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ABSTRACT

Although the proteasome inhibitor (PI) bortezomib (Btz) is in current clinical use as a front-
line treatment for multiple myeloma, its clinical efficacy in solid tumors has not been
satisfactory. Here, we show that loperamide (Lop), an antidiarrheal drug, effectively
sensitizes various colon cancer cells, but not normal epithelial cells, to PI-mediated cell death.
We report that combined treatment with Btz and Lop induces paraptosis-like cell death
accompanied by severe endoplasmic reticulum (ER)-derived vacuolation. Furthermore, Lop
potentiates Btz-mediated ER stress and ER dilation due to misfolded protein accumulation
and Ca®' imbalance, leading to CHOP upregulation and subsequent paraptosis-like cell death.
Taken together, our results show for the first time that a combined regimen of PI and Lop
may provide an effective and safe therapeutic strategy against solid tumors, including colon

cancer, by enhancing the sensitivity to PIs and reducing the side effects of such treatment.
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1. Introduction

As many as one third of newly synthesized proteins are degraded within minutes by
proteasome [1]. The ubiquitin proteasome system (UPS) is a central component of the
cellular protein degradation machinery; it performs essential functions in homeostasis, such
as by preventing the accumulation of misfolded or deleterious proteins. Cancer cells produce
proteins that promote cell survival and proliferation and/or inhibit cell death mechanisms.
Deregulation of the UPS can enhance or reduce the degradation of key targets that contribute
to oncopathogenesis [2], prompting researcher to perform preclinical testing of proteasome
inhibitors as a means to shift this fine equilibrium towards cell death [2, 3]. Among the PlIs,
inhibitors of the 20S proteolytic core of the proteasome have been the most extensively
studied; three of these agents—bortezomib (Btz), carfilzomib (Cfz), and ixazomib (Ixz)—are
currently approved for the treatment of multiple myeloma (MM) and mantle-cell lymphoma
(MCL) [4, 5]. Btz sensitizes MM cells to the effects of conventional chemotherapy with
major response rates of over 50% observed in a relapse setting [6]. In addition, PIs have been
the subject of continuing interest for the treatment of solid tumors [7,8]. However, Btz has a
number of side effects, including thrombocytopenia, peripheral neuropathy, nausea, and
diarrhea [6,8]. Additionally, both primary (or innate) and secondary (or acquired) resistance
mechanisms increasingly compromise the effectiveness of PI therapy [9]. The clinical
efficacy of Btz or Cfz (a second-generation PI) mono-treatment has proven limited in solid
tumors [10,11]. The concentrations of these PIs that are clinically relevant in hematopoietic
tumors are not active in solid tumors of different organs, suggesting that stronger inhibition
of the proteasome may be necessary for efficacy in such tumors. However, simple elevation
of the drug concentration may cause side effects. Thus, we urgently need to design safer and

more effective PI-based cancer strategies.



Discovery of drugs that can enhance the efficacy of PIs and subsequent optimization of
combination regimens might help broaden the applicability of Pls to other hematological
malignancies as well as solid tumors. It would further benefit cancer patients, if the co-treated
PI sensitizer could ameliorate the side effects of the PI. Diarrhea is a side effect of Btz and
Loperamide (Lop) is clinically used to reduce the side effects experienced by Pl-treated
cancer patients with complications, including diarrhea [8]. In addition, the malignant
proliferation of plasma cells produces skeletal destruction that leads to bone pain in MM [12],
and Lop has been shown to exhibit analgesic effects in animal models of pain, including a

bone cancer pain model [13,14].

In the present study, we show for the first time that Lop can effectively sensitize various
colon cancer cells, but not normal colon eells, to the anticancer activities of Pls (including
Btz, Cfz, and Ixz). Additionally, Lop sensitizes various other types of cancer cells to Btz-
mediated cell death. Interestingly, we find that a combination of Btz and Lop (Btz/Lop) kills
colon cancer cells primarily by inducing paraptosis-like cell death accompanied by severe
endoplasmic reticulum (ER)-derived vacuolation, rather than through apoptosis. Paraptosis is
a programmed cell death mode characterized by dilation of the ER and/or mitochondria [16].
It lacks apoptotic features, including chromatin condensation, DNA fragmentation, apoptotic
body formation, and caspase dependency, and is known to require de novo protein synthesis
[15,16]. Although the molecular basis of paraptosis remains to be clarified, the process is
known to be associated with the perturbation of cellular proteostasis via proteasomal
inhibition [17-19] and disruption of Ca?" homeostasis [18,20,21]. Here, we show that Lop
effectively enhances Btz-mediated ER stress and dilation of the ER related to accumulation
of misfolded proteins and increased Ca?" levels, and that this contributes to CHOP
upregulation and subsequent paraptosis-like cell death in colon cancer cells. Our findings

suggest that a combined regimen of Btz and Lop could improve the efficacy and safety of PI-



based therapy for the treatment of solid tumors, including colon cancer.

2. Materials and Methods

2.1. Chemicals and antibodies

Chemicals and reagents were obtained as follows: Btz from Selleckchem (Houston, TX,
USA); Lop from Tocris (Ellisville, MO, USA). Ixz (MLN9708) from Cayman Chemical
(Ann Arbor, MI, USA); Ru360 from Calbiochem (EDM Millipore Corp., Billerica, MA,
USA); MitoTracker-Red (MTR), propidium iodide (PI), Fluo-3-AM, Rhod-2-AM, and 4',6-
diamidino-2-phenylindole (DAPI) from Molecular Probes (Eugene, OR, USA); z-VAD-fmk
from R&D Systems (Minneapolis, MN, USA); and Carfilzomib (Cfz), 3-methyladenine (3-
MA), bafilomycin Al (Baf A), chloroquine (CQ), 1,2-bis(2-aminophenoxy)ethane-
N,N,N’,N’-tetraacetic acid (BAPTA), 2,3-bis(2-aminophenoxy)ethane-N,N,N’ N’-tetraacetic
acid tetrakis(acetoxymethyl ester) (BAPTA-AM), ethylene-bis(oxyehylenenitrilo)tetraacetic
acid (EGTA), ruthenium red, crystal violet and cycloheximide (CHX) from Sigma-Aldrich
(St. Louis, MO, USA). The following primary antibodies were used: a-tubulin (sc-32293)
and ubiquitin (sc-8017) from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
CHOP/GADD153 (#2895), PERK (#5683), and IRE1 (#3294) from Cell Signaling
Technology (Danvers, MA, USA); caspase-3 (ADI-AAP-113) from Enzo Life Sciences
(Farmingdale, NY, USA); BAP31 (ab37120) and poly (ADP-ribose) polymerase (PARP;
ab32071) from Abcam (Cambridge, UK). The secondary antibodies, including rabbit IgG

HRP (G-21234) and mouse IgG HRP (G-21040), were obtained from Molecular Probes.

2.2. Cell culture



DLD-1, SW-480, SW-620, HCT116 (all from colon cancers), HeLa (cervical cancer), Caki-1
(kidney cancer), T98G (glioblastoma), MDA-MB 435S (breast cancer), and CCD-112CoN
(normal colon) cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). SNU-449 (hepatocellular carcinoma) cells were obtained from the
Korean Cell Line Bank (KCLB, Seoul, Korea). DLD-1, SW-480, SW-620, HCT116, HeLa,
Caki-1, T98G, and MDA-MB 435S cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotics (GIBCO-BRL, Grand Island, NY, USA). SNU-
449 cells were cultured in RPMI-1640 medium supplemented with 10% FBS and 1%
antibiotics. CCD-112CoN cells were maintained in MEM supplemented with 10% FBS and 1%

antibiotics. Cells were incubated in 5% CO, at 37°C.

2.3. Cell viability assay

Cells were cultured in 48-well plates and treated as indicated. The cells were then fixed with
methanol/acetone (1:1) at ~20°C for 5 min, washed three times with PBS, and stained with
propidium iodide (PIL; final concentration, 1 pug/ml) at room temperature for 10 min. The
plates were imaged on an IncuCyte device (Essen Bioscience, Ann Arbor, MI, USA) and
analyzed wusing the IncuCyte ZOOM 2016B software. The processing definition of the
IncuCyte program was set to recognize attached (live) cells by their red-stained nuclei. The

percentage of live cells was normalized to that found in untreated control cultures (100%).

2.4. Clonogenic assay

To determine long-term anticancer effects, DLD-1 cells seeded on 12-well plates were treated
with 40 nM Btz and/or 20 pM Lop for 4 h. The medium was then replaced with fresh
medium, the cells were allowed to grow for 8 days to form colonies, and the colonies were

stained with 0.5% crystal violet.



2.5. Morphological examination of the ER and mitochondria

To establish stable cell lines expressing fluorescence specifically in the ER, DLD-1 cells were
transfected with the pEYFP-ER vector (Clontech, Mountain View, CA, USA). Stable cell
lines expressing pEYFP-ER (YFP-ER) were selected with fresh medium containing 500
ng/ml G418 (Calbiochem). After treatments, YFP-ER cells were stained with 100 nM Mito-
Tracker Red (MTR) for 15 min and the morphological changes of the ER and mitochondria
were observed under a K1-Fluo confocal laser-scanning microscope (Nanoscope Systems.

Daejeon, Korea).

2.6. Cell cycle analysis

After treatments, cells were trypsinized, washed with PBS-EDTA, and fixed in 70% (v/v)
ethanol. DNA contents were assessed by propidium iodide (PI) staining followed by analysis
on a FACSAria™ III (BD.Biosciences, San Jose, CA, USA). The data were analyzed using

the FACSDiva software (BD Biosciences).

2.7. Immunoblot analyses
Immunoblot analysis was performed as described previously [17]. The fold change of each

target protein level compared to a-tubulin was determined by densitometric analysis.

2.8. Immunofluorescence microscopy

After treatments, the cells were fixed with acetone/methanol (1:1) for 5 min at -20°C and
blocked in 5% BSA in PBS for 30 min. Fixed cells were incubated overnight at 4°C with
primary antibodies diluted in PBS [anti-ubiquitin (1:500, mouse, Santa Cruz Biotechnology),

anti-CHOP (1:500, mouse, Cell Signaling Technology) and/or anti-BAP31 (1:500, rabbit,



Abcam)], washed three times in PBS, and incubated for 1 h at room temperature with anti-
mouse or anti-rabbit Alexa Fluor 488 or 594 (1:1000, Molecular Probes). Slides were
mounted with ProLong Gold antifade mounting reagent (Molecular Probes) and cell staining

was visualized with the K1-Fluo confocal laser scanning microscope.

2.9. Transmission electron microscopy

Cells were pre-fixed in Karnovsky’s solution (1% paraformaldehyde, 2% glutaraldehyde, 2
mM calcium chloride, 0.1 M cacodylate buffer, pH 7.4) for 2 h and washed with cacodylate
buffer. Post-fixing was carried out in 1% osmium tetroxide and 1.5% potassium ferrocyanide
for 1 h. After dehydration with 50-100% alcohol, the cells were embedded in Poly/Bed 812
resin (Pelco, Redding, CA, USA), polymerized, and observed under an electron microscope

(EM 902A, Carl Zeiss, Oberkochen, Germany).

2.10. Small interfering RNA- or small hairpin RNA-mediated knockdown of proteins

The siRNA duplexes used in this study were purchased from Invitrogen (Carlsbad, CA, USA)
and had the following sequences: CHOP (NCBI accession no. NM 004083, 5’-
GAGCUCUGAUUGACCGAAUGGUGAA-3’). The Negative Universal Control siRNA
(Invitrogen) was used as the control. The pairs of siRNA oligonucleotides were annealed and
transfected to cells using the RNAiIMAX reagent (Invitrogen), according to the
manufacturer’s instructions. To confirm successful siRNA-mediated knockdown, Western

blotting of the proteins of interest was performed.

2.11. Measurement of cytosolic and mitochondrial Ca** levels
To measure cytosolic Ca*" levels ([Ca?"].), treated cells were incubated with 1 pM Fluo-3-

AM at 37 °C for 20 min, washed with HBSS (without Ca?>" or Mg?*), and analyzed



immediately by flow cytometry using a FACSAria™ III, or visualized by Axiovert 200M
fluorescence microscopy (Carl Zeiss). To measure mitochondrial Ca?" levels ([Ca®' ]y,
treated cells were incubated with 1 uM Rhod-2-AM at 4 °C for 30 min, washed with HBSS
(without Ca%* or Mg?"), further incubated with HBSS at 37 °C for 20 min, and then analyzed

by flow cytometry.

2.12. Live-cell imaging

DLD-1 cells were seeded to a 12-well plate (BD Biosciences) and treated with 40 nM Btz
and/or 20 uM Lop for 16 h. Phase contrast time-lapse images were analyzed on a Zeiss Cell
Observer System. Cells were incubated at 37°C in‘humidified atmosphere containing 5% CO,.
Images were collected with an EC-Neofluar 20X/0.4 and AxioCam MRm (Carl Zeiss) every

30 min and processed using the AxioVision software.

2.13. Isobologram analysis

To determine how the combinations of PIs and Lop affected the cancer cell lines, dose-
dependent effects were determined for each compound alone and with a fixed concentration
of the other co-treated agent. The interactions of the PIs and Lop were quantified by
determining the combination index (CI), in accordance with the following classic
isobologram equation [22]: CI = (D),/(Dx); + (D),/(Dx),, where (Dx), and (Dx), indicate the
individual doses of Btz and Lop, respectively, required to produce an effect, and (D); and
(D), are the doses of Btz and Lop, respectively, that produce the same effect when applied in
combination. From this analysis, the combined effects of the two drugs can be summarized as
follows: CI < 1 indicates synergism; CI = 1 indicates summation (additive and zero

interaction); and CI > 1 indicates antagonism.



2.14. Statistical analysis

All data are presented as the mean = SD (standard deviation) from at least three separate
experiments. The GraphPad Prism software (GraphPad Software Inc, San Diego, CA, USA)
was used to perform the statistical analyses. Normality of data was assessed by the
Kolmogorov-Smirnov test and equal variance was assessed using Bartlett’s test. For a normal
distribution, statistical differences were determined using analysis of wvariance (ANOVA)

followed by Bonferroni’s multiple comparison test.

3. Results

3.1. Loperamide effectively enhances cell death in colon cancer cells treated with

proteasome inhibitors

In an attempt to identify a sensitizer that can effectively overcome the resistance of cancer
cells to PI, we investigated whether Lop, an antidiarrheal drug, could sensitize colon cancer
cells to various PIs. Treatment with Lop up to 30 pM was not cytotoxic toward various colon
cancer cells, including DLD-1, SW-480, HCT116, and SW-620 cells (Figure 1A). Among the
tested cells, DLD-1 cells were the most resistant to Btz, exhibiting no significant change in
viability when treated with 60 nM Btz. Conversely, SW-620 cells were relatively sensitive to
Btz, with 15 nM Btz decreasing viability to ~60% of the control level. Importantly, Lop dose-
dependently enhanced cell death when combined with subtoxic doses of Btz in all tested
cancer cell lines. Isobologram analysis revealed that Lop and Btz synergistically induced cell
death in these cells (Figure 1B). Colony-forming assays demonstrated that the combination of
Btz with Lop (Btz/Lop), but not either mono-treatment, markedly reduced the clonogenicity
of DLD-1 cells (Figure 1C). Taken together, these results indicate that Lop effectively

overcomes Btz resistance in many colon cancer cell lines. To test whether Lop demonstrates



a sensitizing effect on cancer cells treated with other Pls, we treated DLD-1 or HCT 116 cells
with subtoxic doses of Lop together with the FDA-approved Pls, carfilzomib (Cfz) or
ixazomib (Ixz). Indeed, Lop and the tested PIs dose-dependently and synergistically induced
cell death in these cancer cells (Figure 1D and 1E), suggesting that Lop may act as an
effective sensitizer of various PIs. Interestingly, CCD-112CoN cells (a normal colon cell line)
appeared quite resistant to the combined effects of Btz, Cfz, or Ixz plus Lop at concentrations
that demonstrated synergistic effects in DLD-1 or HCT116 cells (Figure 1F). Taken together,
these results suggest that a combined regimen of Lop plus a PI may be preferentially
cytotoxic to colon cancer cells over their normal counterpart cells, thereby providing a safe
and effective therapeutic strategy against colon cancer. When we further tested the effect of
Btz and/or Lop on other types of cancer cells, we found that Btz/Lop, but not either mono-
treatment, very effectively induced the cell death of HeLa (cervical cancer), Caki-1 (renal
cancer), T98G (glioma), MDA-MB 435S (breast cancer), and SNU-449 (hepatocellular
carcinoma) cells, showing synergy in all five cell lines (Figure 1G and 1H). These results
suggest that the potent anticancer effect of Btz/Lop may not be restricted to a particular

cancer cell type:

3.2. Neither apoptosis nor autophagy is critically involved in the sensitizing effect of Lop

on Btz-mediated cell death in colon cancer cells

To understand how Lop overcomes the resistance of cancer cells to a PI, we performed live-
cell imaging in DLD-1 cells treated with Lop and/or Btz. Interestingly, progressive and
extensive vacuolation was followed by cell death in DLD-1 cells exposed to Btz/Lop, but not
in those exposed to either mono-treatment (Video 1). Btz/Lop treatment initially increased

the numbers of small vacuoles; thereafter, the vacuoles increased in size while decreasing in



number. These observations suggest that Btz/Lop induces extensive vacuolation, possibly due
to the swelling and fusion of vacuoles, and subsequent cell death. When we examined the
cellular morphologies of other colon cancer cells treated with Btz/Lop, we also observed cell
death accompanied by vacuolation in SW480, HCT116, and SW-620 cells (Figure 2A).
Apoptotic morphologies, including blebbing and apoptotic bodies, were not observed in these
cancer cells following treatment with Btz/Lop (Video 1 and Figure 2A). To further assess the
possible involvement of apoptosis, we tested the effect of the pan-caspase inhibitor, z-VAD-
fmk. However, we found that pretreatment with z-VAD-fmk did not affect the vacuolation or
cell death of the Btz/Lop-treated cancer cell lines (Figure 2A and 2B). A flow cytometric
assessment of changes in DNA content showed that Lop treatment of DLD-1 cells did not
markedly alter the cell cycle profile, whereas Btz treatment induced G,/M cell cycle arrest
(Figure 2C). In DLD-1 cells treated with Btz/Lop for 24 h, the G; cell population was
decreased compared to that in Lop-treated cultures, but the subGy/G; cell population (5.6%,
Figure 2C) was not noticeably increased despite the presence of marked cell death (54.6%,
Figure 1A). Furthermore, Btz/Lop treatment did not increase the cleavage of caspase-3 or its
substrate, PARP (Figure 2D). Taken together, these results suggest that apoptosis may not be
critically involved in the Btz/Lop-induced killing of these cells. We next examined whether
Btz/Lop-induced vacuolation and subsequent cell death might be associated with autophagy.
We found that while pretreatment of various colon cancer cells with autophagy inhibitors
(e.g., 3-MA, BafA, or CQ) had no effect on Btz/Lop-induced vacuolation (Figure 2A), it had
a non-significant tendency to increase cell death (Figure 2E). Collectively, these results
suggest that an alternative cell death mode may be involved in the anticancer effects induced

by Btz/Lop.



3.3. Lop effectively overcomes the resistance of colon cancer cells to Btz by inducing

paraptosis-like cell death

Next, we investigated whether Btz/Lop-induced vacuolation is due to changes in organelles,
such as the ER and/or mitochondria. To simultaneously observe the ER and mitochondria, we
performed confocal microscopy on YFP-ER cells (DLD-1 sublines stably transfected with the
YFP-ER plasmid) subjected to MitoTracker-Red (MTR) staining. In YFP-ER cells treated
with 20 uM Lop alone, we did not observe any noticeable change in the ER, but the
mitochondria notably dilated to a peak at 8 h and then subsequently returned to their original
morphology by 24 h. Treatment with 40 nM Btz induced a slight mitochondrial fragmentation
from 8 h and generated numerous small ER-derived vacuoles very late at 24 h. In contrast,
Btz/Lop induced mitochondrial fragmentation and the progressive fusion-driven expansion of
ER-derived vacuoles, which was followed by death-associated cellular detachment (Figure
3A). Except for those occupied by nuclei and fragmented mitochondria, all cellular spaces
were occupied with ER-derived vacuoles in YFP-ER cells treated with Btz/Lop for 24 h
(Figure 3A). We further observed the ultrastructure of mitochondria and the ER by electron
microscopy (EM) and found that treatment of DLD-1 cells with 40 nM Btz alone for 12 h
induced mitochondrial fragmentation without any notable change in the ER structure,
whereas 20 uM Lop alone induced a fusion-driven increase in the mitochondrial size without
any alteration of ER morphology (Figure 3B). In contrast, Btz/Lop treatment for 12 h was
associated with the swelling- and fusion-driven generation of ER-derived vacuoles and the
presence of fragmented mitochondria. Dilation of the ER and/or mitochondria is a
morphological feature of paraptosis [15,16]. Given the above findings and our observation
that Lop can transiently induce mitochondrial dilation, we hypothesized that Btz/Lop induces
paraptosis-like cell death. Since a common feature of paraptosis is the requirement of de novo

protein synthesis [15], we tested the effect of the protein synthesis blocker, cycloheximide



(CHX), on the Btz/Lop-induced responses of various colon cancer cells. We found that CHX
pretreatment very effectively inhibited the cell death (Figure 3C) and vacuolation (Figure 3D)
induced by Btz/Lop in these cells. In addition, CHX pretreatment markedly inhibited the ER
dilation, but not the mitochondrial fragmentation, seen in YFP-ER cell treated with Btz/Lop
(Figure 3E). Thus, the structural and functional changes of the ER may be more important
than those of mitochondria in the anticancer effects of Btz/Lop. Collectively, these results

suggest that Btz/Lop kills the tested cancer cells by inducing paraptosis-associated cell death.

3.4. Accumulation of misfolded proteins and CHOP is critical for Btz/Lop-induced

paraptosis-like cell death

We next investigated the mechanisms underlying Btz/Lop-induced cancer cell death. Since
the main mechanism of cell death induction by PIs involves the accumulation of toxic poly-
ubiquitinated proteins and misfolded protein aggregates, which induce ER stress [23], we first
examined whether co-treatment with Lop affects these Btz-mediated effects. We found that
Lop potentiated the Btz-mediated accumulation of poly-ubiquitinated proteins seen at 8-12 h,
but not thereafter (Figure 4A). Immunocytochemical analysis of ubiquitin also showed that
Lop co-treatment further increased the Btz-induced accumulation of ubiquitinated proteins to
form aggresome-like structures in DLD-1 cells treated with Btz for 12 h (Figure 4B). The
Btz/Lop-induced accumulation of poly-ubiquitinated proteins was almost completely blocked
by CHX pretreatment (Figure 4B). Additionally, immunostaining of BAP31, a protein
abundantly present in the ER membrane [24], revealed that Btz/Lop-induced ER-derived
vacuolation was also almost completely blocked by CHX pretreatment (Figure 4B). These
results suggest that ongoing protein synthesis may contribute to the accumulation of

misfolded proteins within the ER, ER dilation, and eventual cell death. Since proteasome



inhibition was previously shown to induce ER stress and trigger the unfolded protein
response (UPR) [25,26], we compared the effects of Btz and/or Lop on these parameters.
While the protein levels of PERK and IRE1a were not notably altered in DLD-1 cells treated
with Btz and/or Lop, the CHOP upregulation induced by Btz was progressively increased by
Lop co-treatment from 8 h. At 16 h, mono-treatment with Btz or Lop increased the CHOP
protein level and Btz/Lop co-treatment yielded a more dramatic increase than either mono-
treatment (Figure 4C). To investigate the functional significance of CHOP upregulation in
Btz/Lop-induced vacuolation and cell death, we examined the effect of siRNA-mediated
CHOP knockdown. We found that CHOP knockdown significantly attenuated the cell death
(Figure 4D) and vacuolation (Figure 4E) induced by Btz/Lop. To further investigate the
involvement of CHOP in Btz/Lop-induced ER vacuolation, we performed
immunocytochemical analysis of CHOP and BAP31. We found that siRNA-mediated CHOP
knockdown effectively blocked the Btz/Lop-induced nuclear accumulation of CHOP and ER-
derived dilation (Figure 4F). Confocal microscopy in YFP-ER cells also showed that CHOP
knockdown potently delayed the ability of Btz/Lop to induce ER dilation (Figure 4G).
Collectively, these results suggest that CHOP upregulation is critically involved in Btz/Lop-

induced ER dilation and subsequent cell death.

3.5. Disruption of Ca®** homeostasis critically contributes to Btz/Lop-induced paraptosis-

like cell death

We previously showed that disruption of Ca?>" homeostasis plays a crucial role in the
paraptosis induced by curcumin [18] or celastrol [20], and other groups showed that Lop can
inhibit the L-type Ca?" channel [27] and calmodulin [28]. Therefore, we tested whether

Btz/Lop affects intracellular Ca?* levels. Fluorescence microscopy (Figure 5A) and flow



cytometry (Figure 5B) performed using Fluo-3 showed that Btz/Lop progressively and
markedly increased cytosolic Ca?" levels, whereas mono-treatment with Btz or Lop triggered
only very slight increases in intracellular Ca’>* (Figure 5A). When we further measured
mitochondrial Ca?" levels using Rhod-2, we found that Btz/Lop progressively increased
mitochondrial Ca*" levels, with a peak at 16 h (Figure 5B). To examine the potential
significance of a Ca?" imbalance in the cell death induced by Btz/Lop, we investigated the
effects of various Ca?" scavengers. Our results revealed that BAPTA, EGTA (scavengers of
extracellular Ca®"), and BAPTA-AM (a scavenger of intracellular Ca?") all had slight but
significant inhibitory effects on the cell death induced by Btz/Lop in DLD-1 cells (Figure 5C).
Moreover, the co-administration of BAPTA plus. BAPTA-AM or EGTA plus BAPTA-AM
further inhibited Btz/Lop-induced cell death (Figure 5C). Morphological observation of
DLD-1 cells also showed that BAPTA plus BAPTA-AM or EGTA plus BAPTA-AM more
notably inhibited Btz/Lop-induced vacuolation and cell death compared to BAPTA, EGTA,
or BAPTA-AM alone (Figure 5D). Similar effects on ER-derived vacuolation were observed
in YFP-ER cells (Figure 5E). Taken together, these results suggest that an increase in Ca?*
(potentially due to an influx of extracellular Ca®") appears to partially but significantly
contribute to the anticancer effects of Btz/Lop. When cytosolic Ca?" levels are high, Ca®* is
known to be taken up by mitochondria through the mitochondrial Ca?* uniporter (MCU) [29].
Therefore, to examine whether the increased mitochondrial Ca’* contributes to Btz/Lop-
induced cell death, we tested the effect of the MCU inhibitors, ruthenium red or Ru360. We
found that pretreatment with ruthenium red or Ru360 did not affect Btz/Lop-induced cell
death or vacuolation (Figure 5C and 5D), suggesting that mitochondrial Ca’?* overload may

not be a direct cause of Btz/Lop-induced paraptosis-like cell death.



3.6. Bty/Lop induces paraptosis-like cell death selectively in colon cancer cells via

enhanced ER stress and ER dilation

To investigate the critical signals involved in Btz/Lop-induced paraptosis-like cell death; we
first examined the effect of CHX, CHOP knockdown, and Ca?" chelation on the Btz/Lop-
induced accumulation of misfolded proteins. We found that while CHX pretreatment almost
completely blocked the Btz/Lop-induced accumulation of poly-ubiquitinated proteins, neither
CHOP knockdown nor Ca?* chelation (by BAPTA plus BAPTA-AM or EGTA plus BAPTA-
AM) had this inhibitory effect (Figure 6A). When we further investigated the effects of these
manipulations on the Btz/Lop-induced upregulation of CHOP, we found that Ca’>" chelation
markedly, but not completely, inhibited the Btz/Lop-induced accumulation of CHOP,
whereas CHX  pretreatment completely —inhibited this effect (Figure 6A).
Immunocytochemistry of BAP31 and CHOP revealed that CHX pretreatment almost
completely blocked the nuclear accumulation of CHOP, whereas Ca?" chelators remarkably
inhibited this parameter (Figure 6B). Our results suggest that the Btz/Lop-induced
accumulation of poly-ubiquitinated proteins may lie upstream of the Ca?" increase and CHOP
upregulation, -and that the Ca?' increase may considerably (if not wholly) mediate the
upregulation of CHOP. Fluorescence microscopy performed using Fluo-3 showed that CHX
completely blocked the Btz/Lop-induced increase of Ca?", but CHOP knockdown did not
(Figure 6C), again suggesting that the accumulation of misfolded proteins lies upstream of
the Ca?* release, and that the increase in Ca?" is not controlled by the upregulation of CHOP.
Based on our time-course results and molecular ordering of key signals, we hypothesize that
the signaling pathway of Btz/Lop-induced paraptosis-like cell death is as follows: Btz/Lop
treatment initially triggers accumulation of misfolded proteins and progressively increases
intracellular Ca®* levels, resulting in the induction of CHOP-mediated ER stress, ER dilation

and eventually paraptosis-like cell death (Figure 6D).



When we further tested the effect of Btz/Lop on normal colon cells, we found that treatment
of CCD-112CoN cells with 40 nM Btz and 20 pM Lop did not induce vacuolation or cell
death (Figure 7A), which was notably seen in colon cancer cells exposed to the same
treatment (Figure 1A). The Btz/Lop-induced accumulations of poly-ubiquitinated proteins,
CHOP (Figure 7B), and Ca*" (Figure 7C) were also much lower in CCD-112CoN cells
compared to those in DLD-1 colon cancer cells. These results suggest that Lop may
preferentially sensitize colon cancer cells to Btz-mediated cell death by enhancing
proteasomal inhibition and Ca’>*-mediated ER stress to a greater degree than seen in normal
cells. Collectively, our results suggest that the addition of Lop safely and effectively

overcomes Btz resistance by inducing paraptosis-like cell death.

4. Discussion

Most of the current anti-cancer therapies trigger apoptosis and related cell death networks to
eliminate malignant cells. However, the de-regulation of apoptotic signaling, particularly the
activation of an anti-apoptotic system, can allow cancer cells to escape this program, leading
to uncontrolled proliferation, tumor survival, therapeutic resistance, and cancer recurrence
[30]. In this respect, induction of an alternative cell death mode that uses regulatory
mechanisms unlike those of apoptosis and lacks apoptotic features (e.g., apoptotic body
formation, chromatin condensation, DNA fragmentation and caspase dependency), could
have improved therapeutic effects against cancer cells with innate and acquired apoptotic
resistance. An example of such a cell death mode is paraptosis [16]. Therefore, efforts to
identify agents or regimens that induce paraptosis or paraptosis-like cell death and/or clarify

their underlying mechanisms could support the development of novel therapeutic strategies



for treating resistant malignant cancers. In the present study, we show that Lop, a widely used
anti-diarrheal drug, may effectively enhance the anticancer effect of PIs in solid tumors,
including colon cancer, by inducing paraptosis-like cell death, while sparing normal colon

cells.

Here, we show that while a sublethal dose of Btz failed to induce notable vacuolation or cell
death, combination of Btz and Lop at their sublethal concentrations triggered ER-derived
vacuolation and cell death. In cells treated with Btz/Lop, mitochondria were fragmented
rather than dilated. Similar to our results, Mimnaugh et al. [31] reported that the
combinations of geldanamycin plus Btz or tunicamyecin plus Btz at their sublethal
concentrations induced extensive ER-derived vacuolization. They proposed that this ER
vacuolization was due to a massive buildup of misfolded proteins within the ER lumen; this
would exert an osmotic force that would induce an influx of water from the cytoplasm and
distend the ER into vacuoles.We presume that extensive fusion among the swollen ER
membranes could critically contribute to irreversibly impairing the structure and function of

the ER, thereby leading to cancer cell death.

Analysis of the Btz/Lop-induced ER stress responses revealed that Lop cotreatment initially
accelerated the Btz-mediated accumulation of poly-ubiquitinated proteins, and that this was
very effectively blocked by CHX pretreatment. In addition to triggering ER-derived
vacuolation, Btz/Lop progressively increased cytosolic Ca®" levels. Treatment with BAPTA
(or EGTA) plus BAPTA-AM significantly, but not completely, inhibited Btz/Lop-induced
vacuolation and cell death. As ER stress is known to trigger the UPR to restore ER
homeostasis [32], we tested the possible involvement of various UPR components, including
IRE1a, PERK, and CHOP. We found that Lop cotreatment most dramatically enhanced the

Btz-induced nuclear expression of CHOP. Moreover, CHOP knockdown effectively inhibited



Btz/Lop-mediated paraptosis-like cell death, suggesting that this protein plays a critical role
in the process. Finally, we examined the correlations among the accumulation of misfolded
proteins, the increase in Ca?*, and the upregulation of CHOP, in Btz/Lop-induced paraptosis-
like cell death. Time-course assessment of key signals and detailed analyses employing CHX,
Ca?* chelators, and CHOP siRNA revealed that Lop aggravates Btz-mediated ER stress and
ER vacuolation by enhanced accumulation of misfolded proteins and by perturbing Ca>*
homeostasis. Additionally, we found that both accumulation of misfolded proteins and
increased Ca?" levels critically contribute to Btz/Lop-induced CHOP upregulation. Studies
have shown that CHOP acts as a specific and convergent transcription factor for ER stress
[33]. In addition, CHOP also indirectly regulates apoptosis by controlling the expression of
pro-apoptotic or anti-apoptotic genes, including those involved in the Bcl-2-mediated
intrinsic and DRS5-mediated extrinsic apoptotic pathways [34,35]. However, although
ongoing research supports the existence of CHOP-mediated apoptotic signaling networks,
other studies have suggested that CHOP may also have non-apoptotic involvements in
developing pathologies [36]. We recently reported that CHOP contributes to ER-derived
vacuolation and subsequent cell death in curcumin- or dimethoxycurcumin-induced
paraptosis [19] and in ophiobolin A-induced paraptosis-like cell death [37]. Taken together,
these results suggest that CHOP upregulation may be a key mediator of ER-derived
vacuolation in paraptosis and paraptosis-like cell death. Future work is needed to clarify the
downstream targets of CHOP that are directly involved in ER-derived vacuolation during
paraptosis. Recent studies have shown that clarithromycin (a semi-synthetic antibiotic) [38],
nelfinavir (an HIV protease inhibitor) [39], and nutlin-3 [21] effectively enhance Btz-
mediated cytotoxicity, and that CHOP upregulation plays a crucial and common role in such
effects. These results suggest that designing a combination regimen to potently enhance

CHOP upregulation could critically improve Pl-based cancer therapy.



It is intriguing to consider the underlying mechanism through which Ca?" levels are increased
during Btz/Lop-induced paraptosis-like cell death. We note that Lop blocks L-type calcium
channels at submicromolar concentrations and blocks high voltage-dependent calcium
channels at high micromolar concentrations [27]. In addition, proteasome inhibition blocks
the degradation of the major ER Ca?' release channel, IP;Rs [40]. Therefore, additional work
is needed to clarify how Btz and Lop cooperatively increase the influx of extracellular Ca?*
and the level of cytosolic Ca?. Furthermore, it remains to be elucidated whether impaired
Ca?" homeostasis is directly associated with the enhanced accumulation of misfolded proteins

seen during Btz/Lop-induced paraptosis-like cell death.

Studies have shown that Lop displays cytotoxicity and apoptosis-inducing activity in several
human tumor cell lines [41], triggers autophagy-dependent cell death in glioblastoma cells
[42] and reverses multidrug resistance in a doxorubicin-resistant breast cancer cell line [43].
The latter two findings suggested that Lop could prove useful as a sensitizer of chemotherapy.
In the present study, we show for the first time that sublethal doses of Lop effectively can
overcome the resistance of colon cancer cells to PIs by inducing paraptosis-like cell death.
Diarrhea is a common side effect observed in MM or mantle cell lymphoma patients treated
with Btz (diarrhea occurs in 51% of patients, with 8% of the events being severe) [44] and
Lop is commonly recommended as a treatment for chemotherapy-related diarrhea in cancer
patients [45]. Therefore, a combined regimen of PI plus Lop may have many advantages,
such as lower toxicity due to the ability to reduce the PI dose, more widespread applicability
to solid tumors, and lower therapeutic cost because it combines a reduced dose of PI, which is
expensive, with Lop, which is inexpensive (one percent price of paclitaxel). Furthermore, it
should be relatively easy to perform clinical trials using Lop and PIs, since their safety
profiles, pharmacokinetics, and metabolism have already been established [46]. The clinical

application of Lop in Pl-based cancer therapy may therefore significantly benefit cancer



patients in its effectiveness, safety, and therapeutic cost, while potentially expanding the
applicability of PIs to solid tumors. This is the first study showing the potential sensitizing
effect of Lop on PI-mediated cell death. The significance of our results should be confirmed
by in vivo experiments using xenograft models. In addition, to support the successful clinical
translation of our findings, further experiments will be needed to optimize various aspects of
the combined regimen, including the dosing, formulations and administration routes of Lop

and Btz, are warranted.
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Figure Legends

Figure 1. Lop sensitizes various colon cancer cells, but not normal colon cells, to PI-
mediated cell death.

(A, D, F, G) Cells were treated with the indicated concentrations of PIs and/or Lop for 24 h
and cellular viability was assessed using the IncuCyte system, as described in the Materials
and Methods. The percentage of live cells was normalized to that of untreated control cells
(100%). Data represent the mean + SD. One-way ANOVA and Bonferroni’s post hoc test.
*P<0.005, **P<0.01 vs. PI treated cells. (B, E, H) Isoboles for the combinations of PIs and
Lop that proved isoeffective (ICsg) for inhibiting cell viability. (C) DLD-1 cells were treated
with 40 nM Btz and/or 20 uM Lop for 4 h, and clonogenic assays were performed as
described in the Materials and Methods. Colony-forming units were enumerated and are
expressed as the percentages of control cells. Representative dishes are shown for the

clonogenic assay.

Figure 2. Combined treatment with Btz and Lop induces non-apoptotic and non-
autophagic cell death.

(A) Cells were treated with Btz and/or Lop (for DLD-1 and SW-480 cells, 40 nM Btz and/or
20 uM Lop; for HCT116 and SW-620 cells, 5 nM Btz and/or 20 uM Lop) for 24 h. To test
the involvement of apoptosis or autophagy in the vacuolation and cell death induced by
Btz/Lop, cells were pretreated with 20 uM z-VAD-fmk (an apoptosis inhibitor), 400 pM 3-
MA, 20 nM BafA, or 20 uM CQ (autophagy inhibitors) and further treated with Btz/Lop for
24 h. Cellular morphologies were observed by phase-contrast microscopy. Bars, 40 um. (B, E)
Cells were pretreated with the indicated inhibitor and further treated with the indicated

concentrations of Btz/Lop for 24 h. Cellular viability was assessed using the IncuCyte system.



Data represent the mean + SD. One-way ANOVA and Bonferroni’s post hoc test. *P<0.005
vs. untreated cells. (C) DLD-1 cells were treated with 40 nM Btz and/or 20 uM Lop for 24 h.
Flow cytometry was performed to measure DNA content. (D) DLD-1 cells were treated with
40 nM Btz and/or 20 pM Lop for the indicated time durations. Western blotting of the
indicated proteins was performed, with a-tubulin used as a loading control (/eft). The relative
intensities of p43 caspase-3 and PARP were obtained by densitometry using the Imagel

software and are presented relative to the level of a-tubulin (right).

Figure 3. Lop effectively overcomes Btz resistance by inducing paraptosis-like cell death.
(A) YFP-ER cells were treated with 40 nms. Btz and/or 20 uM Lop for the indicated time
durations and then stained with MitoTracker-Red (MTR). Cells were observed by confocal
microscopy. Bars, 30 um. (B) Transmission electron microscopy of DLD-1 cells treated with
40 nM Btz and/or 20 uM Lop for 12 h. Bars, 500 nm. (C) Cells were pretreated with CHX for
30 min and then treated with the indicated concentrations of Btz and/or Lop for 24 h, and
cellular viability was assessed using the IncuCyte system. Data represent the mean + SD.
One-way ANOV A and Bonferroni’s post hoc test. *P<0.005 vs. untreated cells; #P<0.005 vs.
cells treated with Btz/Lop. (D) Cells were pretreated with 2 uM CHX for 30 min, treated with
Btz/Lop at the concentrations indicated in (C) for 24 h, and observed by phase-contrast
microscopy. Bars, 40 um. (E) YFP-ER cells were pretreated with CHX for 30 min, treated
with 40 nM Btz and/or 20 uM Lop for the indicated time durations, stained with MTR, and

observed under the confocal microscope. Bars, 30 um.

Figure 4. Accumulation of misfolded proteins and CHOP is critically involved in
Btz/Lop-induced paraptosis-like cell death.

(A, C) DLD-1 cells were treated with 40 nM Btz and/or 20 uM Lop for the indicated time



durations. Western blotting of the indicated proteins was performed, with a-tubulin used as a
loading control. LE and SE denote long exposure and short exposure, respectively (C upper).
The relative intensities of IRE1, PERK and CHOP (LE) were obtained by densitometry and
are presented relative to the level of a-tubulin (C lower). One-way ANOV A and Bonferroni’s
post hoc test. ¥*P<0.001 vs. untreated cells; #P<0.001 vs. Btz-treated cells. (B) DLD-1 cells
were treated with 40 nM Btz and/or 20 uM Lop for 12 h. Immunocytochemistry of Ub and
BAP31 and DAPI counterstaining of nuclei were performed. To investigate the effect of
CHX, DLD-1 cells were pretreated with 2 puM CHX and further treated with Btz and Lop for
12 h. Bar, 30 um. (D-F) DLD-1 cells were transfected with the negative control siRNA (siNC)
or a CHOP-targeting siRNA (siCHOP) for 24 ‘h and further treated with the indicated
concentrations of Btz/Lop for 24 h or for the indicated time durations, if specified. (D)
Cellular viability was assessed using the IncuCyte system (upper). Data represent the mean +
SD. One-way ANOVA and Bonferroni’s post hoc test. *P<0.005 vs. cells transfected with
siNC and further treated with Btz/Lop. Knockdown of CHOP was confirmed by Western
blotting, with a-tubulin used as a loading control. The relative intensities of CHOP were
obtained by densitometry and are presented relative to the level of a-tubulin (lower). One-
way ANOVA and Bonferroni’s post hoc test. *P<0.001 vs. untreated cells transfected with
siNC. (E) Cellular morphologies were observed by phase-contrast microscopy. Bars, 40 um.
(F) Immunocytochemistry of BAP31 and CHOP and DAPI counterstaining of nuclei were
performed. Bars, 30 um. (G) YFP-ER cells were transfected with siNC or siCHOP for 24 h,
treated with 40 nM Btz plus 20 uM Lop for the indicated time durations, and observed under

the confocal microscope. Bars, 30 pm.

Figure 5. Increase in intracellular Ca?* critically contributes to Btz/Lop-induced



paraptosis-like cell death.

(A, B) DLD-1 cells were treated with 40 nM Btz and/or 20 uM Lop for the indicated time
durations. (A) Btz/Lop-treated cells were stained with Fluo-3 and subjected to fluorescence
microscopy. Bars, 40 um. (B) Btz/Lop-treated cells were stained with Fluo-3 or Rhod-2 and
subjected to flow cytometry. (C) DLD-1 cells were pretreated with the indicated calcium
antagonist(s) for 30 min, and further treated with 40 nM Btz plus 20 uM Lop for 24 h.
Cellular viability was assessed using the IncuCyte system, as described in the Materials and
Methods. Data represent the means = SD. One-way ANOVA and Bonferroni’s post hoc test.
*P<0.005 vs. untreated cells; #P<0.005 vs. cells treated with Btz/Lop. (D) DLD-1 cells were
pretreated with 10 uM BAPTA, 0.5 mM EGTA, 10 uM BAPTA-AM, 10 uM BAPTA plus 10
uM BAPTA-AM, 0.5 mM EGTA plus 10 uM BAPTA-AM, 5 uM ruthenium red, or 20 pM
Ru360 for 30 min, and further treated with 40 nM Btz plus 20 uM Lop for 24 h. Cellular
morphologies were observed by. phase-contrast microscopy. Bars, 40 um. (E) YFP-ER cells
were pretreated with the indicated calcium chelators for 30 min, treated with 40 nM Btz plus
20 uM Lop for the indicated time durations and observed under the confocal microscope.

Bars, 30 um.

Figure 6. Molecular ordering of key signals involved in Btz/Lop-induced paraptosis-like
cell death.

(A) DLD-1 cells were pretreated with 2 uM CHX, transfected with siNC or siCHOP, or
pretreated with the indicated Ca?* chelators, and then treated with 40 nM Btz and 20 uM Lop
for 16 h. Cell extracts were subjected to Western blotting of the indicated proteins, with a-
tubulin used as a loading control (upper). The relative intensities of CHOP were obtained by
densitometry and are presented relative to the level of a-tubulin (lower). One-way ANOVA

and Bonferroni’s post hoc test. *P<0.001 vs. untreated cells; #P<0.001 vs. cells exposed to



Btz/Lop with no further treatment. (B) DLD-1 cells were pretreated with 2 uyM CHX, 10 uM
BAPTA plus 10 uM BAPTA-AM, or 0.5 mM EGTA plus 10 uM BAPTA-AM for 30 min,
and further treated with Btz/Lop for 16 h. Immunocytochemistry of BAP31 and CHOP and
DAPI counterstaining of nuclei were performed. Bars, 30 um. (C) DLD-1 cells were
pretreated with CHX or transfected with siNC or siCHOP and then further treated with
Btz/Lop for 16h. Cells were stained with Fluo-3 and observed by fluorescence and phase-
contrast microscopy. Bars, 40 pum. (D) Hypothetical model of the signaling pathways

involved in Btz/Lop-induced paraptosis-like cell death.

Figure 7. Paraptosis-like cell death accompanied by ER stress and ER dilation is not
induced in normal colon cells treated with Btz/Lop.

(A) Morphologies of CCD-112CoN cells treated with 40 nM Btz and/or 20 uM Lop for 24 h,
as observed by phase-contrast microscopy. Bars, 40 um. (B, C) CCD-112CoN and DLD-1
cells were treated with 40 nM Btz plus 20 uM Lop for 24 h. (B) Cell extracts were subjected
to Western blotting of the indicated proteins, with a-tubulin used as a loading control (/ef?).
The relative intensities of CHOP were obtained by densitometry and are presented relative to
the level of a-tubulin (right). One-way ANOVA and Bonferroni’s post hoc test. *P<0.001 vs.
CCD-112 CoN cells exposed to Btz/Lop. (C) Treated cells were stained with Fluo-3 and

subjected to fluorescence microscopy. Bars, 40 pm.

Video 1. Live-cell imaging of DLD-1 cells treated with Btz and/or Lop.
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Figure 1. Lop sensitizes various colon cancer cells, but not normal colon cells, to Pl-mediated cell death.
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Figure 2. Combined treatment with Btz and Lopi poptoticand phagic cell death.
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Figure 3. Lop effectively overcomes Btz resistance by inducing paraptosis-like cell death.
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Figure 4. Accumulation of misfolded proteins and CHOP is critically involved in Btz/Lop induced paraptosis-like cell death.
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Figure 5. Increase in intracellular Ca?* critically contributes to Btz/Lop-induced paraptosis-like cell death.
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Figure 6. Molecular ordering of key signals involved in Btz/Lop-induced paraptosis-like cell death.
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Figure 7. Paraptosis-like cell death accompanied by ER
stress and ER dilation is not induced in normal colon cells
treated with Btz/Lop.
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