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Abstract Connectivity Map with relevant genomic signatures offers a method
to identify new candidates for rescuing AF508-CFTR function.

The most common cystic fibrosis (CF) mutation, AF508, causes
protein misfolding, leading to proteosomal degradation. We recently
showed that expression of miR-138 enhances CF transmembrane
conductance regulator (CFTR) biogenesis and partially rescues
AF508-CFTR function in CF airway epithelia. We hypothesized that
a genomic signature approach can be used to identify new bioactive
small molecules affecting AF508-CFTR rescue. The Connectivity
Map was used to identify 27 small molecules with potential to restore
AF508-CFTR function in airway epithelia. The molecules were
screened in vitro for efficacy in improving AF508-CFTR trafficking,
maturation, and chloride current. We identified four small molecules
that partially restore AF508-CFTR function in primary CF airway
epithelia. Of these, pyridostigmine showed cooperativity with
corrector compound 18 in improving AF508-CFTR function. There
are few CF therapies based on new molecular insights. Querying the
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Clinical Relevance

Mutations in the cystic fibrosis (CF) transmembrane
conductance regulator gene cause CF; the most common
mutation, AF508, results in protein misfolding and
degradation. Restoring function to the misfolded protein
could prevent or slow disease. Here we use a genomics
signature approach to provide proof of principle for a new
paradigm for drug discovery in CF.

Cystic fibrosis (CF), an autosomal recessive
disease caused by mutations in the CF
transmembrane conductance regulator
(CFTR) gene, is the most common lethal
genetic disease among Caucasians. The
CFTR mutation, AF508, is present on
approximately 70% of mutant alleles and
causes protein misfolding, leading to
proteosomal degradation. If AF508-CFTR
trafficks to the cell membrane, as occurs
with low temperature (1) or chemical
chaperone treatment (2), the mutant
protein retains channel function, although
its residency and open-state probability
are reduced (3, 4). Because approximately

90% of people with CF have at least one
AF508 allele, a major focus of current CF
research and therapeutics development
is understanding factors regulating CFTR
expression and biosynthesis, the cellular
mechanisms underlying AF508-CFTR
degradation, and exploiting this knowledge
to identify drugs or small molecules that
might restore AF508-CFTR function (5-8).
We recently reported that transfection
of polarized primary cultures of human
airway epithelia with a miR-138 mimic
reduced, and that of a miR-138 anti-miR
increased, SIN3A mRNA and protein levels
(9). Furthermore, we showed, using

polarized primary non-CF human airway
epithelia, that transfection with a miR-138
mimic or a Dicer-substrate small interfering
RNA (DsiRNA) against SIN3A increased,
and that of a miR-138 anti-miR reduced,
CFTR mRNA and protein levels (9).
Treatment with the miR-138 mimic and the
SIN3A DsiRNA increased cAMP-
stimulated conductance (G,), whereas the
miR-138 anti-miR reduced G; responses to
cAMP-dependent stimulation. The
reciprocal effects of the miR-138 anti-miR
in decreasing CFTR messenger RNA
(mRNA), protein, and transepithelial

Cl™ permeability emphasized the role of
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miR-138 in regulating CFTR expression (9). miR-138/SIN3A network with a miR-138  interventions increased the abundance

Furthermore, we demonstrated, in mimic or a DsiRNA against SIN3A rescued  of fully glycosylated band C and
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Figure 1. Four small molecules rescue AF508-cystic fibrosis transmembrane conductance regulator (CFTR) function in primary cystic fibrosis airway
cultures. (A) Average surface display of AF508-CFTR in Hela cells measured by cell-surface ELISA 24 hours after the indicated treatments. Fold increase
relative to DMSO treatment. C18 (represented as black horizontal line) was added for 24 hours at 6 uM concentration (n = 24). Each small molecule
(including all doses) was controlled by independent DMSO treatments. Results from full screen described in Figure E2. (B) Representative immunoblot
depicting AF508-CFTR expression in cystic fibrosis bronchial epithelial (CFBE) cells (grown submerged). B, CFTR band B; C, CFTR band C; noT, no
treatment; t, a-tubulin. Protein was harvested 24 hours after treatment. Densitometry (normalized to «-tubulin) is presented as the average ratio of band C
to band B (C/B) in CFBE cells (n = 4). Significance was calculated against DMSO treatment. Results from full screen are presented in Figure E3. (C)
Average change in transepithelial current (I;) in response to forskolin and 3-isobutyl-1-methylxanthine (Fandl) and GlyH-101 measured in well-differentiated
human (AF508/AF508) passage 2 airway epithelial cultures from two donors (n = 6 per donor). Small molecules were administered basolaterally 24 hours
before the electrophysiology study. Each small molecule (including all doses) was controlled by independent DMSO treatments. Results from full
screen are described in Figure E5. Concentration of small molecules is noted in key. C18 was administered at 6 wM concentration; note the difference
in Y-axis scale for C18. Bi, biperiden; Pi, pizotifen; Py, pyridostigmine; VPA, valproic acid. All panels: DMSO administered at 1/1,000 concentration;
error bars indicate standard error; statistical significance was determined by the Holm-Bonferroni method (*P < 0.05).
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AF508-CFTR-mediated Cl~ transport was A & 121

observed to varying levels in primary CF 2 - -
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ontology analysis of the 773 differentially $seg % °

expressed genes revealed a significant
enrichment of gene sets in pathways
including chaperones, unfolded protein
response, protein ubiquitination and
proteosomal catabolic processes, negative
regulation of apoptosis, and heat shock
(9). These results support the conclusion
that miR-138 enhances CFTR biogenesis
and influences the expression of genes at
multiple steps along its biosynthetic pathway.

The Connectivity Map (CMAP) (10),
introduced in 2006, is a reference collection
of gene-expression profiles from cultured
human cells treated with bioactive small
molecules, together with a pattern-
matching software to mine these data.
CMAP (build 02) includes 7,000 expression
profiles representing 1,309 compounds
used in 3,442 individual treatments
(multiple doses, durations) and matched
vehicle control pairs applied to freely
cycling human cell lines (10). Since the
development of CMAP, several labs have
independently used this tool to successfully
investigate breast (11), colon (12), and
prostate cancers (13-15) and other disease
targets (16-18). Adams and colleagues
used this resource and mRNA expression
signatures of human skeletal muscle
atrophy to discover a natural compound
that increases muscle mass and demonstrated
in vivo efficacy (19). This variety of reports
provides confidence in the broad utility of
CMAP to link cell biology, gene expression,
disease, and therapeutics.

The observation that manipulating
the miR-138/SIN3A network partially
restored AF508-CFTR protein function
suggests that we might exploit this
interaction for therapeutic purposes (9).
This previously unrecognized gene network
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Figure 2. Combination of small molecules fails to rescue AF508-CFTR function greater than C18.
(A) Average surface display of AF508-CFTR in Hela cells measured by cell-surface ELISA 24 hours
after the indicated treatments. Fold increase relative to DMSO treatment (n = 24). Combinatorial
treatments were applied simultaneously. (B) Representative immunoblot depicting AF508-CFTR
expression in CFBE cells (grown submerged). B, CFTR band B; C, CFTR band C; noT, no treatment;
t, a-tubulin. Protein was harvested 24 hours after treatment. Densitometry (normalized to a-tubulin) is

provides a new understanding of how
CFTR expression and biosynthesis is
regulated and suggests therapeutic targets
for rescuing the function of the mutant
CFTR protein most commonly associated
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with CF. We hypothesized that a genomic
signature approach can be used to identify
bioactive small molecules effecting
AF508-CFTR rescue. Using previously
generated gene expression signatures (9)
to query CMAP, we identified 27 small
molecules that mimicked the SIN3A
DsiRNA and miR-138 treatments. We
screened these small molecules at different
doses and in combination with the CFTR
corrector compound 18 (C18) to test for
efficacy in improving AF508-CFTR
maturation and function.

Materials and Methods

Detailed descriptions of materials and
methods are available in the online
supplement.

Results

CMAP-Based Identification of Novel
Bioactive Small Molecules

Global mRNA transcript profiling in Calu-3
epithelia treated with the miR-138 mimic
or SIN3A DsiRNA (9) generated a list of
1,608 and 1,723 differentially expressed
genes, respectively, with a P value < 0.05
and a fold change > 1.2. Intersection of
these two data sets identified a common
set of 773 genes (Set 1; see Figure E1A in
the online supplement) whose expression
changed in response to both interventions
(9). On increasing the stringency to a

P value < 0.01 and a fold change > 1.5,
we generated a list of 284 differentially
expressed genes for the miR-138 treatment
(Set 2; Figure E1A) and 239 differentially
expressed genes for the SIN3A DsiRNA
treatment (Set 3; Figure E1A). We used
these three gene sets to query the CMAP
2.0 database for small molecules that mimic
the query signature.

For each query a unique small molecule
enrichment profile was generated by CMAP.
To prioritize small molecules for our screen,
we mined the profiles using three distinct
strategies (Figure E1B). First, we selected
small molecules in each profile based on
“connectivity scores” closest to +1 and

picked candidate small molecules from the
intersection of the three profiles. The
connectivity score provides the relative
strength of a drug signature to the

query (20). We sought the best positive
correlation, thus a connectivity score
closest to +1. Second, in each profile, we
prioritized small molecules based on “up”
and “down” scores (Figure E1B). The “up”
score is the absolute enrichment of up-
regulated genes in the query for a given
drug signature (20). The opposite is true for
the “down” score. We selected small
molecules (common to the three profiles)
with the highest “up” score (closest to +1)
or the lowest “down” score (closest to —1).
Finally, for each query, we separated the
profile by cell line (HL60, MCF7, PC3) and
repeated the first strategy, prioritizing by
connectivity score (Figure E1B). The
connectivity score for a small molecule
comprises it enrichment score across all
three cell lines (20). A small molecule may
only work in one or two of the cell lines,
resulting in a low score for a specific query.
We counteracted this by analyzing the data
for each cell line separately. Using these
strategies, we selected 27 small molecules
for initial experiments.

Valproic Acid, Pizotifen, Biperiden,
and Pyridostigmine Improve
AF508-CFTR Biosynthesis
We screened the 27 candidate small
molecules for efficacy in rescuing AF508-
CFTR biosynthesis by three different
methods: (1) surface display of AF508-
CFTR in HeLa cells stably expressing the
HA-tagged AF508-CFTR (21) (HeLa-
AF508-CFTR-HA), (2) rescue of AF508-
CFTR maturation in CFBE cells (grown
submerged) (22) measured as the formation
of fully glycosylated CFTR (band C), and
(3) functional rescue of AF508-CFTR in
well-differentiated passage 2 (P2) CF airway
epithelial cultures measured as cAMP-
activated Cl~, GlyH-101-inhibited current.
In HeLa cells, we screened each
small molecule at four doses (0.1, 1.0, 10,
and 100 wM) and measured AF508-CFTR
trafficking 24 hours after treatment. We
identified seven small molecules that

rescued AF508-CFTR surface display
greater than the C18 control (> 1.5-fold) at
two or more doses (Figures 1A and E2). We
performed a similar experiment in CFBE
cells. We harvested protein 24 hours

after treatment and identified six small
molecules that variably improved AF508-
CFTR maturation. These include valproic
acid, pizotifen, neostigmine, midodrine,
biperiden, and pyridostigmine (Figures 1B
and E3). Next, we measured functional
improvement of AF508-CFTR in well-
differentiated P2 CF airway epithelial
cultures exposed to the small molecules
basolaterally for 24 hours. Valproic acid,
pizotifen, biperiden, and pyridostigmine
partially restored AF508-CFTR-mediated
Cl™ current (Figures 1C and E4). However,
these changes were significantly less than
that achieved with C18 alone (note
differences in Y-axis scales).

Pyridostigmine and C18
Synergistically Rescue

AF508-CFTR Function

Early studies by Lim and colleagues reported
the cooperative actions of small-molecule
compounds in restoring protein trafficking
and AF508-CFTR-mediated Cl™ current
in IB3-1 cells (23). Studies such as this were
among the first to suggest the possibility of
combination therapy in restoring function
of AF508-CFTR. As understanding of the
complexity of the defect caused by the
AF508-CFTR mutation has increased

and as the inefficiencies of individual
corrector compounds in restoring
AF508-CFTR-mediated Cl~ current are
recognized, multiple groups have suggested
that combination therapies may be required
(24-28). For these reasons, we asked
whether combining the four candidate
small molecules with each other or with
C18 (6.0 M) resulted in cooperative
interactions. We selected the concentration
with the best functional rescue (Figure 1C)
and cotreated cells for 24 hours. The
combination of pyridostigmine and
biperiden cooperatively improved AF508-
CFTR surface display (HeLa cells;

Figure 2A) and maturation (CFBE

cells; Figure 2B). Upon treating well-

Figure 2. (Continued). presented as the average ratio of band C to band B (C/B) in CFBE cells (n = 4). (C) Average change in transepithelial current (l)
in response to Fandl and GlyH-101 measured in well-differentiated human (AF508/AF508) passage 2 airway epithelial cultures from two donors

(n = 6 per donor). Small molecules were administered basolaterally 24 hours before the electrophysiology study. C18 was administered at 6 pM
concentration; note the difference in Y-axis scale for C18. All panels: Bi, biperiden (100 wM); Pi, pizotifen (10 wM); Py, pyridostigmine (100 wM); VPA,
valproic acid (10 wM). Error bars indicate standard error; experiments were controlled by independent DMSO (1/1,000) treatments; statistical significance
was determined by the Holm-Bonferroni method (*P < 0.05; P < 0.05).
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Figure 4. Pyridostigmine and C18 partially rescue AF508-CFTR function in primary airway epithelial
cultures. (A) Average change in transepithelial current (i) in response to Fandl and GlyH-101
measured in well-differentiated human (AF508/AF508) primary passage O airway epithelial cultures
from four donors (n = 6 per donor). (B) Representative |; tracings of responses to Fandl followed
by GlyH-101 treatment. Small molecules were administered basolaterally 24 hours before the
electrophysiology study. Py, pyridostigmine (100 uM). C18 was administered at 6 puM
concentration. Experiments were controlled by DMSO (1/1,000) treatment. Error bars indicate
standard error; statistical significance was determined by the Holm-Bonferroni method (*P < 0.05;

#P < 0.085).

pharmaceuticals that inhibit SIN3A, or

a core subset of gene products responsible
for AF508-CFTR rescue, represent

a promising therapeutic approach (37). We
identified genomic signatures for miR-138
mimic expression and SIN3A inhibition
and used these gene sets in iterative CMAP
database mining to identify candidate drugs
with similar effects on gene expression.
Treatment of epithelia with a subset of
these candidates showed evidence of
AF508-CFTR rescue.

Seven small molecules improved
AF508-CFTR trafficking greater than C18
at two or more doses, and four small
molecules consistently improved AF508-
CFTR maturation in CFBE cells. A more
detailed analysis of these four molecules—
pyridostigmine, pizotifen, biperiden,
and valproic acid—revealed evidence
of cooperation between C18 and
pyridostigmine in improving AF508-CFTR
biosynthesis. Combined treatment with

pyridostigmine and C18 further enhanced
surface presentation of AF508-CFTR in
HelLa cells, increased band C expression in
CFBE cells, and enhanced cAMP-activated
Cl" current in PO and P2 primary CF
airway epithelia from multiple human donors.
Variations in the response of different
cell types to small molecule treatments
are expected. Typically, there are more
positive hits in simple cell models, and
the number of compounds that work in
primary CF cells is considerably less. HeLa
cells are a heterologous cell line stably
expressing the AF508-CFTR transgene, and
CFBEs are an immortalized CF airway
epithelial cell line also stably expressing the
AF508-CFTR transgene. Both of these cell
types are inherently different from each
other and the CF primary (PO and P2)
airway epithelia in terms of CFTR
expression and other cellular properties,
such as quality control checkpoints.
Our aim was to identify small molecules

that rescued aspects of AF508-CFTR
biosynthesis—trafficking, maturation,

and function—across the four cell types
used. With functional rescue in well-
differentiated P2 cultures of CF airway
epithelia as perhaps the most stringent or
informative readout for a compounds’
capacity to rescue AF508-CFTR function,
we used those results (Figures 1C and E4)
as the deciding factor in selecting
pyridostigmine for experiments in the
precious PO primary airway epithelial cultures.

Pyridostigmine, biperiden, pizotifen,
and valproic acid are FDA-approved drugs,
and all improved AF508-CFTR maturation
and function to varying degrees. These
small molecules belong to different classes
of drug with unrelated modes of action, and
their mechanisms for improving AF508-
CFTR maturation and function are not
known. Pyridostigmine is a reversible
cholinesterase inhibitor used to treat muscle
weakness in myasthenia gravis, and biperiden
is an anticholinergic drug used to treat
Parkinsonism. Pizotifen is a serotonin
antagonist used for migraine prevention, and
valproic acid is a histone deacetylase inhibitor
with clinical applications as an anticonvulsant
and mood stabilizer. Histone deacetylase
inhibitors have been reported to improve
AF508-CFTR processing (29). The discovery
that pyridostigmine in combination with
biperiden or valproic acid enhanced AF508-
CFTR band C formation and function in
epithelial cells supports a strategy whereby
bioactive small molecules that mimic SIN3A
knockdown or miR-138 treatments can be
identified using a genomic signature
approach. Although the clinical utility of the
molecules tested here requires further
investigation, the discovery of their effect
on AF508-CFTR biosynthesis highlights the
utility of a genomic signatures approach
and CMAP in drug discovery and, more
importantly, provides a path for related
studies to be conducted.

To our knowledge, this is the first
example of using the CMAP to identify
drugs that improve AF508-CFTR
processing and function. Other groups have
used genomics-based approaches to

Figure 3. (Continued). 6 wM concentration (n = 24). (B) Representative immunoblot depicting AF508-CFTR expression in CFBE cells (grown submerged).
B, CFTR band B; C, CFTR band C; noT, no treatment; t, a-tubulin. Protein was harvested 24 hours after treatment. Densitometry (normalized to a-tubulin)
is presented as the average ratio of band C to band B (C/B) in CFBE cells (n = 4). (C) Average change in transepithelial current () in response to Fand|
and GlyH-101 measured in well-differentiated human (AF508/AF508) passage 2 airway epithelial cultures from two donors (n = 6 per donor). Small

molecules were administered basolaterally 24 hours before the electrophysiology study. All panels: Bi, biperiden (100 nM); Pi, pizotifen (10 uM); Py,

pyridostigmine (100 wM); VPA, valproic acid (10 uM). C18 was administered at 6 wM concentration. Error bars indicate standard error; experiments were
controlled by independent DMSO (1/1,000) treatments; statistical significance was determined by the Holm-Bonferroni method (*P < 0.05; *P < 0.05).
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investigate interventions that restore
AF508-CFTR activity. Wright and
colleagues used gene expression analysis
to determine that 4-phenylbutyrate rescued
AF508-CFTR trafficking by modulating
heat-shock protein expression (38).
Galeitta and coworkers evaluated the gene
expression profiles from low-temperature
and corrector treatments in CFBE4lo—
cells to study the genetic mechanisms
underlying improved AF508-CFTR
function (5). Zhang and colleagues used
genomic signatures from CF epithelia
treated with ouabain, low temperature,
VX-325, and VX-809 to query CMAP and
search for commonality among possible
mechanisms of action (33). This approach
revealed that low-temperature and
ouabain treatments shared similarities

in gene expression profiles. Using

a large-scale, proteomics-based approach,
Wang and colleagues identified

proteins that associate with CFTR, the
“CFTR-interactome,” and investigated
how the disease state changes such
interactions (32). This approach has
helped characterize the chaperone folding
environment and is being exploited to
identify candidates contributing to CF
pathophysiology and to identify new
therapeutic strategies.

It is possible that a single corrector drug
may be insufficient to restore AF508-CFTR
maturation and function to a clinically
relevant extent (24-28). This is largely due
to the complexity of the CFTR defect
caused by the AF508 mutation and the
redundancy of quality control mechanisms
that exist to detect and degrade the mutant
protein (24-28). Thibodeau and colleagues
showed that second-site suppressor
mutations, located within the second
transmembrane domain, rescued AF508-
CFTR domain-domain assembly. This

result suggests that AF508-CFTR correction
requires stabilization of nucleotide-binding
domain 1 and the interface between
membrane-spanning domains and
nucleotide-binding domain 1 (25).
Okiyoneda and colleagues proposed and
investigated the mechanisms of action for
three different classes of correctors (27).
They demonstrated that corrector
compound VX-809 can be potentiated by
coadministration with other classes of
correctors (27). Similarly, Wang and
colleagues demonstrated that AF508-CFTR
steady-state maturation efficiency doubled
when corrector compound VRT-325 was
combined with corrector-4a or corrector-2b
(39). These results highlight the limited
efficacy of a single drug approach to rescue
AF508-CFTR function and suggest that
a combination of correctors may overcome
their individual modest effects. This
concept led to a clinical trial evaluating the
combination of VX-770 and VX-809
(NCT01225211, clinicaltrials.gov) (38).
C18 is an analog of corrector VX-809
made available by Cystic Fibrosis
Foundation Therapeutics, Inc. (Bethesda,
MD). C18 not only affects biosynthetic
processing but may also induce
conformational changes that improve the
gating defect (40, 41). Thus, C18 and
related compounds are excellent
candidates for codelivery with another
drug that rescues AF508-CFTR
biosynthesis by a different mechanism.
The observed cooperativity between
pyridostigmine and C18 in AF508-CFTR
rescue supports the potential of such
a strategy. There may be further
opportunities to repurpose FDA-approved
drugs for this application (37, 42, 43).
These findings also suggest that congeners
of drugs identified with activity might be
candidates for further derivatization.

As the fields of genomics and
pharmacogenomics advance, the
availability of gene expression data from
healthy and diseased tissues and cells and
of tissues and cells treated with a variety
of agents continues to increase. The
CMAP (10) introduced a new paradigm
by which bioactive small molecules can
be identified solely on the basis of
the genomic signature of a disease or
phenotype. CMAP has now merged with
the larger NIH LINCS Program (LINCS:
library of integrated network-based
cellular signatures). The expanded LINCS
database currently archives approximately
1,000,000 gene expression profiles,
representing the responses of 20 cell
lines to approximately 10,000 different
interventions. These perturbations
include 3,000 gain- and loss-of-function
treatments, many more FDA approved
drugs than previously available in CMAP,
and 4,000 small molecule treatments. In
addition to CMAP, Butte and colleagues
developed ProfileChaser (http://
profilechaser.stanford.edu) (44) and
GeneChaser (http://genechaser.stanford.
edu/) (45) as open access tools to mine
microarray data in public repositories and
query gene expression levels from test
cells and tissues in response to biological
conditions including disease states, drug
treatments, and individuals (46, 47).
These tools further enable the search for
bioactive compounds with therapeutic
relevance. This greatly increases the
opportunities for discovering novel
therapeutic agents. ll
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