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Highlights

Depletion of the bulk of ER Ca?* does not induce the unfolded protein response
Cells can tolerate sustained depletion of ~ all releasable ER Ca?* for several days
Depletion of the bulk of ER Ca?* does not limit bulk autophagy

Partial depletion of ER Ca?" is sufficient to reduce cell proliferation

Cytotoxic effects require extreme ER Ca2* depletion or ER subdomain Ca?* depletion
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Abstract

Endoplasmic reticulum (ER) Ca?" depletion activates the unfolded protein response (UPR),
inhibits bulk autophagy and eventually induces cell death in mammalian cells. However, the
extent and duration of ER Ca*" depletion required is unknown. We instigated a detailed study
in two different cell lines, using sarco/endoplasmic reticulum Ca**-ATPase (SERCA) inhibitors
to gradually reduce ER Ca** levels in a controlled manner. Remarkably, UPR induction (as
assessed by expression analyses of UPR-regulated proteins) and autophagy inhibition (as
assessed by analyses of effects on starvation-induced bulk autophagy) required substantially
higher drug concentrations than those needed to strongly decrease total ER Ca®" levels. In fact,
even when ER Ca”" levels were so low that we could hardly detect any release of Ca®" upon
challenge with ER Ca*" purging agents, UPR was not induced, and starvation-induced bulk
autophagy was still fully supported. Moreover, although we observed reduced cell proliferation
at this very low level of ER Ca®", cells could tolerate prolonged periods (days) without
succumbing to cell death. Addition of increasing concentrations of extracellular EGTA also
gradually depleted the ER of Ca?’, and, as with the SERCA inhibitors, EGTA-induced
activation of UPR and cell death required higher EGTA-concentrations that those needed to
strongly reduce ER Ca?" levels. We conclude that ER Ca*" depletion-induced effects on UPR,
autophagy and cell death require either an extreme general depletion of ER Ca*" levels, or Ca?*
depletion in areas of the ER that have a higher resistance to Ca>" drainage than the bulk of the
ER.
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1. Introduction

The endoplasmic reticulum (ER) is the major intracellular calcium store in the cell, and can
harbour thousands-fold higher Ca?" concentrations than those found in the cytosol. The
concentration gradient is maintained by luminal Ca**-binding proteins and the ATP-driven Ca**
pump SERCA, which drives cytosol-to-ER Ca** transport [1]. High intra-luminal calcium
levels are crucial for Ca®-initiated signalling events, involved in numerous physiological
processes. Additionally, Ca*" is required for many ER functions, e.g. protein folding,
modification, sorting, and quality control [2]. Likely for these reasons, cells are very sensitive
to ER Ca®" depletion, which induces ER stress and the unfolded protein response (UPR), and
inhibits the lysosomal degradative process macroautophagy, hereafter referred to as autophagy
[3, 4]. Moreover, sustained UPR leads to apoptotic cell death [4-9].

ER stress is defined as the overload of ER folding capacity, caused by abnormal
accumulation of unfolded proteins. The stress is sensed by the ER transmembrane proteins
PERK, IRE1, and ATF6, which together initiate the UPR — an intracellular signalling response
that activates a transcriptional program aimed at alleviating the stress [2, 10, 11]. Autophagy
has been suggested to contribute to alleviate the stress by ridding the cells of misfolded and
aggregated proteins [12]. However, ER Ca®" depletion has a dominant effect to block autophagy
in a manner that does not involve the UPR [3]. Another way that the UPR attempts to alleviate
ER stress is by enhancing the expression of ER-resident chaperones and foldases. One of the
chaperones, GRP78/BiP, is a master regulator of the UPR, since it under non-stressed
conditions keeps the UPR initiators inactive via direct interaction [13-17]. Upon ER Ca**
depletion, protein folding and sorting is disturbed [18-21], because the activities of ER-resident
chaperones, foldases, and post-translational modifiers depend on Ca?" [2, 22]. This leads to
accumulation of unfolded proteins, which, in turn, bind to and release BiP from the UPR
initiators [13-15, 17], resulting in UPR activation.

The importance of understanding the cellular consequences of lowered ER Ca** levels,
and its relation to the UPR, is highlighted by observations that a number human pathologies,
including diabetes, cancer, viral infection, cardiovascular and neurological diseases are
characterized by reduced ER Ca’" levels and enhanced UPR [23-30]. However, most of the
current knowledge of the association between decreases in ER Ca** levels versus induction of
UPR and cell death, and effects on autophagy, is based on the use of ER Ca*"-purging drugs at
concentrations that give a rapid and extreme depletion of ER Ca?" [31-39]. Thus, the connection
between the extent, as well as the duration of ER Ca?" depletion versus UPR induction, cell
death, and autophagy inhibition is unknown.

To address these unanswered questions, we have here used SERCA inhibitors at a range
of concentrations and time points in two commonly used cancer cell lines, to systematically
determine cellular effects of gradual ER Ca®" depletion. Surprisingly, we find that cells can
tolerate strong and sustained decreases in ER Ca*" levels without showing any signs of UPR
induction, autophagy inhibition or cell death. Instead, these type of cellular responses to ER



Ca?" depletion appear to require either an extreme overall ER Ca?" depletion, or Ca** depletion
in areas of the ER that are more resistant to Ca?" drainage than other parts of the ER.



2. Materials and methods

2.1 Cell culture and compounds

PC3 cells (ATCC, CRL-1435) and LNCaP cells (ATCC, CRL-1740) were maintained in
RPMI 1640 (Thermo Fisher Scientific, 21875091) containing 10% FBS (Sigma, F7524 batch
BCBTO0730), and cultured at 37°C in a humidified 5% COz incubator. In experiments with
EGTA, cells were incubated in calcium-free DMEM (Thermo Fisher Scientific, 21068028)
with 10% FBS. Thapsigargin epoxide (EpoTg) was prepared as described previously [40].
Other compounds were: Thapsigargin (Sigma, T9033), A23187 (Sigma, T9033), ATP (Sigma,
A6419), lonomycin (Sigma, [9657), Bafilomycin Al (Enzo, BML-CM110), EGTA (Sigma,
E8145), Z-VAD-FMK (Adooq Bioscience, A12373), and Propidium Iodide (Merck, 537059).

2.2 Cell death and cell confluency assessment

Cell death was assessed as previously described [4, 41]. Briefly, cells were seeded in triplicates
in 96-well plates and grown to ~70% confluency. Treatments were added along with 2.5 pg/ml
(final concentration) propidium iodide, and the IncuCyte ZOOM imaging system (Essenbio)
was used for live-cell phase-contrast and fluorescence imaging, acquiring 3 images from each
well every 3 h. The integrated software was used to calculate ratio of red fluorescence- to total
cell confluency, as previously described [4, 41], and relative cell death was plotted as a function
of time, normalized to the average ratio from each experiment when indicated. Cell confluency
was calculated from the phase-contrast images at each time point using the IncuCyte ZOOM
software.

2.3 Cell viability assessment

Cell viability was assessed by the CellTiter 96 AQueous One Solution assay (Promega, G3581).
Cells were seeded in 96-well plates and grown to ~70% confluency, followed by treatment with
EpoTg or Tg for 44 h. Thereafter, 20 pl CellTiter 96 AQueous One Solution was added to each
well, and the incubation was continued for 2 h at 37°C in a humidified 5% CO: incubator.
Absorbance was recorded at 450 nm using a Tecan Infinite F200 plate reader. Background
absorbance was recorded from wells containing cell culture medium and CellTiter 96 AQueous
One Solution, but no cells.

2.4 Cytosolic Ca®" measurements

Cells were seeded in 96-well plates, grown to ~70% confluency, and treated with serial
concentrations of EpoTg or Tg for various time points. Subsequently, cells were washed once
with Ca?* Krebs solution (150 mM NaCl, 5.9 mM KCI, 1.2 mM MgClz, 11.6 mM HEPES (pH
7.3), 11.5 mM glucose and 1.5 mM CaClz) and loaded with 100 pl of 1.25 uM Fura-2 AM for
20 min. After another wash step, cells were incubated in Ca** Krebs solution for 30 min, before
measurements on a FlexStation 3 microplate reader (Molecular Devices) by consecutive
excitations at 340 and 380 nm, and measuring emitted fluorescence at 510 nm, every 5 s for
700 s. After the first 60 s, all wells were treated with 3 mM EGTA in Ca**-free Krebs for 60 s,
before addition of 2 uM ATP, 1 uM Tg, or 2 uM ionomycin. Ca** release was plotted as ratio
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of emitted Fura-2 fluorescence (F340/F3s0), and relative amounts of releasable Ca*" was
quantified by “area under the curve” calculations, using GraphPad Prism with a 10% threshold.

2.5 Direct ER Ca*" measurements

Cells were transfected in 96-well plates with a plasmid expressing the Ca*" indicator G-
CEPIATler (60 ng/well), kindly provided by Dr. M. lino (University of Tokyo, Japan) [42]
(Addgene plasmid #58215), using GenJet transfection reagent (Signagen, SL100489) according
to the manufacturer’s protocol. After 24 h of transfection, treatments were added, and the plate
immediately placed in an IncuCyte ZOOM imaging system. G-CEPIAler fluorescence was
measured every hour from 3 image fields per well, thus registering the fluorescence from
several thousand cells per treatment condition. To account for changes in fluorescence caused
by alterations in G-CEPIA ler expression levels, integrated fluorescence intensity values were
normalized to those obtained in DMSO control-treated cells at each time point. At 22 h, ER
Ca?" was purged with 5 uM A23187 to set the baseline level for quantifications.

2.6 Fluorescence microscopy of G-CEPIAler and ER-Tracker Red

PC3 cells were seeded in 96-well plates for 2 d followed by 24 h transfection with the
expression plasmid encoding G-CEPIA ler. Subsequently, the cell culture medium was
replaced with Hank’s Balanced Salt Solution (HBSS) containing 0.8 uM ER-Tracker Red
(Thermo Fisher E34250). After 20 min incubation at 37°C in a humidified incubator with 5%
CO2, the staining solution was replaced with cell culture medium and immediately analysed
with a Zeiss Axio Vert.A1 microscope using a 100x objective and appropriate filters to image
the fluorescent signals from G-CEPIAler (green) and ER-Tracker Red (red).

2.7 Autophagy assays

Bulk autophagy was assessed by measuring sequestration of lactate dehydrogenase (LDH) and
degradation long-lived proteins, as described previously [43, 44].

2.8 Immunoblotting

Preparation of whole-cell lysates, SDS-PAGE, and immunoblot analysis were performed as
described previously [3]. Primary antibodies were directed against: XBPls (BioLegend;
647502, clone 143F), ATF4 (Cell Signaling Technology; CST#11815), GRP78/BiP
(CST#3177), CHOP (CST#2895), Cleaved PARP (Asp214) (CST#5625), LC3B (CST#2775)
and alpha-tubulin (Abcam, ab7291). Secondary horseradish peroxidase-conjugated goat anti-
rabbit and rabbit anti-mouse antibodies were from Dako.

2.9 Statistical analyses

Significance was assumed at P<0.05, calculated with paired two-tailed t-test in GraphPad Prism.



3. Results

To assess cellular effects of gradual ER Ca®* store depletion, we applied SERCA-inhibitory
drugs at various concentrations. SERCA inhibition blocks the import of Ca?* from the cytosol,
resulting in ER Ca®" depletion via various passive Ca?*-leak mechanisms [45]. Thapsigargin
(Tg) (Fig. 1A) is the most potent SERCA inhibitor and a frequently used experimental drug
[46]. Additionally, various Tg analogues show promising potential in cancer-directed therapy
[47]. Recently, we found that a sub-cytotoxic concentration of a Tg Epoxide analogue (EpoTg)
(Fig. 1B) partially depleted ER Ca?* after 24 h of treatment without concurrent UPR induction
in PC3 [4], LNCaP and MCF7 cells (our unpublished observations). This suggested that cells
may tolerate a partial, long-term ER Ca®* depletion. However, we did not test dose-responses
or kinetic effects. Here, we employ a series of concentrations and time points of EpoTg and Tg
treatment to systematically examine the effects of ER Ca®" depletion on UPR, autophagy, and
cell death. We selected PC3 cells as our primary model, since they show a robust release of ER
Ca?" in response to Tg, and methodologically, Ca*" assays are better applied to PC3 than LNCaP
cells since PC3 cells adhere better to the tissue culture plate.

First, we established the dose-response and kinetic effects of EpoTg and Tg on cell death.
PC3 cells were treated with a range of drug concentrations in the presence of the live/dead stain
propidium iodide (PI), and real-time changes in cell confluency and cell death were monitored
by live-cell phase-contrast and fluorescence imaging [4, 41]. Both EpoTg and Tg increased cell
death in a dose- and time-dependent manner, with very similar kinetics (Fig. 2A and B). At
concentrations above 500 nM for EpoTg, and above 5 nM for Tg, the ratio of PI-stained cells
increased in a near-linear fashion over time, starting from around 15 h and increasing steadily
up to 72 h (Fig. 2A and B). This was accompanied by a gradual decrease in cell confluency (the
surface area covered by cells compared to the total surface area, as calculated from the recorded
live-cell images by the IncuCyte software [41]) compared to control cells (Fig. 2C and D).
Maximal cytotoxicity was obtained with 2500 nM for EpoTg (the highest concentration tested),
and 30 nM for Tg (Fig. 2A and B; and see Fig. S1 for bar plot and statistical tests at the 60 h
time point). As expected from earlier studies which have demonstrated that Tg activates
apoptotic cell death [7-9, 36, 37, 48-50], EpoTg- and Tg-induced cell death was virtually
completely abrogated by co-treatment with the caspase inhibitor Z-VAD-FMK, across all
concentrations of EpoTg or Tg tested (Fig. 2E and F; Fig. S2A and B).

EpoTg showed barely detectable cytotoxicity at 300 nM, and was non-cytotoxic below
that concentration (Fig. 2A; Fig. S1A). Interestingly, however, 150 - 300 nM EpoTg induced
transient decreases in cell confluency compared to control cells (Fig. 2C), indicating cytostatic
effects (a decrease in cell proliferation that is not caused by cell death). Almost identical results
were obtained with 100-fold lower concentrations of Tg. Thus, Tg showed very minor cytotoxic
effects at 3 nM, and was non-cytotoxic below that concentration (Fig. 2B; Fig. S1B). Moreover,
Tg appeared to produce cytostatic effects in the 1.5 - 3 nM concentration window (Fig. 2B and
D). In line with the notion that EpoTg and Tg produce cytostatic effects at these low
concentrations, the decrease in cell confluency observed with 200 - 300 nM EpoTg or 2 - 3 nM
Tg could not be rescued by co-treatment with Z-VAD-FMK, whereas the additional decrease
in cell confluency observed with 2500 nM EpoTg or 30 nM Tg was reversed by Z-VAD-FMK



(Fig. 2G and H; Fig. S2C and D). In further support, cell viability assessment using the CellTiter
96 AQueous One Solution assay produced very similar results; Z-VAD-FMK could not reverse
the decrease in the number of viable cells observed with 200 - 300 nM EpoTg or 2 - 3 nM Tg,
but did reverse the additional decrease observed with 2500 nM EpoTg or 30 nM Tg (Fig. S2 E
and F). In conclusion, at concentrations between 150 - 300 nM (EpoTg) and 1.5 - 3 nM (Tg),
EpoTg and Tg inhibit PC3 cell proliferation in a manner that is not caused by cell death. As the
drug concentrations are gradually increased, the cytostatic effect is accompanied by the
additional induction of apoptotic cell death, which increases strongly from 300 nM - 2500 nM
EpoTg and from 3 nM - 30 nM Tg.

Next, we examined the effects of EpoTg and Tg on UPR. Activation of PERK leads to
enhanced translation of ATF4, while activation of IRE1 leads to production of the alternatively
spliced XBP1 (XBPls), and all three arms of the UPR are involved in transcriptional
upregulation of CHOP and BiP [2, 11, 51]. UPR activation is therefore reflected by increased
protein levels of XBP1s, ATF4, CHOP and BiP. Moreover, the level of the autophagy-related
phosphatidylethanolamine-conjugated LC3 protein (LC3-II) is known to be increased
downstream of UPR signalling [52-55]. As shown in Fig. 3, cytotoxic concentrations of EpoTg
(1500 nM) or Tg (30 nM) induced UPR in a strong and sustained manner. Increased levels of
XBP1s, ATF4 and CHOP were observed after both 6 and 24 h of treatment (Fig. 3A-D),
whereas BiP levels were slightly increased at 6 h and strongly increased at 24 h (Fig. 3A and
E). Moreover, LC3-II levels were significantly elevated at 24 h (Fig. 3A and F). In agreement
with the cytotoxicity data (Fig. 2A and B) and with an apoptotic mode of cell death (Fig. 2E
and F; Fig S2A and B), these increases in XBP1s, ATF4, CHOP, BiP and LC3-II were
accompanied by caspase-produced cleaved PARP (Fig. 3A and G). In contrast, treatment with
300 nM EpoTg or 3 nM Tg showed no or only very slight tendencies of effects on the levels of
XBP1s, ATF4, CHOP, LC3-II, and cleaved PARP (Fig. 3; B-D and F-G), and only slightly
enhanced BiP levels at 24 h (Fig. 3E). Importantly, non-cytotoxic concentrations of EpoTg (100
nM, 150 nM, or 200 nM) or Tg (1 nM, 1.5 nM, or 2 nM) did not induce any upregulation of
XBP1s, ATF4, CHOP, BiP, LC3-I1, or cleaved PARP, at any time point (Fig. 3). In conclusion,
EpoTg/Tg-induced cell death correlates very well with the abilities of the drugs to induce UPR,
whereas low drug concentrations produce cytostatic effects in the absence of UPR activation.

We subsequently asked whether non-cytotoxic concentrations of EpoTg or of Tg would
have any short- or long-term effects on ER Ca*" levels. To this end, we pre-treated PC3 cells
with 100 - 200 nM EpoTg or with 1 - 2 nM Tg for various time points (1 h, 6 h, 24 h, 48 h, or
72 h), and assessed ER Ca®" levels by measuring the amount of Ca*" that could be released to
the cytosol upon acute challenge with ATP. ATP binds to purinergic receptors, leading to rapid
production of IP3 and to ensuing IP3R-mediated ER Ca*" release [56]. Fig. 4A and B show the
Ca’" release curves obtained by ratiometric Fura-2 measurements of ATP-challenged cells pre-
treated for 24 h with EpoTg (100 nM, 150 nM, or 200 nM) or Tg (1 nM, 1.5 nM, or 2 nM).
Remarkably, we observed that treatment with these non-cytotoxic drug concentrations resulted
in a strong and dose-dependent depletion of releasable ER Ca®*, and after treatment with 200
nM EpoTg or 2 nM Tg for 24 h, the ability of ATP to increase cytosolic Ca** was almost
completely abolished (Fig. 4A and B). Very similar results were obtained when a high



concentration of Tg (1 uM) was used instead of ATP to purge ER Ca*" (Fig. S3A and B). To
quantify effects of EpoTg and Tg on releasable ER Ca?*, we calculated the area under the curve
(AUC) for each condition and plotted it relative to DMSO control for each time point. This
revealed that non-cytotoxic concentrations of EpoTg and Tg induce a time- and dose-dependent
depletion of releasable ER Ca?* (Fig. 4C and D; Fig S3C and D). In general, some depletion
was noted after 1 h of treatment, whereas maximal effects were reached within 6 h, the
exception being with the lowest concentration of EpoTg (100 nM), where maximal effects were
observed at 48 - 72 h. With 200 nM EpoTg or 2 nM Tg, the depletion of releasable ER Ca*"
was complete or near-complete within 6 h. The depletion of ER Ca** was generally sustained,
the exception being with the lowest concentration of Tg (1 nM), where the depleting effect
gradually diminished between 6 and 72 h. Treatment with 200 nM or 2 nM Tg caused a
complete or near-complete depletion of releasable ER Ca?" throughout the period from 6 to 72
h (Fig. 4C and D; Fig. S3C and D). In further support, the Ca?" ionophore ionomycin was also
virtually unable to release Ca" in cells that had been pre-treated with 200 nM EpoTg for 6 h or
more (Fig. S4).

These results were highly surprising, considering that the same concentrations of EpoTg
(200 nM) and Tg (2 nM) neither induced UPR (Fig. 3) nor cell death (Fig. 2; Fig. S1). We
therefore decided to assess the drug effects on ER Ca** in even further detail, and with a more
direct method to measure ER Ca?" levels. To that end, we transfected PC3 cells with the
genetically encoded ER lumen-targeted fluorescent Ca>" probe G-CEPIAler, a GCaMP2-
derivative optimized in terms of affinity and dynamic range for intraluminal ER Ca*" imaging
[42]. As expected, and as also confirmed previously in other cell lines [42], G-CEPIAler
localized to the ER in transfected PC3 cells (Fig. S5). Measurements of alterations in G-
CEPIA 1er fluorescence have so far been done by manual fluorescence microscopy, which only
allows analysis of a rather limited amount of cells and is sensitive to subjective decisions with
regard to the selection of transfected cells. To assess effects on ER Ca** levels in a larger sample
of cells and in an unbiased manner, we monitored G-CEPIA 1er fluorescence by automated live-
cell fluorescence microscopy, with hourly measurements throughout 22 h of drug treatment.
Overall, the results obtained with this method were in very good agreement with those obtained
by the Fura-2-based quantifications of Ca®" release described above. Thus, EpoTg and Tg
reduced G-CEPIAler fluorescence in a time- and concentration-dependent manner, and
maximal or near-maximal effects were obtained within 6 h (Fig. 5A and B). Interestingly,
however, the use of this more direct and sensitive method to measure ER Ca®* levels enabled
us to visualize tendencies of differences between non-UPR-inducing, non-cytotoxic drug
concentrations versus UPR-inducing, cytotoxic concentrations. ER Ca?" depletion was faster
with high concentrations (near-complete effect within 2 h with > 500 nM EpoTg or > 10 nM
Tg), and there was a tendency of stronger depletion. However, after a few hours of treatment
with 300 nM EpoTg or 3 nM Tg, which have minimal effects on UPR and cell death, the
decrease in G-CEPIAler fluorescence approached that observed with the highest drug
concentrations (Fig. 5A and B, and quantified for the 22 h time point in Fig. 5C and D). Taken
together, our results demonstrate that total ER Ca®' levels are strongly reduced by
concentrations of EpoTg/Tg that have no or minimal effects on UPR and cell death. The gradual
increase in UPR induction and cell death observed upon further increasing the drug



concentrations is accompanied by no or minimal changes in total ER Ca?" levels, in terms of
what can be measured by the Fura-2 and G-CEPIAler methods (Fig. S6).

To examine whether this phenomenon was exclusive to PC3 cells, an androgen-resistant
cell line, or whether it could be observed also in a different cell line, we next examined the
relationship between ER Ca*" levels versus induction of cell death and UPR in LNCaP cells,
which are androgen sensitive. Like in PC3 cells, we observed a gradual time- and dose-
dependent decrease in ER Ca?" levels in LNCaP cells treated with increasing concentrations of
EpoTg or Tg, as determined by the G-CEPIA ler method (Fig. 6A-D). ER Ca** was depleted
with very similar kinetics in LNCaP as in PC3 cells, but required ~10-fold higher drug
concentrations. Thus, a near-complete depletion of ER Ca?', as can be measured by G-
CEPIA ler, was reached within 6 h of treatment with 1500 - 3000 nM EpoTg or 15 - 30 nM Tg
(Fig. 6A-D). In contrast, cell death was not induced by 1500 nM EpoTg or 15 nM Tg, and only
slightly increased by 3000 nM EpoTg or 30 nM Tg after 60 h of treatment (Fig. 6E and F),
whereas strong induction of cell death required much higher concentrations of EpoTg and Tg
in LNCaP cells (Fig. 6E and F; and see [4]). Just as in PC3 cells, the pattern of UPR induction
in EpoTg/Tg-treated LNCaP cells correlated strongly with the level of cell death-induction
rather than with the reduction of ER Ca®" levels. Thus, UPR induction, as determined by
analysis of XBP1s, ATF4, CHOP, and BiP protein levels occurred in the range of 3000 - 10000
nM EpoTg and 30 - 180 nM Tg, with an overall stronger induction at 10000 nM EpoTg and
180 nM Tg than at 3000 nM EpoTg or 30 nM Tg (Fig. 6G). A similar pattern was observed for
the upregulation of LC3-II levels. The very strong reduction in ER Ca®" levels observed from
250 - 1500 nM EpoTg and 2.5 - 15 nM Tg (Fig. 6A-D), was neither accompanied by UPR
induction (Fig. 6G) nor cell death (Fig. 6E and F). As in PC3 cells, we observed reduced LNCaP
cell proliferation with non-cytotoxic concentrations of EpoTg (500 - 1500 nM) and Tg (5 - 15
nM) (Fig. S7A and B), indicating cytostatic effects at these concentrations. Cleaved PARP was
strongly detectable only at 24 h with 10000 nM EpoTg or 180 nM Tg (Fig. 6G). As in PC3
cells, and as previously demonstrated in Tg-treated LNCaP cells [50], both EpoTg- and Tg-
induced cell death were virtually completely abrogated by co-treatment with Z-VAD-FMK (Fig.
S7C and D). In conclusion, the relationship between the degree of ER Ca*" depletion versus
induction of cytostatic effects, UPR and cell death is very similar in PC3 and LNCaP cells.

Next, we asked whether the observed phenomena described above were solely related
to ER Ca®* depletion per se, or to a combination of potential nonspecific drug effects and ER
Ca?" depletion. To answer this question, we incubated PC3 cells with increasing concentrations
of the Ca**-chelator EGTA in Ca®'-free medium containing 10% FBS, to see if we could
gradually drain out ER Ca*" without the use of drugs. Indeed, measurements with G-CEPIA ler
demonstrated a gradual decrease in ER Ca®" levels as the EGTA concentration in the
extracellular medium was increased (Fig. 7A and B). The levels of ER Ca®" gradually and
steeply declined at EGTA-concentrations above 0.40 mM, and plateaued at 0.48 mM, at the
basal level observed after a purge of ER Ca?" with the Ca®" ionophore A23187 (Fig. 7B). Thus,
addition of EGTA to the extracellular medium led to a very efficient and controlled depletion
of ER Ca*". The kinetics of EGTA-induced ER Ca*" depletion were initially slower than those
observed with high concentrations of EpoTg or Tg, but maximal effects were reached within 4



h (Fig. 7A). By analysing the protein levels of XBP1s, ATF4, CHOP, and BiP at 8 h, we found
that UPR activation required higher EGTA concentrations than those needed to reduce ER Ca**
to the detection level of the G-CEPIA ler probe. Thus, although ER Ca?" had reached the basal
plateau level within 0.48 mM EGTA (Fig. 7A and B), concomitant increases in ATF4, CHOP,
and BiP protein levels required 0.50 mM EGTA (Fig. 7C), and increased XBP1s levels were
only observed above 0.50 mM EGTA (Fig. 7C). EGTA induced a more rapid cell death than
that observed with EpoTg and Tg, and EGTA-induced cell death was only partially sensitive to
Z-VAD-FMK (data not shown). This difference is likely due to the fact that high extracellular
EGTA drains all Ca**-rich intracellular compartments, whereas EpoTg and Tg specifically
inhibit the SERCA pump. Figure 7D shows the levels of cell death measured after 22 h of
treatment in EGTA-containing medium. Some cell death was observed at EGTA-concentrations
between 0.44 mM and 0.50 mM. However, when increasing the EGTA concentration from 0.50
mM to 0.80 mM, cell death was very strongly elevated (Fig. 7D), as was the UPR (Fig. 7C).
This increase in cell death and UPR was not accompanied by any further decrease in ER Ca**
levels as can be detected by the G-CEPIAler probe (Fig. 7A and B). Taken together, these
results confirm those obtained with the SERCA-inhibitory drugs, and thus indicate that the
relationship between EpoTg/Tg-induced ER Ca®" depletion versus induction of UPR and cell
death are specifically due to the drug effects on ER Ca** levels rather than to a combined effect
of ER Ca?" depletion and putative nonspecific drug actions.

Tg inhibits bulk autophagy in a manner that is directly related to its calcium-modulating
effect and does not involve UPR or bulk changes in cytosolic Ca** levels [3]. However, the
relationship between the extent and duration of Tg-induced ER Ca®" depletion versus
autophagic activity is not known. As shown in Fig. 3A and F, LC3-II levels were strongly
increased exclusively by high concentrations of Tg (30 nM) in PC3 cells, whereas LC3-II was
not elevated by the lower Tg concentrations (1 - 3 nM), which were still efficient in depleting
ER Ca*' (Fig. 4 and 5). This might indicate that the effect of Tg on autophagy (like on UPR
and cell death) requires an extremely efficient ER Ca** depletion. However, measurements of
LC3-II levels cannot be used by themselves to reach conclusions about autophagy [57], and the
increase observed with Tg may well be caused by transcriptional upregulation of LC3 [3]. We
therefore employed additional methods to assess autophagic activity. Autophagy is
characterised by the sequestration of cytoplasmic cargo, including long-lived proteins, into
double-membrane structures termed autophagosomes, which fuse with lysosomes for
degradation of the sequestered material. Tg inhibits bulk autophagy at the step of
autophagosome formation, and thus reduces sequestration and degradation of cytoplasm,
reflected by decreased sequestration of the cytosolic enzyme lactate dehydrogenase (LDH) and
reduced degradation of long-lived proteins [3]. To assess the association between Tg-mediated
autophagy inhibition and ER Ca?" depletion, we pre-treated PC3 cells with increasing
concentrations of Tg for 4 or 28 h, followed by amino acid starvation for 3 h to induce
autophagy. Strikingly, starvation-induced bulk autophagic sequestration was significantly
inhibited by 10 - 100 nM Tg, but not by 2 nM Tg (Fig. 8). In support, pre-treatment with 10 -
30 nM Tg, but not 1 - 3 nM Tg, reduced starvation-induced degradation of long-lived proteins
(Fig. S8). Thus, the extensive and sustained reduction in total ER Ca*" levels produced by 2-3
nM Tg (Fig. 4 and 5) does not restrict bulk autophagy.
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4. Discussion
This study is the first to systematically explore the association between the extent and duration
of ER Ca*" depletion versus effects on UPR, cell death and autophagy. A graphical depiction
of the major findings of the current study is shown in Fig. 9. Astoundingly, we find that cells
can tolerate strong and sustained reduction in ER Ca*" levels for 66 h (between 6 and 72 h of
treatment with 200 nM EpoTg or 2 nM Tg in PC3 cells), without showing any signs of UPR,
cell death, or inhibition of bulk autophagy. Notably, however, such conditions reduced cell
proliferation. Much higher drug concentrations (e.g. 1500 nM EpoTg or 30 nM Tg in PC3 cells)
were required for strong UPR induction (measured at 6 and 24 h), autophagy inhibition
(measured at 4 to 28 h), and cell death (measured up to 72 h). Although there was a tendency
of stronger ER Ca?" depletion under the latter conditions, drug concentrations that induced
minute amounts of UPR and cell death (300 nM EpoTg or 3 nM Tg in PC3 cells) showed an
apparent similar extent of ER Ca?" depletion as highly UPR-inducing, cytotoxic concentrations.

First of all we must consider whether the observed effects could be caused by
nonspecific drug actions. We consider this highly unlikely, for several reasons. Firstly, Tg is an
exceptionally potent and specific SERCA-inhibitor at low nanomolar concentrations, and
nonspecific effects have only been reported in the micromolar range [58]. Secondly, EpoTg,
which has lower affinity and a different mode of interaction with SERCA than Tg [4], provoked
virtually identical cellular effects as Tg when used at 100-fold higher concentrations. Since Tg
and EpoTg are very similar in structure (the only difference being a 7f3,11a-diol in Tg, which
is converted into a C7-C11 B-oxirane ring in EpoTg; Fig. 1) they likely share putative non-
specific effects. Thus, if the effects reported herein were due to nonspecific effects, Tg and
EpoTg would have shown similar dose-response properties, rather than the ~100-fold difference
that we observed. Third, we demonstrated a very similar relationship between ER Ca?"
depletion versus induction of UPR and cell death when we used extracellular EGTA instead of
the SERCA-inhibitory drugs to drain ER Ca**. Fourth, other agents that deplete ER Ca*" also
induce UPR [3, 33, 34, 59], inhibit autophagy [3, 31], and induce cell death [3, 34, 35, 60].
Finally, mechanistic considerations supporting that depletion of ER Ca®" leads to UPR exists,
namely that Ca** depletion leads to accumulation of unfolded proteins because the activities of
ER-resident chaperones and enzymes depend on Ca?" [2, 18, 19, 22]. In conclusion, the effects
observed herein with EpoTg and Tg are highly unlikely to be caused by nonspecific drug actions.

We therefore consider two main possible explanations for our observations. First, since
currently established ER Ca”* probes deliberately have been developed to exert low Ca®*
affinity properties that are sensitive to changes compared to normal ER Ca*" levels, they cannot
detect changes in the extreme low ranges. Therefore, one possibility is that the observed effects
on UPR and cell death require an extreme general depletion of ER Ca?" levels, i.e. to an extent
that is beyond what can be measured by the G-CEPIAler probe. A second possibility is that the
effects are not caused by bulk reduction in ER Ca" levels, but instead by Ca*" depletion in
areas of the ER that have a higher resistance to Ca®* drainage than the rest of the ER.

The question then becomes which of the two above-mentioned possibilities are more
likely; i.e. do the observed effects require an extreme general depletion of ER Ca** or are they
specifically caused by Ca”* depletion in areas of the ER which have a high resistance to Ca*
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drainage? If the first scenario is true, it would imply that the activities of ER-resident
chaperones and enzymes is largely maintained even under strongly reduced luminal Ca** levels
(e.g. as that observed with 200 - 300 nM EpoTg or 2 - 3 nM Tg in PC3 cells), and therefore the
UPR is not induced under such conditions. Is this a likely possibility in relation to what is known
about the Ca®’-dependencies of ER-resident chaperones and enzymes? Most of the Ca*'-
binding sites of ER-resident chaperones and foldases have low Ca®" affinity, with reported Kd
values ranging from 0.6 to 4.7 mM [22]. Since G-CEPIAler has a Kd value of 0.672 mM [42],
the strong decrease in its fluorescence that we observed already with non-cytotoxic, non-UPR-
inducing drug concentrations would expectedly be accompanied by a massive decrease in the
binding of Ca?" to ER-resident chaperones and foldases. If they are still able to maintain their
function during such conditions, it would mean that their activities are independent of low-
affinity Ca*" binding. Whether this may be, is yet to be fully determined. Calreticulin likely
loses its chaperone function upon loss of low-affinity-bound Ca?" [61, 62], and the foldase
protein disulfide isomerase has been reported to only contain low-affinity (Kd 4.7 mM) Ca*'-
binding sites [63]. Moreover, the enzymatic activity of ER-UDPase is strongly decreased at
levels below 0.5 mM Ca?* [64], which may stall the calnexin cycle of protein folding [2]. From
this it would appear unlikely that proper protein folding can be maintained under the conditions
of strong ER Ca?" reduction that we for instance observed with 200 - 300 nM EpoTg or 2 - 3
nM Tg in PC3 cells. However, the exact relationship between Ca** concentrations and the
activities of most ER-resident chaperones and enzymes is still unknown, and thus it remains a
possibility that it is the high-affinity Ca®*-binding sites of such proteins that are most critical in
relation to protein folding in vivo, whereas low-affinity sites may mainly act to buffer Ca** and
thus secure the basis for Ca®*-inducing signalling.

Alternatively, in line with the second scenario, it may be that protein folding pre-
dominantly occurs in areas of the ER that are more shielded from fluctuations in Ca** levels
than other parts of the ER [65, 66]. Such areas may exist due to heterogeneous distribution of
ER Ca?*-handling proteins, i.e. Ca**-binding proteins, Ca?>" pumps and Ca*" channels [65-67].
According to our results and the second scenario, a putative “protein folding area” would be
characterized by higher resistance to Ca®" depletion by SERCA inhibitors or extracellular
EGTA than the rest of the ER. As the SERCA-inhibitor or EGTA concentration is increased,
the bulk of ER Ca®", presumably that residing in so called “Ca*" homeostasis and signaling
areas” [66], will be depleted first, but not give rise to UPR, since the “protein folding area” still
maintains high enough Ca** concentrations for its activities. This would be the situation in PC3
cells treated with concentrations up to 300 nM EpoTg, 3 nM Tg, or 0.48 mM EGTA. Upon
further increase in SERCA-inhibitor or EGTA concentrations, the Ca?" concentration in the
“protein folding area” is gradually reduced to levels incompatible with protein folding, and thus
the UPR and, eventually, cell death is induced. Although the ER normally appears to be one,
continuously connected Ca** pool (i.e. not containing physically separated compartments) [68,
69], heterogeneous distribution of ER Ca®" has been reported in many different cell types under
various conditions [66, 67, 70-72]. Moreover, the Ca?* ionophore ionomycin may induce ER
fragmentation [68, 73]. Tg was described to promote ER fragmentation in mouse fibroblasts
[68], but not in HEK293 cells [74]. In line with the latter, we did not observe fragmentation of
the G-CEPIAler signal in Tg-treated PC3 and LNCaP cells (data not shown). Intriguingly,
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however, our preliminary examinations suggest that non-UPR-inducing EpoTg/Tg
concentrations preferentially deplete peripheral ER Ca®', thus leaving G-CEPIAler
fluorescence predominantly in a narrow perinuclear region, whereas the reduction appears more
even in cells treated with UPR-inducing drug concentrations (data not shown). This would
indicate that a perinuclear area of the ER may represent a “protein folding area” that is more
resistant to Ca** depletion and thus has a higher threshold for SERCA inhibition-induced UPR
and cell death. This remains an attractive hypothesis for now, as addressing it further will
require a very careful and detailed study of the exact intra-lumenal distributions of ER Ca*",
Ca?"-handling proteins, and protein folding activities, which is beyond the scope of the current
study. Importantly, we believe that the conditions identified in the current study where the
overall levels of ER Ca®* are strongly reduced but where there is no induction of UPR or cell
death, will be very useful experimental tools to further pursue the above-mentioned questions
and hypotheses.

Also in relation to the observed effects on bulk autophagy, both types of scenarios
described above are possible; either autophagy inhibition requires an extreme overall depletion
of ER Ca?’, or Ca®" depletion of ER domains that are more resistant to Ca** drainage than the
rest of the ER. It is intriguing that inhibition of bulk autophagy occurs with the same Tg
concentration-dependency as induction of UPR and cell death, even though Tg-mediated UPR-
induction is not required for its ability to block autophagy [3]. Thus, the mediating mechanisms
may be linked, yet different. One possibility is that the autophagic process depends on the
correct folding of proteins in the ER, and thus bulk autophagy is blocked if the ER protein
folding activity is severely impaired. Another interesting possibility is that ER Ca** depletion
may block autophagy via regulation of another calcium store. ER shows considerable crosstalk
and exchange of Ca** with mitochondria [75] and lysosomes [76-79], and Ca®" signalling from
both these compartments is implicated in autophagy regulation [80, 81]. Cell death induction
has under certain circumstances been attributed to mitochondrial Ca*" overload [82, 83],
however when using the mitochondrially targeted CEPIA-3mt Ca?* probe we did not observe
any indication of mitochondrial Ca?" overload in EpoTg- or Tg-treated PC3 cells (data not
shown).

Interestingly, the gradual decrease in total ER Ca®" levels observed between 100 - 300
nM EpoTg and 1 - 3 nM Tg correlated with a decrease in PC3 cell confluence, which could not
be accounted for by cell death. This indicates that high ER Ca*" levels are required for optimal
cell growth, and that even partial depletion of total ER Ca*" levels is sufficient to produce
cytostatic effects. The effect appears to be unrelated to alterations in bulk autophagy, and since
no, or hardly any UPR was induced at these drug concentrations, it is likely mediated by non-
UPR mechanisms. At higher concentrations of EpoTg (> 300 nM) or Tg (> 3 nM), we observed
a gradual, caspase-dependent increase in cell death, which is highly likely to be caused by UPR
[4-9]. Some studies have indicated that increases in cytosolic Ca*" levels, mediated via store-
operated Ca*" entry (SOCE), are required for ER Ca?*-depletion-induced cell death [84, 85].
However, we have previously shown that depletion of two key SOCE components, Orail and
STIM1, does not reduce Tg cytotoxicity in PC3, LNCaP or MCF7 cells [4]. Moreover, we have
found that Tg and various Tg analogues produce maximal cell death at concentrations that are
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substantially lower than those needed to induce detectable increases in cytosolic Ca>" levels [3,
4]. Thus, SOCE-mediated increase in cytosolic Ca*>" does not seem to be obligatory for ER
Ca?*-depletion-induced cell death. Combined with the results from our current study, it appears
that ER Ca®"-depletion-induced activation of SOCE to increase bulk cytosolic Ca*" levels
requires an even more extreme depletion of ER Ca?" levels than that needed to inhibit bulk
autophagy or activate UPR-induced cell death.

Our observations are of considerable interest with respect to the implication of
decreased expression or function of SERCA, and lowered ER Ca®" levels in various diseases
[23-30, 86, 87], and SERCA-targeting medical drugs [47]. Although our results imply that a
strong reduction of steady-state ER Ca** does not necessarily affect UPR, autophagy, or cell
death, it does produce cytostatic effects, and importantly, it remains entirely possible that
disease-affected tissues or cells with lowered ER Ca?" levels have an increased susceptibility
to environmental and/or therapeutic cues that provoke ER Ca’* release. Under such conditions
it may well be that UPR and other effects are induced, thereby explaining the association
between such disease states and elevated UPR levels [23]. EpoTg and Tg interact differently
with SERCA, and unlike Tg, which completely blocks SERCA activity in vitro, EpoTg
maximally reduces SERCA activity by 90% [4]. It is therefore very interesting to note that we
could equally well observe cytostatic effects, UPR induction and Z-VAD-FMK-sensitive cell
death with EpoTg as with Tg. Hence, all these effects can be achieved without complete
inhibition of SERCA. In conclusion, the results presented here shed important new light on the
link between ER Ca?' depletion and cellular outcomes with relevance to disease states
characterized by defects in SERCA and ER Ca*" homeostasis.
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Figure Legends
Fig. 1. Chemical structure of Tg (A) and EpoTg (B).

Fig. 2. EpoTg and Tg induce cell death and growth inhibition in a dose-dependent manner.
A, B: PC3 cells were seeded in 96-well plates 2 d prior to treatment with the indicated
concentrations of EpoTg (A), Tg (B), or DMSO control (0.05%), together with 2.5 pg/ml
propidium iodide. Cell death was monitored by live-cell fluorescence imaging (IncuCyte
ZOOM) every 3 h. Relative cell death is plotted over time as ratio of red fluorescent- to total
cell confluence, normalized to the average ratio of each experiment. MeantSEM of 3
independent experiments. C, D: Relative cell confluency (recorded by live-cell phase-contrast
imaging in the same experiments as described in A and B), plotted over time and normalized to
the confluency of each condition at 0 h. Mean+=SEM of 3 independent experiments. E, F: PC3
cells were treated with the indicated concentrations of EpoTg (E) or Tg (F) in the absence or
presence of 50 uM Z-VAD-FMK (zVAD), and cell death was measured as in A and B after 60
h of treatment. G, H: PC3 cells were treated with the indicated concentrations of EpoTg (E) or
Tg (F) in the absence or presence of 50 uM Z-VAD-FMK (zVAD) or DMSO control (0.05%),
and cell confluence was determined as in C and D after 44 h of treatment. For E-H, one
representative out of two independent experiments with very similar results is shown in each
case, with symbols showing the individual values of the biological replicates and the error bars
representing SD.

Fig. 3. EpoTg and Tg induce UPR in a dose-dependent manner. A: PC3 cells were seeded
in 6-well plates 2 d prior to treatment with the indicated concentrations of EpoTg, Tg, or DMSO
control (0.05%). Immunoblotting for XBP1s, ATF4, CHOP, BiP, cleaved PARP (cl-PARP),
LC3 (LC3-I denotes free LC3 and LC3-II denotes phosphatidylethanolamine-conjugated LC3),
and a-tubulin (tubulin), was performed on samples harvested after 6 h or 24 h of treatment. One
representative blot out of 3 independent experiments is shown. The position of molecular
weight markers is indicated to the left of the blots. B-G: Quantifications of the immunoblots,
normalized to the tubulin loading control in each experiment. All values were subsequently
normalized to those obtained with 6 or 24 h treatment with 1500 nM EpoTg (set to 1). *p<0.05,
*#p<0.01, ns; not significant, paired Student‘s t-test. The symbols represent values from single
experiments, with a separate colour (red, blue, green) for each experiment. Note that statistical
tests with comparison to basal levels could only be done for BiP and LC3, since we only for
BiP and LC3 could detect quantifiable basal levels in DMSO control-treated cells with high
enough signal-to-noise ratios in the immunoblots. This is due to the very low levels of UPR and
apoptosis in DMSO control-treated cells.

Fig. 4. Non-cytotoxic, non-UPR-inducing concentrations of EpoTg and Tg strongly
deplete releasable ER Ca?*. PC3 cells were seeded in 96-well plates 2 d prior to treatment
with the indicated concentrations of EpoTg, Tg, or DMSO control (0.05%). After 1 h, 6 h, 24
h, 48 h and 72 h of treatment, releasable ER Ca’’ levels were determined by monitoring
cytosolic Ca*" changes with Fura-2 after challenge with ATP. A, B: F340/F3s0 Fura-2 plots of
ATP-challenged cells pre-treated for 24 h with EpoTg (A) or Tg (B). All wells received 3 mM
EGTA for 60 s, before treatment with 2 pM ATP (indicated by arrow). Mean+SEM of 4
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independent experiments. C, D: Area under the curve (AUC) quantifications from the plots
obtained after the indicated pre-treatment times and concentrations of EpoTg (C) or Tg (D),
normalized to DMSO control (set to 1). Mean+=SEM of 4 (3 for 72 h) independent experiments.
*p<0.05, **p<0.01, ***p<0.001, ns; not significant, paired Student‘s t-test compared to DMSO
control for each time point.

Fig. 5. Direct measurement of the effects of EpoTg and Tg on ER Ca?* levels. A, B: PC3
cells were seeded in 96-well plates for 2 d followed by a 24 h transfection with the genetically
engineered luminal ER-targeted Ca**-sensing probe G-CEPIA ler. Treatment with the indicated
final concentrations of EpoTg (A), Tg (B), or DMSO control (0.05%) was added directly to the
wells, and declines in G-CEPIAler fluorescence was measured by live-cell fluorescence
imaging (IncuCyte ZOOM) every 1 h. ER Ca*" levels are plotted as total fluorescence intensity
of G-CEPIAler relative to DMSO control for each condition (to account for changes in G-
CEPIAler expression throughout the experiment). Mean=SEM of 3 independent experiments.
C, D: Bar plots generated from the values obtained at the 22 h time point in A and B, normalized
to values obtained upon an ER Ca®" purge with 5 uM A23187 (a Ca®" ionophore) added at 22
h (this baseline level is set to 1 and indicated by the dashed line). Mean+SEM of 3 independent
experiments. The symbols represent values from single experiments, with a separate colour (red,
blue, green) for each experiment. *p<0.05, **p<0.01, ***p<0.001, ns; not significant, paired
Student‘s t-test.

Fig. 6. Relationship between EpoTg/Tg-induced ER Ca?* depletion and induction of cell
death and UPR in LNCaP cells. A, B: LNCaP cells were seeded in 96-well plates for 2 d
followed by a 24 h transfection with a plasmid encoding G-CEPIAler. Treatment with the
indicated final concentrations of EpoTg (A), Tg (B), or DMSO control (0.05%) was added
directly to the wells, and declines in G-CEPIAler fluorescence was measured by live-cell
fluorescence imaging (IncuCyte ZOOM) every 1 h. ER Ca*" levels are plotted as total
fluorescence intensity of G-CEPIAler relative to DMSO control. Mean+SD of 3 biological
repeats from one representative experiment out of two showing very similar results. C, D: Bar
plots generated from the values obtained at the 22 h time point in A and B, normalized to values
obtained upon an ER Ca?" purge with 5 uM A23187 added at 22 h (this baseline level is set to
1 and indicated by the dashed line). Mean+SD of the 3 biological repeats, with symbols
representing each individual value. E, F: LNCaP cells were seeded in 96-well plates 2 d prior
to treatment with the indicated concentrations of EpoTg (E), Tg (F), or DMSO control (0.05%),
together with 2.5 pg/ml propidium iodide. Cell death was monitored by live-cell fluorescence
imaging (IncuCyte ZOOM) and plotted as ratio of red fluorescent- to total cell confluence after
60 h of treatment. One representative out of two independent experiments with very similar
results is shown in each case, with symbols showing the individual values of the biological
replicates and the error bars representing SD. G: LNCaP cells were treated with DMSO control
(0.05%) or the indicated concentrations of EpoTg or Tg for 6 h or 24 h. Subsequently protein
extracts were made and subjected to immunoblotting using antibodies against XBP1s, ATF4,
CHOP, BiP, cleaved PARP (cl-PARP), LC3, and oa-tubulin, as indicated. One representative
blot out of 2 independent experiments with very similar results is shown. The position of
molecular weight markers is indicated to the left of the blots.
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Fig. 7. Relationship between EGTA-induced ER Ca?* depletion and induction of cell death
and UPR in PC3 cells. A: PC3 cells were seeded in 96-well plates for 2 d followed by a 24 h
transfection with a plasmid encoding G-CEPIAler. Subsequently, the cells were washed once
in Ca?*-free DMEM followed by incubation in Ca?*-free DMEM containing 10% FBS and the
indicated final concentrations of EGTA. G-CEPIA ler fluorescence was measured by live-cell
fluorescence imaging (IncuCyte ZOOM) every 1 h. ER Ca?" levels are plotted as total
fluorescence intensity of G-CEPIAler relative to non-EGTA control. Mean+SD of 3 biological
repeats from one representative experiment out of two showing very similar results. B: Bar
plots generated from the values obtained at the 22 h time point in A, normalized to values
obtained upon an ER Ca?" purge with 5 uM A23187 added at 22 h (this baseline level is set to
1 and indicated by the dashed line). Mean+SD of the 3 biological repeats, with symbols
representing each individual value. C: PC3 cells were seeded in 6-well plates, and after 2 d the
cells were washed once in Ca®’-free DMEM followed by incubation in Ca*'-free DMEM
containing 10% FBS and the indicated final concentrations of EGTA for 8 h. Subsequently
protein extracts were made and subjected to immunoblotting using antibodies against XBP1s,
ATF4, CHOP, BiP, and o-tubulin, as indicated. One representative blot out of 2 independent
experiments with very similar results is shown. The position of molecular weight markers is
indicated to the left of the blots. D: PC3 cells were seeded in 96-well plates 2 d prior to a wash
in Ca*"-free DMEM followed by incubation in Ca*"-free DMEM containing 10% FBS, 2.5
ug/ml propidium iodide, and the indicated final concentrations of EGTA. Cell death was
monitored by live-cell fluorescence imaging (IncuCyte ZOOM) and plotted as ratio of red
fluorescent- to total cell confluence after 22 h of incubation. Mean+SD of 3 biological repeats
from one representative experiment out of two showing very similar results, with symbols
representing each individual value.

Fig. 8. High concentrations of Tg are required for inhibition of autophagic sequestration
activity. PC3 cells were seeded in 6-well plates 2 d prior to treatment with either DMSO control
(0.05%), or the indicated concentrations of Tg for 4 h or 28 h. Subsequently, cells were
subjected to an additional 3 h of treatment in EBSS starvation medium supplemented with 150
nM BafAl (after one wash in EBSS medium), or continued treatment with DMSO control
(0.05%) in complete medium. Autophagic sequestration activity is plotted as LDH
sequestration rate normalized to the 4 h DMSO pre-treatment control subsequently incubated
with EBSS + BafA1l (set to 1). Mean+SEM of 3 independent experiments. *p<0.05, **p<0.01,
ns; not significant, paired Student‘s t-test compared to the 4 h DMSO pre-treatment control
subsequently incubated with EBSS + BafA1, unless otherwise indicated.

Fig. 9. Simplified depiction of the major conclusions of the current study. A: Under normal
conditions ER Ca** homeostasis is ensured by the import of Ca®" from the cytosol into the ER
lumen by SERCA pumps, and a basal level of Ca®" leak through Ca** leak channels and IP3R.

Protein folding is efficient, and thus the unfolded protein response (UPR) sensors PERK, IRE1

and ATF6 are not activated. B: Treatment with intermediate concentrations of SERCA
inhibitors results in a strong block in SERCA activity and a sustained depletion of the bulk of
ER Ca?" through Ca?" leak mechanisms. This leads to reduced cell proliferation, but remarkably,
the UPR is not activated and the cells do not undergo cell death. Moreover, starvation-induced
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bulk autophagy is still fully supported. C: In cells treated with high concentrations of SERCA
inhibitors, the UPR is activated in a strong and sustained manner, and this leads to apoptotic
cell death. Moreover, bulk autophagy is inhibited at the autophagosome formation step. The
UPR is most likely induced under these conditions because the ER Ca?" levels decrease to levels
that are incompatible with efficient protein folding, leading to accumulation of unfolded
proteins and activation of the ER stress sensors and UPR initiators PERK, IRE1 and ATF6.
This critical decrease of ER Ca*" levels in areas of the ER that perform protein folding and
contain the ER stress sensors may simply be the result of a general depletion of ER Ca*" which
is stronger than the situation shown in B. This would imply that protein folding is well
maintained even under conditions of very low ER Ca*" levels (as in B). Alternatively, it may
be that the areas of ER which perform protein folding and contain the ER stress sensors are
more resistant to ER Ca?" drainage than the bulk of ER, and therefore the critical decrease of
ER Ca®" levels in those areas requires higher SERCA inhibitor concentrations. This possibility
is indicated by the hypothesized less severe effect of the SERCA inhibitors on ER Ca**
depletion in the ER subdomain that contains the ER stress sensors (in B), and the accumulation
of unfolded proteins upon a further decrease in Ca?" levels in that subdomain in cells treated
with high concentrations of SERCA inhibitors (in C).
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Supplementary Information

Fig. S1. Dose-dependency of EpoTg- and Tg-induced cell death. Bar plots from the values
at the 60 h time point in Fig. 2A and B. Mean+SEM of 3 independent experiments. *p<0.05,
*#p<0.01, ns; not significant, paired Student’s t-test.

Fig. S2. High concentrations of EpoTg or Tg induce caspase-dependent cell death,

whereas lower concentrations produce cytostatic effects. A, B: PC3 cells were seeded in 96-

well plates 2 d prior to treatment with the indicated concentrations of EpoTg (A), Tg (B), or

DMSO control (0.05%), together with 2.5 ng/ml propidium iodide, in the absence (upper panels)
or presence (lower panels) of 50 pM Z-VAD-FMK (zVAD). Cell death was monitored by live-

cell fluorescence imaging (IncuCyte ZOOM) every 3 h. Relative cell death is plotted over time

as ratio of red fluorescent- to total cell confluence, normalized to the average ratio of each

experiment (as in Fig. 2A and B). Mean+SD of 3 biological repeats from one representative

experiment out of two showing very similar results. C, D: Relative cell confluency (recorded

by live-cell phase-contrast imaging in the same experiments as described in A and B) plotted

over time and normalized to the confluency of each condition at 0 h. Mean+SD of 3 biological

repeats from one representative experiment out of two showing very similar results. E, F: PC3

cells were treated with the indicated concentrations of EpoTg (E) or Tg (F) in the absence or

presence of 50 uM Z-VAD-FMK (zVAD) or DMSO control (0.05%), and after 44 h the number

of viable cells was assessed by the CellTiter 96 AQueous One Solution assay, normalized to the

DMSO control-treated cells in the absence of EpoTg/Tg (set to 1). One representative out of
two independent experiments with very similar results is shown in each case, with symbols

showing the individual values of the biological replicates and the error bars representing SD.

Fig. S3. Non-cytotoxic, non-UPR-inducing concentrations of EpoTg and Tg strongly
deplete high-dose Tg-releasable ER Ca?*. PC3 cells were seeded in 96-well plates 2 d prior
to treatment with the indicated concentrations of EpoTg, Tg, or DMSO control (0.05%). After
1 h, 6 h 24 h, 48 h and 72 h of treatment, releasable ER Ca*" levels were determined by
monitoring cytosolic Ca>" changes with Fura-2 after challenge with high-dose Tg (1 uM). A,
B: F340/F330 Fura-2 plots of high-dose Tg-challenged cells pre-treated for 24 h with EpoTg (A)
or Tg (B). All wells received 3 mM EGTA for 60 s, before treatment with 1 uM Tg (indicated
by arrow). MeantSEM of 4 independent experiments. C, D: Area under the curve (AUC)
quantifications from the plots obtained after the indicated pre-treatment times and
concentrations of EpoTg (C) or Tg (D), normalized to DMSO control (set to 1). Mean+=SEM of
4 (3 for 72 h) independent experiments. *p<0.05, **p<0.01, ***p<0.001, ns; not significant,
paired Student‘s t-test compared to DM SO control for each time point.

Fig. S4. Non-cytotoxic, non-UPR-inducing concentrations of EpoTg strongly deplete
ionomycin-releasable ER Ca?*. PC3 cells were seeded in 96-well plates 2 d prior to treatment
with the indicated concentrations of EpoTg, or DMSO control (0.05%). After 1 h, 6 h, and 72
h of treatment, releasable ER Ca?" levels were determined by monitoring cytosolic Ca>* changes
with Fura-2 after challenge with the Ca®" ionophore ionomycin (2 uM). A: F340/F3s0 Fura-2
plots of ionomycin-challenged cells pre-treated for 6 h with EpoTg. All wells received 3 mM
EGTA for 60 s, before treatment with ionomycin (indicated by arrow). Meantabsolute
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deviation of duplicate biological replicates from one representative experiment out of two. B:
Area under the curve (AUC) quantifications from the plots obtained after the indicated pre-
treatment times and concentrations of EpoTg, normalized to DMSO control (set to 1).
Mean+absolute deviation of duplicate biological replicates from one representative experiment
out of two.

Fig. S5. G-CEPIAler co-localizes with ER-Tracker red. PC3 cells were seeded in 96-well
plates for 2 d followed by a 24 h transfection with an expression plasmid encoding the
genetically engineered luminal ER-targeted G-CEPIAler. Subsequently, cells were stained
with 0.8 uM ER-Tracker Red for 20 min at 37°C, and analysed with an Axio Vert.A1l
microscope. Shown is a representative image comparing the brightfield image (left), the green
fluorescence from G-CEPIAler (middle) and the red fluorescence from ER-Tracker Red
(right). As expected, the signals from G-CEPIAler and ER-Tracker Red are strongly
overlapping, indicating a high degree of co-localization. Scale bar = 10 um.

Fig. S6. Overview of the relationship between ER Ca?* levels, UPR and cell death. A:
Expected relationship between ER Ca?* levels versus induction of UPR and cell death if UPR
induction and cell death gradually increase in a linear manner as the ER Ca?" levels decrease.
B: Summary of our experimental data obtained with EpoTg in PC3 cells. Plotted are: (i) relative
ER Ca®" levels as assessed with G-CEPIA ler after 22 h of treatment in Fig. 5 (set to 100% for
DMSO control), (ii) relative amounts of ATP/Tg-releasable Ca®" after 24 h of treatment as
assessed by the Fura-2 measurements in Fig. 4 and Fig. S3 (set to 100% for DMSO control),
(ii1) Relative UPR levels assessed by averaging the quantifications of ATF4, CHOP, BiP protein
levels at 24 h in Fig. 3 (setting the value obtained with the highest drug concentration to 100%),
and (iv) relative values of cell death obtained from the propidium iodide measurements at 60 h
in Fig. S1 (setting the value obtained with the highest drug concentration to 100%). Mean+SEM
of 3-4 independent experiments. C: Summary of our experimental data obtained with Tg in PC3
cells, expressed in the same manner as in B.

Fig. S7. Low concentrations of EpoTg or Tg produce cytostatic effects in LNCaP cells,
whereas high concentrations induce caspase-dependent cell death. A, B: LNCaP cells were
seeded in 96-well plates 2 d prior to treatment with the indicated concentrations of EpoTg (A),
Tg (B), or DMSO control (0.05%). Cell confluence was monitored by live-cell phase-contrast
imaging (IncuCyte ZOOM) every 3 h, and plotted over time, normalized to the confluency of
each condition at 0 h. Mean+SD of 3 biological repeats from one representative experiment out
of two showing very similar results. C, D: LNCaP cells were treated with the indicated
concentrations of EpoTg (C) or Tg (D) in the absence or presence of 50 uM Z-VAD-FMK
(zVAD) or DMSO control (0.05%), together with 2.5 pg/ml propidium iodide. Cell death was
monitored by live-cell phase-contrast and fluorescence imaging (IncuCyte ZOOM) and plotted
as ratio of red fluorescent- to total cell confluence after 60 h of treatment. One representative
out of two independent experiments with very similar results is shown in each case, with
symbols showing the individual values of the biological replicates and the error bars
representing SD.
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Fig. S8. High concentrations of Tg are required for inhibition of autophagic degradation
activity. PC3 cells were seeded in 24-well plates, and proteins were radiolabelled with '*C
valine for 2 d in complete medium prior to wash-out of unincorporated *C-valine, and an 18
h chase period in complete medium containing a surplus of cold (non-radioactive) valine and
either DMSO control (0.05%) or the indicated concentrations of Tg for 18 h. Subsequently,
short-lived protein degradation products were washed out, and cells were subjected to 3 h of
treatment in EBSS starvation medium or incubation in complete medium (CM). Autophagic
degradation activity is plotted as the long-lived protein degradation rate normalized to DMSO
pre-treated cells subsequently incubated with EBSS (set to 1). Mean+SD of 3 biological
replicates, with symbols showing the individual values of the biological replicates.
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