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Suppression of ER-stress induction
of GRP78 as an anti-neoplastic

mechanism of the cardiac glycoside
Lanatoside C in pancreatic cancer

Abstract

The 78 kilodalton glucose-regulated protein (GRP78) is a major endoplasmic reticulum (ER) molecular chaperone with antiapoptotic
properties and a key regulator of the unfolded protein response (UPR). ER-stress induction of GRP78 in cancer cells represents a major
pro-survival branch of the UPR. Pancreatic ductal adenocarcinoma (PDAC) remains a highly lethal disease and high level of GRP78 is
associated with aggressive disease and poor survival. Recently, we reported that PDAC exhibited high level of ER stress and that GRP78
haploinsufficiency is sufficient to suppress pancreatic tumorigenesis in mice, suggesting the utility of inhibitors of GRP78 expression
in combating pancreatic cancer. Screening of clinically relevant compound libraries revealed that cardiac glycosides (CGs) can inhibit
ER-stress induction of GRP78 in pancreatic and other types of human cancers. Using the FDA-approved CG compound Lanatoside
C (LanC) and human pancreatic cancer cell lines as model systems, we discovered that LanC preferably suppressed ER stress induction
of GRP78 and to a lesser extent GRP94. The suppression is at the post-transcriptional level and dependent on the Nat/K*-ATPase
ion pump. Overexpression of GRP78 mitigates apoptotic activities of LanC in ER stressed cells. Our study revealed a new function of
CGs as inhibitor of stress induction of GRP78, and that this suppression at least in part contributes to the apoptotic activities of CGs
in human pancreatic cancer cells in vitro. These findings support further investigation into CGs as potential antineoplastic agents for
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pancreatic and other cancers which depend on GRP78 for growth and survival.
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Introduction

The endoplasmic reticulum (ER) is a major site of synthesis, folding, and
maturation for membrane and secreted proteins as well as the main calcium
ion storage inside the cell [1-3]. To maintain ER homeostasis, the ER houses a
diverse repertoire of molecular chaperones to aid in the folding process and/or
direct the degradation of misfolded proteins [4,5]. When the folding capacity
of the ER is overwhelmed due to increased protein synthesis or excessive
amount of misfolded proteins, the cell is subjected to ER-stress which
activates an adaptive program called the Unfolded Protein Response (UPR)
[1,2,6]. The UPR is a complex network of signaling pathways consisting of
three branches (PERK, IRE1, and ATF6) aiming at restoring ER homeostasis
or triggering apoptosis depending on context, duration, and intensity of the

stress [6,7]. Among the ER chaperones, the 78 kDa glucose-regulated protein
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(GRP78), also referred to as BiP/HSPAS, is one of the most abundant and
well-studied [8]. It acts as the master regulator of the UPR by binding to and
inhibiting the three main ER-stress sensors PERK, IRE1, and ATFG6 [2,6].
Upon ER-stress, GRP78 is titrated away by unfolded proteins, thus relieving
the inhibition of the transmembrane ER stress sensors (PERK, IRE1 and
ATFG) allowing them to activate simultaneous signaling cascades to attenuate
protein translation [9] and up-regulate the expression of more ER chaperones
to help resolve the stress [6].

Cancer cells are subjected to intrinsic stress due to rapid and uncontrolled
proliferation of mutant cells, which requires increased protein synthesis, and
coupling with extrinsic stress such as hypoxia and nutrient deprivation due
to insufficient vascularization, leaving those cells in a sustained state of ER
stress [3,10—12]. To gain survival advantage, cancer cells exploit the adaptive
aspects of the UPR to enhance their survival such as the up-regulation of ER
chaperones to augment folding capacity and homeostasis of the ER [1,2].
Indeed, GRP78 up-regulation has been reported in a wide variety of human
cancers and well established to play critical roles in cancer growth i vitro
and in vivo, as well as therapeutic resistance [2,13-15]. For instance, genetic
mouse models with heterozygous deletion or conditional knockout of GRP78
in specific tissues have demonstrated that GRP78 deficiency can arrest
cancer progression or suppress tumorigenesis in leukemia, breast, prostate,
pancreatic, and lung cancers [2,12,16,17]. Furthermore, a subfraction of
GRP78 can translocate from the ER to the surface of stressed cancer cells and
engage in many signaling pathways important for cancer and viral infection
[18-25]. Targeting cell surface GRP78 with antibodies can suppress the
growth in xenograft models of colon, lung, prostate, breast cancers and
melanoma [2,[27-29]. Therefore, developing therapies against total and
surface GRP78 represents a novel and promising approach to combat cancer.

Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest
cancers with limited therapeutic options and an overall 5-year survival rate
of <10%. Elevated GRP78 expression is associated with poor prognosis
in patients with pancreatic cancer [30]. Utilizing the PdxI-Cre; Kras
GI12D/+; p53f4 (PKC) mouse model, we recently discovered that GRP78
haploinsufficiency suppresses acinar-to-ductal metaplasia and pancreatic
tumorigenesis [12]. It is notable that pancreatic cancer cells could experience
a high level of ER stress due to increased proliferation driven by oncogene
activation and desmoplasia leading to tissue hypovascularity. Consistent
with this notion, we observed that in PDAC of the PKC model, GRP78
is up-regulated, along with markers of ER stress. Thus, identification of
agents that could suppress ER-stress induction of GRP78 in pancreatic
cancer cells will offer a novel therapeutic option towards this highly lethal
disease.

CGs have been used as herbal medicine for treatment of heart disorders
for decades [31]. Among the CGs, Digoxin and Lanatoside C (LanC) are
FDA-approved drugs to treat heart failure and atrial fibrillation [31,32].
The primary mechanism of action of CGs is to inhibit the Na*/K*-ATPase
pump leading to an increase in intracellular Ca** which decreases the heart
rate and increases cardiac contractility [31-33]. Subsequently, evidence has
accumulated that CGs can suppress cancer growth iz vitro and in vivo
[31,32,34,35] and retrospective studies on cancer patients who received CGs
along with conventional cancer therapies showed a significantly enhanced
overall survival compared to those who received just the cancer therapies
alone [36,37]. While diverse mechanisms for the antitumor effects of CGs
have been reported including increase in ROS production, inhibition of
NF-«B signaling, increase FasL expression and up-regulation of DR4/DR5
[32,38], additional aspects of their anticancer activity remain an active area
of research. Here we report that a novel mechanism for anti-cancer activities
of CGs, as exemplified by LanC, is suppression of stress induction of GRP78,
which represents a critical pro-survival UPR branch in cancer. These findings
support further investigation into CGs as potential antineoplastic agents for
pancreatic and other deadly cancers which depend on GRP78 for growth and

resistance.

Materials and Methods
Cell Culture

Human pancreatic cancer PANC-1, breast cancer MCF-7, cervical cancer
Hela, melanoma SK-MEL-28, squamous cell carcinoma SCC-25, mouse
embryonic fibroblast, and mouse acinar pancreatic cancer 266-6 cell lines
were cultured in Dulbecco’s modified Eagle medium (DMEM) containing
10% fetal bovine serum (FBS; GeminiBio, West Sacramento, CA) and 1%
penicillin/streptomycin (pen/strep) (Corning Inc., Glendale, AZ). Human
pancreatic adenocarcinoma cell line CFPAC-1 was cultured in Iscove’s
Modified Dulbecco’s Medium (IMDM) containing 10% FBS and 1%
pen/strep. Human lung adenocarcinoma cell line A549 was cultured in
Kaighn’s Modification of Ham’s F-12 (F-12K) medium containing 10%
FBS and 1% pen/strep. Human colon cancer cell line HCT116 was
cultured in McCoy’s 5A medium containing 10% FBS and 1% pen/strep.
Human prostate cancer cell line C4-2B was cultured in RPMI-1640
medium containing 10% FBS and 1% pen/strep. Human endometrial
adenocarcinoma cell line Ishikawa was cultured in Minimum Essential Media
containing 2mM Glutamine, 1% Non-Essential Amino Acids, 10% FBS
and 1% pen/strep. All cell lines were maintained at 37°C in a humidified
atmosphere of 5% CO, and 95% air. Mouse acinar pancreatic cancer 266-6
cell line was kindly provided by Dr. Hamid M. Said (University of California,

Irvine).
Treatment of drug compounds and small molecule inhibitors

The compound libraries used in the drug screen, their sources and drug
screen are described in Supplemental information. Lanatoside C (LanC),
Digoxin, Bufalin, Chloroquine, 3- Methyladenine (3-MA) were purchased
from Millipore Sigma (St. Louis, MO). The proteasome inhibitors MG101,
MGI115, and MG132 were purchased from Selleck Chemicals (Houston,
TX). The ER-stress inducers thapsigargin (Tg), tunicamycin (Tu), and 2-
deoxy-D-glucose (2-DG), the autophagy inhibitor Bafilomycin Al, and the
calcium chelator BAPTA-AM were purchased from Cayman Chemical (Ann
Arbor, MI). All drugs were dissolved in DMSO except for 3-MA and 2-DG
which were dissolved in sterile double distilled water. For ER-stress induction,
the cells were treated with Tg at 300nM, Tu at 1.78uM, or 2-DG at
10mM for 24 hr. For combination treatment with cardiac glycosides, the cells
were treated with the indicated ER-stress inducers and the indicated cardiac
glycosides at the indicated dose at the same time and incubated for 24 hr. For
combination treatment with the proteasome inhibitors, the cells were treated
with MG101 (10uM), MG115 (10uM), and MG132 (104M) concurrently
with Tg and LanC for 24 hr. For combination treatment with the autophagy
inhibitors, the cells were treated with 3-MA (10mM), Chloroquine (20uM),
and Bafilomycin Al (100nM) with Tg and LanC for 24 hr. For calcium
sequestration, the cells were treated with BAPTA-AM (5uM, 10uM, 20uM)
with Tg and LanC for 24 hr. DMSO was used as vehicle control for all drug
treatment experiments.

Hypoxia Induction and Glucose Starvation

For hypoxia induction, we utilized the Galaxy 48r Incubator CO,/O,/N,
(Eppendorf, Hamburg Germany). The chamber was set at 0.1% O, and
5% CO,;. Regular culture medium (DMEM 10% FBS 1% pen/strep) was
incubated at 0.1% O, and 5% CO, for 48 hr before the start of the
experiment to decrease the oxygen concentration in the medium. This is the
“equilibrated medium”. PANC-1 cells were seed at 500,000 cells per 6cm
dish and allowed to attached overnight. Next day, the cells were switched to
the “equilibrated medium” prepared above and treated with DMSO vehicle
control or 14M of LanC and incubated at 0.1% O, and 5% CO, for 24 hr.
An identical set of cells were incubated at regular culture condition (20% O,
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and 5% CO,). After 24 hr incubation period, cells were washed once with ice
cold PBS and immediately lysed with RIPA buffer. Cell lysates were subjected
to western blot analysis to detect the proteins of interest.

For Glucose starvation, PANC-1 were seeded at 500,000 cells per 6 cm
dish and allowed to attach overnight. Next day, cells were wash twice with PBS
to remove any trace of glucose and incubated in Glucose-free DMEM media
supplemental with 1% pen/strep (Thermo Fisher Scientific, Cat# 11966025,
Waltham, MA) and treated with DMSO vehicle control or LanC (0.5-14M)
for 24 hr. Cells were then washed with PBS and lysed with RIPA buffer. Cell

lysates were subjected to western blot analysis to detect the proteins of interest.
Immunoblot Analysis

Cell lysates preparation and immunoblot analysis has been described in
detail previously [39]. Proteins were electrophoresed in 8%, 10%, or 12%
SDS-PAGE gels and probed with the following antibodies. The primary
antibodies used in this study and their conditions are as followed: mouse
anti-GRP78 (1:1000, BD Biosciences, San Jose, CA, 610979), rat anti-
GRPY4 (1:1000, Enzo Life Sciences, Farmingdale, NY, SPA-851), mouse
anti-HSP70 (1:1000, Santa Cruz Biotechnology, Inc., Dallas, TX, sc-
66048), rabbit anti-calnexin (1:2000, Enzo Life Sciences, ADI-SPA-860),
rabbit anti-PDI (1:2000, Enzo Life Sciences, ADI-SPA-890), mouse anti-f-
actin (1:5000, ProteinTech, Rosemont, IL, 66009-1-Ig), mouse anti-FLAG
(1:2000, Millipore-Sigma, F1804), rabbit anti-cleaved PARP (Asp214)
(1:1000, Cell Signaling, Danvers, MA, #5625), rabbit anti-cleaved Caspase-
3 (Aspl75) (1:1000, Cell Signaling, #9661), rabbit anti-cleaved Caspase-7
(Asp198) (1:1000, Cell Signaling, #8438). The secondary antibodies used
in this study and their conditions are as followed: horseradish peroxidase
(HRP) conjugated goat anti-mouse (sc-2005), goat anti-rabbit (sc-2004),
and goat anti-rat (sc-2006) antibodies (1:1000, Santa Cruz Biotechnology,
Inc.), mouse IgG1 binding protein conjugated to HRP (1:1000, Santa Cruz
Biotechnology, Inc., sc-525408), mouse anti-rabbit IgG conjugated to HRP
(1:1000, Santa Cruz Biotechnology, Inc., sc-2357), goat anti-mouse IRDye”
800CW (1:1000, LI-COR Biosciences), goat anti-rabbit IRDye” 680RD
(1:1000, LI-COR Biosciences).

RNA Extraction and Reverse Transcription Quantitative Real-Time
PCR

Cells were scraped from 60mm cell culture dishes and lysed with
TRI reagent (Millipore-Sigma) and total RNA was extracted according
to manufacturers recommendation. RNA concentration and purity were
measured by the NanoDrop 1000 UV Visible Spectrophotometers Machine
(ThermoFisher, Waltham, MA). 1ug of total RNA was used to synthesize
complementary DNA (cDNA) using the qScript ¢cDNA SuperMix
(QuantaBio, Beverly, MA) according to manufacturers instructions.
Quantitative real-time PCR analysis of GRP78 and B-actin cDNA was
performed using KAPA SYBR® FAST qPCR Master Mix (Roche Sequencing
and Life Science, Wilmington, MA) and detected by the Stratagene
MX3000P Real-Time QPCR System (Agilent, Santa Clara, CA) with the
following PCR conditions (40 cycles, 15s at 95°C, 15s at 55°C, 30s at
72°C). Melting curve analysis was performed to ascertain the specificity
of the primers. One single peak was observed for each PCR product. The
primers for human GRP78 are 5-GGTGAAAGACCCCTGACAAA-
3 and 5-GTCAGGCGATTCTGGTCATT-3’, for human
B-actin are  5-TCCCTGGAGAAGAGCTACGA-3* and  5-
AGCACTGTGTTGGCGTACAG-3'.

WST-1 Cell Viability Assay

PANC-1 cells were seeded at a density of 10,000 cells per well in a
96-well plate and allowed to attach overnight. Next day, the cells were

treated with Tg and LanC at the indicated concentrations and incubated
for 24 hr. Cell viability was measured using the (4-[3-(4-Iodophenyl)-
2-(4-nitro-phenyl)-2H-5-tetrazolio]-1,3-benzene sulfonate) WST-1 Roche
Cell Proliferation Reagent (Millipore Sigma, Burlington, MA) following
manufacturer's recommendations. Colorimetric readout was detected at
450nm wavelength and quantified using a Model 680 Microplate Reader
(Bio-Rad Laboratories, Hercules, CA).

Flow Cytometry Analysis

PANC-1 cells were seeded at a density of 200,000 cells per well in a 6-well
plate and allowed to attach overnight. Next day, the cells were treated with
1uM of LanC alone or in combination with Tg (300nM) and incubated
for 24 hr. Next day, the cells were washed twice with PBS and incubated
with PerCP-Cyanine5.5-conjugated Propidium Iodide staining solution for
15 min according to manufacturer’s recommendation (BD Biosciences, Cat#
556547, San Jose, CA). Cells were then washed twice with PBS and incubated
with PBS+10mM EDTA solution for 10 min at 37°C to detach. Detached
cells were spun down at 1000g for 5 min and washed 5 times with DPBS
supplemented with Calcium and Magnesium (Millipore Sigma, D8662,
Burlington, MA) to completely remove EDTA and strained with BD Falcon
100ium Nylon Cell Strainer. Cells were then resuspended in Annexin V
Binding Buffer and stain with FITC-conjugated Annexin V for 15 min
according to manufacturer’s protocol (BD Biosciences, Cat# 556547, San
Jose, CA). Stained cells were analyzed by BD FACSVerse™ Cell Analyzer
and BD FACSuite™ Software (BD Biosciences, San Jose, CA)

Transfection of plasmid DNA expression vector

The construction of the expression plasmid for FLAG-GRP78 (F-
GRP78) has been described previously [40]. The empty vector pcDNA3
or the expression vector for F-GRP78 were transfected into PANC-1 cells
using the BioT Transfection Reagent (Bioland Scientific, Paramount, CA)
following the manufacturer’s recommendation. The cells were incubated with
the transfection mix for 24 hr to allow for protein expression before the
addition of Tg and LanC which were incubated for a further 24 hr before
harvesting cells for immunoblot analysis of apoptotic markers.

TCGA Analysis

GRP78 gene expression analysis in human normal pancreas and
pancreatic adenocarcinoma tissues is obtained from the Gene Expression
Profiling Interactive Analysis 2 (GEPIA2) [41]. The “normal tissues” include
the matched adjacent normal pancreatic tissues from the same patients in the
TCGA database in addition to normal tissue samples from unrelated donors
from the Genotype-Tissue Expression (GTEx) database [42]

Statistical Analysis

All pair-wise comparisons were made using the one-tailed Student’s #test
in Microsoft Excel. Data are presented as the mean & Standard Error of the
mean (S.E.M.). A p-value of < 0.05 is considered statistically significant.

Results

ER-stress induction of GRP78 is suppressed by the cardiac glycoside
Lanatoside C

Analysis of the Cancer Genome Atlas (TCGA) database by the
GEPIA2 tool showed that GRP78 mRNA expression in human pancreatic
adenocarcinoma is significantly higher than in normal pancreatic tissues
(Fig. 1). In performing a high-throughput drug screening of clinically
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Fig. 1. Comparative analysis of GRP78 mRNA expression in human
pancreatic tissues. GRP78 mRNA expression in human normal pancreatic
(n=171) and pancreatic adenocarcinoma tumor tissues (n=179) from
TCGA and GTEx databases. Data analysis was performed by the Gene
Expression Profiling Interactive Analysis 2 (GEPIA2) tool. *** P < 0.001
(Student’s # test).

relevant compounds, we discovered that a class of compound called cardiac
glycosides (CGs) can suppress ER-stress induced GRP78 expression. To study
the effect of CG, as exemplified by LanC, in pancreatic cancer, we utilized
two human pancreatic cancer cell lines (PANC-1 and CFPAC-1) treated
with well-established pharmacological inducers of ER stress as model systems.
First, we examined the effects of LanC on these human pancreatic cancer
cell lines under non-stressed and ER stress conditions. To rule out potential
bias by any one ER stress inducer and to establish the generality of our
observations, we utilized three different ER stress inducers that can trigger ER
stress by three distinct mechanisms. Thapsigargin (Tg), a classical ER stress
inducer well-established in many studies, induces ER stress by blocking the
sarco/endoplasmic reticulum Ca?* ATPase (SERCA) pump which leads to
depletion of the calcium storage in the ER resulting in ER stress. Another ER
stress inducer is Tunicamycin (Tu) which blocks the N-linked glycosylation of
proteins in the ER leading to misfolded proteins, ER stress, and activation of
the UPR. The third ER stress inducer used in our study is 2-deoxy-D-glucose
(2-DG) which is a glucose analog that acts as an inhibitor of glycolysis and
mimics glucose starvation. Similar to Tu, 2-DG blocks protein glycosylation
leading to accumulation of underglycosylated proteins and ER stress. Human
pancreatic cancer cell lines PANC-1 and CFPAC-1 treated with Tg (300nM),
Tu (1.78 uM), or 2-DG (10mM) showed 2.5-to-3.5-fold increase of GRP78
expression after 24 hr (Fig. 2 A and B). In cells treated with Tg, Tu, or 2-
DG in combination with LanC, the GRP78 protein level in the combination
treatment was similar to that of untreated cells suggesting a nearly complete
inhibition of ER-stress induced GRP78 expression (Fig. 2 A and B). For
the basal expression of GRP78 under non-stressed condition, within 24 hr
of LanC treatment, due to long half-life of GRP78 (>24 hr), the GRP78
levels were minimally affected, however, upon treatment for 48 hr, LanC is
able to decrease GRP78 expression in a dosage-dependent manner (Supp.

Fig. S1). To mimic the natural tumor microenvironment in which rapidly
proliferating cancer cells are frequently under oxygen deprivation and glucose
starvation conditions due to poor vascularization [2], we subjected PANC-
1 cells to hypoxia (0.1% O,) or cultured the cells in glucose-free media
and treated them with LanC concurrently for 24 hr. Under hypoxic culture
condition, PANC-1 cells induced GRP78 protein expression by about 3-fold
which was blunted in combination treatment with LanC (Fig. 2 C). Similarly,
glucose starvation resulted in 4.5-fold increase in GRP78 protein level, and
this increase was effectively inhibited in a dosage-dependent manner with
LanC treatment (Fig. 2 D). Collectively, these results indicate that LanC is
a suppressor of GRP78 expression in pancreatic cancer cells and capable in
curbing induction of GRP78 under a variety of ER stress conditions induced
by pharmacological agents or natural physiological settings commonly found
in the tumor microenvironment.

General inhibition of GRP78 stress induction by cardiac glycosides in

human cancers

Next, we investigate whether there is a class effect of cardiac glycosides
inhibition of ER-stress induced GRP78 expression by testing two other
cardiac glycosides: Digoxin (Dig) and Bufalin (Buf). LanC and Digoxin
belong to the sub-family of cardiac glycosides called cardenolides and Bufalin
belongs to the other sub-family called bufadienolides which contains a six-
membered lactone ring at the C-17 position. In contrast, cardenolides have
a five-membered lactone ring at the same position [32]. As shown in Fig. 3
A, treatment of PANC-1 cells with Digoxin and Bufalin for 24 hr robustly
suppressed ER stress induction of GRP78 expression similar to LanC. These
results imply that cardiac glycosides, as a family of diverse molecules with very
different structures, are effective in suppressing GRP78 up-regulation under
ER stress.

Beyond pancreatic cancer cells, we next determined whether LanC has
similar effects in other human cancers. We tested 5 additional human cancer
cell lines representing different types of cancers including: A549 (Lung),
SCC-25 (Head and neck), HeLa (Cervical), SK-MEL-28 (Skin), and MCF-
7 (Breast) along with CFPAC-1 (Pancreas). Remarkably, LanC can suppress
ER-stress induced GRP78 expression in all cancer cell lines being tested
(Fig. 3 B). Collectively, these results indicate a class effect of cardiac glycosides
in inhibiting GRP78 expression under ER stress and this effect is generally
applicable among different cancer types.

The endoplasmic reticulum is a major site of protein synthesis and
folding. As such, it contains a diverse repertoire of molecular chaperones
to facilitate these protein folding activities with GRP78 being one of the
major chaperones. Thus, it is important to examine the effect of LanC on
other chaperones besides GRP78. To answer this question, PANC-1 cells
were treated with increasing concentration of LanC from 0.1uM to 1uM
alone or in combination with the ER stress inducer Tg (300nM) for 24 hr
and whole cell lysates were analyzed by western blot. Notably, we observed
that LanC can inhibit ER stress induction of GRP78 in a dosage-dependent
manner, with an estimated IC50 value around 0.54M (Fig. 4 A). GRP94 is
an ER chaperone that is coordinately up-regulated with GRP78 under ER
stress [2,43]. Treatment with increasing concentration of LanC under ER
stress showed a trend of moderate suppression of GRP94 expression level and
higher doses of LanC (0.75uM and 1uM) significantly inhibited GRP94
protein level (Fig. 4 B). HSP70 is closely related to GRP78 and is the cytosolic
counterpart of GRP78 [2]. Treatment with increasing concentrations of LanC
had no effect on the protein level of HSP70 either in non-stressed or ER
stress conditions (Fig. 4 C). Similarly, LanC treatment under non-stressed or
stressed conditions did not result in any changes in protein levels of two other
ER chaperones calnexin and protein disulfide isomerase (PDI) (Fig. 4 C).
Similar results were observed in another pancreatic cancer cell line CFPAC-1
(Supp. Fig. $2) and three other cancer cell lines from different types of cancer
(colon, prostate and endometrial) (Supp. Fig. S3). Taken together, these
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Fig. 2. LanC inhibits stress induction of GRP78 protein expression by three distinct ER stress inducers in two different human pancreatic cancer cell lines. (A)
PANC-1 cells were treated with 14M of LanC alone or in combination with three different ER stress inducers Tg (300nM), Tu (1.78 M), or 2-DG (10mM)
for 24 hr. Whole cell lysates (WCL) were subjected to western blot analysis for GRP78 protein level with S-actin serving as loading control. Quantitation of
the relative protein level of GRP78 was shown in the graphs below. (B) Same as in (A) except human pancreatic adenocarcinoma cell line CFPAC-1 was used.
(C) PANC-1 cells were cultured in normoxia (20% O,) or hypoxia (0.1% O,) conditions and treated with 14M of LanC for 24 hr. WCL were subjected to
western blot analysis for GRP78 protein level with B-actin as loading control. (D) Similar to (C) but PANC-1 cells were cultured in high glucose (4.5 g/l) or
glucose-free (0 g/l) conditions and treated with 0.5-1uM of LanC for 24 hr. All drugs were added to the cells at the same time. Data are presented as mean =+
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Fig. 3. General inhibition of GRP78 stress induction by cardiac glycosides in human cancers. (A) Human pancreatic cancer cell line PANC-1 was treated
with 1M of LanC, Digoxin (Dig), or Bufalin (Buf) alone or in combination with the ER stress inducer Tg (300nM) for 24 hours. Whole cell lysates were
subjected to western blot analysis for GRP78 protein level with B-actin serving as loading control. Quantitation of the relative protein level of GRP78 was
shown in the graphs below. Data are presented as mean & S.E.M. * P < 0.05, ** P < 0.01 (Student’s ¢ test). (B) Human lung adenocarcinoma A549, squamous
cell carcinoma SCC-25, pancreatic adenocarcinoma CFPAC-1, cervical cancer HeLa, melanoma SK-MEL-28, and breast cancer MCF-7 cell lines were treated
with 1uM or 5uM of LanC alone or in combination with the ER stress inducer Tg (300nM) for 24 hr. Whole cell lysates were subjected to western blot
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results suggest that LanC treatment of cancer cells under ER stress mostly
affects GRP78 and to a lesser extent GRP94 while having no significant
impact on other chaperones.

Inhibition of ER-stress induced GRP78 expression by LanC leads to
enhanced apoptosis and reduced cell viability in human pancreatic
cancer cells

As the master regular of the UPR and a major ER chaperone, GRP78
has potent anti-apoptotic effects [1,2,4] and suppression of GRP78 under
ER stress could lead to cell death. Brightfield microscopy images of PANC-1
cells treated with LanC alone or in combination of ER stress inducer Tg for 24
hr revealed altered cell morphology especially in the combination treatment
with more rounded up cells and presence of large vacuoles inside the cells as
well as floating dead cells (Fig. 5 A). Beyond cell morphology, we examined
the apoptotic effect of LanC in pancreatic cancer cells by probing for the

biochemical markers of apoptosis activation such as the cleavage of PARD,
Caspase-3, and Caspase-7, with the activation of Caspase-7 directly regulated
by GRP78 upon ER stress [53]. Treatment with increasing concentration
of LanC from 0.1uM to 1uM alone led to a dose-dependent increase in
the cleavage of PARD, Caspase-3 and Caspase-7 (Fig. 5 B-D) indicating
more apoptosis activation. Interestingly, combination treatment of LanC
and the ER stress inducer Tg resulted in even more cleaved PARP, cleaved
Caspase-3, and cleaved Caspase-7 expression levels compared to the same
dose of LanC treatment alone (Fig. 5 B-D). To further verify the apoptotic
effects of LanC treatment, we treated PANC-1 cells with 1uM of LanC
alone or in combination with Tg (300nM) for 24 hr and performed flow
cytometry analysis of these cells after staining with Propidium Iodide (PI)
and Annexin V to measure apoptotic activation. We observed that 1uM of
LanC treatment alone (25.21%) resulted in a marked increase in the numbers
of cells stained positive for both PI and Annexin V which is indicative of
late-stage apoptosis, as compared to DMSO treated cells (2.57%) (Fig. 5 E).
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Fig. 4. LanC inhibits ER stress induction of GRP78 protein expression in a dose-dependent manner without significant effects on other chaperones in human
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Treatment with the ER-stress inducer Tg alone led to a moderate increase
in the percentage of PI/Annexin V positive cells (8.37%). Importantly,
combination treatment of LanC and Tg triggered a notable increase in the
percentage of cells stained positive for both PI and Annexin V (39.59%)
(Fig. 5 E). These results suggest that LanC treatment aggravates cell death
under ER stress condition in human pancreatic cancer cells. Combination
treatment of LanC and Tg also led to greatly increased apoptosis in another
pancreatic cancer cell line CFPAC-1 (Fig. 5 F). In addition to biochemical
markers of apoptosis, we also measured cell viability under LanC treatment by
the WST-1 assay. In agreement with the biochemical markers, treatment with
increasing concentrations of LanC alone led to a dose-dependent decrease in
cell viability (Fig. 5 G). Combination treatment of LanC and Tg resulted in
even more reduction in cell viability with the effect appeared to be additive
rather than synergistic (Fig. 5 G). Taken together, these results indicate
that inhibition of ER-stress induced GRP78 expression by LanC leads to
enhanced apoptosis and reduced cell viability in human pancreatic cancer
cells.

LanC inbibition of ER-stress induction of GRP7S is at the
post-transcriptional level and dependent on the Na™ /K -ATPase ion

pump

The major mechanism to upregulate GRP78 expression under ER stress
is through transcriptional activation to produce more GRP78 mRNA leading

to increased protein level [44,45]. To examine whether LanC suppresses
the ER-stress induced increase in GRP78 transcript level, we performed
reverse transcription real-time quantitative PCR to quantify the amount of
mRNA in pancreatic cancer cell line PANC-1. Treatment with increasing
concentrations of LanC alone did not significantly alter GRP78 mRNA
under non-stressed condition (Fig. 6 A). As expected, treatment with the ER-
stress inducer Tg alone resulted in about 15-fold increase in GRP78 mRNA.
Combination treatment of LanC and Tg did not reduce GRP78 mRNA
(Fig. 6 A). This result indicated that LanC suppression of ER-stress induced
GRP78 is at the post-transcriptional level.

Cardiac glycosides have been known to cause an increase in cytosolic
calcium level by blocking the Na™/K*-ATPase ion pumps on the cell surface
[31,32,46,47]. Changes in the cytosolic calcium level can activate many
signaling pathways and have wide-ranging effects on cellular activities [48].
To test whether this calcium flux is responsible for LanC effect on GRP78, we
treated PANC-1 cells with a cell-permeable calcium chelator called BAPTA-
AM. Treatment with increasing dose of BAPTA-AM (5uM, 10uM, 20uM)
in concurrence with LanC and Tg did not restore the GRP78 protein level
suppressed by LanC following Tg treatment (Fig. 6 B). Next, we examined
the role of protein degradation in LanC suppression of GRP78 by utilizing
three different inhibitors of proteases and proteasome activity. MG101 (also
known as ALLN) is an inhibitor of cysteine proteases such as calpain as well as
lysosomal proteases such as cathepsins. MG115 and MG132 are well-known
inhibitors of the proteasome degradation complex. Treatment of MG101,
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Fig. 5. Treatment with LanC under ER stress condition exacerbated apoptosis and further reduced cell viability in human pancreatic cancer cells. (A) Brightfield
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MG115, and MG132 in conjunction with LanC and Tg combination did not
restore the protein level of GRP78 suppressed by LanC (Fig. 6 C). Autophagy
is another major process through which cells can eliminate dysfunctional
cellular components or damaged proteins by encapsulating them in a double-
membrane structure known as autophagosome which later fused with a
lysosome to degrade the contents inside [49]. To block autophagy, we utilized
three different autophagy inhibitors 3-methyladenine (3-MA), Chloroquine
(CQ), and Bafilomycin Al (BafAl). Concurrent treatment of 3-MA, CQ,
or BafAl with LanC and Tg combination in PANC-1 cells did not restore
the GRP78 protein level suppressed by LanC (Fig. 6 D). Taken together,

these results suggest that transcription, calcium flux, proteasome degradation

and autophagy induction are likely not the underlying mechanisms for the
suppression of GRP78 under ER stress by LanC.

The main therapeutic target of cardiac glycosides in patients with heart
failure is the Na*t/K*-ATPase ion pump on the cell surface [31,32]. Notably,
the Na*/K"-ATPase ion pump in mouse is resistant to CG inhibition
compared to the human Na*/K*-ATPase due to some amino acid differences
in critical positions [31]. To test whether the Na*/K"-ATPase pumps are
important for LanC suppressive effect on ER stress induction of GRP78,
we utilized two different murine cell lines, one normal and one cancer, and
examined their response to LanC treatment. Mouse embryonic fibroblasts
and mouse acinar pancreatic cancer cells 266-6 were treated with 1uM of
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LanC alone or combination with three different ER stress inducers Tg, Tu, or
2-DG for 24 hr. Similar to human cancer cell lines, treatment with Tg, Tu,
or 2-DG alone upregulated GRP78 expression. However, LanC treatment
in combination with Tg, Tu, or 2-DG failed to suppress ER-stress induced
GRP78 expression in these two mouse cell lines (Fig. 7 A and B). These
results suggest that LanC suppression of ER stress induction of GRP78 in
human cancer cells is dependent on its inhibitory effect on the Nat/K"-
ATPase ion pump.

Overexpression of GRP78 mitigates apoptotic activation in LanC
treated pancreatic cancer cells under ER stress

LanC has been reported to have anti-tumor activities in vitro through
a variety of mechanisms. To test whether LanC suppression of GRP78
expression under ER stress conditions could be one key aspect of LanC
anti-tumor activities in pancreatic cancer cells, we overexpressed GRP78
in PANC-1 by transiently transfecting a vector expressing a FLAG-tagged
human GRP78. After a 24-hr period for the protein to be expressed,
the cells were treated with 1uM of LanC alone or in combination with
Tg for an additional 24 hr. Probing for GRP78 protein level confirmed
that cells overexpressing GRP78 had about 2-3-fold more GRP78 protein
compared to cells expressing empty vector pcDNA3 (Fig. 8 A). In cells
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Fig. 7. Murine cell lines are resistant to LanC inhibition of GRP78
expression under three different ER stress conditions. (A) Mouse embryonic
fibroblasts (MEFs) were treated with 14M of LanC alone or in combination
with three different ER stress inducers Tg (300nM), Tu (1.78uM), or 2-DG
(10mM) for 24 hr. Whole cell lysates were subjected to western blot analysis
for GRP78 protein level with B-actin serving as loading control. (B) Same as
in (A) except mouse acinar pancreatic cancer cells 266-6 were used. All drugs
were added to the cells at the same time.

transfected with empty vector pcDNA3, treatment with LanC alone resulted
in some cell death as indicated by cleaved PARP and cleaved Caspase-
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Fig. 8. GRP78 overexpression alleviates LanC induced apoptotic activities in pancreatic cancer cells under ER stress condition. Human pancreatic cancer line
PANC-1 was transfected with empty vector pcDNA3 or vector expressing FLAG-GRP78 for 24 hr. The cells were then treated with 1M of LanC alone or
in combination with the ER stress inducer Tg (300nM) for an additional 24 hr. (A) Whole cell lysates were subjected to western blot analysis for GRP78 and
FLAG-GRP78 protein levels with B-actin serving as loading control. The relative protein level of GRP78 were quantified and shown below. (B) Same as in (A)
except protein levels of cleaved PARP (C-PARP), cleaved Caspase-3 (C-Cas 3), and cleaved Caspase-7 (C-Cas 7) were probed with S-actin as loading control.
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as mean = S.E.M. * P < 0.05, ** P < 0.01 (Student’s # test).
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Fig. 9. Summary of the key findings. Under ER stress condition, cancer
cells upregulate GRP78 to cope with the stress and enhance their survival.
Treatment of LanC suppresses the induction of GRP78 protein level under
stress conditions via inhibition of the Na*/K*-ATPase ion pump and
deprives the cells of a key pro-survival molecule leading to increased cell death

and reduced cell viability.

3 (Fig. 8 B). In LanC and Tg combination treatment, there was a
large increase in the expression level of cleaved PARP, cleaved Caspase-
3, and cleaved Caspase-7 indicating a substantial increase in apoptotic
activities (Fig. 8 B), consistent with our previous observations (Fig. 5 B-
D). Importantly, in cells overexpressing GRP78 and treated with LanC
and Tg, we observed a significant decrease of about 50% in the cleavage
of these apoptotic markers (Fig. 8 B-D). Interestingly, cells overexpressing
GRP78 and treated with LanC alone exhibited approximately similar level of
apoptotic markers compared to cells expressing empty vector (Fig. 8 B-D).
These results suggest that suppression of GRP78 under ER stress conditions
is at least in part responsible for the apoptotic effects of LanC in human
pancreatic cancer cells. The key findings of our studies are summarized in

Fig. 9.

Discussion

GRP78 is a major ER chaperone and the major regulator of the UPR.
As such, GRP78 has been widely reported to be up-regulated in many
cancers and is critical for cancer cell survival, metastasis, and chemoresistant
[1,2,4,14]. Thus, it is important to explore novel therapeutic approaches
to target GRP78 in development of new anti-cancer therapies. As GRP78
protective effects on cancer involve not only the ER form, but also stress-
induced cytosolic isoforms, secreted and cell surface forms [2,20,50], small
molecule inhibitors of GRP78 expression have the advantage that they
can simultaneously suppress the multiple forms of GRP78 induced under
stress. To facilitate rapid translation into the clinic, we screened libraries
of clinically relevant compounds and identified a class of compounds
known as Cardiac Glycosides which exhibited inhibitory effects on ER-
stress induced GRP78 expression in a wide range of human cancer cells.
Two potential candidates from this family, Digoxin and LanC, are FDA-

approved drugs to treat heart conditions in humans. In this proof-of-
concept study, we focused on LanC and pancreatic cancer as model
systems.

First, we found that LanC can effectively suppress GRP78 expression
under ER stress triggered by distinct modes of action and that CGs action
on GRP78 is a class effect since all three CGs tested can efficiently block
GRP78 up-regulation under ER stress and this can be observed in a wide
variety of human cancers in vitro. Interestingly, among the chaperone family
of proteins, the effect of LanC suppression is most prominent with GRP78,
with moderate reduction of GRP94, while having no effect on calnexin, PDI
or HSP70, the closely related cytosolic counterpart of GRP78. One possible
explanation is that GRP78 and GRP94 are up-regulated following ER stress,
whereas these other chaperones are not. Thus, LanC may target proteins
acutely induced by ER stress. We note that in our studies where we combined
LanC treatment with ER stress inducers, a 24-hour treatment period was
chosen since cells, as visualized by brightfield microscopy and analysis of
apoptosis markers, showed considerable distress past this treatment period.
Longer treatment period with LanC alone did result in a dosage-dependent
decrease in GRP78 protein level since GRP78 is a stable protein with long
half-life of over 24 hr [51,52], suggesting LanC is capable of reducing both
the basal level and ER stress induction of GRP78. In probing for biochemical
markers of apoptosis in these cells, we observed that LanC treatment in ER
stressed cells showed enhanced activation of apoptosis, including caspase-
7 which is regulated by GRP78 and is an indicator of ER-stress mediated
onset of apoptosis [53]. These results were confirmed by FACS analysis which
detected higher levels of apoptotic cells in ER-stressed cells treated with LanC.

Towards understanding how LanC can inhibit ER-stress induced GRP78
expression, we examined the effect of LanC on ER-stress induced GRP78
mRNA level and observed that LanC did not affect GRP78 mRNA level
under non-stressed condition and even appeared to increase it under ER
stress condition, suggesting that ER stress may be further exacerbated in
these cells due to GRP78 suppression with UPR signaling intensify leading to
more GRP78 transcription and this requires more investigation. We further
determined that combination treatment with the cell permeable calcium
chelator BAPTA-AM, proteasome or autophagy inhibitors did not reverse
LanC suppression of GRP78 induction, suggesting that they are not potential
mechanisms for LanC inhibition of ER stress induction of GRP78. On the
other hand, our studies revealed that the ubiquitous Na™/K*-ATPase ion
pump on the cell membrane may be involved. The Na*/K*-ATPase pump
is a large heterotrimeric complex consisting of three subunits: o, B, and
EXYD [31]. The « subunit is the main catalytic core of the complex with
the binding sites for the ions, ATT, and cardiac glycosides [31]. Interestingly,
there is a species-specific difference in the sensitivity of the Na*/K*-ATPase
pump to cardiac glycoside inhibition. Murine Na*/K*-ATPase pump has
several different amino acids in key positions on their « subunit compared
to human Na*/K*-ATPase pump which render mouse cells resistant to CGs
[31]. Our observation that LanC was not able to suppress ER-stress induced
GRP78 expression in mouse cell lines provides an important mechanistic clue
that CG effect on GRP78 involves inhibition of the Na*/K*-ATPase pump
regardless of the precise molecular mechanism downstream. This observation
can also explain the class effect of cardiac glycosides on GRP78 since all
cardiac glycosides are able to inhibit the Na*/K*-ATPase pump which is their
defining characteristic.

Since cardiac glycosides and LanC have been reported to affect cancer
cell viability through a variety of mechanisms [54-59], to establish the role
of GRP78 in LanC anti-tumor activities, we enforced overexpression of
GRP78 in pancreatic cancer cells prior to drug treatment to elevate GRP78
protein pool and our results confirmed that higher level of GRP78 protein
can reduce the apoptotic effects of LanC under ER stress condition by
about 50%, suggesting that GRP78 is a major contributor to protect against
apoptosis mediated by the multifaceted anti-cancer activities of LanC. In
humans and in vivo studies, it has been acknowledged that solid tumors are
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frequently under stress from a variety of factors such as rapid proliferation,
inadequate vascularization, nutrient deprivation, low pH, hypoxia, or glucose
starvation and they need GRP78 upregulation for their survival [1,2,11].
Thus, blocking GRP78 induction under these adverse conditions offers a new
strategy to impede their growth and succumb to ER-stress induced cell death.
Recently, a high throughput drug screen identified that the hydroxyquinoline
analogue YUM70 inhibits GRP78 to induce ER-stress meditated apoptosis
in pancreatic cancer both in vitro and in vivo with minimal toxicity to
normal tissues in preclinical models [60]. Using human pancreatic cancer
cell lines as model systems, our studies provide evidence of the apoptotic
activities of CGs, as exemplified by LanC, in pancreatic cancer and that
suppression of GRP78 expression may be a major contributor to the anti-
tumor activities of this class of compounds. Future studies are warranted to
extend these observations i vivo. As several CGs have already been tested in
a phase 1 clinical trial to determine dose limiting toxicities and maximum
tolerated dose towards cancer treatment [38], our findings support further
investigation of this class of drugs as potential anti-neoplastic agents for
pancreatic and other cancers that depend on GRP78 for growth, survival,
and therapeutic resistance.
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