissection
scope (Nikon, SMZ1500; Tokyo, Japan) with EXFO Fluorescence
illumination system, X-Cite 120 (Photonic Solutions Inc.;
Edinburgh, UK), using a Nikon Eclipse E-1000 microscope
attached to a Hamamatsu digital camera, and images were
acquired using Openlab software version 3.1.5 (Improvision;
PerkinElmer; Waltham, MA).

Human muscle samples

Primary vastus lateralis muscle biopsies from normal and DMD
patients were obtained from consented patients under the
approved Boston Children’s Hospital protocol 03-12-205 and
described elsewhere (14,15). Additional samples were collected
under the UAB protocol 300 002 164. All patient samples were de-
identified and the secondary confirmation of DMD mutations
was performed using MLPA analysis and/or exome sequencing
(56).

Mouse activity tracking

Mouse locomotive activity measurements were performed as
previously described (57). Twenty-four hours prior to experiment
termination and tissue harvest, mice were analyzed for locomo-
tive activity using the Ethovision XT software platform (Noldus;
Leesburg, VA) with isolated individual chambers adapted from
a previously described protocol (14). Mice were adapted to the
room and open-field chambers 1 day prior to activity and were
given a 5-min additional adaptation period prior to activity
recording. Mouse activity was recorded for 6 min with no exter-
nal stimulation.

Myofiber and myogenic fusion calculations

The cross-sectional area (CSA) of the skeletal muscle sections
was calculated in a manner previously described (14). Briefly, 600
TA myofibers were counted and CSA (um?) was measured via a
series of overlapping H&E microscopy images, and quantified in

CSA (um?). (n=5; two-way ANOVA with Tukey’s correction; ***P < 0.001, ****P < 0.0001). (D) Compared with WT mice, Dock3 KO mice were significantly lower in gross
body weight, (E) had significantly decreased lean mass and (F) had no difference in fat mass observed. (n=5; student’s t-test, two-tailed; **P < 0.01, ***P <0.001). (G)
GTT revealed that Dock3 KO mice are glucose intolerant. (n =5; two-way ANOVA with Tukey’s correction; ****P < 0.0001). (H) Dock3 KO mice had significantly decreased
distance traveled (n=5; student’s t-test, two-tailed; **P < 0.01). (I) Dock3 KO mice had significantly decreased average velocity (n =5; student’s t-test, two-tailed; *P < 0.05).
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Figure 6. RNA-sequencing analysis of Dock3 KO TA muscles reveals numerous dysregulated mRNA transcripts and signaling pathways. (A) Summary graph of
differentially regulated genes, with blue representing downregulated genes and orange representing upregulated genes relative to KO. (B) Top downregulated and
upregulated GO terms as determined by GO analyses compared with WT. (C) Top 10 upregulated genes in Dock3 KO mice compared with WT. (D) Top 10 downregulated
genes in Dock3 KO mice compared with WT. Highlighted in blue are specific genes of interest.
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(E) Quantification of myogenic fusion index where Dock3 KO mouse myoblasts has significantly less myogenic fusion than WT mouse myoblasts. Scale bar =100 um.
(n=5; student’s t-test, two-tailed; ****P < 0.0001).



Fiji software platform (58). Myogenic fusion indices were deter-
mined by immunofluorescent staining using the MF-20 (MyHC)
as a marker of myogenic differentiation. Fusion of myoblasts was
determined by the detection of more than one nuclei within an
MyHC+ myotube.

DEXA QMR imaging

To evaluate body composition (fat and lean tissue mass) in vivo, 6-
month male WT and Dock3 KO mice (5 mice/genotype) were mea-
sured using the EchoMRI™ 3-in-1 composition analyzer (soft-
ware version 2016, Echo Medical, Houston, TX). Individual fat and
lean mass measurements were measured in grams (g) and were
analyzed using student’s t-test between WT and Dock3 KO mice.

Glucose tolerance test

Mice were fasted for 16 h prior to afternoon administration of
a bolus of D-glucose (MilliporeSigma; Cat# G8270) which was
intraperitoneal injected at a concentration of 3 mg/gram of
mouse body weight. Blood glucose was measured on a commer-
cially obtained glucometer (Nipro Diagnostics; Ft. Lauderdale,
FL) using 10 pL of whole serum from tail bleeds placed on
standardized glucose meter test strips.

siRNA knockdown in cardiotoxin-injured muscles

Adult male mdx>® mice (4-6 months old) were injected in their
TA skeletal muscles with cardiotoxin (10 pM) and siRNA pooled
oligos (10 pg; GE Healthcare Dharmacon Inc; Lafayette, CO) con-
taining either scrambled siRNAs or siRNAs targeting mouse
Dock3 mRNA following a protocol previously established (59). The
contralateral TA muscle was used as a sham phosphate-buffered
saline (ThermoFisher Scientific; Waltham, MA; Cat#10010049)
control. Seven days following injections, mice were euthanized,
and their TA skeletal muscles were slow-frozen in TissuePlus
O.C.T (FisherScientific; Hampton, NH; Cat#23-730-571), for his-
tological and molecular analysis.

Immunofluorescence and
immunohistochemistry

Mouse skeletal muscles were cryo-frozen in a TissuePlus O.C.T
(FisherScientific; Hampton, NH; Cat#23-730-571) Isopentane
(FisherScientific; Cat# AC397221000) liquid nitrogen bath as
unfixed tissues. Mouse hearts were perfusion fixed in 10%
neutral buffered formalin (MilliporeSigma) overnight at 4°C,
which was performed before embedding the tissue sample
into paraffin blocks. Blocks were later cut on a cryostat and
7- to 10-pm-thick sections were placed on SuperFrost Plus Gold
slides (ThermoFisher; Cat# FT4981GLPLUS). H&E staining was
performed as previously described (15). For immunofluorescent
staining, following de-paraffinization, the slides were incubated
in eBioscience IHC Antigen Retrieval Solution (ThermoFisher;
Cat# 00-4955-58) and washed in 1x PBS three times for 5 min,
and then incubated with blocking reagent from the Mouse-on-
Mouse (M.O.M) kit (Vector Laboratories; Burlingame, CA; Cat#
BMK-2202). Slides were incubated for 1 h at room temperature
in primary antibody.

Western blot

Protein lysates were obtained from either pestle-homogenized
tissues or cell lysates in M-PER lysis buffer (ThermoFisher;
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Cat# 78501) supplemented with 1x Complete Mini EDTA-Free
protease inhibitor cocktail tablets (Roche Applied Sciences;
Cat# 04693159001; Penzburg, Germany). Protein lysates were
quantified using a Pierce BCA Protein Assay Kit (ThermoFisher;
Cat# 23225). Unless stated otherwise, 50 pg of whole protein
lysate was used for all immunoblots, and electrophoretically
resolved on 4-20% Novex tris-glycine gels (ThermoFisher: Cat#
XP0O4205BOX). Protein samples were then transferred to 0.2 pm
PVDF membranes (ThermoFisher: Cat# LC2002), blocked in 0.1x
TBS-Tween in 5% non-fat milk for 1 h before being incubated
in primary antibody overnight at 4°C with gentle rocking. Blots
were washed in 0.1% TBS-Tween three times for 5-min intervals
before being incubated with secondary antisera (mouse or
rabbit) conjugated to horse radish peroxidase (HRP) for 1 h
at room temperature with gentle agitation. Membranes were
then washed in 0.1% TBS-Tween three times for 5-min intervals
before being incubated with secondary antibodies (either mouse
or rabbit) conjugated to HRP for 1 h at room temperature with
gentle agitation. Following another three washes for 15-min
intervals at room temperature, membranes were then treated
with RapidStep ECL Reagent (MilliporeSigma; Cat# 345818-
100ML) and exposed to X-ray film (Genesee Scientific). Some
Western blot images were acquired using a Typhoon Variable
Mode Imager (Amersham Pharmacia; Little Chalfont, UK). Some
membranes were stripped using Restore Plus Western Blot
Stripping Buffer (ThermoScientific; Cat# 46428) and later probed
with a different primary antibody.

RNA-sequencing and data analyses

Adult male 6-month-old WT and Dock3 KO mouse TA muscles
(n=3 muscles per genotype cohort) were biopsied, and total
RNA was extracted following mechanical homogenization using
the GenElute Total RNA Purification Kit (MilliporeSigma; Cat#
RNB100-50RXN) following the manufacturer’s guidelines. The
total RNA was amplified using the Sure Select Stranded RNA-
Seq kit (Agilent Technologies; Santa Clara, CA) using standard
protocols. A ribominus kit (ThermoFisher; Cat# K155002) was
used to deplete large ribosomal RNAs. The sequencing was done
on the Illumina HiSeq2500 in paired-end mode following the
manufacturer’s protocols by the UAB Genomics Core Facility.
All biological replicates contained a minimum of 35.7 million
reads with an average number of 39.6 million reads across the
replicates. The FASTQ files were uploaded to the UAB high-
performance computer cluster for bioinformatics analysis with
the following custom pipeline built in the Snakemake workflow
system (v5.2.2) (60): first, quality and control of the reads were
assessed using FastQC, and trimming of the Illumina adapters
and bases with quality scores of less than 20 were performed
with Trim_Galore! (v0.4.5). Following trimming, the transcripts
were quasi-mapped and quantified with Salmon (61) (v0.12.0,
with ‘—gencode’ flag for index generation and ‘-1 ISR’, ‘—gcBias’
and ‘—validateMappings’ flags for quasi-mapping) to the mm10
mouse transcriptome from Gencode release 21. The average
quasi-mapping rate was 70.4% and the logs of reports were sum-
marized and visualized using MultiQC (62) (v1.6). The quantifica-
tion results were imported into a local RStudio session (R version
3.5.3) and the package ‘tximport’ (63) (v1.10.0) was utilized for
gene-level summarization. Differential expression analysis was
conducted with DESeq2 (64) package (v1.22.1). Following count
normalization, principal component analysis was performed
and genes were defined as DEGs if they passed a statistical cutoff
containing an adjusted P-value <0.05 (Benjamini-Hochberg false
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discovery rate method) and if they contained an absolute log,-
fold change > 1. Functional annotation enrichment analysis was
performed in the NIH Database for Annotation, Visualization
and Integrated Discovery (DAVID, v6.8) by separately submitting
upregulated and downregulated DEGs. A P-value <0.05 cutoff
was applied to identify GO terms.

The FASTQ files of the current study have been uploaded
to NCBI's Gene Expression Omnibus under accession number
GSE141621.

Real-time quantitative PCR

Total RNA was extracted using the miRVana (ThermoFisher; Cat#
AM1560) kit following the manufacturer’s protocol. One micro-
gram of total RNA was reverse transcribed using the Tagman
Reverse Transcription kit following the manufacturer’s protocol
(Applied Biosystems; Foster City, CA; Cat# N8080234). Tagman
assay probes were all purchased from Applied Biosystems cor-
responding to each individual gene. Quantitative PCR (qPCR)
Tagman reactions were performed using Tagman Universal PCR
Master Mix (Applied Biosystems; Cat# 4304437). Samples were
run on the Fluidigm Biomark HD platform (Fluidigm Corp.; San
Francisco, CA) in 96.96 dynamic array plates. Relative expression
values were calculated using the manufacturer’s software and
further confirmed using the 2-224¢t method (65).

Muscle myoblast cell cultures

Primary muscle cells were isolated from postnatal 7-day-old
WT or Dock3 KO mouse hindlimbs via a pre-plate purification
strategy for enrichment of a slow-adhering purification as pre-
viously described (66,67). Primary muscle cells were later eval-
uated for myogenic capacity via immunofluorescent staining
of desmin to ensure for a myogenic population greater than
95%. Muscle cells were grown in skeletal muscle growth medium
(Promocell; Heidelberg, Germany; Cat# C-23060) supplemented
with 1x antibiotic-antimycotic (ThermoFisher Scientific; Cat#
15240062) and 1 ng/10 mL rhFGF (Promega; Madison, WI; Cat#
G5071). Cells were seeded at a density of 1.5 x 10° per 10 cm?
plate or 2-chamber slides (Corning Inc.; Corning, NY) coated
with 1% rat tail collagen (Millipore Sigma; Cat# 08-115). When
cells reached 90% confluency, they were switched to differen-
tiation medium, which is composed of DMEM GlutaMAX™, 1%
of Antibiotic-Anti-mycotic (Invitrogen: Cat# 1520) and Promocell
Human Skeletal Muscle Differentiation Media (Cat# C-23061).
Myogenic fusion assays and immunofluorescent labeling were
performed as previously described (68).

Nucleofection of myomixer fusion protein in mouse
Dock3 KO primary myoblasts

Myomixer-FLAG was packaged in the pLVX-TetON (Takara Bio;
Mountain View, CA) plasmid and have been described in pre-
vious literature (69). The plasmid was subcloned into pIRES-
1la-hrGFP (Stratagene; San Diego, CA) plasmid. Nucleofection
of Dock3 KO primary myoblasts in culture was done accord-
ing to the optimized protocol for skeletal muscle myoblasts
following the manufacturer’s protocol (Lonza; Basel, Switzer-
land). Briefly, myoblasts were grown in their respective culture
media in 100 cm? plates until they reached 80% confluency,
corresponding to approximately 1.5 x 10° cells. The medium
was removed from the plate and cells were trypsinized with
1 mL of trypsin-EDTA (Invitrogen) to detach them completely.
Subsequently, 4 mL of medium was added to the plate and then

the cells and the culture medium were centrifuged at 1000x g for
5 min at room temperature. The supernatant was then removed,
and cell pellets were resuspended in 100 pL of Nucleofector
solution (Lonza) in which either 2 ug of myomixer plasmid or 2 ug
pmaxGFP plasmid were added to respective cohorts. The cells
were analyzed 24-48 h after the nucleofection by fluorescence
microscopy with an inverted Leica microscope. After 48 h post-
nucleofection, proliferation media was removed and washed
with 1x PBS (Dulbecco) which was aspirated and replaced with
differentiation media.

Myogenic fusion assays

Myoblasts from Dock3 global KO mice were nucleofected with
myomixer-FLAG and its GFP control in four-well chamber slides
at 100000 cells/per well, separately (as described above). To
assess myogenic fusion, cells were fixed at day 4 of differentia-
tion with 4% paraformaldehyde for 20 min at 4°C followed by per-
meabilization with 0.1% triton™X-100 (Sigma Aldrich) for 30 min
at room temperature and blocking in 1xPBS with 1% fetal bovine
serum (Gibco). Cells were incubated with primary antibody for
MyHC (MF-20—1:100, Developmental Studies Hybridoma Bank)
overnight at 4°C, followed by three washes with 1x PBS and
incubation with secondary antibody Alexa Fluor 555 (Invitrogen).
Slides were washed and mounted with Vectashield® Mounting
Media (Vector) with DAPI. Images were obtained in Zeiss 710 con-
focal system at 20X. The fusion index was calculated as follows:
(MF20-stained myocytes containing > 2 nuclei/total number of
nuclei) x 100, as previously described (70).

CLUSTAL Omega alignment

CLUSTAL Omega alignments using freely available software
(https://www.ebi.ac.uk/Tools/msa/clustalo/) as described (71).
Accession numbers for protein sequences: zebrafish (Danio rerio,
XP_009294754.1), mouse (Mus musculus, NP_700462.2) and human
(Homo sapiens, NP_004938.1).

Cardiac functional measurements: transthoracic
echocardiography

The Vevo 3100 (VisualSonics Inc, Canada) imaging system was
used for echocardiography to evaluate individual parameters of
cardiac structure and function in vivo. Six-month male WT and
Dock3 KO mice (5 mice/genotype) were anesthetized using 1-2%
isofluorane continuously suppled from surgivet vaporizer, and
both long- and short-axis high-resolution images were acquired
for heart function measurements and analysis. Each individual
parametric measurement was compared between WT and Dock3
KO mice using a student’s t-test (Supplementary Material, Fig.
S3).

Statistical analyses

All graphs were represented as mean + SEM. Unless otherwise
mentioned, a two-tailed student’s t-test was performed for all
single comparisons and either a one-way or two-way analy-
sis of variance (ANOVA) with Tukey correction was performed
for all multiple comparisons. GraphPad Prism version 8 soft-
ware (GraphPad Software; San Diego, CA) was used for all sta-
tistical analyses. An a priori hypothesis of *P <0.05, **P <0.01,
**P <0.001 and ****P < 0.0001 was used for all data analysis.


https://www.ebi.ac.uk/Tools/msa/clustalo/
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddaa173#supplementary-data

Supplementary Material

Supplementary Material is available at HMG online.
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