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Fig. S1. Network representation of the wt CFTR core interactome. Colour and
distance to the center (CFTR) reflect relative enrichment of individual interactors
over background. Green colouring indicates interactors targeted for functional
rescue. Proteins are grouped according to function as in Figure 1b.
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Fig. S2. Network representation of the AF508 CFTR core interactome. Colour
and distance to the center (CFTR) reflect relative enrichment of individual
interactors over background. Green colouring indicates interactors targeted for
functional rescue. Proteins are grouped according to function as in Figure 1b.



TSD,
S PSMA4
ISG16STA

i

IMMBLC25A12 |

SééZSM 1

Fig. S3. Network representation of AF508 CFTR interactome changes occuring
at 1hour after temperature shift to 30°C. Colour and distance to CFTR indicate
fold-change of individual interactors (green: reduced; blue: enhanced
association). The innermost circle contains interactors gained during
temperature shift. Proteins are grouped according to function as in Figure 1b.
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Fig. S4. Network representation of AF508 CFTR interactome changes occuring
at 6 hours after temperature shift to 30°C. Colour and distance to CFTR indicate
fold-change of individual interactors (green: reduced; blue: enhanced
association). The innermost circle contains interactors gained during
temperature shift. Proteins are grouped according to function as in Figure 1b.
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Fig. S5. Network representation of AF508 CFTR interactome changes occuring
at 24 hours after temperature shift to 30°C. Colour and distance to CFTR
indicate fold-change of individual interactors (green: reduced; blue: enhanced
association). The innermost circle contains interactors gained during
temperature shift. Proteins are grouped according to function as in Figure 1b.
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Fig. S6. Network representation of AF508 CFTR interactome changes occuring
after returning the cells to 37°C for 14 hours subsequent to 24 hours at

30°C. Colour and distance to CFTR indicate fold-change of individual interactors
(green: reduced; blue: enhanced association). The innermost circle contains
interactors gained during temperature shift. Proteins are grouped according to
function as in Figure 1b.
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Fig. S7. Network representation of dynamic changes in the AF508 CFTR
interactome upon treatment with 5 yM SAHA for 24 h. Distance to AF508 CFTR
and colour represent fold-change of individual interactors (blue: reduced; red:
enhanced). Proteins are grouped according to function as in Figure 3a.
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Fig. S8. Network representation of dynamic changes in the AF508 CFTR
interactome upon treatment with 100 nM TSA for 24 h. Distance to AF508 CFTR
and colour represent fold-change of individual interactors (blue: reduced; red:
enhanced). Proteins are grouped according to function as in Figure 3a.
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Fig. S9. Network representation of dynamic changes in the AF508 CFTR
interactome upon siRNA mediated knockdown of HDAC?7. Distance to
AF508 CFTR and colour represent fold-change of individual interactors (blue:
reduced; red: enhanced). Proteins are grouped according to function as in
Figure 3a.



1. Supplementary results and discussion

Remodeling of the AF508 CFTR interactome upon HDACi

To identify the mechanisms by which HDAC inhibition mediates AF508 CFTR
rescue, CFBE410- cells were treated with 100 nM Trichostatin A (TSA) or 5 uM
Suberoylanilide hydroxamic acid (SAHA) for 24 h. Both HDAC inhibitors affect
class | and Il HDACs *'. In addition, HDAC7 was knocked down by siRNA
mediated RNAi. All three treatments induced large-scale changes of the
AF508 CFTR interactome, altering 35%-50% of all interactions (Supplementary
Tables S11-13). The treatment with 5 yM SAHA for 24 h induced the largest
change to the AF508 CFTR interactome (Figure 3a, top panel, Supplementary
tables S14-S16) differentially down-regulating 213 proteins by more than 3-fold
(excluded by the circle in blue) and abolishing interactions with 81 proteins (not
depicted in the network), while up- regulating interactions with 49 proteins by at
least 3-fold (included within the red circle) and recruiting an additional 144
proteins to the AF508 CFTR interactome, of which 31 are also present in the
wt CFTR interactome (innermost circle of proteins). In contrast, HDAC7 siRNA
knockdown induced the least number of changes to the AF508 CFTR
interactome, down-regulating 125 proteins by more than 3-fold (excluded by the
circle in blue) and abolishing interactions with 108 proteins, while up-regulating
interactions with only 13 proteins by more than 3-fold and recruiting an additional
48 proteins, of which 12 are present in the non-mutated CFTR interactome
(included within the red circle) (Figure 3a, lower panel, Supplementary
table S14). Those perturbations are effectively molecular pathways that permit a
more wt CFTR-like biogenesis of AF508 CFTR.

Sub-networks of interactors selected for RNAi

Candidates for the RNAI screen were selected according to the following criteria:
(1) target interaction profiles (Extended Data Figure 4a), (2)abundance of
candidate target proteins, (3) confidence of belonging to the core interactome,

(4) significance of change upon temperature shift or HDACi (>=2c cutoff), as well



as (5)relational information about protein function and subcellular
localization. Upon knockdown of the candidates, appearance of fully
glycosylated AF508 CFTR (band C) was used to assess completion of
glycosylation in the Golgi as an indicator for rescue of AF508 CFTR maturation,
whereas the amount of total AF508 CFTR protein relative to control was used to
assess changes in AF508 CFTR protein production. It can be argued that an
increase in band B alone is likely to also lead to an increase in band C as a
consequence of increased AF508 CFTR protein. However, increase in band B is
not necessarily accompanied by the appearance of band C as shown by the
example of ARL6IP4 and SIN3B knockdown. In addition, several target proteins
showed increased ratios of band C to band A/B without or only marginal
concomitant increase in band B.

Many of the 31 novel interactors whose knockdown promoted AF508 CFTR
maturation belong to distinct protein complexes or form distinct sub-networks

(Fig. 4b), which can be grouped into five categories:

(1) mRNA decay and co-translational control network

The screen surprisingly identified a remarkable number of proteins involved in
mMRNA stabilization and translation that were overrepresented in AF508 CFTR
IPs and whose interaction was strongly sensitive to both temperature shift and
HDACI. Five of the 15 most consistently regulated and more abundant CFTR
interactors in this group were poly-A binding protein, cytoplasmic 1 (PABPC1),
poly-A binding protein, cytoplasmic 4 (PABPC4), polypyrimidine tract binding
protein 1 (PTBP1), UPF1 regulator of nonsense transcripts homolog (yeast)
(UPF1), and Y box binding protein 1 (YBX1), - none of which have been
associated with CFTR biogenesis before. These five proteins form an extensive
network together with other identified RNA processing proteins with similar
interaction profiles as well as with proteins involved in translational control and
the N-end-rule pathway. Strikingly, all of these proteins are implicated in
translational silencing and can control mRNA degradation through divergent
pathways of small RNA-mediated silencing, poly-A induced degradation or by



stimulating exonuclease-mediated mRNA degradation ****

shown that PABP (PABPC1) is required for de-adenylation **. Since the
knockdowns of PABPC1, PABPC4, PTBP1, UPF1 and YBX1 all strongly

increased appearance of band C and some also increased band B we suggest

. Recently, it was also

that this network controls AF508 CFTR translation by regulating its mRNA
stability, perhaps depending on the progress of insertion into the ER
membrane. Indeed, we identified three AU-rich elements in the 3’UTR and four
AUUUA pentamers within its coding sequence (NM_000492, nt 372-376, nt 494-
498, nt, 2884-2886, nt 4071-4075, nt 4806-4810, nt 5533-5537, nt 5698-5710,
and (Baudouin-Legros et al., 2005) which are preserved in CFBE41o0-
cells. These elements are prime regulators of RNA stability and can repress

4546 |n addition, a translational inhibitor of labile mRNAs, TIA-1 47,

translation
which recognizes AU-rich elements and other mRNA destabilizing elements

(polypyrimidine tracts) was detected only in the AF508 CFTR IPs.

(2) Novel Hsp90 chaperone complex and ER quality control components

The next step in CFTR biogenesis that was affected by shRNA knockdown of
interactors, is the protein folding process and ER quality control. We uncovered
that disturbing the interaction of AF508 CFTR with the protein tyrosine
phosphatase-like A domain containing 1 (PTPLAD1) protein is critical for correct
CFTR maturation, - most likely by influencing CFTR folding since PTPLAD1, also
known as B-IND1, exhibits Hsp90 co-chaperone activity, is capable of binding to
FKBP8 and is involved in recycling of the Hsp90 chaperone complex *®. lts
knockdown strongly enhanced AF508 CFTR maturation, suggesting that it may
limit the availability of the HSP90 chaperone complex for folding of AF508 CFTR
or alternatively the accessibility of the folding machinery to
AF508 CFTR. Another AF508 CFTR interactor, which is potentially involved in
modulating the AF508 CFTR folding process, is the protein disulfide isomerase
family A member 4 (PDIA4). PDIA4 is part of an ER complex containing BiP,
GRP94, UDP-GT, GRP170 and PDI that recognizes unfolded protein regions and
subsequently retains such proteins in the ER, presumably for re-folding *°. The



enhanced maturation of AF508 CFTR upon knockdown of PDIA4 suggests that
PDIA4 is probably involved in partial unfolding of the protein by reducing the
disulfide bonds normally formed in the CFTR protein °>*' and is part of the ER-
quality control that channels misfolded proteins to ERAD. In line with disturbed
folding and enhanced ER quality control, we also detected enhanced association
of the ER-resident enzymes UGGT1, PRKCSH, and GANAB, which are involved
in N-glycosylation and influence interaction of glycoproteins with the lectin-
chaperones calnexin and calreticulin. We therefore tested knockdown of
PRKCSH, GANAB and UGGT1. While knockdown of UGGT1 and GANAB did
not significantly improve AF508 CFTR maturation, knockdown of PRKCSH,
which encodes the b subunit of glucosidase I, positively influenced AF508 CFTR
maturation. However, its effect was rather weak when compared to rescue
mediated by knockdown of other interactors, indicating that it is not enough to
disturb ER quality control for correction of the CF defect.

(3) Sub-complexes influencing AF508 CFTR trafficking

The RNAI screen further identified several potential small sub-complexes that
affect AF508 CFTR trafficking. One potential sub-complex is the Surf4-KDEL
complex. The Surfeit 4 (SURF4) protein specifically and abundantly interacted
with AF508 CFTR and its knockdown induced band C, the fully glycosylated and
mature form of CFTR, without concomitant increase in band B. In S. cerevisiae
the Surf4 homologue ERvp29 functions as a cargo receptor involved in protein
sorting, and its knockout induces stabilization of misfolded soluble proteins °%°°.
In mammalian cells, Surf4 co-localizes with KDEL receptors and is part of the
early secretory pathway and its knockdown affects retrograde transport from the
cis-Golgi to ERGIC **. Since also the knockdown of KDELR1, KDELR2 and
KDELR3 in CFBE410- cells each stabilized AF508 CFTR and led to enhanced
maturation of AF508 CFTR, Surf4 and KDEL-receptors might form a small
network that retains AF508 CFTR and is involved in AF508 CFTR retrograde
transport together with COP proteins. Additionally, knockdown of glutaminyl-
peptide cyclotransferase (QPCT) influenced formation of band C. QPCT



Isoenzymes have been identified in the Golgi and late secretory pathway and the
observed effect on AF508 CFTR maturation may be due to altered retention of
CFTR *°, or altered aggregation as inhibition of QPCT has been shown to reduce
plaque formation and improve memory and learning in mouse models of
Alzheimer's disease *® by preventing the formation of pyroglutamate residues,
which block the N-terminus and enhance the aggregation propensity of beta-
amyloid peptides °’. In addition, the RNAi screen identified two more interactors
that potentially influence CFTR maturation by altering its trafficking, namely the
PDZ domain containing protein GIPC1, and the RAS and EF-hand domain
containing GTPase (RASEF). Knockdown of both GIPC1 and RASEF was found
to enhance the ratio of band C to band A/B. GIPC1 has been described as
endocytic adapter, which regulates trafficking of cell surface receptors and their
lysosomal degradation °®. The function of RASEF has been little characterized,
but it belongs to the Rab GTPAse family, which contains important regulators of
membrane trafficking and thus may influence AF508 CFTR trafficking.

(4) AF508 CFTR degradation network

The Co-IP experiments also allowed us to define a novel, potential AF508 CFTR-
specific degradation network (Fig. 4b). The AF508 CFTR specific interactome is
highly enriched for proteins involved in ubiquitin mediated degradation and
approximately 25% of the AF508 CFTR-specific interactions occur with proteins
directly associated with the ubiquitin pathway or the ERAD pathway mirroring
mis-processing and enhanced degradation of AF508 CFTR. It is well established
that AF508 CFTR is readily degraded, but only part of the proteins are known
that are involved in this process. The acquired data reveal this network for the
first time and suggest that alternative pathways, in addition to the known
components of the classical ERAD pathway, are involved both in wt and
AF508 CFTR degradation and are potentially functionally redundant. A novel
CFTR interactor, whose knockdown caused rescue of AF508 CFTR, was the
potential E3-ligase TRIM21 *°. TRIM21 is one of the most abundant interactors
and binds equally to non-mutated and AF508 CFTR. Furthermore, knockdown of



U-box domain 8 (FAF2, also called UBXDS8), kelch domain containing 10
(KLHDC10) and ubiquitin protein ligase E3 component n-recognin 4 (UBR4) all

protected CFTR from degradation, and permitted partial maturation as visualized
by appearance of band C. KLHDC10 and FAF2 have recently been described as
Cullin2 interactors ¢
complex Zyg11B-Cul2-TCEB1 %%, In addition, FAF2 has been shown to bind
lectin, galactoside-binding, soluble, 3 binding protein (LGALS3BP)®', which - if

knocked down - decreased CFTR stability dramatically to the point where AF508

, and may be associated with the E3-ubiquitin-ligase-

CFTR was no longer detectable by Western blot in CFBE410- cells, suggesting
that it counter-balances CFTR degradation by yet unknown mechanisms. In
contrast, UBR4 is an E3-ligase that is part of the N-end rule pathway that
recognizes destabilizing N-terminal residues according to the N-end rule and

subsequently interacts with the ubiquitin system

and Cul2 to deliver target
proteins to the proteasomal degradation machinery. In addition, UBR4, also
named p600, localizes to the ER in CNS neurons ® and has been identified as a
calmodulin binding protein important for membrane morphogenesis ®_ Thus,
UBR4 might be important for coupling AF508 CFTR to the degradation
machinery in the ER and the data suggest that degradation of AF508 CFTR
might take place as early as its N-glycosylation occurs. Although none of these
proteins have been described as interacting with non-mutated CFTR or
AF508 CFTR, FAF2 has been implicated in the dislocation of misfolded
glycoproteins . Other E3-ligases and ubiquitin-associated proteins were also
only detected in AF508 CFTR-IPs like ltch and Trim32 or UBXN1, UBAC2 and
the E1-ligase UBA1, which catalyzes the first step of the ubiquitin conjugation

process and recruits the E2 ¢7°°,
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3. Supplementary Tables

Supplementary Table S1-S3. CFTR core interactome. All identified proteins
and the simplified functional categorization used for depicting the functional
groups in the networks are given (Table S1). Mapped interactions and
interaction value (distance to CFTR) for wt and AF508 CFTR are listed in
Table S2 and S3, respectively.

Supplementary Table S4. Comparison of the interactome from Wang et al,
2006 3 with this study. Columns D and E indicate whether or not a protein
identified by Wang et al, 2006 was identified as high or medium confidence
interactor in this study. The table was adapted from Wang et al., 2006.



Supplementary Table S5. AF508 CFTR-mutation specific interactome. 208
proteins that were detected in AF508 CFTR IPs, but not in wt CFTR-IPs, form a

mutation-specific interactome.

Supplementary Table S6. AF508 CFTR-mutation specific degradation
network. Proteins annotated as participating in protein degradation, proteolysis,
ER quality control and retrograde transport leading to degradation are listed.

Supplementary Table S7-S10. Temporal remodeling of the AF508 CFTR
interactome during temperature shift to 30°C. Listed are identified proteins that
are high-confidence interactors and the functional classification used to generate
networks. 1 h dataset (Table S7), 6 h dataset (Table S8), 24 h dataset (Table 9),
24 h reversal dataset (Table S10).

Supplementary Table S11-S13. Alterations of the AF508 CFTR interactome
upon treatment with SAHA for 24 h (Table S11), upon treatment with TSA for
24 h (Table S12) and upon siRNA-mediated knockdown of HDAC7 in CFBE410-
cells (Table S13). Listed are identified proteins that are high-confidence

interactors as well as the functional classification used to generate networks.

Supplementary Table S14. Enrichment of different cellular components in
either the wt or the AF508 CFTR interactome using GO-analysis (GoMiner).
Parent GO-terms associated with the cellular compartment are indicated.

Supplementary Table S15. shRNA sequences used for knockdown of identified
interactors are identified by their TRC ID number.
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