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Abstract
Mantle cell lymphoma (MCL) is a malignancy of mature B cells characterized by aberrant
expression of cyclin D1 due to the translocation t(11;14). Epigenomic and genomic lesions in
pathways regulating B-cell activation, cell cycle progression, protein homeostasis, DNA damage
response, cell proliferation and apoptosis contribute to its pathogenesis. While patients typically
respond to first-line chemotherapy, relapse is the rule resulting in a median survival of 5–7 years.
The PI3K/AKT/mTOR appears as a key pathway in the pathogenesis and can be targeted with
small molecules. Most experience is with mTOR inhibitors of the rapamycin class. Second-
generation mTOR inhibitors and the PI3K inhibitor CAL-101 are novel options to more
effectively target this pathway. Bruton’s tyrosine kinase inhibition by PCI-32765 has promising
activity and indicates immunoreceptor signaling as a novel therapeutic target. Up to 50% of
relapsed patients respond to the proteasome inhibitor bortezomib suggesting that MCL may be
particularly sensitive to disruption of protein homeostasis and/or induction of oxidative stress.
Recent work has focused on elucidating the mechanism of bortezomib-induced cytotoxicity and
the development of second-generation proteasome inhibitors. DNA hypomethylating agents and
histone deacetylase inhibitors effect epigenetic de-repression of aberrantly silenced genes. These
epigenetic pharmaceuticals and HSP90 inhibitors can synergize with proteasome inhibitors.
Finally, BH3 mimetics are emerging as tools to sensitize tumor cells to chemotherapy.
Participation in clinical trials offers patients a chance to benefit from these advances and is
essential to maintain the momentum of progress. Innovative trial designs may be needed to
expedite the clinical development of these targeted agents.

Introduction
Mantle cell lymphoma represents a challenge for designing therapeutics targeting the
causative lesions associated with its pathogenesis. First, there is considerable disease
heterogeneity in both tumor biology and clinical outcome. This is further compounded by
the variety of first-line treatments used in the absence of a commonly agreed upon standard
of care. Newly diagnosed patients respond well to first-line therapy, but relapse is virtually
certain, resulting in a median survival for most patients of 5–7 years1. Secondly, for many
years the focus of investigation in MCL has been on cyclin D1-driven cell cycle

Correspondence: Samir Parekh, MD, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Chanin 302D, Bronx, NY
10461, Phone: (718) 920-4826, Fax: (718)-798-7474, samir.parekh@einstein.yu.edu. Adrian Wiestner, MD, PhD, Hematology
Branch, NHLBI, NIH, Bldg 10, 10 Center Drive, 20892 Bethesda, MD, phone: (301) 594 6855, fax: (301) 496 8396,
wiestnera@mail.nih.gov.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Semin Cancer Biol. Author manuscript; available in PMC 2012 November 1.

Published in final edited form as:
Semin Cancer Biol. 2011 November ; 21(5): 335–346. doi:10.1016/j.semcancer.2011.09.008.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dysregulation and aberrations in DNA damage pathways. However, recently multiple novel
aberrant cellular and extracellular pathways have been identified at both genomic and
epigenomic levels. There exists a pressing need for specific and well-tolerated agents to
improve the depth of remission that could eventually lead to cure. Equally important is the
development of agents that are effective in relapsed/refractory patients. Current preclinical
and clinical trials are exploring an impressive breadth of agents targeting pathogenic
pathways in the tumor as well as its micro-environment. Although the majority of these
agents are designed to target a specific molecular lesion, off-target effects and cross-talk
between molecular pathways are often unavoidable. Improvements in our understanding of
the molecular biology of MCL will help in the precise application of these non-traditional
agents and in the development of rational combination therapies. This review discusses
many of the novel agents that target aberrant intracellular pathways while agents targeting
the tumor micro-environment are covered elsewhere in this series.

Pathogenic lesions in MCL
The translocation t(11;14) (q13;q32) leading to overexpression of cyclin D1 in the majority
of cases is the diagnostic hallmark that led to the delineation of MCL as a separate entity 1.
Early studies of MCL have emphasized cell cycle regulation as the key oncogenic event in
this disease. More recently, genomic, epigenomic, and proteomic profiling of MCLs have
demonstrated lesions in additional pathways likely contributing to its pathogenesis. We give
a brief overview of disease relevant pathways and pathogenic mechanisms in Figure 1.
Proteomic analyses of MCL cell lines indicated aberrant B-cell receptor (BCR) signaling 2,3,
and studies have suggested a role for BAFF-dependent activation of MCL cells4,5.
Alterations in PI3K, WNT and TGFβ signaling have been shown by gene expression
profiling of primary MCL cells 6. Cell cycle regulation is disturbed on many levels; in
addition to overexpression of cyclin D1, upregulation of CDK4/6 and loss of inhibitory
molecules such as p16 are common 7,8. Mutations in tumor suppressors p53 and ATM
attenuate DNA damage response 9. Disordered protein homeostasis and imbalances in pro-
and anti-apoptotic proteins have been demonstrated in MCL (summarized in 1). Epigenomic
changes in DNA methylation and histone modifications can cause genomic instability,
resulting in the aberrant expression of oncogenes or repression of tumor suppressor genes,
concurrently contributing to the pathogenesis of MCL10,11.

Targeting B-cell activation
B-cell receptor (BCR) activation is emerging as a key pathway in some B-cell malignancies.
BCR oligomerization initiates signaling through the phosphorylation of tyrosine residues in
the Immunoglobulin family Tyrosine-based Activation Motifs (ITAMs) of immunoglobulin
(Ig) α and β in a concerted action involving LYN, spleen tyrosine kinase (SYK) and
Bruton’s tyrosine kinase (BTK) (Fig. 2) 12. Some MCL cell lines express constitutively
active forms of the BCR signaling intermediates SYK, BTK, and PKCβ and are sensitive to
the SYK inhibitor piceatannol 3. However, inhibition of SYK with fostamatinib and PKCβ
with enzastaurin induced rare or no objective responses in MCL patients. In contrast, a
phase I study of the BTK inhibitor PCI-32765 reported an overall response rate (ORR) of
43% across lymphoma subtypes with partial responses (PRs) in 3 of 4 MCL patients.13 The
B-cell activating factor (BAFF) is a member of the TNF family that potently induces
proliferation and survival of B cells via PKC- and NFκB-dependent pathways upon binding
to the cognate BAFF receptor. In MCL cells autocrine secretion of BAFF appears to mediate
a pro-survival effect that can be blocked with a BAFF-neutralizing antibody in vitro 4,5. The
BAFF-neutralizing antibody LY2127399 in combination with bortezomib induced PRs in 11
of 20 patients with relapsed myeloma 14 and may be worth studying in MCL.
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BCR activation can also induce activation of the Janus kinase (JAK)-STAT (signal
transducer and activator of transcription) pathway that regulates growth, proliferation,
differentiation and survival 15. In MCL, 47% of nodal cases 16 and 70% of leukemic cases
were found to express the active, phosphorylated form of STAT-3 17. The treatment of
primary MCL cells ex vivo with the JAK/STAT inhibitors AG490 or degrasyn reduced
levels of phospho-STAT3 and induced apoptosis 17. Moreover, degrasyn in combination
with bortezomib synergistically killed tumor cells in an MCL mouse model 18. The oral
JAK-2 inhibitor SB1518 is completing phase I testing. At the end of the dose escalation
phase the ORR was 12% across multiple lymphoma subtypes but remarkably 2 of 3 MCL
patients achieved PRs.19

Targeting the PI3K/AKT/mTOR pathway
PI3 kinase inhibitors

The lipid PI3 kinase is essential for the survival of B cells. Constitutively active PI3K, but
not NFκB or MEK rescued BCR-deficient B cells from apoptosis in genetic
complementation studies20. PI3Ks generate second messenger phosphatidyl-inositol-3,4,5-
phosphate to recruit and activate PDK and AKT kinases (Figure 3). Constitutive activation
of PI3Ks is a key survival pathway in many cancers, including MCL (reviewed in 21,1).
MCL tumors frequently express the inactive, phosphorylated form of PTEN, the cellular
PI3K antagonist, thereby contributing to constitutive PI3K signaling. PI3Ks fall into
different classes based on structure, composition and substrate specificity. Members of the
class IA form heterodimers that include catalytic subunits p110α (PIK3CA), p110β
(PIK3CB) and p110δ (PIK3CD) and smaller regulatory subunits. The expression of the
p110δ is restricted to hematopoietic cells, and its ectopic expression transforms cells in
vitro 22. Recently, the PI3Kδ selective inhibitor CAL-101 has been shown to exert potent
antitumor effects across a range of B-cell malignancies 23. In a phase I study of single-agent
CAL-101 the ORR was 62% (10/16) in relapsed or refractory MCL 24. SF1126 is a prodrug
of LY294002, a first-generation pan-PI3K inhibitor that is not suitable for in vivo
application but has been used extensively in vitro. SF1126 has improved pharmacokinetic
properties and inhibits serine 473 phosphorylation of AKT in CLL cells from patients
undergoing treatment. SF1126 is currently in early development for CLL and NHL 25.

AKT kinase inhibitors
AKT is recruited by PIP3 to the plasma membrane and phosphorylated at threonine 308 by
PDK1. AKT however requires also phosphorylation at serine 473 by mTORC2 (Fig. 3). The
AKT inhibitor perifosine targets the pleckstrin homology domain, which prevents AKT
from binding to PIP3 and its translocation to the plasma membrane 26. The treatment of
solid tumors and hematological malignancies with single-agent perifosine resulted in few
and modest responses 27,28. MK2206 is an allosteric inhibitor of AKT kinase that in
combination with rapamycin synergistically killed diffuse large B-cell lymphoma cell lines
in vitro 29. Phase II trials with single-agent MK2206 are ongoing in patients with relapsed
and refractory lymphoma. Other AKT inhibitors in clinical development include tricibirine
and GSK2141795 30. Notably, the protease inhibitor nelfinavir used in HIV therapy, also
prominently inhibits AKT signaling, and was similarly able to synergize with rapamycin 29.

mTOR kinase inhibitors
The mTOR kinase is the catalytic component of the complexes mTORC1 and mTORC2.
Their different composition accounts for not only distinct cellular functions but also for
differential sensitivity to pharmacological intervention. Biologically, mTORC1 regulates
protein synthesis by phosphorylating proteins of the translation machinery such as 4E
binding protein and S6 kinase. The main substrates of mTORC2 are AKT and related
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kinases (Fig. 3) 31. First discovered as a bacterial product with immunosuppressive function,
rapamycin (sirolimus) and analogs such as temsirolimus (CCI-779) and everolimus
(RAD001) allosterically inhibit only mTORC1 but not mTORC2. Given that mTORC2
activates AKT and thereby antagonizes some of the antitumor effects, this pharmacological
difference may explain some limitations in clinical activity of rapalogs. Nevertheless, single-
agent temsirolimus induced responses in up to 40% of patients with relapsed or refractory
MCL, with <5% CRs 32,33. A phase III study of single-agent temsirolimus compared with
physician s-choice monotherapies found a superior ORR of 22% in the group with the
highest temsirolimus dose as compared to 2% for alternative agents 34. These results led to
the approval of temsirolimus by the European Medicines Agency for the treatment of
relapsed and refractory MCL. Furthermore, the PILLAR-1 study reported PRs with
Everolimus in 12% of patients refractory or intolerant to bortezomib (n=26) 35, and the
SAKK 36/06 study reported two CRs (6%) and five PRs (14%; n=35) 36. The median
progression free survival (PFS) and duration of response (DOR) were between 4–7
months 32–34. Temsirolimus has also been combined with rituximab in relapsed or refractory
patients with an ORR of 59% (41 of 69 patients)-13 (19%) patients had CRs and 28 (41%)
had PRs. The ORR was 63% (30 of 48; 95% CI 47–76) for rituximab-sensitive patients, and
52% (11 of 21; 30–74) for rituximab-refractory patients 37.

mTOR kinase inhibitors that target both mTORC1 and mTORC2 complexes are being
developed since combined inhibition is thought to increase efficacy 38. PP242 reversibly
targets the ATP-binding site of mTOR and has preclinical activity in acute leukemia 39,40.
Another dual mTOR inhibitor is OSI-027 that inhibits the phosphorylation of AKT targets
such as FOXO3A and BAD 41. OSI-027 induced apoptosis in MCL cell lines and primary
MCL cells ex vivo that were resistant to rapamycin. OSI-027 is currently being tested in a
phase I study in patients with solid tumors or lymphoma.

Targeting the cell cycle
Cyclins are periodically expressed during the cell cycle to regulate the activity of
holoenzymes formed with cyclin-dependent kinases (CDKs). The majority of CDKs
promote cell cycle progression such as CDK4 and CDK6, whereas CDK7 and CDK9
primarily function to regulate transcription by phosphorylating the C-terminal domain of
RNA polymerase II 42. Cyclin D1 primarily binds to CDK4 and CDK6. Inactivation of
endogenous cyclin-dependent kinase inhibitors such as p16/ARF by genomic loss 8 or
epigenetic modification 7 contributes to the dysregulated cell cycle and increased
proliferation seen in MCL (Figure 4). The knockdown of cyclin D1 using small hairpin
RNA barely affected the viability of MCL cells in vitro due to induction and compensatory
effect of other D-type cyclins D2 and D3 43. Likewise, pharmacologic inhibition of CDK4
and CDK6 using the pyridopyrimidine PD0332991 had no effect on cell viability but
potently inhibited proliferation of MCL cells in vitro 44. PD0332991-mediated
synchronization of MCL cells in S phase markedly sensitized for killing by other drugs at
reduced doses, including the proteasome inhibitor bortezomib and cytosine arabinoside45. In
a single-agent phase I trial of PD0332991, 1/17 relapsed MCL patients achieved a CR
lasting >2 years; two subjects achieved PRs lasting >2 years and 7/17 demonstrated SD. The
degree of reduction of phospho-Rb was correlated with that of Ki67, as well as with percent
change in SUVmax on FLT Scans 46.

One of the first pan-CDK inhibitors to be tested in the clinic is flavopiridol (alvocidib,
HMR-1275). Flavopiridol not only inhibited cell cycle progression but in addition inhibits
RNA synthesis by interfering with RNA polymerase II 42. However, early clinical trials in
untreated or relapsed MCL have shown unsatisfactory results with minimal antitumor
activity 47. This may be because flavopiridol is highly protein bound in human plasma. A
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modified dosing schedule consisting of a 30-minute bolus dose followed by a 4-hour
infusion provided sustained concentrations of free drug and induced responses in 45% of
patients with CLL. Infusional flavopiridol in combination with two highly active drugs
fludarabine and rituximab had an ORR of 80% (7 CRs, 1 PR) in relapsed MCL 48. Other
broad CDK inhibitors include P276-00, a second generation synthetic flavone, SCH 727965
(dinaciclib), and AT7519. These compounds also primarily appear to exert their antitumor
effects through additional mechanisms beyond cell cycle inhibition 49–51.

Aurora kinases are serine/threonine kinases that are essential for cell proliferation52. They
play a crucial role during the prophase of mitosis by controlling chromatid segregation. A
tissue microarray (TMA) composed of 20 MCL patients demonstrated >75% of patients had
high levels of Aurora Kinase A and B expression. MLN8237, an Aurora A/B kinase
inhibitor induced G2/M arrest with polyploidy, inhibited cell proliferation at an IC50 of 10–
50 nM and synergistically induced apoptosis with docetaxel in MCL cell lines and xenograft
models53. Clinical trials of MLN8237 in relapsed refractory MCL patients are currently
ongoing.

Targeting DNA damage response pathways
Exogenous (ionizing radiations, chemotherapeutics, chemicals) and endogenous (oxidative
stress, replication) factors can induce DNA double-strand breaks. The phosphoprotein ATM
signals the presence of double-strand breaks to the cell cycle checkpoints preventing the cell
from further divisions in the presence of DNA damage54. While CHK1 and CHK2 mediate
the arrest at the G2/M checkpoint, p53 links ATM to the G1/S checkpoint (Fig. 5). ATM is
deleted in approximately 20% to 40% of MCL patients 55. Downstream of ATM, p53 can
stop the cell cycle, through p21 activation allowing DNA repair. p53 inactivation, as a
consequence of deletion or mutations, is more frequent in the blastic variant than in classic
type 9. HDM2, an E3 ubiquitin ligase targets p53 for proteasomal degradation. A common
alternative mechanism to p53 inactivation, is the overexpression of HDM2, which correlates
with inferior survival.1 The treatment of MCL cells with the HDM2 inhibitor nutlin-3
restored p53 activity and induced cell cycle arrest and apoptosis in vitro.56,57 RG7112 is a
clinical grade inhibitor of HDM2 that has improved potency and pharmacological properties
compared to nutlin-3. RG7112 treatment stabilizes p53 protein and induces p53 target genes
including p21, BAX, NOXA, PUMA and FAS. A phase I study of 47 patients with relapsed
or refractory leukemia has reported one CR in a patient with acute leukemia and tumor
regression in patients with CLL/SLL.58

Poly(ADP-ribose) polymerase 1 (PARP) is best known for its function in DNA damage
response and repair, and is required to maintain genomic integrity. Pharmacological
inhibition of PARP activity has become an interesting therapeutic strategy as it can achieve
“synthetic lethality” in tumors with dysfunctional DNA repair mechanisms.59 Notably, MCL
tumors display a high degree of genomic instability as well as molecular lesions in DNA
repair proteins, for example ATM, suggesting that PARP inhibition is an attractive
therapeutic approach for the treatment of MCL. Different PARP inhibitors are in advanced
clinical development mostly for solid tumors but some studies include lymphoma as well 59.
The PARP inhibitor olaparib (AZD-2281/KU-0059436) has significant in vitro and in vivo
activity against MCL cells with dysfunctional ATM 60. PARP inhibitor AG014699 in
combination with CDK1 inhibitor AG024322 reduced tumor growth and prolonged survival
in a mouse model of lung adenocarcinoma 61. AG014699 is currently in clinical testing.

Targeting regulatory proteins of cell death
B lymphocytes are prone to apoptosis during their maturation in the lymph nodes. Escaping
programmed cell death is therefore a key event in the development of B-cell malignancies.

Parekh et al. Page 5

Semin Cancer Biol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Members of the BCL-2 family can either inhibit or promote apoptotic cell death 62 (Fig. 6).
Structurally, anti-apoptotic members including BCL-2, BCL-XL, BCL-W, A1 and MCL-1
harbor two or more of four different types of so-called BCL-2 homology (BH) domains. The
pro-apoptotic molecules BIM, BID, PUMA, BAD, and NOXA only contain a BH3 domain.
These BH3-only proteins bind to anti-apoptotic proteins and cause the release of BAX and
BAK that are then free to trigger apoptosis. Differences in substrate specificity of these
BH3-only proteins lead to selective targeting of pro-survival BCL-2 family members. For
example, whereas BIM, BID and PUMA inhibit all five anti-apoptotic family members,
BAD selectively inhibits BCL-2, BCL-XL, BCL-W, and NOXA selectively targets A1 and
MCL-1 (Fig. 6) 63. MCL cells have increased expression of anti-apoptotic proteins BCL-2,
MCL-1, and BCL-XL, and loss of BIM is common (reviewed in 1,21).

Targeting anti-apoptotic molecules that mimic the activity of BH3-only proteins is emerging
as a promising therapeutic strategy in MCL 64. Since the mode of action of these so-called
BH3 mimetics is similar to that of BH3-only proteins, they display different substrate
specificity towards BCL-2 family members (Fig. 6). Obatoclax (GX15-070) and AT-101 are
pan-BCL-2 inhibitor that mimics both BAD- and NOXA-like activities. In contrast,
ABT-737 and its analog ABT-263 (navitoclax) have BAD-like specificity with high affinity
for BCL-2 and BCL-XL but cannot target MCL-1 and A1. The restricted substrate activity
therefore may somewhat limit their antitumor activity. For instance, MCL cell lines and
primary tumor cells with high expression of BCL-2 relative to MCL-1 were sensitive to
ABT-737, in contrast to cells with high MCL-1 expression that were resistant 65.
Consistently, upregulation of MCL-1 or A1 has been found to confer resistance to ABT-737
in lymphoma cell lines 66.

In clinical studies, ABT-263 has been well tolerated in relapsed NHL and CLL and
achieving an ORR of 22% 67. An objective reduction in lymphadenopathy was noted in 46%
of patients. However, no responses were seen in the 4 MCL patients. In contrast, GX15-070,
a pan-BCL-2 inhibitor, had only modest single-agent activity in patients with CLL 68.
AT-101 has recently completed a phase II study as a single agent in patients with relapsed or
refractory B-cell malignancies including MCL. Given their ability to sensitize cells to the
effect of chemotherapy, radiation, and possibly immunotherapy the best use of these agents
may be in combination therapies and many such trials are ongoing. Moreover, BH3
mimetics that antagonize MCL-1 may be particularly useful to overcome chemoresistance
mediated by tumor-microenvironment interactions 69,70.

Targeting cellular response to stress
Cell homeostasis has emerged as a key system that can be disrupted on several levels to
selectively kill cancer cells. Many oncoproteins increase cell proliferation and metabolic
activity causing increased cellular stress in transformed cells. While tumor cells adapt to
these conditions in order to ensure cell survival, many homeostatic pathways are utilized to
capacity71. Thus, tumor cells are often more susceptible to pharmacologic disruption of
homeostatic processes than normal cells (Fig. 7).

The heat shock protein 90kDa (HSP90) is a ubiquitously expressed chaperone that forms
complexes with multiple proteins including co-chaperones and substrate proteins, which are
also referred to as clients 72. HSP90 proteins have an N-terminal ATP-binding site that
mediates dimerization, which is required for complex formation with client proteins. Most
pharmacological inhibitors compete with the ATP-binding site that finally leads to the
release and degradation of client proteins (Fig. 7). Several HSP90 clients that play important
roles in the biology of MCL include cyclin D1, CDK4, AKT, and p53. The ansamycin 17-
allylamino-17-demethoxy-geldanamycin (17-AAG, tanespimycin) entered the clinic more

Parekh et al. Page 6

Semin Cancer Biol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



than 10 years ago. Treatment of MCL cell in vitro with 17-AAG reduced the levels of cyclin
D1, AKT, BID and caspase 9 73, but 17-AAG and first-generation derivatives have generally
demonstrated only moderate clinical antitumor activity 74. IPI-504 (retaspimycin) a novel
ansamycin, kills MCL cells in vitro and induced tumor regression in a human xenograft
mouse model 75. In a phase I study in patients with relapsed or refractory MM, IPI-504
induced SD in 50% of patients 76. The ansamycin class of HSP90 antagonists may require
further optimization of dosing schedules and formulation 72. Recently, structurally different
synthetic inhibitors of HSP90 have been developed. STA-9090 (ganetespib) demonstrated
promising preclinical results in myeloma and lymphoma xenograft models 77. SNX-5422, an
orally bioavailable prodrug that is converted to SNX-2112 induced depletion of HSP90
clients more potently than 17-AAG in MM cells 78. Clinical studies testing STA-9090 and
SNX-5422 in refractory hematologic malignancies are ongoing.

Targeting the ubiquitin-proteasome pathway
The ubiquitin-proteasome pathway is the major pathway for the non-lysosomal degradation
of intracellular proteins and maintains protein homeostasis (Fig. 7). This pathway involves
the labeling of proteasome substrates with multiple ubiquitin proteins through an elaborate
cascade of enzymes (see below). To date, bortezomib (Velcade) is the only proteasome
inhibitor of this class approved by the FDA for the treatment of MCL and MM. Bortezomib
is a peptide boronic acid derivative that specifically and reversibly targets the chymotrypsin-
like activity of the proteasome. We and others showed that bortezomib triggers oxidative
and endoplasmic reticulum (ER) stress that converges on the upregulation of the pro-
apoptotic protein NOXA to induce cell death71,79–81. The induction of NOXA involves the
concerted action of decreased ubiquitination of histone 2A and transcriptional activation by
ATF3 and ATF4 82. CDK5 phosphorylates NOXA suppressing its pro-apoptotic function by
promoting its cytosolic sequestration 83. Inhibition of the proteasome impacts many other
pathways and this may be particularly important when considering combination therapies 84.

Single-agent bortezomib induces responses in up to 50% of patients with relapsed or
refractory disease, but CR rates are low 85. Notably, bortezomib was equally effective in
patients that were responsive or refractory to prior treatment. Predictors of treatment
response to bortezomib have started to emerge. Recently, tumor cells from MCL patients
with late or no response to bortezomib were shown to have features of partial plasma cell
differentiation characterized by upregulation of IRF4 and CD3886. In the absence of
increased protein synthesis, plasmacytic differentiation may increase the ability of cells to
withstand the stress of proteasome inhibition. Bortezomib is increasingly combined with
standard chemotherapy. As first-line treatment, the combination of bortezomib with R-
CHOP chemoimmunotherapy induced an ORR of 91% with 72% CR/CRu in MCL
(n=32) 87. HyperCVAD with bortezomib induced on ORR of 96% with 75% CRs in 76
previously untreated patients 88. Interestingly, bortezomib in combination with EPOCH-R
may increase disease free survival in a subset of patients compared to historic controls 89.
Interestingly, the addition of bortezomib to standard chemotherapy has in particular
benefited patients with the activated B-cell like subtype of diffuse large B-cell lymphoma,
that is characterized by constitutive activation of NFκB 87,90. It remains to be seen whether
bortezomib combination therapies improves outcome for a distinct subset of MCL patients.

Novel proteasome inhibitors with improved pharmacology and reduced toxicity have
entered clinical testing. MLN9708, a second-generation reversible boronic acid proteasome
inhibitor, hydrolyzes to the pharmacologically active MLN2238 and has demonstrated
improved pharmacologic and antitumor activities in lymphoma xenograft models 91.
Carfilzomib (PR171), an epoxyketone irreversible inhibitor of the chymotrypsin-like activity
appears to have fewer side effects than bortezomib, in particular less peripheral
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neuropathy 92,93. Carfilzomib monotherapy achieved an overall response rate of 24% (1 CR,
12 VGPRs and 48 PRs; n=257) in patients with relapsed and refractory MM 94. A phase I
study in patients with hematologic malignancies reported a CRu in one MCL patient.
ONX0912 (PR047) another epoxyketone, is an irreversible inhibitor of chymotrypsin-like
activity that can be given orally 95. ONX0912 is in phase I studies recruiting patients with
solid tumors. NPI-0052 (salinosporamide A, marizomib) is an irreversible inhibitor of the
proteasome that is structurally related to lactacystein and can be given orally 96,97. NPI-0052
inhibits all three catalytic subunits of the proteasome, possibly accounting for its higher
potency and activity against bortezomib-resistant cells 98.

Many combinations of bortezomib with other targeted agents have been tested in preclinical
models and increasingly make their way into the clinic 84. HSP90 inhibitors specifically in
combinations with proteasome inhibitors result in increased intracellular accumulation of
ubiquitinated proteins and enhanced ER stress 84. A direct mechanistic explanation for this
effect has come from the observation that IPI-504 in combination with bortezomib could
overcome resistance to proteasome inhibition in MCL by destabilizing the interaction of
HSP90 with ER-resident chaperone BIP/GRP78 75. A phase II study of this combination in
refractory MM has reported an ORR of 14% with 2 PRs 99.

Proteins are marked for proteasomal degradation by covalent addition of multiple ubiquitin
molecules in a cascade 100 that involves three distinct sequential steps performed by
enzymes that fall into three distinct classes: activation (E1-family of enzymes), conjugation
(E2-family) and 3) ligation (E3-family). Post-translational protein modifications through
ubiquitination, or neddylation can fulfill regulatory functions. The E1 NEDD8-activating
enzyme is the first enzyme in the neddylation cascade that modifies cullin proteins (Fig.
7B). Cullin proteins are essential components of the E3 cullin-RING ubiquitin ligase (CRL)
complex. Thus, neddylation is required for CRL activity 100. MLN4924 selectively inhibits
the E1 NEDD8-activating enzyme and thereby prevents the ubiquitination and subsequent
proteasomal degradation of CRL targets 101. CRL substrate proteins such as CDT1 and p27
accumulate in response to MLN4924 treatment. The resulting DNA damage may ultimately
lead to cell death 102. Neddylation also induces activation of the NFκB pathway by
promoting degradation of IκBa. In human xenograft mouse models inhibition of E1
NEDD8-activating enzyme was able to inhibit NFκB signaling resulting in tumor
regression 103. Clinical testing has only just begun but a PR in a patient with Hodgkin’s
lymphoma has been reported 104.

Targeting epigenetic modifications
Alterations in the gene-regulatory information encoded in chemical modifications in DNA
and DNA-associated proteins such as histones, have been demonstrated to contribute to the
pathogenesis of solid tumors and hematological malignancies11. Aberrant DNA methylation
has been demonstrated in promoter CpG islands of cancer cells with downstream
consequences on gene expression. More recently, methylation changes within genomic areas
beyond the promoter, such as in CpG shores and in the body of genes have also been shown
to have regulatory consequences 105,106. DNA methylation is carried out enzymatically by
DNA methyltransferases DNMT1, DNMT3A and DNMT3B. DNMTs in turn recruit Methyl
Binding Proteins and Histone Deacetylases (HDAC) or histone methyltransferases (HMTs)
that further repress gene expression (Fig. 8). More recently, a 5-hydroxymethyl cytosine
modification intermediate between methylated and unmethylated states has been linked to
mutations in TET2 in AML 107.

High-throughput analyses demonstrated genome-wide aberrances in methylation in MCL.
Primary MCLs demonstrated predominantly hypo-methylation with locus-specific hyper-
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methylation involving tumor suppressor genes10. Aberrant methylation in MCL may
contribute to lymphomagenesis through genomic instability, activation of oncogenes or
repression of tumor suppressor genes. Azacitidine and decitabine are DNA methytransferase
inhibitors approved for use in MDS. Azacitidine incorporates into DNA whereas decitabine
incorporates into both DNA and RNA, resulting in significant differences in the number and
type of genes affected by the respective epigenetic de-repression 108. In vitro studies showed
that DNMT inhibitors have potent anti-MCL activity and can synergize with HDAC
inhibitors 10.

Protein arginine methyltransferase PRMT5 interacts with human SWI/SNF complexes and
methylates histones H3R8 and H4R3109. PRMT5 is overexpressed in primary MCL and acts
concertedly with histone deacetylase 2 (HDAC2), methyl CpG-binding domain protein 2
(MBD2) and DNA methyltransferase 3a (DNMT3a) to silence genes with anti cancer and
immune modulatory activities 110. siRNA-mediated knockdown of PRMT5 in MCL cell
lines led to growth arrest and apoptosis109. A small molecule screen using the PRMT5
crystal structure yielded two drugs, BLL1 and BLL3 that inhibit methylation of H4R3, and
induced cell cycle arrest. These agents also promoted caspase-independent apoptosis in
MCL cell lines 111.

Acetylation of lysine residues on histones leads to decreased binding between DNA and
histones and thereby facilitates transcription. The acetylation status of histone lysine
residues is maintained by histone acetyltransferases (HATs) and HDACs. HDACs fall into
different classes: class I includes HDACs 1, 2, 3, and 8, class IIa includes HDACs 4, 5, 7
and 9, class IIb includes HDACs 6 and 10, class III includes non-classical sirtuins unrelated
to HDACs, and class IV includes HDAC11. Acetylation regulates the function of important
non-histone proteins including cyclin D1, p53, HSP90, HIF-1α and c-MYC. Thus, the
effects of HDAC inhibitors extend well beyond mere changes in gene expression.112 Their
precise mechanisms of action on tumor cells are still under investigation, but include
modulation of transcription, induction of oxidative stress, cell cycle arrest, and apoptosis.112

The class I and II HDAC inhibitors vorinostat (suberoylanilide hydroxamic acid, Zolinza)
and romidepsin (FR901228) are approved for treatment of primary cutaneous T-cell
lymphoma.113 Treatment of MCL cell lines with vorinostat inhibited translation of cyclin
D1, possibly as a consequence of inhibition of the PI3K/AKT/mTOR pathway.114 In clinical
studies vorinostat monotherapy achieved a CRu in one of 11 MCL patients.115,116 There is
good preclinical evidence for the combination of HDAC inhibitors with proteasome
inhibitors117,118 and studies investigating this combination have been completed in MM and
are ongoing in MCL. The potential mechanisms that could result in synergistic antitumor
activity include enhanced ER-stress responses, disruption of aggresome formation, and
inhibition of NFκB.84 Intriguingly, a recent study found that treatment of breast cancer cell
lines with the HDAC inhibitor panobinostat increased acetylation of BIP/GRP78, causing it
to dissociate from PERK.119 PERK then triggered the ER-stress response inducing cell
death. This synergistic activity is not limited to bortezomib but appears to be shared with
other proteasome inhibitors.120 The major dose limiting toxicity of HDAC inhibitors is
thrombocytopenia due to defective platelet budding, which may be ameliorated with
thrombopoietin agonists121.

Conclusions and Future Directions
The majority of the therapeutics described in this article are in Phase I or II trials. Given the
relatively small numbers of MCL patients seen at most centers, innovative trial designs are
necessary to rapidly test this multitude of drugs and determine their role in MCL therapy.
One such example is the ISPY-2 122 study in locally advanced breast carcinoma patients,
which has an adaptive trial design, where study arms are added or dropped dynamically as
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results are obtained in real-time. Randomized “pick the winner” phase II trial designs by
local consortiums may be another option, with only the most promising candidates going on
to larger confirmatory trials. The use of appropriate pharmacodynamic endpoints to test for
inhibition of intended targets at an early stage of development may also speed up the
development of new agents. Easier access to genomic and epigenomic profiling may allow
better stratification of therapy, and combined with well chosen pharmacodynamic endpoints
may help monitor for on target effects and assist in the formulation of synergistic drug
combinations (Table 1). Improvements in our understanding of MCL lymphomagenesis and
drug resistance, along with appropriate use of new targeted drugs are likely to improve the
outlook for MCL patients.
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Fig. 1.
Major cellular pathways for targeted therapy of MCL. Intracellular location of aberrant
pathways is shown in the center. Around this, individual pathways are highlighted. Pathway-
specific inhibitors (mostly limited to clinical grade inhibitors) are boxed. Activating
connections are indicated by arrows, inhibitory effects are depicted by lines.
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Fig. 2.
Targeting B-cell activation. The B-cell receptor signaling pathway is initiated through
phosphorylation of co-receptors Igα (CD79a) and Igβ (CD79b), recruiting the tyrosine
kinase SYK. In turn, SYK phosphorylates several downstream kinases including BTK and
PI3Kδ. BAFF receptor signaling involves cross-talk with BCR and also results in activation
of NFκB. Targeted inhibitors used in clinical trials are shown.
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Fig. 3.
Targeting the PI3K/AKT/mTOR pathway. PI3 kinases, heterodimers composed of p85
regulatory and p110 catalytic subunits, activate AKT. AKT activation requires both
phosphorylation at threonine 308(P*) and at serine 473(P**) in order to activate mTOR-
containing complexes mTORC1 and mTORC2 and HDM2 or inhibit FOXO, GSK3β, and
BAD. Several small molecules targeting the PI3K/AKT/mTOR pathway at different levels
are indicated in blue boxes.
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Fig. 4.
Targeting the cell cycle. The Cyclin D1-CDK4/6 complex phosphorylates Rb and promotes
G1/S phase transition of the cell cycle. Endogenous proteins p15/16 suppress this complex
as do the pharmacologic inhibitors shown in blue boxes. Pan-CDK inhibitors regulate
transcription through CDK7, 9 and 10 in addition to cell cycle inhibition.
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Fig. 5.
Targeting DNA Damage Response proteins. Exogenous and endogenous stress can activate
the DNA damage sensor ATM, which is frequently mutated or deleted in primary MCL.
ATM in turn activates p53, which stops cell cycle progression and activates DNA repair
mechanisms. Pharmacologic inhibitors of MDM2, which degrades p53; and PARP, which
aids in DNA repair, are shown in blue.
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Fig. 6.
Targeting BCL-2 family proteins. The BCL-2 proteins BCL-2, BCL-XL, BCL-W, MCL-1,
and A1 are anti-apoptotic proteins that sequester the apoptotic effectors BAX and BAK.
Pro-apoptotic proteins BIM, BID, PUMA antagonize the function of all BCL-2 proteins.
BAD specifically antagonizes BCL-2, BCL-XL and BCL-W whereas NOXA antagonizes
MCL-1 and A1. The small molecule BH-3 mimetics GX15-070 and AT-101 are pan-BCL-2
inhibitors, in contrast to ABT-737/ABT-263, which specifically inhibit BCL-2, BCL-XL
and BCL-W but not MCL-1 and A1.
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Fig. 7.
Targeting regulators of protein homeostasis. A) Small ubiquitin-like proteins are
sequentially conjugated to protein substrates and affect their localization, function and
degradation. E1 enzymes such as the NEDD8-activating enzyme activate small NEDD8
proteins, which are then conjugated and ligated to acceptor proteins by E2 and E3 enzymes,
respectively. NEDD8ylation of cullin proteins is essential for function of multi-protein
cullin-RING (E3 ubiquitin) ligase complexes. Inhibition of the E1 NEDD8-activating
enzyme leads to inhibition of the SCF complex. Inhibition of the E3 ubiquitin ligase HDM2,
leads to stabilization of select proteins, e.g., tumor suppressor protein p53. B) HSP90
requires dimerization, mediated through the C-terminal domain, for full chaperone function.
Blocking ATP-binding at the N-terminal domain, interferes with HSP90 dimerization and
prevents chaperoning of client proteins resulting in their proteasomal degradation. C)
Proteins are marked with Lys48-linked ubiquitin chains for proteasomal degradation.
Pharmacological inhibition of the enzymatic activity of catalytic proteasome subunits causes
a cellular stress response that leads to apoptosis.
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Figure 8. Targeting epigenetic modifications
DNA is maintained in a coiled “inactive” state around histones and needs to undergo
physical conformational changes to allow access for gene transcription. The biochemical
modification of DNA and histones regulates this process and in turn is regulated by
opposing groups of enzymes thatcan be inhibited for therapeutic benefit. Inhibitors of
enzymes effecting epigenetic changes are shown in blue boxes.
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Table 1

Critical pathways and novel drugs in MCL

Pathway targeted Drug Mechanism (Target) Clinical Pharmacology

B-Cell Receptor PCI-32765 BTK inhibitor ORR 75% in relapsed MCL 123. Side
effects include nausea, vomiting and
diarrhea.

Fostamatinib SYK inhibitor 11% response rate in relapsed MCL 124.
Side effects include neutropenia, diarrhea
and thrombocytopenia.

Enzastaurin PKC inhibitor 37% disease stabilization in relapsed MCL
patients125. Side effects included anemia,
nausea, diarrhea, vomiting and syncope.

CAL-101 PI3K-delta inhibitor Discussed in PI3K section

SB1518 small molecule JAK-2 inhibitor 2/3 MCL patients achieved PR 126. Side
effects include constipation, neutropenia
and fever.

PI3K/AKT/mTOR CAL-101 PI3K-delta inhibitor ORR 62% in relapsed MCL 127. Dose
limiting toxicity is elevation in LFTs.

MK2206 AKT inhibitor Phase II ongoing in DLBCL. Side effects
include skin rash, mucositis and glucose
intolerance. Preclinical synergy with
rapamycin

CCI-779 mTOR inhibitor (predominantly
TORC1)

ORR 38% as single agent 128 and 59% in
combination with Rituximab37. Side effects
include hyperglycemia, fatigue,
thrombocytopenia and neutropenia.

Cell Cycle PD0332991 CDK4/6 inhibitor Cytostatic as single agent 46 but has
preclinical synergy with bortezomib and
cytarabine. Side effects include
thrombocytopenia and neutropenia.

Flavopiridol (alvocidib) Pan-CDK inhibitor Limited single agent activity 129. Side
effects include secretary diarrhea, fatigue
and cytopenias.

DNA Damage Response RG7112 Clinical grade HDM2 inhibitor One AML patient in remission >9 months,
responses in CLL/NHL 130. Side effects
include moderate to severe nausea and
vomiting.

Olaparib PARP-1 inhibitor May have higher specificity for ATM
mutant or deficient MCLs. Side effects
include nausea, vomiting and cytopenias.

Protein Homeostasis 17-AAG HSP-90 inhibitor Poor solubility, limited clinical activity but
shows preclinical synergy with bortezomib
in MM. Side effects include diarrhea,
hyperglycemia and hepatotoxicity.

Carfilzomib Irreversible Proteasome Inhibitor ORR 24% in bortezomib refractory
MM 131. and preclinical synergy with
HPS90 inhibitors and HDAC inhibitors.
Side effects include fatigue and nausea.

Cell Survival/Apoptosis GX15-070MS (Obatoclax) small molecule pan-BCL-2
inhibitor

4% responses in CLL patients in Phase
I 132. More likely to be useful as chemo/
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Pathway targeted Drug Mechanism (Target) Clinical Pharmacology
radio sensitizer. Side effects incude
somnolence/ataxia and myelosuppression.

ABT-263 (Navitoclax) BCL-2/BCL-XL inhibitor 10/46 relapsed NHL patients had a PR 133.
Side effects include myelosuppression and
diarrhea.

Epigenetic modifications Vorinostat (SAHA, Zolinza) Class I & II HDAC inhibitor 1CRu/11 relapsed MCL patients 134. Has
preclinical synergy with bortezomib and
DNA hypomethylating agents. Side effects
include myelosuppression (especially
thrombocytopenia), nausea and rash
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