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Abstract

The effects of ER stress on protein secretion by cardiac myocytes are not well understood. In this
study, the ER stressor thapsigargin (TG), which depletes ER calcium, induced death of cultured
neonatal rat ventricular myocytes (NRVMs) in high media volume but fostered protection in
low media volume. In contrast, another ER stressor, tunicamycin (TM), a protein glycosylation
inhibitor, induced NRVM death in all media volumes, suggesting that protective proteins were
secreted in response to TG but not TM. Proteomic analyses of TG- and TM-conditioned

media showed that the secretion of most proteins was inhibited by TG and TM; however,
secretion of several ER-resident proteins, including GRP78 was increased by TG but not TM.
Simulated ischemia, which decreases ER/SR calcium also increased secretion of these proteins.
Mechanistically, secreted GRP78 was shown to enhance survival of NRVMs by collaborating
with a cell-surface protein, CRIPTO, to activate protective AKT signaling and to inhibit death-
promoting SMAD?2 signaling. Thus, proteins secreted during ER stress mediated by ER calcium
depletion can enhance cardiac myocyte viability.
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1. Introduction

Secreted proteins are important regulators of cellular function outside the heart, as well as
within the heart. For example, proteins secreted from cardiac myocytes can function through
paracrine and autocrine mechanisms to augment viability of myocytes and other cell types

in the heart. The ER-dependent, or classical, protein secretion pathway is a major route for
the secretion of such proteins by cells in the heart (Fig. 1A) [1,2]. Conditions that affect

the environment in the ER of cardiac myocytes can decrease protein-folding efficiency;
subsequent accumulation of misfolded proteins can be toxic, contributing to a condition of
ER stress, which could affect protein secretion. The acute response to ER stress involves

a global reduction in protein synthesis, including that in the ER, which relieves demands

on the ER protein-folding machinery and potentially decreases secretory protein trafficking
(Fig. 1B). ER stress results in the activation of several signaling pathways, /.e. the ER

stress response, which genetically reprograms cells in order to fortify ER protein-folding and
reduce the stress of misfolded protein accumulation (Fig. 1C). However, if the acute adaptive
ER stress response is not sufficient to restore ER proteinfolding, chronic ER stress affects
cellular programming in ways that lead to cell death, which is considered maladaptive.

Recent evidence suggest that ER stress is involved in the development and progression
of heart disease, including cardiac hypertrophy, ischemic heart disease, and heart failure
[3-5]. However, little is known about the effects of ER stress in the heart on the secretion
of proteins that could influence cardiac myocyte viability. Accordingly, this study was
undertaken to examine the effects of ER stress on the secretion of proteins from cardiac
myocytes, and to determine whether changes in protein secretion during ER stress affect
cardiac myocyte viability.

2. Materials and methods

2.1. Cell culture neonatal rat ventricular myocytes

Neonatal rat ventricular myocytes (NRVM) were isolated by enzymatic digestion of 1-

4 day-old neonatal rat hearts and purified by Percoll density gradient centrifugation, as
described [6]. Cardiac myocytes were cultured at various densities, as described in the figure
legends. NRVM-conditioned medium for proteomic analyses was prepared essentially as
previously described [7], except that myocytes were purified by Percoll density gradient
centrifugation before plating. Details concerning the generation of NRVM conditioned
medium for proteomics can be found in the legend to Supplementary Table 1.

2.2. NRVM plating and culturing paradigm

Since the culture cell density and media volume affected myocyte viability in response
to some treatments, with the exception of Fig. 1F and G, in most experiments NRVM
plating and culturing paradigms were carefully scaled to well surface area so as to maintain
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a relatively constant cell density and relative media volume. Details are provided in the
relevant figure legends. In general, the culturing protocol was as follows:

Culture well plate size NRVM plating density  Low volume (1x)  High volume (8x)

6-well plate 1 x 108/well 1ml 8 ml
12-well plate 4 x 10%/well 0.5ml 4ml
24-well plate 2.5 x 105/well 0.25 ml 2ml
48-well plate 1.25 x 10%/well 0.125 ml 1ml

2.3. Cell culture adult mouse ventricular myocytes

Adult mouse ventricular myocytes (AMVM) were isolated essentially as described [8,9].
AMVM were cultured in maintaining media consisting of 99 ml MEM supplemented with 1
ml 100x insulin-transferrin-selenium, 0.1 mg/ml bovine serum albumin (BSA), 10ml 1 M
HEPES solution, 1 ml 100x pen/strep-glutamine. Media did not contain blebbistatin.

2.4. Conditioned and treatment media

For all experiments not related to simulated ischemia, AMVM were cultured and treated
in maintaining medium. Unless otherwise stated, NRVM were treated in either serum-
free DMEM/F-12 supplemented with 1 mg/ml BSA, 1x pen/strep-glutamine (minimal
media) or serumand BSA-free DMEM/F-12, 1x pen/strep-glutamine containing either no
additions (Con), or combinations of 10 pg/ml TM, 2 uM TG, 5 ug/ml BFA, 2 pug/ml
recombinant GRP78 (Prospec-Tany TechnoGene Ltd.; Cat# hsp-037), 10 pg/ml ALK4-Fe
L75A (generously provided by Dr. Peter Gray), and 20 pM Z~VAD-FMK (R&D Systems;
FMKO001). Media samples were then collected for immunoblotting or proteomics analyses
(see below).

2.5. Simulated ischemia

NRVM were plated at a density of either 2.5 or 4.0 x 10° cells, while AMVM were

plated at 5.0 x 10° cells per 12-well culture dish for simulated ischemia or chemical ER
stress experiments, respectively. NRVM cultures were maintained in DMEM/F-12 medium
containing 10% FBS for 18-24 h, after which they were changed to DMEM/F-12 medium
containing 2% FBS and maintained for 48 h. NRVM or AMVM culture media was then
changed to glucose-free DMEM (Thermo Fisher; Cat# A1443001) medium containing 2%
dialyzed FBS (Thermo Fisher; Cat# 26400044) and placed in a hypoxic chamber at < 0.1%
oxygen for various times. Cultures were maintained in low or high media volumes of 0.5 or
5 ml, respectively. Control cultures were maintained in atmospheric O,, 5% CO, incubator
at 37 °C in DMEM medium containing 2% dialyzed FBS and 17.5 mM glucose + BFA at 5
ug/ml during the ischemia.

2.6. MTT assay

The MTT assay was performed using the Cell Proliferation Kit I (Roche Diagnostics
#11465007001).
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2.7. Propidium iodide/hoechst cell staining

NRVM cultures were washed one- to two times with DMEM/F-12 and, in the case of
simulated ischemia, they were washed with glucose-free media DMEM/F-12 after which
0.5 ml of media were added to each culture. Two pl of propidium iodide (2 pg/ml final
concentration) and 2 pl of Hoechst 33342 (2 pug/ml final concentration) were added to each
culture, which were then rocked for at least 5 min at 37 °C. Fluorescent images were
captured and the red (Pl-positive dead) and blue (Hoechstpositive total) cells were counted
in at least 4-5 fields/well.

2.8. Calcein AM blue cell staining

AMVM cultures were treated with 2.5 pl of calcein AM stock (1 mg/ml in DMSO) and
incubated for ~5 min at 37 °C. Phase and fluorescence images were obtained using a

10x objective on an Olympus X70 epifluorescence microscope. Cells that were calcein
AM-positive and rod-shaped and showed no evidence of membrane blebs were counted as
viable. Rod-shaped morphology is consistent with a highly organized internal cytoskeletal
structure, which is missing in adult cardiac myocytes undergoing apoptosis or necrosis [10].

2.9. Immunocytofluorescence

NRVM were plated at a density of 1.1 x 10° per chamber on Falcon 4-Chamber Glass
Slides (Ref #354104; Surface Area 1.8 cm?) in DMEM/F-12 containing 10% FBS for

24 h, after which the medium was replaced with DMEM/F-12 containing 2% FBS for

an additional 48 h. The medium was then replaced with either 0.25 ml (low volume) or

2.5 ml (high volume) of minimal media, /.e. serum-free DMEM/F-12 containing bovine
serum albumin (1 mg/ml) then treated £ TG (2 uM) or TM (10 pg/ml) for 8 h or 24 h

for activated caspase staining or GRP78 staining, respectively. Cultures were then washed
and fixed with 4% paraformaldehyde/0.5% Triton-X in PBS for 15 min. Slides were then
treated with Superblock (Thermo Fisher; Cat #37515) blocking buffer for 60 min after
which primary antibodies were added (see below) for 16 h at 4 °C in the dark. Primary
antibodies used for immunocytofluorescence were as follows: a-actinin, Sigma Aldrich, Cat
#AT7811, 1:200; GRP78 (C-20) Santa Cruz Biotechnology, Cat #5C-1051 Lot #F0415, 1:30;
cleaved caspase-3, Cell Signaling Technology, Cat #D175 Lot #37, 1:500. Slides were then
washed four times with PBS and then treated with the appropriate secondary antibodies,

as follows: Cy3 anti-mouse, FITC anti-goat, FITC anti-rabbit, all purchased from Jackson
ImmunoResearch Laboratories and all used at 1:100 for 90-min at 25 °C in the dark. Slides
were visualized on a Zeiss 710 laser-scanning confocal microscope using a C-Apochromat
40x objective with 1.20 W Korr M27 specifications.

2.10. XBP1 splicing
XBP1 splicing was assessed by RT-PCR, essentially as previously described [11].

2.11. Immunoblotting

Media or cell extract samples were combined with the appropriately concentrated form of
Laemmli sample buffer and then boiled for 7 min at 95° C before SDS-PAGE, followed by
transfer to PVDF membranes. The membranes were probed with the following antibodies
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diluted in 10 ml 5% non-fat milk: calreticulin (Upstate Cell Signaling Solutions; #06-661
Lot #29700; 1:2000, or Abcam Inc., ab2907; 1:5000); GRP94 (mAb 119G10) (ENZO Life
Sciences; ADI-SPA-850; 1:1000); GRP78 (C20) (Santa Cruz Biotechnology, Inc.; SC1051;
1:1000), GAPDH (RDI, TRK5G4; 1:15,000), or KDEL (ENZO Life Sciences; ADI-
SPA-827; 1:8000), pAKT (Ser473, Cell Signaling; 9271 s; 1:1000), AKT (Cell Signaling;
9272 s; 1:1000), pPSMAD?2 (Ser465/467, Cell Signaling; 3108S; 1:1000), SMAD2/3 (Cell
Signaling; 8685S; 1:1000), ANF (Peninsula Laboratories; T-4013; 1:2000).

2.12. Proteomics

See the legend to Supplementary Table 1.

2.13. Quantitative real time PCR

Quantitative real time PCR (gRT-PCR) was carried out as previously described [8] using the
primers listed in the table below.

1duosnue Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gene (rat) Forward primer Reverse primer

Atfd set 1 CTCTCTGTACGCTGTTCCTTTC CTCGGTCATGTTGTAGGGATTT
Atf4 set 2 AGAATGGCTGGCTATGGATG GAAGAGGCTGCAAGAATGTAAAG
Chop/Gadd153 CCAAAATAACAGCCGGAACCT GCCATGACTGTAATTGGACCG
Cripto CCAGGGCTAGAACATTTGAGT CCTCCTGGCTGTCATTCTTT

Crt AGCAGTTCTTGGACGGAGATG TGTTGGATTCGACCCAGC

Gapdh CCTGGCCAAGGTCATCCAT GTCATGAGCCCTTCCACGAT
Grp94 AAGCATCTGATTACCTTGAATTGGAT CTCCTCCACAGTCTCAGTCTTGCT
Grp78 CACGTCCAACCCGGAGAA ATTCCAAGTGCGTCCGATG

Hrdl TTTCCGCTCTTTGCCATTAGG TTCCATGTTGCGGATGGCTCT
Manf TGCAAAGGCTGTGCAGAGAAG ATGAACTGCTGTTTCCCTCCG
Pdia6 GGTGAAATTGGCAGCCGTA CAGGAGACTCGCCTTTCTGAA
Puma ATGGCGGACGACCTCAAC AGTCCCATGAAGAGATTGTAC
XBP1 CAGCAAGTGGGGATTTGGAA ATCCCCAAGCGTGCCTTAAC

Gene (mouse)

Forward primer

Reverse primer

Crt GAGGACGAAGAAGATGAGAAGG GATGAGGGCTGAAGGAGAATTA
Gapdh ATGTTCCAGTATGACTCCACTCACG GAAGACACCAGTAGACTCCACGACA
Grp94 GGGAGGTCACCTTCAAGTCG CTCGAGGTGCAGATGTGGG

Grp78 TTCTGCCATGGTTCTCACTAAA TGTTCTTCTCTCCCTCTCTCTT

2.14. Small interfering RNA (siRNA) transfection

Transfection of siRNA into NRVM was achieved using HiPerfect Transfection Reagent
(Qiagen, Valencia, CA) following the vendor’s protocol. The sequence of siRNA targeting
rat GRP78 was 5-AGUGUU GGAAGAUUCUGA-3 (Thermo Fisher; Silencer Select
SiRNA, Cat# 4390771) or rat cripto was 5-GGACCAAGACCUCAAGGUA-3 (Thermo
Fisher; Silencer Select siRNA, Cat# 34390771). A non-targeting sequence (Thermo Fisher;
Cat# 12935300) was used as a control siRNA.
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2.15. Statistics

Cell culture experiments were performed at least 3 times with n = at least three cultures for
each treatment. All multiple group comparisons were performed using a one-way analysis
of variance (ANOVA) with a Newman—Keuls (sometimes called Student—Newman-Keuls or
SNK) post hoc analysis. The Newman—Keuls analysis is based on the “Studentized range”
or “Student’s gq”. The q statistic is used to compare each mean with every other mean in a
pairwise fashion. The Newman-Keuls test is often used whenever a significant difference
between three or more sample means has been revealed by an analysis of variance [12].
Paired analyses were done with Student’s #test. Unless otherwise described in the figure
legends, data are represented as mean with all error bars indicating = s.e.m. * or # P< .05
different from paired control or from all other values.

3. Results

3.1. Effect of media volume on cardiac myocyte viability

For most of the studies here we used primary neonatal rat ventricular myocytes (NRVMs),
which are a well-established model for examining cardiac myocyte function and are often
used in studies of factors that influence cardiac myocyte viability [13-15]. To determine
whether NRVMs secrete proteins that can enhance viability, cultures were maintained in
either high or low volumes of media. We reasoned that in low media volumes, secreted
proteins would be more concentrated than in high media volumes and, as a result, myocyte
viability would be improved if cultures were maintained in low media volumes (Fig. 1D,
E). When conditioned media samples were examined, we found that the concentration of
proteins was higher in low media volumes than high volumes, and that the quantity of
protein in the media increased as a function of increasing NRVM plating densities (Fig.
1F). Moreover, myocyte viability was greater in low media volume than high media volume,
and this volume-dependent enhancement of viability was more pronounced at high plating
densities (Fig. 1G). These results suggest that NRVM secrete proteins that act through auto/
paracrine mechanisms to improve myocyte viability.

3.2. Effects of ER stress on myocyte viability

We then explored the effects of ER stress on the viability of NRVM in either high or

low media volumes using two chemicals that induce ER stress and can lead to cell death;
tunicamycin (TM), which induces ER stress by decreasing ER protein glycosylation, and
thapsigargin (TG), which induces ER stress by decreasing ER calcium. In the absence of
TM, myocytes maintained in low media volume (low) exhibited greater viability than those
in high media volumes (high) (Fig. 2A —TM). Also as expected, TM decreased viability

to the same extent, regardless of the media volume (Fig. 2A +TM). In contrast, myocytes
treated with TG in high volume (TG/high) exhibited low viability, while those treated with
TG in low volume (TG/low) were unaffected (Fig. 2B). This loss of viability caused by

TG increased gradually as a function of increasing media volumes (Supplementary Fig. 1).
Moreover, TG-induced myocyte death in high media volume was less pronounced at higher
cell densities (Supplementary Fig. 2A and B, white bars), while in low volumes, TG actually
increased myocyte viability but only at high cell density (Supplementary Fig. 2A and B,
black bars). However, TM decreased cell viability at high cell density, regardless of media
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volume (Supplementary Fig. 2C), and at low density there was a modest but significant
increase in viability in low volume (Supplementary Fig. 2D). Moreover, these data allowed
us to determine the LD50 for each treatment. Therefore, for the rest of the paper we chose
to use the LD50 of the low density and high volume for TM and TG. These findings
suggest involvement of secreted proteins in the volume-dependent protective effects of TG.
Consistent with this, the ability of TG/low to preserve myocyte viability was inhibited by
brefeldin A (Supplementary Fig. 2E), which is known to block protein secretion viathe
ER-dependent secretory pathway [16]. Taken together, these results are consistent with the
hypothesis that TG, but not TM, increases the secretion of a protein, or proteins, through
the ER-dependent classical secretory pathway, and that these proteins can protect cardiac
myocytes from ER stress-induced death.

3.3. TG increases the secretion of a select group of ER proteins

Since it appeared as though the protective factors were secreted viathe ER protein

secretory pathway in response to TG but not TM, we undertook proteomics analyses to
identify proteins that are secreted from NRVM in response to TG but not TM. Using
immunocytofluorescence (ICF) we showed that essentially all of the cells in the NRVM
cultures expressed a-actinin, when assessed with an antibody specific for skeletal and
cardiac muscle actinins, and that treatment with TM or TG robustly increased expression

of the ER stress-inducible, ER-luminal protein, GRP78 (Supplementary Fig. 3A). This
validated the vitality and purity of the cultures, indicating that proteins identified in the
media must be secreted from cardiac myocytes, and are not released from other cell types, or
as a result of cell death.

Proteomic analysis and mass spectrometry identified 104 different proteins in naive (fresh),
unconditioned media (DMEM/F-12 1% fetal bovine serum; Mdm) (Supplementary Table
1, columns G and T). To distinguish the proteins secreted by NRVMs from the proteins
that were present in unconditioned media alone (Mdm), only proteins not found in Mdm
were further examined; proteins found in Mdm came from fetal bovine serum and not from
cells because this media was never conditioned with cells. Analysis of media conditioned
by untreated cells (Con) identified 76 proteins that were either not found in Mdm, or were
drastically increased in the conditioned media (CM) compared to Mdm (Supplementary
Table 1, columns K and U). When the published characteristics of these 76 proteins

were examined, it was found that 39 were known secreted proteins (Supplementary Table
1, column V). These known secreted proteins in Con CM are summarized in Fig. 2C
(Control). Further analysis of the proteomics results showed that the secretion of a majority
of these proteins was decreased upon treatment with TM (33 decreased, 4 increased and

2 unchanged) or TG (30 decreased, 5 increased and 4 unchanged) (Fig. 2C [TM, TG];
Supplementary Table 1, columns X and W), an expected result, since ER stress decreases
trafficking through the ER-dependent secretory pathway. Remarkably, there were three
ER-resident proteins that were actually found in increased levels in media from only the
TG-treated cells compared to Control (Fig. 2C [TG yellow]); these proteins were identified
as 78 kDa glucose-regulated protein (GRP78), calreticulin, and endoplasmin (GRP94).
Supplementary Table 2 shows the peptide sequences and other identification characteristics
for proteins listed in Supplementary Table 1 as identified by mass spectrometry.
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3.4. Targeted antibody-dependent quantification of proteins

To further demonstrate the TG-dependent secretion of the ER-resident proteins, control-,
TG-, and TM-conditioned media were immunoblotted for GRP94, GRP78, and CRT. We
found that the levels of each of these proteins were increased but only in the TG-conditioned
media (Fig. 2D), consistent with the mass spectrometric evidence. GAPDH detection in
conditioned medium was used to discriminate between active secretion and passive release
due to cell death. GAPDH would be passively released from cells if the cells were dying.
GAPDH was not found in conditioned media, suggesting that secretion was not passive
following cell death, but rather actively from living cells. Secretion of atrial natriuretic factor
(ANF) was not increased by TG or TM, suggesting that not all secreted proteins exhibit

the same characteristics. In contrast, TG and TM both increased cellular levels of GRP94,
GRP78 and CRT, as expected, since they are known ER stress-inducible proteins (Fig.

2E). Thus, the appearance of GRP94, GRP78,. and CRT in the media is not the result of
increased cellular levels of these proteins, since TG and TM both increased cellular levels of
each of them, but only TG increased media levels of these proteins (Fig. 2F).

3.5. Simulated ischemia

To examine the effects of a pathophysiologically relevant treatment that, like TG, is

known to dysregulate contractile calcium in cardiac myocytes and to activate ER stress,

we assessed the effect of simulated ischemia (sl). As expected, sl upregulated GRP78 in
cardiac myocytes in either high or low media volumes, as determined by ICF, gRT-PCR,
and immunoblotting (Fig. 3A and Supplementary Fig. 3B and C). Consistent with previous
studies by us and others [11,17,18], simulated ischemia activated the ER stress response.
Simulated ischemia also resulted in secretion of GRP78, GRP94, and CRT, similar to

TG (Supplementary Fig. 3D). The ICF results also suggested fewer myocytes, thus, more
myocyte death in NRVM subjected to sl/high compared to sl/low. This was examined in
more depth by quantitative live/dead staining of NRVM, which showed that sl/high resulted
in considerably more death sl/low (Fig. 3B, white and black bars). Moreover, BFA increased
death of NRVM in sl/low (Fig. 3B, gray bars), consistent with a role for proteins secreted
viathe ER-dependent secretory pathway. To examine the broader relevance of the volume-
dependent effects of TG and sl on myocyte viability, similar experiments were performed
using adult mouse ventricular myocytes (AMVM). The results of these experiments were
similar to NRVM, demonstrating that while both TG and sl upregulated GRP78, GRP94,
and CRT (Supplementary Fig. 3E and F), the volume-dependent, BFA-sensitive protective
effects of TG and sl, as measured by calcein AM staining, were also observed in adult
ventricular myocytes (Fig. 3C and D).

3.6. TG-mediated ER stress is not dependent on media volume

We considered it possible that TG/high might induce more maladaptive ER stress than TG/
low. Accordingly, we compared the effects of TG/high and TG/low on ER stress using XBP1
splicing as a highly sensitive measure of ER protein misfolding (Fig. 4A, B) and using ER
stress target genes as downstream effectors of the ER stress response. TG/high and TG/low
induced XBP1 mRNA splicing to similar extents (Fig. 4C, D), and had similar effects on
induction of numerous adaptive and maladaptive ER stress response genes (Fig. 4E). Thus,
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the media volume-dependent beneficial effects of TG on myocyte viability are not due to
media volume-dependent differences in intracellular aspects of ER stress signaling, and were
instead due to extracellular aspects, such as increased media levels of GRP78, CRT, or
GRP94.

3.7. TG activates the GRP78/CRIPTO signaling pathway

Recent studies have shown that cell-surface GRP78 can act as a binding partner of CRIPTO
in cancer cells [19,20]. In those studies, it was shown that when cell-surface GRP78

binds to CRIPTO, AKT is activated, providing protection from apoptosis, while SMAD2

is inactivated, which inhibits SMAD2-associated apoptosis. Accordingly, we focused
mechanistic studies on GRP78, asking whether it contributes to protection in TG/low and,
if so, whether it does so by signaling through CRIPTO. We showed that TG/low, which
increased media levels of GRP78, as expected (Fig. 4F), activated AKT, as shown by
increased phosphorylation of AKT on serine 473, while SMAD?2 remained inactive, as
shown by undetectable phosphorylation of SMAD2 (Fig. 4G). These findings are consistent
with the pro-survival effects of TG/low. In contrast, TG/high did not activate AKT but did
activate SMAD?2 (Fig. 4G), consistent with the pro-death effects of TG/high. Moreover,
while the apoptosis mediator, caspase-3, was activated in TG/high, it was not activated in
TG/low (Supplementary Fig. 4A). Additionally, NRVM death in TG/high was decreased

by the apoptosis inhibitor, Z-VAD (Supplementary Fig. 4B). Thus, TG/low induces NRVM
death by apoptosis, which is consistent with the hypothesis that it is secreted GRP78
binding to CRIPTO in TG/low that protects cardiac myocytes from apoptosis. Moreover, by
immunoblotting for secreted GRP78 in increasing cell culture volumes, we found a volume-
dependent decrease in GRP78 concentrations with increasing media volume, suggesting
that effects of secreted GRP78 are seen only in low volume because the protein is more
concentrated (Supplementary Fig. 5A and B).

3.8. TG activates protective CRIPTO signaling via secreted GRP78

To dive deeper into the mechanism by which secreted GRP78 protects cardiac myocytes,
cellular GRP78 was knocked down using siRNA and CRIPTO/AKT/SMAD?2 signaling was
examined. As expected, treatment of NRVM with siRNA to GRP78 decreased cellular and
secreted GRP78 in cultures treated with TG/low (Fig. 5A, B). Moreover, the pro-survival
signaling profile of AKT and SMAD?2 seen with TG/low volume were both lost upon
GRP78 knockdown (Fig. 5B). Importantly, survival of NRVM in TG/low and simulated
ischemia was also decreased upon knockdown of GRP78 (Fig. 5C and Supplementary
Fig. 6A). To probe the dependence of NRVM survival on secreted GRP78, a neutralizing
antibody to GRP78 was added to culture media and compared to the same amount of
non-immune antibody, was also shown to reduce the survival of NRVM (Fig. 5D). Anti-
GRP78 also reduced myocyte viability at baseline. Similarly, in Fig. 2B we found that
there is a basal decrease in viability in high volume compared to low volume at baseline.
In a complementing experiment, it was shown that adding recombinant GRP78 to cultures
in high media volume protected NRVM against TG-induced death (Fig. 5E, red). These
findings are consistent with the hypothesis that secreted GRP78 can protect NRVM in a
CRIPTO-dependent manner.
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3.9. CRIPTO is required for TG-mediated protection by secreted GRP78

To examine the CRIPTO hypothesis, NRVM were treated with siRNA to CRIPTO.
Treatment with TG/low induced GRP78 secretion (Fig. 6A). However, siRNA to CRIPTO
completely blocked AKT activation and enhanced SMAD?2 phosphorylation in response to
TG/low (Fig. 6B), suggesting that CRIPTO is necessary for TG/low-mediated protection

of NRVM. CRIPTO knockdown was validated by gRT-PCR (Fig. 6C). Moreover, CRIPTO
knockdown significantly impaired the ability of TG to protect NRVM in low media volume
(Fig. 6D). Finally, the CRIPTO-specific antagonist, ALKAL75A [21], mimicked the effect
of CRIPTO knockdown, impairing the ability of TG to protect NRVM in low media volume
(Fig. 6E). ALK4L75A had no effect on secreted or cellular GRP78 levels (Supplementary
Fig. 6B), but significantly decreased AKT activation and increasing SMAD?2 activation
(Supplementary Fig. 6C). Thus, TG/low-mediated protection requires CRIPTO signaling to
AKT and SMAD?2.

4. Discussion

In this study the effects of ER stress on the secretion of proteins that can influence cell
viability were examined. Proteomic analysis of the secretome of cardiac myocytes showed
that the movement of most proteins through the classical secretory pathway was inhibited by
both TM and TG (Fig. 2D). But in contrast to TM, TG selectively increased the secretion

of several proteins considered to be permanent ER-residents, 7.e. GRP94, GRP78, and CRT.
Also, in contrast to TM, TG was cytoprotective in low media volumes and cytotoxic in

high media volumes, while TM cytotoxicity occurred similarly at all volumes examined.

We extended these studies mechanistically to show that one of the proteins secreted in
response to TG, GRP78, protects cardiac myocytes by activating the CRIPTO/AKT/SMAD?2
signaling pathway. This is the first demonstration in any cell type that secreted GRP78 can
protect through this signaling pathway.

Together, these results support the hypothesis that by reducing ER calcium, TG stimulates
the release of proteins from the ER that can exhibit concentration-dependent cytoprotection
(Fig. 7), while TM, which does not reduce ER calcium, does not increase secretion

of protective proteins. Additionally, when cultured cardiac myocytes were subjected to
simulated ischemia, which mimics the circulatory defects seen in cardiovascular disease
and is known to cause ER/SR calcium depletion and ER stress [11,17], the low media
volume-dependent cytoprotective effects of TG were replicated. Thus, the volume-dependent
protective effects seen with TG were also observed during a pathophysiologically relevant
maneuver that also activates ER/SR calcium depletion and ER stress. How ER/SR calcium
depletion inhibits the secretion of some proteins, while enhancing the secretion of other
proteins, and how proteins secreted under these conditions exert their functions remain to be
determined. However, several previous studies shed some light on these unknowns.

We previously examined how ER/SR calcium depletion increased the secretion of the ER
stress-inducible, ER-resident, mesencephalic astrocyte-derived neurotrophic factor (MANF)
from cultured cardiac myocytes and HeLa cells [22]. In that study, we showed that MANF
interacts directly with GRP78, which is a calcium-binding chaperone that requires calcium
to interact with its client proteins. Moreover, we showed that depletion of ER calcium with
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TG or ischemia disrupted the calcium-dependent interaction between GRP78 and MANF,
leading to the release of a portion of MANF from the ER lumen, after which it was secreted.
We also showed that secreted MANF protects cardiac myocytes in culture and the heart,

in vivo, from ischemia/reperfusion damage. Thus, it seems quite possible that like the
GRP78-MANF complex, other protein complexes in the ER may depend on calcium, and
that when ER calcium is reduced, for example by TG or ischemia, the retention of these
proteins in the ER is reduced, which leads to their secretion. Moreover, it is reasonable to
postulate the after their secretion, these proteins might have functions different from those in
the ER, such as the protection from maladaptive ER stress that was observed in this study.

It should be noted that MANF was not observed in the secretome analyses in this study,
even though we had previously shown that TG and not TM stimulates MANF secretion.
These findings suggest that, perhaps for technical reasons, such as the efficiency of tryptic
peptide generation, extraction, and detection, some proteins, such as MANF might not be
detected in our proteomics analysis, leaving open the possibility that there are other proteins
in addition to GRP94, GRP78, and CRT that are secreted upon ER/SR calcium depletion.
Therefore, it is likely that our finding of three ER-resident proteins in the TG secretome is
an underestimate of the numbers of such proteins that are secreted in response to TG.

Here, we demonstrated one possible mechanism by which secreted GRP78 can protect
cardiac myocytes. This is the first time secreted GRP78 has been shown to protect any cell
type by activating the CRIPTO/AKT/SMAD?2 signaling pathway. Our findings complement
and add to several previous reports showing that some ER-resident proteins can traffic to
the cell surface of tumor, immune, and several other cell types [23,24], mostly in cancer
and stem cells. These studies suggest that when they reach the cell surface ER-resident
chaperones might illicit protective signaling responses; however, the exact roles for cell
surface ER-resident proteins are not yet known [25]. In terms of protective signaling, our
findings are in agreement with several studies that have shown that cell-surface GRP78 can
activate PI3K/AKT, ERK, and SMAD pathways [20,25], which can have pro-survival effects
in a variety of cell types, including cardiac myocytes [26]. However, our results differ in
that we found that secreted GRP78 can exert protective effects through this same signaling
pathway.

It is also possible that there are other mechanisms responsible for protection by secreted
ER-resident proteins. For example, one possible mechanism is that secreted ER-resident
proteins might maintain the proper folding and function of other extracellular proteins,

such as extracellular matrix proteins, autocrine and paracrine proteins, and cell-surface
receptors. Support for such a mechanism was seen in studies of the ER-resident, ER stress
protein, ERdj3, which is an HSP family member; it was shown that ERdj3 can bind to
misfolded proteins in the extracellular space where it acts as a chaperone to decrease the
proteotoxicity of misfolded extracellular proteins [27]. Moreover, in our study, conditioned
media experiments have not demonstrated significant beneficial effects, indicating that the
protective effects of GRP78 could not be transferred from one culture to another. While it is
unclear why the conditioned media were not beneficial, it could be due to the labile nature of
GRP78 after its secretion. For example, is it known that in the ER, GRP78 exists is in a large
multi-protein complex with other chaperones, ¢.g. GRP94, PDI, ERp72, GRP170/ORP150,
UGGT, CaBP1 (calcium binding protein), cyclophilin B and SDF2-L1, and that this complex
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forms a network for processing unfolded proteins in the ER [28]. It is feasible that this
complex, or one like it, may also be secreted and provide the benefit we observe, yet it may
be unstable, such that it has lost its effectiveness by the time conditioned medium is tested.
Likewise, in our study we found that recombinant GRP78 conferred partial protection,
perhaps due in part to the above reason, as well as the possibility that GRP78 may harbor

a number of posttranslational modifications in the cells from which it is secreted [29], that
were missing in the recombinant GRP78.

It is important to mention that in the study here, TG stimulated protein secretion from
viable, healthy cardiac myocytes, and was not a result of release of intracellular contents
upon cell death. Thus, while ER/SR calcium depletion decreased the secretion of some
proteins, it facilitated the secretion of other proteins. This finding indicates that during
calcium ER stress, the movement of proteins through the ER protein secretion pathway

is not uniform. In fact, our results show that the calcium ER stress secretome is unique,

such that during this stress, some proteins, /.e. those constituting the TG secretome (Fig.

7), are handled differently than all other proteins in the ER/Golgi pathway, so that they can
circumvent the trafficking roadblock that inhibits the release of classically secreted proteins.
Determining how proteins comprising the TG secretome are able to negotiate this roadblock,
and examining the functions of these proteins, once they are secreted, will be required to
better understand how and why ER calcium depletion inhibits the secretion of some proteins,
while enhancing the secretion of other proteins.

Supplementary data to this article can be found online at https://doi.org/10.1016/
j.yimce.2020.04.012.
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Refer to Web version on PubMed Central for supplementary material.
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ER Endoplasmic reticulum

GRP78 78 kDa glucose-regulated protein, HSPA5

GRP94 94 kDa glucose-regulated protein, HSP90b1, endoplasmin
ICF Immunocytoflourescence

LDH Lactate dehydrogenase

MANF Mesencephalic astrocyte-derived neurotrophic factor, ARMET
MTT 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
NRVM Neonatal rat ventricular myocytes

sl Simulated ischemia

SMAD Mothers against decapentaplegic homolog

SR Sarcoplasmic reticulum

TG Thapsigargin
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Fig. 1.
Hypothetical Effects of ER Stress on Classical Secretion and Effect of Media Volume and

Cell Density on Cardiac Myocyte Viability- Panel A- Proteins secreted by the classical
secretory pathway are synthesized and folded in the endoplasmic reticulum (ER), then
routed to the Golgi before they are secreted, after which they exert their functions through
autocrine, paracrine, and endocrine signaling. Panel B- Hypothesis that acute ER stress
impairs ER protein-folding and decreases secretion. Pane/ C- Hypothesis that in response
to ER stress an adaptive response is initiated to reduce misfolded protein accumulation
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and restore secretion v/a the classical secretory pathway. Pane/ D- Diagram describing

the hypothesis that secreted proteins could enhance cardiac myocyte viability by autocrine/
paracrine-mediated protection. Panel E- Diagram depicting the effects of low (top) or

high (bottom) media volumes on auto/paracrine-mediated protection. Pane/ F- Neonatal

rat ventricular myocytes (NRVM) were plated in DMEM/F-12 media containing 10% fetal
bovine serum (FBS) at respective densities of 2.5 (lanes 1 and 2), 5.0 (3,4), or 10.0 (5,6) x
10° cells/cm? in 24-well culture dishes. After 24 h, media were replaced with DMEM/F-12
containing 2% FBS. After another 24 h, media were replaced with either a low volume (L
=0.25 ml; bars 1, 3, 5 in Panel G) or a high volume (H = 2.0 ml; bars 2, 4, 6 in Panel G)
of serum-free DMEM/F-12 containing BSA at 1 mg/ml (minimal media). After 48 h, media
samples from NRVMs were subjected to SDS-PAGE followed by silver staining. Panel G-
Culture viabilities from NRVMs plated as described in Panel F were determined using an
MTT assay. Shown are the mean optical density (O.D.) values = S.E.M. * and #, p< .05
different from paired control.
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C. Cardiac Myocyte Secretome
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ER Calcium Depletion Uniquely Alters the Cardiac Myocyte Secretome- Pane/ A- NRVMs
were plated at 2.5 x 10° cells/cm? in 24-well culture dishes, then treated in high (1 ml) or
low (0.125 ml) minimal media volumes + TM (50 pg/ml). After 48 h, culture viabilities
were determined by MTT assay. *, # p < .05 different from all other values, as determined
by ANOVA followed by Newman Keul’s post hoc analysis. Panel B- NRVMs were plated
as in Panel A, except treated = TG (3 pM). *, # p < .05 different from all other values, as
determined by ANOVA followed by Newman Keul’s post hoc analysis. Panel C-Heatmap
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summary of proteomics findings identified in fresh, unconditioned media (Mdm), media
from NRVMs without TG or TM (Con), and media from NRVMs treated with TG or TM.
The unit of the scale is not LogFC or FC. The scale shows the z-score of the data that went
into the heatmap. In order to generate the heatmap, the original data is scaled. In essence, the
scaling computes the z-score, /.e. the input data is transformed in such a way that the mean
is zero and the variance is one. This can be seen from the heatmap scale indicator that has its
center at 0. Panel D- NRVMs were plated at 1 x 10° cells/6-well culture dish, then treated +
TG (2 um) or TM (10 pg/ml) in 1 ml serum- and BSA-free media for 24 h. media samples
were analyzed directly by immunoblotting for the ER stress-inducible proteins shown using
antibodies specific for GRP94, GRP78, CRT, ANF, and GAPDH, as shown. Panel £- Cell
extracts from the cultures described in Panel D were examined by immunoblotting. Panel F-
Diagram of the hypothetical benefits of proteins secreted in response to TG.
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Fig. 3.

Lc?w Volume Protects Cardiac Myocytes from Death during Simulated Ischemia- Panel A-
NRVMs plated at 1.1 x 10° cells/chamber on 4-chamber glass slides were treated for 24 h
in high (2.5 ml) or low (0.25 ml) media volume with or without simulated ischemia (sl).
Cultures were then immunostained for a.-actinin (red), GRP78 (green), and stained for DNA
(TOPRO-3; blue). Panel B-NRVMs were plated at 4 x 10° cells/12-well culture dish and
subjected to sl for 48 h in high or low media volume = BFA (5 pg/ml), then analyzed for
total and dead cells by Hoechst and propidium iodide staining. Shown are the mean values
of cell death + S.E.M., expressed as the percentage of dead cells. *, #, p< .05 different from
all other values, as determined by ANOVA followed by Newman Keul’s post hoc analysis.
Panels C—-Freshly isolated adult mouse ventricular myocytes (AMVM) were plated at 5 x
10° cells/12-well culture dish, then treated for 8 h in high or low maintaining media (see
Methods) volume + TG (2 pm) and BFA (5 pg/ml). AMVMs were scored for viability by
quantifying the number of calcein AM-positive, rod-shaped myocytes, as described in the
Methods. Shown are the mean values of viable cells £ S.E.M. *, p< .05 different from

all other values, as determined by ANOVA followed by Newman Keul’s post hoc analysis.
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Panel D- AMVMs were plated at 5 x 10° cells/12-well culture dish subjected to sl for 8 h
in high or low volume glucose-free DMEM medium containing 2% dialyzed FBS + BFA
(5 pg/ml), and then scored for viability by quantifying the number of calcein AM-positive,
rod-shaped myocytes, as described in the Methods. Shown are the mean values of viable
cells £ S.E.M. *, p< .05 different from all other values, as determined by ANOVA followed
by Newman Keul’s post hoc analysis.
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A. Xbp1 mRNA Splicing by ER Stress B. Xbp7 mRNA PCR-based Splicing Assay
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Fig. 4.
Effects of Media Volume and TG on XbpZ mRNA Splicing and ER Stress Gene Induction-

Panel A- Xbp1 splicing is a sensitive measure of protein misfolding in the ER. Panel B-
XbpI mRNA splicing process and assay. In the absence of ER stress, the X6pZ mRNA
encodes a 261 AA protein that is not a transcription factor. However, upon ER stress, the
endoribonuclease activity of IRE-1 is activated, resulting in the removal of a 26-nucleotide
intron (pink) and generation of XbpZ mRNA spliced, which encodes a 376 AA form of
Xbp1 that is an active transcription factor. Use of the primers that are shown result in a 290
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nucleotide PCR product for the unspliced form of the XbpZ mRNA and a 264 nucleotide
PCR product for the spliced X5pZ mRNA. Panel C- NRVMs were plated at 1 x 10°
cells/6-well culture dish and treated in high (8 ml) or low (1 ml) serum-free DMEM/F-12
containing 1 mg/ml BSA (minimal media) + TG (2 uM) for the times shown, then extracts
were analyzed by PCR for XbpZ mRNA splicing. Panel D- Quantification of the Xbp1
splicing gel shown in Panel B. *, p< .05 different from untreated control, as determined

by ANOVA followed by Newman Keul’s post hoc analysis. Panel E- Gene expression was
determined by gRT-PCR using RNA from NRVMs plated at 1 x 108 cells/6-well culture dish
and treated for 8 h £ TG (2 uM) in high (8 ml) or low (1 ml) minimal media volumes, as
described in Panel B. *, p< .05 different from untreated control, as determined by ANOVA
followed by Newman Keul’s post hoc analysis. Panels £, G- NRVMs were plated at 4 x
10° cells/well on 12-well plates. Sixteen hours after plating, cultures were treated for 24 h
+ TG (2 uM) in minimal media in low (0.4 ml) or high (2 ml) volume, then examined by
SDS-PAGE immunoblotting.
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Fig. 5.

Ef%ects of GRP78 on Cardiac Myocyte Viability and AKT/SMAD?2 Signaling- Panels A, B-
NRVMs were plated at 4 x 10° cells/well on 12-well plates. Sixteen hours after plating,
NRVM culture medium was replaced with DMEM/F-12 supplemented with 0.5% FBS
without antibiotics, 120 nM siRNA, and 1.25 ul HiPerfect / 1 ul Grp78 or control siRNA.
After 16 h the culture medium was replaced with DMEM/F-12 with BSA (1 mg/ml) for

48 h, after which cultures were treated for 24 h + TG (2 pM) in low (0.4 ml) or high (2

ml) volume. Cell extracts and media were examined by immunoblotting. Pane/ C— NRVMs
were plated at 1.25 x 10° cells/well on 48-well plates. Sixteen hours after plating, cultures
were transfected with siRNA as described in Panel A. Forty-eight hours after transfection,
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cultures were treated without or with TG (2 uM) in serum- and BSA-free DMEM/F-12 in
low (0.125 ml) or high (0.75 ml) volume. After 48 h, culture viabilities were determined

by MTT assay. Shown are the mean optical density (O.D.) values = S.E.M. *, #, p< .05
different from all other values. Pane/ D- NRVMs were plated at 1.25 x 10° cells/well on
48-well plates. Sixteen hours after plating, media were then replaced with either high (0.75
ml) or low (0.125 ml) volume of serum- and BSA-free DMEM/F-12 £ TG (2 uM), + 4 pg/ml
anti-GRP78 or 4 pg/ml non-immune goat IgG. After 48 h, cell viability was determined by
MTT assay; n= 4 cultures/treatment. *, #, $, p< .05 different from all other values, as
determined by ANOVA followed by Newman Keul’s post hoc analysis. Panel £- NRVMs
were plated as described in Panel C. Media were then replaced with either high volume
(0.75 ml) or low volume (0.125 ml) of serum- and BSA-free DMEM/F-12 without or with
TG (2 uM), in combination with recombinant GRP78 (2 pug/ml) or bovine serum albumin (2
ug/ml). After 48 h, cell viability was determined by MTT assay; n = 4 cultures/treatment.
After 48 h, culture viabilities were determined by MTT assay. *, #, p < .05 different from all
other values, as determined by ANOVA followed by Newman Keul’s post hoc analysis.
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Fig. 6.

Effects of CRIPTO on Cardiac Myocyte Viability and AKT/SMAD?2 Signaling - Panels
A, B-NRVMs were plated at 4.0 x 10° cells/12-well plates. Sixteen hours later, cells
were transfected with (120 nM) siRNA to CRIPTO or control siRNA, then incubated for
16 h, after which the culture medium was replaced with DMEM/F-12 supplemented with
BSA (1 mg/ml) for an additional 48 h, after which cultures were treated for 24 h with or
without TG in low (0.4 ml) or high (2 ml) volume. Cell extracts and media were examined
by immunoblotting. Pane/ C-NRVMs were plated and treated as described in Panel A,

B. Cripto mRNA levels were determined by gRT-PCR. Shown are the mean values of
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rat Cripto/Gapadh mRNA, expressed as fold-of-control + S.E.M. *, p< .05 different from
control. Panel D-NRVMs were plated at 1.25 x 10° cells/48-well plates. Sixteen hours after
plating, cultures were transfected with siRNA as described in Panel A. Forty-eight hours
later, cultures were treated £ TG (2 uM) in serum- and BSA-free DMEM/F-12 in low (0.125
ml) or high (0.75 ml) volume media. After 48 h, culture viabilities were determined by MTT
assay. Shown are the mean optical density (O.D.) values £ S.E.M. *, p< .05 different from
all other values. Panel E- NRVMs were plated and maintained as in Panel D, except they
were treated + 10 pg/ml ALK4L75A_Fc. Shown are the mean optical density (O.D.) values +
S.E.M. *, p< .05 different from all other values.
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Fig. 7.
Summary of the Effects on the Classical Secretory Pathway of TG- or Simulated Ischemia-

induced ER Stress. - Part A- In cardiac myocytes, ER/SR-resident proteins are depicted

as red, and secreted proteins as black within the ER lumen. Under control conditions, ER/
SR-resident proteins are not secreted while secreted proteins are properly folded, routed
through the Golgi, and eventually released into the media. Part B- Upon treatment with TG
or sl, most ER luminal proteins that should be secreted misfold, do not traffic through the
Golgi, and are therefore not secreted. However, in contrast to TM, treatment with TG or sl
stimulates the secretion of a group of ER/SR resident proteins that are not secreted under
other conditions; in this study these proteins were identified as GRP94, GRP78 and CRT.
When these three proteins are secreted, they act in an autocrine/paracrine manner to protect
cells from the maladaptive effects of ER stress.
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