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Abstract.

Background: Mutations in the LAMA?2 gene encoding laminin-a2 cause congenital muscular dystrophy Type 1A (MDC1A),
a severe recessive disease with no effective treatment. Previous studies have shown that aberrant activation of caspases and cell
death through a pathway regulated by BAX and KU70 is a significant contributor to pathogenesis in laminin-a2-deficiency.
Objectives: To identify mechanisms of pathogenesis in MDC1A.

Methods: We used immunocytochemical and molecular studies of human myogenic cells and mouse muscles—comparing
laminin-a2-deficient vs. healthy controls—to identify mechanisms that regulate pathological activation of caspase in laminin-
a2-deficiency.

Results: In cultures of myogenic cells from MDC1A donors, p53 accumulated in a subset of nuclei and aberrant caspase
activation was inhibited by the p53 inhibitor pifithrin-alpha. Also, the p53 target BBC3 (PUMA) was upregulated in both
MDCI1A myogenic cells and Lama2—/— mouse muscles. In addition, studies with sirtuin inhibitors and SIRT1 overexpression
showed that caspase activation in MDC1A myotubes was inversely related to sirtuin deacetylase activity. Caspase activation
in laminin-a2-deficiency was, however, not associated with increased phosphorylation of p38 MAPK.

Conclusions: Aberrant caspase activation in MDC1A cells was mediated both by sirtuin deacetylase activity and by p53.
Interventions that inhibit aberrant caspase activation by targeting sirtuin or p53 function could potentially be useful in
ameliorating MDC1A.
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laminin-«2, whereas mutations in exons 58—64 often
produce partial deficiency with less severe outcomes
[3-5]. Laminin-a2 links the extracellular matrix
(ECM) to the sarcolemma through interactions with
its two cell surface receptors, oo—dystroglycan and
o7-integrin. Laminin-a2 is abundant in skeletal
muscle and is in other tissues, including peripheral
nerves and CNS, so that, in addition to muscle
pathology, laminin-a2-deficiency leads to adverse
effects on peripheral nerve Schwann cells [6] and
CNS oligodendrocytes [7].

Recent studies have identified molecular pathways
that are disrupted by loss of laminin-a2 function
and have suggested possible methods for thera-
peutic intervention in MDCI1A. Both autophagy
and proteostasis are affected in laminin-a2-deficient
(Lama2—-/-) mouse muscles and pathology is ame-
liorated by interventions designed to restore normal
function of these pathways [8, 9]. We have found that
aberrant induction of cell death—mediated both by
caspase-3 and by the pro-death protein BAX with
its cytosolic binding partner KU70—is a significant
pathogenetic mechanism in laminin-a2-deficiency
[10, 11]. For example, we found that inhibition
of BAX-mediated cell death in Lama2—/— mice
improves neuromuscular function and produces a
several-fold increase in lifespan [10, 12]. This result
was replicated and extended by others [13-15]. Out-
comes in Lama2—/— mice can be further improved by
combining cell death inhibition with expression of
mini-agrin or a chimeric laminin to improve extracel-
lular matrix (ECM)-sarcolemma linkage [14, 16] or
by treatment with IGF-1 to improve myoblast survival
and muscle regeneration [15]. Pathology in Lama2—/—
mice also can be ameliorated by providing laminin-
111 as a replacement for laminin-211 [17, 18].

To extend our knowledge of pathogenesis in
MDCI1A, we have now examined additional mole-
cular pathways as possible mediators of aberrant
caspase activation in laminin-a2-deficiency. Our
results showed that caspase activation was not
mediated by activation of p38 MAPK, a mechanism
which underlies BAX-mediated pathogenesis
in dystrophin—deficiency and «a—sarcoglycan-
deficiency [19] and may contribute to pathogenesis
in emerin-deficiency [20]. On the other hand, we
found that aberrant caspase activation was mediated
both by p53 and by sirtuin deacetylase activity.
These results raise the possibility that pathogenesis
in laminin-a2-deficiency could potentially be ame-
liorated by interventions designed to inhibit sirtuin-
or p53-mediated activation of cell death.

MATERIALS AND METHODS
Cells and culture

For this study, all of the human MDC1A myogenic
cells were obtained from the Muscle Tissue Culture
Collection (MTCC) at the University of Munich and
the healthy control myogenic cells were obtained
from the Wellstone biobank at the University of
Massachusetts School of Medicine. All cells were
anonymized and no personal identifying information
was available to us. Each of the cultures had been pro-
duced prior to our study from muscle biopsies which
had been collected under protocols approved by the
appropriate institution. Protocols included informed
donor consent and approval to publish results in
accordance with standards of the Helsinki Declara-
tion. Because the human cells used in our studies were
obtained from cell banks with no personal identifica-
tion data obtainable by us, these studies were clas-
sified as exempt from Human Studies review by the
Boston University Institutional Review Board (Proto-
col H-33419) in accordance with policy of the U.S.A.
Department of Heath and Human Services. Myo-
genic cells from six healthy control donors (07Ubic,
09Ubic, 14Vbic, 15Vbic, 16Ubic, 21Ubic) and from
four patients with MDC1A (38/03, 50/04, 9/03, and
96/04) were as described previously [11, 21-25]. To
confirm authenticity, cells were regularly assessed for
genetic mutation, gender, SNP pattern [24], or lack
of laminin-a2 expression [11, 25]. The human pri-
mary myogenic cells were grown on gelatin-coated
dishes in high serum medium for proliferation and
switched when near confluence to low serum medium
for differentiation as described [11, 23]. Unless stated
otherwise, all differentiated cultures were examined
after four days in low serum medium.

Mice

Heterozygous Lama2%-W/* mice, which carry
the targeted dy-W mutation in the Lama?2 gene [26],
were obtained from Dr. Eva Engvall and were main-
tained in our laboratory for >5 years by breeding
with C57BL/6] mice [10-12, 27]. Mice obtained
from crosses of Lama2¥/~ heterozygotes were geno-
typed at weaning by PCR [10], and quadriceps
muscle tissues were obtained from the resulting
wild-type, heterogyzous Lama2*/~, and homozy-
gous Lama2~/~ littermates at 4—6 weeks after birth.
Approximately equal numbers of male and female
mice were analyzed for each genotype. No differ-
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ences between male and female mice were noted with
the assays used here. Mouse studies were conducted
under protocols approved by the Institutional Animal
Care and Use Committee at the Boston University
School of Medicine.

Antibodies

Phospho-MAPK was detected with rabbit mAb
against phospho-(Thr180/Tyr182)-p38MAPK (cat.
9211, Cell Signaling Technology, Beverly MA) used
at 1:1000 dilution. Total MAPK was detected with
rabbit mAb against p38MAPK (cat. 9212, Cell Sig-
naling Technology) used at 1:1000 dilution. As
positive controls, cell extracts containing phospho-
p38MAPK or non-phosphorylated p38MAPK (cat.
9213, Cell Signaling Technology) were used per
manufacturer’s instructions for immunoblots. BBC3
(also known as PUMA) was detected with either
anti-PUMA« goat pAb (cat. SC-19187, Santa Cruz
Biotechnology) used at 1:200 dilution or with
anti-PUMA pAb (cat. PA5-20007, Thermo Fisher,
Rockford IL) at a concentration of 2 pg/ml. GAPDH
was detected with a mouse mAb (cat. 10R-G109A,
Fitzgerald, Acton MA) used at 1:5000 dilution.
Detection of p53 was with mouse mAb 1C12 (cat.
2524, Cell Signaling Technology) used at 1 : 250 dilu-
tion. Myosin heavy chain (MyHC) isoforms were
detected with mouse mAb F59 [28] (Developmental
Studies Hybridoma Bank, lowa City IA) used at 1 : 10
dilution of hybridoma supernatant or with rabbit
MYH3 pAb (cat# HPA021808, Sigma-Aldrich) used
at 1:500 dilution. DDIT3 (also known as CHOP)
was detected with mouse mAb L63F7 (cat. 2895, Cell
Signaling Technology) used at 1: 100 dilution.

The specificity of each primary antibody was
validated using one or more techniques, including ref-
erence to previous publications with the same mAb
or polyclonal antiserum; reference to manufacturers’
validation assays including knockouts; generation
in our lab of expected immunofluorescence stain-
ing patterns, e.g., appearance of p53 in nuclei upon
actinomycin treatment; detection in our lab of appro-
priate band sizes on immunoblots in the absence
of non-specific bands; and detection of recombi-
nant protein when expressed in cells that normally
do not express the protein. Primary antibody bind-
ing was visualized with appropriate species-specific
secondary antibodies (Thermo-Fisher, Waltham MA)
conjugated to either Alexa Fluor 488 or Alexa Fluor
594 and used at 1:500. Nuclei were stained with
bisbenzimide.

Chemicals

Staurosporine (cat. 9953, Cell Signaling Techno-
logy) was freshly prepared before use as a | mM stock
solution of active compound in DMSO and used at
final concentration of 1 wM. Sirtinol (cat. 566320,
EMD-Millipore, Billerica MA) was prepared as a
50 mM stock solution in DMSO and used at a final
concentration of 50 wuM or as noted. Nutlin-3a (cat.
S8059, Selleck Chemicals) was prepared as a S mM
stock solution and used at indicated concentrations.

Immunocytology

As in our previous studies [23], cultures of differ-
entiated cells were washed twice with PBS and then
fixed either with 2% paraformaldehyde for 10 min or
withice-cold 100% methanol as found to be appropri-
ate for the primary antibody in preliminary validation
studies. Fixed cultures were washed three times with
PBS. Paraformaldehyde-fixed cultures were addi-
tionally permeabilized with 0.5% Triton X-100 for
10 min at room temperature. All fixed cultures were
blocked at room temperature for 60 min in 4% horse
serum, 4% goat serum (Thermo Fisher), and 4%
bovine serum albumin (EMD Millipore, Billerica,
MA) in PBS plus 0.1% Triton X-100. Fixed and
blocked cultures were incubated overnight at 4°C
with primary antibody diluted as noted in blocking
solution. The following day, cells were rinsed three
times with PBS and incubated for 1 h with the appro-
priate secondary antibody diluted 1 : 500 in blocking
solution. For double immunostaining, cultures were
subsequently incubated with the second primary
antibody, washed, and incubated with the second sec-
ondary antibody as above for the primary staining.

Microscopy

Immunostaining was analyzed by manually scan-
ning the entire culture area followed by digital
imaging and manual quantitation. Images were
acquired using a Nikon E800 microscope with Spot
camera and software version 5.1 (Diagnostic Instru-
ments Inc., Sterling Heights, Michigan).

Immunoblotting

Mouse quadriceps muscles or cell cultures were
homogenized and lysates were analyzed by SDS-
PAGE and immunoblotting as in our previous work
[10-12, 25, 27]. The concentration of protein in
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muscle and cell lysates was determined by Brad-
ford dye-binding assay (Thermo-Fisher), and equal
amounts of protein were analyzed in each lane of
each individual gel. Immunoblotted proteins were
detected with an appropriate primary antibody and
an Alexa-680-conjugated secondary antibody with
appropriate species specificity. Immunoblots were
quantified using the quantification tool in the Odyssey
2.0 software that accompanies the LI-COR Odyssey
infrared system (LI-COR Biosciences, Lincoln NE).

Enzyme and viability assays

DEVDase activity (i.e., Caspase 3 and 7) was mea-
sured using the Caspase-Glo 3/7 enzymatic assay kit
(cat. G8090, Promega, Madison WI). The Cell-titer
Fluor assay kit (cat. G6080, Promega) was used to
measure relative cell numbers. Total cellular deacety-
lase activity was measured with the Sirt Glo assay
kit (cat. G6450, Promega). All enzyme assays were
carried out according to manufacturer’s instructions.
The proprietary recombinant luciferase used in the
Promega assay kits is not inhibited by pifithrin-alpha,
as determined both by the manufacturer [29] and our
own studies (not shown). Enzyme assay results were
normalized for cell number by dividing the enzyme
activity by the cell titer.

Adenoviral vectors

Adenovirus vectors to express SIRT1 or, as a con-
trol, LacZ, were produced as described [30] and used
at a multiplicity of infection= 10 for 72 h.

Statistical tests

GraphPad Prism 7 (GraphPad Software, LaJolla
CA) was used to carry out appropriate 7-tests or
one way ANOVA as noted in figure legends. Equal
variance was not assumed for two sample 7-tests.
For ANOVA, Bonferroni post-tests were used with
a=0.01. All sample sizes (n) used for statistical tests
and for figures were biological replicates, i.e., mea-
surements from independent samples.

RESULTS

Laminin-a2-deficiency was not associated with
increased phosphorylation of p38 MAPK

Recent work showed that phosphorylation of p38
MAPK was increased and mechanistically linked to

BAX activation in both dystrophin-deficient (mdx)
and delta-sarcoglycan-deficient (Sgcd—/—) mouse
muscles [19]. In our previous studies, we showed
that aberrant activation of BAX and caspase-3 con-
tributes to pathology in laminin-o2-deficient mice
and also occurs in differentiated cultures of myo-
genic cells obtained from MDCI1A patients [10,
11, 27]. Thus, to determine if the phospho-MAPK
activation mechanism also occurred in laminin-o2-
deficiency, we examined MAPK phosphorylation in
human MDCI1A myogenic cells and in Lama2—/-
mouse muscles.

We first determined if p38 MAPK phosphorylation
was increased in differentiated cultures of MDC1A
vs. healthy control myogenic cells. By immunoblot-
ting, however, the differentiated cultures of MDC1A
and healthy myogenic cells had similar ratios of phos-
phorylated to total p38 MAPK in (Fig. 1A, C). In
addition, total p38 MAPK appeared to be unchanged
between MDC1A and control cell cultures (Fig. 1A).
Each of the cultures was comprised of >90% desmin-
positive myogenic cells and showed similar extents
of myotube formation (~50% of nuclei in myotubes).
For this work, we used the same phospho-p38 MAPK
and total p38 MAPK mAbs as used by Wissing et al.
[19]. Thus, phosphorylation of p38 MAPK did not
appear to differ between differentiated cultures of
laminin-a2-deficient (MDC1A) and healthy control
myogenic cells.

We next examined p38 MAPK phosphorylation
in Lama2—/— vs. wild-type mouse muscles, because
intact muscles have cell-type interactions (e.g., with
nerves, fibroblasts, and inflammatory cells) that are
not recapitulated in myogenic cell cultures. We found
that, on average, Lama2—/— mouse quadriceps mus-
cles tended to have less phosphorylation of p38
MAPK than wild-type muscles obtained from age-
matched littermates (Fig. 1B, C). Total p38 MAPK
appeared to be unchanged between Lama2—/— and
wild-type mouse muscles (Fig. 1B). We examined
Lama2—-/— muscles at three and four weeks after birth
when pathology was obvious. The difference in the
average ratio of phospho-p38 MAPK to total p38
MAPK in Lama2—/- (n=26) vs. wild-type (n=11)
muscles reached P =0.02 by #-test (Fig. 1C).

Taken together, our results from mouse muscles
and human cell cultures suggested that activation of
p38 MAPK (as measured by increased phosphoryla-
tion) did not underlie the aberrant activation of BAX
and cell death in laminin-a2-deficiency. Because our
results did not support a role for activation of p38
MAPK in pathogenesis of laminin-a2-deficiency, we
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Fig. 1. Increased phosphorylation of p38 MAPK is not associated with laminin-alpha-2-deficiency. A. Immunoblots of lysates of 4d differ-
entiated human myogenic cell lysates with antibodies specific for phospho-p38 MAPK (P-p38 MAPK) and total p38 MAPK showed that
differentiated cultures of laminin-a:2-deficient (MDC1A) and healthy control myogenic cells had similar levels and ratios of P-p38 MAPK to
total p38 MAPK. One representative immunoblot is shown, see panel C for quantitation. 70 wg of protein per lane. B. Similar immunoblots
of mouse muscle lysates showed that phosphorylation of p38 MAPK tended to be decreased in quadriceps muscles from Lama2—/— mice
compared to muscles from wild-type mice. One representative immunoblot is shown, see panel C for quantitation. 30 pg of protein per
lane. Loading control = Ponceau S stain. Lanes 4 and 5 included purified phospho-MAPK and MAPK proteins to serve as positive controls
for antibody specificity and thus showed little or no staining in the loading controls. C. Quantitative densitometry of immunoblots showed
that the P-p38 MAPK/Total p38 MAPK ratio was decreased at P=0.02 in Lama2—/- compared to wild-type mouse muscles, whereas the
ratio was similar in MDC1A compared to healthy control myogenic cells. Identities of individual control and MDC1A donor cells are as
indicated. All =average of results from cell cultures of all healthy control (light gray) or all MDC1A (dark gray) donors. Error bars =SE.
P values from unpaired 7-test of all control vs. all laminin-a2-deficient samples with n as indicated.

decided to leave the cellular origin and functional fore, to examining alternative possible pathways by
consequences of decreased p38 MAPK activity in which aberrant caspase activation might be regulated
mouse muscles for future studies. We turned, there- in laminin-a2-deficiency.



64 S. Yoon et al. / Pathogenesis in Laminin-a2-Deficiency

Mediation of caspase activation by p53 in
MDCIA myogenic cells

Because p53 can be an effector of BAX-mediated
cell death [31], we next examined whether inhibition
of p53 function could limit the aberrant activation
of caspase activity in differentiated MDCIA cul-
tures. Low level caspase (DEVDase) activity is an
intrinsic component of the differentiation program
in all myogenic cells [32], but MDCIA myotubes
show a caspase activation pattern that is qualita-
tively and quantitatively different from that in control
myotubes. In particular, we consistently find that a
small fraction (~2-5%) of MDC1A myotubes show
strong immunostaining for activated caspase-3 [11,
25], whereas such strong staining is very rare in
healthy myotubes. As a result, the amount of activated
caspase-3 is several-fold higher in MDC1A myotube
cultures than in control cultures (ranging from ~2.5X
to ~5X in different experiments), and we use this
aberrant activation of caspase (DEVDase) as a marker
for pathogenesis.

Thus, to determine if p53 functioned in MDC1A
pathogenesis, we measured caspase activity (DEV-
Dase) in parallel differentiated cultures of MDC1A
and healthy control myogenic cells that were either
left untreated or treated with different concentra-
tions of pifithrin-alpha, which is an inhibitor of p53
function [33]. As before, untreated MDCIA cul-
tures had a several-fold higher caspase activity than
untreated healthy control cultures. When treated with
10 uM or 25 pM pifithrin-alpha, however, the cas-
pase activity in MDC1A cultures was decreased by
about two-thirds, in some cases to near the level found
in untreated healthy control cultures (Fig. 2A). We
next examined whether pifithrin-alpha would inhibit
staurosporine-induced cell death, because we had
shown that staurosporine, which is a non-selective
protein kinase inhibitor [34], induces BAX-mediated
cell death in myogenic cells [10-12, 35]. Treat-
ment with pifithrin-alpha also lowered the amount
of staurosporine-induced caspase activation (Fig. 2B)
and ameliorated staurosporine-induced morpholog-
ical abnormalities such as “blebbing” of nuclei
and disorganization of myosin filaments (Fig. 2C,
D). Thus, p53 function appeared to be required
in differentiated MDC1A cultures for spontaneous
and staurosporine-induced caspase activation, both
of which we have previously shown to be BAX-
dependent [11].

Furthermore, we found by quantitative immuno-
blotting that the p53-regulated BBC3 protein (also

known as PUMA) was on average more abundant in
differentiated MDC1A myogenic cell cultures than
in parallel healthy control cultures (Fig. 3). Similarly,
Lama?2—/-quadriceps muscle samples also had higher
levels of BBC3 than did age- and gender-matched
quadriceps muscles from wild-type mice (Fig. 3).
Because BBC3 upregulation requires active p53 [36],
this result suggested that p53 is, on average, more
active in laminin-a2-deficient human myogenic cells
and mouse muscles than in healthy controls. Con-
sistent with this possibility, we found that a subset
of MDC1A nuclei showed p53 immunostaining that
was plainly above background (Fig. 4A, B), whereas
nuclei of healthy control cells seldom showed such
pS53 immunostaining. For example, in two quantita-
tive studies of differentiated cultures, we found that
nuclei with p53 immunostaining that was obviously
above background amounted to 9.8% (25 of 255) of
the nuclei in 38/03 MDCI1A cells and 11.9% (147 of
1,234) of the nuclei in 50/04 MDC1A cells, whereas
only 0.4% (3 of 864) and 0.9% (9 of 949) of the
nuclei were p53-positive in two independent cultures
of 15Vbic healthy control cells.

Furthermore, we found that caspase activity in
four day differentiated cultures of MDCI1A cells
was increased 3-5X by a 24 h treatment with 5 uM
or 10 uM nutlin-3a, a drug that prevents HDM2
from binding to and inhibiting p53 (Fig. 4B) [37].
Differentiated cultures of healthy control cells also
showed increased caspase activity upon treatment
with Nutlin-3a, but both the ~2X increase and final
caspase levels were less in the differentiated control
cultures than in MDC1A cultures. Much as seen pre-
viously in cultures of mouse C,C> myogenic cells
[38], we also found that nutlin-3a inhibited myotube
formation when it was added to proliferating MDC1A
or control myoblasts at the time of switching to
differentiation medium (not shown). Because nutlin-
3a prevents HDM?2 from binding to and inhibiting
pS3, these findings suggest that MDCI1A cells, as
well as healthy control cells, have functional HDM2
that at least partially restrains pS3-mediated caspase
activation.

Mediation of caspase activation by sirtuin
deacetylase activity in MDCIA myogenic cells

We next carried out experiments to determine how
altering sirtuin deacetylase activity affected caspase
activation in MDC1A myogenic cells in compari-
son to healthy control cells. Previous studies had
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Fig. 2. The p53 inhibitor pifithrin-alpha decreased both spontaneous and staurosporine-induced caspase activity in MDC1A myogenic cells.
A. Cultures of MDCIA (red lines) and healthy control (green lines) myogenic cells were incubated with pifithrin-alpha at the indicated
concentrations and assayed for caspase 3/7 (DEVDase) enzymatic activity after four days in differentiation medium. Caspase values were
normalized so that the average of the untreated healthy controls = 1. Error bars = SE; **P <0.01 by ANOVA to compare values at 0, 10 pM,
and 25 wM; n=3 for cells of each individual donor. B. As indicated, cells were either left untreated or treated with 25 wM pifithrin-alpha
as in panel A either without staurosporine (STS) or with staurosporine at 1 uM for the final 4.5 h prior to harvest. Pifithrin-alpha treatment
reduced both spontaneous and staurosporine-induced caspase activity in MDC1A cultures. Error bars=SE; **P<0.01 by ANOVA; n as
indicated. Healthy control cells included 15Vbic, 16Ubic, and 21Ubic. MDC1A cells included 38/03, 50/04, and 96/04. C, D. Treatment with
staurosporine (+STS) at 1 wM for 4.5 h hours generated morphological abnormalities of nuclei (blue) including blebbing and fragmentation
(e.g., arrows in panel C) and disrupted the striated organization of myosin heavy chain (MyHC, green) in MDC1A (50/04) cultures (panel
C). However, these staurosporine-induced changes were largely eliminated when the p53 inhibitor pifithrin-alpha (+pifithrin-o) at 25 uM
was included in combination with staurosporine (panel D). Bar in panel C=20 pwm.
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Fig. 3. Laminin-a2-deficient human myogenic cells and mouse muscles show increased levels of the p53-regulated BBC3 protein. A.
Expression of BBC3 (PUMA) was increased both in differentiated MDC1A compared to healthy control myogenic cell cultures and in
Lama2—-/- compared to wild-type control mouse quadriceps muscles. Results are presented as the BBC3 to GAPDH ratio determined from
densitometry of immunoblots. Individual cell donors are indicated. All =average of results from cell cultures of all healthy control (light
gray) or all MDC1A (dark gray) donors as indicated. Error bars = SE; P values from 7-test of all control vs. all laminin-a2-deficient samples
with n as indicated. B. Representative full-length immunoblots demonstrating specificity of BBC3 antibody for human cell culture (left) and
mouse muscle (right) samples as indicated. All cell samples were analyzed on one immunoblot and all mouse samples were also analyzed
on one immunoblot, but lanes were re-arranged for presentation as shown by the dotted lines. The separate lower immunoblots show the
GAPDH loading control band used for densitometry. The BBC3/GAPDH ratio determined by densitometry is shown at the top of each lane.
MW =molecular weight standards.

shown that sirtuins could regulate cell death path- found that treatment with sirtinol, when used at a con-
ways, including p53 and KU70 acetylation, in some centration that inhibits both SIRT1 and SIRT?2, caused
non-skeletal muscle cell types [39-42], First, we a 3-4X increase in caspase activity (DEVDase) in
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Fig. 4. MDC1A myogenic cells show atypical accumulation of p53 and sensitivity to HDM2 inhibition. A, A’. Lower power view of a
4d differentiated culture of 50/04 human myogenic cells. Four nuclei, indicated by arrows, showed nuclear accumulation of p53 (red),
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green) identified differentiated myotubes and showed that the four p53-positive nuclei in this image were within a myotube. Typically, p53
was found in about 10% of MDCI1A nuclei, but in <0.5% of healthy control nuclei; see text for quantitation. Bar in panel A=20 uM. B, B’.
A higher power view of a 4d differentiated culture of 38/03 cells. Arrows indicate pS3-positive nuclei; asterisk indicates a p53-negative
nucleus. Bar in panel B =20 uM. C. Treatment with nutlin-3a, which prevents HDM2 from inhibiting p53, generated a larger increase in
DEVDase activity in differentiated cultures of MDC1A myogenic cells (red lines, donors 96/04 and 38/03 as indicated) than in healthy control
cultures (green lines, donors 15Vbic and 21Ubic). Single asterisks indicate that the control and MDC1A average values differed with P <0.01
at 5puM and 10 wM nutlin-3a. **P <0.01 to indicate that DEVDase activity was higher in MDC1A cultures at nutlin-3a concentrations of
5 M and 10 pM vs. MDCIA cultures that were untreated or treated with 1 uM nutlin-3a. Statistical test by ANOVA. Error bars=SE; n=3
for each individual donor.

differentiated MDCI1A cultures but had little or no (Fig. 5B) indicating that it was p53-dependent. In
effect in parallel cultures of healthy control cells addition, sirtinol treatment was accompanied by accu-
(Fig. 5A). Sirtinol-induced caspase activation was mulation of DDIT3 (also known as CHOP) in almost
prevented by treatment with 25 uM pifithrin-alpha all nuclei of both MDCI1A (Fig. 5C) and healthy
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Fig. 5. Sirtinol treatment increased caspase activity in MDC1A cells in a p53-dependent process and also induced nuclear accumulation of
the ER stress marker DDIT3 (CHOP). A. Treatment with sirtinol at 5 uM for 24 h caused a 3—4X increase in caspase 3/7 (DEVDase) activity
in differentiated cultures of 38/03 and 50/04 MDC1A myogenic cells, but had little effect on caspase activity in cultures of 09Ubic and
15Vbic healthy control myogenic cells. **P <0.01 by ANOVA with n as indicated. B. As in panel A, treatment with sirtinol at 5 wM for 24 h
was accompanied by a 3-4X increase of caspase (DEVDase) activity. This sirtinol-induced caspase activation was prevented when 25 pM
pifithrin-alpha was added at the same time as sirtinol, indicating that the sirtinol-induced caspase activation was p53 dependent. For healthy
controls, 15Vbic cells were used. For MDC1A, 50/04 cells were used. Error bars = SE. **P <0.01 by ANOVA with n=3. C-E. Differentiated
MDCI1A 50/04 cultures were treated with sirtinol (5 wM for 24 h) or staurosporine (1 wM for 4.5 h), i.e., conditions we had previously shown
to increase caspase (DEVDase) activity. Under these conditions, DDIT3 (also known as CHOP; red), a marker for ER stress, accumulated
in the nuclei (blue) of cells treated with sirtinol but not in the nuclei of untreated or staurosporine-treated cells. Though not shown, CHOP
also accumulated in the nuclei of sirtinol-treated healthy control cells 15Vbic. Bar in panel C =20 pm.
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Fig. 6. Overexpression of SIRT1 lowered caspase activity in MDC1A cultures. A. Differentiated MDC1A cultures (38/03 and 50/04) in
which SIRT1 was expressed from an adenovirus (AdV) vector had lower levels of active caspase (DEVDase) than parallel cultures in which
B-galactoside (LacZ) was overexpressed. SIRT1 overexpression had little effect on healthy control cultures (14Vbic and 15Vbic). Adenovirus
vectors were added for 72 h at multiplicity of infection of 10. Caspase activity was normalized so that the average of LacZ-expressing healthy
control cultures =1.0. B. Total cellular deacetylase activity was increased ~3-4X by adenoviral-mediated expression of SIRT1 as in panel
A. Error bars = SE. **P <0.001 or as indicated by unpaired 7-test of LacZ vs. SIRT1 with cells and n as indicated.

control (not shown) human myogenic cells. We exam-
ined DDIT3 because it is a marker for ER stress, and
sustained ER stress can activate caspase-3 and cell
death. Staurosporine treatment was not accompanied
by nuclear accumulation of DDIT3 (Fig. 5D).
Because inhibition of SIRTI led to increased
caspase activation, we next asked if the opposite
also occurred, that is, if activation of SIRT1 would
decrease caspase activation in MDCI1A cells. We
found that adenoviral-mediated overexpression of
SIRT1 did lead to a significant decrease in DEV-
Dase enzymatic activity in differentiated cultures of
MDCIA, but not healthy control, cells (Fig. 6A). As

a control, infection with an adenovirus-LacZ vector
did not affect caspase or sirtuin activity in MDC1A or
healthy control cells. Total deacetylase activity was
increased 3-4X in the SIRT1 adenovirus-treated cul-
tures (Fig. 6B). Thus, increased expression of SIRT1
was sufficient to moderate the spontaneous, aberrant
increase of caspase activity that was seen in MDC1A
myogenic cells compared to healthy controls.

DISCUSSION

In this study, we examined plausible mechanisms
to identify those that could mediate aberrant activa-
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tion of cell death pathways in laminin-a2-deficiency.
Our results suggest that sirtuin deacetylase and p53
activity, but not activation of p38 MAPK, can mediate
caspase activation in laminin-a2-deficiency. These
results raise the possibility that interventions tar-
geted at p53 or sirtuins could have positive effects
in laminin-a2-deficiency.

A recent comprehensive study showed that p38
MAPK is more highly phosphorylated in muscles
of dystrophin-deficient (mdx) and +y-sarcoglycan-
deficient mice than in muscles of wild-type mice,
and that this increased p38 MAPK activation is
an important contributor to pathogenesis in these
mouse disease models [19]. In contrast, we found
that homozygous, laminin-a2-deficient dy"V/dyW
mouse muscles had, on average, decreased (not
increased) phosphorylation of p38 MAPK com-
pared to wild-type mouse muscles. The cellular
and molecular mechanisms underlying decreased
p38 MAPK phosphorylation in Lama2—/— muscles
remains to be investigated. However, because p38
MAPK phosphorylation was similar in our cultures
of laminin-a2-deficient and healthy control cells, it
is likely that mechanisms extrinsic to muscle cells
(e.g., inflammation, fibrosis) contributed to altered
p38 MAPK phosphorylation in dy"/dy" muscle
tissues that we examined. A previous study reported
that muscles of 18 week old wild-type and dy? T sdy*’
mice had similar levels of p38 MAPK phosphoryla-
tion [43]. Compared to the dy W /dyW mice used in
our study, which lack almost all functional laminin-
o2 and have a rapid onset of disease, dyZJ/dyZJ
mice retain a more functional laminin-a2 and develop
pathology more slowly. Though p38 MAPK activity
is an important regulator of normal myogenesis [44]
and is increased in mouse models of both dystrophin-
deficiency and +y-sarcoglycan-deficiency [19], our
results and those of Elbaz et al. [43] show that patho-
genesis in laminin-a2-deficiency (e.g., as measured
by caspase activation) is not associated with increased
activity of p38 MAPK.

Though p38 MAPK did not appear to be linked
to caspase activation in laminin-o2-deficiency, our
studies did support a role for p53 in aberrant activa-
tion of caspase-3 in MDC1A myotubes. In particular,
we found that treatment of MDC1A myotube cul-
tures with an inhibitor of p53, pifithrin-alpha, reduced
the aberrantly increased caspase activity in untreated,
differentiated cultures of MDC1A myogenic cells,
in some cases to near the level found in untreated
cultures of healthy controls. In addition, we found
that ~10% of the nuclei in MDC1A cultures, but

<0.5% of the nuclei in controls, showed immunos-
taining for p53. Translocation to and accumulation of
p53 in the nucleus is expected during pS3-mediated
cell death. Furthermore, the p53-regulated BBC3
(also called PUMA) protein was more abundant in
laminin-a2-deficient human cells and mouse mus-
cles than in healthy controls. BBC3 transcription is
pS3-dependent and thus the amount of BBC3 protein
serves as a proxy for the amount of p53 transcriptional
activation. Finally, treatment with nutlin-3a, which
prevents HDM2-mediated inhibition of p53 function,
produced more caspase activation in MDCIA than
healthy control cells.

In MDC1A myogenic cells, our results, when taken
together, suggest that (i) p53 is partially activated,
though still inhibited by interaction with HDM2; and
(ii) p53 is required for aberrant caspase activation.
Previous work has shown that regulated p53 function
is likely required for normal function of skeletal mus-
cles. For example, though myogenic cell proliferation
and regeneration after injury occur normally in p53-
null mice [45], other studies have found that p53-null
mouse myogenic cells in culture show moderately
lower fusion [34, 46], as well as decreased mitochon-
drial synthesis and autophagy [47]. Further studies
are needed to identify the molecular mechanisms that
link laminin-a2-deficiency to p53-mediated caspase
activation and to determine if a therapeutic strategy
based on appropriate manipulation of the p53 path-
way might be possible [48]. In addition, HDM2 has
been reported to bind to and regulate KU70, as well
as p53, in the cytoplasm [49]. Thus, it will likely
be informative to investigate how the interaction of
HDM?2 with KU70 may be altered in laminin-a2-
deficiency.

Finally, our studies suggest that caspase activation
in laminin-a2-deficient myogenic cells is inversely
related to SIRT1 deacetylase activity. In particular,
we found that overexpression of SIRT1 in differenti-
ated MDC1A myogenic cell cultures led to decreased
caspase activity, whereas inhibition of sirtuin activity
(with sirtinol) led to an increase in caspase activ-
ity. The seven members of the sirtuin family play
significant roles in a very large number of cellu-
lar functions, including regulation of homeostasis in
skeletal muscles [50-55]. Our finding that sirtinol
had a negative effect on MDCIA myogenic cells,
as measured by increased caspase activation, is con-
sistent with studies showing that sirtinol can induce
apoptosis in multiple cell types [56—58]. Our results
are also consistent with previous work showing that
sirtinol-induced apoptosis is pS3-dependent [56] and
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that SIRT inhibition can increase KU70 acetylation
[38, 59]. However, it remains to be determined if the
decreased caspase activation caused by SIRT1 over-
expression is dependent on p53. On the other hand,
studies of Drosophila and nematode models of neu-
ral and muscle diseases have found positive effects
upon treatment with sirtinol [60, 61]. The underly-
ing molecular mechanisms through which inhibition
of sirtuin(s), particularly by sirtinol, leads to either a
positive or negative effect in a particular cell type or
organism remain to be determined. Additional work
is also needed to identify the roles in MDCIA of
the additional members of the sirtuin family, as well
as non-sirtuin deacetylases and acetyltransferases.
Cell death and bioenergetic pathways are dysregu-
lated in MDCI1A [62] and are likely targets of sirtuin
regulation.

In this study, our goal was to carry out initial stud-
ies of multiple pathways to identify mechanisms that
could be linked to MDC1A pathogenesis and would
thus be candidates for further study. As noted in
the Introduction, we and other groups are examining
potential therapeutic approaches for MDC1A based
on techniques designed to restore normal muscle
functions, such as ECM attachment, myofiber regen-
eration, autophagy, proteastasis, and/or intracellular
signaling to prevent activation of cell death path-
ways [8—18]. Despite this progress, much remains
unknown about pathogenetic mechanisms in laminin-
a2-deficiency. Our results did not support a role in
MDCI1A pathogenesis for overactivity of p38 MAPK,
but our study did identify p53 and sirtuin deacetylase
activity as mediators of aberrant caspase activation in
MDC1A myogenic cells. Our study, though limited in
scope, suggests that additional work is warranted to
identify the detailed molecular mechanisms by which
pS53 and sirtuin deacetylases regulate activation of
muscle cell death pathways in laminin-a2-deficiency.
Additional studies are also needed to determine if
interventions designed to restore normal function to
the p53 and sirtuin pathways might be useful in ame-
liorating pathology in MDCI1A.
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