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Abstract

Background The role of Numb, a protein that is important for cell fate and development and that, in human muscle, is
expressed at reduced levels with advanced age, was investigated; adult mice skeletal muscle and its localization and
function within myofibres were determined.

Methods Numb expression was evaluated by western blot. Numb localization was determined by confocal microscopy.
The effects of conditional knock out (cKO) of Numb and the closely related gene Numb-like in skeletal muscle fibres were
evaluated by in situ physiology, transmission and focused ion beam scanning electron microscopy, three-dimensional re-
construction of mitochondria, lipidomics, and bulk RNA sequencing. Additional studies using primary mouse myotubes
investigated the effects of Numb knockdown on cell fusion, mitochondrial function, and calcium transients.

Results Numb protein expression was reduced by ~70% (P < 0.01) at 24 as compared with 3 months of age in gas-
trocnemius and tibialis anterior muscle. Numb was localized within muscle fibres as bands traversing fibres at regularly
spaced intervals in close proximity to dihydropyridine receptors. The cKO of Numb and Numb-like reduced specific te-
tanic force by 36% (P < 0.01), altered mitochondrial spatial relationships to sarcomeric structures, increased Z-line
spacing by 30% (P < 0.0001), perturbed sarcoplasmic reticulum organization and reduced mitochondrial volume by
over 80% (P < 0.01). Only six genes were differentially expressed in cKO mice: Itga4, Sema7a, Irgm2, Vezfl, Mib1,
and Tmem132a. Several lipid mediators derived from polyunsaturated fatty acids through lipoxygenases were up-reg-
ulated in Numb cKO skeletal muscle: 12-HEPE was increased by ~250% (P < 0.05) and 17,18-EpETE by ~240%
(P < 0.05). In mouse primary myotubes, Numb knockdown reduced cell fusion (~20%, P < 0.01) and delayed the caf-
feine-induced rise in cytosolic calcium concentrations by more than 100% (P < 0.01).

Conclusions These findings implicate Numb as a critical factor in skeletal muscle structure and function and suggest
that Numb is critical for calcium release. We therefore speculate that Numb plays critical roles in
excitation—contraction coupling, one of the putative targets of aged skeletal muscles. These findings provide new in-
sights into the molecular underpinnings of the loss of muscle function observed with sarcopenia.
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Introduction

Ageing is associated with sarcopenia, a condition associated
with deleterious changes in skeletal muscle that include
progressive loss of muscle mass and reduced muscle
quality reflected as impaired force generation and power.*
Molecular mechanisms responsible for age-related loss of
muscle quality remain incompletely understood. Mounting
evidence supports a role for decreased effectiveness of
excitation—contraction coupling whereby the multiprotein
complex called the triad couples membrane depolarization
with calcium release.? Deficiency in calcium regulatory compo-
nents contributes greatly to reduced muscle function during
ageing.>™ Reduced store-operated calcium entry function®’
has also been implicated. Altered balance in the
generation of pro-inflammatory lipid mediators (LMs) and
anti-inflammatory LMs during ageing leads to low-grade sys-
temic inflammation that may also contribute to the develop-
ment of various age-related disorders such as sarcopenia.®

Determinants of calcium release during
excitation—contraction coupling remain incompletely under-
stood. Studies in cell culture suggest that one regulator of cal-
cium release is the adaptor protein Numb.® Numb mRNA
expression was reduced in muscle of older individuals,° rais-
ing questions regarding the role of reduced Numb expression
in the pathogenesis of ageing-related decline of muscle
strength and power. Numb is a highly conserved protein
expressed in all higher organisms.* A closely related gene,
Numb-like (NumbL), has also been identified.** Functions of
Numb and NumbL overlap, but they are not fully redundant.*?
Numb has roles in development, cell fate commitment, termi-
nation of Notch, and Sonic Hedgehog signalling,**** mito-
chondrial fission in kidney'® and proliferation of skeletal
muscle satellite cells.*®

The possibility that Numb could contribute to muscle func-
tion beyond its role in Pax7+ satellite cell biology has not
been evaluated. We report that Numb is concentrated within
skeletal muscle fibres of adult mice where its expression is re-
quired for optimal muscle force production, sarcomere struc-
ture and morphology of intermyofibrillar mitochondria.
Studies with primary cultures of mouse myotubes link Numb
to myoblast fusion, mitochondrial function, and calcium re-
lease from intracellular stores. Underlying mechanisms were
explored using RNA sequencing and lipidomics profiling fo-
cused on signalling lipids formed from n-3 and n-6 polyunsat-
urated fatty acids (PUFA).

Methods
Animals

C57BL/6N mice used for determination of changes in Numb
protein levels were obtained from the NIA Aged Rodent Col-

onies and euthanized at the ages indicated. C57BL/6 mice
used for immunofluorescence studies were from Charles
River Laboratories. Mice carrying a floxed allele for the Numb
(fl-Numb) and Numb-like (fl-NumbL) genes'’” were obtained
from Jackson Laboratories (Bar Harbor, ME) (Numb™Z4
NumbL™#/) stock # 005384). The fl-Numb and fl-NumbL
lines were heterozygous for one or both alleles at the time
they were received and were crossed until homozygous for
both floxed Numb and floxed NumbL; these animals are des-
ignated Numb” /NumbL”, HSA-MCM mice, which express a
mutated-oestrogen receptor-Cre recombinase (Mer-Cre-Mer)
double fusion protein under the control of the human actin
alpha-1 (skeletal muscle) promoter,*® were a generous gift
from Dr. Karyn Esser, University of Florida. HSA-MCM mice
were crossed with Numb®”/NumbL”f mice through multiple
rounds of breeding to generate HSA-MCM/Numb™”f/NumbL”
f mice. Mice were genotyped using genomic DNA isolated
from tail or ear snips. The primers for the floxed Numb allele
were as described'” while the following primers were used
for the floxed NumbL allele: 5/GAGTTTCCGTACATGCTTTGGG
and 5/GGAGACCTTCTCAATGGTCTGG. Cre genotyping was
performed as previously described.’® The study protocol
was approved by the James J. Peters VA Medical Center
Institutional Animal Care and Use Committee. All animal
procedures were conducted in accordance with the require-
ments of Guide for the Care and Animal Use of Laboratory
Animals.

Tamoxifen treatment

HSA-MCM Numb™f/NumbL™ mice were injected intraperito-
neally with 0.2 mL of tamoxifen solution (10 mg/mL in peanut
0il/5% ethanol) or vehicle for five consecutive days and
weekly thereafter beginning on Day 10 after the first injection
until they were sacrificed at 56 days after the first injection.
These mice are referred to as Numb/NumbL cKO and vehi-
cle-treated controls, respectively. ckO, Numb®f/NumbL™*
mice treated with tamoxifen or vehicle were used as
tamoxifen-treated or vehicle-treated genotype controls, re-
spectively. Mice were 4 to 8 months of age at the time of
the first injection of vehicle or tamoxifen.

Statistical analysis

Data are shown as mean value * standard deviation (SD).
Data were analysed by analysis of variance with post hoc
Tukey honest significant difference test or by a two-tailed un-
paired t-test. The statistical analyses were performed with
OriginPro 2020 (Figures 5-6 and S12) or Graph Pad Prism
9.0 (all other figures). A value for P < 0.05 was considered
significant.
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Results

Numb and Numbl expression and localization in
muscle

Numb expression was investigated in skeletal muscle by
western blot using gastrocnemius (GS), tibialis anterior (TA)
and soleus muscles isolated from 3-month-old and 24-
month-old C57BL/6N mice. Significantly lower levels of Numb
protein were found in GS and TA from 24-month-old mice
when compared with 3-month-old mice; in soleus, Numb ex-
pression was numerically reduced in 24-month-old mice, but
the difference did not reach statistical significance
(Supporting Information, Figure S1). These data suggest an
age-dependent decrease in the expression of Numb protein
in mouse skeletal muscle. NumbL expression could be de-
tected by gPCR and was approximately 5-fold to 10-fold
lower than that of Numb (Figure S2).

To determine the localization of Numb in skeletal muscle,
sections of mouse GS muscle from C57B6 mice were immu-
nostained for Numb and dystrophin. Intense Numb staining
was observed within myofibres where it was organized in dis-
tinct bands that traversed the myofibre at regular intervals

(Figure 1A—C). A similar pattern of Numb distribution was ob-
served by immunostaining of muscle fibres isolated from
mouse hindlimb muscles (Figure 1D). Numb immunostaining
did not colocalize with the Z-line protein a-actinin but
showed a precisely ordered relationship to it indicating a spa-
tial relationship of Numb to the sarcomere (Figure 1E). Numb
appeared to be in close proximity to, although not overlap-
ping with, the dihydropyridine receptor (DHPR) (Figure 1F).

Generation and characteristics of muscle-specific
inducible Numb conditional knock out

To understand the physiological role(s) of Numb in skeletal
muscle fibres, mice in which Numb expression was condition-
ally and inducibly knocked out in muscle fibres were gener-
ated. Because NumbL may substitute for Numb in some
biological contexts and might be up-regulated after knocking
out Numb, the conditional, inducible knockout was designed
to inactivate both genes. Mice expressing a chimeric Cre
recombinase sandwiched between two copies of a mutated-
oestrogen receptor ligand binding domain (MCM) under the
control of a fragment of the human skeletal actin promoter

Figure 1 Numb protein localizes to the sarcomere of skeletal muscles. (A—C) Representative longitudinal sections of mouse gastrocnemius muscle im-
munostained for dystrophin (green, A) and Numb (red, B); the merged image is shown in panel (C). (D—F) Z-stacks of confocal images of isolated muscle
fibres stained for Numb (green) and with: dystrophin (D); actinin (E), and dihydropyridine receptor (DHPR) (F). The insert in (F) shows a higher mag-
nification of the Numb/DHPR stained fibre. Nuclei (blue) are labelled with DAPI in every panel. Scale bar: 10 pm; 5 pm for the insert in (F).
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(HSA-MCM)*® were crossed with mice homozygous for floxed
Numb and NumblL alleles (Numb™f/NumbL”%).Y” The resulting
HSA-MCM Numbf/f/NumbLf/f mice were treated with tamoxi-
fen (Numb/NumbL cKO) or vehicle for 5 days and then once
weekly until the time of euthanasia at 56 days to prevent
Numb re-accumulation. This time point for examining effects
of Numb knockdown was chosen to model effects related to
the sustained reduction of Numb expression that occurs dur-
ing ageing. After tamoxifen treatment, Numb protein levels
were reduced in GS, TA, and soleus muscle by over 70%
(Figure 2A-B) as compared with vehicle-treated mice.

Body weights of Numb/NumbL cKO mice were not signifi-
cantly different from vehicle-treated controls and tamoxifen
did not alter body weights of genotype controls (Numbf/f/
Numb™f; Figure S3A and S3F). Individual muscle weights of
Numb/NumbL cKO showed a small decrease for GS (Figure
2C), plantaris, biceps, and triceps (Figure S3B, D, and E), while
no significant changes were observed for TA (Figure 2E) or
EDL (Figure S3C). Soleus showed a small increase in weight
(Figure 2D), possibly representing compensatory hypertrophy
due to weakening of GS and plantaris. Administration of ta-
moxifen to genotype control Numb”f /NumbL”f mice did not
alter muscle weights, with the exception of a small decrease
in plantaris weight (Figure S3G-L).

Numb/NumbL cKO alters muscle contractile
properties

The effect of Numb/NumbL cKO on GS muscle contractile
properties was evaluated by in situ physiology. Compared
with vehicle-treated animals, Numb/NumbL cKO mice dem-
onstrated significantly reduced absolute and specific force
(mN/mg muscle) for both peak twitch and peak tetanic force
(Figure 2F-1), while muscle fatigue, time to peak tension, and
half-relaxation time were not significantly altered (Figure
S5A—C). No difference was observed between Numb/NumbL
cKO male and female mice (Figure S4). Administration of ta-
moxifen to Numb”f/Numb™" genotype controls did not alter
muscle contractile properties based on analysis of force—-
frequency curves (Figure S6).

Numb/NumbL cKO did not alter muscle
cross-sectional area or fibre types

Analysis of cross-sectional area (CSA) of TA muscle showed
no significant difference between Numb/NumbL cKO animals
and vehicle-treated mice (Figure S7A-C). Analysis of
fibre-type composition of TA muscles with antibodies against
myosin heavy chain isoforms did not show any significant dif-
ference between Numb/NumbL cKO mice and vehicle
injected mice (Figure S7D-H).

To exclude any tamoxifen effect that was independent of
the Numb/NumbL knockout, muscle fibre CSA, distribution,
and type were determined in TA muscles derived from
Numb” /NumbL”* mice treated as above. CSA was slightly
(~3%) although significantly increased in tamoxifen-treated
mice as compared with vehicle-treated controls (Figure
S8A-C), while fibre-type composition was not altered by ta-
moxifen administration (Figure S8D—E).

Numb/NumbL cKO perturbs muscle ultrastructure

To gain insights as to why muscle force production was re-
duced by Numb/NumbL cKO, muscle ultrastructure was ex-
amined in TA muscle by transmission electron microscopy.
This analysis revealed multiple ultrastructural alterations in
Numb/NumbL cKO mice (Figure 3B) as compared with con-
trols (Figure 3A). Frequent discontinuities of Z-discs were ob-
served (Figure 3B, Arrow 1). Mitochondria were smaller and
had lost their normal spatial organization relative to the sar-
comere (Figure 3B, Arrow 2). Sarcoplasmic reticulum was dis-
organized with increased spacing between the linear clusters
of sarcoplasmic reticulum interspersed between sarcomeres
on longitudinal sections (Figure 3B, Arrow 3). Distances be-
tween Z-lines were longer in TA muscle from Numb/NumbL
cKO mice (Figure 3B, Arrow 4 and Figure 3E). The area repre-
sented by mitochondria as a fraction of total area was re-
duced in Numb/NumbL cKO mice (Figure 3F). Tamoxifen
had no effect on the ultrastructure of TA muscle from
Numb” /NumbL”* mice (Figure $9).

To more closely examine changes in mitochondria, TA mus-
cle from Numb/NumbL cKO and control were examined by
focused ion beam scanning electron microscopy. Residual
bodies were frequently observed in muscle from Numb/
NumbL cKO mice (Figure S10) but not in controls.
Three-dimensional reconstruction of mitochondria showed
that mitochondria in Numb/NumbL cKO mice were smaller
than those in controls, typically did not cross the Z-disc, and
had less complex shapes (Figure 3D; Movies S1 and S2).
Volume and length of mitochondria were reduced in Numb/
NumbL cKO muscle (Figure 3G-H).

Numb/NumbL cKO alters the expression of a very
select group of genes

To dissect potential molecular mechanisms by which Numb/
NumbL cKO regulates muscle function, RNA sequencing was
performed using RNA from GS muscle from tamoxifen or
vehicle-treated HSA-MCM/Numb”f/NumbL”f male and fe-
male mice. RNA from GS muscle from male and female Numb-
F/A/NumbL{/f (control genotype) mice treated as above was also
sequenced to serve as a drug treatment control. Four hundred
and seven differentially expressed genes (DEGs) were identi-
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Figure 2 Numb/NumbL-specific knockdown in skeletal muscle leads to drastic decrease in contractile muscle force. HSA-MCM Numb / /NumbL /

mice were treated with vehicle or tamoxifen and sacrificed 56 days post-induction. (A) Western blot analysis showing reduced levels of Numb protein
in tibialis anterior (TA), soleus (Sol), and gastrocnemius (GS) muscles (N = 6 per group). (B) Quantitation of blots shown in (A). Numb levels were nor-
malized to GAPDH (loading control) and expressed relative to the mean level of Numb in vehicle-treated samples (N = 6 per group). (C—E) Normalized
muscle weights; wet muscle weight at time of euthanasia was normalized to pre-induction body weight (N = 15 per group). (F-I) Force—frequency (F)
and specific force—frequency (G) relationships during in situ physiological testing of the gastrocnemius muscle; (H) peak twitch force (Pt); (/) tetanic
force (Po); N = 15 for vehicle and 13 for tamoxifen-treated mice. Statistical analysis was performed with repeated measure one-way analysis of var-
iance with post hoc Tukey honestly significant difference test (F—G) (force—frequency, F = 4.753, DFn 10, DFd 260, drug x frequency interaction
P < 0.0001; specific tension force—frequency, F = 2.150, DFn 10, DFd260, drug x frequency interaction P = 0.0213) or two-tailed unpaired t-tests
(all other panels). ****p < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05.
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Figure 3 Numb knockout resulted in marked ultrastructural changes in skeletal muscle. Transmission electron microscopy was performed on longitu-
dinal sections of mouse tibialis anterior muscle at x5300. Representative images for HSA—MCM/Numbm/NumbLf/f mice treated with vehicle (A) or ta-
moxifen (B) are shown. Arrows indicate (1) the positions of Z-lines, (2) sarcoplasmic reticulum, (3) intermyofibrillar mitochondria, and (4) Z-disc
spacing. Shown between (A) and (B) are enlarged images of selected areas (box in panels A-B). (E=F) Quantitation of the distance between Z-discs
(E) and of mitochondria area/total area (F) (N = 3 per group). (C—D) Three-dimensional reconstruction of mitochondria in TA muscle of control (C)
and Numb/NumbL cKO mice (D). Shapes outlined in blue represent Z-discs; solid shapes represent individual mitochondria. (G—H) Quantitation of max-
imum length (G) and total meshed volume (H) of mitochondria in (C—D) (N= 4 animals per group). Scale bars, 1 um. *P < 0.05, **P < 0.01, two-tailed

unpaired t-test.

fied in female HSA-MCM/Numbf/f/NumbLf/f muscle after ta-
moxifen treatment (Table S1), while only 35 DEGs were found
in tamoxifen-treated females of the control genotype (Table
S2). In male Numb/NumbL cKO mice, 187 genes were differ-
entially regulated (Table S3), while 705 DEG were observed
in tamoxifen-treated male genotype control mice (Table S4
and Figure S11). After removing those genes altered
by tamoxifen in genotype controls, 389 DEGs were identified
in female Numb/NumbL cKO muscle (Figure 4A), (212 up-reg-
ulated and 177 down-regulated), while only 68 DEG were
identified in male mice (Figure 4B) (39 down-regulated and
29 up-regulated).

Six genes were differentially regulated in both male and fe-
male Numb/NumbL cKO (Figure 4C and 4D and Table S5).
Heatmaps showed that expression patterns for each of these
genes were similar within each group (Figure 4C and 4D). Two
genes were down-regulated in both male and female mice:
Sema7a, a cytoplasmic membrane protein involved in
integrin signalling and Tmem132a, a gene with poorly under-
stood function (Figure 4C and 4D). Three genes were
up-regulated in both male and female mice: Itgad4, an
o-integrin subunit; Mib1, an E3 ubiquitin ligase that promotes
internalization and activation of Notch receptors; and VezF1,

a transcription factor that may be involved in angiogenesis
and development (Figure 4C and 4D). Irgm2, a GTPase impli-
cated in innate immune function, was up-regulated in female
mice but down-regulated in male mice (Figure 4C and 4D).

Alterations in lipid mediator levels occur after
Numb/NumbL cKO

Accumulating evidence links LM synthesized by cyclooxygen-
ase and by 5, 12, or 15 lipoxygenases (LOX) in regulation of
skeletal muscle mass and function.®2%%! To understand how
Numb/NumbL cKO influenced levels of LM, levels of 158
LMs, primarily derived from omega-6 and omega-3 PUFAs in-
cluding arachidonic acid (AA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA), were determined using
LC/MS. Forty-eight LMs were detected in all samples in all
groups. The change in tissue levels of each lipid mediator
was calculated by dividing its relative area [(peak area of an-
alyte/peak area of Internal Standard) in the LC chromato-
gram] by the average of that measured in vehicle-treated
Numb” /NumbL”f mice. Normalized levels for these LMs are
shown in Table S6. In Numb/NumbL cKO mice, there was a
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Figure 4 RNA sequencing identified genes that are differentially expressed after Numb/NumbL cKO. (A-B) Volcano plots showing mRNA expression
levels for genes with fold-changes greater than 1.2 and P values adjusted for FDR of less than 0.1 (A, females, B males). Differentially expressed genes
are shown as light brown spots (up-regulated) or light blue spots (down-regulated). All other genes detected are shown as grey dots. Shown at the top
of each panel are the values for numbers of up-regulated and down-regulated genes after removal of genes altered in tamoxifen-treated genotype
control female and male mice, respectively. The total number of transcripts analysed is shown under the X-axis as total variables; (C—D) Heatmaps
showing relative expression of genes altered in both female (C) and male (D) Numb/NumbL cKO mice.

significant increase in the levels of 12-hydroxyeicosapentae-
noic acid (12-HEPE, P = 0.035), 17,18-epoxyeicosatetraenoic
acid (17,18-EpETE, P = 0.041), 12-hydroxyeicosatetraenoic
acid (12-HETE, P = 0.024), leukotriene B, (LTB4, P = 0.090),
13-0x0-9,11-octadecadienoic acid (13-KODE, P = 0.032), and
N-arachidonoylethanolamine (AEA, P = 0.032) (Figure 5A—F).
Tamoxifen did not change levels of these LMs in Numb¥f/
NumbL™? controls (Figure SA—F). Of note, 12-HEPE, 12-HETE,
LTB,, and 13-KODE are derived from AA, linoleic acid (LA),
and EPA, respectively, via LOX-mediated pathways (Figure
5G). These data suggest a role for changes in levels of these
LMs in phenotypes of Numb/NumbL cKO mice.

Acute Numb KO reduces fusion of mouse primary
myoblasts in vitro

To further investigate the mechanism of Numb on the func-
tions of skeletal muscle, mouse primary myoblasts were

treated with a vivo-morpholino against Numb. Treatment
with Numb morpholino for 48 h led to approximately 30% re-
duction in Numb protein levels (Figure S12A-B) and 15% re-
duction in fusion index (Figure S12C-D), suggesting that
Numb plays an important role in myoblast fusion.

Acute Numb knockdown reduces mitochondrial
functional capacity of mouse primary myoblasts

To specifically determine whether the physiological and ultra-
structural changes in the cKO mice could be associated with
mitochondrial dysfunction, mitochondrial function was com-
pared between control and Numb morpholino-treated pri-
mary mouse myotubes using the Seahorse energy
phenotype test kit and mitochondrial stress test kit. Com-
pared with control, the Numb-knockdown group had lower
mitochondrial and glycolytic energy production although
the balance between the two was preserved (Figure 6A). In
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Figure 5 Numb/NumbL KO leads to significant alterations in the levels of key lipid signalling mediators associated with the lipoxygenase pathway in
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Numb-knockdown myotubes, oxygen consumption rate
(Figure 6B) and extracellular acidification rate (Figure 6C)
were decreased at both baseline and when mitochondria
were stressed. Following the phenotype test, the mitochon-
drial stress test was used to determine the effect of Numb
knockdown on mitochondrial respiration. Numb knockdown
reduced basal respiration (Figure 6F), maximal respiration
(Figure 6G), spare capacity (Figure 6H), and ATP-linked respi-
ration (Figure 6l) but did not alter non-mitochondrial oxygen
consumption (Figure 6E).

Effect of Numb on cytosolic calcium transients

Because of the importance of intracellular calcium homeosta-
sis to the control of muscle function, and the prominent role
of excitation—contraction coupling in muscle contractile force
generation, one explanation for some of our findings in the
Numb/NumbL cKO mice would be a decreased release of cal-
cium ions from sarcoplasmic reticulum stores during
excitation—contraction coupling. To assess the role of Numb
in cytosolic calcium homeostasis, caffeine-induced calcium
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were normalized relative to total DNA levels. Shown are results from three independent experiments. Data are shown as mean + SD. Two-tailed un-

paired t-test was used for comparisons, ¥*P < 0.05.

transients were measured in cultured mouse primary myo-
tubes treated with a Numb-targeted vivo-morpholino to
down-regulate this gene. Control cells were treated with a bi-
ologically inactive, control vivo-morpholino. In cells treated
with the control morpholino, the baseline Fura-2 signal was
stable; addition of 20 mM caffeine to cultures stimulated a
robust increase in fluorescence (Figure 7A). In contrast, in
myotubes treated with a Numb-targeting vivo-morpholino,

the development of spontaneous calcium release events
was observed as small calcium oscillations as if
calcium-induced calcium release (CICR) was overactive in
these fibres. Moreover, the caffeine-induced calcium release
transient observed in Numb-knockdown cells appeared to
be reduced by more than 50% (Figure 7A) and the time taken
for responding to caffeine stimulation (time to peak) was sig-
nificantly prolonged by Numb knockdown (Figure 7A-B).
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Discussion

The major conclusions supported by our study are that loss of
Numb from skeletal muscle fibres results in significant loss of
the capacity of muscle to generate force and that Numb pro-
tein levels decline with advancing age in mouse GS muscle.
When coupled with prior observations that levels of Numb
MRNA were reduced in muscle biopsy samples taken from
men 6075 years old,*° these data strongly support a causal
linkage between reductions in Numb protein levels in skeletal
muscle and sarcopenia-related loss of muscle force generat-
ing capability. While a role for NumbL in the physiological
and ultrastructural phenotype observed in the Numb/NumbL
cKO mice cannot be excluded, it seems unlikely that NumbL
participates in function or homeostasis of healthy myofibres
given the comparatively low expression of NumbL mRNA in
adult skeletal muscle. This conclusion would be consistent
with prior reports that mice carrying a loss-of-function muta-
tion of NumbL had no appreciable muscle phenotype and
that the mutation did not alter tissue repair.*® On the basis
of these observations, we propose that the physiological def-
icits observed in the Numb/NumbL knockout mice studied
herein resulted essentially from decreased levels of Numb
in muscle fibres.

Immunohistochemistry localized Numb close to DHPR, a
component of the triad, suggesting spatial and functional re-
lationships between Numb and the function of the triad in
the release calcium from SR stores as part of excitation—
contraction coupling. Some support for this interpretation
stems from the finding that knockdown of Numb in primary
mouse myotubes reduced release of calcium from intracellu-
lar stores as determined by the caffeine-induced calcium

release assay. The observation that in mouse primary myo-
tubes, Numb-knockdown results in spontaneous and tran-
sient rises in cytosolic calcium that is intriguingly similar to
self-pacing calcium transients in beating cardiac myocytes,
suggest that Numb knockdown could alter the regulation of
CICR via triads, which is normally tightly controlled by mem-
brane potential, and is therefore under the control of voltage
and membrane depolarization and is not normally spontane-
ously triggered as it is in the heart.?%

Our data do not provide information as to the mechanism
by which Numb regulates appropriate calcium release from
the SR, but the localization of Numb near the DHPR supports
several possibilities. Numb may bind to one or more triad
proteins to change their capacity to release calcium from SR
stores; alternatively, the altered mitochondrial function ob-
served in myotubes in which Numb expression was reduced
may increase release of reactive oxygen species (ROS) which
are deleterious to ryanodine receptor function.® Because caf-
feine acts via CICR to release calcium from the SR and en-
hanced spontaneous CICR was observed as if these muscles
behaved like cardiac myocytes, it is also possible that the sen-
sitivity of RyR-1 to CICR is significantly shifted to the left (i.e.
super or hypersensitivity to calcium). In other words, it is pos-
sible that in these muscle cells, even at very low intracellular
calcium levels, the RyR-1 is exquisitely sensitive to calcium,
triggering CICR. It is possible that the spontaneous activity
could lead to a partial depletion of the SR calcium stores,
which in turn could result in the reduced overall response
to caffeine. There are many other possibilities, such as al-
tered ATPase, store-operate calcium entry function, as well
as direct modifications within the contractile machinery,
and an increased contribution of IP3 receptors to the
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oscillatory calcium pattern observed. These other possibilities
were not studied here.

Lipid mediators are also regulators of calcium release from
intracellular stores of C2C12 cell-derived myotubes®* and
smooth muscle.”® Mo et al. demonstrated that nanomolar
levels of PGE2 and agonists of its signalling pathway acceler-
ate myogenic differentiation and proliferation of C2C12 mus-
cle cells, primary mouse, and primary human muscle cells,
while  concomitantly  causing intracellular  calcium
oscillations.?*>% It is thus noteworthy that Numb knock-
down up-regulates concentrations of several LMs generated
by LOXs and its downstream pathways. How these changes
in LMs occur is not clear, but it is notable that increased intra-
cellular calcium concentration such as might occur due to cal-
cium leakage from intracellular calcium storages enhances
the activities of LOXs and their upstream phospholipases
resulting in increased production of LMs, which could further
exaggerate dysregulation of cytosolic calcium, and eventually
contribute to the development of muscle weakness.

The elevations in LMs in muscle of mice with Numb/
NumbL knockouts may have broader implications. Potent sig-
nalling lipids synthesized by oxidation of the PUFA precursors
through cyclooxygenase and LOX are implicated in regulating
skeletal muscle mass and function.®?%** Most ®-3 PUFA
(EPA, DHA, etc.) metabolites are anti-inflammatory while
those derived from -6 PUFA (e.g. AA and LA) are considered
to be pro-inflammatory.?® The enzymes 5/12/15 LOX play a
significant role in age-related muscle atrophy by different
mechanisms such as regulating inflammation, protein
degradation,?’” and ROS generation.?® In our lipidomics stud-
ies, the GS muscles of Numb/NumbL cKO mice demonstrated
significantly elevated levels for LTB, and 12-HETE, which are
pro-inflammatory eicosanoids derived from AA through the
5/12-LOX pathways. Increased levels were also observed for
13-KODE, a potent ligand for PPAR-y that is generated
through the LA/13-HODE pathway that is associated with
ROS production.?® One interpretation of the data is that pro-
longed exposure to these LMs leads to a chronic inflamma-
tory condition and ultimately contributes to ageing-related
muscle phenotypes in the Numb/NumbL cKO mice model. It
should be noted, however, that mRNA for pro-inflammatory
cytokines or chemokines were not up-regulated in GS muscle
by Numb/NumbL cKO suggesting that any pro-inflammatory
signalling elicited by depletion of Numb may be limited to in-
creased levels of LMs such as LTB, Anti-inflammatory
changes in LMs were also observed in muscle after Numb/
NumbL cKO including increased 12-HEPE which belongs to
the ®-3 PUFA precursor EPA pathways and is thought to at-
tenuate inflammatory response in macrophages.>® The in-
creased 12-HEPE levels in the GS of the Numb/NumbL cKO
mice may be a compensatory or adaptive mechanism. Fur-
ther studies are needed to determine the functional role(s)
of LMs in the development of weakness due to Numb and
NumbL knockouts and age-related loss of muscle function.

Many studies have linked ageing, mitochondrial dysfunc-
tion, and sarcopenia.'*? Reasons for the reduced size of mi-
tochondria in Numb/NumbL cKO mice are unclear, but
perhaps, the accumulation of ROS and lipid damage could
be a contributing factor. In addition, the accumulation of re-
sidual bodies in muscles of these mice suggests impaired
quality control through mitochondrial fission and mitophagy.
Analysis of cellular respiration of primary mouse myotubes
depleted of Numb suggested reduced mitochondrial oxygen
consumption rate, indicative of an overall decrease in mito-
chondrial respiration and ATP generating capacity. Of inter-
est, it has been reported that depletion of Numb through a
conditional knockout increased mitochondrial fragmentation
in the kidney through Drp1,* a critical protein in mitochon-
drial fission. In contrast to results reported herein, in other
studies of kidney mitochondria from cells lacking Numb, mi-
tochondrial membrane potential and ATP generating capabil-
ities were not altered.’® Further studies are required to
understand both the mechanisms and functional implications
of the altered mitochondrial properties.

Surprisingly, the number and list DEGs were quite different
between male and female genotype controls. One possible
explanation is the much higher levels of oestrogens in female
mice such that addition of a tamoxifen elicited minimal ef-
fects on this already activated programme of
oestrogen-regulated genes within skeletal muscle. Moreover,
knockouts of Numb/NumbL in muscle fibres resulted in only
six shared gene expression changes. How these gene alter-
ations contribute to the muscle weakness observed in
Numb/NumbL cKO mice is unclear. It remains possible that
some of these DEGs reflect a compensatory response of skel-
etal muscle to the consequences of Numb/NumbL cKO.
Down-regulated genes were Sema7a and Tmem132a, neither
of which has been previously implicated in ageing or muscle
weakness. Sema7a is involved in immunity, axon guidance,
and integrin signalling®® and may be linked to osteoporosis.3*
Tmem132a is one of five variants of the transmembrane 132
family of proteins. Little is known regarding its biology; of in-
terest, it was recently shown to bind WLS, a Wnt ligand stabi-
lizing protein. Tmem132a augments WLS-Wnt ligand
interactions  thereby  increasing Wnt  signalling.®
Up-regulated genes were Itga4, Mibl, and VezF1. ltgad
(integrin A4 subunit) is a cell surface adhesion molecule; it
is possible that up-regulation of Itga4 may be a compensatory
mechanism to stabilize structural integrity of skeletal muscle.
VezF1 is a transcriptional regulator implicated in regulating
angiogenesis; VezF1 knockdown has been linked to impaired
cardiac muscle contractility without alteration of Ca®* release
kinetics.>® We are not aware of prior studies of the function
of VezF1 in skeletal muscle; elevation of VezF1 in Numb/
NumbL cKO mice may be an adaptive response to overcome
the deleterious effects on homeostasis or contractility of the
knockouts. Mib1l (Mindbomb, E3 ubiquitin protein ligase) is
known to positively regulate Notch signalling by
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ubiquitinating Notch receptors leading to their endocytosis.
Recent data have shown that Mib1 is up-regulated in skeletal
muscle satellite cells by both androgen and oestrogen depen-
dent signalling and that absence of Mib1 in myofibres leads
to depletion of satellite cells due to impaired cell cycle exit
of proliferating satellite cells.>” Mib1 has been suggested to
ubiquitinate and target for proteasomal degradation other
proteins such as the anti-apoptotic protein DAPK1, although
implications for muscle fibre biology remain unclear. Our
findings also demonstrate the importance of including geno-
type control mice treated with tamoxifen or vehicle when
studying effects of inducible knockouts on skeletal muscle
gene expression to exclude the confounding effect of
changes due to tamoxifen.

An unexpected finding was the reduced fusion index ob-
served in myotubes formed from Numb depleted primary
mouse myoblasts. The mechanisms underlying this observa-
tion are unclear. Some understanding of the roles of Numb
in progenitor cells of the myogenic lineage have been
gleaned using a conditional knockout under the Pax7
promoter.'® These studies showed reduced ability of skeletal
muscle to undergo repair after cardiotoxin injury associated
with reduce proliferation of skeletal muscle satellite cells as-
sociated with up-regulation of myostatin.

In summary, Numb protein levels decrease in skeletal mus-
cle with age. Loss of Numb in skeletal muscle myofibres re-
duces contractile function, sarcomere length, and
mitochondrial size. Impaired release of calcium from intracel-
lular stores may contribute to poor contractile function in the
absence of Numb. Altered levels of LMs result from loss of
Numb and may be key drivers of some of the physiological
characteristics of Numb-deficient muscle. Changes in levels
of genes encoding an integrin (ltga4), a molecule involved
in integrin signalling (Sema7a), and architectural changes in
Z-lines suggest one common and potentially related struc-
tural theme in Numb-deficient skeletal muscle fibres. Accu-
mulation of residual bodies, small mitochondria, and prior
evidence linking Numb to mitochondrial fission®® further im-
plicate Numb as having central roles in homeostasis of mito-
chondria in skeletal muscle and other tissues. A role for such
perturbations in the well-described age-related decline in mi-
tochondrial function is an attractive direction for future
investigations.
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