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Abstract
RAVYN MARIE DUNCAN. The Development of Endoplasmic Reticulum Stress-Inducing
Strategies to Overcome Resistance to Cancer Therapy.
(Under the direction of NATHAN DOLLOFF).

Effectively treating therapeutic resistant malignancies remains one of the greatest
challenges that cancer researchers and clinicians face today. Intra-tumoral heterogeneity
contributes to intrinsic and acquired genetic alterations that render tumor cells
nonresponsive to single agent therapies. Adaptations to endoplasmic reticulum (ER)
stress are a critical driver of tumorigenesis and a source of therapeutic resistance in
tumors, as many malignancies suppress this mechanism for survival. Therefore,
combination strategies that induce ER stress offer an approach for combating therapeutic
resistant cancer. The studies outlined in this dissertation offer two novel synergistic
therapeutic strategies: (1) pairing glutaminase inhibitor CB-839 with proteasome inhibitors
(PI) in refractory multiple myeloma and (2) combining a novel class of protein disulfide
isomerase (PDI) inhibitors with histone deacetylase (HDAC) inhibitors in solid tumors. The
driving force behind both therapeutic anti-tumor strategies relies on amplified ER stressinduced apoptosis. Multiple myeloma cells resistant to PIs exhibit increased mitochondrial
respiration driven by glutamine as the principle fuel source. We utilized CB-839 to target
glutamine-induced respiration in PI resistant cells and found that CB-839 synergistically
enhanced PI-induced ER stress and apoptosis. This was characterized by the robust
expression of ER stress markers ATF4 and CHOP. Alternatively, PDI and HDAC inhibitor
combinations induce ER stress in solid tumors. HDAC inhibitors are largely ineffective in
solid tumors as single agents. We discovered that PDI inhibitors dramatically and
xvii

synergistically enhanced the anti-tumor activity of HDAC inhibitors in a variety of
preclinical models, specifically pancreatic cancer and glioblastoma. RNA-Seq coupled
with gene silencing studies identified ATF3 as the driver of this anti-tumor synergy. ATF3
upregulation was initiated by PDI inhibitor-induced ER stress and then potentiated by
HDAC inhibitor-induced chromatin remodeling. In summary, the data presented in this
dissertation identify two novel combination regimens with ER stress-inducing targeted
agents that elicit anti-tumor responses. These studies demonstrate key mechanistic roles
for ER stress markers ATF3, ATF4, and CHOP in the synergistic strategies and most
importantly, present a way to achieve unrealized anti-tumor responses in therapeutic
resistant cancer.

xviii

Chapter 1
Introduction
1.1. Introduction to Therapeutic Resistance in Cancer
Malignancies resistant to current standard of care agents are one of the greatest
challenges that cancer researchers and oncologists face today. Tumors display a genetic
mosaicism that is not unlike normal tissue heterogeneity where subpopulations of cells
exhibit a variety of morphologies, differ in susceptibility to xenobiotics, and demonstrate a
range of mechanistic activity among lineages. However, unlike normal cells, genomic
instability renders tumor cells particularly versatile in cell signaling pathways that compete
for biological dominance during cancer progression.1-4 As such, intra-tumoral
heterogeneity contributes to an estimated 90% of all cancer treatment failures.4 With 1020 new oncological drug approvals every year by the United States Food and Drug
Administration (FDA), the difficulty is not merely in the drug discovery process itself, but
also in pinpointing which cellular pathways should be targeted to prevent the formation of
therapeutic resistant tumors.
Therapeutic resistance gives rise to cancers that either return after remission or
do not respond to initial treatment. Relapsed and resistant malignancies are often
attributed to the selection of intrinsically and therapeutically acquired resistant tumor cell
subpopulations throughout treatment regimens.4,5 Intrinsic resistance results from intratumoral heterogeneity that gives rise to subpopulations of cells not affected by therapy;
whereas acquired resistance is caused by secondary genetic and epigenetic alterations
2

downstream of oncological therapies (Figure 1.1). Therapeutically acquired adaptations
activate compensatory signaling pathways to provide alternative routes to escape drug
effects. Bypasses that occur include upregulating drug efflux pumps, reducing reliance on
targeted proteins, and reprogramming signaling networks through genomic and
epigenomic mutations.5 Together, intrinsic and acquired adaptations facilitate the growth
of aggressive therapeutically resistant tumors, which is associated with higher morbidity
and mortality rates due to unresponsiveness to current frontline oncological regimens.

Figure 1.1. Schematic illustrating the development of therapeutic resistant tumors. Red, pink,
and yellow cells represent general tissue heterogeneity. Blue cells represent genomic instabilityinduced mutations. Green cells represent mutations acquired after a therapeutic regimen.

In 2019, 1.8 million Americans were diagnosed with cancer resulting in roughly 0.6
million deaths, in part caused by relapse.6 Relapse rates vary among cancer types and
are influenced by staging, histology, genetic factors, and patient lifestyle, making it difficult
to predict. For example, in high grade gliomas, such as glioblastoma, recurrence is almost

3

inevitable with relapse rates nearly 100%.7 Moreover, roughly 37% of pancreatic cancer
patients that receive resection with adjuvant chemotherapy show tumor recurrence within
one year,8 and the curative rate for multiple myeloma (MM) is less than 15% due to high
rates of relapsed and refractory disease.9 Reducing the rate of relapse caused by
therapeutic resistance will require the consideration of molecular variations between
patients. With the advancements in the number of targeted therapies, cancer survival has
improved significantly over the past decades. However, for each person benefiting from a
therapeutic regimen, it is estimated that between 4 to 25 people are unaffected.10
Furthermore, dosing patients with single agents eventually leads to the outgrowth of
resistant cell subpopulations and prevents prolonged, durable responses needed to
definitively eradicate primary tumors.11 Combination therapeutic regimens that target
multiple disrupted mechanistic pathways within tumor cells may be a more effective
treatment strategy to prevent the formation of aggressive, genetically-driven therapeutic
resistant tumors.
Given endoplasmic reticulum (ER) stress is a critical driver of tumorigenesis,
progression, and therapeutic resistance, biomarkers originating from ER stress and the
unfolded protein response (UPR) pathway may provide clinicians with prognostic and
predictive value. Additionally, discovering and rationally designing therapeutics targeted
towards the UPR network offers an opportunity for novel combination regimens to prevent
the formation of and treat therapeutic resistant, relapsed malignancies. The focus of this
review is to provide insight into how combination strategies with ER stress-inducing agents
integrated with personalized medicine will transform cancer treatment. Here, I will begin
with a comprehensive review of ER stress and the UPR network. I will then briefly discuss
how intra-tumoral heterogeneity in ER stress response confers tumorigenesis, tumor
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progression, and sensitivity to ER stress-inducing agents. I will then end with detail on
how combination regimens integrated with biomarker discovery is a useful strategy in
identifying novel treatment strategies that target the suppressed ER stress pathway in
cancer cells. The remainder of my dissertation will reveal in detail how strategies involving
ER stress-inducing drug combinations are an advantageous method to treat therapeutic
resistant MM, glioblastoma, and pancreatic cancer.

1.2. Introduction to the Endoplasmic Reticulum
The ER is an organelle in eukaryotic cells that supports the synthesis, folding, and
transportation of nascent polypeptides and proteins. Ribosomes complex with mRNA
strands and then bind to the walls of the rough ER to initiate translation. The newly
synthesized polypeptide is then released to the ER lumen. The lumen is an oxidative
environment that promotes protein folding catalyzed by ER chaperone proteins such as
protein disulfide isomerase (PDI) and heat shock protein (HSP) family members. Properly
folded proteins destined for roles outside the ER are then transported in vesicles and
trafficked along the cytoskeleton. Proteins containing retention motifs reside in the ER.
Proper protein folding is dependent on the redox status within the ER. Nascent
polypeptides are stabilized by intra- and intermolecular disulfide bonds. The ER lumen
contains a 1:1 to 1:3 ratio of oxidized glutathione to reduced glutathione (GSSG/GSH). 12
This ratio promotes electron transfer from nascent polypeptides to GSSG to form native
intra-protein disulfide bonds and two GSH peptide molecules. Electrons can also pass
through several thiol-disulfide exchange reactions catalyzed by thiol-containing enzymes
(e.g., PDI and Ero1) until they ultimately reach molecular oxygen. Incomplete reduction of
molecular oxygen results in the formation of superoxide anions, a source of reactive
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oxygen species (ROS) in the cell. Unfolded proteins or proteins with incorrectly positioned
disulfide bonds are targeted for ER-associated degradation (ERAD). These unfolded and
misfolded proteins are translocated from the ER to the cytosol where they are tagged with
multiple ubiquitin molecules and subsequently degraded by the 26S proteasome.13,14
Aside from protein synthesis, folding, and transportation, it is well established that
the ER plays a major role in calcium storage for physiological functions.13,15 The ER lumen
contains a free calcium ion concentration of 100-500 µM when full, which is roughly a
thousand times greater than the cytosol. This serves as a critical buffer and drives the
speed and velocity of calcium release from the ER lumen to the cytosol in response to
receptor signaling or electrical excitation.15,16 Within the ER, calcium ions are important for
protein folding. It has been proven that chaperone functions within the ER are hindered
by aberrant calcium concentrations in the lumen.15,17 For example, at ER calcium ion
stores below 100 µM, calreticulin tightly complexes with PDI, inhibiting its activity and
preventing protein folding; whereas the complex dissociates at normal ER calcium ion
concentrations, thus maintaining ER homeostasis.17,18
The interplay between protein folding, calcium ion storage, and redox regulation
are crucial to ER homeostasis. Disturbances in any of these factors initiate ER stress and
the UPR. Likewise, oxidative stress from accumulated ROS impedes protein folding and
calcium ion influx. This induces ER stress and the UPR signal transduction pathway,
ultimately resulting in ER homeostasis restoration or apoptosis.13

6

1.2.1. The Unfolded Protein Response Pathway
ER stress caused by failures in protein folding results in the accumulation of
unfolded and misfolded proteins. If newly synthesized proteins exceed the ER’s folding
capacity, the UPR and ERAD adaptive response programs are initiated to relieve the cell
of proteotoxic stress. Homeostasis restoration is first attempted by stabilizing unfolded
and misfolded proteins and increasing protein folding capacity. The next effort is to
attenuate protein synthesis. These adaptive responses are coordinated by key arms in the
UPR pathway – ATF6, IRE1, and PERK. Each arm is designed to independently respond
to ER stress by activating signaling cascades with overlapping targets to restore
homeostasis (Figure 1.2). However, continuous unresolved ER stress triggers apoptotic
cell death.

Figure 1.2. Schematic illustrating the UPR axes. S1P: site 1 protease; S2P: site 2 protease; p:
phosphate group, RIDD: regulated IRE1-dependent decay pathway; ERAD: endoplasmic
reticulum-associated degradation.
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Transcription factor ATF6α (herein referred to as ATF6) relieves ER stress by
increasing protein folding capacity in the ER. BiP (also known as HSPA5) retains the
transmembrane precursor protein in the ER. Upon accumulation of unfolded and
misfolded proteins, BiP and ATF6 dissociate.19 ATF6 translocates to the Golgi complex
where the transmembrane domain is cleaved by site 1 and site 2 proteases to thereby
release the active transcription factor.20 The processed protein then migrates to the
nucleus where it binds to promoter sequences containing ATF cAMP response elements
(CRE) and ER stress responsive elements to induce transcription of genes that stabilize
and fold proteins (e.g., BiP and PDI family members).21 Loss of ATF6 function during ER
stress has been show to disrupt homeostasis signaling, leading to ER stress-induced
cellular damage and increased apoptosis.22
The second arm of the UPR pathway is composed of IRE1 and XBP1. IRE1 is a
transmembrane protein bound to the ER membrane where it associates with BiP under
basal conditions.23 When unfolded protein accumulation occurs, BiP and IRE1 dissociate,
allowing IRE1 to dimerize or oligomerize and autophosphorylate.24,25 Dimerized IRE1
triggers endonuclease activity, cleaving ER-associated mRNA and mediating their decay,
a process termed Regulated IRE1-Dependent Decay (RIDD). RIDD activation stimulates
cell death in response to ER stress; however, when IRE1 oligomerizes, XBP1 splicing is
catalyzed.26 Spliced XBP1 (XBP1-s) is translated into an active transcription factor that
induces ERAD component and ER chaperone transcription to promote cell survival in
response to ER stress.
Like the IRE1-XBP1-s axis, PERK promotes cell survival by attenuating protein
synthesis and decreasing the influx of nascent proteins into the stressed ER. PERK is an
ER transmembrane serine/threonine kinase that associates with BiP under basal
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conditions. When the UPR is activated, PERK and BiP dissociate leading to PERK
dimerization and autophosphorylation.23 Active PERK then phosphorylates eIF2α,
attenuating global protein translation and ensuing G1 cell cycle arrest to aid in cell
recovery from unfolded protein burden.27 Paradoxically, although phospho-eIF2α inhibits
protein synthesis, ATF4 translation and expression preferentially increase. ATF4
translocates to the nucleus to enhance target gene expression and initiate feedforward or
feedback loops.28 For example, ATF4 induces CHOP. ATF4 and CHOP then
heterodimerize to upregulate the expression of growth arrest and DNA damage-inducible
protein GADD34, which in turn promotes the dephosphorylation of eIF2α, thus attenuating
the UPR pathway.29 Together, the goal of the PERK signaling cascade is to promote cell
recovery by lowering protein synthesis burden. Conversely, the PERK signaling cascade
is also the most reported cell death initiating pathway during prolonged ER stress events.
The three axes of the UPR pathway do not act in isolation, they are often integrated
to amplify the ER stress response to rescue the cell from apoptosis. The convergence and
overlap of the three arms in the UPR pathway are exemplified through the activation of
XBP1 by both ATF6 and PERK in addition to the evolutionarily conserved IRE1 pathway.
ATF6 actively induces XBP1 transcription which is then spliced by IRE1 in response to ER
stress.30,31 At the protein level, XBP1-s and ATF6 heterodimerize to enhance affinity for
gene promoters of ERAD components, which ATF6 cannot bind alone.21 Furthermore,
ATF4 induces the expression of IRE1 downstream of PERK activation, thereby increasing
XBP1 splicing.32 Taken together, these pathways serve to heighten unfolded protein
degradation to ER stress-induced apoptosis.
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1.2.2. Response to Oxidative Stress is Integrated with the UPR Pathway
Oxidative stress is a common source of ER stress that limits protein folding
capabilities. Thus, the response to oxidative and proteotoxic stress are often integrated.
Protein folding chaperones are sensitive to the redox status in the cells.33,34 Under basal
reducing conditions in the cell (i.e., higher ratios of GSH than GSSG), Nrf2 associates with
Keap1 in an inactive complex, which is continuously targeted for ubiquitination and
proteasomal degradation.35,36 When ROS in the cell increases, unfolded proteins
consequently accumulate. PERK phosphorylates Nrf2 resulting in Keap1-Nrf2 complex
dissociation and Nrf2 translocation to the nucleus. Nrf2 then subsequently dimerizes with
transcription factors such as ATF4 to induce gene expression of oxidative stress response
elements.37 For example, SLC7A11, a protein that encodes the light chain of a cysteine
transport system, creates a reduced environment to maintain or reestablish redox balance
in the cell.38 ATF4 and Nrf2 heterodimerize to cooperatively induce SLC7A11 in response
to heavy unfolded protein load burden resulting from proteasome inhibition.39 Thus, PERK
initiates adaptive response pathways to both oxidative and proteotoxic stress in the ER.
Overall, the ER is a highly specialized organelle that requires a specific
environment for protein folding. Consequently, the ER is sensitive to stresses that perturb
the oxidative environment as these stresses reduce protein folding capabilities. When the
cell is threatened by an unsurmountable protein folding demand, the UPR network is
activated initially to relieve proteotoxic stress. The integrated responses by the ATF6, IREXBP1-s, and PERK axes act to decrease nascent polypeptide load, increase protein
folding capacity, and restore redox balance to regain ER homeostasis. However,
prolonged exposure to stressful conditions results in ER stress-induced apoptosis
governed by the same three axes.
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1.2.3. UPR-Induced Apoptosis
Apoptosis is a selective process where mutated, damaged, or stressed cells are
eliminated to maintain tissue homeostasis. During events of prolonged ER stress,
apoptosis is initiated by CHOP and IRE1. As CHOP expression increases, it induces the
transcription of ERO1 to activate inositol triphosphate receptors. This process releases
calcium ions from the ER into the cytoplasm.40,41 Rapid accumulation of calcium ions in
the mitochondrial intermembrane space then sensitize cells to intrinsic apoptosis.
Intrinsic apoptosis is governed by BCL2 family members localized in the
mitochondrial outer membrane and ER nuclear envelope. The BCL2 protein family
includes more than 20 members that are divided into two functional classes – antiapoptotic and pro-apoptotic. CHOP and IRE1 affect BCL2 proteins under sustained ER
stress. For example, CHOP upregulates pro-apoptotic BCL2 family member BIM42 and
IRE1 complexes with TRAF2 and ASK1 to activate JNK. JNK phosphorylates antiapoptotic protein BCL2 in the ER, rendering BCL2 inactive so that it cannot control calcium
ion influx or inhibit pro-apoptotic BCL2 family members.43 When calcium ions flood the
mitochondrial matrix, the membrane is permeabilized to release cytochrome-c, calcium
ions, and apoptotic mediators into the cytoplasm.44 Cytochrome-c release nucleates
apoptosomes containing procaspase-9 and Apaf-1.45 After Apaf-1 interacts with
cytochrome-c, procaspase-9 is cleaved to its pro-apoptotic active form (caspase-9).
Caspase-9 subsequently triggers an enzymatic cascade of caspase family member
cleavage to trigger apoptosis.46 The convergence on effector caspase-3 cleavage
executes cell death. Caspase-3 functionally inactivates proteins such as PARP and
activates other proteins such as caspase-activating DNase (CAD) to fragment DNA.47,48
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The culmination of the ER stress-induced apoptotic cascade results in the disassembly of
cells by cleaving proteins and fragmenting DNA for phagocytosis.
The mechanisms within the UPR pathway have evolved as an intricate signal
transduction cascade in mammalian cells. The UPR responds to physiological stresses
such as increased ROS and imbalances between unfolded protein load and ER folding
capacity. Initially the response is intended to restore homeostasis, but prolonged stressful
conditions trigger apoptosis. Intrinsic and acquired adaptations that sustain UPR activation
to suppress ER stress responses have been shown to further tumorgenicity by impeding
apoptotic responses. When biological and chemically induced apoptosis is hindered by
ER stress tumoral heterogeneity, therapeutic resistant malignancies form.

1.3. ER Stress Heterogeneity Promotes Tumor Formation and Progression
Genetic instability is a defining hallmark of cancer.2,49 During disease progression,
genetic instability results in the cellular accumulation of mutations that generate
subpopulations with heterogeneous morphological and phenotypic profiles. Evidence of
this stems from genetic variabilities such as differences in metabolism, drug influx/efflux,
proliferation, and ER stress responses that drive tumor initiation and progression.50-52 ER
stress dictates cell survival or death depending on the type and strength of stress as well
as which arm of the UPR pathway is activated and dominates. Therefore, the ability to
suppress ER stress-induced apoptosis becomes a selective advantage as oncogenic
transformation is occurring. To avoid ER stress-induced apoptosis, cancers and
premalignant cells have been shown to overexpress BiP.53,54 Other cancers constitutively
activate XBP1-s to drive tumorigenesis and progression.55-57 Cancer cells promote
tumorigenesis and progression by upregulating molecular chaperones and ROS
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stabilizers as a way to cope with the increased proliferation and protein folding demands
fast proliferating tumors require.58-60
As tumor progression occurs, oxygen and metabolic demands increase. The
hypoxic and nutrient deprived tumor microenvironment fuels persistent ER stress.
Consequently, malignant cells adapt by relying heavily on aerobic glycolysis, which
produces large amounts of lactic acid waste and contributes to ROS accumulation, a
phenomenon known as the Warburg Effect.61 Cancer cells expressing oncogenic BRAF
(V600E),62 NRAS (Q61),63 and c-Myc64 have enhanced their adaptability to this hostile
microenvironment by rendering chronic pro-survival ER stress responses. Lung cancer
cells have been shown to selectively attenuate the PERK-ATF4-CHOP arm of the UPR
axis to overcome glucose shortage-induced ER stress and apoptosis;65 while other
cancers upregulate the PERK-eIF2α pathway to protect against ROS during cycles of
hypoxia.66-68 This ability to modulate ER stress signaling promotes tumor initiation and
progression.
Tumor progression is amplified with the ability to migrate and invade surrounding
tissues. Cells undergoing epithelial-to-mesenchymal transition (EMT) have been shown
to constitutively express the PERK-eIF2α-ATF4 arm of the UPR axis to upregulate
proteins such as LAMP3 which promotes invasion and increases metastatic potential.68,69
Others have observed that constitutive activation of the IRE1α-XBP1s pathway induces
the transcription of EMT-associated genes, thus triggering EMT.70 The observation that
EMT is closely associated with increased expression of UPR regulators suggests ER
stress contributes to metastatic potential and poor prognoses. In accordance with this,
high levels of BiP are correlated with increased tumor growth and poor outcomes in
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adenoid cystic carcinoma and renders glioblastoma tumors more aggressive than lowly
BiP expressing tumors.71,72
However, despite the ample evidence suggesting dysregulation of ER stress
response promotes tumor progression and metastasis, there are also indications that the
UPR pathway may protect against tumorigenesis. XBP1-s has been shown to prevent
intestinal carcinoma and diffuse large B-cell lymphoma progression by regulating
inflammatory responses.73,74 Alternatively, other studies show XBP1 splicing in response
to hypoxia and nutrient deprivation sustains tumor cell viability.56,75,76 Together, these
findings exemplify the paradoxical role of UPR activators and highlight our incomplete
understanding of the delicate balance of ER stress in cancer cells. Perhaps the answer
lies in the heterogeneity of genetic variations within the UPR and ER stress regulators. If
so, this would suggest that interference of ER stress signaling with therapeutic agents may
be a viable approach to promoting apoptosis in cancer cells. The challenge is then
identifying combination therapeutic regimens that avoid intrinsic and acquired resistance
caused by tumor heterogeneity.

1.4. Triggering ER Stress-Induced Apoptosis with Therapeutic Strategies
The UPR network is an attractive target for anti-tumor therapy because ER stress
plays an obvious role in homeostasis and stress-induced tumorigenesis. Initially, ER
stress-inducing small molecules (e.g., tunicamycin and thapsigargin) were used to study
the nuances of the UPR network as they initiate a strong ER stress response in a variety
of normal and cancer cell lines. The ability to deconvolute the complexities of the disrupted
UPR molecular mechanisms in tumors resulted in the development of targeted therapies
such as small molecule inhibitors towards IRE1α and PERK.77-83 However, selectivity and
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cytotoxicity proved difficult and kept these drugs from progressing into the clinic.82,84
Studies for targeted agents towards the UPR pathway converged with the approval of
proteasome inhibitors (PI) bortezomib, carfilzomib, and ixazomib for the treatment of MM
and mantle cell lymphoma.85-88 Here, the risky balancing act of ER stress in tumor cells
was successfully exploited for the first time therapeutically by targeting the cell’s
vulnerable state.
MM cells are plasma cells that secrete high amounts of nonfunctional
immunoglobulins. This level of protein production induces prolonged ER stress; yet, MM
cells survive by upregulating pro-survival components of the UPR pathway such as
XBP1.60,89 The heavy reliance on increased XBP1 splicing for immunoglobulin secretion
and maintenance of ER homeostasis fosters MM cell sensitivity to PIs.88 PIs target the 20s
proteasome to inhibit the degradation of poly-ubiquitinated unfolded and misfolded
proteins. Because MM cells are already predisposed to ER and oxidative stress, this
excessive proteotoxic stress provokes a strong ER stress-induced apoptotic response.89
The 5-year survival rate for MM remains dismally low, though, because of relapsed
and refractory disease set in motion by intrinsic and therapeutically-induced acquired
resistance to PIs.9,90 Intrinsically mutated XBP1 and low XBP1-s expression are
associated with poor prognosis in MM patients treated with PIs because these cells are
less reliant on ER stress suppression for survival. Genome sequencing revealed 5% of
MM patients harbor an intrinsic mutation in the XBP1 gene.91 Specifically, the L167I
(c.499C>A) mutation is localized to the splicing region of XBP1 and prevents IRE1αdependent splicing after treatment with PIs, keeping XBP1 in an inactive state.92 The loss
of XBP1-s function mechanistically confers resistance to PIs by disrupting the UPR
signaling cascade and diminishing cytotoxic ER stress-induced apoptosis.93-95
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In addition to intrinsic resistance to the first-generation PI, bortezomib, caused by
lowly expression of XBP1-s, acquired quickly arose. This was despite bortezomib showing
great promise in the clinic as a single agent for MM patients that were not intrinsically
resistant. Therapeutically-induced point mutations in the bortezomib binding pocket of the
PSMBC5 gene have been described96-98 as well as rewiring of metabolic pathways that
increase antioxidant capacity.99-101 Second-generation carfilzomib was developed as an
irreversible and more selective PI. Nevertheless, given carfilzomib is a substrate of the
ATP-binding cassette multidrug resistant protein transporter (MDR1), MM patients that
developed resistance to carfilzomib were shown to have a significant upregulation of
MDR1 compared to nonresistant patients.102-104 Other quantitative changes in both
bortezomib and carfilzomib resistant patient populations included ER resident proteins
involved in redox homeostasis (e.g., Nrf2, peroxidoredoxin-1, and glutathione transferase1) and protein homeostasis (e.g., PSMB, HSP70, HSP90).101,103 These examples illustrate
the difficulties in achieving durable responses to single agent PIs due to genomic
instability-induced heterogeneity.
There is no easy way to predict or estimate therapeutic resistance, as it is highly
complex and variable across tumor types and individuals. Clinically, intrinsic and acquired
resistance are generally only recognized during or after a treatment regimen when tumor
responses are evaluated. Thus, in order to overcome and prevent relapsed and
therapeutic resistant malignancies, intra-tumoral heterogeneity needs to be understood
prior to therapy with genetic sequencing, and then by following the patient throughout
regimens to recognize acquired resistance. Egan and colleagues used whole genome
sequencing to evaluate the longitudinal evolution of MM to plasma cell leukemia in four
patients that relapsed twice. They observed the same genetic initiating event in all
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samples, clonal evolution among genomic variants during progression, and five new
variants at the time of the final plasma cell leukemia sequencing.105 Therapeutic resistantdriven alterations have also been noted in cancers such as ovarian carcinoma. Analysis
of hMLH1 methylation in circulating tumor DNA showed 25% of patients acquired the
epigenetic mutation after therapy, contributing to relapse and overall poor survival. 106
These studies, among others, underscore the importance of genetic sequencing at the
time of diagnoses, as well as throughout disease progression to avoid or minimize cancer
relapse and recurrence.

1.4.1 ER Stress Biomarkers
The completion of the Human Genome Project in 2003 revolutionized sequencing
methods that now effectively genotype normal cell DNA, tumor cell DNA, and cell-free
DNA. As such, translocations, deletions and insertions, inversions, copy number, and
epigenetic variations can all be detected through whole genome, whole exome, and
microarray-based platforms. In parallel, researchers are increasingly delineating the
complexity of tumor genomes and their influence on tumor initiation, progression, and
therapeutic resistance to create novel targeted therapies. With this accumulating
knowledge and with the advancements in high-throughput next generation sequencing,
there is intense interest in discovering novel biomarkers that predict recurrence rates and
response to targeted therapies.
According to FDA and the National Institute of Health (NIH) Biomarkers,
EndpointS, and other Tools resource, a biomarker can be diagnostic, prognostic,
predictive, or used to monitor pharmacodynamics and response to therapy.107 Biomarkers
originate from the immune system, microbiota, tumor cells, or normal cells to provide
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information about patient outcomes (e.g., disease recurrence, overall survival, therapeutic
response). Prognostic biomarkers are irrespective of therapeutic regimens. For example,
pancreatic cancers that overexpress GATA6 and SMAD4 in concurrence with greater than
10% mucin expression indicate a one-year survival rate of roughly 70%. Whereas high
expression of laminins and keratins with less than 10% mucin expression render a oneyear survival rate of around 44%.108,109 Alternatively, predictive biomarkers provide
information about therapeutic outcomes in patients and can influence treatment regimen
stratifications. The pancreatic cancer COMPASS trial (ClinicalTrials.gov Identifier:
NCT02750657), for example, found tumors with high PDX1, MUC1, and MUC5AC
expression are more responsive to the chemotherapeutic regimen FOLFIRINOX (a.k.a.
folinic acid, fluorouracil, irinotecan, and oxaliplatin). However, TP53, KDM6A, and TP63
mutations drive resistance to FOLFIRINOX.108,110 Taken together, these findings exemplify
the use of prognostic and predictive biomarkers to define clinical implications in the
pancreatic cancer patient population.
The use of these prognostic and predictive biomarkers in heterogeneous tumors
requires the identification of significant genetic variations. Genomic and epigenomic
alterations in tumor cells can be detected through tissue biopsies throughout treatment,
but with the improvement in detection methods, liquid biopsies and blood draws can now
detect circulating tumor DNA isolated from blood plasma. Liquid biopsies are less arduous
for the patient and therefore may help ease the translation of biomarker discovery into
clinical value. However, discovering key biomarkers remains a challenge.
The variability in ER stress regulation and reliance may act as key prognostic or
predictive biomarkers of response. Molecularly profiling tumors to identify genes and
cellular pathways within the ER that are mutated or altered provides insight for determining
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the most effective therapeutic regimens. For example, positive expression of protein
folding chaperones PDIA3 and CCT2 are significantly associated with clinicopathological
features of gallbladder cancer, multidrug resistance, and lower survival rates.111,112
Upregulation of ATF/CREB family members are correlated with advanced staged diseases
such as lung cancer113 and metastatic melanoma114 as well as general neoplastic
transformation.115,116 This indicates that ER stress and UPR regulators can act as
prognostic biomarkers for more aggressive tumors, but may also be effective targets in
tumor cells. For instance, disrupting CCT complexes with a targeted small molecule
restored UPR-driven apoptosis in multidrug resistant uterine cancer cells.112
Effectively reducing the formation of therapeutic resistant malignancies will require
the integration of personalized medicine with combination therapies, though. Bozic and
colleagues presented a mathematical model that demonstrates prolonged, durable
responses will not be achievable in all tumor types treated with single agents because it
allows for the outgrowth of intrinsically and therapeutically-induced resistant cells.11
Therefore, screening heterogenous tumors from large populations for genetically altered
signaling pathways that are significant for therapeutic response and combining ER stress
disruptors with other targeted agents offers a multiform endeavor to reduce the outgrowth
of tumors resistant to standard of care regimens.

1.4.2. Discovering ER Stress-Inducing Combination Therapies
Combination therapies are increasingly being used in the clinic as they offer an
opportunity to minimize tumor relapse and resistance. Regimens combining PIs with other
targeted therapies such as MDR1 inhibitors,104 c-MET inhibitors (ClinicalTrials.gov
Identifier: NCT03201250), protein disulfide isomerase inhibitors,117,118 and histone
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deacetylase inhibitors119 act to circumvent acquired therapeutic resistance in MM patients.
Nevertheless, with roughly 300 FDA-approved cancer drugs and over 1,000 “off-label”
cancer drugs on the market today along with thousands of preclinical drugs in the pipeline,
there are more than 2 million dual and triple therapeutic combination strategies that can
be tested for therapy in a single tumor type.120 These numbers are not only overwhelming,
but also present a daunting challenge for researchers to screen all possible combinations
in a variety of tumor backgrounds. Nevertheless, combination therapeutic strategies can
be used to target multiple cellular pathways, including the ER stress network.
Identifying and successfully circumventing suppressed ER stress escape
mechanisms among tumors will be a multiform endeavor that must integrate combination
therapeutic screening with biomarker discovery. In disease types where predictive
biomarkers have been identified, clinicians treat patients based off single or multiple
abnormalities. However, because tumors are heterogenous, patients should be monitored
overtime for mutational biomarkers that emerge due to acquired therapeutic resistance.
Researchers must then work with clinicians to elucidate compensatory signaling networks
that prevent therapeutic-induced apoptosis and to discover novel combination regimens.
Screening drug combinations to identify novel therapeutic strategies sometimes
result in pioneering regimens. For example, the combination of cisplatin and trastuzumab
were discovered by rational screening and are now used to treat HER2-positive breast
cancer.121 However, combination regimens often fail to show any additional improvements
beyond the conventional interventions in patients. Because of this, it is important to
minimize failures in the laboratory by only moving forward with novel combination
strategies that show strong molecular and signaling evidence, are nontoxic, and provide
favorable outcomes above the standard of care. Additionally, strategies used in heme
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malignancies may not demonstrate the same result in solid tumors and vice versa because
of anatomic and tumor microenvironment differences. Therefore, many considerations
need to be addressed when designing drug combination screening platforms, such as (1)
should high-throughput screening or rational combination strategies be used? (2) Is the
therapeutic combination antagonistic, additive, or synergistic? And (3) do the therapeutic
indexes, and thus toxicity profiles, change in the combination? These questions will be
reviewed here, highlighting examples of strategies involving ER stress-inducing agents
and revealing how biomarkers can be integrated throughout the drug screening process
to discover translationally relevant combination strategies.

1.4.2.1. High-Throughput Screening
Because of the high rates of relapsed malignancies caused by therapeutic
resistance in the clinic, combination therapeutic strategies are required to achieve longterm durable responses. To discover these innovative therapeutic strategies, new
conceptual framework and strategic designs during assay development are necessary.
There are two main approaches to discovering novel therapeutic combinations: highthroughput screening (HTS), which traditionally takes a broad approach in identifying drug
candidates or rationally combining approved and preclinical drugs that target known
signaling pathways. Both approaches have their own risks and benefits as well as
challenges in design.
HTS is a method to quickly and broadly screen numerous compounds to identify
all possible drug candidates that elicit a desired effect. Traditionally, industries have
employed robotics to automate screening of more than 1 million compounds, but in the
past two decades there has been a shift to increase HTS capabilities in academic
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institutions. This shift has led to new assay designs, more industry-academia partnerships,
and many more new drug candidates.122-124 Compound libraries are often composed of
large numbers of chemical or biological agents, naturally-derived compounds, and FDA
approved drugs. The utility of these libraries can extend from discovering novel
compounds that target specific signaling pathways to repurposing FDA-approved drugs
for the treatment of rare diseases.
HTS assays are designed for target-based screening (e.g., enzymatic inhibition)
or phenotypic screening (e.g., cell death assays). In target-based screening, the molecular
knowledge of the candidate is already known. For example, given the activation of the
UPR network is highly regulated by BiP, it has been hypothesized that targeting BiP is an
effective method to prevent relapsed malignancies. In normal cells, chronic ER stress
results in PERK-ATF4-CHOP activation so that apoptosis dominates.125 However,
because tumor microenvironments contribute to persistent ER stress, overexpression of
BiP has been reported to act as a pro-survival tumorigenic marker and a contributor to
drug resistance in adenoid cystic carcinoma, prostate cancer, glioblastoma, breast cancer,
and others.54,71,72,126,127 In an attempt to integrate genomic sequencing findings with HTS,
Bi and colleagues developed a target based HTS assay to identify drugs that induce BiP.
Their results identified known ER stress inducers such as HSP90 inhibitor 17-AAG as well
as potential agents for preclinical development.128 Further studies screening peptides and
RNAi directly targeting BiP have also established the translational relevance of inducing
cell death in high-throughput target-based screenings in an attempt to increase ER stressinduced apoptosis.71,129
Phenotypic screening offers a more realistic approach to drug discovery where cell
response and drug uptake are evaluated together, but the drug candidate molecular
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mechanism of action may be unknown. This method can be particularly useful when
attempting to overcome unknown compensatory pathways in resistant cells. For instance,
because bortezomib and carfilzomib resistance presents a cumbersome challenge in
treating MM, my group used a phenotypic HTS platform to identify novel small molecules
that resensitize MM cells to PIs. The results from this screening led to the discovery of
E61, which was further optimized into the E64FC series. These novel indene compounds
inhibit PDI in a pan-style and result in robust ER and oxidative stress through the
accumulation of unfolded proteins.117,118 This study demonstrated that protein folding
inhibitors could enhance PIs in relapsed and refractory MM. More broadly, this study also
highlights the utility of phenotypic HTS platforms to effectively target unknown
compensatory pathways in therapeutic resistant malignancies.

1.4.2.2. Rational Drug Screening
While HTS offers an approach to broadly screen compounds and biologics to
rapidly identify active agents and combination strategies that would not otherwise be
predicted, rational drug screening bypasses the time spent on HTS assay design and
focuses more on evaluating novel combination strategies with one or more targeted
agents. Rational drug screening strategies identify novel combinations by coadministering drugs that are known to target different cellular mechanisms. This approach
is especially useful in strategies where the goal is to overcome or prevent tumor relapse
driven by therapeutic resistance and the compensatory pathways have previously been
identified.
Therapeutic resistant and relapsed tumors with suppressed ER stress pathways
are particularly vulnerable to ER stress-inducing agents. For example, mesothelioma cells
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resistant to chemotherapy inactivate the PERK-eIF2α-ATF4 arm of the UPR pathway.
However, this chemotherapy-induced downregulated ER stress response creates
hypersensitivity to UPR-inducing agents such as bortezomib.130 Furthermore, BRAF
mutant (V600E) melanoma cells activate the IRE1-ASK1-JNK pathway to upregulate
basal autophagy, rendering resistance to chemotherapies but sensitivity to ER stressinducing agents.62 Because of this hypersensitivity, it is hypothesized that inhibitors
towards the UPR pathway can be rationally developed for combination with standard of
care agents to circumvent resistance, prolong response, and extend the usage of first line
therapies. Weatherbee and colleagues combined a novel ER stress-inducing agent that
inhibits disulfide bond formation in nascent proteins to sensitize glioblastoma cell to
temozolomide. This combination resulted in an amplified ER stress and apoptotic
response driven by ATF4.131 Rational combination strategies like this one are early in
development but highlight the notion that effective therapeutic strategies involving
targeted ER stress-inducing agents may combat tumor relapse and resistance.
Compared to HTS, rational drug screening can be a more logistical and expensive
hurdle, especially when administering drugs from two different pharmaceutical companies
in clinical trials. However, the National Cancer Institute (NCI) released the formulary
program to make proprietary and preclinical drugs more accessible for researchers.
Furthermore, rational drug screening offers an approach to target compensatory networks
based on genetic sequencing. Large clinical trials supported by the NCI, such as the NCI
Molecular Analysis for Therapy Choice (NCI-MATCH) trial (ClinicalTrials.gov Identifier:
NCT02465060), are attempting to do just this. The goal of this clinical trial is to determine
whether treating therapeutically resistant advanced staged solid tumors, lymphoma, and
MM with targeted therapies based on tumor genetics rather than solely on cancer type is
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effective. So far, the NCI-MATCH trial has discovered that taselisib prolongs stable
disease in 24% of patients with mutated PIK3CA across cancer types and adotrastuzumab yields partial response or stable disease in 47% of patients diagnosed with
HER2-overexpressing rare cancers excluding breast and gastric cancer.132 These results
highlight the potential success in assigning treatment regimens based on known genetic
mutations rather than disease type. It also emphasizes the success in rationally treating
tumors outside of original drug indications. Perhaps the information gained from this trial
will result in therapeutic regimens that reduce the formation of therapeutic resistant,
relapsed malignancies by using drug combinations that target common escape
mechanisms driven by tumoral heterogeneity.
Large clinical trials like the NCI-MATCH trial are costly and inadequate for testing
numerous preclinical and clinically approved drugs in combination. Rational drug
screening, however, is an approach to target known compensatory mechanisms in
heterogenous tumor populations and HTS is designed for speed and quantity. Ideally,
researchers will combine the information gained from large, sponsored, genetic-based
clinical trials with small to medium scale high-throughput and rational drug screening to
identify novel combination strategies that combat therapeutic resistance across tumor
types.

1.4.2.3. Identification of Synergistic Drug Interactions
It is important to evaluate new combination strategies identified rationally or
through HTS for synergistic potential to prevent administration of ineffective regimens in
the clinic. At specific doses, two drugs can be additive (i.e., the resulting effect equals the
individual effects), synergistic (i.e., the resulting effect is greater than the two individual
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effects), or antagonistic (i.e., the resulting effect is less than the two individual effects). For
example, if Drug A results in 20% cell death and Drug B results in 30% cell death then
additivity would cause 50% cell death, synergy would lead to greater than 50% cell death,
and antagonism would elicit less than 50% cell death.
Synergy is dependent on the drug pair as well as the drug ratio and requires
preclinical studies to quantitatively optimize drug combination ratios. One approach to
successfully adjust doses is to use an isobologram, a graph designed by Loewe in 1927
to distinguish synergistic from additive interactions.133-135 The isobologram gained
popularity when Gessner and Cabana used it to assess toxicity and hypnotic properties of
an ethanol chloral hydrate combination.136 Now researchers use it to further assess
combination strategies after HTS and rational drug screening. The data used in an
isobologram are derived from a well-defined assay such as a cell death or anti-proliferative
assay from which an EC50 (i.e., half maximal dose) can be calculated. The graph is
constructed on a coordinate system where the individual drug EC50 values are plotted to
construct an isobole, or straight “line of additivity,” to distinguish synergy from additivity
and antagonism. From there, the EC50 values of Drug A are plotted against various
concentrations of Drug B as seen in Figure 1.3.
Once one of the drug doses is optimized, dose response curves can be used to
determine synergy instead of isobolograms. Here, a logarithmic dose range of Drug B is
used alone or in combination with an optimized dose of Drug A. When calculating cellular
response, the combination data are normalized to the response in the absence of Drug B.
Thus, any leftward shift in the combination curve compared to Drug B alone indicates
synergy (Figure 1.3). Isobolograms and dose response curves are useful quantifiable
assessments to discover effective combinations and optimal doses, but they do not
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indicate whether the toxicity of the drug combination in patients is sub-additive or
synergistic as well. For this, a combination therapeutic index needs to be evaluated. For
example, Pegram and colleagues screened multiple chemotherapeutic agents in
combination with trastuzumab in HER2-positive breast cancer and used an isobologram
to analyze the multiple drug effect to determine the best combination strategy. They
demonstrated that trastuzumab combined with non-anthracycline agents, cisplatin and
carboplatin,

exhibited

synergistic

therapeutic

interactions

while

anthracycline

chemotherapies displayed additive interactions across a range of doses. The combination
of 5-fluorouracil with trastuzumab was the only antagonistic interaction discovered. 121
Therefore, moving forward with trastuzumab in combination with non-anthracycline agents
appears to be the most promising strategy if it does not also elicit synergistic toxicity.

Figure 1.3. Schematic illustrating the evaluation of cellular responses to combination
therapies. First, a dose range of Drug A and Drug B is used to treat cells. The EC50 is calculated
for Drug A in combination with each dose of Drug B and plotted as an isobologram. An optimized
dose of Drug A is selected from the isobologram and used with a dose range of Drug B to evaluate
the cellular response at specific doses. The red dashed line in the isobologram represents an
additive effect derived from the EC50 of Drug A alone and the EC50 of Drug B alone. The red arrow
in the dose response graph shows leftward shift in cell viability, which is indicative of a synergistic
interaction between Drug A and Drug B.
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1.4.2.4. Combination Therapeutic Index
Cellular pathways present in cancer cells are also used in normal cells; thus,
targeted therapies must be carefully dosed to elicit anti-tumor activity and not general
cytotoxicity. Therapeutic indexes describe the quantitative relationship between drug
safety (i.e., toxicology) and drug efficacy (i.e., pharmacology) based on on-target antitumor activity and off-target cytotoxicity. In the clinical setting of an approved drug, the
therapeutic index score represents the ratio of dose at which adverse events are detected
in 50% of patients (i.e., toxic dose, TD50) to the effective dose in 50% of patients (i.e.,
ED50). Therefore, a high therapeutic index score is desired over a low one because it
indicates the drug has a large therapeutic window with wide safety margins.
Preclinical evaluation of the therapeutic index requires a combination of in vitro
and in vivo experimental data. The EC50 is often used to quantitatively describe
pharmacological effects in cell-based assay systems. However, tissue absorption data
calculating exposure (i.e., the maximum plasma concentration, Cmax) and the systemic
exposure overtime (i.e., area under the curve, AUC) as well as the TD50 are initially used
to estimate toxicity and efficacy for therapeutic indexes in preclinical in vivo models.137 The
highest efficacious dose achievable below the TD50 in vivo is often used to calculate
starting doses in patients during Phase I clinical trials.
Clinical trials become increasingly complex when evaluating combination
strategies. Synergistic combinations are used to perturb therapeutic resistant outcomes,
improve efficacy, reduce the dose of one or more drugs, and to overcome compensatory
mechanisms. However, the FDA requires sufficient toxicological data and mechanistic
rationale or animal model data prior to the initiation of clinical studies to justify the codevelopment of two or more drugs for cancer.138 This is because drug-drug interactions
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account for over 30% of reported adverse drug related events.139 Single agent therapeutic
indexes do not consider drug-drug interactions or combination strategies, so ideally drugs
with low toxicity profiles, wide therapeutic windows, and different mechanistic targets are
used together to minimize patient harm and gain FDA approval.
Combination therapeutic indexes can be antagonistic, synergistic, or coalistic (i.e.,
the observed toxicity is unrelated to either drug as a single agent).140 Often, coalistic drugdrug interactions are misidentified as symptoms and not recognized as an adverse event.
Tatonetti and colleagues investigated side-effect profiles and discovered hidden
interactions across eight main adverse event categories that were significantly
enriched.141 Thus, knowing the therapeutic index for single agents is vital for predicting
toxicities in co-treatments. Consider two drugs that display synergistic anti-tumor activity,
these drugs may also demonstrate synergistic cytotoxicity in normal cells. Therefore, the
goal when using combination regimens is to minimize synergistic cytotoxicity and improve
synergistic anti-tumor effectiveness.
Predictions of drug-drug interactions in combination regimens can be made based
on structure profiling (e.g., comparing investigational drugs to similarly structured
drugs),142 network-based analysis (e.g., comparing gene expression and pathway
annotation maps and correlating these to adverse events),143,144 and by evaluating single
agent pharmacodynamic and pharmacokinetic studies.142 Combination therapeutic
indexes can be predicted in vitro but sometimes require early phase clinical trials to refute
coalistic or antagonistic drug interactions. Phase I/Ib trials adequately characterize the
safety profiles for each individual drug as well as the combination at appropriate dosing,
and phase II trials evaluate efficacy and adverse events in a four-arm comparison.
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Altogether, both the preclinical and clinical data are useful tools in discovering novel
combination strategies that combat therapeutic resistance across tumor types.

1.5. Summary
Pairing combination strategies with genomic sequencing to identify mutations and
upregulated pathways prior to therapy can be a powerful approach to treating cancer.
High-throughput sequencing of tumor mutations has further advanced our knowledge
about the phenotypic outcomes of driver and passenger tumor mutations to aid in the
identification of effective targets.145,146 However, integrating personalized therapy into
every patient’s case will be difficult and require numerous resources. Therefore, pairing
preclinical evaluation of novel combination therapies with previously recorded genetic
abnormalities prior to clinical approval is an important first step for determining the best
method to overcome relapsed and resistant tumors.
ER stress caused by unfolded proteins and oxidative stress is an integral
mechanism for normal cell survival but can also promote tumor initiation and progression.
Solid and hematological malignancies that suppress ER stress response mechanisms
caused by intra-tumoral intrinsic and acquired mutations, give rise to therapeutic
resistance and relapsed malignancies. Successful strategies directly targeting the UPR
pathway are limited to PIs, but several ongoing studies are evaluating preclinical agents
against PERK,83 IRE1α,77-81 protein folding chaperones,112,117,118,147,148 and heat shock
proteins,128,149-151 among others. However, many of these studies are only evaluating
single agent effects despite the widely held belief in the oncology field that successful
therapeutic regimens will arise from combination strategies that effectively target multiple
cellular pathways.
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The central hypothesis in this dissertation is that combination strategies with ER
stress-inducing agents will effectively drive apoptosis in cancer cells resistance to therapy.
By offering two novel combination strategies, I will address the following specific aims: (1)
demonstrate that CB-839 resensitizes resistant MM cells to PIs, (2) validate the anti-tumor
synergy between PDI and histone deacetylase inhibitors discovered by HTS, and (3)
elucidate the mechanism underlying the synergy between PDI and histone deacetylase
inhibitors. Chapter 3 focuses on the combination of CB-839, a glutaminase inhibitor
currently in phase II clinical trials, with PIs in relapsed and refractory MM cells. Chapters
4 and 5 extend the work of our novel class of PDI inhibitors into various solid and heme
malignancies (specifically pancreatic cancer and glioblastoma) by combining the E64FC
series with histone deacetylase inhibitors. Chapter 6 sheds light on the utility of mutational
status to predict response to E64FC26 in pancreatic cancer as a future direction for our
lead PDI inhibitor. While the strategies here focus on MM, pancreatic cancer, and
glioblastoma, they also illuminate the imperative role personalized medicine and
combination therapies play in the clinic for combating all forms of therapeutic resistant
malignancies.
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Chapter 2
Materials and Methods
2.1. Cell Lines and Reagents
All cells were maintained at 37°C and 5% CO2 in the recommended growth media
supplemented with 100 U/mL penicillin, 100 µg streptomycin, 0.25 µg amphotericin, and
10% fetal bovine serum (FBS) unless noted otherwise (Table 2.1). Proteasome inhibitor
(PI) resistant multiple myeloma (MM) cell lines, MM.1S BzR and U266 BzR, were selected
for bortezomib (Btz) resistance as described previously and show cross-resistance to
other PIs.99,101 RPMI-8226 BzR cells were selected for Btz resistance by exposure to
progressively higher concentrations of Btz for roughly 6 months. Btz concentrations were
started at 1 nM and escalated by increments of 1 nM when culture densities doubled in
cell number. T-cells were expanded from human peripheral blood monoleukocytes
(PBMCs) and activated using ImmunoCult™ CD3/CD28/CD2 trivalent antibody and 10
ng/mL human IL-2. CB-839 was kindly provided by Dr. Susan Demo at Calithera
Biosciences Inc. Unless stated otherwise, CB-839 was used at a concentration of 5 μM,
which is within the achievable range in the blood plasma of patients.152 Protein disulfide
isomerase (PDI) inhibitors E64FC26 and E64FC65 were synthesized as described
before.117,118 All experiments throughout the studies were performed in a 1:1 mixture of
RPMI-1640 (HyClone SH30027.01) and the recommended growth medium.
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Table 2.1. Cell line type, source, and maintenance media.
Cell Line

Disease

Culture Media

U266

U266 BzR
MM.1S
MM.1S BzR
ANBL6
KMS12-BM
NCI-H929
KMS12-PE
KMS11
OPM2
RPMI-8226
T98G
U87
LN229
SK-N-SH

Multiple Myeloma
(MM)

RPMI-1640
(HyClone SH30027.01) + 15%
Fetal Bovine Serum (FBS), 2 mM
glutamine, and 1 mM sodium
pyruvate

RPMI-1640
Glioblastoma
Neuroblastoma

CFPAC-1
Capan-1
BxPC-3
PANC-1
AsPC3
HPAF-II

Pancreatic Ductal
Adenocarcinoma
(PDAC)

KPC

Mouse PDAC

Dulbecco’s Modified Eagle
Medium (DMEM; ATCC 30-2002)
Eagle’s Minimum Essential
Medium (EMEM; ATCC 30-2003)
Iscove’s Modeified DMEM (ATCC
30-2005)
RPMI-1640

DMEM

MiaPaCa-2

DMEM + 2.5% horse serum
PDAC
McCoy’s 5a Medium Modified
(ATCC 30-2007)

Capan-2
HT-29
HCT 116
LoVo
COLO 205
NCI-H747
SW620
SW420
RKO
CaCo2

McCoy’s
Colorectal
Cancer (CRC)

RPMI-1640

DMEM

Source
American Type
Culture Collection
(ATCC)
Brian Van Ness,
University of
Minnesota
ATCC
Brian Van Ness,
University of
Minnesota
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
Mike Ostrowski,
Medical University
of South Carolina
Patrick Woster,
Medical University
of South Carolina
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
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OV2008
CaOV3
TOV21G
OVCAR3
OVCAR-5
A2780
SKOV3
ES-2
Granta
Mino
Rec-1
NCI-H929
Z138
HH
Hut78
HL-60
MV411
Molm-14
Peripheral blood
mononuclear
cell (PBMC)
MRC5
HEK-293T
HFF-1
NIH-3T3

RPMI-1640
Ovarian Cancer

Scott Eblen,
Medical University
of South Carolina

McCoy’s

Mantle Cell
Lymphoma

RPMI-1640
Iscove’s

Cutaneous T Cell
Lymphoma
Acute Myeloid
Leukemia

Normal
Human Lung
Tissue
Human Epithelial
Tissue
Human Fibroblast
Mouse Fibroblast

RPMI-1640
Iscove’s
RPMI-1640
(HyClone SH30027.01)
ImmunoCult™-XF T Cell
Expansion Medium (Stem Cell
Technologies 10981)

ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
ATCC
AllCells LLC
(PB006F)
ATCC

DMEM

ATCC
ATCC
ATCC

2.2. PSMB5 Gene Sequencing
We sequenced a region within Exon 2 of the PSMB5 gene, which encodes the
highly conserved substrate and inhibitor binding domain for PIs within the β-5 protein. We
sequenced genomic DNA from MM.1S BzR, U266 BzR, and RPMI-8226 BzR cells, and
their parental counterparts, looking for the G322A (Ala49Thr), C323T (Ala49Val), and
C326T conjoined mutation (Ala49Thr and Ala50Val) that have previously been implicated
in the acquisition of Btz resistance.96,153 Primer sequences from these previous studies
were used for sequencing. DNA was PCR-amplified and bi-directional Sanger sequencing
was performed at the University of Minnesota Genomics Center. Multiple sequence
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alignment was performed against the human reference sequence GRCh37/hg19 using
Sequencer v5.4.6 software.

2.3. Measurement of Mitochondrial Respiration Rates
Oxygen Consumption Rate (OCR) measurements were performed using the
Seahorse Bioscience XF-96 instrument as previously described.154-156 The XF96 protocol
consisted of basal OCR (1 measurement per 1.5 minutes), injection of oligomycin (0.011.0 M), injection of trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP; 0.5 mM)
with four measurements of uncoupled OCR (1 measurement per 1.5 minutes), and a final
injection of rotenone (1 M) and antimycin-A (1 M). MM cells were plated at a density of
0.3 x 106 cells per well in 100 μL XF running buffer into a 96-well plate. Cells treated with
CB-839 were pretreated with 5 μM drug for 16 hours. Cells deprived glutamine were plated
in glutamine-free XF running buffer.

2.4. Western Blot
Adherent cells were seeded in a 6-well dish at a density of 0.3 x 106 cells in a total
volume of 4 mL or a 12-well dish at a density of 0.1 x 106 cells in 2 mL and allowed to
adhere overnight. The next day cells were treated as indicated and maintained at 37°C
and 5% CO2 for the duration of the experiment. Suspension cells were seeded in a 6-well
plate at a density of 2.0 x 106 cells per well in a total volume of 4 mL or 0.8 x 106 cells per
well in 2 mL in a 12-well plate. Suspension cells were treated at the time of plating. Cells
treated with z-VAD-FMK (BD Pharmingen #550377) were pretreated for 1 hour before
adding additional treatments. For experiments comparing the effects of glutamine
withdrawal to CB-839 treatment, cells were plated in media with or without the indicated
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amount of glutamine supplement and then treated with DMSO (vehicle control) or CB-839.
All treatments were initiated at the same time in order to accurately compare conditions.
After the indicated treatment time, cells were collected and lysed in 100 µL lysis
buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5
mM sodium pyrophosphate, and 1x protease inhibitor cocktail) per 0.5 x 106 cells. Proteins
were separated by SDS-PAGE using 4-12% bis-tris gradient gels with MOPS buffer and
then transferred to PVDF membranes. Antibodies used are listed in Table 2.2. Proteins
were detected by enhanced chemiluminescent western blotting substrate or Pierce
SuperSignal West Femto chemiluminescent HRP substrate. Band densitometry was
analyzed using ImageJ software.

Table 2.2. Antibodies used for western blot (WB), chromatin immunoprecipitation (ChIP),
and immunofluorescence (IF).
Catalog
Antibody
Company
Dilution
Assay
Number
Acetylated alpha-tubulin

Cell Signaling

#3971

1 to 1000

WB

Acetylated lysine

Cell Signaling

#9441

1 to 1000

WB

Acetyl-histone H3 lysine 18

Cell Signaling

#13998

1 to 100

ChIP

Acetyl-histone H3 lysine 27

Cell Signaling

#4353

1 to 100

ChIP

Acetyl-histone H3 lysine 9

Cell Signaling

#9649

1 to 50

ChIP

Acti-stain 670 fluorescent phalloidin

Cytoskeletal

#PHDN1

200 nM

IF

AGR2

Santa Cruz

#sc-101211

WB

Alexa Fluor 488 secondary

Invitrogen

#R37116

Alexa Fluor 647 secondary

Cell Signaling

#4414

1 to 200
2 drops per 1
mL
1 to 500

alpha-Flag

Cell Signaling

#2368

1 to 1000

WB

Alpha-Tubulin

Cell Signaling

#3873

1 to 1000

WB

AMP kinase alpha

Cell Signaling

#583

1 to 1000

WB

#33593
#NBP234489
#11815

1 to 1000

WB

1 to 40

IF

ATF4

Cell Signaling
Novus
Biologicals
Cell Signaling

1 to 1000

WB

ATF6

Cell Signaling

#65880

1 to 1000

WB

beta-Actin

Cell Signaling

#3700

1 to 5000

WB

ATF3

IF
IF
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Caspase 3

Cell Signaling

#9662

1 to 1000

WB

Caspase 8

Cell Signaling

#9746

1 to 1000

WB

Caspase 9

Cell Signaling

#9508

1 to 1000

WB

CHOP

Cell Signaling

#2395

1 to 1000

WB

1 to 2000

IF

c-Myc

Cell Signaling

#5605

1 to 1000

WB

Cox-IV

Cell Signaling

#4850

1 to 1000

WB

Cy5 goat anti-mouse

Invitrogen

#A10524

1 to 500

IF

Cytochrome C

Cell Signaling

#3302

1 to 1000

WB

GAPDH

Cell Signaling

#2118

1 to 1000

WB

HDAC6

Cell Signaling

#7558

1 to 1000

WB

HERPUD1

Cell Signaling

#26730

1 to 1000

Histone H3

Cell Signaling

#9715

1 to 1000

WB

Hoechst 3342 nuclear stain

Cell Signaling

#4082

1 ug/mL

IF

HRP goat anti-mouse IgG

Invitrogen

#65-6520

1 to 3000

WB

HRP goat anti-rabbit IgG

Invitrogen

#65-6120

1 to 3000

WB

HSP40/DNAJB1

Cell Signaling

#4648

1 to 1000

WB

HSP70

Cell Signaling

#46477

1 to 1000

WB

WB
IF

Nrf2

Santa Cruz

#sc-365949

1 to 200

WB

PARP

Cell Signaling

#9532

1 to 1000

WB

PDI

Cell Signaling

#3501

1 to 1000

WB

PERK

Cell Signaling

#5683

1 to 1000

WB

Phospho-acetyl-CoA carboxylase

Cell Signaling

#11818

1 to 1000

WB

Phospho-AMP kinase alpha

Cell Signaling

#2535

1 to 1000

WB

RAN

Cell Signaling

#4462

1 to 1000

WB

RNA polymerase II subunit B1

Cell Signaling

#2629

1 to 50

ChIP

SDH-alpha

Cell Signaling

#11998

1 to 1000

WB

SMAD4

Santa Cruz

#sc-7966

1 to 200

WB

Ubiquitin

Cell Signaling

#3936

1 to 1000

WB

Ubiquitin-FITC

Santa Cruz

#SC-8017

1 to 100

IF

XBP1-s

Cell Signaling

#40435

1 to 1000

WB
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2.5. NAD(P)H assay
Steady state cellular NAD(P)H levels were measured in intact cells over time using
a QM-4 fluorimeter (PTI, Piscataway, NJ) in kinetic mode. The reduced but not oxidized
forms of these electron carriers have inherent florescent properties (Ex: 340 nm, Em: 460
nm). Fluorescence intensity data were collected every 0.1 seconds over a period of 100
seconds for PI sensitive and resistant isogenic MM cell lines, and the average  standard
error was calculated.

2.6. Measurement of Mitochondrial Biomass
Mitochondria were stained by incubating live MM.1S and MM.1S BzR cells with
the MitoTracker Green FM probe (Molecular Probes, 200 nM) according to the
manufacturer’s protocol. Cells were washed and seeded in triplicate at varying densities
in 200 μL of growth medium. Fluorescence was quantified using the SpectraMax i3
multimode microplate reader (Molecular Devices; Ex: 490 nm, Em: 516 nm).

2.7. Comparative Proteome Analysis
2.7.1. Patients
Comparative proteome analysis was performed on plasma cells obtained from
pretreatment bone marrow from 24 patients (median age 67; range 52-75) with relapsed
refractory MM that qualified for PAD (bortezomib, doxorubicin, dexamethasone)
therapy.157 Disease response to treatment was assessed by International Myeloma
Working Group (IMWG) criteria.158 Patients received a median of 6 cycles (range 2-8).
Treatment was interrupted due to toxicity (6 patients; grade 3 neuropathy, grade 2
infection) and disease progression (4 patients). After PAD, 3 patients achieved a complete
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response (CR, 13%), 7 achieved a very good partial response (VGPR, 30%), 8 achieved
a partial response (PR, 33%), and 6 had progressive disease (PD, 25%). There were no
patient deaths during treatment.

2.7.2. MM Patient Plasma Cell Isolation
Bone marrow samples were taken after patient informed consent and were freshly
purified by ficoll paque gradient separation. CD138-positive plasma cells were isolated
using the EasySep immunomagnetic separation platform in conjunction with the
EasySep Human CD138 Positive Selection Kit (Stem Cell Technology, USA) according
to manufacturer’s protocol. Plasma cells were frozen as 0.5 x 106 cells per pellet in liquid
nitrogen and kept until proteomic analysis.

2.7.3. Label-Free Based Proteomic Approach
Plasma cells were lysed in 1 M triethylammonium bicarbonate (TEAB) and 1%
SDS and homogenized using Precellys 24 homogenizer (Bertin Technologies, France) in
0.5 mL tubes pre-filled with ceramic beads (zirconium oxide; Bertin Technologies, France).
For all homogenization, 20 L of buffer was added to each 0.1 x 106 cells and processed
at 6,300 rpm for 30 seconds in 3 cycles. Material was then sonicated in three 1-minute
cycles on ice and again homogenized in Precellys 24. Homogenized suspension was
centrifuged at 16,000 xg for 10 minutes at 4°C and supernatants were retained for
analysis. Protein concentrations were determined using the BCA method (Pierce). Ten g
of plasma cell proteins was reduced in the presence of 50 mM NH4HCO3 with 5.6 mM DTT
for 5 minutes at 95°C. The sample was then alkylated with 5 mM iodoacetamide for 20
minutes in the dark at room temperature. The proteins were digested with 0.2 µg of
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sequencing-grade trypsin (Promega, Germany) overnight at 37°C. Each sample was
prepared for digestion in duplicate.

2.7.4. Nano LC-MS/MS Analysis
For each run, 1.5 µg of the digested protein sample was injected onto an RP C18
precolumn (Thermo Fisher Scientific, USA) connected to a 75 µm i.d. x 25 cm RP C18
Acclaim PepMap column with a particle size of 2 µm and a pore size of 100 Å (Thermo
Fisher Scientific, USA) using a Dionex UltiMate 3000 RSLCnano System (Thermo Fisher
Scientific, USA). Every sample was injected in duplicate at random. Every 13 sample
injections, the system was calibrated using Pierce LTQ ESI Positive Ion Calibration
Solution (Thermo Fisher Scientific, USA). Then, 13 freshly digested samples were injected
without any break. The following liquid chromatography (LC) buffers were used: Buffer A
(0.1% (v/v) formic acid in Milli-Q water) and Buffer B (0.1% formic acid in 90% acetonitrile).
The peptides were eluted from the column with a constant flow rate of 300 nL minutes−1
with a linear gradient of Buffer B from 5% to 65% over 208 minutes. At 208 min, the
gradient increased to 90% Buffer B and was held there for 10 minutes. Between 218 and
230 min, the gradient returned to 5% to re-equilibrate the column for the next injection.
The peptides eluted from the column were analyzed in the data-dependent MS/MS mode
on a Q-Exactive Orbitrap mass spectrometer (MS; Thermo Fisher Scientific, USA). The
instrument settings were as follows: the resolution was set to 70,000 for MS scans, and
17,500 for the MS/MS scans to increase the acquisition rate. The MS scan range was
350- 2,000 m/z. The MS AGC target was set to 1x106 counts, whereas the MS/MS AGC
target was set to 5x104. Dynamic exclusion was set with a duration of 20 seconds. The
isolation window was set to 2 m/z. Normalized collision energy was set to 28.
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2.7.5. Qualitative Analysis of Label-Free Proteomic Data
After each LC-MS/MS run, the raw files were qualitatively analyzed by Proteome
Discoverer, version 1.4.14 (Thermo Fisher Scientific, USA). To evaluate the quality of the
performed runs, the number of peptide spectrum matches, and the number of identified
proteins were calculated. The LC-MS/MS runs with the number of peptide spectrum
matches below 125,000 and the number of identified proteins below 1,000 (with 1% false
discovery rate) were excluded from further analysis. The identification of proteins by
Proteome Discoverer was performed using the SEQUEST engine against the UniProt
Complete Proteome Set of Humans (123,619 sequences) using the following parameters:
a tolerance level of 10 ppm for MS and 0.05 Da for MS/MS. Trypsin was used as the
digesting enzyme, and two missed cleavages were allowed. The carbamidomethylation of
cysteines was set as a fixed modification, and the oxidation of methionine was allowed as
a variable modification.

2.7.6. Quantitative Analysis of Label-Free Proteomic Data
The raw files positively evaluated by Proteome Discoverer were quantitatively
analyzed by MaxQuant version 1.5.1.2.159,160 The database search engine Andromeda
was used to search the MS/MS spectra against the UniProt database with the same
parameters as for Proteome Discoverer at ≤1% false discovery rate. The analysis of the
samples was based on the label-free quantification (LFQ) intensities. The data were
evaluated, and the statistics were calculated using Perseus software (version 1.4.1.3, Max
Planck Institute of Biochemistry, Martinsried). The MaxQuant data were filtered for reverse
identifications (false positives), contaminants, and proteins “only identified by site.” The
mean LFQ intensities as well as the standard deviation of this value were calculated for
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both experimental groups. The fold changes in the level of the proteins were assessed by
comparing the mean LFQ intensities among both experimental groups. A protein was
considered to be differentially expressed if the intensities were statistically significant (pvalue<0.05), fold change was greater than |1.5|, and the confidence interval was greater
than 99% between groups.

2.8. Cell Viability and Apoptotic Assays
Cell viability and apoptosis were measured in 96-well cell culture plates using the
Cell Titer-Glo Luminescent Cell Viability Assay (Promega) and the Caspase-Glo 3/7 Assay
(Promega) according to the manufacturer’s protocol. Cells were treated with the indicated
drugs or a volume equivalence of DMSO (vehicle control; maximum 0.1% in
concentration) in a total volume of 200 µL of medium and maintained at 37°C. Experiments
evaluating drugs in suspension cells were treated for 24 hours, and experiments
evaluating adherent cells were treated for 48 hours. When studies were conducted to
assess the effects of CB-839 treatment alone on MM cell viability or under glutaminedeprived conditions without the presence of carfilzomib, longer treatment times of 72 hours
were used unless otherwise indicated. For dose curve synergy studies, a fixed
concentration of the indicated Drug A was used in combination with a dose range of the
indicated Drug B. In isobologram studies, a dose range of both indicated drugs was used.
Luminescence was recorded on the SpectraMax L Microplate Reader (Molecular
Devices) at a wavelength of 470 nm with a 1.0-second integration time. Dose curves were
generated to calculate the half maximal effective concentration (EC50) in GraphPad Prism
version 7.0. Data were normalized to factor out any effect of Drug A by itself to establish
an EC50 for the indicated Drug B in the presence or absence of Drug A. Therefore, any
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leftward shift of the dose response curve is indicative of a synergistic drug interaction.
Potentiation (fold change) was calculated by dividing the EC50 of Drug A alone by the EC50
of the Drug A and Drug B combination.

2.9. Clonogenic Assays
Cells were seeded in a 6-well plate at a density of 0.3 x 106 cells per well in a total
volume of 2 mL of the recommended growth medium. After cells adhered overnight, they
were treated as indicated for 24 hours. The next day, cells were collected and counted.
Based on live cell count, 100 cells per well were seeded in a 6-well plate in 2 mL of the
recommended growth medium. After distinct colonies formed, the experiment was ended
with the addition of formaldehyde at a final concentration of 1% for 15 minutes. Colonies
were stained with 1 mL Coomassie stain for 1 hour and then counted by a blinded
investigator.

2.10. Confocal Microscopy
Cells were seeded in an 8-well Nunc™ LabTek™ II Chamber Slide™
(ThermoFisher) at a density of 0.06 x 106 cells per well in a total volume of 200 µL of the
recommended growth medium. The next day, cells were treated with the indicated
concentration of drug for the indicated length of time in 400 µL volume. Cells were fixed
using

Fixation/Permeabilization

Solution

and

BD

Perm/Wash™

Buffer

(BD

Cytofix/Cytopeprm™) as per the manufacturer’s protocol. After fixation, slides were
stained with the indicated antibody in 110 µL BD Perm/Wash™ (Table 2.2). Samples
incubated for 45 minutes in primary antibody against human antigens and 30 minutes in
secondary antibody or phalloidin (actin) stain. If more than one primary antibody was used,
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the incubations were performed sequentially. All samples were stained with 1 µg/mL
Hoechst 33342 nuclear stain for 15 minutes. Concentrations for each antibody used are
found in Table 2.2. Slides were mounted with ProLong™ Diamond Antifade Mountant.
Confocal microscopy was performed using the Zeiss LSM 880 NLO laser scanning
confocal microscope (Zeiss). Each sample was scanned with a 63x oil objective to obtain
3-7 fields for analysis. Individual cells were imaged with the 63x oil objective by z-stack at
1.5-3x zoom. Image analyses were performed using ZEN-blue and ZEN-black software
(Zeiss). IMARIS Microscopy Image Analysis Software (Bitplane) was used to create 3Dreconstructions of z-stacked images to calculate the number of ubiquitin aggregates per
cell and the total area of the ubiquitin aggregates.

2.11. Production of shRNA Lentiviral Particles and Infection
HEK-293T cells were seeded into a 6-well plate at a density of 0.4 x 106 cells per
well in 2 mL DMEM supplemented with 10% FBS and allowed to adhere overnight. The
next day, 5 µg DNA, 2.5 µg pCMV-dR8.91, and 0.5 µg pCMV-VSV-G were diluted in 300
µL Opti-MEM and 4 µL Lipofectamine 2000. Samples incubated for 30 minutes at room
temperature. After incubation, 300 µL of the DNA-Lipofectamine solution was added
dropwise to the HEK-293T cells. The next day, medium was removed, and 2 mL DMEM
supplemented with 10% FBS was added to each well. Seventy-two hours post
transfection, medium was collected and centrifuged at 3000 rpm for 20 minutes at room
temperature. Supernatant containing viral particles was collected and stored at -80°C or
used immediately to infect cell lines. Viral particles were titered using the qPCR Lentivirus
Titration (Titer) Kit (Applied Biological Materials Inc.) as per the manufacturer’s protocol.
The following Mission shRNA lentiviruses were purchased from Sigma Aldrich:
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TRCN0000329689

and

TRCN0000329692

for

ATF3,

TRCN0000364393

and

TRCN0000364328 for DDIT3, TRCN0000318634 and TRCN0000318635 for HERPUD1,
TRCN0000013573 for ATF4, TRCN0000008792 and TRCN0000008791 for DNAJB1,
TRCN0000428873

and

TRCN0000187173

for

HSPA6,

TRCN0000040032,

TRCN0000040028, TRCN0000010321, AND TRCN0000010323 for SMAD4, and
SHC002 for pLKO.1-puro non-mammalian shRNA control plasmid DNA.
To transduce cells with viral particles, cells were seeded in a 6-well plate at a
density of 0.3 x 106 cells per well in 2 mL DMEM supplemented with 10% FBS. The next
day, cells were infected with viral particles at a multiplicity of infection (MOI) of 10 and 8
µg/mL polybrene. The following day, the medium was replaced with 4 mL DMEM + 10%
FBS and puromycin for selection. Cells were plated for experiments after stable
knockdown was confirmed.

2.12. Transient Plasmid Overexpression
Adherent cells were seeded in a 6-well plate at a density of 0.3 x 106 cells per well
in 2 mL DMEM + 10% FBS. The next day, 2.5 µg DNA in 200 µL Opti-MEM was combined
with 4 µL Lipofectamine 2000 and incubated for 30 minutes. The DNA-Lipofectamine
solution was added dropwise to cells. The next day, cells were seeded for experiments.
The DNA used for transfection included pcDNA-HDAC6-Flag (Addgene plasmid
#30482),161 c-Flag pcDNA3 empty vector (Addgene plasmid #20011),162 pRK-ATF3
(Addgene plasmid #26115),163 and pRK5 empty vector (ATCC #DNA40571-1315).
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2.13. Reverse Transcriptase qPCR
Total RNA was isolated and purified using the RNeasy Plus Mini Kit (Qiagen) and
reversed transcribed and quantified using the Luna Universal One-Step RT-qPCR Kit
(New England BioLabs) as per the manufacturer’s protocol. Each reaction contained
80 ng RNA and was amplified with 500 nM forward and reverse primers in a total reaction
volume of 20 µL. A cycle threshold (Ct) value was assigned to each sample corresponding
to the beginning of the logarithmic phase of PCR amplification. Gene expression was
normalized to GAPDH, which was constitutively expressed and did not change based on
treatment conditions and then quantified following the Double Delta CT method (2-ΔΔCT) to
calculate fold change between vehicle and treated samples. The primers used are found
in Table 2.3.
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Table 2.3. Primers used for reverse transcriptase qPCR (RT-qPCR) and chromatin
immunoprecipitation (ChIP).
Gene
Primer
Sequence
Assay
Location
Fwd: 5’-AGGATGATGGAAGGCTGTCA-3’
-122
ATF3 P1
ChIP
Rvs: 5’-GTCACATCTTCCCATCTGATC-3’
58
ATF3 P2
ATF3 P3
ATF3
DDIT3
HERPUD1
DNAJB1
HSPA6
GAPDH

Fwd: 5’-CTGCTGACTCATCTGACATTA-3’

1913

Rvs: 5’-CTCTAACACCCTGCATTACTC-3’

1996

Fwd: 5’-TAGGTGCTATTGTTAGTGCC-3’

39836

Rvs: 5’-TTTGAATGTGGGGATTGCTA-3’

40020

Fwd: 5’-GGAGTGCCTGCAGAAAG-3’

52888

Rvs: 5’-CCATTCTGAGCCCGGACAAT-3’

54135

Fwd: 5’-GGAAACAGAGTGGTCATTCCC-3’

3507

Rvs: 5’-CTGCTTGAGCCGTTCATTCTC-3’

3602

Fwd: 5’-CCGGTTACACACCCTATGGG-3’

404

Rvs: 5’-TGAGGAGCAGCATTCTGATTG-3’

603

Fwd: 5’-CCAGTCACCCACGACCTTC-3’

487

Rvs: 5’-CCCTTCTTCACTTCGATGGTCA-3’

611

Fwd: 5'-GATGTGTCGGTTCTCTCCATTG-3'

487

Rvs: 5'-CTTCCATGAAGTGGTTCACGA-3'

611

Fwd: 5’-ACAACTTTGGTATCGTGGAAGG-3’

371

Rvs: 5’-GCCATCACGCCACAGTTTC-3’

471

ChIP
ChIP
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR
RT-qPCR

2.14. RNA-Sequencing (RNA-seq)
PANC-1 and T98G cells were seeded into a 6-well plate at a density of 0.3 x 106
cells per well in 2 mL DMEM + 10% FBS. The next day, cells were treated as indicated in
4 mL of medium and maintained at 37°C for the duration of the experiment. After 16 hours
of treatment, cells were collected on ice and RNA was extracted and purified using the
RNeasy Plus Mini Kit (Qiagen) as per the manufacturer’s protocol. Samples were
sequenced at the MUSC Hollings Cancer Center Genomics Shared Resource using the
Illumina HiSeq2500. A TruSeq mRNA library preparation was used on extracted mRNA,
and a rapid mode single-end 1x50 cycle protocol was used for transcript expression
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quantification. Biological replicates were run in triplicate. Sample data were analyzed at
Creighton University using the Tuxedo tools suite.164 In brief, samples were mapped to the
hg19

human

reference

genome

(ftp://igenome:G3nom3s4u@ussd-

ftp.illumina.com/Homo_sapiens/UCSC/hg19/Homo_sapiens_UCSC_hg19.tar.gz;
downloaded 7 Sept 2018) using TopHat v2.1.0 (Bowtie2 v2.2.6) followed by transcript
assembly using cufflinks v2.2.1. Transcript differences were calculated using cuffdiff on
merged transcriptome replicates by treatment. Data visualization and mining was
performed using the cummeRbund program for R (v3.5). GEO Accession Number
GSE142210.

2.15. Chromatin Immunoprecipitation (ChIP)
Cells were seeded into a 100 mm dish at a density of 1.2 x 106 cells in 8 mL of
medium. The next day, cells were treated as indicated for 16 hours in 10 mL medium and
then crosslinked in 1% formaldehyde for 10 minutes. Formaldehyde was quenched with
the addition of 125 mM glycine for 5 minutes. Cell were lysed in Membrane Lysis Buffer
(10 mM TRIS pH 7.4, 3 mM MgCl2, 10 mM NaCl, 0.1% IGEPAL) for 20 minutes on ice,
and then the lysate was incubated with 40 U/mL micrococcal nuclease for 20 minutes at
37°C to generate DNA fragments 300-500 base pairs in size. Chromatin was then
extracted using Nuclear Lysis Buffer (50 mM TRIS pH 8.0, 10 mM EDTA, 1% SDS) for 20
minutes on ice. Chromatin was precleared for non-specific binding with 10 µL of Protein
A/G agarose beads for 1 hour at 4°C. Beads were removed and then 10-25 µg of the
chromatin was incubated overnight at 4°C with the indicated antibody (Table 2.2). The
next day, 10 µL of Protein A/G agarose beads was added to each sample, incubating for
1 hour at 4°C. Immunoprecipitation samples were washed with Low Salt Buffer (20 mM

48

TRIS pH 8.0, 2 mM EDTA, 1% Triton X-100, 150 mM NaCl), High Salt Buffer (20 mM TRIS
pH 8.0, 2 mM EDTA, 1% Triton X-100, 500 mM NaCl), and then Wash Buffer (10 mM
TRIS pH 8.0, 2 mM EDTA). Bound chromatin was eluted from the antibody by incubating
the sample for 1 hour at 65°C in Elution Buffer (100 mM NaHCO3 and 1% SDS). Crosslink
reversal was performed in the presence of 2 µL Proteinase K (20 mg/mL) and 200 mM
NaCl for 4 hours at 65°C in a total volume of 150 µL. DNA was purified with the Qiagen
DNA purification kit (#27104). Quantitative PCR was performed using PowerUp SYBR
Green Master Mix (ThermoFisher A25741) as per the manufacturer’s protocol with 500
nM forward and reverse primers. The percent input was calculated for each primer region
by comparing the change in expression as determined by the Double Delta CT method
(2-ΔΔCT) between samples that incubated with primary antibody overnight and fragmented
chromatin input samples. Thus, 10% input indicates that 10% of the total amount of
fragmented chromatin showed acetylation or RNA Polymerase II occupancy at the primer
site. IgG ChIPs were included in every experiment to distinguish ChIP signal from
background noise. All experiments were repeated 2-5 times with samples separately
crosslinked for reproducibility. Primers assessing RNA Polymerase II occupancy and
histone acetylation marks were designed to flank gene promoters based on published
reports165-167 or by mapping the genes using the open-access Ensembl database for
vertebrate genomes. BLAST searches were performed to ensure no off-target binding of
the primers would occur. Primers are listed in Table 2.3.
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2.16. Spheroid Assays
Cells were seeded in 96-well clear bottom plates at a density of 180 cells per drop.
Drops were made up with 20 µL of Matrigel. Plates were placed in the incubator at 37ºC
upside down for 10 minutes to allow dome-shaped drops to form in the bottom of each
well. After 10 minutes, 300 µL of Complete Spheroid Medium was added to each well.
Complete Spheroid Medium consisted of 40% DMEM/F12 with HEPES, 10% FBS, and
50% L-WRN Conditioned Medium (all volume/volume). To make L-WRN Conditioned
Medium, L-WRN cells which secrete Wnt-3A, R-spondin 3, and noggin were seeded in a
T-125 plate in 30 mL DMEM supplemented with 10% FBS. Once cells reached confluency,
medium was replaced, then collected and replaced daily for a total of 4 days. Medium was
centrifuged, sterilized filtered, and stored at 4ºC. Complete Spheroid Medium was
supplemented with 100 U/mL penicillin, 100 µg streptomycin, 0.25 µg amphotericin, 2 mM
glutamax, 0.4 mL/L B-27, 100 ng/mL FGF, 50 ng/mL EGF, 10 nM gastrin I, 1.25 mM Nacetylcysteine, 10 mM nicotinamide, and 1 µM prostaglandin E2. Plates were maintained
at 37ºC with 5% CO2 through duration of experiment. Once spheroids reached roughly 3050 µm in size, spheroids were treated with 1 µM E64FC26 for 72 hours. Cell death was
measured using Cell Titer Glo (Section 2.8).

2.17. In Vivo Studies
All xenograft studies with SCID Hairless Outbred (SHO) mice were conducted
under the approval of the Institutional Animal Care and Use Committee (IACUC) of the
Medical University of South Carolina. Two-month-old SHO mice were injected with 1 x 106
human U87 cells or 0.1 x 106 mouse KPC-908 EGFP cells (100 µL total volume) in the
lower left and right flank of the mouse. Cells were mixed in a 1:1 ratio of RPMI-1640 and
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Matrigel that was kept on ice until time of injection. Mice were randomly assigned to
treatment groups and dosed with drugs as indicated once tumors showed growth for 3
consecutive measurements and reached a tumor volume between 100-200 mm3. Vehicle
treatments contained 0.5% (v/v) DMSO and 5% (v/v) Kolliphor EL (200 µL total in DPBS).
Tumor measurements and analyses were performed by a blinded investigator, and
unblinding occurred after all the experimental data was analyzed.
For pharmacokinetic and tissue distribution studies in CD-1 mice, animals were
fasted overnight before dosing with food returned after the 6-hour blood samples were
obtained. Three animals were dosed via gavage needle for oral administration at 5 mg/kg
or via tail vein injection for intravenous administration at 2 mg/kg. Blood samples (30-50
μL) were taken via the submandibular vein at 5, 15, and 30 minutes and 1, 2, 4, 6, 8, and
24 hours after dosing. Blood samples were collected in Greiner MiniCollect K2EDTA tubes,
placed on ice, and within 30 minutes, centrifuged at 15,000 xg for 5 minutes to obtain
plasma samples. For tissue distribution studies, plasma or indicated organs were
harvested at 10 and 30 minutes, and 1, 2, and 4 hours after dosing. Blood samples were
collected in Greiner MiniCollect K2EDTA tubes, placed on ice, and within 30 minutes,
centrifuged at 15,000 xg. Tissues were homogenized in three volumes of PBS buffer (pH
7.4) to obtain each tissue homogenate sample. Subsequently, three volumes of
acetonitrile containing internal standard was added to one volume of each tissue
homogenate, and the mixture was vortexed, centrifuged (3000 xg for 10 minutes) and
supernatant removed for analysis by LC-MS/MS. Calibration standards were made by
preparation of a 1 mg/mL stock solution and subsequently a series of working solutions in
methanol : water (1/:1, v/v) which were spiked into blank tissue homogenate to yield a
series of calibration standard samples in the range of 1 ng/mL to 10 μg/mL. For bioanalysis
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of samples, three volumes of acetonitrile containing internal standard was added to one
volume of plasma to precipitate proteins. Samples were centrifuged (3000 xg for 10
minutes) and supernatant removed for analysis by LC-MS/MS. Calibration standards and
quality controls were made by preparation of a series of working solutions in DMSO : water
(1/:1, v/v) which were spiked into blank plasma to yield a series of calibration standard
samples in the range of 10 ng/mL to 10 μg/mL and quality control samples at three
concentration levels (low, middle, and high). LC-MS/MS bioanalysis was performed using
a Shimadzu HPLC and AB/MDS Sciex MS/MS system fitted with Phenomenex Kinetex
C18 column in MRM negative ion mode.
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Chapter 3
Glutaminase Inhibitor CB-839 Synergizes with Carfilzomib
in Resistant Multiple Myeloma Cells
This chapter has been modified from the following publication:
Thompson RM, Dytfeld D, Reyes L, Robinson RM, Smith B, Manevich Y, Jakubowiak A,
Komarnicki M, Pryzbylowicz-Chalecka A, Szczepaniak T, Mitra AK, Van Ness BG, Luczak
M, Dolloff N. Glutaminase inhibitor CB-839 synergizes with carfilzomib in resistant multiple
myeloma cells. Oncotarget. 8(22): 35863-35876. 2017.

3.1. Introduction
Multiple myeloma (MM) is the second most common hematological malignancy,
accounting for approximately 32,000 new cases and 13,000 deaths per year in the United
States, with a 5-year median survival rate of less than 50%.6,90 Treatment advances,
particularly the development of targeted therapies like proteasome inhibitors (PIs) and
immunomodulatory agents, have dramatically improved treatment response rates and
overall patient survival. Despite these developments, nearly all patients eventually
progress to a stage of treatment resistance. The refractory setting therefore remains a
primary need in MM, and strategies that target molecular mechanisms of resistance to
enhance and restore the activity of standard of care drugs are needed for this patient
population.
PIs are cornerstone agents in the treatment of MM. They elicit their anti-MM effects
through binding to the PSM5 subunit of the 26S proteasome and inhibiting the
chymotrypsin-like protease activity of the complex. This results in the disruption of normal
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protein homeostasis and the concomitant induction of cellular proteotoxic stress; thus,
proving to be a particularly effective strategy against MM plasma cells, which are naturally
designed to mass-produce large multimeric immunoglobulin proteins. It is widely
accepted, however, that a variety of molecular mechanisms confer resistance to the
cytotoxic effects of PIs. For example, PSMB5 mutations have been shown to reduce
binding of bortezomib (Btz) and carfilzomib (Crflz) to the proteasome in MM and non-MM
cell models of PI resistance,96,168-171 alterations in redox homeostasis have been implicated
in protecting MM cells from PI-induced oxidative damage and cell death,171-173 and
adaptations involving the cellular protein folding machinery and energy regulation have
been implicated in the PI resistance phenotype.94,171
MM, like other cancer types, relies on glutaminolysis as a major source of fuel and
macromolecular intermediates required for growth and proliferation.174-176 Recently, it has
been demonstrated that MM cells lack expression of glutamine synthetase and display an
increased expression of glutaminase 1 (GLS1), suggesting that these cells rely exclusively
on extracellular glutamine for cellular energy.177 GLS catalyzes the conversion of
glutamine to glutamate, which supports redox balance through glutathione biosynthesis
and serves as a major substrate for the mitochondrial tricarboxylic acid cycle. 178-180
Targeting GLS function using small molecules or gene knockdown approaches has shown
promising preclinical anti-cancer activity in breast cancer,181 liver cancer,182 non-small cell
lung cancer,183 and B cell lymphoma.182,184 The GLS1 selective inhibitor, CB-839, is
currently under evaluation for the treatment of hematological malignancies and solid
tumors. Early indications from phase I studies in MM suggest that CB-839 is well tolerated
as a monotherapy.185-187 Preclinical studies have identified synergistic drug combinations
with CB-839 in ovarian cancer,188 pancreatic cancer,189 and triple-negative breast
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cancer.190 However, for MM, the most effective combinations of CB-839 and standard of
care agents have not been determined, thus impeding the rational design of phase II
combination studies.
In this study, we identified bioenergetic changes in PI resistant MM cells. These
adaptations are characterized by an increased reliance on mitochondrial respiration and
utilization of glutamine. Targeting glutamine metabolism with CB-839 synergistically
enhanced the cytotoxic effects of PIs with the most robust synergy being observed with
the second-generation PI Crflz. At the molecular level, we found that CB-839 significantly
enhanced Crflz-induced endoplasmic reticulum (ER) stress and apoptotic cell death,
providing mechanistic basis for the efficacy of the combination. Our findings suggest that
adaptations in cellular bioenergetics are key events in the acquisition of PI resistance and
can be exploited therapeutically by targeting glutamine metabolism. Furthermore, this
work identifies the combination of CB-839 and Crflz as a promising combination strategy
for refractory MM patients.

3.2. Results
3.2.1. PI Resistant MM Cells Show Heightened Levels of Mitochondrial Respiration
To uncover potential differences in cellular bioenergetics between PI resistant and
sensitive MM cells, we analyzed glycolytic and mitochondrial respiration function in paired
isogenic cell lines. These isogenic cell models were established by exposing parental
human MM cells to progressively higher concentrations of Btz for a period of at least 6
months. Resistant (BzR) cells show significant resistance to Btz as well as crossresistance to other PIs (Crflz, ixazomib, and oprozomib; Figure 3.1). BzR cells were
negative for PSMB5 gene mutations that have been reported by others in PI resistant cell
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models (Figure 3.2),96,153 suggesting that resistance is the result of cellular adaptations
that allow cells to evade the cytotoxic effects of PIs rather than mutational events that
interfere with PI binding and inhibition of the proteasome.

Figure 3.1. Characterization of PI resistant MM cell models. (A) Cell lines were treated with an
8-dose range of bortezomib (Btz), carfilzomib (Crflz), ixazomib (Ixa), or oprozomib (Oproz) for 24
hours. Cell viability data are shown with representative dose-range curves of Btz (n=3). (B) EC50
values for the indicated proteasome inhibitor across cell lines (n=9).

56

Figure 3.2. PI resistant MM cells lack PSMB5 gene mutations. (A) Map of the human PSMB5
chromosome. (B) Genomic DNA was extracted from paired PI sensitive and resistant cells (P:
parental; BzR: PI resistant). The region of PSMB5 that encodes the PI binding region in the β-5
proteasomal subunit protein was sequenced and is shown here.

Using the XF-96 extracellular flux analyzer, we measured oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) to assess rates of mitochondrial
respiration and glycolysis, respectively. We found that PI resistant cells had a significantly
higher basal OCR and mitochondrial respiratory capacity (Figures 3.3A-B) compared to
sensitive parental cells. We did not detect any significant differences in ECAR between
sensitive and resistant cells (Figure 3.3C), suggesting that sensitive and resistant cell lines
have similar rates of glycolysis.
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Figure 3.3. PI resistant cells exhibit increased rates of mitochondrial respiration. (A) Cell
lines were exposed to the Seahorse XF Cell Mito Stress Test consisting of automated treatment
with oligomycin, carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP) and antimycin A +
rotenone at the indicated times. The oxygen consumption rate (OCR) was measured over time
using the XF Extracellular Flux Analyzer. Representative time courses are shown (n=4). (B) Basal
OCR (left) and maximum OCR (right) are shown using cells of various passage number. For the
determination of maximum OCR, 3 different concentrations of oligomycin (0.05, 0.1, or 1 µM) were
used. Statistical significance was determined using student’s t-test (n=4). (C) Cell lines were
exposed to the Seahorse XF Glycolysis Stress Test consisting of automated treatment with
glucose, oligomycin, and 2-deoxy glucose (2-DG) at the indicated times. The extracellular
acidification rate (ECAR) was measured over time using the XF Extracellular Flux Analyzer.
Representative time courses are shown (n=4).
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We observed additional divergence in bioenergetic biomarkers between PI
sensitive and resistant cell lines. Under basal, untreated conditions, BzR cells expressed
significantly lower levels of AMP kinase (AMPK) phosphorylation and phosphorylation
(a.k.a. activation) of the downstream AMPK substrate acetyl-CoA carboxylase (Figure
3.4A). AMPK is an energy stress response kinase activated in response to an increase in
the cellular AMP:ATP level. Lower levels of AMPK phosphorylation/activation suggest that
BzR cells are more energetically efficient and less prone to energy stress, an inference
that is consistent with having an increased mitochondrial respiratory capacity, which
carries the ability to more efficiently generate cellular fuel in the form of ATP. Furthermore,
in BzR cells, we detected increased levels of NAD(P)H, which serve as electron carriers
in the mitochondrial process of oxidative phosphorylation (Figure 3.4B). Altogether, these
findings demonstrate that the PI resistance phenotype is associated with changes in
cellular bioenergetics that favor the increased use of mitochondrial respiration for energy
production.

Figure 3.4. PI resistant cells show increased bioenergetic efficiency. (A) Western blots are
shown for the indicated cell lines (P-AMPKα: phospho-AMP kinase alpha; ACC: acetyl-CoA
carboxylase). (B) Inherent cellular fluorescence of NAD(P)H was measured in the indicated cell
lines. Kinetic data from representative experiments are shown (left; RFU: relative fluorescent units).
The average NAD(P)H  S.E. levels over a 100 second timeframe are shown (right). Student’s ttest was used to evaluate statistical significance (n=3).
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3.2.2. Increased Mitochondrial Biomass is Associated with PI Resistance in Cell Models
and in MM Patient Plasma Cells
We hypothesized that PI resistant MM cells might maintain increased
mitochondrial biomass, which would account for their higher mitochondrial respiratory
rates. To examine this possibility, we first quantified the expression of a panel of
mitochondrial biomarkers and compared protein levels between PI sensitive and resistant
cells. PI resistant MM.1S cells expressed significantly higher levels of several
mitochondrial markers, including cytochrome c, succinate dehydrogenase alpha,
cytochrome C oxidase IV, and voltage-dependent anion channel, compared to PI sensitive
MM.1S cells (Figure 3.5A). By comparison, both cell types expressed equal amounts of
the cytosolic marker GAPDH and the nuclear markers histone 3 and PARP. We also
quantified the amount of mitochondrial specific dye (MitoTracker) staining in PI sensitive
versus resistant cells. PI resistant cells showed greater mitochondrial specific
fluorescence, providing further evidence of increased mitochondrial biomass in PI
resistant cells (Figure 3.5B). Thus, the adaptation to PI therapy and acquisition of the PI
resistant phenotype is accompanied by an increase in mitochondrial biomass, which
supports and explains, at least in part, the enhanced mitochondrial respiration rates of PI
resistant cells.
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Figure 3.5. Mitochondrial biomarkers are enriched in PI resistant MM. (A) Western blots are
shown for the indicated mitochondrial, cytoplasmic, and cytosolic markers (Cyt c: cytochrome C;
SDHα: succinate dehydrogenase alpha; Cox IV: cytochrome C oxidase, HH3: histone H3) (left).
Band density from the western blot (right; RU: relative units). Statistical significance was
determined using a student’s t-test (*p<0.05, n=3). (B) Cells were incubated with 200 nM of
MitoTracker Green FM probe. The average relative fluorescent unit (RFU)  S.E. is shown (n=3).
(C) Schematic of clinical data set acquisition. Bone marrow aspirates were collected from newly
diagnosed MM patients prior to the induction of PAD therapy (Doxo: doxorubicin; Dex:
dexamethasone). Objective responses were evaluated, and patients were categorized as
Responders (VGPR or better) or Non-responders (<VGPR). (D) Comparative proteomics data from
the trial described in (C) are shown. Label-free quantification (LFQ) intensities for the indicated
mitochondrial markers are shown, comparing intensities (i.e., expression levels) from patients in
the Responders (black bars, n=10) and Non-responders (gray bars, n=14) groups. All differences
between groups were determined to be statistically significant (p<0.05) using the student’s t-test.
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We next investigated the link between increased mitochondrial biomass and
reduced responsiveness to PI therapy in clinical specimens from MM patients treated with
a Btz-based treatment regimen. At diagnosis and prior to the initiation of treatment, MM
plasma cells were isolated from patient bone marrow aspirates. All patients in the study
received Btz, doxorubicin, and dexamethasone. Response to the treatment was evaluated
according to International Myeloma Working Group Recommendation.191 Patients were
grouped as responders if they achieved at least a very good partial response (VGPR) (i.e.,
complete response (CR) and VGPR), or non-responders if they achieved a lower response
(i.e., partial response (PR) or no response; study design overview shown in Figure 3.5C).
Comparative proteomics was then conducted on the treatment naïve plasma cells
in order to correlate the expression of cellular protein biomarkers with response or
resistance to therapy. Out of 2871 proteins identified (false discovery rate<1%), 73
showed significant differences between responder and non-responder patients receiving
PAD (Table 3.1-3.2). Thirty-seven proteins were downregulated (Table 3.1) in nonresponders, while 36 were upregulated (Table 3.2). For proteins that were significantly
upregulated or enriched in the non-responder group (defined by a greater than 1.5-fold
increase in expression), we found that many of the top hits were mitochondrial resident
proteins including components of the cytochrome b-c and cytochrome c complexes
(UQCRC1, UQCRC2, and CYCS), ATP synthase subunits (ATP5O, ATP5A1, ATP5B),
mitochondrial resident proteins involved in regulating mitochondrial redox potential
(PRDX3 and PRDX5), enzymes involved in the TCA cycle (citrate synthase), and
mitochondrial channel proteins (VDAC; Figure 3.5D). These findings corroborate our data
using cell models of PI resistance as they indicate that patients that are less likely to
respond to a Btz-based therapeutic regimen have MM plasma cells that are enriched with
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mitochondrial biomarkers. We conclude from these preclinical and clinical studies that
increased mitochondrial respiration and increased mitochondrial biomass is a trait of MM
plasma cells with acquired or inherent resistance to PI therapy. They further suggest that
a strategy targeting mitochondrial respiration may enhance the activity of PIs.

Table 3.1. Proteins downregulated in non-responder patient plasma cells.
Non-responder/
Protein Name
Gene
P-value
Responder
Calmodulin
CALM1
0.66
1.97E-02
High mobility group protein B1

HMGB1

0.65

4.07E-03

Lamin-B1

LMNB1

0.64

4.45E-02

Cathepsin D

CTSD

0.64

2.47E-02

Lysosome-associated membrane glycoprotein 2

LAMP2

0.62

9.27E-03

Ras-related protein Rab-14

RAB14

0.58

2.80E-04

Ras-related protein Rap-1b

Rap1B

0.57

5.25E-03

DnaJ homolog subfamily C member 1

DNAJC1

0.56

5.65E-04

Lymphocyte-specific protein 1

LSP1

0.56

5.65E-04

Serine-tRNA ligase, cytoplasmic

SARS

0.55

1.37E-03

Glutathione S-transferase P

GSTP1

0.53

1.98E-03

Catalase

CAT

0.52

8.73E-03

Vimentin

VIM

0.52

2.68E-03

Rho GDP-dissociation inhibitor 2

ARHGDIB

0.52

2.22E-02

High mobility group protein B2

HMGB2

0.50

9.17E-03

Protein LYRIC

MTDH

0.48

1.58E-03

Myosin regulatory light chain 12A
Translocating chain-associated membrane
protein
Phosphoserine aminotransferase

MYL12A

0.47

1.63E-02

TRAM1

0.47

1.63E-02

PSAT1

0.46

4.08E-03

Ferritin light chain

FTL

0.40

4.28E-02

Cathepsin B

CTSB

0.38

4.25E-02

Galectin-1

LGALS1

0.37

3.12E-03

Prelamin-A/C

LMNA

0.37

2.85E-03

Neutrophil elastase

ELANE

0.36

1.74E-02

Prosaposin

PSAP

0.36

1.98E-03

Myosin-9

MYH9

0.36

3.33E-03

Tyrosine-protein kinase receptor

TPM3

0.35

4.93E-03
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Ferritin

FTH1

0.34

1.24E-02

Filamin-A

FLNA

0.28

4.25E-02

Neutrophil defensin 3

DEFA3

0.28

2.00E-03

Plastin-2

LCP1

0.28

2.06E-03

Plectin

PLEC

0.27

1.57E-02

Protein S100-A8

S100A8

0.25

1.90E-02

Myeloperoxidase

MPO

0.22

5.43E-03

Protein S100-A9

S100A9

0.21

1.01E-02

Annexin

ANXA1

0.21

5.98E-04

Lactotransferrin

LTF

0.14

1.64E-03

Table 3.2. Proteins enriched in non-responder patient plasma cells.
Non-responder/
Protein Name
Gene
P-value
Responder
Cytochrome b-c1 complex subunit 1
UQCRC1
4.01
1.17E-02
Proteasome activator complex subunit 2

PSME2

3.75

4.03E-05

Proteasome activator complex subunit 1

PSME1

3.06

1.47E-04

Thioredoxin

TXN

2.91

5.92E-03

Lactoylglutathione lyase

GLO1

2.74

4.27E-02

Macrophage migration inhibitory factor
Very long-chain specific acyl-CoA
dehydrogenase
ATP synthase subunit O

MIF

2.45

2.80E-03

ACADVL

2.42

8.48E-04

ATP5O

2.24

5.11E-03

UQCRC2

2.17

4.91E-02

CD74

2.12

6.45E-04

HEL-S-124m

2.12

1.22E-04

Cytochrome b-c1 complex subunit 2
HLA class II histocompatibility antigen gamma
chain; Tyrosine-protein kinase receptor
Stress-70 protein, mitochondrial
Citrate synthase
Voltage-dependent anion-selective channel
protein 1
Von Hippel-Lindau disease tumor suppressor

CS

2.09

5.22E-03

VDAC1

2.05

4.74E-02

VHL

1.99

2.42E-02

Stress-induced phosphoprotein 1

HEL-S-94n

1.97

3.51E-02

Glutathione S-transferase kappa 1

LOC51064

1.95

6.61E-03

Cytosolic non-specific dipeptidase

HEL-S-13

1.95

4.93E-02

Elongation factor Tu, mitochondrial

TUFM

1.93

4.32E-03

Heterogeneous nuclear ribonucleoprotein M

HNRNPM

1.85

1.19E-02

Matrin-3

MATR3a

1.84

2.61E-03

ATP synthase subunit alpha

ATP5A1

1.83

5.93E-03

Cytochrome c

CYCS

1.81

2.54E-02
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Thioredoxin-dependent peroxide reductase

PRDX3

1.74

2.87E-02

Peroxiredoxin-5

PRDX5

1.71

1.43E-03

Protein disulfide-isomerase A6

PDIA6

1.69

1.31E-02

Adenosylhomocysteinase

AHCY

1.69

1.31E-02

Glutathione S-transferase omega-1

GSTO1

1.66

1.08E-02

ATP synthase subunit beta

ATP5B

1.65

8.25E-03

40S ribosomal protein S10

RPS10

1.64

4.98E-02

Peroxiredoxin-6

PRDX6

1.64

4.69E-02

Thioredoxin domain-containing protein 5

TXNDC5

1.63

2.20E-02

14-3-3 protein epsilon

HEL2

1.62

1.41E-02

Peroxiredoxin-2

PRDX2

1.58

4.33E-02

X-ray repair cross-complementing protein 5

XRCC5

1.55

7.80E-03

Neutral alpha-glucosidase AB

GANAB

1.53

1.76E-02

X-ray repair cross-complementing protein 6

XRCC6

1.51

4.50E-02

3.2.3. Glutamine is the Primary Fuel Source Driving Cell Proliferation and Mitochondrial
Respiration in MM Cells
To identify potential molecular strategies for disrupting mitochondrial respiration,
we first set out to determine the critical fuel source(s) used by MM cells to drive respiration.
We found glutamine to be the principle source of fuel for both PI sensitive and resistant
MM cells as removing glutamine from the media was enough to almost completely
suppress basal mitochondrial respiration and overall mitochondrial capacity (Figures 3.6AB). Furthermore, the presence of glutamine was necessary and enough to promote the
proliferation of multiple MM cell lines (Figure 3.6C). Glucose and sodium pyruvate were
dispensable, as their supplementation in the absence of glutamine was unable to induce
proliferation above the rates seen in fuel deficient media. By comparison, the
reintroduction of glutamine alone was able to restore proliferation to the levels seen in
growth media containing all three nutrients. Likewise, the viability of PI resistant MM.1S
cells failed to increase over a period of 7 days when grown in media with no glutamine
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(Figure 3.6D). These results demonstrate that glutamine is the principle fuel source driving
mitochondrial respiration and cell proliferation in PI sensitive and resistant MM cells.
Furthermore, given that enhanced mitochondrial respiration is a trait associated with the
PI resistant phenotype, these findings suggest that a therapeutic approach to specifically
disrupt glutamine metabolism may be an effective strategy for targeting PI resistant MM.

Figure 3.6. Glutamine is the primary fuel source in MM cells. (A) Mitochondrial respiration
oxygen consumption rate (OCR) was measured in MM.1S cells and (B) MM.1S BzR cells in the
presence and absence of 4 mM glutamine (Gln; n=3). (C) The indicated cell lines were cultured in
cell media lacking (-) or containing the indicated nutrients for 72 hours (Glc: glucose, 2 g/L; Pyr:
pyruvate, 100 mM; Gln: glutamine, 4.0 mM). Live cell numbers were counted using Cellometer
(Nexelom) and associated software (n=3). Data were normalized to the experimental group lacking
nutrients (-). (D) MM.1S BzR cells were cultured in cell media in the presence or absence of 4.0
mM Gln. Cell viability was measured every 24 hours for 7 days total (n=3).
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3.2.4. Glutaminase-1 Inhibitor CB-839 Blocks Mitochondrial Respiration and Enhances
Crflz-Induced Cell Death in MM Cells
Given the increased reliance of PI resistant MM cells on mitochondrial respiration,
and the critical role of glutamine for cellular respiration, we reasoned that inhibition of
glutamine metabolism was a rational molecular strategy for the treatment of PI resistant
MM. To target glutamine metabolism, we used the glutaminase 1 inhibitor, CB-839 (Figure
3.7A). We found that treatment with CB-839 significantly repressed OCR in PI resistant
cells (Figure 3.7B). Treatment with CB-839 for 72 hours reduced the viability of both PI
sensitive and resistant cells. PI resistant MM.1S BzR and U266 BzR cells were more
sensitive to single agent CB-839 with EC50 values that were significantly lower than those
observed for parental/sensitive MM.1S and U266 cells (Figure 3.7C). The effects of CB839 on cell viability were inversely proportional to the concentrations of glutamine in
culture. For example, CB-839 showed more potent cytotoxic effects in the presence of 0.4
mM, which is representative of the physiological glutamine levels,192 compared to 4.0 mM
glutamine (Figure 3.7C).

Figure 3.7. CB-839 inhibits mitochondrial respiration. (A) Structure of CB-839. (B) MM.1S BzR
cells were treated with vehicle control (DMSO) or CB-839 (5 μM) for 16 hours. Mitochondrial
respiration oxygen consumption rate (OCR) was quantified (n=3). (C) The indicated cells lines were
treated with a dose range of CB-839 in media containing 4.0 mM glutamine (left) or 0.4 mM
glutamine (right). Cell viability was measured after 72 hours of treatment. CB-839 EC50 values for
each of the indicated cell lines are shown. Statistical significance was determined by student’s ttest (*p<0.05, n=3).
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To test for potential synergy between CB-839 and PIs, we then treated PI resistant
cells with a fixed concentration of CB-839 (5 μM) and a dose range of Btz, Crflz, ixazomib
(Ixaz), and oprozomib (Oproz). CB-839 synergistically enhanced the activity of all PIs
(Figure 3.8A-B), but the most dramatic effect was observed when CB-839 was combined
with Crflz with doses as low as 156 nM CB-839. Note that the effect of 5 M CB-839 alone
after 24 hours of treatment was negligible (Figure 3.8C), and therefore the leftward shift
of the Crflz dose response curve is indicative of a synergistic interaction between the two
drugs. These findings were validated using a panel of 16 PI resistant and sensitive
genetically diverse MM cell lines. The magnitude of synergy between CB-839 and Crflz
ranged from 2- to 4-fold (Figure 3.8D, Table 3.3). In MM.1S BzR cells, for example, cotreatment with CB-839 reduced the EC50 for Crflz from 42.3 nM to 10.2 nM, an approximate
4-fold increase in sensitivity. We also evaluated the effects of CB-839 on Crflz sensitivity
in a panel of normal human primary cells and cell lines. CB-839 increased the sensitivity
of primary normal human peripheral blood mononuclear cells (PBMCs) and lymphocytes
(white blood cells) while decreasing (a.k.a. protecting) fibroblastic cell lines (HEK, MEF,
Wi38, and NIH3T3) from the cytotoxic effects of Crflz. Together, these data demonstrate
that CB-839 effectively inhibits glutamine metabolism and mitochondrial respiration rates,
two critical bioenergetic components of PI resistant MM cells. The data further show that
CB-839 synergizes with PIs, particularly Crflz, enhancing their cytotoxic activity in both PI
sensitive and resistant MM cells.
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Figure 3.8. CB-839 synergistically enhances PI-induced cytotoxicity in MM cells. (A) MM.1S
BzR cells were treated with a dose range of 8 concentrations of the indicated PIs (Crflz: carfilzomib;
Btz: bortezomib; Ixa: ixazomib; Oproz: oprozomib) in the presence or absence of CB-839 (5 μM)
for 24 hours (n=3). Viability was normalized to the relative luminescent unit (RLU) values in the
absence of the PI to account for cell death induced by CB-839 alone. Thus, separation of the curves
indicates synergistic drug interaction. (B) EC50 values were extrapolated from each dose response
curve. Data are represented as relative PI sensitivity (left), where an increase in sensitivity is
indicative of a reduction in the absolute EC50 of PI. The EC50 of Crflz at each dose of CB-839 is
shown (right; n=3). (C) MM.1S BzR cells were treated with DMSO or CB-839 (5 μM) for 24 hours.
Cell viability is shown here (p=0.144, n=12). (D) A panel of PI resistant and sensitive MM cells (in
red) and normal human primary cells and fibroblast cell lines (gray) were treated with an 8-dose
range of Crflz in the presence or absence of CB-839 (5 μM) for 24 hours.
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Table 3.3. Crflz EC50 values in MM and normal cells. Cell lines
were treated for 24 hours with a dose range of carfilzomib (Crflz) in
the presence or absence of 5 μM CB-839. The EC50 value was
calculated and is reported here along with fold change (n=12).
Crflz EC50
Crflz + CB-839
Fold
Cell Line
(nM)
EC50 (nM)
Change
U266
26.2
7.70
3.5
OPM2
39.5
12.6
3.2
RPMI8226
15.0
5.80
2.9
MM.1S BzR
37.4
14.5
2.6
MM.1S
5.60
2.30
2.5
595sp
71.1
31.9
2.2
ANBL6
16.6
8.30
2.0
ANBL6-Vec
22.5
14.8
1.5
RPMI8226.BzR
51.1
39.2
1.3
KMS12 BM
52.6
42.1
1.3
H929
3.20
2.60
1.3
U266 BzR
17.8
16.1
1.1
KMS12 PE
13.0
11.9
1.1
KMS11
20.7
21.2
1.0
595sp BzR
8859.0
11522.0
-1.2
ANBL6-NRAS
10.7
18.7
-1.4
PBMC
35.5
12.3
2.9
WBC
33.1
21.8
1.5
HEK
467.9
570.5
-1.2
MEF
587.2
1231.0
-1.3
Wi38
79.2
156.8
-1.5
NIH/3T3
211.2
5183.0
-1.8

3.2.5. CB-839 Enhances Crflz-Induced Apoptosis and ER Stress
We next set out to characterize the molecular effects underlying the synergistic
interaction between CB-839 and Crflz. We first examined the effects of CB-839 on Crflzinduced apoptosis. Using a bioluminescence-based assay that measures the activity of
caspase-3 and caspase-7, two executioner caspases in the apoptotic cascade, we found
that CB-839 significantly increased Crflz-induced apoptosis in PI resistant MM.1S BzR
cells (Figure 3.9A). Note the addition of the pan caspase inhibitor, Z-VAD-FMK, nearly
completely reversed the cytotoxic effects of the CB-839 and Crflz combination, confirming
a predominant role of apoptotic cell death in the synergy between CB-839 and Crflz.
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Furthermore, we found that CB-839 increased the proteolytic processing (a.k.a. activation)
of apoptotic mediators caspase-3 and caspase-8 and enhanced the proteolysis of the
caspase-3 substrate PARP (Figure 3.9B). CB-839 had no effect on the ability of Crflz to
inhibit the 26S proteasome, suggesting that the synergy between the two agents was not
due to effects on cellular drug transporters such as ABCB1, which has been shown by
others to contribute to Crflz resistance.102,171 Evidence for this is that we observed nearly
identical levels of Crflz-induced inhibition of the 26S chymotrypsin-like activity in MM cells
in the presence or absence of CB-839 (Figure 3.9C). The synergy between CB-839 and
Crflz also appeared to be independent of effects on cellular redox biology. Glutamate, the
metabolite of GLS1 activity, is one of the amino acid building blocks used in the synthesis
of glutathione (GSH), a critical regulator of cellular redox biology. This led us to
hypothesize that CB-839 might reduce GSH and impair redox homeostasis, thus making
cells more susceptible to the cytotoxic effects of Crflz. To test this hypothesis, we
supplemented the cells with excess amounts of GSH in the form of a cell permeable GSH
ethyl ester (GSH-EE). Treatment with GSH-EE was unable to reverse the synergy
between CB-839 and Crflz (Figure 3.9D), demonstrating that the PI-sensitizing effects of
CB-839 were independent of effects on GSH and redox.
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Figure 3.9. CB-839 synergistically enhances Crflz-induced apoptosis. (A) MM.1S BzR cells
were treated with an 8-dose range of carfilzomib (Crflz) in the presence or absence of 5 μM CB839. Caspase-3 and -7 activity was measured after 16 hours (left) and cell viability was measured
after 24 hours (right). The pan caspase inhibitor Z-VAD-FMK (20 μM) was added 1 hour before
Crflz and CB-839. (B) MM.1S BzR cells were treated with DMSO (control), Crflz (20 nM), CB-839
(5 μM), or the combination for 16 hours. Western blots are shown (arrows indicate cleaved bands;
Casp3: caspase-3, Casp8: caspase-8). (C) Chymotrypsin-like (CT-L) activity was measured in
MM.1S BzR cells treated with an 8-dose range of Crflz in the presence or absence of 5 μM CB-839
for 24 hours. CT-L activity of the 26S proteasome is shown (n=3). (D) MM.1S BzR cells were treated
with an 8-dose range of Crflz in the presence or absence of 5 μM CB-839 and/or glutathione ethyl
esterase (GSH-EE, 2 mM) for 24 hours. Cell viability data is shown (n=6).

One of the molecular effects of proteasome inhibition is the accumulation of
proteins within the cell, leading to the induction of the unfolded protein response (UPR)
and ER stress. MM plasma cells, which are professional secretory cells charged with the
mass production of large immunoglobulin proteins, are particularly sensitive to disruptions
in cellular protein turnover and ER homeostasis. We therefore next investigated the effects
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of CB-839 on Crflz-induced ER stress signaling. In PI resistant cells (MM.1S BzR, RPMI8226 BzR, and U266 BzR) we found that Crflz treatment alone induced only a modest
time-dependent increase in the ER stress markers ATF4 and CHOP. However, cotreatment with CB-839 substantially increased the magnitude of ER stress pathway
induction in both cell lines (Figure 3.10A). The combination of CB-839 and Crflz strongly
induced eIF2 phosphorylation (a.k.a. activation) along with ATF4 and CHOP
upregulation, we did not detect significant differences in XBP-1 splicing or ATF6 induction
(Figure 3.10B), suggesting that the PERK-eIF2-ATF4-CHOP axis is the critical arm of
the ER stress response activated by CB-839 and Crflz combinations. ER stress markers
were strongly induced by glutamine withdrawal alone in RPMI-8226 BzR cells; however,
those levels were not potentiated by the addition of Crflz as was observed with CB-839
treatment. Interestingly, we found that the effects of CB-839 were not recapitulated by
glutamine deprivation, as glutamine withdrawal from the cell media had no effect on Crflzinduced ER stress pathway signaling (Figure 3.10A). Furthermore, glutamine deprivation
was unable to enhance the cytotoxic effects of Crflz (Figure 3.10C), drawing a further
distinction between inhibition of glutamine metabolism by glutaminase 1 using CB-839
and the partial or complete removal of glutamine from the cell culture conditions. These
results demonstrate that CB-839 synergistically enhances Crflz-induced apoptosis and ER
stress signaling, providing a mechanistic explanation for the synergistic cytotoxic effects
of this drug combination.
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Figure 3.10. CB-839 synergistically enhances Crflz-induced ER stress. (A) Cell lines were
treated for the indicated time with Crflz (20 nM) alone or in combination with 5 μM CB-839 for 16
hours. For comparison, similar experiments were conducted in media containing or lacking 4 mM
glutamine. Western blots are shown. (B) RPMI-8226 BzR cells were treated for the indicated time
with 20 nM Crflz alone or in combination with 5 μM CB-839. Western blots are shown. (C) MM.1S
BzR cells (top) and U266 BzR cells (bottom) were treated with an 8-dose range of Crflz in media
containing varying concentrations of glutamine for 24 hours. Cell viability data are shown.
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3.3. Discussion
MM remains an incurable disease, emphasizing the need for additional therapies
towards the goal of curability. A rational approach to new drug discovery programs is to
develop therapeutics that enhance or restore the activity of FDA approved standard of
care agents. Previous approaches for enhancing PIs in multiple myeloma have been
attempted with cannabinoids,193 inhibitors of anti-apoptotic mediators,194 and histone
deacetylase inhibitors.195 The strategy we have taken is to use isogenic cell models of PI
resistance,196 as PIs are the cornerstone MM agents for which resistance invariably
develops. Isogenic models offer the opportunity to uncover potentially novel mechanisms
that confer resistance as well as to provide a platform for cell-based drug screening for
chemical structures that restore or enhance the activity of PIs in resistant MM cells.
In this study we show a major adaptation that characterizes PI resistant MM cells
is an increased capacity and reliance on mitochondrial respiration for energy production,
which appears to be the result of increased mitochondrial biomass. Our clinical data sets
further support our cell model data, as MM patients that failed to respond to a Btz-based
treatment regimen were found by proteomic profiling to express significantly higher levels
of mitochondrial biomarkers compared to responders. Having uncovered this
mitochondrial-centric bioenergetics program of PI resistant cells, we set out to target
mitochondrial respiration for therapeutic gain. We found that glutamine was the critical fuel
source driving mitochondrial respiration in MM cells, making glutamine metabolism a
rational target for resensitizing cells to PIs. To accomplish this, we employed the clinical
stage GLS1 specific inhibitor, CB-839. In a phase 1 dose escalation trial, CB-839 was well
tolerated as a monotherapy in advanced MM patients.185 Safety and tolerability were the
primary endpoints of this study, but preliminary efficacy as a single agent was limited to
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long-term stable disease, suggesting that CB-839 might be most effective in combination
with other anti-MM agents. However, it is not clear which standard of care MM agents are
best suited for combination with CB-839.
Our work identifies the specific use of CB-839 in combination with PIs. CB-839
exhibited varying degrees of synergy with the four PIs that we tested (i.e., Btz, Crflz, Ixa,
Oproz), however the synergy was most potent and markedly superior in combination with
Crflz. Therefore, this study has translational implications, suggesting that the combination
of CB-839 and Crflz may be highly efficacious in MM patients, including those that are
refractory to PIs.
It is not clear how increased mitochondrial respiration provides a selective
advantage that confers resistance to PI therapy. However, others have recently reported
similar findings using independent MM cell models of PI resistance, suggesting that this
is a critical adaptation. For example, Soriano and colleagues showed similar increases in
mitochondrial respiration and cellular OCR in Btz and Crflz resistant Amo-1 MM cells.171
On the surface, our findings seem to conflict with the Warburg hypothesis, which originally
described the preferential utilization of glycolysis over mitochondrial respiration by cancer
cells.61,197 A major distinction is that our study focused specifically on treating resistant
cancer cells. So, while it is true that cancer cells exhibit higher rates of glycolysis than
normal cells, within heterogenous tumor cell populations, the cells with the highest
respiration rates may be those that give rise to subpopulations of treatment-acquired
refractory disease. In fact, this observation has been reported in other tumor models of
therapeutic resistance as well, and was deemed a potential “chink in the armor” of
relapsed and refractory cancer.198
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One possible explanation is that this divergent bioenergetic program, which relies
more heavily on mitochondrial respiration for the generation of ATP, is more versatile and
efficient, providing a survival advantage to MM cells in the face of therapeutic-induced
stress. A second hypothesis we would propose is explained by the theory of hormesis, a
process of adaptation to stress that has been shown to provide a survival advantage to
cells and organisms.199-202 The hormesis paradigm explains that periods of low-level stress
trigger cytoprotective adaptations that protect cells or organisms against further stress.
The common low-level stressor in these models was reactive oxygen species (ROS). The
vast majority of cellular ROS are generated by the process of oxidative phosphorylation
within the mitochondria. As higher rates of respiration in PI resistant MM cells are likely to
increase ROS byproducts, it is conceivable that these cells have been forced to adapt to
increased basal levels of oxidative stress, and those adaptations provide protection from
PI-induced cell death.
We made the interesting and perhaps unexpected observation that CB-839
treatment and glutamine deprivation do not phenocopy each other in terms of their impact
on Crflz-induced cell death and activation of the ER stress pathway. While previous
studies investigating the effects of CB-839 have demonstrated similar activity between
CB-839 treatment and glutamine deprivation in cancer cells,177,190,203 our study differs
fundamentally in that we were specifically investigating the activity of CB-839 in
combination with PIs. We speculate that CB-839 induces a specific set of molecular effects
that diverges from those induced by withdrawing all or part of glutamine from cells. In
support of this, previous studies by others have also reported differences between CB839 treatment and glutamine withdrawal in the context of synergy with the Bcl-2 inhibitor
venetoclax.204 Inhibition of GLS blocks the metabolism of glutamine to glutamate, which is
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then used in the mitochondrial TCA cycle for the synthesis of glutathione and the synthesis
of other amino acids. However, the cell is also able to utilize glutamine directly without first
converting it to glutamate (i.e., GLS-independent glutamine utilization). For example,
glutamine is used directly as a building block in the de novo synthesis of purine and
pyrimidine nucleotides,205 and in the hexosamine biosynthesis pathway that produces
uridine diphosphate N-acetylglucosamine for support of protein glycosylation, folding, and
trafficking.206
We therefore conclude that the PI sensitizing activity of CB-839 derives from
specific molecular events associated with inhibiting the metabolism of glutamine to
glutamate while conserving the GLS independent cellular utilization of glutamine. Future
studies identifying metabolite profiles specific to CB-839 treatment but distinct from
glutamine deprivation may yield a more complete mechanistic understanding of the antiMM efficacy of CB-839 and PI combination therapy, and may produce metabolite
biomarkers for predicting a positive clinical response to GLS inhibitors in MM.
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Chapter 4
Protein Disulfide Isomerase Inhibitors Potentiate the Anti-tumor
Activity of Histone Deacetylase Inhibitors
This chapter has been modified from the following manuscript in revision:
Duncan RM, Reyes L, Moats K, Robinson RM, Murphy S, Kaur B, Stessman HAF, Dolloff
NG. ATF3 coordinates anti-tumor synergy between epigenetic drugs and protein disulfide
isomerase inhibitors. Cancer Research. Submitted December 31, 2019.

4.1. Introduction
Changes in the epigenetic landscape are underlying hallmarks of cancer. Silencing
of tumor suppressor genes via global changes in histone acetylation and DNA methylation
are examples of epigenetic alterations that are observed early in tumorigenesis.207-209
Epigenetic regulation involves a complex interplay between multiple classes of enzymes,
DNA binding elements, transcriptional co-factors, and posttranslational modifications that
affect chromatin structure. Therapeutic platforms targeting epigenetic regulators have
evolved in parallel with our increased understanding of this field. Emerging drug classes
include DNA methyltransferase inhibitors, histone deacetylase inhibitors (HDACi),
BET/bromodomain inhibitors, lysine specific demethylase 1 inhibitors, and others.
Epigenetic targets have proven druggable with potent, specific, and isoform selective
small molecules.210 Some of these agents are FDA approved while others are in clinical
trials for cancer and other diseases. However, despite the emergence of promising
epigenetic drug candidates, few have translated into successful clinical programs. HDACi
are perhaps the most successful to date with four drugs (panobinostat/FARYDAK,
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vorinostat/ZOLINZA, romidepsin/ISTODAX, and belinostat/BELEODAQ®) receiving
approval for the treatment of cutaneous and peripheral T-cell lymphoma (CTCL and PTCL)
and multiple myeloma (MM).211-213 Aside from their efficacy in CTCL, PTCL, and MM,
which account for less than 1% of all cancers,214 HDACi remain largely ineffective in other
cancer types, particularly solid tumors.
Therapeutic resistance to HDACi monotherapy has been implicated in several
disease types, and a variety of molecular mechanisms that confer resistance have been
reported. These include hyperactivation of the LIFR-JAK1-STAT3 anti-apoptotic
cascade,215 dysregulation of histone deacetylase (HDAC) proteins,216 protective NF-κB
signaling,217 and disruptions in redox homeostasis.218 The most effective use of HDACi
appears to be in combination therapy.216,219 However, it is unclear which combinations will
be most effective nor is there a precise molecular understanding for how to potentiate the
effects of HDACi.
Protein disulfide isomerase (PDI) inhibitors are an emerging class of anti-tumor
agent. The overall function of PDI family members is to coordinate oxidative protein folding
in the endoplasmic reticulum. PDI isoforms share a common thioredoxin-like catalytic
redox center consisting of pairs of reactive cysteines that catalyze disulfide bridge
formation and isomerization between thiol groups of newly synthesized polypeptides. As
PDI utilizes redox chemistry to regulate protein folding, it serves a bifunctional role as
mediator of both protein and redox homeostasis. Proteotoxic and oxidative stress are
recognized as phenotypic hallmarks of cancer cells and are heightened in a wide range of
cancer types.220 Therefore, the unique dual role PDI plays as a mediator of both
proteotoxic and oxidative stress coupled with the fact that PDI isoforms have been linked
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to poor prognosis and resistance to therapy in several cancer types make this family an
appealing oncology drug target.59,221
In the present study we used combination drug library screening and uncovered a
highly synergistic combination between our novel PDI inhibitor candidate E64FC26117,118
and HDACi. Synergy was evident in hematological as well as solid tumor cells and was
remarkably high in some cases, potentiating the effects of HDACi by >200-fold. We
demonstrate the preclinical potential of this novel combination in multiple tumor types,
including glioblastoma and pancreatic cancer, which are two of the deadliest forms of
cancer, carrying dismal 5-year survival rates of less than 10%.222 We propose this new
strategy as a means to maximize the potential of PDI inhibitors in future translational
clinical studies and to rescue previously unrealized anti-tumor activity of HDACi in
therapeutic resistant malignancies.

4.2. Results
4.2.1. E64FC26 Potentiates the Anti-tumor Effects of HDAC Inhibitors
In this study we screened for synergistic combinations between PDI inhibitor
E64FC26 (Figure 4.1A) and FDA approved cancer agents by screening the NCI Approved
Oncology Drug Set of ~150 FDA approved oncology drugs. The set includes DNA
damaging agents, hormone antagonists, kinase inhibitors, HDAC inhibitors, PARP
inhibitors, proteasome inhibitors, and others. We conducted combination screening in cell
lines from pancreatic cancer (PANC-1), glioblastoma (T98G), ovarian cancer (SKOV3),
and AML (MV4-11) using a phenotypic screening approach similar to the one we reported
previously,117,196 where synergy is calculated using the schema illustrated in Figure 4.1B.
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Figure 4.1. Screening schema. (A) Structure of PDI inhibitor E64FC26. (B) Schema illustrating
how the NCI Approved Oncology Drug Set VIII was screened and how the combination index
score (C.I.) was calculated.

The screening returned seven positive hits that were synergistic with 1 µM
E64FC26 in all cell lines. Notably, these drugs represented only two mechanistic classes:
proteasome inhibitors (PI) and HDACi. PIs were expected, given our previous work in
MM,117,118 and all three inhibitors in the set (bortezomib, carfilzomib, and ixazomib) were
positive hits. HDACi demonstrated the greatest synergy, and all four HDACi in the set
(vorinostat, belinostat, panobinostat, and romidepsin) were positive hits (Figure 4.2).
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Figure 4.2. Synergistic hits in PANC-1 and T98G cells. Cells were treated for 48 hours with 1
µM E64FC26 and the indicated drug. Combination index scores less than 1.0 are indicative of
synergistic potential.

Validation experiments with expanded dose curves revealed remarkably high
synergy between E64FC26 and HDACi. For example, in pancreatic cancer cells, E64FC26
reduced the panobinostat EC50 from 1,200 nM to 5 nM, a 240-fold increase in sensitivity,
and potentiated vorinostat by 24.5-fold in T98G cells, reducing the EC50 from 13 M to
0.53 M (Figure 4.3A). Synergy was further demonstrated and quantified using dose
matrices and isobologram analyses (Figure 4.3B-C). Gemcitabine and temozolomide,
which are standard-of-care agents in pancreatic cancer and glioblastoma, respectively,
are included for comparison to show a general lack of anti-tumor activity as single agents
and an absence of synergy with E64FC26.
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Figure 4.3. E64FC26 potentiates the activity of HDACi. (A) Representative cell viability response
curves of PANC-1 cells treated with panobinostat and T98G cells treated with vorinostat alone or
in combination with 1 µM E64FC26 for 48 hours (n=3). Viability was normalized to the RLU values
in the absence of the HDACi to account for cell death induced by E64FC26 alone. Thus, separation
of the curves indicates synergistic drug interaction. (B) Isobolograms of PANC-1 cells treated with
E64FC26 in combination with panobinostat (top) or gemcitabine (bottom) and (C) T98G cells
treated with E64FC26 in combination with panobinostat (top) or temozolomide (bottom; n=3). The
dotted line represents a combination index score of 1.0. Curves that fall below the dotted line are
indicative of synergy. Numbers inside the boxes represent cell viability (%) at the specified drug
doses.

Greater than 10-fold synergy was observed with other pan-HDACi (belinostat) and
class I HDAC selective inhibitors (romidepsin, entinostat, LP-411).223 Synergy with HDAC6
selective inhibitors (tubastatin A and ricolinostat) was also observed, albeit to a lesser
extent than the other HDACi. We detected significant enhancement of BET/bromodomain
inhibitors (JQ1, mivebresib, birabresib, and IBET151). However, we did not detect any
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synergy between E64FC26 and the demethylating agent 5-Azacytidine, the EZH2 inhibitor
tazemetostat, or the lysine specific demethylase 1 inhibitor GSK-LSD1 (Figure 4.4A-B),
which shows that indene PDI inhibitors specifically enhance HDACi but not necessarily all
epigenetic drug classes.

Figure 4.4. E64FC26 potentiation is specific to HDAC and bromodomain inhibitors. (A) EC50
values of PANC-1 cells and (B) T98G cells treated with various epigenetic protein inhibitors alone
or in combination with 1 µM E64FC26 (Pano: panobinostat, Vorino: vorinostat, Romi: romidepsin,
Belino: belinostat, Rico: ricolinostat, Tuba: tubastatin A, Entino: entinostat, 5-Aza: 5-azacytadine,
Taz: tazemetostat). EC50 values were calculated from 3 individual 8-dose curves.

We broadened the screening to include panels of pancreatic cancer and
glioblastoma cell lines as well as ovarian, colorectal, and neuroblastoma and panels of
cells of hematological origin including MM, mantle cell lymphoma, CTCL, and AML.
E64FC26 showed single agent anti-tumor activity across many tumor types (Figure 4.5AB) and broad synergy with HDACi in both solid and hematological cancer cell lines (Figure
4.5C-E). Minimal sensitization was observed in normal cell types, and in some cases the
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interaction was antagonistic (a.k.a. protective; Figure 4.5C). The combination increased
pro-apoptotic signaling, as activation of caspase-3, 8, and 9 were detected, which was
inhibited with the addition of the pan-caspase inhibitor Z-VAD FMK (Figure 4.6).

Figure 4.5. E64FC26 potentiates HDACi across a variety of cell lines. (A) Waterfall plot showing
cell viability after treatment with 1 µM E64FC26 for 48 hours in solid tumor, (B) heme malignant,
and normal cell lines. (C) Waterfall plot showing the change in panobinostat (pano) sensitivity in
the presence of 1 µM E64FC26 for the specified solid tumor and normal cell lines. (D) Waterfall
plot showing the change in pano sensitivity in the presence of 500 nM E64FC26 for the indicated
heme malignant cell lines. The “Pano Potentiation” score was calculated by dividing the EC 50 for
pano in the absence of E64FC26 by the EC50 for pano in the presence of E64FC26. EC50 for each
cell line were extrapolated from independent 8-dose cell viability curves. Based on this equation, a
score above 1-fold is indicative of synergy.
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Figure 4.6. E64FC26 potentiates HDACi in an apoptotic-dependent manner. (A) Cells were
treated with a dose range of panobinostat (pano; 0-1 µM) for 16 hours in the presence or absence
of 1 µM E64FC26. The western blots for PANC-1 (left) and T98G cells (right) is shown here (Casp9:
caspase-9, Casp8: caspase-8, Casp3: caspase-3, CF: cleaved fragments). (B) The indicated cell
lines were treated with 1 µM E64FC26, 50 nM pano, 100 nM romidepsin (romi), or a combination
for 16 hours. Western blots are shown here. (C) PANC-1 cells were treated with 1 µM E64FC26,
50 nM pano, or the combination for 16 hours in the presence or absence of 40 µM Z-VAD FMK, a
pan-caspase inhibitor. The western blot is shown here.

4.2.2. In vivo Efficacy of PDI and HDAC Inhibitor Combinations in Models of Glioblastoma
Given the unmet need for new therapies in glioblastoma and the promising activity
of PDI and HDAC inhibitor combinations in panels of established human cell lines, we
decided to screen glioblastoma patient-derived neurospheres for similar activity. Using
neurosphere cultures from multiple primary patient-derived gliobastoma cells, we
observed significant synergy between panobinostat and E64FC26 and E64FC65, which
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like E64FC26, was highly synergistic with panobinostat in cellular assays (Figure 4.7A-B).
For example, in GBM12 neurospheres, PDI inhibition reduced panobinostat EC50 from 450
nM to less than 20 nM, a 22.5-fold increase in sensitivity (Figure 4.7C-D).
We next used the U87 glioblastoma subcutaneous xenograft model, given its
proven utility in published reports224-226 to evaluate PDI and HDACi anti-tumor activity. We
first conducted a single agent study with E64FC65 (intravenous, 15 mg/kg, 3x/week) to
optimize dosing and determine single agent efficacy. We demonstrated significant antitumor activity (p<0.0001) and greater necrosis in E64FC26 treated mice as defined by
H&E staining (Figure 4.8A-C). The single agent also displayed minimum toxicity in mice
(Figure 4.8B). Given the reduction in tumor growth we observed with single agent
E64FC65, we next conducted a combination study in U87 xenograft mice with a lower
dose of E64FC65 (intravenous, 10 mg/kg, 2x/week) and panobinostat. Panobinostat was
given 3x/week at 5 mg/kg (intraperitoneally), which is considered a low dose based on
reports in the literature using the U87 xenograft model.227 Low dose E64FC65 and
panobinostat monotherapies reduced tumor growth, although the effect did not reach
statistical significance (vehicle vs. E64FC65 p=0.0549 and vehicle vs. panobinostat
p=0.0685). The effect of the combination, on the other hand, was highly significant
compared to the vehicle (p=0.0002), E64FC65 alone (p=0.0069), and panobinostat alone
(p=0.0003; Figure 4.8D). The anti-tumor response we observed with the combination of
E64FC65 and panobinostat is comparable to the effects of standard of care agents such
as temozolomide and radiation therapy in the U87 model based on recent published
data.228-230 Notably, we maintained mice on the combination treatment regimen for 42 days
without signs of toxicity, demonstrating the tolerability and therapeutic index of the
combination regimen (Figure 4.8D).
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Figure 4.7. PDI and HDAC inhibitors synergize in patient-derived glioblastoma
neurospheres. (A) Comparison of E64FC26 (top) and E64FC65 (bottom) structures. Blue boxes
highlight the differences between the compounds. (B) PANC-1 and T98G cells were treated with a
dose range of panobinostat (pano) in the presence or absence of 1 µM E64FC65 for 48 hours
(n=6). (C) Primary patient glioblastoma neurospheres (GBM12 and GBM28) were treated with pano
in the presence or absence of 1 µM E64FC26, 1 µM E64FC65 for 48 hours. A representative cell
viability curve (left) and the change in EC50 values are shown (right). Statistical significance was
determined by Student’s t-test (n= 6). (D) Representative images of GBM12 neurospheres treated
with 1 µM E64FC65, 50 nM pano, the combination (65 + pano), or DMSO for 48 hours.
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Figure 4.8. E64FC65 and panobinostat reduce glioblastoma tumor growth. (A) U87
subcutaneous xenograft mice were treated with 15 mg/kg E64FC65 intravenously 3 times per week
starting at day 0. Tumors were measured with calipers by a blinded investigator (top) and weights
were recorded at time of dosing (bottom). Statistical significance was determined by two-way
ANOVA (n=10; p<0.0001). (B) Individual tumor measurements for each mouse. (C) Hematoxylin
and eosin staining from tumors collected on day 35. N designates necrotic region and arrow is
pointing to the live cells. (D) U87 subcutaneous xenograft mice were treated with 10 mg/kg
E64FC65 (65) intravenously 2 times per week, 5 mg/kg panobinostat (Pano) intraperitoneally 3
times per week, the combination (65 + Pano), or DMSO vehicle control. Statistical significance was
determined by student’s t-test comparing tumor volumes on day 35 (Vehicle vs. 65 p=0.0549;
Vehicle vs. Pano p=0.0685; 65 + Pano vs. Vehicle p=0.0002; 65 + Pano vs. E64FC65 p=0.0069;
65 + Pano vs. Pano p=0.0003). Vehicle n=10; Pano n=9; 65 n=10; 65 + Pano n=11. Weights were
recorded at time of dosing (right).
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4.3. Discussion
HDACi have been largely ineffective in solid tumors despite the role that
epigenetics play in tumor formation and progression. Pairing epigenetic drugs with select
agents in combination regimens has generated anti-tumor efficacy in hematological
cancers, although effective combinations in solid tumors have remained elusive.212,231,232
Some combination strategies have shown promise, including those with anti-angiogenic
agents in renal cell carcinoma and hepatocellular carcinoma or with hormonal therapy in
HER2-negative breast cancer.233-235 Here we present a previously uncharacterized
synergy between a new class of indene PDI inhibitors and HDACi. This combination was
effective across a broad range of hematological and solid tumors, including some of the
deadliest cancer types like glioblastoma and pancreatic cancer.
A potential challenge facing the clinical translation of this combination is that
HDACi have known dose-limiting toxicities.219,236 Pharmacodynamic studies suggest that
the current dosing level of HDACi at or near the maximum tolerated dose may not be
necessary, though. These studies have shown effective induction of HDACi
pharmacodynamic biomarkers at doses far below current prescribing practices.237,238 In
representative glioblastoma and pancreatic cancer cell models we show levels of synergy
between PDI and HDAC inhibitors ranging from 25- to 250-fold. Because of the
potentiation observed, we used a low dose and intermittent dosing schedule of
panobinostat in our preclinical glioblastoma mouse model and were able to demonstrate
efficacy and tolerability of the combination with our lead PDI inhibitor.
Our results reinforce the rationale for targeting epigenetics in cancer but suggest
that optimal combination regimens are required. If successful, these combinations have
the potential to bring forth previously unrealized anti-tumor efficacy of HDACi and may
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allow for reduced dosing to alleviate toxicity concerns. Additionally, as PDI inhibitors enter
clinical development, the identification of optimal combination regimens for first in human
studies will be critical. Therefore, pairing our novel class of PDI inhibitors with HDACi may
improve the likelihood of establishing proof of efficacy in pivotal early trials and offer an
innovative approach for treating therapeutic resistant malignancies.
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Chapter 5
ATF3 Coordinates the Anti-tumor Synergy Between
Epigenetic Drugs and Protein Disulfide Isomerase Inhibitors
This chapter has been modified from the following manuscript in revision:
Duncan RM, Reyes L, Moats K, Robinson RM, Murphy S, Kaur B, Stessman HAF, Dolloff
NG. ATF3 coordinates anti-tumor synergy between epigenetic drugs and protein disulfide
isomerase inhibitors. Cancer Research. Submitted December 31, 2019.

5.1. Introduction
Histone deacetylase (HDAC) proteins play an important role in the epigenetic
transcriptional regulation of eukaryotic cells. HDACs work in conjunction with histone
acetyl transferases (HATs) to modify chromatin structure and manage global transcription.
HATs catalyze the addition of acetyl groups to lysine residues on core histone tails and
nonhistone proteins while HDACs remove the acetyl moiety. HDAC inhibitors (HDACi; i.e.,
vorinostat/ZOLINZA®,

panobinostat/FARYDAK®,

belinostat/BELEODAQ®,

and

romidepsin/ISTODAX®) bind to the active site of HDAC proteins to inhibit their activity,
thereby resulting in the accumulation of acetylated histone and non-histone proteins
throughout the cell.239
The HDACi anti-tumor mechanism of action is not completely understood.
Analyses show global transcriptional changes across tumor types with various HDACi, but
the core set of gene changes tend to be involved in cell cycle regulation, apoptosis, and
DNA synthesis.240 Because HDACs also deacetylate nonhistone proteins, changes to
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protein function have been observed with HDACi treatment. For example, acetylation of
α-tubulin and heat shock protein 90 (HSP90) after treatment with HDACi have been shown
to disrupt pro-survival mechanisms.241 Effects on cellular proliferation vary across cell lines
with selectivity towards transformed tumor lines. This selectivity is thought to be attributed
to HDACi-mediated reactive oxygen species (ROS) generation and HDACi-driven
upregulation of death receptors and their corresponding ligands in cancer cells that basally
express low levels of thioredoxin.242,243
HDACi only benefit a minor fraction of all tumor types despite proven preclinical
anti-tumor activity. Development of resistance is of concern, as cells with high expression
of thioredoxin and peroxiredoxin proteins have been associated with clinical refractory and
resistant tumors.242,244 Other mechanisms of resistance include compensatory pathways
and upregulation of multi-drug resistant proteins (e.g., MDR1).215-217,245 Dose limiting
toxicities also restrict HDACi use in the clinic, with gastrointestinal toxicities being the most
common high grade adverse event observed followed by cardiac and metabolic events,
which all result in the reduction or cessation of HDACi treatment.236
Tumor heterogeneity influences therapeutic response across subpopulations.
Intrinsic and acquired variabilities make it difficult to effectively induce a complete antitumor response with single agents. Thus, pairing targeted agents with HDACi creates a
unique opportunity to impede adaptation strategies where a transient chromatin state is
acquired to protect tumor cells against drug lethality.246 HDACi have displayed synergy
with several classes of anti-tumor regimens including preclinical TRAIL-receptor agonists,
chemotherapeutic agents, proteasome inhibitors, and kinase inhibitors.244 These studies
indicate that HDACi offer effective utility in potentiating other targeted anti-tumor agents;
however, determining the most useful combination regimen remains a challenge.
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In previous studies we uncovered a highly synergistic interaction between HDACi
and our novel class of indene protein disulfide isomerase (PDI) inhibitors (Chapter 4). We
observed synergy across a variety of solid and hematological tumor cell lines and
demonstrated anti-tumor activity in a glioblastoma xenograft mouse model. In the present
study we set out to delineate the molecular mechanism guiding this combination regimen.
RNA-seq screening coupled with gene silencing studies identified ATF3 as the driver of
this anti-tumor synergy. ATF3 upregulation was initiated by PDI inhibitor-induced
endoplasmic reticulum (ER) stress and then further potentiated by HDACi-induced
chromatin remodeling. Thus, we establish ATF3 and its pro-apoptotic downstream
transcriptional program as a mechanistic pathway to enhancing epigenetic therapy.

5.2. Results
5.2.1. Synergy Between PDI and HDAC Inhibitors is ER Stress-Dependent
To investigate the molecular mechanism responsible for the synergy between PDI
and HDAC inhibitors, we first validated the role of PDI by silencing its gene target P4HB
(a.k.a. PDIA1). Similar to co-treatment with E64FC26, knockdown of P4HB expression
increased sensitivity to panobinostat (Figure 5.1A). P4HB knockdown further enhanced
the synergy between E64FC26 and HDACi. In addition, we found that other PDI inhibitors
reported in the literature (e.g., PACMA31) enhanced HDACi sensitivity (Figure 5.1B),148
further validating the molecular connection between PDI inhibition and HDACi
potentiation.
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Figure 5.1. E64FC26 effectively targets PDI. (A) PDIA1 was stably knocked down in PANC-1
cells. Cells were treated with panobinostat (pano) in the presence or absence of 1 µM E64FC26
for 48 hours. A representative cell viability curve (left) and the change in EC 50 values are shown
(right). Cell viability was normalized to the RLU values in the absence of pano to account for cell
death induced by PDI inhibition alone. Thus, separation of the curves indicates synergistic drug
interaction. Statistical significance was determined by Student’s t-test (n=6). (B) T98G cells were
treated with panobinostat in the presence or absence of 500 nM PACMA31 for 48 hours. A
representative cell viability curve (left) and the change in EC 50 values are shown (right; n=3).

In previous studies, inhibition of PDI by E64FC26 induced the accumulation of
large amounts of misfolded ubiquitinated proteins and a robust ER stress and oxidative
stress response in multiple myeloma (MM) cells.117,118 In solid tumor cell lines, single agent
treatment with E64FC26 led to increases in protein ubiquitination that appeared as high
molecular weight smears by western blotting and as dense perinuclear ubiquitin-positive
aggregates by confocal imaging (Figure 5.2A-B). We hypothesized that HDACi might be
potentiating E64FC26-induced proteotoxic stress by further increasing the accumulation
of misfolded poly-ubiquitinated proteins. This, however, did not appear to be the case, as
the combination with HDACi did not significantly increase global ubiquitination levels or
the size or number of ubiquitinated protein aggregates beyond what was induced by
E64FC26 alone in orthologous assays (Figure 5.2B-D).
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Figure 5.2. PDI inhibition causes the accumulation of misfolded proteins. (A) The indicated
cell lines were treated with 1 µM E64FC26 for 16 hours. Cells were fixed and stained with ubiquitinFITC, Hoechst 33342 (nucleus), and phalloidin (actin). Confocal images were taken with a 63x
objective at a 3x zoom. (B) The indicated cell lines were treated with 1 µM E64FC26 alone or in
combination with 50 nM panobinostat (pano) or 100 nM romidepsin (romi) for 16 hours. Western
blots for ubiquitination (Ub), acetylated lysine (Ac-Lysine), and acetylated α-tubulin (Ac-Tubulin)
are shown. (C) Confocal microscopy images of PANC-1 cells and (D) T98G cells treated with 1 µM
E64FC26 alone or in combination with 50 nM pano or 100 nM romi for 16 hours. Cells were stained
with ubiquitin-FITC and Hoechst 33342 (nucleus). The total area and the total number of
ubiquitinated aggregates per cell (Ub/cell) were calculated using IMARIS Microscopy Image
Analysis Software (Bitplane). Statistical significance was determined by Student’s t-test (n=12).

97

Synergy was also independent of the HDAC6 aggresome pathway. HDAC6 is a
class II selective HDAC protein that acetylates α-tubulin and binds poly-ubiquitinated
misfolded proteins to shuttle them into the lysosomal compartment for degradation as a
parallel pathway to the ubiquitin-proteasome system.161 In support of HDAC6
independence, we noted strong synergy with class I selective HDACi that do not inhibit
HDAC6 (e.g., romidepsin, entinostat, and LP-411; Figure 4.1E-F). Additionally, HDAC6flag overexpression failed to rescue cells from the effects of E64FC26 and HDACi
combinations despite showing deacetylase function (Figure 5.3).

Figure 5.3. PDI and HDAC inhibitor synergy is independent of HDAC6. (A) HDAC6-flag was
overexpressed in the indicated cell lines and treated with a dose range of panobinostat (pano; 0-1
µM) for 16 hours. The western blot is shown here (Ac-Tubulin: acetylated α-tubulin). (B) HDAC6flag was overexpressed in the indicated cell lines and treated with 1 µM E64FC26, 50 nM pano, or
the combination for 16 hours. The western blot is shown here (Ub: ubiquitin). (C) HDAC6-flag was
overexpressed in PANC-1 cells and treated with pano in the presence or absence of 1 µM E64FC26
for 48 hours. The cell viability curve is shown (OE: overexpression; n=3).
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Synergy was, however, dependent on ER stress signaling. Other ER stress
inducing agents, including tunicamycin and thapsigargin, enhanced the activity of
panobinostat (Figure 5.4A-B). Furthermore, treatment with the protein translation inhibitor,
cycloheximide, relieved most of the misfolded protein burden in cells and protected against
death caused by the combination of E64FC26 and panobinostat (Figure 5.4C-D),
suggesting that increased protein load is critical for PDI and HDAC inhibitor synergy. PDI
proteins use redox chemistry to catalyze oxidative protein folding in the ER; therefore, PDI
inhibition impacts redox homeostasis and causes oxidative stress. This has been
previously shown in MM cells.117 Here, the E64FC26 single agent significantly upregulated
Nrf2; however, differences in Nrf2 expression or translocation were not observed with the
addition of panobinostat (Figure 5.5A-B). Further, antioxidant compounds, Nacetylcysteine and β-mercaptoethanol, offered some cytoprotection from E64FC26 and
panobinostat-induced cell death (Figure 5.5C), indicating oxidative stress plays a role
upstream of the anti-tumor synergistic outcome, but appears to be an E64FC26 single
agent effect. Altogether, these data suggest that the potentiation of HDACi caused by PDI
inhibition is not caused by further disruption of protein folding or oxidative stress
specifically, but rather a convergence of ER stress and epigenetic signaling events
downstream of protein folding errors.
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Figure 5.4. PDI and HDACi synergy converges downstream of protein folding errors. (A)
PANC-1 and U87 cells were treated with panobinostat (pano) alone or in combination with 1 µM
E64FC26, 5 µM Tunicamycin (Tunica), or 5 µM Thapsigargin (Thapsi) for 48 hours for cell viability
assays or (B) 16 hours with 50 nM pano for western blot (Ub: ubiquitin). Statistical significance
determined by Student’s t-test (n=3). (C) T98G cells were treated with 1 µM E64FC26 and 50 nM
pano in the presence or absence of 0.5 µg/mL cycloheximide (CHX) for 16 hours. The western blot
is shown. (D) PANC-1 (left) and T98G cells (right) were treated with 1 µM E64FC26 (26) and/or 37
nM pano in the presence or absence of 0.5 µg/mL CHX. Cell viability is shown. Significance was
determined by Student’s t-test (p<0.001, n=3).
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Figure 5.5. PDI inhibition results in oxidative stress. (A) T98G (left) and (B) PANC-1 cells (right)
were treated with 1 µM E64FC26 in the presence or absence of 50 nM pano for 16 hours. The
western blots are shown with cytosolic and nuclear fractions for PANC-1 cells. (C) T98G cells were
treated with 1 µM E64FC26 and a dose range of pano +/- 1 mM N-acetylcysteine (NAC; top) or 100
µM β-mercaptoethanol (β-me; bottom) for 48 hours (n=6). (D) PANC-1 cells were treated with 1 µM
E64FC26 and a dose range of pano +/- 1 mM N-acetylcysteine (NAC; left) or 100 µM βmercaptoethanol (β-me; right) for 48 hours (n=3).

5.2.2. PDI and HDAC Inhibitors Induce ATF3, HERPUD1, and CHOP
HDACi alter chromatin structure and gene expression by increasing histone
acetylation.247,248 We hypothesized that HDACi-induced changes in chromatin topography
were enhancing pro-apoptotic transcriptional programs set in motion by PDI inhibition and
ER stress. To test this theory, we conducted comparative RNA-Seq profiling to identify
transcripts and pathways that were induced specifically by the combination. We used
multiple cell lines (PANC-1 and T98G) to identify critical pathways across cells from
different genetic backgrounds and tissues of origin. Cells were treated with an HDACi, PDI
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inhibitor, a combination of these two drugs, or a DMSO vehicle control in biological
triplicates and sequenced. Sample quality overall was high as assessed by TIN score
(RSeQC v3.0.1; median TIN among samples=54) and biological replicates clustered
tightly by transcriptional changes through principle component analysis (R v3.5).
Gene sets were screened using the decision tree outlined in Figure 5.6A. We
filtered transcripts with a p-value<0.05 for up- or downregulation at a threshold of log2(fold
change)>|3.5| and excluded lowly expressed transcripts that did not reach a detection limit
of FPKM>|10|. Relative to DMSO treated controls, the individual single agents and the
combination of these two drugs induced an RNA-Seq profile with varying degrees of
overlap (Figure 5.6B). PDI inhibition alone induced transcripts principally related to ER
stress and oxidative stress pathways, including GADD45A, ATF3, DDIT3, and HMOX1
(Figure 5.6C). Major repressed transcripts included ATF5 and TNS3. The gene sets
affected by single agent panobinostat varied widely between the two cell lines and were
not associated with any one pathway; however, a common subset of transcripts (i.e.,
DHRS2, PHOSPHO1, TUBB4A, SLC17A7, and others) were significantly upregulated in
both cell lines, and ATF5, JADE2, and TNS3 were commonly repressed (Figure 5.6C).
Most importantly, in the combination, we observed a gene set that was common to both
cell lines, and discovered that three of those gene transcripts, ATF3, HERPUD1, and
DDIT3 (gene encoding CHOP, C/EBP HOmologous Protein),

were upregulated

synergistically (Figure 5.6D).
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Figure 5.6. RNA-Seq reveals ATF3, CHOP, and HERPUD1 as downstream regulators of PDI
and HDAC inhibition. (A) Schema outlining the RNA-Seq decision tree used to filter for the most
significant transcripts. (B) T98G and PANC-1 cells were treated with 1 µM E64FC65, 50 nM
panobinostat (pano), the combination (combo), or DMSO vehicle control for 16 hours. RNA-Seq
was performed and the number of transcripts that significantly changed in each treatment condition
compared to DMSO alone are shown in the Venn Diagrams (adjusted p<0.05). (C) Transcripts were
filtered for Log2(fold change)>|3.5| and FPKM>|10| compared to DMSO alone. The number of
genes that fit these criteria after the indicated treatment is shown in the Venn Diagrams with the
top 5 transcripts in each treatment listed. (D) The most significant transcripts affected in both PANC1 and T98G cell lines as determined by the outlined criteria are shown in the heatmap.
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Results were confirmed by RT-qPCR (Figure 5.7A-B), western blotting (Figure
5.7C), and fluorescence confocal microscopy (Figure 5.8). ATF3, as an example, was
induced 16-fold by single agent E64FC26 and 3-fold by single agent panobinostat. A
purely additive interaction would produce an expected fold change of 19-fold; however,
we observed a highly synergistic 113-fold induction in the combination. Similar trends were
evident for HERPUD1 (3.7-fold expected versus 15-fold observed) and DDIT3 (9.9-fold
expected versus 28-fold observed). Synergy at the mRNA level translated into even more
dramatic differences at the protein level in response to both panobinostat combinations,
and combinations with a second HDACi, romidepsin (Figure 5.7C). These data implicate
ATF3, HERPUD1, and CHOP as potential mediators of the pro-apoptotic response to PDI
and HDAC inhibition.
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Figure 5.7. Confirmation of ATF3, CHOP, and HERPUD1 expression. (A) PANC-1 cells were
treated with 1 µM E64FC65, 50 nM panobinostat (pano), or the combination for 16 hours. RNA was
isolated and the fold change for mRNA expression is shown here. Statistical significance
determined by Student’s t-test (n=3). (B) The indicated cell lines were treated with 1 µM E64FC26,
50 nM pano, or the combination for 16 hours. RNA was isolated and the fold change for mRNA
expression is shown here. Statistical significance determined by Student’s t-test (n=9). (C) The
indicated cell lines were treated with 1 µM E64FC26 in the presence or absence of 50 nM pano or
100 nM romidepsin (romi) for 16 hours. Western blots are shown here.
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Figure 5.8. Confocal imaging of ATF3, CHOP, and HERPUD1. PANC-1 cells were treated with
50 nM panobinostat (pano), 1 µM E64FC26, or the combination for 16 hours. Cells were fixed and
stained with Hoechst 33342 (nucleus) and (A) ATF3, (B) CHOP with Alexa Fluor 647 secondary
antibody, or (C) HERPUD1 with Cy5 secondary antibody along with Phalloidin stain (actin).
Confocal images were taken with a 63x objective. Middle row shows cells at a 3x zoom.

5.2.3. ATF3 is the Key Driver of PDI and HDAC Inhibitor Synergy
We next set out to determine whether ATF3, HERPUD1, and CHOP were drivers
or passengers of the anti-tumor synergy between PDI and HDAC inhibitors. To accomplish
this, we used RNAi to inhibit their expression and evaluated the impact on the synergistic
phenotype. Knockdown of ATF3, using multiple lentiviral shRNA constructs nearly
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completely reversed E64FC26 potentiation of panobinostat in PANC-1 cells and partially
in T98G cells (Figure 5.9A-B). Likewise, ATF3 was critical for the apoptotic response, as
knockdown reduced activation of caspase-3 and -8 as well as PARP cleavage (Figure
5.9C). Overexpression of ATF3 caused increased sensitivity to PDI and HDAC inhibition
(Figure 5.9D). Knockdown of HERPUD1 and DDIT3, on the other hand, had no effect on
HDACi sensitization by E64FC26 in either cell line (Figure 5.10).

Figure 5.9. ATF3 knockdown disrupts the synergy between PDI and HDAC inhibitors. (A)
PANC-1 ATF3 knockdown cells were treated with 1 µM E64FC26 and 50 nM panobinostat (pano)
or DMSO for 16 hours. The western blot comparing ATF3 expression is shown (left). Cells were
treated with pano in the presence or absence of 1 µM E64FC26 for 48 hours. Cell viability curves
are shown (right; n=3). (B) Fold change of pano potentiation was calculated from PANC-1 (top)
and T98G (bottom) cell viability curves. Significance was determined by Student’s t-test (n=9). (C)
PANC-1 ATF3 knockdown cells were treated with 1 µM E64FC26 and 50 nM pano or DMSO for 16
hours. The western blot is shown here (Casp3: caspase-3; Casp8: caspase-8). Cleaved bands are
indicated by the arrow. (D) ATF3 was transiently overexpressed in PANC-1 cells. The western blot
is shown (left). Cells were treated with a dose range of pano in the presence or absence of 1 µM
E64FC26. The cell viability curve is shown here (right; n=3; OE: overexpression).
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Figure 5.10. CHOP and HERPUD1 are passengers in PDI and HDAC inhibitor synergy. (A)
PANC-1 CHOP knockdown cells were with 1 µM E64FC26 and 50 nM panobinostat (pano) or
DMSO for 16 hours. The western blot is shown (left). Cells were treated with pano in the presence
or absence of 1 µM E64FC26 for 48 hours. Cell viability curves are shown (right; n=3). (B) Fold
change of pano potentiation was calculated from PANC-1 (left) and T98G (right) cell viability curves.
Significance was determined by Student’s t-test (n=6). (C) PANC-1 HERPUD1 knockdown cells
were treated with 1 µM E64FC26 and 50 nM pano or DMSO for 16 hours. The western blot is
shown (left). Cells were treated with pano in the presence or absence of 1 µM E64FC26 for 48
hours. Cell viability curves are shown (right; n=3). (D) Fold change of pano potentiation was
calculated from PANC-1 (left) and T98G (right) cell viability curves. Significance was determined
by Student’s t-test (n=6).

In Figure 5.4A we observed robust expression of the canonical ER stress mediator
ATF4 upon E64FC26 and panobinostat treatment. However, ATF4 is primarily regulated
through translation, so it did not meet our RNA-Seq hit criteria of Log2(fold change)>|3.5|.
To understand the significance of ATF4 in the synergistic phenotype, we conducted ATF4
knockdown experiments. Similar to CHOP and HERPUD1, ATF4 knockdown showed no
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effect on PDI and HDAC inhibitor synergy (Figure 5.11A-B). Further, in cells with ATF3
knockdown, ATF4 induction was unaffected, suggesting that ATF4 and ATF3 function
independently but in parallel to each other in the context of PDI and HDAC inhibition
(Figure 5.11C). Altogether, these findings demonstrate an essential role of ATF3 in driving
the anti-tumor synergy between PDI and HDACi and suggests a dispensable or passenger
function for HERPUD1, ATF4, and CHOP.

Figure 5.11. PDI and HDAC inhibitor synergy is not dependent on ATF4. (A) PANC-1 ATF4
knockdown cells were treated for 16 hours with 1 µM E64FC26 and 50 nM panobinostat (pano)
and collected for western blot (left) or treated with a dose range of pano in the presence or absence
of 1 µM E64FC26 for 48 hours (right; n=3). (B) Fold change of pano potentiation was calculated
from PANC-1 (top) and T98G (bottom) cell viability curves. Significance was determined by
Student’s t-test (n=9). (C) PANC-1 (left) and T98G ATF3 knockdown cells (right) were treated for
16 hours with 1 µM E64FC26 and 50 nM pano. The western blot is shown here.
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Reports of ATF3 in the literature are sparse with some studies demonstrating
tumor suppressor function and others suggesting pro-tumorigenic roles.249-254 The function
of ATF3 in the context of cancer therapy, though also limited, points to a pro-apoptotic
function.255-257 Our data show a clear anti-tumor function of ATF3 within the specific
therapeutic framework of PDI and HDAC inhibitor therapy. To more completely understand
this role, we set out to characterize the downstream effects of ATF3. We conducted RNASeq in parallel with ATF3 knockdown to identify ATF3-dependent target genes following
PDI and HDAC inhibitor treatment. The combination induced an RNA-Seq profile with
several transcripts uniquely affected in ATF3 knockdown cells (Figure 5.12A). We filtered
the transcripts for a p-value>0.05, for up- or downregulation at a threshold of log2(fold
change)>|2.5| and excluded lowly expressed transcripts that did not reach a detection limit
of FPKM>|10|. Transcripts that met these stringent requirements are shown in the
heatmap (Figure 5.12B). Many of the transcript changes between control cells and ATF3
knockdown cells treated with the combination are implicated in ER stress, the unfolded
protein response, and endoplasmic reticulum-associated degradation (ERAD) pathways
(Figure 5.12C). These included multiple members of the heat shock protein 70 (HSP70)
family (HSPA6, HSPA1A, and HSPA1B) and the HSP40 family members DNAJB1 and
DNAJA4 (Figure 5.12B). RNA-Seq results for HSPA6 and DNAJB1, the two most
significant ATF3-dependent genes, were confirmed by RT-qPCR and western blotting
(Figure 5.13A-B). We then confirmed the functional role of HSPA6 and DNAJB1 in
mediating cell death following PDI and HDAC inhibition using RNAi (Figure 5.13C-D).
These data highlight a pro-apoptotic role for HSP40 and HSP70 downstream of ATF3 in
the context of PDI and HDAC inhibition.
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Figure 5.12. ATF3 induces the transcription of heat shock protein family members. (A)
PANC-1 ATF3 knockdown cells were treated with DMSO or 1 µM E64FC26 and 50 nM
panobinostat (combo) for 16 hours. RNA was extracted and RNA-seq performed. The Venn
Diagram shows the number of transcripts that changed significantly when comparing combo treated
cells to DMSO (adjusted p-value<0.05). (B) Transcripts were filtered for p-value>0.05, Log2(fold
change)>|2.5|, and FPKM>|10|. The heatmap shows expression (FPKM) of the significant
transcripts in shCTL and shATF3 cells. (C) The top 20 biological process affected by ATF3
knockdown according to the Gene Ontology database. The number in parentheses indicates the
number of genes in that specific pathway that significantly changed expression when comparing
shCTL treated cells to shATF3 treated cells (p<0.05). Scale is –log10(adjusted p-value).
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Figure 5.13. HSP40 and HSP70 are ATF3-dependent downstream of PDI and HDAC
inhibition. (A) PANC-1 ATF3 knockdown (ATF3sh3) and control cells (shCTL) were treated with
DMSO or 1 µM E64FC26 and 50 nM panobinostat (pano) for 16 hours. The western blot is shown.
(B) PANC-1 ATF3sh3 and shCTL cells were treated with 1 µM E64FC26 alone or in combination
with 50 nM pano for 16 hours. Graphs show the fold change in mRNA expression. Significance was
determined by Student’s t-test (n=3). (C) PANC-1 DNAJB1 cells were treated with DMSO or 1 µM
E64FC26 and 50 nM pano for 16 hours and collected for western blot (left). Fold change in pano
potentiation was calculated from cell viability curves (n=6; right). Significance was determined by
Student’s t-test. (D) PANC-1 HSPA6 cells were treated with 1 µM E64FC26, 50 nM pano, the
combination (26 + pano), or DMSO control for 16 hours. RNA was extracted and RT-qPCR
performed. Fold change in mRNA expression is shown (left; n=3). Fold change in pano potentiation
was calculated from cell viability curves (right; n=6). Significance was determined by Student’s ttest. (E) PANC-1 shCTL and ATF3sh3 cells were treated with DMSO or 1 µM E64FC26 and 50 nM
pano for 24 hours or heat shocked for 2 hours at 37ºC or 42ºC then collected for western blot
analysis. The western blot is shown here.
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5.2.4. HDAC Inhibitors Increase Acetylation of Histones Flanking the ATF3 Promoter
Transcriptionally active gene loci are associated with histone lysine residues with
specific acetylation marks, and HDACi are known to alter these acetylation patterns.215,258260

We hypothesized that ATF3 gene induction following PDI inhibition was being

potentiated by increased histone acetylation and transcriptional activation in the presence
of HDACi. To evaluate the acetylation status of histones surrounding the ATF3 promoter,
we performed chromatin immunoprecipitation (ChIP) assays with antibodies targeted to
acetylated histone 3 lysine 27 (H3K27-ac), histone 3 lysine 18 (H3K18-ac), and histone 3
lysine 9 (H3K9-ac), which are histone marks associated with active chromatin.258,259,261 We
found significant enrichment of H3K27-ac and H3K18-ac marks flanking the regulatory
regions upstream of the ATF3 transcription start site (Figure 5.14A), which contains two
well-defined promoter sites - “A” and “A1”, which is roughly 43 kb upstream of
“A”.165,166,262,263 Interestingly, we observed striking enrichment of H3K27-ac at Promoter
“A”, particularly with the combination treatment (p=0.001, n=12); whereas H3K18-ac
surrounded both promoter regions (p=0.001, n=6). By comparison, none of the treatments,
single agents or the combination altered the H3K9-ac status (Figure 5.14A).
To understand the functional consequence of histone acetylation flanking the ATF3
promoter regions, we conducted additional ChIP assays to evaluate the recruitment of
RNA polymerase II (RNA Pol II) to the ATF3 promoters. We found that single agent
E64FC26 led to RNA Pol II occupancy on both ATF3 promoters (Figure 5.14B), which is
consistent with previous reports demonstrating usage of both promoters following
induction of ER stress.165,166 Consistent with gene and protein expression analyses,
panobinostat alone failed to recruit RNA Pol II to the ATF3 promoter. Most notably, the
combination of E64FC26 with panobinostat led to a selective and significant increase in
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RNA Pol II occupancy at Promoter “A”, which closely matches the pattern of increased
histone acetylation around this specific promoter site (Figure 5.14C). Altogether, these
data demonstrate that HDACi alter the acetylation status of key histone residues
surrounding the ATF3 promoter region leading to enhanced RNA Pol II recruitment, ATF3
transcription, and the anti-tumor synergy of the combination.

Figure 5.14. Hyperacetylation surrounding the ATF3 promoter is associated with greater
RNA polymerase II occupancy. (A) Schematic showing the ATF3 gene. Black boxes represent
exons and white boxes represent promoters. Primers are indicated as P1, P2, and P3 (top). PANC1 cells were treated with 1 µM E64FC26, 50 nM panobinostat (pano), the combination (26 + pano),
or DMSO control for 16 hours. Chromatin was fragmented and incubated with an IgG control
antibody or acetylated histone 3 lysine 27 (H3K27-ac; n=12), H3K18-ac (n=6), H3K9-ac (n=12), or
(B) RNA polymerase II (RNA Pol II; n=9) antibody overnight. Co-immunoprecipitation (ChIP)
assays were performed. The percent input was calculated for each primer region by comparing the
change in expression as determined by the Double Delta CT method (2 -ΔΔCT) between samples that
incubated with primary antibody overnight and fragmented chromatin input samples. Statistical
significance was determined using Student’s t-test. (C) Schematic representing the histone
acetylation sites and RNA Pol II occupancy along the ATF3 gene.
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5.3. Discussion
In previous studies, we identified PDI inhibitors potentiate the effects of HDACi
(Chapter 4). Here, we demonstrate that mechanistically, PDI and HDAC inhibitor synergy
is driven by ATF3, which is a point of convergence downstream of protein folding errors
and epigenetic signaling events. ATF3 is a member of the CREB/ATF family of
transcription factors that acts as an adaptive response protein, regulating genes involved
in inflammation, cell cycle progression, cellular stress, and apoptosis.264 The outcome of
ATF3 transcriptional regulation appears to be both cell-type and stress-type dependent.
In oncogenesis, reports in the literature are conflicting with studies suggesting a protumorigenic role113,253,265 and others demonstrating a tumor suppressor function.266-269
There is more agreement on the role of ATF3 within the scope of response to therapy, as
studies overwhelmingly support an anti-tumor function,252,270-274 findings that are
consistent with our observations.
We propose the molecular model in Figure 5.15 whereby ATF3 is transcriptionally
upregulated in response to protein folding errors and ER stress that are induced by PDI
inhibition. In the presence of HDACi, we detect increased acetylation of histone lysine
residues (H3K27-ac and H3K18-ac) surrounding the ATF3 promoter region. These
acetylation events, which mark transcriptionally active chromatin, are associated with
increased RNA Pol II occupancy at the ATF3 promoters, heightened ATF3 transcription,
and a pro-apoptotic signaling cascade that also involves upregulation of HSP40 and
HSP70 gene family members DNAJB1 and HSPA6. To our knowledge, this is the first
characterization of an ATF3-HSP40/70 apoptotic signaling axis. Additional studies are
warranted to determine if this is a generalized apoptotic mechanism or one that is specific
to the unique combination of PDI and HDAC inhibitors.
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Figure 5.15. Schematic illustrating the hypothesized mechanism of synergy between PDI
and HDAC inhibitors.

We identified a relatively small and highly specific set of ATF3-dependent genes
belonging to HSP40 and HSP70 families. This was somewhat unexpected given that heat
shock proteins are thought to play a pro-survival function and maintain cellular
proteostasis by stabilizing protein folding. HSP40 family members (e.g., DNAJB1)
recognize and escort misfolded polypeptides to HSP70 proteins (e.g., HSPA6). This
association stimulates the ATPase function of HSP70 to refold proteins into their native
conformations.275-277 It is therefore not clear how heat shock proteins drive an anti-tumor
response.278 However, a major distinction is that our study is focused specifically within
the context of PDI and HDAC inhibition.
It is possible that heat shock proteins function differently in the face of different
forms of cellular stress. In support of this hypothesis, we observe different regulation of
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heat shock proteins following heat shock stress compared to combined treatment with PDI
and HDAC inhibitors. We found that HSP70 and DNAJB1 were induced independently of
ATF3 under heat stress compared to their ATF3-dependence following PDI and HDAC
inhibition (Figure 5.13E). A pro-apoptotic role for HSP70 where NF-kB signaling is
inhibited following TNF-α stimulation has been reported.279-285 Others have shown that
DNAJB1 and HSP70 stabilize caspase-activated DNase (CAD) and enhance its DNA
fragmentation function during T-cell receptor activation-dependent apoptosis.286 Future
studies are required to determine if these pro-apoptotic mechanisms contribute to the antitumor effects we report here.
Altogether, our study provides a novel combination strategy that enhances the antitumor efficacy of both HDAC and PDI inhibitors, classes of drugs that have either
performed poorly in the clinic or are emerging agents in oncology, respectively. Pancreatic
cancer and glioblastoma have some of the highest mortality rates among all cancers in
part caused by relapsed disease due to a general lack of efficacy from the current
standards of care. Even with the number of new agents in development, pancreatic cancer
remains in the top five most deadly and prominent cancers and glioblastoma survival rate
is only 11-15 months. Despite clinical trial failures, HDAC inhibition may be an active
mechanism in solid tumors, but one that requires amplification through combinations with
synergistic targeted therapies. Our findings support the use of PDI inhibitors to enhance
the anti-tumor activity of HDACi as well as support the use of this novel combination to
combat deadly malignancies such as glioblastoma and pancreatic cancer in the clinic.
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Chapter 6
Future Direction: SMAD4 Mutation Predicts Protein Disulfide Isomerase
Inhibitor Response in Pancreatic Ductal Adenocarcinoma

6.1. Introduction
In 2019, pancreatic ductal adenocarcinoma (PDAC) was one of the most frequently
diagnosed cancers.6 PDAC continues to be difficult to treat if not detected early. Surgical
resection followed by chemotherapy is the standard of care (e.g., gemcitabine, nabpaclitaxel, and 5-fluorouracil-based regimens); yet, only 10-20% of patients present with
resectable staged PDAC. The remaining cases exhibit regional and distant metastasis
yielding a 5-year survival rate of 3-10%.6,287 Patients initially responsive to chemotherapy
quickly become resistant as the cancer progresses.288 In these cases, few targeted
therapies exist and are reserved for stage IV tumors. However, these inhibitors show little
activity in tumors with KRAS, APC, TP53, CDKN2A, or SMAD4 mutations,108,289 which are
identified in nearly all advanced staged PDAC cases.290
The integration of molecular biomarkers for therapeutic response in drug
development is imperative for individualized cancer treatment. PDAC is considered an
immunologically “cold” disease due to lack of tumor immunogenicity and minimal immune
cell infiltration.291 Mismatch repair deficiency is rare,292 rendering immunotherapies such
as pembrolizumab/KEYTRUDA®, ipilimumab/YERVOY®, and nivolumab/OPDIVO®
ineffective. However, SMAD4 homozygous deletion or inactivating mutations occur in 20-
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50% of advanced PDAC cases.290,293 Literature supports SMAD4 loss of function
correlates with resistance to current therapies lending itself to shorter survival outcomes
and more aggressive carcinomas.289,294,295 Despite the poor prognosis accompanying
SMAD4 mutation, no approved therapy to date targets mutated SMAD4 or the disrupted
downstream signaling cascade.
Due to the exocrine function of the pancreas, protein disulfide isomerase (PDI)
proteins are essential for folding the heavy gastric enzyme load in acinar cells. PDI family
member, AGR2, is transcriptionally repressed by SMAD4.296 AGR2 is overexpressed in a
variety of SMAD4 mutant cancers and promotes tumor proliferation, invasiveness, and
metastasis.297 Previously, we identified a novel indene inhibitor, E64FC26, that targets
PDI family members.118 In Chapters 4 and 5, we uncovered evidence that our lead PDI
inhibitor, E64FC26, is potent in select PDAC cell lines. In this study, we explore the
potential role of SMAD4 mutation profiling to act as a predictive biomarker of anti-tumor
response to single agent E64FC26 in PDAC. This work will continue as a future direction
for our Investigational New Drug-staged inhibitor as it is entering clinical development and
supports the notion to use SMAD4 mutation profiling to stratify patients in clinical trials.

6.2. Results
6.2.1. Sensitivity to E64FC26 Correlates with SMAD4 Mutational Status
When screening for anti-tumor responses to our lead PDI inhibitor, E64FC26,
across cell lines with diverse genetic backgrounds, we discovered stark differences to PDI
inhibition. To discern the divergence, we first evaluated the mutational status of each
gastric cancer cell line based on established literature (Figure 6.1A).298,299 Interestingly,
SMAD4 mutant (SMAD4-Mut) cell lines carry a higher mutational load in the most
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commonly mutated PDAC and colorectal carcinoma (CRC) oncogenes compared to
SMAD4 wild type cells (SMAD4-WT; 3.4 vs 1.86 mutations, respectively), but no
correlation was detected between staging, gender, or compounded mutations (Figure
6.1A). SMAD4-Mut cell lines were significantly more sensitive to PDI inhibition (Figure
6.1B), and a significant positive correlation between SMAD4 protein expression and cell
viability was observed (Figure 6.1C), further validating the genetic connection between
SMAD4 mutation or deletion and PDI inhibitor sensitivity. Initial sensitivity screening was
based on short term cell viability assays. The long-term consequence of PDI inhibition
produced similar results. Colony formation in BxPC3 and Capan-1 SMAD4-Mut cell lines
was largely inhibited after 24-hour treatment with E64FC26 compared to MiaPaCa2 and
PANC-1 SMAD4-WT cell lines (Figure 6.1D). Together, these data indicate that sensitivity
to PDI inhibition stems from disruption of the SMAD4 signaling pathway.
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Figure 6.1. SMAD4 mutation correlates with E64FC26 sensitivity. (A) Mutations in each cell
line based on literature (blue boxes: mutation; white boxes: wild type). (B) Waterfall plot showing
the cell viability of various cell lines after treatment with 1 µM E64FC26 for 48 hours (left; n=9). Box
and whiskers plot representing the waterfall plot to compare SMAD4 wild type (SMAD4-WT) to
SMAD4 mutated (SMAD4-Mut) cell lines (right). Statistical significance determined by Student’s ttest. (C) Western blot showing the amount of SMAD4 protein present across cell lines (left). Band
density was calculated using ImageJ software and a correlation plot was made (right). Statistical
significance determined by Student’s t-test. (D) The indicated cell lines were treated with 1 µM
E64FC26 for 24 hours then plated for clonogenic assays. Representative wells are shown here.
Colonies were counted by a blinded investigator (n=3).
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6.2.2. Sensitivity to E64FC26 is Functionally Dependent on SMAD4 Inactivation
We next set out to validate the functional consequence of SMAD4 mutation or
homozygous deletion. To accomplish this, we used RNAi to inhibit SMAD4 expression
and evaluated the impact on PDI inhibitor sensitivity. Knockdown of SMAD4 using multiple
lentiviral shRNA constructs resulted in significant reduction in long-term colony formation
in PANC-1 clonogenic assays after 24-hour treatment with E64FC26 (Figure 6.2A-B).
Additionally, we observed greater sensitivity to 1 µM E64FC26 in HPAF-II spheroids after
72-hour treatment (Figure 6.2C-D). These results support the functional impact of SMAD4
inactivation in relation to PDI inhibitor anti-tumor activity.

Figure 6.2. SMAD4 knockdown increases E64FC26 sensitivity. (A) SMAD4 was stably knocked
down in PANC-1 cells. (B) PANC-1 SMAD4 knockdown cells were treated with 1 µM E64FC26 for
24 hours then plated for clonogenic assays. Representative wells are shown here. Colonies were
counted by a blinded investigator (n=3). (C) SMAD4 was stably knocked down in HPAF-II cells. (D)
HPAF-II SMAD4 knockdown cells were seeded for spheroid formation. After spheroids were 30-50
µm in size, they were treated for 72 hours with 1 µM E64FC26 (n=6).
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6.2.3. AGR2 Expression Correlates with E64FC26 Sensitivity
Literature supports AGR2 transcriptional repression by SMAD complexes
downstream of TGF-β signaling.296 We hypothesized that the correlation between SMAD4
expression and PDI inhibitor sensitivity was due to upregulation of AGR2, given AGR2 is
a PDI family member. To better understand this correlation, we evaluated AGR2
expression across various PDAC and CRC cell lines. SMAD4-Mut cells expressed
increased AGR2 expression at basal levels compared to SMAD4-WT cells as determined
by band densitometry (Figure 6.3A-B). We discovered a significant negative correlation
between AGR2 band density and E64FC26 anti-tumor activity (Figure 6.3B), indicating
that gastric cancer cell lines with greater AGR2 expression are more sensitive to PDI
inhibition. Interestingly, when we evaluated a different PDI family member, PDIA1,
expression did not correlate with SMAD4 mutational status or E64FC26 sensitivity (Figure
6.3C). This suggests that in the context of PDAC and CRC, sensitivity to E64FC26 is
dependent on SMAD4 repression of AGR2 and not on individual PDI family member
protein expression levels. Further, when we knockdown SMAD4 in multiple cell lines, we
observe AGR2 upregulation (Figure 6.3D). Taken together, these data demonstrate that
loss of SMAD4 results in increased AGR2 protein expression and may translate into the
functional consequences in cell viability that we observe with PDI inhibition.
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Figure 6.3. AGR2 expression correlates with E64FC26 sensitivity in cell lines. (A) Western
blot showing basal protein expression across cell lines. (B) Band density was calculated using
ImageJ software for AGR2 and (C) PDIA1. Correlation with SMAD4 mutational status (left) and
E64FC26 sensitivity (right) is shown. Statistical significance determined by Student’s t-test. (D)
Western blot showing protein expression in SMAD4 knockdown cell lines.
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6.3. Discussion
In Chapters 4 and 5, we identified varying degrees of sensitivity to single agent
E64FC26 across a genetically diverse panel of solid and hematological malignant cell
lines. Here, the discrepancy between sensitivity and resistance was evaluated. We
established a correlation between SMAD4 mutation or homozygous deletion and
E64FC26 sensitivity in PDAC and CRC cell lines. Knockdown of SMAD4 with RNAi in
PANC-1 and HPAF-II cells caused greater sensitivity to E64FC26, demonstrating a
functional role of SMAD4 in PDI inhibitor anti-tumor activity. Reports of SMAD4 mutation
in the literature implicate a pro-tumorigenic role in gastrointestinal cancers.295,300,301
SMAD4 signaling lies downstream of the canonical TGF-β pathway to
transcriptionally repress genes, and thus inhibit cellular proliferation. Mutated or
homozygous deleted SMAD4 cannot transcriptionally repress genes such as AGR2. The
lack of AGR2 repression by SMAD4 has been shown to promote tumor metastasis and
invasion,297 and the relationship between SMAD4 and AGR2 was confirmed in our study,
as SMAD4-Mut cell lines and SMAD4 knockdown cell lines exhibited increased AGR2
expression. AGR2 is a member of the PDI family that catalyzes protein folding and
disulfide bond isomerization within the ER. However, AGR2 is also secreted by the cell.297
The dual function of AGR2 is not well established; however, one study by Arumugam and
colleagues showed extracellular AGR2 binds to the LYPD3 receptor to promote PDAC
invasion, metastasis, and chemoresistance.302 Directly targeting extracellular AGR2 with
biologics have shown promising results in breast cancer, PDAC, and lung cancer
preclinical studies,302-304 but targeting both intracellular and extracellular AGR2 with a
small molecule may be more effective. Due to the limited inhibition of AGR2 protein folding
function with E64FC26 in enzymatic assays (data not shown), we hypothesize E64FC26
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is not affecting AGR2 protein folding capabilities, but rather AGR2 signaling, potentially by
preventing AGR2-LYPD3 binding. Future studies evaluating the functional consequence
of the SMAD4-AGR2-LYPD3 signaling axes are warranted as well as determining the
effectiveness of inhibiting both secreted AGR2 and intracellular, ER-residing AGR2 with
small molecule PDI inhibitors such as E64FC26.
An alternative hypothesis is that disrupted TGF-β signaling, AGR2, and E64FC26
converge to amplify endoplasmic reticulum (ER) stress signaling and drive apoptosis.
E64FC26 elicits ER stress-induced apoptosis through the accumulation of misfolded
proteins (Chapter 5). TGF-β and AGR2 have both independently been associated with ER
stress in a variety of models. This is potentially caused by increased cellular proliferation
demands due to loss of SMAD4, epithelial-to-mesenchymal transition (EMT), or
upregulated gastric enzyme production during tumor progression.305-308 However, the
mechanisms connecting these pathways have not been well studied. We hypothesize that
in SMAD4-Mut cell lines where AGR2 is overexpressed and the TGF-β signaling axis is
disrupted, the basal levels of ER stress are higher than SMAD4-WT cell lines. When this
is paired with E64FC26, the cells undergo ER stress-induced apoptosis, driven by the
likely candidates – ATF3 or ATF4. Studies evaluating ER stress and cell viability in the
presence of TGF-β and SMAD4 mutation are warranted as well as identifying the
molecular signaling network in response to E64FC26 in SMAD4-Mut and SMAD4
knockdown cells to better understand how AGR2, TGF-β, and response to PDI inhibition
are integrated.
In summary, we bring together key points of translational relevance in this study
by evaluating SMAD4 mutant PDAC, which is one of the most diagnosed cancers in the
United States and is in dire need of new targeted therapies.222 Mutations in the SMAD4
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gene are common in later stages and furthers therapeutic resistant tumor formation.295,309311

Here, we provide data supporting the notion that our novel PDI inhibitor, E64FC26,

demonstrates anti-tumor activity in gastric cancer cell lines carrying SMAD4 mutation or
homozygous deletion possibly driven by AGR2 or dysregulated TGF-β signaling. This
study will be used as a steppingstone for future work evaluating clinical specimens and
mechanistically determining the role of TGF-β, SMAD4, and AGR2 signaling in relation to
PDI inhibitor sensitivity and ER stress. The culmination of this project will use precision
medicine to guide the clinical use of our lead PDI inhibitor in patients with PDAC by
identifying responders before undergoing therapy.
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Chapter 7
Summary and Conclusions

In summary, the work detailed throughout this dissertation exemplifies how
combination strategies with endoplasmic reticulum (ER) stress-inducing targeted agents
can be used to treat therapeutic resistant malignancies such as multiple myeloma (MM),
pancreatic cancer, and glioblastoma. Resistance to current standard of care oncology
regimens are one of the greatest challenges that cancer researchers and clinicians face
today. ER stress regulation is critical for maintaining cellular homeostasis. However,
intrinsic and acquired genetic adaptations confer selective advantage to tumor cell
subpopulations able to suppress these pathways for survival. Targeting mechanisms
within the ER stress pathway therefore becomes an opportunity for developing
combination regimens that combat the formation of relapsed malignancies caused by
therapeutic resistance.
The work within this dissertation highlights several important findings. First, it was
not well established that proteasome inhibitor resistant MM cells maintain increased
mitochondrial respiration rates. Directly targeting glutaminase to inhibit the conversion of
glutamine to glutamate using the phase 2 clinical trial drug CB-839 resensitized resistant
MM cells to PIs. Secondly, the work in this project led to the discovery that protein disulfide
isomerase (PDI) inhibitors synergize with histone deacetylase inhibitors (HDACi),
bromodomain/BET inhibitors, and proteasome inhibitors. The combination regimen of PDI
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and HDAC inhibitors resulted in an anti-tumor response driven by ATF3 in pancreatic
cancer and glioblastoma. Future studies are warranted to evaluate the mechanism by
which PDI inhibitors synergize with bromodomain/BET inhibitors and proteasome
inhibitors. Thirdly, HDACi have previously shown limited success in the clinic; however,
combining HDACi with our novel indene PDI inhibitors shows potential extension of these
drugs into solid tumors. Finally, this work demonstrated the use of SMAD4 mutational
profiling in gastric cancers to predict response to our lead PDI inhibitor, E64FC26, which
will aid in patient stratification as the E64FC series enters clinical studies. Altogether,
these studies created future projects working towards the discovery of more potent small
molecule inhibitors that induce ER stress, investigating TGF-β-induced ER stress and
AGR2 signaling, and identifying other targeted combination strategies that amplify ER
stress to elicit anti-tumor responses in malignancies that are in dire need of novel
therapeutics.
In conclusion, the data presented throughout this dissertation establish that
integration of biomarker discovery with drug discovery can lead to novel therapies in
patient populations with limited treatment options. By offering novel combination regimens
with ER stress-inducing targeted agents, this work will translationally impact the cancer
field given ER stress is a critical driver of tumorigenesis, progression, and therapeutic
resistance. As CB-839 continues through clinical development in various disease models
and as the E64FC series is reaching Investigational New Drug status to enter clinical
studies, these findings present novel combination strategies that will potentially combat
therapeutic resistant cancers such as MM, pancreatic cancer, and glioblastoma.
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Appendix
Appendix A. Structures of proteasome inhibitors.
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Appendix B. High throughput screening results in PANC-1 cells.
PANC-1 cells were treated with the indicated drug from the NCI FDA Approved Oncology
Drug Set VIII in the presence or absence of 1 µM E64FC26 for 48 hours. Combination
index scores were calculated using the schema outlined in Figure 4.1B.
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Appendix C. High throughput screening results in T98G cells.
T98G cells were treated with the indicated drug from the NCI FDA Approved Oncology
Drug Set VIII in the presence or absence of 1 µM E64FC26 for 48 hours. Combination
index scores were calculated using the schema outlined in Figure 4.1B.
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Appendix D. Structures of histone deacetylase inhibitors.
(A) FDA approved histone deacetylase inhibitor structures. (B) Preclinical histone
deacetylase structures.
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Appendix E. Expanded dose curves of cell lines treated with panobinostat and
vorinostat.
The indicated cell lines were treated with panobinostat or vorinostat for 48 hours in the
presence or absence of 1 µM E64FC26. Cell viability was normalized to the RLU values
in the absence of the HDAC inhibitor to account for cell death induced by E64FC26 alone.
Thus, separation of the curves indicates synergistic drug interaction.
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Appendix F. Expanded dose curves of cell lines treated with belinostat or preclinical
HDAC inhibitors.
The indicated cell lines were treated with belinostat, ricolinostat, or tubastatin A for 48
hours in the presence or absence of 1 µM E64FC26. Cell viability was normalized to the
RLU values in the absence of the HDAC inhibitor to account for cell death induced by
E64FC26 alone. Thus, separation of the curves indicates synergistic drug interaction.
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Appendix G. Quality assessment of RNA-Seq data.
Boxplots of TIN scores from aligned reads (left panels), PCA plots (middle panels), and
MDS plots (right panels) from differentially expressed transcripts across samples are
shown for (A) “Run 1”, (B) “Run 1b”, and (C) “Run 2”, respectively. Nomenclature = 0, 1,
and 2 indicate biological triplicates.
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Appendix H. PANC-1 cell RNA-Seq results.
PANC-1 cells were treated with 1 µM E64FC65, 50 nM panobinostat (pano), the
combination, or DMSO vehicle for 16 hours. Cells were collected and RNA-Seq
performed. Transcripts identified to significantly change (p-value>0.05; Log2(fold
change)>|3.5|; FPKM>|10|) after one or more of the treatments are listed below.
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DHRS2
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16.08

231.85

2.67

-0.21

3.64

HID1

1.02

2.84

11.69

13.53

1.48

3.52

3.74

HIST1H4H

1.64

8.52

4.99

24.67

2.38

1.61

3.91

HLA-DMB

0.04

0.01

11.78

8.93

-1.43

8.20

7.80

HLA-DQB1

0.05

0.06

10.29

10.85

0.18

7.72

7.80

HMGA2

60.31

53.22

7.45

5.20

-0.18

-3.02

-3.54

HMOX1

74.76

2239.02

25.56

176.10

4.90

-1.55

1.24

HPCAL4

0.06

0.08

14.71

17.12

0.56

8.05

8.27

HS3ST6

1.03

1.82

10.47

17.53

0.83

3.35

4.10

HSPA1A

27.56

311.93

37.22

0.00

3.50

0.43

0.00

HSPB8

1.28

12.59

8.56

20.49

3.30

2.74

4.00

IFNL1

0.29

10.85

0.41

1.51

5.23

0.50

2.38

ITPRIPL2

24.13

21.17

2.79

1.38

-0.19

-3.11

-4.13

JADE2

13.73

4.26

1.58

0.89

-1.69

-3.12

-3.94

KHK

0.79

0.14

9.39

14.20

-2.52

3.57

4.17
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KLC3

0.82

1.51

10.78

19.67

0.89

3.72

4.59

KRT80

12.97

1.07

8.75

5.90

-3.59

-0.57

-1.14

KRTAP2-3

0.16

1.33

4.18

56.04

3.04

4.69

8.43

LAMP3

1.15

3.58

17.07

14.73

1.64

3.90

3.68

LBH

0.34

0.39

9.45

18.14

0.16

4.78

5.72

LFNG

19.92

1.49

22.18

20.69

-3.74

0.15

0.05

LOC154761
LOC284454,
MIR24-2
MAP4K1

0.24

0.63

1.34

13.55

1.38

2.45

5.80

37.91

40.00

15.43

1.41

0.08

-1.30

-4.75

1.38

0.97

11.28

16.79

-0.51

3.03

3.60

MAPK8IP1
MEG9, MIR369,
MIR410, MIR656
MFSD2A

2.18

3.90

21.44

28.08

0.84

3.30

3.69

16.02

5.44

1.25

1.52

-1.56

-3.68

-3.40

0.80

1.58

4.75

13.15

0.98

2.57

4.04

MIR1253

0.96

1.14

9.78

12.32

0.24

3.34

3.67

MIR196A1

0.98

42.62

10.11

15.62

5.45

3.37

4.00

MIR3918

4.48

9.96

76.67

74.96

1.15

4.10

4.06

MIR4740

0.92

38.05

0.17

0.06

5.38

-2.42

-3.88

MYOF

99.77

80.78

8.34

9.14

-0.30

-3.58

-3.45

NCCRP1

0.53

0.54

10.78

10.32

0.02

4.34

4.28

NEO1

0.81

0.29

12.03

10.92

-1.48

3.90

3.76

NGFR

0.55

3.56

40.58

62.77

2.70

6.21

6.84

NMI

24.08

30.46

2.01

3.36

0.34

-3.58

-2.84

NPPC

0.09

0.06

2.36

15.72

-0.67

4.71

7.45

NR4A1

1.45

0.95

13.73

17.13

-0.61

3.25

3.57

NRGN

2.63

1.04

42.05

56.57

-1.34

4.00

4.43

NRXN2

0.06

0.03

14.16

12.05

-1.19

7.82

7.59

NTSR1

43.75

12.53

5.57

3.27

-1.80

-2.97

-3.74

NUDT19

2.03

1.86

25.04

19.59

-0.13

3.62

3.27

NXPH4

0.69

0.50

22.53

28.67

-0.47

5.03

5.38

OSBPL6

0.68

1.31

4.43

19.98

0.93

2.69

4.87

OSGIN1

2.36

71.79

2.34

31.45

4.93

-0.01

3.74

PCDH1

1.04

0.91

12.49

19.97

-0.19

3.59

4.27

PHOSPHO1

0.19

0.18

21.42

44.46

-0.07

6.84

7.89

PITX3

0.17

0.31

4.41

12.49

0.85

4.68

6.18

PLAU

183.01

201.82

7.13

17.63

0.14

-4.68

-3.38

PLEKHB1

0.82

0.43

11.50

9.88

-0.92

3.82

3.60

PPP1R15A

8.28

108.42

4.60

49.03

3.71

-0.85

2.57

PRKAR2B

0.12

0.06

9.27

10.01

-1.04

6.26

6.37

PRSS3

0.79

1.44

9.35

27.91

0.87

3.57

5.15

RAB11B-AS1

0.24

0.23

19.51

28.51

-0.04

6.37

6.91

RAB39B

0.96

12.50

4.76

20.47

3.71

2.32

4.42

RAET1G

0.81

0.48

11.30

21.88

-0.75

3.80

4.75
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RASGRP2

0.90

0.58

6.37

13.22

-0.64

2.83

3.88

REEP6

4.57

1.72

51.30

60.15

-1.41

3.49

3.72

RGS2

1.00

1.84

5.00

18.02

0.88

2.33

4.18

RND1

0.45

2.04

2.72

27.08

2.17

2.59

5.91

RRAD

0.62

2.78

0.76

14.84

2.16

0.28

4.57

SERPINE2

2.15

2.65

25.65

44.88

0.30

3.58

4.38

SERPINI1

1.31

0.83

21.78

27.17

-0.66

4.05

4.37

SESN2

7.37

116.15

6.43

79.48

3.98

-0.20

3.43

SESN3

0.16

0.14

11.43

12.92

-0.13

6.18

6.35

SHF

0.87

0.93

4.80

10.52

0.09

2.46

3.59

SLC17A7

0.25

0.30

28.30

34.59

0.25

6.82

7.11

SLC26A6

78.80

1.76

6.88

8.46

-5.48

-3.52

-3.22

SLC30A3

0.15

0.21

11.25

15.34

0.52

6.24

6.69

SNCB

0.64

0.80

17.65

26.25

0.32

4.76

5.36

SNORA41

10.73

11.23

0.89

10.00

0.07

-3.59

-0.10

SNORD36C

403.97

195.76

73.95

26.23

-1.05

-2.45

-3.94

SNORD50A

10.59

95.02

18.48

121.59

3.17

0.80

3.52

SNORD89

2.27

17.60

12.94

31.70

2.95

2.51

3.80

SOX8

0.37

0.30

3.93

13.91

-0.32

3.40

5.23

ST3GAL5

1.25

0.14

14.71

8.86

-3.22

3.55

2.82

STC1

0.92

0.65

11.40

15.89

-0.52

3.63

4.11

SYN1

0.32

0.53

14.08

13.05

0.75

5.48

5.37

TBC1D17

12.90

656.97

252.17

519.33

5.67

4.29

5.33

TCN2

1.07

1.66

7.47

13.05

0.63

2.80

3.60

TESC

0.13

0.19

10.66

18.74

0.56

6.37

7.18

THBD

0.95

22.54

0.98

2.54

4.57

0.05

1.42

TM4SF18

27.46

7.47

1.98

1.28

-1.88

-3.80

-4.42

TMEM198

0.92

2.97

8.92

15.75

1.70

3.28

4.11

TMEM52

0.87

0.44

7.79

12.15

-1.00

3.16

3.80

TMEM98

0.75

0.57

10.71

11.29

-0.41

3.83

3.91

TMSB15A

1.19

0.43

17.54

26.46

-1.48

3.88

4.48

TNFRSF19

0.36

0.39

7.91

10.34

0.12

4.45

4.83

TNFSF9

5.27

29.22

29.24

138.82

2.47

2.47

4.72

TNS3

67.44

10.03

11.61

3.17

-2.75

-2.54

-4.41

TRIB3

27.06

335.58

8.31

52.20

3.63

-1.70

0.95

TSPAN33
TSPEAR-AS1,
TSPEAR-AS2
TTC9B

1.71

1.20

21.02

30.20

-0.51

3.62

4.14

1.11

1.12

12.07

17.03

0.01

3.45

3.94

1.69

3.79

40.30

59.69

1.16

4.57

5.14

TUBB4A

0.74

3.49

36.26

57.18

2.23

5.61

6.27

UBTF

29.38

8.46

3.23

1.52

-1.80

-3.19

-4.27

UCK2

720.65

137.92

145.35

9.28

-2.39

-2.31

-6.28
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ULBP2

0.59

2.19

18.96

29.47

1.89

5.00

5.63

USP2

0.79

2.55

7.76

12.10

1.69

3.30

3.94

ZCCHC12

0.01

0.01

13.76

12.41

-0.24

9.90

9.75

ZFAND2A

9.96

276.60

4.35

84.70

4.80

-1.20

3.09
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Appendix I. T98G cell RNA-Seq results.
T98G cells were treated with 1 µM E64FC65, 50 nM panobinostat (pano), the combination,
or DMSO vehicle for 16 hours. Cells were collected and RNA-Seq performed. Transcripts
identified to significantly change (p-value>0.05; Log2(fold change)>|3.5|; FPKM>|10|) after
one or more of the treatments are listed below.

Gene

DMSO
(FPKM)

E64FC65
(FPKM)

Pano
(FPKM)

Combo
(FPKM)

Log2 fold
change
(E64FC65/
DMSO)

Log2 fold
change
(Pano/
DMSO)

Log2 fold
change
(Combo/
DMSO)

ABAT

0.64

0.23

10.70

12.31

-1.50

4.05

4.26

AKAP6

10.75

2.08

0.63

0.34

2.08

-4.08

-4.98

AKR1B10

407.76

212.86

34.63

0.80

-0.94

-3.56

-4.21

ANGPT1

35.97

6.32

5.26

2.51

-2.51

-2.77

-3.84

AQP3

0.85

0.51

11.81

10.00

-0.73

3.80

3.56

ASNS

19.01

306.34

39.07

456.09

4.01

1.04

4.58

ATF3

1.23

24.92

5.24

59.15

4.34

20.09

5.58

ATF5

212.93

153.55

3.39

3.73

-0.47

-5.97

-5.84

BAMBI

134.52

11.36

60.66

37.14

-3.57

-1.15

-1.86

C1QTNF6

38.77

5.46

6.10

2.17

-2.83

-2.67

-4.16

CADM4

1.24

1.21

16.02

16.24

-0.04

3.69

3.71

19.04

15.87

4.55

-1.50

-1.77

-3.57

CEBPD

54.03

CELSR3

49.29

CHAC1

0.48

17.13

1.05

45.35

5.17

1.14

6.57

CTGF

4.98

89.86

70.42

1138.59

4.17

3.82

7.84

CTH

3.41

45.47

22.55

50.58

3.74

2.73

3.89

CXCL3

0.14

22.93

0.55

7.39

2.02

CXCL8

0.61

140.16

4.70

7.86

2.96

CYR61

65.72

697.02

362.64

1721.84

3.41

DACT3

0.93

0.78

11.17

17.02

DDIT3

7.55

163.94

6.95

542.77

DHRS2

1.38

0.71

96.17

59.97

2.78

-4.15

2.46

4.71

-0.25

3.59

4.19

4.44

-0.12

6.17

-0.95

6.13

5.44

DKK1

7.77

158.76

21.47

38.22

4.35

1.47

2.30

DNAAF3

0.80

0.19

16.34

15.92

-2.09

4.36

4.32

DNAJB1

69.39

185.78

136.93

943.90

1.42

0.98

3.77

DUSP1

3.20

69.08

33.60

166.68

4.43

3.39

5.70

EP300

10.38

6.79

4.96

172.99

-0.61

-1.07

4.06

ETV5

3.70

34.18

4.87

55.77

3.21

0.40

3.91

F11R

1.18

0.51

16.57

15.40

-1.21

3.81

3.71

FAIM

10.36

5.23

1.49

0.76

-0.99

-2.80

-3.76

FAM129A

4.93

65.39

11.37

21.52

3.73

1.20

2.13
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FAM46C

0.73

1.26

4.40

FENDRR

58.49

11.27

FOS

0.24

0.41

FOXA1

12.30

1.43

FXYD7

0.18

GADD45A

13.68

211.90
97.98

GDF15

9.07

GPRC5A

10.06

HBEGF

1.10

HERPUD1
HES7
HIPK2

10.17

0.80

2.60

3.81

6.60

2.27

-2.38

-3.15

-4.69

1.94

10.09

0.75

3.01

5.39

1.94

0.90

-3.10

-2.66

-3.77

17.39

13.34

6.56

6.18

29.54

136.65

3.95

1.11

3.32

3.43

2.91

3.62

3.64

2.05

2.98

2.10

4.59

68.25

111.24

125.55

41.79

8.72

4.75

26.68

32.70

679.09

60.65

1904.67

4.38

0.89

5.86

1.76

1.05

59.71

31.64

-0.75

4.08

4.17

19.86

15.23

2.46

1.57

-0.38

-3.01

-3.66

HIST2H2BE

2.34

0.51

29.48

1.81

-2.19

3.66

-0.37

HMOX1

25.57

326.20

68.80

160.03

3.67

1.43

2.65

IRS2

1.03

11.22

4.13

12.49

3.44

2.00

3.59

JADE2

10.05

3.16

1.11

616606.00

-1.67

-3.18

-4.03

KCTD15

13.13

10.55

0.66

0.95

-0.32

-4.31

-3.79

LINC01419

0.12

0.14

13.74

6.05

0.21

6.79

5.60

LINC01554

0.48

0.38

10.28

6.38

-0.34

4.41

3.72

LMCD1

1.75

2.91

11.50

28.48

0.73

2.72

4.03

LOC729083

0.19

0.20

11.02

7.83

0.07

5.84

5.35

MAFF

2.20

33.32

2.33

16.94

3.92

0.08

2.95

MAST1

0.54

0.60

5.74

11.25

0.15

3.41

4.38

MIR210HG

12.32

8.11

8.82

1.04

-0.60

-0.48

-3.56

MIRLET7I

0.99

20.46

MXD1

1.00

6.36

4.36

13.91

2.67

2.13

3.80

NGF

1.07

38.73

1.61

8.91

5.18

0.59

3.06

NGFR

0.11

0.21

9.62

16.71

0.94

6.47

7.27

NLRP1

8.17

11.89

106.81

99.41

0.54

3.71

3.61

NNMT

62.97

78.01

6.28

5.54

0.31

-3.33

-3.51

NR2F1

113.45

15.24

15.11

4.60

-2.90

-2.91

-4.62

NRG1

8.62

121.87

6.61

7.58

3.82

-0.38

-0.19

OSBPL6

0.80

1.60

14.96

17.23

1.00

4.22

4.42

4.36

PAG1

0.98

3.10

4.14

11.69

1.66

2.07

3.57

PATZ1

11.66

7.32

1.52

0.78

-0.67

-2.94

-3.90

PCDH1

0.15

2.66

10.91

20.85

4.13

6.16

7.10

PCDH18

38.00

1.62

4.71

4.71

-4.55

-2.53

-3.01

PDE5A

95.56

25.86

11.76

7.22

-1.89

-3.02

-3.73

PHOSPHO1

0.63

0.51

10.68

13.77

-0.30

4.08

4.44

PI15

122.00

2.08

5.91

0.87

-5.87

-4.37

-7.13

PLEKHA6

10.06

0.83

1.77

1.12

-3.61

-2.51

-1.10
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PLS1

0.76

0.42

13.12

18.83

-0.86

4.11

4.63

PPM1J
PTX3

0.42

0.59

12.10

10.99

0.49

4.85

4.71

1.74

39.06

1.76

11.83

4.49

0.02

2.77

RASL11A

110.22

4.27

12.05

12.05

-4.69

-1.57

-3.19

ROPN1L

1.78

1.00

23.14

23.61

-0.83

3.70

3.73

RTBDN

0.16

0.17

10.72

5.19

0.09

6.08

5.03

327.71

437.13

1.72

3.77

4.19

108.16

0.21

SAT1

23.96

78.78

SBNO1

5.57

6.43

SEPP1

13.57

0.95

65.79

24.17

-3.84

2.28

0.83

SERPINI1

0.55

0.19

10.75

14.58

-1.53

4.29

4.73

SLC17A7

0.03

0.02

14.77

13.02

-0.70

8.74

8.55

SLC39A14

22.27

123.64

54.26

258.45

2.47

1.28

3.54

SLC47A2

10.36

1.88

0.91

1.05

-2.47

-3.51

-3.30

SNCB

0.37

0.29

13.10

14.94

-0.35

5.13

5.32

STC2

7.40

136.54

4.92

31.13

4.21

-0.59

2.07

SYP

0.57

0.37

16.86

11.98

-0.61

4.88

4.39

TMCC3

0.01

0.01

14.32

8.25

-0.63

10.41

9.61

4.28

TMEM255B

0.81

0.94

7.11

11.51

0.21

3.03

3.73

TNFRSF11B

273.66

64.71

14.67

4.19

-2.08

-4.22

-6.03

TNFSF9

1.20

5.73

20.33

48.10

2.26

4.09

5.33

TNS2

14.33

3.32

2.00

1.06

-2.11

-2.84

-3.75

TNS3

94.61

25.88

17.30

8.12

-1.87

-2.45

-3.54

TRIB3

20.62

286.83

7.70

58.10

3.80

-1.42

1.49

TRIM22

17.51

8.40

1.36

1.31

-1.06

-3.69

-3.74

TSPAN13

1.77

2.44

54.16

77.53

0.46

4.94

5.46

TUBB4A

0.17

0.35

17.02

20.02

1.06

6.65

6.65

TUFT1

4.75

15.45

29.47

82.94

1.70

2.63

4.13

VCAM1

23.20

2.44

2.05

1.81

-3.25

-3.50

-3.68

WISP1

11.79

1.43

2.16

0.93

-3.04

-2.45

-3.66

ZFAND2A

17.36

198.05

17.32

72.07

3.51

0.00

2.05
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Appendix J. PANC-1 ATF3 knockdown RNA-Seq results.
PANC-1 cells were stably transduced with ATF3 shRNA (shATF3) or control shRNA
(shCTL) and treated with 1 µM E64FC65 and 50 nM panobinostat (combo) or DMSO
vehicle for 16 hours. Cells were collected and RNA-Seq performed. Transcripts identified
in the combo treatment to significantly change relative to DMSO treatment are listed (pvalue>0.05; Log2(fold change)>|2.5|; FPKM>|10|).

Gene

Gene Family

ATF3
DNAJB1
HSPA6
HSPA1A
HSPA1B
DNAJA4
KLF2
ANKRD1
AVEN

ATF family
Heat shock protein
Heat shock protein
Heat shock protein
Heat shock protein
Heat shock protein
Kruppel transcription factors
MARP
BCL2-associated

shCTL (FPKM)
DMSO Combo

shATF3 (FPKM)
DMSO
Combo

7.51
175.63
0.97
26.70
20.56
4.76
2.07
3.25
19.84

0.31
160.06
0.65
25.31
19.62
2.56
2.26
3.27
13.92

437.78
1627.38
11.75
333.65
333.45
21.51
14.02
294.16
8.78

10.72
751.70
1.68
174.87
191.11
7.73
4.40
438.17
1.47
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