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ABSTRACT

Levels of the transcription factor ATF6a, a key mediator of the unfolded protein response, that
provides cellular protection during the progression endoplasmic reticulum (ER) stress, are markedly
reduced in the pancreatic islet of patients with type 2 diabetes and in rodent models of the disease,
including ob/ob and high fat-fed mice. Sorcin (gene name SRI) is a calcium (Ca?*) binding protein involved

in maintaining ER Ca?* homeostasis.

We have previously shown that overexpressing sorcin under the rat insulin promoter in transgenic
mice was protective against high fat diet-induced pancreatic beta cell dysfunction, namely preserving
intracellular Ca** homeostasis and glucose-stimulated insulin secretion during lipotoxic stress.
Additionally, sorcin overexpression was apparently activating ATF6 signalling in MIN6 cells despite

lowering ER stress.

Here, in order to investigate further the relationship between sorcin and ATF6, we describe
changes in sorcin expression during ER and lipotoxic stress and changes in ATF6 signalling after sorcin

overexpression or inactivation, both in excitable and non-excitable cells.

Sorcin mRNA levels were significantly increased in response to the ER stress-inducing agents
thapsigargin and tunicamycin, but not by palmitate. On the contrary, palmitate caused a significant
decrease in sorcin expression as assessed by both qRT-PCR and Western blotting despite inducing ER
stress. Moreover, palmitate prevented the increase in sorcin expression induced by thapsigargin. In
addition, sorcin overexpression significantly increased ATF6 transcriptional activity, whereas sorcin
inactivation decreased ATF6 signalling. Finally, sorcin overexpression increased levels of ATF6 immuno-
reactivity and FRET imaging experiments following ER stress induction by thapsigargin showed a direct

sorcin-ATF6 interaction.

Altogether, our data suggest that sorcin down-regulation during lipotoxicity may prevent full ATF6
activation and a normal UPR during the progression of obesity and insulin resistance, contributing to beta

cell failure and type 2 diabetes.


https://doi.org/10.1101/2020.04.23.053322
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.23.053322; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sorcin activates ATF6 despite lowering ER stress for bioRxiv, V2

INTRODUCTION

Obesity and its metabolic consequences are becoming a major threat to human health all over
the world, causing life expectancy to fall for the first time in centuries (1). Physical inactivity and nutrient
oversupply increase circulating levels of glucose and free fatty acids (FFA), triggering the unfolded protein
response (UPR) and endoplasmic reticulum (ER) stress through intensification of the cellular biosynthetic
pathways in the pancreatic beta cell (2,3), but also in the liver (4), adipose tissue (5), skeletal muscle (6)
and hypothalamus (7). ER stress is also implicated in the development of diabetes complications (8).

However, the molecular mechanisms linking glucolipotoxicity and ER stress are not fully understood.

Sorcin (soluble resistance-related calcium binding protein, gene name SRI, also known as CP-22,
CP22, SCN and V19), is a member of the penta-EF-hand family of calcium binding proteins and relocates
from the cytoplasm to membranes in response to elevated calcium levels (9-15). Sorcin was initially
identified in multidrug-resistant cancer cells, is ubiquitously expressed and is highly conserved amongst
mammals (12,16). In cardiac myocytes and skeletal muscle cells, sorcin inhibits ryanodine receptor (RyR)
activity (17), and plays a role in terminating Ca?*-induced Ca?* release (18,19), an inherently self-sustaining
mechanism which, if unchecked, may deplete intracellular Ca®* stores (20). Sorcin also activates
sarco/endoplasmic reticulum Ca?*-ATPase (SERCA) pumps and ensures efficient refilling of ER Ca?* stores

after contraction (21).

We have recently reported (22) that transgenic mice overexpressing sorcin in the pancreatic beta
cell under the rat insulin promoter (RIP7SriTetOn) had improved glucose tolerance and beta cell function
when fed a high fat diet (HFD), but had no noticeable phenotype on a standard chow diet. Conversely,
mice deleted for the sorcin gene (Sri ”") were glucose intolerant and had defective in vivo glucose-
stimulated insulin secretion (GSIS). Beneficial effects of sorcin in the pancreatic beta cell included

increased ER Ca?* stores and glucose-induced intracellular Ca?* fluxes, decreased expression of the islet
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specific isoform of glucose-6-phosphatase (G6PC2), increased nuclear factor of activated T-cells (NFAT)
signalling and an apparent reduction in ER stress. Indeed, sorcin overexpression under lipotoxic conditions
prevented the induction of the ER stress markers C/EBP homologue protein (CHOP/DDIT3) and glucose-
regulated protein 78/Binding immunoglobulin protein (GRP78/BiP). Interestingly, however, we also
reported that sorcin seemed to increase the activity of activating transcription factor 6 (ATF6), another

marker of ER stress (23), but also a key transcription factor now known to mitigate diabetes risk (24).

Here, in order to investigate further the relationship between sorcin and ATF6, we describe
changes in endogenous sorcin expression during ER and lipotoxic stress and the effects of sorcin
overexpression or inactivation on ATF6 signalling and ER stress. Our data suggest that sorcin enhances the
transcriptional activity of ATF6, and that sorcin dysregulation during the progression of lipotoxicity might
compromise ATF6 activity during ER stress, potentially leading to defects in insulin secretion, beta cell

mass, and diabetes.

RESULTS

ER stress induces sorcin expression

Having previously documented (22) that sorcin protects against lipotoxicity-induced ER Ca%
depletion and pancreatic beta cell dysfunction, we next sought to investigate potential mechanisms
behind such protection. We first measured sorcin mRNA levels in response to ER stress-inducing agents,
namely thapsigargin and tunicamycin in human islets of Langerhans, the murine insulinoma cell line MING,
and in the non-excitable human cell line HEK293. CHOP mRNA levels were measured in parallel as a

marker of ER stress induction (25).
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As shown in Figure 1A, exposure of isolated human islets of Langerhans to tunicamycin and
thapsigargin for 24h increased SRI and CHOP mRNA levels significantly (Fig. 1A top panel, SRI fold changes
1.32 £ 0.08 (tunic) and 1.41 £ 0.07 (thaps), p<0.01, n=3; Fig. 1A bottom panel, CHOP fold changes 8.12 +
0.84 (tunic, p<0.01), and 7.23 + 0.49 (thaps, p<0.001), n=3). Thapsigargin exposure for 24h also increased
SRl and CHOP mRNA levels significantly in MING cells (Fig. 1B top panel, SRl fold change 1.50 £ 0.06 to 1.61
+ 0.02, p<0.005, n=3; Fig. 1B bottom panel, CHOP fold change 11.53 + 2.03 to 12.31 + 2.26, p<0.05, n=3)
and HEK293 cells (Fig. 1C top panel, SRI fold change 1.30 + 0.07 to 1.43 * 0.08, p<0.05, n=2-5; Fig. 1C

bottom panel, CHOP fold change 8.44 + 0.51 to 8.84 + 0.73, p<0.001, n=3-5).

Palmitate prevents ER stress-induced activation of sorcin expression

In contrast to the above results, induction of ER stress with palmitate in HEK293 cells, failed to
increase sorcin mRNA levels despite robust activation of CHOP (Fig. 2A, palmitate-induced CHOP fold
change 6.14 + 0.31, p<0.001, n=4; palmitate-induced sorcin fold change 1.07 + 0.04, p=NS, n=5).
Moreover, prolonged incubation (72h) with palmitate resulted in a decrease in sorcin mRNA levels (Fig.

2B, mRNA sorcin fold change 0.70 + 0.06, p<0.005, n=5) and protein levels (Fig. 2C, D).

To investigate whether the observed changes in sorcin expression were exerted at the
transcriptional level, we transfected HEK293 cells with phSRI-1-GL3 or p5xATF6-GL3 for 24h before
incubation with thapsigargin, palmitate or a combination of both for a further 24h as indicated in Fig.
2E&F. phSRI-1-GL3 is a Firefly luciferase reporter driven by the proximal 1378 bp of the human sorcin
promoter whereas p5xATF6-GL3 is a Firefly luciferase reporter driven by five tandem repeats of ATF6

binding sites used to monitor the induction of ER stress in parallel.

As expected, p5xATF6-GL3 activity increased proportionally in response to ER stress inducing
agents (Fig. 2E): up to 3-fold with palmitate alone (p<0.005, n=3), ~6-fold with thapsigargin alone

5


https://doi.org/10.1101/2020.04.23.053322
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.23.053322; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sorcin activates ATF6 despite lowering ER stress for bioRxiv, V2
(p<0.001, n=3) and ~8.5-fold with a palmitate/thapsigargin combination (p<0.001, n=3). However, the
human SRI-1 promoter was not activated by palmitate, despite being significantly activated in response
to thapsigargin. Remarkably, concomitant incubation with palmitate blocked phSRI-1 promoter activation

by thapsigargin (Fig. 2F).

Taken together, these results indicate that lipotoxicity impairs ER stress-induced sorcin expression

at the transcriptional level.

Sorcin enhances ATF6 signalling

ATF6 is a large 90 kDa protein anchored at the ER membrane, which translocates to the Golgi
apparatus in response to ER stress. Once in the Golgi, it is cleaved to release a smaller 50 kDa active
protein, which enters the nucleus and acts as a transcription factor (23). Therefore, to assay ATF6
signalling, we used two different ATF6 reporter luciferase plasmids, namely p5xATF6-GL3 (26), which
contains five tandem repeats of ATF6 binding site and can be activated by endogenous or overexpressed
ATF6, and p5xGAL4-Elb-GL3 (23), a GAL4 reporter gene which is exclusively activated by co-transfection
with a GAL4-ATF6 fusion protein. The latter was used in order to circumvent any possible non-specific
binding on p5xATF6-GL3 reporter by other transcription factors (27), and to specifically measure ATF6

activity in response to sorcin.

As shown in Fig. 3, co-transfection with sorcin increased the activity of p5xATF6-GL3 1.8 fold
(p<0.001, n=6, Fig. 3A) and p5xGAL4-Elb-GL3 7.2 fold (p<0.001, n=4-5, Fig. 3B) compared to co-
transfection with GFP, used as an inert control protein. Conversely, in SRI-null HEK293 cells generated by
CRISPR/Cas9-mediated genome editing (see suppl. Fig.1A, B), the activity of both p5xATF6-GL3 and
p5xGAL4-Elb-GL3 reporters were reduced by 28% and 26%, respectively, compared to wild type (WT)
HEK293 cells (p<0.001, n>3, Fig. 3C, D). A similar result was obtained in mouse embryonic fibroblast (MEF)
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cells prepared from sorcin knockout (KO) embryos, where the activity of p5xATF6-GL3 reporter was
decreased by 57% (p<0.001, n=5) in basal conditions and by 61% (p<0.05, n=5) in cells stimulated by

thapsigargin, compared to WT MEFs (Fig. 3E).

These data indicate that sorcin enhances ATF6 signalling.

Sorcin ablation reduces ATF6 activity despite increasing ER stress

We next used a combination of plasmids to measure both specific ATF6 activation and overall
cellular ER stress, independently, as described by Fu et al (28). pGLuc/ATF6LD-CLuc encodes Cypridina
luciferase (CLuc), a secreted luciferase, fused to the C-terminal luminal (intra ER) domain of ATF6, and
pGLuc/ASGR-CLuc encodes Cypridina luciferase fused to Asialoglycoprotein receptor 1 (ASGR1), a slow
maturing protein whose secretion is decreased in ER stress conditions (29). Both plasmids also contain
Gaussia luciferase (GLuc), another secreted luciferase, under a distinct CMV promoter, to normalise for
transfection efficiency. Usually, secretion of both ATF6LD-CLuc and ASGR-CLuc are inversely correlated,
as ATF6LD-CLuc secretion increases under conditions of ER stress, whereas ASGR-CLuc secretion
decreases (28). We hypothesised that, in the absence of sorcin, both proteins would be less secreted, as
this should increase ER stress but also dampen ATF6 activation. Indeed, as shown in Fig. 3F&G, ATF6LD-
CLuc and ASGR-CLuc secretion were both reduced by 45% and 52% respectively in SRI-null HEK293 cells
compared to WT HEK cells in basal conditions. Moreover, this reduction in ATF6 and ASGR secretion in
SRI-null HEK293 persisted following the addition of low doses of thapsigargin (up to 0.01 uM) but was lost

at higher dose of thapsigargin (0.1uM).

Having shown that sorcin was necessary for full ATF6 activity using a variety of luciferase
reporters, we next measured expression of endogenous ATF6 target genes in SRI-null HEK293 cells in
response to ER stress. As shown in Figure 4, the induction of ATF6 target genes GRP78, HERPUD1, SEL1L

7


https://doi.org/10.1101/2020.04.23.053322
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.23.053322; this version posted June 5, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Sorcin activates ATF6 despite lowering ER stress for bioRxiv, V2
and EDEM1 was reduced in SRI-null cells in response to thapsigargin. On the contrary, sorcin’s absence

did not affect induction of CHOP and ATF6 itself by thapsigargin.

These data confirm that sorcin depletion increases ER stress and that sorcin is necessary for full

ATF6 activity.

Sorcin increases ATF6 protein levels

We next proceeded to decipher the mechanism(s) behind sorcin’s regulation of ATF6 activity. Our
data above indicated that sorcin influenced both endogenous and exogenous ATF6 protein, since we saw
an effect on both p5xATF6-GL3 and p5xGAL4-Elb-GL3 reporters’ activities following manipulation of sorcin
protein levels. This suggested a possible effect on ATF6 processing or cleavage (23) rather than ATF6
transcription. Indeed, ATF6 mRNA levels are either slightly elevated or unchanged in SRI-null vs WT

HEK293, probably reflecting the chronic ER stress these cells are under (Fig. 4B and not shown).

To quantify the relative proportion of ATF6p50 (cleaved) to ATF6p90 (full length), we co-
transfected HEK293 cells with 3xFLAG-ATF6 together with either sorcin or GFP as control, and treated the
cells with thapsigargin or dithiothreitol (DTT), and assayed by western blotting using an anti-FLAG
antibody. As shown in Fig. 5A, small (~14%) but reproducible and significant increases were found in the
ratios of ATF6p50 band intensity to ATF6p90 band intensity when ATF6 was co-expressed with sorcin
compared to GFP in basal condition, although this became less apparent in the presence of high dose

thapsigargin (1 uM) and disappeared with DTT.

However, when sorcin and ATF6 were co-expressed, we invariably observed an increase in total
ATF6 immuno-reactivity (not shown). Since it has been reported that ATF6 cleavage is proportional to

ATF6 abundance (27,30), we thus sought to investigate whether sorcin might prolong the half-life and/or
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the stability of ATF6 protein, which in turn would promote its processing and activation. ATF6 protein half-
life is short, (2-3 h) (30,31) and ER stress increases ATF6 protein turnover by promoting its degradation
through the proteasome (32-34). It was therefore conceivable that, by reducing ER stress (22,35), sorcin
might prolong the half-life and/or the stability of ATF6 protein. To test this hypothesis, HEK293 cells were
co-transfected with 3xFLAG-ATF6 and sorcin or GFP for 24h and incubated in the presence of
cycloheximide (CXH) to stop de novo protein synthesis or DMSO (vehicle) for up to 8 hours before
immunoblotting. In control GFP/DMSO conditions (Fig. 5B, top left panel), total ATF6 protein abundance
remained fairly constant over the 8 h period, whereas in the presence of overexpressed sorcin (Fig. 5B,
bottom left panel), there was a steady increase in the amount of both ATF6p90 and ATF6p50 bands
intensity, confirming the positive effect of sorcin on ATF6 abundance and processing. However, sorcin
overexpression failed to alter ATF6 immuno-reactivity significantly compared to GFP in the presence of
CXH (Fig. 5B, right panels) after 3 hours. This was indicative of increased synthesis rather than decreased

degradation.

Sorcin and ATF6 interact directly during ER stress

We then sought to explore if there could be a direct interaction between sorcin and ATF6 in cellulo
since Lalioti et al. reported an interaction in vitro between the two proteins using a protein array (36). Our
repeated attempts to co-immunoprecipitate sorcin (endogenous or overexpressed) and ATF6 using both
a Flag-tagged or GFP-tagged ATF6 protein were unsuccessful, either in the presence of ImM Ca** or 1ImM
EDTA (not shown). These epitope tags were fused to the cytosolic N-terminal end of ATF6. We next
performed Forster/fluorescence resonance energy transfer (FRET) experiments using the acceptor-
photobleaching FRET (apFRET) technique (37). In this method, the presence of FRET between a fluorescent

protein acting as donor (mCerulean) and a fluorescent protein acting as acceptor (mVenus) is revealed
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upon inactivation (by photobleaching) of the acceptor. Photobleaching of the fluorescence acceptor
attenuates energy transfer between the fluorophores resulting in an increase in donor fluorescence
intensity. FRET can only occur over distances between ~ 1-10 nm; thus, an increase in donor fluorescence
intensity after photobleaching implies the two fluorophores interact over this distance, suggesting a

protein-protein interaction (37).

HEK293 cells were co-transfected with a combination of FRET vectors as illustrated in Fig. 6,
including the FRET reference standard C5V (35). mCerulean-tagged ChREBP (Carbohydrate Responsive
Element Binding Protein, CFP-ChREBP) was included as a presumed positive control since we previously
showed an interaction between ChREBP and sorcin by yeast two-hybrid and co-immunoprecipitation (38).
FRET efficiencies between mVenus-tagged sorcin (YFP-SRI) and CFP-ChREBP, CFP-ATF6 (N-terminal
mCerulean tag) or ATF6-CFP (C-terminal mCerulean tag) were compared to reference standard vector C5V
in basal conditions. FRET efficiencies were also compared in the presence of ionomycin to increase
intracellular [Ca**] since sorcin conformation changes with intracellular Ca?* concentration and this in turn
modifies its interaction with molecular partners (39) and thapsigargin to stimulate ATF6 activity. Negative

controls included the pairs CFP-ATF6/YFP alone, CFP alone/YFP-SRI and CFP/YFP.

As shown in Fig. 7A, in non-treated cells, the FRET efficiency of the reference standard C5V was
24.90 + 0.95 %, whereas the FRET efficiency between CFP-ChREBP and YFP-SRI was 12.88 + 1.14 %,
significantly lower than C5V but significantly higher than the three negative controls (see below). In
comparison, the FRET efficiency of CFP-ATF6/YFP-SRI was lower at 9.03 = 1.20%, and not significantly
higher than the FRET efficiency of the negative controls CFP-ATF6/YFP, CFP/YFP-SRI and CFP/YFP, which
were 7.75+1.09 %, 5.30 £ 0.35% and 5.63 + 0.53 % respectively. Interestingly, the pair ATF6-CFP and YFP-
SRl gave a FRET efficiency (11.43 + 1.30 %) similar to that of CFP-ChREBP and YFP-SRI and was significantly

higher than the FRET efficiency of the negative controls.
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In ionomycin-treated cells (Fig 7B; increases in corresponding intracellular [Ca**] are shown in
suppl. figure 2), the FRET efficiency of C5V was again markedly elevated (27.17 £ 0.76 %) compared to the
other combinations of plasmids. FRET efficiency between CFP-ChREBP and YFP-SRI (13.97 + 1.41 %) was
still significantly increased compared to negative control CFP-ATF6 + YFP (6.73 + 0.21 %). However, FRET
efficiency between ATF6-CFP and YFP-SRI (9.83 + 0.81 %) was no longer significantly different from the
negative control CFP-ATF6 + YFP despite being significantly higher than CFP-ATF6 + YFP-SRI combination

(5.95+1.13 %).

Finally, in thapsigargin-treated cells (Fig. 7C), the FRET efficiency between the C-terminally tagged
ATF6 protein ATF6-CFP and YFP-SRI (11.71 + 1.91 %) was similar to the FRET efficiency between CFP-
ChREBP and sorcin (10.79 + 2.43 %), but still much lower than the FRET efficiency of C5V (19.04 + 0.67 %).
Again, the FRET efficiency of CFP-ATF6/YFP-SRI was lower at 5.35 + 0.64 % and not significantly higher
than the FRET efficiency of the negative controls CFP-ATF6/YFP and CFP/YFP-SRI at 4.11 £ 0.91 % and 4.26
+0.40 % respectively. Representative images for mCerulean emission in the conditions outlined are shown
in Fig. 7D, showing the increase in mCerulean emission after photobleaching of the mVenus acceptor in

the regions highlighted.

DISCUSSION

We have presented here a novel molecular explanation for the phenomena known as lipotoxicity
(40). The high insulin translation rate makes beta cells extremely sensitive to ER stress (41), which is
particularly exacerbated during the progression of obesity (42,43). Sorcin activation during ER stress
makes biological sense as an adaptive response, as sorcin has been shown to increase ER Ca?* stores and
to decrease apoptosis in response to cytotoxic insults (22,35). However, the saturated fatty acid

palmitate, which is the most abundant of the circulating saturated fatty acids (NEFAs) in both obese
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children (44,45) and adults (46), and associated with beta cell dysfunction (47), decreases sorcin

expression both in human islets (22) and in HEK cells (Fig. 2).

Indeed, our data confirm that ER stress induced by thapsigargin and tunicamycin increases sorcin
expression (35), but we showed that concomitant exposure to palmitate prevents this beneficial ER stress-
induced sorcin transcription. Moreover, longer palmitate exposure reduces sorcin expression (Fig. 2).
Thapsigargin blocks the SERCA pump, leading to depletion of ER Ca?* stores and ER stress while
tunicamycin inhibits N-linked glycosylation (48), leading to protein misfolding and ER stress. Palmitate
also induces ER stress, at least in part by decreasing ER Ca?* stores (3,49). The precise signalling pathway
and transcription factor(s) responsible for this palmitate effect on sorcin’s promoter are still unknown but

are potentially numerous, including palmitoylation, TNFo, NFkB and Toll-like receptor 4 signalling (50).

Here, we propose another beneficial mechanism of action of sorcin, namely enhancing ATF6

signalling and transcriptional activity.

ATF6 is one of the three ER-resident transmembrane protein sensors that are activated during the
UPR, with PKR-like ER kinase (PERK) and Inositol-requiring protein-1 (IRE1). Perturbations in ER
homeostasis (accumulation of unfolded proteins, decreased ER Ca®* content, etc.) activates the three
branches in parallel to restore ER function. If the UPR is unsuccessful, the cell will undergo apoptosis (51).
ATF®6 is a type Il transmembrane glycoprotein that resides in the ER. Accumulation of misfolded proteins
in the ER results in the dissociation of BiP/GRP78 from the C-terminus of ATF6, unmasking a Golgi
localisation domain. In the Golgi, ATF6 is processed to its active form through sequential cleavage by site-
1 and site-2 proteases (S1P and S2P) (52). The N-terminal cytosolic portion of ATF6 containing a basic
leucine zipper motif then translocates to the nucleus and acts as a transcription factor to stimulate the

transcription of ER chaperones in order to restore ER homeostasis (30).
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ATF6 activation is considered to be the pro-survival branch of the UPR, improving stroke outcomes
(53) and myocardial ischemia/reperfusion injury (54,55). In the pancreatic beta cell, ATF6 is needed for
beta cell proliferation and compensation during insulin resistance (24) and ATF6-null mice do not display
any defects in B-cell function on a normal chow diet but experience severe ER stress with reduced insulin
content during HFD (56). These results indicate that ATF6 has an important role in mitigating ER stress
and promoting B-cell survival under lipotoxic conditions. The fact that sorcin activates ATF6 signalling is
an exciting addition to the known cellular roles of sorcin. Indeed, the beneficial effects of sorcin

overexpression in vivo in the pancreatic beta cells were only apparent during high fat feeding (22).

Firstly, we have shown that sorcin was necessary for optimum ATF6 transcriptional activity. Using
two different firefly luciferase reporters, namely p5xATF6-GL3 and p5xGAL4-E1b-GL3, we showed that
endogenous and exogenous ATF6 trans-activation ability was stimulated or inhibited following sorcin
overexpression or deletion, respectively (Fig. 3A-E). The latter combination of p5xGAL4-E1b-GL3 and pHA-
GAL4-ATF6 was used to exclude XBP1s binding or possibly any other non-specific binding activity reported
to bind the ERSE of p5xATF6-GL3 (27). Moreover, stimulation of ATF6 target genes during ER stress was

also reduced in the absence of sorcin (Fig. 4).

The experiments presented here do provide some explanations about the mechanism(s) behind
the stimulatory effect of sorcin on ATF6 signalling. This seems to take place inside the ER through direct
interaction between sorcin and the luminal domain of ATF6. Sorcin has been shown to be present in the
cytoplasm and the ER by cellular fractionation and to relocate from the ER to the cytosol in response to

the antineoplastic agent fluorouracil (FU) which incidentally depletes intra ER Ca?* stores (35).

Indeed, we showed that sorcin ablation decreases the secretion of the fusion protein ATF6LD-
CLuc composed of Cypridina luciferase (CLuc), a secreted luciferase, fused to the truncated C-terminal

luminal (intra ER) domain of ATF6 (Fig. 3F). Also, our FRET experiments have revealed a direct interaction
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between sorcin-mVenus and ATF6-mCerulean only when the mCerulean tag was fused to the intra-ER C-

terminal end of ATF6, but not when it was fused to the cytosolic N-terminal end of ATF6 (Fig. 7).

This was an unexpected result. We initially included ATF6-CFP (which has the fluorescent tag on
the C-terminal, intra ER, side of ATF6) as we thought it would be a good negative control but the reverse
occurred. Interestingly, ionomycin decreased the FRET efficiency between sorcin and ATF6-CFP whereas
thapsigargin seemed to increase it (Fig. 7). As sorcin conformation has been shown to change with
intracellular Ca%* concentration (57), and the published in vitro interaction between recombinant sorcin
and full length ATF6 on a protein array was increased with the addition of 1 mM Ca?* (36), we used the
calcium ionophore ionomycin to increase intracellular cytosolic [Ca%*] in our FRET experiments, but this
seems to decrease the interaction between ATF6-CFP and sorcin (Fig. 7). However, ionomycin has been

reported to also decrease ER Ca2+ (58), so more work will be needed to fully understand this interaction.

In conclusion, our experiments have shown that sorcin is necessary for full ATF6 activation and
transcriptional activity during ER stress, and most likely increases ATF6 protein abundance and signalling

through increase protein synthesis and direct interaction with the luminal domain of ATF6.

EXPERIMENTAL PROCEDURES

Plasmids generated

Plasmid phSRI-1-GL3, containing the proximal promoter of the human SR/ gene (transcript variant
1, 198 aa) upstream of luciferase reporter gene, was generated by PCR using human genomic DNA and
the following primers: Forward_5'-GAG TTC GGC CCT GAC ATC TA and Reverse_5'-GCA GTC GTC TCC AGC
TCT TG. The resulting 1378-bp fragment was sub-cloned into pCR2.1 by TA cloning (Invitrogen), digested

by Kpnl-Xhol and sub-cloned into pGL3basic (Promega) at the same restriction sites.
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Plasmid ATF6-CFP, containing human ATF6 cDNA fused to mCerulean on the C-terminal side of
ATF6 was generated by amplifying ATF6 ORF from pEGFP-ATF6 (Addgene #32955) by PCR using the
following primers: Forward_5’-GTA CTC AGA TCT CGA GCT CAA GC and Reverse_5’ TTG CGG GCC CGT TGT
AAT GAC TCA GGG ATG GT (Apal restriction site underlined). The resulting 2046-bp fragment was

subsequently sub-cloned into mCeruleanN1 (Addgene #27795) using Hindlll and Apal restriction sites.

Plasmid YFP-SRI was generated by sub-cloning human sorcin cDNA taken from pAd-hSRI (22) into

Kpnl-Apal sites of mVenusC1 (Addgene #27794).

Plasmid CFP-ChREBP was generated by sequence and ligation independent cloning (SLIC) (59).
cMyc-tagged murine ChREBP ORF was amplified from pChREBP (60) by PCR using the following primers:

Forward_5’- GGA CTC AGA TCT CGA GAA CAG AAG CTT ATT TCT GAA GAA G and Reverse_5" GAA GCT TGA

GCT CGA TTA TAA TGG TCT CCC CAG GGT GC (sequences homologous to the destination vector
mCeruleanC1 underlined). Apal linearized mCeruleanC1 plasmid and ChREBP PCR product were incubated
for 3 minutes in the presence of T4 DNA polymerase before transformation into E. coli to allow for

homology directed repair, yielding the CFP-ChREBP construct.

All constructs were verified by DNA sequencing. The other plasmids used in this study are listed

in table 1.

Table 1. List of other plasmids used

Plasmid name Description Source Reference
pSRIM Expression vector containing murine sorcin cDNA Isabelle (38)
under the control of CMV promoter. Leclerc,
Imperial
College
p5xATF6-GL3 Firefly luciferase reporter driven by five tandem Ron Prywes, | (26)
repeats of ATF6 binding sites. Addgene
#11976
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p3xFLAG-ATF6 Expression vector containing the human ATF6 cDNA | Ron Prywes, | (23)
with an N-terminal 3xFLAG tag. Addgene
#11975
pHA-GAL4-ATF6 Expression vector containing an N-terminal HA Ron Prywes, | (23)
epitope tag, the N-terminal 147 residues of yeast Columbia
GAL4 fused to human ATF6 cDNA under the control | University
of SV40 promoter.
p5xGAL4-Elb- Firefly luciferase reporter driven by five GAL4 DNA Ron Prywes, | (23)
GL3 binding sites. Columbia
University
pGluc/ATF6LD- Expression vector encoding Cypridina luciferase Gokhan (28)
CLuc (CLuc), a secreted luciferase, fused to the C- Hotamisligil,
terminal luminal (intra ER) domain of human ATF6 Harvard
(amino acids 400 to 670). Also contains Gaussia University
luciferase (GLuc), another secreted luciferase,
under a distinct CMV promoter, to normalise for
transfection efficiency.
pGluc/ASGR-CLuc | Expression vector encoding Cypridina luciferase Gokhan (28)
fused to Asialoglycoprotein receptor 1 (ASGR1), a Hotamisligil,
slow maturing protein whose secretion is Harvard
decreased in ER stress conditions. Also contains University
Gaussia luciferase (GLuc), another secreted
luciferase, under a distinct CMV promoter, to
normalise for transfection efficiency.
CFP-ATF6 Expression vector containing human ATF6 cDNA Dhananjaya | (61)
with an N-terminal mCerulean tag. Kalvakolanu,
University of
Maryland
C5v FRET reference standard containing a fusion protein | Steven (62)
between mCerulean and mVenus separated by 5 Vogel,
amino acids. Addgene
#26394
pLV-CMV-XBP- Expression vector containing the first 558 Arnaud (63)
Gluc nucleotides of human XBP1 coding sequence Zaldumbide,
(containing the nonconventional XBP1 RNA splicing | Leiden
site by IRE1R]) fused to the last 504 nucleotides of University
GLucM43l, a detergent-resistant variant of the
secreted Gaussia luciferase.
pEGFP-C1 Expression vector containing enhanced Green Clontech®
Fluorescent Protein under the control of CMV
promoter.
pGL3-promoter Transfection normalisation standard containing Promega®
Firefly luciferase under the control of SV40
promoter.
pRL-CMV Transfection normalisation standard containing Promega®
Renilla luciferase under the control of CMV
promoter.
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Cell culture and transfection

HEK293 and MING6 cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
medium as described (22). EndoC-BH1 cells were maintained on matrigel-fibronectin—coated (100 pg/ml
and 2 pg/ml, respectively) culture wells in DMEM that contained 5.6 mM glucose, 2% BSA fraction V
(Roche Diagnostics), 50 pM 2-mercaptoethanol, 10 mM nicotinamide (Calbiochem), 5.5 pg/ml transferrin
(Sigma-Aldrich), 6.7 ng/ml selenite (Sigma-Aldrich), 100 U/ml penicillin, and 100 pg/ml streptomycin as
described in (64). Mouse Embryonic Fibroblasts (MEFs) were prepared from sorcin knockout embryos
(Sri’) (22,65) and wild type littermate embryos at E13.5-E15.5 day post-coitum essentially as described in
(66) with the omission of DNase | in the digestion step and gelatine in the plating step. Animals were kept
at the Imperial College Central Biomedical Service and procedures approved by the UK Home Office
Animals Scientific Procedures Act, 1986 (HO License PPL PAO3F7F07 to I. L.). MEFs were cultured in DMEM
containing 25 mM glucose, 4mmol/I L-glutamine, 1001U/ml penicillin, 100ug/ml streptomycin and 10%
(vol/vol) FCS in a humidified atmosphere at 37C with 5% CO,. Experiments were performed on MEFs
between passages 4 and 20. HEK293 cells were transfected using the calcium phosphate co-precipitation
method, pH 7.12, whereas MING6 cells and MEFs were transfected with either Lipofectamine 2000 or 3000
(Invitrogen) or Xfect (Clontech) as per manufacturer’s instructions. Human islets of Langerhans from
normoglycaemic donors were obtained from facilities in Pisa, Oxford and Geneva and cultured as

previously described (22).

CRISPR/Cas9 gene editing
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For generating SRI-null HEK293 cells, oligonucleotides encompassing guide RNA sequences from
the human SR/ gene located in exon 3 at position 37 (hSRI_Ex3_37Sens: 5'CAC CGC TGA CAC AGT CTG GCA
TTG C, hSRI_Ex3_37ASens: 5'AAA CGC AAT GCC AGA CTG TGT CAG) were annealed and phosphorylated
before sub-cloning in pX330 at Bsbl as described in (67). The resulting pX330-hSRI-Ex3-37 plasmid was
verified by sequencing before transfection in HEK cells. Twenty-four hours after transfection, the cells
were seeded in 96-well plates at a density of <1 cell/well for clonal selection. SR/ gene disruption was

confirmed by qRT-PCR and Western blotting on selected clones.

RNA extraction and qRT-PCR

Total RNA extraction and qRT-PCR were performed as in (68) using the primers listed in Table 2 below.

Table 2. List of gPCR primers

Gene Forward qPCR primer Reverse qPCR primer
Human SRI AGATGCTGATGAATTGCAGAG TCATTGAAACCCATTGTGCC
Human ATF6 GCTGCAATTGGAAGCAGCAA TGTCCCAAATGTCTGACTCCC
Human CHOP ACCAAGGGAGAACCAGGAAACG TCACCATTCGGTCAATCAGAGC
Human GAPDH GGGAAGGTGAAGGTCGGAGT TTGAGGTCAAGAAGGGGTCA
Human GRP78/BiP GCCTGTATTTCTAGACCTGCC TTCATCTTGCCAGCCAGTTG
Human HERPUD1 AACGGCATGTTTTGCATCTG GGGGAAGAAAGGTTCCGAAG
Human SEL1L ATCTCCAAAAGGCAGCAAGC TGGGAGAGCCTTCCTCAGTC
Human EDEM1 TTCCCTCCTGGTGGAATTT AGGCCACTCTGCTTTCCAAC
Human spliced XBP1 TGCTGAGTCCGCAGCAGGTG GCTGGCAGGCTCTGGGGAAG
Human B-actin TCCCTGGAGAAGAGCTACGA AGCACTGTGTTGGCGTACAG

Mouse cyclophilin

TATCTGCACTGCCAAGACTGA

CCACAATGCTCATGCCTTCTTTCA

Mouse SRI

GCACCAGCGGGAAGATCA

TGAGAGCCCTCAGTTTGACACA
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Mouse CHOP AGGAGCCAGGGCCAACA TCTGGAGAGCGAGGGCTTT

Western blots

Protein extraction was performed in ice cold RIPA buffer containing 50mM Tris-HCI pH 7.4, 150
mM NaCl, 1% NP40, 0.1% SDS, 0.5% Na Deoxycholate and Roche Complete Proteases Inhibitors. Cells
lysates were sonicated for 10 secs and centrifuged at 16,000 g for 20 min at 4C before protein
concentration assay using Pierce BCA kit. Ten to 25 ug of protein was loaded on 10% acrylamide mini gels,
transferred on PVDF membranes and incubated with specific antibodies. Mouse anti-FLAG (Sigma F1804)
and mouse anti-tubulin (Sigma T5168) were used at dilution of 1:1000 and 1:10000, respectively. Rabbit
anti-sorcin was described previously (19) and used at dilution 1:15000. Quantification of bands intensity

was performed using ImagelJ software.

Reporters’ luciferase assays

Firefly and Renilla luciferases were assayed from whole cell lysates with the Dual-Luciferase’
Reporter Assay System (Promega) as per manufacturer’s instructions. Cypridina luciferase was assayed
from undiluted cell culture supernatants using Pierce® Cypridina Luciferase Glow Assay Kit (Thermo
Scientific) or BioLux® Cypridina Luciferase Assay Kit (New England Biolabs) and Gaussia luciferase was
assayed from 1:40 diluted cell culture supernatant using either the Stop & Glo reagent from the Dual-
Luciferase” Reporter Assay System (Promega) or BioLux® Gaussia Luciferase Assay Kit (New England

Biolabs) in a Lumat LB 9507 luminometer (Berthold Technologies).

FRET imaging studies
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Wild-type HEK293T cells were plated on coverslips in 6-well plates and transfected using 2ug of
DNA per well by CaPO, method with the constructs outlined in figure legends. After ~16h, fresh media or
media containing 0.03uM thapsigargin was added for a further 24 hours to allow peak expression of the
fluorescent proteins. Some cells were then treated with 1 uM ionomycin for one hour as indicated prior
to fixation by incubation with 4% PFA for 20 minutes, washing in PBS and distilled water and mounting on
slides using ProLong Diamond Antifade Mountant (Invitrogen). Acceptor photobleaching FRET (AP-FRET)
was performed on an LSM 780, AxioObserver confocal microscope and images were acquired using a
63x/1.40 Oil DIC Plan-Apochromat objective in a 134.95um x 134.95um resolution format. Highlighted
regions of interest (ROIs) of ~7um were drawn over the cells expressing both constructs. Fluorophores
were stimulated with a 405nm laser and emission split using a CFP and YFP filter and five images were
acquired before and after photobleaching to confirm stable fluorescence intensity of mCerulean. The
highlighted ROIs were photobleached using a 514nm laser line at 100% intensity for 20 iterations to
destroy mVenus acceptor. Images were processed using Imagel, showing mCerulean emission before and

after photobleaching using the cyan hot LUT and mVenus emission after photobleaching.

Statistical analysis

All results are presented as means * S.E.M. of at least 3 independent experiments. Differences
between means were analysed by two-tailed unpaired Student’s t test or two-way ANOVA as specified.

* **and *** indicate p < 0.05, 0.005 and 0.001 respectively.
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Figure 1. ER stress increases sorcin expression in three different cell types. Human islets (A),
MING cells (B) and HEK293 cells (C) were incubated in the presence of DMSO, thapsigargin or
tunicamycin as indicated for 24h before qRT-PCR analysis for sorcin (SR, top panels) and CHOP
(lower panels) expression. Results are expressed as means + S.E.M of >3 independent
experiments; *p<0.05, **p<0.005 and ***p<0.001 by two tailed unpaired Student's T tests for the
effects of ER stress inducers compared to respective controls.
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Figure 2. Palmitate prevents ER stress-induced activation of sorcin expression.

(A) HEK293 cells were incubated in the presence of 500 uM palmitate for 24h before qRT-PCR
analysis for CHOP and sorcin expression. (B) HEK293 cells were incubated in the presence of 500
uM palmitate or BSA vehicle for 72h as indicated before qRT-PCR analysis for sorcin expression.
(C, D) Representative Western blot (C) and quantificaton of three independent Western blots (D) of
HEK?293 cells incubated in the presence of 500 uM palmitate for 72h before total protein extraction
and immunoblotting using anti-tubulin and anti-sorcin antibodies as indicated. (E, F) HEK293 cells
were transfected with p5xATF6-GL3 (E), or hSRI-1-GL3 (F) and pRL-CMV as transfection
standardization control for 24h before medium change containing either palmitate 500 uM,
thapsigargin 0.1 uM or a combination of both as indicated for a further 24h before cell lysis and
luciferase assay as described in Materials and Methods. Results are expressed as means + S.E.M
of > 3 independent experiments, *p<0.05, **p<0.005 and ***p<0.001 by two tailed unpaired
Student's T tests for the effects of thapsigargin, palmitate or both compared to controls. Figure 2
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Figure 3. Sorcin stimulates ATF6 activity despite lowering ER stress.

(A) HEK293 cells were co-transfected with p5xATF6-GL3 reporter plasmid and either pEGFP-C1 or
pSRIm as indicated and (B) HEK293 cells were co-transfected with p5xGAL4-Elb-GL3 and
pHA-GAL4-ATF6 and either pEGFP-C1 or pSRIm as indicated for 48h before cell lysis and luciferase
assays. (C) WT and SRI-null HEK293 cells were transfected with p5xATF6-GL3 or (D)
p5xGAL4-Elb-GL3 and pHA-GAL4-ATF6 for 48h before cell lysis and luciferase assays. (E) SRI WT
and KO MEFs were transfected with p5xATF6-GL3 reporter plasmid as in (C) for 24h before medium
change containing +/- thapsigargin 0.1  uM as indicated for a further 24h before cell lysis and
luciferase assay. (F, G) WT and SRI-null HEK293 cells were transfected with (F)
pGIuc/ATF6LD-CLuc and (G) pGluc/ASGR-CLuc for 24h before medium change containing
increasing doses of thapsigargin as indicated for a further 24h before Gaussia and Cypridina
luciferase assays from cell culture supernatants as described in methods. Results are expressed as
means + S.E.M of > 3 independent experiments, *p<0.05, **p<0.005 and ***p<0.001 by two tailed
unpaired Student's T tests.

Figure 3
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Figure 4. Sorcin inactivation impairs activation of ATF6 target genes during ER stress.

(A-F) WT and SRI-null HEK293 cells were incubated with or without 0.1 uM thapsigargin as
indicated for 24h before cell lysis and gRT-PCR for CHOP (A), ATF6 (B) and four ATF6 target
genes, namely GRP78 (C), HERPUDL1 (D), EDEM1 (E), and SEL1L (F) as indicated. Results
are expressed as means = S.E.M of > 3 independent experiments, *p<0.05, **p<0.005 and
***pn<0.001 by two tailed unpaired Student's T tests.
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Figure 5. Sorcin increases ATF6 protein levels.

(A) HEK cells were transfected with 3xFLAG-ATF6 and either sorcin or GFP as indicated for a total
of 48h. Thapsigargin 1 uM and DTT 10 mM were added 16 hours and 1 hour respectively before
cell lysis and Western blotting using a monoclonal anti-Flag antibody. Left panel shows a
representative Western blot, right panel shows a quantification of 3 independent Western blots by
Image J. (B) HEK cells were transfected as above for 24h before the addition of 50 ng/ml
cycloheximide (CHX) or DMSO and samples were collected for up to 8h after treatment as
indicated. Representative Western blots performed using anti-Flag antibody are shown. Results are
expressed as means + S.E.M of > 3 independent experiments, significance analysis performed by

two tailed unpaired Student's T tests.

Figure 5
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Figure 6. Schematic structures of ATF6 and constructs used in FRET experiments.

(A) ATF6 is an ER membrane spanning protein consisting of a C-terminal intra ER domain or
luminal domain and a N-terminal cytosolic domain. After translocation to the Golgi following
dissociation of the C-terminal domain from BiP/GRP78 in the ER, ATF6 is cleaved by
proteases S1P and S2P and the N-terminal domain translocates in the nucleus to become a
transcription factor binding ER stress response elements (ERSE) on the promoter of its target
genes. Adapted from Imaizumi et al, Biochim Biophys Acta. 2001 May 31;1536(2-3):85-96.
(B) Schematic representation of the constructs used in FRET experiments and their
corresponding abbreviated names.
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Figure 7.Sorcin and ATF6 Interact at the Protein Level as Measured by Acceptor Photobleaching
Forster Resonance Energy Transfer (apFRET).

(A-C) Quantification of FRET Efficiency of positive control vector (C5V) and co-transfected
Sorcin-mVenus and ATF6-mCerulean plasmids along with appropriate positive and negative
controls in (A) non-treated cells, (B) cells treated with ionomycin (1uM for 1 hour) and (C) cells
treated with thapsigargin (0.03uM for 24h). Images were acquired using an LSM 780,
AxioObserver confocal microscope and analysed using ImageJ. Mean fluorescence intensity with
excitation at 405nm was calculated before and after photobleaching of the chosen regions of
interest (ROI) and FRET efficiency calculated as detailed in materials and methods. Results are
expressed as mean = SEM from 3 independent experiments. Significance was calculated using
two-tailed Student t test for unpaired data, with Tukey’s multiple comparison test and ANOVA.

(*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001, symbols represent the p-values for the following
t-tests: * p-value vs C5V, # vs CFP-ChREBP + YFP-SRI, £ vs CFP-ATF6 + YFP-SRI, $ vs
ATF6-CFP + YFP-SRI, & vs CFP-ATF6 + YFP, | vs CFP + YFP-SRI, % vs CFP + YFP)

Figure 7
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Figure 8. Representative images showing mCerulean fluorescence emission of HEK293 cells
transfected with the indicated constructs. Left-Right: mCerulean Pre = mCerulean emission
before acceptor photobleaching at 514nm, mCerulean Post = mCerulean emission after
acceptor photobleaching at 514nm and mCerulean Post — Pre = net increase in mCerulean
emission after photobleaching of mVenus acceptor, calculated using ImageJ software.

Figure 8
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Supplemental Figure 1. Sorcin mRNA and protein levels in HEK293 WT and HEK293 SRI-null cells.
HEK?293 SRI-null clonal cells were engeenired by CRISPR/Cas9 gene editing as described in materials
and methods before RNA and protein extraction for gRT-PCR (A) and western blot (B) were performed.
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Supplemental Figure 2. Intracellular Ca?* concentration following inonomycin treatment.

HEK293 cells were incubated with Kreb’s buffer containing the trappable intracellular fluorescent Ca*
dye Fura-2-AM. Cells were seeded in 6 well plates at a density of 100,000 cells per well on coverslips
and left to recover overnight. Coverslips were then incubated with Kreb’s buffer containing Fura-2-AM
(2 uM) with or without ionomycin (1uM) for 1 hour. Following incubation, coverslips were removed from
solution and washed before placing in imaging chamber in Kreb’s buffer with or without ionomycin.
Emission of individual cells stimulated by 340nm and 380nm laser excitation was imaged and analysis
carried out in ImageJ using in-lab Macro. 340nm and 380nm emission was averaged over 180s for
each cell to ensure a stable measurement was acquired. Data are means £ SEM. Significance was
calcultated using two-tailed Student t test for unpaired data, with Tukey’s multiple comparison test and
ANOVA. OuM = 22 cells, 1uM = 19 cells.
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