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The validation of the ubiquitin-proteasome pathway as
atarget for therapy of hematological malignancies
stands out as one salient example of the ability to
translate laboratory-based findings from the bench to
the bedside. Preclinical studies showed that
proteasome inhibitors had significant activity against
models of non-Hodgkin lymphoma and multiple
myeloma, and identified some of the relevant mecha-
nisms of action.These led to phase | through lll trials of
the first clinically available proteasome inhibitor,
bortezomib, which confirmed its activity as a single
agent in these diseases. Modulation of proteasome
function was then found to be arational approach to
achieve both chemosensitization in vitro and in vivo,
as well as to overcome chemotherapy resistance.
Based on these findings, first-generation bortezomib-
based regimens incorporating traditional chemothera-

peutics such as alkylating agents, anthracyclines,
immunomodulatory agents, or steroids have been
evaluated, and many show promise of enhanced
clinical anti-tumor efficacy. Further studies of the pro-
and anti-apoptotic actions of proteasome inhibitors,
and of their effects on gene and protein expression
profiles, suggest that novel agents, such as those
targeting the heat shock protein pathways, are
exciting candidates for incorporation into these
combinations. Phase | trials to test these concepts are
just beginning, but have already shown some encour-
aging results. Finally, novel proteasome inhibitors are
being developed with unique properties that may also
have therapeutic applications. Taken together, these
studies demonstrate the power of rational drug design
and development to provide novel, effective therapies
for patients with hematological malignancies.

Eukaryotic cells perform the vast majority of their regudent kinase inhibitors during mitosis, removal of misfolded

lated proteolysis through the ubiquitin-proteasome patlor mutated proteins, and processing and turnover of tran-
way (UPP): Protein targets destined for proteolysis are ofscription factors and other short-lived proteins. The 20S
ten first labeled with one or more chains of ubiquitin moimulticatalytic proteinase complex itself is involved in
eties by the ubiquitin conjugating machineBigure 1  ubiquitin-independent processes such as proteolysis of
see Color Figures, page 551). Polyubiquitinated proteimidized proteins, and also forms the core of other pro-
are then substrates for degradation through the 2&&lytic particles such as the immunoproteasome, which
proteasomeRigure2; see Color Figures, page 551), whichprocesses antigens for presentation in association with
contains up to five distinct catalytic activities in its 20Smajor histocompatibility class | molecules. Proteasome
coré that cleave after acidic, basic, branched chain, hydrthibitors were initially synthesizéds in vitro probes of
phobic, and small neutral amino acids, thereby generatittge function of its proteolytic activities, and were substrate-
oligopeptides. This protein degradation is crucial to manyased peptide aldehydes that bound to the unique active
important cellular functions, including timely degradatiorsite threonine found in proteasome subunits. Given the cru-
of cyclins, cyclin-dependent kinases, and cyclin-depermial role of the proteasome to the maintenance of normal
cell homeostasis, inhibition of this complex at first glance
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leukemia cells, lactacystin, a naturally occurring proteason@R. Moreover, the median response duration was 12 months
inhibitor, was the first agent in this class noted to induasith an overall survival of 16 months, and time to progres-
apoptosis. Additional impetus for the clinical application sion (TTP) on bortezomib was, on average, double the TTP
of such agents was provided by studies of other hematin whatever had been the patient’s prior regimen. These
logical malignancies, including NHLThese demonstrated findings led to the approval of bortezomib for myeloma
that transformed cells were much more sensitive to the preatients who had received at least two prior therapies, and
apoptotic effects of proteasome inhibitors than comparali@d progressed on the last of these. More recently, an inter-
non-transformed counterparts, suggesting the possibilitational phase Il trial has been completed comparing
of a reasonable therapeutic index. Also, xenograft studisggle-agent bortezomib with dexamethasone in a popula-
in an NHL model showed that peptide aldehyde proteasortien of 669 patients with relapsed/refractory disé&3ae
inhibitors were effective in delaying tumor progression antivo agents were associated with a comparable rate of grade
in inducing apoptosis in vivo without any obvious ad4 toxicity and serious adverse events, as well as drug
verse effect8 Despite these encouraging results, it becandiscontinuations and treatment-related mortality. Grade 4
clear that these types of proteasome inhibitors probaltiyxicities on the bortezomib arm included thrombocytope-
could not be applied to the clinic due to their relative lackia (4% incidence), neutropenia (2%), anemia (1%), pe-
of potency and specificity. This problem was overcomgpheral neuropathy (1%), fatigue (< 1%), and dyspnea
initially by the synthesis of peptide boronic acids, whicli< 1%). Bortezomib demonstrated a superior response rate
were much more powerful and selective than many preus dexamethasone (38% vs 18%, including PR or better,
ously available inhibitors. The most potent of these, P®espectively), TTP (6.2 months vs 3.5 months), and overall
341 (now known as bortezomib or Velc&evas chosen survival (80% at one year vs 66%). Patients receiving
for further study. It was found to have a unique cytotoxiddortezomib as their second line of treatment had the great-
ity profile in the National Cancer Institute’s in vitro screenest benefit in terms of TTP and overall survival. As a result,
and to have pro-apoptotic and anti-tumor activities both imortezomib was approved for patients after their first re-
vitro and in viva® Studies of this agent in multiple my- lapse or later with multiple myeloma, and studies evaluat-
eloma using both cell lines and samples directly isolatedg it in the front line setting are underway.
from patients indicated a great deal of activity against this Development of bortezomib against NHL has not yet
malignancy. A major mode of action of bortezomib was itsadvanced to the same degree as in multiple myeloma, but
ability to block nuclear translocation of nuclear factotwo phase |l studies confirmed anti-tumor activity in this
kappa B (NF«B) through the stabilization of its inhibitor, diseasé? Toxicities of at least grade 3 severity in these
IkB. Blockade of NF«B led to decreased expression ofrials included fatigue, gastrointestinal effects, hyponatre-
myeloma cell adherence factors, and interference with aakia, lymphopenia, neutropenia, thrombocytopenia, and pe-
herence-mediated induction of interleukin-6 productionipheral neuropathy. In the first, an overall response rate of
by bone marrow stromal cells. PS-341 also interfered wis8% was seeh, with durable responses, including some
the p44/42 mitogen-activated protein kinase (MAPK) pathERs, in patients with relapsed and/or refractory follicular,
way that communicates proliferative signals, and inducedarginal zone, and mantle cell lymphomas. The second
accumulation of cyclin-dependent kinase inhibitors9521 showed a slightly lower overall response rate of 41% in
and p27rl, patients with relapsed and/or refractory mantle cell lym-
Given the encouraging results in models of hemat@homa (95% confidence interval 24%—61%@nd com-
logical malignancies described above, a phase | trial wpkete responses were again documented in patients with
begun in that patient populatiéhis study demonstrated small lymphocytic, follicular, and mantle cell ymphomas.
that bortezomib could be safely administered with a toleAdditional studies are underway to further define the role
able side effect profile. Dose-limiting toxicities includedof bortezomib as a single agent in mantle cell lymphoma,
malaise, fatigue, thrombocytopenia, and electrolyte abnoshich has a poor prognosis when treated with conventional
malities. There was significant activity in multiple my-therapies, as well as in combination with other agents.
eloma, with all 9 of 9 evaluable patients having some evi-
dence of a clinical benefit, including 1 durable complet8tep 2: Testing of Proteasome
remission (CR). Two patients with NHL also had partialnhibitor-Based Regimens
responses (PR), including 1 each with follicular and mantiEhe ability of proteasome inhibitors to target KB-was
cell lymphoma. To further explore the activity of bortezomilone rationale for the use of these agents alone, but also
against multiple myeloma, a multicenter phase Il trial stugbrovided a basis for combination regimens. Many chemo-
ied this agent in patients with relapsed disease, of whaimerapeutics induce NkB and thereby activate an anti-
91% had been refractory to their prior therd@rade 3 apoptotic program that, if inhibited, can enhance the anti-
toxicities included thrombocytopenia, fatigue, peripheralumor activity of the chemotherapeuticDownstream
neuropathy, and neutropenia. An overall response raterabdulators of this NkB-mediated pro-survival pathway
35% was reported, including patients with at least a mingrclude members of the inhibitor of apoptosis and Bcl-2
response, and 10% of patients achieved either a CR or ndamily of proteins. Inhibition of the proteasome was shown

Hematology 2005 221



initially to increase the efficacy of CPT-11 through blockfractory setting indicated an overall response rate of 68%,
ade of NFkB in a model of colon canc&rSubsequent including patients with at least a minor respofigncour-
work showed that this approach was also feasible in seveagiingly, responses were seen even at dose levels well be-
models of multiple myeloma. Proteasome inhibition withow what would be considered standard for single-agent
bortezomib in combination with other agents was able tmortezomib and melphalan, and patients with prior expo-
enhance chemosensitivity, overcome chemoresistance, autle to this alkylating agent responded as well. Thalido-
in some cases induce synergistic anti-myeloma effects rimde with bortezomib, without or with the addition of dex-
vitro.*>1% Modulation of proteasome function may also enamethasone, is also an active regimen, having an overall
hance the therapeutic effects of some chemotherapeutiesponse rate of 52%, with 17% CRs or near-€Rgain,
through other pathways, including by directly inducingesponses were seen in patients who had previously pro-
phosphorylation and cleavage of BcH2yy inhibiting gressed on thalidomide-based therapy, though these pa-
maturation of P-glycoproteitiand by suppressing the cell'stients had an inferior survival compared with those who
DNA damage repair pathwayst® These and other studieshad not received prior thalidomide. Bortezomib with thali-
provided a mechanistic basis for, and raised interest in, tlemide and dexamethasone is another very active regimen
possibility of combining bortezomib with other agentsn the initial therapy of multiple myelonta,associated
commonly used in multiple myeloma, including doxoruwith an overall response rate of 80%, and 94% in those
bicin !> immunomodulatory drug®, melphalart®'® and patients who received bortezomib at higher levels than the
steroids’ Among these many choices, anthracyclines we@mmonly used 1.3 mgAn
shown to have the interesting property of enhancing Combination regimens based on bortezomib and doxo-
proteasome inhibitor-mediated programmed cell death loybicin have also been encouraging. A phase | trial in pa-
downregulating bortezomib’s ability to induce the antitients with advanced hematologic malignancies found that
apoptotic MAPK phosphatase (MKP)?La protein in- bortezomib with pegylated liposomal doxorubicin (D&kil
volved in some heat shock and stress response pathwayas tolerablé® Some increase in grade 1-2 toxicity was
Thus, an especially strong rationale supports the possibibserved with the combination, but the incidence of most
ity that combinations of proteasome inhibitors withgrade 3-4 toxicities was similar to the historical experience
anthracyclines may have enhanced clinical anti-tumor efith single agent bortezomib. An overall response rate of
ficacy (Table 1). 73% in patients with relapsed/refractory multiple myeloma
Translation of these first generation combination regiwas noted, with a CR + near-CR rate of 36%. Interestingly,
mens based on proteasome inhibitors into the clinic has a subset of patients previously treated with doxorubi-
moved forward rapidly. In the initial two phase Il trials ofcin-based therapies who were either frankly refractory, or
patients with relapsed or refractory multiple myeldtfa, had only brief responses, the CR and overall response rate
addition of dexamethasone to bortezomib was allowed faeras comparable to that in patients who had initially re-
those who had either progressive disease, or only stakj@nded well to doxorubicin. These results led to an ongo-
disease after four cycles. Both documented an improvigg international phase lll trial comparing single-agent bor-
ment in the response quality as a result, with up to 33% t&zomib with the combination of bortezomib and pegylated
patients benefiting from this intervention. The combinaliposomal doxorubicin in relapsed/refractory myeloma. This
tion of bortezomib and dexamethasone was also evaluategimen is also being evaluated by the Cancer and Leuke-
as an initial therapy for previously untreated patients, yielania Group B as an induction therapy for patients with pre-
ing an overall response rate in excess of 80% with a signifiiously untreated, symptomatic multiple myelofhan-
cant proportion of CR%:2*Preliminary reports of a phase I/ terim results from the latter trial show an overall response
Il study of bortezomib and melphalan in the relapsed/reate of 80%, with no patients suffering progressive disease.

Table 1. Interplay between anthracyclines and proteasome inhibitors.

Pathway Anthracyclines Proteasome Inhibitors

How proteasome inhibitors may enhance the activity of anthracyclines
DNA damage repair Act in part by damaging DNA, and their activity would Repress some of the DNA damage repair enzymes,

be enhanced if repair functions were inactivated such as the DNA protein kinase c catalytic subunit
NF-kB Activate NF-kB, which is anti-apoptotic in part through Inhibit NF-kB by stabilizing its inhibitor IkB, thereby
downstream targets such as Bcl-2 and inhibitors of enhancing programmed cell death
apoptosis
P-glycoprotein Expression selected by prior anthracyclines; acts to Block maturation of P-glycoprotein, leading to
reduce intracellular anthracycline levels accumulation of inactive precursors

How anthracyclines may enhance the activity of proteasome inhibitors

MKP-1 Inhibit MKP-1 through repression of its promoter, Induce MKP-1, which is anti-apoptotic through its
augmenting JNK activity and apoptosis inhibition of INK phosphorylation and activation
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Another trial based on this combination tested the PAproaches. HSP-70 is induced in part through the action of
regimen for induction therapgy,in which bortezomib was signal transducer and activator of transcription (STAT)-1,
substituted for vincristine in the VAD regimen withwhich itself is activated by interleukin-6 (IL-6). This
infusional doxorubicin and oral dexamethasone. After fourytokine is known to play a very important role in the
cycles of this therapy an overall response rate of 95% wpathogenesis of multiple myeloma and is itself a rational
noted among 21 patients, and 57% of the 18 patients wtaoget in this disease. Downregulation of IL-6 might result
underwent PAD followed by autologous peripheral blooth suppression of HSP-70 and chemosensitization. Consis-
stem cell transplantation ultimately achieved a near-CR tent with this possibility, we have found that inhibition of
CR. Of the clinical trials described, none have been spik-6 binding to myeloma cells downregulated activation
cifically designed to determine if there was a greater tharf STAT-1, decreased bortezomib-mediated induction of
additive activity of bortezomib-based combination regiHSP-70, and enhanced sensitivity to proteasome inhibitor-
mens in vivo by, for example, studying the activity of eacimediated apoptosis (unpublished observations).

of the single agents, as well as the combination, in a three- Recent studies have also suggested that proteasome
armed trial. Collectively, however, these data are consigthibitors have activity against multiple myeloma in part
tent with the notion that bortezomib increases the sensitithrough interference with the endoplasmic reticulum’s un-
ity of myeloma to conventional chemotherapy and ovefelded protein responséThis pathway allows plasma cells
comes chemoresistance. Moreover, the high overall atml ensure the proper folding of immunoglobulin proteins
complete response rates achieved with these regimens sagiproviding a mechanism through which misfolded mol-
gest that they may eventually become standard treatmeetsiles can be removed. Bortezomib suppresses this response

for multiple myeloma. by blocking the key transcription factor XBP-1, leading to
apoptosis of myeloma cells. Preclinical studies have also

Step 3: Development of Novel Proteasome shown that dual inhibition of the proteasome and the

Inhibitor-Based Combinations aggresome, an alternative pathway for removal of unfolded

As noted earlier, one of the driving hypotheses for the dand misfolded proteins, results in synergistic anti-myeloma
velopment of proteasome inhibitor-based regimens withctivity.®
standard chemotherapeutics was the ability of proteasome The hypothesis that modulation of heat shock protein
inhibition to block inducible chemoresistance through NFunction in combination with proteasome inhibition will
KB. It is perhaps ironic, therefore, that many studies haemhance anti-tumor efficacy is beginning to be tested clini-
now shown that proteasome inhibitors themselves also ically. A preliminary report of a phase | trial with the regi-
duce pathways of chemoresistance. One of the best studiedn of bortezomib and 17-allylamino-17-demethoxy-
such mechanisms involves the heat shock proteins (HSRg|danamycin has indicated that the combination is toler-
which for many years have been known to be activated byed by patients and some evidence of clinical activity has
inhibition of the ubiquitin-proteasome pathwiyhe in- been seeff. Pharmacologic inhibitors of p38 MAPK and
duced HSPs play roles as cellular chaperones, and mahg IL-6 axis are undergoing testing as single agents against
modulate apoptotic pathways, particularly those involvmultiple myeloma and likely will then proceed onward to
ing mitochondrig? conferring protection from stressful combination studies as well.
stimuli including chemotherapeutic agents. In myeloma,
for example, bortezomib can induce expression of HSP-98tep 4: Future Directions for Proteasome
-27, and -70% Geldanamycin and its family of analoguednhibition and Proteasome Inhibitors
interact with the HSP-90 ATP binding pocket to inhibitwith the validation of the proteasome as a target for cancer
HSP-90, and geldanamycin sensitizes myeloma cells ttoerapy, there is now an opportunity to rationally design
proteasome inhibition. Direct pharmacologic inhibitors oéven more efficacious proteasome inhibitors. Bortezomib
HSP-27 have not yet been identified, but since HSP-27iga reversible inhibitor of the chymotrypsin-like activity
in part activated in a p38 MAPK-dependent fashion, p38f the proteasome, but inhibitors with other specificities
may serve as a surrogate target. Chemical inhibitors of p88d chemistries have also been described. Lactacystin, one
do exist, and here, too, there is encouraging evidence shafithe first proteasome inhibitors known, is a Streptomyces
ing that inhibition of p38 enhanced sensitivity to bortezometabolite that irreversibly inhibits the chymotrypsin-like
mib in cell line models of multiple myelorffaand may and trypsin-like proteosome activities and reversibly in-
even overcome resistance to this agent in cell line modéisits peptidylglutamyl-peptide hydrolyzing activiti&s.
of NHL.%® Inhibitors with a broader specificity and irreversible bind-
Targeting HSP-70 is also an attractive strategy and tiveg might have a wider range of anti-tumor activities than
use of anti-sense oligonulceotiéfesan enhance the activ- bortezomib, and might be able to overcome resistance to
ity of proteasome inhibitors. While direct pharmacologidortezomib. Support for this concept is found in prelimi-
inhibitors of HSP-70 have not yet been developed, it majary results with one such lactacystin-related compound,
nonetheless be possible to modulate this heat shottie novel non-peptide inhibitor NPI-0052This agent
protein’s anti-apoptotic influence through other apinduced apoptosis and overcame resistance to conventional
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chemotherapeutics in myeloma cell lines and patient mgver, their development provides a clear guide to the path
eloma samples, and acted synergistically with bortezomily which a multidisciplinary approach to drug develop-
itself. These results certainly support translation of thiment can lead to the successful translation of laboratory
agent into the clinic, though irreversible inhibitors mighfindings into novel therapies to improve the outcomes of
also have the potential of enhanced toxicity due to thmatients with cancer and other diseases.
important role of the proteasome in normal cellular ho-
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