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Cystic fibrosis (CF) is an autosomal recessive monogenic dis-
ease caused by mutations in the CFTR gene. Therapeutic ap-
proaches that are focused on correcting CFTR protein face
the challenge of the heterogeneity in CFTR mutations and re-
sulting defects. Thus, while several small molecules directed
at CFTR show benefit in the clinic for subsets of CF patients,
these drugs cannot treat all CF patients. Additionally, the clin-
ical benefit from treatment with these modulators could be
enhanced with novel therapies.
To address this unmet need, we utilized an approach to increase
CFTR protein levels through antisense oligonucleotide (ASO)-
mediated steric inhibition of 50 UTR regulatory elements. We
identified ASOs to upregulate CFTR protein expression and
confirmed the regulatory role of the sites amenable toASO-medi-
atedupregulation.TwoASOswere investigated further, andboth
increased CFTR protein expression and function in cell lines and
primary human bronchial epithelial cells with distinct CF geno-
types.ASO treatment further increasedCFTR function in almost
all CF genotypes tested on top of treatment with the FDA
approved drug Symdeko (ivacaftor and tezacaftor). Thus,we pre-
sent a novel approach toCFTRtherapeutic intervention, through
ASO-mediated modulation of translation.
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INTRODUCTION
Cystic fibrosis (CF) is an autosomal recessive monogenic disease
caused by mutations in the CFTR gene that result in dysfunctional
CFTR protein production, folding, trafficking, and ion channel
activity.1 CFTR is an epithelial anion channel critical for chloride
and bicarbonate transport and airway hydration in the lung. CFTR
defects impair its function in many tissues, including the lungs, liver,
intestine, and pancreas. Airway dehydration and impaired mucocili-
ary clearance occur in the absence of functional CFTR, enabling
persistent infection of the airways and progressive lung disease, which
is the primary cause of morbidity and mortality in CF patients.2

Therapeutic approaches for CF have focused both on restoring airway
hydration and correcting defective CFTR protein. Symptomatic treat-
ments such as mucolytic agents and enzyme replacement therapies
have substantially increased patient lifespan, but they do not address
the underlying cause of disease. A significant challenge is the consid-
erable number of CFTR mutations that give rise to CF, which have
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heterogeneous effects on CFTR protein. Disease-causing mutations
have been classified into six groups, based on the resulting effect on
CFTR protein: mutations (splicing or nonsense mutations) that result
in no protein (I), protein that does not traffic to the cell membrane
(II), protein that is not functional due to gating defects (III), protein
that has limited function (IV), lower protein expression (V), and pro-
tein that is not stable at the cell surface (VI). In the past decade, several
small molecule modifiers of CFTR protein have shown benefit in the
clinic for subsets of CF patients. For example, ivacaftor (Kalydeco) is a
potentiator that can specifically improve outcomes for patients with
gating-defective CFTR (class III mutations—G551D, etc.). Similarly,
trafficking corrector compounds, such as lumacaftor and the more
potent compound tezacaftor, increase the amount of CFTR at the
cell membrane for patients with improperly trafficked CFTR (class
II mutations—F508del, N1303K, etc.). Unfortunately, even when
used in combination, these drugs cannot treat all CF patients, due
to the heterogeneity of CFTR defects. Additionally, the clinical benefit
from treatment with these modulators is heterogeneous and could be
increased with novel therapies. Thus, there remains a significant un-
met need for a therapy that would benefit all CF patients.

We hypothesized that an approach to increase CFTR protein levels, in
a mutation-agnostic manner, would be beneficial either in combina-
tion with existing therapies for patients with mutations resulting in
defective CFTR function or as a stand-alone treatment for patients
with mutations resulting in diminished CFTR protein expression.
Previous reports have demonstrated that CFTR is regulated at the
level of translation, through an upstream open reading frame
(uORF) and putative secondary structure element in the 50 UTR
and through microRNA (miRNA) and RNA-binding protein sites
in the 30 UTR.3–5 Thus, we sought to increase CFTR translation
through the use of antisense oligonucleotides (ASOs).

ASOs act on RNA to modulate splicing, elicit degradation of the tran-
script, or activate or inhibit translation through highly specific
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Figure 1. Identification of Regulatory Elements in the CFTR 50 UTR
(A) Structure prediction of the human CFTR 50 UTR. Structures of potential interest
are boxed in green; the uAUG site is boxed in blue. Red arrows indicate regions of

overlap with the ASO screen. (B) Schematic of reporter construct. CMV, CMV

promoter; HSV TK, HSV TK promoter. (C) Representative reporter assay data in

three cell lines for various mutations introduced into the CFTR 50 UTR. Data are

mean + SEM. *p < 0.05, **p < 0.005 by Holm-Sidak method, a = 0.05.
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hybridization to a target RNA. There are several approved ASO drugs
for indications such as spinal muscular atrophy, familial hypercholes-
terolemia, and hereditary transthyretin amyloidosis, validating the
clinical application of this class of therapeutics.6,7 ASOs are synthetic
single strands of 16–20 nucleotides and are chemically modified to in-
crease pharmacological properties and nuclease resistance. They are
engineered to regulate mRNA and protein expression with nucleotide
specificity through several distinct mechanisms. RNase H1-mediated
endonucleolytic cleavage of a target transcript is the most commonly
used mechanism of ASO action, which results in degradation of the
target mRNA.6,8 ASOs to recruit RNase H1 are designed with a
DNA-like “gap” lacking sugar modification that results in recognition
by RNase H1 upon hybridization to the target mRNA. The “gap” is
flanked by “wings” that have sugar modifications to enhance stability
and affinity for the target. ASOs that are modified uniformly, without
an unmodified “gap,” can be used to mask regulatory elements in a
transcript via steric blocking. This is exemplified by ASOs that modu-
late splicing, such as the approved drugs Spinraza and etiplirsen.
More recently, uniformly modified ASOs have been used to increase
translation of specific transcripts through steric inhibition of 50

UTR regulatory elements, such as uORFs or secondary structure
elements.9–11

We sought to increase CFTR expression levels throughASO-mediated
steric inhibition of 50 UTR regulatory elements. We designed ASOs
to tile the 50 UTR at single-nucleotide resolution, resulting in the
identification of ASOs that increased CFTR protein expression and
function in relevant cell lines and preclinical CF models. Our data
exemplifies a novel approach to CF drug discovery and represents
the first application of this ASO mechanism to a therapeutic target.

RESULTS
Identification of Putative Translation Regulatory Elements in the

50 UTR of CFTR mRNA

We performed bioinformatic analysis of the 50 UTR to identify sites of
potential translational regulation. Upon structure prediction analysis
of the 50 UTR, we identified several stem loops that we hypothesized
may contribute to regulation of CFTR translation, indicated in green
boxes (Figure 1A). The “top stem loop” and “mid stem” also had sig-
nificant overlap with a previously identified structural element, which
in reporter assays was shown to co-regulate reporter mRNA transla-
tion in combination with the uORF.3 We also identified additional
structured regions of the 50 UTR that have not been previously re-
ported (Figure 1A, “side stem loop” and “lower stem”).

To determine if inhibition of elements in the 50 UTR could increase
CFTR protein expression, ASOs were designed to tile the full 132-
nucleotide 50 UTR at single-nucleotide resolution. An ELISA was
developed to detect CFTR protein changes in a high-throughput
manner for use in ASO screens (Figure S1). This assay was validated
in several cell lines with varying levels of CFTR expression.
16HBE14o� cells were selected for ASO screens, as they had easily
detectable levels of CFTR protein expression and have previously
been demonstrated to be amenable to CFTR functional assays.12



Figure 2. Effect of ASOs to Upregulate CFTR in

16HBE14o– Cells

(A) CFTR protein expression after indicated ASO treat-

ments, normalized to untreated control (UTC). *p < 0.05,

**p < 0.005, ***p < 0.0005 by two-way ANOVA with

Dunnett’s multiple-comparison test. (B) CFTR surface-

localized protein expression. *p < 0.05, ***p < 0.0005 by

Holm-Sidak method. (C) CFTR function, measured by

Ussing chamber and quantified relative to untreated

control. Mean electrophysiological data for ASO-treated

16HBE14o� cells. Data is normalized to untreated control

(UTC). Ctl, Control ASO; CFTR ASO, CFTR gapmer ASO.

Amiloride (100 mM) was added to block the epithelial so-

dium channel, followed by forskolin (10 mM) to stimulate

CFTR and the inhibitor 172 (CFTRinh-172, 50 mM) to

inhibit CFTR. Data aremean + SEM. *p < 0.05, **p < 0.005

by Holm-Sidak method, a = 0.05. (D) Representative

traces of functional response in Ussing chambers after the

indicated ASO treatments in 16HBE14o� cells.
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An initial screen of the 50 UTR was performed using 16-nucleotide
ASOs with phosphorothioate backbone and 20 methoxy modification,
based on previously demonstrated upregulation of other targets with
this chemistry.10 Three regions emerged as most amenable to upregu-
lation, with CFTR protein expression increased by 3- to 4-fold. These
regions were consistent with two stem loops in the predicted structure
(Figure 1A, “top stem loop” and “side stem”). Additionally, the pre-
viously reported upstream AUG site (Figure 1A, outlined in blue
box), which is predicted to initiate translation of an uORF,3 was
blocked by several ASOs that increased CFTR expression.

Confirmation of a Regulatory Role for uAUG and Predicted

Structure in the 50 UTR
To test the regions of interest for potential regulatory effects on trans-
lation, we engineered a dual luciferase reporter assay system. The
Renilla luciferase open reading frame was placed immediately down-
stream of the CFTR 50 UTR, and firefly luciferase was inserted after a
distinct promoter to serve as a control for transfection efficiency of
this reporter construct (Figure 1B). We performed mutational anal-
ysis of the 50 UTR and evaluated effects on translation of the reporter
in three distinct cell lines: HEK293, 16HBE14o�, and CFBE41o�.
HEK293 cells are commonly used for reporter assays and were also
used for ease of transfection. 16HBE14o� and CFBE41o� cells are
well characterized human bronchial epithelial cells used for CFTR
research, homozygous for wild-type or F508del-CFTR, respectively.

The wild-type 50 UTR (“WT CFTR 50 UTR”) on its own exhibited
decreased reporter translation compared to a construct lacking the
CFTR 50 UTR (Figure 1C, “no 50 UTR”). Mutation of the uAUG to
uUUG paired with mutations that disrupted some 50 structure (Fig-
ure 1C, “uUUG + lower stem”) significantly enhanced translation
compared to a construct with the wild-type 50 UTR. Similar increases
in reporter translation were observed upon mutation of either side of
the top stem (Figure 1C, “top stem 1” and “top stem 2”). Restoration
of base-pairing interactions through compensatory mutation fully
reduced reporter translation back to wild-type levels (Figure 1C,
“top stem compensatory”). Mutation of the side stem loop resulted
in a similar effect, though to a lesser degree than the top stem or
uUUG mutations (Figure 1C, “side stem 1,” “side stem 2,” and
“side stem compensatory”). All three cell lines tested showed similar
trends in reporter translation in response to the different mutations.
These data support a translation regulatory role for the uAUG site
and top and side stem loops that were identified as amenable to up-
regulation via ASO treatment.

ASOs Increase CFTR Surface-Localized Protein and Function in

Wild-Type Cell Lines

Based on the reporter assay results, we selected two ASOs for addi-
tional analysis in wild-type CFTR cells, one that blocks the uAUG
site (“uORF ASO”) and one that blocks the top stem of the predicted
structure (“TSEASO”). ASOs were delivered to cells without transfec-
tion (free uptake13,14). A chemistry-matched scrambled ASO that has
no human transcript targets was used as a control (“control ASO”).

The uORF ASO demonstrated a dose-responsive increase in CFTR
protein expression in 16HBE14o� cells (Figure 2A). The translation
suppression element (TSE) ASO increased CFTR protein expression
to a lesser extent (3-fold) and did not exhibit a clear dose response.
The duration of effect was 24–36 h for both uORF and TSE ASOs.

CFTR requires trafficking to the cell surface to function as a chloride
channel. Thus, we sought to determine the effect of ASO treatment on
CFTR cell surface expression. We developed an assay to specifically
detect surface-localized CFTR through use of a CFTR antibody that
recognizes an extracellular loop of the protein (Figure S2). Upon
ASO treatment, surface-localized CFTR levels were increased up to
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Figure 3. Effect of ASO Combination with Corrector

Compounds in Cell Lines with Defective CFTR

CFTR protein expression with and without the corrector

compound VX-661 (18 mM) after indicated ASO treatments

in 16HBE14o� (WT) cells (A), CFF-16HBEge-F508del cells

(C), CFF-16HBEge-N1303K cells (E), and CFF-16HBEge-

W1282X cells (G). Surface-localized CFTR protein expres-

sion for each cell line is represented in (B), (D), (F), and (H). All

data are normalized to untreated control (UTC). Data are

mean + SEM. *p < 0.05, **p < 0.005, ***p < 0.0005 by

Holm-Sidak method, a = 0.05.
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4-fold with uORF ASO treatment and about 2-fold with TSE ASO
treatment (Figure 2B), similar to the increases seen in the CFTR
ELISA.

We reasoned that since both ASOs could increase surface-localized
CFTR protein levels, they should also increase CFTR channel activity;
therefore, we next sought to determine the effect of TSE and uORF
ASO treatment on chloride transport in 16HBE14o� cells. After ba-
solateral delivery of the ASOs to cells grown on transwell inserts, Us-
sing chamber assays were performed to measure the CFTR-specific
ion current. CFTR was activated with forskolin, potentiated with
the modulator VX-770, and inhibited with CFTR-Inh 172. Treatment
1752 Molecular Therapy Vol. 27 No 10 October 2019
with TSE and uORF ASOs increased CFTR
function by 2- to 4-fold, compared to the un-
treated control. uORF ASO treatment had
dose-responsive effects on CFTR function (Fig-
ure 2C), consistent with the CFTR protein
expression effects (Figure 2A). The control
ASO had no effect on CFTR function, as ex-
pected. A “gapmer” ASO to knockdown CFTR
through RNase H1 recruitment was used as a
positive control for ASO delivery to the cells.
As expected, the gapmer ASO reduced CFTR
function significantly. This is consistent with
mRNA and protein reductions in CFTR with
this ASO (Figures S3C and S3D).

ASOs Are Effective at Increasing CFTR

Expression in Cell Lines with Trafficking-

Defective CFTR

To determine the effect of ASO treatment
on mutated CFTR, we utilized gene-edited
16HBE14o� cell lines homozygous for distinct
CFTR mutations, generated by Cystic Fibrosis
Foundation Therapeutics (CFF-16HBEge
cells).12We first tested CFTRmRNA expression,
protein expression, and function in the relevant
assays and confirmed thatW1282X cells showed
reduced CFTR mRNA and protein, F508del and
N1303K cells had similar CFTR mRNA levels
relative to the parental 16HBE14o� cells but
decreased CFTR protein, and all demonstrated defective CFTR func-
tion (Figure S4). Treatment with either the uORF or TSE ASO had no
effect on CFTR mRNA levels in W1282X, N1303K, or F508del cells
(Figure S5). Combination of ASO with VX-661 (tezacaftor), a clini-
cally effective trafficking corrector compound,15 also did not affect
mRNA levels. These data indicate that the ASOs increase CFTR pro-
tein without affecting mRNA stability, in agreement with the effect on
translation reported for these types of ASOs.10,11 Total CFTR protein
levels were increased in a dose-responsive manner in WT, N1303K,
and F508del cells with uORF ASO treatment, with similar degrees
of upregulation observed with and without VX-661 treatment (Fig-
ures 3A, 3C, and 3E). W1282X-CFTR levels were not affected by



Figure 4. Functional Effect of ASO Combination with

Corrector Compounds in Cell Lines with Defective

CFTR

(A–C) Representative traces of functional response in

Ussing chambers after ASO treatment in CFF-16HBEge-

F508del (A), CFF-16HBEge-N1303K (B), and CFF-

16HBEge-W1282X (C) cells. Amiloride (100 mM) was

added to block the epithelial sodium channel, followed by

forskolin (10 mM) to stimulate CFTR, VX-770 (10 mM) to

potentiate CFTR, and the inhibitor 172 (CFTRinh-172,

50 mM) to inhibit CFTR. F, forskolin; I, CFTR inhibitor 172.

(D) Mean electrophysiological data for all CFF-16HBEge

cell lines tested. Data is normalized to untreated control

(UTC). Two-way ANOVA analysis was conducted with

Dunnett’s multiple-comparison test between each mean

and the mean of the untreated control. Data are mean +

SEM. ***p < 0.0005, **p < 0.005.
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uORF or TSE ASO treatment (Figures 3G and 3H). TSE ASO treat-
ment had very similar effects on CFTR mRNA and total protein, to
a lesser extent and without dose response. Surface-localized CFTR
was also increased with uORF and TSE ASO treatment, but only in
combination with VX-661 in mutant cells (Figures 3B, 3D, and 3F).
Taken together, these data indicate that uORF and TSE ASOs increase
trafficking-defective CFTR protein, but not nonsense-mutated CFTR,
at the relevant cellular location.

ASOs Increase Defective CFTR Function in Combination with

Correctors in Cell Lines

We sought to determine the effect of ASO-mediated upregulation on
CFTR function in the CFF-16HBEge cell lines. We treated cells with
ASO through the basolateral route three times prior to Ussing cham-
ber measurement. Representative tracings for F508del-CFTR demon-
strate a significant 2- to 3-fold improvement in forskolin and VX-770
activated current after uORF or TSE ASO treatment, with VX-661
combination (Figures 4A and 4D). The same conditions were tested
forW1282X andN1303K cells and quantified relative toVX-661 treat-
ment alone (Figures 4B–4D). Both uORF and TSE ASOs increased
N1303K and F508del function but had no effect onW1282X function.

ASOs Increase Defective CFTR in Combination with Correctors

in Clinically Relevant Models of CF

Patient-derived primary human bronchial epithelial (hBE) cells
cultured at the air-liquid interface are a clinically relevant model of
a pseudostratified airway epithelium, with detectable cilia beating
and airway surface liquid, as well as measurable CFTR function
that correlates well with spirometry measures in patients (FEV1).16

Thus, we next tested ASO effects in this model. As these cells form
tight monolayers, we first confirmed ASO delivery through use of
Molecu
the RNaseH1 ASO to knockdown CFTR (Fig-
ure S6). CFTR mRNA levels were reduced
dose-dependently, compared to the control
ASO and relative to the untreated control in
cells from a healthy donor (Figure S6A). Dose-
dependent loss of CFTR function was observed in Ussing chamber as-
says conducted after treatment with the RNaseH1 ASO (Figure S6B),
indicating that ASOs are effectively delivered to primary hBE cells
and can modulate CFTR function in this model.

Next, uORF and TSE ASOs were delivered to cells with four distinct
CF genotypes to test the effect of ASO treatment on CFTR from
different mutation classes. We tested the effect of upregulation ASO
treatment in cells from one F508del/R117H 5T/9T donor, one
A455E/2183delAA > G donor, one F508del/A455E donor, and two
F508del/F508del donors.

In A455E/2183AA/G cells, VX-661/770-corrected CFTR function
was increased with ASO treatment by 2- to 4-fold relative to VX-
661/770 treatment alone (UTC, Figure 5A). A455E is a common
missense mutation in a highly conserved nucleotide-binding domain
of CFTR that results in both reduced protein expression and stability
as well as impaired function.17,18 2183AA/G is a rare frameshift
mutation in exon 13 that leads to premature termination of CFTR
translation.19–21 This mutation has a prevalence of % 1% and on
its own is not responsive to current modulator therapies. Thus, for
these cells, basal function was quite low relative to the wild-type
donor cells, likely representative of A455E-CFTR function alone.
ASO treatment therefore only restored defective CFTR function to
15% ofWT (Figure 5A). Similar effects were observed with ASO treat-
ment to F508del/A455E cells (Figure 5B).

In R117H 5T/F508del cells, we again observed 2- to 4-fold increases in
CFTR function with either uORF or TSE ASO treatment (Figure 5C).
R117H results in a conductance defect that can be rescued by VX-770
treatment. F508del is amutation inNBD1 that causes improper CFTR
lar Therapy Vol. 27 No 10 October 2019 1753
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Figure 5. Effect of ASOs on CFTR Function in CF

Patient-Derived Primary Cells

Mean electrophysiological data for ASO-treated primary

hBE cells from A455E/2183delAA >G (A), F508del/A455E

(B), R117H 5T/F508del (C), and F508del/F508del (D)

donors. Data are represented as percent of WT donor

function. n R 5 per donor. Data are mean + SEM.

*p < 0.05, **p < 0.005, ***p < 0.0005 by Holm-Sidak

method, a = 0.05.
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post-translational processing and therefore does not traffic to the cell
surface. F508del trafficking can be restored with VX-661 treatment,
which results in CFTR channels with a gating defect. Thus, VX-661
and VX-770 are co-administered to patients with at least one
F508del allele. Surprisingly, evenwith bothVX-661 andVX-770 treat-
ment, function was only about 10% of WT (Figure 5C). Thus, ASO
treatment resulted in increases of up to �30%–40% of WT function.

In F508del homozygous cells, both ASOs increased VX-661/770-cor-
rected CFTR function by at least 2-fold (Figure 5D). Interestingly, the
combination of both uORF and TSE ASOs at equal concentrations re-
sulted in a more robust and dose-responsive effect on F508del-CFTR
function. Compared to cells from a wild-type donor, function was
restored to almost 45%.

DISCUSSION
Here, we demonstrate the first application of ASOs to increase the
expression of a therapeutic target in multiple cell lines and CF pa-
tient-derived primary cells, a clinically relevant disease model. We
identified ASOs to upregulate CFTR protein expression through ste-
ric inhibition of both previously reported and novel regulatory sites.
Two ASOs were selected for further analysis, and both increased
CFTR protein expression and function in cell lines and hBE cells
with distinct CF genotypes. Importantly, ASO treatment further
increased CFTR function in almost all CF genotypes tested on top
of ivacaftor and tezacaftor (Symdeko) treatment. Our data suggest a
novel approach for CFTR modulation at the level of translation,
which may provide benefit in the clinic, particularly when combined
with existing CFTR modulator therapies.

The reporter assay revealed multiple sites of regulation within the 50

UTR of the primary CFTR transcript. The uORF was previously re-
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ported to inhibit translation of a reporter RNA
in HT29 and HEK293 cells.3 Here, we show
that it contributes to decreased translation of a
reporter in 16HBE14o� and CFBE41o� cells,
suggestive of a conserved mechanism of transla-
tional control of CFTRmRNA.We also demon-
strate that blocking the uAUG and structured
sites increases CFTR protein levels in CFTR-
defective cell lines and primary cells, without
an effect on CFTR steady-state mRNA levels,
supportive of the expected effect on translation.
Further mechanistic analysis will be helpful in determining whether
that is indeed the case and which steps of translation are altered.
Other studies have demonstrated that ASOs to block 50 UTR elements
affect protein expression through increased ribosome occupancy,
dependent on helicase activity.10,11 It is likely that the ASOs that up-
regulate CFTR protein act through a similar mechanism, but addi-
tional experiments are required to test this hypothesis. Our data
builds on and supports previous studies and indicates a path for ther-
apeutic development.

CFTR is an attractive target, as mutations in CFTR give rise to the
monogenic disease CF. There are existing drugs for CF patients, but
many of them are either symptomatic or specific to subsets of pa-
tients. The strategy reported here would enable increased CFTR
translation for most CFTRmutation classes. For mutations that result
in CFTR that cannot traffic to the membrane or transport ion effec-
tively, this strategy would have to be paired with an approach to cor-
rect the defect. Combination of 50 UTR-binding ASOs with trafficking
corrector compounds increases CFTR function greater than corrector
compound treatment alone for F508del and N1303K-CFTR. Muta-
tions that are subject to nonsense-mediated mRNA decay (NMD)
may also require combination with other pharmacological agents,
most likely including NMD inhibitors. The NMD-targeted mutation
W1282X-CFTR did not respond to 50 UTR-binding ASO treatment.
The W1282X-CFTR mRNA may be too unstable for 50 UTR ASOs to
act on, or the effect on W1282X-CFTR protein and function levels
may have been too minor to detect, due to the sensitivity of the assays.
Future studies to combine NMD inhibition with 50 UTR ASOs would
clarify the lack of effect and may result in increased W1282X-CFTR
protein and function. Taken together, our data suggest that increasing
the pool of defective CFTR that is available for correction would pro-
vide clinically meaningful benefit, for mutations from four of the five
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classes tested in this study. Of the six mutation classes, only the
gating-defective class of CFTR mutants was not evaluated. Future
studies may provide insight into the application of this approach
for gating-defective CFTR.

While this mechanism shows significant therapeutic potential, there
remain some critical challenges. The dose dependence of both uORF
and TSE ASOs is unclear, particularly in primary cell models. While
the protein expression and chloride transport data are very consistent,
both ASOs exhibit upregulation effects at a very large range of doses.
The primary cells were treated with ASO multiple times to the baso-
lateral compartment over the course of 1 week, and these cells are
no longer proliferating. Thus, there could be significant accumulation
of ASO that may account for observed activity at very low doses. Ribo-
some occupancy andCFTRmRNA structure analyses after ASO treat-
ment have been challenging due to lowCFTRmRNA levels; therefore,
a more complete mechanistic understanding of this activity remains
elusive. Improved detection of CFTR with these methods may yield
better understanding of the mechanism and the dose response.

Additionally, in vivo efficacy of upregulation ASOs remains to be
evaluated. It will be critical for therapeutic development to determine
if the ASOs achieve similar efficacy in a CF or CF-like lung as in pri-
mary hBE models and to determine the pharmacokinetic properties
in vivo. Prior experience with gapmer ASOs to inhibit ENaC in ani-
mal models suggests that ASOs can distribute effectively to the lung
and maintain similar activity and pharmacokinetics even in models
that recapitulate the significant mucus accumulation seen in CF.22

It remains to be seen whether the same would hold true for ASOs
that do not recruit RNase H1, as differences in chemical modification
of the ASOs might influence their tissue distribution. Additionally,
the dose response of uniformly modified ASOs for CFTR is distinct
in cell models from that of RNase H1 ASOs that target CFTR. How-
ever, in vivo studies of ASOs to upregulate other targets have demon-
strated similar effects to those observed in vitro.10 Studies in animal
models possessing the human CFTR 50 UTR, which have been intrac-
table thus far, will help to elucidate this further.

Despite these challenges, this is an important extension of previously
reported application of ASOs to increase translation.10,11 Liang et al.
demonstrated that ASOs could be used to block 50 UTR elements to
increase ribosome association with the start codon and thereby
augment protein production for a number of candidate tran-
scripts.9–11 Here, we applied this novel ASO strategy to a therapeutic
target, CFTR, and showed potential for this mechanism in therapeutic
development. This strategy can be extended to inhibition of other reg-
ulatory elements in the CFTR transcript, such as miRNA sites in the 30

UTR, which have been shown to negatively regulate CFTR expres-
sion.4,5 Additionally, this mechanism has broad applicability for
therapeutic development. uORFs have been identified in many tran-
scripts, some of which are implicated in disease.23 However, it
remains to be seen how many of these uORFs negatively regulate
translation of the downstream primary ORF and would therefore
be viable therapeutic targets.
In summary, we demonstrate a novel application of ASO-mediated
translational control to increase CFTR expression in clinically rele-
vant models. Our data suggests that ASOs can effectively inhibit ele-
ments that have a regulatory effect on translation to increase protein
expression of a therapeutic target. While this strategy still needs addi-
tional in vivo and clinical validation, it is an attractive and tractable
alternative to mRNA replacement and gene therapy that can be
applied to other loss-of-function diseases.

MATERIALS AND METHODS
Structure Prediction

Secondary structure of human CFTR 50 UTR (positions 1–132 of
NM_000492.3) was predicted using RNAfold 2.1.8.24 Standard pa-
rameters were used for the prediction. The predicted 50 UTR structure
was visualized using VARNA.25

Cell Culture and Lysis

Calu-3, T84, and HeLa cells were cultured per ATCC guide-
lines.16HBE14o� and CFBE41o� cells (from Dieter Gruenert) and
CFF-16HBEge CFTR cells (from the Cystic Fibrosis Foundation
Therapeutics [CFFT] lab) were cultured as described.26 Cells in
96-well plates were washed three times with 150 mL cold PBS.
100 mL cold IP lysis buffer (Pierce immunoprecipitation [IP] lysis
buffer with Halt protease inhibitors [Thermo Fisher, Carlsbad, CA,
USA]) was added, and plates were shaken (4�C for 30 min) and trans-
ferred to a �80�C freezer for 12 h. After freeze-thaw, lysates were
mixed by pipetting and protein was quantified (Pierce BCA).

hBE cells prepared as described previously were provided by Drs.
Chris Penland (the Cystic Fibrosis Foundation) and Scott H. Randell
(Marsico Lung Institute, The University of North Carolina at Chapel
Hill, Chapel Hill, NC, USA).27 The cells were obtained under protocol
#03-1396 approved by the University of North Carolina at Chapel
Hill Biomedical Institutional Review Board. Cells were thawed and
expanded in Pneumacult EX basal media (STEMCELL Technologies,
Vancouver, Canada), supplemented with antibiotics, and then plated
onto 3T3-conditioned media-coated transwell inserts at a density of
0.55 � 106 cells. Upon reaching confluence, apical media was
removed. Cells were cultured at the air-liquid interface in Pneumacult
air-liquid interface media (STEMCELL Technologies, Vancouver,
Canada), with basal compartment media changes 2 to 3 times per
week, for 4 to 5 weeks until fully differentiated. For mRNA and pro-
tein extraction, cells were washed apically with sodium bicarbonate to
remove mucus. PBS washes to both compartments were conducted
prior to application of 50 mL cold IP lysis buffer (for protein extrac-
tion) or 100 mL RLT buffer (QIAGEN, Hilden, Germany) for RNA
extraction. Protein and RNA extraction were performed as for
other cells.

ASO Delivery to Cells

ASOs were delivered to cells by free uptake. For the cell lines, cells
were seeded in fresh media for 24 h and were treated with ASOs
diluted in media to the final concentration indicated for each
experiment. Primary hBE cells were treated, after reaching full
Molecular Therapy Vol. 27 No 10 October 2019 1755
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differentiation (24–28 days after seeding), by replacing media in the
basolateral compartment with ASO diluted in media. Media changes
were conducted three times with ASO prior to Ussing chamber or
other analysis.

mRNA Extraction and qRT-PCR

mRNA extraction and qRT-PCR were performed as described.28

Primer and probe sequences were as follows: forward, 50-TCCTTT
CCAACAACCTGAAC-30; reverse, 50-CAAGTCCACAGAAGGCA
GAC-30; probe, 50-Fam-CCCCATGAGGAGTGCCACTTGC-Iowa
Black-30.

CFTR ELISA

All incubation steps were performed with shaking at 700 rpm. Be-
tween incubations, wells were washed three times with 150 mL
PBS + 0.05% Tween-20 before addition of the next reagent. Small-
spot streptavidin plates (L45SA, MesoScale Diagnostics [MSD],
Rockville, MD, USA) were blocked for 1 h at room temperature
with 150 mL/well 5% blocker A in PBS and coated with 0.075 pmol
of Abcam CFTR antibody (ab181782) biotinylated with Pierce EZ-
link sulfo-NHS-LC-biotin (Thermo Fisher, Carlsbad, CA, USA). Af-
ter 1 h at room temperature, 25 mL sample was added to each well and
incubated overnight at 4�C, followed by 1 h room temperature incu-
bation in UNC596 antibody (1:1,000, in 1% block A + 0.1% block B +
0.1% block DR, all in PBS). Sulfo-tag a-mouse antibody was added at
1 mg/mL (in 1% block A in PBS). After 1 h at room temperature, plates
were read in 1�MSD read buffer on a MSD Sector plate reader. Sam-
ples were analyzed in triplicate.

CFTR Surface Expression Assay

Cells were seeded onto high-bind plates (L15XB, MesoScale Diagnos-
tics, Rockville,MD,USA) 16 h prior toASO treatment and/or assay. In-
cubationswere at 37�C, andwellswerewashed three times with PBS be-
tween incubations. Viability was measured by CellTiterFluor assay
(Promega, Madison, WI, USA). Cells were incubated for 1 h with
10% fetal bovine serum (FBS) in PBS, followed by 1:500 CF3 antibody
(ThermoFisher, Carlsbad, CA,USA) for 1 h.MSDSulfo-tag conjugated
a-mouse secondary was added at 1:10,000 for 1 h prior to detection in
1� MSD read buffer without detergent on a MSD Sector plate reader.

Surface Biotinylation and Pulldown

Surface biotinylation and pulldown were performed as described,
except that biotin labeling was conducted for 1 h.29

Western Blot

Lysates (25 mg) were separated on 3%–8% NuPage Tris-acetate gels
(Thermo Fisher, Carlsbad, CA, USA) and transferred to polyvinyli-
dene fluoride (PVDF) (Thermo Fisher, Carlsbad, CA, USA). Mem-
branes were probed with UNC596 antibody (1:2,000, provided by
John Riordan and CFFT) and a-tubulin (1:10,000, Cell Signaling
Technologies, Danvers, MA, USA) or a-Na/K ATPase (1:100,000,
Abcam, Cambridge, MA, USA) followed by a-rabbit IRDye680
(1:15,000) and a-mouse IRDye800 (1:15,000) and imaged on a
LI-COR Odyssey.
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Ussing Chamber Assay

Air-liquid interface cultures were mounted into Ussing chambers
(Physiologic Instruments, San Diego, CA, USA) and voltage clamped.
Buffers to establish a chloride gradient were as described.30 Short-cir-
cuit current and resistance were measured through Acquire and
Analyze (Physiologic Instruments, San Diego, CA, USA). The
following compounds were added acutely: 100 mM amiloride (Sigma,
St. Louis, MO, USA) to the mucosal side, to inhibit the epithelial so-
dium channel; 10 mM forskolin (Sigma, St. Louis, MO, USA) to both
sides to activate CFTR; 10 mM VX-770 (Selleck Chemicals, Houston,
TX, USA) to the mucosal side to further potentiate CFTR; and 50 mM
CFTR inhibitor 172 (received from Robert Bridges through CFFT) to
the mucosal side to inhibit CFTR.

Reporter Assay

HEK293, 16HBE14o�, or CFBE41o� cells were seeded in triplicate
wells in 96-well plates. 24 h later, cells were transfected with reporter
plasmid using Lipofectamine 2000 per manufacturer’s instructions.
After 24 h, reporter assay was conducted using the Dual-Glo lucif-
erase reporter assay system (Promega, Madison, WI, USA) according
to manufacturer’s instructions.

Cloning of Reporter Plasmids

The CFTR 50 UTR (positions 1–132 of NM_000492.3) was ordered as
a gBlock (IDT, Coralville, IA, USA) and inserted via Gibson assembly
cloning,31 using a Gibson assembly kit (NEB, Ipswich, MA, USA),
into the pcDNA5/FRT plasmid (Thermo Fisher, Carlsbad, CA,
USA). A subsequent Gibson assembly was conducted to insert the
dual luciferase reporter (amplified out of psiCHECK-2 [Promega,
Madison, WI, USA]) immediately downstream of the CFTR 50

UTR. A dual luciferase reporter control plasmid without the 50

UTR was constructed as well. Site-directed mutagenesis was used to
generate the mutations of interest using the Q5 site-directed muta-
genesis kit (NEB, Ipswich, MA, USA).
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Figure S1. A sandwich immunoassay detects CFTR protein from cell lysates. 
A. Schematic of CFTR protein and regions bound by antibodies used for ELISA. N and C termini are indicated. 
TMD: transmembrane domain; NBD: nucleotide binding domain; R: regulatory domain. B. Levels of CFTR 
protein detected by ELISA in various cell lines. Normalization is to total protein measured by BCA. C. CFTR 
mRNA levels detected by qPCR. D. CFTR and tubulin detected by western blot in HBE and immortalized cell 
lines. E. Longer exposure of blot for CFTR in HBE cell lines. F. Comparison between ELISA and western blot 
quantifications for HBE cell lines. Data are mean +SEM.
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Figure S2. Cell-based assay for surface-localized CFTR. 
A. Schematic of the assay. Ab, antibody. B. Detection of CFTR surface protein in the indicated cell lines. C. 
Optimized cell-based assay data at indicated seeding densities and cell lines. Data are means of 3 replicate 
wells, with error bars representing standard deviation. D. Surface-biotinylation followed by western blot for 
CFTR in the four indicated cell lines. Data are mean +/-SEM.
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Figure S3. Treatment with ASOs results in reduction of CFTR mRNA, total protein, and surface-localized 
protein. 
A. CFTR mRNA expression in 16HBE14o- cells after ASO treatment. B. CFTR protein expression, measured 
by ELISA, in 16HBE14o- cells after ASO treatment. C. CFTR surface expression in 16HBE14o- cells after ASO 
treatment. *p< 0.05, **p<0.005, ***p<0.0005 by Holm-Sidak method, α = 0.05. Data are mean +/-SEM.
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Figure S4. Characterization of CFF-16HBEge cell lines 
for CFTR expression and function. 
A. CFTR mRNA levels, normalized to total RNA, for each 
of the cell lines indicated on the x axis. B. CFTR protein 
levels, measured by ELISA for each cell line. C. Western 
blot for each cell line, with B and C CFTR bands indicated. 
Na/K ATPase served as a loading control. D. CFTR surface 
expression in each cell line. E. Quantified Ussing chamber 
data for each cell line, represented as a percentage of 
CFTR-specific short circuit current in 16HBE14o- cells. 
Data are mean + SEM.
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Figure S5. Effect of ASO combination with corrector compounds on CFTR mRNA levels in cell lines with 
defective CFTR. 
CFTR mRNA levels, relative to total RNA and normalized to untreated control (UTC), for 16HBE14o- cells (WT, 
A), and the gene edited variant cell lines CFF-16HBEge N1303K (B), F508del (C), and W1282X (D). Data are 
mean + SEM.
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Figure S6. ASO delivery is confirmed in wildtype primary hBE cells. 
A. CFTR mRNA levels, relative to total RNA and normalized to untreated control (UTC), after indicated ASO 
treatments. B. Quantified Ussing chamber data, normalized to untreated control (UTC) after the indicated ASO 
treatments. *p< 0.05, **p<0.005, ***p<0.0005 by Holm-Sidak method, α = 0.05. Data are mean + SEM.
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