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 Chapter 4: Summary and Conclusion 

4.1 Summary 

The race to develop anti-IGF1R targeted therapies for cancer has been hindered due to 

failure of clinical trials to yield clinical benefits. However, the mounting evidence suggest 

that not only IGF1R overexpression is ubiquitous across different cancer types but it is also 

a key signalling molecule underlying the resistance mechanisms against wide range of 

chemotherapeutic agents and targeted therapies [440]. The first anti-IGF1R targeted therapy 

(Teprotumumab) has been recently (January, 2020) approved, although not for cancer 

treatment, but for treatment of Graves’ orbitopathy [441]. Several pre-clinical studies have 

started reevaluation of anti-IGF1R agents, not as a standalone treatment, but in combination 

with chemotherapeutic agents and other targeted therapies along with identification of 

predictive biomarkers to unlock the full potential of anti-IGF1R targeted therapies in cancer 

[440]. Using indigenously developed isogenic EOC chemoresistance models against 

Cisplatin/Paclitaxel/Cisplatin-Paclitaxel combination, we reported a pulsatile nature of 

IGF1R expression during acquirement of chemoresistance development. The augmented 

levels of IGF1R were shown to impart chemoresistance against Cisplatin-Paclitaxel at early 

stages of chemoresistance development; moreover, we observed similar therapy induced 

upregulation of IGF1R expression in tumors of a small cohort of high grade serous EOC 

patients [252]. The underlying mechanisms behind this undulating IGF1R expression during 

progression of chemoresistance has led to this investigation which deciphers two important 

questions pertaining the role of IGF1R signalling in chemoresistance development of EOC, 

A)  unraveling the complex circuitry of modulators governing IGF1R expression and B) 

decoding the molecular mechanisms behind IGF1R mediated chemoresistance and 

identifying potential approach to indirectly target IGF1R through its regulators in IGF1R 

addicted or therapy resistant cancers. 
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IGF1R overexpression in many cancer types is significantly attributed to the transcriptional 

modulation rather than to rare instances of gene amplification, hence we used an IGF1R 

promoter driven bi-fusion (bioluminescence-fluorescence) reporter sensor to uncover the 

mechanisms behind this oscillating IGF1R expression during progression of resistance. The 

IGF1R-promoter-reporter sensor showed similar pulsatile nature as previously observed for 

endogenous IGF1R transcript and protein levels, significantly upregulated at early stages of 

chemoresistance and declined in late resistance stages. Next, using a transcription factor 

binding IGF1R promoter competition assay we identified eight new transcription factors 

(RXR, SOX9, VDR, GFI1, ROR, RUNX1, NKX2.5 and SOX18) along with SP1 (a known 

IGF1R regulator) as potential regulators of IGF1R promoter in chemoresistant EOC cell. 

Sarfstein. et. al. (2009), using biotinylated IGF1R promoter reported identification of 

several transcription factors binding to IGF1R promoter in breast cancer cells [363]. 

However, this is first report where we identify potential regulators of IGF1R promoter in 

chemoresistant cancer cells, apart from pVHL and FOXO1 regulating IGF1R in in 5-

Fluorouracil and etoposide resistant renal cell carcinoma and PI3K-δ inhibitor resistant 

chronic lymphocytic leukaemia respectively [300, 442]. Though transcription factor-

promoter array analysis in this study identified several unique transcriptional regulators, 

perturbation of only RUNX1 activity (RUNX1-CBFβ inhibitor, Ro5-3335) significantly 

attenuated IGF1R transcriptional and promoter activity in chemoresistance models. 

RUNX1, a significantly altered gene in acute myeloid leukaemia and functions as a 

pioneering transcription factor in haematopoiesis [341], showed increased expression and 

nuclear localization of RUNX1 along with enhanced binding of RUNX1 to IGF1R promoter 

at both early and late stages of chemoresistance. Despite increased RUNX1 expression and 

functional activities (nuclear localization and enhanced binding on IGF1R promoter) across 

both stages of chemoresistance, specific inhibition of IGF1R by Ro5-3335 was observed 
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only in early-resistant cells, which signifies for contributory role of other regulator/s for 

optimal activation. Using JASPAR, a TF binding prediction software we found that 

consensus binding sites of transcription factors identified from transcription factor array and 

previously reported IGF1R binding transcription factor are scattered throughout IGF1R 

promoter. Intriguingly, RUNX1 and FOXO3a (a known IGF1R regulator) [328] binding 

elements showed proximity to each other on IGF1R promoter. As opposed to RUNX1, 

FOXO3a exhibited a similar pulsatile pattern like IGF1R across resistant stages with 

increased nuclear localization of both total and transcriptionally active FOXO3a (p-S413) 

and higher IGF1R promoter occupancy in early resistant cells. Mutating FOXO3a binding 

elements on IGF1R promoter in combination with Ro5-3335 treatment showed significant 

synergism in attenuating IGF1R promoter activity in early resistant cells as compared to 

FOXO3a binding element mutant IGF1R promoter or Ro5-3335 treatment alone. Indeed, 

the co-immunoprecipitation results demonstrated a stage specific interaction pattern 

between RUNX1 and FOXO3a which was highest in early resistant cells but minimal in 

sensitive and late resistant cells. This stage specific interaction pattern seems to influence 

their IGF1R promoter binding capacity as maximal RUNX1-FOXO3a co-occupancy was 

evident during onset of resistance which subsequently decreased at late-resistant stages as 

revealed by Chip-re-Chip assay, thus signifying cooperativity between RUNX1 and 

FOXO3a in regulation of IGF1R promoter activity. This cooperativity became evident from 

genetic (CBFβ knockdown) and pharmacological inhibition (Ro5-3335 treatment) of 

RUNX1 activity, which abolished FOXO3a binding in early-resistant cells indicating that 

RUNX1 binding is an obligatory step for FOXO3a occupancy specifically at the onset of 

resistance. This cooperative interaction of RUNX1-FOXO3a, however falls apart as cells 

reach late resistant cells due to simultaneous presence of hyperactivated AKT, which 

downregulates FOXO3a by nuclear exclusion. Indeed, AKT inactivation either through 
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serum starvation or by an inhibitor restores FOXO3a levels in late resistant cells 

upregulating IGF1R expression. 

Once, upstream molecular players regulating IGF1R expression were identified, we next 

checked the biological consequences of augmented IGF1R expression in maintaining 

chemoresistance properties of EOC cells. IGF1R silencing significantly chemosensitized 

the early resistant cells to chemotherapeutic agents Cisplatin-Paclitaxel alone. More 

importantly IGF1R was shown to maintain CSC phenotype in early resistant cells through 

upregulation of pluripotency transcription factors Sox2, Oct4 and Nanog. The CSC-like SP 

cells were highly resistant to Cisplatin-Paclitaxel compared to the respective NSP and MP 

cells, more importantly IGF1R knockdown showed enhanced chemosensitization of SP 

cells. Among the two major signalling arms, AKT showed gradual activation with 

increasing resistance, whereas, ERK1/2 showed highest activation in only early resistant 

cells. Silencing IGF1R revealed that the MAPK/ERK signalling arm is activated 

downstream of IGF1R, whereas PIK3CA/AKT signalling largely remains unaffected across 

the chemoresistant model. The increased levels of IGF1R in early resistant cells induced the 

levels of anti-apoptotic proteins BCL-2 and BCL-XL, whereas it antagonized the induction 

of pro-apoptotic protein BAD post Cisplatin-Paclitaxel treatment in early resistant cells, thus 

supressing the Cisplatin-Paclitaxel induced apoptosis in early resistant cells. Interestingly, 

AKT inhibition in late resistant cells induced IGF1R, which was shown to impart resistance 

against AKT inhibition, as dual inhibition of AKT and IGF1R significantly reduced cell 

survival of late resistant cells. The augmented levels of IGF1R imparting resistance against 

Cisplatin-Paclitaxel in early resistant cells and AKT inhibition induced IGF1R limiting 

efficacy of AKT inhibitor, both were regulated by transcriptional modulation of IGF1R 

promoter by RUNX1/FOXO3a. 
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In present study we have shown that RUNX1/FOXO3a maintain augmented IGF1R 

promoter activity at onset of chemoresistance development in EOC cells leading to 

increased expression of IGF1R. Thus, we investigated the potential of blocking 

RUNX1/FOXO3a/IGF1R axis to assess the biological implication of this axis in targeting 

early onset of chemoresistance. Pharmacological (Ro5-3335 treatment) or genetic ablation 

(CBFβ knockdown) of RUNX1 activity attenuated IGF1R promoter activity, reduced 

IGF1R expression, impaired tumor proliferation and showed enhanced chemosensitization 

to Cisplatin-Paclitaxel both invitro and invivo in early resistant cells. RUNX1 is 

indispensable for establishment of definitive haematopoiesis in vertebrates. However, no 

obvious illness was observed in long term use of 300mg/kg/day of Ro5-3335 in mice [337] 

and a single dose of 5mg/kg of Ro5-3555 protects LPS induced death in mice by reducing 

inflammation [439]. We applied similar low dose in fractionated manner 

(2mg/kg/day/5days) and observed that low dose RUNX1 inhibitor with platinum-taxol 

could effectively delay resistance development. However, a detail dose dependent study is 

warranted to assess potential of RUNX1 inhibition combating the platinum-taxol resistance 

in cancers with augmented IGF1R expression. 

4.2 Conclusion 

Here, for the first time we report RUNX1 as a unique regulator of IGF1R promoter which 

exerts a cooperative interaction with FOXO3a and dynamically modulate IGF1R expression 

during acquirement of chemoresistance in EOC cells. Genetic and pharmacological 

inhibition followed ChIP and ChIP-re-ChIP assay revealed that RUNX1 strengthened 

FOXO3a occupancy on IGF1R promoter, leading to a transcriptional surge during initiation 

of resistance which is lost at the late stages. Further an active AKT-FOXO3a negative 

feedback loop was shown to maintain the pulsatile behaviour of IGF1R and FOXO3a. We 

also showed that upregulated IGF1R at onset of resistance confers resistance to Cisplatin-
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Paclitaxel though modulation of CSC phenotype and inhibition apoptosis by downstream 

IGF1R signalling. Perturbation of RUNX1 activity severely compromised IGF1R promoter 

activity and sensitized the tumors of early resistant cells to platinum-taxol treatment, as 

monitored by non-invasive imaging. Altogether our findings delineate a dynamic interplay 

between several molecular regulators (RUNX1/FOXO3a/AKT) driving pulsatile IGF1R 

expression and identifies a new avenue for targeting EOC through RUNX1-IGF1R axis 

during acquirement of chemoresistance.
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identifying potential approach to indirectly target IGF1R through its regulators in IGF1R 

addicted or therapy resistant cancers. 
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IGF1R overexpression in many cancer types is significantly attributed to the transcriptional 

modulation rather than to rare instances of gene amplification, hence we used an IGF1R 

promoter driven bi-fusion (bioluminescence-fluorescence) reporter sensor to uncover the 

mechanisms behind this oscillating IGF1R expression during progression of resistance. The 

IGF1R-promoter-reporter sensor showed similar pulsatile nature as previously observed for 

endogenous IGF1R transcript and protein levels, significantly upregulated at early stages of 

chemoresistance and declined in late resistance stages. Next, using a transcription factor 

binding IGF1R promoter competition assay we identified eight new transcription factors 

(RXR, SOX9, VDR, GFI1, ROR, RUNX1, NKX2.5 and SOX18) along with SP1 (a known 

IGF1R regulator) as potential regulators of IGF1R promoter in chemoresistant EOC cell. 

Sarfstein. et. al. (2009), using biotinylated IGF1R promoter reported identification of 

several transcription factors binding to IGF1R promoter in breast cancer cells [363]. 

However, this is first report where we identify potential regulators of IGF1R promoter in 

chemoresistant cancer cells, apart from pVHL and FOXO1 regulating IGF1R in in 5-

Fluorouracil and etoposide resistant renal cell carcinoma and PI3K-δ inhibitor resistant 

chronic lymphocytic leukaemia respectively [300, 442]. Though transcription factor-

promoter array analysis in this study identified several unique transcriptional regulators, 

perturbation of only RUNX1 activity (RUNX1-CBFβ inhibitor, Ro5-3335) significantly 

attenuated IGF1R transcriptional and promoter activity in chemoresistance models. 

RUNX1, a significantly altered gene in acute myeloid leukaemia and functions as a 

pioneering transcription factor in haematopoiesis [341], showed increased expression and 

nuclear localization of RUNX1 along with enhanced binding of RUNX1 to IGF1R promoter 

at both early and late stages of chemoresistance. Despite increased RUNX1 expression and 

functional activities (nuclear localization and enhanced binding on IGF1R promoter) across 

both stages of chemoresistance, specific inhibition of IGF1R by Ro5-3335 was observed 
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only in early-resistant cells, which signifies for contributory role of other regulator/s for 

optimal activation. Using JASPAR, a TF binding prediction software we found that 

consensus binding sites of transcription factors identified from transcription factor array and 

previously reported IGF1R binding transcription factor are scattered throughout IGF1R 

promoter. Intriguingly, RUNX1 and FOXO3a (a known IGF1R regulator) [328] binding 

elements showed proximity to each other on IGF1R promoter. As opposed to RUNX1, 

FOXO3a exhibited a similar pulsatile pattern like IGF1R across resistant stages with 

increased nuclear localization of both total and transcriptionally active FOXO3a (p-S413) 

and higher IGF1R promoter occupancy in early resistant cells. Mutating FOXO3a binding 

elements on IGF1R promoter in combination with Ro5-3335 treatment showed significant 

synergism in attenuating IGF1R promoter activity in early resistant cells as compared to 

FOXO3a binding element mutant IGF1R promoter or Ro5-3335 treatment alone. Indeed, 

the co-immunoprecipitation results demonstrated a stage specific interaction pattern 

between RUNX1 and FOXO3a which was highest in early resistant cells but minimal in 

sensitive and late resistant cells. This stage specific interaction pattern seems to influence 

their IGF1R promoter binding capacity as maximal RUNX1-FOXO3a co-occupancy was 

evident during onset of resistance which subsequently decreased at late-resistant stages as 

revealed by Chip-re-Chip assay, thus signifying cooperativity between RUNX1 and 

FOXO3a in regulation of IGF1R promoter activity. This cooperativity became evident from 

genetic (CBFβ knockdown) and pharmacological inhibition (Ro5-3335 treatment) of 

RUNX1 activity, which abolished FOXO3a binding in early-resistant cells indicating that 

RUNX1 binding is an obligatory step for FOXO3a occupancy specifically at the onset of 

resistance. This cooperative interaction of RUNX1-FOXO3a, however falls apart as cells 

reach late resistant cells due to simultaneous presence of hyperactivated AKT, which 

downregulates FOXO3a by nuclear exclusion. Indeed, AKT inactivation either through 
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serum starvation or by an inhibitor restores FOXO3a levels in late resistant cells 

upregulating IGF1R expression. 

Once, upstream molecular players regulating IGF1R expression were identified, we next 

checked the biological consequences of augmented IGF1R expression in maintaining 

chemoresistance properties of EOC cells. IGF1R silencing significantly chemosensitized 

the early resistant cells to chemotherapeutic agents Cisplatin-Paclitaxel alone. More 

importantly IGF1R was shown to maintain CSC phenotype in early resistant cells through 

upregulation of pluripotency transcription factors Sox2, Oct4 and Nanog. The CSC-like SP 

cells were highly resistant to Cisplatin-Paclitaxel compared to the respective NSP and MP 

cells, more importantly IGF1R knockdown showed enhanced chemosensitization of SP 

cells. Among the two major signalling arms, AKT showed gradual activation with 

increasing resistance, whereas, ERK1/2 showed highest activation in only early resistant 

cells. Silencing IGF1R revealed that the MAPK/ERK signalling arm is activated 

downstream of IGF1R, whereas PIK3CA/AKT signalling largely remains unaffected across 

the chemoresistant model. The increased levels of IGF1R in early resistant cells induced the 

levels of anti-apoptotic proteins BCL-2 and BCL-XL, whereas it antagonized the induction 

of pro-apoptotic protein BAD post Cisplatin-Paclitaxel treatment in early resistant cells, thus 

supressing the Cisplatin-Paclitaxel induced apoptosis in early resistant cells. Interestingly, 

AKT inhibition in late resistant cells induced IGF1R, which was shown to impart resistance 

against AKT inhibition, as dual inhibition of AKT and IGF1R significantly reduced cell 

survival of late resistant cells. The augmented levels of IGF1R imparting resistance against 

Cisplatin-Paclitaxel in early resistant cells and AKT inhibition induced IGF1R limiting 

efficacy of AKT inhibitor, both were regulated by transcriptional modulation of IGF1R 

promoter by RUNX1/FOXO3a. 
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In present study we have shown that RUNX1/FOXO3a maintain augmented IGF1R 

promoter activity at onset of chemoresistance development in EOC cells leading to 

increased expression of IGF1R. Thus, we investigated the potential of blocking 

RUNX1/FOXO3a/IGF1R axis to assess the biological implication of this axis in targeting 

early onset of chemoresistance. Pharmacological (Ro5-3335 treatment) or genetic ablation 

(CBFβ knockdown) of RUNX1 activity attenuated IGF1R promoter activity, reduced 

IGF1R expression, impaired tumor proliferation and showed enhanced chemosensitization 

to Cisplatin-Paclitaxel both invitro and invivo in early resistant cells. RUNX1 is 

indispensable for establishment of definitive haematopoiesis in vertebrates. However, no 

obvious illness was observed in long term use of 300mg/kg/day of Ro5-3335 in mice [337] 

and a single dose of 5mg/kg of Ro5-3555 protects LPS induced death in mice by reducing 

inflammation [439]. We applied similar low dose in fractionated manner 

(2mg/kg/day/5days) and observed that low dose RUNX1 inhibitor with platinum-taxol 

could effectively delay resistance development. However, a detail dose dependent study is 

warranted to assess potential of RUNX1 inhibition combating the platinum-taxol resistance 

in cancers with augmented IGF1R expression. 

4.2 Conclusion 

Here, for the first time we report RUNX1 as a unique regulator of IGF1R promoter which 

exerts a cooperative interaction with FOXO3a and dynamically modulate IGF1R expression 

during acquirement of chemoresistance in EOC cells. Genetic and pharmacological 

inhibition followed ChIP and ChIP-re-ChIP assay revealed that RUNX1 strengthened 

FOXO3a occupancy on IGF1R promoter, leading to a transcriptional surge during initiation 

of resistance which is lost at the late stages. Further an active AKT-FOXO3a negative 

feedback loop was shown to maintain the pulsatile behaviour of IGF1R and FOXO3a. We 

also showed that upregulated IGF1R at onset of resistance confers resistance to Cisplatin-
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Paclitaxel though modulation of CSC phenotype and inhibition apoptosis by downstream 

IGF1R signalling. Perturbation of RUNX1 activity severely compromised IGF1R promoter 

activity and sensitized the tumors of early resistant cells to platinum-taxol treatment, as 

monitored by non-invasive imaging. Altogether our findings delineate a dynamic interplay 

between several molecular regulators (RUNX1/FOXO3a/AKT) driving pulsatile IGF1R 

expression and identifies a new avenue for targeting EOC through RUNX1-IGF1R axis 

during acquirement of chemoresistance.
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Chapter 1: Introduction and review of literature 

1.1 Therapy resistance: A conundrum for cancer disease management 

The three frontiers that collectively contribute to the cancer management are prevention, 

diagnosis, and treatment. The current long-term population-based studies are still in early 

stage to provide conclusive evidence on impact of preventive healthcare practices and 

screening programs on cancer incidence [1-6]. The improved 5-year overall survival rates 

across different cancer types observed in population-based survival trends of last four 

decades are attributed to advancements in diagnostic methods and treatment modalities. 

Deeper understanding of these long-term survival trend for individual cancers reveals 

three broad clusters of cancers based on absolute change in 5-year overall survival, first 

for which there was significant improvement in overall survival, followed by others who 

were benefited to a moderate extent and third for which there was less or no change was 

observed in overall survival [7-9]. These observed differences in progress of overall 

survival among different cancers are majorly due to variances in treatment response of 

both primary and relapsed tumors and disease-free periods as well the stage of diagnosis. 

If Detected early, for majority of cancers, complete cytoreduction followed by 

chemo/radio therapy significantly improves disease free and overall survival compared 

to advanced stage disseminated disease. Chemotherapy alone or in combination with 

other treatment strategies continues to be a prime treatment modality, as it is effective 

against multiple tumor types for both primary and metastatic disease. It is also used prior 

to surgery to reduce tumor burden and as palliative care for recurrent disease [10-14]. 

Combination of chemotherapeutic agents or combination with other therapies such as 

hormone therapy, immuno therapy and targeted therapy (antibodies/small molecular 

inhibitors) have been proven to improve overall survival and disease-free survival 

compared to single agent treatment in various cancer types (Table 1). Even though 
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chemotherapy has been successful as first line therapy in many cancer types if not all, it 

suffers a major roadblock of resistance development. Response to these various treatment 

modalities vary in different cancer types and even among patients within the same cancer 

type. Though majority of the patients respond well to first line therapy (Chemotherapy 

alone or combination therapy), very often relapsed disease either shows poor response or 

no response to first line therapy. Thus, a secondary line of therapy is inducted for disease 

management which also eventually succumb to therapy resistance. Both intrinsic and 

acquired chemoresistance continues to be an inevitable fate of all chemotherapeutic 

agents limiting efficacy of the chemotherapy. Amid several challenges in cancer 

treatment, chemoresistance remains persistent hurdle significantly contributing to the 

mortality primarily due to recurrent therapy resistant tumors [15, 16]. The phenomenon 

of chemoresistance is a perilous aspect of tumor biology and is governed by aberrantly 

regulated signaling networks that fine tune multiple mechanisms of chemoresistance to 

help cancer cells endure the chemotherapeutic challenge. 

Table 1: Examples of Clinical trials comparing efficacy of drug combinations 

Patient inclusion 

criteria 
Drug combination 

Clinical 

response rate 

Overall survival 

(Months) 

Ref. 

Breast Cancer 

Anthracycline-pre-treated 

metastatic disease 

Paclitaxel Vs (Gemcitabine + 

Paclitaxel) 
26% Vs 41% 15.8 Vs 18.6 [17] 

Progressive Her2 

overexpressing disease  

Lapatinib Vs (Lapatinib + 

Trastuzumab) 
29% Vs 51% 9.5 Vs 14 [18] 

Ovarian Cancer 

Advanced stage sub-

optimally operated disease 

(Cisplatin + Cyclophosphamide) Vs 

(Cisplatin + Paclitaxel) 
31% Vs 51% 24 Vs 38 [19] 
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Patient inclusion criteria Drug combination 

Clinical 

response 

rate 

Overall survival 

(Months) 

Ref. 

Platinum-Refractory and 

-Resistant disease 

Paclitaxel Vs (Paclitaxel + 

Doxorubicin) 
17% Vs 34% 12 Vs 14 [20] 

Platinum sensitive 

recurrent disease 

(Carboplatin + Paclitaxel) Vs 

(Carboplatin + Paclitaxel + 

Bevacizumab) 

55% Vs 78% 35.7 Vs 43.2 [21] 

Head and neck cancer 

Stage III or IV locally 

advanced disease 

(Cisplatin + 5-FU) Vs (Docetaxel + 

Cisplatin + 5-FU) 
48% Vs 62% 30 Vs 71 [22] 

Cervical Cancer 

Advanced recurrent or 

persistent disease 
Cisplatin Vs (Cisplatin + Topotecan) 13% vs 27% 6.5 Vs 9.4 [23] 

Metastatic, persistent, or 

recurrent 

(Cisplatin + Paclitaxel) Vs (Cisplatin 

+ Paclitaxel + Bevacizumab) 
34% Vs 48% 13.3 Vs 17 [24] 

Colorectal cancer 

Unresectable metastatic 

disease 

(5-FU+ Leucovorin+Irinotecan) Vs (5-

FU+Leucovorin+Oxaliplatin +Irinotecan) 
41% Vs 61% 17 Vs 23 [25] 

previously untreated 

metastatic disease 

(Irinotecan + 5-FU + Leucovorin) Vs 

(Irinotecan + 5-FU + Leucovorin + 

Bevacizumab) 

35% Vs 46% 15.6 Vs 20.3 [26] 

Gastric cancer 

Locally advanced, 

resectable gastric or 

gastro-oesophageal  

(5-FU + Epirubicin + Cisplatin) Vs (5- 

FU + Docetaxel + Oxaliplatin + 

Leucovorin) 

40% Vs 59% 35 Vs 50 [27] 

Gastric or gastro-

oesophageal cancer 

(Cisplatin + Capecitabine) Vs (Cisplatin 

+ Capecitabine + Trastuzumab)  
38% Vs 53% 10.9 Vs 13.8 [28] 
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1.2 Chemoresistance: Many routes to one escape 

Integrated functional and genomic studies have revealed cancer as a pathological 

condition which is highly heterogenous, vastly dynamic and savagely adaptive in nature. 

These same characteristics contribute to the phenomenon of drug resistance (intrinsic or 

acquired) and the full spectrum of mechanisms involved in resistance are variable across 

different cancer types for a given therapeutic agent. Mechanisms behind drug resistance 

are multifactorial, both genetic (hereditary/somatic mutations, fusion proteins, deletions, 

 

Pictorial depiction of major mechanisms involved in chemoresistance that are 

interwoven by cross-roads of signalling pathways. 

Figure 1: Chemotherapy resistance mechanisms 
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and amplifications) and non-genetic (epigenetics, altered protein expression and post-

translational modifications) and are further influenced by tumor heterogeneity. The 

mechanisms underlying chemoresistance mainly involve alterations in drug transport and 

drug metabolism, target alterations, altered cell cycle check points, enhanced DNA repair 

mechanisms and hyperactivation of anti-apoptotic/cell survival pathways. Also, there is 

increasing evidence that tumor microenvironment and cancer stem cells (CSCs) play an 

integral role in therapy resistance (Fig. 1) [29].  

1.2.1 Modulation of drug transport and metabolism 

One of the common mechanisms of chemoresistance to be identified early on was 

associated with transport and metabolism of chemotherapeutic agents by cancer cells. 

Membrane transporter 

proteins play important role in 

uptake of metabolites into and 

efflux of xenobiotics out of 

the cells under normal 

physiological conditions to 

sustain cell survival along 

with the metabolic 

detoxification pathways [30-

34]. Many of these transporter proteins and metabolic detoxification pathways have been 

linked chemoresistance against wide spectrum of chemotherapeutic drugs in all cancer 

types, affecting the therapeutic efficacy of the chemotherapy [35-37].  

Transporter proteins are classified into two major families, the ATP-binding cassette 

(ABC) transporters, which transport substrates by ATP hydrolysis [38] and the solute 

carrier (SLC) transporters, which facilitate passive (concentration dependent) or active 

 

 

Pictorial depiction of major drug transporter proteins 

deregulated in human malignancies. 

Figure 2: Transporter proteins involved in influx-

efflux of chemotherapy drugs 
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transport (dependent on transport of another molecule) of substates (Fig. 2)  [39]. ABC 

transporters primarily function as efflux pumps for chemotherapy drugs and are most 

widely studied drug transporter proteins due to their association with multidrug resistance 

(MDR) and CSC phenotype. Acute myeloid leukaemia (AML) patients undergoing 

induction chemotherapy of Mitoxantrone, Cytosine arabinoside and etoposide or 

Daunorubicin and Cytosine arabinoside show increased expression levels MDR1, breast 

cancer resistance  protein (BCRP) and MDR related protein 1 (MRP1) [40-43]. Two 

independent studies of adult AML patients using functional dye efflux assay show 

association of high level MDR1 activity with non-responders, reduced complete 

remission of disease, and decreased overall survival. [43, 44]. Expression of MDR1, 

BCRP and MRP1 were also shown to be upregulated in Ovarian cancer (OC) patients 

post chemotherapy [45-48] and were shown to be involved in efflux of Paclitaxel, 

Topotecan, Doxorubicin and Olaparib [49, 50]. Hedgehog signaling pathway 

transcription factor Gli1 was shown to upregulate expression of MDR1 and MRP1 in OC 

cell lines (A2780, OVACR3 and OVCAR8) and provide resistance against Paclitaxel, 

Doxorubicin and Cisplatin [51]. Activation of OC stem cell marker CD44 by hyaluronic 

acid was shown to induce the expression of ABC drug transporters (ABCB3, ABCC1, 

ABCC2, and ABCC3) in OC cells OVCAR3, SKOV3 and OV90 leading to Carboplatin 

resistance. Moreover, serum hyaluronic acid levels were found to be upregulated post-

chemotherapy (Carboplatin alone or in combination with Paclitaxel) in OC patients and 

was associated with decreased overall survival [52]. The wint-β-catenin activation post 

Cisplatin treatment was shown to upregulate expression of MDR1 and MRP1 in Non-

small cell lung cancer (NSCLC) patients [53]. The Epithelial mesenchymal transition 

(EMT) transcription factors Snail, Twist1 and Zeb1 were shown to induce expression of 

MDR1, MRP1 and BCRP in Doxorubicin/Mitoxantone resistant MCF7 cells (Breast 
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cancer) [54-56], Cisplatin resistant Hella cells (Cervical cancer) [57], Mitoxantone 

resistant TPC-1 cells (Thyroid papillary carcinoma) [58] and 5-Flurouracil resistant HLF 

cells (Hepatocellular carcinoma) [59]. 

In contrast to ABC transporters, SLC transporters can act as both influx as well efflux 

pumps for chemotherapeutic drugs. Organic cation transporter proteins OCT1/2/3 are 

shown to increase uptake of platinum-based drugs (Cisplatin, Oxaliplatin and Picoplatin) 

and Imatinib in patient derived Colorectal cancer (CRC) [60-63], OC [62] and Chronic 

myeloid leukaemia (CML) [64] primary cell lines respectively and served as good 

prognostic marker. Similarly, OCT1 expression in lymphoma cells was shown to 

increases the susceptibility to irinotecan and paclitaxel [65]. In opposite OCT1 and OCT2 

levels were shown to be downregulated through DNA methylation in Hepatocellular 

carcinoma (HCC) patients and was associated with progressive disease and reduced 

overall survival [66-68]. High expression of organic anion-transporting polypeptide 1A2 

and organic cation transporter 6 which are involved in the uptake of taxanes and 

anthracyclines respectively, pre- neoadjuvant chemotherapy serve as predictive 

biomarker for pathological complete response in triple negative breast cancer patients 

[69]. Higher expression of Organic anion-transporting polypeptides, OATP1B1 and 

OATP1B3 were shown to be good prognostic marker in OC and CRC patients, and were 

shown to increase intracellular uptake of Paclitaxel and Irinotecan respectively [70, 71]. 

Human copper transporter proteins, hCTR1 and hCTR2 which increase intracellular 

uptake of platinum-based drugs (Cisplatin and Oxaliplatin), have been extensively shown 

to be down regulated in OC, NSCLC, Endometroid cancer (EC), CRC and Gastric cancer 

(GC) patients which are resistant to platinum-based chemotherapy [72-79]. 
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Apart from drug transporter proteins, cancer cells are also  known to take advantage of 

cellular detoxification machinery to inactivate the chemotherapeutic drugs contributing 

to the drug resistance (Fig. 3) [37]. Aldehyde dehydrogenase (ALDH) primarily known 

as CSC marker across different 

cancer types functions as 

detoxifying enzyme for nitrogen 

mustard class of antineoplastic drugs 

such as Cyclophosphamide, 

Mafosfamide and Ifosfamide [80]. 

ALDH1A1 and ALDH3A1 were 

shown to be over expressed in both 

primary and metastatic Breast cancer 

(BC), Medulloblastoma,  AML and 

OC patients and served as predictive 

biomarker by failure of 

Cyclophosphamide chemotherapy [81-84]. Biotransformation of the chemotherapeutic 

drugs mainly involves the oxidation, reduction, and hydrolysis called the phase-I 

reactions carried by Cytochromes P450, followed by conjugations with hydrophilic 

compounds such as glutathione and glucuronic acid in phase-II reactions for elimination. 

[85, 86]. CYP2D6, the P450 catalysing formation of active Tamoxifen metabolites, and 

UGT2B15, a Phase II enzyme responsible for elimination of these active metabolite were 

found to be upregulated in BC patients treated with Tamoxifen and showed high risk of 

disease recurrence and poor survival [87]. Similarly, drug metabolizing enzymes 

(CYP2C8, UGT2B4 and UGT2B17) and drug transporter (ABCB4) were shown to 

impart Adriamycin resistance in BC cell lines (MCF-7, MDA-MB-231, and MDA-MB-

 

Pictorial depiction of major drug 

metabolizing enzymes deregulated in human 

Figure 3: Drug metabolism pathways 
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468) and predicted poorer survival in BC patients undergone neoadjuvant Adriamycin 

chemotherapy [88]. Pregnane-X-receptor  induced expression of UGT1A1, UGT1A9 and 

UGT1A10 were shown to impart Irinotecan resistance in CRC cells (LS174T, SW480 

and SW620) and overexpression of Pregnane-X-receptor and UGT1A in human CRC 

negatively corelated with chemotherapy response [89]. Elevated expression of GST-π in 

Osteosarcoma patients was associated with higher relapse rate and a poor clinical 

outcome and shown to be associated with Cisplatin, Doxorubicin and Methotrexate 

resistance in U-2OS and Saos-2 Osteosarcoma cell lines [90]. Similarly, in GC patient 

derived primary cells GST-π activity was shown to impart resistance against Cisplatin, 

5-Fluorouracil and mitomycin [91]. In prospective study of OC patients who had not 

undergone chemotherapy, high expression of GST-π shown to be bad prognostic marker 

and was significantly associated with Cisplatin resistance and poor overall survival [92, 

93]. 

1.2.2 Altered cell cycle regulation 

Chemotherapeutic agents primarily target actively proliferating cancer cells; hence they 

majorly rely upon unresolved genotoxic stress and cell-cycle arrest to induce cell death. 

The fundamental process of cell cycle is tightly regulated by complex interaction between 

an array of proteins that are also intimately linked to programmed cell death, thus making 

dysregulation of cell cycle an important mechanism for chemoresistance. Cell cycle 

progression is regulated by cyclin dependent kinases (CDK), Cyclins (A, B, D and E) 

and CDK inhibitors along with tumor suppressors (Fig. 4) [94].  
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Overexpression of cyclins 

such as cyclinD1/E1 along 

with loss of tumor 

suppressors Rb, TP53, 

p27Kip1, p21Cip1, p16Ink4a and 

p14ARF that link cell-cycle 

checkpoints to DNA-damage 

response pathways and 

apoptotic pathways leads to 

aberrant cell cycle 

progression in cancer cells. 

Microarray profiling of epithelial OC cell lines (HeyA8 and SKOV3) and patients 

resistant to paclitaxel identified upregulation of both expression and activity of CDK1, a 

central regulator that drives cells through G2 phase and mitosis. Increased expression of 

CDK1 corelated with Paclitaxel resistance in HeyA8-MDR cells, OVCAR3 and SKO3 

Paclitaxel resistant cells [95]. Cell division cycle 25 A (CDC25A), an important molecule 

for progression from G1 to the S phase of the cell cycle, was shown to be critical for B7-

H3 mediated chemoresistance against Oxaliplatin and 5-Flurouracil in CRC patients [96]. 

CDC25A was also shown to be important to maintain CSC-like spheroid phenotype in 

OC patient derived cells. CDC25A impeded cell cycle progression with high level of p21 

expression and imparted resistance against Cisplatin and Paclitaxel [97]. Treatment of 

different chemotherapeutic agents (5-Fluorouracil, Paclitaxel, Doxorubicin, Colchicine 

and Vincristine) in BC cells (MCF-7, MDA MB231 and T47D) and patient derived 

primary cultures showed increased expression of p21 and selection of residual cells with 

senescent phenotype, elevated levels of NRF2 and CSC markers CD133 and Oct4. 

 

Pictorial depiction of cell cycle checkpoints and 

checkpoint regulators both under normal physiological 

conditions and during DNA damage response. 

Figure 4: Cell Cycle regulation 
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Concurrently BC  patients undergoing neoadjuvant chemotherapy showed high 

expression of NRF2, CSC markers Oct4 and CD133 [98]. In Cisplatin-resistant Triple 

negative BC [99] and Head and neck cancer (HNC) [100], Temozolomide-resistant 

Glioma [101] and PIK3-inhibitor resistant Glioblastoma [102] increased Wee-1 

expression leads to G2-M cell cycle arrest through inhibition of CDK1, which halt DNA 

replication thus reducing therapy-induced lethality along with activation of CHK1, ATM 

and ATR responsible for enhanced clearance of DNA damage [99, 103]. The spindle 

assembly checkpoint antagonist p31commet is shown to induce premature securin 

destruction in Mad2-dependdent manner leading to mitotic slippage in cancer cells 

(HeLa, MCF7, A549, DLD-1, H1299, HCT116, HepG2, HT-29, PC3, SK-N-SH, and 

U2OS) treated with anti-mitotic drugs, such as taxol, Nocodazole and Monastrol. 

Moreover, overexpression of p31commet rendered cells resistant to apoptosis and this 

resistance was corelated with p31comet/Mad2 protein expression level ratio [104, 105]. 

Another important kinase involved in spindle assembly checkpoint is Arora-A, 

commonly overexpressed in many cancers. Arora-A kinase was shown to impart 

Cisplatin resistance in BC (MCF-7 and MDA-MB-231), Pancreatic ductal 

adenocarcinoma (PDAC) (PANC-1 and BXPC3) and OC (OVCA420 and OVCA429) 

cells [106, 107]. 

1.2.3 Enhanced DNA damage repair (DDR) mechanisms 

A complex set of cellular responses are elicited following DNA damage leading to 

activation of DDR pathways depending on type of DNA damage which mainly incudes, 

base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), 

trans-lesion DNA synthesis (TLS), homologous recombination repair (HMR) and 

nonhomologous end joining repair (NHEJ) pathways (Fig. 5) [108].  Cancer cells show 

dichotomy when it comes to DDR pathways, while defects in DDR pathways enable 



Chapter 1 

Page 50 of 235 

tumor cells to accrue genomic 

alterations (loss of tumor 

suppressors and gain of 

oncogenes or oncogenic 

mutations) contributing to 

disease progression, cancer 

cells also heavily rely on DDR 

pathways to endure therapy 

induced genotoxic stress for cell survival. 

Heterodimeric endonuclease complex, excision repair 1 endonuclease non-catalytic 

subunit (ERCC1) and excision repair 4 endonuclease catalytic subunit (ERCC4) play 

important in NER, TLS and HMR DNA repair pathways. Overexpression of ERCC1 and 

ERCC4 were found to be associated with poor response to platinum-based chemotherapy 

and expression of both were found to be elevated in patients undergoing platinum-based 

chemotherapy in many cancer types including, OC [109], Melanoma [110], NSCLC 

[111], BC [112], GC [113], HNC [114] and Bladder cancer (BLAC) [115]. Like 

Cisplatin, CCR1 was also shown to be overexpressed in Anthracycline and taxen resistant 

early stage or locally advanced BC patients [116]. In Cisplatin resistant OC cells (A27820 

and PEO14) and Melanoma cells (A375) Cisplatin treatment was shown to upregulate 

ERCC1 expression in MAPK/ERK dependent manner [117, 118], whereas, ERCC1 

expression was induced post Cisplatin treatment by Snail transcription factor in HNC 

[114]. CCR1-CCR4 induction post drug treatment showed increased NER as well as TLS 

activity leading to enhanced clearance of DNA lesions and adducts. The TLS DNA 

damage tolerance pathway enables cells bypass the single stranded DNA lesions during 

DNA replication, wherein replicative DNA polymerase is momentarily substituted by a 

 

Pictorial depiction of DNA damage repair 

pathways deregulated in human malignancies. 

Figure 5: DNA damage repair pathways 
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TLS specific polymerase (pol ζ or η) [119]. Increased expression of REV3L (catalytic 

subunit of pol ζ) was associated with poor clinical response to chemotherapy and disease 

progression in NSCLC, Glioma, Oesophageal squamous cell carcinoma (OESCC) and 

Cervical cancer (CC) [120-123]. REV1 (TLS scaffold protein) and REV7 (TLS adaptor 

protein) were also shown to impart resistance against Adriamycin and Cisplatin in p53-

mutated BC cells (MDA-MB-231 and T-47D) [124] and Ovarian clear cell carcinoma 

cells (ES-2 and KOC-7C) [125] respectively and were associated with reduced 

progression free survival. 

Cancer cells are also shown to heavily rely of NHEJ DNA repair pathway to rapidly 

resolve the chemotherapy induced genotoxic stress. In HCC, OC and CRC patients 

resistant to Cisplatin and 5-Fluorourcil respectively, augmented expression of X-ray 

repair cross-complementing-like factor (XLF), which interacts with ligase-IV/XRCC4 

and enhances end-joining process, was shown to be associated with poor progression free 

survival [126-128]. Both HCC (HCT116 and LS174T) and CRC (PLC/PRF/5, Huh7 and 

MHCC97H) cell lines post drug treatment (5-Fluorourcil, Oxaliplatin and Doxorubicin) 

showed increased expression of XLF and enhanced NHEJ activity [126, 127]. Similarly, 

HCC cells resistant to 5-Fluorourcil or Oxaliplatin (HCT116 and LS174T) and 

Glioblastoma cells resistant to Temozolomide (LN18 and U87) showed increased 

expression of XLF and enhanced NHEJ activity [127, 129]. Another important molecule 

in NHEJ DNA repair pathway, catalytic subunit of DNA-dependent protein kinase 

(DNA-PKcs) which regulates the Artemis endonuclease activity responsible for holding 

the two broken ends of DNA molecules together, was shown to be overexpressed in 

Mitoxantrone or Chlorambucil resistant B-cell- Chronic lymphocytic leukaemia (CLL), 

Carboplatin resistant OC and Anthracycline resistant BC patients. Increased expression 

of DNA-PKcs was associated with poor therapy response, progression of disease and 
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poor overall survival [130-135]. Mechanistically the heightened NHEJ activity in patient 

derived Chlorambucil resistant B-cell-CLL primary cultures was due to both increased 

expression of DNA-PKcs and increased DNA binding of Ku70/80 which recruits DNA-

PKcs at double stranded DNA breaks [130].  

Several of the HR pathway genes like ARID1A, BRCA1 BRCA2, ATM, CHECK2 and 

ATRX are either mutated or epigenetically silenced in many cancer types [136, 137] and 

has been associated with genetic instability that drives cancer progression and sensitivity 

of cancers to chemo/radio therapy. Though HR pathway is impaired cancers cells are 

shown to override these impairments either by circumventing the classical mechanisms 

or re-expression of inactivated HR genes [138]. RAD51 and RAD52 were shown to be 

responsible for active HR activity in BRCA deficient B-cell ALL, CLL, PDAC, OC, and 

BC patients [139-144]. RAD51 and RAD52 recruitment at DNA double strand breaks 

was shown to be independent of BRCA1/2 in PARP inhibitor resistant Breast cancer and 

Ovarian cancer cells [139, 141, 142]. Further it was shown that RAD51 recruitment at 

DNA double strand breaks was ATR dependent and blocking ATR disrupted RAD51 

recruitment and stalled forks in PARP inhibitor resistant OC cells [142].  

1.2.4 Cellular plasticity 

Tumors are heterogenic in nature and exhibit a high degree of aberrations in 

transcriptional and epigenetic pathways that drive the phenomenon of cellular plasticity 

enabling tumor cells to toggle between different cellular phenotypes. EMT and de-

differentiation of tumor cells into stem cell like cells are the two cellular plasticity process 

that can rewire the cellular programs leading to transient or enduring chemoresistant 

tumor cells [145-147]. EMT and CSC, though identified as two distinctive phenomena, 

the growing body evidence suggest cross-talk between the underlying regulatory 
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mechanisms leading to tumor maintenance, metastasis, and therapy resistance (Fig. 6) 

[148].  

CRC patients undergoing adjuvant Oxaliplatin and 5-Fluorouracil chemotherapy 

overexpression of Twist1 or Hes1 overexpression was associated with higher recurrence 

rate and poor oval survival. Twist1 and Hes1 promoted EMT and chemoresistance 

against Oxaliplatin and 5-Fluorouracil invitro in CRC cell lines (SW480, HCT116, RKO 

and HCT8) through upregulation of drug transporters ABCC1, ABCC2 and MDR1 [149, 

150]. Quiescent/slow cycling cells with stem cell features derived from chemo naïve 

CRC patients showed increased expression of EMT transcription factor (Zeb2, Snail1 

and Slug) and stem cell markers (Bmi1, CD133 and Nanog). Patients undergoing 5-

Flurouracil chemotherapy and Colorectal cancer cell lines post 5-Flurouracil treatment 

showed increased expression of Zeb2, activated apoptosis signal-regulating kinase 1 and 

c-RAF signalling leading to enrichment of cells with stemness/EMT phenotype and was 

associated with poor chemotherapy response [151]. Similar crosstalk between EMT and 

 

Pictorial depiction of dynamic cellular plasticity driving EMT and CSC phenotype in 

heterogenous tumor populations and their crosstalk. 

Figure 6: Cellular plasticity of cancer cells 
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CSC phenotype was reported in two other studies of CRC patients. E3-ubiquitin ligase 

FBXW7 loss led to increased levels of Zeb2 mediating enrichment of CSCs, metastasis 

and 5-Flurouracil chemoresistance [152], whereas increased expression of integrin-

linked kinase was shown to be associated with tumor progression, EMT, CSC markers 

and therapy resistance against 5-Flurouracil and Oxaliplatin [153]. Pre-chemotherapy 

high level of CSC+ve/EMT+ve circulating tumor cells (CTCs) were corelated with 

increased risk of lung metastasis and decreased progression free survival in BC patients 

and chemotherapy (taxen or anthracycline) resulted in significant increase in incidence 

of CSC+ve/EMT+ve CTCs [154]. Primary cultures derived from recurrent BC tumors, pro-

apoptotic protein-4 was epigenetically silenced by EMT transcription factor Twist1 and 

pharmacological inhibition of EZH2 and HDAC1/2 relieved repression of pro-apoptotic 

protein-4 making primary cultures sensitive to Docetaxel and Vincristine [155]. CSC 

marker Nestin and EMT transcription factors Zeb1 and Slug were shown to impart 

resistance against Doxorubicin, 5-Flurouracil, Adriamycin and Oxaliplatin in HCC cells 

through activation of Wnt/β-catenin and protein kinase C alpha activation respectively 

and was associated with shorter progression free survival and overall survival [156, 157]. 

Similarly, Zeb1 expression was shown to be predictive biomarker for poor 

Temozolomide response and poor overall survival in Glioblastoma patients [158]. 

Chemotherapy-induced lncRNA-1 and SOX8 were independently associated with as 

poor prognosis in Tongue squamous cell carcinoma (TSCC) and were found to be 

overexpressed in Cisplatin resistant TSCC patients. Both Chemotherapy-induced 

lncRNA-1 and SOX8 activated Wnt/β‐catenin pathway by inducing expression of 

Frizzled‐7 and Wnt5A respectively, promoted both EMT and CSC phenotype and 

maintained Cisplatin resistance in TSCC cells [159, 160]. Overexpression of miR-128-

3p in NSCLC was associated with poor response to Cisplatin chemotherapy, shorter 
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progression free period and poor overall survival. Moreover, miR-128-3p was 

overexpression was negatively corelated with negative regulators of β-catenin Axin1, 

SFRP2 and WIF1 in NSCLC patients [161]. In patient derived CSCs from PDAC and 

OC patients enhanced activation of CHEK1 and increased NFκB activity were shown to 

promote EMT and mediate resistance against Gemcitabine and Cisplatin respectively 

[162-166]. OC tumor derived CSCs also show increased expression of DNA polymerase 

η (Pol η) which drives enhanced DNA repair through trans-lesion DNA synthesis and 

mediate Cisplatin resistance[167]. 

1.2.5 Tumour microenvironment (TME) 

Cancer cells lose cell-cell and cell-basement membrane contacts (tight junctions and 

cadherin junctions) that maintain tissue architecture and secrete extracellular proteases, 

growth factors, 

chemokines that 

leads to aberrant 

vasculature, 

activation of 

fibroblasts and 

modulation of tumor 

infiltrating immune 

cells that support 

tumor growth, 

metastasis and therapy resistance (Fig. 7) [168]. 

Fibroblasts are quiescent stromal cells which are activated during wound healing and 

extensively modulated in TME. Stimuli from cancer cells and immune cells in TME leads 

to activation of fibroblast that are known as cancer associated fibroblasts (CAFs) [169]. 

 

Pictorial depiction of dynamic TME supporting tumor growth, 

metastasis, and therapy resistance. 

Figure 7: Tumor microenvironment 
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Interleukin 6 secretion by CAFs has been shown to promote EMT in cancer cells, 

maintain CSC phenotype and promote chemoresistance in Oesophageal adenocarcinoma 

(OEAC), GC, OC and NSCLC [170-173]. High serum IL6 levels in OEAC and increased 

IL6 in tumor stroma of NSCLC patents was corelated with EMT and predicted 

unfavourable responses to neoadjuvant chemotherapy. OEAC and NSCLC patient 

derived CAFs were shown to induce IL6 mediated EMT in OEAC primary cultures and 

induce TGFβ expression in NSCLC cancer cells (A549 and NCI-H358) respectively, 

promoting resistance against Carboplatin and Paclitaxel [170, 171]. Stromal secretion 

IL6 was positively corelated with increased expression of ALDH1A post neoadjuvant 

chemotherapy in OC patients. The OC omental derived CAFs promoted enrichment of 

ALDH1A positive CSCs in OC cell lines (A2780, OVCAR4 and Kuramochi) post 

Cisplatin treatment through IL6 mediated STAT3 signaling [173, 174]. Secretion of 

TGFβ and TIAM1 by CAFs was associated with poor therapy response and poor 

prognosis of CRC patients. Under hypoxic conditions TGFβ mediated activation of 

HIF1α and GLI2 or TIAM1 induced expression of Nanog, Oct-4, and ALDH in CRC cell 

lines (HCT116 and SW480) induced CSC enrichment and chemoresistance against 5-

fluorouracil Oxaliplatin and Irinotecan [175, 176].  

Tissue resident or myeloid derived tumor infiltrating macrophages are known as tumor 

associated macrophages (TAMs) and are known to secrete pro-inflammatory cytokines 

like IL6, IL13, IL10, Ilβ`and TGFβ which are involved in both tumor development and 

modulation of other immune cells in TME [177]. IL34 secretion by Doxorubicin-resistant 

A549 and Cisplatin-resistant H1299 LC cells, induced monocyte differentiation into 

immunosuppressive M2-macrophages. Doxorubicin or Cisplatin treatment in primary 

lung adenocarcinoma cells induced IL34 secretion and increased expression of IL34 

significantly corelated with poor prognosis of LC patients [178]. CRC patients 
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undergoing 5-Flurouracil, Oxaliplatin and Leucovorin treatment, increased expression of 

IL6 was associated with poor chemotherapy response and was positively corelated with 

increased expression of drug transporter MDR1 and anti-apoptotic protein BCL2. CRC 

cell lines (DLD1, HCT-8, HT-29, and LoVo) supressed miR-155-5p levels, a negative 

regulator of IL6, in macrophages, promoted IL6 secretion and in turn IL6 induced MDR1 

and BCL2 in CRC cells [179]. In PDAC increased infiltration of M2-TAMs was 

associated with increased peritoneal metastasis. Patient derived M2-TAMs promoted 

EMT of PDAC cell lines and increased resistance to Gemcitabine [180]. 

Altered metabolic pathways foster the never-ending demand of energy and essential 

building blocks in tumor cells leading to high ROS generation in TME [181]. FOXO3a 

is negatively regulated by PIK3CA/AKT pathway, while under ROS stress conditions it 

induces p27 dependent growth arrest in G1 phase and transcriptionally activates stress 

related genes such as MnSOD and GAD45A. In Cisplatin resistance OC cells (A2780-

CisR, SKOV3 and CAOV-3) SIRT5 induces MnSOD and SOD2 through activation of 

FOXO3a and NRF2 [182]. ROS induced HIF-1α stabilization promotes EZH2 dependent 

proliferation and cisplatin-resistance in CRC cell lines SW480 and HT29 [183]. The drug 

(Docetaxel or Doxorubicin or 5-FU) induced multinucleated giant cells were shown to 

dependent on elevated levels of ROS-induced HIF-1α in regulation of chemoresistance 

in TNBC cell lines MDA-MB-231 and MDA-MB-468. These MNGCs secreted vascular 

endothelial growth factor and macrophage migration inhibition factor, activating 

RAS/RAF/MAPK pathway to induce anti-apoptotic proteins BCL2 and BCL-XL and 

downregulation of pro-apoptotic proteins BAK and BAX [184].  

1.2.6 Evading cell death and promoting cell survival 

Defying cell death and fostering cell survival underpin both tumorigenesis and 

chemoresistance. B-Cell Lymphoma family member anti-apoptotic proteins (BCL2, 
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BCL-xL, BCL-W, Mcl-1 and BCL2a1) promote cell survival by primarily direct binding 

and confiscation of executioner proteins, BAX and BAK. On the other hand, BH3-only 

pro- apoptotic proteins promote apoptosis either by direct activation (Bim and tBid) of 

BAX and BAK or by hindering binding of anti-apoptotic proteins (Noax, Bik, Bad, Bmf, 

Hrk and Puma) to BAX and BAK. Another important class of proteins involved in 

regulation of apoptosis are inhibitor of apoptosis proteins, which prevent activation of 

caspases [185, 186]. Defects in cell death pathways in combination with deregulated cell 

signaling pathways help cancer cells to endure genotoxic stress induced by chemotherapy 

(Fig.8).  

Increased expression of anti-apoptotic protein BCL-2 and downregulation of pro-

apoptotic protein Bax, have been linked to poor chemotherapy response and promote 

chemoresistance in many cancer types including, BC (Paclitaxel and Anthracycline), B-

cell CLL (Chlorambucil), GC (5-Flurouracil), OC (Cisplatin and Paclitaxel) and LC 

(Cisplatin) [187-191]. Overexpression of miR-650 in LC patients was shown to be 

 

Extrinsic and intrinsic apoptotic pathways and their deregulation in cancer by 

impaired death receptor signaling, reduced expression of caspase, increased 

expression of negative regulators of apoptosis (IAPs) and disrupted balance of anti 

and pro-apoptotic proteins. 

Figure 8: Deregulation of apoptotic pathways in cancer 
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associated with poor response to Docetaxel-based adjuvant chemotherapy, shorter 

disease-free survival and served as poor prognosis marker. Docetaxel treatment in LC 

cell lines (SPC-A1and H1299) was shown to induce miR-650, which downregulates 

tumor suppressor inhibitor of growth-4 responsible to maintain levels of BCL2 and BAX. 

Downregulation of ING4 increased Bc-2 expression and decreased BAX levels 

promoting cell survival, moreover inhibitor of growth-4 down regulation was negatively 

corelated with miR-650 and BCL-2 expression in LC patients [192]. Similarly, in GC 

patients decreased expression of inhibitor of growth-4 was associated with 5-Flurouracil 

resistance though upregulation of BCL-2 and down regulation of BAX and negatively 

corelated with miR-4516 expression [193]. BCL-xL and Mcl-1 are another two important 

anti-apoptotic proteins that sequester BAK/BAX and inhibit apoptosis. Increased 

expression of both BCL-xL and Mcl-1 have been found to be associated with poor 

chemotherapy response and recurrent chemoresistant tumors in OC and promote 

resistance against Cisplatin, Paclitaxel, Topotecan and Gemcitabine in OC tumor 

xenografts overexpressing BCL-xL [194]. Mitochondrial phosphoglycerate 

mutase/protein phosphatase-5 was shown to stabilize the Bcl-xL and prevent Bax 

mediated apoptosis and increased expression of phosphoglycerate mutase/protein 

phosphatase-5 was shown to be associated with 5-Flurouracil resistance in HCC patients 

[195]. Oral squamous cell carcinoma (OSCC) patient derived primary cultures and cell 

lines resistant to Docetaxel, Cisplatin and 5-Flurouracil showed mRNA upregulation and 

protein stabilization of Mcl-1 by STAT3 and AKT/GSK3β signaling pathways 

respectively [196]. Increased expression of the IAPs, X-linked-IAP, Cellular-IAPs 

(cIAP1 and cIAP2) and baculoviral inhibitors of apoptosis proteins repeat-containing-6 

were shown to be associated with poor chemotherapy response and shorter disease-free 

intervals in OC, NSCLC, BC, HCC, HNC and Lymphoma [197-203]. USP9X, a mitotic 
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deubiquitinase was shown to stabilize the X-linked-IAP in B-cell lymphoma primary 

cells leading to increased resistance to mitotic inhibitors such Paclitaxel, Nocodazole and 

Doxorubicin [202], whereas  Pellino-1 is an E3 ubiquitin ligase, was shown to stabilize 

the cIAP1 and cIAP2 by polyubiquitination post Cisplatin/Paclitaxel treatment in LC 

cells (A549 and H1299) and conferred resistance to Cisplatin/Paclitaxel induced 

apoptosis [200]. 

Altogether, these mechanisms converge on evading apoptosis and promoting cell 

survival thus helping cancer cells to withstand chemotherapeutic challenge. Underlying 

these mechanisms are aberrant gene regulatory networks and intricate network of 

signaling pathways that are activated by membrane receptors (growth factor receptors, 

G-protein-linked receptors, chemokine receptors and integrins) which are often 

deregulated in cancer and serve as interface between cancer cells and tumor 

microenvironment [204-208]. While majority of these receptors are overexpressed in 

different cancer types with high degree of genetic alterations (amplification, oncogenic 

fusions and activating mutations), Insulin like growth factor 1 receptor (IGF1R) was 

found to be more commonly overexpressed across different cancer types with low level 

of amplification (3-6% in Sarcoma, Breast cancer, Ovarian cancer, Esophageal and 

Stomach adenocarcinoma) and lack of activating oncogenic mutations [209, 210]. In a 

comprehensive study of 152 human carcinoma samples and 63 normal tissue (samples 

from 15 different anatomical sites), membrane IGF1R expression was found to be 

between 50-100% in 10 out of 15 different cancer types, which includes ovarian cancer, 

endometrial cancer, bladder cancer, colon cancer, breast cancer, lung cancer, gastric 

cancer, pancreatic cancer, prostatic cancer and liver cancer [211]. Also, overexpression 

of IGF1R has been strongly corelated with loss of tumor suppressor genes (TP53, 
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BRCA1/2, WT1 and VHL) [212], a hallmark of cancer and thus shedding light on 

pragmatic role of IGF1R in tumorigenesis across different cancer types. 

1.3 Insulin-like growth factor signalling 

Identification of a hormonally controlled serum factor promoting cellular proliferation 

lead to subsequent discovery of growth hormones and receptors that share homology with 

insulin receptor (IR) and collectively known as Insulin-like growth factor family. 

1.3.1 Insulin-like growth factor family 

Insulin like growth factor family consist of Insulin receptor, Insulin like growth factor 1 

receptor and Insulin like growth factor 2 receptor (a decoy receptor that lacks intracellular 

kinase domain) along with ligand Insulin, IGF1 and IGF2 respectively and IGF-binding 

proteins (IGFBP) (Fig. 9) [213]. Although IR signalling plays important role in glucose 

metabolism and IGF1R 

plays critical role in 

cellular proliferation, 

metabolism, protein  

synthesis and cell 

survival [214], IGF1R 

and IR share 58% 

sequence homology and 

relay  downstream 

signal through largely 

conserved molecular 

mechanisms [215]. The 

ligands are synthesized primarily in liver and by extra-hepatic cells such as stromal 

  

The IGF1R and IR receptors bind to IGF1/2 and Insulin 

respectively. The IGF2R acts as a decoy receptor 

competing with IGF1R for ligand binding. The serum-

IGFBPs modulate bioavailability of ligands. 

Figure 9: Insulin like growth factor signaling 
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fibroblast and act in endocrine and paracrine secretions under normal physiological 

conditions, while cancer cells also secrete the ligands that act in autocrine manner [216]. 

The IGFBPs control the bio-availability and serum half-life of the ligands is leading to 

regulation of IGF1R signalling [217]. Cation-independent mannose-6-phosphate 

receptor or IGF2R primarily transports the lysosomal acid hydrolase precursors but is 

also involved in negative regulation of IGF1R signalling by acting as a decoy receptor 

[218]. 

1.3.2 IGF1R structure and signalling 

IGF1R is a homo-dimeric receptor, each subunit is formed from single polypeptide 

known as pro-IGF1R. The pro-IGF1R polypeptide undergoes a furin-like cleavage into 

α and β chains that are linked through disulphide bonds. The mature IGF1R subunit 

consists of six extracellular domains (L1, CR, L2, Fn1, Fn2, and Fn3), a transmembrane 

region, a juxta-membrane region, a tyrosine kinase domain and a C-terminal tail [219] 

(Fig. 10). Unlike other RTKS IGF1R is a pre-formed homodimer and do not require the 

ligand binding to initiate dimerization. Among the ligands IGF1 has highest binding 

affinity for IGF1R followed by IGF2. The ligand biding to IGF1R disrupts the 

autoinhibited IGF1R dimer (ʌ-shaped) and triggers conformational reorganization that 

primes formation of a symmetric active dimer (Γ-shaped), this dimer is then stabilized 

by extensive interaction of ligand with multiple extracellular domains of IGF1R. These 

structural reorganizations diminish the distance between the two intracellular domains 

promoting trans-autophosphorylation of IGF1R (Fig. 10) [220, 221]. 

Autophosphorylation of three tyrosine residues (Tyr-1135, Tyr-1131, and Tyr-1136) 

forms an active receptor which leads to subsequent binding of adaptor proteins IRS1/2 

and SHC which relay the activation signal through two different arms PIK3CA/AKT and 

MAPK/ERK respectively [222, 223]. While IGF1R activation mainly happens after 
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ligand binding, it has also been reported to form ternary complexes with integrins and 

GPCRs leading to its activation [224-226].  

Germline deletion of the both 

IGF1R alleles results in severe 

growth retardation and 

fibroblast established from 

IGF1R knockout mice show 

impaired cell cycle and resist 

neoplastic transformation by 

viral and cellular oncogenes 

[227]. The knockout studies 

involving either IGF1R or 

IGF1/2 established IGF1R as 

an important growth hormone 

during embryo development 

and neonatal growth. 

Activation of PIK3CA/AKT 

survival pathway downstream 

of IGF1R antagonizes 

apoptosis by inhibiting activity 

of pro-apoptotic proteins BAD 

[228], BAX [229] and 

Caspase9 [230]. It also induces phosphorylation of Mdm2 at S166/188residues which is 

necessary for translocation of Mdm2 into nucleus to diminish cellular levels of p53 [231].  

Activated AKT also phosphorylates mTOR, p70S6 kinase and elongation factor 4E-BP 

 

 

IGF1R homo-dimeric receptor with monomers 

bound bisulfide linkages, upon ligand binding 

undergoes conformational change leading to trans-

autophosphorylation of receptor. 

Figure 10: Schematics representation of IGF1R 

structure and activation 
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inducing protein synthesis machinery [232, 233] as well as induces expression of matrix-

metallo proteinase-2 necessary for cell motility [234]. The major effect of MAPK/ERK 

pathway downstream of IGF1R is induction of proliferation. ERK activation induced 

CyclinD1 expression thus leading to inactivation of Rb protein and release of E2F1 

transcription factor enabling transition of cells from G1 to S [235]. Another direct target 

of ERK is MAP kinase-interacting serine/threonine-protein kinase-1 which induces 

phosphorylation of translation initiation factor 4E leading to increase translation of 

proteins [236]. Furthermore ERK negatively regulates TCS2, an inhibitor of mTOR, 

either by directly phosphorylating it at S664 residue [237] or through RSK1 at S1798 

residue [238], thus contributing to elevated mRNA translation. Receptor internalization 

and signal attenuation of IGF1R takes place through both clathrin and caveolin routes, in 

a ligand-dependent manner. After ubiquitination of IGF1R by either Mdm2 [239] or 

Nedd4 [240] E3 ubiquitin ligases it enters endocytic vesicles. After internalization 

IGF1R degradation is mediated by both proteasome and lysosomal pathways or again 

recycled to membrane [241].  

1.3.3 Role of IGF1R signalling in therapy resistance 

Extensive studies in recent past have unravelled IGF1R signaling as a crucial molecule 

for cancer cells to proliferate and endure during the multistep process of tumorigenesis 

and chemoresistance development. The receptor, ligand and IGFBPs are found to be 

deregulated with serious implication in both tumour development and therapy resistance 

in many cancer types. While many oncogenic signalling pathways show high degree of 

genetic alterations (amplification, activating mutations and oncogenic fusions), 

components of IGF1R signaling show low level of amplification while activating 

mutations are rare, rather IGF1R signalling is heavily deregulated at transcriptional and 

posttranslational levels in human malignancies. 
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1.3.3.1 Resistance to chemotherapy 

The first evidence pointing towards involvement of IGF1R in resistance to chemotherapy 

came from its ability to inhibit apoptosis in fibroblast cells exposed to various stress 

stimuli including the chemotherapeutic agents. The 5-FU or Oxaliplatin resistant CRC 

cells show increased expression of IGF1R and treatment with an anti-IGF1R antibody 

demonstrated growth inhibition of the resistant tumours [242]. In cohort of 41 CRC 

patients expression of MicroRNA-143 negatively corelated with IGF1R expression. 

Overexpression of MicroRNA-143 in SW1116 cells inhibited cell proliferation, 

migration, tumour growth and increased chemosensitivity to Oxaliplatin [243]. 

Interestingly in a non-canonical way IGF1R was shown to locate to the nucleus of cells 

upon ligand activation through sumoylation. Nuclear IGF1R promoted proliferation and 

migration of human fibroblast, human non-malignant breast epithelial cell line MCF10A, 

BC cell line MCF7, human normal pancreatic cell line M12 and transformed pancreatic 

cancer cell line P69 [244]. IGF1R-ChIP-seq identified several regions of chromatin 

bound by IGF1R in prostate cancer cell line DU145. Among the identified targets IGF1R 

showed ligand dependent recruitment to promoters of JUN and FAM21 in freshly 

isolated prostate cancer cells which was inhibited by ligand-neutralizing antibodies 

[245]. In a cohort of 470 metastatic CRC patients nuclear accumulation of IGF1R has 

been corelated with poor overall survival [246]. In study involving stromal-cancer 

interaction, macrophage secreted IGF1 and IGF2 activated IGF1R in SUIT-2 and MIA-

PaCa-2 pancreatic cancer cells and conferred resistance to Gemcitabine. In a small cohort 

of 53 PDAC patient 72% of patients showed activation of IGF1R and positively corelated 

with infiltration of tumor associated macrophages [247]. In another study radiotherapy 

was shown to induce IGF1 secretion from cancer associated fibroblasts which activates 

IGF1R in CRC cell lines HCT8, HT29, and COLO320DM leading to metabolic 
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reprogramming through mTOR activation, which corroborated with higher mTOR 

activation in matched paired samples from CRC patients after neoadjuvant 

chemoradiotherapy [248]. IGF1R signalling is also found to be predominantly active in 

OC. In a cohort of 109 epithelial OC (EOC) patients IGF2 mRNA level were strongly 

associated with the grade of disease and poor overall survival [249]. IGF1R or IGF2 

overexpression conferred resistance to Cisplatin and Paclitaxel in OC lines HEY, 

OVCAR-8, SKOV-3, BG-1, and A2780 [250, 251]. We recently reported a pulsatile 

nature of IGF1R during acquirement of platinum-taxol resistance in EOC cells [252].  

The increased IGF1R expression at the onset of resistance plays an integral role in 

maintenance of drug resistance, cancer stem cells and tumorigenicity, while cells that 

achieved complete and irreversible resistance possess low level of IGF1R indicating 

active IGF1R signalling might be dispensable at late stages of resistance [252, 253]. Drug 

induced enhancement of IGF1R expression was also observed in a small cohort of 

advanced stage high grade serous EOC patients after 3-4 cycles of platinum-taxol 

treatment [252]. Along with the receptor and ligands of IGF family the IGFBPs were also 

found to be involved in therapy resistance mechanisms in many cancer types. 

Temozolamide treatment was shown to induce expression of IGF1R and IGF2 were as 

decrease the expression of IGFBP6 in Glioma cell lines and patient-derived xenograft 

cell lies. Also elevated levels of IGF1R and IGF2 were associated with the poor overall 

survival. Interestingly IGFBP6 secreted by Temozolamide sensitive cells abrogated 

IGF1R activation in resistant cells leading to decrease proliferation and increased 

sensitivity to Temozolamide [254]. Similarly, Treatment with IGFBP7 was shown to 

induce cell death in AML cell lines (HEL, NB4, HL60, K562, KG-1 and Kasumi-1) by 

inducing cell cycle arrest in G2 phase and decreased tumour growth. Pre-treatment with 

IGFBP7 sensitized acute myeloid leukaemia cell lines to doxorubicin, etoposide and 
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cytarabine. Moreover, in a cohort of 102 AML patients, high IGFBP7 expressing patients 

showed better disease free and overall survival compared to those with low IGFBP7 

[255]. In another study IGFBP3 overexpression blocked IGF1 induced cellular 

proliferation, induced DNA damage and promoted apoptosis in tumours of NSCLC cell 

lines [256]. IGF1R signalling emerged as one of many signalling molecules that help 

cancer stem cells endure chemotherapy induced cells death. Picropodophyllin, an IGF1R 

inhibitor blocked proliferation of leukaemia stem cells and induced apoptosis which was 

rescued by overexpression of pluripotency transcription factor Nanog. It was found 

Nanog was overexpressed in CD34+ve populations isolated from acute myeloid 

leukaemia cells [257].Chemoresistance model developed against Oxaliplatin of HCC cell 

line (MHCC97H) both invitro and invivo identified IGF1/IGF1R signalling pathway that 

maintains cancer stem cell phenotype and Oxaliplatin resistance in these cells [258]. 

Radiation induced secretion of IGF1 and upregulation of IGF1R maintains Glioma stem 

cells and protect against radiation induced cell death. Continuous IGF1 stimulation 

downregulates AKT and ERK signalling in Glioma stem cells leading to enhanced 

stabilization of FOXO3a which results in self-renewal, while after radiotherapy increased 

IGF1R expression protects cells by activation of AKT [259]. 

1.3.3.2 Resistance to targeted therapy 

Advancement in identifying the oncogenic pathways to which cancer cells remain 

dependent for survival lead to use of plethora of small molecule inhibitors and antibodies 

that target these pathways. As there were few success stories in targeted therapies many 

of those eventually showed development of resistance, IGF1R is among the many 

molecules involved in resistance against targeted therapies. 

Trastuzumab (Herceptin) a monoclonal antibody against HER2 has improved 

progression free survival in HER2 overexpressing breast cancer patients, however the 
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median duration of response was less than one year suggesting gradual development of 

resistance to Trastuzumab. Augmented IGF-IR membrane staining in 40 operable, stage 

II/III BC patients was linked with lower response to preoperative trastuzumab plus 

vinorelbine, with a 50% median response rate in the high IGF1R group versus 97% in 

the low IGF1R group [260]. Similarly IGF1R overexpression or phosphorylation 

(inactivation) of pro-apoptotic protein BAD (IGF1R/PIK3CA/AKT target) showed 

positive correlation with shorter progression free survival in 67 HER2 over expressing 

BC patients with early stage disease treated with Trastuzumab [261]. Several preclinical 

studies have shown upregulation of IGF1R in Trastuzumab resistant BC cell lines 

supporting clinical observations suggesting involvement of IGF1R in mediating 

Trastuzumab resistance [262-264].  Similarly, IGF1R and HER3 upregulation was 

associated with Trastuzumab resistant OC cells SKOV3/T [265]. 

IGF1R is also found to be involved in mediating resistance to small molecule inhibitors. 

In a 62-patient cohort of NSCLC, High IGF1R expression was poor prognostic factor for 

response to EGFR tyrosine kinase inhibitors. Patients with higher IGF1R expression had 

lower progression free survival compared to those with lower IGF1R expression (9.1 vs. 

20.1 months) [266]. In another study involving 70 Gefitinib-treated NSCLC patients high 

IGF1R expression was associated with shorter overall survival (14.7 vs 29.1 months) and 

progression free survival (4.6 vs 12.0 months) as compared to those with lower IGF1R 

[267]. Preclinical studies involving EGFR small molecular inhibitors such as Gefitinib, 

erlotinib, WZ4002 and PF299804 show upregulation or activation of IGF1R signalling 

mediating resistance to EGFR inhibitors [268-273]. Similarly upregulation of IGF1R 

expression has been found to confer resistance PIK3 inhibitors such as BYL719, 

Taselisib and Idelalisib in OC, BC and AML [274-276]. 
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1.3.4 Targeting IGF1R 

A large body of preclinical experimental evidence showed IGF1R is more commonly 

overexpressed in many cancer types and plays important role in neoplastic 

transformation, tumour progression and metastasis. These observations lead to 

development of targeted therapies against IGF1R which were clinically evaluated but 

failed to deliver the output due to complexity of pathway involving the IGFBPs, shared 

homology with insulin receptor and majorly due to lack of predictive biomarker and 

Phase 2/3 trials in unselected patients, ultimately leading to cessation of several clinical 

trials involving IGF1R. However, in recent development IGF1R has emerged as one of 

the key signalling molecules underlying the resistance mechanisms against wide range 

of chemotherapeutic agents and targeted therapies, thus has started re-evaluation of 

strategies to target IGF1R in cancer. Three major strategies namely, Anti-IGF1R 

 

Three major strategies to inhibit IGF pathway are Anti-IGF1R antibodies, IGF1R 

tyrosine kinase inhibitors and Anti-IGF1/2 antibodies. 

Figure 11: Schematics of targeted therapies directed against IGF pathway 
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antibodies, IGF1R tyrosine kinase inhibitors and Anti-IGF1/2 antibodies have been 

utilised to inhibit the IGF system (Fig. 11).  

Lessons from failures and mounting evidence showing importance of IGF1R in both 

tumorigenesis and chemoresistance suggest anti-IGF1R targeted therapies hold 

therapeutic potential [277-279] and possibly indirect approaches by targeting IGF1R 

transcription or translation rather than targeting the protein may result in more successful 

strategy. Hyperactivation of IGF1R signaling pathway in chemoresistance and 

ubiquitous overexpression of IGF1R and its ligands in many human malignancies has put 

anti-IGF1R targeted therapies as line of treatment which can be extended to those cancers 

which solely depended on chemotherapy, have no or limited targeted therapy options and 

face severe challenges from chemoresistance such as Ovarian cancer. 

1.4 Ovarian Cancer 

1.4.1 Epidemiology 

Ovarian cancer is seventh most prevalent cancer among women across the world and 

third in India (Fig. 12) [280-282]. The cause behind ovarian cancer are poorly 

understood, however low parity, lactation, use of contraception, age at menopause and 

familial history of breast and ovarian cancer are known risk factors associated with the 

disease. Among the gynaecological malignancies the mortality rate remains high for 

ovarian cancer and is seventh leading cause of the death due to malignancies in women 

across world and third in India (Figure 12) [280-282]. Ovarian cancer though highly 

heterogeneous disease with distinct clinicopathological features and prognosis, has been 

treated as single disease. However extensive studies on genetic landscape of Ovarian 

cancer has revealed distinct molecular features associated with heterogeneity of the 

disease [283]. 
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1.4.2 Classification 

Ovarian cancer is broadly classified into three categories epithelial, germ cell and sex 

cord-stromal cell carcinoma depending upon the site of origin (Fig. 13). More than 90% 

of ovarian cancers are of epithelial origin and are believed to originate from surface 

epithelium of ovaries, however the site of origin is debatable, and some evidence suggest 

 

Ovarian cancer is seventh most prevalent cancer among women across the world 

and third in India. 

Figure 12: Top 10 prevalent cancer types among women across world and India
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some of these could be 

of fallopian origin. The 

EOC are further 

subdivided into four 

subtypes, serous (70%), 

endometrioid (15%), 

mucinous (5%), clear 

cell (5%) and mixed or 

carcinosarcomatous 

müllerian tumours (less than 5%) based on histology (Fig. 13) [284]. More recently, 

depending on molecular and clinical features EOCs are being reclassified as type I and 

type II tumors. The type I tumors include low grade serous, clear cell, endometroid and 

mucinous tumors, which predominantly characterized by lack of both Tp53 and BRCA 

 

EOC is most prevalent cancer type among all OC types 

contributing to 70% of all OC. 

 

Figure 13: Classification of OC based on site of origin 

Figure 14: Classification of OC based on clinical and molecular markers 
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mutations and harbour activating mutations in BRAF, KRAS and β-catenin, high 

microsatellite instability. On the other hand, type II tumors include high grade serous and 

mixed type tumors, which show frequent Tp53 mutations (>80%), PIK3CA and AKT 

amplification (Fig. 14) [284].  

 

1.4.3 Diagnosis and staging 

Unlike other malignancies diagnosis of ovarian cancer is difficult and remains a 

challenge for early detection. Majority of the EOC symptoms overlap with other 

gynaecological and gastrointestinal diseases and thus remains under diagnosed. While 

abdominal swelling along with increased in peritoneal fluid (which contains malignant 

ascites) is an observable symptom, diagnosis of EOC mainly performed using 

transvaginal ultrasound and measuring the serum CA125 levels. While serum CA125 

remains gold standard in EOC diagnosis, a combination of other serum markers has been 

identified such as human epididymis protein 4, carbohydrate antigen 19-9, and 

carcinoembryonic antigen [285]. The positron emission tomography, computed 

tomography and magnetic resonance imaging are often utilized for staging of disease, 

treatment panning and follow up [286]. Ovarian cancer is briefly classified into four main 

stages of disease progression (Stage I to IV) which are further subclassified according to 

the International Federation of Gynaecology and Obstetrics of classification [287]. 

1.4.4 Disease management and treatment 

Since majority of the times EOC is detected at late stage of the disease the primary 

therapy plan mainly involves a combination of either upfront debulking surgery followed 

by six cycles of adjuvant chemotherapy when disease is operable at diagnosis, if not 

debulking surgery is done after 3 cycles of neo-adjuvant chemotherapy followed by 

another 3 cycles of adjuvant chemotherapy (Fig. 15) [288]. The debulking surgery is 
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performed with intent of complete macroscopic resection of tumor, while adjuvant 

chemotherapy is given for residual microscopic disease.  

 

Primary chemotherapy for EOC is a combination of platinum-based compound (Cisplatin 

or Carboplatin), inducing DNA adducts and Paclitaxel which stabilizes microtubule 

polymerization. Nearly 80% of patents show clinical response to platinum-taxol 

treatment, whereas remaining 20% of the patients either don’t respond or progress during 

platinum-taxane based therapy, these patients are termed as platinum-refractory. The 

patients which initially responded to first line platinum-taxol chemotherapy relapsing 

within 6 months of drug free interval are termed as platinum-resistant, while those relapse 

after 6 months are termed as platinum-sensitive. Platinum sensitive patients are continued 

on platinum based second line chemotherapy, the platinum refractory and resistant 

patients are given second line of therapy such as liposomal Doxorubicin and Paclitaxel, 

Etoposide or Topotecan (topoisomerase inhibitors) Gemcitabine (nucleoside analogue) 

and Tamoxifen (oestrogen antagonist) [289]. PARP inhibitors in combination with 

chemotherapy remains the only approved first line targeted therapy for patients with 

BRCA gene mutations [290], whereas PARP inhibitors and anti-angiogenic therapy 

(Bevacizumab) are approved as maintenance therapy for platinum-sensitive relapsed 

disease [291].  

 

The two different treatment strategy for EOC. Option 1 where surgery is followed by 

six cycles of adjuvant chemotherapy and option 2 where surgery is done after 

neoadjuvant chemotherapy. 

Figure 15: Primary treatment modalities for EOC 
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1.4.5 Chemoresistance in EOC 

The current treatment modalities have improved the life quality and expectancy of the 

EOC patients in last three decades, however as compared to majority of the cancers the 

five-year overall survival for EOC patients remains less than 40% [292]. Both the 

intrinsically and acquired chemoresistance remain major obstacle in improving five-year 

over-all survival in EOC patient. Understanding the cellular and molecular mechanisms 

behind chemoresistance hold the key to development of new therapeutic strategies for 

management of chemoresistant patients. 

The drug transporter proteins MDR1, BCRP and MRP have been found to be induced 

post chemotherapy in OC patients. Hedgehog signaling pathway transcription factor Gli1 

was shown to upregulate expression of MDR1 and MRP1 in OC cell lines (A2780, 

OVACR3 and OVCAR8) and provide resistance against Paclitaxel, Doxorubicin and 

Cisplatin [51]. Activation of OC stem cell marker CD44 by hyaluronic acid (HA) was 

shown to induce the expression of ABC drug transporters (ABCB3, ABCC1, ABCC2, 

and ABCC3) in OC cells OVCAR3, SKOV3 and OV90 leading to Carboplatin resistance. 

Moreover, serum HA levels were found to be upregulated post-chemotherapy 

(Carboplatin alone or in combination with Paclitaxel) in OC patients and was associated 

with decreased overall survival [52]. Human copper transporter proteins, hCTR1 and 

hCTR2 which increase intracellular uptake of platinum-based drugs (Cisplatin and 

Oxaliplatin), have been extensively shown to be down regulated in OC which are 

resistant to platinum-based chemotherapy [72-74]. Also, increased expression of drug 

metabolizing enzymes ALDH1 and GST-π shown to be bad prognostic marker and was 

significantly associated with Cisplatin resistance and poor overall survival of OC patients 

who had not undergone chemotherapy [92, 93]. Cisplatin resistant and refractory EOC 

patients undergoing platinum-based primary chemotherapy have been shown to 
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upregulate expression of anti-apoptotic proteins BCL-2, Mcl-1, BCL-xL and XIAP and 

downregulate pro-apoptotic proteins Fas, Bim, BAK and BAX [194, 293-295]. High 

grade serous EOC is characterized by high frequency of Tp53 mutations leading to loss 

function and is known to negatively regulate the PI3KCA. Our group using isogenic 

models of Cisplatin resistant OC cells (A2780, OAW42) and intrinsically Cisplatin 

resistant OC cells (SKOV3), shown that sustained PI3K/AKT pathway mediates 

Cisplatin resistance which is repressed in Cisplatin sensitive cells by wild type Tp53. The 

active PI3KCA/AKT and NFκB pathway promoted cell survival, slow proliferation, 

enrichment of CSC population and resistance to cell death [296, 297]. Chemoresistant 

EOC cells are also shown to possess heightened DNA repair pathways. Overexpression 

of ERCC1 and ERCC4 were found to be associated with poor response to platinum-based 

chemotherapy and expression of both were found to be elevated in patients undergoing 

platinum-based chemotherapy [109]. In Cisplatin resistant OC cells (A27820 and 

PEO14) and Melanoma cells (A375) Cisplatin treatment was shown to upregulate 

ERCC1 expression in MAPK/ERK dependent manner [117, 118]. In EOC tumors, higher 

CD44, c-Kit expression is shown to be associated with highly invasive and resistant CSCs 

and which correlates with shorter progression free survival. The tyrosine kinase receptor, 

c-Kit upregulated pluripotency transcription factors (Oct4, Sox2 and Nanog) thorough 

several pathways, including PI3K/AKT and MAPK/ERK. In patient derived CSCs from 

OC patients enhanced activation of CHEK1 and increased NFκB activity were shown to 

promote EMT and mediate resistance against Cisplatin [163-165]. OC tumor derived 

CSCs also show increased expression of DNA polymerase η (Pol η) which drives 

enhanced DNA repair through trans-lesion DNA synthesis and mediate Cisplatin 

resistance[167]. 
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Chemoresistance continues to be a major hurdle in management of OC and yet 

chemotherapy continues to be major line of treatment for platinum-resistant relapsed 

disease. Hence there is an unmet need of more efficient treatment strategies, particularly 

the targeted therapies for chemoresistant EOC. IGF1R signaling has been  found to be 

predominantly active in tumorigenesis and during acquirement of chemoresistance in 

EOC, thus making IGF1R an attractive molecule for targeted therapy [249, 250, 298]. 

We recently reported a pulsatile nature of IGF1R during acquirement of platinum-taxol 

resistance in isogenic chemoresistant models of EOC cells A2780 and OAW42, 

developed by treating cells with incremental dose of Cisplatin and Paclitaxel alone or in 

combination [252]. Interestingly, IGF1R expression was found to be upregulated at the 

onset of resistance (early resistant stage) in these chemoresistant models, which 

subsequently decreased as cells complete and irreversible resistance (late resistant stage). 

Low dose treatment of Picropodophyllin (IC20), an IGF1R inhibitor, in combination with 

Cisplatin-Paclitaxel (IC20) inhibited long-term survival and reversed chemoresistance 

specifically at early stages. Drug induced enhancement of IGF1R expression was also 

observed in a small cohort of advanced stage high grade serous EOC patients after 3-4 

cycles of platinum-taxol treatment [252]. The underlying mechanisms behind this 

undulating IGF1R expression during progression of resistance that points towards a 

complex regulatory circuit has not been deciphered.
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Rationale 

In the absence of significant amplification of IGF1R gene, overexpression of IGF1R across 

different cancer types is determined, to a large extent, at transcriptional level. The unique 

GC-rich IGF1R promoter lacks TATA or CAAT box motifs [299] and is either regulated 

directly by SP1, E2F1, WT1 and FOXO3a or in conjunction with SP1 to induce (ERα, KLF6 

and HMGA1) or repress (BRCA1, TP53 and VHL) IGF1R expression in variety of cancer 

cells in different circumstances [212]. However, etiology underlying increased expression 

of IGF1R in chemoresistance development is poorly understood. Apart from VHL loss and 

FOXO1 activation leading to transcriptional activation and increased IGF1R expression in 

5-Fluorouracil and Etoposide resistant RCC and PI3K-δ inhibitor resistant CLL respectively 

[275, 300], probable action of other transcriptional regulator/s in mediating cancer therapy 

resistance through IGF1R are unknown. Such molecular knowledge of regulation of IGF1R 

expression which in turn affect the downstream MAPK/ERK and PI3KCA/AKT signaling 

during chemoresistance development is important to identify both therapeutic and 

diagnostic markers for the IGF1R addicted cancers including EOC. 

Hypothesis 

IGF1R expression showed modulation at both transcript and protein levels during 

chemoresistance development in EOC cell lines and observed increased IGF1R transcript 

levels in primary tumors high grade serous EOC patients after 3-4 cycles of platinum-taxol 

treatment, we hypothesize that IGF1R promoter which is a hotspot for transcriptional 

modulation may be regulated differentially during chemoresistance development. Also, 

combination of chemotherapeutic agents and IGF1R inhibitor effectively reversed the 

resistance at early stage, thus understanding molecular mechanisms both upstream and 

downstream of IGF1R at onset of resistance development are important for devising more 

successful anti-IGF1R targeted therapies. 
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Aim 

Investigating the role of IGF1R signalling in development and maintenance of 

chemoresistance in Ovarian Carcinoma. 

Key Questions 

3. What are the key regulators that can differentially modulate expression of IGF1R at 

early and late stage of Cisplatin-Paclitaxel dual resistance?  

4. How does IGF1R regulate chemoresistance, tumorigenic and cancer stem cell 

properties at early stages of chemoresistance? 

Objectives 

To address these key questions following objectives were designed 

Objective 1: Identification of key molecular regulators of IGF1R during development of 

Cisplatin-Paclitaxel dual resistance. 

Objective 2: Investigating the role of IGF1R signaling in maintenance of chemoresistance, 

tumorigenesis and cancer stem cell properties.  
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 Chapter 2: Identification of key molecular regulators of 

IGF1R during development of Cisplatin-Paclitaxel 

resistance in Ovarian Carcinoma 

2.1 Introduction 

The ubiquitously expressed receptor tyrosine kinase, IGF1R, plays vital role in embryonic 

and postnatal growth, hematopoietic stem and progenitor cells maintenance and 

differentiation, adult neural proliferation and differentiation, bone development, 

carbohydrate metabolism and skeletal muscle growth [301]. Importance of IGF1R in 

tumorogenecity came in light with the resistance of R-cells (murine fibroblasts IGF1R-/-) 

to undergo oncogenic transformation by variety of cellular and viral oncogenes (SV40 large 

T antigen, human papillomavirus E7 protein, h-Ras, c-Src and Ewing's sarcoma fusion 

protein) [302]. The loss of tumor suppressor genes is a typical hallmark of cancer. Loss of 

tumor suppressor genes, such as Tp53, BRCA1, WT1 and pVHL which are known to 

negatively regulate IGF1R promoter, have been shown to strongly corelate with 

overexpression of IGF1R [303]. Involvement of  IGF1R signaling as a strong inducer of 

mitogenicity and potent inhibitor of apoptosis against various apoptotic inducers (TNFα, 

chemotherapeutic drugs and ionizing/non-ionizing radiation), overexpression of oncogenes 

(c-myc) and abnormal growth conditions (growth factor withdrawal, osmotic shock and high 

ROS)  specifically in anchorage independent growth (anoikis), further strengthened the 

crucial role of IGF1R in enduring the multistep process of tumorigenesis and 

chemoresistance development [304, 305]. Recent clinical and preclinical data suggest that  

IGF1R overexpression is not only associated with different cancer types, but also emerged 

as a key signalling molecule underlying the resistance mechanisms against wide range of 

chemotherapeutic agents and targeted therapies [277, 306]. While majority of the growth 
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factor receptors are overexpressed in different cancer types with high degree of genetic 

alterations (amplification, oncogenic fusions and activating mutations), overexpression of 

IGF1R is found to be associated with low level of amplification (3-6% in Sarcoma, Breast 

cancer, Ovarian cancer, Oesophageal and Stomach adenocarcinoma) and lack of activating 

oncogenic mutations [209, 210] indicating a robust control at transcriptional level. 

Although IGF1R is relatively unperturbed by genetic alterations, IGF1R gene is known to 

be a hotspot for transcriptional modulation. The highly GC-rich IGF1R promoter (Fig. 16A) 

which lacks both TATA and CAAT box elements is an atypical initiator type promoter 

(initiator motif-core promoter driven transcription) [299, 307, 308]. Though epigenetic 

silencing of IGF1R promoter by hypermethylation is reported in db/db mouse model of type 

2 diabetes mellitus [309] and mouse model of prenatal smoke exposure [310], such 

epigenetic modulation is seldom reported in cancer. In prostate cancer loss of methylation 

in Androgen receptor promoter but not IGF1R was associated with disease progression from 

benign to metastatic. However, in spite no change in promoter methylation, IGF1R 

expression was also increased with loss of AR promoter methylation. Treatment with 5-

Azacitidine (DNA methyltransferases inhibitor in Prostate cancer cell lines was shown to 

demethylate the AR promoter but not IGF1R promoter, rather increased levels of AR post 

treatment induced upregulation of IGF1R [311]. Rather conspicuous absence of methylation 

by S-Adenosyl methionine, a methyl donor agent, in Glioblastoma cells and in benign and 

metastatic Prostate cancer cells suggest that transcription factor/s mediated regulation of 

IGF1R promoter is dominant over epigenetic regulation [212, 311, 312]. Zinc finger 

transcription factor, specificity protein 1 (SP1), binds to GC-box motifs and drives the basal 

IGF1R promoter activity (Fig. 16B).  This regulation by SP1 is modulated by several tumor 

suppressors such as BRCA1, VHL and TP53 which repress the IGF1R by preventing SP1 

binding (Fig. 16B) [212]. Elevated expression of IGF1R in primary Breast cancer, Ovarian 
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cancer, Prostate cancer, and Uterine serous carcinoma was associated with loss of BRCA1 

by mutations or suppression of BRCA1 by hypermethylation of BRCA1 promoter [313-

318]. Similarly, loss of VHL in Renal clear cell carcinoma and WT1 in Wilms' tumor was 

associated with increased expression of IGF1R [300, 319, 320]. TP53 is mutated in more 

than 50% of human malignancies and is shown that wtTP53 is a potent suppressor of IGF1R 

promoter, whereas mutant TP53 (V143A, R248W and R273H) has been shown to induce 

expression of IGF1R as opposed to wtTP53 (Fig. 16B) [321]. Moreover, mutant TP53 

(R248W) not only induced IGF1R expression but also was  shown to antagonize the BRCA1 

 

A. Predicted CpG island distribution on IGF1R promoter using MethPrimer 2.0   

(http://www.urogene.org/cgi-bin/methprimer2/MethPrimer.cgi). B. Pictorial depiction 

of repertoire of transcription factors either inducers or repressors governing the activity 

of IGF1R promoter. 

Figure 16: Transcriptional regulation of IGF1R promoter 
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and WT1 mediated suppression of IGF1R promoter in Breast cancer, Colorectal cancer, 

Osteosarcoma and  Rhabdomyosarcoma cell lines [322, 323]. While tumor suppressors 

repress the IGF1R promoter, a repertoire of transcription factors trans-activate IGF1R 

promoter either directly (E2F1 and FOXO3a) or in conjunction with SP1 (ER, KLF6 and 

HMGA1) (Fig. 16B) [324-328]. The non-histone chromatin protein HMGA1 was not only 

shown to positively regulate IGF1R promoter activity in Hepatocellular carcinoma cells 

(HepG2), Papillary thyroid cancer cells (TPC-1), Anaplastic thyroid cancer cells (SW1736) 

and Osteosarcoma cell (Saos2), but also antagonized inhibitory effect of wtTP53 on IGF1R 

promoter [325]. In serum starved Hepatocellular carcinoma cells (HepG2 and SMMC-7721) 

active GSK3β was shown to induce the transcriptional activity of FOXO3 leading to 

increased expression of IGF1R by enhanced binding to IGF1R promoter [328]. Also, 

oncogenic fusion proteins such as, EWSR1-WT1 fusion in Desmoplastic small round cell 

tumor [329-331], TMPRSS2-ERG fusion in Prostate cancer [332, 333] and PAX3-FKHR 

fusion in Alveolar rhabdomyosarcoma [334] were shown to induce IGF1R promoter activity 

(Fig. 16B). The aberrant overexpression of IGF1R across different cancer types is majorly 

driven by deregulated transcription factors, however their role in upregulation of IGF1R in 

therapy resistant tumors is relatively poorly understood. Apart from VHL loss in 5- 

Fluorouracil and etoposide resistant renal cell carcinoma [319], FOXO1 activation in 

phosphatidylinositol-3-kinase catalytic subunit delta (PI3K-δ) inhibitor resistant murine 

model [275] and SP1 activation post Neocarzinostatin (radiomimetic agent) treatment in 

immortalized human fibroblasts [335], probable action of other transcriptional regulator/s 

in mediating cancer therapy resistance through IGF1R are unknown. Such molecular 

knowledge is important to identify both therapeutic and diagnostic markers for the IGF1R 

addicted cancers. 
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We recently reported a pulsatile nature of IGF1R expression during acquirement of 

platinum-taxol resistance in isogenic chemoresistant models of EOC cells (A2780 and 

OAW42), developed by treating cells with incremental doses of Cisplatin and Paclitaxel 

alone or in combination [252]. Interestingly, IGF1R expression was found to be upregulated 

at the onset of resistance (early resistant stage) in these chemoresistant models, which 

subsequently decreased as cells reached complete and irreversible resistance (late resistant 

stage). Low dose treatment of Picropodophyllin (IC20), an IGF1R inhibitor, in combination 

with Cisplatin-Paclitaxel (IC20) inhibited long-term survival and reversed chemoresistance 

specifically at early stages. Drug induced enhancement of IGF1R expression was also 

observed in a small cohort of advanced stage high grade serous EOC patients after 3-4 cycles 

of platinum-taxol treatment [252]. Since acquirement of chemoresistance remains a clinical 

obstacle for EOC treatment, comprehending the principal molecular networks underlying 

IGF1R signalling in therapy resistant cancer cells might lead to better therapeutic targets. In 

this chapter we aim to decipher the underlying molecular mechanisms behind this 

undulating IGF1R expression during progression of chemoresistance that points towards a 

complex regulatory circuit.  

2.2 Methodology 

2.2.1 Development of Cisplatin-Paclitaxel resistance models of EOC cells 

A2780 and OAW42 isogenic Cisplatin-Paclitaxel resistance models were established using 

pulse method previously in the laboratory (Table 2). Briefly cells were treated with the 

Cisplatin-Paclitaxel for 2-hours, post two-hour treatment cells were grown in drug free 

medium. The surviving fraction of cells after first treatment were subcultured into two parts, 

one for cryopreservation and second for next round of treatment. The surviving cells were 

again treated with same concentration of Cisplatin-Paclitaxel for 2-hours for two more 

successive cycles as described above. The dose of Cisplatin-Paclitaxel was increased after 
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every three cycles of treatment as described above and after each cycle cells were 

cryopreserved. Percent cell viability of cells at different stages of resistant model 

development was assessed by MTT assay using IC50 concentration of parental cell lines 

(Fig. 17). 

 

Table 2: List of EOC chemoresistance models 

Stages 
A2780 Cis-Pac resistant model OAW42 Cis-Pac resistant model 

Sensitive A2780 OAW42 

Early resistant A2780-dualER OAW42-dualER 

Late resistant A2780-dualLR OAW42-dualLR 

 

 

A. Pictorial depiction of Cisplatin-Paclitaxel chemoresistance model development in 

EOC cells A2780 and OAW42 using pulse method. B. MTT cell viability assay to 

monitor chemoresistance development in EOC cells. C. Pictorial depiction of stages of 

chemoresistance with increasing resistance index obtained from MTT assay. 

Figure 17: Development of chemoresistance models 
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2.2.2 GF1R promoter driven luciferase-fluorescence bi-fusion reporter construction 

IGF1R-promoter-Gausia luciferase-reporter construct (Cat. No. HPRM18398-PG02), 

consisting of 1503bp of IGF1R promoter was procured from Genecopoeia (MD, USA). The 

selected 1503bp IGF1R promoter consists of -460bp of 5’flanking region, an initiator 

element and +1043bp of 5’untranslated region, which has been previously shown to exhibit 

high level of promoter activity in functional assays [299, 307]. The procured IGF1R 

promoter fragment was sanger sequenced and aligned with Homo sapiens chromosome 15, 

 

Pictorial depiction of NCBI Nucleotide blast alignment of the selected IGF1R promoter 

(-460bp of 5’flanking region, an initiator element and +1043bp of 5’untranslated region) 

showing 100% sequence identity to IGF1R promoter region on Homo sapiens 

chromosome 15, GRCh38.p13 primary assembly. 

Figure 18: NCBI Nucleotide blast alignment of IGF1R promoter 
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GRCh38.p13 primary assembly using NCBI nucleotide basic local alignment search tool   

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?LINK_LOC=blasthome&PAGE_TYPE=BlastSea

rch&PROGRAM=blastn) to confirm the 100% sequence identity to IGF1R promoter region 

(Fig. 18). The 1503bp IGF1R promoter was further cloned upstream of Firefly Luciferase 

2- Tandem Dimeric Tomato (FL2-TDT) or humanised Renilla Luciferase-enhanced Green 

Fluorescent Protein (hRL-eGFP) bi-fusion reporter proteins separately in pCDNA 3.1 vector 

using standard cloning methods as described in section 5.3 and all constructs were verified 

by restriction digestion and Sanger sequencing (Fig. 19).  

 

A. Agarose gel image of BglII and NheI restriction digestion obtained from IGF1R-Gluc 

and PIK3CA-hRL-eGFP constructs. B. Positive clone screening using restriction 

digestion. C. Positive clone confirmation using restriction digestion and Sanger 

sequencing. D. Pictorial map of IGF1R-hRL-eGFP construct obtained from cloning. 

Figure 19: Cloning of IGF1R promoter from IGF1R-Gluc to IGF1R-hRL-eGFP 
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2.2.3 Site directed mutagenesis of FOXO3a binding motifs on IGF1R promoter 

FOXO3a response element (binding motif) mutants were made in IGF1R-hRL-eGFP 

background by standard site directed mutagenesis (SDM) protocols and using SDM primers 

as described in section 5.3. The mutant IGF1R promoters were labelled as Δ-S1 (FOXO3a-

Site1), Δ-S2 (FOXO3a-Site2) and Δ-S1-S2 (FOXO3aSite1-2) and all constructs were 

verified by restriction digestion and sequencing. 

2.2.4 Promoter-reporter luciferase assay 

All the transient and stable transfections with wild type/mutant IGF1R-promoter-reporter, 

human sodium iodide symporter (h-NIS)-promoter-reporter and cytomegalovirus (CMV) or 

beta-galactosidase (βgal) -FL2 (normalization vectors) were performed following protocols 

described in section 5.9. 

2.2.5 Promoter-binding transcription factor (TF) plate array 

Promoter-binding TF profiling plate array-II, commercially available from Signosis (USA) 

was used to identify probable transcription factor binders of IGF1R promoter in nuclear 

lysate of A2780-dualER cells using detailed protocol described in section 5.8 (Fig. 20). 

 

2.2.6 Immunofluorescence 

Immunofluorescence was performed for RUNX1, FOXO3a, p-S413-FOXO3a and p-S253-

FOXO3 and images were acquired using Carl Zeiss, LSM 780 microscope following 

protocols described in section 5.7. Mean florescence intensity value from entire nucleus of 

 

Pictorial depiction of promoter-binding TF profiling plate array protocol. 

Figure 20: Schematics for promoter-binding transcription factor plate array 
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an individual cell and a minimum of 30 cells were quantified for each group using ImageJ 

software. 

2.2.7 Co-Immunoprecipitation (Co-IP) 

Nuclear cell pellets were prepared using nuclear-cytoplasmic fractionation procedure as 

described in section 5.6 and nuclear cell lysates were prepared in IP lysis buffer. IP was 

carried out following protocol described in section 5.10 and presence of RUNX1 and 

FOXO3a in the Co-IP complexes was detected by western blotting using VeriBlot detection 

reagent (HRP) from Abcam (UK), which only recognize native (nonreduced) antibodies 

thereby minimizing detection of heavy and light chains if Co-IP complex is fully reduced. 

2.2.8 Western blotting 

Whole cell, nuclear and cytosolic lysates were prepared and western blot was performed for 

IGF1R-β, RUNX1, total FOXO3a, p-S253-FOXO3, total AKT, p-S473-AKT, Lamin-A and 

α-tubulin following protocols described in section 5.6. 

2.2.9 Quantitative real-time PCR 

Quantitative real-time PCR was performed following protocols described in section 5.4 

using SYBR Green (Invitrogen) and appropriate gene specific primers. Relative expression 

of target genes was estimated by Δ-Ct method using Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as normalisation control. 

2.2.10 CBFβ silencing by lentiviral mediated sh-RNA construct 

CBFβ- knock down lentiviral cassette was developed using a target sequence against CBFβ 

(5′-CCGCGAGTGTGAGATTAAGTA-3′) using standard cloning methods as described in 

section 5.3 and all constructs were verified by restriction digestion and sequencing. 

Lentivirus particles were produced in HEK293FT and A2780, A2780-dualER and A2780-

dualLR cells were transduced with lentiviruses and stable cells were FACS sorted using 

eGFP as a marker using protocol described in section. 5.3.10 
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2.2.11 Chromatin immunoprecipitation (ChIP) 

ChIP and ChIP-re-ChIP were performed with either RUNX1 or FOXO3a specific antibody 

following detailed protocol described in section 5.11 (Fig. 21-22). RUNX1 and FOXO3a 

binding on IGF1R promoter was analysed by RT-PCR to calculate the percent bound 

fraction compared to input using calculations described in section 5.11. 

 Figure 21: Schematic representation of ChIP and ChIP-re-ChIP protocol 
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2.3 Results 

2.3.1 IGF1R promoter activity oscillates during acquirement of chemoresistance 

Our previous results showed an association of dynamic modulation in IGF1R gene 

expression with acquirement of chemoresistance in cisplatin-paclitaxel resistant cellular 

 

 

A. Schematic representation of primers sets and expected PCR product size used in site 

specific ChIP of IGF1R promoter. B. Agarose gel picture showing sonication cycle 

standardization, where 18 sonication cycles (30 seconds ON and 30 seconds OFF) with 

low amplitude showed approximately 200-400 bp chromatin shearing desired for site 

specific ChIP of IGF1R promoter. C. Agarose gel picture showing specificity of primer 

sets used for site specific ChIP of IGF1R promoter. No PCR product in sheared 

chromatin with site 1-2 primer set (site 1 forward and site 2 reverse) ensured proper 

chromatin shearing resulting in mutual exclusivity of site 1, site 2 and site 3 necessary 

for site specific ChIP of IGF1R promoter. 

Figure 22: Standardization of chromatin sonication and PCR for site specific ChIP 

of IGF1R promoter 
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models developed in A2780 and OAW42 EOC cells, which were categorized into early (ER) 

and late (LR) resistant stages based on their resistance indices [252]. To identify the 

underlying molecular players, a 1503bp long IGF1R promoter driving a fusion reporter 

(FL2-TDT or hRL-eGFP) was transiently transfected into A2780 and OAW42 Cis-Pac 

resistant models which showed 3.8-old and 2.2-fold higher promoter-reporter activity in 

A2780-dualER and OAW42-dualER cells respectively compared to their sensitive 

counterparts (Fig. 23A-B). Similar trend was observed in A2780 Cis-Pac resistant cellular 

model stably expressing the IGF1R-FL2-TDT promoter-reporter, with 3.3-fold higher 

promoter-reporter activity in A2780-dualER cells than A2780 sensitive cells (Fig. 23C). The 

 

 

A-B. Enhanced IGF1R-promoter-reporter activity was observed in ER-cells of 

A2780/OAW42 Cis-Pac resistant models by transient transfection. C. Enhanced IGF1R-

promoter-reporter activity was observed in ER-cells of A2780 Cis-Pac resistant model 

stably expressing IGF1R-promoter-reporter. 

Figure 23: IGF1R promoter demonstrates dynamic modulation during acquirement 

of chemoresistance 
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IGF1R promoter-reporter activity were found to be decreased at late stage of resistance in 

both A2780 and OAW42 Cis-Pac resistant cellular models (Fig. 23A-C). The enhanced 

IGF1R promoter-reporter activity in A2780-dualER and OAW42-dualER cells corroborated 

with the increased IGF1R transcript levels in these cells compared to the respective sensitive 

cells. 

To recognize the exact region/sequence of IGF1R promoter involved in oscillatory 

expression pattern of IGF1R gene, four deletion constructs were generated (Fig. 24A). The 

deletion constructs DEL-1 and DEL-2 which have either 5’-flanking region and 5’UTR 

respectively with TIS disrupted in both showed moderate decrease in promoter activity. 

DEL-1 showed 1.5, 1.6 and 1.4-fold decrease in promoter activity compared to full length 

promoter in A2780 sensitive, A2780-dualER and A2780-dualLR cells respectively. Similarly, 

DEL-2 showed 1.5, 1.5 and 1.7-fold decrease in promoter activity compared to full length 

promoter in A2780 sensitive, A2780-dualER and A2780-dualLR cells respectively (Fig. 24B). 

 

 

A. Pictorial representation different deletion constructs of IGF1R promoter. B. Deletion 

constructs, DEL-1 (-460 to +5 bp) and DEL-2 (+6 to +1043) showed moderate decrease 

in promoter activity across A2780 Cis-Pac resistant model, whereas DEL-3 (-460 to +205 

bp) showed increase in IGF1R promoter activity compared to full length promoter at all 

stages of chemoresistance. 

Figure 24: IGF1R promoter activity resides in -460 to +205 bp region of promoter 

in EOC cells 
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Surprisingly the DEL-3 construct with intact TIS and a part of 5-UTR, showed increased 

promoter activity compared to full length promoter at all stages of resistance, with 1.6, 1.7 

and 2.0-fold increase in promoter activity in A2780 sensitive, A2780-dualER and A2780-

dualLR cells respectively, while construct DEL-4, which lacks 5’-flanking region and TIS 

both, showed a drastic attenuation of promoter activity (3.3, 10.5 and 3.4-fold decrease 

compared to full length promoter in A2780 sensitive, A2780-dualER and A2780-dualLR cells 

respectively) (Fig. 24B). These results indicated that majority of IGF1R promoter activity 

resides in -460 to +205 bp region of the promoter in both sensitive and chemoresistant EOC 

cells and +206 to +1043 bp region of promoter might harbour a strong suppressive cis or 

trans acting element present in 5’UTR of IGF1R promoter since DEL-3 construct showed 

significant increase in promoter activity compared to the full length promoter (Fig. 24B). 

2.3.2 Potential regulators of IGF1R promoter in chemoresistant EOC cells 

The modulation of IGF1R promoter activity during acquirement of chemoresistance is 

intriguing and indicates presence of a dynamic regulatory interaction of TF/s driving 

transcriptional surge at onset of chemoresistance development. In order to identify the 

putative regulators of IGF1R promoter, we performed a promoter-binding TF profiling plate 

array using nuclear extracts of A2780-dualER cells and 1503bp promoter of IGF1R (Fig. 

25A). The purity of nuclear lysates was checked by western blotting (Fig. 25B).  A total 

nine putative transcriptional regulators binding to IGF1R promoter (>1.5 decrease in 

luminescence signal in TF binding with IGF1R-promoter competition) were identified by 

screening promoter-binding TF profiling plate array (consisting of total 96 TF probes) from 

nuclear extracts of  A2780-dualER cells , that comprised of Retinoid X receptor (RXR), SRY-

Box 9 (SOX9), Vitamin D3 receptor (VDR), Growth Factor Independent 1 (GFI1), Retinoic 

acid related orphan receptors (ROR), SP1, Runt related transcription factor 1 (RUNX1), 

NK2 Homeobox 5 (NKX2.5) and SRY-Box 18 (SOX18) (Fig. 25C). Identification of SP1 
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(a previously reported TF binding to IGF1R promoter) as a binder and TFIID as a non-

binder (IGF1R promoter lacks TATA-box) strengthened the promoter binding TF plate 

array data. RXR showed maximum binding to IGF1R promoter (4.6-fold decrease in 

luminescence signal), followed by SOX9 (3.7-fold decrease), VDR (3.1-fold decrease), 

GFI1 (3.1-fold decrease), ROR (2.8-fold decrease), SP1 (2.7-fold decrease), RUNX1 (2.3-

fold decrease), NKX2.5 (2.1-fold decrease) and SOX18 (1.6-fold decrease). 

 

A. Heat map showing fold change in TF binding using IGF1R-promoter for competition 

in promoter-binding TF plate array using nuclear lysate of A2780-dualER cells. B. Purity 

check of nuclear lysate of A2780-dualER cells. C. Graphical representation of the 

identified IGF1R promoter binders and non-binders from promoter-binding TF plate 

array. 

Figure 25: IGF1R-Promoter-binding TF plate array in A2780-dualER cells 
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Next we performed an in-silico analysis of IGF1R promoter using JASPAR-TF binding 

profile database (http://jaspar2016.genereg.net/) to predict the presence of consensus 

binding motifs for each identified TF from TF plate array and for known  TFs such as E2F1 

and FOXO3a. Several consensus binding elements for each TF were predicted using 

JASPER-TF database at probability threshold score of >75%, which are distributed 

throughout the GC-rich IGF1R promoter on both 5’ flanking and 5’UTR, while GFI1 has 

binding sites only on 5’UTR (+206 to +1043 bp) but not on 5’Flanking (Fig. 26 and Table 

3). GFI1 functions as a transcriptional repressor as part of several complexes, including the 

EHMT2-GFI1-HDAC1, AJUBA-GFI1-HDAC1 and RCOR-GFI-KDM1A-HDAC1 that 

supress the transcription by histone deacetylation. GFI1 could be the potential suppressive 

trans-acting element present in 5’UTR of IGF1R promoter, as DE3-4 construct (which lacks 

+206 to +1043 bp region that harbours the predicted GFI1 binding motifs) showed 

significant increase in promoter activity as compared to the full-length promoter (Fig. 24) 

and needs further investigation. 

 

Schematic representation of the predicted binding sites of the TFs on IGF1R promoter 

as predicted by JASPAR-TF database (threshold>75%).  

Figure 26: Prediction of TF binding motifs using JASPAR-TF database 
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Table 3: Number of the predicted binding sites of the TFs on IGF1R promoter as 

predicted by JASPAR-TF database (threshold>75%) 

Number of binding sites for TFs on IGF1R promoter 

TF Name Number of binding 

sites 

TF Name Number of binding 

sites 

RXR:RXR 7 RUNX1 8 

RXR:ROR 2 NKX2.5 4 

SOX9 4 SOX18 3 

GFI1 4 FOXO3a 8 

ROR 3 E2F1 9 

SP1 25 TFIID 0 

 

To validate the identified candidates, we employed an inducer/inhibitor-based approach and 

tested the retinoic acid family related (RXR and ROR) and VDR, which bind to DNA as 

homo/hetero-dimers (Fig. 27A). No change in IGF1R-promoter or human sodium-iodide-

symporter-(hNIS)-promoter (a known RA target) [336] activity was observed in A2780 and 

A2780-dualER cells treated with all-trans-RA retinoic acid derivative (ATRA) (Fig. 27B-C). 

However, ATRA upregulated hNIS-promoter and downregulated IGF1R-promoter in MCF-

7 cells (Fig. 27B). Though SOX9 and GFI1 showed maximum binding in TF promoter 

binding TF array, due to unviability of suitable activator or inhibitor we choose RUNX1 for 

further validation. Strong DNA binding activity of RUNX1 requires hetero-dimerization 

with CBFβ which can be inhibited by a small molecule, Ro5-3335 (Fig. 27D) [337]. 

Treatment with Ro5-3335 led to decrease in IGF1R-promoter- reporter activity in A2780 

and OAW42 Cis-Pac resistant models at all stages of resistance. This reduction was more 

profound in A2780-dualER and OAW42-dualER cells compared to the respective sensitive 

and late resistant cells, 2.0 and 1.7-fold reduction respectively (Fig. 27E-F). Thus, RA 

family member TFs RXR and ROR might not be true regulators of IGF1R promoter, 
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whereas hematopoietic transcription factor RUNX1 could be positive regulator of IGF1R 

promoter during acquirement of chemoresistance in EOC cells. 

 

 

A. Pictorial representation of retinoic acid derivative (ATRA) mediated binding of RAR 

and RXR to RARE on target genes. B. hNIS promoter activity in All-trans-RA treated 

MCF-7 and A2780 cells showing increase hNIS promoter only in MCF7. C. IGF1R 

promoter activity in All-trans-RA treated MCF7, A2780 and A2780-dualER cells 

showing no change in IGF1R promoter activity in A2780 and A2780-dualER cells. D. 

Pictorial representation of Ro5-3335 inhibiting RUNX1-CBFβ heterodimerization and 

DNA binding. E-F. Ro5-3335 (A2780=200µM and OAW42=20 µM) reduced IGF1R-

promoter activity in parental as well as chemoresistant cells with maximal effect in ER-

cells of A2780 and OAW42 Cis-Pac resistant models.  

Figure 27: Validation of IGF1R promoter binding TFs identified through Promoter-

binding TF plate array 
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2.3.3 RUNX1 a novel regulator of IGF1R promoter in EOC cells 

RUNX1 is known as master regulator of haematopoiesis and serves as a pioneering TF that 

regulates DNA binding affinity and activity of other TFs involved in haematopoiesis [338-

340]. RUNX1 is one of the most frequently mutated genes in a variety of haematological 

malignancies [341]. Aberrant expression and functional consequences of increased RUNX1 

expression are increasingly reported in solid tumors [342]. In EOC patients, RUNX1 

overexpression was found in primary and omental metastatic tumors, moreover increased 

RUNX1 expression post chemotherapy was attributed to hypomethylation of the gene [343-

345]. Since, Ro5-3335 attenuated IGF1R promoter-reporter activity at early stages of 

resistance in both A2780 and OAW42 chemoresistant models, we further evaluated role of 

RUNX1 in regulation of IGF1R in chemoresistant EOC cells. Ro5-3335 treatment reduced 

endogenous IGF1R transcript levels by 1.7 and 1.9-fold in A2780-dualER and cells OAW42-

dualER respectively, however 

no significant change was 

observed in sensitive and late 

resistant cells of both A2780 

and OAW42 Cis-Pac resistant 

models (Fig. 28). Since both 

IGF1R promoter-reporter 

activity and IGF1R mRNA 

levels were significantly 

attenuated by Ro5-3335 

treatment at early stages of 

chemoresistance we checked 

expression of RUNX1 and 

 

 

Ro5-3335 (A2780=200µM and OAW42=20µM) 

reduced IGF1R transcript levels in parental as well as 

chemoresistant cells with maximal effect in ER-cells.  

Figure 28: RUNX1 inhibition downregulates IGF1R 

transcript levels in EOC cells 
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other RUNX family members (RUNX2 and RUNX3) across resistant models. RUNX1 

transcript levels were found to be increased in both early and late resistant cells (A2780-

dualER/A2780-dualLR/OAW42-dualER/OAW42-dualLR) (Fig. 29A) , whereas RUNX2 levels 

were significantly low in both A2780 and OAW42 Cis-Pac resistant models and RUNX3 

transcript levels found to be only increased in late resistant cells (A2780-dualLR/OAW42-

dualLR) (Fig. 29B). No change in transcript levels of RUNX1 binding partner CBFβ was 
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seen across both A2780 and OAW42 Cis-Pac resistant models (Fig. 29A). RUNX1 mRNA, 

protein and nuclear localization were enhanced in both early and late stages of resistance 

(Fig. 29A, C-G), yet intriguingly Ro5-3335 treatment reduced IGF1R-promoter-reporter 

activity and transcript levels maximally at early stages of resistance. Hence, we further 

checked RUNX1 binding to IGF1R promoter by site specific ChIP across the resistant 

models for four predicted RUNX1 response elements on IGF1R promoter. Among the four 

predicted response elements (Fig. 30A), specific binding of RUNX1 was observed only on 

sites 1 and 2 but not on sites 3-4 on IGF1R promoter and RUNX1 occupancy on IGF1R 

 

A. Real-time PCR showing increased transcript levels of RUNX1 in A2780-

dualER/A2780-dualLR/OAW42-dualER/OAW42-dualLR cells, whereas no change in 

CBFβ transcript levels was seen across both A2780 and OAW42 Cis-Pac resistant 

models. B. Real-time PCR showing no change in transcript levels of RUNX2 across 

both A2780 and OAW42 Cis-Pac resistant models, and increased transcript levels of 

RUNX3 only in A2780-dualLR/OAW42-dualLR cells. C-G. Immunoblot and 

immunofluorescence shows increased expression and increased nuclear localization of 

RUNX1 in A2780-dualER/A2780-dualLR/OAW42-dualER/OAW42-dualLR cells. 

Figure 29: RUNX1 shows enhanced expression in resistant EOC cells 
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promoter was increased in both early and late resistant cells, as compared to sensitive 

counterparts of both A2780 and OAW42 Cis-Pac resistant models (Fig. 30B). 

Though RUNX1 occupancy on IGF1R promoter remained comparable across the resistance 

stages, the effect of Ro5-3335 was more profound in ER-cells indicating possible 

involvement of other positive regulator/s in modulation of IGF1R during acquirement of 

chemoresistance. Intriguingly, RUNX1 binding sites were found to be in proximity of 

FOXO3a response elements (Fig. 30D), a known regulator which was not represented in the 

TF-array. We already have reported enhanced FOXO3a transcript levels in chemoresistant 

EOC cells [252]. The RUNX transcription factor family members in complex with the CBFβ 

co-factor produces a stable DNA binding complex which alone or in combination with other 

factors regulate gene expression. The direct physical interaction between RUNX1 and 

several other transcription factors stabilizes the final transcription complex and enhances 

the DNA binding affinity for each single factor [340]. We hypothesize that RUNX1 and 

FOXO3a might co-operatively control IGF1R expression during chemoresistance 

development in EOC cells. 

  

A. Pictorial representation of predicted RUNX1 binding motifs on IGF1R promoter. B. 

RUNX1-ChIP shows increased binding of RUNX1 to IGF1R promoter on S1 and S2 

but not on S3-4 in A2780-dualER/A2780-dualLR/OAW42-dualER/OAW42-dualLR cells 

(values were plotted as % binding of RUNX1 compared to input-DNA). C. Gel image 

showing amplification of genomic locus of GAPDH (lacking RUNX1 binding motifs) 

only in input DNA and not in bead control and RUNX1 ChIP DNA ensuring RUNX1 

specific ChIP across A2780 (upper panel) and OAW42 (lower panel) Cis-Pac resistant 

model. D. Pictorial depiction of proximity of RUNX1 and FOXO3a predicted binding 

motifs of using JASPAR-TF database. 

Figure 30: RUNX1 ChIP across A2780 and OAW42 Cis-Pac resistant models 
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2.3.4 FOXO3a and RUNX1 positively regulate IGF1R promoter at the onset of 

chemoresistance 

FOXO3a, a member of Fork-Head-Box family transcription factors, which are commonly 

activated in stress conditions and assist cells to survive the stress or drive them towards 

apoptosis. Transcriptional activity of this family of proteins is modulated through 

differential phosphorylation either leading to its activation or degradation. To evaluate the 

role FOXO3a in regulation of IGF1R promoter, we first checked effect of mutating FOXO3a 

consensus motifs on IGF1R promoter at site 1 and 2. Mutating FOXO3a response elements 

at S1(Δ-S1)/S2(Δ-S2) individually or together decreased IGF1R promoter activity by 3.4-

fold in A2780-dualER cells, while it decreased only 1.7 and 1.5-fold in A2780 sensitive and 

A2780-Cis-PacLR cells respectively (Fig. 31A). Similarly, IGF1R promoter activity 

decreased more significantly in OAW42-Cis-PacER cells when both FOXO3a binding sites 

were mutated together (Fig. 31B). RUNX1 inhibition by Ro5-3335 and perturbation of 

FOXO3a consensus motifs specifically attenuated IGF1R promoter activity in early resistant 

cells. Furthermore, FOXO3a protein levels (Fig. 32A) were found to be increased in A2780-

 

A-B. Mutating FOXO3a binding sites (Δ-S1, Δ-S2 and Δ-S1-S2) decreased IGF1R-

promoter activity in parental as well as chemoresistant cells with maximal effect in ER-

cells of A2780 (A) and OAW42 (B) Cis-Pac resistant models. 

Figure 31: FOXO3a positively regulates IGF1R promoter activity in EOC cells 
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dualER cells and OAW42-dualER cells and showed enhanced nuclear localization for both 

 

 

A-E. Immunoblot (A) and immunofluorescence show increased expression and enhanced 

nuclear localization of total (B and C) and phospho-S413 (D and E) (activation mark) 

FOXO3a in ER-cells of both A2780 and OAW42 Cis-Pac resistant models. 

Figure 32: Increased expression and activation of FOXO3a at early stage of 

chemoresistance development 
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total and activated (p-S413) FOXO3a in A2780-dualER cells and OAW42-dualER cells as 

compared to their respective sensitive and late resistant counterparts (Fig. 32B-E).  Hence, 

we next assessed the direct binding of FOXO3a by site specific ChIP across the resistant 

models for site1 and 2 on IGF1R promoter. ChIP assay showed highest occupancy of 

FOXO3a on S1 and S2 sites of IGF1R promoter (0.1235% and 0.2534% respectively) in 

A2780-dualER cells which dropped below 0.05% in both A2780 and A2780-dualLR cells 

(Fig. 33A). Similarly, percent occupancy of FOXO3a on both the sites was higher in 

OAW42-dualER cells compared to OAW42 and OAW42-dualLR cells (Fig. 33A).  Since 

RUNX1 inhibition or mutation at FOXO3a response elements led to suboptimal decrease in 

IGF1R promoter activity, combinatorial effect for both these molecular alterations were 

 

Enhanced binding of FOXO3a to site1 and site2 was observed only in A2780-

dualER/OAW42-dualER cells (values were plotted as % binding of FOXO3a compared to 

input-DNA). B. Gel image showing amplification of genomic locus of GAPDH (lacking 

FOXO3a binding motifs) only in input DNA and not in bead control and FOXO3a ChIP 

DNA ensuring FOXO3a specific ChIP across A2780 (left panel) and OAW42 (right 

panel) Cis-Pac resistant model. 

Figure 33: FOXO3a ChIP across A2780 and OAW42 Cis-Pac resistant models 
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tested in the models. IGF1R promoter activity was further reduced to 7.1 and 5.3-fold when 

compared to RUNX1 inhibition (2.0 and 2.1-fold) or mutant-promoter (2.8 and 2.3-fold) 

alone in A2780-dualER and OAW42-dualER cells respectively with minimal reduction in 

sensitive and LR cells (Fig. 34A-B). These results indicate that RUNX1 might cooperate 

with FOXO3a to orchestrate a transcriptional surge for IGF1R at the onset of resistance 

development in EOC cell lines.  

 

2.3.5 RUNX1 dictates FOXO3a binding to IGF1R promoter 

The RUNX1 can influence the transcriptional dynamics through sequential or concurrent 

binding to its interacting partners. RUNX1 was shown to modulate the oncogenic Myb and 

Myc enhancer activity in T-cell acute lymphoblastic leukaemia cell lines and primary patient 

samples to regulate expression of TAL1- and NOTCH1 [346]. In B-cell acute lymphoblastic 

leukaemia FUBP1 and RUNX1 were shown to cooperate for upregulation of the oncogene 

c-KIT, promoting cell proliferation and resistance against c-KIT inhibitor imatinib mesylate 

[347]. RUNX1 is also shown to interact with FOXO3a during 3D breast epithelial acinar 

 

 

Δ-S1-S2 mutant IGF1R promoter (FOXO3a site 1 and site 2 mutated) showed maximal 

reduction upon Ro5-3335 treatment (A2780=200µM and OAW42=20 µM) in A2780-

dualER (A) and OAW42-dualER (B) cells. 

Figure 34: RUNX1 and FOXO3a synergistically regulate IGF1R promoter activity 

in EOC cells during chemoresistant development 
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morphogenesis, jointly regulating transcription of genes related to oxidative stress response 

and proliferation [348]. To assess whether RUNX1 and FOXO3a exist as complex in the 

EOC cells, IP of RUNX1 was performed from all the stages of A2780 Cis-Pac resistant 

model and probed for co-IP of FOXO3a. A significant interaction of FOXO3a with RUNX1 

was observed only in the ER cells despite of incremented level of immune-precipitated 

RUNX1 with increasing resistance (Fig. 35). This data indicates that both FOXO3a and 

RUNX1 can exist as a complex and ER cells possess highest amount of such complex. 

Since, both FOXO3a and RUNX1 possess DNA binding ability in their own capacity and 

in complementation with other transcriptional modulators, we aimed to understand the 

kinetics of cooperativity between RUNX1 and FOXO3a for IGF1R promoter occupancy. 

The sequential ChIP or ChIP-re-ChIP enables investigation of concurrently binding proteins 

on desired region of DNA sequence and enables to analyse the co-occupancy of transcription 

factors and DNA modifiers. ChIP-re-ChIP assay was performed in both combinations i.e., 

RUNX1-FOXO3a sequential ChIP or FOXO3a-RUNX1 sequential ChIP in A2780 Cis-Pac 

resistant model. Both the factors were able to co-occupy the IGF1R promoter at sensitive 

 

 

Co-immunoprecipitation across A2780-Cis-Pac resistance model showed maximum 

RUNX1-FOXO3a interaction in ER cells followed by A2780 cells and least in LR cells. 

Figure 35: RUNX1 and FOXO3a show enhanced interaction at early stage of 

chemoresistance development 
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and all stages of resistance, though the occupancy differed for each of them (Fig. 36 & Fig. 

37). As observed previously RUNX1 conferred a much stronger binding in both early and 

late resistant cells after first round of RUNX1-ChIP (Fig. 36A&C), whereas in subsequent 

 

 

A-D. ChIP-re-ChIP of RUNX1 followed by FOXO3a on site 1 (A) and site 2 (C). Area 

plot (B&D) depicts the RUNX1 bound region co-occupied by FOXO3a. E. Gel image 

showing amplification of genomic locus of GAPDH only in input DNA and not in bead 

control and ChIP DNA. 

Figure 36: RUNX1-FOXO3a (ChIP-re-ChIP) show enhanced co-occupancy on 

IGF1R promoter at early stage of chemoresistance development 
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second round of ChIP FOXO3a showed preferential higher binding only in early resistant 

cells as compared to sensitive and late resistant cells (Fig. 36 B&D), indicating higher co-

occupancy of FOXO3a in RUNX1 bound IGF1R promoter specifically in early resistant 

 

 

A-D. ChIP-re-ChIP of FOXO3a followed by RUNX1 on site 1 (A) and site 2 (C). Area 

plot (B&D) depicts the FOXO3a bound region co-occupied by RUNX1. E. Gel image 

showing amplification of genomic locus of GAPDH only in input DNA and not in bead 

control and ChIP DNA. 

Figure 37: FOXO3a-RUNX1 (ChIP-re-ChIP) show enhanced co-occupancy on 

IGF1R promoter at early stage of chemoresistance development 
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cells. Similarly, in FOXO3a-RUNX1- ChIP-re-ChIP also showed higher co-occupancy of 

FOXO3a and RUNX1 on IGF1R promoter at both the sites in early resistant cells (Fig. 37A-

D). Irrespective of the combination of ChIP-re-ChIP, RUNX1 and FOXO3a showed 

enhanced co-occupancy in A2780-dualER cells as compared to A2780-sensitive and A2780-

dualLR cells on IGF1R promoter. Since RUNX1and FOXO3a show augmented interaction 

and increased co-occupancy at early stage of resistance and co-operation between F OXO3 

and RUNX1 is known to influence Bim promoter activity and expression [349] we asked 

whether RUNX1 plays a similar role for IGF1R promoter. We performed FOXO3a ChIP 

across A2780 and OAW42 Cis-Pac resistant model after RUNX1 inhibition using Ro5-

3335. FOXO3a-ChIP in presence of Ro5-3555 showed that percent occupancy of FOXO3a 

on S1 and S2 remained unchanged in A2780-sensitive and A2780-dualLR cells, whereas in 
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A2780-dualER cells percent occupancy of FOXO3a on S1 and S2 decreased significantly 

from 0.1236% to 0.0276% (4.5 fold) and 0.2354% to 0.0437% (5.4 fold) (Fig. 38A). 

Similarly, FOXO3a occupancy on both sites were decreased in OAW42-dualER cells to 3.1 

and 5.4-fold in presence of the RUNX1 inhibitor, no significant change was observed in 

OAW42-sensitive and OAW42-dualLR cells (Fig. 38B).  To further confirm that the 

 

A-B. Ro5-3335 treatment specifically attenuated binding of FOXO3a to site1 and site2 

in A2780-dualER/OAW42-dualER cells (Values were plotted as % binding compared to 

input-DNA). C-D. Gel image showing amplification of genomic locus of GAPDH 

(lacking FOXO3a binding motifs) only in input DNA and not in bead control and 

FOXO3a ChIP DNA ensuring FOXO3a specific ChIP across A2780 (C) and OAW42 

(D) Cis-Pac resistant model. 

Figure 38: RUNX1 inhibition attenuates FOXO3a biding to IGF1R promoter 
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cooperative interaction of RUNX1 and FOXO3a on IGF1R regulation occurs exclusively at 

the onset of resistance, CBFβ gene was silenced in A2780 Cis-Pac chemoresistant model 

(Fig. 39A). Silencing of CBFβ significantly attenuatedIGF1R transcripts and promoter 

activity only in A2780-dualER cells compared to their counterparts (Fig. 39B-C). FOXO3a-

ChIP across CBFβ-KD A2780 Cis-Pac resistant model showed similar results observed with 

RUNX1 inhibitor Ro5-3335. Binding of FOXO3a was significantly affected in CBFβ-KD- 

A2780-dualER cells (4.0-fold and 7.9-fold drop on S1 and S2 respectively). However, 

FOXO3a binding on those sites remained unchanged for CBFβ-KD-A2780 and CBFβ-KD-

A2780-dualLR cells (Fig. 39D). Thus, not only RUNX1 and FOXO3a show stronger co-

operation and occupancy, but RUNX1 also influences the binding of FOXO3a to IGF1R 

promoter driving transcriptional surge at onset of chemoresistant development in EOC cells. 

2.3.6 AKT-FOXO3a negative feedback loop leads to pulsatile expression of IGF1R 

Though RUNX1 levels did not alter between early and late resistant cells, the total Foxo3a 

protein level declined with concomitant decrease in IGF1R expression in late resistant 

stages. Multiple post transcriptional modifications (PTMs) such as, phosphorylation, 

acetylation, and ubiquitination, regulate both subcellular localization and transcriptional 

activity of the FOXO3a [350]. In response to growth factor signalling phosphorylation of 

FOXO3a by the downstream effector kinases, AKT, SGK, ERK, CK1, and IKKβ induce 

 

A. Real-time PCR showing extent of knockdown of CBFβ in A2780 dual-resistant 

model. B-C. CBFβ-KD reduced IGF1R transcript level and attenuated IGF1R-promoter 

activity specifically and significantly in A2780-dualER cells. D. CBFβ-KD specifically 

attenuated binding of FOXO3a to site1 and site2 in A2780-dualER cells (Values were 

plotted as % binding compared to input-DNA). E. Gel image showing amplification of 

genomic locus of GAPDH (lacking FOXO3a binding motifs) only in input DNA and not 

in bead control and FOXO3a ChIP DNA ensuring FOXO3a specific ChIP across A2780 

Cis-Pac resistant model. 

 

Figure 39: RUNX1 dictates FOXO3a biding to IGF1R promoter 
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cytoplasmic translocation of FOXO3a, and in contrast under stress conditions JNK, MST1, 

and AMPK promote nuclear localization and transcriptional activation of FOXO3a. Apart 

from phosphorylation, mono-ubiquitination and deacetylation by SIRT1/2 stabilize the 
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FOXO3a protein levels and enhance the transcriptional activity of FOXO3a [350]. Both 

A2780 and OAW42 Cis-Pac resistant cellular models show increased FOXO3a nuclear 

localization of total and transcriptionally active (p-S413) at early stages of resistance which 

subsequently decreases in late resistant cells. To understand the underlying mechanism of 

the FOXO3a decline, we looked at the post-translational modifications which is known to 

control the stability of the protein. The late resistant cells are characterised by high level of 

activated AKT [351] which is known to promote FOXO3a degradation by phosphorylating 

the protein at S253 and T32 residues [352]. Indeed p-S253-FOXO3a levels were found 

gradually increasing with resistance, peaking at late stages in both A2780 and OAW42 Cis-

Pac resistant models, which corroborated with increasing levels of p-S473-AKT (active) 

being highest in LR cells (Fig. 40A-B). MG132, a potent proteasome inhibitor, increased p-

S253-FOXO3a levels in A2780-dualER and A2780-dualLR cells indicating active 

degradation of FOXO3a is mediated through S253 phosphorylation (Fig. 40C). 

Consequently, A2780 Cis-Pac resistant model cells cultured in serum deprived media 

showed decreased p-S473-AKT levels and simultaneous loss of p-S253-FOXO3a in both 

A2780-dualER and A2780-dualLR cells but increase in total FOXO3a was observed only in 

A2780-dualLR cells (Fig. 40C). Insulin stimulation in serum starved cells restored p-S473-

 

 

A-B. Immunoblot (A) and immunofluorescence (B) showing incremental levels of p-

S473-AKT and p-S253-FOXO3a with increasing resistance in A2780/OAW42 models. 

C. Serum starvation led to loss of both p-S473-AKT and p-S253-FOXO3a in A2780-

dualER and dualLR cells and increased FOXO3a levels in A2780-dualLR cells. Insulin 

stimulation led to sharp increase in p-S253-FOXO3a in both ER and LR cells. D-G. 

Effect of AKT-IV on FOXO3a and IGF1R. Increased nuclear localization (E&F) and 

total FOXO3a (D), decreased p-S473-AKT (D) and increased IGF1R mRNA (G) and 

IGF1R protein (D) were observed in A2780-dualLR and OAW42-dualLR cells. 

Figure 40: AKT-FOXO3a feedback loop negatively regulates IGF1R expression at 

late-resistant stages 
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AKT levels causing increase in p-S253-FOXO3a and decrease in total FOXO3a levels in 

both A2780-dualER and A2780-dualLR cells (Fig. 40C). Finally, treatment of an AKT 

inhibitor-IV increased FOXO3a expression (Fig. 40D, enhanced nuclear localization (Fig. 

40E-F) and increased IGF1R transcript (Fig. 40G) and protein levels (Fig. 40D) in A2780-

dualLR and OAW42-dualLR cells. 

2.4 Discussion 

Acquired chemoresistance is a dynamic and multifactorial phenomenon governed by non-

linear signalling cascades through aberrant gene regulatory networks that are instrumental 

drivers of tumorigenesis and are highly adaptive to rewire during therapy resistance 

development. Increasingly, the molecular regulators of these aberrant gene regulatory 

networks, DNA and histone modifiers, cis-acting regulatory regions and trans-acting 

transcriptions factors have revealed dependency of many cancer types including Ovarian 

cancer, to dysregulated transcriptional programs driving both tumorigenesis and 

chemotherapy resistance [353-356]. Many of these dysregulated transcriptional modulators 

such as, c-Myc, E2F1, FOXM1, BRD4, RUNX1, RUNX1-ETO are overexpressed in many 

cancer types, promoting tumor proliferation, cell cycle progression, replicative immortality, 

metabolism, and immune evasion. The pluripotency transcription factors (OCT4, SOX2 and 

NANOG) and epithelial mesenchymal transcription factors (SNAIL, ZEB, SLUG and 

TWIST) are shown to orchestrate the expression of large number of genes helping cancer 

cells to metastasize and survive the chemotherapy induced cell death. Unlike other receptor 

tyrosine kinases which prominently show oncogenic mutations and gene amplification, 

IGF1R is predominantly shown to be modulated by an array of transcription factors which 

includes both wild type and oncogenic mutant tumor suppressors and oncogenic fusion 

transcription factors. IGF1R signalling plays an important role in embryonic and neonatal 

development through two major signalling arms (PIK3CA/AKT and MAPK/ERK 
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pathways) which when dysregulated aid in oncogenic transformation, uncontrolled cellular 

proliferation, evasion of apoptosis, altered metabolism, self-renewal, differentiation, and 

therapy resistance. Strong association between elevated IGF1R expression with therapy 

resistance, in particular with chemoresistance is reported in colorectal [357], lung [358], 

renal [359], ovarian [250] and prostate [360] and other cancers. Chemoresistance has been 

a major hurdle for majority of the cancers including EOC. IGF1R not only confers resistance 

to conventional chemotherapy (Cisplatin & Paclitaxel) but also to targeted therapies such as 

PIK3CA inhibitors [361] and Trastuzumab in EOC [265, 362]. These studies focus on 

implications of therapy induced IGF1R expression on cancer cell survival and onetime 

relation between extent of resistance and level of IGF1R expression often undermining the 

underlying signalling cascades driving dynamic nature of chemoresistance development. 

We recently reported increased IGF1R expression (both transcript and protein levels) at the 

onset of chemoresistance which declines at late stages of the resistance in chemoresistant 

cellular models [252]. These isogenic models, which were established over a period of 4-5 

months using pulse method, depict the progression of chemoresistance mimicking the 

clinical condition. Similarly, a therapy induced transcriptional surge in IGF1R expression 

was observed in paired neoadjuvant chemotherapy treated tumors of a small cohort of 

advanced stage high grade serous EOC patients. To date, the underlying mechanisms behind 

this undulating IGF1R expression during progression of resistance that points towards a 

complex regulatory circuit has not been deciphered. In the present study, we identified 

RUNX1 as a novel positive regulator of IGF1R gene using a promoter-binding transcription 

factor array, which in cooperation with FOXO3a induces transcriptional surge in IGF1R 

expression at the onset of Cisplatin-Paclitaxel resistance in EOC cells. Augmented 

interaction between RUNX1 and transcriptionally active FOXO3a at early stage of 

chemoresistance leads to heightened RUNX1-FOXO3a co-occupancy on IGF1R promoter 
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driving transcriptional activation of IGF1R; whereas, such cooperative interaction falls apart 

when cells acquire maximal resistance towards the drugs (late resistant cells) leading to 

downregulation of IGF1R expression. The hyperactive AKT in late resistant cells exerts an 

active negative feedback loop on FOXO3a (protein degradation), hindering the RUNX-

FOXO3a interaction leading to lower FOXO3a occupancy even in the presence of an 

optimally bound RUNX1 on IGF1R promoter and thus led to dynamic oscillatory 

modulation of IGF1R expression during acquirement of chemoresistance. The observed 

molecular dynamics of the two critical transcriptional regulators (RUNX1 and FOXO3a) 

and their cooperative action to regulate IGF1R signalling pathway portrays the intricate 

molecular network associated with acquirement of chemoresistance in EOC cells. 

In absence of mutational activation and rare instances of gene amplification, overexpression 

of IGF1R gene is attributed to transcriptional and epigenetic modulation [212]. Intriguingly, 

the high GC rich IGF1R promoter is a prospective site for rich epigenetic interactions but 

such epigenetic regulations are seldom reported [212]. Conspicuous absence of methylation 

by SAM, a methyl donor agent in Glioblastoma cells and in benign and metastatic Prostate 

cancer cells [311, 312] points toward a pre-dominant role of the transcriptional regulators. 

Around 16.5% of EOC cases of The Cancer Genome Atlas (TCGA) dataset show enhanced 

IGF1R transcription and 4% cases show gene amplification [209, 210]. The unique IGF1R 

promoter is comprised of a GC rich 5’-flanking region without the TATA or CAAT box 

sequences and is differentially regulated by several TFs either directly or indirectly through 

SP1 in various circumstances [212]. A 1503bp long IGF1R promoter (consisting of 5’-

flaking region, transcription initiator sequence and 5’-UTR) driving luciferase reporter 

system showed enhanced IGF1R promoter-reporter activity at early stages of 

chemoresistance development (A2780-dualER and OAW42-dualER cells as compared to the 

respective sensitive and late resistant cells). The deletion construct analysis showed that 



Chapter 2 

Page 118 of 235 

majority of IGF1R promoter activity resides within -460 to +205 bp region of promoter in 

sensitive and chemoresistant EOC cells and +206 to +1043 bp region of promoter harbours 

a strong suppressive cis or trans acting element possible present in 5’UTR of IGF1R 

promoter. Sarfstein. et. al. (2009), using biotinylated IGF1R promoter reported 

identification of c-jun, p53, WT1, SP1, E2F1, KLF6 and ER-α as IGF1R promoter binding 

TFs in ER+ and ER- breast cancer cells and validated ERα as an positive regulator of IGF1R 

promoter in breast cancer cells [363]. Apart from VHL loss in 5- Fluorouracil and etoposide 

resistant renal cell carcinoma and FOXO1 activation in Phosphatidylinositol-3-Kinase 

Catalytic Subunit delta (PI3K-δ) inhibitor resistant murine model [275, 319], probable 

action of other transcriptional regulator/s in mediating cancer therapy resistance through 

IGF1R are unknown. Anticipating similar role of multiple TFs behind the undulating IGF1R 

expression in our chemoresistant models, we performed a promoter binding transcription 

factor plate array to identify the putative regulators of IGF1R promoter. A total nine putative 

transcriptional regulators binding to IGF1R promoter were identified by screening 

promoter-binding TF profiling plate array (consisting of total 96 TF probes) from nuclear 

extracts of A2780-dualER cells, RXR, SOX9, VDR, GFI1, ROR, SP1, RUNX1, NKX2.5 

and SOX18. Identification of SP1 (a previously reported TF binding to IGF1R promoter) as 

a binder and TFIID as a non-binder (IGF1R promoter lacks TATA-box) strengthened the 

promoter binding TF plate array data. SOX18 has been shown to positively regulate IGF1R 

expression in breast cancer cells (MCF7 and BT-474) and in hepatocellular carcinoma cells 

(MHCC-97H and HepG2) [364, 365], while IGF1R has been identified as a potential target 

gene for SOX9 through ChIP-seq analysis of E13.5 mouse and E90 bovine foetal testes 

[366]. The hematopoietic stem cell TF RUNX1 is shown to positively regulate IGF1R 

expression in T-cell acute lymphoblastic leukaemia [367] and ligand activated nuclear 

receptor RXR is shown to down regulate IGF1R mRNA levels in MCF7 breast cancer cells 
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after 9-cis-RA treatment [368]. However, none of these have been validated as IGF1R 

promoter binding TFs. Though transcription factor-promoter array analysis in this study 

identified several unique transcriptional regulators, perturbation of only RUNX1 activity 

(RUNX1-CBFβ inhibitor, Ro5-3335) significantly attenuated IGF1R transcriptional and 

promoter activity in both A2780 and OAW42 chemoresistant models and highest reduction 

was seen in early-resistant cells. The rest of the potential binders either were not able to 

modulate IGF1R expression (RXR/ROR) or were not feasible to test due to unavailability 

of specific activator/inhibitor and technical difficulties to create site specific mutations at 

seven lengthy binding sites. 

RUNX1, a well-known master regulator of hematopoietic lineages gathered attention as a 

tumor suppressor for long in haematological cancers [341]. Recently, RUNX1 has been 

found to have a more widespread role in several cancers including EOC [342, 369]. In EOC 

patients, RUNX1 overexpression was found in primary as well as omental metastatic tumors 

and increased RUNX1 expression post chemotherapy was attributed to hypomethylation of 

the RUNX1 gene [343]. RUNX1-CBFβ complex is a central player in fine-tuning the 

balance among cell differentiation, proliferation, EMT and often acts in cooperation with 

other transcriptional regulators in lymphoma, breast, colorectal cancer and haematological 

malignancies [338, 347, 348, 370]. We find increased expression and nuclear localization 

of RUNX1 along with enhanced binding of RUNX1 to IGF1R promoter in both early and 

late resistant cells of A2780 and OAW42 Cis-Pac resistant models. Despite increased 

RUNX1 expression and functional activities (nuclear localization and enhanced binding on 

IGF1R promoter) across all stages of resistance, specific inhibition of IGF1R by Ro5-3335 

was observed only in early-resistant cells but at sub-optimal level which signifies for 

contributory role of other regulator/s for optimal activation. RUNX1 is able to influence the 

binding of other transcription factors and promotes transactivation of specific genes [340]. 
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Using JASPAR, a TF binding prediction software we found that consensus binding sites of 

TFs identified from TF-array and previously reported IGF1R binding TFs are scattered 

throughout IGF1R promoter. Intriguingly, RUNX1 and FOXO3a (a known IGF1R 

regulator) [328] binding elements showed close proximity to each other on IGF1R promoter. 

FOXO3a is a member of Forkhead box transcription factors and controls a wide range of 

cellular functions, including cell cycle regulation, apoptosis, DNA repair, energy 

metabolism, ageing and oxidative stress defence. Differential phosphorylation of FOXO3a 

governs its activation (serine 413 phosphorylation) or degradation (S253 phosphorylation) 

and is commonly activated in stress conditions and assist cells to survive the stress or drive 

them towards apoptosis. Like RUNX1 inhibition, mutating FOXO3a response elements at 

S1(Δ-S1)/S2(Δ-S2) individually or together decreased IGF1R promoter activity 

significantly in early stages of chemoresistant in both A2780 and OAW42 Cis-Pac resistant 

models. Intriguingly, FOXO3a exhibited a similar pulsatile pattern like IGF1R across 

resistant stages with increased nuclear localization of both total and transcriptionally active 

FOXO3a (p-S413) and higher promoter occupancy in early resistant cells of both A2780 

and OAW42 Cis-Pac resistant models. Further, mutating FOXO3a binding elements on 

IGF1R promoter in combination with Ro5-3335 treatment showed significant synergism in 

attenuating IGF1R promoter activity in early resistant cells as compared to FOXO3a binding 

element mutant IGF1R promoter or Ro5-3335 treatment alone, signifying synergistic role 

of both RUNX1 and FOXO3a in regulation of IGF1R promoter. 

The RUNX1 can influence the transcriptional dynamics through sequential or concurrent 

binding to its interacting partners. In B-cell acute lymphoblastic leukaemia FUBP1 and 

RUNX1 were shown to cooperate for upregulation of the oncogene c-KIT, promoting cell 

proliferation and resistance against c-KIT inhibitor imatinib mesylate [347]. RUNX1 is also 

shown to interact with FOXO3a during 3D breast epithelial acinar morphogenesis, jointly 
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regulating transcription of genes related to oxidative stress response and proliferation [348]. 

The co-immunoprecipitation result demonstrated a stage specific interaction pattern 

between RUNX1 and FOXO3a which was highest in early resistant cells but minimal in 

sensitive and late resistant cells. This stage specific interaction pattern seems to influence 

their IGF1R promoter binding capacity as maximal RUNX1-FOXO3a co-occupancy was 

evident during onset of resistance which subsequently decreased at late-resistant stages as 

revealed by Chip-re-Chip assay. Irrespective of the combination of ChIP-re-ChIP, RUNX1 

and FOXO3a showed enhanced co-occupancy in A2780-dualER cells as compared to A2780-

sensitive and A2780-dualLR cells on IGF1R promoter. Since RUNX1 and FOXO3a show 

augmented interaction and increased co-occupancy at early stage of resistance and co-

operation between FOXO3 and RUNX1 is known to influence Bim promoter activity and 

expression [61] we asked whether RUNX1 plays a similar role for IGF1R promoter. This 

cooperative binding is critical for optimal IGF1R transcription as neither of the transcription 

factors could independently drive IGF1R expression. Both chemical and genetic inhibition 

of RUNX1 abolished FOXO3a binding in early-resistant cells indicating that RUNX1 

binding is an obligatory step for FOXO3a occupancy specifically at the onset of resistance. 

Contrary to RUNX1, FOXO3a exhibited a poorer binding to IGF1R promoter and lower 

nuclear localization in late resistant cells thereby affecting the co-occupancy and 

transcriptional rate. Post translational modifications (PTMs) at various residues in FOXO3a 

predominantly control its transcriptional activity and nuclear localization. These PTMs 

majorly involve phosphorylation of FOXO3a at S253, T15 (AKT), S12, S284, S294 (ERK), 

S644 (IKKβ), S574 (JNK), and S143 (AMPK) [350]. Accumulating evidence suggest 

presence of an feedback suppression loop between AKT and receptor tyrosine kinases 

through FOXO family of transcription factors and thus inhibiting AKT activity induces 

upregulation of HER3, IGF1R and Insulin receptor [371-373]. We find simultaneous 
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presence of hyperactivated AKT and p-S253-FOXO3a (a nuclear exclusion and degradation 

mark) in late-resistant cells. Indeed, AKT inactivation either through serum starvation or by 

an inhibitor led to decreased p-S253-FOXO3a levels and increased total FOXO3a and 

IGF1R expression in late resistant cells. 

Altogether our data presents a complex story of IGF1R regulation through a sequential 

network of FOXO3a-RUNX1 interaction governed by FOXO3a stability and degradation 

kinetics required by cancer cells during acquirement of chemoresistance (Fig. 41). Here, for 

the first time we report RUNX1 as a unique regulator of IGF1R promoter which exerts a 

nonlinear cooperative interaction with FOXO3a and dynamically modulate IGF1R 

expression during acquirement of chemoresistance in EOC cells. Genetic and 

Figure 41: Proposed model of dynamic model of IGF1R promoter modulation by 

RUNX1/FOXO3a/AKT during acquirement of chemoresistance development 
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pharmacological inhibition followed by ChIP and ChIP-re-ChIP assay revealed that RUNX1 

strengthened FOXO3a occupancy on IGF1R promoter, leading to a transcriptional surge 

during initiation of resistance which is lost at the late stages due to presence of an exclusive 

AKT-FOXO3a negative feedback loop. The observed cooperative action of two critical 

transcriptional regulators (RUNX1 and FOXO3a) to regulate an important (IGF1R) 

signalling pathway predicts a new avenue for targeting EOC through RUNX1-IGF1R axis 

during acquirement of chemoresistance.
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 Chapter 3: Investigating the role of IGF1R signalling in 

maintenance of chemoresistance, tumorigenesis and cancer 

stem cell properties 

3.1 Introduction 

The IGF-axis plays vital role in embryonic and neonatal development; however, it is also 

important for postnatal growth and normal functioning of several other tissues and organs 

including ovary. The active IGF2/IGF1R signalling has been shown to be important for 

follicular development, where thecal cells in small antral follicles and granulosa cells in 

dominant follicles secrete IGF2 in both autocrine and paracrine manner as opposed to 

endocrine IGF1, which is primarily secreted by liver in adults [374-376]. Increased 

expression of IGF1R, IRS1 and IRS2 and decreased expression of PTEN in polycystic 

ovarian syndrome patients further strengthened importance of IGF1R in normal ovarian 

function [377]. The role of IGF1R signalling in ovarian cancer came into highlight with 

overexpression of IGF1R, IGF1 and IGF2 in human ovarian tumors were detected [378]. 

Hyperactivation of IGF1R signalling has been shown to induce proliferation and hyperplasia 

of ovarian surface epithelium and promote tumorigenesis in mouse models [379, 380]. More 

recently human ovulatory follicular fluid has been shown to induce tumorigenesis in 

mammary fat pad and fimbria carcinogenesis in Trp53-null mice. The IGFBP bound IGF2 

and the IGFBP-lytic enzyme PAPP-A were shown to be abundantly present in FF, which 

activated IGF1R/AKT/mTOR and IGF1R/NANOG/OCT4 pathways leading to cell 

survival, stemness and malignant transformation of fimbrial epithelial cells in TP53-/-/Rb-

/- mouse model [381]. In a cohort of 109 EOC patients, IGF2 mRNA level was strongly 

associated with the grade of disease and poor overall survival [249]. In a study involving 

121 serous OC patients (Mutant-BRCA1, n=30; Wt-BRCA1, n=32; hypermethylated 
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BRCA1-promoter, n=28; and hypomethylated BRCA1-promoter, n=31), it was found that 

IGF1R is overexpressed in patients with Wt-BRCA1 as compared to the adjacent normal 

tissue and furthermore IGF1R levels were significantly more elevated in patients with 

mutant-BRCA1 or hypermethylated BRCA1 promoter. In addition, it was found that 

BRCA1 acts as negative regulator of IGF1R promoter and BRCA1 knockdown increased 

expression of IGF1R in OC cells[314]. Several other studies have reported IGF1R 

overexpression in OC patients and OC cell lines [382, 383]. Elisenda et. al. using orthotopic 

patient derived xenograft models showed that TGFβ/SMAD2 signalling induced IGF1R 

overexpression, promoted tumorigenesis, and inhibiting either TGFβ or IGF1R stalled 

tumor cell proliferation [384]. IGF1R overexpression also been strongly corelated with 

platinum-resistance in OC patients. In a study of twelve platinum resistant and 16 platinum 

sensitive patients, microarray analysis found IGF1 was most differentially expressed gene 

and found enrichment of 204 genes related to IGF1R/PI3K/NFκB/ERK gene signalling 

networks in platinum resistant patients [385]. PIK3CA/AKT and MAPK/ERK pathway 

activation downstream of IGF1/IGF2/IGF1R has been shown to essential for resistance 

against platinum based drugs in OC patients [250, 386]. Further studies revealed that 

hyperactive IGF1R signalling not only confers resistance against platinum-based drugs but 

also against other therapeutic agents used in treatment of OC. IGF1R or IGF2 

overexpression conferred resistance to Cisplatin and Paclitaxel in OC lines HEY, OVCAR-

8, SKOV-3, BG-1, and A2780-CP [250, 251]. We recently reported a pulsatile nature of 

IGF1R during acquirement of platinum alone, paclitaxel alone and platinum-taxol dual 

resistance in EOC cells [252].  The increased IGF1R expression at the onset of resistance 

plays an integral role in maintenance of drug resistance, while cells that achieved complete 

and irreversible resistance possess low level of IGF1R indicating active IGF1R signalling 

might be dispensable at late stages of resistance [252]. Drug induced enhancement of IGF1R 
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expression was also observed in a small cohort of advanced stage high grade serous EOC 

patients after 3-4 cycles of platinum-taxol treatment [252]. Also, upregulation of IGF1R 

expression has been found to confer resistance PIK3 inhibitors such as BYL719, Taselisib 

and Idelalisib in ovarian cancer, breast cancer and leukaemia [274-276]. IGF1R 

overexpression is shown to impart resistance against Herceptin (Trastuzumab) which has 

been approved for HER2 overexpressing breast cancer and preclinically tested for OC [265, 

387, 388]. 

Apart from imparting chemoresistance IGF1R signalling has been shown to regulate CSC-

phenotype in other cancer types but little is known in OC. Picropodophyllin, an IGF1R 

inhibitor blocked proliferation of leukaemia stem cells and induced apoptosis which was 

rescued by overexpression of pluripotency transcription factor Nanog [257]. Similarly, 

increased expression of IGF2 and IGF1R was shown to maintain CSCs in HCC primary 

cultures and imparted resistance against Sorafenib and Cisplatin [389]. Chemoresistance 

model developed against Oxaliplatin of HCC cell line (MHCC97H) both invitro and invivo 

identified IGF1/IGF1R signalling pathway that maintains cancer stem cell phenotype and 

Oxaliplatin resistance in these cells [258]. In HNSCC patient derived spheroids, which 

showed higher ALDH activity and increased expression of stem cell markers KLF4, SOX2 

and Nanog, hyperactivation of EGFR and IGF1R were shown to maintain CSC phenotype 

and resistance to γ-radiation, 5-Flurouracil, Etoposide, and Cisplatin [390]. Human CRC 

cell lines (SW480, SW620, HCT116, HT29, and HCT15) derived SP population or ALDH+ 

population showed IGF1 dependent CSC enrichment driven by β-Catenin and AKT. These 

IGF1 dependent CSCs were shown to be sensitive against anti-IGF1R antibody 

Figitumumab [391]. Constitutive activation of IGF1R has been shown to induce different 

linages during mammary tumorigenesis through maintenance of progenitor populations 

through Snail and NFκB signalling pathways [392]. The IGF1R signalling plays important 
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role in OC tumorigenesis as well as chemoresistance and yet its role in regulation of OC 

CSC phenotype remains elusive. The OC stem cells either isolated by CSC markers (CD44+, 

CD177+ and Nestin+) [393] or by functional assays such as side population (SP) [394] or 

spheroid assay [395] were shown to be highly tumorigenic. Subsequent studies revealed OC 

CSCs govern several biological features such as cancer progression, metastasis and most 

importantly chemoresistance [148, 396-398]. Elevated levels of HMGA1 were shown to 

maintain spheroid forming ability of A2780, SKOV3 and PA1 OC cells. These spheroid 

culture derived CSCs showed increased levels of drug transporters ABCB1 and ABCG2 

that imparted resistance against Paclitaxel and Doxorubicin in tumor xenograft [399]. 

Similarly, CSC-like spheroid cells derived from human OC cells and primary cultures were 

shown to be highly tumorigenic, invasive, and resistant against Cisplatin and Paclitaxel 

[400, 401]. Our group using endogenously developed isogenic chemoresistance models of 

A2780 and OAW42 OC cells (Cisplatin-resistance, Paclitaxel-resistance, and Cisplatin + 

Paclitaxel-resistance) showed increased in CSC population with increasing resistance [253]. 

Our group and others also showed that the standard platinum-based treatment leads to 

enrichment of CSC-like cells in OC cells [297] and in residual tumors, resulting in increased 

chemoresistance and enhanced metastatic potential [394, 402, 403]. In addition, it has been 

reported that PARP inhibitors, an FDA approved only targeted therapy for OC, also 

increases CSC-like phenotype with enhanced DNA repair capability [404]. 

Chemoresistance continues to be a major hurdle in treatment of EOC. The five-year overall 

survival for EOC has not improved significantly in last four decades and remains low (40-

45%), suggesting no significant improvement in diagnostics as well as the treatment 

modalities for EOC [7]. Hyperactivation of IGF1R signalling pathway in chemoresistance 

and ubiquitous overexpression of IGF1R and its ligands in many human malignancies has 

made IGF1R a prospective candidate for targeted therapy in cancers which solely depend 
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on chemotherapy, with limited or no targeted therapy options and face severe challenges 

due to chemoresistance such as EOC. However, several anti-IGF1R targeted therapies (anti-

IGF1R and anti-IGF1/2 antibodies and IGF1R tyrosine kinase inhibitors) which have 

entered clinical trials did not meet clinical success due to complexity of the pathway 

involving the IGF binding proteins, high homology with Insulin receptor and trials in 

unselected patients  [405]. Lessons learned from failures, and mounting evidence showing 

importance of IGF1R in both tumorigenesis and chemoresistance suggest that anti-IGF1R 

targeted therapies hold therapeutic potential [277-279] and possibly indirect approaches by 

targeting IGF1R transcription or translation rather than targeting the protein may result in 

more successful strategy. IGF1R expression has been shown to be primarily regulated at 

transcriptional level by plethora of transcription factors in different cancer types, however 

none of these studies have investigated potential of targeting IGF1R expression by inhibiting 

its transcription. Among the clinically approved targeted therapies very few have been 

approved to target transcription factors in cancer treatment. The oestrogen receptor 

modulators (Tamoxifen, Toremifene, Bazedoxifene and Raloxifene) and degraders 

(Fulvestrant, and Elacestrant) for treatment of oestrogen positive breast cancer patients 

[406], androgen receptor antagonists (Enzalutamide, Apalutamide and Darolutamide) for 

treatment of castration resistant prostate cancer patients [407] and EWS-FLI-1 fusion 

protein inhibitor (Efdispro) for treatment of Ewing sarcoma patients [408] are few of the 

clinically approved for drugs targeting transcription factors. Mutated or dysregulated 

transcription factors have emerged as an interesting druggable node due to their ability to 

rewire the aberrant gene expression patterns during tumorigenesis and therapy resistance 

development leading to pre-clinical and clinical development of targeted therapies against 

transcription factors such as STAT1/3, ETS1/2, wild type and mutant TP53, RUNX1, 

CBFβ–SMMHC, RUNX1-ETO and Myc-Max [409]. In the previous chapter we have 
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shown a complex regulatory machinery of transcription factors (RUNX1 and FOXO3a) 

along with hyperactive AKT modulate the IGF1R promoter activity during chemoresistance 

development. Inhibiting the RUNX1 transcriptional activity severely attenuated IGF1R 

promoter activity and reduced IGF1R expression at early stages of chemoresistance 

development. In this part of the study using A2780 Cisplatin-Paclitaxel resistance model, 

we aim to decipher the underlying role of IGF1R signaling in the crosstalk between two 

important aspects of OC biology, the CSCs phenotype and chemoresistance and explore the 

inhibition of RUNX1-FOXO3a axis to target IGF1R at early stages of chemoresistance 

development. 

3.2 Methodology 

3.2.1 Development of Cisplatin-Paclitaxel resistant models of EOC cells 

A2780 and OAW42 isogenic Cisplatin-Paclitaxel resistant models were established using 

pulse method previously in the laboratory as described in section 2.2.1. The OC 

chemoresistant models used in this study are described below. 

3.2.2 Quantitative real-time PCR 

Quantitative real-time PCR was performed following protocols described in section 5.4 

using SYBR Green (Invitrogen) and appropriate gene specific primers. Relative expression 

of target genes was estimated by Δ-Ct method using Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) as normalisation control. 

3.2.3 IGF1R and CBFβ silencing by lentiviral mediated sh-RNA construct 

IGF1R and CBFβ knock down lentiviral cassette were developed using a target sequence 

against IGF1R (5’-AGACCTGAAAGGAAGCGGAGA-3’) [410] and CBFβ (5′-

CCGCGAGTGTGAGATTAAGTA-3′) [411] using standard cloning methods as described 

in section 5.3 and all constructs were verified by restriction digestion and sequencing. 
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Lentivirus particles were produced in HEK293FT and A2780, A2780-DualER and A2780-

DualLR cells were transduced with lentiviruses and stable cells were FACS sorted using 

eGFP as a marker using protocol described in section. 5.3. 

3.2.4 Trypan blue exclusion assay for cell proliferation 

Cells were seeded in a 6-well plate at density of 2x104 cells/well and trypsinized after every 

24 hours till 120 hours and viable cell count for each day was determined using 0.4% trypan 

blue dye. The doubling time was determined by using formula [412], 

�������� ���� =
����� �������� �� ������� �� ℎ���� ∗ log (2)

���(10) ����� ���� ����� − ���(10) ������� ���� �����
 

3.2.5 MTT cell cytotoxicity assay 

Short term MTT cell cytotoxicity assay was performed as described in section 5.1.3.5. 

Briefly cells were treated with appropriate drug concentrations as described below. 

 A2780 and OAW42 Cisplatin-Paclitaxel resistant models were treated with Cisplatin 

+ Paclitaxel (50ng/ml+8.5 ng/ml) for 72 hours. 

 A2780 and OAW42 models Cisplatin-Paclitaxel resistant were treated with Ro5-3335 

(A2780 = 200μM and OAW42 = 20μM) for 24 hours followed by Cisplatin + 

Paclitaxel (50ng/ml + 8.5 ng /ml) for 72 hours. 

3.2.6 Long term survival clonogenic assay 

Clonogenic assay was performed as described in section 5.1.3.9. Briefly cells were treated 

with appropriate drug concentrations as described below. 

 A2780 and OAW42 Cisplatin-Paclitaxel resistant models were treated with Cisplatin 

+ Paclitaxel (50ng/ml+8.5 ng/ml) for 24 hours. 

 A2780 and OAW42 Cisplatin-Paclitaxel resistant models were treated with Ro5-3335 

(A2780 = 200μM and OAW42 = 20μM) for 12 hours followed by Cisplatin + 

Paclitaxel (50ng/ml + 8.5 ng /ml) for 24 hours. 
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3.2.7 Soft agar colony formation assay 

Anchorage independent growth and in-vitro tumorogenecity of was assayed by soft agar 

colony formation assay as described in section 5.1.3.6. 

3.2.8 Spheroid formation assay 

The self-renewable capacity of OC cells was assayed by spheroid formation assay that 

enriches CSC-like cells as described in section 5.1.3.8 [253]. 

3.2.9 DyeCycle Violet side population assay  

Dye exclusion DyeCycle Violet side population assay was used to isolate the CSC like cells 

called the side population (SP) and non-CSCs called non-side population (NSP) form OC 

cells as described in section 5.1.3.8 [253]. 

3.2.10 Western blotting 

Whole cell lysates were prepared and western blot was performed for IGF1R-β, BCL-2, 

BCL-xL, BAD, cleaved-PARP, total AKT, p-S473-AKT, total ERK1/2, p-S-ERK1/2, 

Lamin-A, β-Actin, and α-Tubulin following protocols described in section 5.6. 

3.2.11 Small animal bioluminescence imaging 

All experiments were approved by the Institutional Animal Ethics Committee at ACTREC 

and were performed as described in section 5.13. Briefly, 4x106 cells of A2780-DualER cells 

stably expressing IGF1R-Fl2-TDT construct were subcutaneously injected in female non-

obese diabetic-severe combined immunodeficient (NOD-SCID) mice and were followed for 

tumor growth. Animals were imaged at day 15 and divided into four groups (n=4/each), 

group-I: control, group-II: Cisplatin-Paclitaxel, group-III: Ro5-3335 and group-IV: Ro5-

3335+Cisplatin-Paclitaxel. Group II and IV received 2mg/kg Ro5-3335 for 5days 

intravenously (day15-day19). On day 20 Group III and IV received a single dose of 2mg/kg-

Cisplatin+1mg/kg-Paclitaxel intraperitoneally. For CBFβ-KD in-vivo study, 4x106 cells of 

A2780-DualER and the CBFβ-KD counterpart stably expressing IGF1R-Fl2-TDT were 
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subcutaneously injected on upper and lower flanks of five female NOD-SCID mice. 

Animals were treated with 2mg/kg-Cisplatin+1mg/kg-Paclitaxel twice (day 35 and day 45) 

by intraperitoneal injection.  Bioluminescence imaging and subsequent quantification was 

performed using Xenogen-IVIS and Living Image software 4.4 [253]. 

Drug treatment in mice 

 Ro5-3335, diluted in normal saline at 2 mg/kg for 5 days intravenously. 

 Single dose of chemotherapeutic agents Cisplatin + Paclitaxel diluted in normal saline 

at 2 mg/kg + 1 mg/kg respectively alone or after five days of Ro5-3335 treatment. 

3.2.12 Immunohistochemistry  

Immunohistochemistry of subcutaneous mouse xenografts was performed for Ki-67, 

IGF1R, and FOXO3a as described in section 5.12. Briefly, antigen retrieval for Ki67 and 

IGF1R was carried out in microwave at high power for 20 minutes, while that same for 

FOXO3a was done by boiling the slides in pressure cooker for 6 minutes. For both cases 

sodium citrate buffer (pH 6) was used. Staining was performed using IHC detection kit [413] 

and scored by an expert pathologist. The immunoreactivity score (IRS) was calculated using 

the formula: intensity × extent of positivity [414]. 

3.3 Results 

3.3.1 IGF1R regulates CSC phenotype and chemoresistance in EOC cells 

To understand the role of IGF1R signalling in maintaining chemoresistance in EOC cells, 

we made shRNA mediated knockdown of IGF1R in A2780 Cis-Pac resistance model and 

confirmed IGF1R silencing at transcript level (Fig. 42A). IGF1R silencing significantly 

sensitized the sensitive and early resistant cells to chemotherapeutic agents Cisplatin-

Paclitaxel, whereas no change was observed in late resistant cells (Fig. 42B). Since, 

chemoresistant cells are shown to be enriched with CSC like cells and CSCs themselves are 
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known to be intrinsically resistant to chemotherapeutic agents, we checked the effect of 

IGF1R silencing on CSCs in sensitive and early resistant cells [396]. Silencing IGF1R 

drastically decreased the levels of pluripotency transcription factors (SOX2, OCT4 and 

NANOG) as compared to control cells (Fig. 43A). Down regulation of pluripotency 

transcription factors after IGF1R knockdown significantly reduced both spheroid forming 

ability (A2780 sensitive, 2.5 fold; and A2780-DualER 3.1 fold) (Fig.  43B) and CSC-like SP 

phenotype (A2780 sensitive, 2.0 fold and A2780-DualER, 3 fold) of chemoresistant EOC 

cells (Fig. 43C). CSCs are known to be intrinsically resistant to wide range of 

chemotherapeutic agents (such as Doxorubicin, Cisplatin, Paclitaxel, Temozolomide, 5-

Fluorouracil and Gemcitabine) mainly through higher expression of drug transporters or 

through hyperactivation of cell survival pathways [396]. Since, IGF1R seems to regulate 

both chemoresistance and CSC phenotype at early onset of chemoresistance development, 

we asked whether IGF1R has role in intrinsic chemoresistance of CSCs in our EOC 

chemoresistance models. The CSC-like SP cells isolated from parental A2780-senstive and 

 

A. Real-time PCR showing extent of IGF1R knockdown at transcript and protein level 

in A2780, A2780-DualER and A2780-dualLR cells. B. MTT cell cytotoxicity assay 

showing increased sensitivity of A2780, A2780-DualER and A2780-dualLR cells to 

Cisplatin and Paclitaxel compared to respective control cells. 

Figure 42: IGF1R inhibition chemosensitize EOC cells to Cisplatin & Paclitaxel 
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A2780-dualER cells showed marked increased in chemoresistance as compared to their 

respective NSP and main population or parental cells (MP) (Fig. 44A-B). However, CSC-

like SP cells isolated from IGF1R knockdown A2780-senstive and A2780-dualER cells 

showed enhanced chemosensitization to Cisplatin-Paclitaxel (Fig. 44A-B). Similar decrease 

in cell viability was seen in both NSP and MP (Fig. 44A-B). More importantly, SP cells 

isolated from IGF1R knockdown early resistant cells showed significantly higher 

chemosensitization than respective NSP and MP cells, whereas no such chemosensitization 

 

 

A. Real-time PCR showing drastic downregulation of pluripotency transcription factors 

(Oct4, Sox2 and Nanog) post IGF1R knockdown in A2780 and A2780-dualER cells. B-

C. IGF1R inhibition significantly decreases spheroid formation and SP population in 

A2780 and A2780-dualER cells. 

Figure 43: IGF1R silencing abrogates CSC phenotype in sensitive and early 

resistant cells 
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was observed for SP cells isolated from IGF1R knockdown A2780 sensitive cells (Fig. 

44C). 

 

 

A-B. MTT cell cytotoxicity assay showing increased sensitivity of MP, SP and NSP 

cells to Cisplatin Paclitaxel post IGF1R knockdown in A2780 and A2780-dualER cells. 

C. Graphical representation of fold change in percent survival of IGF1R knockdown 

cells compared to respective control cells, showing significantly higher chemo 

sensitization of SP cells to Cisplatin and Paclitaxel compared to respective MP and NSP 

cells in A2780-dualER cells, but not in A2780 sensitive. 

Figure 44: IGF1R regulates chemoresistance of CSC-like SP cells in early resistant 

cells 
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3.3.2 IGF1R promotes cell proliferation and cell survival in early resistant cells 

To further gain insights into IGF1R downstream signalling pathways we focused our study 

on Cisplatin-Paclitaxel dual resistance as it is more clinically relevant than single agent 

resistant models. The two major downstream signalling arms under activated IGF1R are 

PIK3CA/AKT and MAPK/ERK pathways, which primarily promote cellular  proliferation 

and antagonize the apoptotic pathways (Fig. 45A) [415, 416]. A2780 Cisplatin-Paclitaxel 

resistant model showed gradual increase in phosphorylated AKT, whereas ERK1/2 

phosphorylation was highest in ER cells (Fig. 45B). IGF1R knockdown in these cells 

showed no significant change in phosphorylation of AKT across the model (Fig. 45B). 

However, there was significant decrease in phosphorylated ERK1/2 in A2780 sensitive and 

A2780-dualER cells which remained unchanged in A2780-dualLR cells (Fig. 45B). IGF1R 

signalling is known potent inducer of proliferation and inhibitor of apoptosis, hence next we 

 

 

A. Pictorial representation of PIK3CA/AKT and MAPK/ERK pathway downstream of 

IGF1R. B. Immunoblot showing inhibition of ERK1/2 post IGF1R knockdown in A2780 

sensitive and A2780-dualER cells but not n A27820-DualLR cells. No change in AKT 

activation was observed post IGF1R knockdown across the A2780-Cis-Pac resistant 

model. 

Figure 45: IGF1R silencing abrogates MAPK/ERK pathway, but not PIK3CA/AKT 

pathway in A2780-Cis-Pac resistant model 
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checked the effect of IGF1R signalling on cellular proliferation and apoptosis in A2780-

Cis-Pac resistant model. IGF1R knockdown significantly reduced cellular proliferation in 

A2780-DualER cells (Control = 11.08 x 105 ±0.56 x 105 cells/ml and IGF1R-KD = 5.85 x 

105 ±0.51 x 105 cells/ml post 120 hours) followed by A2780-senstive (Control = 10.1 x 105 

±0.63 x 105 cells/ml and IGF1R-KD = 8.52 x 105 ±0.35 x 105 cells/ml post 120 hours), 

whereas no effect was observed in A2780-DualLR cells (Control = 2.78 x 105 ±0.30 x 105 

cells/ml and IGF1R-KD = 2.35 x 105 ±0.35 x 105 cells/ml post 120 hours) (Fig. 46A). No 

significant change in doubling time of A2780-sensitive (Control = 21.22 ± 0.34 hours and 

IGF1R-KD = 22.18 ± 0.24 hours) and A2780-DualLR cells (Control = 31.67 ± 1.29 hours 

and IGF1R-KD = 33.96 ± 2.24 hours)  was observed post IGF1R knockdown, however 

doubling time of A2780-DualER cells significantly increased from 20.73 ± 0.27 hours to 

27.91 ± 0.71 hours after IGF1R silencing (Fig. 46B). Since we did not observe any 

significant change in AKT and ERK activation post IGF1R knockdown in late resistant cells 
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we checked the effect of IGF1R silencing on apoptosis in sensitive and early resistant cells. 

The levels of anti-apoptotic proteins such as BCL-2 and BCL-XL decreased upon IGF1R 

knockdown in both A2780 sensitive and A2780-dualER cells, whereas, levels of pro-

apoptotic protein BAD remain unchanged (Fig. 46C-D). Upon treatment with Cisplatin-

Paclitaxel, levels of BCL-2 and BCL-XL remained low in IGF1R knockdown cells as 

compared to their parental A2780-dualER cells, while levels of BAD increased significantly 

in A2780-dualER cells (Fig. 46C-D). In parental and IGF1R knockdown A2780 sensitive 

cells decrease in BCL-2 levels and no significant change in levels of BCL-XL and BAD 

were observed upon Cisplatin-Paclitaxel treatment (Fig. 46C). IGF1R knockdown A2780-

dualER cells showed marked increase in cleaved PARP compared to IGF1R knockdown 

A2780 sensitive cells (Fig. 46C-D). Thus, blocking IGF1R signaling sensitized the early 

resistant cells to Cisplatin-Paclitaxel and induced apoptosis by abrogating anti-apoptotic 

effects of BCL-2 and BCL-XL. 

3.3.3 Impeding AKT inhibition induced IGF1R expression sensitizes the late 

resistant cells to AKT inhibition 

Increased expression of IGF1R is indispensable to maintain chemoresistance against 

Cisplatin-Paclitaxel at early stage of chemoresistance development, whereas hyperactive 

AKT supressed IGF1R in late resistance stage. AKT inhibition has been shown to relieve 

 

 

A. Graphical representation of trypan blue cell counting showing significant decrease in 

cellular proliferation of A2780 sensitive and A2780-dualER cells post IGF1R 

knockdown. B. Graphical representation of doubling time calculated from trypan blue 

cell counting showing significant increase in doubling time of A2780-dualER cells. C-D. 

Immunoblot of anti-apoptotic proteins (BCL-2 and BCL-XL) and pro-apoptotic protein 

(BAD) showing increased induction of apoptosis post Cisplatin-Paclitaxel treatment in 

IGF1R knockdown A2780 and A2780-dualER cells. 

Figure 46: IGF1R silencing inhibits proliferation and induces apoptosis in early 

resistant cells of A2780-Cis-Pac resistant model 



Chapter 3 

Page 139 of 235 

feedback suppression of IGF1R leading to resistance against PIK3CA, AKT and mTOC1 

inhibitors [274, 276, 371, 417]. In the previous chapter, we have shown that inhibition of 

hyperactive AKT in late resistant cells relieved feedback inhibition loop on FOXO3a 

leading to increased expression of IGF1R. Thus, we asked, whether inhibiting IGF1R 

signalling post AKT inhibition could synergistically affect the chemoresistance of late 

resistant cells. Indeed, AKT inhibition upregulated IGF1R expression A2780-DualLR cells 

(Fig. 6A). As expected, IGF1R kinase inhibitor, Picropodophyllin, supressed the AKT 

inhibition induced IGF1R expression in late resistant cells (Fig. 47A). The combination of 

IGF1R and AKT inhibitor at low dose (IC20) showed significantly higher cell death (~2 

fold across all late resistant cells) as compared to AKT inhibitor IV or Picropodophyllin 

alone treatment (Fig. 47B). Thus, we show that inhibiting IGF1R in combination with AKT 

 

 

A. Immunoblots showing increased expression of IGF1R post AKT inhibition which is 

supressed by combining IGF1R inhibitor Picropodophyllin in A2780-DualLR cells 

respectively. B. MTT cell viability assay showing synergetic effect of low dose AKT 

inhibitor IV and Picropodophyllin on viability of A2780-DualLR cells respectively. 

Figure 47: Impeding AKT inhibition induced IGF1R expression sensitizes the late 

resistant cells to AKT inhibition 
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inhibition acts synergistically reducing cell survival in late resistant cells (highly resistant 

to Cisplatin-Paclitaxel) due to presence of an active AKT feedback inhibition loop on 

FOXO3a/IGF1R.  

3.3.4 Inhibiting RUNX1/FOXO3a axis sensitizes early resistant to Cisplatin-

Paclitaxel 

Despite strong association between IGF1R expression and therapy resistance in several 

cancers including EOC, therapeutic interventions targeting IGF1R did not meet success, 

thus alternative strategies are needed to target IGF1R. The growing body evidence suggest 

that aberrant IGF1R overexpression in many cancer types and therapy resistant cancers is 

primarily attributed to transcriptional activation of IGF1R promoter rather than to rare 

instances of gene amplification [212]. Till now, we have shown that RUNX1/FOXO3a 

mediated augmented IGF1R expression maintains chemoresistance at early stages, whereas 

in late resistance stage, abrogating AKT/FOXO3a negative feedback loop induced IGF1R 

expression by imparting resistance against AKT inhibition. Thus, we investigated the 

potential of blocking RUNX1/FOXO3a axis to assess the biological implication of this axis 

in targeting IGF1R at early onset of chemoresistance, where RUNX1/FOXO3a axis is 

predominantly active. Blocking RUNX1 transcriptional activity by CBFβ knockdown 

(RUNX1-CBFβ heterodimerization is essential for transcriptional activation of RUNX1), 

severely attenuated IGF1R protein levels in A2780-DualER cells (Fig. 48A). CBFβ 

knockdown mediated IGF1R downregulation significantly affected the chemoresistance 

properties of resistant cells. A2780-DualER cells showed maximum sensitization towards 

Cisplatin-Paclitaxel treatment in both MTT cell cytotoxicity assay (Control = 

75.96%±2.51% and CBFβ-KD = 37.82%±1.56%) and long-term survival clonogenic assay 

(Control = 52.31%±1.67% and CBFβ-KD = 22.31%±2.24%) (Fig 48B-C). Surprisingly, 

A2780-DualLR also showed significant decrease in cell viability in both MTT cell 



Chapter 3 

Page 141 of 235 

cytotoxicity assay (Control = 96.84%±1.54% and CBFβ-KD = 76.71%±1.81%) and long-

term survival clonogenic assay (Control = 101.88%±4.63% and CBFβ-KD = 

70.70%±7.25%), though not as drastic as seen for A2780-DualER cells (Fig. 48B-C). No 

 

 

A. Immunoblot showing downregulation of IGF1R after CBFβ knockdown specifically 

in A2780-DualER cells. B-C. Graphical representation MTT cell cytotoxicity assay and 

clonogenic assay showing increased chemosensitization of resistant cells to Cisplatin-

Paclitaxel post CBFβ knockdown. D-E. Pictorial and graphical representation of soft 

agar colony formation assay showing decrease in colony forming ability of resistant 

cells. 

Figure 48: Blocking RUNX1 activity by CBFβ knockdown sensitizes resistant cells 

to Cisplatin-Paclitaxel 
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change cell viability was observed in A2780 sensitive cells (Fig. 48B-C). Since, IGF1R 

knockdown showed significant reduction in cellular proliferation, we next checked the 

tumorigenic properties of CBFβ knockdown cells by in vitro soft agar colony formation 

assay. CBFβ knockdown significantly affected anchorage independent growth sustainability 

in resistant cells but not in sensitive cells. A2780-DualER cells CBFβ knockdown drastically 

decreased both soft agar colony number from 274 to 61 and colony size from 196 µM to 91 

µM (Fig. 48D-E). While in A2780-DualLR cells CBFβ knockdown decreased soft agar 

colony size from 194 µM to 153 µM only, but soft agar colony number decreased 

significantly from 195 to 81 (Fig. 48D-E). No significant change in colony number and 

colony size was observed in A2780 sensitive cells (Fig. 48D-E). 

To further validate our results that CBFβ knockdown mediated downregulation of IGF1R 

could chemosensitize the early resistant cells to Cisplatin-Paclitaxel, A2780- dualER cells 

and their CBFβ-KD counterparts (Both stably expressing IGF1R promoter driven FL2-TDT 
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reporter) were subcutaneously implanted in the upper and lower flanks of NOD-SCID mice 

(n=5) (Fig. 49A). Despite implanting equal number of cells, the A2780-dualER CBFβ-KD 

cells showed slower tumor growth compared to control (Fig. 49B-D). A 6.9-fold lower 

IGF1R-promoter activity was observed in CBFβ-KD 

tumors{4.003x108±8.397x107(p/s/cm²/sr)} compared to the control tumors 

{2.778x109±7.307x108(p/s/cm²/sr)} at day 35 (Fig. 49B-C). Animals were given two 

treatments of cisplatin-paclitaxel at 10 days interval. At day 55, a 99.5 fold drop in 

bioluminescence signal was observed in CBFβ-KD tumors {4.003x108±8.397x107 to 

4.020x106±667424(p/s/cm²/sr)}, compared to 3.9-fold drop in the control 

tumors{2.778x109±7.307x108 to 7.213x108±1.357x108(p/s/cm²/sr)} (Fig. 49B-C). The 

CBFβ- KD tumors showed slower growth rate, drug treatment led to 1.3-fold reduction in 

tumor volume at day 55 (430.3±20.11 vs 328.3±27.59 mm3) which was not evident in the 

control group (Fig. 49D). Further, CBFβ-KD tumors showed decreased expression of 

IGF1R, low number of proliferating cells (Ki-67) and higher necrosis compared to control 

tumors (Fig. 50A-B). 

 

 

A-B. Schematic diagram of treatment sequence, tumor implantation of A2780-dualER 

and A2780-dualER CBFβ-KD cells and representative bioluminescence images. C. 

Graphical representation of quantified bioluminescence signal (n=5/group) showing 

~99-fold reduced IGF1R promoter activity. D. Graphical representation of tumor growth 

kinetics showing slower tumorigenesis and chemosensitization in CBFβ-KD tumors. 

Figure 49: CBFβ-KD and Platinum-Taxol attenuate IGF1R promoter activity and 

chemoresistance invivo 
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A. Representative images of Ki-67, IGF1R, FOXO3a and H&E staining of tumor 

sections revealed lesser proliferation and higher necrosis in CBFβ-KD tumors. B. 

Graphical representation of IRS score for Ki67, IGF1R and FOXO3a of the four groups 

Control and CBFβ-KD tumors. 

Figure 50: CBFβ-KD and Platinum-Taxol downregulates IGF1R, abrogates tumor 

proliferation and decreases chemoresistance invivo 
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3.3.5 Ro5-3335 and Cisplatin-Paclitaxel attenuate IGF1R promoter and 

chemoresistance invivo 

We showed that abrogating RUNX1 activity through CBFβ knockdown attenuated IGF1R 

expression and severely sensitized the early resistant cells to Cisplatin-Paclitaxel in vivo. 

Hence, we asked if the pharmacological inhibitor of RUNX1, Ro5-33335, could be used to 

indirectly target IGF1R by disrupting RUNX1/FOXO3a axis. Ro5-3335 dose was carefully 

selected after performing MTT assays (IC80-70 at 200µM for A2780 and IC80-70 at 20µM 

for OAW42 cells) for combination treatment with Cisplatin and Paclitaxel (Fig. 51A-B). 

Ro5-3335 treatment alone significantly reduced the clonogenic potential of both the A2780-

dualER and OAW42-dualER cells compared to respective sensitive and late resistant cells, 

however, this reduction was further increased when Ro5-3555 treatment was combined with 

platinum-taxol (Fig. 52A-D). In A2780-Cis-Pac resistant model, compared to Cisplatin-

Paclitaxel alone, combination treatment (Ro5-3335 + Cisplatin-Paclitaxel) drastically 

reduced surviving fraction in A2780-dualER cells (Cisplatin-Paclitaxel = 74.81%±2.28% 

reduced to Combination = 6.81%±1.11%) followed by A2780-dualLR cells (Cisplatin-

Paclitaxel =101.09%±4.53% reduced to Combination = 35.60%±4.49%), whereas no 

 

 

A-B. Cytotoxicity of Ro5-3335 in A2780 and OAW42 cells across different 

concentration respectively. 

Figure 51: Cytotoxicity of Ro5-3335 in A2780 and OAW42 cells across different 

concentration 
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change was observed in A2780 sensitive cells (Fig. 52A-B). Similar results were obtained 

with OAW42-Cis-Pac resistant model, combination treatment (Ro5-3335 + Cisplatin-

Paclitaxel) drastically reduced surviving fraction in OAW42-dualER cells (Cisplatin-

Paclitaxel = 64.44%±8.33% reduced to Combination = 23.04%±4.22%) followed by 

OAW42-dualLR cells (Cisplatin-Paclitaxel = 97.47%±5.32% reduced to Combination = 

62.12.60%±9.09%), whereas no change was observed in OAW42 sensitive cells (Fig. 52C-

D). 

 

 

A-D. Clonogenic survival assay showing the extent of decrease in the surviving fractions 

upon Ro5-3335 (A2780=200µM and OAW42=20 µM) and after combinatorial 

treatment with Cisplatin-Paclitaxel (50ng/ml Cisplatin + 8.5ng/ml Paclitaxel) across all 

the stages in A2780 (A-B) /OAW42 (C-D) Cis-Pac resistant models. 

Figure 52: Ro5-3335 in combination with Cisplatin-Paclitaxel attenuates 

chemoresistance in early resistant cells 
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Next, we checked the in vivo efficacy of Ro5-3335 to block IGF1R promoter activity and 

chemoresistance of A2780-dualER cells by non-invasive optical imaging. Independent and 

combinatorial effects of Ro5-3335 and platinum-taxol treatment on IGF1R-promoter-

luciferase activity and tumorigenicity were monitored in subcutaneous tumor xenograft of 

A2780-dualER cells (stably expressing IGF1R promoter driven FL2-tdt reporter) by non-

invasive optical imaging (Fig. 53A-C). Mice receiving Ro5-3335 showed 2-fold reduction 

in bioluminescence signal {7.535x107±1.539x107 to 3.528x107±5.873x106(p/s/cm²/sr)} at 
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end of the treatment (day-20) which then gradually increased to 

1.805x108±5.932x107(p/s/cm²/sr) (5.1-fold) at day-25 (Fig. 53A-B). Control group 

exhibited continuous increase in signal (10.9-fold) while Cisplatin-paclitaxel treatment 

group showed 4.1-fold reduction at day 25 {4.193x108±9.138x107 to 

1.025x108±3.028x107(p/s/cm²/sr)}. The most drastic drop in IGF1R activity was observed 

in the group with combinatorial treatment (16.1-fold) {3.959x107±9.812x106 to 

2.468x106±772284(p/s/cm²/sr)} at day-25 (Fig. 53A-B). Although no significant reduction 

in tumor volume was observed across the groups, slight decrease in tumor volume was noted 

between control and combinatorial groups (1567±101.4 vs 1321±90.84 mm3) (Fig. 53C). 

Ki-67 staining and histological analysis showed decreased number of proliferating cells and 

higher necrosis in tumors of the combinatorial treatment group compared to the other groups 

(Fig. 54A-B). IGF1R staining among the groups showed maximal reduction in IGF1R in 

the combinatorial group compared to the rest of the groups (Fig. 54A-B), however, no 

significant change in FOXO3a staining was observed among the groups (Fig. 54A-B.). 

When statistical correlations were drawn among the groups comparing IGF1R staining with 

Ki67, FOXO3a, and tumor viability, only the IGF1R/FOXO3a exhibited lower correlation 

(R2= 0.688) than the IGF1R/Ki67 (R2 = 0.955) and IGF1R/tumor viability (R2 = 0.988) (Fig 

55A-C). 

 

 

A. Ro5-3335 and Cisplatin-Paclitaxel treatment regime and representative 

bioluminescence images of A2780-dualER tumor xenografts expressing IGF1R-FL2-

TDT promoter-reporter treated with vehicle (control), Cisplatin-Paclitaxel, Ro5-3335 

and Ro5-3335 with Cisplatin-Paclitaxel showing modulation in bioluminescence signal. 

B. Graphical representation of quantified bioluminescence signal (n=4/group) showing 

the trend in IGF1R promoter activity between the four groups. C. Graphical 

representation of tumor growth kinetics of the four groups. 

 

Figure 53: Ro5-3335 mediated RUNX1 inhibition and Platinum-Taxol attenuate 

IGF1R promoter activity and chemoresistance invivo 
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A-B. Representative images (A) and graphical representation (B) of Ki-67, IGF1R, 

FOXO3a and H&E staining of tumor sections showing extent of cell proliferation and 

necrosis among the different treatment groups. 

Figure 55: Ro5-3335 and Platinum-Taxol downregulates IGF1R, abrogates tumor 

proliferation and decreases chemoresistance invivo 

 

 

 

A-C. Graphical representation the scatter plot and linear regression graphs depicting the 

coefficient of determination (R2) and statistical significance for correlation between 

Ki67 and IGF1R expression (A), tumor viability and IGF1R expression (B) and 

FOXO3a and IGF1R expression (C). The coefficient of correlation was calculated using 

Pearson's correlation coefficient test. 

Figure 54: IGF1R downregulation post Ro5-3335/Cisplatin-Paclitaxel/ combination 

treatment positively corelates with reduced tumor proliferation and increased 

necrosis 
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3.4 Discussion 

Chemoresistance is a multifactorial phenomenon that enables cancer cells to evade 

apoptosis and promote cell survival. Underlying these mechanisms are aberrant gene 

regulatory networks and intricate network of signalling pathways that are activated by 

membrane receptors (growth factor receptors, G-protein-linked receptors, chemokine 

receptors and integrins) which are often deregulated in cancer and serve as interface between 

cancer cells and tumor microenvironment [204-208]. While majority of these receptors are 

overexpressed in different cancer types with high degree of genetic alterations 

(amplification, oncogenic fusions and activating mutations), IGF1R was found to be more 

commonly overexpressed across different cancer types with low level of amplification (3-

6% in Sarcoma, Breast cancer, Ovarian cancer,  Esophageal and Stomach adenocarcinoma) 

and lack of activating oncogenic mutations [209, 210]. Importance of IGF1R signalling in 

chemoresistance became evident with overexpression of IGF1R and its ligands (IGF1 and 

IGF2) in many cancer types including EOC imparting resistance against wide range of 

chemotherapeutic agents as well as targeted therapies. Moreover, IGF1R signalling pathway 

has been shown to be important for maintenance of a small fraction of self-renewable cancer 

stem cells that are shown to be inherently resistant to chemotherapeutic drugs. In the 

previous chapter we have shown that an intricate balance of RUNX1/FOXO3a interaction 

and a feedback inhibition loop of AKT on FOXO3a maintains a pulsatile nature of IGF1R 

expression through modulation of IGF1R promoter activity during acquirement of platinum-

taxol resistance, however the direct role of IGF1R signaling in two important aspects of 

EOC biology, the CSC phenotype and chemoresistance are less explored. 

IGF1R silencing significantly chemosensitized the early resistant cells to Cisplatin-

Paclitaxel. More importantly IGF1R was shown to maintain CSC phenotype in early 

resistant cells through upregulation of pluripotency transcription factors SOX2, OCT4 and 
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NANOG. IGF1R silencing reduced the CSC-like SP population and self-renewal capacity 

of early resistant cells. The pluripotency transcription factor NANOG and IGF1R were 

shown to positively regulate each other leading sustained maintenance of CSCs in LC, 

AML, HNSCC and HCC [257, 389, 390, 418]. Similarly, IGF1R signalling was shown to 

regulate the intricate network of transcription factors involving SOX2 and OCT4 (β-

Catenin/POU5F1/SOX2 and HIF-2a-OCT4/CXCR4) maintaining CSC phenotype [419-

421]. Cancer stem cells are primarily characterized for their self-renewability, 

tumorogenecity as well as their intrinsic resistance towards the chemotherapeutic agents. 

Increased expression of drug transporter proteins such as MDR1, LRP, MRP1 and BCRP, 

enhanced activation of DNA repair pathways, slow cell cycling as well as cross-talk with 

EMT signalling pathway contribute to the intrinsic resistance of CSCs to chemotherapeutic 

drugs. The CSCs isolated from OC cells or patients have been shown to be highly 

tumorigenic, promoted metastasis and most importantly were shown to be chemoresistant 

[148, 396-398]. Majority of the studies have shown that CSCs contribute to the 

chemoresistance, however there is a growing body of evidence which indicate that 

therapeutic drugs also lead to enrichment of CSCs. The CSC-like SP cells isolated form 

A280-senstive and A2780-dualER cells were highly resistant to Cisplatin-Paclitaxel, as 

compared to the respective NSP and MP cells. Also, the SP cells isolated form IGF1R 

knockdown early resistant A2780-dualER cells were comparatively more sensitive to 

Cisplatin-Paclitaxel than the respective NSP and MP cells. Active dependency on IGF1R 

signalling has shown that CSCs are sensitive to IGF1R inhibitors in Colorectal cancer, 

Neuroblastoma, Head and neck squamous cell cancer, Breast cancer and Glioblastoma [390, 

391, 422, 423]. However, here we show that not only show that IGF1R helps in enriching 

and maintaining CSC-like SP cells in early resistant cells but also regulates the intrinsic 

chemoresistance of CSC-like SP cells isolated from early resistant EOC cells.  
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The two major signalling arms activated downstream of IGF1R are PIK3CA/AKT and 

MAPK/ERK pathways, which primarily promote cellular proliferation, cell survival, 

differentiation and antagonize the apoptotic pathways [415, 416]. The PIK3CA/AKT, 

showed gradual increase in AKT activation with increasing resistance, whereas, 

MAPK/ERK pathway showed highest ERK1/2 activation in only A2780-daulER cells and 

remained low in both A2780-senstive and A2780-DualLR cells. IGF1R silencing 

significantly attenuated the ERK1/2 activation across the A2780 dual resistance model with 

most profound downregulation in A2780-DualLR cells, whereas the PIK3CA/AKT 

signalling largely remains unaffected across the chemoresistance model. Despite the 

common notion that both PIK3CA/AKT and MAPK/ERK pathways are activated 

downstream of IGF1R, it has been observed that preferential activation of MAPK/ERK 

pathway can take place through a process known as biased signalling [424]. β-arrestin1 a 

key mediator of G-protein-coupled receptors is shown to have high affinity for IGF1 bound 

IGF1R leading to sustained activation of MAPK/ERK pathway but not PIK3CA/AKT [425]. 

Figitumumab, an anti-IGF1R antibody was shown to fail in phase II clinical trials due to 

formation of IGF1R and IR hybrid receptor formation and biased IGF1R signalling 

activation [426]. Hypoxia and Akt induced Stem cell Factor and LL37 (a mature C-terminal 

peptide of the human cationic antimicrobial protein 18) were shown to bind to IGF1R and 

induce the biased activation of ERK1/2 over AKT [427], while such in depth  understanding 

of IGF1R downstream signalling in chemoresistant EOC cells is warranted. Indeed, the 

MAPK/ERK pathway, which is highly active in early resistant cells, silencing IGF1R 

significantly decreased proliferation signifying importance of IGF1R/MAPK/ERK 

signalling in promoting cellular proliferation of early resistant cells. IGF1R signalling has 

also been shown to be strong inhibitor of apoptosis induced by chemotherapeutic agents, 

nutrient deprivation, anchorage independent growth and oxidative stress. The augmented 
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levels of IGF1R in early resistant cells were found to induce the levels of anti-apoptotic 

proteins BCL-2 and BCL-XL, whereas it antagonized the induction of pro-apoptotic protein 

BAD post Cisplatin-Paclitaxel treatment in A2780-DualER cells, augmented levels of IGF1R 

in early resistant cells were found to induce the levels of anti-apoptotic proteins BCL-2 and 

BCL-XL, whereas it antagonized the induction of pro-apoptotic protein BAD post Cisplatin-

Paclitaxel treatment in A2780-DualER cells. The pro-apoptotic protein BAD which serve as 

a critical node between growth factor mediated survival signalling and inhibition of 

apoptosis. Upon activation of apoptotic cascade BAD binds to both BCL-2 and BCL-XL 

displacing the pro-apoptotic proteins BAX and BAK which induce mitochondrial 

depolarization. The growth factor mediated activation of cell survival signalling pathways 

PIK3CA//AKT and MAPK/ERK phosphorylate BAD at S136 and S112 respectively 

preventing binding of BAD to BCL-2 and BCL-XL, thus leading to suppression of apoptosis 

[428, 429]. Cisplatin-Paclitaxel treatment was shown to significantly upregulate anti-

apoptotic proteins BCL-2 and BCL-XL in early resistant cells which was abrogated post 

IGF1R silencing. The active MAPK/ERK signalling was shown to positively regulate the 

anti-apoptotic proteins BCL-2, BCL-XL and MCL-1 in Pancreatic cancer, Acute myeloid 

leukaemia, Ovarian cancer and Endometroid cancer [430-435]. Since we observe both 

MAPK/ERK signalling and anti-apoptotic protein levels (BCL-2 and BCL-XL) going down 

in IGF1R knockdown early resistant cells leading to increased sensitivity to Cisplatin-

Paclitaxel treatment, we postulate that IGF1R/MAPK/ERK pathway imparts 

chemoresistance in early resistant cells through modulation of anti-apoptotic proteins (BCL-

2 and BCL-XL) and pro-apoptotic protein BAD. 

Since IGF1R was shown to impart chemoresistance through both maintenance of CSC 

phenotype and activation MAPK/ERK pathway leading to suppression of apoptosis, IGF1R 

proves to be important molecule at early onset of chemoresistance development thus making 



Chapter 3 

Page 155 of 235 

IGF1R an attractive molecule for targeted therapy. While IGF1R levels were significantly 

downregulated in late resistant cells through feedback inhibition loop on FOXO3a by 

activated AKT. Inhibiting AKT stabilized FOXO3a increasing IGF1R expression through 

transcriptional activation. Interestingly this AKT inhibition induced IGF1R could impart 

resistance against AKT inhibition, as dual inhibition of AKT and IGF1R significantly 

reduced cell survival of late resistant cells. The resistance against the PI3K/AKT/mTOR 

inhibitors are majorly through activation of redundant pathways, loss of feedback inhibition 

loops or through gain of function mutations leading to sustained activation of pathway. 

However, it has recently been found that inhibition of the PI3K/AKT/mTOR can rapidly 

induce overexpression or activation of RTKs such as HER2, HER3 IGF1R, and IR limiting 

the efficacy of these agents during treatment. The augmented levels of IGF1R imparting 

resistance against Cisplatin-Paclitaxel in early resistant cells and AKT inhibition induced 

IGF1R limiting efficacy of AKT inhibitor, both were regulated by transcriptional 

modulation of IGF1R promoter by RUNX1/FOXO3a. Moreover, overexpression of IGF1R 

in majority of cancer types has been strongly corelated with transcriptional activation of 

IGF1R rather than IGF1R gene amplification. Since, directing targeting of IGF1R by anti-

IGF1R targeted agents (anti-IGF1R and anti-IGF1/2 antibodies and IGF1R tyrosine kinase 

inhibitors) have failed in clinical trials, we investigated potential of a new therapeutic 

window of targeting IGF1R transcription in chemoresistant EOC cells. Genetic ablation of 

RUNX1 transcriptional activity by CBFβ knockdown decreased IGF1R expression 

specifically in early resistant cells, which led to increased chemosensitization and reduced 

invitro tumorigenicity maximally in early resistant cells. To achieve similar effect, but using 

pharmacological means, we used the RUNX1 inhibitor, Ro5-3335. Like the CBFβ 

knockdown, pharmacological inhibition of RUNX1 showed enhanced chemosensitization 

of early resistant cells as compared to the sensitive and late resistant cells in both A2780 
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and OAW42 Cis-Pac resistant models. RUNX1, a master regulator of hematopoiesis, is one 

of the most frequently mutated gene in hematological malignancies [341]. RUNX1 in 

combination with FOXL2 was shown to maintain the fetal granulosa cell identity [436], 

whereas overexpression of RUNX1 either by hypomethylation of promoter or by loss of 

MicroRNA-302b has been shown to promote proliferation, migration, and invasion [344, 

437]. Recently, RUNX1 has been found to have a more widespread role in several solid 

cancers [342, 438] but this is the first report of its role in regulation of IGF1R promoter 

activity and in development of chemoresistance. Both the Pharmacological (Ro5-3335) or 

genetic ablation (CBFβ knockdown) of RUNX1 activity decreased IGF1R expression, 

impaired tumor proliferation and showed enhanced chemosensitization to Cisplatin-

Paclitaxel in tumor xenografts of A2780-DualER cells. Apart from VHL loss in 5- 

Fluorouracil and Etoposide resistant Renal cell carcinoma and FOXO1 activation in 

Phosphatidylinositol-3-Kinase Catalytic Subunit delta inhibitor resistant murine model 

[275, 319], probable action of other transcriptional regulator/s in mediating cancer therapy 

resistance through IGF1R are unknown. Such molecular knowledge is important to identify 

both therapeutic and diagnostic markers for the IGF1R addicted cancers including EOC. 

Continuous application of low dose Ro5-3335 showed attenuation of IGF1R promoter 

activity in vivo in tumor xenografts and with intermittent drug treatment led to significant 

decrease in IGF1R expression, thus establishing that disrupting the transcriptional activation 

of IGF1R promoter by RUNX1/FOXO3a can be a new window of therapeutic strategy to 

indirectly direct IGF1R. RUNX1 is indispensable for establishment of definitive 

hematopoiesis in vertebrates. However, no obvious illness was observed in long term use of 

300mg/kg/day of Ro5-3335 in mice [337] and a single dose of 5mg/kg of Ro5-3555 protects 

LPS induced death in mice by reducing inflammation [439]. We applied similar low dose 

in fractionated manner (2mg/kg/day/5days) and observed that low dose RUNX1 inhibitor 
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with platinum-taxol could effectively delay resistance development. However, a detail dose 

dependent study is warranted to assess potential of RUNX1 inhibition combating the 

platinum-taxol resistance. 

Altogether, our data strengthens the importance of augmented expression of IGF1R at onset 

of chemoresistance development, which imparts the chemoresistance against 

chemotherapeutic drugs Cisplatin and Paclitaxel in EOC cells. The hyperactive IGF1R 

signalling maintains the CSC phenotype, CSC chemoresistance, promotes cellular 

proliferation and antagonizes Cisplatin-Paclitaxel induced apoptosis in early resistant cells. 

Most importantly we show that perturbation of RUNX1 activity severely compromised 

IGF1R promoter activity and sensitized the tumors of early resistant cells to platinum-taxol 

treatment, as monitored by non-invasive imaging. Thus, an indirect approach by targeting 

IGF1R gene regulators, such as RUNX1, in IGF1R addicted cancer or in therapy resistant 

situation might arise as a viable option. This RUNX1-FOXO3a partnership most likely 

impacts other target genes required for resistance. Therefore, targeting RUNX1 in 

combination with chemotherapy might turn up as a new strategy to reverse or delay 

development on chemoresistance in EOC cells. 
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Figure 56: Proposed model of IGF1R/MAPK/ERK signalling mediated 

chemoresistance through maintenance of CSC phenotype and suppression of 

apoptosis at and for indirect targeting of the augmented expression of IGF1R at 

onset of chemoresistance development by blocking transcriptional regulators of 

IGF1R promoter in EOC cells 
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 Chapter 4: Summary and Conclusion 

4.1 Summary 

The race to develop anti-IGF1R targeted therapies for cancer has been hindered due to 

failure of clinical trials to yield clinical benefits. However, the mounting evidence suggest 

that not only IGF1R overexpression is ubiquitous across different cancer types but it is also 

a key signalling molecule underlying the resistance mechanisms against wide range of 

chemotherapeutic agents and targeted therapies [440]. The first anti-IGF1R targeted therapy 

(Teprotumumab) has been recently (January, 2020) approved, although not for cancer 

treatment, but for treatment of Graves’ orbitopathy [441]. Several pre-clinical studies have 

started reevaluation of anti-IGF1R agents, not as a standalone treatment, but in combination 

with chemotherapeutic agents and other targeted therapies along with identification of 

predictive biomarkers to unlock the full potential of anti-IGF1R targeted therapies in cancer 

[440]. Using indigenously developed isogenic EOC chemoresistance models against 

Cisplatin/Paclitaxel/Cisplatin-Paclitaxel combination, we reported a pulsatile nature of 

IGF1R expression during acquirement of chemoresistance development. The augmented 

levels of IGF1R were shown to impart chemoresistance against Cisplatin-Paclitaxel at early 

stages of chemoresistance development; moreover, we observed similar therapy induced 

upregulation of IGF1R expression in tumors of a small cohort of high grade serous EOC 

patients [252]. The underlying mechanisms behind this undulating IGF1R expression during 

progression of chemoresistance has led to this investigation which deciphers two important 

questions pertaining the role of IGF1R signalling in chemoresistance development of EOC, 

A)  unraveling the complex circuitry of modulators governing IGF1R expression and B) 

decoding the molecular mechanisms behind IGF1R mediated chemoresistance and 

identifying potential approach to indirectly target IGF1R through its regulators in IGF1R 

addicted or therapy resistant cancers. 
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IGF1R overexpression in many cancer types is significantly attributed to the transcriptional 

modulation rather than to rare instances of gene amplification, hence we used an IGF1R 

promoter driven bi-fusion (bioluminescence-fluorescence) reporter sensor to uncover the 

mechanisms behind this oscillating IGF1R expression during progression of resistance. The 

IGF1R-promoter-reporter sensor showed similar pulsatile nature as previously observed for 

endogenous IGF1R transcript and protein levels, significantly upregulated at early stages of 

chemoresistance and declined in late resistance stages. Next, using a transcription factor 

binding IGF1R promoter competition assay we identified eight new transcription factors 

(RXR, SOX9, VDR, GFI1, ROR, RUNX1, NKX2.5 and SOX18) along with SP1 (a known 

IGF1R regulator) as potential regulators of IGF1R promoter in chemoresistant EOC cell. 

Sarfstein. et. al. (2009), using biotinylated IGF1R promoter reported identification of 

several transcription factors binding to IGF1R promoter in breast cancer cells [363]. 

However, this is first report where we identify potential regulators of IGF1R promoter in 

chemoresistant cancer cells, apart from pVHL and FOXO1 regulating IGF1R in in 5-

Fluorouracil and etoposide resistant renal cell carcinoma and PI3K-δ inhibitor resistant 

chronic lymphocytic leukaemia respectively [300, 442]. Though transcription factor-

promoter array analysis in this study identified several unique transcriptional regulators, 

perturbation of only RUNX1 activity (RUNX1-CBFβ inhibitor, Ro5-3335) significantly 

attenuated IGF1R transcriptional and promoter activity in chemoresistance models. 

RUNX1, a significantly altered gene in acute myeloid leukaemia and functions as a 

pioneering transcription factor in haematopoiesis [341], showed increased expression and 

nuclear localization of RUNX1 along with enhanced binding of RUNX1 to IGF1R promoter 

at both early and late stages of chemoresistance. Despite increased RUNX1 expression and 

functional activities (nuclear localization and enhanced binding on IGF1R promoter) across 

both stages of chemoresistance, specific inhibition of IGF1R by Ro5-3335 was observed 
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only in early-resistant cells, which signifies for contributory role of other regulator/s for 

optimal activation. Using JASPAR, a TF binding prediction software we found that 

consensus binding sites of transcription factors identified from transcription factor array and 

previously reported IGF1R binding transcription factor are scattered throughout IGF1R 

promoter. Intriguingly, RUNX1 and FOXO3a (a known IGF1R regulator) [328] binding 

elements showed proximity to each other on IGF1R promoter. As opposed to RUNX1, 

FOXO3a exhibited a similar pulsatile pattern like IGF1R across resistant stages with 

increased nuclear localization of both total and transcriptionally active FOXO3a (p-S413) 

and higher IGF1R promoter occupancy in early resistant cells. Mutating FOXO3a binding 

elements on IGF1R promoter in combination with Ro5-3335 treatment showed significant 

synergism in attenuating IGF1R promoter activity in early resistant cells as compared to 

FOXO3a binding element mutant IGF1R promoter or Ro5-3335 treatment alone. Indeed, 

the co-immunoprecipitation results demonstrated a stage specific interaction pattern 

between RUNX1 and FOXO3a which was highest in early resistant cells but minimal in 

sensitive and late resistant cells. This stage specific interaction pattern seems to influence 

their IGF1R promoter binding capacity as maximal RUNX1-FOXO3a co-occupancy was 

evident during onset of resistance which subsequently decreased at late-resistant stages as 

revealed by Chip-re-Chip assay, thus signifying cooperativity between RUNX1 and 

FOXO3a in regulation of IGF1R promoter activity. This cooperativity became evident from 

genetic (CBFβ knockdown) and pharmacological inhibition (Ro5-3335 treatment) of 

RUNX1 activity, which abolished FOXO3a binding in early-resistant cells indicating that 

RUNX1 binding is an obligatory step for FOXO3a occupancy specifically at the onset of 

resistance. This cooperative interaction of RUNX1-FOXO3a, however falls apart as cells 

reach late resistant cells due to simultaneous presence of hyperactivated AKT, which 

downregulates FOXO3a by nuclear exclusion. Indeed, AKT inactivation either through 
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serum starvation or by an inhibitor restores FOXO3a levels in late resistant cells 

upregulating IGF1R expression. 

Once, upstream molecular players regulating IGF1R expression were identified, we next 

checked the biological consequences of augmented IGF1R expression in maintaining 

chemoresistance properties of EOC cells. IGF1R silencing significantly chemosensitized 

the early resistant cells to chemotherapeutic agents Cisplatin-Paclitaxel alone. More 

importantly IGF1R was shown to maintain CSC phenotype in early resistant cells through 

upregulation of pluripotency transcription factors Sox2, Oct4 and Nanog. The CSC-like SP 

cells were highly resistant to Cisplatin-Paclitaxel compared to the respective NSP and MP 

cells, more importantly IGF1R knockdown showed enhanced chemosensitization of SP 

cells. Among the two major signalling arms, AKT showed gradual activation with 

increasing resistance, whereas, ERK1/2 showed highest activation in only early resistant 

cells. Silencing IGF1R revealed that the MAPK/ERK signalling arm is activated 

downstream of IGF1R, whereas PIK3CA/AKT signalling largely remains unaffected across 

the chemoresistant model. The increased levels of IGF1R in early resistant cells induced the 

levels of anti-apoptotic proteins BCL-2 and BCL-XL, whereas it antagonized the induction 

of pro-apoptotic protein BAD post Cisplatin-Paclitaxel treatment in early resistant cells, thus 

supressing the Cisplatin-Paclitaxel induced apoptosis in early resistant cells. Interestingly, 

AKT inhibition in late resistant cells induced IGF1R, which was shown to impart resistance 

against AKT inhibition, as dual inhibition of AKT and IGF1R significantly reduced cell 

survival of late resistant cells. The augmented levels of IGF1R imparting resistance against 

Cisplatin-Paclitaxel in early resistant cells and AKT inhibition induced IGF1R limiting 

efficacy of AKT inhibitor, both were regulated by transcriptional modulation of IGF1R 

promoter by RUNX1/FOXO3a. 
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In present study we have shown that RUNX1/FOXO3a maintain augmented IGF1R 

promoter activity at onset of chemoresistance development in EOC cells leading to 

increased expression of IGF1R. Thus, we investigated the potential of blocking 

RUNX1/FOXO3a/IGF1R axis to assess the biological implication of this axis in targeting 

early onset of chemoresistance. Pharmacological (Ro5-3335 treatment) or genetic ablation 

(CBFβ knockdown) of RUNX1 activity attenuated IGF1R promoter activity, reduced 

IGF1R expression, impaired tumor proliferation and showed enhanced chemosensitization 

to Cisplatin-Paclitaxel both invitro and invivo in early resistant cells. RUNX1 is 

indispensable for establishment of definitive haematopoiesis in vertebrates. However, no 

obvious illness was observed in long term use of 300mg/kg/day of Ro5-3335 in mice [337] 

and a single dose of 5mg/kg of Ro5-3555 protects LPS induced death in mice by reducing 

inflammation [439]. We applied similar low dose in fractionated manner 

(2mg/kg/day/5days) and observed that low dose RUNX1 inhibitor with platinum-taxol 

could effectively delay resistance development. However, a detail dose dependent study is 

warranted to assess potential of RUNX1 inhibition combating the platinum-taxol resistance 

in cancers with augmented IGF1R expression. 

4.2 Conclusion 

Here, for the first time we report RUNX1 as a unique regulator of IGF1R promoter which 

exerts a cooperative interaction with FOXO3a and dynamically modulate IGF1R expression 

during acquirement of chemoresistance in EOC cells. Genetic and pharmacological 

inhibition followed ChIP and ChIP-re-ChIP assay revealed that RUNX1 strengthened 

FOXO3a occupancy on IGF1R promoter, leading to a transcriptional surge during initiation 

of resistance which is lost at the late stages. Further an active AKT-FOXO3a negative 

feedback loop was shown to maintain the pulsatile behaviour of IGF1R and FOXO3a. We 

also showed that upregulated IGF1R at onset of resistance confers resistance to Cisplatin-
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Paclitaxel though modulation of CSC phenotype and inhibition apoptosis by downstream 

IGF1R signalling. Perturbation of RUNX1 activity severely compromised IGF1R promoter 

activity and sensitized the tumors of early resistant cells to platinum-taxol treatment, as 

monitored by non-invasive imaging. Altogether our findings delineate a dynamic interplay 

between several molecular regulators (RUNX1/FOXO3a/AKT) driving pulsatile IGF1R 

expression and identifies a new avenue for targeting EOC through RUNX1-IGF1R axis 

during acquirement of chemoresistance.
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 Chapter 5: Materials and Methods 

5.1 Cell culture 

5.1.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Media – DMEM, MEM and RPMI Gibco, USA 

2 Foetal bovine serum (FBS) HiMedia, India 

3 100X-Penicillin – Streptomycin (Pen-Strep) HiMedia, India 

4 Trypsin-0.25% –Ethylenediaminetetraacetic 

acid (EDTA)-0.02% 

Sigma, USA 

5 Phosphate buffered saline (PBS) pH7.4* In-House 

6 Dimethyl sulfoxide (DMSO) Sigma, USA 

7 G418 Sigma, USA 

8 Puromycin Sigma, USA 

9 Superfect transfection reagent Qiagen, USA 

10 Lipofectamine 2000 Invitrogen, USA 

11 Trypan blue solution (0.4%) Sigma, USA 

12 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) 

Sigma, USA 

13 Low melting agarose AMRESCO, USA 

14 Agarose Sigma, USA 

15 Epidermal growth factor (EGF) Sigma, USA 

16 Fibroblast growth factor (FGF) Sigma, USA 

17 Insulin  Sigma, USA 

18 Leukaemia inhibiting factor (LIF) Thermo Fisher Scientific, USA 

19 Vybrant DyeCycle Violet (DCV) stain Thermo Fisher Scientific, USA 

20 Verapamil hydrochloride Sigma, USA 

21 Methanol Qualigens, India 

22 Glacial acetic acid Fischer Scientific, USA 

23 Crystal violet Sigma, USA 

24 Polybrene Sigma, USA 

*PBS: 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4 and 2mM KH2PO4, pH 7.4. 
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5.1.2 Cell lines 

The cell lines used in the current study are listed below with their respective growth media. 

Sr. No. Cell line name Origin Source Couture media 

1 A2780 Ovarian cancer ATCC DMEM 

2 OAW42 Ovarian cancer ATCC MEM 

3 SKOV3 Ovarian cancer ATCC RPMI 

4 MCF7 Ovarian cancer ATCC RPMI 

5 HEK293FT Human embryonic ATCC DMEM 

 

5.1.3 Methods 

All the cell lines used in current study were maintained in their respective media 

supplemented with the 10% FBS and 1% Pen-Strep and incubated under 5% CO2 at 37°C 

and 90% humidity. Cells with 70-80% confluence were used for experiments. 

5.1.3.1 Sub-culture and maintenance 

a) Wash cells gently twice with sterile PBS after removing spent media. 

b) Add sterile trypsin-EDTA solution to the cell culture dish and incubate at 37°C till all 

cells detach from plate surface. 

Amount of trypsin as per cell culture dish size, 100mm: 1ml and 60mm: 0.5ml. 

c) Collect cells by adding thrice the volume of sterile cell culture media and centrifuge at 

800rpm for 5 minutes at 4°C. 

d) Discard the supernatant, resuspend cells in sterile PBS and centrifuge again at 800rpm 

for 5 minutes at 4°C. 

e) Discard the supernatant, resuspend cells in sterile culture media and make single cell 

suspension by pipetting. 

f) Count the cells using Neubauer chamber after diluting cells with trypan blue dye in 1:3 

ratio. Estimate the viable cell count using formula, 
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g) Sub-culture cells in 1:3 split ratio or according to experimental requirement. 

5.1.3.2 Cryopreservation of cells 

a) Briefly trypsinize cells as described in section 1.1.3.1 and determine viable cell count. 

b) Resuspend 1-2x106/ml cells in pre-chilled freezing media (sterile media with 50% FBS) 

and add sterile DMSO to this solution dropwise at final concentration of 10%. 

c) Aliquot 1ml of the above suspension to the cryo-vials (pre-labelled with cell line name, 

passage number and date of freezing) and freeze cells slowly (approximately at rate of 

1-2°C/hr) first at -20°C for 2 hours and later at -80°C overnight using mini-cooler. Next 

day store the frozen cryo-vials in liquid nitrogen. 

5.1.3.3 Revival of cryopreserved cells 

a) Thaw the frozen cryo-vial at 37°C in water bath. Transfer thawed cells to fresh 5ml 

sterile media and centrifuge at 800rpm for 5 minutes at 4°C. 

b) Discard the supernatant. Resuspend cells in sterile culture media, transfer to a 60mm 

cell culture dish and incubate the plate under 5% CO2 at 37°C. 

c) Next day cells wash cells once with sterile PBS and feed with fresh sterile media. 

5.1.3.4 Transfection of cells for transient/stable expression of transgenes 

a) One day prior to transfection trypsinize the cells, determine viable cell count and seed 

cells in appropriate number according to the experimental requirement. 

b) Wash the cells with sterile PBS once before adding DNA-transfection reagent complex 

to the cells. 

c) Prepare DNA-Superfect transfection reagent complex according to requirement of the 

experiment following manufacturer’s instructions (See below). 
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Culture 

format 

Adherent cells 

to be seeded 

DNA 

(µg) 

Final volume of 

DNA to be 

diluted in serum 

free media 

(µl) 

Volume of 

Superfect 

reagent 

(µl) 

Volume of 

serum 

containing 

media 

(µl) 

24-Well 2.0 – 8.0x104 1.0 60 5.0 350 

12-Well 0.4 – 2.0x105 1.5 75 7.5 400 

6-Well 0.9 – 4.0x105 2.0 100 10.0 600 

60mm 2.0 – 8.0x105 5.0 150 30.0 1000 

100mm 0.5 – 2.5x106 10 300 60.0 3000 
 

 Dilute DNA in appropriate volume of sterile serum free media (containing no 

proteins or antibiotics) and mix well by gentle pipetting. 

 Add appropriate volume of Superfect transfection reagent to above mixture and 

mix well by gentle pipetting. 

 Incubate above mixture for 15-20 minutes at room temperature.  

 After incubation add appropriate volume of sterile serum containing media. 

 Mix the mixture gentle pipetting and immediately transfer it onto the cells to be 

transfected. 

  

d) Wash the cells with sterile PBS once before adding DNA-transfection reagent complex 

to the cells. 

e) Add DNA-transfection reagent complex onto the cells and incubate under 5% CO2 at 

37°C for three hours. 

f) Remove transfection complex after 3 hours of incubation, wash cells once with sterile 

PBS and process further according to the experimental requirements.  

g) Perform all transient transfection experiments within 72 hours of transfection. 

h) For stable transfection, cells trypsinize cells post 24 hours of transfection and subculture 

them in 100mm tissue culture dish maintaining single cell density post seeding. 

i) Maintain subcultured cells in sterile media containing appropriate quantity of drug 

selection marker (present in plasmid). 
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j) Feed fresh sterile media with adequate quantity of drug selection marker every 72 hours. 

k) Once well isolated colonies emerge in cell culture dish, pick them up by point 

trypsinization and transfer to the 96-well plate and maintain them in sterile media 

containing appropriate quantity of drug selection marker. 

l) Screen each colony using appropriate method to identify cells expressing transgene. 

m) Maintain the established stable cells expressing transgene in sterile media containing 

appropriate quantity of drug selection marker during expansion. 

5.1.3.5 MTT cell viability assay 

a) Seed appropriate number of cells were in 96-well pate, 24 hours prior to the experiment. 

A2780: 2000 cells/well and OAW42/SKOV3: 1000 cells/well 

b) Treat cells with appropriate concentration of drugs as per the requirement of the 

experiment for 72 hours under 5% CO2 at 37°C. 

 A2780 and OAW42 models Cisplatin + Paclitaxel (50ng/ml+8.5 ng/ml) for 72 hours 

 A2780 and OAW42 models Ro5-3335 (A2780 = 200μM and OAW42 = 20μM) for 

24 hours followed by Cisplatin + Paclitaxel (50ng/ml + 8.5 ng /ml) for 72 hours 

c) Add 20µl of 5mg/ml of MTT solution to each well at the end of the incubation and 

incubate cell further for 2 hours under 5% CO2 at 37°C. 

d) After two hours remove all media completely without disturbing the formazan crystals 

and dissolve crystals in 200µl of DMSO per well. 

e) Take optical density of solubilized formazan crystals at 560nm and 670nm. 

f) Determine percent cell viability using following formula, 

������� ���� ��������� =
���� ��������� 560 −  ���� ��������� 670

������� ��������� 560 −  ������� ��������� 670
 � 100 

5.1.3.6 Soft agar colony formation assay 

a) Prewarm sterile 2X-cell culture media with 20% FBS at 37°C in water bath. 
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b) Melt sterile 2% low melting agarose and keep it warm at 40°C in water bath. 

c) Mix equal amount of the 2X-cell sterile culture media with 20% FBS and sterile 2% 

low melting agarose. 

d) Coat 35mm culture dish with 1 ml of this mixture to form the bottom layer. 

e) Let the bottom layer solidify properly inside tissue culture hood for 40 minutes. 

f) Next trypsinize cells, make single cell suspension and determine viable cell count. 

g) Mix equal amount of the 2X-cell sterile culture media with 20% FBS and sterile 2% 

low melting agarose and add cells to this mixture at final concentration of 

500cells/35mm dish. Make sure that single cell suspension is achieved before pouring 

them. Seed control and test cells in triplicates. 

h) Pour mixture containing cells on top of the bottom layer and let it solidify inside tissue 

culture hood for 40 minutes. 

i) Incubate soft agar plates under 5% CO2 at 37°C. 

j) Every second day feed plates with 2-3 drops of the sterile 1X-media and monitor growth 

of the colonies. 

k) Count the number of colonies using compound microscope by using grid method. Also 

take multiple images of the colonies for determining average colony size. 

5.1.3.7 Spheroid formation assay 

a) Prepare sterile 10X-spheroid media with following composition and filter sterilize 

media using 0.2µ filter. Before use dilute 10X-spheroid with sterile incomplete media. 

Stock concentration Final concentration 10X-Spheroid media (10ml) 

EGF (500ng/µl) EGF (10ng/ml) 2µl 

EGF (1000ng/µl) FGF (20ng/ml) 2µl 

Insulin (500ng/µl) Insulin (10ng/ml) 2µl 

LIF (100ng/µl) LIF (10ng/ml) 10µl 

Pen-Strep Pen-Strep (1%) 100µl 

ajitdhadve
Rectangle

ajitdhadve
Typewriter
FGF
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b) Prepare 24-well pates by coating them with sterile 1% agarose. Make sure the entire 

base gets properly coated with agarose. 

c) Let agarose layer solidify properly inside issue culture hood for 40 minutes. 

d) Next trypsinize cells, make single cell suspension and determine viable cell count. 

e) Take required number of cells and resuspend them in sterile 1X-spheroid media such 

that final cell count is 2000cells/ml. 

Make sure that single cell suspension is achieved before pouring them. Seed control 

and test cells in triplicates. 

f) Plate 1ml of above cell suspension per well in agarose coated 24-well plate in triplicates. 

Incubate plates under 5% CO2 at 37°C. 

g) Feed spheroid plates after every 48 hours with sterile 10X-spheroid media such that 

final concentration becomes 1X. Monitor growth of the spheroids. 

h) Count number of spheroids using compound microscope by using grid method.  

i) To test self-renewal properties of cells spheroids must be serially passaged. 

j) Collect spheroids and centrifuge at 800rpm for 5 minutes at 4°C. 

k) Discard supernatant, resuspend spheroids in 200µl of sterile trypsin-EDTA and 

incubate for 2-3 minutes at 37°C. 

l) Neutralize trypsin by adding thrice the volume of sterile media containing FBS and 

centrifuge at 800rpm for 5 minutes at 4°C. 

m) Discard supernatant, resuspend in sterile PBS and centrifuge again at 800rpm for 5 

minutes at 4°C. 

n) Resuspend cells in sterile spheroid media, make single cell suspension and determine 

viable cell count. 

o) Plate again the cells in agarose coated plates at density of 2000cells/well of 24-well 

plate as described previously and monitor the growth of the spheroids. 
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p) Repeat assay for multiple passages to determine the maximum number of passages a 

cell can grow as spheroids.  

q) Count the number of spheroids at every passage. 

5.1.3.8 DyeCycle Violet side population assay  

a) DyeCycle Violet stain solution was used from Invitrogen (5mM-stock). 

b) Prepare Verapamil stock of 5mM in DMSO (Dissolve 1.23mg of Verapamil 

hydrochloride in 500µl of DMSO). Aliquot Verapamil stock (5mM), 50µl/tube and 

store at -20°C. 

c) Trypsinize cells, make single cell suspension and determine viable cell count. 

d) Resuspend cells in 1 ml of media as described below: 

 Verapamil control : 1-5x106 cells (DCV + Verapamil) 

 Test    : 1-5x106 cells (DCV) 

e) Add 10µl of verapamil stock solution in control tube (final concentration 50µM) and 

incubate for 15 minutes at 37°C in water bath. 

f) After 15 minutes of incubation, add 1µl DyeCycle Violet stain solution (final 

concentration 5µM) to both the tubes (verapamil control and test) and incubate tubes 

for 90 minutes at 37°C in water bath in dark. 

g) Tap the tubes every 15 minutes. 

h) At the end of the incubation keep tubes on ice for 10 minutes and then centrifuge at 

1000rpm for 5 minutes at 4°C. 

i) Discard the supernatant and resuspend cells in sterile PBS. Keep tubes on ice till 

acquired by flowcytometry. 

j) Analyse the acquired data as described below, 

 Gate cells (P1) in SSC-A Vs FSC-A scatter. 
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 Next identify single cell population first by FSC-H Vs FSC-A scatter in gate-P2 

and then by SSC-H Vs SSC-A scatter in gate-P3. 

 Finally identify the side population by Pacific Blue-A Vs AmCyanC-A scatter. Use 

Verapamil control to guide SP-gating.  

 

5.1.3.9 Long term survival clonogenic assay  

a) Trypsinize cells, make single cell suspension and determine viable cell count. 

b) Seed 500cells/well in 6-well plates and incubate the plates under 5% CO2 at 37°C. 

c) Next day treat cells with appropriate drugs for required time period. 

d) After drug treatment is done, remove drug containing media and add fresh media. 

 A2780 and OAW42 models Cisplatin + Paclitaxel (50ng/ml+8.5 ng/ml) for 24 hours 

 Figure 57: Schematic representation of data analysis for DCV side population assay
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 A2780 and OAW42 models Ro5-3335 (A2780 = 200μM and OAW42 = 20μM) for 

12 hours followed by Cisplatin + Paclitaxel (50ng/ml + 8.5 ng /ml) for 24 hours 

e) Incubate plates under 5% CO2 at 37°C and observe the plates for colony formation. 

Approximately till 7-10 days. Do not let the colonies merge. 

f) At the end of the incubation wash plates once with PBS and fix carefully using pre-

chilled fixative (90% methanol + 10% glacial acetic acid) at -20°C for 5 minutes. 

g) After 5 minutes remove the fixative and add staining solution (0.5% crystal violet in 

90% methanol + 10% glacial acetic acid) to plates. 

h) Incubate plates in staining solution for 30-60minutes or till colonies get stained. 

i) Calculate the plating efficiency of control and treated cells using following formula, 

������� ���������� =
������ �� �������� ������

������ �� ����� ������
� 100 

j) Calculate the surviving fraction using following formula, 

��������� �������� =
������� ���������� �� ������� ������

������� ���������� �� ������� ������
  

5.1.3.10 Preparation of lentilox virus particles  

a) One day prior to co-transfection seed 1X106 HEK293FT cells in a 60mm dish. 

b) Next day observe plate under microscope for uniform seeding and proceed further. If 

cells look like clumped at centre do not proceed. 

Uniform cell seeding is necessary for co-transfection. 

c) Plasmids quantity required for co-transfection of one 60mm dish, 

 VSVG   : 2 μg 

 PΔ    : 4 μg 

 pLL3.7-ShRNA : 6 μg 

d) Take required volume of plasmids in a 2ml sterile tube and make up the volume to 

500µl using incomplete sterile media (media without FBS and antibiotics). 
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e) In a second sterile 2ml tube take 30µl of Lipofectamine 2000 reagent and make up the 

volume to 500µl using incomplete sterile media (media without FBS and antibiotics). 

f) Incubate tubes at room temperature for 5 minutes. Later mix both the suspensions in 

15ml sterile tube and incubate at 37°C for 20 minutes. 

g) At the end of incubation add 2ml of sterile complete media to the above mixture and 

mix gently twice. 

h) Remove spent media from cells to be transfected and add above 3ml mixture to cells 

carefully and incubate under 5% CO2 at 37°C. 

i) Post 16-20 hours of transfection remove media containing transfection complex and 

feed fresh sterile complete media. 

j) Incubate plates under 5% CO2 at 37°C for 48-60 hours. Daily observe cells for syncytia 

formation i.e. fusion of cells by observing GFP expression. 

Syncytia is an indication of virus particle production. 

k) Also observe media during 48-60 hours of incubation. Do not allow media to turn 

yellow as acidic pH may inactivate virus particles. If media looks exhausted add fresh 

1-2ml of sterile complete media to on top of it gently. 

l) At the end of the 48-60 hours of incubation proceed to collect virus particles. Collect 

media into a 15 ml of sterile tube aseptically and discard cells. 

m) Centrifuge collected media at 2000 rpm for 10 minutes to pellet down cell debris. Next 

filter the supernatant through a 0.45μ sterile syringe filter into a fresh tube. 

n) Ultra-centrifuge the 0.45μ filtered supernatant at 30,000 rpm for 90 minutes at 4°C. 

Acceleration: Full and Deceleration: No brake. 

o) A white pellet will form. Discard the supernatant into hypo-chloride carefully without 

disturbing the pellet. 
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p) Add fresh 0.5ml to 1.0ml of sterile complete media to pellet and gently tap such that 

pellet comes into media. Do not pipette. 

q) Keep tube for re-suspension of pellet at 4°C overnight. Next day use virus particles for 

transducing cells, if not using immediately aliquot the virus particles and store at -80°C. 

5.1.3.11 Identification of viral titre 

a) Seed 1x105cells/well in a 12-well plate one day prior to the transduction. 

b) Dilute the viral stock in serial 2-fold dilutions as described below, 

Serial dilution Dilution factor Serial dilution Dilution factor 

Neat 1 1:8 8 

1:2 2 1:16 16 

1:4 4 1:32 32 

 

c) Keep the final volume of all dilutions same. 

d) Determine the cell count of seeded cells before transduction with viral particles. 

e) Add diluted virus to the cells with 4µg/ml of polybrene and incubate cells under 5% 

CO2 at 37°C for 48 hours. 

f) Post 48 hours of transduction analyse cells by flowcytometry for eGFP positive cells. 

g) Determine the viral titre for each dilution by formula, 

����� ���������� ����� (��) ��� ��

=
������ �� ����� ���������� � ���������� ��� �������� �����

����� ������ �� ����� �������� �� �� � �������� ������
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5.2 Bacterial culture 

5.2.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Luria-Bertani (LB) broth HiMedia, India 

2 Luria-Bertani (LB) agar HiMedia, India 

3 Yeast extract HiMedia, India 

4 Bactotryptone HiMedia, India 

5 Ampicillin Sigma, USA 

6 Kanamycin Sigma, USA 

7 Dimethyl sulfoxide (DMSO) HiMedia, India 

8 Sodium chloride Qualigens, India 

9 Potassium chloride SDFCL, India 

10 Magnesium sulphate  SRL, India 

11 Magnesium chloride HiMedia, India 

12 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Sigma, USA 

13 Calcium chloride Sigma, USA 

14 Manganese chloride Sigma, USA 

15 Potassium hydroxide HiMedia, India 

16 Glucose HiMedia, India 

17 Tris-Base Sigma, USA 

18 Sodium-EDTA MP, India 

19 NucleoSpin® Plasmid kit Macherey-Nagel, Germany 

20 Super optimal broth (SOB) media* In-House 

21 Transformation buffer (TB)** In-House 

*SOB (100ml): 2g-bactotryptone, 0.5g-yeast extract, 50mg-Nal, 18.6mg-KCl. 1M- MgCl2 

(10 ml): 2.033g and 1M- MgSO4 (10 ml): 2.465g. **TB (120ml): 0.286g-HEPES (10mM), 

0.265g-CaCl2 (15mM), 2.237g-KCl (250mM). Dissolve all components and then adjust the 

pH to 6.7 using KOH, then add 1.306g-MnCl2 (55mM) and make up the volume to 120ml. 
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5.2.2 Bacterial strains 

Sr. No. Bacterial strain Source 

1 Escherichia coli DH5α ATCC 

2 Escherichia coli stbale3 ATCC 
 

5.2.3 Methods 

All bacterial cultures were maintained aseptically in LB media with or without the 

antibiotics and incubated at 37°C for growth. 

5.2.3.1 Preparation of ultra-competent cells 

a) Prepare 100ml of SOB media*, 1M-MgCl2* and 1M-MgSO4* separately one day prior 

and heat sterilize. 

b) Streak E. coli DH5α or E. coli stable3 on LB agar plate and incubate overnight at 37°C. 

c) Next day initiate starter culture by inoculating single colony from overnight grown plate 

in 1ml of LB broth and incubate for 4-6 hours in shaker incubator at 37°C and 200rpm. 

d) Add 1ml of each 1M-MgCl2 and 1M-MgSO4 to 100ml of SOB and pre-chill at 16°C. 

e) Inoculate pre-chilled SOB media (containing MgCl2 and MgSO4) with 200µl of starter 

culture and incubate in shaker incubator at 16°C and 120rpm till optical density of 

culture reaches 0.4-0.5 at 600nm (approximately 48-60 hours). 

f) Prepare transformation buffer (TB)** fresh the day which optical density reaches 0.4-

0.5. Filter sterilize TB and pre-chill at 4°C before use. 

g) Pre-chill sterile 1.5ml micro-centrifuge tubes and 50ml centrifuge tubes. Now onwards 

all steps are performed on ice. 

h) Once optical density reaches 0.4-0.5 at 600nm, keep the flask on ice for 10 minutes.  

i) After 10 minutes transfer the bacterial culture to pre-chilled 50ml centrifuge tubes and 

centrifuge at 3000rpm for 10 mites at 4°C. 
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j) Discard supernatant, resuspend pellet in pre-chilled TB and incubate on ice for 10 

minutes. 

k) Centrifuge at 3000rpm for 10 minutes at 4°C. Discard the supernatant and resuspend 

the pellet in 1.86ml of pre-chilled TB. 

l) Add 0.14ml of DMSO to 1.86ml of culture and immediately transfer 100µl of this 

mixture to pre-chilled sterile 1.5ml micro-centrifuge tubes. 

m) Immediately snap freeze the culture containing micro-centrifuge tubes using liquid 

nitrogen. Store competent cells at -80°C. Check the competency using pUC19 vector. 

5.2.3.2 Plasmid transformation into bacteria 

a) Thaw ultra-competent cells on ice and add 1-5ng of plasmid DNA@ / # to it. Incubate on 

ice for 30 minutes. 

b) After 30 minutes give heat shock to above mixture at 42°C for 60 seconds and keep 

immediately on ice for 2 minutes. 

c) Add 900µl of SOC to above mixture and incubate for 1 hour in shaker incubator at 37°C 

and 200rpm. 

SOC: SOB + 1 mM Glucose 

d) At the end of incubation dilute the 100µl of above transformed mixture@@ / ## 10 times 

and plate 100µl of diluted transformation mixture by spread plate method on LB agar 

containing appropriate antibiotic. Incubate plates overnight at 37°C. 

e) Modifications in bacterial transformation protocol for ligation and DpnI digested site-

directed mutagenesis products. 

 Ligation products: 

@Add 10-20µl of ligation product to competent cells for transformation. 

@@Centrifuge the transformation mixture at 1500rpm for 5 minutes. Resuspend the 

pellet in 100µl of SOC and plate entire transformation mixture. 
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 DpnI digested site-directed mutagenesis products: 

#Add 10µl of l DpnI digested site-directed mutagenesis products to competent cells for 

transformation. 

##At the end of incubation plate undiluted 100-200µl of transformation mixture. 

5.2.3.3 Isolation of plasmid DNA from bacteria 

a) Inoculate 5ml of sterile LB broth (containing appropriate antibiotic) with single colony 

from transformed bacteria and incubate for 12-16 hours in shaker incubator at 37°C and 

200rpm. 

b) Centrifuge the overnight grown culture at 3000rpm for 10 mites at 4°C. Discard the 

supernatant and use pellet to isolate plasmid DNA using NucleoSpin® Plasmid kit. 

c) Use the brief protocol describe below. 

d) Determine the purity and concentration of plasmid DNA by Nanodrop and store the 

plasmid DNA at -20°C.  

 

 

 

 

 

Figure 58: Schematic representation of plasmid isolation protocol using 

NucleoSpin® Plasmid kit 
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5.3 Molecular cloning 

5.3.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Glacial acetic acid Fischer Scientific, USA 

2 Sodium-EDTA MP, India 

3 Tris base Sigma, USA 

4 Agarose Sigma, USA 

5 Ethidium bromide (EtBr) Sigma, USA 

6 6X DNA loading dye NEB, USA 

7 DNA markers: 100bp and 1kb DNA ladders NEB, USA 

8 NucleoSpin® Gel and PCR Clean-up kit Macherey-Nagel, Germany 

9 Restriction enzymes and buffers NEB, USA 

10 T4 DNA Ligase kit NEB, USA 

11 PrimeSTAR GXL DNA Polymerase Clontech-Takara-Bio, USA 

12 Tris acetate EDTA buffer (TAE)* In-House 

*TAE buffer (1X-1L): 4.846g-Tris base (40mM), 1.21 ml- Glacial acetic (20mM), 0.372g- 

Sodium EDTA (1mM). 

5.3.2 Methods 

5.3.2.1 DNA gel electrophoresis 

a) Prepare agarose gel in 1X-TAE buffer according to the size of DNA to be resolved and 

downstream purpose. Add EtBr to molten agarose at final concentration of 0.2g/ml. 

Agarose gel percentage Range of effective separation (bp) 

0.6-0.8 1,000-20,000 

0.9-1.2 800-10,000 

1.3-.15 300-7,000 

1.6-2.0 100-3,000 

2.0-3.0 25-1,000 
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b) Transfer solidified agarose gel to electrophoresis tank and pour 1X-TAE buffer into 

electrophoresis tank. Wash the wells to remove residual agarose particles by pipetting. 

c) Mix the DNA samples such as PCR product and restriction digestion reactions with 6X-

DNA loading dye and load the samples in gel along with appropriate DNA ladder. 

d) Run the samples at 60-80V till desired separation of DNA bands is achieved. 

e) Visualize and document the separated DNA bands using UV-gel documentation 

system. 

5.3.2.2 DNA purification from gel, PCR product and restriction digestion reactions 

a) Cut the desired DNA fragment from agarose gel using clean scalpel under UV-

illuminator. Use personal protective equipment. 

b) Collect the agarose piece containing DNA fragment in microfuge tube and determine 

the weight of the agarose piece. 

c) Purify DNA from gel, PCR and restriction digestion reactions using NucleoSpin® Gel 

and PCR Clean-up kit as per manufacturer’s instructions. 

d) Use the brief protocol describe below. 

 

 

 

Figure 59: Schematic representation of PCR clean up protocol using NucleoSpin® 

PCR clean up kit 
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e) Determine the purity and concentration of purified DNA by Nanodrop and store the 

DNA at -20°C.  

5.3.2.3 Restriction digestion 

a) Select appropriate restriction enzymes with compatible sites within both vector 

backbone plasmid and vector containing the insert DNA. 

b) Use NEBcloner (http://nebcloner.neb.com/#!/redigest) tool to determine the buffer 

system compatible for optimal functionality of restriction enzymes. 

c) Set restriction digestion as described below, 

Component 50µl reaction 

Plasmid DNA / PCR amplified DNA 1µg 

10X-NEB restriction buffer 5µl (1X) 

Restriction enzyme 1 10 units / 1µg of DNA 

Restriction enzyme 2 (if required) 10 units / 1µg of DNA 

Nuclease free water Make up the volume to 50µl 

Total amount of enzymes should be less than 10% of total reaction volume. 

d) Incubate the reaction mixture at 37°C water bath for 16-20 hours. 

e) Analyze the restriction digestion by DNA gel electrophoresis. 

5.3.2.4 Ligation 

a) Purify the vector backbone plasmid and insert DNA by NucleoSpin® Gel and PCR 

Clean-up kit 

b) Determine the purity and concentration of vector and insert plasmid DNA by Nanodrop. 

c) Set ligation reaction as described below, one test (vector + insert) and second vector 

control (only vector DNA). Use vector and insert DNA in 1:3 ratio. 
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Component 20µl reaction 

Vector Plasmid DNA 50-100 ng 

Insert plasmid DNA 150-300 ng 

10X-NEB T4 DNA ligase buffer 2µl (1X) 

T4 DNA Ligase enzyme 1µl 

Nuclease free water Make up the volume to 20µl 

d) Incubate the reaction mixture at 16°C water bath for 16-20 hours. 

e) Transform the ligation mixtures as described above. Screen the colonies using 

appropriate screening strategy. Verify the positive clone by restriction digestion and 

sanger sequencing.  

5.3.2.5 Site directed mutagenesis 

a) Design mutagenesis primers, both forward and reverse with desired mutation 

approximately at centre of both primers. 

b) Set up SDM reaction as described below, 

Component 50µl reaction 

Plasmid DNA template 125 ng 

Forward mutagenesis primer 125 ng 

Reverse mutagenesis primer 125 ng 

 2.5 mM dNTPs mix 4µl (200µM each) 

5X-Primestar GXL buffer 10µl (1X) 

Primestar GXL enzyme (high fidelity) 1µl (1.25 units) 

Nuclease free water Make up the volume to 50µl 

 

c) Put the reaction in PCR machine and run the reactions as described below. 
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d) Digest the original plasmid (used as templet) and SDM-PCR product with DpnI 

restriction enzyme as described previously.  

DpnI endonuclease cuts the methylated and hemi-methylated DNA (5´-Gm6ATC-3´), 

thus will fragmentize the original plasmid (used as templet) leaving behind only the 

newly synthetized plasmid with desired mutation. 

e) Transform the ligation mixtures as described above. Isolate 5-10 colonies, grow them 

in LB broth and isolate plasmid DNA. 

f) Screen the colonies by Sanger sequencing for positive clones harbouring desired 

mutation. 

Table 4: List of SDM primers 

Primer Name Sequence 

FOXO3a Site 1 SDM For CTGTTGTTGGGGGCAATGAACCTCTCCCAGCCC 

FOXO3a Site 1 SDM Rev TCATTGCCCCCAACAACAGAATTCCAAGATCTCCC 

FOXO3a Site 2 SDM For GGCTCTTGGGGACCAGCATTAACTCCGCTGA 

FOXO3a Site 2 SDM Rev TGCTGGTCCCCAAGAGCCCCAGCCTCG 

 

 

 Figure 60: Schematic representation of PCR steps for site directed mutagenesis 
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5.4 Real time quantification of gene transcripts 

5.4.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 RNeasy total RNA isolation mini kit Qiagen, Germany 

2 SuperScript™ First-Strand cDNA Synthesis kit Invitrogen, UK 

3 PowerUp SYBR Green Applied Biosystems, USA 

4 Ethanol Sigma, USA 

5 Diethyl pyrocarbonate (DEPEC) Sigma, USA 

6 Sodium acetate SRL, India 

7 Sodium-EDTA MP, India 

8 Formaldehyde Merck, India 

9 Formamide Sigma, USA 

10 Ethidium bromide Sigma, USA 

11 6X-RNA loading dye Sigma, USA 

12 Agarose Sigma, USA 

13 3-(N-morpholino) propanesulfonic acid (MOPS) 

buffer* 

In-House 

14 Denaturation mix** In-House 

15 Gene specific primers Sigma, India 

* MOPS buffer (1X-1L): 4.186g-MOPS (20mM), 0.411g-Sodium acetate (5mM), 0.372g-

Sodium EDTA (1mM), adjust pH to 7.0 using NaOH. **Denaturation mix (100µl): 13µl-

37% Formaldehyde, 22µl-Foarmamide and, 65µl-10X-MOPS buffer. 

5.4.2 Methods 

5.4.2.1 RNA isolation 

a) Trypsinize the cells, wash once with ice-cold PBS and centrifuge at 1000rpm for 5 

minutes at 4°C. 

b) Discard the supernatant and use cell palette to isolate total RNA from cells using 

RNeasy mini kit following the brief protocol described below. 
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c) Determine purity and concentration of purified RNA by Nanodrop and store at -80°C.  

d) Prepare denaturing RNA gel@ for checking quality of RNA. 

@RNA gel: 0.32g-Agarose, 4ml-10X-MOPS buffer and 36ml DEPEC-ddH2O. Dissolve 

in microwave. Slowly add 0.72ml of 37%-Formaldehyde and 1-2µl of EtBr.  

e) Mix 1µg of RNA with 5µl of denaturation mix, 2µl of 6X-RNA loading dye and make 

the volume to 12µl with RNase free water.  

f) Heat the above mixture at 65°C for 10 minutes and load immediately on RNA gel. 

g) Run the gel at 60V for 30-45 minutes. Visualize and document the separated RNA 

bands using UV-gel documentation system. 

5.4.2.2 cDNA synthesis  

a) Prepare cDNA from total RNA using SuperScript™ First-Strand cDNA Synthesis kit. 

b) Prepare two reactions as described below, 

Reaction 1 Reaction 2 

Component Volume Component Volume 

Total RNA (2µg)  (X) µl 10X-RT buffer 2 µl 

10mM dNTP 1 µl 25 mM MgCl2 4 µl 

Random hexamer primers 1 µl 0.1M DTT 2 µl 

RNase free water (X-8) µl RNase OUT (40U/µl) 1 

Total Volume 10 µl Total Volume 9 µl 

 Figure 61: Schematic representation of RNA isolation using Qiagen RNA isolation 
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c) Heat reaction 1 at 65°C for 5 minutes and then keep on ice for 1 minute. 

d) Mix reaction 1 and 2 and incubate at room temperature for 2 minutes. 

e) Add 1µl of SuperScript™II RT and incubate at room temperature for 10 minutes.  

f) Put the above mixture into PCR machine as described below. 

g) Store the cDNA at -20°C. 

5.4.2.3 Real time polymerase chain reaction assay 

a) Dilute the cDNA 1:10 using ddH2O and use diluted cDNA for real time PCR. 

b) Prepare real time PCR reaction as described below, one sample for each gene is set in 

triplicates on ice. No template control (NTC) for each gene is also set in triplicates. 

One reaction One gene/One sample 

(6+1 reactions= 3-sample and 3-NTC) 

Component Volume Component Volume 

ddH2O 2 µl ddH2O 14 µl 

2X-PowerUp SYBR Green 5 µl 2X-PowerUp SYBR Green 35 µl 

5-pmol Forward primer 1 µl 5-pmol Forward primer 7 µl 

5-pmol Forward primer 1 µl 5-pmol Forward primer 7 µl 

1:10-Diluted cDNA 1 µl 1:10-Diluted cDNA --- 

Total Volume 10 µl Total Volume 63 µl 

 

 Figure 62: Schematic representation of PCR steps for cDNA Synthesis 
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c) Mix reaction mixture properly and distribute 31.5µl of above mixture into two different 

tubes. 

d) Add 3.5µl of 1:10-diluted cDNA to sample tube and 3.5µl of ddH2O in NTC tube. 

e) Distribute 10µl of both (sample and NTC) in triplicates in 384-well optical plate and 

run the PCR using comparative delta-Ct (Δ-Ct) method.  

5.4.2.4 Data analysis 

a) Relative expression of target genes was estimated by Δ-Ct method using GAPDH as 

normalisation control. 

b) Relative gene expression 

��� = �� �� ���� − �� �� ����� 

�������� ���� ���������� = 2���� 

c) Fold change 

���� = ��� �� ������� − ��� �� ���� 

���� �ℎ���� = 2����� 

Table 5: List of real time primers 

Primer Name Sequence 

IGF1R Forward CTGGACTCAGTACGCCGTTT 

IGF1R Reverse GGAACTGAAGCATTGGTGCG 

GAPDH Forward TGCACCACCAACTGCTTAGC 

GAPDH Reverse GGCATGGACTGTGGTCATGAG 

CBFβ Forward GAGCCGCGAGTGTGAGATTA  

CBFβ Reverse GCCACAAAAGCGATTTCCGA 
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RUNX1 Forward CAGGTTTGTCGGTCGAAGTG 

RUNX1 Reverse CCGATGTCTTCGAGGTTCTC 

RUNX2 Forward AGATGACATCCCCATCCATC 

RUNX2 Reverse GTGAGGGATGAAATGCTTGG 

RUNX3 Forward GCCGGCAATGATGAGAACTA 

RUNX3 Reverse AGGCCTTGGTCTGGTCTTCTAT 

OCT4 Forward GTGGAGAGCAACTCCGATG 

OCT4 Reverse TGCAGAGCTTTGATGTCCTG 

SOX2 Forward AACCCCAAGATGCACAACTC 

SOX2 Reverse GCTTAGCCTCGTCGATGAAC 

NANOG Forward AAAGCTTGCCTTGCTTTGAA 

NANOG Reverse  AAGTGGGTTGTTTGCCTTTG 
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5.5 Nuclear-Cytoplasmic fractionation 

5.5.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 
Sigma, USA 

2 Potassium chloride Sigma, USA 

3 Sodium chloride Qualigens, India 

4 Sodium-EDTA MP, India 

5 Glycerol SDFCL, India 

6 Nonidet P-40 (NP-40) Sigma, USA 

7 100X-Protease inhibitor cocktail Sigma, USA 

8 Sodium orthovanadate Sigma, USA 

9 Sodium fluoride Sigma, USA 
 

5.5.2 Buffers 

Sr. No. Buffer name and compositions 

1 Cytoplasmic extraction (CE) buffer, 10m HEPES pH7.9, 10mM KCl and 

0.1mM Na-EDTA. 

2 Cytoplasmic extraction (NE) buffer, 20mM HEPES pH7.9, 420mM NaKCl, 

1mM Na-EDTA and 20%-Glycerol. 

3 10% NP-40 solution 
 

5.5.3 Methods 

a) Trypsinize cells, wash once with ice cold PBS and centrifuge at 1000rpm at 4°C for 5 

minutes. Discard the supernatant. 

b) Resuspend the cells in ice-cold CE-buffer five-times the volume of cell pellet and 

incubate on ice for 20-30 minutes (with gentle tapping in-between). 

c) At the end of incubation add protease inhibitor cocktail (final concentration-1X), 

Sodium orthovanadate (final concentration-1mM) and 5mM-Sodium fluoride (final 

concentration-5mM) to above mixture. 
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d) Next add NP-40 to above mixture at final concentration of 0.3% and vortex with 

medium agitation for 5 seconds 3-5 times. 

e) Centrifuge at 5000-6000rpm at 4°C for 20 minutes. Carefully collect the supernatant as 

cytoplasmic lysate. 

f) Resuspend the nuclear pellet in 1ml of ice-cold CE-buffer, centrifuge at 5000-6000rpm 

at 4°C for 10 minutes and discard the supernatant. Repeat the washing of nuclear pellet 

3-5 times with ice-cold CE-buffer. 

g) Further resuspend the nuclear pellet in equal volume of ice-cold NE-buffer (containing 

1X-protease inhibitor cocktail, 1mM-Sodium orthovanadate and 5mM-Sodium 

fluoride), vortex rigorously for 5 seconds 3-5 times and incubate on ice for 20-30 

minutes (with rigorous vortexing in-between). 

h) If necessary, sonicate the cell lysates (both cytoplasmic and nuclear lysates) using water 

cooled sonicator (Biorupter) at high amplitude for 6-10 cycles of 30-seconds-on/30-

seconds-off. 

i) Centrifuge the lysates at 14000rpm for 30 minutes at 4°C. Collect the supernatant as 

cell lysates (cytoplasmic and nuclear) for further use. Always keep the lysates on ice. 

Aliquot the lysates and store at -20/-80°C. 

j) Check the purity of lysates (cytoplasmic and nuclear) for cross-contamination by 

western blotting. 
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5.6 Western blot 

5.6.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Bradford reagent Sigma, USA 

2 Tris-base Sigma, USA 

3 Sodium dodecyl sulphate (SDS) Sigma, USA 

4 β-mercaptoethanol Sigma, USA 

5 100X-Protease inhibitor cocktail Sigma, USA 

6 Sodium orthovanadate Sigma, USA 

7 Sodium fluoride Sigma, USA 

8 Sodium chloride Sigma, USA 

9 Sodium EDTA Sigma, USA 

10 Sodium deoxycholate HiMedia, India 

11 Nonidet P-40 (NP-40) MP, India 

12 Triton-X-100 Sigma, USA 

13 Acrylamide Sigma, USA 

14 Bis-acrylamide Sigma, USA 

15 Ammonium persulfate  Sigma, USA 

16 Tetramethylethylenediamine (TEMED) Sigma, USA 

17 Pre-stained protein ladder Sigma, USA 

18 Methanol Sigma, USA 

19 Polyvinylidene difluoride (PVDF) membrane Pall, USA 

20 Bovine serum albumin (BSA) HiMedia, India 

21 Skimmed non-fat milk Qualigens, India 

22 Tween 20 Sigma, USA 

23 Enhanced chemiluminescent substrate Takara-Bio, USA 

24 Primary antibodies CST, Sigma, Abcam, 

Novus Biologicals 

25 Horseradish peroxidase (HRP)-conjugated 

secondary antibodies 
Sigma, USA 
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5.6.2 Buffers 

Sr. No. Buffer name and compositions 

1 Radio immunoprecipitation assay (RIPA) buffer, 50mM Tris-HCl pH 8.0, 

150mM NaCl, 1% Nonident P-40 or 1% Triton-X100, 0.5% Sodium 

deoxycholate and 0.1% SDS. 

2 Laemmli buffer, 62.5mM Tris-HCl pH 6.8, 2% SDS, 10% Glycerol and 5% β-

mercaptoethanol. 

3 Resolving gel buffer, 1.5 M Tris-HCl, pH 8.8. 

4 Stacking gel buffer, 0.5 M Tris-HCl, pH 6.8. 

5 5X-Protein loading buffer, 312.5mM Tris-HCl pH 6.8, 10% SDS, 50% 

Glycerol, 0.01% Bromophenol blue and 25% β-mercaptoethanol. 

6 Gel running buffer, 25mM Tris base, 190mM Glycine and 0.1% SDS. 

7 30% Acryl amide mix, 29g Acryamide + 1g of Bis-acrylamide in 100ml 

double distilled water. 

8 Transfer buffer*, 48mM Tris, 39mM glycine, 0.04% SDS and 20% methanol. 

9 Tris-buffered saline (TBS), 20mM Tris, 150mM NaCl, pH 7.4. 

10 Wash buffer (TBST), TBS with 0.1% Tween 20. 

11 Blocking buffer, 5% BSA or 5% Skimmed-non-fat milk in TBST. 

12 Stripping buffer, 62.5mM Trsi, 2% SDS and 0.8%- β-mercaptoethanol. 

*Add methanol to transfer buffer just before use. 

5.6.3 Methods 

5.6.3.1 Lysate preparation for western blotting 

a) Trypsinize cells, wash once with PBS and centrifuge at 1000rpm at 4°C for 5 minutes. 

b) Discard the supernatant and add required amount of the cell lysis buffer (RIPA buffer/ 

Laemmli buffer) with 1X-protease inhibitor cocktail, 1mM-Sodium orthovanadate and 

5mM-Sodium fluoride, to cell palette and resuspend cells in lysis buffer. 

c) Incubate cells on ice resuspended in RIPA buffer for 30 minutes or at 37°C for 5 

minutes for cells resuspended in Laemmli buffer. 
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d) Sonicate the cell lysates using water cooled sonicator (Biorupter) at high amplitude for 

6-10 cycles of 30-seconds-on/30-seconds-off. 

e) Centrifuge lysates at 14000rpm for 30 minutes at 4°C. Collect supernatant as cell lysates 

for further use. Always keep lysates on ice. Aliquot the lysates and store at -20/-80°C. 

f) Dilute the lysates 1:10 in PBS for protein estimation by Bradford reagent method. 

g) Add 5µl of diluted protein lysates in triplicates to 250µl of Bradford reagent in 96-well 

plate and mix well. Use 1:10 diluted lysis buffer for background absorbance. 

h) Measure absorbance at 595nm using plate reader. Estimate protein concentration using 

standard curve based on BSA. Calculate protein concentration using formula, 

������� (µ�/µ�) =
���������� + � ��������� �� �������� �����

����� �� �������� �����
� �������� ������ 

i) Mix 30-60µg of protein lysates with 5X-loading buffer (final concentration 1X) and 

heat lysates at 95°C for 5 minutes. Cool the lysates at RT and use for loading on gel. 

5.6.3.2 Reducing-denaturing PAGE electrophoresis 

a) Prepare appropriate percentage of reducing poly-acrylamide gel for western blot as 

described below. 

Resolving gel composition Stacking gel composition 

Component Volume Component Volume 

Double distilled water (4.41-X) ml Double distilled water 1.21 ml 

30% acryl amide mix X ml 30% acryl amide mix 0.26 ml 

Resolving gel buffer 1.5 ml Stacking gel buffer 0.5 ml 

10% SDS 60 µl 10% SDS 20 µl 

10%-APS 30 µl 10%-APS 10 µl 

TEMED 3 µl TEMED 2 µl 

Final volume 6 ml Final volume 2 ml 
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Selection of gel percentage for protein of interest 

Protein size (kDa) Gel percentage 

10-60 12% 

30-70 10% 

40-120 8% 
 

b) Mount the gel in vertical gel electrophoretic apparatus and wash the wells of gel gently 

to remove any gel particles left inside wells. 

c) Load prepared samples into gel and run at 60V in stacking and at 80V in resolving. 

5.6.3.3 Semidry transfer of proteins to PVDF membrane 

a) Once gel run is complete, remove gel from electrophoretic apparatus and soak in pre-

chilled transfer buffer (*Add methanol to transfer buffer just before use) for 10 minutes. 

b) Soak the blotting pads with pre-chilled transfer buffer. 

c) Activate PVDF membrane by soaking it in 100% methanol for 60 seconds, wash with 

double distilled water thrice each for 60 seconds and soak in transfer buffer. 

d) Place two pre-soaked blotting pads in semi-dry transfer assembly and place activated 

PVDF membrane on them. 

e) Next place the gel on top of activated PVDF membrane. Make sure there are no air 

bubbles between PVDF membrane and gel. Again, place two pre-soaked blotting pads 

no top of PVDF membrane and gel. 

f) Close the apparatus and run transfer at 13-15V and 400mA for 30-60 minutes.  

5.6.3.4 Immuno probing of blots 

a) Once transfer is complete place the blotting pads containing PVDF membrane and gel 

in double distilled water to remove gel from PVDF membrane. 

b) Wash the blot thrice with TBST for 5 minutes and block the blot using appropriate 

blocking buffer for 60 minutes. 
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c) At the end of the blocking, incubate blot with primary antibody for 16 hours at 4°C. 

d) Next wash the blot thrice with TBST for 10 minutes and incubate with HRP-conjugated 

secondary antibody for 2 hours at room temperature. 

e) At the end of incubation with secondary antibody again wash the blot thrice with TBST 

for 10 minutes and proceed for developing the blot. 

f) Add enhanced chemiluminescent substrate on blot and capture the chemiluminescence 

either by X-ray film or by gel documentation system. 

5.6.3.5 Re- Immuno probing of blots 

a) To re-probe the blots with new antibody stirp the blot of previously probed antibody by 

washing the blot in stripping buffer for 20 minutes. 

b) After stripping wash the blot five to six times with TBST for 10 minutes. 

c) Block the blot with blocking buffer and re-probe the blot with new antibody as 

described above. 

Table 6: List of antibody dilutions for western blot 

Antibody Blocking Dilution Antibody Blocking Dilution 

IGF1R 5% BSA 1:1000 Total ERK1/2  5% BSA 1:2000 

RUNX1 5% Milk 1:2000 BCL2 5% BSA 1:1000 

FOXO3a 5% Milk 1:2000 BCL-XL 5% BSA 1:1000 

pS473-AKT 5% BSA 1:2000 BAD 5% BSA 1:1000 

Total AKT 5% BSA 1:2000 Cleaved PARP 5% BSA 1:1000 

pT202/Y204-

ERK1/2 

5% BSA 1:2000 pS253-

FOXO3a 

5% BSA 1:1000 

α-Tubulin 5% BSA 1:2000 Lamin A/C 5% BSA 1:1000 
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5.7 Immunofluorescence 

5.7.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Paraformaldehyde Sigma, USA 

2 Methanol Qualigens, India 

3 Triton-X-100 Sigma, USA 

4 Bovine serum albumin (BSA) HiMedia, India 

5 4′,6-diamidino-2-phenylindole (DAPI) Sigma, USA 

6 Vectashield mounting medium Vector Laboratories, USA 

7 Primary antibodies CST, Sigma, Abcam, 

Novus Biologicals 

8 Fluorophore-conjugated secondary antibodies Thermo Fischer 

Scientific, USA 
 

5.7.2 Buffers 

Sr. No. Buffer name and compositions 

1 Fixative, 4% Paraformaldehyde in PBS or 100% Methanol. 

2 Permeabilization buffer, 0.1% Triton-X-100 in 4% paraformaldehyde. 

3 Blocking buffer, 3% BSA. 

4 Nuclear stain, 1mg/ml DAPI stock solution. 

 

5.7.3 Methods 

5.7.3.1 Cell seeding 

a) Trypsinize cells, wash once with PBS and seed 3-5X104 cells on sterile coverslip and 

incubate under 5% CO2 at 37°C. 

b)  Treat the cells if any drug treatment is to be given. Keep one coverslip for secondary 

antibody control. 

5.7.3.2 Immunostaining 

a) Remove media from coverslips and wash twice with PBS. 
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b) Fix the cells with 4%-PFA for 10 minutes at 37°C or with pre-chilled 100%-Methanol 

for 2-3 minutes at -20°C. 

c) If necessary permeabilize the cells with permeabilization buffer for 5-10 minutes at 

room temperature 

d) Wash thrice with PBS after fixation and block coverslips using 3%-BSA for 30 minutes. 

e) After blocking incubate the coverslips with primary antibody (diluted in appropriate 

blocking buffer) for 16 hours at 4°C. 

Do not add primary antibody in secondary antibody control coverslip. Instead add 

blocking buffer. 

g) Next day wash coverslips thrice with PBS for 5 minutes and incubate with fluorophore-

conjugated secondary antibody (diluted in PBS or 3%-BSA) for 2 hours at room 

temperature in dark. 

h) At the end of incubation with secondary antibody again wash thrice with PBS for 5 

minutes and satin the coverslips with nuclear satin DAPI for 5-10 seconds. 

i) Immediately wash again thrice with PBS for 5 minutes. 

f) Mount the coverslips using vectashield mounting medium and capture images using 

Carl Zeiss LSM780 microscope. 

g) Analyse the images using ImageJ software. 

Table 7: List of antibody dilutions for immunofluorescence 

Antibody Fixation Dilution Antibody Fixation Dilution 

IGF1R Methanol 1:100 pS253-FOXO3a 4%PFA 1:100 

RUNX1 4%PFA-Permeabilize 1:200 pS413-FOXO3a 4%PFA 1:100 

FOXO3a 4%PFA-Permeabilize 1:200 pS473-AKT 4%PFA 1:200 
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5.8 Promoter binding transcription factor (TF) profiling array 

5.8.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 TF Activation Profiling Plate Array II Signosis 

2 Cytoplasmic extraction buffer In-house 

3 Nuclear extraction buffer In-house 

4 100X-Protease inhibitor cocktail Sigma, USA 

5 Sodium orthovanadate Sigma, USA 

6 Sodium fluoride Sigma, USA 
 

5.8.2 Methods 

5.8.2.1 Nuclear lysate preparation 

a) Isolate nuclear lysates from cells using nuclear-cytoplasmic fractionation protocol 

described previously (section 1.5). 

b) Estimate protein concentration and check purity of nuclear lysates for contamination 

from cytoplasmic lysates by western blotting (section 1.3.2.2 and 1.6). 

5.8.2.2 Promoter fragment preparation  

a) Isolate promoter fragment of interest either by PCR amplification or restriction 

digestion, purify the promoter fragment by column purification as described previously. 

b) Determine the concentration of purified promoter fragment and check purity by DNA 

gel electrophoresis.  

5.8.2.3 Reagent preparation before starting 

a) Keep filter binding buffer and filter wash buffer on ice. 

b) Warm up plate hybridization and hybridization wash buffer at 42°C before use. 

c) Dilute 30ml of 5X plate hybridization wash buffer with 120 ml of ddH2O before use. 

d) Dilute 40ml of 5X detection wash buffer with 160 ml of ddH2O before use. 
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e) Dilute 500 times of streptavidin-HRP with blocking buffer before use. 

5.8.2.4 Transcription factor and promoter DNA complex formation  

a) Mix the following components for each reaction in two different tubes, 

Reagent Volume 

Control Promoter competition 

Transcription factor binding buffer mix 15µl 15µl 

Transcription factor Probe mix 5µl 5µl 

Promoter PCR fragment (0.1-0.5µM) N/A 2-5µl 

Nuclear extract (5μg-15μg) Xµl Xµl 

ddH2O Yµl Yµl 

Total volume 30µl 30µl 
 

b) Incubation at room temperature (20-23°C) for 30 minutes. 

5.8.2.5 Separation of TF-promoter DNA complex from free probes 

a) Equilibrate the isolation column by adding 200µl cold filter binding buffer, and 

centrifuge at 6000rpm for 1 minute at room temperature. 

b) Transfer the 30µl reaction mix directly onto the centre of the isolation column. Incubate 

on ice for 30 minutes. 

Don’t incubate longer than 30 minutes, which results in high background. 

c) Add 500µl cold filter wash buffer to the column, and incubate for 2-3 minutes on ice. 

d) Centrifuge at 6000rpm for 1 minute at 4°C, and discard the flow through. 

e) Wash the column by adding 500µl cold filter wash buffer to the column on ice. 

f) Centrifuge for 1 minute at 6000rpm at 4°C, and discard the flow through. 

g) Repeat the step e-f for additional 3-time washes. 

5.8.2.6 Elution of bound probes 

a) Add 100µl of Elution buffer onto the centre of column, and incubate at room 

temperature for 5 minutes. 
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b) Put the column on a 1.5 ml microcentrifuge tube, and centrifuge at 10,000 rpm for 2 

minutes at room temperature. 

c) Chill 500µl ddH2O in a 1.5ml microcentrifuge tube on ice for at least 10 minutes and 

keep on ice. 

d) Transfer eluted probe to a PCR tube and denature eluted probes at 98°C for 5 minutes. 

e) Immediately transfer the denatured probes to the chilled ddH2O and place on ice. 

f) The samples are ready for hybridization or store -20°C for the future use (the probe 

must be denatured again before use if frozen down). 

5.8.2.7 Hybridization of eluted probes with hybridization plate 

a) Remove the sealing film from the plate. 

b) Add 10 ml warmed hybridization buffer to a dispensing reservoir (DNase free) and then 

add 600µl denatured probes. Mix them together by gently shaking the reservoir. 

c) Dispensing 100µl of the mixture into the corresponding wells immediately. 

d) Seal the wells with foil film securely and hybridize at 42°C overnight.  

5.8.2.8 Detection of hybridized probes 

a) Remove the foil film and discard the contents of each well. 

b)  Wash the plate 3-times by adding 200µl of pre-warmed 1X-plate hybridization wash 

buffer to each well. At each wash, incubate the plate for 5 minutes with gently shaking 

at room temperature. 

c) Complete removal of liquid at each wash by firmly tapping plate against paper towels. 

d) Add 200µl of blocking buffer to each well and incubate for 15 minutes at room 

temperature with gently shaking. 

e) Invert the plate over an appropriate container to remove blocking buffer. 

f) Add 40µl of streptavidin-HRP conjugate in 20ml blocking buffer (1:500) dilution, 

enough for two plates.  
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g) Add 95µl of diluted streptavidin-HRP conjugate to each well and incubate for 45 min 

at room temperature with gently shaking. 

h) Wash the plate 3 times by adding 200µl 1X detection wash buffer to each well. At each 

wash, incubate the plate for 10 minutes gently shaking at room temperature. 

i) Completely remove liquid at each wash by firmly tapping the plate against clean paper 

towels. At the last wash, invert plate on clean paper towels for 1-2 minutes to remove 

excessive liquid. 

j) Freshly prepare the substrate solution, 

For the whole plate: 1ml Substrate A + 1ml Substrate B + 8ml Substrate dilution buffer 

k) Add 95µl substrate solution to each well and incubate for 1 min. 

l) Place the plate in the luminometer. Allow plate to sit inside machine for 5 min before 

reading.  

m) Set integration time to 1 second with no filter position. For the best results, read the 

plate within 5-20 minutes. 

n) If any TF is not present, it will not form a complex, leading to no detection of TF in the 

plate assay.  

o) If promoter-DNA fragment contains a TF binding sequence, it will complete with the 

biotin-labelled oligo to bind to the TF in the sample, leading to no or less complex 

formation and no or lower detection. 

p) Through comparison of chemiluminescence signal in the presence and absence of the 

competitor promoter-DNA fragment, putative TFs binding to promoter can be 

identified. 
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5.9 Luciferase reporter assay 

5.9.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 5X-Passive lysis buffer Promega, USA 

2 Lar-II (Firefly luciferase substrate) Promega, USA 

3 1mg/ml Coelenterazine in 100%-Methanol 

(Renilla luciferase substrate)   

Biosynth International 

Inc. 

 

5.9.2 Methods 

5.9.2.1 Transfection, cell seeding and drug treatments 

a) Transfect the cells with desired reporter plasmids (Test reporter gene + constitutively 

active reporter gene in 9:1 ratio) as described previously and seed the transfected cells 

in triplicates in a 24-well plate or seed the stable cells expressing reporter genes in 

triplicates in a 24-well plate. 

b) Give the drug treatments in triplicate if necessary. 

 A2780 and OAW42 models Ro5-3335 (A2780 = 200μM and OAW42 = 20μM) for 24 

hours 

 A2780 and MCF7 All-trans-RA (1µM) for 24 hours. 

5.9.2.2 Cell lysis 

a) Remove media, wash cells twice with PBS and add 80µl/well of 1X-Paasive lysis buffer 

containing protease inhibitor. 

b) Incubate the plate with shaking at room temperature for 10 minutes. 

c) Collect the cell lysates and centrifuge the lysates at 14000rpm for 30 minutes at 4°C. 

Collect the supernatant as cell lysates for further use. Always keep the lysates on ice. 
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5.9.2.3 Measuring reporter activity 

a) Measure Firefly luciferase activity using Lar-II substate. 

b) In a white 96-well plate put the 10-20µl of lysate and add 50µl of Lar-II substrate. Take 

the bioluminescence reading immediately using plate reader with open filter for 1 

second each.  

c) Measure Renilla luciferase activity using Coelenterazine substate. Dilute the 

Coelenterazine stock (1mg/ml) 1:50 in PBS just before use. 

d) In a white 96-well plate put the 10-20µl of lysate and add 50µl of diluted Coelenterazine 

substrate. Take the bioluminescence reading immediately using plate reader with open 

filter.  

e) Measure the protein content of lysates using Bradford reagent as described previously. 

f) Calculate relative reporter activity using formula described below, 

 Relative reporter activity from transient transfection experiment, 

�������� �������� ��������

=
�������� ���ℎ� ����� �� ���� �������� ����/�������

�������� ���ℎ� ����� �� constitutively ������ �������� ����/�������
 

 Relative reporter activity from cells stably expressing reporter gene, 

�������� �������� (���/µ�/���) =
�������� ���ℎ� ����� �� ���� �������� ����

������� ������������� �� ������
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5.10 Co-Immunoprecipitation (Co-IP) 

5.10.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Tris base HiMedia, India 

2 Sodium chloride Qualigens, India 

3 Nonidet P-40 (NP-40) Sigma, India 

4 Sodium-EDTA MP, India 

5 Sodium-EGTA MP, India 

6 Triton-X-100 Sigma, USA 

7 100X-Protease inhibitor cocktail Sigma, USA 

8 Sodium dodecyl sulphate  HiMedia, India 

9 β-mercaptoethanol Sigma, USA 

10 Glycerol Fischer Scientific, USA 

11 Dithiothreitol (DTT) Sigma, USA 

12 Bovine serum albumin (BSA) HiMedia, India 
 

5.10.2 Buffers 

Sr. No. Buffer name and compositions 

1 IP cell lysis buffer, 20mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1mM 

EGTA, and 1% NP-40. 

2 IP wash buffer, 10mM Tris-HCl pH 7.4, 150mM NaCl, 1mM EDTA, 1mM 

EGTA, and 0.5%-Triton-X-100. 

3 IP blocking buffer, 0.1%-BSA in PBS. 

4 IP elution buffer, 125mM-Tris-HCl pH 6.8, 4% SDS, 20% Glycerol and 10% 

β-mercaptoethanol. 
 

5.10.3 Methods 

5.10.3.1 Lysate preparation 

a) Isolate nuclear pellets from cells (107 cells) using nuclear-cytoplasmic fractionation 

protocol described previously (section 1.5). 
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b) Add ice-cold IP cell lysis buffer (1ml for 107 cells) containing 1X-protease inhibitor 

cocktail, 1mM-Sodium orthovanadate and 5mM-Sodium fluoride, to nuclear pellet.  

c) Incubate for 30 minutes with constant agitation at 4°C. Centrifuge lysates at 14,000rpm 

for 30 minutes at 4°C and collect the supernatant as nuclear lysate for Co-IP. 

5.10.3.2 Immunoprecipitation 

a) Add 40µl of Sepharose-G beads to 500µl of IP cell lysis buffer, wash the beads with 

agitation for 5 minutes and centrifuge at 4000rpm for 5 minutes at 4°C. Wash the beads 

with IP cell lysis buffer thrice. 

b) Block the washed beads with 0.1% BSA in PBS for 60 minutes with constant agitation. 

c) Resuspend the blocked beads in 200µl fresh IP cell lysis buffer containing 1X-protease 

inhibitor cocktail and store on ice. 

d) Add 2-10µg of primary antibody or as per recommended dilution to the blocked beads 

and incubate at 4°C for 4-6 hours with constant agitation.  

e) Next add 100-500µg of cell lysate to above mixture and again incubate at 4°C for 16 

hours with constant agitation. 

5.10.3.3 Washing 

a) Centrifuge tubes at 4000rpm for 5 minutes at 4°C. Discard supernatant and resuspend 

beads in 1ml IP wash buffer with 1X-protease inhibitors. Wash beads with IP wash 

buffer thrice. Carefully remove all IP wash buffer from beads and proceed for elution. 

5.10.3.4 Elution 

a) Add 50µl of IP elution buffer to the beads and heat the mixture at 95°C for 5 minutes. 

b) Centrifuge the above mixture and pellet the beads. Collect the supernatant as first elute. 

c) Repeat the elution step once more and collect the second elute.  

d) Analyze the samples by western blot for IP and Co-IP. 
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5.11 Chromatin immunoprecipitation (ChIP) and sequential ChIP-re-

ChIP 

5.11.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Formaldehyde Merck, India 

2 Glycine HiMedia, India 

3 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 
Sigma, USA 

4 Tris base HiMedia, India 

5 Bovine serum albumin (BSA-1mg/ml) HiMedia, India 

6 Salmon sperm DNA Sigma, USA 

7 Sodium chloride Qualigens, India 

8 Sodium-EDTA MP, USA 

9 Sodium-EGTA MP, USA 

10 100X-Protease inhibitor cocktail Sigma, USA 

11 Sodium dodecyl sulphate (SDS) HiMedia, India 

12 Sodium deoxycholate Sigma, USA 

13 Triton-X-100 Sigma, USA 

14 Nonidet P-40 (NP-40) Sigma, USA 

15 Sodium bicarbonate Amresco 

16 RNase A (10mg/ml) Sigma, USA 

17 Proteinase K (20mg/ml) Sigma, USA 

18 Dithiothreitol (DTT-0.1M) Sigma, USA 

 

5.11.2 Buffers 

Sr. No. Buffer name and compositions 

1 ChIP lysis buffer, 50mM HEPES-KOH pH 7.5, 140mM NaCl, 1mM EDTA, 

1mM EGTA, 1% Triton-X-100, 0.1% Sodium deoxycholate and 0.1% SDS. 

2 RIPA buffer, 50mM Tris-HCl pH 8, 150mM NaCl, 1mM EDTA, 1mM EGTA, 

1% NP-40, 0.5% Sodium deoxycholate and 0.1% SDS. 

3 ChIP quenching buffer, 1.25M Glycine  
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4 ChIP low salt wash buffer, 20mM Tris-HCl pH 8, 150mM NaCl, 1mM EDTA, 

1mM EGTA, and 0.1% Sodium dodecyl sulphate and 1% Triton-X-100. 

5 ChIP high salt wash buffer, 20mM Tris-HCl pH 8, 500mM NaCl, 1mM EDTA, 

1mM EGTA, and 0.1% SDS and 1% Triton-X-100. 

6 ChIP elution buffer, 1% SDS and 100mM Sodium bicarbonate 

7 ChIP-re-ChIP elution buffer, 10mM Tris-HCl pH8.0, 1mM EDTA, 1mM EGTA 

and 10mM DTT 

 

5.11.3 Methods 

5.11.3.1 Lysate preparation 

a) Start with two-three 70-80% confluent 100mm tissue culture dishes (1-5X107 cells). 

Make sure each tissue culture dish has 10ml culture media. 

For sequential ChIP-re-ChIP take six-eight 70-80% confluent 100mm tissue culture 

dishes (5-10X107 cells). 

b) Cross-link the proteins to DNA by adding 37% Formaldehyde drop-wise directly to the 

media to a final concentration of 0.75% with gentle rotating motion at room temperature 

(203µl of 37% Formaldehyde to 10 ml of media). Incubate with gentle rotating motion 

at room temperature for 10 minutes. 

c) Add ice-cold 1.25M Glycine to a final concentration of 125mM to the media drop-wise 

with gentle rotating motion at room temperature (1ml of 1.25M Glycine to 10 ml of 

media). Incubate with gentle rotating motion at room temperature for 5 minutes. 

d) After 5 minutes keep plates on ice. Rinse the cells twice with 10ml of ice-cold PBS. 

e) Add 5ml of ice-cold PBS to plates and scrape the cells thoroughly with cell scraper and 

transfer to a 50ml centrifuge tube. Repeat the cell collection using ice-cold PBS. 

f) Centrifuge at 1000g, for 5 minutes at 4°C. Carefully decant the supernatant and 

resuspend the cell pellet in ChIP cell lysis buffer (750µl of ChIP cell lysis buffer per 

107 cells) and incubate on ice for 30 minutes. 
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5.11.3.2 Sonication 

a) Sonicate lysate to shear DNA to an average fragment size of 200-1000bp using water 

cooled sonicator (Biorupter). 

Cross-linked lysate should be sonicated at different time course and different sonication 

cycles to identify the optimal sonication conditions to get desired fragment size of 

sonicated DNA. Purify the sonicated DNA as described in section and analyse the 

fragment size of DNA by running the samples on 1.5% agarose gel. 

b) Pellet the cell debris by centrifugation at 8000g for 5 minutes at 4°C. Transfer the 

supernatant to a fresh tube. This chromatin preparation will be used for the 

immunoprecipitation. 

c) Remove the 50µl of each sonicated sample to determine the DNA concentration and 

fragment size. This 50µl will be used as input DNA. 

5.11.3.3 Determination of DNA concentration 

a) Remove the 50µl of each sonicated sample to determine the DNA concentration. 

b) Add 70µl of elution buffer, 4.8µl of 5M NaCl and 2µl of 10mg/ml of RNase A to 50µl 

of sonicated sample and incubate at 65°C overnight with shaking. 

c) Next add 2µl of 20mg/ml of proteinase K and incubate at 60°C for 2 hours with shaking. 

d) Purify the DNA using column purification as described previously. Determine the DNA 

concentration of purified DNA and use it as input DNA. 

5.11.3.4 Bead preparation 

a) Take 40µl of Sepharose G beads (20µl for IP and 20µl for bead control) in 1ml of RIPA 

buffer. Wash thrice the beads with RIPA buffer. After each wash centrifuge at 4000rpm 

for 5 minutes at 4°C. 
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b) Add RIPA buffer to twice the volume of washed beads. Add single sheared salmon 

sperm DNA to a final concentration of 75ng/µl of beads and BSA to a final 

concentration of 0.1 μg/μl of beads. 

c) Incubate at room temperature for 30 minutes with constant shaking.  

d) Wash once with RIPA buffer and centrifuge at 4000rpm for 5 minutes at 4°C. 

Resuspend the beads in RIPA buffer to twice the volume of blocked beads. 

5.11.3.5 Immunoprecipitation  

a) Take 15-20µg of DNA (Sonicated lysate) and dilute the sample 1:5 with RIPA buffer 

and add 20µl of blocked beads. 

For sequential ChIP-re-ChIP begin first ChIP with 50-60µg of DNA (Sonicated lysate) 

and dilute the sample 1:5 with RIPA buffer and add 50µl of blocked beads. 

b)  Add 1-2µg of antibody per 20µg of DNA and incubate overnight at 4°C with constant 

rotation. 

5.11.3.6 Washing 

a) Centrifuge the immunoprecipitated samples at 4000rpm for 5 minutes and discard the 

supernatant. 

b) Wash the beads twice with ChIP low salt wash buffer with 1X-protease inhibitors and 

once with ChIP high salt wash buffer with 1X-protease inhibitors. After each wash 

centrifuge at 4000rpm for 5 minutes at 4°C. 

5.11.3.7 Elution and reverse cross-linking 

a) Resuspend the washed beads in 120µl of elution buffer and incubate for 30 minutes at 

30°C with constant agitation. 

b) Centrifuge at 4000rpm for 5 minutes and collect the supernatant in fresh tube. 
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c) Add 4.8µl of 5M NaCl and 5µl of 10mg/ml of RNase A and incubate at 65°C overnight 

with shaking. 

d) Next add 5µl of 20mg/ml of proteinase K and incubate at 60°C for 2 hours with shaking. 

e) Purify the DNA using column purification as described previously. This DNA is used 

as ChIP DNA. 

5.11.3.8 Elution of first ChIP DNA in ChIP-re-ChIP 

a) Resuspend the washed beads from first round of ChIP in 125µl of ChIP-re-ChIP elution 

buffer with 1X-protease inhibitors. 

b) Incubate for 60 minutes at 30°C with constant agitation. 

c) Centrifuge at 4000rpm for 5 minutes and collect the supernatant in fresh tube. 

d) Divide the elute in two fractions, first fraction (25µl) and second fraction (100µl).  

e) Proceed to reverse crosslinking of first fraction as described in section 1.11.3.7 (c-e). 

This is ChIP DNA for first round of ChIP and input for second round of ChIP. 

5.11.3.9 Second ChIP round of ChIP-re-ChIP 

a) Dilute the second fraction 20 times with RIPA buffer and proceed for second round of 

ChIP as described in sections 1.11.3.4 to .11.3.7. 

Table 8: List of ChIP real time primers 

Primer Name Sequence 

Site 1 ChIP Forward GCCGCATGCACGCATTTATT 

Site 1 ChIP Reverse GGCTGGGAGAGGTTCATTGA 

Site 2 ChIP Forward GGGGCTCTTGTTTACCAGCA 

Site 2 ChIP Reverse CTCTCTCGAGTTCGCCTGGT 

Site 3-4 ChIP Forward GCCGCCTTCGGAGTATTGTT 

Site 3-4 ChIP Reverse CGGAGCCAGACTTCATTCCT 
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5.12 Immunohistochemistry 

5.12.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 Xylene Qualigens, India 

2 Ethanol Qualigens, India 

3 Sodium citrate Sigma, USA 

4 Tween 20 Sigma, ISA 

5 Mouse-rabbit specific HRP/DAB IHC detection kit Abcam, UK 

6 Tris base HiMedia, India 

7 Sodium chloride Qualigens, India 

8 Haematoxylin Sigma, USA 

9 DPX mountant Sigma, USA 

 

5.12.2 Buffers 

Sr. No. Buffer name and compositions 

1 Sodium citrate buffer, 10mM Sodium citrate, 0.05% Tween 20, pH 6.0. 

2 Tris buffered saline (TBS), 20mM Tris-HCl and 140mMNaCl. 

3 Wash buffer TBST, TBS with 0.01% Tween 20. 

 

5.12.3 Methods 

5.12.3.1 Deparaffinization and rehydration 

a) Place slides with the paraffin-embedded sections at 65°C for 3-4 hours. 

b) Warm the Xylene solution 1. Deep the slides first in pre-warmed Xylene solution 1 

followed by Xylene solution 2 and Xylene solution 3. Incubate for 10 minutes at room 

temperature for each Xylene deep. 

c) Next, Deep the slides first in 100% Ethanol followed by 90% Ethanol and 70% Ethanol. 

Incubate for 5 minutes at room temperature for each Ethanol deep. 

d) Place slides in running cold tap water for 10 minutes to rinse off ethanol. Keep the slides 

in the tap water until ready to perform antigen retrieval. 
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5.12.3.2 Blocking endogenous peroxidase activity 

a) Block endogenous peroxidase activity of tissue sections by incubating sections with 

peroxidase block (3% H2O2) for 10 minutes in dark at room temperature.  

b) Wash the slides thrice with TBS. 

5.12.3.3 Heat induced antigen retrieval 

a) Sodium citrate buffer was used for heat induced antigen retrieval either by microwave 

or pressure cooker. 

b) Microwave: Add appropriate amount of antigen retrieval buffer in a microwave 

container and deep the slides in buffer. Boil the slides at 320V for 6 minutes followed 

by 650V for 4 minutes. Make sure sections remain submerged in buffer and do not peel 

off during process. Allow the slides to cooldown at room temperature. 

c) Pressure cooker: Add appropriate amount of antigen retrieval buffer in a cooker and 

boil the buffer. Deep the slides in pre-warmed buffer and close the lid. Once cooker 

reaches full pressure count 3 minutes. Switch off the hotplate and allow the cooker to 

cooldown at room temperature. 

5.12.3.4 Immunostaining 

a) Wash the slides thrice with TBST and block the sections using protein block in moist 

chamber for 1 hour at room temperature.  

b) Drain the slides of protein block and wipe around the section with tissue paper. 

c) Incubate slide with primary antibody diluted in TBS overnight at 4°C in moist chamber. 

d) Wash the slides thrice with TBST and incubate the sections with anti-rabbit-HRP 

secondary antibody for two hours at room temperature in moist chamber. 

e) If primary antibody is mouse origin, then incubate the section first with mouse 

complement for 30 minutes followed by anti-rabbit-HRP secondary antibody for two 

hours at room temperature in moist chamber. 
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f) Wash the slides thrice with TBST. 

g) Dilute 50X-DAB chromogen in DAB-substrate. Add diluted chromogen to section and 

incubate for 5-30 seconds at room temperature. 

h) Place immediately in tap water till counterstaining. 

5.12.3.5 Counterstaining and mounting 

a) Deep the slides in Haematoxylin stain for 30-60 seconds and rinse the slides under 

running tap water for 10 minutes followed by 2 minutes deep in ddH2O. 

b) Deep the slides first in 70% Ethanol followed by 90% Ethanol and 100% Ethanol to 

dehydrate the sections. Incubate for 5 minutes for each Ethanol deep. 

c) Next immerse the slides in Xylene for 60 minutes. 

d) Mount the slides using mounting medium (DPX). Dry the mounted slides at 37°C 

overnight. 

e) Grade the slides from pathologist and take respective microscopic images. 

Table 9: List of antigen retrieval conditions and antibody dilution for IHC 

Antibody Antigen retrieval Dilution 

IGF1R Sodium citrate buffer (pH 6), microwave 20 minutes Undiluted 

Ki67 Sodium citrate buffer (pH 6), microwave 20 minutes 1:100 

FOXO3a Sodium citrate buffer (pH 6), pressure cooker 6 minutes 1:100 
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5.13 Small animal bioluminescence imaging 

5.13.1 Reagents and chemicals 

Sr. No. Reagent name Source 

1 D-Luciferin Biosynth International Inc. 

2 Isoflurane  Baxter, USA 

 

5.13.2 Methods 

5.13.2.1 Cell preparation 

a) Ovarian cancer cells stably expressing firefly luciferase 2 (FL2) reporter plasmids were 

established and were grown in their respective media, until 70-80% confluence. 

b) Cells were trypsinized, viable cell count was determined using trypan blue and 4X106 

viable cells per mouse were used for implantation. 

c) According to the number of mice to be implanted viable cells were collected in sterile 

ice-cold PBS such that each 100µl of cell suspension contains 4X106 viable cells. 

5.13.2.2 Cell implantation in mice 

a) All experiments were approved by Institutional Animal Ethics Committee at ACTREC. 

b) Non-obese diabetic-severe combined immunodeficient (NODSCID) mice were used 

for implantation of Ovarian cancer cells stably FL2 reporter plasmids. 

c) Mice were anesthetized by isoflurane euthanasia and fur was removed by razor to 

facilitate proper implantation of cells and optical imaging. 

d) Required number of cells (4X106) were taken in a 26-gauge needle, skin of the mice 

was lifted to make a tent using needle and cells were injected at the base to get 

subcutaneous injection. 

e) Mice were imaged one day after implantation and on subsequent days to monitor 

tumour growth as described below. 
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5.13.2.3 Bioluminescence imaging of mice 

a) Mice were imaged using Xenogen-IVIS-Spectrum optical imager, which captures both 

bioluminescence and bright field images. 

b) D-luciferin (100µl of 30mg/ml/mouse i.e. 3mg/mouse) was injected intraperitoneally 

into mice and were euthanatized by isoflurane. 

c) Mouse were put inside Xenogen-IVIS-Spectrum optical imager under isoflurane 

euthanasia and bioluminescence images were acquired using sequence mode. 

d) Bioluminescence images were analysed using LIVING IMAGE 4.4 software. 

5.13.2.4 Drug treatment in mice 

a) Ro5-3335, diluted in normal saline at 2 mg/kg for 5 days intravenously. 

b) Single dose of chemotherapeutic agents Cisplatin + Paclitaxel diluted in normal saline 

at 2 mg/kg + 1 mg/kg respectively alone or after five days of Ro5-3335 treatment. 

 

5.14 Statistics 

All the data represent the mean ± SEM of at least three independent experiments and were 

analysed for significance using unpaired Student´s t test. P value ≤ 0.05 was considered as 

significant. Pearson's correlation coefficient test was used to calculate the correlation 

between Ki-67, IGF1R, FOXO3a IRS scores from IHC and tumor viability.
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A B S T R A C T

Hyperactive Insulin like growth factor-1-receptor (IGF1R) signalling is associated with development of therapy
resistance in many cancers. We recently reported a pulsatile nature of IGF1R during acquirement of platinum-
taxol resistance in Epithelial Ovarian Cancer (EOC) cells and a therapy induced upregulation in IGF1R ex-
pression in tumors of a small cohort of high grade serous EOC patients. Here, we report Runt-related tran-
scription factor 1 (RUNX1) as a novel transcriptional regulator which along with another known regulator
Forkhead Box O3 (FOXO3a), drives the dynamic modulation of IGF1R expression during platinum-taxol re-
sistance development in EOC cells. RUNX1-FOXO3a cooperatively bind to IGF1R promoter and produce a
transcriptional surge during onset of resistance and such co-operativity falls apart when cells attain maximal
resistance resulting in decreased IGF1R expression. The intriguing descending trend in IGF1R and FOXO3a
expressions is caused by a Protein Kinase B (AKT)-FOXO3a negative feedback loop exclusively present in the
highly resistant cells eliciting the pulsatile behaviour of IGF1R and FOXO3a. In vivo molecular imaging revealed
that RUNX1 inhibition causes significant attenuation of the IGF1R promoter activity, decreased tumorigenicity
and enhanced drug sensitivity of tumors of early resistant cells. Altogether our findings delineate a dynamic
interplay between several molecular regulators driving pulsatile IGF1R expression and identify a new avenue for
targeting EOC through RUNX1-IGF1R axis during acquirement of chemoresistance.

1. Introduction

Aberrant regulatory gene networks are instrumental drivers of tu-
morigenesis and are adaptive to rewire during therapy resistance de-
velopment. The fundamental dynamic nature of acquired resistance is
driven by oscillatory signalling cascades. We recently reported a pul-
satile nature of Insulin like growth factor-1-receptor (IGF1R) during
acquirement of platinum-taxol resistance in Epithelial Ovarian Cancer
(EOC) cells [1]. The increased IGF1R expression at the onset of re-
sistance plays an integral role in maintenance of drug resistance, cancer
stem cells and tumorigenicity, while cells that achieved complete and
irreversible resistance possess low level of IGF1R indicating active
IGF1R signalling might be dispensable at late stages of resistance [1,2].
Drug induced enhancement of IGF1R expression was also observed in a
small cohort of advanced stage high grade serous EOC patients after
3–4 cycles of platinum-taxol treatment [1]. A subset of these patients

having higher IGF1R expression at metastatic sites showed better
overall survival and disease free survival and a positive correlation with
the platinum transporter gene, human copper transporter 1 (hCtr1)
than those with lower IGF1R expression [1,3]. To date, the underlying
mechanisms behind this undulating IGF1R expression during progres-
sion of resistance that points towards a complex regulatory circuit has
not been deciphered.

Association of dysregulated IGF1R signalling via phosphatidylino-
sitol-3-kinase catalytic subunit alpha (PIK3CA)/protein kinase B (AKT)
and mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase (ERK) pathways is well established in oncogenic
transformation, proliferation and chemoresistance [4,5]. Activating
mutations in IGF1R are rare in incidence while copy number amplifi-
cation has been found in 3–6% cases of sarcoma, EOC, breast, oeso-
phageal and stomach adenocarcinoma [6,7]. Intriguingly, transcrip-
tional activation of IGF1R without any significant change in copy
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number, is a common feature for many cancers [8–10] signifying ex-
istence of an intricate transcriptional regulation. The complex promoter
activity is either regulated directly by specificity protein 1 (SP1), E2F
transcription factor 1 (E2F1), Wilms tumor protein 1 (WT1), Runt-re-
lated transcription factor 1 (RUNX1) and Forkhead Box O3 (FOXO3a)
or in conjunction with SP1 to induce {estrogen receptor alpha (ERα),
Krueppel-like factor 6 (KLF6) and high mobility group AT-hook 1
(HMGA1)} or repress {breast cancer type 1 susceptibility protein
(BRCA1), tumor protein p53 (TP53) and Von Hippel–Lindau tumor
suppressor (VHL)} IGF1R expression in variety of cancer cells in dif-
ferent circumstances [11–13]. Epigenetic regulation of this GC-rich
promoter is seldom reported with conspicuous absence of methylation
by S-adenosylmethionine (SAM), a methyl donor agent in glioblastoma
cells and in benign and metastatic prostate cancer cells [14,15].

Despite strong association between IGF1R expression and therapy
resistance in several cancers including EOC [16–21], therapeutic in-
tervention targeting IGF1R did not meet success due to strong
homology with insulin receptor and shared modulators [22]. Since
acquirement of chemoresistance remains a clinical obstacle for EOC
treatment, comprehending the principal molecular network underlying
IGF1R signalling in therapy resistant cancer cells might lead to better
therapeutic targets.

Here, for the first time we report RUNX1 as a unique regulator of
IGF1R promoter which exerts a nonlinear cooperative interaction with
FOXO3a and dynamically modulate IGF1R expression during acquire-
ment of chemoresistance in EOC cells. Genetic and pharmacological
inhibition followed by chromatin immunoprecipitation (ChIP) and
ChIP-re-ChIP assay revealed that RUNX1 strengthened FOXO3a occu-
pancy on IGF1R promoter, leading to a transcriptional surge during
initiation of resistance which is lost at the late stages due to presence of
an exclusive AKT-FOXO3a negative feedback loop. Perturbation of
RUNX1 activity severely compromised IGF1R promoter activity and
sensitized the tumors of early resistant cells to platinum-taxol treat-
ment, as monitored by non-invasive imaging. The observed cooperative
action of two critical transcriptional regulators (RUNX1 and FOXO3a)
to regulate an important (IGF1R) signalling pathway predicts a new
avenue for targeting EOC through RUNX1-IGF1R axis during acquire-
ment of chemoresistance.

2. Materials and methods

2.1. Reagents and antibodies

Cisplatin, paclitaxel, G418, all-trans retinoic acid (ATRA), β-actin,
α-tubulin, anti-mouse and anti-rabbit tagged with horseradish perox-
idase (HRP) were purchased from Sigma-Aldrich (USA). IGF1R-β, p-
S413-FOXO3a, p-S473-AKT and FOXO3a antibodies were procured
from CST (CA, USA) and Novus biologicals (CO, USA). RUNX1, Lamin-
A, Ki67, p-S253-FOXO3a were purchased from Abcam (UK). Ro5-3335
and Akt inhibitor IV were purchased from Merck Millipore (NJ, USA).

MCF7, core binding factor beta (CBFβ) knock down A2780-pla-
tinum-taxol resistant model, A2780 and OAW42 platinum taxol re-
sistant models were cultured as described earlier. The models were
categorized into sensitive cells (parental), cisplatin-paclitaxel early re-
sistant cells (dualER), and cisplatin-paclitaxel late resistant cells (dualLR)
stages based on their resistant indices [1].

2.2. Construction of IGF1R-promoter-reporter sensor, deletion and SDM
plasmids

IGF1R-promoter-reporter construct was procured from Genecopoeia
(MD, USA) and cloned upstream of Firefly Luciferase 2-Tandem Dimeric
Tomato (FL2-TDT) or humanised Renilla Luciferase-enhanced Green
Fluorescent Protein (hRL-eGFP) bi-fusion reporter protein separately in
pCDNA 3.1 vector. FOXO3a response element mutants were made by
site directed mutagenesis (SDM) in hRL-eGFP background and labelled

as Δ-S1 (FOXO3a-Site1), Δ-S2 (FOXO3a-Site2) and Δ-S1-S2 (FOXO3a-
Site1-2).

2.3. Promoter binding transcription factor profile plate array

A promoter-binding transcription factor (TF) profiling plate array-II,
commercially available from Signosis (USA) was used to identify
probable binders in nuclear lysate of A2780-dualER cells following the
manufacturer's instruction.

2.4. Transfection and luciferase reporter assay

All the transient and stable transfections with wild type/mutant
IGF1R-promoter-reporter, human sodium iodide symporter (h-NIS)-
promoter-reporter and cytomegalovirus (CMV)-beta-galactosidase
(βgal)/CMV-FL2 (normalization vectors) were performed following
previous protocols [23].

2.5. Immunofluorescence and western blotting

Immunofluorescence was performed for RUNX1, FOXO3a, p-S413-
FOXO3a and p-S253-FOXO3 antibodies and images were acquired using
Carl Zeiss, LSM 780 microscope. Mean florescence intensity value from
entire nucleus of an individual cell and a minimum of 30 cells were
quantified for each group using ImageJ software [1]. Whole cell, nu-
clear and cytosolic lysates were prepared as described earlier [24] and
western blotting was performed for IGF1R-β, FOXO3a, p-S253-FOXO3a,
AKT, p-S413-AKT, RUNX1, Lamin-A and α-tubulin [1,23].

2.6. Co-immunoprecipitation assay (Co-IP)

Nuclear cell pellets were prepared using nuclear-cytoplasmic frac-
tionation procedure as described earlier [24] and nuclear cell lysates for
immunoprecipitation (IP) were prepared in IP lysis buffer (20 mM Tris,
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-40) with
protease inhibitors. Cell lysates (500 μg) were incubated overnight at
4 °C with 10 μg of anti-RUNX1 antibody in IP lysis buffer containing
protein G-sepharose beads. The immune complexes were collected by
centrifugation and washed four times in IP lysis buffer and eluted in
2×-Laemmli buffer. The presence of RUNX1 and FOXO3a in the Co-IP
complexes was detected by western blotting using VeriBlot detection
reagent (HRP) from Abcam (UK), which only recognize native (non-
reduced) antibodies thereby minimizing detection of heavy and light
chains if Co-IP complex is fully reduced.

2.7. Chromatin immunoprecipitation assay

ChIP was performed using 25 μg chromatin with either RUNX1 or
FOXO3a specific antibody following earlier protocol [23]. For ChIP-re-
ChIP, 50 μg of sonicated DNA was immunoprecipitated with one anti-
body (either RUNX1 or FOXO3a) and 1/4th of precipitated chromatin
was reverse-crosslinked and processed for real time-polymerase chain
reaction (RT-PCR). Rest was used for second round of im-
munoprecipitation with the other antibody [25] and analysed by RT-
PCR. Non-immunoprecipitated chromatin was used as input control. A
schematic diagram for the protocol of ChIP-re-ChIP is presented in
Supplementary Fig. 1.

2.8. Quantitative real-time PCR

RT-PCR was performed using SYBR Green (Invitrogen) using ap-
propriate gene specific primers (Supplementary Table 1) and
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used for
normalization [1].
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2.9. CBFβ silencing by lentiviral mediated sh-RNA constructs

CBFβ- knock down lentiviral cassette was developed using a target
sequence against CBFβ (5′-CCGCGAGTGTGAGATTAAGTA-3′) [26].
A2780, A2780-dualER and A2780-dualLR cells were transduced with
lentiviruses and stable cells were FACS sorted using eGFP as a marker
[2].

2.10. Cell cytotoxicity, clonogenic and soft agar assay

Cytotoxicity {3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT)} and clonogenic assays for Ro5-3335 alone or in com-
binations with cisplatin-paclitaxel were performed following published
protocols [1,24].

Soft agar assays were performed by plating single cell suspensions of
various groups (500 cells/well of six-well dish) in 0.5% upper layer of
low melting agarose in complete media. Resultant colonies after 7 days
were counted using inverted microscope.

2.11. Bioluminescence imaging

All experiments were approved by the Institutional Animal Ethics
Committee at ACTREC. 4 × 106 cells of A2780-dualER cells stably ex-
pressing IGF1R-Fl2-TDT construct were subcutaneously injected in fe-
male non-obese diabetic-severe combined immunodeficient (NOD-
SCID) mice and were followed for tumor growth. Animals were imaged
at day 15 and divided into four groups (n = 4/each), group-I: control,
group-II: cisplatin-paclitaxel, group-III: Ro5-3335 and group-IV: Ro5-
3335 + cisplatin-paclitaxel. Group III and IV received 2 mg/kg Ro5-
3335 for 5 days intravenously (day 15–day 19). On day 20 Group II and
IV received a single dose of 2 mg/kg-cisplatin + 1 mg/kg-paclitaxel
intraperitoneally. For CBFβ-KD in-vivo study, 4 × 106 cells of A2780-
Cis-Pac-ER and the CBFβ-KD counterpart stably expressing IGF1R-Fl2-
TDT were subcutaneously injected on upper and lower flanks of five
female NOD-SCID mice. Animals were treated with 2 mg/kg-cis-
platin + 1 mg/kg-paclitaxel twice (day 35 and day 45) by in-
traperitoneal injection. Bioluminescence imaging and subsequent
quantification was performed using Xenogen-IVIS and Living Image
software 4.4 [2].

2.12. Immunohistochemistry

Antigen retrieval for Ki67 and IGF1R was carried out in microwave
at high power for 20 min, while that same for FOXO3a was done by
boiling the slides in pressure cooker for 6 min. For both cases sodium
citrate buffer (pH 6) was used. Staining was performed using IHC de-
tection kit (Abcam, UK) [3] and scored by an expert pathologist. The
immunoreactivity score (IRS) was calculated using the formula: in-
tensity × extent of positivity [27].

2.13. Statistical analysis

All the data represent the mean ± SEM of at least three in-
dependent experiments and were analysed for significance using un-
paired Student's t-test. p value ≤ 0.05 was considered as significant.
Pearson's correlation coefficient test was used to calculate the correla-
tion between Ki-67, IGF1R, FOXO3a IRS scores from IHC and tumor
viability.

3. Results

3.1. RUNX1 acts as novel regulator of IGF1R during development of
chemoresistance

Our previous results showed an association of dynamic modulation
in IGF1R gene expression with acquirement of chemoresistance in

cisplatin-paclitaxel resistant cellular models developed in A2780 and
OAW42 EOC cells, which were categorized into early (ER) and late (LR)
resistant stages based on their resistance indices [1]. To identify the
underlying molecular players, activity of a 1503 bp long IGF1R pro-
moter driving a fusion reporter (FL2-TDT or hRL-eGFP) were tested and
observed to be maximal at ER-stages compared to the respective sen-
sitive and LR-stages in A2780 and OAW42 models (Supplementary Fig.
S2A–C). Next, nine putative transcriptional regulators were identified
by screening a promoter binding TF-plate-array from nuclear extracts of
A2780-dualER cells (Fig. 1A) that comprised of retinoid X receptor
(RXR), SRY-Box transcription factor 9 (SOX9), vitamin D receptor
(VDR), growth factor independent 1 transcriptional repressor (GFI1),
retinoic acid receptor-related orphan receptor (ROR), SP1, RUNX1, NK2
homeobox 5 (NKX2.5) and SRY-box transcription factor 9 (SOX18)
whose predicted binding motifs were found throughout the GC-rich
IGF1R promoter using JASPAR database (probability score > 75%)
(Fig. 1B and Table 1). Identification of SP1 as a binder and TATA-box
binding transcription factor IID (TFIID) as a non-binder (IGF1R pro-
moter lacks TATA-box) strengthened the promoter binding TF-plate-
array data.

To validate the identified candidates, we employed an inducer/in-
hibitor based approach and treated ER-cells with Retinoic acid (RA)
derivative to assess potential of RXR, ROR and VDR proteins in IGF1R
regulation. RXR, ROR and VDR belong to superfamily of nuclear-re-
ceptors that homo/hetero-dimerize upon activation with RA/RA-deri-
vatives and bind to RA response elements. No change in IGF1R-pro-
moter or hNIS-promoter (a known RA target) [28] activity was
observed in A2780 and A2780-dualER cells treated with all-trans-RA
(ATRA). However, ATRA could upregulate NIS-promoter in agreement
with earlier report [29,30] but downregulated IGF1R-promoter in MCF-
7 cells (Supplementary Fig. S2D–E) indicating inability of RXR, ROR
and VDR in direct regulation of IGF1R promoter in our chemoresistant
model.

Enhanced stabilization and DNA binding ability of RUNX1 requires
hetero-dimerization with CBFβ co-factor which can be interrupted by a
small molecule, Ro5-3335 [31]. While RUNX1 mRNA, protein and
nuclear localization were enhanced in both stages of resistance
(Fig. 1C–H), Ro5-3335 reduced IGF1R-promoter-reporter activity and
transcript levels maximally in A2780-dualER and OAW42-dualER cells
(Fig. 1I–K). Ro5-3335 dose was carefully selected after performing MTT
assays (IC80–70 at 200 μM for A2780 and IC80–70 at 20 μM for OAW42
cells) (Supplementary Fig. S2F–G) which showed little toxicity but
significant reduction in the promoter activity. Interestingly, among the
four predicted response elements (Fig. 1B), specific binding of RUNX1
was observed only on sites 1 and 2 but not on sites 3–4 (Fig. 1L).

Though RUNX1 occupancy on IGF1R promoter remained compar-
able across the resistance stages, the effect of Ro5-3335 was more
profound in ER-cells indicating possible involvement of other positive
regulator/s. Intriguingly, RUNX1 binding sites were found to be in close
proximity of FOXO3a response elements (Fig. 1B), a known regulator
which was not represented in the TF-array. The RUNX family members
are known to interact and enhance DNA binding affinity of other
transcription factors [32]. We hypothesize that RUNX1 and FOXO3a
might collectively control IGF1R expression during development of
chemoresistance in EOC cells.

3.2. FOXO3a and RUNX1 cooperatively and positively regulate IGF1R
promoter at the onset of resistance

The early resistant cells were found to possess enhanced nuclear
localization of both total and activated (p-S413) FOXO3a (Fig. 2A–E).
Mutating FOXO3a response elements at S1(Δ-S1)/S2(Δ-S2) individually
or together decreased IGF1R promoter activity by 3.4 and 2.8 fold in
A2780-dualER and OAW42-dualER cells respectively (Fig. 2G–H). ChIP
assay showed highest occupancy of FOXO3a on S1 and S2 sites of IGF1R
promoter (0.1235% and 0.2534% respectively) in A2780-dualER cells
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Fig. 1. RUNX1 positively regulates IGF1R promoter in A2780 and OAW42 dual resistant models.
A. Graphical representation of the identified IGF1R promoter binders and non-binders from TF-plate-array. B. Schematic representation of the predicted binding sites
of the TFs on IGF1R promoter as predicted by JASPAR-TF database (threshold > 75%). C–H. Real-time PCR, immunoblot and immunofluorescence shows increased
expression and increased nuclear localization of RUNX1 in A2780-dualER/A2780-dualLR/OAW42-dualER/OAW42-dualLR cells. I–K. Ro5-3335 (A2780 = 200 μM and
OAW42 = 20 μM) reduced IGF1R-promoter activity and transcript levels in parental as well as chemoresistant cells with maximal effect in ER-cells. L. ChIP shows
increased binding of RUNX1 to IGF1R promoter on S1 and S2 but not on S3–4 in A2780-dualER/A2780-dualLR/OAW42-dualER/OAW42-dualLR cells (values were
plotted as % binding of RUNX1 compared to input-DNA). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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which dropped below 0.05% in both A2780 and A2780-dualLR cells.
Similarly, percent occupancy of FOXO3a on both the sites was higher in
OAW42-dualER cells compared to OAW42 and OAW42-dualLR cells
(Fig. 2F).

Since RUNX1 inhibition or mutation at FOXO3a response elements
led to suboptimal decrease in IGF1R promoter activity, combinatorial
effect for both these molecular alterations were tested in the models.
IGF1R promoter activity was further reduced to 7.1 and 5.3 fold when
compared to RUNX1 inhibition (2.0 and 2.1 fold) alone or mutant-
promoter (2.8 and 2.3 fold) in A2780-dualER and OAW42-dualER cells
respectively with minimal reduction in sensitive and LR cells
(Fig. 2I–J). These results indicate that RUNX1 cooperates with FOXO3a
to orchestrate a transcriptional surge for IGF1R at the onset of re-
sistance development in EOC cell lines.

3.3. RUNX1 dictates FOXO3a binding to IGF1R promoter at the onset of
resistance

The master regulator RUNX1 can influence the transcriptional dy-
namics through sequential or concurrent binding to its interacting
partners. To assess whether RUNX1 and FOXO3a exist as complex in the
A2780 cellular model of resistance, Co-IP of FOXO3a along with
RUNX1 was performed from all the stages. A significant interaction of
FOXO3a to RUNX1 was observed only in the ER cells despite of in-
cremented level of RUNX1 with increasing resistance (Fig. 3A). This
data indicates that both FOXO3a and RUNX1 can exist as a complex and
ER cells possess highest amount of such complex.

Since both FOXO3a and RUNX1 possess DNA binding ability in their
own capacity and in complementation with other transcriptional
modulators, we aimed to understand the kinetics of cooperativity be-
tween RUNX1 and FOXO3a for IGF1R promoter occupancy. ChIP-re-
ChIP assay (Supplementary Fig. 1) was performed in both combinations
i.e., RUNX1-FOXO3a-ChIP or FOXO3a-RUNX1-ChIP in A2780-dual-re-
sistant model. Both the factors were able to co-occupy the IGF1R pro-
moter at sensitive and all stages of resistance, though the occupancy
differed for each of them. RUNX1 conferred a much stronger binding in
both early and late resistant cells, while FOXO3a binding was pre-
ferentially higher in early and almost negligible in late resistant cells
(Fig. 3B–I).

Though concurrent binding of RUNX1 and FOXO3a were evident
from ChIP-re-ChIP, the occupancy of FOXO3a on S1 and S2 decreased
4.5-fold and 5.4-fold respectively after Ro5-3555 treatment only in
A2780-dualER cells, while percent occupancy on S1 and S2 remained
unchanged in A2780 and A2780-dualLR cells. Similarly, FOXO3a oc-
cupancy on both sites were decreased in OAW42-dualER cells in pre-
sence of Ro5-3555 (Fig. 3J–K).

To further confirm that the cooperative interaction of RUNX1 and
FOXO3a on IGF1R regulation occurs exclusively at the onset of re-
sistance, CBFβ gene was silenced in A2780 chemoresistant model.
Silencing of CBFβ (Supplementary Fig. S3A) significantly attenuated
IGF1R transcripts and promoter activity as well as the Δ-S1-S2-mutant-
IGF1R-promoter only in A2780-dualER cells compared to their

counterparts (Supplementary Fig. S3B–C, Fig. 3M). The further at-
tenuation in Δ-S1-S2-mutant-IGF1R-promoter activity in CBFβ-KD cells
may be due to presence of low level of active RUNX1 protein pool (since
knocking down of CBFβ was unable to produce a complete ~100%
reduction in active RUNX1-CBFβ pool). Binding of FOXO3a was sig-
nificantly affected in CBFβ-KD-A2780-dualER cells (4.0-fold and 7.9-
fold drop on S1 and S2 respectively). However, FOXO3a binding on
those sites remained unchanged for CBFβ-KD-A2780 and CBFβ-KD-
A2780-dualLR cells (Fig. 3L). Real time expression analysis showed
negligible levels of RUNX2 but high levels of RUNX3 at different stages
of both the A2780 and OAW42 models. Following the similar trend of
RUNX1, RUNX3 expression was maximal at late resistant stages (Sup-
plementary Fig. 3D).

3.4. AKT-FOXO3a negative feedback loop influences IGF1R expression in
late-resistant cells

Given the pulsatile dynamics of IGF1R and FOXO3a (Fig. 2E), we
hypothesized that there can be a negative feedback loop operating ei-
ther directly or indirectly on both IGF1R and FOXO3a. Such roles of
negative feedback loops in enabling pulsatile behaviour have already
proposed earlier [33,34]. A literature search revealed the possibility of
such a negative feedback loop to FOXO3a mediated by AKT, where
FOXO3a can activate AKT, which, in turn, can promote FOXO3a de-
gradation by phosphorylation of the S253 residue [35]. Interestingly, a
mathematical model developed to represent these interactions
strengthened the proposed crucial role of AKT-FOXO3a negative feed-
back loop in enabling IGF1R pulsatile dynamics (Fig. 4A–C & Supple-
mentary Fig. 4). Integration of both transcriptional and epigenetic
regulators in the model showed that an AKT-FOXO3a negative feedback
loop is indeed crucial to generate the pulsatile dynamics (Supplemen-
tary Fig. 5).

Following the model predictions, we looked at the post-translational
modifications which are known to control the stability of FOXO3a [35].
The late resistant cells are characterised by high level of activated AKT
[1]. Indeed phospho-S253-FOXO3a (a nuclear export and degradation
mark) levels increased gradually with increasing resistance, peaking at
late stages in both the cellular models (Fig. 4D–E). In serum deprived
media, decreased phospho-S473-AKT levels were associated with loss of
phospho-S253-FOXO3a in both A2780-dualER and dualLR cells but in-
crease in total FOXO3a was observed only in A2780-dualLR cells. Insulin
stimulation in serum starved cells restored phospho-S473-AKT levels
causing increased phospho-S253-FOXO3a and decreased total FOXO3a
levels in both A2780-dualER and dualLR cells (Fig. 4F). Finally, AKT
inhibition using an AKT inhibitor (AKT-IV) increased FOXO3a expres-
sion, enhanced nuclear localization and increased IGF1R transcript and
protein levels (Fig. 4G–J).

3.5. Combinatorial treatment of Ro5-3335 and platinum-taxol attenuates
IGF1R-promoter activity and chemoresistance in-vivo

To assess the biological implication of RUNX1 guided FOXO3a
binding to IGF1R promoter and subsequent IGF1R transcriptional up-
regulation, we investigated chemoresistance and tumorigenic proper-
ties of the ER cells. Ro5-3335 treatment alone reduced the clonogenic
potential of both the A2780-dualER (2.5-fold) and OAW42-dualER (2.2-
fold) cells compared to their corresponding counterparts. Intriguingly,
when Ro5-3555 treatment was combined with platinum-taxol, 11-fold
and 2.8-fold reduction in colony formation were observed in A2780-
dualER and OAW42-dualER cells compared to drug treatment alone. In
contrast, only 2.8- and 1.6-fold differences were observed for A2780-
dualLR and OAW42-dualLR cells with no changes in sensitive cells for
the similar conditions (Fig. 5A–D). In CBFβ-KD cells, maximal chemo-
sensitization was observed in ER cells compared to the respective CBFβ-
KD counterparts as evidenced by a 2-fold decrease in cell viability
(Fig. 5E). Both sensitive and LR cells showed nominal (~1.2-fold)

Table 1
Number of the predicted binding sites of the TFs on IGF1R promoter as pre-
dicted by JASPAR-TF database (threshold > 75%).

Number of binding sites for TFs on IGF1R promoter

TF name Number of binding sites TF name Number of binding sites

RXR:RXR 7 RUNX1 8
RXR:ROR 2 NKX2.5 4
SOX9 4 SOX18 3
GFI1 4 FOXO3a 8
ROR 3 E2F1 9
SP1 25 TFIID 0
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Fig. 2. Increased expression of FOXO3a controls IGF1R promoter activity in early-resistant stages.
A–E. Immunofluorescence and Immunoblot show increased expression, enhanced nuclear localization of total and phospho-S473 (activation mark) FOXO3a in ER-
cells. G–H. Mutating FOXO3a binding sites (Δ-S1-S2) decreased IGF1R-promoter activity in A2780/OAW42 models. F. Enhanced binding of FOXO3a to site1 and site2
was observed only in A2780-dualER/OAW42-dualER cells (values were plotted as % binding of FOXO3a compared to input-DNA). I–J. Δ-S1-S2 mutant IGF1R promoter
showed maximal reduction upon Ro5-3335 treatment (A2780 = 200 μM and OAW42 = 20 μM) in A2780-dualER and OAW42-dualER cells. **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001.
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decrease in viability after CBFβ knock down. Drug treatment in CBFβ-
KD cells again showed maximal (2.5-fold) drop in colony formation in
ER cells compared to the other counterparts (Fig. 5F). Similarly, highest
reduction in both number and sizes were evident in CBFβ-KD-A2780-
dualER cells by soft agar colony formation assay (Fig. 5G–H). All these
data suggest that both pharmacological and genetic inhibition of CBFβ-
RUNX1 complex along with drug treatment exert maximal effects on
chemoresistant and tumorigenic properties at the onset of resistance.

Next, independent and combinatorial effects of Ro5-3335 and pla-
tinum-taxol treatment on IGF1R-promoter-luciferase activity and tu-
morigenicity were monitored in subcutaneous tumor xenograft of
A2780-dualER cells by non-invasive optical imaging. Mice receiving
Ro5-3335 showed 2-fold reduction in bioluminescence signal
{7.535 × 107 ± 1.539 × 107 to 3.528 × 107 ± 5.873 × 106 (p/s/
cm2/sr)} at end of the treatment (day-20) which then gradually in-
creased to 1.805 × 108 ± 5.932 × 107 (p/s/cm2/sr) (5.1-fold) at day-
25 (Fig. 6A–B). Control group exhibited continuous increase in signal
(10.9-fold) while cisplatin-paclitaxel treatment group showed 4.1-fold
reduction at day 25 {4.193 × 108 ± 9.138 × 107 to
1.025 × 108 ± 3.028 × 107 (p/s/cm2/sr)}. The most drastic drop in
IGF1R activity was observed in the group with combinatorial treatment
(16.1-fold) {3.959 × 107 ± 9.812 × 106 to 2.468 × 106 ± 772,284
(p/s/cm2/sr)} at day-25 (Fig. 6A–B). Although no significant reduction
in tumor volume was observed across the groups, slight decrease in
tumor volume was noted between control and combinatorial groups
(1567 ± 101.4 vs 1321 ± 90.84 mm3) (Fig. 6C). Ki-67 staining and
histological analysis showed decreased number of proliferating cells
and higher necrosis in tumors of the combinatorial treatment group
compared to the other groups (Fig. 6D–G and Supplementary Fig. S6A).
IGF1R staining among the groups showed maximal reduction in IGF1R
in the combinatorial group compared to the rest of the groups (Fig. 6E
and Supplementary Fig. S6A), however, no significant change in
FOXO3a staining was observed among the groups (Fig. 6F and Sup-
plementary Fig. S6A). When statistical correlations were drawn among
the groups comparing IGF1R staining with Ki67, FOXO3a, and tumor
viability, only the IGF1R/FOXO3a exhibited lower correlation
(R2 = 0.688) than the IGF1R/Ki67 (R2 = 0.955) and IGF1R/tumor
viability (R2 = 0.988) (Supplementary Fig. S6B–D).

To investigate the chemo-sensitization effect of the genetically dis-
rupted RUNX1-CBFβ complex, A2780-dualER cells and their CBFβ-KD
counterparts were subcutaneously implanted in the upper and lower
flanks of NOD-SCID mice (n = 5). Despite implanting equal number of
cells, the A2780-dualER CBFβ-KD cells showed slower tumor growth. A
6.9-fold lower IGF1R-promoter activity was observed in CBFβ-KD tu-
mors {4.003 × 108 ± 8.397 × 107 (p/s/cm2/sr)} compared to the
control tumors {2.778 × 109 ± 7.307 × 108 (p/s/cm2/sr)} at day 35
(Fig. 7A–B). Animals were given two treatments of cisplatin-paclitaxel
at 10 days interval. At day 55, a 99.5 fold drop in bioluminescence
signal was observed in CBFβ-KD tumors {4.003 × 108 ± 8.397 × 107

to 4.020 × 106 ± 667,424 (p/s/cm2/sr)}, compared to 3.9-fold drop
in the control tumors {2.778 × 109 ± 7.307 × 108 to
7.213 × 108 ± 1.357 × 108 (p/s/cm2/sr)} (Fig. 7A–B). Though the
CBFβ-KD tumors showed slower growth rate, drug treatment led to 1.3-
fold reduction in tumor volume at day 55 (430.3 ± 20.11 vs
328.3 ± 27.59 mm3) which was not evident in the control group
(Fig. 7C). Further, CBFβ-KD tumors showed decreased expression of
IGF1R, low number of proliferating cells (Ki67) and higher necrosis

compared to control tumors (Fig. 7D–G and Supplementary Fig.
S6E–H).

4. Discussion

Dysregulated signalling network underlying the acquired chemore-
sistance are mediated by cooperative interaction of various transcrip-
tion factors and are often intrinsically non-linear in nature. Association
of hyperactive IGF1R signalling with chemo/radio/targeted therapy
resistance has been reported in several cancers including Epithelial
Ovarian Cancer [16–21]. These studies report a onetime relation be-
tween the extent of resistance and level of IGF1R expression often un-
dermining the transcriptional dynamicity during acquirement of re-
sistance. We, for the first time, have reported a transcriptional surge in
IGF1R expression at the onset of chemoresistance which declines at late
stages of resistance and was inversely related to AKT activation in
platinum-taxol resistant EOC cells [1]. Similarly a therapy induced
transcriptional surge in IGF1R expression was observed in paired
neoadjuvant chemotherapy treated tumors of a small cohort of ad-
vanced stage high grade serous EOC patients [3]. However, the un-
derlying factors for this transcriptional surge and subsequent decay
were unknown. In this study, we identified RUNX1 as a novel tran-
scriptional regulator of IGF1R gene which in cooperation with FOXO3a
induces IGF1R transcription at the onset of platinum-taxol resistance in
EOC cells. Such interaction falls apart when the cells acquired maximal
resistance towards the drugs leading to downregulation of IGF1R ex-
pression. Lower FOXO3a occupancy in presence of an optimally bound
RUNX1 on IGF1R promoter at late resistant stages was due to AKT
mediated degradation which resulted in debilitated IGF1R transcription
and could be reversed by an AKT inhibitor. This undulating behaviour
of IGF1R appeared due to a dynamic interplay between RUNX1,
FOXO3a and AKT, at different stages of resistance. We further showed
that pharmacological or genetic inhibition of RUNX1 decreased re-
sistance and tumorigenicity of the early resistant cells.

In absence of mutational activation and rare instances of gene am-
plification, overexpression of IGF1R gene is attributed to transcriptional
and epigenetic modulation [12]. Only 16.5% of EOC cases of The
Cancer Genome Atlas (TCGA) dataset show enhanced IGF1R tran-
scription and 4% cases show gene amplification [6,7]. The unique
IGF1R promoter is comprised of a GC rich 5′-flanking region without
the TATA or CAAT box sequences and is differentially regulated by
several TFs either directly or indirectly through SP1 in various cir-
cumstances [12]. Intriguingly, the high GC rich IGF1R promoter is a
prospective site for rich epigenetic interactions but such epigenetic
regulations are seldom reported [12]. Rather conspicuous absence of
methylation by SAM, a methyl donor agent in Glioblastoma cells and in
benign and metastatic Prostate cancer cells [14,15] points towards a
pre-dominant role of the transcriptional regulators. Apart from VHL loss
in 5- Fluorouracil and etoposide resistant renal cell carcinoma and
FOXO1 activation in phosphatidylinositol-3-kinase catalytic subunit
delta (PI3K-δ) inhibitor resistant murine model [36,37], probable ac-
tion of other transcriptional regulator/s in mediating cancer therapy
resistance through IGF1R are unknown. Such molecular knowledge is
important to identify both therapeutic and diagnostic markers for the
IGF1R addicted cancers including EOC. Though transcription factor-
promoter array analysis in this study identified several unique tran-
scriptional regulators (SOX9, SOX18, RUNX1, RXR, ROR and VDR),

Fig. 3. Assessment of RUNX1 and FOXO3a binding sequence on IGF1R promoter.
A. Co-immunoprecipitation across A2780-Cis-Pac resistance model showed maximum RUNX1-FOXO3a interaction in ER cells followed by A2780 cells and least in LR
cells. B-E. ChIP-re-ChIP of RUNX1 followed by FOXO3a on site 1 (B) and site 2 (D). Area plot (C & E) depicts the RUNX1 bound region co-occupied by FOXO3a. F–I.
Chip-Re-Chip of FOXO3a followed by RUNX1 on site 1 (F) and site 2 (H). Area plot (G & I) depicts the FOXO3a bound region co-occupied by RUNX1. J–L. Ro5-3335
treatment (J and K) and CBFβ-KD (L) specifically attenuated binding of FOXO3a to site1 and site2 in A2780-dualER/OAW42-dualER cells (Values were plotted as %
binding compared to input-DNA). M. Drastic attenuation in Δ-S1-S2-IGF1R-promoter activity was observed in CBFβ-KD-A2780-dualER cells. *p ≤ 0.05, **p ≤ 0.01,
***p ≤ 0.001, ****p ≤ 0.0001.
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Fig. 4. AKT-FOXO3a feedback loop negatively regulate IGF1R expression at late-resistant stages.
A. Network constructed to explain IGF1R pulsatile dynamics. B. Dynamics of RUNX1, FOXO3a and IGF1R obtained by mathematical simulation of the network. C.
Effect of AKT mediated FOXO3a degradation on IGF1R dynamics. D–E. Immunoblot and immunofluorescence showing incremental levels of p-S473-AKT and p-S253-
FOXO3a with increasing resistance in A2780/OAW42 models. F. Serum starvation led to loss of both p-S473-AKT and p-S253-FOXO3a in A2780-dualER and dualLR

cells and increased FOXO3a levels in A2780-dualLR cells. Insulin stimulation led to sharp increase in p-S253-FOXO3a in both ER and LR cells. G–J. Effect of AKT-IV on
FOXO3a and IGF1R. Increased nuclear localization (G & H) and total FOXO3a (I), decreased p-S473-AKT (I) and increased IGF1R mRNA (J) and IGF1R protein (I)
were observed in A2780-dualLR and OAW42-dualLR cells. ***p ≤ 0.001, ****p ≤ 0.0001.
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perturbation of only RUNX1 activity significantly attenuated IGF1R
transcriptional and promoter activity in both A2780 and OAW42 che-
moresistant models and highest reduction was seen in early-resistant
cells. The rest of the potential binders either were not able to modulate
IGF1R expression (RXR/ROR/VDR) or were not feasible to test due to
absence of specific activator/inhibitor and technical difficulties to

create site specific mutations at seven lengthy binding sites (SOX9/
SOX18). RUNX1, a well-known master regulator of hematopoietic
lineages gathered attention as a tumor suppressor for long in haema-
tological cancers [38]. Recently, RUNX1 has been found to have a more
widespread role in several cancers [39,40] but this is the first report of
its association with development of chemoresistance. RUNX1-CBFβ

Fig. 5. RUNX1 inhibition affects chemoresistant properties of EOC cells.
A–D. Clonogenic survival assay showing the extent of decrease in the surviving fractions upon Ro5-3335 (A2780 = 200 μM and OAW42 = 20 μM) and after
combinatorial treatment with cisplatin-paclitaxel across all the stages in A2780/OAW42 models (50 ng cisplatin + 8.5 ng paclitaxel/ml). E–H. MTT (E), clonogenic
(F) and soft agar assay (G–H) showing decrease in surviving fractions upon cisplatin-paclitaxel treatment in CBFβ-KD cells compared to the controls in A2780-dual
resistant model. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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complex is a central player in fine-tuning the balance among cell dif-
ferentiation, proliferation, EMT and often acts in cooperation with
other transcriptional regulators [40–43]. Such functional cooperativity
of RUNX1 with other transcription factors is reported in lymphoma,
breast, colorectal cancer and haematological malignancies [42–45]. In
spite of increased RUNX1 expression and functional activities (nuclear
localization and enhanced binding at sites 1–2) across all stages of re-
sistance, specific inhibition of IGF1R by Ro5-3335 was observed only in
early-resistant cells and signifies for contributory role of other reg-
ulator/s for optimal activation. FOXO3a [43,46], a known IGF1R reg-
ulator is found to share overlapping binding motifs with RUNX1 (site 1
and 2) on IGF1R promoter and also exhibited a similar pulsatile pattern
like IGF1R across resistant stages with highest promoter occupancy in
early resistant cells. Both RUNX1 and FOXO3a function as transcrip-
tional modulator individually and in conjunction with each other
[32,43–46]. The co-immunoprecipitation result demonstrated a stage
specific interaction pattern between RUNX1 and FOXO3a which was

highest in early resistant cells but minimal in sensitive and late resistant
cells. This stage specific interaction pattern seems to influence their
IGF1R promoter binding capacity as maximal RUNX1-FOXO3a co-oc-
cupancy was evident during onset of resistance which subsequently
decreased at late-resistant stages as revealed by Chip-re-Chip assay.
This cooperative binding is critical for optimal IGF1R transcription as
neither of the transcription factor could independently drive IGF1R
expression. Both chemical and genetic inhibition of RUNX1 abolished
FOXO3a binding in early-resistant cells indicating that RUNX1 binding
is an obligatory step for FOXO3a occupancy specifically at the onset of
resistance. Contrary to RUNX1, FOXO3a exhibited a poorer binding to
IGF1R promoter and lower nuclear localization in late resistant cells
thereby affecting the co-occupancy and transcriptional rate.

These intriguing dynamics prompted us to construct a network and
mathematically analyse the interactions leading towards IGF1R and
FOXO3a pulsatile dynamics which occurs as a result of adaptation to
the drug induction. Our mathematical analysis which considered both

Fig. 6. Ro5-3335 mediated RUNX1 inhibition and platinum-taxol attenuate IGF1R promoter activity and chemoresistance in-vivo.
A. Ro5-3335 and cisplatin-paclitaxel treatment regime and representative bioluminescence images of A2780-dualER tumor xenografts expressing IGF1R-FL2-TDT
promoter-reporter treated with vehicle (control), cisplatin-paclitaxel, Ro5-3335 and Ro5-3335 with cisplatin-paclitaxel showing modulation in bioluminescence
signal. B. Graphical representation of quantified bioluminescence signal (n = 4/group) showing the trend in IGF1R promoter activity between the four groups. C.
Graphical representation of tumor growth kinetics of the four groups. D–G. Representative images of Ki-67, IGF1R, FOXO3a and H&E staining of tumor sections
showing extent of cell proliferation and necrosis among the groups. *p ≤ 0.05, **p ≤ 0.01.
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transcriptional and epigenetic factors suggested a crucial role of a ne-
gative feedback loop between FOXO3a and AKT in the pulsatile dy-
namics of IGF1R and FOXO3a. Indeed, AKT inactivation either through
serum starvation or by an inhibitor led to decreased p-S253-FOXO3a
levels and increased total FOXO3a and IGF1R expression in late re-
sistant cells. Our in-silico analysis also suggested that while methylation
events on IGF1R promoter can indeed affect the duration and amplitude
of the IGF1R pulse, the qualitative dynamics of the fall of IGF1R con-
centration, which is crucial for the definition of a pulse, is independent
of such methylation events. However, a delay between the expression of
IGF1R and the activation of FOXO3a-Akt negative feedback loop was
found to be a necessary component of the model, which raises the
possibility of involvement of additional factors in FOXO3a-Akt negative
feedback loop or the presence of other negative feedback loops inter-
acting with FOXO3a, acting in timescales larger than FOXO3a-Akt
feedback loop. Such possibilities require further exploration.

Pharmacological or genetic ablation of RUNX1 imparted chemo-
sensitization and reduced colony formation maximally in ER cells, thus
indicating blockade of RUNX1-FOXO3a mediated IGF1R upregulation
renders the early resistant stage cells sensitive to cisplatin-paclitaxel.
Continuous application of low dose Ro5-3335 or genetic perturbation of
RUNX1 with intermittent drug treatment led to significant decrease in
IGF1R expression, stalled tumor cell proliferation and induction of
necrosis in tumor xenograft models of early-resistant cells. RUNX1 is
indispensable for establishment of definitive haematopoiesis in verte-
brates. However, no obvious illness was observed in long term use of

300 mg/kg/day of Ro5-3335 in mice [31] and a single dose of 5 mg/kg
of Ro5-3555 protects LPS induced death in mice by reducing in-
flammation [47]. We applied similar low dose in fractionated manner
(2 mg/kg/day/5 days) and observed that low dose RUNX1 inhibitor
with platinum-taxol could effectively delay resistance development.
However, a detail dose dependent study is warranted to assess potential
of RUNX1 inhibition combating the platinum-taxol resistance.

Though recognized as a promising target, clinical benefits of IGF1R-
targeting agents are not found for patients with breast, pancreatic, non-
small cell lung cancers and ovarian cancers [22]. Possible reasons for
such failure result from the strong homology between IGF1R and In-
sulin receptor and shared ligands (IGF1, IGF2 and insulin) and ligand
binding proteins (IGFBPs) between the two pathways. Thus, an indirect
approach by targeting IGF1R gene regulators in IGF1R addicted cancer
or in therapy resistant situation might arise as a viable option. This
RUNX1-FOXO3a partnership most likely impacts other target genes
required for resistance. Therefore, targeting RUNX1 in combination
with chemotherapy might turn up as a new strategy to reverse or delay
development on chemoresistance in EOC cells.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2020.165754.
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An active IGF-1R-AKT signaling 
imparts functional heterogeneity in 
ovarian CSC population
Ram K. Singh1, Ajit Dhadve1, Asmita Sakpal1, Abhijit De2 & Pritha Ray1

Deregulated IGF-1R-AKT signaling influences multiple nodes of cancer cell physiology and assists in 
migration, metastasis and acquirement of radio/chemoresistance. Enrichment of cancer stem cells 
(CSC) positively correlates with radio/chemoresistance development in various malignancies. It is 
unclear though, how IGF-1R-AKT signalling shapes CSC functionality especially in ovarian cancer. 
Previously we showed that upregulated IGF-1R expression is essential to initiate platinum-taxol 
resistance at early stage which declines with elevated levels of activated AKT at late resistant stage 
in ovarian cancer cells. Here, we investigated the effect of this oscillatory IGF-1R-AKT signalling upon 
CSC functionality during generation of chemoresistance. While gradual increase in CSC properties from 
early (ER) to late (LR) resistant stages was observed in three different (cisplatin/paclitaxel/cisplatin-
paclitaxel) cellular models created in two ovarian cancer cell lines, the stemness gene expressions 
(oct4/sox2/nanog) reached a plateau at early resistant stages. Inhibition of IGF-1R only at ER and 
AKT inhibition only at LR stages significantly abrogated the CSC phenotype. Interestingly, real time 
bioluminescence imaging showed CSCs of ER stages possessed faster tumorigenic potential than CSCs 
belonging to LR stages. Together, our data suggest that IGF-1R-AKT signalling imparts functional 
heterogeneity in CSCs during acquirement of chemoresistance in ovarian carcinoma.

Insulin like Growth Factor-1 Receptor (IGF-1R) is a transmembrane receptor tyrosine kinase which transmits sig-
nal via PI3K-AKT or MAPK-ERK pathways1–3. In addition to its essential functions for normal growth and devel-
opment, deregulated IGF-1R signaling plays a major role in tumor growth and chemoresistance4–6. Generation 
of radio/chemoresistance is a major hurdle in successful treatment of cancers which may arise due to presence of 
inherently resistant tumor cells or due to acquirement of resistance by these cells5,7,8. While molecular alteration 
in various pathways assist in resistance development9, a small subset of inherently resistant cells within tumor 
bulk known as Cancer Stem Cells (CSC) also aid in acquirement of chemoresistance and relapse10–12. Currently 
considerable effort is undergoing to develop strategies to target these deadly populations for ultimate cure of can-
cer. Historically CSCs from different malignancies are isolated using a set of biomarkers. However, overlapping 
presence of these biomarkers in normal cell types poses a real challenge for targeting CSCs. In congruence with 
intratumoral heterogeneity, recent evidences suggest that CSCs are also not uniform but rather heterogeneous 
population and highly plastic in nature13–15. Existence of such heterogeneity within CSCs adds another layer of 
complexity for efficient targeting. Till date, CSC heterogeneity has been recognized by presence of biomarkers 
along with certain functional assays. CD44+ /CD24− and ALDH +  breast CSCs are reported to be more tum-
origenic with poor clinical outcome than CSCs expressing CD44+ /CD24− alone16. Additionally, both CD133+ 
and CD133− CSC population from glioblastoma tumors found to possess self-renewing and tumor-initiating 
properties thereby casting doubt on biomarker based CSC isolation and characterization17. Still biomarker based 
therapeutic strategy to eradicate CSCs was attempted and patient derived CD44 +  ovarian CSCs possessing high 
claudin-4 expression were shown to be effectively targeted by Clostridium perfringens enterotoxin18. Intriguingly, 
whether and how a signaling pathway bestows heterogeneity in CSC population has so far not been investigated.

Using indigenously developed resistant models against cisplatin, paclitaxel and dual drugs in ovarian cancer 
cells, we showed that upregulated IGF-1R expression is crucial to initiate resistance and an activated AKT later 
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assists in maintenance of resistance19,20. Irrespective of nature of drugs, early resistant (ER) cells of all these mod-
els show higher IGF-1R expression, while late resistant (LR) cells possess low IGF-1R but elevated phosphorylated 
AKT19. Role of IGF-1R in developing cisplatin or paclitaxel resistance in ovarian cancer cells were reported by 
others5,6.

Herein we investigated the consequence of this oscillatory IGF-1R-AKT signaling upon CSC properties dur-
ing acquirement of platinum-taxol resistance. While gradual increase in CSC features were found to be positively 
correlated with resistance development (from ER to LR stages), the stemness gene expressions reached a plateau 
early on. Inhibition of IGF-1R at ER and AKT inhibition at LR stages significantly abrogated CSC and chemore-
sistant phenotype. Interestingly, real time imaging showed CSCs of ER stages possessed higher and faster tumori-
genic potential than CSCs belong to LR stages. Inhibition of AKT relieved IGF-1R suppression and sensitized the 
late resistant cells to combinatorial treatments. This is the first report on an intricate and interdependent relation 
between IGF-1R and AKT with functional heterogeneity of ovarian cancer stem cells which might emerge as a 
therapeutic target for the resistant disease.

Results
Enrichment of Stem cell like features with acquirement of drug resistance in ovarian cancer 
cells. We have previously developed dynamic models of drug resistance against cisplatin, paclitaxel and both 
drugs by treating A2780 and OAW42 ovarian cancer cell lines with successive and gradually incrementing drug 
concentration and categorized them into early (ER) (CisER, PacER and DualER)and late (LR) (CisLR, PacLR and 
DualLR) resistant stages depending on their resistant indices20. Intriguingly, irrespective of the nature of drugs, 
elevated levels of IGF-1R and high phosphorylated AKT were found to be associated with early and late stages 
of resistance which seem to be essential for initiation (at early stage) and maintenance (late stage) of drug 
resistance19.

To understand the association of Cancer Stem Cell dynamics with acquirement of resistance, functional assays 
and biomarker association were studied in these cellular resistant models. Side population assay (SP) which puri-
fies CSCs based on their innate drug efflux property was used for CSC isolation from different stages of resistance. 
A gradual and significant enrichment in SP cells (3.9 ±  0.05% in CisER & 7.2 ±  0.42% in CisLR cells) compared to 
the chemosensitive A2780 cells (1.5 ±  0.05% SP) was observed in cisplatin resistant model (p <  0.05). Similar 
enhancement in SP cells was observed with both Paclitaxel and dual resistant models. The dual resistant model 
showed maximal enrichment in SP population at late resistant stage (19.1 ±  1.0% (13.2 fold) (Fig. 1A). The 
OAW42 resistant models also exhibited enhanced SP population across cisplatin, paclitaxel and dual resistant 
cells compared to OAW42 sensitive cells (Supplementary Table 2). However, the absolute level of SP cells was 
2-fold higher in A2780-DualLR than OAW42-DualLR cells (19.1% vs. 9.8%). Cancer stem cells possess higher 
self-renewal ability which is assessed through spheroid formation assay. In both A2780 and OAW42 cellular 
resistant models, significant enhancement in spheroid formation was observed with increasing resistance. When 
compared between the models, both PacER and PacLR cells exhibited enhanced spheroid forming ability than CisER 
and CisLR cells. However, this trend only met significance for PacLR cells (Fig. 1B,C). It was also observed that both 
sensitive cells (A2780 and OAW42) cells could form spheroids up to two passage only, while resistant cells were 
capable of forming spheroids till seven passages. Higher spheroid formation in A2780 resistant models suggests 
superior self-renewal ability of these cells compared to OAW42 cells.

The level of known ovarian CSC biomarkers (CD44 and CD133) expression was monitored in both A2780 
and OAW42 resistant models (Fig. 1D, Supplementary Figure 1). A2780 cells did not show detectable CD44 
expression (data not shown) however the level of CD133 showed marked increase with increasing resistance 
(A2780 =  22%; CisER =  44.7%; CisLR =  97.1%; PacER =  66.9%; PacLR =  98.7%; DualER =  71.3%; DualLR =  95.5%). We 
also tested the expression of these markers in OAW42 cellular resistant models where CD44 expression showed 
marked increase with increasing resistance (OAW42 =  12.7%; CisER =  15.7%; CisLR =  19.9%; PacER =  24.7%; 
PacLR =  25.9%; DualER =  15%; DualLR =  23.9%). Very low expression of CD133 was observed in OAW42 cisplatin 
and paclitaxel resistant models compared to A2780 resistant models which showed the similar trend of enhanced 
expression with increasing resistance. The dual resistant model in OAW42 cells showed maximum enhancement 
in CD133 level (OAW42 =  0.62%; CisER =  1.48%; CisLR =  1.53%; PacER =  2.16%; PacLR =  3.84%; DualER =  5.57%; 
DualLR =  9.01%) (Fig. 1D, Supplementary Figure 1). Interestingly, real time quantification of oct4, sox2 and nanog 
(Pluripotent genes) expression showed marked increase at early resistance stages compared to the sensitive stages 
which remained unaltered even at late resistant stages uniformly in all the resistant models (Fig. 1E,F).

Side population fraction is enriched with cancer stem cell features. Side population (SP) assay 
is considered a routine method for CSC characterization. However, the discriminating power of this assay to 
identify stem cells over non-stem cell population is sometimes criticized21. To test the true stemness phenotype of 
the SP population of all the resistant models (A2780 & OAW42), both self-renewal and differentiation properties 
were assayed. SP cells sorted from sensitive and early and late resistant stages of all three drug resistant models 
of A2780 showed significantly higher spheroid formation (p <  0.05) than their non-SP counterparts (Fig. 2A). 
Interestingly, not much difference in spheroid forming ability was found between the early and late resistant 
cells of each drug resistant models (Fig. 1A,B). When compared across the models, an apparent enhanced sphe-
roid formation was observed for Paclitaxel resistant cells than Cisplatin resistant cells. However, only PacLR cells 
formed significantly higher number of spheroids compared to CisLR cells (p <  0.05). The spheroid forming ability 
between CisER and PacER cells did not show any significant difference.

Transcript levels of oct4, sox2 and nanog were significantly higher in SP cells than their NSP counterparts 
(Fig. 2B,C). In vitro differentiation is one of the important characteristic features to asses CSC phenotype. We 
performed serial sorting of SP and NSP cells from chemosensitive and late cisplatin-resistant A2780 cells for 
three cycles. Intriguingly, we did not observe an absolute persistence of 100% SP cells from 1st to 3rd sort, rather 
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a gradual enrichment (A2780~1.4% to 27.1%; A2780 CisLR~7.3% to 49.3%) was found and simultaneously the 
NSP population decreased. The NSP cells, in contrary did not form any SP cells till third passage (Fig. 2D). In 
addition to stemness phenotype we also measured the resistant phenotype where SP cells of late resistant mod-
els of A2780 showed higher viability at respective IC50 concentrations (CISLR =  5 ug/ml; PACLR =  125 ng/ml and 
DUALLR =  500 ng/ml cisplatin+  80 ng/ml paclitaxel) compared to their NSP or main population. The slight differ-
ence in survival rate between MP and NSP population suggests that NSP cells can maintain their chemoresistance 
phenotype but are devoid of stem cell pool (Fig. 2E). We also measured cellular viability of SP, NSP and MP frac-
tions for every cycle during enrichment of SP cells and found that SP cells showed significantly higher viability 
compared to its respective counterparts (MP and NSP cells) (Supplementary Figure 3).

Real time monitoring of tumor growth kinetics of SP population by bioluminescence imaging.  
The most crucial characteristics that differentiate a cancer stem cell from a normal stem cell lies in its inherent 
tumorigenic ability. After assessing the self-renewal and differentiation properties, we sought to evaluate the 
tumorigenic potential of the SP population through in vitro clonogenic assay and in vivo tumor forming ability 
in immune compromised mice. As expected the NSP cells from both early and late resistant stages of all the three 
models of A2780 cells formed significantly lower clones than their SP counterparts. Number of clones formed 
by the NSP cells was also found to be lower than the number of clones formed by total population across all the 
resistant models (Fig. 3A). Interestingly SP cells from each of the early resistant stages (CisER, PacER and DualER) 
showed significantly higher number of colonies than SP cells from late resistant stages (CisLR, PacLR and DualLR) 
(Fig. 3A). This intriguing differential clonogenic property exhibited by early and late resistant SP cells was further 
tested in living subjects in real time.

Fifty thousand SP and NSP cells from PacER and DualER A2780 cells were sub-cutaneously implanted in 
both flanks of NOD/SCID mice (n =  5) and longitudinally monitored by bioluminescence imaging. To directly 
compare the tumorigenic ability of CSC (SP cells) and non-CSC (NSP cells) population of different resistant 
stages, we purposely implanted higher number of cells to measure the actual tumorigenic potential (even with 
lower efficiency) of the NSP populations in the same mouse. Though luciferase signal was observed at both SP 
and NSP sites in all 10 mice at day 0, tumor development was observed in 60% and 80% of mice for Pac and 

Figure 1. Characterization of stem cell like features across the cellular resistant models. (A) Increased 
Side Population in three different A2780 resistant models (cisplatin, paclitaxel and dual). FACS dot plot 
showing the distribution of SP cells with or without verapamil treatment which increases with increasing 
resistance. (B,C) Graphical representation of enhanced spheroid formation observed across all the resistant 
models. Resistant models in OAW42 cells exhibited slightly lesser spheroids (Cis-Res =  1.63–1.66 fold; Pac-
Res =  2.08–2.5 fold; Dual-Res =  1.8–2.3 fold) but resistant models of A2780 cells showed considerably elevated 
spheroid formation (Cis-Resistant model =  1.8–2.8 fold; Pac-Resistant model =  2.4–3.9 fold; Dual-Resistant 
model =  3.8–5.3 fold) than the respective sensitive cells. (D) Increased expression of biomarkers (CD133 
and CD44) with enhanced resistance observed across the resistant models. Control A2780 cells showed 22% 
positivity for CD133 expression which increased in each of the drug resistance models; (CD133expression: 
A2780 =  22%; CisER =  44.7%; CisLR =  97.1%; PacER =  66.9%; PacLR =  98.7%; DualER =  71.3%; DualLR =  95.5%). 
A2780 cells did not show detectable CD44. CD44 expression in OAW42 cellular models also showed increments 
with increasing resistance (OAW42 =  12.7%; CisER =  15.7%; CisLR =  19.9%; PacER =  24.7%; PacLR =  25.9%; 
DualER =  15%; DualLR =  23.9%). Low but increasing CD133 expression was associated with OAW42 resistant 
models (OAW42 =  0.62%; CisER =  1.48%; CisLR =  1.53%; PacER =  2.16%; PacLR =  3.84%; DualER =  5.57%; 
DualLR =  9.01%) (E,F) Real time quantification of oct4, sox2 and nanog expression across A2780 resistant 
models showed maximal expression at early resistant stages which remained constant till late resistant stages. 
Similar trend was observed in OAW42 resistant models.
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dual resistant cells respectively and only at SP cell implantation sites. Enhanced luciferase signal at SP-PacER 
tumor site (n =  3) was observed from day 0 to day 25 (2.21 ×  105 ±  9.24 ×  104 to 8.67 ×  106 ±  5.80 ×  106 p/sec/
cm2/sr) indicating tumor initiation which increased (3.54 ×  108 ±  2.05 ×  108 p/sec/cm2/sr) and palpable tumors 
(0.98 ±  0.80 cm3) were observed by day40 (Fig. 3B). In contrary, the NSP-PacER tumors lost the bioluminescence 
signal over time and did not show any palpable tumor till 50 days. Similar trends were observed for SP-dualER and 
NSP-dualER tumors, where bioluminescence signal at SP implantation sites increased from day 0 to day 25 to day 
40 (1.04 ×  106 ±  5.06 ×  105 to 9.84 ×  106 ±  2.1 ×  105 to 5.06 ×  107 ±  1.76 ×  107 p/sec/cm2/sr) with palpable tumors 
(0.57 ±  0.25 cm3) at day 40 were found only for SP cells (Fig. 3C).

Quite distinct and unexpected tumor growth kinetics was observed when SP-CisLR and SP-PacLR A2780 tum-
ors (n =  5 each) were monitored in real time. To characterize late resistant SP population independent of nature 
of drug used, the cisplatin resistant cells were used along with paclitaxel resistant cells. For both SP and NSP 
tumor sites, no increase in bioluminescence signal was found from day 0 to day 50 (data not shown). Unlike 
SP-PacER cells where tumor initiation noticed from day 25, first detectable luminescence signal from SP-PacLR 
tumors was found on day 80 (2.65 ×  105 ±   6.37 ×  104 to 1.65 ×  106 ±  1.49 ×  106 p/sec/cm2/sr) and a sharp increase 
in bioluminescence was observed within 10 days (2.73 ×  107 ±  1.43 ×  107 p/sec/cm2/sr) (Fig. 3D). No tumors or 
bioluminescence was observed at the site of NSP cells implantation. Compared to SP-PacER cells, SP-PacLR cells 
produced significantly smaller tumors (SP PACER =  1.52 ±  0.76 cm3; SP PACLR =  0.28 ±  1.9 cm3). For SP-CisLR 
tumors, detectable signal was found on day 80 (7.60 ×  104 ±  2.26 ×  104 p/sec/cm2/sr) followed by gradual increase 
in signal (1.27 ×  107 ±  6.7 ×  106 p/sec/cm2/sr) and tumor volume (0.76 ±  0.058 cm3) till day 100 (Fig. 3E). Again 
loss of bioluminescence signal and no tumor formation were observed at NSP cells implantation sites. Only 60% 
mice for both these group of late resistant cells developed tumors.

The higher tumorigenic potential found in SP cells of early resistant stages is quite unexpected and might 
be driven by an active signalling cascade involved in cellular proliferation. We have previously reported that 
irrespective of the nature of the drugs, the early resistant cells possess enhanced expression of IGF-1R which 
decreases at late stages of resistance19. Thus this crucial cell proliferating signalling cascade governed by IGF-1R 
might have influence on the enhanced tumorigenic potential of SP cells of early resistant stages.

Figure 2. Characterization of side population cells for their stem cell like features. (A) Graphical 
representation of higher spheroid forming ability of SP cells of A2780 sensitive, early and late resistant cells 
from all the three resistant models than corresponding NSP cells. (B,C) Real time quantification of oct4, sox2 
and nanog expression in SP and NSP fractions of A2780 and OAW42 sensitive cells showing significantly 
increased expression of these pluripotent genes in SP cells than NSP cells. (D) FACS analysis of differentiating 
ability of SP and NSP cells monitored over three subsequent passages by DCV staining. (E) MTT assay showing 
marked increase in viability of SP cells (A2780 SP =  68.75%, CisLR SP =  63.99%, PacLR SP =  72.4% and DualLR 
SP =  70.45%) compared to main population (MP) and NSP cells at IC50 of respective drug concentration. (Data 
represented as ±  SEM; *p <  0.05; **p <  0.005; ***p <  0.0005).
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Figure 3. Monitoring tumorigenic properties of SP/NSP cells from early and late resistant stages of A2780 
resistant models in real time. (A) Bar graph showing significant increase in the clonogenic potential of ER-SP 
cells than LR-SP cells. (B,C) Representative bioluminescence images of early resistant cells (PacER and DualER) 
from day 0 to day 40 and graphical representation showing increased bioluminescence signal and tumor 
volume by SP cells. NSP cells showed significant decrease in bioluminescence and absence of tumor formation 
(p <  0.05), [Data represented as ±  SEM for n =  3]. (D,E) Representative bioluminescence images of late resistant 
cells (PacLR and CISLR) from day 0 to day 90 and graphical representation showing increased bioluminescence 
signal and tumor volume by SP cells. NSP cells showed significant decrease in bioluminescence signal and 
absence of tumor formation (p <  0.05) [Data represented as ±  SEM for n =  3].
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Effect of IGF-1R inhibition upon cancer stem cells and chemoresistant phenotype. Till date, 
association of IGF-1R signaling with CSC phenotype is reported for colon and breast cancers22,23. Whether and 
how IGF-1R signaling influences the stemness phenotype in chemoresistant ovarian cancer cells is never inves-
tigated. We next attempted to investigate the association of upregulated IGF-1R with CSC features by inhibiting 
IGF-1R with different strategies and testing the various properties of CSCs. Treatment with Picropodophyllin 
(PPP), a small molecule inhibitor of IGF-1R decreased spheroid forming ability and pluripotent gene expression 
in sensitive, ER and LR cells from different resistant models of A2780 cells (Supplementary Figure 2). Maximal 
inhibition in spheroid formation and stemness gene expression was observed in early resistant stages compared 
to sensitive and late resistant stages except for the dual resistant model where reduction in levels of spheroid 
formation did not differ between early and late resistant stages. Decreased stemness properties by PPP in late 
resistant cells were unexpected and could have caused by overall inhibition of IGF-1R signaling. Additionally, 
PPP, though specifically inhibits IGF-1R over insulin receptor can exert some toxicity through microtubules 
inhibition24 which prompted us to adapt shRNA mediated stable knockdown strategy for early resistant stages of 
A2780 cellular models. Western blot analysis and RT PCR showed significant decrease in IGF-1R level in knock-
down cells (Fig. 4A,B). Silencing of IGF-1R resulted in drastic decrease in the levels of pluripotent gene expres-
sion (oct4, sox2 and nanog) compared to their parental cells and this decrease was maximally observed in DualER 
cells (Fig. 4C). The effect of IGF-1R knockdown was even more prominent on self-renewal ability, showing signif-
icant decrease in their spheroid forming capacity (A2780 sensitive cells~2.5 fold, CisER~3.66 fold, PacER~2.6 fold 
and dualER~3.04 fold) and SP phenotype (CisER~3.2 fold, PacER~1.7 fold and dualER~3 fold) (Fig. 4D,E). IGF-1R 
silencing in early resistant cells also affected their chemoresistant phenotype as observed by decrease in percent 

Figure 4. Effect of IGF-1R inhibition upon CSC and resistance phenotypes at early stages of all cellular 
resistant models. (A,B) Western blot analysis and RT PCR showing marked decrease in the levels of IGF-1R in 
A2780-CisER, A2780-PacER and A2780-DualER IGF-1R knockdown cells compared to the respective controls. 
(C) Bar Graph showing fold decrease in expression of pluripotent genes (oct4, sox2 and nanog) in A2780-
IGF-1R knockdown cells compared to their parental cells where dualER knockdown cells showed maximum 
down regulation. (D) Graphical representation of spheroid forming ability of A2780, CisER, PacER and DualER 
control cells and their respective IGF-1R knockdown cells. (E) MTT assay showing marked decrease in the cell 
viability post drug treatment (IC50) in the A2780-IGF-1R KD cells. (F) Bar Graph showing decreased surviving 
cells in A2780-IGF-1R KD cells post drug treatment (IC50) compared to their parental cells. (G) FACS dot plot 
showing decreased SP cells after knockdown of IGF-1R cells compared to their respective control cells.
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viability and clonogenic potential (Fig. 4F,G). Since late resistant stages possessed very little IGF-1R expression 
(Singh et al.)19 our attempt to silencing did not result in further decrease (data not shown).

A feedback loop in IGF-1R-AKT axis influence resistance maintenance and CSC features. In 
spite of low IGF-1R expression, late resistant cells of all the different drug resistant models have high levels of 
phosphorylated AKT19 indicating that AKT could be a critical player in the maintenance of both chemoresistance 
and CSC phenotype. Indeed treatment with an AKT inhibitor decreased p-AKT levels in a dose dependent 
manner and also spheroid formation in CisLR, PACLR and DualLR A2780 cells (CisLR~2.6 fold, PacLR~2.12 fold 
and dualLR~3.8 fold) (Fig. 5A,B). Levels of total AKT also slightly decreased after treating the cells with high 
concentration of the inhibitor (150 nm). Intriguingly AKT inhibition resulted in marked increase in IGF-1R 
levels (Fig. 5A), suggesting of a possible feedback loop in the IGF-1R-AKT axis during development of chemore-
sistance in ovarian cancer cells. Similar trend was also seen in other drug resistant models (cisplatin, paclitaxel 
and Dual) of OAW42 cells. Since we observed a feedback loop in IGF-1R-AKT axis, an AKT inhibitor alone 
and in combinations of drugs (cisplatin, paclitaxel and cisplatin +  paclitaxel)at lowest possible doses (IC10 and 
IC20 concentrations) was used to treat the cellular models. Maximum cell kill (CisLR =  50.79%; PacLR =  68% and 
DualLR =  59%) was observed in combinatorial treatment of the inhibitor and IC20 concentrations (CisLR =  2 ug/ml,  
PACLR =  50 ng/ml and DualLR =  7 ng/ml cisplatin +  40 ng/ml paclitaxel) of drug/s in comparison to IC10 com-
binatorial treatments as well as drugs and inhibitor alone (Fig. 5C). Exertion of a negative feedback loop upon 
an upstream molecule (IGF-1R) by a downstream member (Akt) of the same signalling cascade prompted us to 
analyse the efficacy of combinatorial treatment of IGF-1R and AKT inhibitors in late resistant cells. Significantly 
higher cell death (~2 fold) and reduced IGF-1R and pAkt levels were observed in combinatorial treatments (IC20 
doses of PPP and AKT inhibitor) than single treatments as measured through MTT assay and western blotting 
(Supplementary Figure 4A,B).

Figure 5. Effect of AKT inhibition upon CSC and resistance phenotypes at late stages of all cellular 
resistant models. (A) Western blot analysis showing AKT inhibitor treatment led to decreased levels of pAKT 
with increasing IGF-1R levels in a dose dependent manner across all the late resistant cells (A2780 & OAW42). 
β  actin was used as a loading control. (B) Decreased spheroid forming ability of late resistant cells across all 
the resistant models (cisplatin, paclitaxel and dual) after treatment with AKT inhibitor (150 nM). (C) MTT 
assay showing least percent viability for all the late resistant A2780 cells after combinatorial treatment of AKT 
inhibitor and respective drugs (at IC20 concentrations) in comparison to treatments of inhibitor and drug alone 
(at respective IC10, IC20 concentrations) or combinatorial treatment at IC10 concentrations. (Data represented 
as ±  SEM, *p <  0.05; **p <  0.005).
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Discussion
Presence of stem cell like population in various malignancies and their enrichment as the disease turns radio/
chemoresistant is a challenging affair for successful treatment. The quiescent and resistant nature of the can-
cer stem cells act as double edged sword to battle the therapeutic effects of cytotoxic drugs especially for those 
which target replication machinery of the cells. Understanding and identifying signalling pathways critical for 
CSC functionality is therefore an active area of current biomedical research. Though acquirement of chemore-
sistance is a common problem for majority of the cancers, it is particularly devastating for epithelial ovarian 
cancer patients. Several recent studies suggest the presence and deleterious effect of CSCs in this chemoresistant 
patient population9,10. Acquirement of resistance towards drug is a dynamic and multifactorial process and dom-
inated by enrichment of CSC population. To understand this intricate relation between CSCs and enhanced 
drug resistance, we have used dynamic cellular models of resistance developed indigenously against Cisplatin, 
Paclitaxel and Dual drugs in A2780 and OAW42 ovarian cancer cells20. Based on the resistance indices, these 
cellular models are categorized into early and late resistant stages and shown to possess preferential up regulation 
of IGF-1R and activated AKT at early and late resistant stages respectively19. We hypothesized that not only the 
number but the properties of CSCs might enhance with increasing chemoresistance and targeting these popu-
lation at right stages could be therapeutically beneficial. Thus in this study, we assessed two crucial functional 
properties (self-renewal and differentiation) of cancer stem cells through side population and spheroid formation 
assays and compared their in vivo tumorigenicity at early and late resistant stages of A2780 chemoresistant mod-
els. As expected significant enrichment of SP population was observed across all the resistant models (cisplatin, 
paclitaxel and Cisplatin +  Paclitaxel) in both cell lines. Self-renewal is a central character of both normal and can-
cer stem cells to maintain their own pool which is assessed by spheroid forming capabilities. Increased spheroid 
forming ability from early to late resistant cells indicated that self-renewal properties of cancer cells dynamically 
enhance with increased drug resistance. Co-ordinated protein-protein interaction of Oct4 and Sox2 transcription 
factors initiates Nanog transcription and these three proteins in coordination are thought to be central regulators 
of several other genes that balance self-renewal and differentiation. Intriguingly, expression of oct4 and sox2 
significantly increased from sensitive to early resistant stages and then remained plateau till late stages of resist-
ance suggesting that an early up regulation of pluripotent gene expression is essential for maintenance of both 
self-renewal and differentiating ability of CSCs. An apparent trend of enhanced spheroid formation in paclitaxel 
resistant cells compared to cisplatin resistant cells might result from increased pluripotent gene expression at 
early stage. However, a detail investigation is required to understand the drug specific effects of pluripotent gene 
expression and self-renewal ability.

Intriguingly, despite of similar levels of IGF-1R expression, the CISER cells possess lower expression of all the 
three pluripotent genes than PACER cells. Several signaling pathways (LIF/Stat3, Wnt/GSK3β  and TGFβ /Smad3) 
that regulate pluripotent gene expression in a context dependent manner exhibit cross talk with IGF-1R signal-
ling25. It is still not known how and to what extent upregulated IGF-1R influences these pathways in cisplatin 
and paclitaxel resistance. However, it is well known that response of ovarian cancer cells to platinum and taxol 
drugs are variable through differential gene signatures26. Earlier publication from our lab showed that induction 
of NF-kβ  is essential for maintenance of only cisplatin resistance but not for paclitaxel resistance at late stages20. 
Thus, it is possible that a co-operative effect of IGF-1R along with other regulatory molecules exert differential 
levels of activation of the pluripotent genes during diverse drug resistance.

Higher spheroid formation and successive differentiation of SP cells to chemosensitive NSP lineages indicated 
that the SP fractions are enriched with CSC population. Ovarian Cancer Stem Cell biomarkers (CD133 and 
CD44) also showed increased expression with increasing resistance. However heterogeneity lies within these two 
cellular resistant models where A2780 and OAW42 showed differential biomarker expression. A2780 resistant 
model showed increased CD133 expression without a detectable expression of CD44. On the other hand, OAW42 
cellular resistant models showed incremental CD44 expression and minimal levels of CD133. When tumorigenic 
ability of SP population from early and late resistant stages of A2780 cells was assessed in real time by optical 
imaging, faster tumor formation was observed in early resistant groups. Since these early resistant cells possess 
elevated IGF-1R expression, inhibition of IGF-1R by a small molecule inhibitor or specific shRNA significantly 
diminished SP population, spheroid formation as well as pluripotent gene expression. Intriguingly, when the late 
resistant cells were challenged with an AKT inhibitor, stemness features were declined and IGF-1R expression was 
elevated. Thus our data suggests that dynamic changes in chemoresistance development in ovarian cancer cells 
influence functionality of CSC pool which is tightly regulated by IGF-1R-AKT signalling cascade.

Insulin like growth factor 1 receptor signals through PI3K-AKT or MAPK-Erk pathway to directly control 
the cellular proliferation via activation of a series of protein kinases during the course of developmental pro-
cess1,27. This upregulated IGF-1R signaling has also been shown to have a critical role in acquirement of chemore-
sistance5,6,19 and CSC phenotype primarily in human breast cancer and hepatocellular carcinoma23,28.

Herein we for the first time elucidated the role of IGF-1R signaling in enrichment of CSC phenotype dur-
ing acquirement of chemoresistance in ovarian cancer cells. Though acquirement of drug resistance involves 
many molecular and biochemical changes in cellular machineries, a class of transporter proteins known as multi 
drug resistance proteins plays key role in diminishing chemotherapeutic effects. Side population assay, a classical 
method to measure drug efflux properties of cells, has been adapted to assess CSC enrichment in various stud-
ies29–33. The SP cells showed higher cisplatin/paclitaxel/dual drug resistance than the main and NSP cells and 
higher spheroid formation and pluripotent gene expression in our models. Intriguingly, occurrence of more than 
50% of NSP cells in repeatedly sorted and successively cultured SP cells indicated differentiation abilities of these 
CSCs. Till date, neuronal, haematopoietic and cancer stem cells were characterised for lineage specific differenti-
ation34. A recent study by Touil et al.35 using Rhodamine 123 (Rh123) exclusion assay (similar to SP assay) showed 
that a small subset of (Rh123)low) cells from metastatic human melanomas and melanoma cell lines is enriched 
for stem cell like features and can produce non-stem (Rh123(high)) progeny and melanosphere35. Our study thus 
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provides a similar evidence of differentiation ability of ovarian cancer stem cells into non-stem and relatively 
drug sensitive progeny. In addition reduction in IGF-1R expression through small molecule inhibitor or shRNA 
predominantly decreased the stemness features in early resistant cells, while inhibition of AKT diminished sphe-
roid formation in late resistant cells indicating an intricate influence of IGF-1R-AKTsignalling on cancer stem 
cell functionalities.

In accordance with cancer cell heterogeneity residing in single tumor, diversity in cancer stem cell population 
in the same tumor or cell line has been identified13,34. This heterogeneity is majorly identified through presence 
or absence of biomarkers in conjugation with ALDH assay17. The biggest disadvantage of biomarker based seg-
regation is the inability of utilizing them for targeting due to their presence in normal cells. Active attempts are 
being made to understand and utilize the targetable molecules in the diverse population of CSCs. High claudin 4 
expression in patient derived CD44+ ovarian CSCs was shown to be a potential target for Clostridium perfringens 
enterotoxin18. The intrigue observation of faster tumorigenicity by SP fraction of early resistant cells (A2780 
PacER and dualER) cells compared to their late resistant counterparts as well as other late resistant SP cells (A2780 
CisLR and PacLR) in NOD/SCID mice demonstrates existence of functional heterogeneity in CSC population of 
the same cellular model. This heterogeneity does not depend on the nature of drug since early resistant cells 
from both Paclitaxel and dual resistant model showed similar rate of tumor formation. Real time monitoring 
of tumor growth by optical imaging conclusively demonstrated the non-tumorigenic nature of the NSP cells 
isolated from early as well as late resistant cells of A2780 chemoresistant models. While an upregulated IGF-1R 
expression could be a plausible factor for faster tumorigenic nature of the early resistant cells, the molecular 
factors behind the slower tumorigenic potential of late resistant cells are yet to be identified. Predominant pres-
ence of activated AKT contrasts this relatively dormant nature of late resistant cells, however, higher spheroid 
forming ability indicate greater degree of cellular quiescence and slower proliferation in these highly resistant 
population. This slow proliferative nature of the late resistant A2780 cells was reported earlier by us20. Recently, 
a rare subpopulation melanoma Rh123low stem like cells existing in quiescent and slow cycling stage showed to 
possess higher proportion of activated AKT compared to their Rh123high counterpart cells35. Phosphorylated 
AKT is known to control cellular quiescence through HIF1α  and c-Myc inactivation and repression of oxidative 
phosphorylation36–38. It could be possible that the late resistant cells in our models are more quiescent and slow 
cycling in nature and thus exhibit slower tumor proliferation. Further study to identifying the exact mechanism is 
in progress. Re-appearance of IGF-1R post AKT inhibition signifies presence of a feedback loop in these resistant 
models which is independent of nature of drug or cell lines. Previous report of such feedback loop in breast cancer 
cells showed that AKT inhibition resulted in up regulation of HER2, HER3, IGF-1R and INSR expression and 
downstream signaling39. As expected, treatments with IGF-1R and Akt inhibitors led to reduced cell growth and 
IGF-1R expression possibly due to interruption in the feedback loop in IGF-1R-Akt signalling. We speculate that 
such dual inhibition for members of same signalling cascade exhibiting feedback loop could be a more effective 
therapeutic strategy. Interestingly, combinatorial treatments of AKT inhibitor and chemotherapeutic drugs at low 
concentration (IC10 & IC20) also showed significant decrease in viability in late resistant cells possibly due to an 
overall inhibition of IGF-1R-AKT signaling.

Recent evidences supporting the link between CSC and therapy resistance open the possibility of targeting 
resistant population as an approach to CSC eradication. Our study demonstrates existence of IGF-1R-AKT sig-
naling mediated functional heterogeneity in the ovarian CSC population which causes differential tumorigenic 
ability in living subjects. Irrespective of the nature of drugs, this IGF-1R-AKT axis bestows a feedback loop during 
generation of chemoresistance. Our report thus specifies IGF-1R-AKT signaling as a prime determinant of cancer 
stem cell functionality and chemoresistance and a potential therapeutic target axis in ovarian carcinoma.

Materials and Methods
Cell Culture. A2780, IGF-1R knockdown A2780 and OAW42 cells were cultured in DMEM and MEM 
medium respectively supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin.

Spheroid formation. Spheroids were generated in low adherent 24-well dishes using 2000cells/well in 
special medium (serum devoid DMEM or MEM complemented with FGF (20 ng/ml), EGF (10 ng/ml), Insulin 
(20 ng/ml), LIF (10 ng/ml) and 0.1% pen-strep) and cultured till 3rd passage. Quantitative assessment of spheroids 
was blindly performed by counting them under microscope. For the successive sphere-forming assay, cells from 
primary spheres were collected by centrifugation, dissociated with trypsin-EDTA and mechanically disrupted 
with a pipette. Two thousand single cells were proceeded for sphere-forming assay.

Western blotting. Western blotting was performed as described earlier19. Antibodies against IGF-1R 
β -subunit, AKT, pAKT and beta actin were from Cell Signaling Technology.

Quantitative real-time PCR. Two micrograms of total RNA was reverse transcribed with cDNA synthesis 
kit (Invitrogen). RT PCR was performed using SYBR Green method (Invitrogen) and appropriate gene specific 
primers and GAPDH as normalization control.

FACS. Side and Non Side population cells were sorted using Dye Cycle Violet (DCV) dye (Invitrogen)40 and 
BD FACS Aria tagged with violet laser. Membrane drug transporter blocker Verapamil (50 μ M; Sigma) was used 
as negative control and gating. Data analysis was performed through DIVA software. Cell surface biomarker 
(CD44 and CD133) analysis was performed with FlowJo version 10 software. Anti CD44 and Anti CD133 anti-
bodies were procured from Cell Signaling Technologies and Abcam respectively.

Lentivirus production. Lentiviruses carrying IGF-1R target sequence (5′ AGACCTGAAAGGAAGCGG 
AGA-3′ )41 were produced in 293FT cells by transfection with lentivector plasmid, P-delta packaging plasmid, 
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VSVG envelope protein plasmid (4:2:1 ratio) and lipofectamine (Invitrogen). Viruses were collected post 60 hours 
of transfection. Early cisplatin, paclitaxel and dual drug resistant cells were transduced with lentiviruses and sta-
ble cells expressing shIGF-1R constructs were sorted using GFP.

MTT cell cytotoxicity assay. To evaluate cytotoxicity of various chemotherapeutic drugs (cisplatin, pacl-
itaxel and combination), 2 ×  103 cells were seeded in 96 well plates (Corning, USA). Cells were exposed to differ-
ent concentrations of drugs for 48 hours. Cell viability was assessed using the MTT (3-[4,5-dimethylthiazol-2-yl]
c-2,5-diphenyltetrazolium bromide) (Sigma, USA).

Bioluminescence imaging. All of the experiments were approved by the Institutional animal ethics com-
mittee of ACTREC and were performed in accordance with the approved guidelines. Fifty thousand SP & NSP 
cells were injected subcutaneously on two shoulders of 6–8 weeks old NOD/SCID mice. Bioluminescence imag-
ing was performed by injecting D-Luciferin substrate (30 mg/ml) on the day 0 and subsequently to monitor 
tumor initiation and progression using IVIS Spectrum (Perkin Elmer). The mice were maintained under isoflu-
rane (Foreknew® , ChoongWae Co., Korea) anaesthesia during the entire process. Data analysis was performed 
using Living Image 4.4 software. Tumor volume was measured using Vernier calliper and the calculated by the 
formula (Tumor volume =  ½ x Length x (Width)2.

Statistical Analysis. Data represent the mean ±  SEM of at least three independent experiments and were 
analysed as a biological replicates for significance using unpaired Student’s t test. P value ≤  0.05 was considered 
as significant.
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Hyperactive Insulin like growth factor-1-receptor (IGF1R) signalling has been linked to resistance against 
not only to wide range of chemotherapeutic agents but also against radiotherapy, and targeted 
therapies. Intrinsic and acquired chemoresistance, an inevitable fate of chemotherapeutic agents, 
continues to be a persistent hurdle in treatment of human malignancies including epithelial ovarian 
cancer (EOC). Using isogenic EOC Cisplatin-Paclitaxel chemoresistance models we reported augmented 
levels of IGF1R imparted resistance against Cisplatin-Paclitaxel at early stages of chemoresistance 
development, moreover therapy induced IGF1R expression was also observed in tumors of a small 
cohort of high grade serous EOC patients. Deciphering the underlying mechanisms behind this 
undulating IGF1R expression during progression of resistance is important to identify a therapeutic 
window for devising successful anti-IGF1R therapies. 

Here, for the first time we report RUNX1 as a unique regulator of IGF1R promoter which exerts a 
cooperative interaction with FOXO3a and dynamically modulate IGF1R expression during acquirement 
of chemoresistance in EOC cells. Genetic and pharmacological inhibition followed ChIP and ChIP-re-ChIP 
assay revealed that RUNX1 strengthened FOXO3a occupancy on IGF1R promoter, leading to a 
transcriptional surge during initiation of resistance which is lost at the late stages. Further an active AKT-
FOXO3a negative feedback 
loop was shown to maintain 
the pulsatile behavior of 
IGF1R and FOXO3a. We also 
showed that upregulated 
IGF1R at onset of resistance 
confers resistance to 
Cisplatin-Paclitaxel though 
modulation of CSC 
phenotype and inhibition 
apoptosis by downstream 
IGF1R/MAPK/ERK signalling. 
IGF1R expression has been 
shown to be primarily 
regulated at transcriptional 
level by plethora of 
transcription factors in 
different cancer types, 
however none of these 
studies have investigated 
potential of targeting IGF1R 
by inhibiting its 
transcription. Perturbation of RUNX1 activity severely compromised IGF1R promoter activity invivo and 
sensitized the tumors of early resistant cells to platinum-taxol treatment, as monitored by non-invasive 
imaging. Altogether our findings delineate a dynamic interplay between several molecular regulators 
(RUNX1/FOXO3a/AKT) driving pulsatile IGF1R expression and identifies a new avenue for targeting EOC 
through RUNX1-IGF1R axis during acquirement of chemoresistance.  

Figure 1: Dynamic model of IGF1R promoter modulation by RUNX1/FOXO3a/AKT 
and IGF1R/MAPK/ERK signalling mediated chemoresistance during acquirement 
of chemoresistance development in EOC cells. 
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