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Abstract

The Unfolded Protein Response (UPR) is a cascade of intracellular stress signaling from the
endoplasmic reticulum (ER) that protect the cells from the stress caused by accumulation of
unfolded or misfolded proteins in the ER. Activating transcription factor 6 (ATF6) is one of
primary UPR transducers that remodels the stressed cells through transcriptional regulation.
Although the activation mechanism and biological roles of ATF6 have been well studied, the
understanding of the negative or feedback regulation of ATF6 remains elusive. In this report, we
showed that ATF6 protein can be modified by small ubiquitin-like modification (SUMOylation)
and that the transcriptional activity of ATF6 is negatively regulated by SUMOylation. We
identified that SUMOylation of ATF®6 is significantly increased in the cells expressing misfolded
cystic fibrosis transmembrane conductance regulator (CFTR) encoded by the mutant human CFTR
gene (dF508CFTR). Further analyses revealed two highly conserved SUMOylation motifs within
the frans-activation domain of ATF6 protein of human, mouse, or rat specie. The human ATF6
protein can be SUMOylated mediated through the small ubiquitin-like modifier protein 1
(SUMO-1) and E3 SUMO-protein ligase 1 (PIAS1) at the conserved sumoylation residue Lys4?
that is located at the N-terminal of the activated form of ATF6 protein. Bimolecular fluorescence
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complementation (BiFC) analysis confirmed that the activated ATF6 protein can be SUMOylated
and that the ATF6 sumoylation occurs in the nuclei. Moreover, trans-activation reporter analysis
demonstrated that SUMOylation of the ATF6 protein at the conserved residue Lys'4 represses the
transcriptional activity of ATF6. In summary, our study revealed a negative regulation of the UPR
transducer ATF6 through post-translational SUMOQylation. The information from this study will
not only increase our understanding of the fine-tuning regulation of the UPR signaling but will
also be informative to the modulation of the UPR for therapeutic benefits.

Introduction

The unfolded Protein Response (UPR) is a set of intracellular signaling pathways from the
endoplasmic reticulum (ER) that protect the cells from the stress caused by the accumulation
of unfolded or misfolded proteins in the ER [1,2]. In mammalian cells, three ubiquitously-
expressed ER transmembrane proteins, including IREla (inositol-requiring enzyme 1a),
PERK (PKR-like ER kinase), and ATF6 (activating transcription factor 6), have been
identified as the primary transducers of the UPR signaling. These transducers mediate
distinct signaling pathways from the ER to cytosol and nucleus, leading to transcriptional
and translational reprogramming of stressed cells. The UPR is critical for cells to make
survival or death decision under ER stress conditions, and is closely associated with the
initiation and progression of a variety of diseases, including metabolic disease,
cardiovascular disease, neurodegenerative disease, and cancer [2,3]. Among others, the UPR
pathway mediated through ATF6 has been implicated in regulating cell survival, ER
capacity, lipid metabolism, as well as skeletal muscle function [4,5,6,7]. In response to ER
stress, ATF6 is released from the ER membrane, and trafficks into the Golgi compartment
where it is cleaved by site-1 protease (S1P) and site-2 protease (S2P), the same enzymes that
processes sterol-response-element-binding protein 1 (SREBP1) for cholesterol biosynthesis
[8,9]. Cleaved N-terminal ATF6 fragment transits into the nucleus and functions as a potent
transcription factor to activate UPR target genes. Although the activation mechanism and
pathophysiological roles of ATF6 have been extensively studied, the negative regulation of
ATF®6 activity has not been well understood.

SUMOylation (small ubiquitin-like modification) is a post-translational modification
involved in various cellular processes, such as nuclear-cytosolic transport, transcriptional
regulation, apoptosis, and protein stability [10]. Similar to the process of ubiquitination,
SUMO is first activated by the E1 enzyme SAE1 (SUMO1-activating enzyme subunit 1)-
UBAZ2 (ubiquitin-like modifier activating enzyme 2), then is transferred on to the E2 enzyme
UBC9 and subsequently conjugated to the lysine residues of target proteins via the activity
of an E3 ligase, such as PIAS1 (protein inhibitor of activated STAT-1), RanBP2 (Ran-
binding protein 2) or the polycomb group protein Pc2 [11]. A variety of proteins have been
demonstrated to be SUMO targets based on the presence of a consensus SUMOylation core
motif, ¥-K-x-D/E (¥ is a hydrophobic residue, X is any residue and E/D is aspartate/
glutamate) [12]. Typically, only a small fraction of a protein is SUMOylated and this
modification is rapidly reversed by the action of deSUMOylating enzymes. In many cases,
SUMO maodification of transcriptional regulators correlates with inhibition of transcription
[13].
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The cystic fibrosis transmembrane conductance regulator (CFTR) functions as a membrane
chloride channel. CFTR mutations induce cystic fibrosis (CF), which is one of the most
common human genetic disorders. Phenylalanine deletion at position of 508 on CFTR
protein (delta F 508, dF508CFTR) is the major mutation of CFTR that resulted in protein
misfolding. Misfolded dF508CFTR starts UPR then quickly degraded by ER-associated
degradation pathway (ERAD), and cannot reach membrane [14]. Normally, dF508CFTR is a
typical molecular model for UPR [15]. In this study, we demonstrated that SUMOylation of
ATF6 is significantly increased in the cells expressing misfolded CFTR encoded by the
mutant human CFTR gene (dF508CFTR). The activated form of ATF6 protein can be
modified by SUMOylation mediated through SUMO1 and PIAS1, and the transcriptional
activity of ATF6 is negatively regulated by the SUMOylation.

Materials and Methods

Materials

Chemicals were purchased from Sigma unless indicated otherwise. Synthetic
oligonucleotides were purchased from Integrated DNA Technologies, Inc. (1A, USA).
Antibodies against HA and Myc was purchased from Santa Cruz Biotechnologies (CA,
USA). CFTR antibodies 217 and SUMO-1(#4930) was purchased from North Carolina
University and Cell signaling separately. ATF antibody was from Dr. Zhang’s lab. HRP-
labeled goat anti-mouse IgG (ab6789) and HRP-labeled goat anti-rabbit 1gG (ab6741) were
from Abcam. COS1 cells were cultured as recommended by the American Type Culture
Collection. pPCDNA3.1-WT CFTR and pCDNAZ3.1-dF508CFTR constructs were described
previously [16]. Plasmid pCGN-ATF6(a) that expresses the activated form of human ATF6
protein was kindly provided by Dr. Ron Prywes at the Columbia University [17]. The site-
directed mutagenesis kit was purchased from Stratagene (USA).

Site Mutagenesis

Site-directed mutagenesis to generate ATF6 mutants was performed using pPCGN-ATF6(a)
as the template. The PCR primers used for generating site mutation are K1R: 5'-
CTGTACAGTTAAAGATATTAGGGCAGAACCTCAGCCA-3', and 5'-
TGGCTGAGGTTCTGCCCTAATATCTTTAACTGTACAG-3'. The PCR primers used for
generating site mutation are: K2R: 5-GCGGAGCCACTGAGGGAAGATAAGCCTGT-3,,
and 5'-ACAGGCTTATCTTCCCTCAGTGGCTCCGC-3’. The PCR included the mutagenic
primers, as well as the Pfu polymerase (Stratagene) and the program consisted of 13 cycles
of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 5 min. After Dpnl digestion for 2-3 h, the
PCR product was transformed into XL-Blue competent cells for cloning. The correct
introduction of the mutants was confirmed by DNA sequencing.

IP-Western blot analysis

For immunoprecipitation, human cell or COS1 cell lysates (~1x107 cells) were mixed with
the anti-ATF6 or an anti-HA antibody (1 pug) for 2 h, followed by the addition of 50 ul of
protein A/G Plus-Sepharose beads for an additional hour at 4 °C. Immunoprecipitates were
washed four times with NP-40 lysis buffer before denatured for SDS-PAGE (8% gel) and
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immune-blotting assay using the anti-SUMOL1 or an anti-Myc antibody to detect the
interaction between ATF6 and SUMOL.

BiFC analysis

For visualization of ATF6-SUMOL interaction, the sequences encoding N-terminal amino
acids residues 1-172 of enhanced yellow fluorescent protein (designated YN) were fused to
the 5" ends of the coding regions for SUMO1 or SUMO1(d) with the deletion of c-terminal
glycines [18] to produce plasmids encoding YN-SUMO1 or YN-SUMO1(d). The activated
human ATF6 protein encoded by the plasmid pCGN-ATF6(a) was fused to the
complementary C-terminal YFP fragment to produce chimeric protein YC-ATF6. COS1
cells transfected with plasmids encoding the indicated combinations of fusion proteins were
incubated at 37°C for 24 h and then transferred to 30°C for 4-16 h to promote fluorophore
maturation. The fluorescence emissions of the cells were imaged as described [18,19].

Luciferase reporter analysis

Result

The DNA plasmids for reporter analysis were co-transfected into MEF cells. At 36 hours
post transfection, cell lysates were collected for measuring the luciferase and p-
galactosidase (LacZ) activities using a Luciferase/p-Galactosidase Dual Light Reporter
Assay kit according to the manufacturer's instructions (Applied Biosystems, MA, USA). The
luciferase activities shown in Figure 1E were after normalization to the activities from the
co-transfected pPCMV-LacZ expression plasmid.

To explore the possibility of ATF6 SUMOylation, we first examined ATF6 protein sequence
for potential SUMOylation sites. Indeed, two highly conserved SUMOylation motifs were
identified within the frans-activation domain of ATF6 protein of human, mouse, or rat specie
(Figure 1A and Supplemental figures 1 and 2). In human ATF6 protein, two SUMOylation
residues are Lysine®’ (IKAE) and Lysinel4® (LKED) that are located in the zrans-activation
domain [8,17]. To illuminate the potential of ATF6 SUMOylation, site-directed mutagenesis
was performed to replace Lysine8” (K1R) and/or Lysinel4® (K2R) with arginine (Figure 1A
and Supplemental figure 1). We then expressed an HA-tagged activated human ATF6 protein
or its isoforms with mutations in Lysine®’ (K1R), Lysinel4® (K2R), or in both Lysine8” and
Lysinel4? (K1,2R), a Myc-tagged human SUMO-1 protein, and the E3 ligase PIAS1 in
COS1 cells. Western blot analysis showed that the majority of forcedly-expressed ATF6
protein species are in a non-SUMOylated form with a molecular weight of approximately 55
kD (Figure 1B, upper panel). To detect whether there exists a SUMOylated form of ATF6,
we performed immunoprecipetion (IP)-Western blot analysis to pull down ATF6-associated
proteins using an anti-HA (ATF6) antibody. The immune-blot assay indicated that an anti-
Myc (SUMO) antibody recognized an ATF6-SUMO complex with a molecular weight of
approximately70 kD in the immuniprecipetes of the anti-HA (ATF6) from lysates of the
cells expressing the activated ATF6 and SUMO-1 proteins (Figure 1B, lower panel lane 1).
Apparently, SUMOylation increased the molecular mass of ATF6 protein by approximately
15 kDa. As anti-ATF®6 failed to detect the shifted bands in the whole cell lysates (Figure 1B,
upper panel), our results suggest that only a small portion of ATF6 is SUMOylated in
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transiently transfected cells. Moreover, when PIAS1 was over-expressed in the cells, an
increase in ATF6 SUMOylation was evidenced (Figure 1B, lower panel lane 2), implying
that PIAS1 serves as a potential E3 ligase for SUMOylation of ATF6. Interestingly, mutation
in the conserved SUMOylation residue Lys8” (K1R) only slightly reduced the formation of
ATF6-SUMO complex, while the mutations in the conserved SUMOylation residue Lys49
(K2R) or both Lys8” and Lys149 (K1,2R) almost completely abolished the SUMOylation
event on the activated ATF6 (Figure 1B, lower panel lanes 3, 4 and 5). These results suggest
that ATF6 can be SUMOylated through SUMO-1 and PIAS1 at the conserved sumoylation
Lys149, but not Lys87, which is located at the N-terminal trans-activation domain of ATF6.

To confirm SUMOylation of ATF6 in living cells, we performed bimolecular fluorescence
complementation (BiFC) analysis to visualize the ATF6 sumoylation event. BiFC is based
on the association of fluorescent protein fragments that are attached to components of the
same macromolecular complex (Supplemental figure 3). Interaction of these proteins will
bring the fluorescent fragments within proximity, allowing the reporter protein to emit its
fluorescent signal in living cells [18,19]. Therefore, this approach enables simultaneous
visualization of intensity and subcellular localization of protein interactions/modifications.
We fused the N-terminal fragment of the yellow fluorescent protein (YFP) to SUMO-1 and
the complementary YFP fragment to the activated form of ATF6, and then expressed them in
COS-1 cells. Fluorescence was observed predominantly in the nuclei of the cells expressing
both ATF6 and SUMO-1 fusion proteins (Figure 2, upper panel). As a control, we used a
SUMO-1 fluorescent fusion protein with the deletion of SUMO1 C-terminal double glycine
residues, which is required for SUMO1 conjugation on the the lysine residue of a target
protein [18]. Deletion of the C-terminus double glysine residues abolished the fluorescence
complementation in COS-1 cells co-transfected with the ATF6 fusion protein (Figure 2,
lower panel). Taken together, the BiFC analysis confirmed that the activated ATF6 protein
can be SUMOylated and that the ATF6 sumoylation occurs in the nuclei.

To identify whether SUMOQylation of ATF6 is a cause of pathophysiological UPR related to
human disease, we examined ATF6 sumoylation in the human tracheal cell line, CFBE410-
dF508CFTR, which stably expresses human mutant CFTR protein (dF508CFTR), and the
control cell line, CFBE41o-WT CFTR, which stably expresses the wild-type human CFTR
protein [14]. It’s known that dF508CFTR is a typical misfolded protein that could induce
UPR and cleaned by ERAD pathway [15]. IP-Western blot analysis showed that
SUMOylation of AFT6 protein was increased approximately 4 times in CFBE41o-
dF508CFTR cells, compared to that in CFBE410-WT CFTR cells (Figure 3). This not only
confirmed the existence of ATF6 SUMOylation in pathophysiological UPR, but also
suggested that the protective role of ATF6-mediated UPR may be diminished in CFTR
syndrome where ER stress caused by misfolded CFTR protein gets prolonged.

Further, we asked about the biological significance of ATF6 SUMOylation. As a UPR
transducer, ATF6 functions as a transcription factor to recognize the unfolded protein
response element (UPRE) in the promoter region of UPR target genes [17,20]. We
hypothesized that SUMOylation may modulate the frans-activation activity of ATF6 on the
UPRE-containing UPR gene promoters during UPR. To test this hypothesis, we first
examined ER stress-triggered induction of PIAS1, the key regulatory E3 ligase that mediates
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ATF6 SUMOylation (Figure 1B) [11]. We challenged mouse embryonic fibroblast (MEF)
with ER stress-inducing reagent thapsigargin or dithiothreitol [21]. In response to
thapsigargin or dithiothreitol, expression of the gene encoding PIAS1 was significantly
increased in MEF cells (Figure 4A), suggesting that induction of PIAS1 is ER stress-
inducible. To determine whether SUMOQylation regulates the transcriptional activity of
ATF6, we analyzed the frans-activation activities of different isoforms of human ATF6 on
the UPRE reporter in MEF cells. As expected, expression of the activated form of ATF6
increased the UPRE reporter activity (Figure 3B). Mutation of the conserved SUMOQylation
residue Lys8” (K1R) slightly increased the transcription activity of ATF6. However,
mutations in the conserved SUMOylation residue Lys'4% (K2R) increased the trans-
activation activities of ATF6 by approximately 2 times relative to non-mutation ATF6
isoform, while mutations at both SUMOylation residues Lys8” and Lys4 (K1,2R) further
increased ATF6 transcriptional activity (Figure 4B). These results suggest that the conserved
SUMOylation residue Lys4°, but not Lys87, is primarily responsible for the ATF6
SUMOylation that represses transcriptional activity of ATF6. This result is consistent with
the IP-Western blot analysis, which indicated that the mutation at Lys14® abolished the
majority of the interaction between ATF6 and SUMO-1 (Figure 1B). Since only a small
portion of ATF6 proteins are SUMOylated as indicated by IP-Western analysis (Figure 1B),
our findings suggest that SUMOlation may preferably occur in the functional ATF6.

Discussion

In this study, we demonstrated that ER stress can cause sumoylation of the UPR transducer
ATF6, a post-translational modification that usually represses activities of target proteins.
This ER stress-induced post-translational modification represents a negative feedback
regulation of the UPR signaling. In particularly, ATF6 is a major transcriptional activator of
ERAD pathway. Sumoylation of ATF6 likely has important impact on the ER protein
homeostasis that is associated with conformational diseases. In this perspective,

Mutation in the human gene encoding CFTR, a membrane chloride channel, can cause
accumulation of misfolded CFTR protein and induce cystic fibrosis, one of the most
common human genetic disorders [22]. Phenylalanine deletion at position of 508 of CFTR
protein (dF508 CFTR) is the major CFTR mutation that results in misfolded CFTR protein
in human patients. Misfolded dF508 CFTR protein is accumulated in the ER and
subsequently causes UPR signaling and ERAD pathway [14,15]. ERAD is the key protective
mechanism to maintain ER protein homeostasis in case of accumulation of misfolded
proteins in the ER. Indeed, more than 99% of dF508CFTR protein can be degraded by
ERAD, while only 25% of wild-type CFTR is degraded by the same pathway [23]. However,
as shown in this study, human tracheal cells stably expressing the misfolded CFTR protein,
dF508CFTR, exhibited significantly increased sumoylation of ATF6, a major transcriptional
activator of ERAD program. This suggests that chronic ER stress, caused by constitutive
expression of misfolded CFTR protein, eventually led to sumoylation of ATF6 and
subsequent suppression of ERAD, thereby exacerbating the detrimental effect of prolonged
ER stress.
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In aggregate, our study suggested that the UPR transducer ATF6 can be SUMOylated and
that the SUMO modification represses the transcriptional activity of ATF6. Together with
our findings that ER stress induces PIAS1 expression, it is likely that PIAS1-mediated
SUMOylation of ATF6 may serve as a negative feed-back regulation under ER stress.
Similar to our observation, it was reported that SUMOylation also suppresses the
transcriptional activity of another UPR trans-activator protein X-box binding protein 1
(XBP1) [24]. Given the potent transcriptional activities of XBP1 and ATF6, this negative
feed-back through SUMOQylation may be an important mechanism through which the
stressed cells avoid harmful effects of the UPR signaling. Our work has raised lots of
intriguing questions. In the future, it is important to elucidate the SUMO-mediated
regulation of the UPR signaling in phathophysiological systems. The information gained
from our study not only contributes to our understanding of the negative regulation of the
UPR but also be informative to the modulation of the UPR for therapeutic benefits.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ER endoplasmic reticulum
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SUMOylation small ubiquitin-like modification

BiFc bimolecular fluorescence complementation

UPRE unfolded protein response element

PIAS1 protein inhibitor of activated STAT 1

YFP yellow fluorescent protein
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1. The Unfolded Protein Response transducer ATF6 protein is modified through
SUMOylation under endoplasmic reticulum (ER) stress as a feedback
regulation.

2. SUMOylation of ATF6 protein is mediated through the small ubiquitin-like
modifier protein 1 (SUMO-1) and E3 SUMO-protein ligase 1 (PIASL).

3. SUMOylation represses the transcriptional activity of ATF6.

4, Expression of misfolded cystic fibrosis transmembrane conductance regulator
(CFTR) encoded by the mutant human CFTR gene (dF508CFTR) leads to
ATF6 SUMOylation.
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Figure 1.
(A) The domain structure of human ATF6 protein. The human ATF6 protein consists of 4

basic domains: an ER lumen domain, a transmembrane domain, a basic leucine zipper
(bZIP) domain, and a trans-acivation domain. Two conserved sumoylation sites are located
at the trans-activation domain. Site-mutagenesis was made by replacing the Lysine residue
with Arginin at the two sumaylation sites, respectively (see Supplemental figure 1 for more
details). (B) Western blot and immunoprecipetion (IP)-Western blot analyses of ATF6
expression and the interaction between ATF6 and SUMO-1. Plasmid construct pPCGN-ATF6
expressing HA-tagged activated human ATF6 or its mutant isoform K1R, K2R, or K1,2R,
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construct pPCMV-SUMOL1 expressing Myc-tagged human SUMO-1, and construct
expressing human PIAS1 were co-expressed in COSL1 cells. Western blot analysis was
performed to detect ATF6 expression in the transfected cells using an anti-HA antibody. To
detect the interaction between SUMO-1 and ATF6 isforms, IP-Western blot analysis was
performed using anti-HA antibody to pull down and anti-Myc antibody to detect the ATF6-
SUMO complex.
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Figure 2.
Visualization of SUMO-1 conjugated to ATF®6 in living cells through bimolecular

fluorescence complementation (BiFC) analysis. The activated form of human ATF6 protein
fused with fluorescent fragment YC173 (ATF6-YC173) and human SUMO-1 protein or its
C-terminal glycine residues-deleted isoform fused with fluorescent fragment YN173
(SUMO-YN173 or SUMO(d)-YN173) were co-expressed in COS-1 cells (Refs, see
Supplemental figure 2 for more details). Green fluorescence images were acquired 36 h after
plasmid transfection. The cell nuclei were stained with DAPI.
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Sumoylation of ATF6 in the human tracheal cell line stably expressing CFBE410-WT CFTR
or CFBE410-dF508CFTR. Total cellular lysates from CFBE41o-WT CFTR- or CFBE41o0-
dF508CFTR-expressing cells were immunoprecipitated using the anti-AFT6 antibody, and
then probed with the anti-SUMOL antibody to detect the sumoylated ATF6 protein (Upper
panel). Expression of CFBE410-WT CFTR and CFBE410-dF508CFTR was detected by
Western blot analysis using the anti-CFTR antibody (middle panel). The wild-type (WT)
CFTR protein displayed C band (full glycosylation form, material band) and B band (core
glycosylation form, immaterial band), and the dF508CFTR protein displayed B band and A
band (none glycosylation form). As the control, expression of total AFT6 protein was also
detected by Western blot analysis (lower panel). The graph beside the image showed the
quantification of fold changes of sumoylated ATF6 potein levels, as determined by Western

blot densitometry, in the CFBE41o-WT CFTR- or CFBE410-dF508CFTR-expressing
human tracheal cells.
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Figure 4.
(A) Expression of the gene encoding PIASL is ER stress-inducible. Quantitative real-time

PCR analysis of expression of the PIAS1 mRNA in MEF cells in response to thapsigargin
(0,2uM) or dithiothreitol (5ug/ml) for 2 and 4 hours, respectively. Expression values were
normalized to B-actin mRNA levels. Fold changes of mRNA are shown by comparing the
mRNA expression values of treated cells to that of the control cells. Each bar denotes the
mean + STDEV (n=3 experiments). (B) Sumaylation represses the transcriptional activity of
ATF6 on the UPRE-containing reporter. The plasmid vector control, the vector expressing
the activated human ATF6 or its mutant isoforms K1R, K2R, or K1,2R, the luciferase
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reporter vector under the control of UPRE, and the internal control vector expressing p-
galactosidase (LacZ) under the control of CMV (cytomegalovirus) promoter ()CMV-lacZ)
were co-transfected into COS1 cells. The luciferase activities were measured at 36 hours
post transfection, and the values were shown after the normalization to the internal control
LacZ levels.
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