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Inherited and somatic rare diseases result from >200,000
genetic variants leading to loss- or gain-of-toxic function, often
caused by protein misfolding. Many of these misfolded variants
fail to properly interact with other proteins. Understanding the
link between factors mediating the transcription, translation,
and protein folding of these disease-associated variants remains
a major challenge in cell biology. Herein, we utilized the cystic
fibrosis transmembrane conductance regulator (CFTR) protein
as a model and performed a proteomics-based high-throughput
screen (HTS) to identify pathways and components affecting the
folding and function of the most common cystic fibrosis—associ-
ated mutation, the F508del variant of CFTR. Using a shortest-
path algorithm we developed, we mapped HTS hits to the CFTR
interactome to provide functional context to the targets and
identified the eukaryotic translation initiation factor 3a (eIF3a)
as a central hub for the biogenesis of CFTR. Of note,
siRNA-mediated silencing of eIF3a reduced the polysome-to-
monosome ratio in F508del-expressing cells, which, in turn,
decreased the translation of CFTR variants, leading to increased
CFTR stability, trafficking, and function at the cell surface. This
finding suggested that elF3a is involved in mediating the impact
of genetic variations in CFTR on the folding of this protein. We
posit that the number of ribosomes on a CFTR mRNA transcript
is inversely correlated with the stability of the translated poly-
peptide. Polysome-based translation challenges the capacity of
the proteostasis environment to balance message fidelity with
protein folding, leading to disease. We suggest that this deficit
can be corrected through control of translation initiation.

Inherited and somatic rare diseases now encompass greater
than 200,000 annotated variants that lead to the loss- or gain-
of-toxic function in response to noncoding and coding muta-
tions in the human population (1-3). The onset and progres-
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sion of these diseases are often caused by misfolding events,
which uncouple the affected protein from its community of
interacting proteins involved in its biogenesis, stability, degra-
dation, trafficking, and function in the cell, referred to as the
proteostasis network (PN)* (4-10). The inability of many dis-
ease-associated variants to properly interact with their respec-
tive proteostasis components results in altered functional pro-
files leading to the disease phenotype.

Although considerable attention has been focused on post-
translational events that control the fold, we are now beginning
to appreciate the contribution of co-translational events that
manage the numerous folding intermediates associated with
the emerging polypeptide chain (9, 11-17). These include the
roles of the ribosome in managing the rate of synthesis through
codon usage and tRNA abundance and the PN in the co-trans-
lational management of the nascent polypeptide chain. What is
missing from this broad picture of translational control is the
impact of the initiation step, including ribosomal protein avail-
ability, on the final protein fold.

To answer the question of whether translation initiation
components participate in managing protein folding, we turned
to the inherited rare disease cystic fibrosis (CF), which is trig-
gered by point mutations in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene, which codes for a cAMP-
regulated chloride channel expressed at the apical surface of
epithelial cells (18 -23). CFTR is generated by co-translational
insertion into the endoplasmic reticulum (ER) prior to export
to the cell surface where it is responsible for the key steps in the
maintenance of proper chloride and bicarbonate balance in the
extracellular space of nearly all tissues. Over 70% of CF patients
carry at least one allele with a 3-bp deletion (delCTT) resulting
in the loss of phenylalanine at position 508 (F508del-CFTR).
The resulting F508del-CFTR variant leads to impaired folding
and rapid clearance by ER-associated degradation (4, 19, 22,
24.—33). The absence of CFTR at the cell surface contributes to
loss of hydration of the epithelial lining of the lung and other

“The abbreviations used are: PN, proteostasis network; CFTR, cystic fibrosis
transmembrane conductance regulator; CF, cystic fibrosis; HTS, high-
throughput screen; hBE, human bronchial epithelial; m.o.i.,, multiplicity of
infection; ER, endoplasmic reticulum; SPN, shortest-path network; YFP, yel-
low fluorescent protein; siScr, scramble siRNA; NAGA, network-augmented
genomic analysis; SAHA, suberoylanilide hydroxamic acid; AL, air-liquid
interface; IP, immunoprecipitation; qRT, quantitative RT; GUS, glucuroni-
dase; AAT, a1-antitrypsin; Z-AAT, Z-variant of AAT; MSR, maladaptive stress
response; P/M, polysome/monosome; PIC, protease inhibitor cocktail.
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affected tissues, triggering the progressive clinical pathology
characteristic of CF.

The CFTR interactomes of both WT- and F508del-CFTR
have been characterized (34, 35), providing insight into the
cohort of proteins that mediate CFTR biogenesis and function
in the lung. These studies reveal strong differences in the inter-
action profiles of WT and F508del-CFTR, suggesting that a
single point mutation can dramatically alter the community of
interactions responsible for its function. These differences
allowed us to identify the accelerator of Hsp90 ATPase 1 (Ahal)
as a key regulatory proteostasis component mediating the ER
retention of the F508del-CFTR disease variant (35, 36). The
above data support the importance of proteomic data for the
identification of new biological targets responsible for CFTR
function. However, recent clinical data have revealed patient to
patient variations among individuals carrying the same muta-
tion (22, 37-39), adding a further layer of complexity to our
attempts to understand the biogenesis of WT and variant pro-
teins and their impact on disease onset and progression. These
observations further emphasize the need for a greater under-
standing of features that contribute to the nascent synthesis,
folding, stability, and trafficking of CFTR variants.

Herein, we present a proteomic approach to uncover path-
ways and components affecting the folding and function of
F508del-CFTR in human disease. A specific siRNA library
(2569 siRNAs) was used to screen bronchial epithelial cells to
identify PN components that can be targeted to restore cell-
surface F508del-CFTR channel activity. The PN hits were
mapped to the CFTR interactome (34), using a novel shortest-
path network (SPN) approach, to characterize the mechanism
of correction for non-CFTR interacting hits and to prioritize
targets of interest for correcting the basic defect associated with
the F508del variant. This function-based analysis identified the
eukaryotic translation initiation factor 3a (elF3a) (9, 11-13,
40-49) as the top target for siRNA-mediated functional cor-
rection of F508del-CFTR in bronchial epithelial cells. We show
that the reduced expression of elF3a provides a more optimal
environment for correction of not only F508del-CFTR but also
other CFTR variants spread across the sequence, suggesting
that protein translational events dependent upon elF3 in gen-
eral and elF3a specifically serve as regulatory elements for gen-
erating the genome to proteome transformation responsible for
CF biology. The identification of this target suggests that
translational initiation is suboptimal in the mRNA of vari-
ants leading to a disconnect with proteostasis-mediated
events involved in CFTR folding. Subtle adjustments to the
elF3 machinery could provide a more global approach to
redirect the processes governing transformation of the
genomic state to a functional proteomic state leading to
improved patient health in the clinic.

Results
siRNA-based proteostasis screen

Given the central importance of proteostasis in co- and post-
translational folding of CFTR, we performed an siRNA high-
throughput screen (HTS) using a library composed of 2569
siRNAs targeting individual PN components, including the
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translational machinery, cytosolic and ER luminal chaperones,
the degradation system, and post-translational regulatory pro-
teins (Fig. 1A and Information S1). The library was composed of
four siRNA sequences per target, and the screen was performed
in triplicate. The HT'S was performed in the bronchial epithelial
cellline, CFBE410— (referred to herein as CFBE), engineered to
express both the ER-restricted F508del-CFTR as well as a
halide-sensitive YFP variant (H148Q/1152L). The fluorescence
of YFP-H148Q/I152L is quenched in the presence of halide
ions, such as external iodide (50), which can be taken up by cells
only in the presence of a functional cell-surface F508del-CFTR
channel. In this assay, silencing of PN components that restore
trafficking and function to the F508del variant at the cell sur-
face will allow influx of external iodide upon activation of the
CFTR channel with forskolin and genistein leading to increased
YFP quenching.

The screen identified 456 PN components whose silencing
led to a statistically significant (p < 0.05) increase in YFP
quenching relative to treatment with a negative control siRNA
(siScr). Of these, 89 siRNAs caused a greater than 25% decrease
in basal YFP fluorescence (p < 0.05), which can be attributed
either to a decrease in cell number, due to toxicity, or a disrup-
tion of global protein folding leading to reduced YFP expres-
sion. Because both the loss of global protein folding or cell via-
bility are undesirable, these targets were eliminated from future
consideration, leaving us with a target list of 367 PN compo-
nents (Fig. 1B and Information S2), a hit rate of 14.3%. We
noted that only 73 out of 367 siRNA hits are CFTR-interacting
proteins, based on the published CFTR interactome generated
using the same CFBE model system (Fig. 1C) (34), raising the
question of how the remaining 294 siRNA hits are mediating
correction of F508del-CFTR.

Using network-augmented genomic analysis to identify
folding management hubs

We developed a novel algorithm to address how these non-
CFTR interacting, siRNA hits are connected to CFTR, which
we called network-augmented genomic analysis (NAGA). We
first expanded the CFTR Interaction NetworK (CINK) from its
576 proteins, as characterized in the CFTR interactome (34).
To accomplish this, we utilized publicly available protein
interaction databases (see under “Experimental procedures”)
to assemble an undirected network of human protein interac-
tions. For each interaction, a confidence score was calculated
(see under “Experimental procedures”), reflecting the reliability
of its combined experimental evidence, providing weight to the
CINK, where more reliable interactions are favored during a
shortest path analysis. With this platform, the task of connect-
ing the 367 siRNA hits (sources) to CFTR (target) was formu-
lated in terms of a single-source shortest-path problem for a
graph, and thus efficiently solved with the Dijkstra’s algorithm
(51) to generate the final shortest-path network. We next com-
puted the number of siRNA hits that utilize a given CFTR-
interacting protein on its shortest path to interface with CFTR
(Fig. 2A4). CFTR-interacting proteins that connected two or
more siRNA hits (N-specific (N;,)) to CFTR were classified as
hub proteins. To filter out nonspecific protein hubs (i.e. pro-
teins whose high-connectivity values are mostly related to the
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Figure 1. High-throughput screening of proteostasis siRNA library. A, pie chart summarizing the gene ontology pathway assignment of proteostatic siRNA
targets. B, scatter plot summarizing the YFP quenching data for the high-throughput siRNA screen. The red band represents the YFP quenching for the siScr
with its associated error, and the green bands represent the 2-fold standard deviation range for the percent of YFP quenching relative to the siScr. C, Venn
diagram depicting the number of proteins in the expanded CFTR interactome, the siRNA library, and high-throughput hit list.

siRNA library composition and the topology of the graph), the
SPN computation was repeated using a random selection of 367
targets from the siRNA library and iterated 1000 times. Using
this approach, a “hubness” value for specific (N,,) and nonspe-
cific (N random (N,4,,,)) siRNA target lists was determined for
each hub protein.

Using SPN, we mapped 358 of the 367 HTS hits to the
expanded CINK, revealing a sub-network of 525 proteins and
3548 interactions, with a significant presence of community
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structure (p = 5.6E10-9, see “Experimental procedures”). A
total of 196 proteins connected the 358 HTS hits to CFTR, with
119 of these interacting directly with CETR. Of these, we iden-
tified 70 proteins that linked two or more F508del-correcting
HTS hits (N, = 2). After filtering for nonspecificity of these
hub proteins, we identified 41 proteins that exhibited a N, =2
and a N,/N, 4, ratio >2 (Fig. 2B; Table 1). We estimated a false
discovery rate (FDR) of 0.02 for these filtering criteria (see
under “Experimental procedures”). A further examination of
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Figure 2. Shortest path analysis of high-throughput screening hits identify hub proteins for connectivity to CFTR. A, diagram explaining the shortest
path analysis approach and the defining hub proteins. B, network map depicting the connectivity of high-throughput hits to CFTR. The nodes with a black
border represent the hub proteins from the NAGA algorithm. The nodes are color-coded based on the level of YFP quenching in the CFTR functional assay. The
proteins in the network are arranged according to their predicted subcellular localization or cellular function.
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Table 1

Shortest path analysis reveals Hub proteins connecting siRNA targets, which correct F508del-CFTR to CFTR-interacting proteins

The table depicts the gene name, EID, the number of corrective siRNA targets connecting to the indicated hub protein (N,), the number of random siRNAs from the
proteostasis siRNA library connecting to the indicated hub protein (N,,4), the N /N,,4 ratio, the relative affinity of the indicated hub protein for WT- and F508del-CFTR

rnd

as determined in the expanded CFTR interactome, and the percent of YFP quenching, S.D., and p value determined from the HTS screen.

CFTR Core interactome binding HTS Screen
EID Nsp Nrnd Nout/Nrnd | Interaction(wt) |Interaction(D508F) %YFP SD P value
EIF3A 8661 5 1.42 3.52 NA 0.51 20.45 2.43 0.00002
PSMA2 5683 4 1.18 3.39 NA 0.65 14.02 0.62 0.47
NME2 4831 3 1.06 2.84 NA NA NA
HSPA4 3308 9 3.71 2.42 0.40 0.57 17.26 4.29 0.01
SRRM1 10250 7 3.18 2.20 0.14 0.49 NA
TPR 7175 4 1.84 2.17 NA 0.391 NA
CUL1 8454 4 1.90 2.10 12.01 0.48 0.5
XRCC5 7520 3 1.46 2.05 0.43 0.57 NA
HSPAS 3309 6 2.95 2.03 0.23 0.40 17.55 2.41 0.02
CTNNB1 1499 4 1.98 2.02 0.46 0.61 NA
KDELR2 11014 2 0.16 12.20 NA 0.25 17.08 0.17 0.004
SIRT7 51547 2 0.17 11.76 17.74 2.54 0.02
ARCN1 372 2 0.17 11.63 NA NA 20.35 2.19 0.03
GGA2 23062 2 0.17 11.63 16.58 0.52 0.02
TNS3 64759 2 0.18 10.99 NA 0.66 11 1 0.7
CDC5L 988 2 0.31 6.51 NA
CRYBB2 1415 2 0.34 5.93 6.17 3.38 0.0002
MYO18A 399687 2 0.38 5.29 NA 0.48 14.10 3.32 0.47
PRKD2 25865 2 0.50 3.97 NA NA NA
LGALS3BP 3959 2 0.51 3.95 0.27 0.38 16.86 0.88 0.01
CBL 867 2 0.53 3.80 NA NA 15.09 1.8 0.09
UBE2L3 7332 2 0.53 3.77 19.46 2.31 0.001
MAP1LC3B 81631 2 0.56 3.60 22.10 5.3 0.0000003
UBTF 7343 2 0.65 3.08 NA NA NA
COPG2 26958 2 0.71 2.81 NA NA 18.32 1.45 0.001
PGRMC1 10857 2 0.73 2.75 0.32 0.52 12.50 1.09 0.3
MNAT1 4331 2 0.73 2.74 16.66 2.62 0.003
ARL1 400 2 0.84 2.39 0.32 0.31 11.37 2.28 0.3
PHB 5245 2 0.88 2.28 NA 0.39 11.67
COPA 1314 2 0.88 2.27 NA 0.39 21.96 3.24 0.0004
TFG 10342 2 0.88 2.26 NA NA NA
MCM7 4176 2 0.92 2.17 0.58 0.65 NA
VTN 7448 2 0.93 2.16 NA 0.31 18.46 0.93 0.03
COPB1 1315 2 0.96 2.08 NA 0.25 18.46 0.53 0.0008
PPP2R2B 5521 2 0.99 2.02 NA 0.25 NA

these 41 hub proteins revealed that 24 of them were recovered
in the CFTR interactome and that 22 of these CFTR-interacting
hubs exhibited an increased binding affinity for F508del-CFTR
relative to WT-CFTR (logl0(WT/F508del) =0.5; p value 0.038)
(Table 1) (34). Further analysis revealed that 25 of the 41 hub
proteins were targeted in the siRNA HTS screen where 19 of
them provided functional correction of F508del-CFTR, yield-
ing a hit rate of 76%. These data highlight the power of SPN in
improving and understanding combined siRNA and MS data-
sets (Table 1).

Assessing the role of SPN hits

To understand the importance of all the SPN hubs, we tested
the impact of siRNAs targeting 10 of the 16 hub proteins not
previously tested in our siRNA HTS screen (Table 1) to assess
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their ability to correct F508del-CETR. We observed that the
silencing of seven of these proteins led to a statistically signifi-
cant (p < 0.05) increase in F508del-CFTR function (Table 2).
These results reveal that the silencing of 26 of the 35 hub pro-
teins tested resulted in restoration of a functional F508del-
CFTR at the cell surface of CFBE cells, which supports our
selection strategy for network connectivity using NAGA, defin-
ing, for the first time, a functional interaction community of
proteins managing F508del in human disease.

Of the many interactions detected, the hub with the best
combined N, and N/N, 4, ratio was the elF3a (Table 1). Our
analysis revealed that, in addition to being a hit in the siRNA
screen itself, five other HTS hits (NSp = 5) (elF3b, -¢, -g, -i, and
-1 as well as eIlF5a) were connected to F508del-CFTR through
our SPN analysis (Fig. 2B). The hubness of e[F3a was not due to
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Table 2

YFP quenching data for siRNA knockdown of hub proteins not previ-
ously tested in the HTS screen

The percent of quenching of YFP-H148Q/I152L in F508del-expressing CFBE
cells = S.D. (n = 3; p value determined using two-tailed ¢-test using siScr as the
reference).

Table 3

Analysis of high-throughput YFP quenching data reveals enrichment
of PN categories

Data depict the represented PN categories, the number of siRNA targets in each
category (PN library), corrective siRNA from the HTS YFP assay (hits), percent of
total, and p value for enrichment.

a preponderance of nonspecific interactions because its ran-
domized connectivity score was low (N, 4,,, = 1.4) (Table 1). The
identification of elF3a as the top hub for the correction of
F508del-CFTR was consistent with our observation for the
enrichment of factors involved in the protein synthesis in our
hit list from the HTS, where 15 of 59 potential targets resulted
in the functional correction of F508del-CFTR, a hit rate of
25.4%, by far the highest among all PN categories in our siRNA
library (Table 3). Additionally, a number of protein synthesis
components were recovered in the interactome and exhibit an
increased affinity for F508del- relative to WT-CFTR, including
YBX-1, PABPC1, and UPF1 (34). These data suggest that the
translation machinery may play an unanticipated role in the
inability of cells to fold the F508del variant and that modulation
of this machinery could provide functional correction of
F508del-CFTR at the cell surface, consistent with the recent
observation that the silencing of ribosomal protein L12
(RPL12), which plays a role in translation elongation, can
improve stability, trafficking, and function of F508del CFTR
(52).

Silencing of elF3a corrects the basic defects of F508del-CFTR

To establish a functional role for elF3a and possibly other
elF3 family members in the biogenesis of F508del-CFTR, we
used siRNA to target all 13 members of the elF3 family (a—m)
and analyzed the impact on F508del-CFTR stability and traf-
ficking. Silencing of most elF3 family members, with the excep-
tion of elF3d, eIF3f, and eIF3j, resulted in a significant increase
in the amount of ER-localized F508del-CFTR (band B) (Fig. 3, A
and B), suggesting that the de novo fraction of F508del-CFTR
synthesized in an environment with a reduced pool of func-
tional eIF3, and therefore 43S PIC, exhibited increased stability.
We also observed correction of the F508del-CFTR trafficking
and an improved trafficking index (C/B ratio, where C/B
ratio = ratio of the level of band C glycoform to the level of band
B glycoform) in response to the silencing of elF3a, -c, -¢, -g, -h,
-1, -k, -1, and -m (Fig. 3, A and B). The trafficking index reflects
improved efficiency of export from the ER where band C is the

13482 J Biol. Chem. (2018) 293(35) 13477-13495

PN Category PN library Hits % of Total p-value

siRNA % Quench SD P Value Protein synthesis 59 (2.3%) 15 (4.1%) 25.4 0.0165

Folding 274(10.7%) | 58(15.7%) 21.2 0.0008

siScr 12.52 2.33 ER 227 (8.8%) 44 (11.9%) 19.4 0.0179

siMCM7 21.74 2.03 0.01 Stress response 115 (4.5%) 21 (5.7%) 18.3 0.1401

ccs | oss | oz | oay | [t | olen | smon | ou

siPRKD2 16.52 0.70 0.05 Clearance 932(36.3%) | 104 (28.2%) 112 0.9998

siSRRM1 15.50 134 0.13

SiPPP2R2B 17.58 3.23 0.09 post-ER glycoform and band B is the steady-state population of
SITPR 17.72 1.36 0.03 F508del-CFTR found in the ER. Only the silencing of eIF3b
SiCTNNB1 17.49 1.11 0.03 yielded a stabilized F508del-CFTR that is not recognized for
siNME2 18.62 1.35 0.02 export, a surprising result given that both elF3a and -b repre-
siCDC5L 23.37 0.65 0.001 sent the nucleation core for the assembly of the eIF3 holocom-
SiTFG 17.89 1.39 0.03 plex (48). It is possible that the eIF3b did not achieve the

necessary knockdown (KD) to correct the trafficking defect
despite increasing the stability of F508del-CFTR, a question
that will require further attention in future studies. These
data suggest that the fraction of F508del-CFTR exhibiting
increased stability is also recognized as an exportable frac-
tion for trafficking to the cell surface, with the silencing of
elF3a providing the most robust correction of F508del-
CFTR. We observed a similar effect on F508del-CFTR sta-
bility and trafficking with the elF3-interacting proteins
eIF4gl (53), elF4g2 (54, 55), elF5a (56), and elF2a (Fig. 3A)
(12, 13, 43, 45). These data suggest that events associated
with translation initiation in general and elF3a specifically
are not conducive to the folding of F508del-CFTR.

sielF3a corrects the stability, trafficking, and function of
multiple CFTR variants

Because we observed that elF3a silencing provided the most
robust correction of the trafficking defect associated with
F508del variant, we investigated whether additional disease
variants would also be corrected by elF3a silencing. We selected
three additional CFTR variants, G85E, R560T, and N1303K,
that could provide positional effects, given their location
in the N terminus, NBD1, and NBD2 domains, respectively.
These three variants also exhibit a strong ER retention pro-
file at steady state (Fig. 3C). Intriguingly, all three variants
exhibited a robust increase in band B expression levels as
well as a robust increase in band C in response to the silenc-
ing of elF3a (Fig. 3C), confirming that a partial reduction of
the cellular level of eIlF3a generates an environment that is
permissive to the folding of CFTR variants located across the
entire length of polypeptide chain, suggesting a general
mechanism for the improved stability and folding rather
than a variant-specific one.

elF3a suppression restores chloride conductance

Because we observed correction of F508del-CFTR trafficking
in response to the silencing of numerous elF family members,
we wanted to assess whether the band C fraction represented a
cell-surface—localized, functional chloride channel. For this
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Figure 3. Silencing of members of the eukaryotic translation initiation factor family rescue F508del-CFTR function. A, immunoblots of F508del-CFTR ER
(band B) and post-ER (band C) glycoforms following silencing of elF proteins. B, quantification of the immunoblot in A. Data are normalized to the amount of
band B glycoform in the siScr control and represent mean = S.D., n = 3, and * indicates p =< 0.05 relative to the same glycoform for siScr. G, immunoblot of the

indicated CFTR variants and elF3a following the silencing of elF3a.

purpose, we utilized the YFP-quenching assay employed in the
siRNA HTS (50). We observed that the silencing of eIF3a—c, -g,
-1, and -1 as well as elF5a mediated the functional correction of
the F508del-CFTR disease variant (Fig. 44) with eIF3a again
providing the most robust correction, reaching a level of YFP
quenching similar to that seen with siHDAC?7, a validated target
known to increase F508del cell-surface function in CFBE41lo—
cells (57). The observation that elF3b provided a modest func-
tional correction to F508del-CFTR despite the lack of band C
(Fig. 3, A and B) suggests that either the level of trafficking
correction is below our detection limit or that differences in the
KD efficiency between the experiments contributed to this dis-
crepancy. To assess whether the increase in YFP quenching
seen in response to sielF3a in CFBE cells contributes to resto-
ration of a functional F508del-CFTR channel at the cell surface,
we monitored the sensitivity of this quenching reaction to the
CFTR-specific channel inhibitor, CFInh172. The presence of
the CFTR inhibitor blocked the YFP quenching seen with
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sielF3a (Fig. 4B), supporting our conclusion that the partial
knockdown of elF3a leads to functional recovery of the
F508del-CFTR disease variant at the cell surface.

We also examined the impact of combining elF3a silencing
with Vx809 or suberoylanilide hydroxamic acid (SAHA),
known small molecule correctors of F508del-CFTR (57, 58), to
monitor whether a further improvement in the functional
rescue of F508del-CFTR could be observed. Combining the
treatment of 3 um Vx809 or 1 um SAHA with sielF3a led to
a significant improvement in the functional correction of
F508del-CFTR than that seen with any of the three treatments
alone (Fig. 4C). These data provide evidence that the silencing
of elF components, particularly eIF3a, have a marked effect
on F508del functional rescue, suggesting that events regulated
by the eIF3 holocomplex manage the ability of CFTR variants to
achieve a functional fold.

To investigate whether other diseases of protein folding are
sensitive to modulation of the elF3a expression level, we tested

J. Biol. Chem. (2018) 293(35) 13477-13495 13483



Managing protein folding via altered translation initiation

A

30
e
y— 20-
(&)
c
[<}]
-
e
o
L
> 10+
o
o~
0-
,oé
25
%
B C —— siScr + DMSO —— sielF3A+DMSO
== BISer —o- sielF3a siScr+1uMSAHA  — sielF3A + 1uM SAHA
i siScr + CFInh172 -o- sielF3a + CFInh172 s —— siScr + 3uM VX809 —— sielF3A + 3uM Vx809
1,043 -;51.,;_}
-T:] o0
£ : : £
£ Thvee % g
% 0o g
g $ o
[- % [~
[V [T
s >
o] ]
2 oo
© ©
E E
2 2
0.7+
0.6 T T 0.5 r T
0 10 20 30 () 10 20 30

Time (s)

Time (s)

Figure 4. Silencing of elF3 subunits restores function of F508del-CFTR in CFBE cells. A, histogram showing the percentage of YFP-H148Q/1152L quenching
in F508del-expressing CFBE-YFP cells transfected with the indicated siRNA for 72 h (HDAC7 siRNA was used as positive control). Data represent the mean =
S.D.,n =3, and * indicates p < 0.05 relative to control. B, scatter plot showing YFP fluorescence quenching in F508del-expressing CFBE-YFP cells transfected
with scramble or elF3a siRNA in the presence or absence of the CFTR-specific inhibitor, CFInh172. C, scatter plot showing the YFP fluorescence quenching in
F508del-expressing CFBE-YFP cells treated with scramble siRNA + DMSO (red), elF3a siRNA + DMSO (orange), 1 um SAHA (blue), sielF3a + 1 um SAHA (cyan),
3 uMm Vx809 (dark green), or sielF3a + 3 um Vx809 (light green). The data in B and C are shown as relative YFP fluorescence normalized to the t = 0 for each
condition and fit as plateau with exponential decay and represent the mean = S.D.,n = 3.

the effect of elF3a silencing in a cellular model of a1-antitrypsin
deficiency, expressing the Z-variant of al-antitrypsin (AAT)
(Z-AAT), an ER-restricted variant of the secreted AAT protein.
Z-AAT accumulates as a misfolded polymer in the ER compart-
ment (59, 60). Intriguingly, although silencing of elF3a did not
improve the expression of the immature ER glycoform or mat-
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uration of the Z-variant nor an increase in the secretion of
Z-AAT, changes were seen with sielF3k and sielF3l (Informa-
tion S3). These data are consistent with previous observations
that eIlF3a might affect the translation of a specific set of
mRNAs (61, 62) and raise the possibility that translation events
platformed by elF3a play differential roles in tuning different
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mRNA species for productive protein production (9, 12, 13, usinga pulse— chase analysis of F508del-CFTR in response to

16, 45). sielF3a. Consistent with its effects on improving trafficking
] and function, elF3a silencing markedly reduced the degrada-
Silencing of elF3a increases F508del-CFTR stability tion of F508del-CFTR (Fig. 5A). Because the trafficking

Given that the eIF3 complex has been shown to interact kinetics and destabilized nature of F508del-CFTR make it
with the proteasome machinery (63) to facilitate the degra-  difficult to detect band C on pulse—chase experiments, we
dation of unstable nascent polypeptides, we tested whether used a cycloheximide chase to monitor the stability of the
silencing of elF3a would affect F508del-CFTR degradation band C glycoform generated in response to the silencing of
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elF3a. Consistent with the increased appearance of band B,
we also observed increased stability of band C in response to
cycloheximide-mediated inhibition of de novo protein syn-
thesis relative to that seen with temperature-rescued (30 °C)
band C chased at 37 °C (Fig. 5B). Here, increased F508del-
CFTR C band stability was possibly due to alterations in
proteasome-mediated degradation and/or improved folding
impacted by either mitigation of translation events associ-
ated with the mutant F508del mRNA or by providing a more
stable physiological state in which to achieve a more func-
tional fold.

To address the latter possibility, we combined the protea-
some inhibitor, MG132, with sielF3a treatment. Whereas both
MG@G132 treatment and sielF3a led to an increase in the expres-
sion of band B and correction of trafficking to band C (Fig. 5C),
only the silencing of elF3a resulted in an improved trafficking
index (C/B). Combining these two treatments did not result in
an improvement on F508del-CFTR stability or trafficking (Fig.
5C), suggesting that functional disruption of translation
events managed by elF3a affects co-translational and/or
post-translational folding of F508del-CFTR such that the
variant is no longer heavily degraded by the proteasome.
This hypothesis is supported by the observation that the
level of ubiquitinated CFTR (Ub-CFTR) increases almost
4-fold in response to MG132 treatment, whereas it decreases
almost 4-fold in response to the silencing of elF3a (Fig. 5D).
These results highlight that correction of F508del-CFTR by
modulation of the translational process is not due to
impaired proteasome degradation and could reflect a direct
or indirect role for translational events in the productive
generation of the CFTR polypeptide.

elF3a silencing reduces the rate of translation of F508del-CFTR

Because elF3a is an important component of the eIF3 holo-
complex (43, 48, 64, 65), we monitored the impact of elF3a
silencing on the polysome profile of CFBE cells. Silencing of
elF3a resulted in a significant decrease in the number of poly-
somes and a concomitant increase in the level of 80S mono-
somes in CFBE cell lysates (Information S4), consistent with
previous observations in response to the silencing of elF3a and
most other eiF3 subunits in mammalian cells (43, 48). The
reduced polysome to monosome (P/M) ratio seen for sielF3a in
HEK293 and HeLa cells correlated with a reduction in the rate
of translation initiation (43, 48), raising the possibility that
eiF3a KD might also alter the rate of translational initiation or
number of initiation events on the F508del mRNA. To address
this possibility, we performed a **S-pulse—labeling time course
to monitor the rate of [*>S]Met incorporation in de novo-syn-
thesized F508del-CFTR. We observed a robust increase in the
level of *S-labeled F508del-CFTR (Fig. 6A), possibly suggest-
ingan overall increase in translation in response to the silencing
of elF3a. We have previously shown that the increased expres-
sion of F508del-CFTR and other disease-associated protein
variants activates a heat-shock-like chronic stress condition,
termed the maladaptive stress response (MSR), which reduces
the correctability of F508del-CFTR (66), suggesting that simply
increasing the expression of F508del would not remediate the
defects associated with this disease-associated variant. To
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address this potential discrepancy, we sought to address
whether the silencing of elF3a also altered the expression level
of CFTR mRNA, as a potential source for the observed increase
in F508del-CFTR translation. We did observe an sielF3a-medi-
ated 3.3-fold increase in the amount of F508del-CFTR mRNA
levels in CFBE cells relative to that seen in control siRNA-
treated cells (Fig. 68). When the total pool of mRNA available
for translation was considered in the analysis of >*S-labeled de
novo-synthesized F508del-CFTR, we actually observed a 2.2-
fold decrease in the amount of F508del-CFTR protein pro-
duced per mRNA molecule in response to the silencing of
elF3a (Fig. 6C).

To address whether the reduced CFTR production was the
result of a general decrease in protein translation, as suggested
previously (43, 48), we performed a 1-h 3°S pulse-labeling of
F508del-CFTR- expressing CFBE cells treated with control or
elF3a siRNA, and we analyzed the amount of total protein
labeled relative to that seen in WT-CFTR-expressing CFBE
cells. We observed that F508del-CFTR—expressing CFBE cells
exhibited a 60% decrease in total protein translation compared
with CFBE cells expressing WT-CFTR (Fig. 6E). This observa-
tion is in agreement with the chronic heat shock-like stress
(MSR) seen in F508del-expressing cells (66), where inhibition
of de novo protein synthesis is a known consequence of activa-
tion of the heat-shock response. Intriguingly, the silencing of
elF3a in F508del-CFTR- expressing CFBE cells resulted in the
restoration of a more WT-like translation profile, approaching
80% of that seen in WT-expressing CFBE cells (Fig. 6E). More-
over, comparing the total labeled protein content between
WT-expressing and sielF3a-treated F508del-expressing CFBE
reveals a 20% reduction, which is consistent with previous
reports assessing the impact of elF3a knockdown (67). To con-
firm this observation, we determined the steady-state protein
levels per cell in CFBE cells treated with control or eIF3a siRNA
relative to that seen in WT-CFTR- expressing cells. Consistent
with the results of the pulse-labeling experiment, we observed
that F508del-CFTR-expressing CFBE cells yielded a protein
expression level of 150 pg of total protein per cell, a 50% reduc-
tion compared with WT-expressing CFBE cells where a protein
expression level of 300 pg/cell was detected (Fig. 6D). Strikingly,
silencing of elF3a restored the protein expression level to 240
pg/cell, a correction to a level 80% of WT-expressing cells
(Fig. 6D).

sielF3a improves F508del function on primary
patient-derived epithelium

Because elF3a silencing results in restoration of a functional
cell-surface pool of F508del-CFTR in CFBE cells, we addressed
whether this result could be recapitulated in patient-derived
primary bronchial epithelia (hBE) homozygous for the F508del
mutation (F508del/F508del). The adeno-shRNA-mediated
silencing of elF3a in primary F508del-hBE cells resulted in a
stabilization of the ER-localized band B fraction as well as a
correction of the trafficking defect associated with this muta-
tion as determined by the appearance of band C (Fig. 7, A and B,
shelF3a 500 and 1000 m.o.i.). The correction of F508del-CFTR
was observed despite only a modest silencing of elF3a in these
human primary airway cells. The restored band C level sur-
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passed the level seen upon treatment of F508del-hBE cells with
the Food and Drug Administration-approved Vx809 (Fig. 7, A
and B). Moreover, the combined treatment of Vx809 and
shelF3aresulted in a synergistic increase in the amount of band
C detected (Fig. 7B), indicating that modulation of the expres-
sion level of eIF3a provides an important role in amplifying the
level of functional F508del under native conditions found in the
patient.

In light of the improved trafficking of F508del-CFTR seen in
response to the treatment of F508del-hBE cells with shelF3a
alone or in combination with Vx809, we determined whether
the corrected F508del-CFTR represented a functional ion
channel at the cell surface of primary polarized hBE cells. Short
circuit (Isc) measurements of F508del-hBE cells revealed a
dose-dependent correction of F508del-CFTR channel activity
in response to increasing doses of the shelF3a-expressing ade-
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novirus (Fig. 7, C and D), with the m.o.i. of 1000 yielding a
forskolin- and genistein-induced current comparable with that
seen with Vx809 alone. The combined treatment of VX809 with
500 and 1000 m.o.i. yielded a functional correction of F508del-
CFTR to a level reaching 50.1 and 53.6% of the WT-CFTR
current measured in hBE primary bronchial epithelia (Fig. 7,
C and D).

These data provide evidence that a modest reduction in the
expression level of the translation initiation factor eIF3a pro-
vides a substantial corrective benefit for restoration of a Vx809-
responsive functional F508del-CFTR at the cell surface of lung
epithelial cells, a level that would be predicted to provide sig-
nificant benefit to patients. The discovery of a prominent role
for elF3a in managing the kinetic assembly of a range of CFTR
folding intermediates that are likely differentially impacted by
disease-causing variation(s) suggests a role for elF3-regulated
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Figure 7. Silencing of EIF3a provides functional correction of F508del-CFTR in primary airway cells. A, immunoblot analysis of CFTR, elF3a, and tubulin
in response to the treatment of hBE cells with adenovirally delivered elF3a shRNA at the indicated m.o.i. alone or in combination with 3 um Vx809 for 24 h. B,
quantification of the immunoblot shown in A. Data are normalized to the amount of band B glycoform in the GFP control and represent mean = S.D. (n = 2).
G, representative short-circuit measurement in response to the treatment of hBE cells with adenovirally delivered elF3a shRNA at the indicated m.o.i. alone or
in combination with 3 um Vx809 for 24 h. D, histogram analysis of the amiloride, forskolin (Fsk), genistein (Gen), and Fsk + Gen-sensitive currents in hBE cells.
Data represent the mean = S.D. (n = 3, * indicate p < 0.05 relative to F508del-CFTR treated with scramble siRNA).

translational events in generating a functional fold by minimiz-
ing the misfolding load imposed by these variants on the pre-
vailing PN of cells.

Discussion

Herein, we utilized a novel integrative proteomic approach
to prioritize biological targets for the functional correction of
the F508del variant of CFTR, the most common mutation asso-
ciated with CF. In brief, this method merges two large datasets,
namely the siRNA targets that correct F508del-CFTR function
and the F508del-CFTR interactome (34), to score high-priority
targets that link at least two corrective siRNA hits from the HT'S
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to CFTR (N, =2) while keeping alow randomized connectivity
score (N,4,,)- We refer to these high-priority targets as hub
proteins. The method builds upon existing gene prioritiza-
tion strategies based on topology and network flow (68 -70)
with NAGA providing two important enhancements as fol-
lows: 1) it uses recently available weighted protein interac-
tions gathered from multiple databases, and 2) it includes a
randomization procedure to control for input size and com-
position. Both enhancements aim to improve the specificity
of the prioritization relative to the particular set of HTS hits
considered within the context of function and cellular

organization.
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Our novel SPN approach can detect what would appear to be
distant connectivities in complex datasets. As an example, we
identified eIF3a as a top hub in our network analysis; however,
it would only rank 29th in the siRNA HTS hit list had the con-
nection to the CFTR interactome not been considered. This
reclassification reflects the clear limitation of omics data when
considered alone and out of context of the biology of the cell,
emphasizing the challenges in understanding networks when
they are disconnected from function (71-76). The prioritiza-
tion of elF3a over other siRNA targets, which provided greater
YFP quenching in the HTS, is consistent with our pathway
enrichment analysis that identified components of the transla-
tional pathway as the most enriched in our proteostasis sSiRNA
library screen (Table 3). These data are also consistent with
recent observations that the silencing of ribosomal protein
L12 (RPL12), which modulates the position of the codon-
anticodon recognition site in the ribosome during translational
elongation (14, 77), also corrects F508del-CFTR (52). Changes
in protein translation associated with alterations in elongation
rate have been shown to provide improved folding for diverse
proteins in both bacterial and mammalian cells (9, 14, 44, 77).
For example, codon optimization experiments have long been
used to maximize protein production by increasing the rate of
translation and exploiting more abundant tRNAs. However,
analyses have shown that whereas the total protein yield does
improve, the specific activity of the resulting protein can be
decreased (9, 14, 44, 77-79). Moreover, numerous studies have
reported that the acceleration of protein translation has delete-
rious effects on the co-translational folding of proteins, leading
to intracellular aggregation and/or degradation (78 —87). With
respect to F508del, which is a compound mutation of the syn-
onymous codon substitution at Ile-507 (ATT) and the deletion
of Phe-508, it has been shown that restoration of the WT Ile-
507 codon (ATT to ATC) promoted F508del stabilization by
increasing its translation rate, approaching that seen for WT-
CFTR (88). The above insights suggest that CFTR variants may
require distinct translation programs to overcome both the
structural differences in the variant mRNAs and the co-trans-
lational folding defect(s) of the variant polypeptides. Although
the role of the elongation phase in protein folding is now well-
established (14, 16,44, 77), the identification of a regulatory role
for translation initiation proteins, which participate in multiple
steps of the translation process, suggests that additional steps
might have an impact on the generation of a functionally folded
protein. In agreement with this hypothesis, we observed that
elF3asilencing resulted in a decrease in F508del-CFTR produc-
tion per the mRNA molecule relative to siScr-treated F508del-
CFTR-expressing CFBE cells. Although elF3a has been associ-
ated with multiple steps in protein translation, including
elongation (46), stop codon recognition (89), and ribosomal
recycling (90), its best characterized function remains the
assembly of the 48S PIC (9, 11-13, 40-49), leading us to sug-
gest that translation initiation, prior to elongation, can correct
F508del-CFTR.

Previously, Wagner et al. (43, 48) examined the impact of
silencing the individual eIF3 components on the expression
profile of the remaining eIF3 proteins as well as assembly of the
elF3 holocomplex. They observed that the silencing of elF3a

SASBMB

leads to a concomitant destabilization of eIF3 proteins found in
modules II (eIF3c—e, -k, and -1) and III (eIF3f, -h, and -m) of the
holocomplex, without affecting the expression of module I
(eIF3b, -g, and -i) or elF3 accessory proteins (elF3, elF2, and
elF5) (43). Although a 60-70% reduction in elF3a expression
resulted in a 85-90% reduction in 43S PIC recovered with the
40S ribosome, only a 40% reduction in RPL41 mRNA binding
was observed suggesting the following: 1) the remaining elF3a
can assemble into functional 48S PICs, and 2) the cells adapt to
the reduction in available 43S PICs by preferentially translating
proteins using monosomes rather than polysomes (Informa-
tion S4) (43) and adjusts the mRNA levels as needed (Fig. 6B)
(43). This reduction in the P/M ratio suggests that the availabil-
ity of functional 43S PIC becomes limiting, resulting in a situa-
tion where the elongation/termination time is generally faster
than the initiation time leading to an increase in the mRNA
pool being translated by monosomes rather than by polysomes
(91). Given that the composition of the elF3 holocomplex
remains unchanged (43), despite its reduced levels, it is unlikely
that the properties of the eIlF3 complex recovered on actively
translating ribosomes, as it pertains to elongation (46), termi-
nation (89), and ribosome recycling (90), will be altered, sug-
gesting that the impact of elF3a silencing on generating a func-
tionally folded protein stems from alterations in the initiation
rate or frequency. Given that the primary impact of elF3a
silencing results in generating a resource competition for func-
tional ribosomes to initiate the translation process (43), our
data suggest that a slowing of the translation initiation rate or a
decrease in the number of initiation events on the CFTR mRNA
leads to a decreased load of misfolded F508del-CFTR allowing
the prevailing PN to better manage the folding requirements of
disease-associated variants. The improved folding of F508del-
CFTR leads to abrogation of the MSR (Information S5) and its
associated reduction in protein expression resulting in the
observed increase in F508del stability, trafficking, and function
as well as improved global protein expression seen in sielF3a-
treated CFBE and primary hBE cells. These data are in agree-
ment with evidence showing that chemical inhibitors of trans-
lation initiation (92) and elongation (52, 92) increase the plasma
membrane density, function, and stability of F508del-CFTR
and reduce the formation and accumulation of misfolded poly-
peptides. Indeed, a reduction in translation strategy is fre-
quently used by the unfolded protein response (93) and the
integrated stress response (94 —-96) to regulate the phosphory-
lation of elF2« (93, 95, 96), which abruptly terminates transla-
tion by preventing release and recycling of ribosomal subunits
ultimately resulting in a reduced protein folding burden in the
cell (4, 5).

It has been well established that folding efficiency of a protein
is affected by mRNA structural elements (97-100) as well as
codon usage (101-103), which alter translation elongation
rates. However, recent evidence has revealed that structural
elements in the 5'-UTR of mRNAs, such as stem-loop struc-
tures, untranslated open reading frames (uORFs), and G-quad-
ruplex structures caused by poly(G) stretches, can also affect
protein folding efficiency by altering the access of the PIC to the
start codon (98). Our data supports a role for the regulation of
protein folding through regulation of translation initiation. By
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altering the availability of 43S PICs, through a reduction in
elF3a expression, we alter the rate or frequency of translation
initiation events on ORFs, leading to a polysome to monosome
adaptation in the cells and a subsequent decrease in protein
translation. Given that there is a negative correlation in the
length of the ORF and ribosome density (104), we suggest that
longer mRNAs, such as CFTR, will be particularly disadvan-
taged in an environment of limited functional ribosomes, lead-
ing to an even greater reduction in the expression of these pro-
teins yet resulting in improved folding efficiency.

Although we have previously shown that global protein syn-
thesis is drastically decreased in F508del cells compared with
WT (66), little was known regarding which translation factors
are involved, how they regulate the de novo synthesis and co-
translational folding, or how they can be targeted to correct
F508del-CFTR. The siRPL12-mediated correction of F508del-
CFTR is consistent with altered translational elongation rates,
which may be efficiently coupled to the correct proteostasis
components as the polypeptide emerges from the ribosome
tunnel (52), generating a stable F508del-CFTR protein. In the con-
text of F508del correction by elF3a knockdown, a simple expla-
nation is that the reduced availability of 43S PIC to initiate
translation of the CFTR variant mRNA may avail the reduced
load of nascent polypeptide better access to the chaperone pool
to complete folding events that would otherwise fail to be prop-
erly completed in the face of increased translation rates or fre-
quency. However, we cannot rule out the possibility that the
secondary and tertiary structure of the mRNA, which have now
been shown to play a critical role in both initiation and elonga-
tion (9, 11-13, 40 — 49), might be under constant monitoring by
the PN to recognize potential challenges of upcoming protein
folding events. Variants might fail to properly fold because the
thermodynamic requirements of the nascent polypeptide are
misinterpreted by the prevailing PN, which fails to properly
adjust translation kinetics to match these requirements. This
surveillance mechanism could be linked to the nonsense
mRNA decay pathway that normally manages dysfunctional
mRNA (105-108). Interestingly, although the folding, stability,
trafficking, and function of many proteins have been shown to
be impacted by alterations in protein translation, the silencing
of RPL12 failed to affect other ER-retained proteins such as
the Y128S-vasopressin 2 receptor and P92S- and S280L-
megalencephalic leukoencephalopathy (MCL1) (52) or, as
shown herein, the inability of elF3a to repair the trafficking
defect associated with Z-AAT. These results suggest that the
synthesis of misfolded proteins is differentially sensitive to a
wealth of relationships that fine-tune translational fidelity. Our
work reveals an unanticipated mechanism that could be tar-
geted for the specific management of human variant disease
through translation-based therapeutics.

Experimental procedures
Sources of molecular network data

siRNA hits and experimental CFTR interactome data were
mapped onto protein interaction networks using HIPPIE ver-
sion 1.5 (Human integrated Protein—Protein Interaction (109).
This database currently contains more than 129,000 interac-

13490 J. Biol. Chem. (2018) 293(35) 13477-13495

tions of ~14,000 human proteins and is regularly updated by
incorporating interaction data from major expert-curated
experimental PPI databases (such as BioGRID, HPRD, IntAct,
and MINT, total of 10 source databases). It also includes inter-
action data from 11 experimental studies. All interactions have
an associated confidence score based on the sum of cumulative
supporting experimental evidence. This score is calculated as a
weighted sum of the number of studies in which an interaction
was detected, the number and quality of experimental tech-
niques used to measure an interaction, and the number of non-
human organisms in which an interaction was reproduced
(109). It ranges from 0 to 1, with two predefined confidence
levels: medium (0.63—second quartile of the score distribution)
or high (0.73—third quartile). For our network construction, we
selected a confidence score threshold of 0.5.

Expanded overview of network-augmented genomic analysis

The technique of Network-augmented Genomic Analysis
combines high-scoring siRNA hits with a protein interaction
network to prioritize key functional proteins and predict novel
targets (Fig. 2A). Briefly, a list of proteins, including the full
siRNA library, the target (CFTR), and the experimentally
derived CFTR interactors (CoPIT), is used to seed a human
protein—protein interaction network obtained from public
databases. In particular, we used the HIPPIE Network Con-
struction tool, within three edges from the seed nodes (maxi-
mum allowed by the tool) and a confidence score greater or
equal to 0.5 (range 0:1; see below). The resulting graph con-
tained 13,733 unique nodes and 124,567 edges, only slightly
smaller than the entire graph available (14,106 nodes and
129,254 edges). We then mapped the high-scoring siRNA hits
onto the protein interaction network and computed the short-
est paths connecting the sources (siRNA hits) to the target
(CFTR) with the Dijkstra’s algorithm (51). The Dijkstra algo-
rithm was developed to compute the shortest path between
nodes in a graph. This algorithm fixes a single node as the
source node and finds the shortest paths from the source to all
other nodes in the graph producing a shortest path tree. This
step required an undirected, weighted graph where the weights
represent distances between the nodes, which are used to cal-
culate the shortest path. In contrast, the edge weights in our
graph, obtained from the HIPPIE database, reflect the reliability
of combined experimental evidence and are higher for cases
with numerous sources of evidence. Thus, we rescored the edge
weights to 1) make them compatible with Dijkstra’s framework
and 2) include interactions between CFTR and CoPIT proteins.
The new weights ranged from 0 to 2 and were assigned accord-
ing to the formula S =2 — S p; — Sgp,, where S pi = 1ifand
only if the interaction was identified in the CoPIT experiment,
and Sy, equals the HIPPIE confidence score (or 0 if not in the
database). Shortest paths computed for each siRNA hit were
then aggregated into a (path X path nodes) matrix. The major-
ity of sources had a single path, with few exceptions. For each of
the connecting nodes, we computed N, as the number of paths
to distinct siRNA hits (including the node itself, if it is a hit).
To filter out nonspecific candidates, the above procedure is
repeated for 1000 different sets of sources of the same size of the
original set of siRNA hits- drawn randomly without replace-
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ment from the entire siRNA library. The resulting distribution
of N, values is then used to compute an average number of
paths (N,,4) or each connecting protein in the dataset. Under
the hypothesis that highly visited nodes may be important for
the biological process under study (i.e. CFTR rescue of func-
tion), we ranked the connecting proteins based on the number
of paths to siRNA hits (N,) and their specificity to the partic-
ular set of high-scoring siRNA hits considered. In particular, we
selected proteins with Ny, > = 2 and ratio N,,/N,,q >2. The
false discovery rate of 0.02 for these filtering criteria was com-
puted with 1000 random selections of 369 genes from the
siRNA library. Testing for community significance of the sub-
graph was performed with a Wilcoxon rank-sum test on the
internal and external edges incident to the vertices of the sub-
graph. All graph computations were performed using the R lan-
guage, the igraph library for network analysis, and Cytoscape
for visualization. Functional enrichment analyses were per-
formed with TopGO and WebGestalt.

Cell lines

Human bronchial epithelial cells CFBE41o— stably expressing
F508del-CFTR or WT-CFTR were cultured as described previ-
ously (57). For temperature-corrected experiments, F508del-
CFTR-expressing CFBE cells were transferred to 30 °C for
24 h.

siRNA knockdown and Western blotting

For analysis of CFTR protein and mRNA in response to
siRNA-mediated knockdown of elF targets of interest, cells
were seeded at 1.25 X 10° cells per well of a 12-well plate a day
prior to transfection and transfected the next day using 50 nm
final concentration of siRNA and RNAiMax transfection re-
agent as per the manufacturer’s instructions (Invitrogen). The
most potent siRNA target from the 4-siRNA pool in the HTS
siRNA library was selected for further analysis. Cells were har-
vested 72 h after transfection. Preparation of cell lysates and
Western blots was done as described previously (57).

gRT-PCR

qRT-PCR was performed using the iScript One-Step RT-
PCR kit with SYBR Green (Bio-Rad). RNA was standardized by
quantification of glucuronidase (GUS) mRNA, and all values
were expressed relative to GUS. Statistical analysis was per-
formed on three independent technical replicates for each RNA
sample, where the error bars represent S.E.

Immunoprecipitation (IP), pulse-labeling, and pulse- chase
analysis

For each IP, 1 mg of total protein was used. CFTR IP was
performed as described previously (31). For total protein syn-
thesis, cells were starved in methionine-free minimum Eagle’s
medium (Sigma) for 30 min and subsequently pulse-labeled for
1 h with [**S]methionine (0.1 mCi per well in a 6-well plate).
Lysates were loaded in a 4—20% gradient gel, with the amount
of lysate normalized for number of cells in each condition.
CFTR processing efficiency was measured by pulse—chase.
Analysis of CFTR stability by pulse—chase was performed as
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described previously (57). The recovered radiolabeled proteins
were then visualized by autoradiography.

CFBE-YFP quenching assay

CEBE41o— cells stably expressing F508del and the halide-
sensitive YFP-H148Q/1152L (CFBE-YFP) (50), were reverse-
transfected with 50 nM final concentration of an siRNA pool
consisting of four siRNAs per target (Dharmacon), and 0.09 ul
of Lipofectamine RNAiMax (Invitrogen) per well of a 384-well
plates. Cells were trypsinized and suspended in Opti-MEM
with 10% FBS, and 6 X 107 cells added per well. Opti-MEM was
replaced with growth media 24 h after transfection, and the YFP
assay was performed as described previously (110) 72 h after
transfection. The HTS screen was performed in triplicate, and
hits were validated using the pooled siRNAs and 96-well kinetic
YFP quenching assay.

Culturing and adenoviral infection of hBE cells

Primary hBE cells were expanded on PureCol (Advanced
BioMatrix)-coated plastic culture plates in bronchial epithelial
basal medium (BEBM) supplemented with a bronchial epithe-
lial growth medium bullet kit and 12 um all-¢rans-retinoic acid
until 95% confluent. hBE cells were subsequently transferred to
human placental collagen-coated 12-mm Corning Snapwell tis-
sue culture filters at a density of 3.0 X 10° cells per filter and
grown in differentiation media (Dulbecco’s modified Eagle’s
medium/F-12 basal medium containing UltroserG, Fetal Clone
11, Bovine Brain Extract, 2.5 ug/ml insulin, 20 nm hydrocorti-
sone, 500 nM triiodothreonine, 2.5 ug/ml transferrin, 250 nm
ethanolamine, 1.5 uM epinephrine, 250 nm phosphoethanol-
amine, and 10 nm all-trans-retinoic acid) at an air-liquid inter-
face (ALI) for 21-28 days. hBE cells were infected with adeno-
virus expressing a control or elF3a shRNA by replacing
the basolateral differentiation medium with differentiation
medium containing 2 mm EGTA and adding the adenovirus,
diluted to the desired multiplicity of infection (m.o.i.) in PBS
containing 2 mMm EGTA, to the apical side of the Snapwell filter.
Cells were incubated at 37 °C, 5% CO, for 18 h before removing
adenovirus and washing both apical and basolateral sides of the
Snapwell filter with PBS and replacing the basolateral differen-
tiation media to EGTA-free differentiation media. Cells were
allowed to recover under ALI conditions for 5 days prior to
short circuit measurement and Western blot analysis.

Short circuit current measurements

Primary hBE cells were mounted in modified Ussing cham-
bers, and the cultures were continuously short-circuited with
an automatic voltage clamp. Transepithelial resistance, R, was
measured periodically from the current required to apply a
2.5-mV bipolar voltage pulse. R was calculated from Ohm’s
law. The basolateral bathing Ringer solution was composed of
120 mm NacCl, 25 mm NaHCO,, 1.2 mm CaCl,, 1.2 mm MgCl,,
3.3 mm KH,PO,, 0.8 mm K,HPO,, and 5 mm glucose. NaCl
concentration of the apical bathing solution was reduced by
replacing NaCl with equimolar sodium gluconate. The cham-
bers were maintained at 37 °C and gassed continuously with a
mixture of 95% O,, 5% CO,. Sodium currents were blocked by
addition of the sodium channel blocker amiloride (10 um) to
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the apical solution. Subsequently, the cAMP agonist, forskolin
(10 uMm; both chambers), the CFTR potentiator genistein (50
uM; apically), and the CFTR channel blocker CFTRInh-172 (10
mn; apically) were added sequentially to determine cAMP-
stimulated CFTR currents.

Data analysis

The data represent densitometric analysis of immunoblots
using an Alpha Innotech Fluorochem SP. The quantitation of
the Western blots was always normalized to the control
(Scramble (Scr)) on their respective blots. The band B in the
control (Scramble (siScr)) on each blot is set to 100, allowing the
data in each blot to be compared with one another. The error
bars represent the standard error of the mean (S.E.) (n = 3) or
the standard deviation of the mean. In all panels, the asterisks
indicates a p value < 0.05 as determined by a two-tailed ¢ test
using the control as the reference.
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