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Abstracts  

PARP inhibitors have shown promising results in combination with DNA damaging 

drugs and studies on the use of PARP inhibitors in combination with other treatments are 

ongoing for TNBC patients. The non-histone chromatin binding protein HMGA2 is 

expressed in embryonic stem cells and cancer cells, including triple-negative breast 

cancer cells (TNBC). HMGA2 enhances resistance to chemotherapeutics by enhancing 

base excision repair (BER) capability and decreases apoptosis by modulating the ATM 

and ATR DNA damage signaling pathways. Here we hypothesized that HMGA2 

increases DNA damage-induced PARP1 activity and increases survival and of TNBC 

cells. I demonstrated that HMGA2 reduced MMS-induced DNA damage, increased cell 

survival and reduced apoptosis in triple-negative cancer cells. We identified PARP, an 

ADP-ribosylating enzyme recruited to DNA damage sites, as a novel HMGA2-

interaction partner and showed that PARP1 activity was increased in the presence of 

HMGA2. This required functional AT hook domains of HMGA2. HMGA2 reduced the 

sensitivity of triple-negative breast cancer cells towards PARP1 inhibitors. Silencing of 

HMGA2 resulted in decreased cell survival and increased apoptosis following treatment 

with MMS and Olaparib.  

In conclusion, we identified for the first time HMGA2 as a novel regulator of PARP1 

activity in cancer cells causing a reduced sensitivity towards PARP1 inhibitors. This 

suggests that HMGA2 may be a promising new target for combinatorial therapies in 

using PARP inhibitors in HMGA2-positive tumors. 
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Chapter 1: Introduction 

1.1 Breast 

The breast is a tissue overlying the pectoralis muscles of the chest. The female breast is 

made of very specialized tissue divided into glandular tissue that produces milk, and fatty 

tissue which determines the size of the breast. The glandular epithelial part of the breast 

that produces milk is organized into around 20 sections, called lobes. Lobules are smaller 

structures within each lobe. Milk is produced by epithelial cells of the acini and then 

carried by a network of tubes called ducts to the nipple. The dark area of skin around the 

nipple is called areola. The breast contains ligaments and connective tissue which 

connect to the pectoral fascia and provide support and the shape of the breast. It also 

contains nerves, blood vessels and lymph vessels. The structure of the male breast is 

almost the same, except that there are no lobules in male breast tissue, as there is no 

physiologic milk production (1).  

1.2 Breast Cancer and the incidence in Canadian women  

Based on the Canadian Cancer society, a malignant tumor that starts in the cells of the 

breast is called breast cancer. It can metastasize and spread to other parts of the body if 

untreated. It is the most common cancer diagnosed in Canadian women (1 in 4, 25.8 %) 

in 2016 and accounts to the second cause of cancer deaths after lung cancer. The 

incidence of breast cancer increases with age and based on estimation 83% of new cases 

of breast cancer will occur in Canadian women over the age of 50.  Based on the most 

recent data the 5 year survival ratio for breast cancer is 87 % (Table:1) (2).  
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 Table 1: Canadian breast cancer estimated statistics (2016) (2).  

Category  Males Females  

New cases 220 25,000 

Incidence rate (for every 100,000 people) 0.9 100 

Deaths 60 5,000 

Death rate (for every 100,000 people) 0.2 18 

5-year relative survival (estimates for 2006–

2008) 

80% 88% 

     

1.3 Staging of breast cancer (TNM classification) 

Breast cancer staging is a clinical assessment and explains how far a cancer has spread 

and it is important to clarify whether breast cancer is at an early, locally advanced or 

metastatic stage. The TNM system is one of the most common staging systems which 

takes three parameters into consideration: (1)  the size of the tumor (T), (2) the number of 

lymph nodes that are involved (N), and (3) if the cancer has metastasized to distant 

organs or body parts (M). Considering these three factors, breast cancer is classified to 4 

stages (0 – IV); table 2 demonstrates pathological properties of these stages based on 

information provided by the American Cancer Society (Table 2) (3, 4).  

Table 2: Breast Cancer Stages 

Stage 0 Tis, N0, M0 Ductal carcinoma in situ (DCIS) and Lobular carcinoma in 

situ (LCIS), it is a pre-cancer of the breast and earliest form 

of breast cancer. In this stage cancer cells have not invaded 

to lymph nodes, surrounding tissues or distant sites.  

 

Stage IA T1, N0, M0 T1: Tumor size is 2 cm or less. 

 N0: no lymph nodes. 

M0: no distant spread. 

Stage IB T0 or T1, T0 or T1: tumor is 2 cm or less (or is not found) 
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N1mi, M0 

 

 

 N1mi: micrometastases in 1 to 3 axillary lymph nodes. 

M0: no spread to distant sites. 

Stage 

IIA 

T0 or T1, N1 

(but not 

N1mi), M0: 

 

T1 or T0: The tumor is 2 cm or less (or is not found)  

N1 : It has spread to 1 to 3 axillary (underarm) lymph nodes  

with the cancer in the lymph nodes larger  

M0: No distant metastasis  

 

Stage 

IIB 

T2, N1, M0 

 

 

 

OR 

T3, N0, M0 

T2: the tumor size is larger than 2 cm but less than 5 cm. 

N1: It has spread to 1 to 3 axillary lymph nodes. 

M0: No distant metastasis  

 

T3: The tumor size is larger than 5 cm. 

N0: No lymph nodes.  

M0: No distant metastasis.  

 

Stage 

IIIA 

T0 to T2, N2, 

M0 

 

 

 

OR 

T3, N1 or N2, 

M0 

T0 to T2: The tumor is not more than 5 cm or cannot be 

found.  

N2: It has spread to 4 to 9 axillary lymph nodes. 

M0: No distant metastasis.  

 

T3: The tumor is larger than 5 cm.  

N1 or N2: It has spread to 1 to 9 axillary nodes,  

M0: No distant metastasis  

 

Stage 

IIIB 

T4, N0 to N2, 

M0 

T4: The tumor has grown into the chest wall or skin (T4) and 

can be:  

N0: no lymph nodes 

N1: 1 to 3 axillary lymph nodes 

N2: 4 to 9 axillary lymph nodes  

M0: No distant metastasis  

 

Stage 

IIIC 

any T, N3, 

M0 

any T: The tumor is any size (or can't be found), and can be: 

N3: 10 or more axillary lymph nodes  

N3: lymph nodes under the collar bone 

N3: lymph nodes above the collar bone 

M0: no distant metastasis  

 

Stage IV any T, any N, 

M1 

any T: The cancer can be any size  

any N:may or may not have spread to nearby lymph nodes 

M1: It has spread to distant organs or to lymph nodes far 

from the breast. The most common sites of spread are the 

bones, liver, brain, or lungs. 
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1.4 Breast Cancer grading 

Breast Cancer grading reflects the histopathological characteristics of breast cancer and 

indicates how aggressive the cancer is likely to be. The grade is classified by testing the 

appearance and behavior of cancer cells under the microscope. Grading takes into 

account the histologically assessed differentiation of the cancer cells which is predictive 

for the likelihood of the cancer to spread. The Nottingham modification of the Bloom-

Richardson scale is mostly used for breast cancer grading (Table 3) (3).  

Table  3: “Breast cancer grades as shown in Canadian Cancer Society site” 

Grade  Description  

I Low-grade (well-differentiated) tumors that do not appear to be growing 

quickly and are less likely to spread 

II Intermediate-grade (moderately differentiated) tumors that have features 

between grade 1 and 3 

III High-grade (poorly differentiated or undifferentiated) tumours that tend to 

grow faster and are more likely to spread 

 

1.5 Histological classification of breast cancer:  

Based on histological properties, breast cancer is classified into in situ carcinoma and 

invasive carcinoma. Ductal carcinoma in situ (DCIS) and lobular carcinoma in situ 

(LCIS) are considered to be sub classification of in situ carcinoma which results from 

uncontrolled growth of the epithelial cells within the lining of a milk duct or lobule. 
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DCIS are more common and are categorized to a heterogeneous group of tumors (5, 6). 

Similarly, invasive carcinoma is sub classified into invasive ductal carcinoma (IDC) and 

invasive lobular carcinoma (ILC). The breast cancer that starts in the milk ducts and 

spreads to surrounding tissue is called IDC, whereas breast cancer that starts in the 

lobules it is called ILC (6).  Inflammatory breast cancer, Paget’s diseases, Phyllodes 

tumors, Metaplastic breast cancer and Medullary breast cancer are less common types of 

breast cancer (6).  

1.6 Molecular classification of breast cancer 

Based on variations in gene expression patterns derived from cDNA microarray 

experiments, breast cancer is classified into four molecular subtypes of Estrogen-positive 

Luminal A (Luminal A), Estrogen-positive Luminal B (Luminal B), Triple negative/ 

basal-like, HER2 type and claudin-low (7, 8).  This type of classification and these 

molecular subtypes provide a valuable predictor for overall survival and disease-free 

survival (8). In another study investigating gene expression data in 997 breast cancers 

Curtis et al., suggested 10 distinct subgroups for breast cancer (9). 

1.6.1 Luminal A 

In luminal tumors cells lining in the inner (luminal) part of mammary ducts become 

cancerous. The expression of estrogen (ER) receptor, progesterone (PR) receptor, human 

epidermal growth factor receptor 2  (HER2) proteins and Ki67 index appear to separate 

luminal A from luminal B (10). According to immunohistochemical (IHC) analysis data, 

luminal A tumors are known as ER-positive/HER2-negative/PR more than 20% and Ki-

67 less than 14% (11). About less than 15 percent of luminal A tumors have mutation in 

p53 gene (1). The tumor histologic grade is 1, and of the four molecular subtypes, 
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luminal A tumors have the best prognosis, which is associated with a low risk of local or 

regional lymph node recurrence with fairly high survival (12, 13).  Because these tumors 

tend to be ER positive, treatment often include endocrine therapy. Endocrine therapy 

treats hormone receptor positive breast cancer cells in two mechanisms. Some like 

tamoxifen attach to the ER in the cancer cells and block estrogen from attaching to the 

receptor whereas other therapies lower the level of estrogen in the body such as 

aromatase inhibitors (14, 15).  

1.6.2 Luminal B 

Proliferation-associated genes, such as G2/mitotic-specific cyclin-B1(CCNB1) and 

Marker Of Proliferation Ki-67(MKI67), have a higher expression in luminal B than in 

luminal A tumors comprising the major biological distinction between these two groups 

(10, 16). In general, luminal B tumors are determined as ER-positive/ HER2-negative/ 

PR less than 20% and highly positive for Ki67 (more than 14 %) (11). p 53 gene mutation 

is around 30% in this subtype (1). Compared to luminal A tumors, Luminal B tumors are 

diagnosed at a younger age and patients tend to have factors such as larger tumor size and 

lymph node positivity (12, 17, 18). Subsequently, this results in a poorer prognosis and 

outcome for luminal B tumors. In untreated luminal B breast tumors, overall survival is 

similar to basal-like and HER2 positive subtypes (19). It’s been suggested that luminal B 

breast cancer is relatively insensitive to endocrine therapy, compared with luminal A 

subtype, and to chemotherapy, compared to HER-2 enriched and triple negative breast 

cancers (20, 21). Therefore, in order to improve survival in luminal B subtype, there is a 

focus on distinct molecular pathways where establishment of effective therapeutic agents 

may change the history of the disease (19). Insulin-like growth factor signaling pathway 
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which is active in luminal B tumors is one of the targets that has been considered in 

combination with endocrine therapy for the patients (22).   

1.6.3 HER2 subtype 

Although most of the HER2 subtype tumors are highly positive for the expression of erb2 

genes and HER2 protein ,about 30 % are HER2 negative (23). The HER2 subtype is 

known as ER-negative/ PR-negative/ lymph node positive with poorer tumor grade (7). 

About 5-15 % of all breast cancers are HER2 type, and around 75 % of these tumors 

contain p53 gene mutations (7, 24). Women with this subtype of breast cancer are 

diagnosed at younger age and because most of the cells are HER2 positive it can be 

treated with anti-HER2 drug called Trastuzumab (Herceptin) (25). Herceptin is a 

monoclonal antibody that specifically targets HER2. Upon binding to HER2 it blocks 

downstream signaling pathways and flag the cancer cells to be damaged by the body 

immune system which is called antibody dependent cellular cytotoxicity (26, 27). 

1.6.4 Triple Negative Breast Cancer/ Basal-like subtype 

Based on PubMed search of medical literature the first mention of triple negative breast 

cancer was in 2005 (28, 29). TNBC is characterized by the lack of IHC expression of the 

receptors for ER, PR and ERBB2/HER2 (30)(31). The majority of TNBC (approximately 

70%) are basal-like breast cancer, and it has been suggested that triple-negative and basal 

like are synonymous (32-34). Basal like is also defined by an absence or low expression 

of ER and HER2 overexpression and expression of genes found in basal or myoepithelial 

cells of the normal breast (35) while, there is subgroup of basal like breast cancers that 

comes from luminal progenitor cells of the breast (36). Also it should be mentioned that 

not all basal like subtypes known by gene expression profiling lack ER, PR and HER2 
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and only around 77% of molecular basal like tumors are triple negative (37, 38). The 

main similarities between basal like and triple negative cancer is that they both  account 

for about 10-24% of all invasive breast cancer with higher prevalence in younger (<50 

years old) women of African-American or Hispanic origins (up to 47% of breast cancers 

in these patients) (39-42). The basal-like/triple-negative (ER-/PR-/ERBB2-) subtype has 

the shortest predicted survival time (8). 

1.6.5 TNBC clinical features  

The majority of TNBC tumors are grade III IDC (41). They are more aggressive and are 

generally larger in tumor size (43). The mean tumor size is about 3.0 cm in TNBCs. The 

node positivity is high (54.6%) in this subtype of breast cancer. There is no correlation 

between tumor size and lymph node positivity, meaning even the small tumors in this 

subtype have high rate of node positivity. The overall survival for the patients with 

TNBC is low (about 4.2 years) compared with patients with other cancers (6 years) (40). 

A high proportion of patients have distant recurrence to visceral organs such as lung and 

central nervous system (44, 45). The average time for the distant recurrence is less than 

that of the other subtypes (2.6 versus 5 years) and survival from recurrence to death is 

significantly shorter (9 month) than that for women with the other subtypes (20 month) 

(40). TNBCs are associated with other pathological features which are associated with a 

poor prognosis in this subtype (46, 47). They usually express basal cytokeratins and the 

epidermal growth factor receptor (EGFR) (48, 49). They are less likely to express 

epithelial markers such as E-cadherin and more likely to express myoepithelial markers 

such as P-cadherin (48).  They also have high levels of genes related to cell proliferation 

such as (Ki67) (47) with high expression of cyclin E, and low level of cyclin D1 (50, 51). 
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About 50 % have p53 gene mutations or expression of p53 homolog which is p63 (34).  

BRCA1 is one of the important genes with high susceptibility in breast cancer and the 

majority of BRCA1 germline mutation carriers develop triple negative breast cancer (35). 

TNBCs were reported to be enriched with cells that have properties to those of stem cells 

and to have features of epithelial mesenchymal transition (EMT) (29). 

1.6.6 TNBC subtypes 

Based on Gene Set Enrichment Analysis (GSE-A), TNBC is sub classified into 7 

molecular types (6 defined subtypes and an unstable group). These were labeled on the 

basis of gene ontologies and differential gene expression and named as basal-like 1 

(BL1), basal-like 2 (BL2), immunomodulatory (IM), mesenchymal (M), mesenchymal 

stem-like (MSL), luminal androgen receptor (LAR), and unstable (UNS).  BL1 is 

characterized by several proliferative genes, elevated cell cycle and DNA damage 

response gene expression. BL2 has consistly high expression of Ki67 and involvement of 

MET pathway, EGF pathway, Wnt/β-catenin and insulin like growth factor receptor 

(IGFIR) pathway. The cytokine and immune signal transduction mechanisms are active 

in IM subtype. The M subtype represents cells which are active in cell motility and cell 

differentiation pathways like Wnt pathway, anaplastic lymphoma kinase (ALK) and 

transforming growth factor β (TGF-β) signaling. MSL represents the growth factor 

signaling pathways EGFR, platelet-drived growth factor (PDGF), calcium signaling and 

extracellular signal-regulated kinase 2 (ERK1/2). The gene ontologies in LAR subtypes 

are highly enriched with hormonal pathways such as porphyrin metabolism, steroid 

synthesis and estrogen/androgen metabolism. The unstable group (UNS) is rare and is 

characterized by unstable cell proliferation (52).   
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1.6.7 TNBC Treatment  

1.6.7.1 Surgery 

Surgical excision is considered to be the best method for locally controlling TNBC (53). 

TNBC looks like a unifocal mass lesion with smooth margin on magnetic resonance 

imaging (MRI) (2). Therefore, breast-conserving therapy (BCT) or lumpectomy with 

negative resection margins is the best option for surgery (53). 

1.6.7.2 Radiation therapy 

Radiation therapy or radiotherapy is highly effective way to decrease the rate of local 

recurrence after surgery in TNBC (54). It is been reported that local and regional 

recurrence is significantly decreased by radiation therapy either in combination with 

surgery or chemotherapy (12).  

 1.6.7.3 Chemotherapy 

Cytotoxic chemotherapy is the mainstay of treatment for TNBC patients. Because this 

subtype is receptor negative, endocrine and HER2 directed therapies are not effective 

(55). Anthracycline or taxane-based regimens are considered as standard chemotherapy 

for TNBC (53). The most essential pathway that anthracyclines cause cytotoxicity to the 

cells is DNA intercalation between base pairs of DNA to inhibit DNA replication and cell 

division (56, 57). The way that taxanes act as anti-cancer drugs is also to inhibit cell 

division acting as mitotic inhibitors by preventing microtubule dynamics and spindle 

assembly (58) . Liedtke C. et al, reported the effectiveness of neoadjuvant (drug treatment 

before surgical extraction of a tumor) chemotherapy for TNBC (59). Based on their 

evaluation the pathological complete response (pCR) rate is 20% for anthracyclines, 28% 

http://www.toxipedia.org/display/toxipedia/Anthracyclines+-+Mechanism+of+Action..Liedtke
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for anthracyclines and taxanes, 12 % for taxanes and 14% for other regimens. Therefore, 

they showed that anthracycline is the most effective regimen for TNBC (59). 

1.6.7.4 Targeted therapies 

 As many as  60-70 % of TNBC patients do not respond to chemotherapy and according 

to the heterogeneity of TNBC, establishing treatments targeting molecular tumor specific 

alterations would be the most effective treatment for these patients. However, the 

progress of developing biologically targeted therapies is very slow because of the 

diversity of potentially targetable mutations in TNBC (60). PARP inhibitors and 

inhibitors that are targeting  pathways such as Wnt, TGFβ, JAK/STAT, Ras/MAPK, and 

EGFR have been under investigation (61). Phosphoinositide 3-kinase (PI3K)/ mammalian 

target of rapamycin (mTOR) signaling pathway alterations are considered to be relatively 

frequent in TNBC considering the fact that different members of these signaling 

pathways are affected in different individuals (60). Currently in clinical trials are 

platinum agents in combination with a mTOR inhibitor or a pan-PI3K inhibitor, 

respectively, since they were able to show synergistic activity in xenograft models and 

cell lines (60).  

1.7 HMG protein family 

The high mobility group (HMG) proteins are discovered more than 40 years ago as non-

histone chromosomal binding proteins with a high electrophoretic mobility in poly 

acrylamide gels (62). In general they contain a high content of charged amino acids and 

molecular mass of <30 kDa. These proteins are subdivided into three sub families of 

HMGA, HMGB and HMGN (63). There is a unique signature and a functional sequence 

motif which is specific to each subfamily: the ‘HMG-box’ for the HMGB family, the 
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‘nucleosome binding domain’ for the HMGN family and that of the HMGA family is 

called ‘AT-hook’ (63, 64).  Via their characteristic functional domains they recognize and 

bind to specific structures in DNA or chromatin. Consequently, they modify chromatin 

structure to create a conformation that affects various DNA-dependent functions such as 

recombination, replication, transcription and repair (63). I will focus here on the HMGA 

family of proteins as my work focused on HMGA2 in TNBC. 

1.7.1 HMGA protein family  

This family consists of two members HMGA1 and HMGA2.  Alternative splicing of 

HMGA1 gene results in three mRNAs encoding HMGA1a (11.7kDa), HMGA1b 

(96kDa), and HMGA1c (19.7kDa), whereas transcripts from HMGA2 gene gives rise to 

the full length HMGA2 protein (109 amino acids, 12 kDa). The human HMGA1 gene is 

localized at the chromosome band 6p21, 10 kb length consisting 8 exons, among which 

the transcription of exons 5 to 8 leads to HMGA1 mRNA encoding HMGA1 proteins 

(65). The human HMGA2 gene is at the chromosome band 12q 13-15, more than 140 kb 

consisting 5 exons that all code for the HMGA2 protein (65).  HMGA proteins contain an 

acidic C-terminal tail and three separate N-terminal AT-hooks. In HMGA1 structure 

exons 5 to 7 encode for the AT-hook motifs, while exon 8 determines the acidic C-

terminal tail and the 3
’
untranslated region.  In HMGA2 structure the first three exons 

encode for the three AT-hooks and the fifth exon encodes the C-terminus and the 

3
’
untranslated region (3’UTR). Exon 4 of the HMGA2 gene encodes the third linker 

region between the third AT hook and the C-terminus, which is unique to HMGA2. The 

third exon is separated from the fourth one by a large intronic sequence (>140kb) (65). A 

schematic representation of the HMGA1 and HMGA2 gene structure is shown in Figure 
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1 (Fig.1). The N-terminal 25 amino acids and a short peptide of 12 amino acid residues of 

the Linker 3 region between the third AT hook and C-terminus are present only in 

HMGA2 (65).  

 

 

 

 

 

 

 

 

1.8 High Mobility Group AT-hook protein 2 (HMGA2) 

The high mobility group A2 protein is highly expressed in human embryonic stem (hES) 

cells and fetal tissues. Importantly, it is not detectable in normal adult somatic cells. 

However, HMGA2 is frequently re-expressed in cancer (stem) cells (66-69). Three AT-

hooks in HMGA protein family are rich in lysine and arginine amino acids and facilitate 

binding to the minor groove of B form DNA (70, 71). These AT-hooks of HMGA2 

interact with several transcription factors and can affect gene transcription. The second 

AT-hook domain contains a nuclear localization signal and mutation in this motif result 

in impaired HMGA2 nuclear localization and nuclear function (72).  The linker 2 (L2) 

Figure 1.1: HMGA protein family gene structure. Blue boxes are AT hooks and C 

terminal transcribed regions, in HMGA1 exon 5-7 transcribed in AT hooks and exon 

and in HMGA2 exon 8 for C terminus, while in HMGA2 the first 3 exons code for AT 

hooks and exon 5 codes for C terminus. Exon 4 in HMGA2 with no homology in 

HMGA1 codes for spacer region (65). 

  

  

Figure 1.1 
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region between the second and third AT-hooks is often involved in protein-protein 

interactions (73).  

 

 

 

 

 

 

 

 

 

 

HMGA2 with its three AT hook motifs binds to DNA in length of 15 AT bps (74). 

However, this binding is more depended on DNA structure rather than sequence and it 

can bind to DNA with only one or two AT motifs (75, 76) . Consequently, un-bond 

hook(s) can interact with the other DNA segments (75). Binding of AT hooks to DNA, 

results in disordered-to-ordered conformational change in these domains. Hence, 

HMGA2 affects the structure of bound DNA molecules in different ways based on the 

number and spacing AT-rich binding sites in DNA and leads to  numerous transcriptional 

and biological effects (63).  

 

Figure 1.2: Amino acid sequence of human HMGA1/2 proteins. Bold region shows 

positively charged amino acids in AT hooks containing arginine, glycine and proline 

(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 (63). 

  

Figure 1.2 
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1.8.1 HMGA2 in embryogenesis and development 

HMGA2 expression is increased during embryo body formation and early fetal 

development but is repressed before birth (68)(77, 78). Expression of HMGA2 is 

involved in the regulation of genes related to mesenchymal cell differentiation, 

adipogenesis, Human embryonic stem cell (hES) cell proliferation control and 

overexpression of HMGA2 in humans results in lipomas, cerebellar tumor and extreme 

somatic overgrowth (66, 75, 79), while HMGA2 knock out mice show a pigmy 

phenotype and reduced number of adipocytes (80). Micro RNA (miRNA) let 7 regulates 

the expression of HMGA2 transcripts. It bins to the 3’UTR region of mRNA and 

represses the expression of HMGA2 at the posttranscriptional level (81, 82). HMGA2 

contains seven conserved let 7 binding sites in its 3' UTR region (81). lin28 protein 

negatively regulates the expression of let 7 miRNA (81, 83). Lin28 is a RNA-binding 

Figure 1.3: AT-hooks binding to minor groove of DNA. The interaction of HMGA2 

and DNA results in alteration of the chromatin structure (75).  

Figure 1.3 
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protein that is expressed in undifferentiated embryonic stem cells and re-expressed in 

several cancers (84).  Lin28 expression downregulates the miRNA let 7 which 

consequently results in upregulation of the let 7 target HMGA2 (81).  

1.8.2 HMGA2 and Cancer 

HMGA genes are considered to be proto-oncogenes and HMGA1/2 proteins are over-

expressed in several cancers (85). The expression and high levels of HMGA2 in cancer 

are related to increased invasiveness and  metastatic patterns by mediating EMT 

transition and stemness which leads to poorer prognosis for the patients (86)-(87). 

MiRNAs let7 and miRNAs-98 regulate HMGA2 expression during oncogenic 

transformation (82)(88). Tissue-specific over-expression of full-length or ubiquitous 

expression of truncated HMGA2 lacking the C-terminal tail (that contains Let-7 miRNA 

binding sites in the 3’ untranslated region) in mice results in gigantism, lipomatosis, and 

mesenchymal tumours (89). 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 a key process for the oncogenic transformation by HMGA2 (90). It 

is a member of a predictive metastasis gene profile in breast cancer cells (91). HMGA2 

overexpression is identified in breast tumors with high histological grade, but not in those 

of lower grade (92). In triple negative breast cancer, HMGA2 is induced by upregulation 

of WNT10B/β-catenin signaling that drives increased cellular proliferation (93). Previous 

work from our lab has shown that HMGA2 has a genome protective role in cancer cells; 

it has been shown that HMGA2 is involved in  the base excision repair (BER) pathway 

and has dRP/AP site cleavage activity which leads to the decreased sensitivity of cancer 
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cell to DNA damage-induced cytotoxicity during chemotherapy (94). In addition, 

HMGA2 has a role in stabilizing replication forks and protecting arrested forks from 

nucleolytic collapse (76). Previous work from our laboratory has shown the role of 

HMGA2 in increasing genome stability in cancer cells by promoting an increased and 

sustained activation of telangiectasia and rad3 (ATR) and its downstream target 

checkpoint kinase 1 (CHK1) following DNA damage induction. This role of HMGA2 in 

promoting the ATR/ CHK1 pathway results in prolonged G2/M block and leads to 

increased survival of tumor cells (95). Our lab has recently shown a novel role of 

HMGA2 in genome protection through increased telomere stability. HMGA2 stabilizes 

telomere-binding of the key shelterin telomeric repeat-binding factor 2 (TRF2) whereby 

protecting cancer cells against telomere dysfunction  (96).  

1.9 PARP protein family 

 The Poly (ADPribose) Polymerase (PARP) superfamily also called as ADP-

ribosyltransferases diphtheria toxin-like (ARTD) consists of at least 17 enzymes which 

are involved in different biological process, including DNA repair, transcriptional 

regulation, inflammation, mitotic regulation, oncogene-related signaling and cell death 

(97-99). They are about 65-190 kDa in size with a conserved catalytic glutamate residue 

(Glu 988) except for PARP 9 and 13 implying that they are inactive. The PARP signature 

motif which modulates the nicotinamide adenine dinucleotide (NAD
+
)
 
binding site and 

defines the PARP family of proteins is at the C terminus of the protein structure with 

exception of PARP4 where it is close to the N terminus (100). In general, this motif is 

close to domains which have a role in protein-protein interaction, cell signaling or are 

involved in DNA or RNA binding (99). This family also has one or more additional 
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domains including the BRCA1 C-terminus-like, ankyrin repeats, WWE domains and 

macro domains carrying unique properties on the PARP protein (98). PARP1 is the 

founding member and best characterized of this family to play an important role in DNA 

repair (101). PARP2 with almost 69% homology in the catalytic domain is the closest 

member to PARP1 (99, 102). PARP3 is reported to have mono-ADP-ribosylating activity 

(103). PARP4 or vault PARP is part of a ribonucleoprotein structure with PARylation 

activity which is also involved in multidrug resistance of tumors (98, 104). PARP5a and 

PARP5b, also referred to as Tankyrase 1 and Tankyrase 2, enhance telomere elongation 

interacting with telomerase (105, 106). There is only initial information related to the 

other PARPs referring to their potential role as effectors in cell division, cell viability and 

transduction of cytoskeletal organelles (105, 107). In this study I will elaborate on known 

functions of PARP1 as it is clinically important in the context of breast and ovarian 

cancers.  

1.9.1 Poly (ADP ribose) Polymerase1 (PARP1) 

PARP1 is a multifunctional and abundant nuclear protein which has a key role in 

different nuclear process including, DNA repair, gene regulation, cell death, 

inflammation, sex hormone signaling, and cell division. It is a 116 kDa (1014 amino 

acids) protein with a highly conserved structural and functional domain in vertebrates 

(98, 99). It contains (1) three N-terminal (amino acids 1-372) 2 zinc finger domains with 

Zn1 and Zn2 as DNA binding domain (DBD), zinc binding domain, and nuclear 

localization signal, (2) an auto modification domain (372-524 amino acids) containing the 

BRCA1 C terminus (BRCT motif) for protein-protein interaction,  (3) a WGR (Trp–Gly–

Arg) motif (amino acids 525–643), and (4) a carboxyl-terminal catalytic domain (amino 
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acids 653–1014) containing the PARP regulatory domain (PRD) and the highly 

conserved PARP signature motif (Sig) which defines the PARP family and is important 

for catalytic activity of PARP1 (100, 108). PARP1 detects and binds to different DNA 

structures such as single- and double-strand breaks, crossovers, cruciform, and supercoils, 

and some specific double-stranded sequences. Although its basal catalytic activity is very 

low, it becomes activated in response to a variety of allosteric activators including 

damaged DNA, but also undamaged DNAs, nucleosomes, and different proteins binding 

partners (109, 110). The targets of PARP1 activity comprise PARP1 itself as a primary 

target in vivo, core histones, the linker histone H1, a variety of transcription-related 

factors that interact with PARP1 and different proteins which have role in DNA damage 

repair (108).  

 

 

 

 

 

 

 

 

 

 

1.9.2 PARP1 catalytic activity and PARylation 

Following DNA damage induced by oxidation, alkylation and ionizing radiation, PARP1 

senses and binds to the DNA including single-strand breaks (SSBs) and double-strand 

Figure 1.4: Schematic diagram of PARP1 structure and its functional domains (100). 

Figure 1.4 
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breaks (DSBs), through its double zinc finger DNA-binding domain, therefore, it 

becomes catalytically activated. Subsequently, PARP1 uses NAD
+
 as a substrate to add 

poly ADP ribose (PAR) moieties as posttranslational modification to protein targets a 

process referred to as PARylaion (99). PARP1 PARylates (adding polymers of poly-

ADP-ribose) itself and other nuclear acceptor targets (99, 109, 111). Among PARP 

family, PARP1, PARP2 and PARP4 have PARylation activity. However, PARP1 

function displays the vast majority of PARylation in the cells. Also, PARP3, PARP10, 

PARP14 and PARP15 account for mono ADP-ribosylation (103, 112, 113).  In this 

reaction active PARPs utilize NAD
+ 

as a donor of ADP ribose, and create one ADP 

ribose and one nicotinamide per one molecule of NAD
+
. ADP ribose can bind to the 

acceptor proteins via lysine residues or on the carboxyl group of aspartate and glutamate. 

These polymers are created in promoting elongation (over 200 units in size) or branching 

(occurring on average once every 20 to 50 elongation reactions) (114, 115). According to 

the structure of PAR, this posttranslational modification creates negative charge, and 

reduces affinity to the negatively charged DNA. Consequently, PARP1 dissociates from 

DNA. Therefore, PARP1 facilitates the recruitment and subsequent  access for a network 

of enzymes and proteins which are important in DNA damage repair (116, 117). In BER, 

PARP1 helps the assembly of the core complex of x-ray repair cross-complementing 

protein1 (XRCC1), DNA polymerase β (Polβ), and DNA ligase III (118). It’s been 

established that PARP1 inhibition prevents the recruitment of XRCC1 to a subset of 

DNA damage site (119). Also, there is a functional partnership between PARP1 and 

apurinic/apyrimidinic endonuclease (APE1) and PARP1 is responsible to stimulate APE1 

strand incision activity (120). PARP1 binds to apurinic/apyrimidinic (AP) sites and 

provides protection until APE1 initiates strand incision and BER  Additionally, PARP1 
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has 5
’
-dRP/AP lyase activity, promotes strand incision and starts PARylation causing the 

recruitment of other BER factors (121).  

 PARP1 was also shown to contribute to other SSBs repair pathways including mismatch 

repair (MMR) and nucleotide excision repair (NER) (122, 123). Moreover, its role in 

DNA damage repair has been extended to assist the repair of other DNA structures such 

as stalled replication forks and DSBs, affecting both homologous recombination (HR) 

and non-homologous end joining (NHEJ) (111, 124, 125). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: functional characteristics of PARP1 when it is activated and its 

contribution to different DNA repair pathway (126).  

  

  

Figure 1.5 
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1.9.3 PARP blockade in cancer therapy 

PARP1 inhibitors are designed as agents that compete with NAD
+
 to bind to the active 

site of the enzyme inhibiting binding of NAD
+ 

substrate and block PARP1 activity (126). 

PARP inhibitors clinical development is based on two approaches: they are used either in 

combination with DNA damaging agents to acquire additional therapeutic benefit from 

DNA damage (126), or utilized as single agents  in the cells that are genetically deficient 

in DNA double strand repair genes and will die upon PARP1 inhibition (126). 

1.9.4 PARP inhibitors as sensitizers for chemo-/radio therapy  

PARP1 increased activity by ionizing radiation and DNA-methylating agents provided 

the original motivation for examining the efficacy of PARP inhibitors in combination 

with DNA damaging agents(126). The first clinical trial of PARP1 inhibitors as 

sensitizing agents to DNA-damaging drugs and radiotherapy in patients started in 2003 

allowing safety, pharmacokinetic and pharmacodynamics evaluation of the PARP 

inhibitor AG014699 (Rucaparib) displaying a halfmaximal inhibitory concentration with 

purified PARP1 in advanced solid tumors combined with Temozolomide (126). PARP 

inhibitors combined with DNA-damaging agents in Phase I and Phase II clinical trials are 

ongoing (126).  

1.9.5 PARP inhibitors as single agents in tumors with germline HR deficiency 

 Recent studies demonstrating the cytotoxic effects of PARP inhibitors on BRCA-1 or 

BRCA-2 mutant cells and tumors were the basis for moving PARP inhibitors into clinical 

practice (127, 128). The reason for these studies is because of phenomenon called 

synthetic lethality, where combined deletion/inhibition of both pathways becomes 

cytotoxic. However, individual deletion of either of two causes no effect. Various 



23 
 

genotoxic insults that cause thousands of DNA lesions each day, repaired by PARP1 and 

PARP2 by promoting BER and contribution to replication forks that arrested at the 

damage site (125, 129). Upon PARP1 and PARP2 inhibition the unresolved lesions cause 

DNA DSBs (130). BRCA-1 and BRCA-2 are important in DSBs repair pathway called 

homologous recombination repair (HRR), which is the most faithful mechanism of DNA 

DSBs repair. Therefore, for the cells with mutation in BRCA1 and BRCA2, PARP 

inhibition results in high genomic instability (126). Additionally, these studies generated 

the ground work for targeting other homologous recombination mutant lesions (126). 

Combination of PARP inhibitors with histone deacetylase (HDAC) inhibitors is one 

example (131). HDACs promote HRR by enabling the expression of HRR-related genes 

and maintain the accuracy of HRR-directed sub-nuclear foci assembly (131).  Genetic 

screens have demonstrated a host of homologous recombination related genes that, if 

deleted, causes cells hypersensitive to PARP inhibitors (132).  

1.9.6 PARP inhibitors in TNBC 

The PARP inhibitor ABT-888, known as Veliparib, in combination with chemotherapy 

has been clinically tested in metastatic breast cancer (133). A phase II clinical trial 

(#NCT02595905) currently is ongoing with Veliparib in stage IV TNBC patients. 

Another phase II clinical trial (NCT02849496) by National Cancer Institute (NCI) is 

investigating Veliparib efficacy in stage III and IV TNBC. Rucaparib, known as AG-

014699, and PF-01367338, another PARP inhibitor, demonstrated in vitro cytotoxicity to 

TNBC cell lines superior to Olaparib and Veliparib (134). A Phase II clinical trial with 

Rucaparib (NCT01074970) is ongoing in TNBC patients with BRCA1/2 mutation.  

BMN-673, Talazoparib, is another PARP inhibitor with greater potency than previous 
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inhibitors in BRCA1 and BRCA2 mutated cell lines and xenograft model (134). A phase 

III clinical trial in metastatic breast cancer is ongoing with this inhibitor.  

Olaparib, AZD 2811, is a PARP inhibitor broadly studied in breast cancer. A phase I 

study with this inhibitor in 3 breast cancer patients (molecular subtype not specified) with 

BRCA mutations was performed in 2005 in 60 patients. Of the nine breast cancer patients 

in this study with no specified molecular subtype, three carried BRCA2 mutations, two of 

whom demonstrates objective response (complete remission lasting over 60 weeks) 

(135).  A more recent phase II clinical trials with oral Olaparib administration of 400 mg 

twice per day in nearly 300 patients with a variety of BRCA-mutated cancers and 

advanced solid tumors was reported in the American Society of Clinical Oncology 

Meeting in 2013 (136). 62 breast cancer patients were included in this study. Only 12.9 % 

(8 of 62) had demonstrated responses and 47% demonstrated disease stabilization (136). 

In contrast to this recent data, an earlier phase II trial with single agent Olaparib in eight 

BRCA-mutated breast cancer patients reported by Gelmon et al, reported no objective 

responses, although minor tumor regression and disease stabilization were observed 

(137). Additionally, in 15 TNBC patients lacking BRCA mutation no responses to the 

drug were displayed (137). Currently a phase II clinical trial (#NCT00679783) is ongoing 

with Olaparib in patients with known BRCA mutation status/ TNBC or recurrent high 

grade ovarian cancer. Another phase II and III clinical trial (#NCT03150576) with this 

PARP inhibitor for neoadjuvant treatment of TNBC and/or germline BRCA-mutated 

breast cancer is ongoing. A phase I clinical trial (#NCT02227082) by the Netherland 

cancer institute is investigating combined Olaparib and radiotherapy in TNBC.  



25 
 

1.10 Rational for this study  

Although the results from in vitro experiments using BRCA germline mutant cell lines 

demonstrated significant cytotoxic activity of Olaparib, the feedback from clinical trials 

indicate that some TNBC are less responsive to PARP inhibition. This discrepancy has 

not been explained well, but the heterogeneity of TNBC and BRCA may be a causal 

factor (125). It is obvious that the majority of responses observed in TNBC treated with 

PARP inhibitors have been related with BRCA-germline mutations displaying a major 

defect in HR. Considering the fact that, BRCA mutation accounts only for small 

population of TNBC patients, efforts to detect other biomarkers of potential sensitivity 

are ongoing. Several other mutations in genes involved in HR other than BRCA1/2 occur 

in this subtype of breast cancer and increase PARP inhibitor cytotoxicity causing 

synthetic lethality such as RAD51 and Ku80 (138). In addition, somatic mutations and 

gene expression changes may contribute to reduced responsiveness to PARP inhibitors in 

TNBC. Identifying these confounding factors will help to find therapeutic approaches to 

improve the effectiveness of PARP inhibitors in TNBC. The Hombach/Klonisch group 

had previously demonstrated that the oncofetal protein HMGA2 enhances cancer cell 

survival under treatment with alkylating drugs by enhancing base-excision repair of DNA 

base lesions, stabilizing stalled replication forks and reducing apoptosis. Thus, my 

research project investigated the potential role of HMGA2 in modulating DNA damage-

induced PARP1 activity.     
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1.11 Hypothesis  

I. HMGA2 increases DNA damaged-induced PARP1 activity in TNBC cells. 

II. AT hooks domains are essential for increased DNA damage induced PARP1 

activity by HMGA2. 

III. Combined inhibition of HMGA2 and PARP1 in TNBC cells may increase 

chemosensitivity and decreases the cell viability. 
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Chapter 2: Method and Materials 

Cell Culture: 

Human TNBC cell lines, MDA-MB-231 ATCC-HTB-26 (BRCA1 wild type), MDA-

MB-436 ATCC –HTB-130 (BRCA1 mutant), MDA-MB-231 HMGA2 clones and MDA-

MB-231 Mock clones. Cells were cultured in Dulbecco’s Modified Eagle’s 

medium/NutrientF-12 Ham 1:1(DME/F12, Hyclone, Thermo Scientific, Waltham, MA, 

USA) with 5%Fetal Bovine Serum (FBS, Invitrogen, ON, CANADA).  The H1080 

fibrosarcoma cell line (C1 cells) with doxyxyclin-inducible shHMGA2 for the 

downregulation of endogenous HMGA2 (Yu et al., 2014, Cell reports) was cultured in 

DME/F12, Hyclone, with 10% FBS". Cells were maintained in a humidified incubator 

with 95% air and 5% CO2 at 37˚C and were passaged once every 2 to 3 days.  

HMGA2 knock down in TNBC cells through transient transfection: 

Human TNBC cell lines, MDA-MB-231 and MDA-MB-436 cells were seeded at a 

density of 1x105 cells/ well in 6well plates and cultured in DME/F12 1:1, 5% FBS for 24 

h. After 24 h cells were treated with small interference RNA (siRNA) for HMGA2 

(#SASI_Hs01_ 00098053) and scrambled siRNA (#AS022Y9R, Ambion, CA, USA) at a 

concentration of 50 nM for MDA-MB-231 and 40 nM for MDA-MB-436. The Lipid 

based reagent -Silentfect (#170-3361, BIO-RAD, ON, CANADA) was used according to 

the manufacturer’s recommendation at a volume of 2 μl/ 1250 ml of medium to 
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encapsulate the small interfering RNA (siRNA) and to deliver it into the cells. 24 h after 

transfection the lipid containing medium was replaced with fresh medium to avoid 

toxicity. 24, 48 and 72 h, after transfection cells were harvested using trypsin. At each 

time point RNA and proteins were isolated to assess both transcript and protein levels of 

HMGA2. 

Total RNA extraction 

Total RNA from human TNBC cell lines was extracted using Trizol (Ambion, California, 

USA) and  the concentration of total RNA extracted was measured 

spectrophotometrically at 260nm and 280nm using a Nanovue spectrophotometer (GE 

Health care, ON, Canada). The extracted total RNA was separated on 1% agarose gel 

made in 1x Tris-acetate-EDTA (TAE) buffer containing 1μg/ml ethidium bromide. The 

samples that show clear separation of 18s and 28s ribosomal RNA (rRNA) were used for 

cDNA synthesis. 

cDNA synthesis 

Total RNA obtained from TNBC cell lines was used at a concentration of 1 μg/μl in 10 μl 

of double distilled water (ddH2O), followed by addition of 50 ng/μl random primer 

(#C118, Promega, Madison, WI, USA), and 10μmol/L deoxynucleotide triphosphate 

(dNTP) (Invitrogen, ON, Canada). The mixture was incubated at 65˚C for 5 min, chilled 

on ice water and quickly centrifuged. cDNA synthesis was performed by adding reverse 

transcription master mix containing 5x first strand buffer, 0.1 M DTT, and 200 unit/μl 

SuperscriptII reverse transcriptase. The reaction mixture was incubated at 25˚C for 3min 

and reverse transcription reaction was carried out in a programmed thermos cycler using 
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pre-set conditions: 25˚C for 10 min, 42˚C for 50 min, and 72˚C for 15 min. After 

synthesis all the cDNA’s were stored at -20˚C. 

 

Polymerase Chain reaction (PCR) 

cDNA’s generated using random primers were used for PCR and all the PCR reactions 

were carried out in 25 μl of PCR master mix solution. 

Table 4: Reagents for PCR 

Reagent Reaction mixture volume / vial (μl) 

Double distilled water (ddH20) 18.8 

10x PCR buffer, -Mg 2.5 

50 mM Magnesium chloride (Mg) 1.0 

100 umol/L dNTPs 0.5 

20 nM Forward primer 0.5 

20 nM Reverse primer 0.5 

(5 U/μl) Taq DNA polymerase 0.2 

cDNA 1 

 

Transcripts were amplified from selected TNBC cell lines using intron-spanning 

oligonucleotide primers. The PCR cycle consisted of an initial denaturation step at 95˚C 

for 3 min, a denaturation step at 95˚C for 1 min, annealing at specific temperature for 1 

min, and finally elongation step at 72˚C for 2 min. The annealing temperature was 

selected based upon the GC and AT content in each primer pair. Glyceraldehyde 3-
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phosphate dehydrogenase (GAPDH) was used as a control to assess the quality of cDNA. 

The amplified transcripts were run on a 1% agarose gel prepared in 1x TAE buffer with 1 

μg/ml ethidium bromide. The bands were visualized using a gel documentation system 

Fluorchem-8900 gel imager (G: BOX-Syngene, CA, USA). 

Table 5: Oligonucleotide primer sequences used for the detection of HMGA2 

transcripts 

Gene Primer Primer sequence -(5' to 3') Tm Base 

pairs 

No. of 

PCR 

cycles 

HMGA2 Forward 

 

 

 

Reverse 

CACTTCAGCCCAGGGACAACC 

 

 

 

CCTCTTCGGCAGACTCTTGTGA 

62 290 35 

GAPDH Forward 

 

 

 

Reverse 

CATCACCATCTTCCAGGAGCG 

 

 

 

TGACCTTGCCCACAGCCTTG 

 

60 443 20 

 

Alkylating agents and inhibitors used in this study  

Methyl Methanesulphonate (MMS) (Sigma-Aldrich,Oakville, Ontario) (cat# M4016) was 

purchased from Sigma. It is a DNA alkylating agent and methylates DNA on N7-

deoxyguanosine and N3-deoxyadenosine in DNA bases causing DNA double strand 

breaks and activates Base excision Repair pathway in which both PARP1 and HMGA2 

are involved. The density is 1.3 g/l and MW is 110/13 g/mol. Throughout this study we 
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used working concentration of 4 mM for 25 min. In detecting γH2AX Western blot we 

used lower concentration 0.3 mM for 24 h.  

Olaparib (cat# 10621-10) was purchased from Cedarlane. Olaparib is an FDA-approved 

PARP inhibitor drug used in clinical trials in treatment of cancer. The stock concentration 

is 23 mM in this study we used different working concentrations. For all experiments we 

utilized 20 µM for all cell lines, while 100 μM for MDA-MB-231 HMGA2 

overexpressed clones as control. In Olaparib concentration experiment we used 5, 10, 20, 

50, 100, 200 µM in MDA-MB-231 HMGA2/ Mock clones and 0.5, 1, 5, 10, 15, 20 µM in 

MDA-MB-231/ MDA-MB-436 cells.  

Plasmid constructs 

Flag-tagged HMGA2 full-size and AT-hook mutant constructs were cloned into the 

eukaryotic expression vector pcDNA3.1(+) (Life Technologies via Thermo Fisher 

Scientific). The basic lysine and arginine residues were substituted with alanine to create 

the non-functional AT-hook mutant as previously described (Fig.3.7A) (72).  

Plasmid DNA transient transfection  

Cells (1x10
6
) 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. Medium was changed 24 h after transfection and cells were 

assayed for protein expression and HMGA2 function 48 h after transfection. 

Co-Immunoprecipitation (co-IP) of PARP1 and HMGA2  
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Co-immunoprecipitation was performed on nuclear protein extracts from H1080 (C1) 

fibrosacroma cells with Dox-inducible shHMGA2. Cells were washed and collected in 

ice cold PBS by centrifugation at 1000 g. Then, cells were suspend in whole cell lysis 

buffer containing 10 mM Hepes (pH 7.8), 0.34 sucrose, 10% glycerol, 10 mM KCl, , 1.5 

mM MgCl2, 1 mM PMSF, 0.1% Triton X 100, protease and phosphatase inhibitors. After 

7 min of incubation in lysis buffer the cells were centrifuged at 450g   for 10 min to 

separate nuclear pellet from cytoplasm fraction. Then, we suspend this pellet in nuclear 

lysis buffer containing 50 mM Tris-HCl (pH 7.8), 420 mM NaCl, 0.34 M sucrose, 0.5 % 

IGEPAL, protease and phosphatase inhibitors to get fraction. For IP 50 µg of protein was 

incubated with anti PARP1 antibody overnight at 4°C. Then, A/G magnetic beads were 

added and allowed to bind with the complex for another 4 h at 4°C. After 4 h incubation 

the beads were washed three times with lysis and the proteins were eluted using SDS 

elution buffer by boiling at 65°C for 15 min and used for Western blot. 

Chromatin bound protein fractionation  

Chromatin-bound and soluble nuclear proteins were prepared from H1080 (C1) 

fibrosarcoma cells with Dox-inducible shHMGA2 to downregulate endogenous HMGA2. 

Cells were washed and collected in ice cold PBS by centrifugation at 450g.Then, cells 

were suspended in whole cell lysis buffer containing 10 mM Hepes (pH 7.8) containing 

0.34 M sucrose, 10% glycerol, 10 mM KCl, 1.5 mM MgCl2, 1 mM PMSF, 0.1% Triton 

X 100, protease and phosphatase inhibitors. After 5 min incubation, cytoplasmic fraction 

was separated from nuclear pellet in 5 min centrifugation in +4
o
C

 
and 1500g. The nuclear 

pellet was suspended in nuclear lysis buffer containing 50 mM Tris-HCl (pH 7.8), 420 

mM NaCl, 0.34 M sucrose, 0.5 % IGEPAL, protease and phosphatase inhibitors to get 
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nucleoplasm fraction. Following 30 min incubation with this lysis buffer on ice, we did 

centrifugation 30 min at 16000g to separate chromatin pellet. This pellet was suspended 

in chromatin lysis buffer containing 20 mM Tris-HCL (pH 7.5), 100 mM KCl, 2 mM 

MgCl2, 1 mM CaCl2, 0.3 M Sucrose, 0.1% Triton-X 100, Protease inhibitors, 

Phosphatase inhibitors and 1 mM PMSF. This pellet is insoluble to obtain a uniform 

suspension of chromatin, briefly sonicate on ice-water (27 cycles of 5 sec on/30 sec off 

sonication rounds). The chromatin proteins were extracted by incubation with 

micrococcal nuclease for 40 min at room temperature.  

Western Blotting 

 For total protein fractions cells were lysed using 1x laemmli extraction buffer under 

reducing conditions (125 mM Tris-Hcl, pH 6.8, 4%SDS, 20% glycerol, 10% 

mercaptoethanol (ME), 2% bromophenol blue. The nuclear and cytoplasmic protein 

fractionation was performed using a commercially available fraction protein 

fractionations kit based method (NE-PER Nuclear & Cytoplasmic extraction kit, 

#PI78833, Thermos Scientific, Canada). A mixture of protease (cat# P8340, ON, Canada) 

and phosphatase inhibitors (cat# P5726, ON, Canada) (1 µl/100 µl) were added to the 

lysis buffer and samples were stored at -80˚C until used for Western blotting. For 

electrophoresis samples were heated at 90˚C for 5 min and 15-20 μl of sample was loaded 

on a 8-12% polyacrylamide gel based on the molecular weight of the protein. , 5μl of 

precision plus protein markers were used as marker standard (Thermo Fischer Scientific, 

ON, Canada). After electrophoresis separated proteins were transferred onto a 

nitrocellulose membrane (GE Healthcare) in transfer buffer (500 nM glycine, 50 mM tris-

HCl, and 20% methanol) for 1 h, at room temperature (RT) at 100 volts. The membranes 
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were incubated in Ponceau solution to visualize the efficiency of transfer. The 

membranes were then blocked with 5% milk in 1x Tris-buffered saline containing Tween 

(TBS/0.01% tween 20; TBST) at RT for 1 h. After blocking, membranes were incubated 

at 4˚C overnight with appropriate primary antibodies (see Table 3) in 5% milk for PARP 

and β-actin  antibodies, and 5% BSA (Bovine serum albumin)  for PAR, HMGA2, 

HMGA1 and ƴH2AX  antibodies  in 1x TBST . After overnight incubation membranes 

were washed with 1xTBST 3x5 min and incubated with appropriate horseradish 

peroxidase (HRP) coupled secondary antibodies (see Table 4) for 1 h at RT. Membranes 

were washed 3x5 min and incubated with ECL reagent (Pierce, ON, Canada) for 2-3 min. 

The signals were visualized by autoradiography. For re-probing of membranes with a 

different primary antibody, blots were incubated with stripping solution (200 nM glycine, 

pH 2.5, 0.005 Tween20) for 15 min prior to blocking and probing with the second 

primary antibody.  

Table 6: Primary antibodies used in western blotting  

Primary Antibody Dilution Species  Source Molecular 

Size kDa 

 

PAR 1/1000 Mouse Abcam, #ab14459 Above 75 

PARP1 1/1000 Rabbit  Cell signaling, #9532S 116 

PARP2 1/500 Mouse Santa cruze# Sc393343 66 

HMGA2 1/1000 Rabbit Cell signaling, #5269S 18 
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FLAG-tag HMGA2 1/1000 Mouse Cell signaling, #5269S 20 

HMGA1 1/1000 Rabbit Cell signaling, #7777S 18 

ƴH2AX 1/1000 Rabbit Cell signaling, #2577S 15 

NAMPT 1/500 Mouse Santa cruz# Sc130058 55 

Lamin A/C 1/500 Mouse Santa cruz, #sc-376248 62/68 

αTubulin 1/1000 Rabbit Cell signaling, #2144S 59 

Histone H3 1/5000 Mouse Abcam# ab1791 15 

Topoisomerase I 1/2000 Mouse Abcam# ab85038 90 

Beta(β)-Actin 1/10000 Mouse Sigma, #A5441 42 

 

Table 7: Secondary antibodies used in western blotting 

Secondary Antibody-HRP 

conjugate 
 

Dilution Source 

Goat anti rabbit secondary 

 

 

1/5000 Sigma, #111-035-144 

Goat anti mouse secondary 

 

 

1/10000 

1/5000 

Sigma,#A5278 

Goat anti Rabbit secondary  

 

 

1/2000 Cell signaling technology, 

#70748 

 

Densitometry analysis of western blots  
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The developed X-ray films were imaged using ImageJ software which is a Java-based 

image processing program (Wayne Rasband, National Institutes of Health, USA). The 

signal intensity of each protein band was measured by using a spot denso tool in this 

software. For each protein band measured the total protein band and the β-Actin band 

was used for normalization.  

Cell viability (WST assay) 

Human TNBC cells were seeded at a density of 3x10
3
 cells/ well in DMEM/F12 1:1 and 

are cultured in 96 well plates for 24 h until 60 – 70% confluence. After 24h, cells were 

transfected with siRNA, in order to downregulate HMGA2.72 h after transfection, cells 

were treated with 20 µM Olaparib for 2 h. After 2 h incubation with Olaparib, 4 mM 

MMS treatment was performed for 25 min and cells were recovered for 24 h, and 72 h 

with or without Olaparib. After recovery, WST reagent was added to the cells and 

incubated in 5% CO2, 37˚C for 4 h. The WST reagent containing the water soluble 

tetrazolium compound is converted into soluble yellow colure formazan which then is 

measured qualitatively at 450 nm using an ELISA plate reader (Perkin Elmer, Boston, 

USA).  

Caspase 3/7 activity assay 

Human TNBC cells were seeded at a density of 3x10
3
 cells/ well in DMEM/F12 1:1 and 

are cultured in 96 well plates for 24 h until 60 – 70% confluence. After 24 h cells were 

transfected in order to downregulate HMGA2. 72 h after transfection, cells were treated 

with 20 µM Olaparib for 2 h. After 2 h incubation with Olaparib, 4 mM MMs treatment 

was performed for 25 min and cells were recovered for 20 h with or without Olaparib. 
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After recovery, Luminescent caspase substrate was added to cells and incubated in RT for 

4 h. After 4 h, the relative luminescence was measured at 450 nm in ELISA plate reader 

(Perkin Elmer, Boston, USA). 

Detection of apoptosis by PI-flow cytometry  

TNBC cell lines were (10
5
 cells/well) were seeded in 6 well plate and cultured overnight 

in DME/F12 1:1, 5% FBS. After 24 h, cells were transfected with siRNA to 

downregulate HMGA2.72 h after transfection cells were treated with 20 µM Olaparib for 

2 h. After 2 h incubation with Olaparib, 4 mM MMs treatment was performed for 25 min 

and cells were recovered for 72 h with or without Olaparib. After recovery we harvested 

cells in 250g centrifugation and added Propidium iodide (Cat # P4864). Flow cytometry 

analysis was performed assessing percentage of dead cells in each group.  

Statistical analysis 

The statistical analyses were done using Graph pad prism software. The differences 

between the groups were calculated using one way Anova analysis and the confidence 

interval in each analyses was set at 95% so the comparisons having a p<0.05 value were 

considered significant. 
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Chapter3: Results  

3.1 (A, B) Expression and cellular localization of HMGA2 in human Triple Negative 

Breast Cancer cells 

To confirm the expression of HMGA2 in our human triple-negative breast cancer cell 

models RT-PCR and Western analysis was performed. To assess the expression of 

HMGA2 on the transcriptional level in different human breast cancer cell line (Fig3.1.A), 

two TNBC cell lines (MDA-MB-231, MDA-MB-436) and two estrogen receptor-positive 

breast cancer cell lines (MCF-7, T47D) were analyzed. We detected a single transcript in 

both TNBC cell lines. T47D was lacking HMGA2 transcripts and in MCF-7 only a weak 

PCR product was detectable. We found strong HMGA2 gene expression in both TNBC 

cells that were used in this study. Moreover, by western blot analysis on nuclear and 

cytoplasmic protein fractions of TNBC cell lines, we showed nuclear localization of 

HMGA2 in these cells (Fig3.1.B). The MDA-MB-231/HMGA2 clone overexpressed 

HMGA2, and MDA-MB-231/Mock clone (harboring the empty vector) were used as 

control for these cells. Because the overexpressed HMGA2 contains a flag-tag, the 

molecular weight of this HMGA2 is 20 kDa compared to TNBC cell lines showing 

HMGA2 in 18 kDa.  
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Figure 3.1.A: Human TNBC cell lines express HMGA2 transcripts 

RT-PCR analysis was performed to detect the expression of HMGA2 in TNBC cell lines 

(MDA-MB-231, MDA-MB-436) and estrogen-positive breast cancer cell lines (MCF-7, 

T47D). The pET HMGA2 plasmid was used as positive control for HMGA2 transcript 

detection. GAPDH was used as a control to assess the quality of cDNA synthesized.  
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290 base pairs 

GAPDH 

443 base pairs 

A. 

Figure 3.1.A 
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Figure 3.1.B: Nuclear localization of HMGA2 in TNBC cell lines. 

Western blot analysis using anti-HMGA2 antibody detected nuclear localization of 

HMGA2 in TNBC cell lines. Detection of Lamin A/C was used as a control for nuclear 

protein fraction. Αlpha-tubulin was used as a control for cytoplasmic fractionated 

proteins.  
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Figure 3.1.B 
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3.1.C Downregulation of HMGA2 by siRNA does not affect HMGA1 and PARP2 

protein levels in TNBC cells  

HMGA protein family consists of two members HMGA1 and HMGA2.  The  HMGA1 

gene is located on human chromosome 6 (6p21), whereas the HMGA2 gene is located on 

human chromosome 12 (12q14-15) (63). We detected both proteins at a molecular weight 

of 18 kDa. In order to show the specificity of our siRNA target and demonstrate the 

specificity of antibody for HMGA2, we performed a Western blot analysis using nuclear 

cytoplasmic fractions of TNBC cells. We showed that HMGA1 protein expression is not 

affected by siHMGA2 (Fig3.1.C). At the same time, HMGA2 protein was downregulated 

following siHMGA2 treatment. Among PARP family proteins PARP2 also contains 

PARylation activity. While we have controls for PARP1 throughout this project to show 

that HMGA2 downregulation has no effect on protein level of PARP1, here we showed 

that also PARP2 protein level was not affected by HMGA2 down regulation (Fig 3.1.C).  
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Figure 3.1.C: Western blot detection of HMGA1, HMGA2 and PARP2 under 

siHMGA2 treatment. 

Western blot studies showing the expression of HMGA2, HMGA1 and PARP2 protein in 

nuclear lysates of MDA-MB-231, MDA-MB-436 cells (+/- si-HMGA2). Lamin A/C and 

α-tubulin were used as loading controls for nuclear and cytoplasmic proteins, 

respectively. 

 

Figure 3.1.C 
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3.2 HMGA2 increases PARP1 activity induced by DNA damage agent in TNBC cell 

lines.  

Western blot analysis was performed to quantify PAR as product of PARP1 activity in 

the presence or absence of HMGA2. I compared TNBC cell lines with endogenous 

HMGA2 levels to TNBC cells following siHMGA2-mediated HMGA2 downregulation. 

We induced DNA damage by exposure to the DNA alkylating agent MMS for different 

times (5, 10, 15, 25 and 30 min) to activate PARP1. Western blot analysis was performed 

in total protein lysates, using anti PAR to detect PAR moieties which we detected 

between 75 to 250 kDa. These PAR products appear like a smear on the film representing 

proteins with different molecular weights as acceptor for PAR and substrate for PARP1 

activity. As shown in representative Western blots (Fig.3.2.A,F) and in the quantitative 

analysis (Fig.3.2 B,G). Similarly, HMGA2 overexpressing MDA-MB-231 clones showed 

higher PARylation levels compared to parental cells with endogenous HMGA2 

expression (Fig.3.2.D,E). Olaparib (AZD2281) was used as an FDA approved PARP1 

activity inhibitor to show the specifity of PAR bands. We concluded that HMGA2 

increased PARP1 activity, but did not affect the protein level of PARP1.   
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Figure3.2: HMGA2 increases PARP-1 activity (PARylation) in TNBC cells.  

A. MDA-MB-231 cells treated with 4mM MMS at different time intervals showed early 

time dependent increase in PARylation when compared to HMGA2 knockdown cells as 

determined by Western blot analysis. C. Western blot analysis of nuclear lysates from 

MDA-MB-231 cells showed successful downregulation of HMGA2 upon siHMGA2 

treatment but not with si-scrambled. D. MDA-MB-231 HMGA2 overexpressing clone 

treated with 4 mM MMS showed increased and early onset of PARylation compared to 

mock transfectants. F. MDA-MB-436 cells treated with 4 mM MMS for different time 

intervals also showed early and increased PARylation when compared to HMGA2 

knockdown cells as determined by Western blot analysis. H. Western blot analysis of 

nuclear lysates from MDA-MB-436 cells showed successful downregulation of HMGA2 

upon siHMGA2 treatment but not with si-scrambled.  PARP1 and HMGA2 were detected 

in each experiment and β actin detection was used as loading control. B, E, G. The values 

obtained by densitometry analysis of PAR Western blot signals were normalized to 

respective actin signals and presented as relative PARylation compared to controls 

(set at 1). Data were shown as mean +/- SEM and p values were determined using Anova 

analysis; *p<0.05 and **p<0.001 were considered significant. 

 

3.3 HMGA2 expression correlated with high NAMPT protein levels in TNBC cells 

PARP1 uses NAD
+
 as a substrate to add poly ADP ribose (PAR) moieties as 

posttranslational modification to protein targets Nicotinamide phosphoribosyltransferase 

(109) and NAMPT is the rate limiting  enzyme regulating NAD
+
 biosynthesis in the 

salvage pathway (139). We asked whether the increased PARylation activity in the 

presence of HMGA2 was possibly supported by an enhanced salvage pathway for NAD+ 

biosynthesis. We performed siRNA mediated HMGA2 downregulation in TNBC cells. 

Western blot analysis was performed on total protein lysate using anti NAMPT anti body 

to detect the level of NAMPT in these cells upon HMGA2 down regulation. We showed 

that HMGA2 knock down resulted in lower NAMPT protein levels in these cells. 
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Figure3.3 HMGA2 upregulates NAMPT protein levels in TNBC cells 

A.Western blot analysis using anti-NAMPT antibody detected NAMPT protein in total 

lysate. Detection of HMGA2 confirmed siRNA-mediated HMGA2 downregulation, beta-

actin was used as protein loading control. B. The values obtained by densitometry 

analysis of NAMPT Western blot signals were normalized to respective actin signals and 

presented as NAMPT compared to controls (set at 1). Data were shown as mean +/- SEM 

and p values were determined using Anova analysis; *p<0.05 and **p<0.01 were 

considered significant. 

 

Figure 3.3 
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3.4 HMGA2 decreases Olaparib sensitivity in TNBC cell lines 

When we used Olaparib to inhibit PARP catalytic activity and prevent PARylation, we 

noticed that we needed higher concentration of Olaparib to inhibit the activity of PARP1 

in cells with high HMGA2 levels compared to the cells with low HMGA2 level, 

especially in HMGA2 overexpressing clones. Therefore, we designed an experiment 

using different concentrations of Olaparib in TNBC cells, MDA-MB-231, MDA-MB-436 

with endogenous level of HMGA2 versus HMGA2 downregulated cells and MDA-MB-

231 HMGA2 overexpressing clones versus empty vector (mock) controls We treated the 

cells with different concentration of Olaparib first. Then, we utilized MMS (4 mM) to 

cause DNA damage for 25 min. Western blot analysis was performed on total protein 

lysate using anti-PAR antibody to detect PAR. We demonstrated that TNBC cells with 

high HMGA2 levels required higher concentration of Olaparib to inhibit PARP1 activity 

compared to cells with low HMGA2 levels (Fig.3.4. A,B,D,E,F,G). These data showed 

and confirmed decreased Olaparib sensitivity in the presence of HMGA2 in TNBC cells.   
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Figure 3.4: HMGA2 decreases Olaparib sensitivity in TNBC cells: A. TNBC cells 

were exposed to increasing concentrations of Olaparib for 2 h prior to MMS (4 mM) 

treatment. A. MDA-MB-231 cells with endogenous levels of HMGA2 required higher 

concentrations of Olaparib to inhibit PARylation activity of PARP compared to MDA-

MB-231 cells with siRNA-mediated HMGA2. C. Western blot analysis of total lysates 

from MDA-MB-231 cells showed downregulation of HMGA2 upon siHMGA2 treatment 

but not with siscrambled D. HMGA2 overexpressing cells showed higher PARylation 

activity (decreased Olaparib sensitivity) compared to mock cells. F. MDA-MB-436 cells 

with endogenous expression of HMGA2 also required higher Olaprib concentrations to 

block PARylation compared to MDA-MB-436 cells with HMGA2 silencing. H. Western 

blot analysis of total lysates from MDA-MB-436 cells shows downregulation of HMGA2 

upon siHMGA2 treatment but not with siScrambled. B, E, G. The values obtained by 

densitometry analysis were normalized to corresponding actin controls and were 

presented in the graph as PARylation compared to MMS untreated cells (set as 1). Data 

were shown as mean +/-SEM and p values were determined using Anova analysis; 

*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered significant. 

 

 

3.5 PAR degradation occurs slower but is completed timely in the cells with high 

level of HMGA2  

PAR is a transient posttranslational modification and PAR degradation is stimulated by 

the rapid catabolic glycohydrolase activity of PARG and other less abundant 

glycohydrolases almost immediately after synthesis (115). To determine if PAR 

degradation was different in cells with   high and low HMGA2 protein levels we 

designed the recovery experiment to assess the effect of HMGA2 in this process. We 

performed 25 min MMS (4 mM) treatment in HMGA2 overexpressing clones and mock 

clones. After MMS treatment, cells were washed with 1x Phosphate buffered saline 

(PBS) to remove residual MMS and recovered in serum free medium for 0, 5, 10, 15, 20, 

25, 30 and 60 min. Western blot analysis was performed in total protein lysate using anti-

PAR antibody to detect PAR. Based on the data, this PAR degradation process occurred 

slowly in the cells with high level of HMGA2 but overall resulted in complete removal of 

PAR after 30 min in HMGA2
high

 and HMGA2
low

 cells (Fig: 3.5. A).  
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Figure 3.5: PAR degradation occurs slower in HMGA2 overexpressed clones. A. 
PAR was detected by Western blot following a recovery period after MMS treatment. 

Anti-PAR was used to detect PAR. PARP1, HMGA2, and β actin were detected as 

control B. The values obtained by densitometry analysis and were normalized with 

corresponding actin controls and presented in the graph as PARylation compared to 

MMS untreated cells (set as 1). Data were shown as mean +/-SEM and p values were 

determined using Anova analysis; *p<0.05 was considered significant. 
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3.6 PARP1 interacts with HMGA2 in cancer cells  

To investigate a potential interaction between HMGA2 and PARP1 we performed 

immunoprecipitation assays on nuclear protein lysates. The pull down assay using 

PARP1 antibody coupled protein A/G magnetic beads displayed PARP1 binding to 

HMGA2 in C1 fibrosarcoma cells (Fig3.6.A).  Pull down assays with HMGA2 antibody 

in different cancer cells which is done in our laboratory confirmed HMGA2 binding to 

PARP1. These Co-IP data demonstrated an HMGA2 interaction with PARP1. 

 

 

 

 

 

 

 

 

Figure3.6. PARP1 interacts with HMGA2 in cancer cells. A. representative Western 

blot for co-Immunoprecipitation (Co-IP) assays with IP of PARP1 pulled down HMGA2 

in C1 cells.  

 

 

(C1) Fibrosarcoma 

IP: Anti-PARP1 rabbit 
monoclonal IP: Rabbit IgG input 

 HMGA2-18kDa 

 PARP1-116kDa 

 A. 

Figure 3.6 
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3.7 AT hook domains are essential for the HMGA2-mediated increased PARP1 

activity 

The three AT-hook domains of HMGA2 facilitate the binding of HMGA2 to the minor 

groove of DNA. The nuclear localization signal is located in the second AT-hook (72, 

75). To assess the role of DNA-binding AT hook domains for the stimulation of PARP1 

activity, we downregulated endogenous HMGA2 by Doxycycline-induced shHMGA2 

and then expressed AT-hook mutated HMGA2 and full-size HMGA2 constructs in these 

cells. The shRNA expressed in C1 cells upon Dox treatment binds to the 3’ untranslated 

region (3’UTR) of the HMGA2 mRNA and thus, does not affect the expression of 

exogenous constructs lacking the 3’UTR. We generated FLAG-tagged HMGA2 full size 

and mutant construct in which all three AT-hooks were mutated. All lysine and arginine 

residues in the three AT-hooks were substituted by alanine to prevent DNA-binding (72, 

94). HMGA2 full-size and HMGA2 mutant constructs were transfected into C1 cells 

treated with doxycycline (4 mg/ml) for 4 days to downregulate endogenous HMGA2 

levels. We performed MMS treatment, and Western blot analysis using anti-PAR in total 

protein lysates to detect PAR. The AT-hook mutant construct displayed significantly 

decreased PARylation when compared to the HMGA2 full size construct (Fig.3.7.B,C), 

representing the importance of AT-hook domains for the HMGA2-mediated increased 

PARP1 activity.  
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Figure 3.7 
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Figure 3.7: AT hook domains are essential for HMGA2-mediated increased PARP1 

activity. A. Schematic HMGA2 domains showing the alanine mutations within the AT-

hook domains of hHMGA2. B. Representative Western blot of the PARylation 

experiment on C1 cells treated with doxycycline (4 µM) to downregulate HMGA2, then 

transfected with HMGA2 constructs for 48 h and treated with 4 mM MMS for 25 min. 

The AT hook mutant HMGA2 was detected at 20 kDa, the full-size HMGA2 was 

detected at 18 kDa D. Western blot analysis showed successful downregulation of 

HMGA2 upon doxycycline treatment. Flag western blot monitored expression of 

constructs C. The values obtained by densitometry analysis were normalized with 

corresponding actin and Flag controls and were presented in the graph as PARylation 

compared to MMS untreated cells (set as 1). Data were shown as mean SEM +/- and p 

values were determined using Anova anlysis; *p<0.05 was considered significant. 

 

 

 

 

 

D. 

Figure 3.7. Continued 
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3.8 HMGA2 protects TNBC cells against genotoxic stress upon MMS+Olaparib 

treatment  

The TNBC parental cells MDA-MB-231 and MDA-MB-436 treated +/-HMGA2 siRNA 

to downregulate HMGA2 were treated first with Olaparib (20 μM) for 2 h before MMS 

(4 mM) treatment was performed for 25 min. The viability of the cells was measured 24 h 

and 72 h after MMS treatment using WST assay.  We consistently observed decreased 

cell viability upon MMS and Olaparib treatment after downregulation of HMGA2 (Fig 

3.8A, C, E,G). MDA-MB-231 HMGA2 
low 

cells demonstrated significantly decreased 

viability when treated only with MMS, while HMGA2 
high 

cells were affected only in 

combined treatment of Olaparib and MMS (Fig3.8 A, E).  MDA-MB-436 cells with non-

functional mutated BRCA1 and known deficiency in HR repair were more sensitive to 

HMGA2 silencing and showed a substantial decrease in cell viability with combined 

MMS and Olaparib treatment after 24 h recovery (Fig 3.8.C). Interestingly, 

HMGA2
low

MDA-MB-436 cells showed decreased cell viability in all three  treatment 

groups (Olaparib, MMS and Olaparib+MMS) compared to HMGA2
high 

cells which were 

affected only upon combined (MMS+Olaparib) treatment (Fig 3.8.C).  After 72 h 

recovery a dramatic loss of cell viability was observed already with HMGA2 silencing 

only in MDA-MB-436 HMGA2
low

cells (Fig3.8.G). 
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Figure 3.8: HMGA2 increases cell viability following Olaparib+MMS treatment in 

TNBC cells: A,C. MDA-MB-231 and MDA-MB-436 cells were  treated with  MMS (4 

mM) for 25 min alone, with Olaparib (20 µM) for 2 h alone prior to additional MMS 

treatment.  Increased viability after 24 h recovery was observed in HMGA2 expressing 

cells compared to the HMGA2 silenced cells. E, G. MDA-MB-231 and MDA-MB-436 

cells showed increased viability after 72 h recovery from MMS or MMS+Olaparib 

treatment compared to the HMGA2 silenced cells. B, D, F, H. Western blots show 

successful downregulation of HMGA2 upon siRNA treatment compared to si-control 

treated cells. The values obtained by densitometry analysis were normalized to 

corresponding controls and were presented in the graph as % cell viability compared to 

untreated cells (control). Data were shown as mean +/- SEM and p values were 

determined using Anova analysis; *p<0.05,**p<0.01, ***p<0.001,****p<0.0001 were 

considered significant.  

 

3.9 HMGA2 knockdown increases DNA double strand breaks in TNBC cells, 

following MMS+Olaparib treatment  

In order to elucidate a functional role of HMGA2 in the context of PARP1 activity upon 

DNA damage induction, we determined the effect of MMS and Olaparib treatment on 

DNA double strand breaks by assessing the appearance of phosphorylated H2A histone 

variant (γH2AX) in TNBC cells with high and low level of HMGA2. Western blot 

analysis on total protein lysates revealed that MMS and Olaparib only and combined 

MMS+Olaparib treatment caused significantly higher expression of γH2AX in MDA-

MB-231 Mock clones with endogenous HMGA2 expression compared to HMGA2 

overexpressing clones (Fig: 3.9.A,B).  In MDA-MB-436 we detected significantly higher 

expression of γH2AX upon knockdown of endogenous HMGA2 compared to Si-control 

cells with endogenous HMGA2 protein levels (Fig: 3.9.C, D).  
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Figure 3.9 
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Figure 3.9. Continued 
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Figure 3.9: Low cellular HMGA2 levels along with inhibition of PARP-1 activity 

increases DNA double strand breaks (γH2AX) upon MMS treatment: A,C. MDA-

MB-231 (HMGA2 overexpressing and mock clones) and MDA-MB-436 cells were 

treated for 24 h with MMS (0.3 µM) and PARP activation was suppressed with 20 µM 

Olaparib (100 µM for HMGA2 overexpressing clones). TNBC cells with high levels of 

HMGA2 protein (MDA-MB-231/HMGA2 clone and MDA-MB-436 treated with si 

scrambled) showed decreased γH2AX protein level upon MMS treatment compared to 

the cells with low levels of HMGA2. B,D. The values obtained by densitometry analysis 

were normalized with corresponding βactin controls and were represented in graph as 

Fold change of γH2AX compared to untreated controls (set as 1). Data were shown as 

mean +/- SEM and p values were determined using Anova analysis; *p<0.05 and 

**p<0.01 were considered significant. 
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3.10. HMGA2 knockdown increases apoptosis in TNBC cells, following MMS + 

Olaparib treatment  

To further investigate the role of HMGA2 in the response to PARP1 inhibitor (Olaparib) 

and MMS treatments we assessed apoptosis by performing Caspase 3/7 activity assays. I 

used TNBC cell lines with knockdown of endogenously produced HMGA2 by siHMGA2 

compared to si-control cells treated with non-silencing siRNA. Cells were treated with 

Olaparib and MMS alone or in combination and caspase 3/7 metabolic activity was 

measured after 20 h recovery from MMS treatment. We observed a significant increase in 

the caspase 3/7 activity upon MMS treatment alone and with combined MMS and 

Olaparib (**p<0.01) exclusively in MDA-MB-231
 
HMGA2

low
, silenced by siRNA, 

compared to control siRNA cells (**p<0.01) of the same treatment group (Fig: 3.10.A). 

In the presence of endogenous HMGA2 levels no caspase 3/7 activation was detected 

with either treatment. MDA-MB-436 showed increased caspase 3/7 activity already 

following HMGA2 silencing alone and this apoptotic activity was further increased upon 

MMS, Olaparib and MMS+Olaparib treatment. Caspase 3/7 activity increased by 50% in 

HMGA2 silenced cells following Olaparib and MMS treatment compared to parental 

cells with endogenous HMGA2 levels.  
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Figure3.10: HMGA2 knock down along with inhibition of PARP-1 activity increases 

apoptosis: cells were treated with MMS and Olaparib alone and with Olaparib (20 µM) 

for 2 h before MMS treatment (4 mM) for 30 min and caspase 3/7 activity was measured 

after 20 h recovery from MMS treatment. A. MDA-MB-231 cells showed increased 

caspase 3/7 activity when treated with MMS exclusively under HMGA2 silencing 

conditions. C. In MDA-MB-436 cells caspase3/7 activity was already increased in 

controls following knockdown of HMGA2. Combined MMS + Olaparib treatment further 

increased apoptosis compared to the single treatments. B,D. Representative Western blot 

analysis showing successful downregulation of HMGA2. The values obtained by 

densitometry analysis were normalized to corresponding controls and were presented in 

graph as % caspase 3/7 compared to untreated cells. Data were shown as mean +/- SEM  

and p values were determined using Anova anlysis; *p<0.05,**p<0.01 and ***p<0.001 

were considered significant. 
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3.11 HMGA2 knockdown increases cell death following MMS+Olaparib treatment  

To determine if the increased apoptosis observed with caspase 3/7 activity assays was 

followed by a reduction in cell survival we determined cell death by performing 

propidium iodide (PI) FACS analysis after 72 h recovery from MMS treatment to assess 

the percentage of dead cells in the same treatment groups. In MDA-MB-231 cells with 

endogenous HMGA2 levels MMS treatment increased cell death (18.7%) compared to 

controls (8.8%) and combined Olaparib + MMS treatment enhanced cell death (31.9%). 

Upon HMGA2 silencing in MDA-MB-231 an increased PI-positive cell population was 

observed in controls (21.67%) and in Olaparib only treated cells (26.58%). Following 

MMS exposure the percentage of dead cells dramatically increased in the MMS and 

combined Olaparib and MMS groups (63.36% and 67.58%, respectively). (Fig: 3.11.A). 

In MDA-MB-436 cells with endogenous HMGA2 expression not only MMS exposure 

(28.25%) but also PARP inhibition with Olaparib (20.18%) increased the PI-positive 

population (Fig. 3.11.D). Importantly, siRNA-mediated silencing of HMGA2 

dramatically increased cell death in controls (48.62%) and under PARP inhibition alone 

(52.98%) and further increased cell death following MMS treatment alone (61.68%) or in 

combination with Olaparib (60.98%) (Fig3.11.D). 
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Figure 3.11: Quantification of cell death by PI FACS analysis. A,D. MDA-MB-231 

and MDA-MB-436 cells were treated with MMS and Olaparib alone or with Olaparib (20 

µM) for 2 h before MMS (4 mM) treatment for 30 min. The percentage of live cells (left 

gate) and dead cells (right gate) for the 4 treatment groups after 72h recovery is shown. 

C,E. representative Western blot analysis demonstrates successful downregulation of 

HMGA2. B,F. representative graphs showing the percentage of dead cells in both cell 

lines. 
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3.12 HMGA2 decreases PARP1 trapping at the chromatin site upon 

MMS+Olaparib 

PARP inhibitors blocks NAD
+ 

binding site in catalytic domain of PARP1, inhibit PARP 

activity and consequently blocks the repair of DNA strand breaks. However, Murai J.et 

al, showed that there is another mechanism for these inhibitors other than catalytic 

inhibition(140). They demonstrated that some PARP inhibitors can trap PARP1 and 

PARP2 at the damaged site of DNA by PARP inhibitors and create PARP-DNA 

complexes which are more cytotoxic than un-repaired single strand breaks because of 

PARP inactivation(140).  I tested this idea in this study to see whether PARP trapping at 

the damage site is affected by HMGA2 protein expression. I did 4 h PARP inhibitor 

incubation with Olaparib in C1 fibrosarcoma cells in which I was able to knockdown 

endogenous HMGA2 levels with Dox-inducible shHMGA2 to reach high/low HMGA2 

protein levels. Following 15 min MMS treatment to induce DNA damage, we performed 

nuclear protein fractionations to separate chromatin-bound from soluble nuclear proteins. 

Western blot analysis was performed in this fraction using anti PARP to detect PARP1. I 

demonstrated that there is more PARP1 protein bound to DNA upon MMS+Olaparib 

treatment.  
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Figure 3.12: HMGA2 decreases PARP1 trapping at the chromatin site upon 

MMS+Olaparib. A. Western blot analysis using anti PARP1 to detect chromatin bound 

PARP1 in C1 (fibro sarcoma) cell (+/-doxycycline). HMGA2 was detected as control to 

show the successful downregulation upon doxycycline. Histone H3 and topoisomerase I 

as controls for chromatin and nucleoplasm proteins were detected to show the quality of 

the fractionation B. Chromatin bound PARP1. The values obtained by densitometry 

analysis of Western blot signals were normalized to respective Histone H3 signals and 

represented as chromatin bound PARP1 in a column graph. Data were shown as mean 

SEM +/- and p values were determined using Anova analysis; *p<0.05 and ***p< 

0.001were considered significant. 
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Chapter 4: Discussion  

Olaparib is a PARP1 inhibitor which displayed promising results in TNBC patients with 

BRCA deficiencies complementing defects in DNA repair pathways. However, the 

percentage of BRCA germline mutation in TNBC is low and clinical results for 

treatments with this inhibitor alone in sporadic TNBC are disappointing. However, PARP 

inhibitors have shown promising results in combination with DNA damaging drugs (141) 

and studies on the use of PARP inhibitors in combination with other treatments are 

ongoing for TNBC patients (142-144). Non-histone chromatin-binding protein HMGA2 

is expressed in many cancers, including breast cancer, and is associated with poor 

prognosis in these patients (92, 93, 145). Our lab has previously shown that HMGA2 

increases the repair of DNA damage and improves cell survival upon treatment with 

alkylating drugs (94, 95, 146). Thus, we hypothesized that HMGA2 expression in cancer 

cells may influence the action of PARP inhibitors.    

In the present study, we have discovered that the oncofetal protein HMGA2 increases 

DNA damage induced PARP1 activity and is a novel interaction partner of PARP1. We 

demonstrated the beneficial effects of PARP1 inhibition in combination with HMGA2 

silencing in enhancing apoptosis and reducing cell survival under DNA alkylating drugs 

suggesting a novel approach for combined treatment in TNBC.  

We showed the expression of HMGA2 in both mRNA and protein level and confirmed 

the nuclear localization of this protein in our two TNBC cell line models MDA-MB-231 

(ATCC-HTB-26, BRCA1 wild type) and MDA-MB-436 (ATCC –HTB-130, BRCA1 

mutant). This work extends the previousl observation of transcriptional HMGA2 

expression in these cell lines (147). This study previously associated HMGA2 mRNA 
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levels with invasiveness of breast cancer, assessing different non-invasive and invasive 

human breast cancer cell lines, including the invasive breast cancer cell lines MDA-MB-

231 and MDA-MB-436 cells (147). HMGA2 expression is post-transcriptionally 

regulated by the miRNA let 7. Let 7 binds to the 3' untranslated region (UTR) region of 

the HMGA2 mRNA, leads to degradation of the transcript and represses the expression of 

HMGA2 protein (81, 82). To demonstrate the expression of HMGA2 at the protein level, 

we performed Western blot analysis on nuclear/cytoplasmic protein fractions of TNBC 

cells and we demonstrated the expression of HMGA2 at the posttranscriptional level and 

demonstrated the nuclear localization of this protein in these cells. In addition to TNBC 

cell lines with endogenous HMGA2 expression, we used MDA-MB-231 cell models 

which were stably transfected with an eukaryotic expression construct encoding for the 

full-size HMGA2 (MDA-MB-231-HMGA2) and stable transfectants with expression of 

the empty vector as corresponding negative controls (MDA-MB-231-Mock). MDA-MB-

231-HMGA2 also showed nuclear localization of the exogenous HMGA2 albeit at a 

higher molecular size of 20 kDa. This difference in molecular weight was caused by the 

flag-tag of the exogenous construct. Nuclear HMGA2 protein expression was also shown 

previously in MDA-MB-231 cells and in tissue microarrays of human TNBC tumor 

samples by immunohistochemistry (IHC) (93). The BRCA1 status was also shown to 

influence HMGA2 gene expression. BRCA1 protein together with ZBRK and CtIP was 

shown to form an inhibitory complex on the HMGA2 promoter site and to negatively 

regulate HMGA2 expression. Utilizing MCF-10a mammary epithelial cells, the authors 

showed that depletion of any of the proteins in this complex via shRNA-mediated 

interference activates HMGA2 gene expression. In correlation with this, they also found 
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higher level of HMGA2 in BRCA1-deficient mouse breast tumors compared to BRCA1- 

proficient cells (148). This suppressive effect of the BRCA1 protein complex on HMGA2 

expression was shown in human non-tumorigenic mammary epithelial cells and in mouse 

breast tumor cells. In our study using human TNBC cells, BRCA1 mutant cells (MDA-

MB-436) and BRCA1 proficient cells (MDA-MB-231), we did not observe any 

significant differences in HMGA2 RNA or protein expression levels between the BRCA1 

mutant and BRCA1 proficient TNBC cells.  However, our preliminary data showed that 

BRCA1 silencing in MDA-MB-231 cells dramatically increases HMGA2 expression 

suggesting that this inhibitory complex is also active in TNBC cells. 

Our results showed a consistent effect of HMGA2 on DNA damage-induced catalytic 

activity of PARP1. For these experiments we created DNA damage using the DNA 

alkylating agent MMS to activate PARP1. We used three TNBC cell models with 

functional (MDA-MB-231) and mutated (MDA-MB-436) BRCA1 in which endogenous 

HMGA2 expression was downregulated by siRNA, and stables MDA-MB-231-HMGA2 

overexpressing clones compared to MDA-MB-231 empty vector clones (MDA-MB-231-

Mock) with endogenous HMGA2 levels. These models allowed us to investigate the 

effect of different HMGA2 protein expression levels on PARP1 activity. We quantified 

PARylation as a parameter for PARP1 activity to investigate the influence of HMGA2 on 

PARP1 activity in TNBC cell lines. From the PARP superfamily, PARP2 is considered to 

be the closest relative to PARP1 in terms of function, but PARP1 was shown to 

contribute more than 90% of the PARylation activity (111). Therefore, we focused on 

PARP1 for this study. Our data demonstrated that neither PARP1 nor PARP2 protein 

levels were changed with HMGA2 overexpression or silencing. We were able to 
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demonstrate an early onset and higher level of PARylation in all TNBC models with high 

level of HMGA2. Within the same cell line the DNA damage-induced PARP1 activity 

correlated with the HMGA2 protein levels in the cells. Despite higher PARylation levels 

TNBCs with high HMGA2 protein levels recovered to baseline PAR levels 30 min after 

DNA damaging insult. This suggests that dePARylating enzymes such as PARGs and 

members of the ADP-ribosylglycohydrolase family (149) have sufficient capacity to 

remove the posttranslational PAR moieties. Previously, another high mobility group 

(HMG) family protein was shown to induce PARP1 catalytic activity: the chromatin 

modulator HMGN1 was shown to induce PARP1 self-PARylation in nuclear extracts 

from mouse embryonic fibroblast cells from HMGN1
+/+

 , not from HMGN1
-/-

 mice (150). 

In this in-vitro study PARP1 was immunoprecipitated from nuclear protein extracts and 

PARP1 activity was stimulated by addition of NAD+ substrate and calf thymus DNA. 

Performing Western blot analysis on the reaction products enhanced PARylation activity 

was detected in the presence of HMGN1 (150). Using recombinant proteins and 

immunoprecipitation methods the authors showed that HMGN1 was pulled down with 

PARP1 (150).  

I hypothesized that HMGA2 also interacted with PARP1 in our TNBC models. Data from 

our lab has shown by immunofluorescence that HMGA2 colocalized with PARP1 in a 

fibrosarcoma cell line (C1 cells; data not shown here). Our laboratory also showed 

PARP1-HMGA2 interaction by proximity ligation assay (PLA, data not shown) which 

suggests that both proteins interact in-situ. We further investigated the interaction of 

PARP1 and HMGA2 and were able to demonstrate that PARP1 was co-

immunoprecipitated with HMGA2 from nuclear extracts. Performing the reversed IP with 



82 
 

an anti-PARP1 antibody from nuclear protein lysates, I confirmed the interaction between 

PARP1 and HMGA2. These IP experiments cannot determine whether the protein 

interaction is direct or indirect. However, data from the lab show that HMGA2 was 

PARylated after PARP1 activation which suggested a direct interaction between PARP1 

and HMGA2.   

The AT hook domains of HMGA2 are essential for DNA-binding (72, 75) ), and 

mutations of proline residues to alanine in the second AT hook cause HMGA2 to be 

unable to bind to the DNA (72). AT hooks were also shown to be responsible for protein 

interactions (151). To show that AT hook motifs are important for protein-protein 

interaction a previous study revealed that the interaction of HMGA2 with other proteins 

upon removal of the region between the second and third AT hooks gets slightly 

impaired, while the removal of the second AT-hook completely inhibits the binding of all 

HMGA2 partner proteins in this study (151). To investigate if AT hook domains of 

HMGA2 are also responsible for DNA damage-induced PARP1 activation we performed 

transient transfections with an HMGA2 construct in which basic amino acid residues of 

AT hook 1-3 were replaced by alanine. These mutations prevent DNA-binding (72). We 

silenced endogenous HMGA2 in the HT1080 fibrosarcoma cells by Dox-mediated 

induction of shHMGA2 and transiently expressed the AT-hook mutant HMGA2. Because 

the shRNA for HMGA2 silencing binds to the 3’UTR of the endogenous HMGA2 

mRNA expression of our construct was not affected as it lacked a 3’UTR. A full-size 

HMGA2 construct was used as positive control for functional AT-hook motifs.  Our 

PARylation data revealed that functional AT-hooks are required for HMGA2 dependent 

DNA damage induced PARP1 activity. HMGA2 with its three AT hook motifs binds to 
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the DNA and affects the chromatin structure based on the number and spacing of AT-rich 

binding site in DNA (75, 152). HMGA2 binds to minor groove AT rich region part of 

DNA causing chromatin decompaction by competing histone H1 to bind to this site of 

chromatin (153). Consequently it affects wide variety of nuclear processes such as the 

expression of lots of genes (152). Therefore, AT-hooks mediate changes in chromatin 

structure, which may make DNA structure accessible for PARP1 rapid and efficient 

binding to the damage site and leads to the rapid repair process. Furthermore, because the 

second AT hook and linker 2 are involved in protein-protein interaction the PARP1 may 

not be able to interact with HMGA2 efficiently upon AT hooks mutation (72, 73, 151). 

We used MMS to stimulate DNA damage-induced PARP1 activity.  MMS is an 

alkylating agent that creates 7-methylguanine and 3-methlyladenine lesions which upon 

insufficient repair cause base mispairing and replication blocks, respectively (154). These 

lesions are predominantly repaired by BER (155). The observed increased HMGA2-

mediated PARP1 activity was expected to result in faster and enhanced repair of 

alkylating base lesions which are repaired by base-excision-repair (BER). PARP1 

contributes to single-stranded DNA break repair (SSBR) by binding to the damage site 

and promoting the assembly of XRCC1, Polβ and DNA ligase III to promote BER (118). 

HMGA2 enhances BER and provides AP-lyase and dRP-lyase enzymatic activity through 

its AT-hooks protecting cells from alkylating DNA damage and genomic instability (94). 

PARP1 binds to apurinic/apyrimidinic (AP) sites and provides protection until APE1 

initiates strand incision and BER Additionally, PARP1 has 5’-dRP/AP lyase activity, 

promotes strand incision and starts poly (ADP-ribosyl)ation causing the recruitment of 

other BER factors (121). PARP1 and HMGA2 both functionally interact with APE-1 to 
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promote BER (94, 120). These studies showed that both HMGA2 and PARP1 have a role 

in SSBRs and BER (94, 118, 120). HMGA2 structural modification of chromatin may 

cause PARP1 to gain access to the damage site more efficiently, resulting in higher and 

earlier PARylation which cause further relaxation of chromatin structure and recruiting 

other repair enzymes to the damage site consequently (156). We hypothesized that 

HMGA2 cooperates with PARP1 to promote single strand DNA repair in TNBC cells. In 

fact, we found reduced levels of γH2AX protein following MMS exposure in cells with 

high HMGA2 levels suggesting that more SSB were successfully repaired. In addition, 

reduced γH2AX protein levels were detected in the presence of HMGA2 in cells exposed 

to Olaparib only over a time period of 24 h indicating reduced PARP trapping and 

increased repair of oxidative base lesions. PARP1 uses NAD
+
 as a substrate to add poly-

ADPribose (PAR) moieties as posttranslational modification to protein targets (109). 

Increased NAD+ synthesis may cause increased ATP consumption and energy failure 

causing cell death (157). In our cell system however, increased NAD+ consumption 

through enhanced PARP1 activity did not cause cell death. Nicotinamide 

phosphoribosyltransferase (NAMPT) is one of the key enzymes regulating the salvage 

pathway of NAD
+
 biosynthesis (139). (139). We showed that NAMPT protein levels are 

higher in TNBCs with high HMGA2 protein expression. This finding suggests that the 

cellular capacity to replenish NAD+ through the salvage pathway is increased in HMGA2 

expressing tumor cells thus preparing the cells for enhance PARylation activity. 

For our PARylation experiments, we used Olaparib (AZD 2281), an FDA approved 

PARP inhibitor to demonstrate the specificity of PAR detection as a result of PARP 

activity. We observed that we needed higher concentration of this drug to inhibit PARP1 
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activity in the cells with high level of HMGA2, particularly in MDA-MB-231 HMGA2 

overexpressing cells. Therefore, we designed an experiment utilizing different 

concentrations of Olaparib in HMGA2
high/low

 cells and we showed that when we 

downregulate HMGA2 we need 5-10 times lower concentrations of Olaparib to inhibit 

PARP1 activity. Based on these results, we concluded that HMGA2 decreases the 

sensitivity of TNBC cells for Olaparib treatment. PARP inhibitors block NAD
+ 

binding 

site in catalytic domain of PARP1, inhibit PARP activity and consequently block the 

repair of DNA strand breaks. However, it was shown that there is other mechanism for 

these inhibitors other than catalytic inhibition (140, 158, 159). This idea was established 

with the observation that cells deficient in PARP protein are resistant to the effects of 

PARP inhibitors (140) indicating that PARP protein is required for PARP inhibitor-

induced cytotoxicity. Studies have demonstrated that PARP1 and PARP2 are trapped at 

the damaged site of DNA by PARP inhibitors and create PARP-DNA complexes which 

are more cytotoxic than un-repaired single strand breaks (140). PARP inhibitors with 

strong trapping effect, such as Talazoparib, not only bind to the NAD+ binding pocket 

but also interact with the helical regulatory subdomain (HD) of the catalytic domain 

(158) An allosteric change in the PARP protein was discussed (158) that stabilizes the 

complex between DNA and PARP. We used our C1 fibrosarcoma cell model with 

Doxycycline-inducible HMGA2 silencing to test the effect of HMGA2 on PARP trapping 

to the DNA. Olaparib was used to inhibit PARP activity prior to inducing DNA damage 

by MMS.  I isolated the chromatin-bound protein fraction and detected PARP1 by 

Western blot. I was able to detect increased levels of PARP1 protein in the chromatin 

fraction upon MMS+Olaparib in cells with low level of HMGA2 suggesting that PARP1 
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was trapped at the DNA. High cellular HMGA2 levels prevented PARP1 accumulation at 

the DNA. Further investigations are needed to explain how HMGA2 inhibits Olaparib-

mediated PARP1 trapping at DNA. HMGA2 may possibly bind to the DNA damage site 

and thus prevent PARP1 to be trapped at this site. Another possible mechanism would be 

that the HMGA2-PARP1 complex may cause conformational changes in PARP1 that 

prevent trapping. This could be further investigated with other PARP inhibitors such as 

Talazoparib and Veliparib which differ in their potency to trap PARP1 and PARP2 at the 

damaged site (140).  

With the observed increased DNA damage-induced PARP1 activity combined with 

reduced PARP trapping by Olaparib in HMGA2 expressing TNBCs we asked if targeting 

both HMGA2 and PARP1 in the presence of DNA damage can decrease the viability of 

TNBC cells. WST cell viability assays showed siRNA-mediated HMGA2 

downregulation decreased the viability of both TNBC cell lines treated with MMS alone 

and this was further aggravated under combined Olaparib and MMS treatment. Cell 

viability determined 72 h after MMS treatment also revealed a reduction in cell viability 

after Olaparib alone suggesting that the lack of a protective effect of HMGA2 on PARP 

trapping may have caused the increased cytotoxicity. Interestingly, we demonstrated a 

dramatic effect of HMGA2 silencing in MDA-MB-436 cells in which siHMGA2 

treatment by itself decreased viability by 90% compared to si-control treated cells. 

Inhibiting PARP1 activity in these BRCA1 mutant cells in the presence of DNA damage 

was expected to decrease cell viability based on the concept of synthetic lethality and 

deficiency in DSBR. However, we did not observe this lethal effect in the presence of 

HMGA2 as cell viability was maximally reduced to 40% with combined MMS and 
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Olaparib exposure. We performed caspase3/7 activity assay and PI FACS analysis to 

measure apoptosis and mortality rate of the cells upon down regulating HMGA2 and 

inhibition of PARP1 activity in the presence of DNA damage. We observed that in 

BRCA1 proficient cells (MDA-MB-231) inhibiting PARP1 activity even in the presence 

of DNA damage has no effect on caspase 3/7 activity. In contrast, HMGA2 silencing 

induced apoptosis after MMS treatment alone or in combination with Olaparib. In 

BRCA1 mutant cells caspase3/7 activity significantly increased after HMGA2 silencing 

alone and this dramatically increased after combined MMS and Olaparib treatment. This 

demonstrated that HMGA2 is an important anti-apoptotic factor in BRCA1 mutant cells. 

We performed FACS analysis on propidium iodide stained cells as another way of cell 

death measurement. Seemingly, our PI FACS data confirmed caspase 3/7 activity results 

and showed that the percentage of dead cells increased upon HMGA2 down regulation 

and single or combined treatments. In BRCA1 mutant MDA-MB-436 cells silencing of 

HMGA2 alone increased cell death dramatically and caused more than 60% cell death 

after combined Olaparib and MMS treatment. Previously it has been demonstrated that 

HMGA2 confers anti-apoptotic effects. HMGA2 is part of a positive feedback loop on 

ATM gene expression in mouse embryonic fibroblasts and cancer cells, consequently 

reducing the sensitivity of these cells to DNA-damaging agents (160). Work in our lab 

has shown that HMGA2 caused an increased and sustained phosphorylation of ataxia 

telangiectasia and rad3 (ATR) kinase and its downstream target checkpoint kinase 1 

(CHK1) following alkylating DNA damage in tumor cells (95). This enhanced ATR-

CHK1 activation resulted in a prolonged G2/M block and reduced apoptosis in the 

presence of HMGA2 (95). These results correlate with other studies assessing the 
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protective role of HMGA2 in apoptosis and cell death. In well-differentiated 

liposarcomas over expressing HMGA2 and in ovarian carcinomas, downregulation of 

HMGA2 has been reported to increase apoptosis (161, 162). High level of HMGA2 

expression in human ovarian cancer specimens and ovarian cancer cell lines were shown 

to have anti-apoptotic effects and HMGA2 silencing caused cell cycle arrest, suppressed 

cell growth and increased apoptosis (162).  

Summary 

In summary, we showed that HMGA2 conveyed resistance to PARP inhibitors in TNBC 

cells including both, BRCA1 mutant and proficient cells, in the presence of DNA 

damage. This is an important discovery as it shows that high HMGA2 expression in 

TNBC tumors could be a reason for the failure of Olaparib treatment in TNBC, even in 

combination with DNA damaging drugs.  HMGA2 protein levels have not been 

considered so far for this invasive subtype of breast cancer. Olaparib is currently used in 

clinical trials for the patients with TNBC. However, the development of resistance to this 

inhibitor is a major challenge that clinicians face utilizing this drug (137, 162). A recent 

study reported favorable results in a human TNBC xenograft model under combined 

treatment with Olaparib and the histone deacetylase (HDAC) inhibitor suberoylanilide 

hydroxamic acid (SAHA) (131, 163). SAHA increased the anti-tumor effects of Olaparib 

(131). Other in-vitro studies have shown that HDAC inhibition down-regulate HMGA2 

(164, 165) suggesting a clinical approach to mitigating HMGA2 functions in TNBC.  
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Conclusion 

In conclusion, HMGA2 is a novel nuclear factor that should be considered in the future 

when assessing the prognosis and treatment options for TNBC. Combination of drugs 

downregulating the expression of HMGA2 with selective PARP1 inhibitors may be an 

effective and novel strategy for the treatment. However, further research is needed to 

understand the molecular domains that promote PARP1 activity and reduce PARP1 

trapping to facilitate a targeted treatment approach. 
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