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c-MYC-miRNA circuitry

A central regulator of aggressive B-cell malignancies
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C (c-Myc) deregulation has
been frequently associated with
aggressive lymphomas and adverse
clinical outcome in B-cell malignancies.
MYC has been implicated in controlling
the expression of miRNAs, and MYC-
regulated miRNAs affect virtually all
aspects of the hallmarks of MYC-driven
lymphomas. Increasing evidence has
indicated that there is significant cross-
talk between MYC and miRNAs, with
MYC regulating expression of a number
of miRNAs, resulting in widespread
repression of miRNA and, at the same
time, MYC being subjected to regulation
by miRNAs, leading to sustained MYC
activity and the corresponding MYC
downstream pathways. Thus, these
combined effects of MYC overexpression
and downregulation of miRNAs play
a central regulatory role in the MYC
oncogenic pathways and MYC-driven
lymphomagenesis. Here, we provide
biologicalinsighton the function of MYC-
regulated miRNAs, the mechanisms
of MYC-induced miRNA repression,
and the complicated feedback circuitry
underlying lymphoma progression, as
well as potential therapeutic targets in
aggressive B-cell lymphomas.

Introduction

MYC is a basic helix-loop—helix
leucine zipper transcription factor that
coordinates the diverse transcriptional
programs necessary for cell growth,
proliferation, invasion, expansion, and
angiogenesis."? MYC’s highly pleiotropic
effects are mirrored by thousands of
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MYC target genes with roles in virtually
every aspect of cell biology and oncology.?
MYC is one of the most commonly
overexpressed oncogene in cancer and
one of the most robust and significant
prognostic markers for B-cell lymphomas.
MYC dysregulation has been implicated
in the aggressive transformation of B-cell
lymphomas.* Although MYC has been
described as a defining feature and the
driving oncogene for Burkitt lymphoma,
MYC has also been recognized in other
non-Hodgkin B-cell lymphomas. MYC
has been detected in 9-14% of diffuse
large  B-cell

lymphomas,  associated

with an adverse prognosis as a result of
chemoresistance and shortened survival.>
In mantle cell lymphoma (MCL), increased
expression of MYC has been found to be
associated with poor prognosis and MCL
aggressiveness.”” MYC overexpression has
been implicated in high-grade large cell
transformation in follicular and marginal
zone cell lymphomas, supporting the
features of MYC in sustaining aggressive
transformation of lymphomas."

However, the underlying mechanisms
for MYC action remain elusive in these
lymphomas. The direcc MYC-induced
transcriptional changes that promote cell
transformation are still unclear. Important
insights into the molecular pathology of
MYC-driven B-cell lymphomas could be
gained through a better understanding
of which targets are responsible for
the biological consequences of MYC
suppression or induction. It is increasingly
clear that the MYC-targeted gene network
also includes non-protein coding targets.
Among the latter, microRNAs (miRNAs)
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have attracted the most attention as
important regulators of MYC-driven
lymphomagenesis. miRNAs are 20- to
22-nucleotide non-coding RNAs found
in plants and animals that inhibit gene
expression by targeting mRNAs to
degradation or inhibiting translation
of mRNAs!" The human genome
encodes thousands of miRNAs, which
regulate a large fraction of the human
transcriptome. MYC has been recently
implicated in controlling the expression of
a host of miRNAs."*"* The predominant
consequence of MYC activation s
widespread miRNA
expression.'* ' Here, we will summarize
the role of MYC-regulated miRNAs,
especially MYC-repressed miRNAs in
MYC-mediated processes,
and discuss the molecular mechanisms
of MYC-induced miRNA repression.
Finally, we will exploit the MYC-miRNA
circuitry as a mechanism to sustain
MYC hyperactivity and as a potential
therapeutic target for MYC-driven B-cell

malignancies.

repression  of

oncogenic

MYC-Regulated miRNAs are
Associated with the Hallmarks
of B-Cell Lymphomas

miRNAs
associated with many of the classical
hallmarks  of
proliferation, differentiation, angiogenesis,
and apoptosis. With their widespread

range of influence on biological pathways

have been shown to be

cancer, including

and implications as either oncogenes
suppressor  genes, their
dysregulation justifies their significant role

or tumor

in tumorigenesis leading to lymphoma.

The identification and role of MYC-

regulated miRNAs  were initally
established through chromatin
immunoprecipitation and miRNA

expression array by using MYC-inducible
cell lines, human and mouse models of
B-cell lymphoma.'*'* Unexpectedly, the
predominant consequence of activation
of MYC is widespread repression of
miRNA expression."* Moreover, enforced
repressed  miRNAs
diminishes the tumorigenic potential

expression  of

of lymphoma cells in vitro and in vivo,
supporting that MYC-repressed miRNAs
function as suppressor

tumor genes.
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Indeed, miRNA transcripts repressed by
MYC include several with potent tumor
suppressor activity, such as miR-15a/16-1,
miR-34a, and let7 family members.
Given the ability of a single miRNA to
regulate hundreds of targets, it comes as
no surprise that MYC can exert pleiotropic
effects and cellular functions through
reprogramming of miRNA expression.
Here, we highlight some recent advances
on how miRNA regulation has been
integrated into the MYC oncogenic
program in the regulation of hallmarks of
B-cell malignancies (see Fig. 1).

Cell growth and proliferation

As expected, both induction and
repression  of specific  miRNAs by
MYC broadly impact MYC-mediated
phenotypes, facilitating cell cycle entry
and progression by controlling all levels of
the cell cycle-regulatory machinery. The
influence of these miRNAs on the cell
cycle are mediated through inhibition of
cell cycle inhibitors such as INK4 or Cip/
Kip families by MYC-induced oncogenic
miRNAs or through cell cycle-positive
regulators, such as cyclins or cyclin
kinases, via MYC-repressed miRNAs.
For example, the miR-15a/16-1 cluster
directly regulates cell cycle progression
and proliferation by controlling the G,

checkpoint  proteins.  Overexpression
of miR-16 leads to induction of G /G,
arrest in tumor cells by suppressing the
identified miR-15a/16-1 targets, including
CDK1, CDK2, CDKG, as well as cyclins
D and E.® Thus, loss or repression of
miR-15a/16-1, often observed in B-cell
lymphomas, resulted in induction of these
cell cycle-positive regulators and led to
lymphoma cell growth and proliferation.
The cell cycle kinase binds cyclins in early
G, phase and participates in the sequential
phosphorylation of RB1 by CDK4/6
and CDK2 to repress RB inhibition of
E2F, subsequently promoting G -to-
S-phase  progression.”®  CDK4 or
CDK6 mRNAs are also regulated by
other MYC-regulated miRNAs such as
miR-24, miR-29, miR-34a, miR-124,
miR-125b, miR-195, and let-7 family
members."”?° In addition, cyclin D levels
are downregulated by let-7, miR-15 family,
miR-17, miR-19a, miR-20a, and miR-
342! Moreover, miR-16 and miR-34a
downregulate cyclin E to regulate cell
growth.”® Thus, when MYC is activated
in aggressive B-cell lymphomas, these
tumor suppressor miRNAs are inactivated
by MYC, resulting in induction of these
cell cycle-positive regulators and leading
to cell proliferation and growth. On the
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combination to exert its oncogenic functions.

Figure 1. MYC-regulated miRNAs and the hallmarks of B-cell ymphomas. MYC and miRNAs form
forward-feedback (double-negative) regulatory loops contributing to sustained MYC activation,
miRNA downregulation, and subsequent dramatic deregulation of the hallmarks of lymphoma.
“4", upregulation; “1", repression by MYC. MYC utilizes one or more of the above mechanisms in
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other hand, MYC-activated miRNAs are
also involved in cell proliferation and cell
cycle progression. p21<¥!, a p53 target and
CDK inhibitor, and pRB (retinoblastoma)
are direct targets of miR-17-92 and miR-
106b.?»* By targeting this cell cycle
inhibitor, MYC-induced activation of
miR-17 and miR-106b promotes cell cycle
progression.

Cell survival and drug resistance

A number of MYC-regulated
miRNAs are involved in the regulation
of lymphoma cell survival and drug
resistance. Repression of miRNAs by
MYC contributes to cellular survival
by activation of anti-apoptotic proteins.
For example, miR-15a/16-1, miR-26a,
miR-29, miR-34a, and miR-150, which
are repressed by MYC, can each activate
several survival signaling pathways in
B-cell lymphomas. Expression of these
miRNAs inhibits
promotes apoptosis of lymphoma cells,

cell  proliferation,
and suppresses tumorigenicity both in
vitro and in vivo.

The miR-15a/16-1
downregulates the anti-apoptotic protein
Bcl-2, Mcdl-1, CCNDI, and WNT3A.
Downregulation of these miRNAs has
been reported in B-cell malignancies.*

cluster directly

miR-34a is a direct transcriptional target
of p53 and contributes to p53-dependent
apoptosis.”>**  Recently, Craig et al.
reported that, of the MYC-repressed
miRNAs that are downregulated in
malignant lymphoma, miR-34a showed
the strongest antiproliferative properties
when overexpressed, and loss of miR-
34a resulted in high proliferation in
diffuse large B-cell lymphoma cells.
This study further attributes miR-34a’s
tumor-suppressive effects to deregulation
of its target Foxpl. Our studies revealed
that the miR-29 family (miR-29a-c) is
inversely correlated with MYC expression
and regulates cell growth and survival by
targeting CDKGO, IGF-1R, TCL-1, PI3K,
and MCL1.%%#?% We and others further
demonstrated that miR-26a and miR-548
are repressed by MYC, contributing to
lymphoma cell survival through silencing
of EZH2 and HDACG, respectively.?®
Collectively, these observations highlight
the broad impact of MYC-mediated
miRNA

survival and proliferation pathways.

reprogramming on  cellular
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Angiogenesis and metabolism

In aggressive B-cell lymphomas, as in
several other cancers, neo-angiogenesis
and production of proangiogenic factors
such as vascular endothelial growth factor
(VEGF) play a central role in lymphoma
progression. MYC may conceivably act as
a VEGF transcriptional factor, promoting
angiogenesis and
by upregulating the
proangiogenic factors.” Consistent with
these activities, MYC deactivation has
been shown to contribute to the collapse
of tumor®® The mechanism through
which MYC regulates the VEGF axis has
not yet been clearly elucidated. Several
lines of evidence revealed that MYC
controls VEGF by regulating a broad
range of miRNAs. VEGF translation is
regulated by at least 8 miRNAs, including
miR-15a, miR-16, miR-17, miR-20a, miR-
34a, miR-93, miR-106a, miR-106b, and
all of these miRNAs are under the control
of MYC.>® MYC-driven angiogenesis can
also be mediated by miRNAs through
repression of antiangiogenic factors such
as TSP1 (thrombospondin-1) and CTGF
(connective tissue growth factor). miR-
17-92 family members directly target the
transcripts that encode TSP1 and CTGFE,

respectively, thereby reducing expression

vasculogenesis
expression  of

of these antiangiogenic proteins, and thus
increasing angiogenesis.*

In addition, MYC activates the expres-
sion of genes to generate bioenergetic
substrates for rapid cell growth and high
metabolic activity in aggressive MYC-
driven B-cell lymphomas. Both in vitro
and in vivo models have provided sub-
stantial evidence that MYC induces many
genes involved in ribosome biogenesis
as well as genes involved in glucose and
glutamine metabolism to accommodate
to growing lymphoma cells.*® Mitochon-
drial glutaminase was among the proteins
identified that are regulated by MYC,
specifically through direct suppression
of miR-23a and miR-23b. Suppression
of these miRNAs triggers an addiction
to glutamine, which is required for bio-
energetics, nucleotide biosynthesis, and
redox homeostasis in cancer cells. Using
MYC-inducible human Burkitt lym-
phoma model P493-6 cells, it was shown
that MYC suppressed proline oxidase
expression primarily and regulated proline
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metabolism through upregulation of miR-
23b*** Furthermore, the induction of the
miR-17-92 cluster by MYC attenuates
E2F1 protein expression, such that inter-
ruption of this regulatory loop results in
DNA replication stress. The miR-17-92
cluster is also involved in glycolysis via
potentiating signaling through the PI3K-
AKT pathway. It is well established that
the PI3K signaling route is engaged in glu-
cose and fatty acid metabolism through
multiple mechanisms by increasing glu-
cose transporter surface expression and
enhancing glycolytic enzyme.”> AKT also
activates ATP citrate lyase to promote glu-
cose-dependent fatty acid synthesis and
tumor growth in vivo.> Taken together, in
aggressive B-cell lymphoma, activation of
MYC orchestrates the expression of genes
and miRNAs to meet the bioenergetic and
biosynthetic demands of increased cell
growth and proliferation.

Self-renewal, stemness, and invasion

Another biological setting in which
MYC and miRNA regulation may
converge is stem cell self-renewal and
invasion. Genetic studies in mice and in
embryonic stem (ES) cells reveled that
MYC has been shown to be required
for the maintenance of self-renewal.’’
Furthermore, MYC family genes, together
with OCT4, KLF4, and SOX2, act to
reprogram differentiated cells into induced
pluripotent stem (iPS) cells with ES cell
properties, suggesting that MYC is a driver
of pluripotency.*®** Thus, MYC-targeted
miRNAs and targeting-MYC miRNAs
are involved in lymphoma self-renewal
and invasion. Among the miRNAs, best
correlating with a stem cell property
(stemness) and self-renewal is miR-34.
miR-34 family members downregulate
the expression of stemness factors, such as
SNAIL1, BMI1, CD44, and CD133. The
functional relevance of these miRNAs
in cancer cells was further validated by
demonstrating that miR-34 is necessary
for p53-mediated inhibition of important
tumor cell properties, including migration
and invasion.”” In lymphomas, loss of
miR-34a promoted B-cell accumulation
and  high-grade and
Foxpl was a direct target of miR-34a in a
3'-untranslated region (UTR)-dependent
fashion.? Another miRNA family with
a critical role in tumor self-renewal and

transformation,
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invasion is let-7. The let-7 target genes,
HMGA2, IMP-1, and LIN28B, as well
as Ras and MYC have all been reported
to be important in acquisition of cancer
cell stemness.” Indeed, let-7 has been
associated with genesis and maintenance
of the lymphoma aggressive phenotype
in Burkitt lymphoma cells and B-cell
differentiation.*** Similar to let-7, miR-30
is reduced by MYC, and its target proteins
Ubc9 (ubiquitin-conjugating enzyme 9)
and ITGB3 (integrin beta3) are markedly
upregulated in breast cancer stem cell
and associated with tumor progression,
metastasis, and post-treatment relapse.
Our recent study revealed that miR-30
family members are involved in B-cell
differentiation.®

miR-200 members, another MYC-
targeted miRNA family, which directly
target the self-renewal regulator, polycomb
ring finger oncogene BMII, have been
found to be highly downregulated in
human breast stem cell as compared

with non-tumorigenic cancer cells.**%

Inhibition of miR-200b upregulates the
expression of SUZ12, a subunit of a PRC2
(polycomb repressor complex 2), and is
also required for mammosphere growth
by repressing E-cadherin expression and
increasing cell migration and growth.
Further, miR-200s promotes the self-
renewal and stemness through repressing
the expression of ZEB1, ZEB2 (zinc
finger E-box binding homeobox 1 and
2). ZEB1 has been described as able to
directly suppress the transcription of
miR-200 family members via a negative
feedback loop, and is thought to regulate
epithelial-mesenchymal transition
(EMT) and to promote the invasion of
cancer cells.” Similarly, miR-302/367
cluster is regulated by the stem cell
transcription factors OCT4 and SOX2,
as well as MYC. Overexpression of miR-
302 alone is enough to reprogram various
somatic cells into induced pluripotent
stem cells.’* MYC also induces expression
of miR-9.' Through targeting E-cadherin,
miR-9 promotes tumor cell migration and
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Figure 2. Potential mechanisms of miRNA repression by MYC. (A) MYC recruits HDAC complex to
miRNA promoter (of miR-15a/16-1) to induce histone tail deactylation, compact chromatin, and lead
to miRNA transcription suppression. (B) PRC2 is tethered to miRNA promoter (of miR-26a, miR-29
and miR-548 min) with HDAC3 by MYC to methylate and deacetylate histone tail and subsequently
inhibits miRNA transcription. (C) DNMT3 is recruited to miRNA promoter (of miR-34a and miR-146a)
by MYC to methylate DNA and lead to repression of miRNA transcription. (D) MYC induces Lin-28B
expression through direct association with the Lin-28 promoter, and Lin-28 proteins act as negative
regulators of miRNAs (let-7 and miRNA-150) maturation and biogenesis.
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invasion, B-lymphocyte differentiation,
and MYC-driven lymphomagenesis.®*
In conclusion, miRNAs are emerging as
important markers and key regulators of
cancer stem cell (CSC) by suppressing
CSC-specific and

including invasion,

activities,
and

genes
self-renewal,
lymphoma aggressive transformation.

Mechanisms of miRNA
Repression by MYC

Although the mechanisms by which
MYC activates gene transcription are
relatively well known, less is known about
how MYC represses transcription of target
genes, including miRNAs. While genetic
alteration of miRNA loci can be one cause
of miRNA downregulation, it is likely
that MYC hyperactivity also contributes
to widespread downregulation of miRNA
expression through transcriptional and
post-transcritional ~ regulation.  The
mechanisms throughwhich MYC represses
miRNAs are therefore of particular
significance, since reversing these effects
could have important therapeutic
implications. Our study revealed that
MYC acts as a repressor of miR-15a/16-1
by recruiting HDAC3.%® To investigate
the role of histone acetylation and HDAC
in MYC-induced miRNA repression, we
performed miRNA expression profiling
in lymphoma cells after pan-HDAC
inhibitor, suberoylanilide hydroxamic
acid (SAHA) treatment. We observed
that SAHA indeed induced expression
of a set of MYC-regulated miRNAs,
including miR-29¢, miR-26a, miR-30,
and miR-15a/16-1. These findings suggest
that histone deacetylation is involved in
MYC-mediated transcriptional repression.
Moreover, we re-cently demonstrated
that MYC, HDAC3, and PRC2 form a
repressive complex tethered to miR-29
and miR-26a promoter elements to
epigenetically repress transcription of
theses miRNAs in MYC-expressing
lymphoma cells.?® These results indicated
that EZH2-mediated histone methylation
is involved in MYC regulation of miRNA
expression. This is further supported by
our miRNA array study showing that
EZH?2 inhibition induced expression of
a number of MYC-regulated miRNA
such as miR-101, miR-200, miR-494,
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and miR-548.205¢ these
findings reveal that epigenetic histone

Collectively,

acetylation and/or methylation are novel
mechanisms for MYC-mediated miRNA
transcriptional repression (Fig. 2).

One of the most common causes of
the loss of tumor-suppressor miRNAs
in B-cell lymphomas is the silencing of
their primary transcripts by CpG island
promoter hypermethylation. One line of
evidence suggests that MYC recruits the
DNA methyltransferase DNMT3a to the
promoters of its negatively regulated target
genes, an example of which is p21. DNA
methylation-based regulation of miRNAs
has also been recently described.” To
investigate whether miR-34a promoter
methylation contributes to its repression
in aggressive gastric lymphoma, Craig
et al. performed methylation-specific PCR
analyses of a CpG island that surrounds
the transcriptional start site of the miR-
34a.® Primary miRNA-34a exhibited
in  high-
grade large B-cell lymphoma, indicating
that epigenetic silencing through DNA
methylation may contribute to miR-

promoter hypermethylation

34a repression and constitute another
mechanism for MYC-induced miRNA
repression.”” Promoter methylation of
miR-146a, another MYC-downregulated
miRNA has been described in primary
aggressive NK/T-cell lymphomas and is
associated with low expression level and
poor prognosis.”® Therefore, methylation
may occur in promoter-associated CG
islands of multiple miRNAs regulating
MYC signaling pathways and functions
(Fig. 2). Another layer of complexity
for MYC miRNA regulation is miRNA
processing (Fig. 2). Once transcribed,
miRNAs are processed and exported from
the nucleus to the cytoplasm. Alterations
in the processing machinery can also lead
to deregulation of functional miRNAs.
Chang et al. revealed that MYC-mediated
transactivation of the RNA-binding
protein Lin-28B is necessary for MYC’s
ability to post-transcriptionally repress
let-7 family members.” The study showed
that MYC induces Lin-28B expression
through direct association with the Lin-28
promoter, and that Lin-28 proteins act as
negative regulators of let-7 maturation and
biogenesis. Lin-28 regulates the expression
of let7 by binding to the precursors and

www.landesbioscience.com

blocking their maturation. More recently,
Jiang et al. showed that the maturation
of another MYC-repressed miRNA,
miR-150, is also regulated by MYC-
LIN28 axis, and mixed lineage leukemia
(MLL) fusion proteins negatively regulate
production of miR-150 by blocking miR-
150 precursors from being processed to
mature miRNAs through MYC/LIN28
functional axis.’® In summary, these data
uncover an orchestration of transcriptional
and  posttranscriptional  mechanisms
in MYC-mediated reprogramming of
miRNA expression (Fig. 2). Epigenetic
silencing through DNA methylation or
histone acetylation and/or methylation
and disruption of miRNA biogenesis
to MYC-induced miRNA

repression, and MYC utilizes one or more

contribute

of the above mechanisms in combination
to exert its oncogenic functions.

In addition, MYC also upregulates
expression of a set of oncogenic miRNAs.
Perhaps the most well-studied oncogenic
miRNA induced by MYC is the miR-
17-92 cluster, also known as Oncomir-1.
This miRNA cluster is located within
the noncoding gene Cl30rf25 at
13g31.3, which is frequently amplified
in B-cell lymphomas and overexpressed
in a variety of other tumors.”® Unlike
most protein coding genes, miR-17-92
is a polycistronic miRNA cluster that
contains multiple miRNA components,
each of which has a function to regulate
hundreds of target mRNAs. Transgenic
expression of this cluster in mice leads to
0 while its
genetic ablation impairs normal B-cell
development.®”  Six mature miRNAs,
miR-17, miR-18a, miR-19a, miR-20a,
miR-19b-1, and miR-92a-1, are encoded
in this cluster. When overexpressed in
the lymphoid compartment, miR-17-92
cluster-derived ~ miRNAs  cooperate
with MYC in inducing lymphomas in
the Ep-myc mouse lymphoma model.
Recently, miR-19 was identified as the
key oncogenic component of the cluster in
this model. In addition, miR-18 was also
shown to have some oncogenic potential.
The tumor suppressor PTEN and the

proapoptotic protein Bim have emerged as

a lymphoproliferative disorder,

important targets repressed by oncomir-
l-derived miRNAs in hematopoietic
system.” Hence, the miRNAs in the
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miR-17-92  cluster regulate
functions involved in lymphomagenesis.
Ectopic miR-17-92

cooperates with the MYC oncogene in

multiple
expression  of

a mouse model of B-cell lymphomas.®
The functional interplay between miR-
17-92 and MYC is further supported by
the finding that MYC itself is a potent
and direct transcriptional activator of
miR-17-92, thus supporting that miR-
17-92 may contribute to the oncogenic
properties of MYC. The exact molecular
miRNA-mediated
gene induction is not entirely clear. Our

basis  underlying
CHIP analysis revealed, in contrast to
MYC-repressed miRNAs, much stronger
MYC binding and weaker or no HDAC3
or/and EZH2 bindings to the E-box
regions of miR-17-92 cluster gene
promoter. The different binding complex
of MYC and epigenetic modifiers (HDAC
and EZH?2) is likely attributed to E-box
context of different miRNAs and dictates
the transcriptional activation or repression
function of MYC on miRNAs expression.

MYC Regulation
by miRNAs and MYC-miRNA
Circuitry as a Mechanism
of Sustaining MYC Activity

The interaction between MYC and
miRNAs is mutual, as MYC itself is
targeted by miRNAs. When interactions
between downregulated miRNAs and
overexpressed target protein-coding genes
were mapped in murine and human
lymphomas, MYC was identified as
the upregulated gene with the highest
interactionwithdownregulated miRNAs."
The functionally best-characterized MYC-
targeting miRNA is miR-34a, which is
located at chromosome 1p36, a region
frequently deleted in MYC-associated
lymphomas.'* Overexpression of miR-34a
in lymphoma cell lines decreased MYC
levels, inhibited proliferation, and induced
apoptosis.'**® The let-7 tumor suppressor
miRNA, another ~ MYC-repressed
miRNA, is also able to downregulate
MYC, reverting MYC-induced growth
in Burkitt lymphoma cells.* In addition
to miR-34a and let-7, we revealed that
miR-135a, miR-186, miR-494, miR-200c,
miR-374a/b, miR-101, and miR-548
target MYC. To further validate that
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these miRNAs target the MYC 3'-UTR
directly, we cloned the full-length of
MYC 3'-UTR and constructed a luciferase
reporter  plasmid  (p-miR-MYC-3'-
UTR-WT). Overexpression with each of
the aforementioned pre-miRNAs reduced
the luciferase activity and diminished
MYC levels, which reduced proliferation
and clonogenic growth.?>>* On the other
hand, miRNAs regulate MYC indirectly
through targeting other MYC-regulatory
proteins or miRNAs. The miRNA target
proteins regulate MYC expression at
transcriptional and  posttranscriptional
levels. For example, the miR-26a-regulated
PRC2 protein, EZH2, modulates MYC
expression through EZH2-mediated miR-
494 expressions.”>? We and others have
also shown that a combination of MYC-
targeting miRNAs has a stronger effect
in MYC downregulation than individual
miRNAs. Given widespread miRNA
repression, including a panel of miRNAs
that target MYC in aggressive lymphomas,
it is predicted that downregulation of
these miRNAs coordinately contribute to
MYC activation and induction of MYC
downstream oncogenic pathways, leading
to lymphoma aggressive progression.

On another note, MYC s presentat very
low levels in normal cells, both the short-
lived MYC protein and its equally short-
lived mRNA, indicating that MYC levels
are tightly regulated by transcriptional
and  posttranscriptional  mechanisms.
However, constitutive MYC activation has
been reported in aggressive lymphomas.* A
regulatory mechanism that enhances the
strength and prolongs the duration of MYC
activity is required for these lymphomas.
Indeed, accumulating evidence has
shown that many of these MYC-
targeting (direct or indirect) miRNAs
are silenced by MYC through binding to
E-boxes in the promoter regions of these
target genes, thus generating forward-
feedback  (double-negative) regulatory
loops between MYC and miRNAs in
aggressive B-cell lymphomas (Fig. 1). In
contrast to low MYC activation and high
expression of MYC-repressed miRNAs in
normal and reactive B lymphocytes, in
aggressive MYC-associated lymphomas,
lymphoma cells acquire diverse genetic
or epigenetic alterations that result in
MYC overexpresssion. Amplified and
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overexpressed MYC leads to low levels
of these miRNAs, with the negative
feedback loops for regulating MYC being
abrogated. Thus, MYC-miRNA circuitry
through autocrine/paracrine loops
contributes to sustained MYC activation
and subsequent dramatic deregulation
of the cell cycle, protein translation, and
metabolism among other cellular processes
for lymphomas aggressive progression.

Summary and Perspectives

MYC is a potent oncogene initially
identified as the hallmark and driving
force in Burkitt lymphoma. Increasing
evidence has supported that MYC gene
alterations, which have been identified in
other mature B-cell neoplasms, are usually
associated with aggressive clinical behavior.
The advent of functional and structural
genomics with advances in immunology
analyses and new animal models has
greatly accelerated our understanding of
oncogenic mechanisms in these MYC-
The
findings of widespread downregulation
of the miRNA
aggressive lymphomas clearly indicate a
central role of miRNA deregulation in
lymphoma initiation and progression.
The identification of the MYC-repressed
tumor-suppressor miRNAs underlies the
molecular mechanism of MYC-induced
lymphomagenesis.

MYC has the ability to activate genes
that increase the malignancy of the tumor
and at the same time has the ability to
repress genes such as tumor suppressors.
Although  the

mechanisms of MYC are relatively well

associated  lymphomas. current

transcriptome  in

transcription — activator
known, few studies have been conducted
to explain how MYC can exert its
transcription repression function. One
interesting aspect of that emerges from
our own studies, showing that MYC can
directly interact with many chromatin
components, particularly HDAC3 and
PRC2 proteins (EZH2, SUZ12), asa novel,
genuine, and critical mechanism of MYC-
mediated transcriptional = repression.?*?
Thus, our findings provide a rational to
redirect therapeutic effort by reactivating
these MYC-repressed tumor suppressor
miRNAs through inhibition of HDAC
and/or EZH2. Indeed, we demonstrated
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that the combination of HDAC and
EZH?2 inhibitors (vorinostat and DZNep)
induced miR-29 gene expression, resulting
in the synergistic reduction of oncogenic
protein levels of CDK6 and IGF-IR and
subsequent inhibition of cell survival and
lymphoma formation in vitro and in vivo.
Further, the identification of the reciprocal
MYC-miRNA feedback circuits added
another layer of complexity to the molecular
basis of sustaining MYC oncogenic
signal and driving lymphoma aggressive
progression.?>>* Thus, disruption of the
MYC-miRNA loop to suppress aggressive
B-cell lymphoma survival and growth can
be a novel promising therapeutic approach.
Indeed, recently, using a novel small-
molecule BET bromodomain inhibitor,
JQ1, and the EZH2 inhibitor, DZNep,
we demonstrated that combined treatment
of JQl and DZNep cooperatively
disrupted  MYC-miRNA, resulting in
a greater MYC reduction, restoration
of tumor suppressor miRNAs such as
miR-26a, and a synergistic suppression
of lymphoma growth and clonogenicity
in aggressive lymphoma cells.?’ Taken
together, it is now becoming increasingly
evident that interplay between MYC and
miRNAs plays a crucial role in aggressive
lymphomas. The control of MYC-miRNA
interaction is therefore a therapeutic target
for control of MYC and MYC downstream
pathways and lymphoma therapy. From
this perspective, a deep understanding of
the nature of the genetic and epigenetic
MYC and
continued efforts to unravel the specific
contribution of miRNA deregulation
will be needed for improved therapy of

aggressive lymphomas.
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