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Simple Summary: In the last decade, proteasome inhibitors (PIs) have become a standard for the
treatment of multiple myeloma (MM). As a consequence of the pleiotropic effects of PIs on various
signaling pathways, synergistic or additive activities with other anti-myeloma therapies have been
identified and approved for clinical use. However, the complex biology of the MM disease inevitably
triggers resistance also to combined regimens. Complex loops within cellular pathways, crosstalk
with the bone marrow microenvironment, and considerable toxicities are accountable for the poor
responses of new multidrug treatments. High-throughput functional approaches are allowing the
identification of a multitude of previously undescribed synthetic lethal interactions. In the present
review, we explore recent investigations on novel combination strategies that could overcome drug
resistance and broaden the applicability of PIs to other hematological malignancies and solid tumors.

Abstract: Multiple myeloma is a malignancy of terminally differentiated plasma cells, characterized
by an extreme genetic heterogeneity that poses great challenges for its successful treatment. Due to an-
tibody overproduction, MM cells depend on the precise regulation of the protein degradation systems.
Despite the success of PIs in MM treatment, resistance and adverse toxic effects such as peripheral
neuropathy and cardiotoxicity could arise. To this end, the use of rational combinatorial treatments
might allow lowering the dose of inhibitors and therefore, minimize their side-effects. Even though
the suppression of different cellular pathways in combination with proteasome inhibitors have shown
remarkable anti-myeloma activities in preclinical models, many of these promising combinations
often failed in clinical trials. Substantial progress has been made by the simultaneous targeting
of proteasome and different aspects of MM-associated immune dysfunctions. Moreover, targeting
deranged metabolic hubs could represent a new avenue to identify effective therapeutic combinations
with PIs. Finally, epigenetic drugs targeting either DNA methylation, histone modifiers/readers, or
chromatin remodelers are showing pleiotropic anti-myeloma effects alone and in combination with
PIs. We envisage that the positive outcome of patients will probably depend on the availability of
more effective drug combinations and treatment of early MM stages. Therefore, the identification
of sensitive targets and aberrant signaling pathways is instrumental for the development of new
personalized therapies for MM patients.

Keywords: multiple myeloma; proteasome inhibitors; drug resistance; combinatorial treatment;
synthetic lethality
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1. Introduction
1.1. Multiple Myeloma

Multiple myeloma (MM) is a cancer of terminally differentiated plasma cells and
represents around 10% of diagnosed hematological malignancies in developed countries [1].
It is characterized by the expansion of clones carrying one or more genetic alterations
within the bone marrow [2]. Although MM is a genetically heterogeneous disease [3], a
common feature of malignant plasma cells is the production of abnormally large amounts
of immunoglobulins, which can be detected in the blood and urine of patients [1]. The
accumulation of antibodies causes organ dysfunctions revealed by hypercalcemia, renal
insufficiency, anemia, and bone lesions (known as the CRAB criteria), that marks the
existence of the symptomatic disease [4]. Genetic complexity poses a great challenge to
find effective therapies for MM that, despite great improvements during the last decade,
remains an incurable disease.

In recent years, different large-scale analyses [3,5,6] pinpointed the importance of chro-
mothripsis (a single catastrophic event leading to localized chromosomal rearrangements)
and hyperdiploidy for the early evolution of the disease from monoclonal gammopathy of
undetermined significance (MGUS) to smoldering multiple myeloma (SMM). Next, events
such as copy number variations and the emergence of single-nucleotide polymorphisms
were recognized as drivers of disease progression. Additional alterations, including aber-
rant DNA methylation and microRNA (miRNA) expression, are thought to contribute to
the development of more advanced MM stages [1]. Finally, the interplay with the bone
microenvironment has been shown to play a significant role in myeloma pathogenesis [1,7].

1.2. Advances in Multiple Myeloma Treatment Using Proteasome Inhibitors

The ubiquitin–proteasome system (UPS) and the autophagy–lysosome system repre-
sent two crucial types of machinery for protein degradation. While levels of autophagy
mostly depend on the growth conditions, the UPS is constantly mediating protein turnover
to regulate various cellular functions, including cell cycle, cell survival, apoptosis, cellular
metabolism, and protein quality control [8]. This system has to be tightly regulated to
maintain homeostasis. Since plasma cells produce high amounts of immunoglobulins,
they are very sensitive to the deregulation of proteindegradation. Malignant plasma cells
are even more susceptible to proteasomal inhibition than normal plasma cells. Among
other factors, this can be attributed to the constitutive activation of the NF-κB signaling
pathway in MM [9,10]. NF-κB plays a key role in the regulation of many targets which
tumor growth depends on. Proteasome inhibitors (PI) block IκB degradation and thus,
indirectly, inhibit NF-κB signaling [2]. However, other processes that contribute to the
antitumor effects of PIs include inhibition of altered cell cycle control and apoptosis [11,12],
endoplasmic reticulum stress [13], angiogenesis [14], and DNA repair [15] (Figure 1). The
sensitivity of malignant cells to PIs and the design of successful clinical protocols have led
to the approval of PIs to treat multiple myeloma, and today three PIs are routinely used
in clinics [2,16]. The first-in-class PI was bortezomib, a slowly reversible inhibitor of the
β5 catalytic proteasomal subunit. Next, the irreversible inhibitor of β5 site carfilzomib,
and the first orally administered PI ixazomib were approved [2]. Among developing PIs,
marizomib has the distinctive property to inhibit multiple catalytic sites within the 20S
core of proteasome [17].

Although the advent of PIs has highly improved the clinical outcome of MM, there is
a significant proportion of patients who relapse or are intrinsically resistant to this class of
drugs. Resistance can arise through many cellular responses mediated by the downstream
effects of proteasomal inhibition [2]. However, as a consequence of the pleiotropic effects
of PI’s, synergistic or additive activities with other antimyeloma therapies have been
identified [2]. At present, approved combinations for clinical use include dexamethasone
and immunomodulatory drugs (lenalidomide), chemotherapy (doxorubicin, mephalan,
or cyclophosphamide), antibodies (elotuzumab or daratumumab), or histone deacetylase



Cancers 2021, 13, 1235 3 of 32

(HDAC) inhibitors (panobinostat) [18]. Such multiple drug combinations have become the
standard initial approach in MM, specifically in patients ineligible for transplantation [1,19].

Figure 1. Cellular processes affected by proteasome inhibition. Druggable targets within these
pathways are a reservoir of synthetic lethal partners to proteasome inhibitors (PI).

Along with high-dose therapy and autologous hemopoietic stem cell transplanta-
tion, the use of drug combinations targeting different pathways in MM has led to better
clinical responses. In the future, the positive outcome of patients will probably depend
on the availability of more effective drug combinations and the treatment of early MM
stages [1]. Therefore, the identification of sensitive targets and aberrant signaling pathways
is instrumental for the development of new personalized therapies for MM patients [20].

Although the toxicity of PIs is well controlled in clinics, distinct adverse profiles
(such as peripheral neuropathy and cardiotoxicity) frequently arise [21]. To this end,
the use of combinatorial treatments might allow lowering the dose of inhibitors and
therefore, minimize their side-effects. In addition, although PIs failed as single agents for
the treatment of solid tumors in clinics [16], there are accumulating pieces of evidence that
the combination of proteasomal inhibition with various drugs could improve the outcome
of a wide range of malignant diseases [22–25].

In the present review, we explore recent investigations on novel combination strategies
that could overcome drug resistance and broaden the applicability of this class of drugs to
other hematological malignancies and solid tumors.

2. Approaches Allowing the Discovery of New Effective Drug Combinations

Synergy is identified when two compounds increase each other’s effectiveness by
more than the sum of their single-agent responses. Methods to quantify drug synergies
are based on old probabilistic theories, described elsewhere in detail [26–28]. Each of
these models has its associated limitations, and yet there is no agreement regarding the
appropriate methods for synergy quantification [29–33]. Defining a consensus model is not
trivial since different methods applied to the same data may give divergent results [34,35].
The impact of this division hampers reproducibility between studies, delays progress in the
discovery of truly synergistic drug combinations, and negatively impacts the translation of
combination discovery efforts into the clinics. Combinatorial treatments have significant
advantages over therapies with single drugs: first, toxicity reduction by minimizing doses;
second, outcomes improvement by an escalating effect. In the context of drug resistance,
attacking multiple targets may reduce or delay the development of resistance.
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Multiagent therapy is the cornerstone of treatment in multiple myeloma. Recent
advances in clinical outcomes for MM patients are derived from the combination of novel
agents, such as dexamethasone and immunomodulatory drugs, (lenalidomide), chemother-
apy (doxorubicin, mephalan, or cyclophosphamide), antibodies (elotuzumab or daratu-
mumab), or histone deacetylase (HDAC) inhibitors [18,36]. The common rationale is to
address the clonal heterogeneity of the MM, thus combining different agents to eradicate
both dominant and minor tumor clones. Re-emergence of resistant clones can occur during
relapse, supporting the idea of a combinatorial approach in which one drug re-sensitize
the cells to the original treatment to revert innate or acquired resistance [37].

Combinatorial screenings as well as predicting algorithms are widely used for the
identification of synergistic drug combinations. Functional genetic screenings represent a
powerful tool for discovering combinatorial treatment by detecting drug sensitizers with
high accuracy, thereby guiding the development of new strategies capable of overcom-
ing drug resistance [38]. Several studies in MM used siRNA [39,40], shRNA [41–43] or
CRISPR/Cas9 [44–47] libraries to discover synthetic lethal interactions that potentiate the
therapeutic effects of a given drug.

However, loss-of functions perturbations using RNAi and CRISPR also show certain
limitations. Potential complications and artefacts, when RNAi is used to identify target,
include incomplete target knockdown and off-target degradation of unintended mRNA
transcripts [48,49]. By contrast, CRISPR-Cas9 technology can lead to the induction of the
DNA damage causing cell cycle stalling and cell death, exon skipping or alternative splicing,
which may result in the translation of functional truncated protein, and genetic compensa-
tion, leading to a partial rescue phenotype [49,50]. Thus, genetic perturbation screenings
may result in incorrect identification of target genes; however, the use of complementary
orthogonal approaches can minimize the likelihood that one technique’s shortcomings lead
to false-negative or false-positive findings [49,51].

With reference to proteasome inhibitors, Zhu at al. identified 37 genes that enhance
bortezomib activity in the multiple myeloma cells upon silencing. Among these, cyclin-
dependent kinase 5 (CDK5) was one of the most potent sensitizer. The observed synergy
was further confirmed using specific of CDK5 inhibitors [39]. More recently, Bergaggio et al.
identified isocitrate dehydrogenase 2 (IDH2) as a druggable target whose inhibition sensi-
tizes multiple myeloma, mantle cell lymphoma, and Burkitt lymphoma cells to proteasome
inhibitors [42]. A genome-wide CRISPR/Cas9 screening identified the proteasome regula-
tory subunit (PSMC6) as a top gene conferring bortezomib resistance in human multiple
myeloma cells. Concordantly, gene deletions or down regulation of 19S proteasome subunit
expression were described in PI-resistant patients [46]. By combining in silico analysis and
CRISPR/Cas9 library screenings, Xie H. et al. identified SENP2 (Sentrin/SUMO-specific
proteases-2) as a bortezomib sensitive gene and found its expression downregulated in
bortezomib resistant MM patients. Furthermore, SENP2 down regulation potentiates borte-
zomib resistance development by activating NF-κB pathway, whereas overexpression of
SENP2 sensitized the cells to bortezomib treatment [44].

Thus, strategies based on functional genetic screenings have the potential to unbias-
edly identify clinically actionable drug combinations that can prevent or overcome drug
resistance. However, as genetic perturbations are profoundly different from biochem-
ical inhibition, the relationship between synthetic lethality and drug synergy is likely
case-dependent [52]. In light of this, high-throughput drug screenings can accelerate the
discovery of synergistic drug combinations. Recently, Bonolo de Campos [53] assembled a
standardized MM drug panel and screening platform for drug profiling in 25 MM cell lines,
15 non-Hodgkin’s lymphoma cell lines, and in 113 primary MM samples. This study iden-
tified subpopulations of patients with distinct drug sensitivity patterns linked to genetic
and mutational profiles, and clinical outcomes. These patterns highlighted vulnerabilities
that can be exploited for functional studies and combination therapy development [53].

Although high-throughput screenings have been successfully implemented, it is
still impractical to test all the possible drug combinations, even for a reduced subset
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of anticancer drugs. Thus, several computational methods for synergy prediction have
recently been developed [54–57]. Recently, a study using simulated treatment learned
signatures (STLsig), a machine learning method to identify predictive gene expression
signatures, was performed [58]. Such approaches could aid patients and provide insights
into the biological mechanism behind treatment benefits. However, because predicting
algorithms depend on the structure of the training dataset and the protocol of drug synergy
calculation, they cannot be reproducibly adapted to different studies [52]. Therefore, a
consensus on the protocols to measure drug synergies is urgently needed to improve the
power of prediction of machine learning algorithms.

3. Emerging Proteasome Inhibitors Drug Combinations Targeting Different
Molecular Pathways
3.1. Immunotherapy

The immunomodulatory drugs (IMiDs) thalidomide and its derivatives lenalidomide
and pomalidomide are key treatment modalities for hematologic malignancies, including
MM. Although in use for a long time, the mechanism of IMiDs activity has been revealed
during the last decade [21,59,60]. Cereblon (CRBN), which belongs to an E3 ubiquitin
ligase complex was identified as the primary target of IMiDs [61]. This is also supported
by the fact that MM cell lines lacking CRBN are highly resistant to IMIDs [62]. The
complex of cereblon, damaged DNA binding protein 1 (DDB1), Cullin-4A (CUL4A), and
regulator of cullins 1 (ROC1) operates by ubiquitinating several proteins. Binding of
IMiDs alters the substrate specificity of CRBN, leading to the recruitment and degradation
of IKZF1 and IKZF3, and consequent downregulation of proteins that regulate tumor
proliferation and survival such as IRF4 and MYC. However, many IMiD activities can be
attributed to ubiquitin-independent chaperone-like mechanisms of action [59]. The success
of combinatorial treatment with PIs can be ascribed to the inhibition of both ubiquitin- and
ubiquitin-independent pathways.

The combination of PIs with IMiDs is currently one of the most effective approaches in
MM patients [1]. Significantly, a phase III trial (NCT00644228) demonstrated the improve-
ment of progression-free survival and overall survival in newly diagnosed patients [63].
Consequently, bortezomib + lenalidomide + dexamethasone (VRD) is considered standard
initial treatment for all MM patients who can tolerate multi-drug combinations [1]. Several
other combinations of PI and immunomodulatory agents have already been evaluated or
are in clinical trials (Table 1). Of note, the combination of bortezomib with the first gener-
ation IMiD thalidomide turned out to have more side-effects, with a high occurrence of
peripheral neuropathy as compared to the lenalidomide-bortezomib combination [21]. Un-
fortunately, MM patients who became refractory to these agents experienced significantly
worse outcomes [64].

Table 1. Recent and ongoing clinical trials evaluating synergistic drug combinations with proteasome inhibitors (PI) in
multiple myeloma (MM) therapy.

PI Synergistic Partner Signaling
Pathway Main Target Phase/Stage Reference

bortezomib (+dex) lenalidomide

IMiDs cereblon

III, ND NCT00644228 [63] *
ixazomib (+dex) I/II, ND NCT01217957 [65] *

IV, RRMM NCT03416374
II, SMM NCT02916771
III, ND NCT01850524

carfilzomib (+dex) I, SMM NCT01572480
thalidomide II, RRMM NCT03140943

marizomib (+dex) pomalidomide I, RRMM NCT02103335 *

carfilzomib (+dex) elotuzumab

Antibody

CD319 II, RMM NCT03155100
daratumumab CD38 III, RRMM NCT03158688 [66]

bortezomib III, RRMM NCT02136134 [67]
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Table 1. Cont.

PI Synergistic Partner Signaling
Pathway Main Target Phase/Stage Reference

carfilzomib (+dex) isatuximab CD38 III, RRMM NCT03275285
bortezomib
(+dex+CP) II, MM NCT04240054

carfilzomib
TTI-622 Other

immunotherapy

CD47 I, RRMM NCT03530683
reovirus JAM-A I, RMM NCT02101944

reovirus+nivolumab JAM-A,
PD-L1 I, RRMM NCT03605719

carfilzomib (+dex) cabozantinib

Tyrosine kinase

c-MET I/II, RRMM NCT03201250
ruxolitinib JAK1/JAK2 I/II, RMM NCT03773107

bortezomib sorafenib Raf, VEGFR,
PDGFR I, RMM NCT00303797 [68] *

carfilzomib (+dex) ibrutinib BTK I/II, RRMM NCT01962792 [69] *
bortezomib (+dex) BTK II, RRMM NCT02902965 *

linisitinib (OSI-906) IGF1R I/II, RMM NCT01672736 *

Bortezomib (+dex)
nelfinavir

PI3K/Akt/mTOR
Akt II, MM NCT02188537 [70] *

perifosine Akt III, MM NCT01002248 [71] *
temsirolimus mTORC1 I/II, RRMM NCT00483262 [72] *

bortezomib (+dex) MLN8237 (alisertib)

Cell cycle

Aurora A I, RRMM NCT01034553 [73] *
PD0332991

(palbociclib) Cdk4/6 I/II, RRMM NCT00555906 [74] *

bortezomib flavopiridol
(alvociclib) panCdk I, RMM NCT00082784 [75] *

AT7519M panCdk I/II, RRMM NCT01183949 [76] *
bortezomib (+dex) dinaciclib panCdk I, RRMM NCT01711528 *
carfilzomib (+dex) TG02 citrate panCdk I, RRMM NCT01204164 *

carfilzomib (+dex)
filanesib

Cytoskeletal
signaling KSP

I, RRMM NCT01372540 [77] *
bortezomib (+dex) I, RRMM NCT01248923 [78] *

carfilzomib (+dex) hydroxychloroquine

Stress

multiple I, RRMM NCT04163107
bortezomib I, RRMM NCT00568880 [79] *

bortezomib (+CP) chloroquine I, RRMM NCT01438177 *
bortezomib (+dex) ABT-888 (veliparib) PARP I, RRMM NCT01495351 *

ABT-199
(venetoclax) BCL2 III, RRMM NCT02755597 [80]

carfilzomib (+dex) II, RRMM NCT02899052 [81]
ixazomib (+dex) pevonedistat CRLs I, RRMM NCT03770260

bortezomib KW-2478 HSP90 I, RRMM NCT01063907 [82]

bortezomib (+dex) ONC201 Metabolism CLP I/II, RRMM NCT03492138

carfilzomib panobinostat

Epigenetic

HDAC I/II, RRMM NCT01496118 [83]
bortezomib III. RMM NCT01023308 *

bortezomib (+dex) ricolinostat HDAC6 I/II, RRMM NCT01323751 *
bortezomib romidepsin I-HDAC II, RRMM NCT00765102 *

bortezomib
selinexor Other XpoI

III, RRMM NCT03110562
carfilzomib (+dex) I, RRMM NCT02199665 [84]
ixazomib (+dex) I, RRMM, MM NCT02831686

IMiDs—Immunomodulatory drugs, Dex—dexamethasone, CP—cyclophosphamide, -, ND—newly diagnosed MM, SMM—smoldering
MM, RRMM—relapsed/refractory MM, * completed; designated signaling pathways are targeted by synergistic partners, bold—approved.

Various combinations of monoclonal antibodies with PIs have been recently re-
viewed [85,86]. When used as monotherapy, monoclonal antibodies infrequently produce
a significant response in MM patients, thus requiring combination with other agents [86].
Several relevant targets demonstrated no therapeutic activity in multiple myeloma. The
anti Il-6 antibody (siltuximab) did not display advantages as a single agent nor in combina-
tion with bortezomib [87]. Likewise, the first generation anti-SLAMF7/CD319 antibody
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elotuzumab did not show efficacy as monotherapy [86]. SLAMF7/CD319 is a receptor
highly expressed in MM cells [88]. It mediated the activation of NK cells and the inhibition
of MM cell adhesion to bone marrow. As a consequence of encouraging clinical results
in combinations with lenalidomide/dexamethasone, elotuzumab was approved for the
treatment of patients who received several prior lines of therapy [85]. Combinations of this
antibody with carfilzomib and dexamethasone are under phase II clinical study (Table 1).

The anti-CD38 antibody daratumumab was approved in 2017 for the treatment of MM
in combination with bortezomib and dexamethasone [89], based on excellent progression-
free survival and overall rate response (ORR) from the CASTOR trial [90]. Recently,
the results from phase-3 study CANDOR study were published, showing significant
progression- free survival and favorable benefit–risk profile of carfilzomib, daratumumab
and dexamethasone combination [66]. It is known that daratumumab antimyeloma effects
occur via multiple mechanisms of action by acting both on MM cells and components
of the immune system, such as immunosuppressive CD38+ T regulatory cells [91]. The
exact mechanism of synergy with PI is still unclear; however, it can be ascribed to the
pleiotropic activity of PI on both MM cells and the microenvironment [92]. A second anti-
CD38 monoclonal antibody, isatuximab, has been recently approved in combination with
pomalidomide and dexamethasone for the treatment of RRMM patients based on ICARIA-
MM trial (NCT02990338) [93]. Isatuximab combinations with bortezomib, carfilzomib, and
other drugs are currently under clinical evaluation (Table 1).

Preclinical studies evaluating proteasome targeting in combination with different
aspects of the immune system are listed in Table 2. Immune checkpoints represent critical
pathways that serve to modulate immunological responses and self-tolerance [94]. These
pathways are often exploited by tumors to evade the immunological system. The immune
checkpoint CD47, also known as the “do not eat me” signal, was found overexpressed in
MM cells and positively correlated with the stage of disease [95] TTI-622 (SIRPα-IgG4 Fc), is
a soluble recombinant fusion protein created by directly linking the sequences encoding the
N-terminal CD47 binding domain of SIRPαwith the Fc domain of human immunoglobulin
(IgG4) [95]. It was shown that TTI-622 efficiently binds CD47 and prevents delivering
inhibitory signals to macrophages. A trial of TTI-622 in combination with various drugs,
including carfilzomib, is ongoing in RRMM patients (NCT03530683).

Table 2. Emerging drug combinations with proteasome inhibitors for the treatment of multiple myeloma.

PI Synergistic
Partner

Signaling
Pathway * Main Target Phase/Stage Reference

bortezomib CC-292 Tyrosine kinase BTK cell lines, mouse MM model,
primary samples [96]

bortezomib everolimus

PI3K/AKT/mTOR

FKBP12 cell lines, mouse MM model [97]
pp242 mTORC1 and 2 cell lines [98]

carfilzomib montelukast mTOR pathway cell lines, mouse MM model,
primary samples [99]

copanlisib PI3Kα, PI3Kδ cell lines, primary samples [100]
TGR-1202 PI3Kδ cell line [101]

TAS-117 AKT cell lines, mouse MM model,
primary samples [102]

bortezomib enzastaurin PKC cell lines, mouse MM model,
primary samples [103]

multiple THZ1 Cell cycle CDK7 cell lines, mouse MM model,
primary samples [104]

bortezomib CASIN Cdc42 cell lines, mouse MM model,
primary samples [105]

multiple LU-102

Stress

β2-PI cell lines [106]
bortezomib WRR139 NGLY cell lines [107]

bafilomycin A1 Vacuolar ATPase cell lines [108]
verapamil calcium channel cell lines [109]
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Table 2. Cont.

PI Synergistic
Partner

Signaling
Pathway * Main Target Phase/Stage Reference

metformin GRP78 cell lines, mouse MM models,
primary samples [110]

bortezomib K145

Metabolism

SK2 cell lines, mouse MM models [111]

carfilzomib AGI-6780 IDH2 cell lines, mouse MM models,
primary samples [42]

bortezomib STF-31 GLUT1 cell lines [112]
multiple compound C AMPK cell lines [113]

carfilzomib CB-839 Glutaminase cell lines [114]
multiple E61 PDI cell lines, mouse MM model [115]

bortezomib L-asparaginase Asn, Gln cell lines, mouse MM models,
primary samples [116]

FK866 NAD+ cell lines, mouse MM model [117]

bortezomib

EDO-S101

Epigenetics

HDACs cell lines, mouse MM models,
primary samples [118]

MPT0G413 HDAC6 cell lines, mouse MM models [119]
nexturastat A HDAC6 cell lines, mouse MM models [120]

tubacin HDAC6 cell lines, primary samples [121]

WT161 HDAC6 cell lines, mouse MM models,
primary sample [121]

belinostat HDACs cell lines, primary samples,
osteloclast [122]

CPI203 BET cell lines, primary samples [123]
JQ-1 BET cell lines, mouse CRC models [124]

UNC1999 EZH1/EZH2 cell lines, mouse MM models,
primary samples [125]

decitabine DNMT cell lines [126]
5-Azacytidine DNMT cell lines, primary samples [127]

bortezomib BC2059 Wnt/β catenin β catenin cell lines, primary samples [128]

* Designated pathway is targeted by synergistic partner. PI- proteasome inihibitor

Another promising approach in MM is the use of oncolytic viruses. Specifically, the
reovirus receptor JAM-A was found overexpressed in several MM cell lines and primary
samples from patients [129]. Recently, Solimando et al. [130] have demonstrated that JAM-
A could be a prognostic factor in MM, since group of patients exhibiting lower expression
of JAM-A had significantly longer progression-free survival and overall survival. Phase I
clinical data suggested that reovirus treatment (Reolysin) could be effective when associated
with other drugs [131]. An ongoing trial is evaluating the combination of carfilzomib and
reovirus (NCT02101944). There is evidence that PIs enhance reovirus entry, infection,
and killing of MM through the improvement of early innate response by CD14+ cells
(monocytes) [132]. Additionally, it was reported that PIs induce direct T-cell activation
and potentiate T-cell killing activity against reovirus infected MM cells. Interestingly,
carfilzomib/reovirus combination was found to significantly increase PD-L1 expression in
MM cells of patients with clinical response to protocol therapy. This observation led to a
clinical trial (NCT03605719) aimed to assess the effects of the immune checkpoint PD-1/PD-
L1 inhibitor nivolumab to the above-described combination (carfilzomib/reovirus) [133].
Overall, immunotherapeutic approaches are becoming an essential component of MM
management and lots of efforts have been made to the development of new therapies aimed
to tackle MM-associated immune dysfunction [86]. As a matter of fact, combinations of
PIs and different immunotherapies are finding their way into the clinics, showing superior
results in the combinatorial treatments of MM.
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3.2. Targeting the MM-Microenvironment Crosstalk with Tyrosine Kinase Inhibitors and
Proteasome Inhibitors
3.2.1. Receptor Tyrosine Kinases

Receptor tyrosine kinases (RTKs) represent the starting point of most cellular signaling
pathways. One of the best scientific rationales to target RTKs in MM stems from vascular
endothelial growth factor (VEGF) studies. VEGF is an important regulator of angiogenesis,
cell migration, survival, and drug resistance [134]. Since angiogenesis was demonstrated to
play a critical role in MM, VEGF and its receptor were considered as promising therapeutic
targets in MM. Various VEGF inhibitors showed favorable activities in preclinical studies.
However, these data have not been confirmed in clinical trials. It was proposed that the
efficacy of angiogenesis inhibitors could be exploited in combination with other drugs.
Sorafenib, a multi-kinase inhibitor that acts mostly through inhibition of RAF-kinase and
VEGF receptor 2, showed a synergistic effect in combination bortezomib [135]. Indeed, so-
rafenib completely abrogated MCL-1 upregulation induced by IL-6 and VEGF in myeloma
cells. However, paradoxical upregulation of AKT phosphorylation and decreased phos-
phorylation of the STAT3 and MEK/ERK were detected. To date, there are no significant
conclusions from clinical trial inspecting sorafenib/PI combination (NCT00303797).

The c-MET receptor was shown to be highly expressed in MM cells and in the bone
microenvironment. Several MET inhibitors were tested in clinical trials with limited
success [134]. Despite preclinical data on the efficacy of the MET inhibitor cabozantinib in
combination with bortezomib are insufficient, and that animals used in these studies have
suffered from severe side effects [136], a combination of cabozantinib and bortezomib is
currently under clinical trial (Table 1).

The insulin growth factor type 1 (IGF-1) pathway was found upregulated in bortezo-
mib-resistant MM cell lines, as a consequence of increased IGF-1 secretion and IGF-1R
activation [137]. IGF-1R is a tyrosine kinase that can be activated also by insulin and its
expression correlates with poor survival in MM [134,137]. Administration of exogenous
IGF-1 reduced bortezomib sensitivity in MM cells. This effect was more pronounced in
bortezomib resistant cells. IGF-1R knockdown by shRNA or its pharmacological inhibition
by OSI-906 re-sensitized MM cell lines and patient samples resistant to bortezomib. Most
importantly, this effect was durable in in vivo models of MM [137].

3.2.2. Non-Receptor Tyrosine Kinases

Bruton’s tyrosine kinase (BTK) is a non-receptor tyrosine kinase that plays a crucial
role in the proliferation and survival of malignant B cells and their interactions with the
tumor microenvironment [134]. It is a key player downstream of the B-cell receptor (BCR),
which is also involved in chemokine, Toll-like (TLR), and Fc receptors signaling [138].
BTK was often found overexpressed in MM where its activation in the bone marrow
microenvironment promotes MM cell growth, survival, interaction with other stromal
components, and MM-induced bone lysis [139]. A study using the BTK inhibitor CC-292
in combination with carfilzomib has shown antimyeloma activity with a positive impact
on the bone microenvironment due to decreased osteoclasts function [96]. It is known
that proteasome inhibition in MM downregulates BTK via NF-κB signaling pathway [140].
However, BTK was found overexpressed in PI-resistant MM, possibly as a consequence
of constitutive NF-κB activation [141]. Interestingly, MM cells could be re-sensitized to
bortezomib by BTK RNA interference or treatment with the irreversible BTK inhibitor
ibrutinib. Notably, naïve nor resistant cells, as well as naïve and relapsed primary cells,
were particularly sensitive to ibrutinib alone [142]. Currently, ibrutinib combinations with
bortezomib or carfilzomib are under clinical evaluation for the treatment of RRMM patients
(Table 1). A phase I trial demonstrated promising results with 67% ORR [69].

The Janus kinase (JAK)–signal transducer and activator of transcription (STAT) path-
way regulates cell proliferation, differentiation, migration, and apoptosis, being strongly
interconnected with other signaling pathways [143]. The JAK/STAT pathway was fre-
quently found activated by IL-6 in MM and thus considered a suitable therapeutic target.
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A trial evaluating the combination of the JAK1/2 inhibitor ruxolitinib with carfilzomib and
dexamethasone (NCT03773107) is currently in the recruitment phase.

In summary, tyrosine kinase receptors have been studied for a long time as a potential
targets for MM treatment. Combinations with PIs had also shown promising in vitro
activities. However, most of clinical studies did not confirmed these observations. Since
BTK inhibitor ibrutinib/PI combination showed good results in phase I, it would be
interesting to see whether this will be confirmed in subsequent phases of clinical trials.

3.3. Targeting PI3K/AKT/mTOR Pathway

The PI3K/AKT/mTOR pathway represents a major eukaryotic signaling network
involved in the regulation of physiological responses to external stimuli [144]. Signals
from growth factors, cytokines, and other molecules are integrated by phosphatidylinositol
3-Kinases (PI3Ks), as reviewed in [145]. Activated PI3Ks recruit to the cell membrane the
serine-threonine kinase AKT, which can phosphorylate multiple downstream targets,
including mTOR (Figure 2) [146]. This pathway has a key role in the control of the
synthesis of new cellular components, including proteins, through an amino-acid sensing
system [8,147]. On the other hand, it suppresses catabolic processes, such as autophagy
and inhibits apoptosis [147]. Although activating mutations are present in a very low
percentage of patients, the PI3K/AKT/mTOR pathway plays a critical role in MM cell
growth. Molecules secreted in the microenvironment by tumor and stromal cells, such
as IL-6, are responsible for the activation of the mTOR pathway [148]. It is known that
mTOR inhibition leads to activation of the protein degradation machinery. Therefore, the
simultaneous targeting of these two systems could be a rational approach to induce MM
cell death (Figure 2). Several drugs developed to target PI3Ks or other components of the
pathway have been tested in combination with PIs (Table 2).

Figure 2. Inhibition of proteasome inhibitor (PI) and PI3K/AKT/mTOR pathway results in syn-
ergistic cellular death. The PI3K/AKT/mTOR pathway is a central signaling hub in eukaryotic
cells and it is connected to the ubiquitin–proteasome system (UPS) by balancing amino acid home-
ostasis (amino acid pool). Intensive feedback loops between mTORC1, mTORC2, and AKT pose a
challenge to the successful inhibition of this pathway. Rapalogs target the mTORC1 complex; the
mTORC1/mTORC2 dual inhibitor pp242 (torkinib) is more effective in combination with PI. The
PI3K inhibitors copanlisib and TGR-1202 demonstrated synergistic cytotoxicity with PI. Several
AKT inhibitors (perifosine, TAS-117, nelfinavir, montelukast) were found to synergize with (PI) by
affecting endoplasmic reticulum (ER) stress, ERK, or c-Myc.
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PI3Ks are recruited to the membrane upon receptor activation and transmit the signals
to downstream targets by phosphorylation of phosphatidylinositides (PtdIns). PI3Ks
are grouped into three classes (IA, IB, II and III) based on their structures and substrate
specificity [145]. A recent study combining bortezomib and copanlisib, a dual PI3Kα and
δ inhibitor (both class IA), demonstrated synergistic cytotoxicity in MM cell lines and
primary patient samples [100]. It was shown that PI3K inhibition strongly impaired c-MYC
translation [101]. Accordingly, the PI3Kδ inhibitor TGR-1202 synergized with carfilzomib
by silencing c-MYC in different hematological malignancies. However, in this study TGR-
1202 also inhibits the activity of casein kinase 1ε (CK1ε), known to directly activate 4E-BP1,
a downstream target of mTORC1 [149]. The synergistic effect was rescued by c-MYC
or 4E-BP1 overexpression. Interestingly, montelukast, a cysteinyl-leukotriene receptor
(CysLTR) antagonist, was shown to act synergistically with carfilzomib through a CysLTR
independent pathway. Specifically, the drug combination decreased c-MYC translation
through mTOR, possibly via protein synthesis inhibition [99].

The Ser/Thr kinase AKT represents a central hub downstream of PI3Ks [143]. Perifos-
ine, a non-selective inhibitor of AKT phosphorylation, showed a favorable profile when
combined with different drugs, as well as radiation [150]. Even though it is known that
bortezomib activates AKT, it has been shown that the combination of perifosine with borte-
zomib blocks AKT and ERK signaling pathways and induces apoptosis in MM models.
However, a phase III of clinical trial was terminated due to lack of efficacy [151]. TAS-117,
an allosteric inhibitor of AKT, was particularly active in MM cell lines with high basal
levels of p-AKT and abrogated the effects of bone marrow stromal cells (BMSCs) on AKT
activation [102]. Importantly, the secretion of cytokines from BMSCs was decreased as a
consequence of NF-κB inhibition. TAS-117 combinations with bortezomib or carfilzomib
were synergistic in MM cells and in xenograft mouse models, independently of AKT
activation. TAS-117 also enhanced fatal ER stress induced by proteasome inhibitors in
MM [102].

The protease inhibitor nelfinavir, known to inhibit AKT phosphorylation, demon-
strated single agent antineoplastic activity in several human cancers, including MM [70].
The combined treatment with PIs induces unfolded protein response (UPR) through IRE1
and XBP1 proteins activity in MM cells in vitro [152]. Ongoing clinical trials including
bortezomib and nelfinavir [70] (NCT02188537) had so far shown an ORR of 65% in patients
treated with several prior drugs, with a subgroup of triple-refractory patients showing
62% ORR.

The rapamycin derivatives (rapalogs) temsirolimus and everolimus, inhibitors of
mTORC1, were first approved for the treatment of advanced renal cell carcinoma. Never-
theless, in clinical trials, rapalogs failed to achieve significant effects as monotherapy [144]
and in combination with PIs [72]. The main flaw of rapalogs is their inability to completely
block the phosphorylation of all mTORC1 substrates and the consequent feedback acti-
vation of AKT (Figure 2). Inhibitors of both mTORC1 and mTORC2 were developed to
overcome the activation of AKT. Among these, pp242 (torkinib) was more effective than
rapamycin and its combination with bortezomib led to a synergistic anti-MM effect [98].
The authors proposed that the main toxicity of this drug is through mTORC2 inhibition.
Contrary to mTORC1, which controls cell growth and metabolism, mTORC2 regulates
proliferation, survival, and cytoskeleton primarily by activating several members of the
AGC protein kinase family, including PKB/AKT, PKA/PKC/PKG, and SGK1 [147].

Myristoylated alanine-rich C-kinase substrate (MARCKS) is a protein kinase C (PKC)
substrate that has been previously reported to play a role in cell adhesion, spreading and
mitogenesis. Importantly, MARCKS was found overexpressed in MM cell lines as well
as patient samples resistant to bortezomib. Several groups reported synergistic effects
of the indirect inhibitor of MARCKS phosphorylation enzastaurin in combination with
bortezomib [103,153]. The synergy was confirmed by MARCKS silencing. Phosphorylated
MARCKS forms a complex with the transcription factor E21F and binds to the promoter
of the SKP2 gene [103]. Thus, MARCKS represents an interesting target downstream of
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PKC/AKT and the synergistic effects of enzastaurin with PIs could be a good basis for
further research.

Despite the rising number of drugs targeting the PI3K/AKT/mTOR signaling pathway
(Table 2), few have reached advanced phases of clinical trials raising concerns over dose-
limiting toxicities. Complicated connections to other pathways and many feedback loops
will require additional efforts to identify the Achille’s heel in PI3K/AKT/mTOR signaling.

3.4. Targeting Cell Cycle

Cell-cycle progression is a highly regulated process coordinated by the activation
of cyclin–cyclin-dependent kinases (CDKs) and several checkpoint pathways [154]. It
is known that the proteasome plays a key role in cell cycle progression [155] by timely
degrading ubiquitinated cyclins and checkpoint proteins [156]. Cell-cycle defects are
common features in cancer cells. With no exception, deregulation of cyclin D and the INK4
family of CDK inhibitors are key hallmarks of MM. Indeed, one of the most frequent genetic
alterations in MM is the t(11;14) translocation, which juxtaposes the immunoglobulin heavy
chain (IgH) enhancer to CCND1 gene resulting in aberrant cyclin D1 expression [154].
Although targeting the cell cycle is an attractive therapeutic opportunity in MM, the use
of CDK inhibitors is generally limited, since they often induce cytotoxicity in normal
cells [146]. A clinical trial using the specific CDK4/6 inhibitor palbociclib in combination
with bortezomib did not yield promising results [74]. However, it would be useful to
verify whether palbociclib is more suitable for patients with deregulated cyclin D. More
recent studies are focused on the inhibition of CDK7, a serine/threonine kinase involved
in the regulation of the cell cycle progression, RNA Pol II transcriptional activity, and
DNA repair [157] It has been shown that the covalent CDK7 inhibitor THZ1 arrested
M cell proliferation in combination with PIs. However, substantial pieces of evidence
suggest that THZ1 could also act on other targets, as its effects were not rescued by CDK7
overexpression [104].

The Rho GTPases family member Cdc42 is known to regulate a variety of cellular
processes, including cytoskeletal reorganization, cell cycle progression, cell polarity, and
transcription [158]. Interestingly, the selective Cdc42 inhibitor CASIN was able to com-
pletely sensitize melphalan/bortezomib-resistant MM cells, likely through suppression of
STAT3, and ERK transcription factors [105].

Overall, the preclinical results using cell cycle regulators have not been confirmed
in clinical studies. Improvements could be achieved through personalized approaches
assessing predictive markers, such as t(11;14) translocation. Moreover, since cell-cycle
inhibition can result in a selection of non-proliferative clones, novel combination therapies
should be designed to target multiple cellular pathways.

3.5. Targeting Stress Response and Apoptosis
3.5.1. Targeting Endoplasmic Reticulum Stress

Under stress conditions, such as starvation, oxidative stress, or growth factor depriva-
tion, a transient decrease of anabolic processes and cell growth is required. In this scenario,
mTORC1 is inhibited resulting in the down modulation of biosynthetic processes and
the induction of the ubiquitin-proteasome system (UPS) and autophagy [155]. Since the
endoplasmic reticulum (ER) represents the powerhouse of protein synthesis, an impor-
tant component of the UPS is the endoplasmic reticulum-associated protein degradation
(ERAD) [159]. ER stress occurs when the accumulation of unfolded and/or misfolded
proteins exceeds the rate of protein refolding or degradation. A series of events followed
by the accumulation of unfolded proteins leads to the activation of specific transcription
factors (such as ATF4, ATF6, JNK, NRF2 and XPB1) and subsequent induction of various
stress-related genes [159]. MM cells are subjected to protein overload due to the massive
production of antibodies which causes constant ER stress. It is known that proteasome
inhibition also induces ER stress with consequent PERK-eIF2α and IRE1-JNK activation,
and thus stimulation of autophagy (Figure 3).
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Figure 3. Dual inhibition of cellular stress and proteasome components. Ubiquitin-proteasome
system (UPS), endoplasmic reticulum (ER) stress, and autophagy are precisely regulated and con-
nected processes. Simultaneous blockage of targets within these pathways and proteasome leads to
apoptosis. Proteasome inhibitors (PI) itself induces ER stress, thus targeting ER stress (verapamil,
WRR139, KW-2478, and VER15508) in combination with PI leads to increased cellular death. As
compensation to proteasome inhibition, cells turn on autophagy. Drugs affecting autophagy (met-
formin, bafilomycin A, chloroqouine, hydroxychloroquine) are synthetic lethal with PI. Inhibition of
the pro-survival protein BCL2 (venetoclax) leads to increased apoptosis in combination with PI.

Heat shock proteins (HSP) play a key role in protein homeostasis pathways and in
handling the immunoglobulin folding [160]. Since HSPs are involved in many signaling
pathways required for MM growth and survival, they represent attractive therapeutic
targets. Even though preclinical studies have shown that HSP70 and HSP90 inhibition
was synergistic to bortezomib [161,162], antimyeloma activity has not been confirmed in a
phase I study [82].

The transcription factor NRF1 represents a unique mechanism by which ER stress
regulates UPS. When proteasomal capacity needs to be enhanced or the proteasomal
activity is inhibited, the active form of NRF1 is released from the ER and enters the nucleus
to upregulate the expression of proteasome subunits [107]. N-glycanase 1 (NGLY) protein
was found to have essential role in NRF1 protein activation in response to PI. Inhibition of
NGLY protein inhibition inactivates NRF1 and potentiates proteasome inhibitor cytotoxicity
in MM and T-ALL (acute lymphoblastic leukemia) cell lines [107] (Figure 3).

3.5.2. Targeting Autophagy

The intensive crosstalk between the proteasome, UPR, and autophagy serves to bal-
ance suicidal and protective activities. Upon accumulation of proteasomal substrates (as
triggered by PIs), autophagy is activated as a compensatory mechanism [107]. Multiple
preclinical studies have demonstrated synergistic toxicity by the simultaneous targeting of
proteasomes and autophagy [108,110,163–165]. An interesting example is represented by
the antidiabetic drug metformin, which was identified as synthetic lethal to PIs in a high-
throughput screen aimed to identify drugs that modulated autophagy [110]. The authors
demonstrated that the metformin-bortezomib combination delays the growth of myeloma
xenotransplants by suppressing GRP78, a key driver of bortezomib-induced autophagy.

ER stress leads to Ca2+ release, which results in the activation of numerous kinases and
proteases involved in autophagy [166]. Thus, it was shown that the calcium channel blocker
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verapamil synergized with bortezomib by enhancing ER stress in MM cell lines [109]
(Figure 3).

The autophagy inhibitors chloroquine and hydroxychloroquine, known to impair
autophagosome fusion with lysosomes, have shown promising synergistic activities with
carfilzomib in vitro and in vivo [163,164,167]. Accordingly, chloroquine/hydroxychloro-
quine combinations with carfilzomib are in clinical trial for the treatment of RRMM patients
(NCT04163107). However, previous phase I/II trials using bortezomib and chloroquine/
hydroxychloroquine combinations (NCT01438177, NCT00568880) did not report any sig-
nificant response [79].

3.5.3. Targeting Apoptosis and DNA Stress

In the last decade, the ER has emerged as a critical structure for apoptosis control
in response to a wide variety of stress stimuli. Under acute or sustained ER stress, the
UPR actively promotes apoptosis through the upregulation of BCL-2 family pro-apoptotic
proteins, increased proteotoxicity, and ROS. The BCL-2 protein family operates as a core
to integrate stress signaling networks, regulating cell death, calcium homeostasis, the
UPR, and autophagy [166]. The selective inhibition of BCL-2 has proven to be effective
in a panel of different cancers by restoring the deranged apoptotic pathway of malignant
cells [80]. The BCL-2 inhibitor venetoclax synergized with bortezomib in a preclinical study
performed in xenografts co-expressing BCL-2 and MCL-1 proteins [168]. Concordantly,
a proportion of MM cell lines and patients resistant to venetoclax treatment showed
upregulation of these two proteins [168], and bortezomib was found to neutralize MCL-1
pro-survival activities as a consequence of NOXA induction [12]. Following promising
clinical observations [80], a phase III trial (NCT02755597) demonstrated significant efficacy
of venetoclax-bortezomib combination in RRMM patients harboring t (11;14) and in tumor
cells expressing high levels of BCL-2 [169]. The first results from ongoing trial using
carfilzomib, venetoclax and dexamethasone showed overall response rate 100% in t (11;14)
patients and 79% in general RRMM patients [81]. However, these analysis were performed
on small number of patients. In a more recent clinical study with heavily pre-treated
patients the ORR was 37.5%. Strikingly, all responders were t (11;14) positive patients [170].

In addition to its role in protein homeostasis, the ubiquitin-proteasome system is also
involved in the regulation of DNA damage repair proteins. It was shown that bortezomib
impairs the ability of MM cells to repair DNA double-stranded breaks induced by PARP
inhibition [171]. Encouraging preclinical results combining the PARP inhibitor veliparib
with bortezomib were followed by a phase I trial in RRMM patients (NCT01495351).

3.5.4. Dual Inhibition of the Ubiquitin-Proteasome System

Even though all PIs available for therapy are designed to target the β5 subunit of the
proteasome, several authors have demonstrated that the simultaneous inhibition of β5 and
β2 either by combinatorial therapy (bortezomib/carfilzomib and LU-102) or dual inhibition
(syringolin analog) can improve the cytotoxic effects of proteasome inhibition [106,172].
Interestingly, the dual inhibitor was able to overcome bortezomib resistance, while the
combination of two inhibitors failed to re-sensitize cells. Targeting other components of
UPS has also been shown to synergize with PIs. The NEDD8-activating enzyme (NAE) is
an essential component of the NEDD8 conjugation pathway that controls the activity of
the cullin-RING subtype of ubiquitin ligases (CRLs), thereby regulating the turnover of a
subset of proteins upstream of the proteasome [173]. Two NAE inhibitors (MLN4924 and
TAS4464) were found to synergize with bortezomib [174,175]. MLN4924 (pevonedistat)
combinations with the oral proteasome inhibitor ixazomib are currently in clinical trial for
the treatment of RRMM (NCT03770260).

Besides ubiquitin–proteasome system, ER stress management represents another
vulnerable spot of MM due to the high production of proteins. Although numerous
PI combinations reached clinical evaluation (Table 1), none has confirmed results from
preclinical studies and several have shown considerable toxicity. However, due to the great
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potential of concurrent targeting of these two pathways, different studies are still ongoing
and, hopefully, will give a positive contribution to the treatment of MM.

3.6. Proteasome Inhibitors and Metabolic Pathways

Cancer cells are typically characterized by altered metabolism; however, due to the
high heterogeneity of the disease, the metabolic derangements are extremely diverse. Sim-
ilar to other cancers, enhancement of glycolysis and glutaminolysis are key features of
MM cells [176]. It was also reported that changes in the metabolism induced by hypoxia
are instrumental for drug resistance of MM cells [177]. The two main players of hypoxia–
associated drug resistance are hypoxia-inducible factor 1α (HIF1α) and lactate dehydroge-
nase (LDHA). HIF1α is a transcriptional factor regulated by hypoxic microenvironment
but also by other factors such as oncogene activation or loss of tumor suppressors [178]
Overexpression of HIF1α in the hypoxic environment promotes the upregulation of glucose
transporters and glucose enzymes [179]. Importantly, HIF1α metabolic targets, such as
Hexokinase 2 (HK2) and LDHA, were overexpressed in plasma cells of relapsed patients.
Moreover, specific inhibition of LDHA and HIF1α was able to re-sensitize MM cells to
bortezomib in vivo [177].

The first rate-limiting step of glucose metabolism is its transport across the plasma
membrane through glucose transporters (GLUT family) [113]. It was shown that MM cell
lines expressing high levels of GLUT1, and consequently increased glucose uptake, respond
synergistically to the combinatorial treatment of bortezomib with the GLUT1 inhibitor
STF-31 [112]. However, the mechanism of this synergistic effect was not investigated
in depth.

Isocitrate dehydrogenase 2 (IDH2) plays a key role in cellular metabolism and acts in
the tricarboxylic acid (TCA) cycle catalyzing the reversible oxidative decarboxylation of
isocitrate to α-ketoglutarate, NADPH, and CO2 [180]. Interestingly, it has been reported
that IDH2 inhibition could increase the efficacy of conventional cancer therapies. Specifi-
cally, the genetic or pharmacologic inhibition of wild-type IDH2 synergized with PIs in MM
and other hematological malignancies [42,117]. Mechanistically, PI treatment reduced the
expression of nicotinamide phosphoribosyltransferase (NAMPT), thus limiting IDH2 acti-
vation through the NAD1-dependent deacetylase SIRT3. Consistently, the combination of
carfilzomib with either NAMPT or SIRT3 inhibitors impaired IDH2 activity and increased
MM cell death. Taken together, these findings indicate the NAMPT/SIRT3/IDH2 pathway
as a major determinant of PIs responsiveness that can be exploited for new combination
strategies aimed to enhance sensitivity and overcome resistance to PIs [42] (Figure 4).

A metabolomics profiling study showed that PI-resistant cells display massive al-
terations in cellular metabolism resulting in higher antioxidant capacity, higher redox
homeostasis, and increased NAD+ levels [113]. This was a confirmation of previous studies
where the NAD+ depleting agent FK866 was used with PIs to induce synergistic anti-MM
cell death [42,117]. It was also demonstrated that a higher ATP/ADP ratio in ER allows
higher protein folding capacity through more effective disulfide bond formation in resis-
tant cells. The inhibition of protein disulfide isomerase has been shown to sensitize cells
to PI in several studies [113,115]. Interestingly, in addition to increased TCA cycle and
oxidative phosphorylation activities, PI-resistant cells also display altered mitochondria
morphology [113,114]. As AMPK enzyme is inhibiting ATP-consuming pathways, its
inhibitor dorsomorphin (also known as compound C) resulted highly synergistic with
carfilzomib in samples from MM patients [147]. However, dorsomorphin has many other
targets besides AMPK [181], hence the specificity of this particular synergy should be more
deeply investigated. Noteworthy, activation of mitochondrial protease ClpP by imipridone
ONC201 [182] leads to the loss of respiratory functions and triggers synergistic cytotoxicity
with proteasome inhibitors in MM cell lines [183]. Moreover, a clinical trial is evaluating
ONC201, ixazomib, and dexamethasone combination in RRMM patients (NCT03492138).
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Figure 4. Proteasome inhibitors and metabolic pathways. Enhancement of glucose and glutamine
metabolism is a hallmark of cancer cells, including multiple myeloma (MM). Targeting deranged
cellular metabolism at various levels enhances the cytotoxicity of proteasome inhibitors in MM.
Inhibition of the glucose transporter GLUT1 (STF-31) or the non-pharmacological inhibition of HIF1α
and LDHA enzymes result in synergistic cell death with proteasome inhibitors (PI). The tricarboxylic
acid (TCA) cycle enzyme IDH2 is synthetic lethal to PI through NAMPT/SIRT3/IDH2 pathway (AGI-
6780, FK866). Degradation of glutamine can be targeted with Asparaginase (ASNase) or Glutaminase
inhibitor (CB-832), affecting glutamate-dependent metabolites of TCA cycle. The cellular energy
sensor AMPK is synthetically lethal to PI. OXPHOS inhibition by the mitochondrial protease ClpP
(ONC201) leads to cellular stress and upregulation of transcriptional factor ATF4.

Additional studies suggested that glutamine is a critical fuel source that drives mi-
tochondrial respiration in MM cells [114]. It has been previously shown that glutamine
levels impact significantly on the metabolism of MM cells [176]. Glutamine is converted
into glutamate and ammonia (NH4+) by GLS1 and GLS2 enzymes. Since it is recognized
that MM cells are addicted to extracellular glutamine uptake because of poor glutamine
synthetase (GS) expression [116], targeting the glutamine metabolism could open alterna-
tive therapeutic avenues. GLS catalyzes the conversion of glutamine to glutamate, which
supports redox balance through glutathione biosynthesis, and serves as a major substrate
for the mitochondrial tricarboxylic acid (TCA) cycle. Targeting glutamine metabolism with
GLS1 specific inhibitor CB-839 synergistically enhanced the cytotoxic effects of PIs, with
the most robust synergy being observed with carfilzomib [114]. Additionally, it was found
that the glutaminolytic enzyme L-asparaginase, already used for the treatment of acute
lymphoblastic leukemia (ALL), works synergistically with PIs in MM [116].

Although cancer cells usually prefer glycolysis and glutaminolysis over mitochondrial
respiration [176], more recent studies are showing that drug-resistant cells and cancer stem
cells depend heavily on oxidative phosphorylation (OXPHOS) for ATP generation [184].
Indeed, MM cells with the highest respiration rates could give rise to treatment-refractory
disease [114]. Thus, targeting mitochondrial function in MM represents an attractive
approach that will be more thoroughly investigated in the future (Figure 4). Sphingolipids
are a class of lipids that exert pleiotropic cell signaling effects. Sphingolipid metabolism is
often dysregulated in hematological malignancies and can confer resistance to many classes
of drugs [185]. Ceramide is a central component of sphingolipid metabolism that is tightly
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regulated due to its pro-apoptotic effects. Sphingosine kinase 2 (SK2) inhibitors switch the
chemical balance toward ceramide synthesis. In MM it has been described that the lipid
metabolism of drug-resistant cells is swapped from lysolipids to sphingomyelins [113]. In
line with this observation, SK2 inhibition synergizes with low dose bortezomib, most likely
as a consequence of convergent ER stress and UPR activations [111]. This combination
was also effective in vivo and had a good impact on bone disease. Proteasome inhibition
by itself also has a great impact on metabolism which is manifested by the induction of
amino acid biosynthesis, an antioxidant response, lipogenesis, and an increase in protein
folding [177]. On the other side, as shown above, adaptive changes in MM cell metabolism
may provide the basis of resistance to PI. Overall, metabolic pathways are attractive targets
yet to be explored as effective therapeutic combinations with PIs (Figure 4).

3.7. Proteasome Inhibitors and Epigenetic Drugs
3.7.1. Epigenetic Modifications as Druggable Targets in Multiple Myeloma

Epigenetics encompasses mechanisms that control heritable changes of gene ex-
pressions that do not entail modifications in DNA sequence. It involves remodeling
of chromatin structure through covalent modifications of DNA, posttranslational histone
alterations, and RNA interference [186,187]. DNA methylation occurs on the carbon-5
position of cytosine in a cytosine-phosphate-guanine (CpG) dinucleotide, resulting in
5-methylcytosine (5 mC) [188]. In addition, multiple reversible post-translational mod-
ifications (PTMs) are added on N-terminal tails of histones that are protruding from
nucleosomes; among these, methylation, acetylation, phosphorylation, ubiquitination,
sumoylation, and deamination at lysine, arginine, threonine, and serine residues. It is
recognized that epigenetic changes cooperate with genetic alterations to drive the ma-
lignant phenotype of MM. Specifically, aberrant DNA methylation, histone modification
profiles [189–192], and abnormal microRNA (miRNA) expressions [193–195] have been
demonstrated to be instrumental to MM pathogenesis.

3.7.2. Targeting DNA Methylation

DNA methylation is historically associated with transcriptional silencing. As in
other malignancies, it has been observed that the methylation of promoters and CpG
islands of tumor suppressor genes increases from MGUS to MM [196,197]. Moreover,
hypermethylated sites in MM are also localized within B-cell-specific enhancer regions, thus
suggesting that MM progression may occur in part, through dedifferentiation [198]. The
level of DNA methylation is regulated by a set of enzymes called DNA methyltransferases
1, 3A, and 3B (DNMT1, DNMT3A, and DNMT3B) and the ten-eleven translocation (TET)
protein. Inhibition of DNA methylation as a viable therapy for MM has been proved by
several studies. DNA hypomethylating agents and pyrimidine nucleoside analogs such as
5-Azacytidine (AZA) and decitabine (DAC) demonstrated synergistic anti-MM effects in
combinations with bortezomib [126,127,199,200]. The effectiveness of DAC/bortezomib
combination was confirmed in MM xenograft models [201]. Specifically, the authors
suggested the involvement of Wnt/β-catenin pathway, as a mediator of the synergic
activity. The decreased methylation of Wnt pathway antagonists (DKK-1and sFRP-3) and
DNMT3A promoters were proved responsible for the consequent reduction of nuclear
β-catenin localization, and depletion of its downstream signaling [201] (Figure 5).

3.7.3. Targeting Histone Methylation

A precise histones methylation balance, essential for oncogene and tumor suppres-
sor genes regulation, is orchestrated by a plethora of enzymes such as histone methyl-
transferases (HMTs) and histone demethylases (HDMs). Consequently, aberrant histone
methylation has been linked to tumorigenesis and MM progression [197]. Among the
strategies to target histone methylation, the development of enhancer of zeste homolog
2 (EZH2) inhibitors has resulted in promising data, alone or in combination with protea-
some inhibitors. To date, three EZH2 inhibitors GSK2816126, EPZ-6438, and CPI-1205
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are undergoing phase I or II clinical trials in patients with MM and other types of tu-
mors [202,203]. GSK2816126 (GSK-126) is a highly selective EZH2 inhibitor that blocks
H3K27me3 and induces growth arrest and apoptosis in MM cells. Moreover, the authors
demonstrated that GSK-126 eliminates cancer stem cells through the transcriptional upreg-
ulation of Wnt pathway antagonists. GSK-126 and bortezomib showed synergistic activity;
however, the molecular mechanisms of these effects remain to be explained [204]. Interest-
ingly, a novel small-molecule inhibitor of both EZH2 and EZH1, UNC1999, has recently
shown a synergic activity in combination with bortezomib [125]. Importantly, UNC1999
enhanced the cytotoxicity of bortezomib and carfilzomib also in MM cell lines resistant to
PI and dexamethasone. Moreover, this effect was confirmed in MM cells from patients and
in xenograft models. Mechanistically, it was shown that UNC1999-bortezomib combination
cooperatively represses MYC transcription, through the deregulation of NR4A1 and E2F1
factors, leading to induction of apoptosis and arrest of cell proliferation [125] (Figure 5).

Figure 5. The molecular mechanisms underlying the effects of proteasome inhibitors (PIs) combination with epigenetic
inhibitors. A plethora of anti-myeloma effects are observed by targeting epigenetic reprogrammers in combination with
proteasome inhibition. HDAC6 specific inhibitors (MPT0G413, Tubacin, ACY-1215, WT161) lead to increased α-tubulin
acetylation and to the inhibition of aggresomal pathways, thus activating unfolded protein response (UPR) and autophagy
pathways. This mechanism is emphasized by proteasome inhibition. MPT0G413 can also affect MM cell growth, survival
and adhesion to bone marrow stromal cells(BMSCs), through the inhibition of adhesion molecules and cytokines expression.
The fusion molecule EDO-S101 acts as HDAC inhibitor as well as alkylating agent. EDO-S101 promotes polyUb-proteins
accumulation, p21 expression, and induces DNA damage. Multiple pathways are responsible for the synergy between
EDO-S101 and proteasome inhibitors, such as UPR hyper-activation, induction of autophagy, inhibition of cell cycle via
upregulation of p21, and reduction of c-MYC expression. The BET inhibitor JQ1 in combination with carfilzomib enhances
CHOP/EBPα-dependent Bim and Mcl-1 transcription, thus triggering ER stress and apoptosis. The DNA hypomethylating
agent decitabine (DAC) demonstrated synergistic anti-MM effects in combinations with bortezomib. It is speculated that
DAC inhibits β-catenin activity by promoting the expression of Wnt antagonists (DKK-1 and sFRP3). The EZH1/EZH2
inhibitor UNC1999 enhances the cytotoxicity of PI through a cooperative repression of MYC transcription.
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3.7.4. Targeting Histone Acetylation

Histone acetylation is one of the well-known PTM, involved in chromatin remodel-
ing and gene regulation. Histones acetylation levels are efficiently balanced by histone
acetyltransferase (HAT) and histone deacetylase (HDAC) enzymes. The latter are known
to be implicated in several biological processes related to malignancies [205]. Furthermore,
HDAC overexpression is observed in several types of human cancers [206]. Consistently,
several HDAC inhibitors (HDACi) have been developed as antitumoral agents, including
MM therapy [207]. The pan-HDAC inhibitors vorinostat, panobinostat and belinostat, and
the class I-specific HDAC inhibitor romidepsin have been approved by the US Food and
Drug Administration for the treatment of hematological cancers. All these drugs showed
synergistic activity with bortezomib and were then proposed as effective agents to combine
with proteasome inhibitors for the therapy of MM [122,208–210] (Table 2). Interestingly, a
well-characterized mechanism of synergy between proteasome inhibitors and HDACi is
through dual inhibition of the proteasome and aggresome pathways, with HDACi affect-
ing non-epigenetic targets. However, other mechanisms have been described such as an
increase in cytochrome-c release, caspase and poly-ADP-ribose polymerase cleavage, and
inactivation of NF-κB, followed by apoptosis [208].

Since pan-HDACs display several side-effects, selective and potent HDACi have been
developed, which are effective as single agents or in combination with other drugs. For
example, Hideshima et al., showed that tubacin, a selective HDAC6 inhibitor, was able
to enhance bortezomib cytotoxicity in MM cell lines and in patient-derived primary cells.
They demonstrated that tubacin inhibits HDAC6 interaction with dynein, leading to accu-
mulation of ubiquitinated proteins, and thus enhancing bortezomib-induced cytotoxicity,
via JNK-caspase activation [121] (Figure 5).

Other HDAC6 inhibitors recently developed, such as ACY-1215, WT161, and MPT0-
G413 confirmed enhanced MM cytotoxicity in combination with PIs [119,121,211,212].
Besides the mechanism of action describe above, MPT0G413/bortezomib combination
significantly down-regulated the expression of vascular cell adhesion molecule-1 (VCAM-
1) and VLA-4, leading to a reduction of MM cell adhesion to BMSCs. Furthermore,
MPT0G413/bortezomib combination decreased VEGF and IL-6 expression and secretion in
the BM microenvironment, thus enforcing MM cell cycle arrest [119] (Figure 5).

Interestingly, hybrid compounds are novel promising drugs under evaluation to
fight cancer cells. Indeed, EDO-S101 is a first-in-class fusion molecule derived from the
alkylating agent bendamustine and the pan-HDAC inhibitor vorinostat [213]. A strong
preclinical activity was shown in B-cell lymphoma and MM cell lines, MM primary samples,
and mouse models of RRMM [214]. Importantly, EDO-S101 displayed potent synergic
activity in combination with several anti-myeloma agents, including bortezomib [214]. It
was further demonstrated that multiple pathways are responsible for the high synergy
between EDO-S101 and bortezomib [118]. Among them, robust activation of the UPR,
induction of autophagy, inhibition of cell cycle via upregulation of p21, and reduction of
c-MYC expression were described (Figure 5).

Acetylated tails of histones are also recognized by epigenetic readers. Among these,
the Bromodomain and Extra Terminal domain (BET) proteins include four members (BRDT,
BRD2, BRD3, and BRD4) that mainly recognize acetylated lysine of histone 4. BET pro-
teins act as scaffolds for other proteins to link promoters with enhancers and to facilitate
gene transcription and elongation. BET proteins also recognize acetylated non-histone
proteins, such as transcription factors, and can bind to other proteins in a bromodomain-
independent manner [215]. Several preclinical studies imply a role of BET proteins in
human cancers [215] and BET inhibitors have consistently emerged as promising cancer
therapeutics [197]. The first two BET inhibitors described in 2010 were I-BET and JQ1,
which act by interfering with the binding of bromodomain containing BET proteins to
acetylated histones [216,217]. Interestingly, MYC transcriptional functions can be modu-
lated pharmacologically by JQ1. Indeed, BRD4 is strongly enriched at immunoglobulin
heavy-chain (IgH) enhancers in MM cells bearing IgH rearrangement at the MYC locus.
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JQ1 effectively depletes enhancer-bound BRD4 and promptly inhibits MYC transcription in
a dose- and time-dependent manner with a consequent downregulation of the coordinated
c-MYC transcriptional program, prompting cell-cycle arrest and cellular senescence [218].
However, earlier clinical trials showed limited activity of BET inhibitors as single-agent
in patients with hematologic malignancies. Notably, the BET inhibitor JQ1 displayed
synergistic activity in combination with carfilzomib in various cancer models, including
MM [124]. The authors speculated that the JQ1/carfilzomib combination enhances ER
stress leading to the activation of CHOP/EBPα, increased BIM transcription, and conse-
quent apoptosis [124] (Figure 5). Accordingly, a recent study showed that BET inhibitors
synergize with carfilzomib in multiple solid tumor cell lines [24]. In addition, Siegel et al.
described that the selective BRD4 inhibitor CPI203 showed synergy with bortezomib in
resistant cell lines as well as in a primary sample from RRMM patient. However, despite
the combination induced antiproliferative effects and apoptosis, the molecular mechanisms
of the synergy remain unknown [123].

In conclusion, several broad epigenetic reprogrammers have become pivotal for the
treatment of MM, including pan-HDAC inhibitors and DNA hypomethylating agents.
These drugs exert pleiotropic effects causing large-scale changes in gene expression and
are effective in combination with proteasome inhibitors by acting directly on MM cells
and the tumor microenvironment. However, broad reprogrammers are also more prone
to side-effects and more difficult to schedule in combinatory therapies. More recently, the
identification of specific genetic defects in epigenetic pathways in several type of cancers
has led to the development of new targeted therapies. Among others, EZH2 inhibitors have
shown promising beneficial outcomes in MM patients. Recent literature describes emerging
epigenetic drugs with anti-tumoral effects, such as histone demethylases inhibitors [219].
Future investigation will point out whether a possible matching with PIs can enhance
their efficacy.

3.8. Other Targets of Potential Therapeutic Interest

Recently, the nuclear exportin 1 (XPO1) inhibitor selinexor has been approved for the
heavily pretreated MM patients who have received at least four prior lines of therapy [220].
Ongoing trials are investigating the efficacy of different PIs in combination with selinexor
(Table 1). Observations from phase I/II studies indicate that selinexor/bortezomib combina-
tion did not affect ORR but increased progression-free survival (6.1 months vs. 3.7 months)
of RRMM patients [221]. Selinexor, bortezomib, plus low-dose dexamethasone is currently
in phase III trial in RRMM patients (NCT03110562). Selinexor, when used with bortezomib
or carfilzomib, has the potential to overcome PI drug resistance in MM. Several molecular
mechanisms of synergistic cell death induced by the combination of selinexor with PIs
were suggested, such as the activation of Caspase-10 [222] or the accumulation of IκBα and
thus the inactivation of the NF-κB pathway [223].

The frequent deregulation of the canonical Wnt/β-catenin pathway in MM by genetic
and epigenetic means suggested that it could represent a suitable target for therapeutic
intervention [224]. The Wnt/β-catenin pathway plays a key role in the interactions of
MM cells with the bone marrow microenvironment. Specifically, MM cells secrete Wnt
antagonists that contribute to the development of osteolytic lesions by impairing osteoblast
differentiation. Increased β-catenin activation was consistently found in all MM cell
lines. Consequently, exposure to the β-catenin inhibitor BC2059 triggered inhibition of
proliferation and induction of apoptosis both in vitro and in vivo [128]. Most of the tested
cell lines, as well as two patients’ samples, had shown synergistic death upon exposure
with BC2059 and bortezomib. However, additional research is needed to understand the
mechanism of this synergy.

4. Evolving Precision Medicine Using Combinatorial Drug Approach

Despite all progresses, MM is still an incurable disease, mostly due to its genetic
heterogeneity. Unfortunately, many promising drugs have failed in patients, particularly
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when used as single agents. For example, even though the Ras/MAPK/ERK pathway is
often deregulated in MM [3,5], trials with drug targeting the components of this pathway
had a poor outcome. The main problem with single drug treatment is the activation of
feedback loops within tumor cells, such as in the example of mTORC1 inhibitors [144].
Secondary, it can also be the result of crosstalk with other pathways. The well understood
case is the cross-signaling of MAPK/ERK and PI3K/AKT pathways through activated Ras
protein [225]. Next, it can often induce drug resistance. Finally, it can be the consequence of
their interaction with the microenvironment [134]. Even though combinatorial treatments
are nowadays the standard treatment for several malignancies, including MM, frequently
they do not yield the expected results. Feedback loops pose main problem for a single drug
treatment; however, targeting such loops, as in the example of MAPK/ERK and PI3K/AKT
pathways, showed tolerability issues in clinical trials [225].

The traditional approaches of clinical trial design do not fit anymore in the personal-
ized medicine era. Recently, integrated platforms have been designed to develop precision
medicine approaches combining the identification of actionable genomic alterations with
screening protocols. Moreover, the clonal heterogeneity of MM is a further challenge also
for precision medicine, as therapy targeting only a subset of myeloma cells would not
achieve optimal response [226]. Significant efforts have been made to map cancer-specific
dependencies using genome-wide vulnerability screens and advanced computational algo-
rithms for data analysis [227]. Such platforms will make integrated cancer data available
to the community. Since there are many specific drugs already approved or in process of
evaluation, the main obstacle is the development of disease-specific panels, which can not
only detect the molecular alterations but also recognize their functional consequences. In
line with this, master protocols with the scope to evaluate multiple treatments in several
type of patients or disease within the same overall trial structure, are currently in develop-
ment [228]. The ongoing trial MyDrug (NCT03732703) will enroll RRMM patients with
specific mutations using genomics approaches. Drugs targeting the identified aberration
will be used in combination with PI (ixazomib), IMiD (pomalidomide) and dexamethasone.

Great progress has been made in molecular profiling of MM cells; however, evaluation
of patient immune system will also be of significant importance [226]. Combinatorial
approaches using immunotherapy have become an important part of MM treatment.
Various immunotherapeutic approaches such as antibody-drug conjugates, bispecific T-cell
engagers (BiTEs), or CAR-T cells, mainly directed against BCMA and/or other plasma
cell-specific antigens, are under clinical evaluation [229]. Therefore, immune profiling will
have a great relevance for precision medicine in MM. In a recent pilot study using precision
medicine in RRMM patients, several obstacles to the best capitalization of combinatorial
drug research were identified [230]. Among these, insurance denials due to the high
costs of therapies, the lack of standardized protocols for the detection of patient-specific
aberrations, and the limited accuracy of predictions.

5. Conclusions

In the present review, we have explored existing and emerging drug combinations
with proteasome inhibitors in MM therapy. PIs are so far the most successful therapy for
MM and due to their pleiotropic effects on multiple cellular pathways they represent an
excellent partner for synergistic combinations. The development of high-throughput func-
tional approaches, such as combinatorial screenings of drug, shRNA, siRNA, or CRISPR
libraries, are revealing a multitude of new synthetic lethal interactions in MM. However,
the comprehensive validation of these interactions is a bottleneck for their successful trans-
lation to clinics. As demonstrated, many promising preclinical results have failed in clinical
trials. To diminish the probability of failure, more accurate ways of validation should
be developed; possibly by using more accurate models, such as patient-derived tissues.
Implementation of precision medicine into MM treatment would certainly lead to better
outcomes by using most suitable therapeutic options. Nowadays, significant progress has
been made by the simultaneous targeting of proteasomes and different aspects of MM-



Cancers 2021, 13, 1235 22 of 32

associated immune dysfunctions. Immunomodulatory drugs and monoclonal antibodies
are so far the best synergistic partners to PIs based on the approval for the use in clinics.
However, epigenetic drugs targeting either DNA methylation, histone modifiers/readers,
or chromatin remodelers, exhibit pleiotropic anti-myeloma effects in combination with PIs.
Importantly, they also act both on MM cells and their microenvironment. Finally, protea-
some inhibition has a significant impact on MM metabolism. Therefore, the under-explored
targeting of deranged metabolic hubs could represent a new avenue to identify effective
therapeutic combinations with PIs.
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