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MYC is one of the most frequently deregulated oncogenes in human malignancies. It encodes a leucine zipper
transcription factor that modulates a broad spectrum of cellular genes responsible for enhancing cell prolifera-
tion, cellular metabolism, growth, angiogenesis, metastasis, genomic instability, stem cell self-renewal and re-
duced differentiation. MYC functions predominantly as an amplifier of expression of already active genes,
potentiating the pre-existing transcriptional program, although it can also repress certain transcriptional targets.
Inmousemodels, MYC induces lymphomas, but requires cooperationwith other lesions, including inactivation of
the p53 pathway, structural alterations of BCL2 family members, or increased PI3K activity. In human B-cell tu-
mors, MYC rearrangements involving the 8q24 region and immunoglobulin heavy or light genes are a hallmark
of Burkitt lymphoma (BL), but can also occur in other lymphoid malignancies, that include diffuse large B-cell
lymphoma (DLBCL), B-cell lymphoma, unclassifiable, with features intermediate between DLBCL and Burkitt
lymphoma (BCLU), plasma cell myeloma (PCM), mantle cell lymphoma (MCL) and plasmablastic lymphoma.
For non-BL lymphoid malignancies, MYC fusions represent secondary genetic events and exist in the context of
complex karyotypes. Regardless of the mechanism deregulating MYC, lymphomas over-expressing MYC are
addicted to this oncogene, highlighting the potential clinical utility ofMYC targeting strategies. Several promising
approaches for pharmaceutical intervention have been suggested which are now in preclinical or clinical devel-
opment. Herein, we therefore review themolecular pathogeneticmechanisms associatedwithMYC deregulation
in human B-cell lymphomas and their implications for therapies targeting MYC.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

MYC (v-myc myelocytomatosis viral oncogene homolog) is one
of the most frequently deregulated oncogenes in human malignancies.
It belongs to a family of oncogenic proteins, first described in
the avian myelocytomatosis retrovirus MC29 causing spontaneous
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myelocytomatosis in chickens [1,2]. The human homologue of the avian
oncogenewas identified in translocations involving the8q24 region and
immunoglobulin (IG) heavy and light chain genes at chromosomes 14, 2
and 22 in Burkitt lymphoma (BL) [3,4]. The translocation juxtaposes the
MYC proto-oncogene to immunoglobulin locus regulatory elements,
resulting in the uncontrolled expression ofMYC. Although deregulation
of MYC is a defining feature of BL, it is not specific to this entity and
occurs also in diffuse large B-cell lymphoma (DLBCL) and other B-cell
malignancies. Oncogenic properties of over-expressed MYC were con-
firmed in a transgenic mouse model, where Myc gene was expressed
under the control of immunoglobulin enhancers (Eμ-Myc). Mice devel-
oped clonal pre-B and B-cell lymphomas with a latency of 4–6 months
[5]. Expression of Myc under the control of IGλ light chain enhancer,
preserving all the elements required for establishment of a locus control
in vivo, resulted in tumors even closer resembling human BL [6].

In mousemodels Myc is essential for development of hematopoietic
system where it fine-tunes the balance between self-renewal and dif-
ferentiation of hematopoietic stem cells [7–9]. During different stages
of lymphocyte development, Myc expression varies and in general
reaches highest levels in proliferating cells [10]. In mature B lympho-
cytes, Myc expression is induced by antigen encounter and T cell con-
tact, and is subsequently repressed by Bcl6 upon germinal center (GC)
formation. Rapidly proliferating centroblasts in GC dark zone (DZ) lack
Myc expression, contrary to a subset of light zone (LZ) centrocytes.
Positively selected centrocytes express Myc, reenter cell cycle and are
designated for DZ remigration or differentiation into plasmablasts. In
B-cells undergoing plasmacytic differentiation, Myc expression is re-
pressed by Blimp-1. This biphasic kinetics of Myc expression in GC
cells is essential for GC reaction in mice, as MYC ablation in vivo leads
to lack of GCs [11–13]. The expression of MYC in a subset of GC B-cells
is particularly important for human B cell lymphomagenesis, since
these tumors originate mostly from GC B cells and frequently involve
MYC chromosomal translocations. Of note, GC-B cells express the activa-
tion induced deaminase (AID), required for the formation of DSBs in the
mouseMyc locus, since in the absence of AID,Myc/IgH translocations do
Table 1
Deregulation of MYC in lymphoid malignances.

Lymphoma/Leukemia Frequency of MYC rearrangements and ba
cytogenetic features

Burkitt lymphoma N90% of cases; primary genetic event
Simple karyotype

Diffuse large B-cell lymphoma 7–14% of de novo cases, usually a seconda
BCL2 and/or BCL6 rearrangement (“doubl
“triple hit” lymphomas);
Complex karyotype

B-cell lymphoma, unclassifiable, with features
intermediate between DLBCL and BL

35–50% of cases
BCL2 and/or BCL6 rearrangement (“doubl
“triple hit” lymphomas);
Complex karyotype

Plasmablastic lymphoma 50% of cases
Without BCL2 and/or BCL6 rearrangement
Complex karyotype

Plasma cell myeloma 15–50% of cases
Secondary genetic event
Complex karyotype

Acute lymphoblastic leukemia/lymphoma 5% of adult ALL: t(8;14), t(8;22) t(2;8) an
of children ALL

Transformed follicular lymphoma ~8% of transformed FL to DLBCL
~50% of “double hit” lymphoma represen
transformation of FL
Secondary genetic event
Usually complex karyotype

Mantle cell lymphoma 26 described cases
Secondary genetic event
Complex karyotype

Chronic lymphocytic leukemia N1% of cases
Secondary genetic event
del(17p)/monosomy 17, del(11q), and/or
complex karyotype
not occur [14,15]. Since the Myc + GC B cell subsets also exist in
humans, they may represent a stage of GC B cell differentiation prone
to malignant transformation due to MYC breakpoints [11].

1.1. Deregulation of MYC in human lymphomas

Expression of MYC is a defining feature of BL, which is a highly ag-
gressive B-cell tumor manifesting as a rapidly enlarging mass with
predilection to extranodal involvement. Three subtypes of BL are distin-
guished in the current WHO classification: endemic, sporadic and
immunodeficiency-associated [16,17]. BL exhibit a very high mitotic
index as measured by Ki67 staining which is present in up to 100%
cells [18]. MYC (8q24) translocates to the immunoglobulin heavy
(IGH) gene locus (14q34) in about 85% of cases and less frequently to
light chains κ (2p12) and λ (22q11) gene loci [19] (Table 1). In the en-
demic subtype translocations are caused by somatic hypermutation
(SHM) or occur during aberrant VDJ (variable, diverse, and joining
gene segments) recombination and are located 5’ to the joining regions
[20,21]. In sporadic and immunodeficiency-related BL, the MYC gene is
usually joined to IGH switch regions, suggesting that the translocations
occur due to aberrant resolution of double strand breaks (DSB) caused
by an AID-initiated class switch recombination (CSR).

Rare BL cases lackMYC translocations, but exhibit the typical pheno-
typic features of BL. Regardless of the presence ofMYC translocations, its
expression in all BL cases is similarly up-regulated [22,23]. In these
cases, MYC expression is likely driven by other mechanisms, including
microRNAs. For example, the expression of MYC-targeting let-7c is
lower in all BL cases. Similarly, the expression of other MYC-targeting
microRNAs, miR-34b andmiR-9, are decreased only in BL cases without
MYC translocation, suggesting that these mechanisms at least partially
contribute to MYC over-expression in BLs lacking translocations of this
oncogene [23,24]. Rare BL cases lacking MYC-breakpoint share a pecu-
liar pattern of chromosome11q aberrations, characterized by interstitial
gains including 11q23.2-q23.3 and telomeric losses of 11q24.1-qter. The
11q abnormalities are recurrently associated with morphologic and
ckground MYC fusion partners References

IGH-MYC; t(8;14) – 85%, IGκ, IGλ-MYC; t(2;8),
t(8;22) – 15% of translocated BLs

[19,30,38]

ry genetic event
e hit” or

IG-MYC-70%
non-IG (BCL6, BCL11A, PAX5, IKAROS)-MYC – 30%

[40–42,150,151]

e hit” or
non-IG, IGκ, IGλ-MYC, rarely IGH-MYC; [30,38]

IG-MYC, usually IGH [46]

IGH, IGL-MYC and non-IG-MYC [152,153]

d 2–5% IGH, IGL-MYC [154]

t
IGH-MYC; t(8;14), IGL-MYC; t(8;22)
or non-IG partner genes

[155–157]

IGH, IGL-MYC and non-IG-MYC [158]

Usually IGH-MYC, rarely IGκ, IGλ-MYC,
non-IG-MYC

[159]
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clinical features of BL in MYC-negative high-grade B-cell lymphomas.
The mechanisms underlying the clinical and phenotypic similarities of
these tumors to MYC-breakpoint positive BLs are currently largely un-
known [25].

While MYC rearrangements and over-expression are diagnostic
features of BL, they are not specific for the disease and also occur in
other B-cell tumors (Table 1). In DLBCL, the most common non-
Hodgkin lymphoma in adults,MYC, after BCL6 (B-cell CLL/lymphoma 6)
and BCL2 (B-cell CLL/lymphoma 2), is the third most commonly
translocated oncogene found in about 7–14% of cases [26,27].MYC rear-
rangements in DLBCLs are often secondary genetic events related to
disease transformation.MYC translocations are the predominantmecha-
nism causing over-expression of this oncogene, although gene amplifica-
tions and aberrant SHM targeting the 5′ end of MYC coding sequence
play a role in a fraction of cases [28,29]. In contrast to BL,MYC transloca-
tions inDLBCL involvemore frequently the light chain or non-IG partners
and occur within a background of complex karyotypes [30]. The most
common cytogenetic abnormality accompanying structural abnormali-
ties of MYC is the translocation t(14;18) involving BCL2. MYC transloca-
tions concurrent with BCL6 rearrangements are less frequent. B-cell
tumors harboring BCL2 and/or BCL6 translocations concurrent with
MYC lesions, (i.e. “double hit” or “triple hit” lymphomas), frequently ex-
hibit atypicalmorphologic and/or immunophenotypic features aswell as
particularly aggressive clinical behavior with rapidly enlargingmass and
advanced stage including involvement of extranodal sites, the bonemar-
row and the central nervous system (CNS) [31,32]. Double-hit cases are
usually refractory to multi-agent chemotherapy and patient survival
time is very short, in the order of months [31,32]. Consistent with the
more complex phenotype and genetic background of non-BL tumors
with MYC rearrangement, (when compared to BL), these tumors also
exhibit distinctive gene expression profiles [30,33]. In addition, in a
fraction of MYC breakpoint-positive cases that lacked the molecular BL
signature, a non-IG partner was involved in the MYC breakpoint, sug-
gesting that the non-IG gene locus exhibits different regulatory proper-
ties than IG loci. The double MYC/BCL2-translocated DLBCL cases are
relatively rare (only ~3%), but the overexpression ofMYC and BCL2 pro-
tein is a much more frequent feature in these tumors (approximately
one third). DLBCLs with overexpression of these proteins are character-
ized by an aggressive clinical course and demonstrate high-risk gene
expression signatures. The immunohistochemical detection of MYC ex-
pression can be therefore used to identify the biologically and clinically
distinct cases of MYC-driven DLBCLs characterized by an inferior out-
come [34–36].

MYC rearrangements are also a typical feature of a rare diagnostic
entity termed BCLU (B-cell lymphoma, unclassifiable, with features in-
termediate between DLBCL and Burkitt lymphoma), occurring in ap-
proximately 35% to 50% of cases [37–39]. Morphologically, BCLUs are
heterogeneous and do not exhibit a coherent set of diagnostic features
typical to either BL or DLBCLs. Unlike in BL, MYC rearrangement in
BCLUs usually do not involve the IGH gene, instead IGκ and IGλ or
non-IG genes are rearranged [39]. In a subset of BCLU, MYC transloca-
tions coexist with BCL2 breakpoints (double hit lymphomas).

Regardless of the involved translocation partner, genetic abnormal-
ities of MYC rearrangements in lymphomas are associated with a more
aggressive phenotype of tumor cells and an inferior prognosis, largely
independent of other clinical and molecular risk factors [40–42].
When treated with R-CHOP (rituximab–cyclophosphamide, doxorubi-
cin, vincristine, and prednisone), patients withMYC-rearranged DLBCLs
have a shorter progression-free survival (PFS) and overall survival (OS),
compared to those having tumors without the translocation [35,43,44].
Furthermore, MYC-rearranged tumors exhibit significantly more fre-
quent CNS involvement at relapse [41]. MYC is also deregulated in
other lymphoid tumors, including acute lymphoblastic leukemia
(ALL), multiple myeloma (MM), mantle cell lymphoma (MCL) and fol-
licular lymphoma (FL) [45–47], (Table 1). Irrespective of the tumor
type, enhanced MYC expression is a poor prognosis marker [38,40,41].
2. Biological basis of MYC function

2.1. Control of MYC turnover

MYC encodes a basic helix-loop-helix leucine zipper transcription
factor located predominantly in the nucleus [48]. In resting cells both
MYC mRNA and protein undergo rapid turnover [49,50]. Upon mitogen
stimulation, the MAP-ERK (mitogen-activated protein kinase 1) kinase
pathway stabilizes MYC protein by phosphorylating serine 62 (Ser62),
(Fig. 1A). A similar MYC protein stabilization is caused by the activation
of the AKT (v-akt murine thymoma viral oncogene homolog) pathway
with the ensuing inhibition of GSK3 or inhibition of PP2A phosphatase
[51,52]. MYC is also a substrate for other kinases, such as PIM1 and
PIM2 (proto-oncogene serine/threonine-protein kinase)which stabilize
theMYC protein by phosphorylating Ser329 and altering the phosphor-
ylation status of Thr58 and Ser62 [53] (Fig. 1A).

2.2. MYC binding partners

Biological activity of MYC largely depends on the binding partners
that either mediate transcriptional activation or repression. For activa-
tion, MYC forms a heterodimer with MYC associated factor X (MAX)
[48]. MYC-MAX heterodimer binds to the E-box consensus sequence
(CACATG) and serves as a platform for other proteins involved in chro-
matin remodeling and transcriptional regulation (Fig. 1B), [48,54–59].
MYC represses genes when it is not bound directly to DNA, but instead
is recruited by the MIZ1 transcription factor [60]. MYC hinders the at-
tachment of positive cofactors to MIZ1 and recruits DNA methyltrans-
ferase 3A (DNMT3A) and histone deacetylase 3 (HDAC3) which alter
chromatin configuration making it less accessible [61]. Another mecha-
nism of repression is through competitive inhibition of MYC by MAX
binding protein (MNT) and MAX dimerization protein 1 (MAD) which
can also dimerize with MAX and thus exclude it from complexes with
MYC [62,63]. MAD/MNT-MAX dimers bind to the E-box sequence and
indirectly recruit histone deacetylases in the proximity of regulated
gene promoters causing repression of gene transcription [64].

3. Biological consequences of MYC activity

Although MYC modulates expression of genes involved in multiple
aspects of cell biology, no single subset of MYC “target genes”, account-
ing for its oncogenic activity has been identified and MYC “target gene
sets” from different tumor types show only a partial overlap [65–72].
These unique characteristics of MYC can be explained by studies dem-
onstrating that, unlike “conventional” transcription factors (which
bind their consensus sequences and establish their own new transcrip-
tional programs), MYC binds to promoters of already active genes, but
has little effect on silent genes. In contrast to these “conventional”
sequence-specific transcription factors which exhibit bi- or multimodal
distribution of DNA binding (site–specific promoter binding against a
background of nonspecific binding to the rest of the genome), MYC dis-
tribution is unimodal [73]. In both normal mouse B cells and human
tumor cell lines, MYC localizes to “open” chromatin and RNA polymer-
ase II (Pol II) on the promoters of transcribed genes [73,74]. At these
core promoters, MYC colocalizes also with CDK9, the catalytic subunit
of P-TEFb (positive transcription elongation factor b). After P-TEFb is re-
cruited by MYC, CDK9 phosphorylates Pol II at Ser2, augmenting the
elongation of mRNA and facilitating the release of Pol II paused at the
promoters of transcribed genes [75]. Of note, in cells inducibly over-
expressingMYC, phosphorylation level of Pol II Ser5, associatedwith in-
creased initiation of transcription, remains unchanged. As a conse-
quence, over-expression of MYC significantly elevates the cellular RNA
content by increasing the transcription of already active genes. In cells
expressing low levels of this transcription factor, MYC binds to canoni-
cal, high-affinity E-boxes in the core promoters of actively transcribed
genes, however, with increasing expression of MYC, non-canonical



Fig. 1. Regulation of MYC activity. (A) Control of MYC stability and turnover. Mitogen-activated protein kinases stabilize MYC by phosphorylating Ser62. This modification facilitates sub-
sequent phosphorylation of Thr58 by glycogen synthase kinase 3 (GSK3). Phosphorylated Thr58 serves as a platform for prolylisomerase1 (PIN1);modification of Pro59 enables phospha-
tase PP2A to remove phosphate residue from Ser62. SKP2FBW7 E3 ubiquitin ligase then targets MYC for proteasomal degradation. PIM kinases stabilize MYC protein by phosphorylating
Ser329 and altering the phosphorylation state of Thr58 and Ser62. (B) MYC binding partners enhancing MYC-dependent transcription. Upon binding to the E-box consensus sequence
MYC-MAX, the heterodimer recruits several other proteins, such as Mediator complex, p300/CBP (CREB binding protein), TRRAP (transformation/transcription domain-associated
protein), p400, SKP2 (S-phase kinase-associated protein 2, E3 ubiquitin protein ligase) and CDK9,which in turn can alter chromatin accessibility,modify transcriptionmachinery or recruit
other factors themselves (TIP60 (K[lysine]acetyltransferase 5), GCN5 (K acetyltransferase 2A), TIP48 (RuvB-like 2).
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and lower-affinity E-boxes in the enhancer regions become engaged so
further augmenting the transcriptional output [73,74].

The promoter output is commensurate with the amount of MYC
loading, both in resting cells and in cells after mitogenic activation.
The relationship between MYC DNA binding patterns and function
therefore resembles a continuous (analog) process, rather than the bi-
nary switch often observedwith other transcription factors [73]. Impor-
tantly, MYC exhibits similar functional characteristics in different cell
types. Inmouse embryonic stem (mES) cells, MYCwas recruited to pro-
moters with histonemarks for open chromatin andMYC binding corre-
lated with RNA polymerase II loading [73]. These observations suggests
that MYC is preferentially associated with the transcription levels of ac-
tive genes in cycling and quiescent cells.

These recent studies have changed the understanding of MYC biolo-
gy and define a new model of physiological and oncogenic MYC func-
tion. In normal activated cells, transient pulses of MYC expression
boost the biosynthetic andmetabolic pathways to assure an appropriate
supply of macromolecules in proliferating cells. Constitutive expression
of high MYC levels in cancer engages lower affinity E-boxes in en-
hancers and pushes the expression of active cellular subsystems
over critical thresholds, leaving the cell in the state of continuous
proliferation and biosynthetic overdrive. Therefore, MYC increases
fluxes through critical cellular networks and consolidates the cancer
phenotype.

These findings, however, do not explain the mechanisms of MYC-
mediated transcriptional repression. Given the previous studies esti-
mating that even 1/3 ofMYC targets are down-regulated, it is particular-
ly important to reconcile these conflicting observations. Most likely,
MYC-mediated transcriptional repression is indirect, as transcriptional
or chromatin silencers activated by MYC are recruited to MYC target
genes. For example, during B cell activation, MYC binds and up-regu-
lates the EZH2 promoter; once overexpressed, EZH2 catalyzes methyla-
tion of histone H3 lysine 27 throughout the genome and suppresses
transcription [73].MYC can also interferewith transcriptional activation
of zinc-finger transcription factors such asMIZ1 and SP1 [76]. Transcrip-
tional repression is an important part of MYC oncogenic potential, as
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multiple genes that are repressed byMYC encode negative regulators of
cell proliferation or proteins involved in cell adhesion [76].

Since MYC amplifies fundamental cellular processes in cancer, cer-
tain aspects of its activity are common between different tumors featur-
ing MYC over-expression and are interesting from the clinical and
therapeutic standpoints. Specifically, MYC promotes transition from
the G0/G1 to S phase of the cell cycle by increasing the expression
of cyclins and cyclin dependent kinases (cyclin D–CDK4 and cyclin
E–CDK2), resulting in hyperphosphorylation of retinoblastoma pro-
tein (RB1) and subsequent release of the E2F transcription factors re-
sponsible for cell cycle progression [77,78]. MYC also controls the G2/M
checkpoint by increasing the expression of Cyclin B1, a component of
the M-phase promoting factor, and increasing the expression of essen-
tial regulators ofmitosis and cytokinesis, Aurora kinasesA andB [79,80].

MYC (in cooperationwith other transcription factors, e.g. HIF1α and
HIF2), promotes the transcription of genes involved in glycolysis,
eliciting the Warburg effect (enhanced anaerobic glycolysis indepen-
dent of oxygen tension) [81]. The inherently lower energetic efficiency
of glycolysis, compared to oxidative phosphorylation, and the de-
creased carbon flux to the tricarboxylic acid (TCA) cycle, is at least in
part compensated by MYC and HIF-driven up-regulation of glucose
transporters and thus enhanced glucose uptake [82].MYC also increases
glutaminolysis, sustaining supplementation of anabolic precursors to
the TCA cycle and thereby providing an additional energy source.
Under conditions of glucose deprivation, cancer cells over-expressing
MYC depend on glutaminemetabolism as its inhibition triggers apopto-
sis [83]. Furthermore, MYC increases the output of biosynthetic
pathways for nucleotides, amino acids, polyamines, and phospholipids
[84,85].

MYC also increases the expression of proapoptotic proteins, includ-
ing over-expression of p19ARF, suppression of MDM2 and activation of
the p53 pathway [86,87]. In parallel to this, MYC induces the expression
of the proapoptotic molecule BIM (BCL2-like 11) and indirectly re-
presses the expression of anti-apoptotic BCL2 and BCL-XL (BCL2-like
1) proteins. Suchmechanism likely represents aMYC self-imposed safe-
ty checkpoint, triggering programmed cell death in cells with prolonged
MYCexpression. Consistentwith this, an increased expression ofMYC in
lymphoid malignancies is frequently accompanied by mutations of the
p53 pathway, over-expression of anti-apoptotic factors and/or in-
creased activity of alternative pro-survival pathways [88–90].

In addition to protein coding genes, MYC binds to regulatory se-
quences and modulates the expression of non-coding RNAs, including
micro-RNAs (miRNAs). MYC represses multiple miRNAs, including
tumor-suppressor miR-15a and miR-16, the let7 family, miR34a, miR-
26a, miR-29, miR-150 and miR-195/miR-497 [91,92]. Although precise
mechanisms of MYC-mediated repression of micro-RNAs remain elu-
sive, recent studies highlight the role of MYC-dependent recruitment
of histone modifying enzymes to regulatory elements of suppressed
micro-RNAs. For example, in MCL, MYC recruits HDAC3 to the regulato-
ry element of miR-15a/miR-16-1 or HDAC3 together with EZH2
(enhancer of zeste homolog 2) to miR-29 [93,94]. Furthermore, MYC
contributes to the up-regulation of EZH2 via repressing EZH2-
targeting miR-26a, thus creating a feed-forward loop, linking MYC-
repressed microRNAs with this histone methyltransferase [93]. Consis-
tent with the broad repression of tumor-suppressor micro-RNAs by
MYC, forced over-expression of several of those repressed miRNAs
have reduced MYC-induced lymphomagenesis in mouse xenograft
models [92,95]. In addition to these specific effects, increased MYC
level causes global down-regulation of micro-RNAs by perturbing
their maturation [92,96]. On the other hand, MYC increases the expres-
sion of several oncogenic microRNAs (“oncomiRs”), including the
micro-RNA cluster miR17-92, which contributes towards enhanced
proliferation, survival, angiogenesis, metastasis and alteredmetabolism
[97]. MYC-modulated miRNAs frequently target MYC-modulated pro-
teins thus creating regulatory feed-forward circuits assuring a precise
control over MYC-dependent biological effects [98]. Since a single
micro-RNA can target multiple proteins, these regulatory circuits create
complex networks that modulate MYC-dependent biological functions.

4. Synthetic lethal interactions of MYC

Over-expression ofMyc transgene driven by immunoglobulin chain
regulatory elements (Eμ or IGL locus) in mice leads to pre-B and B-cell
lymphomas [5,6]. All tumors in these models were clonal, demonstrat-
ing that MYC transgene requires other lesions for tumor development.
In line with these findings, numerous subsequent studies indicate that
the viability and fitness of MYC over-expressing cells is reliant upon
other genes and pathways, which may not be essential for normal cell
survival or in the context of tumors driven by over-expression of
other oncogenes. For these reasons, identification of these MYC
“synthetic lethal” genes and pathways might facilitate therapeutic
targeting of MYC-driven cancers.

Isolated over-expression of MYC triggers apoptosis, evoked by p53
response. In consistent fashion, tumors arising in Eμ-Myc transgenic
mice have frequent alterations in the Arf-Mdm2-p53 tumor suppressor
pathway [99]. Direct transcriptional targets of p53, BH3-only proteins
Puma and Noxa, are important mediators of the proapoptotic effects
of MYC, as the onset of Myc-induced lymphomas is accelerated by the
knockout of Puma and mice with combined deficiency of Puma and
Noxa produce lymphomas even more rapidly than those with loss of a
single Puma allele alone [100–103]. Consistentwith the proapoptotic ef-
fects ofMYC over-expression, the onset ofMyc-driven tumors is also ac-
celerated by the loss of both alleles of the proapoptotic Bax (BCL2-
associated X protein) gene. Moreover, Bax−/−, Eμ-Myc transgenic mice
were lacking Tp53 alterations whereas 27% of the tumors in Bax+/−

Eμ-Myc transgenicmice contained Tp53mutations or deletions, suggest-
ing that the loss of Bax eliminates the selection for Tp53 loss [103]. The
onset of Eμ-Myc initiated tumors is also dramatically accelerated by
the loss of single allele of another proapoptoticmember of the Bcl2 fam-
ily, Bim [86]. Up-regulation of Bcl2 similarly preventsMyc-induced apo-
ptosis and potentiates oncogenic properties of the Eμ-Myc transgene
[104,105]. Taken together, these observations demonstrate that in
mouse models, tumors arising from MYC-over-expressing cells exhibit
a selection for the loss of the p53 pathway and/or inactivation of apo-
ptotic machinery. In keeping with this, inactivation of p53 is also ob-
served in about 1/3 of the primary BL biopsies, over half of the BL cell
lines and 2/3 of primary DLBCLs, highlighting the synthetic lethal inter-
action between MYC and the p53 pathway in the pathogenesis of
human lymphomas [28,106,107]. Therefore, restoring or substituting
the activity of proapoptotic effector mechanisms with BH3-mimetics
is a rational strategy for disrupting these synthetic interactions. Howev-
er, while the Bcl2 family members Bcl2, Bcl-XL, and Bcl-W are essential
for Eμ-Myc induced lymphoma development, the genetic loss or inhibi-
tion of Bcl2, Bcl-XL, and Bcl-Whas only aminimal impact on the growth
of established tumors. Consistent with this, treatment of Eμ-Myc lym-
phomas with the BH3 mimetic ABT-737 targeting Bcl2, Bcl-XL, and
Bcl-Wdoes not cause tumor regression [108,109]. In contrast, sustained
growth of Eμ-Myc lymphomas is dependent on Mcl1 since inducible,
heterozygous deletion ofMcl1 is sufficient to cause complete regression
of these tumors. Importantly, the MCL1 blockade also efficiently kills
human BL cell lines, independently of the p53 status [110].

MYC rearrangements to the immunoglobulin loci in BL involve ex-
clusively non-productively rearranged alleles, indicating that BL cells
are selected for B-cell receptor (BCR) expression. Given the essential
role of the PI3K (phosphatidylinositol-4,5-bisphosphate 3-kinase) path-
way in tonic BCR signaling and in providing anti-apoptotic/survival sig-
nals, recent studies have addressed the potential cooperation of MYC
and the BCR-dependent PI3K (phosphatidylinositol-4,5-bisphosphate
3-kinase) pathway [111]. Reconstitution of Rag2cgKO mice (incapable
of generating own lymphocytes), with bone marrow cells from Myc/
Pi3k transgenic mice and over-expression of both genes in the GC envi-
ronment have led to the development ofmonoclonal B-cell lymphomas,
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whereas isolated over-expression of either transgene (Myc or Pi3k) did
not result in any development of detectable tumors within the observa-
tion period. Furthermore, tumors arising from double transgenic cells
phenocopy human BL in terms of the histology, cell surface markers
and the profiles of protein expression [89].

Activation of PI3K pathway is also observed in human BL, especially
in the sporadic subtype [88–90,112]. Increased activity of the PI3K path-
way in these tumors is a result of either gain of function mutations of
TCF3 (transcription factor 3), or loss of functionmutations of its negative
regulator ID3 (inhibitor of DNA binding 3), that augment the BCR signal-
ing [88,90,112]. These mutations are observed in almost 70% of human
sporadic BL samples [90]. In BL cells, TCF3 increases the expression of
the BCR components and down-regulates expression of SHP-1 (protein
tyrosine phosphatase, non-receptor type 6), leading to enhanced tonic
BCR signaling and phospho-AKT levels [90].

Constitutive activity of TCF3 in BLs also induces the expression of cy-
clin D3, a positive regulator of early G1 transition, essential for GC reac-
tion and cell cycle transition in normal germinal center lymphocytes
[90,113,114].Moreover,mutations stabilizing cyclinD3 and inactivating
its inhibitor (p16) are found in up to 38% cases of sporadic BL and 67% of
the HIV-associated subtype [89,90].

The PIM family of oncogenic kinases is another group of proteins po-
tentiating and consolidating MYC-dependent lymphomagenesis. PIMs
directly phosphorylate and stabilize the MYC protein, but also prevent
MYC-induced apoptosis by phosphorylation and inactivation of the
proapoptotic protein BAD (BCL2-associated agonist of cell death)
[115]. In addition, at least one of three Pim kinases, Pim-3, is directly
regulated by Myc via binding to one of the conserved E-boxes within
the Pim3 gene [116]. Over-expression of Myc and Pims in mouse pre-B
cells resulted in rapid proliferation but also an inhibition of differentia-
tion, whereas genetic or pharmaceutical inhibition of Pim kinases de-
creased the proliferation of cells over-expressing Myc [116–119].

5. Therapeutic targeting of MYC and its interactions

The essential role of MYC inmultiple lymphoid tumors suggests that
its targeted inactivation may be a rational and effective therapeutic
strategy. In accord with this, inducible, ubiquitous over-expression of
dominant-negative, recombinant MYC-derived basic helix-loop-helix
leucine zipper domain termed OmoMYC in mice has led to significant
inhibition of cancer progression, whereas there were no overt toxicities
in most organs and tissues except for reversible growth retardation in
Table 2
Therapeutic approaches to target MYC-dependent tumors.

Strategy Targets (compounds)

MYC dependent transcription BET inhibition (JQ1, iBET, iBET151,
CPI-0610, OTX015)

MYC-MAX dimerization MYC-MAX (10058-F4)

MYC protein stability PIM kinases (SMI-4a, Pimi, SGI-1776, AZD1208)

MYC dependent cancer
cell metabolism

LDHA (FX11), PDK1 (Dichloroacetate),
MCT1 (AZD3965), GLUD1 (EGCG)

MYC synthetic lethal
genes and pathways

Apoptosis MCL1 and other BCL2 family members
(BH3 mimetics)

Cell cycle CDK4/6 (PD0332991), Aurora kinases
(Alisertib, AT9283)

BCR signaling PI3K (RP6530, BKM120), SYK (GS-9973,
Fostamatinib) BTK (ibrutinib),
AKT (MK2206, GSK2141795)
skin, testis and the intestinal epithelium [120]. Furthermore, lympho-
mas over-expressing MYC are addicted to this oncogene as tumors re-
curring after prolonged MYC inactivation in a conditional transgenic
mouse model of T-cell ALL, express either transgenic or endogenous
MYC; albeit in many cases at levels below those in the original tumor
[121]. Silencing MYC with shRNA elicited suppression of proliferation
and increased apoptosis, confirming that these tumors remain onco-
gene-addicted. Taken together, targeting MYC is an attractive strategy
for treating lymphomas featuring MYC over-expression and addiction
[121], (Table 2).

Given the molecular mechanism of MYC action, the inhibition of its
dimerization might be a rational approach for direct and specific inter-
vention. However, although theoretically sound, the strategies targeting
MYC association with its partners are difficult to develop practically,
since MYC dimerization interfaces are large and featureless, without
any pockets or clefts that could bind small molecules. Nonetheless,
such compounds inhibiting MYC-MAX heterodimerization were
obtained (e.g. 10058-F4 compound) andwere demonstrated to prevent
DNA binding and MYC-driven transcription in vitro. A similarly direct
approach to disrupt the interaction of MYC with its binding partners
is through the OmoMYC, which heterodimerizes with MYC, MAX
and MIZ1 proteins and impedes MYC induced transactivation, induces
cell cycle arrest, apoptosis and regression of mouse tumors [120,122,
123]. Neither of these inhibitors has, however, reached the clinical
trial stage, but both are available as “tool compounds”, providing the
proof of principle that targeting MYC dimerization is feasible (Fig. 2)
[124,125].

Recently, a novel class of inhibitors targeting BET bromodomain-
containing proteins have been developed and are reported to interfere
with MYC activity in certain tumors [126–129]. Bromodomains recog-
nize acetylated lysines in histone tails and thus serve as organizers
of the transcriptional machinery and activate transcription [128].
A member of the BET family, BRD4 exhibits highly asymmetric
loading throughout the genomic regulatory elements, focusing predom-
inantly on active genes' promoters and enhancers, particularly those
with high levels of Mediator complex loading (“super-enhancers”)
[129–132]. These super-enhancers are adjacent to cell fate determining
master transcription factors [129–132]. For example, BRD4 binds avidly
to IgH super-enhancer regulating MYC in MM cells and disruption of
BRD4 association with this super-enhancer blocks MYC transcription,
decreases MYC protein abundance, prompting cell-cycle arrest and
cellular senescence [126,129,130,132]. Intriguingly, toxicity of BET
Mechanisms of action Current research status

Abrogation of BRD4 DNA binding
inhibits MYC-dependent pTEFb
recruitment and transcription.

Phase I/II and I clinical trials (JQ1 derivative
GSK525762, CPI-0610, OXT015)

Inhibition of MYC-MAX dimerization
prevents its binding to DNA and
transcriptional activity.

Preclinical

Inhibition of PIM kinase activity
decreases MYC stability and its
cellular abundance.

Phase I clinical trials (AZD1208)

Inhibition of glycolysis and
glutaminolysis leads to reduction of
ATP levels, elevated ROS production
and accumulation of toxic
intermediates.

Phase I (AZD3965) and II (Dichloroacetate,
EGCG) clinical trials

Targeting prosurvival BCL2 family
proteins restores proapoptotic
properties of MYC.

Preclinical and phase I and II clinical trails

CDK and AURK inhibition induce cell
cycle arrest and apoptosis.

Phase II clinical trials

BCR/PI3K/AKT pathway inhibition. Phase I (RP6530), II (BKM120, GS-9973,
Fostamatinib, MK2206, GSK2141795)
and III (ibrutinib) clinical trials



Fig. 2. Therapeutic strategies for targeting MYC-dependent tumors. See text for details.
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inhibition in acute myeloid leukemia (AML), but not in DLBCL cells is
averted by exogenous MYC expression, highlighting different super-
enhancer associated dependencies in different tumors [129,133].
Utilizing different approaches, multiple selective compounds have
been developed: JQ1, the iBET series, OTX015 and more recently –

CPI-0610 [133–135]. These BET inhibitors abolish binding of the BRD4
coactivator to chromatin and suppress MYC-driven transcription in
MYC-dependent tumor models. At the cellular level, bromodomain in-
hibitors induce tumor cell differentiation, cell cycle inhibition, senes-
cence and exhibit cell-type dependent proapoptotic activity [126,129,
136]. Bromodomain inhibitors caused tumor regression in mouse
models of BL, AML, MM, mixed lineage leukemia (MLL) and DLBCL
[126,127,136,137]. Of note, the mechanism of toxicity does not always
involve MYC modulation, but also depends on the inhibition of other
key genes regulated by BRD4-loaded super-enhancers. Recently, a BET
bromodomain inhibitor I-BET762 (GSK525762) has entered clinical
phase I/II trial in subjects with relapsed, refractory hematologic malig-
nancies. CPI-0610 and OTX015 are tested in phase I clinical trials
in patients with hematologic malignancies, including progressive lym-
phomas. Importantly, the CPI-0610 trial protocol includes assessing
pharmacodynamic effects such as changes in the expression of MYC,
changes in cellular proliferation and the extent of apoptosis.

Another strategy to target MYC-driven tumors is through inhibition
of genes and pathways exhibiting “synthetic lethality” with this onco-
gene. MYC-driven tumors frequently over-express PIM kinases that di-
rectly phosphorylate and stabilize MYC protein and are potent
enhancers of MYC-induced lymphomagenesis. Inhibition of PIM kinases
decreases MYC abundance, cellular proliferation and induces apoptosis
in BL, chronic lymphocytic leukemia (CLL) and AML cell lines [116,
138,139]. Small molecule PIM inhibitors, (e.g. SMI-4a, Pimi and SGI-
1776, AZD1208), show selective toxicity toward lymphoma cell lines
in vitro [118]. Although phase I clinical trials for SGI-1776 indicate a
dose limiting toxicity of cardiac QTc prolongation, the fact that mice de-
ficient in Pim kinases exhibit mild/insignificant phenotypes, necessi-
tates further research for more specific and safe strategies to target
this kinase class [140].

Since abnormalities in the function of certain BCL2 family members
are essential for MYC-driven lymphoma development and survival, the
use of BH3-mimetics targetingmembers of the BCL2 family represents a
further rational therapeutic strategy. Consistent with these observa-
tions, tumors from Eμ-Myc/Bcl2 double transgenic mice were highly
sensitive to ABT-737, a selective inhibitor of Bcl2, Bcl-XL and Bcl-W.
However, studies on mouse Eμ-Myc lymphoma without concurrent
transgenic Bcl2 expression indicate that ABT-737 is insufficient to erad-
icate established tumors due to the over-expression of Mcl1 [108,141].
Targeting Mcl1 with a different BH3-mimetic compound obatoclax
(GX15-070), dramatically decreased the clonogenic potential and via-
bility of BL cells from Eμ-Myc mice, underscoring the critical role of
Mcl1 in antiapoptotic signaling in BL cells [108]. Since constitutive activ-
ity of PI3K/AKT/mTOR increases MCL1 expression, inhibition of this
pathway represents another approach to eliminate this anti-apoptotic
protein. Consistently, inhibition of PI3K/AKT/mTOR pathway reduces
MCL1 expression levels and synergizes with ABT-737 in inducing apo-
ptosis [142].

Another group of MYC-synthetic lethal genes are certain cell cycle
kinases, such as cyclin-dependent kinases (CCND3) and Aurora kinases
(AURKA, AURKB) [88,90,112]. Inhibition of cyclin D3/CDK4 and cyclin
D3/CDK6 complexes, essential for cell cycle progression in BL and
DLBCL cells with PD0332991 (a CKD4/6 inhibitor), induces cell cycle ar-
rest followed by apoptosis in BL cell lines. PD0332991 caused complete
tumor regression in BL xenograft models and is currently at phase II
clinical trials formultiplemalignancies [90,143]. In like fashion, blocking
Aurka/b kinase activity with a specific inhibitor triggers transientmitot-
ic arrest, polyploidization and apoptosis of murine Myc-induced lym-
phoma cells[79]. Importantly, apoptosis induced by Aurk inhibition
was p53-independent, suggesting that inhibitors of these kinases
might be of particular benefit in MYC-driven tumors featuring a loss of
p53 function [79]. In a recently completed phase II clinical trial of a se-
lective Aurora A kinase inhibitor, alisertib, the overall response rate in
lymphoma patients was 27%, including responses in three out of 21 pa-
tients with DLBCL, a BL patient and a transformed follicular lymphoma
patient with “double-hit” features in an immunochemical assessment
[144].

Parallel to targeting MYC and associated signaling pathways, there
are ongoing efforts to develop therapies altering MYC-dependent can-
cer cell metabolism. MYC up-regulates the majority of genes involved
in glycolysis and glutaminolysis. Inhibiting many of these enzymes in-
duce apoptosis and impair MYC-induced lymphoma growth in preclin-
ical studies. Although inhibitors of upstream glycolytic enzymes (e.g.
hexokinase inhibitors 2-deoxy-D-glucose and lonidamine) failed clini-
cal trials on solid tumors due to toxicity, there are several other
compounds targeting glucose metabolism in MYC-over-expressing
cells, awaiting confirmation of their clinical utility (Table 2). For in-
stance, inhibition of lactate dehydrogenase A (LDHA) by FX11 elevates
ROS production, reduces ATP levels, promotes cell death and inhibits
progression ofMYC-dependent lymphoma xenografts [145]. Accumula-
tion of lactate caused by the inhibition ofmonocaroboxylate transporter
1 (MCT1, SLC16A1) with a specific inhibitor AZD3965 lowers cellular
pH, inhibits glycolysis and reduces lymphoma xenograft growth [146].
Targeting pyruvate dehydrogenase kinase 1 (PDK1) by dichloroacetate
(DCA) switches the carbon flux from glycolysis to glucose oxidation, el-
evates ROS production and decreases the inner mitochondrial mem-
brane potential sensitizing cells to apoptosis and blocking tumor
growth [147,148]. Inhibition of glutaminemetabolism by the glutamate
dehydrogenase 1 (GLUD1) inhibitor EGCG, induces proapoptotic pro-
teins leading to cell apoptosis and reduced lymphoma model growth
[149]. AZD3965 and EGCG are undergoing clinical trials in DLBCL
(phase I) and MM (phase II) patients.

5.1. Summary and future directions

Studies explaining MYC function and the cooperative events during
MYC-induced lymphomagenesis have provided new insights into the
biology of these tumors, but also opened new possibilities for targeting
MYC. In line with a relatively deep and thorough knowledge for
explaining MYC structure, binding partners and molecular function,
we are nowwitnessing thefirst trials in bringing newly developed com-
pounds to clinical testing. Most clinical studies evaluating new com-
pounds targeting MYC focus on solid tumors, while trials evaluating
the effectiveness of such therapies specifically in lymphoid malignan-
cies with MYC addiction are lacking. The clinical utility of strategies
targeting MYC for this patient group therefore remains to be defined.
As MYC research enters the phase of high-throughput analyses coupled
to structural and biological testing, these studies hold promise for new,
rationally designed and specific drugs inhibiting the function of this on-
cogene and the cooperating pathways. Sensible choice of compounds
that can advance to the clinical development phase, careful planning

image of Fig.�2
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of study protocols and proper inclusion of clinical biomarkers are be-
coming crucial for future successful outcomes.
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