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THESIS ABSTRACT
High Mobility Group AT-hook protein 2 (HMGA2) is a non-histone chromatin binding
protein expressed in stem cells, cancer cells but not in normal human somatic cells. The presence
of HMGA2 in cancer correlates with advanced neoplastic disease and poor prognosis. HMGA2
plays important roles in Base Excision Repair (BER) and at replication forks. HMGA2 is present
at mammalian metaphase telomeres and its loss induces chromosomal aberrations. However, the
functional role of HMGA2 at telomeres remains elusive. We hypothesized a protective role of
HMGA2 that guards telomeres and modulates DNA damage repair signaling pathways.
Employing different HMGA2+ human tumor cell models, we investigated the HMGA2-mediated
functions that contribute to chemoresistance in glioblastoma (GB).
This study presents a novel interaction of HMGA2 with telomeric protein TRF2
(Telomere Repeat-Binding Factor 2). This interaction retains TRF2 at telomeres, thus capping
the telomeres and reducing telomere-dysfunction induced foci despite induced telomere stress.
Loss of HMGA2 coincides with increased phosphorylation of TRF2, decreased TRF2 retention
at telomeres and increased formation of telomeric aggregates, anaphase bridges and micronuclei.
These findings provide new evidence for a unique role of HMGA2 at telomeres as a novel
contributor of telomeric integrity. We show that upon DNA damage, HMGA2 causes increased
and sustained phosphorylation of Ataxia Telangiectasia and Rad3-related kinase (ATR) and
checkpoint kinase 1 (CHK1). Prolonged presence of pCHK1Ser296 coincides with prolonged
G2/M block and increased tumor cell survival. The relationship between (ATR)-CHK1 DNA
damage response pathway and HMGA2 identifies a novel mechanism by which HMGA2 can
alter DNA repair function in cancer cells.
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We identified HMGA2 as a novel factor contributing to temozolomide (TMZ) resistance
in GB. HMGA2 knockdown sensitizes the GB cells to TMZ. We propose a specific combination
of FDA-approved drugs, TMZ and Dovitinib (DOV), to increase GB cell death. We show that
DOV downregulates key BER proteins, attenuates pSTAT3-coordinated Lin28A and HMGA2
expression. Our results suggest that a sequential therapeutic strategy of pretreating GB cells with
DOV followed by a sequence of TMZ and DOV diminishes TMZ resistance and enhances the
ability of TMZ to induce GB cell death.
Overall, we identified HMGA2 as a multifunctional survival factor in human cancer cells
and showed that targeting HMGA2 is a valid strategy to combat HMGA2+ cancer cells.
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CHAPTER 1: INTRODUCTION
1.1 Multifunctional Roles of HMGA2
1.1.1 Non-histone chromosomal High Mobility Group (HMG) proteins
The High Mobility Group (HMG) proteins comprise the largest group of non-histone
proteins. They were discovered 42 years ago by Goodwin et al., and were called so due to their
faster migratory capacity in polyacrylamide gels (Goodwin et al., 1973). HMG proteins are small
with a molecular mass of <30kDa and do not possess inherent transcriptional activity (Cleynen
and Van de Ven, 2008). Instead, they alter the chromatin structure locally and globally to
promote or inhibit DNA transcription, depending on the local conditions. Hence they are referred
to as ‘architectural transcription factors’ (Cleynen and Van de Ven, 2008). The HMG proteins
are classified into three families depending on their DNA binding domains. They include (i)
HMGA proteins that have AT hooks (ii) HMGB proteins that have HMG-box and (iii) HMGN
proteins that have a nucleosomal binding domain.
1.1.2 AT hook containing High Mobility Group AT-hook protein 2 (HMGA2)
HMGA is further classified into the alternative splice variants HMGA 1a, 1b, 1c (also
referred to as HMGI/Y) and HMGA2 (also referred to as HMGI/C). The HMGA1 gene is located
on the ‘p’ arm of chromosome 6 (6p21), whereas the HMGA2 gene is located on the ‘q’ arm of
chromosome 12 (12q13-15) (Cleynen and Van de Ven, 2008).
The full size HMGA2 encodes for a peptide of 109 amino acids with a molecular weight
of 12kDa. HMGA2 is expressed in embryonic stem (ES) cells, during embryogenesis and in
some fetal tissues (adrenal, aorta, bone, brain, heart, intestine, kidney, liver, lung, muscle, ovary,
placenta, skin, spleen, stomach, testis, and uterus) (Gattas et al., 1999). HMGA2 is not usually
detectable in normal adult somatic cells; however, HMGA2 is re-expressed in cancer (stem) cells
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(Ben-Porath et al., 2008; Chiappetta et al., 1996; Gattas et al., 1999; Györffy et al., 2006; Rogalla
et al., 1996). HMGA proteins are composed of an acidic C-terminal tail and three separate Nterminal lysine- and arginine-rich AT-hook domains which facilitate binding to the minor groove
containing short stretches of AT-rich regions in the B-form of DNA (Banks et al., 1999; Reeves
and Nissen, 1990). The AT-hook motif RXRGRP (X may be glycine or proline) is rich in the
positively charged residues arginine or lysine (Cleynen and Van de Ven, 2008; Ozturk et al.,
2014). HMGA2 binds to AT-rich G-bands in chromosomes and has been detected at centromeres
and telomeres of metaphase chromosomal preparations (Disney et al., 1989).
Figure 1.1

Figure 1.1: Amino acid sequence of human HMGA1/2 proteins.
Bold letters indicate the AT-hooks containing the R-G-R-P repeat boxed in grey. Red box
indicates the C-terminal acidic tail. Asterisks in HMGA1b indicate the missing amino acids as
compared to HMGA1a. The region of HMGA1c that differs from HMGA1a is underlined.
Reprinted from Cleynen, I., and W.J. Van de Ven. 2008. The HMGA proteins: a myriad of
functions (Review). Int J Oncol. 32:289-305.
The second of the three AT-hook motifs contains a nuclear localization signal. Mutations
affecting this second AT-hook result in impaired HMGA2 localization and function in the
nucleus (Cattaruzzi et al., 2007). Independent of DNA binding, the AT-hooks of HMGA2
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interact with several transcription factors and can affect gene transcription. The linker 2 (L2)
region between the second and third AT-hooks is often involved in these protein-protein
interactions. Examples include NF-κB p50 subunit and p120E4F that bind HMGA2 in this L2
region (Noro et al., 2003; Tessari et al., 2003). HMGA2 activates cyclin A gene transcription by
interacting with the E1A-regulated transcriptional repressor p120E4F which disrupts its
association with cyclin A promoter at the CRE (cAMP response element) site on the promoter
(Tessari et al., 2003). Transcriptional activation of cyclin A, a regulator of cell cycle progression,
by HMGA2 indicates a role of HMGA2 in cell cycle regulation (Tessari et al., 2003). HMGA1/2
proteins can bind to the core of nucleosomes both in vitro and in vivo (Li et al., 2006; Reeves and
Nissen, 1993; Varshavsky et al., 1983). HMGA1 proteins may also bind with higher affinity to
AT-rich regions in the nuclear matrix and scaffold associated regions (SAR), thereby displacing
histone H1 and de-repressing transcription (Zhao et al., 1993). HMGA2 on the other hand
activates transcription through ATM-mediated H2AX phosphorylation at Ser139 (γH2AX)
(Singh et al., 2015). HMGA2 induces transcriptional activation of the genes involved in the
TGFβ1 signaling (Gata6, Snai1 and Snai2) by recruiting ATM to the promoters of Gata6, Snai1
and Snai2. Transcription is activated when ATM phosphorylates its downstream target γH2AX
at Ser 139. In addition to the role of γH2AX as a DNA damage response marker, induction of
γH2AX by ATM was recently shown to be required for HMGA2-mediated transcriptional
activation (Singh et al., 2015). This study further revealed that HMGA2, ATM and γH2AX
interact with each other and, more importantly, HMGA2 mediates the interaction of ATM with
γH2AX.
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Figure 1.2

Figure 1.2: Schematic drawing of the transcriptional initiation by HMGA proteins.
Chromatin fibre-containing nucleosomes with histone octamer (in yellow) wrapped by DNA (in
red). Linker histone H1 is shown in purple and HMGA protein is shown in green. The compact
chromatin fibre is decompressed by HMGA that displaces H1 from the chromatin. HMGA
enhances the binding of chromatin remodeling complexes (CRC) (in grey) to the decompressed
DNA and displaces the core histones. This facilitates accessibility of transcription factors (TF I
and II – red octagon and pentagon) and RNA Polymerase II (in blue) to the relaxed chromatin in
a sequence specific manner for the initiation of transcription. Reprinted from Ozturk N, Singh I,
Mehta A, Braun T and Barreto G (2014) HMGA proteins as modulators of chromatin structure
during transcriptional activation. Front. Cell Dev. Biol. 2:5. doi: 10.3389/fcell.2014.00005
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1.1.3 HMGA2 in embryogenesis and development
HMGA2 remains associated with chromatin throughout the cell cycle in pluripotent
human embryonic stem (hES) cells and the HMGA2 expression levels are elevated during
human embryoid body formation (Li et al., 2006). Hence, HMGA2 expression is high in all
tissues during early fetal development but is repressed before birth (Chieffi et al., 2002; Hirning‐
Folz et al., 1998; Rogalla et al., 1996; Zhou et al., 1995; Zhou et al., 1996). Such high expression
in the embryo suggests an important role of HMGA2 in development (Chiappetta et al., 1996).
Human HMGA2 seems to be involved in the regulation of key genes linked to mesenchymal cell
lineage differentiation, adipogenesis, and hES cell proliferation control (Li et al., 2007b).
HMGA2 knock-out mice exhibit a 20% and 60% reduction in body size in heterozygous and
homozygous conditions (pygmy phenotype), respectively. HMGA2-/- mice have greatly reduced
fat tissue content and male mice are infertile (Chieffi et al., 2002; Zhou et al., 1995). HMGA2
expression is demonstrated in the distal airways of mouse embryonic lung (Singh et al., 2014).
Wnt signaling and GATA6 transcription factor are responsible for the morphogenesis and
differentiation of the distal epithelial ducts of the lung (Keijzer et al., 2001; Warburton et al.,
2000; Yang et al., 2002). However, GATA6 has been shown to negatively regulate the WNT
signaling to balance lung development and regeneration (Zhang et al., 2008a). HMGA2
knockout mice showed enhanced expression of the WNT glycoproteins Wnt2b, Wnt7b and
Wnt11 to compensate for HMGA2 loss-of-function and a concomitant reduced expression of
GATA6 to balance differentiation and self-renewal (Singh et al., 2014).
1.1.4 HMGA2 in Epithelial Mesenchymal Transition (EMT) and stemness
Epithelial Mesenchymal Transition (EMT) is a biological process where epithelial cells
acquire a fibroblast-like mesenchymal phenotype. Cells undergoing EMT lose their polarity, E-
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cadherin expression and attain migratory properties. The role of EMT is important during
embryonic development and wound healing but has also been attributed to metastasis and
invasion in several cancers (Huber et al., 2005; Jungert et al., 2007; Kalluri and Weinberg, 2009;
Thiery, 2002; Thiery and Sleeman, 2006). HMGA2 is found at the invasive front of the tumor to
promote tissue invasion and tumor recurrence following therapy (Morishita et al., 2013).
HMGA2 induces EMT via the Ras/MAPK signaling pathway in human pancreatic cancer cells
(Watanabe et al., 2009) and the Wnt/β-catenin pathway in gastric cancer cells (Zha et al., 2013).
HMGA2 also increases the expression of Twist and Snail in mouse mammary epithelial and
human hepatocellular carcinoma cells (Luo et al., 2013; Thuault et al., 2006). Twist and Snail are
two key regulators of EMT and major contributors to anti-apoptosis, metastasis and tumor
recurrence (Miao et al., 2008; Thuault et al., 2006; Vega et al., 2004). HMGA2-induced EMT is
promoted by Transforming Growth Factor-β (TGF-β) signaling (Morishita et al., 2013) and the
pro-inflammatory cytokine oncostatin M (OSM) (Guo et al., 2013), which signal via STAT3
(signal transducer and activator of transcription factor 3) in breast and colon cancer cells (Guo et
al., 2013).
Lin28 is a RNA-binding protein that is expressed in undifferentiated embryonic stem
cells, downregulated in differentiated adult cells but found to be expressed again in several
advanced stage cancer cells (King et al., 2011; Richards et al., 2004; Viswanathan et al., 2009).
Lin28 inhibits the maturation processing of its downstream target Let-7, which is a micro-RNA
(miR) that performs tumor suppressive roles (Heo et al., 2008). Downregulation of Let-7 by
Lin28 is linked to cancer stemness, regulation of stem cell self-renewal, EMT, enhanced
tumorigenesis and poor prognosis of several cancers (Childs et al., 2009; Graziano et al., 2010;
Liu et al., 2013; Qian et al., 2011; Wang et al., 2009). Ectopic expression of Lin28
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downregulates the miR Let-7 and attenuates the association of Let-7 with the 3’ untranslated
region (UTR) of HMGA2 mRNA. This results in the simultaneous up-regulation of the Let-7
target, HMGA2 (Guo et al., 2013; Lee and Dutta, 2007). Presence of HMGA2 in retinoblastoma
and pancreatic cancer cells is shown to enhance cell proliferation and increase stemness (Chau et
al., 2003; Watanabe et al., 2009). HMGA2 has a key role in maintaining high self-renewing
capacity in hematopoietic stem cells and this also involves the inhibition of Let-7 by Lin28
(Copley et al., 2013). The tumor suppressive Let-7 has nine mature isoforms from Let-7a to Let7i that are reported to be dysregulated in cancers (Calin et al., 2004). Let-7a suppresses both HRas and HMGA2 and this causes reduced proliferation and differentiation of breast cancer
initiating cells (CIC) (Yu et al., 2007). In leiomyomas, the expression of Let-7c is inversely
proportional to the presence of HMGA2 (Peng et al., 2008). The Lin28–Let-7-HMGA2 axis
plays a significant role in regulating stemness, promoting EMT, tissue invasion/metastasis, and
therapeutic resistance in cancer cells (Guo et al., 2013; Liu et al., 2013; Yu et al., 2007).
In addition to the phenotypic and/or cell surface markers like CD133, CD34, CD90,
SOX2, OCT4, and NANOG, functional markers such as the aldehyde dehydrogenase (ALDH)
activity also determine the stemness in a subpopulation of cancer cells. The inhibition of ALDH
activity reduces stemness and sensitizes cancer initiating cells to cytotoxic insult (Abdullah and
Chow, 2013). Cellular levels of Lin28 directly correlate with ALDH activity in breast cancer and
contribute to tumor migration (Bao et al., 2013). ALDH knockdown results in >6 fold decrease
in HMGA2 expression in lung cancer (Moreb et al., 2008). Suppression of HMGA2 reduces cell
proliferation corroborating the complementary relationship between stemness and proliferative
potential (Chau et al., 2003; Watanabe et al., 2009). HMGA2 deficiency results in increased
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expression of Let-7b and p16lnk4a/p19Arf resulting in stem cell aging and reduced self-renewal
capacity (Nishino et al., 2008).
Cancer initiating cells (CIC) or cancer stem cells evade cell death and attenuate the
cytotoxic effects of radio- and chemotherapy by modulating DNA damage repair mechanisms to
promote therapeutic resistance and tumor recurrence (Abdullah and Chow, 2013; Lundholm et
al., 2013). Cancer (stem) cells capable of utilizing HMGA2 proteins to enhance DNA repair
mechanisms in response to DNA-damaging drugs are likely contributing to therapeutic resistance
to anti-cancer treatments in metastatic or recurrent cancers.
1.1.5 HMGA2 in cancer
Unique among DNA architectural chromatin binding factors, the HMGA genes are
considered proto-oncogenes. HMGA1/2 proteins are over-expressed in several cancers and are
important for multiple cellular processes including oncogenic transformation (Di Cello et al.,
2008; Fedele and Fusco, 2010; Fusco and Fedele, 2007; Wood et al., 2000). High HMGA1/2
protein levels are associated with increased malignancy, metastatic potential and poor clinical
outcome (Fusco and Fedele, 2007; Meyer et al., 2007; Miyazawa et al., 2004; Rogalla et al.,
1997). HMGA2 belongs to a small class of genes whose expression is critical to the cancer
phenotype in cells that carry key oncogenic mutations in p53 and Ras (McMurray et al., 2008).
HMGA2 expression is primarily regulated by the miRNAs Let-7 and miRNA-98 during
oncogenic transformation (Mayr et al., 2007; Yu et al., 2007), but the molecular mechanisms
linking Let-7 and HMGA2 with chemoresistance in cancer cells and cancer stem/initiating cells
remain elusive (Dröge and Davey, 2008). Tissue-specific over-expression of full-length or
ubiquitous expression of truncated HMGA2 lacking the C-terminal tail (that contains Let-7
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microRNA binding sites in the 3’ untranslated region) results in gigantism, lipomatosis, and
mesenchymal tumors (Battista et al., 1999; Mayr et al., 2007; Yu et al., 2007; Zaidi et al., 2006).
Chromosomal rearrangements of both HMGA1 and HMGA2 proteins have been
correlated with neoplastic transformation. HMGA2 overexpression, dysregulation or truncation
have been linked to benign and malignant tumors (Table 1.1). Blockage of HMGA2 can prevent
the transformation of rat thyroid cells by murine retroviruses (Berlingieri et al., 2002). In thyroid
cancer, elevated levels of HMGA2 are considered a molecular marker to distinguish benign and
malignant thyroid neoplasms (Belge et al., 2008; Lappinga et al., 2010). In triple negative breast
cancer, HMGA2 is induced by upregulation of WNT10B/β-catenin signaling that drives
increased cellular proliferation (Wend et al., 2013). HMGA2 is part of a disease-associated gene
signature in CD34+ stem-like cells in idiopathic myelofibrosis (Guglielmelli et al., 2007) and a
member of a predictive metastasis gene profile in breast cancer cells (Yun et al., 2011). HMGA2
induces pituitary adenoma by interacting with retinoblastoma protein (pRb), and acetylating the
pRB/E2F1 complex through displacement of histone deacetylase 1 (HDAC1). The physical
interaction between HMGA2 and pRb is key for the oncogenic transformation by HMGA2
(Fedele et al., 2006).
Table 1.1: HMGA2 expression in different cancers
No.
1
2
3
4
5
6

Type of cancer
Benign mesenchymal tumors
Uterine leiomyomata
Pituitary adenoma
Human prolactinoma
Esophageal squamous carcinoma
Pancreatic cancer

7
8

Retinoblastoma
Embryonic rhabdomyosarcoma

HMGA2 expression (Reference)
(Schoenmakers et al., 1995)
(Fedele et al., 2002; Gattas et al., 1999)
(Fedele et al., 2002)
(Finelli et al., 2002)
(Pallante et al., 2015)
(Piscuoglio et al., 2012; Watanabe et al.,
2009)
(Chau et al., 2003)
(Abdullah and Chow, 2013)
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9
10
11
12
13
14
15
16
17
18
19
20

Chondrosarcoma
Colon and rectum

(Dahlén et al., 2003)
(Helmke et al., 2012; Li et al., 2014b;
Wang et al., 2011)
Breast cancer
(Yun et al., 2011)
Triple negative breast cancers
(Jones et al., 2008; Wend et al., 2013)
Ovarian cancer
(Califano et al., 2014; Hetland et al., 2012;
Mahajan et al., 2010; Wu et al., 2011)
Lung cancer
(Di Cello et al., 2008)
Metastatic lung adenocarcinoma
(Kumar et al., 2014)
Embryonal and yolk sac carcinoma (Franco et al., 2008)
Hepatocellular carcinoma
(Luo et al., 2013)
High grade papillary serous (Mahajan et al., 2010)
carcinomas and carcinosarcoma
Thyroid cancer
(Belge et al., 2008; Lappinga et al., 2010)
Testicular cancer
(Franco et al., 2008)

1.1.6 ATM and ATR DNA damage response signaling pathways
Multifunctional HMGA1 and 2 are localized in the nucleus and regulate transcriptional
genes activity, DNA replication, and DNA repair (Cleynen and Van de Ven, 2008). Exposure of
cells to DNA damaging agents results in the activation of a signaling cascade aimed at arresting
the cell cycle to repair the DNA damage or trigger apoptosis in case this DNA damage cannot be
repaired. The ataxia telangiectasia mutated (ATM) and ATR are related phosphatidylinositol 3kinase-related kinases (PIKK) with important functions in DNA damage response (DDR)
pathways. While ATM and its downstream target checkpoint kinase 2 (CHK2) constitute the
main response to double-stranded (ds) DNA breakage (Lim et al., 2000), activation of ATR and
its downstream checkpoint kinase CHK1 occurs in response to ultraviolet (UV) radiation and
agents that inhibit DNA replication forks leading to Replication Protein A (RPA) coated singlestranded (ss) DNA breaks (Byun et al., 2005; Cha and Kleckner, 2002; Ward et al., 2004). ATR
and CHK1 participate in the stabilization of forks, repair of DNA damage, and the inhibition of
late origin firing (Bartek et al., 2004; Lambert and Carr, 2005; Shirahige et al., 1998; Zachos et
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al., 2003). The interaction between ATR and the ATR-interacting protein (ATRIP) is essential
for the phosphorylation of CHK1 and cells depleted of CHK1 accumulate multiple DNA breaks
and undergo p53-independent apoptosis (Rodriguez and Meuth, 2006; Sorensen et al., 2005).
Recent evidence shows that the activated ATR-CHK1 pathway in response to fork inhibition
preferentially inhibits the activation of new replication fork factories, defined as clusters of one
or more adjacent replication origins (Gillespie and Blow, 2010; Jackson and Pombo, 1998;
Sadoni et al., 2004). This strategy minimizes the risk of apoptosis and conserves replication
capacity for already active replicon clusters where forks are inhibited, rather than engaging new
replication factories (Galet et al., 2003). Although different DNA damaging agents can
preferentially activate either ATM-CHK2 or ATR-CHK1 signaling (Bianchi et al., 1986), intact
ATR-CHK1 signaling is required for cell survival (Rodriguez and Meuth, 2006).
1.1.7 Mechanisms of chemoresistance by HMGA2
1.1.7.1 HMGA2 promotes Base Excision Repair
One of the well-studied mechanisms of defense employed by cancer cells against
chemotherapeutics is the repair of damaged DNA. HMGA2 is a new member of the base
excision repair (BER) protein complex and interacts with human apurinic/ apyrimidinic (AP)
endonuclease1 (APE1), a key factor of BER, to promote chemoresistance in cancer cells
(Summer et al., 2009). HMGA2 possesses AP- and dRP-lyase activity within its DNA-binding
AT hooks and protects cancer cells from DNA alkylating chemotherapeutics like methyl
methanesulfonate (MMS) (Summer et al., 2009) or temozolomide (TMZ) (Natarajan et al., 2015a
submitted).
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1.1.7.2 HMGA1/2 interact with ATM and enhances DDR
HMGA1 and HMGA2 serve as substrates for the PIKK family member ATM and the
downstream CHK2 protein, which are important for DNA damage signaling. Upon exposure to
genotoxicants, increased HMGA1/2 expression correlates with increased ATM expression levels
and enhanced cellular DNA damage response (Lundholm et al., 2013; Pentimalli et al., 2008).
ATM was shown to interact with and phosphorylate HMGA2. Phosphorylated HMGA2 activates
a positive feedback loop by up-regulating ATM expression to enhance DDR and resistance in
cancer cells (Palmieri et al., 2011)
1.1.7.3 HMGA2 protects stalled replication forks
HMGA2 plays an important novel role in protecting the integrity and functionality of
arrested replication forks in cancer cells. HMGA2 preferentially binds with higher affinity to
DNA Y- (replication fork) and X- (Holliday junctions) structures typically observed at
replication forks (Yu et al., 2014). Binding of HMGA2 to ssDNA strands and Y/X DNA
structures protects stalled replication forks from endonuclease digestion. This confers a survival
advantage onto HMGA2+ cancer cells when exposed to chemotherapeutics such as the
replication blocker hydroxyurea (HU) used in the treatment of cancer patients. In this way,
cancer (stem) cells highjack the protective function of HMGA2 and safeguard cancer cells from
cell death (Yu et al., 2014).
1.1.8 HMGA2 as a therapeutic target
HMGA2 re-expression in cancers serves as a diagnostic marker for neoplastic
transformation and metastasis. The presence of HMGA2 in head and neck squamous cell
carcinoma cells results in enhanced resistance to the chemotherapeutic doxorubicin (Hebert et
al., 2007). HMGA2+ hepatocellular carcinoma cells (SNU423 and SNU475) are shown to
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exhibit resistance against 4 (doxorubicin, etoposide, mitomycin C and topotecan) of the 11
anticancer drugs tested (Györffy et al., 2006).
Suppression of HMGA2 by an adenovirus carrying antisense HMGA2 RNA decreases
the proliferation of retinoblastoma cells (Chau et al., 2003) and siRNA targeted inhibition of
HMGA2 blocks ovarian cancer cell proliferation, increases apoptosis and suppresses the
formation of tumor xenografts in vivo (Malek et al., 2008). HMGA2 is reported to be a
‘druggable target’ by a high-throughput screening technique based on protein–DNA interaction
enzyme-linked immunosorbent assay (PDI-ELISA) (Alonso et al., 2015). HMGA2 is a
transcriptional factor that binds to the AT-rich sequences in the minor groove of DNA via its
three AT-hook DNA binding motifs (Cui and Leng, 2007). The central core of the AT-hook
sequence (RGR) undergoes a crescent shaped conformation that docks into the DNA minor
groove via hydrogen bonding with the AT base pairs (Brand et al., 2013; Hibma et al., 1994;
Morishita et al., 2013; Rosenau et al., 2004; Young and Narita, 2007). Selective targeting of
HMGA2 that binds to DNA minor groove could be considered an effective anti-cancer
therapeutic approach. One strategy is to employ compounds that compete with HMGA2 for
binding to the DNA minor groove and inhibit the functions of HMGA2. Synthetic molecules
designed to specifically bind to the DNA minor groove have been studied to reveal anticancer
activities (Cai et al., 2009). Among them is a polyamide netropsin with antibacterial and antiviral
activities that has been shown to bind to the same AT rich sequences in the DNA minor groove
as HMGA2 and competitively inhibit the interaction of HMGA2 with these DNA regions (Miao
et al., 2008). In a recent study, PDI-ELISA has shown two other DNA minor groove binders
DAPI and Hoechst 33258 in addition to netropsin as potential inhibitors of HMGA2-DNA
interaction (Alonso et al., 2015). Netropsin interferes with HMGA2 binding to the target
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sequences in the minor groove of DNA and inhibits adipocyte cell differentiation, a known
function of HMGA2 (Alonso et al., 2015). Since HMGA2 is also associated with cancer and
metastasis, inhibiting HMGA2 binding to minor groove DNA sequences by competing minor
groove binding drugs could be considered as potential anticancer agents.
1.1.9 DNA minor groove binding drugs as antineoplastic agents
DNA minor groove binders exhibit non-covalent interaction with DNA and sometimes
cleave the DNA backbone (Baraldi et al., 2004). Of the several DNA minor groove-binding
drugs, only a few with antitumor activity have been tested in clinical trials. Most of the DNA
minor groove-binding agents bind to the AT-rich regions in the minor groove of DNA and fall
under two major categories (reviewed in Baraldi et al., 2004).
a) those that irreversibly interact directly or indirectly with DNA and trigger DNA damage
(Group A), and
b) those that show reversible interactions with DNA and affect DNA dependent functions
(Group B).
Some examples of DNA minor groove binders that possess anticancer and antimicrobial
activities are described in the table 1.2.
Table 1.2: DNA minor groove binders as antitumor and antimicrobial agents
Group A

Group B

Anthramycin - antitumor activity against
Ehrlich solid carcinoma,sarcoma 180
cells, human epidermoid carcinoma,
leukemia L1210 cells (Horwitz et al.,
1971; Remers, 1979).
CC-1065- antitumor activity against
leukemia L1210 cells (Aristoff, 1993)
Synthetic analog of CC-1065
Adozelesin - marginal efficacy in soft
tissue sarcoma (Cai et al., 2009)

Distamycin A - antibacterial, antiviral
(herpes simplex, herpes zoster, and
vaccine virus) and anti-protozoal
(Plasmodium falciparum) (Lee and
Inselburg, 1993)
Distamycin derivatives - anticancer agent
Brostallicin - soft tissue sarcoma (Geroni
et al., 2002)
Tallimustine - colorectal cancer (Cai et
al., 2009)
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Enediyne antibiotics
(neocarzinostatin, esperamicin A1, and
calicheamicin g1) reviewed in (Baraldi et
al., 2004)

Ecteinascidine derivative (ET-743 or
Trabectedin) – anti-tumor agent against
Thyroid and colon carcinoma (D’Angelo
et al., 2013)
Soft tissue sarcomas (STS) -Phase I and
II trials (Garcia-Carbonero et al., 2005)
Advanced breast cancer- Phase II trials
(Zelek et al., 2006)
Leiomyosarcoma and primary peritoneal
and ovarian carcinomas (Villalona-Calero
et al., 2002)

Diarylamidines – Antiparasitic drugs
reviewed in (Baraldi et al., 2004)
DAPI- Trypanosome Congolese
Berenil- trypanosomiasis
Pentamidine- Pneumocystis carinii
pneumonia (PCP)
bis-benzimidazoles – anticancer drug
(against renal cancer, central nervous
system cancer, colon cancer, melanoma,
and breast cancer) (Huang et al., 2006;
Singh and Lown, 2000; Soderlind et al.,
1999)

Netropsin - pyrrole (Py) containing
amide antibiotic - antibacterial and
antiviral activity (Finlay et al., 1951)
The antibiotics netropsin and pentamidine that belong to group B (Table 1.2) have shown
to possess antitumor properties against breast cancer (Drozdowska, 2011).
Dovitinib (DOV) (TKI258; formerly CHIR-258) is a small molecule multikinase
inhibitor and Food and Drug Administration (FDA)-approved oral drug that is currently in
clinical trials for several cancers. Molecular modeling and docking studies have revealed that
the piperazine-linked benzimidazole-quinolinone compound Dovitinib, through its structural
similarity with the piperazine-linked benzimidazole minor groove binding dye Hoechst
33258 can bind to the minor groove of DNA (Figure 1.3, Hasinoff et al., 2012). The DNA
minor groove binding property of DOV has been shown to inhibit the catalytic activity of
topoisomerases I and II (Hasinoff et al., 2012). Additionally, DOV inhibits receptor tyrosine
kinases (RTKs) such as fibroblast growth factor receptors (FGFRs) 1–3, vascular endothelial
growth factor receptors (VEGFRs) 1–3, platelet- derived growth factor receptor (PDGFR) β,
FMS-like tyrosine kinase 3 (FLT3), stem cell factor receptor (c-KIT) and colony-stimulating
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factor receptor 1 (CSF1R) (Lee et al., 2005; Wang et al., 2013). DOV showed anti-tumor
activity in FGF-amplified breast cancer by inhibiting signaling of the FGFR1, 2 and 3 (André
et al., 2013). A phase II clinical trial is currently ongoing for colorectal and pancreatic
cancers [NCT01888965] and FGFR2 amplified gastric cancer [NCT01719549]. A phase III
clinical trial was recently completed with DOV on patients with metastatic renal cell
carcinoma [NCT01223027]. No significant changes were observed in patients when
compared to the Sorafenib (another tyrosine kinase inhibitor) treated control group (Motzer
et al., 2014). However, in hepatocellular carcinoma (HCC cell lines PLC5, Hep3B, SK-Hep1,
and Huh-7) and Sorafenib-resistant HCC cell lines (Huh-7-SR1 and Huh- 7-SR2), DOV
increased tumor cytotoxicity and decreased the growth of xenograft tumors in nude mice.
This involved SHP-1 (recombinant SH2-domain containing phosphatase-1) mediated
downregulation of phospho-STAT3 (Tyr705) (Tai et al., 2012). STAT3 is constitutively
active in several cancers and is associated with anti-apoptosis and poor prognosis (Alvarez et
al., 2006; Kusaba et al., 2006; Yakata et al., 2007; Yin et al., 2006). SHP-1 is one of the
phosphatases linked to dephosphorylation of STAT3 and apoptosis (Wu et al., 2003; Yamada
et al., 2003). DOV directly interacts with and upregulates the phosphatase activity of SHP-1
and consequently downregulates the oncogenic protein phospho-STAT3 significantly
increasing the apoptosis of HCC cells (Tai et al., 2012). Altogether, compounds capable of
interacting with the DNA minor groove are showing promise as antineoplastic agents.

16

Figure 1.3

Figure 1.3: Comparison of Dovitinib and Hoechst 33258.
(A) Structural comparison between Dovitinib and Hoechst 33258. (B) X-ray structure of DNA
showing Dovitinib docked into its minor groove in place of Hoechst 33258. (C) Structure
overlap between Dovitinib (shown as grey carbon-ball and stick structure) and Hoechst 33258
(shown as green carbon-stick structure). Reprinted from Biochem Pharmacol., 84, Hasinoff,
B.B., X. Wu, J.L. Nitiss, R. Kanagasabai, and J.C. Yalowich., The anticancer multi-kinase
inhibitor dovitinib also targets topoisomerase I and topoisomerase II, 1617-1626, copyright
(2012), with permission from Elsevier.
1.2 Telomere Maintenance and the Shelterin Complex
1.2.1 Telomeres: Structure and Protection
Telomeres are DNA-protein complexes present at eukaryotic chromosomal ends.
Telomeres constitute repetitive sequences of (TTAGGG)n repeats in a double stranded (ds) DNA
terminating with a single stranded (ss) overhang. The 5’-3’ leading strand with a 3’ overhang is
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G-rich (G-strand) and the 3’-5’ lagging strand is C-rich (C-strand). In somatic cells, the lagging
telomeric strand fails to replicate fully and loses around 100-200bp off telomeres during each
round of replication. This is due to the action of the DNA polymerase that requires a free 3’OH
end to synthesize the daughter strand. Synthesis of the leading daughter strand does not pose a
problem since it begins from the free 3’OH end of the parental strand. Whereas synthesis of the
lagging daughter strand requires an RNA primer that binds at regular intervals on the telomere
template DNA and provides the free 3’OH end. DNA polymerase utilizes the 3’OH group on the
RNA primers and synthesizes DNA by a backstitching mechanism. Upon completion of the
lagging strand synthesis, RNA primers are removed that leave behind a small portion of telomere
template or parental DNA at the 3’ end not being replicated. This is called the end-replication
problem (Watson, 1972). Tightly regulated nucleolytic processing or resection from the 5’ end of
the C-strand after replication also leads to the formation of a G-strand overhang. All these
processes lead to telomere shortening in successive cell divisions. In stem cells and germline
cells, telomere shortening is prevented by the action of telomerase, a telomere terminal
transferase enzyme that elongates telomeres by adding (TTAGGG)n repeats to the telomeric 3’
end (Greider and Blackburn, 1985). Telomeres were considered transcriptionally silent but more
recently were found to be actively transcribed by DNA-dependent RNA polymerase II which
produces non-coding long Telomere Repeat Containing RNA (TERRA) composed of UUAGGG
repeats (Azzalin et al., 2007; Schoeftner and Blasco, 2007). Overexpression of TERRA interferes
with telomere replication and results in the loss of telomere repeats (Luke and Lingner, 2009).
The telomeric sequences with single stranded G-overhangs may be incorrectly
detected as broken or damaged ends resulting in unwanted activation of the DNA damage
signaling and repair pathways that include ATM, ATR, Non-Homologous End Joining (NHEJ)
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and Homologous Recombination (HR, also called Homology Directed Repair, HDR). When
activated, ATM and ATR kinase pathways phosphorylate checkpoint kinases CHK2 and CHK1,
respectively. This causes a block in cell cycle progression by enforcing G1/S or G2/M arrest.
NHEJ and HR result in end-to-end chromosome fusions and telomere-sister chromatid
exchanges (T-SCE), respectively (Celli et al., 2006). The telomeric ends potentially escape the
devastating consequences of these unnecessary repair mechanisms with the help of a protein
complex called shelterin that acts as a telomeric cap.
1.2.2 The Telomere-guarding shelterin complex
Mammalian telomeres are protected by a hexa-protein complex called shelterin or
telosome (De Lange, 2005; Liu et al., 2004; Xin et al., 2008) (Figure 1.4). The members of the
shelterin complex can form a single physical stable complex in the absence of telomeric DNA
(Liu et al., 2004; Ye et al., 2004). The presence of shelterin at telomeres distinguishes natural
chromosomal ends from sites of DNA breaks and protects telomeric ends from unnecessary
DNA repair reactions. The members of the human shelterin complex include TRF1, TRF2
(Telomere Repeat Binding Factor 1 and 2), TIN2 (TRF1 and 2-Interacting Nuclear Factor 2),
TPP1 (formerly called TINT1, PTOP and PIP1), RAP1 (Repressor/Activator Protein 1) and
POT1 (Protection of Telomeres 1). In addition, telomeres contain abundant non-shelterin
proteins in association with the shelterin subunits that bind transiently to the telomeres and aid
telomere maintenance (De Lange, 2005).
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Figure 1.4

Figure 1.4: Structural organization of the human telomere and the six shelterin subunits on
the telomere.
The telomere is the natural end of the chromosome that comprises (TTAGGG)n repeats with a
dsDNA terminating in a ssDNA 3’ overhang. TRF1 and TRF2 bind to telomeric dsDNA. RAP1
interacts with TRF2. POT1 binds to ssDNA. TIN2 connects TRF1 and TRF2. TPP1 links POT1
to the TRF complex through TIN2. Reprinted from De Lange, T. 2005. Shelterin: the protein
complex that shapes and safeguards human telomeres. Genes Dev. 19:2100-2110.
The first identified mammalian telomeric protein was TRF1 which binds to dsDNA and
plays an important role in regulating telomere length (Van Steensel and De Lange, 1997). TRF2
also binds to the duplex (TTAGGG)n repeats and is crucial in remodeling telomeres to form Tloops (Griffith et al., 1999; Stansel et al., 2001). Rather than being fundamentally a telomere
binding factor, TRF2 is considered an ancient and general DNA-repair factor that has developed
some telomere-specific functions (Wright and Shay, 2005). Both TRF1 and TRF2 carry a Cterminal Myb-type DNA binding domain and form homodimers utilizing their N-terminal
dimerization domains (Bilaud et al., 1997; Broccoli et al., 1997; Zhong et al., 1992). In vivo,
both proteins localize to telomeres throughout the cell cycle (Broccoli et al., 1997; Chong et al.,
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1995; Luderus et al., 1996) but do not interact directly with each other (Broccoli et al., 1997;
Fairall et al., 2001). Both TRF1 and TRF2 negatively regulate telomere length (Smogorzewska et
al., 2000; Van Steensel and De Lange, 1997). TRF1 binds to the telomeric DNA as a dimer and
bends the telomeric DNA at an angle of ~120° at its binding site to create a higher order
telomeric structure that is important for its function (Bianchi et al., 1997). TRF2 regulates the
positioning of the nucleosome at the telomeres and it is influenced by the stage of the cell cycle
(Galati et al., 2012). Overexpression of TRF2 increases the spacing between the nucleosomes
after replication and significantly decreases the density of histones H3 and H4 (Benetti et al.,
2008; Galati et al., 2012). A super-resolution fluorescence imaging method called Stochastic
Optical Reconstruction Microscopy (STORM) has revealed that TRF2 is exclusively responsible
for the formation of T-loops and these T-loops are observed on average in about 24% of
functional telomeres (Doksani et al., 2013). The 3’ G-overhang of the telomere folds backwards
and forms a T-loop by invading the preceding dsDNA and base pairs with homologous
sequences in the C-strand. Strand invasion displaces the G-strand and forms a D-loop
(displacement loop) (Griffith et al., 1999) (Figure 1.5). Formation of T-loops by TRF2 hides the
G-overhang and protects the chromosomal ends from end-to-end fusions (Stansel et al., 2001;
van Steensel et al., 1998).
RAP1 was shown to be recruited to telomeric DNA through its interaction with TRF2 (Li
et al., 2000). However, RAP1 has also been shown to bind directly to telomeric DNA,
preferentially at ss-ds DNA transitions, and alter the binding affinity of TRF2 at telomeres (Arat
and

Griffith,

2012).

POT1

binds
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G-rich

ssDNA
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oligonucleotide/oligosaccharide binding (OB) folds and contributes to telomere length and end
protection at the chromosome termini (Baumann and Cech, 2001; Lei et al., 2004; Loayza and de
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Lange, 2003). OB folds are evolutionarily conserved protein domains responsible for proteinssDNA interaction (Flynn and Zou, 2010). Single stranded telomeric DNA can be mistakenly
identified as a damaged strand where the DNA repair machinery initiates the DNA damage
response by recruiting RPA (Replication Protein A; a ssDNA coating protein). POT1 and TPP1
bind to ss telomeric DNA, block RPA from accessing ss telomeric ends and inhibit unwanted
DNA damage response signals. Single stranded G-rich telomeric DNA can fold into parallel and
antiparallel four stranded G-Quadruplex (GQ) conformations that include hybrid, basket, and
propeller folds (An et al., 2014). Single-molecule Förster resonance energy transfer (smFRET)
imaging has shown that POT1 unfolds antiparallel GQ, binds to ss telomeric DNA and blocks
RPA from accessing the telomeres (Ray et al., 2014). TIN2 unites the dsDNA bound TRF1 and
TRF2 and joins this TRF complex with the ssDNA bound POT1 through TPP1 (Ye et al., 2004).
Binding of TRF2, but not TRF1, to TIN2 is essential in maintaining the complex with TPP1 and
POT1 (Kim et al., 2004; Kim et al., 1999; Ye et al., 2004). Removal of TIN2 disrupts the binding
of TRF1 and TRF2 at the telomeres and this negatively impacts on telomere length and end
protection by inducing DDR, telomere aberrations and cell death (Kim et al., 2004; Kim et al.,
2008). Hence, the concerted action of shelterin proteins safeguard telomere ends from
unwarranted action by the DNA repair machinery.
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Figure 1.5

Figure 1.5: Structure of the T-loop and D-loop.
The G-strand folds backwards and invades the telomeric dsDNA to form a T-loop. Invasion of
the G-overhang displaces the G-strand to form a D-loop. Reprinted from Palm, W., and T. de
Lange. 2008. How shelterin protects mammalian telomeres. Annu Rev Genet. 42:301-334.
1.2.3 Protection of T-loops from homologous recombination (HR)
1.2.3.1 TRF1 and TRF2 maintain telomere integrity by inhibiting T-loop HR
T-loops sequester the vulnerable chromosomal ends from unwanted DNA repair and Tloop-damaging events result in telomere attrition. Hence protection of T-loops by TRF1 and
TRF2 is important to maintain telomere integrity. The base of the T-loop features a Holliday
junction-like structure. Holliday junctions (HJ) are four way DNA structures formed during
replication, recombination or repair. TRF2 carries a N-terminal basic domain, a homodimerization domain (TRF homology [TRFH] domain), a linker (hinge domain) and a C-terminal
Myb DNA-binding domain (Broccoli et al., 1997). It has been shown in vitro that the basic
domain of TRF2 occupies the base of the T-loop, binds to three and four way DNA junctions,
and is responsible for the formation and stabilization of Holliday Junctions (HJ) (Amiard et al.,
2007; Fouché et al., 2006; Poulet et al., 2009). The HJ and D-loop structures serve as potential
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substrates for HJ resolvases SLX4-SLX1, MUS81-EME1 and GEN1. Mammalian SLX4
(BTBD12) serves as a scaffolding platform for (a) DNA processing enzymes involved in
interstrand cross link repair (e.g., SLX1, MUS81-EME1, ERCC1-XPF [ERCC4] and
SNM1B/Apollo), (b) Polo-like Kinase 1 (PLK1), (c) mismatch repair protein complex MSH2MSH3 and (d) TRF1/TRF2 (Gaillard et al., 2003; Svendsen et al., 2009; Wyatt et al., 2013). In
cells depleted of the TRF2 basic domain, a homologous recombination event occurs inside the Tloop structure (T-loop HR) and leads to the extension of the D-loop. This so called “branch
migration” results in the formation of a double HJ which leads to the formation of expanded
extrachromosomal telomeric circles (T-circles) and shortened telomeres when resolved by the HJ
resolvases XRCC3 (a RAD51 paralog) and Nbs1 (part of Mre11 complex) (Compton et al.,
2007) (Figure 1.6). Depending on their length, these shortened telomeres can possibly form Tloops again which may undergo T-loop HR and lead to the formation of critically shortened
telomeres. Thus, T-loop HR results in telomere attrition and induces a DNA damage response.
TRF2 occupying the base of the T-loop blocks the entry of HJ resolvases, inhibits T-loop HR,
prevents the subsequent formation of double HJ and telomere attrition and, hence, maintains
telomere integrity (Wang et al., 2004).
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Figure 1.6

Figure 1.6: Formation and cleavage of double Holliday Junction (dHJ).
The T-loop resembles a HJ and undergoes T-loop HR. This leads to the extension of the D-loop
or branch migration and forms a dHJ. Cleavage of the dHJ by HJ resolvases results in the
formation of truncated (shortened) telomere and T-circle. (Doksani and de Lange, 2014).
Reprinted with permission from Cold Spring Harb Perspect Biol 2014;6:a016576, with
copyright to Cold Spring Harbor Laboratory Press.
TRF1 mediates efficient telomere replication (Sfeir et al., 2009). Absence of TRF1
induces ATR/CHK1 phosphorylation and stalling of replication as the fork progresses along the
telomeric DNA/T-loop. This leads to the formation of fragile telomeres (Sfeir et al., 2009).
Presence of TRF1 recruits RTEL1 (Regulator of telomere elongation helicase 1) and BLM
(Bloom syndrome) RecQ helicase to disassemble the telomeric G-quadruplex (GQ; G4) DNA
structures and T-loops before the replication fork encounters the T-loop structures (Sfeir et al.,
2009; Vannier et al., 2012). TRF1 also blocks the action of HJ resolvase SLX4, prevents T-loop
HR and the formation of T-circles and thus preserves telomere stability (Sfeir et al., 2009;
Vannier et al., 2012). Therefore, TRF1 and TRF2 both function to block HJ resolvases and
inhibit damaging HR events within the T-loop to sustain telomere integrity.
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1.2.4 Loss of specific shelterin proteins evokes DNA Damage Response (DDR)
1.2.4.1 TRF2/POT1 suppresses ATM and ATR
DDR resulting from dsDNA breaks recruits MRN (Mre11-Rad50-Nbs1) and leads to
ATM activation. DDR mediated by ssDNA breaks recruits RPA (Replication Protein A) and
promotes ATR activation. TRF2 binds to telomeric dsDNA and prevents MRN-mediated ATM
activation (Denchi and de Lange, 2007). POT1 interacts with telomeric ssDNA and blocks RPAmediated ATR activation (Denchi and de Lange, 2007). Both, TRF2 and POT1 repress HR and
classical-NHEJ, the latter being mediated by Ku70/80 and DNA-PKcs (DNA-dependent protein
kinase, catalytic subunit). Activation of these DDR pathways is suppressed by the T-loop
structure protecting the telomeric ends (de Lange, 2009; Doksani et al., 2013; Griffith et al.,
1999; Stansel et al., 2001). TRF2 regulates the DDR in two steps. The initial step is controlled by
the TRFH domain and the subsequent step by the Hinge domain (specifically the iDDR; inhibitor
of DDR region at its C-terminal) (Okamoto et al., 2013). Removal of TRF2 and POT1 increases
the telomeric accumulation of 53BP1 (Tumor suppressor p53 binding protein-1) and γH2AX,
which is referred to as Telomere Dysfunction Induced Foci (TIF). The accumulation of TIFs
occurs downstream of ATM/ATR signaling, which then leads to p53 up-regulation, p21mediated G1/S arrest, polyploidy (cells with >4n DNA content) and telomere aberrations (fragile
telomeres and sister telomere fusions) (Denchi and de Lange, 2007; Karlseder et al., 1999; Takai
et al., 2003). Expression of functional TRF2 reduced the recombination between sister telomeres
(Celli et al., 2006). Inhibition of the telomere ssDNA binder POT1 reduces 3’ overhangs and
induces a transient DNA damage response in G1 phase of the cell cycle (Hockemeyer et al.,
2005). Therefore, TRF2/POT1 shields the ds/ss telomeric DNA and represses ATM/ATR
activation.
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1.2.4.2 Non-telomeric TRF2 suppresses photo-induced double strand DNA damage
TRF2 is not exclusively and permanently located at the telomeres but can within 2 sec
transiently co-localize to photo-induced DSBs in non-telomeric genomic DNA devoid of the
telomere sequence (C3TA2)4 (Bradshaw et al., 2005). The amount of TRF2 at photo-induced
DSB decreases after 2-5min and localization of TRF2 at non-telomeric DSBs occurs in the
absence of DNA repair proteins such as ATM, DNA-PK, MRN complex, Ku70, and the RecQ
helicases WRN (Werner syndrome) and BLM. ATM appears in 4-6 sec and γH2AX appears in
20s after irradiation-induced non-telomeric DSBs. Half maximal and peak accumulation of
TRF2, NBS1 and γH2AX occurs at 30s and 113s, 90s and 1min, 1min and 10min, respectively.
TRF2 overexpression competes with and reduces phosphorylated γH2AX, ATM, and p53 in the
first hour after irradiation. The basic domain of TRF2 is required to localize to non-telomeric
DSBs, while both the basic and Myb domain secure TRF2 at telomeres. Hence, TRF2, in
addition to occupying and guarding the telomeric DNA, also transiently colocalizes to photoinduced DSBs in the non-telomeric DNA and guards the DSBs from attack by exonucleases until
fixed by the DNA repair proteins (Bradshaw et al., 2005).
1.2.4.3 TRF2/RAP1 suppresses classical-NHEJ
In vitro work shows that TRF2/RAP1 complex represses DNA-dependent protein
kinase/DNA-Ligase IV (DNA-PK/LIG4) mediated NHEJ particularly at the 3’ end of the
telomeres (Bae and Baumann, 2007). NHEJ is an error prone DSB repair mechanism that
promotes end-to-end chromosomal fusions in the absence of a homologous template. Bae and
Bauman (2007) proposed that telomeres as short as eight repeats as well as longer open state
telomeres formed immediately after replication are prevented from end-to-end fusions by the
TRF2/RAP1 complex (Bae and Baumann, 2007). Depletion of TRF2 increases chromosomal
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end-to-end fusions in metaphase and formation of chromatin bridges in anaphase (van Steensel et
al., 1998)
1.2.5 Telomere length homeostasis
Telomeres are dynamic structures and specific processes regulate their lengthening
and shortening. Telomere lengthening is usually mediated by telomerase (Greider and
Blackburn, 1985) and sometimes by HR (Liu et al., 2007). The shortening of telomeres is
mediated by nucleolytic activity and replication defects. The ssDNA generated during replication
and DSBs after replication are processed by MRN mediated ATR/ATM and HR proteins.
Shelterin capped telomeres are functional and inhibit MRN/ATM (Verdun and Karlseder, 2006).
1.2.5.1 Role of shelterin in telomere length homeostasis
The shelterin complex controls telomere length homeostasis and telomerase-mediated
telomere elongation (Nandakumar and Cech, 2013; Smogorzewska and de Lange, 2004) by
maintaining telomeres in a closed T-loop conformation. This blocks telomere targeted
nucleolytic activity and denies telomeric access by telomerase. Overexpression of TRF1 or TRF2
leads to the formation of shortened telomeres (Smogorzewska et al., 2000). Conversely,
inhibition of TRF1 at telomeres results in elongated telomeres due to the action of the reverse
transcriptase telomerase (Van Steensel and De Lange, 1997). Overexpression of TRF1 increases
telomere associations, leading to the formation of anaphase bridges and telomere aggregates
while cleavage of TRF1 resolves these telomere associations (Lisaingo et al., 2014). The
shelterin accessory factor Pin2/TRF1-interacting protein (PINX1) assists in telomere length
homeostasis by inhibiting telomerase and this contributes to shorter telomeres (Soohoo et al.,
2011).
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Through its TRFH domain, TRF2 is shown to directly interact with and recruit telomereassociated proteins, including PNUTS (phosphatase nuclear targeting subunit) and MCH1
(microcephalin 1) (Kim et al., 2009). The TRF2-PNUTS interaction regulates telomere length,
whereas the TRF2-MCH1 complex regulates telomeric DDR. Knockdown of PNUTS and MCH1
increase telomere length and TIFs, respectively (Kim et al., 2009). POT1 coats the 3’overhang,
interacts with and stimulates BLM and WRN helicases to unwind telomeric DNA and D-loop
structures during replication/recombination and maintains telomere length and integrity (Opresko
et al., 2005b). By interacting with particular shelterin accessory proteins, members of the
shelterin complex such as TRF1, TRF2 and POT1 play important roles in maintaining telomere
length homeostasis. This is critical for genomic stability.
1.2.5.2 Shelterin-mediated protection of 3’ overhangs
Loss of TRF2 affects the 3’overhang leading to telomere fusions as a result of NHEJ.
This process is mediated by the nucleotide excision repair (NER) endonuclease ERCC1/XPF that
facilitates removal of the 3’overhangs upon TRF2 deletion (Zhu et al., 2003). Cells deficient in
ERCC1/XPF display damage-free G-overhangs, have reduced chromosomal fusions and display
a specific phenotype called telomeric DNA-containing double minute chromosomes (TelomereDMs) (Zhu et al., 2003). Telomere-DMs are extrachromosomal circular telomeric DNA
fragments found inside the nucleus and, similar to chromosomes, undergo DNA replication. It is
hypothesized that these Telomere-DMs are formed by recombination of telomeric DNA with
(TTAGGG)n-like sequences within the chromosomes (Zhu et al., 2003). TRF2 preserves
telomere integrity by inhibiting NER, protecting the 3’overhangs from the endonucleolytic
activity of ERCC1/XPF and repressing NHEJ activity (Zhu et al., 2003).
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While NER is inhibited at telomeres, long patch base excision repair (LP-BER) is
activated at the telomeres by TRF1, TRF2 and POT1 that bind to and recruit BER proteins such
as APE1, FEN1 (flap endonuclease 1) and LIG1 (DNA Ligase I) (Miller et al., 2012). Loss of the
TRF2-interacting partner Apollo 5’ exonuclease activates ATM, increases TIFs and results in
telomere fusions, which is further aggravated by the combined loss of TRF2 and Apollo (Lam et
al., 2010; Lenain et al., 2006; van Overbeek and de Lange, 2006; Wu et al., 2010). Loss of TRF2
removes the TRF2-interacting protein RAP1 from telomeres and leads to the formation of
telomere-sister chromatid exchanges as a result of HR. In the presence of TRF2, RAP1
deficiency does not induce NHEJ, ATM/CHK2 activation or TIFs because the 3’overhang is still
intact (Sfeir et al., 2010).
Loss of POT1 and TIN2 causes cell death as a result of defective chromosomal
segregation, loss of telomeric DNA, abnormal HR, long G-strand overhangs with telomeric
fusions and increased accumulation of TIFs (Churikov et al., 2006; Hockemeyer et al., 2005;
Veldman et al., 2004). Hence, telomeric G-strand 3’ overhangs are protected by telomere
associated shelterin and accessory proteins.
1.2.5.3 Role of DDR/NHEJ/HR in telomere stability and homeostasis
In addition to the suppressive actions of the shelterin protein complex on repair and
recombination events, some DDR/HR proteins are also involved in the maintenance of telomere
homeostasis at functional telomeres. Under normal conditions, MRN processes the functional
telomeres in S-phase. MRN-mediated recruitment of ATM to the telomeres in S-phase results in
post-replicative processing, inhibits NHEJ, and helps recruit telomerase to telomeres to maintain
telomere length (Dimitrova and de Lange, 2009; Verdun et al., 2005). Inhibition of DDR proteins
such as ATM or MRN inhibits telomerase recruitment and leads to telomere fusions (Verdun and
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Karlseder, 2006), while inhibiting HR proteins such as Rad54 and RAD51D leads to telomere
shortening independent of telomerase (Jaco et al., 2003; Tarsounas et al., 2004). Telomere
shortening occurs as a result of chromosomal end-to-end fusions.
Rad9 interacts with Rad51, suggesting a possible role of Rad9 in HR. Rad9 plays a role
in the S and G2 phase specific DNA repair, interacts with TRF2 and maintains telomere stability
(Pandita et al., 2006). The 9-1-1 (Rad9-Hus1-Rad1) complex is also present at the telomeres and
is the first DDR factor reported to interact with telomerase. Hus1 has been shown to be
associated with HR (Wang et al., 2005) and Hus1 deficiency results in the formation of
shortened telomeres and telomere instability (Francia et al., 2006). Ku proteins such as Ku70/80
and Ku86 also play a role in telomere length maintenance (Chai et al., 2002; Jaco et al., 2004).
Ku70/80 interacts with hTERT (human Telomerase Reverse Transcriptase), regulates telomerase
access to the telomeres and hence maintains telomere length (Chai et al., 2002). A ~50%
reduction of Ku86 levels results in increased apoptosis, chromosomal aberrations and telomere
shortening (Jaco et al., 2004).
Telomere length maintenance and integrity play a pivotal role in the life of a cell. The
concerted action of the telomere-associated proteins and a variety of DDR proteins is key
towards maintaining telomere integrity. The loss of shelterin and DDR proteins results in
dysfunctional and shorter telomeres and this activates a host of DNA damage responses.
Chromosomal end fusions as a result of dysfunctional telomeres lead to aberrant segregation and
loss of genetic material in the form of bridges that enter breakage-bridge-fusion (BBF) cycles.
BBF cycles amplify chromosomal aberrations and this can lead to genomic instability and
cancer.
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1.2.5.4 Telomere length maintenance mechanisms in cancers
Aberrant proliferation of cancer cells eventually causes shorter telomeres. Despite
continued proliferation, formation of aggregates, BBF cycles and genomic instability, telomere
length in cancer cells is maintained by two different mechanisms. They are telomerasedependent and telomerase-independent Alternative Lengthening of Telomeres (ALT)
mechanisms. Cancer cells utilize these mechanisms to escape cell death and avoid critical
telomere shortening.
Nearly 90% of cancers show aberrant proliferation and telomere maintenance and prevent
cell death by utilizing telomerase activity for telomere elongation. The telomerase is a
ribonucleoprotein composed of three subunits, the human telomerase reverse transcriptase
protein component (hTERT), the human telomerase RNA component (hTERC) and dyskerin
(DKC1) (Cohen et al., 2007). ALT is a telomerase-independent telomere maintenance program
that utilizes HR to perform telomere replication using its own or other telomeric DNA as a
template (Dunham et al., 2000). Telomere extension is also mediated by rolling circle telomere
replication using T-circles as a template for replication (Wang et al., 2004).
TRF2 silencing in telomerase positive cells activates ATM and subsequently p53dependent apoptosis as a result of deprotected telomeres (Takai et al., 2003). This is distinctly
different in ALT cells. ALT cells contain constitutively active ATM, which does not activate the
downstream target p53. Instead, this p53 activation requires TRF2 silencing and results in
cellular senescence rather than apoptosis (D’Alcontres et al., 2007).
1.2.6 3D telomere architecture and cancer prognosis
The three-dimensional (3D) telomere architecture can serve as a useful prognostic tool in
cancer. Studies on 3D telomeric architecture in a variety of cancers, such as Hodgkin’s
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lymphoma, glioblastoma, acute myeloid leukemia, esophageal squamous cell carcinoma,
follicular thyroid cancer and endometrial carcinoma, reveal changes in 3D telomere organization,
telomere length, number of telomere signals and telomeric aggregates (Danescu et al., 2013;
Gadji et al., 2012; Gadji et al., 2010; Knecht et al., 2012; Sunpaweravong et al., 2015; Wark et
al., 2014). In glioblastoma, changes in telomere architecture provide a novel link between
disease progression and patient survival (Gadji et al., 2010). Upon entering the cell cycle,
telomere aggregates undergo unequal breakage, end-to-end fusions, subsequent breakage
followed by new fusions mirroring breakage-bridge-fusion (BBF) cycles, which culminates in
genomic instability (McClintock, 1951; Louis et al., 2005). Presence of triple-guanine in the
telomeric repeats is vulnerable to undergo oxidative base damage and form 7,8-dihydro-8oxoguanine (8-oxodG). BER is the major mechanism that removes the oxidative lesions by
recruiting 8-oxoguanine DNA Glycosylase (OGG1). However the efficiency of BER depends on
where the oxidative lesions are formed on the telomere structures. Telomere configurations such
as “fork-opening, 3’-overhang and D-loop” are less prone to repair (Rhee et al., 2011). Targeted
oxidative DNA damage at individual telomeres by KillerRed-TRF1 (KR-TRF1; a fluorescent
protein that generates reactive oxygen species specifically at the telomeres) leads to telomere
dysfunction and cell death (Sun et al., 2015). Telomere dysfunction or telomere shortening has
been associated with ageing and increased risk of cancer and oxidative DNA damage adds to it
(Sahin and DePinho, 2010; Zglinicki, 1998). A single 8-oxoguanine lesion at the telomeres
reduces the binding of TRF1 and TRF2 by about 50% (Opresko et al., 2005a). Increase in
dysfunctional telomeres such as fused or fragile telomeres due to TRF1 deficiency also increases
cancer lesions (Martínez et al., 2009). Maintenance of telomere length determines the extent of
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chemoresistance in cancer cells, where telomere shortening is linked to higher chemosensitivity
(Abuzeid et al., 2009; Lee et al., 2001).
1.3 Glioblastoma multiforme (GB) brain cancer: origin, classification and treatment
Highly malignant glioblastoma (GB) constitutes 50-60% of primary brain tumors and has
one of the worst 5-year survival rates among all human cancers with a median survival time of
15-17 months (Krex et al., 2007). Research in the last decade has barely improved the life
expectancy of GB patients. Treatment options for GB include surgery, radiation and
chemotherapy. However, surgery is not an option when the tumor extensively infiltrates the
surrounding brain tissue (Ostrom et al., 2014; Wen and Kesari, 2008). The DNA alkylating agent
temozolomide (TMZ) is the chemotherapeutic drug of choice in GB treatment. However, fast
growth, invasiveness, the ability to bypass drug actions by cancer stem cells in and around the
tumor, and inferior local drug concentrations contribute to recurrences of fatal chemoresistant
forms of GB (Furnari et al., 2007).
1.3.1 GB grading and subtyping
GB arises from astrocytes in the brain. The World Health Organization (WHO) classifies
astrocytic tumors into four grades: pilocytic astrocytoma (Grade I), low-grade astrocytoma
(AGII, Grade II), anaplastic astrocytoma (AGIII, Grade III) and glioblastoma (GB, Grade IV).
GB is the most common and most aggressive tumor that affects people aged 40 and older
(Jhanwar-Uniyal et al., 2015).
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There are two types of GB:
(i)

primary tumors or type I GB are very aggressive comprising 90% of all GB and
form de novo, can harbor Epidermal Growth Factor Receptor (EGFR) amplifications,
Phosphatase and tensin homolog (PTEN) mutations and p16INK4a deletions.

(ii)

secondary tumors or type II GB comprise 10% of all GB, frequently harboring
mutations in the genes TP53 (tumor protein 53) and RB2 (Retinoblastoma-related
gene) that form as lower grade tumors from WHO grade II/III astrocytoma and
eventually develop into aggressive grade IV glioblastoma (Arjona et al., 2006;
Watanabe et al., 1996).

Based on their gene expression profiles, GB can be classified into classical, mesenchymal,
proneural and neural subtypes (Verhaak et al., 2010).
(i) Classical – constitutes 21% of GB; presents with EGFR amplification, PTEN mutation and
deletions of p16INK4a and p14ARF, high expression of genes of the Notch and Sonic hedgehog
signaling pathways
(ii) Mesenchymal – constitutes 32% of GB; expresses neurofibromatosis-related protein (NF-1)
and/or neurofibromin 1 mutation
(iii) Proneural – constitutes 31% of GB; contains TP53 and isocitrate dehydrogenase 1 (IDH1)
mutations, amplification of Platelet Derived Growth Factor Receptor A (PDGFRA) gene
(iv) Neural - constitutes 16% of GB; neuronal markers such as neurofilament light polypeptide
(NEFL), gamma-aminobutyric acid A receptor, alpha 1 (GABRA1), synaptotagmin I (SYT1) and
solute carrier family 12 (potassium/chloride transporter) (SLC12A5), amplification of
chromosome 7 and loss of chromosome 10
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1.3.2 GB Cancer Stem cells (CSC)
The properties of CSC include self-renewal, unlimited proliferation, formation of tumor
spheres and the ability to differentiate into multiple cell types. Due to these properties, CSC can
promote tumor recurrence despite therapeutic intervention. CD133, L1CAM, CD44, A2B5, ID1,
CD15 and Integrin α6 have been reported as GB stem cell markers (Dahlrot et al., 2013; Pietras
et al., 2014). The cell surface protein CD133 was used as a marker to isolate CSC from GB
tumors. These CD133+ cells were shown to form tumor spheres and when injected into mouse
brain at low cell numbers developed brain tumors identical to the tumor from which they were
isolated (Calabrese et al., 2007; Singh et al., 2004).
1.3.3 Temozolomide (TMZ) resistance in GB
TMZ is routinely used in the clinic for the treatment of GB. TMZ is a prodrug that
methylates the purine DNA bases adenine and guanine to form O6-methyl guanine (O6-MeG),
N7-methyl guanine (N7-MeG) and N3-methyl adenine (N3-MeA). O6-methyl guanine is directly
repaired by O-6-methylguanine-DNA methyltransferase (MGMT) (Denny et al., 1994; Tisdale,
1987). In the absence of MGMT or when unrepaired O6-methyl guanine undergoes mispairing
with thymine instead of cytosine, mismatch repair (MMR) mechanisms can fix the damaged
bases (Kyrtopoulos et al., 1996; Margison and Santibáñez‐Koref, 2002). Base Excision Repair
corrects the N7-methyl guanine and N3-methyl adenine modified purines (Figure 1.7). Thus,
TMZ induced DNA damage is repaired by specific repair mechanisms that contribute to TMZ
resistance and hence GB recurrence.
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Figure 1.7

Figure 1.7: Different DNA repair mechanisms induced by TMZ treatment.
TMZ alkylates the DNA to form N7-MeG, N3-MeA (that are repaired by BER) and O6-MeG
(that is repaired by MGMT). In the absence of MGMT, MMR repairs the O6-MeG induced
lesions. O6-MeG - (O6-methyl guanine); N7-MeG - (N7-methyl guanine); N3-MeA - (N3methyl adenine); MGMT - (O-6-methylguanine-DNA methyltransferase); MMR - (mismatch
repair); TMZ - (Temozolomide); BER - (Base Excision Repair)
MEK1/2 also called MAPK (mitogen activated protein kinase) or ERK kinases
(Extracellular signal-regulated kinases) play important roles in cell growth, differentiation and
self-renewal of human embryonic stem cells (Li et al., 2007a). MEK1/2 inhibitors in
combination with all-trans retinoic acid (ATRA, a differentiating agent) are shown to reduce
CSC migration (Friedman et al., 2013). MEK inhibitor (SL327) blocks murine double minute 2
(MDM2) and the following activation of p53 results in subsequent inhibition of MGMT in CSC
suggesting that a combination of a MEK inhibitor and TMZ may be an effective therapeutic
option for GB (Sato et al., 2011).
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1.4 Summary of Literature
1.4.1 HMGA2


HMGA2 binds to AT-rich regions in the minor groove of DNA and induces global DNA

conformational changes.


HMGA2 is an oncofetal gene that is expressed in embryonic stem cells, absent in normal

adult cells but re-expressed in several cancers.


HMGA2 expression directly correlates with the level of malignancy and metastasis.



HMGA2 expressing cancers are more resistant to programmed cell death (apoptosis) and

remodel crucial cellular repair mechanisms to ensure cancer cell survival.


HMGA2 is a new member of BER mechanism and interacts with key BER member APE1.

HMGA2 protects cancer cells from BER-inducing DNA alkylating agents, such as MMS and
TMZ.


HMGA2 plays an important role in maintaining the integrity and functionality of arrested

replication forks in cancer cells. HMGA2 preferably binds with high affinity to DNA Y- and Xstructures typically observed at replication forks. Binding of HMGA2 to such DNA
conformations protects stalled replication forks from endonuclease digestion and confers a
survival advantage onto HMGA2+ cancer cells when exposed to chemotherapeutic drugs.


HMGA2 has been shown to interact with ATM.



ATR and ATM are two important members of the DNA damage response signaling pathway

and are activated in response to single strand and double strand DNA damage, respectively.
ATR/ATM activation enforces immediate cell cycle arrest by activation of downstream check
point kinases CHK1/2.

38



HMGA2 expressing cancer cells contain a subpopulation of ALDH+ stem-like cells.

HMGA2 gene expression is regulated by Let-7 miRNA targeting the 3’UTR of HMGA2. The
Lin28-Let-7-HMGA2 axis plays a significant role in promoting EMT, metastasis, and tumor
recurrence.


HMGA2 provides embryonic stem cells and cancer cells with highly effective defense

mechanisms against selected DNA damaging chemotherapeutics and contributes to cell survival
and genomic stability in cancer cells.


DNA minor groove binding drugs (for example netropsin, pentamidine and dovitinib)

possess antitumor properties. Netropsin competitively inhibits HMGA2 from docking into the
DNA minor groove and blocks its function. All three drugs have shown antitumor properties in
breast cancer.


HMGA2 has been shown to specifically localize to telomeres in mammalian metaphase

chromosomes.
1.4.2 Telomeres


Telomeres are the ends of chromosomes. Mammalian telomeres contain double stranded

DNA comprising of (TTAGGG)n repeats ending in a 3’ single stranded overhang that may be
detected as DNA damaged site.


To protect these ends, a shelterin protein complex composed of the six subunits TRF1,

TRF2, POT1, TPP1, TIN2 and RAP1 caps the telomeres.


RAP1 interacts with TRF2 at the telomeres.



TRF2 binds to double stranded telomeric DNA and plays an important role in folding the

telomeres to form T-loops and protects the telomeric ends from nuclease attack.
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Loss of TRF2 activates the ATM-CHK2 mediated DNA damage response signaling pathway

that recruits the DDR factor 53BP1 to telomeres and increases telomeric end-to-end fusions. This
generates chromosomal aberrations, including dicentric chromosomes. During successive cell
divisions, these chromosomes segregate abnormally and generate anaphase bridges and
micronuclei. Such structures are indicators of telomeric/genomic instability, a characteristic of
cancer.


Cancer cells strive to maintain their telomere length by telomerase-dependent and

telomerase-independent Alternative Lengthening of Telomeres (ALT) mechanisms.


3D telomere architecture provides a link between disease progression and patient survival.



Maintenance of telomere stability increases cancer chemoresistance.

1.4.3 Glioblastoma


Glioblastoma is the most common and aggressive form of primary brain cancer. The DNA

alkylating agent temozolomide is the standard drug for the treatment of GB.


The base excision repair pathway can facilitate the removal of TMZ-induced alkylated DNA

bases and contribute to TMZ resistance.
1.5 Thesis Overview
The works presented in this thesis focus on the protective roles played by the stem cell
factor and non-histone chromatin binding protein HMGA2 in human cancer. HMGA2 is
expressed and involved in early development and genomic integrity during embryogenesis
(Chiappetta et al., 1996). When re-expressed in cancer, HMGA2 maintains genomic stability and
increases DNA repair upon drug treatment (Summer et al., 2009). This increases the
chemoresistance of cancer cells and may promote fatal recurrences. The degree of HMGA2
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expression directly correlates with the degree of metastasis (Fusco and Fedele, 2007; Meyer et
al., 2007; Miyazawa et al., 2004; Rogalla et al., 1997). My work will present novel evidence for
the protective roles of HMGA2 in different cancer cell models.
1.5.1 Rationale
To identify hitherto unknown protective functions of HMGA2.
1.5.2 Objective
To identify the mechanisms of HMGA2-mediated protection at the level of
telomeric/genomic DNA that contribute to chemoresistance in human cancer cells and
investigate the therapeutic potential of attenuating HMGA2 in a HMGA2+ human cancer cell
model.
1.5.3 Specific Aims
The experimental results described in this thesis address three specific aims that are presented in
Chapter III.
Aim I: To examine if HMGA2 confers chemoresistance onto cancer cells by associating with the
shelterin complex at telomeres and whether HMGA2 contributes to telomere maintenance and
stability.
Aim II: To investigate whether HMGA2-mediated protection in human cancer cells involves
ATR/CHK1 signaling and contributes to cancer cell survival.
Aim III: To determine the role of HMGA2 in chemoresistance to the alkylating drug TMZ in
GB and whether TMZ in combination with DNA minor groove binders can increase cell death in
HMGA2+ GB.
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CHAPTER 2: MATERIALS AND METHODS
2.1 Cell lines, patient cells and culture conditions
To determine the mechanistic functions of HMGA2, endogenous and overexpressing
HMGA2+

cancer

cell

models

were

employed.

Endogenously

HMGA2

expressing

rhabdomyosarcoma (RD), and HT1080 fibrosarcoma (C1), and over-expressing HMGA2
transfectants of the undifferentiated thyroid cancer UTC8505 (Mock, HMGA2 clones (cl. 4 and
12), and lung cancer A549 (parental, HMGA2 clones (cl.) 1.3 and 1.6) were employed in the
study.
C1 cells were generously provided by Dr. Y. Liu (Summer et al., 2009; Yu et al., 2014).
HEK293T cells were employed for transient transfections. The cell lines were cultured in
Dulbecco’s Modified Eagle’s medium and F-12 1:1 (DME-F12 1:1; Hyclone, Thermo Scientific,
Ottawa, ON) supplemented with 10% fetal bovine serum (FBS; Sigma, Oakville, ON) and
maintained at 5% CO2 in a 37°C humidified incubator. HMGA2 expressing UTC8505 and A549
stable transfectants were cultured in media with 500 μg/ml geneticin (Life Technologies,
Burlington, ON). C1 fibrosarcoma cells stably expressed a lentiviral shHMGA2 construct under
the control of the doxycycline (dox) promoter for down-regulation of endogenous HMGA2
expression. Endogenous HMGA2 expression in C1 transfectants was significantly downregulated upon treatment with 4μg/ml of dox (Sigma) every 24h for 4 days. C1 cells were
cultured under 3 μg/ml puromycin (Sigma) selection. DNA damage was induced using methyl
methanesulfonate (MMS, Sigma) and exclusive telomeric damage was induced using sodium
(meta-)arsenite (KML001, Sigma).
We wanted to employ a HMGA2+ disease model to study chemoresistance by HMGA2
and the potential therapeutic benefits upon suppressing HMGA2-mediated chemoresistance. I
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chose the deadly glioblastoma (GB) brain tumor disease model for my study due to the very low
success rates in GB treatment with Temozolomide, which is currently used to treat GB patients.
Endogenously HMGA2 expressing human GB cell lines U251 and U87MG and HMGA2
overexpressing transfectants of U251 (clone 2) were cultured in DME-F12 1:1 (Hyclone) plus
10% FBS (Sigma). Brain tumor tissues were obtained from GB patients treated at the local
Health Sciences Centre. The study was approved by University and Pathology ethics boards. GB
tissues were washed twice with sterile phosphate buffered saline (PBS, no Ca2+/Mg2+), minced,
digested with 0.5 mg/ml collagenase and 10 µg/ml DNAse (both Sigma) and filtered through a
40 µm pore nylon mesh (BD Bioscience, CA, USA). Cells were centrifuged at 800 rpm for 5 min
and the cell pellet was suspended in hypotonic buffer (154 mM NH4Cl, 10 mM KHCO3 and 0.1
mM EDTA-Na2) for 5 min at room temperature (RT) to lyse erythrocytes. Cells were pelleted
and grown in 6-well plates with DMEF-12 1:1 plus 10% FBS and 1x penicillin/ streptomycin
(Life Technologies, NY, USA). For tumor sphere formation, cells were grown in stem cell
medium, which consisted of neurobasal A medium containing 1X B27 supplement without
vitamin A, 1X N2 supplement (all Gibco, Life Technologies), 20ng/ml basic fibroblast growth
factor (bFGF), 20ng/ml epidermal growth factor (EGF) (both Sigma), 1X Glutamax supplement
(Gibco) and 2μg/ml heparin (Stem Cell Technologies, Vancouver, BC). All cells were
maintained at 37°C in a humidified 5% CO2 incubator.
2.2 Comet assay
UTC8505 mock and HMGA2 transfectants were cultured in serum-free DME-F12 1:1
medium and comet assays were performed as described earlier (Summer et al., 2009) using the
comet assay Trevigen kit (cat #4250-050-K; Trevigen, Gaithersburg, MD). 250μl of 106 cells/ ml
suspension was incubated with 0.1 mM MMS (30μl from 10 mM stock solution) in 2.72 ml of
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serum free medium for 2 h at 37°C. The mixture was pelleted, washed with PBS after which the
PBS was carefully removed and the pellet was re-suspended in 10μl of PBS. Low Melting point
Agarose (Trevigen kit) was melted for 5 min at 90°C and then placed at 55°C for at least 10 min
before use. 80µl of this agarose was added to the 10µl PBS cell suspension and transferred to a
pre-warmed comet slide (Trevigen kit). The slide was then placed at 4°C for 20 min for the
agarose to set. Once solidified, the slide was placed in pre-chilled lysis solution (Trevigen kit)
for 45 min at 4°C. Following this, the slide was immersed in an alkaline solution (200 mM
NaOH, 1 mM EDTA, pH>13) for 20 min at RT after which it was transferred to an
electrophoresis chamber containing freshly prepared electrophoresis buffer (300 mM NaOH, 1
mM EDTA, pH 13.5). The electrophoresis was performed at 25 volts and 0.8 amps for 20 min
and then the slide was washed 3x 5 min each with double distilled water. Dehydration was done
using 70% ethanol for 5 min, then 100% ethanol for 20 min twice. The slide was dried and
stained with DAPI. Images were obtained with a Z1 microscope (Zeiss, Jena, Germany). Comet
Score analysis software (Version 1.5) (http://www.autocomet.com/products_cometscore.php)
was used and DNA damage induced was quantitated by the Olive tail moment (Olive et al.,
1990).
2.3 Induction and Recovery time kinetic assays
Cells (105 cells/ well) in 6-well plates were grown overnight. For induction time kinetics,
DNA damage was induced by MMS treatment for 2, 5, 10, 15, 20, and 30 min and protein
extracts were collected. For recovery time kinetics, cells were treated with MMS for 30 min and
washed thoroughly twice with 1x PBS to remove MMS. Cells received fresh medium and were
allowed to recover from MMS damage for 0, 1, 2, 4, 6, and 24 h prior to total protein extraction.
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2.4 Plasmid Constructs
Myc tagged TRF2, Myc TRF2 ΔRAP1, Myc TRF2 ΔB, Myc TRF2 ΔM and Myc TRF2
ΔBΔM constructs were kind gifts from Dr. Titia De Lange, Rockefeller University, NY, USA
(Figure 3.1.3.G) Flag tagged TRFH and Hinge constructs were kind gifts from Dr. Xu-Dong
Zhu, McMaster University, Hamilton, ON (Figure 3.1.3.G). Synthetic gene constructs of AThook mutants of HMGA2 with lysine and arginine residues replaced with alanine (Cattaruzzi et
al., 2007; Summer et al., 2009) and containing a C-terminal FLAG tag were manufactured by
Life Technologies (Figure 3.1.2.A).
2.5 Plasmid DNA Transient Transfection
Cells (1x106) were seeded in a 100 mm petri dish and grown overnight at 5% CO2 in a
37°C humidified incubator. Plasmid DNA (2 μg) was transiently transfected into cells for 48 h
using Effectene transfection reagent (Qiagen, Toronto, ON) according to the manufacturer’s
instructions.
2.6 RNA silencing
106 cells grown overnight in 100 mm culture dishes were transfected with 50 nM
scrambled control siRNA (Cell Signaling, Pickering, ON), 100 nM TRF2 siRNA and 100 nM
RAP1 siRNA (both Santa Cruz, Santa Cruz, CA) for 48 h using siLenFect lipid reagent (BioRad,

Mississauga,

ON),

after

which

nuclear

protein

extracts

were

collected

for

immunoprecipitation.
105 cells/ well in 6-well plates were cultured overnight and transfected with 100 nM of
HMGA2 siRNA (Sigma), 50 nM of CHK1 siRNA, and 50 nM of scrambled control siRNA (Cell
Signaling) using siLentFect lipid reagent (Bio-rad, Mississauga, ON). Total protein lysates were
collected at 24, 48, and 72 h and protein levels of HMGA2 and CHK1 were assessed by Western
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blot. Immunodetection of human CHK2 was performed on lysates of siCHK1 treated cells to
demonstrate the specificity of the CHK1 knockdown.
2.7 Co-Immunoprecipitation (co-IP)
Protein extraction and co-IP were performed as described previously (Kedar et al., 2008).
For immunoprecipitation of the telomeric shelterin proteins, nuclear extracts were employed.
The cytoplasmic fraction was first separated using the NE-PER kit according to the
manufacturer’s instructions (Thermo Scientific). The nuclear pellet was then lysed using two
volumes of the lysis buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM sodium chloride, 25
mM sodium fluoride, 0.1 mM sodium orthovanadate, 0.2% Triton X-100, 0.3% NP-40, and
protease inhibitors (Kedar et al., 2008). The mixture was incubated on ice for 40 min with
intermittent vortexing every 10 min, followed by centrifugation at 20,800g for 30 min at 4°C.
Supernatant containing the nuclear fraction was used for IP. 25μg of the nuclear extracts were
incubated with the primary antibody for 4 h at 4°C and then incubated at 4°C with a 1:1 ratio of
protein G-agarose (Roche, Laval, Quebec) and protein-A sepharose (GE Healthcare, Baie-D’
Urfé, Quebec) beads for 16 h. The complex was washed thrice with the same lysis buffer and
proteins were eluted by boiling the samples at 95°C in 3x SDS Laemmli buffer (Laemmli et al.,
1970).
For IP of ATR, total protein extracts were prepared. Briefly, cells (treated and control)
were washed with 1x PBS, scraped and collected by centrifugation. PBS was discarded and the
cell pellet was resuspended in two volumes of the same lysis buffer mentioned above. Protein
extracts were collected by incubation on ice for 30 min followed by centrifugation at 20,800g for
30 min. For IP of ATR, 1mg of protein was mixed with 2μg of anti-ATR goat polyclonal
antibody (Santa Cruz) and left rotating at 4°C for 4 h. The antigen-antibody mixture was then
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incubated with a 1:1 mixture of protein A-sepharose slurry (GE Health care) and protein Gagarose (Roche) beads for 16 h at 4°C. The complexes were washed four times with lysis buffer
and the immunoprecipitates were eluted using SDS elution buffer.
2.8 Immunoblot analysis
Protein extracts were separated by SDS PAGE, transferred onto a nitrocellulose
membrane (VWR, Mississauga, ON) and incubated for 1 h at room temperature (RT) in blocking
buffer specified by the antibody manufacturer. Primary antibody incubation was performed
overnight at 4°C and secondary antibody incubation was for 1h at RT. Bands were detected with
the ECL kit. The antibodies used are listed in the table below.
Table 2.1: List of primary and secondary antibodies used for Western blot/IP analysis.
Primary antibodies
No.

Antibody

Host species

Dilution

Application

1

TRF2

Mouse
monoclonal

1:200

WB/IP Imgenex #IMG-124A

2

phospho-TRF2
(pTRF2T188)

Rabbit
polyclonal

1:1000

WB

3

RAP1

4

POT1

5

HMGA2

6

Myc-Tag (71D10)

7

α-tubulin

8

Lamin A/C (N-18)

9

β –Actin (Clone
AC-15)

Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
monoclonal
Rabbit
polyclonal
goat
polyclonal
Mouse
monoclonal

1:2000

kind gift from Dr. David Gilley,
Indiana University School of
Medicine, Indianapolis, IN
Bethyl Laboratories
WB/IP
#A300-306A

1:500

WB

1:1000

WB/IP

1:1000
1:1000
1:500
1:10000
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Source

Abcam #21382

Cell Signaling Technology
#5269
Cell Signaling Technology
WB/IP
#2278
Cell Signaling Technology
WB
#2144
Santa Cruz Biotechnology
WB
#sc-6215
WB

Sigma #A5441

10
11

Monoclonal
ANTI-FLAG®
M2, (Clone M2)
Phospho-CDC25C
(Ser216) (63F9)

12

CDC25C (5H9)

13

CHK2

14

Phospho-CHK2
(Thr68)

15

ATM (D2E2)

16

Phospho-ATM
(Ser1981) (D6H9)

17

CHK1

18

CHK1 (2G1D5)

19

Phospho-CHK1
(Ser296)

20

ATR

21

ATR (N-19)

22
23

24
25

Phospho-ATR
(Ser428)
γH2AX (PhosphoHistone H2A.X
(Ser139)
Phospho
STAT3(Tyr705)
(D3A7) XP®
Total STAT3
(79D7)

26

PARP-1 (46D11)

27

XRCC1

28

PKCα

29

FEN-1

Mouse
monoclonal

1:1000

WB/IP Sigma #F1804

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:500

IP

Santa Cruz # sc-1887

1:1000

WB

Cell Signaling Technology
# 2853

Rabbit
polyclonal

1:1000

WB

Cell Signaling Technology
# 2577

Rabbit
monoclonal

1:1000

WB

Cell Signaling Technology
# 9145

1:2000

WB

1:1000

WB

1:1000

WB

1:1000

WB

1:1000

WB

Rabbit
monoclonal
Rabbit
monoclonal
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
monoclonal
Rabbit
monoclonal
Rabbit
polyclonal
Mouse
monoclonal
Rabbit
polyclonal
Rabbit
polyclonal
Goat
polyclonal
Rabbit
polyclonal

Rabbit
monoclonal
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
polyclonal
Rabbit
polyclonal
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Cell Signaling Technology
#4901
Cell Signaling Technology
#4688
Cell Signaling Technology
#2662
Cell Signaling Technology
#2661
Cell Signaling Technology
#2873
Cell Signaling Technology
#5883
Cell Signaling Technology
# 2345
Cell Signaling Technology
# 2360
Cell Signaling Technology
# 2349
Cell Signaling Technology
# 2790

Cell Signaling Technology
# 4904
Cell Signaling Technology
#9532
Cell Signaling Technology
#2735
Cell Signaling Technology
#2056
Bethyl laboratories #A300-256A

MPG
[EPR10959(B)]
APE1
[13B8E5C2]

Rabbit
monoclonal
Mouse
monoclonal

32

cathepsin-B

33

Lin28A

30
31

1:3000

WB

Abcam #ab155092

1:2000

WB

Abcam #ab194

Rabbit
polyclonal

1:500

WB

kind gift from Dr. E. Weber,
Martin-Luther-University, HalleWittenberg, Germany

Rabbit
polyclonal

1:1000

WB

Cedarlane # 11724-1-AP

Secondary antibodies
No.

Antibody

Host species

Dilution

Source

1

Anti-mouse-HRP

Goat polyclonal

1:10000

Sigma #A5278

2

Anti-rabbit - HRP

Goat polyclonal

1:2000

Cell Signaling Technology #7074

3

Anti-goat-HRP

Rabbit polyclonal

1:10000

Santa Cruz Biotechnology #sc-2768

4

Anti-mouse-HRP

Horse polyclonal

1:2000

Cell Signaling Technology #7076

5

Anti-mouse-HRP

Rat monoclonal
(True blot for IP)

1:1000

Rockland #18-8817-31

6

Anti-rabbit-HRP

(Clean blot IP kit)

1:100

Thermo Fisher Scientific #21232

2.9 Immunofluorescence
The C1 human fibrosarcoma cells were cultured on 3-aminopropyl triethoxysilane
(APTES, Sigma) coated glass slides plus/minus doxycycline (4μg/ml) for 48 h to attain
HMGA2low and HMGA2+ cells, respectively. For focal nuclear localization of HMGA2 and
TRF2, cells were fixed for 20 min in 3.7% formaldehyde (Fisher Scientific), permeabilized using
0.25% Triton X-100 and blocked with 4x SSC/4%BSA for 1 h at RT. Primary antibodies for
HMGA2 (D1A7) (rabbit monoclonal, Cell Signaling) and TRF2 (mouse monoclonal, Imgenex)
were incubated for 1h at RT followed by 1 h incubation at RT with secondary antibodies such as
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Alexa Fluor (AF) 488 conjugated goat anti-rabbit IgG and AF594 conjugated goat anti-mouse
IgG (both Life Technologies). Slides were then counterstained with DAPI (Sigma), mounted
with Vectashield (Vector Laboratories, Burlington, ON) and imaged with a Zeiss Z1 microscope
using a 63x oil immersion objective with numerical aperture of 1.4 and Axio Vision Software
(Zeiss, Jena, Germany). Images were captured as Z-stacks and deconvolved. Following
deconvolution, colocalization analysis was performed using the ImageJ colocalization plugin on
single, segmented nuclei as described previously (Fumagalli et al., 2012). The colocalizing
signals were extracted and displayed as a separate image. 50 nuclei were randomly analysed
under each experimental condition and the average number of colocalizing spots per nucleus was
graphed with error bars representing standard errors of the means.
In order to detect DNA damage, cells were treated with MMS (Sigma) for 30 min and
then washed twice with 1x PBS. For nuclear co-localization of HMGA2 and γH2AX, cells were
fixed with 3.7% formaldehyde, blocked with 1% BSA containing 0.1% Triton X-100 plus 5%
serum (of species from which the secondary antibody was raised) for 2 h at RT and incubated
with the primary antibodies goat anti-HMGA2 (Santa Cruz) and mouse anti-γH2AX (Millipore,
Billerica, MA) in blocking solution at 4°C overnight prior to incubation with FITC conjugated
swine anti-goat (DAKO, Burlington, ON) and AF594 conjugated rabbit anti-mouse (Life
Technologies) for 1 h at RT. Slides were counterstained with 0.1 μg/ml DAPI (Sigma), cover
slipped with Vectashield (Vector Laboratories) and the cell nuclei were imaged using a Z1
microscope (Zeiss).
Tumor spheres were fixed in 3.7% formaldehyde for 20 min at RT, nonspecific binding
sites were blocked with 10% goat normal serum (Sigma) containing 0.1% Triton X-100 for 1 h at
RT and immunostained at 4°C overnight with specific antibodies against the stem/progenitor cell
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markers SSEA1 (mouse monoclonal IgM, Stemcell Technologies, BC, Canada) and HMGA2.
Cells were washed three times with PBS and incubated with AF594 conjugated goat anti-mouse
IgM for SSEA1 and AF488 conjugated goat anti-rabbit IgG for HMGA2 for 1 h at RT. For
nuclear staining, tumor spheres were counterstained with DAPI and mounted with Fluoromount
aqueous mounting medium.
The antibodies used for immunofluorescence and their dilutions are listed in the table below.
Table 2.2: List of primary and secondary antisera used for immunofluorescence studies.
Primary antibodies
No.

Antibody

1

TRF2

2

HMGA2 (D1A7)

3

53BP1

4
5

γH2AX Ser139
(Clone JBW301)
SSEA1 (CD15);
(Clone MC-480)

Host
species
Mouse
monoclonal
Rabbit
monoclonal
Rabbit
polyclonal
Mouse
monoclonal
Mouse
monoclonal

Dilution

Source

1:300

Imgenex #IMG-124A

1:4000
1:200

Cell Signaling Technology
#8179
Cell Signaling Technology
#4937

1:5000

Millipore # 05-636

1:100

Stem cell Technologies
#60060PE.1

Secondary antibodies
No.

Antibody

Host
species

Dilution

Source

1

Anti-rabbit AF488

goat

1:1000

Life Technologies #A11034

2

Anti-mouse AF594

rabbit

1:1000

Life Technologies #A11062

3

Anti-goat FITC

swine

1:2000

Caltag laboratories #G50001
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2.10 Immuno-FISH
C1 cells (untreated and dox treated) were grown overnight on APTES coated glass slides,
fixed with 3.7% formaldehyde in PBS for 20 min at RT and permeabilized with 0.25% Triton X100 for 10 min at RT. After blocking for 1 h at RT with 4% BSA in 4x SSC buffer, slides were
incubated for 1 h at RT with primary antibodies to HMGA2 (D1A7) (rabbit monoclonal) or
53BP1 (rabbit polyclonal, both Cell Signaling) or TRF2 (mouse monoclonal). After washing,
pepsin (Sigma) digestion was done for 4 min at 37°C. Slides were post-fixed in 3.7%
formaldehyde for 2 min at RT followed by dehydration through an ethanol series.
Fluorochrome–coupled (Cy3) Telomere Peptide Nuclei Acid (PNA) probe (DAKO) was applied
(5µl probe/slide) and following the denaturation at 80°C for 3 min, hybridization was done for 2
h at 30°C. Slides were washed at RT in 70% deionized formamide (Sigma) in 10 mM Tris pH
7.4, followed by 2x SSC (5 min at 55°C), 0.1x SSC and 2x SSC/0.05%Tween-20 at RT.
Secondary antibody AF488 goat anti-rabbit IgG or AF488 goat anti-mouse IgG (both Life
Technologies) was applied to the slides and incubated for 1 h at RT. Slides were washed in 2x
SSC/0.05% Tween 20, counterstained with DAPI (Sigma), mounted with Fluoromount G
(Southern Biotech, Birmingham, AL) and imaged on a Zeiss Axio Imager.Z1 using a 63x oil
immersion objective with numerical aperture of 1.4.
2.11 Image Acquisition and Analysis
The slides were imaged on a Zeiss Axio Imager.Z1 using a 63x oil immersion objective
with numerical aperture of 1.4. Fluorescent images were captured as Z-stacks (45 slices per
nucleus with a slice thickness of 0.2 uM) using Axiovision software. Single nucleus was
segmented using ROI (Region Of Interest) option and the Z-stacks were then deconvolved using
constrained iterative algorithm.

52

Deconvolved images obtained from immunoFISH experiments were processed using
Teloview (Vermolen et al., 2005) and Tools for Analysis of Nuclear Genome Organization
(TANGO) (Ollion et al., 2015) softwares to determine the number of telomere signals, telomere
aggregates per nucleus and the length of the telomeres. A minimum of 50 nuclei from each group
was analysed.
Deconvolved images obtained from immunoFISH and immunofluorescence experiments
were processed for colocalization using NIH ImageJ Software (v. 1.48) (Fumagalli et al., 2012)
and TANGO software (Ollion et al., 2015). A minimum of 50 nuclei from each treatment group
was analysed.
2.11.1 Co-localization Analysis by ImageJ (Colocalization plugin)
The deconvolved slices in .zvi format were merged into one using the extended depth of
focus menu and then converted to .tiff format (tagged image file) for colocalization analysis.
Representative images shown here are extended depth of focus of the Z-stacked images.
Colocalization analysis was performed using the ImageJ colocalization plugin (Fumagalli et al.,
2012, Ali et al., 2014) on single segmented nuclei. A merged image was opened using ImageJ
software, the channels were split and the corresponding colors were given to each channel using
the look-up tables menu. Red-Cy3 (telomere, red) and Green-Alexafluor 488 (TRF2 or HMGA2
or 53BP1, green) channels were subjected to colocalization analysis. The software compares the
distance in pixels in both the channels one by one and the signals were considered colocalized
when the pixel (x,y) in the first channel exactly overlapped with the same pixel distance in the
other channel and when their respective signal intensities were higher than the predefined
threshold value. In addition, for these overlapping pixels, signals were only considered
colocalized when the ratio of their signal intensities was >50%. The colocalizing signals were
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extracted and displayed as a separate binary image. Fifty nuclei were randomly analysed under
each experimental condition and the average number of colocalizing spots per nucleus was
graphed with error bars representing standard errors of the means.
2.11.2 Co-localization Analysis by TANGO (an ImageJ plugin)
Deconvolved image slices in .zvi format were loaded into the TANGO plugin for ImageJ
where the DAPI and Cy3 signals were processed as nuclei and telomeres, respectively. All the
structures were segmented using the stock segmentation and background was removed for
AF488 and Cy3 signals with a tophat filter. Signal quantification was performed for AF488
(HMGA2 or 53BP1 or TRF2) and Cy3 (telomere) signals and simple geometric measurements
were taken for the nuclei and Cy3 signals. Finally, distance measurements between AF488 and
Cy3 signals were determined for colocalization purposes with any signals separated by a distance
less than the optical resolution after deconvolution (102 nm) designated as colocalized.
2.12 Proximity Ligation Assay (PLA)
PLA experiments were done using the Duolink kit (cat# DUO92101, Sigma) according to
manufacturer’s instructions using the red detection reagents and Mouse Minus and Rabbit Plus
reagents. C1 cells were grown on microscope slides with hydrophobic wells (CSM Inc. HTC
supercured, white, 10 well, 7mm) coated with APTES (Sigma) and fixed for 30 min at RT in
3.7% formaldehyde. Following permeabilization in 0.25% Triton X-100 for 10 min, cells were
incubated with blocking solution (Duolink kit) for 30 min at 37°C. Primary antibody dilutions
were made in the antibody diluent provided (Duolink Kit) and applied to respective wells for 1 h
at RT. Antibodies used were HMGA2 (D1A7) (rabbit monoclonal), TRF2 (mouse monoclonal),
RAP1 (rabbit polyclonal), rabbit IgG (DAKO), and mouse IgG (Sigma). After washing 2x in
wash buffer A (Duolink kit), PLA probes were added according to manufacturer’s instructions
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and incubated for 1 h at 37°C. This incubation was followed by 2x washing in wash buffer A.
Ligation was carried out at 37°C for 30 min, then washed 2x in wash buffer A. Amplification
was carried out in the dark according to manufacturer’s instructions for 100 minutes at 37°C.
Slides were then washed 2x in wash buffer B (Duolink kit) and 1x in 0.01x wash buffer B, then
air-dried, coverslipped using the provided mounting medium with DAPI and imaged on a Zeiss
Axio Imager.Z1 with Axio Vision software. Images were composed of 45 z-stacks at 0.2 μm
thickness. Individual nuclei were deconvolved and a minimum of 30 nuclei were processed for
PLA foci quantification using the Duolink Image tool software. Distinct PLA foci were formed
as follows. The two proteins under investigation were targeted by their corresponding primary
antibodies raised in two different species. Their respective secondary antibodies then follow,
which are the PLA probes (plus and minus) each possessing a short DNA strand that can
interact/ligate with each other only when the two proteins being studied are <40nm apart. The
ligated strands undergo rolling circle amplification that is then probed with a fluorochrome
labelled complementary oligonucleotide detection reagent. We used a red detection reagent and
hence the red fluorescence from each amplified product appeared as a distinct red dot and was
counted as PLA foci. Each PLA foci detected in situ represents a distinct protein-protein
interaction site.
2.13 Anaphase Bridges and Micronuclei
Cells were grown overnight on APTES coated glass slides and fixed with either
methanol:acetic acid (3:1 ratio) or 3.7% formaldehyde. Following nuclear staining with DAPI,
slides were coverslipped with Fluoromount G (Southern Biotech) and imaged using Zeiss Z2
microscope and Zen Software. Slides were screened for anaphase bridge structures and
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micronuclei among a random 300 nuclei imaged. Triplicate experiments were performed and
percentages of anaphase bridges and micronuclei were calculated.
2.14 Cell cycle analysis by Fluorescent Activated Cell Sorting (FACS)
For cell cycle FACS analysis, 2x 106 cells were exposed to 2 mM MMS for 30 min at
37oC and allowed to recover for 0, 1, 2, 4, 6, and 24 h before being harvested and fixed in 70%
ethanol at 4°C overnight. Cells were washed with ice cold PBS followed by treatment with 1
μg/ml RNAse for 2 h at 37°C. One hour prior to FACS, cells were stained with 10 μg/ml
propidium iodide (Sigma). Cell cycle profiles were obtained with a MoFloXDP flow cytometer
(Beckman Coulter) using Summit 5.2 software.
2.15 Cytotoxicity Assay
To determine the EC50 for KML001 (Sigma), 5000 cells per well were seeded in a 96well plate format and cultured overnight. The cells were treated with increasing concentrations of
KML001 for 24 h after which WST reagent (Roche, Laval, QC) was added.
For the recovery experiments, cells were seeded at 7x103 cells/well in 96-well plates and
grown overnight prior to siRNA knockdown of HMGA2 and/or CHK1 for 24h. Cells were
subjected to MMS treatment for 30 min followed by a 24 h and 48 h recovery period after which
WST reagent (Roche) was added.
With human GB cells, 5000 cells/well were seeded in a 96-well plate format, cultured
overnight, and treated with HMGA2 siRNA (#SASI-HS01 000 98053, Sigma) for 48 h followed
by 24 h drug treatments. This included increasing concentrations of TMZ, Netropsin
dihydrochloride (NET), Pentamidine isethionate (PEN) and Dovitinib (DOV) (all Sigma) after
which WST reagent (Roche) was added.
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Killing curves or percentage of cell survival was determined by measuring the
absorbance at 450 nm using a 96-well plate reader (Molecular Devices, CA, USA), 4 h after
incubation with the WST reagent (Roche).
2.16 Caspase-3/7 Activity Assay
Caspase-3/7 activity assay (Promega) was performed according to the manufacturer’s
protocol to determine the percentage of apoptotic cells, using a 96 well plate reader (Perkin
Elmer, Woodbridge, ON). Cells (5000 cells/well) were seeded in a white-bottom 96-well plate
and cultured overnight. Following siRNA and drug treatments for the indicated time points,
caspase-3/7 activation was determined with the Caspase-Glo 3/7 reagent (Promega) and
luminescence was determined with a plate reader after 1 h incubation at RT.
2.17 Fluorescent detection of active caspase 3/7
Qualitative detection of apoptosis via active caspases 3/7 on live cells was performed
using Fluorescent

Labeled Inhibitor of Caspases (FLICA)

apoptosis detection kit

(Immunocytochemistry Technologies, Bloomington, MN). Doxycycline untreated and treated C1
fibrosarcoma cells were grown on poly-D-lysine coated 8-chamber culture slides (BD
Biosciences, Mississauga, ON) and transfected with CHK1 siRNA followed by MMS treatment
and 24 h recovery. The carboxyfluorescein labeled (FAM-DEVD-FMK) FLICA probe that
covalently binds to active caspases 3 and 7 was added to the cells and incubated for 1 h at 37°C
under 5% CO2. Cells were then counterstained with Hoechst 33342 and fluorescence was
analyzed with a Z1 microscope (Zeiss).
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2.18 Xenograft mouse model
Animal experiments were approved by the University of Manitoba animal ethics board.
For intracranial xenografting, U87MGluc cells (1.5x 105 cells/µl) were stereotactically injected
into the right striatum of 8-12 week old Rag2-/-γc-/- immunocompromised mice [coordinates:
+0.5 mm anterior, 2.5 mm lateral, 3.0 mm ventral from bregma]. Tumor development was
monitored by in vivo bioluminescence imaging. Mice developed intracranial tumors 2-3 weeks
following xenografting. Mice were sacrificed and brain tissues were immediately fixed in
buffered formalin and processed for histology and immunohistochemistry.
2.19 Immunohistochemistry
Deparaffinated xenograft sections (5 µm) were incubated with 3% H2O2 in methanol for
20 min in the dark to quench endogenous peroxidase. Antigen retrieval was done by boiling the
tissue sections in citrate buffer, pH 6.0, for 4 min, followed by incubation at 90°C for 35 min.
Tissue sections were incubated for 1 h at RT in 5% goat normal serum (Sigma) in TBST (TrisBuffered Saline with 0.1% Tween 20) to block non-specific binding sites. The tissue sections
were incubated with an antibody against HMGA2 (D1A7) (1:200, rabbit monoclonal, Cell
Signaling) overnight at 4°C. A rabbit isotype IgG1 served as negative control. After incubation
with biotinylated anti-rabbit IgG (catalogue# BA-1000, Vector Laboratories, CA, USA) at 1:200
for 1 h at RT, followed by 30 min incubation with streptavidin conjugated horseradish
peroxidase (Vectastain Elite ABC Kit; catalogue# PK-6100, Vector Labs, ON, Canada), specific
immunostaining was developed with DAB substrate (catalogue# PI-34002, Thermo Scientific).
Tissue sections were counterstained with hematoxylin and coverslipped prior to bright field
imaging with a Zeiss A2 microscope (Zeiss).
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2.20 RT-PCR
Using 1 μg of total RNA and random primers (Promega), cDNA was synthesized at the
following temperatures: 65°C for 5 min, 25°C for 10 min, 42°C for 50 min and 70°C for 15 min.
The following primers were used to detect HMGA2 expression: F-huHMGA2 5’CACTTCAGCCCAGGGACAACC-3’; R-huHMGA2 5’-CCTCTTCGGCAGACTCTTGTGA3’. PCR conditions consisted of 3 min initial denaturing at 95°C, followed by 40 cycles of 1 min
denaturing at 95°C, annealing at 63°C for 1 min, extension at 72°C for 2 min and PCR was
terminated with a final extension step at 72°C for 10 min.
2.21 Sphere formation assay
U87 MG human GB cells were grown as tumor spheres in stem cell medium (as
described above) for 7 days. Cells were dispersed as single cells using cell dissociation buffer
(Life Technologies) and 5000 sphere forming U87 MG stem cells were seeded per well in stem
cell medium in a 96-well plate format for WST cytotoxicity and caspase 3/7 apoptosis assays.
20,000 cells/well were seeded in a low attachment 24-well plate for counting the number of
spheres. Dovitinib or HMGA2 siRNA treatments were performed for 3 days followed by
cytotoxicity and caspase 3/7 measurements. Percentage survival and apoptosis were determined
using a plate reader as described above. The number of spheres was counted using a 20x
objective under a phase contrast microscope (Zeiss).
2.22 Statistical Analysis
All the experiments were performed at least in triplicate. Two-tailed unpaired t-tests, oneway analysis of variance (ANOVA) and repeated measures two-way ANOVA (mixed model)
were performed to measure the statistical significance among different treatment groups.
Bonferroni and Tukey’s post-hoc statistical tests were performed to ensure statistical significance
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of the grouped analyses and multiple comparisons. For all tests, p<0.05(*) was considered as
statistically significant. Error bars represent the standard error of the mean.
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CHAPTER 3: RESULTS AND DISCUSSION
This chapter details on the experimental results and discussion that address three specific
aims.
3.1 Aim I: To examine if HMGA2 confers chemoresistance onto cancer cells by associating with
the shelterin complex at telomeres and whether HMGA2 contributes to telomere maintenance
and stability.
3.2 Aim II: To investigate whether HMGA2-mediated protection in human cancer cells involves
ATR/CHK1 signaling and contributes to cancer cell survival.
3.3 Aim III: To determine the role of HMGA2 in chemoresistance to the alkylating drug TMZ in
GB and whether TMZ in combination with DNA minor groove binders can increase cell death in
HMGA2+ GB.

61

(3.1) Aim 1: To examine if HMGA2 confers chemoresistance onto cancer cells by
associating with the shelterin complex at telomeres and whether HMGA2 contributes to
telomere maintenance and stability
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3.1 Mechanisms of the protective role of HMGA2 at telomeric DNA - SYNOPSIS
HMGA2 plays important roles in the protection and repair of genomic DNA and in
maintaining genomic stability. HMGA2 is present at mammalian metaphase telomeres (Disney et
al., 1989) and its loss induces metaphase chromosomal aberrations (Yu et al., 2014). However,
the functional role of HMGA2 at telomeres is unknown.
This section unveils a novel protective function of HMGA2 at telomeres. HMGA2 was
found to localize at telomeres and interact with TRF2, independently of TRF2 interacting partner
RAP1. The TRF2-HMGA2 protein interaction was independent of HMGA2-DNA binding and
unaffected by DNA damage. Loss of HMGA2 increased telomere dysfunction as evidenced by
increased phosphorylation of TRF2, decreased TRF2 retention at telomeres and subsequent
accumulation of telomeric aggregates, anaphase bridges and micronuclei. These results suggest a
hitherto unknown role of HMGA2 in stabilizing telomeres and promoting genomic stability in
cancer cells.
This section is based, in part, on the following publication: “Natarajan S, Begum F, Gim
J, Wark L, Henderson D, Davie JR, Hombach-Klonisch S, Klonisch T (2015b). High Mobility
Group A2 protects cancer cells against telomere dysfunction. Oncotarget, in press”.
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3.1.1 RESULTS
3.1.1.1 HMGA2 interacts with TRF2
In all cancer cell lines with endogenous HMGA2 production (HT1080/C1 fibrosarcoma
transfected with a doxycyclin (dox) regulated shHMGA2 construct and RD rhabdomyosarcoma
cells) as well as HMGA2 over-expressing transfectants of UTC8505, HMGA2 was exclusively
detected in nuclear protein extracts. C1 cells showed down-regulation of endogenous HMGA2
within 48 h of dox treatment (Fig. 3.1.1 A) (Natarajan et al., 2013; Summer et al., 2009; Yu et
al., 2014). Changes in cellular HMGA2 levels had no effect on the TRF2 baseline protein
expression levels (Fig. 3.1.1 B). Combined immunofluorescence for HMGA2 and telomere FISH
revealed the localization of HMGA2 at telomeres in interphase nuclei (Fig. 3.1.1 C). Dox
treatment almost abolished the presence of HMGA2 foci in C1 cells, confirming the specificity
of HMGA2 detection (Fig. 3.1.1 C). Upon quantification by ImageJ, we observed on average
thirteen HMGA2-telomere colocalizing foci per nucleus in HMGA2+ cells vs. 1-2 foci in
HMGA2low dox treated control cells (Fig. 3.1.1 D). Thus, 14.5% of the average telomere signals
per nucleus as determined by Teloview analysis (Fig. 3.1.5), showed colocalization with
HMGA2 foci. Co-IP of HMGA2 resulted in the specific pull-down of TRF2 in nuclear protein
extracts of C1 and UTC8505 transfectants (Fig. 3.1.1 E) and reverse co-IP with TRF2 resulted in
the detection of HMGA2 in RD rhabdomyosarcoma cells (Fig. 3.1.1 F). Treatment with the
alkylating agent MMS had no effect on this interaction (Fig. 3.1.1 E, F). We assessed the
specificity of the antibodies used in our co-IP studies using specific RNAi mediated knockdown
(kd), followed by pull-down experiments. Upon RNAi mediated kd of TRF2, IP and subsequent
Western blot detection with the antibody to human TRF2 failed to detect TRF2 (Fig. 3.1.1 G). In
addition, we were unable to detect the TRF2 interaction partner RAP1 used as positive control in
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the TRF2 co-IP studies (Fig. 3.1.1 G). When the TRF2 antibody was used for co-IP on doxtreated HMGA2low C1 cells, the HMGA2 antiserum failed to detect HMGA2 in the IP, despite
the fact that RAP1 was detectable. This indicates successful co-IP of TRF2 and RAP1
independent of HMGA2. These results validated the specificity of the HMGA2 antibody used
(Fig. 3.1.1 A, H).
Using co-immunofluorescence imaging, we identified colocalizing foci of HMGA2 and
TRF2 in interphase nuclei of cancer cells (Fig. 3.1.1 I). On average, 27 colocalized foci per
nucleus were observed in HMGA2+ C1 cells versus a negligible number of colocalized spots
upon HMGA2 kd (Fig. 3.1.1 J). To probe the colocalization of HMGA2 with TRF2 further, we
employed a proximity ligation assay (PLA), which is a highly sensitive protein colocalization
technique capable of detecting two proteins < 40nm apart (Soderberg et al., 2006) (Fig. 3.1.1 K).
PLA confirmed the known interaction between TRF2 and RAP1 used as positive control. We
detected on average approximately five HMGA2-TRF2 PLA foci per nucleus, whereas 0-1 PLA
foci were detected with the individual antibodies; non-immune IgG isotypes and the PLA probe
only were used as negative controls (Fig. 3.1.1 L).
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Figure 3.1.1
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Figure 3.1.1
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Figure 3.1.1

68

Figure 3.1.1: HMGA2 interacts with TRF2.
Western blot showing HMGA2 expression (A) in the three different cell models used in the
study: endogenous HMGA2 expressers HT1080 (C1) fibrosarcoma and rhabdomyosarcoma
(RD) cells and exogenous HMGA2-expressing transfectants of undifferentiated thyroid cancer
UTC8505. C1 cells contain a doxycycline (dox)-inducible shHMGA2 construct for doxmediated downregulation of endogenous HMGA2. Protein levels of TRF2 are shown by Western
blot in the endogenous and overexpressing HMGA2 producers (B). β-actin was used as loading
control. Immuno-FISH showing HMGA2 localization at telomeres (C). Blue-Nucleus; RedTelomeres; Green-HMGA2; yellow- Telomere-HMGA2 colocalizing spots. A total of 50 nuclei
were quantified and the graph shows the average number of Telomere-HMGA2 colocalizing
spots per nucleus (D). Interaction of HMGA2 with TRF2 +/-MMS is shown by HMGA2 coimmunoprecipitation (co-IP) from nuclear extracts of C1 and UTC8505 cells (E) and by TRF2
co-IP in rhabdomyosarcoma cells (F). Appropriate IgG controls were employed. IP was carried
out from nuclear extracts of C1 cells to determine specificity of TRF2 and HMGA2 antibody
used. TRF2 was knocked down by TRF2 siRNA (G) and HMGA2 was knocked down by
treatment with doxycycline (H) after which IP with anti-TRF2 was performed. Both TRF2 and
HMGA2 were not detected upon pull down with the TRF2 antibody or the isotype control
antibody, showing the detection specificity of the antibodies used for IP. RAP1 was still detected
after TRF2 pull-down in dox-treated C1 cells (H), confirming the effectiveness of the dox
treatment and the specificity of HMGA2 detection. Double immunofluorescence displaying
colocalization of TRF2 and HMGA2 (I). Blue-Nucleus; Red-TRF2; Green-HMGA2; yellowTRF2-HMGA2 colocalizing spots. A total of 50 nuclei were quantified and the graph shows the
average number of TRF2-HMGA2 colocalizing spots per nucleus (J). Doxycycline treated
HMGA2low cells were used as negative control. Proximity Ligation Assay (PLA) confirmed the
colocalization of TRF2 and HMGA2 (K). Blue-Nucleus; Red-PLA foci. TRF2-RAP1 was used
as positive control. Appropriate single primary antibodies, isotype control and PLA probes only
were used as negative controls. A total of 30 nuclei were quantified and the graph shows the
average number of PLA foci per nucleus (L). Quantitative data are shown as mean +/- SEM;
***p<0.001.
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3.1.1.2 Functional AT-hooks or genomic DNA are not required for the HMGA2-TRF2
interaction
The three multi-functional basic AT-hook motifs facilitate the binding of HMGA2 to ATrich regions within the minor groove of DNA, possess lyase activity, and contain a nuclear
localization signal in AT-hook 2 (Cattaruzzi et al., 2007; Summer et al., 2009). We generated
FLAG-tagged HMGA2 mutants in which all lysine and arginine residues within the first and
second or in all three AT-hooks were mutated to alanine (Fig. 3.1.2 A). These HMGA2 mutants
had been shown to be unable to bind DNA (Cattaruzzi et al., 2007; Summer et al., 2009). Upon
transient transfection into HEK293T cells, both AT-hook mutants were still able to co-IP TRF2
(Fig. 3.1.2 B). Furthermore, DNAse digest of genomic DNA present in the nuclear extracts did
not diminish the HMGA2-TRF2 interaction (Fig. 3.1.2 C, D). Thus, the HMGA2-TRF2
interaction did not require functional AT-hooks or DNA binding by either HMGA2 or TRF2.
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Figure 3.1.2
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Figure 3.1.2: Functional AT-hooks or genomic DNA are not required for the HMGA2TRF2 interaction.
Schematic depiction of Flag tagged HMGA2 AT-hook mutants after alanine mutagenesis to
replace arginines and lysines (A). DNA independent interaction of HMGA2 with TRF2 was
observed upon Flag IP performed from nuclear extracts of HEK293T cells transiently transfected
with the Flag tagged HMGA2 AT-hook mutants (B). When the genomic DNA was cleaved upon
digestion with DNase (C) nuclear extracts used for IP again showed the DNA independent
formation of HMGA2-TRF2 protein complexes (D).
3.1.1.3 HMGA2 interacts with two specific TRF2 domains
Human TRF2 is composed of an N-terminal basic domain, a TRF homo-dimerization
domain (TRFH), a hinge region containing binding sites for RAP1 and TIN2, and a C-terminal
Myb-like DNA-binding domain (Bilaud et al., 1997; Broccoli et al., 1997). RAP1 is recruited to
telomeres by binding to TRF2 (Li and de Lange, 2003). To determine if RAP1 was required for
the HMGA2-TRF2 interaction, we utilized a TRF2 mutant construct with the RAP1 binding site
deleted (TRF2ΔRAP1) (Fig. 3.1.3 A) (Li and de Lange, 2003). We confirmed that the expression
of Myc tagged TRF2ΔRAP1 fusion protein was exclusively in the nucleus and not affected by
MMS treatment (Fig. 3.1.3 A). Although TRF2ΔRAP1 mutant was unable to bind RAP1, co-IP
revealed the interaction with HMGA2. MMS treatment had no effect on the interaction of
HMGA2 with native TRF2 or TRF2ΔRAP1 (Fig. 3.1.3 B). We verified these results using a
specific RNAi mediated kd of RAP1. RAP1 kd did not affect TRF2 expression (Fig. 3.1.3 C).
Following RAP1 kd, HMGA2 co-IP revealed the presence of TRF2 indicating that the
interaction between HMGA2 and TRF2 was independent of RAP1 (Fig. 3.1.3 D). Next, we
expressed human Myc-tagged TRF2 mutant constructs with a deletion of the basic domain
(TRF2ΔB), the Myb-like DNA binding domain (TRF2ΔM), and deletion of both domains
(TRF2ΔBΔM) (Fig. 3.1.3 E) (Smogorzewska and de Lange, 2002). Co-IP with the anti-Myc
antibody showed that all three Myc-tagged TRF2 mutant proteins were able to interact with
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HMGA2 (Fig. 3.1.3 E). Since the TRFH and hinge regions are common to all TRF2 mutant
constructs tested (Fig. 3.1.3 G), we studied the ability of FLAG-tagged constructs of both TRF2
molecular regions to interact with HMGA2 (Batenburg et al., 2012). When expressed in C1 cells,
both TRF2 mutant proteins were at least partially expressed in the nucleus (Fig. 3.1.3 F). AntiFLAG co-IP studies revealed that the individual TRFH and hinge region of human TRF2 were
each able to interact with HMGA2 (Fig. 3.1.3 F, G).
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Figure 3.1.3
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Figure 3.1.3: HMGA2 interacts with two specific TRF2 domains.
Western Blot showing nuclear localization of both the Myc tagged full length TRF2 and the
TRF2 construct with the RAP1 binding domain deleted (TRF2ΔRAP1) (A). Lamin a/c and αtubulin were used as nuclear and cytoplasmic markers, respectively. Nuclear extracts were
prepared from RD cells transiently transfected with Myc tagged full length TRF2 and
TRF2ΔRAP1. Myc tag IP was performed. Both the full length TRF2 and TRF2ΔRAP1
interacted with HMGA2 independent of MMS (B). Western blot analysis demonstrated that
specific RNAi kd of RAP1 did not interfere with the expression of TRF2 (C). β-actin was used
as loading control. Nuclear extracts prepared from RAP1 kd cells were treated with and without
MMS. Subsequent HMGA2 IP showed an interaction of HMGA2 with TRF2, despite RAP1 kd
(D). Appropriate IgG controls were employed. Myc tagged TRF2 constructs (full size (fz), ΔB,
ΔM, ΔBΔM) and flag tagged TRF2 constructs (TRFH and Hinge) were transiently transfected
into C1 cells. After 48 h, nuclear and total extracts were prepared and processed for co-IP. Using
an anti-Myc tag antiserum, co-IP demonstrated an interaction of all four Myc tagged TRF2
constructs with HMGA2 (E). Co-IP with the anti-Flag tag antiserum on total and nuclear extracts
and reverse co-IP with a specific antiserum to HMGA2 were also performed. All co-IP studies
demonstrated the interaction of HMGA2 with the TRFH and hinge domains of TRF2 (F).
Appropriate IgG controls were employed. Schematic representation of the truncated constructs of
TRF2 with Myc and Flag tags and their HMGA2 interaction as shown by co-IP (G).
3.1.1.4 HMGA2 has a novel role in telomere end protection
Loss of HMGA2 promotes increased genomic instability and this coincided with the
occurrence of chromosomal aberrations in cancer cells, including dicentric chromosomes shown
to be the result of impaired telomere end protection (Louis et al., 2005; Yu et al., 2014).
Telomeric dysfunction can lead to impaired chromosomal segregation by initiating repeated
Breakage-Bridge-Fusion (BBF) cycles that generate anaphase bridges and micronuclei (Fenech,
2006; McClintock, 1951; Sabatier et al., 2005). To assess the role of HMGA2 in chromosomal
instability, we compared HMGA2negative UTC8505 mock cells (Fig. 3.1.4 A) with HMGA2 overexpressing UTC8505 transfectants (Fig. 3.1.4 B) or dox-treated HMGA2low C1 cells (Fig. 3.1.4
C) with endogenous HMGA2+ C1 cells (Fig. 3.1.4 D). Intriguingly, the presence of HMGA2
resulted in a significantly reduced percentage of anaphase bridges in both cancer cell models
(Fig. 3.1.4 E, F). To determine the presence of anaphase bridges, cells were fixed with either
3.7% formaldehyde (Fig. 3.1.4 E) or methanol:acetic acid (Fig. 3.1.4 E, M). Formaldehyde is a
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protein crosslinking fixative which conserves protein-DNA complexes, whereas methanol:acetic
acid strips proteins from DNA to reveal protein-free DNA structures. Both fixation methods
confirmed that the formation of anaphase bridges was reduced significantly in the presence of
HMGA2. Similar results were obtained for micronuclei in UTC8505 mock (Fig. 3.1.4 G) vs.
UTC8505-HMGA2 transfectants (Fig. 3.1.4 H) and in HMGA2low C1 (Fig. 3.1.4 I) vs.
HMGA2+ C1 cells (Fig. 3.1.4 J). The percentage of micronuclei was found to be significantly
decreased in the presence of HMGA2 in both cancer cell models (Fig. 3.1.4 K, L).
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Figure 3.1.4
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Figure 3.1.4

Figure 3.1.4: HMGA2 decreases anaphase bridges and micronuclei.
Representative images of anaphase bridges in UTC8505 Mock clone 2 (A), UTC8505 HMGA2
clone 4 (B), C1+Dox (C) and C1-No Dox (D) fixed with 3.7% formaldehyde. Quantification of
the average percentage of anaphase bridges in UTC8505 Mock clone 2 and HMGA2 clone 4
under two different fixatives (E) and in C1 cells -/+ Dox fixed with 3.7% formaldehyde (F).
Representative images of micronuclei in UTC8505 Mock clone 2 (G), UTC8505 HMGA2 clone
4 (H), C1+Dox (HMGA2low) (I) and C1-No Dox (HMGA2+) (J). Quantification of the average
percentage of micronuclei in UTC8505 (K) and in C1 cells -/+ Dox (L). Quantitative data are
shown as mean +/- SEM; *p<0.05, **p<0.01. Representative images of anaphase bridges in
UTC8505 Mock clone 2 and UTC8505 HMGA2 clone 4 upon fixation with Methanol:Acetic
acid (M).
3.1.1.5 HMGA2 affects telomere architecture and alters telomere signatures in cancer cells
Having shown that HMGA2 diminishes telomere-mediated genomic instability in human
cancer cells, we wanted to determine if this telomere protective role of HMGA2 involves
changes in 3D telomere architecture (Danescu et al., 2013; Mai and Garini, 2005; Wark et al.,
2014). For these studies, we used C1 cells +/- dox to regulate the level of endogenously produced
HMGA2. Although HMGA2low C1 cells contained an increased number of telomeres, the
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distribution of average telomere fluorescence intensities was independent of HMGA2 (Fig. 3.1.5
A). In fig. 3.1.5 A, the x-axis denotes telomere intensity (arbitrary units, a.u.) and the y-axis
indicates the number of telomeres. The brightness of the fluorescent signal intensity is
proportional to the number of telomere probes hybridizing and it directly correlates to the length
of the telomeres. Both HMGA2+ and HMGA2low cells displayed similar telomere intensity
profiles reflecting that the distribution of telomere length was independent of the presence of
HMGA2. Telomere data were analyzed using two different software analysis packages, which
gave similar results (Fig. 3.1.5 A) (Mai and Garini, 2005; Ollion et al., 2013). In HMGA2low C1
cells vs. HMGA2+ cells, the enhanced number of telomere signals (Fig. 3.1.5 A, y-axis)
coincided with a significant increase in the number of telomere aggregates (a sign of telomeric
instability) indicating that loss of HMGA2 coincided with increased telomere instability (Mai
and Garini, 2005) (Fig. 3.1.5 B, C, D). Employing single cell analysis, we determined the effect
of HMGA2 on the number of telomere signals per nucleus in individual cancer cells. We
observed a shift towards cell populations with higher number of telomere signals in C1 cells with
diminished cellular HMGA2. This represented a significant change in distribution of the number
of telomere signals when compared to HMGA2+ cells (Fig. 3.1.5 E, F). Increased number of
telomere signals and aggregates in HMGA2low cells may represent end-to-end fused
chromosomes that generate anaphase bridges during cell division. These bridges break, fuse with
new chromosomes and undergo repeated Breakage-Bridge-Fusion cycles leading to telomere
instability (Mai and Garini, 2006; McClintock, 1951; Sabatier et al., 2005). Hence, we concluded
that the presence of HMGA2 reduced telomere instability in cancer cells.
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Figure 3.1.5
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Figure 3.1.5: HMGA2 affects telomere architecture and alters telomere signatures in
cancer cells.
Telomere FISH showing HMGA2+ C1 cells with less telomere signals (A, E), fewer telomere
aggregates (B, C) vs. dox treated HMGA2low C1 cells with increased telomere signals (A, F) and
an increase in aggregates (B, D) as analyzed by Teloview software. In addition to Teloview,
quantitative analysis with TANGO software showed similar results (A) for an average of 50
individual nuclei. 3D representation of the telomeric aggregates (pointed arrows) in a single
nucleus -/+ Dox (C, D). Single cell 3D telomere analysis was performed on 50 nuclei for each
group and nuclei were categorized according to the number of telomere signals (E, F).
Quantitative data are shown as mean +/- SEM; **p<0.01.
3.1.1.6 HMGA2 protects against telomeric TRF2 depletion and TIF formation
TRF2-depleted telomeres initiate the recruitment of DNA damage response factor 53BP1
which participates in the formation of telomere dysfunction induced foci (TIF) (Denchi and de
Lange, 2007; Takai et al., 2003), activates cell cycle checkpoints and promotes telomere end-toend fusions (Celli and de Lange, 2005; van Steensel et al., 1998). We hypothesized that HMGA2
contributes to the protection of telomeres by securing TRF2 at telomeres and attenuates TIF
formation in the presence and absence of DNA/telomere damage. We observed that diminished
cellular HMGA2 levels coincided with an approximate 40% reduction in TRF2 foci localized at
telomeres (Fig. 3.1.6 A, B). Next, we determined the number of TIF as reflected by 53BP1 foci
localized at telomeres (Fig. 3.1.6 C, D). Reduction in cellular levels of HMGA2 resulted in an
approximate 50% increase in the number of TIFs (Fig. 3.1.6 C, D). These HMGA2-induced
telomeric changes occurred in the absence of telomeric damage. Next, we determined TIF
formation in the presence of the telomere-targeting arsenite drug KML001 to assess whether
HMGA2 can aid in the protection of telomeres under telomere-specific stress (Phatak et al.,
2008). KML001 was used at its IC50 concentration where it causes half-maximal cell death (Fig.
3.1.6 G). When compared to untreated HMGA2+ C1 cells, KML001 treatment caused a 6-fold
increase in TIF numbers, indicating a telomere-damaging effect of KML001 (Fig. 3.1.6 D, F).
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When the cellular HMGA2 levels were diminished in Dox treated HMGA2low C1 cells, a
significant increase in the number of TIF (1.3 fold) was detected upon KML001 in comparison
with the KML001 treated HMGA2+ cells (Fig. 3.1.6 E, F). This suggested a telomere-specific
way by which HMGA2 can contribute to the protection of cancer cells against the actions of
telomere-targeting chemotherapeutic drugs.
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Figure 3.1.6

84

Figure 3.1.6

Figure 3.1.6: HMGA2 protects against telomeric TRF2 depletion and TIF formation.
Telomeric localization of TRF2 was determined by Immuno-FISH in C1 cells by co-staining for
TRF2 with telomeres in the presence (-Dox) and absence (+Dox) of HMGA2 (A). Blue-Nucleus;
Red-Telomeres; Green-TRF2; yellow- Telomere-TRF2 colocalizing spots. Telomere
dysfunction-Induced Foci (TIF) were evaluated by Immuno-FISH where 53BP1 protein was costained with a telomere specific probe in C1 cells in the presence (-Dox) and absence (+Dox) of
HMGA2 (C). Blue-Nucleus; Red-Telomeres; Green-53BP1; yellow- Telomere-53BP1
colocalizing foci. TIF were also determined following induction of telomeric damage with
KML001 (E). Average number of TRF2 signals per nucleus colocalizing with telomeres were
quantified and graphed (B) and quantification of the average number of telomere-53BP1
colocalizing foci (TIF) per nucleus are shown under HMGA2 knockdown (D) and upon
challenge with the telomere damaging agent KML001 (F). Quantitative data are shown as mean
+/- SEM; *p<0.05; **p<0.01; ***p<0.001. WST assay was performed to determine cytotoxicity
for increasing KML001 concentrations in C1 cells -/+ Dox treated for 24 h (G).
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3.1.1.7 HMGA2 affects the phosphorylation of TRF2 and the telomeric signaling cascade
Phosphorylated TRF2T188 is displaced from telomeres and recruited to genomic DNA
damaged sites (Buscemi et al., 2009; Huda et al., 2009; Tanaka et al., 2005). Telomeric loss of
TRF2 initiates a telomere specific signaling pathway, which includes ATM, its downstream
target CHK2 and CDC25C (cell division cycle 25C) (Thanasoula et al., 2012). We showed in
HMGA2low cells that the loss of TRF2 at telomeres coincided with a significant increase in
pTRF2T188 levels (Fig. 3.1.7 A, B). HMGA2 kd also resulted in markedly enhanced levels of
activated pATMS1981 and pCHK2T68 (Fig. 3.1.7 A, C, D), indicating that nuclear HMGA2 can
modulate the phosphorylation and activity status of the TRF2-ATM-CHK2 signaling axis. Next,
we studied the dual phosphatase CDC25C, which is a key regulator of mitotic entry and a
specific telomere damage target (Jessus and Ozon, 1995; Thanasoula et al., 2012). Loss of TRF2
at telomeres was shown to cause the phosphorylation of CDC25C at residue S216, which triggers
the cytoplasmic export and proteasomal degradation of pCDC25CS216 (Chang, 2012; Peng et al.,
1997; Thanasoula et al., 2012). HMGA2 kd resulted in a significant increase in pCDC25CS216
and nuclear total CDC25C (Fig. 3.1.7 A, E, F). We concluded that HMGA2 affects TRF2
occupancy at telomeres and modulates the activity status of the ATM-CHK2-CDC25C signaling
axis. In summary, we identified a novel function of HMGA2 in maintaining TRF2 occupancy at
telomeres and preventing telomere dysfunction-induced genomic instability in HMGA2+ cancer
cells. Our data suggest that, in part, this may be accomplished by HMGA2 attenuating
phosphorylation of TRF2 at telomeres.
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Figure 3.1.7

Figure 3.1.7: HMGA2 affects the phosphorylation of TRF2 and the telomeric signaling
cascade.
Representative Western blots are shown for the detection of phosphorylated TRF2, ATM, CHK2
and CDC25C in C1 cells under high and low HMGA2 status (-/+ Dox; A). Densitometric
analysis of the phospho proteins relative to total proteins were graphed for TRF2 (B), ATM (C),
CHK2 (D) and CDC25C (E). The average total CDC25C was quantified from nuclear protein
fractions (F). β-actin was used to control for equal loading of proteins. Quantitative data are
shown as mean +/- SEM; *p<0.05, **p<0.01.
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3.1.2. DISCUSSION
In the present study, we have identified HMGA2 as a new interaction partner of the key
shelterin member TRF2 at telomeres of interphase nuclei. We demonstrate a novel role of
HMGA2 in telomere protection in human cancer cells. Recently, we provided indirect evidence
for a possible involvement of HMGA2 in telomere maintenance by demonstrating that more than
80% of chromosomes in hydroxyurea-treated HMGA2low C1 cells displayed small terminal
deletions preferentially located on one sister chromatid (Yu et al., 2014). In addition, we
observed an increase in hydroxyurea-induced dicentric chromosomes upon silencing of
endogenous HMGA2 (Yu et al., 2014). Dicentric chromosomes occur as a result of dysfunctional
telomeres undergoing end-to-end chromosomal fusions (Louis et al., 2005). Upon segregation in
Breakage-Bridge-Fusion cycles (McClintock, 1951), dicentric chromosomes form fragile
anaphase bridges that will break and cause aneuploidy and genome instability (Sabatier et al.,
2005). Here we show that silencing of endogenous HMGA2 alone was sufficient to increase the
formation of micronuclei and anaphase bridges. The opposite biological effect was observed at
high levels of HMGA2 in different human cancer cells. While these cytogenetic changes
occurred in the absence of any genotoxic agent, HMGA2 was also capable of reducing telomere
dysfunction promoted by the telomere-targeting drug KML001 (Phatak et al., 2008; Woo et al.,
2014). To generate further evidence for a telomeric role of HMGA2 in cancer cells, we
performed 3D interphase telomere analysis, which quantifies telomere number and aggregate
formation independently of the presence or activity of telomerase (Mai and Garini, 2005).
Silencing of HMGA2 had no effect on telomere length distribution but increased the number of
telomere aggregates, reflecting increased telomere stress in HMGA2low cells. Importantly,
depletion of HMGA2 also promoted the occurrence of novel cancer cell subpopulations with
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higher telomere numbers, suggesting the evolution of new HMGA2low genomic phenotypes
fueled by telomere dysfunction with end-to-end telomere fusions followed by repeated BBF
cycles (Mai and Garini, 2005).
We identified TRF2, a key shelterin member responsible for telomere integrity, as an
interaction partner of HMGA2. Our immuno-FISH analysis revealed on average 14.5% of the
detected telomere signals colocalized with HMGA2 foci. Surprisingly, the Proximity Ligation
Assay (PLA) data only detected a small number of colocalized HMGA2-TRF2 signals (approx.
2-3% based on our PLA positive control for TRF2-RAP1), suggesting that the HMGA2-TRF2
interaction may require specific functional conditions which may involve the inherent
architectural properties of HMGA2 (Wolffe, 1994). Functionally relevant interactions with TRF2
at low incidence have been reported for other TRF2 interaction partners, including
Mre11/Rad50/Nbs1 (Zhu et al., 2000), XPF/ERCC1 (Zhu et al., 2003) and Cockayne syndrome
group B protein (Batenburg et al., 2012).
The HMGA2-TRF2 interaction occurred independent of genomic DNA and did not
require functional AT-hook and/or Myb DNA binding domains of HMGA2 and TRF2,
respectively. The N-terminal basic domain and the RAP1 binding motif located within the hinge
region (aa 286-299) of TRF2 were also dispensable for the HMGA2-TRF2 complex formation.
Intriguingly, we identified the physiological TRF2 interacting partner RAP1 as a new HMGA2
binding partner (Fig. 3.1.8 A). However, RAP1-HMGA2 complex formation was not required
for the interaction of HMGA2 with TRF2. Similarly TRF2-HMGA2 complex was not required
for interaction of HMGA2 with RAP1 (Fig. 3.1.8 B). In addition, we also found that HMGA2RAP1 interaction did not require the DNA binding functional AT-hooks of HMGA2 (Fig. 3.1.8
C). As an important indication of the specificity of the newly discovered HMGA2-TRF2 and
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HMGA2-RAP1 interaction, we were unable to co-IP the single stranded telomeric DNA binding
shelterin member POT1 with HMGA2 (Fig. 3.1.9 A, B)
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Figure 3.1.8

Figure 3.1.8: HMGA2 interacts with RAP1.
Interaction of HMGA2 with RAP1 +/-MMS is shown by RAP1 co-IP from nuclear extracts of
RD cells (A). Nuclear extracts prepared from TRF2 kd cells were treated with and without
MMS. Subsequent HMGA2 co-IP showed an interaction of HMGA2 with RAP1, despite TRF2
kd (B). Appropriate IgG controls were employed. DNA independent interaction of HMGA2 with
RAP1 was observed upon Flag IP performed from nuclear extracts of HEK293T cells transiently
transfected with the Flag tagged HMGA2 AT-hook mutants (C).
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Figure 3.1.9

Figure 3.1.9: HMGA2 does not interact with POT1.
No interaction of HMGA2 with POT1 is shown upon HMGA2 co-IP from nuclear extracts of
RD cells (A) and upon Flag IP performed from nuclear extracts of HEK293T cells transiently
transfected with the Flag tagged HMGA2 AT-hook mutants (B). Appropriate IgG controls were
employed.
We identified the TRF homology (TRFH) domain and hinge region as two TRF2 sites
capable of independently interacting with HMGA2. These two TRF2 domains are involved in a
two-step protective mechanism to ensure TRF2-mediated chromosomal end protection (Okamoto
et al., 2013). The TRFH domain of TRF2 is a direct binding site of ATM, and TRF2 is critical
for blocking the activation of ATM and its downstream target CHK2 to prevent the initiation of
telomere mediated DNA damage response (Bradshaw et al., 2005; Buscemi et al., 2009;
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Karlseder et al., 2004; Okamoto et al., 2013). HMGA2 specifically interacts with both TRF2
(this work) and ATM (Palmieri et al., 2011). The Y/F-X-L-X-P related motif (where ‘X’ is any
amino acid) on the TRFH domain of TRF2 is known to be a preferred target motif for interaction
partners of TRF2 that interact via TRF2-TRFH domain (Chen et al., 2008; Kim et al., 2009). As
this motif is completely absent in HMGA2, our data suggest a novel mode of interaction between
HMGA2 and TRF2. DNA damage or telomere shortening induces ATM mediated
phosphorylation of CHK2 residue T68 (pCHK2T68) and the TRFH domain of TRF2 at T188
(pTRF2T188); the latter results in the dissociation of TRF2 from telomeres (Huda et al., 2009;
Tanaka et al., 2005). We demonstrated that in the absence of DNA/telomere damaging agents,
the depletion of HMGA2 was sufficient to reduce TRF2 foci at telomeres, cause functional
readouts of telomere dysfunction and increase the levels of pATMS1981, pTRF2T188 and
pCHK2T68. These findings indicate the activation of a telomere-specific ATM dependent
signaling pathway (Thanasoula et al., 2012).
The TRF2 hinge region interacted with HMGA2 independently of the TRFH domain.
The hinge region connects the TRFH homo-dimerization domain with the Myb DNA binding
domain of TRF2 (Bilaud et al., 1997; Broccoli et al., 1997). The hinge region is composed of
three interacting motifs for RAP1 (aa 286-299), TIN2 (aa 352-367) and a region participating in
the inhibition of DDR (iDDR; aa 407-431). The latter independently suppresses DDR signaling
downstream of ATM by preventing (i) telomeric recruitment of the ubiquitin ligase RNF168
which facilitates the formation of 53BP1-containing TIF, (ii) non-homologous end joining, (iii)
telomere aggregation and (iv) chromosomal fusions (Okamoto et al., 2013). Our functional
studies revealed significantly reduced numbers of 53BP1-containing TIF in the presence of
HMGA2. In addition, we showed that HMGA2+ human cancer cells exhibit enhanced resistance
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to the telomere-damaging agent KML001. By contrast, the alkylating agent methyl
methanesulfonate (MMS) failed to significantly affect TIF numbers (Fig. 3.1.10 A, B), which
may be due to the inability of telomeric heterochromatin to serve as a proper substrate for MMS
that is reported to target replication forks (Falbo et al., 2009; Merrick et al., 2004). Our results
suggest that HMGA2, through binding to ATM and TRF2, can both promote TRF2 occupancy at
telomeres and act as a negative modulator of telomere damage signaling. This likely contributed
to enhanced chemoresistance of HMGA2+ cancer cells to the telomere-damaging drug KML001.
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Figure 3.1.10

Figure 3.1.10: Methyl MethaneSulfonate (MMS) does not affect TIF numbers.
Telomere dysfunction-Induced Foci (TIF) were evaluated -/+ MMS by Immuno-FISH where
53BP1 protein was co-stained with a telomere specific probe in C1 cells in the presence (-Dox)
and absence (+Dox) of HMGA2 (A). Blue-Nucleus; Red-Telomeres; Green-53BP1; yellowTelomere-53BP1 colocalizing foci. Average number of telomere-53BP1 colocalizing foci (TIF)
per nucleus were quantified and graphed (B). Quantitative data are shown as mean +/- SEM;
***p<0.001; ns - no significant difference.
Despite the increase in TIF upon HMGA2 silencing, cancer cells continued to proliferate,
albeit at a slower pace. Telomere stress triggers the activation of the telomere specific ATMCHK2-CDC25C signaling pathway, which can initiate G2/M arrest depending on p53 status
(Davoli et al., 2010; Thanasoula et al., 2012). Thus, we looked at the dual phosphatase CDC25C,
a key factor of mitotic entry. Nuclear CDC25C activity is regulated by extensive posttranslational modifications (Hutchins and Clarke, 2004). ATM-mediated activation of CHK2
(pCHK2T68) is known to lead to the phosphorylation of CDC25C and pCDC25CS216 is earmarked
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for nuclear export and destruction, resulting in diminished nuclear CDC25C and G2/M arrest.
HMGA2 silencing resulted in a significant increase in both pCDC25CS216 and, unexpectedly,
total CDC25C content within the nucleus. While this may in part explain cell cycle progression
despite telomere damage, it revealed a hitherto unknown ability of HMGA2 to regulate nuclear
CDC25C content independent of pCDC25CS216 status.
In conclusion, we showed that HMGA2 is present at interphase telomeres and has a novel
protective role at telomeres by stabilizing TRF2 to prevent telomere uncapping. Loss of TRF2
results in telomere deprotection and exposes the chromosomal ends vulnerable to damage. TRF2
loss activates ATM and its downstream target p53, leading to p53-dependent apoptosis of the
cancer cells (Takai et al., 2003). Telomeric depletion of TRF2 favours telomere fusions,
formation of aggregates, telomeric instability, BBF cycles and eventually genomic instability
leading to tumor cell death. The presence of HMGA2 in cancer cells coincided with increased
TRF2 occupancy at telomeres and this provided added protection against genomic instability and
telomere-targeting drugs. Therefore, HMGA2 should be considered as an attractive novel
therapeutic target in combinatorial therapeutic treatments to induce telomere-mediated genomic
instability in HMGA2+ cancer cells.
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(3.2) Aim II: To investigate whether HMGA2-mediated protection in human cancer cells
involves ATR/CHK1 signaling and contributes to cancer cell survival
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3.2 Mechanisms of the protective role of HMGA2 at genomic DNA - SYNOPSIS
While aim I focuses more on the protective role of HMGA2 at chromosomal ends/
telomeric DNA, aim II investigates the protection offered by HMGA2 at the genomic DNA. A
previous study revealed a role for HMGA2 in Base Excision Repair (BER) mechanism by
HMGA2 interacting with APE1, a key BER member (Summer et al., 2009). This study
demonstrates a role for HMGA2 in the DNA Damage Response (DDR) signaling pathway.
This section unravels a novel interaction between the DDR members ATR and its
downstream target CHK1 and HMGA2. It provides new evidence for a cyto-protective role of
HMGA2 by sustaining ATR-CHK1 pathway activation. In four different cancer cell models used
here, HMGA2’s anti-apoptotic activity was found to be mediated by activated pCHK1. Depletion
of HMGA2, CHK1, or both factors resulted in mitotic cell cycle arrest, increased number of
nuclear γ-H2AX foci and caspase 3/7 mediated apoptosis with decreased resistance to the
genotoxic agents MMS and hydroxyurea (HU). These data provided first evidence for an active
role of HMGA2 in the ATR-CHK1 DDR pathway.
This section is based, in part, on the following publication: “Natarajan S, HombachKlonisch S, Dröge P, Klonisch T (2013). HMGA2 inhibits apoptosis through interaction with
ATR/CHK1 signaling complex in human cancer cells. Neoplasia 15(3): 263–280.”
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3.2.1 Results
3.2.1.1 Characterization of UTC8505-HMGA2 transfectants
We generated stable HMGA2 transfectants of the undifferentiated thyroid cancer cell line
UTC8505 (Fig. 3.2.1 A) and used the previously established A549-HMGA2 human lung
carcinoma cell stable transfectants (Summer et al., 2009). UTC8505-HMGA2 clones 4 and 12
expressed HMGA2 and showed exclusive nuclear expression of immunoreactive HMGA2 as
determined by Western blot analysis and immunofluorescence (Fig. 3.2.1 A, B). In all cell
models studied, we confirmed MMS-mediated induction of DNA strand breaks by detection of γH2AX foci at DNA damaged sites as demonstrated for UTC8505 transfectants as a
representative cell model in Fig. 3.2.1 C. Employing comet assays, we had previously shown a
reduced tail moment upon MMS treatment in A549 clones expressing HMGA2 (Summer et al.,
2009). MMS treatment and subsequent comet assays also resulted in a significantly smaller tail
moment with UTC8505-HMGA2 transfectants as compared to mock cells (Fig. 3.2.1 D), thus,
confirming the protective function of HMGA2 against induced DNA damage.
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Figure 3.2.1
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Figure 3.2.1: Characterization of stable HMGA2 transfectants.
(A) Representative immunoblot and (B) immunofluorescent images showing nuclear presence of
HMGA2 in two UTC8505-HMGA2 stable transfectants. (C) Immunofluorescence detection of
the DNA damage response marker γ-H2AX indicating MMS-induced DNA damage in UTC8505
cells. Green stain: HMGA2; red stain: γH2AX; blue stain: nucleus. (D) Quantification of three
independent comet assays is shown of UTC8505-HMGA2 (clone 4) and mock (clone 2)
transfectants upon MMS-induced DNA damage. MMS was effective in causing DNA damage as
shown by a markedly longer tail moment as compared to untreated cells. There was a significant
reduction in tail moment upon MMS treatment in the presence of HMGA2 suggesting increased
DNA repair capability in UTC-HMGA2 transfectants as compared to mock (*p<0.05).
3.2.1.2 HMGA2 causes sustained phosphorylation of ATR and downstream target CHK1
We wanted to identify if the DNA protective role of HMGA2 extended to the ATRCHK1 DNA damage signaling pathway. Employing induction time kinetics, UTC8505-HMGA2
(Fig. 3.2.2 A, B), A549-HMGA2 (Fig. 3.2.2 I) and the corresponding mock-transfected cell lines
were exposed to 2 mM and 5 mM MMS, respectively, for 0, 2, 5, 10, 15, 20, and 30 min.
Immunoblot analysis of protein extracts collected at each time point showed a gradual increase in
the level of pCHK1S296 over time with maximal phosphorylation occurring at 30 min. The level
of pCHK1S296 in response to MMS treatment was significantly increased in the presence of
HMGA2 (Fig. 3.2.2 A, B and I). Next, we performed recovery experiments by inducing DNA
damage in HMGA2 and mock transfectants of UTC8505 and A549 for 30 min followed by a
recovery period in fresh culture medium without MMS. Western blot analysis of pCHK1S296 in
protein lysates collected at 0, 1, 2, 4, 6, and 24 h of recovery time revealed a gradual dephosphorylation of activated CHK1 to baseline values after 4 h in mock cells (Fig. 3.2.2 C, D).
By contrast, we observed sustained high-level presence of pCHK1S296 even at 24 h of recovery in
the presence of HMGA2 (Fig. 3.2.2 C, D). We confirmed the presence of activated upstream
CHK1 regulator pATRSer428 upon MMS treatment in UTC8505 cells (Fig. 3.2.2 E-H). Similar

101

recovery results for pCHK1S296 were obtained for A549-HMGA2 and mock transfectants, with
recovery data being less pronounced in A549 cells (Fig. 3.2.2 J).
To determine if the presence of endogenous HMGA2 was required for sustained
phosphorylation of CHK1, we employed the HMGA2+ human fibrosarcoma cell line C1 with
doxycycline inducible short hairpin (sh) HMGA2 expression for the suppression of
endogenously produced HMGA2 (Fig. 3.2.2 K). Similar to the other two human cancer cell
models tested, C1 cells showed sustained presence of pCHK1S296 at 24 h recovery after 0.6 mM
MMS treatment. HMGA2 suppression resulted in a gradual decrease of pCHK1S296 levels
suggesting that the prolonged CHK1 phosphorylation was at least in part dependent on the
presence of HMGA2 (Fig. 3.2.2 L). We confirmed the presence of activated upstream CHK1
regulator pATRSer428 upon MMS treatment in C1 cells (Fig. 3.2.2 M-P).
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Figure 3.2.2
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Figure 3.2.2: HMGA2 causes sustained phosphorylation of ATR and downstream target
CHK1.
(A and E) Representative immunoblots and (B and F) densitometric analysis of induction time
kinetics for pCHK1Ser296 and pATRSer428 in UTC8505-HMGA2 and mock plus/minus MMS
treatment. For recovery time kinetics, HMGA2 and mock transfectants were initially exposed to
MMS for 30 min, then cells were washed and cultured in normal culture medium without MMS.
At the indicated time points immunoreactive pCHK1Ser296 and pATRSer428 were determined. (C
and G) Representative Western blots and (D and H) densitometric analysis done from three
independent sets of experiments are shown. (I) Densitometric analysis of induction time kinetics
to demonstrate immunoreactive pCHK1Ser296 in A549-HMGA2 and mock transfectants upon
MMS treatment. (J) Densitometric representation of Western blots of pCHK1Se296 after 30 min of
MMS treatment and recovery time kinetics performed at the indicated time points in A549HMGA2 and mock. Densitometric analysis done from three independent sets of experiments is
shown. (K) Schematic and Western blot showing the down-regulation of HMGA2 upon
doxycycline (dox) treatment in human fibrosarcoma (C1) cells with dox-inducible shHMGA2
construct. (L) Recovery time kinetics for pCHK1Ser296 performed in C1 cells in the presence
(HMGA2low) and absence of dox (HMGA2+). (M and O) Representative immunoblots and (N
and P) densitometric analysis of induction time kinetics and recovery time kinetics for
pATRSer428 in C1 cells in the presence (HMGA2low) and absence of dox (HMGA2+) plus/minus
MMS treatment. The presence of HMGA2 coincided with increased and prolonged pATRSer428
and pCHK1Ser296 levels. *p<0.05, **p<0.01, and ***p<0.001. 0- : No MMS; 0+: MMS-treated
but no recovery time.
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3.2.1.3 Sustained CHK1 phosphorylation in the presence of HMGA2 prolongs G2/M arrest
DNA insult created by genotoxicants activates DNA damage signaling pathways which
arrest the cell cycle to facilitate damage repair and/ or trigger apoptotic death of irreparably
damaged cells (Löffler et al., 2007). CHK1 phosphorylation prevents mitotic entry by inducing
G2/M arrest and eliminates cells with impaired DNA (Chen et al., 2003; Löffler et al., 2007;
Xiao et al., 2004). We performed FACS analysis to determine the effect of sustained
phosphorylation of CHK1 on cell cycling. After exposure to 2 mM MMS for 30 min, UTC8505HMGA2 and UTC8505-mock were cultured in normal medium for 1, 2, 4, 6, and 24 h prior to
FACS analysis. Cells not exposed to MMS were used as controls. FACS cell cycle profiles
revealed a gradual transition from G1/S to G2/M phase in both mock and HMGA2 transfectants
during the recovery period from 1 h to 24 h. At all recovery time points investigated, HMGA2+
cells displayed increased accumulation of cells in G2/M phase in comparison with mock controls
(Fig. 3.2.3 A, B). At 24 h recovery, only 17% of the HMGA2+ cells were in G1 and 55% were
arrested in G2/M, while in mock 38% of cells were in G1 and 43% were found in G2/M (Fig.
3.2.3 C, D). An additional sub-population of HMGA2+ cells with double the normal DNA
content and comprising 11% of total HMGA2 transfectants were detected at 24 h recovery (Fig.
3.2.3 C). Prolonged G2/M arrest in HMGA2 transfectants coincided with the prolonged presence
of pCHK1S296 even after 24 h of recovery (Fig. 3.2.2 C, D). By contrast, in mock the G2/M
transition and the presence of 38% of cells in G1 (Fig. 3.2.3 D) coincided with low levels of
pCHK1S296 observed at 24 h of recovery (Fig. 3.2.2 C, D).
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Figure 3.2.3

Figure 3.2.3: Sustained presence of pCHK1Ser296 prolonged G2/M arrest in HMGA2+
cancer cells.
FACS results indicating the percentage distribution of cells in the different phases of cell cycle at
0, 1, 2, 4, 6 and 24 h recovery upon MMS treatment in UTC8505 HMGA2 (A and C) and mock
transfectants (B and D). Untreated cells were used as control.
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3.2.1.4 HMGA2-mediated enhanced CHK1 signaling inhibits apoptosis
To test the hypothesis that HMGA2 facilitates the DNA repair process and prevents
apoptosis by increasing activated pCHK1S296 and arresting the cell cycle, we performed siCHK1
specific knockdown experiments. Upon siCHK1 treatment, Western blot confirmed a significant,
specific, and sustained down-regulation of CHK1, whereas cellular CHK2 levels remained
unchanged in the HMGA2 or mock transfectants of UTC8505 (Fig. 3.2.4 A) and A549 (Fig.
3.2.4 F). Caspase 3/7 activity increased upon siCHK1 knockdown (kd) and was enhanced further
upon MMS treatment at 48 h recovery. By contrast, in the presence of CHK1 caspase 3/7 activity
was markedly reduced in both the UTC8505 and the A549 cell models studied at 24 h (Fig. 3.2.4
B, G) and 48 h (Fig. 3.2.4 C, H). Metabolic activity decreases in cells undergoing apoptosis
(Yuwen et al., 2002). CHK1 kd followed by 30 min of MMS treatment and consecutive recovery
for 24 h (Fig. 3.2.4 D, I) and 48 h (Fig. 3.2.4 E, J) revealed a decrease in the metabolic activity
in UTC8505 and A549 HMGA2 and mock transfectants, supporting the known role for CHK1 in
cell survival (Niida et al., 2007). The combined CHK1 kd and MMS treatment caused an even
higher reduction in metabolic activity at 48 h recovery. Thus, sustained activation of the DDR
signaling factor pCHK1S296 on an HMGA2+ background caused increased chemoresistance of
these cancer cells to the DNA damaging agent MMS.
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Figure 3.2.4

Figure 3.2.4: HMGA2-mediated enhanced CHK1 signaling inhibits apoptosis.
(A and F) Immunoblot detection upon RNAi silencing of CHK1 in UTC8505-HMGA2 and
mock (A), A549-HMGA2 and mock (F). CHK1 silencing was specific and did not affect
expression of CHK2 protein. A non-silencing randomized sequence was used as a control in the
siRNA experiments and equal loading of protein lysates was confirmed with β-actin. (B, C, G
and H) Higher activation of caspase 3/7 and (D, E, I and J) suppression of metabolic activity
upon CHK1 knockdown at 24 h and 48 h of recovery from MMS treatment in HMGA2 and
mock transfectants of UTC8505 and A549. There was no significant difference between the no
siRNA and control siRNA treated cells with respect to both caspase 3/7 activity and metabolic
activity. *p<0.05, **p<0.01, ***p<0.001.
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3.2.1.5 Abrogation of HMGA2 along with CHK1 significantly increases apoptosis
Depletion of HMGA2 enhances the sensitivity of cancer cells to certain DNA damaging
agents due to impairment in DNA repair capacity (Palmieri et al., 2011). In light of this, we
decided to examine the effects of the combined down-regulation of cellular HMGA2 and CHK1.
We employed the endogenous HMGA2 producing RD cells and C1 fibrosarcoma stable
transfectants with doxycycline-inducible shHMGA2-mediated HMGA2 silencing. RD cells were
subjected to siHMGA2 or siCHK1 single knockdown and combined siHMGA2/ siCHK1 double
knockdown (Fig. 3.2.5 A). Upon siRNA treatment, cells were treated with 1.5 mM MMS and
caspase 3/7 and metabolic activity was measured after 24 h (Fig. 3.2.5 B, C) and 48 h of
recovery time (Fig. 3.2.5 D, E). A significant increase in caspase 3/7 mediated apoptosis was
observed upon siHMGA2 and siCHK1 single knockdown as compared to cells treated with
control siRNA (p<0.001). A further robust increase in apoptosis of RD cells was observed in
siHMGA2/ siCHK1 double knockdown combined with MMS treatment at 48 h recovery (Fig.
3.2.5 D). In agreement with these findings, suppression of HMGA2 in C1 cells increased the
caspase 3/7 mediated apoptosis and this was enhanced dramatically with the additional siCHK1
knockdown (Fig. 3.2.5 F, G, I). Our caspase 3/7 fluorescent detection assays in living cells
confirmed the data from the luminometric caspase 3/7 quantitation and revealed changes in cell
and nuclear morphology indicative of apoptosis. This included membrane blebbing and DNA
condensation at 24 h recovery in cells with reduced HMGA2 levels (Fig. 3.2.5 K). Similar
findings were observed upon MMS treatment of doxycycline treated C1 cells (HMGA2 low) and
CHK1-depleted cells. The marked decrease in cell viability observed upon single and double
HMGA2/CHK1 knockdown corroborated with the observed increase in apoptosis in both the RD
and C1 fibrosarcoma cell models measured after 24 h (Fig. 3.2.5 C, H) and 48 h of recovery time
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(Fig. 3.2.5 E, J). Altogether, these results implied that the anti-apoptotic action of HMGA2+
cells is augmented by activated CHK1 and, together with the induction of a mitotic block, may
support the DNA repair function of HMGA2 in cancer cells.

Figure 3.2.5
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Figure 3.2.5

Figure 3.2.5: Abrogation of HMGA2 along with CHK1 leads to a robust increase in
apoptosis.
(A) Immunblots showing successful single knockdown of HMGA2 or CHK1 and double
knockdown of HMGA2 and CHK1 in RD cells as well as (F) specific siRNA mediated CHK1
silencing in C1 cells. (B, D, G and I) Luminescent detection of caspase 3/7 activity after
HMGA2 or CHK1 single knockdown and HMGA2/CHK1 double knockdown at 24 h and 48 h
of recovery in RD (B, D) and C1 cells (G, I). (K) Fluorescent detection of caspase 3/7 activity
in CHK1-depleted C1 cells in the presence (HMGA2low) and absence of dox (HMGA2+)
followed by MMS treatment and 24 h recovery. Cells were labeled with caspase 3/7 substrate
FLICA (FAM-DEVD-VMK) for the in vivo fluorescent detection of apoptotic cells (green).
Nuclear staining by Hoechst 33342 revealed nuclear morphology (blue). (C, E, H and J)
Corresponding WST assays showed a reduction in metabolic activity upon HMGA2 or CHK1
single knockdown and HMGA2/CHK1 double knockdown in RD (C, E) and C1 cells (H, J).
*p<0.05, **p<0.01, ***p<0.001.
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3.2.1.6 Enhanced apoptosis upon HMGA2 and CHK1 knockdown extends to other DNA
damaging agents
We also investigated the effect of the genotoxicant and clinical chemotherapeutic agent
hydroxyurea (HU) on the protective role of HMGA2 in our cancer cell models. HU is an
inhibitor of the enzyme ribonucleotide reductase (RNR) and induces base oxidation and
depurination. This results in the formation of AP (apurinic/apyrimidinic) sites and DNA
replication stress. HU-induced DNA damage activates base excision repair mechanism. HMGA2
and CHK1 deficient C1-fibrosarcoma cells grown in 96-well plates were treated with 5 mM HU
for 24 h and left to recover for 4 h and 6 h. The level of active caspase 3/7 was significantly
higher in HU-treated CHK1 deficient C1 cells at 4 h and 6 h of recovery (Fig. 3.2.6 A, C). The
combined HMGA2 and CHK1 knockdown further enhanced cell death and an additional HU
treatment resulted in a robust apoptotic response (>2 fold increase) at the 6 h recovery time point
(Fig. 3.2.6 C). Similar to MMS treatment and coinciding with the increase in apoptosis, we
observed markedly decreased metabolic cell activity (>2 fold decrease) at the 6 h recovery time
point in HU-treated HMGA2/CHK1 double depleted cells (Fig. 3.2.6 D; for 4 h recovery, see
Fig. 3.2.6 B). Thus, both HMGA2 and CHK1 acted in concert to protect tumor cells from
genotoxicants by preventing these cancer cells from entering the apoptotic program.
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Figure 3.2.6

Figure 3.2.6: Enhanced apoptosis upon HMGA2 and CHK1 knockdown extends to other
DNA damaging agents such as hydroxyurea.
Combined CHK1 knockdown and HU treatment in dox-treated (HMGA2low) C1 cells coincided
with significantly increased caspase 3/7 activity (A and C) and reduced metabolic activity (B
and D) suggesting activation of caspase 3/7-mediated apoptosis at 4 h and 6 h of recovery from
HU. All experiments were done in the presence (HMGA2low) and absence of doxycycline
(HMGA2+). *p<0.05, **p<0.01, ***p<0.001.
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3.2.1.7 HMGA2 interacts with ATR and CHK1
We performed co-immunoprecipitation studies to investigate possible mechanistic
interactions between HMGA2 and the ATR-CHK1 pathway. We found that HMGA2 and CHK1
co-immunoprecipitated with ATR in both endogenous HMGA2-producing human fibrosarcoma
(Fig. 3.2.7 A) and in HMGA2 over-expressing UTC8505 transfectants (Fig. 3.2.7 C). This ATR
interaction with HMGA2 involved the participation of pATRSer428 and pCHK1S296 and, upon
MMS exposure of UTC8505-HMGA2 transfectants, resulted in a marked increase in the
recruitment of total ATR and pATRSer428 (Fig. 3.2.7 C). Intriguingly, DNAse digest prior to IP
did not affect the interaction between HMGA2 and ATR-CHK1, indicating that chromatin was
not required for this protein complex formation (Fig. 3.2.7 A, B). On the other hand, HMGA2
was not essential for the interaction of ATR with CHK1 as demonstrated for HMGA2-negative
UTC8505-mock cells (Fig. 3.2.7 C). Thus, in an HMGA2+ cellular context the presence of
HMGA2 in the ATR-CHK1 complex aided in the survival of stem cells and cancer cells.
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Figure 3.2.7

Figure 3.2.7: HMGA2 interacts with the ATR-CHK1 complex.
Co-immunoprecipitation revealing the interaction of HMGA2 with ATR and CHK1 in (A)
human fibrosarcoma (C1) cells and (C) UTC8505 thyroid cancer cells. HMGA2 and CHK1 were
co-immunoprecipitated with affinity purified anti-ATR goat polyclonal antibody. This proteinprotein interaction was found to be DNA independent and observed (B) after cleavage of DNA
with 5μg/ml of DNAse. Normal goat IgG was used as negative control. (D) Proposed model for
the protective mechanism of HMGA2 against genotoxicants in cancer cells. Upon genotoxic
insult, HMGA2 engages in a complex with pATR-pCHK1 and increases and prolongs ATRCHK1 phosphorylation status. This prolongs G2/M arrest, facilitates DNA damage repair and
increases survival and chemoresistance of cancer cells.
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3.2.2 DISCUSSION
HMGA2 over-expression is known to be associated with many malignant tumors (Fusco
and Fedele, 2007) and linked to poor prognosis and metastasis (Langelotz et al., 2003; Wang et
al. 2011). Gene expression profiling of 30 cancer cell lines revealed that HMGA2 contributes to
resistance against 4 of the 11 drugs tested (Györffy et al., 2006). However, this phenotype may
be even more widespread because HMGA2 is found to be associated with rare tumor inducing
cells (Dröge and Davey, 2008).
We previously demonstrated that HMGA1 and HMGA2 can be linked to the base
excision repair machinery and significantly protect tumor cells against damaging alkylating
modifications at DNA bases due to chemotherapeutic insult (Summer et al., 2009). In the present
study, we extended these findings by demonstrating the protective function of HMGA2 in human
undifferentiated thyroid cancer (UTC) cells and showed the enhanced ability of HMGA2overexpressing UTC to repair DNA damage induced by the DNA alkylating drug MMS. Further,
the presence of HMGA2 resulted in significant and sustained hyper-phosphorylation of ATR and
CHK1 at residues Ser428 and Ser296, respectively upon induction of DNA strand breaks by MMS.
This finding is supporting the previous observation that HMGA2 is responsible for the hyperand prolonged phosphorylation of the DNA-dependent protein kinase catalytic subunit (DNAPKc), another member of the Phosphatidylinositol 3-kinase-related kinases (PIKK) family, at
Thr2609 and Ser2056 upon induction of DNA insult by doxorubicin (Li et al., 2009). The ability
of HMGA2 to facilitate hyper-phosphorylation of DNA-PKc and ATR-CHK1 kinases may
reflect yet another strategy employed by HMGA2+ tumor cells to resist DNA damaging agents,
with HMGA2 capitalizing on the known co-operation of DNA-PKc with ATM and ATR
pathways to phosphorylate the checkpoint related proteins (Meek et al., 2008). In fission yeast,
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sustained phosphorylation of CHK1 is maintained by the interaction between pCHK1S345 and
either 14-3-3 (Chen et al., 1999; Jiang et al., 2003) or Crb2 (Mochida et al., 2004) proteins,
which protect the phosphorylation status of CHK1 (Latif et al., 2004). While HMGA2 was not
essential for ATR-CHK1 interaction in our human cancer cell models, increased and sustained
ATR and CHK1 phosphorylation was dependent on the presence of HMGA2 suggesting a novel
role for HMGA2 in modulating the activity status of the ATR-CHK1 signaling complex.
CHK1 is a potential target for anticancer therapy and many CHK1 selective inhibitors are
in various stages of clinical trials (Dai and Grant, 2010; Garrett and Collins, 2011; Walton et al.,
2010). CHK1 plays important roles in cell cycle arrest, non-homologous end joining (Goudelock
et al., 2003), and homologous recombination repair mechanisms (Sorensen et al., 2005).
Phosphorylation-dependent activation of CHK1 is essential for regulating cell cycle delay and
cell survival (Capasso et al., 2002). We hypothesized that the MMS-induced sustained
accumulation of pCHK1S296 in the presence of HMGA2 may prolong the cell cycle arrest to
facilitate effective DNA repair and prevent premature entry into mitosis, which may result in
genomic instability and apoptosis. Mitotic arrest at the G2/M checkpoint remains active until
completion of DNA repair and is controlled and regulated by CHK1 (Chen et al., 2009; Chen et
al., 2003; Koniaras et al., 2001; Liu et al., 2000; Lossaint et al. 2011). In Saccharomyces pombe,
sustained CHK1 phosphorylation is essential in maintaining the G2 DNA damage checkpoint to
prevent the entry of damaged cells into mitosis (Latif et al., 2004). We identified the persistent
presence of pCHK1S296 in the presence of HMGA2 to be accompanied by a prolonged G2/M
arrest. Thus, HMGA2 appeared to confer in tumor cells the capacity for timely repair of DNA
lesions and this was facilitated by a CHK1-mediated cell cycle delay.
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We asked if the increased activation of CHK1 signaling and mitotic arrest observed in
HMGA2 clones can promote cell survival by exerting an anti-apoptotic effect. The siRNA
mediated knockdown of CHK1 in HMGA2+ cancer cells resulted in caspase 3/7 mediated
apoptotic cell death and this apoptotic response was further amplified in the presence of DNA
damaging agents MMS and HU in all HMGA2+ cell models studied. These results are consistent
with the previous findings that CHK1 inhibitors enhance the cytotoxicity induced by DNA
damaging agents (Chen et al., 2009; Chen et al., 2003) and the role of the ATR-CHK1 pathway
activation in preventing caspase 3-mediated apoptosis in response to IR- or UV-induced DNA
damage (Heffernan et al., 2009; Myers et al., 2009). Furthermore, the combined knockdown of
both HMGA2 and CHK1 in our fibrosarcoma model of shHMGA2-regulated suppression of
HMGA2 significantly increased caspase 3/7 activity and cytotoxicity. Again, this effect was
further augmented by the addition of DNA damaging agents. This increase in apoptosis
coincided with a marked decrease in cell viability, a finding consistent with recent reports
demonstrating increased sensitivity of cancer cells to both radio- and chemotherapeutics upon
depletion of HMGA2 (D'Angelo et al., 2013; Palmieri et al., 2011; Summer et al., 2009).
HMGA2 gene silencing had been reported to up-regulate apoptosis in well-differentiated
liposarcomas overexpressing HMGA2 and in serous ovarian carcinomas (Malek et al., 2008;
Pentimalli et al., 2003). Here, we identified HMGA2 as a novel interaction partner of ATRCHK1 complex in cancer cells. This interaction involved phosphorylated ATR/CHK1 but was
independent of the presence of DNA. It is tempting to speculate that the increased and extended
phosphorylation status of ATR and CHK1 in the presence of HMGA2 reflects a new function of
HMGA2 aimed at prolonging the activity of this pathway. This involved a prolonged cell cycle
arrest to provide sufficient time for DNA damage repair and prevent cancer cell apoptosis.
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Importantly, formation of a functional ATR-CHK1 complex was readily observed in cancer cells
devoid of HMGA2; however, cancer cells low in or devoid of HMGA2 failed to respond with
prolonged phosphorylation of ATR and CHK1 and more easily succumbed to cell death when
exposed to genotoxicants. These findings are summarized in our proposed model of the role of
HMGA2 in chemoresistance (Figure 3.2.7 D). In the presence of the genotoxic agents MMS and
HU, HMGA2 facilitated sustained activation of this DDR pathway by its interaction with the
ATR-CHK1 complex and this contributed to an increase in chemoresistance in HMGA2 positive
cancer cells.
What could be the possible underlying mechanisms? CHK1 phosphorylation requires
ATR phosphorylation and this is a highly regulated process (Nam and Cortez, 2011). At ssDNA
damaged sites, ATR interacts with the 9-1-1 complex and pTOPBP1, the latter is necessary for
ATR activation (Cimprich and Cortez, 2008; Lindsey-Boltz and Sancar, 2011; Mordes et al.,
2008). ATM-mediated phosphorylation of TOPBP1 can also enhance ATR phosphorylation
(Yoo et al., 2007). As a linker protein at damaged DNA sites, HMGA2 may act as a protein hub
and increase the local concentration of the 9-1-1 complex, TOPBP1 and ATR. This would result
in sustained ATR phosphorylation through physical proximity between activated TOPBP1 and
its ATR substrate. HMGA2 may also facilitate ATM-dependent ATR activation (Yoo et al.,
2007). HMGA2 and ATM are known to interact and this results in increased pATM levels
(Palmieri et al., 2011). ATM kinase activity enhances phosphorylation of TOPBP1, which in
turn, promotes ATR phosphorylation. Finally, we cannot exclude the possibility that recruitment
of HMGA2 to a preformed pATR-pCHK1 complex can block ATR and CHK1 phosphorylated
sites from phosphatase attack, thus, preventing pATR and/or pCHK1 from reverting into their
inactive non-phosphorylated forms.
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Multidrug chemoresistance, a property of cancer initiating cells (CIC), is one of the
reasons for the failure of conventional chemotherapies (Klonisch et al., 2008). The re-expression
of HMGA2 in cancer cells as opposed to their non-malignant counterparts promotes both
chemoresistance and genomic stability through survival-promoting ATR-CHK1 activation and
enhanced DDR. It is tempting to suggest a protective role for HMGA2 in cancer cell subsets with
stem-like properties (Dröge and Davey, 2008). This has important clinical relevance as tumor
recurrence may be attributed to the presence of an HMGA2-positive CIC pool. Our data identify
HMGA2 as an important contributor to chemoresistance through ATR-CHK1 signaling in
HMGA2 expressing cancers and warrant the development of small inhibitors that target both the
chromatin-binding property of HMGA2 and the ATR-CHK1 pathway to effectively bypass the
anti-apoptotic actions of HMGA2 and ATR/CHK1. The ability to block these mechanisms of
chemoresistance in HMGA2-expressing cancer cells will likely also target and possibly
incapacitate the CIC pool, thereby providing a marked advancement in the treatment of some
chemoresistant and aggressive HMGA2+ cancer types.
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(3.3) Aim III: To determine the role of HMGA2 in chemoresistance to the alkylating drug
TMZ in GB and whether TMZ in combination with DNA minor groove binders can
increase cell death in HMGA2+ GB.
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3.3 HMGA2 mediated protective function increases cancer chemoresistance - SYNOPSIS
Having explored the mechanisms of HMGA2-mediated protection at the level of
telomeric and genomic DNA, I applied this knowledge to investigate a HMGA2+ disease model
and employed currently used chemotherapeutic together with a drug attenuating HMGA2
function to examine their effect on HMGA2-mediated chemoresistance.
I selected to work on HMGA2 in human glioblastoma (GB) as my study model because
(i) the number of GB patients is increasing, (ii) over three decades of research in brain cancer has
only yielded an increase in the survival of GB patients by a meager 3 months, (iii) the alkylating
agent temozolomide (TMZ) currently used to treat GB patients shows low success rates and high
number of recurrences, and (iv) GB cell lines and primary GB cells from patients are accessible
to me in the lab. According to the Brain Tumor Foundation of Canada, “Every day, 27
Canadians are diagnosed with a brain tumor and patients with GB show an average survival of
less than a year” [http://www.braintumour.ca/2494/brain-tumour-facts#sthash.QYILn4SS.dpuf].
The Canadian Cancer Statistics 2014 revealed that an approximate 2900 new brain cancer cases
were estimated for the year 2014 in Canada; 1700 males and 1250 females out of which 45 males
and 35 females were from Manitoba. Glioblastoma patients commonly receive the alkylating
drug TMZ as a first line therapeutic. The BER pathway is an important DNA repair pathway,
which facilitates the removal of TMZ-induced methylated guanine and adenine DNA bases.
HMGA2 has been previously identified as a novel member of BER (Summer et al., 2009) that
protects stem cells and cancer (stem) cells against DNA damage caused by alkylating drugs like
TMZ.
This section reveals that HMGA2 is expressed in human brain cancer and contributes
significantly to sphere formation by human GB cells. Furthermore, HMGA2 increased the
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resistance of GB cells to TMZ. Two DNA minor groove binders, netropsin (NET) and
pentamidine (PEN), which compete with HMGA2 for binding to AT-rich DNA regions (Miao et
al., 2008), reduced HMGA2 mediated TMZ resistance and sensitized human GB cells to TMZ.
More importantly, this study provided evidence, for the first time, that the minor groove binder
and multi-kinase inhibitor Dovitinib (DOV) could down-regulate the expression of HMGA2 and
specific BER factors involved in the repair of TMZ-induced DNA base methylation. A
sequential dual treatment with DOV and TMZ, rather than each individual drug alone, was
highly effective in reducing GB cell survival and markedly enhanced the efficacy of the DNA
alkylating drug TMZ in HMGA2+ GB cells.
This section is based, in part, on the submitted manuscript: “Natarajan S*, Thanasupawat
T*, Rommel A*, Bergen H, Krcek J, Pitz M, Beiko J, Ghavami S, Krawitz S, Verma IM,
Klonisch T*, Hombach-Klonisch S* (2015a). High Mobility Group AT Hook 2 protein
(HMGA2) mediates temozolomide resistance in glioblastoma.”
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3.3.1 Results
3.3.1.1 HMGA2 is expressed in human GB cells
Xenografts derived from human U87MG GB cells demonstrated immunoreactive nuclear
HMGA2 as determined by immunohistochemistry (Fig. 3.3.1 A). GB cells isolated from patient
GB tumors (PBS series in Fig. 3.3.1 B) and human glioma cell lines U251 and U87MG (Fig.
3.3.1 C) expressed HMGA2 as determined by PCR. Western blot analysis using nuclear and
cytoplasmic protein fractions confirmed the nuclear localization of HMGA2 in GB cells (Fig.
3.3.1 D). When patient GB cells were allowed to form tumor spheres, we observed colocalization
of immunoreactive HMGA2 with the stem cell marker SSEA1 (Stage Specific Embryonic
Antigen-1), indicating the presence of HMGA2 in sphere-forming human glioma initiating cells
(Fig. 3.3.1 E).
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Figure 3.3.1

Figure 3.3.1: HMGA2 in human GB cells.
(A) HMGA2 immunodetection in xenografts derived from human U87MG GB cells revealed
nuclear stain for HMGA2 expression by immunohistochemistry. (B) HMGA2 expression in
tumor cell isolates from GB patients (Patient Brain Sample: PBS) and (C) glioma cell lines
U87MG and U251 by RT-PCR with GAPDH as loading control. (D) Western blot detection of
HMGA2 in nuclear and cytoplasmic protein fractions with lamin A/C as nuclear and α-tubulin as
cytoplasmic protein control. (E) Immunofluorescence localization of HMGA2 in glioma
initiating cells (GIC) present in tumor spheres derived from GB patient tumor cell isolates. Red
stain: GIC stage specific embryonic antigen 1 (SSEA1) (Son et al., 2009); green stain: HMGA2;
blue DAPI stain: nucleus. The upper row of images shows the lack of specific staining when
using the respective isotype control antibodies.
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3.3.1.2 HMGA2 enhances TMZ resistance in GB
We investigated the role of HMGA2 in the chemotherapeutic response to TMZ in GB
using the human U251 GB cell line with (i) knockdown (kd) of endogenously produced HMGA2
by siHMGA2 and (ii) over-expression of HMGA2 in a stably transfected U251-HMGA2 clone 2
cell line. Western blots confirmed the specific and efficient kd of HMGA2 within 48 h of
siHMGA2 treatment and over-expression of HMGA2 in the stably transfected cell line (Fig.
3.3.2 A). We used HMGA2 immunofluorescence +/- siHMGA2 to demonstrate the specificity of
the anti-HMGA2 antibody (Fig. 3.3.2 B). Next, we determined the effect of HMGA2 on TMZ
mediated GB cell death in U251, U251-HMGA2 clone 2 and U251 cells treated with siHMGA2
or control siRNA. Although TMZ treatment markedly increased caspase 3/7 activation in all four
groups, the level of HMGA2 in the different cell lines significantly affected TMZ-induced GB
cell apoptosis (Fig. 3.3.2 C). HMGA2 kd sensitized GB cells towards TMZ resulting in
enhanced caspase 3/7 activity, whereas HMGA2 overexpressing U251 were more resistant to
apoptosis at the same TMZ concentrations (Fig. 3.3.2 C). In agreement with the caspase 3/7 data,
cell viability assays demonstrated a protective effect of HMGA2 at increasing TMZ
concentrations (Fig. 3.3.2 D). To further elucidate the protective role of HMGA2, we determined
the effect of TMZ on double stranded (ds) DNA damage by quantifying the appearance of
phosphorylated H2A histone variant γH2AX foci (Sharma et al., 2012) in U251 cells (Fig. 3.3.2
E). Upon TMZ treatment, a significantly higher number of γH2AX foci appeared and the
fluorescence intensity of the foci were further increased upon kd of endogenous HMGA2 in
U251. Quantification of the number of γH2AX foci in TMZ-untreated cells revealed a significant
increase in the number of dsDNA damaged sites in U251 cells with siHMGA2 alone as
compared to U251 cells with no siRNA (Fig. 3.3.2 F). Upon TMZ treatment and in the absence
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of HMGA2, we observed an even greater increase in γH2AX foci indicating significant dsDNA
damage in U251 depleted of HMGA2 (Fig. 3.3.2 F). These results revealed an important new
role for HMGA2 in chemoresistance against TMZ in human GB.

Figure 3.3.2
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Figure 3.3.2

Figure 3.3.2: HMGA2 knockdown increases the sensitivity to temozolomide in GB cells.
(A) Western blot detection of successful HMGA2 knockdown (kd) upon specific siHMGA2
treatment and HMGA2 over-expression in stable U251 transfectants. The scrambled sequence
was used as control siRNA. β-actin confirmed equal loading of protein samples. (B)
Immunofluorescence detection of nuclear HMGA2 in human U251 GB cells (no siRNA). Red
stain is HMGA2, which was knocked down by siHMGA2; nucleus is DAPI stained (blue).
Replacement of primary antibody with IgG control at the same concentration served as negative
control in the immunofluorescence. (C) Percentage of caspase 3/7 activation increased upon
TMZ treatment in U251 and was particularly evident upon HMGA2 kd. (D) Percentage of cell
survival with and without TMZ in U251 with endogenous expression, down-regulation and overexpression of HMGA2. Upon TMZ treatment, HMGA2 kd caused increased cell death, whereas
over-expression of HMGA2 increased chemoresistance to TMZ. Differences between groups
with different TMZ concentrations were highly significant (***p<0.001; not indicated) (E)
Representative image of the immunofluorescence detection of TMZ-induced double strand DNA
damage by staining for the DNA damage response marker γ-H2AX in U251. HMGA2 kd
resulted in increased numbers and intensity of γ-H2AX foci per cell. (F) Quantification of the
average number of γ-H2AX foci/cell revealed a significant increase in number of foci upon
siHMGA2 vs. untreated cells (black bars). An additional marked increase was detected upon
TMZ treatment in U251 with HMGA2 kd (grey bars). ***p<0.001.
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3.3.1.3 DNA minor groove binders increase TMZ chemosensitivity in human GB cells
We wanted to determine whether disruption of the interaction of HMGA2 with the minor
groove of AT-rich DNA regions can interfere with the chemoprotective function of HMGA2
against TMZ. We chose the Streptomyces-derived polyamide netropsin (NET) and the antiprotozoan drug pentamidine (PEN), which specifically and reversibly bind to the AT-rich
regions of the DNA minor groove (Abu-Daya et al., 1995; Baraldi et al., 2004; Barrett et al.,
2013). Both antibiotics mimic the crescent-shaped core AT-hook motif rich in arginine and
lysine residues that form the three AT-hook DNA binding domains of HMGA molecules.
Employing U251 and U87MG human GB cell lines and two representative GB patient cell
isolates (PBS-1 and PBS-10), we determined a TMZ concentration of 1.5 mM (U251 cells) and 2
mM (U87MG, PBS-1, PBS-10), which was used in most experiments, caused an approximately
50% reduction in GB viability after 24 h treatment (Fig. 3.3.3 A, B, C and D). GB cells were
then exposed to increasing concentrations of either NET or PEN alone and in combination with
TMZ for 24 h. In U251, NET at 0.5 mM caused a 50% loss in viability which increased to >80%
when U251 were exposed to the combination of NET and TMZ (2 mM) (Fig. 3.3.3 E). Although
NET itself was less toxic in PBS-10 patient cells, the addition of TMZ resulted in a dramatic
increase in cell death after 24 h of treatment (Fig. 3.3.3 F). When employing the clinical drug
PEN in similar cytotoxicity studies on U251 cells and the patient-derived PBS-10 cells, we
identified cell type dependent concentrations for the combined treatment of PEN and TMZ that
were significantly more effective in killing GB cells than either PEN or TMZ alone (Fig. 3.3.3
G, H). Similar results were obtained with the GB cell line U87MG and the patient cells PBS-1
(Fig. 3.3.3 I, J). In agreement with the cytotoxicity data, we detected markedly increased caspase
3/7 mediated cell death upon combined treatment with TMZ and PEN, as observed in PBS-10
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and PBS-1 (Fig. 3.3.3 K, L). Similar results were obtained when each of the four GB cell models
were exposed with a fixed IC50 concentration of PEN and increasing TMZ concentrations (Fig.
3.3.3 M, N, O and P). Thus, the known HMGA2 competitors at genomic DNA sites, NET and
PEN, elicited cytotoxic responses similar to that observed with the kd of HMGA2 (Fig. 3.3.2 C,
D).

Figure 3.3.3

146

Figure 3.3.3
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Figure 3.3.3

Figure 3.3.3: DNA minor groove binders increase TMZ killing in GB cells.
(A-D) Assessment of TMZ sensitivity for different GB cell lines. Percentage survival of the
TMZ-treated cell models used in this study: (A) U251, (B) U87MG, (C) PBS-1, and (D) PBS-10.
Appropriate DMSO controls were employed. Percentage cell survival upon treating (E) U251 or
(F) patient GB cells PBS-10 with the DNA minor groove binder netropsin (NET) +/- TMZ.
Combinatorial treatment with NET and TMZ caused a significant increase in GB cytotoxicity.
Percentage cell survival with increasing concentrations of pentamidine (PEN) +/- TMZ are
shown for (G) U251, (H) PBS-10, (I) U87MG and (J) PBS-1. Similar to NET, combined
treatment of human GB cells with PEN and TMZ resulted in higher GB cytotoxicity once a
certain threshold concentration of PEN had been reached. This increased GB cytotoxicity
coincided with increased caspase 3/7 activation as shown for the patient GB cells (K) PBS-10
and (L) PBS-1. When exposed to approximate IC50 concentrations of PEN for each GB cell line
and combined with increasing TMZ concentrations, a significant decrease in cell survival was
observed for (M) U251, (N) PBS-10, (O) U87MG, and (P) PBS-1. Similar results were obtained
when TMZ was kept constant and increasing PEN concentrations were applied. ***p<0.001;
**p<0.01; *p<0.05
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3.3.1.4 Dovitinib increases sensitivity to TMZ and reduces base excision repair factors in
GB
We tested the effects of the minor groove binder and multi-kinase inhibitor Dovitinib
(DOV) on GB cells. DOV crosses the blood-brain-barrier and is currently utilized in clinical
trials in the US [NCT01753713] and in Germany [NCT01972750] for the treatment of advanced
and recurrent GB. When we treated the four GB cell models with DOV in the presence of TMZ
at the respective IC50 of TMZ, we observed a significantly decreased cell survival with the
combined treatment (DOV+TMZ) after 24 h in U251, PBS-10, U87MG and PBS-1 (Fig. 3.3.4
A, B, C and D). Correspondingly, GB apoptosis increased as shown by markedly enhanced
caspase 3/7 activity in patient GB cells PBS-10 and PBS-1 (Fig. 3.3.4 E, F). The N3 and N7
position in adenine (10-20%) and guanine (60-80%) constitute the majority of TMZ mediated
DNA base alkylated sites and are repaired by BER, with HMGA2 increasing the efficacy of BER
(Summer et al., 2009). To investigate the mechanism of DOV in enhancing TMZ sensitivity we
monitored protein levels of important BER factors under low dose DOV (1, 2, 5 μM) treatment
in GB cells. Low-dose exposure to DOV alone did not reduce cell survival in U251 and U87MG
cells and caused a moderate 10% loss of cell viability in PBS-10 over a 72 h exposure time (Fig.
3.3.4 G). Surprisingly, low-dose DOV exposure over 72 h down-regulated HMGA2 protein and
decreased the BER factors 3-methyladenine DNA glycosylase (MPG), APE1, FEN1, X-ray
repair cross complementing 1 (XRCC1) and poly (ADP-ribose) polymerase 1 (PARP-1) (Fig.
3.3.4 H). The reduction of BER factors coincided with increased levels of the double strand
break marker γH2AX, indicating increased DNA damage upon DOV exposure in the absence of
TMZ (Fig. 3.3.4 H). DOV exposure did not reduce protein levels of PKC alpha (Protein Kinase
C-alpha) and cathepsin B (Fig. 3.3.4 I), demonstrating a selective reduction of HMGA2 protein
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and BER factors. In addition, reduced phosphorylation of STAT3Tyr705 in GB cells was detected
under DOV exposure (Fig. 3.3.4 H). This result is in agreement with the known downregulation
of phospho-STAT3 at Tyr705 by DOV shown in hepatocellular carcinoma cells (Tai et al.,
2012). STAT3 phosphorylation was associated with increased chemoresistance in ovarian cancer
cells (Han et al., 2013). Despite the reduction in endogenous HMGA2 levels in parental U251
cells upon DOV exposure we found that the expression of HMGA2 in stable U251-HMGA2
transfectants remained unchanged under DOV (Fig. 3.3.4 I). This was expected since these
transfectants harbored an active expression plasmid encoding for human HMGA2.
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Figure 3.3.4
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Figure 3.3.4
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Figure 3.3.4: Dovitinib suppresses TMZ chemoresistance in GB cells by down-regulating
HMGA2, phospho-STAT3 and BER factors in GB cells.
Percentage cell survival is shown with increasing concentrations of DOV +/- TMZ for (A) U251
and (B) PBS-10, (C) U87MG and (D) PBS-1. The decrease in survival coincided with the
increase in caspase 3/7 mediated cell death as shown for the patient GB cells (E) PBS-10 and (F)
PBS-1. Similar to NET and PEN, combined treatment of human GB cells with DOV and TMZ
resulted in higher GB cytotoxicity. Efficacy of cell killing varied with the different cell models.
(G) Percentage cell survival of U251, U87MG and PBS-10 are shown upon treatment with
physiologically relevant low doses of DOV for 72 h. No dramatic reduction in cell survival was
detected in any of the human GB cell models tested. (H) Western blot detection of HMGA2,
γH2AX, phospho- and total STAT3 in U251 and the patient GB cells PBS-10 treated with
physiologically relevant low doses of DOV 1, 2 and 5 μM for 24 h, 48 h and 72 h revealed a
selective down-regulation of HMGA2 and pSTAT3 and an induction of the DNA damage
response marker γH2AX. In both U251 and PBS-10 cells, protein expression for the BER factors
PARP-1, MPG, APE1, FEN1 and XRCC1 was reduced following DOV exposure with most
pronounced effects seen after 72 h. (I) Western blot showing no changes of PKCα and cathepsin
B proteins in U251 parental cells upon DOV treatment. By contrast, endogenous HMGA2 was
down-regulated and served as control. No changes in HMGA2 expression was observed upon
similar DOV treatment in the HMGA2 over-expressing U251 transfectant (U251-HMGA2 clone
2). ***p<0.001 ; **p<0.01; *p<0.05
3.3.1.5 Sequential therapy using Dovitinib and TMZ dramatically increases cell killing.
To inquire whether the downregulation of HMGA2 and BER factors under low-dose
DOV was capable of increasing TMZ sensitivity we exposed GB cells to low-dose DOV for 72 h
prior to exposure to TMZ. Cells were pretreated with DOV to attenuate HMGA2 and BER
proteins before being exposed to TMZ. 72 h pretreatment with 5 μM DOV and a subsequent 24 h
combined exposure to 2 mM TMZ and DOV (Fig. 3.3.5 A, B) reduced cell viability by 50%
compared to a 40% reduced viability under TMZ alone (Fig. 3.3.5 B). Importantly, when GB
cells were treated with low-dose DOV for 72 h and subsequently exposed to alternating TMZ for
24 h followed by exposure to DOV again for 24 h (Fig. 3.3.5 C), this sequential treatment
significantly improved TMZ sensitivity and resulted in 90% reduction of cell viability (Fig. 3.3.5
D).
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Figure 3.3.5

Figure 3.3.5: Sequential therapy using Dovitinib and TMZ dramatically increases cell
killing.
(A) and (C) Schematic representation of the sequential treatment strategies using DOV and TMZ
in U251 cells. Percentage cell survival of U251 are shown after (B) sequential therapy involving
pretreatment with DOV for 3 days followed by a combination of TMZ+DOV for 1 day and (D)
sequential therapy involving pretreatment with DOV for 3 days followed by 1 day of TMZ and
subsequent 1 day of DOV. Appropriate controls were employed and results are shown. The
sequential therapy with DOV pretreatment to down-regulate HMGA2, BER factors and pSTAT3
followed by a 1 day hit with TMZ and then 1 day with DOV alone dramatically reduced cell
survival. ***p<0.001; *p<0.05.
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3.3.1.6 Dovitinib inhibits the formation and viability of tumor spheres in GB cells by downregulation of HMGA2
The specific knockdown of endogenously produced HMGA2 in human U87MG sphere
forming cells (Fig. 3.3.6 A) reduced cell viability over the three days studied. This effect was not
observed with untreated or control siRNA treated U87MG-derived spheres (Fig. 3.3.6 B). The
ability of U87MG cells to form spheres was significantly impaired upon HMGA2 kd but
unaffected in untreated or control siRNA treated U87MG cultured in stem cell medium (Fig.
3.3.6 C, D). We tested whether low-dose DOV concentrations we had shown to down-regulate
HMGA2 were also able to reduce GB stem cell viability and growth. Indeed, the viability of
sphere-forming U87MG cells was reduced at 5 µM DOV (Fig. 3.3.6 E) and the number of
spheres was decreased already at 3 µM and 4 µM with a marked effect at 5 µM DOV (Fig. 3.3.6
F). Concordantly with the reduced survival of sphere-forming GB cells, caspase 3/7 mediated
apoptosis was enhanced at 5 µM DOV (Fig. 3.3.6 G). To further investigate the regulatory
mechanism by which DOV down-regulated HMGA2 protein, we determined the changes in the
stem cell protein Lin28, an upstream regulator of HMGA2. Interestingly, we detected a decrease
in Lin28A protein in GB cells upon 5 µM DOV (Fig. 3.3.6 H). It is known that STAT-3
activates transcription of Lin28 that represses Let-7 simultaneously upregulating HMGA2 (Guo
et al., 2013). Our finding that DOV reduces phosphorylation of STAT3Tyr705 (Fig. 3.3.4 H)
suggests that the multi-kinase inhibitor DOV negatively regulates the Lin28-Let7-HMGA2 axis
in GB cells via inhibition of STAT3 signaling.
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Figure 3.3.6
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Figure 3.3.6: Dovitinib mediated HMGA2 silencing impairs sphere formation and
suppresses Lin28A.
Human U87MG cells cultured in stem cell medium generated tumor spheres. (A) We specifically
knocked down HMGA2. (B) This resulted in increased cell death of sphere forming cells
exclusively in siHMGA2 treated GB cells but not in untreated or control siRNA treated U87MG.
(C) As shown by phase contrast imaging and (D) quantified by number of tumor spheres, the
HMGA2 kd resulted in reduced number and appearance of smaller tumor spheres. (E)
Percentage cell survival and (G) percentage caspase 3/7 activation of the sphere forming
U87MG cells with a series of low DOV concentrations 1, 2, 3, 4 and 5μM showed 5μM DOV to
reduce viability of the sphere forming cells. (F) The number of spheres formed was significantly
lower under treatment with 3, 4 and 5μM of DOV. The spheres formed upon DOV treatment
were smaller in diameter and those > 50μM diameter was counted. (H) Upon DOV treatment in
U251 cells, Western blot showed the down-regulation of Lin28A protein, which is a regulator of
HMGA2 and stem cell renewal. ***p<0.001 ; **p<0.01; *p<0.05.
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3.3.2 DISCUSSION
Here we demonstrate the presence of HMGA2 in human GB cells and the corresponding
human xenografts. GB initiating cells in tumor spheres derived from GB patient cells coexpressed HMGA2 and the stem cell marker SSEA1. We confirmed that HMGA2 is an
important contributor to sphere formation in GB cells. HMGA2 expression data in GB are
controversial. An earlier report concluded that only 1 out of 8 GB cases studied expressed
HMGA2 (Akai et al., 2004). However, more recent evidence indicates that HMGA2 is an
important prognostic marker in glioma (Liu et al., 2014). HMGA2 promotes growth and
metastasis in GB and this is, in part, controlled by epigenetic regulatory circuits that involve the
binding of specific microRNAs (miRs) such as the Let-7 members to the 3’UTR of HMGA2. In
addition, miR142-3p was shown to inhibit the ability of HMGA2 to promote SOX2 expression
and SOX2-related stemness in GB (Chiou et al., 2013). HMGA2 has also been reported in a
Lin28A expressing subset of GB (Mao et al., 2013) and was recently demonstrated to be
regulated by Lin28 in adult GB tumors (Weingart et al., 2015). Lin28 down-regulates miRNAs
of the Let-7 family, which target and inhibit HMGA2 expression (Dröge and Davey, 2008;
Hammond and Sharpless, 2008).
The development of chemoresistance to TMZ is a major clinical complication with
usually fatal outcome and coincides with the emergence of a more aggressive phenotype in
patients with primary and recurrent GB. Here we show that the presence of HMGA2 is
associated with chemoresistance to the alkylating drug TMZ in human GB cells. TMZ is a
prodrug and converted to the active metabolite 5-(3-methyl-1-triazeno) imidazole-4-carboxamide
(MTIC) by spontaneous decomposition in solution and results in the formation of N7methylguanine (N7-MeG; 60-80%), N3-methyladenine (N3-MeA;
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10-20%) and O6-

methylguanine (O6-MeG; 5-10%) (Bobola et al., 2012). The O6-methylguanine-DNA
methyltransferase (MGMT) executes direct DNA repair of O6-MeG sites and is known to
promote TMZ resistance in GB (Fukushima et al., 2009). The TMZ-induced adducts, 7-MeG and
3-MeA, are removed by the multi-step BER pathway to generate an apurinic/apyrimidinic (AP)
site for the insertion of the complementary base by DNA polymerase beta (Tang et al., 2011).
The AT hooks of HMGA2 have intrinsic AP/dRP lyase activities which facilitate expedient
BER, remove cytotoxic dRP sites and protect HMGA2+ embryonic stem (ES) cells and cancer
(stem) cells from alkylating DNA damage and genomic instability (Summer et al., 2009). If left
unrepaired, AP sites can lead to double strand DNA breaks. This is reflected by an increase in
nuclear foci of the phosphorylated histone isoform γH2AX. We show here that the expression of
HMGA2 conferred strong protection against TMZ in human GB cells. Specific knockdown of
endogenous HMGA2 caused a significant increase in the number of nuclear γH2AX sites in GB
cells treated with TMZ and, to a lesser extent, DMSO. While this indicated reduced TMZ
chemoresistance, it also suggests a protective role of HMGA2 against other exogenous and
endogenous metabolic compounds capable of inducing DNA damage and inflicting genomic
instability. This protective role of HMGA2 against genotoxic agents extends beyond BER
(Hombach-Klonisch et al., 2014; Summer et al., 2009) and includes HMGA2 mediated
protection against apoptosis by altering the ATM (Palmieri et al., 2011) and ATR (Natarajan et
al., 2013) DNA damage repair signaling pathway. Furthermore, we recently showed that through
the interaction of HMGA2 with key factors at the replication fork, HMGA2 can protect stalled
replication forks from endonucleolytic destruction after drug treatment to ensure genomic
stability in embryonic and tumor cells (Yu et al., 2014). HMGA2-mediated protective functions
were observed upon specific genotoxicants that induce BER. HMGA2 expression did not rescue
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cells attacked by DNA damaging agents such as paclitaxel or cisplatin (Boo et al., 2005; Summer
et al., 2009). Nucleotide Excision Repair (NER) fixes cisplatin-induced DNA damage and
ERCC1 (excision repair cross-complementation group 1) is one of the key proteins involved in
the NER machinery. HMGA2 downregulates ERCC1 and inhibits NER, thus, sensitizing the
cells to agents other than the BER inducers (Borrmann et al., 2003).
Given these and other key protective functions of HMGA2 in tumor cells (Fusco and
Fedele, 2007), ways to block DNA targeted actions of this oncofetal factor are expected to
significantly enhance chemosensitivity to alkylating agents in GB. We identified the two minor
groove binders, netropsin (NET) and pentamidine (PEN), as promising drugs capable of
inhibiting HMGA2 binding to genomic DNA in GB. Indeed, when NET or PEN were employed
in co-treatments with TMZ, human GB cells showed significantly increased sensitivity to TMZ
which coincided with enhanced caspase-mediated apoptosis. This was more pronounced in
human GB cells derived from patient tumors than in GB cell lines. NET was shown to directly
compete with both HMGA2 and its close relative HMGA1 for the same AT-binding sites on the
DNA and effectively displace HMGA from these sites (Miao et al., 2008; Wegner and Grummt,
1990). Both HMGA factors share similar AT-hook motifs (Cattaruzzi et al., 2007). In
medulloblastoma cells over-expressing HMGA1, NET altered the gene expression and
effectively inhibited the growth of intracerebral medulloblastoma xenografts in mice without
eliciting any toxic side effects (Lau et al., 2012). Used for decades to treat parasitic protozoa,
PEN is an FDA-approved and a readily available prototype for drugs with a diamidine structural
backbone to demonstrate suitability as HMGA2 antagonist. PEN crosses the blood-brain-barrier
(BBB) to a very limited degree but its furan analogue furamidine (DB75, pafuramidine) in the
methoxy prodrug form can reach effective concentrations in the brain when administered either
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intravenously (in humans and mice) or intraperitoneally (mice) (Sturk et al., 2004). In GB, the
BBB is likely leaky (Stewart, 1994; Stewart et al., 1994) and this may allow PEN derivatives to
reach concentrations in GB tissue capable of blocking HMGA2-DNA interactions. The ability of
PEN to increase the efficacy of TMZ at lower concentrations within GB tumor tissue is clinically
relevant as intra-tumoral TMZ concentrations are expected to be low. The brain/plasma ratio for
TMZ peak concentration (Cmax 13.9%) demonstrated much lower TMZ concentrations within
the brain (Portnow et al., 2009).
The multi-kinase inhibitory function of Dovitinib (TKI258, CHIR258, DOV) and its
ability to cross the blood-brain-barrier provided the rationale for its current use in single
treatment regimens. There are presently two ongoing clinical trials for the use of DOV in patients
with advanced and recurrent GB in Germany [NCT01972750] and the US [NCT01753713].
Here, we demonstrate that low concentrations of the minor groove binder and multi-kinase
inhibitor DOV is highly effective in increasing TMZ sensitivity in GB cells. Treatment with lowdose DOV alone only had a marginal effect in our GB cell models. Intriguingly, DOV was able
to efficiently down-regulate HMGA2 in GB, which, similar to HMGA2 silencing, contributed to
the sensitization of GB cells towards TMZ. Importantly, DOV also decreased key BER factors
known to facilitate the repair of base lesions induced by TMZ and this resulted in apoptosis of
GB cells (Atkins et al., 2015). Based on these findings, we reasoned that a sequential treatment
starting with a DOV “priming step” to attenuate cellular BER and HMGA2 protein levels,
followed by TMZ may improve the efficacy of both drugs in GB cells. Indeed, we observed most
efficient killing of human GB cells after an initial 72 h treatment with low-dose DOV, followed
by subsequent hits for 24 h each with TMZ at EC50 and DOV. The simultaneous application of
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DOV and TMZ was significantly less effective and resulted in only a 50% reduction in GB cell
viability.
The complex effect of DOV on GB cells also affected the GB stem cell compartment.
HMGA2 is a stem cell factor and important for neural stem cell renewal (Nishino et al., 2008).
We confirmed the expression of HMGA2 in sphere-forming patient GB cells positive for
SSEA1, a marker for tumor-initiating GB cells (Son et al., 2009). Like siRNA-mediated
HMGA2 silencing, DOV-mediated down-regulation of HMGA2 in GB cells resulted in reduced
GB tumor sphere formation and decreased GB stem cell viability. Diminished HMGA2
coincided with attenuated Lin28A levels in human GB exposed to DOV, identifying a hitherto
unknown role of DOV as an inhibitor of the Lin28-Let-7-HMGA2 axis (Dröge and Davey, 2008;
Hammond and Sharpless, 2008). Our data suggest that the recently described Lin28A+/
HMGA2+ subset of invasive GB (Mao et al., 2013) is a promising new target for DOV. DOV
may elicit its suppressive action on Lin28A by reducing STAT3Tyr705 phosphorylation in GB
cells. STAT3 activation was recently shown to regulate the Lin28-Let-7-HMGA2 axis in breast
cancer cells (Guo et al., 2013). STAT3 activation is promoted by cytokines such as IL-6 (Zhong
et al., 1994). The previously identified poor survival outcome of GB patients with the upregulation of IL-6 and HMGA2 (Chiou et al., 2013) demonstrates the need to address the
regulatory pathways upstream of HMGA2 in GB patients in order to refine therapeutic
modalities for GB. Our discovery of DOV as a novel negative regulator of HMGA2, Lin28A,
STAT3 activation and BER members identifies this drug as a new and versatile therapeutic tool.
When used in the correct sequence, DOV will effectively promote and enhance TMZ cytotoxic
actions in GB.
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In conclusion, we provide first data to demonstrate a new role for HMGA2 in protecting
GB cells from the genotoxic effects of TMZ. Minor groove binders significantly increased TMZ
chemosensitivity in GB cells. Importantly, we identified the FDA-approved drug Dovitinib as a
new therapeutic tool capable of enhancing TMZ efficacy and simultaneously blocking the
STAT3-Lin28-Let-7-HMGA2 stem cell pathway. The novel sequential DOV-TMZ treatment
regimen found to be effective in our in vitro studies may be implemented clinically and could
provide a promising new chemotherapeutic drug regiment for GB patients regardless of their
MGMT status.
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CHAPTER 4: SIGNIFICANCE, CONCLUSIONS AND FUTURE PERSPECTIVE
HMGA2 is expressed in pluripotent embryonic stem cells and is absent in normal somatic
cells. Re-expression of HMGA2 in human cancers positively correlates with malignancy and
metastasis. Cancer cells that re-express HMGA2 escape the damaging effects of
chemotherapeutics by utilizing the protective functions of HMGA2 in the embryonic stem cells.
This thesis addresses novel roles of the nuclear stem cell factor HMGA2 at telomeres and
genomic DNA and provides new insight into HMGA2 functions in the context of
chemoresistance in HMGA2+ cancers.
HMGA2 is a nuclear transcription factor with multifaceted roles such as in tumorigenesis
(Morishita et al., 2013), epithelial mesenchymal transition (Watanabe et al., 2009; Zha et al.,
2013; Thuault et al., 2006), stem cell self-renewal potential (Copley et al., 2013), DNA repair
(Summer et al., 2009, Li et al., 2009, Borrmann et al., 2003), regulation of cell cycle and
chromatin organization (Tessari et al., 2003; Pfannkuche et al., 2009), obesity (Anand and
Chada, 2000; Zhou et al., 1995), and human height and intelligence (Horikoshi et al., 2013; Stein
et al., 2012; Weedon et al., 2007). This thesis presents a previously unknown role of HMGA2 in
telomere protection. HMGA2 increases the threshold for telomere dysfunction through novel
protein-protein interaction with telomere capping protein TRF2. Increased telomere dysfunctioninduced abnormalities such as anaphase bridges and micronuclei correlate with repression of
HMGA2. HMGA2 knockdown also increases 53BP1 foci at telomeres (TIFs), a signature of
telomere instability (Takai et al., 2003), while the expression of HMGA2 rescues telomere
dysfunction.
ATM was recently shown to interact with and phosphorylate HMGA2. The
phosphorylated HMGA2 activates a positive feedback loop by up-regulating ATM expression

164

and contributes to cancer chemoresistance (Palmieri et al., 2011). My results demonstrate a novel
interaction between ATR-CHK1 complex and HMGA2 and provide evidence for a new cytoprotective role of HMGA2 by sustaining ATR-CHK1 phosphorylation. In four different cancer
cell models, we show that the anti-apoptotic activity of HMGA2 is mediated by activated
pCHK1. Depletion of HMGA2, CHK1, or both factors resulted in mitotic cell cycle (G2/M)
arrest, increased number of nuclear γ-H2AX foci and caspase 3/7 mediated apoptosis with
decreased resistance to the genotoxic agents methyl methanesulfonate and hydroxyurea. Thus,
our data provide evidence, for the first time, indicating an active role of HMGA2 in the ATRCHK1 DDR pathway.
Taken together, the results from these studies broaden our understanding of the novel
mechanisms involved in HMGA2-mediated genomic stability and may provide the basis for the
development of new therapeutic strategies that target chemoresistance with improved
effectiveness in aggressive HMGA2+ cancers. The results from my work provides a rationale for
the development of HMGA2 inhibitors as part of a novel selective strategy to effectively
destabilize telomeric/genomic DNA and induce apoptosis in HMGA2+ tumor cells but leave
HMGA2 negative normal adult cells unaffected. This may bypass HMGA2-mediated
chemoresistance and improve cancer chemotherapies. In this regard, a DNA minor groovebinding drug that was reported to inhibit HMGA2 can serve as a preferred drug of choice (Miao
et al., 2008).
The last part of the thesis focuses on identifying a novel therapeutic strategy to overcome
HMGA2-mediated chemoresistance in glioblastoma. We demonstrate, for the first time, the role
of HMGA2 in enhancing TMZ resistance in GB. Presence of HMGA2 significantly decreased
the recruitment of DNA damage response marker γH2AX upon TMZ, indicating HMGA2-
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mediated TMZ resistance in human GB cells. We identified a new treatment regime to
significantly reduce TMZ chemoresistance in GB. Our strategy is of clinical interest because we
introduce a novel combinatorial treatment with existing FDA approved drugs (TMZ and DOV)
to combat GB. DOV was employed as a single agent in phase II clinical trials for recurrent GB
and the results were insignificant (Ahluwalia et al., 2015). This may be partly attributed to the
use of a single agent and the ability of the heterogeneous cancer cells to quickly counteract the
one-way therapeutic attack. Precisely targeted and timed attack of the multiple protective
mechanisms adopted by this heterogeneous cancer population may provide more promising
results in anticancer therapy. Our approach of administering a combination of drugs in an
appropriately timed and sequenced manner may have a measurable impact on patient outcome.
DOV was employed in clinical trials due to its known multiple receptor tyrosine kinase
inhibitory activity and the molecular mechanism in sensitizing cancer cells that were shown to be
SHP-1 mediated inhibition of STAT-3 (Lee et al., 2005; Wang et al., 2013; Tai et al., 2012). A
comprehensive investigation done in this thesis identifies, for the first time, other proteins and
repair pathways targeted by DOV. We show that DOV inhibits HMGA2, LIN28A, PARP-1 and
key members of BER such as MPG, APE1, FEN-1 and XRCC1 in human GB cells. Significant
increase in GB cell killing by the combined action of DOV and TMZ may be attributed to the
downregulation of multiple indispensable proteins, required for cancer cell repair and survival,
by DOV followed by the alkylating function of TMZ.
Conventional chemotherapy is often unsuccessful due to the evolution of multidrug
chemoresistance in cancer (stem) cells (Klonisch et al., 2008). HMGA2 is identified as a critical
factor in cancer (stem cells) with protective nuclear functions such as in telomere maintenance
(Natarajan et al., 2015b), DNA replication (Yu et al., 2014) and DNA repair (Natarajan et al.,
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2013; Summer et al., 2009). HMGA2 has been demonstrated to interact with key factors
involved in (i) BER (APE1), (ii) DDR signaling pathway (ATM, ATR), (iii) replication fork
(PCNA, RPA) and telomere maintenance (TRF2, RAP1) (Natarajan et al., 2013; Palmieri et al.,
2011; Summer et al., 2009; Yu et al., 2014; Natarajan et al., 2015b). Inhibition of telomere
maintenance combined with double strand break inducers increases cancer chemosensitivity (Lee
et al., 2001). It has been shown in A549 lung cancer cells that there is a mutual negative
feedback loop regulation between ATR and TRF2 that protects cancer cells from DNA damage
inducing toposisomerase II inhibitor Salvicine (Zhang et al., 2008b). Salvicine is shown to
induce both telomeric (reduction of TRF2 protein levels, telomere erosion) and genomic DNA
insult. Overexpression of TRF2 rescued cancer cells from Salvicine-induced telomeric and
genomic DNA damage while TRF2 knockdown increased γ-H2AX foci and telomere erosion
(Zhang et al., 2008b). Loss of TRF2 also increases DNA damage and apoptosis in cervical and
gastric cancer cells, revealing a link between TRF2 and chemoresistance (Ning et al., 2006;
Ozden et al., 2014). Work in this thesis showed greater TRF2 occupancy at telomeres as a means
of telomere protection in HMGA2+ chemoresistant cells when compared to HMGA2low cells. A
recent study demonstrates a role for TRF2 in tumor angiogenesis apart from its protective role in
telomeric/non-telomeric DNA (El Maï et al., 2014). TRF2 is overexpressed in endothelial cells
of several tumors and is involved in the transcriptional activation of the angiogenic factor
PDGFRβ (platelet-derived growth factor receptor β) that promotes tumor angiogenesis (El Maï et
al., 2014). Future studies targeting the multifunctional protein TRF2 might be useful to
simultaneously destabilize multiple survival mechanisms adopted by cancer cells with respect to
TRF2 function.
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HMGA2 promotes TGF-β mediated EMT, which contributes to cancer metastasis and
HMGA2 is a new factor associated with Base Excision Repair, which frequently contributes to
chemoresistance against certain antineoplastic agents (Summer et al., 2009; Thuault et al., 2006).
HMGA2 expression in cancers correlates with poorer prognosis. These properties make HMGA2
a potential biomarker of disease and an important candidate drug target. In several malignancies,
HMGA2 is an emerging parameter that should be considered in the future when assessing the
prognosis and treatment options.
Several successful in vitro studies have not shown significant promise in the clinical
trials. The complexity and heterogeneity of cancer cells demands more effort in carefully
understanding the basic science behind them. A lot of research has been done in the field of
molecular-targeted agents (MTA) combination therapy where MTAs are combined with
cytotoxic agents and several targets in a single or parallel or compensatory pathways are
simultaneously inhibited (Li et al., 2014a). However, MTA combination therapy has some
limitations and warrants further exploration. Future studies that focus on targeting the
multifunctional survival factor HMGA2 in cancer in vivo, to bypass HMGA2-mediated cancer
chemoresistance, in combination with cytotoxic agents will be of potential therapeutic value.
Employing MTAs that may block the functions of HMGA2 or disrupting the miRNA
regulation of HMGA2 would be a venue to investigate in the future towards development of new
chemotherapies. The HMGA2 gene produces six isoforms. HMGA2a (also called HMGA2) is the
full-length “wild-type” transcript and the alternative splice variants include HMGA2b to
HMGA2f where exons 4 and 5 are absent. All these isoforms are co-expressed in embryonic and
tumor tissues (Hauke et al., 2005). Not only HMGA2, but also other members of the high
mobility group (HMG) proteins such as HMGA1 (Shah and Resar, 2012), HMGB (Gnanasekar
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et al., 2013; Tang et al., 2010) and HMGN (Gerlitz, 2010) have been associated with DNA
damage repair and cancer progression and can serve as cancer therapeutic target molecules.
This thesis explains that suppression of HMGA2 per se causes cancer cell death.
However, targeting the alternative splice variants of HMGA2, other HMG proteins, telomeric
protein TRF2 and other parallel protective or repair pathways together with genotoxicants may
be considered as an option to further enhance the efficacy of anticancer therapy. Important
parameters such as inhibiting the right combination of molecules and pathways, optimal timing
and drug dosing should be considered for effective remission of the aggressive HMGA2+
cancers.
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