1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Nat Chem Biol. Author manuscript; available in PMC 2010 December 01.

-, HHS Public Access
«

Published in final edited form as:
Nat Chem Biol. 2010 June ; 6(6): 424-432. doi:10.1038/nchembio.368.

Endoplasmic Reticulum Caz* Increases Enhance Mutant
Glucocerebrosidase Proteostasis

Derrick Sek Tong Ong?, Ting-Wei Mul, Amy E. Palmer?, and Jeffery W. Kellyl”

1Departments of Chemistry and Molecular and Experimental Medicine, The Skaggs Institute for
Chemical Biology, The Scripps Research Institute, La Jolla, CA 92037

2Department of Chemistry and Biochemistry, University of Colorado, Boulder, CO 80309

Summary

Altering intracellular calcium levels is known to partially restore mutant enzyme homeostasis in
several lysosomal storage diseases, but why? We hypothesize that endoplasmic reticulum (ER)
calcium level increases enhance the folding, trafficking and function of these mutant misfolding/
degradation-prone lysosomal enzymes by increasing chaperone function. Herein, we report that
increasing ER calcium levels by reducing ER calcium efflux through the ryanodine receptor
(antagonists or RNAI) or by promoting ER calcium influx by SERCA2b overexpression enhances
mutant glucocerebrosidase (GC) homeostasis in Gaucher’s disease patient-derived cells. Post-
translational regulation of the calnexin folding pathway by increasing the ER calcium
concentration appears to enhance the capacity of this chaperone system to fold mutant misfolding-
prone enzymes, increasing the folded mutant GC population that can engage the trafficking
receptor at the expense of ER-associated degradation, increasing the lysosomal GC concentration.

Introduction

The proteome is maintained by the protein homeostasis, or proteostasis, networkl—
comprising ribosomal protein synthesis, chaperone- and enzyme-mediated protein
folding2-4, vesicular trafficking, and protein degradation5 pathways, among others. Stress-
responsive signaling pathways match proteostasis capacity to demand in subcellular
compartments, including the cytosol6,7 and the endoplasmic reticulum (ER)8,9, by inducing
a transcriptional program. Since we are constantly challenged by extrinsic (e.g., viral
infections) and intrinsic stresses (e.g., inherited mutations) that usurp proteostasis
capacity10, substantial efforts have been channeled into understanding the molecular
underpinnings of the proteostasis network and how we can adapt it through stress-responsive
signaling pathways to treat a variety of diseases1,11-15. For example, small molecule
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proteostasis regulators that activate the unfolded protein response stress-responsive signaling
pathway have been introduced to ameliorate lysosomal storage diseases (LSDs)13.

Lysosomal storage diseases are loss-of-function diseases, often caused by the inability of
mutant lysosomal enzymes to fold in the ER at pH 716-19, rendering them susceptible to
ER-associated degradation (ERAD)20, leading to accumulation of the enzyme’s substrate in
the lysosome16,17,21,22. Many Gaucher’s disease (GD)-associated mutant enzymes exhibit
sufficient stability and activity in the lysosome, provided they can fold in the ER and be
trafficked to the lysosome23. Although LSDs are currently treated by enzyme replacement
therapy, this approach is not applicable to neuropathic LSDs, as recombinant enzymes
cannot cross the blood-brain barrier24. Pharmacologic chaperones, small molecules that
bind to and stabilize the folded state of a given LSD-associated enzyme in the ER, enabling
trafficking to the lysosome, are undergoing clinical evaluation17. The focus of this paper is
to demonstrate that it is possible to ameliorate LSDs by utilizing small molecule proteostasis
regulators that adapt the proteostasis network through a post-translational mechanism, as
opposed to the transcriptional and translational approach employed previously13.

Gaucher’s disease, the most prevalent LSD, is caused by deficient lysosomal
glucocerebrosidase (GC) activity16,17,21,22. This results in the accumulation of
glucosylceramide, the GC substrate, in the lysosomes of several cell types, leading to
hepatomegaly, splenomegaly, anemia, thrombocytopenia, and in severe cases, central
nervous system involvement21. The GC enzyme is an N-linked glycoprotein that has to fold
in the ER to engage its trafficking receptor, enabling trafficking through the Golgi and on to
the lysosome. The most common GD-associated GC mutations are N370S and L444P25,
both being misfolding- and ERAD-prone, the latter associated with neuropathic GD.

We previously proposed that compounds that inhibit L-type voltage-gated Ca2* channels
would minimize depletion of the ER Ca?* store by reducing Ca2*-induced Ca?* release,
thought to be important in minimizing GD pathology12 because glucosylceramide
accumulation in GD deleteriously enhances agonist-induced calcium release from ER stores
via the ryanodine receptors (RyRs)16,26-28. Herein we show that elevating ER Ca2* levels
(by overexpressing the SERCA2b Ca?* influx pump or by inhibiting the RyR ER Ca2*
efflux channels) enhances the folding, trafficking and function of N370S and L444P GC in
GD-derived fibroblasts. Small molecule proteostasis regulators that increase the ER Ca2*
concentration appear to enhance the capacity of calnexin to fold mutant misfolding-prone
enzymes in the ER by resculpting their folding free energy diagrams, increasing the mutant
GC population that can engage the trafficking receptor at the expense of ER-associated
degradation. These small molecules post-translationally regulate calnexin’s function, and
unlike unfolded protein response activators, this category of proteostasis regulators does not
induce transcription of stress-responsive genes.

RyR(s) siRNA treatment enhances L444P GC proteostasis

Diltiazem 1 or verapamil 2, besides inhibiting plasma membrane L-type Ca?* channels to
antagonize RyR—mediated calcium-induced ER calcium release12, can also directly inhibit
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ER Ca?* efflux by targeting the RyRs29,30 (Fig. 1a. See Supplementary Fig. 1 for the
structures of all compounds used in this paper). Since not all L-type Ca2* channel
antagonists function as GC proteostasis regulators12, we tested the hypothesis that direct
antagonism of RyR ER Ca?* efflux channels by diltiazem 1 and verapamil 2 in patient-
derived homozygous L444P GC fibroblasts (L444P fibroblasts hereafter) explains the
enhanced L444P GC folding, trafficking and function (proteostasis). Enhancing L444P GC
proteostasis is very challenging because of this variant’s prominent ER misfolding and
ERAD (see below)25. L444P fibroblasts express two of the three RyR isoforms31, isoforms
2 and 3, with the latter being prominent (Supplementary Fig. 2a). RyR3 siRNA knockdown
led to a 50-70% reduction in the RyR3 transcript based on RT-PCR. We were not able to
reliably quantify the RyR2 siRNA knockdown, due to low transcript levels.

Decreasing transcription of individual RyRs by siRNA treatment partially restored L444P
GC enzyme activity, increasing it by 1.2 fold (RyR1), 1.4 fold (RyR2) and 1.5 fold (RyR3)
(*, p<0.01; **, p<0.001), as assessed by the intact fibroblast assay (Fig. 1b and
Supplementary Fig. 2b)17. Co-application of siRNAs to RyR3 and another RyR isoform
further increased L444P GC enzyme activity (RyR1 and RyR3: 1.6 fold; RyR2 and RyR3:
1.8 fold) (Fig. 1b and Supplementary Fig. 2b), nearly doubling cellular L444P GC enzyme
activity from 12.5 to 25% of WT levels—an increase that is expected to ameliorate GD21.
Reducing ER Ca?" efflux by siRNA targeting the RyR(s) is comparable to the rescue
achieved by diltiazem, which inhibits both L-type Ca2* channels and the RyRs12 (Fig. 1b,
black bar, and see below), suggesting that RyR inhibition is sufficient to explain the activity
of diltiazem 1 or verapamil 2.

To determine whether the increased GC enzyme activity is due to enhanced L444P ER
folding and trafficking in the sSiRNA-treated fibroblasts, cell lysates were treated with
endoglycosidase H (endo H) and then analyzed by Western blot. Endo H cleaves after Asn-
GIcNACc in the N-linked glycan installed on GC in the ER, but cannot remove this
oligosaccharide chain after the high mannose form is enzymatically remodeled in the Golgi.
Because mutant GC has to fold in the ER to engage its receptor for vesicular transport to the
Golgi, an increase in the endo H resistant band is a surrogate for reporting on increased
folding efficiency of GC in the ER (although it does not directly demonstrate this) and
trafficking at least to the Golgi. The lower molecular weight band corresponding to endo H
sensitive GC that has not left the ER is typically detected as a prominent band after endo H
treatment of lysates from cells harboring a misfolding-prone GC (e.g., L444P GC) (Fig. 1c,
lane 2)20,23. The siRNA-mediated knockdown of individual RyRs resulted in a detectable
increase in the endo H resistant (post-ER) GC glycoform (upper band in Fig. 1c, cf. lanes 4
and 2 for RyR1, lanes 6 and 2 for RyR2, and lanes 8 and 2 for RyR3; quantification shown
by black bars directly below; also see Supplementary Fig. 2c), consistent with increased ER
folding efficiency required for Golgi trafficking. Co-application of siRNA against RyR3 and
RyR2 or RyR3 and RyR1 further increased the endo H resistant GC glycoform intensity
(Fig. 1c, cf. lane 12 to lanes 10 and 16 for RyR3 and RyR1, lane 14 to lanes 10 and 16 for
RyR3 and RyR2; quantification shown by black bars directly below).

Indirect immunofluorescence microscopy was employed to detect the total amount of L444P
GC produced and whether L444P GC is trafficked to the lysosome upon RyR(s)
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knockdown. L444P GC is barely detectable in fibroblasts due to extensive ERAD20 (Fig.
1d, top row, GC in green, the LAMP2 lysosomal marker in red, overlap artificially colored
white). Lysosomal colocalization is discernable after the application of SiRNA against RyR3
(Fig. 1d, middle row) and increasingly apparent after the co-application of sSiRNA against
RyR3 and RyR2 (Fig. 1d, bottom row).

Inhibitors of the RyR(s) enhance mutant GC proteostasis

We next explored whether pharmacologic inhibition of the RyRs (Fig. 1a) could also
enhance GC proteostasis. Diltiazem 1 and two RyR antagonists, namely dantrolene 3 (a very
selective RyR antagonist) and DHBP 4 32,33 (Fig. 2a), were administered to L444P
fibroblasts for 5 d before cell lysis, endo H digestion and western blot analysis was
performed. Diltiazem 1 or dantrolene 3 (10 and 25 pM) or DHBP 4 (3 uM) treatments
significantly increased the endo H resistant GC bands (Fig. 2a, cf. lanes 6 and 4 to lane 2 for
diltiazem 1, cf. lanes 12 and 10 to lane 8 for dantrolene 3, and cf. lane 16 to lane 14 for
DHBP 4; quantification shown by black bars directly below), indicating that RyR inhibitors
enhance mutant L444P GC ER folding and trafficking. DHBP utilized at 3 uM led to ~ 10
% cell death after 4 d, an effect that was exacerbated at higher concentrations
(Supplementary Fig. 3). The increase in the L444P endo H resistant GC bands after
diltiazem 112 or dantrolene 3 treatment was not due to increased GC mRNA levels
(Supplementary Fig. 4).

The lysed cell GC activity assay revealed significantly (p<0.001) increased L444P GC
activity after a 7 d treatment of L444P fibroblasts with diltiazem 1 (10 uM, 1.9 fold),
verapamil 2 (3 uM, 1.5 fold), dantrolene 3 (25 pM, 1.3 fold), and DHBP 4 (3 uM, 1.4 fold)
(Fig. 2b). Indirect immunofluorescence microscopy revealed that L444P GC lysosomal
colocalization (white) becomes more apparent after dantrolene 3 (25 uM) treatment for 10 d
(Fig. 2c, cf. lower and upper (vehicle control) far right panels). Dantrolene 3 (10 uM)
significantly increased GC activity (intact cell GC activity assay) in patient-derived
homozygous N370S GC fibroblasts (1.7 fold) and WT fibroblasts (1.3 fold, p<0.001) (Fig.
2d), similar to the 2-fold increase (along with trafficking increases) observed previously12
in diltiazem 1-treated N370S GC fibroblasts (Supplementary Fig. 5), implying that
inhibition of the RyRs (and possibly L-type Ca%* channels for diltiazem 1) enhance WT and
N370S GC proteostasis. The intact cell assay revealed that dantrolene 3 slightly decreased
L444P GC activity (Supplementary Fig. 6a), in striking contrast to the lysed cell assay (Fig.
2h).

Since L444P GC is hypersensitive to inhibition, the difference in the L444P GC enzyme
activity of dantrolene-treated fibroblasts assessed using the lysed cell assay (Fig. 2b;
employing a 10-fold dilution)17 versus the intact cell assay (Supplementary Fig. 6a) may be
due to L444P GC inhibition. Thus, binding to the active site and inhibition of WT GC in
vitro was assessed next. Cerezyme, a recombinant version of WT GC, was incubated with
verapamil 2 (0.01 to 1000 pM), dantrolene 3 (0.3 to 300 uM) or DHBP 4 (0.3 to 400 uM),
before GC enzyme activity was assayed (Supplementary Fig. 6b). The data for diltiazem 1
and NN-DNJ 5 (known GC inhibitor) have been reported previously12 and are included to
facilitate a comparison. Diltiazem 1, verapamil 2, and DHBP 4 do not inhibit WT GC in this

Nat Chem Biol. Author manuscript; available in PMC 2010 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ong et al.

Page 5

concentration range, whereas dantrolene 3 exhibits a half maximal inhibitory concentration
(ICsp) of ~ 90 uM toward Cerezyme (Supplementary Fig. 6b), suggesting that the cell
culture media concentration of dantrolene (25 uM) used in our experiment could inhibit
L444P GC. To evaluate this possibility, we co-applied dantrolene 3 and MG-132 6 (GC
proteostasis regulator that activates the unfolded protein responsel3) to L444P fibroblasts,
reasoning that if dantrolene were a L444P GC inhibitor, it would inhibit the increased
amount of folded and trafficked L444P GC resulting from MG-132 6 treatment, resulting in
lower L444P GC activity. Indeed, administering dantrolene 3 (10 uM) and MG-132 6 (0.25
uM) to fibroblasts for 4 d afforded a 2.4 fold increase in L444P GC enzyme activity, which
is lower than the 3.7 fold increase observed with MG-132 6 alone (Supplementary Fig. 6¢),
suggesting that dantrolene 3 can inhibit the increased L444P GC lysosomal pool in the intact
cell assay.

Five IP3R Ca2*-efflux channel (Fig. 1a) antagonists 7-1134 (see Supplementary Fig. 1 for
structures) were also evaluated for their effect on GC activity in L444P fibroblasts. IP3
receptor antagonists did not increase L444P GC activity after a 7 d treatment period in the
intact cell assay (Supplementary Fig. 7a). sSiRNA knockdown of IP3R isoforms 2 and 3
(expressed in L444P fibroblasts (Supplementary Fig. 7b)) either alone, or in combination,
did not significantly change the L444P GC enzyme activity in the intact cell assay either
(Supplementary Fig. 7d) in spite of efficient knockdown (Supplementary Fig. 7c),
suggesting that ER Ca2* levels with IP3R antagonism are not high enough to influence GC
proteostasis (a hypothesis supported by the ER Ca2* concentration measurements discussed
below upon IP3R antagonist treatment).

Overexpressing SERCA2b enhances L444P GC proteostasis

To further support the hypothesis that elevated ER Ca?* levels enhance mutant GC
proteostasis, we overexpressed the sarco/ER Ca2* influx ATPase pump isoform 2b
(SERCAZ2D) (Fig. 1a) in L444P GC and N370S GC fibroblasts. SERCAZ2b is the most
widespread of all the SERCA isoforms, playing a critical role in clearing cytosolic Ca?* and
maintaining ER Ca2* concentrations35. When SERCA2b was transiently overexpressed
(quantification in Fig 3a, far right, orange bars), the L444P GC post-ER glycoform band
increased significantly in comparison to the empty vector control (Fig. 3a; cf. lane 4 to lane
2, see black bars on the right (and inset) for quantification) and L444P GC activity increased
1.5 fold (**, p<0.001, intact cell assay, Fig. 3b, left panel). Analogous SERCA2b
overexpression in N370S GC fibroblasts increased activity 1.3 fold (**, p<0.001, intact cell
assay, Fig. 3b, right panel), and increased the post-ER glycoform band (Fig. 3c; cf. lane 4 to
lane 2, see black bars on the right (and inset) for quantification). Treatment with
thapsigargin 12, a very potent SERCA inhibitor, decreased L444P GC activity by 30 % over
7 d (Fig. 3d, left, intact cell assay), demonstrating the importance of SERCA in maintaining
sufficient ER CaZ* levels for GC proteostasis. Curcumin 13, a less potent SERCA2
inhibitor, had less of an effect on L444P GC enzyme activity (Fig. 3d, right).

Acute and chronic RyR antagonism increases ER Ca?* levels

The genetically encoded ER Ca2* sensor, D1-ER cameleon36, was used to measure relative
ER Ca?* concentration ([Ca2*]gr) changes in response to RyR antagonist treatments.
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Patient-derived L444P fibroblasts were imaged 2-3 days after transfection with D1-ER
cameleon. Treatment of these fibroblasts with diltiazem 1 (50 uM) or DHBP 4 (50 uM)
significantly increased the YFP to CFP fluorescence ratio over a time course of 400 s,
indicating acute [Ca%*]gR increases (Fig. 4a). In contrast, there was no measurable acute
change in [Ca2*]gR after treatment with IP3R antagonists Xestospongin C 7 (50 nM) and
thimerosal 10 (10 pM) (data not shown), consistent with our finding that they do not
enhance mutant GC proteostasis (Supplementary Fig. 7). Unfortunately, the fluorescence of
dantrolene 3 overlaps with the D1-ER cameleon FRET signal, rendering its acute [Ca?*]gr
measurements unreliable. Transfection with D1-ER cameleon slightly alters the morphology
of the ER in L444P fibroblasts, thus we felt that it was more appropriate to use HelLa cells
for longer term [Ca2*]gr measurements, as the ER of HeLa remains unaltered after D1-ER
cameleon transfection. Moreover, HeLa cells and L444P fibroblasts display similar RyR
isoform distributions (Supplementary Fig. 8a). In addition, diltiazem 1 (50 uM) treatment of
HeLa cells previously transfected with DI-ER cameleon confirmed the acute increase in
[CaZ*]er (Supplementary Fig. 8b).

HeLa cells were transfected with D1-ER cameleon and after 1 day they were treated with
diltiazem 1 (25 uM) or dantrolene 3 (25 uM) for another 2 d before being subjected to ER
Ca?* imaging (Fig. 4b) to discern whether the steady-state [Ca?*]gg remains elevated upon
long term drug treatment. In this experiment the cells are washed before they are imaged to
remove the drug, allowing dantrolene 3 to be used. Application of thapsigargin 12 (5 uM)
along with ionomycin 15 (5 uM) and EGTA 16 (7.5 mM) depletes Ca2* from the ER
enabling a comparison of drug-treated steady-state ER Ca2* levels with the depleted ER
Ca?* levels. Treatment of HeL a cells with diltiazem 1 (25 uM) or dantrolene 3 (25 pM) for 2
d leads to significantly elevated steady-state [Ca%*]gr compared to the untreated control
sample, as represented by a higher steady-state YFP/CFP emission ratio, while not altering
the depleted [Ca?*]gg significantly (Fig. 4b). The steady-state YFP/CFP ratios (mean +
SEM, n = 12) were 2.48 + 0.05, 2.72 + 0.04, and 2.78 + 0.05 for the untreated control
sample, the diltiazem 1 treated sample, and the dantrolene 3 treated sample, respectively,
while the depleted ER Ca2* state YFP/CFP ratios (mean + SEM, n = 12) were 1.71 + 0.05,
1.78 £ 0.05, and 1.80 + 0.05, respectively.

To complement these measurements using patient-derived fibroblasts, the steady-state
cytosolic Ca?* concentrations of L444P fibroblasts were shown to decrease after treatment
with diltiazem 1 (25 uM) for 24 and 96 h as demonstrated by a decrease of the Fura2
fluorescence ratio (340/380) (Fig. 4c), consistent with the observed increase in [Ca?*]gg in
fibroblasts and HeLa cells noted above. That the RyR antagonists increased [Ca%*]gg and
enhanced mutant GC proteostasis, while thapsigargin 12 decreased [Ca2*]gg and reduced
mutant GC proteostasis strongly indicates that the [Ca?*]gg influences mutant GC
proteostasis. Consistent with this hypothesis, IP3R antagonism does not affect [Ca%*]gg or
GC proteostasis.

RyR antagonism does not activate the stress responses

The established GC proteostasis regulators celastrol 14 and MG-132 6 activate both the heat
shock response (HSR) and the unfolded protein response (UPR), the UPR being functionally
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important13. Thus, we probed whether diltiazem 1 (10 uM) or dantrolene 3 (10 and 25 pM)
induced the UPR or HSR in L444P fibroblasts,6-9,13 after 1, 3, 5, 7 and 10 d of treatment
(see dosing schedule in Supplementary Fig. 9a). DHBP 4 exhibits cytotoxicity which could
result in a UPR or HSR and was not analyzed. The relative mRNA levels of cytoplasmic
HSR-associated chaperones (Hsp40, 70, 90, 27) did not change significantly after diltiazem
1 (published previously12) or dantrolene 3 treatment (Supplementary Fig. 9a). Western blot
analysis of key cytoplasmic HSR-transcriptional program regulated chaperones confirmed
the absence of a HSR upon diltiazem 1 (published previously12) or dantrolene 3 (Fig. 4d)
treatments. Similarly, diltiazem 1 or dantrolene 3 treatment failed to induce the UPR. There
was no significant increase in the expression levels of CHOP (a reporter of the PERK arm of
the UPR9) or spliced XBP1 (a reporter of the IRE1 arm of the UPR9) (Fig. 4e and
Supplementary Fig. 9b). Western blot analysis of chaperones and enzymes under control of
the UPR further confirms the inability of these agents to activate classical stress-responsive
signaling pathways (Fig. 4d).

Calnexin overexpression enhances L444P GC proteostasis

We next tested the hypothesis that increased ER Ca2* levels promote the folding of mutant
GC by upregulating the activity of Ca2*-regulated ER chaperones such as calnexin,
calreticulin or BiP/GRP78 37-39. Transient overexpression of calnexin in L444P fibroblasts
(Fig. 5a; quantification far right, orange bars) increased the endo H resistant band (Fig. 5a;
cf. lane 4 to lane 2, see black bars far right and inset for quantification) and significantly
increased (**, p<0.001) L444P GC activity (~ 1.6 fold) (Fig. 5b, blue bars, intact cell assay).
Calnexin overexpression also increased N370S GC enzyme activity (~ 1.4 fold; *, p<0.01)
(Fig. 5b, red bars; calnexin quantification, far right, orange bars).

The siRNA-mediated knockdown of calnexin (Supplementary Fig. 10; ~ 50 % efficiency;
orange bars, far right) did not measurably alter the endo H sensitive or endo H resistant
L444P GC levels in L444P fibroblasts, but did result in a statistically significant decrease in
L444P GC activity (~17 %; **, p<0.001), relative to the non-targeting siRNA control (Fig.
5¢, intact cell assay), suggesting that calreticulin can only partially functionally substitute.
Consistent with this hypothesis, the knockdown of calreticulin resulted in a similar decrease
in the total L444P GC protein and activity (Supplementary Fig. 11a and 11b). The
overexpression of calreticulin, however, did not significantly affect total L444P protein level
or activity (Supplementary Fig. 11c and 11d).

Transient overexpression of BiP in L444P fibroblasts did not alter total GC levels or activity
(Supplementary Fig. 12), suggesting that if BiP is involved in GC proteostasis, is not
limiting. Since calnexin forms a complex with the ER oxidoreductase ERp57, which could
catalyze the formation of GC’s native disulfide bond40, we also examined the effect of
ERp57 RNAI treatment on the L444P proteostasis. There was no significant change in the
endo H resistant glycoform or L444P GC activity after sSiRNA knockdown (Supplementary
Fig. 13), suggesting that if ERp57 is involved in GC proteostasis, its levels after RNAI
treatment were not limiting.
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The calnexin-GC protein interaction is Ca2*-dependent

We next explored whether calnexin was chaperoning GC folding and whether this
interaction was Ca2*-dependent. Genes encoding WT, L444P and N370S GC proteins fused
to a VSVG C-terminal tag (enabling efficient immunoprecipitation using a mouse
monoclonal anti-VSVG antibody) were constructed. The expression levels of these
constructs when overexpressed in HeLa cells were compared using the same amount of
plasmid DNA for each transfection. While overexpressed L444P GC is barely observable
(Fig. 6a, row 1, lane 5), as in human L444P GD fibroblasts (due to ER misfolding and
ERAD20), WT GC and N370S GC proteins appear to be prominently expressed, as in
human GD fibroblasts (Fig. 6a, row 1, lanes 3 and 7).

If proper GC folding were dependent on calnexin, overexpression of calnexin should
enhance mutant GC proteostasis. Thus, WT, L444P and N370S GC proteins were
overexpressed (using equal amounts of plasmid DNA as above) along with calnexin in HeLa
cells by transient transfection. Western blot analysis of the HeL a lysates revealed that WT,
L444P and N370S GC levels were significantly higher with calnexin overexpression (Fig.
6a, row 1 cf. lanes 3to 4, 5 to 6, and 7 to 8), despite only modest overexpression of calnexin
(Fig. 6a, row 2, cf. lanes 3 to 4, 5to 6, and 7 to 8). Since calnexin could be influencing GC
proteostasis by direct binding of partially folded states or indirectly, e.g., by upregulating
GC proteostasis components or a native state binding protein, the GC protein and its bound
partners were immunoprecipitated from the HeLa lysate using the anti-VSVG antibody.
There is much more calnexin bound to the GC variants when calnexin is overexpressed (Fig.
6a, row 2, cf. lanes 11 to 12, 13 to 14, 15 to 16), suggesting that the increased total GC
levels were a result of more calnexin being available to chaperone mutant GC folding,
presumably by resculpting the mutant GC folding free energy diagram.

We next probed whether the calnexin-GC interaction is Ca?*-dependent. A cell lysate
prepared from HeLa cells overexpressing the GC proteins of interest, but not overexpressing
calnexin, was treated with EGTA, a specific CaZ* ion chelator, prior to VSVG antibody-
mediated immunoprecipitation. Pre-incubation of the lysate with EGTA led to an obvious
decline in calnexin in complex with the GC protein (Fig. 6b, row 2, cf. lanes 7 to 8, 9 to 10
and lanes 11 to 12). Dividing the calnexin band intensity by the GC band intensity derived
from western blot densitometry measurements clearly shows that the interaction between
these two proteins is significantly reduced in the presence of EGTA (Fig. 6¢). This provides
strong evidence that the calnexin-GC protein interaction is Ca2* regulated, partially
explaining why ER Ca2* ion concentration increases enhance mutant GC proteostasis.

Enhancing calnexin’s ER Ca?* regulated chaperoning of GC

We next explored whether dantrolene 3 treatment enhanced the Ca%*-dependent interaction
between calnexin and GC. Calnexin and its associated proteins was immunoprecipitated,
using a rabbit polyclonal anti-calnexin antibody, from a cell lysate prepared from L444P
fibroblasts treated with dantrolene 3 or DMSO (vehicle control). The amount of L444P GC
protein bound to calnexin was assessed by western blot analysis. Dantrolene 3 treatment
significantly increased the amount of L444P GC protein that is bound to calnexin (Fig. 6d,
row 1, cf. lanes 5 to 6) without increasing the pool of calnexin present (Fig. 6d, row 2, cf.
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lanes 5 to 6). The GC-calnexin interaction was specific, since an irrelevant antibody (anti-
VSVG antibody) failed to pull down either GC (Fig. 6d, row 1, lanes 3 and 4), or calnexin
(Fig. 6d, row 2, lanes 3 and 4). Similarly, more L444P GC protein was bound to calnexin in
L444P fibroblasts treated with diltiazem 1 (Fig. 6e, row 1, cf. lanes 5 to 6), with no change
in the calnexin level in the treated fibroblasts (Fig. 6e, row 2, cf. lanes 5 to 6).

To further demonstrate that dantrolene 3 treatment enhances the Ca2*-dependent calnexin-
GC protein interaction, we pre-incubated cell lysate prepared from L444P fibroblasts treated
with dantrolene 3 or DMSO with EDTA (a general metal chelator) or EGTA (a Ca2*-
specific chelator), prior to immunoprecipitation with the anti-calnexin antibody. In the
presence of EDTA or EGTA, the dantrolene 3-mediated increase in L444P GC protein that
interacted with calnexin was significantly reduced (Fig. 6f, row 1, cf. lanes 5 to 6, 11 to 12).

Discussion

The ryanodine receptor antagonist category of proteostasis regulators increases ER Ca2*
levels and post-translationally regulates the folding capacity of the calnexin (and possibly
calreticulin), presumably enhancing mutant GC ER folding (although this cannot be shown
directly), thus enabling increased mutant GC trafficking to and function within the
lysosome. Genetic strategies that increase ER Ca2* levels function analogously. Increased
ER Ca2* levels increase the affinity of the calnexinemutant GC interaction, seemingly
explaining the enhancement in mutant GC ER folding at the expense of ERAD by binding to
GC folding intermediates and resculpting the folding free energy diagram to increase the
concentration of mutant GC that traffics to the lysosome. Consistent with this mechanistic
proposal, the association of calnexin with other client proteins, including the MHC class |
heavy chain41, the a-subunit of the nicotinic acetylcholine receptor42 and
apolipoprotein(a)43, was found to enhance folding efficiency at the expense of ERAD.
However, our data does not exclude the possibility that ER Ca?* increases could activate or
repress Ca2* signaling pathways that influence GC proteostasis by additional mechanisms.

Calnexin (and calreticulin) is known to bind to glycoproteins through a lectin site with
specificity for Glc;MangGIcNAc, and/or through a polypeptide binding site that recognizes
exposed hydrophobic surfaces in folding intermediates44. Biochemical44 and X ray
crystallographic38 studies identify a single, ER-lumenal, low affinity CaZ* binding site (K
~0.15 £ 0.05 mM) on the N-terminal p-sandwich of calnexin that may serve a structural
role. Occupancy of this Ca2* binding site enhances calnexin’s binding to the oligosaccharide
substructure of N-linked glycoproteins45 and its ability to suppress the aggregation of non-
glycosylated firefly luciferase44, rationalizing why ER Ca2* increases appear to increase the
affinity or specificity of the interaction between calnexin and partially folded GC mutants.
There is another putative moderate affinity Ca2* binding site within the C-terminal domain
of calnexin46, but its cytoplasmic localization suggests that it is unlikely to influence the
calnexineGC interaction. Calreticulin’s function seems to be regulated analogously, as there
is a putative CaZ* binding site on its ER lumenal N-domain47.

The basis for why the increased ER Ca2* concentration-mediated post-translational
regulation of the calnexin folding pathway can increase mutant GC proteostasis, while not
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permitting the secretion of unfoldable proteins or increasing the steady state levels of many
other secreted proteins is emerging. Unpublished mass spectrometry data (Wang, Mu, Yates
and Kelly) reveal that the folding and trafficking efficiency, reflected by steady state levels
of secreted proteins, is largely unchanged upon diltiazem treatment. Strictly analogous data
demonstrate that there was a modest change (~10%) in the steady state levels of a small
subset of secreted proteins upon activation of the UPR13. The selectivity of proteostasis
regulators for mutant misfolding-prone proteins is rationalized on the basis of the “minimum
export threshold” hypothesis48, in which it is hypothesized that the vast majority of the
secreted proteome exhibits sufficiently rapid folding kinetics and slow unfolding/misfolding/
aggregation kinetics that the basal proteostasis network capacity is sufficient to very
efficiently fold these proteins. Thus, enhancing the proteostasis network capacity will not
increase the folding and trafficking efficiency or the steady state concentration of these
proteins—an example of the first level of selectivity of this class of proteostasis regulators.
But for mutant disease-associated proteins that exhibit compromised folding energetics,
increasing the capacity of the calnexin folding pathway has a profound influence on the
efficiency of folding.

The ryanodine receptor antagonist category of proteostasis regulators do not rescue disease-
associated proteins that are not critically dependent on the calnexin folding pathway, e.g.,
AF508 CFTR mutant that causes Cystic Fibrosis (Balch, W.E., personal communication),
demonstrating a second level of selectivity. Proteostasis regulators that function by post-
translational regulation of the calnexin folding pathway or by transcriptional UPR activation
do not increase the secretion of proteins that cannot fold under any conditions, because these
proteins cannot engage their trafficking receptors, demonstrating a third level of selectivity.
Instead, the unfoldable proteins engage the ERAD pathway leading to their efficient
proteosomal degradation.

The ryanodine receptor antagonist proteostasis regulators should be sufficient to ameliorate
GD, as the mutant GC lysosomal enzyme activity achieved in fibroblasts exceeds 10 % WT
activity, thought to be the approximate disease threshold. We envision that the increased
Ca?*-mediated calnexin binding to partially folded mutant GC affords more trafficking-
competent folded GC in the ER by resculpting the folding free energy diagram of mutant
GC—maximizing the folded mutant GC concentration while minimizing aggregation and
misfolding. Since one third of the human proteome is N-glycosylated and utilizes the ER for
folding and the secretory pathway to achieve function, the strategy outlined within could
become generally useful for enhancing the folding efficiency of mutant misfolding-prone N-
linked glycoproteins that are dependent on calnexin or calreticulin and whose misfolding
leads to loss-of-function diseases, such as the > 50 lysosomal storage diseases.

Enzyme activity assays

The differences between and the applicability of the intact cell and the lysed cell GC activity
assay are described in the Supplementary Methods section. Briefly, the intact cell assay
allows an assessment of what is likely to happen in a patient when a given pharmacologic or
genetic manipulation is used and therefore has the potential to identify promising GD

Nat Chem Biol. Author manuscript; available in PMC 2010 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ong et al.

Page 11

therapies. The lysed cell activity assay is employed whenever slight cell toxicity is detected
with a given compound because it prevents underestimation of GC enzyme activity due to
variation in cell numbers after drug treatment. The lysed cell assay allows identification of
compounds that increase enzyme concentration (through enhancement of folding and
trafficking) while also inhibiting the enzymes.

Western blot analysis

Cells were lysed with complete lysis-M buffer containing Roche complete protease inhibitor
cocktail. Company specifications (New England Biolabs) were followed for endo H
treatment. Aliquots of cell lysates were separated using a 10 % SDS-PAGE gel and
visualized by western blot analysis using appropriate antibodies (see Supplementary
Methods for details). Bands in endo H treated samples were quantified using NIH Image J
software.

Indirect immunofluorescence microscopy

As described previously 23, cells grown on glass cover slips were fixed with 3.7%
paraformaldehyde in PBS for 15 min. The cover slips were washed with PBS, quenched
with 15 mM glycine in PBS for 10 min, and then the cells permeabilized with 0.2 % saponin
in PBS for 15 min. Cells were incubated for 1 h with primary antibodies (diluted 1:1,000 for
the mouse monoclonal anti-GC 8E4, and diluted 1:10,000 for the rabbit anti-LAMP2),
washed with 5 % goat serum in PBS, and incubated for 1 h with secondary antibodies
(Alexa Fluor 488 goat anti-mouse 1gG and Alexa Fluor 546 goat anti-rabbit 1gG from
Molecular Probes). Images were collected using a Bio-Rad (Zeiss) Radiance 2100 Rainbow
laser scanning confocal microscope attached to a Nikon TE2000-U microscope, and
analyzed using NIH Image J software. The experiments were repeated three times with
similar results.

ER Ca?* Imaging

The genetically encoded Ca2* indicator, D1-ER cameleon, was used to measure ER Ca2*
levels, as previously described36. Briefly, L444P fibroblasts and HeLa cells were plated on
35-mm glass-bottomed dishes and transfected the next day with 1 pg of D1-ER cameleon
using Fugene 6. The cells were washed with Hanks balanced salt solution containing 20 mM
HEPES (pH 7.4) 2-3 days after transfection, and imaged using a Zeiss Axiovert 200M
microscope with a Cascade 512B cooled charge-coupled device camera, controlled by
METAFLUOR 6.1 software. Emission ratio imaging of the ER cameleon was accomplished
using a 430/24 excitation filter, 450-nm dichroic mirror, and two emission filters (470/24 for
CFP and 535/20 for YFP) controlled by a Lambda 10-3 filter changer. The background
corrected fluorescence ratio of YFP/CFP (upon CFP excitation) is a measure of relative ER
Ca?* levels. The details of the acute versus chronic ER Ca%* concentration measurements
can be found in the Supplementary Methods.

Intracellular Ca2* measurement

Fura-2, AM (Invitrogen #F1225) was used to measure intracellular Ca?* levels according to
company specifications. Briefly, approximately 1 x 104 L444P fibroblasts were plated per
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well in 96-well plates (100 pl per well) overnight to allow cell attachment. The cells were
washed twice with Hanks balanced salt solution (HBSS), incubated with 5 uM Fura-2, AM
plus 0.05% Pluronic F-127 (Invitrogen #P3000MP) at RT for 30 min, washed twice with
HBSS, and maintained at RT for another 15 min. Fluorescence was measured by using
excitation at 340 nm and 380 nm and emission at 510 nm with a SpectraMax Gemini
fluorescence plate reader. The background corrected fluorescence ratio of Fura-2 (340/380)
is a measure of relative intracellular Ca2* levels. Each data point was evaluated in at least
sixteen replicates, and on three different days. Data are reported as mean + SEM.

Quantitative RT-PCR

The relative mMRNA expression levels of target genes were measured using quantitative RT-
PCR after treating the L444P fibroblasts with dantrolene or diltiazem12,13. The protocol is
detailed in the Supplementary Methods, primers used are listed in Supplementary Table S1.

SiRNA transfection

L444P fibroblasts were seeded at approximately 2 x 10° cells per well in 6-well plates and
allowed to reach ~80% confluency before transfection. The small interfering RNA (SiRNA)
duplexes from Dharmacon were: ON-TARGETplus Duplex RyR1 (J-006292-05-0010),
RyR2 (J-006293-05-0010), RyR3 (J-006294-05-0010 or L-006294-00-010 for SmartPool),
CANX (J-003636-07-0005), CALR (J-008197-06-0005), PDIA3 (J-003674-09-0005),
ITPR2 (J-006208-05-0005), ITPR3 (J-006209-06-0005) and Non-Targeting SiIRNA
(D-001810-01-20) as control. Cells were transfected with 50 nM siRNA using HiPerfect
Transfection Reagent (Qiagen) according to the manufacturer’s transfection protocol. The
protein, RNA and intact cell GC activity were analyzed after the indicated siRNA dosing
schedule.

Plasmids and transfection

The pcDNA3.1+WT GC-VSVG plasmid was produced by ligating the WT GC cDNA
(amplified from a plasmid that harbors the WT GC cDNA (kindly provided by Professor
Ernest Beutler, TSRI) using the following primers (5’ to 3'):
GTTGCTAGCGGGATGGAGTTTTCAAGTCCTTCC and
GTTACCGGTCTGGCGACGCCACAG) into the pcDNA3.1+VSVG plasmid (kindly
provided by Professor W.E. Balch, TSRI). This plasmid enables the overexpression of the
WT GC with a short VSVG tag (YTDIEMNRLGK) at the C-terminus. The
pcDNA3.1+L444P GC-VSVG and pcDNA3.1+N370S GC-VSVG plasmids were generated
using Quikchange 11 site-directed mutagenesis (Stratagene) as specified by the manufacturer,
using the following primers (5’ to 3'):
CAGTCAGAAGAACGACCCGGACGCAGTGGCACTG and
CAGTGCCACTGCGTCCGGGTCGTTCTTCTGACTG for L444P,
CCACAGCATCATCACGAGCCTCCTGTACCATGTGG and
CCACATGGTACAGGAGGCTCGTGATGATGCTGTGG for N370S. The proper
construction of all plasmids was confirmed by DNA sequencing. HelLa cells, L444P and
N370S fibroblasts were seeded at approximately 2 x 10° cells per well in 6-well plates or
10* cells per well in 96-well plates for protein analysis and intact cell GC activity assay,
respectively. Cells were allowed to reach ~80% confluency before transient transfection
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using Lipofectamine 2000 transfection reagent (Invitrogen) or Fugene 6 transfection reagent
(Roche), according to the manufacturers’ instructions. Transfection of N370S fibroblasts
using Fugene 6 leads to slight cytotoxicity. After the indicated incubation times, the cells
were harvested for the corresponding analyses.

Immunoprecipitation

Cells were lysed with lysis buffer (50 mM Tris, pH 7.5, 150 mM NacCl, 1 % Triton X-100)
supplemented with complete protease inhibitor cocktail. The mouse monoclonal anti-VSVG
antibody (kindly provided by Professor W.E. Balch, TSRI) or rabbit polyclonal anti-
calnexin antibody (Stressgen) was added to the cell lysate and incubated overnight at 4 °C.
After the addition of 30 pl of GammaBind G sepharose bead slurry (~50% v/v in lysis
buffer, GE Healthcare), the resulting mixture was placed on a rocker for 2 h at 4 °C. Non-
specifically bound proteins were removed from the beads by washing three times with lysis
buffer. Bound proteins were eluted by boiling the beads in SDS loading buffer in the
presence of DTT. The effect of calcium on the calnexin-GC protein interaction was
performed as described previously49. Briefly, the lysate was incubated with 2 mM EDTA or
EGTA for 15 min at 37 °C prior to the addition of the indicated antibody for
immunoprecipitation.

Statistical analysis

All data are presented as mean + SEM or mean + SD as stated and any statistical
significance was calculated using a two-tailed Student’s t-Test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
siRNA-mediated knockdown of RyR isoforms partially restores L444P GC proteostasis. (a)

Intra-ER Ca2* concentration is regulated by L-type voltage-gated CaZ* channels, ryanodine
receptor (RyRs) Ca2* efflux channels, IP5 receptor Ca2* efflux channels, and SERCA Ca?*
influx pumps. (b) Relative lysosomal GC activities of L444P fibroblasts upon single or
double RyR1, RyR2 and RyR3 siRNA treatments, using the intact cell assay. Reported
activities were normalized to the activity of cells treated with non-targeting siRNA (*,
p<0.01; **, p<0.001). The experiments were repeated three times. The data are reported as
mean + SD. Statistical significance was evaluated using a two-tailed Student’s t-Test. The
diltiazem data has been reported previously12 and is included to enable comparison with
RyR(s) siRNA treatment. (c) Western blot analysis of L444P fibroblast lysates without and
with endo H treatment after the corresponding siRNA treatments. Co-application of SiRNAs
that target the RyR3 and another RyR isoform led to a significant increase in the endo H
resistant post-ER GC glycoform bands in comparison to the non-targeting siRNA control.
The white portion of the bars represents quantification (Java Image processing and analysis
software from the NIH) of the lower, endo H sensitive bands, and the black portion of the
bars represents the higher MW, endo H resistant post-ER glycoform. (d) Indirect
immunofluorescence microscopy of GC in L444P fibroblasts reveals that the application of
SiRNA against RyR3 or siRNA against RyR2 and RyR3 enhances GC staining (green) and
the colocalization between GC and LAMP?2 (artificially colored white).
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Figure2.
Ryanodine receptor antagonists act as GC proteostasis regulators. (a) Small molecules that

inhibit the RyRs enhance folding and trafficking of the L444P GC protein in L444P
fibroblasts. The significant increase in endo H resistant post-ER GC glycoform when
compared to the vehicle controls reflects increased GC proteostasis. Quantification of GC
bands is shown in the bar graphs at the bottom of (a). (b) Diltiazem 1, dantrolene 3 and
DHBP 4 increase L444P GC enzyme activity (lysed cell activity assay), normalized to the
vehicle controls (*, p<0.001). The verapamil 2 data, reported previously12, is included for
comparison. (c) Indirect immunofluorescence microscopy of GC in L444P fibroblasts
reveals that dantrolene 3 treatment enhances GC staining (green) and colocalization between
GC and LAMP2 (artificially colored white). The experiments were repeated three times. (d)
Dantrolene 3 increases WT and N370S GC enzyme activity (intact cell assay) in patient-
derived fibroblasts, normalized to the vehicle control (*, p<0.001). Data in (b), and (d) are
reported as mean = SEM, statistical significance was evaluated using a two-tailed Student’s
t-Test.
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Figure 3.
Overexpression of the SERCA2b Ca?* influx pump enhances mutant GC folding and

trafficking. Transient overexpression of SERCA2b in L444P GC patient-derived fibroblasts
for 2 d resulted in a significant increase in () the endo H resistant post-ER GC glycoform as
well as (b) lysosomal GC enzyme activity (**, p<0.001) when compared to the empty vector
control. An analogous increase in (b) lysosomal GC enzyme activity (**, p<0.001) and (c)
endo H resistant post-ER GC glycoform band was also observed when SERCA2b was
transiently overexpressed in N370S GC patient-derived fibroblasts. The L444P and N370S
GC protein glycosylation pattern was analyzed by western blot analysis after endo H
digestion as described in Fig. 1. The orange bars represent the level of SERCA2b expression
in the fibroblasts. Incubation of the L444P fibroblasts with (d) thapsigargin 12, a potent
inhibitor of the SERCA2 pump, for 7 d significantly decreased the L444P GC lysosomal
enzyme activity. All the experiments were repeated three times. Data in (b) and (d) are
reported as mean * SD. Statistical significance was evaluated using a two-tailed Student’s t-
Test.
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Figure4.
Antagonists of the RyRs increase [Ca%*]gr in fibroblasts and HeLa cells, but do not activate

the HSR and UPR in the L444P fibroblasts. (a) Diltiazem 1 (50 uM) and DHBP 4 (50 uM)
treatment increased the [Ca2*]gg over the course of 400 sec in the L444P fibroblasts
transfected with the D1-ER cameleon Ca2* sensor 48 h prior. Each trace represents the time
dependent emission ratio of YFP/CFP immediately after a single dose. (b) Two day
treatment of HelLa cells with diltiazem 1 (25 uM) and dantrolene 3 (25 uM) increased the
steady state [Ca2*]gg; revealed by first measuring the YFP/CFP ratio after 48 h treatment
(drug-treated steady state Ca2*) and second, by treatment with thapsigargin 12 (5 uM)/
ionomycin 15 (5 uM) and EGTA 16 (7.5 mM) to generate the ER Ca%*-depleted state
(minimum YFP/CFP ratio). The ER depletion time courses shown represent an average of
12 cells. (c) Diltiazem 1 (25 pM) decreased the steady state cytosolic Ca?* levels in the
L444P fibroblasts over a 1 and 4 d period using Fura2, AM. (d) Dantrolene 3 (25 uM)
application does not activate the HSR or the UPR, based on western blot analysis of
transcriptionally controlled chaperones and folding enzymes. (€) Dantrolene 3 (10 and 25
UM) does not activate the UPR based on gRT-PCR analysis of CHOP and spliced XBP-1.
The large ribosomal protein, RiboP, serves as a housekeeping gene control. Data in (b), (c)
and (e) are reported as mean + SD.
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Figureb.
Overexpression of calnexin partially restores mutant GC proteostasis. Transient

overexpression of calnexin in the L444P GC patient-derived fibroblasts for 2 d resulted in a
significant increase in (a) the endo H resistant post-ER GC glycoform bands as well as (b)
lysosomal GC enzyme activity (**, p<0.001) when compared to the empty vector control.
An analogous increase (*, p<0.01) in the (b) lysosomal GC enzyme activity was also
observed when calnexin was transiently overexpressed in the N370S GC patient-derived
fibroblasts. (c) The intact cell assay revealed a significant (**, p<0.001) decrease in the
lysosomal L444P GC enzyme activity with calnexin knockdown. The L444P GC protein
glycosylation pattern was analyzed by western blot analysis after endo H digestion as
described in Fig. 1. The orange bars represent the level of calnexin expression in the
fibroblasts. All the experiments were repeated three times. Data in (b) and (c) are reported as
mean + SD. Statistical significance was evaluated using a two-tailed Student’s t-Test.
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Figure®6.
The RyR antagonist category GC proteostasis regulators post-translationally regulate the

chaperoning activity of calnexin in a Ca2*-dependent manner. (a) Transient overexpression
of calnexin and GC proteins in HeLa cells for 24 h resulted in a significant increase in the
total WT, L444P and N370S GC proteins when compared to that with co-transfection of the
GC and empty vector plasmids as revealed by western blot analysis. This was due to more
calnexin being available to interact with the GC proteins. (b) The calnexin-GC protein
interaction is Ca2*-sensitive. Pre-incubation of the lysate with EGTA significantly reduced
the calnexin-GC protein interaction. (c) After western blot analysis, the calnexin and GC
protein bands were quantified using the ImageJ software (from NIH) and the bars represent
the ratio of the calnexin to GC band intensities. The experiments were repeated three times.
(d) Dantrolene 3 and (€) diltiazem 1 treatments increase the amount of L444P GC protein
that is associated with calnexin, without increasing the calnexin protein level as revealed by
western blot analysis. (f) Pre-incubating the RyR antagonist treated lysate with EDTA or
EGTA significantly reduces the calnexin-GC protein interaction as revealed by western blot
analysis. The experiments were repeated three times.
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