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ABSTRACT: The approval of first-in-class proteasome inhibitor 

bortezomib in 2003, made possible the therapeutic validation of 

proteasome as a target for use in discovery and development of new 

treatment options in cancer, particularly haematological conditions 

like Multiple Myeloma. However, this breakthrough drug discovery 

suffered from a few limitations. As a result, the discovery of 

bortezomib not only introduced to the pharmaceutical research 

community a new area but also provided the impetus to work for a 

better future. The result was the recent approval of carfilzomib for use 

in relapsed and refractory multiple myeloma which revived the 

lagging area again and brought an upsurge in the area of research and 

development for second generation proteasome inhibitors directed 

towards this therapy. Here, we present a review on these second 

generation proteasome inhibitors currently in clinical or preclinical 

phase and try to assess the future for multiple myeloma therapy. 

INTRODUCTION: The ubiquitin-proteasome 

pathway is a critical biological process which plays 

a central role in the regulation of several diverse 

cellular processes and thus inhibiting the ubiquitin-

proteasome pathway is an attractive target that 

would serve to provide us with molecular probes of 

major cellular networks as well as potential 

therapeutic agents for various human diseases.  

Multiple myeloma therapy has been majorly 

benefitted from this approach as seen from the 

FDA approval of two such candidates, bortezomib 

and carfilzomib, for treatment of patients in the 

relapsed/refractory setting. 
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After the initial approval of bortezomib, in 2003 

opened the horizons for clinical development of 

proteasome inhibitors for cancer therapeutics, the 

discovery area saw a declining interest due to the 

drug’s limitations including some toxicity concerns 

and intravenous route of administration. However, 

the approval of carfilzomib once again brought an 

era of renaissance and the current pipeline of new 

proteasome inhibitors promises a brighter future for 

multiple myeloma therapy, both in frontline and 

relapsed/refractory settings.  

Here, we have reviewed the second generation 

proteasome inhibitors which are in the clinical or 

preclinical phase at present and which may lead to 

some of the clinically successful candidates 

someday. 

The Ubiquitin-Proteasome Pathway: The 

regulation and degradation of intracellular proteins 

is important for proper maintenance of the protein 

balance in the human body.  

Keywords: 

Proteasome, Multiple Myeloma, 

Bortezomib, Carfilzomib 

Correspondence to Author: 

Smita Jain 

Research Scientist-Intellectual 

Property Management, Fresenius 

Kabi Oncology Ltd., Echelon 

Institutional Area, Plot No. 11, Sector 

32, Gurgaon – 122001, Haryana , 

India 

E-mail: smita.jain@fresenius-kabi.com 



Jain and Satija, IJPSR, 2014; Vol. 5(2): 320-329.                                        E-ISSN: 0975-8232; P-ISSN: 2320-5148 

International Journal of Pharmaceutical Sciences and Research                                                                              321 

In eukaryotic cells, there are two major 

mechanisms to keep a check on the protein cycle. 

These include the one controlled by proteolytic 

enzymes (proteases) present in cell organelles 

known as lysosomes and the other, the Ubiquitin-

Proteasome pathway which is the route of 

destruction for majority of proteins 
1
.  

The Ubiquitin-Proteasome pathway mediated 

degradation of proteins includes;  

(a) Marking the protein by ligation of 76-amino 

acid ubiquitin polypeptide  

(b) Identification of ubiquitinated proteins and 

proteolysis by a 26S-proteasome into 

smaller peptides.  

The ubiquitination is a cascade reaction involving 3 

different types of enzymes: E1, E2 and E3. E1 

(Ubiquitin activating enzyme) activates the 

carboxyl group at the Gly-76 of ubiquitin 

polypeptide. Different combinations of E2 or E3 or 

both are responsible for the specificity of protein 

substrates.  

The recognition process of ubiquitinated proteins 

by 26S proteasome is followed by ATP-dependent 

unfolding and threading and finally indiscriminate 

unidirectional proteolysis. The uni-directionality of 

the process ensures that partially degraded proteins 

do not enter back
2
.  

Other functions of the Ubiquitin-Proteasome 

pathway include various intracellular activities like 

major histo-compatibility complex (MHC) class I 

presentation, apoptosis, cell growth regulation, NF-

κB activation, antigen processing, and transduction 

of pro-inflammatory signals 
1
. 

Proteasome as a Therapeutic target: The 26S 

proteasome is composed of two basic units: a 20S 

cylindrical protein complex forming the core 

flanked by two 19S protein caps on either ends. In 

another type of proteasome known as immune-

proteasomes, the 20S core complex is flanked by 

two 11S subunits 
3, 4, 5

. The 19S particle controls 

the recognition, deubiquitinylation and unfolding 

before its proteolysis by 20S proteasome catalytic 

core 
6
.  

The 20S proteasome consists of three major types 

of sites responsible for their respective activities. 

These include chymotrypsin-like protease (CT-L) 

activity, trypsin-like activity (T-L), and peptidyl-

glutamyl peptide-hydrolyzing (PGPH) also known 

as caspase like activity. These particular subunits 

are responsible for hydrolysis of hydrophobic, 

basic and acidic amino acid residues respectively. 

Two additional less characterized activities include 

BrAAP activity and SNAAP activity. These are 

responsible for cleavage of branched-chain amino 

acids and small neutral amino acids respectively 
6
. 

Analysis of mechanism of catalytic activity of 20S 

proteasome has revealed importance of ‘Thr-1’ 

amino terminal residue as catalytic nucleophile in 

proteolysis 
6
. Inhibitors of 20S proteasome catalytic 

site including epoxyketones, peptide vinylsulfones 

(irreversible) and peptide aldehydes, boronic acid 

derivatives (reversible) target covalent binding of 

respective pharmacophore groups with the 

hydroxyl of Thr-1 which is responsible for their 

proteasome inhibiting activities, primarily at 

chymotrypsin-like activity sites.  

Although the present list of proteasome inhibitors 

(Fig. 1) is only directed to target the 20S 

proteasome subunit, future efforts may also focus 

on inhibition of the ubiquitination process to 

provide treatment options which are more substrate 

specific and for wider range of disorders. 
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FIG. 1: BORTEZOMIB AND THE SECOND 

GENERATION PROTEASOME INHIBITORS IN 

MULTIPLE MYELOMA THERAPY 

Bortezomib: The First-in-Class Proteasome 

Inhibitor: Bortezomib is a dipeptide boronic acid 

analogue and a reversible inhibitor of primarily the 

chymotrypsin-like activity of the 20S-proteasome. 

The drug is marketed under the name of Velcade 

by Millennium Pharmaceuticals for the treatment of 

patients suffering from multiple myeloma and for 

treatment of patients with mantle cell lymphoma 

who have received at least 1 prior therapy 
7
.  

The drug was a pioneer in its class and has gained 

an important position in the anticancer market as a 

standard of care for multiple myeloma cases in both 

relapsed/refractory and first-line settings 
8
. But the 

therapy suffered from a few drawbacks which 

included a large proportion of myeloma patients 

being refractory and development of resistance to 

the treatment.  In addition, a large group of patients 

receiving bortezomib therapy suffered from toxic 

and adverse reactions. Its side effects included 

peripheral neuropathy, haematological toxicity 

(reduced RBC and platelet count), asthenia, and 

other less common side effects like headache, pain 

in joints, reduced WBC count, arthralgia, myalgia 

etc 
9
.  

As explained before, boronic acid group of 

bortezomib form a complex with the β-5 subunit of 

the 20S proteasome and inhibits the chymotrypsin-

like activity which is responsible, primarily for its 

anticancer activity. Apart from these, bortezomib 

has also been observed to inhibit various additional 

biochemical pathways in preclinical studies. These 

include suppression of NF-κB. However, the exact 

pathway responsible for the clinical activity of 

bortezomib has not yet been assessed completely 
10

.  

Bortezomib has also been studied in other tumor 

malignancies like solid tumors as single agent 

where the results were not so promising but studies 

testing bortezomib in combination with 

conventional cancer therapies drugs like docetaxel 
11

, doxorubicin 
12

, melphalan 
13

 or with radiation 

therapy 
14

 or both
15

 have shown encouraging 

results.   

Overall, bortezomib presented great advancement 

to the field of proteasome-inhibiting anticancer 

agents for multiple myeloma but the toxicity and 

the development of resistance demanded for further 

studies and development of second generation 

proteasome inhibitors. 

Second Generation Proteasome Inhibitors: 

1. Carfilzomib: Carfilzomib (marketed under 

the tradename Kyprolis) is a selective, 

irreversible proteasome inhibitor approved 

recently on 20 July 2012 by USFDA for use 

in patients suffering from multiple myeloma 

who have received at least two prior 

therapies including bortezomib and an 
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immunomodulatory agent and have 

demonstrated disease progression on or 

within 60 days of completion of the last 

therapy 
16

. Chemically, carfilzomib is a 

tetrapeptide epoxyketone analogue of 

epoxomicin and eponemycin, a pair of 

related natural products that were isolated 

from Actinomycetes and identified as 

antitumor agents in animals 
17, 18

.  

Epoxomycin primarily inhibits the 

chymotripsin-like activity of the proteasome 

but also inhibits, to a lesser extent, the other 

two proteolytic activities of the proteasome 

(trypsin-like and PGPH activity) 
19

. 

Eponemycin, however, along with its 

synthetic analogue dihydroeponemycin, 

inhibit both chymotrypsin-like and PGPH 

activity of proteasome at comparable rates 
20

.  

These agents were shown to be extremely 

selective and potent proteasome inhibitors 

without exhibiting activity against any other 

cellular proteases by the laboratory of Craig 

Crews at Yale University. In addition to 

proteasome activity, epoxomicin also 

exhibits anti-inflammatory activity, 

presumably by inhibition of NF-kB 

activation 
21

.  

The high selectivity of the Epoxomycin and 

derived epoxyketones for the proteasome 

activity was based on a unique mechanism 

comprising two-step reaction of the 

pharmacophore with both the hydroxyl and 

amino groups of the catalytic Thr residue. 

This involves the attack of the carbonyl 

group of the epoxyketone moiety by the 

catalytic hydroxyl, followed by the opening 

of the epoxy ring by the free α-amino group 

to form a cyclical morpholino ring.  

Crystal structure of the yeast 20S 

proteasome complexed with epoxomycin 

confirmed the formation of morpholino 

adduct between the epoxyketone 

pharmacophore and the active site N-

terminal Thr-1 
22

. The discovery chart of 

carfilzomib is illustrated in Fig. 2. 

 

 
FIG. 2: DRUG DISCOVERY OF CARFILZOMIB 

In order to obtain novel, more potent inhibitors 

with improved selectivity for each of the three 

major proteolytic activities of the proteasome and 

improved in vivo activity, the Crews laboratory 

synthesized a series of peptide α, β-epoxyketones 

of varied length and amino acid sequence and 

characterized them for their ability to inhibit 

proteasomal enzymatic activity and cell growth 
23

.  

Most compounds selectively inhibited the 

chymotrypsin-like activity, while only weakly 

inhibiting the trypsin-like and PGPH activities. 

After optimization, one inhibitor, Ac-hFLFL-

epoxide (YU-101), was found to be more potent 

and selective for the inhibition of the 

chymotrypsin-like activity than others. This 

inhibitor also exhibiting strong in vivo anti-

inflammatory activity was licensed to Proteolix, 

Inc. Scientists at Proteolix later modified YU-101 

to create carfilzomib 
23

. 

YU-101’s in vitro and in vivo activities suggested 

that the molecule can be developed as both 

molecular probe and therapeutic agent.  
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It was also supported by many reviewers that the 

molecule (YU-101) shows promising results and a 

great potential as a therapeutic agent and thus 

enforced the thought to develop the molecule for 

clinical uses 
24, 25

. The molecule although showed 

promising results in vitro and in vivo studies lacked  

on the water solubility front in order to be 

administered into the body. A polar or ionisable 

substitution could provide advantage with the 

solubility. Carfilzomib was the result of a 

substitution which enhanced the aqueous solubility 

of the parent molecule, YU-101 
26

. 

The initial preclinical studies and clinical phase I 

and II studies were conducted by Proteolix Inc, 

which was taken over by Onyx in 2009. Onyx 

advanced the later stages of clinical trials of 

carfilzomib and finally succeeded with the drug’s 

approval in 2012 
27

.  

Preclinical studies of carfilzomib in in vitro and in 

vivo xenograft models and in patient-derived 

models of myeloma demonstrated its apoptotic 

effects in a various tumor cell lines and supported 

its clinical evaluation for use in Multiple Myeloma 
28, 26

. 

Apart from successful validation of carfilzomib for 

its indication relapsed/ refractory multiple 

myeloma 
29, 30

, several additional clinical phase 

studies are ongoing for evaluation of use of 

carfilzomib in combination with other 

chemotherapeutics active in multiple myeloma like 

lenalidomide and dexamethasone 
31-35

. Clinical 

settings studying frontline use of carfilzomib at 

higher doses in cases where standard doses of 

carflzomib have become ineffective 
36

 are also 

ongoing.  

Further, carfilzomib was well tolerated with a few 

common observations like anemia, thrombo-

cytopenia and leukemia etc. Peripheral neuropathy, 

a major concern with bortezomib therapy was not 

observed with cases on carfilzomib 
37

. 

2. Oprozomib (PR-047): Oprozomib (ONX 

0912), another proteasome inhibitor being 

developed by Onyx, is considered the orally 

bioavailable analogue of carfilzomib 
38

. 

ONX 0912, like carfilzomib targets 

primarily the chymotrypsin-like activity of 

the 20S proteasome.  

Oprozomib is advantageous to cancer 

patients as it provides comfort and ease of 

administration with oral dosage form as 

compared to injectables carfilzomib and 

bortezomib. Another advantage offered by 

the different dosage form of this inhibitor of 

the class is the flexibility of dosage 

adjustment and in combinations with other 

available anticancer agents like Dexa-

methasone and Lenalidomide in myeloma 

therapy 
39

. The potential drug molecule 

presented positive broad therapeutic 

window and anticancer activity in myeloma 

cells 
40

.  

Currently, there three clinical studies active 

for this molecule for use in Multiple 

Myeloma in single line therapy 
41

 and in 

combination with drugs like lenalidomide 

and dexamethasone 
42, 43

 and one in 

advanced solid tumors 
44

. 

3. Marizomib (NPI-0052; salinosporamide 

A): Marizomib, like carfilzomib 

predecessor epoxomicin, is a natural non-

peptide irreversible proteasome inhibitor, 

derived from marine actinomycete 

genus Salinospora. Structurally it is a β-

lactone-γ-lactam, distinct from boronic acid 

and epoxyketone class of proteasome 

inhibitors. The discovery of in vitro 

anticancer activities of this natural 

compound inspired synthesis of varied 

structural analogues, but of all, the molecule 

itself (Salinosporamide A) was considered 

the worthiest to have entered clinical trials 
45

.  

The molecule NPI-0052 is orally 

bioavailable and distinct from bortezomib 

in its structure, mechanism of action and its 

activity/toxicity profile. Both in vitro / in 

vivo mechanistic studies confirm that the 

molecule inhibits chymotrypsin like activity 

of proteasome among other activities at a 

smaller concentration than bortezomib, 

inhibit NF-κB at a greater potency, is free 

from bortezomib associated toxicities and 

active against bortezomib resistant 

/refractory multiple myeloma.  
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There are also evidences in support of the 

role of distinct caspase-8 and caspase-9-

mediated cell death signaling pathway in 

anti-myeloma cell activity of marizomib 

which is also thought to be the reason 

behind its synergistic activity in 

combination with bortezomib 
46

.  

The preclinical studies characterize the 

beneficial biological profile of the molecule 

very well and thus provide rationale for its 

clinical development 
47, 48

. The clinical 

studies for marizomib are being conducted 

by Triphase Research and Development I 

Corporation. Currently, Phase I clinical 

trials comprising biweekly administration of 

intravenous marizomib are ongoing for use 

in multiple myeloma patients who have 

been refractory to carfilzomib treatment 
49

.  

Other recently completed Phase 1 clinical 

studies include use of marizomib in 

combination with voriconazole in 

conditions like lung cancer, pancreatic 

cancer, myeloma, lymphoma and multiple 

myeloma 
50

 and in advanced malignancies 

like solid tumors, lymphomas, leukemias 

and myelomas 
51

 or refractory solid tumors 

or lymphomas 
52

 as single therapy. 

4. Ixazomib (MLN9708): It is the first oral 

reversible proteasome inhibitor to have 

entered clinical trials for treatment for 

relapsed and/or refractory myeloma, 

including myeloma that has stopped 

responding to Velcade
®

 (bortezomib). The 

newly developed therapy offers advantage 

of fewer, less serious side effects with the 

comfort of oral administration and is free 

from major concerns like peripheral 

neuropathy common with bortezomib.  

Another improvement in this molecule over 

bortezomib is its better pharmacokinetic 

profile. MLN9708 (ixazomib) is a citrate 

ester of boronic acid which is hydrolysed 

rapidly to release the biologically active 

MLN2238 (boronic acid) in aqueous 

environment. MLN2238 is dissociated 

rapidly from its binding site at 20S 

proteasome in red blood cells which enables 

its fast biodistribution and reach a higher 

tumor to blood ratio as compared to other 

proteasome inhibitors which either 

irreversibly bind to proteasome 

(carfilzomib, oprozomib and marizomib) or 

dissociate slowly (reversible inhibitors like 

bortezomib and delanzomib). Studies of 

MLN9708 in preclinical xenograft models 

established a direct correlation between its 

pharmacodynamics and antitumor activity 

and supported its clinical development for 

both solid tumors and haematological 

tumors 
53

.  

The studies further demonstrate that the 

molecule has better efficacy, superior 

bioavailability, flexibility of dosage form, 

and improved overall survival as compared 

with bortezomib 
54

. Similar in vitro and in 

vivo studies for ixazomib were conducted 

using animal and human xenograft mouse 

models which also supported clinical 

development of the molecule for 

haematological malignancies especially, 

Multiple Myeloma 
54, 55

.  

Currently, two phase I trials with single 

agent ixazomib for use in multiple myeloma 

are ongoing 
56, 57

. The two ongoing studies 

evaluate the weekly and twice-weekly oral 

dosage regimens for adult patients with 

relapsed and refractory multiple myeloma. 

Preliminary results show that both regimens 

had visible anti-myeloma effects and were 

tolerated well without any serious toxicity 

concerns. However, it was also suggested 

that weekly ixazomib dosing may be better 

tolerated than twice-weekly dosing 
58-60

.  

In addition to ixazomib as single clinical 

agent, there are running various parallel 

clinical studies where ixazomib is 

administered in combination with other 

antitumor agents. Two Phase I/II trials 

comprising weekly ixazomib 
61

 and twice-

weekly ixazomib 
62

 is being evaluated in 

combination with standard dose Revlimid 

and dexamethasone in patients with newly 

diagnosed myeloma. Few phase 3 studies 

for Revlimid
®
 and dexamethasone 

combination with ixazomib are also 

ongoing 
63, 64

.  
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The purpose of these studies include 

evaluation of MLN9708 in combination 

with lenalidomide and dexamethasone in 

newly diagnosed multiple myeloma and 

relapsed and/or refractory multiple 

myeloma respectively. Another Phase 1 

pharmacokinetic study is ongoing for 

investigation of oral MLN9708 plus 

Lenalidomide and Dexamethasone in adult 

asian patients with relapsed and/or 

refractory multiple myeloma 
65

.  

Other combination studies include phase 

I/II study of oral MLN9708 in combination 

with melphalan and prednisone in patients 

with newly diagnosed multiple myeloma 
66

 

and Phase I pharmacokinetics study of oral 

MLN9708 plus dexamethasone in 

Relapsed/Refractory Multiple Myeloma 

patients 
67

. Additional clinical trials of 

ixazomib for conditions like Relapsed or 

Refractory Light Chain Amyloidosis, 

Nonhematologic Malignancies and 

Lymphomas alone or in combinations are 

also being explored 
68-71

. 

5. Delanzomib (CEP-18770): Another second 

generation proteasome inhibitor synthesized 

as a result of the ongoing quest for a better 

second generation proteasome inhibitor is 

delanzomib. CEP-18770 like bortezomib, is 

a reversible boronate exhibiting selective 

chymotrypsin-like activity and additional 

suppression of NF- κB mediated signaling 

pathways and transcriptional targets of NF-

Κb 
70

. Delanzomib also presents a 

flexibility of dosage form i.e. it can be 

formulated as oral/intravenous agent. In 

preclinical studies, the molecule in single 

agent therapy has shown results which 

display a better antitumor activity in 

comparison with bortezomib as studied 

from in vitro and in vivo experiments 
72, 73

. 

Use of delanzomib in combination with 

other anticancer agents for treatment of 

myeloma malignancies have also been 

studied in preclinical models. In a study, it 

was examined that the molecule can be used 

to enhance anti-myeloma effects of 

melphalan or bortezomib as an orally 

bioavailable agent 
74

.  

Another similar study evaluated the use of 

novel molecule in combination with 

dexamethasone and lenalidomide. The 

study showed significant synergistic results 

in multiple myeloma tumor settings and 

could overcome bortezomib resistance 
75

. 

These impressive study results provided 

support for clinical evaluation of this new 

proteasome inhibitor, CEP-18770, as single 

agent and in combination regimens for 

patients with progressive or resistant/ 

relapsed multiple myleoma.  

Phase I/II clinical studies of the molecule as 

single agent have been initiated in patients 

with relapsed and refractory multiple 

myeloma 
76

. Combination studies of CEP-

18770 with lenalidomide and dexa-

methasone in relapsed or refractory multiple 

myelomas are also ongoing
77

. 

CONCLUSION: The drug discovery of 

bortezomib and its successful advent into the 

pharmaceutical market has introduced to the 

research community, a new biological drug target 

for development of novel anticancer drugs. 

However, the molecule suffered from many serious 

drawbacks and toxicity reasons. Thus in order to 

maintain the anti-myeloma therapy options 

available to the practitioners in clinic, there exist a 

need to back up this research field with newer and 

better proteasome inhibitors having application in 

anti-myeloma therapy.  

To answer this concern, there has been a lot of 

surveillance in the area which has resulted in a 

number of potential molecules entering clinical 

trials. These newer alternatives provide advantages 

of limited toxicity, better activity, activity against 

resistant multiple myeloma cancers and the 

flexibility of oral formulation (except carfilzomib). 

One such successful candidate to reach the 

patient’s bedside is carfilzomib which was 

approved recently in 2012. Although, these agents 

have proved to be better in single line studies, 

many clinical trials are running which are directed 

towards evaluation of these in multiple agent 

therapy. Therefore, it is certain that if the field of 

proteasome inhibitors is analysed more closely, 

there awaits, definitely, a future better than today 

for the myeloma patients. 
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