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Aminoglycosides Restore Full-length Type VII
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Codons: Therapeutic Implications for Dystrophic
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Patients with recessive dystrophic epidermolysis bullosa
(RDEB) have severe, incurable skin fragility, blistering,
and multiple skin wounds due to mutations in the gene
encoding type VIl collagen (C7), the major component
of anchoring fibrils mediating epidermal-dermal adher-
ence. Nearly 10-25% of RDEB patients carry nonsense
mutations leading to premature stop codons (PTCs) that
result in truncated C7. In this study, we evaluated the
feasibility of using aminoglycosides to suppress PTCs
and induce C7 expression in two RDEB keratinocyte cell
lines (Q251X/Q251X and R578X/R906) and two primary
RDEB fibroblasts (R578X/R578X and R163X/R1683X).
Incubation of these cells with aminoglycosides (geneticin,
gentamicin, and paromomycin) resulted in the synthesis
and secretion of a full-length C7 in a dose-dependent
and sustained manner. Importantly, aminoglycoside-
induced C7 reversed the abnormal RDEB cell phenotype
and incorporated into the dermal-epidermal junction of
skin equivalents. We further demonstrated the general
utility of aminoglycoside-mediated readthrough in 293
cells transiently transfected with expression vectors
encoding 22 different RDEB nonsense mutations. This
is the first study demonstrating that aminoglycosides
can induce PTC readthrough and restore functional
C7 in RDEB caused by nonsense mutations. Therefore,
aminoglycosides may have therapeutic potential for
RDEB patients and other inherited skin diseases caused
by nonsense mutations.
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INTRODUCTION

Dystrophic epidermolysis bullosa (DEB) is an inherited skin
disease. Affected individuals demonstrate severe skin fragility
at birth, with subsequent blisters, erosions, and scarring from
insignificant trauma.' The disease is caused by mutations in the
COL7AI gene that encodes type VII collagen (C7), the major

component of anchoring fibrils (AFs).>® AFs are structures in
the dermal-epidermal junction (DEJ) of human skin that are
responsible for dermal-epidermal adherence. In the absence of
sufficient numbers of functional AFs, minor trauma to the skin
results in dermal-epidermal disadherence and blistering of the
skin. Repetitive cycles of blistering, erosions, milia formation,
fibrosis, and scarring may ultimately lead to aggressive squamous
cell carcinomas, the main cause of fatality in RDEB patients.
Unfortunately, RDEB is currently incurable.

Over 700 distinct mutations have been identified in DEB
patients.”® These mutations include missense, frameshift, inser-
tion, deletion, and nonsense changes. The devastating Hallopeau-
Siemens recessive subtype is caused by premature termination
codon (PTC) mutations on both COL7A1 alleles, while the less
severe non-Hallopeau-Siemens recessive DEB (RDEB-nonHS)
genotype is due to one PTC mutation on one allele and one mis-
sense mutation on the other allele.>*” PTCs may be caused by
nonsense, frameshift, or splice site mutations that result in the
formation of an unstable mRNA transcript that subsequently
undergoes nonsense-mediated mRNA decay, or the formation of
truncated polypeptides that cannot assemble into functional AFs.

More than 1,800 human-inherited diseases are due to non-
sense mutations leading to shortened proteins. According to the
Human Gene Mutation Database, 12% of all mutations reported
are nonsense mutations that result in primary PTCs.” Recent in
vitro and in vivo studies have revealed that aminoglycoside anti-
biotics can suppress primary PTCs and produce full length func-
tional protein in several genetic disorders such as cystic fibrosis
(CF), Duchenne’s muscular dystrophy (DMD), hemophilia,
B-thalassemia, spinal muscular atrophy, Hurler syndrome, and
retinitis pigmentosa.’'*

It is estimated that between 10 and 25% of disease-causing
COL7A1 mutations represent nonsense mutations that create a
PTC in the reading frame and result in a truncated, nonfunc-
tional protein.”® Therefore, a therapeutic approach to overcome
primary PTC mutations could be of considerable benefit to these
patients. In this study, we tested the hypothesis that aminogly-
coside antibiotics might be potentially useful in the treatment
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of RDEB caused by nonsense mutations. Using two RDEB kera-
tinocyte cell lines harboring nonsense mutations and primary
fibroblast cultures from two RDEB patients with nonsense
mutations, we showed that aminoglycosides (G418, gentami-
cin, and paramomycin) were able to induce PTC readthrough
and restore a functional full-length C7 by increasing the stabil-
ity of C7 mRNA. Aminoglycoside restored C7 in RDEB skin
cells reversed the abnormal cell motility associated with RDEB.
Using cultured human skin equivalents composed of RDEB cells,
normal cells, or RDEB cells treated with aminoglycosides, we
found that the C7 produced by aminoglycoside-treated RDEB
cells incorporated into the DE] of the skin equivalents. Lastly,
we used site-directed mutagenesis to generate 22 known RDEB
nonsense mutations and transfected these constructs into human
293 cells. Aminoglycoside treatment of these cells induced PTC
readthrough and induction of full-length C7 of varying degrees
in all 22 nonsense construct transfected cells. We believe that this
is the first study, to our knowledge, demonstrating that amino-
glycosides can induce PTC readthrough and restore functional
C7 in RDEB caused by nonsense mutations. Our results suggest
that aminoglycoside-mediated nonsense-suppression therapy
may provide a novel and noninvasive option for the treatment of
RDEB patients carrying nonsense mutations.

RESULTS

The ability of aminoglycosides to produce full-length
C7 in RDEB cells is dose dependent

In order to test the feasibility of aminoglycosides as a treat-
ment for RDEB caused by nonsense mutations, we first tested
a number of aminoglycosides including G418, gentamicin and
paromomycin on two established RDEB keratinocyte cell lines,
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RDEBI1 and RDEB2. These cells exclusively harbor C7 nonsense
mutations. The RDEBI is heterozygous for R578X and Q906X
mutations whereas RDEB2 is homozygous for Q251X muta-
tions. RDEB keratinocytes were incubated with increasing con-
centrations of aminoglycosides for 48 hours and cell lysates were
prepared and subjected to immunoblot analysis using an anti-
body to the non-collagenous domain 1 (NC1) of C7. As shown
in Figure 1, each drug had an effective concentration range that
induced the production of a full-length, 290kDa C7 o chain in
a dose-dependent manner. As expected, untreated parent cells
entirely lacked C7 expression. Optimal concentrations leading
to the maximum readthrough and full-length C7 production for
G418, gentamicin, and paromomycin were 8, 400, and 1,000 ug/
ml, respectively, in both cell lines. Under these optimal concen-
trations, quantification showed that G418 restored full-length
C7 at the levels of 24.8 and 17.2% of that observed in normal
keratinocytes for RDEB1 and RDEB 2 respectively. For genta-
micin, the readthrough levels were 22.3 and 14.4% for RDEB1
and RDEB2 respectively. For paromomycin, the readthrough
levels were 22.6 and 23.5% for RDEB1 and RDEB2 respectively.
Cellular cytotoxicity was not observed under any of the amino-
glycoside concentrations tested above (Supplementary Figure
S1). In addition, we also tested three additional aminoglyco-
sides, amikacin, neomycin, and tobramycin, and found that
they failed to induce readthrough and restore C7 production in
either cell line (data not shown).

Intracellular and extracellular accumulation of full-
length C7 is sustained after one treatment

We next determined how long the effects of a single administra-
tion could be maintained within the RDEB keratinocytes and
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Figure 1 Aminoglycosides mediate dose-dependent induction of full-length C7 production in recessive dystrophic epidermolysis bullosa
(RDEB) keratinocytes. RDEB keratinocytes, RDEB1 (a) and RDEB2 (b), were treated with increasing concentrations of G418, gentamicin (GENT),
and paromomycin (PARO), as indicated, for 48 hours. Cell lysates were prepared and then subjected to 4-12% SDS-PAGE, followed by immunoblot
analysis with a rabbit polyclonal antibody to the NC1 domain of C7 or anti-B-tubulin (loading control) antibody. Last lane represents 25% level of
C7 produced from immortalized normal human keratinocytes (IKC). Please note that all three agents induced full-length C7 production in a dose-
dependent manner in both cell lines. We have performed three independent experiments and similar results were obtained.
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whether this protein would be properly excreted into the extra-
cellular space. RDEB keratinocytes were incubated with growth
medium containing the optimal concentration of gentamicin
(400 pg/ml) or G418 (8 pg/ml) for 48 hours, and then switched to
drug-free growth medium. Media and cell lysates were collected
on subsequent days following this initial treatment and subjected
to immunoblot analyses using an antibody to NC1. As shown in
Figure 2a, a single dose of either aminoglycoside induced RDEB1
to produce full-length, 290kDa C7 for up to 2 weeks. This sus-
tained production was also observed in the conditioned media
(Figure 2b). The maximum levels of C7 induction were observed

Aminoglycoside-induced Readthrough for Epidermolysis Bullosa

at day 5 within the cells and day 6 in the media. This indicates
that C7 production due to aminoglycoside-induced readthrough
is sustained.

Immunoblot results were further confirmed by immuno-
fluorescence analysis. As shown in Figure 2c, without any treat-
ment, there is virtually no detectable C7 in either RDEB cell
line. Nevertheless, C7-positive cells were detected in G418- or
gentamicin-treated cells with a level of C7 expression at 16-30%
or 15-22%, respectively, of that seen in normal human keratino-
cytes, similar to the results obtained from immunoblot analy-
sis. These results indicate that both G418 and gentamicin were
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Figure 2 Aminoglycosides induce sustained full-length C7 production. (a) RDEB1 keratinocytes were incubated with growth media in the absence
(NEG) or presence of G418 (8 ug/ml) or gentamicin (400 pg/ml) for 48 hours and then changed to drug-free growth media. Cell lysates were pre-
pared at various times after treatment, as indicated, and then subjected to 4-12% SDS-PAGE followed by immunoblot analysis with a rabbit poly-
clonal antibody to the NC1 domain of C7 or an anti-B-tubulin antibody (internal loading control). Cell lysates from day 5 untreated cells were run as
negative control (NEG). Note that both gentamicin and G418 induced sustained C7 production with readily detectable levels observed even 2 weeks
after a single treatment. We have performed three independent experiments and similar results were obtained. (b) RDEB1 keratinocytes were incu-
bated with growth media containing either G418 (8 ug/ml) or gentamicin (400 pg/ml) for 48 hours and then changed to media without drugs. The
conditioned medium was harvested at various time points indicated after drug treatment and concentrated. Conditioned medium from untreated
cells harvest 72 hours was used as negative control (NEG). Equal amounts of each sample were separated on a 4-12% SDS-PAGE and analyzed by
immunoblotting with a rabbit polyclonal antibody against the NC1 domain of C7. Last lane represents 20% level of C7 secreted from immortalized
normal human keratinocytes (IKC) harvested at day 6. We have performed three independent experiments and similar results were obtained. (c)
RDEB1 and RDEB2 keratinocytes were either untreated or treated with G418 (8 ug/ml) or gentamicin (400 pg/ml) for 48 hours and then subjected to
immunofluorescence staining with an affinity purified polyclonal antibody to the NC1 domain of C7. Note that both G418 and gentamicin induced
C7 expression at levels 15-30% of that observed in immortalized normal human keratinocytes (IKC). In contrast, untreated RDEB keratinocytes lacked
C7 staining. We have performed three independent experiments and similar results were obtained.

Molecular Therapy vol. 22 no. 10 oct. 2014 1743



Aminoglycoside-induced Readthrough for Epidermolysis Bullosa

capable of mediating PTC readthrough in both RDEB keratino-
cyte lines.

Aminoglycoside treatment increases the C7 message
level in RDEB keratinocytes

It has been suggested that nonsense mutations give rise to unsta-
ble mRNA transcripts, which subsequently undergo nonsense-
mediated mRNA decay, leading to the production of little or no

Relative to COL7A1 mRNA levels

_ _ _

RDEB 2 IKC

RDEB 1

Figure 3 Aminoglycosides increase COL7AT mRNA levels in recessive
dystrophic epidermolysis bullosa (RDEB) keratinocytes. mRNAs were
isolated from normal immortalized human keratinocytes (IKC) or RDEB1
and RDEB2 keratinocytes either untreated or treated with G418 (8 ug/
ml) or gentamicin (400 pug/ml) for 24 hours and then subjected to real-
time RT-PCR. The relative amounts of C7 mRNA levels compared with
B-actin mRNA levels are shown as means + SD from two independent
experiments. In each experiment, samples were run in triplicate.
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functional protein.”” One mechanism by which aminoglycosides
facilitate PTC read through may be by suppressing nonsense-
mediated mRNA decay. We next determined if aminoglycosides
affect C7 mRNA levels using quantitative real-time polymerase
chain reaction (RT-PCR). As shown in Figure 3, the amounts of
C7 mRNA in the two RDEB keratinocyte lines were decreased
to 40-46% of the levels seen in normal human keratinocytes.
Incubating the RDEB keratinocytes with either 8 ug/ml G418 or
400 pg/ml gentamicin for 24 hours increased C7 mRNA levels to
93-105% of that in normal human keratinocytes. For paromo-
mycin-treated cells, the mRNA levels were increased to 74 and
68% of the normal levels for RDEB1 and RDEB2 respectively.
Interestingly, aminoglycosides did not affect the normal levels of
C7 mRNA on normal human keratinocytes. These results indicate
that aminogycoside-induced PTC readthrough and C7 produc-
tion in RDEB keratinocytes are mediated by increasing mRNA
stability.

Aminoglycosides are able to suppress PTC and induce
full-length C7 production in RDEB fibroblasts

Two principal cell types in skin, epidermal keratinocytes, and der-
mal fibroblasts, produce C7. In order to test whether aminoglyco-
sides can also induce PTC readthrough and restore C7 production
in dermal fibroblasts, we cultured primary dermal fibroblasts
from two RDEB patients, RDEB3 and RDEB4. The RDEB3 patient
is homozygous for the R578X nonsense mutations whereas the
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Figure 4 Aminoglycosides mediate dose-dependent induction of full-length C7 production in recessive dystrophic epidermolysis bullosa
(RDEB) fibroblasts. RDEB fibroblasts, RDEB3 (a) and RDEB4 (b), established from two RDEB patients harboring nonsense mutations were treated
with increasing concentrations of G418, gentamicin, and paromomycin as indicated for 48 hours. Cell lysates were prepared and then subjected to
4-12% SDS-PAGE, followed by immunoblot analysis with a rabbit polyclonal antibody to the NC1 domain of C7 or an anti-B-tubulin (loading control)
antibody. Last lane represents 25% level of C7 produced from normal human fibroblasts (NFB). Note that all three agents induced full-length C7
production in a dose-dependent manner in both patients’ fibroblasts. We have performed three independent experiments and similar results were
obtained.
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RDEB4 patient is heterozygous for R163X and R1683X mutations.
RDEB fibroblasts were incubated with increasing concentrations
of G418, gentamicin, and paromomycin for 48 hours and cell
lysates were prepared and subjected to immunoblot analysis. As
shown in Figure 4, all three aminoglycosides mediated a dose-
dependent PTC readthrough and full-length C7 production in
both RDEB3 and RDEB4 fibroblasts. The optimal doses for G418,
gentamicin, and paromomycin were 100, 800, and 2,000 pg/ml,
respectively. These concentrations are significantly higher than
those used for RDEB keratinocytes. Nevertheless, under all of
these aminoglycoside concentrations, we did not observe any
cytotoxicity in the treated cells (data not shown). Under these
optimal concentrations, quantification showed that G418 restored
the full-length C7 at the levels of 43.6 and 19% of that observed in
normal fibroblasts for RDEB3 and RDEB4 respectively. For genta-
micin, the readthrough levels were 45.6 and 14% for RDEB3 and
RDEB4 respectively. For paromomycin, the readthrough levels
were 15.2 and 12% for RDEB3 and RDEB4 respectively. RDEB3
harboring homozygous R578X mutations exhibited stronger
responses to all three aminoglycosides than RDEB4 with hetero-
zygous R163X and R1683X mutations. These results indicate that
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Figure 5 Aminoglycoside-induced C7 reverses fibroblast hypermotility.
RDEB3 and RDEB4 fibroblasts were either untreated or treated with G418
(40 pg/ml), or gentamicin (400 pug/ml) for 48 hours and then subjected
to a colloidal gold salt migration assay using collagen | as a matrix. (a)
The top panels are representative fields photographed at x40 under dark
field optics. (b) The bottom panels are computer-generated migration
indices (Mls). The migration index is the percentage of the total field
area occupied by migration tracks. Error bars, SE of three different experi-
ments. Note that both RDEB3 and RDEB4 fibroblasts showed hypermo-
tility in comparison with normal human dermal fibroblasts (NFB). In
contrast, aminoglycoside-treated RDEB3 and RDEB4 cells demonstrated
reduced motility to levels similar to normal human fibroblasts.
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aminoglycosides were also capable of inducing readthrough and
restoration of C7 production in RDEB fibroblasts.

Aminoglycosides correct the hypermotility
characteristic of RDEB fibroblasts

The suppression of PTC is mediated by a mispairing between the
stop codon and near-cognate aminoacyl tRNA.'¢ Since the amino
acid inserted at the PTC may differ from the residue encoded in
the wild-type protein and the readthrough protein may have less
function compared to normal if another amino acid has been
inserted at the PTC, we next asked whether the full-length C7 pro-
tein produced after aminoglycoside treatment of RDEB fibroblasts
is functional. We showed previously that RDEB cells demon-
strated hypermotility when compared with normal human fibro-
blasts.” To determine if aminoglycoside-induced C7 can reverse
the hypermotility, characteristic of RDEB cells, we subjected nor-
mal and RDEB fibroblasts, either untreated or treated with G418
or gentamicin, to a well-established fibroblast migration assay.
Figure 5a (top panel) shows representative microscopic fields of
normal human fibroblasts and the two RDEB primary fibroblasts
(RDEB3 and RDEB4), before and after aminoglycoside exposure.
Consistent with previous studies, both RDEB3 and RDEB4 fibro-
blasts exhibited enhanced motility in comparison with normal
human fibroblasts. In contrast, aminoglycoside-treated RDEB
fibroblasts exhibited normalized cellular motility similar to nor-
mal human fibroblasts.

Cellular motility can be quantitated by a migration index
(MI), which is calculated as the percentage of the microscopic
field consumed by motility tracks. As shown in Figure 5b (bot-
tom panel), the MIs were 39.87 and 37.2 for RDEB3 and RDEB4
compared with 21.9 for normal human fibroblasts. G418-treated
RDEB3 and RDEB4 produced MIs of 21.32 and 24.37, similar
to that of normal cells. Similarly, gentamicin-treated fibroblasts
generated MIs of 22.29 and 27.68, respectively for RDEB3 and
RDEB4. Therefore, both G418 and gentamicin effectively pro-
moted PTC readthrough and produced functional C7 that cor-
rected the hypermotility phenotype that is characteristic of
RDEB cells.

Aminoglycoside-induced C7 localizes to the DE] of
RDEB skin equivalents

After restoring C7 in two dimensional cultures of RDEB cells
and demonstrating the correction of the RDEB abnormal cellu-
lar phenotype, we sought to determine if aminoglycoside-induced
C7 could incorporate into the DEJ of in vitro three dimensional,
organotypic skin equivalents (SEs). To test this, we used an in
vitro three-dimensional SE model, where acellular swine dermis
was infused with fibroblasts and then seeded with keratinocytes
as described previously." In this series of experiments, the SEs
were constructed with parental RDEB cells, RDEB cells treated
with aminoglycosides, or normal human keratinocytes and fibro-
blasts. Three weeks after the SEs were established in culture, they
were subjected to immunofluorescence staining using a mono-
clonal antibody specific to human C7 that does not cross react
with porcine C7. As shown in Figure 6, after 3 weeks of culture
at an air interface, immunolabeling of SEs composed of RDEB
cells treated with gentamicin revealed tight linear staining at the
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RDEB2 + RDEB4
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Figure 6 Aminoglycoside-induced C7 incorporates into the dermal-epidermal junction (DE)) of in vitro skin equivalents. The cyrosections were
subjected to immunofluorescent labeling using a monoclonal antibody (NP185) specific to human C7. Left panels are skin equivalents composed of
untreated recessive dystrophic epidermolysis bullosa (RDEB) keratinocytes (RDEB1 or RDEB2) combined with untreated RDEB fibroblasts (RDEB4).
Middle panels are skin equivalents composed of RDEB keratinocytes (RDEB1 or RDEB2) treated with gentamicin (400 pg/ml) combined with RDEB
fibroblasts (RDEB4). Right panels are skin equivalents composed of normal human fibroblasts combined with normal human keratinocytes. d, dermis;
e, epidermis. Arrows indicate DEJ. We have performed three independent experiments and similar results were obtained.

DEJ between the keratinocytes and the dermal equivalent. This
pattern was identical to SEs composed of normal human kerati-
nocytes and fibroblasts. As expected, there was no C7 expression
in the SEs composed of parental RDEB keratinocytes and fibro-
blasts. Quantification showed that the amount of C7 deposited at
the DEJ in SEs composed of aminoglycoside treated RDEB1 and
RDEB?2 keratinocytes combined with RDEB4 fibroblasts was ~60
and 40%, respectively, of the level of C7 produced from SEs com-
posed of normal keratinocytes and fibroblasts. We conclude that
gentamicin-induced C7 is capable of incorporating into the DE]J
in vitro.

Aminoglycosides induce PTC readthrough and full-
length C7 expression in multiple RDEB nonsense
mutations

The efficacy of readthrough is thought to be dependent on the
type of aminoglycoside used, the sequence of the PTC, and the
nucleotide base immediately downstream of the stop codon.'?
Mutational analysis has revealed at least 70 distinct RDEB non-
sense mutations.”® To evaluate the general potential utility of
aminoglycoside therapy for other reported RDEB nonsense muta-
tions, we used site-directed mutagenesis to introduce 22 nonsense
RDEB mutations into a C7 expression vector and transfected these
constructs into human 293 cells. Figure 7a is a schematic of the
C7 molecule showing the location of each of the newly introduced
nonsense mutations.

To assess the efficiency of aminoglycoside-induced
readthrough in these various nonsense mutations, we incubated
293 cells that were transiently transfected with a single nonsense
mutant construct with G418 or gentamicin for 48 hours, and then

1746

prepared cell lysates for immunoblot analysis using an anti-NC1
antibody. We selected concentrations of 200 ug/ml for G418 and
1,000 pg/ml for gentamicin, which gave the highest readthrough
activity in 293 cells without affecting the viability of the cells (data
not shown). As shown in Figure 7b,c, treatment with G418 or
gentamicin promoted PTC readthrough and induced full-length
C7 production in 100% of the 293 cells transfected with the indi-
cated nonsense mutant C7 constructs. Densitometry analysis
revealed that different RDEB mutants exhibited different degrees
of PTC readthrough and that C7 levels ranged from 5% - 80%
of that obtained from 293 cells transfected with the wild type C7
construct. In addition, in the absence of aminoglycosides, there
is no detectable basal readthrough of C7 in 293 cells transfected
with any of the C7 nonsense mutant constructs (Supplementary
Figure S2). Thus, both G418 and gentamicin were able to induce
PTC readthrough and restore C7 production in 293 cells trans-
fected with C7 expression constructs harboring all 22 different
RDEB associated nonsense mutations. Our data demonstrate that
all 22 naturally occurring RDEB PTC mutations tested here are
amenable to suppression by aminoglycosides, but with different
levels of efficacy.

Aminoglycoside-induced full-length C7 has the same
structural properties of wild type C7

Next, we sought to determine whether C7 produced as a result
of aminoglycoside-mediated readthrough of PTCs has the same
structural properties as wild-type C7. In order to obtain C7 from
the cells for structural analysis, we generated stable cell lines from
four nonsense constructs, R137X, Q251X, R578X, and Q906X,
all of which demonstrated high levels of PTC readthrough in the

www.moleculartherapy.org vol. 22 no. 10 oct. 2014



© The American Society of Gene & Cell Thera . - . .
' e ny Aminoglycoside-induced Readthrough for Epidermolysis Bullosa

a 3
©
n
o
> > ) a 3 =
[Te) (3] < (3] 9] ©
[3Y) < o © ()] A
v o) — — — a
i i o x o x
< ; ; _ ™
NC1 Q Triple-helical domain €
— [\
x x X x x xX X
~— ©0 © ~— o o o
< [oNe] - < @M m
«© ~ o o o O~
o =0 o o
x
D
©
©
o
X X X X X X x x X x X x x =238 3F3F T n
e 22883 o b3 8 sggrgegeeer2yte
f roxco0ax OO0 0x 20 0 0acoocoeccecdc e ire 2
c7p A e o o s 0 o0 o i e et o O B

B-tbuinp SPEPED W W D PW WP DO Y”

% Readthrough relative to WT C7
(normalized to B-tubulin)

c X X X X X X x x X x ¥ xx =83 853%F 353
X N 80 @ © — - B © = 92 9@ ©B © — § ¥ ® o ® ® ©o O
S m © © M 1w O A4 N ¥ © 2 I O N ™ o © © ~N O
d » -~ = & A A b B © © 85 @ & = = -~ =~ = = = Q&
fr cec o0 00 a2 €0 0o oo ooccdeddeds
cchp iMoo NP

B-tubulin} LA A A A A A A L R X T R A A A A A & X 2 5 2 J
60

50
40
30

20

% Readthrough relative to WT C7
(normalized to B-tubulin)

Figure 7 Aminoglycosides induced full-length C7 expression in 293 cells transfected with multiple cDNA constructs coding for recessive
dystrophic epidermolysis bullosa (RDEB) nonsense mutants. (a) The 2944 amino acid sequence of C7 consists of a central triple-helical domain
(TH), flanked by a large amino-terminal noncollagenous domain, NC1, and a smaller carboxyl-terminal noncollagenous domain, NC2. Twenty-two
C7 nonsense mutants, generated by site directed mutagenesis, are shown in the schematic with the approximate positions of the mutations indi-
cated by arrows. (b,c) 293 cells were transfected with cDNA expression vectors coding for wild type C7 and the C7 nonsense mutants as indicated
for 24 hours. Transfected cells were then incubated with (b) G418 (200 ug/ml) or (c) gentamicin (1 mg/ml) for an additional 48 hours. Cell lysates
were prepared and then subjected to 4-12% SDS-PAGE followed by immunoblot analysis using an anti-NC1 antibody or an anti-B-tubulin antibody
(loading control). Last lane represents 50% level of C7 produced from 293 cells transfected with expression vector for wild type C7. Note that both
G418 and gentamicin induced various level of premature stop codons readthrough and full-length C7 production in 293 cells transfected with all C7
nonsense mutant expression vectors. We have performed three independent experiments and similar results were obtained.
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Figure 8 Aminoglycoside-induced C7 forms stable triple helices. (a)
Purified wild-type C7 (C7) and aminoglycoside-induced C7 from four
nonsense constructs as indicated were subjected to 4-12% SDS-PAGE,
followed by immunoblot analysis with a polyclonal antibody to the NC2
domain. Proteins were nonreduced before loading onto gels. The posi-
tions of molecular weight markers, and trimer (T) of C7 are indicated. (b)
A schematic diagram of the C7 a-chain. The triple helical domain (TH) of
C7 contains a 39 amino acid of nonhelical interruption (hinge region).
This site of C7 is sensitive to protease digestion, and the helix can be
cleaved into carboxyterminal P1 and aminoterminal P2 fragments. Each
fragment represents approximately one-half of the TH domain. The pro-
tease cleavage sites (P) are indicated by arrows. The recognition region
for a polyclonal antibody to the TH domain (o-TH) is also indicated. (c)
Purified wild-type C7 (C7) and aminoglycoside-induced C7 from four
nonsense constructs, as indicated, were treated with chymotrypsin and
analyzed by 6% SDS-PAGE followed by immunoblot analysis with a poly-
clonal antibody to the TH domain. The positions of molecular weight
markers, the 200-kDa intact TH domain and the 120-kDa carboxyl-ter-
minal half of the TH fragment (P1) are indicated.

293 cell transiently transfected system. C7 was then purified from
conditioned media as described.” Purified recombinant C7 pro-
tein was run on 4-12% SDS-PAGE under nonreducing conditions
and subsequently subjected to immunoblot analysis using an anti-
body to the non-collagenous domain 2 (NC2) of C7. As shown
in Figure 8a, under nonreducing conditions, both wild type and
aminoglycoside-induced full-length C7 products migrated at
900kDa, the expected size of a C7 trimer.

We then examined if these trimers are stable and have a proper
triple helical conformation in their collagenous domain. Both wild-
type and aminoglycoside-induced C7 products were treated with
chymotrypsin and then subjected to immunoblot analysis using a
polyclonal antibody against the triple helical (TH) domain of C7.
Figure 8b shows the schematic protease digestion patterns of C7.
It is expected that the triple helical (TH) domain of the C7 mostly
resists digestion, except for a partial cleavage into the P1 and P2 frag-
ments at the site of the hinge region in the center of the TH domain,
as described by Burgeson.” As shown in Figure 8c, digestion of the
290-kDa wild-type C7 with chymotrypsin yielded two character-
istic bands, one corresponding to the 200-kDa intact TH domain,
and one corresponding to the 120-kDa carboxy-terminal half of the
triple helical fragment, the P1 band. Similarly, chymotrypsin diges-
tion of C7s purified from the 293 cells transfected with the four non-
sense C7 constructs and exposed to aminoglycosides produced the
same two digestion products with identical size and quantity as wild
type C7. These data indicated that the aminoglycoside-induced C7 is
configured into a triple helix like wild-type C7.

1748

© The American Society of Gene & Cell Therapy

DISCUSSION

Various therapeutic strategies have been suggested for RDEB
based on preclinical observations in animal models, including
intradermal injection of allogeneic dermal fibroblasts or gene-
corrected RDEB fibroblasts,?** intradermal injection of lentiviral
vectors expressing C7, intradermal injection of human recom-
binant C7,'”* and transplantation of gene-corrected keratinocyte
autografts.”?* In addition, the feasibility of administering cells
or protein systemically via intravenous injection has been evalu-
ated®? A number of proof-of-principle clinical trials have been
initiated in patients with RDEB, including bone marrow/stem
cell transplantation and intradermal injection of allogeneic fibro-
blasts into RDEB lesional skin.”»*” To date, however, none of these
therapies have been shown to be consistently effective, and some
have associated morbidity and mortality. Using aminoglycoside
therapy in RDEB patients with nonsense mutations has never
been attempted. Nevertheless, aminoglycoside therapy, if effec-
tive, would be attractive because it is relatively noninvasive and
direct. In this study, we evaluated the feasibility of aminoglyco-
sides to suppress PTCs and restore C7 expression and function
for RDEB. Using RDEB keratinocytes and fibroblasts containing
nonsense mutations, we demonstrated that aminoglycosides were
able to bypass PTCs and produce full-length C7 protein in a dose-
dependent and sustained fashion. The aminoglycoside-induced
C7 protein in RDEB fibroblasts corrected the abnormal RDEB
cellular phenotype, hypermotility, that is characteristic of RDEB
cells. In addition, we showed that aminoglycosides were capable
of promoting various degrees of PTC readthrough and inducing
C7 expression in human 293 cells transfected with C7 expres-
sion constructs harboring 22 different known RDEB nonsense
mutations. Our results suggest that aminoglycoside mediated
nonsense-suppression therapy may provide a novel option for the
treatment of RDEB patients carrying nonsense mutations.

The goal of any RDEB therapy is generating the expression
of functional, full-length C7 and having it properly located in
the DE] of skin such that it provides good epidermal-dermal
adherence. Several lines of evidence indicate that about 35%
of the normal level of C7 is necessary for good epidermal-
dermal adherence. First, a morphometric analysis of C7 in
RDEB patients’ skin revealed that their anchoring fibrils were
decreased at least 77% below normal skin.?® Second, studies
from Kern et al. in RDEB-like C7 knockout mice showed that
restoration of C7 to 35% of normal was sufficient for reasonable
epidermal-dermal adherence against shear forces, while adher-
ence was compromised below this.? Third, family members of
RDEB patients who are heterozygous carriers of a COL7AI null
mutations and have 50% of the normal complement of C7 and
AFs are phenotypically normal with no skin fragility or mecha-
nobullous disease. Therefore, restoration of C7 above 35% of the
level seen in normal skin will be our therapeutic goal. In this
paper, we showed that both G418 and gentamicin could induce
PTC read through and restore full-length C7 production in
RDEB keratinocyte cell lines and primary RDEB fibroblast cul-
tures at levels as high as 45% of normal skin cells with a single
treatment. In addition, the amounts of C7 restored in RDEB
fibroblasts were sufficient to correct the abnormal hypermotility
cellular phenotype of RDEB cells. More importantly, using an in
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vitro SE model, we found that aminoglycoside-treated RDEB1
and RDEB2 keratinocytes combined into SEs with RDEB fibro-
blasts produced C7 that incorporated into the DE] at 60 and 40%
of levels seen in SEs derived from normal cells (Figure 6).

Systemic administration of aminoglycosides frequently causes
ototoxicity and/or renal impairment.’**’ Nevertheless, RDEB
is primarily a skin and mucosa disease, which lends itself to the
possibility of using intralesionally injected or topically admin-
istered medications. The transdermal, intralesional, or topical
administration of aminoglycosides might be effective in RDEB
patients with C7 nonsense mutations and would likely signifi-
cantly reduce the systemic exposure of the drug and subsequent
side effects. In this regard, it is important to point out that the
therapeutic concentration of topical gentamicin is 100-fold higher
than that recommended for therapeutic plasma concentrations.*
Interestingly, the topical application of 0.1% gentamicin cream to
patients with Hailey-Hailey disease, a blistering disease of the skin
inherited in an autosomal dominant fashion, has produced prom-
ising results.*? Transdermal delivery of gentamicin combined with
depilatory agent-treatment of skin has been shown to be able to
penetrate skin and deliver gentamicin to target areas equivalent to
systemic administration.” Further, because C7 and AF structures
are extremely stable once formed and have a slow turnover,’ the
administration of aminoglycosides may not need to be constant.
That is, perhaps aminoglycosides could be administered to the
RDEB patient until new blistering ceases and new AFs are formed
and then discontinued for weeks or months.

As mentioned above, systemic exposure of aminoglyco-
sides in humans frequently generates untoward side effects.
Nevertheless, recently, there has been the discovery of nonami-
noglycoside derivatives with much more potent PTC readthrough
potential than gentamicin and without the side effects.**** One
of the leading compounds that have been extensively evaluated
is PTC124, which has minimal toxicity and can be orally admin-
istered. PTC124 is more efficient than gentamicin in stable cell
lines and promotes dystrophin expression in primary muscle cells
from DMD patients.”® It also restored 24-29% of the wild-type
protein function in a CF mouse model.””** In the study herein,
we evaluated PTC124 in our RDEB keratinocytes and fibroblasts
harboring five different nonsense mutations but failed to observe
any readthrough despite using a broad range of concentrations
(data not shown), which is consistent with a recent study showing
that PTC124 was not able to induce PTC readthrough in two C7
cDNA constructs harboring nonsense mutations.*

Several studies have shown that the type of the stop codon
(UGA>UAG>UAA), as well as the immediate downstream
nucleotides (C>U>G>A), determines the relative readthrough
ability of any particular PTC mutation. Specifically, the stop
codon UGA followed by a C is most susceptible to aminoglyco-
side-mediated readthrough.>® In our analysis of 22 RDEB PTC
mutations (16 containing UGA and 6 containing UAG) using
our transient transfection system, we did not observe an appar-
ent correlation between the readthrough capacity and the type,
context of each stop codon, or proximity to exon-intron bound-
aries (Supplementary Table S1). There was a range of 5-80% of
C7 produced in 293 cells transfected with various nonsense con-
structs in response to aminoglycoside treatment. Since 16 out of
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22 of our generated nonsense mutations were comprised of the
UGA-G stop codon, it was surprising to see such readthrough
variance. It was also interesting to note that a number of “less
optimal” PTC mutations bearing the UAG stop codon such as
Q189X (UAGC), Q906X (UAGG), Q641X (UAGA), and Q251X
(UAGU) displayed greater readthrough activity than several
UGA-G mutations. In keeping with our observations, a recent
study with an in-depth statistical analysis of gentamicin-induced
readthrough efficiency with 66 nonsense mutations showed that
the type of the stop codon did not affect the response to gen-
tamicin. They found, however, that the presence of a cytosine
at the +4 position and a uracil residue immediately upstream
from the PTC promoted higher levels of readthrough activity
than other nucleotides.*! In our study herein, aminoglycoside-
mediated readthrough efficacy of the 22 RDEB nonsense muta-
tions did not follow this rule. Unfortunately, the set of mutations
analyzed thus far does not give us enough statistical power to
analyze the possible correlation between readthrough efficiency
and the nature of the PTC and surrounding nucleotides. We did,
however, observe a correlation between the location of the PTC
along the COL7A1 gene encoding for C7 and readthrough effi-
cacy. More specifically, of the 16 UGA-G mutations studied here,
those mutations occurring early in the reading frame (amino
acid less than 1,000) are more readily bypassed than those
occurring later. For example, a patient with a R20X mutation
and 51% response to gentamicin might be expected to respond
better than a person with a R1933X mutation with only an 11%
response. This may be relevant since an adequate therapeutic
response in RDEB is estimated to be a restoration of C7 at the
DE]J to ~35% of the normal level. A systematic examination of all
70 RDEB nonsense mutations, including more mutations from
suboptimal PTCs, or the creation of synthetic mutations encom-
passing all varieties of PTCs at specific locations along C7, would
be necessary for a more definitive answer about how the type
of stop codon and its surrounding nucleotide context affect the
readthrough efficiency. Our data presented here, however, may
provide useful information for guiding “personalized therapy”
of RDEB patients harboring the specific nonsense mutations
reported in this study.

In summary, our data provide evidence that the treatment of
RDEB cells carrying various PTCs in the COL7A1 gene with ami-
noglycosides results in the re-expression of sufficient functional C7
protein that can reverse the abnormal RDEB cellular phenotype
and incorporate into the DEJ of cultured SEs. Additionally, we fur-
ther demonstrated the general utility of aminoglycoside-mediated
readthrough in 293 cells transiently transfected with 22 different
RDEB nonsense mutations. Therefore, our study provides the proof
of concept for using aminoglycosides to suppress PTCs and induce
C7 expression in RDEB patients with nonsense mutations. The util-
ity of aminoglycosides for treating PTC mutations associated with
RDEB needs to be further evaluated in clinical trials. In addition,
the systematic screening for aminoglycoside derivatives that main-
tain their capacity to suppress disease-causing PTCs in RDEB but
also have reduced toxicity, should be of considerable clinical interest
since about 10-25% of RDEB patients harbor nonsense mutations.
Lastly, therapy based on suppressing PTCs may also be applied to
other inherited skin diseases caused by nonsense mutations.
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MATERIALS AND METHODS

Cell cultures. The human embryonic kidney cell line 293 T was cultured in
Dulbecco’s modified essential medium (DMEM) supplemented with 10%
fetal bovine serum. Two immortalized RDEB keratinocyte lines, RDEB1
heterozygous for R578X and Q906X mutations and RDEB2 homozygous
for the Q251X mutation were cultured in low calcium, serum-free kera-
tinocyte growth medium supplemented with bovine pituitary extract,
and epidermal growth factor (SFM; GIBCO BRL, Gaithersburg, MD) as
described by Boyce and Ham*? and modified by O’Keefe and Chiu.” RDEB
keratinocytes were immortalized using the E6 and E7 genes of human
papillomavirus type 6 as described.”” Primary dermal fibroblasts from two
RDEB patients, RDEB3 homozygous for R578X mutations and RDEB4
heterozygous for R163X and R1683X mutations were established from the
patients’ skin biopsies as described* and cultured in DMEM/Ham’s F12
(1:1) supplemented with 10% fetal bovine serum. Normal human fibro-
blasts from neonatal foreskin were initiated into culture as described previ-
ously."” Primary fibroblasts were passaged as they reached confluence and
all experiments were performed on cells between passages 4 and 6.

Aminoglycoside treatment and immunoblot analysis. In experiments
where an aminoglycoside was used to induce PTC readthrough, keratino-
cytes or fibroblasts from normal or RDEB patients at 60-70% confluency
were exposed to G418 (1-200 pg/ml, Life Technologies, Carlsbad, CA),
gentamicin (25-800 pg/ml, Sigma, St Louis, MO) or paromomycin (500
2,000 pg/ml, Sigma) for 48 hours. For 293 cells transiently transfected with
cDNA expression constructs containing nonsense mutations, aminoglyco-
sides were added to cells 24 hours after transfection.

To determine the cellular expression of readthrough C7 protein,
cellular extracts were prepared 48 hours after incubating with the
above drugs as described and subjected to 4-12% SDS-PAGE (Bio-Rad,
Hercules, CA). Proteins were then electrotransferred onto a nitrocellulose
membrane. The presence of C7 was detected with polyclonal antibodies to
the NC1 domain of C7, followed by a horseradish peroxidase-conjugated
goat anti-rabbit IgG and enhanced chemiluminescence detection reagent
(GE Healthcare, Buckinghamshire, UK).

For the sustainability of aminoglycoside treatment on C7 expression,
the media containing G418 or gentamicin were removed at 48 hours
after incubation, replaced with drug-free, fresh growth medium, and the
cellular extracts were prepared and evaluated at various time points for
C7 expression.

To determine the aminoglycoside-induced C7 secretion into the
medium, the cells were treated with G418 or gentamicin for 48 hours
and the medium was changed to serum-free medium containing 150 um
ascorbic acid. The cultures were maintained for various time points. The
media were collected, equilibrated to 5 mmol/l ethylenediaminetetraacetic
acid, 50 umol/l N-ethylmaleimide and 50 umol/l phenylmethylsulfonyl
fluoride, concentrated 10- to 15-fold (Centricon-100, Amicon, Beverly,
MA) and subjected to 4-12% SDS-PAGE followed by immunoblot
analysis as described above.

Cell proliferation assay. For the aminoglycoside cytotoxicity assay, RDEB
keratinocytes or fibroblasts were seeded in 12-well plates in triplicate at a
density of 90,000 per well. At 24 hours after seeding, medium was changed
to one containing G418 (1-100 pg/ml), gentamicin (0-800 pg/ml), or par-
omomycin (0-4,000 pg/ml). At 48 hours, cells were collected by trypsinza-
tion, incubated with 0.2% trypan blue, and manually counted live cells.

Immunofluorescence staining of cell cultures. Keratinocytes were plated
in TissueTek chamber slides (Nunc, Naperville, IL) on polylysine at 37
°C for 18 hours. Cells were immersed in periodate-lysine-paraformalde-
hyde fixative for 10 minutes at room temperature, washed several times
with phosphate-buffered saline (PBS) to remove fixative, and then per-
meabilized and blocked by incubating in PBS with 3% bovine serum albu-
min, 1% saponin, and 10% normal goat serum for 15 minutes at room
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temperature. The cells were incubated with an affinity-purified polyclonal
antibody to the NC1 domain of C7 at a dilution of 1:200 in a humidi-
fied chamber for 2 hours, then washed three times with PBS, 1% saponin,
counterstained with a fluorescein isothiocyanate-conjugated goat anti-
body to rabbit IgG (1:200 dilution) for 1 hour (Organon Teknika-Capel)
and washed. The cells were then examined and photographed with a Zeiss
epiluminating immunofluorescence microscopy. All images were photo-
graphed using the same camera and at identical exposure times. Mean flu-
orescence intensity was calculated for each sample using Image J (Rasband
WS, NIH, Bethesda, MD; http://rsb.info.nih.gov/ij/) as described.?'

Quantitative RT-PCR. Keratinocytes were grown until confluent and treated
with gentamicin (400 pg/ml) or G418 (8 ug/ml) for 24 hours. Total RNAs were
extracted by Aurum total RNA kit as recommended by the manufacturer
(Bio-Rad). RNA was quantified with a Nanodrop apparatus and its quality was
analyzed on an agarose gel. To amplify the C7 mRNA, RT-PCR was carried
out using the following primers: forward (GGTCCTAGCTGACGGCTTTT)
and reverse (GGATGAGGAGCCATCCAGT) (product length of 174bp).
B-actin  was also amplified using the following primers:
forward (CCACACTGTGCCCATCTACG) and reverse (AAGATCTTCA
TGAGGTAGTCA). RT-PCR assays were then performed with LightCycler
technology (Roche Manheim, Manheim, Germany). Experiments were
carried out in triplicate with the total mRNA from duplicate cell cultures.
Student’s t-test was used for the determination of P values.

Cell migration assay. Fibroblast migration was assessed as described by
Woodley et al.** Briefly, colloidal gold salts were immoblized on cover-
slips and coated with type I collagen (15 ug/ml). Normal human dermal
fibroblasts, untreated parental RDEB fibroblasts or aminoglycoside-treated
RDEB fibroblasts were suspended, plated on the coverslips and allowed to
migrate for 16-20 hours. The cells were fixed in 0.1% formaladehyde in
PBS and examined under dark field optics with a video camera attached
to a computer equipped with image capture capability. The computer ana-
lyzes 15 nonoverlapping fields in each experimental condition with NIH
Image 1.6 and determines the percentage area of each field consumed by
cell migration tracks, a so-called Migration Index. Confirmation of a dif-
ference in migration as statistically significant requires rejection of the
null hypothesis of no difference between mean migration indices obtained
from replicate sets at the P = 0.05 level with a Student’s ¢-test.

Establishment of in vitro organotypic SEs and immunofluorescence
microscopy analysis. Establishment of an in vitro skin coculture model
was performed as previously described.”® Briefly, 2x10° normal human
fibroblasts or fibroblasts from RDEB4 patient carrying nonsense muta-
tions were seeded onto 1.5 x 1.5-cm de-epidermalized porcine dermis and
allowed to grow in DMEM and generate extracellular matrix components
for 48 hours. A total of 2 x 10° normal human keratinocytes or RDEB kera-
tinocytes untreated or treated with 400 ug/ml genetamicin for 72 hours
in culture were then seeded onto the dermal equivalent and grown in
combined medium (serum-free keratinocyte growth medium:DMEM
in a 60:40 ratio with 10% fetal bovine serum) as described.* The three-
dimensional cultures remained submerged for 72 hours after which the
cultures were raised to an air-liquid interface for an additional 2 weeks in
the medium with and without gentamicin. At the end of the culture period,
the cultures were processed for immunofluorescence staining.
Five-micrometer thick sections from the optimum cutting
temperature-embedded SEs were cut on a cryostat, fixed for 5 minutes in
cold acetone, and air-dried. SE sections were incubated with a monoclonal
antibody against human C7 (clone NP185; Millipore, Billerica, MA)
followed by a fluorescein isothiocyanate-conjugated goat anti-mouse
IgG. Working dilutions were 1:50 for the primary antibody and 1:40
for the secondary antibody. Immunolabeling of tissue was performed
using standard immunofluorescence methods as described previously.”
Representative photographs from stained sections were taken using a
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Zeiss Axioplan fluorescence microscope equipped with a Zeiss Axiocam
MRM digital camera system. All images were photographed using
the same camera and at identical exposure times. Mean fluorescence
intensity at DE]J was calculated for each sample using Image J (Rasband
WS, NIH; http://rsb.info.nih.gov/ij/).

Site-directed mutagenesis and transfection. Site-directed mutagenesis
was performed on C7 ¢cDNA in the pRC/CMYV vector using a commer-
cial kit (QuikChange II site-directed mutagenesis kit, Stratagene, La Jolla,
CA) according to the manufacturer’s instructions as described previously.*s
Briefly, a pair of complementary primers with 39 bases was designed, and
a mutation to change arginine or glutamine residues to a stop codon was
placed in the middle. We generated primers for the following 22 mutations
associated with RDEB reported in the literature: R20X, R137X, R185X,
Q189X, R236X, Q251X, Q281X, R525X, R578X, Q641X, R669X, W796X,
R843X, Q906X, Q1211X, R1340X, R1343X, R1630X, R1632X, R1730X,
R1933X, R2261X. Parental cDNA inserted in pRC/CMV was amplified
using Pyrococcus furiosus DNA polymerase with these primers for 16 cycles
in a DNA thermal cycler (Perkin-Elmer, Norwalk, CT). After digestion of
the parental DNA with DpnI, the amplified DNA with nucleotide substitu-
tion incorporated was transformed into Escherichia coli (XL1-Blue). The
mutations were confirmed by automated DNA sequencing.

The expression vector encoding for wild type or mutant C7 cDNA
was used to transfect the human embryonal kidney cell line 293 (ATCC,
Rockville, MD) using Lipofectamine LTX in combination with Plus
Reagent (Life Technologies). Cells were plated and transfected according
to the manufacturer’s instructions. 24 hours after transfection, media was
changed to fresh growth medium containing the various aminoglycosides
for 48 hours.

Protein purification and analysis. To purify aminoglycoside-induced
C7 from 293 cells, we first generated 293 cells stably transfected with C7
expression constructs using 500 pg/ml G418. Cells were grown to conflu-
ence in the absence of G418 and then treated for 48 hours with gentamicin
(200 pg/ml). We then purified the secreted C7 protein from serum-free
media as described.” Purified wild-type or aminoglycoside-induced C7
was incubated with chymotrypsin (Sigma) in 50 mmol/l Tris-HCI, pH 7.4,
150 mmol/l NaCl at 14 °C for 3 hours at an enzyme-to-substrate ratio of
1:10 by weight as described previously.* The digestion products were then
analyzed by SDS-PAGE followed by immunoblot analysis with a polyclonal
antibody against the triple helical domain of C7 as described.*

SUPPLEMENTARY MATERIAL

Figure S1. Aminoglycosides do not significantly affect RDEB cell
viability.

Figure $2. There is no basal level of C7 readthrough in 293 cells trans-
fected with cDNA constructs coding for RDEB nonsense mutants.
Table $1. Summary of PTC sequences and readthrough efficiency of
22 RDEB nonsense mutations in response to aminoglycosides.
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