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Allele-specific Collal silencing reduces mutant
collagen in fibroblasts from Brtl mouse, a model for
classical osteogenesis imperfecta
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Gene silencing approaches have the potential to become a powerful curative tool for a variety of monogenic diseases caused by
gain-of-function mutations. Classical osteogenesis imperfecta (Ol), a dominantly inherited bone dysplasia, is characterized in its
more severe forms by synthesis of structurally abnormal type | collagen, which exerts a negative effect on extracellular matrix.
Specific suppression of the mutant (Mut) allele would convert severe Ol forms to the mild type caused by a quantitative defect
in normal collagen. Here, we describe the in vitro and ex vivo investigation of a small interfering RNA (siRNA) approach to
allele-specific gene silencing using Mut Col/lal from the Brtl mouse, a well-characterized model for classical human Ol.

A human embryonic kidney cell line, which expresses the firefly luciferase gene, combined with either wild-type or Mut Brtl
Collal exon 23 sequences, was used for the first screening. The siRNAs selected based on their specificity and the
corresponding short hairpin RNAs (shRNAs) subcloned in a lentiviral vector were evaluated ex vivo in Brtl fibroblasts for their
effect on collagen transcripts and protein. A preferential reduction of the Mut allele of up to 52% was associated with about
40% decrease of the Mut protein, with no alteration of cell proliferation. Interestingly, a downregulation of HSP47, a specific
collagen chaperone known to be upregulated in some Ol cases, was detected. Our data support further testing of shRNAs and
their delivery by lentivirus as a strategy to specifically suppress the Mut allele in mesenchymal stem cells of Ol patients for

autologous transplantation.
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INTRODUCTION
For an actual cure of genetic diseases, gene therapeutic approaches
that provide normal DNA/RNA or correct the DNA mutation
represent the treatment of choice. For recessive diseases, even partial
replacement of normal transcripts eliminated by null mutations could
restore physiological function and relieve the disease phenotype.
Dominant disorders, however, are far more complicated because the
product of the mutant (Mut) allele negatively affects normal protein
function; thus, simply adding extra copies of the normal allele into
cells is not efficient. In principle, these diseases require complete
allele-specific suppression of the abnormal allele, without affecting
expression of its normal counterpart. This is further complicated by
the fact that the causative mutation for most single gene diseases
varies in sequence and location within the causative gene.
Allele-specific gene silencing by RNA interference (RNAi) is a
cutting-edge tool suited to address these problems.! Small interfering
RNA (siRNAs) are double-stranded RNA molecules first identified as a
sequence-specific mRNA-interfering species in C. elegans® and plants,’
and then recognized as a powerful genetic knock-down system in
mammalian cells. However, only a few studies have reported successful
discrimination between single-nucleotide variants within mRNAs by

siRNAs in monogenic dominant disorders, including osteogenesis
imperfecta (OI).*® Among these investigations, two demonstrated
allele preferential suppression by siRNA in cells expressing both wild
type (WT) and Mut alleles.®%® No algorithm guarantees siRNAs
efficiency, requiring the screening of multiple candidates. A set of
siRNA molecules can be rapidly evaluated against a specific aberrant
transcript in vitro, and then the promising structures are validated in
cell culture assays. Following siRNA sequence selection, a genomic
cassette is cloned into appropriate vectors to produce short hairpin
RNAs (shRNA), to be processed into siRNA by the cellular
machinery.>!" Lentivirus-derived vectors enable the high level of
stable ShRNA essential for gene silencing as a therapeutic strategy for
human genetic diseases.

Classical Ol is a bone dysplasia caused by mutations in the COLIA1
and COLIA2 genes, coding respectively for the ol and o2 chains of
type I collagen, the major protein of bone extracellular matrix
(ECM).!'! Over 85% of molecular defects causing classical OI are
single-nucleotide changes causing substitution of one of the glycine
residue that occur every third residue in the helical Gly-X-Y collagen
sequence and are necessary for proper collagen folding.'?
No curative treatment is available for OI; physiotherapy for
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rehabilitation and surgery for bone fixation are the standards of care.!?

The administration of bisphosphonates is widely used to increase bone
mass by reducing bone turnover, although treatment duration and
side effects are still under evaluation.!* More recently, novel
pharmacological approaches, such as treatment with anti-RANKL or
sclerostin antibodies have come under evaluation, either in preclinical
or clinical studies.!>!

Structural collagen defects are generally associated with moderate-
to-severe, even lethal, clinical outcomes (OI type IV, 111, I, respectively,
based on the Sillence classification'”) whereas quantitative defects,
because of the presence of a null COLIAT allele, are responsible for the
mildest form of the disease (OI type I). Thus, for clinically significant
OI caused by structural defects in collagen, suppression of the
Mut allele could in principle convert severe types III and IV to the
minimally symptomatic OI type I, a situation particularly favorable
to therapeutic strategies based on gene silencing. The promising
preliminary data on stem cell transplantation in both murine
models'®2® and human OI??? contributes to an appealing
possibility for correcting the patient’s own stem cells in vitro, and
transplanting them back to the patient, after checking chromosomal
rearrangements?> or off-target effects®* in vitro.

In this report, we have utilized the Brtl OI mouse (Col1g1tmi-1Jem,
MGI: 2158863), a well-characterized murine model for the moder-
ately severe dominant form of human OI, which carries a typical
glycine substitution in half of its a1(I) collagen chains, to evaluate
allele-specific silencing as well as Mut collagen protein suppression.
We present in vitro screening of various siRNA against the Brtl Mut
Collal allele, as well as ex vivo testing of siRNA and shRNA efficiency

and specificity at both transcript and protein levels in cultured
fibroblasts.

MATERIALS AND METHODS

Cell cultures

Primary dermal fibroblasts were isolated from newborn Brtl mouse skin, as
previously described, and used at low passages (from P3 to P7).2°> The HEK 293
FT cells derive from a human kidney cell line modified for optimal production
of lentiviral particles (Invitrogen, Cergy-Pontoise, France). Cells were cultured at
37 °C with 5% CO; in Dulbecco’s modified Eagle’s medium (DMEM, Lonza,
Cologne, Germany) containing 2 mm glutamine and supplemented with 10%
fetal bovine serum (FBS, Hyclone Perbio, Bezons, France).

RNAi molecules

Small interfering RNA. ~ All siRNAs were purchased with 3’ overhanging dTdT
from Eurogentec (Angers, France). SIRNAs named a- to f-Mut were designed
to target the Mut Collal exon 23 of the Brtl mouse (Figures 1a and b). SIRNA
target sequences differed by at least four nucleotides from any known murine
gene as shown by BLAST database searches. Three siRNA controls were used:
(1) a negative control, named LacZ-siRNA targeting the bacterial galactosidase
gene (sense strand 5'-GUGACCAGCGAAUACCUGU-3'), but showing no
significant homology to any mouse mRNA sequence according to BLAST
database searches, (2) a positive control, named LucF-siRNA (sense strand
5'-CUUACGCUGAGUACUUCGA-3'), designed against the firefly luciferase
and (3) a second positive control, indicated as e-WT siRNA, which targeted
WT murine Collal exon 23 (Figure 1b).

Short hairpin RNAs. For LacZ- and Mut-shRNAs synthesis, sequences of
corresponding siRNAs were used to design 2 oligonucleotides (Eurogentec)
with an overlapping sequence as described by Chang et al.?®

a Exon 23 Col1a1

WT GGTTCTCCTGGTGAAGCTGGTCGC CCCGETGAAGCTGGTCTCCCTGGTGCCARGG

Gly Arg

Leu

Mut GGTTCTCCTGGTGAAGCTTGTCGT CCCGGTGAAGCTGGTATGCCTGGTGCCARGE

Cys Arg Met
b TCTCCTGGTGAAGCTTGTC a-Mut
CTCCTGGTGAAGCTTGTCG b-Mut
TCCTGGTGAAGCTTGTCGT c-Mut
CCTGGTGAAGCTTGTCGTC d-Mut
CTGGTGAAGCTTGTCGTCC e-Mut
TGGTGAAGCTTGTCGTCCC f-Mut
CTGGTGAAGCTGGTCGCCC e-WT
C
Recombinant Mut-LucF transcript Recombinant\WT-LucF transcript
exon 23 exon 23
AUG | cF STOP Myt Coltat AllJG LucF ST|°P WT Col1at
| | AAAA | | AAAA
No Mut Tor2
mismalch siRNAs mismatches

Figure 1 Strategy for siRNA validation against the Mut Brtl Col/lal transcript. (a) Alignment of the sequences of the WT and Mut murine Collal
(NM_007742.3) exon 23. Nucleotide variations between WT and Mut sequences are shown in larger characters and the one causing the glycine 349
substitution to cysteine is in bold (b). Sense strands of 19 nucleotides are indicated for the six customer-designed Mut siRNAs to target the sequence
around the causative mutation and the WT siRNA. (c) Representation of the recombinant transcripts coding the firefly luciferase and containing either WT or
Mut Collal exon 23 sequences (black boxes) in its 3" untranslated region, named recombinant WT-LucF or Mut-LucF transcript, respectively. The number

of mismatches between the Mut siRNAs and Col/lal sequences is indicated.
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Generation of Collal WT- or Mut-LucF-HEK cells for siRNA
screening

Oligonucleotide duplexes (sequences in Figure la, Sigma, Saint-Quentin
Fallavier, France) corresponding to 54 base pairs of the WT or the Mut Brtl
Collal exon 23 sequence were cloned at the Mlul site in the 3 untranslated
region of the firefly luciferase gene (LucF) in the pLNT-LucF plasmid.?” Using
the ViraPower Lentiviral Expression System (Invitrogen, Saint Aubin, France),
the resulting plasmids were used for lentiviral particles production. To measure
lentiviral titration and transduction efficiency, EGFP encoding particles were
coproduced utilizing pFG12.28 In all, 2-10 EGFP-viral units per cell were added
to 2 x 10> HEK 293 FT cells. Transduction efficiency was assessed by EGFP
expression analysis by flow cytometry (FC500, Beckman Coulter, Villepinte,
France) and luciferase activity measurement, as previously described.?”

siRNA transient transfection

For siRNA transfection, 10* HEK-LucF-Collal cells were seeded in 96-well
plates. After 24 h, 33 nm of siRNA mixed with 0.75 pl of lipofectamine 2000
reagent (Invitrogen) was added to the cells in triplicate assays. Concerning the
primary Brtl fibroblasts, 10* cells were seeded in 24-well plates and transfected
24 h later in triplicate using 1 or 10 nm siRNA mixed with 2 pl of interferin
(PolyPLus transfection, Saint Quentin Yvelines, France). Luciferase activity
or Collal relative expression were measured 48 h after transfection.

Generation of fibroblasts stably expressing shRNAs
Oligonucleotides corresponding to LacZ- and Mut-shRNAs were annealed and
cloned into the pSUPER vector, 3’ to the H1 promoter sequence.?® The H1
promoter and the DNA cassette-coding shRNAs were then subcloned in
pEG12, following a protocol previously described.?® The resulting constructs
were used to produce lentiviral particles. In all, 2-20 EGFP-viral units per cell
were added to 3 x 10* Brtl primary fibroblasts. After 7 days in culture, 10°
fibroblasts were analyzed by flow cytometry for EGFP expression, and an
enriched EGFP T cell population was generated by cell sorting with 96-98% of
purity (FacsAria flow cytometer using Diva software, BD Biosciences, Le Pont
de Claix, France).

Proliferation assay

Untransduced, LacZ-shRNA and F-Mut-shRNA-transduced Brtl primary
fibroblasts plated at 1 x 10* cells per well in 96-well plates were used for the
proliferation assay. Proliferation was measured by pulse labeling in the last 4h
of culture with the CellTiter 96 AQueous One Solution Assay (Promega,
Milan, Italy), according to the manufacturer’s protocol.

RNA isolation and real-time allele-specific PCR

Total RNA was extracted from modified Brtl fibroblasts (after siRNA transient
transfection or shRNA transduction) and unmodified fibroblasts using the
Nucleospin kit (Macherey-Nagel, Hoerdt, France). First-strand complementary
DNA was synthesized from 100 ng of total RNA in a final volume of 40 ul by
the cDNA Archive kit (Applied Biosystem, Monza, Italy). The expression of the
Collal gene was evaluated by real-time PCR (qPCR) using the Assay-
on-Demand primers—probe set Mm00801666-gl (Applied Biosystems) in
25l final volume, using Mx3000P instrumentation (Stratagene, Cornaredo,
Milan, Italy). The expression level of the target gene was normalized to the
housekeeping gene Gapdh (Mm99999915_gl, Applied Biosystems) and the
relative expression was calculated using the AACt method. The evaluation of
the specific expression of each Collal allele was then performed by means of
allele-specific real-time PCR as described in Forlino et al.*

Collagen analysis

F-Mut shRNA transduced and parental Brtl fibroblasts were plated (2.5 x
10%/3 cm Petri dishes) and allowed to adhere for 24 h. Collagen synthesis was
stimulated by incubating the cells for 24h before protein recovery with
100 pg/ml sodium ascorbate in DMEM containing 1% FBS. Type I collagen
was extracted and purified from media and cell layer as described previously.!
The purified collagen was dissolved in 0.5 M sodium carbonate, pH 8.3, labeled
using DyLight550 NHS ester (Thermo Scientific, Euroclone, Milan, Italy) for
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20min at room temperature and separated by 6% SDS-PAGE. The gels were
scanned for DyLight fluorescence using Versa Doc 3000 (Bio-Rad, Milan, Italy)
and analyzed by Quanty One software (Bio-Rad).

Western blotting

Total proteins were extracted from untransduced, LacZ-shRNA and F-Mut-
shRNA-transduced Brtl primary fibroblasts plated in T25 flasks at 5 x 10° cell
density and collected at confluency using RIPA buffer (Sigma Aldrich, Milan,
Italy) with protease inhibitors (130 mm benzamidine, 2 mm NEM, 5 mm EDTA,
I mm PMSF). In all, 60 ug of total proteins were separated by SDS-PAGE in
denaturing conditions using 10% gels and electro-transferred to a PVDF
membrane (Amersham, GE Healthcare, Chalfont St Giles, UK) for 2 h at 100 V.
Incubation with primary antibodies against HSP47 and a-tubulin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) and signal detection were performed as
previously described.>?

Statistical analysis

Statistical comparisons were performed by ¢-test analysis. A P-value <0.05 was
considered statistically significant (two-sided). The analyses were performed
using SigmaPlot Statistics 11.0 (SxST, Milan, Italy).

RESULTS

In vitro efficiency and specificity screening of siRNA sequences
targeting the Mut Collal exon 23

Either WT or Mut Brtl Collal exon 23 sequences were cloned into
the 3’ untranslated region of the firefly luciferase gene (LucF) in
pLNT-LucF (Figures la and c).?” Using these plasmids, lentiviral
particles were produced to stably transduce HEK 293 cells. We
selected two modified HEK 293 cell lines that express similar levels
of the recombinant LucF transcript associated with either WT or Mut
exon 23 (data not shown). These cell lines were named WT-LucF-
HEK and Mut-LucF-HEK, respectively. Six customer-specified siRNAs
(a- to f-Mut siRNAs) were designed to target 19 nucleotides of the
Mut Collal exon 23 with perfect sequence complementarity, but
varied positioning encompassing the causative mutation. Two siRNAs
(a-Mut and b-Mut) contain only one mismatch with the WT
sequence, corresponding to the causative mutation (c.1546G>T).
However, four others (c- to f-Mut) have two mismatches, as they
include a second single base change originally introduced in the Brtl
construct to create a GUC ribozyme cleavage site (c.1551C>T;
Figures 1b and ¢).?>3* These siRNAs were transfected into both
WT-LucF-HEK and Mut-LucF-HEK cell lines. Silencing of the LucF
transcripts was assessed by luciferase activity, as compared with a
negative LacZ-siRNA control with no complementary target in
mammalian cells, and to a positive LucF-siRNA control, which
targeted the LucF open reading frame sequence (Figure 2a). Under
transfection conditions, which yielded a 50% inhibition of the
luciferase activity from LucF-siRNA, the six Mut siRNAs yielded a
similar inhibition (40-53%) of the recombinant LucF transcript
containing the Mut Collal exon 23. From a corresponding set of
transfections into WT-LucF-HEK cells, e-Mut and f-Mut siRNAs did
not produce significant suppression of luciferase activity, indicating
that the activation of the RNAi pathway by these molecules was
highly specific for the Mut sequence. In contrast, a-, b-, c- and d-Mut
siRNAs induced a stronger inhibition of the recombinant WT-LucF
transcript (20-41%) than of LacZ-siRNA (8%). These RNAi
molecules would generate poor specificity for the Mut sequence.

The e- and f-Mut siRNAs increased the WT/Mut Collal expression
ratio in Brtl fibroblasts

The siRNA screening in the HEK 293 cell models did not challenge
e-Mut and f-Mut siRNA to discriminate their target sequences within
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Figure 2 /n vitro screening of designed siRNA sequences against the Mut Collal exon 23. (a) Inhibition of luciferase activity in HEK 293 cells, which were
modified to express either recombinant WT-LucF or Mut-LucF transcript (named WT-LucF-HEK or Mut-LucF-HEK, respectively). The results were obtained
24 h after transfection of LacZ-siRNA, LucF-siRNA or siRNAs designed against the Mut Collal exon 23 (Mut siRNAs a to f). They are expressed as
percentage inhibition and compared with baseline luciferase activity of untransfected LucF-HEK cells. Mut siRNA e and f showed the strongest and specific
Luciferase inhibition against the Mut allele. Results are expressed as mean*SD of three independent experiments (*P<0.05 as compared with LacZ-
siRNA-transfected cells). (b) The relative expression of the total Co/lal transcript and (c) WT and Mut Collal transcripts were assessed in Brtl fibroblasts
transfected with 10nm LacZ-siRNA, e-WT siRNA or siRNA e-Mut, f-Mut against the Mut Co/lal and in untransfected cells by real-time PCR. Ratio of
WT/Mut Collal transcripts is also shown. Although Mut siRNA e and f significantly inhibited both WT and Mut allele, the WT/Brtl allele ratio was only
significantly increased in cells transfected with e-Mut and f-Mut siRNA and not in untransfected cells. The results are expressed as mean+SD of a

triplicate experiments (*P<0.05; #P< 104, referred to untransfected cells).

the full Collal transcript and within a context of competition
between WT and Mut transcripts. Accordingly, it was now necessary
that the selective siRNA molecules be tested for efficiency and
specificity in the more physiological environment of fibroblasts from
the knock-in Brtl mice. When Brtl fibroblasts were transfected with
10nm e- or f-Mut siRNA or e-WT siRNA, the overall Collal
expression in total RNA was reduced by 43%, 57% and 58%,
respectively, compared with untransfected cells (Figure 2b). In
comparison, transfection with LacZ-siRNA yielded 17% nonspecific
suppression of total Collal (Figure 2b). The specificity of these
siRNAs was then evaluated by allele-specific gPCR. The e- and f-Mut
siRNAs produced 57% and 65% reduction of the Mut Collal
transcript versus 24% and 28% reduction of WT transcripts,
respectively, when compared with untransfected cells (Figure 2c).
This relative specificity significantly increased the WT/Mut ratio to
1.8 and 2.1 for e-Mut and f-Mut siRNA, respectively, in comparison
with the 1.2 transcript ratio obtained after LacZ-siRNA transfection
and the 1.0 transcript ratio of untransfected Brtl fibroblasts. Similar
results were also observed using only 1nm siRNAs. Total Collal
expression was inhibited by 66% and 46%, respectively, following
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e-Mut and f-Mut siRNA transfection, with relative Mut allele-specific
reduction increasing the normal/Mut Collal ratio to 2.4-fold for the
e-Mut and 1.4-fold for the f-Mut siRNA (LacZ-siRNA: 0.8, data not
shown).

The E- and F-Mut shRNAs reduced Collal expression, but only
F-Mut increased WT/Mut Collal expression ratio in Brtl
fibroblasts

For therapeutic purposes, a substantial inhibition of the Mut
transcript, combined with a moderate inhibition of normal allele
expression, might be sufficient to correct the ECM of OI patients.>*
To this end, we designed cDNA cassettes for E-Mut and F-Mut
shRNA synthesis corresponding to e-Mut and f-Mut siRNAs
sequences. Lentiviral particles were produced using the pFG12
plasmids containing EGFP and either LacZ-, E-Mut or F-Mut
shRNA sequences, and used to stably modify Brtl fibroblasts. The
lentivirus transductions of E-Mut or F-Mut shRNA produced efficient
modification of cells as shown by flow cytometry analysis (Figure 3a).
No changes in cell morphology or density were observed by bright
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Figure 3 Stable downregulation of Mut Collal transcript in Brtl fibroblasts following transduction with LacZ-, E-Mut or F-Mut shRNA-expressing lentivirus.
(a) Flow cytometry analysis of EGFP demonstrated a similar transduction efficiency for all shRNAs used. Percentages of EGFP positive cells are indicated.
(b) Cell viability evaluation by MTT assay. Untransduced (diamond) and shLacZ (square) or F-Mut shRNA (triangle) transduced Brtl fibroblasts were tested at
different time points. Each point was measured in triplicate and each assay was repeated in three independent experiments. No difference in proliferation
was detected among the untransduced and transduced cells. (c) The relative expression of the total Collal transcript and (d) WT and Mut Collal
transcripts were assessed in untransduced and transduced Brtl fibroblasts. Ratio of WT/Mut Collal transcripts is shown. Although shRNA E-Mut and F-Mut
significantly inhibited both WT and Mut allele, the WT/Brtl allele ratio was significantly increased only in cells transduced with F-Mut shRNA. The results
are shown as mean = SD of a triplicate experiment (*P<0.05, referred to untransduced cells).

field microscopy after transduction. Furthermore, shRNAs did not
affect the proliferation of transduced cells (Figure 3b).

The suppression of total Collal transcripts because of stable
expression of the shRNAs was investigated. Both E-Mut and F-Mut
shRNAs showed comparable decrease of Collal expression compared
with untransduced cells (46% and 44% decrease, respectively), which
is approximately double the 20% reduction in Collal expression
obtained when LacZ-shRNA was used (Figure 3c). Interestingly, and
in contrast to the in vitro screening results, only F-Mut shRNA was
found to have allele-specific suppression by qPCR, with 52%
suppression of the Mut allele and only 14% silencing of the normal
Collal transcript. In stably transduced fibroblasts, E-Mut shRNA
induced a 51% and 45% inhibition of normal and Mut alleles,
respectively (Figure 3d). As a consequence, the normal/Mut Collal
transcript ratio is similar for E-Mut or LacZ-shRNA expression, as
well as unmodified fibroblasts, whereas Brtl fibroblasts expressing

F-Mut shRNAs showed a significant increase of the normal/Mut
Collal transcript ratio to 2.5.

The F-Mut shRNA improved the COL1 protein synthesis in Brtl
fibroblasts

Collagen protein from Brtl fibroblasts transduced with LacZ-shRNA
or F-Mut shRNA cassettes was compared with collagen from
untransduced cells (Figure 4a). Collagen from media and cell layer
was fluorescently labeled and electrophoresed under non-reducing
conditions by SDS-PAGE. Measurement of the percentage of a1(I),
Mut dimers was used to evaluate the proportion of Mut collagen. We
found that Mut dimers were reduced from 27.1+1.4% of total
secreted ol1(I) in untransduced or 25.8+2.5% in LacZ-shRNA-
transduced cells, to 18.4+1.6% of total al(I) in cells with F-Mut
shRNA, nearly attaining the expected 15% of total based on F-mut
transcript levels (Figure 4b). The cell layer dimer band was
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Figure 4 Evaluation at protein level of collagen chains and HSP47

expression in F-Mut shRNA-expressing Brtl fibroblasts. (a) Representative
SDS-PAGE of type | collagen from medium and cell lysates obtained from
untransduced and LacZ and F-Mut shRNA-transduced Brtl fibroblasts.
(b) Densitometric analysis of the Mut «l(l)-a1(l) dimer percentage as
represented in panel a. The Mut collagen was significantly reduced only in
Brtl fibroblasts transduced with F-Mut shRNA both in medium and cell layer
fractions. The reported values are expressed as mean*SD of three
independent experiments. (c) Representative western blot of HSP47
performed on cell lysates obtained from untransduced and LacZ and F-Mut
shRNA-transduced Brtl fibroblasts. o tubulin is used as loading control.
(d) Densitometry of HSP47 with respect to o« tubulin as detected by western
blot. HSP47 expression was reduced significantly only in Brtl fibroblasts
transduced with F-Mut shRNA. The reported values are expressed as
mean £ SD of three independent experiments. *P<0.05 referred to F-Mut
shRNA-transduced cells versus untransduced fibroblasts and LacZ shRNA-
transduced cells.

significantly reduced (Figure 4b). We also evaluated the ratio of
al(I)/a2(I) bands, which was indeed increased in F-Mut shRNA-
transduced cells approaching the expected value of 2 (Supplementary
Figure 1). These data demonstrated that the reduction in transcript
was reflected at the protein level.

We also investigated the expression level of HSP47, a specific
procollagen molecular chaperone, whose expression was shown
to be increased in Brtl cells.’? Interestingly, HSP47 evaluated by
western blot demonstrated significant reduction (about 25%)
in F-Mut-transduced Brtl cells compared with untransduced or
LacZ-transduced Brtl fibroblasts (Figures 4c and d).

DISCUSSION
The highly repetitious primary sequence of type I collagen, along
with over a thousand distinct single base substitutions identified in
OI patients, presents a significant challenge to an allele-specific
targeting approach to treat this disease.!”> Nevertheless, previous
silencing attempts involving single-nucleotide polymorphisms have
been reported against both the 3’ untranslated region of COLIAI and
the N-telopeptide coding COLIA2 sequences with encouraging
preferential, if not absolute, allele specificity.>

Although antisense oligos achieved a decrease of the Mut o2(I)
chain both at transcript and protein levels, this strategy failed to
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demonstrate specificity because of unacceptable decreases of normal
mRNA.» Specificity was improved using hammerhead ribozymes
directed against helical region of both a1(I) and a2(I) chains, in cell-
free assays as well as in patient fibroblasts.’® In this study, we have
targeted the Mut exonic sequence and the Mut primary fibroblasts
from the OI Brtl murine model with si/shRNAs.

The efficiency and specificity of siRNAs are strongly dependent
on the position of the mutation along the silencing sequence.’’”
In general, mismatches in the region 3’ to the seed sequence of the
siRNA promoted robust single-nucleotide discrimination.®® Never-
theless Ohnishi et al.*® showed that optimal positioning of a single-
nucleotide variation depends on the target sequence itself. In this
study, we tested a series of six 19 nt siRNAs, named a to f, covering
various positions surrounding the causative sequence, as well as an
additional silent mutation present in the Mut Brtl allele. All siRNAs
designed against the Mut sequence reduced the luciferase expression
by targeting the exon 23 reporter alleles, but only two of them,
siRNAs e and f showed both high efficiency and high specificity
against the Mut construct. SiRNAs a and b, which contained only the
G>T causative mutation located in the seed region were potent but
poorly specific. Similarly, siRNA ¢, which contained the causative
mutation in the seed region and the silent base change at its 5 end,
was not specific. From previous studies, a 5-end mismatch
within the antisense strand could have increased the potency of
siRNA;*%41 however, we observed that siRNA ¢, which presented
such mismatches, was not more efficient than other tested siRNAs.
We then compared the efficiency and specificity of siRNA d and e, in
which both nucleotide changes were in the seed region, with siRNA f,
in which the silent nucleotide change was in the seed region and the
causative mutation was 3’ of this sequence. Interestingly, siRNAs ¢ and
d had two mismatches but poor specificity, supporting the idea that
the position of a second mismatch is more important for allele
specificity than its simple occurrence. We are aware that the presence of
two closely positioned mutations is an unusual situation in OI, but
these results further support the idea that introduction of a second
mismatch in a siRNA molecule could increase its specificity without
affecting efficiency, as already demonstrated in OI using mismatches in
the hammerhead ribozymes binding arm as well as in other diseases.*

The two most promising siRNAs determined by the in vitro
luciferase assay, namely e and f, were also efficient against the full-
length collagen gene in Brtl primary fibroblasts. Both silencing
molecules were able to specifically downregulate over 50% of the
Mut allele, although they caused a 24-28% inhibition of the WT allele.
Overall, this yielded an approximately twofold increase in the WT
versus Mut allele ratio.

To evaluate the practical long-term suitability of a silencing
molecule as a potential OI therapy, the next required step was to
stably express siRNAs in cells. Injections of siRNAs would not be a
suitable therapy because their effect is short-lived (2-7 days after
injection) and bone tissue delivery is itself a challenge. To achieve
stable expression in cells, we used a lentivirus vector system to
integrate the siRNA sequence as an shRNA-expressing cassette into the
murine genome. Only one of the selected RNAi molecules functioned
properly in stably transduced cells, specifically suppressing 52% of the
Mut allele with only 14% reduction of WT allele expression. The
glycine to cysteine causative substitution (p.Gly420Cys) allowed us to
accurately determine for the first time suppression of the Mut protein,
using quantitation of the Mut dimeric ol-ol collagen. A significant
reduction of Mut collagen was detected. Our results resemble the data
reported by Dawson et al. using a ribozyme-based antisense approach
against a Mut Colla2 allele in patient fibroblasts.>*> We speculate



that a reduction of Mut protein in Brtl cells could produce a decrease
of Mut molecules in the collagen fibrils. Of note, we recently
demonstrated that a 2% increase of normal collagen in Brtl bone ECM
following in utero transplantation ameliorated the Brtl bone tissue
outcome.>

Many inherited skeletal dysplasias are associated with mutations in
ECM components and their molecular basis has conventionally been
attributed to the presence of an abnormal ECM and impairment of its
structural integrity. It is now clear that many mutant proteins are
retained intracellularly and accumulate in the ER, causing ER stress
and triggering endoplasmic reticulum stress signaling, that, in turn,
contributes to the skeletal outcomes.*> We recently described ER stress
in Brtl fibroblast and calvarial bone, as well as in MSCs differentiating
toward the osteoblastic lineage.>*-3? In the latter case, we showed an
increase in HSP47, a specific molecular chaperone known to bind
folded type I procollagen molecules in the ER, similar to previous
reports in some OI cases.*> Thus, we evaluated the expression of
HSP47 following silencing and found a significant reduction in F-Mut
shRNA-transduced Brtl cells, compared with control fibroblasts, as
might be expected based on about 40% total collagen suppression.
This result allows us to speculate that the suppression of the Mut
collagen may also ameliorate the ER stress caused by aberrant collagen
retention.

Using the endogenous processing machinery, our optimized
F-shRNA construct allowed for high potency and sustainable effects.
Over 85% of OI patients carry a point mutation either in COL1A1 or
COL1A2 and could in principle be treated by this silencing approach.
Our data represent a proof of principle, but the issue of si/shRNA
delivery in humans remains to be addressed. The choice of lentivirus
as delivery system for patient therapy is still a subject of debate.
Encouraging results were obtained in a clinical trial using lentiviral
vectors, with integration in specific genomic regions not associated
with oncogenic selection.*4*> The availability of Brtl mice will allow
us to test such an approach for siRNA delivery by transducing Brtl
mesenchymal stem cells with the lentiviral vector expressing the
effective F-shRNA and transplanting them back to Brtl, as previously
described.?? Other novel tools may allow us to more safely manipulate
mammalian cells than the use of lentivirus vectors. The identification
in both human and mouse cells of specific and ‘safe’ loci for
exogenous DNA integration, the AAVSI and Rosa26, respectively, is
particularly appealing.*®

We demonstrated for the first time that an RNAi approach can be
systematically designed and successfully applied in vitro to develop
efficient and allele-specific suppression of even a highly repetitive
gene, such as type I collagen, thus opening the potential use of such a
gene therapy approach for OI treatment.
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