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Abstract

GRP78 (Glucose-regulated protein, 78 kDa) is a key regulator of ER (endoplasmic reticulum)
stress signaling. Cancer cells are highly proliferative and have high demand for protein synthesis
and folding, which results in significant stress on the ER. To respond to ER stress and maintain
cellular homeostasis, cells activate the unfolded protein response (UPR) that promotes either
survival or apoptotic death. Cancer cells utilize the UPR to promote survival and growth. In this
study, we describe the discovery of a series of novel hydroxyquinoline GRP78 inhibitors. A
representative analog, YUM?70, inhibited pancreatic cancer cell growth /n vitro and showed /n vivo
efficacy in a pancreatic cancer xenograft model with no toxicity to normal tissues. YUM70
directly bound GRP78 and inactivated its function, resulting in ER stress-mediated apoptosis. A
YUMY70 analog conjugated with BODIPY show co-localization of the compound with GRP78 in
the ER. Moreover, a YUM70-PROTAC (PROteolysis TArgeting Chimera) was synthesized to
force degradation of GRP78 in pancreatic cancer cells. YUM70 showed a strong synergistic
cytotoxicity with topotecan and vorinostat. Together, our study demonstrates that YUM70 is a
novel inducer of ER stress with preclinical efficacy as a monotherapy or in combination with
topoisomerase and HDAC inhibitors in pancreatic cancer.
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INTRODUCTION

Pancreatic cancer remains one of the deadliest human diseases and options for effective
systemic therapy are limited (1,2). Thus, there is an urgent need to develop new and more
impactful therapies for this disease. Currently, gemcitabine-based regimens are considered
the standard of care treatment for pancreatic cancer patients. Two front line regimens,
gemcitabine/nab-paclitaxel, and folfirinox have shown a survival benefit but at the expense
of significant side effects (3). Moreover, lack of response and development of resistance to
treatment limit the use of the front line regimens. Thus, novel treatment options are needed
to overcome drug resistance when used as a single agent or in combination with standard of
care.

The endoplasmic reticulum (ER) is a multifunctional cellular organelle responsible for the
proper folding of newly synthesized proteins, degradation of misfolded proteins, and
maintenance of cellular homeostasis. Cancer cells are subject to intrinsic stress as they are
highly proliferative and have a higher demand for protein synthesis and folding.
Additionally, cancer cells are subject to extrinsic stress in the cancer microenvironment
including hypoxia, low pH, and nutrient deprivation (4). Such conditions contribute to ER
stress and impaired ER functions. As a result, cells activate the unfolded protein response
(UPR) to mitigate the consequences of ER stress and to maintain cellular homeostasis. The
UPR has dual functions; it can either mitigate the deleterious effect of ER stress or activate
apoptosis (5,6). Cancer cells are known to direct the UPR to promote survival and growth.
Thus, redirecting the UPR response to apoptosis in cancer cells is a promising approach for
cancer therapy.

Glucose-regulated protein, 78 kDa (GRP78), also referred to as HSPA5/BIP, is a key
molecular chaperone in the ER and also a master regulator of ER stress signaling (7). Under
normal conditions, GRP78 associates with ER transmembrane receptors, protein kinase
RNA-like endoplasmic reticulum kinase (PERK), inositol-requiring enzyme-1 (IRE1), and
activating transcription factor 6 (ATF6) and maintains these sensors in an inactive state (8).
Under stress, unfolded proteins accumulate in the ER resulting in GRP78 dissociation from
the transmembrane receptors and causing activation of PERK, IRE1, and ATF6 (9).
Activated PERK leads to phosphorylation of the a-subunit of eukaryotic initiation factor 2
(elF2a) that in turn shuts off global mMRNA translation reducing the protein load on the ER.
This event protects cells from ER stress-related damage. However, prolonged ER stress leads
to the activation of transcription factor 4 (ATF4) by the phosphorylated elF2a resulting in
the subsequent transcriptional upregulation of C/EBP homologous protein (CHOP) and
growth arrest and DNA damage-inducible 34 (GADD34) (8). CHOP translocates to the
nucleus and facilitates programmed cell death by upregulating its proapoptotic target genes.
Activated IRE1 promotes the splicing of a retained intron from the mRNA encoding the
transcription factor X box-binding protein 1 (XBP1) in the cytoplasm (10). The generated
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splicing variants, XBP1s, move to the nucleus and induce the transcription of genes coding
for ER chaperones which protect the cells from the deleterious effects of ER stress (11). In
response to ER stress, ATF6 dissociates from the ER membrane and moves to the Golgi
apparatus, where its cytoplasmic domain undergoes proteolytic cleavage to form an active
transcription factor. This active version of ATF6 translocates to the nucleus and promotes the
transcription of several UPR genes encoding GRP78, GRP94, protein disulfide isomerase
(PDI), and XBP1 allowing the cells to re-establish initial homeostasis (12). Thus, GRP78
regulates UPR by activating above mentioned ER transmembrane sensors and play
important roles in regulating various cellular process required for tumorigenesis. Several
murine cancer models confirm GRP78 requirement for tumorigenesis (13). Moreover,
GRP78 interacts with and suppresses the activation of caspase-7 to prevent apoptosis (14),
promoting cytoprotection and modulating chemosensitivity (15). Conversely, inhibition of
GRP78 triggers UPR and causes caspase-4 mediated apoptosis (16). In cancer cells, ER
stress inducers (such as thapsigargin and tunicamycin) cause UPR-mediated apoptosis (17).
In mutant KRAS-driven pancreatic cancer in mice, GRP78 haploinsufficiency suppresses
acinar-to-ductal metaplasia and oncogenic signaling (18). Thus, inhibition of GRP78 is an
effective approach to disrupt ER homeostasis and suppress its anti-apoptotic properties.
Furthermore, GRP78 induction in tumor, stromal, and dormant cancer cells, as an adaptive
response to ER stress, promotes therapeutic resistance in cancer (19); therefore, inhibition of
GRP78 overcomes resistance to multiple anti-cancer treatments (13). Moreover, increased
GRP78 expression levels in patient tumor tissues correlate with poor survival in several
cancers (20,21). In conclusion, GRP78 inhibitors could be efficacious in suppressing tumor
growth, including pancreatic cancer, and overcome resistance.

In the present study, we designed and synthesized a series of novel hydroxyquinolines
targeting GRP78. The analog, YUM70, showed significant efficacy in a pancreatic cancer
xenograft model with no detectable toxicity to normal tissues. YUM70 treatment upregulates
ER stress-related genes, induces apoptosis, and demonstrates synergy with the FDA
approved drugs topotecan and vorinostat in killing pancreatic cancer cells.

MATERIALS and METHODS

Reagents and Drugs

The following reagents and drugs were used: DMSO (Sigma, D2438), DFO (Sigma,
D9533), Tosedostat (Cayman, 23395), Topotecan (Selleckchem, S1231), Vorinostat (LC
Laboratories, V-8477), MG132 (Cayman, 10012628), Trypsin (Promega, V5280), VER
(Tocris, 3803/10), Actinomycin D (Cayman, 11421), Cycloheximide (Sigma, C6255),
CellTracker ™ Green CMFDA dye (Thermo Fisher Scientific, C2925), Tunicamycin
(Cayman Chemicals, 11445), ER-Tracker™ Red (Invitrogen, E34250), Gemcitabine (Tocris,
3259), 5-Fluorouracil (LKT Laboratories, F4480), Paclitaxel (LKT Laboratories, P0092).

Cell lines and culture conditions

Pancreatic cancer cells (MIA PaCa-2, PANC-1, and BxPC-3) and colon cancer cells
(HCT116 p53+/+, HT29) were purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA). Human Pancreatic Nestin-expressing (HPNE) and UM59
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(22) cells were kindly provided by Dr. Diane Simeone (University of Michigan, Ann Arbor,
MlI, USA). Other cell lines, HCT116 p53—/- and H1299 were obtained from John Hopkins,
A549, MCF-7, OVCAR-8, OVCAR-3, and Skov-3 were obtained from NCI, SHEP-1 and
SHSY-5Y were obtained from Erika Newman, U of M, WM115 was obtained from Fallahi-
Sichani Lab, U of M. Cell lines were maintained in the appropriate growth media containing
10% heat-inactivated FBS (Gibco) at 37 °C in a humidified atmosphere of 5% CO,. All cell
lines used were maintained in culture under 35 (10 for HPNE) passages and tested regularly
for mycoplasma contamination using Plasmo Test™ kit (InvivoGen, rep-pt1). Individual cell
line authentication was regularly performed twice a year using short tandem repeat (STR)
analysis at the institutional core facility.

Western blot

MIA PaCa-2, PANC-1, and BxPC-3 (4x10°/well) cells were cultured in 6-well tissue culture
plates. Cells were treated with compounds at desired concentrations for specified times.
After treatment, cells were lysed with M-PER (Thermo Fisher Scientific, 78503) at 4°C for
20 min and centrifuged [12000 rpm (Jouan, rotor radius 84 mm), 10 min, 4 °C]. Protein
concentrations of supernatants were measured with the BCA protein detection kit (Thermo
Fisher Scientific, Rockford, IL). Protein samples (30 ug) were subjected to SDS-PAGE
analysis. 4-20% polyacrylamide gels with Tris/glycine/SDS running buffer (Bio-Rad,
Hercules, CA) were used for the separation of proteins. Proteins were electro-transferred to
methanol-activated Immobilon-FL PVDF membranes (EMD Millipore, Billerica, MA).
Membranes were blocked with blocking buffer (Thermo Fisher Scientific, Rockford, IL) for
1 hr at room temperature and incubated with primary antibodies (Cell Signaling Technology,
Danvers, MA) in 5% BSA overnight at 4 °C. The following primary antibodies were used
for immunoblotting. Cell Signaling Technology antibody: actin (4970S), CHOP (2895S),
cleaved PARP (5625), p-elF2a (9721), cleaved caspase 3 (9664), caspase 3 (14220), PARP
(9542), PERK (5683P), IREla (3294); GRP78 (Santa Cruz/Proteintech, SC13968/
PA519503), CHAC-1 (GenTex, GTX120775), DDIT4 (Thermo Fisher Scientific, PA5-
13253) and FAM129A (Sigma, SAB4300570), UPP1 (Sigma, SAB1402388) ATF4
(Proteintech, 10835-1-AP). Membranes were then washed with TBST three times for 10
min each and incubated with Dylight 800-conjugated secondary antibodies (Thermo Fisher
Scientific) at 1:7500 dilution in 5% milk for 1 h at room temperature. Membranes were
washed with TBST (3 times for 5 min) and TBS (5 min). The fluorescent signal was
detected by Odyssey Imaging Systems (LI-COR Biosciences, Lincoln, NE).

Immunofluorescence

Cells were treated with tunicamycin 2 hr before YUM488 (15 uM) treatment for 16 hr. After
treatment cells were washed with PBS then stained with ER tracker™ according to the
manufacturer’s protocol. Cells were then fixed with 4% paraformaldehyde followed by
permeabilization with 0.2% Triton X100. Cells were then blocked with blocked in 5% BSA
and probed with the GRP78 antibody overnight at 4 °C. Following washes and incubation
with secondary antibodies, cells were then stained with Hoechst (Invitrogen, 33342) and
slides were mounted using ProLong ™' Gold (Thermo Fisher Scientific). Imaged using a Zeiss
microscope.
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3D spheroid assay

Bru-seq

Cell were resuspended in media containing 10% FBS and collagen (0.015mg/ml, Stemcell
Technologies). 3000-4000 tumor cells/well were seeded in U-bottomed 96-well plates
(Corning), allowed to attach overnight, and then received indicated treatments. On day 6,
Images of the spheroids were taken with an Olympus 1X83 inverted microscope at 10X
magnification. The cell viability of 3D spheroids was determined with CellTiter-Glo® 3D
cell viability assay (Promega, G9683), following the manufacturer’s recommendations.
Luminescence was measured in Multi-Mode Microplate Reader (Synergy H1, BioTek).

Bru-seq analysis was performed as previously reported (23). Briefly, 4x 108 MIA PaCa-2
cells seeded placed in 10 cm dishes on Day 1. On Day 2, cells were treated with DMSO or
YUM70 at 5 uM for 24 hr. Bromouridine, at a final concentration of 2 mM, was added to the
media to label newly synthesized nascent RNA in the last 30 min of treatment. Cells were
then collected and lysed in TRIZOL and total RNA was isolated. Bromouridine-containing
RNA was isolated using anti-BrdU antibodies conjugated to magnetic beads, converted into
cDNA libraries, and deep sequenced. Sequencing reads were mapped to the HG38 reference
genome.

ATPase assay

ATP turnover and ADP generation was measured using the ADP-Glo™ Kinase Assay kit
(Promega, V6930). Reaction mixtures were prepared in 384-well white OptiPlate (Perkin
Elmer) and contained 0.1 pg His-tagged recombinant protein (full length or ATPase domain)
and increasing concentrations of respective compounds in standard ATPase assay buffer.
Reactions were pre-incubated with compounds for 30 min at 37 °C, followed by the addition
of 2 uM ATP and further 2 hr incubation. Luminescence was read on a plate reader (Synergy
H1, BioTek).

Thermal shift assay

The fluorescence-based thermal shift assay was carried out using the Thermofluor
instrument from Johnson & Johnson (New Brunswick, NJ). The thermal shift of purified
GRP78 (0.5 mg/ml in 50 mM Tris-HCI pH 8.0 buffer) in the presence or absence of YUM70
was determined as described (24). Briefly, 5 ul protein-dye (1,8 ANS, 0.3 mM) solutions
were dispensed in each well of 384-well microplate (Thermo Scientific, AB1384K) and an
equal volume of the test compound solutions was dispensed to each well, then, 3 pl of
silicone oil (Sigma) was added to each well to avoid evaporation. 1% DMSO (no test
compound) in buffer was used as a control. The plate was heated at a temperature range
from 25 to 80 °C with 0.5 °C/min. Fluorescence was measured by fiber optics and
fluorescence emission was detected by measuring light intensity using CCD camera.
Compounds were tested in triplicate.

Cellular thermal shift assay (CETSA)

CETSA was carried out in PANC-1 cell lysate as previously described (24). Briefly, cells
were harvested, washed with PBS, and diluted with cell lysis buffer (25 mM Tris-HCI pH
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7.5 and 10 mM MgCl,) supplemented with the complete protease inhibitor cocktail. The cell
suspension was freeze-thawed three times in liquid nitrogen. The soluble fraction was
separated from debris by spinning down at 20000 x g for 20 min. The cell lysate was diluted
with lysate buffer and treated with YUM70 (100 uM) and DMSO separately. After 30 min
incubation at room temperature, the respective lysates were divided into smaller aliquots (50
ul) and heated individually at different temperatures for 3 minutes (Veriti thermal cycler,
Applied Biosystems) followed by cooling for 3 minutes at room temperature. The heated
lysates were centrifuged at 20000 x g for 20 minutes at 4 °C to separate the soluble fractions
from precipitates. Supernatants were transferred to a new microfuge tube, quantified, and
analyzed by SDS-PAGE followed by Western blot.

Caspase activity assay

Cells were plated in 384 well plates at 4000 cells/well. The next day cells were treated with
YUMY70 or tunicamycin at indicated doses for the indicated times. At the end of the
treatment Caspase-3/7-GLO reagent (25 ul, Promega, G8090) was added to the well and
incubated for 30 min at room temperature. Luciferase activity was measured using
luminometer (Synergy H1, BioTek).

Annexin V-FITC apoptosis assay

MIA PaCa-2, PANC-1, and BxPC-3 cells (1-2x10°)/well were seeded in 6 well plates,
allowed to attach overnight, and then received indicated treatments for 48 hrs. Cells were
washed with cold PBS, then resuspended and stained with Propidium iodide (PI) and
Annexin V-FITC using Annexin V-FITC Apoptosis Detection Kit (BD Pharmigen, 556547)
according to the manufacturer’s protocol. The resulting fluorescence was measured by a
flow cytometer (Bio-Rad ZE5 Analyzer).

Xenograft study

MIA PaCa-2 cells (2.0 x 108, 100 pl) in PBS, were injected subcutaneously into the dorsal
flank of 8-week old female NCr nude mice (Taconic Bioscience, Bar Harbor, Maine). All
animal experiments were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee. Tumor size was monitored twice a week
through caliper measurement and tumor volumes were calculated using the formula: 0.5 x D
x 2, where Dand dwere the longest and shortest perpendicular diameters, respectively.
Mice were randomly grouped (/7= 5 in the control group and 7 =5 in the treatment group)
when the average tumor size reached 50 mm3. Control mice (7= 5) received vehicle (10%
DMSO, 60% propylene glycol and 30% saline v/v, 100 pL) alone. YUM70 (30 mg/kg in
10% DMSO, 60% propylene glycol and 30% saline v/v, 100 pL) was administrated by
intraperitoneal injection 5 days a week. Tumor volumes and body weights were measured
twice a week to monitor tumor burden and weight loss during treatment. The study was
concluded when the tumor size in the control group reached 1000 mm3. At the end of the
experiment, animals were euthanized and tumor, heart, pancreas, liver, kidney, lung, and
spleen were collected, fixed, and paraffin-embedded for histology. Tumor volumes were
compared using the unpaired Student’s #test.
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QUANTIFICATION AND STATISTICAL ANALYSIS

RESULTS

Enzyme and cell data (ICgq values) were determined from at least three independent
experiments and are presented as mean * SD. All lysate, /n vitro cell CETSA data were
expressed as means = SD. Tumor burden and body weight change data are represented as
mean £ SEM. GraphPad Prism 8 was used for visual analysis. Statistical tests were
performed using the unpaired two-tailed Student’s #test.

Detailed methods for other experimental procedures are provided in the Supplementary
Material section.

YUMT70 is cytotoxic to pancreatic cancer cells

YUM70, a derivative of 8-hydroxyquinoline (Figure 1A), was identified in a phenotypic
screen for cytotoxicity from 40,000 in-house drug-like compounds (25). YUM70 showed
selective cytotoxicity for pancreatic cancer cell lines and pancreatic cancer 3D spheroids
generated from PANC-1 and UM59 cell lines over normal pancreatic tissue-derived HPNE
cells (Figures 1B- 1D). UM59 is a patient-derived cell line with a KRAS mutation (26).
Both PANC-1 and UM59 cells formed compact spheroids (661.73 + 31.98 and 537.83 £
16.35 pm in diameter, Figure 1C; Supplementary Fig. S1A). The spheroid size was reduced
by 1.8 and 1.7 fold for PANC-1 and UM59 respectively (p-value < 0.001, /7= 6) upon
YUMY70 treatment. Importantly, when we measured ATP by luminescence using CellTiter-
Glo® 3D cell viability assay, we observed that viability was reduced 4.7 and 5.8 times (o
value <0.0001, 7= 6) for PANC-1 and UM59, respectively. These results demonstrate that
YUMT70 is not only cytotoxic to pancreatic cancer cells grown as a monolayer but also
cytotoxic to tumorspheres. Additionally, YUM70 was cytotoxic in a larger panel of cell lines
in 2D culture (Supplementary Fig. S1B) and in a 3D culture model generated from ovarian
cancer cells (Supplementary Fig. S1C). Altogether, cytotoxicity results demonstrate that
YUMY70 is effective against various tumor cell types grown either in 2D or 3D. Interestingly,
we observed I1Csp of YUM70 varied among pancreatic cancer cell lines. ICgsq of YUMT70 in
BxPC-3 is approximately three times higher than MIA PaCa-2 cells. PANC-1 and UM59
cells are also more sensitive to YUM70 than BxPC-3 cells. MIA PaCa-2, PANC-1, and
UMDS59 cells have mutated KRAS while BxPC-3 cells have wild-type KRAS (26). Since >
90% of pancreatic cancer patients have mutated KRAS, we primarily focused on pancreatic
cancer.

We synthesized a series of 8-hydroxyquinoline analogs to determine the importance of
various substitutions at positions RY, R2, and R3 for cytotoxicity. The detailed chemistry is
described in the Supplementary Material section. All synthesized compounds were tested for
cytotoxicity by the MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide)
assay in a panel of pancreatic cancer cells (Supplementary Table S1). Structure-activity
relationship studies suggested that the hydroxyl group (OH group) at position X is important
for activity; replacement of OH with OCHj3 decreased potency (YUM117, YUM245).
Among all the tested compounds, we selected YUM70 for mechanistic studies because of its
superior solubility, microsomal stability, and PK properties over some of the more cytotoxic
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compounds. YUM70 showed promising ty, in an in vitrohuman liver microsomal study
(t1/2 > 60 min) and a PK study (t1/2 > 84 min) in mice (Supplementary Fig. S2A-S2C).

YUM70 induces ER stress-mediated apoptosis

To understand the potential mechanism of action of YUM70, we performed nascent RNA
sequencing (Bru-seq) (23) to study the changes in transcription in MIA PaCa-2 cells treated
with 5 UM YUM70. We observed that after YUM70 treatment, many of the upregulated
genes were involved in the UPR. The top 25 upregulated and downregulated genes are listed
in Supplementary Tables S2 and S3, respectively. FAM129A and GDF15 are the top
upregulated genes induced by YUM?70 that are known to respond to ER stress (27,28).
YUMT70 treatment induces the transcription of both 7R/B3and SLC1A4by 13.9 and 13.7
fold respectively (Supplementary Table S2). CHACI and ATF3are also induced by YUM70
and ER stress (29,30). Another upregulated gene is UNC5B, a tumor suppressor gene and a
direct transcriptional target of p53 that can be activated by various insults. UNC5B induces
apoptosis when unbound by netrin-1 (31). Other upregulated genes, for example, DD/T4,
SESNZ, JDP2, BBC3, DDIT3, are all implicated in ER stress response (32,33). The
upregulation of SESNZ2in response to ER stress is dependent on both PERK and IRE1/
XBP1 arms of the UPR (34). Genes like PHGDH, AKNA, UPP1 are not well studied as ER
stress response mediators. Altogether, these results suggest that YUM?70 treatment induces
ER stress.

DAVID functional annotation analysis revealed that the transcriptionally upregulated genes
are involved in ER stress, cell death, and apoptosis; and downregulated genes are associated
with the process of DNA binding and chromatin assembly (Supplementary Fig. S3A-S3B).
Transcription of GRP78 (HSPA5) and CHOP (DD/73, a key ER stress marker) was
enhanced by YUM70 treatment (Figure 2A) and correlated with protein and mRNA
expression (Figure 2; Supplementary Fig. S4A-S4D). We also performed gene set
enrichment analysis (GSEA) on all genes ranked by log2fold change. GSEA revealed
enrichment of genes involved in UPR, hypoxia, apoptosis, and the p53 pathway in the
Hallmark gene set (Supplementary Table S4). Additionally, we observed enriched gene sets
related to ER stress, cellular response to topologically incorrect protein, intrinsic apoptotic
signaling pathway in response to ER stress in the Gene Ontology (GO) biological process
database (Figure 2B and Supplementary Table S5). GSEA of transcription factors revealed
that the major upregulated transcription factors are ATF3, CHOP, and CREB
(Supplementary Table S6) that are well known to be activated upon ER stress. Of note, we
performed Bru-seq in two biological replicates and we observed a similar set of genes up
and downregulated and similar pathways involvement in GSEA analysis (Supplementary
Fig. SS5A-S5C). Important microRNAs and IncRNAs are listed in Supplementary Tables S7-
S10. STRING analysis (https://string-db.org/) on upregulated genes also revealed the
biological process: cellular response to unfolded protein, ER unfolded protein response,
regulation of ER stress-induced intrinsic apoptotic signaling pathway, IRE1-mediated UPR,
PERK-mediated UPR, and ATF6-mediated UPR as major readouts (Supplementary Tables
S11-S14). Taken together, findings from DAVID, GSEA, and STRING analysis are
consistent with the hypothesis that YUM70 induces a strong ER stress response.
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To further validate the hypothesis that YUM70 induces ER stress, we performed a
connectivity map (CMap) analysis on YUM70 Bru-seq data. The top bioactive compounds
are listed in Supplementary Table S15. Known ER-stress inducers such as tunicamycin and
thapsigargin showed a high similarity score (99.9 and 99.8, respectively) (Supplementary
Table S15). Additionally, proteasome inhibitors such as MG-132 (99.3), SCH-79797 (99.3),
MLN-2238 (98.4), z-leu3-VS (98.3); HDAC inhibitors such as JNJ-26854165 (98.2), THM-
1-94 (97.6), panobinostat (97.5), and vorinostat (92.23); and topoisomerase inhibitors such as
irinotecan (99.4) and topotecan (93.3), also showed similar nascent RNA transcriptome
signatures to YUM70 with >90 similarity scores (Supplementary Table S15). Moreover,
CMap showed a strong similarity between the transcriptional signature of HSPA5 (GRP78)
knockdown (Supplementary Table S15) and YUM70 treatment. Altogether, these results
suggest that YUM70 treatment in pancreatic cancer cells results in ER stress and has a
signature that is similar to GRP78 knockdown.

While upregulated genes display a strong ER stress signature, downregulated genes showed
significant enrichment of pathways related to E2F targets, G2M checkpoint, MY C targets,
and pathways related to the mitotic spindle, and chromosome segregation (Supplementary
Tables S16-S18). To assess the potential effects of YUM70 on cell cycle progression, we
performed cell cycle analysis by flow cytometry. No significant effects on cell cycle
distribution were observed following a 24 hr treatment using YUM?70 concentrations of up
to 3 times the 1C5p. However, treatments with a high dose (15 pM) of YUMT70 for 24 and 48
hr increased the S-phase population, with a decrease in the GO/G1 population
(Supplementary Fig. SBA-S6C). The result suggests that at the high dose the accumulation
of cells in the S phase may be due to an intra-S phase checkpoints activation which is not
allowing cells to enter the next phase of the cell cycle. GSEA of transcription factors also
revealed that E2F is the predominant transcription factor downregulated upon YUMT70
treatment (Supplementary Table S18). E2F plays a major role during the G1/S transition in
the cell cycle. Moreover, downregulated expression of E2F family members has been shown
to induce both inappropriate S phase entry and apoptosis (35). Protein-protein interaction
(PPI) network analysis using the STRING online database also revealed similar pathway
enrichment for upregulated and downregulated genes (Supplementary Tables S19-S22).

YUM70 induces ER stress-mediated apoptosis via phosphorylation of elF2a

To characterize ER stress-mediated apoptosis, we performed Western blot on lysates from
MIA PaCa-2, PANC-1, and BxPC-3 cells treated with YUM?70 and assessed selected UPR
markers. YUMT70 treatment increased the protein levels of FAM129A, DDIT3, CHAC-1,
DDIT4, UPP1, and GRP78 in a dose- and time-dependent manner (Figures 2C-2D).
Upregulation of pro-apoptotic gene FAM129A (Supplementary Table S2) and an increase in
its protein levels (Figures 2E-2F) suggest that YUM70 may induce apoptosis via ER stress.
We also observed an increase in mMRNA levels for GRP78 and CHOP (Supplementary Fig.
S4). In BxPC-3 cells, we didn’t observe a significant increase in GRP78 or FAM129A
(Figures 2G-2H). However, we observed a significant increase in the protein levels of
CHORP. Significant upregulation of 7R/B3and SLC1A4 (mRNA) suggested that YUM70
may induce apoptosis by elF2a phosphorylation, followed by activation of ATF4 (30,36).
Indeed, we observed induction of ATF4 (Figures 3A-3B) and upregulation of downstream
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targets of ATF4 and CHOP (Supplementary Table S2, Figures 2C-2H). We also observed
increased protein expression of CHAC1 and DDIT4. During ER stress PERK-mediated
phosphorylation of elF2 is known to inhibit global translation while it allows translation of
ATF4 mRNA. We observed the induction of phosphorylation of elF2a in a dose and time-
dependent manner (Figures 3A-3B, Supplementary Fig. S7A) upon YUM70 treatment. As
the PERK/ATF4/CHOP signaling pathway plays a crucial role in the induction of cell
apoptosis, we assessed apoptosis markers like cleaved caspase 3 and cleaved PARP upon
YUMY70 treatment. We observed increased levels of cleaved caspase 3 and cleaved PARP at
the indicated doses and times (Figures 3A-3B, Supplementary Fig. STA-S7D). In BxPC-3
cells, we did not observe increased levels of cleaved PARP with varying doses of YUM?70.
However, we observed increased levels of cleaved caspase 3, ATF4, and p-elF2a. Therefore,
the effect of YUM7O is different in BXPC-3 cells than in PANC-1 and MIA PaCa-2 cells. We
confirmed that YUM70 induces apoptosis by increasing caspase 3/7 activity (Figures 3C-
3D). We used tunicamycin (Tu) as a positive control for the caspase 3/7 activity assay since
it is a known ER stress inducer that promotes apoptosis. Mechanistically, tunicamycin
disrupts protein maturation by blocking N-linked glycosylation in the endoplasmic reticulum
(ER) of eukaryotic cells (37). Induction of apoptosis by YUM70 in a dose-dependent
manner was confirmed in Annexin V-FITC assay (Figure 3E; Supplementary Fig. S7).
However, a fewer number of apoptotic cells were found at a higher dose of YUMT70 in
BxPC-3 cells than in the other two cell lines.

Together, treatment with YUM70 resulted in phosphorylation of elF2a and increases in
ATF4 and CHOP leading to apoptosis induction as indicated by PARP and caspase 3
cleavage, and increased caspase 3/7 activity. YUM70 is an ER stress inducer and kills cells
by activating the apoptosis pathway.

YUM70 targets GRP78

Since GRP78 dissociation from ER sensors is a crucial event to initiate the UPR and
YUM70 treatment produces a gene signature similar to GRP78 knock-down, we
hypothesized that GRP78 may be the target of YUM70. Treatment with YUM70 increased
the protein levels of CHOP (DD/T3) and GRP78 (HSPA5) (Figure 2A) perhaps due to the
induction of UPR. To determine whether YUM70 binds to GRP78, we performed a thermal
shift assay using purified full-length GRP78. YUM70 binds to full-length GRP78 and causes
a positive shift in the melting temperature (Tm) of GRP78 in a dose-dependent manner
(Figure 4A; Supplementary Fig. S8A). The positive control VER155008 (VER), an HSP70/
GRP78 inhibitor, stabilized GRP78 as expected (Figure 4B; Supplementary Fig. S8B). In
contrast, YUM117, an inactive analog of YUM70, did not produce any Tm shift (Figure 4C;
Supplementary Fig. S8C).

To further validate these findings, we performed a cellular thermal shift assay (CETSA) to
assess target engagement in cells. PANC-1 cell lysates were either treated with DMSO alone
or with YUM70 or VER, followed by heating at different temperatures (Figure 4D;
Supplementary Fig. S8D). YUM?70 stabilized cellular GRP78 (Figure 4D). Disruption of
GRP78 ATPase activity inhibits the release of bound peptides, resulting in the accumulation
of unfolded or misfolded proteins in the ER (38). YUM70 inhibits GRP78 ATPase activity
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of the full-length protein (1C5¢ of YUM70 1.5£0.3 uM, VER 0.7+0.3 pM, Figure 4E) as
measured by ATP turnover and ADP generation. Taken together, the results confirmed that
YUMY70 binds to GRP78 and inhibits its enzymatic activity. Thus, we suggest that upon
YUM70 treatment, GRP78 dissociates from its ER partners, PERK, IREa, and ATF6,
leading to the induction of the UPR. Co-immunoprecipitation showed that incubation of
PANC-1 cell lysates with YUM70 decreased the interactions between GRP78 and both
PERK and IREa (Figure 4F). While YUM70 was able to hinder these interactions, inactive
compound YUM117 was unable to do so (Figure 4F), suggesting a direct effect of YUM70
on the complexes. Moreover, CMap showed a strong similarity between the transcriptional
signatures of HSPA5 (GRP78) knockdown (Supplementary Table S15) and YUM70
treatment. We knocked down GRP78 using two individual siRNAs in MIAPaCa-2 cells
(Supplementary Fig. S8E). In human PDAC cell lines, knockdown of GRP78 resulted in
decreased proliferation (39), therefore we performed partial knockdown of GRP78 that
resulted in increased YUM70 cytotoxicity by 2 fold (Supplementary Fig. S8F). To test the
selectivity of the compound to GRP78, we performed a binding study for other ER proteins
PDI, GSTOL, and HSP70 (Supplementary Fig. S8G-S8I). We performed a competitive
binding assay in the presence of specific fluorescence probes for GSTO1 (24) and PDI (40).
No binding was observed at 1 and 10 pM YUM?7O0, but there was a reduction in band
intensity at 100 uM. YUMT70 did not inhibit PDI reductase activity at 40 uM (Supplementary
Fig. S8G). However, a non-selective analog, YUM79, which has similar cytotoxicity,
showed 94% inhibition of PDI activity. YUM79 also binds to PDI and GSTO1 as shown in
Supplementary Fig. S8G-S8H. VER nonselectively inhibits both HSP70 and GRP78 due to
the structural similarity between these two proteins. Our data show that YUM?70 did not bind
to HSP70 (Supplementary Fig. S81). These observations suggest that YUM?70 selectively
binds to GRP78 over PDI, GSTOL1, and HSP70.

Next, we used immunofluorescent microscopy to investigate whether our inhibitors and
GRP78 co-localize in the cell. We synthesized a fluorescent BODIPY conjugate of a
YUMY70 analog (Figure 4G) to study its subcellular distribution. Due to the lack of a
substitution site on YUM70, we used the close analog YUM401 that showed a similar
cytotoxicity/inhibitory profile. As shown in Figure 4H, BODIPY-conjugated YUM401
(YUMA488) showed a strong co-localization with the GRP78 antibody and ER-tracker. This
result supports that YUM70 analog, YUMA401 targets GRP78 in the ER.

Proteolysis targeting chimera (PROTAC) is a powerful technology for targeted protein
degradation (41). To selectively degrade GRP78, we synthesized a PROTAC by
incorporating YUM7O0, a linker, and an E3-ligase recruiting ligand. The detailed chemistry is
described in the Supplementary Material section. To evaluate the extent of GRP78
degradation, we treated MIA PaCa-2 cells with YUM70-PROTAC (DX2-145,
Supplementary Fig. S9A) for 24 hr at various doses and the level of GRP78 protein was
assessed by Western blot. DX2-145 elicited a concentration-dependent degradation of
GRP78 (Supplementary Fig. S9B-S9C) and increased CHOP expression (Supplementary
Fig. S9B). We observed maximum degradation at 10 uM and a decrease in degradation at 20
UM due to the hook effect, a typical property of PROTACS. In a separate experiment, we
show that MG132, a proteasome inhibitor, blocked DX2-145-mediated degradation of
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GRP78 (Supplementary Fig. S9D). This data demonstrates that DX2-145 degrades GRP78
in a proteasome-dependent manner. We observed a similar pattern of degradation with the
PROTAC YUM513 (YUM401-PROTAC) (Supplementary Fig. S9E-S9G). In a separate
experiment, we treated MIA PaCa-2 cells with YUM513 for 4 hr or 24 hr and observed a
decrease in intensity of a band of approximately 70 kD by SDS-PAGE followed by
Coomassie blue staining (Supplementary Fig. S9H). Analysis of this band using LC-MS/MS
confirmed the degradation of GRP78 (Supplementary Fig. S9I). DX2-145 is more effective
in degrading GRP78 than YUM513 and was selected for further studies. When cells were
pre-treated with the parent compounds for 2 hr followed by DX2-145 (10 uM), we observed
an increase in GRP78 levels in YUMT70 pre-treated cells as expected. Pretreatment with
pomalidomide at doses up to 10 uM did not show complete blockade of GRP78 degradation
(Supplementary Fig. SI0A-S10C). We observed similar patterns with YUM401
(Supplementary Fig. S10D-S10F). In contrast, pre-treatment with YUMZ117, an inactive
analog, was unable to increase GRP78 levels in a dose-dependent manner. YUM117 was
also unable to significantly change GRP78 protein levels in the presence or absence of
DX2-145 (Supplementary Fig. S1I0D-S10E). Altogether, these results directly show that
YUMY70 and its analogs target GRP78 and clearly demonstrate that GRP78 can be degraded
through cereblon-based PROTACS.

The data above suggest that YUM70 binds to GRP78 and inhibits its enzymatic activity.
Moreover, YUM70 can up-regulate GRP78 transcription and protein levels as shown by
Bru-seq, RT-PCR, and Western blot analysis. To further validate these observations, we
blocked the transcription or translation machinery by actinomycin D (ACD: 10 nM for MIA
PaCa-2 and 20 nM for PANC-1) and cycloheximide (CHX: 2.5 uM) pre-treatment for 2 hr
followed by 24 hr YUM70 (5 and 10 uM) treatment. We observed a significant decrease in
GRP78 protein expression in the presence of CHX (Supplementary Fig. S11A-S11B). We
did not observe a significant decrease in GRP78 protein levels in the presence of ACD as
compared to YUM70 alone. This observation suggests that YUM70 up-regulates GRP78
primarily at the translational level rather than at the transcriptional level, which is in
agreement with the classical concept that UPR mainly affects translation.

The result indirectly shows that although YUM70 inhibits GRP78 enzymatic activity; it
increases the expression of GRP78 by increasing the chaperone translation mechanism.

Molecular docking predicts that YUM70 may bind to the C-terminal substrate-binding
domain of GRP78

Although YUM70 binds to the full-length GRP78 and inhibits its enzymatic activity, we did
not observe a similar effect using a truncated protein containing the ATPase domain
(GRP78ATPase) (Supplementary Fig. S12A-S12G). Thus, we hypothesized that YUM70
may bind a site other than the active site of GRP78. Molecular docking of YUM70 was
performed on the substrate-binding domain (SBD) of GRP78 (PDB: 5E85) to identify a
putative binding site. There are two possible binding sites on the substrate-binding domain:
the peptide binding site and the site corresponding to the novolactone-binding domain
(NBD) in HSP70 (PDB: 4WV7) (42). YUMT70 and its inactive analog YUM117 were
docked into both sites of GRP78. In the peptide-binding site, YUM70 interacts with several
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important substrate-binding residues, including Ser452, GIn458, Val461, Thr462, 11e463,
and Lys464 (Supplementary Fig. SI3A-S13F). Ser452 and GIn458 formed H-bonds with the
hydroxyl group of YUM70. The amide carbonyl forms two H-bonds with Thr462. The
phenyl ring formed a pi-cation interaction with Lys464 and the quinoline ring is packed into
a hydrophobic pocket formed by 11e426, Phe451, and 1le463. When we docked the inactive
analog YUM117, it failed to form an H-bond with Ser452 or GIn458. The hydroxyl group of
YUMY70 is replaced by a methoxy group in YUM117, which likely explains this observation.
Docking scores (GOLD fitness score) of YUM70 and YUMZ117 on the peptide binding site
are 61.17 and 54.57, respectively. While protein-ligand interactions at the substrate-binding
site may explain the different ATPase inhibitory activities and cytotoxicities exerted by
YUM70 and YUM117 in pancreatic cancer cells, interactions at the novolactone-binding site
fail to explain the activity difference. Finally, the docking score of YUM7O0 is higher at the
substrate-binding site than at the novolactone-binding site (61.17 vs 54.83). Altogether,
docking suggests that YUM70 may bind to the substrate-binding site of GRP78.

Next, we used partial proteolysis to investigate the proteolytic pattern of GRP78 in the
presence or absence of YUM70, ATP, and ADP. Partial proteolysis using trypsin and
visualization through Coomassie blue staining revealed a unique proteolytic degradation
pattern of GRP78 (Supplementary Fig. S13G). In the presence of YUM70, we observed
clear protection of GRP78 from proteolytic degradation by trypsin. GRP78 has two main
domains (NBD and SBD) and functionally active GRP78 undergoes two major
conformational changes (43), known as open (ATP-bound) and closed (ADP-bound)
conformations. It is reported that during closed conformation when peptides tightly bind to
the pocket of SBD, ADP is simultaneously bound to NBD (44). In trypsin digestion
experiments, we also observed a weak stabilization after adding ADP. We observed
protection of GRP78 in the presence of YUM70 alone as well as with ATP and ADP.
However, more protection of GRP78 was observed by YUM70 in the presence of ADP than
ATP. These results suggest that YUM70 may cause a conformation change in GPR78.

FAM129A is a potential biomarker for ER stress induced by YUM70 in pancreatic cancer

Knockdown of GRP78 (GRP78 siRNA-1), similar to YUM70 treatment, increased the
expression of FAM129A, CHOP, and DDIT4 in MIA PaCa-2 and PANC-1 cells
(Supplementary Fig. S14A). However, GRP78 knockdown did not alter CHAC1 levels.
Interestingly, GRP78 siRNA-1 was unable to decrease GRP78 levels in BXxPC-3 cells, thus
we used another siRNA (GRP78 siRNA-2) targeting a different sequence of GRP78.
SiRNA-2 decreased GRP78 levels > 80 % in BXPC3 cell and > 95% in MIAPaCa-2 and
PANC-1 cells (Supplementary Fig. S14B). Both siRNAs decreased GRP78 levels >95% in
HT29 colon cancer cells with wild type KRAS. We observed a similar pattern with siRNA-1
and siRNA-2 in MIAPaCa-2 and PANC-1 cells. BxPC3 showed different patterns of
CHAC-1, DDIT4, and CHOP protein levels than MIAPaCa-2 and PANCL cells upon GRP78
knockdown. Similar to BXxPC3, in HT29 cells, we did not observe a significant change in
levels of DDIT4 and CHAC-1 upon GRP78 knockdown; however, we observed a significant
increase in CHOP levels upon GRP78 knockdown in HT29 cells.
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The expression of FAM129A was significantly elevated by YUM70 and knockdown of
GRP78. FAM129A is a proapoptotic gene and one of the ATF4 target genes that regulate
PERK and elF2a as part of a feedback loop (45). We showed that YUM70 treatment
increased the levels of ATF4 as well as phosphorylation of elF2a. The result suggests that
FAM129A positively regulates the PERK-elF2a axis in pancreatic cancer and causes
apoptosis mediated cell death. Thus, FAM129A transcript and protein levels can be used to
evaluate the response to GRP78 inhibitors in pancreatic cancer.

Interestingly, the protein level of FAM129A was increased by YUM70 treatment in MIA
PaCa-2 and PANC-1 cell lines in a time- and dose-dependent manner. However, in BXPC-3
cells, we only observed an increased expression of FAM129A in a time-dependent manner.
We also did not observe significant changes in GRP78 expression in BXPC-3 cells. YUM70
was more potent in KRAS mutant cells than wild-type cells (Figure 1B). MIA PaCa-2 cells
were the most sensitive, while BxPC-3 cells were the most resistant of the three pancreatic
cancer cell lines to YUMT70. In an Annexin V-FITC assay, we observed more apoptosis by
YUMY70 in MIA PaCa-2 and PANC-1 than BxPC-3 cells (Figure 3E; Supplementary Fig.
S7). Although, the result suggests mutated KRAS cells are more sensitive to YUM?70 than
wild-type cells, such observations need to be expanded to a larger panel of cell lines and
more in-depth mechanistic studies to better define the relationship between KRAS and
GRP78.

YUM70 reduces tumor growth in a MIA PaCa-2 xenograft model

To evaluate the /n vivo efficacy of YUM70, we performed xenograft studies in NCr nude
female mice. Subcutaneous human pancreatic cancer xenografts were established using MIA
PaCa-2 cells on the dorsal flank of immune-deficient mice. The mice were injected
intraperitoneally with either YUM70 (30 mg/kg) or vehicle (10% DMSO, 70% PG, 20%
saline) 5 days a week for 7 weeks. A significant tumor growth delay (o < 0.05) was observed
(Figure 5A) with no significant change in body weight during the course of treatment
(Figure 5B). Consistent with our /n vitro data, YUMT70 treatment suppressed tumor cell
proliferation as confirmed by the significant decrease in Ki67 staining (Figures 5C-5D) and
the increased expression levels of CHOP and FAM129A in the treatment group (Figure 5E).
Immunohistochemical (IHC) staining revealed significantly increased levels of cleaved
caspase 3 in YUMT7O treated tumor tissues (Supplementary Fig. S15A). Additionally, we
observed strong GRP78 staining in control tumors as compared to the YUM70 treated
tumors (Supplementary Fig. S15B). However, no significant changes in GRP78 mRNA
levels were observed (Supplementary Fig. S15C) in control and treated tumor tissues. No
gross toxicity was observed in the heart, pancreas, liver, kidney, lung, and spleen (Figure
5F). These results demonstrate that YUM70 treatment induced ER stress-mediated apoptosis
in the tumor cells implanted in mice without major toxicity to normal tissues. A plausible
model for the anticancer mechanism of YUM70 in pancreatic cancer is presented in Figure
5G.

YUM70 induces synergistic cell death with topotecan and vorinostat

YUM?70 showed moderate potency /n vitroand in vivoas a single agent. YUM70 is more
potent than 5FU but less potent than gemcitabine and paclitaxel (Supplementary Fig. S16A).
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To find novel and effective therapies for pancreatic cancer, we performed clonogenic
survival assays using combination of YUM70 with several clinically approved drugs, drugs
in clinical trials, and preclinical agents. YUM70 showed a synergistic effect when combined
with MG132 (carbobenzoxy-Leu-Leu-leucinal) (Supplementary Fig. S16B-S16C),
topotecan or vorinostat (Figures 6A—6E), and an additive effect with 5-FU (fluorouracil),
tosedostat, and DFO (deferoxamine mesylate) (Supplementary Fig. S16D-S161). We did not
observe a significant additive effect or synergy by combining YUM70 with gemcitabine.

YUM70-topotecan combination showed strong synergy with a combination index (CI) of
0.59 at 1uM YUM70 and 0.01 uM topotecan (Figure 6D and Supplementary Table S23).
YUM70-SAHA combination was also able to significantly enhance cytotoxicity with CI
0.29 at a dose of 1 uM YUM70 and 0.3 uM vorinostat (Figure 6E and Supplementary Table
$23). YUM70-MG132 combination also showed synergy in the clonogenic assay, at hon-
cytotoxic concentrations (Supplementary Fig. S16B-S16C). The synergistic effect of
YUMY70 and topotecan, vorinostat, and MG132 can be attributed to apoptosis enhancement.
To test this hypothesis, we performed annexin V apoptosis assays (Figure 6F) and found an
increase in early and late-stage apoptosis for each drug combination. Previous reports have
shown that MG132 induces apoptosis by ER stress and subsequent activation of a
mitochondria-dependent caspase cascade (46). Collectively, the reported study and our data
suggest that the synergistic effect of these combinations was due to apoptosis enhancement.
Such combinations can be further optimized for future clinical applications.

DISCUSSION

Despite recent advancements in the molecular, pathological, and biological understanding of
pancreatic cancer, it remains a devastating disease with limited options for effective
treatments. Thus, there is an urgent need to develop new therapies for this disease. In this
study, we identified YUM70 as a lead compound showing 7 vitro cytotoxicity in both 2D
and 3D pancreatic cancer culture systems and significant synergy with topotecan and
vorinostat. Importantly, YUM?70 showed significant anticancer activity in an /in vivo
pancreatic cancer xenograft model with no observed toxicity to normal tissues. However, the
anticancer effect of YUM70 is modest as a single agent and normal tissue toxicity was
measured for the treatment period only.

Mechanistically, we demonstrate that YUM70 suppresses proliferation and induces ER
stress and apoptosis in pancreatic cancer cells. Acute ER stress leads to transient activation
of the UPR signaling network to restore ER homeostasis. However, prolonged UPR
activation promotes cell death by activating apoptosis. CHOP, a transcription factor known
to be involved in ER stress-induced apoptosis, is distinctly overexpressed in response to ER
stress through IRE1-, PERK- and ATF6-dependent transcriptional induction (47). These
factors are activated by GRP78 when it dissociates from these ER sensors/receptors that in
turn increase expression of GRP78. The induced expression of ATF4, CHOP, and GRP78,
and phosphorylation of elF2a. following YUM70 treatment (Figures 2 and 3), strongly
suggests induction of PERK/ATF4/CHOP mediated cell death. Bioinformatics analysis also
supports these findings. Interestingly, YUM70 treatment increases the levels of the ER stress
regulatory proteins DDIT4 and UPP1 as early as 2 hrs, suggesting a role for these proteins in
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ER stress initiation. YUM7O0 also increased the transcription of SLC1A4 and CHAC1
(glutathione-specific gamma-glutamylcyclotransferase 1). CHACI is a pro-apoptotic
component of ER stress that has glutamylcyclotransferase activity specific for glutathione
(GSH). GSH synthesis requires glycine, cysteine and glutamate. It has been reported that
cystine-glutamate exchange leads to the activation of an ER stress response and upregulation
of CHAC1 (29). SLC1A4is a neutral amino acid transporter, selective for alanine, serine,
and cysteine. Other reports also showed increased expression of CHACI and SLC1A4 upon
ER stress (48). Together, these data suggest that YUM70 exacerbates ER stress leading to
cell death (Figure 5G). These observations also suggest SLC1A4 may have a role in GSH
transport. However, further studies are needed to better elucidate the role of CHAC1 and
SLC1A4 under ER stress.

Previously, several small molecules were identified that are non-selective inhibitors of
GRP78 (49,50). YUMTO is selective for GRP78 over other ER proteins including GSTO1,
PDI (Supplementary Fig. S8G and S8H) and HSP70 (Supplementary Fig. S81). We
demonstrated in multiple complementary assays that YUM?70 binds to recombinant and
cellular GRP78. Importantly, using YUM70 as a warhead, we synthesized the first PROTAC
to degrade GRP78 through a cereblon-mediated E3 ligase mechanism. Using LC-MS/MS-
based proteomics, we confirmed the degradation of GRP78 (Supplementary Fig. S9H, and
S9l) by our PROTAC. DX2-145 degrades GRP78 in a dose-dependent manner, and MG132
completely blocked its degradation. Pretreatment with parent compounds and pomalidomide
decreased GRP78 degradation by DX2-145, but was unable to completely block degradation
of GRP78 at the tested concentrations (Supplementary Fig. S10C and S10F). We did not
observe an increased cytotoxicity of DX2-145 over YUM70, suggesting that our first-
generation PROTAC needs further optimization. The potency of PROTAC can be improved
by optimizing the ligand of E3 ubiquitin ligase, or the linker, or using a more potent
warhead. Since YUMT70 treatment increases GRP78 levels, a degradation strategy via a
PROTAC will be a more efficient approach to target GRP78 in tumors.

Oncogenic mutations of KRAS, a key driver of tumor growth, are found in most pancreatic
cancer patients. We observed that mutant KRAS pancreatic cancer cells are more susceptible
to apoptosis induced by YUM70 than cells carrying wild-type KRAS. Similarly, mutant
KRAS-driven colon cancer cells were sensitive to the inhibition of heat shock protein
HSP90 and prone to ER stress (51). Previously, it was shown that KRAS-transfected cells
have higher basal levels of ER-stress related gene expression than the wild-type cells (52). A
possible reason may be that the activation of KRAS in pancreatic cancer increases protein
synthesis resulting in constitutive ER stress, similar to BRAF oncogenic activation in
melanoma (53). Importantly, Lee et al showed that 50% reduced expression of GRP78 is
sufficient to inhibit tumor growth in KRAS-driven pancreatic cancer mouse models (18).
These results are in agreement with prior reports that ER stress inducers sensitize KRAS
mutant cells to apoptosis (51,52). Therefore, KRAS mutation can serve as a predictive
biomarker to select patients who may benefit from treatment with GRP78 inhibitors or
degraders. Our study suggest that inhibition or degradation of GRP78 can be a promising
approach for the treatment of KRAS mutated pancreatic cancer.
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YUM70 treatment significantly increased FAM129A protein levels in vitroand in vivo.
Additionally, knockdown of GRP78 increased the expression of FAM129A. Although
FAM129A is upregulated in prostate cancer and knockdown of FAM129A decreases cell
growth /n vitro, a recent study showed that FAM129A is a differentially expressed gene in
pancreatic cancer (54). Previous reports and our study suggest that FAM129A positively
regulates the ATF4- PERK-elF2a axis in pancreatic cancer leading to apoptosis-mediated
cell death. Thus, FAM129A could be used as a pharmacodynamic (PD) marker to evaluate
the response to GRP78 inhibitors in pancreatic cancer.

Current evidence suggests that GRP78 haploinsufficiency has no major deleterious effect on
organ homeostasis in young as well as aged mice (55) consistent with the notion that normal
organ function requires only a low basal level of GRP78 for maintenance, while cancer cells
require high levels of active GRP78 for growth, survival, invasion and therapeutic resistance.
This is in agreement with our observation that YUM70 preferentially blocks the growth of
cancer but not normal pancreatic cells. To our knowledge, YUM70 is among the first small
molecule inhibitors that directly bind to GRP78, suppresses its ATPase activity, and causes
its dissociation from the ER stress sensors, leading to activation of the UPR and apoptosis.
Another compound, HA15 that targets GRP78 among other proteins, triggers ER stress and
autophagy and overcomes BRAF inhibitor resistance in melanoma and other cancer cells
(56). A ruthenium compound, KP1339 (1T-139) that inhibits GRP78 and disrupt ER
homeostasis, is currently under Phase I clinical investigation (57). Thus, ER stress inducers
and GRP78 inhibitors hold promise for the treatment of pancreatic cancer (58).

In this study, we observed a synergistic cell killing effect of YUM70 with topotecan, a
topoisomerase | inhibitor, and vorinostat, an HDAC inhibitor. Topotecan induces apoptosis
by p53 activation (59). It is currently used to treat small cell lung cancer and ovarian cancer
(60) and is the first topoisomerase | inhibitor approved for oral use (Hycamtin Capsules,
GlaxoSmithKline). Irinotecan, another topoisomerase | inhibitor, is part of the
FOLFIRINOX regimen approved for the treatment of advanced pancreatic cancer.
Therefore, combination of GRP78 inhibitors and topotecan could be a new treatment option
for pancreatic cancer. Treatment strategies combining HDAC inhibitors with gemcitabine,
radiation therapy, 5-FU or bortezomib have failed to improve survival outcomes. YUM70 in
combination with vorinostat showed a promising synergistic cell killing effect /n vitro.
Although the underlying mechanism of this synergy was not assessed in this study, a strong
similarity in molecular pathways was observed in CMap analysis (Supplementary Table
S15). HDAC inhibitors (e.g. vorinostat) were reported to cause GRP78 acetylation that
disrupts GRP78 function and induces ER stress (17). Moreover, previous studies showed
that vorinostat also promotes cell cycle arrest, inhibits growth, and induces apoptosis in
cancer (61) by ATF4 and CHOP upregulation (62). Thus, these novel combinations
including YUM70 may improve pancreatic cancer treatment response.

In conclusion, we demonstrated that YUM70 treatment induces ER stress and triggers UPR
by inhibiting GRP78. As a result, elF2a is phosphorylated leading to the induction of CHOP
and apoptosis in both cell culture and xenograft models. Importantly, YUM?70 slowed tumor
growth in a pancreatic cancer xenograft model. Although YUM70 is moderately effective as
a single agent in pancreatic cancer, it can be safely combined with topotecan and vorinostat.
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YUMY70 is an excellent tool compound to further interrogate the role of GRP78 inhibition in
pancreatic cancer. Altogether, our study highlights GRP78 as a promising target to treat
KRAS mutant pancreatic cancer and YUM70 as a novel anticancer agent that could be used

in

combination with select drugs to improve treatment efficacy and overcome drug

resistance.
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This study identifies a novel ER stress inducer that binds GRP78 and inhibits pancreatic
cancer cell growth /n vitroand in vivo, demonstrating its potential as a therapeutic agent

for pancreatic cancer.

SIGNIFICANCE
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Figure 1. YUM70is cytotoxic to pancreatic cancer cell lines.
A. Chemical structure of YUM70. B. Cytotoxicity of YUM70 in a panel of pancreatic

cancer cell lines and normal pancreatic tissue-derived cells (HPNE) measured by the MTT
assay. 1Cgq presented as mean + SD of three independent experiments performed in
duplicate. C. YUM70 dose-dependently decreased PANC-1 and UM59 cell proliferation in
3D-culture systems. D. Quantification of cell viability of 3D spheroids was performed with
CellTiter-Glo® 3D cell viability assay. Data are presented as mean + SD of three or more
spheroids from three independent experiments. *p < 0.01, **p < 0.001, ***p < 0.0001
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Figure 2. YUM 70 upregulates UPR target proteinsand induces ER stress and apoptosis.
A. Expressions of DD/T3(CHOP) and HSPA5 (GRP78) are upregulated by YUM70

treatment (Bru-seq data). B. GSEA analysis of YUM70 treatment reveals enrichment of ER
stress and apoptosis pathway. C-D. Lysates of MIA PaCa-2 and PANC-1 cells treated with
YUMY70 at indicated doses and times were immunoblotted with indicated antibodies. A
representative data set from three independent experiments is shown. E-F. Relative
expression (fold change) of FAM129A, GRP78, and CHOP normalized to GAPDH/Actin in
MIA PaCa-2 and PANC-1 cells were calculated from the band intensity of three independent
experiments and are presented as mean fold change at indicated time (hr). G-H.
Representative immunoblot and relative expression (mean fold change) of the above stated
proteins in BxPC-3 cells are presented. DMSO control indicated as Ctrl. Error bars represent
standard deviation. The band intensity was quantified in Image Studio Ver 3.1 software. *p <
0.05, **p < 0.01, ***p < 0.001.
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Figure 3. YUM70 upregulates proteinsinvolved in the apoptotic pathway.
A-B. Lysates of MIA PaCa-2 and PANC-1 cells were immunoblotted with indicated

antibodies. A representative experiment out of three is shown. The actin blot used in Figure
3A is the same as in Figure 2C. C-D. Caspase 3/7 activity levels in MIAPaCa-2 and PANC-1
cells, following treatment with YUM?70. Data are presented as mean + SD of three
independent experiments. *p < 0.05, **p < 0.01, ***p< 0.001. E. YUM70 dose-
dependently causes apoptosis in MIA PaCa-2 and PANC-1 cells. Top, cells in the bottom left
guadrant of each panel (Annexin VV-negative, PI-negative) are viable, whereas cells in the
bottom right quadrant (Annexin \V—positive, Pl-negative) are in an early stage of apoptosis,
and cells in the top right quadrant (Annexin VV—positive, Pl-positive) are in a late stage of
apoptosis/necrosis. Bottom, the percentage of apoptotic cells is shown in a histogram. A
representative image of three independent experiments is shown.
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Figure4. YUM70 targets GRP78.
Apparent melting temperature (Tm) derived from thermal shift assay and the corresponding

thermal shift were determined at various concentrations of A. YUM70 B. VER and C.
YUM117. 1% DMSO was used as control. Data are presented as mean + SD. *p < 0.01, **p
<0.001, ***p < 0.0001. Numbers in red are thermal shift at respective concentrations. D.
CETSA melt curves for GRP78 in PANC-1 cell lysates treated with YUM70 (100 pM). 1%
DMSO was used as control. Data are presented as mean + SD of three independent
experiments. E. Inhibition of GRP78 enzymatic activity in the presence or absence of
YUMY70 and VER. The results are presented as mean % inhibition of GRP78 of three
independent experiments. Error bars represent standard deviation. F. PERK and IREla were
immunoprecipitated overnight from PANC-1 cell lysates in the presence of DMSO, YUM70
or YUM117. Western blotting was performed with indicated antibodies. A representative
experiment out of three is shown. G. Chemical structure of YUM401 and YUM488
(BODIPY-conjugated YUM401). H. YUM488 co-localizes with GRP78 in the ER.
Immunofluorescence image of MIA PaCa-2 treated with tunicamycin for 2 hr followed by
15 uM YUMA488 treatment for 16 hr. ER was labeled with ER-Tracker (detection wavelength
566-626 nm), GRP78 was labeled with antibody (detection wavelength 656700 nm), and
YUM488 was detected at wavelength 497-564 nm.
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Figure 5. YUM 70 inhibits pancreatic tumor growth in vivo.
A. Tumor growth curves of MIA PaCa-2 tumor-bearing nude mice treated with vehicle (n=

5) or YUM70 (n=15). Data are shown as mean tumor volumes (error bars, SEM). A
significant reduction in tumor volumes was observed upon YUM70 treatment (*p < 0.05). B.
Evaluation of mouse weights during the xenograft experiment. Error bars indicate mean +
SEM. C. Ki67 immunohistochemistry staining in tumor sections. D. Percent of Ki67
positive cells were calculated as the fraction of Ki67 positive cells compared to the total
number of cells in the field x 100. (7= 10; five fields of view from two tumors per group).
Graphical data is presented as Mean + SD, ***p < 0.0001. E. Lysate from two tumors per
group was blotted for FAM129A, GRP78, CHOP, cleaved caspase 3. ‘M’ is the molecular
weight marker. Normalized relative densities computed using ImageJ (NIH) are shown
above. F. YUM70 did not show systemic toxicity /7 vivo. Representative micrographs of
hematoxylin and eosin (H&E)-stained organ tissue sections. Images were taken with an
Olympus 1X83 inverted microscope at 20X magnification. G. M echanism of YUM70
mediated cell death. YUMT70 is cytotoxic to pancreatic cancer cells v/iaa mechanism
involving the allosteric inhibition of GRP78 activity, leading to an increase in ER stress and
induction of protein levels of UPR target genes. As a result, YUM70 treatment causes
prolonged ER stress-mediated apoptosis.
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Figure 6. Synergistic effect of YUM 70 in combination with topotecan and vorinostat.
MIA PaCa-2 cells were treated with YUM70 with or without topotecan (Topo) and

vorinostat (SAHA), at stated concentrations and kept in culture until colonies were observed
in DMSO treated control. A. A representative image is shown (one concentration). B and C.
The number of colonies was quantified using Image Studio ver3.1 software from three
independent experiments (more than one concentration). Graphical data is presented as mean
+ SD, *p<0.05, **p < 0.01. The p-value of the combination was calculated and compared
to YUMT70 alone. D and E. The combined effect was calculated using CompuSyn software.
Cl <1 is defined as synergism. F. Combination regimen causes apoptosis in MIA PaCa-2 and
PANC-1 cells. Top, cells in the bottom left quadrant of each panel (Annexin V-negative, PI-
negative) are viable, whereas cells in the bottom right quadrant (Annexin VV—positive, Pl-
negative) are in the early stage of apoptosis, and cells in the top right quadrant (Annexin V-
positive, Pl-positive) are in the late stage of apoptosis/necrosis. Bottom, the percentage of
apoptotic cells is shown in a histogram. A representative image of three independent
experiments is shown.
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