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Optimized allele-specific silencing of the
dominant-negative COL6A1 G293R substitution
causing collagen VI-related dystrophy
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Collagen VI-related dystrophies (COL6-RDs) are a group of se-
vere, congenital-onset muscular dystrophies for which there is
no effective causative treatment. Dominant-negative mutations
are common in COL6A1, COL6A2, and COL6A3 genes, encod-
ing the collagen a1, a2, and a3 (VI) chains. They act by incor-
porating into the hierarchical assembly of the three a (VI)
chains and consequently produce a dysfunctional collagen VI
extracellular matrix, while haploinsufficiency for any of the
COL6 genes is not associated with disease. Hence, allele-specific
transcript inactivation is a valid therapeutic strategy, although
selectively targeting a pathogenic single nucleotide variant is
challenging. Here, we develop a small interfering RNA (siRNA)
that robustly, and in an allele-specific manner, silences a com-
mon glycine substitution (G293R) caused by a single nucleotide
change in COL6A1 gene. By intentionally introducing an addi-
tional mismatch into the siRNA design, we achieved enhanced
specificity toward the mutant allele. Treatment of patient-
derived fibroblasts effectively reduced the levels of mutant tran-
scripts while maintaining unaltered wild-type transcript levels,
rescuing the secretion and assembly of collagen VI matrix by
reducing the dominant-negative effect of mutant chains. Our
findings establish a promising treatment approach for patients
with the recurrent dominantly negative acting G293R glycine
substitution.
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INTRODUCTION
Collagen VI-related dystrophies (COL6-RDs) are a comparatively
common group of muscular dystrophies with a broad clinical spec-
trum, ranging from the milder Bethlem myopathy (OMIM:
158810), through intermediate phenotypes, to the severe Ullrich
congenital muscular dystrophy (OMIM: 254090). UCMD is charac-
terized by an early-onset generalized progressive muscle weakness
and wasting, joint hyperlaxity, progressive contractures, and respira-
tory dysfunction,1 for which there is no causative treatment.

Collagen VI is a structural and signaling protein localized in the extra-
cellular matrix that forms a microfibrillar network and interacts with
other matrix components. a1(VI), a2(VI), and a3(VI) chains, the
This is an open access article under the CC BY-N
three basic collagen VI elements necessary for its production, are en-
coded by COL6A1, COL6A2, and COL6A3 genes, respectively,2 and
are composed of a short Gly-X-Y-enriched triple helical (TH) domain
flanked by N-terminal and C-terminal globular domains.3,4 Collagen
VI undergoes a complex multistep assembly process, where the three
chains (in a 1:1:1 stoichiometry) initially intertwine through their TH
domains to form a heterotrimeric monomer. Monomers associate
laterally in an antiparallel manner to form disulfide-bonded dimers,
which then parallelly assemble to form tetramers. Tetramers are
finally secreted into the extracellular space where they associate in
an end-to-end manner to form a beaded microfibrillar network.5–9

COL6-RDs are caused by either recessive loss of function or more
commonly by de novo dominant-negative pathogenic variants in
the three main COL6 genes. De novo dominant-negative variants
are typically either in-frame exon-skipping variants (found in all three
COL6 genes), a deep intronic variant in COL6A1 that creates a cryptic
splice donor site resulting in an in-frame insertion of a 72-base pair
(bp) pseudoexon, or single nucleotide missense variants causing
glycine substitutions that interrupt the Gly-X-Y motif of the TH
domain.1,10–14 All three variant classes are common pathogenic
mechanisms in dominant COL6-RD, with some individual recurrent
variants causing the most cases.11,15,16 Glycine substitutions, such as
the recurrent c.877G>A in COL6A1 that causes a Gly to Arg substitu-
tion in position 293 (henceforth designated as G293R), cluster in Gly-
X-Y triplets 3–20 at the N-terminal end of the TH domain and have a
severe dominant-negative effect due to their ability to produce a stable
but deformed helix able to retain the mutant chain in the monomer,
and subsequently in the tetramer.17,18 Consequently, mutant tetra-
mers are trapped in the secretory pathway, causing a reduction of
collagen VI in the extracellular matrix, and/or they are secreted
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Figure 1. Design and screening of siRNAs targeting the missense COL6A1 c.877G>A (G293R) pathogenic variant

(A) Schematic representation of wild-type and mutant COL6A1 exon 10 mRNA sequences and the screened antisense siRNA sequences targeting the COL6A1 c.877G>A

(G293R) pathogenic variant.(B) Schematic representation of the reporter constructs used in the study.(C) Representative live images of HEK293T cells after 48-h

(legend continued on next page)

Molecular Therapy: Nucleic Acids

2 Molecular Therapy: Nucleic Acids Vol. 35 June 2024



www.moleculartherapy.org
into the extracellular space but have reduced ability of associating
with other tetramers, resulting in disturbance of collagen VI matrix
assembly and function.10,19

Losing expression from one copy of any of the three COL6 genes is not
disease causing for COL6-RD (i.e., the genes are haplosufficient),20–23

therefore the use of antisense oligonucleotides or siRNAs to allele-spe-
cifically silence mutant transcripts or the use of CRISPR-Cas9-medi-
ated allele-specific gene editing have been explored as therapeutic ap-
proaches for COL6-RD.12,24–29 However, efficacy of allele-specific
silencing is highly sequence dependent and single nucleotide substitu-
tions pose a particular challenge, as the mutant and wild-type (WT)
alleles only differ by one nucleotide.

In this study, we explored the potential of allele-specific siRNA
knockdown as a therapeutic approach for the dominant-negative
G293R pathogenic variant in the COL6A1 gene, one of the most com-
mon glycine substitutions in UCMD.15

RESULTS
si6 suppresses the expression of both COL6A1 WT and G293R

TH domain reporter constructs

We designed a set of 19 siRNAs that sequentially tile across the hu-
man COL6A1 transcript harboring the missense pathogenic variant
G293R. The 19 siRNAs were scored following the eight criteria
described by Reynolds et al.30 (see the materials and methods section
and Table S1) and selected siRNAs were screened for their potency
and allele specificity (Figure 1A). To test the efficacy and allele spec-
ificity of siRNAs, we generated green fluorescent protein (GFP)-fused
reporter constructs for both the WT and the mutant (G293R)
COL6A1 TH domains (Figure 1B). At 100 nM, si3, si6, and si11
achieved knockdown of COL6A1 TH-G293R transcripts compared
with a non-targeting siRNA (siNT); si6 being the most efficient
siRNA (Figures 1C and 1D). Immunoblots confirmed si6 as the
most potent siRNA with a 100% knockdown; however, there was
no allele specificity as the expression of both constructs was sup-
pressed when using si3, si6, and si11 (Figures 1E and 1F). The lack
of allele specificity was not dose dependent, as similar results were ob-
tained when using a lower dose (10 nM; Figure S1).

Increasing allele specificity of si6 by the introduction of

additional mismatches

Introduction of additional single-base mismatches into siRNA has
been reported to improve allele-specific silencing by decreasing
base-pairing efficiency between siRNA and the WT mRNA due to
the now two mismatches, while maintaining binding to the mutant
allele with only one mismatch.31 To enhance allele specificity of si6
co-transfection with the corresponding GFP construct and 100 nM siRNA. mCherry c

intensity quantification of GFP expression was measured from three independent co-

Representative immunoblots of GFP expression in HEK293T cells after 48-h co-transfec

are shown as loading controls. (F) Relative quantification of GFP expression, normalized

indicate the mean ± SEM. *p% 0.05, ***p% 0.001, ****p% 0.0001, Ordinary one-way

siRNA; siX, analyzed siRNA; TH, triple helical domain; U, Untreated.
while maintaining its efficacy, we thus conducted a second siRNA
screening, wherein we introduced single-base mismatches along the
si6 sequence (Figure 2A) and we evaluated their effect on suppressing
COL6A1 TH-WT and COL6A1 TH-G293R construct transcripts us-
ing 1 nM of siRNA. Except for si6-9G, si6-10G, and si6-11A (with a
30% ± 3%, 89% ± 2%, and 41% ± 4% knockdown, respectively), the
addition of a mismatch did not alter efficacy as all siRNAs achieved
knockdown levels of COL6A1 TH-G293R transcripts comparable to
si6 (100% knockdown) (Figure 2B). Allele specificity, by contrast,
was greatly enhanced when using si6-9G, si6-10G, si6-11A, and si6-
16C; all four siRNAs showing no capacity to knock down COL6A1-
TH-WT transcripts (0% knockdown; Figures 2B and 3). When
increasing siRNA dose to 10 nM (Figures S2 and S3), si6-9G, si6-
10G, and si6-11A showed a dose-dependent response, with an in-
crease on COL6A1 TH-G293R transcript silencing of 56%, 10%,
and 49% and reaching total knockdown levels of 86% ± 3%, 99% ±

0%, and 90% ± 2%, respectively. The dose increment also reduced
allele specificity, with an increase in COL6A1 TH-WT transcript
silencing when using si6-9G, si6-11A, and si6-16C of 26% ± 11%,
45% ± 5%, and 42% ± 2%, respectively. si6-10G resulted to be the
most allele-specific siRNA with very low levels of COL6A1 TH-WT
transcript silencing at 1 nM and 10 nM (0% and 19% ± 14%, respec-
tively), compared with 89% ± 2% and 99% ± 0% COL6A1 TH-G293R
transcript knockdown, respectively. si6-10G and si6-16C were
selected for further characterization as they showed efficacy and allele
specificity. si6-8U was also selected for further characterization, as
this siRNA showed high potency at silencing the COL6A1 TH-
G293R transcripts in the low concentration experiment (Figures 2B
and 3) but did not show a clear dose-dependent response in silencing
the COL6A1 TH-WT transcripts (Figures 2B, 3, S2, and S3).

Allele-specific silencing of the dominant-negative G293R

transcript results in increased extracellular matrix deposition of

collagen VI in patient-derived dermal fibroblasts

The missense pathogenic variant COL6A1 G293R is known to exert a
dominant-negative effect on collagen VI microfibrillar matrix assem-
bly and secretion, resulting in increased intracellular collagen VI
retention. From our second siRNA screening using COL6A1 TH con-
structs, we selected si6-8U, si6-10G, and si6-16C as the most efficient
and allele-specific siRNAs to target COL6A1 G293R transcripts. To
test their efficacy and allele specificity on silencing endogenous
mRNA, si6, si6-8U, si6-10G, and si6-16C were transfected using a
concentration curve (from 0.0032 nM to 10 nM) into cultured dermal
fibroblasts derived from a UCMD patient harboring the G293R path-
ogenic variant in the COL6A1 gene (G293R Pt 1). Forty-eight hours
after transfection, total RNA was isolated and COL6A1 WT and
G293R transcript levels were measured by quantitative PCR (qPCR;
onstruct was used as a transfection control. Scale bar, 100 mm.(D) Fluorescence

transfection experiments and lines and filled areas indicate the mean ± SEM. (E)

tion with the corresponding GFP construct and 100 nM siRNA. Tubulin and Ponceau

to Ponceau, measured from three independent co-transfection experiments. Bars

ANOVA and Dunnett’s multiple comparisons test were applied. siNT, non-targeting
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Figure 2. Addition of mismatches to si6 sequence enhances allele

specificity

(A) Sense sequence of si6 and si6 with additional mismatches targeting theCOL6A1

c.877G>A (G293R) pathogenic variant.(B) Representative GFP expression immu-

noblots and relative quantification of GFP expression, normalized to Ponceau, in

HEK293T cells at 48 h post-co-transfection of the corresponding GFP construct

and 1 nM of siRNA, measured from three independent co-transfection experiments.

Tubulin and Ponceau are shown as loading controls. Bars indicate themean ± SEM.

**p% 0.01, ***p% 0.001, ****p% 0.0001, Ordinary one-way ANOVA and Dunnett’s

multiple comparisons test were applied. siNT, non-targeting siRNA; U, Untreated.
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Figure 4A) using a single nucleotide polymorphism (SNP) cDNA
genotyping assay. All tested siRNAs silenced COL6A1 G293R
mRNA in a dose-dependent manner. si6 was also the most potent
siRNA knocking down the endogenous COL6A1 G293R mRNA
with a half maximal effective concentration (EC50) of 0.006 nM, fol-
lowed by si6-8U (0.028 nM), si6-16C (0.040 nM), and si6-10G
(0.080 nM; si6 > si6-8U > si6-16C > si6-10G). By contrast, while
si6, si6-8U, and si6-16C showed minimal allele specificity, si6-10G
was allele specific at all tested concentrations, as shown by the main-
tained WT mRNA levels in treated dermal fibroblasts derived from a
COL6A1 G293R patient (Figure 4A) as well as from a treated unaf-
fected individual (Figure S4). Although both si6-8U and si6-16C
were not allele specific, si6-8U showed slightly better WT vs.
G293R allele discrimination than si6-16C (Figure 4A).

To investigate whether specific mutant G293R mRNA silencing
translates to a reduction of the mutant protein load allowing for an
improved collagen VI matrix secretion and deposition, we analyzed
collagen VI matrix after siRNA treatment using an immunofluores-
cence assay followed by a confocal microscopy-based volumetric
analysis of deposited collagen VI matrix (Figures 4B and 4D). Based
on the qPCR results, dermal fibroblasts from three patients (G293R Pt
1–3) were treated with si6-8U and si6-10G at two different doses: (1)
lower dose with maximum G293R mRNA silencing and maximum
G293R vs. WT allele discrimination (0.08 nM [si6-8U] and 0.4 nM
[si6-10G]) and (2) minimum dose to achieve maximum G293R
mRNA knockdown (all, 2 nM). si6 and siNT at 2 nM were used as
positive and negative controls, respectively. Upon quantification, as
expected, untreated and siNT-treated G293R Pt 1–3 fibroblasts had
reduced collagen VI deposition into the extracellular matrix
compared with untreated unaffected individuals (unaffected 1–3; Fig-
ure 4B). Moreover, untreated and siNT-treated G293R Pt 1–3 fibro-
blasts presented discontinuous and speckled collagen VI microfibrils
compared with the continuous and linear collagen VI microfibrils
observed in untreated unaffected individuals (Figure 4D), resulting
in a reduction on collagen VI colocalization with the extracellular ma-
trix protein fibronectin (Figure 4C). In permeabilized samples,
collagen VI immunofluorescence revealed intracellular retention of
collagen VI immunoreactive material (Figure S5). si6-treated
G293R fibroblasts presented a complete loss of collagen VI matrix
as si6 silenced both WT and G293R mRNA (Figure 4). Treatment
with si6-8U at 0.08 nM resulted in a significant increase on collagen
VI matrix deposition together with an improvement in collagen VI
morphology with more linear and continuous microfibrils. By
contrast, due to its non-allele-discriminating nature, si6-8U at
2 nM resulted in a reduction on collagen VI matrix deposition caused
by theWT allele unspecific silencing (Figures 4A and 4B). In contrast,
si6-10G treatment markedly improved collagen VI matrix deposition
and quality with both doses, changes being more pronounced at
2 nM, where collagen VI deposition levels increased significantly
and equaled the levels observed in unaffected controls. Matrix appear-
ance was also considerably improved after si6-10G treatment, with
thicker and more abundant linear and continuous microfibrils,
resembling those observed in the unaffected controls (Figures 4B
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and 4D). Both siRNAs significantly increased collagen VI-fibronectin
colocalization in the extracellular matrix (Figure 4C) and reduced
collagen VI intracellular retention (Figure S5). Therefore, treatment
with G293R allele-specific siRNAs appeared to improve both the
secretion and microfibrillar assembly of collagen VI matrix by
reducing the dominant-negative effect of mutant chains.

DISCUSSION
The observation that carrier parents of UCMD patients with loss-of-
function variants present reduced collagen VI production but are still
clinically asymptomatic indicates that complete haploinsufficiency
for any of the three COL6 genes is not associated with clinical dis-
ease.20,21,32 Therefore, allele-specific inactivation or knockdown of
the mutant allele presents itself as a potential therapeutic strategy
for COL6-RD caused by such dominant-negative variants. In the pre-
sent study, we chose allele-specific RNAi as approach to silence the
recurrent COL6A1 G293R pathogenic variant. Allele-specific siRNA
therapies have been explored in other neurodegenerative disorders
and muscular dystrophies, including COL6-RD, and in the best
case provide robust and specific mutant transcript silencing leading
to an improvement of the assessed phenotype.24,26,33–38 Our current
study demonstrates that specifically designed siRNAs can be used
to discriminate a single nucleotide difference to target the common
G293Rmissense variant in COL6A1 in an allele specific manner,miti-
gating the dominant-negative impact of this variant.

We applied the eight criteria described by Reynolds et al.30 to select
five siRNAs with capability to specifically silence the mutant G293R
allele, but none of them exhibited sufficient allele specificity. si6 dis-
played the highest efficacy with a 100% silencing of both WT and
mutant (G293R) protein expression. All designed siRNAs perfectly
matched the target mutant sequence but differed in one mismatched
single nucleotide with theWT sequence. Previous studies suggest that
nucleotide mismatches can prompt RNAi activity,37,39 but this activ-
ity may vary depending upon siRNA thermodynamic properties, sug-
gesting that the specific mismatch position in si6 might favor RNAi
activity on the WT transcript. To change thermodynamic properties
of si6 and enhance allele discrimination between WT and mutant al-
leles, we employed the strategy applied by Ohnishi and colleagues31 to
introduce mismatching base substitutions into si6 sequence. Out of
the 10 siRNAs with additional mismatches we tested, three (si6-8U,
si6-10G, and si6-16C) displayed high efficacy and allele specificity.
siRNAs with enhanced allele specificity present modifications in the
central position (si6-10G) and in the seed region (si6-16C) of the
sense-strand siRNA, in agreement with the key regions to introduce
base substitutions proposed by Ohnishi and colleagues and that are
related to target RNA cleavage and target RNA recognition. In
cultured fibroblasts, si6, si6-8U, si6-10G, and si6-16C induced
Figure 3. Addition of mismatches to si6 sequence increases allele specificity -

Representative live images and fluorescence intensity quantification of HEK293T cells

mCherry construct was used as a transfection control. Fluorescence intensity quantificat

and filled areas indicate the mean ± SEM. siNT, non-targeting siRNA; siX, analyzed siR
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different levels of efficacy and allele specificity in a dose-dependent
manner. While si6 markedly was the most potent siRNA, the addition
of a single-base mismatch variably reduced its effectiveness on
silencing the mutant allele. The decreased efficacy was, however,
compensated by much improved allele specificity. While none of
the selected siRNAs resulted in the ideal outcome of complete
silencing of the mutant allele with unalteredWT allele levels, two pat-
terns were observed: (1) greater reduction of the mutant transcript
along with a partial concomitant WT transcript silencing (si6-8U
and si6-16C) and (2) partial mutant transcript silencing but unaltered
levels of the WT transcript (si6-10G). Our current data show that
allele specificity plays a more important role than overall silencing ac-
tivity in restoring collagen VI secretion and deposition. si6-8U, at a
concentration of 0.08 nM, achieved a 75% knockdown of the mutant
transcript with minimal effect on the WT transcript levels, restoring
the secretion and deposition of collagen VI matrix. By contrast, at a
higher dose, while there was a gain in potency, allele specificity was
lost, thereby reducing treatment efficacy. si6-10G achieved a
maximum 80% knockdown of the mutant transcript and maintained
allele specificity up to a concentration of 10 nM, indicating a broader
therapeutic range. The minimum ratio of mutant/WT allele that still
results in improvement of the matrix remains to be determined; how-
ever, our results indicate that a complete knockdown is not necessary
to restore collagen VI secretion and deposition. It is possible that the
WT a1(VI) chain that can now assemble without interference from
the mutant chain will lead to cumulative correction of the matrix.
Additionally, individuals with a mild Bethlem phenotype caused by
somatic cellular mosaicism for dominant-negative severe UCMD var-
iants have been reported by our group and others,40,41 suggesting that
even a partial reduction of the mutant transcript would still be clini-
cally beneficial by reverting the severe UCMD phenotype toward a
milder Bethlem phenotype.

In conclusion, our study demonstrates that using an optimized design
strategy as applied here, siRNAs can efficiently discriminate between
single nucleotide variants in COL6A1 transcripts, thus establishing
allele-specific RNAi as a promising molecular approach for the treat-
ment of dominant COL6-RD caused by single nucleotide changes.
Numerous improvements in siRNA design, sequence selection,
chemical formulation, and delivery mechanisms have been achieved
since the discovery of RNAi in 1998.42–46 RNA-based therapeutic ap-
proaches have experienced a surge in the past decade with several
RNA drugs being approved by the US Food and Drug Administration
for the treatment of neurological and neuromuscular disorders,
including antisense oligonucleotides for spinal muscular atrophy47

and Duchenne muscular dystrophy48–51 and in August 2018, the first
RNAi-based drug for hereditary transthyretin amyloidosis.52 Hence,
with the appropriate chemical modifications to increase stability
Continuation
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Figure 4. Allele-specific silencing of the G293R mRNA increases collagen VI matrix deposition in patient-derived dermal fibroblasts

(A) Mutant and wild-typeCOL6A1mRNA transcript levels inCOL6A1G293R patient dermal fibroblasts 48 h post-transfection with a dose curve (0.0032, 0.016, 0.08, 0.4, 2,

and 10 nM) of si6, si6-8U, si6-10G, and si6-16C. An SNP genotyping assay was used to discriminate between themutant and thewild-type allele.COL6A1mRNA levels were

normalized to RPLP0. The experiment was performed in triplicate and bars indicate the mean ± SEM. (B) Total collagen VI volume in the matrix was quantified in each image

by measuring the sum of the volume of all objects displaying a longest axis greater than 25 mm, using Volocity 3D Image Analysis Software. Total volume was normalized by

the number of nuclei in each image and plotted as a scatter dot plot. Each point corresponds to themean of three different images of one biological replicate. Bars indicate the

mean ± SEM. *p% 0.05, **p% 0.01, ***p% 0.001, two-way ANOVA and Dunnett’s multiple comparisons tests were applied. (C) Quantification of collagen VI and fibronectin

colocalization using the Pearson’s correlation coefficient (PCC). Each point corresponds to the mean of 3–7 different images of one biological replicate. Bars indicate the

mean ± SEM. *p% 0.05, **p% 0.01, ****p% 0.0001, two-way ANOVA and Dunnett’s multiple comparisons tests were applied. (D) Representative images of collagen VI and

fibronectin matrix immunofluorescence analysis in unaffected and siRNA-treated G293R patient dermal fibroblasts after 7 days with L-ascorbic acid supplementation and

three transfections. Stacks of confocal microscopy images were acquired and are presented as a merge. Scale bar, 50 mm. siNT, non-targeting siRNA.
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and enhance the delivery to interstitial fibroblasts, our target cells, the
next step will be to bring the siRNAs tested in this study into preclin-
ical studies using an appropriate animal model. We are in the process
of generating a humanized mouse model harboring the G293R in a
partially humanized Col6a1 gene as a model of the human UCMD
variant studied here. This model will allow us to demonstrate the
capability of RNAi, as well as other molecular approaches, to treat
dominant-negative variants in COL6-RD in vivo.
MATERIALS AND METHODS
UCMD patient samples

Three patients (G293R Pt 1–3) harboring the COL6A1 c.877G>A
(G293R) pathogenic variant and three unaffected controls (Unaf-
fected 1–3) were used in the study.

Dermal fibroblast cultures were established from skin biopsies ob-
tained based on standard operating procedures (12-N-0095,
Molecular Therapy: Nucleic Acids Vol. 35 June 2024 7

http://www.moleculartherapy.org


Molecular Therapy: Nucleic Acids
approved by the institutional review board of the National Institute of
Neurological Disorders and Stroke [NINDS]). Informed consents
were obtained from each individual.

siRNA rational design and selection

Nineteen siRNAs sequentially tiled across the region of the transcript
harboring the COL6A1 c.877G>A (G293R) pathogenic variant were
scored based on rules described by Reynolds et al.30 (Table S1).
Each siRNA (sense strand) was assigned a score according five
positive characteristics and two negative characteristics associated
with siRNA functionality: (1) 36%–53% G/C content, (2) number
of “A/U” bases at positions 15–19, (3) absence of internal repeats
(Tm <20�C, potential internal hairpin), (4) an “A” base at position
19, (5) an “A” at position 3, (6) a “U” at position 10, (7) a base other
than “G” or “C” at position 19, (8) a base other than “G” at position
13. Assigned points for each criterion are shown in Table S1. The
highest-scored siRNA oligos (highlighted in gray) were assayed for
gene silencing and allele specificity (Figure 1A, and Table S1). Previ-
ous studies demonstrated that a mismatch at sense-strand position 19
has very low contribution to target specificity,53,54 hence si19 was
excluded from the study even though it obtained one of the highest
scores. Additionally, despite its low score, si14 was also added to
the study because of its mismatch position with the WT transcript
located at the seed region. For siRNAs with additional mismatches,
single-based mismatches were introduced throughout the si6 sense
sequence from position 8 to position 17 maintaining equal G/C con-
tent. siRNA duplexes were stabilized by the introduction of two dT
overhangs at the 30 end of each 19-mer.55 siRNAs were synthesized
by Dharmacon, Inc. (Lafayette, CO). On-TARGETplus Non-target-
ing Control siRNA #1 (Catalog ID D-001810-01-05, Dharmacon,
Inc., Lafayette, CO) was used as a negative control.

Reporter constructs

WegeneratedGFP-fused reporter constructs for bothCOL6A1WTand
G293R mutant TH domains. Total RNA was isolated from patient and
unaffected adherent cultured primary dermal fibroblasts using TRIzol
Reagent (ThermoFisher Scientific,Carlsbad,CA) according to theman-
ufacturer’s instructions and reverse transcribed using Superscript IV kit
(ThermoFisher Scientific). A 393-bp region for each genotype was PCR
amplified using forward primer 50- GTAATGGTGTGCTGCTCCTTC
GAAT-30 and reverse primer 50-GCCCTTTTCTCCTTTCAGTC-30.
PCR products were then gel purified using QIAquick gel extraction
kit (Qiagen, Germantown, MD) and cloned into pcDNA6.2/C-
EmGFP-GW/TOPO (ThermoFisher Scientific; K35920). Both
COL6A1 TH-WT and G293R reporter constructs were sequence veri-
fied by Sanger sequencing (Genewiz, South Plainfield, NJ). The size of
the resulting fusion peptide is �42 kDa. The mCherry plasmid used
as a transfection control was obtained from the Fischbeck lab
(NINDS), where dsRed2 in the pBI-CMV4 bidirectional promoter vec-
tor was digested and replaced by mCherry.56

Cell culture and transfection

HEK293T cells and primary dermal fibroblasts were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
8 Molecular Therapy: Nucleic Acids Vol. 35 June 2024
fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37�C
under 5% CO2. For reporter constructs transfection experiments,
HEK293T cells were co-transfected using Lipofectamine 2000
(ThermoFisher Scientific), according to the manufacturer’s transfec-
tion protocol, with 1 mg of the COL6A1 TH-WT or G293R reporter
construct, 0.25 mg of the mCherry construct (transfection control),
and siRNAs at a final concentration of 100, 10, or 1 nM. Primary
dermal fibroblasts were transfected with siRNAs using Lipofectamine
RNAiMax (ThermoFisher Scientific) according to the manufacturer’s
transfection protocol.

Live fluorescent imaging and western blotting

Forty-eight hours after co-transfection of siRNAs and reporter
construct DNAs into HEK293T cells, the fluorescence signal
emanating from the WT, mutant G293R-TH-GFP fusion protein,
or mCherry was observed and recorded with a sCMOS pco.edge 4.2
LT camera (Excelitas Technologies Corp., Wilmington, DE) mounted
on an inverted microscope (Nikon Eclipse Ti, Nikon Instruments,
Tokyo, Japan). mCherry construct was used as a transfection control.
GFP fluorescence intensity was quantified using FIJI software and
plotted as the logarithm of the number of pixels vs. fluorescence in-
tensity. To quantify fluorescence intensity, GFP signal was selected
using the color threshold tool and measured using the histogram
measure tool of FIJI software. Fluorescence intensity quantification
of GFP expression wasmeasured from three independent co-transfec-
tion experiments. For each replicate, two fields were analyzed and the
mean of the two fields was plotted. HEK293T cells were then har-
vested with RIPA buffer (ThermoFisher Scientific) containing 1x
Complete Protease Inhibitor cocktail (MilliporeSigma, Rockville,
MD) and 1x PhosSTOP (MilliporeSigma, Rockville, MD). Samples
were incubated on ice for 5 min, then spun for 15 min at
14,000 � g at 4�C, and supernatant was collected. Protein concentra-
tions were determined using Pierce BCA protein assay kit
(ThermoFisher Scientific). Lysates were processed for immunoblot-
ting with rabbit polyclonal anti-GFP antibody (ab290; Abcam, Wal-
tham, MA) and anti-tubulin antibody (T5168, MilliporeSigma, Rock-
ville, MD). Quantification of protein expression was measured from
the immunoblot images using the integrated density measure tool
of FIJI software. GFP expression was normalized to Ponceau
(VWR, Bridgeport, NJ).

RNA isolation, RT-PCR, and qPCR

Total RNA was isolated, and cDNA synthesized from adherent
cultured primary dermal fibroblasts using Cells-to-CT kit
(ThermoFischer Scientific) according to the manufacturer’s proto-
col. The FastStart Universal Probe Master mix (ROX)
(MilliporeSigma) was used to perform the qPCR reactions. qPCR
primer/probe mix to detect WT and G293R COL6A1 transcripts
was purchased as a Custom Taqman SNP genotyping assay
(ThermoFisher Scientific). qPCR reactions were performed in a total
volume of 10 mL, with 3 mL of cDNA (dilution of 1/50 in
RNAse-free water). qPCR reactions were run in duplicate on the
QuantStudio 6 Flex Real-Time PCR system (Applied Biosystems/
ThermoFisher Scientific, Carlsbad, CA). Ct values were determined
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by the QuantStudio Real-Time PCR software (Applied Biosystems/
ThermoFisher Scientific). The comparative Ct (DDCt) method was
applied to measure the relative expression, using Ribosomal Protein
Lateral stalk subunit P0 (RPLP0) TaqMan gene expression assay
(ThermoFisher Scientific; Hs00420895_gH) Ct values as the endog-
enous normalizing gene, and the DCt values from the siNT-treated
controls as the normalizing value.

Matrix immunofluorescence

Patient-derived dermal fibroblasts were seeded (1.5 � 104 cells per
well) in eight-chamber tissue culture slides (Corning/ThermoFisher
Scientific, Carlsbad, CA). The next day, medium was replaced with
DMEM supplemented with 10% FBS and 50 mg/mL of L-ascorbic
acid (Wako Chemicals USA, Richmond, VA) and cells were trans-
fected with siRNAs using Lipofectamine RNAiMax (ThermoFisher
Scientific). Every 48–72 h, medium was changed, and cells were re-
transfected with siRNAs. After 7 days in L-ascorbic supplementation
and three siRNA transfections, cultures were fixed with 4% PFA
(Electron Microscopy Sciences, Hatfield, PA) for 10 min and rinsed
twice in phosphate-buffered saline (PBS). For staining, cells were
blocked with 10% FBS in PBS (±0.1% Triton X-100 [T9284,
MilliporeSigma]) for 1 h and incubated with anti-collagen type VI
antibody (MAB1944; MilliporeSigma) or anti-fibronectin (F3648,
MilliporeSigma) in blocking buffer (±0.1% Triton X-100) for 1 h at
room temperature. Cells were washed three times with PBS (±0.1%
Triton X-100) and incubated with secondary antibody Alexa Fluor
488 goat anti-mouse immunoglobulin (Ig)G (H + L) (A11001,
Invitrogen/ThermoFisher Scientific, Carlsbad, CA) or Alexa Fluor
568 goat anti-rabbit IgG (H + L) (A11036, Invitrogen/
ThermoFisher Scientific) diluted in blocking buffer (±0.1% Triton
X-100) for 1 h at room temperature. Cells were washed again with
PBS (±0.1% Triton X-100) and incubated with 40,6-diamidino-2-phe-
nylindole, dihydrochloride (DAPI) diluted in PBS for 1 min. Cells
were washed twice with PBS and mounted with Fluoromount-G
(SouthernBiotech, Birmingham, AL).

Confocal imaging and analysis

For matrix quantification, stack images were acquired on a TCS SP5 II
or a Stellaris 8 system (Leica Microsystems, Buffalo Grove, IL), with
�40 objective. The pinhole was set to 1 Airy unit and stacks were ac-
quired using either 1.5-mm-sized or system optimized steps. Stacks
were merged. To quantify the collagen VI matrix, images were im-
ported into Volocity 3D Image Analysis Software, version 6.1
(PerkinElmer, Waltham, MA). The Find Objects tool was used to fil-
ter objects of long axis (by using the longest axis threshold of 25 mm).
The collagen VI matrix was quantified as the sum of the volume
(mm3) and normalized by the number of nuclei in each image. The
built-in Coloc2 plugin of FIJI software was used to evaluate the coloc-
alization of collagen VI and fibronectin proteins using the Pearson’s
correlation coefficient (PCC).

Statistics

Graphics and statistical analyses were performed with GraphPad
Prism version 9.4.1 (GraphPad Software, San Diego, CA). Data are
presented as mean and standard error of the mean (SEM). Performed
statistical analysis for each graph is indicated in the corresponding
figure legend. p < 0.05 was considered as statistically significant.
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