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Abstract

MY C is a noncanonical transcription factor that binds to thousands of genomic loci and affects .
15% of the human transcriptome, with surprisingly little overlap between MY C-bound and -
regulated genes. This discordance raises the question whether MY C chooses its targets based on
their individual biological effects (“a la carte™) or by virtue of belonging to a certain group of
genes (on a “prix fixe” basis). This review presents evidence for a prix fixe, posttranscriptional
model where by MYC initially deregulates a select number of microRNAs. These microRNAs
then target a broad spectrum of genes based solely on the presence in their 3 UTRs (untranslated
regions) of distinct “seed” sequences. Existing evidence suggests that there are significant
microRNA components to all key MY C-driven phenotypes, including cell-cycle progression,
apoptosis, metabolism, angiogenesis, metastasis, stemness, and hematopoiesis. Furthermore, each
of these cell-intrinsic and -extrinsic phenotypes is likely attributable to deregulation of multiple
microRNA targets acting in different, yet frequently overlapping, pathways. The habitual targeting
of multiple genes within the same pathway might account for the robustness and persistence of
MY C-induced phenotypes.

V-MYC was first discovered as an oncogenicity factor of several acutely transforming avian
myelocytomatosis retroviruses and subsequently found to have a cellular homolog c-MYC
(thereafter referred to simply as MY C) (Sheiness and Bishop 1979). In the early 1990s, great
strides were made in characterizing its subcellular localization and biochemical properties. It
was found to be a nuclear phosphoprotein tightly bound to chromatin (Abrams et al. 1982).
It later became apparent that MY C preferentially binds to the E-box motif in the genomic
DNA through its carboxyl terminus as a heterodimer with Max (Blackwell et al. 1990;
Prendergast and Ziff 1991), whereas its amino terminus possesses an intrinsic
transactivation activity when fused to the GAL4 DNA-binding domain (Kato et al. 1990).
Curiously, full-length MYC has never been purified or produced in quantities sufficient for
rigorous analyses. Nevertheless, it seemed at the time that identification of MYC target
genes would be fairly straightforward, and that the identity of its key targets would explain
MY C-driven phenotypes in away that proapoptotic (e.g., Puma and Noxa) and
antiproliferation (e.g., p21) targets account for the major tumor suppressive effects of p53
(Lowe et al. 2004). These hopes for clarity never materialized (see Conacci-Sorrell et al.
2014).
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As more and more cell types were tested, the number of MYC targets rose vertiginously. A
hubsite (www.myccancergene.org) was created in the early 2000s to keep the researchers
abreast of new developments. Per its last update (September 2003), the database contained
1697 genes. Many more genes have since been identified. Even if one limits the analysis to
just one cell line, the number of genes whose expression is influenced by MYC is
staggering. By some estimates, MY C regulates > 15% of the human transcriptome (Eilers
and Eisenman 2008), which is commonly referred to as the “MYC signature.”

One could certainly argue that not all genes comprising the MY C signature are its direct
targets, and if one were to catalog MY C-binding sites in the DNA, the “true” targets would
emerge. Such analysis was performed in several cell types, and the first part of the
prediction certainly held true. Out of thousands of MY C signature genes, only a small
fraction contained experimentally confirmed MY C-binding sites. Strikingly, the majority of
MY C-bound genes showed little evidence of regulation by MYC, and a consensus has
emerged that “... only a minority of loci to which MY C and Max are bound in vivo
correspond to MY C-regulated protein-coding genes” (Adhikary and Eilers 2005). Given the
minimal overlap between MY C-bound and -regulated genes (Fig. 1A), it is fair to ask what
exactly an MY C-target gene is and whether MY C chooses them on individual merit (“a la
carte”) or by virtue of belonging to a certain group of genes (on a “prix fixe” basis).
Although many papers in the field emphasize important functional relationships between
MY C and a handful of key targets, it is worth reviewing evidence in favor of the prix fixe
model.

One possible scenario is that MY C regulates several key transcription factors, which
broaden the MYC signature by pooling together different subsets of targets. In principle,
MY C could trans-activate genes X, y, and z, each with their own cohort of target genes. For
example, 1d2 was reported to be a direct transcriptional target of both c- and N-MYC
(Lasorella et al. 2000), leading the investigators to conclude that 1d2 mediates MY C-induced
signaling, in particular, through the Rb-E2F pathway. That same pathway could be affected
through the binding of MYC to the E2F2 promoter (Sears et al. 1997). To be sure, there is a
considerable overlap between MY C and E2F targets (Ogawa et al. 2002). Yet, this indirect
mode of regulation by proxy is inconsistent with the rapidity of MY C-induced changes in
gene expression. Several reports show that gene deregulation by MY C occurs within 4-12
hours, and it is doubtful that two cycles of transcription and one cycle of translation could
occur within this time frame. Indeed, published studies from the Eick group show that the
majority of MY C-affected genes are regulated in the absence of new protein synthesis
(Schuhmacher et al. 2001).

An intriguing alternative to the mechanism described above is the recent “amplification
model” in which MY C neither deliberately chooses its targets on individual basis nor
delegates this task to “subordinate” transcription factors, but instead broadly enhances
transcription of genes poised to be transcribed. This is thought to occur via the recruitment
of the P-TEFb antipausing complex by MYC and the promation of transcription elongation
(Lin et al. 2012; Nie et al. 2012; also see Rahl and Young 2014).
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As thought-provoking as these transcriptional studies are, currently there is little evidence
that the amplification model accounts for the transforming activity of MYC. Furthermore,
there are also examples of MY C-target genes that are not at all regulated at the level of
messenger RNA (mRNA) synthesis (either transcription initiation or elongation). In 1989
and 1990, it was reported that the plasminogen activator inhibitor 1 gene is regulated by
MYC at the level of mRNA turnover (Prendergast and Cole 1989; Prendergast et al. 1990).
Ten years later, our laboratory made a surprising discovery that although MY C strongly
represses expression of the antiangiogenic factor thrombospondin-1, it does not significantly
affect the activity of the thbs1 promoter. Instead, it negatively regulates thrombospondin-1
mRNA stability, as determined in experiments with actinomycin D, an inhibitor of de novo
transcription (Janz et al. 2000). Furthermore, the Eick and Dang groups found numerous
discrepancies between nuclear run-off rates and mRNA steady-state levels, leading them to
conclude that “genes such as RFC4 and MCM4 are likely to be direct targets of MYC, but
that posttranscriptional mechanisms may contribute to accumulation of mRNA at later time
points” (Schuhmacher et al. 2001; Fan et al. 2010). Thus, alternatives to transcription-based
mechanisms of gene regulation by MY C must exist. The discovery of microRNAs in
mammalian cells and their tight connection to MY C proved to be a breakthrough in the
field.

Since their discovery in 1993 (Lee et al. 1993; Wightman et al. 1993), microRNAsS, a
subclass of short double-stranded RNAs, have emerged as major players affecting mRNA
turnover and translation in a sequence-specific manner. They are synthesized as long
primary transcripts (primicroRNAs) with loop/hairpin structures and undergo cleavage by
the RNase 111 endonuclease Drosha. The cleaved products (termed pre-microRNAS) are
exported from the nucleus into the cytoplasm where the Dicer RNase I11 endonuclease
cleaves the loop off the hairpin, thus generating two complementary single-stranded
molecules. One of them, called the guide strand, gets incorporated in the RISC-loading
complex (RLC). RLC, which at minimum is composed of Dicer, TRBP, and Ago2, guides
the microRNA to the target mRNA (Winter et al. 2009). Although it is sometimes
incorporated into the RLC instead of the conventional guide strand, the complementary
strand (miR*) usually undergoes degradation (Zamore and Haley 2005).

The outcome of these events depends on the degree of homology between the microRNA
and the mRNA. In rare cases in which the microRNA-mRNA complementarity is complete,
Argonaute can mediate the cleavage and rapid degradation of target mRNA. In the majority
of cases, nucleotides 2—7 of the microRNA, termed the “seed sequence,” are responsible for
target recognition through homology with the cognate mRNA (Bartel 2009). Additional
contributing factors include target accessibility and the free energy of the entire duplex
(Miranda et al. 2006). However, base pairing of the nonseed nucleotides appears to vary
greatly between targets, and seed sequence interactions are, in many cases, sufficient to
result in translation repression and MRNA destabilization (Zamore and Haley 2005). Thus,
the microRNA binding sites in mMRNAs are barely longer than MY C-binding sites in the
genomic DNA and equally abundant. In fact, common algorithms predict that most
microRNAs have hundreds, if not thousands, of targets. Thus, they are ideally suited to
mediate broad effects of MY C on gene expression should they be subject to regulation by
MYC (Fig. 1B).
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Several papers published in the summer of 2005 showed that such connections indeed exist.
First, the Mendell and Dang laboratories showed that MY C transcriptionally up-regulates
the human C130rf25 locus (O’Donnell et al. 2005) encoding the primary transcript for the
miR-17-92 cluster. This cluster encodes six distinct microRNAs, miR-17, —18a, —19a, —20a,
-19b, and -92a (Fig. 1C), which collectively down-regulate a number of target genes
including E2F1,a protein that drives both proliferation and apoptosis. The investigators
proposed that microRNA-mediated down-regulation of E2F1 by MY C alleviates apoptosis
and enhances overall tumor growth (O’Donnell et al. 2005). Indeed, in the accompanying
study by He et al. (2005), miR-17-92 was shown to cooperate with MYC in inducing
neoplastic transformation of B-cell progenitors.

Moreover, a subsequent study from the Mendell and Thomas-Tikhonenko laboratories
showed that, in addition to MY C-activated microRNAs (which could, in principle, account
for a wealth of MY C-repressed genes), there exist MY C-repressed microRNAs (which
could account for equally numerous MY C-activated genes) (Chang et al. 2008).
Interestingly, in a B-lymphoma cell line, MY C-repressed (but not MY C-stimulated) genes
were highly enriched for predicted MY C-regulated microRNA seed sequences (Psathas et
al. 2013). This suggested that gene repression by MY C was effected in large part (and more
so than gene activation) through microRNA-mediated mechanisms.

In the following pages, we will present evidence that microRNA-dependent gene regulation
by MY C accounts for many of its “target” genes and, most importantly, for key MYC-
driven phenotypes. We will preferentially cite and discuss papers that place microRNA-
driven events in the context of MY C-associated events and, thus, this should not be
construed as a comprehensive survey of cancer-related micro-RNAs; for that, we refer the
reader to other review articles (Croce 2009; Sotillo and Thomas-Tikhonenko 2011).
Additionally, most of the papers cited herein focus on phenotypes driven by MYC
overexpression, which is often observed in cancer. Although the same regulatory pathways
are likely to be in place in normal cellular contexts, how endogenous MYC regulates
microRNA expression remains a subject for further studies.

CELL CYCLE AND MITOTIC DIVISION

Precise regulation of cell-cycle progression ensures genetic fidelity during mitotic division.
These regulatory decisions incorporate diverse extracellular and cell-intrinsic signals. If
DNA damage is sensed or replication is incomplete, cells will enter cell-cycle arrest or
apoptosis to avert the propagation of mutations. Aberrant regulation of the cell cycle, either
through mutations or deregulated gene expression, is a hallmark of cancer development. To
prevent this, cells have evolved extensive cell-cycle checkpoints that verify whether each
phase has concluded properly and completely before progression to the next phase. The
balance between cell-cycle progression and arrest is dependent chiefly on the equilibrium of
cyclins, cyclin-dependent kinases (CDKSs), and cyclin-dependent kinase inhibitors (CDKIs)
(Malumbres and Barbacid 2009). The establishment of multiple, independent checkpoints
preclude a single alteration to the checkpoint machinery from driving uncontrolled division.
However, deregulation of a single factor that controls multiple aspects of the cell cycle in
concert could alter this balance.
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Of all the biological processes that MY C regulates, cell-cycle progression and mitotic
division have been studied most extensively and conclusively. Rat-1 fibroblasts with
homozygous deletion of MY C were viable, but significantly impaired in mitosis (Mateyak et
al. 1997) and this defect could be rescued by other MY C-family members (Landay et al.
2000), but by virtually no other genes, with the possible exception of SHMT2 (Nikiforov et
al. 2002). Early efforts to characterize this regulation focused on transcriptional
mechanisms; as a result, CDK-4 and the CDK tyrosine phosphatase Cdc25Awere identified
as MYC targets (Galaktionov et al. 1996; Hermeking et al. 2000). However, reconstitution
of the cyclin D-CDK-4/-6 complex in MY C null cells minimally affected cell-cycle
regulation (Mateyak et al. 1999). MY C must therefore regulate the cell cycle at multiple
independent points and through multiple targets. This idea is consistent with a microRNA-
dependent mechanism.

Indeed, 5 years ago we found that, in MY C-driven lymphomas, restoring expression of
MY C-repressed microRNAs conferred significant growth disadvantage in competition
assays (Chang et al. 2008). Briefly, murine B-lymphoma cells were retrovirally infected
with constructs expressing MY C-repressed microRNAS and green fluorescent protein
(GFP), and equal numbers of noninfected- and microRNA-expressing cells were
subcutaneously injected into severe combined immunodeficiency mice. We observed a
significant underrepresentation of cells expressing MY C-repressed microRNAS, as
measured by enumerating GFP-positive cells. This was in contrast to the very mild effects of
CDK-4 deficiency on general cell proliferation (save for specific endocrine cell types)
(Malumbres et al. 2004). How do MY C-repressed micro-RNAs affect cell division so
potently? As one would expect, certain MY C-repressed micro-RNAs (miR-34a,
miR-15a/-16, miR-26, and let-7) have been shown to specifically target positive regulators
of the cell cycle (Fig. 2).

miR-34
Overexpression of miR-34 family members has been shown to cause cell-cycle arrest in
multiple cell lines (He et al. 2007; Tarasov et al. 2007; Sun et al. 2008). This phenotype is,
at least in part, mediated through simultaneous repression of CCND1, CCNE2, CDK-4, and
CDK-6, positive regulators of cell-cycle progression (Matsushime et al. 1992; Kato et al.
1993; Quelle et al. 1993; Bates et al. 1994; Meyerson and Harlow 1994; Lauper et al. 1998).
Of note, miR-34 was more effective at driving cell-cycle arrest than knockdown of the
individual targets, supporting a model of cooperativity. Furthermore, miR-34a has been
shown to down-regulate E2F protein levels in human colon cancer cells, although a direct
targeting mechanism has yet to be established (Tazawa et al. 2007).

miR-15a/-16
The miR-16 family of microRNAs is comprised of miR-15a/b, miR-16, miR-195, miR-424,
and miR-427. Levels of the miR-15a and miR-16 microRNAs, encoded by the DLEU2
locus, fluctuate dynamically during cell-cycle progression (Rissland et al. 2011) and are
integral to cell-cycle regulation. The deregulation of these microRNASs has been implicated
in multiple cancers: DLEU2 is often found to be deleted in B-cell chronic lymphocytic
leukemias (B-CLL) (Calin et al. 2002) and is down-regulated in B-cell lymphomas by MYC
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miR-26

let-7

miR-17-92

through the recruitment of HDAC3 (Zhang et al. 2012). When restored, miR-16 family
members inhibit the G4/ S transition by targeting several positive regulators of the cell cycle.
Specifically, CCND1, CCND3, CCNEL1, and CDK-6 were directly targeted by miR-16 in
various cell lines (Linsley et al. 2007; Liu et al. 2008). Additionally, CARD10, CDC27, and
CACUL1 were down-regulated after transfection of miR-16 into Dicer-deficient HCT116
cells (Linsley et al. 2007). Importantly, the cell-cycle arrest phenotype required the targeting
of multiple cell-cycle regulators to achieve the same degree of arrest driven by miR-16.

Several groups have established miR-26 as a regulator of the cell cycle. In vitro,
overexpression of miR-26 in hepatocellular carcinoma (HCC) cells (which express low
levels of miR-26) led to cell-cycle arrest, in part, through repression of CCND2 and CCNE2
(Kota et al.2009). Furthermore, the investigators showed the therapeutic efficacy of miR-26
overexpression in a MY C-driven mouse model of HCC (Felsher and Bishop 1999). This
efficacy is likely due to the array of cell-cycle regulators targeted by miR-26. In addition to
CCND2 and CCNE2, miR-26 directly repressed CCNE1, CDK-6, and EZH2, and induced
cell-cycle arrest in cell lines of various origin (Sander et al. 2008; Zhu et al. 2012).

Whereas the regulation of most microRNAs by MY C is transcriptional (Chang et al. 2008),
MY C-mediated repression of let-7 is unconventional. MY C stimulates the expression of
Lin-28b (Chang et al. 2009), which binds the prilet-7 hairpin and prevents processing by
Drosha in the nucleus and Dicer in the cytoplasm (Heo et al. 2008; Newman et al. 2008;
Viswanathan et al. 2008). Inhibition of let-7 leads to increased proliferation (Legesse-Miller
et al. 2009) and concordantly, overexpression of mature let-7 results in cell-cycle arrest
(Johnson et al. 2007). The mechanisms driving these phenotypes involve let-7 directly
repressing several positive regulators of the cell cycle including CCND2, CDK-6, CDC25A,
and CDC34 (Johnson et al. 2007; Legesse-Miller et al. 2009). Additionally, targeting of high
mobility group protein A2 (Hmga2) by let-7 is known to limit anchorage-independent
growth, most likely by a cell-cycle-dependent mechanism (Mayr et al. 2007).

In contrast to MY C-repressed microRNAs, the MY C-stimulated miR-17, miR-20a (Ota et
al. 2004), and miR-106a/b (O’Donnell et al. 2005; Zhao et al. 2012) directly target
CDKNI1A (p21), a negative regulator of the cell cycle (Ivanovska et al. 2008). In human
mammary epithelial cells, individual transfection of these microRNAs resulted in cell-cycle
progression similar to anti-CDKNZ1A small interfering RNA (Ivanovska et al. 2008). This
regulation is functionally important during transformation; repression of CDKN1A by
miR-17 or miR-20 was necessary to avoid oncogene-induced senescence in Ras-expressing
fibroblasts (Hong et al. 2010). The E2F family of transcription factors that regulate cell-
cycle progression is also targeted by miR-17 and miR-20a (O’Donnell et al. 2005; Sylvestre
et al. 2007). In a reciprocal relationship, E2F family members stimulate expression of the
miR-17-92 cluster creating a negative feedback loop (Sylvestre et al. 2007; Woods et al.
2007). MYC, therefore, both stimulates (miR-17/-20a) and represses (miR-34a) microRNAs
that target E2F. The cumulative effect of these relationships on cell-cycle progression may
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be context-dependent and requires further exploration; but, overall, MY C represses
microRNAs that prevent cell-cycle progression and induces microRNAs that target cell-
cycle inhibitors.

APOPTOSIS

Cellular stresses resulting in DNA damage can lead not only to cell-cycle arrest but also to
apoptosis—if the surveillance machinery deems the damage irreparable. The apoptotic
signaling cascade is efficient, irreversible, and poised to kill a single cell for survival benefit
to the organism. Regulation of apoptosis is complex and depends on the antagonistic balance
between pro- and antiapoptotic factors. Despite robust MY C-driven effects on cell-cycle
progression, MY C overexpression alone is apparently insufficient to transform cells, most
likely because MY C has intrinsic proapoptotic activities, both p53 dependent and
independent (Shortt and Johnstone 2012).

Mechanisms of p53-dependent apoptosis by MYC are well understood and generally involve
activation by MY C of p19Arf (Zindy et al. 1998). Arf then counteracts Mdm2, an E3
ubiquitin ligase that normally targets p53 for proteasomal degradation (Haupt et al. 1997;
Honda et al. 1997; Kubbutat et al. 1997). Additionally, MYC is known to directly activate
the tp53 promoter (Reisman and Rotter 1993) as well as affect the expression (Ceballos et
al. 2005) and phosphorylation of Mdm2 (Rogulski et al. 2005). In contrast, mechanisms of
p53-independent apoptosis by MY C are not well understood. In some cases, they might
incorporate p53-independent effects of p19Arf (Qi et al. 2004; Boone et al. 2011). However,
the Ink4a locus, which encodes Arf, is frequently deleted, particularly in B-cell lymphomas.
Other key mediators of MY C-driven p53-independent apoptosis are Noxa (Nikiforov et al.
2007; Nawrocki et al. 2008; Qing et al. 2012) and Bim, a well-recognized direct MYC target
(Hemann et al. 2005).

Induction of apoptosis is detrimental for the transforming activity of MYC and in mouse
models slows down tumorigenesis by necessitating additional antiapoptotic events such as
Bcl-2/Bcl-xL overexpression (Strasser et al.1990; Pelengaris et al. 2002). Thus, one would
surmise that genetic selection in tumors would yield a mechanism that uncouples
proliferation and apoptosis. Indeed, Hemann et al. (2005) showed that a commonmutant
MYC allele found in Burkitt lymphoma does just that. Specifically, Thr-58 (or alternatively,
Pro-57) mutants retain the ability to stimulate proliferation and activate p53, but cannot up-
regulate Bim and thus do not induce apoptosis in the mouse lymphoma models. In Burkitt
lymphoma, p53 inactivation and these MY C mutations (themselves associated with low Bim
levels) were mutually exclusive (Hemann et al. 2005). However, the mechanism by which
MY C activates, or fails to activate, apoptosis remained to be identified (Dang et al. 2005).
Could this uncoupling mechanism be microRNA-dependent?

It is not presently known whether Thr-58 MY C mutants are more adept at regulating
microRNAs. However, in our recent paper, we observed that overexpression of MYC due to
the strengthening of the PI3K-Akt axis and ensuing inhibition of GSK-3p resulted in a more
pronounced microRNA deregulation (Chung et al. 2012). Because GSK-3p is the enzyme
that phosphorylates Thr-58, it could be argued that nonphosphorylation of this residue
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miR-17-92

miR-15a/-16

(because of either mutation or GSK-3p inhibition) would cause more robust up-regulation of
miR-17-92 and more robust down-regulation of miR-34a and miR-15/-16 (Fig. 3 illustrates
how this would affect apoptosis).

As mentioned above, the MY C-stimulated miR-17-92 cluster of microRNAs was identified
as an oncogene by virtue of its ability to repress apoptosis in a murine B-cell lymphoma
model (He et al. 2005). Subsequent analyses have identified the two dominant effectors
responsible for the decreased apoptosis, Bim and PTEN (Xiao et al. 2008). Bim, which
inhibits the antiapoptotic Bcl-2, is down-regulated by miR-17-92 during normal
development to promote survival of B-cell progenitors (Ventura et al. 2008). However, in
adult mice, constitutive overexpression of miR-17-92 leads to lymphoproliferative disease,
and heterozygous deletion of the proapoptotic Bim and PTEN partially mimicked this effect
of miR-17-92 (Xiao et al. 2008). Subsequently, two other studies identified the miR-19
family of microRNAs as the key oncogenic component of miR-17-92 in Ey-MYC
lymphomas, both converging on PTEN as the functionally important target (Mu et al. 2009;
Olive et al. 2009). Its importance stems from the ability of PTEN to inhibit PI3K and
subsequent Akt phosphorylation, an event that promotes survival in a signaling cascade
involving BAD, Bcl-xL, and mitochondrial membrane permeabilization (Yang et al. 1995;
Datta et al. 1997; Billen et al. 2008).

One year later, a screen to identify the oncogenenic component of miR-17-92 in T-cell acute
lymphoblastic leukemia also implicated miR-19 (Mavrakis et al. 2010). The investigators
transduced IL-3-dependent lymphocytes with individual members of the cluster before
induction of apoptosis by IL-3 withdrawal. miR-19 was the only cluster member whose
overexpression allowed for escape from apoptosis. In addition to Bim and PTEN, the
investigators identified PP2A (Ppp2r5e) and AMPK (Prkaal) as being directly targeted by
miR-19. The PP2A phosphatase acts on phospho-Akt and was shown to contribute to
miR-19-associated antiapoptotic phenotype. In contrast, the investigators were unable to
observe an antiapoptotic effect after AMPK knockdown alone, despite its known roles in
p53 activation. Perhaps the coordinated down-regulation of all four miR-19 targets is needed
to confer the greatest survival advantage.

Bcl-2 inhibits mitochondrial membrane permeabilization and is a central node in apoptotic
signaling. Not surprisingly, multiple MY C-microRNA regulatory pathways converge on
Bcl-2. In addition to its activation through the miR-17-92/Bim/Bcl-2 axis, MYC represses
the miR-15a/-16 cluster that targets Bcl-2 directly. Thus, there are multiple MY C-regulated
micro-RNAs that could increase endogenous Bcl-2 levels. Nevertheless, at least in MYC-
driven B-lymphoid malignancies, ectopic reexpression of Bcl-2 enhances neoplastic growth
(Strasser et al. 1990), suggesting that transcriptional modulation of miR-17-92 and —15a/-16
levels may not be sufficient to evade apoptosis and copy number variation in the
corresponding genes might be required for a highly malignant phenotype.
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1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Psathas and Thomas-Tikhonenko Page 9

miR-34

Indeed, in chronic lymphocytic leukemia, Bcl-2 is up-regulated following miR-15a/-16 loss
(Calin et al. 2002) and deletion of the DLEU2 locus in mice also results in CLL-like disease
(Klein et al. 2010). Consistent with these findings, transfection of miR-15a/-16 expression
constructs into a leukemia-derived cell line-induced apoptosis (Cimmino et al. 2005), at
least in part because of Bcl-2 repression. The investigators also identified a strong negative
correlation between Bcl-2 and miR-15a/-16 expression in 26 CLL samples providing
physiological relevance. Interestingly, miR-15a/-16 is also reported to target p53, suggesting
a complex interplay between genetic and microRNA-mediated events in CLL (Fabbri et al.
2011).

MY C-mediated repression of miR-34 can promote or inhibit apoptosis in a context-
dependent manner. Several studies established the apoptosis-inducing ability of miR-34 in a
variety of human cancer cell lines (lung, breast, colon, osteosarcoma) as well as mouse
embryo fibroblasts (MEFs) (Chang et al. 2007; Raver-Shapira et al. 2007;Tarasov et al.
2007). This is thought to occur downstream of p53, which transcriptionally regulates the
miR-34 family members (He et al. 2007). Additionally, miR-34 induces apoptosis by
repressing the Sirtl deacetylase (YYamakuchi et al. 2008), which inactivates p53 through
deacetylation of lysine-382. This results in decreased expression of the p53 targets Puma
and Noxa, both of which repress Bcl-2. miR-34 also directly targets Bcl-2 (Bommer et al.
2007).

Counter to these proapoptotic roles, miR-34 also harbors antiapoptotic activities in certain
contexts. This is because miR-34 directly targets MY C for repression (Kong et al. 2008;
Christoffersen et al. 2010) and in cells with the intact MY C-ARF-MDM2-p53 pathway,
miR-34 overexpression actually reduced MYC levels and p53 stability (Sotillo et al. 2011).
This correlated with decreased sensitivity to chemotherapeutic agents. Similar
chemoprotective effects of miR-34 family members have been described in other tumor
types as well (Catuogno et al. 2013). Hence, as manipulation of microRNA levels is being
developed into therapies, the genetic context of the malignancy must be considered very
carefully.

METABOLISM

With each division, a cell must double its biomass and genetic material. The accelerated rate
of cell division in cancers results in extraordinary metabolic demand and therefore requires
metabolic adaptation. Otto Warburg first observed the altered cellular metabolism of cancers
80 years ago. Relative to normal tissue, glucose uptake and lactate production were
increased in rapidly dividing cancers and this aerobic glycolysis is now known as the
Warburg effect (Vander Heiden et al. 2009). In support of this model, several oncogenes,
including MYC, are capable of reprogramming the cell’s metabolic pathways.

With regard to the Warburg effect, MYC promotes multiple aspects of aerobic glycolysis.

This conversion involves the transport of glucose into the cytoplasm (via glucose transport
proteins, or GLUTS), enzymatic conversion of glucose to pyruvate (via HK2, PFK1, PFK2,
and PKM2), and, finally, using pyruvate to make lactate (via PDK1 and LDHA) instead of
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miR-17-92

acetyl-CoA, which enters the TCA cycle. To be sure, MYC transcriptionally regulates
several of these genes: GLUT1, HK2, PKM2, PDK1, and LDHA (Dang et al. 2009).
However, it has not been established whether (typically mild) up-regulation of these genes
by MYC is physiologically relevant. Given that regulation of metabolism is complex and
involves multiple feedback and feed-forward loops, one can argue that there might exist a
more systemic, pathway-wide approach to metabolome reprogramming (Fig. 4).

In addition to conventional transcriptional regulation by MYC (e.g., of GLUT1) (Osthus et
al. 2000), regulation of aerobic glycolysis has an miR-17-92 component. As mentioned
above, the MY C-stimulated miR-19a/b directly represses PTEN and PP2A leading to
increased Akt phosphorylation (Mu et al. 2009; Olive et al. 2009; Mavrakis et al. 2010).
Phosphorylation of Akt stimulates glycolysis through multiple mechanisms: by activating
PFK1 and PFK2, increasing expression of several GLUTS, and stimulating mTORC1
(reviewed in Robey and Hay 2009), a major facilitator of glycolysis and cell growth (Yecies
and Manning 2011). Furthermore, miR-19 also directly represses AMPK (Mavrakis et al.
2010), an inhibitor of mTOR activity (Bolster et al. 2002). Thus, as far as the promotion of
aerobic glycolysis is concerned, the main strength of MYC lies not only in its repertoire of
direct targets, but in cunning use of microRNAs to stimulate multiple components of the Akt
and mTOR pathways.

miR-23a/b-23b*

In addition to the systemic effects of miR-17-92, some MY C-regulated microRNAs could
still work by a one-target-at-a-time mechanism. A consequence of aerobic glycolysis is
reduced levels of acetyl-CoA entering the TCA cycle. In the absence of this substrate,
cancer cells must find alternative energy sources to power the mitochondria. Glutamine
catabolism (to glutamate and, subsequently, a-ketoglutarate) can fulfill this requirement
(Daye and Wellen 2012). In fact, several MY C-overexpressing cancer cell lines display
glutamine dependency (Wise et al. 2008; Qing et al. 2012). Although glutaminase (GLS-1),
the enzyme responsible for the conversion of glutamine to glutamate, is not a direct MYC
target, MYC has found a way to stimulate its expression by repressing miR-23a and
miR-23b, which directly target the GLS-1 3’ UTR (Gao et al. 2009). The fact that glutamine
deprivation slowed down proliferation more than glucose deprivation highlights the
importance of this MYC-microRNA pathway in cancer.

The contribution of the miR-23b cluster to metabolomic changes could be even more
complex. While investigating the repression of GLS-1, Gao and colleagues established that
MY C binds the miR-23b promoter and repressed its expression (Gao et al. 2009). In
contrast, Liu and colleagues found that MY C up-regulated miR-23b* (Liu et al. 2012). The
mechanism behind this differential regulation of opposite strands remains unclear. The
investigators showed that stimulation of miR-23b* by MYC resulted in altered proline
metabolism. miR-23b* directly inhibited POX/PRODH, the enzyme responsible for the
catabolism of proline to Al-pyrroline-5-carboxylate. How exactly this shift away from
glutamate and toward proline biosynthesis affects the energy requirements of cancer cells
has not been established. It does, however, reinforce the importance of the MY C-miR-23a/b-
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GLS-1 regulatory pathway in maintaining sufficient glutamate levels for the TCA cycle.
Additionally, there are clear implications for cell survival. POX/PRODH activity results in
the creation of reactive oxygen species (ROS), which can trigger apoptosis (Donald et al.
2001). By stimulating miR-23b* and repressing POX/PRODH, MY C simultaneously alters
proline/glutamate metabolism and limits the ROS by-product.

METASTASIS AND ANGIOGENESIS

miR-9

As tumors grow beyond the size of several cubic millimeters, even metabolic
reprogramming is unable to satisfy the increased energy demands. Angiogenic growth then
becomes necessary to provide greater access to oxygen and nutrients. Angiogenesis also
provides a conduit for metastatic spread, alleviating the spatial limitations of the current
tumor microenvironment. Tumors induce angiogenesis by secreting proangiogenic factors
(such as vascular endothelial growth factor, or VEGF) that elicit new vascular growth from
preexisting endothelial cells. Opposing this are several endogenous antiangiogenic factors
that function by directly inhibiting proangiogenic factors or initiating antiangiogenic
signaling (Bergers and Benjamin 2003). Oncogenic drivers of tumorigenesis shift this
equilibrium toward angiogenesis, allowing unfettered tumor growth (Rak and Yu 2004).

Metastasis, too, is a complex process involving multiple stages: epithelial to mesenchymal
transition (EMT), invasion of tumor cells into the surrounding tissue, entry into the
vasculature, translocation through the circulatory system, extravasation, formation of
micrometastases, and, finally, expansion into macrometastases. At each step, barriers exist
that must be overcome. Chief among them is E-cadherin, a transmembrane protein that plays
an important role in cell adhesion of adjacent epithelial cells. As such, it acts as a barrier to
cell migration and invasion, two components of metastasis (Chambers et al. 2002).
Additionally, E-cadherin represses p-catenin signaling and, as a result, expression of the
proangiogenic VEGF (Gottardi et al. 2001; Wong and Gumbiner 2003; Skurk et al. 2005;
Ceteci et al. 2007). Deregulation of MY C has been implicated in both angiogenesis and
metastasis with MY C-regulated microRNAs playing an integral role (Fig. 5).

Recently, the MY C-stimulated miR-9 was shown to directly repress E-cadherin (Ma et al.
2010). Using overexpression and inhibition approaches, Ma and colleagues showed the
proangiogenic and prometastatic properties of miR-9 in breast cancer models. miR-9
overexpression in previously nonmetastatic breast cancer cells led to micrometastases in
mice. The primary tumors were 10-fold more vascularized and allowed for increased
invasion and subsequent metastases. Conversely, inhibition of miR-9 using a “microRNA
sponge” (which outcompetes endogenous targets for binding to miR-9) decreased lung
metastases from implanted highly metastatic mouse mammary cancer cells. MYC and its
family member N-MYC directly stimulated miR-9 expression in breast cancer and
neuroblastoma models, respectively. Thus, by repressing E-cadherin, the MY C-stimulated
miR-9 promotes several aspects in the development of metastatic disease: angiogenesis,
EMT, invasion, and formation of micrometastases. Perhaps not surprisingly, a strong
correlation between N-MYC, miR-9, tumor grade, and metastatic status was observed in
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human neuroblastomas providing clinical relevance (reviewed in Khew-Goodall and
Goodall 2010).

The EMT is coordinated by several factors (Snail, Twist, Slug) that are regulated by
HMGAZ2, a chromatin remodeling protein. In two back-to-back studies, HMGA2 was
characterized as a target of the let-7 family of micro-RNAs (Lee and Dutta 2007; Mayr et al.
2007). The first study showed that mutation of let-7 binding sites in the HMGA2 3’ UTR
increased oncogenic transformation as measured by soft agar assay (Mayr et al. 2007).
Similarly, expression of HMGAZ2 without its 3’ UTR partially relieved let-7-mediated
growth inhibition in lung cancer cell lines (Lee and Dutta 2007). Investigation into the
upstream regulation of let-7 and the downstream effectors of HMGAZ2 unveiled a MY C-
repressed, antimetastatic-micro-RNA program in breast cancer cell lines (Dangi-Garimella
et al. 2009). Specifically, upstream signaling events converge on MYC to sequentially
stimulate LIN28B, repress let-7, and therefore derepress HMGA2. HMGAZ2 derepression
resulted in up-regulation of Snail, increased invasiveness in vitro, and increased bone
metastases in vivo. Additionally, LIN28B was shown to promote metastasis of colon (King
et al. 2011) and ovarian cancers (Helland et al. 2011); in the latter case, MYCN seems to be
directly responsible for LIN28B deregulation.

Another well-established microRNA regulator of the EMT is miR-200. The miR-200 family
of microRNAs directly targets the 3’ UTRs of both Zeb-1 and Zeb-2, transcription factors
that inhibit E-cadherin expression (Bracken et al. 2008; Gregory et al. 2008; Korpal et al.
2008; Park et al. 2008). Knockdown of miR-200 in epithelial cells resulted in an EMT that
was dependent on up-regulation of Zeb-1 and Zeb-2. Conversely, overexpression of
miR-200 in mesenchymal cells led to a mesenchymal to epithelial transition. Invasive breast
cancer cell lines have been shown to have lost miR-200 expression and miR-200 correlates
with E-cadherin levels in ovarian cancers. Although data demonstrating a causal link
between MY C and the miR-200/Zeb-1/EMT pathway has yet to be established, a screen for
MY C-regulated microRNAS in stem cells indicated that miR-200 is repressed by MYC in
murine lymphomas (Lin et al. 2009; further discussed in the Stemness section).

The proangiogenic properties of miR-17-92 were first identified in a study investigating the
role of MYC in angiogenesis. Introduction of MYC into Ras-transformed colonocytes (Ras-
Myc) increased tumor growth threefold over the parental Ras transformed cells, and analysis
of the tumors revealed that RasMyc tumors were highly vascularized (Dews et al. 2006).
This difference was, in part, mediated by miR-17-92 through the repression of the
antiangiogenic factors Tsp-1 and CTGF. miR-19a/b and miR-18a directly target the THBSL
(Sundaram et al. 2011) and CTGF (Ernst et al. 2010; Fox et al. 2013) 3’ UTRSs, respectively.
The angiogenic effects of miR-17-92 expression were also imposed through the repression
of the TGF-p signaling pathway. Direct targeting of TGFBR2 by miR-17/-20a and SMIAD4
by miR-18a resulted in decreased responsiveness to TGF- (Dews et al. 2010). Tsp-1,
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CTGF, and clusterin were among the TGF-3 responsive genes whose expression was
reduced in the presence of exogenous miR-17-92. Thus, the miR-17-92 cluster is a potent
activator of angiogenesis; it directly represses antiangiogenic factors (Tsp-1 and CTGF)
while also targeting the antiangiogenic TGF-f signaling pathway to exert indirect repression
(clusterin, Tsp-1, and CTGF). A similar pattern of regulation is driven by NMYC in
neuroblastoma (Mestdagh et al.2010). Of note, TGF-p signaling can induce the EMT
(reviewed in Katsuno et al. 2013). MYC therefore trades invasion for angiogenesis by
inducing miR-17-92, and perhaps balances the repression of TGF-§ signaling by stimulating
miR-9 and repressing let-7.

In contrast to these proangiogenic properties, a study examining the effects of miR-17-92
overexpression in endothelial cells established a cell-intrinsic antiangiogenic role for the
cluster, in particular, miR-92 (Doebele et al. 2010). How the context (tumor-initiated
paracrine signaling vs. cell intrinsic effects) of miR-17-92 expression affects angiogenesis
requires further investigation.

STEMNESS

Of all biological phenomena that MY C regulates, stemness is the most recently identified
and least well characterized (see Chappell and Dalton 2013). The stemness-promoting
potential of MYC was most notably described by Takahashi and Yamanaka in their seminal
paper describing four factors (Oct4, Sox2, KIf4, and MYC) used to transcriptionally induce
pluripotent stem cells (Takahashi and Yamanaka 2006). Although only two of the
Yamanaka factors, Oct4 and Sox2, were indispensable for this transition (Yu et al. 2007),
the stemness-driving potential of MYC came into focus. Rather than using KIf4 and MYC,
Yu and colleagues substituted Nanog and (the MY C-stimulated) Lin-28; this naturally led to
the suggestion that MY C-mediated stemness was conferred through the repression of the
let-7 family of microRNAs. A direct link between MYC, Lin-28, let-7, and stemness has yet
to be established; however, let-7 has been implicated in the balance of stemness and
differentiation (Melton et al. 2010; Zhong et al. 2010). Could other MY C-regulated
microRNAS be relevant as well? (see Fig. 6.)

miR-290 Cluster

The microRNAome of stem cells is dissimilar from that of differentiated cells. Up to 70% of
microRNAs in mouse embryonic stem cells (ESCs) are derived from the miR-290 cluster
(Marson et al. 2008). Within this cluster are the miR-291-3p, miR-294, and miR-295
microRNAs (all of the same seed family) that have been established as positive regulators of
the cell cycle (Wang et al. 2008). In an effort to understand the role of these microRNAs in
stem cell maintenance/reprogramming, it was shown that introduction of Oct4, Sox2, Klf4,
and miR-294 (rather than MYC) could reprogram MEFs (Judson et al. 2009). Both c-MYC
and N-MYC were found to bind the promoter of the miR-290 cluster and MYC was required
to transcriptionally activate the cluster during reprogramming of MEFs. This implicated the
miR-290 cluster as a powerful downstream effector of MY C and provided the first concrete
link between MY C, microRNAS, and stemness. The investigators did, however, observe
differences among the induced pluripotent stem (iPS) cells from the miR-294 and MYC-
transformed MEFs, possibly caused by other MY C-regulated microRNAs.
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miR-141, miR-200, and miR-429

Shortly thereafter, the MY C-microRNA-stem cell connection was strengthened in a screen
designed to identify microRNAs regulated by MYC exclusively in ESCs (Lin et al. 2009).
The investigators compared MY C-overexpressing ESCs to three other conditions: ESC-
derived-induced hematopoietic stem/progenitor cells (HSPs), HSP-derived tumors from
transplanted mice, and, finally, MY C-knockdown ESCs. This approach allowed ESC-
specific MY C-regulated microRNAs to be distinguished from those microRNAs regulated
by MY C in many other cell contexts. In ESCs, miR-141, miR-200, miR-338, and miR-429
were shown to be directly activated by MYC (in contrast to MY C-driven tumors in which
they are repressed). In functional assays, transfection of miR-141, miR-200, and miR-429
microRNAs result in reduced differentiation of the ESCs. Conversely, inhibitors targeting
these microRNAs enhanced differentiation. Through transfection with synthetic microRNAs
and microarray profiling, the investigators identified a host of microRNA-targeted genes
involved in differentiation pathways. This model, in which MY C regulates several micro-
RNAs to target multiple genes within a single pathway, provides a robust regulatory
network that can efficiently drive phenotypes.

miR-371 and miR-100 Clusters

The human miR-371 cluster of microRNAs, the murine miR-290 cluster homolog, is also
activated by MYC. This relationship was initially identified in hepatoblastomas, a rare
malignant neoplasm arising from liver precursor cells (Cairo et al. 2010). MYC has been
implicated in a subclass of particularly aggressive and undifferentiated hepatoblastomas.
Also characterized was the repression of the miR-100/let-7a-2/miR-125b-1 cluster by MYC.
Activation of the miR-371 cluster together with repression of the miR-100 cluster
constituted a MY C-driven stem-cell-like microRNA signature. This signature was also
observed in aggressive HCCs. Considering the link between MYC, the miR-290 cluster, and
stemness in murine ESCs, it is possible that MYC deregulation in human liver precursor
cells could result in up-regulation of miR-371 and the undifferentiated phenotype of these
aggressive hepatoblastomas. Emerging evidence suggests that tumors are initiated and
maintained by a population of cancer stem cells (CSCs) (discussed in Gupta et al. 2009). In
support of this, the investigators show that reversal of the MY C-driven stem-cell-like
microRNA signature in HCC cell lines led to decreased colony growth in soft agar assays
and smaller tumors when injected into immunodeficient mice (Cairo et al. 2010).

miR-34
After the initial discovery that Yamanaka factors could induce reprogramming of somatic
cells into iPS cells, questions remained regarding how to increase the efficiency and rate of
reprogramming. Five groups simultaneously established p53 as a major roadblock to
reprogramming (Hong et al. 2009; Kawamura et al. 2009; Li et al. 2009; Marion et al. 2009;
Utikal et al. 2009). Inactivation of p53 significantly enhanced the generation of iPS cells by
the Yamanaka factors compared to the factors alone; however, self-renewal and subsequent
differentiation of these iPS cells was negatively affected (Hong et al. 2009; Marion et al.
2009). Activation of p21 and miR-34 are two of the mechanisms by which p53 inhibits
reprogramming (Hong et al. 2009; Li et al. 2009; Choi et al. 2011). p21 effects were
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mediated mainly through cell proliferation whereas miR-34 directly targets Nanog, Sox2,
and N-MYC, all of which are important in maintaining stemness (Choi et al. 2011).
miR-347/~ iPS cells had similar self-renewal and differentiation capabilities relative to wild-
type iPS cells, but were generated with increased efficiency (Choi et al. 2011). In contrast to
p53, MYC indirectly represses p21 (through stimulation of miR-17-92, as discussed in the
section on cell cycles above, and below in the context of CSCs). It also directly represses
miR-34. The ability of MY C to counteract these p53-mediated reprogramming roadblocks
likely contributes to its ability to drive stemness.

Another line of evidence supports a role for MYC in the maintenance of CSCs. In mixed
lineage leukemia (MLL), the MY C-stimulated miR-17 and miR-20a microRNAs target p21.
Although the effects of this regulation on the cell cycle had been established (lvanovska et
al. 2008), another group explored how p21 loss affected leukemia stem cells (Wong et al.
2010). Overexpression of miR-17 and miR-20a in a mouse model of acute myeloid leukemia
led to leukemic cells expressing increased c-Kit and decreased Mac-1, characteristic of
leukemia stem cells. This phenomenon was attributed to repression of p21 and,
subsequently, increased self-renewal of CSCs. Thus, during normal development, MYC
plays a fundamental role in stemness and tissue homeostasis; however, its deregulation can
result in cancer development through the maintenance of CSCs.

NORMAL AND MALIGNANT HEMATOPOIESIS

miR-150

miR-17-92

In addition to the phenotypes discussed above, MY C has been implicated in a variety of
developmental processes. This is especially evident in lymphocyte development in which
MY C functionally interacts with other transcription factors such as c-Myb (Fig. 7).

c-Myb is of critical importance during early B-cell development as well as during the
activation of mature B cells. miR-150, in contrast, is expressed specifically in mature B cells
and directly targets c-Myb to repress this developmental factor once B-cell differentiation
has occurred. Altering the normal expression of miR-150 or c-Myb results in B-cell
differentiation defects (Xiao et al. 2007). The first evidence supporting a role for MYC in
the miR-150/ c-Myb regulatory pathway was the identification of miR-150 as a MYC-
repressed microRNA (Chang et al. 2008). Interestingly, the processing of pri-miR-150, like
pri-let-7, is repressed by the MYC-stimulated LIN28 (Chang et al. 2009). Therefore, in
addition to its role in normal development, deregulation of MYC and the resultant block in
miR-150 maturation is a driver of MLL-associated leukemia (Jiang et al. 2012). Another
MY C-repressed cluster, miR-15a/-16, also targets c-Myb (Chung et al. 2008) demonstrating
the important role of microRNASs in sustaining c-Myb levels (Zhao et al. 2009).

The miR-17-92 microRNA cluster is another important regulator of lymphocyte
development. As discussed in the Apoptosis section, overexpression of miR-17-92 in B
cells leads to lymphoproliferative disorder caused by the repression of proapoptotic Bim
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(Xiao et al. 2008). During normal development, this repression is necessary for the pro-B- to
pre-B-cell transition. Recently, several studies have identified additional mechanisms by
which miR-17-92 regulates lymphocyte development and shown how aberrant miR-17-92
expression can have a causal role in lymphomagenesis.

Two recently published studies established that mice with a T-cell-specific deletion of
miR-17-92 show defects in follicular helper T-cell (Tgy cell) differentiation. As mediators
of immune responses, mice with compromised Tgy cell differentiation have reduced
germinal-center formation, antibody production, and response to viral infection. In contrast,
T-cell-specific miR-17-92 overexpression promoted TgH cell differentiation.

Multiple miR-17-92 targets are responsible for these phenotypes. In one study, the
investigators observed that miR-17-92 null Ty cells expressed a subset of Try cell-
inappropriate genes due to up-regulation of ROR-a, a transcription factor normally targeted
by all miR-17-92 cluster members. Reducing ROR-a expression in the miR-17-92 null T
cells partially rescued Tgy cell differentiation (Baumjohann et al. 2013). In the other study,
miR-17- 92 was shown to target the PHLPP2 and PTEN phosphatases. Both PHLPP2 and
PTEN target the PI3K signaling pathway, which is important during T-cell activation and
differentiation (Kang et al. 2013). Of note, repression of PHLPP2 and PTEN by miR-17-92
is also relevant in B-lymphomagenesis. Mice with B-cell-specific overexpression of
miR-17-92 develop lymphomas. Furthermore, PHLPP2 and PTEN were identified as
miR-17-92 targets in PAR-CLIP experiments designed to interrogate specific microRNA-
MRNA interactions (Jin et al. 2013). These results show that a microRNA-target relationship
can be required for normal development, but can also be oncogenic when deregulated.

Deregulation of phosphatases appears to be a common theme in miR-17-92-mediated
signaling. We have recently shown that among its direct targets are several immunoreceptor
tyrosine inhibitory motif-containing proteins (such as CD22 and FCGR2B) that normally
recruit phosphatases of the SHIP/SHP family to the B-cell receptor (BCR). Consistent with
this finding, either MY C or miR-17-92 expression was necessary to maintain
phosphorylation of SYK and BLNK on ligation of the BCR. Further downstream,
amplification of the BCR response by miR-17-92 resulted in enhanced calcium signaling
and elevated levels of Myc itself constituting a feed-forward loop. Additionally, miR-17-92
levels were limiting to the BCR response of diffuse large B-cell lymphoma (DLBCL) cell
lines and elevated in the BCR subtype of primary DLBCL (Psathas et al. 2013).

CONCLUDING REMARKS

MY C is an atypical transcription factor capable of both stimulating and repressing the
expression of thousands of genes. Although in the P493-6 system both miR-17-92 and
LIN28B are induced quite robustly, for the vast majority of protein-coding genes, the
magnitude of regulation is often modest relative to conventional transcription factors (Dang
et al. 2006; Eilers and Eisenman 2008). In this regard, MYC is strikingly similar to
microRNAs, which are also capable of exerting modest repression on hundreds of target
genes. Thus, the discovery that MY C regulates several microRNAs provided a new
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cornerstone in MYC biology and a mechanistic link between the two classes of gene
regulators (O’Donnell et al. 2005; Chang et al. 2008).

In general, investigations of microRNA-target interactions fall into two broad categories.
One is based on the assumption that in a given cell type, each microRNA has one or few
essential targets that account for its effects on cell phenotypes. This concept held true for
more than 20 years in the Caenorhabditis elegans system (Lee et al. 1993; Wightman et al.
1993) and has significant experimental support from mouse genetics studies. For example,
in the context of normal B-cell differentiation, MY C-regulated miR-150 controls this
process chiefly by targeting c-Myb (Xiao et al. 2007). During MY C-induced B-
lymphomagenesis, miR-17-92 acts as an onco-miR (He et al. 2005) and its oncogenic
effects could be attributed, to a large extent, to down-regulation of the PTEN tumor
suppressor gene by miR-19 (Mu et al. 2009; Olive et al. 2009).

The latter approach posits that miR-controlled cell phenotypes are attributable to
deregulation of multiple targets acting in different, frequently overlapping pathways and
simultaneously exerting both activating and inhibitory effects. Although less common, this
approach is better suited to the analysis of microRNA clusters and “promiscuous”
transcription factors such as MYC. Because MYC regulates dozens of microRNAs and each
microRNA, in turn, can target hundreds of mRNAs, the sum effects of MY C deregulation
are inevitably complex.

The MY C-driven phenotypes described herein all have microRNA-regulated components.
The robust nature of these phenotypes owes a great deal to microRNA-mediated targeting of
multiple genes within the same pathway, which makes MY C effects potent, persistent, and
pervasive.
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Figure 1.

Gene regulation by MYC: a la carte or prix fixe? (A) Comparison of MY C-bound versus

MY C-regulated genes in P493-6 cells. (B) Model of MY C-mediated gene regulation through
the microRNA pathway. (C) The miR-17-92 cluster, which accounts for most
posttranscriptional MYC targets.
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Figure 2.
MY C-regulated microRNAs and their cell-cycle-related targets. The MY C-stimulated cyclin

D1/2/3 (green), cyclin E1/2 (orange), and CDK-4/-6 (purple), and the MY C-repressed p21
(red) are shown. E2F (pink) is both MY C-stimulated and -repressed. Each stage of the cell
cycle regulated by these targets is represented and the coordinated regulation of these targets
promotes cell-cycle progression.
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MY C-regulated microRNAs and apoptosis. Relevant MY C-repressed (green) and -
stimulated (purple) targets are shown. The coordinated regulation of these targets inhibits
apoptosis.
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MY C-regulated microRNAs and metabolic alterations. Relevant MY C-repressed (green)

and -stimulated (purple) targets are shown. Important metabolic processes (blue) are
depicted. The coordinated regulation of these targets promotes aerobic glycolysis and uses
glutamine for the tricarboxylic acid cycle (TCA) cycle.
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Figure5.
MY C-regulated microRNAs during angiogenesis and metastasis. Relevant MY C-repressed

(green) and -stimulated (purple) targets are shown. The EMT (blue) promotes metastasis.
The coordinated regulation of these targets promotes angiogenesis and metastasis.
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Figure®6.

MY C-regulated microRNAs in stem cells. Relevant MY C-repressed (green) and -stimulated
(purple) targets are shown. Important processes in stem cell biology (blue) are depicted. The
coordinated regulation of these targets promotes stem-cell-like properties.
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Figure7.
MY C-regulated microRNASs in normal and malignant hematopoiesis. Relevant MY C-

repressed (green) and -stimulated (purple) targets are shown. Important processes in
hematopoiesis (blue) are depicted.
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