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Small heat shock proteins target mutant cystic 
fibrosis transmembrane conductance regulator 
for degradation via a small ubiquitin-like 
modifier–dependent pathway
Annette Ahnera, Xiaoyan Gonga, Bela Z. Schmidta, Kathryn W. Petersa, Wael M. Rabehb, 
Patrick H. Thibodeaua, Gergely L. Lukacsb, and Raymond A. Frizzella
aDepartment of Cell Biology and Physiology, University of Pittsburgh School of Medicine, Pittsburgh, PA 15261; 
bDepartment of Physiology, McGill University, Montreal, Québec H3G 1Y6, Canada 

ABSTRACT  Small heat shock proteins (sHsps) bind destabilized proteins during cell stress 
and disease, but their physiological functions are less clear. We evaluated the impact of 
Hsp27, an sHsp expressed in airway epithelial cells, on the common protein misfolding mu-
tant that is responsible for most cystic fibrosis. F508del cystic fibrosis transmembrane con-
ductance regulator (CFTR), a well-studied protein that is subject to cytosolic quality control, 
selectively associated with Hsp27, whose overexpression preferentially targeted mutant 
CFTR to proteasomal degradation. Hsp27 interacted physically with Ubc9, the small ubiquit-
in-like modifier (SUMO) E2 conjugating enzyme, implying that F508del SUMOylation leads to 
its sHsp-mediated degradation. Enhancing or disabling the SUMO pathway increased or 
blocked Hsp27’s ability to degrade mutant CFTR. Hsp27 promoted selective SUMOylation of 
F508del NBD1 in vitro and of full-length F508del CFTR in vivo, which preferred endogenous 
SUMO-2/3 paralogues that form poly-chains. The SUMO-targeted ubiquitin ligase (STUbL) 
RNF4 recognizes poly-SUMO chains to facilitate nuclear protein degradation. RNF4 overex-
pression elicited F508del degradation, whereas Hsp27 knockdown blocked RNF4’s impact 
on mutant CFTR. Similarly, the ability of Hsp27 to degrade F508del CFTR was lost during 
overexpression of dominant-negative RNF4. These findings link sHsp-mediated F508del 
CFTR degradation to its SUMOylation and to STUbL-mediated targeting to the ubiquitin–
proteasome system and thereby implicate this pathway in the disposal of an integral mem-
brane protein.

INTRODUCTION
Successful folding and assembly is a prerequisite for protein exit 
from the endoplasmic reticulum (ER), whereas the retention of pro-
teins at quality control (QC) checkpoints generally results in their 
ubiquitylation and degradation by the 26S proteasome, a process 
denoted as ER-associated degradation (ERAD; Kostova and Wolf, 
2003; McCracken and Brodsky, 2003). Even at early stages of bio-
genesis, proteins begin to encounter a series of QC events that 
monitor proper protein folding and domain assembly (Ellgaard and 
Helenius, 2003). ERQC assures that only competent proteins arrive 
at their appropriate cellular destinations, since the accumulation of 
aberrant proteins leads to cell stress and the formation of toxic 
protein aggregates. The selection of proteins for ERAD may be 
mediated by molecular chaperones, whose bipolar properties 
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membrane ERAD substrates. When overexpressed in human em-
bryonic kidney (HEK293) cells, the mammalian sHsp, αA-crystallin, 
accelerated F508del CFTR degradation without markedly influenc-
ing that of wild-type CFTR.

sHsps have been implicated as ATP-independent chaperones 
that stabilize proteins during cell stress (Haslbeck et al., 2005) until 
more favorable conditions return (Horwitz, 1992; Jakob et al., 1993; 
Ehrnsperger et  al., 1997; Lee et  al., 1997; Haslbeck et  al., 1999, 
2004; Biswas and Das, 2004). Ten sHsp homologues are expressed 
in mammals. Model protein studies show that sHsps tend not to in-
teract with either native conformations or completely denatured 
proteins, but with proteins of an intermediate, foldable conforma-
tion, to maintain their solubility (Rajaraman et  al., 1996; Treweek 
et al., 2000; Lindner et al., 2001). Recent studies of mutant CFTR 
suggest that altered physical properties of F508del NBD1 impair its 
ability to participate in effective domain–domain assembly. These 
transitional conformations of the protein must be stabilized to pre-
vent aggregation, and this requirement would be consistent with 
sHsp interactions. As for other chaperones, however, if mutant CFTR 
fails to achieve its native conformation, this interaction targets the 
protein for ERAD.

In this study, we examined the mechanism of sHsp-mediated 
CFTR degradation in mammalian cells and found that Hsp27 selec-
tively disposed of F508del CFTR via its interaction with a novel path-
way for protein modification by the small ubiquitin-like modifier 
(SUMO), which was followed by its SUMO-dependent degradation 
by the ubiquitin–proteasome system.

RESULTS
Hsp27 selectively targets F508del CFTR for degradation
As noted above, a role for sHsps in CFTR degradation was impli-
cated in a yeast screen and verified in mammalian cells (Ahner et al., 
2007). Our rationale for the further study of Hsp27, one of 10 mem-
bers of the mammalian sHsp family, was its role in human diseases 
(Vidyasagar et al., 2012), its expression in airway cell lines and pri-
mary cultures of human bronchial epithelia (Supplemental Figure 
S1A), and its identification as a component of the CFTR interactome 
(Wang et al., 2006). Therefore we first examined the involvement of 
Hsp27 in mutant CFTR disposal by evaluating the impact of its over-
expression in HEK293 cells on CFTR steady-state levels. HEK cells 
were cotransfected with vectors expressing wild-type or F508del 
CFTR, and with Hsp27 or green fluorescent protein (GFP) cDNAs, 
the latter as a control protein of similar size. As found for αA-crystallin 
(Ahner et  al., 2007), Hsp27 coexpression reduced steady-state 
F508del expression levels ∼80% without significantly affecting the 
expression of wild-type CFTR (Figure 1A).

Second, to provide evidence for the involvement of sHps in 
CFTR biogenesis in a cell type affected by CF, we overexpressed 
Hsp27 in the bronchial epithelial cell line, CFBE41o–, which has 
been stably transduced to express F508del CFTR, hereafter called 
CFBE-F508del (Bebok et al., 2005). In these cells (Figure 1B), Hsp27 
also markedly diminished F508del CFTR steady-state expression; a 
mean reduction of 60% was found in three experiments.

Third, evidence that F508del CFTR is physiologically targeted 
for degradation by Hsp27 was provided by knockdown experiments 
in HEK 293 cells. Decreased cellular Hsp27 levels, induced by the 
coexpression of short hairpin RNA (shRNA) targeting Hsp27, en-
hanced the steady-state levels of F508del CFTR ∼fourfold and of 
wild-type CFTR ∼twofold (Figure 1C), without eliciting immature 
F508del maturation. These data confirm that mutant CFTR is more 
susceptible to degradation by physiological Hsp27 levels, reflecting 
Hsp27’s ability to discriminate the mutant and wild-type proteins.

facilitate protein folding or degradation, depending on the confor-
mational competency of the target protein (Fewell et  al., 2001; 
Ellgaard and Helenius, 2003).

A prominent ERAD substrate that is subject to cytosolic QC is the 
cystic fibrosis transmembrane conductance regulator (CFTR), the 
basis of the cAMP/protein kinase A–induced, anion conductance at 
the apical membranes of fluid-secreting epithelial cells, including 
those of the airways, pancreas, and intestines (Pilewski and Frizzell, 
1999). Similar to other ATP-binding cassette family members, CFTR 
(ABCC7) has a modular, multidomain structure, composed of two 
membrane-spanning domains (MSD1 and MSD2, each composed 
of six transmembrane segments) and two cytoplasmic nucleotide-
binding domains (NBD1 and NBD2). CFTR also contains a central 
regulatory (R) domain, the primary site of protein kinase–mediated 
anion channel regulation. The common cystic fibrosis (CF) disease 
mutant, F508del CFTR (Riordan et al., 1989), omits a phenylalanine 
from NBD1, defining a class of mutations having defective biogen-
esis and essentially complete ERAD (Cheng et  al., 1990). CFTR’s 
complex folding pattern is reflected in the fact that more than half of 
the wild-type protein is also degraded in most cells.

CFTR folding is facilitated by an ER-based core chaperone 
machinery that includes Hsp70 (Yang et al., 1993; Rubenstein and 
Zeitlin, 2000; Choo-Kang and Zeitlin, 2001), Hsp90 (Loo et al., 1998; 
Youker et  al., 2004), the Hsp40 cochaperones (Meacham et  al., 
1999; Farinha et al., 2002; Zhang et al., 2002, 2006; Alberti et al., 
2004), and calnexin (Pind et  al., 1994; Okiyoneda et  al., 2004; 
Farinha and Amaral, 2005). These interactions have been shown to 
decrease NBD1 aggregation in vitro and to assist with productive 
CFTR folding (Strickland et al., 1997). However, unstable conforma-
tions of CFTR remain bound to chaperones. A prolonged associa-
tion with Hsp70/Hsp90, for example, allows recruitment of the ubiq-
uitin ligase C-terminus of Hsp70-interacting protein (CHIP), resulting 
in CFTR ubiquitylation and its degradation by the 26S proteasome 
(Jensen et al., 1995; Ward et al., 1995; Meacham et al., 2001; Sun 
et al., 2006; Younger et al., 2006).

Conformational differences in wild-type and F508del CFTR can 
be monitored by comparing their proteolytic cleavage patterns. 
While mature, wild-type CFTR exhibits protease resistance, reflecting 
a compact, folded state of the protein, the digestion patterns of 
immature wild-type and F508del proteins are similar and less pro-
tease-resistant, implying more open, unfolded conformations (Zhang 
et al., 1998; Du et al., 2005). These findings support the concept that 
ER-retained F508del CFTR achieves an intermediate conformation 
along the normal CFTR folding pathway, but that its further matura-
tion is kinetically arrested at one or more ERQC checkpoint(s). This 
concept implies that F508del CFTR can be rescued from ERAD if the 
limiting QC step(s) can be identified and appropriately manipulated. 
Indeed, F508del CFTR can be rescued biochemically and function-
ally by low temperature (Denning et al., 1992), intragenic suppressors 
(Teem et al., 1996; DeCarvalho et al., 2002), chemical (Welch, 2004) 
and molecular (Zhang et al., 2001; Wang et al., 2006) chaperone ma-
nipulations, or pharmacophores (Pedemonte et al., 2005; Van Goor 
et al., 2006). Therefore efforts to identify the QC checkpoints that 
mediate protein folding versus degradation represent potential ther-
apeutic targets for the correction of most CF, and they could provide 
significant targets in other diseases of protein folding.

As a foreign protein, CFTR is quantitatively degraded in yeast 
(Zhang et al., 2001). Using a genomic screen in yeast expressing 
CFTR, we found increased small heat shock protein (sHsp) expres-
sion to reflect sHsp involvement in CFTR ERAD (Ahner et al., 2007). 
Deletion of the two known yeast sHsps completely stabilized CFTR 
without affecting the degradation of soluble or other integral 
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The kinetic impact of Hsp27 on F508del 
degradation was revealed in cycloheximide 
chase experiments showing that Hsp27 
overexpression accelerated the disappear-
ance of mutant CFTR following inhibition of 
protein synthesis (Figure 1D). The mean 
half-life of the mutant was reduced from 45 
to 25 min. Similar findings were obtained for 
the degradation of newly synthesized 
F508del CFTR in isotopic pulse–chase ex-
periments (unpublished data).

Next we evaluated the ability of Hsp27 
to distinguish physically between wild-type 
and F508del CFTR by IP of CFTR followed 
by Hsp27 immunoblot (IB). The co-IP data 
(Figure 1E) revealed that six times more 
Hsp27 interacted with F508del versus wild-
type CFTR when normalized to the amount 
of CFTR found in the precipitate. To pre-
serve this potentially transient interaction, 
we preincubated cells (5 h) prior to lysis with 
the proteasome inhibitor, MG132, which ex-
plains the absence of an Hsp27 effect on 
F508del levels shown in the primary data. 
The inhibition of Hsp27-induced F508del 
degradation demonstrates that the action of 
the sHsp is mediated by the proteasome. 
Together these data illustrate the ability of 
sHsps to distinguish the properties of wild-
type and mutant CFTR proteins, presumably 
based on their conformational differences.

SUMOylation modulates CFTR 
biogenesis
The SUMO modification pathway resem-
bles that for ubiquitin, being made up of 

FIGURE 1:  Hsp27 selectively interacts with F508del CFTR and facilitates its degradation. 
(A) Hsp27 overexpression reduces F508del levels. HEK293 cells were transfected with 1.5 μg 
CFTR or F508del CFTR and 1.5 μg GFP or Hsp27 per 60-mm dish. Steady-state CFTR protein 
levels (bands B and C) were quantified from four independent experiments and averaged. CFTR 
expression levels in cells coexpressing Hsp27 were normalized to values observed in cells 
coexpressing GFP. Differences in expressed Hsp27 in the panels are primarily due to differences 
in film exposure times and not due to differences in the amount of cDNA transfected. 
Error estimates: SEM (*, p = 0.013). (B) Hsp27 overexpression reduces F508del levels in 
airway cells. CFBE-F508del cells were electroporated with GFP or Hsp27 cDNAs as described 
in Materials and Methods, and cell lysates were blotted for CFTR; data are representative of 
three independent experiments showing a mean reduction of 60% relative to control 
(p = 0.043). (C) Hsp27 knockdown increases F508del levels. HEK293 cells were transfected as 
described in (A). CFTR protein levels (bands B and C) were quantified from six independent 
experiments and averaged. CFTR and F508del CFTR expression levels in cells coexpressing the 
pGeneClip hMGFP shRNA Hsp27 vector were normalized to those obtained from cells 

coexpressing a scrambled sequence (scram), 
as shown in the data summary. SEM: *, 
p = 0.036; **, p = 0.007. (D) Hsp27 
accelerates F508del CFTR degradation. 
HEK293 cells were transfected with F508del 
CFTR and GFP or Hsp27 cDNAs as in (A). 
Cycloheximide chase experiments were 
performed as described in Materials and 
Methods. F508del CFTR remaining as a 
function of time was determined from blot 
densities in five independent experiments 
and averaged. Values were normalized to 
that obtained at the beginning of the chase 
period (t = 0). Closed circles: F508del CFTR 
plus GFP control; closed triangles: F508del 
CFTR plus Hsp27. SEM indicated. (E) Hsp27 
interacts preferentially with mutant CFTR. 
HEK293 cells were transfected with 4 μg 
wild-type or F508del CFTR and 4 μg GFP or 
Hsp27 per 100-mm dish, and the interaction 
between CFTR or F508del CFTR and Hsp27 
was assessed by CFTR IP, which was followed 
by Hsp27 IB. Hsp27 blot densities were 
normalized to CFTR in the IP. Relative binding 
represents the average of four independent 
experiments. SEM: *, p = 0.019.
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confirmed this interaction by co-IP of Hsp27 
and Ubc9 from coexpressing HEK cells 
(Figure 2A). Based on these data, and re-
ports of the involvement of the SUMO 
pathway in protein degradation (Geoffroy 
and Hay, 2009), SUMO modification of 
CFTR became a candidate to mediate the 
action of Hsp27 on F508del degradation.

As for Hsp27, we coexpressed wild-type 
or F508del CFTR with Ubc9 or the SUMO 
protease, Senp1, to examine the impact of 
SUMO pathway components on steady-
state CFTR expression levels. Both Ubc9 and 
Senp1 were found to be expressed in CFBE 
cells and in the bronchial epithelial cell line, 
Calu-3 (unpublished data). As shown in 
Figure 2B, Ubc9 overexpression selectively 
lowered F508del CFTR expression levels 
∼60%, replicating the action of Hsp27, while 
Senp1 increased the expression of both 
wild-type and mutant CFTR more than two-
fold. To exclude the possibility that this ef-
fect is specific for HEK293 cells, we overex-
pressed Senp1 in CFBE-F508del airway cells 
and found that the protease increased 
F508del CFTR expression 2.6-fold (Figure 
2C). To verify that the Ubc9 effect is due to 
its involvement in ER-associated CFTR deg-
radation, we performed cycloheximide 
chase experiments. Ubc9 overexpression 
enhanced the rate of F508del CFTR degra-
dation (Figure 2D), reducing its half-life from 
44 to 27 min, similar to the data obtained for 
Hsp27 (Figure 1C). Isotopic pulse–chase ex-
periments replicated these findings and the 
selectivity of Ubc9 for F508del versus wild-
type CFTR degradation (unpublished data).

As in the ubiquitin pathway, the first and 
essential step in SUMOylation is activation of 
SUMO by its activating (E1) enzyme, which is 
composed of an isoform heterodimer, SAE1/
SAE2. Expression of the adenoviral protein, 
GAM1, leads to the degradation of SAE1, 
which prevents or diminishes target protein 
SUMOylation (Boggio et al., 2007). When the 
SUMO pathway was disabled via expression 
of GAM1, steady-state wild-type and F508del 
CFTR levels increased by two- and threefold, 
respectively (Figure 3A). While manipulations 
of Hsp27 or SUMO pathway components 
primarily impacted F508del, the knockdown 
of Hsp27 or SAE1, or Senp1 overexpression, 
also increased wild-type CFTR expression, 
although to a lesser degree. These results 
may reflect a contribution of Hsp27/SUMO 
to the ∼60% of wild-type CFTR that is de-

graded in the ER. The parallel increases in immature and mature wild-
type CFTR observed in these experiments suggest a primary effect 
on band B in the ER that then leads to an increased band C. Similar 
to its action in HEK293 cells, the expression of GAM1 in CFBE-
F508del bronchial epithelial cells augmented mutant CFTR expres-
sion 2.3-fold (Figure 3B). These findings parallel those obtained from 

activating (E1) and conjugating (E2) enzymes catalyzing thiol-
mediated SUMO transfer reactions, as well as SUMO-specific pro-
teases that reverse substrate modification. Prior yeast two-hybrid 
and co-IP studies have suggested that Hsp27 interacts with Ubc9 
(Joanisse et al., 1998; Brunet Simioni et al., 2009), the only known 
conjugating enzyme (E2) for transfer of SUMO to substrates. We 

FIGURE 2:  Hsp27 action links to the SUMO pathway. (A) Hsp27 interacts with the SUMO E2, 
Ubc9. HEK 293 cells were transfected with the indicated plasmids, 4 μg each per 100-mm dish. 
The interaction between Hsp27 and myc-Ubc9 was assessed by IP with anti-Hsp27 or anti-myc, 
followed by IP of myc or Hsp27, respectively, as indicated. (B) SUMOylation pathway 
components mimic the effect of Hsp27 on CFTR expression. HEK293 cells were cotransfected 
with CFTR or F508del CFTR plus GFP, myc-Ubc9, or Flag-Senp1, as in Figure 1A. CFTR protein 
levels were quantified from independent experiments for wild-type (n = 6) and F508del (n = 8). 
CFTR expression levels (bands B and C) were normalized to values obtained from cells 
coexpressing GFP. Error estimates are SEM: *, p = 0.024; **, p = 0.028; ***, p = 0.013; vs. GFP 
controls. (C) Senp1 expression increases F508del expression in airway cells. CFBE-F508del cells 
were electroporated with GFP or Senp1, which was followed by IB for CFTR. The data are 
representative of three independent experiments. The fold increase in F508del CFTR expression 
over control averaged 2.6 ± 0.4 (p = 0.01). (D) Ubc9 accelerates F508del CFTR degradation. 
HEK293 cells were cotransfected with F508del CFTR and GFP or myc-Ubc9, and mutant CFTR 
degradation kinetics were determined by cycloheximide chase, as in Figure 1D. Gel densities 
were normalized to those obtained at the beginning of the chase period in each of five 
experiments and averaged. Closed circles: F508del CFTR plus GFP; closed triangles: F508del 
CFTR plus Ubc9. Error estimates are SEM.
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intact SUMOylation pathway. As illustrated 
in Figure 3C, the ability of Hsp27 to reduce 
mutant CFTR level was impaired following 
GAM1-induced knockdown of SAE1. These 
data link the pathway for SUMOylation of 
F508del CFTR to its Hsp27-induced degra-
dation in the ER.

To determine whether SUMOylation of 
CFTR could be detected in vitro using puri-
fied components, we incubated purified 
wild-type or F508del NBD1 protein with 
ATP, the SUMO E1 activation (SAE1/SAE2) 
and E2 conjugation (Ubc9) enzymes, plus 
SUMO. As illustrated in Figure 4A, NBD1 
SUMOylation was detected as the shift in 
molecular mass detected by an NBD1 anti-
body. Additional control experiments dem-
onstrated that SUMO modification of the 
NBD required addition of the individual E1, 
E2, and SUMO components, as well as ATP, 
and these requirements are reflected by 
their combined omission in Figure 4A, which 
yielded no SUMO modification product. 
Moreover, SUMOylation was favored for the 
F508del mutant versus wild-type NBD1, 
such that the mutant protein was selected 
for modification, even by this simple system, 
likely due to conformational differences that 
expose one or more sites for SUMO modifi-
cation. Prior studies indicate that the confor-
mational defect in F508del NBD1, detected 
as thermal instability, correlates with the 
ubiquitylation of this domain in vitro (Rabeh 
et al., 2012), and preferential mutant NBD1 
SUMOylation likely has a similar basis.

Next we assayed the SUMOylation of 
full-length F508del CFTR in vivo to deter-
mine whether Hsp27 overexpression facili-
tated this process. Mutant CFTR was IPed 
from HEK293 cells coexpressing Hsp27 or 
empty vector, and the precipitate was blot-
ted for SUMO-1 or SUMO-2/3 to assess 
CFTR modification by endogenous SUMO 
paralogues. While SUMO-1 has only 50% 
homology to the SUMO-2 and SUMO-3 par-
alogues, the latter differ by only four amino 
acids, and the paralogues cannot be distin-
guished immunologically. As shown in 
Figure 4B, SUMO bands were observed in 
the F508del precipitate above its character-
istic molecular mass (∼140 kDa), and the ex-
pression of Hsp27 increased their intensity, 
particularly for modification by SUMO-2/3, 

which increased twofold on average; indicated by the mean data of 
Figure 4B. SUMO-2 and SUMO-3 contain a consensus SUMOylation 
motif, which allows them to form poly-chains (Tatham et al., 2001), 
and the laddering pattern observed for SUMO-2/3 modification is 
consistent with the concept, but does not prove, that Hsp27 facili-
tates the poly-SUMOylation of F508del CFTR. It is also possible that 
the laddering observed reflects, in part, F508del that is both 
SUMOylated and ubiquitylated, although a similar laddering pat-
tern was observed in response to in vitro SUMOylation with SUMO-2 

Hsp27 knockdown (Figure 1C) or Senp1 overexpression (Figure 2, B 
and C), and they further implicate components mediating SUMO 
conjugation and proteolysis in the biogenesis of CFTR.

Hsp27 is linked functionally to the SUMO pathway
Because Hsp27 and SUMOylation modulate CFTR biogenesis in 
a similar manner, we determined whether Hsp27 utilizes SUMO 
modification to exert its effect on mutant CFTR expression. First, we 
asked whether Hsp27-induced F508del degradation requires an 

FIGURE 3:  Functional linkage between the Hsp27 and SUMO pathways. (A) Disabling the 
SUMO pathway increases CFTR expression. HEK293 cells were cotransfected with wild-type or 
F508del CFTR and empty vector (control) or GAM1 cDNAs. GAM1 efficacy was assessed from 
SAE1 IB. Bottom panel, quantification of CFTR gel densities, normalized to vector controls and 
averaged: CFTR, n = 6; F508del, n = 5; SEM: *, p = 0.017, **, p = 0.010. (B) Knockdown of the 
SUMO E1, SAE1, increases F508del CFTR expression in airway cells. CFBE-F508del cells were 
transduced with empty vector or GAM1 cDNA followed by CFTR IB. The data are representative 
of three experiments in which SAE1 knockdown increased F508del CFTR expression 2.1 ± 
0.3-fold (p = 0.03). (C) SUMO E1 knockdown obviates the impact of Hsp27 on F508del 
expression. HEK293 cells were transfected with F508del CFTR and GFP or Hsp27 and GAM1 or 
empty vector DNAs, as indicated. CFTR protein levels were quantified from three independent 
experiments and normalized to those observed in the GFP–empty vector control. SEM: *, 
p = 0.04.
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RNF4 mediates SUMO-dependent CFTR degradation
Hsp27 has been implicated in ubiquitin-mediated degradation of a 
subset of proteins in response to cell stress (Lanneau et al., 2008), 
but the mechanism of this action is not well defined. The concept 
of a mechanism for proteolytic regulation of proteins modified by 
poly-SUMO signals has emerged from the finding that SUMO-2/3 
conjugates accumulate when mammalian cells are exposed to pro-
teasome inhibitors (Uzunova et  al., 2007). Subsequently SUMO-
targeted ubiquitin ligases (STUbLs) were found to represent a rela-
tively new class of ubiquitin E3s that capture sumoylated proteins 
for degradation by the ubiquitin proteasome system (Tatham et al., 
2008). Studies of STUbLs have focused on a small set of proteins 
that are involved in nuclear regulatory events (Perry et al., 2008).

The possibility that a STUbL mediates the ubiquitylation of 
SUMOylated CFTR led us to ask whether Hsp27, in addition to pro-
moting F508del SUMOylation (Figure 4B), also facilitates its ubiqui-
tylation. Therefore F508del was IPed from HEK293 cells; this was 
followed by IB of the precipitate for ubiquitin; the data are summa-
rized in Figure 5A. To promote the accumulation of ubiquitylated 
proteins, we treated the cells with MG132 (5 h) before lysates were 
harvested. Hsp27 coexpression increased the ubiquitin signal asso-
ciated with mutant CFTR by 75% over the vector control. In parallel 
experiments, the coexpression of CHIP, a recognized Hsp70-linked 
ubiquitin E3 that targets mutant CFTR (Meacham et  al., 2001), 
increased F508del ubiquitylation 50% in the same time period 
(unpublished data). These findings are consistent with the concept 
that Hsp27-linked mutant CFTR degradation is mediated by both 
SUMOylation and ubiquitylation, as anticipated for the involvement 
of a SUMO-targeted ubiquitin ligase.

The RING-finger ubiquitin E3 ligase, RNF4 (Ring finger protein 4), 
was the first mammalian STUbL identified (Tatham et al., 2008). It 
contains four tandem SUMO-interacting motifs (SIMs) at its N-termi-
nus, and therewith recognizes poly-sumoylated targets for ubiquity-
lation and degradation by the 26S proteasome. Therefore we asked 
whether RNF4 overexpression would elicit CFTR degradation in co-
expressing HEK293 cells. As shown in Figure 5B, RNF4 reduced 
wild-type and F508del CFTR expression by 40 and 70%, respec-
tively. Because RNF4 interacts preferentially with SUMO poly-chains 
on its targets (Tatham et al., 2008), these data fit with the finding 
that CFTR is modified primarily by the SUMO paralogues that are 
capable of poly-chain formation (Figure 4B).

We then explored the interdependence between RNF4 and 
Hsp27 in knockdown and overexpression experiments. First, we ex-
amined the ability of RNF4 to reduce F508del CFTR expression lev-
els in HEK293 cells with or without reduced Hsp27 expression. As 
shown in Figure 5C, RNF4 reduced F508del expression ∼70% in 
cells expressing the scrambled shRNA, as noted above (Figure 5B). 
However, in cells having reduced Hsp27 expression, F508del ex-
pression was enhanced, as found for Hsp27 knockdown (Figure 1C), 
and the ability of RNF4 to dispose of mutant CFTR was lost. For 
reasons that are not apparent, the knockdown of Hsp27 was greater 
in cells coexpressing RNF4, which could account for the ∼50% in-
crease in F508del expression observed under these conditions. It is 
also possible that a combination of Hsp27 knockdown plus RNF4 
overexpression produces off-target effects that increase mutant 
CFTR expression. Nevertheless, RNF4 required physiological ex-
pression levels of Hsp27 to induce mutant CFTR degradation.

Second, we determined whether the ability of Hsp27 to 
reduce F508del CFTR expression requires functional RNF4. 
Dominant-negative (DN) expression constructs of RNF4 were kindly 
provided by Ronald T. Hay (University of Dundee); they were created 
by introducing paired serine mutations in RING domain catalytic 

FIGURE 4:  Functional linkage between the Hsp27 and SUMO 
pathways. (A) F508del NBD1 is preferentially modified by SUMO in 
vitro. Purified NBD1 proteins containing a single suppressor mutation 
(1S, F494N) were incubated with or without purified components for 
1 h at 27°C as illustrated and described in Materials and Methods. 
The mixture was then resolved by SDS–PAGE and blotted with 
anti-NBD1. The thermal stabilities of the wild-type and mutant 
NBD1-1S proteins show that the 1S mutation marginally improves the 
F508del NBD1 conformational defect, while improving the solubility 
of the domain sufficiently to permit in vitro studies (Rabeh et al., 
2012). The data are representative of four independent experiments. 
(B) Hsp27 promotes SUMOylation of F508del CFTR, which prefers 
SUMO-2/3. HEK293 cells were transfected with F508del CFTR and 
empty vector or Hsp27 DNAs, as described in Figure 1E. Modification 
of F508del CFTR by endogenous SUMO paralogues was assessed by 
CFTR IP followed by SUMO-1 or SUMO-2/3 IB. An irrelevant 
immunoglobulin G served as a control. SUMO density values were 
normalized to CFTR in the IPs, and mean values from three 
experiments are provided in the bottom panel.

or SUMO-3 (unpublished data). These NBD1 and full-length CFTR 
SUMOylation data argue for a direct effect of this modification, 
rather than modification(s) of other proteins that may indirectly alter 
the fate of mutant CFTR.
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cysteines at the sites identified in Materials 
and Methods. Whereas the expression of 
wild-type RNF4 or Hsp27 normally reduced 
F508del expression, Hsp27 could not reduce 
F508del levels during the coexpression of 
three different dominant-negative RNF4 
constructs. Wild-type RNF4 normally re-
duced F508del expression, but these cata-
lytic mutants of RNF4 increased mutant 
CFTR expression levels. The increase in 
F508del expression observed during domi-
nant-negative RNF4 expression presumably 
reflects the interaction of sumoylated 
F508del with the SIMs of mutant RNF4, 
which cannot evoke CFTR ubiquitylation, re-
sulting in protection of mutant CFTR from 
degradation.

Finally, we disabled the SUMO pathway 
with GAM1, previously shown to increase 
F508del expression (Figure 3, A and B) and 
to block the ability of Hsp27 to reduce 
F508del CFTR expression (Figure 3C). GAM1 
also blocked the ability of RNF4 to decrease 
the expression of mutant CFTR (Figure S2), 
reflecting the dependence of RNF4 on a 
functional SUMO pathway. Together these 
findings demonstrate that the actions of 
Hsp27 and RNF4 are interdependent and 
linked by SUMOylation of mutant CFTR.

DISCUSSION
This study implicates a novel SUMO-depen-
dent proteolytic mechanism in the degrada-
tion of an extensively studied ERAD sub-
strate, F508del CFTR. We identified a 
previously unrecognized role for Hsp27 in 
selectively binding to F508del CFTR and, 
via its physical interaction with the SUMO 
E2, Ubc9, facilitating SUMO transfer to the 
mutant protein. The ability of Hsp27 to pro-
mote F508del CFTR degradation required a 
functional SUMOylation pathway. The pref-
erential modification of F508del CFTR by 
SUMO-2/3 leads to its recognition by the 
SUMO-targeted ubiquitin E3 ligase, RNF4, 
ubiquitylation of the mutant protein, and its 
proteasomal degradation. Whereas ele-
ments of this pathway have been implicated 
in nuclear regulatory events, these findings 
provide the first evidence for sHsp-medi-
ated SUMO modification of a nonnuclear 
ERAD substrate and its transfer to the ubiq-
uitin proteasome system by a STUbL.

sHsps target mutant CFTR degradation
Support for the conclusion that Hsp27 
facilitates CFTR degradation via SUMO 
modification stems from experiments that 
enhanced or disabled the expression of SU-
MOylation pathway components. First, 
Ubc9 interacted with Hsp27, and like the 
sHsp, its overexpression selectively reduced 

FIGURE 5:  A SUMO-targeted ubiquitin ligase links F508del to the proteasome. (A) Hsp27 
promotes F508del ubiquitylation. HEK293 cells were transfected with F508del CFTR and Hsp27 
or empty vector, and CFTR modification was assessed by CFTR IP followed by ubiquitin IB. The 
bottom panel provides mean values for total ubiquitin density from five experiments, which 
indicate a 75% increase in CFTR ubiquitylation with Hsp27 coexpression. SEM: *, p = 0.004. 
(B) Expression of RNF4 preferentially decreases F508del expression. HEK293 cells were 
transfected with wild-type or F508del CFTR and either empty vector or Flag-RNF4 cDNAs. The 
bottom panel provides steady-state CFTR protein levels quantified from four independent 
experiments averaged and normalized to their respective controls. SEM: *, p = 0.04; **, 
p = 0.001. (C) Hsp27 knockdown blocks the ability of RNF4 to reduce F508del CFTR expression. 
HEK293 cells were transfected with either Hsp27 or scrambled shRNAs, and after 48 h, these 
cells were transfected with F508del CFTR and either RNF4 or empty vector (control) cDNAs. 
After 24 h, steady-state F508del protein levels were determined by IB. Mean data from three 
experiments are summarized in the bottom panel. (D) Dominant-negative RNF4 blocks the 
ability of Hsp27 to reduce F508del CFTR levels. HEK293 cells were transfected with F508del 
CFTR and Hsp27 or vector control and RNF4, DN-RNF4s (CS1-CS3), or control DNAs. The 
DN-RNF4s harbor cysteine-to-serine mutations within the RING domain that mediate thioester 
ubiquitin transfer, as noted in Materials and Methods. After 24 h, F508del protein levels were 
determined by IB; the data are representative of two independent experiments in which three 
DN constructs produced similar results.
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et  al., 2008), with which it targets poly-SUMOylated substrates 
for ubiquitylation (Tatham et al., 2008). Third, disabling the CFTR 
SUMOylation pathway via Hsp27 knockdown (Figure 5C) or by re-
duced SUMO E1 expression (Figure S2) blocked the ability of RNF4 
to degrade mutant CFTR. Similarly, catalytically disabled RNF4 
blocked Hsp27-induced F508del degradation (Figure 5D). Thus, 
conditions that reduce the capacity for F508del SUMOylation com-
promise RNF4-mediated mutant CFTR degradation. Prior studies 
of the mammalian STUbLs, RNF4 and VHL, have focused entirely 
on their roles in transcriptional regulation or protein translocation 
between cytoplasm and nucleus. Our findings provide the first 
indication that an sHsp induces SUMO-2/3 modification of a trans-
membrane protein, which links mutant CFTR via RNF4 to the ubiq-
uitin–proteasome system.

Role of sHsps in the selection of mutant CFTR
As noted in the Introduction, the F508del mutation results in near-
complete ERAD of the common CFTR mutant due to its inability to 
achieve a conformation competent for ER exit. Prior work suggests 
that CFTR domains, such as NBD1, obtain their folded conforma-
tions cotranslationally (Kleizen et al., 2005); however, the compact, 
protease-resistant, structure of wild-type CFTR forms posttransla-
tionally and requires ~30 min for completion of domain assembly 
(Du et al., 2005). Recent findings indicate that the thermodynamic 
and kinetic instability of F508del NBD1 are indicative of folding de-
fects in the isolated domain that impair its ability to participate in 
cooperative domain assembly steps that generate the native struc-
ture of export-competent wild-type CFTR (Mendoza et  al., 2012; 
Rabeh et al., 2012). Thermodynamic differences in the folding path-
ways of wild-type and mutant NBD1 have been modeled as free-
energy transitions from the unfolded state (U) to a transition state (T) 
before the native (N) state is achieved. These states reflect different 
NBD1 conformations, having different thermal stabilities, in which a 
more open conformation exposes sites for ubiquitylation (Lukacs 
and Verkman, 2012), and likely SUMOylation, as reflected by the 
enhanced SUMO modification of F508del versus wild-type NBD1 
observed in vitro (Figure 4A).

The stabilization of a transitional or intermediate conformation 
of NBD1 by Hsp27, and by Hsp27-mediated NBD SUMOylation, is 
consistent with model protein studies, showing that sHsps have the 
ability to distinguish between native and partially denatured pro-
teins, based on small differences in their free energies of unfolding 
(McHaourab et al., 2002; Koteiche and McHaourab, 2003; Sathish 
et  al., 2004; Shashidharamurthy et  al., 2005). In addition, SUMO 
fusion has the ability to stabilize and enhance the solubility of over-
expressed proteins (Peroutka et  al., 2011). These properties of 
sHsps and SUMO modification would be in agreement with the 
ability of Hsp27 to interact with partially unfolded conformations of 
F508del or wild-type CFTR to reduce their tendency for aggrega-
tion. For the wild-type protein, this interaction is expected to be 
transient, but the inability of mutant CFTR to obtain the native con-
formation would lead to a more prolonged interaction with the 
sHsp, its modification by SUMO, and ERAD. This model is concep-
tually similar to the preferential interaction of the chaperones Hsp70 
and Csp, which target the ubiquitin E3, CHIP, to a complex with 
F508del CFTR (Meacham et al., 2001; Schmidt et al., 2009). The 
extent to which the Hsp27/Ubc9/SUMO/RNF4 QC pathway con-
tributes also to the degradation of ∼60% of wild-type CFTR will re-
quire further study; however, the findings that knockdown of Hsp27 
or the expression of Senp1 or Gam1 increased wild-type CFTR 
levels may reflect a role for this pathway in determining the fate of 
the wild-type protein as well.

steady-state levels of F508del CFTR, as well as the half-life of the 
mutant protein (Figure 2, B and D). Second, reducing the capacity 
for F508del SUMOylation by overexpression of the SUMO protease, 
Senp1, increased F508del expression level (Figure 2, B and C), as 
did knockdown of the SUMO E1, SAE1 (Figure 3, A and B). These 
results mimic the effect of Hsp27 knockdown (Figure 1B), and they 
highlight the physiological significance of this pathway in mutant 
protein degradation. While these maneuvers increased the expres-
sion of immature CFTR, they did not, unfortunately, elicit its matura-
tion. Third, knockdown of the SUMO E1 blocked the ability of Hsp27 
to reduce F508del CFTR levels (Figure 3C). Fourth, SUMO modifica-
tion of F508del NBD1 was preferred over that of wild-type CFTR in 
vitro (Figure 4A), and Hsp27 enhanced the SUMOylation of full-
length F508del CFTR in vivo (Figure 4B). Many of these findings 
were replicated in the airway cell line, CFBE-F508del, which stably 
expresses the mutant protein, indicating that the operation of this 
pathway is independent of cellular background.

Although recent reports provide evidence that αB-crystallin 
and Hsp27 can promote nuclear protein ubiquitylation and degra-
dation (den Engelsman et al., 2003, 2004; Lin et al., 2006; Parcellier 
et al., 2006; Wu et al., 2009), the mechanism of these actions has 
not emerged. We found that the Hsp27-mediated degradation of 
F508del CFTR was associated with increased SUMOylation of the 
mutant protein (Figure 4B). Similarly, Hsp27 was recently shown to 
facilitate the SUMO modification of HSF-1 (Brunet Simioni et al., 
2009), blocking its function as a nuclear regulator of transcription.

The mechanism by which Hsp27 assists in the transfer of SUMO to 
mutant CFTR remains to be determined. Because Hsp27 interacts 
physically with Ubc9, the sHsp may serve as a bridging or scaffolding 
factor that recruits the SUMO E2 to its substrate, similar to the mecha-
nism by which many RING domain E3 ubiquitin ligases connect their 
substrates with a ubiquitin-conjugating E2 enzyme, providing for sub-
strate targeting (Deshaies and Joazeiro, 2009). The sHsp, αB-crystallin, 
plays a similar role in the recruitment of FBX4 to the FBX4-SCF ubiq-
uitin E3 complex, (Lin et al., 2006). It is less likely that Hsp27 exhibits 
E3 activity, as observed for the Pias family of SUMO E3s, which facili-
tate SUMO transfer by aligning the Ubc9-SUMO thioester for the li-
gation reaction, but do not directly interact with substrate (Reverter 
and Lima, 2005). Rather, the selective co-IP of Hsp27 or αA-crystallin 
with F508del CFTR (Figure 2B; Ahner et al., 2007) is more consistent 
with sHsp-mediated recruitment of Ubc9 to the mutant protein.

RNF4 connects SUMOylated CFTR to the proteasome
Until recently, protein modification by ubiquitin and SUMO were 
thought to have different consequences for protein fate. However, 
evidence is accumulating from studies in yeast and mammalian 
cells that SUMO modification can facilitate protein degradation, as 
reviewed in Geoffroy and Hay (2009). We provide evidence of in-
creased ubiquitylation of F508del CFTR as a consequence of Hsp27 
overexpression (Figure 5A). Our data suggest that sHsp-induced 
F508del CFTR ubiquitylation results from the action of a SUMO-
targeted ubiquitin ligase. First, overexpression of the mammalian 
STUbL, RNF4, mimicked the actions of Hsp27 and Ubc9 in prefer-
entially reducing the expression levels of F508del CFTR (Figure 5B). 
Second, our in vivo assessment of mutant CFTR SUMOylation indi-
cated its modification by endogenous SUMO-2 or SUMO-3, the 
nearly identical paralogues that can form SUMO poly-chains 
(Figure 4B). Increasing evidence indicates that the SUMO and ubiq-
uitin modification pathways are connected by STUbLs, which rec-
ognize sumoylated target proteins. As noted, RING-domain E3 li-
gases often exhibit substrate-targeting motifs; however, RNF4 is 
distinct in possessing four tandem SIMs within its N-terminus (Perry 
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100 μg/ml cycloheximide (freshly diluted from a 100 mg/ml stock in 
dimethyl sulfoxide) and 10 μg/ml brefeldin A (freshly diluted from a 
10 mg/ml stock in ethanol). The cells were lysed at indicated time 
points, and the cell lysates were assayed for CFTR by IB. Bands in 
images of digitized films were quantitated using ImageJ software 
(http://rsb.info.nih.gov/ij). For CFTR SUMO or ubiquitin modifica-
tion experiments, the cultures were treated with 50 μM MG-132 for 
5 h before cell lysis. For the detection of in vivo SUMOylation, 
20 mM N-ethylmaleimide (NEM) was added to the lysis buffer.

Protein expression in CFBE cells was induced using either elec-
troporation or transfection. For electroporation, cells were trypsinized 
and resuspended in 600 μl of BTXpress Solution (BTX Harvard 
Apparatus, Holliston, MA). Cells were placed in an Eppendorf tube 
and DNA was added; cells were then transferred into a 2-mm gap 
cuvette (BTX Harvard Apparatus) and electroporated with a BTX 
ECM 830 using a single pulse at 145 V for 25 ms. Controls using GFP 
or empty vector DNA were included. Cuvette contents were trans-
ferred to a six-well plate, and after cells adhered, media was re-
moved and replaced. On day 1, cells were harvested into RIPA buffer 
containing a protease inhibitor tablet and sonicated, and protein 
assays were performed. Alternatively, CFBE cells were transiently 
transfected with 5 μg of the indicated expression plasmids with 15 μl 
Lipofectamine 2000 according to the manufacturer’s instructions. 
Cells were lysed on either day 2 or transfected a second time on day 
2 and harvested on day 4.

shRNA
For Hsp27 knockdown, a vector expressing an shRNA against 
Hsp27 was constructed using the GeneClip U1 Hairpin Cloning 
Systems from Promega (Madison, WI). GACCAAGGATGGCGTG-
GTG (Arrigo et al., 2005) or the scrambled sequence GAGTGCT-
GACGAGTGCGAG was cloned into the pGeneClip hMGFP vector 
according to the manufacturer’s instructions. Twenty micrograms of 
the pGeneClip hMGFP shRNA Hsp27 vector or the scrambled se-
quence was transfected into HEK293 cells with Lipofectamine 2000 
(Invitrogen) per 100-mm dish. After 24 h, cells were trypsinized and 
divided among four 60-mm dishes. After 24 h, cells in each dish 
were transfected with 4 μg of the pGeneClip hMGFP Hsp27 shRNA 
or the scrambled sequence vector and any indicated overexpres-
sion constructs. Cells were lysed after a further 24 h, and equal 
amounts of protein were resolved on SDS–PAGE and subjected 
to Western blot analysis. Data were quantified and analyzed using 
ImageJ software, and statistical analyses were performed as out-
lined above.

CFTR and sHsp co-IPs
A total of 500 μg of HEK293 cell lysate was added to buffer A 
(13.3 mM HEPES, pH 7.0, 85 mM potassium glutamate, 3.3 mM 
NaCl, 4.7 mM MgSO4, 13.3 mM ethylene glycol tetraacetic acid, 
2.2 mM CaCl2 [vol/vol: 2/1]) and incubated with 1 μg of CFTR anti-
body M3A7 (Cell Signaling Technologies, Boston, MA) and CFTR 
C-terminal antibody (R&D Systems, Minneapolis, MN) for 2 h. The 
immunocomplex was isolated by incubation with protein A and G 
agarose (Invitrogen) beads for 2 h. Precipitates were isolated and 
washed three times with buffer A plus 0.25% NP-40, and the pro-
teins were resolved on SDS–PAGE and subjected to Western blot 
analysis.

In vitro SUMOylation assay
The in vitro assay was performed using reagents purchased from 
Enzo Life Sciences (Ann Arbor, MI) together with wild-type or 
F508del human NBD1 variants that contained a single solubilizing 

In summary, we have identified a novel QC mechanism, opera-
tive in the cytosolic compartment, which targets the common CFTR 
mutant F508del for SUMO-dependent ubiquitylation and proteoly-
sis. The targeting of other misfolded proteins by this pathway is 
under continuing investigation.

MATERIALS AND METHODS
Reagents and antibodies
Monoclonal antibodies targeted CFTR’s NBD2 and R domain (#596 
and #217, respectively; Cystic Fibrosis Foundation Therapeutics, 
Bethesda, MD); other monoclonals were to SUMO-1 (Zymed 
Laboratories, Carlsbad, CA), Ubc9 (Abcam, Cambridge, MA), ubiq-
uitin (Stressgen/Assay Designs, Ann Arbor, MI), the Flag-epitope 
(Sigma-Aldrich, St. Louis, MO), and the human c-myc (clone 9E10; 
Developmental Studies Hybridoma Bank, University of Iowa, Iowa 
City, IA). Polyclonal antibodies directed at CFTR were a kind gift of 
D. M. Clarke (University of Toronto, Canada). Antibodies to Hsp27 
and Hsp70 were obtained from Stressgen/Assay Designs, SAE1 
from Abcam, RNF4 from Sigma-Aldrich, SUMO-2/3 from Enzo Life 
Sciences (Ann Arbor, MI), and Senp1 from Zymed Laboratories (San 
Francisco, CA). Horseradish peroxidase–conjugated secondary anti-
bodies, anti-rabbit or anti-mouse, were obtained from Amersham 
(Piscataway, NJ) and Jackson ImmunoResearch Laboratories (West 
Grove, PA), respectively.

The Flag-Senp1 plasmid was obtained from Edward T. H. Yeh 
(MD Anderson Cancer Center, Houston, TX), the Myc-Ubc9 and 
Myc-Gam1 constructs were obtained from Yin-Yuan Mo (Southern 
Illinois University School of Medicine, Springfield, IL). Flag-RNF4 and 
DN Flag-RNF4 constructs (CS1 [C136S/C139S], CS2 [C177S/C180S], 
CS3 [C136S/C139S/C177S/C180S]) were provided by Ronald T. Hay 
(University of Dundee, Dundee, UK). The Hsp27 vector was pur-
chased from Origene (Rockville, MD), and GFP was from Clontech 
(Mountain View, CA). CFTR and F508del CFTR expression vectors 
were constructed as previously described (Zhang et al., 2002).

Cell culture, transfections, and cell methods
HEK293 cells were cultured in DMEM (Sigma-Aldrich) with 10% 
fetal bovine serum (FBS; Invitrogen, Carlsbad, CA), 4 mM l-glu-
tamine (Sigma-Aldrich), and penicillin–streptomycin (Gibco-BRL, 
San Francisco, CA). The human bronchial epithelial cell line, CFBE-
F508del, was a gift from J. P. Clancy (University of Alabama at 
Birmingham, Birmingham, AL). The cells were cultured in modified 
Earle’s medium (Life Technologies, Grand Island, NY) with 10% 
FBS (Hyclone, Logan, UT), 2 mM l-glutamine (Life Technologies), 
50 U/ml penicillin, 50 μg/ml streptomycin (Sigma-Aldrich, St. Louis, 
MO), and 2 μg/ml puromycin (Invitrogen, Carlsbad, CA). Calu-3 
cells (human bronchial epithelial cell line) were cultured in 
DMEM/F-12 (Sigma-Aldrich) with 15% FBS (Invitrogen), 4 mM l-
glutamine (Sigma-Aldrich), and 1% penicillin–streptomycin (Gibco-
BRL). Primary human bronchial epithelial cells were received from J. 
Pilewski (University of Pittsburgh, CF Research Center Cell Culture 
Core, Pittsburgh, PA). All cell lines were grown in a humidified 
chamber with 5% CO2 at 37°C.

For protein overexpression, HEK293 cells were transiently trans-
fected with the indicated expression plasmids, aided by Lipo-
fectamine 2000 (Invitrogen). After 24 h, the cells were lysed in 
50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, and 1% Triton 
X-100, and equal amounts of protein were resolved on SDS–PAGE 
and subjected to Western blot analysis. Cells were subjected to 
cycloheximide chase or isotopic pulse–chase analysis as previously 
described (Zhang et al., 2002; Ahner et al., 2007). For cyclohexim-
ide chases, the culture medium was changed to one containing 
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mutation, F494N, as previously described (Rabeh et al., 2012). In 
brief, 15 ng of purified NBD1 was incubated in SUMOylation buffer 
with a reaction mixture containing recombinant E1 (0.4 μM), Ubc9 
(4 μM), SUMO (3 μM), and Mg-ATP (2 mM), with or without purified 
recombinant human Hsp27 protein (15 ng), for 1 h at 27˚C. After 
the reaction was terminated with SDS sample buffer containing 
2-mercaptoethanol, reaction products were fractionated on 12% 
SDS–PAGE, and the gel shift resulting from SUMO modification 
was detected by immunoblotting using anti-NBD1 (#660; Cystic 
Fibrosis Foundation Therapeutics).

In vivo ubiquitylation and SUMOylation assays
For CFTR SUMOylation, a total of 1 mg of HEK293 cell lysate, 
prepared using lysis buffer (50 mM HEPES, 150 mM NaCl, 10% glyc-
erol, 1 mM EDTA, 1% NP-40, pH 7.5, and 20 mM NEM), was incu-
bated with 1 μg of #217 CFTR R domain and 596 NBD2 antibodies 
(Cystic Fibrosis Foundation Therapeutics) overnight. Immunocom-
plexes were isolated by incubation with protein A agarose beads 
(Invitrogen) for 4 h. Precipitates were isolated and washed three 
times with lysis buffer, and the proteins were resolved on 5% SDS–
PAGE and subjected to Western blot analysis for SUMO.

For the ubiquitylation assay, HEK293 cells were transfected in 
60-mm dishes and treated with 50 μM MG132 for 5 h prior to cell 
lysis. Cells were then lysed in RIPA buffer (Cell Signaling Technology, 
Danvers, MA) supplemented with 0.1% SDS, Complete Protease 
Inhibitor Cocktail (Roche, Indianapolis, IN), 2 mM phenylmethylsul-
fonyl fluoride, and 20 mM NEM. CFTR was IPed from 500 μg HEK293 
lysate with mouse antibodies (#217 and 596; CFFT, Bethesda, MD) 
cross-linked to Protein A/G Plus Agarose beads (Pierce, Rockford, 
IL). Ubiquitin in the immunoprecipitate was detected by IB using rab-
bit anti-ubiquitin (SPA-200; Enzo Life Sciences, Ann Arbor, MI).
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