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Laminin-111 protein complex links the extracellular matrix to
integrin a7b1 in sarcolemma, thus replacing in dystrophic
muscles links normally insured by the dystrophin complex.
Laminin-111 injection in mdx mouse stabilized sarcolemma,
restored serum creatine kinase to wild-type levels, and pro-
tected muscles from exercised-induced damages. These results
suggested that increased laminin-111 is a potential therapy
for DMD. Laminin subunit beta 1 and laminin subunit gamma
1 are expressed in adult human muscle, but laminin subunit
alpha 1 (LAMA1) gene is expressed only during embryogenesis.
We thus developed an alternative method to laminin-111 pro-
tein repeated administration by inducing expression of the
endogenous mouse Lama1 gene. This was done with the
CRSPR/Cas9 system, i.e., by targeting the Lama1 promoter
with one or several gRNAs and a dCas9 coupled with the
VP160 transcription activation domain. Lama1 mRNA
(qRT-PCR) and proteins (immunohistochemistry and western
blot) were not detected in the control C2C12 myoblasts and in
control muscles. However, significant expression was observed
in cells transfected and in mouse muscles electroporated with
plasmids coding for dCas9-VP160 and a gRNA. Larger synergic
increases were observed by using two or three gRNAs. The
increased Lama1 expression did not modify the expression of
the a7 and b1 integrins. Increased expression of Lama1 by
the CRISPR/Cas9 system will have to be further investigated
by systemic delivery of the CRISPR/Cas9 components to verify
whether this could be a treatment for several myopathies.
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INTRODUCTION
Duchenne muscular dystrophy (DMD) is a severe recessive X-linked
muscular dystrophy characterized by rapid muscle degeneration.1

DMD is due to a mutation of the dystrophin gene, leading to the
absence of this protein.2 Dystrophin is thought to strengthen muscle
cells by anchoring elements of the internal cytoskeleton (actin) to dys-
trophin complex present in the membrane.3 b-dystroglycan, one of
the dystrophin associated proteins, provides a mechanical link with
the extracellular matrix (ECM).4 This attachment stabilizes the mem-
brane and protects the sarcolemma from the stresses during muscle
contraction. In DMD patients, due to the absence of dystrophin,
b-dystroglycan is absent from the muscle fiber membrane, and the
linkage between the contracting apparatus and the extracellular ma-
trix is lost. This causes muscle fiber damage during contraction.
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The damagedmuscle fibers are repaired by the proliferation of muscle
specific stem cells, the satellite cells, located in a niche containing lam-
inin and in close contact with the muscle fibers. Although several
therapeutic avenues are under investigation, there is currently no
effective DMD treatment.5–10 An increase of Lama1 also improved
a7 integrin congenital myopathy and the viability of a mouse model
of merosin-deficient congenital muscular dystrophy.11,12

The laminin family of glycoproteins is a major constituent of the
ECM.13,14 The known laminin isoforms are formed by combina-
tions of a, b, and g chains. The trimeric protein complex binds to
other molecules in the ECM and in the cell membrane. Laminins
bind to integrin receptors, which are heterodimers composed of
a and b subunits. Eighteen a subunits and eight b subunits can
assemble in 24 different combinations that have overlapping binding
specificity and cell-type-specific expression patterns.15–18 Integrins
are involved in mechanical linkage with the various cytoskeletal net-
works.19 The interactions of laminins with their integrin receptors
induce modifications in the organization of the cytoskeleton and
the phosphorylation of signaling proteins and activate signaling
pathways.20–26 The laminin/integrin interactions influence cell sur-
vival, proliferation, differentiation, adhesion, and migration. Lami-
nin a1b1g1 (laminin-111) is the most widely studied isoform; it is
expressed during embryonic development but absent in adult skel-
etal muscles, which, however, still express the b1 and the g1 laminin
chains. Laminin-111 binds to integrins a6b1 and a7b1.27 The Bur-
kin’s group28–30 showed that intramuscular (i.m.) and intraperito-
neal (i.p.) injection of Lam111 protein complex into the mdx mouse
model of DMD2 increased expression of integrin a7b1, stabilized the
sarcolemma, restored serum creatine kinase to wild-type levels, and
protected muscle from exercised-induced damages. Our research
group has shown that i.m. injections of mouse laminin-111 pro-
tected the mdx muscles during eccentric contractions and signifi-
cantly increased the strength,31 independently confirming the results
published by Burkin’s group.29 Laminin-111 makes links between
ors.
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Figure 1. Target Sites of gRNAs in the Promoter of

the Mouse Lama1 Gene

The figure illustrates part of the sequence of the Lama1

promoter. The start signal (ATG) is highlighted in yellow.

The positions of two pairs of primers are highlighted in

gray and in brown. The first pair produces a 1,261-bp

amplicon and the second pair a 1,602-bp amplicon.

The positions of six different gRNA target sequences

are highlighted in various colors. The PAM sequence is

underlined. The positions of two transcription factors

(KLF4 and SP1) are also highlighted, respectively, in

green and in light blue. These two sites are partially

overlapped, respectively, the gRNA4 and gRNA5 target

sites.
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the extracellular matrix and the integrin a7b1 in the muscle fibers
thus replacing in embryonic dystrophic muscles the links between
the matrix and the membrane normally insured by the dystrophin
complex. It is not clear whether the beneficial effects of laminin-
111 are due to the upregulation of the integrin a7b1 receptors and
the consequent changes of intracellular signaling or to the new
physical links between the laminin-111 in the extracellular matrix
and the integrin a7b1 receptors in the muscle fiber membrane.
Indeed, it has previously been shown that the absence of integrin
a7 in dystrophin-deficient mice causes a myopathy similar to
DMD.28,30,32 These results suggested that laminin-111 is a potential
therapeutic agent for DMD.

The normal embryonic muscle fiber membrane is thus attached to the
ECM by two important protein complexes: the dystrophin complex
(via b-dystroglycan) and the laminin-111 complex (via integrin
a7b1 receptor). Since Lama1 is expressed only during embryonic
development, the links are insured only by the dystrophin complex
in the normal adult muscles but are completely absent in the
dystrophinopathies.

To be applicable to DMD patients, the positive results obtained in
mdx require the GMP production of laminin-111 protein and
repeated administrations. Although the Lama1 gene is expressed
only during embryogenesis, the b1 and the g1 chains are still ex-
pressed by adult human muscle fibers. Thus, the production and in-
jection of only Lama1 would be sufficient, but the GMP production
of this large protein is difficult and repeated administration would
be expensive. Moreover, it is not sure whether the laminin-111 com-
plex would be formed by the injection of only Lama1. Thus in the
present project, we have developed an alternative to the repeated
Molecula
Lama1 protein administration by inducing
the expression of the endogenous Lama1
gene. This was done by targeting the Lama1
promoter with the new CRISPR technology,
i.e., one or several guide RNAs (gRNAs) and
a non-functional Cas9 (i.e., dCas9) coupled
with the VP160 transcription activation
domain. Large induction of Lama1 expression
was obtained in vitro in cultured mouse myoblasts and in vivo in
mdx mouse muscles.
RESULTS
Testing of gRNAs Targeting Lama1 Promoter

We designed seven gRNAs to target the mouse Lama1 promoter
(Figure 1). Plasmids pX330-U6-Chimeric_BB-CBh-hSpCas9 coding
for one of these gRNAs and the SpCas9 gene were transfected in
C2C12 mouse myoblasts. The gRNAs correctly accessing the pro-
moter induced a DNA double-strand break (DSB), which was spon-
taneously repaired by nonhomologous end joining (NHEJ). This is an
imperfect repair system that results in micro-insertions or micro-de-
letions (i.e., INDELs). As shown by the Surveyor enzyme test in Fig-
ure 2, the seven gRNAs induced cuts in the amplicons indicating that
they were able to effectively target the Lama1 promoter. It is gRNA3
that produced the most DSBs as indicted by the Surveyor enzyme test.

gRNAs in Combination with dSpCas9-VP160-2A-Puro Increased

the Expression of the Lama1 mRNA

Five gRNAs were then individually inserted in the plasmid pAC154-
dual-dCas9VP160-sg Expression (pAC154) coding for dCas9-VP160,
a 2A peptide, a puromycin resistance gene and a gRNA. One micro-
gram of each of these five plasmids was transfected in C2C12 myo-
blasts. Following puromycin selection, Lama1, HPRT, and GAPDH
mRNAs were quantified 3 days later by qRT-PCR. Lama1 mRNA
was not detected in the negative control cells transfected with
pAC154 not containing a gRNA. However, between 3,000 and
16,000 copies of Lama1 mRNA per microgram of total RNA were de-
tected in the cells transfected with pAC154 coding for one gRNA (Fig-
ure 3). The results of Lama1 mRNAs were also normalized with the
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Figure 2. Results of Surveyor Enzyme Assay

The plasmids coding for SpCas9 and each of the seven

gRNAs were transfected in C2C12 cells. 48 hr later, the

DNA was extracted from the cells and amplified with

either primer set #1 (in A producing a 1,261-bp amplicon)

or primer set #2 (in B producing a 1,602-bp amplicon).

Two additional bands were detected by gel electropho-

resis following digestion of the amplicons with the Sur-

veyor enzyme (CelI) indicating that all gRNAs were able to

access the Lama1 promoter and had induced INDELs.

The positive control is a mixture of amplicons containing a

mismatch so that they are cut by the Surveyor enzyme.
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HPRTmRNAs (Figure 3A) and the GAPDHmRNA (Figure 3B). The
Lama1 mRNAs were up to 1.2% of the HPRT mRNAs and up to
0.023% of the GAPDH mRNAs. With all methods of presenting
the results, gRNAs 3 and 4 produced the highest increases of the
Lama1 mRNA.

Combinations of Two or Three gRNAs and dCas9-VP160 Further

Increased the Expression of the Lama1 mRNA

C2C12 cells were transfected with two or three pAC154 plasmids
(equal amount of each plasmid for a total of 4 mg) coding for different
gRNAs and dCas9-VP160. As in the previous experiment, the Lama1
mRNA was quantified by qRT-PCR, and the results were normalized
with the HPRT and the GAPDHmRNAs. The combinations of two or
three gRNAs produced higher increased of Lama1 expression than a
single gRNA (between 8,000 to 80,000 copies per microgram of total
RNA) (Figures 4A–4D), demonstrating an important synergic effect
when two or three gRNA are binding to the Lama1 promoter. These
synergic effects were also clearly detected when the results were
normalized relative to HPRT mRNAs (Figures 4A, 4C, and 4E) and
relative to GAPDH mRNAs (Figures 4B, 4D, and 4F). The Lama1
mRNA was not detected in the negative control cells transfected
with pAC154 plasmid containing the dCas9VP160 but not coding
for a gRNA.

The increase of Lama1 mRNA was further improved by transfecting
2 mg of each pAC154 plasmid with a new agent called TransfeX,
instead of using Lipofectamine 2000. With the combination of
gRNA3 and gRNA4 300,000 mRNA were detected per microgram
of total RNA (Figures 4E and 4F). This is 22% of the HPRT mRNA
70 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
and 0.7% of the GAPDH mRNA. The Lama1
mRNA was not detected in the negative control
cells transfected with pAC154 plasmid contain-
ing the dCas9VP160 but not coding for a gRNA.

Combinations of Two gRNAs and dCas9-

P300 Further Increased the Expression of

the Lama1 mRNA

C2C12 cells were transfected with two pAC154
plasmids (2 mg of each plasmid) coding for two
different gRNAs and dCas9-P300 using the
optimized protocol with TransfeX. The Lama1 mRNA was quantified
by qRT-PCR, and the results were normalized with the HPRT and the
GAPDH mRNAs. As in the previous experiment the combination of
gRNA3 and gRNA4 produced higher increased of Lama1 expression
than a single gRNA, but the increased of Lama1 with P300 was less
than the increased of Lama1 with VP160. dCas9 VP160 produced
the highest increase of the Lama1 mRNA with 300,000 copies per
microgram of total RNA, while 200,000 copies per microgram of total
RNA when we used dCas9-P300 (Figure 5).

Detection of Lama1 Protein by Immunocytochemistry

C2C12 cells were transfected with Lipofectamine 2000 with 2 mg of
pAC154 plasmid coding either for gRNA1, gRNA3, and gRNA4 or
for a combination of gRNA3 and gRNA4. The laminin subunit alpha
1 protein was detected by immunocytochemistry with all gRNAs but
was higher with the combination of gRNA3 and gRNA4 (Figure 6).
No fluorescence was observed in the control cells, which were trans-
fected with the empty pAC154 plasmid.

Detection of Lama1 Protein by Western Blot

C2C12 cells were also transfected with 1, 2, or 3 plasmids coding for
gRNAs. The total amount of plasmid was kept constant at 4 mg. The
cells were selected with puromycin and proliferated during 3 weeks
before protein extraction. The Lama1 protein was detected by western
blot more strongly in the cells treated with the gRNA3 and gRNA4
(Figure 6). Since Lama1 is not expressed in the negative controls, it
is impossible to indicate by how many folds its expression was
increased. Quantification of the western blot and normalization rela-
tive to GAPDH protein indicated that the smallest increase was



Figure 3. Increased Expression of Lama1 by dCas9-VP160 and Individual gRNA1–5

C2C12 cells were transfected with five different pAC154 each coding for dCas9-VP160 and for a gRNA (i.e., gRNAs 1–5). The control cells (C) were transfectedwith a plasmid

coding for eGFP. The Lama1 mRNA was quantified by qRT-PCR and expressed either as the number of copies per microgram of total RNA (left axis and white bars) or

normalized with HPRT mRNA (A, right axis, black bars) or GAPDH mRNA (B, right axis, black bar).
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obtained with the combination of gRNA1 and gRNA2. gRNA3 or
gRNA4 alone increased the Lama1 expression, respectively, 4 and
4.9 times more than the combination of gRNA1 and gRNA2. Finally,
the best increased was obtained with the combination of gRNA3 and
gRNA4, which increased Lama1 by 5.6-fold relative to the combina-
tion of gRNA1 and gRNA2.

Increase of Lama1 Expression in rag/mdx Muscles

Tibialis anterior rag/mdx muscles of four mdx/rag mice (4 months
old) were electroporated with a total of 40 mg of pAC154 plasmids
coding for one or two gRNAs. The negative control muscles were sub-
jected to the same treatment but with a pAC154 plasmid not contain-
ing a gRNA and the dCas9-VP160 gene. The muscles were removed
2 weeks later, and heterogeneous distributions of Lama1 protein were
detected by immunohistochemistry in the muscles treated with a
gRNA. The most intense immunolabeling was obtained with a com-
bination of two plasmids, one coding for gRNA3 and the other for
gRNA4 (Figure 7). Only background staining was detected in the con-
trol muscles. The immunohistochemistry results were also confirmed
by western blots showing an increase of Lama1 by the gRNA and the
dCas9-VP160 (Figure 7).

No Increase of a7 and b1 Integrins Expression in rag/mdx

Muscles

The possible modification of a7 and b1 integrins expression induced
by the expression of Lama1 was also investigated by western blots in
the muscles of the rag/mdx mice electroporated with the pAC154
plasmids. No increase of these proteins was observed (Figure 8).

NoModification of the Expression of Potential Off-Target Genes

by gRNAs 3 and 4

The potential off-target effects of the gRNAs 3 and 4 were identified
with the Benchling software. None of these off-target sequences were
located in promoters. The expression of the genes located close to
these off-target binding sites (i.e., phosphatidylinositol transfer
protein, membrane-associated (GenBank 18739), Dimethylglycine
Dehydrogenase (GenBank 29958), Microtubule Associated Tumor
Suppressor 1 (GenBank 57509), and predicted gene 3329 (GenBank
100041424) were nevertheless investigated by qRT-PCR (primers in
Table 2). No modification of the expression of these genes was
detected.

DISCUSSION
The CRISPR technology is revolutionizing molecular biology and
permits to develop new therapies based on genome editing or modi-
fication the expression of a specific gene. In the present article, we
have been able to strongly induce the expression of the silent
Lama1 gene with one to three gRNAs and the dCas9 coupled with
the VP160 Transcription Activation Domain (TAD), as previously re-
ported for other genes.33–35

The gRNA3 produced the best induction of Lama1 expression. This
may be because it targets a sequence ending with GG located just
before the NGG PAM. Indeed, such a target sequence ending with
GG has been previously reported to be more effective.36 The
gRNA4 also produced a large increase of the Lama1 expression.
This gRNA binds to a nucleotide sequence close to the binding site
of Klf4. The Klf4 factor inhibits the expression of the Lama1
gene.37 The binding of the gRNA4 may thus inhibit the inhibitory ac-
tion of Klf4. Thus, it is not surprising that gRNA3 and gRNA4 pro-
duced synergic effects because they act on different sites through
different mechanisms.

It is possible that the gRNAs targeting the promoter of the Lama1
gene may also affect the expression of other genes. Possible off-target
sequences of the best gRNAs (i.e., gRNA3 and gRNA4) were identi-
fied with the Benchling software (https://benchling.com/editor).
None of the possible off-target sequences were located in promoters.
We nevertheless verified by qRT-PCR whether the expression of the
genes located closest to these off-target binding sites was modified.
We did not observe any significant change in their expression.

For an eventual clinical application, the potential off-target binding
sites in humans may be further reduced by using shorted gRNAs38

or the modified eSpCas9, containing four mutated amino acids to
reduce non-specific binding.39 A non-functional (dead) version of
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 71
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Figure 4. Synergic Increased Expression of Lama1 by Two or Three gRNAs with dCas9-VP160

The C2C12 cells were transfected using Lipofectamine (A–D) or TransfeX (E and F) with two or three plasmids pAC154 each coding for dCas9-VP160 and for a gRNA. The

control cells (C) were transfected with a pAC154 plasmid containing the dCas9VP160 but not coding for a gRNA. The Lama1 mRNA was quantified by qRT-PCR and

expressed either as the number of copies per microgram of total RNA (left axis and white bars) or normalized with HPRT mRNA (A, C, and E, right axis, black bars) or Gaphd

mRNA (B, D, and F, right axis, black bar). Each bar represents the result of an independent experiment. The combination of gRNA3 and gRNA4 produced the best induction

of Lama1 expression. In the best situation, there were 300,000 copies of Lama1 mRNA per microgram of total RNA, i.e., 22% of the HPRT mRNA and 0.7% of the GAPDH

mRNA. The Lama1 mRNA was not detected in the negative control cells.
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eSpCas9 (deSpCas9) or eSaCas9 would have to be tested. Using this
deSpCas9-VP160 or deSaCas9-VP160, potential modifications of
the expression of all genes could be investigated using the RNA
sequencing (RNA-seq) technique.40 For an eventual therapeutic
application, the deSaCas9-VP160 and the gRNAs should be deliv-
ered systemically to all skeletal muscles using an AAV vector. To
limit Lama1 expression only to skeletal muscles, the promoter of
deSaCas9-VP160 should be muscle specific. Moreover, to prevent
overexpression of Lama1, the Cas9-VP64 gene or the sequences cod-
ing for the sgRNAs can be placed under a promoter inducible by
doxycycline and 4-hydroxytamoxifen.41–44

Lama1 is not expressed in adult muscles, but laminin subunit alpha
2 (Lama2), laminin subunit beta 1 (Lamb1), and laminin subunit
gamma 1 (Lamc1) are still expressed (http://www.genecards.org/)
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forming laminin-211. The induction of the Lama1 expression in adult
muscles should also permit the formation of the laminin-111 com-
plex. The expression of Lama1 will thus change the equilibrium be-
tween the different types of laminin chains. Maybe more laminin sub-
unit beta 1 (Lamb1) and laminin subunit gamma 1 (Lamc1) will be
produced to compensate. This will require further studies.

The laminin-111 complex is secreted and participates to the forma-
tion of the extracellular matrix. This complex binds with integrin
a7b1 present in the muscle fiber membrane. This thus forms a link
between the sarcolemma and the extracellular matrix. Dystrophin
forms a complex in the sarcolemma with dystroglycans and sarcogly-
cans. This complex forms links with proteins of the extracellular ma-
trix. This link between the sarcolemma and the extracellular matrix
normally protects the muscle fiber membrane during contraction.

http://www.genecards.org/


Figure 5. Combinations of gRNA3 and gRNA4 with dCas9-P300 Further Increased the Expression of the Lama1 mRNA

The C2C12 cells were transfected with TransfeX with two plasmids coding for dCas9-P300 and for gRNA3 and gRNA4. The control cells (C) were transfected with a pAC154

plasmid containing the dCas9VP160 but not coding for a gRNA. The Lama1mRNAwas quantified by qRT-PCR and expressed either as the number of copies per microgram

of total RNA (left axis and white bars) or normalized with HPRT mRNA (A, right axis, black bars) or GAPDH mRNA (B, right axis, black bar). The figure illustrates three in-

dependent replications of the experiment.

www.moleculartherapy.org
This protection is missing in the DMD patients because the dystro-
phin complex does not form in the sarcolemma in the absence of dys-
trophin. The formation of interactions between laminin-111 and the
integrin a7b1 would partially compensate for the absence of the dys-
trophin complex. It is important to note that the increased expression
of Lama1 did not increase the expression of the a7 and of the b1 in-
tegrins. Thus, Lama1 would have to bind to a7b1 integrins already in
the membrane.

Gawlik et al.45 have shown that transgenic overexpression of the
mouse Lama1 does not prevent disease progression in mdx mice.
The main difference between the between laminin-111 protein deliv-
ery versus Lama1 transcription in muscle is that the delivery of the
protein only permits a transient effect whereas the CRISPR/dCas9-
VP160 system permits a sustained Lama1 expression without treat-
ment repetition. The results of Gawlik et al.45 are surprising in the
light of articles by Burkin’s group28,29 and our group31 that reported
beneficial effects in mdx mice of delivering laminin-111. These dis-
crepancies require further investigation. However, Lama1 increase
also improved a7 integrin congenital myopathy and the viability of
a mouse model of merosin-deficient congenital muscular dystro-
phy.11,12 Thus, upregulation of Lama1 may have beneficial effects
for other muscular diseases than DMD, and it is thus worth
continuing investigation.

Our group also showed that laminin-111 significantly improved the
success of myoblast transplantation by improving myoblast prolifer-
ation and migration in vitro.31 Similarly, Zou et al.46 demonstrated
that laminin-111 increased muscle cell quantity and function
following eccentric exercise. Thus, in follow-up studies, we will inves-
tigate whether the increase of Lama1 by the CRISPR/Cas9 technology
also improves myoblast transplantation.

Different possible DMD treatments have been investigated. Most of
them are aiming to restore the expression of the dystrophin gene.
In the present article, we are presenting a different potential therapeu-
tic strategy that could by itself reduce the damages induced to the
muscle fibers during contractions and thus on the long-term prevent
the progressive muscle weakness characteristic of this disease. Our
proposed treatment has the advantage that it would be applicable to
all DMD patients whatever their mutations, which is not the case
for therapies based on exon skipping or gene editing with the
CRISPR/Cas9 technology.47–51

In conclusion, the increased expression of Lama1 will permit to links
this component of the extracellular matrix with the integrin a7b1 re-
ceptors already in the muscle fibers. This will replace to some extent
the links between the matrix proteins and the dystrophin complex,
which is absent in DMD patients. Thus, in future experiments, we
will verify whether Lama1 induction with the CRISPR/Cas9 technol-
ogy is therapeutic by itself and improve the success of myoblast
transplantation.

MATERIALS AND METHODS
Expression Vector

The plasmid px330-U6-Chimeric-HsPCas9 (Addgene plasmid
#42230) was used for expression of the gRNA and of dCas9. It con-
tains two BbsI restriction sites for insertion of an oligonucleotide,
which selects the target sequence of the gRNA. This gRNA is under
the control of the U6 promoter. The plasmid pAC154-dual-dCas9-
VP160-sgExpression (Addgene plasmid #48240) was used for expres-
sion of the gRNA and dCas9-VP160. It contains two BbsI restriction
sites for insertion of an oligonucleotide, which selects the target
sequence of the gRNA. This gRNA is under the control of the U6 pro-
moter. This plasmid was modified to include a gene encoding resis-
tance to puromycin, the latter is separated from the gene encoding
dCas9 via a sequence coding for the 2A peptide. There is a nuclear
localization sequence (NLS) fused with the dCas9-VP160 gene.

Construction and Oligonucleotide Synthesis

The 20 nucleotide sequences, which will be targeted by the guide
RNAs (gRNAs) in the Lama1 promoter, were identified through the
Leiden Muscular Dystrophy Pages Web Site (http://www.dmd.nl/
seqs/murefDMD.html) (GenBank NM004006.1). Sequence analysis
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 73
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Figure 6. Detection of Laminin Subunit Alpha 1 Protein by Immunocytochemistry in C2C12 Cells

C2C12 cells were transfected with pAC154 coding for dCas9-VP160-2A-puro and a gRNA. The cells were selected with puromycin, expanded during 7 days and fixed with

ethanol 95%. (A–F) The laminin subunit alpha 1 protein was detected by immunofluorescence (red label). The nuclei were stained with Hoechst 33258. (E and F) The negative

control cells were transfected with a plasmid pAC154 not coding for a gRNA. (G) Proteins were extracted 18 days later, and laminin subunit alpha 1 protein was detected by

western blot. (H) The best induction of the laminin subunit alpha 1 protein was observed in the cells transfected with gRNA3 and gRNA4. No laminin subunit alpha 1 protein

was detected in the negative control cells transfected either with pAC154 not coding for a gRNA or a plasmid coding for eGFP.
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of Lama1 promoter permitted to identify the Protospacer Adjacent
Motif (PAM) in the sense and antisense strands. These PAMs are
NGG for Cas9 of Streptococcus pyogenes. Oligonucleotides to target
these sequences were synthesized by IDT (Integrated DNA Technol-
ogies) to produce seven gRNAs targeting the mouse Lama1 promoter.

Phosphorylation, Formation of Double-Stranded

Oligonucleotides, and Ligation

Lyophilized oligonucleotides were obtained from IDT diluted in dou-
ble distilled water to a final concentration of 1 mg/mL. The oligonucle-
otides were then phosphorylated using T4 PolyNucleotid Kinase
(NEB). The double-stranded oligonucleotide formation was carried
out by rising the temperature from 37�C to 95�C during 5 min, fol-
lowed by a progressive temperature reduction of 5 degrees every
30 s until reaching 25�C. The PAC154-2A-puro plasmid was cut
with BbsI (NEB) and purified by gel extraction (Thermo Scientific).
A double-stranded oligonucleotide diluted 1–200 (5 ng of oligonucle-
74 Molecular Therapy: Nucleic Acids Vol. 6 March 2017
otide) in double-distilled water was added to the purified pAC154
plasmid. The ligation was done with the Quickligase (NEB) during in-
cubation at 25�C for 25 min.

Transformation of Competent Bacteria

For transformation ofDH5a competent bacteria (Invitrogen), 50 ng of
PAC154-2A-puro plasmid DNAwas used, followed by a heat shock at
42�C for 45 s. The DH5a bacteria were then cultivated on lysogeny
broth (LB) agar medium with ampicillin. The second day, colonies
were picked and inoculated in LBbroth containing ampicillin. Plasmid
DNA was extracted on the third day with the Miniprep Kit (Thermo
Scientific) and assayed using a Nanodrop (Thermo Scientific).

Transfection of Px330 Plasmids in C2C12 Myoblasts

To check the activity of each gRNA, Px330 plasmids encoding each
gRNA were transfected in C2C12 murine myoblasts. The C2C12
cell line was grown in DMEM (Dulbecco’s modified Eagle medium)



Figure 7. Detection of Laminin Subunit Alpha 1 Protein In Vivo in Tibialis Anterior of rag/mdx Mouse by Immunohistochemistry and Western Blot

The muscles of Rag/mdx mice were injected with plasmids coding for dCas9- VP160 and for gRNA3 and gRNA4 and electroporated. The control muscles were injected with

saline and electroporated with the same parameters. Muscles were collected 2 weeks later, and laminin subunit alpha 1 protein was detected by immunohistochemistry in

cryostat sections of themuscles electroporated with dCas9-VP160 and both gRNAs (A andC) The staining appeared non-uniform at ISO 200 (C). In the control muscle (B and

D), only background staining was detected at ISO 800 (B) and no staining at ISO 200 (D). Proteins were extracted from the muscle sections, and laminin subunit alpha

1 protein was detected by western blot. (E) Induction of the laminin subunit alpha 1 protein was observed in muscles transfected with gRNA3 and/or gRNA4. No laminin

subunit alpha 1 protein was detected in the negative control cells transfected either with pAC154 not coding for a gRNA or a plasmid coding for eGFP. (F) Quantification of the

laminin subunit alpha 1 bands did not indicate a synergic effect in vivo. (G) The western blot was quantified with the Alpha Imager. The integrated density value (IDV) was

measured for a constant area, and the value obtained for the LAMA1 band was normalized with the value of the actin band in the same lane.
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(Invitrogen) containing 10% fetal bovine serum (FBS) and antibiotics
(penicillin/streptomycin). The 6-well plates containing 300,000 cells
per well (about 70%–80% confluent) were transfected using 4 mg of
plasmid DNA and 2 mL of Lipofectamine 2000 (Invitrogen) previ-
ously diluted in Opti-Mem (Invitrogen). The plates were incubated
at 37�C in the presence of 5% CO2 for 48 hr. The successful transfec-
tion was evaluated by the cell survival after puromycin selection
(2 mg/mL). 48 hr after transfection, the genomic DNA was extracted
from the C2C12 cells with the phenol-chloroform method. Lama1
promoter was amplified by PCR with the thermal cycler C1000 Touch
Bio-Rad. The amplification program was the following: 98�C for
1 min, 98�C for 10 s, 58�C for 20 s, 72�C for 1 min and 72�C for
5 min for a total of 35 cycles.

Transfection of Plasmid PAC154 VP160 in Murine C2C12

Myoblasts andExtractionofCells formRNAandProteinAnalysis

Pac154-2A-puro plasmids encoding each gRNA were transfected in
mouse C2C12 myoblasts with the same procedure as for the Px330
plasmids. The plates were incubated at 37�C in the presence of 5%
CO2 for 48 hr. The transfection success was evaluated by cell survival
after puromycin selection (2 mg/mL). Enrichment of transfected cells
was performed during 15 days after transfection to have sufficient cell
RNA to perform the RT-PCR. Cells were transfected with a plasmid
PAC154-2A-puro not encoding any gRNA to obtain a negative con-
trol that has undergone the same stress as the treated cells. To extract
the RNA, the cells were centrifuged to form a dry pellet, which was
sent to the sequencing platform RT-PCR. For protein analysis, trans-
fected cells were lysed directly in the well with 200 mL of lysis buffer
(20 mM Tris-HCl [pH 7.5], 1 mM DTT, 1 mM PMSF, 1% SDS).

Surveyor Enzyme Test on PCR Products

DNA was extracted from cells 48 hr after transfection and the Lama1
promoter was PCR amplified. The amplicons were isolated, heated at
95�C to denature the DNA and slowly cooled at room temperature
(RT) in the Bio-Rad thermocycler (Bio-Rad) to permit the re-anneal-
ing of the single stranded DNA chains. If the SpCas9/gRNA complex
Molecular Therapy: Nucleic Acids Vol. 6 March 2017 75
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Figure 8. Detection of a7 and b1 Integrins by Western Blots

The expression of the a7 (A) and b1 (B) integrins was also investigated bywestern blots (n = 3 for a7 integrin and n = 2 for a7 for b1 integrin) in the samemuscles as for Figure 7.

There was no significant change of the expression of these integrins following the increase of laminin subunit alpha 1 protein induced by the Cas9-VP160.
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had induced INDELs, mismatched DNA double strands were formed.
The re-annealed amplicons were then digested with the Surveyor/Cel
II enzyme (Integrated DNA Technologies) in a water bath at 37�C for
1 hr. This enzyme cuts mismatched DNA strands. The digestion
products were separated by electrophoresis on 1.5% agarose gel in
1 � TBE (Tris borate EDTA) at 100 V for 40 min.

Sequencing

To verify that the oligonucleotides have been properly inserted into
the plasmid px330-U6-Chimeric-HsPCas9 (plasmid Addgene
#42230) and plasmid PAC154-2A-PURO, these constructions were
sent for Sanger sequencing to the Sequencing and Genotyping Plat-
form Genomes CHUL/CHUQ using a common forward primer since
both plasmids have the same backbone. The sequencing results were
analyzed by the BLAST platform.

Plasmid Electroporation in Rag/mdx Mouse Muscles

The Rag/mdx mice were housed in the animal facility of the Centre
de Recherche du Centre Hospitalier Universitaire de Québec
(CRCHUQ), in accordance with the ethics committee of the institu-
tion. They originated from a cross between mdx mice and immuno-
deficient Rag mice from the Jackson Laboratory. The Tibialis anterior
(TA) muscles of Rag/mdx mice were surgically exposed and injected
with 40 mL of Tyrode saline containing 40 mg PAC154 plasmids cod-
ing for dCas9-VP160 and either for gRNA3 or gRNA4. One muscle
was injected with 40 mg mixture of these two plasmids (20 mg of
each plasmid), and one control muscle was injected only with saline.
The muscle was then electroporated using the ECM 830 Electro
Square Porator (BTX Harvard Apparatus) and the following pa-
rameters: 100 V/cm muscle, eight pulses of 20 ms, and interval 1 s.
Two mice were used for each experimental condition. One mouse
of each pair was sacrificed after 2 weeks and the other after 3 weeks.
Table 1. Sequence Primers for RT-PCR

Gene Symbol Description GenBank

Promotor Lama1
Mus musculus laminin, alpha 1
(Lama1) gRNA promotor

–

Promotor Lama1
Mus musculus laminin, alpha 1
(Lama1) gRNA promotor

–
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qRT-PCR

Cells were homogenized in Qiazol buffer (QIAGEN), and total
RNA was extracted using the RNeasy microkit on-column DNase
(QIAGEN) treatment following themanufacturer’s instructions. Total
RNA was measured using a NanoDrop ND-1000 Spectrophotometer
(NanoDrop Technologies), and the RNA quality was analyzed on an
Agilent BioAnalyzer 2100 (Agilent Technologies). First-strand
cDNA was synthetized 2 mg of RNA in a reaction containing 200 U
of Superscript III Rnase H-RT (Invitrogen Life Technologies),
300 ng of oligo-dT18, 50 ng of random hexamers, 50 mM Tris-HCl
(pH8.3), 75mMKCl, 3mMMgCl2, 500mMdeoxynucleotides triphos-
phate, 5 mM dithiothreitol, and 40 U of Protector RNase inhibitor
(RocheDiagnostics) in a final volume of 50 mL. Thismixture was incu-
bated at 25�C for 10 min and at 50�C for 1 hr. A PCR purification kit
(QIAGEN) was used to purify cDNA. The primer pairs were designed
using the GeneTool 2.0 software (Biotools), and their specificity was
verified with a blast in the GenBank database. The primers were syn-
thetized by IDT (Integrated DNA Technology) (Table 1). cDNA cor-
responding to 20 ng of total RNA was used to perform fluorescent-
based real-time PCR quantification using the LightCycler 480 (Roche
Diagnostics). The LightCycler 480 SYBRGreen I Master mix (Roche
Diagnostics) was used as described by the manufacturer. The condi-
tions for PCRs were 45 cycles, DMSO 2% denaturation at 95�C for
10 s, annealing at 60�C for 10 s, and elongation and reading at 72�C
for 14 s. A melting curve was performed to assess non-specific signal.
Calculation of the number of copies of eachmRNAwas performed ac-
cording to Luu-The et al.52 using second derivativemethod and a stan-
dard curve of a crossing point (Cp) value versus logarithmof the quan-
tity. The standard curve was established using known amounts of
purified PCR products (10, 102, 103, 104, 105, and 106 copies) and a
LightCycler 480 v.1.5 program provided by the manufacturer (Roche
Diagnostics). PCRamplification efficiencywas verified.Normalization
Size (pb) Primer Sequence 5’/3’ (S/AS)

1,261
GTTAAGGACCTGTGCTTAGAGA/TCACC
TGCTTTCTAGCTTAGTG

1,602
GCATTACTGAGCCACAGTGGATT/ACCTT
GAGATCCAGGAGTACAGT



Table 2. Sequence primers for PCR

Gene
Symbol Description GenBank Primer Sequence 5’/3’ (S/AS) Denaturation Annealing Elongation

LAMA1 Mus musculus laminin, alpha 1 (Lama1) Gene ID: 16772
TTCCCAGAGGTCTCCATCAATAAC/
GCGCTTGCTTCCTTTACACTCAG

95�C, 10s 60�C, 10s 72�C, 14s

Pitpnm1
Mus musculus, phosphatidylinositol transfer
protein, membrane-associated 1

Gene ID: 18739
AGGTCTCGATTAGCGATTTAACTG/
ATTACCGTGGATCTAAGTTTCGT

95�C, 10s 58�C, 10s 72�C, 14s

Dmgdh
Mus musculus, Dimethylglycine
Dehydrogenase

Gene ID: 29958
ACCGTGTATTAAAGCGCTGGCTGA/
AGCGTGGTACTCCCCAGTCTTAAA

95�C, 10s 60�C, 10s 72�C, 12s

Mtus1
Mus musculus, microtubule-associated
tumor suppressor 1

Gene ID: 57509
CCGGATTATGGCGCTTTAGAATGT/
CGGATTAAGCCTCTATTGTAGAAC

95�C, 10s 61�C, 10s 72�C, 16s

Gm3329 Mus musculus, predicted gene 3329
Gene ID:
100041424

TTATCGGCGTGTTAGAAAGTTCGT/
CACCTCCTGAAGTGCGTGGGGTCA

95�C, 10s 60�C, 10s 72�C, 13s

Hprt1
Mus musculus hypoxanthine guanine
phosphoribosyl transferase 1

NM_013556
CAGGACTGAAAGACTTGCTCGAGAT/
CAGCAGGTCAGCAAAGAACTTATAGC

95�C, 10s 60�C, 10s 72�C, 14s

GAPDH
Mus musculus glyceraldehyde-3-phosphate
dehydrogenase

NM_008084
GGCTGCCCAGAACATCATCCCT/
ATGCCTGCTTCACCACCTTCTTG

95�C, 10s 60�C, 10s 72�C, 14s

ADNg Ctrl
Mus musculus chromosome 3 genomic
contig, strain C57BL/6J (HSD3B1 intron)

NT_039239
CACCCCTTAAGAGACCCATGTT/
CCCTGCAGAGACCTTAGAAAAC

95�C, 10s 60�C, 10s 72�C, 14s
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was performed using reference genes shown to have stable expression
levels from embryonic life through adulthood in various tissues: hypo-
xanthine guanine phosphoribosyl transferase 1 (Hprt1) and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH). Quantitative real-
time PCR measurements were performed by the CHU de Québec
Research Center (CHUL) Gene Expression Platform, Quebec, Canada
and were compliant with minimum information for publication of
quantitative real-time PCR experiments (MIQE) guidelines.

The four potential off-target genes (i.e., phosphatidylinositol transfer
protein, membrane-associated [GenBank 18739], Dimethylglycine
Dehydrogenase [GenBank 29958], Microtubule Associated Tumor
Suppressor 1 [GenBank 57509], and predicted gene 3329 [GenBank
100041424]) were also quantified by RT-PCR (primers and parame-
ters in Table 2). The other parameters were the same as for Lama1.

Immunocytochemistry on C2C12 Transfected or Not with Puro

pAC154-dual-dCas9VP160-sg Expression

C2C12 cells were transfected in a 24-well plate (50,000 cells per well)
with the pAC154-dual-dCas9VP160-sgExpression (Addgene plasmid
#48240) coding for dCas9-VP160 and one gRNA.After puromycin se-
lection and enrichment, cells were rinsedwithHank’s balanced salt so-
lution (HBSS; Gibco). 500 mL of 95% ethanol was added during 10min
at RT to fix the cells. Ethanol was removed, and each well was washed
with 1mL PBS for 10min at RTwith stirring. The sites of non-specific
interactions were then blocked with 1 mL of blocking solution (10%
goat serum, Gibco) in PBS for 1 hr at RTwith stirring. Amousemono-
clonal antibody (mAb) against Lama1 (MAB4656, R&D Systems) was
the added to each well at a final concentration of 15 mg/mL overnight
at 4�C. The antibody was diluted in 1% goat serum, and 100 mL was
added to each well. The next day, three 10 min washes with stirring
using 1 mL of PBS were done to remove the excess antibody. There-
after, 10 mg/mL of secondary antibody was used for one hour at RT,
i.e., a goat antibody against rat immunoglobulin G (IgG) coupled
with Alexa Fluor 456 (Molecular Probes) diluted 1:200 in PBS con-
taining 1% goat serum. Two other 10-min PBS washes were then
done with stirring at RT. During the third wash, Hoechst 33258
(Sigma Aldrich) was added to PBS (1:10,000) for nuclear staining.

Detection of Lama1 by Immunohistochemistry

2 or 3 weeks after electroporation, themice were anesthetized with iso-
flurane and euthanized by cervical dislocation. The muscles were
dissected out and embedded in Cryomatrix Shandon (Thermo Elec-
tron) and frozen in liquid nitrogen. 12-mm transverse cryo-sections
were placed on gelatinized slides and stored at �20�C. The sections
were fixed with 4% paraformaldehyde for 10 min, washed with
1 � PBS for 5 min, and permeabilized 10 min with PBS containing
0.15% Triton X-100. Non-specific interactions were blocked with
PBS 10% fetal bovine serum (Gibco) for 1 hr at room temperature
with slow stirring. The sections were incubated overnight at 4�C with
a mouse mAb against Lama1 (MAB4656, R&D Systems) at a concen-
tration of 20 mg/ml diluted in the blocking solution. The sections were
washed, three times with 1� PBS for 5 min. and incubated in the dark
during 1 hr with secondary antibody coupled with Alexa Fluor 456
(Molecular Probes) at a concentration of 10 mg/ml. The sections were
washed with PBS three times and covered with PBS/Glycerol 50/50
solution and a coverslip for fluorescence microscopy observation.

Western Blot

After 15–20 days under puromycin selection, the transfected
cells were lysed with 200 mL of lysis buffer (20 mM Tris-HCl
[pH 7.5], 1 mM DTT, 1 mM PMSF, 1% SDS). 600 mL of cold meth-
anol was added to 200 mL of cell lysate. 200 mL of chloroform and
500 mL of distilled water were also added to the mixture. This
solution was stirred with a vortex before centrifugation during
3 min at 13,000 rpm. The upper and lower phases were removed,
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and 800 mL of methanol was added to wash the proteins again. The
mixture was stirred with a vortex and centrifuged again for 5 min.
The supernatant was completely removed, and the protein pellet
was concentrated for 10 min using the Savant Speed Vac Concen-
trator (Thermo Scientific). These concentrated proteins were then
resuspended in 50 mL of loading buffer (0.06 M Tris-HCl [pH
6.8], 1% SDS, 10% glycerol). Proteins were subsequently dosed by
the colorimetric method bicinchoninic acid (BCA; Thermo Scienti-
fic) according to the manufacturer’s protocol. Thereafter, 1% 2-
mercaptoethanol and 0.025% bromophenol blue were added to
the protein solution. The proteins were then boiled for 5 min
and placed on ice for 2 min before centrifugation at 13,200 rpm
for 3 min. 15 mg of each protein solution was placed on SDS-
PAGE (gel concentration of 4% and 6% separation gel). Migration
at 70 V for 15 min and 100 V for 150 min was carried out in
running buffer (50 mM Tris, 0.2 M glycine, and 0.1% SDS). Pro-
teins were transferred to a nitrocellulose membrane (Bio-Rad) at
20 V at 4�C overnight using a transfer buffer (50 mM Tris,
0.2 M glycine, 0.1% SDS, and 20% methanol). This was subse-
quently incubated 1 hr at RT in a blocking solution (0.1% PBS,
0.05% Tween 20 [Lab Mat], and 5% skimmed milk powder) to
block non-specific interaction sites. Afterward, the membrane was
incubated overnight at 4�C with a rat antibody (Mab4656, R&D
Systems) directed against mouse Lama1 (15 mg/ml diluted 1:200
in blocking solution; Life Technologies). The membrane was
washed three times for 10 min with agitation in the washing solu-
tion (0.1% PBS and 0.05% of Tween 20) to remove the excess or
loosely bound antibody following nonspecific binding. Rabbit
immunoglobulin anti-rat coupled with horseradish peroxidase
(HRP; Dako), diluted 1:1,000 in blocking solution, was incubated
on the membrane for 1 hr at RT with stirring. Another series of
three washes was done before soaking the membrane for 4 min
in a solution to induce chemiluminescence (ECL Western Clarity
substrate, Bio-Rad). The result was visualized by exposing the
membrane for 28 min to a autoradiographic HyBlot CL film (Den-
ville Scientific).

Western blots were also done to verify whether the Lama1 protein in-
crease modified the expression of the a7 and b1 integrins. For the
a7 integrin, the antibody was obtained from Miltenyi Biotec and
for the b1 integrin a rabbit mAb Abcam was used.
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