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Fuchs’ endothelial corneal dystrophy (FECD) leads to vision loss and is one of the most common inherited eye
diseases. Corneal transplants are the only curative treatment available, and there is a major unmet need for
treatments that are less invasive and independent of donor tissue. Most cases of FECD are associated with an
expanded CUG repeat within the intronic region of TCF4 and the mutant RNA has been implicated as the cause
of the disease. We previously presented preliminary data suggesting that single-stranded antisense oligo-
nucleotides (ASOs) can inhibit CUG RNA foci in patient-derived cells and tissue. We now show that duplex
RNAs and single-stranded silencing RNAs (ss-siRNAs) reduce the number of cells with foci and the number of
foci per cells. Potencies are similar to those that are achieved with chemically modified ASOs designed to block
foci. These data widen the potential for synthetic nucleic acids to be used to treat a widely prevalent and
debilitating disease.
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Introduction

The eye is a tempting target for nucleic acid thera-
peutics [1]. There is a substantial unmet need for better

treatments for many eye diseases and the patient population
that might benefit from such treatments is large. The volume
of the eye, approximately 6 mL, is small, reducing the cost
of treatment. Modified oligonucleotides might be delivered
by convenient topical administration and intraocular injec-
tion is a well-established mode of delivery [2–5].

These advantages have contributed to the approval of two
nucleic acid drugs. Vitravene (fomivirsen) was an antisense
first generation phosphorothioate oligonucleotide that was
approved in 1998 for the treatment of cytomegaloviral reti-
nitis [6]. Macugen (pegaptanib) was an aptamer approved in
2003 for the treatment of macular degeneration [7]. Both
were delivered by intraocular injection. While neither drug is
currently widely used, they demonstrated that it was possible
to successfully introduce beneficial therapeutic oligonucleo-
tides to the eye.

Fuchs’ Endothelial Corneal Dystrophy (FECD) is an age-
related disorder that affects 4% of the population over the age
of 40 [8]. FECD is characterized by degeneration of corneal
endothelium, leading to progressive loss of vision. Currently,
the only curative therapy is corneal transplantation. While

usually effective, corneal transplantation is limited by the
availability of donor corneas and access to treatment centers
capable of performing the surgery [9]. Patients require a 4–6
week recovery period and may be subjected to a range of
potential complications that vary depending on surgical
center location. FECD patients may lack access to treatment
or may suffer for many years before the disease becomes
advanced enough to require surgery. If a safe and effective
nonsurgical treatment was available, it would be beneficial to
hundreds of thousands of patients.

The causes of FECD are not fully understood, but 70% of
FECD cases are linked to an expansion of the trinucleotide
CUG within intron 2 of the TCF4 gene [10–13]. Patients with
myotonic dystrophy, a disease caused by CUG repeats within
the DMPK gene, are also at increased risk for FECD [14–16].
The finding that CUG repeats within noncoding regions of
two different genes, both cause FECD, supports the belief
that expanded CUG repeat RNA is a major contributor to
disease.

We have previously shown that antisense oligonucleotides
(ASOs) can block foci in FECD patient-derived cells [17].
These ASOs were designed to be complementary to the CUG
repeat and contained locked nucleic acid (LNA) modifica-
tions. Because the LNA modifications were spread through-
out the strand and the ASOs lack the central DNA region of
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gapmer ASOs that allow recruitment of RNAse H, the ASOs
function through a ‘‘steric block’’ mechanism [18]. Davidson
and colleagues achieved similar effects using a 2¢-O-methyl
RNA-modified ASO [19].

To maximize the range of synthetic oligonucleotide de-
signs available for blocking or eliminating CUG foci, we now
report the testing of silencing agents that function through the
RNAi pathway [18]. These included duplex RNAs [20] and
single-stranded silencing RNAs (ss-siRNAs) [21–23]. We
compare these data to inhibition of foci by heavily modified
steric block ASOs. We find that all strategies can produce
active compounds, providing a broad base for developing
effective delivery strategies and for pursuing compounds that
will possess optimal in vivo potencies.

Materials and Methods

Human corneal endothelial cell culture

The F35T corneal endothelial cell line derived from
FECD patient expressing TCF4 transcript with approxima-
tely 1500 CUG repeats was a generous gift of Dr. Albert Jun
( Johns Hopkins). The F45 corneal endothelial cell was a
primary culture from FECD patient expressing TCF4 tran-
script with approximately 1500 CUG repeats and subse-
quently used to generate immortalized F45SV corneal
endothelial cell line (SV 40-mediated immortalization by
ALSTEM, Richmond, CA). The HCEN19 corneal endo-
thelial cell line was a primary culture from a healthy donor
cornea from eye bank.

The dissected Descemet’s membrane monolayer was incu-
bated with 2 mg/mL collagenase A (Roche) in culture media at
37�C for 4 h to dissociate the cells, spun down at 800 g for
5 min, and plated on culture dish precoated with fibronectin
(FNC) (Athena Environmental Sciences). Cells were grown in
modified Eagle’s minimal essential media (OptiMEM) (Ther-
moFisher) supplemented with 8% fetal bovine serum, 5 ng/mL
human epidermal growth factor (ThermoFisher), 20 ng/mL
nerve growth factor (Fisher Scientific), 100 mg/mL bovine
pituitary extract (ThermoFisher), 20 mg/mL ascorbic acid
(Sigma-Aldrich), 200 mg/L calcium chloride (Sigma-Aldrich),
0.08% chondroitin sulfate (Sigma-Aldrich), 50mg/mL genta-
micin (ThermoFisher), and antibiotic/antimycotic solution
(diluted 1/100) (Sigma-Aldrich). Cultures were incubated at
37�C in 5% CO2 and passaged when confluent.

Synthesis and transfection of oligonucleotides

Duplex RNAs were purchased from IDT (Newark, NJ). ss-
siRNAs and ASOs were synthesized by Ionis Pharmaceutics
(Carlsbad, CA) using standard solid phase coupling method
as previously described [21]. Oligonucleotides were charac-
terized by LCMS. Duplex RNAs or ss-siRNAs were trans-
fected into cells with lipid RNAiMAX (Life Technologies) as
previously described [24]. Cells were plated at a density of
300K per well of a six-well plate and transfection was per-
formed at the same time. Cells were typically harvested 4
days after transfection for RNA fluorescence in situ hybrid-
ization (FISH) assay.

Melting temperature determination

Thermal denaturation analysis of oligonucleotides to
determine melting temperature (Tm) values was carried out

using a CARY Varian 100 Bio UV-Vis spectrophotometer.
Duplex RNAs, or single-strand siRNA/ASO, with their
complementary DNA strand were added into 0.1 M NaH2-

PO4 buffer (1 mM final concentration, 400 mL total volume)
in a 1 cm quartz cuvette, and was annealed and melted from
15�C to 95�C at a ramp rate of 2�C/min. The UV absor-
bance was monitored at 260 nm. The melting temperature
was calculated and averaged from at least seven technical
replicates.

FISH assay

Cornea endothelial cells post oligonucleotide transfection
were harvested by trypsin and replated on glass slides using
a cytospin 4 centrifuge (ThermoFisher). Cells were fixed with
4% formaldehyde in 1· phosphate-buffered saline (PBS) and
permeabilized with 0.2%Triton100 in 2· saline sodium cit-
rate buffer (SCC) at 4�C for 10 min. Cells were washed with
2· SSC and wash buffer (10% formamide in 2· SSC), and
then incubated with prehybridization buffer (40% formamide
in 2· SSC) at 45�C for 20 min. (CAG)6CA-5¢ Texas red-
labeled 2¢-O-methyl RNA 20-mers probe in hybridization
buffer (100 mg/mL dextran sulfate and 40% formamide in 2·
SSC) was added. The slides were placed in a humidified
chamber and incubated in the dark at 37�C overnight. On the
next day, cells were washed twice with wash buffer at 37�C
for 15 min, and then stained with mounting media with DAPI
(H-1500; Vector Labs).

Cells were imaged at 60· magnification using a Widefield
DeltaVision microscope. Images were processed by blind
deconvolution with AutoQuant X3. Visualization of RNA
foci were made using ImageJ with Bio-Formats plugins.
For quantification, at least 20 pictures were taken from
randomly chosen microscopic fields, containing 100–300
cells for each treatment. Counting of foci was performed
manually by different investigators. Statistical analysis was
performed by Student’s t-test, with a homoscedastic two-
tailed distribution [25].

Results

Experimental design

The expanded CUG repeat is within intron 2 of the TCF4
gene (Fig. 1A). The mutant RNA containing the expanded CUG
repeat can be characterized by FISH and microscopy as foci that
are counted to determine the average number of foci per cell
(Fig. 1B). Each focus consists of a single RNA transcript, and
each cell contains only a handful of RNA molecules [17].

We transfected duplex RNAs, ss-siRNAs, or ASOs into
FECD patient-derived corneal endothelial cells using cat-
ionic lipid. Over 100 cells were evaluated after FISH assay
for each experimental condition and all experiments were
done in duplicate or triplicate. Experiments were performed
in F35T corneal endothelial cells, F45 primary corneal en-
dothelial cells, or F45SV, an immortalized line derived from
F45 cells. We used the F45SV immortalized cells for some
experiments because primary F45 cells were difficult to
culture and transfect.

Inhibition of CUGexp foci by duplex RNAs

We used duplex RNAs to test the hypothesis that mu-
tant TCF4 intronic RNA could be blocked by synthetic
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oligonucleotides acting through RNAi. Nineteen base (not
including two terminal dT nucleotides) duplex RNAs were
designed to be complementary to the expanded CUG re-
peat in each of three registers with sense strands beginning
with C, U, or G (Fig. 2A). The antisense strand of the three
duplex RNAs (CAG, AGC, and GCA) were fully com-
plementary to the repeat region. One mismatched base was
introduced into the duplex to make the 5’end of antisense
strand unstable and increase its loading into the RISC
complex [26].

Four other duplex RNAs (CAG-P10, CAG-1011, CAG-
P10mo, and CAG-P1011mo) contained one or two cen-
tral mismatched base within the antisense strands. The
mismatch relative to the CUG repeat target was included
because central mismatches prevent argonaute 2 (AGO2)-
mediated cleavage of target RNA [27] without reducing
the potential for recognition of expanded trinucleotide re-
peats [24].

This strategy of using centrally mismatched duplex RNAs
has been used successfully for other expanded repeat targets,
including the CAG repeat, within huntingtin mRNA [24] and
the GGGGCC repeat within c9orf72 intronic RNA [28].
Previous studies have demonstrated requirement for argo-
naute 2 (AGO2), supporting believe that action is through
RNAi [23,29,30]. Since our proposed mechanism of action
requires binding but not cleavage, it avoids any potential for
siRNA-induced cleavage of complementary CUG RNAs and
may have the advantage of reducing off-target effects. Du-
plex RNAs CAG-P10mo and CAG-P1011mo have their
sense strands modified with 2¢-O-methyl bases to enhance
potency and reduce off-target effects. Effects on foci were
evaluated relative to an RNA duplex (CM) that lacked
complementarity to the CUG repeat.

We observed that fully complementary duplex RNAs CAG
and AGC significantly reduced the number of F35T cells with
observable RNA foci and the number of foci per 100 cells
(Fig. 2B). Duplex RNA GCA had no significant effect.

A similar outcome was observed when duplex RNAs CAG,
AGC, and GCA were introduced into F45 cells (Fig. 2C). All
four mismatch-containing duplex RNAs, CAG-P10, CAG-
P1011, CAG-P10mo, and CAG-P1011mo produced signifi-
cant reductions in the total number of cells with foci and the
number of foci per 100 cells (Fig. 2D). These data establish
that duplex RNAs can block mutant TCF4 foci and that
blocking does not require perfect complementarity to target.

Inhibition of CUGexp foci by ss-siRNAs

We designed ss-siRNAs ss-CAG, ss-GCA, and ss-ACG
to be fully complementary to the expanded repeat in three
different registers (Fig. 3A). Three other ss-siRNAs, ss-
CAGmm, ss-GCAmm, and ss-ACGmm, were designed to
possess three central mismatches relative to the CUG repeat
target. As noted above, we had previously demonstrated that
centrally located mismatches within duplex RNAs do not
reduce recognition of repetitive sequences. The ss-siRNAs
were composed of a mixture of 2¢-O-methyl, 2¢-fluoro, and
2¢-O-methoxyethyl nucleotides. In other systems, we have
observed that the introduction of mismatched bases into ss-
siRNAs does not affect the potency ss-siRNAs [23].

As a positive control, we also included a LNA-modified
ASO that was complementary to the expanded CUG repeat
(LNA1) previously shown by our group to block foci and
reduce the number of foci detected per cell [17]. Non-
complementary negative controls included one single-
stranded LNA (LC) and two ss-siRNAs (ssControl1 and
ssControl2).

We observed that all six CUG-targeted ss-siRNAs caused
significant decreases in the number of cells with foci and the
number of foci per one hundred cells (Fig. 3B, C), compa-
rable in potency to our previously reported LNA ASO
LNA1. The fully complementary ss-siRNAs appeared to
have higher efficacies than the ss-siRNAs that contained
three mismatched bases. This difference may reflect the

FIG. 1. Experimental de-
sign. (A) Scheme of TCF4
pre-mRNA intron 2 region.
The colored bar shows the
target region for the various
nucleic acids at the CUG re-
peat. (B) Representative FISH
images of healthy control
and FECD patient-derived
endothelial cell lines obtained
by fluorescent microscopy.
A (CAG)6CA RNA probe
was used for detecting the
CUGexp RNA foci. FECD,
Fuchs’ endothelial corneal
dystrophy.
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lower melting temperature values for hybridization to
complementary targets (Fig. 3A). We observed a similar
reduction in foci for a second corneal endothelial cell line
(F45SV) (Fig. 4).

Inhibition of CUGexp foci by steric block ASOs

To provide context for evaluating duplex RNAs and ss-
siRNAs, we also evaluated 18 or 16 base single-stranded
ASOs that are extensively modified with 2¢-O-methoxyethyl
or 2¢, 4¢ constrained ethyl (cET)-modified nucleotides [31]
(Figs. 5A and 6A). The cET modification reduces the entropic
penalty paid upon binding and results in substantial increase
in binding affinity for complementary targets, a phenomenon
reflected in the measure Tm values for ASOs that contained
cET. Single-stranded oligonucleotides that contain heavy
cET and MOE modifications have not been observed to

function through RNAi and do not recruit RNAi protein
factors.

Most of the 18-base ASOs were active but showed
efficacies that were below the three best ss-siRNAs (ss-
CAG, ss-GCA, and ss-AGC) (Figs. 3C and 5B). Active
compounds were entirely composed of 2¢-O-methoxyethyl
nucleotides, a mixture of DNA and 2¢-O-methoxyethyl
nucleotides, or a mixture of DNA and cET nucleotides. For
the 18-base ASOs, the use of 2¢-O-methoxyethyl nucleo-
tides mixed with cET bases yielded inactive compounds.

The shorter 16-base ASOs possessed better effica-
cies than the 18-base ASOs (Fig. 6). Unlike the 18-base
compounds, the ASOs were active regardless of whether
they were mixtures of DNA and cET nucleotides or 2¢-O-
methoxylethyl and cET nucleotides. Lower Tm values may
explain the better performance of 16-base 2¢-O-methox-
yethyl/cET ASOs relative to the inactive 18-base 2¢-O-

FIG. 2. Inhibition of CUGexp

RNA foci by repeat-
targeting duplex RNAs in
F35T (CUG 22/1500) or F45
(CUG16/1500) endothelial
cell line evaluated by fluo-
rescent microscopy. (A) List
of duplex RNAs. Mismatched
base is shown in bold and un-
derlined. 2¢-O-methyl modi-
fied RNA base is in lowercase.
dT, DNA base T. (B) Effect of
duplex RNAs on inhibi-
tion of CUGexp RNA foci in
F35T cells. (C) Effect of du-
plex RNAs on inhibition of
CUGexp RNA foci in F45
cells. (D) Duplex RNAs with
central mismatches inhibit
CUGexp RNA foci in F35T
cell line. Error bars represent
SEM. *P < 0.05; **P < 0.01;
***P < 0.001 compared with
noncomplementary negative
control siRNA CM by Stu-
dent’s t-test.
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methoxyethyl/cET ASOs. Our data may define a win-
dow for optimal Tm values. When Tm values are too high,
internal structure or off-target binding to related sequences
may prevent efficient recognition of the CUG repeat.
When Tm values are too low, binding to the repeat may be
inefficient.

Discussion

FECD is a potentially important disease target
for oligonucleotide therapeutics

Several factors support the conclusion that FECD may
be a good target for oligonucleotide therapeutics. FECD is

FIG. 3. ss-siRNAs inhibit
RNA foci in F35T endothe-
lial cell line. (A) Table of
fully complementary or cen-
trally mismatched ss-siRNAs
targeting the CUG repeat.
Mismatched bases are in
bold face. Structures of the
chemical modifications are
below. (B) Representative
FISH images showing effect
of ss-siRNAs on inhibition
of RNA foci in F35T cells.
(C) Effect of ss-siRNAs on
inhibition of RNAi foci in
F35T cells. Error bars rep-
resent SEM. *P < 0.05; **P <
0.01; ***P < 0.001 relative to
noncomplementary LC by
Student’s t-test. LNA1 is a
CUG-targeting LNA that had
been shown to inhibit foci in
our previous work [17]. LC,
LNA control.

FIG. 4. ss-siRNAs inhibit
RNA foci in F45-SV40 en-
dothelial cell line. **P < 0.01;
***P < 0.001 relative to non-
complementary LC by Stu-
dent’s t-test.
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caused by mutant RNA containing an expanded CUG re-
peat [10–13]. FECD patients can possess the repeat within
the TCF4 gene or the DMPK gene [14–16], demonstrating
that the mutant RNA is the most likely trigger for the
disease. Because of the central importance of the mutant
RNA, synthetic oligonucleotides that block the RNA
should be excellent candidates for controlling disease
progression.

From a clinical perspective, the mutation within the TCF4
gene associated with FECD occurs in 2.5% of the Caucasian
population, making it one of the most common disease-
associated mutations [10–13]. Studies are also revealing
relatively high occurrences in other ethnic groups [12]. While
disease progression is slow, it eventually causes a debilitating
loss of vision and curative treatments would benefit many
people over the age of 60.

FIG. 5. cET and MOE-
modified ASOs targeting
CUG repeat reduced RNA
foci in F35T endothelial cells.
(A). Table of 18-mer ASOs
for CUG repeat. (B) Effect of
ASOs on inhibition of RNA
foci in F35T cells. Error bars
represent SEM. *P < 0.05;
**P < 0.01; ***P < 0.001 rel-
ative to noncomplementary
LC by Student’s t-test.

FIG. 6. Shorter (16-mer)
cET or MOE-modified ASOs
reduced RNA foci in F35T
endothelial cells. (A). Table
of 16-mer ASOs for CUG
repeat. (B) Effect of 16-mer
ASOs on inhibition of RNA
foci in F35T cells. Error bars
represent SEM. *P < 0.05;
**P < 0.01; ***P < 0.001 rel-
ative to noncomplementary
LC by Student’s t-test.
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Currently, the only current curative option for FECD is
corneal transplantation. While this option alleviates the dis-
ease for many patients, a small fraction of surgeries is par-
tially or completely unsuccessful [32,33]. The fact that
surgery is the only option discourages some patients and
often leads to delays in treatment until vision loss is severe.
A safe, effective, nonsurgical treatment would greatly expand
the number of patients who would benefit from alleviating the
course of the disease.

Comprehensive genetic testing and analysis is becoming
more common. It is easy to imagine a future in which millions
of people know whether they have the expanded repeat mu-
tation within the TCF4 gene. Early signs of FECD can be
detected during a standard visit to an ophthalmologist, and
patients who know that they have a genetic propensity would
be good candidates for early diagnosis. A well-tolerated and
convenient drug would allow these patients to be treated early
before loss of vision becomes noticeable.

Oligonucleotides have already been used in the clinic
for treating eye disease [1–7]. Intraocular injection of oli-
gonucleotides is well tolerated and a potential route for ad-
ministration. ASOs and duplex RNAs have demonstrated
remarkable long-active half-lives in clinical trials when used
in the liver or central nervous system [18]. For chronic dis-
ease, administration as infrequently as three to four times per
year can be effective. Such longevity makes it more rea-
sonable to believe that intraocular injection would be toler-
ated by patients. We note that intraocular injection in the
ophthalmologist’s office would have the added benefit of
ensuring patient compliance over the months or years needed
for drug administration.

Topical delivery may also be possible. The affected
corneal endothelial tissue is only one half millimeter
away from the surface of the eye and previous results have
suggested that topical delivery can be effective [3–5,17].
If delivery of ASOs or duplex RNAs in eye drop formu-
lation was possible, the convenience would be a major
advantage.

Path forward for anti-FECD
oligonucleotide therapeutics

We have now shown that steric block ASOs, duplex
RNAs, and ss-siRNAs can block the RNA foci formed by
mutant TCF4 intronic RNA. In our previous study, we
demonstrated reversal of the splicing defects in patient
tissue associated with FECD [17] and Davidson and col-
leagues observed similar results using a steric-block 2¢-O-
methyl ASO [19]. While we did not test whether the RNAi
protein machinery was necessary for activity in this study,
we have previously shown that argonaute 2 protein was
necessary when using duplex RNAs or ss-siRNAs to suc-
cessfully target other expanded trinucleotide repeat genes
[23,29,30].

Duplex RNAs, ss-siRNAs, and steric blocking ASOs
function by different mechanisms and provide different op-
tions for the development of therapeutics [18]. Duplex RNAs
and ss-siRNAs function through RNAi and taking advantage
of the natural gene silencing machinery may lead to improved
potency. Both ss-siRNAs and ASOs consist of just one strand,
possibly improving cellular uptake and reducing cost. A de-
finitive balancing of advantages and disadvantages of these

approaches will require additional testing. At the current
stage of characterization, all appear promising.

In the future, there are several objectives that should be
achieved before clinical development of anti-CUG com-
pounds. There is considerable evidence that ASOs can be
active in the eye. We have observed that soaking the corneal
endothelium is sufficient for ASO uptake [17]. In vivo,
however, the efficiency of uptake is unknown. It is also un-
known whether intraocular injection will be the most prac-
tical mode of delivery or whether topical delivery can be an
option. Regardless of which mode of administration is pos-
sible, it is likely that delivery will need to be repeated mul-
tiple times, possibly for a lifetime. A high level of safety and
tolerability will need to be demonstrated.

Many other genes have CUG repeats that are not ex-
panded, but are long enough to permit binding of at least
one anti-CUG repeat oligonucleotide. Previous studies in
a mouse model of myotonic dystrophy revealed that ex-
pression of these other CUG-repeat genes was largely un-
affected [34]. The fact that ‘‘Off-target’’ CUG repeats are
much shorter than the expanded repeat within the TCF4
gene may also make binding less likely. That said, the
potential for binding to other human CUG repeat genes will
require study. However, our ability to tailor compounds
through chemical modification and the introduction of strate-
gically placed base alterations that introduce mismatches
relative to the target may also help increase selectivity if
problems are encountered.

The design of clinical trials will face challenges. The slow
progression of FECD will require extended clinical trials. It
will be beneficial for these trials to be designed to be as brief
as possible and achieving that goal will require a finer un-
derstanding of the disease course of FECD and an ability to
monitor the progression of findings and symptoms over
months rather than years. While research will be needed to
achieve that understanding, the cornea can be readily ex-
amined by ophthalmologists and changes to the cornea be-
come visible long before disease symptoms become severe.
Monitoring biomarkers may be a viable option for following
the course of early disease and relatively rapid evaluation of
new treatments.

In summary, FECD is a major cause of vision loss that
affects hundreds of thousands of people. There are no
nonsurgical curative treatments. The disease is caused by a
mutant RNA, and the selectivity of ASOs and duplex RNAs
makes them ideal starting points for therapeutic develop-
ment. Specific to compounds that function through the
RNAi pathway, we have identified several lead compounds
that can block mutant RNA in patient-derived cells.
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