Curriculum Vitae

Name: Nidal E. Muvarak.

E-mail: muvarak@gmail.com

Degree: Master of Science, 2012.

Institutions Attended:

University of Wisconsin-Madison, 1997-2001.
University of Maryland-Baltimore, 2010-2012.
Majors:

Medical Microbiology and Immunology, B.S., 2001.
Molecular Medicine, M.S., 2012.

Professional Publications:

Kobs, R.W., Muvarak, N.E., Eickhoff, J.C., and Chesler, N.C. (2005). Linked
mechanical and biological aspects of remodeling in mouse pulmonary arteries with
hypoxia-induced hypertension. Am J Physiol Heart Circ Physiol 288, H1209-1217.

Endo, M., Zoltick, P.W., Chung, D.C., Bennett, J., Radu, A., Muvarak, N., and Flake,
AW. (2007). Gene transfer to ocular stem cells by early gestational intraamniotic
injection of lentiviral vector. Mol Ther 15, 579-587.

Behrens, E.M., Ning, Y., Muvarak, N., Zoltick, P.W., Flake, A.W., and Gallucci, S.
(2008). Apoptotic cell-mediated immunoregulation of dendritic cells does not require
iC3b opsonization. J Immunol 181, 3018-3026.

Endo, M., Zoltick, P.W., Peranteau, W.H., Radu, A., Muvarak, N., Ito, M., Yang, Z.,
Cotsarelis, G., and Flake, A.W. (2008). Efficient in vivo targeting of epidermal stem cells
by early gestational intraamniotic injection of lentiviral vector driven by the keratin 5
promoter. Mol Ther 16, 131-137.

Peranteau, W.H., Zhang, L., Muvarak, N., Badillo, A.T., Radu, A., Zoltick, P.W., and
Liechty, K.W. (2008). IL-10 overexpression decreases inflammatory mediators and
promotes regenerative healing in an adult model of scar formation. J Invest Dermatol
128, 1852-1860.

Niiya, M., Endo, M., Shang, D., Zoltick, P.W., Muvarak, N.E., Cao, W., Jin, S.Y.,
Skipwith, C.G., Motto, D.G., Flake, A.W., et al. (2009). Correction of ADAMTS13
deficiency by in utero gene transfer of lentiviral vector encoding ADAMTS13 genes. Mol
Ther 17, 34-41.



Stitelman, D.H., Endo, M., Bora, A., Muvarak, N., Zoltick, P.W., Flake, A.W., and
Brazelton, T.R. (2010). Robust in vivo transduction of nervous system and neural stem
cells by early gestational intra amniotic gene transfer using lentiviral vector. Mol Ther
18, 1615-1623.

Kondaskar, A., Kondaskar, S., Kumar, R., Fishbein, J.C., Muvarak, N., Lapidus, R.G.,
Sadowska, M., Edelman, M.J., Bol, G.M., Vesuna, F., et al. (2010). Novel, Broad
Spectrum Anti-Cancer Agents Containing the Tricyclic 5:7:5-Fused Diimidazodiazepine
Ring System. ACS Med Chem Lett 2, 252-256.

Muvarak, N., Nagaria, P., and Rassool, F.V. (2012). Genomic instability in chronic
myeloid leukemia: targets for therapy? Curr Hematol Malig Rep 7, 94-102.

Professional Positions Held:

2011-Current, Research Specialist, Department of Radiation Oncology, University of
Maryland, Baltimore, 655 W. Baltimore St., Baltimore, MD 21201.

2009-2011, Research Assistant, Translational Core Laboratory, Greenebaum Cancer
Center, 655 W. Baltimore St., Baltimore, MD 21201.

2008-2009, Product Specialist, Thermo Fisher Scientific, 2000 Park Lane Dr., Pittsburgh,
PA 15108.

2005-2008, Senior Research Technician, Childern’s Hospital of Philadelphia, 3615 Civic
Center Blvd., Philadelphia, PA 19104.

2001-2005, Associate Research Specialist, University of Wisconsin, 1300 University
Ave., Madison, W1 53706.



Abstract

Title of Dissertation: The Role of c-MYC in the Regulation of Double-Strand
Break Repair in Tyrosine Kinase—Activated Leukemias

Name of Candidate: Nidal Muvarak

Dissertation Directed by: Dr. Feyruz Rassool, Associate Professor

Department of Radiation Oncology

Leukemias expressing activated tyrosine kinases (TKs) BCR/ABL and FLT3/ITD
activate signaling pathways that lead to increased survival and proliferation. Expression
of these oncogenes also results in increased genomic instability, evidenced by altered
double-strand break (DSB) repair that may result in increased genomic changes, leading
to disease progression and resistance to therapy. There are two main pathways for DSB
repair: the error-free homologous recombination (HR) pathway and the error-prone non-
homologous end-joining (NHEJ) pathway. In BCR/ABL- and FLT3/ITD—positive
leukemias, HR is characterized by increased single base-pair s and NHEJ shifts to a
highly error-prone alternative pathway. Increased expression of transcripts encoded by

key gene components of these repair mechanisms and translated proteins are involved in



generating increased errors. Increased expression of HR component RAD51 leads to
unfaithful repair. For NHEJ, components of the classical pathway (C-NHEJ) are
decreased, and in turn, levels of ALT-NHEJ factor DNA ligase Illa (LIG3) are increased,
resulting in increased frequency of large DNA deletions. Evidence suggests that c-MYC
IS a good candidate for transcriptional regulation of both RAD51 and LIG3 in TK-
activated leukemias: Expression of c-MYC is increased in TK-activated leukemias,
putative binding sites for c-MYC exist in the promoters of these genes, and c-MYC
regulates RAD51 expression in prostate cancer. In this study we tested the hypothesis that
c-MYC plays a role in the transcriptional regulation and/or activity of RAD51 and LIG3.
We demonstrated that (1) chemical and siRNA inhibition of c-MYC results in
downregulation of LIG3 and RAD51 in FLT3/ITD- and BCR/ABL-positive cells; (2)
downregulation of RAD51, but not LIG3, is attributed to c-MY C-mediated block of entry
into S-phase; (3) c-MYC binds to the promoter of LIG3, and (4) importantly, c-MYC
downregulation results in functional consequences for both HR and NHEJ: RAD51 foci
formation is inhibited following exposure to ionizing radiation, and decreased LIG3
results in increased NHEJ repair fidelity. Based on these findings, we conclude that c-
MYC plays an important role in the induction of genomic instability through regulation
of double-strand break repair pathways that lead to increased errors. These results merit

further exploration of mechanisms through which c-MYC functions in this process.
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INTRODUCTION

Leukemia is a type of cancer that affects the blood and bone marrow. Acute leukemias
are characterized by an abnormal increase of immature white blood cells or “blasts,”
whereas chronic leukemias are characterized by an excessive build-up of relatively
mature, but still abnormal blood cells, typically taking months or years to progress to
aggressive disease. Chronic myeloid leukemia (CML), in particular, can be divided into
two or three phases characterized by progressive splenomegaly, leukocytosis, anemia,
and marrow hypercellularity (Guilhot et al., 2007). In contrast, acute leukemias (myeloid
or lymphoid) are characterized by a rapid increase in blasts in the bone marrow. Acute
myeloid leukemias (AMLs) in particular are a heterogeneous group of diseases
characterized by failure of myeloid cells to differentiate, with excess proliferation in the

bone marrow, leading to the accumulation of myeloblasts (Karp, 2007).

Mutations in genes that control cell division, differentiation, and death (proto-oncogenes
and tumor suppressor genes) are the main cause of cancers. Proto-oncogenes, when
mutated, become oncogenes that increase the expression or activity of a proto-oncogene.
One of the mechanisms that lead to oncogene activation involves point mutations,
deletions, or insertions that result in a constitutively active gene product. Another
mechanism is chromosomal translocations that result in a fusion between a proto-
oncogene and another gene, producing a gene product with high oncogenic activity. The
Philadelphia chromosome is the quintessential chromosomal translocation (Nowell,
1962) which results when the end of chromosome 22, where the BCR gene is located,

fuses with a  part  ofchromosome9  that carries  the ABL1 gene,


http://www.nature.com/scitable/topicpage/Tumor-Suppressor-TS-Genes-and-the-Two-887
http://www.nature.com/scitable/topicpage/Somatic-Mosaicism-and-Chromosomal-Disorders-867

producing BCR/ABL (Heisterkamp et al., 1985) (Figure 1). When expressed, BCR/ABL
encodes a protein with high tyrosine kinase activity. The unregulated expression of
BCR/ABL activates signaling pathways that induce proliferation, leading to the

development of CML.
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Figure 1. The structure of the Philadelphia Chromosome and BCR/ABL (Adapted from
Medscape.com)

FLT3 (Fms-Like Tyrosine Kinase 3) is a member of the receptor tyrosine kinases
composed of an extracellular ligand-binding domain, a transmembrane domain, a
juxtamembrane dimerization domain, and an intracellular kinase domain (Gilliland and
Griffin, 2002). There are two types of mutations in FLT3. Internal tandem duplication
(ITD) in the juxtamembrane domain of FLT3 (FLT3/ITD) is found in a high percentage
of AML patients (Nakao et al., 1996). The second type of mutation is in the tyrosine
kinase domain of FLT3, referred to as FLT3/TKD (Yamamoto et al., 2001). FLT3/ITD

mutations occur in 5-10% CML and myelodysplasia (MDS) patients, but the highest



proportion (15 — 35%) is found in AML patients (Schnittger et al., 2002). Several studies
have demonstrated that FLT3/ITD is a poor prognostic factor in AML, with patients
having a higher relapse rate and decreased overall survival (Kiyoi et al., 1999; Schnittger
et al., 2002; Thiede et al., 2002). On the other hand, FLT3/TKD mutations have a more
favorable prognosis due to the fact that, unlike FLT3/ITD mutations, they are not
associated with leukocytosis (Mead et al., 2007). These clinical variances point to
differences between FLT3/ITD and FLT3/TKD in how they impact the biology of AML,
and how each contributes to disease progression (Choudhary et al., 2005; Grundler et al.,
2005).

In addition to activating signal transduction pathways that lead to such activities as
survival and proliferation, several lines of evidence suggest that both BCR/ABL and
FLT3/ITD activated tyrosine kinases increase genomic instability by altering DNA
damage and repair pathways, leading to increased error-prone repair. In particular, we
and others have shown that BCR/ABL- and FLT3/ITD-expressing cells exhibit aberrant
repair of DSBs by homologous recombination (HR) and non-homologous end joining
(NHEJ), characterized by an increase in repair infidelity (Fan et al., 2010; Nowicki et al.,
2004; Sallmyr et al., 2008a; Sallmyr et al., 2008b). The sections below will discuss in
further detail how deregulated DSB repair can initiate a cycle of genomic instability that

contribute to disease progression and poor prognosis.



Genomic Instability

To maintain genomic integrity, the cell must execute a network of cellular processes with
high fidelity: DNA must be replicated, condensed and segregated each time a cell
divides. Cells must also respond to and repair both endogenous and exogenous DNA
damage. Importantly, a series of “checkpoints” or “decision points” must be instituted to
ensure that damaged DNA is repaired or if irreparably damaged, the cell is marked for

apoptosis (Wang, 2001).

Of the many types of DNA damage, the most dangerous is the DNA double strand break
(DSB), which can result from exogenous agents such as ionizing radiation (IR), certain
chemotherapeutic drugs, and from the endogenous generation of reactive oxygen species
(ROS). DNA damage induces a variety of responses including transcriptional changes,
activation of cell cycle checkpoints, DNA repair and/or apoptosis. The repair of DSBs
occurs via two mechanistically distinct groups of pathways (described in more detail
below), the homologous recombination (HR) that uses a homologous DNA duplex
(usually a sister chromatid) as the template for repair and is error-free, and non-
homologous end-joining (NHEJ) that joins ends directly in a process that is independent

of extensive DNA sequence homology and is error-prone.

Mutations of genes in any facet of the DNA damage response pathways can have the
ultimate effect of loss of genomic integrity, and disturbance of the chromosomal
architecture. Notably, cancer and leukemia cells exhibit rates of gross chromosomal

rearrangements, such as amplifications, translocations and deletions, orders of magnitude



above normal cells (Willman, 2006). Furthermore, there is a mounting body of evidence
to suggest that tumor cells progress from a less malignant to a more malignant state due
to this inherent genomic instability (Popp and Bohlander, 2010). A number of different
types of genomic instability have thus far been identified. Aneuploidy (gain or loss of
whole chromosomes) is probably the most common type of genomic instability observed
in cancer. Although this may not apply to all the examples of aneuploidy, aneuploidy is
likely to be associated with loss of function of the mitotic checkpoints (Giehl et al.,
2005). Microsatellite instability (MSI) is observed in simple repeat sequences called
microsatellites, due to a lack of repair of errors made during DNA replication. (Wada et
al., 1994). Point mutations are likely to result from errors during replication or alterations
in repair pathways, such as base excision repair (BER) or mismatch repair (Canitrot et al.,
1999; Stoklosa et al., 2008). Lastly, gross chromosomal alterations such as translocations,
deletions, telomere shortening, and amplifications are thought to occur as a result of
alterations in pathways that repair DNA double strand breaks (DSBs) (Rai et al., 2010;

Sallmyr et al., 2008b).

Double-Strand Break Repair: HR and NHEJ

Homologous Recombination (HR). HR is a process which involves exchange of genetic
information between the sequences of two alleles of a gene during meiosis and mitosis
(San Filippo et al., 2008). Not only does HR create diversity during meiosis through
exchange of genetic material from male and female gametes, but it is also important for

proper segregation of homologous chromosome pairs to ensure each gamete has the



correct number of chromosomes. Another critical function of HR is to maintain genomic
stability by repairing DSBs induced by IR and other endogenous and exogenous agents,
such as ROS. When a DSB occurs the MRN (MRE11, RAD50 and NBS1) complex
initiates the resectioning of DSB ends to create 3’-single-stranded DNA (ssDNA)
overhangs which allow the invasion of homologous sequence (Mimitou and Symington,
2009). More extensive end processing is mediated through the actions of Exol (Mimitou
and Symington, 2009) and CtIP (Sartori et al., 2007). BRCAL interacts with both MRN
and CtIP, proposing a role for BRCAL in end resection (Chen et al., 2008; Schlegel et al.,
2006). Evidence also points to the involvement of Exol and BLM (mutated in Bloom
Syndrome) in DNA-end resectioning (Nimonkar et al., 2008). The single-stranded
overhang is then bound by replication protein A (RPA), which, in conjunction with
BRCAZ2, results in the recruitment of RAD51 (Nimonkar et al., 2008; Yuan et al., 1999).
RAD51then forms nucleoprotein filaments with DNA, and catalyzes strand exchange.
HR is active during the late S and G, phases of the cell cycle and uses the intact sister
chromatid as the template for repair (Hartlerode and Scully, 2009; Khanna and Jackson,
2001). Thus HR is a highly efficacious and error-free form of repair and is mainly
responsible for the repair of DSBs caused by stalled or collapsed replication forks
induced, for example, by chemotherapeutic agents that abrogate DNA replication (Keller

etal., 2001).

Non-homologous End Joining (NHEJ). In addition to homologous recombination
(HR), cells repair double-strand breaks using NHEJ. This form of repair is different from

HR in that it is independent of extensive DNA sequence homology, and therefore errors



can be introduced during the processing and joining of non-compatible DNA ends
(Lieber, 2008). Another difference is that NHEJ occurs throughout the cell cycle; it is the
major DSB repair pathway in Gy, Gy, and early S phase and is the preferred pathway for
repair of DSBs in mammalian cells (Lieber et al., 2003). When a double-strand break
occurs, DNA-PKcs is recruited by other DNA repair factors, namely Ku70/80, to the site
of breakage, where Ku70/80 bind DNA and form a ring, allowing DNA-PKGcs to stably
bind DNA. Binding to DNA induces the auto-phosphorylation and activation of DNA-
PKcs, as well as the phosphorylation and activation of its downstream targets. Ligation is
carried out by DNA ligase IV with the aid of XLF and XRCC4 (Li Li, 2011). There are
multiple factors involved in the processing of DSBs to produce ligatable ends. These
include nucleases such as FEN-1 (Wu et al., 1999) and Artemis (Chen et al., 2000). As a
result of these end-processing reactions, the joining of DSBs by NHEJ may lead to the
loss or addition of a few nucleotides at the site of the break. Another NHEJ component,
XLF or Cernunnos, contributes to the process by interacting with DNA ligase IV/XRCC4

to stimulate the joining of DSB ends (Ahnesorg et al., 2006).

Increasing evidence points to an alternative version of NHEJ (ALT-NHEJ) that results in
larger deletions and chromosomal translocations (lliakis, 2009; Nussenzweig and
Nussenzweig, 2007) . For instance, chromosomal abnormalities have been documented in
the absence of Ku or DNA ligase IV/XRCC4 (Difilippantonio et al., 2000; Jankovic et
al., 2007; Zhu et al., 2002). DSB repair by ALT-NHEJ pathway is characterized by larger
deletions, insertions, and longer tracts of micronomology when compared to classical
NHEJ (Nussenzweig and Nussenzweig, 2007). Several DNA repair proteins, including

PARP-1, MRN, WRN and DNA ligase Illo. (LIG3)/XRCC1 (Audebert et al., 2008;



Deriano et al., 2009; Dinkelmann et al., 2009; Rass et al., 2009; Sallmyr et al., 2008b;
Wang et al., 2005; Wang et al., 2006; Xie et al., 2009) have been implicated in ALT-

NHEJ; however, the regulation of this pathway is poorly defined.

FLT3 in Acute Myeloid Leukemia.

FLT3 is a receptor tyrosine kinase that belongs to the class Ill receptor tyrosine kinase
family (Takahashi, 2011). The gene was first cloned in mice and named “FMS-like
tyrosine kinase 3” (Small, 2006). FLT3 is expressed by hematopoietic stem and
progenitor cells, and its expression is lost as hematopoietic cells differentiate. Several
lines of evidence show that FLT3 plays a role in differentiation, survival, as well as
proliferation (Gilliland and Griffin, 2002; Lyman and Jacobsen, 1998). In AML, FLT3
MRNA is overexpressed, and is often expressed along with FLT3 ligand (FL), leading to
a type of autocrine signaling that leads to continuous activity of the FLT3 receptor
(Carow et al., 1996; Zheng et al., 2004). The significance of FLT3 in leukemia was
realized with the discovery of mutations in the FLT3 gene. As previously mentioned,
FLT3 mutations occur in approximately one-third of AML patients (Gilliland and Griffin,
2002). There are two major types of FLT3 mutations (Figure 2). Internal tandem
duplication (ITD) mutations occur in the juxtamembrane region of the FLT3 receptor

(Nakao et al., 1996). The kinase domain (KD) mutant results from point mutations,



the most common of which is in aspartic acid 835 of the KD (Yamamoto et al., 2001).
Deletions in the juxtamembrane region of FLT3 have also been reported, and are often
referred to as length mutations (FLT3/LM) (Schnittger et al., 2002). FLT3/ITD mutations
interfere with the negative regulatory function of the juxtamembrane, while KD
mutations involve the activation loop in the cytoplasmic domain of the FLT3 receptor. In
both cases, these mutations lead to constitutive activation of the receptor’s tyrosine
kinase activity in the absence of FLT3 ligand (Griffith et al., 2004; Nakao et al., 1996).
As a result of these mutations, pathways downstream of FLT3 are overly activated,
leading to enhanced survival and proliferation. This explains why patients with ITD

mutations tend to

NH .
: have poor prognosis
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Figure 2. Structure of the FLT3 receptor tyrosine kinase. Sites of the two

most common mutations are indicated by arrows (Adapted from Small, 2006) decreased disease-
free survival, as well as decreased overall survival (Kottaridis et al., 2001). The
constitutive activation of FLT3 through ITD and KD mutations results in the induction of

several signaling pathways downstream of FLT3 (Figure 3). These include the Ras-

MAPK and PI3K-Akt pathways (Gilliland and Griffin, 2002). Moreover, FLT3/ITD, as
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opposed to wild-type FLT3, IS a potent activator
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Figure 3. FLT3/ITD downstream targets (Adapted from Takahashi, 2011).

of the STAT5 pathway (Choudhary et al., 2005). It is noteworthy to mention that
downstream targets of STAT5 include Cyclin D1 (Calo et al., 2003) and p21 (Takahashi
et al., 2004), both of which convey a proliferative and survival advantage, respectively.
Furthermore, two independent studies showed that serine/threonine kinases Pim-1 and
Pim-2 (both downstream targets of STATS5) are induced in cells expressing FLT3/ITD
(Kim et al., 2005; Mizuki et al., 2003). Importantly, a study by Kim et al looked at
differential gene expression in two FLT3/ITD-expressing cell lines and one expressing
wild-type FLT3 (FLT3/WT) after treatment with the FLT3 inhibitor CEP-701. The
investigators found that when FLT3/ITD is inhibited, one of the most profoundly affected

genes is that of c-MYC (Kim et al., 2007), demonstrating that c-MYC may play a role in
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FLT3/ITD-mediated leukemogenesis. In later sections, we will explore the mechanisms
through which c-MYC may contribute to genomic instability and disease progression.
Taken together, the studies above show that FLT3/ITD constitutively activates
downstream pathways that may contribute to AML cell growth and survival. As
mentioned earlier, FLT3/ITD mutations correlate with poor prognosis when compared to
FLT3/TKD ones, suggesting that each mutation activates different molecular pathways,
some of which (presumably associated with FLT3/ITD) result in a more aggressive
disease phenotype. Below we will explore genomic instability as a mechanism through
which FLT3/ITD may contribute to disease progression and the poor prognosis in AML

with ITD mutations.

FLT3/ITD and Genomic Instability

Previous work by Sallmyr et al has shown that FLT3/ITD mutations cause genomic
instability through increased levels of reactive oxygen species (ROS) which lead to
increased DNA double-strand breaks (DSBs) and repair errors (Sallmyr et al., 2008a).
The investigators showed that cells expressing FLT3/ITD have elevated levels of ROS
compared to parental control. This increase in ROS was shown to be dependent on the
interaction between STAT5 and RAC1, as siRNA knockdown of STATS, as well as the
introduction of a RAC1 dominant-negative form (RAC1-N17) resulted in the decrease of
ROS production in the AML cell lines. In another study, Fan et al showed that the end-
joining process of DSBs in FLT3/ITD-expressing cell lines and bone marrow
mononuclear cells from FLT3/ITD knock-in mice occurs with elevated repair errors,

leading to higher frequencies of deletions, and thus increased genomic instability (Fan et
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al., 2010). Furthermore, the investigators found that components of the (normal) classical
non-homologous end-joining (C-NHEJ) pathway were downregulated, while a
component (LIG3) of a backup end-joining pathway (ALT-NHEJ) is elevated in
FLT3/ITD cells. Treatment of AML cell lines with the FLT3 inhibitor CEP-701 resulted
in a decrease in LIG3 levels, as well as a reduction in DNA deletions, suggesting that
FLT3/ITD signaling plays a role in causing genomic instability through aberrant DSB
repair in AML (Fan et al., 2010). Lastly, a study by Seedhouse et al demonstrated a
correlation between FLT3/ITD expression and levels of the homologous recombination
pathway component RAD51 (Seedhouse et al., 2006). When the investigators used the
FLT3/ITD inhibitor PKC412 in combination with daunorubicin (a DSB inducer), they
observed a marked decrease in the levels of RAD51, as well as DNA repair, in the
FLT3/ITD-positive cell line MV4-11, but not in HL-60 cells expressing FLT/WT. This
finding is significant, considering the fact that RADS51 overexpression in mammalian
cells leads to an increase in genomic instability and resistance to ionizing radiation
(Richardson et al., 2004; Vispe et al., 1998) Taken together, these studies suggest that
FLT3/ITD drives disease progression through increased genomic instability, and that
inhibition of either FLT3/ITD or components of aberrant DSB repair may result in

decreased genomic instability, and hence decreased disease progression.

The Philadelphia Chromosome in Chronic Myeloid Leukemia

Chronic myeloid leukemia (CML) is characterized by progressive splenomegaly,
leukocytosis, anemia, and marrow hypercellularity (Guilhot et al., 2007). Bone marrow

cells from the overwhelming majority of CML patients carry the Philadelphia (Ph)
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chromosome, which results from translocation of part of chromosome 9 with part of
chromosome 22, giving rise to the oncogenic BCR/ABL fusion gene product with
constitutive tyrosine kinase activity (Melo and Deininger, 2004). Classically, CML has
two or three phases. The disease evolves from a relatively benign chronic phase to an
acute or blastic transformation (Collins and Groudine, 1987). It is generally accepted that
disease progression in CML results from acquisition of additional genetic changes.
Several lines of evidence suggest that CML is characterized by alterations of DNA
damage responses, cell cycle checkpoints, and DNA repair that are critical for survival,
disease progression, and resistance. These alterations are likely to drive genomic
instability, which leads to acquisition of genomic deletions, rearrangements, and point
mutations, as well as the gain or loss of whole chromosomes (aneuploidy) observed in
CML (Muvarak et al., 2012).

Similar to FLT3/ITD, BCR/ABL activates various signaling pathways that contribute to
enhanced proliferation and survival of CML cells (Figure 4). The PI3BK/AKT pathway
(important for cell survival) has been shown to be active in cells expressing BCR/ABL
(Kharas et al., 2004). Moreover, inhibition of PI3K induced cell death in BCR/ABL-
positive cells compared to normal control (Skorski et al., 1997). BCR/ABL also
constitutively activates STATS (Shuai et al., 1996), which in turn leads to elevated levels

of the anti-apoptotic protein and BCL-x,, as well as cyclin D1, which drives cells from
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cell cycle (de Groot et al, 1999).
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Figure 4 Signaling pathways activated by BCR/ABL in CML (Adapted from O’Hare et al, 2010)

Regarding cell growth and proliferation, BCR/ABL has been shown to activate CDK2, a
component of the cell-cycle important in G1-to-S transition (Jiang et al., 2000). The
investigators of this study proposed that this activation occurred as a result of inhibiting
the nuclear translocation of the CDK inhibitor p27, as nuclear levels of p27 are

diminished in BCR/ABL-positive cells compared to control cells (Jiang et al., 2000).
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Various studies also show a link between BCR/ABL and ¢c-MYC in CML (Gomez-
Casares et al.,, 2004). It was found that BCR/ABL induces c-MYC through its
downstream target JAK2 (Xie et al., 2002), and that this induction is important in
BCR/ABL-mediated transformation (Sawyers et al., 1992).

As previously discussed, CML transitions from chronic to blast phase, which is
characterized by a more aggressive phenotype that typically involves secondary
molecular and/or chromosomal changes. It has long been debated whether BCR/ABL
itself arises from a prior genomic instability or whether BCR/ABL promotes this
“mutator” phenotype. However, the overwhelming evidence in cell culture (Brady et al.,
2003; Gaymes et al., 2002; Sallmyr et al., 2008b), mouse models (Salloukh and
Laneuville, 2000; Voncken et al., 1995), and primary CML samples (Dierov et al., 2009)

favors involvement of BCR/ABL in promoting genetic instability.

BCR/ABL and Genomic Instability

There are several pathways through which BCR/ABL may contribute to genomic
instability (Figure 5); however, only pathways pertaining to this study (that is, regulation
of DSB repair) will be discussed further. One of the most important mechanisms of

maintaining genomic integrity is by controlling the levels of intacellular ROS. Excessive
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Figure 5. Pathways generating genomic instability in BCR/ABL-positive chronic myeloid leukemia.
(Adapted from Muvarak et al, 2012)

ROS could lead to the formation of DSBs. There is building evidence that BCR/ABL
induces ROS and leads to genomic instability in CML (Melo and Barnes, 2007). Elevated
levels of ROS are found in most malignant or transformed cells, including CML, and are
thought to promote cellular transformation. Sattler et al showed that BCR/ABL led to the
accumulation of endogenous DNA-damaging ROS in several hematopoietic cell lines
(Sattler et al., 2000). Furthermore, another study found that chronically induced ROS
resulting from expression of BCR/ABL created DSBs in all phases of the cell cycle
(Nowicki et al., 2004), where both HR and NHEJ pathways are involved in repair of
DSBs. Moreover, these authors found that expression of BCR/ABL in hematopoietic
cells resulted in faster kinetics of DSB repair. However, the fidelity of repair was reduced

when compared with that of parental cells. Analysis of repair sites showed that
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BCR/ABL-positive cells produced more deletions and base substitutions as a
consequence of DSB repair. Thus, BCR/ABL-induced endogenous ROS can lead to the
selection of cells that adapt to excessive DSBs by upregulating the activity of DSB repair
(Figure 5), but this repair is error-prone and potentially may drive the acquisition of

genetic alterations.

BCR/ABL and Aberrant HR. Several studies show that BCR/ABL affects the
expression and/or the activity of key DNA repair proteins involved in DSB repair. As
discussed earlier, BRCAL is important in regulating DSB repair by HR. Expression of
BRCAL is frequently altered in cases of CML (Deutsch et al., 2003). Deutsch et al
discovered that expression of BCR/ABL resulted in downregulation of BRCAL so that it
is nearly undetectable in CML patients. Importantly, BCR/ABL-induced BRCA1
downregulation can be partially reversed on treatment with the BCR/ABL inhibitor
imatinib (Wolanin et al., 2010). In addition, BCR/ABL significantly enhances the
expression of RAD51 and its paralogs (Slupianek et al., 2001). Treatment of the
BCR/ABL-expressing hematopoietic progenitor cell line 32D with the DNA-damaging
agent mitomycin C resulted in resistance to cell death due to an upregulation in RAD51-
mediated DSB repair. Moreover, BCR/ABL appeared to protect RAD51 from caspase-3—
mediated degradation. Although the results indicating a downregulation of BRCA1 and
overexpression of RAD51 may appear contradictory at first, this phenotype has been
observed in other cancers (Martin et al., 2007), and is thought to give rise to genomic
instability. Interestingly, a study by Slupianek et al. showed that despite an overall
increase in DSB repair activity, the repair was largely unfaithful, as shown by large

deletions in the final repaired products (Slupianek et al., 2011a).
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A form of “unfaithful” HR mechanism is the single-strand annealing (SSA) process in
which, unlike normal HR, the homology is between short stretches of single-stranded
DNA (ssDNA) at staggered DSBs, and pairing precedes re-ligation, not strand exchange.
SSA is error-prone because of the deleted or rearranged sequences formed when ends
overlapping by short DNA strands are unsuitably joined (Weinstock et al., 2006).
Fernandes et al indicated that interplay between BCR/ABL and extrinsic growth factors
promotes mutagenic SSA and could represent an important source of genomic instability

(Fernandes et al., 2009).

BCR/ABL and ALT-NHEJ. The NHEJ pathway is also affected in CML. Deutsch et al
reported that expression of BCR/ABL in the hematopoietic cell line UT-7 resulted in a
marked decrease in the key NHEJ component DNA-PKcs (Deutsch et al., 2001).
Analysis of DNA repair efficacy in cells expressing BCR/ABL showed more genomic
aberration than in normal counterparts, highlighting the involvement of BCR/ABL in
creating genomic instability. In addition to reduced DNA-PKcs, levels of DNA ligase IV
and Artemis, key components of C-NHEJ, are also reduced in CML cell lines (Sallmyr et
al., 2008Db). Despite a decreased expression of key components of DNA-PKcs—dependent
C-NHEJ, primary CML cells and cell lines established from CML patients have increased
NHEJ activity. Moreover, it appears that this repair is more error-prone, demonstrating an
increased frequency of DNA deletions and insertions (Brady et al., 2003; Nowicki et al.,
2004). In an independent study from the Rassool laboratory , Gaymes et al also showed
that the repair of DSBs by NHEJ in CML cells is characterized by large DNA deletions
around the DSB junctions, and ligation of DNA ends at regions of DNA sequence

microhomology (Gaymes et al., 2002). In a follow-up study from the same group,



19

Sallmyr et al demonstrated in CML cell lines elevated steady-state levels of LIG3 and
WRN, components of the ALT-NHEJ pathway (Sallmyr et al., 2008b). These results
indicate that BCR/ABL-positive CML may be dependent on the ALT-NHEJ pathway for
repair of DSBs, and that components of this pathway may be potential therapeutic targets.
Indeed, a recent study by our group showed that inhibition of LIG3 and PARP-1 (another
component of ALT-NHEJ) reduced the size of deletions post-DSB repair and decreased
the survival of Imatinib-resistant cells (Tobin et al., 2012). Importantly, there was a
correlation between the degree of sensitivity to these drugs and mRNA levels of LIG3

and PARP-1 in samples taken from CML patients.

¢c-MYC and Tyrosine-Kinases in DSB Repair and Genomic Instability

There are several routes through which mammalian cells regulate their gene
expression. These include transcription factors, epigenetics, and microRNAs. Any
step of gene expression may be modulated, from the DNA-RNA transcription step to
post-translational modification of a protein. However, the most extensively utilized point
of regulation of gene expression is at the level of transcription. c-MYC is one of the most
studied transcription factors, having been reported to control the expression of
approximately 15% of all genes in humans (Dang et al., 2006). As discussed earlier,
tyrosine kinases FLT3/ITD and BCR/ABL lead to the induction of c-MYC (Kim et al.,
2007; Sawyers, 1993). In turn, many downstream targets of c-MYC are transcriptionally
activated, leading to increased signaling that may lead to enhanced survival and genomic

instability (Delgado and Leon, 2010). In fact, Albajar et al showed that c-MYC
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expression increases as CML progresses to blast crisis, and that this overexpression
induced aberrant DNA synthesis, suggesting a role for c-MYC in disease progression
through promoting genomic instability (Albajar et al., 2011). In the section below, we
explore the various mechanisms through which ¢c-MYC may contribute to genomic
instability, and focus on its role in DNA repair, considering that c-MYC has been shown
to play a role in regulating expression of DSB repair genes in other cancers (Luoto et al.,

2010).

c-MYC and Genomic Instability

c-MYC s the cellular homolog of the retroviral v-myc oncogene originally discovered
in avian tumors (Dang, 1999), and later found to be activated in various animal and
human tumors (Cole, 1986). The structure of c-MYC contains DNA binding domains
important for its function as a transcription factor (Blackwell et al., 1990). c-MYC
requires its obligatory binding partner Max for effective DNA binding (Blackwood et al.,
1992). c-MYC binds DNA at a 5'-CACGTG-3’ consensus sequence called the E-box
(Amin et al., 1993). Early studies which involved inactivation of the c-MYC gene
demonstrated a role for c-MYC in regulating cell proliferation (Mateyak et al., 1997).
Besides its role as a transcription factor and activator (Roy et al., 1993), c-MYC has also
been shown to repress transcription of genes speculated to be involved in differentiation,
suggesting the importance of both transcription activation and repression in c-MYC-
mediated transformation. Additional roles for c-MYC have been found in the regulation
of the cell cycle (Amati et al., 1998), metabolism (Dang, 1999), and apoptosis (Evan et

al., 1992).
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Several lines of evidence show that various malignant tumors exhibit structural
chromosomal abnormalities such as amplifications that result in multiple copies of the c-
myc oncogene (Popescu and Zimonjic, 2002; Savelyeva and Schwab, 2001), and that this
aberrant expression of c-MYC may contribute to genomic instability (Mai, 1994; Mai et
al., 1999; Mushinski et al., 1999). Besides gene amplification, c-MYC expression can
also be induced by transcription factors of other signaling pathways (van Es et al., 2003),
activated genes generated by chromosomal rearrangements (Boxer and Dang, 2001), as
well as evasion of ubiquitin-mediated proteolysis (Bahram et al., 2000). Several studies
have shown that increased expression of c-MYC correlates with genomic instability in
various solid tumors (McCormack et al., 1998; Sargent et al., 1996). This merits
exploring the mechanisms through which c-MYC may induce genomic instability.

As discussed earlier, c-MYC plays a role in metabolic pathways (O'Connell et al., 2003;
Shim et al., 1997). These pathways lead to the production of ROS. Several studies have
found c-MYC to be associated with elevated levels of ROS (Tanaka et al., 2002; Vafa et
al., 2002), which can cause single- or double-stranded DNA breaks. A second mechanism
of c-MYC-mediated genomic instability involves the abrogation of cell cycle checkpoints
when DNA damage occurs. c-MYC has been shown to impair IR-induced G; arrest
(Sheen and Dickson, 2002), allowing cells to enter S-phase, resulting in replication of
damaged DNA that may lead to genomic instability. Another cell cycle checkpoint
affected by c-MYC is the Go/M checkpoint. One study showed that although arrested in
G,/M following DNA damage, c-MY C-expressing cells exhibited polyploidy (Felsher et
al., 2000). Finally, another mechanism through which c-MYC may contribute to the

induction of genomic instability is through the modulation of DNA repair. Two
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independent studies suggest interplay between c-MYC and components of the DNA
repair machinery. One study demonstrated that sSiRNA knockdown of c-MYC resulted in
a decrease in NBS1, a component of the MRN complex (see earlier HR section),
suggesting c-MY C-induced expression of NBS1 is required during replication (Chiang et
al., 2003). In contrast, another study showed that NBS1 deficiency did not affect DNA
synthesis (Williams et al., 2002), thus additional studies are required to elucidate the role
of c-MYC regulation of NBS1 in DNA repair. A second study by Grandori et al
demonstrated that expression of c-MYC and WRN (a DNA helicase involved in repair) is
tightly linked, and in the absence of WRN, c-MY C-expressing cells undergo senescence
(Grandori et al., 2003). This study suggests that c-MYC-induced expression of WRN
promotes tumorigenesis by preventing senescence of cells. Interestingly, two recent
studies (one from the Rassool laboratory) showed that in BCR/ABL-positive cells, WRN
is upregulated, leading to an increase in unfaithful repair, and hence genomic instability
(Sallmyr et al., 2008b; Slupianek et al., 2011b). Finally, in a study of prostate and breast
cancers, Luoto et al demonstrated through ChIP studies the association of c-MYC with
the promoters of various DSB repair proteins, including RAD51 (Luoto et al., 2010),
suggesting a role for c-MYC in DNA repair. In contrast, a study by Karlsson et al
reported a defect in the repair of DSBs caused by y-irradiation as a result of induction of
c-MYC (Karlsson et al., 2003). Taken together, these studies suggest that c-MYC is a
good candidate for potential regulation of altered DNA repair and hence genomic

instability in leukemia cells.
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Study Aims

Activated tyrosine kinases BCR/ABL and FLT3/ITD play a role in the induction of
genomic instability involving error-prone repair of DSBs. However the mechanisms by
which this occurs remains unclear. c-MYC plays a role in the regulation of DSB repair
proteins, such as RAD51 (Luoto et al., 2010), which has been shown to be induced by
BCR/ABL, conferring resistance to DSB inducing agents (Slupianek et al., 2001).
Furthermore, RAD51 overexpression has been shown to promote unfaithful DSB repair
(Richardson et al., 2004). In particular, our laboratory demonstrated an increase in LIG3
transcript and protein levels that lead to increased repair errors in AML and CML cell
lines and primary cells (Fan et al., 2010; Sallmyr et al., 2008b). Several lines of evidence
suggest that c-MYC is also a candidate for regulation of LIG3: Both LIG3 and c-MYC
expression is upregulated in BCR/ABL- and FLT3/ITD-positive leukemias; and
bioinformatics confirm the presence of potential binding sites for c-MYC in the putative
promoter of LIG3. This study will test the hypothesis that c-MYC regulates both RAD51
and LIG3 expression, and as a consequence plays a role in generating genomic instability

in FLT3/ITD- and BCR/ABL-positive leukemias (Figure 6).
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Figure 6. A model for the role of c-MYC in the regulation of DSB repair in AML and CML (Adapted
from Rassool, 2004). Cells expressing activated tyrosine kinases (TKs) BCR/ABL and FLT3/ITD have
higher than normal levels of reactive oxygen species (ROS), which lead to an increase in double-strand
breaks (DSBs). In addition, TK-positive cells have elevated activity of DSB repair, characterized by
increased errors. The increase in the rate of misrepair has been shown to be the result of an upregulation in
levels of RAD51 and LIG3. c-MYC, which is overexpressed in AML and CML, potentially mediates the
increase in DSB activity through its regulation of LIG3 and RAD51. The end result is an increase in
genomic instability and disease progression.

Our specific aims are as follows:

Aim 1: To determine whether a) inhibition of c-MYC and b) overexpression of c-MYC
alters expression of LIG3 and other DSB repair genes, such as RAD51. ¢) To determine
whether the effect of c-MYC on expression of DSB repair genes is mediated through c-
MY C’s effect on cell cycle.

Aim 2: To determine whether c-MYC binds to the promoters of LIG3 and other DSB
genes upregulated in BCR/ABL- and FLT3/ITD-positive leukemias.

Aim3: To determine whether inhibition of DSB repair genes by c-MYC results in
functional changes in repair. Other potential follow up studies are discussed in the

“Discussion and Future Directions” section at the end of this manuscript.



25

MATERIALS AND METHODS

Cells and tissue culture

The murine myeloid progenitor cell lines 32D, 32D-FLT3/ITD (kindly provided by Dr.
Donald Small, Johns Hopkins University, Baltimore, MD), BaF3, BaF3 expressing
BCR/ABL (BaF3-BCR/ABL), the human megakaryocytic cell line MO7e, MO7e-
BCR/ABL (kindly received from Dr. Rick van Etten, Tufts University, Boston, MA), the
human AML cell line MOLM-14 (expressing FLT3/ITD), the human leukemia cell line
REH (expressing wild-type FLT3), the human lymphoblastoid (established from normal
lymphocytes) cell line NC10 (kindly received from Dr. Gazdar, University of Texas
Southwestern, Dallas, TX), and the human CML cell line K562 ( established from a
patient in blast crisis (Lozzio et al., 1981)) were grown in RPMI medium (MediaTech)
containing 10% heat-inactivated fetal bovine serum (Sigma). For the immature myeloid
32D cells and the pro-B lymphocyte BaF3 cells, mouse IL-3 (Millipore) was added at a
final concentration of 1ng/mL, and for MO7e (ATCC), granulocyte-macrophage colony
stimulating factor (GM-CSF) was added at a final concentration of 5ng/mL. Cells were
seeded at a density of 2 x 10° per mL, and sub-cultured approximately every three days
(when the density reached 1 x 10°). All cell lines were maintained at 37°C in the presence

of 5% CO..
Reagents

The ¢c-MYC inhibitor 10058-F4 was purchased from Santa Cruz Biotechnology and
dissolved in DMSO to yield a stock of 100mM. For treatment of cells, the inhibitor was

dissolved in DMSO and added to cells so that the concentration of DMSO did not exceed
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0.1% (v/v). The FLT3/ITD inhibitor CEP-701 (Sigma) was dissolved in DMSO to yield

a stock concentration of 50mM.

Western blotting

Cells were harvested by centrifugation at a speed of 500g for 5 minutes, then washed
twice in ice-cold PBS (MediaTech), and centrifuged for another 5 minutes to remove
supernatant. For whole-cell lysate extraction, pellets were lysed on ice for 10 minutes in
RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 0.1% SDS, 50mM Tris,
pH 8.0) in the presence of Protease and Phosphatase inhibitors (Calbiochem). Lysates
were centrifuged at 4°C and maximum speed for 10 minutes to remove cellular debris.
For nuclear lysates, pellets were processed using NE-PER Nuclear Protein Extraction kit
(Thermo Scientific Pierce) according to the manufacturer’s instructions. Protein
concentrations were measured using BCA kit (Thermo Scientific Pierce) according to the
manufacturer’s instructions. Absorbance measurements, standard curves, and final
protein concentrations were determined using VersaMax plate reader with Softmax Pro
software (Molecular Devices). 15ug of protein from each sample was resolved on a 4-
20% Tris-Glycine gradient gel (Invitrogen) using 1X running buffer (Bio-Rad) and 150V.
Proteins were then transferred using 350mA to a PVDF membrane (GE Healthcare) in
1X transfer buffer (Bio-Rad) containing 20% methanol (Sigma). Membranes were
blocked for 1hr at room temperature (RT) in 5% non-fat dry milk (American Analytical)
in TBS+0.2% Tween-20 (TBST), or 5% BSA (Sigma) in TBST when probing for
phospho-proteins. All primary antibody incubations were done in blocking buffer
overnight at 4°C. ¢c-MYC (9E10) and RAD51 (H-92) antibodies were purchased from

Santa Cruz Biotechnology and used at 1:1000 dilution. Anti-LIG3 (clone 7) was
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purchased from BD Biosciences and used at 1:1000 dilution. Anti-actin antibody (Sigma)
and anti-LaminB1 antibody (Cell Signaling Technologies) were used as loading controls
at 1:5000 and 1:1000, respectively. Secondary antibodies conjugated to HRP (Cell
Signaling Technologies) were added at a 1:3000 dilution and incubated at RT for 1 hour.
Signal was detected using ECL reagent from GE Healthcare. Bands were quantified using

ImageQuant software (Bio-Rad).
Immunofluorescence Staining Post-p-Irradiation

Cells were seeded at a density of 0.5 x 10° cells per mL in a 6-well plate for 24 hours, and
irradiated with a dose of 6 Gy. The cells were then immediately harvested at different
time points for immunoblotting and immunofluorescence (IF). For IF, the cells were
washed for 5 minutes twice in DPBS (Invitrogen) and resuspended in PBS containing
10% FBS. Approximately 150 thousand cells were pelleted on Superfrost slides (Fisher
Scientific) using a cytospin machine (Thermo Shandon) at 800 rpm for 7 minutes. The
slides were air-dried for 30 minutes and fixed in 4% paraformaldehyde (USB
Corporation) for 10 minute at RT. Slides were then washed three times in DBPS, and
incubated in permeabilization solution (50mM NaCl, 3mM MgCl,, 10mM HEPES,
200mM sucrose, and 0.5% Triton-X-100) for 15 minutes at RT. The slides were washed
for 5 minutes twice in wash buffer (DPBS, 0.5% BSA, and 0.1% Triton-X-100). To
prevent nonspecific binding, the slides were blocked for 1 hour at RT in DPBS
containing 10% FBS. Anti-RAD51 antibody (Santa Cruz Biotech) was diluted in wash
buffer at a dilution of 1:100 and slides were incubated overnight at 4°C. The following
day, slides were washed three times in wash buffer, then FITC-conjugated goat anti-

rabbit secondary antibody (KPL) was added at a dilution of 1:200 and slides were
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incubated in the dark at RT for one hour, then washed for 3 hours, changing the wash
buffer every one hour. The cells were then covered with DAPI-containing Vectashield
(Vector Laboratories) and allowed to dry in the dark overnight before visualizing foci
formation. The number of foci per cell was determined using Adobe Photoshop Count
Tool. A minimum of 30 cells were used from each treatment group to determine the mean

number of foci and standard deviation.
Quantitative PCR

RNA isolation for real-time PCR was done using the RNAspin mini RNA isolation kit
(GE Healthcare). 20ng of RNA was used in each reaction that contained Quantitect
Primers (Qiagen) for each target and Power SYBR® Green RT-PCR Mastermix (Applied
Biosystems). Reactions were carried out in triplicates using a Mastercycler ep®

(Eppendorf) and relative levels of mRNA were determined using Eppendorf’s realplex

software according to the AACt method.
PCR

Genomic DNA was isolated using the QIAamp kit (Qiagen). 100ng of DNA was used in
each reaction. PCR products were amplified using the HotStarTag Master Mix Kit
(Qiagen). Primers were obtained from Integrated DNA Technologies. The primer

sequences for c-MYC targets are below:

Chromosome 22 E-box forward: 5’- TTA CAG GTA AGC ACC TCC ATG ACC-3’

Chromosome 22 E-box reverse: 5’- GCA AAA GCT ACC ATT TAG GAA CCC-3’

CAD forward: 5°- TCT CTG CTG CTG CCG CCA AG-3’
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CAD reverse: 5’- ACC GAC CCG TCC TCC AAC AC-3°

LIG3 forward: 5’-TGCGGGACACAAACAGAGGGATTA-3’

LIG3 reverse: 5’-AGGCCTCGGAACTTGCTCATTACA-3’

siRNA knockdown

After culturing for 2-3 days, cells were counted and subcultured at 0.5 x 10° per mL in
fresh medium for 6 hours. Before transfection, cells (2 million per transfection) were
taken and washed once in Opti-MEM medium (Invitrogen). Transfections were carried
out using Amaxa Nucleofection System (Lonza). Briefly, after washing, cells were
resuspended in 100uL nucleofection solution V and mixed with 5uL of 20uM
nonspecific or c-MYC SMARTpool siRNA (Thermo Scientific Dharmacon). Program X-
001 was used for 32D, BaF3 and MO7e. Program A-030 was used for MOLM-14 cells.
After nucleofection, cells are incubated in a 12-well plate for 24 hours, then the media
was changed and the cells were incubated for another 24 hours before cells were

harvested and processed for mMRNA and protein analyses.
Chromatin Immunoprecipitation

Logarithmically growing cells (approximately 4 million cells per ChIP) were cross-linked
by adding 37% formaldehyde (Fisher Scientific) to a final concentration of 1% and
incubated at RT for 10 minutes. The crosslinking was stopped by adding 2.5M glycine
(Sigma) to a final concentration of 125mM and incubated at RT for 5 minutes. The cells

were then harvested by centrifuging at 1000 rpm for 5 min and washed twice in PBS
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containing a cocktail of protease inhibitor (PI), and pelleted. Pellets were resuspended in
ImL SDS lysis buffer (Millipore) plus P1 and placed on ice for sonication. Lysates were
sonicated using a Branson 450 Sonifier for 10 seconds each time, for 10 times, at 40%
output control and 2.5 duty cycle, with a 30 second refractory period between sonications
to prevent overheating of samples. OD260 measurements were taken to ensure an equal
amount of DNA (100ug) is used for each ChIP. At this point, 50uL of lysates was taken
for input control. For each ChIP, 400pL of lysates was mixed with 3.6mL ChlIP dilution
buffer (Millipore) plus PI, and 4ug of either 1gG control or anti-myc N-262 antibody was
added to each tube and rotated overnight at 4°C. Protein G magnetic beads (Millipore)
were washed once with blocking solution (0.5% BSA in PBS) and incubated in the same
solution overnight to block nonspecific binding. The following day, 50uL of bead slurry
was added to each ChIP and incubated at 4°C for 3 hours. Beads were then washed 4
times with low salt wash buffer (Millipore), once with high salt wash buffer, then once
with TE (MediaTech). Chromatin was eluted with elution buffer (50mM Tris-HCI, pH
8.0, 10mM EDTA, 1% SDS) at 65°C for 15 minutes, vortexing every 2 minutes. Eluted
chromatin and input control was then incubated with 0.2ug/mL RNaseA (Qiagen) at 37°C
for 2 hours, then with 0.2pg/mL Proteinase K at 65°C overnight to digest proteins and
reverse crosslinking. DNA was purified using Qiaquick kit (Qiagen). For PCR, input
control was diluted 1:10, then 4uL of input and each eluted ChIP was used per reaction as

described in the PCR section.
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MYC overexpression

pCDNAS3-cmyc (Ricci et al., 2004) expressing human c-MYC, and pCX-cmyc (Okita et
al., 2008) expressing mouse c-MYC were obtained from Addgene. Transfections were

carried out as described in the siRNA knockdown section.
Cell Cycle Analysis

After chemical or siRNA inhibition of c-MYC, 1x10° cells were harvested, washed once
in PBS, and resuspended in 0.5mL PBS. To fix the cells, 4.5mL of -20°C 70% Ethanol
was added drop-wise to the cell suspension and incubated overnight at -20°C. The cells
were then centrifuged to remove the ethanol, then washed twice in PBS containing 2%
FBS. Pellets were resuspended in 500uL staining solution (Img/mL RNase A, 0.05%
mg/mL propidium iodide, 0.3% Triton X-100 in PBS) and incubated in the dark at RT for

30 minutes before analyzing through FACS.
In vivo NHEJ Assay

The in vivo NHEJ assay was done as previously described (Fan et al., 2010). Briefly, 1ug
of linearized pUC18 plasmid was transfected into 2 million cells as described in previous
sections. To verify transfection efficiency, one group was transfected with a GFP-
expressing plasmid (Lonza). Cells were incubated overnight to allow repair of the
linearized plasmid, then collected and washed once with PBS. Repaired plasmids were
then recovered using QIAprep kit (QIAGEN). Plasmids were then transformed into
DH5a bacteria (Invitrogen), and bacteria was plated onto agar plates (TEKnova)
containing ampicillin, IPTG, and x-gal (American Analytical). NHEJ repair efficiency

was measured by the total bacterial colonies; correct repair and misrepair of DSBs were



32

represented by blue and white colonies, respectively; the misrepair frequency was
determined by the number of white colonies as a percentage of total colonies; and the
nature of the misrepair was determined by polymerase chain reaction (PCR) and/or DNA
sequencing of the breakpoint junction region in plasmids from individual white colonies.
For statistical analysis, repaired DNA from each transfection was used to perform at least
3 bacterial transformations in parallel. The colony number and percentage misrepair of

each transfection were represented by the average values of all the transformations.

Colony PCR and plasmid DNA sequencing

Colony PCR was performed using regular Taqg DNA polymerase (Invitrogen) and a pair
of primers designed to amplify the fragment across EcoRI cutting site of the pUC18 DNA
(pUC18: forward, CGGCATCAGAGCAGATTGTA; reverse,
TGGATAACCGTATTACCGCC). Randomly selected white bacterial colonies, which
contain misrepaired plasmid, were used as the PCR template. PCR products were
resolved on a 1% agarose gel by electrophoresis. A 628 base pair product is expected
when the correctly repaired template is analyzed by PCR. For sequence analysis, plasmid
DNA was prepared using QlAprep Spin miniprep kit (QIAGEN) and sequenced using
either pUC18 forward or reverse primers. BioEdit sequence alignment -editor

(http://www.mbio.ncsu.edu/bioedit/bioedit.html) was used for sequence alignment.

Statistical Analysis

Statistical analysis for significant difference between control and experimental groups

was determined using an online Student’s t-test calculator (graphpad.com).


http://www.mbio.ncsu.edu/bioedit/bioedit.html
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RESULTS

c-MYC inhibition results in the downregulation of LIG3 and RAD51 in FLT3/ITD-

and BCR/ABL-positive cells.

Previous studies in our lab (Fan et al., 2010; Sallmyr et al., 2008b) and others (Seedhouse
et al.,, 2006; Slupianek et al., 2001) have shown that levels of LIG3 and RAD51 are
elevated and associated with increased error-prone repair in cell lines expressing the
tyrosine kinases FLT3/ITD and BCR/ABL. In addition, LIG3 levels are also increased in
a FLT3/ITD knock-in mouse model (Fan et al., 2010; Li et al., 2011). Importantly,
increased expression of these repair factors was associated with increased error-prone
repair, and knockdown or inhibition of these components reversed the repair to that of
controls. These studies have led to a search for candidates that may regulate the
expression of these DSB repair genes in AML and CML. c-MYC is a strong candidate
regulatory factor because it is a downstream component of FLT3/ITD and BCR/ABL
signaling (Kim et al., 2007; Xie et al., 2002), consensus c-MYC binding sites occur
within the promoter of LIG3 (determined by bioinformatics), and c-MYC has been

shown to regulate RAD51 in prostate and breast cancers (Luoto et al., 2010).

To determine whether c-MYC plays a role in regulation of LIG3 and/ or RAD51 in TK-
positive cells, 32D-FLT3/ITD and MO7e-BCR/ABL, including parental control cells
32D and MO7e, were treated with DMSO or 60uM of the ¢c-MYC inhibitor 10058-F4
that disrupts the association of c-MYC with its binding partner Max, thus inhibiting the
transcriptional activity of c-MYC (Huang et al., 2006). After 24 hours of incubation,

RNA was isolated and relative transcript levels of LIG3 and RAD51 were determined by
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guantitative RT-PCR. We observed a 3.5-fold increase in mRNA levels of LIG3 (p <
0.001) and approximately a 4-fold increase (p < 0.001) in RAD51 mRNA levels in 32-
FLT3/ITD cells compared to levels in parental control 32D cells (Figure 7A, left).
Treatment with the c-MYC inhibitor leads to an approximately 40% reduction (p < 0.001)
in levels of LIG3 mRNA in 32D-FLT3/ITD cells, and a small reduction (~20%) in 32D
cells that is not significant (p= 0.42). Interestingly, while treatment with the c-MYC
inhibitor reduced levels of RAD51 in 32D cells (~40%, p < 0.001), levels were even
further reduced in 32D-FLT3/ITD (~ 60%, p < 0.01). Similar studies were performed
with MO7e-BCR/ABL cells and parental control MO7e. In untreated MO7e-BCR/ABL
cells, RAD51 and LIG3 mRNA levels were approximately 3-fold and 2-fold higher (p
<0.01), respectively, compared to parental control MO7e transcript levels (Figure 7A,
right). In contrast to the effect of c-MYC inhibition in FLT3/ITD-positive cells following
treatment with the c-MYC inhibitor, there was no change in LIG3 mRNA levels in MO7e
and MO7e-BCR/ABL cells. Interestingly, RAD51 mRNA was reduced in MO7e cells

(p= 0.03) to the same extent observed in MO7e-BCR/ABL cells (~ 40%, p= 0.01).

To determine whether effects on transcript levels are translated into altered protein levels,
we examined nuclear extracts from the above cells for expression of LIG3 and RAD51 by

Western blotting analysis pre- and post-treatment with the c-MYC inhibitor.



35

4.5 35
A.m 4 g H"LIG3
E g 9
533 £25 » RADS1
< 3 % &l *
2.5 H 2 gz
E = s
E 2 % 1.5
o *
E 15 @ 1 L 11
< ! £ 0.5 ‘
& 0.5 - B -
0 2o
(8] O O O
'@% '\"Q(x 'Q%@ v"‘é
& {F 8 \ )
».;\‘ é\ @ V\& @&
B. 32D ITD MO7e MO7e-B/A
MYCi -+ = + -+ -+ MYCi
1163 _ - e 1163
1.0 09 3.0 02 1.0 1.0 12 1.0
ravs oS
1.0 02 31 0.0 1.0 0.2 1.8 0.3

Lamin [ —— Lamin

Figure 7. FLT3/ITD- and BCR/ABL-expressing cells have elevated levels of LIG3 and RAD51 that is
diminished by c-MYC inhibition. (A) Relative mRNA levels of LIG3 and RAD51 in 32D, 32D-
FLT3/ITD (ITD), MO7e, and MO7e-BCR/ABL (M-B/A) cells. Cells were treated with either DMSO or
60puM c-MYC inhibitor (MYCi) for 24 hours, then lysed and RNA was used for RT-PCR analysis.
Columns represent the average of triplicate reactions and error bars denote the standard deviation. Asterisks
indicate statistical significance, determined by the unpaired t-test. (B) Relative protein levels of LIG3 and
RAD51 in nuclear lysates of 32D, 32D-FLT3/ITD (ITD), MO7e, and MO7e-BCR/ABL (B/A) cells. Cells
were treated with DMSO (-) or 60uM c-MYC inhibitor (+) for 24 hours then cells were lysed and nuclear
lysates used for Western blotting. Numbers below blots represent fold change in protein levels.

We examined hematopoietic cells (32D) stably transfected with FLT3/ITD (32D-
FLT3/ITD) and MOQO7e cells stably expressing BCR-ABL (MO7e- BCR/ABL). As above,
these cells were treated with DMSO or 60uM 10058-F4 and after 24 hours of incubation
the cells were harvested for nuclear lysate extraction and Western blot analysis. c-MYC

inhibition resulted in over a 3-fold reduction in RAD51 levels in both parental and TK-
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expressing cell lines (Figure 7B). On the other hand, LIG3 levels were diminished (>
80%) only in 32D-FLT3/ITD cells, suggesting differential sensitivity to the c-MYC

inhibitor.

To confirm downregulation of LIG3 and RAD51 levels and to rule out any “off-target”
effects the c-MYC inhibitor may have, we performed siRNA-mediated knockdown of c-
MYC in 32D-FLT3/ITD and MO7e-BCR/ABL cells. Briefly, cells were transfected with
non-specific sSiIRNA (siCTRL) or siRNA targeted against c-MYC (siMYC). Forty-eight
hours post-transfection, cells were harvested, and whole cell lysates were analyzed by
Western blotting. Figure 8 (upper panel) shows that siRNA knockdown of c-MYC
resulted in over 2-fold reduction in LIG3 and RAD51 mRNA levels in both cell lines.

These results were also observed at the protein level (Figure 8, lower panel).
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Figure 8. siRNA knockdown of ¢-MYC in 32D-FLT3/ITD and MO7e-BCR/ABL cells. Cells were
transfected with control siRNA (siCtrl) or siRNA targeting c-MYC (siMYC). 48 hours post-
transfection, cells were collected and used for quantitative RT-PCR (upper panel) and Western
blotting (lower panel). Columns in the upper panel represent average relative change in mRNA
levels. Numbers below blots represent fold change in protein levels. Statistical significance was
determined using unpaired t-test.

Interestingly, chemical inhibition of c-MYC does not have the same effect on LIG3 levels
as siRNA-mediated knockdown of c-MYC. Nevertheless, these results show that c-MYC
plays a role in the regulation of LIG3 and RAD51, and hence inhibiting c-MYC may

affect the repair pathways in which these factors participate.

Next, to further confirm the role of c-MYC in regulating LIG3 and RAD51, we set out to

determine whether c-MY C, ectopically introduced into hematopoietic cells, would lead to
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increased expression of LIG3 and RAD51. To do this, we transfected 32D cells with
either pmaxGFP vector (to control for transfection efficiency) or the pCX-cmyc vector
(Okita et al., 2008), which expresses the murine c-MYC protein. MO7e cells were also
transfected with pmaxGFP or pCDNA3-cmyc vector, which expresses the human c-MYC
protein (Ricci et al., 2004). All cells, except those transfected with pmaxGFP vector,
died within 24 hours post-transfection. This observation is not unexpected, considering
that c-MYC plays a role in apoptosis, and has been shown to lead to cell death when
overexpressed in cytokine-dependent cell lines (Fest et al., 2002). In the Discussion and
Future Directions section we will discuss a different approach to overexpressing c-MYC

in hematopoietic cells to answer this question.

MYC inhibition impairs the response to ionizing radiation (IR)-induced DNA damage.

Next, we sought to determine how c-MYC inhibition affects the DNA damage response
to IR-induced DSBs. BaF3-BCR/ABL cells were cultured at a density of 0.5 x 10° cells
per mL in the presence or absence of 60 uM 10058-F4. The following day, the cells were
irradiated using a dose of 6 Gy, and collected at 0 (non-irradiated cells), 0.5, 1, 2, and 4
hours post-IR. The cells were then harvested for nuclear lysates for Western blotting
analysis of RAD51. Cells were also immunostained for RAD51 foci analysis, since
previous studies have shown that in response to genotoxic stress, RAD51 is re-located
from the cytoplasm to the nucleus through post-translational modification, and forms foci
in an HR complex at the site of DSBs (Daboussi et al., 2002). As expected, at time 0 (pre-
IR) and in the presence of the c-MYC inhibitor, RAD51 protein levels were reduced by

approximately 50%, and remained unchanged several hours post-IR (Figure 9A).
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Figure 9. c-MYC inhibition diminishes RAD51 levels and foci formation in response to IR-induced
DNA damage. (A) BaF3-BCR/ABL cells were treated with DMSO or 60uM c-MYC inhibitor (MY Ci) for
24 hours, then irradiated (6 Gy) and collected at the time points indicated (hours). Nuclear lysate loading
was controlled for using Lamin B1. The numbers below blots represent fold change in protein levels
relative to DMSO-treated cells at Oh (pre-IR). (B) RADS5L1 foci formation in cells treated with DMSO (left)
or ¢c-MYC inhibitor (right) and collected one hour post irradiation. (C) Graphical representation of the
mean number of foci per cell from each group. Bars represent the mean + SD. Statistical significance was
determined using the Student’s t-test.

To determine whether the diminished levels of RAD51 correlates with diminished foci
formation in response to DSB induction, we performed immunofluorescent staining of
RADS51 foci in cells harvested one hour post-IR. Our results show a dramatic and
significant decrease in foci formation following treatment with the c-MYC inhibitor
(Figure 9B). There was an approximately 80% decrease in foci formation (p= 0.024),

determined by the average number of foci formed per cell in each group (Figure 9C).
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Taken together, these results demonstrate the importance of c-MYC in RAD51-mediated

response to DSBs.

Several studies have shown that RAD51 is mainly expressed in S/G, phases of the cell-
cycle (Flygare et al., 1996). Moreover, the role of c-MYC in cell cycle regulation has
been well established (Dang, 1999). Since c-MYC inhibition would result in preventing
progress of cells to S-phase of the cell cycle, we wondered whether the effect of c-MYC
on the expression of RAD51 is mediated indirectly through c-MYC’s effects on the cell
cycle. To answer this question, MO7e-BCR/ABL cells were treated with 60uM 10058-
F4 for 24 hours and harvested for cell cycle analysis. As shown in Figure 10, there was a
marked decrease (approximately 40%) in the proportion of cells in S-phase (Figure 10A
and 10B). Similar results were obtained when c-MYC was downregulated using sSiRNA

(data not shown).
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Figure 10. RAD51 is downregulated as a result of cell-cycle halt.(A) Histograms of cell cycle profiles
for MO7e-BCR/ABL cells treated with DMSO (upper) or ¢c-MYC inhibitor (lower). (B) Graphical
representation of the percentage of cells in each phase depicted in (A). The numbers represent the
percentages of cells in Go/G; (blue), S (red), or G,/M (green). (C) Western blot analysis of MO7e-
BCR/ABL cells cultured for 24 hours in complete medium (NT, no treatment), complete medium with c-
MYC inhibitor (MYCi), or no serum (NS). Actin was used as a loading control. The numbers below the
blot represent the fold change in protein levels relative to NT.

To further confirm that the downregulation observed in RAD51 levels is related to the
cell cycle, MO7e-BCR/ABL cells were serum-starved for 24 hours. This results in cells
arresting in Go/G; phase of the cell cycle. Concurrently, samples of MO7e-BCR/ABL
were incubated in the presence or absence of 60uM 10058-F4. As shown in Figure 9C,
levels of RAD51 in serum-starved and inhibitor-treated cells were similarly reduced

(40% and 50%, respectively) compared to that in cells grown in complete medium. These
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results confirm that the downregulation observed in RAD51 levels is likely a result of a

block in entry into S-phase.

c-MYC potentially regulates the expression of LIG3 and RAD51 through FLT3/ITD
and BCR/ABL signaling.

As discussed in earlier sections, the expression of c-MYC is highly induced in
FLT3/ITD- and BCR/ABL-expressing cells (Kim et al., 2007; Xie et al., 2002), and the
levels of LIG3 and RADS51 are elevated in TK-activated leukemias. Therefore, we next
sought to determine to what extent the effects of c-MYC on LIG3 and RAD51 expression
are mediated by BCR/ABL or FLT3/ITD. Therefore, 32D-FLT3/ITD cells were treated
with the FLT3/ITD inhibitor CEP-701 as previously described (Kim et al., 2007) and c-
MYC inhibitor (as described in earlier sections), either alone or in combination, and
MRNA isolated from these cells was examined for LIG3 and RAD5L1 transcript levels by
quantitative RT-PCR. The same experiment above was also performed in BaF3-
BCR/ABL cells treated with the c-MYC inhibitor in the presence or absence of the
BCR/ABL tyrosine kinase inhibitor imatinib. We observed that treatment with CEP-701
resulted in approximately 50% and 40% reduced expression of LIG3 and RADS5I,
respectively (p= 0.04) (Figure 11A). Imatinib had a similar, but somewhat larger effect,
reducing the expression of LIG3 and RADS51 by approximately 70% and 80%,
respectively (p= 0.021) (Fig. 11B). Inhibition with 10058-F4 yielded similar results in

both cell lines (over 50% reduction in LIG3 and RAD51 expression, p= 0.01).



43

A.32D/FLT3-ITD B. BaF3/BCR-ABL

} b

—
~

W LG3 HLIG3

—
Il

" RAD51 "W RADS1

e
oo
1
e
oo

Reloative mRNA Expression
< o
(=2}
Relative mRNA Expression
o =}
= (=2}

e
S

=]
~
=)
~

DMSO  5nM  50uM  Combo DMSO 0.5uM 50uM Combo
CEP-701 MYCi M MYCi

Figure 11. Potential TK regulation of LIG3 and RAD51 through c-MYC. (A) RT-PCR data showing
relative mRNA levels in four treatment groups. 32D-FLT3/ITD cells were treated for 24 hours with
DMSO, 5nM FLT3/ITD inhibitor CEP-701, 50puM c-MYC inhibitor (MYCi), or combination (combo) of
both. Columns represent the average of triplicate reactions, and error bars denote the standard deviation.
(B) The same experiment done in (A) was repeated in BaF3-BCR/ABL cells, except for using 0.5uM
imatinib (IM) instead of CEP-701.

Importantly, when the tyrosine kinase inhibitors were combined with the c-MYC
inhibitor, the mRNA levels of LIG3 and RAD51 were not significantly different when
compared to either treatment alone. Thus, we propose that the tyrosine kinases are

inducing the expression of LIG3 and RAD51 through the induction of c-MYC.
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c-MYC binds to the promoter of LIG3

As previously discussed, Luoto et al demonstrated that c-MYC binds to the promoter of
RAD51and other DSB repair genes in prostate and breast cancers (Luoto et al., 2010).
However, it has not been determined whether c-MYC binds the promoter of LIG3. To
determine whether c-MYC binds to LIG3 promoter, we first utilized the University of
California Santa Cruz (UCSC) Genome Bioinformatics Site and DECODE database
(www.sabiosciences.com) which contain tools that determine the potential binding sites
of transcription factors to putative promoter regions of any gene. Utilizing these tools, we
found multiple potential c-MYC binding sites, and chose the site with the highest
probability for binding to a region about 315 base pairs upstream of the transcription start
site of LIG3 (Figure 12A). Based on this putative binding site, we designed primers (see
Materials and Methods section for sequences) for use in chromatin immunoprecipitation
(ChlIP) assays. MO7e-BCR/ABL cells were logarithmically grown in fresh media for 24
hours. Approximately 8 x 10° cells were processed for ChIP as described in the materials
and methods section. As a positive control, we used primers that amplify a region in the
promoter of CAD gene, a well-established c-MYC target (Mao et al., 2003). As a
negative control, we used primers that amplify a region on chromosome 22 which
contains an E-box to which c-MYC does not bind (Mao et al., 2003). As seen in Figure

12B, we demonstrated the binding of c-MYC to the promoter of LIG3.
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Figure 12. c-MYC binds the promoter of LIG3. (A) A schematic diagram of the putative LIG3 promoter
region showing potential binding sites of c-MYC (blue lines). Primers for ChIP analysis were designed
around a region encompassing the site with the highest probability for c-MYC binding (red box). (B) ChIP
assay performed on MO7e-BCR/ABL cells. PCR was done on DNA purified after ChIP. Chm22 is the
segment of DNA that contains an E-box to which c-MYC does not bind, serving as a negative control. CAD
is a well-known target of c-MYC, thus serves as a positive control. The LIG3 amplicon is a 425 bp segment
spanning the ¢c-MYC binding site depicted in (A). The results in (B) represent three independent ChIP
assays.

c-MYC inhibition leads to enhanced NHEJ fidelity in FLT3/ITD-expressing cells.

Our previous results show that LIG3 is upregulated in FLT3/ITD- and BCR/ABL-
positive cells and contributes to ALT-NHEJ repair that is characterized by increased
frequency of large DNA deletions (Fan et al., 2010). To determine whether c-MYC
regulation of key DSB repair components in TK-activated leukemias also plays a role in

increasing ALT-NHEJ repair observed in these cells, an established in vivo plasmid based
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end-joining assay was performed in the presence or absence of the c-MYC inhibitor. In
this assay, the pUC18 plasmid (which contains the LacZ gene as a reporter) is linearized
by restriction-enzyme digestion using EcoR1, then transfected into cells and the cells are
incubated for approximately 24 hours. During this period, the cells use their DNA repair
machinery to repair the site where the plasmid was cut. The repaired plasmid is isolated
from cells and transformed into DH5a, then plated on agar plates containing x-gal, the
substrate for P-galactosidases expressed by pUC18 plasmid. Only correctly repaired
plasmids will produce blue colonies while misrepaired plasmids will produce white
colonies, indicating that deletions/insertions have taken place during repair of the
digested site. White colonies are then picked for plasmid isolation and PCR. Primers are
designed to amplify the region that encompasses the site of digest (DSB). A correctly
repaired plasmid (from a blue colony) will yield an amplicon of approximately 628 base
pairs in length. The sequence of this correctly-repaired region is then used for alignment
with other sequences from white colonies (misrepaired plasmids) to determine the size of
deletions/insertions as a read-out for the NHEJ assay. Therefore, c-MYC was inhibited in
the FLT3/ITD-expressing cell line MOLM-14 using 30uM 10058-F4 for 24 hours,
followed by transfection of cells with linearized pUC18 and cells were incubated in the
presence or absence of 30uM 10058-F4. The repaired plasmids were then isolated and
transformed into DHS5a and incubated overnight for colony formation. Approximately 20
white (i.e. misrepaired plasmid) colonies from two separate experiments, £ c-MYC
inhibitor, were analyzed by colony PCR and sequencing of the region that encompasses
the repaired DSB. While treatment of MOLM-14 cells with the c-MYC inhibitor resulted

in a general reduction in the size of DNA deletions compared to DMSO-treated group
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when PCR products were visualized on agarose gels (Figure 13A), the actual sequencing
of these DSB junctions showed a dramatic decrease (p= 0.015) in the size of the DNA
deletions (Figure 13B). Our results suggest that c-MYC contributes to increased errors in
DSB repair through its upregulation of LIG3, and that inhibition of c-MYC results in

increased repair fidelity.
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Figure 13. c-MYC inhibition results in decreased size of deletions after repair of DSBs. (A) MOLM-14
cells were treated with DMSO or ¢c-MYC inhibitor (MYCi) then transfected with linearized pUC18 for in
vivo NHEJ assay. Colony PCR was then performed on plasmids from white colonies (indicates misrepair),
and products were run on agarose gel to view relative size of products. A correctly repaired plasmid
produces a ~628 bp PCR product (first lane on the left), to which other PCR products from misrepaired
plasmids are compared. (B) Misrepaired plasmids isolated from cells treated with DMSO or MYCi were
sequenced at the site where the DSB was induced. Ten samples from each group were sequenced and sizes
of deletions were plotted along with the average size of each group (solid black line). Statistical
significance was determined using the unpaired t-test.
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DISCUSSION AND FUTURE DIRECTIONS

Leukemias expressing the constitutively active tyrosine kinases BCR/ABL and
FLT3/ITD are characterized by an increase in genomic instability that leads to aggressive
disease and resistance to therapy. One of the mechanisms through which genomic
instability may be induced is aberrant DNA repair regulation in TK-activated leukemias.
Previous work in our lab suggested that FLT3/ITD and BCR/ABL upregulate LIG3, a
component of the error-prone ALT-NHEJ pathway (Fan et al., 2010; Sallmyr et al.,
2008b). Other studies have also shown that cells expressing these TKs have elevated
levels of RADS51 that lead to increased activity of DNA repair and resistance to DSB-
inducing agents (Seedhouse et al., 2006; Slupianek et al., 2001).

Several lines of evidence suggest that the oncogene c-MYC, whose expression is
increased in TK-activated leukemias, may be a mediator in the process leading to
genomic instability (Albajar et al., 2011; Kim et al., 2007). In particular, a recent study
by Luoto et al demonstrated that c-MYC binds the promoters of multiple DSB repair
genes, including RAD51 (Luoto et al., 2010). In the present study, we sought to
investigate the potential role of c-MYC in the induction of genetic alterations through
regulation of the DSB repair proteins LIG3 and RAD51. Here we report that c-MYC
inhibition leads to the downregulation of LIG3 and RAD51 in FLT3/ITD- and
BCR/ABL-expressing cells. This downregulation is also observed at the mRNA level,
indicating a role for c-MYC in the transcriptional regulation of LIG3 and RAD51. With

the exception of the FLT3/ITD-expressing cell line 32D, we observed that chemical
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inhibition of c-MYC did not affect the levels of LIG3 (Figure 6) to the degree observed
when ¢-MYC is inhibited by siRNA-mediated knockdown (Figure 7). A possible
explanation for the differential effects with the inhibitor may be that while MYC-MAX
association is disrupted by the small molecule inhibitor 10058-F4, other binding partners
of c-MYC may compensate for MAX. Indeed, previous studies have shown that in some
cases, MAX is not required for c-MYC transcriptional activity (Ribon et al., 1994).
Further studies are merited to confirm differential c-MYC transcriptional regulation of
LIG3 in TK-activated leukemias.

In addition to decreased levels of RAD51 upon ¢c-MYC inhibition, we observed a marked
decrease in RADS51 foci formation in response to IR-induced DSBs. Although RAD51
foci formation is an indicator of RAD51 involvement in HR activity, a more established
functional assay for HR is required to elucidate the involvement of c-MYC in the HR
activity of RAD51. We are currently establishing clonally derived MO7e-BCR/ABL cells
that contain a stable integration of a DR-GFP plasmid previously used to study HR
activity in BCR/ABL-positive cells (Nowicki et al., 2004). Nowicki et al observed a high
mutation rate in BCR/ABL-positive cells. To further elucidate the importance of c-MYC
in RAD51 HR activity, we will knockdown ¢c-MYC in cells containing stably-integrated
DR-GFP and perform an HR assay to determine whether c-MYC inhibition affects the
high activity of HR observed in BCR/ABL-positive cells, and whether the rate of
mutations observed in this form of aberrant HR is reduced.

We observed that the downregulation of RADS51 after treatment with 10058-F4 may be
occurring as a result of c-MYC’s effects on the cell cycle. When c-MYC is inhibited with

10058-F4 or siRNA, this results in blocking G;-to-S phase progression of the cell cycle
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(Huang et al., 2006). Since RAD51 is mainly expressed in the S-phase, this suggests that
the downregulation observed may be a result of the halt in cell cycle. Interestingly, in the
study by Luoto et al, when c-MYC is knocked down in the prostate cancer cell line
DU145, reduction in levels of RAD51 does not occur as a result of a decrease in the
proportion of cells in S-phase (Luoto et al., 2010). We propose that the cell lines in our
model have a relatively faster doubling time, thus are more sensitive to c-MYC
inhibition, and therefore cell-cycle halt may precede the downregulation of RAD51 as a
result of sSiRNA-mediated knockdown of c-MYC.

The study by Luoto et al also demonstrated the association of c-MYC with the promoters
of multiple DSB repair genes, but LIG3 was not investigated. We report for the first time
that c-MYC binds to the promoter of LIG3 and may be involved in its transcriptional
regulation. Previous work in our lab by Fan et al showed that inhibition of FLT3/ITD
with CEP-701 in the AML cell line MOLM-14 resulted in the downregulation of LIG3
(Fan et al., 2010). To follow up on that study, our next experiments will determine
whether CEP-701 treatment of AML cells will have an effect on c-MYC binding to the
LIG3 promoter. The same experiment will also be performed in BCR/ABL-positive cells
by inhibiting BCR/ABL with imatinib. These experiments will be essential for
elucidating the role c-MYC plays in TK-mediated induction of aberrant DNA DSB
repair.

An important observation we made is that the size of DNA deletions is reduced in NHEJ
assays following inhibition of c-MYC. Similar results were obtained from previous work
done in our lab when FLT3/ITD-positive MOLM-14 cells were treated with the tyrosine

kinase inhibitor CEP-701 (Fan et al., 2010). Taken together, our previous and current
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results suggest that one way FLT3/ITD (and BCR-ABL for that matter) may be inducing
genomic instability is through its downstream target c-MYC. Further studies (such as
overexpression of c-MYC after FLT3/ITD inhibition) are required to elucidate the
relationship between c-MYC and FLT3/ITD. Currently we are exploring other c-MYC-
inducible systems that will allow better control of c-MYC expression, and prevent the
cells from undergoing apoptosis when c-MYC is overexpressed. These overexpression
experiments will serve to demonstrate that overexpression of c-MYC leads to

overexpression of LIG3 and RAD51, and that this leads to increased genomic instability.

Considering that high concentrations of TK-inhibitor CEP-701 needed to inhibit
FLT3/ITD have cytotoxic side-effects (Knapper et al., 2006), and that a considerable
number of CML patients develop resistance to imatinib (Burke and Carroll, 2010), c-
MY C inhibitors may play a role in therapies for these patients. In fact, our lab has shown
that TK-activated leukemia cells become dependent on ALT-NHEJ pathways for
repairing DSBs. Thus, inhibition of ALT-NHEJ may also affect cell survival. Moreover,
resistance to conventional therapeutics may also be mediated through elevated DNA
repair activity and induction of genomic instability. Inhibiting c-MYC, which regulates
genes activated in TK-positive leukemias (LIG3 and RAD51), may be a viable option to
overcome resistance to DSB-inducing agents. In conclusion, we show that c-MYC plays
a role in the regulation of aberrant DNA DSB repair that results from the upregulation of
LIG3 and RADS51 in TK-activated leukemias. Further exploration of the interplay
between these TKs and c-MYC in the induction of genomic instability in AML and CML
is likely to yield insights into the mechanisms for genomic instability and suggest

potential targets for therapy.
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