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Abstract

Cystic fibrosis (CF) is caused by a mutation of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene,
which disrupts an ion channel involved in hydration maintenance via anion homeostasis. Nearly 5% of CF patients possess
one or more copies of the G542X allele, which results in a stop codon at residue 542, preventing full-length CFTR protein
synthesis. |dentifying small-molecule modulators of mutant CFTR biosynthesis that affect the readthrough of this and
other premature termination codons to synthesize a fully functional CFTR protein represents a novel target area of
drug discovery. We describe the implementation and integration for large-scale screening of a homogeneous, |536-well
functional G542X-CFTR readthrough assay. The assay uses HEK 293 cells engineered to overexpress the G542X-CFTR
mutant, whose functional activity is monitored with a membrane potential dye. Cells are co-incubated with a CFTR
amplifier and CFTR corrector to maximize mRNA levels and trafficking of CFTR to the cell surface. Compounds that allow
translational readthrough and synthesis of functional CFTR chloride channels are reflected by changes in membrane potential
in response to cAMP stimulation with forskolin and CFTR channel potentiation with genistein. Assay statistics yielded
Z' values of 0.69 = 0.06. As further evidence of its suitability for high-throughput screening, we completed automated
screening of approximately 666,000 compounds, identifying 7761 initial hits. Following secondary and tertiary assays, we
identified 188 confirmed hit compounds with low and submicromolar potencies. Thus, this approach takes advantage of a
phenotypic screen with high-throughput scalability to identify new small-molecule G542X-CFTR readthrough modulators.
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manifest as part of the disease, such as intestinal obstruction
syndromes, liver and pancreatic dysfunction, and male
infertility.! In the absence of medical intervention, CF can
lead to premature death.>

Introduction

Cystic fibrosis (CF) is an autosomal recessive disease
caused by mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene, which encodes an epi-
thelial cell surface transmembrane protein responsible for
hydration homeostasis via the transport of chloride and
bicarbonate.! The significant reduction in CFTR protein at
the plasma membrane resulting from CF-causative muta-
tions leads to challenges in maintaining chloride ion homeo-
stasis. Furthermore, beyond reducing levels of properly
functioning, mature protein at the plasma membrane, this
impairment of CFTR protein leads to a reduction of chlo-
ride transport, imbalance of extracellular fluid, and overall
thickening of mucus. The buildup of mucus, particularly in
the airway and lungs, leads to the pathological hallmark of

'Department of Molecular Medicine, Scripps Florida, The Scripps
Research Institute Molecular Screening Center, Jupiter, FL, USA
2Proteostasis Therapeutics, Inc., Boston, MA, USA

"“These authors contributed equally to this work.

Received May 14, 2020, and in revised form Aug 18, 2020. Accepted for
publication Sep 8, 2020.

Supplemental material is available online with this article.

Corresponding Author:
Timothy P. Spicer, Department of Molecular Medicine, The Scripps

the CF disease state, which is characterized by chronic bac-
terial infections, inflammation, and subsequent scarring of
the lungs. However, a range of other pathologies can also
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The mutations in CFTR that cause CF fall into five dif-
ferent classes based on their consequences for the encoded
protein. Class Il represents mutations that result in defective
maturation and trafficking of CFTR to the cell surface.
Class III and 1V include mutations that result in reduced
gating of the channel or conductance of the chloride ions
through it, respectively. Class V mutations reduce overall
CFTR levels by affecting the synthesis of the protein. Class
I mutations prevent synthesis of CFTR mRNA or protein,
and included within this class are premature termination
codons, a subclass of mutations that is the ultimate thera-
peutic target of this study. Of the >2,000 mutations found
to occur in CFTR, ~5% of CF patients possess at least 1
copy of the G542X mutation. This mutation encodes a stop
codon at residue 542, resulting in incomplete protein
synthesis.*”’

Currently, therapeutics that target the underlying cause
of CF, the specific mutational defect in the CFTR protein
responsible for its reduced function, are available only for
certain mutations or classes of CFTR mutation. CFTR mod-
ulators and combinations of modulators are now approved
drugs for a subset of CF genotypes and/or mutations. The
first available, KALYDECO®, addresses the gating defect
of Class Il mutations, and its active ingredient is the poten-
tiator ivacaftor (VX-770).% Subsequently, two therapies
consisting of combinations of a corrector CFTR modulator
with the ivacaftor potentiator were approved; ORKAMBI®
for CF patients who are homozygous for the class I muta-
tion resulting from the deletion of phenylalanine 508
(AF508-CFTR) and SYMDEKO®/SYMKEVI® also for
AF508 homozygous, as well as AF508 compound heterozy-
gous patients with a second allele of select residual function
mutations. Most recently, a triple combination of two cor-
rectors with ivacaftor, TRIKAFTA, has been approved for
patients who have one allele of AF508 and any other
CF-causing mutation on the second allele.

Previously, we reported a validated, 384-well assay
developed for identification of molecules that increase the
functional readout of AF508-CFTR.” Although the AF508-
CFTR assay used a halide-sensitive YFP quenching reporter,
we chose an alternative, albeit similar, strategy for the
detection of readthrough compounds of the G542 X mutants,
which result in a functioning CFTR channel (Fig. 1A).
Instead of an exogenously expressed artificial reporter, we
used a dye, the fluorescence of which reports on changes in
membrane potential due to CFTR channel opening. In con-
sideration of the difficulties associated with the G542X
mutation itself, and the limited efficiency of translational
readthrough observed to date, we included the presence of
small-molecule CFTR modulators to try to reduce these
obstacles. To increase the amount of G542X-CFTR mRNA,
we added a CFTR amplifier, PTI-CH,'° as the amplifier
class of CFTR modulators are shown to co-translationally
increase CFTR mRNA levels independent of mutation.!! In

addition, because translational readthrough of the G542X
position may insert a different residue than the encoded gly-
cine, we included a known small-molecule corrector,
VX-809,'? with the hypothesis that the corrector may help
the missense-mutant CFTR protein that results to fold and
traffic properly.

Here, we report the development and optimization of a
G542X-CFTR functional readout assay that is automated,
ultra-high throughput, and a 1536-well homogeneous no-
wash assay. This should improve the chances of identifying
potential drugs by dramatically improving throughput while
maintaining assay quality and reducing overall costs. To
validate this system, we completed a high-throughput
screening (HTS) campaign, testing approximately 666,000
individual compounds for the ability to restore CFTR pro-
tein function. To determine the outcome of the reporter
assay, a novel data analysis method was developed, and
potential readthrough molecules were identified.

Materials and Methods

CFTR Small-Molecule Modulation
for Functional Assay Development

We prioritized the development of a functional CFTR high-
throughput assay over other more indirect reporters of
readthrough to maximize the potential value of any identi-
fied translational readthrough hits. Because the efficiency
of the raw hits may not be sufficient to generate detectable
CFTR activity, our strategy was to include CFTR modula-
tors of complementary mechanisms of action in the assay.
To increase the levels of CFTR mRNA and its translation in
the assay, we included the PTI-CH amplifier in the 48-h
incubation. Similarly, the corrector VX-809 is included in
the 48-h incubation to help improve the resultant CFTR
protein’s folding and trafficking in the event that the trans-
lational readthrough lead to a misincorporated residue and
thus a missense mutant protein. In addition, 2 acute-acting
small molecules are used to maximize CFTR protein func-
tional activity. The CFTR protein contains a domain that,
when nonphosphorylated, prevents the channel’s activation.
Phosphorylation of this regulatory domain by protein kinase
A leads to an activated CFTR channel, a phosphorylation
affected by the acute addition of forskolin. The second
acute-acting small molecule is a CFTR potentiator, in this
case genistein, that increases the opening time of the CFTR
channel, allowing for greater chloride ion flow.

To establish an assay window for the translational
readthrough of the G542X-CFTR described below, we used
the aminoglycoside G418 as a positive control. Amino-
glycosides promote translational readthrough of nonsense
mutations with some local context dependence but largely
independent of the mRNA that contains them. G418 has
been shown to promote translational readthrough of G542X
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Figure |. Schematic representation of the mechanism by which readthrough compounds restore channel function in G542X-
CFTR—expressing cells. PTC refers to the premature termination codon. (A) mRNA representation, where X (red) indicates the stop
codon mutation. The green circle (G418 or compound) allows for the ribosome to correctly read the Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) gene, and thus a functional CFTR protein is made. (B) Western blot of HEK293 stable cell lines
expressing G542X CFTR mini gene confirming FL protein expression upon incubation with G418 and the enhancement in expression

by the addition of PTI-CH.

and other nonsense mutations in CFTR.!* Although G418
on its own produces some functional CFTR, its synergy
with amplifier, corrector, and potentiator provides a much
better assay window. In addition, we anticipate novel trans-
lational readthrough compounds will also be complemented
by these additional modulators and have included them in
the assay and will continue to do so in the preclinical devel-
opment of advanced leads as the project progresses.

Cell Lines and Cell Culture

HEK 293 cells were transiently transfected with pNLF1-C
(CMV/Hygro) plasmid (Promega Corp., Madison, WI) con-
taining the CFTR-G542X minigene (full-length cDNA of
CFTR with three partial introns, 14, 15, and 16) inserted as
described in Masvidal et al.'* The plasmid contains CMV

promoter and synthetic polyA signal. It carries hygromycin
and ampicillin resistance markers. Cells were routinely cul-
tured in five-tier flasks (Falcon, Thermo Fisher Scientific,
Waltham, MA) at 37 °C and 95% relative humidity. Unless
indicated otherwise, all cell culture reagents were sourced
through Life Technologies (Carlsbad, CA). Cells were cul-
tured in DMEM (Glutamax), 10% HI-FBS, and 1X Anti-
Anti. The cells were passaged every 3 d at a seeding density
of 15 million cells per flask. TrypLE was used to dislodge
the cells during passaging.

Maxcyte Transient Transfection

All transfection reagents and equipment were obtained
from Maxcyte Inc. (Gaithersburg, MD). HEK 293 cells
were harvested at 70% confluency as previously described.’
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The cells were spun down to remove all TrypLE and media
and resuspended with Maxcyte electroporation buffer at 1
X 10® cells/mL. DNA was added at 400 pug/mL and electro-
porated on the Maxcyte according to the manufacturer’s
specifics. The cells were transferred to a 10 cm cell culture
dish and incubated for 20 min at 37 °C and 95% relative
humidity. The cells were then resuspended in growth media,
counted, spun down, and frozen in cryovials using cell
recovery freezing media (Life Technologies). The cells can
then be used as a freezer-ready component in assays as one
large stock of matched and validated cells, thus providing a
freezer ready assay.

Minigene Stable Cell Line Generation

HEK 293 cells were plated in a six-well plate (CellBind,
Corning, Corning, NY) at 350,000 cells per well. The fol-
lowing day, cells were transfected with 2 pg of CFTR-
G542X minigene plasmid, described above, and with 10 pL.
Lipofectamine 2000 reagent, according to the manufactur-
er’s protocol (Life Technologies). Transfection media were
removed from cells the next day and replaced with DMEM
growth media supplemented with 10% bovine serum albu-
min and 1% penicillin/streptomycin for an additional 24 h.
At this time, cells were subjected to selection media con-
taining 800 pg/mL hygromycin for 7 d. Hygromycin-
resistant cells were pooled from all wells and expanded for
an additional 14 d. The HEK 293 CFTR-G542X stable cell
line was shown to express G542X-CFTR protein by Western
blots following incubation with a known aminoglycoside
readthrough agent (G418)!° (Fig. 1B). The cell line was
shown to express functional CFTR following G418 incuba-
tion in an FMP membrane potential assay in comparison
with the parental HEK 293 cells to establish G542X-CFTR
responsiveness to readthrough modulators.

Compound Library

The Scripps Drug Discovery Library (SDDL) was profiled
in the HTS campaign. This library currently consists of
666,120 unique compounds, representing a diversity of
druglike scaffolds targeted to traditional and nontraditional
drug-discovery biology. The SDDL has been curated from
more than 20 commercial and academic sources and con-
tains more than 40,000 compounds unique to Scripps. The
SDDL compounds have been selected based on scaffold
novelty, physical properties, and spatial connectivity. In its
current iteration, the SDDL has several focused sublibraries
for screening popular drug-discovery target classes (e.g.,
kinases/transferases, G-protein—coupled receptors, ion
channels, nuclear receptors, hydrolases, transporters), with
diverse chemistries (e.g., click chemistry, PAINS free, Fsp3
enriched, covalent inhibitors, and natural product collec-
tions) and desirable physical properties (rule-of-five,

rule-of-three, polar surface area, etc.).'®?! All samples in
the SDDL have been tested for purity and structural confir-
mation via liquid chromatography—mass spectrometry (LC-
MS) and/or nuclear magnetic resonance to provide adequate
quality assurance/quality control. In addition, after comple-
tion of the HTS campaign, all compounds that proceeded
through the titration phase were subjected to LC-MS analy-
sis using samples obtained directly from the same source
plates as used in the assay. This allows for reconfirmation of
hit sample purity and mass.

Results and Discussion

The 384-well format had several limitations that needed to
be addressed to implement the assay to the 1536-well
homogeneous high-throughput format (Suppl. Table S1).
These were addressed as follows.

Lipofectamine versus Maxcyte Transfection

At the time of initial optimization, there was not a stable
cell line available (Suppl. Table S1, step 1). Although a
stable clone was being developed, we used transiently
transfected cells. HEK cells were transiently transfected
with the (CFTR G542X minigene) DNA using either
Lipofectamine 2000 chemical transfection or the Maxcyte
electroporation system. The transfected cells were tested
against the different control compounds (PTI-CH, G418,
VX-809), as well as a combination of these compounds to
examine the ability to detect the readthrough response com-
pared with untreated samples. In particular, G418 has been
previously shown to mediate translational readthrough of
G542X-CFTR" and thus serves as the positive control for
the assay. The results from the initial 384 tests can be found
in Figure 2. Figure 2A shows the initial 384-well assay
data, whereas Figure 2B shows a comparison of the
Lipofectamine and Maxcyte transfected cells. The data
indicate that the readthrough agent G418 along with the
PTI-CH and VX-809 shows the expected fluorescent imag-
ing plate reader (FLIPR) traces, the kinetic fluorescence, as
well as the expected response over DMSO using both plas-
mid delivery methods. We thus chose the Maxcyte approach
because of its speed in making large batches of transfected
cells at a much reduced cost to proceed with the miniatur-
ization of the assay to 1536-well format and optimization of
the protocol for an optimal Z' for HTS.

Optimizations: Cell Titer

The initial Maxcyte transfected cells were tested in 1536-
well format at 1200 cells per well (¢c/w), 2400 c/w, and 4800
c/w (Suppl. Table S, step 2). All three conditions showed
the expected pattern of responses (Fig. 2C). The 2400 c/w
showed a similar response to the 384-well data from Figure 2B.
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Figure 2. Initial recapitulation of the readthrough assay 384-well format of transient transfected G542X-CFTR ¢cDNA and 1536-well
optimization. (A) Original 384-well kinetic traces. (B) Initial 384-well format lipofectamine versus Maxcyte transient transfections.
Bar graph responses along with representative fluorescent imaging plate reader kinetic traces. Lipofectamine transfections match the
original data, but Maxcyte transfected cells show an increased response over DMSO alone for all conditions, with PTI-CH + VX-809
+ G418 showing a significant increase. (C) A |536-well Maxcyte transfected cell titer. For all conditions tested, 2400 cells per well
(c/w) matches the 384-well test. (D) Fluorescent imaging plate reader trace of |0-min reading after forskolin and genistein addition.
Initial assays used a max/min in a 5-min read. The 30-min readings used a basal read prior to forskolin and genistein addition followed
by a 5-s read 30 min after addition (no kinetic trace was done on a 30-min read). 200 uM forskolin + G418 (blue), 20 pM forskolin +
G418 (red), and 20 pM forskolin — G418 (green). Notice the delay of response on the 20 pM forskolin + G418 condition.

(E) Comparing Maxcyte transient transfected cells with the Minigene stable cell line. The change in signal from A to B and from C to

E is due to miniaturization to 1536. The overall rank order was maintained throughout optimization.

Although the assay performance trended the correct way,
the Z' for these assays was still below the 0.5 threshold.

PTI-CH Titer and Forskolin/Genistein
Stimulation Read Times

PTI-CH and forskolin stimulus can affect the overall
response of the readthrough assay. PTI-CH is a small mol-
ecule of the amplifier class of CFTR modulators that
increase the amount of CFTR protein.!®!! Forskolin is used
to stimulate the CFTR channel through phosphorylation,
enabling the channel to open and allow the release of chlo-
ride. Optimizing the concentration and timing of the

response is needed to improve the signal window and Z' of
the assay (Suppl. Table S1, steps 5—7). The Maxcyte trans-
fected cells were exposed to various concentrations of
PTI-CH for 2 d prior to the forskolin and genistein stimula-
tion. Acute stimulation of CFTR was achieved using for-
skolin at 20 uM (specific CFTR response) and genistein at
10 uM for 30 min. The response was collected at 5, 10, and
30 min. When the assay was extended in duration from
5 min to 30 min, the assay stabilized and gave a peak signal
window. The Z' at 30 min of the 20 uM forskolin with
G418 versus 20 uM forskolin without G418 was 0.73 =
0.02 over two separate experiments. Figure 2D illustrates
that the initial 5-min timepoint did not identify the maximum
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responses. In addition, as the signal-to-background ratio
(S:B) for the CFTR-specific assay is modest at approxi-
mately 1.2-fold (see below), we chose to include an addi-
tional CFTR nonspecific control condition. Use of 200 uM
forskolin, a concentration that will stimulate additional
CFTR-independent membrane depolarization pathways,
allows for a more robust S:B with which to monitor cell
plating and reagent delivery reproducibility. This condi-
tion is shown for the assay read time development in
Figure 2D and included in subsequent stages of the screen.
Note that while the trace in Figure 2D goes out for only 10
min, we also took readings out to 30 min, as shown in
Figure 2E.

Transient versus Stable Cell Line of Minigene

For the HTS screen, we chose to include the PTI-CH ampli-
fier to increase the CFTR mRNA levels'®!" and provide
more substrate for potential readthrough compounds. In
addition, the amino acid that is inserted at position G542 by
a readthrough compound may be different from glycine,
thus creating a missense mutation at residue 542, as has
been previously shown for G418-mediated readthrough.'
We therefore also included a corrector, VX-809, to poten-
tially improve the maturation of the missense CFTR result-
ing from the readthrough incorporation. During the
optimization process, a stable cell line, transfected with the
G542X minigene, was created to respond to higher concen-
trations of PTI-CH. These new cells were tested and com-
pared with the Maxcyte transfected cells using a 30-min
stimulation time with 30 uM PTI-CH (Fig. 2E). The graph
shows that the stable cell line responds equivalently in the
final assay protocol that was then used for the library screen.
The final protocol is found in the methods and also in
Supplemental Table S2.

Stable Cell Line LOPAC PILOT Data

To test the feasibility for an HTS screen, it is typically
good practice to perform a pilot screen using the LOPAC
1280 library.?? We did this using 200 uM forskolin as a
nonspecific high control to assess the overall cell plating
and reagent behavior. We also used 20 uM forskolin with
1 mM G418 as the 100% normalized control to determine
the readthrough activity in the assay (“I mM G418
Reference” in the equation below). The 20 uM forskolin
with DMSO was used as the 0% normalization control and
low control for cell plating and reagent behavior. An
example of a column view scatterplot of activity taken
from the DMSO plate can be found in Figure 3A. The
LOPAC pilot was run in triplicate. The activity scatterplot
and statistical data are found in Figure 3B. The correlation
plot (Fig. 3C) illustrates that compound response repro-
duces over multiple plates. The pilot screen statistics can
be found in Table 1.

Primary HTS

The first step of the HTS campaign was to screen the CFTR
(G542X readthrough assay against the SDDL. In this pri-
mary screen, 666,120 compounds were tested at a single
concentration in singlicate, with a final nominal concentra-
tion of 3.4 uM for the library molecules. Raw assay data
were imported into the Scripps database and subsequently
analyzed using Symyx software (Santa Clara, CA). The
activity of each compound was calculated on a per-plate
basis using the following equation:

Test Well —

Median Data Wells
Median Reference —
Median Data Wells

Percent Response of compound =100x (

where the data wells contained cells, addition of test com-
pound, 30 uM PTI-CH, and 1 pM VX-809 in media fol-
lowed by stimulation with 20 pM forskolin and 10 uM
genistein. The reference wells contained the same constitu-
ents as the low control described below, but we also added
1 mM G418. We also included controls that were used on
each plate for n = 24 each, which were used to determine Z'
and S:B. “High control” represents wells containing cells
with DMSO, 30 uM  PTI-CH, and 1 uM VX-809 in media
followed by stimulation with 200 uM forskolin and 10 uM
genistein. “Low control” represents wells containing cells,
DMSO, 30 uM PTI-CH, and 1 uM VX-809 in media fol-
lowed by stimulation with 20 pM forskolin and 10 uM
genistein. The Z' was calculated from the high and low con-
trol, but the S:B for this assay was calculated using the ref-
erence versus low control wells.?> Assay performance
demonstrated an average Z' of 0.69 = 0.06 and an average
S:B of 1.19 = 0.04 (n = 536 plates). A summary of
the results of the primary screening assays is shown in
Figure 4A. A mathematical algorithm was used to deter-
mine the standard hit cutoff to identify active compounds.
Two values were calculated: (1) the average percentage
activity of compounds tested and (2) three times their stan-
dard deviation. The sum of these two values was used as a
cutoff parameter; that is, any compound that exhibited a
greater percentage activity than the cutoff parameter was
declared active. Using this standard cutoff, the primary
assay yielded 7761 active compounds (hits) with greater
than 35.63% activity. A promiscuity index was also calcu-
lated using former HTS primary data; the expression “X out
of Y” was interpreted as “this compound was a hit in X out
of Y total primary screens.” The X value includes hits in the
current screen. Compounds with high X values relative to Y
values can be considered promiscuous (nonspecific activa-
tors, detection artifact, etc.). A total of 6400 compounds
were selected for confirmation, of which 6395 compounds
were available (see Table 1).
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Figure 3. Final conditions for high-throughput screening (HTS) along with LOPAC pilot screen data. (A) Whole-plate scatterplot of
the final conditions using the Minigene stable cell line and 30 uM PTI-CH amplifier concentration. The protocol used is the same as in
Supplemental Table SI. The 200 pM forskolin wells were used as the high control, and 20 uM forskolin + DMSO were used as
the sample field and low control. All wells contained 30 pM PTI-CH and | pM VX-809. All wells are stimulated with 10 uM genistein
with either 200 uM or 20 pM forskolin as shown in the scatterplot. Z' = 0.74 + 0.03, signal-to-background ratio = 1.25 = 0.0l
over two plates. The reference control was 20 pM forskolin + | mM G418, and 100% response was used for the assay. (B) LOPAC
pilot screen. The assay was tested running a 1280 LOPAC pilot screen in triplicate. The scatterplot is shown with the table of results
below. (C) Correlation plot of the 1,280 compounds and their response on two plates.

Table I. Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) Readthrough 1536 High-Throughput Screening Campaign.

Screen Stage Target No. Tested Hit Cutoff* No. Selected z' Signal:Background
Pilot LOPAC Pilot 3X CFTR Readthrough 1280 35.22%° 7 (0.55%) 0.58 =+ 0.05 1.22 = 0.01
| Primary CFTR Readthrough 666,120 35.63%° 7761 (1.17%) 0.69 * 0.06 1.19 = 0.04
2a Confirmation 3X CFTR Readthrough 6395 23.20%¢ 1205 (18.8%) 0.69 = 0.08 1.20 = 0.04
2b Counterscreen 3X  HEK-293 parental 6395 8.75%" 3218 (50.3%) 0.60 = 0.07 1.56 = 0.06
3a Titration 3X CFTR Readthrough 652 EC,, <3.4 uM 188 (29%) 0.77 *= 0.04 1.26 = 0.04
3b Titration 3X No PTI-CH 652 EC,, <3.4 uM 61 (9%) 0.76 * 0.04 1.22 = 0.05
3c Titration 3X 250 pM G418 PAM 652 EC,, <3.4 uM 134 (20%) 0.69 * 0.05 1.14 = 0.02

*The concentrations used were 3.4 pM screening concentration for steps |, 2a, and 2b; 8.6 uM titration start for titration assays.
bStandard-based cutoff.
‘DMSO sample field cutoff.

HEK 293 cells that do not express G542X-CFTR. This was
chosen to eliminate hit compounds showing CFTR-

Confirmation/Counterscreen

After completion of cherry-picking, the secondary assays
were run. The confirmation screen used the same reagents
and detection system as the primary screening assay but
tested each of the 6395 compounds at a single concentration
(nominally 3.4 uM) in triplicate. The counterscreen assay
employed the same assay conditions but used the parental

independent activity. The counterscreen also employed the
same high control as the primary assay high control. The
low control and sample field used DMSO or compounds
with no stimulus or potentiator. The reference was not able
to be used for the 100% control because the counterscreen
cells, lacking G542X-CFTR, do not respond to G418. This
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Figure 4. Primary and confirmation screens. The scatterplot of all wells tested during the primary screen. One hundred percent
normalization is shown in pink. The high control is G418 + 200 pM forskolin (not shown in scatterplot — above 120% activity). The
low control and 0% normalization are shown in green. All data plots are shown in black. The red line indicates the hit cutoff used
for that screen. (A) Primary high-throughput screen of 666,120 compounds tested. (B) Confirmation screen of 6395 primary active
compounds. (C) HEK 293 parental counterscreen. The counterscreen used the parental HEK 293 cell line, which lacked
G542X-CFTR, with the high control and 100% normalization of 200 pM forskolin. The low control and 0% normalization were

20 pM forskolin + DMSO, the same as the primary screen. The | mM G418 + 20 uM forskolin used in the primary screen yielded
only ~10% activity in the counterscreen, showing specificity to G542X-CFTR. The run statistics for all three assays can be found in

Table 1.

counterscreen assay serves to identify sundry off-target hits
as well as compounds that optically affect fluorescence
measurements (colored compounds, etc.).

Similar to the primary screen, the CFTR G542X
readthrough confirmation assay exhibited an average Z' of
0.69 = 0.08 and an S:B of 1.20 = 0.04. Using the DMSO
cutoff of 23.20% response (n = 5 plates), 1205 hits con-
firmed activity equal to 18.84% (Fig. 4B; Table 1). The
counterscreen assay had an average Z' of 0.60 = 0.07 and
an S:B of 1.56 £ 0.06. Using the average of the DMSO
samples + 3SD as the cutoff (n = 5 plates), which equates
to 8.75%, 3218 hits were found, or 50.32%. In total, 652
compounds were selected to proceed to titration assays, all
of which were available for cherry-picking (Fig. 4C;
Table 1).

Titration Assays

The titration assays employed the same reagents, protocols,
and detection systems as the primary assay but tested each
of the compounds as 10-point dose-response titrations

(threefold dilutions) in triplicate. In addition, two different
formats were tested to provide a profile of the types of
readthrough compounds that were identified in the primary
screen and confirmed in the secondary screen.

The first of the three tertiary screens was a direct repeat
of the secondary confirmation screen but with a 10-point
dose response to evaluate potency in the original assay for-
mat. The second titration format, the no-amplifier assay,
used the same cells and reagents as the primary and second-
ary screens but omitted the PTI-CH amplifier addition in
the low control and sample field wells to identify whether
compounds are able to provide a functional readthrough in
the absence of the amplifier-mediated increase in CFTR
mRNA. The third titration format, the G418 PAM, used the
same cells and reagents as the primary and secondary
screens, except the low control and sample fields also con-
tained 250 uM G418 to evaluate whether the readthrough
compounds were complemented by a submaximal G418
concentration or whether they were in fact antagonistic with
this aminoglycoside-mediated readthrough activity. In this
sense, we envision the assay being tested in a manner that is
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Figure 5. Outcome of the titration assays. (A) Venn overlap of all titration assays run. (B) Scatterplot showing the clustering of the
188 compounds active in the primary titration assays with potency versus cluster number relationship. Each cluster is distinguished by

a different color.

similar to other positive allosteric modulator assays (PAM)
because it was optimized to select the maximal response
and then adjusted to provide a submaximal concentration to
allow hits to act through the same G418 mechanism.

The performance of the CFTR G542X readthrough ter-
tiary screen titration assay was again statistically robust,
with an average Z' of 0.77 = 0.04 and an S:B of 1.26 *
0.04. The no-amplifier tertiary screen titration assay
behaved similarly, with an average Z' of 0.76 = 0.04 and an
S:B of 1.22 = 0.05. Lastly, the G418 PAM tertiary screen
titration assay performance was also suitable, with an aver-
age Z' 0f 0.69 = 0.05 and an S:B of 1.14 = 0.02. For each
test compound, the percentage activation was plotted
against compound concentration. A four-parameter equa-
tion describing a sigmoidal dose-response curve was then
fitted with adjustable baseline using Assay Explorer soft-
ware (Symyx Technologies). The reported EC,, values were
generated from fitted curves by solving for the X-intercept
value at the 50% activity level of the Y-intercept value. The
following rule was used to declare a compound as active or
inactive: Compounds with an EC,, greater than 3.4 uM
were considered inactive. Compounds with an EC,, equal
to or less than 3.4 uM were considered active. Of those, 88
compounds demonstrated an EC,, <3.4 uM in the CFTR
G542X readthrough assay and an EC, >3.4 uM in the no-
amplifier and G418 PAM assay formats. All titration assay
results are tabulated in Table 1. The Venn overlap of the
three assays is shown in Figure SA. Clustering was done on
the 188 active compounds to show the structural similarities
of the various hits (Fig. 5B). These compounds will now
progress to testing in primary cells from at least one CF

patient homozygous for the G542X allele. Such testing can
identify whether their readthrough activity in the CFTR
G542X readthrough assay can be recapitulated for endoge-
nously expressed G542X-CFTR in the more physiologic
context of patient-derived cells.

In summary, the phenotypic HTS assay described here
provides a framework for identifying compounds that can
promote the readthrough of premature termination codons.
Because such an activity may not be efficient enough on its
own to produce detectable levels of functional readthrough
protein, complementary modulators are co-incubated in the
assay and the screen to maximize mRNA levels and folding
and trafficking of the target protein to synergize with an
active hit of limited initial activity. Compounds that allow
translational readthrough and synthesis of functional pro-
tein are detected using a dye sensitive to changes in mem-
brane potential, making the assay adaptable for other
channels or transporters that affect that cellular phenotype.
To our knowledge, this is the first study to report the meth-
ods and outcomes of a large-scale HTS target CFTR
readthrough of the G542X mutant that resulted in 188 com-
pounds with low and submicromolar potencies. These com-
pounds are now being advanced to primary cell testing to
evaluate their ability to provide translational readthrough in
a more physiologically relevant context.

Monogenic diseases caused by nonsense mutations repre-
sent a particular challenge for therapeutic development. As in
the case for G542X-CFTR, the encoded protein, if made, is
truncated, resulting in an incomplete polypeptide that lacks
essential domains for function and may be unable to fold suf-
ficiently to avoid rapid degradation. Upstream of translation
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into protein, the quality control pathway of nonsense-
mediated decay may recognize the nonsense mutation-
containing transcript and direct the mRNA to be degraded,
thus reducing the levels available to make even the truncated
protein product. Translational readthrough, if achieved, cir-
cumvents both of these synthesis defects and, if efficient
enough, could restore function to levels approaching the non-
mutated disease gene. However, as seen in our preclinical
cellular system, the combination of a translational readthrough
agent such as G418 with modulators with complementary
mechanisms enhances the functional restoration.

A compound optimization campaign may result in the
development of a stand-alone translational readthrough
drug candidate. However, the therapeutic development of
CFTR modulators targeting F508del-CFTR has thus far
shown that a single molecule may not be able to provide
sufficient functional rescue to CFTR for therapeutic benefit.
Therefore, in pursuit of a therapeutic for patients who have
at least one nonsense allele and who do not have a second
CF-causing allele for which there is an approved therapeu-
tic, it will be important to explore the possibility of develop-
ing a combination of modulators as that therapeutic. Such a
strategy includes performing hit-to-lead and lead optimiza-
tion in the presence of clinical-stage CFTR modulators to
identify and ensure their complementarity. The efficacy of
promising leads for CFTR nonsense mutations beyond
G542X will also be explored in the hope that translational
readthrough compounds identified in this study may have
efficacy that extends beyond their benefit for the G542X-
CFTR allele.
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