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Centronuclear myopathies (CNMs) are a subtype of congenital myopathies characterized by skeletal
muscle weakness and an increase in the number of central myonuclei. SPEG (striated preferentially
expressed protein kinase) has been identified as the sixth gene associated with CNM, and it has been
shown that striated muscle-specific Speg-knockout (KO) mice have defective triad formation, abnormal
excitation-contraction coupling, and calcium mishandling. The impact of SPEG deficiency on the sur-
vival and function of myogenic cells remains to be deciphered. In this study, the authors examined the
overall population, proliferation, and differentiation of myogenic cells obtained from striated muscle
especific Speg-KO mice and compared them with wild-type (WT) controls. SPEG-deficient skeletal
muscles contained fewer myogenic cells, which on further study demonstrated reduced proliferation and
delayed differentiation compared with those from WT muscles. Regenerative response to skeletal muscle
injury in Speg-KO mice was compared with that of WT mice, leading to the identification of similar
abnormalities including fewer satellite cells, fewer dividing cells, and an increase in apoptotic cells in
KO mice. Overall, these results reveal specific abnormalities in myogenic cell number and behavior
associated with SPEG deficiency. Similar satellite cell defects have been reported in mouse models of
MTM1- and DNM2-associated CNM, suggestive of shared underlying pathways. (Am J Pathol 2020, 190:
2453e2463; https://doi.org/10.1016/j.ajpath.2020.08.012)
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Centronuclear myopathies (CNMs), a subtype of congenital
myopathies, are a heterogeneous group of inherited neuro-
muscular disorders characterized by muscle weakness,
predominant type I fibers, and increased central nuclei.1e3

Over 60% of CNM cases have been attributed to mutations
in the MTM1 [MIM 300415; encoding myotubularin
(MTM1)],DNM2 (MIM 602378; encoding dynamin 2), BIN1
(MIM 601248; encoding bridging integrator 1), RYR1 (MIM
180901; encoding ryanodine receptor 1), and TTN (MIM
188840; encoding titin) genes. The authors have identified
SPEG (striated preferentially expressed gene) as the sixth gene
associated with CNM.4 Patients with SPEG mutations typi-
cally present with congenital myopathyerelated features with
or without dilated cardiomyopathy.4,5
stigative Pathology. Published by Elsevier Inc
The SPEG protein belongs to the myosin light chain ki-
nase (MLCK) family, and it has four isoforms derived from
two transcription start sites and alternative splicing,6

including Spegb (350 kDa), Spega (250 kDa), Apeg1 (19
kDa), and Bpeg (94 kDa). Spega and Spegb are both
expressed in striated muscle (cardiac and skeletal), Apeg1 in
vascular smooth muscle, and Bpeg in brain and aorta.6e8

Spega is a sensitive marker for striated muscle differentia-
tion,6 its expression being up-regulated during C2C12
myoblast to myotube differentiation in vitro. By
. All rights reserved.
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comparison, the expression of Spegb remains uniformly
expressed at a minimal level.6

In mice, Spega expression in the cardiomyocytes of devel-
oping heart starts at 11.5 days post coitum.9 Constitutive Speg
knockout (KO) mice exhibited significant embryonic or
neonatal mortality due to cardiac dysfunction.9 To overcome
the embryonic lethal effects, the authors created a conditional
Speg-KO mouse and bred them with Mck-creeexpressing
mice to excise SPEG in striated muscles postnatally (Speg-
KO).The skeletalmusclefibers ofSpeg-KOmicewere noted to
be significantly smaller and showedmarked variability in fiber
size.10 SPEG deficiency led to an abnormal triad structure and
defective calcium handling in skeletal muscles,10 indicating a
critical role of SPEG during skeletal muscle development and
function. SPEGhas been identified as an important regulator of
cardiac function and development.6,9,11e13 The underlying
mechanism of cardiomyopathy in Speg-KO mice is likely due
to defective cardiac progenitor cell function.14 Cardiac pro-
genitor cells harvested from SPEG-deficient mice display de-
fects in clone formation, proliferation, and differentiation
in vitro.14 It is unclear whether SPEG plays a similar role in the
development of muscle stem cells in skeletal muscles.

Satellite cells (SCs), also known as muscle stem cells,
are involved in skeletal muscle growth during fetal and
postnatal development. SCs play a critical role in muscle
repair and regeneration following injury or disease.15,16

Upon muscle injury, SCs can be activated from a quies-
cent state to proliferate for self-renewal. Proliferating SCs,
also known as myoblasts, then exit cell proliferation,
differentiate into myocytes,17,18 providing a source for
new myonuclei in muscle growth,19 regeneration,20 or
hypertrophy.21 SC dysfunction has been reported in
MTM1-deficient22 and DNM2-mutant23,24 mice. However,
the impact of SPEG deficiency on SC function has not
been studied.

To investigate the role of SPEG in SCs, a striated muscle-
specific Speg-KO mouse model (Speg-KO) was used as
described earlier.10 The SC numbers were significantly
reduced in Speg-KO mice as indicated by fluorescence-
activated cell sorting (FACS) and Pax7 immunostaining.
Speg-KO myoblasts displayed reduced proliferation and
delayed differentiation in comparison to littermate-matched
wild-type (WT) myoblasts. In response to injury, skeletal
muscles in Speg-KO mice demonstrated a slower healing
process and an increase in apoptosis. These results demon-
strate that SPEG plays an essential role in skeletal muscle
growth and repair by maintaining the SC pool and regulating
myogenic cell function.

Materials and Methods

Animals

All studieswere approved by the Institutional AnimalCare and
Use Committee at Children’s Hospital Boston (Boston, MA).
Speg-KOmice have been generated as previously described.10
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In brief, the homozygous Speg-conditional KOmice (Spegfl/fl)
were bred with male transgenic mice (MCK-Creþ) who have
the Cre recombinase driven by muscle creatine kinase pro-
moter, with Cre activity observed in skeletal and cardiac
muscle. Spegfl/fl: MCK-creþmice were the Speg-KOmice that
were utilized for further experiments whereas littermates with
Spegfl/fl: MCK-cre�, Spegfl/wt: MCK-creþ, and Spegfl/wt:
MCK-cre� genotypes were used as WT controls.

Myoblast Isolation and FACS

Myogenic cells were extracted from the upper and lower
limbs of Speg-KO and WT littermate mice (each genotype
nZ 6) between 25 and 30 days of life following established
methods.25 Briefly, all collected muscles of a mouse were
transferred to a fresh Petri dish and minced for approxi-
mately 10 minutes using sterile scalpels. Minced muscles
were digested at 37�C for 45 minutes using a final con-
centration of 1.2 U of dispase II (Roche Applied Science,
Indianapolis, IN) and 5 mg of collagenase D (Roche
Applied Science) per gram of tissue with gentle trituration
every 15 minutes. Digested samples were filtered through a
40-mm cell strainer (Thermo Fisher Scientific, Waltham,
MA), spun down and treated with Red Blood Cell Lysis
Buffer (Qiagen, Valencia, CA). Cells were spun down and
resuspended in ice-cold 1� Hank’s buffered salt solution
(Thermo Fisher Scientific) containing 0.5% bovine serum
albumin at a concentration of 1 � 107 cells/mL. Cells were
incubated on ice with the antibodies of associated cell sur-
face markers for 20 minutes, including anti-mouse CD45�

Alexa Fluor 488 (marker for hematopoietic cells, 0.25 mg/
million cells; catalog number 103122; BioLegend, Dedham,
MA), anti-mouse Sca-1� Alexa Fluor 488 (Ly-6A/E, marker
for mesenchymal stem cells, 0.25 mg/million cells; catalog
number 122516; BioLegend), anti-mouse CD31� Alexa
Fluor 488 (marker for endothelial cells, 2 mg/million cells;
catalog number 102514; BioLegend), and APC anti-mouse
CD106 (VCAM-1, marker for SCs, 0.25 mg/million cells;
catalog number 105717; BioLegend).
After incubation, cells were washed with cold 1� Hank’s

buffered salt solution containing 0.5% bovine serum albu-
min buffer. To select for live cells by flow cytometry,
propidium iodide (PI; marker for dead cells; 1 mg/mL;
BMS500PI; Thermo Fisher Scientific) was added at a final
concentration of 1 mg/mL. Samples were then analyzed and
sorted using a BD FACSAria cell sorter (BD Bioscience,
San Jose, CA) to isolate quadruple negative prospective
myogenic cells (QNMCs; CD31�CD45� Sca1�PI�) and
SCs (CD31�CD45� Sca1�PI� VCAM-1þ).

Histology and Immunofluorescence

Cross sections (8-mm thick) of isopentane-frozen tibialis
anterior (TA) or quadriceps muscle were stained with hema-
toxylin and eosin using standard techniques. Immunofluores-
cence was performed on TA muscles of cardiotoxin-injected
ajp.amjpathol.org - The American Journal of Pathology
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mice by standard immunofluorescent staining using mouse
anti-Pax7 (marker for SCs; AB 528428, dilution 1:50;
Developmental Studies Hybridoma Bank, Iowa City, IA),
rabbit antieKi-67 (marker for proliferating cells; ab15580,
dilution 1:200; Abcam, Cambridge, MA), rabbit anti-SPEG
(PA5-53875, dilution 1:100; Thermo Fisher Scientific), and
rabbit anti-Caspase 3 primary antibody (marker for apoptotic
cells; ab13847, dilution 1:100; Abcam). Goat anti-rabbit IgG
(HþL) secondary antibody-Alexa Fluor 594 (A-11012, dilu-
tion 1:1000; Thermo Fisher Scientific) or goat anti-mouse IgG
(HþL) secondary antibody-Alexa Fluor 488 Phalloidin
(A28175, dilution 1:1000; Thermo Fisher Scientific) was used
for staining. Slides were coverslipped using Vectashield
Mounting Medium with DAPI (H-1200; Vector Laboratories,
Burlingame, CA). Images were quantified by counting the
number of positive cells within a field and dividing by the total
number of fibers (for Pax7 and Caspase 3) or nuclei (for Ki-67)
within that field using a Nikon Eclipse 90i microscope in
conjunction with NIS-Elements AR software version 4.50
(Nikon Instruments Inc., Melville, NY).

Immunoblot Analysis

Skeletal muscles from Speg-KO and WT littermate mice
were dissected, snap frozen in isopentane, and stored
at �80�C until analysis. Protein isolation and Western blot
procedures were performed as described previously.26 Pro-
tein concentration was determined using a colorimetric BCA
assay (23225; Thermo Fisher Scientific). Transferred pro-
teins were probed with antibody against mouse anti-Pax7
(AB 528428, dilution 1:100; Developmental Studies
Hybridoma Bank), and mouse antieglyceraldehyde-3-
phosphate dehydrogenase (GAPDH; MA5-15738, dilution
1:1000; Thermo Fisher Scientific). Secondary horseradish
peroxidaseeconjugated antibody against mouse (ab205719,
dilution 1:3000; Abcam) was detected using enhanced
chemiluminescence. Quantification of protein levels
normalized to GAPDH was performed using Quantity One
software version 4.2.1 (Bio-Rad Laboratories, Inc., Hercu-
les, CA) on an Image Station 440 (Kodak DS; Eastman
Kodak Co., Rochester, NY).

Proliferation Assays

QNMCs from 25- to 30-dayeold Speg-KO and WT mice
(n Z 6 of each genotype) were plated onto 96-well plates at
a density of either 1000 or 5000 cells per well in skeletal
muscle growth medium (Ham’s F-10 medium, SH3002501;
Thermo Fisher Scientific) supplemented with 20% fetal
bovine serum (SH30396; Thermo Fisher Scientific) and 5
ng/mL basic fibroblast growth factor (bFGF; 100-18B;
PeproTech, Rocky Hill, NJ). Proliferation was measured at
0, 2, 4, 7, and 10 days after isolation using a CellTiter 96
AQueous Non-Radioactive Cell Proliferation Assay
(TB169; Promega, Madison, WI), as per the manufacturer’s
instructions. Absorbance was read at 490 nm using a
The American Journal of Pathology - ajp.amjpathol.org
Synergy 2 plate reader (Biotek Instruments, Winooski, VT).
The average of three wells for each condition was recorded
for each time point, and the experiment was repeated three
times. Statistical differences between corrected values were
compared using a one-way analysis of variance.

Fusion Assays

For fusion assays, 5000 cells per well were plated in 8-well
Permanox slides coated with Matrigel. Cells adhered over-
night in high serum medium, then were switched to differ-
entiation medium [Dulbecco’s modified Eagle’s medium
low glucose (MT10013CV; Thermo Fisher Scientific) sup-
plemented with 4% fetal bovine serum]. Differentiation
medium was changed daily, and fusion was assessed at days
0, 2, and 5 after the induction of differentiation. Cells were
fixed and stained with a rabbit monoclonal anti-desmin
antibody (marker for myogenic differentiation; ab216616,
dilution 1:50; Abcam) and goat anti-rabbit IgG (HþL)
secondary antibody-Alexa Fluor 594 (A-11012, dilution
1:1000; Thermo Fisher Scientific). Slides were coverslipped
in Vectashield Hard Set mounting medium containing DAPI
and evaluated using a Nikon TE-2000S microscope (Nikon
Instruments Inc.). The fusion index was calculated as the
ratio of fused nuclei within myotubes to the total number of
nuclei. Fusion indices were compared between control and
mutant cultures using the t-test.

Apoptosis Assays

QNMCs from Speg-KO and WT mice were plated onto
96-well plates at a density of either 1000 or 5000 cells per
well. Apoptosis was measured at 0, 2, 4, 7, and 10 days after
isolation using a Dual Apoptosis Assay with NucView 488
Caspase-3 Substrate & Annexin V (#30067; Biotium, Fre-
mont, CA), per the manufacturer’s instructions, and read on
a single-tube luminometer (Berthold Instruments, Oak
Ridge, TN). The average of three wells for each condition
was recorded for each time point. Statistical differences
between corrected values were compared using a one-way
analysis of variance.

Cardiotoxin Injection

The right TA muscle of four isoflurane-anesthetized WT
and Speg-KO mice at 30 days of life were injected with 15
to 20 mL of cardiotoxin (11061-96-4; Sigma-Aldrich, St.
Louis, MO) diluted to a final concentration of 0.5 mg/mL in
sterile PBS. At 5 to 6 days post-injection, the animals were
euthanized, and the TA muscles were extracted and snap
frozen in isopentane.

Data Analysis and Statistics

Results were analyzed with GraphPad Prism software
version 8.0 (GraphPad Software, San Diego, CA), and
2455
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Figure 1 FACS profiles of quadruple negative prospective myogenic cell (QNMC) and satellite cell (SC) populations in the skeletal muscles of wild-type
(WT) and Speg knockout (KO) mice. The digested tissue from limb muscles of 1-montheold animals were stained with propidium iodide (PI), Alexa Fluor
488 anti-mouse CD31, Alexa Fluor 488 anti-mouse CD45, Alexa Fluor 488 anti-mouse Ly-6A/E (Sca1), and APC anti-mouse CD106 (VCAM1). A: WT profiles.
B: KO profiles. The boxed areas in the P1 plots excludes cell debris; the boxed areas in both the P2 and P3 plots exclude the multiplets and doublets to
collect single cells; cells in the boxed areas of the P4 and P5 plots are QNMCs and SCs, respectively.C: The population hierarchy of cells from WT and KO
mice. D: The percentage of QNMCs in KO mice was comparable to that of WT. E: The percentage of SCs was markedly reduced in KO mice compared with WT
n Z 6 mice per genotype. *P < 0.05. FSC-A, forward scatter area; FSC-H, forward scatter height; SSC-A, side scatter area; SSC-H, side scatter height;
SSC-W, side scatter width.
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expressed as means � SD. The t-test was used to determine
statistically significant differences between the WT and
Speg-KO groups.
Results

Speg-KO Mice Have a Smaller SC Population

To determine whether the lack of SPEG causes defects in
myogenic cells, a FACS strategy was applied to isolate
myogenic cells from skeletal muscles of Speg-KO and
littermate-matched WT control mice by negative selection for
CD45, CD31, Sca1, and PI (corresponding to QNMCs), and
positive selection for CD106 (corresponding to SCs). One
million cells were loaded in each FACS experiment, and dead
cells and doublets of cells were excluded by selected sorting
gates. The relative percentage of QNMCswas slightly reduced
in Speg-KO tissue (KO: 14.0%� 7.7%; WT: 17.5%� 7.9%)
(Figure 1), although the difference was not statistically sig-
nificant. By comparison, the relative percentage of SCs within
theQNMCpopulationwas severely reduced inSpeg-KO tissue
(KO: 10.3% � 5.0%; WT: 27.4% � 10.4%; P < 0.05).
2456
Supplemental Table S1 lists the findings of each FACS
experiment in terms of the relative percentage of QNMCs and
SCs observed in Speg-KO mice compared with WT.
To further evaluate the abundance of SCs in Speg-KO

mice, Pax7 immunostaining and immunoblotting were per-
formed on quadriceps muscles from Speg-KO mice and
littermate-matched WT at postnatal day 30 (Figure 2).
Fewer SCs per fiber (KO: 3.7% � 0.5%; WT:
11.5% � 2.5%; P < 0.05) were identified by immunoflu-
orescence and lower Pax7 amounts (KO: 42.0% � 11.0% of
WT values; P < 0.05) was detected by immunoblotting in
Speg-KO mice compared with WT. Pax7 findings indicated
a marked reduction in the SC population of Speg-KO mice,
consistent with FACS experiments.

Speg Is Expressed in SCs

The expression of Speg in single cells from mouse muscle
tissue excluding myotubes was evaluated. A publicly
available single-cell RNA-seq (scRNA-seq) data set (Tabula
Muris database27) classified 1090 cells from 3-montheold
mouse skeletal muscles into six cell clusters: B and T
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Pax7 expression in wild-type (WT) and Speg knockout (KO) skeletal muscle. A: Immunofluorescence results for Pax7 staining in both WT and
KO quadricep muscles at 30 days of life. White arrows indicate Pax7-positive nuclei in WT and KO animals. B: Quantification of Pax7-positive nuclei per
fiber shows a reduction in the satellite cell population in the KO mice. C: Western blot analyses performed on tissue lysates from quadriceps muscle reveal
decreased levels of Pax7 in KO animals. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was used as a control. n Z 4 mice per genotype. *P ˂ 0.05.
Scale bars Z 20 mm.
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lymphocytes, macrophages, endothelial cells, mesenchymal
stem cells, and SCs (Supplemental Figure S1A). Multinu-
cleated myotubes, which are typically longer than 100 mm,
were excluded because of the restrictions on cell size that
can be captured for further analysis (30 mm). Of the total
1090 cells, 540 (49.5%) revealed a gene expression pattern
that could be assigned to SCs. Within this cluster, 22 cells
(4.1%) were observed to express variable levels of Speg
(Supplemental Figure S1, B and C). In the mesenchymal
stem cell cluster, 8 of 258 cells (3.1%) were observed to
express variable levels of the Speg. Speg was undetectable
in B- and T-lymphocytes, macrophages, or endothelial cells.
To test this further, the authors coimmunostained SPEG
with Pax7 in WT muscle sections and confirmed the
expression of SPEG in SCs (Supplemental Figure S2).
Overall, scRNA-seq data obtained from dissociated hin-
dlimb skeletal muscles, and the authors’ Pax7/SPEG
coimmunostaining results indicate that SPEG is expressed in
SCs.

SPEG-Deficient Myogenic Cells Display Slower
Proliferation and Delayed Differentiation

To investigate the properties of SPEG-deficient myogenic
cells, isolated QNMCs from FACS experiments were used
The American Journal of Pathology - ajp.amjpathol.org
for cell proliferation, differentiation, and apoptosis tests
in vitro. SPEG-deficient and WT myogenic cells were
cultured in growth medium over 10 days, and their prolif-
eration was measured using a cell proliferation assay. The
number of SPEG-deficient myogenic cells was significantly
decreased from WT after 7 days of cell culture (Figure 3).
Next, the differentiation of SPEG-deficient myogenic cells
and WT into myotubes was induced using differentiation
medium and assessed over a 7-day period. The numbers of
myotubes formed from Speg-KO cells were fewer than
those from WT as time passed (Figure 4A). Fusion assays
revealed fewer desmin-expressing myotubes from KO
myogenic cells compared with WT cells by immunostain-
ing, and the number of fused nuclei within KO myotubes
was significantly less than that of WT (Figure 4B). The
majority of WT myogenic cells (55.2% � 10.6%) were able
to differentiate into myotubes after 5-day differentiation
medium culture, whereas markedly fewer Speg-KO
myogenic cells (26.0% � 10.8%) were able to differentiate
into myotubes (Figure 4C).

The difference in apoptosis between Speg-KO and WT
myogenic cells was evaluated on days 0, 2, 4, 7, and 10 of
culture using annexin V and caspase-3 apoptosis assays; and
there was no significant difference between them
(Supplemental Figure S3). Overall, the growth and
2457
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Figure 3 Reduced proliferation of SPEG-deficient quadruple negative pro-
spective myogenic cells (QNMCs) in vitro. A: Phase contrast images of represen-
tative clones of wild-type (WT) (top row) and Speg knockout (KO) QNMCs (bottom
row) in growth medium over a 10-day period. B: Proliferation rate is significantly
lower in freshly isolated KO QNMCs compared with cells from WT littermates after 7
days in culture. n Z 6 mice per genotype. *P < 0.05. Scale bars Z 100 mm. abs,
absorption; D, day.

Li et al
differentiation potentials of myogenic cells were signifi-
cantly reduced in SPEG-deficient cells relative to WT, but
not apoptosis.

Speg-KO Skeletal Muscles Have Slower Healing and
Increased Apoptosis in Response to Injury

SCs play an important role in the repair and regeneration of
skeletal muscles in response to injury, and SPEG-deficient
SCs have defects in proliferation and differentiation in
addition to being fewer in number. To assess whether SPEG
deficiency would have an effect in vivo on skeletal muscle
regeneration, cardiotoxin, a myonecrotic agent, was injected
into the TA muscles. This produced a focal muscle injury,
thereby stimulating the activation, proliferation, and differ-
entiation of quiescent SC stores. Regenerating areas in
injured TA muscles were readily detected 5 days after
muscle injury by the presence of numerous centrally
nucleated fibers in both Speg-KO and WT TA muscles, but
the cross-sectional area of Speg-KO TA muscles was
significantly less than that of WT muscles (Figure 5A). In
addition, Speg-KO mice exhibited fewer SCs (Pax7þ nuclei)
and proliferating cells (Ki-67þ nuclei), and more apoptotic
cells (caspase3þ nuclei) on immunofluorescence analysis
(Figure 5, B and C). Although not all proliferating and
apoptotic cells in skeletal muscle regeneration may corre-
spond to SCs, these results provided in vivo evidence of
abnormal SC activity in Speg-KO mice, including abnormal
levels of both proliferation and apoptosis.
2458
Speg-KO Skeletal Muscles Have Fewer Activated SCs in
Both Uninjured and Injured States

SCs can be activated in response to muscle injury, and
activated SCs either are capable of self-renewing or can
enter the myogenic pathway and differentiate to restore the
damaged muscle.28,29 The authors have shown that Speg-
KO mice have fewer SCs and exhibit slower healing when a
muscle injury occurs. To evaluate the properties of activated
SCs in SPEG-deficient muscles, the number of Pax7- and
Ki-67epositive nuclei was evaluated before and after injury
(Figure 6). A lower number of activated SC per 100 nuclei
was seen in both uninjured (KO: 0.23 � 0.03; WT:
0.61 � 0.03; P < 0.01) and injured (KO: 0.34 � 0.06; WT:
1.3 � 0.64; P < 0.05) Speg-KO muscle. In addition, a
smaller proportion of SCs were activated in both uninjured
(KO: 13.7% � 1.7%; WT: 30.2% � 5.2%; P < 0.05) and
injured (KO: 19.4% � 3.4%; WT: 41.3% � 9.6%;
P < 0.05) Speg-KO compared with WT muscle. Overall,
Pax7 and Ki-67 costaining findings demonstrated a signifi-
cant decrease in the activated SCs of Speg-KO mice, which
may explain the slower healing seen in Speg-KO mice.

Discussion

In this study, the impact of SPEG deficiency on myogenic
stem cells and their function was evaluated. Previously,
SPEG deficiency has been seen to lead to an abnormal triad
structure, defective excitationecontraction coupling, and
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Delayed differentiation of SPEG-deficient quadruple negative prospective myogenic cells (QNMCs) in vitro. A: Representative phase contrast
images of wild-type (WT) and Speg knockout (KO) QNMC clones in differentiation medium over a 7-day period. B: Representative images of immunofluo-
rescence staining for desmin (red) after 5 days of differentiation. DAPI (blue) was used for nuclear staining. White arrows indicate fused nuclei within
myotubes. C: Fusion assay reveals a lower fusion index for Speg-KO QNMCs after 5 days in culture. n Z 6 mice per genotype. *P < 0.05 versus KO. Scale bars:
100 mm (A); 20 mm (B). D, day.
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calcium mishandling,10 but its effects at the cellular level are
unknown. To study this, the number of myogenic cells in
SPEG-deficient skeletal muscle were first quantified using
both FACS and Pax7 immunostaining and immunoblotting,
and were seen to be markedly reduced. Proliferation and
differentiation assays on myogenic cells revealed that
SPEG-deficient myogenic cells displayed slow proliferation
and delayed differentiation in vitro, indicating abnormal
myogenic cell behavior in Speg-KO mice. To further eval-
uate these effects in vivo, a Speg-KO mouse model was
utilized to analyze the effects of SPEG deficiency on muscle
regeneration after injury. Speg-KO skeletal muscles healed
more slowly after injury, with evidence of fewer SCs and
dividing cells using Pax7 and Ki-67 staining.

A mouse model with postnatal striated muscleespecific
excision of Speg using Mck-cre (Speg-KO) was utilized
because constitutive Speg-KO mice die in utero.9 By
delaying Speg excision using Mck-cre, the Speg-KO mice
can survive up to 3 months of life.10 Mck-cre is normally
detected in post-differentiation stages of myogenesis and
identified in post-fusion myotubes starting from day 3 after
induction of myogenic differentiation.30 It is therefore
interesting to observe the reduction in SC number in Speg-
KO mice, although QNMCs were not statistically different.
The authors hypothesize that SPEG interacts with the
extrinsic cues including extracellular matrix and basal
The American Journal of Pathology - ajp.amjpathol.org
lamina, which may affect SC survival or proliferation in the
skeletal muscle.31,32 In addition, SPEG-deficient myogenic
cells exhibited slower proliferation at day 7 of culture and
not prior (Figure 3). By this time, the myoblasts became
confluent, and started to show early differentiation.
Analyzing the scRNA-seq data from in vitro human
pluripotent stem cellederived muscle cells shows that there
is a small amount of MCK present in the myoblast stage that
goes up with differentiation to myocytes (Supplemental
Figure S4). The authors suggest that the MCK increase
during late myoblast stage may explain the reduced prolif-
eration in SPEG-deficient myogenic cells in vitro.

SPEG, MTM1, and DNM2 mutations are associated with
CNM in humans, and a depletion of SCs has been previ-
ously described with MTM1-22,33,34 and DNM2-23,24 related
mouse models. The defects seen in Speg-KO mice were
similar to those in Mtm1 and Dnm2-mutant mouse models,
with all three models displaying fewer SCs and delayed
muscle regeneration in response to injury (Table 1).22e24

Furthermore, the proliferation rate in both SPEG- and
MTM1-deficient myoblasts was reduced, but not described
in Dnm2-mutant myoblasts. In addition, apoptosis was
increased in both Speg- and Mtm1-KO mice following TA
muscle injury in vivo. Apoptosis was not evaluated in
Dnm2-mutant mice. Finally, the rate of differentiation in
SPEG-deficient myoblasts was reduced, whereas it was
2459
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Figure 5 Reduced proliferation and increased apoptosis in SPEG-deficient cells after muscle injury in vivo. A: At 5 to 6 days after muscle injury by
cardiotoxin injections, hematoxylin and eosin staining of the injured transverse abdominal (TA) muscles show signs of muscle regeneration, including
numerous centrally nucleated myofibers. The cross-sectional area (CSA) of Speg-KO TA muscles is significant less than that of wild-type (WT) (over 100 fibers
were analyzed from each group). B: Immunofluorescence staining of myofibers using antibodies against Pax7 (green) for satellite cells, Ki-67 (red) for
proliferating cells, and caspase 3 (red) for apoptotic cells, show evidence of reduced proliferation and increased apoptosis in knockout (KO) mice. C: This was
further confirmed by quantification. n Z 3 mice per genotype. *P < 0.05. Scale bars Z 100 mm (A and B).

Li et al
unchanged in both Mtm1 and Dnm2-mutant myoblasts.
Although the rate of differentiation in Mtm1 mutant myo-
blasts was not affected, it has been reported that MTM1 is
involved with the final stage of myotube maturation.35 The
reduced differentiation of SPEG-deficient myoblasts is
likely due to a key role of SPEG with Spega expression up-
regulated throughout the muscle differentiation. Overall,
SPEG, MTM1, and DNM2 may be critical for pathways
involved in SC survival, maintenance, and function.

The mechanisms by which SPEG deficiency reduces SC
survival and disrupts their function is yet to be deciphered.
2460
SPEG is expressed in both SCs and mesenchymal stem
cells,27 and Spega is up-regulated during C2C12 cell dif-
ferentiation,6 which suggests its role in myogenic cell dif-
ferentiation. SPEG may influence SC activity through
pathways mediating intracellular calcium homeostasis. The
authors’ previous study suggests SPEG’s critical role in
regulating calcium handling during muscle contraction.10

Interestingly, calcium channel disruption has been reported
to prevent rat SC activation and proliferation triggered by the
mechanical stimulus in vitro.36 Further, perturbation of cal-
cium release from internal stores impairs the skeletal muscle
ajp.amjpathol.org - The American Journal of Pathology
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Figure 6 Fewer activated satellite cells in Speg
knockout (KO) skeletal muscle before and after
muscle injury in vivo. A: Immunofluorescence
staining of myofibers using antibodies against
Pax7 (red) and Ki-67 (green) shows fewer acti-
vated satellite cells in KO mice in both uninjured
and injured states. Pax7 stains all satellite cells.
Pax7 and Ki-67 together stain only the activated
ones. Arrows indicate Pax7-positive nuclei; ar-
rowheads indicate both Pax7- and Ki-67epositive
nuclei. B: This was further confirmed by quantifi-
cation. n Z 3 mice per genotype. *P < 0.05,
**P < 0.01. Scale barsZ 20 mm. SC, satellite cell;
WT, wild type.

Cellular Defects in SPEG-Deficient Mice
regeneration of the mouse injured TA muscle in vivo.37,38

Thus, SPEG’s role in calcium handling may be critical for
SC function and skeletal muscle regeneration.

In summary, the authors have shown that SPEG defi-
ciency causes abnormalities in myogenic cell number and
Table 1 Summary of SC Defects in SPEG, MTM1, and DNM2-Mutant Mo

Mouse model
SC
number

Myoblast (in vitro)

Proliferation Differentiation Apoptosis

Spegfl/fl: MCK-creþ Y Y Y No change
Mtm1�/y Y Y No change [
Dnm2R465W/þ Y Unknown No change Unknown

SC, satellite cell; Y, decrease; [, increase.

The American Journal of Pathology - ajp.amjpathol.org
function, characterized by fewer SCs with reduced prolif-
eration and delayed differentiation, and poor muscle
regeneration after injury in vivo. These findings provide
evidence that SPEG is critical for skeletal muscle develop-
ment and regeneration. Future studies are needed to
use Models

Muscle regeneration (in vivo)

Reference
SC
number Proliferation Apoptosis

Y Y [ The current study
Y Y [ Lawlor et al22

Y Unknown Unknown Fongy et al,23 Almeida et al24
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elucidate the underlying mechanisms of impaired SC sur-
vival and function due to SPEG deficiency.
Supplemental Data

Supplemental material for this article can be found at
http://doi.org/10.1016/j.ajpath.2020.08.012.
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