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Abstract
Multiple Myeloma (MM) is highly sensitive to disruptions in cellular protein homeostasis. Proteasome inhibitors (PIs) are
initially effective in the treatment of MM, although cures are not achievable and the emergence of resistance limits the
durability of responses. New therapies are needed for refractory patients, and those that combat resistance to standard of care
agents would be particularly valuable. Screening of multiple chemical libraries for PI re-sensitizing compounds identified
E61 as a potent enhancer of multiple PIs and MM specific activity. Using a tandem approach of click chemistry and peptide
mass fingerprinting, we identified multiple protein disulfide isomerase (PDI) family members as the primary molecular
targets of E61. PDIs mediate oxidative protein folding, and E61 treatment induced robust ER and oxidative stress responses
as well as the accumulation of ubiquitinylated proteins. A chemical optimization program led to a new structural class of
indene (exemplified by lead E64FC26), which are highly potent pan-style inhibitors of PDIs. In mice with MM, E64FC26
improved survival and enhanced the activity of bortezomib without any adverse effects. This work demonstrates the
potential of E64FC26 as an early drug candidate and the strategy of targeting multiple PDI isoforms for the treatment of
refractory MM and beyond.

Introduction

Multiple myeloma (MM) is an incurable hematological
malignancy characterized by the accumulation of clonal
plasma cells within the bone marrow. The plasma cell is
naturally designed for the mass production of immunoglo-
bulin (Ig) proteins and is capable of producing thousands of
Igs per second [1]. This specialized production and secre-
tory capacity is remarkable; however, it comes at a cost to
the cell. High rates of protein synthesis and folding are
physiologically taxing, and plasma cells are characterized
by elevated levels of cellular stress that include activation of
the unfolded protein response (UPR) and high levels of
oxidative stress, as protein disulfide bond formation gen-
erates equimolar quantities of reactive oxygen species
(ROS) [2–5]. Therefore, the natural biology of the plasma
cell makes MM uniquely sensitive to disruptions in protein
homeostasis, a vulnerability that can be exploited ther-
apeutically [6]. The first evidence of this therapeutic
opportunity was apparent in early phase clinical trials of
bortezomib/VELCADE® (Btz) where measurable responses
were observed in nearly all MM patients [7, 8]. The
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magnitude and rate of response to Btz are often dramatic,
although most patients eventually progress to a stage of
resistance. Next-generation PIs, such as carfilzomib/
KYPROLIS® (Crflz), offer hope to Btz refractory patients,
however a large percentage of these patients are unre-
sponsive to Crflz as well [9, 10].

Targeting protein folding as a strategy for the treatment
of cancer has been proposed and includes the inhibition of
molecular chaperones like HSP90 [11, 12], and more
recently the inhibition of protein disulfide isomerase (PDI)
[13–16]. PDIs are a family of more than 20 ER resident
oxidoreductase enzymes [17]. They primarily ensure proper
folding of nascent polypeptides by forming disulfide bonds
between cysteine residues. PDI catalytic activity is redox
dependent, involving the oxidation of thiols on un/mis-
folded protein substrates. PDI activity and its role in the
control of protein folding has been implicated in the
pathogenesis of multiple diseases, including neurodegen-
erative disorders like Huntington’s [18], Alzheimer’s [19,
20], Parkinson’s disease [21], thrombosis [22, 23], HIV
infection [24, 25], and cancer [26]. PDIs are overexpressed
in a variety of tumor types including MM [26–28], and
experimental PDI inhibitors have been reported [13–16].
However, to date, none of these molecules have advanced to
the clinical stage of development despite a well-supported
therapeutic rationale for targeting PDIs in oncology. Factors
that have impeded PDI inhibitor discovery programs
include the assays used for drug screening [29], and a
limited focus on inhibitors of PDI (i.e., the PDIA1 isoform),
which is just one isoform in a family of more than 20 with
varying degrees of overlapping function [30].

Here, we report results from a discovery program that
identified a new chemical class of PDI family inhibitor that
sensitizes MM cells to PIs. The lead molecules we discuss
rapidly induce the accumulation of misfolded poly-
ubiquitinylated proteins and the induction of ER and oxi-
dative stress responses. The medicinal chemistry phase of
the program delivered clear structure activity relationships
(SAR) and led to the discovery of optimized chemical lead
E64FC26. E64FC26 outperforms other PDI inhibitors that
have been reported in the literature in terms of target
potency, broad-spectrum activity against multiple PDI iso-
forms, and anti-MM activity in cell culture and mouse
models of MM.

Materials and methods

Cell lines and reagents

PI-resistant MM.1S BzR and U266 BzR were a generous
gift from Dr. Brian Van Ness of the University of Minne-
sota. All cell lines were cultured in standard conditions.

Purity and chemical composition of all synthesized com-
pounds reported were determined by NMR and HPLC-MS.
Each derivative synthesized was at least 95% pure.

Cell viability and apoptosis assays

Cell viability and apoptosis were measured in 96-well cell
culture plates (3 × 104 cells/well) using the Cell Titer-Glo
Luminescent Cell Viability Assay (Promega) and the
Caspase-Glo 3/7 Assay (Promega), respectively, according
to the manufacturers protocol. Luminescence was recorded
on a SpectraMax L Microplate Reader (Molecular Devices,
Sunnyvale, CA, USA) at 470 nm with a 1-second integra-
tion time.

Labeling of cells with E61-Y

Cells were treated with 5 µM E61 or 5 µM E61-Y for 2 h.
Cells were then washed with DPBS, harvested by cen-
trifugation, and stored at −80 °C overnight. The next day,
cells were lysed in click chemistry lysis buffer (10 mM
NaPO4, pH 7.4, 1% (v/v) Triton X-100, 0.1% (w/v)
CHAPS, 1x EDTA free Sigma Protease Inhibitor, and 1x
Sigma Phosphatase Inhibitor). Lysate was clarified by
centrifugation and protein concentrations were standardized
between treated samples as determined by DC protein assay
(Bio-Rad).

Click chemistry

All click reactions were performed in click chemistry lysis
buffer as previously described with some minor modifica-
tions (for details see Supplemental Methods) [31].

Identification of E61 Targets

Protein bands from gels containing the contents of the click
pull-downs were excised, digested, and analyzed by LC/
MS/MS as previously described (for details see Supple-
mental Methods) [32–34].

Insulin reduction assays

The reductase activities of the PDI family members were
determined by measuring the aggregation of insulin as
previously described with some minor modifications (for
details see Supplemental Methods) [35].

In vivo studies

All xenotransplant studies with NSG mice were conducted
under the approval of the Institutional Animal Care and Use
Committee (IACUC) of the Medical University of South
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Carolina (MUSC). Experiments involving Vk*MYC trans-
genic mouse models were performed under approval of The
Mayo Foundation Institutional Animal Care and Use
Committee, and conformed to all the regulatory Environ-
mental Safety standards.

Results

Discovery of PI re-sensitizing small molecules

A cell-based drug-screening method was used to identify
small molecules that restore sensitivity to PIs in resistant
MM cells as described previously [36]. Our lab has pre-
viously shown that these PI-resistant cell models lack
PSMB5 mutations or drug efflux transporters [37], sug-
gesting that resistance is due to protective cellular adapta-
tions rather than mutations to the proteasome or multidrug
resistance transporters. We screened approximately 20,000
compounds spanning multiple chemical libraries (NCI
Diversity Set II, NCI Approved Oncology Set, Chembridge
DIVERSet, ENZO SCREEN-WELL Redox Library).
Compound E61 (n-octyl caffeate, C17H24O4, Fig. 1a) was a
striking hit, showing > 6-fold enhancement of Btz cyto-
toxicity and PI re-sensitizing activity at low micromolar
concentrations (Fig. 1a, b). The synergistic effects of E61
on PI-induced cell death was at least in part due to enhanced
apoptosis, as E61 increased caspase-8, -9, -3, cleaved
PARP, and caspase-3/7 activity (Fig. S1A-B), and pre-
treatment with the pan-caspase inhibitor Z-VAD-FMK
significantly reduced the cytotoxic effects of the E61/Btz
combinations (Fig. S1C). These effects were also evident in
combination with next-generation PIs, including carfilzomib
(Crflz), ixazomib (Ixaz), and oprozomib (Oprz) in both PI
sensitive and resistant MM cell lines (Fig. S1D-F). The
synergistic effects of E61 showed specificity for PIs, as E61
had no effect on dexamethasone activity in dexamethasone
resistant RPMI-8226 cells (Fig. S2A). Also, E61 did not
affect either lenalidomide or doxorubicin cytotoxicity in
MM.1S BzR cells (Fig. S2B-C). E61 also did not inhibit the
chymotrypsin-like activity of the 20S proteasome
(Fig. S2D). This suggests that E61 works through a
proteasome-independent specific mechanism rather than
through a non-specific mechanism that generally enhances
cell death.

Selective anti-MM activity of hit stage compound
E61

We evaluated the activity of E61 in a panel of normal
human primary cells in order to rule out non-MM specific
PI sensitization. In stark contrast to MM cells, E61 failed to
enhance the cytotoxic effects of PIs in normal cells. We

tested normal human peripheral blood mononuclear cells
(PBMCs) and lymphocytes (WBCs), and also evaluated a
number of normal human lung (MRC-5, Wi-38), human
foreskin (HFF), and mouse (MEF) fibroblast cell lines. In all
cases, E61 either failed to increase PI sensitivity, or pro-
vided protection from the cytotoxic effects of Btz and Crflz
(Fig. 1b, c). E61 also showed selective anti-MM activity in
a panel of genetically diverse MM cell lines as a single
agent (Fig. S3). These findings suggest that E61 targets a
mechanism that is selectively toxic to MM cells, thereby
possibly giving it a wide therapeutic index in vivo.

In vivo anti-MM efficacy of compound E61

We next investigated the anti-MM activity and tolerability
of E61 in vivo using a NOD-SCID IL2Rγ−/− (NSG) mouse
model (Fig. S4A). This xenotransplant model provides
multiple endpoints, including survival and the direct
quantification of MM tumor burden in the mouse bone
marrow (Fig. S4B-C). E61, at a dose of 50 mg/kg/day (i.p.,
continuous dosing), showed a clear effect, prolonging
median survival by 11 days (51 vs. 62 days, Fig. 1d, P=
0.0007, N= 11). Notably, 4 of the 11 E61-treated mice
never reached the survival endpoint, suggesting that E61
induced a durable response in ~1/3 of mice. In a parallel
experiment, mice were sacrificed on day 49 for quantitative
analysis of human MM cells in bone marrow biopsies. The
results mirrored the survival study, as E61-treated mice
exhibited a significant reduction in the number of
CD138+MM cells (Fig. 1d, P= 0.007, N= 7–8), with
two mice achieving an apparent complete response. E61
was well tolerated after continuous dosing for 40+ days as
mice showed no overt signs of distress, nor loss of body
weight (Fig. S4D). In summary, these results demonstrate
the potential of E61 to enhance the activity of PIs and
selectively target MM. Furthermore, the in vivo activity of
E61 was strong for a hit stage compound that had not yet
undergone chemical optimization. We therefore set out to
understand the molecular mechanism of action and to
optimize the chemical structure to further improve potency
and drug suitability properties.

E61 inhibits PDI family members

The molecular binding target of E61 was identified using a
tandem Cu(I)-catalyzed azide-alkyne cycloaddition (click)
chemistry and proteomics approach (Fig. 2a) [31, 38]. We
added a terminal alkyne group to E61, a modification that
required the addition of three extra carbons to the aliphatic
chain in order to preserve the PI sensitizing activity of the
molecule (Fig. S5A-B). The alkyne derivative of E61 (E61-
Y) was then used to “click” the molecule to labeling and
immobilizing agents. We first conducted an evaluation of
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E61-Y binding to the proteome of MM cells by incubating
E61-Y with clarified cell lysates and then labeling drug:
protein complexes with Cy5.5-azide. E61-Y was observed
to bind to a relatively small group of proteins (Fig. S5C). To
determine the identity of E61-Y targets, we then immobi-
lized E61-Y-bound proteins by click chemistry to biotin-
azide followed by streptavidin pull-down. Mass spectro-
metry (MS)-based peptide fingerprinting was then used to
identify E61 bound proteins. Using three different cell lines,
the top hits in all cases were PDI family members (PDIA1,
PDIA3, PDIA4, PDIA6, and TXNDC5; Fig. 2b). The MS
determinations of target proteins were all high confidence,
as defined by observation of > 100 peptides unique to PDI
family members. PDI family members were identified in >
10-fold higher abundance in E61-Y pull-downs compared
to control pull-downs that were conducted using an unla-
beled E61. The enrichment of PDI family members, but not
other proteins involved in protein folding (i.e., Grp78/BiP),
was confirmed in E61-Y pull-down samples by western
blotting (Fig. S5D). We then confirmed binding of E61-Y to

PDI in vitro using recombinant PDIA1 (Fig. 2c), further
validating PDIs as binding targets. In functional studies,
E61 inhibited PDI reductase activity in vitro (Fig. 2d and
S5E), while caffeic acid, which has structural similarity to
E61, showed no activity as a PDI inhibitor. Caffeic acid also
failed to enhance the sensitivity of MM cells to PIs
(Fig. S5F). Importantly, this observation correlates activity
at the molecular target in vitro and anti-MM function in
cells. Further showing the importance of PDIs to MM
homeostasis, knockdown of PDIA1, PDIA3, and PDIA4 in
MM.1S BzR cells led to growth inhibition (Fig. S6A-C).
Given the role of PDI in normal protein folding, we pre-
dicted that ER stress and induction of the UPR would be a
downstream effect of E61 treatment. In support, E61 treat-
ment led to the accumulation of poly-ubiquitinylated pro-
teins (Fig. 3a), and induced a robust ER stress response
characterized by the upregulation of canonical ER stress
markers including ATF4, CHOP, and XBP-1s in a variety
of PI sensitive and resistant MM cell lines (Fig. 3b). In
combination with multiple PIs, E61 enhanced the

Fig. 1 E61 sensitizes MM to PIs and is active in vivo. a MM.1S BzR
cells were treated for 24 h with a dose range of Btz in the presence of
the indicated concentrations of E61 (bottom left panel). Viability was
normalized to RLU values in the absence of Btz to account for cell
death induced by E61 alone. Thus any separation of the curves is
indicative of a synergistic drug interaction. Btz EC50 values from the
left panel were plotted as a function of E61 concentration (bottom right
panel). b Waterfall plot showing the change in Btz sensitivity in the
presence of 5 µM E61 for the indicated MM (red bars) and normal
(gray bars) cell lines. Values greater than 1 indicate sensitization to Btz
cytotoxicity and values less than 1 indicate protection from Btz
cytotoxicity. Data were extrapolated from individual 8-dose Btz

response curves. Fold change was determined by dividing the Btz
EC50 in the absence of E61 by the EC50 in the presence of E61.
c Waterfall plot showing the change in sensitivity to Crflz in the
presence of 5 µM E61. Data were analyzed as described for Fig. 1b.
d Kaplan–Meier survival curves (left panel) are shown for NSG mice
that were xenotransplanted (i.v.) with MM.1S BzR cells. Mice
received daily dosing of vehicle or 50 mg/kg E61 i.p. (P= 0.0007, N
= 11) starting 21 days post-xenotransplantation. The percentage of
CD138+ cells in the bone marrow is shown (right panel) for mice
treated daily with vehicle (N= 8) or 50 mg/kg i.p. E61 (N= 7). Sta-
tistical significance was determined by t-test (P= 0.007)
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accumulation of ubiquitinylated proteins and ER stress
biomarkers (Fig. 3c and S7).

PDIs facilitate proper folding of newly synthesized pro-
teins by forming and isomerizing disulfide bonds by a
process that is dependent on redox chemistry [39].
E61 showed a pro-oxidant phenotype in MM cells, inducing
ROS as a single agent (Fig. S8A) and enhancing Btz-
induced ROS generation (Fig. S8B). Likewise, E61 treat-
ment, alone and in combination with PIs, induced the sta-
bilization of Nrf2, a master regulator of the antioxidant
cellular response (Fig. 3d and S8C) [40]. The combination
of E61 and Btz led to the oxidation of protein thiols, sug-
gesting that the combination of E61 and PIs, increases
oxidative damage to proteins in cells (Fig. S8D). Oxidative
stress was a critical effector of the E61 induced anti-MM
phenotype, as co-incubation with ROS scavengers abro-
gated the single-agent cytotoxic effects of E61 (Fig. S8E),
and the combination with PIs (Fig. S8F, P < 0.001). These
results demonstrate that, in addition to ER stress, E61
induces an oxidative stress response and enhances the
activation of both pathways in response to PIs.

Medicinal chemistry optimization and discovery of
lead E64FC26

Next, we began a medicinal chemistry and SAR program,
synthesizing and evaluating the activities of structural ana-
logs of E61 using cellular models of PI sensitization and
PDI inhibition in vitro as screening outputs. Approximately
150 E61 derivatives were synthesized and evaluated. Most
notably, we prepared a series of highly potent alkenyl
indenes that formed upon cyclization and dehydration of the
ketone analog of E61. This led to the discovery of a very
active and distinct structural class in our program, exem-
plified by lead candidate E64FC26 (Fig. 4a). E64FC26 was
highly synergistic with PIs at concentrations as low as 200
nM, which is >10 times more potent than E61 in cellular
models (Fig. 4a). Likewise, the single-agent anti-MM
activity of E64FC26 was significantly greater than E61.
After 24 h of exposure, E64FC26 had an EC50 of 0.59 μM
compared to 18.3 μM for E61 (Fig. S9). Sub-micromolar
concentrations of E64FC26 sensitized a genetically diverse
panel of MM cell lines to both Btz and Crflz, whereas non-

Fig. 2 PDI family members are the molecular target of E61. a Sche-
matic outlining the workflow of identification of target proteins using
an alkyne labeled E61 derivative (E61-Y) as a probe. b Waterfall plots
show the top enriched proteins identified by peptide MS fingerprinting
after pull-down with E61-Y in 8226, MM.1S BzR, and U266 BzR cell
lines. Enrichment was calculated by dividing the number of peptides
identified for each protein in the E61-Y pull-down by the number of
peptides identified for the same protein in the unlabeled E61 pull-down
control. Proteins denoted with a star indicate proteins that were unique

to the E61-Y pull-down and absent in the E61 pull-down. c Recom-
binant PDIA1 was incubated with E61 or E61-Y (5 µM) in the absence
and presence of DTT. Cy5.5 was then conjugated to E61-Y by Cu(I)-
catalyzed azide-alkyne cycloaddition chemistry. Drug bound
complexes were then separated by SDS-PAGE and imaged using a
fluorescence imager. A Coomassie stain of the gel is shown to
demonstrate equal loading of PDI protein. d Inhibition of PDI activity
by E61-Y and caffeic acid

Inhibitors of the protein disulfide isomerase family for the treatment of multiple myeloma



malignant cell lines were either unaffected or protected from
the cytotoxic effects of PIs (Fig. 4b, c). Also, E64FC26 as a
single agent was preferentially cytotoxic to MM cell lines
over normal cell types, suggesting a wide therapeutic index.
As an inhibitor of PDI activity in vitro, E64FC26 was >50
times more potent than E61, with an IC50 of 1.9 ± 0.1 μM
against PDIA1 (Fig. 4d). Lead E64FC26 also inhibited all
other members of the PDI family tested, including PDIA3,
PDIA4, TXNDC5, and PDIA6 (Fig. 4d), demonstrating a
pan style of inhibition.

Previous studies have identified PDI as a promising
oncology drug target, and developmental inhibitors have
been reported by others [13, 15, 16, 18, 22, 41–44]. How-
ever, in head-to-head comparisons, E64FC26 showed
superior in vitro potency against PDIA1 and the other PDI
isoforms that were tested (Fig. 5a, S10, S11A-B, and
Table S1). Furthermore, E64FC26 was the only compound
to sensitize MM cells to PIs (Fig. S12A and Table S1), with
an average increase in PI sensitivity ranging from 6-7 fold.
In these experiments, cells were treated with an empirically
determined EC10–20 value for each PDI inhibitor in order to
normalize for differential cytotoxic effects of each drug
(Fig. S11A). E64FC26 was also more cytotoxic against a
genetically diverse panel of MM cell lines when compared
to non-malignant cells (Fig. S12B). As expected, E64FC26
treatment induced a robust ER stress response in MM cells.
Within eight hours of treatment, we observed the

accumulation of poly-ubiquitinylated proteins of varying
molecular weights (Fig. 5b). E64FC26 induced the
expression of ER stress markers ATF4 and CHOP as a
single agent and synergistically enhanced the induction of
these markers with Btz (Fig. 5c). E64FC26 was superior to
the other PDI inhibitors we tested in terms of activating ER
stress (Fig. S12C), a result that mirrored the ability of the
different inhibitors to synergize with PIs. In addition to the
prominent ER stress response, E64FC26 induced an oxi-
dative stress response in a panel of heterogeneous PI sen-
sitive and resistant cell lines that was characterized by the
induction of Nrf2 (Fig. 5d). Furthermore, the cytotoxicity of
E64FC26 was at least partially dependent on oxidative
stress, as co-treatment with the ROS scavenger N-acetyl
cysteine significantly reduced effects on cell death
(Fig. S12D). To summarize, our SAR program delivered
lead E64FC26, which is a potent inhibitor of multiple PDI
family members that induces ER and oxidative stress in
MM cells and synergistically enhances the anti-MM cyto-
toxic effects of PIs.

In vivo anti-MM activity of E64FC26

E64FC26 showed increased stability in serum, simulated
gastric and intestinal fluids, and human liver microsomes
compared to E61 (Fig. 6a and Fig. S13). The calculated
intrinsic clearance of E64FC26 in human liver microsomes

Fig. 3 E61 induces ER and
oxidative stress in MM cells.
a The indicated cell lines were
treated with 5 µM E61 for 8 h.
Western blots for ubiquitin in
whole cell lysates are shown.
b The indicated cell lines were
treated with 5 µM E61 for 8 h.
Western blots for ER stress
biomarkers are shown. c MM.1S
BzR cells were treated for 8 h
±5 µM E61 and in combination
with indicated PIs (25 nM Btz,
25 nM Crflz, 250 nM Ixaz, and
250 nM Oprz). Western blots are
shown. d The indicated cell lines
were treated with 5 µM E61 for
8 h. Western blots for the
cellular antioxidant response
marker, Nrf2, are shown
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was 6.22 ± 0.98 µL/min/mg compared to 97.6 ± 6.0 µL/min/
mg for E61. Furthermore, pharmacokinetic (PK) analysis in
CD-1 mice demonstrated adequate oral bioavailabilty of
34% with systemic exposure approaching a maximum
concentration (Cmax) of 400 nM after a single oral dose of 5
mg/kg with a terminal half-life of 9.5 h (Fig. 6b). We next
evaluated the single-agent anti-MM efficacy of E64FC26
in vivo using Vk*MYC transgenic mice. Vk*MYC mice
develop MM with biological and clinical features that clo-
sely resemble human MM. Furthermore, this model is
predictive of both clinical activity and inactivity [45, 46],
and offers serum M-protein as a quantitiatve biomarker of

MM disease progression/burden. Three mice with progres-
sing M-spike levels were treated intermittently with
E64FC26 at a dose of 2 mg/kg (i.p.) on days 1, 3, and 5 of
each week for 2 weeks. E64FC26 treatment induced an
immediate anti-MM response, decreasing serum M-protein
in all mice by an average of 33 ± 7.9% (P= 0.0135;
Fig. 6c). Similar effects were observed in a human xeno-
transplant MM model. Mice were randomly assigned to four
treatment groups that included vehicle, E64FC26 (2 mg/kg,
i.p., 3 days/week), Btz (0.25 mg/kg, i.p., 2 days/week), and
the combination (Fig. 6d). E64FC26 showed a clear anti-
MM effect in this model also, increasing median survival by

Fig. 4 E64FC26 is an inhibitor of PDI family members. a Structure of
compound E64FC26 and PI sensitizing activity of E64FC26 compared
to E61 is shown in MM.1S BzR (left panel) and U266 BzR (right
panel) cells. Independent 8-dose Btz kill curves were conducted in the
presence of varying concentrations of E64FC26 and E61. Btz EC50

values were extrapolated and plotted against the concentration of
E64FC26 or E61. b Waterfall plot showing the change in Btz sensi-
tivity in the presence of 0.5 µM E64FC26 for the indicated MM (blue
bars) and normal (gray bars) cell lines. Values greater than 1 indicate
sensitization to Btz cytotoxicity and values less than 1 indicate

protection from Btz cytotoxicity. Data were extrapolated from indi-
vidual 8-dose Btz response curves. Fold change was determined by
dividing the Btz EC50 in the absence of E64FC26 by the EC50 in the
presence of E61. c Waterfall plot showing the change in sensitivity to
Crflz in the presence of 0.5 µM E64FC26. Data were analyzed as
described for Fig. 4b. d Kinetic traces of PDI activity are shown in the
insulin turbidity assay in the presence of the indicated concentrations
of E64FC26 (top panel). The in vitro activity of the indicated
recombinant PDI isoforms is shown in the presence of a dose range of
E64FC26 (bottom)

Inhibitors of the protein disulfide isomerase family for the treatment of multiple myeloma



2 weeks over vehicle treated mice, a 40% increase (Fig. 6d,
N= 9, P < 0.0001). Highlighting this effect, on day 36, 0%
(0/9) of vehicle treated mice were surviving whereas 100%
(9/9) of E64FC26 were alive. Single-agent Btz also
increased survival by 6 days (N= 8, P= 0.0007). The
combination produced the greatest improvement in survival,
extending the median survival by 20 days (N= 8, P <
0.0001). Two mice (25%) in the combination group never
reached the survival endpoint at the termination of the
study, suggesting a complete response was achieved in
these mice. No overt toxicity or body weight fluctuations
were observed for mice treated with either E64FC26 or the
combination (Fig. S14). Toxicology experiments evaluating
blood serum chemistry markers revealed mild thrombocy-
topenia and neutropenia after one week of E64FC26 treat-
ment that resolved itself after a second week of treatment as
levels returned to normal (Fig. S15). These results provide
preclinical proof-of-concept for the strategy of targeting
PDI with this new class of compound for the treatment of
MM.

Discussion

Protein homeostasis is critical to the survival of cancer cells
given their high metabolic and proliferative demands. This

is especially true for MM plasma cells as they continuously
express and secrete mass amounts of Ig proteins. Therefore,
disrupting the balance of new protein synthesis, folding, and
breakdown is a logical therapeutic strategy in oncology, and
the clinical success of PIs like bortezomib/VELCADE® and
carfilzomib/KYPROLIS® supports this hypothesis. These
agents are FDA-approved for the treatment of newly diag-
nosed and relapsed/refractory MM, respectively, although
responses are rarely durable due to the emergence of ther-
apeutic resistance. MM is incurable and refractory patients
will benefit from new therapies that specifically target
molecular vulnerabilities of resistant cells. E64FC26, the
lead developmental small molecule discovered in this study,
inhibits multiple PDI isoforms, resulting in global protein
misfolding and a proteotoxic stress response that promotes
apoptosis in MM cells and enhances the activity of PIs.
E64FC26 is an ideal candidate for further development
given its superior potency compared to other reported PDI
inhibitors, apparent lack of metabolic liabilities or structural
alerts common to pan assay interference compounds [47,
48], favorable ADME-PK properties, and in vivo efficacy in
mouse models of MM.

PDIs function at a critical step in protein folding in the
ER where they catalyze the oxidative formation of disulfide
bonds in nascent polypeptide chains [49]. MM plasma cells
have high protein secretory rates that makes them uniquely

Fig. 5 E64FC26 is a pan-PDI inhibitor and induces ER and oxidative
stress in MM cells. a IC50 values for E64FC26 and other reported PDI
inhibitors are shown for the indicated recombinant PDI family mem-
bers as determined by the insulin reduction assay. Values were
extrapolated from 10-dose curves similar to those shown in Fig. 4d.
b MM.1S BzR cells were treated for 8 h with 500 nM E64FC26.
Western blots indicating a global increase in poly-ubiquitinylated

proteins are shown. c RPMI-8226 cells were treated with 500 nM
E64FC26, 10 nM Btz, or a combination of the two agents for 8 h.
Western blots for the ER stress markers ATF4 and CHOP are shown.
d The indicated cell lines were treated with 500 nM E64FC26 for 8 h.
Western blots for the cellular antioxidant response protein Nrf2 and
ER stress markers ATF4 and CHOP are shown
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vulnerable to disruptions in protein homeostasis. We pro-
pose a mechanistic model whereby inhibition of PDI iso-
forms by E64FC26 reduces fidelity of the protein folding
process, promoting the accumulation of misfolded and
poly-ubiquitinylated proteins, proteotoxic stress, and
apoptosis in MM cells (Fig. 7). Simultaneous inhibition of
the proteasome by PIs blocks the removal of toxic mis-
folded proteins and further enhances the proteotoxic/ER
stress and apoptotic response. In addition to a robust ER
stress response, E64FC26 induces a second critical blow
with the induction of oxidative stress. Catalytic centers in
PDIs donate and accept electrons from cysteine pairs in
client proteins to form and isomerize disulfide bonds, and
the induction of oxidative stress is likely the result of dis-
turbing the cellular balance of redox chemistry by inhibi-
tion of PDI [39, 50].

Pathways involved in protein folding have been impli-
cated as potential therapeutic targets and include the HSP90
family and PDIs. HSP90 inhibitors have shown promise in
preclinical models and in clinical trials of relapsed/refractory
MM [12, 51, 52]. The molecular chaperone network is

therefore a potentially viable target for the treatment of MM,
and more work is needed in this area perhaps focused on the
development of HSP90 isoform specific inhibitors [53–56].
Distinct from HSP90, but also related to protein folding, PDI
has been proposed as a therapeutic target for cancer, as well
as neurodegenerative diseases, thrombosis, and HIV infec-
tion [14, 18, 41, 42, 44, 57]. In cancer, evidence suggests that
PDI expression is upregulated in a variety of tumor types and
associated with clinical outcomes [26]. However, there are
no FDA-approved or clinical stage developmental PDI
inhibitors in oncology. Several factors may be contributing
to that absence. First, there has been a specific focus on PDI
(i.e., PDIA1, P4HB) and not the other ~20 isoforms in the
family. It is likely that the other isoforms can compensate for
lost PDI activity given that they mediate the same general
process of oxidative protein folding [30]. Our data support
this hypothesis where nearly all of the previously reported
PDI inhibitors show selectivity for PDIA1 [42, 44, 57].
E64FC26, on the other hand, inhibits multiple PDI family
members including PDIA1, PDIA3, PDIA4, TXNDC5, and
PDIA6. PACMA 31 was the only other compound that

Fig. 6 E64FC26 ADME-PK and in vivo anti-MM activity. a The
stability of E64FC26 and E61 against oxidative metabolism by human
liver microsomes. b PK of E64FC26 was measured in CD-1 mice.
E64FC26 was administered i.v. (2 mg/kg; gray tracing) or p.o. (5 mg/
kg; blue tracing) and plasma drug concentrations were measured over
a 24 h period using an optimized LC-MS detection protocol.
c Vk*MYC transgenic mice were treated with E64FC26 (2 mg/kg, i.p.,
3 days/week) for two consecutive weeks. Blood serum M-protein
levels were measured on days 0, 7, and 14 of treatment. M-spike data
are shown as a percentage of day 0 for three individual mice. d NSG

mice were xenotransplanted with MM.1S cells (1 × 106 cells, i.v.) and
randomized to receive vehicle, Btz (0.25 mg/kg, i.p.), E64FC26 (2 mg/
kg, i.p.), or combination treatment with both agents. The 7-day dosing
schedule is shown (top panel). Treatment was initiated 7 days post-
xenotransplantation. Kaplan–Meier survival curves (bottom panel)
from NSG mice treated as described are shown. Statistical significance
was determined by Wilcoxon rank-sum test (N= 10). Vehicle vs. Btz
(P= 0.001), Vehicle vs. E64FC26 (p < 0.0001), Vehicle vs. E64FC26
+ Btz (P < 0.0001)
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inhibited PDIA4, TXNDC5, and PDIA6 similar to E64FC26,
but failed to inhibit activity of PDIA3. Moreover, of all the
inhibitors evaluated in our study, E64FC26 was the only one
able to induce ER stress and sensitize MM cells to Btz and
other PIs in a synergistic manner. These findings demon-
strate the uniqueness of E64FC26 over other developmental
inhibitors and suggest that targeting multiple PDI isoforms is
critical therapeutically. Another recognized challenge in the
discovery of PDI inhibitors includes the in vitro assay sys-
tems that are used to measure PDI activity [29]. One lim-
itation is that these assays require the inclusion of reducing
equivalents such as DTT or β-ME, which can interfere with
the activity of potential screening hits, especially molecules
that are dependent on redox chemistry. The activity of E61,
for example, is mitigated in the presence of reducing agents,
meaning that E61 would likely have been overlooked in a
PDI target-based screen using the available in vitro assays.
Our cell-based screening approach, by comparison, was
advantageous as it selected for compounds that met the
specific phenotypic criteria of synergy with PIs, and PDI was
only later discovered to be the target using our click chem-
istry and peptide mass fingerprinting approach. In fact, the
majority of PDI inhibitors reported to date have been dis-
covered by a similar screening sequence rather than by a
target-based forward screen for PDI inhibitors [13–15,

18, 41]. A final limitation of existing PDI assays is their low
sensitivity. As an example, E61 induces biomarkers of PDI
inhibition in cells at low micromolar concentrations,
but shows a high micromolar IC50 in vitro. The same
trend was observed for E64FC26 and the other PDI inhibi-
tors we tested, demonstrating that the available in vitro
assays grossly underestimate the potency of candidate
inhibitors.

MM remains incurable for most patients. The treatment
refractory population is most in need of new therapies, and a
variety of new agents are in development. These include
new proteasome inhibitors and other targeted small mole-
cules, monoclonal antibodies, and adoptive cell therapy
with chimeric antigen receptor (CAR) T cells. From our
perspective, the goal of curability in MM is achievable, but
will likely require combinations of the current standard of
care plus new approaches. Our findings support the use of
PDI inhibitors in the clinical context of refractory MM in
combination with standard of care agents. Future studies
will reveal whether PDI inhibition enhances the anti-MM
activity of newer agents, findings that would establish the
rationale for additional combinations. Most notably, our
work discovered a new class of PDI inhibitor and delivered
a lead development candidate with E64FC26. E64FC26 has
several advantages over previously reported PDI inhibitors
including superior potency and a pan-style mode of inhi-
bition, optimized ADME-PK properties, and anti-MM
activity in cellular and mouse models of MM.
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Fig. 7 Model of E64FC26 activity in MM. a Normal protein home-
ostasis is a cycle that consists of new protein synthesis, proper folding,
function, and eventual breakdown by the 26S proteasome to liberate
amino acids that allow the cycle to continue. PDI isoforms constitute
essential machinery in the ER for the oxidative formation and iso-
merization of disulfide bonds and proper folding of newly synthesized
polypeptides into functional proteins. b E64FC26 inhibits multiple
members of the PDI family leading to the accumulation of misfolded
proteins and induction of ER stress, oxidative stress, and apoptosis.
The 26S proteasome alleviates some of the proteotoxic burden by
degrading the misfolded proteins. However, in the presence of PIs,
such as bortezomib and carfilzomib, the effects of E64FC26 are
magnified, which accounts for the remarkable synergy observed
between these two classes of drug
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