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The high rates of protein synthesis and processing render mul-
tiple myeloma (MM) cells vulnerable to perturbations in pro-
tein homeostasis. The induction of proteotoxic stress by target-
ing protein degradation with proteasome inhibitors (PIs) has
revolutionized the treatment of MM. However, resistance to
PIs is inevitable and represents an ongoing clinical challenge.
Our first-in-human study of the selective inhibitor of RNA po-
lymerase I transcription of ribosomal RNA genes, CX-5461,
has demonstrated a potential signal for anti-tumor activity in
three of six heavily pre-treated MM patients. Here, we show
that CX-5461 has potent anti-myeloma activity in PI-resistant
MM preclinical models in vitro and in vivo. In addition to in-
hibiting ribosome biogenesis, CX-5461 causes topoisomerase
II trapping and replication-dependent DNA damage, leading
to G2/M cell-cycle arrest and apoptotic cell death. Combining
CX-5461 with PI does not further enhance the anti-myeloma
activity of CX-5461 in vivo. In contrast, CX-5461 shows syner-
gistic interaction with the histone deacetylase inhibitor panobi-
nostat in both the Vk*MYC and the 5T33-KaLwRij mouse
models of MM by targeting ribosome biogenesis and protein
synthesis through distinct mechanisms. Our findings thus pro-
vide strong evidence to facilitate the clinical development of
targeting the ribosome to treat relapsed and refractory MM.

INTRODUCTION
Multiple myeloma (MM) is a clonal plasma cell malignancy that is
characterized by proliferation of malignant plasma cells in the bone
marrow and the production of large quantities of monoclonal immu-
noglobins.1,2 The exceptionally high rates of protein synthesis and
processing render MM cells vulnerable to perturbations in protein
homeostasis such as inhibition of protein degradation, which nor-
mally occurs through polyubiquitination and transporting of proteins
to the proteasome. Targeting protein degradation by proteasome in-
hibitors (PIs) results in the accumulation of misfolded or unfolded
proteins in the endoplasmic reticulum (ER) leading to ER stress,
which subsequently impedes cell-cycle progression and activates
apoptotic pathways leading to cell death.3 PIs are a cornerstone treat-
ment for MM patients both in frontline and relapsed and refractory
Molecu
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MM (RRMM) settings.4 However, resistance to this treatment modal-
ity is inevitable and represents a clinical challenge. Multiple mecha-
nisms have been reported to mediate resistance to PIs, including
aberrant expression of proteasomal subunits, heat shock protein
induction, and restoring ER homeostasis.3,5,6 Despite extensive
research, these mechanisms are not yet widely validated in patients’
samples of RRMM and thus their clinical relevance remains uncer-
tain. In a recent study, gene expression signatures of ribosome and
polysome and translation initiation were found to be associated
with suboptimal response to the PI bortezomib in MM patient sam-
ples,7 implicating deregulation of ribosome function and altered
mRNA translation activity in mediating resistance to PI.

The production of ribosomes involves the synthesis and processing of
ribosomal RNAs (rRNAs), assembly of rRNAs and ribosomal pro-
teins in the nucleoli, and transport of pre-ribosomal subunits to the
cytoplasm to form functional ribosomes for mRNA translation.8

The rates of ribosome biogenesis and mRNA translation are
controlled by key oncogenic pathways, particularly phosphatidylino-
sitol 3-kinase (PI3K)/protein kinase B (AKT)/ mammalian target of
rapamycin complex 1 (mTORC1), RAS/mitogen-activated protein ki-
nase (MAPK) pathways and MYC.9–11 The first-in-class selective in-
hibitor of ribosome biogenesis, CX-5461 (Pidnarulex), targets RNA
polymerase I (Pol I) transcription of the 47S rRNA genes, a rate-
limiting step in ribosome biogenesis. We and other groups have re-
ported the anti-tumor activity of CX-5461 in multiple preclinical
models of blood and solid cancers.12–22 We recently reported the
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results of the first-in-human phase I clinical study of CX-5461 as a
single agent in 17 heavily pre-treated patients with refractory blood
cancers.23 In this study, the best response of stable disease was noted
in patients with RRMM: three out of six RRMMpatients, with actively
progressing disease at study entry, maintained disease stabilization
for 4–6 cycles. Adding to our understanding of this compound’s
mechanism, CX-5461 also recently demonstrated clinically signifi-
cant and durable benefits in patients with homologous recombination
(HR)-deficient tumors.24 This is due to its newly recognized mode of
action in acting as a topoisomerase II (TOP2) poison with high selec-
tivity to genomic regions of high transcriptional activity and enrich-
ments with G-quadruplex (G4) DNA structures.20,25,26 CX-5461 can
thus induce replication stress, which, in the absence of a functional
HR pathway, leads to DNA damage and cancer cell death.18 The
US Food and Drug Administration (FDA) has recently granted a
fast-track designation to CX-5461 for patients with HR-deficient
ovarian and breast cancers.

In this paper, we demonstrate that the dual modes of action of CX-
5461 in inhibiting ribosome biogenesis and activating replication-
dependent DNA damage response (DDR) signaling contribute to
its potent anti-myeloma activity in human MM cells and PI-resistant
murine MM cells. Here, we have examined strategies of drug combi-
nations with the standard-of-care therapies in MM. We have identi-
fied that CX-5461 and the histone deacetylase inhibitor panobinostat
exhibit significant synergistic interactions against MM both in vitro
and in vivo. This improved therapeutic benefit is mediated via diver-
gent pathways that enhance the suppression of mRNA translation
and protein synthesis in MM cells.

RESULTS
CX-5461 impairs ribosome biogenesis and activates DDR

signaling in MM cells

To characterize the molecular actions of CX-5461 in MM, we tested
its efficacy across a panel of human MM cell lines (HMCLs), contain-
ing a range of cytogenetic translocations and molecular drivers
Figure 1. CX-5461 impairs ribosome biogenesis and induces the DDR in MM c
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CX-5461 selectively inhibits Pol I transcription relative to Pol II and
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CX-5461 treatment, indicating replication stress. Consistently,
increased pCHK1 S345, pCHK2 T68, and pRPA2 S33 were also
observed in p53 null JJN-3 cells within 1 h of exposure. Thus, our
data corroborate previous findings that CX-5461 induces replication
stress and activates DDR. We next assessed CX-5461-mediated repli-
cation stress by co-immunofluorescence (co-IF) staining of pRPA2
S33 with the Pol I transcription factor upstream binding factor
(UBF). Induction of pRPA2 S33, indicating the presence of ssDNA le-
sions, was observed within nucleoli and across the nucleus in both
EdU-positive (S-phase) and EdU-negative cell populations following
treatment with CX-5461 (Figures 1F and S1E). Co-IF analysis of the
DNA double-strand breaks (DSBs) marker gH2A.X (phosphorylated
histone H2A.X on serine 139) and UBTF also demonstrated the in-
duction of gH2A.X foci within the nucleoli and throughout the nu-
cleus (Figures 1G and S1F). Notably, gH2A.X foci are mainly induced
in EdU-positive cell populations, suggesting that CX-5461-induced
DNA damage is dependent on DNA replication.

CX-5461 has been reported to act as a TOP2 inhibitor25 and is pro-
posed to act as a DNA-structure-driven TOP2 poison via selective tar-
geting of transcriptionally active regions bearing G4 DNA or R-loops
structures, which are enriched at the rRNA genes. This, in turn, leads
to an increase in topological stress that recruits and facilitates TOP2a
trapping.34 TOP2a alleviates topological stress during transcription or
replication by forming a transient TOP2a-DNA covalent complex
(TOP2cc) and producing temporary DSBs. TOP2 inhibitors stabilize
transient TOP2cc, leading to accumulation of cytotoxic DSBs, which
may contribute to CX-5461-mediated DDR. We thus assessed CX-
5461’s TOP2a trapping activity by performing rapid approach to
DNA-adduct recovery (RADAR) assays (Figures 1H and S1G). We
observed that, similar to TOP2 poisons doxorubicin and etoposide,
CX-5461 also trapped TOP2a onto the DNA. Collectively, our data
demonstrate that CX-5461 induces replication-dependent DNA
damage through stabilizing TOP2cc at the rRNA genes and across
the genome, leading to replication stress, activation of cell-cycle
checkpoints, and eventually cell death.

CX-5461 has potent activity in PI-resistant MM models

Restoration of protein homeostasis has been suggested to contribute
to resistance to PIs in MM.7 We therefore propose that targeting the
ribosome is an effective approach to treat PI-resistant MM. To test
Figure 2. CX-5461 has potent activity in PI-resistant MM models
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this hypothesis, we generated bortezomib-resistant p53 null JJN3
HMCL (referred to as JJN3_R) and 5T33 mouse MM cell line
(referred to as 5T33_R) by culturing cells in increasing concentrations
of bortezomib over 6 months. The parental cell lines were cultured
concurrently without drug treatment (referred to as JJN3_S and
5T33_S cells). Resistance to bortezomib was confirmed by measuring
cell death following treatment (Figure 2A). Strikingly, PI-resistant
cells exhibited higher sensitivity to CX-5461 than parental counter-
parts (Figure 2A). We subsequently transplanted 5T33_R cells into
C57BL6/KaLwRij mice, which is considered an aggressive immuno-
competent model involving multiple genetic events (including loss
of FGFR3, RB1, CARD11 and gain of AKT1, CCND1)35,36 and not
only confirmed bortezomib resistance in vivo but also observed that
CX-5461 provides a significant survival benefit against PI-resistant
MM (Figure 2B).

To characterize the molecular response to CX-5461 in the context of
PI resistance, we performed label-free quantitative proteomic analysis
in both parental and PI-resistant 5T33 cells following CX-5461 treat-
ment for 24 h (Figures S2A and S2B). We identified 253 and 228 were
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and mRNA translation (Figure 2D). These results thereby demon-
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ribosome biogenesis, and mRNA translation in PI-resistant cellular
context.
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analysis identified an enrichment in the biological processes related to
mitosis and DNA replication in CX-5461-treated cells (Figure 2E).
Notably, signatures related to cellular response to DNA damage stim-
ulus and DNA repair were also identified upon CX-5461 treatment
(Figure 2E). The upstream kinase activity inferred from the substrate
phosphorylation data using KEA337 and Phosphomatics38 identified
ATR-CHEK1 and ATM-CHEK2 signaling activities to be signifi-
cantly upregulated in both parental and PI-resistant 5T33_R cells
treated with CX-5461 (Figures 2F and S2E), strongly supporting
that CX-5461 induces DDR signaling in MM cells (Figure 2G).

To explore the mechanisms associated with bortezomib resistance in
5T33_R cells, we analyzed proteomic and phosphoproteomic data
by comparing untreated 5T33_R cells to parental 5T33_S cells.
Increased expression of Psmb5 and downregulation of apoptotic
mitochondrial changes were found in resistant cells, which may
reduce on-target effects of bortezomib and enhance cell survival
(Figure 2H; Table S3). Our data, surprisingly, showed regulation
of defense response and innate immune response to be the top-
ranked biological processes of genes associated with antigen
processing and presentation and cytokine production being signifi-
cantly upregulated in resistant cells, suggesting increased immuno-
genicity (Figures 2H and S2F). This is consistent with observed high
response rates to immunotherapies in PI-refractory MM patients.39

Moreover, in PI-resistant cells, we identified reduced expression of
genes involved in ribonuclease H2 complex and FACT complex,
which are involved in DNA repair, replication, and transcrip-
tion,40,41 suggesting that genomic instability may be linked to resis-
tance to PIs (Figures 2H and S2F). Accordingly, analysis of upregu-
lated phosphorylated proteins in PI-resistant cells showed enriched
signatures of DDR and regulation of DNA replication and increased
ATM/CHEK2/CHEK1 kinase activities (Figures 2I and S2G).
Collectively, our data suggest that the heightened genomic insta-
bility of PI-resistant MM cells can confer sensitivity to CX-5461.
The combination of PIs with CX-5461 does not further enhance

the anti-myeloma activity of CX-5461

The ubiquitin-proteasome system has non-proteolytic functions in
mediating DNA repair and activating DDR signaling, and PIs have
been shown to impair DNA repair capacity, causing HR deficiency
and persistent DNA damage.42–44 We therefore assessed whether
combining CX-5461 with PIs can improve their efficacy by increasing
DNA damage levels in MM cells. We examined combining CX-5461
and bortezomib in four HMCLs including p53 WT MM1.S and
MOLP-8, p53 mutant cell lines OPM-2 and JJN3 (Figure 3A). Sur-
prisingly, no synergist effects between CX-5461 and bortezomib
were observed. We further examined the benefit of combining CX-
5461 with carfilzomib in C57BL6/KaLwRij mice transplanted with
5T33MM cells.While carfilzomib as a single agent showed no benefit,
CX-5461 showed significant therapeutic benefit in 5T33 MM-bearing
mice (Figure 3B). Consistent with our in vitro findings, the combina-
tion therapy did not significantly improve the survival benefit
compared to CX-5461 as a single agent.
6 Molecular Therapy: Oncology Vol. 32 March 2024
We next examined the effect of combining CX-5461 and bortezomib
in inducing DDR signaling in four HMCLs (Figure 3C). In agreement
with previous reports,43 bortezomib markedly decreased the abun-
dance of key proteins involved in ATM/ATR signaling including
ATM and ATR substrate CHK1 and their phosphorylation levels.
This impaired DNA repair activity is associated with accumulation
of DNA damage as shown by increased gH2AX levels. Surprisingly,
bortezomib effectively abrogated CX-5461-mediated ATM/ATR acti-
vation; however, gH2AX level remained the same as those induced by
bortezomib alone. Our data thus suggest that bortezomib attenuates
CX-5461-mediated DDR activation and that the combination therapy
fails to exacerbate DNA damage and consequently does not further
enhance anti-tumor action. Nevertheless, the data support that CX-
5461’s significant anti-MM activity in the 5T33-KalwRij model is
mediated via its multiple modes of action as a dual inhibitor of Pol
I transcription and TOP2 activity.

CX-5461 is synergistic with the histone deacetylase inhibitor

panobinostat

We next performed a boutique screen of CX-5461 in combination
with drugs with known clinical or promising preclinical efficacy in
MM in 14 HMCLs and measured cell proliferation using RealTime-
Glo cell viability assay. Representative dose-response curves are
shown in Figure S3. Co-treatment with the histone deacetylase inhib-
itor (HDACi) panobinostat and CX-546 elicited the strongest
combination effect in inhibiting MM cell growth (Figure S3I).
Further assessment of the response to this combination therapy in
four HMCLs demonstrated synergistic cell death as determined by
CalcuSyn (Figures 4A and 4B).

We subsequently assessed the therapeutic benefit of CX-5461 and
panobinostat using the Vk*MYC MM model, a MYC-driven murine
model that closely resembles the clinical and genomic features of hu-
man MM.45,46 The combination of CX-5461 and panobinostat
demonstrated significant survival benefit by comparison to single-
agent treatments (Figures 4C and 4D). Disease progression measured
by peripheral paraprotein levels was significantly reduced following
treatment with either CX-5461 or panobinostat and further delayed
by the combination treatment (Figure 4C). Mice treated with the
combination therapy had a median survival of 162.5 days, compared
with 131 days in mice treated with CX-5461 (p = 0.007), 126 days in
those treated with panobinostat (p = 0.046), and 109 days in the
vehicle-treated mice (Figure 4D). Prolonged dosing with CX-5461
and panobinostat did not cause toxicity beyond that seen with single
agents, nor any significant weight loss (Figure S4A), and with only
mild anemia observed (Figure S4B).

To further explore the impact of the combination treatment, we
examined the benefit of combining CX-5461 with panobinostat in
C57BL-KaLwRij mice transplanted with luciferase-expressing 5T33
MM cells. Serial assessment of tumor burden by bioluminescence im-
aging demonstrated that cancer progression was delayed in the single-
agent groups, and further retarded in the combination group with
markedly enhanced survival benefit (Figures 4E and 4F). Compared
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Figure 3. The combination with PIs does not further enhance the anti-myeloma activity of CX-5461

(A) Cells were treated with CX-5461 and bortezomib for 72 h and the number of viable cells were counted by Coulter Counter. The mean of n = 3 is shown in the dose-

response matrix (left). The synergy scores were calculated using Bliss (middle) and Loewe (right) models on SynergyFinder Application website (SynergyFinder.com). (B)

C57BL/KaLwRij mice were transplanted with 2� 106 luciferase-expressing 5T33 MM cells by intravenous tail injection. The treatment started on day 12 post transplantation

with carfilzomib 5 mg/kg i.p. injection weekly, CX-5461 25 mg/kg oral gavage three times per week, the drug combination, or the vehicle control (n = 8 per condition). A

Kaplan-Meier plot is shown. Statistical analysis was performed by log rank test. **p < 0.01; ns, non-significant. (C) Western blotting of HMCLs treated with 5 nM bortezomib or

500 nM CX-5461 for 24 h. Actin was probed as a loading control. Representative images of n = 3.
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to the vehicle-treated mice, panobinostat-treated mice survived a me-
dian of 7 days longer, the CX-5461-treated an additional 13.5 days,
and the combination-treated mice 30 days longer, providing a statis-
tically significant survival improvement in the combination-treated
group compared with either panobinostat (p = 0.001) or CX-5461
alone (p = 0.003; Figure 2G) without significant weight loss (Fig-
ure S4C). Taken together, the survival benefit provided by combining
CX-5461 with panobinostat in two genetically distinct MM
mouse models supports the potential for this combination therapy
to be applicable across clinical presentations with different genetic
aberrations.

The combination of CX-5461 and panobinostat enhances MM

cell death through inhibition of protein synthesis via

independent pathways

To investigate the molecular mechanisms underlying the synergistic
response to CX-5461 and panobinostat, we performed RNA
sequencing (RNA-seq) analysis in both p53-WT MM1.S and p53-
null JJN-3 cells (Figures S5A and S5B). The ssGSEA demonstrated
that genes associated with apoptosis, mitotic spindle, DNA repair,
and UV response were upregulated by CX-5461, consistently sup-
porting CX-5461-mediated DDR (Figures 5A and S5C). However,
these signatures were not significantly modulated in cells treated
with panobinostat alone. Instead, downregulation of gene expression
signatures including MYC targets and mTORC1 signaling were de-
tected upon panobinostat treatment, consistent with the known
mode of action of panobinostat in MM.47 Interestingly, all these ef-
fects exerted by single agents were not further enhanced by the com-
bination therapy, suggesting that the synergy is associated with
distinct mechanisms of action of the two drugs. Nonetheless, we
expect that these drugs in combination might have long-term effects
on MM cell’s transcriptome, thereby enhancing their synergy.

We thus measured ATM/ATR signaling activity and MYC protein
expression by western blotting. The addition of panobinostat did
not further increase pCHK2 T68, pCHK1 S345, and pRPA2 S33,
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nor gH2AX levels by CX-5461, suggesting that panobinostat does not
augment CX-5461-mediated DDR and replication stress (Figures 5B
and 5C). While MYC expression was not significantly affected by CX-
5461 treatment in either cell line, panobinostat drastically reduced
MYC expression, confirming the downregulation of MYC activity
identified by ssGSEA. Moreover, this effect was not enhanced by
the combination treatment, further supporting that CX-5461and
panobinostat inhibit MM growth via independent pathways.

Since bothMYC andmTORC1 are master regulators of mRNA trans-
lation and protein synthesis, inhibition of MYC activity and
mTORC1 signaling by panobinostat may impair mRNA translation,
which is also a functional impact of CX-5461 (Figures 2C–2E). We
thereby assessed whether the improved therapeutic efficacy of the
CX-5461/panobinostat combination is a result of cooperative inhibi-
tion of protein synthesis. Measuring protein synthesis rate using AHA
incorporation showed that both CX-5461 and panobinostat reduced
the abundance of newly synthesized proteins in AMO-1 cells (Fig-
ure 5D). In contrast, protein synthesis rate in JJN3 cells was only
reduced by panobinostat but not affected by CX-5461 (Figure 5E),
in line with its lower sensitivity to CX-5461 (Figure S1B). Neverthe-
less, CX-5461 plus panobinostat provided enhanced inhibition of
protein synthesis (Figures 5D and 5E). Taken together, our data sug-
gest that the combination of CX-5461 and panobinostat enhances in-
hibition of mRNA translation and protein synthesis through indepen-
dent pathways, which contribute to the synergy observed in MM cell
lines and mouse models.
DISCUSSION
CX-5461 has demonstrated a promising single-agent anti-tumor ac-
tivity and a safety profile in a phase I clinical study in patients with
advanced hematological malignancies. A halt in disease progression
was noted in 50% (three out of six) of MM patients, which in this
study of heavily pre-treated patients was the best response.23 We
herein demonstrate that the dual mode of action of CX-5461 in inhib-
iting ribosome biogenesis and activating DDR contributes to its
potent efficacy in PI-resistant MM models. Moreover, we demon-
strate that the combination of CX-5461 and panobinostat is synergis-
tic in inhibiting MM in vitro and in vivo by cooperatively suppressing
mRNA translation.
Figure 4. CX-5461 is synergistic with the histone deacetylase inhibitor panobin

(A) Cells were treated with increasing concentrations of CX-5461 in the presence or abs

exclusion assay. Error bars represent mean ± SEM, n = 3. (B) Combination indices (CIs)

indicates antagonism (red), CI = 1 indicates additive effect (black). Error bars represent m

were transplanted into C57BL/6 mice following sub-lethal irradiation. After 7 weeks, m

treatment with 35 mg/kg CX-5461 twice weekly via oral gavage (n = 6 mice), 7.5 mg/kg p

5461 and panobinostat (n = 6 mice), or vehicle control (n = 5 mice). The paraprotein le

electrophoresis at baseline, 2-week, 6-week, and 10-week time points (C). Error bars

Tukey’s multiple comparations test. *p < 0.05, ***p < 0.001, ****p < 0.0001. Kaplan-Mei

(E–G) 2 � 106 luciferase-expressing 5T33 cells were transplanted into C57BL-KaLwR

transplantation into four groups and started treatment with 25 mg/kg CX-5461 via oral g

times weekly (n = 6 mice), the combination of CX-5461 and panobinostat (n = 5 mice), o

measured by bioluminescent signal intensity (photons per second) (F). Kaplan-Meier pl
The molecular response to CX-5461

CX-5461 inhibits Pol I transcription and subsequently induces the ca-
nonical nucleolar stress response via the release of free ribosomal pro-
teins, which then bind and inhibit nucleosplasmic MDM2, a negative
regulator of p53, resulting in cell-cycle arrest/apoptosis.15 In MM
cells, we observed a modest but significant correlation of TP53 status
with sensitivity to CX-5461, with TP53 mutant HMCLs being less
sensitive to CX-5461-induced cell death. Results from the clinical
study of CX-5461 in hematological malignancies demonstrated
that, of the four MM patients whose TP53 status was determined
by sequencing, two patients with TP53 WT achieved stable disease
for four cycles and the third patient with TP53WTMM and a patient
with TP53-mutated MM experienced early disease progression.23

Thus, whether TP53 can serve as a predictor of CX-5461 in MM re-
mains unclear and is worthy of further investigations.

In agreement with responses observed in AML and ovarian cancer
models, CX-5461 induced the DDR in HMCLs independent of
p53 status. The CX-5461 mode of action includes DNA-structure-
mediated TOP2 inhibition via stabilizing G4 DNA structures26 or
R-loops,18,20,25 which are enriched at rRNA genes. Notably, TOP2A
is an essential component of the initiation-competent Pol I complex48

and thus CX-5461 can trap TOP2A at the rRNA gene promoters and
other regions across the genome leading to replication stress. While it
is not yet clear how CX-5461 affects TOP2 activity, it acts differently
to classical TOP2 inhibitors etoposide and doxorubicin. This is sup-
ported by the finding in ovarian cancer cells that CX-5461-mediated
replication stress occurs with overall lower levels of global gH2AX,
compared to doxorubicin.19 Thus, the clinical toxicities associated
with TOP2 inhibitors such as cardiotoxicity49 are unlikely to apply
to CX-5461.

Although PIs have been reported to sensitize cancer cells to various
chemotherapies and radiation therapy,50,51 co-treatment of PIs with
CX-5461 did not show additive effects on the induction of DDR
and cell death inMM. It is important to note that the balance between
proteasome capacity and workload has been proposed to determine
the sensitivity to PIs.52 Depletion of genes involved in protein synthe-
sis, including components of the eIF4F translation initiation complex,
protectedMM cells from carfilzomib-induced cell death by alleviating
the load on the proteasome.53 In this regard, CX-5461-mediated
ostat

ence of 50 nM panobinostat for 72 h. Cell death was assessed by propidium iodide

calculated by CalcuSyn software. CI < 1 indicates synergistic cell death (blue), CI > 1
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inhibition of ribosome biogenesis, and new protein synthesis could
alleviate the proteasome’s workload and consequently attenuate the
response to proteosome inhibition.
Targeting ribosome synthesis and function as a therapeutic

strategy in refractory MM

Increased ribosome biogenesis and mRNA translation are fundamen-
tally associated with malignant transformation across multiple can-
cers, including MM. The transcription factor MYC plays a central
role in MM progression with a strong correlation between MYC
expression and translational activity in MM having been estab-
lished.54 In addition to MYC, other MM genetic drivers, for instance,
TP53 deletion and hyperactivation of the RAS pathway also have
direct impacts on mRNA translational activity, potentially contrib-
uting to progression from precursor states to malignant disease.
Therefore, oncogenic reprogramming of mRNA translation may
drive MM pathogenesis. The high rate of protein synthesis and pro-
cessing in MM leads to proteotoxic stress and may cause a heavy reli-
ance on ribosomes and proteasomes. Disrupting the balance between
protein synthesis and degradation provides a new option for treating
MM. Evidence from several studies has provided a rationale for tar-
geting mRNA translation in MM cells. Inhibiting the initiation step
of protein translation by knocking down eIF4E hinders MM growth
and survival.55,56 Translational initiation inhibitors rocaglates and
omacetaxine have been shown to suppress MM cell proliferation
and induce cell death.54,57 In line with these findings, we show that
the combination of CX-5461 with panobinostat produced a double
hit on ribosome biogenesis and mRNA translation in MM cells. Alto-
gether, our findings support the feasibility of targeting the ribosome
as an effective strategy to treat RRMM. Last, our work highlights
the importance of understanding drugs’ mechanisms of action and
the mechanisms of drug synergy to apply a personalized/precision
medicine approach in MM. This is particularly important for MM
given the breadth of treatments available and the current complex
therapeutic landscape.
MATERIALS AND METHODS
Cell lines

The source and culture conditions for mouse myeloma cell lines and
HMCLs used in this study are listed in Table S1. The identity and in-
dividuality of HMCLs were routinely confirmed by a polymerase
chain reaction (PCR)-based short tandem repeat (STR) analysis. Cells
are routinely tested for mycoplasma contamination by PCR and kept
in a humidified 5% CO2 incubator at 37�C.
Figure 5. The combination of CX-5461 and panobinostat enhances multiple my

pathways

(A) MM.1S cells were treated with vehicle, 500 nM CX-5461, 50 nM panobinostat, or the

Changes of activities of hallmarks upon treatment were determined by single-sample GS

treated as in (A) and analyzed by western blotting. Vinculin was probed as a loading co

treated as in (A) for 6 h and labeled with 50 mML-azidohomoalanine for 1 h before fixing fo

median fluorescence intensity was normalized to vehicle control. Error bars represent me

multiple comparisons test. *p < 0.1, **p < 0.01.
The mouse MM cell line 5T33 was transduced with a FUL2-TG lenti-
virus vector containing Luciferase-2 and eGFP genes. Resistance to
the PI bortezomib in JJN3 and 5T33 MM cell lines was established
by continuously maintaining the cells in culture medium supple-
mented with increasing drug concentrations over 6 months. The
parental cell lines were maintained in culture medium supplemented
with DMSO vehicle at the same concentrations as the drug-resistant
cells and passaged in an identical fashion.

Compounds

For in vitro studies, CX-5461 was purchased from SYNkinase and
MedChemExpress and dissolved in 50 mM NaH2PO4 (pH 4.5). Bor-
tezomib, carfilzomib, and panobinostat were purchased from
SelleckChem and prepared in DMSO. For in vivo studies, CX-5461
was freshly prepared in 25 mM NaH2PO4 (pH4.5) on the day of
dosing. Bortezomib (Velcade, Celgene) and carfilzomib (Kyprolis,
Amgen) were obtained from the cytotoxic pharmacy of the Peter
MacCallum Cancer Centre.

Propidium iodide exclusion assay

Exponentially growing cells were seeded into 96-well plates at 20,000
cells in 100 mL per well in technical triplicate. After 24-h incubation,
100 mL of drug dilutions were added to the cell culture. At 24 or 72 h
after drug treatment, propidium iodide was added for 15 min and
cells analyzed by FACS-Verse flow cytometer (BD Biosciences).
The data were analyzed using FlowLogic software (Inivai Technolo-
gies) and plotted using Prism GraphPad 6.0/7.0 software to calculate
EC50 of cell death.

Cell-cycle analysis

Cells were labeled with 3 mM bromodeoxyuridine (BrdU) (BD Phar-
migen) for 30 min then fixed with cold 80% ethanol. Cells were stored
at 4�C for a maximum of 1 month. On the day of analysis, cells were
resuspended in 2 N HCL with 0.5% (v/v) Triton X-100 and incubated
for 30 min at room temperature (RT) followed by the addition of
0.1 M sodium tetraborate for 5 min. Anti-BrdU antibody (BD Biosci-
ences) diluted in PBS containing 2% FBS and 0.5% Tween 20 was
added at 1:50 dilution and then incubated at RT for 30 min. Cells
were washed with 2% FBS in PBS, then incubated with fluorescein
labeled sheep anti-mouse immunoglobulin (Ig) G (MP Biomedicals)
at 1:100 dilution for 30 min at RT. Cells were then washed and resus-
pended in PBS containing 2% FBS and 10 mg/mL PI. The analysis was
performed on the FACSVerse flow cytometer (BD Biosciences). The
data were analyzed using FlowLogic software (Inivai Technologies)
and plotted using Prism GraphPad 6.0/7.0 software.
eloma cell death through inhibition of protein synthesis via independent

combination for 24 h and cellular RNA was extracted for 30 RNA-seq analysis (n = 3).

EA using MSigDB hallmark gene sets. (B and C) AMO-1 (B) and JJN3 (C) cells were

ntrol. Representative images of n = 3. (D and E) AMO-1(D) and JJN-3 (C) cells were

llowed by labeling with 1 mMAlexa Fluor 488-azide and flow cytometry analysis. The

an ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA Tukey’s
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Boutique drug screen to assess CX-5461 combination therapies

Exponentially growing cells were seeded into 384-well plates at 2,500
cells in 25 mL per well in technical triplicate using an automated
micropipette liquid handling system (Biotek). After 24-h incubation,
10 mL of diluted Promega Real-Time Glo enzyme and substrate were
added (Promega, G9712; 10 mL of each component diluted in 8 mL of
medium). Drug solutions were prepared at 10� final concentration
and 5 mL per well were added by ALH3000 robot (Biotek). The biolu-
minescence was measured at baseline (15 min after adding Real-Time
Glo reagents) and every 24 h using the Cytation plate reader (BioTek).
The bioluminescent values were normalized to vehicle-treated and to
baseline luminescence levels. Values for inhibition of 50% of prolifer-
ation (GI50) were calculated using Prism GraphPad 6.0/7.0 software.

RADAR assay

RADAR assays were performed as described previously.58 Briefly,
cells were lysed in the lysis buffer containing 6 M guanidinium thio-
cyanate, 10 mM Tris-HCl, pH 6.5, 20 mM EDTA, 4% Triton X-100,
1% Sarkosyl, and 1% dithiothreitol. Nucleic acid and DNA-protein
covalent complexes were then recovered by adding 100% ethanol,
incubation at �20�C for 5 min and centrifugation for 15 min at
15,000 rpm. The pellet was washed twice with 75% ethanol and
promptly dissolved in 8 mM NaOH. Equal amounts of DNA diluted
in Tris-buffered saline (TBS) buffer (to a final volume of 200 mL) were
made up in 96-well microtiter plate. The samples were then applied
onto a nitrocellulose membrane using Bio-Dot SF Microfiltration
Apparatus according to the manufacturer’s instructions. The mem-
brane was rinsed with TBS buffer containing 0.1% Tween 20
(TBS-T), blocked with 5% skim milk in TBS-T for 1 h and subse-
quently incubated with mouse anti-TOP2a antibody (SantaCruz,
Sc-166934, 1:1,000 dilution) at 4�C overnight. Following three
5-min washes with TBS-T, the membrane was incubated with LI-
COR IRDye 800CW goat anti-mouse IgG Secondary Antibody
(0.5 mg, LI-COR 92632210) and imaged on the LI-COR Odyssey
CLx (LI-COR Biosciences).

qRT-PCR

Total RNA was extracted according to the NucleoSpin RNA extrac-
tion kit protocol (Mecherey-Nagel). An equal amount of total RNA
was treated with DNase at 37�C for 15 min followed by 65�C for
15 min. cDNA was synthesized as per the SuperScript III kit (Life
Technologies) using random hexamer primers (Promega). qRT-
PCR analysis was performed on the StepOne Plus System (Applied
Biosystems) using FAST SYBR green (Applied Biosystems). The
expression of target genes was normalized to b-2-microglobulin
(B2M) and compared to the vehicle control. The primer sequences
are detailed in Table S5.

AHA labeling

Cells are labeled with 50 mMClick-IT AHA (Thermo Fisher C10102)
in methionine-free medium for 1 h. The fixed cells were incubated
with click reaction mixture (50 mM Tris-HCl pH 8.0, 1 mM Alexa
Fluor 488-azide [Thermo Fisher A10266], 2 mM copper sulfate
[Sigma C1297], 100 mM sodium ascorbate [Sigma A4034]) for
12 Molecular Therapy: Oncology Vol. 32 March 2024
30 min at RT. Samples were analyzed by FACSVerse flow cytometer
(BD Biosciences). Data were analyzed using FlowJo software.

Western blotting

Protein lysates were extracted in the SDS-lysis buffer (0.5 mM EDTA,
20mMHEPES, 2% (w/v) SDS pH7.9). Samples were boiled to 95�C for
5 min and DNA was sheared using a 26G needle before being stored at
�20�C for further processing. Equal amounts of protein lysates (10–
30 mg) were loaded into 4%–15% precast gels (Bio-Rad) and ran
using sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) in Tris-glycine-SDS running buffer. Separated proteins
were then transferred onto Immobilon-P polyvinylidene difluoride
(PVDF) membrane (Millipore IPVH00010) using the Mini-
PROTEAN III system (Bio-Rad). After transfer, membranes were
blocked with 5% milk in TBS-T blocking buffer at RT for 1 h and
then incubated with primary antibodies diluted in blocking buffer at
4�C overnight. The following morning, the membranes were washed
three times with TBS-T then incubated with mouse or rabbit horse-
radish peroxide-bound secondary antibodies followed by three washes
with TBS-T. The protein was visualized using the Western Lighting
Plus ECL kit (PerkinElmer). Images were acquired using ChemiDoc
Touch system (Bio-Rad) and processed by Image Lab software (Bio-
Rad). The primary and secondary antibodies are listed in Table S2.

Immunofluorescence

Exponentially growing cells were labeled with 10 mM EdU for 30 min
prior to treatment. Cells were then fixed with 2% paraformaldehyde
(ProSciTech) in PBS at RT for 5 min and washed with PBS. Cells
were then spun onto SuperFrost Plus microscope slides (Fisherbrand)
using a Shandon Cytospin 4 (Thermo Scientific) for 7 min at 800 rpm
and stored at �20�C. Fixed cells were permeabilized with 0.3% (v/v)
Triton X-100 in PBS for 10min on ice, washed three times in PBS, and
blocked in 5% (v/v) goat serum with 0.3% Triton X-100 in PBS at RT
for 30 min. Cells were subsequently incubated with primary anti-
bodies (Table S2) diluted in 1% (w/v) BSA with 0.3% Triton X-100
in PBS at 37�C for 1 h. After incubation, slides were washed three
times in PBS. Cells were then stained with secondary antibodies
diluted in 1% (w/v) BSA with 0.3% Triton X-100 in PBS at 37�C
for 1 h. Slides were again washed three times in PBS (protected
from light). To distinguish replicating cells in S-phase, cells were
incubated with click reaction mixture (100 mM Tris [pH 8.5],
100 mM ascorbic acid, 1 mM CuSO4, 10 mM Click-iTTM EdU Alexa
Fluor 647 Azide; Invitrogen #A10277) at RT for 30 min and washed
twice in PBS (protected from light). To counterstain the nuclei, cells
were incubated with 40,6-diamidino-2-phenylindole (DAPI) diluted
1:10,000 in PBS. Slides were finally mounted with ProLong Gold
Antifade. Immunofluorescence was visualized with a Stellaris 5
confocal microscope (Leica Microsystems). Images were processed
and analyzed by Fiji and Cell-Profiler Software.

Proteomics and phosphoproteomics

Sample preparation

Cells were lysed with guanidium chloride lysis buffer containing
6 M guanidinium chloride, 100 mM Tris pH 8.5, 10 mM
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tris(2-carboxyethyl)phosphine (TCEP), and 40mM2-chloroacetamide.
Samples were boiled at 95�C for 10 min and sheared with 26G
needles.

For proteomics studies, 100 mg of proteins in 200-mL volume was
precipitated in the presence of 1 mL of acetone and 300 mL of meth-
anol at �20�C overnight. The protein precipitates were washed twice
with 80% (v/v) acetone at �20�C and resuspended in 50 mM Tris-
HCl pH 8. Then 20 mg of each protein sample was digested by
Trypsin/Lys-C Mix, Mass Spec Grade (Promega, V5071) at 1:50
enzyme-to-protein ratio at 37�C, 1,000 rpm overnight. Protein
samples were desalted using home-made C18 tips and eluted with
60% (v/v) acetonitrile and 5% (v/v) formic acid. After speed vacuum
evaporation, proteins were resuspended in 20 mL of 1% (v/v) formic
acid and subject to liquid chromatography (LC)-mass spectrometry
(MS) analysis.

For phosphoproteomic studies, 300 mg of proteins in 200-mL volume
was precipitated, washed, and digested by Trypsin/Lys-C Mix as
described above. The phosphorylated peptides were enriched using
the PureCube Fe(III)-nitrilotriacetate (NTA)MagBeads (Cube Biotech,
catalog no. 31501-Fe) by rotating at RT for 1 h, according to the man-
ufacturer’s protocols. Fe(III)-NTA MagBeads bound to phosphopepti-
des were separated from the supernatant on a magnetic rack. Phospho-
peptides were washed with 80% (v/v) acetonitrile and 0.1% (v/v)
trifluoroacetic acid, then eluted with 50% (v/v) acetonitrile and 2.5%
(v/v) ammonium hydroxide (Sigma 338818) through home-made C8
stage tips. Organic solvents were removed by speed vacuum evapora-
tion. Samples were resuspended in 5% (v/v) formic acid, desalted using
C18 tips, and eluted with 60% (v/v) acetonitrile and 5% (v/v) formic
acid. After speed vacuum evaporation, samples were resuspended in
15 mL of 1% (v/v) formic acid and subject to LC-MS analysis.

LC-MS analysis

Peptide mixtures were analyzed by nanoLC-tandemMS (MS/MS) us-
ing the Q Exactive Plus Orbitrap Mass Spectrometer (Thermo Scien-
tific) for proteomics analysis and the Orbitrap Exploris 480 mass
spectrometer (Thermo Scientific) for phosphoproteomics analysis.
The LC systemwas equipped with an Acclaim Pepmap nano-trap col-
umn (Dinoex-C18, 100 Å, 75 mm � 2 cm) and an Acclaim Pepmap
RSLC analytical column (Dinoex-C18, 100 Å, 75 mm � 50 cm).
The tryptic peptides were injected to the enrichment column at an
isocratic flow of 5 mL/min of 2% v/v CH3CN containing 0.1% v/v for-
mic acid for 5 min applied before the enrichment column was
switched in line with the analytical column. The eluents were 5%
DMSO in 0.1% v/v formic acid (solvent A) and 5% DMSO in 100%
v/v CH3CN and 0.1% v/v formic acid (solvent B). The flow gradient
was (1) 0–6 min at 3% B, (2) 6–95 min, 3%–22% B, (3) 95–105 min
22%–40% B, (4) 105–110 min, 40%–80% B, (5) 110–115 min, 80%–

80% B, and (6) 115–117 min, 80%–3% and equilibrated at 3% B for
10 min before the next sample injection.

For samples run on the Q Exactive Plus Orbitrap, the mass spectrom-
eter was operated in the data-dependent mode, whereby full MS1
spectra were acquired in positive mode, 70,000 resolution, AGC target
of 3e6, and maximum IT time of 50 ms. Fifteen of the most intense
peptide ions with charge states R2 and intensity threshold of 1.7e4

were isolated for MS/MS. The isolation window was set at 1.2 m/z
and precursors fragmented using normalized collision energy of 30,
17,500 resolution, AGC target of 1e5, and maximum IT time of
100 ms. Dynamic exclusion was set to be 30 s.

For samples analyzed on the Obritrap Exploris, the mass spectrom-
eter was operated in the data-dependent acquisition mode, whereby
full MS1 spectra were acquired in a positive mode at 120,000 resolu-
tion. The top-speed acquisition mode with 3-s cycle time on the
most intense precursor ion was used, whereby ions with charge states
of 2–7 were selected. MS/MS analyses were performed by 1.6 m/z
isolation with the quadrupole, fragmented by HCD with collision en-
ergy of 30%. MS2 resolution was at 15,000. Dynamic exclusion was
activated for 30 s. AGC target was set to standard with automaximum
injection mode. Dynamic exclusion was activated for 30 s. All the
studies were conducted at the Mass Spectrometry and Proteomics
Facility, Bio21 Molecular Science and Biotechnology Institute, Mel-
bourne, Australia as previously described.59

Data analysis

Raw files were processed using MaxQuant (version 2.0.3.0) with the
Andromeda search engine for protein and peptide identification.60

The results were searched against a Mus musculus database
(SwissProt, Taxonomy ID 10090, downloaded August 2022) and us-
ing the default search parameters. Trypsin was selected as the cleavage
enzyme, and cysteine carbamidomethyl was selected as fixed modifi-
cation. Proteomics analysis selected methionine oxidation as variable
modification. Phosphoproteomics analysis selected methionine
oxidation, serine, threonine, and tyrosine phosphorylation as variable
modifications. The match between run option was selected. The pro-
cessed data were analyzed with Perseus (version 1.6.15.0).

For proteomics analysis, the "contaminants", "reverse" and "only iden-
tified by site peptides" were removed from the matrix. The data were
log2 transformed and filtered by valid values with a minimum of three
valid values in each group. The intensities of peptides in each sample
were normalized by subtracting the median and missing values were
imputed from normal distribution (0.3 width, 1.8 down shift). A total
of 2,628 proteins were selected for statistical analysis. The signifi-
cantly expressed proteins were identified by Student’s t tests, defined
by p value %0.05 and absolute fold change R1.5.

For phosphoproteomics analysis, the "contaminants", "reverse" and
"only identified by site peptides" were removed from the matrix. Pep-
tides with phosphate localization probability higher than 0.75 were
used for further analysis. After expanding the site table, phosphopep-
tides intensities were log2 transformed and filtered by valid values
with a minimum of three valid values in each group. The intensities
of phosphopeptides in each sample were normalized by subtracting
the median and imputing missing values from normal distribution
(0.3 width, 1.8 down shift). A total of 4,253 phosphor sites were
Molecular Therapy: Oncology Vol. 32 March 2024 13
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selected for further statistical analysis. The significantly phosphory-
lated proteins were identified by Student’s t tests, defined by p value
%0.05 and absolute fold change R2.0.

Gene Ontology and pathway analysis were performed with STRING
(version 11.5).61 For phosphoproteomics analysis, the substrate-ki-
nase relationships were searched using a combination of KEA3
App37 and Phosphomatics (version 2 beta)38 to determine the up-
stream kinases responsible for significantly changed phosphor-sites.

RNA-seq

RNA samples were extracted using the RNeasy Mini Kit (Qiagen,
74106) and TruSeq RNA (Illumina, catalog no. RS-122-2001) was
used for sample preparation. Single-ended 75-bp RNA-seq on Illu-
mina NextSeq 500 was performed.

FASTQ files were uploaded to Galaxy Australia (version 21.09). Qual-
ity control was performed on all samples using FastQC (version 0.73)
and MultiQC (version 1.11). The 30 Illumina adapter sequences were
trimmed using Cutadapt (version 3.5). Sequencing reads were then
aligned to the reference genome (hg19/GRCh37) using HISAT2
(version 2.2.1), and the number of reads mapped to genes was
counted using featureCounts (version 2.0.1). Absolute gene expres-
sion was defined determining RPKM. Differential expression analysis
was performed using limma-voom (version 3.50.0). The differentially
regulated genes were filtered by an adjusted p value of 5% and a fold
change of at least 1.5 and then subjected to gene set enrichment anal-
ysis (GSEA, version 4.1). Comparison of hallmark activity after treat-
ment with either single agents or combination therapy was performed
by single-sample GSEA (ssGSEA) with standard method imple-
mented in GSVA.

Animal studies

All animal studies were approved by the Animal Experimentation
Ethics Committee of the Peter MacCallum Cancer Centre (ethics
number E626). The ethical endpoint was defined as the time point
when mice show either early hindlimb paralysis, 20% weight loss,
or general debility (hunched, ruffled, or reduced mobility). Once
endpoint was reached, mice were culled by cervical dislocation or
CO2 intoxication.

The Vk*MYC model of MM

The Vk*MYCmouse model (clone #4929) was provided by Professor
Ricky Johnstone at Peter MacCallum Cancer Centre, Australia, and a
tumor bank was established by transplanting these cells into C57BL/6
recipient mice, aged 6–10 weeks. Mice were irradiated 1 day prior to
transplantation to improve engraftment (3 Gy, 6 h apart) and given
access to Ensure dietary supplement following irradiation. Cells
were defrosted, washed, resuspended in sterile PBS, and injected via
the tail vein. When early hindlimb paralysis developed, bone marrow
and spleen were harvested and stored for future experiments.

To assess drug efficacy in vivo, the banked bone marrow or spleen
cells were thawed, washed and resuspended in sterile PBS, counted
14 Molecular Therapy: Oncology Vol. 32 March 2024
with trypan blue, and injected into mice via the tail vein. Recipients
were female C57BL/6 mice, aged 6–8 weeks, who had received two
doses of pre-transplant irradiation. Disease-bearing mice were ran-
domized into four groups based on the level of the paraprotein de-
tected for treatment until the development of an ethical endpoint.
CX-5461 was administered weekly via oral gavage and panobinostat
was administered by intraperitoneal (i.p.) injection. Control mice
received the equivalent volume of drug vehicles. Disease burden
was monitored via measuring the paraprotein level in peripheral
blood through serum protein electrophoresis (Hydasys 2 Scan, Sebia).

The 5T33-C57BL/KaLwRij model of MM

The 5T33 cells were provided by Professor Ricky Johnstone at Peter
MacCallum Cancer Centre, Australia. C57BL/KaLwRij breeding pairs
to establish a colony were provided by both Professor Zannettino
(Centre for Cancer Biology, Adelaide, Australia) and Dr Khong
(Australian Centre for Blood Diseases, Melbourne, Australia). Cells
were grown in vitro for a maximum of 2 weeks, then counted using
the Z2 Coulter Counter prior to transplantation by intravenous tail
vein injection. Transplant recipients were syngeneic C57BL/KaLwRij
mice (female, aged 8–12 weeks). Disease burden was assessed
by bioluminescence imaging. Mice were injected with 200 mL of
15 mg/mL D-luciferin (Promega ViviGlo) via i.p. injection 5 min
prior to imaging with the IVIS100 bioluminescence imaging system
(PerkinElmer). Drug treatment commenced 12–14 days post trans-
plantation. Mice were randomized to groups based on their biolumi-
nescent signal. Mice were treated until the development of an ethical
endpoint.

To assess the effectiveness of combination therapy of CX-5461 and
carfilzomib, mice were irradiated, transplanted with cells, and ran-
domized based on bioluminescent signal. Mice were treated with
5 mg/kg carfilzomib by i.p. injection weekly, 35 mg/kg CX-5461 by
oral gavage twice weekly (Tuesday and Friday), or an equal volume
of the vehicle control.

For the bortezomib-resistant 5T33 mouse model, cells were grown
in vitro for a maximum of 2 weeks prior to injection. To improve
and standardize tumor engraftment, mice in this model were irradi-
ated 1 day prior to transplantation (3 Gy, 6 h apart). Following irra-
diation, mice were given access to Ensure dietary supplement and
randomized based on bioluminescent signal at 7 days post transplant
and treated with 0.7 mg/kg bortezomib by i.p. injection weekly or an
equal volume of the vehicle control.
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