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Abstract

The mechanisms by which cells adapt to proteotoxic stress are largely unknown, but key to
understanding how tumor cells, particularly in vivo, are largely resistant to proteasome inhibitors.
Analysis of cancer cell lines, mouse xenografts and patient-derived tumor samples all showed an
association between mitochondrial metabolism and proteasome inhibitor sensitivity. When cells
were forced to use oxidative phosphorylation rather than glycolysis, they became proteasome
inhibitor-resistant. This mitochondrial state, however, creates a unique vulnerability: sensitivity to

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

"Correspondence: golub@broadinstitute.org; ptsvetko@broadinstitute.org.

Author Contributions

Conceptualization, P.T.; Investigation P.T., A.D., K.C., H.R.K, M.R; Formal analysis, P.T., Pr.T., G.K., J.R., M.K., H.R.K.; Resources,
Z.B.W.Y., AT. N.K. ; Writing original-draft P.T. Writing review & editing, P.T., H.R.K, S.S., LW.,, K.C., J.L.M,, T.R.G; Funding
acquisition, S.L., J.L.M, LM.G,, T.R.G. ; Supervision, S.L, LW., J.L.M, LM.G, TR.G;

Competing Financial Interests

T.R.G is a consultant in GlaxoSmithKline, Sherlock Biosciences and Foundation medicine; co-founder of Sherlock Biosciences and
Foundation medicine. W.Y is employed by Ranok Therapeutics Co. Ltd. and is also the sole proprietor of OnTarget Pharmaceutical
Consulting LLC.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Tsvetkov et al. Page 2

the small-molecule compound elesclomol. Genome-wide CRISPR/Cas9 screening showed that a
single gene, encoding the mitochondrial reductase FDX1, could rescue elesclomol-induced cell
death. Enzymatic function and NMR-based analyses further showed that FDX1 is the direct target
of elesclomol, which promotes a unique form of copper-dependent cell death. These studies
elucidate a fundamental mechanism by which cells adapt to proteotoxic stress and suggests
strategies to mitigate proteasome inhibitor-resistance.

Introduction

Cancers often show an increased dependency on protein quality control systems to
accommodate the severe proteotoxic stresses that arise from genome instability, biomass
accumulation and increased protein turnover 12, In such cells, the increased rate of protein
synthesis can outstrip proteasome degradation capacity making cancer cells exceedingly
vulnerable to proteasome inhibition 34, While proteasome inhibitors can effectively kill
cancer cells grown in culture without any lineage specificity ® (Supplementary Fig. 1a and
Supplementary Dataset 1), in vivo, cancer cells demonstrate a remarkable ability to adapt to
proteasome inhibition 8. In the clinic, proteasome inhibitors have demonstrated limited
efficacy, emerging as front-line therapy in only the B-cell malignancies multiple myeloma
and mantle cell lymphoma. Yet even these cancers rapidly develop proteasome inhibitor (PI)
resistance. The ability of normal cells and most cancer cells to withstand the toxic effects of
transient proteasome inhibition suggests that a non-genetic mechanism of resistance exists
that is not readily observed in normal cell culture.

Several mechanisms underlying PI resistance have been suggested over the years including
constitutive activation of NF-xB 7 and the chaperone machinery 8, alterations in the EGFR/
JAK1/STAT3 pathway  and mutations in the catalytic sites that are targeted by proteasome
inhibitors 19. Recent studies using several genetic technologies have converged on a novel
mechanism that involves the down-regulation of one of the many subunits of the 19S
regulatory complex of the proteasome which leads to Pl resistance in yeast and cancer cell
line models 11-14, We refer to this Pl-resistant state as the L019S state. Notably, multiple
myeloma patients that are refractory to proteasome inhibitors often have tumors with
spontaneously reduced expression of one or more of the 19S subunits 1114, These findings
suggest that the Lo19S state is a frequent, naturally occurring mechanism in cancer that
allows neoplastic cells to resist the toxic effects of proteasome inhibition.

In this study, using a functional genomic approach, we demonstrate that the naturally
occurring Pl-resistant state is associated with a shift to mitochondrial energy metabolism. In
many cases, this shift is sufficient to promote resistance to proteasome inhibitors. However,
the metabolic shift creates a new actionable vulnerability: sensitivity to the drug elesclomol
(2). We show that elesclomol, previously explored in clinic trials but with unknown
mechanism of action, attenuates the ability of cancer cells to cope with proteasome inhibitor-
induced toxicity both in culture and in an orthotopic mouse model of multiple myeloma. We
further reveal that elesclomol promotes a unique form of copper-dependent cell death that is
augmented by the ferredoxin 1 (FDX1) protein, which binds and reduces the elesclomol-
Cu(ll) complex. This unique mechanism of cell death establishes how a switch in energy
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metabolism can be exploited to increase the efficacy of a cancer targeting agent and thereby
inhibit the adaptation of cancer cells to proteasome inhibition.

Genetic signature of the PI- resistant Lo19S state

To explore the role of the Lo19S state in promoting Pl-resistance, we engineered the breast
cancer cell line T47D to transiently shift to the Lo19S state by suppressing the expression of
the PSMD2 subunit of the 19S complex with an inducible shRNA. Transient induction of the
Lo19S state conferred strong resistance to proteasome inhibition (EC90 increased by ~27
fold) (Fig. 1a and Supplementary Fig. 1b). Inducing the Lo19S state by itself did not lead to
a significant change in gene expression, suggesting that transcriptional preconditioning was
not required for PI resistance in the Lo19S state. However, following proteasome inhibition,
gene set enrichment analysis revealed a strong signature of mitochondria-related gene
expression specific to the Lo19S state (Supplementary Fig.1c,d and Supplementary Dataset
2).

To directly explore the possibility that the Lo19S state results in changes in energy
metabolism, we measured oxygen consumption and performed metabolite profiling in
Lo19S and control cells. Upon proteasome inhibition, the basal oxygen consumption of
control cells dropped, whereas basal oxygen consumption of cells in the Pl-resistant, L019S
state was sustained (Fig. 1b). Metabolite profiling showed no significant change in basal
metabolites in control vs. Lo19S cells, but following treatment with proteasome inhibitors,
we observed statistically significant changes in tricarboxylic acid cycle (cis-aconitate) and
redox (NAD, NADH, GSSG) metabolites (Supplementary Fig. 1e-h and Supplementary
Dataset 3). In addition, other metabolites related to the TCA cycle including succinate,
alpha-ketoglutarate and glutamate showed a trend toward statistical significance
(Supplementary Dataset 3). Thus, proteasome inhibitor treatment in the Lo19S induces
mitochondrial gene expression and metabolite changes that are suggestive of a shift in
mitochondrial metabolism.

To understand whether increased mitochondrial metabolism is promoted by proteasome
inhibitors /n vivo, we turned to a multiple myeloma orthotopic xenograft model. We profiled
the MRNA using RNA-seq in untreated (control) tumors and tumors that grew out following
exposure to bortezomib (bortezomib-resistant tumors). Bortezomib-resistant multiple
myeloma samples showed a significant increase in mitochondrial gene expression (oxidative
phosphorylation signature) compared to their untreated counterparts (Fig. 1c and
Supplementary Dataset 4). Thus, we observed increased levels of mitochondrial genes in
two experimental models of Pl resistance, both in cell culture and in an orthotopic mouse
tumor model.

We further analyzed gene expression data from human tumor tissues in The Cancer Genome
Atlas (TCGA), which also revealed a striking enrichment of mitochondrial oxidative
phosphorylation (OXPHOS) gene sets among tumors in the Lo19S state (Fig. 1d and
Supplementary Dataset 5). Our findings strongly support a model in which the Pl-resistant
Lo19S state is associated with increased mitochondrial function.
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The Hi-Mito state promotes proteotoxic stress tolerance

We reasoned that the mitochondrial gene expression signature associated with the Lo19S
state might cooperate to enhance the ability of cells to withstand proteotoxic stress. To test
this possibility, we simultaneously induced the Lo19S state and increased the cells’
dependency on mitochondrial metabolism (Hi-Mito state). We induced the Lo19S state by
transient suppression of the proteasome subunit protein PSMD2, and induced the Hi-Mito
state by replacing glucose with galactose in the cell culture media. This change in the
primary carbon source results in the utilization of glutamine, which forces cells into a state
of increased mitochondrial dependency 1°. Combining the Lo19S and Hi- Mito states had an
additive effect on PI resistance, resulting in a 50-fold increase in the EC90 for proteasome
inhibitors (Fig. 2a) and promoting the ability of multiple myeloma cells in the Lo19S state to
withstand bortezomib treatment (Fig. 2b). In the Hi-Mito state the Lo19S cells exhibited
increased maximal oxygen consumption, correlating with their increased Pl-resistance
(Supplementary Fig. 2a). Interestingly, enhancing mitochondrial metabolism alone caused
mild resistance to proteasome inhibition, (Supplementary Fig. 2b), and reduced heat-shock
induction in response to bortezomib (Supplementary Fig. 2c) without affecting the overall
catalytic activity of cellular proteasomes as determined by measuring the chymotrypsin-like
activity of the proteasome (Supplementary Fig. 2d).

But is a shift to the Hi-Mito state sufficient to promote Pl-resistance? To address this
question, we utilized the PRISM pooled cell line barcoding method that allowed us to
simultaneously interrogate 549 cancer cell lines6. We grew the PRISM pool of barcoded
cells in media containing either glucose or galactose (to induce the Hi-Mito state) and in the
presence or absence of bortezomib. After 3 days, we assessed differential viability (Fig. 2c).
Overall, the relative viability of cells in the Hi-Mito state was reduced, with some cells
exhibiting glucose auxotrophy (Fig. 2¢c and Supplementary Dataset 6). Despite this, cells in
the Hi-Mito state are significantly more resistant to bortezomib across this large panel of
genetically diverse cancer cell lines from multiple cell lineages (Fig. 2c and Supplementary
Dataset 6). We validated these findings using non-pooled cell lines, and again found that the
switch to the Hi-Mito state was sufficient to promote Pl-resistance (Fig. 2d-f). Thus, a shift
to the Hi-Mito state is sufficient to promote PI resistance.

Elesclomol inhibits adaptation to proteotoxic stress

While our findings established an association between mitochondrial metabolism and
adaptation to proteotoxic stress, they did not establish a definitive mechanistic link between
the two. To probe for mechanism, we undertook a chemical-genomic approach and screened
4,300 small molecules with diverse mechanisms of action (Supplementary Dataset 7) for
their ability to kill control or Pl-resistant (L019S) T47D cells. We found that only
proteasome inhibitors showed reduced efficacy in the Lo19S versus the wild-type state,
indicating that the Lo19S state does not confer nonspecific drug-resistance (Fig. 3a,
Supplementary Fig. 3a and Supplementary Dataset 8). In line with this observed specificity,
the Lo19S state sensitized cells to only 3 of the 4,300 compounds (0.07%): the sulfur-
containing copper-binders elesclomol and disulfiram and the BCL2/BCLXL inhibitor
navitoclax (Fig. 3a, Supplementary Dataset 8). Navitoclax has been previously shown to
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synergize with proteasome inhibitors 17, a result we confirmed in our system emphasizing
the specificity of our experimental system (Supplementary Fig. 3b).

Multiple lines of evidence suggest a unique relationship between proteasome inhibitor
resistance and elesclomol sensitivity (Fig. 3a and Supplementary Fig. 3c). First, we found
that cell lines with naturally occurring Lo19S states were more sensitive to elesclomol than
their lineage-matched controls (Supplementary Fig. 3d,e). Second, elesclomol enhanced the
effect of PI, specifically in the Pl-resistant Lo19S state (Fig. 3b,c and Supplementary Fig.
3f). Third, combination treatment with elesclomol potentiated the response of orthotopic
multiple myeloma xenografts to bortezomib /in vivo (Fig. 3d,e, Supplementary Fig. 3g,h).
These distinct results strongly suggest that elesclomol might impair an adaptive response to
Pl-induced proteotoxic stress.

FDX1 regulates elesclomol induced toxicity

Elesclomol has been previously evaluated as an anti-cancer agent both in pre-clinical models
and in patients 18. Elesclomol binds copper, 19-22 and elesclomol-induced cell death has
been suggested to be mediated by increased mitochondrial reactive oxygen species (ROS)
23-25 However, the specific mechanism of action of elesclomol and its target in cells have
remained unknown. To identify cellular attributes that correlate with the cytotoxic activity of
elesclomol, we measured elesclomol sensitivity in dose-response across 724 cancer cell lines
using an expanded PRISM screening system (Supplementary Dataset 9). Overall, elesclomol
was very potent in inducing cell death across all lineages with most cells showing sensitivity
at doses above 100nM (Fig. 4a and Supplementary Dataset 9). To identify genomic
correlates of elesclomol sensitivity, analyzed the pre-treatment genomic features of the cell
lines (obtained from the Cancer Dependency Map at www.depmap.org) to identify those
most correlated with elesclomol AUC estimated by PRISM. The top correlated gene
expression feature was the mitochondrial gene FDX1 (Fig. 4b and Supplementary Dataset
9). This correlation is further supportive of a relationship between mitochondrial metabolism
and elesclomol sensitivity.

To further probe the relationship between elesclomol activity and mitochondrial metabolism,
we forced cells into the Hi-Mito state and examined their sensitivity to elesclomol. The shift
to the Hi-Mito state profoundly enhanced sensitivity to elesclomol across several cell lines,
in some cases by as much as 1,000-fold (Fig. 4c and Supplementary Fig. 4a-c). Furthermore,
this increased sensitivity to elesclomol in the Hi-Mito state was highly specific to
elesclomol. Of 800 drugs tested, only two classes of compounds showed increased killing in
the Hi-Mito state: known modulators of mitochondrial function (e.g. Complex I, Complex
I11 and ATP synthase inhibitors) and the copper-binding proteins elesclomol and disulfiram
(the two compounds identified in our Lo19S screen) (Fig. 4d Supplementary Dataset 8). In
contrast to elesclomol, proteasome inhibitors showed decreased cell killing in the Hi-Mito
state, precisely as predicted by our initial findings (Fig. 1). These results again suggest that
both elesclomol- and proteasome-induced cytotoxicity are highly dependent on the cell’s
primary energy source.

Given that the precise mechanism of action of elesclomol was unknown, its mechanistic
relationship to mitochondrial metabolism was not obvious. We thought it unlikely to be
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acting simply as an inhibitor of the electron transport chain (ETC), because ETC inhibitors,
unlike elesclomol, did not score in our Lo19S small molecule screen (Fig. 3a) or synergize
with proteasome inhibition in the Pl-resistant Lo19S state (Supplementary Fig. 4d). We
therefore performed pooled genome-wide CRISPR/Cas9 screens to identify genes whose
loss conferred resistance to the elesclomol analogs OTA-5781 (2) and OTA-3998 (3)
(Supplementary Fig. 4e,f). In both screens, only a single gene scored: FD.XZ1, encoding the
ferredoxin 1 protein (Fig. 4e). FDX1 is the same gene whose basal mMRNA expression level
was most highly correlated with elesclomol sensitivity (Fig. 4b). We validated the ability of
FDX1 knock-out (Fig. 4f) to confer resistance to elesclomol using multiple independent
sgRNAs and a non-targeting control (Fig. 4g). The resistance conferred by FD.XZ knockout,
together with the increased expression that predicted sensitivity to elesclomol, suggested the
possibility that elesclomol could act by imparting a toxic gain of function to the protein.

FDX1 is a mitochondrial reductase involved in iron-sulfur (Fe-S) cluster formation 26-28, g
process that is essential for mitochondrial function 29. We found that FDX1-null cells were
unable to make the metabolic shift that enables growth in the Hi-Mito state (Fig. 4h), despite
proliferating similarly to control cells in the presence of glucose. Additionally, FDX1-null
cells exhibited reduced levels of basal respiration that was further reduced upon growth in
galactose (Supplementary Fig. 4g-i). Analysis of the Cancer Dependency Map showed that,
like elesclomol, the genes whose pattern of essentiality most parallels FDX1 loss-of-
function were genes involved in mitochondrial function (Supplementary Fig. 4j).

Elesclomol inhibits FDX1-mediated Fe-S cluster biosynthesis

To investigate whether FDX1 might be the direct target of elesclomol, we performed NMR
spectroscopy using recombinant FDX1. We found that elesclomol indeed binds the FDX1
a2/a3 helices and B5 strand, but does not bind the paralog protein FDX2 (Fig. 5a and
Supplementary Fig. 5a,b). Fe-S clusters are generated from sulfur extracted from cysteine by
the iron-sulfur cluster (ISC) core complex (iron plus NFS1-1ISD11-ACP-1SCU), and this
process requires either FDX1 or FDX2 as a reductant (Fig. 5b). In an /n vitro Fe-S cluster
assembly reaction, titration of elesclomol or a closely related structural analogue
(OTA-5781) caused progressive inhibition of Fe-S cluster production (Fig. 5¢ and
Supplementary Fig. 5¢) by directly inhibiting the electron transfer from reduced FDX1 to
the NFS1 component of the ISC core complex (Fig. 5d). In contrast, substitution of reduced
FDX1 with reduced FDX2 led to much less inhibition of such electron transfer, consistent
with the NMR binding data showing that elesclomol specifically binds FDX1
(Supplementary Fig. 5d). Furthermore, elesclomol had no inhibitory effect on cysteine
desulfurase activity with DTT as the reductant, further indicating its selectivity for FDX1
(Supplementary Fig. 5e).

Elesclomol-Cu(ll) is an FDX1 neo-substrate

These biochemical results implicate elesclomol as a direct inhibitor of FDX1 activity in the
context of Fe-S cluster assembly. However, an important paradox remained: while
elesclomol inhibits FDX1, FDX1 knockout did not phenocopy elesclomol activity in cells.
Rather, its knockout rescued elesclomol-induced cytotoxicity. Because elesclomol has been
shown to complex with copper and shuttle it to the mitochondria 2021, we hypothesized that
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cell death induced by elesclomol might best be explained by an interaction between FDX1
and the copper conveyed to it by elesclomol. In support of this idea, substitution of oxygen
for just one (OTA-5393 (4)) of the two elesclomol sulfur atoms, critical for binding copper,
reduced the activity of the molecule by 300-fold and substitution of both (OTA-5313 (5))
completely inhibited the cytotoxic activity. Other modifications to the molecule, not at the
sulfur group (OTA-5781, OTA-3998, OTA-3356 (6), OTA-5673 (7)), did not result in a
dramatic change in the cytotoxic activity of the molecule (Fig. 5e and Supplementary Fig.
5f,9).

These observations led us to consider the hypothesis that elesclomol-bound copper might
serve as a neo-substrate of FDX1. During physiological Fe-S cluster biosynthesis, natural
substrates of FDX1 drive oxidation of the reduced form of FDX1. By measuring the
oxidized state of FDX1, we found that neither elesclomol nor Cu(ll) alone was capable of
oxidizing FDX1, but elesclomol and Cu(ll) together led to full oxidation of FDX1 (Fig. 5f).
Importantly, FDX2 could not substitute for FDX1 in this reaction, consistent with our NMR
and biochemical data showing no binding of elesclomol to FDX2 (Supplementary Fig. 5h).
Our findings support a model in which the Cu(ll)-elesclomol complex directly binds and
inhibits the natural function of FDX1 in the Fe-S cluster biosynthesis pathway, which
requires reduced FDX1. This reaction also leads to the production of Cu(l).

Elesclomol mediates copper-dependent cell death

We further probed the role of copper in elesclomol induced cell death by chelating copper
with tetrathiomolybdate (TTM). TTM specifically inhibited elesclomol and OTA-5781
induced cell death under the conditions where elesclomol is most potent, both in the Hi-Mito
(Fig. 6a, b) and the Lo19S (Supplementary Fig. 6a) states. TTM did not affect the cell death
induced by antimycin A or bortezomib (Supplementary Fig. 6b, ¢). Moreover, the addition
of copper to elesclomol at a 1:1 molar ratio prior to treatment significantly reduced cell
viability (Fig. 6¢) when cells were grown in glycolytic (glucose media) conditions. These
results are consistent with the model that copper is both necessary and sufficient for the
cytotoxic effects of elesclomol. However, the addition of exogenous copper did not
potentiate elesclomol-induced cell death in cells that were forced into the Hi-Mito state
(galactose media) where elesclomol is already extremely potent (Fig. 6¢), nor was
potentiation observed in all cell lines (Supplementary Fig. 6d), suggesting that basal cellular
copper homeostasis may also determine elesclomol sensitivity. The elesclomol-mediated,
copper-dependent cell-death was not associated with the activation of caspase 3 and 7, which
are downstream effectors in the apoptosis pathway (Supplementary Fig. 6e, f). The lack of
activation of apoptotic signaling, along with the requirement for copper in elesclomol
induced cell death, is reminiscent of iron-dependent cell death (ferroptosis) induced by
GPX4 inhibitors 30, Whereas copper chelation rescued elesclomol-induced cell death,
neither inhibitors of apoptosis or ferroptosis did so (Fig. 6d and Supplementary Fig. 6g-i).
Taken together, our results support a model whereby a state of enhanced mitochondrial
metabolism and its associated upregulation of FDX1 enzymatic activity facilitates the
cytotoxicity of elesclomol by reducing elesclomol-bound Cu(ll), resulting in a unique
copper dependent cell death (Fig. 6e). Other copper ionophores such as disulfiram may
promote cancer cell death through a similar mechanism.

Nat Chem Biol. Author manuscript; available in PMC 2021 June 07.
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Discussion

Our results elucidate a surprising role for cellular metabolism in promoting resistance to cell
death induced by proteasome inhibition. We have established that the cellular metabolic shift
from glycolysis to high mitochondrial (Hi-Mito) dependency is correlated with, naturally
induced by, and in some cases even sufficient to promote Pl resistance. This metabolic shift
to increased mitochondrial energy metabolism also exposes new druggable dependencies.
One such dependency was revealed by the increased sensitivity cancer cells to the compound
elesclomol, which preferentially targets both the Pl-resistant and Hi-Mito states. We further
elucidated a unique mechanism of action of elesclomol by showing that it can both suppress
the natural function of FDX1, a critical component in the Fe-S cluster assembly pathway,
and when bound to copper can also serve as a neo-substrate to promote a unique form of
copper-dependent cell death. Thus, the adaptation to proteotoxic stress entails a cellular
metabolic shift resulting in increased sensitivity to copper-mediated cell death.

Long before any of the mechanistic insights reported here, elesclomol underwent clinical
development for the treatment of advanced solid tumors in combination with paclitaxel 18,
Although the precise mechanism of action for elesclomol was not known, it was shown that
elesclomol could bind copper 1922 and shuttle it to the mitochondria 2021 generating
increased levels of reactive oxygen specifies (ROS) levels eventually resulting in cell death
20,22,2425 1t was hypothesized that the ROS induction by elesclomol is facilitated by
reduction of Cu(ll) to Cu(l) in the mitochondria 20 a process crucial for inducing cancer cell
death by elesclomol. However, the mechanism mediating this reduction was unknown. Here,
we describe the interaction of elesclomol with the mitochondrial enzyme FDX1 that can
facilitate the elesclomol induced toxicity by two distinct processes. First, direct binding of
elesclomol to reduced FDX1 inhibits its role in Fe-S cluster biosynthesis and serves as an
upstream regulator of mitochondrial function. Second, the elesclomol-Cu(Il) complex serves
as a neo-substrate for reduced FDX1 leading to oxidation and the production of Cu(l), which
promotes a unique form of copper-dependent cell death that cannot be blocked by apoptosis
or ferroptosis inhibitors.

In support of our model that elesclomol is bioactivated by FDX1, we show that FDX1
deletion, was the only gene deletion in two whole genome deletion screens, that enabled
increased survival in the presence of two distinct elesclomol analogs and also that elevated
FDX1 gene expression is the strongest biomarker for elesclomol induced toxicity across a
panel of almost 800 cancer cell lines. Thus, FDX1 activity and increased mitochondria
dependent energy metabolism are strong inducers of the cytotoxic effect of elesclomol
mediated, copper-dependent cell-death. This type of copper-dependent cell death may not be
unique to elesclomol, as other copper binding ionophores 3132 including disulfiram 33 are
also expected to promote a similar mode of cell death that we show is distinct from
ferroptosis and is not mediated by the classic apoptosis induced caspase 3 activation. The
concept that a shift in core metabolism plays an important role in anticancer drug resistance
has recently found support in multiple cancer models 34-38 including in multiple myeloma
39.40_Our findings predict that in some of these models, a similar increased metabolism-
regulated sensitivity to copper-dependent cell death may exist.
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Our work illuminates a previously described, yet underappreciated link between protein
turnover and cellular metabolism that is derived from the requirement of cells to coordinate
energy production with the demands of protein homeostasis. We show that altering cell
metabolism affects the ability of cells to cope with the inhibition of proteasome function and
that perturbation of proteasome function can result in a shift in cellular energy metabolism.
This feedback loop might stem from both the energy requirements of protein synthesis 41
and breakdown 42 and from the need to recycle damaged, oxidized and dysfunctional
proteins 43 producing amino acids that serve as building blocks for protein synthesis,
metabolism and redox pathways 4445, Moreover, this feedback might be underscored as the
cellular metabolic state can also regulate proteasome complex integrity in a post-
transcriptional manner by altering the redox sate 46, NADH/NAD* balance 4748, and mTOR
signaling 4950, We show that elevated proteasome function is required for biomass
expansion of glycolytic cancer cells in glucose-rich culture media and can be readily
targeted with proteasome inhibitors. In contrast, oxidative phosphorylation promotes
resistance to proteasome inhibition, but reveals increased sensitivity to FDX1 regulated
copper-dependent cell death. Combined targeting of these two conserved pathways could
provide a feasible, chemotherapeutic strategy as it confronts cancer cells with opposing
selective pressures.

Methods Section

Antibodies reagents-

FDX1 (Proteintech Group, Inc (Catalog Number: 12592-1-AP)), tubulin (ab80779 Abcam).
Caspase 3/7 cleavage was assessed using the Caspase-Glo® 3/7assay system (Promega)
according to manufactures protocol. The signal was normalized to viability as measured by
cell titer-Glo.

Compounds- Compounds-

Elesclomol (MedChemexpress Co., LTD. # HY-12040), Ixazomib, disulfiram, antimycin A,
ferrostatin-1 and Z-VAD (selleck), Bortezomib (LC-Laboratories) TTM and alpha-
tocopherol (Sigma). Elesclomol analogs used (described in US patent #8680100 and
#7763658) were received from OnTarget Pharmaceutical Consulting LLC. The purity and
identity were determined by LC-UV/MS using an Acquity UPLC system coupled to an SQ
Detector 2 (Waters) (purity > 95% see supplementary note for compound structure). ML120
was received from the Schreiber lab (Broad Institute). Drug libraries used were the anti-
cancer compound library L3000 (selleck), BML-2865 Natural product library (Enzo), the
NIH Clinical Collections (NCC) and the Boston University’s Chemical Methodology and
Library Development (CMLD-BU) drug library (http://www.bu.edu/cmd/about-the-bu-cmd/
compound-libraries/).

Cell culture methods-

T47D, Lo19S T47D, K562, HeLa, NCIH441, NCIH2030, HDPQ1 and 293T-HS cells were
cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum; HEK?293,
HEK?293T and MCF-7 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. For the glucose, galactose experiments RPMI
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media lacking glucose was supplemented with dialyzed serum, ImM pyruvate and either
10mM Glucose or 10mM galactose.

GFP*/Luc* MM.1S cells were generated by retroviral transduction of the human MM1.S
that was purchased from ATCC (Manassas, VA, USA)., using the pGC-GFP/Luc vector.
Cells were authenticated by short tandem repeat DNA profiling.

Generation of the Lo19S T47D cell line - For the generation of the T47D Tet-inducible
PSMD2 knockdown cell line- the TRIPZ vector with an inducible shRNA targeting PSMD2
was purchased from Dharmacon (clone V3THS_403760). It was introduced to the T47D
cells according to manufactures protocol and cells were selected with puromycin 1ug/ml for
one week. The cells were exposed to doxycycline for 24 hours and cells were FACS sorted
for the top 10% of most RFP expressing cells (highest expression of ShRNA). The cells were
further cultured in the absence of doxycycline and PSMD2 knockdown was induced as
specified in the text.

For RNA extraction the T47D cells were washed and then collected with Trizol. The MM.1S
mouse derived tumors were collected at mice paralysis, by bone marrow flushing from the
femurs. Cell pellets were frozen at —80C upon collection of all samples. RNA extraction and
purification was conducted with Trizol according to manufactures protocol. For the T47D
Lo19S experiment Libraries were prepared for RNA-Seq using Illumina’s TruSeq Stranded
mRNA Library Preparation Kit according to manufacturer’s directions. Briefly, total RNA
(1ug) is enriched for polyadenylated sequences using oligo dT magnetic bead capture. For
the MM.1S tumor analysis Libraries were prepared for RNA-Seq using lllumina’s TruSeq
Stranded Total RNA Library Preparation Kit according to manufacturer’s directions. Briefly,
total RNA (1ug) is ribo-depleted using biotinylated, target-specific oligos combined with
Ribo-Zero rRNA removal beads. The enriched fraction is then fragmented, and first-strand
cDNA is generated using random primers. Strand specificity is achieved during second-
strand cDNA synthesis by replacing dTTP with dUTP, which quenches the second strand
during amplification. The resulting cDNA is A-Tailed and ligated with indexed adapters.
Finally, the library is amplified using a DNA Polymerase which cannot incorporate past
dUTPs, effectively quenching the second strand during PCR.

RNASeq reads were aligned using STAR (v2.5.4b) ®1 using default parameters (except --
sjdbOverhang 39) to the human genome (GRCh37) with Ensembl annotation (GRCh37.87)
in gtf format. Differential expression was assayed using feature Counts(v1.6.1), with
reversely stranded option, and DESeq2(v1.18). K-means clustering, with k=6, was
performed using Cluster3 and visualized in Java TreeView. Clustering was performed with
only protein-coding genes with at least a median normalized count of 1 in each condition
resulting in approximately 13000 genes. Each cluster gene enrichment was analyzed using
Gene Ontology (GO) annotations (Extended Table S1). Enrichment analysis presented in
Figure 1b was performed using GSEA 52 using HALLMARK gene categories. The full data
can be found on GEO (GSE123639)
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Disseminated Multiple Myeloma Animal model and survival study-

A total of 25 Female SCID-beige mice at 4-6 weeks of age (Taconic, USA) were utilized for
the study. Tumors cells (3 million LUC*/RFP* MM1S cells/mouse) were introduced into
mice via intravenous injection and were allowed to grow until the LUC signal from their
tumors reached 1x107 radians (photons/sec/cm?/surface area). Tumor growth was monitored
weekly by bioluminescence imaging (BLI), using an VIS Spectrum-bioluminescent and
fluorescent imaging system (Perkins Elmer). Mice were randomly attributed a group of
treatment (n=5 per group). Control group was 1V injected once a week 200 uL saline
solution; Bortezomib (0.25 mg/kg, 100 uL) was IP injected first day of the week, once a
week until death of the animal. Elesclomol (25 mg/kg, 100 uL) was subcutaneously injected
every 3" day of the week until death of the animal. Elesclomol+Bortezomib group were
treated similarly to previous groups. The delayed group started the Elesclomol treatment 14
days after the inclusion of the animal in the study. Endpoint of the study was dictated by
either limb-paralysis of the animal or severe toxicity induced by the treatment as per Dana-
Farber Animal policy. Enrichment analysis was performed using GSEA 52 using
HALLMARK gene categories.

TCGA analysis-

TCGA data analysis- The Cancer Genome Atlas (TCGA: cancergenome.nih.gov) expression
(RNASeq V2) were downloaded using TCGA-assembler 33. RNASeq data were quantified
as RSEM. Sigma score was calculated for each primary tumor category separately by
calculating a Z-score for every individual proteasome subunit gene and categorizing the
tumors as 3-sigma or control as previously described 11, Enrichment analysis was performed
using GSEA %2, using H and C2 genesets of MSigDB. GO enrichment was visualized using
ClueGO via Cytoscape >4,

The Lo19S T47D drug screen-

Cells with a Dox inducible PSMD2 KD plasmid were incubated in the presence or absence
of 1ug/ml of Doxycycline for 48 hours (control versus PSMD2 KD respectively). After 48
hours the cells were collected counted and plated (in the absence of dox) at 1000 cells/well
in 384-well opaque, white assay plates (Corning, NY), 50 uL per well, and incubated
overnight at 37°C/5% CO2. Compound stocks from the Cancer drug library containing 349
bioactive compounds that were arrayed in dose 10nM, 100nM, 1uM, 10uM (Selleck anti-
cancer compound library L3000), the natural products library containing 502 compounds
that were utilized in 5 doses (dilution of 1:1000 of 2ug/ml, 0.2ug/ml, 0.002 ug/ml, 0.0002ug/
ml), the NIH bioactive library including 731 drugs in dose of 10nM, 100nM, 1uM, 10uM
and the Boston University’s CMLD (Chemical Methodology and Library Development)
compound deck containing 2866 compounds in one dose (10uM), including novel
chemotypes that uniquely probe three-dimensional space by employing stereochemical and
positional variation within the molecular framework as diversity elements in library design.
50 nl of compounds were pin-transferred (V&P Scientific, CA, pin tool mounted onto Tecan
Freedom Evo 150 MCA96 head, Tecan, CA) into duplicate assay plates and incubated for
72h. The DMSO content was 0.1% within each well. Per plate, there are 32 wells of DMSO
vehicle control and 32 wells of positive control compounds. After three days of incubation,
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10 uL of CellTiter-Glo (Promega, WI) was added to each well, incubated for 10 minutes and
the luminescence output was read on the M1000 Infinite Pro plate reader (Tecan, CA).
CellTiter-Glo measures ATP levels in the cell and is used as a surrogate for cell viability.

PRISM assay-

The PRISM assay was conducted as previously described 16 with slight improvements. For
the bortezomib (Glucose/galactose) experiment, each condition cells were plated in
triplicates. 100,000 cells (of the total pool of 549 barcoded cell lines (Supplementary Dataset
6) in regular media, the next day the day zero control was harvested and media was changed
to RPMI with either 10mM Glucose or Galactose. After 24 hours cells were treated with
either DMSO or indicated concentrations of bortezomib. Cells were collected and lysed after
3 days. Cells were collected and lysed in DNA buffer (1xPCR buffer Invitrogen, 0.45%
NP40, 0.45% Tweem?20 and 10% Proteinase K (Qiagen #19133)), incubated at 60°C for 1
hour and then transferred to 384 well plates where proteinase K was inactivated and lysate
was taken for genomic DNA analysis.

For the elesclomol experiment, the relative viability of 768 cell lines with elesclomol
treatment in RPMI media are measured relative to vehicle control using the PRISM assay 16.
The compound is screened in triplicate at 8 doses (4-fold dilutions starting from 10uM) on
pools of 20-25 cell lines (Supplementary Dataset 9). After five days, cell lines pools are
collapsed into three detection groups and inert control barcodes are added to each group.
Genomic DNA from cell lysates was amplified by PCR using primers Biotin pLENTR4 (5'-
biotin-CGTCATTACTAACCGGTACGC-3") and pLENTF1 (5'-
GGAATAGAAGAAGAAGGTGG-3"). PCR product was hybridized to Luminex beads with
covalently attached antisense barcodes, and streptavidin-phycoerythrin addition, washing
and detection on Luminex FlexMap machines was performed as previously described.
Median-fluorescence intensity (MFI) values for each cell line barcode in each condition
were collected.

To remove low-quality data, cell lines with low separation between log2-MFI(logMFI)
values of positive and negative control treatments were removed (strictly standardized mean
difference < 2). To correct for non-linear cell-count to MFI relationships, a monotonic spline
was used to transform logMFI of the inert control barcodes of each detection group to
logMFI of the inert control barcodes for the median DMSO treatment of the same detection
group. This transformation was then applied to the remaining, non-control barcodes in each
detection group. DMSO-treated cell mixtures were used as reference control for scaling of
each cell line signal at the conclusion of each experiment (viability = 100 for each cell line).
Thus, the signal from each treated cell line was calculated as 100 x (adjusted median
Luminex measurement across replicates)/(median Luminex measurement of DMSO
control). Potential batch effects were corrected using ComBat (Johnson et al. 2007). Log2-
transformed viability values are corrected independently for each treatment condition. Using
the terminology of the original publication, cell lines are treated as probes and batches are
defined using cell line pools.
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Calculation of AUC and Gene Dependency analysis-

A robust 4-parameter dose response curve is fit using the “drc” R package >° with the
following form:

Response(dose) = I+ (u— 1) / (I + (dose / ec50)h)

under the restrictions that I=1and h>0. Subsequently, the area under the log2-dose response
curve (AUC) is computed for each cell line 6. The AUC profile obtained from PRISM
screen is correlated with the gene expression and genetic dependency data obtained from
Cancer Dependency Map (https://depmap.org) in order to detect potential associations. In
particular, we computed the Pearson correlation between the PRISM AUC’s (724 cell lines)
and each gene’s expression profile (RNAseq measurements of 18,778 protein coding genes
over 701 overlapping PRISM cell lines) or genetic dependency profile (results of genome-
scale CRISPR/Cas9 knockout viability screens for 17,634 genes over 392 overlapping
PRISM cell lines). p-values are computed and corrected using Benjamini-Hochberg (1995)
which are available in the Supplementary Dataset 9. The relationship between FDX1
knockout and CRISPR knockouts was assessed across all 391 lines present in the knockout
dataset.

The glucose/galactose drug screen-

T47D cells growing in regular media were collected counted and after centrifugation cells
were re-suspended in DMEM media without glucose containing 10% dialyzed serum with
the addition of either 10mM glucose or 10mM galactose. Cells were then plated at 1000
cells/well in 384-well opaque, white assay plates (Corning, NY), 50 uL per well, and
incubated overnight at 37°C/5% CO2. Application of the drug libraries and cell viability was
executed as described above for the Lo19S drug screen

Heat-shock reporter-

293T cells (American Type Culture Collection) harboring enhanced GFP fused to firefly
luciferase under control of HSP70B” promoter elements as previously described 57

CRISPR screen —

268M cells were transduced with 22mL human genome-wide cleavage-optimized lentiviral
sgRNA library containing Cas9 (http://www.addgene.org/pooled-library/sabatini-crispr-
human-high-activity-3-sublibraries) as previously described 8. Cells were allowed to
recover for 48h and selected with 3ug/mL puromycin for 72h and transduction efficiency
was determined. 50M cells per condition were passaged every 2—-3 days throughout the
duration of the screen (except where noted), according to the following timeline:

STA5781:
Day 0-7: 4nM

Day 7-26: 6nM
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Day 26-34: 100nM
STA3998:

Day 0-7: 25nM
Day 7-23: 44nM
Day 26-31: 1uM

80M cells were collected after puromycin selection, representing the initial cell population,
and 5-80M cells were collected at each time point. Genomic DNA was isolated using the
QIAmp DNA Blood Maxi, Midi, or Miniprep kit, depending on the cell number of the
sample, and high-throughput sequencing libraries were prepared %8, except that the
following forward PCR primer was used:

AATGATACGGCGACCACCGAGATCTACACGAATACTGCCATTTGTCTCAAGATCTA

Sequencing reads were aligned to the sgRNA library and the abundance of each sgRNA was
calculated. The counts from each sample were normalized for sequencing depth after adding
a pseudocount of one. sgRNAs with fewer than 50 reads in the initial reference dataset were
omitted from downstream analyses. The log2 fold change in abundance of each sgRNA
between the final and initial reference populations was calculated and used to define a
CRISPR Score (CS) for each gene. The CS is the average log2 fold change in abundance of
all sgRNAs targeting a given gene. Genes represented by fewer than 5 sgRNAS in the initial
reference dataset were omitted from downstream analyses.

Statistical analysis-

The distribution of the log2 fold changes between the final and initial populations for the set
of sgRNAs targeting each gene was tested against the distribution for all sgRNAs by the
Kolmogorov-Smirnov test. P-values were adjusted for multiple comparisons by the
Benjamini-Hochberg (FDR) procedure.

FDX1 gene targeting using single sgRNAs-

plentiCRISPRV2 vector %8 was used as a backbone to insert the gRNAs targeting FDX1 and
AAVS1 as control.

BsmBl restriction enzyme digest of the backbone vector was followed by T4 ligation of the
digested vector with phosphorylated and annealed oligo pairs:

sgFDX1-1 CACCGGCAGGCCGCTGGATCCAGCG
sgFDX1-1_RC: AAACCGCTGGATCCAGCGGCCTGCC
sgFDX1-2 CACCGTGATTCTCTGCTAGATGTTG

SsgFDX1-2_RC: AAACCAACATCTAGCAGAGAATCAC
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SgAAVS1: CACCGGGGGCCACTAGGGACAGGAT
SgAAVS1_RC: AAACATCCTGTCCCTAGTGGCCCCC

To generate the lentiviruses, 3 x 106 HEK-293T cells were seeded in a 10 cm plate in
DMEM supplemented with 10% IFS. 24 hours later, the cells were transfected with the
above sgRNA pLenti-encoding plasmids alongside the A VPR envelope and CMV VSV-G
packaging plasmids using the XTremeGene 9 Transfection Reagent (Roche). 12 hours after
transfection, the medium was aspirated and replaced with 8 ml fresh medium. Virus-
containing supernatants were collected 48 hours after the transfection and passed through a
0.45 pm filter to eliminate cells. Transduction of cells was done as described above.

K562 cell were cells were seeded at a density of 300,000 cells/mL in 6-well plates in 2 mL
of RPMI containing 8 pg/mL polybrene (EMD Millipore), and then transduced with
lentivirus by centrifugation at 2,200 RPM for 90 min at 37° C. After a 24-hour incubation,
cells were pelleted to remove virus and then re-seeded into fresh culture medium containing
puromycin, and selected for 72 hours. Cells were then single cell FACS sorted into 96 well
plates and grown out in the presence of 1ug/ml puromycin.

Viability and cell proliferation assays-

Relative cell number count protocol- The viability of K562 cells was conducted by seeding
cells at 250,000 cells/mL in 6-well plates of RPMI. In the presence or absence of different
concentrations of compound-1 or —2. Viable cell numbers were counted using countess
(Invitrogen) every 2-3 days and cells were reseeded at 250,000 cells/mL in 6-well plates of
RPMI to continue growth.

The viability of FDX1 KO K562 cells and AAVS1 KO and WT controls was examined by
plating 100,000 cells/mL in 6-well cells in RPMI 1640 media (without glucose or pyruvate
containing dialyzed serum) with either 10mM glucose or 10mM galactose. Viable cell
numbers were counted every day using countess (Invitrogen). In the indicated experiment
1mM Pyruvate and 100ug/ml of Uridine were added.

Cell viability-

Where indicated relative cell number following different drug treatment was conducted by
plating cells at 1000 cells/well in 384 well plates. Indicated concentrations of compounds
were added 24 hours after plating at least in triplicate for each condition. viability was
measured 72 hours after drug addition, using cell titer-glo (Promega) according to
manufactures protocol. Same protocol was applied for the experiments conducted for the
Lo19S T47D, MCF-7, T47D, HEK293, HeLa, HDPQ1, NCIH2030 and NCIH441 cells in
the context of altered carbon source only the cells were plated at 1000 cells/well in RPMI
1640 media (without glucose and with dialyzed serum) containing either 10mM Glucose or
10mM galactose supplemented with 1mM Pyruvate. The EC50 and EC90 was conducted by
performing non-linear fit using Prism software.
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Protein Expression and Purification-

Unlabeled samples of ISCU, unlabeled (NFS1-1SD11-Acp), (abbreviated as SDA),
unlabeled and [U-1°N]-FDX1 (truncated first 61 amino acids) and unlabeled FDX2 were
produced and purified as described previously 26. FDX1 and FDX2 were reduced by adding
a 10-fold excess of sodium dithionite to oxidized FDX1 or FDX2 in an anaerobic chamber
(Coy Laboratory). The reduction of FDX1 or FDX2 was monitored by the color change
from dark brown to light pink and by recording UV/vis spectra before and after reduction.
The sample was dialyzed extensively against anaerobic HN buffer to remove excess sodium
dithionite.

NMR Spectroscopy-

NMR spectra were collected at the National Magnetic Resonance Facility at Madison on a
750 MHz (1H) Bruker with a gradient cryogenic probe. The buffer used for NMR samples
(HNT buffer) contained 20 mM HEPES at pH 7.6, 150 mM NaCl, and 2 mM TCEP. All
sample temperatures were regulated at 25 °C. NMRPipe software was used to process the
raw NMR data and NMRFAM-SPARKY software was utilized to visualize and analyze the
processed NMR data.

To study the interactions of FDX1 with elesclomol, 0.2 mM [U-15N]-FDX1 in HNT buffer
were placed in 5 mm Shigemi NMR tubes, and 2D 1H,15N TROSY-HSQC spectra were
collected before and after titration of 5 equivalent molar ratio of elesclomol dissolved in
HNT buffer.

Chemical shift perturbations (ASny absolute value ppm) were calculated by
Eq. it Adyn = [(ASy)” + (Ady / 6)°1 /2 (i)

where A8y and A8y are the chemical shift changes in the 1H and 15N dimensions,
respectively.

Cysteine desulfurase assay-

The assay was conducted as previously described 9. The protein samples used in the
cysteine desulfurase assay and Fe-S cluster assembly experiments were prepared in an
anaerobic chamber (Coy Laboratory) with samples buffer-exchanged extensively prior to the
experiments with anaerobic buffer containing 20 mM HEPES at pH 7.6 and 150 mM NaCl
(HN buffer). The reaction volumes in all the experiments were kept to 1 ml. A Shimadzu
UV-1700 uv/visible spectrophotometer with a temperature control unit was used to collect
the spectra, and UVProbe 2.21 software (Shimadzu) was used in collecting and analyzing
the data.

The cysteine desulfurase assay reactions (300 pL in HN buffer) contained 10 pM SDA. The
reductant was 100 uM DTT. 100 uM L-cysteine was added to initiate the reaction. 10 to 200
UM elesclomol (1-20 X relative to SDA) was added to assess their effect on sulfide
production. After 20 min of anaerobic incubation at room temperature, the reaction mixture
was diluted to 800 pL, and 100 pL of 20 mM N,N-dimethyl-p-phenylenediamine in 7.2 M

Nat Chem Biol. Author manuscript; available in PMC 2021 June 07.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1duosnuey Joyiny |NHH

Tsvetkov et al.

Page 17

HCl and 100 pL of 30 mM FeCl3 in 1.2 M HCI were added to quench the reaction and
convert sulfide to methylene blue. The quenched reaction was incubated for 15 min at room
temperature, and then the absorbance at 670 nm was measured and used to estimate the
amount of sulfide by comparison to a standard curve obtained from known concentrations of
NayS.

In vitro Fe-S cluster assembly assay-

The assay was conducted as previously described 69, The /n vitro Fe-S cluster assembly
assays were carried out as follows. Reaction mixtures (1 mL) prepared in the anaerobic
chamber contained 25 uM reduced FDX1 or reduced FDX2 as the reductant, 1 uM SDA, 25
UM ISCU and 100 uM (NH,),Fe(SO4),. To test the effect of the drug, reaction mixtures
contained 25-250 uM elesclomol (1-20 X relative to FDX1). L-cysteine (at a final
concentration 100 uM) was added to initiate each experiment. Samples were then transferred
to 1-cm path-length quartz cuvettes, sealed with rubber septa, and uv/vis spectra were
collected at 25 °C. The growth of absorbance at 456 nm was used to monitor the assembly of
[2Fe-2S] clusters.

Electron transfer assay-

Electron transfer from re-FDX1 SDA complex was monitored as follows. 25 uM reduced
FDX1 was mixed with 25 UM SDA, and 125 pM L-cysteine was added to initiate the
reaction. To test the effect of the drug, samples contained 25-500 uM elesclomol (1-20 X
relative to FDX1). Samples were then transferred to 1 cm path-length quartz cuvettes, sealed
with rubber septa, and UV/vis spectra were collected at 25 °C. The growth of absorbance at
456 nm was used to monitor the oxidation of reduced FDX1 as a result of electron transfer
to SDA.

Oxidation of FDX1 by elesclomol-Cu(ll) complex-

The assay was conducted as previously described 26, Elesclomol-Cu(l1) complex was made
by mixing 1:1 molar ratio of elesclomol with CuCl, dissolved in H,O. The resulting
Elesclomol-Cu(I1) water solution developed a dark red color. FDX1 and FDX2 were reduced
by adding a 10-fold excess of sodium dithionite to oxidized FDX1 or FDX2 in an anaerobic
chamber (Coy Laboratory). The reduction of FDX1 or FDX2 was monitored by the color
change from dark brown to light pink and by recording UV/vis spectra before and after
reduction. The samples were dialyzed extensively against an anaerobic buffer containing 20
mM HEPES and 150 mM NaCl (HN buffer) to remove excess sodium dithionite. Four 1-mL
reactions were prepared under anaerobic conditions, each having following composition: 1)
20 uM reduced FDX1 and 200 uM elesclomol; 2) 20 uM reduced FDX1 and 200 uM CuCly;
3) 20 uM reduced FDX1 and 200 uM elesclomol-Cu(ll) complex; 4) 20 uM reduced FDX2
and 200 pM elesclomol-Cu(lIl) complex. After mixing, the reactions were immediately
transferred to 1-cm path-length quartz cuvettes, sealed with rubber septa, taken out of the
anaerobic chamber and placed in a Shimadzu UV-1700 UV/vis spectrophotometer equipped
with a temperature control system. Initial and final (3 hours after the reactions were
initiated) UV/vis scans were collected at 25 °C.
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MM colony formation assay-

KMS11 cell lines transduced with either a doxycycline inducible shPSMD?2 or control vector
were grown in the presence of doxycycline for 72 hours. The media was replaced with
media containing wither glucose or galactose as the carbon source and indicated
concentrations 5nM bortezomib. After 24 hours of treatment 1,000 cells were seeded in
methylcellulose for colony development. These were monitored and counted after 10 days.

Oxygen consumption rate analysis-

Oxygen consumption rate (OCR) of intact cells was measured using an XF24 Extracellular
Flux Analyzer (Seahorse Bioscience) for the K562 cell experiments and the XF96
Extracellular Flux Analyzer (Seahorse Bioscience) for the T47D Lo19S cells. For analysis
of WT or FDX1 KO K562 cells, cells were seeded in four replicate wells on Seahorse XF24
cell culture plates coated with CellTak in the indicated growth media and assayed 5h later.
Three basal OCR measurements were taken in 8-min intervals, followed by sequential
injections of 1 pM oligomycin, 2.5 yM FCCP, and 1 uM antimycin A, taking three
measurements at 8-min intervals following each treatment. Basal respiration was determined
as the difference between basal OCR and OCR after antimycin A treatment, and maximal
respiration as the difference between OCR after FCCP and antimycin A treatments.

Metabolite Extraction and analysis by LCMS-

Cells were washed in ice-cold 0.9% NaCl and metabolites were extracted in ice-cold 80%
methanol containing 500 nM isotopically labeled amino acid mix (Cambridge Isotope
Laboratories) as internal standards. Samples were vortexed at 4°C for 10 minutes and cleared
by centrifugation for 10 minutes at max speed at 4°C. Supernatants were transferred to a new
tube and samples were evaporated to dryness using a speed vac.

Metabolite profiling was conducted on a QExactive bench top orbitrap mass spectrometer
equipped with an lon Max source and a HESI Il probe, which was coupled to a Dionex
UltiMate 3000 HPLC system (Thermo Fisher Scientific, San Jose, CA). External mass
calibration was performed using the standard calibration mixture every 7 days. Typically,
samples were reconstituted in 100 uL water and 2 uL were injected onto a SeQuant® ZIC®-
pHILIC 150 x 2.1 mm analytical column equipped with a 2.1 x 20 mm guard column (both
5 mm particle size; EMD Millipore). Buffer A was 20 mM ammonium carbonate, 0.1%
ammonium hydroxide; Buffer B was acetonitrile. The column oven and autosampler tray
were held at 25°C and 4°C, respectively. The chromatographic gradient was run at a flow rate
of 0.150 mL/min as follows: 0—20 min: linear gradient from 80-20% B; 20-20.5 min: linear
gradient form 20-80% B; 20.5-28 min: hold at 80% B. The mass spectrometer was operated
in full-scan, polarity-switching mode, with the spray voltage set to 3.0 kV, the heated
capillary held at 275°C, and the HESI probe held at 350°C. The sheath gas flow was set to 40
units, the auxiliary gas flow was set to 15 units, and the sweep gas flow was set to 1 unit.
MS data acquisition was performed in a range of m/z=70-1000, with the resolution set at
70,000, the AGC target at 1x108, and the maximum injection time at 20 msec. An additional
scan (m/z 220-700) in negative mode only was included to enhance detection of nucleotides.
Relative quantitation of polar metabolites was performed with XCalibur QuanBrowser 2.2
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(Thermo Fisher Scientific) using a 5 ppm mass tolerance and referencing an in-house library
of chemical standards.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mitochondrial energy metabolism is associated with the Pl-resistant L 019S state.
a, The L019S state was induced by induction of a doxycycline inducible PSMD2 shRNA in

TA7D breast cancer cells with 0.2 pg/ml doxycycline for 72 hours. Cells were then collected,
washed and plated with fresh media without doxycycline. After 24 hours the indicated
concentrations of bortezomib were added and the relative viability was measured after 72
hours (mean —/+ SD, n= 4 biologically independent samples). The calculated EC50s and
EC90s are also presented. b, Basal oxygen consumption rate (OCR) was measured in control
and induced Lo19S state cells (as in a) with and without the additions of 200nM bortezomib
(Bortz) for 6 hours (discovery determined using the Two-stage linear step-up procedure of
Benjamini, Krieger and Yekutieli, with Q = 1%. Each row was analyzed individually,
without assuming a consistent SD, n= 7,8 biologically independent samples). ¢, MM.1S
orthotopic tumors grown out from control and bortezomib-treated mice were analyzed for
gene expression with RNA-seq and the gene set enrichment categories (Hallmarks) the
mountain plot for Hallmark OXPHOS is plotted. d, Gene set enrichment analysis (GSEA) of
genes upregulated in Lo19S but not control tumors was conducted for breast, prostate,
thyroid, skin and kidney cancers from the TCGA. The top and bottom 29 categories are
plotted. Mitochondrial-associated categories are marked in blue, the rest in orange. The
network enrichment of Gene Ontology (GO) terms in the Lo19S state in breast cancer
tumors is visualized and color-coded by function (right). Only GO categories showing
enrichment with Log?2 score >0.5 were used to create the network and visualized was
conducted using ClueGO in Cytoscape.
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Figure 2. Increased mitochondrial energy metabolism (Hi-Mito) is sufficient to promote
proteotoxic stress tolerance.

a, Control and induced L019S T47D cells were plated in media containing either glucose
(Glu) or galactose (to induce Hi-Mito state). The viability was measured 72 hours after
addition of the indicated concentrations of bortezomib (mean —/+ SD, n= 4 biologically
independent samples). Calculated EC90 for control, Lo19S/Glu and L0o19S/Gal is 12.7 nM,
109 nM and 624 nM respectively b, Control and Lo19S state was induced by transient
induction of a doxycycline-inducible PSMD2 shRNA in the multiple myeloma KMS11 cell
line. Control non-targeting ShRNA was used in the control cell lines. Colony formation was
assessed after cells were grown in media with either glucose or galactose (Hi-Mito) in the
presence or absence of 5nM bortezomib for 24 hours. The relative fraction (compared to
untreated glucose grown cells) of colonies formed following 5nM bortezomib treatment is
plotted. Statistical analysis was conducted by two-tailed unpaired t-test. Plotted mean —/+
SD, n= 6 biologically independent samples c, The relative viability score of 549 cell lines
following growth in glucose (control) or galactose (Hi-Mito) containing media, in the
presence or absence of 40nM bortezomib. Data plotted as box (25-75 percentile) and
whiskers (min to max), statistical analysis was conducted by two-tailed paired t-test. ****
p<0.0001, n= 549 biologically independent samples . d, NCIH2030 cells were grown in
media containing glucose (control) or galactose (Hi-Mito) and treated with or without
100nm bortezomib for 2 days. Cell media was changed to control glucose-containing media
and presented is the visualization of the cell number after 4 days. Three biologically
independent samples presented that are representative of two independent experiments. e-f,
NCIH441 (e) and HDPQL (f) cells were grown in glucose (Glycolysis) or galactose (Hi-
Mito) containing media and cell viability was determined after 72 hours of treatment with
indicated concentrations of bortezomib. Non-linear curve fit was performed (mean —/+ SD,
n= 4 biologically independent samples).

Nat Chem Biol. Author manuscript; available in PMC 2021 June 07.



1duosnue Joyiny |ANHH 1duosnue Joyiny |IANHH

1dudsnueiy Joyiny IINHH

Tsvetkov et al.

Page 25

a b
NPC- 502 drugs (5 doses) 5 o Lo19Sresistant
CDL- 349 drugs (4 doses) S—
NIH-731 drugs (5 doses) ) °
BCLU- 2666 compounds. e’ 24l @ Proteasome Inhibitors 16
N S = —= Control
2 & 0% o S 2B =12 —-1019S
%% Control Lo79S ¢ % 2 —+ L0195
§ a 14 S 08 2 g
g = Ixa:Eles (4:1)
CAC b3 o
& & 2o $ 04
& D4 @ Elesclomol
5 Disulfiram 0.0
D e . 6 5 4 3 2 41
3 Lo19S sensitive Log10[Ixazomib], M

compounds

c d 4 f e
@ J\ Treatment Delayed
3 Comboyy

injection /—>
Lo19S state 0 15 days

2 Tumor burden Survival
i | ' i T - -@- Control

10t 1x10 ‘

43 ~®- Control ; -8~ Elesclomol

%; ¥ 5x10: T Bortezomib - Bortezomi

5 —*= Elesclomol 1 o
ﬂ -= Combo &' I_._ Combo

0 | |-®- Delayed combo

SR AP o e 0

Elesclomol (nM)

Bortezomib (nl
IS
°
&
Relative viability
ity
Survival fraction
=)
o

Fold change intensi

Days 3 10 17 25 32 38 Days20 40 60 80 100

Figure 3. The Pl-resistant L 019S state exhibitsincreased sensitivity to elesclomol.
a, Viability based small molecule screen was conducted using three distinct libraries

(Selleck anti-cancer L3000 drug library (CDL n=349 in 4 doses), the natural product library
(NPC n=502 in 5 doses) and the NIH bioactive compound library (n=731 in 5 doses) to
determine the compounds that have differential effect on viability between the control versus
the induced Lo19S cells. The relative viability of the Lo19S versus control cells was
calculated for replica experiments and the log2 of the ratio is plotted. b, The effect on
relative cell growth of elesclomol added with the proteasome inhibitor ixazomib at a 1:4
(elesclomol:ixazomib) ratio (the ratio of the EC50s) to Lo19S cells compared to the effect of
ixazomib alone added to either Lo19S or control cells. Plotted are the mean —/+ SD n=4
biologically independent samples. Calculated EC50 for control-Ixazomib, Lo19S-1xazomib
and Lo19S-Ixazomib:elesclomol combo is 69 nM, 1145 nM and 138 nM respectively. c,
Heatmap of relative cell growth following addition of different combinations of bortezomib
and elesclomol to the Lo19S state cells. d-e, Mice were injected with MM.1S luciferase-
expressing cells. Upon tumor formation as judged by bioluminescent signal intensity,
treatment with elesclomol (28mg/kg), bortezomib (0.25mg/kg) or the combination (Combo)
was initiated (day 0). At day 15, elesclomol was added to the treatment of one of the groups
that had received only bortezomib from day 0 to day 15 (combo-delayed group). Tumor
burden (d) over time as determined by changes from the baseline radiant flux associated
with the BLI signal intensity. Plotted are the mean —/+ SD (multiple unpaired t-test analysis
with Holm-Sidak correction on bortezomib alone versus combo group at week 32 and 38
adjusted p-values; p= 0.001 (n=5), p=0.0003 (n=3 bortz n=4 combo) respectively and
viability plots (€) are presented as Kaplan Meier survival curve (statistical test: Log-rank of
significant difference between the combo treatments over bortezomib alone * p= 0.0244 **
p=0.0044). n =5 per group.
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Figure4. FDX1 isthe primary mediator of elesclomol induced toxicity.
a, The viability of 724 barcoded cell lines was determined for 8 concentrations of elesclomol

and the calculated area under the curve (AUC) is presented as box plot for different lineages
(Supplementary Data 9). b, Correlation analysis of calculated AUC for elesclomol with the
gene expression (obtained from the Cancer Dependency Map at www.depmap.org) in 701
cell lines common to both datasets is plotted with the most significant correlation indicated
(FDX1 gene) see Supplementary Data 9. ¢, MCF7 cells were grown in the presence of either
glucose (control, gray) or galactose (Hi-Mito, blue) as the carbon source and the relative cell
viability was analyzed 72 hours after addition of the indicated concentrations of elesclomol.
Mean —/+ SD n= 4 biologically independent samples is plotted d, T47D cells were grown in
the presence of either glucose (Glycolysis) or galactose (Hi-Mito) as the carbon source in
the presence of compounds from the Selleck anti-cancer L3000 drug library (CDL) (n= 349
in 4 doses) and the natural product library (NPC) (n=502 in 5 doses). The relative viability
of the Hi-Mito versus the glycolytic control cells was calculated for replica experiments and
the log2 of the ratio is plotted. Specific compounds are annotated. e, The gene scores of two
whole genome CRISPR/Cas9-deletion screens conducted with OTA-5781 (100 nM) and
OTA-3998 (1uM) treated K562 cells. The gene score is the mean log2 fold change in
abundance of all sgRNAs targeting that gene during the culture period. FDX1 is indicated. f,
Western blot analysis of FDX1 and tubulin (loading control) protein expression levels in WT
K562 cells (WT) or cells with FDX1 (two distinct sgRNASs) and AAVS1 deletions.
Representative of two independent experiments. Full length gels are shown in
Supplementary Fig. 7. g, Viability curves of parental K562 cells and cells targeted for either
AAVSL1 (control) or FDX1 achieved with two sgRNAs using CRISPR/Cas9 were treated
with increasing concentrations OTA-5781 and viability was examined after 72 hours. h, The
indicated cells were grown in the presence of either glucose or galactose (Hi-Mito) and the
relative cell number plotted. For g,h mean —/+ SD n= 4 biologically independent samples.
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Figure 5. Elesclomol inhibitsthe natural function of FDX1 in the Fe-S cluster biosynthesis,
serving as a neo-substr ate when bound to copper.

a, Chemical shift perturbation results mapped onto a diagram of the structure of FDX1.
Color code: grey, not significantly affected (ASyH < 0.01 ppm); blue, significant chemical
shift changes (ASyH > 0.01 ppm); red, severe line broadening; grey, no assignments. The
[2Fe-2S] cluster in FDX1 is indicated by spheres. b, Schematic describing mitochondrial Fe-
S cluster biosynthesis. The mitochondrial ISC (iron-sulfur cluster) core complex catalyzes
the conversion of cysteine to alanine and generates S for iron sulfur cluster assembly. SO is
reduced by FDX1. A [2Fe-2S] cluster is subsequently formed on the scaffold protein ISCU.
¢, /n vitro Fe-S cluster assembly was monitored by following the increase of absorbance at
456 nm. Reduced FDX1 was used as a reducing agent in the presence or absence of either
5X (green) or 10X (blue) elesclomol. Data is representative of two independent experiments
d, Electron transfer from reduced FDX1 to the cysteine desulfurase complex was measured
upon the addition of cysteine in the presence or absence of elesclomol. Data is representative
of two independent experiments e, The molecular structure of elesclomol analogs and their
corresponding calculated EC50s (from T47D cells grown in Hi-Mito state). The reactive
sulfur substitution with an oxygene is indicated with an asterisk. f, The UV/vis spectra of
reduced FDX1 before and after incubation with elesclomol-Cu(ll) or Cu(ll) alone.
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Figure 6. Elesclomol mediated copper dependent cell death isnot inhibited by known apoptosis
and ferroptosisinhibitors.

a-b, The viability of T47D cells cultured in the presence of galactose (Hi-Mito state) was
examined following the addition of either elesclomol (a) or OTA-5781 (b) in the presence or
absence of the copper chelator tetrathiomolybdate (TTM) at 10uM concentration. The mean
—/+ SD n= 3 biologically independent samples is plotted. ¢, NCIH2030 cells were grown in
glucose (glycolysis) or galactose (Hi-Mito) containing media and treated with either
elesclomol or elesclomol-Cu(ll) (at a 1:1 molar ratio). The viability was examined after 48
hours and the mean —/+ SD n= 3 biologically independent samples is plotted. d, The
viability of cells after 48 hours of treatment with indicated concentrations of elesclomol in
the presence or absence of either TTM (copper chelator at 10uM), Z-VAD (pan-caspase
inhibitor at 30uM), ferrostatin-1 or alpha-tocopherol (ferroptosis inhibitors at 10uM and
100uM concentrations respectively). The mean —/+ SD n= 3 biologically independent
samples is plotted e, A schematic of the mechanism of FDX1-activated, elesclomol-induced
and copper-dependent cell death induction.
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