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CHAPTER |

INTRODUCTION

Introduction to Cancer

Defining cancer

While there are many types of cancer, all cancers arise from cells that grow
uncontrollably, disregarding the rules that govern growth and division. Normally, cells are
exposed to signals that dictate whether the cell should divide, differentiate, or die; however,
cancer cells develop autonomy to these signals. Each subsequent cell produced by division
of the first cancer cell and its progeny also display uncontrollable cell growth, leading to
the formation of a tumor. Ultimately, if the cancer cells continue to proliferate and invade
surrounding tissue, a process known as metastasis, it can be fatal. In fact, metastatic disease
accounts for as much as 90% (Chaffer and Weinberg, 2011) of cancer-related deaths.
Therefore, the development of more advanced molecular biological techniques and

therapies may help diagnose and treat potential cancers sooner, long before tumors spread.

Hallmarks of cancer

Cancers arise from the acquisition of changes that disrupt the cellular balance
between cell division and quiescence. These changes are often the result of mutations in
the genome or are triggered by external factors in the environment. While the accumulation

of deleterious aberrations typically induces cell death, they can also provide cells with a



selective advantage, allowing them to multiply more rapidly than normal cells. Even
though cancer is a multi-gene, multi-step disease, almost all cancers share a common set
of characteristics. Reviewed by Drs. Hanahan and Weinberg in 2000 and revised in 2011,
the hallmarks of cancer (Figure 1) describe the regulatory circuits of a cell and how
common defects in these networks alter cell physiology in favor of cancer (Hanahan and
Weinberg, 2000; Hanahan and Weinberg, 2011).

Normal cells are hardwired with crucial defense mechanisms that are breached
through the process of transformation into a cancer cell. The fundamental hallmarks, or
characteristics used to simplify the complexities of cancer include, self-sufficiency in
growth signals, insensitivity to anti-growth signals, resisting cell death, enabling limitless
replicative potential, sustained angiogenesis, and activating tissue invasion and metastasis
(Hanahan and Weinberg, 2000). In the last decade, two additional and potentially general
hallmarks have been implicated in the pathogenesis of some, if not all, cancers.
Specifically, deregulation of cellular energetics to reprogram metabolism and the ability to
avoid immune destruction have been described as “emerging hallmarks” (Hanahan and
Weinberg, 2011). These cancer-promoting functions, which are acquired in multiple tumor
types by different mechanisms at different times, allow cancer cells to survive, divide, and
spread. More recently, it has become appreciated that the acquisition of these alterations is
facilitated by two “enabling characteristics,” including the development of genome
instability and tumor-promoting inflammation (Hanahan and Weinberg, 2011).
Furthermore, aside from cancer cells, tumors are suggested to harbor a battery of normal
cells recruited to facilitate the acquisition of hallmark characteristics by creating a more

favorable “tumor microenvironment” (Hanahan and Weinberg, 2011). Trying to simplify



Sustaining Evading
proliferative growth
signaling suppressors

Deregulating Avoiding
cellular immune
energetics @ destruction
Hallmarks .
Resisting Enabling
cell of replicative
death immortality

Cancer

Genom Tumor-
mstablllty & promoting
mutation inflammation

Inducing Activating
angiogenesis invasion &
migration

Figure 1. Hallmarks of cancer. The complexity of cancer can be reduced to key biological
features (“hallmarks™) acquired during the multi-step process of tumor development. Adapted from
Hanahan and Weinberg, 2011.



and dissect the pathways involved in cancer initiation and progression have been vital in

understanding this disease.

Cancer genetics

While the Human Genome Project (HGP) has revealed that there are about 20,500
genes in the human genome (National Human Genome Research Institute website), only a
small number of genes have been associated with cancer (Watson et al., 2013). Each type
of cancer can likely be characterized by numerous somatic mutations, but only a subset of
these mutations contribute to tumorigenesis (Watson et al., 2013). As such, alterations in a
single gene are often associated with multiple forms of cancer. Several of the genes that
contribute to cancer development fall into three main categories: oncogenes, tumor
suppressors, and DNA repair genes. Oncogenes, such as Myc and Ras, are the derivatives
of normal cellular genes known as proto-oncogenes, which produce protein products that
drive cell cycle progression. The aberrant forms of these genes, oncogenes, become
hyperactive, resulting in excessive cellular proliferation. The conversion of proto-
oncogenes into oncogenes typically occurs by mutation, chromosomal rearrangement, viral
integration, and amplification (Lee and Muller, 2010). In contrast, tumor suppressor genes
like p53 and Rb are essential to limit normal cell division, repair errors in the DNA, and
dictate whether a cell lives or dies. Tumor suppressor genes can become functionally
inactive through loss-of-function mutation, inhibition by negative regulators, or
deregulation from post-translational modifications (i.e., phosphorylation status), all of
which disrupt the protective role of tumor suppressors and increase the proliferative

capacity of the cell (Lee and Muller, 2010). A third type of cancer-associated genes are



those that repair damaged DNA and maintain proper chromosomal architecture, including
Brcal, Brca2, and Xp. DNA damage is not only the result of various environmental factors
(i.e., ionizing radiation, UV light, chemicals), but can also occur as a result of errors during
DNA replication. If DNA is not properly repaired, further mutations can accumulate,
increasing the frequency of cancer-promoting alterations in the cell. Despite our increasing
knowledge on how cancer genes function, many cancers cannot be linked to a single gene
or set of genes. Cancer involves the progressive accumulation of mutations in multiple

genes, adding further complexity to the disease.

Myc

History

In the late 1970s, the first Myc gene was identified from the avian acute oncogenic
retrovirus MC29 (myelocytomatosis) (Duesberg et al., 1977). The transformative retroviral
oncogene responsible for causing myelocytomatosis in chickens was identified through
hybridization studies and the resulting DNA sequence was termed v-Myc (Mellon et al.,
1978; Sheiness et al., 1978). The same sequences were identified in DNA of non-infected
cells, suggesting that viral oncogenes could be incorporated into normal cellular DNA
(Roussel et al., 1979; Sheiness and Bishop, 1979). In 1982, the cellular v-Myc homolog, c-
Myc (hereafter referred to as Myc), was cloned and characterized (Vennstrom et al., 1982).
Shortly thereafter, the human MYC gene was reported to be deregulated in Burkitt’s
lymphoma, an aggressive non-Hodgkin B cell lymphoma that results from a t(8;14)

chromosomal translocation placing MYC under the control of the immunoglobulin (Ig)



locus (Dalla-Favera et al., 1982a; Neel et al., 1982; Taub et al., 1982). These reports
revealed that an endogenous human proto-oncogene possessed transformative capacity
without being mutated. Reciprocal chromosomal translocations involving one of the Ig loci
and a proto-oncogene are characteristic of many types of B cell lymphoma (Kuppers and
Dalla-Favera, 2001; Willis and Dyer, 2000). The Ep-myc mouse model genetically
recapitulates Burkitt’s lymphoma, which has proven to be a crucial tool for studies of Myc-
driven B cell lymphomagenesis (Adams et al., 1985). To this day, MYC is one of the most
important proteins in cancer biology, as its copy number, expression, stability, and/or
activity is dysregulated in at least 70% of all human cancers (Tansey, 2014).

It is estimated that at least 15% of all human genes are regulated by Myc (Dang et
al., 2006; Zeller et al., 2006). One of the earliest phenotypes associated with Myc
expression was its ability to transform cells. Specifically, expression of Myc, in the
presence of an additional activated oncogene (Ras), was the key factor that allowed for the
transformation of embryonic fibroblasts (Land et al., 1983). Studies using transgenic
mouse models showed dysregulation of Myc expression is sufficient to drive tumorigenesis
in different tissues (Adams et al., 1985; Chesi et al., 2008). In addition, cancer cells become
“addicted” to continuous Myc overexpression, as turning Myc “off” or disabling Myc
resulted in growth arrest, apoptosis, or differentiation (Felsher, 2010; Felsher and Bishop,
1999; Jain et al., 2002; Marinkovic et al., 2004; Pelengaris et al., 1999; von Eyss and Eilers,
2011). Similar results were obtained when endogenous Myc was inhibited in tumors driven
by other oncogenes (i.e., KRAS-G12D or SV40 viral antigen) (Sodir et al., 2011; Soucek
et al., 2008). These results suggest that Myc is not only important for tumor initiation, but

also tumor maintenance. Furthermore, Myc has a crucial role in development as evidenced



by the death of Myc knockout mice at embryonic day E9.5 (Davis et al., 1993). This early
lethality is likely due to the fact that Myc regulates diverse cellular processes, including
cell growth and metabolism, proliferation, apoptosis, and differentiation (Tansey, 2014).
While the multi-functional Myc protein has certainly proved fascinating, it has also added

tremendous complexity to the field of cancer biology.

Structure and transcriptional regulation by Myc

In mammals, Myc (or c-Myc) is the most characterized member of the proto-
oncogenic transcription factor family comprised of c-Myc, N-Myc, and L-Myc (Brodeur
et al., 1984; Nau et al., 1985). Alignment of the Myc family members across multiple
species has illustrated the presence of highly conserved domains within the proteins,
termed Myc boxes (MB). Currently, six distinct regions of conservation have been
appreciated: five Myc boxes (MBI, MBII, MBllla, MBIllb, MBIV) and a basic helix-loop-
helix leucine zipper (BR-HLH-LZ) region (Tansey, 2014) (Figure 2). A transcriptional
activation domain (TAD) is located at the amino-terminus of Myc. When fused to a
heterologous DNA binding domain, the TAD of Myc was sufficient for transcriptional
activation (Kato et al., 1990). The TAD of Myc is also a “degron,” as it serves to signal the
rapid degradation of Myc by ubiquitin-mediated proteolysis (Salghetti et al., 1999).

Myc box | is located within the TAD and is required for cellular transformation in
certain cellular contexts (Herbst et al., 2005; Stone et al., 1987). This region is also where
Myc interacts with P-TEFb (positive transcription elongation factor b), a cyclin-CDK
complex responsible for phosphorylating RNA polymerase Il to trigger transcriptional

elongation (Eberhardy and Farnham, 2001; Eberhardy and Farnham, 2002). MBI is also a



TAD NLS DBD

Figure 2. Conserved regions of Myc. Diagram representing the conserved amino acid sequences
of Myc. The Myc Boxes |, 11, Illa, Illb, and IV are represented by black boxes. MBI and MBI
comprise the transcriptional activation domain (TAD). The C-terminal basic helix-loop-helix
leucine zipper (BR-HLH-LZ; grey box) forms the DNA binding domain (DBD). The location of
the nuclear localization sequence (NLS) is marked with an asterisk (*). Regions are drawn to scale.



site for a number of phosphorylation events that affect the stability of Myc (Lutterbach and
Hann, 1994; Welcker et al., 2004a; Welcker et al., 2004b; Welcker et al., 2003). Also
located in the TAD is MBII, which is necessary for Myc to promote cellular transformation
in vitro (Stone et al., 1987), promote tumor development in vivo (Hemann et al., 2005), and
for transcriptional activation (Zhang et al., 2006) and repression (Herbst et al., 2005; Li et
al., 1994) of most Myc target genes. Association with the transcriptional coactivator
TRRAP (transactivation/ transformation-associated protein) occurs through MBII
(McMahon et al., 1998). TRRAP binding is necessary for the subsequent recruitment of
histone acetyltransferase (HAT) complexes that open chromatin to promote transcription
of Myc-bound genes (Frank et al., 2003; McMahon et al., 2000). MBIII is required for
both in vitro and in vivo transformation (Herbst et al., 2005). This domain of Myc
participates in destruction of Myc by the proteasome following ubiquitination of Myc
(Herbst et al., 2004). In addition, MBIII facilitates the recruitment of histone deacetylase
3 (HDAC3), which aids in Myc-mediated transcriptional repression (Kurland and Tansey,
2008). Recently, it was reported that recognition of Myc target genes by Myc depends on
its interaction with a WDA40-repeat protein, WDRS5, which is mediated through the MBIII
(Thomas et al., 2015). Myc box 1V is the least-studied of the Myc boxes. The pro-apoptotic
functions of Myc require the presence of the MBIV; however, the ability of Myc to drive
cell growth is not affected (Cowling et al., 2006). Unfortunately, structural information for
Myc outside its BR-HLH-LZ and TAD regions is limited.

At the carboxy-terminus of Myc lies a basic-helix-loop-helix leucine-zipper (BR-
HLH-LZ) domain, which allows for sequence-specific binding of DNA upon hetero-

dimerization with its obligate partner Max (Blackwell et al., 1990; Blackwood and



Eisenman, 1991; Prendergast and Ziff, 1991). The canonical binding site is comprised of a
CACGTG motif, known as an enhancer-box or E-box, or similar derivative (Blackwell et
al., 1993; Blackwell et al., 1990). Heterodimerization between Myc and Max is widely
accepted as a prerequisite for Myc function (Amati et al., 1993a; Amati et al., 1993Db).

Since Myc exerts its biological effects as a transcription factor, much interest has
been generated in identifying individual genes or collections of genes that are
transcriptionally regulated by Myc (Kim et al., 2008; Mao et al., 2003; Seitz et al., 2011).
However, with the advent of next-generation sequencing technologies providing massive
amounts of genome-wide DNA binding and gene expression data, the role of Myc in
transcriptional control has grown in complexity. Myc was recently reported to increase cell
size (Loven et al., 2012), leading to amplification of transcription at every active gene in a
given cell, seemingly without any specificity (Lin et al., 2012; Nie et al., 2012). While the
amplification model provides an additional perspective about the actions of Myc in
transcriptional regulation, this model stands in opposition with what has historically been
accepted in the Myc field, which is that Myc can selectively regulate (either positively or
negatively) gene expression (Cleveland et al., 1988; Dang, 2014; Eilers and Eisenman,
2008; Herkert and Eilers, 2010; Kato et al., 1990; Li et al., 1994).

In 2014, two studies offered an alternative to the recently proposed amplifier
hypothesis, returning to the idea that Myc can selectively regulate gene expression (Sabo
etal., 2014; Walz et al., 2014). In both of these studies, cell lines in which Myc expression
did not alter cell size were assessed so that any changes in transcription following Myc
induction might highlight genes directly targeted by Myc (Sabo et al., 2014; Walz et al.,

2014). Furthermore, the amplification model does not address whether the response of all
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Myc-bound genes is a direct result of Myc transcriptional activation, or whether the
widespread effects are due to indirect signaling. This model also does not account for the
ability of Myc to function as a transcriptional repressor. A possible explanation of the
difference between the models is how the data was normalized. For instance, in the
amplifier model, normalization of the RNA-seq data was based solely on the amount of
RNA per cell. However, to correctly account for relative changes in gene expression that
could be due to broad effects such as RNA amplification, a combination of normalizing
RNA profiles to reference house-keeping genes or average expression in addition to cell-
based RNA levels are necessary to accurately evaluate transcriptional changes that occur
in the face of RNA amplification (Kress et al., 2015). Furthermore, it is proposed that the
Myc-induced global upregulation of mMRNA production is an indirect effect that could be
attributed to the targets that Myc regulates, including proteins involved in nucleotide
synthesis that exert cell-wide effects on RNA and DNA synthesis (Dang, 2014; Sabo et al.,
2014).

For transcriptional activation, Myc-Max heterodimers bind canonical (E-boxes)
and non-canonical DNA sequences (Blackwell et al., 1993; Blackwell et al., 1990). Upon
DNA binding, Myc associates with TRRAP, which allows for subsequent recruitment of
histone acetylation complexes (HATS), including GCNS5, TIP60, PCAF, p300/CBP, and
TBP (Luscher and Vervoorts, 2012; Meyer and Penn, 2008) (Figure 3A). These protein
complexes deposit acetyl groups onto lysine residues of histones, resulting in relaxed and
open chromatin that favors binding of transcription initiation complexes (Cowling and
Cole, 2006). Following transcription initiation, Myc recruits PTEF-b to phosphorylate the

C-terminus of the RNA polymerase 11, promoting transcriptional elongation (Eberhardy
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and Farnham, 2001; Eberhardy and Farnham, 2002) (Figure 3B). Myc, through its ability
to promote transcription by all three RNA polymerases (Gomez-Roman et al., 2003;
Grandori et al., 2005), is hypothesized to regulate the transcription of at least 15% of the
genome (Dang et al., 2006; Zeller et al., 2006). Therefore, it is surprising that Myc is
considered to be a relatively “weak” transcription factor, as it typically elicits modest
transcriptional changes on its target genes (Tansey, 2014).

Although Myc transcriptional activation has been the most studied form of Myc
transcriptional regulation, Myc also functions as a transcriptional repressor (Eilers and
Eisenman, 2008; Herkert and Eilers, 2010). Though less well understood, Myc represses
the expression of genes that inhibit growth and tumorigenesis (Herkert and Eilers, 2010).
The most well-characterized mechanism of Myc-mediated repression is through its
association with Myc-interacting zinc finger 1 (Miz-1) (Herkert and Eilers, 2010; Peukert
et al., 1997) (Figure 3C). Miz-1 is a transcriptional activator that binds DNA at enhancer
or initiator elements near transcriptional start sites of genes. However, when Myc-Max
complexes interact with Miz-1, obligate activating factors such as the histone
acetyltransferase p300 are displaced and repression cofactors such as the DNA
methyltransferase Dnmt3a are recruited (Adhikary et al., 2005; Brenner et al., 2005; Mao
et al., 2004, Staller et al., 2001). This interaction has been observed in a variety of cellular
contexts (Brenner et al., 2005; Gebhardt et al., 2006; Patel and McMahon, 2006; Patel and
McMahon, 2007; Schneider et al., 1997; Staller et al., 2001; van Riggelen et al., 2010a).
This anti-activation model through which Myc-Max heterodimers interact with Miz-1 has
also been observed for SP1 (Gartel et al., 2001), YY1 (Shrivastava et al., 1993), NF-Y

(Izumi et al., 2001), and C/EBPa (Steinmann et al., 2009) transactivator proteins.
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Figure 3. Myc transcriptional activation and repression. (A, B) For transcriptional activation,
Myc associates with its obligate partner Max and binds DNA sequences called E-boxes (CACGTG)
where it recruits transcriptional cofactors, such as histone acetyltransferase enzymes (HATS) to
acetylate and open the chromatin (A) and positive elongation factor (P-TEFb), which
phosphorylates paused RNA polymerase 11 (RNA Pol 1) to promote transcriptional elongation (B).
(C, D) For transcriptional repression, Myc binds transcription factors like Miz-1, displaces
activating cofactors, and recruits transcriptional repressors, such as the DNA methyltransferase
Dnmt3a (C). Myc also recruits histone deacetylase enzymes (HDACSs) to remove acetyl groups and
close chromatin to repress transcription (D). Ac, acetylation; P, phosphate; Me, methylation.
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Repression by Myc can also occur through recruitment of histone deacetylase enzymes
(HDACS) (Figure 3D). Specifically, Myc, through Myc box I, recruits HDAC3 to target
genes, resulting in histone deacetylation and closing of the chromatin to inhibit
transcription at that site (Kurland and Tansey, 2008). Repression of gene transcription
though recruitment of HDAC3 has been reported for protein-coding genes and microRNA
(Kurland and Tansey, 2008; Zhang et al., 2012a; Zhang et al., 2012b). In addition, reports
of HDAC-mediated repression through Myc have also been reported for HDAC1 (Jiang et
al., 2007) and HDACS (Sun et al., 2014). Furthermore, genome-wide studies have
demonstrated that Myc likely represses as many genes as it activates (O'Connell et al.,
2003), setting Myc apart from most canonical transcription factors and adding further

emphasis on the complexity of Myc.

Biological activities of Myc

Many functions of Myc have been exposed by linking its altered expression to
uncontrolled cell proliferation and growth, differentiation, angiogenesis, metabolism, and
apoptosis. The combination of in-depth analyses of Myc-regulated protein-coding and
noncoding gene expression profiles, genome-wide DNA binding of Myc, and Myc-related
DNA methylation patterns have directly linked Myc to several pathways that collectively

contribute to tumorigenesis (Figure 4).

Proliferation and cell cycle
Myc is an essential gene for normal growth and development. It is expressed in

numerous tissues and correlates with proliferation, as evidenced by the large number of
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Figure 4. MYC functions in diverse cellular processes. MYC regulates the expression of many
genes, including those that are involved in cellular metabolism, angiogenesis, differentiation, cell
cycle control, and apoptosis. Adapted from Bui and Mendell, 2010.
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growth factors and mitogens that activate its expression (Kelly et al., 1983; Morrow et al.,
1992; Obaya et al., 1999; Shibuya et al., 1992). However, during development, reduced
levels of Myc can induce cell cycle arrest and differentiation (Hirning et al., 1989;
Hirvonen et al., 1990; Schmid et al., 1989). Activation of Myc is sufficient to initiate DNA
synthesis and, even in the absence of mitogenic stimuli, Myc is sufficient to drive cell cycle
re-entry of quiescent fibroblasts (Eilers et al., 1989; Eilers et al., 1991; Littlewood et al.,
1995; Trumpp et al., 2001). Moreover, deletion of Myc in murine embryonic stem cells
resulted in mid-gestation lethality (Davis et al., 1993). Furthermore, Myc-deficient rat
fibroblasts proliferate at a reduced rate and experience a delay in phosphorylation of the
retinoblastoma protein (RDb), causing defects in the cell cycle at the G1 phase (Mateyak et
al., 1997).

The restriction point, or the point at which the cell decides between quiescence and
proliferation, occurs in the G1 phase of the cell cycle and is governed by the
phosphorylation state of Rb (Blagosklonny and Pardee, 2002; Pardee, 1989). Myc
expression is crucial for efficient transition from G0/G1 to S phase (de Alboran etal., 2001;
Obaya et al., 1999; Roussel et al., 1991). In order to promote cell cycle progression, Myc
transcriptionally activates certain cell cycle components, such as cyclin D1, cyclin D2,
cyclin E1, cyclin A2, cyclin-dependent kinase 4, and cell division cycle 25A (Cdc25a), and
it also transcriptionally represses cell cycle inhibitors, including p15, p21, and p27 (Beier
et al., 2000; Bouchard et al., 1999; Gartel et al., 2001; Hermeking et al., 2000; Meyer and
Penn, 2008; Muller et al., 1997; Obaya et al., 1999; Perez-Roger et al., 1999; Roussel et
al., 1991; Staller et al., 2001). Similarly, Myc directly induces the transcription factors

E2F1, E2F2, and E2F3 (Adams et al., 2000; Fernandez et al., 2003; Sears et al., 1997).
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Myc also prolongs the proliferative capacity of the cell by activating the transcription of

the human telomerase gene (hnTERT) (Greenberg et al., 1999).

Differentiation

Early reports revealed that dysregulated Myc expression could block the
differentiation of diverse precursor cells into more specialized cell types (Freytag, 1988;
Miner and Wold, 1991). Similarly, Myc inactivation in hepatocellular carcinoma cells
resulted in the de-differentiation of tumor cells into precursor-like hepatocytes (Shachaf et
al., 2004). When levels of Myc decrease, its obligate partner Max often dissociates from
Myc and heterodimerizes with Mad family proteins associated with chromatin, thereby
decreasing the expression of target genes with de-differentiating properties (Rottmann and
Luscher, 2006; Xu et al., 2001). Moreover, Myc functions in stem cell biology where it
helps maintain a balance between self-renewal and differentiation (Wilson et al., 2004).
Notably, Myc is one of the four defined “Yamanaka factors” (Oct3/4, Sox2, K1f4, and Myc)
that are sufficient to induce the reprogramming of terminally differentiated cells into an

earlier, embryonic-like state (Takahashi and Yamanaka, 2006).

Angiogenesis

Myc is essential for vasculogenesis and angiogenesis during development and
tumorigenesis (Baudino et al., 2002). The early embryonic lethality observed in Myc-null
mice was due, in part, to marked defects in neovascularization and erythropoiesis (Baudino
et al., 2002). Defects in vasculogenesis and angiogenesis are attributed to altered Myc

expression, as Myc is required for the proper expression of angiogenic factors, HIF-1a,
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and VEGF (Baudino et al., 2002; Brandvold et al., 2000; Fernandez et al., 2003;
Tikhonenko et al., 1996). Myc signaling is a critical component of tumorigenesis, as

angiogenesis must occur to ensure exponential tumor growth.

Metabolism

To fulfill the bioenergetic and biosynthetic demand that comes with increased
proliferation from oncogenic stimuli, cells must undergo metabolic reprogramming (Dang,
2013). When oncogenic signaling from Myc stimulates cells to grow, glycolysis and
glutaminolysis are up-regulated by increasing the expression of glucose and amino acid
transporters, as well as glutamine importers (Dang, 2013; Kim et al., 2007; Kim et al.,
2004; Lewis et al., 1997; Osthus et al., 2000; Shim et al., 1997; Vander Heiden, 2011;
Wise et al., 2008). Upon mitogenic stimulation, new protein synthesis is one of the earliest
events that occurs. Therefore, the assembly of new ribosomal complexes must be
efficiently and quickly coordinated. Consequently, Myc transcriptionally activates the
expression of ribosomal proteins and nucleolar proteins necessary for the assembly of
ribosomes, including nucleophosmin (Npm) and nucleolin (Ncl) (Iritani and Eisenman,
1999; van Riggelen et al., 2010b). In addition, Myc can regulate gene expression mediated
by all three RNA polymerases, which increases the production of mMRNA, rRNA, and tRNA
(Arabi et al., 2005; Kenneth et al., 2007). Essential metabolic processes including the
synthesis of fatty acids and pyrimidine nucleotides are also modulated by Myc levels, as it
regulates the transcription of crucial genes in these processes, including fatty acid synthase
(Fasn), carbamoyl-phosphate synthetase 2 (Cad), and ornithine decarboxylase (Odc)

(Miltenberger et al., 1995; Shah et al., 2006; Wagner et al., 1993). Myc has demonstrated
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an ability to quickly and efficiently foster an environment for cells to undergo rapid
expansion by enhancing new protein synthesis and reprogramming the cellular metabolic

capacity.

Apoptosis

In the early 1990s, dysregulated Myc expression was reported to promote apoptosis
of normal cells (Askew et al., 1991; Evan et al., 1992; Shi et al., 1992). Apoptosis is
characterized by defined morphological changes, including cell shrinkage, membrane
blebbing, chromatin condensation and nuclear fragmentation, and degradation of
chromosomal DNA. It was determined that with insufficient survival factors, deregulated
Myc expression sensitized cells to undergo cell death as a mechanism to counter Myc
hyperactivity (Askew et al., 1991; Harrington et al., 1994). This characteristic of Myc was
later determined to be relevant for other oncogenes, including E2F1 and E1A (Meyer and
Penn, 2008). Myc also sensitizes cells to apoptosis following treatments with other stimuli,
including genotoxic agents (Evan et al., 1992), TNF-a (Janicke et al., 1994; Klefstrom et
al., 1994), and CD95 (Fas) (Hueber et al., 1997).

Myc can induce apoptosis through a number of mechanisms. The most well-
characterized mechanism is mediated by the Arf-p53-Mdm2 tumor suppressor pathway
(Hermeking and Eick, 1994; Wagner et al., 1994) (Figure 5). This pathway serves a critical
role in monitoring and sensing various cellular stress signals, including oncogenic
hyperactivity, and mediates a myriad of cellular responses to counter the increased stress.
Myc induces the tumor suppressor encoded by the alternative reading frame of the Ink4a

locus, Arf, which binds to and inhibits the E3-ligase murine double minute 2 (Mdm2), a
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Figure 5. Arf-Mdm2-p53 tumor suppressor pathway. Sustained and increased signaling from
Myc induces Arf expression. Once expressed, Arf directly binds to and interferes with the E3
ubiquitin ligase activity of Mdm2, a negative regulator of p53. This leads to p53 stabilization and
activation of a complex transcriptional network of genes regulated by p53.
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negative regulator of p53 (Zindy et al., 1998). This, in turn, allows p53 to transcriptionally
activate various target genes involved in promoting cell cycle arrest (i.e., p21) or apoptosis
(i.e., Puma) (Vousden and Prives, 2009).

In normal, unstressed cells, p53 is tightly regulated and is maintained at low levels
to allow for proper growth and development. p53 is rapidly degraded by the ubiquitin-
dependent proteasomal pathway (Brooks and Gu, 2006) and its transcription is down-
regulated through a negative feedback loop involving the Mdm2 E3-ubiquitin ligase and
the related protein Mdm4 (also known as Mdmx). Increased Myc activity can also induce
DNA double strand breaks (Prochownik, 2008). Double strand breaks in the DNA activate
the serine/threonine kinase ataxia telangiectasia mutated (ATM), which phosphorylates
and stabilizes p53 (Hong et al., 2006; Lindstrom and Wiman, 2003; Pusapati et al., 2006).
The ability of Myc to induce the p53 pathway is a critical safeguard to prevent
tumorigenesis. As such, it is not surprising that the majority of human cancers, irrespective
of the cell type or underlying oncogenic stimulus, have developed mechanisms to inactivate
this tumor suppression pathway (Eischen and Lozano, 2014).

Myc can also trigger cell death by disturbing the balance of proteins in the B cell
lymphoma 2 (Bcl-2) family (Delbridge and Strasser, 2015). The Bcl-2 family consists of
proteins that both promote and inhibit cell death. Under normal conditions, cellular stress
signals, such as chemotherapy, irradiation, nutrient deprivation, and oncogenic activation,
induce apoptosis through the intrinsic apoptotic pathway, which is also known as the
mitochondrial or Bcl-2 apoptotic pathway (Figure 6). These stimuli activate BH3 (Bcl-2
homology 3)-only proteins Bcl-2-associated death promoter (BAD), Bcl-2-interacting

mediator of cell death (BIM), and Bcl-2 homology 3-interacting domain death agonist
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Figure 6. Bcl-2 apoptotic pathway. Oncogenic activation activates BH3-only family members,
which inhibit the anti-apoptotic Bcl-2 proteins. This allows for activation of pro-apoptotic Bax and
Bak, which oligomerize and form a pore in the mitochondrial membrane. The cytochrome c
released from the mitochondria promotes caspase 9 activation on the APAF1 (apoptotic protease-
activating factor 1) scaffold protein, forming the apoptosome. This activates effector caspases,

including caspase 3, inducing apoptosis.
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(BID), which are subsequently translocated to the mitochondrial membrane where they
associate with and inactivate anti-apoptotic Bcl-2 family members Bcl-2, Bcl-extra-large
(Bcl-xv), Bel-w, and myeloid leukemia cell differentiation 1 (Mcl-1). Pro-apoptotic Bcl-2
family members NOXA and p53-upregulated modulator of apoptosis (PUMA) can be
transcriptionally activated by p53 and also serve to inactivate anti-apoptotic Bcl-2 family
members. Inactivation of the anti-apoptotic proteins frees up the pro-apoptotic multi-
domain Bcl-2 proteins Bcl-2-associated X protein (BAX) and Bcl-2 antagonist/killer
(BAK), which oligomerize to form a pore in the mitochondrial membrane. The activated
form of BID can also directly stimulate BAX and BAK oligomerization. Once the
membrane integrity of the mitochondria is compromised, apoptotic components, including
cytochrome ¢, second mitochondrial activator of caspases (Smac), endonuclease G, and
apoptosis inducing factor (AIF) are released into the cytoplasm. Cytochrome c, together
with dATP and the apoptotic protease-activating factor 1 (APAF1) scaffold protein form a
complex known as the apoptosome. The apoptosome is responsible for activating the
initiating caspase 9, which results in the downstream activation of effector caspases 3 and
7, the final step for apoptosis (Czabotar et al., 2014).

Myc can interfere with the Bcl-2 apoptotic pathway by altering the expression
and/or activity of various Bcl-2 family members. Myc was shown to suppress the
expression of anti-apoptotic Bcl-2 and Bcl-x. through indirect means (Eischen et al.,
2001a; Eischen et al., 2001c; Maclean et al., 2003). In addition, Myc-induced p53-
independent cell death has been documented to occur, in part, from an indirect up-
regulation of BIM, as Ep-myc mice (mouse model of Myc-driven B cell lymphoma (Adams

et al., 1985)) with one or no Bim alleles rapidly developed lymphomagenesis without
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inactivating the p53 pathway (Egle et al., 2004; Sakamuro et al., 1995). Similarly, loss of
Bax evaded the selection of p53 inactivating mutations during Myc-driven
lymphomagenesis (Eischen et al., 2001b). The interplay between the pro- and anti-

apoptotic Bcl-2 family members is a key determinant that governs cell survival.

MY C deregulation in cancer

The mechanisms of Myc deregulation in cancer were initially perplexing. While
oncogenes such as HRAS had been identified as derivatives of normal cellular genes that
had acquired activating mutations in the coding sequence (Rauen, 2013), at the time,
mutations in Myc had not been reported. Rather, oncogenic activation of Myc typically
occurs through chromosomal translocation, gene amplification, or insertional mutagenesis
(Meyer and Penn, 2008). Dysregulation of Myc is not restricted to genetic alterations in
the Myc loci, but through mechanisms that alter its expression and/or activity (Dang, 2012).

In light of the ability of Myc to drive tumorigenesis in mice and its role in promoting
growth and proliferation, it is not surprising that Myc is dysregulated in the majority of
human cancers (Tansey, 2014). Myc overexpression via chromosomal translocation was
first recognized in mouse plasmacytomas and Burkitt’s lymphoma (Dalla-Favera et al.,
1982a; Taub et al., 1982). Other lymphomas and leukemia also possess MYC
translocations, albeit at a much lower frequency. Specifically, diffuse large B cell
lymphoma (DLBCL) and multiple myeloma (MM) have recurring MYC translocations in
approximately 15% of cases (Vita and Henriksson, 2006). Fusions of MYC to the T cell
receptor alpha (TCRa) locus have been reported in T cell acute lymphoblastic leukemia

(TALL) (Erikson et al., 1986; Shima et al., 1986). In acute myeloid and lymphoid
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leukemia, recurring translocations often result in oncogenic fusion proteins such as PML-
RARa, AML1-ETO, and PLZF-RARa, which have all been shown to induce MYC
expression (Muller-Tidow et al., 2004; Rice et al., 2009). In addition, a mutation in the
FLT3 tyrosine kinase receptor in AML causes constitutive activation of FLT3, which
transcriptionally upregulates MYC (Kim et al., 2005). For MYC, overexpression due to
translocation rather than mutation is sufficient to drive tumorigenesis.

Although MYC gene amplifications occur more frequently in solid tumors than
hematopoietic malignancies, MYC is the most frequently amplified gene across all human
tumors (Beroukhim et al., 2010). Modest MYC gene amplification was reported to occur
in upwards of 38% of DLBCL cases (Stasik et al., 2010). In these cases, MYC gene
amplification correlated with advanced stage disease and/or decreased survival (Rao et al.,
1998; Stasik et al., 2010). MYC has also been reported on double minute chromosomes
(Bruyere et al., 2010; Lee et al., 2009b; Mathew et al., 2000; Thomas et al., 2004).
Likewise, multiple copies of MYC were present upon examination of homogenously
staining regions and double-minute chromosomes in colon cancer cell lines and leukemic
HL-60 cells (Alitalo et al., 1983; Collins and Groudine, 1982; Dalla-Favera et al., 1982b).

Retroviral promoter insertion, or insertional mutagenesis, was the first mechanism
identified to lead to increased MYC transcription (Hayward et al., 1981; Neel et al., 1981;
Payne et al., 1981). Specifically, leukemogenesis induced by the transforming avian
myelocytomatosis retrovirus (MC29) was a result of retroviral transduction that created the
chimeric v-gag-myc. Myc was the first cellular oncogene shown to be activated via
retroviral promoter insertion. Shortly thereafter, murine leukemia pro-viral sequences were

identified near the Myc locus in mice and rats (Steffen, 1984). These results indicated that
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cellular transformation could result from activation of a non-mutated oncogene.
Furthermore, insertional mutagenesis became a means through which cellular oncogenes
could be identified (Peters, 1990).

Changes in the coding region of MYC impact Myc regulation and function (Tansey,
2014). The majority of mutations cluster within the elements that regulate the stability of
Myc, including the TAD/degron (Salghetti et al., 2001), the “D-region” (Herbst et al.,
2004) and the PEST element (Gregory and Hann, 2000). The most frequently mutated
residue is the Thr-58, which is the site of phosphorylation that is recognized by the E3-
ligase Fbw7 to promote Myc ubiquitin-mediated degradation (Welcker et al., 2004a;
Welcker et al., 2004b; Welcker et al., 2003). Trying to tease apart the direct effects on Myc
function from changes that occur as a result of increased Myc expression remains

unresolved.

Cancer epigenetics

Although cancer has long been regarded to originate from the accumulation of
genetic aberrations, increasing evidence demonstrates that in addition to alterations in
DNA sequence, changes at the epigenetic level contribute to tumorigenesis (You and Jones,
2012). The epigenetic code is the collection of chemical and structural modifications to
DNA and histones that govern the expression of genes (Turner, 2007). Unlike genetic
mutations, epigenetic alterations can be reversible, and therefore, make an attractive target

for cancer therapeutics (Dawson and Kouzarides, 2012).
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The most frequently observed epigenetic modifications include DNA methylation,
histone methylation, and histone acetylation (Turner, 2007). DNA methylation is one of
the most extensively studied epigenetic mechanisms and typically suppresses the activity
of genes. DNA methyltransferases (DNMTSs) are responsible for the deposition of methyl
groups onto the DNA, which prevent transcription factor binding and thus, gene
expression. The processes of modifying histones is extremely dynamic and is responsible
for regulating the architecture of the chromatin. Multiple enzymes are necessary to catalyze
modification deposition (“writers”), removal (“erasers”), and recognition (“readers”)
(Falkenberg and Johnstone, 2014). The two best-characterized histone modifications are
histone methylation and acetylation (Falkenberg and Johnstone, 2014). Histone
methylation at specific residues on histone tails regulates transcriptional activation and
repression (Di Croce and Helin, 2013; Slany, 2009). The acetylation of histones is also an
important determinant of gene expression. Histone acetylation is primarily associated with
transcriptional activation, whereas histone deacetylation is often associated with gene
repression (West and Johnstone, 2014). Histone acetyltransferases (HATS) are responsible
for catalyzing the acetylation of histones, which occurs on lysine residues and enhances
transcription by relaxing the DNA, making it more accessible to transcriptional machinery.
In contrast, histone deacetylases (HDACs) remove the acetyl marks from histones, which
in turn, causes the DNA to associate more tightly, leading to transcriptional repression.

Cancer cells with a global loss of mono-acetylated (K16) and trimethylated (K20)
forms of histone H4 (Fraga et al., 2005) was one of the first indications that genome-wide
alterations in histone acetylation contributed to cancer onset and progression (West and

Johnstone, 2014). Since then, it has been appreciated that many of the enzymes responsible
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for generating and translating the epigenetic code are often dysregulated in cancer through
mutation, aberrant expression, or inappropriate recruitment to genetic loci (Dawson and
Kouzarides, 2012). Numerous studies have linked aberrant expression of HDACs to key
tumorigenic events, including the epigenetic repression of the tumor suppressor gene
CDKN1A, which encodes the cyclin-dependent kinase inhibitor p21 (Glozak and Seto,
2007), as well as genes that encode the DNA damage repair enzymes breast cancer 1, early
onset (BRACA1L) and ataxia telangiectasia and Rad 3 related (ATR) (Eot-Houllier et al.,
2009). Reports of genetic knockdown of individual HDACs in varying tumor types
demonstrated that aberrant HDAC activity influenced cell survival and tumorigenicity
(West and Johnstone, 2014). Furthermore, HDACSs are inappropriately recruited to gene
loci by binding oncogenic fusion proteins. For example, AML1-ETO (fusion between the
acute myeloid leukemia 1 [AML1] and eight twenty-one [ETO] proteins resulting from
t[8;21]) and PML-RARa (fusion between promyelocytic leukemia [PML] and the retinoic
acid receptor o [RARa] arising from t[15;17]) repress transcription by recruiting HDACs
(Gelmetti et al., 1998; Grignani et al., 1998).

There are 18 HDACs in humans, eleven of which have been classified into groups
(classes I, I, and 1V) based on their homology to yeast proteins, subcellular localization,
and enzymatic activity. Class 1l HDACs, also known as sirtuins, possess some overlapping
functions with the classical HDACs (classes I, 11, and 1V), but are not affected by traditional
HDAC inhibitors (HDACI) (West and Johnstone, 2014). HDACI have shown anti-cancer
activity in vitro and in vivo (West and Johnstone, 2014). Four HDACI, Vorinostat,
Romidepsin, Panobinostat, and Belinostat have been FDA approved for the treatment of

cutaneous/peripheral T cell lymphoma and refractory multiple myeloma (Duvic et al.,
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2007; Falkenberg and Johnstone, 2014; Ghobrial et al., 2013; Odenike et al., 2015; Olsen
et al., 2007; Piekarz et al., 2009; Richardson et al., 2013; San-Miguel et al., 2013;
Whittaker et al., 2010). HDACI were initially identified based on their ability to induce
tumor cell differentiation (Leder and Leder, 1975; Riggs et al., 1977).

Recent studies have identified functions of HDACs in important processes such as
DNA replication, DNA repair, and genome stability. For example, following targeting of
HDAC3 with small molecule inhibitors or sSiRNA, an increase in DNA replication stress,
DNA damage, and activation of dormant origins was observed in cutaneous T cell
lymphomas, hematopoietic progenitors, and breast and colon carcinoma cells (Conti et al.,
2010; Stengel and Hiebert, 2015; Summers et al., 2013; Wells et al., 2013). However, the
biological outcome of HDACi most often reported is apoptosis of tumor cells (Bolden et
al., 2006). Numerous studies have shown a correlation between HDACi-induced tumor
cell death and therapeutic potential (Ellis et al., 2009; Insinga et al., 2005; Lindemann et
al., 2007; Nebbioso et al., 2005; Newbold et al., 2008; Vrana et al., 1999). Tumor cells
have demonstrated an increased sensitivity to HDACi-induced apoptosis compared to
normal cells (West and Johnstone, 2014). This differential in sensitivity to HDACIi has
been attributed to an accumulation of reactive oxygen species (ROS) in tumor cells
compared with treated normal cells (Vannini et al., 2004), as well as a tumor cell-selective
increase in the expression of pro-apoptotic genes (Bolden et al., 2013). The combination
of correlative data linking HDAC expression with patient prognosis and preclinical mouse
models continue to provide insight into the roles of HDACs in tumorigenesis. These data
reveal that genetic insults resulting in epigenetic dysregulation are a significant

contributing factor to tumor onset and progression.
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microRNA

Discovery

The existence and significance of microRNA (miRNA) is a relatively new concept
to cancer biology. Until recently, researchers have primarily focused on the expression of
protein-coding genes, as central dogma has always been that DNA is transcribed into RNA,
which is then translated into functional protein. However, in 1993 the importance of non-
coding RNA, specifically miRNA, began to be exposed. As a joint effort between the labs
of Victor Ambros and Gary Ruvkun, lin-4, the first miRNA, was identified (Lee et al.,
1993; Wightman et al., 1993). It wasn’t until 7 years later that the second miRNA was
identified. let-7 was identified using a genetic screen approach while studying
heterochronic genes in C. elegans (Reinhart et al., 2000). Similar to lin-4, let-7 only
encoded a small RNA and not a protein. Moreover, the loss of function mutations of let-7
were partially suppressed by mutations in several genes including lin-14, lin-41, lin-42,
and lin-28, all of which possess complementary sequences to let-7 in their 3’-UTR
(Reinhart et al., 2000). Unlike lin-4, the let-7 sequence and its temporal regulatory
functions were conserved across species from flies to humans (Pasquinelli et al., 2000).
This sparked interest of this miRNA in other organisms because, as until then, it was
considered to be a unique phenomenon in the development of C. elegans. Cloning and
bioinformatic approaches were utilized to identify miRNA genes and to determine their
evolutionary conservation (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros,

2001), ultimately showing that miRNA were evolutionarily significant and widely used
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regulatory molecules to negatively regulate gene expression at the post-transcriptional
level by inhibiting translation and/or degrading mRNA.

Research in the field of post-transcriptional gene silencing was developing around
the same time miRNA biology began to surface. In plants, post-translational gene silencing
had been documented during flower patterning following overexpression of a particular
transgene (Napoli et al., 1990). Furthermore, a similar strategy called RNA interference
(RNAI) was being used to introduce a double-stranded RNA molecule (Fire et al., 1998).
Small RNAs that were about 22 nucleotides in size were derived from longer double-
stranded RNAs and were determined to be the mediators of RNAI through base-pairing
with perfect complementarity to target mMRNA, resulting in mRNA degradation (Elbashir
etal., 2001b; Hamilton and Baulcombe, 1999; Hammond et al., 2000; Zamore et al., 2000).
In support of these results, transfection of 21-nt double-stranded RNA duplexes, also
known as small-interfering RNASs (siRNA), into mammalian cells silenced their predicted
target genes in a sequence-specific manner (Elbashir et al., 2001a). While miRNA differ
from siRNA in that they are endogenous to the cell, are processed from imperfectly-paired
dsRNA hairpins rather than perfectly-paired long dsSRNA, have partial rather than perfect
complementarity to the target mMRNA, and repress translation in addition to destabilizing
the target MRNA, the similarities between miRNA and siRNA caused the two fields to

intersect (Bartel, 2004).

Biogenesis, target recognition, and function
miRNA are encoded as long primary transcripts (pri-miRNA) and are typically

transcribed by RNA polymerase Il (Bartel, 2004) (Figure 7). pri-miRNA fold into dsRNA
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hairpin structures that are processed by the nuclear specific RNase 111 enzyme Drosha into
a stem-loop precursor miRNA (pre-miRNA) of about 60-70 nucleotides in length with an
overhang of 2 nucleotides at the 3’ end. DiGeorge syndrome critical region 8 protein
(DGCRS8) is a cofactor required for Drosha processing, which, together, form the
microprocessor complex (Gregory et al., 2004; Han et al., 2004; Landthaler et al., 2004).
DGCR8 measures 11 nucleotides from the base of the pri-miRNA stem and signals Drosha
to cut and release the stem loop pre-miRNA structure (Han et al., 2006). The 3’ overhang
and dsRNA stem of the pre-miRNA is recognized by Exportin 5, a RanGTP-dependent
dsRNA-binding protein that actively transports the pre-miRNA into the cytoplasm
(Bohnsack et al., 2004; Lund et al., 2004; Yi et al., 2003). Once in the cytoplasm, the pre-
miRNA is further processed into an RNA duplex by the RNase 11l endonuclease Dicer
(Bernstein et al., 2001; Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001).
One miRNA strand of the RNA duplex is preferentially selected to be loaded into the RNA-
induced silencing complex (RISC) to guide the silencing complex to the target mRNA.

The human RISC complex is primarily comprised of Dicer, the double-stranded binding
protein TRBP, and Argonaute (Ago) proteins (Chendrimada et al., 2005; Gregory et al.,
2005). Argonaute proteins are a large family of proteins that contain PAZ and PIWI
domains (Hutvagner and Simard, 2008). The PAZ domain serves as a single-stranded
RNA-binding domain that hold the 2 nucleotides of the 3° overhang of the miRNA duplex
in place (Hutvagner and Simard, 2008). It is hypothesized that structural characteristics of
the precursor RNA directs the loading of the miRNA into the appropriate silencing

complex (Forstemann et al., 2007; Tomari et al., 2007).
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Figure 7. microRNA biogenesis. miRNA are transcribed by RNA polymerase Il (pol 1) into
primary transcripts. The initial processing step is mediated by the Drosha-DGCR8 microprocessor
complex in the nucleus. The precursor miRNA is transported out of the nucleus by Exportin-5-Ran-
GTP. Once in the cytoplasm, the RNase Ill enzyme Dicer initiates a second processing step to
produce miRNA duplexes. The duplex is separated and one strand is selected as the mature miRNA
to be incorporated into the RNA-induced silencing complex (RISC) with Argonaute proteins where
it guides the RISC to silence target mMRNA through translational inhibition and mRNA degradation
and cleavage.
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The short region where the miRNA predominantly associates with the target
MRNA, defined as nucleotides 2-8 on the 5’ end of the mature miRNA, is known as the
“seed sequence.” Biochemical strategies using siRNA duplexes in place of miRNA showed
that seed pairing to its target was necessary and sufficient for target repression (Doench
and Sharp, 2004). Computational approaches taken to predict miRNA-mRNA interactions
often result in high numbers of false positives due to the short seed sequence being the
main determinant for target identification. Because of this, additional criteria beyond seed
pairing have also been considered. For example, regions of pairing that occur on the 3° end
of the miRNA may compensate for imperfect 5’ end seed matches (Brennecke et al., 2005).

The context of the miRNA binding site in the 3’-UTR is also an important
determinant. For example, additional determinants, including, but not limited to, AU-rich
sequences flanking miRNA binding sites, distances between multiple binding sites, bulges,
pairing of mMiIRNA nucleotides 13-16 to the binding site, and positioning the binding site at
least 15 nucleotides from the stop codon influenced target identification (Bartel, 2009).
Furthermore, the secondary structure of the target and the binding of additional proteins to
the target also affect miRNA accessibility, and therefore function (Kedde et al., 2007;
Kertesz et al., 2007; Long et al., 2007).

The predominant function of a miRNA is to inhibit protein synthesis through
translational inhibition or mRNA degradation (Figure 7). Recently, in studies using
ribosomal profiling to measure simultaneous changes in protein production and mRNA, it
was determined that inhibition of translation only modestly contributed to the decrease in
protein levels, whereas mRNA destabilization and subsequent degradation was the primary

mechanism employed by miRNA (Guo et al., 2010).
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While miRNA typically bind their target mRNA in the 3’-UTR, evidence of
miRNA-target interactions that deviate from the canonical binding rules have more
recently been reported. Artificial target sites were inserted into the 5’-UTR of an IRES
luciferase reporter plasmid, which was repressed to a similar extent as those same sites in
the 3’-UTR (Lytle et al., 2007). miRNA binding sites have also been reported in the actual
coding regions (CDS) of the stem cell pluripotency factors Nanog, Oct4, and Sox2 (Tay et
al., 2008). Furthermore, miRNA seed-independent target regulation has also been reported
(Lal et al., 2009). As additional methods to identify miRNA-target interactions emerge,

previous studies may have only accounted for a fraction of miRNA genes.

Dysregulation of miRNA in cancer

The initial indication that miRNA have important roles in human disease originated
from high-throughput and functional studies in cancer cells (Hata and Lieberman, 2015).
Within the past decade, miRNA have been recognized as a significant component of cancer
biology. Like transcription factors, miRNA regulate diverse cellular networks and are
widely accepted to regulate most biological processes (Ebert and Sharp, 2012). One of the
most appreciated characteristics of miRNA in cancer is the significant difference of
miRNA expression in malignant cells compared to their normal counterparts (Lu et al.,
2005). Commonly reported mechanisms responsible for the dysregulation of miRNA in
cancer include genetic abnormalities, epigenetic and transcriptional control, and defects in

miRNA biogenesis.
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Genetic alterations

Chromosomal rearrangements, genomic amplifications, deletions, or mutations can
alter miRNA genes, much like they affect protein-coding genes. Approximately 50% of all
annotated human miRNA genes have been mapped to fragile sites or areas of the genome
that are prone to breakage and rearrangement in cancer cells (Calin et al., 2002; Calin et
al., 2004; Lagana et al., 2010; Sevignani et al., 2007). Indeed, 65 miRNA mapped to loss-
of-heterozygosity regions (i.e., miR-15a/16-1 cluster) where tumor suppressor genes are
frequently located, 61 miRNA mapped to fragile sites and breakpoint regions (i.e., let-7
family members), and 15 miRNA were mapped to amplified regions (i.e., miR-17~92
polycistron) where oncogenes are often located (Calin et al., 2004).

The link between miRNA and cancer was first established with the miR-15a/16-1
cluster. The miR-15a/16-1 miRNA cluster is located in a host gene, DLEU2 (deleted in
lymphocytic leukemia 2), which is in the most frequently deleted region in chronic
lymphocytic leukemia (CLL), the 13g14.3 locus (Calin et al., 2002). As such, both miRNA
are frequently downregulated in CLL patients (70%), demonstrating a tumor-suppressive
role for these miRNA (Calin et al., 2002). Genetic deletion of the miR-15a/16-1 cluster in
mice recapitulated the development of human CLL (Klein et al., 2010). The miRNA
encoded by the let-7 family are also considered to possess tumor-suppressive
characteristics. This family of miRNA were found in fragile sites associated with lung,
breast, urothelial, and cervical cancers (Calin et al., 2004). Transcripts of let-7 family
members were downregulated in human lung cancer, which correlated with poor prognosis
(Takamizawa et al., 2004). In addition, loss of let-7 family members was demonstrated to

result in overexpression of oncogenic RAS (Johnson et al., 2005).

36



Some miRNA possess oncogene-like qualities and have been termed “oncomiRs.”
The miR-17~92 cluster is one of the most well-characterized oncogenic miRNA families
(Di Leva et al., 2014). The miR-17~92 cluster is located within 1kb of an intron of the
C130rf25 locus, which is a region that is frequently amplified in several types of lymphoma
(Ota et al., 2004) and solid cancers (Hayashita et al., 2005). This miRNA cluster is often
overexpressed in human cancers, including lung cancer, gastric cancer, colon cancer,
neuroblastoma, medulloblastoma, and osteosarcoma (Di Leva et al., 2014). Furthermore,
B cell-specific miR-17~92 transgenic mice developed lymphomas with high penetrance
and two intact alleles of the miR-17~92 cluster were required to drive Myc-mediated B cell

lymphomagenesis (Jin et al., 2013).

Epigenetic control

As mentioned earlier, aberrant epigenetic changes are a well-known feature of
cancer cells. In a similar manner to protein-coding genes, miRNA are subject to the same
epigenetic regulation. A large number of miRNA loci are associated with CpG islands and
therefore, their expression can be modulated by methylation (Esteller, 2007; Weber et al.,
2007). Most reports have shown an increase in the methylation of tumor suppressor
miRNA, allowing for their tumor-promoting targets to be upregulated (Di Levaet al., 2014;
Lujambio et al., 2007). Several studies used treatment with chromatin remodeling drugs to
reveal epigenetically silenced miRNA. For instance, miRNA with tumor suppressive
functions that were silenced through hypermethylation (i.e., miR-127, miR-9-1,
miR34b/c), were upregulated following treatment with the de-methylating agent 5-aza-

2’deoxycytidine (Lehmann et al., 2008; Saito et al., 2006; Toyota et al., 2008). Differential
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miRNA expression profiles have also been observed in colorectal cancer cells lacking the
DNA methyltransferase enzymes DNMT1 and DNMT3b (Lujambio et al., 2007). miRNA
can be specifically hypermethylated in metastatic cancer, suggesting that epigenetic
alterations not only facilitate tumor development, but may also promote progression to a
more aggressive state (Lujambio et al., 2008; Wee et al., 2012; Zhang et al., 2011).
miRNA can also be deregulated as a consequence of aberrant expression of histone
modifiers. HDACs are overexpressed in cancers such as CLL and to mediate the repression
of miR-29b, miR-15a, and miR-16-1 (Zhang et al., 2012a; Zhang et al., 2012b). Using a
mIiRNA array analysis of breast cancers, repression of miR-31 was also attributed to
HDACs (Cho et al., 2015). When cells were treated with HDACIi, miR-31 expression
increased, which downregulated the Polycomb group protein BMI1 (Cho et al., 2015).
EZH2, a component of the Polycomb repressive complex 2 (PRC2), is recruited to the miR-
26a promoter in lymphoma cells where it mediates the silencing of this tumor suppressor
miRNA (Zhao et al., 2013). Furthermore, the activity of epigenetic regulators can be
modified by oncogenes or tumor suppressors, leading to the epigenetic dysregulation of
miRNA. For example, BRCAL, a tumor suppressor in the DNA repair pathway,
epigenetically represses the expression of the oncogenic miRNA miR-155 by modulating

the activity of HDAC2 (Chang et al., 2011).

Transcriptional control
Transcription is a major point of miRNA regulation. Many miRNA genes are
located in the introns of protein-coding genes or in long non-coding RNA (Ha and Kim,

2014). miRNA can also be independent transcriptional units with their own promoter
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elements and polyadenylation signals (Ha and Kim, 2014). The majority of miRNA are
transcribed by RNA polymerase 11 (Lee et al., 2004). miRNA are often in close proximity
with other miRNA and are therefore transcribed as polycistronic messages into individual
units or excised from mRNA. One of the first examples of transcriptional regulation of
mIiRNA associated with cancer was the transcriptional activation of the miR-17~92
polycistron by Myc (O'Donnell et al., 2005). In this study, Myc induced the expression of
the miR-17~92 family, which countered the apoptotic activity of E2F1 (O'Donnell et al.,
2005). While Myc was responsible for the upregulation of the oncogenic miR-17~92
cluster, the predominant effect of Myc activation in human and mouse B cell lymphoma
was widespread repression of miRNA expression (Chang et al., 2008). Among those
miRNA that were repressed by Myc, several had documented tumor suppressive qualities,
including the miR-15 family, let-7 family, miR-34 family, and miR-26a (Chang et al.,

2008).

Defects in miRNA biogenesis

As described above, miRNA biogenesis is a multistep process involving a number
of enzymes and cofactors. Mediators of the miRNA processing pathway are aberrantly
expressed or mutated in tumors, resulting in inappropriate miRNA regulation (Di Leva et
al., 2014). Drosha mediates the cropping step of primary miRNA transcripts into precursor
stem-loop structures. This step is one of the first steps in MiRNA processing and is an
important point of mMiRNA regulation. Reduced levels of DROSHA mRNA was shown to
correlate with a poor prognosis in lung, breast, skin, endometrial, and ovarian cancers (Hata

and Lieberman, 2015). The processing of pre-miRNA transcripts takes place in the
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cytoplasm. As such, they must be transported from the nucleus into the cytoplasm, a
process requiring the nuclear export receptor exportin-5 (XPO5). Mutations of XPO5 that
trap pre-miRNA transcripts in the nucleus correlate with carcinomas characterized by
microsatellite instability (Melo et al., 2010). Consequently, the reduction in available pre-
mIRNA in the cytoplasm decreases the amount of mature miRNA produced. Tumors with
microsatellite instability are also characterized by inactivating mutations of the TARBP2
gene that encodes TRBP, a cofactor necessary for Dicer function (Melo et al., 2009). Loss
of TRBP destabilizes Dicer, which in turn, impairs miRNA processing (Melo et al., 2009).

Loss of one allele of DICER or reduced DICER expression or enzymatic activity
has been reported in multiple solid organ tumors (Cerami et al., 2012; Forbes et al., 2008;
Gao et al., 2013; Heravi-Moussavi et al., 2012; Hill et al., 2009; Karube et al., 2005; Lin
etal.,2010; Lu et al., 2005; Melo et al., 2009; Pampalakis et al., 2009; Torres et al., 2011).
Reduced activity and/or expression of Dicer can lead to miRNA downregulation (Di Leva
et al., 2014), which is why reduced levels of Dicer were proposed to facilitate
tumorigenesis. In support of this concept, Dicer was demonstrated to function as a
haploinsufficient tumor suppressor in mouse models of soft-tissue sarcoma, lung
adenocarcinoma, and retinoblastoma (Kumar et al., 2009; Lambertz et al., 2010; Ravi et
al., 2012). Although heterozygous somatic mutations in DICER1 were reported in tumor
genotyping atlases, homozygous deletion have not been documented (Kumar et al., 2009).
Likewise, patients with heterozygous germline DICER1 mutations are predisposed to
pleuropulmonary blastomas, which retain an intact DICER1 allele (Hill et al., 2009). In
contrast, Dicer hypomorphic mice, which only express 20% of normal Dicer levels, did not

have an increased cancer incidence (Morita et al., 2009). In addition, Dicer did not function
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as a haploinsufficient tumor suppressor in B cell lymphoma, as loss of one Dicer allele did
not affect the rate of B cell lymphomagenesis (Arrate et al., 2010).

As mentioned previously, Argonaute (Ago) proteins are the critical downstream
effectors of miRNA-mediated gene silencing. Mature miRNA are stabilized when bound
to Ago proteins (Hata and Lieberman, 2015). Without Ago2, the most abundant Ago
protein, miRNA were determined to be extremely unstable, resulting in a global reduction
in miIRNA abundance (Winter and Diederichs, 2011). Therefore, the amount of Ago is an
important determinant in the efficiency of miRNA production. Altogether, these
observations indicate that miRNA are regulated at various levels and any step along these

regulatory pathways is susceptible to being altered in cancer.
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CHAPTER II

INACTIVATION OF P53 IS INSUFFICIENT TO ALLOW B CELLS AND

B CELL LYMPHOMAS TO SURVIVE WITHOUT DICER

This chapter is from:

Adams CM and Eischen CM. “Inactivation of p53 is insufficient to allow B cells and B
cell lymphomas to survive without Dicer.” Cancer Research, 2014

And part of:

Adams CM and Eischen. “Cell survival is dicey without Dicer.” Molecular and Cellular
Oncology, 2014

Introduction

MicroRNA (miRNA) are small non-coding RNA that regulate gene expression
post-transcriptionally and have essential roles in development, proliferation, apoptosis, and
transformation (Almeida et al., 2011; Mendell and Olson, 2012). Alterations in miRNA
expression are linked to tumor development, including hematopoietic malignancies
(Almeida et al., 2011; Iorio and Croce, 2012; Mendell and Olson, 2012). Moreover, the
oncogene c-Myc, which is frequently overexpressed in many human malignancies and a
driver of B-cell lymphomagenesis, transcriptionally regulates the expression of many
miRNA (Bui and Mendell, 2010).

miRNA are transcribed in a precursor form and processed with enzymes, such as
Dicer, an RNase III enzyme with critical roles in cell differentiation, proliferation, and
survival (Finnegan and Pasquinelli, 2013). Loss of one allele of DICER or reduced DICER
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expression or enzymatic activity is reported in multiple solid organ tumors (Cerami et al.,
2012; Forbes et al., 2008; Gao et al., 2013; Heravi-Moussavi et al., 2012; Hill et al., 2009;
Karube et al., 2005; Lin et al., 2010; Lu et al., 2005; Melo et al., 2009; Pampalakis et al.,
2009; Torres et al., 2011). Mouse models revealed Dicer is a haploinsufficient tumor
suppressor in soft tissue sarcoma, lung adenocarcinoma, and retinoblastoma (Kumar ef al.,
2009; Lambertz et al., 2010). In contrast, we showed Dicer heterozygosity had no effect
on the rate of B-cell lymphoma development (Arrate ef al., 2010). Therefore, differences
in the requirements for Dicer and the effects of reduced Dicer expression in different tissues
remain unresolved.

The p53 tumor suppressor, which induces apoptosis or cell cycle arrest upon
cellular stresses (Vousden and Prives, 2009), responds to defects in miRNA biogenesis,
and therefore, may be required to signal problems in this pathway. Specifically, in
untransformed murine embryonic fibroblasts (MEFs), deletion of Dicer leads to p53
activation and premature senescence, which is delayed with loss of p53 (Mudhasani et al.,
2008). We previously detected an increased frequency of p53 inactivation in lymphomas
in a mouse model of Myc-induced B-cell lymphoma (Ep-myc) expressing B-cell-directed
Cre and two conditional Dicer alleles, suggesting a connection between p53 activation and
Dicer deletion in B-cells (Arrate ef al., 2010). Moreover, data from three groups, including
our own, showed expression of Cre in Dicer mice in B-cell progenitors or mature B-cells
results in B-cell apoptosis (Arrate et al., 2010; Koralov et al., 2008; Xu et al., 2012). This
apoptosis was partially rescued by overexpressing the anti-apoptotic Bcl-2 protein or
reducing the pro-apoptotic Bim protein (Koralov et al., 2008). Although p53-null murine

sarcoma cells and p53 inactivated mesenchymal stem cells can survive Dicer deletion
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(Ravi et al., 2012), p53 deletion was synthetically lethal in Dicer and Rb deficient retinal
progenitor cells (Nittner ef al., 2012). Therefore, the role of p53 in monitoring defects in
miRNA biogenesis and cell survival in the context of a Dicer deficiency remains unclear.

Using mouse models, we determined the contribution of p53 to B-cell survival and
lymphoma development with loss of Dicer. A p53 deficiency did not rescue the defect in
B-cell development, the reduction in B-cell survival, or the delay in Myc-induced
lymphomagenesis upon Dicer deletion. It did restore the B-cell lymphoma phenotype.
However, none of the lymphomas that emerged had deleted both alleles of Dicer.
Moreover, established B-cell lymphomas lacking p53 underwent apoptosis when Dicer
was deleted, significantly extending survival in mouse models. Thus, p53 loss is
insufficient to allow survival and growth of B-cells and B-cell lymphomas in the absence
of Dicer, and thus, targeting Dicer may have therapeutic potential for treating B-cell

lymphomas.

Materials and Methods

Mice

C57Bl/6 Ep-myc (Adams et al., 1985) and CD19-cre (Rickert ef al., 1997) transgenic mice,
Dicer™ mice from Dr. Steve Jones (Mudhasani et al., 2008), and p53” mice from Dr.
Guillermina Lozano (Montes de Oca Luna et al., 1995) were intercrossed to obtain the
mice needed for this study. Littermates were used in all analyses. For experiments with
nude mice, 1.5x10° or 0.5x10° p53 deleted Dicer™"/Epu-myc lymphoma cells expressing a

tamoxifen-inducible form of Cre (CreER'?) were injected (subcutaneous or intravenous,
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respectively) into 6-week-old Foxn ™™ female mice (Harlan labs). Tamoxifen (2 mg) or
corn oil (vehicle control) was injected (intraperitoneal) once daily for 3 days starting the
day of lymphoma injection for two cohorts (one subcutaneous and one tail vein injected
cohort) or after lymphomas were 90-150mm® for a second subcutaneous cohort.
Subcutaneous tumors were measured with calipers and tumor volume calculated. Blood
was collected for flow cytometric and microscopic analyses from the mice where
lymphoma was injected into the tail vein. Mice were humanely sacrificed prior to
lymphoma development or for survival studies, at humane endpoints, and tumors/tissues
were harvested and analyzed. Log-rank tests determined statistical significance for
survival. All studies were in accordance with state and federal guidelines and were

approved by the Vanderbilt Institutional Animal Care and Use Committee.

Western and Southern blotting

Whole cell protein lysates from B-cell lymphomas and pre-B cells were generated and
Western blotted as previously described (Eischen ef al., 1999). Antibodies against pl19Arf
(GeneTex), p53 (Ab-7; Calbiochem), Mdm2 (C-18; Santa Cruz), Cre (Novagen), Dicer
(Cell Signaling), cleaved Caspase 3 (Cell Signaling), and B-actin (Sigma) were used. As
previously described (Alt et al., 2003; Eischen et al., 1999), p53 was sequenced and

Southern blots for p53 with genomic DNA from lymphomas was performed.

Phenotype analysis
Lymphoma cells and splenocytes from littermates prior to lymphoma development were

analyzed by flow cytometry following incubation with fluorochrome-linked antibodies
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against surface receptors as previously reported (Alt et al., 2003; Arrate et al., 2010).

Quantitative real-time PCR

Total RNA was isolated from lymphomas with TRIzol (Invitrogen) according to the
manufacturer’s protocol. As previously described, cDNA was generated, and SybrGreen
(SABiosciences) and TagMan MicroRNA Assays (Applied Biosciences) were used to
perform qRT-PCR, in triplicate, for mRNA and miRNA analysis, respectively (Arrate et
al., 2010; Wang et al., 2008). mRNA and miRNA expression were normalized to f-actin

and RNUG6bD expression, respectively, and the data presented as 22,

Dicer gene rearrangement analysis

Genomic DNA was isolated from frozen and cultured lymphomas, pre-B cells, and MEFs
using the REDExtract-N-Amp Tissue PCR Kit (Sigma). PCR was performed with primers
specific for unrearranged and Cre-lox-deleted Dicer alleles, as previously published
(Arrate et al., 2010; Mudhasani et al., 2008). PCR conditions allowed for 10-15%

contaminating normal tissue without detecting unrearranged floxed Dicer alleles.

Pre-B cell and lymphoma cell survival analyses

Primary pre-B cell cultures from p53”/Dicer™", p53*/Dicer™, and p53”/Dicer™" mice
and primary p353 deleted or Arf deleted Dicer™" or Dicer™" Ep-myc lymphoma cells were
generated as previously described (Arrate ef al., 2010; Eischen et al., 1999). Cells were
infected with a bicistronic retrovirus (MSCV) encoding CreER™ (Feil et al., 1997) and

GFP or GFP alone. Cell number and viability were determined by Trypan Blue Dye
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exclusion assays and proliferation was measured by MTS assays (490 nm; CellTiter 96
AQueous One Solution Cell Proliferation Assay; Promega) after plating equal numbers of
cells, in triplicate, and adding 1 uM 4-OHT or vehicle (ethanol) control. Apoptosis was
evaluated by Western blotting for cleaved Caspase 3 and by flow cytometry following
propidium iodide staining for fragmented (sub-G1) DNA and Annexin V/7-AAD staining
after adding 1 uM 4-OHT or vehicle (ethanol) control in triplicate, in vitro, or after
administering tamoxifen or vehicle (corn oil) for the nude mouse experiments. For single-
cell analyses, GFP-positive lymphoma cells were placed one cell/well into 96-well plates
by a flow cytometer and visually inspected. Vehicle (ethanol) control or 4-OHT (1 uM)
was added to each well and surviving clones were harvested and Dicer gene rearrangement

was determined by PCR.

Results

p53 deficiency does not rescue lymphoma latency in Myc overexpressing Dicer/ mice

Previously, we reported Dicer deletion in B-cell precursors resulted in delayed
Myc-induced B-cell lymphoma development and the inability of a B-cell lymphoma to
emerge with biallelic Dicer deletion (Arrate et al., 2010). To determine whether B-cell
lymphomas could develop without Dicer in the context of a p53 deficiency, we generated
p53""/Dicer™"/Ep-myc mice and littermate controls that were also transgenic for B lineage-
restricted CD19-cre recombinase (Figure 8A), p53-null Ep-myc mice cannot be generated
(Rickert et al., 1997). c-Myc in Epu-myc transgenic mice and Cre in CD19-cre transgenic

mice are first expressed in B-cell precursors and continue throughout the life of the B-cell
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(Adams et al, 1985; Rickert et al, 1997). There was a pronounced delay in
lymphomagenesis and extended survival in CD19-cre*/p53*/Dicer™"/Ep-myc mice
compared to their CD19-cre /p53"/Dicer™/Ep-myc littermates (53 and 34 days mean
survival, respectively; Figure 8B, p<0.0001, log-rank test). All but one (DC1122) of the 23
lymphomas analyzed lacked p53 protein expression, and all overexpressed p19Arf protein,
an indicator of p53 inactivation (subset of those analyzed is shown in Figure 9A).
Sequencing of p53 in DC1122 revealed a mutation (G263R) in its DNA binding domain.
Southern blots showed all lymphomas lacking p53 protein had deleted their wild-type allele
of p53 (representative data of those analyzed is shown in Figure 9B). Therefore, all
lymphomas were functionally p53-null. In addition, Mdm?2, a negative regulator of p53,
was overexpressed in 35% of the lymphomas (Figure 9A). Thus, there was a delay in Myc-
induced lymphomagenesis caused by Dicer deletion in p53 heterozygous mice, and a
deficiency in Dicer did not alter selection for p53 inactivation in the lymphomas that arose.

Dicer is not a haploinsufficient tumor suppressor in Myc-induced B-cell lymphoma
(Arrate et al., 2010). To determine whether a p53 deficiency would allow Dicer to function
as a haploinsufficient tumor suppressor in B-cells, we evaluated B-cell lymphoma
development in the context of Dicer heterozygosity. Cre-positive and Cre-negative p53*~
/Dicer”"/Ep-myc transgenic mice had a similar rate of lymphoma development with mean
survivals of 35 and 36 days, respectively (Figure 8B). Evaluation of lymphomas that
developed in CD19-cre’/p53*/Dicer™"/Ep-myc mice showed 100% (17 of 17 analyzed)
lacked p53 protein, due to deletion of the wild-type allele, and overexpressed Arf (subset
of those analyzed is shown in Figures 9C and 9D). These results indicate a p53 deficiency

did not allow Dicer heterozygosity to accelerate B-cell lymphomagenesis.
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Loss of p53 rescues the type of B-cell ymphoma that develops

Previously, we determined approximately 40% of the lymphomas that emerged in
CD19-cre'/Dicer™"/Ey-myc mice were of very early precursor B-cell origin,
B220°CD4°CD43"Scal™ (Arrate et al., 2010). We evaluated whether a p53 deficiency
would alter the development or frequency of this phenotype by assessing lymphomas from
p537/CD19-cre*/Dicer™/Ep-myc mice. Fourteen of 16 (88%) of the lymphomas
analyzed were typical Ep-myc pre-B and/or B-cell lymphomas (Adams et al., 1985) and
expressed B220 and CDI19, and were either IgM™ or IgM"; none were
B220"CD4°CD43"Scal”™ (Table 1). Unexpectedly, 2 of 16 lymphomas were
CD3CD4"CD8"CD43" early T-cell lymphomas (Table 1). All lymphomas analyzed from
p537/CD19-cre”/Dicer™/Ep-myc littermate controls and from Dicer heterozygous p53*"
/CD19-cre”/Ep-myc mice were typical Ep-myc lymphomas (Table 1). Thus, a p53
deficiency fully restored development of the characteristic Ep-myc B-cell lymphoma in

CD19-cre*/Dicer™"/Ep-myc mice, but it also allowed T-cell lymphomas to develop.

A deficiency in p53 rescues CD19 expression in B-cell lymphomagenesis

CD19 expression was absent or decreased in 65% of the lymphomas from CD19-
cre”/Dicer™"/Ep-myc mice, resulting in reduced or absent Cre expression (Arrate et al.,
2010). Preventing CD19 expression was one mechanism by which lymphomas could avoid
Dicer deletion. To assess the consequences of a p53 deficiency on CD19 expression in the
lymphomas in this study, we evaluated p53*/CD19-cre”/Dicer™/Ep-myc lymphomas for
CD19 cell surface expression. None of the 14 pre-B/B-cell lymphomas analyzed by flow

cytometry lacked or had reduced CD19 cell surface expression (Figure 10A; p<0.0001,
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Table 1. Dicer/ Epu-myc lymphoma phenotypes are rescued with a p53 deficiency.

Dicer™” Dicer™
p53"- Eu-myc p53"7- Ep-myc
Phenotype CD19-cre” CD19-cre CD19-cre”
B220° CD19° CD43 IgM-_ 4/10 (40%) 7710 (70%) 10/16 (63%)
B220" CD19" CD43" IgM”* 6/10 (60%) 3/10 (30%) 4/16 (25%)
CD3” CD4" CDS" CD43" 0/10 (0%) 0/10 (0%) 2/16 (13%)
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Fisher’s exact test). However, 13 of 23 (57%) p53"/CDI19-cre*/Dicer"/Epu-myc
lymphomas analyzed lacked or had significantly decreased Cre protein (Figure 10B), and
12 of the 13 (92%) had reduced Cre mRNA (Figure 10C). This is an unexpected result,
since all the lymphomas expressed CD19 and Cre expression is driven by the endogenous
CD19 promoter. Of note, Cre expression occurred significantly more frequently in p53*~
/CD19-cre”/Dicer™/Ep-myc lymphomas (43%) than was previously observed in CD19-
cre’/Dicer™"/Ep-myc lymphomas (12% (Arrate et al., 2010); p=0.022, Fisher’s exact test).
Analysis of 17 heterozygous floxed Dicer p53*-/CD19-cre*/Epu-myc lymphomas showed
they all expressed Cre protein (Figure 10D). Therefore, a deficiency in p53 rescued CD19
surface expression and partially restored Cre expression in B-cell lymphomas from CD19-

cre’/Dicer™/Ep-myc mice.

pS3 deficiency is insufficient to allow Dicer deletion during B-cell lymphomagenesis
We previously reported that not a single lymphoma from CD19-cre*/Dicer™/Ep-
myc mice had deleted both Dicer alleles (Arrate ef al., 2010). In this study, we assessed
whether the exons flanked by loxP sites in the Dicer gene had been deleted. Evaluation of
Dicer heterozygous p537-/CD19-cre*/Ep-myc lymphomas showed that all 17 analyzed
had deleted their one floxed Dicer allele (Figure 11A). However, 11 of 23 (48%)
lymphomas analyzed from Dicer™/p537/CD19-cre”/Ep-myc mice deleted one
conditional Dicer allele, whereas the other 12 lymphomas retained both floxed alleles
(Figure 11B). None of the 23 Dicer™"/p53"7-/CD19-cre*/Ep-myc lymphomas had deleted

both floxed Dicer alleles.
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Figure 10. p53 deficiency rescues CD19 and Cre expression during B-cell lymphomagenesis.
(A) Histograms of CD19 surface expression and corresponding isotype controls of lymphomas
from four representative p53/CD19-cre’/Dicer™/Ep-myc mice compared to a control p53*
/CD19-cre’/Dicer™/Ep-myc lymphoma (shaded peaks). (B, D) Western blots for Cre and B-actin
from Dicer™" (B) and Dicer" (D) p53"/CD19-cre’/Ep-myc lymphomas. Lysates of lymphomas
from a Dicer”"/CD19-cre*/Ep-myc mouse (B) and Dicer™ (B) or Dicer™ (D) CD19-cre’/p53*-
/Ep-myc mice were controls. (C) qRT-PCR for Cre expression relative to f-actin in lymphomas
from p53*"/CD19-cre’/Dicer™/Ep-myc mice. RNA from Dicer”"/CD19-cre/Ep-myc and CD19-
cre’/p537/Dicer™"/Ep-myc lymphomas were positive and negative controls, respectively. Error
bars are SEM.
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Given that Cre protein expression was lost in half of the p53"/CDI19-
cre’/Dicer™"/Ep-myc lymphomas, we evaluated whether Cre had ever been functional in
these tumors. Four of the 13 lymphomas that lacked Cre protein (Figure 10B) had
rearranged one Dicer allele (Figure 11B), indicating they had active Cre at some point in
B-cell development. Because Cre protein was present more frequently in the lymphomas
that arose in p53™-/CD19-cre*/Dicer™/Ep-myc mice compared to mice that were p53™*
(43% vs 12% (Arrate et al., 2010), respectively), we expected an increased incidence of
Cre-mediated deletion of at least one Dicer allele in the p53™ lymphomas. However, there
was no statistical difference in the frequency of deleting one allele of Dicer between these
two groups (48% vs 38% (Arrate et al., 2010), respectively; p=0.57, Fisher’s exact test;
Figure 11B). Importantly, our data indicate a p53 deficiency is insufficient to allow a
lymphoma to emerge when both alleles of Dicer have been deleted.

To determine whether Dicer was functional in the lymphomas that emerged, we
first assessed Dicer protein levels. Lymphomas with one allele of Dicer expressed an
analogous amount of Dicer protein as lymphomas that retained both alleles of Dicer (Figure
11C). Moreover, mature miRNA transcript levels of miR-20a and miR-31, Dicer-
dependent miRNA, were similar regardless of Dicer status in all lymphomas analyzed
(Figure 11D). These data indicate all lymphomas, including those with only one Dicer

allele, expressed wild-type levels of Dicer that was fully functional in miRNA biogenesis.

pS53 loss cannot rescue B-cell development following Dicer deletion
In vivo, biallelic Dicer deletion in developing B-cells with wild-type p53 induces

apoptosis, causing a developmental defect, resulting in decreased mature splenic B-cells
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Figure 11. Biallelic Dicer deletion is selected against during lymphoma development. (A, B)
PCR analysis for conditional deleted and floxed Dicer alleles from lymphomas of the indicated
genotype. DNA from Dicer™" (D) MEFs expressing an inducible CreER™ treated with 4-OHT
or vehicle control (EtOH) were controls. Arrows indicate unrearranged (floxed) and wild-type
(WT) Dicer alleles. (C) Representative Western blots for Dicer and B-actin from CD19-cre” and
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(D) qRT-PCR for miR-20a and miR-31 relative to internal RNU6b small RNA in lymphomas from
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(Arrate et al., 2010; Koralov et al., 2008). Protecting B-cells from this apoptosis partially
rescues B-cell development (Koralov et al., 2008). Since a p53 deficiency rescued the pre-
B/B-cell lymphoma phenotype in CDI19-cre’/Dicer"/Eu-myc mice, we questioned
whether p53 mediates the Dicer deletion-induced B-cell apoptosis. To address this, we
evaluated splenic B-cells from pre-cancerous p537- and p53™ CD19-cre’/Dicer™" mice
and CDI19-cre  littermate controls. There was a modest, but statistically significant,
reduction in the percentage of B2207/IgM" B-cells in CD19-cre*/p537/Dicer™" mice
(32.9% = 1.42) compared to CDI9-cre/p537/Dicer™ littermates (40.9% =+ 1.46;
p<0.0001, paired t-test; Figure 12). A comparable reduction in B-cells was also observed
in p53*" littermates that were either CD19-cre*/Dicer™" or CD19-cre’/Dicer™ (31.2% =+
0.90 and 40.7% = 0.51, respectively; p<0.0001, paired t-test; Figure 12). As an additional

M mice with or without CD19-cre and the

control, we assessed B-cells in p53**/Dicer
percentages of B-cells were similar in both, demonstrating B-cell expression of Cre did not
alter B-cell numbers in the mice (Figure 12). Thus, deletion of one or two alleles of p53
could not rescue the decrease in B-cell numbers induced by Dicer deletion, in vivo.

To further test the requirement for p53 in B-cell survival in the absence of Dicer,
we derived primary pre-B cells from bone marrow of p53”/Dicer*, p53"/Dicer™", and
p537IDicer littermates. Pre-B cells were infected with a bicistronic retrovirus encoding
GFP and a 4-hydroxytamoxifen (4-OHT)-inducible CreER™? (Feil et al., 1997), and GFP-
positive cells were sorted by flow cytometry. All three genotypes of pre-B cells expressed
equal levels of CreER™ protein (Figure 13A). To delete Dicer, pre-B cells were treated

with 4-OHT to activate CreER™. As expected for primary pre-B cells with functional p53,

the Dicer™"/p53™" cells grew at a slower rate and were sensitive to Dicer loss, as indicated
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Figure 12. Loss of p53 does not rescue the decrease in B cell numbers induced by Dicer
deletion. Representative dot plots of littermate-matched splenic B-cells from CD19-cre” or CD19-
cre” Dicer™ and Dicer™" mice that were p53™*, p53*, or p537. Total lymphocytes were gated
and B220-APC versus IgM-FITC was assessed.
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by decreased cell numbers and viability (Figures 13A and 13B). Similarly, following 4-
OHT treatment, Dicer/p53” pre-B cells experienced a dramatic decrease in total number,
viability, and growth, and an increased percentage of cells containing fragmented DNA
(sub-G1) and appearance of cleaved Caspase 3, compared to vehicle-treated cells, which
were unaffected (Figures 13A-D). When 4-OHT was administered to CreER™ expressing
Dicer™/p53” pre-B cells, no change in cell number, viability, growth, fragmented DNA,
or cleaved Caspase 3 was observed (Figures 13A-D), as would be expected for pre-B cells
with one wild-type Dicer allele. Dicer gene rearrangement was assessed in the surviving
pre-B cells and showed that, regardless of genotype, only one Dicer allele was rearranged
in the CreER™ activated pre-B cells (Figure 13E). Notably, Dicer”" fibroblasts containing
similar levels of CreER™ protein (Figure 13A) deleted both floxed Dicer alleles (Figure
13E). Therefore, loss of p53 could not rescue the rapid apoptosis induced by biallelic Dicer
deletion in primary untransformed pre-B cells, and only pre-B cells that had retained one

allele of Dicer could survive.

Dicer is required for B-cell lymphoma survival

Recently, Dr. Sharp and colleagues reported that a p53-null murine sarcoma cell
line could survive and proliferate without Dicer (Ravi et al., 2012), suggesting cellular
transformation may alter the requirements for Dicer. We tested whether transformed B-
cells could survive loss of Dicer if they also lacked p53. B-cell lymphomas were isolated
from two p537/Dicer™/Ep-myc mice (DC1020 and DC1185) and as controls, two
p53*/Dicer™/Ep-myc mice (DC2385 and DC2423). p53 protein was not detected by

Western blot, and Southern blot showed deletion of the remaining wild-type allele of p53
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Figure 13. Loss of p53 is insufficient for B-cell survival when Dicer is deleted. Primary pre-B
cells from p53”/Dicer™, p53*"/Dicer™, and p53”/Dicer™" littermates were infected (I) with a
retrovirus encoding CreER™ or left uninfected (U). 4-OHT (+) or vehicle control (EtOH, -) was
added to pre-B cell cultures at time 0 and cell number (A), viability (B), proliferation (MTS assay;
C), apoptosis (cleaved Caspase 3 protein, A; sub-G1 DNA, D), and Dicer gene rearrangement (E)
were evaluated. Western blots shown in A. For E, arrows indicate unrearranged (floxed) and wild-
type (WT) Dicer alleles. CreER™ expressing Dicer™ (D"") MEFs treated with 4-OHT (+) or
ethanol (-) were controls in A and E. Error bars are SD.
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in all four lymphomas (Figures 14A, 9C, and 9D). The lymphomas were infected with a

bicistronic retrovirus encoding CreER™ and GFP or GFP alone. CreER™ activation with
4-OHT in the p53 deleted Dicer™"/Ep-myc lymphomas had no effect on cell number or
viability compared to a p53 deleted Dicer/Ep-myc lymphoma, which showed a
significant decrease in cell number and viability after CreER™ activation (Figure 14B and
14C). CreER™ activation in both p53 deleted Dicer"/Eu-myc lymphomas resulted in
apoptosis, whereas there was little effect following addition of vehicle control or 4-OHT
to lymphomas infected with empty retrovirus (Figures 15A-D). Specifically, the total
number and viability of CreER™ p53 deleted Dicer™"/Ep-myc lymphoma cells decreased,
while the percentage of apoptotic cells (cells with fragmented, sub-G1 DNA or that were
Annexin V™) increased after addition of 4-OHT (Figures 15A-D). PCR analysis revealed
the p53 deleted Dicer™"/Ep-myc lymphoma cells deleted their one floxed Dicer allele,
while the p53 deleted Dicer™"/Ep-myc lymphoma cells surviving CreER™ activation had
only deleted one of the conditional Dicer alleles (Figure 15E). Analogous results were
obtained with Dicer™"/Ep-myc B cell lymphomas that had deleted 47f and retained p53
(Figure 16A-F).

We postulated it was possible for preferential outgrowth of lymphoma cells
possessing one allele of Dicer, masking the presence of a small population of lymphoma
cells that had deleted both alleles of Dicer. To evaluate this possibility, we performed
single-cell sorting for GFP-positive cells of two independent CreER™ expressing p53
deleted Dicer™"/Ep-myc lymphoma lines into 96-well plates (Figure 17A). After visually
confirming the presence of a single cell per well, CreER™? was activated with 4-OHT, and

the surviving clones were assessed (Table 2). Only 26% (328 of 1,260) of the clones
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Figure 14. Decreasing viability with increasing CreER™ activation only in B-cell lymphoma
with two floxed Dicer alleles. (A) p53"/Dicer"/Ep-myc (DC1020 and DC1185), p53*-
/Dicer™/Eu-myc (DC2385 and DC2423) lymphoma cell lines and the Dicer™"/Ep-myc lymphoma
cell line (DC561) from our previous study (Arrate ef al., 2010) were subjected to Western blot (left)
for the proteins indicated and Southern blot (right and Figure 9D) for p53. A lymphoma containing
mutant p53 was a control for the Western blot. Lymphomas that contain (+) or have deleted (Del)
p53 were controls for the Southern blot. Asterisk (*) denotes the DNA loading control, the p53
pseudogene. (B, C) DC2385, DC2423, and DC1020 lymphoma cells were infected with a CreER -
encoding retrovirus. 4-OHT or vehicle control (EtOH) was added to the cultures at time 0 and cell
number (B) was measured at intervals. For C, cells were incubated with vehicle control (EtOH) or
the indicated concentrations of 4-OHT to activate CreER™. After 72 hours, cells were counted in
the presence of Trypan Blue dye to distinguish dead and dying cells and viability was calculated.
Error bars are SD. I received technical assistance with the Southern blot in A.
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Figure 15. A deficiency in p53 does not allow B-cell lymphomas to survive without Dicer. (A-
D) p53*/Dicer™/Enu-myc lymphoma cell lines (DC1020 and DC1185) were infected with a
CreER™-encoding retrovirus or empty retrovirus (Vector). 4-OHT or vehicle control (EtOH) was
added to the cultures at time 0 and cell number (A), viability (B), and apoptosis (sub-G1 DNA, C;
Annexin V, D) were measured at intervals. (E) Dicer gene rearrangement was evaluated at the
indicated intervals by PCR. Conditional deleted and floxed (not deleted) Dicer alleles shown.
CreER™ expressing Dicer™” (D) MEFs treated with 4-OHT or ethanol (EtOH) were controls.
Error bars are SD.
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Figure 16. Dicer deletion in p53 wild-type, Arf deleted lymphomas induces apoptosis.
Genomic DNA from p53 wild-type, Arf deleted Dicer™'/Em-myc lymphoma cell lines (DC580 and
DC901) and the p53 deleted Dicer™/Em-myc lymphoma cell line (DC1020) was subjected to PCR
for Arfand p53. Genomic DNA isolated from tail clips from mice that contain (+) or have deleted
(Del) Arf and p53 were controls for the PCR. (B-E) Lymphomas were infected with a 4-OHT-
inducible CreER™ retrovirus. Cell number (B), viability (C), sub-G1 (apoptotic) DNA content (D),
and Annexin V positivity (E) were measured at the indicated intervals following administration of
vehicle control (EtOH) or 4-OHT to activate CreER"™. (F) Dicer gene rearrangement was evaluated
at the indicated intervals following vehicle control (-) or 4-OHT (+) addition by PCR. CreER™

expressing Dicer™" (D) MEFs were controls. Error bars are SD.
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Table 2. p53+/'/Dicerﬂ/ﬂlEu-myc lymphoma clone analysis.

CreER™ + EtOH CreER™ + 4-OHT
Survival 98.5% (394 of 400 clones) 26% (328 of 1260 clones)
Deletion
O alleles  100% (394 of 394 clones) 6.7% (22 of 328 clones)
1 allele 0% (0 of 394 clones) 93.3% (306 of 328 clones)
2 alleles 0% (0 of 394 clones) 0% (0 of 328 clones)

65



A

‘ PCR for
—_— —_— —_— .
% CreER™-GFP @ single cell reg;f:,:g;:gm
| sorting
ymphoma
cells
B D MEF
CreER™
= _
5 3
172 3 456 7 8 9101112131415 16171819 20 212223@4 < o

Dicer

deleted ™ WML NESSEasn .........‘.

Dicer

floxed ™ "wwwewwewwew-weweowweweew ®

Figure 17. At least one Dicer allele is required for B cell lymphoma survival. (A) Experimental
approach for single cell survival analysis. (B) Dicer gene rearrangement was evaluated by PCR.
Representative PCR product analysis of Dicer gene rearrangement of GFP-positive single cell-
sorted lymphoma clones that survived CreER™ activation of the 328 analyzed. Conditional deleted
and floxed (not deleted) Dicer alleles shown. CreER™ expressing Dicer™ (D"") MEFs treated with
4-OHT or ethanol (EtOH) were controls.

66



survived CreER™ activation. Analysis of all 328 lymphoma clones that survived CreER ™
activation revealed none had deleted both Dicer alleles (a subset of those analyzed is shown
in Figure 17B). Instead, 306 (93.3%) had deleted one Dicer allele, whereas the other 22
(6.7%) maintained both floxed alleles. Moreover, analysis of the Dicer™"/Ep-myc
lymphoma used in the single-cell analysis in our previous study (DC561, (Arrate et al.,
2010)) where we obtained analogous results, revealed that it had biallelic p53 deletion
(Figure 14A). Collectively, these data illustrate that B-cell lymphomas cannot survive
without Dicer, even when p33 is deleted. Therefore, at least one allele of Dicer is required

for B-cell lymphoma survival.

In vivo Dicer deletion inhibits lymphoma growth and extends survival

Given that B-cell lymphomas require Dicer for survival, in vitro, we tested whether
inactivating Dicer would alter lymphoma growth in vivo with three different mouse
experiments. Firstly, p53 deleted Dicer//Eu-myc lymphoma cells (DC1020) expressing
CreER™ were subcutaneously injected into nude mice and CreER™ was activated by
tamoxifen the same day. There was a significant delay in lymphoma progression and
extended survival in the mice that received tamoxifen compared to the vehicle-treated mice
(Figure 18A; p=0.0012, log-rank test). Tumors from vehicle-treated mice grew
significantly larger more quickly compared to tumors from mice that received tamoxifen
to activate CreER™ (Figure 18B; *p=0.0051, **p<0.003).

To determine whether loss of Dicer would impact established lymphomas, we
allowed a cohort of mice to grow subcutaneous lymphomas of 90-150mm?> and then

administered tamoxifen or vehicle control (tumor sizes were matched between groups)

67



(Figures 18C and 18D). While the rapid rate of tumor growth continued in the vehicle-
treated mice, tumor expansion in the mice that received tamoxifen to activate CreER™ to
delete Dicer slowed dramatically (Figure 18D; *p=0.0288, **p=0.0005). Analysis of
tumors that were equivalent in size prior to tamoxifen addition, showed significant and
increasing apoptosis over time following tamoxifen, as indicated by increased sub-Gl
DNA content (Figure 19A, *p=0.008), Annexin V positivity (Figure 19B, **p<0.0001),
and cleaved Caspase 3 protein (Figure 19C). The consequence of this apoptosis was that
the survival of the CreER-activated (tamoxifen) mice was significantly increased (Figure
18C; p=0.0035, log-rank test).

To assess whether the delayed tumor growth in both experiments and the apoptosis
detected was a result of CreER'-mediated Dicer deletion, PCR analysis of Dicer gene
rearrangement was performed. Surviving lymphoma cells in the mice administered
tamoxifen all retained at least one Dicer allele (Figure 20A-C), and expressed Dicer protein
(Figure 19C). Therefore, targeting Dicer deletion, in vivo, induced apoptosis, delaying
lymphoma progression and extending survival regardless of when Dicer was deleted.

As a third approach to test the effects of Dicer deletion in lymphomas in vivo, we
also injected p53 deleted Dicer"/"/Ep-myc lymphoma cells expressing CreER™ and GFP
into the blood stream of nude mice; tamoxifen or vehicle control administration began on
the same day. By day 17 and certainly by day 21, vehicle control-treated mice had more
lymphoma cells present in their blood compared to mice that received tamoxifen to activate
CreER™ and delete Dicer (Figure 21A and 21B, *p<0.0001). Furthermore, mice that had
activated CreER™ (tamoxifen) lived significantly longer than control mice (Figure 21C;

p<0.0001, log-rank test). Collectively, all three in vivo experiments show that deleting
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Figure 18. Dicer inactivation impedes tumor growth, in vivo. (A, C) Kaplan-Meier survival
curves of nude mice injected (subcutaneously) with CreER™ expressing p53 deleted Dicer™"/Ep-
myc lymphoma cells (DC1020) and administered tamoxifen or vehicle control (corn oil) starting
the day of injection (A; p=0.0012, log-rank test) or once lymphomas were 90-150mm’ (C;
p=0.0035, log-rank test). Arrow indicates the day tamoxifen administration began for C. The
number (n) of mice is indicated. (B, D) Tumor volumes for mice in A and C, respectively, were
measured at the indicated intervals (for B: *p=0.0051, **p<0.003; for D: *p=0.0288, **p=0.0005).
In D, the arrow indicates the day tamoxifen administration began. Error bars are SD. Dr. Eischen
performed the lymphoma injections.
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at intervals following tamoxifen or vehicle control administration in matched tumor pairs from
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Figure 20. One allele of Dicer is retained in lymphomas induced to delete Dicer, in vivo. PCR
analysis for conditional deleted and floxed (not deleted) Dicer alleles from p53 deleted
Dicer™/Em-myc (DC1020) lymphoma cells expressing an inducible CreER™ that were injected
subcutaneously into nude mice. (A) Lymphomas isolated at humane endpoints from mice that
received tamoxifen (Tam) to induce CreER™ (n=11) or corn oil (Oil) vehicle control (n=12)
beginning the same day as lymphoma injection (mice from Figure 18A). (B) Tamoxifen (T) or corn
oil (O) vehicle control were administered once lymphomas were 90-150 mm? (mice from Figure
18C). Hours post tamoxifen or corn oil administration are indicated. DNA from Dicer™" (D"")
MEFs expressing an inducible CreER™ treated with 4-OHT or vehicle control (EtOH) were

controls.
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Figure 21. In vivo Dicer deletion significantly reduces lymphoma burden in the blood of mice.
Nude mice were injected intravenously with CreER™ expressing p53 deleted Dicer"/Ep-myc
lymphoma cells (DC1020) and administered tamoxifen (Tam) or corn oil (Oil) vehicle control
starting the same day. (A) Representative microscopic images (white light, left and GFP
fluorescence, right) of blood with GFP* lymphoma cells in the same four mice 13 and 21 days post
lymphoma injection. (B) Blood was also assessed for GFP-positivity by flow cytometry at the
indicated intervals post lymphoma injection. Representative data (left) and mean values for the
indicated number of mice are shown (right; *p<0.0001, t-test). Kaplan-Meier survival curves (C;
p<0.0001, log-rank test). Error bars are SD. Dr. Eischen performed the lymphoma injections and I
assisted Dr. Eischen with the blood collections.

72



Dicer in B-cell lymphomas leads to apoptosis and decreased lymphoma cell expansion,
providing evidence that targeting Dicer in B-cell lymphomas may have therapeutic

potential even when lymphomas lack a functional p53 pathway.

Discussion

Previously, we detected an increase in p353 inactivation in B-cell lymphomas from
CD19-cre*/Dicer™"/Ep-myc mice (Arrate et al., 2010), suggesting a connection between
p33 activation and Dicer deletion. Moreover, we also observed Dicer deletion in
untransformed MEFs increased p53 levels and induced a premature senescent phenotype
that could be delayed by deleting either the Ink4a/Arf or p53 locus (Mudhasani et al., 2008).
Others reported a fraction of a murine p53-null, mutant K-Ras expressing sarcoma cell line
and SV40-immortalized, and thus p53 and Rb inactivated, mesenchymal stem cells could
survive Dicer deletion (Ravi et al., 2012). Although the data pointed to p53 being a critical
mediator of the deleterious effects of Dicer deletion, we show here loss of p53 could not
rescue the profound apoptosis that occurs in primary B-cells and B-cell lymphomas upon
Dicer deletion. All approaches to obtain p53-null B-cells or B-cell lymphomas that had
biallelic Dicer deletion resulted in one Dicer allele being retained in any surviving cells,
whereas Dicer-null fibroblasts could be easily generated. These results indicate Dicer, and
consequently miRNA, have essential functions in B-cell survival for both untransformed
and malignant B-cells that cannot be overcome by loss of p53. Also, lymphomas that
lacked Arf could not survive Dicer deletion, indicating inactivation of the p53 pathway is

insufficient to allow B cell lymphoma survival. Moreover, the data show all stages of B-
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cell transformation from immortalized (p53-null) to transformed (lymphoma) require
Dicer. Additionally, a deficiency in Dicer and Rb combined with p53 inactivation resulted
in synthetic lethality in retinal progenitors (Nittner et al., 2012). Therefore, although p53
inactivation may provide protection from the deadly effects of Dicer deletion in some
cellular contexts when specific genetic alterations are present (Figure 22), Dicer loss is
lethal for B-cells and B-cell lymphomas regardless of p53 status.

Our results did show a deficiency in p53 was able to rescue several aspects of Myc-
induced B-cell lymphoma development in the Dicer”" background. Firstly, the early
precursor B-cell lymphomas previously observed in ~40% of CD19-cre”/Dicer™"/Ep-myc
mice did not occur in the p53-deficient mice; instead, only typical pre-B/B-cell lymphomas
developed. Secondly, CD19 cell surface expression, which was significantly reduced or
absent in 65% of the lymphomas in CD19-cre*/Dicer™"/Ep-myc mice, was fully restored
in lymphomas from p53*/CD19-cre’/Dicer"/Ep-myc mice. Unexpectedly, a p53
deficiency also allowed T-cell lymphomas to emerge, albeit at a low frequency. The
explanations for changes in B-cell lymphoma phenotype and the rare development of T-
cell lymphomas are currently unclear, but likely involve protection from apoptosis of a
lymphoid progenitor, allowing differentiation to continue along B- and T-cell lineages. In
addition, although CD19 surface expression was restored in the pre-B/B-cell lymphomas
that emerged, 57% of the lymphomas lacked or had reduced Cre protein expression. This
was unexpected, as all lymphomas expressed CD19 and Cre is driven from the CDI19
promoter. Although Cre expression was downregulated in half of the lymphomas, the
frequency of its expression (43%) was significantly higher than that of 12% in the CD19-

cre*/Dicer™/Ep-myc lymphomas (Arrate et al., 2010), indicating the p53 deficiency
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Figure 22. p53 inactivation protects some cells from the negative consequences of Dicer
deletion. The p53 tumor suppressor responds to impaired MiRNA processing by inducing
senescence, cell cycle arrest, or apoptosis. However, non-hematopoietic cells that harbor
inactivated p53 can survive and grow (possibly more slowly) in the absence of Dicer. However,
hematopoietic cells are extremely sensitive to Dicer loss and rapidly undergo apoptosis, regardless
of p53 status. *If the Rb pathway is co-inactivated with p53, there is synthetic lethality.
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partially rescued Cre expression. However, although Cre protein expression occurred more
frequently in lymphomas in p53*/CD19-cre*/Dicer™"/Ep-myc transgenic mice, the
number of lymphomas that underwent Cre-mediated deletion of at least one Dicer allele
was not statistically different than the number that deleted one Dicer allele in CD19-
cre’/Dicer™"/Ep-myc mice (Arrate et al., 2010). These results indicate that while more
lymphomas expressed Cre, the lymphomas still prevented it from deleting both Dicer
alleles. Our data show a p53 deficiency still resulted in a delay in lymphoma development
and did not allow biallelic Dicer deletion, but it did restore the lymphoma phenotype and
CD19 surface expression and partially restored Cre expression in the B-cell lymphomas.
Protection from apoptosis is a critical step in B-cell development and
lymphomagenesis (Eischen et al., 2001b; Eischen et al., 1999; Eischen et al., 2001c; Hardy
and Hayakawa, 2001). Expression of Cre in Dicer/" mice results in early B-cell progenitor
(Mb1-Cre) or mature B-cell (Aicda-Cre) apoptosis and a developmental block or a lack of
germinal centers, respectively (Koralov et al., 2008; Xu et al., 2012). Suppressing
apoptosis by overexpressing the anti-apoptotic Bcl-2 protein and/or deleting the pro-
apoptotic gene Bim or by expressing an immunoglobulin transgene, which provides
survival signals, partially rescued B-cells from apoptosis in these systems. Since neither
study confirmed biallelic deletion of Dicer had indeed occurred in the surviving B-cells,
and since our data show B-cells do not survive Dicer deletion, it is likely the B-cells that
survived in their studies only deleted one allele of Dicer. Moreover, the reduction in
apoptosis that allowed more B-cells to survive and differentiate likely reflects effects on
the B-cell compartment rather than on the survival of Dicer-deleted B-cells. In addition, it

is unlikely that Bcl-2 overexpression alone would protect an untransformed B-cell from
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apoptosis induced by Dicer deletion, as the B-cell lymphomas we evaluated overexpressed
Bcl-2 (unpublished observations) and rapidly died when Dicer was deleted. However, these
results could also indicate transformed B-cells rely on Dicer more than untransformed B-
cells. Certainly, further studies are needed to determine the conditions, if any, under which
B-cells at any maturation stage would survive complete Dicer ablation.

Dicer is reported to function as a haploinsufficient tumor suppressor and promote
tumorigenesis in mouse models of soft-tissue sarcoma, lung adenocarcinoma, and
retinoblastoma (Kumar et al., 2009; Lambertz et al., 2010; Ravi et al., 2012). However,
there is a conflicting report on muscle cells (Mito et al, 2013). In contrast, Dicer
hypomorphic mice, expressing 20% of normal Dicer levels, did not have an increased
cancer incidence (Morita et al., 2009). Moreover, we determined the rate of Myc-induced
B-cell lymphomagenesis was similar in mice that had one or two alleles of Dicer (Arrate
et al., 2010), regardless of p53 status, indicating Dicer was not a haploinsufficient tumor
suppressor in B-cells. Furthermore, evaluation of Dicer protein and function in p53™"
/CD19-cre*/Dicer™"/Ep-myc lymphomas with one or two Dicer alleles revealed analogous
levels of protein and mature miRNA. Therefore, loss of one allele of Dicer did not change
the levels of Dicer protein or function in the B-cell lymphomas. Although our results reveal
Dicer inhibition as a potential therapeutic opportunity for treatment of B-cell lymphomas,
which are sensitive to Dicer loss, due to its haploinsufficient tumor suppressor functions in
other cell types, this may not be possible. Therefore, it will be important in future studies
to determine the cell types where Dicer functions as a haploinsufficient tumor suppressor,
and whether transient inactivation of Dicer could be therapeutic for lymphoma treatment

without being tumor-inducing.
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CHAPTER 111

MYC-REGULATED MIRNA-MEDIATED APOPTOTIC MECHANISM

UNDERLIES THERAPEUTIC EFFECTS OF HDAC INHIBITION

This chapter is from:
Adams CM, Hiebert SW, and Eischen CM. “Myc-regulated miRNA-mediated apoptotic

mechanism underlies therapeutic effects of HDAC inhibition.”
In revision, 2015

Introduction

Aberrant expression or function of histone deacetylases (HDACs) have been
implicated in hematopoietic malignancies (West and Johnstone, 2014). Although HDAC
inhibition (HDACI) induces tumor cell death while leaving normal cells relatively
unaffected, the underlying mechanism(s) behind this remain unclear. Changes in
expression of survival genes were observed following HDACI (West and Johnstone, 2014);
however, whether these alterations resulted from hyper-acetylation of promoters or altered
expression of transcriptional mediators was not determined. HDACI also affects DNA
replication, likely from the inability to deacetylate histones at replication forks (Conti et
al., 2010; Stengel and Hiebert, 2014).

Myc, an oncogenic transcription factor, is dysregulated in most hematopoietic
malignancies (Dang, 2012). However, untransformed cells undergo apoptosis to counter
hyper-proliferative signals from Myc dysregulation. Specifically, Myc overexpression

activates the p53 tumor suppressor pathway, eliciting apoptosis (Eischen et al., 1999; Zindy
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et al., 1998). Myc-induced apoptosis also occurs independent of p53 through down-
regulation of anti-apoptotic Bcl-2 and Bcl-x. proteins, by an indirect and unclear
mechanism (Eischen et al., 2001a; Eischen et al., 2001c; Patel and McMahon, 2007). Both
pathways become inactivated during tumorigenesis (Dang et al., 2005).

Myc transcriptionally activates or represses numerous genes, regulating many
cellular processes (Eilers and Eisenman, 2008). Myc represses protein-coding genes by
recruiting HDACs and by binding and inhibiting the transcriptional activator Miz-1 (Eilers
and Eisenman, 2008; Kurland and Tansey, 2008). Myc also regulates the expression of
non-coding RNA, including microRNA (miRNA) that bind mRNA, typically inhibiting
translation (Bui and Mendell, 2010). In malignant cells, Myc represses many miRNA while
specifically up-regulating others (Bui and Mendell, 2010; Chang et al., 2008). Although
Myc-mediated transcriptional activation has been extensively studied, mechanisms of
Myc-mediated repression and their contribution to tumorigenesis are less understood.

Here we describe a previously unknown miRNA-mediated mechanism of Myc-
induced apoptosis. We determined cellular transformation status dictates whether Myc
transcriptionally activates or represses the miR-15 and let-7 families that target anti-
apoptotic Bcl-2 and Bcl-x., respectively. This apoptotic mechanism was inactivated in
transformed hematopoietic cells, but reactivated by HDACI. Our data reveal a general
mechanism underlying HDACi-mediated malignant hematopoietic cell death and provide

new insight into Myc-induced apoptosis.
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Materials and Methods

Cell lines, transfection, and infection

Daudi, Ramos, Raji, Su-DHL-6, Kasumi, K562, Jurkat, Loucy, Hut-78, H929, and NIH3T3
cells were cultured as described by the American Type Culture Collection. MyLa (Sigma)
and OCI-Ly-19 and OCI-Ly-3 cells were cultured in RPMI-1640 containing 10% human
or fetal bovine serum, respectively. P493-6 cells from Dr. Dirk Eick (Helmholtz Zentrum
Muenchen) were cultured as described (Pajic et al., 2000). Tetracycline (0.1ug/ml; Sigma)
was added to cultures of P493-6 cells for 24 hours to turn off MYC expression. Cell lines
were obtained between 2001 and 2012 and were cultured for less than six months. Primary
murine pre-B cultures were generated as previously described (Eischen et al., 1999).
Briefly, bone marrow was harvested from 4-6 week-old wild-type mice. After hypotonic
lysis of red blood cells, bone marrow cells were cultured RMPI supplemented with 10
ng/mL IL-7, 20% FBS, 55 uM B-mercaptoethanol, 2 mM glutamine, and penicillin/
streptomycin. Primary pre-B cells were infected with the bicistronic retrovirus MSCV-
MycER-IRES-GFP in the presence of 8 ug/mL polybrene. GFP-positive pre-B cells were
isolated by fluorescence-activated cell sorting (FACS). Epu-myc lymphoma cells were
previously isolated and maintained as published (Eischen et al., 1999). Wild-type or p53™
murine embryonic fibroblasts (MEFs) were cultured as described (Zindy et al., 1998).
Fibroblasts were transfected using Lipofectamine2000 (Invitrogen). Retroviral infections

were performed as previously reported (Zindy et al., 1998).
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Vectors

The MSCV-MycER-IRES-GFP bicistronic retrovirus was previously described (Zindy et
al., 1998). Site-directed mutagenesis was used to introduce the V394D point mutation into
the MSCV-MycER-IRES-GFP bicistronic retroviral vector to generate MycV394D-ER.
Dr. Michael Cole (Dartmouth) kindly provided a vector containing a deletion (A118-152)
in the Myc Box Il domain of Myc (MycAMBII). The region encoding the MycAMBII
deletion was cloned into the multiple cloning site of the MSCV-MycER-IRES-GFP
bicistronic retroviral vector to generate MycAMBII-ER. Retroviral miRNA expression
vectors and empty retrovirus control (MSCV-PIG) were obtained from Dr. Josh Mendell
(UT-Southwestern) (Chang et al., 2008). Luciferase reporter plasmids were constructed by
cloning a 60-mer of the 3°-UTR of Bcl-2, Bcl-x., or p21 that contained the predicted miR-
15 family, let-7 family, or miR-17 family target sequence, respectively, into the multiple
cloning site of pMIR-REPORT (Invitrogen). Luciferase reporters containing mutated
miRNA binding sites were similarly generated by cloning a 60-mer with a mutated (base
substitutions) target sequence to prevent the miR-15 or let-7 families from binding the 3’-
UTR of Bcl-2 or Bcl-x., respectively, into the multiple cloning site of pMIR-REPORT. All
plasmids were sequenced for verification prior to use. For luciferase assays, a reporter

plasmid encoding -galactosidase was used for transfection normalization (Invitrogen).

HDAC inhibition and cell survival assays
In vitro experiments utilized 1uM 4-hydroxytamoxifen (4-OHT) or vehicle (EtOH), and
Depsipeptide (250pM-10nM, Celgene); RGFP233, RGFP963, RGFP966 (250nM-10uM,

Repligen); Panobinostat (250pM-5nM, Novartis); or vehicle (DMSO). Cell number and/or
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viability were determined by Trypan-Blue Dye exclusion (triplicate) and proliferation by
MTT (Sigma; 570nm), MTS (Promega; 490nm), or Alamar Blue (Invitrogen) assays
(quadruplicate). Apoptosis was evaluated by flow cytometry following propidium iodide

(sub-G1 DNA) or AnnexinV/7-AAD staining.

Precision nuclear run-on and sequencing (PRO-seq)
Nuclei were isolated and PRO-seq was performed as previously described (Kwak et al.,

2013).

Mice and tissue acquisition

For the in vivo lymphoma experiments, 10-12 weeks old C57Bl/6 mice were
subcutaneously injected (one flank) with 4x10° Ep-myc lymphoma cells as previously
described (Adams and Eischen, 2014). Once tumors reached 200 mm?®, Depsipeptide
(2mg/kg) or vehicle (DMSO) was intraperitoneally injected. Mice were sacrificed at
intervals for tumor evaluation. Studies complied with state and federal guidelines and were
approved by the Vanderbilt Institutional Animal Care and Use Committee. Normal B-cells
were purified from spleens of mice with the IMag Mouse B-Lymphocyte Enrichment Set
(BD-Biosciences). Normal human B-cells were purified from leukoreduction filters (Red
Cross) and de-identified fresh spleens using the IMag Human B-Lymphocyte Enrichment
Set (BD-Biosciences). De-identified fresh spleen and frozen lymph nodes were obtained
from the Cooperative Human Tissue Network, following Institutional Review Board

approval as non-human subject research (#150139).
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Western blotting and immunoprecipitation
Whole cell protein lysates were prepared and Western blotted as reported (Alt et al., 2005;
Zindy et al., 1998). Fibroblasts were lysed 48 hours post-transfection. Myc was immuno-

precipitated from lysates prior to Western blotting as previously reported (Alt et al., 2005).

Antibodies

Western blotting antibodies: Bcl-2, Bcl-x. (BD-Biosciences); Mcl-1 (Rockland); Bim (22-
40, Calbiochem); cleaved Caspase-3 (Cell-Signaling); Myc, H3K9K14ac (Millipore);
H3K56ac, H4K5ac, H3, H4 (Abcam); Bax (N-20), Miz-1 (H-190, Santa-Cruz); and -actin
(Sigma). gChIP antibodies: Myc (N-262) and isotype controls (Santa-Cruz), RNA

polymerase-11 (Ser2-phosphorylated, Abcam), and H3K9K14ac (Millipore).

ENCODE

GEO accession numbers of ENCODE datasets (Consortium, 2012) evaluated:
GSM935410, GSM935643, GSM822290, GSMB22286, GSM822291, GSM822298,
GSM1088664, GSM1231600, GSM1181982, GSM1430924, GSM1356589,

GSM1356597, GSM1386884, GSM1386876, GSM1356606, and GSM1181980.

Primers

gRT-PCR. mRNA and miRNA expression were normalized to S-actin and RNUGD levels,
respectively, and presented as 224, Primer sequences for mouse and human Bcl-2, Bcl-
XL, Mcl-1, and p-Actin mRNA expression were obtained from the Harvard Medical School

Primer Bank. Sequences of primers used to detect primary miRNA transcripts of the miR-
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15a/16-1 cluster, miR-195/497 cluster, let-7a and miR-31 are listed below. These primers
were designed such that ~100 base pairs of flanking sequence extended on either side of
the stem-loop. Stem-loop sequences of each miRNA were derived from the Sanger

miRBase data repository and mapped to the human and mouse genomes.

primary miRNA | Species Forward (5° 2 3°) Reverse (5° 2 3°)

miR-15a/16-1 mouse CAATTATAGTATTTTAACAG GCACATACCAGTGTTAGATT
miR-15a/16-1 human CAATTACAGTATTTTAAGAG GCATATTACATCAATGTTAT
miR-195/497 mouse TCTCTCAACATGGTGCTGCC CCTGCTAAACTATTTCCTGA
miR-195/497 human CCTCTCAGCTTCGTGCTGTC CCTGCTCAGCCCGTCCCTGG
let-7a mouse | CTTTTCCCTCATACAGGAAAC | CAAAGTAAGTAAAAACTTGC
let-7a human | CTTATCACTCACACAGGAAAC | GACAAGAAGCAAAAGGTTTC
miR-31 mouse GCCCTACATATCATGGATGG | GGAAACAGCGTGTTTTCAAC
miR-31 human | ATCCAAGGAAGGGCGCACAT | GAAATAAGTGCGCTTTCAAT

ChIP. Primer sequences for ChlP of the promoter or upstream regions (negative controls)
for the miR-15a/16-1 cluster, miR-195/497 cluster, let-7a, p21, and CAD in human cells
have been previously described (Chang et al., 2008; Pal et al., 2003; Wu et al., 2003).
Primers used for performing ChIP of murine cells are listed below. Based on sequence
conservation of the promoter regions between human and mouse, primers specific for
mouse were designed to amplify a region near the transcription start site of the miRNA or

for a negative control, approximately 500 base pairs upstream.

Transcription unit Forward (5’ 2 3°) Reverse (5° 2 3?)

miR-15a/16-1 promoter ACAGCTGTCCCTGCCTCC GTAGAAGTTTCCGCATGCG

miR-15a/16-1 upstream | GTACGCATTGTTATCAAACGC GGCAGTGAGACACCTGATCC

miR-195/497 promoter GGGCTTTAGGCGGGAGTC CGACTCTTCTCAACCCTTATAGGG

miR-195/497 upstream TCTGTCTTTCTCCTGCCTCC AAATTGGCATCGGGACAG
let-7a promoter CGTCGCCATTTTTCCCTC CCTCCTGGTCGCCCGCT
let-7a upstream TCCTAGTGCATGGAAAGTTCC | TTTCAAAGCAATCTTTACGAATTC
p21 promoter ATCGGTGAAGGAGTGGGTTGG GACACCCACTGGGCTCAGCGC
CAD promoter TGCCGGCTGCTTGCGCCGTCG AGGTTAAGTAGAGTGGGGTCG

Quantitative chromatin immunoprecipitation (QChIP)
qChlP was performed as previously described (Grieb et al., 2014). Primer sequences and

antibodies are listed above.
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Quantitative real-time PCR (qQRT-PCR)

RNA was isolated, cDNA was generated, and SybrGreen (SA-Biosciences) and TagMan
MicroRNA Assays (Applied Biosciences) were used for gRT-PCR (triplicate) to measure
MRNA and miRNA, respectively, as previously described (McGirt et al., 2014; Wang et
al., 2008). mRNA and miRNA expression were normalized to f-actin and RNUGD levels,

respectively, and presented as 2"24Ct, Primer sequences in Supplemental.

Luciferase assays

NIH3T3 cells were transfected with luciferase reporters, -galactosidase control plasmid,
and 50nM miR-15 or miR-195 mIiRIDIAN miRNA mimics or control RNA
(Dharmacon/ThermoScientificBio), and/or 200nM miScript Target Protectors (Qiagen).
Luciferase and B-galactosidase activity was measured as previously described (McGirt et

al., 2014).

Statistics

Student’s t-tests were used to statistically evaluate the data in Figures 23, 26A, 28, 31C,
31D, 33, 34, 35, 36B, 36C, 37A-D, 38D, 38E, 39B, 39C, 40, 43A, 43B, 44, 46D, 49B, 50C,
51A, and 51B. Wilcoxon rank-sum tests determined statistical significance for Figures 32,

38B, 39A, and 41C.

85



Results

HDAC inhibition decreases Bcl-2 and Bcl-xL expression, inducing apoptosis in
multiple hematopoietic malignancies

To evaluate the molecular events following HDACI, B-cell lymphomas from Ep-
myc transgenic mice (Myc-driven B-cell lymphoma model; (Adams et al., 1985) and
human Burkitt’s lymphoma lines were treated with HDAC inhibitors. Depsipeptide (Depsi,
class-l HDACi), RGFP966 (HDACS3i; (Wells et al., 2013), RGFP233 (HDAC1/2i),
RGFP963 (HDAC1/2/3i), and Panobinostat (pan-HDACI) all decreased cell expansion and
number (Figures 23 and 24). Depsi also reduced cell expansion in nine other malignant
human hematopoietic lines, including acute myeloblastic leukemia (Kasumi), chronic
myelogenous leukemia (K562), acute T-cell leukemia (Jurkat, Loucy), cutaneous T-cell
lymphoma (Hut-78, MyLa), diffuse large B-cell lymphoma (Su-DHL-6, OCI-Ly-19), and
multiple myeloma (H929) (Figure 25). Furthermore, HDACI decreased cell viability
(Figure 26A) and increased Caspase-3 cleavage (Figure 26B), characteristics of apoptosis.

To identify the molecular determinants of HDACi-mediated apoptosis, we assessed
expression of crucial pro-survival proteins. Compared to vehicle, HDACi of murine and
human B-cell lymphoma cells decreased anti-apoptotic Bcl-2 and Bcl-x. protein, but not
Mcl-1 (Figure 27A). Moreover, Depsi treatment also decreased Bcl-2 and Bcl-x. protein
in nine other malignant hematopoietic cell lines (Figure 27B). Decreased Bcl-2 and Bcl-x.
MRNA (Figure 28) may explain the reduction in protein. Inhibiting Bcl-2 and/or Bcl-x.
reportedly kills malignant hematopoietic cells, including lines we evaluated (Czabotar et

al., 2014). Thus, HDACI decreased Bcl-2 and Bcl-x. expression, inducing apoptosis.
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Figure 23. HDAC inhibition decreases cell expansion and number. Cells remained untreated
(UT) or received Depsipeptide (Depsi), RGFP966 (966), or vehicle (DMSO) control. Following
drug administration, proliferation (Alamar Blue or MTS; quadruplicate) and cell number (triplicate)
were determined at the indicated intervals in murine (Epn-myc, EM330 and EM817; A) and human
(Daudi and Ramos; B) lymphoma cells. Error bars are SD (*p<0.01); p-values determined by
comparison to DMSO. Technical assistance for the fluorescence assays was obtained from the
Hiebert lab.
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Figure 24. Lymphoma cells are sensitive to multiple HDAC inhibitors. Dose response curves
(mean of quadruplicates shown) to Depsipeptide (Depsi), selective HDAC inhibitors (RGFP966,
RGFP233, RGFP963), Panobinostat, or vehicle control (DMSQO) were obtained by Alamar Blue
assays of murine (Ep-myc, EM330 and EM817) and human (Daudi) lymphoma cells. Technical
assistance for the fluorescence assays was obtained from the Hiebert lab.
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Figure 25. HDAC inhibition causes decreased cell expansion in multiple hematopoietic
malignancies. Proliferation of various hematopoietic malignancies was assessed by MTS assay
(quadruplicate) upon addition of Depsipeptide (Depsi) or vehicle control (DMSO) or left untreated
(UT). Error bars are SD.
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Figure 26. Apoptosis of lymphoma cells is induced by HDAC inhibition. Cells remained
untreated (UT) or received Depsipeptide (Depsi), RGFP966 (966), or vehicle (DMSO) control. (A)
Following drug administration, viability (triplicate) was determined at the indicated intervals in
murine (Eu-myc, EM330 and EM817) and human (Daudi and Ramos) lymphoma cells. (B)
Western blotting was performed for the proteins indicated (CC3, Cleaved Caspase-3). Error
bars are SD (*p<0.01); p-values determined by comparison to DMSO.
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Figure 27. HDAC inhibition reduces Bcl-2 and Bcl-x. expression in multiple hematopoietic
malignancies. Cells remained untreated (UT) or received Depsipeptide (Depsi), RGFP966 (966),
or vehicle (DMSO) control for the intervals indicated (A) or 24 hours (B). Levels of the indicated
proteins in murine (Eu-myc, EM330 and EM817) and human (Daudi and Ramos) B cell lymphoma
(A) and other human hematopoietic malignancies (B) were assessed by Western blot. | received
technical assistance in running the Western for B.
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Figure 28. Decreased levels of Bcl-2 and Bcl-x. protein is likely due to a reduction in mRNA
levels. Murine (Ep-myc, EM330) and human (Daudi) lymphoma cells received Depsipeptide
(Depsi), RGFP966 (966), or vehicle (DMSO) control. Following drug administration, mRNA
levels were evaluated by gRT-PCR (triplicate). mMRNA expression was normalized to S-Actin. Error

bars are SEM (*p<0.03); p-values determined by comparison to DMSO.
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HDAC inhibition reveals post-transcriptional regulation of Bcl-2 and Bcl-x.

HDACI-induced effects on histone acetylation were evaluated to gain insight into
the mechanism responsible for decreasing Bcl-2 and Bcl-x.. Western blotting showed
increased global histone acetylation marks associated with active transcription in murine
and human lymphoma cells treated with Depsi or 966 (Figure 29A). Analogous results
were obtained in the other nine malignant hematopoietic cell lines tested (Figure 29B).

Histone acetylation is typically associated with gene activation, yet Bcl-2 and Bcl-
XL MRNA decreased after HDACI. To investigate this, we examined precision global run-
on transcription coupled with massively parallel sequencing (PRO-seq; (Kwak et al., 2013)
data for BCL-2 and BCL-X. loci from Daudi cells treated for 4hrs with Depsipeptide or
vehicle control (Acharya et al., manuscript in preparation). This analysis showed no
significant expression changes (increased or decreased) at these loci (Figure 30),
suggesting a post-transcriptional mechanism is likely responsible for the observed changes
in Bcl-2 and Bcl-x. mRNA.

Therefore, we assessed expression of the miR-15 family (miR-15a, -16-1, -195,
-497) and let-7a, as these miRNA post-transcriptionally target and negatively regulate Bcl-
2 and Bcl-x. expression, respectively, and induce apoptosis in multiple cell types (Figure
31) (Lima et al., 2011). Consistent with previous reports (Chang et al., 2008; Lu et al.,
2005), miR-15 family and let-7a levels were decreased in human diffuse large B-cell
lymphoma (DLBCL) and Burkitt’s lymphoma cell lines compared to purified B-cells and
normal lymph nodes (Figure 32A). Similarly, B-cell lymphomas from Ep-myc transgenic
mice also had reduced levels of these miRNA compared to levels in pre-cancerous Ep-myc

splenocytes and purified B-cells (Figure 32B).
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Figure 29. Global histone acetylation is increased following HDAC inhibition. Murine (EM330
and EM817) and human (Daudi and Ramos) B cell lymphomas (A) and the other indicated
hematologic malignancies (B) were treated with vehicle (DMSO) control, Depsipeptide (Depsi),
and/or RGFP966 (966) for the time indicated (A) or 24 hours (B). Levels of the indicated histone
acetylation marks were assessed by Western blot. | received technical assistance in running the
Western for B.
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Figure 30. No change in transcription was detected at the BCL-2 and BCL-X, loci following
HDAC inhibition. Precision nuclear Run-On and sequencing (PRO-seq) was used to assess RNA
polymerase pausing in human lymphoma cells (Daudi) following 4 hours of treatment with
Depsipeptide (Depsi) or vehicle (DMSO) control. A representative result for BCL-2 and BCL-X, is
shown; red denotes reads on the “+” strand and blue are reads on the “-* strand. Technical assistance
was obtained from the Hiebert lab to perform PRO-seq on nuclei | prepared.

95



' ~AUAUCCAAUCCUGUGCUGCUA-3 BCL-2 human
—RURRGARACCCUGUGCUGCUA-3 Bcl-2 mouse
]

—~UGUUUGGURARUACACGACGAU-5 miR-15a
—CGGUUAUARAUGCACGACGAU-5 miR-16-1
—CGGUUAUARAGACACGACGAU-5 miR-195
—~UGUUUGGUGUCACACGACGAC-5 miR-497

a Lo Lo o Lnoen

U-L

—-CCCCAGGGUCUUCCCUACCUCA-3 BCL-¥; human

5’ —CCCCAGGGGCUUCCCUACCUCA-3 Bel-x; mouse
TR
3’ ~UUGAUAUGUUGGRUGAUGGAGU-5 let-Ta

B C
miRNA mimic  miRNA inhibitor
cntrl 15a 195  cntd 15a 195 _@10 ] 4
Bel2 e w o e > e g
- ; s< *
Bolx, e e e @S am S0, *
Bax s = = o - — s |
.|
B-Actin - — . ——— 0

miRNA: cntrl 15a 195 15a 195
Bcl-2 Bcl-2
WT3'UTR Mut 3UTR

D 0.6 2.0 70
e control e control ® control
o miR-195 — © miR-195 504 © miR-195
— 0.5 S 1.6 +
£ - Q
S x 3 50
S 0.4 = o
0 @ 1.24 40
0o 0.3 * 'g %
o S 0.8 gso
C 0.2 =
g 0.2 * = - 201
J o
= 0.1 8 0.4 = 10,
01— T T 01—~ x . . 0
0 48 96 0 24 48 72 0 24 48 72

Time (hr) Time (hr) Time (hr)

Figure 31. miR-15 family targets Bcl-2 to induce apoptosis. (A) miRNA-15 family members
with the binding site of the 3’-untranslated region (3’-UTR) of Bcl-2 in human and mouse bolded.
Let-7a with the binding site of the 3’-UTR of Bcl-x. in human and mouse bolded. (B) Levels of the
indicated proteins in NIH3T3 cells 48 hours after transfection with miR-15a mimic, miR-195
mimic, control RNA (cntrl), miR-15a inhibitor, miR-195 inhibitor, or control inhibitor (cntrl) were
determined by Western blot. (C) NIH3T3 cells were transfected with luciferase reporter plasmids
containing a portion of the 3’-UTR of Bcl-2 with the miR-15 family seed sequence (WT) or the 3’-
UTR with a mutated miR-15 family seed sequence (Mut). miR-15a or miR-195 mimic or control
RNA (cntrl) were also transfected in addition to a 3-galactosidase reporter plasmid for transfection
normalization. Luciferase activity was measured 24 hours after transfection. (D) miR-195 mimic
or control RNA was transfected, in triplicate, into NIH3T3 cells and cell growth, number, and
viability were assessed at the indicated intervals. Error bars are SD; *p<0.002 for C and *p<0.04
for D; compared to control RNA.
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Figure 32. Levels of the miR-15 family and let-7a are decreased in lymphoma. Mature miRNA
levels were determined by qRT-PCR (triplicate) in (A) human diffuse large B-cell lymphoma
(DLBCL), Burkitt’s lymphoma, two normal lymph nodes, and purified B-cells from peripheral
blood (PB) and spleen (Sp), and (B) six murine Ep-myc lymphomas, two pre-cancerous Eu-myc
spleens, and two sets of purified splenic B-cells. Small RNA, RNU6b, was used for qRT-PCR
normalization. Error bars are SEM. *p<0.01, lymphoma versus mean of all normals | received
technical assistance in isolating B cells from human peripheral blood (A) and mouse spleens (B).
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Notably, HDACI increased miR-15a and miR-195 (representative miR-15 family
members) and let-7a in mouse and human lymphoma cells (Figure 33). miR-31 levels were
unaffected, demonstrating not all miRNA were up-regulated with HDACI. All other
malignant hematopoietic lines evaluated showed similar results (Figure 34A), indicating
this HDACI-induced effect is not cell-type specific. Furthermore, with Depsi dose
escalation, miRNA levels increased, indicating a dose response to HDACI (Figure 34B).

To evaluate whether the miR-15 family and let-7a were being transcribed upon
HDACI, we measured primary transcripts of the miR-15a/16-1 and miR-195/497 clusters
and let-7a. Following HDACI, these pri-miRNA transcripts increased (Figure 35A). We
next performed qChIP for RNA polymerase-11 phosphorylated on serine 2 (RNAPII-p-
Ser2), which is indicative of active transcriptional elongation. HDACi resulted in RNAPII-
p-Ser2 enrichment at miR-15 family and let-7a promoters in lymphoma cells (Figure 35B).
Enrichment was not observed at regions upstream of these promoters or in vehicle control-
treated cells. Additionally, there was more RNAPII-p-Ser2 enrichment at miR-15 family
and let-7a promoters in Depsi-treated lymphoma compared to normal lymphocytes (Figure
35C), indicating increased transcription following HDACI in lymphoma. Thus, HDACI in
lymphoma activates transcription of the miR-15 family and let-7a.

To determine whether the HDACi-induced increase in the miR-15 family or let-7a
was responsible for lymphoma cell death, we retrovirally expressed the miRNA in two
lymphoma lines. Lymphomas expressing the miR-15a/16-1 or let-7a clusters showed
reduced Bcl-2 or Bcl-x. protein, cell expansion, and total cell number (Figure 36A-C). In
addition, these lymphoma cells had decreased viability and an increase in sub-G1 DNA

content (apoptotic), AnnexinV-positivity and Caspase 3 cleavage (Figure 37A-E). Thus,
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Figure 33. miR-15 family and let-7a increase in lymphomas upon HDAC inhibition. Murine
(EM330 and EM817; A) and human (Daudi and Ramos, B) lymphomas were treated with
Depsipeptide (Depsi), RGFP966 (966), or vehicle control (DMSO). Murine (EM330 and EM817)
and human (Daudi) lymphomas were treated with Depsipeptide (Depsi), selective HDAC inhibitors
(RGFP233, RGFP963, RGFP966), or vehicle control (DMSO) for the time indicated (C). Levels
of the indicated miRNA were assessed by qRT-PCR (triplicate), and levels of RNU6b were used
for normalization. Error bars are SEM. *p<0.01, HDACi versus DMSO.

99



-y
.

5 1) [JDMSO
@ 10, EmiR-15a )
o 8 Hiet-7a Depsi
@ g
Z 4
[
o 2
© |
8 & & F S R PP e P
o - ’
& £
B ., EM330 o Daudi
B miR-15a B E miR-15a
s/l let-Ta - & mllet-7Ta

Relative expression
-

o
0 DMSO 05 10 50 10 0 DMsSO 05 1.0 50 10
Depsi (nM) Depsi (nM)

Figure 34. HDAC inhibition increases miR-15 family and let-7a repression in multiple
hematopoietic malignancies. The indicated hematologic malignancies (A) or murine (EM330)
and human (Daudi) B cell lymphomas (B) were treated with Depsipeptide (Depsi; 5nM for A and
the indicated concentrations for B) or vehicle control (DMSO) for 12 hours. For B, the amount of
DMSO added was equivalent to that for 10nM Depsi. Levels of the indicated miRNA were assessed
by qRT-PCR (triplicate), and levels of RNU6b were used for normalization. Error bars are SEM.
*p<0.001 for A and *p<0.03 for B. Statistical significance was determined by comparing Depsi
versus DMSO.
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Figure 35. HDAC inhibition reverses miR-15 family and let-7a repression in lymphoma. (A-
C) Murine (EM330) and human (Daudi) lymphoma cells were treated with Depsipeptide (Depsi),
RGFP966 (966), or vehicle (DMSO) for the time indicated (A) or for 4 hours (B, C). (A) pri-
miRNA levels were determined by gRT-PCR (triplicate). (B) After treatment with Depsi or vehicle
(DMSO) for 4hrs, ChIP with anti-RNAPII-phosphorylated-Serine2 (RNAPII-p-Ser2) or isotype
control (IgG) was performed followed by gRT-PCR (triplicate) for the indicated promoters or
upstream regions (up; negative controls). Values are relative to their respective IgG control and
input DNA. (C) Murine (EM330) and human (Daudi) lymphoma cells were treated with
Depsipeptide (Depsi) or vehicle (DMSO) control for 4 hours. ChIP for RNAPII-p-Ser2 was
performed with the lymphoma cells and normal lymphocytes isolated from mouse and human
spleens. qRT-PCR was then performed for the indicated regions. Values for qChlP are relative to
input DNA, 1gG control, and normal lymphocyte controls. Error bars are SEM. For A and B,
*p<0.001, Depsi or 966 versus DMSO; and for C, *p<0.01 and **p<0.004, Depsi and DMSO
versus normal lymphocyte.
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Figure 36. Overexpression of the miR-15 or let-7 families is sufficient to decrease Bcl-2 and
Bcl-x. expression, respectively and reduce cell growth. Ep-myc lymphoma cell lines (EM330
and EM817) were retrovirally infected with either empty MSCV-PIG (vector) or MSCV-PIG
encoding the miR-15a/16-1 or let-7a/7f miRNA clusters. (A) Western blotting was performed for
the proteins indicated (U, uninfected). (B) Cell growth was measured by MTS assay (492nm;
quadruplicate) and cell number was determined by Trypan Blue dye exclusion (triplicate). Error
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bars are SD for B and C, *p<0.03, compared to empty vector.
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Figure 37. Overexpression of the miR-15 or let-7 families induces apoptosis. Ep-myc
lymphoma cell lines (EM330 and EM817) were retrovirally infected with either empty MSCV-PIG
(vector) or MSCV-PIG encoding the miR-15a/16-1 or let-7a/7f miRNA clusters. (A) Viability was
determined by Trypan Blue dye exclusion (triplicate). Flow cytometry was used to assess GFP-
positivity (B), the percentage of cells with subG1 (apoptotic) DNA content following propidium
iodide staining (C), and Annexin V-positivity (D) at the indicated intervals (each in triplicate). (E)
Western blots were performed for the proteins indicated (U, uninfected; CC3, Cleaved Caspase-3).
Error bars are SD. *p<0.03 for A and *p<0.01 for B-D; compared to empty vector.
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increased levels of the miR-15 family or let-7a are sufficient to induce apoptosis in

lymphomas.

In vivo HDAC inhibition increases miR-15 family and let-7a levels, inducing
lymphoma cell death

To extend our investigations in vivo, Epu-myc lymphoma cells were subcutaneously
injected into C57BI/6 mice. Once tumors reached 200mm?, mice were administered Depsi
or vehicle control, and tumors harvested at intervals. Analogous to our in vitro results,
HDACI increased active histone acetylation marks (Figure 38A) and levels of the miR-15
family and let-7a (Figure 38B), and decreased Bcl-2 and Bcl-x. protein (Figure 38C).
Apoptosis was evident by Caspase-3 cleavage, AnnexinV-positivity, and sub-G1 DNA
(Figure 38C-E). These data confirm HDACI activates miR-15 family and let-7a
transcription that adversely affect the expression of crucial pro-survival proteins, inducing

lymphoma cell apoptosis in vivo.

Myc transcriptionally up-regulates the miR-15 family and let-7a in untransformed
cells

Myc transcriptionally activates specific miRNA, while repressing others in cancer
cells (Bui and Mendell, 2010; Chang et al., 2008). To determine whether Myc mediated
the repression of the miR-15 family and let-7a and/or their induction following HDACI,
we evaluated untransformed and transformed cells with altered Myc levels. Unexpectedly,
in contrast to transformed cells, Myc-overexpressing pre-cancerous Ep-myc spleens had
increased miR-15 family and let-7a transcripts compared to wild-type littermate spleens

(Figure 39A). miR-31 levels were analogous between genotypes, indicating Myc
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Figure 38. In vivo, HDACI increases miR-15 family and let-7a levels, inducing lymphoma cell
death. C57BI/6 mice with subcutaneous Ep-myc lymphoma tumors (EM330) that reached
200mm?d, were treated with Depsipeptide (Depsi) or vehicle (DMSO) control (n=4/group). Tumors
were harvested 24hrs later and levels of the indicated proteins (A) and histone acetylation marks
(C) were determined by Western blot. (B) miRNA levels were assessed by gRT-PCR (triplicate),
and RNU6b was used for gqRT-PCR normalization. As a positive control, cultured EM330
lymphoma cells (in vitro) were treated with vehicle (DMSQO; -) or Depsi (+). Apoptosis was
measured by cleaved Caspase-3 (CC3), AnnexinV-positivity (triplicate) (D), and propidium iodide
staining of sub-G1 (apoptotic) DNA (triplicate) (E). Error bars are SEM for B (*p<0.001, Depsi
versus mean of all DMSO controls) and SD for D and E (*p<0.03, Depsi versus DMSQO).
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overexpression selectively increased specific miRNA in non-transformed cells.

We next assessed primary murine pre-B-cells retrovirally expressing MycER, a 4-
hydroxytamoxifen (4-OHT)-inducible Myc (Littlewood et al., 1995). Upon MycER
activation with 4-OHT, miR-15 family and let-7a levels significantly increased compared
to vehicle control-treated pre-B-cells (Figure 39B). This increase was analogous to that of
miR-20a, a well-known Myc-induced miRNA (Bui and Mendell, 2010). Levels of miR-31
were unaffected. Similar results were obtained following MycER activation in
untransformed fibroblasts (Figure 39C), indicating this effect also occurs in non-
hematopoietic cells. Addition of 4-OHT to non-MycER-expressing pre-B-cells or
fibroblasts had no effect on miRNA levels (Figure 39D). Therefore, Myc does not repress,
but instead induces the miR-15 and let-7 families in untransformed cells.

To determine whether Myc was transcriptionally activating the miR-15 and let-7
families in untransformed cells, we utilized a MycER mutant lacking the Myc-Box-1I
domain (MycAMBII-ER) essential for Myc-mediated transcriptional activation (Eilers and
Eisenman, 2008). Levels of the miR-15 family and let-7a were not induced following
MycAMBII-ER activation in wild-type murine embryonic fibroblasts (MEFs), but were
when transcriptionally competent MycER was activated (Figure 40A). When primary
transcripts of the miR-15a/16-1 and miR-195/497 clusters and let-7a were evaluated,
MycER, but not MycAMBII-ER, induced their expression in MEFs and pre-B-cells (Figure
40B and 40C, respectively), indicating Myc-mediated transcription was necessary to up-
regulate these miRNA.

To assess whether Myc was at the miRNA promoters and whether active

transcription was occurring, qChlIP was performed. qChlIP for Myc in MycER-expressing
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Figure 39. Myc upregulates members of the miR-15 family and let-7a in untransformed cells.
Relative expression of the indicated miRNA was determined by qRT-PCR. (A) Pre-cancerous
splenocytes from Eu-myc mice and wild-type (WT) non-transgenic littermates were evaluated
(n=4/group). (B) miRNA levels were assessed in MycER-expressing primary pre-B cells at the
indicated intervals (B) and NIH3T3 fibroblasts following 8 hours (C) of MycER activation with 4-
OHT or vehicle control (EtOH). (D) Relative expression of the indicated miRNA was evaluated by
gRT-PCR following addition of 4-OHT or vehicle (EtOH) control to cultures of primary pre-B cells
or wild-type murine embryonic fibroblasts (WT MEF) at intervals. For comparison, 4-OHT was
added for 6 hours to cultures of pre-B cells or wild-type MEFs infected with a retrovirus expressing
MycER. miRNA expression was normalized to the expression of small RNA RNUG6b. Error bars
are SEM. *p<0.001 for A-C, Eu-myc vs. mean of all WT spleens (A) and 4-OHT vs. EtOH (B, C).
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Figure 40. Myc transcriptional activity is necessary to induce the miR-15 family and let-7a in
non-transformed cells. Mature miRNA (A) and pri-miRNA (B, C) levels were determined by
gqRT-PCR (triplicate) and are normalized to RNUGb levels. (A-C) MycER or MycAMBII-ER was
activated with 4-OHT or vehicle (EtOH) control at the indicated intervals in MEFs (A, B) and in
primary pre-B-cells (C). (D, E) Following ChIP with anti-Myc, anti-RNAPII-phosphorylated-
Serine2 (RNAPII-p-Ser2), anti-H3K9K14ac, or isotype controls (IgG), gRT-PCR for the indicated
promoters or regions upstream (up) Myc does not bind (negative controls) was performed
(triplicate). (D) MycER-expressing p53” MEFs received vehicle (EtOH; -) or 4-OHT (+) for 4hrs
to induce MycER. (E) Splenocytes from wild-type (non-transgenic; Tg-) or pre-cancerous Eu-myc
transgenic (Tg+) littermate mice. Values for qChlIP are relative to their respective IgG control and
input DNA. Error bars are SEM. *p<0.001 for A-E; MycER versus MycAMBII-ER (A, B), 4-OHT
versus EtOH (C, D), and Ep-myc (+) versus wild-type (-) for E.
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MEFs revealed enrichment at the promoter regions of the miR-15a/16-1 and miR-195/497
clusters and let-7a following 4-OHT-induced MycER activation (Figure 40D).
Importantly, RNAPII-p-Ser2 and H3K9K14ac, indicators of active transcription, were also
enriched (Figure 40D). No enrichment was observed at regions upstream of the miRNA
promoters or in vehicle control-treated cells. Similar qChIP results were obtained in vivo
when non-transformed pre-cancerous Eu-myc transgenic spleens were compared to non-
transgenic littermate-matched spleens (Figure 40E), further demonstrating that Myc

transcriptionally up-regulates these miRNA families in untransformed cells.

Myc is required for HDACIi-induced miR-15 family and let-7a transcriptional up-
regulation

To determine the role of Myc in repressing the miR-15 and let-7 families in
malignant cells, qChlP was performed on Myc-overexpressing murine and human
lymphoma cells. Myc was enriched at the promoters of both miR-15 family clusters and
let-7a in both cell lines, but not at upstream regions (Figure 41A and 41B). ENCODE MYC
ChlP-seq data (Consortium, 2012) also showed MYC at these promoters in hematopoietic
and non-hematopoietic malignancies and non-transformed human cells (Figure 42).
Importantly, Myc was enriched at these same loci in both the presence and absence of
HDACI (Figure 41A and 41B). Consistent with Myc-mediated repression of these loci in
lymphoma, there was significantly more enrichment of Myc at the promoter regions of the
miR-15a/16-1 and miR-195/497 clusters and let-7a in lymphoma cells compared to normal
lymphocytes (Figure 41C).

Myc transcriptionally activates CAD and represses p21 (Eilers and Eisenman,

2008), consistent with the increase in RNAPII-p-Ser2 and H3K9K14ac at CAD and the
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Figure 41. Myc localizes to the miR-15 family and let-7a loci in lymphoma cells regardless of
HDAC inhibition. (A-C) Following ChIP with anti-Myc or isotype control (IgG), gqRT-PCR for
the indicated promoters or regions upstream (up) Myc does not bind (negative controls) was
performed (triplicate). Murine (EM330; A) and human (Daudi; B) lymphoma cells were treated
with Depsipeptide (Depsi) or vehicle (DMSO) for 4hrs. (C) ChIP for Myc was performed with
murine B cell lymphoma cells (EM330) and normal lymphocytes isolated from two C57BI/6
spleens for non-tumor controls. Following ChIP with antibodies against Myc or isotype control
(1gG), gRT-PCR for the indicated promoter regions was performed in triplicate. Values for qChIP
are relative to their respective IgG control and input DNA. Error bars are SEM. For C, *p<0.002,
Myc of EM330 versus the mean for Myc of the normal lymphocytes.
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Figure 42. MYC associates with the promoters of the miR-15 family and let-7a in multiple
human malignancies. Evaluation of ENCODE MYC ChlP-seq data (Consortium, 2012)
demonstrates MY C enrichment at the promoter of the miR-15a/16-1 and miR-195/497 clusters and
let-7a (peaks boxed in red) in chronic myelogenous leukemia (K562), acute promyelocytic
leukemia (NB4), lymphoblastoid (GM12878), cervical carcinoma (HeLa-S3), hepatocellular
carcinoma (HepG2), and human umbilical vein endothelial cells (HUVEC).
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lack of enrichment at p21 we observed in the lymphoma cells (Figure 43A). Neither
RNAPII-p-Ser2 nor H3K9K14ac enrichment was detected at promoters of either miR-15
family cluster or let-7a in the lymphomas (Figure 43A). Collectively, the data indicate Myc
activates miR-15 family and let-7a transcription in untransformed cells, whereas it appears
to repress their transcription in transformed cells. Moreover, HDACI of B-cell lymphoma
induced the miR-15 family and let-7a to levels similar to those in non-transformed pre-
cancerous B-cells overexpressing Myc (Figure 43B). Furthermore, the de-repression of the
miR-15 family and let-7a detected in lymphomas following 6 hours of HDACI did not
appear to be due to changes in Myc protein, as Myc levels were similar for at least 12 hours
after HDACI (Figure 43C). Together, our data suggest HDACi converts Myc from a
transcriptional repressor into a transcriptional activator in lymphoma.

To test whether Myc was required for HDACi-induced up-regulation of the miR-
15 family and let-7a, we utilized the human B-cell lymphoma line, P493-6, that expresses
a tetracycline-regulatable MY C (Pajic et al., 2000). With tetracycline present, MYC levels
were significantly reduced and HDACI failed to increase miR-15a, miR-195, or let-7a
levels (Figure 44A). Only when MY C was expressed did HDACI increase their expression.
Therefore, Myc was required to mediate the HDACIi-induced up-regulation of the miR-15
family and let-7a. Additionally, irrespective of HDACIi, when MY C expression was off,
levels of the miR-15 and let-7 families were slightly increased compared to when MYC
was expressed, providing additional evidence MY C represses these miRNA in lymphoma.

To further assess the requirements of MY C on miR-15 family and let-7a expression,
we performed qChIP with P493-6 cells. When Myc was expressed, it was enriched at the

miR-15 family and let-7a promoters (Figure 44B). Upon HDACI, enrichment of RNAPII-
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Figure 43. miR-15 family and let-7a loci are repressed in lymphoma and reactivated by
HDAC inhibition. (A) Murine (EM330) and human (Daudi) lymphoma cells treated with
Depsipeptide (Depsi) or vehicle (DMSO) for 4hrs. Following ChIP with anti-Myc, anti-RNAPII-
phosphorylated-Serine2 (RNAPII-p-Ser2), anti-H3K9K14ac, or isotype controls (IgG), gRT-PCR
for the indicated promoters or regions upstream (up) Myc does not bind (negative controls) was
performed (triplicate). p21 (Myc repression target) and CAD (Myc activation target) were controls
(Eilers and Eisenman, 2008). Values for qChIP are relative to their respective IgG control and input
DNA. (B) Relative expression of the indicated miRNA was determined by qRT-PCR (triplicate)
comparing murine (Ep-myc) lymphoma cells (EM330) following 12hrs of HDAC inhibition with
Depsipeptide (Depsi) to that of two pre-cancerous Ep-myc spleens overexpressing Myc. miRNA
expression was normalized to the expression of small RNA RNU6b. (C) Whole cell protein lysates
were Western blotted for Myc and B-Actin in murine (EM330, EM817) and human (Daudi, Ramos)
lymphoma cell lines following treatment with Depsipeptide (Depsi) or vehicle (DMSO) control for
the indicated time. Error bars are SEM. *p<0.0002 for A, RNAPII-p-Ser2 and H3K9K 14ac vs. IgG
and *p<0.001 for B, comparisons to EM330 Ohr Depsi.
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Figure 44. Myc is required for HDACIi-induced transcriptional up-regulation of the miR-15
family and let-7a. (A) Human P493-6 lymphoma cells containing tetracycline-regulatable MYC
(P493-6) exposed to tetracycline (+; MY C-OFF) for 24hrs or not (MY C-ON) were Western blotted.
These cells were also treated for 12hrs with Depsi or vehicle (DMSO) control. miRNA were
measured by gRT-PCR (triplicate) and normalized to RNUGD levels. (B, C) Before qChIP analyses,
P493-6 cells received tetracycline for 24hrs (+; MYC-OFF) or not (-; MYC-ON) prior to treatment
with Depsipeptide (Depsi) or vehicle (DMSO) for 4hrs. Following ChIP with anti-Myc, anti-
RNAPII-phosphorylated-Serine2 (RNAPII-p-Ser2), anti-H3K9K14ac, or isotype controls (1gG),
gRT-PCR for the indicated promoters or regions upstream (up) Myc does not bind (negative
controls) was performed (triplicate). Values for qChIP are relative to their respective 1gG control
and input DNA. Error bars are SEM. *p<0.01; Depsi versus DMSO (A) or RNAPII-p-Ser2 and
H3K9K14ac vs. IgG (C).
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p-Ser2 and H3K9K14ac (marks of active transcription) at miR-15 family and let-7a
promoters was only observed in MY C-expressing cells (Figure 44C). When MY C was not
expressed, a slight enrichment of RNAPII-p-Ser2 and H3K9K14ac was detected at the

miR-15 family and let-7a promoters, regardless of HDACI (Figure 44C). These data show
MY C mediated the repression of the miR-15 family and let-7a and was required for their

HDACIi-induced transcriptional up-regulation.

Myc transcriptional activity is required to suppress Bcl-2 and Bcl-xL expression

In untransformed cells, Myc suppressed Bcl-2 and Bcl-x. expression, inducing
apoptosis through an indirect, unresolved mechanism (Eischen et al., 2001a; Eischen et al.,
2001c), purportedly through binding Miz-1 (Patel and McMahon, 2007). However, Bcl-2
and Bcl-xL proteins are overexpressed in the majority of Ep-myc B-cell lymphomas and
human lymphomas (Eischen et al., 2001c). Evaluation of Ep-myc B-cell lymphomas
compared to normal B-cells and spleens from pre-cancerous Ep-myc mice confirmed these
results (Figure 45A). In contrast, pre-cancerous Ep-myc spleens with increased Myc had
reduced Bcl-2 and Bcl-x. protein compared to non-transgenic littermate-matched spleens
(Figure 45B). Mcl-1 and Bax (pro-apoptotic Bcl-2 family member) were unaffected.
Similarly, in MycER-expressing primary pre-B-cells and MEFs, decreases in Bcl-2 and
Bcl-x. were detected following MycER activation (Figure 45C). No change in Mcl-1 or
Bax expression was detected, whereas Bim, a pro-apoptotic Bcl-2 family member up-
regulated by Myc (Egle et al., 2004), was increased upon MycER activation (Figure 45C).
Therefore, with elevated Myc, non-transformed cells decrease Bcl-2 and Bcl-x.
expression, whereas their expression is increased in transformed cells.

Myc associates with the transcription factor Miz-1 through a motif requiring valine
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Figure 45. Expression of Bcl-2 and Bcl-x. is regulated by Myc. Western blotting was performed
for the indicated proteins in Ep-myc lymphomas (n=11) and pre-cancerous Ep-myc purified B-cells
(n=2) and spleens (n=3) (A), pre-cancerous splenocytes from Ep-myc mice (n=5) and wild-type
(WT) non-transgenic littermates (n=5) (B), and at intervals following addition of 4-OHT to wild-
type (WT) MycER-expressing murine embryonic fibroblasts (MEFs) and primary pre-B-cells (C).
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394, reportedly suppressing Bcl-2 (Patel and McMahon, 2007). To investigate this, MycER
harboring a point mutation (VV394D) disrupting the Myc:Miz-1 interaction (MycV394D-
ER; Figure 46A) (Herold et al., 2002) was expressed in wild-type MEFs. Following
MycV394D-ER activation with 4-OHT, Bcl-2 and Bcl-x. were suppressed equivalently to
cells expressing wild-type MycER, ruling out a Miz-1-mediated mechanism (Figure 46B).
Analogous data were obtained using p53-null MEFs (Figure 46C), consistent with prior
results in p53-null myeloid and B-cells (Eischen et al., 2001a; Eischen et al., 2001c). These
data reveal a Miz-1- and p53-independent mechanism for Myc-mediated suppression of
Bcl-2 and Bcl-x_ expression. Moreover, MycV394D-ER effectively induced miR-15
family and let-7a expression (Figure 46D), further supporting this miRNA-mediated
mechanism of Myc-induced suppression of Bcl-2 and Bcl-x.. Additionally, evaluation of
ChlP-seq data for Miz-1 in four human and six murine cell lines/tissues (Peter et al., 2014;
Rashkovan et al., 2014; Walz et al., 2014; Wolf et al., 2013) showed Miz-1 enrichment at
promoters of known Miz-1-regulated genes (e.g., VAMP4) (Figure 47). However, Miz-1
was not enriched at the miR-15 family or let-7a promoters in any of the cell lines/tissues
evaluated, indicating Miz-1 does not transcriptionally regulate these miRNA.

To determine whether Myc transcriptional activity is required to decrease Bcl-2 and
Bcl-xL expression in normal cells, wild-type MEFs expressing MycER or the
transcriptionally inactive MycAMBII-ER mutant were evaluated. Following 4-OHT
addition, decreased Bcl-2 and Bcl-x. and increased Bim expression were only observed in
cells expressing wild-type MycER and not MycAMBII-ER (Figure 48). Again, Mcl-1 and
Bax expression were unaffected. Therefore, Myc-mediated transcriptional activity is

necessary for Bcl-2 and Bcl-x. down-regulation.
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Figure 46. Myc transcriptional activity regulates Bcl-2 and Bcl-x, expression independent of
Miz-1 and p53. (A, C) p53-null MEFs or wild-type (WT MEF; B) expressing wild-type MycER
or MycV394D-ER, a Myc mutant that cannot associate with Miz-1. MycER and MycV394D-ER
were activated with 4-OHT for 4 hours (A) or the time indicated (B, C). (A) Immunoprecipitations
of whole cell protein lysates with anti-Myc or isotype (IgG) control were Western blotted for Miz-
1 and Myc. (B, C) Whole cell protein lysates were Western blotted for the indicated proteins in
wild-type MEFs (B) and p53-null MEFs (C). (D) miRNA levels were determined by gRT-PCR
(triplicate; normalized to RNUG6b levels) following MycV394D-ER activation with 4-OHT or
vehicle (EtOH). Error bars are SEM; *p<0.001, 4-OHT versus EtOH.
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Figure 47. Miz-1 does not associate with the miR-15 and let-7 family promoters. Evaluation of
Miz-1 ChlIP-seq data at the promoters of VAMP4, a known Miz-1 regulated gene, the miR-15a/16-
1 and miR-195/497 clusters, and let-7a in human cervical carcinoma (HeLa-S3), human osteo-
sarcoma (U20S), human breast carcinoma (MDA-MB-231), human colorectal adenocarcinoma
(Ls174T), murine T cell lymphoma (TCL), murine pancreatic carcinoma, murine pre-B lympho-
blasts (702/3), murine pre-T lymphoblasts (P6D4), murine neuronal progenitor cells (NPC), and

murine embryonic fibroblasts (MEF). Promoter regions are outlined in red.
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Myc transcriptionally induces the miR-15 family and let-7a that then target Bcl-2 and
Bel-xo

We reasoned that defining the Myc-induced mechanism of Bcl-2 and Bcl-x. down-
regulation in normal cells would provide insight into the mechanism behind their down-
regulation following HDACI. To test whether the reduction in Bcl-2 and Bcl-x. was a direct
consequence of Myc-induced up-regulation of the miR-15 family and let-7a in
untransformed cells, luciferase assays were performed in MycER-expressing fibroblasts
with reporters harboring wild-type or mutated miRNA binding sites in the Bcl-2 or Bcl-x.
3’-untranslated region (3’-UTR) (Figure 49A). Following MycER activation, luciferase
activity decreased in cells containing the reporter with wild-type miR-15 family or let-7a
binding sites in the Bcl-2 or Bel-x. 3°-UTR, respectively (Figure 49B). Luciferase activity
remained unchanged in cells containing reporters with mutated miR-15 family or let-7a
binding sites or cells expressing the transcriptionally impaired MycAMBII-ER mutant
(Figure 49B). A reporter containing the miR-17 family binding site of the p21 3°-UTR
served as a positive control, as p21 is a validated target of the Myc-regulated miR-17 family
(Bui and Mendell, 2010). These data indicate a novel mechanism where Myc
transcriptionally up-regulates the miR-15 family and let-7a, which then target the 3’-UTR
of Bcl-2 and Bcl-x, respectively, leading to their down-regulation in untransformed cells.

To further validate this mechanism, wild-type MEFs were transfected with
modified RNA molecules (Target Protectors) designed to block the miR-15 family or let-
7a from binding their specific target sites in the Bcl-2 or Bcl-x. 3’-UTR, respectively
(Figure 50A). Bcl-2 and Bcl-x. protein increased in wild-type MEFs transfected with Bcl-

2 or Bcl-x. Target Protectors, respectively, as endogenous miR-15 family members and
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Figure 48. Myc transcriptional activity regulates Bcl-2 and Bcl-x. expression. At intervals
following addition of 4-OHT, wild-type (WT) MEFs expressing MycER or MycAMBII-ER were
harvested and Western blotted for the indicated proteins.
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Figure 49. Myc induces the miR-15 family and let-7a that then target Bcl-2 and Bcl-x.. (A)
Schematic of experimental design. (B) Luciferase expression vectors containing the 3’-untranslated
region (3’-UTR) of Bcl-2 and Bcl-x. with the wild-type (WT) or a mutated (Mut) miRNA binding
site were transfected into fibroblasts expressing the 4-OHT-inducible MycER or MycAMBII-ER.
An expression vector containing the miR-17 family binding site of the wild-type (WT) p21 3’-UTR
was a positive control (Bui and Mendell, 2010). Luciferase activity was measured (triplicate) 48hrs
following vehicle (EtOH) control or 4-OHT addition to activate MycER. A B-galactosidase reporter
plasmid was co-transfected for normalization.
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let-7a were unable to bind and inhibit their expression (Figure 50B). Combining the Bcl-2
Target Protector with miR-15a overexpression, which alone decreased Bcl-2 protein,
rescued Bcl-2 protein expression (Figure 50B). Then, MycER-expressing fibroblasts were
transfected with luciferase reporters, as described above, together with the Bcl-2 or Bcl-x.
Target Protectors. In the presence of Bcl-2 or Bcl-x. Target Protectors, little, if any,
decrease in luciferase activity was detected following MycER activation (Figure 50C).
Next, MEFs expressing MycV394D-ER (unable to interact with Miz-1) were transfected
with Bcl-2 or Bel-x. Target Protectors. MycV394D-ER activation decreased Bcl-2 and
Bcl-xL protein expression in the absence of any Target Protector (Figure 50D). However,
levels of Bcl-2 or Bcl-x. were maintained when Target Protectors blocked the miR-15 or
let-7 family binding sites, respectively (Figure 50D). Therefore, down-regulation of Bcl-2
and Bcl-x. upon Myc activation in untransformed cells was due to induction of the miR-
15 family and let-7a that bind the 3’-UTR of Bcl-2 and Bcl-xc, respectively.

We then tested whether targeting of Bcl-2 and Bcl-x. by the miR-15 family and let-
7a contributes to Myc-induced apoptosis, independent of p53. MycV394D-ER was
activated in p53-null MEFs under reduced serum conditions with or without Target
Protectors. MycV394D-ER-activated MEFs containing Target Protectors had increased
cell expansion and reduced cleaved Caspase-3 and Annexin V-positivity (Figure 51A-C).
Thus, Myc induces the expression of miR-15 family and let-7a independent of p53, leading
to apoptosis. Collectively, the data reveal a novel mechanism whereby Myc up-regulates
the miR-15 family and let-7a that target Bcl-2 and Bcl-xc in untransformed cells to trigger
apoptosis, and that this mechanism is re-activated in lymphomas following HDACI (Figure

52).
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Figure 50. Blocking the miR-15 and let-7 family binding sites in the 3’-UTR of Bcl-2 and Bcl-
XL, respectively, inhibits the Myc-induced decrease in their expression. (A) Target Protectors
block the miR-15 family and let-7a from binding sites in the 3’-untranslated region (3’-UTR) of
Bcl-2 and Bcl-x., respectively. (B) Wild-type MEFs transfected with either Bcl-2 or Bcl-x, Target
Protectors (TP) and/or miR-15a mimic were Western blotted. Untrans, untransfected cells. (C)
Luciferase expression vectors containing the 3°-UTR of Bcl-2 and Bcl-x. with the miRNA binding
site were transfected into fibroblasts expressing the 4-OHT-inducible MycER. Luciferase activity
was measured (triplicate) 48hrs following vehicle (EtOH) control or 4-OHT addition to activate
MycER. A B-galactosidase reporter plasmid was co-transfected for normalization. (D) p53” MEFs,
with or without Bcl-2 and/or Bcl-x. Target Protectors (TP), expressing the 4-OHT-inducible
MycV394D-ER were Western blotted at intervals following addition of 4-OHT. Error bars are
SEM. *p<0.009, 4-OHT versus EtOH.
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Figure 51. Blocking the miR-15 and let-7 families from binding Bcl-2 or Bcl-x., respectively
rescues Myc-induced apoptosis. miR-15 family and let-7a miRNA binding sites in the Bcl-2 and
Bel-x. 3°-UTR were blocked with site-specific small molecules (TP; Target Protectors). p53”
MEFs, with or without Bcl-2 and/or Bcl-x,. Target Protectors (TP), expressing the 4-OHT-inducible
MycV394D-ER were subjected to MTT assay (A; quadruplicate), analyzed for Annexin V-
positivity (triplicate) by flow cytometry, or Western blotted (C) at intervals following addition of
4-OHT. Cleaved Caspase-3 (CC3). Error bars are SD. *p<0.02 for A and *p<0.0001 for B; both
TP versus control. | received technical assistance in running the Western for C.
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Figure 52. Myc-regulated miRNA mediate a novel mechanism of apoptosis that is re-activated
by HDAC inhibition. Cellular transformation status dictates whether Myc transcriptionally
activates or represses the miR-15 and let-7 families that target anti-apoptotic Bcl-2 and Bcl-x.,
respectively. This apoptotic mechanism was inactivated in transformed hematopoietic cells through
epigenetic alterations involving HDACS, but reactivated by HDAC inhibition.
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Discussion

Although selective killing of tumor cells by HDAC:i is being clinically tested and
multiple effects have been noted, such as altered expression of apoptotic genes and DNA
damage (Conti et al., 2010; Stengel and Hiebert, 2014; West and Johnstone, 2014), the
mechanism(s) for its affects remains incompletely understood. Here we show HDACI
switches Myc from a repressor to an activator of miRNA that control the expression of Bcl-
2 and Bcl-xy, significantly contributing to HDACi-mediated tumor cell death. We
identified a mechanism of HDACi-induced apoptosis that occurs in Myc-driven B-cell
malignancies and likely contributes to other human cancers. Our data provide evidence of
a novel Myc-induced miRNA-mediated mechanism of apoptosis that is present in non-
transformed cells, repressed in malignant cells, and reactivated in tumor cells upon HDACI.

It was previously postulated that HDACI kills myeloid leukemia cells through
changes in expression of extrinsic apoptotic pathway proteins (Insinga et al., 2005). Others
have reported HDACI causes global changes in gene expression that alter the apoptotic
threshold in favor of cancer cell killing (Bolden et al., 2013). Specifically, expression
profiling showed HDACI altered mRNA levels of pro- and anti-apoptotic Bcl-2 family
members, yielding a pro-apoptotic signature in malignant cells (Bolden et al., 2013).
However, measuring stable pools of individual or multiple mRNA as an indirect readout
of transcription would miss the post-transcriptional regulation of gene expression. Our data
reveal increased miRNA transcription, rather than direct transcriptional repression, leads
to down-regulation of anti-apoptotic Bcl-2 and Bcl-x. gene expression. Likewise, other

groups have reported HDACIi-mediated changes in miRNA expression (Cho et al., 2015;
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Majid et al., 2013; Scott et al., 2006; Zhang et al., 2012b). For example, HDACI of a breast
cancer line changed the expression of 27 miRNA within 5 hours, including let-7a (Scott et
al., 2006). However, they reported down-regulation of let-7a, whereas we detected
increased let-7a upon HDACI; this discrepancy may be due to differences in the cell types
evaluated or the HDAC inhibitors used. Importantly, our results indicate HDACi-induced
changes in Bcl-2 and Bcl-x. were mediated by Myc. Myc is overexpressed and/or
dysregulated in most human malignancies and is essential in cancers driven by other
oncogenes, such as mutant Ras (Dang, 2012; Soucek et al., 2008). Thus, our data, providing
a molecular link between Myc, miRNA, and Bcl-2 and Bcl-x., yield new insights into the
transforming action of Myc, and suggest how this pathway can be targeted therapeutically.
Moreover, our work suggests the expression of these miRNA may be useful biomarkers
for HDACI sensitivity.

Due to previous reports that Myc repressed miRNA in malignant cells (Chang et
al., 2008; Lu et al., 2005), we were initially surprised when Myc induced the expression
of the miR-15 family and let-7a in untransformed cells. However, Myc overexpression
drives cancer cell proliferation, but triggers apoptosis in untransformed cells (Dang, 2012).
Myec induces apoptosis by activating the p53 pathway and simultaneously down-regulating
Bcl-2 and Bcl-x. mRNA expression through an indirect mechanism (Eischen et al., 2001a;
Eischen et al., 2001c), reportedly involving Miz-1 (Patel and McMahon, 2007). Myc
expression did not change the half-life of Bcl-2 (Eischen et al., 2001a); therefore, we
suspected a transcriptional or post-transcriptional mechanism. The miR-15 family and let-
7a were known to target Bcl-2 and Bcl-x., respectively, contributing to apoptosis (Lima et

al., 2011), so we investigated whether a connection between Myc, these miRNA, and Bcl-

128



2 and Bcl-x. down-regulation existed. Indeed, Myc suppressed the expression of Bcl-2 and
Bcl-xL independent of its interaction with Miz-1 and of p53, which can itself
transcriptionally repress Bcl-2 and Bcl-x. expression (Haldar et al., 1994; Sugars et al.,
2001). Transcriptionally competent Myc was required for the reduction in Bcl-2 and Bcl-
xL and the induction of the miR-15 and let-7 families. Moreover, open chromatin and
activated RNA polymerase-1l were observed at the miRNA promoters in Myc-
overexpressing untransformed cells. Luciferase reporter assays confirmed that Myc
induced the miR-15 family and let-7a, which directly targeted Bcl-2 and Bcl-x. 3’-UTRs,
respectively. By inhibiting the miR-15 family from binding Bcl-2 and let-7a from binding
Bcl-x., the decrease in Bcl-2 and Bcl-x. following Myc activation was blocked. Combined,
our data provide strong evidence that in untransformed cells, Myc induces the miR-15
family and let-7a that then target Bcl-2 and Bcl-x, respectively, triggering apoptosis. These
results reveal a novel miRNA-mediated mechanism of tumor suppression that is activated
in normal cells upon Myc dysregulation.

Our data indicate Myc transcriptionally activates the miR-15 family and let-7a in
untransformed cells, while transcriptionally repressing them in transformed cells. In
lymphoma cells, Myc was present at miR-15 family and let-7a promoters, which were
closed and transcriptionally inactive, indicating Myc was likely mediating this repression,
as had been reported (Chang et al., 2008). Our data from multiple hematopoietic
malignancies indicate HDACSs contributed to the repression of both miR-15 family clusters
and let-7a, as repression was relieved following HDACI, resulting in transcriptional up-
regulation of these miRNA, which required Myc. The HDAC3-selective inhibitor

RGFP966 induced miR-15a and let-7a to an equal extent as the class-1 HDAC inhibitor
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Depsipeptide and the more specific HDAC1/2/3 inhibitor RGFP963 did, suggesting
HDAC3 may be the primary HDAC involved in mediating the repression. Consistent with
these results, others have reported HDAC3 is specifically involved with repression of miR-
29a/b/c and miR-15a/16-1 in B-cell and mantle-cell lymphoma lines, respectively (Zhang
et al., 2012a; Zhang et al., 2012b). Moreover, Myc is reported to recruit HDACS3 to the
promoters of protein-coding genes and miRNA to repress their expression (Kurland and
Tansey, 2008; Zhang et al., 2012a; Zhang et al., 2012b). However, RGFP233, the
HDAC1/2 inhibitor, also increased levels of miR-15a and let-7a, indicating they may also
contribute to the repression. Although how Myc and HDAC interactions contribute to
tumorigenesis remains unresolved, our data suggest that Myc, together with HDAC:s, alter
the epigenome leading to repression of miRNA and possibly other genes whose expression
results in cancer cell apoptosis. HDACi relieves the transcriptional repression of the miR-
15 and let-7 families in malignant hematopoietic cells, resulting in transcription of these
miRNA, which targeted Bcl-2 and Bcl-x., killing the cancer cells.

Furthermore, hematopoietic cell lines with either mutant or wild-type p53 showed
analogous results, indicating HDACi-induced effects are independent of p53 status. Given
the p53 pathway is inactivated and Myc is dysregulated in most human cancers (Dang,
2012; Olivier et al., 2010), our results identify a new potentially therapeutic avenue to
induce apoptosis that capitalizes on Myc and is independent of p53. Of note,
overexpression of Bcl-2 and/or Bcl-x. protected from HDACIi-induced cell death (Ellis et
al., 2009; Lindemann et al., 2007; Thompson et al., 2013; Whitecross et al., 2009),
supporting our conclusion that miRNA targeting these genes leads to apoptosis. Our studies

have identified a novel mechanism of Myc-induced apoptosis that capitalizes on miRNA
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to suppress the expression of crucial pro-survival proteins. While this mechanism is
inactivated in malignancies through epigenetic alterations involving HDACs, we have
shown it can be reactivated by HDACI. Our current study provides a novel mechanism that
underlies HDACi-mediated cell death and offers new insights that should aid in improving

cancer therapies.
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CHAPTER IV

HISTONE DEACETYLASE INHIBITION REVEALS A TUMOR SUPPRESSIVE
FUNCTION OF MYC-REGULATED MIRNA IN

BREAST AND LUNG CARCINOMA

This chapter is from:
Adams CM and Eischen CM. “Histone deacetylase inhibition reveals a tumor

suppressive function of Myc-regulated miRNA in breast and lung carcinoma.”
In revision, 2015

Introduction

Aberrant gene transcription is a defining feature of cancer, and alterations in
transcription regulation often lead to cellular transformation (Hanahan and Weinberg,
2011). Complex mechanisms regulate transcription, including the addition or removal of
chemical modifications, such as acetyl groups, to histone tails (Dawson and Kouzarides,
2012). Deregulation in the expression and/or activity of histone deacetylase (HDAC)
enzymes, which remove acetyl groups, leads to alterations in gene expression and has been
linked to the development of cancer (Dawson and Kouzarides, 2012). The predominant
biological outcome following exposure of cells to inhibitors of HDACs has been the
selective death of malignant cells (West and Johnstone, 2014). Although HDAC inhibitors
have provided clinical benefit to the treatment of specific hematological malignancies, its

impact on solid organ cancer treatment is less clear and the underlying mechanisms behind
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HDAC inhibition-induced tumor cell apoptosis remain unresolved.

While the mechanism of action of HDAC inhibitors should favor chromatin
decondensation and a global increase in gene transcription, only a small percentage of
genes appears to be affected (Xu et al., 2007). This suggests that post-transcriptional
mechanisms of gene regulation are likely involved in the molecular events following
HDAC inhibition. One such mechanism that has been linked to HDAC regulation includes
miRNA (Chen et al., 2014; Cho et al., 2015; Wang et al., 2013; Zhang et al., 2012b).
miRNA comprise a class of non-coding RNA that post-transcriptionally regulate the
expression of target mRNA, typically resulting in decreased translation (Ebert and Sharp,
2012). The potential for miRNA-guided regulation of gene expression is significant, as it
is predicted that the majority of all mMRNAs are under miRNA control and that a single
miRNA can target many mRNA (Ebert and Sharp, 2012). Therefore, HDAC inhibition-
induced changes in one or more miRNA is capable of eliciting a significant downstream
biological response.

Cancers often present with reduced levels of mature miRNA as compared to normal
tissue of the same origin (Gaur et al., 2007; Lu et al., 2005). In B cell lymphomas,
downregulation of miRNA expression was reported to be the result of widespread
transcriptional repression by the oncogenic transcription factor MYC (Chang et al., 2008).
Moreover, well-known tumor suppressive miRNA, including the miR-15 and let-7
families, are repressed by MYC in human B cell lymphoma (Chang et al., 2008). These
miRNA have also been reported to be downregulated in breast and lung cancers (Gaur et
al., 2007; Lu et al., 2005; Volinia et al., 2006), but the involvement of MYC in their

repression in these malignancies is unknown. Recently, MY C was shown to repress miR-
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29 in B cell lymphomas through recruitment of HDAC3 to the miR-29 promoter (Zhang et
al., 2012b). Here we demonstrate that MYC repressed the miR-15 and let-7 families in
breast and lung cancer, and that upon HDAC inhibition (HDACI), these miRNA were
transcriptionally activated by MY C. Blocking the ability of miR-15 and let-7 families from
targeting BCL-2 and BCL-Xy, respectively, resulted in carcinoma cell survival. Our data
reveal a previously unknown mechanism of MY C-induced apoptosis mediated by miRNA

that is activated in breast and lung cancer cells by HDACI.

Materials and Methods

Cell culture, vectors, and transfection

Human breast (MDA-MD-231 and HCC1806) and lung (A549 and H1437) carcinoma cell
lines were provided by Drs. Jennifer Pietenpol, Pierre Massion, and William Pao. All cells
were cultured as described by the American Type Culture Collection. MDA-MB-231 cells
were transfected using Lipofectamine 2000 (Life Technologies) with a SureSilencing
vector encoding a MYC shRNA or non-targeting control ShRNA (48 hours; Qiagen) or with
200 nM miScript Target Protectors (24 hours; Qiagen) designed to block miR-15 family

and let-7 family binding sites in the 3’-UTR of BCL-2 and BCL-X_, respectively.

HDAC inhibition and cell survival assays
Cells were treated with 10 nM Depsipeptide (Celgene) or vehicle control (DMSO). To
assess proliferation, cells were plated in quadruplicate and MTT assays were performed

according to the manufacture’s protocol (Sigma; 570 nm). Apoptosis was evaluated by
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assessing Caspase 3 cleavage by Western blotting (see below) and by Annexin-V positivity

using flow cytometry, as we previously reported (Adams and Eischen, 2014).

Western blotting

Cells were harvested 48 hours after transfection or at the indicated times following HDACI
and were lysed as previously reported (Zindy et al., 1998). Equal amounts of protein were
resolved by SDS-PAGE and Western blotted as described (Zindy et al., 1998). Antibodies
against BCL-2 and BCL-X_ (BD Biosciences), cleaved Caspase 3 (Cell Signaling), MYC
(Millipore); B-ACTIN (Sigma), and H3K9K14ac, H3K56ac, H4K5ac, Histone H3, Histone

H4 (Abcam) were used.

RNA isolation and quantitative real-time PCR (QRT-PCR)

RNA was isolated, cDNA was generated, and TagMan MicroRNA Assays for mature
miRNA (Applied Biosciences) were used to perform gRT-PCR, in triplicate, as previously
described (McGirt et al., 2014). miRNA expression was normalized to small RNA RNU6b
levels and presented as 222, Sequences of primers used to detect primary miRNA
transcripts of the miR-15a/16-1, miR-195/497, and let-7a/f clusters are were designed such
that ~100 base pairs of flanking sequence extended on either side of the stem-loop. Stem-
loop sequences of each miRNA were derived from the Sanger miRBase data repository
and mapped to the human genome. miR-15a/16-1 forward 5’-CAATTACAGTATTTT
AAGAG, reverse 5’-GCATATTACATCAATGTTAT; miR-195/497 forward 5’-CCTCT
CAGCTTCGTGCTGTC, reverse 5’-CCTGCTCAGCCCGTCCCTGG; let-7a/f forward

5’-CTTATCACTCACACAGGAAAC, reverse 5’-GACAAGAAGCAAAAGGTTTC.

135



Quantitative chromatin immunoprecipitation (QChIP)

qChlP was performed as previously described (Grieb et al., 2014). The antibodies used for
MYC (N-262) and the isotype controls were from Santa Cruz, and antibodies against
H3K9K14ac, Histone H3, and RNA polymerase Il (Ser2 phosphorylated form) were from
Abcam. Primer sequences for ChlP of the promoter or upstream regions (negative controls)
for the miR-15a/16-1, miR-195/497, and let-7a/f clusters were previously described

(Chang et al., 2008).

ENCODE data
Data from the ENCODE project was utilized (Consortium, 2012). The GEO accession

numbers of the datasets evaluated are GSM1003607, GSM935441, and GSM822301.

Statistics

Student’s t-tests were used to determine statistical significance.

Results

HDACI induces transcription of the miR-15 and let-7 families in breast and lung
cancer cells

Cancer cells frequently select for downregulation of miRNA that inhibit growth
and mediate apoptosis (Di Leva et al., 2014). For example, the miR-15 and let-7 families,
both of which have been shown to induce apoptosis and inhibit tumorigenesis (Lima et al.,

2011), are significantly downregulated in most human cancers, including breast and lung
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carcinoma (Gaur et al., 2007; Lu et al., 2005; Volinia et al., 2006). A recent mechanism of
miRNA repression was reported to be mediated, in part, by the recruitment of HDACs to
miRNA promoters (Zhang et al., 2012b). As such, we sought to determine whether HDACs
contributed to the transcriptional repression of the miR-15 and let-7 families in breast and
lung cancers. Following HDACi with Depsipeptide (Depsi, pan-class | HDAC inhibitor)
or vehicle control (DMSO), an increase in levels of representative members of the miR-15
and let-7 families (miR-15a and let-7a, respectively) was observed in all four breast and
lung cancer cell lines evaluated (Figure 53A). Expression of other miRNA (e.g., miR-301)
did not change upon HDACI, indicating that HDACI did not lead to the upregulation of all
mMiRNA.

We postulated that the increased miRNA levels we observed were likely due to
increased transcription. To determine whether the miR-15 and let-7 families were actively
being transcribed following HDACI, we first assessed the expression of the primary
mIiRNA transcripts for miR-15a and let-7a, representative members of both families.
Following HDACI, we detected an increase in levels of pri-miR-15a and pri-let-7a in the
breast and lung cancer cell lines (Figure 53B). Additionally, Western blotting revealed an
increase in global histone acetylation marks associated with active transcription following
HDACI (Figure 53C).

Global acetylation of histones is typically associated with open and active
chromatin; therefore, we next evaluated the transcriptional status of the promoters of the
miR-15 and let-7 families. We performed chromatin immunoprecipitation (ChIP) with the
MDA-MB-231 breast cancer cell line following administration of HDACI or vehicle

control. Specifically, we assessed enrichment of a phosphorylated form of RNA
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Figure 53. miR-15 and let-7 families are transcriptionally upregulated following HDACI.
Human breast (MDA-MB-231, HCC1806) and lung (A549, H1437) carcinoma cell lines were
treated with vehicle control (DMSO) or Depsipeptide (Depsi). (A, B) Following 12 hours of
treatment with Depsi or vehicle control (DMSO), levels of the indicated mature miRNA (A) and
primary miRNA (B) were determined by qRT-PCR in triplicate and normalized to small RNA
RNUGD levels. Values for each miRNA are plotted relative to their respective DMSO sample, which
was set at 1 (only one bar for the DMSO treated samples is displayed). (C) Western blot analysis
of the indicated proteins at intervals following Depsi or DMSO vehicle control. Error bars are SEM.
*p<0.002 (t-test) were determined by comparison to DMSO control.
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polymerase Il (serine 2 phosphorylated; RNAPII-p-Ser2), which is indicative of RNAPII
engaged in transcriptional elongation. Notably, HDACi resulted in a significant enrichment
of RNAPII-p-Ser2 at the promoter regions of the miR-15 family (miR-15a/16-1, miR-
195/497) and the let-7a/f cluster (Figure 54A). RNAPII enrichment was not detected at
regions upstream of the miRNA promoters or in cells that received DMSO vehicle control.
Furthermore, H3K9K14ac, an acetylation mark associated with transcriptionally active
chromatin, was also enriched at the promoter regions of miR-15a/16-1, miR-195/497, and
let-7a/f following HDACI (Figure 54B). These results demonstrate that HDACi alleviates
the repression of the miR-15 and let-7 families observed in malignant breast and lung cells,

inducing their transcriptional upregulation.

MYC is required to mediate the HDACi-induced increase in the miR-15 family and
let-7a

The oncogenic transcription factor MYC has been shown to transcriptionally
activate or repress the expression of protein-coding genes and non-coding RNA, including
miRNA (Dang, 2012). Previously, reduced expression of the miR-15 and let-7 families in
human B cell lymphoma was reportedly due to MY C-mediated transcriptional repression
at their promoter regions (Chang et al., 2008). Therefore, we first investigated whether
MYC was enriched at the promoter regions of the miR-15a/16-1, miR-195/497, and let-
7a/f clusters in the presence and absence of HDACi using ChIP. MYC enrichment was
detected in MDA-MB-231 cells that had received either DMSO vehicle control or the
HDACI Depsi (Figure 55A). However, no enrichment was detected at regions upstream of

the miRNA promoters (Figure 55A). ENCODE ChlP-seq data (Consortium, 2012) from
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Figure 54. HDAC inhibition re-activates transcription at the miR-15 and let-7 family
promoters. MDA-MB-231 breast cancer cells were treated with Depsi or vehicle control (DMSO)
for 4 hours. ChIP with anti-RNAPII-phosphorylated on Serine 2 (RNAPII-p-Ser2; A) and
H3K9K14ac (B) or isotype controls (IgG) was performed followed by qRT-PCR, in triplicate for
the indicated promoter regions (TSS) or the upstream regions (up; negative controls). Values are
relative to input DNA and their respective 1gG controls and plotted relative to the first DMSO
sample, which was set at 1. Error bars are SEM. *p<0.0015 (t-test) were determined by comparison

to DMSO.
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human breast and lung cell lines was evaluated and also showed that MY C was enriched
at these same miRNA promoter regions (Figure 55B). These results suggest that MYC is
bound to the promoters of the miR-15 and let-7 families regardless of their transcriptional
status and HDACi.

To determine whether MYC was necessary to transcriptionally activate the
expression of the miR-15 and let-7 families following HDACi, MDA-MB-231 breast
cancer cells were transfected with a vector encoding a MYC-specific ShRNA or a non-
targeting ShRNA. MY C protein was significantly reduced with the MYC shRNA (Figure
56A). Upon knockdown of MYC expression, HDACI did not lead to an increase in levels
of miR-15a, miR-195, or let-7a (Figure 56B). These data demonstrate that MY C is required
to mediate the HDACI-induced increase in miR-15 and let-7 families. Furthermore, a
modest increase in miR-15a, miR-195, and let-7a levels were observed when MYC was
knocked-down (Figure 56B), providing additional evidence that MYC contributes to the

repression of these miRNA in malignant cells.

BCL-2 and BCL-XL expression is reduced by HDAC inhibition

Post-transcriptional mRNA regulation is mediated in part by miRNA (Ebert and
Sharp, 2012). Given the significant increase in the levels of the miR-15 and let-7 families
following HDACI, we questioned whether this would impact the expression of known
targets of these two miRNA families. Specifically, we evaluated the expression of crucial
pro-survival proteins BCL-2 and BCL-Xy, as their 3’-UTRs are well-characterized targets
of the miR-15 and let-7 families, respectively (Figure 57A) (Di Leva et al., 2014; Lima et

al., 2011). To test this, breast and lung cancer cell lines were administered Depsipeptide or
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Figure 55. MYC localizes to the promoters of the miR-15 and let-7 families. (A) MDA-MB-
231 breast carcinoma cells were treated for 4 hours with Depsipeptide (Depsi) or vehicle control
(DMSO). Following ChIP with antibodies against MYC or isotype control (IgG), gRT-PCR for the
indicated promoter regions (TSS) or the upstream (up) regions MYC does not bind (negative
controls) was performed in triplicate. Values are relative to input DNA and their respective 1gG
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ENCODE MYC ChlIP-sequencing data.(Consortium, 2012) Peaks demonstrate MYC enrichment
at the promoter of the miR-15a/16-1, miR-195/497, and let-7a/f clusters (boxed) in breast
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Figure 56. MYC is required to transcriptionally upregulate the miR-15 and let-7 families
upon HDAC inhibition. MDA-MB-231 cells were transfected with a vector encoding either a
MYC-specific sShRNA or a non-targeting (NT) shRNA control. (A) MYC protein levels were
evaluated by Western blot 48 hours after ShRNA transfection. (B) Relative expression of the
indicated miRNA was determined by gRT-PCR, in triplicate, following 12 hours of HDAC
inhibition with Depsipeptide (Depsi) or vehicle control (DMSO). miRNA levels were normalized
to the expression of small RNA RNUG6b. Values for each miRNA are plotted relative to their
respective DMSO sample, which was set at 1 (only one bar for the DMSO treated samples is
displayed.) Error bars are SEM; *p<0.01 (t-test). Pia Arrate generated the data shown in A.
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vehicle control (DMSO). Compared to cells exposed to vehicle control, HDACIi resulted
in significantly decreased BCL-2 and BCL-X_ protein levels in all four carcinoma lines
(Figure 57B and 57C).

Because knockdown of MYC blunted the HDACi-induced increase of the miR-15
and let-7 families (Figure 56B), we tested the effects of MYC knockdown on their targets,
BCL-2 and BCL-X_, following HDACi. MDA-MB-231 breast cancer cells were
transfected with a vector encoding a MYC shRNA or a non-targeting ShRNA and then
treated with Depsi. Levels of both BCL-2 and BCL-X_ proteins decreased within 12 hours
following HDACI in the cells that had received the non-targeting shRNA (Figure 58).
However, MYC knockdown greatly inhibited this decrease with only slightly reduced levels
of BCL-2 and BCL-X. observed after 24 hours of HDACI (Figure 58). Together the data
indicate that HDACi results in reduced expression of the pro-survival proteins, BCL-2 and
BCL-X., and that MYC is necessary to mediate the HDACi-induced decrease of BCL-2

and BCL-X..

HDACI induces apoptosis in breast and lung cancer cells

To test whether the decrease in expression of pro-survival proteins BCL-2 and
BCL-X. results in apoptosis, human breast and lung cancer cell lines were treated with
Depsipeptide or vehicle control (DMSO) and several assays were performed. There was an
obvious reduction in cell number following HDACI (Figure 59A). Moreover, in MTT
assays, all four breast and lung carcinoma cell lines showed decreased cell expansion
compared to cells administered vehicle control or that were left untreated (Figure 59B).

Assessment of Annexin-V positivity at intervals following HDACi showed a significant
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Figure 57. HDAC inhibition reduces BCL-2 and BCL-X. expression. (A) Diagram of the miR-
15 family and let-7 family binding site within the 3’-UTR of BCL-2 and BCL-X., respectively.
miRNA seed sequence is bolded. Western blots for the indicated proteins were performed with
whole cell protein lysates of the indicated human breast (B) and lung (C) carcinoma cell lines
following addition of vehicle control (DMSO) or Depsipeptide (Depsi) for the indicated time.
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Figure 58. MYC mediates HDACI-induced decrease of BCL-2 and BCL-X_ protein
expression. MDA-MB-231 cells were transfected with a vector encoding a MYC-specific ShRNA
or a non-targeting (NT) shRNA control. Forty-eight hours after transfection, cells were treated with
Depsipeptide for the indicated time and Western blots for the indicated proteins were performed. |
received technical assistance in running the Western.
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Figure 59. Cell growth is reduced by HDAC inhibition. (A) Following addition of DMSO or
Depsipeptide (Depsi) to MDA-MB-231 and HCC1806 cells, representative microscopic images
were taken 72 hours later (10X objective). (B) The indicated human breast and lung carcinoma
cells remained untreated (UT) or were treated with vehicle control (DMSO) or Depsipeptide
(Depsi). MTT assays were performed in quadruplicate every 24 hours. Error bars are SD; *p<0.01,
determined by comparison to DMSO (t-test).
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increase in the number of Annexin-V positive cells (Figure 60A). Furthermore, Western
blotting revealed an increase in Caspase 3 cleavage after HDACI in all four carcinoma
cell lines (Figure 60B and 60C). These results demonstrate that apoptosis occurs in breast

and lung cancer cells with HDACI.

miR-15 and let-7 families mediate HDACi-induced apoptosis

Our data suggest that the decrease observed in BCL-2 and BCL-X_ protein
following HDACI, resulting in apoptosis, was the consequence of transcriptional activation
of the miR-15 and let-7 families. To directly test this, we transiently transfected MDA-
MB-231 cells with modified RNA molecules termed Target Protectors that are designed to
bind specific sites in the BCL-2 or BCL-X. 3’-UTR and block the binding of the miR-15
and let-7 families, respectively. In cells with the Target Protectors, the levels of BCL-2 and
particularly BCL-X. were maintained even after 24 and 48 hours of HDACI (Figure 61A).
Additionally, we observed a rapid decrease in cell expansion in the MDA-MB-231 cells
treated with Depsipeptide that did not receive any Target Protectors, whereas cells that had
received the BCL-2 and BCL-X, Target Protectors continued to proliferate with HDACI
(Figure 61B). MDA-MB-231 cells with Target Protectors also showed a significant
reduction (approximately 40%) in the percentage of Annexin-V positive apoptotic cells
following HDACI (Figure 61C). In addition, there was less Caspase 3 cleavage following
HDACI in cells with the Target Protectors (Figure 61A). Therefore, blocking the miR-15
and let-7 families from binding BCL-2 or BCL-XL in breast cancer cells prevented the
downregulation of BCL-2 and BCL-X. and blunted the apoptotic response resulting from

HDACI. Collectively, the data reveal a novel miR-15 and let-7 family-mediated
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Figure 60. HDAC inhibition induces apoptosis of breast and lung cancer cells. The indicated
human breast and lung carcinoma cells were treated with vehicle control (DMSO) or Depsipeptide
(Depsi). (A) Annexin-V positivity (in triplicate) was measured at intervals by flow cytometry. (B,
C) Cleaved Caspase 3 (CC3) was assessed by Western blot in human breast (B) and lung (C)
carcinoma cell lines. Error bars are SD; *p<0.003 was determined by comparison to DMSO (t-test).
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Figure 61. Blocking miR-15 and let-7 families from binding BCL-2 and BCL-X. protects from
HDACI induced-apoptosis. MDA-MB-231 breast cancer cells were transiently transfected with
Target Protectors that block the miR-15 family and let-7 family miRNA binding sites in the BCL-
2 and BCL-X. 3’-UTR, respectively. (A) Following addition of Depsipeptide (Depsi) for the
indicated intervals, total cell protein lysates from MDA-MB-231 with (+TP) or without (-TP)
Target Protectors were Western blotted for the indicated proteins; cleaved Caspase 3, CC3. (B, C)
Cells with (+TP) or without (-TP) the BCL-2 and BCL-X, Target Protectors were subjected to MTT
assay (in quadruplicate; B) and Annexin-V analysis (in triplicate; C) by flow cytometry at intervals
following the addition of Depsi or vehicle control (DMSO). Error bars are SD. For B, *p<0.01 and
**p<0.001 were determined by comparison to DMSO; for C, *p<0.02 was determined by
comparison to cells without Target Protectors (t-test). | received technical assistance in running the
Western for A.
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mechanism of apoptosis that underlies HDACi-induced breast and lung carcinoma cell

death.

Discussion

In addition to acquiring genetic mutations, cancers can also arise from aberrant
epigenetic alterations that modify chromatin accessibility and thus, gene expression
(Dawson and Kouzarides, 2012). Development of small molecule inhibitors of HDACs,
which function to compact DNA, making it inaccessible, had immediate anti-cancer
application due to their potential to reactivate aberrantly silenced tumor suppressors (West
and Johnstone, 2014). Although a number of HDAC inhibitors are being evaluated in
preclinical cancer models and clinical trials, much remained unknown about the
mechanism of cell death they induced and the molecular determinants of cancer cell
sensitivity. In our current study, data demonstrate that inhibition of HDACs in human
breast and lung carcinoma cells activates a miRNA-mediated mechanism of apoptosis that
is induced by MYC. Our results show that, following HDAC inhibition, the MYC-
regulated miR-15 and let-7 families are transcriptionally upregulated and they target and
downregulate the expression of BCL-2 or BCL-X, triggering tumor cell apoptosis.

Recently, it has been appreciated that, in addition to protein-coding genes,
deregulated expression of non-coding RNA, including miRNA, is a hallmark of
tumorigenesis (Hanahan and Weinberg, 2011). While miRNA expression profiling has
revealed several miRNA to be upregulated in cancers relative to their normal tissue

counterparts, the majority of miRNA are downregulated (Gaur et al., 2007; Lu et al., 2005).
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These alterations in miRNA expression are beginning to be understood and some have
proved to be advantageous in tumorigenesis. For example, miRNA families shown to
possess tumor suppressive properties (Lima et al., 2011) such as the miR-15 and let-7
families, are commonly downregulated in human cancers, including breast and lung
carcinoma (Di Leva et al., 2014; Gaur et al., 2007; Lu et al., 2005; Volinia et al., 2006).
Altered expression and/or recruitment of HDACs have been shown to contribute to
dysregulation of specific miRNA (e.g., miR-29, miR-200b, miR-31, miR-125a, miR-125b,
and miR-205) in human breast and lung cancers (Chen et al., 2014; Cho et al., 2015; Wang
et al., 2013; Zhang et al., 2012b). Our data show that treatment with the pan-HDAC
inhibitor Depsipeptide resulted in elevated levels of mature miRNA of the miR-15 and let-
7 families. This increase in miRNA expression was selective as not all miRNA assessed
were induced by HDACI. Evaluation of primary miRNA transcript levels for these miRNA
indicated that the increase in mature miRNA following HDACi was a result of increased
transcription of these miRNA. These data were supported by the observed enrichment of
phosphorylated RNA polymerase Il and the H3K9K14ac histone acetylation mark, which
are both indicative of open and transcriptionally active chromatin. These results
demonstrate that HDACs contribute to the downregulation of the miR-15 and let-7 families
in breast and lung cancer, which can be reversed by HDACI.

Dysregulation of the oncogenic transcription factor MY C is known to dramatically
alter the expression of genes to facilitate cellular proliferation and tumorigenesis (Dang,
2012). To elicit these effects, MYC coordinates the activation and repression of an
extensive network of genes, including miRNA (Bui and Mendell, 2010). MY C can repress

protein-coding genes and miRNA by recruiting HDACs (Kurland and Tansey, 2008; Zhang
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et al., 2012b). Previously, MYC was reported to repress the miR-15 and let-7 families in
B cell lymphoma, as it was enriched at the promoter regions of these miRNA (Chang et
al., 2008). Our results, in combination with genome-wide MYC ChlP-sequencing data
(Consortium, 2012), indicate that MYC was also present at the promoter regions of the
miR-15 and let-7 families in human breast and lung cancer cells. Notably, by knocking-
down MYC, we determined that MYC was necessary for the upregulation of the miR-15
and let-7 families following HDACI. These data provide mechanistic evidence that MYC
utilizes HDAC:s to transcriptionally silence the miR-15 and let-7 families in breast and lung
cancer cells, and that HDACI converts MY C from a repressor to a transcriptional activator
at these miRNA promoters.

While induction of tumor cell death has been the biological outcome most often
reported following HDACI (West and Johnstone, 2014), and we observed this as well, the
molecular determinants responsible for the apoptosis remained incompletely resolved. As
such, we investigated known mRNA targets of the miR-15 and let-7 families that, when
targeted by these miRNA, lead to cell death (Lima et al., 2011). The decrease in BCL-2
and BCL-X_ protein we observed following HDACI indicated the miR-15 and let-7
families that were de-repressed and thus, transcriptionally upregulated, targeted BCL-2 and
BCL-X., respectively. Direct evidence that the cell death observed in the tumor cells
following HDACIi was due to the downregulation of BCL-2 and BCL-X. by the miR-15 and
let-7 families, respectively, was obtained by blocking the binding sites of these miRNA
families in the 3’-UTR of BCL-2 and BCL-X.. By inhibiting the miR-15 and let-7 families
from binding the 3’-UTR of BCL-2 and BCL-X., respectively, there was a significant

decrease in cell death caused by HDACI. Furthermore, when MYC was knocked down,
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HDACI had very little effect on BCL-2 and BCL-X. protein expression. This suggested
that MY C was required to mediate the HDACi-induced increase in the miR-15 and let-7
families that subsequently targeted BCL-2 and BCL-X,.. These results reveal a novel Myc-
regulated, miRNA-mediated mechanism of apoptosis that is inactivated in carcinomas, but
that can be reactivated by HDACI.

We have demonstrated that inhibition of HDACs in human breast and lung
carcinoma cells induces a previously unappreciated tumor suppressor mechanism that
utilizes miRNA that decrease the expression of critical pro-survival proteins, triggering
tumor cell death. Activation of this miRNA-mediated apoptotic mechanism was dependent
on MYC, revealing that HDACIi redirected MYC towards apoptosis, which is inactivated
in transformed cells. Given that MYC is dysregulated in the majority of human cancers
(Dang, 2012), our results reveal a new MY C-mediated mechanism to induce cell death that

could have therapeutic potential in breast and lung cancers.
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS

MY C is undoubtedly one of the most extensively studied proteins to date. Close to
25,000 primary manuscripts and review articles have been written since its discovery as a
bona fide oncogene just over 30 years ago. This motivation stems from the fact that MYC
is responsible for an estimated 100,000 cancer-related deaths in the United States each year
(Tansey, 2014). MY C is overexpressed in the majority of human malignancies, but is likely
dysregulated in all cancers given the pathways regulating MY C are compromised during
tumorigenesis. The oncogenic reputation of MYC emerges from its potential to
transcriptionally regulate 15% of the genome, resulting in MYC-induced changes that
impact nearly every cellular process. Although reducing Myc activity in cancer has proven
beneficial (Felsher, 2010), we still don’t fully understand how this occurs and what factors
are involved.

During my thesis, | assessed two major forms of miRNA regulation that are
frequently dysregulated in human malignancies, including transcriptional regulation and
processing. Using a combination of in vitro strategies and genetic mouse models, | first
investigated the cellular requirements of Dicer, an essential miRNA-processing enzyme,
and the effects of reduced Dicer expression in different tissues, which had been unresolved.
| determined that Dicer, and thus miRNA, are required for the survival and growth of B
cells and B cell lymphomas, even when the p53 tumor suppressor is absent (Adams and

Eischen, 2014). In this study, I also demonstrated that targeting Dicer may have therapeutic
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potential for the treatment of B cell lymphomas. Furthermore, | identified a novel
mechanism of Myc-induced apoptosis that is mediated by miRNA (Adams et al., in
revision, 2015; Adams and Eischen, in revision, 2015). In these studies, | determined that
the transformation status of the cell dictated whether Myc transcriptionally activated or
repressed the miR-15 and let-7 families. Previously, the miR-15 and let-7 families had been
well documented to be repressed in human cancers (Bui and Mendell, 2010; Chang et al.,
2008; Gaur et al., 2007; Lu et al., 2005; Volinia et al., 2006). However, no one had reported
a comparison of the levels of these miRNA between cancer cells and normal cells with
dysregulated Myc. | determined that Myc unexpectedly transcriptionally up-regulates the
miR-15 and let-7 families in normal cells to target anti-apoptotic Bcl-2 and Bcl-xt,
respectively, inducing apoptosis. This novel tumor suppressive mechanism is inactivated
in multiple cancer types through transcriptional repression, but as I revealed, could be re-
activated by inhibiting histone deacetylase enzymes.

As discussed below, | will highlight how data from my thesis considerably
increases our understanding of Myc biology and how this new knowledge significantly

moves the cancer field forward.

Tissue specific requirements for miRNA

A single miRNA can alter the expression of multiple mRNAs, resulting in the
simultaneous regulation of numerous genes (Bartel, 2009). Consequently, it has been
predicted that miRNA can modulate the expression of approximately 50% of all protein-
coding genes (Bartel, 2009). As such, it is not surprising that miRNA dysregulation has

been implicated in tumorigenesis. Although the expression of certain miRNA is elevated
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in cancer, this only represents one aspect of a much larger miRNA network in cancer.
Global downregulation of miRNA expression is reported to be the predominant phenotype
observed across a variety of tumor types (Gaur et al., 2007; Lu et al., 2005; Volinia et al.,
2006). However, it was unclear whether the global reduction in miRNA expression was a
cause or a consequence of tumorigenesis.

As mentioned in the Introduction, several studies have described possible
mechanisms to account for the decrease in miRNA expression in cancer. One of these
mechanisms includes reduced activity and/or expression of the miRNA-processing enzyme
Dicer. This led to the hypothesis that reduced Dicer levels could facilitate tumorigenesis.
In support of this concept, Kumar and colleagues reported that impaired miRNA processing
via conditional Dicer deletion in a mouse model of lung adenocarcinoma enhanced
transformation and tumorigenesis (Kumar et al., 2007). Unfortunately, it was undetermined
whether the tumors that emerged had indeed deleted both Dicer alleles. However, in a
follow-up study, they demonstrated that one allele of Dicer was retained and functioned as
a haploinsufficient tumor suppressor (Kumar et al., 2009). Dicer was also reported to
function as a haploinsufficient tumor suppressor in mouse models of soft tissue sarcoma,
retinoblastoma, prostate cancer, and pancreatic ductal adenocarcinoma (Lambertz et al.,
2010; Ravi et al., 2012; Wang et al., 2014; Zhang et al., 2014). In contrast, a previous
investigation from Dr. Eischen’s lab reported that loss of one allele of Dicer did not provide
an advantage for B cell lymphomagenesis, and that Dicer deletion was strongly selected
against (Arrate et al., 2010). One factor that distinguished the other studies from those of
Dr. Eischen’s was that the haploinsufficient tumor suppressive phenotype of Dicer was

observed when oncogenic Ras was overexpressed and a strong tumor suppressor (i.e., p53
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or Rb) was deleted. Therefore, it was conceivable that additional genetic lesions might be
sufficient to allow B cell lymphomas to survive without Dicer.

Previously, the Eischen lab detected an increased frequency of p53 inactivation in
CD19-cre*/Ep-myc B cell lymphomas arising in mice with two floxed Dicer alleles (Arrate
et al., 2010). This suggested that there was a connection between p53 activation and Dicer
deletion. In a separate study, Dr. Jones, in collaboration with Dr. Eischen, observed that
deletion of Dicer in untransformed primary murine embryonic fibroblasts increased the
levels of p53 and induced a premature senescent phenotype that could be partially rescued
by deleting either the Ink4a/Arf or p53 locus (Mudhasani et al., 2008). Recently, Dr. Jones
reported that loss of p53 inhibited Dicer ablation-induced apoptosis of epidermal cells
(Lyle et al., 2014). Moreover, Ravi and colleagues demonstrated that a small percentage
of a murine p53-null, mutant K-Ras-expressing sarcoma cell line and mesenchymal stem
cells that had been SV40-immortalized, which inactivates p53 and Rb, could survive Dicer
deletion (Ravi et al., 2012). These studies suggested that p53 may have an essential role in
mediating the effects of Dicer deletion. This led to the hypothesis that loss of p53, which
often allows cells to live that should otherwise die or senesce, may be sufficient to protect
B cells from the deleterious consequences of Dicer deletion.

Deletion of Dicer in B cell precursors resulted in a delay in Myc-driven B cell
lymphomagenesis, and, in the lymphomas that emerged, at least one allele of Dicer was
retained (Arrate et al., 2010). | assisted in the generation of p53*-/Dicer™/Ep-myc mice
and littermate controls that were also transgenic for the B lineage-restricted CD19-cre
recombinase to assess the rate at which lymphomas developed and whether lymphomas

could develop without Dicer in light of a p53 deficiency. Mice heterozygous for p53 were
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generated, as p53-null Ep-myc mice are not viable and the lymphomas that develop lose
their wild-type allele of p53 through loss-of-heterozygosity, becoming functionally p53-
null (Hsu et al., 1995). As described in Chapter 2, and consistent with the Eischen lab’s
previous report, Dicer deletion resulted in delayed lymphoma development, which was not
rescued by loss of p53 (Adams and Eischen, 2014). This delay in lymphomagenesis is
likely due to successful deletion of both Dicer alleles, which causes cells to undergo
apoptosis, leaving behind a smaller pool of cells to undergo transformation. The cells that
remain are ones that have retained an intact Dicer allele. | also evaluated lymphomagenesis
in the context of Dicer heterozygosity to determine whether loss of p53 would allow Dicer
to function as a haploinsufficient tumor suppressor in B cells. For these experiments, |
generated p53*/Dicer™"/Ep-myc mice that were either CD19-cre” or CD19-cre”. Unlike
the aforementioned studies demonstrating that Dicer functions as a haploinsufficient tumor
suppressor, my results showed that a p53 deficiency did not allow Dicer heterozygosity to
cooperate with Myc overexpression and accelerate lymphoma development (Adams and
Eischen, 2014). Furthermore, Dicer was necessary for the survival of established B cell
lymphomas, regardless of p53 status (Adams and Eischen, 2014; Arrate et al., 2010). [ also
assessed lymphomas that had deleted 4rf, a crucial component in the pS3 tumor suppressor
pathway, and determined that loss of Arf could not rescue B cell lymphoma-induced
apoptosis following Dicer deletion (Adams and Eischen, 2014). Therefore, inactivation at
various nodes in the p53 pathway was insufficient to allow B cell lymphoma survival.
Collectively, these results show that loss of the p53 tumor suppressor is insufficient
to allow B cell lymphomas to live without Dicer, and therefore, a certain level of Dicer

expression and thus, mature miRNA, must be required for Myc-induced B cell lymphoma
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survival. These results are supported by previous reports showing certain Myc-regulated
miRNA facilitate B cell lymphomagenesis (He et al., 2005; O'Donnell et al., 2005). In fact,
the miR-17~92 polycistron have acquired an oncogenic reputation due to their ability to
accelerate Myc-induced lymphomagenesis (He ef al., 2005). These Myc-regulated miRNA
are frequently overexpressed in multiple human cancers, including B cell lymphoma (Bui
and Mendell, 2010; Di Leva et al., 2014; Lu et al., 2005; O'Donnell et al., 2005). It would
be interesting to determine which specific miRNA are required for B cell transformation
and whether this varies between cell types of different origin. Furthermore, there are a
number of observations providing evidence that some level of miRNA expression may be
necessary for tumor cell development, survival, and growth. For example, heterozygous
somatic mutations in DICER have been reported in cancer genome copy number databases,
but homozygous loss has yet to be documented (Kumar et al., 2009). Heterozygous
germline truncating mutations in DICER have been identified in families with the
pleuropulmonary blastoma cancer syndrome (Hill et al., 2009). In non-epithelial ovarian
tumors, hypomorphic somatic missense mutations have been reported (Heravi-Moussavi
etal., 2012). In addition, in a mouse model of liver-specific Dicer deletion, the tumors that
emerged all retained at least one intact Dicer allele (Sekine et al., 2009). These studies
suggest that complete loss of Dicer is selected against during tumorigenesis, which is not
surprising, considering germline deletion of Dicer in mice fails to produce viable offspring
(Bernstein et al., 2003).

Previously, the Eischen lab and others have shown that biallelic deletion of Dicer,
in vivo, in p53 wild-type developing B cells induces apoptosis and causes a developmental

defect that results in a decreased population of mature splenic B cells (Arrate et al., 2010;
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Koralov et al., 2008). As described in Chapter 2, I performed a series of experiments to
assess the requirement for p53 in the survival of untransformed B cells without Dicer. 1
determined that loss of p53 was unable to rescue the rapid induction of apoptosis induced
by Dicer deletion in primary pre-B cells, and only pre-B cells that had functional Dicer
could survive (Adams and Eischen, 2014). B cells were reported to be partially protected
from Dicer deletion-induced apoptosis by overexpressing the anti-apoptotic Bcl-2 protein
and/or deleting the pro-apoptotic gene Bim, or by expressing an immunoglobulin transgene
to provide survival signals (Koralov et al., 2008; Xu et al., 2012). Unfortunately, neither
report included an analysis of Dicer gene rearrangement, so we cannot conclude that Dicer
had actually been completely deleted in the B cells that survived. In light of our studies, it
is likely that the surviving B cells had retained one Dicer allele. Moreover, I determined
that it is unlikely that Bcl-2 overexpression alone would be sufficient to protect
untransformed B cells from Dicer deletion-induced apoptosis given that the B cell
lymphomas that I utilized overexpressed Bcl-2 and underwent apoptosis immediately
following Dicer deletion (Adams and Eischen, 2014). However, what distinguishes these
studies is the transformation status of the cells. Perhaps untransformed, developing B cells
can be partially protected from Dicer deletion when Bcl-2 is overexpressed, but established
B cell lymphomas cannot, suggesting that transformed cells may be more dependent on
Dicer. Additional studies would be necessary to test this hypothesis further.

When considering the current data in the field regarding whether cells can survive
in the absence of Dicer, a common theme that emerges is the tissue-specific requirements
for Dicer. It has been postulated that several different non-hematopoietic cell types,

including primary and transformed cells, could survive without Dicer. However, we and
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others have shown that hematopoietic cells are more sensitive to Dicer loss and undergo
apoptosis. It is possible that inherent differences in the cell type, in addition to any pre-
existing genetic alterations, could explain these differences. For instance, hematopoietic
cells, such as B cells, are recognized for their fragility and propensity to undergo apoptosis
upon encountering stress signals, unlike non-hematopoietic cells, such as fibroblasts,
which are more prone to senesce in a similar situation. Therefore, upon Dicer deletion, it
is possible that a non-hematopoietic cell could survive long enough to adapt to the stressful
environment and acquire additional compensatory alterations that allow it to survive in the
absence of miRNA. This concept is supported by the studies mentioned earlier that were
performed in non-hematopoietic cells with loss or inactivation of p53. However, as my
work in Chapter 2 describes, B cell and B cell lymphoma survival is incompatible with
complete loss of Dicer, even when the strong tumor suppressor p53 is absent. Therefore,
future studies are warranted to determine what alterations would allow B cells to survive
without Dicer, if that is even possible.

Furthermore, although | demonstrated that targeting Dicer, in vivo, had potential
therapeutic promise for the treatment of B cell lymphomas, this may not be a practical
therapeutic approach in other cell types. For instance, we and others have shown that
hematopoietic cells, such as B cells and B cell lymphomas, are highly sensitive to loss of
Dicer. However, since Dicer is reported to be a haploinsufficient tumor suppressor in
various non-hematopoietic cells, inhibiting Dicer may not be feasible due to the possibility
of promoting tumorigenesis in certain cells. It remains to be determined in which cell types

impaired miRNA processing can accelerate or promote tumorigenesis. Therefore, further
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studies are necessary to determine the requirements of Dicer in additional tissues and
whether targeting Dicer would be therapeutic or tumorigenic.

With that being said, there is recent evidence that adds further complexity to the
concept of directly targeting Dicer. There is a growing body of work demonstrating that
Dicer is not only essential for the processing of miRNA, but that it serves an important
function in the processing of diverse double-stranded RNA molecules (Johanson et al.,
2013). For example, Dicer functions in the processing of endogenously-produced siRNA
(Brameier et al., 2011; Ender et al., 2008; Langenberger et al., 2010; Taft et al., 2009) and
viral dsRNA (Ding, 2010) in the same manner as precursor forms of miRNA. In addition,
Dicer is important for the DNA damage-induced generation of non-miRNA small RNAs
known as DNA-damage RNAs (DDRNAs) or double-stranded break-induced RNAs
(diRNAs) (Francia et al., 2012; Lee et al., 2009a; Wei et al., 2012). The presence of
additional functions of Dicer, independent of miRNA, further demonstrate the importance
of Dicer in RNA processing. The versatility of Dicer is becoming clearer, adding to its
significant role in a broad range of biological processes. However, the understanding of
miRNA-independent roles for Dicer, and other RNA processing machinery for that matter,
is still limited; therefore, further studies are warranted to elucidate their additional

functions.

Cellular transformation status dictates Myc transcriptional activity
Dysregulation of the oncogenic transcription factor Myc can induce global changes
in gene expression to facilitate tumorigenesis (Tansey, 2014). To elicit these effects, Myc

orchestrates the activation and repression of a large network of protein-coding genes and
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non-coding RNA, such as miRNA (Bui and Mendell, 2010; Eilers and Eisenman, 2008).
As a single miRNA has the potential to regulate many mRNA, it is understandable that
miRNA are now appreciated as important downstream effectors of key signaling pathways
(Bartel, 2009). Therefore, the regulation of miRNA by Myc can significantly alter the
phenotype of the cell.

As discussed above and in Chapter 2, genetic loss of function of miRNA biogenesis
is one cause of impaired miRNA expression in tumorigenesis. It is also likely that altered
miRNA expression in cancer is a result of transcriptional regulation by the oncogenic
transcription factor Myc. The first demonstration that miRNA contributed to the oncogenic
potential of Myc came with the discovery that Myc transcriptionally activated the miR-
17~92 polycistron (O'Donnell et al., 2005). Following upregulation of this miRNA family
by Myc, several targets were inhibited including PTEN and CDKN1A, which in turn,
resulted in increased tumor-promoting properties. Despite transcriptional activation of the
miR-17~92 polycistron, additional studies demonstrated that Myc hyperactivity resulted in
the repression of many miRNA (Chang et al., 2008). Among the list of those that were
down-regulated included the miR-15 family and the let-7 family, both of which had
documented tumor suppressive activity (Di Leva et al., 2014). As revealed by primary
transcript mapping and chromatin immunoprecipitation, Myc was demonstrated to
associate directly with the promoter regions of the repressed miR-15 and let-7 families in
human and mouse models of B cell lymphoma (Chang et al., 2008). In Chapter 3, I also
demonstrated that levels of members of the miR-15 and let-7 families were decreased in B
cell lymphomas from Ep-myc mice and human diffuse large B cell lymphoma and Burkitt’s

lymphoma cell lines as compared to control cells. | also performed chromatin
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immunoprecipitation and determined that Myc was present at the promoter regions of the
miR-15a/16-1 and miR-195/497 clusters and let-7a in mouse and human B cell lymphoma
cells. These results validated what was described by Chang et al. and supported the concept
that the miR-15 and let-7 families were indeed repression targets of Myc.

However, when further investigating the role of Myc-mediated transcriptional
regulation of the miR-15 and let-7 families, | unexpectedly discovered that increased Myc
activity did not always lead to their repression. In fact, in pre-cancerous Ep-myc pre-B cells
that overexpress Myc, but are not yet transformed, | observed an increase in mature miRNA
transcripts of the miR-15 and let-7 families. To provide further evidence of this
observation, | utilized an in vitro approach that allowed for induction of Myc activity using
the MycER system. In non-hematopoietic cells and hematopoietic cells, | observed that
MycER activation resulted in increased expression of the miR-15 family and let-7a. While
these results suggested that Myc led to an increase in mature miRNA production, it was
not known whether this was due to a direct impact on transcription of these miRNA or
whether Myc was altering the maturation of these miRNA. Therefore, | assessed the impact
of increased Myc activity on the primary transcripts (pri-miRNA) of these miRNA. As
reported in Chapter 3, MycER activation increased the pri-miRNA transcripts of the miR-
15 family and let-7a, indicating that transcription of these miRNA was being induced. To
demonstrate that this was a direct effect of Myc transcriptional activation, | performed
chromatin immunoprecipitation in pre-cancerous spleens from Eu-myc mice (increased
levels of Myc) and their non-transgenic littermates (wild-type levels of Myc) as well as
cells expressing the inducible MycER system. In both situations, when Myc levels were

increased, Myc associated with the promoter regions of the miR-15 family and let-7a.
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Moreover, Myc was not enriched at sites upstream that did not contain the E-box Myc
binding sequences, which provided evidence that the enrichment observed in Myc binding
at the miRNA promoter regions was not simply an artifact of increased Myc expression.
Even though there was evidence that Myc bound the miRNA promoters in cancer
cells and in normal cells with dysregulated Myc, which correlated with decreased and
increased miIRNA expression, respectively, | needed to directly assess whether the
transcriptional status of the miRNA was changing. Using chromatin immunoprecipitation,
| determined that increased miRNA expression correlated with an increase in marks of
active transcription at the promoter regions of the miRNA. Specifically, an increase in a
phosphorylated form of RNA polymerase Il that is indicative of active transcription
(phosphorylated at serine 2 on the C-terminus) and an increase in a histone mark
characteristic of open and active chromatin were detected at the miRNA promoter regions
in the untransformed cells with increased Myc activity, but were absent in the cancer cells
that had decreased miRNA expression. Altogether, these exciting results demonstrated that
in untransformed cells with dysregulated Myc, expression of the miR-15 and let-7 families
was transcriptionally upregulated by Myc, but in cancer cells, the same miRNA were
repressed by Myc. This suggested that the transformation status of the cell dictated whether
Myc transcriptionally repressed or activated the miR-15 and let-7 families. Given that Myc
can transcriptionally regulate non-coding RNA other than miRNA, including long non-
coding RNA (Hart et al., 2014), it seems plausible that Myc could differentially regulate
their expression based on the transformation status of the cell, but future experiments are

required to test this hypothesis.
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Over the past 30 years, models describing the function of Myc as a transcriptional
regulator have evolved immensely and continue to stimulate debate. At the heart of this
debate are two opposing views of Myc transcriptional regulation: one, very recent view,
suggests that Myc amplifies the transcription of all active genes (Lin et al., 2012; Nie et
al., 2012), and the other view states that Myc differentially regulates the expression of
genes (Eilers and Eisenman, 2008; Sabo et al., 2014; Walz et al., 2014). The first model
states that Myc functions by associating with all active regulatory elements, and in doing
so, amplifies the transcriptional program already active in the cell, leading to a global
increase in signaling to drive tumorigenesis. However, this view suggests that Myc should
no longer be viewed as a transcription factor with the potential to repress transcription of
selected genes, which has been a fundamental mechanism of action of Myc. The work
discussed above and described in more detail in Chapters 3 and 4 contributes important
evidence to the longstanding concept that Myc has repressive as well as stimulatory roles
in transcriptional regulation.

While the field has accumulated many mechanistic and molecular details about the
role of Myc as a transcriptional regulator, some questions remain unanswered. For
example, we still lack a clear picture of the precise molecular events that occur at the
promoter that govern whether Myc will function as a transcriptional activator or a
repressor. The current data in the field indicate that different cofactors are necessary for
each transcriptional outcome, but how a switch between cofactors occurs is largely
unresolved. It is possible that epigenetic modifications could serve as signals to recruit
transcriptional complexes carrying select cofactors. In support of this concept, Bruno

Amati’s group has shown that the H3K4me3 histone modification may be a prerequisite
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for Myc binding and that it is unlikely that Myc alone can initiate the change from closed
to open chromatin (Guccione et al., 2006). In addition, it also seems plausible that post-
translational modifications to Myc could control the switch between cofactor recruitment
and/or removal. For example, Myc has been shown to specify the recruitment of cofactors
based on its phosphorylation status when interacting with the retinoic acid receptor o
(RARa) (Uribesalgo et al., 2012). Perhaps there is a certain unknown order, maybe cell
type-specific or dependent on the gene(s) of interest that controls how the different
cofactors are used by Myc. Does Myc employ subsets of cofactors to transcriptionally
control specific gene sets and how are these “decisions” regulated?

Furthermore, the central portion of Myc, specifically Myc boxes Illa, 11Ib, and IV,
is largely uncharacterized (Tansey, 2014). Since these regions are highly conserved, it
seems likely that they have an important role in Myc function. Very recently, it was shown
that recognition of target genes by Myc and its recruitment to chromatin largely depended
on its interaction with WDRS5 (Thomas et al., 2015). WDR5 is a highly conserved WD40-
repreat protein found in multiple chromatin regulatory complexes (Migliori et al., 2012)
and interacts with Myc through Myc Box Illb (Thomas et al., 2015). These results show
that even after 30 years of studying Myc, significant observations are just now being
exposed. Therefore, future efforts are warranted to define additional protein-protein, or
even protein-DNA, interactions that occur within these regions of Myc, as these could
provide mechanistic insight into what dictates whether Myc functions as a transcriptional
activator or repressor. Uncovering the function of these ill-defined regions could also
provide alternative routes to target Myc therapeutically. In support of this concept,

mutations that disrupted the WDR5-Myc interaction reduced binding of Myc at ~80% of
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its targets and decreased its ability to drive tumorigenesis (Thomas et al., 2015). If
additional cofactors of Myc are revealed, it will be essential to determine if the complexes
function in different cancer types, as that will govern which cancers may benefit from small
molecule inhibitors. And, if the novel Myc cofactors are involved in other complexes, a
therapeutic window for such inhibitors would need to be established so that Myc activity
can be sufficiently reduced without compromising the normal functions of the cofactor.

Aside from the fact that Myc possesses opposing transcriptional potential, we still
don’t know how Myc activity is different in cancer versus normal cells. As my data
indicate, the transcriptional program of Myc can change and alter the expression of genes,
including miRNA, to either facilitate or inhibit tumorigenesis. Another potential
distinguishing feature between normal cells and cancer cells could be governed by the
amount of Myc expression. A considerable amount of Myc molecules (~3000) are
necessary to carry out basic biological processes. However, in tumor cells, the Myc levels
can be dramatically higher (~30,000). Therefore, does increasing Myc expression (as
observed in cancer cells) change Myc activity, or does an increase in Myc expression bring
about new functions of Myc that are normally hidden?

Altogether, my data demonstrate that the transcriptional regulation of Myc on the
miR-15 and let-7 families varies depending on the transformation status of the cell. Insight
into the molecular events in which | determined could account for these observations are

discussed below.
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HDAC inhibition alters Myc-mediated transcription of miRNA

The most characterized mechanism of Myc-mediated transcriptional repression is
an “anti-activation” model involving Miz-1. Myc interacts directly with Miz-1, a
transcriptional activator, and displaces its obligate co-activator p300, which antagonizes
Miz-1 transcriptional abilities. Therefore, | needed to rule in or out the possibility that
interactions with Miz-1 were necessary for Myc-mediated transcriptional repression of the
miR-15 and let-7 families. As such, I first evaluated publically available genome-wide
chromatin immunoprecipitation data from the ENCODE project. Specifically, | assessed
the binding frequency of Miz-1 at the promoter regions of the miR-15a/16-1, miR-195/497,
and let-7a/f clusters in a wide variety of human and mouse, untransformed and transformed,
and hematopoietic and non-hematopoietic cells. No enrichment was observed at the
miRNA cluster promoter regions in any of the cells assessed, suggesting that Miz-1 was
not transcriptionally repressing these miRNA.

Alternative mechanisms of Myc-mediated transcriptional repression include
recruitment of HDACs to the promoters of protein-coding genes and, as more recently
demonstrated, miRNA (Tansey, 2014). Utilizing HDACI, | determined that the repression
of the miR-15 and let-7 families was mediated by HDACSs. As described in Chapters 3 and
4, inhibition of HDACs in multiple types of human and mouse, hematopoietic and non-
hematopoietic cancers resulted in increased miRNA expression. Two different approaches
were used to determine whether Myc was necessary to observe the HDACi-induced
increase in mMIRNA expression. In Chapter 3, I used a human B cell lymphoma cell line
with a tetracycline-regulatable form MYC. In Chapter 4, | used an shRNA approach to

target MYC in breast cancer cells. In both independent experiments, when MYC was
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turned off or knocked-down, HDAC:i failed to increase the expression of the miR-15 and
let-7 families. These data showed MYC was required to mediate the repression of the
miRNA and their re-activation following HDACI. | determined that HDACi resulted in the
transcriptional upregulation of these miRNA by assessing the appearance of de novo
primary miRNA transcripts of the miR-15a/16-1 and miR-195/497 clusters and let-7a. In
addition, following HDACI, chromatin immunoprecipitation revealed an enrichment of
actively elongating RNA polymerase Il (phosphorylated at serine 2) and the
transcriptionally active H3K9K14ac mark at the miRNA promoters. The observed
enrichment was larger than what was detected in normal control lymphocytes, indicating
an increase in transcription.

In Chapter 3, | utilized multiple HDAC inhibitors that were either broad spectrum
or HDAC-specific to gain insight into which HDACs altered the expression of the miR-15
and let-7 families. Through my analysis, | determined that the HDAC3-selective inhibitor
induced the expression of these miRNA to a similar level as the class-1 (HDACs 1, 2, 3,
and 8) inhibitor Depsipeptide and the inhibitor targeting HDACs 1, 2, and 3 did. This
suggested that HDAC3 may be the primary HDAC involved in modulating the repression
of the miR-15 and let-7 families. This result is consistent with work from Bill Tansey’s lab
demonstrating that Myc recruits HDAC3 to the promoters of protein-coding genes to
repress their expression (Kurland and Tansey, 2008). In addition, the oncogenic fusion
proteins PML-RARa, PLZF-RARa, or AML1-ETO observed in patients with t(8;21)
AML have been shown to recruit HDACS to repress AML1 target genes (Gelmetti et al.,
1998; Grignani et al., 1998; Hug and Lazar, 2004; Liu et al., 2006). Furthermore, others

have reported the specific recruitment of HDACS3 to the promoters of miR-29a/b/c in B
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cell lymphoma (Zhang et al., 2012b) and miR-15a/16-1 in mantle-cell lymphoma (Zhang
et al., 2012a) where it contributed to their repression. In addition, according to our results,
it appeared as though HDACs 1 and 2 were also involved in mediating the repression of
the miR-15 and let-7 families, as their inhibition also increased the transcript levels of these
miRNA. These data suggest that Myc may interact with multiple HDACs to mediate the
repression of the miR-15 and let-7 families. While Myc is required to mediate the vast
majority of HDAC-induced repression of the miR-15 and let-7 families, there is some
evidence to suggest alternative mechanisms, which could employ HDACs 1 and/or 2, may
contribute. Although how the interactions between Myc and HDACs contribute to
tumorigenesis are still unresolved, our data suggest that Myc, in association with HDACs,
alter the epigenome in cancer cells, leading to repression of miRNA and other critical
genes. However, | have shown that HDACI relieves the Myc-mediated transcriptional
repression of the miR-15 and let-7 families in multiple types of human cancer, resulting in

transcriptional upregulation of these miRNA.

Biological effects of HDAC inhibition

While HDAC inhibitors were initially identified based on their ability to induce
differentiation of tumor cells (Leder and Leder, 1975; Riggs et al., 1977), induction of
tumor cell apoptosis is the biological outcome most often reported following HDACI
(Bolden et al., 2006). Upon HDACI with the class | HDAC inhibitor Depsipeptide (Depsi)
and the HDAC3 selective inhibitor RGFP966 (966), | observed a rapid increase in
apoptosis across multiple hematopoietic and non-hematopoietic cancers (described in

Chapters 3 and 4). According to my analysis, the amount and rate at which apoptosis was
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induced was similar between cells that received Depsi and 966, demonstrating that HDAC3
was the primary HDAC mediating the repression of the miR-15 and let-7 families.
Consistent with our results, in a recent edition of Blood, Matthews and colleagues
published that myeloid and lymphoid malignancies were more sensitive to depletion of
Hdac3 than any other class | HDAC (Matthews et al., Oct. 7, 2015). Moreover, additional
reports in multiple myeloma (Minami et al., 2014), cutaneous T cell lymphoma (Wells et
al., 2013), and hematopoietic progenitor cells (Summers et al., 2013) also demonstrated
that inhibition of HDAC3 led to cell death. However, the recent report by Matthews et al.
indicated that Ep-myc and acute myeloid leukemia cells that were depleted of Hdac3 were
lost from culture due to decreased proliferation, not apoptosis (Matthews et al., Oct. 7,
2015). Likewise, in addition to apoptosis, other biological effects have been documented
following inhibition of HDACS3, including DNA replication stress in cutaneous T cell
lymphoma (Wells et al., 2013) and hematopoietic progenitor cells (Summers et al., 2013).
This is likely due to the role of HDAC3 in maintaining proper chromatin architecture and
genome stability (Bhaskara et al., 2010; Conti et al., 2010; Stengel and Hiebert, 2015).
Furthermore, HDAC3 is required during the development of T cells (Stengel et al., 2015)
and also functions in regulating crucial metabolic processes (Knutson et al., 2008). The
importance of HDAC3 is highlighted by the fact that conditional deletion of Hdac3 in
murine embryonic fibroblasts is incompatible with cell viability (Bhaskara et al., 2008).
Altogether, it is unlikely that a single mechanism of action is responsible for the anti-cancer
activity observed following HDACI across multiple tumor types.

The biological effects and therapeutic outcome in response to HDAC inhibition is

likely due to several factors, including cell type, pre-existing genetic and/or epigenetic

173



lesions, and the specific HDAC(s) being inhibited. Differences in the biological responses
observed following HDACI could also be due, in part, to the potency/concentration of
HDACI. For example, in the recent report from Matthews and colleagues, Eu-myc
lymphoma and acute promyelocytic leukemia (APL) cells were treated with low
micromolar concentrations (< 1uM) of an HDAC3-specific inhibitor (Matthews et al., Oct.
7, 2015). According to their analysis described in the manuscript, apoptosis was not
observed. However, in the published proceedings of the 2014 American Association for
Cancer Research Meeting, they report that the same cells do indeed undergo apoptosis
when treated with the same HDAC3-selective inhibitor at or above 2 uM (Matthews et al.,
Abstract In: Proceedings of the 105" Annual Meeting of the AACR, 2014). Similarly, our
data (described in Chapter 3) and that of others who used 2-10 uM doses of the same
compound also observed increased apoptosis (Wells et al., 2013) in multiple tumor types.
These data suggest that even when using the same HDACI, varying biological outcomes
can be observed depending on the dosage.

The most common HDAC inhibitors target multiple HDACs simultaneously and
have shown demonstrable anti-cancer activity in the clinic. For instance, the HDAC
inhibitor vorinostat is approved by the FDA for the treatment of cutaneous T cell
lymphoma (CTCL), romidepsin is approved for the treatment of CTCL and peripheral T
cell lymphoma (PTCL), panobinostat is approved for treatment of multiple myeloma
(MM), and belinostat has recently been approved for the treatment of PTCL (Falkenberg
and Johnstone, 2014; West and Johnstone, 2014). While targeting multiple HDACs has
therapeutic potential, genetic and pharmacological approaches are being performed to

investigate whether suppression of individual HDACs or certain combinations thereof can
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phenocopy broad-acting HDACIi. When targeting multiple HDACs, it is difficult to
decipher if the biological effects and therapeutic toxicities are the result of inhibiting a
specific HDAC, the combination of inhibiting multiple HDACs, or inhibiting a larger
multi-protein complex that contains one or more HDACs. For example, the catalytic
domain of HDAC4 interacts with HDAC3 within the larger NCoR-SMRT (silencing
mediator of retinoic acid and thyroid hormone receptor) complex (Fischle et al., 2002).
Therefore, the dependence of one HDAC on another in a larger multi-protein complex
suggests that small-molecule inhibitors designed to selectively target a specific HDAC may
actually have broader effects than anticipated. In support of this concept, when the
inhibitory activity of different HDAC inhibitors was assessed by comparing isolated
HDAC enzymes to multi-protein repressor complexes containing HDACs, different effects
of the HDAC inhibitors evaluated were observed depending on the physical state of the
HDAC (Bantscheff et al., 2011). In this same report, Bantscheff and colleagues also
reported that, depending on the physical state of the HDAC, the affinities of the HDACi
varied. This raises questions regarding the true specificity and selectivity of HDAC
inhibitors and their biological effects when studying recombinant, purified enzymes
compared to studying HDACs as part of a larger multi-protein complex, which is how
HDACSs are found under physiological conditions.

Currently, the success of HDAC inhibitors as single therapeutic agents for the
treatment of most tumors has been marginal. Therefore, the generation of novel drug
designs to enhance cell-type specific administration of HDACI is warranted. For example,
a hybrid molecule was designed such that an HDACI carried an esterase-sensitive chemical

motif so that when the ester molecule was hydrolyzed by monocytes and macrophages, the
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active HDACI drug was trapped inside the cell (Needham et al., 2011). Also, in order to
target specific cancer types, it seems logical to develop hybrid molecules to inhibit specific
HDACs and an additional target of a dysregulated pathway specific to that cancer.
Furthermore, additional studies are necessary to determine the key HDAC-containing
complexes utilized by certain cancer types, what the specific functions of the HDACs are
within those complexes, and what the anticipated molecular/biological outcomes of
targeting those complexes are. Another factor providing impetus to design more efficient
therapies is the possibility to decrease HDACi-related side effects. For example, increasing
the specificity of the inhibitor for a particular HDAC isoform could reduce toxicity, which

has been an issue with the use of pan-HDAC inhibitors.

MiRNA-mediated mechanism of Myc-induced apoptosis

Myc is among the most potent transforming proteins in cancer; yet, in certain
situations, it is capable of inducing massive amounts of apoptosis. For example, in
untransformed cells, activation of apoptosis in response to dysregulated Myc activity can
occur by suppressing anti-apoptotic Bcl-2 and Bcl-x. (Eischen et al., 2001a; Eischen et al.,
2001c). In these reports, it was determined that Myc suppressed their expression through
an unknown, but indirect mechanism. Previously, it was reported that the Miz-1
transcription factor normally activates the transcription of Bcl-2, which is disrupted when
Myc interacts with Miz-1 and inhibits its transactivation function (Patel and McMahon,
2007). Myc interacts with Miz-1 through an amino acid (valine 394) that is located within
the helix-loop-helix domain of Myc. Using a well-characterized point mutation in this

amino acid (V394D), | showed that even when the Myc-Miz-1 interaction was selectively
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blocked, Bcl-2 expression still decreased upon increased Myc activity. This was an
essential experiment that was not performed in the aforementioned publication by Patel
and colleagues. This suggested that an alternative, Miz-1-independent mechanism was
indirectly regulating the expression of Bcl-2 and likely Bcl-x..

It had been demonstrated that miR-15a and miR-16-1 expression was inversely
correlated to Bcl-2 expression in chronic lymphoid leukemia cells (Cimmino et al., 2005).
In this report, it was determined that miR-15a and miR-16-1 were capable of inducing
apoptosis by targeting and negatively regulating the expression of Bcl-2. As described in
Chapter 3, | revealed that Myc differentially regulated the expression of these miRNA
depending on the transformation status of the cell. This led to the hypothesis that Myc was
modulating the expression of these miRNA as a means to suppress Bcl-2. | demonstrated
that all four members of the miR-15 family (miR-15a, miR-16-1, miR-195, and miR-497)
targeted Bcl-2, which was supported by other studies (Yin et al., 2010; Zhu et al., 2011).
We also extended our studies to include Bcl-x., a published target of the let-7 family of
miRNA (Shimizu et al., 2010), since it, too, was indirectly regulated by Myc (Eischen et
al., 2001c).

Preliminary evidence that supported our hypothesis stemmed from the fact that
expression of the miR-15 and let-7 families were inversely correlated with the expression
of their targets in the pre-malignant state and in cancer cells. We reasoned that in the
untransformed cells experiencing increased Myc activity, the increase in miR-15 and let-7
expression would lead to a decrease in their targets. Through several in vitro and in vivo
approaches, | determined that this was indeed the case. In addition, using the Eu-myc

mouse model of Myc-driven B cell lymphoma, Bcl-2 and Bcl-x. were frequently
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overexpressed in the lymphomas that developed (Eischen et al., 2001c). Therefore, if the
miR-15 and let-7 families were regulating the expression of Bcl-2 and Bcl-x., then
expression of the miRNA would need to be reduced in the cancer setting to accommodate
the observed increase in Bcl-2 and Bcl-x., which is what | observed.

| performed several experiments to directly test whether Myc induced the
expression of the miR-15 and let-7 families as a means of regulating the expression of Bcl-
2 and Bcl-x, respectively. An innovative approach that I utilized to make a connection
between Myc, the miRNA, and Bcl-2 and Bcl-x. was the use of site-specific small
molecules called Target Protectors. These molecules were specifically designed to bind the
exact location in the 3’-UTR of Bcl-2 or Bcl-x. where the miR-15 family and let-7 family
bind, respectively. The rationale for using these molecules was that no matter how
significant the induction in miRNA expression was following either Myc activation or
HDACI, the binding sites of Bcl-2 and Bcl-x. were protected from only these miRNA. Also,
these molecules do not interfere with the miRNA themselves, and therefore, their use did
not affect the binding of the miRNA to their other biological targets. In addition, I also
used these reagents in luciferase assays designed to assess luciferase activity as an indirect
measure of translation. In combination with the 4-hydroxytamoxifen inducible MycER
systems (using wild-type and mutant forms of Myc), these small molecules provided strong
evidence that Myc directly upregulated the miR-15 and let-7 families that then targeted
Bcl-2 and Bcl-x., respectively. Furthermore, using a similar experimental approach, |
showed that when the miR-15 and let-7 family binding sites were blocked, levels of Bcl-2
and Bcl-x. protein were significantly resistant to Myc-mediated downregulation, and that

Myec-induced apoptosis was attenuated.
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Importantly, | generated data showing the miR-15 and let-7 families directly
targeted Bcl-2 and Bcl-x., respectively, following HDACi. When the 3’-UTR of Bcl-2 and
Bcl-x. was protected from binding by the miR-15 and let-7 families, the HDACi-decrease
in Bcl-2 and Bcl-x. protein expression was almost fully blocked. In addition, as evidenced
by cleaved Caspase 3 protein expression, HDACi-induced apoptosis was severely
dampened, which was likely a result of minimal changes in Bcl-2 and Bcl-x_ protein
expression. These results contribute important knowledge to the field regarding the
mechanism of action following HDACI. Although HDAC inhibitors have shown
therapeutic utility, the molecular events responsible for HDACi-mediated tumor cell death
remain unresolved. Mechanistic insight into how HDACI can specifically induce apoptosis
in tumor cells and why normal cells are far less sensitive could be attributed to the
differential expression of miRNA observed between cancer and normal cells.

How or why HDACi leads to tumor-cell selective effects is a major unanswered
question in the field. Another possible explanation that has been reported could be due to
the fact that the epigenetic regulation in normal cells appears to be redundant and that,
following an alteration in the epigenetic program, normal cells engage alternative pathways
to compensate for the epigenetic insult, but cancer cells, which are more reliant on certain
epigenetic regulators, are unable to adapt (Dawson and Kouzarides, 2012). An alternative
explanation suggests that, during the epigenetic reprogramming that occurs during
transformation, different epigenetic programs are established in cancer cells versus normal
cells that can account for the different biological outcomes following HDACI. For
example, a study comparing matched tumor and normal cells demonstrated that a pro-

apoptotic transcriptional signature was induced in response to HDACIi specifically in the
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tumor cells (Bolden et al., 2013). Induction of death receptors has also been reported to
yield a tumor-cell selective response to HDACI (Insinga et al., 2005; Nebbioso et al.,
2005). Furthermore, HDACI led to the accumulation of reactive oxygen species and
caspase activation in cancer cells, but not normal cells in addition to increasing an
important reducing enzyme in normal cells, but not cancer cells (Ungerstedt et al., 2005).

Through several strategies, | demonstrated that Myc capitalizes on the miR-15 and
let-7 families of miIRNA as a novel mechanism to induce apoptosis in normal cells.
Furthermore, this tumor suppressive mechanism is inactivated in tumorigenesis through an
HDAC-mediated mechanism that requires Myc, but can be re-activated by HDACI. Similar
results were obtained in hematopoietic and non-hematopoietic cells, suggesting that this is

likely a general mechanism in multiple cell types.

Novel regulator of Myc-induced apoptosis and lymphomagenesis

While investigating the role of specific Myc-regulated mMIRNA in
lymphomagenesis, | determined that the miR-15 family was also predicted to target the
anti-apoptotic Bcl-2 family member Bcl-w, which has the highest homology with Bcl-2 in
addition to Bcl-x_ (Petros et al., 2004). Preliminary results from Eu-myc lymphoma
analysis and publically available mRNA expression analysis of human B cell lymphomas
indicated that Bcl-w was frequently overexpressed in mouse and human lymphomas
(Figure 62). The frequency of Bcl-w overexpression in the lymphomas that developed from
Eu-myc mice was similar to that of Bcl-2 and Bcl-x., which are known to be regulated by
Myec. Furthermore, when | assessed expression of Bcl-w in pre-cancerous Eu-myc spleens

compared to their wild-type, non-transgenic littermates, Bcl-w expression was reduced in
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Figure 62. Bcl-w is overexpressed in mouse and human lymphomas. (A) Whole cell protein
lysates of Ep-myc lymphomas were Western blotted for the indicated proteins. Pre-cancerous Ep-
myc spleens were used as controls. (B) Publically available data (Basso et al., 2005) from the
Oncomine database demonstrate BCL-W mRNA is overexpressed in human B cell lymphomas
compared to normal B cell controls. Diffuse large B cell lymphoma, DLBCL. *p=0.00000942,
**p=0.05, ***p=0.027.
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the transgenic spleens (Figure 63). These results were also analogous to what | observed
for Bcl-2 and Bcl-x.. This sparked the idea that perhaps Myc was regulating the expression
of Bcl-w.

The lab of Suzanne Cory, an expert in Bcl-2 family proteins, discovered Bcl-w
using a PCR-based cloning strategy (Gibson et al., 1996). In this report, they showed that
enforced expression of Bcl-w resulted in apoptotic resistance of lymphoid and myeloid
cells to several cytotoxic conditions. It was concluded that Bcl-w, much like Bcl-2 and Bcl-
XL, promoted survival. They also concluded that Bcl-w protein was expressed at low levels
in B and T lymphoid cell lines, but that Bcl-w mRNA was present in a wide variety of
murine hematopoietic cell lines and tissues. A later report resulting from the collaboration
between the Cory and Strasser labs surveyed a number of transformed cell lines and
purified hematopoietic cells and demonstrated that Bcl-w is expressed in cells of myeloid,
lymphoid, and epithelial origin (O'Reilly et al., 2001). However, using gene-targeting
experiments in mice, they concluded that Bcl-w was only required for spermatogenesis and
did not have a significant function in other tissues. Based on these limited initial reports, it
appeared as if motivation to further study the role of Bcl-w in apoptosis lost momentum.
Therefore, as compared to Bcl-2 and Bcl-x., Bcl-w has been severely understudied.

Bcl-2 and Bcl-x. have been implicated in Myc-driven apoptosis and
lymphomagenesis (Eischen et al., 2001a; Eischen et al., 2001c; Kelly et al., 2011; Strasser
et al., 1990; Vaux et al., 1988). As such, we sought to determine whether loss of Bcl-w
would affect the rate of Myc-driven lymphomagenesis. To do this, | first generated Eu-myc
transgenic mice expressing one, two, or no alleles of Bcl-w and compared the rates of

lymphoma development (Figure 64). A remarkable difference in survival was observed in
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Figure 63. Bcl-w is suppressed in pre-cancerous Ep-myc spleens. Whole cell protein lysates
from pre-cancerous Eu-myc spleens and non-transgenic wild-type (WT) littermate-matched control
spleens were Western blotted for the indicated proteins.
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Figure 64. Loss of Bcl-w significantly delays Myc-driven lymphomagenesis. Kaplan-Meier
survival curves of Eu-myc mice with two, one, or no Bcl-w alleles. The number (n) of mice is
indicated. Log-rank tests were performed to calculate statistical significance, which is denoted
beside each survival curve.
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the mice that were null for Bcl-w compared to their wild-type littermate-matched controls.
In addition, a statistically significant delay in lymphoma development was also observed
in mice that were heterozygous for Bcl-w. Specifically, the average survival of the Eu-myc
mice with two, one, or no Bcl-w alleles was 90, 121, and 299 days, respectively. Therefore,
loss of Bcl-w significantly delayed Myc-driven lymphomagenesis.

A possible explanation for the delay in lymphoma development could be due to a
defect in B cell development in mice deficient in Bcl-w. To test this possibility,
immunophenotyping of the spleen and bone marrow compartments from pre-cancerous
Eu-myc transgenic mice expressing one, two, or no alleles of Bcl-w was performed and
showed no difference (data not shown). Bcl-2 and Bcl-x_ are differentially expressed
within the hematopoietic compartment. For example, loss of Bcl-x. in mice results in high
levels of apoptosis in embryonic hematopoietic cells (Motoyama et al., 1995), whereas loss
of Bcl-2 in mice results in apoptosis of mature lymphocytes (Nakayama et al., 1994; Veis
et al., 1993). Since very little is known about Bcl-w and its importance in B cell
development, it might be necessary to evaluate the impact of loss of Bcl-w on the B cell
compartment at multiple stages of B cell development.

To test the requirement of Bcl-w in normal cells and in the presence of dysregulated
Myc, a number of experiments will need to be performed. Bone marrow can be isolated
from mice with one, two, or no alleles of Bcl-w and grown under culture conditions that
support the growth of pre-B cells. The role of Bcl-w in cell survival can be assessed under
normal growth conditions, cytokine deprivation, and in the presence of increased Myc
activity. To evaluate the effects of increased Myc activity, these cells can be infected with

the retrovirus encoding the 4-hydroxytamoxifen inducible MycER. Likewise, pre-B cells
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can be obtained from Eu-myc transgenic mice with one, two, or no Bcl-w alleles. For this
approach, | have already obtained preliminary results from one set of littermate-matched
pre-B cells that were followed in culture to assess population doublings (Figure 65). These
results show a dramatic defect in the growth of pre-B cells from Bcl-w-null Ep-myc mice
compared to wild-type, littermate-matched pre-B cells. Moreover, a reduced rate of growth
was also observed for Bcl-w-heterozygous Ep-myc pre-B cells. These growth defects could
be attributed to reduced rates of proliferation and/or an increase in apoptosis. Future
experiments will be necessary to test these possible explanations. Furthermore, murine
embryonic fibroblasts of each genotype can also be isolated and cultured. Similar
experiments can be performed in these cells to further test the role of Bcl-w in Myc-induced
apoptosis and whether the effects are cell-type dependent.

Given that Bcl-w was a proposed target of the miR-15 family and that | have already
reported a mechanism where Myc upregulates the miR-15 family to modulate Bcl-2
expression (Chapters 3 and 4), we hypothesized that the same mechanism may be
employed to alter the expression of Bcl-w. To address this point, a similar research strategy
to what was described in Chapter 3 could be utilized. Specifically, Target Protector
molecules could be designed to bind the miR-15 family binding site in the 3’-UTR of Bcl-
w, which could then be used in combination with the inducible MycER system to test the
Myc-miR-15 family-Bcl-w connection.

So far, my results suggest that Bcl-w is an important factor in Myc biology.
Therefore, it would be interesting to examine the role of Bcl-w in human hematopoietic
malignancies, especially B cell lymphoma. As mentioned earlier, publically available data

showed that BCL-W mRNA was upregulated in several types of human B cell lymphoma.
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Figure 65. Reduced growth of Bcl-w deficient Ep-myc pre-B cells. Bone marrow from
littermates of the indicated genotype was placed into culture on day 0. Viable cells were counted
by Trypan Blue dye exclusion at intervals, and population doublings were calculated. One
experiment is shown.
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To support this data, levels of BCL-W protein expression could be evaluated in patient
samples of B cell lymphoma by immunohistochemistry (IHC). Expression of additional
BCL-2 family members could also be assessed in the same patient samples to determine if
their expression patterns are similar or different, which, depending on the result, could add
significance to the role of BCL-W in human B cell lymphoma.

Collectively, my current results highlight an important and unknown role for
Bcl-w in Myc-induced apoptosis and lymphomagenesis. | anticipate this new knowledge
will contribute significantly to the field and will be of interest to basic scientists and

clinicians alike.

Closing Remarks

In conclusion, the research described herein has substantially enhanced our
understanding of Myc biology and Myc-induced tumorigenesis. | have investigated two
major forms of miRNA regulation that are disrupted in cancer, including miRNA
transcription and their subsequent processing. Specifically, 1 have demonstrated that
miRNA are required for the survival of B cells and B cell lymphomas, and that, even
without the strong tumor suppressor activity of p53, cells cannot survive. These studies
have specifically contributed new knowledge regarding the tissue-specific requirements
for the miRNA processing enzyme Dicer. Furthermore, my investigations of specific Myc-
regulated miRNA have exposed a novel mechanism of Myc-induced apoptosis that
functions to limit the oncogenic consequences of increased Myc activity in normal cells.
This mechanism is inactivated in multiple human caner types, but can be reactivated by

targeting the chromatin modifying histone deacetylase enzymes. These data provide
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important information regarding the molecular events that underlie the therapeutic effects
of HDAC inhibition. Furthermore, these studies have revealed an unappreciated role for
the anti-apoptotic Bcl-w protein in Myc-induced apoptosis and lymphomagenesis that
could result in broader scientific and clinical implications. Collectively, this research has
likely stimulated as many questions as it has answered, which is the fundamental
motivation behind research. | anticipate these studies will spark future scientific endeavors

that will continue to move the cancer field forward.
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