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SYNOPSIS 

Introduction 
 

The Signal Transducers and activator of Transcription (STATs) is family of seven 

intracellular transcription factors, namely STAT1, STAT2, STAT3, STAT4, STAT 5a, 

STAT 5b and STAT6.  The members of STAT family generally have a size ranging from 

750-900 amino acids. Each member of STAT family has a conserved structure 

characterized by N-terminal domain, coiled-coiled domain (CC), central DNA binding 

domain (DBD), linker region, SH2 domain and a C-terminal transactivation domain 

(TAD)- comprising of Tyr705 and S727 residues (Turkson & Jove, 2000). STAT3, one of 

the important members of STAT family proteins, is a cytoplasmic factor that relays 

oncogenic signal from activated cytokine and growth factor receptor to nucleus where it 

regulates transcription of genes involved in various aspects of cancer progression like ; 

proliferation and cell survival- p53,Cyclin D1, Cyclin E1, migration/invasion- MMP9, 

MMP2, angiogenesis- VEGF,HIF-1-alpha, bFGF, immune evasion- IP-10,RANTES 

(Carpenter & Lo, 2014).  
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Activation of STAT3 pathway is detected by phosphorylation of its tyrosine residue 

(Y705) located on SH2 domain that leads to its dimerization, nuclear localization and 

transcriptional activation (canonical pathway)(Berishaj et al, 2007). For many years 

activation of STAT3 pathway has been ascribed based on phosphorylation status of 

tyrosine (Y705) residue of STAT3. Tumours expressing high levels of p-Y705 STAT3 

were considered to be addicted to STAT3 oncogenic signaling while those expressing 

low levels or do not express pY705 do not rely majorly on STAT3 pathway (Zhang & Lai, 

2014). 

Recent studies have shown that activity of STAT3, either normal or oncogenic does not 

necessarily depend upon its Y705 phosphorylation status (Canonical pathway). Apart 

from phosphorylation of Y705 residue, STAT3 undergoes other post translational 

modifications like phosphorylation of S727 residue and acetylation of K685 residue on its 

C-terminus domain, that is equally important in gene activation (Noncanonical 

pathway)(Srivastava & DiGiovanni, 2016) function. Phosphorylation at S727 residue is 

known to activate transcription of target genes probably by interacting with different 

transcription co activators like CBP, cdk9 and SRC. There are number of emerging 

evidences that indicate that STAT3 via p-S727 can regulate cell survival and tumor 

growth independent of Y705 phosphorylation. For e.g. STAT3 phosphorylation on S727 

has been reported in case of chronic lymphocytic leukaemia where it is required for cell 

survival functions even in the absence of Y705 phosphorylation (Hazan-Halevy et al, 

2010), high levels of S727 phosphorylation has been detected in breast carcinoma which 

is independent of the Y705 phosphorylation status of the sample (Yeh et al, 2006), 

STAT3 phosphorylated on S727 and not on Y705 is required to induce transcription of 

DNA repair genes, upon treatment with irinotecan and oxaliplatin in colorectal cancer 

(Vigneron et al, 2008).  

Upon cytokine stimulation STAT3 is known to undergo acetylation at K685 position via 

interaction with p300 and this acetylation is required for STAT3 to form stable dimers 

even in the absence of Y705 and S727 phosphorylation (Yuan et al, 2005). High levels of 

STAT3 K685 acetylation has been detected in colorectal cancer, melanoma and in 

ovarian cancer using immunohistochemistry(Li et al, 2013). Increased levels of K685 

acetylation is associated with methylation of promoters of tumour suppressor genes e.g. 

p53 and increased tumour growth (Lee et al, 2012; Li et al, 2013). From these results it 



 

 
4 

 

SYNOPSIS 

seems that acetylation of K685 also plays a key role in STAT3 signaling apart from Y705 

and S727 phosphorylation. Together, these studies indicate that different oncogenic PTM 

forms of STAT3 are present inside the cancer cells where they might be required for 

separate oncogenic programme. It is possible that these modifications might have 

different impacts on downstream cellular functions and therefore PTM specific therapy 

should be planned.  

Considering the complexity of the STAT3 pathway (multiple receptors, variable ligands, 

differential PTM activation etc.), it is very much important to develop assay system that 

can delineate the molecular process and give true readout of the STAT3 signaling. 

Bioluminescence based BRET (Bioluminescence Resonance Energy Transfer) method is 

one such key approach. BRET is a highly sensitive assay for determining live cell 

protein-protein interactions. It is based on biophysical principle of resonance energy 

transfer, where non-radiative energy from excited donor-luciferase reaction is transferred 

to acceptor fluorophore located within a strict proximity of <10nm. When BRET is used 

for measuring protein dimerization, characteristic acceptor emission increases. BRET is 

essentially measured as a ratio of this acceptor signal over the bleed-through corrected 

donor signal, which increases as the proximity is achieved between the interacting 

proteins. With the potential applications of a BRET platform for precision measure of 

PTM specific dimerization and its competency for screening drug compounds using high-

throughput live cell formats, we foresee the scope of developing and using a biosensor for 

measuring STAT3 PTM-specific in vivo modulations. 

 

Rational & Objectives: 

 

Based on evidences gathered from literature, it is evident that the classical canonical 

(pY705) PTM does not exclusively govern STAT3 signaling. The less known 

noncanonical (pS727 and K685ac) pathway can equally execute the activation and 

downstream biological functions of the STAT3 pathway. Despite numbers of compelling 

evidences, no reports are available to-date showing the interplay or cross-talk between the 

two signaling arms are simultaneous or segregated events. Whether pY705 activation 

precedes or depends upon pS727 and K685ac or vice versa, is still not clear. Further, with 

a few studies identifying transcriptional targets governed exclusively by the noncanonical 

activation, the possibility of PTM dependent transcriptional reprogramming of STAT3 is 
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also unknown. Thus, it is important to know if the classical targets of STAT3 (Cyclin D1, 

c-Myc, Socs3 etc.) are mutually regulated or there are separate set of PTM dependent 

oncogenic transcriptional program. 

Based on the published data, independent expression of pS727 in the patient cancer tissue 

specimens are apparent in melanoma, chronic lymphocytic leukemia, glioblastoma, lung 

adenocarcinoma as well as in ER negative BC cases. However, the status of both pY705 

and pS727 PTMs has not been reported in case of TNBCs. As in vitro studies have 

suggested important role of STAT3 signaling for survival of TNBC cells, it would be 

interesting and therapeutically important to investigate and identify whether canonical or 

noncanonical pathways operate individually or in coordination and mediate STAT3 

function in this subtype of breast cancer. 

STAT3 mediates its downstream function only after it forms a homodimer triggered by 

an extracellular ligand stimulus. Though pY705 mediated STAT3 dimerization is well 

documented, the role of pS727 and K685 is unclear to-date. Though in 2006 Yuan et.al. 

reported K685ac as key player in forming stable homodimer of STAT3, the role of pS727 

or pY705 in combination with K685 were not tested. Along the line, development of an 

assay system is important so that individual or coordinated mode of operations via 

STAT3 PTMs can be distinguished and STAT3 activation from inside the live cells is 

possible. As none of the current assay systems provide such capacity, during this study a 

focus on developing a sensitive screening platform for STAT3 homodimerization is kept. 

 

Hence to address the above issues related to STAT3 signaling, following objectives were 

designed: 

 

1. To develop a molecular imaging guided experimental model to identify dynamic 

role of PTMs in STAT3 dimerization and transcriptional control over downstream 

genes.  

 

2. To identify the association of differentially regulated genes with different PTM 

status of STAT3.        

 

3. To study the association of STAT3 PTMs (e.g. Y705 and S727 phosphorylation as 

well as K685 acetylation) with respect to breast cancer outcome. 
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Results: 

Objective 1: To develop a molecular imaging guided experimental model to identify 

dynamic role of PTMs in STAT3 dimerization and transcriptional control over 

downstream genes 

1.1 Development and optimization of Nluc-TurboFP based STAT3 Phospho BRET 

sensor 

During this study, we plan to develop a molecular biosensor for STAT3 activation.  We 

choose to use the newly established BRET platform in our laboratory, using Nanoluc as 

donor and TurboFP as acceptor, proven for its high specificity and feasibility of PPI 

detection from live cell environment. Fusion constructs of STAT3 with Nanoluc and 

TurboFP were established in both the orientations i.e. N-terminus and C-terminus. To 

demonstrate the activity of the STAT3 BRET sensor and to select the orientation in 

which the sensor works best with maximum amount of energy being transferred to the 

donor molecule we preformed BRET assay in two different cancer cell line models-

HT1080 and PC3. HT1080 is a fibrosarcoma cell line with high STAT3 protein levels, 

whereas PC3 is a prostate cancer cell line reported to be null for STAT3 expression. 

HT1080 cells’ expressing the STAT3 constructs in all the possible orientations i.e. Nluc-

STAT3, Nluc-STAT3+TurboFP-STAT3, Nluc-STAT3+STAT3-TurboFP635, STAT3-

Nluc, STAT3-Nluc+ STAT3-TurboFP635 and STAT3-Nluc+ TurboFP-STAT3 were 

treated with EGF in concentration ranging from 10-100ng/ml. Following ligand (EGF) 

addition a significant gain in BRET signal was observed for upto 60mins in all the four 

orientations tested.  The spectral kinetics of BRET ratio in untreated versus EGF treated 

(10-100ng/ml) condition showed dimerization and activation of STAT3 with EGF trigger. 

However, of all the orientations tested we found that the gain obtained in BRET signal 

with N-terminally oriented Nluc/Turbo-STAT3 fusion was the highest (2.33mBu ±0.026, 

p<0.01). Also, in comparison to rest three orientations, only Nluc/Turbo-STAT3 showed 

ligand dependent increase in BRET signal. 

To address whether endogenous pool of STAT3 has any effect on the BRET ratio, we 

performed similar experiment in STAT3 null PC3 cells .The activation kinetics of both 

HT1080 and PC3 cells remained same however the basal BRET ratio was high in PC3 

cells (0.77mBu±0.002) as compared to HT1080 cells (0.42mBu±0.010) indicating that in 
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HT1080 cells the endogenous pool is able to compete with or quench a part of BRET 

STAT3 molecules. However, the difference in basal BRET ratio did not affect the 

maximum BRET signal achieved. Similar to HT1080, in PC3 cells also the N-terminus 

combination of Nluc/Turbo with STAT3 worked out best with maximum BRET ratio 

achieved upon EGF treatment (2.10 mBu±0.011, p<0.01) than rest of the combinations.   

For performing the above BRET assay, both donor and acceptor plasmids fused to 

STAT3 were transiently co-expressed in the model cell line. To achieve higher BRET 

ratio, we engineered acceptor stable (TurboFP-STAT3 or STAT3-TurboFP) HT1080 

cells. Similar to parental HT1080, in acceptor stables also a significantly higher BRET 

ratios obtained with Nluc/Turbo-STAT3 combination further confirmed the selected 

orientation (1.61mBu±0.036, p<0.05) as the most optimum dipole orientation for donor 

and acceptor to interact and transfer energy of excitation for efficient BRET signal  

1.2 Validation of STAT3 Phospho BRET sensor across different cell lines and with 

variable STAT3 pathway ligands 

Following optimization of Nluc-STAT3+TurboFP-STAT3 as most suitable BRET 

orientation, we next sought to validate the applicability of developed sensor to read 

activation of STAT3 pathway across different cancer types with multiple different ligands. 

To test verify this we overexpressed the STAT3 BRET sensor in multiple different cancer 

cell lines: MCF7, HT1080, PC3, A549 and MDA MB 231 and treated with two different 

ligands; IL6 and EGF. Irrespective of the cancer cell type and biological environment, the 

STAT3 phospho BRET sensor sensitively captured the activation phenomenon across all 

the tested cell lines (HT1080 [p<0.01], PC3 [p<0.05], MCF7 [p<0.05] and A549 

[p<0.01]). Surprisingly, with two different ligands used, IL6 proved to be more potent as 

compared to EGF as it could achieve maximum activation signal with even 10-fold lower 

concentration than EGF. These observations indicate that the developed sensor can be 

extrapolated to any cell type for precise judgment of STAT3 pathway modulations 
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1.3 Determining the sensitivity and specificity of the STAT3 BRET sensor using 

potential STAT3 inhibitors and pathway blockers 

Based on thorough validation of the developed STAT3 BRET sensor to determine the 

STAT3 pathway activation, we next questioned whether it can equally read the blockade 

of the pathway too. To determine this, we treated MCF7 cells stably expressing the 

STAT3 BRET sensor constructs with two potential STAT3 inhibitors; niclosamide and 

Stattic, at differential doses either with or without EGF. Over here, upon treatment of 

cells with either Niclosamide or Stattic did not change the basal BRET ratio, however 

upon stimulation with EGF, Niclosamide (p<0.01) continued to retain the inhibitory 

effect more strongly than Stattic (p<0.05). The inhibitory effect for both the drugs was 

seen in a dose dependent manner. Further immunoblotting for the activation levels of 

STAT3 and phospho forms confirmed the dual mode of inhibition for niclosamide 

(pY705 and pS727) while Stattic was majorly a pY705 blocker. 

With EGF treatment an immediate increase is BRET signal was evidently seen. To 

strongly confirm that EGF mediated STAT3 phosphorylation, leads to homodimerization 

dependent gain in BRET signal, we used EGFR blocker. Prior treatment of MCF7 cells 

with EGFR blocking antibody showed a drastic decrease in BRET signal (p<0.05) despite 

giving EGF treatment. This result confirms that the gain obtained in BRET signal is a 

true representation of EGF-EGFR mediated STAT3 phosphorylation and activation event. 

1.4 STAT3 Phospho-BRET sensor is high throughput compatible for screening 

STAT3 compound library 

Based on successful development of STAT3 Phospho BRET system as a sensing model 

for STAT3 pathway modulation, we next sought to adapt it in a high throughput format 

as drug screening tool. For this, we seeded MCF7 cells genetically encoding STAT3 

Phospho BRET sensor at a relatively 6-fold lesser adherent cell number in a 384 well 

plate. Upon treating the cells with a library of 12 different compounds at variable 

concentrations either in presence or absence of EGF gave significant results. From the 

BRET screen of compound library, we identified 6 drugs; Niclosamide, Stattic, Curcumin, 

Neratinib, ERK inhibitor and MS-275 with STAT3 inhibitory effect. Out of these 6 

compounds, Neratinib, MS-275 and ERK inhibitors were newly identified candidates, 
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while curcumin, niclosamide and Stattic are previously known STAT3 inhibitors. Further, 

as compared to Stattic, niclosamide, curcumin, Neratinib and ERK inhibitor were found 

to be more potent (p<0.01) as they successfully attenuated the STAT3 activation upon 

EGF trigger. Of the remaining 6 drugs, three HDACi compounds (AR-42, Chidamide and 

CI-994) showed activation of STAT3 BRET sensor with EGF treatment (p<0.01). It is 

likely that these three HDACi compounds are increasing STAT3 activation by increasing 

overall acetylation of the genome, thereby increasing pool of STAT3 stimulators. The 

remaining three compounds Wortmannin (PI3K inhibitor), Fingolimod and Losartan 

(GPCRs inhibitors) are indirect inhibitors of STAT3 pathway that failed to retain the 

suppression of STAT3 activation upon EGF stimulation. Further, the corrected BRET 

signal captured from two different plate formats (96 vs. 384 well plate) were very similar 

indicating that the sensitivity of the developed biosensor is HTS compatible, requiring 

low number of cells, substrate or compound utility. To validate the findings from BRET 

inhibitor screen, we randomly selected 3 drugs; Stattic, Curcumin and Niclosamide, and 

treated MCF7 cells with differential doses for 24hrs. Upon immunoblotting, we found 

that both niclosamide and curcumin were able to inhibit the two phospho forms of 

STAT3 i.e. pY705 and pS727, while Stattic was only effective against pY705. These 

results from BRET screen justify that both niclosamide and curcumin are more effective 

as STAT3 inhibitor than Stattic. Collectively these results also implicate the high-

throughput compatibility of the developed biosensor with potential for PTM target-

specific drug screening. 

 

Objective 2: To identify the association of differentially regulated genes with 

different PTM status of STAT3      

2.1 Noncanonical pS727 PTM can independently drive STAT3 activation and cell 

survival functions 

In order to understand how the three different PTM marks (pY705, pS727 and K685ac), 

regulate STAT3 activation and signaling independently, we engineered 3’UTR STAT3 

knockdown MCF7 cells with stable overexpression of individual STAT3 PTM mutants 

i.e. Wt, Y705F, S727A and K685R, fused to nanoluc reporter gene. Upon stable 

overexpression and treatment with IL6 or EGF as ligand, we observed that both pS727 



 

 
10 

 

SYNOPSIS 

and pY705 activation can take place independently while K685ac requires prior pS727 

activation.  

STAT3 is a key signaling molecule that controls cell growth and proliferation under both 

normal and oncogenic conditions. To investigate how the loss of different PTM marks on 

STAT3 can affect cell proliferation, EdU incorporation assay was performed with STAT3 

PTM mutant expressing cells. Loss of noncanonical activation marks (S727A and K685R) 

led to a significant decrease in proliferation ability of MCF7 (p<0.01) cells as compared 

to Wt or Y705F expression clones. The decrease in proliferation ability was also visible 

in clonogenic potential of the cells where both K685R and S727A mutants exhibited 

reduced number of colonies (p<0.01 and 0.05 respectively) of very small size (less than 

25 cells). These results clearly indicate that non-canonical (pS727 and K685ac) pathway 

of STAT3 activation majorly controls proliferation and cell survival functions in breast 

cancer cells. 

 

2.2 Noncanonical and canonical STAT3 activation exerts differential transcriptional 

effect on downstream STAT3 targets 

To judge how the differential PTM status of STAT3 can control its transcriptional 

preference, the expression level of three known direct targets of STAT3- Cyclin D1, 

TWIST1 and SOCS3 was analyzed using quantitative real time PCR in all the STAT3 

point mutants. Both TWIST1 and SOCS3 showed significantly enhanced expression 

(p<0.05) in Nluc-STAT3 (Wt) overexpression clone while their mRNA level decreased 

significantly in all three mutants (Y705F, S727A and K685R). Cyclin D1 levels majorly 

remain unchanged in both Wt and mutant background. This indicates that TWIST1 and 

SOCS3 expression requires the presence of all the three activation marks on STAT3 

while Cyclin D1 levels can be maintained even if one of the STAT3 activation site is 

present. As a novel targets Her2 and ERα showed differential expression pattern in 

different STAT3 mutant clones. A significant decrease in the expression level of ERα 

was observed at protein level in K685R mutants expressing cells. Her2 expression was 

unaltered in either Wt or Y705F mutant while it increased significantly in S727A and 

K685R clones as observed with membrane staining in FACS and Immunofluorescence 
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assay. These results indicate that the non-canonical arm of STAT3 can regulate 

expression of Her2 and ERα (either directly or indirectly) in breast cancer cells. 

2.3 pS727 activation is essential for stable homodimer formation in STAT3 

Dimerization is a rate limiting step controlling STAT3 signaling. To elucidate how the 

different PTM marks of STAT3 can regulate its dimerization ability we made use of the 

STAT3 phospho BRET sensor developed in objective 1. A library of STAT3 PTM 

mutants for individual residue i.e. Y705, S727 and K685 was developed either in alone or 

in combination using site directed mutagenesis. A total of 8 such mutant combinations 

were developed. Upon testing these mutants in BRET platform using IL6 and EGF as 

ligands, we found that with the loss of S727 activation (S727A) a significant decrease is 

observed in the BRET activation signal (P<0.001). The decrease became more prominent 

in background of Y705 or K685 loss either alone or in combination. While individual 

point mutants of Y705F and K685R showed activation signal gain similar to wild type. 

The observations from BRET assay were further validated through pull down study 

where S727A mutants showed 2-fold lower stable homodimer formation ability as 

compared Wt, Y705F or K685R clones. In conclusion, these observations strongly 

confirm that noncanonical pS727 activation is essential for stable STAT3 

homodimerization and signaling. 

 

Objective 3: To study the association of STAT3 PTMs (e.g. Y705 and S727 

phosphorylation as well as K685 acetylation) with respect to breast cancer outcome 

3.1 Non canonical pS727 STAT3 activation predominates over canonical pY705 arm 

in TNBC cohort 

Previous reports have highlighted significant role of STAT3 in controlling growth of 

triple negative breast cancer tumours (Qin et al, 2019). To investigate which pathway of 

STAT3 activation predominates in TNBCs, IHC analysis for total STAT3, pS727 and 

pY705 forms was performed in 76 TNBCs core biopsy and paired post NACT tumour 

tissues. Pathologist based Allred scoring method (Allred score 0-4= negative, 5-8= 

positive) showed that total STAT3 was present in more than 86% (66/76) of cases which 
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was constitutively phosphorylated at pS727 residue in more than 90% (70/76) cases. In 

comparison pY705 was present only in 15% (12/76) of STAT3 positive cases (p<0.001). 

Furthermore, IHC staining for both total and pS727 STAT3 showed intense to moderate 

nuclear staining while pY705 was either negative or low positive with cytoplasmic 

localization. The observations made using Allred scoring method was paralleled with 

digital scoring of the DAB stain using IHC profiler plug-in of imageJ software. Digital 

scoring method clearly indicated that majority of the TNBC cases had strong nuclear 

STAT3 expression (2+ to 3+ score) with predominate pS727 positivity (2+ to 3+ score) 

while pY705 was majorly absent or had weak positive score (0, 1+). In paired post NACT 

specimens the expression of total STAT3, pS727 and pY705 STAT3 decreased 

significantly from 86.2% to 63.2% (p<0.001), 92.1% to 64.4% (p<0.001) and 15.8% to 

3.4% respectively, after chemotherapy as analyzed with both Allred and IHC profiler 

scoring. Furthermore, by performing correlation analysis of total STAT3 with pS727 or 

pY705 independently in both core biopsy and post NACT specimens, a significantly 

strong to moderate positive association (r=0.4987, p<0.0005) between pS727 and total 

STAT3 expression was obtained. While, pY705 showed insignificantly low positive 

correlation (r=0.2086, p<0. 0.0808) with total STAT3 expression. These observations 

clearly suggest that pS727 mediated activation of STAT3 is the major pathway that is 

present in TNBCs as compared to classical pY705 activation. 

When the expression pattern of total STAT3, pS727, pY705 was correlated with 

clinicopathological parameters, a positive association of pS727 STAT3 expression was 

observed with apoptosis (p<0.001) and necrosis (p<0.017) in core biopsy specimens. 

Both total STAT3 and pS727 also showed positive correlation with mitotic score in core 

biopsy (p<0.001) as well as paired NACT samples (p<0.017, p<0.008). Lymphocytic 

infiltration was found to be high in post NACT cases with high STAT3, pS727 and 

pY705 expression (p=0.010, 0.004 and 0.044 respectively). A chi-square test of 

independence was also performed to examine the relationship between STAT3, pS727 

and pY705 score and response status after NACT. No significant difference in total and 

phospho forms of STAT3 expression was observed with respect to the pathological 

response post adjuvant chemotherapy. However, based on medical case records, cases 

with high STAT3 score or positive cases (89.58%) tend to have an incomplete response 

when compared with STAT3 negative cases (61.11%). No such observations of response 
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status post NCAT was found for pS727 and pY705 expression. Also, no significant 

difference in the expression of STAT3, pS727 and pY705 was observed with respect to 

age, menopausal status or stromal fibrosis in both before and after chemotherapy 

specimens.  

3.2 STAT3 signaling is essential for growth, survival as well as maintenance of stem 

cell population in TNBC cell lines 

To investigate the role of STAT3 signaling in triple negative breast cancer as observed in 

above IHC results, stable STAT3 knockdown (KD) MDA MB 231 cells were engineered 

using 3’UTR shRNA approach. STAT3 knockdown population was enriched with 

consecutive GFP sorting and the depletion of STAT3 along with activated forms (pY705, 

pS727 and K685ac) was confirmed using immunoblotting. Over here with loss of STAT3 

expression in MDA MB 231 cells a significantly reduced cell proliferation was observed 

in KD population as compared to parent counterpart (p<0.01).  Knockdown of STAT3 

not only reduced the number of colonies formed during colony formation assay but the 

size of the colonies formed was also appreciably smaller (p<0.01). Furthermore, the 

anchorage independent growth assessed with soft agar colony formation assay also 

showed more than 50% reduction (p<0.01) in overall colony formation ability of the 

STAT3 knockdown cells. The effect of STAT3 loss was also observed in CD44+/CD24-or 

low population of MDA MB231 cells. A significant shift from CD44+/CD24-or low (79% in 

parent cells) to CD44-/low/CD24+/high (73.9% in STAT3 knockdown cells) population was 

observed upon STAT3 depletion. Along with decrease in CD44+/CD24-or low pool, STAT3 

loss also led to a significant reduction in the mRNA expression of stem cell markers like 

Oct4 (p<0.05) and Sox2 (p<0.01). These results indicate that STAT3 expression is very 

crucial for survival and tumorigenesis potential of TNBC cells along with the 

maintenance of stem cells pool. 

3.3 Niclosamide exhibits excellent anticancer activity against TNBC both in vitro 

and in vivo  

Based on results from patient data and in vitro experiments, it is evident that 

noncanonical STAT3 activation is essential for TNBCs. Hence chemotherapeutic 

approaches targeting the noncanonical pathway are essential for treating this subtype of 

breast cancer. From our study, we have shown that as compared to Stattic, well know 
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STAT3 inhibitor, Niclosamide is more potent as it sufficiently blocks both pS727 and 

pY705 activation marks with complete STAT3 blockade and enhanced cell killing in 

vitro. To further validate the anticancer efficacy of niclosamide in vivo, we developed an 

orthotopic tumour xenograft model using luciferase labelled MDA MB231-Luc-D3H2LN 

cells. When the tumours attained approximate size of 100mm3, mice were randomly 

segregated into two groups; vehicle control (n=3) and treatment (50mg/kg, n=3). Growth 

of primary tumour from luciferase labelled MDA MB 231-Luc cells was monitored using 

non-invasive BLI (bioluminescence) imaging at every 7th day of the treatment. Over here 

mice receiving 50mg/kg niclosamide consecutively for 21 days via intraperitoneal route 

showed significant inhibition in tumour growth as compared to the vehicle control group 

(p<0.001). Reported to be highly metastatic and aggressive in nature we also monitored 

metastatic spread to other organs. Ex vivo BLI imaging of nearest thigh bone (femur) 

from the same side as that of primary tumour showed no bone metastasis with 

niclosamide treatment. While, as compared to control group, lung metastasis in response 

to niclosamide administration though not completely blocked but was significantly 

reduced. The body weight of both control and treatment group however did not change 

much throughout the treatment phase. Collectively these results confirm the efficacy of 

niclosamide as potent drug inhibitor against TNBCs both in vitro and in vivo. 

Conclusion 

STAT3 signaling is reported to be upregulated in majority of primary tumours and cancer 

cell lines. Classical approach for presence or absence of canonical pY705 activation mark 

is still used as stratification criteria for STAT3 based therapeutic approaches. However, 

with the identification of an alternate noncanonical (pS727 and K685ac) activation 

mechanism, the clinical paradigm of terming pY705 as sole activation mark for STAT3 

pathway is changing. The present study here carefully demonstrates the role and 

functions of the two STAT3 activation arms and how they can be targeted effectively in a 

subset of breast cancer. 

To better inhibit the STAT3 pathway, it is important to decipher the biology of STAT3 

activation from natural biological environment. However, so far there are no sensor-based 

approaches available that can determine the STAT3 pathway modulation in real time 

manner from live cells. Hence this study for the first time reports the development of 
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phosphorylation driven STAT3 homodimerization BRET sensor. STAT3 fused to 

Nanoluc as donor and TurboFP as acceptor at the C-terminus very precisely demonstrated 

the EGF mediated STAT3 activation in a time dependent manner. Additionally, the 

biosensor very sensitively detected the modulation of STAT3 pathway even across 

different cancer cell type (HT1080, PC3, A549, MCF7) and with variable pathway 

ligands. Adapting to a high throughput screening platform, the BRET biosensor clearly 

identified the potential activators (AR42, CI-994 and Chidamide) and inhibitors 

(Curcumin, Niclosamide, ERK inhibitor and MS-275) of the STAT3 pathway. Of which, 

Niclosamide being dual blocker (pY705 and pS727) was found to be more potent STAT3 

inhibitor than previously known Stattic compound, which can only block pY705 

phospho- activation mark. 

To determine how the two signaling arms (canonical and noncanonical) govern STAT3 

activation and molecular functions in breast cancer, we engineered 3’UTR STAT3 

knocked down MCF7 cells, in which stable over expression of either wild type or point 

mutants of STAT3 PTMs (Y705F, S727A and K685R) were introduced. Over here we 

found that both canonical (pY705) and noncanonical (pS727 and K685R) activations can 

operate independently while pS727 PTM mark necessarily cooperate with K685ac. With 

differential downstream transcriptional execution, both pS727 and K685ac were 

identified to play a dominant and essential role in controlling proliferation and cell 

survival functions in BC cells over canonical pY705 PTM. Further taking advantage of 

the Phospho BRET sensor developed, we constructed a library of STAT3 clones 

harboring mutation in individual PTM residue either alone or in combinations and 

subjected them to BRET platform in presence or absence of ligands (IL6 and EGF). 

Collective observation form all the mutants screened, identified pS727 and not Y705, as 

key residue required for stable STAT3 homodimer formation in breast cancer cells.  

Intrigued by the dominant role played by noncanonical pS727 activation in governing 

STAT3 homodimerization and downstream biological functions in vitro in breast cancer 

cells, we next decided to explore whether the same situation prevails even in clinical 

scenario. To determine this, we performed retrospective analysis for pY705, pS727 and 

total STAT3 expression in 76 core biopsy and paired post NACT TNBC cases. 

Quantitative assessment for the IHC DAB staining with two different scoring methods 
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identified pS727 (more than 90% positive cases) as predominant STAT3 PTM form 

present over pY705 (less than 15% positive cases). Also, the cases positive for total 

STAT3 showed moderate to strong positive Pearson correlation value with pS727 PTM 

mark while it was low positive for pY705 STAT3. These observations made from patient 

samples were in accordance with the in vitro data and identified noncanonical pS727 

pathway as key mode of operation for STAT3 functions in TNBCs. With the aberrant 

activation of STAT3 signaling seen in TNBCs, as expected, knocking down its 

expression in MDA MB 231 cells (TNBC cell line) led to a significant decrease in cell 

proliferation, survival, and tumorigenic potential along with depletion in 

CD44high/CD24low like stem cell pool. Based on clinical and in vitro data it is evident that 

STAT3 pathway is essential for survival of TNBCs. Hence to therapeutically target 

TNBC, we developed in vivo tumour xenograft model using reporter labelled MDA MB 

231cells and treated the mice with, dual STAT3 blocker Niclosamide (as identified from 

the BRET inhibitor screen) inhibitor. With potent STAT3 inhibitory functions 

Niclosamide treatment not only retarded the primary tumour growth but it significantly 

reduced the metastasis to distant organs like lungs and bones. 

In summary, based on experimental and clinical data gathered during the study, here for 

the first time we report that noncanonical pS727, but not the canonical pY705, is the key 

PTM driving major STAT3 activation and functions in TNBC subtype of breast cancer. 

We have further demonstrated that pS727 STAT3 PTM operates independently and is 

crucial requirement for STAT3 homodimerization, activation and downstream oncogenic 

functions in breast cancer cells. As a therapeutic target, Niclosamide, a repurposed anti-

helminthic drug, is demonstrated as dual blocker of phospho-STAT3 (pY705 and pS727) 

and thus act with enhanced anti-cancer activity than Stattic (which specifically block 

pY705 only) both in vitro and in vivo condition. Finally, with the robust drug screening 

platform developed using Phospho-STAT3 BRET sensor, the way for comprehensive 

analysis of STAT3 signaling is paved and in future it is expected to provide with an 

opportunity to screen large combinatorial anti-STAT3 drug libraries using live cell across 

multiple cancer types. 
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Introduction 

1.1 STAT Family Protein 

Signal Transducers and activator of transcription (STAT) proteins were initially identified as 

cytoplasmic transcription factors that mediate their cellular response in treatment to cytokines 

or growth factors (Darnell, 1997; Darnell et al, 1994). Till date, the STAT family comprises 

of seven different members, namely STAT1, STAT2, STAT3, STAT4, STAT5a/5b and 

STAT6 (Leonard & O'Shea, 1998). In general the members of STAT family are 750-800 

amino acid long and comprises of  six conserved domains in the structure; N-terminal domain 

comprising of 3 alpha helices is required for STAT3 to interact with DNA and translocate to 

nucleus; CCD (coiled coil domain) interacts with regulatory proteins; DNA binding domain 

interacts with specific enhancer regions of STAT3 target gene promoters; Linker domain for 

stabilising DNA binding; SH2 domain contains Tyrosine-residue that is phosphorylated by 

activated receptor (pY) and it is also involved in reciprocal interaction of pY and SH2 

domain on opposite STAT3 dimers and a C-terminal transactivation domain (TAD) 

comprises of conserved Tyrosine and Serine residue that gets phosphorylated upon STAT3 

activation, it is also involved in intramolecular CCD and SH2 domain interaction to enhance 

binding to receptor (Kiu & Nicholson, 2012; Schindler et al, 2007). While activation of 

STAT 1, 2, 4 and 6 is induced in response to specific cytokines or interferons, both STAT3 

and 5 can be activated by multiple other ligands (Murray, 2007) (Figure 1.1). 
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  Figure 1.1. Domain organization and stimulating ligands of STAT family proteins (Akira, 1999). 

Members of STAT family are known to be activated by receptors either with or without 

intrinsic tyrosine kinases activity (RTK). RTKs with intrinsic tyrosine activity involves 

EGFR, PDGF-R, colony stimulating factor-1 receptor (CSF-1R) and GPCRs such as 

angiotensin II receptor and serotonin 5-HT2A receptor (O'Shea et al, 2002; Schindler et al, 

2007). Investigations on transcriptional response of STAT protein to interferons led to 

identification of Janus Kinase – STAT signaling pathway. JAKs are group of receptors 

associated cytoplasmic tyrosine kinases that plays a critical role in phosphorylation of STAT 

at tyr residue. There are currently four members in this nonreceptor protein kinase family; 

JAK1, JAK2, JAK3 and TYK2 that possess intrinsic kinase activity (Imada & Leonard, 2000; 

Leonard & O'Shea, 1998). 

The basic mechanism by which the members of STAT family are activated is as follows, in 

the inactive state, STAT proteins lie majorly in the cytoplasm while JAK kinases remain 

bound to the cytoplasmic region of the receptor. Upon ligand stimulation, JAK kinases 
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become catalytically active and phosphorylate the receptor, this leads to recruitment of 

cytoplasmic STAT protein to the activated receptor. Once bound to receptor, the activated 

JAK kinases then phosphorylate STAT at tyrosine residue. Thereafter, the phosphorylated 

STAT dissociates from the receptor and either in the form of a heterodimer or homodimer it 

translocates to nucleus and regulate expression of its target genes by binding to STAT 

consensus sequence in the promoter region (Kiu & Nicholson, 2012; Vinkemeier et al, 1996). 

STAT1, STAT3, STAT4, STAT5 and STAT6 majorly form homodimer complexes, while 

STAT1 and 3 can for heterodimers as well. STAT2 primarily forms heterotrimer complex 

with STAT1 and interferon regulatory factor 9 (IRF9) but it can also act independent of 

STAT1 (Figure 1.2) (Copeland et al, 1995). 

 

Figure 1.2. Basic mechanism for ligand mediated activation of STAT family proteins. Upon ligand 

binding, the receptor homodimerizes followed by autophosphorylation of receptor by JAK kinases and 

cross phosphorylation of STAT protein. Following phosphorylation, two STAT monomers dissociate 

from receptor , dimerize and  translocates to nucleus to works as a transcription factor (Akira, 1999). 
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Members of STAT family play an important role in many biological processes including 

immunity, haematopoiesis and embryonic development. While a deregulated STAT signaling 

leads to chronic inflammation and various malignant progression like blood malignancies 

(lymphomas or leukaemia) or solid tumours (breast cancer, prostate cancer etc.). The primary 

role of individual STAT family member was identified based on specific knockout (KO) 

mouse model system (Table 1.1) (Akira, 1999). 

 

Table 1.1. Table summarising the phenotypic effect of individual STAT protein loss in mouse 

model (Kamran et al, 2013). 

 

STAT1 plays critical role in controlling Type I and Type II interferons mediated biological 

responses (Durbin et al, 1996; Shuai et al, 1992). 

STAT4 is essential for IL-12 dependent functions like cell proliferation, enhancement of 

natural killer cell cytotoxicity, production of IFN-γ and Th1 cell differentiation (Kaplan et al, 

1996; Thierfelder et al, 1996). 
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STAT6 controls IL-4 mediated responses like class switching to IgE, T- and B-Cell 

proliferation, induction of MHC class II, CD23 and Th2 cell development (Shimoda et al, 

1996; Takeda et al, 1996). 

STAT 5 consists of two isoforms STAT5a and 5b, which resulted from gene duplication 

event and share more than 96% amino acid sequence similarity (Teglund et al, 1998). STAT 

5a KO led to impairment of mammary lobuloalveolar outgrowth (Liu et al, 1997) while loss 

of STAT 5b led to sexually dimorphic pattern of pituitary growth hormone secretion (Udy et 

al, 1997). 

STAT3 KO mice died embryonically at day E6.5–7.5, indicating role of STAT3 in early 

embryonic development (Takeda et al, 1997). The role of STAT3 was further investigated 

using dominant negative STAT3 mutant (DN). Overexpression of STAT3 DN in myeloid 

leukemic M1 cells led to abolished response to IL6 or LIF (Boeuf et al, 1997). STAT3 is also 

important for IL6 or IF mediated cortical neuroepithelial cells differentiation (Bonni et al, 

1997). STAT3 deficiency in adult mice led to impaired IL6 mediated T-cell proliferation. 

STAT3 loss in macrophages and neutrophils led to endotoxin shock and enhanced production 

of inflammatory cytokines such as IL-1, TNF-α and INF-γ. Further STAT3 expression loss in 

skin cells led to impaired skin wound healing and reduced motility of epidermal cells in 

culture condition (Takeda et al, 1998). Taken together, STAT3 was identified as important 

member in STAT family that controls variety of biological functions including cell growth, 

proliferation depending upon cell type and stimulus. 

 

1.2 Signal Transducer and Activator of Transcription 3 (STAT3) 

STAT3, the third member of STAT family (in chronology) was initially identified as acute 

phase response factor (APRF) that gets rapidly activated in response to IL6 (Wegenka et al, 



 

 
31 

 

Chapter 1: Introduction and Review of Literatures 

1993). Zhong et.al in 1994, identified STAT3 from a cDNA library screen for proteins that 

bind to DNA in response to IL6 treatment (Zhong et al, 1994). Subsequently Akira et.al in 

1994 purified and cloned APRF gene and showed binding of APRF to IL6 responsive 

elements of acute phase genes promoters (Akira et al, 1994). Role of STAT3 in oncogenesis 

came forward with initial transformation studies using v-src oncoprotein. In 1996, Cao et.al. 

reported that STAT3 is constitutively active in v-src transformed cell lines (Cao et al, 1996; 

Yu et al, 1995). In 1998, Bromberg et.al. reported that STAT3 activation is essential for 

oncogenic transformation mediated by v-src (Bromberg et al, 1998; Bromberg et al, 1999; 

Turkson et al, 1999).  

STAT3 gene located on chromosome 17q21.31 has four different isoforms STAT3 α, β, γ and 

δ (Choi et al, 1996). STAT3 α is the most predominantly expressed isoform with an average 

length of about 770 amino acids and molecular weight of 88KDa (Maritano et al, 2004). All 

major functions ascribed to STAT3 are performed by the STAT3α isoform. Structural 

organization of STAT3 is similar to other members of STAT family. It also consists of an N-

terminal domain, DNA binding domain, Coiled-coil domain, Src-homology domain (SH2) 

and a C-terminal transactivation domain (Figure 1.3) (Ren et al, 2008).  The N-terminal 

domain forms an interface for dimer-dimer interaction during gene transcription. The SH2 

domain contain three sites that are solvent accessible sub pockets which plays an important 

role in stabilizing the STAT3-STAT3 dimer and STAT3-receptor interaction. DNA binding 

domain offers interface for DNA-protein interaction so that STAT3 can interact with DNA to 

proceed with gene transcription functions (Vinkemeier et al, 1996; Xu et al, 1996). 



 

 
32 

 

Chapter 1: Introduction and Review of Literatures 

 
 
                 Figure 1.3. Domain organization of STAT3 protein (Wake & Watson, 2015). 

 

STAT3 activation can be driven either by cytokine mediated activation of gp130-JAK 

complex or growth factors mediated receptor tyrosine kinases activation. In either case upon 

ligand binding to the receptor, the receptor undergoes a conformational change and dimerizes 

(Berclaz et al, 2001). During this process, the pTyr residue in the SH2 domain of receptor 

gets phosphorylated either by intrinsic tyrosine kinase activity or due to associated JAK 

kinases. Upon receptor activation, the monomeric STAT3 from the cytoplasm gets recruited 

to the receptor via STAT3 SH2-domain and pTyr residue -receptor interaction, this leads to 

phosphorylation of Y705 residue in the c-terminal domain of STAT3. Following 

phosphorylation, STAT3 dissociates from the receptor and dimerizes with another pY705-

STAT3 residue in a pTyr-SH2 domain interaction fashion on the opposite monomer. The 

dimeric STAT3 than translocates to nucleus and initiate transcription of genes involved in 

various biological process and oncogenic growth of the cells (Hemmann et al, 1996) (Figure 

1.4). STAT3 is known to either form homodimer or heterodimerize with STAT1 due to high 

sequence similarity. This eventually enhances the number of genes under its transcription (Ho 

& Ivashkiv, 2006).  
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Figure 1.4. Mechanism of STAT3 activation and functioning. Upon growth factors or cytokine 

stimulation, STAT3 gets phosphorylated by the activated receptors, phosphoSTAT3 then dimerizes 

with another phosphoSTAT3 molecule and this dimeric complex then translocates to nucleus where it 

controls transcription of genes involved in proliferation, invasion, EMT and angiogenesis. The hyper 

activation of STAT3 pathway is kept under control by various inhibitory molecules such as SOCS3, 

PIAS and PTPs inside the cell (Banerjee & Resat, 2016). 

 

1.3 Activators and Inhibitors of STAT3 pathway  

Activation and inhibition of STAT3 signaling under both and oncogenic condition is a highly 

regulated process. There are various activation and inhibition mechanisms developed by the 

cell to keep a proper check on STAT3 function. Some of the potential regulators of STAT3 

pathway are discussed below.  
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1.3.1 Activators of STAT3 pathway 

Though elevated levels of pY705 STAT3 has been reported in case of primary tumours and 

tumor-derived cell lines, so far there are no mutations reported in STAT3 that can lead to its 

constitutive activation. However, there are multiple potential upstream modulators that can 

induce STAT3 signaling like, receptor tyrosine kinase family members -EGFR, FGFR, Her2, 

PDGFR, VEGFR; non-receptor tyrosine kinases such as Src and JAK; IL6-gp130 receptors 

and several other GPCRs. Along with receptors, there are multiple growth factors e.g. EGF, 

FGF, VEGF, PDGF, CSF1 as well as cytokine for e.g. IL6, IL10, IL11, LIF, CNTF and 

Oncostatin M, that have been reported to initiate STAT3 pathway activation (Kamran et al, 

2013; Shalini Dimri, 2017) (Figure 1.4). Either elevated levels or constitutive activation of 

components that can trigger STAT3 pathway have been reported in many different cancer 

types and are associated with poor prognosis. For e.g. mutation or overexpression of EGFR, 

mutations in JAK receptor and overexpression of Src are few of the molecular events in 

tumour cells that can induce persistent STAT3 pathway. Apart from receptors, even elevated 

levels of ligands such as IL6 and TGFα, either in serum or tumour microenvironment has 

been reported in variety of human malignancies. High level of these ligands in serum or 

tumor stroma can initiate and sustain constitutive STAT3 signaling either in paracrine, 

autocrine or endocrine manner (Laudisi et al, 2018; Leonard & O'Shea, 1998).  Additionally, 

mutations that can lead to loss of epigenetic control for the regulators of STAT3 pathway has 

also been identified for many human malignancies (Wu et al, 2019). 

1.3.2 Inhibitors of STAT3 pathway 

Phosphorylation and dephosphorylation event play a key role in regulating levels of 

phosphorylated STAT3 pool in the cells. Several protein tyrosine phosphatases (PTP) such as 

PTP1B, PTPεC, SHP-1, SHP-2 and TC45 have been implicated in termination of STAT3 
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phosphorylation (Figure 1.4) (Chen et al, 2004). The family of PTPs can be divided into two 

major groups; receptor like PTPs for e.g. CD45 and nonmembrane PTPs containing SH2 

domain i.e.  SHP1, SHP2, PTP1B and TCPTP (T-cell protein tyrosine phosphatase). Similar 

to SHP-1, SHP-2 also contains two SH-2 domains in the N-terminal region and one PTP 

domain in the C-terminus. It is ubiquitously expressed throughout the body. By the virtue of 

two SH2 domains, SHP-1 interacts with pY residue on gp130 receptor, growth factor 

receptors, cytokine receptors, STAT3, JAKs and members of Src- tyrosine kinase family. All 

the pY containing proteins in STAT3 signaling are potential substrates for PTPs. In nucleus 

TC45 PTP is involved in dephosphorylation of nuclear phospho STAT3 and terminate 

transcriptional activation (Neel & Tonks, 1997). Considering their important function in 

supressing overtly activated STAT3, downregulation of these PTPs in various cancers thus 

promotes activation of STAT3 pathway. TCPTP and PTPN9 (non-receptor type 9 PTP; 

PTPMeg2) are reported to be downregulated in various breast cancer cell lines and primary 

triple negative breast cancer tumours, thereby facilitating cell proliferation in vitro and 

primary tumor growth in vivo (Han et al, 2006; Irie-Sasaki et al, 2001).    

PIAS (peptide inhibitor of activated STAT3) are endogenous proteins that controls the 

amount and duration of STAT3 activation (Figure 1.4). PIAS protein comprises of 5 family 

members- PIAS1, PIAS3, PIASγ, PIASxα and PIASxβ. All the members of PIAS family 

have a conserved structure, it comprises of N-terminal domain (SAP domain) that recognizes 

and bind to AT rich DNA sequences along with various nuclear receptors and their 

coregulators (Shuai, 2000). The PINIT (Pro-Ile-Asn-Ile-The) motif is involved in nuclear 

accumulation of the PIAS protein. RLD or Ring finger like zinc binding domain and a C-

terminal AD domain (highly acidic) that contain motif for interaction with sumoylated 

proteins i.e. SIM motif (Liu et al, 2001). PIAS is known to bind STAT3 and specifically 

blocks its DNA binding and transcriptional activity (Chung et al, 1997). Each member of 
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PIAS family is reported to regulate function of individual STAT family member for e.g. 

PIAS1 regulate STAT1 and p53, PIASxα interact with androgen receptor, PIASγ with LEF1, 

while PIAS3 interacts with STAT3, STAT5a and 5b (Arora et al, 2003). With the Sumo E3 

ligase activity, PIAS is also suspected to be involved in sumoylation of STAT3 to further 

inhibits its function. The expression of PIAS in the cancer cells is post-transcriptionally 

suppressed thereby elevating STAT3 oncogenic functions (Clevenger, 2004). 

Another potential inhibitor of STAT3, is a family of SOCS proteins (suppressor of cytokine 

signaling) that comprises of 8 members, SOCS 1-7 and CIS. All members of SOCS family 

contain an N-terminal domain of variable length, central SH2 domain and a C-terminal SOCS 

box domain. Due to presence of SOCS SH2 domain, members of SOCS family can interact 

with pY residue containing region in gp130, cytokine and JAK receptors and regulate STAT3 

binding. The C-terminal SOCS box domain binds to E3 ubiquitin ligase thereby facilitating 

the ubiquitination and proteasomal degradation of SOCS binding proteins. SOCS3, one of the 

members of SOCS family is transcriptionally activated by STAT3 (Shuai, 2000; Wormald & 

Hilton, 2004). High levels of SOCS3, suppress hyperactivation of STAT3 either by 

competing with STAT3 for binding to activated receptor, by directly binding and inhibiting 

JAKs and by directly binding to STAT3 signaling proteins and directing them for 

proteasomal degradation (Figure 1.4). In response to cytokine stimulation, elevated STAT3 

expression in turn induce SOCS3 expression that in a negative feedback loop suppresses 

STAT3 activation (Kamran et al, 2013). Therefore, in oncogenic condition, the expression of 

SOCS3 is often silenced by promoter methylation thus favouring cancer cell growth (Weber 

et al, 2005).   
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JA 

1.4 STAT3 Pathway in Oncogenesis 

The direct evidence for STAT3 as an oncogenic signaling came from the study where cells 

transformed using Epstein-Barr virus or Human T-lymphotropic virus-1 showed constitutive 

STAT3 signaling (Migone et al, 1995; Weber-Nordt et al, 1996). Further blocking STAT3 

activity in cells prior to v-src transformation significantly compromised the transforming 

ability of the cells. More importantly, implanting normal mouse fibroblast expressing the 

mutant STAT3 construct (STATC), that rapidly form STAT3 dimers, led to tumor formation. 

Apart from mouse fibroblast, expression of STAT3C construct even in variety of other cells 

led to upregulation of essential oncogenic and angiogenic factors like VEGF, MMP and C-

terminal tensin like protein (Bromberg et al, 1999). All these evidences strongly pinpoint the 

role played by STAT3 as a potential oncogenic molecule.  

Aberrant expression and abnormal activation of STAT3 has been reported for several 

haematological malignancies and solid tumours. Unlike other oncogenes, mutation in STAT3 

molecule that can lead to constitutive activation, are not very common. An exception to that 

is, inflammatory hepatocellular adenomas where 12% of tumours, lacking any mutation in 

IL6 receptor, have somatic mutations in region coding for SH2 domain of STAT3. These 

mutations lead to IL6 independent, STAT3 activation and homodimerization (Pilati et al, 

2011). However, for majority of the cancer type, persistent STAT3 activation is a result of 

deregulated upstream signaling either in the form of overexpressed or constitutive receptor 

activation and abundance of growth factors or cytokine secretion. 

Primary difference in the normal and oncogenic activation of STAT3 lies in the duration and 

level of pathway activation. Under normal condition, a substantial amount of ligand induction 

is required for acute STAT3 activation. While under oncogenic condition, even lower amount 

of ligand can lead to prolonged STAT3 induction. In many cases, the cancer cells even 
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become dependent upon or are addicted to STAT3 signaling and when such activity is 

blocked it leads to tumour regression and enhanced cell death (Regis et al, 2008). Apart from 

cellular level, STAT3 activity in the tumor microenvironment also controls tumour 

proliferation and metastasis. For e.g. hyperactivation of STAT3 leads to enhanced expression 

and secretion of inflammatory cytokines such as IL6 and angiogenesis prompting factors such 

as VEGF and HIF1-α (Xu et al, 2005).  Abundance of these cytokines in the tumour stroma 

not only favours faster wound healing but also modulate the cancer cells for further activation 

of JAK/STAT pathway (Figure 1.5). Additionally, secretion of these cytokines in the tumor 

microenvironment also suppress the immune cell functioning (Regis et al, 2008). 

 

Figure 1.5. Oncogenic STAT3 induction. Hyperactivated STAT3 in tumour cells lead to cytokine 

secretion, which in turn further elicits JAK/STAT pathway in an autocrine and paracrine manner. As 

a result, apart from modulating cancer cells, STAT3 also alters the tumour microenvironment (Chang 

et al, 2019). 
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Mounting number of evidences strongly suggest STAT3 as a bondafide oncogenic molecule. 

Constitutive activation of STAT3 by tyr705 phosphorylation has been reported in breast 

carcinomas, head and neck carcinoma, lymphomas, leukemias, ovarian, brain, prostate and 

pancreatic cancers. Apart from being overtly expressed STAT3 is even identified as a poor 

prognostic biomarker for many cancers. A meta-analysis from previously published 63 

studies in which expression of pTyrSTAT3 was assessed with overall survival in the patients 

with solid tumor (comprising of hepatic, pancreatic, lung, prostate and gastric cancer with 

advanced stage tumours) showed worse overall and disease-free survival for high 

pTyrSTAT3 expression (Wu et al, 2016). From meta-analysis of 17 studies (n=2346) 

exclusively comprising of colorectal cancer also identified pTyrSTAT3 expression 

association with poor prognosis and lymph node metastasis (Ji et al, 2016). In case of breast 

cancer, analysis of TCGA data sets with STAT3 activation identified strong correlation with 

basal like-TNBC gene signatures. Signatures corresponding to STAT3 activation were seen 

in TNBC samples that had reduced metastasis free survival (Tell & Horvath, 2014).  

Combined experimental and clinical observation strongly put forward STAT3 as a potential 

candidate that strongly controls tumour growth and cell survival functions thereby providing 

promising avenue for therapeutic intervention. 

1.5 Mechanisms of STAT3 Activation 

STAT3 is reported to be activated by following two mechanisms in cancer. 

1.5.1 Canonical Pathway 

In classical canonical pathway, STAT3 activation takes place primarily by phosphorylation at 

Y705 residue in response to cytokines or growth factors treatment. Once phosphorylated, 

STAT3 shuttles to nucleus and mediate its DNA binding and transcriptional activity. For 

many years activation of STAT3 has been attributed to pY705 mediated functions that in turn 
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controls expression of genes involved in various aspects of cancer progression such as 

proliferation (Cyclin D1, c-Myc), Cell survival (p53, survivin and Bcl-xL), migration 

(MMPs), invasion (Rho1, E-cadherin) , angiogenesis (VEGF,HIF1 alpha) and immune 

evasion (RANTES,IL6) (Carpenter & Lo, 2014) (Figure 1.6). For both in vitro and in vivo 

studies pY705 has been used as marker to determine STAT3 activation status. In clinical 

scenario, activation of STAT3 pathway in tumor samples is determined based on pY705 

positivity.  pY705 is even used as biomarker to predict disease prognosis and overall survival 

in case of colon cancer, breast cancer, lung cancer and several other cancers (Cocchiola et al, 

2017; Shalini Dimri, 2017). Based on this, the clinical paradigm of STAT3 was established. 

Tumours that express pY705 STAT3 are positive for STAT3 pathway activation and hence 

should be administered anti-STAT3 inhibitors. While tumours that don’t express pY705 

STAT3 are not considered to be STAT3 addicted and hence STAT3 inhibitors should not be 

given (Sellier et al, 2013). In this context, all therapeutic development and clinical studies 

consider pY705 STAT3 as prime parameter for judging the STAT3 pathway activation. 

Additionally, since STAT3 plays an important role in drug resistance, one could speculate 

that tumours with high pY705 expression would be more resistant to chemotherapeutic 

treatment. Hence prior detection of pY705 expression in tissue samples can help in stratifying 

patients that would show resistance or incomplete response to the conventional chemotherapy 

regime (Barre et al, 2007). 

1.5.2 Noncanonical Pathway 

Apart from classical canonical pTyr705 mediated activation, STAT3 is reported to go 

undergo post translational modifications at other sites that can equally activate the STAT3 

molecule. Serine residue located at the C-terminal domain of STAT3 at position 727 is 

known to undergo phosphorylation upon IL6 or EGF stimulation. There are multiple kinases 
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reported to be involved in phosphorylating STAT3 at S727 site such as JNK, MAPK, PKC 

family members, CDK5 and Casein kinase (Decker & Kovarik, 2000; Tkach et al, 2013) 

(Figure 1.6). When initially discovered, pS727 was identified as secondary modification 

event following pY705 occurrence to fully activate the STAT3 molecule (Wen et al, 1995). 

However, data from recent studies clearly highlight independent oncogenic role of pS727 site 

in STAT3 functions. 

In case of infiltrating ductal breast carcinoma, pS727 STAT3 was found to be involved in 

pathogenesis of breast cancer in ER dependent manner, irrespective of pY705 STAT3 

expression. Breast tumour tissues positive for pS727 expression showed negative correlation 

with ER status of the sample and a positive association with both tumour stage and grade 

(Yeh et al, 2006). In case of both chronic lymphocytic leukemia and melanoma, STAT3 was 

constitutively phosphorylated at S727 residue irrespective of pY705 status. Activation of 

STAT3 at pS727 was found to be essential for DNA binding, transcriptional activation and 

cell survival of the cells (Hazan-Halevy et al, 2010).  In glioblastoma, pS727 expression was 

found to contribute toward tumorigenesis, resistance to chemotherapy and radiotherapy and 

samples with high pS727 positivity showed poor clinical outcome. Additionally, treating 

GBM cells with inhibitor that led to pS727 STAT3 inactivation radio sensitizes the cells 

toward radiation induced cell death. While no such effect was observed with pY705 STAT3 

depletion (Lin et al, 2014; Ouedraogo et al, 2016). Even in case of prostate cancer, pS727 

driven STAT3 activation was found to be sufficient and dominant to drive tumorigenesis 

independent of pY705 STAT3 activation (Qin et al, 2008). Similarly, for colorectal cancer, 

treatment with Topoisomerase I inhibitor led to activation of STAT3 specifically at pS727 

site. pS727 dependent STAT3 activation transcriptionally enhanced expression of Eme1 gene 

(endonuclease) that favoured faster repair of damaged DNA and imparts chemoresistance 
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(Vigneron et al, 2008). Exclusive pS727 expression is even essential at the embryonic state 

for differentiation of mESC to neuronal lineage (Huang et al, 2014).  

 

Figure 1.6. Canonical and noncanonical STAT3 activation.  Canonical activation of STAT3 is 

driven by pY705 phosphorylation that leads to dimerization, nuclear translocation and transcriptional 

activity of STAT3 molecule.  In noncanonical activation (pS727 and K685ac- uSTAT3) the ligand or 

stimulation is not known. However, under the influence of PKC, STAT3 gets S727 phosphorylation 

and localizes either to mitochondria or nucleus and controls cell survival functions. While U-STAT3 

or K685ac STAT3 can interact with NF-kB and regulate expression of genes with NF-kB response 

elements (Srivastava & DiGiovanni, 2016). 

 

Another important post translational modification that influences STAT3 activation is 

acetylation of lysine residue at 685 position (K685ac). STAT3 is known to interact with 

CBP/p300 protein that acetylates STAT3 at K685 residue and this acetylation is essential for 
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nuclear localization, DNA binding and transcriptional activity of STAT3 molecule (Wang et 

al, 2005). In 2005, Yuan et.al. reported that acetylation of STAT3 at K685 residue is essential 

for STAT3 to form stable homodimers irrespective of pY705 and pS727 presence. K685ac 

was essential for cell to proliferate and regulate expression of cell survival genes such as 

cyclin D1, Bcl-xL and c-Myc (Yuan et al, 2005). Enhanced expression of K685ac STAT3 

was reported even in case of melanoma, ovarian cancer, colorectal cancer and lung cancer 

(Lee et al, 2012; Li et al, 2013; Yang et al, 2010). Acetylation of STAT3 at K685 was found 

to be essential for interaction of STAT3 with DNMT1. With this interaction STAT3-DNMT1 

methylates the promoter of tumor suppressor genes such as TP53, STAT1, SOCS3, 

CDKN2A and DLEC1 and downregulate their expression (Lee et al, 2012). Acetylated 

STAT3 in gastric cancer, is also reported to interact with CD44 and regulate expression of 

Cyclin D1 gene (Lee et al, 2009). Inhibition of STAT3 acetylation by garcinol 

(acetyltransferase inhibitor) led to suppression of proliferation, induction of apoptosis and 

regression of xenograft tumours in hepatocellular carcinoma mouse model (Sethi et al, 2014). 

STAT3 acetylation is even reported to be involved in processing of NF-κβ protein. STAT3 

once acetylated activates IKKα kinase that further phosphorylates p100 for proteolytic 

cleavage to give rise to p52 (Nadiminty et al, 2006). Additionally, acetylated STAT3 is also 

reported to form a complex with NF-κβ protein and regulate expression of different set of 

genes such as IL8, MET, MRAS, IL6 and RANTES (Dasgupta et al, 2014).  

Apart from having differential post translational modification (PTM) mediated nuclear 

STAT3 functions, there are evidences PTM dependent altered localization of STAT3 (Avalle 

& Poli, 2018).  Once phosphorylated at pS727 site, STAT3 interacts with GRIM-19 and get 

translocated to mitochondrial inner membrane. STAT3 is incorporated to the ETC chain 1 of 

mitochondria where it regulates generation of ROS (reactive oxygen species) and apoptosis 

induction. There are even reports on mitochondrial STAT3 interacting with ETC I, II and II 
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and contributing to dysfunctional mitochondria respiration and enhanced tumour growth 

(Wegrzyn et al, 2009). In case of breast cancer, mitoSTAT3 activated at pS727 site was 

found to be essential for tumorigenesis. Cells expressing mutant STAT3 (S727A) showed 

reduced ETC complex 1 activity and enhanced ROS accumulation under hypoxic condition 

(Zhang et al, 2013). Recently, STAT3 was even reported to localize to endoplasmic reticulum 

where it regulates ER-mitochondrial calcium release. STAT3 activated at pS727 residue 

localizes to ER and degrades calcium channel IP3R3 during stress thereby controlling 

calcium release to cytoplasm. While loss of STAT3 expression in these cells leads to calcium 

release form ER via IP3R3 channel and initiation of intrinsic apoptotic pathway (Avalle et al, 

2019; Banerjee et al, 2017). 

Additional to pS727 and K685ac there are other sites on STAT3 that are reported to undergo 

post translational modification. K679, K707 and K709 lysine residues in STAT3 are 

deacetylated by SirT1 to inhibit its activation and promote gluconeogenesis (Nie et al, 2009). 

STAT3 is also reported to undergo reversible dimethylation at K140 residue by Set9 enzyme 

and it is deactivated by LSD1 demethylase enzyme. K140 is a nuclear event that takes place 

specifically inside nucleus before DNA binding and it occurs only after pS727 STAT3 

activation (Yang et al, 2010). However so far, the functional role of K140 dimethylation is 

not well identified. 

1.6 STAT3 Inhibitors 

STAT3 is considered to be one the most important molecule for therapeutic targeting in any 

cancer. Considering the prevalent role of STAT3 signaling in controlling various oncogenic 

process, therapeutic approaches for targeting STAT3 has been developed that majorly 

includes; direct inhibition and indirect inhibition methods (Table1.2).  
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           Table 1.2. Potential direct and indirect inhibitors of STAT3 pathway (Chen et al, 2019). 

 

1.6.1 Direct Inhibition 

STAT3 SH2 domain binders: For disrupting STAT3 homodimerization various SH2 

binding peptides, peptidomimetics and nonpeptidic chemical inhibitors have been developed. 

PY*LKTK, ISS 610, Y*LPQTV peptide and several other modified versions including hydro 

cinnamoyl-Tyr (PO3H2)-Leu- cis-3,4-methanoPro-Gln-NHBn was identified that selectively 

binds to STAT3 and prevent STAT3 DNA binding activity in vitro (Ren et al, 2003; Ren et 

al, 2008; Turkson et al, 2004a). Based on structure driven computational screening of 

STAT3, SH2 domain binding STA-21 peptide (Song et al, 2005) and  a small molecule 
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inhibitor -Stattic was identified (Schust et al, 2006) that showed potent STAT3 inhibitory 

activities.  

Blockers for DNA Binding domain of STAT3: Disrupting DNA binding activity of 

STAT3 will stall the transcriptional function and tumor promoting activity of the cancer cells. 

In these lines various platinum (IV) compounds like IS3 295, CPA-1, CPA-7, and platinum 

(IV) tetrachloride are used. These platinum (IV) compounds showed significantly better in 

vitro inhibitory activity against STAT3 in comparison to peptides, peptidomimetic or 

nonpeptide molecules (Turkson et al, 2005; Turkson et al, 2004b). 

Oligonucleotide based approach: Targeting STAT3 using small interfering RNA 

(siRNA), antisense RNA and decoy oligodeoxynucleotide (ODN) leads to transcriptional 

repression of target genes. Use of synthetic STAT3 decoy ODN (5-CATTTCCCGTAAATC-

3) successfully blocked STAT3 dependent transcription functions and led to reduction in 

proliferation, induction of apoptosis in various cancer cell lines (Tomita et al, 2003). 

Recently new class of ODN has been developed, known as G-rich ODN that form inter and 

intramolecular G- quartet structures that disrupts STAT3 homodimers (Jing et al, 2003).  

N-terminal domain targeting: The N-terminal domain is important for STAT3 dimers to 

interact with the target DNA, transcriptional regulators and activators. A short category of 

peptides, derived from helix 2 of STAT3 have been identified that specifically binds to 

STAT3 molecule represses its transcriptional activity without affecting the phosphorylation 

status. When these peptides were fused with Penetratin (RQIKIWFPNRR-Nle-KWKK-NH2 

protein transduction motif) to increase cell permeability, they showed specific inhibition of 

cell growth and induction of apoptosis in MDA-MB-231, MDA-MB-435 and MCF-7 breast 

cancer cells (Becker et al, 1998; Timofeeva et al, 2007). 
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1.6.2 Indirect Targeting of STAT3 

Indirect targeting of STAT3 majorly involves blocking the upstream tyrosine kinases that 

activate the STAT3 molecule. Apart from existing tyrosine kinase inhibitors such as EGFR 

and Src kinase, there are few new tyrosine kinase blockers identified that suppress STAT3 

phosphorylation by indirect blocking of the upstream tyrosine kinase activity. For e.g. JSI-

124 (Blaskovich et al, 2003) , JAK kinase inhibitor- AG490, WP1066 and TG101209, Src- 

Kinase inhibitors – resveratrol and indirubin, Receptor Tyrosine Kinase inhibitor – 

tyrphostins and JAK-STAT3 pathway blocker such as curcumin (Ferrajoli et al, 2007; Kotha 

et al, 2006; Levitzki, 1992; Pardanani et al, 2007; Yue & Turkson, 2009).  

Despite so much of knowledge on STAT3 signaling pathways with different alternative 

approaches available to target, very few STAT3 inhibitors have actually cleared the clinical 

trials (Table 1.3). This demands for an urgent need to re-examine the drug development and 

targeting approach against the STAT3 pathway. With extensive cross talk and alternative 

signaling STAT3 pathway present, limits the usage of single targeting agent against the 

STAT3 molecule as prime approach. Further, with the identification of canonical and 

noncanonical mode of STAT3 pathway activation, the use of only pY705 mediated STAT3 

inhibition strategy is in question. In this scenario, a comprehensive analysis of STAT3 PTM 

presence and the mode of activation need to explored thoroughly for individual tumor. This 

will not only aid the development of STAT3 specific drug but will also provide patient 

specific section of the inhibitors to improve the treatment response. One of the potential ways 

to amplify and specify the drug development approach is to develop molecular imaging based 

live cell biosensors that can be used as a read-out tool for STAT3 pathway modulation 

directly from living system. The inhibitors identified from live cell screening offers high 

chances of showing therapeutic effect as compared to the candidates screened using 

conventional virtual structure-based approaches and then validated in vitro. 
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               Table 1.3. List of STAT3 inhibitors currently in clinical trials (Segatto et al, 2018). 

 

1.7 Optical Imaging 

Optical imaging (OI) refers to techniques employing light in the near infrared (NIR) region 

(700-1000nm) and visible region (400-700nm) to reveal or interrogate molecular, functional 

or morphological information from cells, tissues or living systems (plants and animals). With 

innovative combination of molecular biology and chemistry, optical imaging methods thus 

facilitates deeper understanding of disease biology, mechanistic details or cellular processes 

in vivo in a real time manner. Because of its advantages like easy to adopt utility, rapid results 

output with cost effectiveness, optical imaging methods are increasingly gaining popularity at 

both preclinical and clinical application set up (Luker & Luker, 2008; Shah & Weissleder, 

2005). Fluorescence and Bioluminescence imaging are the two most widely used optical 
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imaging approaches in current scenario that holds great potential for future intervention 

(Figure 1.7). 

 

Figure 1.7: Diagrammatic representation of Bioluminescence and Fluorescence optical imaging 

methods. (A) Bioluminescence imaging involves catalysis of specific substrate by luciferase enzymes 

(firefly, beetle luciferase etc.) in presence of ATP and O2 to emit light of defined spectral property. (B) 

Fluorescence imaging requires excitation of the fluorophore with a specific wavelength to produce 

characteristic emission signal for the fluorophore (Luker & Luker, 2008). 

1.7.1 Fluorescence Imaging 

Fluorescence imaging utilizes endogenous or exogeneous probe or material that emits light at 

defined wavelength upon excitation with external light source. In principal, when a 

fluorescent probe or molecule is excited using a light or electromagnetic radiation of specific 

wavelength, it results in excitation of electrons within the molecule causing them to transit 

from low energy ground state to high energy excited state. After, a lag period of few 

nanoseconds i.e. fluorescence lifetime, the excited electrons return back to their ground state 

by releasing the energy in the form of a photon. Due to high energy relaxation while 

transiting, the emitted light always has a low energy and high wavelength. The difference 

between the excitation wavelength and the emission wavelength is termed as “stokes shift” 

(Dunst & Tomancak, 2019) (Figure 1.8). 
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Figure 1.8. Principle of resonance energy transfer. Upon illumination of fluorescent molecule with 

light source of specific wavelength leads to excitation of electron to high energy state. While coming 

back to ground state the, it emits light that can excite nearby fluorescent molecule with overlapping 

excitation wavelength (Dunst & Tomancak, 2019). 

Fluorescence imaging is constantly being utilised for determining protein localization or 

aberrant protein expression in normal versus pathological condition. Apart from this, 

fluorescence imaging is routinely utilised for studying intracellular trafficking, labelling cell 

organelles or superficial structures, monitoring tumour growth or response to specific drug 

treatment or developing biosensors for protein-protein interactions (BiFC, FRET etc) (Hassan 

& Klaunberg, 2004).  The most commonly utilised fluorophore in fluorescence imaging are 

GFP and its derivatives YFP (yellow fluorescent protein – 527nm emission), blue (450nm 

emission) and cyan fluorescent proteins (500nm emission) (Tsien, 1998); Ds Red and its 

improved RFP variants such as mCherry, mOrnage, mRaspberry (Zhang et al, 2002); 

TurboFP635 (635nm emission) and TagRFP (580nm emission) derived from sea anemone, 

Entacmaea quadricolor (Gurskaya et al, 2001). 
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1.7.2 Bioluminescence Imaging 

Bioluminescence refers to biophysical phenomenon where a light is produced upon chemical 

reaction between luciferase enzyme and its natural substrate. Bioluminescence imaging is 

mostly employed for cellular and molecular imaging in small animals (Widder, 2010). This 

phenomenon of independent light production is a natural process known to exist in many 

organisms and utilised for various purposes; as a defence mechanism, evading predators or 

demonstrating sexual behaviour. Some of the well-known luciferases utilising this 

phenomenon include; Renilla luciferase (RLuc), firefly luciferase (Fluc), Gaussia Metridia 

and Vargula luciferase. Since its discovery, scientists have successfully extrapolated this 

natural process to bench side for demonstrating and determining various cellular process from 

living systems. One of the potential applications of bioluminescence both in natural and 

experimental set up is bioluminescence resonance energy transfer (Hoshino, 2009; Seliger & 

Mc, 1960). 

1.7.2.1 Bioluminescence Resonance Energy Transfer 

Bioluminescence resonance energy transfer or BRET is a naturally occurring phenomenon in 

marine organisms such as sea pansy Renilla reniformis and jellyfish Aequorea Victoria. For. 

E.g. in Aequora Victoria, aequorin is a calcium dependent photoprotein that produces flashes 

of blue light. These blue lights are transferred to GFP protein that in turn emits green light 

upon excitation (Figure 1.9). The basic principle of this natural phenomenon is that, upon 

binding to specific substrate, the luciferase enzyme catalysis it, as a result it gets excited and 

goes to high energy state. After a lag period it relaxes and transition to low energy state by 

dissipating some amount of energy as heat due to random collision and remaining electronic 

relaxation energy as non-radiative dipole-dipole coupling to adjacent acceptor fluorophore 

(Figure 1.10). The acceptor fluorophore in turn is excited and transition from low to high 
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energy state and while relaxing it emits signal at respective acceptor wavelength (Drinovec et 

al, 2012; Xu et al, 1999).  

 

Figure 1.9. BRET in Aequorea Victoria under natural environment.  Calcium flux causes aequorin 

membrane protein to emit blue light that in turn excites GFP protein to give green emission signal 

(Bhuckory et al, 2019). 

 

Figure 1.10. Working model of BRET assay system.  When donor and acceptor are in close 

proximity, the energy from donor upon catalysis of its substrate is transferred to acceptor molecule 
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resulting in acceptor emission at respective wavelength. In BRET upon positive interaction, two 

resultant peaks are obtained, donor emission and acceptor emission (Abhijit De, 2014). 

 

Exploiting this underlying principle of BRET from natural environment, scientists have 

developed BRET pair using either the native or modified luciferase enzyme and coupled the 

with various fluorophores for establishing BRET system. Table 1.4 highlights some the 

exiting BRET pairs that have been developed using native or mutant RLuc as donor (Dimri et 

al, 2016). The development of these BRET system enabled scientist to monitor various 

biological process directly from live cells or live organism in their natural environment. With 

the potential advantages like high signal to background ratio and no requirement of excitation 

light that takes care of photobleaching and autofluorescence signal, makes BRET a better 

system than existing protein interaction approaches (El Khamlichi et al, 2019). 
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Table 1.4. List of different BRET systems developed using native and mutant version of Renilla 

luciferase with their substrate, spectral separation and efficiency (Dimri et al, 2016) . 

 

1.7.2.2 Factors affecting BRET Signal 

The efficiency of any BRET system developed depends upon following factors that need to 

keep in consideration before establishing the sensor (Ciruela et al, 2010; Stryer & Haugland, 

1967; Wu & Brand, 1994). 

Spectral overlap: the emission of donor should overlap the excitation wavelength of the 

acceptor molecule. Higher the spectral overlap better is the energy transfer.  

Distance between donor and acceptor pair: the distance between donor and acceptor is 

inversely proportional to efficiency of energy transfer. The optimal distance for Foster 

resonance energy transfer for any natural biological interaction is 1-10nm. Increase in 

distance more that 10nm leads to decrease in energy transfer from donor to recipient acceptor 

and accounts for a negative or no interaction. 

Dipole orientation: the relative alignment of donor and acceptor dipoles is extremely 

essential, as energy transfer will happen only when the two are in same dipole angle and 

aligned together. 

Quantum yield of donor: the quantum efficiency of the donor should be high enough to 

excite the fluorophore before losing it out as non-radiative decay energy. Additionally, higher 

the efficiency of donor luciferase better are the chances of coupling it with fluorophores with 

red shifted emission.  
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1.7.2.3 Luciferase and Fluorophores utilised for BRET study 

The most commonly utilised luciferase for BRET study is native RLuc or Renilla luciferase 

(Angers et al, 2000). However, since the emission of RLuc majorly lie in the blue green 

region it was further mutated to give RLuc8 (with eight single site mutations). RLuc8 had 

more than 50hrs of half-life, high quantum yield and shift of 5nm in emission wavelength as 

compared to native RLuc (Loening et al, 2006). Further to extend application of RLuc8 for 

deep tissue imaging, a mutant version RLuc8.6 was developed that had emission towards red 

shifted region (Loening et al, 2007). Along with modifying the luciferase enzyme, the 

substrate coelenterazine was also altered to have better luminescence efficiency (Clz-h, CLz-

v, CLz400, EnduRenTM and ViviRenTM) (Levi et al, 2007; Otto-Duessel et al, 2006). Another 

commonly utilised luciferase is Firefly luciferase from Photinus pyralis. Fluc is an ATP 

dependent luciferase that utilises ATP for light production during bioluminescence reaction 

with emission maxima at 562nm (Green & McElroy, 1956). Fluc has been employed for 

several BRET applications by pairing with red and far-red shifted fluorophores such as 

DsRed and variants of mKate (Arai et al, 2002; Chiu & Christopoulos, 1999). One of the 

most widely used luciferase in current scenario is Nanoluciferase (NLuc). Nanoluc is a 

mutant derived from parent Oplophorus luciferase (OLuc) which is a tetramer. NLuc is a 

monomeric enzyme of 19KDA molecular weight with high stability and quantum efficiency 

as compared to native Rluc and Fluc enzymes (Mo & Fu, 2016). 

As acceptor pair, many fluorophores have been utilised for pairing with the existing 

luciferase system. Some of the commonly utilised fluorophores include; GFP and its variants 

such as EGFP (Muller-Taubenberger & Anderson, 2007), TurboGFP, AcGFP, and 

EmeraldGFP; Yelow fluorescent protein (EYFP) derived from wtGFP and its successors such 

as mCitrine, Venus and YPet; Red fluorescent proteins such as DsRed , mOrange, mCherry, 

mTangerine, TagRFP,TurboFP635 etc (Baird et al, 2000; Shaner et al, 2004). More recently 
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near-infrared (NIR) probes are being explored as partner for luciferase donor that facilitates 

whole body or deep tissue imaging due to reduced light scattering. Bacterial phytochrome-

based NIR red fluorescent proteins (iRFP) is one such example. iRFPs have a second soret 

peak at 380nm that makes them favourable acceptor for RLuc8 luciferase that gives acceptor 

emission at NIR region using conventional coelenterazine substrate (Nishihara et al, 2019; 

Rumyantsev et al, 2016).  

Considering the high sensitivity and versatile nature of BRET assay system, in the present 

study we have attempted to develop a phosphorylation based STAT3 homodimerization 

sensor using this approach. Based on initial parameters of dipole orientation we first selected 

the optimal dipole alignment for STAT3 pair using Nluc as donor and TurboFP635 as 

acceptor. After that we showed the applicability of developed sensor against multiple 

parameters and established its high throughput compatibility as a drug screening tool.
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Rational of the Study 

Aberrant activation of STAT3 has been observed in different type of tumours and tumour 

derived cell lines. Based on its biological relevance as an essential functional molecule, 

STAT3 has long been known as a key oncogenic driver. Consequently, pertaining to its 

position in the signaling hierarchy and ability to control multiple oncogenic pathways, it is 

even considered as one of the most promising candidates in the field of cancer therapy. 

However, defining STAT3 PTM mediated activation and their role in downstream signaling 

in various cancer population is very important for development of successful treatment 

strategies against this molecular target.  

Literature evidences suggest that the classical canonical (pY705) PTM does not exclusively 

govern STAT3 signaling in many cancer types or subtypes. The less known noncanonical 

(pS727 and K685ac) pathway can equally execute the activation and downstream biological 

functions of the STAT3 pathway. Despite numbers of compelling evidences, no reports are 

available to-date showing the interplay or cross-talk between the two signaling arms are 

simultaneous or segregated events. Whether pY705 activation precedes or depends upon 

pS727 and K685ac or vice versa, is still not clear. Further, a few studies have identified 

transcriptional targets governed exclusively by the noncanonical activation, but the 

possibility of PTM dependent transcriptional reprogramming of STAT3 is still not very clear. 

Thus, it is important to know if the classical targets of STAT3 (Cyclin D1, c-Myc, Socs3 etc.) 

are mutually regulated or there are separate set of PTM dependent oncogenic transcriptional 

control. 

On the basis of published data, independent expression of pS727 in the cancer tissue 

specimens are apparent in melanoma, chronic lymphocytic leukemia, glioblastoma, lung 

adenocarcinoma as well as in ER negative BC cases. However, the status of pY705 or pS727 
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PTM mediated STAT3 activation is not known, at least in TNBC cases. As in vitro data from 

various studies have suggested important role of STAT3 signaling for survival of TNBC 

cells, it would be important and therapeutically relevant to investigate whether canonical or 

noncanonical pathways operate individually or in coordination and mediate the STAT3 

function in this subtype of breast cancer. 

STAT3 mediates its downstream function only after it forms a homodimer triggered by an 

extracellular ligand stimulus. Though pY705 mediated STAT3 dimerization is well 

documented, the role of pS727 and K685 is unclear to-date. Though in 2006 Yuan et.al. 

reported K685ac as key player in forming stable homodimer of STAT3, the role of pS727 or 

pY705 in combination with K685 was not tested. Along the line, development of an assay 

system is important so that individual or coordinated mode of operations via STAT3 PTMs 

can be distinguished and STAT3 activation from inside the live cells is possible. As very 

limited assay systems provide such capacity, during this study a focus on developing a 

sensitive screening platform for STAT3 homodimerization is kept.  

Hence to address the above issues related to STAT3 signaling, following objectives were 

designed: 

1. To develop a molecular imaging guided experimental model to identify dynamic role of 

PTMs in STAT3 dimerization and transcriptional control over downstream genes. 

2. To identify the association of differentially regulated genes with different PTM status 

of STAT3. 

3. To study the association of STAT3 PTMs (e.g. Y705 and S727 phosphorylation as well 

as K685 acetylation) with respect to breast cancer outcome. 

Objective 1 is covered in chapter 2, objective 2 and objective 3 are covered in Chapter 3 and 

4 of the Thesis, respectively. 
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Objective 1: To develop a molecular imaging guided experimental model to 

identify dynamic role of PTMs in STAT3 dimerization and transcriptional 

control over downstream genes 

2.1 Introduction 

The intricate and complex network of signaling from external stimuli to inside the cells is a 

highly regulated process. Post translational modifications (PTM), including phosphorylation, 

is the heart of this highly complexed process that controls diverse protein functions in 

eukaryotes (Prabakaran et al, 2012). Many of these protein PTMs also serve as a biomarker 

for detection and diagnosis of pathological or disease conditions like cancer (Krueger & 

Srivastava, 2006). In the era of high throughput genomics and proteomics a constant hunt for 

developing methods or techniques for fast, accurate and sensitive detection of protein PTMs 

either in vitro or in vivo is the burning goal (Fonseca et al, 2013) . 

Among all the signaling cascades controlled by protein phosphorylation, Signal transducer 

and activator of transcription 3 (STAT3) pathway stands out. STAT3 is a key oncogenic 

signaling molecule whose activation and inhibition is tightly controlled by phosphorylation 

and dephosphorylation event (Zhang et al, 2007) . Upon ligand surge i.e. IL6, EGF etc.  

surface receptors (such as EGFR, gp130 respectively) for STAT3 undergoes auto- and cross- 

phosphorylation events to allow cytoplasmic pool of non-phospho monomeric STAT3 to bind 

to the receptor through SH2 domain followed by which STAT3 is also phosphorylated at 

Y705 residue. Thereafter pY705 STAT3 dissociates from the receptor and dimerize with 

another monomeric pY705 STAT3 via pY705-SH2 domain interaction. Activated STAT3 

dimers then translocate to nucleus and function as a transcription factor to control expression 

of its target genes (Berishaj et al, 2007). Under normal biological conditions, activation of 

STAT3 via pY705 residue is tightly controlled by different phosphatases (PTPs) that rapidly 
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dephosphorylate STAT3 at Y705 residue leading to its dissociation and cytoplasmic 

localization (Huang, 2007; Yeh et al, 2006). Constitutive activation of STAT3 as detected by 

pY705 form is reported to be present in many cancers like breast cancer (Hughes & Watson, 

2018), oral cancer (Gkouveris et al, 2017), melanoma (Kulesza et al, 2019), prostate cancer 

(Don-Doncow et al, 2017) as well as in hematological malignancies like CML (Nair et al, 

2012) . Because of its extensive role in cancer, STAT3 has now become a very promising 

pharmacological target (Johnston & Grandis, 2011).  

Considering the essential role of STAT3 pathway in many cancers, efforts have been made to 

therapeutically target the STAT3 molecule at multiple levels; either by inhibiting 

phosphorylation, disrupting homodimerization, preventing binding of STAT3 to DNA or 

STAT3 nuclear translocation (Johnston & Grandis, 2011). However, considering the 

significant failures of majority of the STAT3 inhibitors in clinical trials demands for a much 

more strategic approach. One such key approach is to develop a sensor-based methodology 

where the biology of STAT3 pathway can be explored more extensively. Efforts have been 

made in past towards this direction, FRET based STAT3 biosensor has been made using CFP 

and YFP as partners, to show cytoplasmic-nucleus shuttling kinetics of STAT3 molecules 

from live cells (Kretzschmar et al, 2004). Optical reporter for Y705 residue (Trp564 mutated 

to 7-hydroxycoumarin-4-yl) is also developed, that specifically shows Y705 phosphorylation 

upon incubation with Src-kinase only (Lacey et al, 2011). BRET (Rluc and EYFP) has also 

been utilized to demonstrate the existence of STAT3 as a high molecular weight protein 

complex in cytoplasm prior to EGF treatment, that forms stable homodimers after the ligand 

stimulation (Schroder et al, 2004). However, one of the major drawbacks with existing 

methods is their inability to be taken forward in a high throughput format. Neither the sensors 

developed have been validated for their sensitivity on multiple parameters for accurate read 

out ability of the signaling kinetics from in vitro and in vivo settings as a unified platform. 
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Despite so many methods available for detecting protein-protein interactions, BRET 

(Bioluminescence Resonance Energy Transfer) approach clearly stands out. With high 

sensitivity, enhanced signal to background ratio and detecting multiple protein interactions in 

single platform, BRET offers superior advantages than all the existing methodologies (De, 

2011). As mentioned previously, BRET works on the principle of resonance energy transfer 

where upon catalysis of substrate by the donor molecule, the energy of excitation is 

transferred to the acceptor molecule non-radiatively within a close proximity of 10nm. Since 

the discovery of BRET many novel luciferase and luciferase variants were subsequently 

developed for pairing with fluorophores having emission maxima within the detection limit 

(Abhijit De, 2014; De et al, 2013). Nanoluciferase (Nluc), one of the brightest members of 

luciferase family is a 19KDa monomeric protein derived from parent oplophorus luciferase. 

It is an ATP independent luciferase with stable luminescence and a very high quantum output 

(England et al, 2016). Because of its superior property than existing luciferases, Nluc is 

currently being utilized extensively for both in vitro/in vivo and commercial applications 

(Boute et al, 2016; Machleidt et al, 2015).  

TurboFP635 or Katushka is a far-red mutant developed from Entacmaea quadricolor. It is 

super bright far red fluorescent protein with high photo stability and fast maturation cycle. 

With emission maxima beyond 600nm, TurboFP gives less autofluorescence and is a suitable 

candidate for developing FRET or BRET based PPI interaction sensors (Shcherbo et al, 

2007). 

In the current study, taking advantage of the BRET principle we have designed a very 

versatile STAT3 protein phosphorylation and homodimerization sensor using Nluc and 

TurboFP as donor-acceptor pair. With extensive validation, the developed sensor 

demonstrates its innate ability to work as a reporter system for sensitive measurement of 

STAT3 activation across multiple different cancer cell types with variable activators or 
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inhibitors of STAT3 pathway in a live cell format. It also shows excellent compatibility with 

high throughput screening format and thus holds great potential to be taken forward as drug 

screening tool or to study STAT3 biology (PTM dependent activation) for therapeutic 

intervention. 

2.2 Materials and Methods 

2.2.1 Materials 

EGF (#AF-100-15) and IL6 (#200-06) were purchased from Peprotech (USA). Anti-Nluc 

antibody and plasmid was provided as a generous gift from Promega corporation. Antibodies 

like anti–total STAT3 (#9139), anti-EGFR blocking antibody (#54359) and anti-pY705 

STAT3 (#D3A7) were bought from Cell signaling (USA). Furimazine (#N1110) was 

procured from Promega and Lipofectamine 2000 (#11668019) transfection reagent was 

bought from Thermo Fischer. Coelenterazine (native, #C-7001) was purchased from Biosynth 

International (Switzerland). Inhibitors like Stattic (#S7024), Neratinib (#S2150), Losartan 

(#S1359) and Fingolimod (#S5002) were purchased from Selleckchem (USA). CI-

994(#1742), AR-42 (#2716), Chidamide (#2261) and MS-275 (#1590) were from Biovision 

(USA). Wortmanin (#W1628), Niclosamide (#N3510), Curcumin (#08511) were from Sigma 

(USA) and ERK inhibitor U0126 (#9903) was from Cell signaling (USA). Gibco DMEM 

(#12100046) and RPMI1640 (#31800022) media as well as other growth supplements are 

from Thermo Fisher, USA. BRET measurements were done using IVIS Spectrum In Vivo 

Imaging System from Perkin Elmer (USA) equipped with filters ranging from 500-850nm 

with 20nm bandwidth. 

2.2.2 BRET plasmid preparation 

Nanoluciferase (Nluc) gene was provided as a generous gift from Promega. For developing 

pCMV-GGS-Nluc plasmid, full length Nluc gene (516 bp) with stop codon was PCR 

https://www.thermofisher.com/order/catalog/product/11668019
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amplified flanked with XhoI-BamHI restriction sites and inserted into pCMV-GGS empty 

vector. TurboFP635 plasmid was purchased from Evrogen. For developing TurboFP-Nluc 

fusion construct, full length TurboFP gene (711 bp) without stop codon was PCR amplified 

with restriction sites EcoRI and BglII and inserted at the N-terminus of above prepared 

pCMV-GGS-Nluc vector. A spatial distance of 12 amino acids is kept constant. pCMV-

TurboFP-GGS plasmid was prepared by inserting PCR amplified EcoRI-TurboFP-BglII 

fragment into empty pCMV-GGS vector. 

For STAT3 BRET construct preparation following strategy was adopted. Full length human 

STAT3 cDNA was PCR amplified from STAT3 (Y705F)-TAL-Luc (gift from Afshin 

Dowlati, Addgene plasmid # 46933) plasmid without stop codon, flanked with NheI- SalI 

restriction sites. The amplified NheI-STAT3-SalI (2.3 kb) fragment was then inserted at the 

N-terminus of pCMV-GGS-Nluc and pCMV-GGS-TurboFP vectors to give pSTAT3-Nluc 

and pSTAT3-TurboFP fusion constructs with a linker separation of 10 amino acids.pNluc-

STAT3 and pTurboFP-STAT3 constructs were prepared by inserting PCR amplified XhoI-

STAT3 (Y705F)-BamHI fragment with stop codon at the C-terminus of pCMV-Nluc-GGS 

and pCMV-TurboFP-GGS vectors. A spatial separation of 12 amino acids is achieved in this 

orientation. Mutant STAT3 (Y705F) was converted to wild type STAT3 by site directed 

mutagenesis using following SDM primers: 

Forward primer: 5’AGCGCTGCCCCATACCTGAAGACC 3’, 

Reverse primer: 5’GGTCTTCAGGTATGGGGCAGCGCT 3’ 

2.2.3 Cell culture & Transfection 

HT1080 and PC3 cells were maintained in DMEM medium (Gibco, USA) with 10% fetal 

bovine serum (Gibco, USA) and 1% penicillin/streptomycin (Thermo Fischer, USA). MCF7 

and A549 cells were cultured in RPMI medium (Gibco, USA) supplemented with 10% fetal 
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bovine serum (Gibco, USA) and penicillin/streptomycin (Thermo Fischer, USA). All cell 

lines were maintained in sterile humidified atmosphere at 37⁰C with 5% CO2 supply. 

For transfection, cells were seeded at an appropriate number to achieve 70-80% confluency 

next day. Transfection was performed using Lipofectamine 2000 transfection reagent as per 

the manufacturer’s instructions. For BRET study, donor and acceptor plasmids were 

transfected in 1:1 ratio with one set of donor alone transfected and untransfected cells. 5-6hrs 

post transfection, the medium was replaced and cells were maintained at 37⁰C with 5% CO2 

supply till further use. 

For acceptor stable model generation, HT1080 cells were transfected with STAT3-TurboFP 

or TurboFP-STAT3 constructs. The clones were selected and maintained using Zeocin 

(Invitrogen, USA) as mammalian antibiotic selection marker (500µg/ml). 

2.2.4 Immunoblotting 

Cell were trypsinized, harvested and washed with by 1XPBS. Cell pellet was resuspended in 

1X cell lysis buffer containing - 10 mM Tris-HCl (pH 7.5), 140 mM NaCl, 5 mM EDTA, 

2mM EGTA, 100mM NaF,100mM Na3VO4 ,100mM PMSF and protease inhibitor cocktail. 

Lysis was performed by sonication method at 10% amplitude with 10sec on/off cycle. The 

sample was centrifuged at 14000rpm/30min/4⁰C and supernatant was collected in separate 

tube. Protein estimation was done using Bradford reagent and approx. 50-60µg protein was 

loaded on 7.5% SDS-PAGE gel. Protein transfer was done in semidry Trans blot assembly at 

15V for 1hr at room temperature. Blocking was performed in 5% non-fat dry milk for 1hr at 

room temperature followed by primary antibody incubation [ STAT3 1:1000, pY705 STAT3 

1:500, pS727 STAT3 1:1000, α-Tubulin 1:1000] overnight/4⁰C. Next day, secondary-HRP 

antibody treatment was given followed by developing the blot using ECL substrate in 

ChemiDoc system (Biorad, USA). 
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2.2.5 Real time PCR 

Total RNA from the cells was extracted using RNA extraction minikit (QIAGEN). 2µg RNA 

was used for preparation of cDNA using SuperScript III (Invitrogen) kit as per the 

manufacturer’s instructions. Real time PCR was done using Sybr green reagent and GAPDH 

was used as normalization control. Primer sequence for EGFR and GAPDH gene is as 

follows:  

EGFR Fwd : 5’ AGGCACAAGTAACAGGCTCAC ;  

EGFR Rev: 5’AAGGTCGTAATTCCTTTGCAC  

GAPDH Fwd : 5' TGCACCACCAACTGCTTAGC;  

GAPDH Rev: 5'GGCATGGACTGTGGTCATGAG 

 

2.2.6 Fluorescence microscopy 

For fluorescence microscopy, HT1080 cells stably expressing TurboFP-STAT3 or STAT3-

TurboFP construct were seeded onto a coverslip at a confluency of 70-80%. Next day, cells 

were fixed with 4% paraformaldehyde at 37⁰C/ 10mins and stained with DAPI to mark the 

nucleus. Images were acquired in Zeiss LSM 780 Confocal Microscope (Germany) at 633nm 

filter for TurboFP and 460nm filter for DAPI. 

2.2.7 Live cell luciferase Imaging 

For live cell luciferase imaging, HT1080 cells expressing Nluc-STAT3 or STAT3-Nluc 

constructs were seeded at a density of 10,000 or 20,000 cells per well (in duplicates) in a 

black well plate with clear bottom using 100µl culture medium volume. After the cells were 

adhered, 50µl furimazine substrate (1:1000 diluted in culture medium) was added to each 

well and signal was acquired in 500nm (donor channel) filter with integration time of 1sec in 
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IVIS spectrum. Post-acquisition, ROI was drawn on individual well to determine the average 

radiance signal. 

2.2.8 BRET imaging and calculation 

24-30hrs post transfection, untransfected, donor alone, donor-acceptor transfected cells were 

trypsinized and seeded at required cell number in 96 black well plate with clear bottom (in 

duplicate) in 100µl medium volume. Next day, 50µl furimazine (1:1000 diluted in medium) 

was added to each well and spectral scan was performed in IVIS spectrum from 500-

680nm±20 filter range with integration time of 1sec/filter. 

For STAT3 Phospho-BRET study, 30hrs post transfection, donor alone (Nluc-

STAT3/STAT3-Nluc), donor + acceptor (Nluc-STAT3/STAT3-Nluc +Turbo-

STAT3/STAT3-Turbo) expressing cells were seeded at a cell number of 20,000 cell /well in 

96-black well plate or 5000 cell/well for 384 black well plate, with clear bottom in serum 

negative medium. 24hrs post serum starvation, 50µl furimazine substrate (1:1000 diluted in 

serum negative medium) was added to each well and cells were stimulated with or without 

EGF/IL6 in variable concentration. For EGFR blocking assay, 24hrs post serum starvation, 

cells were incubated with EGFR blocking antibody (1:100 dilution) for 4hrs at 37⁰C followed 

by EGF or substrate addition. While for inhibitor related studies, serum starved cells were 

incubated with respective drug concentrations for 24hrs prior before adding ligand and 

luciferase substrate. 

Immediately after ligand stimulation signal was acquired in donor (500nm) and acceptor 

(640nm) filter sets with acquisition time of 30sec/filter using IVIS spectrum. ROI was drawn 

on each well and Average radiance was determined in both donor and acceptor filters. BRET 

ratio was calculated by using following equation (Dimri et al, 2016; Dragulescu-Andrasi et 

al, 2011): 



 

 
69 

 

Chapter 2: Development of Novel Phospho – STAT3 BRET Sensor 

BRET Ratio =     BLemission (Acceptor λ)-Cf X BLemission (Donor λ) 

                                     BLemission (Donor λ) 

 

 where, Cf =     BLemission (Acceptor λ) donor only 

                                  

                                           BLemission (Donor λ) donor only 

 

2.2.9 In vivo BRET study 

All animal experiments were approved and performed in compliance with the standard 

protocols for animal care and handling designed by the Institutional animal ethics committee 

(IAEC). Briefly, 3X106 luciferase labelled HT1080 cells (Nluc only or TurboFP-Nluc) were 

implanted subcutaneously onto the dorsal right flank of 6-8 weeks old nude mice (N=3). 

Donor only cells (Nluc) were implanted near upper right shoulder while donor-acceptor 

fusion cells (TurboFP-Nluc) were injected onto the lower right side of the back. 30mins post 

implantation, 100µl furimazine substrate (1:20 diluted in saline) was injected 

intraperitoneally. The mice were anesthetized in 2.5% (vol/vol) gaseous isoflurane in oxygen. 

Bioluminescence signal was captured in both donor (500nm) and acceptor (640nm) filters 

with 60sec integration time/filter settings in IVIS spectrum. BRET ratio and double ratio 

(DR) were calculated by drawing ROI (region of interest) on the subject and determining the 

average radiance. BRET ratio was calculated as mentioned above (2.2.8), while following 

equation was employed for calculating the double ratio (Dragulescu-Andrasi et al, 2011) 

(Abhijit De, 2014):  
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Where, µt is total attenuation coefficient. Here, DR is independent of µt. 

 

2.2.10 Statistical analysis 

For all statistical analysis student t-test was used (paired and two tailed), where p-value <0.05 

was considered as statistically significant. 

 

2.3 Results 

2.3.1 Nanoluc (NLuc) and TurboFP635 as suitable pair for in vitro and in vivo 

BRET studies 

Nluc being a very bright luciferase with very high quantum output, while TurboFP is a red 

shifted fluorophore with emission maxima beyond 600nm (as compared to mOrange or 

TagRFP) made them an obvious choice for development of BRET pair (Figure 2.1A). Hence 

fusion construct of Nluc and TurboFP was established in previously optimized dipole 

orientation i.e. TurboFP-Nluc with a flexible GGS linker separation of 12 a.a. (Figure 2.1B). 

In order to determine the compatibility of NLuc to serve as donor for TurboFP acceptor, we 

overexpressed TurboFP-NLuc (fusion protein), TurboFP+ NLuc (separate plasmids) and 

BL acceptor channel   x µt (acceptor channel)  

BL donor channel       x µt (donor channel) 

BL acceptor channel   x µt (acceptor channel)  

DR = 

BL donor channel x µt (donor channel) Donor alone 

Donor + Acceptor 
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NLuc only (donor alone) plasmids in HT1080 cells. Upon utilizing furimazine as substrate, 

NLuc was able to sufficiently excite TurboFP in fusion protein only, resulting in acceptor 

emission peak at 640nm (Figure 2.1C). While no such emission peak was obtained when 

both NLuc and TurboFP were co-expressed individually. Further, because of minimal bleed 

through from Nluc to acceptor channel and high spectral resolution, the BRET ratios obtained 

for TurboFP-Nluc fusion was (189.98mBu±0.015) significantly high (p<0.001) as compared 

to donor alone or donor + acceptor co-transfected cells (9.64mBu±0.031 and 

10.63mBu±0.040 respectively) (Figure 2.1D). These results confirm the fact that both Nluc 

and TurboFP are not naturally interacting partners and energy transfer from Nluc to TurboFP 

will not happen until they are in vicinity of physiological interaction (less than 10nm) as 

achieved with GGS linker separation. Additionally, it also shows that BRET is strictly a 

proximity dependent assay that is unaffected by overcrowded protein mediated non-specific 

interaction.  

Further to confirm that the strength of BRET signal does not change upon stable or transient 

expression of the BRET components, we developed HT1080 cells stably expressing 

TurboFP-Nluc or Nluc alone plasmids and compared them with transient expression system. 

As expected, the BRET ratios and spectral behavior of the donor-acceptor molecules obtained 

in transient expression (186.98mBu±0.012) did not change significantly upon stable 

expression of the BRET constructs (211.96mBu±0.040) (Figure 2.1E-F). Hence, both Nluc 

and TurboFP are suitable as a pair for development of BRET system. 
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        Figure 2.1. Establishment of Nluc and TurboFP as optimal BRET pair. (A) Schematic 

representation of spectral separation between emission maxima of Nluc as donor and emission 

wavelength of different red shifted fluorophores (mOrange, TagRFP or TurboFP). (B) Diagrammatic 

representation of pCMV vector expressing Nluc alone or in fusion with TurboFP having a spatial 

separation of 12 a.a. GGS linker (Gly-Gly-Ser) repeat. (C) Spectral scan of HT1080 cells expressing 
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Nluc alone, Nluc+ TurboFP co-transfected or TurboFP-Nluc fusion constructs from 500-680nm ± 

20nm filter range using furimazine substrate. (D) BRET ratios calculated for the constructs in (C). (E) 

Spectral scan of HT1080 cells expressing Nluc or TurboFP-Nluc either stably or with transient 

transfection. (F) Corrected BRET ratio graph for constructs in (E). For all BRET studies Nluc 

emission was measured at 500nm and TurboFP at 640nm using furimazine as substrate in IVIS 

spectrum with integration time of 1s/filter. Each graph represents mean value ± SEM. Significance 

levels are *p< 0.05, **p< 0.01, ***p< 0.001 and ns as non-significant. 

 

Finally, to determine the compatibility of TurboFP-Nluc pair for detecting PPI even from 

deep tissues, we implanted HT080 cells stably expressing Nluc only (upper flank) or 

TurboFP-Nluc (bottom flank) onto the dorsal right flanks of nude mice. Upon intraperitoneal 

injection of furimazine substrate, the BRET signal was captured in respective donor (500nm) 

and acceptor filters (640nm) (Figure 2.2A-B).  The corrected ratios (bleed through subtracted 

signal) obtained for in vivo BRET (0.6±0.002mBU) were 3-fold higher (p<0.001) as 

compared to in vitro BRET values (0.18±0.001mBU). The difference in BRET ratios 

obtained for same donor-acceptor pair (TurboFP-NLuc) is due to difference in attenuation of 

light for short wavelength emission under two different experimental set up (live cells versus 

in vivo). Hence, double ratio (DR) was calculated. DR analysis does not depend upon µt i.e. 

total attenuation coefficient, hence signal attenuation from acceptor emission is minimised. A 

similar DR values obtained for BRET from live cells (12.07±0.50mBu) and living subject 

(13.30±0.24mBu) indicates that both Nluc and TurboFP mediated interactions are ratiometric 

and they can function as superior BRET pair for detecting PPI events even from in vivo 

biological system (Figure 2.2C). Based on above observations, we selected Nluc and 

TurboFP as suitable pair for development of STAT3 BRET sensor. 
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 Figure 2.2. In vivo validation of TurboFP-Nluc as suitable BRET pair. (A) Schematic work flow for 

performing in vivo BRET with TurboFP-Nluc BRET pair. (B) Representative image of nude mice 

expressing Nluc alone (top) or TurboFP-Nluc fusion protein (bottom) in respective donor and 

acceptor channel. Image acquisition was done in IVIS spectrum using furimazine substrate with 

integration time of 60sec/filter. (C) Graph comparing the BRET ratio and double ratio as determined 

from in vitro or in vivo BRET assay system. For all BRET studies Nluc emission was measured at 

500nm and TurboFP at 640nm using furimazine as substrate in IVIS spectrum with integration time 

of 1s/filter. Each graph represents mean value ± SEM. Significance levels are *p< 0.05, **p< 0.01, 

***p< 0.001 and ns as non-significant. 

 

2.3.2 Development of Phospho-STAT3 BRET sensor  

With the selection of optimal donor-acceptor pair for BRET system, we next cloned STAT3 

in fusion with respective reporter genes i.e. nanoluc (donor) and TurboFP635 (acceptor) in 
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two different orientations i.e. N-terminus and C-terminus. A total of four such different 

orientation combinations were established for selecting the best BRET partners for future 

studies (Figure 2.3A). Briefly, the principle on which this sensor works is that, in the absence 

of any ligand for STAT3 pathway, STAT3 is inactive and hence remain majorly in 

monomeric state in cytoplasm. As a result of which Nluc and TurboFP will be located at a 

distance beyond physiological interaction and feasibility of resonance energy transfer. 

Adding luciferase substrate in this condition will only result in signal from donor channel due 

to catalysis of substrate by luciferase enzyme, with no resulting emission form acceptor filter. 

However, upon addition of specific ligand that triggers STAT3 phosphorylation, stable 

homodimers of STAT3 will be formed where both Nluc and TurboFP will achieve closest 

proximity (<10nm). Adding luciferase substrate in this condition will give signal from two 

different filters; donor (500nm) filter due to luciferase-substrate reaction and acceptor 

(640nm) filter due to excitation of acceptor via transfer of energy from donor molecule 

(Figure 2.3B). The BRET ratios calculated will give precise judgement of STAT3 

homodimerization event with substantial deduction of donor bleed through signal. 

Following the development of STAT3 BRET constructs, primary validation for functionality 

of the fusion protein was performed. Live cell luciferase assay with donor-STAT3 constructs 

showed that fusing Nluc with STAT3 does not affects its ability to catalyse furimazine 

substrate and that both the STAT3 constructs give functional luciferase signal (Figure 2.3C). 

Further to determine that the fusion proteins are stable and fully translated, we overexpressed 

the four-STAT3 BRET constructs in HT1080 cells. Immunoblotting for total and pY705 

STAT3 marks confirmed proper fusion protein translation while pY705 levels indicated that 

the fusion- STAT3 is equally recognized and activated by the endogenous cellular machinery 

(Figure 2.3D).  



 

 
76 

 

Chapter 2: Development of Novel Phospho – STAT3 BRET Sensor 

 

           Figure 2.3. Development of Nluc and TurboFP based Phospho STAT3 BRET Sensor. (A) 

Diagrammatic representation of STAT3 BRET constructs prepared by fusing with Nluc or TurboFP in 

different orientations. (B) Schematic depiction for working model of STAT3 BRET sensor. In the 

absence of ligand or presence of inhibitor the two STAT3 molecules will be in monomeric state, as a 

result of which upon luciferase substrate addition the energy of excitation from donor moiety will not 

be transferred to the acceptor fluorophore. Hence, signal will be seen only in donor channel. 

However, in the presence of stimulating ligand, the two STAT3 molecules will dimerize as a result of 

which both Nluc and TurboFP will achieve closest proximity of natural interacting distance. In this 

case, upon substrate addition, the energy of excitation will be successfully transferred to the acceptor 

molecule and we will get two resultant signals; one from donor filter and the other from acceptor 

filter. (C) Representative plate image of live cell luciferase assay for HT1080 cells expressing Nluc-

STAT3 or STAT3-Nluc seeded at two different cell density (in duplicates), performed in open filter 
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settings using furimazine substrate. Bottom graph represents average luciferase signal calculated 

from each well for individual constructs. (D) Immunoblot of HT1080 cells expressing all the four 

STAT3 BRET constructs, probed for total and pY705 STAT3 levels. Untransfected parental HT1080 

cells were used as control. Each graph represents mean ± SEM value, error bars represent SEM. 

 

For determining the optimal dipole orientation where Nluc and TurboFP will be in closest 

proximity upon STAT3 homodimerization event, we overexpressed the STAT3 BRET pairs 

in all the possible combinations i.e. Nluc-STAT3+TurboFP-STAT3, Nluc-STAT3+STAT3-

TurboFP, STAT3-Nluc+STAT3-TurboFP and STAT3-Nluc+ TurboFP-STAT3, in HT1080 

cells (Figure 2.4A). The cells expressing the STAT3 BRET pairs were stimulated with 

variable EGF concentrations (0-100ng) and BRET ratio was determined as mentioned in 

Materials and Methods section 2.2.8. Within 5mins of EGF treatment, a significant gain in 

BRET ratio was achieved for the all the orientations tested (except St3-Nluc+TurboFP-St3) 

(Figure 2.4B). The BRET signal measured for a duration of 60mins scan showed a stable 

STAT3 activation profile (Figure 2.4C). However, of all the orientations screened, the C-

terminally STAT3 oriented dipole pair i.e. Nluc-STAT3+TurboFP-STAT3 showed a 

maximum gain in BRET ratio (2.33mBu, p<0.01 for 100ng EGF) with dose dependent 

increment in BRET signal. 
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 Figure 2.4. Defining optimal orientation of Phospho STAT3 BRET Sensor. (A) Schematic 

representation of probable four combination of dipole orientations developed for STAT3 BRET 

sensor. (B) Corrected BRET ratio graph of HT1080 cells expressing the four different dipole 

orientations of STAT3 constructs 30mins post EGF treatment at variable concentrations. (C) Time 

kinetic graph of BRET ratio change for all the four combinations, post EGF trigger for a duration of 

60mins. For all BRET studies Nluc emission was measured at 500nm and TurboFP at 640nm using 

furimazine as substrate in IVIS spectrum with integration time of 30s/filter. Each graph represents 

mean value ± SEM. Significance levels are *p< 0.05, **p< 0.01, ***p< 0.001 and ns as non-

significant. 

 

           Further, to ensure that the gain obtained in BRET signal is a true representation of EGF 

induced STAT3 phosphorylation - homodimerization event, we expressed STAT3 BRET 



 

 
79 

 

Chapter 2: Development of Novel Phospho – STAT3 BRET Sensor 

construct in HT1080 cells and determined the pY705 activation levels simultaneously along 

with BRET signal kinetics. Over here we observed that the EGF induced STAT3 BRET 

signal is maximum at 2hrs post EGF trigger and declined subsequently to basal level by 24hrs 

(Figure 2.5A-B). Immunoblotting for the levels of activated and total STAT3 also followed 

the similar trend where pY705 STAT3 activation peaked to maximum at 2hrs and fell down 

gradually to basal level by 24hrs (Figure 2.5C). This indicates that EGF induced STAT3 

phosphorylation precedes homodimerization of STAT3 molecule and a subsequent gain in 

Phospho-BRET signal is thus obtained.  

 

 

 Figure 2.5. Determining STAT3 activation kinetics using Phospho STAT3 BRET Sensor. (A) 

Dynamics of BRET ratio changes in HT1080 cells expressing STAT3 BRET sensor post 100ng EGF 
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treatment at different time points. (B) Corrected BRET ratio graph (for 20mins time point) for 

samples in (A) treated with EGF at variable time points. Untreated cells were taken as control for 

basal BRET ratio determination.  (C) Immunoblot of HT1080 cells expressing Nluc-STAT3 construct 

and treated with EGF for respective time points before lysate preparation. Blots were probed for total 

and activated pY705 STAT3 levels. Tubulin was used as loading control. For all BRET studies Nluc 

emission was measured at 500nm and TurboFP at 640nm using furimazine as substrate in IVIS 

spectrum with integration time of 30s/filter. Each graph represents mean value ± SEM. Significance 

levels are *p< 0.05, **p< 0.01, ***p< 0.001 and ns as non-significant. 

 

2.3.3 Validation of Phospho-STAT3 BRET sensor across different STAT3 genetic 

background of cell 

Following the initial screen of STAT3 BRET constructs in STAT3 positive HT1080 cells, we 

further validated the developed STAT3 sensor in different genetic backgrounds (i.e. STAT3 

null or acceptor-STAT3 fusion stable cells) to address whether the endogenous pool of 

STAT3 has any effect on the BRET ratios. 

PC3 is a prostate cancer cell line reported to be null for STAT3 expression and hence an 

appropriate model for our validation (Figure 2.6A). When STAT3 fusion constructs in 

different orientations were overexpressed in PC3 cells, similar to HT1080, a positive gain in 

BRET signal was evident in all the tested orientations. The increase in BRET signal was 

obtained within 2mins of ligand addition and continued for upto 1hr of spectral scan 

performed. The activation kinetics of both STAT3 high-HT1080 and STAT3 null-PC3 cells 

remained same however the basal BRET ratio obtained in case of PC3 cells was 

high(0.77mBu±0.002 PC3; 0.42mBu±0.010 HT1080 UT condition), indicating that in 

HT1080 cells the endogenous pool is able to compete with or quench a part of BRET STAT3 

molecules (Figure 2.6B-D). However, the difference in basal BRET ratio did not affect the 
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maximum BRET signal achieved. Similar to HT1080, in PC3 cells also the N-terminus 

combination of Nluc/Turbo with STAT3 worked out best with maximum attainment of BRET 

signal in an EGF concentration dependent manner (2.10 mBu±0.011, p<0.01) than rest of the 

combinations (Figure 2.6E).  

 

 

Figure 2.6. Validating Phospho STAT3 BRET in STAT3 null background. (A) Immunoblot of PC3 

cells probed for total STAT3 protein expression. MDA MB 231 cells were taken as positive control for 
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STAT3 protein and tubulin as loading control. (B-D) Dynamics of BRET ratio change for PC3 cells 

expressing STAT3 BRET constructs in different dipole orientations, upon EGF trigger (0-100ng). 

Acquisition was performed in every 5mins for a duration of 60mins post EGF stimulation. (E) 

Corrected BRET ratio graph for all the constructs in (B-D) at 30mins post EGF trigger. For all BRET 

studies Nluc emission was measured at 500nm and TurboFP at 640nm using furimazine as substrate 

in IVIS spectrum with integration time of 30s/filter. Each graph represents mean value ± SEM. 

Significance levels are *p< 0.05, **p< 0.01, ***p< 0.001 and ns as non-significant. 

 

For performing the above BRET assays, we had transiently transfected both donor and 

acceptor plasmids fused to STAT3 in the model cell line. To further affirm that the 

orientations that did not show significant induction upon EGF trigger is not due to 

experimental or technical flaw of transfection and to see whether we can achieve higher 

BRET ratio we engineered acceptor stable i.e. TurboFP-STAT3 and STAT3-TurboFP 

HT1080 cells (Figure 2.7A).  Upon transfecting the donor counterparts in acceptor stable cell 

background, we observed that again Nluc-STAT3+TurboFP-STAT3 orientation showed 

maximum BRET signal gain [1.61mBU (p<0.05)] upon EGF trigger then rest of the 

orientations. Though , the kinetics of STAT3 BRET signal gain in transient versus acceptor 

stable HT1080 cells remained same, the highest BRET ratio was achieved even at lowest 

EGF concentration (10ng) in stable background (Figure 2.7B-C).Hence based on above 

observation, Nluc-STAT3+TurboFP-STAT3 orientation was selected as final orientation for 

Phospho-STAT3 BRET sensor establishment. 
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Figure 2.7. Validating Phospho STAT3 BRET in acceptor stable cells. (A) Fluorescence microscopy 

images of HT1080 cells stable expressing STAT3-TurboFP or TurboFP-STAT3 constructs. Cells were 

stained with DAPI to mark nucleus. TurboFP signal was acquired in 633nm filter and DAPI at 

460nm. (B) Kinetics of BRET ratio changes in acceptor stable HT1080 cells expressing donor-STAT3 

constructs in different orientations, upon EGF treatment. (C) Corrected BRET ratio graph for 

constructs in (B) at 30mins time point post EGF treatment. For all BRET studies Nluc emission was 

measured at 500nm and TurboFP at 640nm using furimazine as substrate in IVIS spectrum with 

integration time of 30s/filter. Each graph represents mean value ± SEM. Significance levels are *p< 

0.05, **p< 0.01, ***p< 0.001 and ns as non-significant. 
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2.3.4 Validation of Phospho-STAT3-BRET sensor across multiple cancer cell 

types and with different ligands 

Following thorough validation of developed Phospho-STAT3 BRET sensor on multiple 

parameters for selecting optimal orientation. We next sought to determine, whether the 

STAT3 phosphorylation sensor can detect activation of STAT3 pathway mediated by other 

receptors apart from EGFR and whether it can work as a sensing model for capturing STAT3 

activation across different cancer cell types. 

To test verify this we overexpressed the Phospho-STAT3 BRET constructs in panel of 

multiple cancer cell lines; HT1080 (Fibrosarcoma), PC3 (Prostate cancer), A549 

(Adenocarcimomic human alveolar basal epithelial cells) and MCF7 (Breast cancer), and 

triggered STAT3 activation using IL6, another potential ligand of STAT3 pathway.  

Irrespective of differential endogenous STAT3 level and biological background of cancer cell 

line, the Phospho-STAT3 BRET sensor precisely captured the STAT3 activation 

phenomenon across all the tested model cell lines; HT1080 [2.14 mBU, p<0.01], PC3 

[2.3mBU, p<0.05], MCF7 [1.57mBU< p<0.05] and A549 [4.43mBU, p<0.01] using 10ng 

IL6 (Figure 2.8A-D). The activation of STAT3 as observed previously with EGF, was 

triggered within 2mins of IL6 addition and continued for upto 1hr in PC3 cells (Figure 2.8B). 

For all the BRET experiments, 100ng EGF treated sample was taken as a positive control. 

Further the increment obtained in BRET signal showed a dose dependent pattern with IL6 

concentration, except in case of MCF 7 cells. Surprisingly, pertaining to its potency, IL6 

turned out to be a better ligand for STAT3 pathway than EGF, as it could achieve BRET ratio 

similar to EGF treatment with even 10-fold lower ligand concentration [HT1080- 10ng IL6 

(2.14mBU) and 100ng EGF (2.20mBU)].  
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 Figure 2.8. IL6 induced STAT3 activation across multiple different cancer cell lines. (A) 

Corrected BRET graph for HT1080 cells expressing STAT3 BRET sensor in response to IL6 treatment 

at different concentrations. 100ng EGF treated set was used a positive control. (B) Dynamics of 

BRET ratio changes for a duration of 60mins post IL6 treatment at variable concentrations. (C-D) 

Corrected BRET ratio graph for MCF 7 and A549 cells respectively, upon treatment with IL6 at 

different concentrations. For all BRET studies Nluc emission was measured at 500nm and TurboFP 

at 640nm using furimazine as substrate in IVIS spectrum with integration time of 30s/filter. Each 

graph represents mean value ± SEM. Significance levels are *p< 0.05, **p< 0.01, ***p< 0.001 and 

ns as non-significant. 
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Further, the difference in BRET ratios obtained across multiple cancer cell line-MCF7, PC3, 

A549 and HT1080 cells, despite using same EGF concentration indicated that the EGFR 

receptor expression might plays a key role in affecting the level of STAT3 activation 

achieved. Hence, quantitative assessment for EGFR mRNA transcript level and comparative 

analysis of BRET ratio gain in individual model cell line was performed (Figure 2.9A). Over 

here we observed that the levels of EGFR transcript and BRET ratio gain in respective cell 

line showed a similar trend (Figure 2.9B). The cells with high EGFR expression (A549) has 

significantly higher BRET ratio (4.17mBU) as compared to the low EGFR [MCF7 

(1.48mBU) and HT1080 (2.20mBU) expressing cell line (p<0.05). PC3 though has EGFR 

levels similar to A549 but due to genetically STAT3 null condition it was unable to achieve 

BRET ratio similar to A549 (p<0.05). Collectively, the observations made from above 

experiments highlights the versatile nature, inherent strength and high sensitivity of the 

Phopsho-STAT3 BRET sensor as a live cell read out tool for STAT3 pathway activation. 

 

Figure 2.9. Effect of EGFR expression on STAT3 BRET signal. (A) Quantitative real time PCR 

analysis of relative EGFR transcript levels across all the model cell lines used. GAPDH was used as 

normalization control. (B) Corrected BRET ratio graph for different cancer cell lines in response to 
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100ng EGF treatment. For all BRET studies Nluc emission was measured at 500nm and TurboFP at 

640nm using furimazine as substrate in IVIS spectrum with integration time of 30s/filter. Each graph 

represents mean value ± SEM. Significance levels are *p< 0.05, **p< 0.01, ***p< 0.001 and ns as 

non-significant. 

 

2.3.5 Phospho-STAT3 BRET sensor sensitively detects augmentation in STAT3 

activation signaling 

Wide application of any biosensor depends upon its utility to sensitively report perturbation 

in the respective signaling pathway. Hence, with the thorough validation for ability of 

Phospho-STAT3 BRET sensor to detect activation of STAT3 signaling in a real time manner, 

we next questioned whether it can equally read the blockade of the STAT3 pathway too. To 

determine this, we subjected our developed sensor to treatment with different STAT3 

inhibitors or specific pathway blockers. 

For this we selected two different STAT3 inhibitors; Stattic and Niclosamide (NSA) and 

treated MCF7 cells expressing the Phopsho-STAT3 BRET constructs with differential drug 

doses for 24hrs. Upon triggering the drug treated cell either with or without EGF (100ng), 

activation signal was recoded to determine the BRET ratios. With Stattic treatment, the basal 

BRET ratios dropped from 0.643mBu for untreated (UT) cells to 0.379mBu for 20µM Stattic 

(p<0.05). However, when the Stattic pre- treated cells were challenged with EGF, the 

inhibitory effect of the drug was lost in a dose dependent manner [0.904mBu for 10µM to 

0.745mBu for 20µM (Stattic + EGF)] (p<0.05) (Figure 2.10A). For NSA treated samples, the 

drop in basal BRET ratio was much more significant [0.643mBu for UT to 0.190mBu for 

8µM NSA] (p<0.01) from the basal BRET signal. Further when NSA treated cells were given 

EGF stimulation, NSA was able to strongly retain the STAT3 inhibitory effect even upto 

8µM of drug concentration [0.222mBu for 4µM to 0.151mBu for 8µM (NSA + EGF)] 
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(p<0.001) (Figure 2.10B). Collectively, these observations indicate that Niclosamide is more 

potent and specific inhibitor of STAT3 pathway as it could strongly attenuate the STAT3 

activation signal at drug concentration even 2.5-fold lower [0.224mBu for 4µM NSA versus 

0.904mBu for 10µM Stattic, p<0.001 and 0.05 respectively] than Stattic irrespective of EGF 

presence or absence. 

To validate the findings from BRET study, we further treated the MCF7 cells with NSA or 

Stattic in increasing drug concentrations and determined the levels of total and activated 

STAT3 protein from cell lysates using immunoblotting. Both NSA and Stattic treatment was 

able to deplete the levels of activated phopsphoY705 STAT3 in a dose dependent manner. 

However, surprisingly only NSA was also able to block phosphoS727 STAT3 activation 

mark, for which Stattic was ineffective (Figure 2.10C). These observations indicate that the 

significant decrease observed in STAT3 BRET signal with NSA is due to its ability to target 

the dual STAT3 activation marks i.e. pY705 and pS727. Stattic on the other hand though 

failed to inhibit pS727 STAT3 activation but it successfully blocked the activation of STAT3 

at pY705 residue only. 

Binding of EGF activates EGFR receptor which in turn induces phosphorylation of STAT3, 

thus activating STAT3 dependent downstream functions (Figure 2.10D). Hence to show that 

the activation obtained in BRET signal upon EGF treatment is via EGF-EGFR-STAT3 

pathway, we pre-blocked the MCF7 cells expressing the Phospho-STAT3 BRET sensor with 

EGFR neutralizing antibody. Over here, EGFR-Ab treatment did not alter the basal BRET 

ratio obtained, however with prior blocking of EGFR receptor, EGF was unable to bind and 

induce EGFR- STAT3 mediated gain in BRET signal (Figure 2.10E) (p<0.05). Hence, these 

observations indicate that the EGF mediate gain obtained in BRET signal is a true event of 

EGF-EGFR mediated STAT3 phosphorylation and homodimerization process. Collectively, 
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these results clearly demonstrate the high specificity of the Phopsho-STAT3 BRET sensor to 

capture STAT3 activation or inhibitory events directly from live cells. 

 

 

Figure 2.10. Detecting inhibition of STAT3 pathway with Phospho STAT3 BRET Sensor. (A-B) 

Graphs representing the corrected BRET ratios of MCF 7 cells expressing Phospho STAT3 BRET 

sensor upon treatment with Stattic and Niclosamide, respectively, in presence or absence of EGF. (C) 

Immunoblot of MCF 7 cells treated with differential doses of Niclosamide or Stattic for 24hrs. Blot 

was probed for total and activated (pY705 or pS727) STAT3 levels with tubulin as loading control. 

(D) Schematic representation for EGF-EGFR mediated STAT3 activation process and effect of 

blocking with EGFR neutralising antibody. (E) Representative graph of corrected BRET ratio for 

MCF 7 cells expressing STAT3 BRET constructs, upon treatment with EGFR blocking antibody either 

in presence or absence of EGF. For all BRET studies Nluc emission was measured at 500nm and 
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TurboFP at 640nm using furimazine as substrate in IVIS spectrum with integration time of 30s/filter. 

Each graph represents mean value ± SEM. Significance levels are *p< 0.05, **p< 0.01, ***p< 0.001 

and ns as non-significant. 

 

2.3.6 Phospho-STAT3 BRET: a semi-throughput platform for screening 

potential STAT3 inhibitors 

For identifying potential inhibitors against STAT3 pathway, we need a system where 

different compound libraries can be screened on multiple parameters and in panel of cancer 

cell types with a highly sensitive readout, all in one platform. Pertaining to the excellent 

sensitivity and versatile nature of developed Phospho-STAT3 BRET sensor, we next sought 

to adapt it to a high throughput screening platform. To achieve this, we transfected MCF7 

cells with STAT3 BRET constructs and seeded them at relatively 6-fold less adherent cell 

number in 384 well plate. Upon treating the cells with a library of 12 different compounds 

either in presence or absence of EGF gave different results (Figure 2.11A-B). Out of twelve, 

six compounds (Niclosamide, Stattic, Curcumin, Neratinib, Wortmannin and ERK inhibitor 

U0126) showed STAT3 inhibitory functions. Of these 6 compounds, Neratinib (-0.109mBU), 

MS-275 (-0.157mBU) and ERK inhibitor (-0.149mBU) were newly identified candidates, 

while curcumin (-0.367mBU), niclosamide (-0.287mBU) and Stattic (0.325mBU) are 

previously known STAT3 inhibitors. Among these six inhibitory compounds identified, 

niclosamide, curcumin, ERK inhibitor and Neratinib were found to be more potent (more 

than 70% inhibition, p<0.001) with higher level of STAT3 inhibitory activity while both 

Wortmannin and Stattic though suppressed STAT3 BRET signal but failed to retain the 

inhibition post EGF stimulus (Figure 2.12A). 

Losartan (Angiotensin receptor blocker) and Fingolimod (Sphingosine 1-phosphate receptor 

blocker) are GPCR inhibitors with known inhibitory effect on STAT3 activation. However, 
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both the inhibitors failed to block STAT3 activation upon EGF trigger, as EGF activates 

STAT3 via EGF-EGFR pathway that is unaffected by both the GPCR blockers. As an 

activator, HDAC inhibitors like AR-42, CI-994 and chidamide showed induction of BRET 

signal post EGF stimulation with maximum activation effect observed with both AR-42 

(71%) and Chidamide (69%) followed by CI-994 (41%). MS-275 on contrary failed to 

activate the STAT3 pathway (Figure 2.12A).  

 

 

         Figure 2.11. High throughput adaptability of Phospho STAT3 BRET Sensor. (A-B) Representative 

image of 96 and 384- well plates, respectively, for MCF 7 cells expressing Phospho STAT3 BRET 

sensor in respective donor and acceptor filters upon treatment with compound library. Bottom graph 

in each case represents the calculated corrected BRET ratio for each drug treatment in presence or 

absence of EGF. For all BRET studies Nluc emission was measured at 500nm and TurboFP at 640nm 

using furimazine as substrate, in IVIS spectrum with integration time of 30s/filter. Each graph 

represents mean value ± SEM. Significance levels are *p< 0.05, **p< 0.01, ***p< 0.001 and ns as 

non-significant. 
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Furthermore, comparing the sensitivity of Phosho-STAT3 BRET sensor from two different 

plate formats, a comparable bleed through subtracted BRET signal showed uncompromised 

sensitivity of the sensor despite adapting to miniature platform with limiting substrate utility 

and cell number (Figure 2.12B). Finally, as a proof to validate the findings from STAT3 

BRET screen, we randomly selected curcumin (80% inhibition) with inhibitory effect 

comparable to Niclosamide and treated MCF7 cells with variable doses. Immunoblotting for 

the levels of total and activated STAT3 showed that Curcumin also inhibited the dual 

activation marks on STAT3 (pY705 and pS727) in a dose dependent manner and thus justify 

its potency level equivalent to NSA (Figure 2.12C). Collectively these results clearly 

demonstrate the sensitivity and strength of the Phosho-STAT3 BRET platform as a 

technology tool for high throughput screening of STAT3 activators or inhibitors either alone 

or in combination with differential effects and promising output. 
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         Figure 2.12. High throughput adaptability of Phospho STAT3 BRET Sensor. (A) Representative 

graph for percent inhibition or activation in BRET signal with respect to EGF treated control, for 

individual drug treatment. Percent activation is calculated by dividing corrected ratio of drug treated 

sample with EGF treated control *100. For percent inhibition the above calculated value is 

subtracted from 100. (B) Comparison of corrected BRET ratios from two different plate formats - 96 

versus 384 well plate. (C) Immunoblot of MCF 7 cell treated with differential concentration of 

curcumin and probed for total and activated (pY705 and pS727) STAT3 expression. Tubulin was used 

as loading control. Each graph represents mean value ± SEM. Significance levels are *p< 0.05, **p< 

0.01, ***p< 0.001 and ns as non-significant. 
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2.4 Discussion 

STAT3 signaling is known to be activated in majority of the cancers including breast cancer 

where more than 60% breast cancer cases are found to be positive for both total and pY705 

STAT3 (Chung S.S., 2014). Ligand induced Y705 phosphorylation followed by 

homodimerization holds the key step in regulating STAT3 activation. Because of its 

indispensable role in maintaining normal and oncogenic cellular function, STAT3 is a prime 

target for drug discovery and therapeutic intervention in current scenario. Extensive efforts 

are being made majorly by adopting high throughput screening strategies like virtual 

screening of inhibitors for binding and in silico docking of putative binders onto SH2-STAT3 

domain followed by validation in vitro to identify STAT3 specific inhibitors (Liu et al, 2014; 

Yuriev, 2014). The lacuna of the structure-based drug identification strategy is its lack of 

absolute specificity and sensitivity for the pathway. Majority of the potential binders may not 

even show relevant biological effect in in vitro or in vivo conditions (Liu et al, 2014). To 

overcome these issues, in the present study here, we developed a very reliable and high 

throughput live cell reporter sensor for dynamic monitoring of phosphorylation dependent 

STAT3 activity. 

For developing a STAT3 phosphorylation sensor, we first characterized the ability of Nluc to 

serve as a compatible donor for spectrally well separated TurboFP635 fluorophore. Despite 

an appreciable difference of more than 175nm in spectral overlap, Nluc could sufficiently 

excite TurboFP in fusion protein state with minimal bleed-through from the donor channel 

irrespective of the transient or stable expression condition. Due to lesser tissue attenuation for 

light emitted at 640 nm, a comparable double ratios (DRs) obtained for both cell culture and 

animal imaging experiment further highlight the superiority of selected pair for deep tissue 

imaging of biological PPI.  
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Because of bright and stable luminescence from Nluc and high spectral resolution along with 

feasibility to be adopted for in vivo imaging with TurboFP made them an appropriate 

candidate of choice to develop the STAT3 phosphorylation sensor. Thereafter, rational 

selection for optimal dipole orientation of STAT3 BRET sensor was performed in cell lines 

with differential endogenous STAT3 expression level using known ligand EGF at variable 

concentration. Despite using either STAT3 positive (HT1080), STAT3 null (PC3) or 

acceptor-stable HT1080 cell line, C-terminally oriented STAT3 configuration is identified as 

the most suitable orientation because of its drastic difference from the basal BRET signal and 

a concentration dependent readout in the assay. Additionally, the compounding factor of 

endogenous STAT3 did not compromise the ratiometric judgement of STAT3 sensor for EGF 

mediated STAT3 activation in all the backgrounds tested. However, with acceptor stable 

cells, as expected, maximum STAT3 activation was achieved even with low EGF 

concentration. As reported previously, STAT3 phosphorylation at Y705 is induced within 

3min of ligand addition and continues high for more than 6hrs (Verma et al, 2015). Our 

model also very elegantly highlighted the similar activation kinetics of STAT3 pathway as 

observed for upto 1hr of signal scan post ligand induction.  

STAT3 is reported to be constitutively active in majority of cancer cell lines and primary 

tumor (Zhang & Lai, 2014). Where apart from EGF, various other ligands like IL6, PMA etc 

can also activate the STAT3 molecule (Berishaj et al, 2007; Rebe et al, 2013). Hence, using 

IL6 as new ligand and EGF as positive control, we further validated the ability of above 

identified Nluc-ST3+TurboFP-ST3 BRET combination in panel of cancer cell lines - 

HT1080, MCF7, A549 and PC3 to determine STAT3 activation. In all the model cell lines 

tested IL6 proved to be a better ligand in comparison to EGF as it successfully and sensitively 

mimicked the biological condition of phosphorylation mediated dimerization and gain in 

BRET signal even at low ligand concentration (10 ng/ml vs. 100 ng/ml for EGF). 
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Additionally, we also observed a ligand-receptor stoichiometry dependent gain in STAT3 

BRET signal, where quantitative analysis of the EGFR mRNA level in all the four cell lines 

correlated well with the BRET ratio obtained using EGF (100ng/ml) as ligand. Further 

selective blocking of cells with EGFR blocking antibody to prevent EGF-EGFR mediated 

STAT3 activation also showed loss of BRET signal in EGF induced pre-blocked cells. 

Indicating that the activation response obtained with STAT3 BRET sensor upon EGF 

treatment was a true event of EGF mediated STAT3 phosphorylation and homodimerization. 

HTS compatibility for an assay system depends on high detection sensitivity without 

compromising the specificity. While a majority of HTS assays rely on 96 well plate format, 

here we have shown that STAT3 phospho BRET sensor works even in 384 well format while 

using the same imaging equipment for photonic quantification. Achieving this ability can 

certainly justify STAT3 phospho BRET sensor as an efficient as well as a cost-effective 

screening tool. As the results suggest, between 96 well to 384 well format, use of a 6-fold 

lower number of cells has no effect on donor and acceptor photon detection or ratiometric 

readouts of the samples. Of the 12 compounds screened in the BRET platform, 6 compounds 

(curcumin, niclosamide, Stattic, ERK-inhibitor, neratinib and MS-275) were identified as 

potential STAT3 inhibitors, among which Neratinib (Segovia-Mendoza et al, 2015), ERKi 

(Marampon et al, 2009) ,curcumin(Hahn et al, 2018) and niclosamide(Shi et al, 2017) 

showed STAT3 inhibitory activity (more than 70% inhibition), even better than the known 

Stattic inhibitor (Schust et al, 2006). Of the remaining 6 drugs, three HDACi compounds 

(AR-42, Chidamide and CI-994) showed activation of STAT3 BRET sensor with EGF 

treatment (p<0.01). It is likely that these three HDACi compounds are increasing STAT3 

activation by increasing overall acetylation of the genome, thereby increasing pool of STAT3 

stimulators (Suraweera et al, 2018). The remaining three compounds Wortmannin (PI3K 

inhibitor) (Bito et al, 2011), Fingolimod and Losartan (GPCRs inhibitors) (He et al, 2014; 
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Lankadasari et al, 2018) are indirect inhibitors of STAT3 pathway that failed to retain the 

suppression of STAT3 molecule upon EGF stimulation. Comparable corrected ratios 

obtained for individual drug compound in two different plate formats (96 and 384 well plate) 

further provides confidence in the detection system and highlights the sensitivity of the assay 

system. 

In summary, the STAT3 phospho BRET assay system developed is able to measure STAT3 

protein phosphorylation in vivo. The reporter sensor captures the kinetics of STAT3 

homodimer formation as a result of protein activation from live cell environment. The sensor 

shows sufficient sensitivity and specificity against activator and inhibitor molecules tested 

and thus can be designated as HTS ready. In future this technology can be used for studying 

role of key PTMs of STAT3 in its dimerization as well as screening potential inhibitors either 

alone or in combination against this master transcriptional regulator of various oncogenic 

pathways. 
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2.5 Significance of the Study 

This study for the first-time reports’ development a very versatile and sensitive STAT3 

phosphorylation dependent homodimerization sensor (STAT3 Phospho-BRET). With 

thorough screening and multiparametric optimization the sensor developed in this study 

shows potential applications like; detecting STAT3 activation in different genetic 

background, multiple cancer cell type with differential activating ligands, sensitive response 

to activation or blockade signals from upstream receptors as well as high throughput 

screening of compound library to identify stimulators or inhibitors of STAT3 Signaling. 

Considering the current challenges for STAT3 inhibitors in clinical trials, we believe that 

rational approaches like developing sensors for real time live cell screening will significantly 

aid the drug discovery process. The inhibitors identified through live cell screening approach 

are much more reliable candidates, with high chances of showing desirable response at both 

preclinical and clinical testing. In future the STAT3 Phospho-BRET sensor can be utilised for 

high throughput screening of chemotherapeutic drugs either alone or in combination, against 

the STAT3 pathway irrespective of any cancer cell type. Additionally, with the identification 

of new PTM (post translational modification) sites on STAT3, the application of this sensor 

can further be extended to demonstrate their individual role in governing STAT3 

dimerization or downstream signaling (Figure 2.13). 
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Figure 2.13: Schematic representation of the current and future advantages of STAT3 Phospho BRET 

sensor.  
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Objective 2: To identify the association of differentially regulated genes 

with different PTM status of STAT3 

3.1 Introduction 

STAT3, one of the most important members of STAT family protein, is a cytoplasmic factor 

that is activated upon phosphorylation of tyrosine 705 residue in the C-terminal domain of the 

protein. Upon activation of STAT3 via its classical canonical (pY705) route, it serves to 

regulate expression of genes involved in various aspects of cancer progression for e.g. 

proliferation, survival, angiogenesis, immune evasion, metastasis etc. (Rebe et al, 2013) . For 

many years’ activation of STAT3, in primary tumours or cancer cell line is determined based 

on pY705 expression levels. pY705 is even used as a biomarker to predict overall survival or 

response to chemotherapy for many cancers including breast cancer, colorectal cancer, lung 

adenocarcinoma, osteosarcoma etc (Sellier et al, 2013). Hence, anti-STAT3 therapeutic 

approaches have always considered blocking the pY705 activation as key step to block the 

STAT3 pathway. Eventually the clinical notion of giving STAT3 inhibitors only to patients 

with pY705 positive expression was conceived (Johnston & Grandis, 2011). However, this 

clinical notion is now put to test due to the identification of alternate STAT3 activation 

pathways. 

Apart from classical canonical(pY705) activation, recently STAT3 is reported to be 

upregulated by an alternate arm known as noncanonical pathway. The major residues known 

to be involved in noncanonical STAT3 activation are pS727 and K685ac (Srivastava & 

DiGiovanni, 2016; Wen et al, 1995). With the initial discover, phosphorylation at S727 site 

was thought to be required for full transactivation of STAT3, following pY705 induction 

(Wen et al, 1995) . However, recent studies indicate that both pS727 and pY705 might be 

playing an independent role in controlling STAT3 functions. Activation of STAT3 at pS727 
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residue is known to initiated by multiple cytoplasmic kinases like - JNK, MAPK/ERK, PKC, 

CK5 and CDK5 (Wen & Darnell, 1997). In case of infiltrating ductal carcinoma breast cancer 

tissue samples STAT3 was found to be constitutively phosphorylated at pS727 residue 

independent of canonical pY705 activation. All the cases with highpS727 expression showed 

negative association with the ER status and positive association with tumor stage and grade 

of the sample (Yeh et al, 2006). In case of both CML and AML, majority of the samples were 

found to be positive for pS727 STAT3 with very little or no pY705 expression, where it 

controls both nuclear localization and cell survival functions for the cancer cell (Hazan-

Halevy et al, 2010). Similar reports are available even in case of glioblastoma where, pS727 

expression is associated with enhanced intrinsic radio resistance and leads to poor overall 

survival. Apart from S727 phosphorylation, acetylation at K685 residue is equally implicated 

to play an important role in STAT3 activation (Lin et al, 2014; Ouedraogo et al, 2016). C-

terminal domain of STAT3 is known to interact with CBP/P300 protein that acetylates the 

STAT3 molecule at K685 residue (Wang et al, 2005). Enhanced expression of acetylated 

K685 STAT3 has been reported in melanoma, lung adenocarcinoma and ovarian cancer 

tissue samples. High levels of acetylated STAT3 interacts with DNMT1 and methylates the 

promoter of tumor suppressor genes like P53, SOCS3, CDKN2A etc., thereby promoting 

tumour growth (Lee et al, 2012; Li et al, 2013) . In case of colorectal cancer acetylated 

STAT3 interacts with CD44 protein and regulate expression of Cyclin D1 gene (Lee et al, 

2009). Acetylation of STAT3 is also essential for processing of p100 protein and activation 

of NF-κβ pathway (Nadiminty et al, 2006). More importantly, K685ac was reported to be 

extremely essential for stable homodimerization of STAT3 molecule that in turns regulate 

expression of its downstream target genes like Cyclin D1, c-Myc etc (Yuan et al, 2005). 

Controlling the STAT3 activity at transcriptional level, there are number of reports available 

that hints towards noncanonical activation mediated transcriptional reprogramming of 



 

 
103 

 

Chapter 3: Role of PTM Dependent STAT3 Signaling in Breast Cancer 

STAT3 molecule. In case of mESC, pS727 and pY705 STAT3 levels are differentially 

regulated to control the stem cell fate of mESC. While high level of pY705 is required for 

self-renewal of mESC population, hyper activation of STAT3 at pS727 residue shifts the 

equilibrium from pluripotency to neuronal commitment (Huang et al, 2014). Upon treating 

the colorectal cancer cell lines with topoisomerase inhibitor, I, activation of STAT3 is 

specifically induced at pS727 and not at pY705 site. STAT3 activated at pS727 residue in 

turn downstream enhances the expression of DNA repair enzyme Eme1 to facilitate faster 

DNA repair and increase cell survival (Vigneron et al, 2008). Recently, it was found that 

K685ac plays a very limiting role in regulating expression of pY705 dependent STAT3 target 

genes. Rather acetylation of STAT3 at K685 is required for controlling expression of genes 

involved in response to angiotensin II treatment that controls development of cardiac 

hypertrophy and dysfunction (Dasgupta et al, 2014). 

Collective observations from the literature clearly identifies prevalent role of noncanonical 

pathway (pS727 and K685ac) in controlling STAT3 dependent biological function and 

growth of cancer cells. However, since the two activation pathways of STAT3 are never 

studied together, some of the basic and essential information about the STAT3 signaling is 

still unanswered. First, it is not known how the two arms of STAT3 activation regulate or 

cross talk with each other in case of breast cancer. Second, apart from K685ac, whether 

pS727 activation plays any role in controlling STAT3 homodimerization. And lastly, whether 

with the different PTM status of STAT3, the transcriptional preference of STAT3 in altered 

or not.  

In the present study, we engineered a 3’UTR STAT3 knockdown model system with stable 

overexpression of Nluc-STAT3 variants i.e. Wt, Y705F, S727A and K685R. With the model 

system established and taking advantage of the Phospho STAT3 BRET sensor, we 

systematically demonstrate the role of individual PTM site in cross regulating each other and 
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controlling STAT3 homodimerization. We further performed various functional and 

biological assays to decipher the role of canonical and noncanonical STAT3 pathway 

activation in breast cancer cells. Finally, we demonstrate that dual blocking of STAT3 PTMs 

as achieved with Niclosamide inhibitor is a better approach than conventional pY705 

blockers, to achieve complete blockade of the STAT3 pathway. 

3.2 Materials and Methods 

3.2.1 Materials 

Stattic (#S7024) was purchased from Selleckchem (USA) and Niclosamide (#N3510) from 

Sigma-Aldrich, USA. IL6 (#200-06) and EGF (#AF-100-15) were bought from Peprotech 

(USA). Mouse-anti-STAT3 (#9139), rabbit-anti-pY705 STAT3 (#9145) and rabbit-anti 

acetyl-K685 (#2523) antibodies were from Cell Signalling (USA). Mouse-anti-Her2 antibody 

(ab8054), rabbit-anti-ERα (ab3575) antibody, rabbit-anti-pS727-STAT3 (#E121-31), mouse-

anti-RFP (#ab125244) and rabbit-anti-Cyclin D1 (#ab134175) antibodies were from Abcam. 

Secondary antibodies like anti-mouse HRP (#ab6728) from Abcam, anti-mouse dylight633 

(#33512) and anti-rabbit dylight633(#35562) from Thermo Fischer scientific and anti-rabbit-

HRP (#31460) from Invitrogen. iClick EdU AndyFluor647 cell proliferation kit was procured 

from Genecopia (USA, #A006). Nanoluc antibody and gene sequence was provided as a 

generous gift and Furimazine substrate (#N1110) was purchased from Promega Corporation 

(USA). For live cell imaging IVIS Spectrum pre-clinical in vivo imaging system was used 

that is equipped with 20nm bandpass filters covering the range of 500-850nm. 

3.2.2 Recombinant Plasmid DNA Construction 

Nluc-STAT3 (Wt) and TurboFP-STAT3 (Wt) fusion constructs were established as 

mentioned in Chapter 2 (Section 2.2.2 Materials and Methods). For developing site 
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specific point mutants, sequential site directed mutagenesis was performed and the primer list 

is given below. For knockdown studies, shRNA oligos against 3’UTR region of STAT3  were 

annealed and cloned in pLL3.7-GFP vector under U6 promoter using HpaI and XhoI 

restriction sites as per the standard protocol (De et al, 2008). 

Fwd STAT3 K685R: 5' GCATTCGGAAGGTATTGTCGGCCA 

Rev STAT3 K685R: 5'TGGCCGACAATACCTTCCGAATGC 

Fwd STAT3 S727A: 5’ ACCTGCCGATGGCCCCCCGCA                    

Rev STAT3 S727A: 5’TGCGGGGGGcCATCGGCAGGT 

Fwd STAT3 Y705F: 5’AGCGCTGCCCCATTCCTGAAGACC    

Rev STAT3 Y705F: 5’GGTCTTCAGGAATGGGGCAGCGCT 

Fwd 3’UTRshRNA STAT3 – 5’GCTACATACTCCTGGCATTGC3’  

Rev 3’UTRshRNA STAT3 – 5’GCAATGCCAGGAGTATGTAGC 3’ 

3.2.3 Cell Culture  

MCF7 cells were grown in RPMI-1640 medium supplemented with 10% FBS (Gibco, USA) 

and 1% Pen-Strep (Invitrogen, USA) and maintained at 37⁰C with 5% CO2. MDA MB231 

cells were cultured in L-15 medium (Sigma, USA) without NaHCO3 supplemented with 10% 

FBS (Gibco, USA) and 1% Pen-step (Invitrogen, USA) in a CO2 free incubator at 37⁰C. MCF 

7 / MDA MB 231 cells overexpressing Nluc-STAT3 fusion constructs (Wt,Y705F,S727A 

and K685R) were generated by transfecting individual mutant plasmid and selecting clones 

using 500µg/ml Zeocin antibiotic selection. Final screening of the clones was done with live 

cell luciferase assay using furimazine substrate. 
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For knocking down endogenous STAT3 expression in the PTM mutant stable clones, we 

prepared lentiviral particles in HEK293FT cells by transfecting with pLL3.7-GFP lentiviral 

vector containing 3’UTR STAT3 shRNA cassette along with virus envelope plasmids. Both 

MCF 7 and MDA MB 231 cells were stably transduced with the virus containing shRNA 

against STAT3 and with high GFP assisted FACS sorting, knocked down clones were 

enriched with subsequent passages. 

3.2.4 Real Time PCR 

Total RNA from the cells was extracted using RNA extraction minikit (QIAGEN). 2µg RNA 

was used for preparation of cDNA using SuperScript III (Invitrogen) kit as per the 

manufacturer’s instructions. Real time PCR was done using Sybr green reagent and GAPDH 

was used as normalization control. Primer sequence for STAT3, CYCLIN D1, TWIST1, 

SOCS3 and GAPDH gene is as follows:  

Fwd STAT3: 5' GGAGGAGTTGCAGCAAAAAG 

Rev STAT3: 5’ TGTGTTTGTGCCCAGAATGT  

Fwd CYCLIN D1: 5'TATTGCGCTGCTACCGTTGA 

Rev CYCLIN D1: 5'CCAATAGCAGCAAACAATGTGAAA 

Fwd TWIST 1: 5' GGCCGGAGACCTAGATG 

Rev TWIST 1: 5' ACGGGCCTGTCTCGCTTTCT 

Fwd SOCS3: 5'ACCCTCCGCGCTCAGCCTTT 

Rev SOCS3: 5'AGCGGAGCAGGGAGTCCAAGT 

Fwd GAPDH: 5' TGCACCACCAACTGCTTAGC 

Rev GAPDH: 5'GGCATGGACTGTGGTCATGAG 
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3.2.5 Immunoblotting 

For immunoblotting cells were seeded in a 6-well plate and serum starved for 24hours before 

giving IL6 (10ng/ml) or EGF (100ng/ml) stimulation for next 2hours. Control cells kept in 

serum negative medium. Post 2hrs of incubation cell were trypsinized, harvested and washed 

with by 1XPBS. Cell pellet was resuspended in 1X cell lysis buffer containing - 10 mM Tris-

HCl (pH 7.5), 140 mM NaCl, 5 mM EDTA, 2mM EGTA, 100mM NaF,100mM Na3VO4 

,100mM PMSF and protease inhibitor cocktail. Lysis was performed by sonication method at 

10% amplitude with 10sec on/off cycle. The sample was centrifuged at 14000rpm/30min/4⁰C 

and supernatant was collected in separate tube. Protein estimation was done using Bradford 

reagent and approx. 50-60µg protein was loaded on 7.5% SDS-PAGE gel. Protein transfer 

was done in semidry Trans blot assembly at 15V for 1hr at room temperature. Blocking was 

performed in 5% non-fat dry milk for 1hr at room temperature followed by primary antibody 

incubation [ STAT3 1:1000, pY705 STAT3 1:500, pS727 STAT3 1:1000, K685ac STAT3 

1:500, α-Tubulin 1:1000, Her2 1:500] overnight/4⁰C. Next day, secondary-HRP antibody 

treatment was given followed by developing the blot using ECL substrate in ChemiDoc 

system (Biorad, USA). 

3.2.6 Immunoprecipitation 

For Co-immunoprecipitation assay, Nluc-STAT3 PTM mutant clones were seeded in 

duplicates at an appropriate density. Next day, Turbo-STAT3 PTM mutant constructs were 

transfected in respective donor counterpart wells.48hrs post transfection, cells were serum 

starved for 24hours and then IL6 induction (10ng/ml) was given for 2hrs. Cells were 

harvested and lysed in ECS lysis buffer containing ;50mM Tris-Cl pH 8.0, 0.5% NP40, 2mM 

EGTA, 125mM NaCl, 5mM EDTA, 100mM Na3VO4, 100mM NaF, 10ul/ml protease 

inhibitor (Sigma, USA) and 2ul/ 1ml PMSF. Lysate was centrifuged at 14000rpm for 30mins 
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at 4⁰C and supernatant was collected. Protein estimation was done using Bradford reagent 

(Sigma, USA). Protein G-Sepharose beads were equilibrated by sequential washing with 

NETN buffer (100mM NaCl, 1mM EDTA, 20mM Tris-Cl pH 8.0 and 0.1% NP40) at 

1000rpm/5mins/4C. Beads were blocked in 5% BSA (in NETN buffer) for 3hrs/13rpm/4C. 

For binding, 1µg protein was incubated with 1µg of anti-RFP antibody and 20µl Protein G 

beads in a total volume of 1ml NETN buffer and incubated overnight at 13rpm/4C. Next 

day, bound fraction and unbound fraction was separated by centrifuging the complex at 

1000rpm/5mins/4C. Final beads in the pellet was resuspended in 1X denaturing buffer and 

loaded onto 7.5% SDS PAGE gel. Immunoblotting was performed sequentially with anti-

Nluc and anti- RFP antibody. 

3.2.7 Immunofluorescence 

Cells were fixed with 4% paraformaldehyde for 10 minutes at 37⁰C, followed by 

permeabilization using 0.5% triton X100 for 10 minutes at room temperature. Blocking was 

done with 5% BSA in 1XPBS for 1hr at room temperature. Primary antibody (Her2 and E-

Cadherin -1:50 diluted) incubation was done at 4⁰C overnight in humidified chamber. 

Secondary antibody incubation was given for 1hr at room temperature in dark, followed by 

DAPI staining and mounting. Images were acquired using Zeiss LSM780 microscope with 

633nm and 460nm filter sets and final images were processed in ImageJ software.  

3.2.8 Cell Survival and Proliferation Assay 

For EdU cell proliferation assay, EdU AndyFluor647 proliferation kit (Origene, USA) was 

used. Briefly, cells seeded at an appropriate density on a coverslip. Next day, EdU was added 

to each sample and incubated for 16hrs.Processing of the coverslips was done as per the 

manufacturer’s instructions. Images were acquired in LSM780 (Leica) microscope with 

633nm filter for EdU and 460nm filter for DAPI. 
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For clonogenic assay, 1000 cells were counted and seeded in a 6-well plate in duplicates. 

Clones were allowed to form for 14days, after which the colonies were fixed with chilled 

methanol and stained with 0.5% crystal violet stain. 

3.2.9 Live Cell luciferase assay 

For live cell luciferase assay, Nluc-STAT3 PTM mutant expressing MCF 7 cells were seeded 

at two different cell numbers; 5000 and 10,000 cells/well in triplicate in black well plate with 

clear bottom. For live cell imaging 50µl furimazine (1:1000) was added to each well and 

luminescence signal was acquired in IVIS spectrum using open filter settings. 

3.2.10 BRET assay 

For BRET assay, Nluc-STAT3 constructs (Cl1-Cl8) expressing engineered MCF 7 cells / 

MDA MB 231 cells (with endogenous STAT3 knock down) were seeded at a density of 

1X105 cells/ well in 12-well plate. Next day Turbo-STAT3 plasmids (Cl1-Cl8) were 

transfected in respective well and one set of donor alone set was kept separate. 36hrs post 

transfection, cells were counted and seeded at a density of 20,000 cell/well in 96 black well 

plate (duplicate) with clear bottom in serum negative medium. Post 24hrs of serum 

starvation, cells were stimulated with IL6 (10ng/ml) reconstituted in serum negative medium 

followed by furimazine substrate addition (1:1000 diluted). Signal acquisition was performed 

in IVIS spectrum with 500nm as donor and 640nm as acceptor channel with integration time 

of 30sec/filter. For analysing BRET signal, ROI was drawn on individual wells and following 

equation was applied to derive both BRET ratio and corrected ratios from the signal (Dimri et 

al, 2016; Dragulescu-Andrasi et al, 2011). 
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                                       acceptor channel   - Cf   

                                             BL donor channel                 Donor +Acceptor cells 

 

                                    acceptor channel   

                                     BL donor channel          Donor alone cells 

 

3.2.11 Statistical analysis 

For all statistical analysis, student t-test was employed and p value <0.05 was considered as 

statistically significant. 

3.3 Results 

3.3.1 Development of 3’UTR STAT3 knockdown PTM mutant expressing MCF7 

breast cancer cell line 

In order to determine whether the two activation arms of STAT3; canonical (pY705) and 

noncanonical (pS727 and K685ac) mediate their functions independently or in an 

interdependent manner in breast cancer, we developed the following model system. We first 

knocked down the endogenous STAT3 expression in MCF 7 cell line using 3’UTR STAT3 

shRNA approach in lentiviral plasmid vector. The stable STAT3 knockdown population was 

selected and enriched with subsequent GFP mediated FACS sorting to give a final 97-98% 

pure GFP+ clones (Figure 3.1A). Depletion in STAT3 levels upon knockdown was 

confirmed at both protein and transcript levels. Immunoblot for total and pY705 activated 

forms confirmed more than 90% reduction in STAT3 protein expression (Figure 3.1B). 

BRET Ratio = 

Where, Cf = 
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While a depletion of more than 3-fold was evident at the mRNA transcript levels using 

quantitative real time PCR (Figure 3.1C).  

Taking advantage of the STAT3 BRET plasmids developed in Chapter 2, we took STAT3 

fused with Nluc (i.e. Nluc-STAT3) as template and performed site directed mutagenesis. 

Each PTM site on the wild type STAT3 template was substituted with another un-reactive 

amino acid individually to finally give rise to following 4 constructs: Nluc-STAT3 -

Wt/Y705F/S727A or K685R (Figure 3.1D). Finally, we merged the two-model systems, by 

stably overexpressing the individual STAT3 Wt or PTM mutants in endogenous STAT3 

knocked MCF 7 cell background. Stable clones were established upon antibiotic selection 

while STAT3 null condition was maintained with GFP assisted cell sorting. The model 

system developed here thus offers following two main advantages; least interference form 

endogenous STAT3 pool; and true representation of PTM loss on functional and biological 

activity of STAT3 molecule (Figure 3.1E). The model system established was thus used for 

further functional or phenotypic assays. 
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Figure 3.1. Development of 3’UTR STAT3 knock down and PTM mutant overexpressing MCF 7 

cell line. (A) Schematic representation for 3’UTR knock down of STAT3 in MCF 7 cells. shRNA 

against 3’UTR region of STAT3 was cloned in pLL3.7 lentiviral vector and virus particles were 

prepared in HEK293FT cells that were used to stably transduce MCF 7 cells. Positive clones were 

selected based on GFP sorting to finally give a 97% pure STAT3 KD positive clones. (B) Immunoblot 

of parent and STAT3 KD MCF 7 cells, probed for total and pY705 STAT3 levels. Tubulin was used as 

loading control. (C) Quantitative mRNA transcript levels of STAT3 in parent and STAT3 KD cells. 

(D) Schematic representation for preparation of STAT3 PTM mutant clones. Nluc-STAT3 (Wt) was 

used as template and site directed mutagenesis was performed for individual PTM (Y-F, S-A and K-R) 

site to establish the mutant constructs. (E) Diagrammatic work flow for generation of engineered 

MCF 7 STAT3 KD cell with stable over expression on STAT3 PTM mutants on which all the in vitro 

experiments were performed. Each graph represents mean value ± SEM. Significance levels are * 

p<0.05, ** p<0.01, and *** p<0.001 and ns as non-significant. 
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3.3.2 Noncanonical pS727 activation is independent of canonical pY705 STAT3 

activation 

With the establishment of engineered MCF 7 cells with 3’UTR STAT3 knockdown and 

stable overexpression of individual STAT3 point mutants fused to Nanoluciferase (Nluc-

STAT3 Wt, Y705F, S727A and K685R), we went ahead to address how the cross talk among 

these key PTM sites (Figure 3.2A) regulate STAT3 activation. Following the development of 

these stable clones, we first performed live cell luciferase assay to demonstrate that fusion of 

STAT3 with nanoluc does not affect the ability of NLuc to catalyse its substrate and that the 

fusion construct gives functional Nluc activity (Figure 3.2B). Thereafter to ensure proper 

translation of the fusion constructs and to check the effect of single site loss on other PTM 

residues, we performed immunoblotting of these stable clones and probed for all the three 

STAT3 activation marks. Over here we observed that with loss of pY705 PTM (Y705F), 

pS727 and K685 ac was intact while with loss of K685ac (K685R), both pY705 and pS727 

was unaffected. Surprisingly, in S727A mutant, though pY705 activation was unaltered but 

K685ac was completely lost. These observations were validated in two different model cell 

lines – MCF 7 and MDA MB231 with stable STAT3 KD (Figure 3.2C-D). Additionally, the 

faint band of K685ac observed in K685R mutant is due to non-specific recognition of 

adjacent lysine residues i.e. K679, 707 and 709 (Nie et al, 2009). 
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Figure 3.2. Canonical (pY705) and noncanonical (pS727 & K685ac) STAT3 activation are 

independent of each other. (A) Schematic model for the MCF 7 or MDA MB 231 cells with 

endogenous STAT3 KD and overexpression of PTM mutant STAT3 clones. (B) Live cell luciferase 

assay of the 4 Nluc-STAT3 PTM mutant clones at two different cell density. Furimazine was used as 

substrate (1:1000) and luminescence signal was acquired in IVIS spectrum with open filter settings. 

(C-D) Immunoblot of MCF 7 and MDA MB 231 cells with endogenous STAT3 KD background probed 

for total and all the three STAT3 activation marks (pY705, pS727 and K685ac) in different PTM 

mutant lines. 

 

To further strengthen the above interesting observations, we treated the above four mutants 

with IL6 and EGF for 2hours before lysate preparation and probed for all the three activation 

marks again. In Y705F and S727A clones due to point mutations, phospho-activation site was 

completely lost. Further in Y705F mutant, not much change was observed in pS727 levels, 

while K685ac showed significant induction upon IL6 or EGF trigger. In K685R clones also, 
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pS727 and pY705 levels enhanced post ligand treatment. However, again in case of S727A, 

though pY705 levels increased in response to IL6 or EGF addition but K685ac was 

completely abrogated (Figure 3.3A-C). These results clearly indicate that both canonical 

pY705 and noncanonical pS727 pathways operate independently and can be activated 

individually, while K685ac requires prior pS727 presence. 

 

Figure 3.3. Canonical (pY705) and noncanonical (pS727 & K685ac) STAT3 activation are 

independent of each other.  (A) Immunoblot of Nluc-STAT3 PTM mutants stably expressed in MCF 7 

cells. Post 24hours of serum starvation, the cells were stimulated with either IL6(10ng/ml) or EGF 

(100ng/ml) for 2hours and one set of unstimulated cells were kept as control. Each clone was probed 

for total and activated (pY705, pS727 and K685ac) STAT3 levels. (B) Densitometric analysis for each 
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blot in (A). Activated STAT3 (pY705, pS727 or K685ac) level was normalised with total STAT3 

expression for individual sample. (C) Immunoblot of Nluc-STAT3 K685R clone with or without ligand 

stimulus (IL6 or EGF) and probed for total, pY705, pS727 and K685ac STAT3 expression. 

 

3.3.3 Noncanonical STAT3 pathway (pS727 and K685ac) controls cell 

proliferation and survival functions in breast cancer cells 

STAT3 signaling is known to play a key role in controlling cell growth and proliferation 

under both normal and oncogenic conditions. Hence, we further investigated the implications 

of individual PTM site loss on STAT3 molecule, upon its ability to influence the cell survival 

functions in MCF 7 cells. Results from EdU cell proliferation assay revealed that in 

comparison to Wt or canonical Y705F mutant, with the loss of noncanonical pS727 (S727A) 

and K685ac (K685R) PTM sites more than 2-fold reduction (p<0.01 and p<0.05 respectively) 

in cell proliferation ability was observed (Figure 3.4A). The depletion in cell proliferation 

ability of the clones was also evident with the long-term cell survival assay. Both S727A and 

K685R clones formed significantly less (p<0.001) number of colonies as compared to wild 

type counterpart. Though with Y705F mutant also the number of colonies formed were 

significantly less (p<0.01), however the average number of colonies formed within the same 

time frame of the assay was much higher than the other two mutants (S727A or K685R) 

(Figure 3.4B). Collectively these observations clearly indicate that as compared to canonical 

arm (pY705), it is the noncanonical activation (pS727 and K685ac) pathway that majorly 

controls the STAT3 dependent cell survival and proliferation functions in breast cancer cells. 
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Figure 3.4. Effect of STAT3 PTM mutants on cell survival and proliferation. (A) Microscopy 

images of EdU cell proliferation assay of MCF 7 cells (STAT3 KD) overexpressing STAT3 point 

mutants. Cells were stained with Anti-EdU-AndyFluor647antibody and DAPI was used to mark the 

nucleus. Bottom graph represents percentage of cells positive for EdU staining in each clone (n=300 

cells per clone). (B) Representative image of colonies formed in clonogenic assay for individual 

STAT3 mutant stained with 0.5% crystal violet stain. Bottom graph represents the clonogenic 

potential of individual STAT3 PTM mutant clone w.r.t parental MCF 7 cells. Each graph represents 

mean value ± SEM. Significance levels are * p<0.05, ** p<0.01, and *** p<0.001 and ns as non-

significant. 

 

3.3.4 Differential PTM marks alter STAT3 transcriptional regulation activity 

To determine whether the differential PTM status of STAT3 molecule imparts any altered 

transcriptional activity or target preference, we monitored the expression levels of three well 
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known direct targets of STAT3 i.e. Cyclin D1, TWIST1 and SOCS3 using quantitative real 

time PCR. As a result of Wt STAT3 overexpression, transcript levels of both Twist1 and 

Socs3 was significantly enhanced (p<0.01). However, with all three mutants (Y705F, S727A 

and K685R) the mRNA expression of both the genes dropped down significantly (p<0.05). 

Specifically, for S727A mutant, the decrease in Twist1 transcript level was much more 

drastic (p<0.001) as compared to Y705F or K685R clones (Figure 3.5A-B). For another 

target i.e. Cyclin D1, not much change was observed in mRNA transcript levels either with 

Wt or PTM mutant clones’ expression (Figure 3.5C). Similar observations were made even 

at Cyclin D1 protein levels using immunoblotting (Figure 3.5D). These observations clearly 

indicate that both Twist1 and Socs3 expression requires presence of all the three (pY705, 

pS727 and K685ac) activation marks on STAT3 molecule while Cyclin D1 levels can be 

maintained even if one of the STAT3 activation site is intact. 
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Figure 3.5. Effect of STAT3 PTM mutants on downstream transcriptional activity. (A-C) Graphs 

representing relative mRNA levels of TWIST1, SOCS3 and CYCLIN D1, respectively, transcripts in 

different STAT3 PTM mutants. (D) Immunoblot of Cyclin D1 protein levels in respective MCF 7 

STAT3 PTM line. Tubulin was used as loading control. Each graph represents mean value ± SEM. 

Significance levels are * p<0.05, ** p<0.01, and *** p<0.001 and ns as non-significant. 

 

Further as a novel target; Her2, E-Cadherin and ERα showed differential expression pattern 

in STAT3 mutant clones. As observed with immunofluorescence assay, the expression and 

membrane localization of Her2 protein was unaltered in either Wt or Y705F mutant while it 

increased significantly in S727A and K685R clones (Figure 3.6A). This difference in Her2 

expression pattern was also evident at the protein level across all the PTM mutant clones as 

determined using immunoblotting (Figure 3.6B). Another molecule that showed altered 

expression was E-Cadherin. Similar to Her2 protein, E-Cadherin expression was unaffected 

in both Wt and Y705 overexpression clones, while it enhanced significantly in S727A and 

K685R mutants (Figure 3.6C). For ERα, the protein levels did not change much in Wt, Y705 

and S727A clones while a significant downregulation was observed specifically in K685R 

mutant (Figure 3.6D).  These results indicate that the noncanonical arm of STAT3 plays a 

key role in regulating expression of Her2, E-Cadherin and ERα either directly or indirectly 

while the expression of general STAT3 targets are equally maintained in breast cancer cells. 
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Figure 3.6. Effect of STAT3 PTM mutants on downstream transcriptional activity. (A) 

Immunofluorescence microscopy images of Her2 protein expression in individual STAT3 PTM 

mutants. Her2 was stained with dylight633 and DAPI was used to stain the nucleus. (B) Immunoblot 

for expression level of Her2 protein in respective STAT3 PTM mutants. (C) Immunofluorescence 

microscopy images of E-Cadherin protein expression in individual STAT3 PTM mutants. E-Cadherin 

was stained with dylight633 and DAPI was used to stain the nucleus. (D) Expression level of ER 

alpha protein in different STAT3 PTM mutants as determined using immunoblotting. Tubulin is used 

as loading control. 

 

3.3.5 pS727 activation is essential for stable STAT3 homodimerization 

Based on data from the literature, it is evident that homodimerization of STAT3 is a rate 

limiting step, that is essential for STAT3 pathway induction. Post activation the nuclear-

cytoplasmic distribution of STAT3 homodimer changes as the activated from localizes more 

to the nucleus. Hence, we next raised the question that how different PTM sites on STAT3 
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influence its homodimerization ability and how dimer formation is affected when these 

specific sites are lost. To achieve this, we took advantage of the Phopsho-STAT3 BRET 

sensor developed in Chapter 2 (Figure 3.7A). To thoroughly investigate the role of individual 

PTM sites in governing STAT3 homodimerization, we prepared a library of STAT3 Phospho 

BRET constructs (NLuc-STAT3 and Turbo-STAT3) carrying mutation in respective PTM 

site either alone or in combination (double or triple mutants) (Figure 3.7B). We first 

determined the effect of single PTM site loss on STAT3 homodimerization and BRET signal. 

Upon expression of single point mutants BRET constructs in MCF 7 STAT3 knock down 

background cells, we computed the IL6 induced change in BRET ratio and compared that 

with the uninduced condition.  Over here we observed that upon IL6 trigger a significant gain 

is evidently seen across all the mutants tested (Wt, Y705F, S727A and K685R). However, of 

all the mutants, Cl3 (S727A) had a dramatic decrease in the IL6 induced change in BRET 

signal (~3.5 fold) as compared to wild type Cl1 (Wt). While both Cl2 (Y705F) and Cl4 

(K685R) achieved BRET signal equivalent to Cl1 upon IL6 trigger (p<0.01) (Figure 3.7C). 

The observations made from live cell BRET assay was further validated by in vitro Co-IP 

experiment. Both Nluc-STAT3 and Turbo-STAT3 PTM mutant constructs were co-expressed 

in STAT3 knock down MCF 7 cells and cell lysate was prepared either in absence or 

presence of IL6 treatment (10ng/ml). As a measurement of homodimerization we pulled 

down the complex with anti- Turbo antibody and probed with anti-Nluc or anti-Turbo 

antibody for binding. Over here, in comparison to Wt, Y705F and K685R clones, S727A 

mutant showed significantly reduced band intensity (2.68-fold as compared to Wt) in the 

immunoblot of pull-down complex (Figure 3.7D) indicating formation of very fewer stable 

homodimers. Data from both live cell BRET assay and in vitro pull-down study strongly 

confirms the dominant role of pS727 and not pY705 or K685ac, as major PTM site 

influencing STAT3 homodimerization. 
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Figure 3.7. STAT3 phospho-BRET sensor to study STAT3 dimerization in live cell. (A) Schematic 

representation for working model of Phospho STAT3 BRET sensor (explained in Chapter 2). (B) 

Clonal library of STAT3 BRET construct having respective PTM site mutated in Wt-STAT3 either 

alone or in combination. (C) Corrected BRET ratios for Nluc-STAT3 Cl1-4 in response to IL6 

(10ng/ml) stimulation. Black bar represents unstimulated condition and bleed through signal was 

subtracted using Nluc-STAT3 Cl1-4 expressing controls. (D) Co-IP blot of respective STAT3 PTM 

mutants from (C) i.e. Cl1-4. Immunoprecipitation was done using anti-TurboFP antibody and 

immunoblotting was done using anti-Nluc or anti-TurboFP antibody. Positive control is lysate from 

MCF 7 cells expressing only Nluc-STAT3 wild type contract. Bottom graph represents densitometric 

analysis for band intensity in pull down complex normalised to input control.  For all BRET studies, 

acquisition was done in 500nm-donor channel and 640nm-acceptor channel using IVIS 
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spectrum with integration time of 30sec/filter. Furimazine was used as luciferase substrate 

(1:1000 diluted). Each graph represents mean value ± SEM. Significance levels are * 

p<0.05, ** p<0.01, and *** p<0.001 and ns as non-significant. 

 

Based on these initial observations, we further screened the entire library of PTM mutants 

(Cl1-8) in STAT3 KD (Figure 3.8A) MCF 7 cells and stimulated with IL6 to determine the 

contribution of individual site in dimerization event. In Cl3 (S727A)- single site mutant and 

from Cl5-Cl7 -dual site mutant, a significant decrease in IL6 induced BRET signal was 

observed as compared to Cl1,2 and 4. Further, except for Cl5, both Cl6 and Cl7 majorly 

remained ineffective for the IL6 stimulation. For Cl7 (Y705-/ S727-) and Cl8 (Y705-/ S727-

/K685-) a negative ratio in uninduced condition and a nonsignificant change with IL6 

induction confirmed significant abrogation in STAT3 homodimerization event (Figure 3.8B). 

Similar observation was made even in 3’UTR STAT3 KD MDA MB 231 cells having 

expression of BRET mutant library (Figure 3.8C). These results clearly reveal the individual 

role of pY705, pS727 and K685ac PTMs in STAT3 dimerization and identifies pS727 PTM 

site as major contributor of activation mechanism, for driving STAT3 homodimerization and 

activation process. 
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Figure 3.8. STAT3 phospho-BRET sensor to study STAT3 dimerization in live cell. (A) Clonal 

library of STAT3 BRET construct having respective PTM site mutated in Wt-STAT3 either alone or in 

combination. (B-C) Corrected BRET ratios calculated for the entire STAT3 PTM mutant library (Cl1-

Cl8) using IL6 as ligand (10ng/ml) in MCF 7 and MDA MB 231 cells, respectively. Black bar 

represents uninduced condition and pink or green depicts IL6 stimulated condition. For all BRET 

studies, acquisition was done in 500nm-donor channel and 640nm-acceptor channel using IVIS 

spectrum with integration time of 30sec/filter. Furimazine was used as luciferase substrate (1:1000 

diluted). Each graph represents mean value ± SEM. Significance levels are * p<0.05, ** p<0.01, and 

*** p<0.001 and ns as non-significant. 

 

3.3.6 Niclosamide (NSA), the anti-helminthic drug can be repurposed as a target 

inhibitor blocking both the major STAT3 activation signals 

Pertaining to at least the two different activation arms that can trigger STAT3 activation 

independently, it reveals the importance of targeting both the pathways to switch off STAT3 
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signaling completely. In this scenario, if one of the activation sites is blocked/mutated and 

cells are treated with inhibitor that inhibits the alternative arm too, a complete inhibition in 

STAT3 activity can thus be achieved (Figure 3.9A). Therefore, in an attempt to achieve this, 

we selected two different STAT3 inhibitors; niclosamide that was previously known to block 

both pY705 and pS727 STAT3 activation and Stattic that is majorly a pY705 blocker (Figure 

3.9B also Chapter 2 Figure 2.10C), and tested for their specific effect against STAT3 

pathway in various PTM mutants background. Long term cell survival assay revealed that 

both Wt and Y705F clones showed similar level of surviving fraction (~50% survival) post 

5µM NSA or Stattic treatment (p<0.01). Though with NSA the percent survival in Y705F 

(33.23%, p<0.01) was significantly less than that of Stattic. In S727A mutant the percent 

surviving fraction obtained was 11.61% for NSA and 19.19% for Stattic (p<0.001) and in 

K685R, 18.22% for NSA and 38.59% for Stattic (p<0.001 and 0.01, respectively) (Figure 

3.9C). Overall, it showed that if canonical arm is blocked by site specific PTM mutation 

(Y705F), treating with drug inhibitor like NSA, that blocks pS727 noncanonical pathway, a 

synergetic effect is obtained. The same cannot be achieved upon treating with inhibitors like 

Stattic that is ineffective against pS727 PTM. On contrary, if pS727 site is already lost 

(S727A), treatment with either NSA or Stattic will be equally effective to block the STAT3 

mediated cell survival signals. Hence, effective inhibition of STAT3 as achieved with NSA 

(pY705 and pS727 blocker) is a more promising approach to shut down the dual STAT3 

pathway and downstream oncogenic functions. 
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Figure 3.9. Effect of Niclosamide and Stattic treatment on STAT3 inhibition. (A) Schematic 

representation for effective blocking STAT3 pathway. If one of the PTM site either pY705 or pS727 is 

already mutated or lost, then using inhibitor or drug molecule that blocks the intact PTM (either 

pY705 or pS727) site will result in complete inhibition of the STAT3 molecule. (B) Immunoblot of 

MCF 7 cells treated with differential concentration of Stattic or Niclosamide for 24hrs. Each blot was 

probed for total and activated (pY705 and pS727) STAT3 levels and tubulin was using as loading 

control. (C) Percent surviving fraction in respective STAT3 mutant cell line in response to 

Niclosamide and Stattic treatment. Colonies formed in the clonogenic assay were stained and counted 

on day 14th. Each graph represents mean value ± SEM. Significance levels are * p<0.05, ** p<0.01, 

and *** p<0.001 and ns as non-significant. 
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3.4 Discussion 

Based on limited knowledge available on alternate STAT3 activation mechanism. This study, 

taking example of breast cancer as model system, deciphers the essential role played by 

noncanonical STAT3 pathway over its canonical counterpart in controlling activation, 

dimerization, transcription activity and downstream biological functions of the STAT3 

molecule. 

In order to develop a clear understanding of independent or interdependent mode of operation 

for canonical and noncanonical STAT3 pathway, we engineered a 3’UTR STAT3 shRNA 

knock down MCF 7 cell line model stably expressing clonal library of Phospho STAT3 

BRET constructs (Nluc-STAT3 and TurboFP-STAT3) carrying mutation either in single or 

multiple PTM sites. Using this model system, we determined that in response to IL6 or EGF 

stimulation, Y705F mutant can be induced for both pS727 and K685ac expression while in 

S727A clone though pY705 activation is intact, K685ac was completely blocked. These 

observations clearly indicate that phosphorylation event at Y705 and S727 site operates 

independently, while, K685ac was found to be dependent upon prior presence of pS727 

activation mark. At functional and phenotypic level, we found that breast cancer cells devoid 

of S727 and K685 activation marks showed significantly lower proliferation rate and less 

percentage of surviving fraction as compared to wild type or Y705F clones. Additionally, 

with Y705F mutant not much difference in phenotypic aspects was seen. These observations 

clearly indicate that in case of breast cancer cells it is the noncanonical pathway (pS727 and 

K685ac) that primarily controls the cell survival and proliferation functions as compared to 

classical canonical (pY705) counterpart. 

For STAT3 to localize to nucleus and work as an active transcription factor, 

homodimerization is very crucial. So far it was known that pY705 mediated STAT3 
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activation primarily controls STAT3 homodimerization and downstream biological functions 

(Berishaj et al, 2007). However, recently many literature suggests that  pS727 or K685ac 

(O'Shea et al, 2005; Yuan et al, 2005) can independently activate STAT3 molecule  even in 

absence of pY705 PTM (Hazan-Halevy et al, 2010). Therefore, taking advantage of the 

proximity dependent Phospho STAT3 BRET sensor developed in Chapter 2, we next 

determined the contribution of individual PTM site in regulating STAT3 dimerization event. 

For the first time in this study we report that in cells with pS727 activation site loss, the 

STAT3 homodimerization is significantly affected upon IL6 stimulation. Further when single 

site loss (Cl3- S727A) is accompanied by mutation at other PTM sites i.e. Cl5,7 and 8, a 

drastic drop in BRET homodimerization signal confirmed precise loss in proximity of the two 

STAT3 monomers. However, in Wt, Cl2 (Y705F) and Cl4 (K685R) mutants, under similar 

experimental conditions, a significant gain in BRET signal indicates sufficient STAT3 

homodimerization. The observations from live cell BRET study was further validated using 

Co-IP assay where S727A mutant showed more than 2-fold reduction in dimer formation 

ability as compared to Wt.  

Coming to the downstream function, STAT3 acts as a transcriptional regulator of 

downstream targets, where STAT3 dimer binds directly to many genes of oncogenic 

relevance (Carpenter & Lo, 2014). Therefore, to assess this potential, the transcriptional 

regulation ability of different STAT3 PTM mutants was verified for a few key genes of 

relevance in breast cancer like Cyclin D1, SOCS3 and TWIST 1(Carpenter & Lo, 2014). Not 

much change in the transcript levels of these known targets was observed in different PTM 

background indicating that all the mutants are transcriptionally active and both arms of 

STAT3 activation can control their expression equally. However, Her2, E-Cadherin and ERα 

showed altered expression w.r.t to different STAT3 PTM status. Her2 and E-Cadherin 

expression increased significantly in S727A and K685R mutants in comparison to Wt or 
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Y705F as observed with both immunoblotting and Immunofluorescence assay. While ERα 

levels dropped significantly in K685R mutant. With respect to Her2 being controlled by 

STAT3 there is only one report in which the authors found out that leptin mediated STAT3 

activation increases Hsp90 expression that in turn stabilizes Her2 protein in breast cancer 

(Giordano et al, 2013). We assume that similar downstream effect would too have occurred 

in our models also, thereby enhancing Her2 expression in the cells. Whereas reduced level of 

ERα in K685R mutant indicates that acetylated STAT3 is required for maintaining its 

expression either directly or indirectly in breast cancer. All these observations point out 

critical role played by noncanonical pathway (pS727 and K685ac) in controlling STAT3 

activation, homodimerization and downstream transcriptional functions. 

Based on data gathered in this study, it is evident that in breast cancer cells, noncanonical 

pathway plays predominant role of controlling STAT3 mediated downstream biological 

functions. And to inactivate the STAT3 molecule blocking both pY705 and pS727 activation 

is important. However, in current scenario majority of the drug inhibitors available against 

STAT3 have been tested for their ability to block pY705 activation without much attention 

towards the pS727 inhibition (Chen et al, 2018). Therefore, in this study, we test verify two 

STAT3 inhibitors Niclosamide and Stattic (discussed in chapter 2) for their ability to target 

STAT3 activation in different PTM mutant background of STAT3 molecule. Our data 

revealed that as compared to Stattic, well known STAT3 inhibitor, Niclosamide is a more 

potent drug candidate. With ability of niclosamide to block both pY705 and pS727 activation 

simultaneously, the percent surviving faction was significantly reduced in all the mutant 

background (Y705F, S727A and K685R) as compared to Wt. While Stattic being only a 

pY705 blocker showed effective reduction in surviving faction majorly for S727A mutant. 

Hence for complete blocking of STAT3 pathway, identifying inhibitors like Niclosamide is a 

much more rational and strategic approach. 
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3.5 Significance of the Study 

Pertaining to two different activation mechanisms -canonical and noncanonical pathway, that 

can trigger STAT3 activation, this chapter throws significant light on minute molecular 

details and bring strong evidences in favour of noncanonical pathway as an essential arm of 

STAT3 signaling operating in breast cancer cells. 

Using an efficient engineered model system and combinatorial PTM mutant library we have 

identified independent occurrence of canonical and noncanonical STAT3 pathway activation, 

that was not known earlier. Further for the first time in this study, using live cell Phospho 

BRET sensor we have shown that pS727 residue plays a key role in regulating stable STAT3 

homodimerization. While other PTM sites like pY705 or K685ac are less significant. This 

observation goes against the previous published report where K685 was identified as key 

player in STAT3 dimerization event (Yuan et al, 2005). However, the results from our study 

goes parallel with two recent published articles, where based on crystal structure of dimeric 

STAT3 and using a BiFC sensor in another study, no drastic difference in STAT3 

dimerization was observed upon K685 site loss.  (Belo et al, 2019).  

The stable homodimers formed in response to pS727 activation than translocate to nucleus 

and control expression of genes involved in cell proliferation and survival of breast cancer 

cells. Hence for blocking STAT3 activity, the targeting approach is now required to be 

modulated and pS727 inhibition should be considered in parallel to pY705 blocking (Figure 

3.10). In these lines, we have identified repurposed anti-helminthic drug Niclosamide, which 

is a dual blocker of STAT3 molecule (pY705 and pS727), and have shown its anti-cancer 

activity against MCF 7 breast cancer cells. In future more such inhibitors should be identified 

to facilitate successful STAT3 targeting. 
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           Figure 3.10. Noncanonical (pS727) pathway activation and function in breast cancer. Schematic 

representation of how pS727 PTM mediated stable STAT3 homodimerization controls essential cell 

survival, proliferation and transcriptional functions for STAT3 molecule in breast cancer. 
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Objective 3: To study the association of STAT3 PTMs (e.g. pY705, pS727 

and K685ac) with respect to breast cancer outcome 

4.1 Introduction 

Breast cancer (BC) is highly heterogeneous disease with different histological type, 

molecular signatures, clinical outcome and response to therapeutic treatment. Based on gene 

expression profiling and IHC staining for ERα, progesterone and Her2 receptor, BC can be 

classified into 4 major subtypes- Luminal A, Luminal B, Her2 high and Triple negative breast 

cancer (TNBC). Of all the subtypes known, TNBCs, represents the most aggressive subtype 

with poor prognosis (Fragomeni et al, 2018) (He et al, 2019). 

As the name suggest, triple negative breast cancer or TNBCs are characterised by absence of 

estrogen receptor, progesterone receptor or Her2 amplification (Yao et al, 2017). TNBCs are 

a heterogeneous group of tumours as identified both pathologically and clinically and 

comprises of overall 12-20% of breast cancer cases. Due to lack of targeted therapy, 

cytotoxic chemotherapy drugs and DNA damaging agents continues to be a mainstay 

approach for treatment in adjuvant, neoadjuvant or metastatic settings (Qin et al, 2019). Of 

all the TNBC patients that receive neoadjuvant chemotherapy, only 30% show pathologically 

complete response (pCR) with good survival. However, the remaining patients with  leftover 

tumor cells in the breast or lymph nodes after pre-operative therapy, have high chances of 

relapse with metastasis and overall poor survival (Balko et al, 2014).Considering the highly 

heterogeneous nature of the disease, so far there are no targeted therapies available and there 

are very limited number of inhibitors that have shown some success in clinical trials. 

Targeted therapies using PARP inhibitors, anti-EGFR and immunotherapies though have 

given promising clinical results however further critical investigations is still required (Yao et 

al, 2017). Recently efforts have been shifted to identify targetable or overexpressed 
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molecules as an alternative treatment approach. Genomic profiling of TNBCs have identified 

many such aberrantly activated and overexpressed signaling molecules, of which, one of 

them is STAT3. Growing number of evidences strongly suggest that STAT3 could be a 

potential therapeutic candidate against TNBCs (Qin et al, 2019).  

Signal transducer and activation of transcription 3 (STAT3), is known to be overexpressed in 

more than 60% of overall breast cancer cases (Alvarez et al, 2005; Walker et al, 2009). Once 

activated (pY705), STAT3 relays oncogenic signal from activated receptors on cell surface to 

nucleus, where it functions as a transcription factor to control expression of genes involved in 

growth and proliferation of cancer (Shalini Dimri, 2017).Though STAT3 is reported to be 

present in other BC subtypes, it is reported to be strongly associated with the triple negatives. 

In TNBCs, STAT3 is constitutively activated and it controls expression of target genes 

involved in initiation of tumor, progression, metastasis, immune evasion , imparting 

resistance to chemotherapy and overall poor survival (Qin et al, 2019). Apart from this, 

STAT3 is also reported to physiologically interact with other protein and transcription factors 

like TCPTP (Shields et al, 2013), GLI1 (Sirkisoon et al, 2018) and GRIM-19 (Zhou et al, 

2013)  that either indirectly or directly controls STAT3 pathway activation. Recently, new 

role of STAT3 has been identified in TNBCs  where it localizes to mitochondria and interacts 

with electron transport chain, regulate calcium homeostasis and controls ROS generation 

(Wegrzyn et al, 2009). Activation of STAT3 and its downstream oncogenic functions driven 

by pY705 activation is well defined in breast cancer, however the alternate noncanonical 

STAT3 pathway (pS727) majorly remain unexplored. With respect to BC there are few 

reports that strongly suggest a strong association between noncanonical pS727 STAT3 

activation and hormone negative BC type ; pS727 STAT3 is reported to have negative 

correlation with ER status of the  BC tissue sample (Yeh et al, 2006), acetylated STAT3 at 

K685 residue interacts with DNMT1 and suppresses expression of ERα gene and pS727 
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mediated STAT3 activation is essential for interaction with CBP300/p300 for full 

transactivation of the molecule (Lee et al, 2012; Wang et al, 2005). Though reports are 

available even in case of melanoma (Sakaguchi et al, 2012), chronic lymphocytic leukaemia 

(Hazan-Halevy et al, 2010) lung adenocarcinoma as well as in glioblastoma (Ouedraogo et 

al, 2016) for independent occurrence of pS727 mediated STAT3 activation and functions, not 

much is known about its role and expression in context of TNBCs. 

Despite extensive efforts, there is an unfulfilled need for therapeutic targeting and innovation 

of treatment for TNBCs. Recent data from both preclinical and clinical studies indicates 

critical role of STAT3 molecule in TNBCs (Qin et al, 2019) and thus a deeper understanding 

of the STAT3 pathway will strongly provide novel and alternative approaches for STAT3 

mediated targeted therapy against this subtype of BC. Taking this idea in consideration, in the 

present study we have retrospectively investigated the role of less explored noncanonical 

(pS727) and well known canonical STAT3 pathway together in TNBC cohort. Further as 

therapeutic approach, we have shown how dual blocking of STAT3 (pY705 and pS727) as 

achieved with NSA both in vitro and in vivo is a better treatment approach for STAT3 

positive TNBC tumours. 

4.2 Materials and Methods 

4.2.1 Materials 

Stattic (#S7024) was purchased from Selleckchem, (USA) and Niclosamide (#N3510) from 

Sigma-Aldrich (USA). EGF (#AF-100-15) and IL6 (#200-06) were from Peprotech (USA). 

D-Luciferin Firefly, potassium salt (# L-8220) was bought from Biosynth (Switzerland). 

Mouse-anti-STAT3 (#9139), rabbit-anti-pY705 STAT3 (#9145) antibodies were purchased 

from Cell Signalling (USA) and rabbit-anti-pS727-STAT3 (#E121-31) was bought from 

Abcam. Anti-CD44 APC (#559942) was bought from BD biosciences and anti-CD24 
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(#MA1-10154) was purchased Invitrogen. Secondary antibodies like anti-mouse HRP 

(#ab6728), rabbit- HRP/DAB detection IHC kit (#ab80436) was from Abcam and anti-rabbit-

HRP (#31460) was from Invitrogen. iClick EdU AndyFluor647 cell proliferation kit was 

bought from Genecopia (USA, #A006). IVIS Spectrum pre-clinical in vivo imaging system 

was from Perkin Elmer (USA). It is equipped with 20nm bandpass filters ranging from 500-

850nm. 

4.2.2 Clinical samples and Ethics statement 

The protocol for IHC study of total, pY705 and pS727 STAT3 was reviewed and approved in 

the Institutional Ethical Committee III (IEC III) meeting. Waiver of consent from the patients 

was also approved for the protocol by the IEC committee. For a total of 76 TNBC cases, 

formalin fixed and paraffin embedded (FFPE) tumour tissue blocks were procured from the 

ACTREC biorepository. For each case core biopsy block from breast cancer excision and 

paired post NACT (neoadjuvant chemotherapy) specimen was taken. The study cohort 

majorly comprises of patients in the age group from 24-72 years recruited between 2012-

2017. Clinical characteristics of the patients is given in Table 4.1. All the cases were grade 

III, infiltrating ductal carcinomas (IDCs) and TNBC subtype with median tumor size of 

6.50cm. Neoadjuvant chemotherapy regime majorly comprises of docetaxel, paclitaxel, 

carboplatin given either alone or in combination for 4-5 cycles followed by surgery. We also 

procured tumor tissue blocks for melanoma (n=4), lung adenocarcinoma (n=4) and few other 

breast cancer subtypes cancer i.e. Her2+ (n=5) and ER+/PR+ (n=5). 
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                     Table 4.1. Demographic information of the patients involved in the study. 

4.2.3 Immunohistochemistry (IHC) 

Standard IHC protocol was followed as reported previously (Chatterjee et al, 2013). Briefly, 

5 µm thick FFPE tissue section was taken on a glass slide and de-paraffinized by performing 

sequential xylene washes for three times/10mins each. Rehydration of the tissue was done by 

alcohol washes in gradient from 100% to 75%. Endogenous hydrogen peroxidase activity 

was blocked using 0.3% H2O2 solution. For antigen retrieval, Sodium citrate buffer pH 6.0 

was used and samples were boiled in microwave. Following antigen retrieval protein 

blocking was done using IHC kit from Abcam ((#ab80436). Primary antibody incubation was 

given for overnight at 4⁰C in humidified chamber (anti-STAT3 1:1000, anti-pY705 STAT3 

1:500 and anti-pS727 STAT3 1:1000). Next day, samples were processed for HRP incubation 

and DAB staining as per the manufacturer’s instructions. 
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4.2.4 IHC Scoring Methods 

For pathologist-based scoring Allred method was employed. In Allred scoring method two 

parameters are considered ; proportion of cells stained ( 0- no stain,1- les are considered than 

1%, 2- 1-10%,3-11-33%,4-35-66 % and 5- 67-100% cell stained) and intensity of the staining 

(0- negative, 1- weak,2- intermediate and 3- strong stain). Hence a total score is assigned out 

of 8 (Qureshi & Pervez, 2010). 

For digital scoring of DAB stain IHC profiler plugin in the ImageJ software was used. Over 

here scoring is done as mentioned previously (Chatterjee et al, 2013). The final score 

obtained is between 0-3 i.e.  0= negative, 1+ = weak positive, 2+ = positive and 3+ = strong 

positive. Depending upon localization of protein of interest cytoplasmic or nuclear mode of 

analysis can be selected (Varghese et al, 2014). 

4.2.5 Recombinant DNA Plasmid reconstruction 

For knockdown studies, shRNA oligos against 3’UTR region of STAT3  were annealed and 

cloned in pLL3.7-GFP vector under U6 promoter using HpaI and XhoI restriction sites as per 

the standard protocol (De et al, 2008).  

Fwd 3’UTRshRNA STAT3 – 5’GCTACATACTCCTGGCATTGC3’  

Rev 3’UTRshRNA STAT3 – 5’GCAATGCCAGGAGTATGTAGC 3’ 

4.2.6 Real Time PCR 

Total RNA from the cells was extracted using RNA extraction minikit (QIAGEN). 2µg RNA 

was used for preparation of cDNA using SuperScript III (Invitrogen) kit as per the 

manufacturer’s instructions. Real time PCR was done using Sybr green reagent and GAPDH 

was used as normalization control. Primer sequence for STAT3, OCT4 and SOX2 and 

GAPDH gene is as follows:  
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Fwd STAT3: 5' GGAGGAGTTGCAGCAAAAAG 

Rev STAT3: 5’ TGTGTTTGTGCCCAGAATGT  

Fwd GAPDH: 5' TGCACCACCAACTGCTTAGC 

Rev GAPDH: 5'GGCATGGACTGTGGTCATGAG 

Fwd OCT4: 5'GTGGAGAGCAACTCCGATG 

Rev OCT4: 5'TGCAGAGCTTTGATGTCCTG 

Fwd SOX2: 5'AACCCCAAGATGCACAACTC 

Rev SOX2: 5'GCTTAGCCTCGTCGATGAAC 

 

4.2.7 Cell culture 

MDA MB231 cells were cultured in L-15 medium (Sigma, USA) without NaHCO3 

supplemented with 10% FBS (Gibco, USA) and 1% Pen-step (Invitrogen, USA) in a CO2 free 

incubator at 37⁰C. MDA MB 231-Luc D3H2LN cells were cultured in DMEM medium 

supplemented 10% FBS (Gibco, USA) and 1% Pen-step (Invitrogen, USA) and maintained in 

5% CO2  incubator at 37⁰C. 

For knocking down endogenous STAT3 expression in MDA MB 231 cells, we prepared 

lentiviral particles in HEK293FT cells by transfecting with pLL3.7-GFP lentiviral vector 

containing 3’UTR STAT3 shRNA cassette along with virus envelope plasmids. MDA MB 

231 cells were stably transduced with the virus containing shRNA against STAT3 and high 

GFP assisted FACS sorting was performed to enrich knocked down clones with subsequent 

passages. 
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4.2.8 Immunoblotting 

Cell were trypsinized, harvested and washed with by 1XPBS. Cell pellet was resuspended in 

1X cell lysis buffer containing - 10 mM Tris-HCl (pH 7.5), 140 mM NaCl, 5 mM EDTA, 

2mM EGTA, 100mM NaF,100mM Na3VO4 ,100mM PMSF and protease inhibitor cocktail. 

Lysis was performed by sonication method at 10% amplitude with 10sec on/off cycle. The 

sample was centrifuged at 14000rpm/30min/4⁰C and supernatant was collected in separate 

tube. Protein estimation was done using Bradford reagent and approx. 50-60µg protein was 

loaded on 7.5% SDS-PAGE gel. Protein transfer was done in semidry Trans blot assembly at 

15V for 1hr at room temperature. Blocking was performed in 5% non-fat dry milk for 1hr at 

room temperature followed by primary antibody incubation [ STAT3 1:1000, pY705 STAT3 

1:500, pS727 STAT3 1:1000, K685ac STAT3 1:500, α-Tubulin 1:1000] overnight/4⁰C. Next 

day, secondary-HRP antibody treatment was given followed by developing the blot using 

ECL substrate in ChemiDoc system (Biorad, USA). 

4.2.9 Flow cytometry 

For CD24 and CD44 staining, 1X106  were collected in a tube and washed with FACS buffer 

((PBS, 5%FBS and 0.1% sodium azide) two times at 1000rpm/5min/4⁰C. Final pellet was 

resuspended in 100µl FACS buffer containing 10µl anti-CD44-APC and 10µl anti-CD24-PE 

antibody. Samples were incubated in dark on ice for 1hr.Cells were washed twice with chilled 

FACS buffer at 1000rpm/5min/4⁰C and final pellet was resuspended in 100µl FACS buffer. 

Acquisition was done in BD FACS Aria with respective filters for APC and PE emission. 

4.2.10 Cell survival and proliferation assay 

For EdU cell proliferation assay, EdU AndyFluor647 proliferation kit was used. Briefly, cells 

seeded at an appropriate density on a coverslip. Next day, EdU was added to each sample and 
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incubated for 24hrs.Processing of the coverslips was done as per the manufacturer’s 

instructions. Images were acquired in LSM780 (Leica) microscope with 633nm filter for EdU 

and 460nm filter for DAPI. 

For clonogenic assay, 1000 cells were counted and seeded in a 6-well plate in duplicates. 

Clones were allowed to form for 14days, after which the colonies were fixed with chilled 

methanol and stained with 0.5% crystal violet stain. 

4.2.11 Live cell luciferase assay 

For live cell luciferase assay, MDA MB 231-LucD3H2LN cells were seeded at the density of 

5000 cells/well in duplicate. Next day niclosamide or Stattic treatment was given at variable 

concentration. After every 24hrs of the treatment, luminescence signal was acquired in IVIS 

spectrum using open filter settings upon addition of D-luciferin substrate (1:100 diluted). 

4.2.12 Soft agar assay 

For anchorage independent growth assay 1X103 cells were seeded in triplicate in 6-well plate. 

The bottom layer was prepared with 1% low melting agarose density and top layer was 0.8% 

agarose in 2X medium with 5% FBS. On every 3rd day 50µl 2x medium was added to each 

well. Colonies were allowed to form for 22 days. 

4.2.13 Breast cancer xenograft model and in vivo anti-cancer study 

All animal experiments were performed in compliance with the standard protocol laid down 

by Institutional animal ethics committee (IAEC) for handling and care of small animals for 

experimental purpose. For developing breast cancer tumour xenograft model, 5X106 

luciferase labelled MDA MB 231-LucD3H2LN were implanted orthotopically at the 5th 

mammary fat pad of 6-8 weeks old female NOD/SCID mice in a maximum volume of 50µl. 

Once tumor are grown upto the size of 100mm3 , mice were randomly segregated into two 
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groups; control group and treatment group. Niclosamide treatment (50mg/kg) was given 

consecutively for 21 days via intraperitoneal injection. Tumour growth was monitored by 

performing non-invasive bioluminescence imaging (BLI) on every 7th day of the treatment by 

injecting 3mg D-luciferin (100µl in saline) via intraperitoneal route. Luminescence signal 

was acquired in IVIS spectrum with open filter settings. Post treatment termination, mice 

were sacrificed and organs were taken out for ex-vivo BLI imaging to monitor distant 

metastasis. Tumour volume was determined using digital Vernier Caliper on every 7th day of 

the treatment using the following formula: [length (mm) x (breadth)2 (mm)2 ] / 2. 

4.2.14 Statistical analysis 

For all statistical analysis SPSS 10.00 software was used. For all in vitro and in vivo analysis 

student t-test was employed. p value < 0.05 was considered as statistically significant. For 

clinical data analysis Kruskal Wallis H test was used for non-normal distribution and one-

way ANOVA was employed for normal distribution. For comparing variables within the 

group, Chi square test, student t-test, Mcnemar test and post hoc test was employed. 

 

4.3 Results 

4.3.1 pS727 STAT3 is predominately activated and shows positive association 

with the TNBC subtype  

To determine which pathway governs STAT3 activation in TNBCs, we performed IHC 

analysis for total, pY705 and pS727 STAT3 markers in 76 core biopsy and paired post NACT 

specimens. The demographic information about the study cohort is given in Table 4.1. For 

quantitative assessment of DAB staining, we employed two different scoring approaches; 

pathologist based (Allred method) and digital scoring method (IHC profiler). IHC staining for 
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both total and pS727 STAT3 showed strong to moderate positive nuclear localization with 

weak to moderate cytoplasmic staining. While pY705 was majorly negative or low positive 

for both nuclear and cytoplasmic expression. As a positive control for staining intensity, oral 

cancer tissue samples were used for total and pY705 STAT3 while a previously identified 

TNBC tissue was used for batchwise intensity variation for pS727 expression (Figure 4.1A). 

Quantitatively, of the 76-core biopsy and post NACT specimens analysed using Allred 

scoring method, 86.2% (66/76) were found to be positive for STAT3 expression with more 

than 92.1% of them constitutively phosphorylated at pS727 residue. In comparison, pY705 

form was found to be present in only 15.8% of STAT3 positive cases (p<0.001) (Figure 

4.2A). The observations made using Allred scoring method was further cross-verified by 

using our IHC profiler digital scoring method. IHC profiler scoring also confirmed strong 

nuclear positivity for total STAT3 (2+ to 3+ score) is associated with abundant pS727 

positivity (2+ to 3+ score) for majority of the cases (71/76). While pY705 expression was 

either negative or low positive (1+) in all the STAT3 positive cases (Figure 4.2B).  
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Figure 4.1. IHC DAB staining of total and PTM forms of STAT3 in TNBC tissue samples. (A) 

Bright field IHC microscopy images of core biopsy and paired post NACT TNBC samples stained with 

DAB for total, pS727 and pY705 markers individually. Oral cancer tissue sample was used as positive 

control for total and pY705 STAT3, while a TNBC case was used for pS727 staining control. Scale 

bar represent 100µ. 
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Figure 4.2. Quantitative IHC scoring for expression of total and phospho forms of STAT3 in 

TNBC tissue samples. (A) Distribution of pathologist-based Allred scoring for total, pY705 and 

pS727 STAT3 expression in 76 core biopsy and paired post NACT specimens. A total score is 

assigned out of 8 (intensity of stain and percent positive cells). (B) Distribution of IHC profiler score 

(0-3+) for 76 core biopsy and paired post NACT specimens 

 

Furthermore, though the chemotherapy regime was not given with the perspective of 

targeting STAT3, however the number of positive cases for both total STAT3 and its PTM 

activated forms reduced significantly when compared between pre and post-chemotherapy 

samples. The frequency of percent positive cases dropped from 86.2% to 63.2% (p<0.001) 

for total STAT3, 92.1% to 64.4% (p<0.001) for pS727 and 15.8% to 3.4% (p<0.01) for 

pY705 respectively (Figure 4.3A-C) as observed with both the scoring methods. 
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Figure 4.3. Effect of chemotherapy on expression of total and phospho forms of STAT3 in TNBC 

cases. (A-C) Distribution of percent cases positive or negative for total, pS727 and pY705 STAT3 

expression, respectively in 76 core biopsy and paired post NACT TNBC samples. 

 

Pertaining to similar expression pattern observed between total and pS727 STAT3 expression 

in tissue samples, we further performed independent correlation analysis to verify our 

observations. Person correlation value (r) of 0.49 (p<0.0005) showed significantly strong to 

moderate positive association between total and pS727 STAT3 expression in core biopsy 

specimens as analysed with two different scoring methods (Allred and IHC profiler scores). 

However, pY705 continued to show insignificantly low positive association (r = 0.2086, p<0. 
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0.0808) with total STAT3 expression (Table 4.2). In post NACT specimens also similar 

pattern was obtained. Both total and pS727 STAT3 expression had Person correlation value 

(r) of 0.54 for Allred method and 0.47 for IHC profiler indicating moderate to strong positive 

association, while for pY705 and total STAT3, the Person correlation value (r) was 0.12 for 

Allred method and 0.23 for IHC profiler method, highlighting weak positive association. 

These observations clearly indicate that pS727 mediated non-canonical STAT3 signaling 

predominates over pY705 canonical arm in TNBC subtype of breast cancer.  

 

 

Table 4.2. Pearson’s correlation analysis of total STAT3 expression with pY705 or pS727 

expression in core biopsy and post NACT specimens using two different scoring methods. 

Pearson’s correlation coefficient (r) = 0.1-0.3 small, 0.3-0.5= moderate, more than 0.5= strong 

positive association. 
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4.3.2 Correlation of Total STAT3 and its PTMs expression with different 

clinicopathological parameters 

Clinical characteristics of the TNBC patients involved in the study are listed in Table 4.1. 

The median age of the patients was 47 years (range: 24-72 years) and the average tumour size 

was 6.50±2.40 cm in diameter. When the expression pattern of total STAT3, pS727, pY705 

was correlated with different clinicopathological parameters, a positive association of pS727 

STAT3 expression was observed with apoptosis (p<0.001) and necrosis (p<0.017) in core 

biopsy specimens. Both total STAT3 and pS727 also showed positive correlation with mitotic 

score in core biopsy (p<0.001) as well as in paired post-NACT samples (p<0.017, p<0.008). 

Lymphocytic infiltration was seen high in post NACT cases with high total STAT3, pS727 

and pY705 expression (p=0.010, 0.004 and 0.044 respectively) (Table 4.3). A chi-square test 

of independence was also performed to examine the relationship between STAT3, pS727 and 

pY705 expression score with response status after NACT. No significant difference in the 

expression pattern of total and phospho forms of STAT3 was observed with respect to the 

pathological response after neoadjuvant chemotherapy. However, based on medical case 

records, cases with high STAT3 score or positive cases (89.58%) tend to have an incomplete 

response when compared with STAT3 negative cases (61.11%) (Figure 4.4A-C). No such 

observations of response status post NCAT was seen for pS727 and pY705 expression. Also, 

no significant difference in the expression of STAT3, pS727 and pY705 was observed with 

respect to age, menopausal status or stromal fibrosis in both before and after chemotherapy 

specimens.  

 

 

 



 

 
149 

 

Chapter 4: Role of STAT3 Signaling in Triple Negative Breast Cancer 

 

 

              Table 4.3. Clinical correlation of different clinicopathological parameters with total and pY705 or 

pS727 STAT3 expression before and after neoadjuvant chemotherapy. Significance levels are *p < 

0.05, **p < 0.01, and ***p < 0.001.  
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             Figure 4.4. Correlation of total and phospho forms of STAT3 expression with response to 

neoadjuvant chemotherapy. (A-C) Graphs representing percent cases with negative, intermediate or 

strong positive expression for total, pS727 and pY705 STAT3, respectively, with respect to response to 

chemotherapy i.e. CR= complete response and IR = incomplete response. Significance levels are *p 

< 0.05, **p < 0.01, and ***p < 0.001.  

 

4.3.3 Expression of total, pY705 and pS727 STAT3 in other cancers and breast 

cancer subtypes 

The differential pattern of STAT3 activation as observed in the TNBC patient samples 

intrigued us to investigate whether this is specific to TNBCs or it is seen in other BC 

subtypes, as well as in different type of cancers. To address this, we procured formalin fixed 
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and paraffin embedded (FFPE) tumour tissue blocks for Melanoma (n=4), lung 

adenocarcinoma (n=4), Luminal A BC subtype (n=5) and Her2+ (n=5) cases. IHC staining for 

total, pY705 and pS727 STAT3 was performed for individual cases and nuclear localization 

score was determined using digital scoring method. In both melanoma and lung 

adenocarcinoma samples total STAT3 expression was completely absent (Score=0), hence 

even pY705 and pS727 had IHC profiler score of 0 (Figure 4.5A). In luminal A subtype, 

total STAT3 expression was either moderate or weak positive in cytoplasm with no nuclear 

localization as observed in 3 out of 5 cases, except for two cases where moderate nuclear 

intensity was seen. Eventually, pS727 expression was negative in all the respective cases, 

while pY705 was found weak positive only in one case. Her2 subtype majorly had weak 

nuclear or cytoplasmic stain for total STAT3 expression. pY705 expression was absent in all 

the cases while pS727 was positive (weak positive) only in one case (Figure 4.5B-C). 

Overall, the distinct pS727 mediated STAT3 activation as observed in TNBCs was not seen 

in other BC subtype or the two different cancer types tested.  
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Figure 4.5. Expression of total and STAT3 PTM forms in other breast cancer subtypes as well as in 

other cancer type. (A) Microscopy images of IHC DAB stain for total, pY705 and pS727 STAT3 

expression in lung adenocarcinoma (n=4) and melanoma (n=4) tissue samples. (B) Microscopy 

images of IHC DAB stain for total, pY705 and pS727 STAT3 expression in Luminal (n=5) and Her2 

high (n=5) tissue samples. (C) IHC profiler score for nuclear expression of total, pS727 and pY705 

STAT3 expression in Her2 high and luminal subtype of breast cancer cases (0-3+). 

 

4.3.4 STAT3 signalling is essential for growth, proliferation and maintenance of 

CD44high/CD24low/- stem cell pool in triple negative breast cancer cells 

Compelling number of evidences point towards the role of STAT3 signalling in growth of ER 

negative tumours. Clinical data from our study also supports the upregulation of STAT3 



 

 
153 

 

Chapter 4: Role of STAT3 Signaling in Triple Negative Breast Cancer 

pathway in TNBCs. Hence, to further investigate the role of STAT3 signaling in growth and 

survival of hormone negative breast cancer subtype, we engineered MDA MB 231 cell line 

with endogenous STAT3 expression knocked down using 3’UTR shRNA approach. GFP 

positive stable KD clone was enriched by performing high GFP assisted cell sorting 

consecutively for 3-rounds, to finally achieve a 97% pure knockdown population (Figure 

4.6A). The effect of shRNA mediated STAT3 knockdown was confirmed at both mRNA and 

protein level. Quantitative real time PCR analysis showed more than 3-fold reduction 

(p<0.01) in STAT3 mRNA transcript levels post knockdown (Figure 4.6B). While 

immunoblotting for total and different PTM forms of STAT3 showed very less or no protein 

expression from the knockdown cell lysates (Figure 4.6C), thus confirming effective 

suppression of STAT3 protein expression in engineered 3’UTR shRNA MDA MB 231 

model. 
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Figure 4.6. Engineering 3’UTR knockdown STAT3 MDA MB 231 cell line. (A) Schematics for 

generation of MDA MB 231 cells having stable knock down of endogenous STAT3 expression using 

3’UTR shRNA approach with lentivirus plasmid (pLL3.7). Positive clones were enriched with FACS 

sorting for GFP positive cells to obtain a final 97% pure knockdown population. (B) Relative mRNA 

transcript levels of STAT3 upon stable knockdown. GAPDH was used as normalization control. (C) 

Immunoblot of parent and STAT3 knockdown clones probed for expression of total and PTM 

activated forms (pY705, pS727 and K685ac) of STAT3. Tubulin is used as a loading control. Each bar 

represents mean value ± SEM. Significance levels are ns p> 0.05, *p< 0.05, **p< 0.01, and ***p< 

0.001. 

Comparing the effect of STAT3 loss on functional and phenotypic aspects of TNBC cell line 

showed expected results. One of the important functions of STAT3 signaling is to control cell 
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proliferation. Hence when EdU incorporation assay was performed, parent MDA MB 231 

cells showed 58% EdU incorporation while KD clones only had 25% cell labelled for EdU. A 

difference of more than 2.5-fold reduction (p<0.01) in cell proliferation ability was evident 

with the STAT3 loss (Figure 4.7A). The effect of STAT3 depletion was also seen with long 

term cell survival assay where with KD clones formed significantly smaller number of 

colonies (p<0.01) than parent counterparts. Also, the size of the colonies formed was 

appreciably small (Figure 4.7B). Comparing the anchorage independent growth potential for 

the two population, with STAT3 loss MDA MB 231 cells lost the tumorigenic potential and a 

drop of more than 5-fold was observed in colony forming ability for the KD population on 

low adherent surface (Figure 4.7C). 
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Figure 4.7. Effect of STAT3 knockdown on growth and proliferation of MDA MB 231 cells. (A) 

Graph representing percent EdU positive cells in both parent and KD cells post 24hrs of EdU 

incubation (n=300 cells). Bottom image represents EdU positive cells stained with AndyFluor647 and 

nucleus with DAPI. (B) Average number of colonies formed post 14 days of seeding for clonogenic 

assay. Bottom image represents 6 well plate showing colonies stained using crystal violet stain. (C) 

Graph representing average number of colonies formed on low percentage agarose surface with 

parent and KD cells. Adjacent image represents colonies formed in the soft agar assay for individual 

population. Each bar represents mean value ± SEM. Significance levels are ns p> 0.05, *p< 0.05, 

**p< 0.01, and ***p< 0.001. 

 

Further, basal like breast cancer cells have stem cell population characterized by 

CD44high/+/CD24low/- cell surface markers. Flow cytometry analysis for both CD44 and CD24 

markers showed a drastic shift in the stem cell pool. From 82.2% in MDA MB 231 parent 

population, the CD44high/+/CD24low/- stem cell pool dropped down to only 3.4% in knockdown 

population (Figure 4.8A). To further affirm the effect of STAT3 loss on stem cell population 

of TNBC cells, quantitative real time PCR analysis for other stem cell markers like Oct-4 and 

Sox-2 was performed (Figure 4.8B-C). As expected, in STAT3 KD clones the expression 

level of both the stem cell markers was significantly downregulated (p<0.05 and 0.01 

respectively). Collectively, from above in vitro observations it is evident that STAT3 

signaling not only controls growth and proliferation of TNBC cells, but is also essential for 

maintenance of stem cell pool for this subtype. 
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Figure 4.8. Effect of STAT3 knockdown on Stem cell population in MDA MB 231 cells. (A) 

Flowcytometric distribution of stem cell population based on CD44 (anti-APC) and CD 24 (anti-PE) 

surface markers in parent and KD clones. (B-C) Relative mRNA transcript levels of stem cell markers 

Sox2 and Oct4 in parent and STAT3 KD population. GAPDH was used as normalization control. 

Each bar represents mean value ± SEM. Significance levels are ns p> 0.05, *p< 0.05, **p< 0.01, and 

***p< 0.001. 
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4.3.5 Niclosamide mediates its anti-tumour activity by targeting both arms of 

STAT3 signaling 

As observed previously, Niclosamide by the virtue of being a dual blocker significantly 

attenuated STAT3 activation in MCF PTM mutant expressing cells. To further, affirm 

whether the similar inhibitory action of Niclosamide is even mediated in TNBC BC subtype, 

we treated parent MDA MB 231 cells with increasing dose of Niclosamide and determined 

site-specific inhibition of total and phospho-PTM sites on STAT3 molecule using 

immunoblotting. As expected, in MDA MB 231 cells also both Stattic and NSA significantly 

blocked STAT3 activation via inhibition of phosphoY705 residue in a dose specific manner, 

where NSA concentration (2µM) required was at least 5-fold lower than Stattic (10µM) 

(Figure 4.9A-B). Additionally, as seen with MCF7 cells, in MDA MB 231 cells also NSA 

showed specific dose-dependent inhibition of pS727 (2-4µM) activation, for which Stattic 

was completely ineffective despite escalating the dose to a much higher concentration (upto 

20µM). Taking advantage of the BRET sensor developed in Chapter 2, we further 

demonstrated that NSA dependent decrease in both pY705 and pS727 levels drastically 

depleted the homodimerization ability of the STAT3 molecule (p<0.01). The inhibitory effect 

achieved with NSA treatment could not be rescued despite triggering with even high dose of 

EGF ligand (100ng). While Stattic treatment also successfully blocked the STAT3 

homodimerization event, however because of being only pY705 specific blocker, the effect 

was immediately lost as soon as EGF mediated induction was given (Figure 4.9C-E). Hence 

NSA mediated perturbation of STAT3 signaling in TNBCs is more drastic and stronger in 

comparison to Stattic. 
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Figure 4.9. Effect of Niclosamide and Stattic on STAT3 activation in MDA MB 231 cells. (A-B) 

Immunoblot of cell lysates from MDA MB 231 cells upon treatment with niclosamide (at different time 

points) and Stattic (24hrs), respectively, at variable concentration. Each blot was probed for total and 

PTM activated forms (pY705 and pS727) of STAT3 and tubulin was used as a loading control. (C) 

Schematics of working model for Phospho STAT3 BRET sensor.  (D-E) Corrected BRET ratio graph 

for MDA MB 231 cells expressing phospho STAT3 BRET sensor upon treatment with niclosamide and 

Stattic either in presence or absence of EGF. Each bar represents mean value ± SEM. Significance 

levels are ns p> 0.05, *p< 0.05, **p< 0.01, and ***p< 0.001. 

 

Further, to test verify the importance of differential STAT3 inhibitory functions in TNBC cell 

proliferation ability, live cell luciferase assay with parental MDA MB 231 LucD3H2LN cells 

was performed (Figure 4.10A). Over here NSA being dual blocking agent, successfully 

inhibited the growth of MDA MB 231 cells with even 5 times lower drug concentration than 

Stattic [2µM NSA (p<0.01) vs. 10µM Stattic (p=ns)] for a duration of upto 96hrs (Figure 
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4.10B-C). While, a further increase in the inhibitor concentrations led to significant cell death 

(p<0.001) with both the drugs. The potent effect of Niclosamide was even seen in long term 

cell survival assay where depleting endogenous STAT3 pool in MDA MB 231 cells 

significantly enhanced the sensitivity of the cells towards drug induced cell death (Figure 

4.10D-E). As compared to parent, in STAT3 KD condition, NSA dependent cell death was 

induced even with 1µM (30% surviving fraction, p<0.01) concentration that further increased 

when 2µM (10% surviving fraction, p<0.001) dose was used. While with Stattic, the effect 

was seen significantly only when high drug concentration was given (10µM, 10% surviving 

fraction, p<0.001). Therefore, unlike Stattic, NSA acts as a dual phospho-PTM blocker, 

resulting in significantly higher inhibition of STAT3 activation in TNBC cell line. Hence, 

based on the evidences gathered here and chapter 2, the new molecular basis of NSA drug 

function is revealed, which is important towards possible repurposing of NSA as an anti-

cancer agent in activated STAT3 positive TNBCs cases. 
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Figure 4.10. In vitro anti-cancer activity of niclosamide against TNBC cell line. (A) Representative 

image of 96 well plate showing luciferase signal at different time points from MDA MB 231-

LucD3H2LN cells treated with Stattic or niclosamide at different concentrations. (B-C) 

Representative graph of average radiance from cells in (A) upon treatment with niclosamide and 

Stattic, respectively, at different time points post treatment. (D) Percent surviving fractions in parent 

and STAT3 knockdown MDA MB 231 cells upon treatment with niclosamide or Stattic. (E) 

Representative clonogenic plate image of cells stained with 0.5% crystal violet stain to mark the 
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colonies. Each bar represents mean value ± SEM. Significance levels are ns p> 0.05, *p< 0.05, **p< 

0.01, and ***p< 0.001. 

 

4.3.6 In vivo anti-tumour efficacy of Niclosamide against STAT3 in triple 

negative breast cancer tumour xenograft model 

Based on observations made from clinical data it is evident that noncanonical pS727 STAT3 

pathway predominates in TNBCs and oncogenic signaling from STAT3 molecule is essential 

for growth and survival of MDA MB 231 TNBC cell line. In this context, we have further 

shown that effective inhibition of STAT3 pathway as achieved with dual blocking effect 

(pY705 and pS727) of Niclosamide inhibitor is a preferred treatment approach. Hence to 

finally evaluate the anti-cancer effect of NSA in vivo, we developed orthotopic tumour 

xenograft model.  

For in vivo efficacy study, 5X10^6 luciferase labelled MDA MB231-Luc (D3H2LN) cells 

were implanted orthotopically at the 5th mammary fat pad of female Balb/C NOD-SCID 

mice. Tumour growth was constantly monitored using serial non-invasive Bioluminescence 

imaging (BLI). When tumours attained approx. size of 2-3 mm (100mm3), the mice were 

randomly segregated into two groups; control and treatment. Drug treated group received 

50mg/kg body weight Niclosamide consecutively for 21 days via intraperitoneal injection, 

while control group was administered with vehicle (saline) solution (Figure 4.11). On every 

7th day of the treatment, tumour growth was monitored both by non-invasive BLI imaging as 

well as by digital recording of tumour volume (Figure 4.12A). Over here, quantitative 

assessment of BLI signal from the two groups showed that, mice receiving NSA treatment for 

21 days had a 3-fold reduction (p<0.001) in tumour BLI signal as compared to control growth 

(Figure 4.12B). Tumour volume determined for the treatment group also followed the similar 
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trend, where a difference of more than 10-fold (p<0.001) was achieved upon NSA 

administration (Figure 4.12C). MDA MB 231 cells are reported to be very aggressive with 

frequent tendency of in vivo metastasis. Hence, ex-vivo BLI imaging of lungs and bone was 

performed post termination of treatment schedule. In comparison to control group, mice with 

NSA treatment showed a smaller number of metastatic lung nodules (Figure 4.12D). Further, 

bone metastasis was determined by removing femur bone from same side of the body as that 

of primary tumour growth. While control group had significant bone mets, no BLI signal for 

metastatic MDA MB 231 cells was seen in treated group (Figure 4.12E), indicating that NSA 

treatment was able to successfully block bone metastasis in TNBCs. The body weight 

determined for both control and treatment group during the course of study showed no 

significant difference, further confirming that NSA administration as such has no adverse 

effect on the health of the mice (Figure 4.12F). Taken, together these results strongly 

confirm the in vivo anti-cancer effect of NSA as an effective drug against TNBCs. 

 

Figure 4.11. Schematics of the in vivo efficacy study for niclosamide using orthotopic tumor  

xenograft model from MDA MB 231 cells. 
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Figure 4.12. In vivo anti-tumour efficacy of niclosamide against TNBC tumor xenograft model. (A) 

Representative images of mice from control and treatment group at different time points of the 

imaging. (B) Quantitative average bioluminescence imaging (BLI) signal from control and treatment 

group at every 7th day of the treatment for 21 days. (C) Tumour volume graph for the same cohort in 

(B) in mm3. (D) Representative ex vivo image of lungs showing BLI signal from control and treatment 

group. Adjacent graph represents quantitative average BLI signal from the lungs for two groups. (E) 

Representative ex vivo image of femur bone showing BLI signal from control and treatment group. 

Adjacent graph represents quantitative average BLI signal from the thigh bone for the two groups. 
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(F) Body weight of mice (in grams) from control and treatment group during the course of the study. 

Each bar represents mean value ± SEM. Significance levels are ns p> 0.05, *p< 0.05, **p< 0.01, and 

***p< 0.001. 

 

4.4 Discussion: 

STAT3 being a downstream molecule in activation hierarchy , lies at the converging point for 

many upstream oncogenic pathways such as PI3K/Akt (Alonzi et al, 2001), MAPK/ERK 

(Gough et al, 2013) and Notch (Kamakura et al, 2004) etc. Activation of STAT3 is primarily 

driven by classical canonical pY705 activation that controls its homodimerization, nuclear 

translocation and transcriptional activities.  However, in the past many reports have emerged, 

that identifies new PTM sites (K685ac, pS727, K140me etc.) on STAT3 which can equally 

control its transcriptional and biological functions in different cancer types. Such reports has 

introduced a huge shift in clinical paradigm of STAT3 signaling and now pY705 is no more 

considered as a sole indictor for STAT3 pathway activation (Lee et al, 2012; Sellier et al, 

2013; Yang et al, 2010; Yeh et al, 2006). Results from experimental, preclinical and patient 

related studies have identified noncanonical STAT3 pathway (pS727 and K685ac) as an 

alternative arm for STAT3 to mediate its immediate biological functions. 

Increasing number of evidences strongly suggest key role of STAT3 signaling in growth of 

ER negative tumours. However, till date there is no clinical data available for STAT3 

activation in receptor negative subtype of breast cancer (TNBC) cases. To delineate this 

further, we performed IHC analysis for both canonical and noncanonical STAT3 activation 

marks in triple negative breast cancer cases (TNBC). Quantitative scoring of DAB staining 

for total, pY705 and pS727 STAT3 levels in 76 paired core biopsy and post NACT samples 

showed more than 86% cases are positive for total STAT3 expression. Among all STAT3 
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positive cases 90% of them were high positive for pS727 expression while pY705 was 

evident in only 15% STAT3 positive cases. Considering high expression of pS727 STAT3, a 

strong to moderate positive Pearson’s correlation was thus obtained between total and pS727 

STAT3 score. For all quantitative analysis we always validated our observations with two 

scoring methods- Allred and IHC profiler that showed high concordance. To determine 

whether this differential STAT3 activation is specific to TNBCs, we extended our study to 

melanoma, lung adenocarcinoma and other subtypes of breast cancer cases. Surprisingly, 

since total STAT3 was either negative or low positive in most of these samples, pS727 or 

pY705 expression was naturally absent. Further, correlating expression of total and PTM 

forms of STAT3 with clinicopathological parameters, we found that total STAT3 and pS727 

expression was high in core biopsy cases with high apoptotic, necrotic and mitotic score. 

While lymphocytic infiltration was seen more in cases with high STAT3, pS727 and pY705 

expression in the post NACT specimens. These observations clearly indicate that pS727 

mediated noncanonical STAT3 activation is the predominant mode for STAT3 to function in 

TNBC subtype of breast cancer. 

Intrigued by the observations from clinical study, we further demonstrated the significance of 

STAT3 signaling for TNBCs in vitro. By engineering a 3’UTR STAT3 knockdown MDA 

MB 231 cell line model functional role STAT3 signaling is revealed. Loss of STAT3 

expression in MDA MB 231 cell line not only affected the overall survival, proliferation and 

tumorigenic potential but it also led to a significant reduction in CD44high/CD24low CSC pool 

by downregulating expression of some of the important stem cell markers like Oct4 and 

Sox2. Collectively, observations from in vitro experiments further highlight the dominant 

functional role of STAT3 signaling for TNBCs. 

Considering the prevalence of two alternate arms (canonical pY705 and noncanonical pS727) 

that can activate STAT3 molecule in TNBCs, it is thus evident that to therapeutically target 
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STAT3 molecule, blocking both activation pathways is important. To achieve this, as 

discussed in Chapter 2 and 3, we have shown that Niclosamide is a potent inhibitor that can 

block STAT3 activation in MCF 7 cells. We thus explored the potential of this drug to work 

as an anti-cancer agent against TNBCs subtype of breast cancer. As expected, by the virtue of 

being dual blocker (pY705 and pS727) of STAT3 molecule, Niclosamide significantly 

reduced the cell survival functions in TNBCs in comparison to pY705 specific Stattic 

compound. To further validate the anti-cancer effect of niclosamide against TNBCs in 

preclinical settings, we developed a tumor xenograft model by implanting MDA MB 231-

LucD3H2LN cells orthotopically at the mammary fat pad of NOD/SCID. Niclosamide 

treatment significantly retarded the primary tumor growth as compared to untreated controls. 

Further, frequency of distant metastasis and growth at secondary site such as lungs and bone 

were also affected, where a decrease of more than 50% in BLI signal was obtained. 

In conclusion, the results here from both clinical and experimental set up provide convincing 

evidences for noncanonical pS727 PTM as dominant and independent mode for activation of 

STAT3 pathway in TNBCs. With the promising STAT3 inhibition dependent anti-cancer 

activity of niclosamide against TNBCs, in future it can be combined with existing 

chemotherapeutic drugs to increase treatment effect and achieve therapeutically complete 

response. Hence more efforts should now be employed in identifying inhibitors like 

niclosamide (dual STAT3 blocker) that can serve as a promising candidate for therapy less 

TNBC subtype.  
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4.5 Significance of the Study: 

Paving way for the significance of alternate STAT3 activation arm, this chapter brings novel 

insights onto the role played by noncanonical pS727 STAT3 oncogenic pathway in TNBC 

subtype of breast cancer. Considering the prevalent expression of pS727 PTM form in 

TNBCs that essentially controls majority of the STAT3 dependent downstream biological 

functions like; cell proliferation, survival, tumorigenic potential as well as maintaining the 

constant stem cell pool, targeting STAT3 would be a rational therapeutic approach. With the 

two different signaling arms- canonical pY705 and noncanonical pS727 regulating STAT3 

activation, it is thus evident that to target and inhibit STAT3 completely, it is extremely 

essential to remodify the drug development and targeting approach. 

For tumours having classical canonical pY705 activation as predominant pathway driving 

STAT3 functions, treatment with inhibitors like Stattic is a more straightforward approach. 

Stattic is a well-known specific pY705 blocker that effectively target the STAT3 addicted 

cancer cells by suppressing pY705 activation and STAT3 homodimerization. As expected, 

with specific targeting of the cancer cells using drugs against the overexpressed target 

molecule, the therapy response is eventually enhanced. Using Stattic against pY705 positive 

tumours is thus, a more preferred clinical approach. 

However, in case of tumours like, for e.g. TNBCs overexpressing the noncanonical pS727 

STAT3 pathway, using inhibitors like Stattic will lead to incomplete inhibition of the STAT3 

pathway. In this scenario, cancer cells expressing pY705 form of STAT3 will be targeted 

however the major population that is pS727 positive will be unaffected. This will not only 

lead to incomplete therapy response but will also produce cytotoxic effects upon dose 

escalation to achieve better treatment outcome. On contrary, using inhibitors like 

Niclosamide that are dual blockers of STAT3 pathway i.e. pY705 and pS727, will effectively 
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target both the populations of STAT3 despite its heterogenous expression in the tumor 

sample (Figure 4.13). The treatment outcome obtained with this particular strategy will be 

more effective and less cytotoxic. Hence, strong efforts in the direction to find more such 

inhibitors like Niclosamide are extremely essential to target STAT3 oncogenic pathway. 

 

Figure 4.13. Targeting STAT3 signaling in TNBCs. For a TNBC cohort overexpressing the 

canonical pY705 activation arm, targeting with Stattic (pY705 blocker) is an effective approach to 

achieve complete treatment response. However, for cases having predominant pS727 STAT3 positive 

population, use of STAT3 drug inhibitors like Stattic (only pY705 blocker) will lead to incomplete 

STAT3 inhibition and hence result in therapy failure. While using dual blockers like Niclosamide 

(pY705 and pS727) will effectively work on both pY705 and pS727 positive population to achieve 

complete STAT3 inhibition mediated treatment outcome. 
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Appendix 1- Materials and Methods 

Materials and Methods 

1. Reagents 

Inhibitors or Growth Factors 

Neratinib (#S2150), Losartan (#S1359), Stattic (#S7024) and Fingolimod (#S5002) were 

purchased from Selleckchem (USA). CI-994(#1742), AR-42 (#2716), Chidamide 

(#2261) and MS-275 (#1590) were from Biovision (USA). Wortmanin (#W1628), 

Niclosamide (#N3510) and Curcumin (#08511) were from Sigma (USA). ERK inhibitor 

U0126 (#9903) was purchased from Cell signaling (USA). 

Both EGF (#AF-100-15) and IL6 (#200-06) were procured from Peprotech (USA). 

      

     Commercially Available Kits Used in the Study 

Expose Mouse and Rabbit Specific HRP/DAB Detection IHC Kit (ab80436) from 

Abcam, iClick EdU AndyFluor647 cell proliferation kit from Genecopia (USA, #A006), 

RNeasy Mini Kit (74106) for RNA extraction from Qiagen, PureLink Quick Plasmid 

Miniprep Kit (K210010) from Invitrogen, QIAquick PCR and Gel cleanup kit (28115) 

from Qiagen and SuerScript III First-strand synthesis system (18080051) from Invitrogen. 

 

Cell Culture Materials 

RPMI (31800-02), DMEM (12800-017), Heat inactivated FBS (10082-147), Antibiotic-

Antimycotic (15240-062), 0.25% Trypsin-EDTA (25200-072), Lipofectamine 2000 

transfection reagent and Zeocin (R25005) all were purchased from Invitrogen (USA). L-

15 (Leibovitz) medium (L4386) was from Sigma (USA). Ultrapure water (Resistivity = 

18 MΩ cm) obtained from MilliQ water plant (Millipore, Billerica,USA) was autoclaved 

and further utilised for preparing all solutions, reagents and cell culture medium. 

Disposable sterile plastic ware tissue culture grade was obtained from Nunc. Disposable 

plastic ware (certified DNase, RNase, and protease-free) was obtained from Axygen.  
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List of antibodies used in the study 

Antibody Name Catalogue Number Company 

Mouse-anti-Total STAT3 9139 Cell Signalling (USA) 

Rabbit-anti-pY705 STAT3 9145 Cell Signalling (USA) 

Rabbit-anti-pS727 STAT3 E121-31 Abcam (USA) 

Rabbit-anti-K685ac STAT3 2523 Cell Signalling (USA) 

Mouse-anti-α Tubulin T9026 Sigma (USA) 

Rabbit-anti-Cyclin D1 ab134175 Abcam (USA) 

Mouse-anti-Her2 ab8054 Abcam (USA) 

Goat-anti-Rabbit Dylight 633 35562 Thermo Fischer (USA) 

Goat-anti-Mouse Dylight 633 35512 Thermo Fischer (USA) 

Rabbit-anti-Nanoluciferase Commercially not available 

(provided as a gift) 

Promega (USA) 

Mouse-anti-RFP 125244 Abcam (USA) 

Mouse-anti human-CD44 

APC 

559942 BD Biosciences (USA) 

Mouse-anti-CD24 (SN3) 

human-PE 

MA1-10154 Invitrogen (USA) 

Rabbit-anti-mouse IgG-HRP ab6728 Abcam (USA) 

Goat-anti-rabbit IgG-HRP 31460 Invitrogen (USA) 

 

Chemical Reagents 

Poly L-Lysine (P8920), TRIS (T1378), Tween-20 (P9416), BSA (A7030), 

DAPI (D8417), β -mercaptoethanol (M3148), PIPES (P2949), CaCl2 (C7902), MnCl2 

(M8054), MgCl2 (M4880), NaCl (71736), Ampicillin salt (A9518), DEPC 

(D5758), DMSO (D8418), EDTA, Ethidium bromide (E8751), L-15 (L4386), Para 
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formaldehyde (P6148), Triton X-100 (T8787), HEPES (H4034), Ponceau stain (P7170), 

Bradford reagent (B6916), Formamide (F9037), DAB enhanced liquid substrate system 

(D3939), Sodium citrate (W302600) were from Sigma. 

 

Methanol (Merck 106009), Glacial Acetic Acid (Merck 100063), Ethanol (SD fine 

chemical 58051), Boric acid (Merck 194810), Formaldehyde (CB4F640180), Protease 

inhibitor cocktail (Merck 535140) and Prism ultra-protein ladder (ab116028) was 

obtained from Abcam. 

 

10X DNA loading dye (10816-015), agarose powder (15510-027, MicroAmp optical 384-

well reaction plate with Barcode (4309849) and MicroAmp optical adhesive film kit 

(4313663) and MTT (M6494) reagent was from Invitrogen (Applied biosystems). 

 

Xylene (32297) and Pfu Fusion polymerase (F-530S) and 10mM dNTPs (R0191) were 

from Thermo Fischer. D-luciferin (L8220) for in vivo imaging was obtained from 

Biosynth International, Switzerland and Furimazine (N1110) from Promega 

corporation. Vectashield (H1000) was obtained from Vector laboratories and both 

Luria broth and agar were obtained from HiMedia (M557 & M575). All restriction 

enzymes, T4 DNA ligase, Taq DNA polymerase (M0273L), molecular biology buffers 

and DNA gel ladder were obtained from NEB. 

Equipment’s 

 

Agarose gel casting assembly, Protein gel casting assembly (well comb, thick and thin 

plates), SDS and agarose gel electrophoresis unit, semi dry trans blot assembly and power 

pack were purchased from BioRad. IVIS Spectrum pre-clinical in vivo imaging system 

and IVIS Lumina were from Perkin Elmer. Quant Studio 12K Flex RT PCR machine 

was from Applied Biosystems. 

 

2. Bacterial culture work  

For all bacterial culture work DH5α strain of E. coli was used and grown in Luria Bertani 

(LB) medium or agar plate with appropriate antibiotic section marker. LB medium was 

prepared by dissolving 20g of powdered Luria broth powder (Himedia) in 1000ml of 

autoclaved double distilled water (ddH2O) and sterilised by autoclaving. For LB agar 
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plates, 35g Luria broth powder was dissolved in 1000ml ddH2O and autoclaved for 

sterilization. After autoclaving, appropriate antibiotic marker was added to the LB agar 

broth (37⁰C temperature) and poured onto 90mm sterile plastic bacterial plates (Tarsons). 

 

2.1 Preparation of competent cells 

Preparation of Super optimal broth (SOB):  Super optimal broth consists of following 

two solutions that are mixed only upon prior to use. 

Solution A: For 100ml SOB, 2% Bactotryptone, 0.5% Yeast extract, 10mM NaCl and 

2.5mM KCl was dissolved in 100ml sterile autoclaved MilliQ. The SOB was then 

autoclaved and kept at room temperature for 24hrs for sterility check. 

Solution B: For solution B, 10mM MgCl2 and 10mM MgSO4 were weighed and 

dissolved in autoclaved MilliQ. They were further sterilised by passing through 0.2µ 

syringe filter. 

Just before use solution B was added to solution A. 

Transformation Buffer: 10mM PIPES sodium salt, 15mM calcium chloride (CaCl2) and 

250mM potassium dichloride (KCl2) were weighed and dissolved in 50ml autoclaved 

MilliQ. pH of the solution was adjusted to 6.7 using 5N NaOH and then 55mM MnCl2 

was added. The final volume was made upto 100ml and the solution was sterilized by 

passing through 0.2µ syringe filter. The buffer was stored at -20⁰C till further use. 

Procedure: 

1. Glycerol stock of DH5α E. coli strain was streaked onto sterile LB agar plate without 

antibiotics selection and kept overnight at 37⁰C incubator for growth. 

2. Next day, single colony from overnight grown DH5α E. coli plate was inoculated in 

100ml SOB buffer and kept at 18⁰C/ 150rpm for 2-3 days till optical density (O.D) 

reaches to about 0.6.  

3. Once the O.D reaches 0.6, the flask with bacterial growth was kept on ice for 20mins. 

Cells were harvested by centrifugation at 4000rpm/4⁰C for 10mins. 

4. The pellet was resuspended in 20ml ice cold transformation buffer and incubated in 

ice for 10mins followed by centrifugation at 4000rpm/4⁰C for 10mins. (This step was 

repeated twice for better efficiency competent cells) 



 

 
198 

 

Appendix 1- Materials and Methods 

5. The final pellet was resuspended in 1.860ml of transformation buffer and 140µl 

DMSO (7%) was added to it. 

6. Aliquots of 100µl competent cells were made in sterile 1.5ml microfuge tubes and 

snap frozen using liquid nitrogen (N2). The cells were stored in -80⁰C for further use. 

2.2 Bacterial Transformation 

1. For transforming plasmid DNA, 100µl competent cells were thawed on ice and 1-

4ng of uncut plasmid DNA / 10µl of ligation reaction mix / 10µl of DpnI digested 

site directed mutagenesis plasmid product was added to the cells. 

2. The mixture of cells and plasmid was incubated in ice for 30mins with gentle 

tapping in between at every 10mins. After this the cells were given heat shock at 

42⁰C for 90sec and kept for cooling in ice for 5mins. 

3. 900µl LB medium was added to the cells and kept for revival at 37⁰C/180rpm for 

60 mins. 

4. The cells were then centrifuged at 2000rpm for 5mins at room temperature and 

900µl supernatant was removed. The final pellet was resuspended in 100ul of left 

over supernatant and plated onto LB agar plate with required selection marker. 

5. For growth of the colonies the plates were incubated at 37⁰C for 16hours and 

sealed with parafilm before storing at 4⁰C for 1 week. 

 

3. Molecular cloning and Site directed mutagenesis 

3.1 Polymerase chain reaction (PCR) 

For PCR amplification of STAT3, TurboFP and Nanoluciferase gene following reaction 

set was used: 

Components Volume (µl) 

Autoclaved MilliQ 15.5 

10X High fidelity buffer (Thermo Fischer) 5 

Template DNA (20ng/µl) 1 

Forward Primer (100pmol/µl) 1 

Reverse Primer (100pmol/µl) 1 

dNTP mix ((10mM, Thermo Fischer) 1 

Phusion Enzyme 0.5 

Total Volume 25ul 



 

 
199 

 

Appendix 1- Materials and Methods 

   PCR reaction conditions were as follows: 

PCR Steps Temperature and Time 

 STAT3 TurboFP635 Nanoluc 

Initial denaturation 95⁰C – 3min 95⁰C – 3min 95⁰C – 3min 

Denaturation 95⁰C – 30sec 95⁰C – 30sec 95⁰C – 30sec 

Primer annealing 54⁰C – 25sec 52⁰C – 25sec 52⁰C – 25sec 

Primer extension 72⁰C – 2min 72⁰C – 1min 72⁰C – 1min 

Final extension 72⁰C – 15min 72⁰C – 10min 72⁰C – 10min 

Hold 4⁰C- ∞ 4⁰C- ∞ 4⁰C- ∞ 

 

3.2 Agarose gel electrophoresis 

Procedure 

1. Depending upon size of DNA to be resolved, agarose gel (0.6-2%) was prepared by 

dissolving required amount of agarose powder (Himedia) in 1X TBE buffer (Tris 

Borate-EDTA buffer) by boiling in microwave. For visualization of DNA 0.5 

µg/ml of EtBr dye (10mg/ml Stock) was added to the solubilised agarose. 

2. Agarose solution was poured onto the plate, assembled in the agarose gel casting 

assembly and allowed to solidify.  

3. Once the gel is solidified, it was transferred onto DNA agarose gel electrophoresis 

tank filled with 1XTBE buffer. 

4. Samples were prepared in 10X DNA loading dye (Thermo Fischer, USA) that 

contains glycerol for viscosity and bromophenol blue for tracking DNA movement in 

the gel. 

5. Samples were run along with reference DNA ladder (NEB) at required voltage and 

time and visualised using UV Gel dock system. 

 

3.3 DNA Gel Extraction 

PCR amplified products or restriction enzyme digested DNA ran on agarose gel were 

excised and purified using QIAquick Gel Extraction Kit (Qiagen). The protocol is as 

follows: 
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1. DNA fragment of interest was excised from the agarose gel under UV light using a 

sterile and clean scalpel. 

2. The gel was weighed and 3 volumes of QG buffer was added to one volume of gel 

(i.e. 100mg gel = 100µl gel volume so 300 µl QG buffer should be added). 

3. Reaction was incubated at 50⁰C for 10mins or till the gel is completely dissolved. The 

tube was gently vortexed after every 2-3mins of incubation. 

4. Add one volume of isopropanol to the sample and mix by vortexing. 

5. Transfer entire solution to QIAquick spin column provided with 2ml collection tube. 

Incubate the reaction for 5mins at room temperature for binding of DNA to column. 

6. Centrifuge the tubes at 13000rpm/1min/RT and discard the flow through. 

7. Add 750µl Buffer PE to the column and incubate for 2mins. Centrifuge the tubes at 

13000rpm/1min/RT. (Repeat this step 2 times if required to improve the 260/230 

ratio) 

8. Dry spin the column by centrifugation at 13000rpm/1min/RT. 

9. Transfer the column to 1.5ml sterile microfuge tube and add 30-50µl warm 

autoclaved milliQ. Incubate the column with milliQ for 5-10mins at RT. 

10. Centrifuge the sample at 13000rpm/2min/RT. Discard the column and preserve the 

eluted DNA product at -20⁰C 

 

3.4 Restriction Digestion 

Restriction enzymes (RE) used are; NheI, SalI, SacI, XhoI, BamHI, EcoRI and BglII 

(from NEB). Compatible buffers: 1.1, 2.1, 3.1 and cut smart buffer (NEB) were selected 

based on RE pair. 

For digesting the PCR purified product or parent vector for insertion, the restriction 

enzyme reaction was set up as per requirement. Depending upon single or double 

digestion the reaction volume can be adjusted and the compatible buffer with maximum 

activity for the enzyme is always selected. Basic RE digestion reaction is given below. 

The digestion reaction mix is incubated at 37⁰C for overnight. 
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Components Volume (µl) 

Nuclease free water 32 

10X Buffer* 5 

DNA (1µg) 1 

Enzyme 1 1 

Enzyme 2 1 

Total Volume 50 

 

                      *Depending upon compatibility of the two enzymes, the buffer is selected 

3.5 DNA Ligation 

For ligating digested DNA and insert, ligation reaction was set depending upon the 

concentration of the insert. For all ligation reaction in the study a ratio of 1:3 was 

followed i.e. one part of DNA and 3 parts of insert in molar quantity. The amount of 

insert to be taken was calculated from NEB ligation calculator 

(http://nebiocalculator.neb.com/#!/ligation). 

1. Ligation reaction was set up as given in below table. T4DNA ligase buffer was 

thawed at room temperature and vortexed till all precipitates are dissolved. 

 

Components Volume (µl) 

Nuclease free water APR 

10X T4 DNA ligase buffer 2 

Digested vector (ng) 30-50ng 

Insert DNA (ng) As per molar ratio 

T4 DNA Ligase 1 

Total Volume 20 

 

2. Reaction mixture was prepared and mixed by pipetting up and down multiple times or 

vortex gently. (As a control, in parallel another ligation reaction without insert was 

also kept) 

3. The reaction was incubated at 22⁰C for 5hrs (STAT3 insertion) or 16⁰C for overnight 

(TurboFP or Nluc cloning). To stop the reaction, the enzyme was heat inactivated at 

65⁰C for 5mins. The reaction can be stored at -20⁰C or proceed for transformation. 

http://nebiocalculator.neb.com/#!/ligation
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4. For transformation, 10µl ligation mix was added to 100µl thawed competent cells 

(transformation efficiency 107 – 108) and transformation was performed as per the 

protocol mentioned previously. 

5. Transformed E. coli cells were plated onto LB agar plate with required selection 

marker and incubated overnight at 37⁰C for a maximum of 16hrs. 

6. Next day, colonies were inoculated in LB medium and plasmid was extracted using 

QIAprep Spin Miniprep Kit. 

7. Colonies were screened either by PCR or restriction enzyme digestion. Final positive 

clones were further confirmed by sequencing using automated DNA sequencer 

(Applied Biosystems- ABI) installed in genomics facility, ACTREC. 

 

3.6 Plasmid DNA extraction 

Plasmid DNA was extracted using QIAprep Spin Miniprep Kit (#27106) and steps 

were followed as per the manufacturer’s instructions. 

1. 5ml of overnight grown bacterial culture was centrifuges at 3000rpm/5min at 

room temperature. 

2. Bacterial pellet was resuspended in 250µl Buffer P1 and transferred to 1.5ml 

microcentrifuge tube. 

3. Buffer P2 was added to the lysate and it was mixed thoroughly by inverting the 

tubes 10times. The tubes were incubated in buffer P2 for 5mins at RT. 

4. 350µl Buffer P3 was added to lysate and tubes were inverted 5-6times to 

thoroughly mix the sample. Above mixture was then centrifuged at 14000rpm for 

10mins at RT. Supernatant was transferred to QIAprep 2.0 Spin columns and 

incubated for 5mins at RT. 

5. The column was centrifuges at 14000rpm for 1min. Flow through was discarded 

and 750µl buffer PE was added to the column. 

6. The tubes were centrifuged at 14000rpm for 1min. Flow through was discarded 

and tubes were given a dry spin for additional 1min. 

7. The columns were transferred to 1.5ml sterile microfuge tubes and 30µl warm 

autoclaved milliQ was added. 

8. The tubes were incubated for 5mins at RT and centrifuged at 14000rpm for 2min. 

9. Eluted DNA was stored at -20⁰C till further use. 
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3.7 Site Directed Mutagenesis 

Site directed mutagenesis (SDM) is a classical in vitro approach of introducing mutation 

at a specific site in known DNA sequence. Apart from introducing mutation other DNA 

alterations like insertion, deletion or substitution can also be performed. SDM is a 

versatile technique that modifies gene sequence and can be used to study structural and 

functional property of a protein, interaction of transcription factors to specific promoter 

sequence or promoter activity. 

Primer designing rules: 

1. Both the primer pair should contain the desired mutation and should bind to the same 

DNA sequence on opposite strands.  

2. Primers should be approximately 25-30bp in length, with desired nucleotide of change 

exactly in the middle flanked by equal number of nucleotides from both the sides. 

3. Primer should be free of palindromic and repetitive DNA sequences. 

4. Forward and reverse primers designed should be complementary to each other. 

5. GC content of the primers should be approx. 40% and it should terminate with one or 

more C or G nucleotides. 

6. The Tm of the primers should be equal to or greater than 78⁰C and it is calculated by 

the following formula: 

T m = 81.5 + 0.41(%GC) - 675 / N - % mismatch (where N is the primer length in 

base pairs) 

7. Primer concentration in the PCR reaction should be in excess. 

SDM can be done for any double stranded DNA by using the following steps: 

DNA template preparation:  The plasmid of interest was transformed in E. coli bacteria 

and using plasmid miniprep extraction kit, DNA was isolated from parental E. coli cells. 

The plasmid from E. coli cells contain methylated DNA which is sensitive to DpnI 

enzyme digestion. 

PCR amplification: 

Temperature cycling in PCR for SDM contains three important steps: 

a) Denaturation:  In this step, the template double stranded DNA is denatured to allow 

primer bonding 
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b) Annealing: In this step the mutagenic complementary primer pair binds to same DNA 

sequence on opposite stands 

c) Extension: pfu turbo DNA polymerase does not displace the newly synthesised 

daughter DNA strand and stops the extension once parent DNA is copied, is used for 

extending the SDM primers. As a result, nicked double stranded DNA is formed in 

each cycle of amplification. 

 

Components Volume (µl) 

Nuclease free water 34.5 

5x high fidelity buffer 10 

Forward Primer (150ng/µl) 1 

Reverse Primer (150ng/µl) 1 

dNTPs (10mM) 2 

Template DNA (150ng/µl) 1 

Pfu Turbo enzyme 0.5 

Total Volume 50 

 

      DpnI digestion 

DpnI endonuclease is a highly specific nuclease for methylated and hemi-methylated 

DNA stands (target sequence- 5’-Gm6ATC-3’). Hence upon treatment of mutagenic PCR 

product with DpnI enzyme, the parental methylated DNA will be degraded by the DpnI 

enzyme, leaving the daughter DNA strand with specific mutation intact. Reaction set up 

for DpnI digestion is as follows: 

Components Volume 

(µl) 

Nuclease free water 2 

10X Cut smart buffer (NEB) 2 

SDM PCR Product 15 

DpnI enzyme 1 

Total Volume 20 

    

       DpnI digestion is performed overnight at 37⁰C. 
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Transformation 

After DpnI digestion, the nicked double stranded DNA is transformed in DH5α E. coli 

cells where the nicked DNA is repaired by the bacterial DNA ligase. The colonies 

obtained after transformation were grown in LB medium and plasmid DNA was 

extracted. Mutation at desired site was confirmed by sequencing. 

4. Mammalian Cell Culture 

Cell line maintenance and Sub culturing 

Standard aseptic practice was followed for performing cell culture. All the adherent cell 

lines were maintained and sub-cultured in their respective media supplemented with 10% 

FBS, 100U/ml penicillin and 10μg/ml streptomycin solutions. 

Sub culturing of Cells 

1. Old medium was aspirated out of the culture plate using sterile glass pipette. 

2. The cells were given two gentle washes with 1XPBS buffer. 

3. 1ml trypsin-EDTA solution was added to the plate drop by drop from the top to cover 

the entire surface and the plates were kept in 37⁰C incubator for 1-2mins. 

4. Activity of trypsin was neutralized by adding 2ml complete medium (1 part of 

trypsin: 2 parts of medium). 

5. Cells were collected by flushing the medium throughout the surface of the plate and 

transferred to 15ml tube followed by centrifugation at 1000rpm for 5mins at 4⁰C. 

6. Supernatant was discarded and pellet was resuspended in 1ml 1XPBS buffer and 

again centrifuged at 1000rpm for 5mins at 4⁰C. 

7. Final cell pellet was resuspended in 1ml complete medium. A portion of cell 

suspension was reseeded in new culture plate with fresh complete medium and the 

rest was discarded. 

 

Cryopreservation 

1. Adherent cells were trypsinized and collected in 15ml tube. 

2. Cells were washed twice, once with complete medium and once with 1XPBS by 

centrifugation at 1000rpm for 5mins at 4⁰C. 

3. Final pellet containing 1-2X106 cells was resuspended well in 1ml freezing medium 

(950µl FBS and 50µl DMSO). 

4. Vials were kept in freezing container filled with isopropanol and transferred to -80⁰C. 
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5. The vials were transferred to liq N2 next day for long term storage of the cells. 

 

Revival of Cryopreserved vials 

1. Vial removed from liquid N2 was immediately transferred to water bath set at 37⁰C. 

2. Thawed cells were resuspended in 1ml complete medium and centrifuged at 

1000rpm/5mins at 4⁰C. 

3. Supernatant was removed and cell were again resuspended in 1XPBS and centrifuged 

at 1000rpm/5mins at 4⁰C. 

4. Final pellet was resuspended in suitable culture medium and plated in 35 or 60mm 

dish containing complete medium with FBS and pen strep. 

5. Cells were allowed to recover and revive at 37⁰C incubator with 5% CO2 supply for 

overnight. 

6. Next day, Cell revival was confirmed by visualizing under the light microscope. 

 

5. Transfection of mammalian cell lines  

Transfection  

All mammalian cell transfections performed in the study were done using Lipofectamine 

2000 transfection reagent (Invitrogen). For transfection following steps were followed: 

1. One day before transfection, cells were counted and seeded at an appropriate density 

as recommended by the manufacturer for respective plate format. 

2. On day of transfection, the cells should be around 70% confluent for good efficiency. 

3. In one tube lipofectamine was added to serum negative medium and in another tube 

DNA and serum negative medium mixture was prepared. Both the samples were 

incubated for 5mins at RT. [ volume of medium, amount of DNA and volume of 

lipofectamine reagent was chosen based on manufacturer’s instructions and plate 

format] 

4. After 5mins, lipofectamine mix was added to DNA samples. The tubes were vortexed 

and incubated for another 20mins at RT. 

5. In the meanwhile, the cells were washed with 1XPBS and supplemented with fresh 

complete medium. 

6. After 20mins incubation is over, the transfection mix was added to respective plates 

form the top and the plates were gently stirred to allow mixing. 

7. Cells were incubated with the transfection cocktail for 6hrs at 37⁰C and 5% CO2. 
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8. After 6hrs, the medium was replaced and cells were kept at 37⁰C and 5% CO2 till 

further use. 

 

6. Cell survival assay 

Clonogenic Assay 

1. After treating the cells with either Stattic or Niclosamide, the cells were trypsinized 

and collected in 1.5ml sterile microcentrifuge tube. 

2. Cells were washed with 1XPBS and counted in haemocytometer. 

3. 1000 cells per well in 6-well plate were seeded for both treatment and control set in 

duplicates. 

4. Cells were kept in incubator at 37⁰C with 5% CO2 for next 14days to allow colony 

formation from single cells 

5. After every two or three days the old medium was replenished with fresh medium. 

6. On 14th day post seeding, the medium was removed and cells were washed twice with 

1XPBS. 

7. Colonies were fixed with chilled methanol for 10mins at 4⁰C without agitation. 

8. Methanol was removed and 0.5% crystal violet dye prepared in 25% methanol was 

added to the cells. The incubation was done for 5mins at room temperature. 

9. After 5mins, crystal violet dye was removed and excess stain was removed by 

washing thoroughly with tap water. 

10. Plates were allowed to air dry overnight at room temperature. 

11. Next day number of colonies from each well (a bunch of atleast 50cells was counted 

as a single colony) was counted using high magnification lenses and percent surviving 

fraction was determined with respect to untreated controls. 

 

7. Real Time PCR of quantitative gene expression 

RNA Extraction 

For extracting RNA from cells RNeasy mini kit (Qiagen) was used. The protocol is as 

follows: 

1. 70-80% confluent monolayer cells were trypsinized and collected in 1.5ml sterile 

microcentrifuge tubes. 

2. Cells were given two washed with 1XPBS at 1000rpm for 5mins at 4⁰C. 

3. Cell pellet was dissolved in 350µl RLT buffer by pipetting up and down. 
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4. Using hand homogenizer, the cells were homogenised continuously for 30sec. 

5. 350µl, 70% alcohol prepared in DEPEC water was added to homogenised cells and 

mixed well. 

6. Entire solution was loaded onto RNeasy spin column mounted over 2ml collection 

tube and allowed to bind for 5mins. 

7. The column was centrifuged at 13000rpm for 30secs at RT and flow through was 

discarded. 

8. 700µl RW1 buffer was added to the spin column and centrifuged at 13000rpm for 

30secs at RT. Flow through was discarded. 

9. 500µl RPE buffer was added to the columns and centrifuged at 13000rpm for 30secs 

at RT. Flow through was again discarded. This step was repeated twice. 

10. The column was given a dry spin for 2mins at 13000rpm. 

11. The column was placed on fresh 1.5ml sterile microcentrifuge tubes and 30µl RNAse 

free water added to the column. It was incubated for 10mins at RT. 

12. Final elution was done by centrifugation at 13000rpm for 1min. RNA collected was 

immediately transferred to ice bucket. 

13. RNA yield was determined using nanodrop quantification. 

RNA quality check 

Before cDNA preparation, the quality of RNA isolated was determined by running in 

denaturing agarose gel. 

1% denaturing agarose gel: 0.6g agarose was weighed and dissolved in 42.5ml DEPEC 

water by boiling in microwave oven. The solution was allowed to cool down and 5ml of 

10X MOPS buffer, 2.5ml of HCHO and 2.5µl EtBr was added to it. The solution was 

mixed well and poured in gel casting tray followed by insertion of comb. The gel was 

allowed to solidify for some time. 

RNA electrophoresis 

1. 1% denaturing agarose gel was placed in gel tank and the tank was filled with RNA 

tank buffer (10X MOPS 30ml, HCHO – 30ml and DEPEC water upto 300ml). 

2. Sample preparation: 2µg RNA was loaded in each well. The sample was prepared as 

given in below table. 

 



 

 
209 

 

Appendix 1- Materials and Methods 

Components Volume (µl) 

10X MOPS 2 

Formamide 3 

HCHO 1 

10X gel loading dye 1 

RNA 2µg 

RNAse free water APR (total volume =10µl) 

 

3. RNA sample were heated at 65⁰C for 10mins and loaded onto 1% denaturing agarose 

gel. The gel was run at 80V for 45mins. 

4. RNA bands were visualised in UV light using UV-gel doc system. 

 

cDNA Synthesis 

For cDNA synthesis, superscript III first strand synthesis system (Invitrogen) was used. 

The protocol is as follows: 

1. The components of the kit were thawed in ice. 

2. For cDNA synthesis two reaction tubes were prepared separately; A and B. 

3. For tube A preparation following components were mixed in 0.6ml microcentrifuge 

tube: 

 

Components Volume (µl) 

RNA (2µg) APR 

Oligo DT Primers 1 

Random Hexamers 0.5 

dNTPs (10mM) 1 

DEPEC Water APR 

Total Volume 10 

 

4. After mixing the components in tube A, it was heated in heat block at 65⁰C for 5mins 

followed by incubation in ice. 

5. For preparation of tube B, following components were mixed together in PCR tube: 
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Components Volume (µl) 

10X RT Buffer 2 

25mM MgCl2 4 

DTT 2 

RNAse Out 1 

Super Script III enzyme 1 

Total Volume 10 

 

6. Solution from tube A (10µl) was added to solution in Tube B (10µl) and mixed well. 

7. For cDNA synthesis, the tubes were place in PCR machine and following protocol 

was run. 

Temperature 

(⁰C) 

Time (mins) 

25 10 

50 50 

85 5 

 

8. Once the cDNA synthesis cycle is complete, 1µl RNAse H was added to 20µl 

reaction and the tubes were incubated at 37⁰C for 20mins. 

9. The cDNA prepared was kept in ice. 

 

Real Time PCR 

1. For real time PCR, primer stock of 5pmol/µl was prepared for both forward and 

reverse primers. 

2. Working solution of 20ng/µl cDNA was prepared from the main stock. 

3. For Sybr green based real time PCR, following reaction mixture was prepared: 

Component Volume (µl) 

SYBR Green (2X) 15 

cDNA (20ng/ µl) 3 

Forward Primer (5pmol/µl) 1.5 

Reverse Primer (5pmol/µl) 1.5 

RNAse free Water 9 
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4. The tube was mixed well and centrifuged. 

5. The reaction was divided into three replicates and the plate was sealed. To avoid any 

air bubble the plate was tapped from the bottom and centrifuged. 

6. PCR reaction was run in ABI Prism 7500 Quantstudio 12.0 software with following 

conditions: 

PCR Step Temperature 

(⁰C) 

Time 

Initial denaturation 95 10mins 

Denaturation 95 15sec 

Primer annealing 60 30sec 

Primer extension 72 30sec 

Final extension 72 5min 

Hold 72 5min 

 

7. After the run is complete the reaction is analysed and Ct values are obtained. 

8. Relative expression is derived by comparing the Ct values normalised with GAPDH 

expression as control for the same sample. 

8. Immunoblotting 

Preparation of cell lysate 

1. Cells were harvested from 6-well plate by trypsinization and collected in a 1.5ml 

microcentrifuge tube. (For all the subsequent steps, samples were always kept in ice) 

2. Cells were washed twice with 1XPBS. 

3. The final pellet of the cells was resuspended in 50-60µl lysis buffer [10mM Tris-Cl 

pH 7.4, 0.27M Sucrose,1mM EDTA,1mM EGTA,1%TritonX100,1mM 

PMSF,100mM Sodium fluoride, 100mM Sodium orthovanadate and 10ul protease 

inhibitor cocktail (for 1ml lysis buffer)] 

4. Cells were disrupted by sonication at 10% amplitude with 10sec On/Off cycle for 

three times. 

5. Cell lysate was centrifuges at 14000rpm for 30mins at 4⁰C. 

6. Supernatant was transferred to fresh tube and protein estimation was done. 

Protein Estimation 

Protein estimation was done using Bradford’s reagent (Sigma, USA). 

Standard curve for BSA 
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For standard curve of BSA 1mg/ml working stock solution of BSA was prepared in 

autoclaved MilliQ and kept on ice. In 1.5ml sterile microcentrifuge tubes first MilliQ was 

added followed by addition of required amount of BSA. In the end, to all the tubes 

Bradford dye was added. Following concentrations were taken for standard curve: 

 

BSA Amount 

(µg/µl) 

Autoclaved MilliQ 

(µl) 

BSA Volume 

(µl) 

Bradford Dye 

(ml) 

0 100 0 1 

5 95 95 1 

10 90 10 1 

15 85 15 1 

20 80 20 1 

Unknown 98 2 1 

 

The samples were incubated in dark for 5mins. The absorbance was taken at 595nm 

wavelength after blank subtraction. Based on absorbance value, linear regression graph 

was plotted to determine the equation of the line. From the equation of the line for 

standard curve, concentration of unknown sample was determined. 

Sample preparation 

1. For STAT3 and its PTM forms, generally 60-70µg protein was loaded. 

2. Based on concentration, required protein amount was taken in 0.6ml microcentrifuge 

tube and 5X protein loading dye (containing 50% glycerol, 0.02% βME, 10% SDS, 

250mM Tris-HCl and 0.5% bromophenol blue dye) was added. The final volume was 

adjusted for each sample using autoclaved MilliQ. However, the loading volume was 

never exceeded beyond 25µl, to avoid overflowing of the sample to next well. 

3. The samples were boiled at 95⁰C for 5mins and centrifuged at 2000rpm for 2mins at 

RT. 

SDS-PAGE Gel electrophoresis 

Depending upon the molecular weight of the target protein, the percentage of SDS-PAGE 

gel was selected. For STAT3 protein 7.5% SDS-PAGE gel always used. 

1. The glass plates were washed and wiped with 70% alcohol before setting up in the gel 

casting assembly. 
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2. Resolving gel solution for 7.5% density was prepared and poured into the glass plates 

in casting assembly upto the required length. The top of the resolving gel was covered 

with layer of water to prevent drying of the gel during polymerization. 

3. Once resolving layer is polymerised, 4% stacking gel solution was added on top and 

10-well set comb was inserted.  

 

                                           Recipe for 7.5% Resolving Gel 

Reagent Volume 

Autoclaved MilliQ 3.662ml 

30% Acrylamide 1.9ml 

1.5M Tris pH8.8 1.9ml 

10% SDS 75µl 

10% APS 100µl 

TEMED 10 µl 

                

                                Recipe for 4% Stacking Gel 

Reagent Volume 

Autoclaved MilliQ 1.82ml 

30% Acrylamide 0.4ml 

1.5M Tris pH6.8 0.75ml 

10% SDS 30µl 

10% APS 15µl 

TEMED 2µl 

 

4. Once stacking gel is ready, the glass plates were replaced in the electrode clamp and 

set inside the SDS- PAGE gel running tank filled with 1X SDS running buffer. 

5. Samples were loaded in respective wells along with a pre-stained protein ladder for 

determination of molecular size. 

6. Gel electrophoresis was performed at 80V for 45mins. Once the samples entered the 

resolving gel, the voltage was increased upto 100V and the run was allowed to 

proceed till dye front is removed. 

Semidry Protein Transfer 

1. 1X transfer buffer containing methanol was prepared at kept at 0⁰C for cooling. 
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2. Once electrophoresis is over, gel, fibre pads and nitrocellulose membrane were 

soaked in chilled transfer buffer for 5mins (for regeneration of the membrane). 

3. In the semidry trans blot, on the base of the assembly, first one fibre pad was placed 

followed by nitrocellulose membrane. On top of the nitrocellulose membrane gel was 

laid and covered with another layer of fibre pad. The air bubbles were removed by 

uniformly pressing the sandwich of blot and membrane. 

4. For semidry transfer, the run was performed at 15V for 1hr at room temperature. 

Immunodetection 

1. Once the semidry transfer is over, the blot was incubated with ponceau stain to 

determine the protein transfer. 

2. The blot was washed thrice with 1XTBST for 5mins each till all the ponceau stain is 

removed. 

3. Blocking was done using 5% milk in 1XTBST for 1hr at room temperature under 

constant agitation (100rpm) 

4. After blocking, blots were incubated with primary antibody at 4⁰C for overnight with 

constant agitation. [ Ms-anti-STAT3 1:1000 (5% milk in 1XTBST), Rb-anti-pY705 

STAT3 1:500, Rb-anti-pS727 STAT3 1:500 and Rb-anti-K685ac 1:500 prepared 

5%BSA in 1XTBST] 

5. Next day, the blots were washed trice with 1XTBST for 10mins each with vigorous 

shaking. 

6. Secondary antibody incubation was given for 1hr at room temperature with constant 

agitation. [ anti-Ms HRP in 5% milk and anti-Rb-HRP in 5% BSA prepared in 

1XTBST] 

7. Blots were again washed trice with 1XTBST for 10mins each with vigorous shaking. 

8. Blots were developed in Biorad Chemidoc system using ECL substarte. 

 

Stripping and Re-probing of Blot 

1. For reprobing, the bots were washed trice with 1XTBST for 5mins each. 

2. Blots were incubated in stripping buffer [ 3.125ml of Tris pH6.8, 10ml of 10% SDS, 

50µl βME and volume made upto 25ml] at 55⁰C for 30mins with slow stirring. 

3. Following incubation, blots were again washed thrice with 1XTBST for 10mins each 

or till the βME smell is gone (whichever is earlier). 



 

 
215 

 

Appendix 1- Materials and Methods 

4. Blocking was done again either with 5% BSA or milk depending upon the protein of 

interest, for 1hr at room temperature. 

5. Blots were reincubated with primary antibody of interest for overnight at 4⁰C. 

6. Re probing was done as mentioned above. 

 

9. Co-Immunoprecipitation 

Sample preparation  

1. Cells expressing the Nluc-STAT3 and TuboFP-STAT3 constructs were harvested 

(from 60mm dish0 and collected in 1.5ml microcentrifuge tube. 

2. Cells were washed once with 1XPBS at 1000rpm for 5mins at 4⁰C. 

3. Cell pellet was resuspended in 250µl ECS lysis buffer [ 50mM Tris-Cl pH 8.0, 

125mM NaCl, 0.5% NP40, 5mM EDTA, 2mM EGTA, 100mM NaF, 100mM 

Na3VO4, 10µl/ml protease inhibitor and 2 l/ 1ml PMSF] and sheared using 26G 

syringe needle till the sample is clear. 

4. Cell lysate was then centrifuging at 14000rpm for 30mins at 4⁰C and supernatant was 

collected in another 1.5ml sterile microcentrifuge tube. The sample was kept in ice. 

5. Protein estimation for all the samples were done using Bradford reagent as mentioned 

previously. 

Preparation of Beads 

1. Protein G-Sepharose beads were equilibrated by washing with NETN buffer [20mM 

Tris-Cl pH 8.0, 100mM NaCl, 0.1% NP40 and 1mM EDTA] thrice at 500rpm for 

5mins /4⁰C. 

2. For blocking, the beads were resuspended in 1ml 5% BSA prepared in NETN buffer 

and kept on rotor at 13rpm for 3-4hrs at 4⁰C. 

3. Following blocking, the beads were washed thrice with NETN buffer at 500rpm for 

5mins/4⁰C. 

4. Final beads slurry was resuspended in 1:1ratio with NETN buffer. 

Binding and Immunoblotting 

1. For binding 1µg protein cell lysate was taken in 1.5ml microcentrifuge tube and 1 µg 

anti-RFP antibody was added. 20µl bead was taken from 1:1 diluted slurry and 

volume of the reaction was made upto 1ml with NETN buffer. 

2. Binding was performed overnight at 13rpm and 4⁰C. 
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3. Next day, the sample was centrifuged at 1000rpm for 5mins at 4⁰C and supernatant 

was collected (unbound fraction). 

4. The beads were washed twice with NETN buffer for 5mins at 4⁰C. Supernatant 

collected in each wash and stored. 

5. Final beads were resuspended in 5X protein loading dye and boiled at 95⁰C for 5mins. 

10% input for each set was also prepared in parallel using 5X protein loading dye. 

6. The samples were loaded onto 7.5% SDS PAGE gel. For loading the tip of the 

microtip was cut using scissor to allow aspiration of beads by the pipette. 

7. SDS PAGE electrophoresis and immunodetection was performed as mentioned above. 

 

10. Immunofluorescence 

Cells were seeded on a coverslip at an appropriate density of 60-70% confluency and kept 

overnight at 37⁰C with 5% CO2. For immunofluorescence of STAT3 and its PTM forms 

following protocol was followed; 

1. Medium from the cells were removed and cells were washed with 1X PBS three times 

for 5mins each. 

2. Cells were fixed with 4% PFA for 20mins at 37⁰C. [ 2g Paraformaldehyde powder 

was weighed and added in 50ml 1XPBS. For solubilization PFA solution was kept on 

magnetic heat block with constant stirring On. Once the solution becomes clear, 

heating was switched off and solution was allowed to cool till it reaches 37⁰C] 

3. PFA was removed and cells were permeabilised with 0.2% tritonX100 in 4% PFA for 

10mins at RT. 

4. Cells were washed thrice with 1XPBS for 5mins each at RT. 

5. Blocking was done with 5% BSA in 1XPBS for 1hr at RT. 

6. Cells were incubated with primary antibody [Total STAT, pS727 STAT3-1:100 and 

pY705 STAT3, K685ac STAT3 1:50 in 1XPBS] overnight at 4⁰C in a humidified 

chamber. 

7. Next day, cells were washed thrice with 1XPBS for 5mins each at RT. 

8. Secondary antibody [ goat anti-mouse dylight 633 and goat anti-rabbit dylight 633; 

1:100 in 1XPBS] incubation was given for 1hr at room temperature in dark. 

9. Cells were washed thrice with 1XPBS for 10mins each at RT. 

10. Nucleus of the cells was stained with DAPI [1:200 dilution of 1mg/ml stock] and cells 

were washed thrice with 1XPBS for 5mins each at RT. 
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11. Coverslips were mounted on glass slides using Vecta Shield solution and corner of the 

coverslips were sealed with transparent nail paint. 

12. Acquisition was done in LSM870 confocal microscope with 460nm filter for DAPI 

and 633nm filter for Dylight 633. 

 

11. Immunohistochemistry 

For immunohistochemistry of STAT3 protein in TNBC patient tissue samples following 

steps were followed: 

1. 5µm thin tissue section was excised from FFPE (formalin fixed and paraffin 

embedded) tumour tissue blocks and taken on a poly-lysine coated glass slide. 

2. Slides containing the tumor tissue section was kept overnight at 60⁰C. 

3. Next day, tumor tissue sections were deparaffinised by three sequential washes in 

xylene for 10mins each at room temperature. 

4. Sections were then air dried to evaporate the xylene. The sections were then 

rehydrated by gradient washes in alcohol – 100%, 90% and 75% for 10mins each. 

5. Slides were washed under running tap water for 15mins. 

6. Sections were dipped in 1XTBS buffer for 10mins. 

7. Endogenous peroxidase activity was blocked by incubating the sections with H2O2 

solution provided with the IHC kit (#ab80436 Mouse and Rabbit specific HRP/DAB 

detection kit) for 10min at RT in dark. 

8. The sections were washed twice in 1X TBST buffer for 5mins each. 

9. Antigen retrieval: for retrieving the masked antigen, slides were dipped in 10mM 

Sodium citrate buffer and heated in microwave with following voltage; 800mW 

(mega Watts), 640mW and 480mW for 2mins each. Slides were allowed to cool till 

the room temperature. 

10. The sections were washed thrice in 1X TBST buffer for 5mins each. 

11. Add protein block to the section and incubate for 10mins at RT. 

12. Remove protein block by tapping the slides and add primary antibody [ Total STAT3, 

pS727 STAT3 1:100 and pY075, K685ac STAT3 1:50] in 1XTBS to the tissue 

sections. Incubate overnight at 4⁰C in humidified chamber. 

13. Next day, the sections were washed thrice in 1X TBST buffer for 5mins each. 

14. If primary antibody used was anti-mouse, then mouse compliment was added to these 

sections and incubated for 10mins at RT. [since secondary antibody is only anti-rabbit 
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HRP, addition of compliment is important for mouse antibodies, else secondary 

antibody will not bind to these sections] 

15. The sections were washed twice in 1X TBST buffer for 5mins each. 

16.  Goat-anti-rabbit HRP secondary antibody was applied to all the samples and 

incubated for 15mins at RT. 

17. The sections were washed thrice in 1X TBST buffer for 5mins each. 

18. DAB stain was prepared by mixing 20µl DAB chromogen with 980µl DAB diluent 

and mixed well. DAB stain was added to each section and incubated till brown stain 

appears. 

19. The sections were washed thrice in 1X TBST buffer for 5mins each and kept in 

distilled water. 

20. The sections were again dehydrated with gradient of alcohol and xylene. 

21. Sections were counterstained for haematoxylin stain and mounted with DPX solution. 

22. The sections were visualised and images were acquired in upright microscope (Carl 

Zeiss). 

 

12. Live cell luciferase assay 

a) For live cell luciferase assay, luciferase labelled cells either nanoluc or Fluc2, were 

counted and seeded in 96 black well plate with clear bottom in two different cell 

numbers. 

b) Next day, 50µl luciferase substrate [ 1:1000 furimazine or 1:100 D-luciferin] was 

added to respective well. 

c) Acquisition was done in IVIS spectrum, using open filter settings to collect the total 

light output. With subject height was 0.50cm and FOV as C, signal was acquired after 

every one min to capture the peak activity of respective luciferase enzyme. 

d) For analysis, image with peak luciferase signal was taken. ROI was drawn on 

individual well and signal in terms of average radiance was determined. 

 

13. Bioluminescence Resonance Energy Transfer Assay (BRET) 

Bioluminescence resonance energy transfer (BRET) is a versatile approach of detecting 

protein-protein interactions directly from live cells. Following steps were followed for 

performing BRET assay with Phospho STAT3 BRET sensor: 
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Appendix 1- Materials and Methods 

1. Preparation of BRET constructs: gene of interest i.e. STAT3 was fused to either donor-

Nanoluciferase or acceptor-TurboFP keeping a spatial separation of 12 a.a.  and cloned in 

two separate vectors driven by CMV promoter. (Fusion can be generated in different 

orientations to select the best dipole alignment confirmation) 

2. Transfection and Treatment 

a) For transfection cells were seeded at an appropriate density to achieve 70-80% 

confluency on day of transfection. 

b) Nluc-STAT3 and TurboFP-STAT3 plasmids were transfected in 1:1 ratio in one well 

(donor + acceptor) and in another well only Nluc-STAT3 was transfected (donor 

alone) using lipofectamine transfection reagent. 

c) 30hrs post transfection, cells were counted and reseeded in 96-black well plate (in 

triplicates) in serum negative medium and kept in 37⁰C incubator with 5%CO2. 

d) Treatment: 24hrs post serum starvation, cells were treated with either STAT3 

inhibitors at different concentration or with receptor blocking antibody for required 

amount of time. The treatment is given in both donors alone and donor + acceptor 

transfected cells for all the concentrations and one set was left as untreated control. 

e) After treatment is over, cells were stimulated either with or without ligand (EGF or IL 

10-100ng/ml prepared in serum negative medium) followed by addition of 50µl 

furimazine substrate (1:1000 diluted in serum negative medium). 

 

3. Acquisition 

Acquisition was performed in IVIS spectrum pre-clinical in vivo imaging system. For 

donor signal 500nm filter and for acceptor 640nm filter sets were used with 

integration time of 30sec per filter. Subject height was set as 0.50cm (standard for 

plate imaging) and FOV (field of view) used was C, to capture the entire plate image. 

Binning was set as medium for all acquisition. Immediately after ligand and substrate 

addition, acquisition was performed for 60mins at an interval of every 5mins. 

4. Analysis 

All imaging analysis were done on IVIS living imaging software 4.5. For calculating 

BRET ratio following steps were followed; 

a) Acquisition file was opened in IVIS software and scan for individual time point 

was loaded in the software. 
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b) For any particular time-point, an ROI of same size was drawn on all the wells in 

donor channel and then copied and pasted for the same sample in acceptor 

channel. 

c) Signal in terms of average radiance is selected and the file is copied in MS excel. 

d) Background correction is performed by subtracting signal from wells with 

untransfected cells. 

e) BRET ratio is determined by dividing avg. radiance value for any sample in 

640nm filter, by reading of the same sample in 500nm filter set 

(A640nm/D500nm). In this way A/D ratio was determined for both donor alone 

and donor + acceptor cells. 

f) For corrected ratio determination or bleed through subtraction, A/D ratio of donor 

alone cells was subtracted from A/D ratio of donor + acceptor cells. 

 

14.  In vivo bioluminescence imaging 

Preparation of cells 

Luciferase expressing cells were grown and maintained in sterile culture conditions. The 

cells were amplified in T75 sterile culture flask at required number depending upon the 

no. of animals to be implanted. Prior to implanting, the luciferase activity of the cells was 

confirmed by live cell luciferase assay in 96 black well plate. For implanting in animal, 

the cells were grown at a confluency not exceeding 70-80% to ensure that maximum cell 

population is in log phase. 

 

Impanation of cells 

1. 70-80% confluent culture flasks were trypsinized and cells were harvested.  

2. Cells were washed with 1XPBS to remove any traces of medium or trypsin. 

3. Cells were counted using trypan blue dye to determine live cell count. 

4. For breast cancer orthotopic tumor xenograft model, 5X106 were required to be 

implanted at the mammary fat pad. Hence the final cell pellet was resuspended in 

1XPBS buffer such that each 50µl volume corresponds to a total of 5X106 cell. 

5. For breast tumour xenograft development, 6-8 weeks old immunocompromised 

female NOD/SCID mice were taken. All animal experiments were done as per the 

standard guidelines for small animal handling and care, outlined by the Institutional 
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Animal Ethics Committee (IAEC). For all animal study protocols, approval was 

obtained from the IAEC committee. 

 

Preparation of D-luciferin injection 

1. 30mg D-luciferin was weighed and dissolved in 1ml sterile 1XPBS. D-luciferin 

solution is always freshly prepared. 

2. 100µl D-luciferin from 30mg/ml stock (3mg/mice) was injected per mice via 

intraperitoneal route. 

3. The substrate was allowed to distribute throughout the body of the mice for 5-10mins. 

 

       Animal anaesthesia 

1. Mice were placed inside clear plexiglass anaesthesia chamber and monitored 

continuously during isoflurane release in the cabinet. 

2. 2-3% gaseous isoflurane mixed with 5% O2 was slowly released into the chamber to 

anaesthetised the mice. 

3. The tube that supplies isoflurane is divided in two parts; one opens at the glass cabinet 

kept outside and the other end supplies isoflurane inside the IVIS imaging system. 

4. After the mice were anaesthetised, they were transferred to the imaging chamber with 

their snout placed inside the nose cone that continuously supplies isoflurane during 

the acquisition. 

 

 Image Acquisition and Analysis 

1. All in vivo imaging acquisition was performed in IVIS spectrum preclinical in vivo 

imaging system. The machine was calibrated and initialised as per the standard 

manufacturer’s instructions. 

2. The animal placed inside the imaging chamber is positioned such that the site from 

where signal is to be detected is facing towards the detector. This significantly 

minimises the path length for luminescent signal to travel through different organs 

before it reaches the detector and improves the signal strength. 

3. In the software, for animal imaging following parameters are set; subject height= 

1.5cm, FOV (field of view) = C (might vary depending upon the number of animals 
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and location of the signal), binning= medium (could be adjusted to increase 

sensitivity) and integration time = 5-10sec or auto if not known. 

4. Image was acquired by pressing the “acquire image” button in the software. During 

acquisition, the machine switches off the light in the chamber to take luminescence 

signal image, after that the light is switched On and the photographic image of the 

mice is acquired. The final output file is a merged image of luminescence signal on 

mouse photographic image. The luminescence signal is represented in pseudo colour 

with scale bar indicating the minimum and maximum signal intensity. 

5. For luminescence signal, sequential acquisition is performed with a delay time of 

1min as long as the luminescent signal is increasing to capture the peak activity of the 

luciferase enzyme. 

6. For data analysis, ROI was drawn on the site of luminescence signal and average 

radiance value was determined. For background correction, average radiance signal 

was taken from other site of the mice body without luminescence signal by copying 

the same ROI. Background value can be subtracted from the luminescent signal to 

give true signal strength.
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Appendix 2- List of Primers 

 

List of Primers used in the study 

                           Primer Name Primer Sequence 

                                                                  SDM Primers 

Fwd STAT3 K685R mutant 5' GCATTCGGAAGGTATTGTCGGCCA 

Rev STAT3 K685R mutant 5'TGGCCGACAATACCTTCCGAATGC 

Fwd STAT3 S727A mutant 5’ ACCTGCCGATGGCCCCCCGCA 

Rev STAT3 S727A mutant 5’TGCGGGGGGcCATCGGCAGGT 

Fwd STAT3 Y705F mutant 5’AGCGCTGCCCCATTCCTGAAGACC 

Rev Stat3 Y705F mutant 5’GGTCTTCAGGAATGGGGCAGCGCT 

Fwd STAT3 K679R mutant 5’ CTGACATTCCCAGGGAGGAGGCATT 

Rev STAT3 K679R mutant 5’ AATGCCTCCTCCCTGGGAATGTCAG 

Fwd STAT3 K707R+K709R mutant 5’CATACCTGAgGACCAgGTTTATCTG 

Rev STAT3 K707R+K709R mutant 5’CAGATA AACCTGGTCCTCAGGTATG 

Real Time PCR Primers 

Fwd STAT3 5' GGAGGAGTTGCAGCAAAAAG 

Rev STAT3 5’ TGTGTTTGTGCCCAGAATGT 

Fwd SOCS3 5'ACCCTCCGCGCTCAGCCTTT 

Rev SOCS3 5'AGCGGAGCAGGGAGTCCAAGT 

Fwd TWIST1 5' GGCCGGAGACCTAGATG 

Rev TWIST1 5' ACGGGCCTGTCTCGCTTTCT 

Fwd Cyclin D1 5'TATTGCGCTGCTACCGTTGA 

Rev Cyclin D1 5'CCAATAGCAGCAAACAATGTGAAA 

Fwd Oct4 5'GTGGAGAGCAACTCCGATG 

Rev Oct4 5'TGCAGAGCTTTGATGTCCTG 

Fwd Sox2 5'AACCCCAAGATGCACAACTC 

            Rev Sox2 5'GCTTAGCCTCGTCGATGAAC 

Fwd GAPDH 5' TGCACCACCAACTGCTTAGC 

Rev GAPDH 5'GGCATGGACTGTGGTCATGAG 
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Appendix 3- Buffer Recipe  

Buffers Recipe  

10X Phosphate Buffered Saline (PBS) (pH 7.4)  

80g NaCl,  

2g KCl, 

14.4g Na2HPO4,  

2.4g KH2PO4 

Dissolve in 800ml autoclaved MilliQ. Adjust pH to 7.4. Make volume upto 1000ml 

and autoclave. Store at 4⁰C 

 

10 X SDS Running buffer pH 8.3 

Tris base 15.15 g, 

Glycine 72 g, 

SDS 5 g, 

Dissolve the components and make volume upto 500 ml. Store at 4⁰C 

10X Transfer buffer 

Tris base 36.3 g 

Glycine 144 g 

SDS 3.7 g 

Dissolve the components and make final volume upto 1000 ml. Store at 4⁰C. For 

freshly prepared 1X transfer buffer add 20% methanol before use. 

 

1.5M Tris-Cl pH8.8 

90.75g Tris base 

8ml conc. HCl 

300ml MilliQ 

Adjust pH to 8.8 with conc. HCl and make final volume upto 500ml with double 

distilled water. Store at 4⁰C. 

 

1.0M Tris-Cl pH 6.8 

60.54g Tris base 

36ml conc. HCl 

300ml MilliQ 

Adjust pH to 6.8 with conc. HCl and make final volume upto 500ml with double 

distilled water. Store at 4⁰C. 

 

50X TBE: For Agarose gel electrophoresis.  

108g Tris base 

55g Boric acid 

Dissolve in 900ml double distilled water. Add 9.3g Na2EDTA and allow to dissolve. 

Make final volume upto 1000ml and store at RT. 
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Abstract: Phosphorylation (pY705) mediated homodimerization is a rate-limiting step controlling STAT3 key onco-
genic functions making it an attractive target for drug discovery. Hence, this study reports development of a sensi-
tive and versatile STAT3 Phospho-BRET biosensor platform technology to monitor activation dynamics of STAT3 
signalling directly from live cells. Categorically, we first demonstrate that NanoLuc donor and TurboFP635 acceptor 
serves as an excellent BRET system over other tested fluorophores like mOrange and TagRFP, both for live cells as 
well as in vivo optical imaging of protein-protein interactions. Based on initial multi-parametric optimizations, our 
Phospho-BRET sensor developed by fusing STAT3 with NanoLuc and TurboFP at the C-terminus, successfully cap-
tured the activation kinetics of STAT3 in response to different ligands (e.g. IL6 & EGF) and across multiple cancer 
cell types either with or without the endogenous STAT3 pool. Perturbation in EGF-mediated STAT3 BRET activation 
signal upon blocking with EGFR neutralizing antibody further confirms the specificity of the sensor to judge ligand-
receptor pathway dependent STAT3 activation. Finally, we determine the high-throughput compatibility of the devel-
oped biosensor by testing a few known/unknown STAT3 inhibitors in a 96- and 384-well plate format. The results 
from this screen revealed that drug molecules such as curcumin and niclosamide are more efficient inhibitors over 
known molecule like Stattic. Thus, the STAT3 Phospho-BRET sensor is a first of its kind live cell platform technology 
developed for its use to study STAT3 pathway dynamics and screen potential drug molecules in vivo.

Keywords: Bioluminescence resonance energy transfer (BRET), nanoluciferase, TurboFP635, phosphorylation, 
STAT3, cancer, high-throughput screening, protein-protein interactions, niclosamide, Stattic

Introduction

Complex cellular behaviour in response to a 
wide variety of external stimuli is a highly regu-
lated and controlled process driven by multiple 
protein-protein interactions (PPIs) [1]. Although 
numerous assays are available for detecting 
PPIs, capturing these interactions in a cellular 
context is still a challenging task [2]. Biolu- 
minescence resonance energy transfer (BRET) 
is an attractive assay primarily used for moni-
toring PPIs and/or temporal conformational 
changes in natural cellular environment. It is a 
proximity dependent assay, where non-radia-
tive energy from donor luciferase-substrate re- 
action is transferred to excite the acceptor-fluo-
rophore typically located within 0-10 nm of 
physiological distance. Due to the enzymatic 
nature of the donor molecule, no external illu-

mination is required, and thus this assay offers 
high signal to background ratio with excellent 
sensitivity [3]. Recently, several high quantum 
efficient luciferase or luciferase variants were 
reported [4]. One such key luciferase molecule 
is NanoLuc (Nluc), which is the smallest known 
(19 KDa), ATP-independent luciferase produc-
ing highest photon flux known so far [5]. Be- 
cause of its high quantum efficiency, NanoLuc-
based system has been utilized for several 
potential applications, including monitoring pro-
tein stability [6], protein-protein interactions 
(GPCRs, NanoBRET) [7, 8], protein-ligand inter-
actions (Epo-Epo receptor, INSL3-RXFP2) [9, 
10] as well as gene regulation and cell signal-
ling [11, 12]. 

STAT3 is a key oncogenic signalling molecule 
primarily activated by pY705 phosphorylation 
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leading to its homodimerization and nuclear 
translocation, where it acts as a potent tran-
scription factor for its target genes [13]. Per- 
taining to its essential role as an oncogenic 
player, identifying drugs through virtual screen-
ing of inhibitor library is a mainstay approach 
[14]. Subsequently, efforts have been made in 
the past to develop study methodology for 
detecting STAT3 activation in live cells [15]. 
There are reports on a synthetic optical report-
er for Y705 residue (Trp564 mutated to 7- 
hydroxycoumarin-4-yl) [16]. A FRET-based sen-
sor has also been used to study localization 
dynamics of STAT3 in live cells using CFP and 
YFP as partners [17]. However, pertaining to 
low sensitivity and lack of unified assay system 
for in vitro and in vivo validation, none of the 
methods developed so far, have shown poten-
tial to study perturbations in STAT3 signalling 
dynamics or screen potential inhibitors in a 
high-throughput format from living system.

Hence, the present study is an effort to develop 
a highly sensitive protein phosphorylation bio-
sensor using BRET platform technology for 
deciphering live cell STAT3 dimerization kinet-
ics as an oncogenic candidate. Further, we ha- 
ve also attempted to demonstrate high-throug- 
hput screening (HTS) compatibility of this sen-
sor for judging inhibitory action of drugs against 
STAT3 pathway.

Materials and methods

Materials 

EGF (#AF-100-15) and IL6 (#200-06) were bo- 
ught from Peprotech (USA). NanoLuc plasmid 
and anti-Nluc antibody were provided as a gen-
erous gift from Promega. Anti–total STAT3 
(#9139), anti-pY705 STAT3 (#D3A7), anti-EGFR 
blocking antibody (#54359) were from Cell sig-
nalling (USA). Anti-RFP antibody [RF5R] (ab12- 
5244), anti-mouse-HRP (#ab6728) from Abcam 
and anti-rabbit-HRP (#31460) from Invitro- 
gen. Furimazine (#N1110) was from Promega 
and Lipofectamine 2000 (#11668019) reagent 
was from Thermo Fischer. Coelenterazine (na- 
tive, #C-7001) was purchased from Biosynth 
International (Switzerland). Stattic (#S7024) 
was purchased from Selleckchem (USA). CI-994 
(#1742), AR-42 (#2716), Chidamide (#2261) 
and MS-275 (#1590) were from Biovision (USA). 
Niclosamide (#N3510) and Curcumin (#08511) 
were from Sigma (USA). BRET measurements 

were done using IVIS Spectrum In Vivo Imaging 
System from Perkin Elmer (USA) equipped with 
filters ranging from 500-850 nm with 20 nm 
bandwidth and Cytation Imaging reader from 
Biotek (USA) with filter range from 400-680 nm 
and band pass of 20 nm. 

Plasmid preparation

Fusion constructs of full length nanoluciferase 
(Nluc) with different fluorophores were pre-
pared in a pCMV empty vector containing suit-
able flexible GGSGGS repeat linker. The Nluc 
gene was inserted at the C-terminus by cloning 
a PCR amplified (516 base pairs) full length 
sequence using XhoI and BamHI restriction 
sites while PCR amplified fluorophores (TurboFP, 
TagRFP and mOrange) were inserted at N-ter- 
minus without stop codon using EcoRI and BglII 
restriction sites. A linker length of 12 amino 
acids was maintained between the fusion gene 
sequences. For dipole orientation related stud-
ies, PCR amplified fragment of XhoI-mOrange-
BamHI was cloned at the C-terminus of pCMV-
GGS vector while Nluc was inserted at the 
N-terminus using EcoRI and BglII restriction 
sites separated by a linker of 12 amino acids. 
mOrange-Nluc (12 a.a.) fusion construct was 
prepared as above. Optimization of linker le- 
ngth was achieved by ligating EcoRI-mOrange-
BglII at the N-terminus and XhoI-Nluc-BamHI at 
the C-terminus in pCMV vector containing GGS 
linker of length varying from 12 a.a., 18 a.a. to 
24 a.a. For achieving a separation of 9 a.a. link-
er length, mOrange was inserted using NheI 
and HindIII restriction sites while Nluc contain-
ing stop codon was amplified and ligated with 
AgeI and BamHI sites. 

Expression vectors pSTAT3-Nluc and pSTAT3-
TurboFP were prepared by amplifying full length 
STAT3 sequence from STAT3 (Y705F)-TAL-Luc 
plasmid (gift from Afshin Dowlati, Addgene 
plasmid # 46933) [18] flanked by NheI and SalI 
restriction sites and inserting into pCMV-GGS-
Nluc and pCMV-GGS-TurboFP vectors (10 a.a. 
linker separation) at the N-terminus. pNluc-
STAT3 and pTurbo-STAT3 expression vectors 
were prepared by inserting PCR amplified XhoI-
STAT3 (Y705F)-BamHI sequence with stop 
codon into the C-terminus of pNluc-GGS and 
pTurboFP-GGS vector with linker separation of 
12 a.a. Mutant STAT3 (Y705F) was converted 
to wild type sequence by site-directed muta-
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genesis (Forward primer: 5’ AGCGCTGCCCC- 
ATACCTGAAGACC 3’, reverse primer: 5’ GGTCT- 
TCAGGTATGGGGCAGCGCT 3’) in all relevant 
constructs.

Cell culture and transfection 

HT1080 and PC3 cells were cultured in DMEM 
medium (Gibco, USA) supplemented with 10% 
fetal bovine serum (Gibco, USA) and 1% penicil-
lin/streptomycin (Invitrogen, USA). A549 and 
MCF7 cells were maintained in RPMI1640 (Gi- 
bco, USA) supplemented with 10% fetal bovine 
serum (Gibco, USA) and 1% penicillin/strepto-
mycin (Invitrogen, USA). All cells were main-
tained at 37°C in a 5% CO2 humidified atmo-
sphere. One day prior to transfection 1×105 
cells were seeded in a 12 well-flat bottom plate. 
Transfection was carried out at an optimal con-
fluency of 80% using Lipofectamine 2000 tr- 
ansfection reagent as per manufacturer’s in- 
structions. For BRET studies expression vec-
tors coding for donor and acceptor plasmid 
were transfected in 1:1 ratio. Post-transfection 
medium was replaced and cells were main-
tained in normal culture condition until used. 

Acceptor stable cells were developed by trans-
fecting TurboFP-STAT3 or STAT3-TurboFP plas-
mids in HT1080 cells followed by antibiotic 
selection of stable clones using Zeocin (Invi- 
trogen) (500 µg/ml).

Immunoblotting  

Briefly cells were suspended in lysis buffer con-
taining 10 mM Tris-HCl (pH 7.5), 140 mM NaCl, 
5 mM EDTA, 2 mM EGTA, 100 mM NaF, 100 
mM Na3VO4, 100 mM PMSF and protease inhib-
itor cocktail. The mixture was lysed using soni-
cator and centrifuged at 14000 rpm for 30 min 
at 4°C. Supernatant was collected and protein 
estimation was done using Bradford reagent 
(Sigma, USA). Samples were prepared in 1× 
Laemmli buffer and boiled at 95°C for 3 mins. 
Protein samples (50-60 µg) were separated in 
10% SDS-PAGE gel and transferred onto nitro-
cellulose membrane using semi-dry transfer 
assembly (15 V for 1 hr), followed by incubation 
with blocking buffer (5% non-fat dry milk in 
1XTBS and 0.1% Tween 20) for 1 hr. The blots 
were incubated with primary antibody at a rele-
vant dilution (anti-STAT3 1:1000, anti-pY705 
STAT3 1:500, anti-NanoLuc 1:1000 and anti-
RFP 1:1000) overnight at 4°C. Next day, blots 

were processed for incubation with HRP conju-
gated-secondary antibody (1:10,000 dilution) 
for 1 hr. Chemiluminescence signal was captu- 
red using ECL substrate in ChemiDoc system 
(Biorad, USA).

Quantitative real time PCR

Total RNA was extracted using RNA extraction 
minikit (QIAGEN) followed by cDNA preparation 
from 2 µg RNA using SuperScript III (Invitrogen) 
kit. Normalization was performed using GAPDH 
as internal control. Primer sequence for EGFR 
and GAPDH is as follows: EGFR Fwd: 5’ AG- 
GCACAAGTAACAGGCTCAC; EGFR Rev: 5’ AAGG- 
TCGTAATTCCTTTGCAC; GAPDH Fwd: 5’ TGCAC- 
CACCAACTGCTTAGC; GAPDH Rev: 5’ GGCATGG- 
ACTGTGGTCATGAG.

Fluorescence microscopy

HT1080 cells stably expressing the pCMV-
STAT3-TurboFP and pCMV-TurboFP-STAT3 con-
structs were seeded on cover slips and fixed 
with 4% paraformaldehyde for 10 min at 37°C. 
DAPI was used for nuclear staining and images 
were acquired using Zeiss LSM 780 Confocal 
Microscope (Germany) with 633 nm filter for 
TurboFP635 and 460 nm for DAPI.

BRET imaging and analysis

24 hrs post transfection, cells expressing donor 
alone and donor-acceptor fusion constructs 
were trypsinized and seeded in a 96 black well 
plate with clear bottom. Cells were allowed to 
adhere overnight at 37°C with 5% CO2. For 
BRET studies, 50 ul furimazine (1:1000 diluted 
in DMEM from main stock) was added to each 
well and acquisition was performed in IVIS 
spectrum. Emission spectra were captured 
from 500-680 nm with an integration time of 1 
s/filter and 20 nm step increments.

For monitoring functionality of the STAT3 phos-
phorylation sensor, 24 hrs post transfection, 
donor alone and donor-acceptor co-transfected 
cells (20,000 cells/well in 96 and 5000 cells/
well for 384 well format) were distributed in 
black well plates in serum-negative medium. 
After 24 hrs of serum starvation, cells were trig-
gered with STAT3 pathway ligands (IL6 or EGF) 
in varying concentrations (5 ng-10 ng IL6, 
10-100 ng EGF) reconstituted in serum-ne- 
gative medium followed by addition of 50 ul 
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furimazine/well (1:1000 diluted). To study the 
effect of inhibitors on STAT3 activation, cells 
were first incubated with varying concentra-
tions of different inhibitors for 24 hrs followed 
by EGF (100 ng) and substrate addition. For Ab 
blocking study, cells were preincubated with 
EGFR blocking antibody for 4 hrs (1:100 dilu-
tion) and then EGF (100 ng) along with lucifer-
ase substrate was added. One set was left 
untreated as control group. For all BRET analy-
ses, ROIs were drawn on each well and Average 
Radiance was calculated in both donor channel 
(500 nm) and acceptor channel (580 nm-mOr-
ange, 600 nm-TagRFP and 640 nm-TurboFP), 
for donor alone and donor-acceptor samples. 
Analysis was done in Living image software ver-
sion 4.5 for IVIS spectrum.

For acquisition done on Cytation 5 Imaging 
reader, followed by substrate addition, spectral 
scan was performed from 400 nm to 680 nm 
keeping 20 nm band pass filter with an integra-
tion time of 1 sec/filter for all the samples. The 
output for each well was measured in Relative 
light units (RLU) that was further used for calcu-
lating BRET ratios.

In order to calculate BRET ratio, following equa-
tions were used [4, 19]:
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In vivo bioluminescence imaging

All in vivo experiments were performed in com-
pliance with the standard protocol of the in- 
stitutional animal ethics committee (IAEC), 
ACTREC. For performing in vivo BRET, equal 
number of HT1080 (3×106) cells stably express-
ing either Nluc alone (above) or TurboFP-Nluc 
fusion protein (bottom) were implanted subcu-
taneously on to the dorsal right flank of 6-8 
weeks old nude mice (N=3). 30 mins post 
implantation, 100 µl furimazine (1:20 diluted in 
1XPBS) was injected via intraperitoneal route 
and mice were anesthetised using 2.5% (vol/
vol) gaseous isoflurane in oxygen. Acquisition 
was performed in IVIS spectrum equipped with 

CCD camera at 500 nm for donor channel and 
640 nm for acceptor channel with integration 
time of 60 sec/filter. For calculating double 
ratio (DR), the following equation was used [20, 
21]:
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Where, µt is total attenuation coefficient. Here, 
DR is independent of µt.

Statistical analysis

For all data analysis student t-test (paired and 
two-sided) was employed. p-value<0.05 was 
considered statistically significant.

Results and discussion

NanoLuc is an efficient donor for BRET part-
nering with multiple red fluorescent proteins 

For successful developing of a BRET based 
STAT3 Phosphorylation sensor, careful selec-
tion of an appropriate acceptor pair with the 
NanoLuc (Nluc)-donor is essential. Hence, 
three red fluorescent proteins, i.e. mOrange 
(ExMax 548 nm/EmMax 562 nm), TagRFP (ExMax 
555 nm/EmMax 584 nm) or TurboFP (ExMax 588 
nm/EmMax 635 nm) were selected and individu-
ally fused to Nluc with a separation of 12 a.a. 
flexible GGS linker (Figure 1A). The integrity of 
fusion and expression of the above-mentioned 
BRET pairs was confirmed by immunoblotting 
and probing with anti-RFP antibody (Figure 1B). 
Transient overexpression of the three BRET 
pairs in HT1080 cells show that due to its high 
quantum output, Nluc is able to transfer suffi-
cient energy to excite all the three fluorescence 
proteins used here, resulting in their character-
istic emission maxima detected using appro- 
priate acceptor filters (mOrange-560 nm, Tag- 
RFP-580 nm and TurboFP-640 nm) (Figure 1C). 
Further, with decreasing spectral overlap with 
Nluc emission, TurboFP (322.57 mBU [mBU is 
milli BRET unit]) and TagRFP (277.79 mBU) 
always exhibit BRET ratios less than mOrange 
(460.72 mBU, P<0.001). However, the BRET 
ratio obtained with Furimazine as substrate for 
Nluc were always higher in comparison to when 
only coelenterazine was used [for e.g. mOr-
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ange-Nluc; 460.72 mBU (furimazine) vs. 
388.81 mBU (coelenterazine)] (Figure 1D). 
Overall, Nluc paired with mOrange showed the 
highest BRET efficiency using furimazine as a 
substrate when compared to other fluorophore 
acceptors.

Because energy transfer efficiency significantly 
relies on the geometric orientation of donor-
acceptor moieties, fusion constructs of mOr-
ange with Nluc were developed in different 

dipole orientations and transfected in HT1080 
cells. Over here, Nluc oriented at the C-terminus 
(533 mBu) by the virtue of closest proximity 
shows significantly higher efficiency (P<0.001) 
of non-radiative energy transfer to mOrange as 
compared to the N-terminal orientation (388 
mBu±0.0347), even with two different sub-
strates (Figure 1E). Another important param-
eter that impacts BRET efficiency is the linker 
length between the donor and acceptor mole-
cule. To verify this, constructs of Nluc separat-

Figure 1. Development of Nanoluc based BRET system: A. Diagrammatic representation of spectral separation 
between Nluc (NanoLuc) emission and excitation maximum of different fluorophores in presence of furimazine 
substrate. B. Immunoblot of lysates from HT1080 cells expressing Nluc-fluorophores fusion proteins, probed with 
anti-RFP antibody. Upper band is the fusion protein in each case. Parental HT1080 cells were used as control. C. 
Spectral scan for Nluc fused with different fluorophores showing acceptor peak at respective filters (mOrange-560 
nm, TagRFP-580 nm and TurboFP-640 nm) with Furimazine as substrate. D. Corrected BRET ratios (in milli BRET 
unit, mBU) for each of the Nluc-fluorophore fusion proteins in presence of two different substrates for Nluc (furima-
zine and coelenterazine). Spatial separation of 12 a.a. is kept constant between donor and acceptor in all fusion 
constructs. E. Graph representing the corrected BRET ratios for differentially oriented mOr-Nluc BRET pair. F. Effect 
of variable linker length from 9 a.a. to 24 a.a. on BRET ratio of mOr-Nluc (mBU) BRET pair. G. Representative im-
age of nude mice implanted with HT1080 cells (3×106) stably expressing Nluc alone (top) and TurboFP-Nluc fusion 
protein (bottom) for in vivo BRET. Donor emission was collected at 500 nm filter and acceptor at 640 nm with 60 
sec integration time per filter using furimazine as substrate. H. Graph representing comparison of corrected ratio 
(Avg.A/D-Cf) and double ratio calculated for both in vitro and in vivo BRET with Nluc and TurboFP BRET pair. All the 
above studies were done in HT1080 cells. Each graph represents mean ± SEM value, error bars represent SEM. 
Significance levels are *P<0.05, **P<0.01, and ***P<0.001 and ns for non-significant.
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ed from mOrange with a variable GGS linker 
repeat sequence (9 a.a. to 24 a.a.) were ex- 
pressed in HT1080 cells. With the difference in 
linker length from 9 a.a. to 12 a.a. (606.27 
mBu and 550 mBu respectively) the RET 
efficiency of Nluc for mOrange majorly remains 
unaffected, however with further increment of 
linker length from 18 a.a. to 24 a.a. the cor-
rected BRET ratios (478 mBu and 447 mBu 
respectively) drop significantly (P<0.01) (Figure 
1F). Hence, C-terminal orientation of donor and 
N-terminal orientation of acceptor with an opti-
mal linker length of 9-12 amino acids were con-
sidered, which also creates sufficient distance 
for protein folding in 3D conformation state for 
all control BRET pairs.

After obtaining a valid BRET pair using Nluc and 
TurboFP (emission maxima beyond 600 nm) 
combination in vitro, next we explore the poten-
tial of this pair to detect PPIs in deep tissues by 
performing in vivo BRET. HT1080 cells stably 
expressing either Nluc alone or TurboFP-Nluc 
fusion protein were injected subcutaneously 
onto the dorsal right flank of nude mice and 
imaged at respective donor (500 nm)-acceptor 
(640 nm) filter pairs (Figure 1G) Due to drastic 
difference in attenuation of signal for short 
wavelength emission, the bleed through sub-
tracted corrected ratios (Avg. A/D-Cf) obtained 
for in vivo BRET (0.614 mBU) were 3-fold higher 
as compared to in vitro BRET (0.169 mBU, 
P<0.001). Hence double ratios were calculated 

(DR) that considerably minimized the effect of 
tissue attenuation on BRET measurements 
[20], as the latter is independent of total atten-
uation coefficient (Figure 1H). Similar DRs ob- 
tained both in case of mice (13.30 mBU) and 
cell culture BRET (12.07 mBU, P<0.05) con-
firms the ability of Nluc-TurboFP pair for sensi-
tive detection of protein interactions even with 
deep tissue imaging in living subjects. Point to 
be noted here is that BRET ratios calculated 
using two different donor channels available on 
plate reader (i.e. 460±20 nm vs. 500±20 nm) 
show no significant difference in the BRET mea-
surement efficiency (Figure 2A, 2B). Therefore, 
even though Nluc-furimazine emission peak is 
at 460 nm, for BRET measurements done using 
IVIS spectrum, the 500 nm donor channel was 
used.

NanoLuc-TurboFP635 STAT3 BRET biosensor 
is a definite model for capturing STAT3 phos-
phorylation kinetics from live cells 

Because of bright and stable luminescence 
from Nluc and high spectral resolution along 
with feasibility to be adopted for in vivo imaging 
with TurboFP made them an obvious choice for 
development of STAT3 phosphorylation driven 
homodimerization sensor (Figure 3A). Hence, 
fusion constructs of STAT3 either with Nluc 
donor or TurboFP acceptor were established in 
both the orientations (N- and C-terminus) with a 

Figure 2. Comparison of BRET ratios using different donor channels for NanoLuc. A. Comparison of corrected BRET 
ratios obtained for mOrange-Nluc, TagRFP-Nluc or TurboFP-Nluc BRET pairs using different donor filters, 460 nm 
and 500 nm, in Cytation5 luminescence microplate reader. For all studies furimazine substrate was used. B. BRET 
ratio comparison done for N- or C-terminally tagged Nluc and mOrange BRET pairs using 500 nm or 460 nm donor 
filter. Each graph represents mean ± SEM value, error bars represent SEM. Significance levels are *P<0.05, ns 
indicates non-significant. 
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Figure 3. Development of STAT3 phosphorylation biosensor using Nluc and TurboFP BRET pair: A. Working model of STAT3 BRET sensor; STAT3 fused to either donor 
(Nluc) or acceptor (TurboFP) in the presence of substrate and ligand (that triggers activation and PTM of STAT3) undergoes dimerization and achieve a molecular 
distance less than 10 nm that allows energy from excited donor to be transferred to acceptor molecule. While in the absence of ligand or presence of inhibitor the 
two STAT3 molecules are far apart from each other allowing only donor signal to be detected without any energy transfer to the acceptor molecule. B. Schematic 
representation of all the four STAT3 BRET fusion constructs in different orientations. C. STAT3 BRET constructs transiently transfected in HT1080 cells shows expres-
sion of total STAT3 and activated from pY705-STAT3 along with the endogenous STAT3 pool. Upper band in each blot is the band of interest. D. Graph representing 
corrected BRET ratios (mBU) calculated for differentially oriented STAT3 BRET constructs transiently expressed in HT1080 cells at 30 mins post EGF treatment. E. 
Time kinetics graph (mBU) of BRET ratios for Nluc-St3+TurboFP-St3 BRET constructs transfected in HT1080 cells and stimulated with varying EGF concentration 
(0-100 ng). F. Immunoblot for time dependent phosphorylation and activation status of Nluc-St3 BRET fusion protein in response to EGF treatment (100 ng/ml). 
Phosphorylation is detected by probing for pY705 STAT3 and total STAT3 is determined by probing with anti-Nluc antibody in HT1080 cells. For all BRET studies 
Nanoluc activity was measured at 500 nm and for TurboFP at 640 nm in IVIS spectrum using furimazine as substrate. Each graph represents mean ± SEM value, 
error bars represent SEM. Significance levels are *P<0.05, **P<0.01, ***P<0.001 and ns as non-significant.
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10 a.a. GGS linker separation and subjected to 
primary functional validation for proper protein 
formation (Figure 3B). Overexpression of these 
constructs in HT1080 cells and immunoblot-
ting for total and pY705 STAT3 level confirms 
fusion protein translation and the ability to 
undergo spontaneous phosphorylation with 
endogenous cellular machinery (Figure 3C). In 
order to select an appropriate dipole orienta-
tion of STAT3 (ST3) BRET constructs where 
dimerization-driven BRET signal gain is maxi-
mum, a total of four probable combinations  
i.e. Nluc-ST3+TurboFP-ST3, Nluc-ST3+ST3-Tur- 
boFP, ST3-Nluc+ST3-TurboFP and ST3-Nluc+ 
TurboFP-ST3 were established. Activation lev-
els in each set were assayed by treatment with 
varying EGF concentrations (10-100 ng/ml) in 
comparison to serum-starved untreated cells 
and BRET ratios were calculated as described 
in Materials and Method section. Upon expres-
sion of these fusion constructs in HT1080 cells, 
treatment with the EGF ligand triggers an imme-
diate response with a rapid increase in BRET 
signal within 5 min. A stable BRET signal is 
observed for upto 1 hour, for all the fusion com-
binations. However, of all the orientations test-
ed, C-terminally oriented STAT3 BRET con-
structs (Nluc-ST3+TurboFP-ST3; 2.33 mBu, 
P<0.01 for 100 ng EGF) clearly stands out 
exhibiting a dose-dependent (10-100 ng EGF) 
significant gain in STAT3 activation and a sub-
sequent increase in BRET signal (Figure 3D, 
3E). Additionally, to ensure that the gain in 
Phospho-BRET signal upon EFG treatment is a 
result of preceding phosphorylation event, 
Nluc-ST3 fusion expressing HT1080 cells were 
treated with EGF for different time points and 
pY705 activation levels were determined. As 
expected, EGF stimulation initiates Nluc-ST3 
pY705 phosphorylation that drops down to 
basal level after 24 hrs (Figure 3F). This indi-
cates that the fusion STAT3 is able sense the 
ligand trigger from cellular environment and 
can initiate the STAT3 signalling independently.

Further, in an attempt to achieve higher BRET 
signal, stable HT1080 cell line overexpressing 
acceptor-STAT3 fusion was established (Figure 
4A). With constitutive expression of this fusion 
partner enhanced the BRET efficiency further. 
The result indicates that a BRET ratio of 1.57 
mBU (P<0.05) obtained when acceptor stable 
cell population is transiently co-expressed for 
the donor-STAT3 combinations and incubated 
with only 10 ng EGF ligand. Point that also to be 
noted here is the Nluc-ST3 and Turbo-ST3 com-

bination shows the highest BRET efficiency 
(1.61 mBu, P<0.05) when incubated with 100 
ng EGF ligand (Figure 4B, 4C). Hence, based on 
the above observations, donor/acceptor con-
structs with C-terminally orientated STAT3 were 
selected as final pair for further experiments.

STAT3 Phospho-BRET biosensor can detect 
STAT3 activation and dimerization in different 
cancer cell lines and with multiple ligands

Following the identification of Nluc/Turbo-STA- 
T3 as optimal dipole orientation, we next sought 
to verify the applicability of developed BRET 
sensor as a working model to judge STAT3 acti-
vation across different cancer cell types and 
against variable pathway ligands. To achieve 
this, we transiently overexpressed the STAT3 
Phospho-BRET sensor in a panel of multiple 
cancer cell lines including; MCF7 (breast can-
cer), HT1080 (Fibrosarcoma), PC3 (Prostate 
cancer), A549 (Adenocarcinomic human alveo-
lar basal epithelial cells) cells and challenged 
with IL6 at variable concentration, another 
potential ligand of STAT3 pathway. Despite hav-
ing a differential biological milieu, the STAT3 
Phospho-BRET sensor sensitively captures the 
activation phenomenon, upon ligand stimula-
tion across all the model cancer cell lines test-
ed (HT1080 [2.14 mBU, P<0.01], PC3 [2.3 
mBU, P<0.05], MCF7 [1.57 mBU, P<0.05] and 
A549 [4.43 mBU, P<0.01] for 10 ng IL6) (Figure 
5A-E). PC3 being a STAT3 null (Figure 5D) and 
HT1080/A549/MCF7 being STAT3 positive, the 
compounding effect of variable endogenous 
STAT3 pool, also did not affect the strength of 
BRET signal achieved. Further, as expected the 
increment in BRET signal observed shows lin-
ear dependency upon ligand (IL6) concentra-
tion, except in case of MCF 7 cells. Surprisingly, 
pertaining to its potency, IL6 turned out to be a 
better ligand as it could achieve BRET ratio 
equivalent to EGF treatment (100 ng) with even 
10-fold lower ligand concentration [for e.g. 
HT1080-10 ng IL6 (2.14 mBU) and 100 ng EGF 
(2.20 mBU)] (Figure 5A). These results clearly 
highlight the inherent strength of the STAT3 
Phospho-BRET sensor to work as a sensing 
model irrespective of the genetic background 
of model cell line or stimulating ligand.

The differential BRET ratios achieved with the 
same EGF concentration (100 ng) across a 
panel of cancer cell lines, intrigued us to look 
for EGFR expression level. Over here, quantita-
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Figure 4. Activation kinetics of phospho-STAT3 BRET constructs in HT1080 
acceptor stable cells in response to variable amount of EGF ligand. A. 
Fluorescence microscopy images of HT1080 cells stably expressing either 
the TurboFP-St3 or St3-TurboFP acceptor plasmids (uninduced). Nucleus 
is stained with DAPI and STAT3 signal was acquired at 633 nm filter for 
TurboFP. B. BRET ratios measured for differentially oriented donor-STAT3 
constructs transiently expressed in acceptor-STAT3 stable background, 
post 30 min of EGF trigger. C. Dynamics of BRET ratios measured for Nluc-
St3+TurboFP-St3 BRET construct for 60 min, post EGF induction at vari-
able concentration (10 ng-100 ng) using furimazine as substrate. Nanoluc 
activity was measured at 500 nm and TurboFP at 640 nm filter at every 5 

min for 1 hour. Y-axis represent cor-
rected BRET ratio in milli BRET units 
(mBU) and X-axis represent time in 
minutes. Each graph represents 
mean ± SEM value, error bars rep-
resent SEM. Significance levels are 
*P<0.05, **P<0.01, ***P<0.001 
and ns as non-significant.

tive assessment of EGFR tran-
script level with the BRET ratio 
gained in the respective cell line 
points towards the role of recep-
tor density on cell surface as key 
factor influencing BRET signal 
(Figure 5F). Cells having high 
EGFR expression [e.g. A549, 
4.17 mBU] respond more strong-
ly to the same EGF concentra-
tion as compared to the low 
EGFR-expressing cell line [MCF7 
(1.48 mBU) and HT1080 (2.20 
mBU); 100 ng, P<0.05 and 0.01 
respectively] (Figure 5G). Finally, 
to confirm the specificity of the 
sensor, prior blocking of EGF 
receptor with an EGFR neutraliz-
ing antibody in MCF7 cells suc-
cessfully abrogates EGF-medi- 
ated STAT3 activation (1.15 mBU 
with EGF and 0.92 mBU with 
EGF+EGFR Ab, P<0.05) and a 
parallel attenuation in BRET sig-
nal gain (Figure 5H, 5I). These 
data indicate that the activati- 
on response obtained with the 
STAT3 BRET sensor upon EGF 
treatment is a true event of EGF-
EGFR mediated STAT3 phos-
phorylation and homodimeriza-
tion. Collectively these observa-
tions clearly demonstrate the 
specificity and versatile nature 
of the developed STAT3 Pho- 
spho-BRET sensor as true repre-
sentation of STAT3 activation 
events from live cell. 

STAT3 Phospho-BRET biosensor 
is compatible for high-through-
put screening of different STAT3 
inhibitors

The need to find promising ST- 
AT3 inhibitors that can clear the 
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clinical trials demands for a very robust and 
much more strategic approach in screening 
STAT3 inhibitors [22]. With the advantages 
shown by the developed STAT3 Phospho-BRET 
biosensor to precisely read modulations in the 
STAT3 pathway, we next sought to adapt it in 
HTS platform as a drug screening tool. For this, 
we performed BRET assays in MCF7 cells 
expressing genetically encoded STAT3 phos-
pho-BRET sensor with relatively six-fold less 
adherent cell number in a 384-well plate and 
compared its sensitivity with a conventional 96 
well plate format. A random screen of seven dif-

ferent compounds (either known or unknown 
STAT3 modulators) with differential concentra-
tions either in absence or presence of EGF yield 
significant results. Out of the 7, four compounds 
[MS-275 (-0.157 mBU), Niclosamide (-0.287 
mBU), Stattic (0.325 mBU) and Curcumin 
(-0.367 mBU) against EGF+ (1.4 mBU)] shows 
significant attenuation in STAT3 activity despite 
giving EGF stimulation. While remaining three 
drugs [AR-42 (1.05 mBU), Chidamide (1.00 
mBU) and CI994 (0. strategic 603 mBU) against 
EGF+ (1.4 mBU)] though activated STAT3 but 
failed to achieve signal strength as equivalent 

Figure 5. Specificity and sensitivity of phospho-STAT3 BRET biosensor: A. HT1080 cells transfected with Nluc-St3 
and TurboFP-St3 wildtype BRET plasmids. Corrected BRET ratio graph (mBU) represent 30 min post ligand trigger 
condition with both IL6 and EGF as ligands. B, C. Representative graphs of corrected ratios (mBU) for MCF7 and 
A549 cells respectively showing activation of phospho-STAT3 BRET sensor 30 min post ligand trigger. D. Immu-
noblot of PC3 cells probed for endogenous STAT3 expression. MDA MB 231 cells were used as positive control. 
E. Kinetics of change in BRET ratio (mBU) in PC3 cells for STAT3 BRET sensor at varying ligand concentration. F. 
Relative EGFR mRNA level in different cancer cell lines tested. Normalization was done using GAPDH. G. Corrected 
BRET ratio values (mBU) for respective cancer cell lines expressing STAT3 BRET construct at 30 min post 100 ng 
EGF treatment. H. Schematic representation on mode of action of EGFR blocking antibody on STAT3 signaling. I. 
Representative graphs show corrected BRET ratios (mBU) for MCF7 cells expressing STAT3 BRET constructs either 
treated with or without EGFR blocking antibody in presence and absence of EGF (mean ± SEM, error bars represent 
SEM). Significance levels are *P<0.05, **P<0.01, ***P<0.001 and ns as non-significant.  
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to EGF treated control (Figure 6A, 6B). 
Surprisingly, of the inhibitory compounds identi-
fied, Curcumin (74% inhibition) [23] and 
niclosamide (80% inhibition) [24] were more 
potent than the previously well-known STAT3 
inhibitor, Stattic (22% activation) [25], (Figure 
6C). The reason for higher potency of both 
niclosamide and curcumin could be attributed 
to their ability to inhibit STAT3 activation by 
abrogating multiple other pathways that either 
directly or indirectly activate the STAT3 mole-
cule [26, 27], while Stattic is more specifically a 

SH2 domain binder [25]. The remaining three 
compounds (i.e. Chidamide, CI-994 and AR-42), 
that show high BRET signal upon EGF trigger in 
the HTS screen were majorly HDAC inhibitors, 
that probably activated STAT3 by increasing 
overall acetylation of the genome with concom-
itant increase in inducers of STAT3 pathway 
[28]. 

While a majority of HTS assays rely on 96 well 
plate format, here we have shown that STAT3 
phospho BRET sensor works even in 384 well 

Figure 6. STAT3 Phospho-BRET biosensor is HTS compatible for STAT3 pathway inhibitor screen: A, B. Representative 
plate images of compound library screen using Phospho STAT3 BRET sensor in 96 and 384 black well plate, respec-
tively, at specific donor and acceptor channels. Bottom graph in each case represents corrected ratios calculated 
for each drug concentration with or without EGF (100 ng). C. Percent inhibition or activation of BRET signal achieved 
with respect to EGF treated sample as control (100%). Percent activation is calculated by dividing corrected ratio of 
drug treated sample with EGF treated control *100. For percent inhibition the above calculated value is subtracted 
from 100. D, E. Immunoblot of MCF 7 cells treated with different concentrations of Stattic (either in serum positive 
or serum negative condition) and Curcumin, respectively. Each blot is probed for total and pY705 STAT3, with tubulin 
as loading control. Each bar represent mean ± SEM, error bars represent SEM. Significance levels are *P<0.05, 
**P<0.01, ***P<0.001 and ns as non-significant.
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format while using the same imaging equip-
ment for photonic quantification. A comparable 
bleed through subtracted BRET signal from two 
different plate formats (96 vs. 384) clearly 
shows uncompromised and sensitive signal 
detection ability of STAT3 phospho-BRET sen-
sor despite adapting to the miniature platform. 
Finally, to confirm the STAT3 inhibitory mode of 
action for these drugs, Curcumin and Stattic 
were randomly selected as drug candidates 
from the BRET screen for in vitro validation. 
Here, treating MCF7 cells with differential do- 
ses of both Curcumin and Stattic (either in 
serum-positive or serum-starved conditions) 
respectively, shows a significant drop in acti-
vated pY705 STAT3 levels (Figure 6D, 6E), 
thereby confirming loss of phosphorylation 
mediated drop in homodimerization signal as 
mechanistic basis for STAT3 Phospho-BRET 
sensor. Collectively, these results clearly dem-
onstrate the ability of STAT3 Phospho-BRET 
sensor as a promising high-throughput, specific 
and multidrug screening tool against the onco-
genic STAT3 pathway. 

Conclusion

Pertaining to the excellent quantum efficiency, 
NanoLuc has form an efficient BRET donor for 
fluorophores such as mOrange, TagRFP and 
TurboFP with 100 nm or more spectral resolu-
tion and thus provide opportunity to work with 
BRET systems with minimal bleed through sig-
nal at donor and acceptor channel. For the 
TurboFP-Nluc pair, the furimazine substrate 
yields a reasonably higher BRET ratio (351.5 
mBU) than a value when coelenterazine sub-
strate is used (296.6 mBU). Considering the 
reasonable dynamic range obtained from 
TurboFP-Nluc BRET pair, alongside of its suit-
ability for non-invasive molecular imaging, we 
have utilized this new BRET combination for 
developing a BRET biosensor that provides the 
monitoring ability of dynamic STAT3 phosphory-
lation directly from live cells in culture. STAT3, 
being an important oncogenic signalling path-
way, it is a prime target for therapeutic inter-
vention [29]. However, one of the major chal-
lenges is the lack of an appropriate assay sys-
tem to help screen the inhibitors for their spe-
cific action against STAT3 signalling in the live 
cell environment. Though virtual screening and 
structure-based drug designing approaches 
strongly pave the path for identifying novel 

compounds, final validation both in vitro and in 
vivo is mandatory [30]. The STAT3 Phospho-
BRET biosensor system is developed to bridge 
this technological gap, where as a measure of 
an immediate effect of protein phosphoryla-
tion, STAT3 forms homodimer, resulting in in- 
creased BRET ratio. After careful optimization 
of the dipole angular orientation, STAT3 placed 
at the C-terminus end of both the donor and the 
acceptor moiety is found to be the best orienta-
tion. Alongside of a thorough validation of this 
biosensor, we have further tested it for reveal-
ing the capacity to report real-time phosphory-
lation events occurring in situ using EGF and 
IL6 ligands in different types of cancer cells. 

Pertaining to its ability to give a true read out of 
the STAT3 activation event, irrespective of 
either the genetic background of the cell model 
or differential ligand modulators (e.g. IL6 and 
EGF), this assay system holds true potentials of 
deciphering STAT3 biology. The biosensor is 
also expected to provide novel and specific 
measures of a range of compounds with inhibi-
tory action on STAT3 signalling directly from live 
cells. Here, as a token measure of the HTS 
compatibility of the biosensor, we have shown 
that signal strength is equally sensitive in 96 
well plate with 20 K cells vs. 384 well plate with 
only 5 K cells. Thus, in future this technology 
can be used for studying role of key post trans-
lational modifications in changing the dimeriza-
tion status of STAT3 and screening potential 
inhibitors against this very important transcrip-
tional regulatory protein involved in various 
oncogenic pathways.
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by Ms. Shalini Dimri to HOMI BHABHA NATIONAL INSTITUTE, TATA MEMORIAL CENTRE, 
Mumbai, India, for the award of Doctor of Philosophy in Life Sciences.  
 
General Report: 
This study presents the research results of an important family of transcription factors called 
Signal Transducer and Activator of Transcription (STAT). STAT is a conserved family of 
transcription factors containing seven proteins that are involved in many regulatory pathways in 
cells at normal and in pathological conditions. STAT3 is an important member of this family that 
regulates oncogenic and cell survival signaling in cancer. Hence, STAT3 inhibitors are considered 
as highly recognized drug candidates for treating cellular diseases, including cancer. The 
posttranslational modifications (PTMs) of this protein at Y705, S727, and K685 play important 
roles in transcriptional regulation of this protein for its oncogenic signaling.  This study developed 
BRET sensors to monitor the PTMs of this protein to delineate the interrelation between the 
modifications and the regulatory signaling. In addition, the study also provided insights on the use 
of this system in screening small molecules that can serve as drugs for treating diseases 
associated with STAT3 dysregulation. PTMs in STAT3, and activation of its downstream targets 
such as Cyclin D1, c-Myc, Socs3, etc., are important for its regulatory functions. In this study, by 
using BRET sensors, the candidate is trying to portray between the canonical pY705 PTM versus 
non-canonical pS727 and acK685 in STAT3 signaling. Specifically, this study evaluated this 
process in breast cancer in general, and TNBC in particular. STAT3 dimerization is important for 
its cytoplasmic trafficking for transcriptional activation. This study also addresses the importance 
of all three PTM's role in the dimerization of STAT3 protein in cells engineered to express different 
mutants. The candidate mainly focused on Nanoluc in combination with TurboRFP as donor and 
acceptor combination respectively, for developing the BRET sensors proposed in this study for 
STAT3 PTM evaluation. The work is planned very well and logically to STAT3 signalizing in 
cancer by developing BRET sensors in various combinations to identify optimal sensor for 
measuring STAT3 PTM with high signal to noise ratio, attempting to evaluate the identified sensor 
for its high throughput drug screening ability with the final application in studying STAT3 signaling 
in BC and TNBC. 
 
Chapter 1: In this chapter, the candidate has given a brief introduction to support the importance 
of the study with an extensive review of the existing literature in BRET sensors, reporter gene 
imaging, breast cancer, and STAT3 signaling. The introduction and reviews were very detailed 
with logical justifications. 
 
Chapter 2: In this chapter, the candidate explored different BRET sensor constructs to identify the 
correct orientation of Nanoluc and TurboRFP to present in STAT3 fusion protein for achieving 



 

STAT3 PTM specific BRET signal with minimum background signal. The identified BRET sensor 
was evaluated in several cell lines with the treatment of ligand activators of STAT3 signaling. The 
results compared IL6 and EGF and found more activation by IL6. The other ligands such as 
Niclosomide and Stattic were also tested. After ligand evaluation, the cells stably expressing 
BRET sensor was applied in high throughput screening approach using a few bioactive 
compounds in different doses. The screening of 12 known bioactive drugs identified 3 strong new 
candidates such as Neratinib, MS-275, and ERK inhibitors as valuable drugs. These drugs were 
further utilized for anticancer therapeutic study in TNBC.  
 
Chapter 3: In this chapter, the study evaluated the role of PTM dependent STAT3 signaling in 
breast cancer. The candidate first engineered 3’UTR STAT3 knockdown MCF7 cells with stable 
overexpression of individual STAT3 PTM mutants i.e. Wt, Y705F, S727A and K685R, fused to 
Nanoluc reporter gene for BRET imaging. Upon stable overexpression and treatment with IL6 or 
EGF as ligand, the results observed both pS727 and pY705 activation can take place 
independently while K685ac requires prior pS727 activation. Loss of noncanonical activation 
marks (S727A and K685R) results in losing cell proliferation in engineered MCF7 cells. TWIST1 
and SOCS3 expression changed in Y727/K685 mutant. This in turn correlated with lower 
homodimer formation. Mutant BRET sensor with S727 activation (S727A) using IL6 and EGF 
showed variation and indicated this PTM's importance.  
 
Chapter 4: In this chapter, the study evaluated STAT3 PTM (Y705 and S727) in clinical TNBC 
specimens. IHC analysis for total STAT3, pS727, and pY705 forms were performed in 76 TNBCs 
core biopsy and paired post NACT tumor tissues. The results showed strong correlation of STAT3 
PTM with the disease. After establishing its clinical relation, the candidate generated MDA MB231 
TNBC cells stably expressing shRNA targeting STAT3 by lentiviral transduction. The cells were 
evaluated for in vitro proliferation followed by in vivo anticancer study. Interestingly, STAT3 knock- 
down significantly altered cell proliferation while also altering stemness of TNBC cells by changing 
the expression profile of markers like CD44 and CD24. Knockdown of STAT3 in MDA MB 231 
cells correlated with the depletion of CSC (CD44+/CD24-or low with drop in Oct4 (p<0.05) and 
Sox2 (p<0.01) expression. In vivo therapeutic evaluation using Niclosamide showed a dual PTM 
blocking mediated antitumor effect against TNBC. Finally, the study tested pY705, pS727, and 
acK685 PTM in breast cancer outcome. 
 
Organization of the thesis: The thesis is well organized starting with addressing reviewing up-to- 
date literature on STAT3 signaling and the reporter gene imaging, especially BRET sensors and 
its applications followed by the research results of this study.       
 
Justification of publication: The candidate has published several manuscripts and presented 
data in different National and International conferences, which supports the value of the research 
project she studied.     
 
 
 
 



 

Specific Comments (revisions required): 
1. I found inappropriate use of words in several places. In addition, I found several spelling 

mistakes throughout the thesis. It is better to correct them in the copy that will be 
submitted to the library. 

2. Some new BRET system using NIR wavelength in combination with the exploration of 
soret band of iRFP has been developed for improved imaging with long band pass filters. 
This system is not discussed in the thesis. If possible, add to the revised version of the 
copy submitted to the library (but not mandatory).  

3. On page 59, the candidate mentioned a statement saying that there are no assay systems 
currently available for studying protein dimerization and post translational modification of 
proteins STAT3 biology, hence it forced the candidate to develop the current BRET 
system. It is not true. There are several systems available. Please rephrase this statement.  

4. Figure 2.2: Results of TurboRFP signal measured in vitro and  in vivo by using excitation 
filter followed by emission filter is missing. Similarly, Fig. 2.2C, the comparison is 
supposed to be BRET ratio of in vitro and in vivo conditions. 

5. Reference citations within the chapter, it is important to italicize "et al.," throughout the 
thesis. 

 
Conclusion: In summary, it is a reasonably high impact thesis performed in a systematic and 
organized way with a very high level of technical skill to study an important oncogenic pathway in 
breast cancer, importantly in triple negative breast cancer which lacks targeted therapies and 
succumb many young women to the disease. Other than some of the minor issues in different 
chapters, it is a successful thesis studied with significant originality by applying a high level of 
technical skills. Hence, I consider this work as highly commendable. I am confident that the 
candidate acquired enough skills and potential to successfully pursue independent research and 
also possess knowledge to guide students at different levels.  
 
Please feel free to contact me if any additional information is needed. 
 
Sincerely, 

 
RAMASAMY PAULMURUGAN, Ph.D. 
Associate Professor of Radiology 
Molecular Imaging Program at Stanford (MIPS),  
Canary Center for Cancer Early Detection  
Department of Radiology 
Stanford University School of Medicine  
3155 Porter Drive, Room: 2236 
Palo Alto, CA 94304 
Phone: 650-725-6097, Fax: 650-721-6921 
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                                                 DETAILED REPORT 
 
 
Breast cancer is a global disease with high incidence. There are many subtypes of breast 

cancer of which triple negative breast cancer (TNBC) is one aggressive type that shows high 

incidence of mortality due to cancer among woman. STAT3 is an important regulatory protein 

which when activated triggers higher expression of key gene sets (e.g. VEGF, Myc, Cyclin 

etc) required for growth and progression of cancer cells. Research literatures has majorly 

reported that STAT3 is activated at Y705 locus across multiple types of cancers. A key 

finding of this thesis work done by the candidate shows that STAT3 protein in TNBC cases is 

activated predominantly at a specific gene locus i.e. S727. In depth experimental analysis was 

done here which shows that phosphorylation at S727 is highly correlated with activated 

STAT3 protein present in TNBC cancer cells. Activated STAT3 then forms STAT3-STAT3 

dimer, which is a significant step for cellular oncogenic activity. It is also shown here that 

activation via pS727 can cause phenotypic difference independent of canonical pY705 

activation. Hence, this study evokes a new understanding of TNBC disease biology, where 

targeting pY705 alone will not therapeutically suffice inhibition of STAT3 signaling at least 

for TNBC. Towards this understanding three key technological solutions have been offered 

through this work– (i) develop a biophysical reporter assay system called phosphoBRET 

sensor; (ii) set out a live cell drug screen platform for screening of effective drug compounds 

against STAT3 activation and (iii) use of an anti-helminth medicine, Niclosamide is shown 

which can be repurposed as an anti-cancer drug by effectively inhibiting S727 and Y705 

mediated STAT3 activation in TNBC tumor model. 

This thesis work done is thorough and turned out to be sufficiently contributory and 

productive in terms of two first author research articles by the candidate in reputed 

international journals as well as a patent filed in India. I therefore wholeheartedly recommend 

the thesis for the degree award and also recommend for consideration for ‘Best thesis 

category in life Science’ by HBNI.  
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.  

STAT3 pathway is known to be primarily driven by classical canonical pY705 activation. In recent years, an alternate 

mechanism of STAT3 activation termed as noncanonical pathway is identified. Here, apart from pY705 other post 

translational modifications (PTMs) like Serine727-phosphorylation (pS727) and lysineK685-acetylation (K685ac) can 

equally activate the STAT3 signaling. However, the critical role of noncanonical STAT3 pathway in controlling STAT3 

dimerization, functional and transcriptional activity in breast cancer still remains elusive. 

Here by developing a novel BRET (Bioluminescence Resonance 

Energy Transfer) based STAT3 phosphorylation sensor, that can 

detect dynamic STAT3 dimerization in live cells, we have 

identified that pS727 noncanonical activation predominantly 

controls STAT3 homodimerization process (rate limiting step) in 

breast cancer cells. Further, stable homodimers of STAT3 

formed under the influence of pS727 activation are majorly 

involved in controlling cell survival, proliferation and 

transcriptional functions of STAT3 in MCF 7 cells as compared 

to canonical pY705 PTM. 

Extending our in vitro observations to clinical scenario, in TNBC 

patient samples, a strong nuclear pS727 expression was 

evidently seen in more than 90% total STAT3 positive cases 

while pY705 was found in only 15% cases. From therapy 

perspective, for pY705 STAT3 positive tumours Stattic (pY705 

blocker) is a promising candidate. However, in case of TNBC, 

treatment with Stattic would result in therapy failure as it is 

ineffective against pS727 pathway (predominant mechanism). 

Over here dual blockers like Niclosamide (pY705 and pS727) 

would be a more appropriate choice as it can cause complete 

STAT3 pathway inactivation, resulting in treatment success. 

Considering prevalent role of noncanonical STAT3 pathway in 

TNBCs, in future more inhibitors like niclosamide should be 

identified. 

 

Figure 1. STAT3 BRET sensor identified noncanonical pS727 

(pS) PTM as key mechanism for STAT3 activation in breast 

cancer cells. In TNBC patients also pS727 STAT3 is 

predominantly present that can be successfully targeted by 

dual STAT3 blockers (pY705 and pS727) Niclosamide, while 

only pY705 blockers such as Stattic are ineffective. 
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Conclusion 

Conclusion 

STAT3 signaling is reported to be upregulated in majority of primary tumours and cancer cell 

lines. Since pY705 STAT3 is predominantly expressed in most tumours it is unanimously 

considered as an indicator of STAT3 pathway and is used as biomarker for drug development 

and therapeutic screening of potential STAT3 inhibitors. Classical approach for presence or 

absence of canonical pY705 activation mark is still used as stratification criteria for STAT3 

based therapeutic approaches at both preclinical and clinical settings. However, with the 

identification of an alternate noncanonical (pS727 and K685ac) activation mechanism, the 

clinical paradigm of terming pY705 as sole activation mark for STAT3 pathway is changing. 

The present study here carefully demonstrates the role and functions of the two STAT3 

activation arms and how they can be targeted effectively in a subset of breast cancer. 

To better inhibit the STAT3 pathway, it is important to decipher the biology of STAT3 

activation from natural cellular environment. However, so far there are no sensor-based 

approaches available that can determine the STAT3 pathway modulation in real time manner 

from live cells or living system. Hence taking advantage of the highly sensitive BRET based 

protein interaction methodology, this study for the first-time reports’ development of a 

phosphorylation driven STAT3 homodimerization BRET sensor. With carful optimization we 

first established Nanoluc as a compatible donor for TurboFP red-sifted fluorophore as an 

acceptor pair. BRET sensor established by fusing STAT3 with Nluc or TurboFP at an 

optimized C-terminus orientation very precisely captured the STAT3 activation kinetics upon 

EGF stimulation in a time dependent manner. The biosensor developed also demonstrated 

equal sensitivity of monitoring STAT3 pathway perturbation even in cancer cell types of 

different origin (HT1080, PC3, A549, MCF7) expressing differential level of endogenous 

STAT3 as well as with variable pathway ligands (IL6 and EGF). With the obvious 



 

 
172 

 

Conclusion 

advantages shown, the Phospho-BRET sensor was further adapted to high throughput 

screening platform, where it clearly identified the potential activators (AR42, CI-994 and 

Chidamide) and inhibitors (Curcumin, Niclosamide, ERK inhibitor, Neratinib and MS-275) 

of the STAT3 pathway. Of which, Niclosamide being dual blocker (pY705 and pS727) was 

found to be more potent STAT3 inhibitor than previously known Stattic compound, which 

can only block pY705 phospho- activation mark. Interestingly from the high throughput 

screen other novel inhibitors of STAT3 pathway such as neratinib (Her family blocker), ERK 

inhibitor and MS-275 (HDACi) with BRET inhibitory signal comparable to niclosamide and 

curcumin (known STAT3 inhibitors) were identified. Most importantly, in the parameter of 

the sensitivity the biosensor showed reproducible results with uncompromised sensitivity in 

comparison to conventional 96-well plate format, despite using minimal number of cells and 

substrate utility. 

In order to determine how the two signaling arms (canonical and noncanonical) govern 

STAT3 activation and molecular functions in breast cancer cells, we engineered a 3’UTR 

STAT3 knocked down MCF7 cells, in which stable over expression of either wild type or 

point mutants of STAT3 PTMs (Y705F, S727A and K685R) were introduced. Over here we 

found that both canonical (pY705) and noncanonical (pS727 and K685R) activations can 

operate independently while pS727 PTM mark necessarily cooperate with K685ac. With 

differential downstream transcriptional execution, both pS727 and K685ac were identified to 

play a dominant and essential role in controlling proliferation and cell survival functions in 

BC cells over canonical pY705 PTM. Further taking advantage of the Phospho BRET sensor 

developed, we constructed a library of STAT3 clones harbouring mutation in individual PTM 

residue either alone or in combinations and subjected them to BRET platform in presence or 

absence of ligands (IL6 and EGF). Collective observation form all the mutants screened, 

identified pS727 and not Y705, as key residue required for stable STAT3 homodimer 
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formation in breast cancer cells. The critical observations made from our study here strongly 

contradict the existing literature where K685ac was termed as sole executor of STAT3 

dimerization and biological functions. However surprisingly, recent reports from two 

independent groups parallel our observations. Based on molecular observation of STAT3 

dimer at atomic level using X-ray crystallography approach and by utilizing BiFC 

(Bimolecular fluorescence complementation assay) sensor, these two studies independently 

identified that STAT3 dimerization event is independent of K685ac PTM, and that K685 gain 

or loss had minimal effect on the STAT3 dimeric complex. 

Intrigued by the dominant role played by noncanonical pS727 activation in governing STAT3 

homodimerization and downstream biological functions in vitro in breast cancer cells, we 

next decided to explore whether the same situation prevails even in clinical scenario.  With 

convincing number of studies pointing towards STAT3 as key signaling pathway for triple 

negative breast cancers, we decided to perform retrospective analysis for pY705, pS727 and 

total STAT3 expression in 76 core biopsy and paired post NACT TNBC cases. Quantitative 

assessment of the IHC DAB staining with two different scoring methods identified pS727 

(more than 90% positive cases) as predominant STAT3 PTM form present over pY705 (less 

than 15% positive cases). Also, the cases positive for total STAT3 showed moderate to strong 

positive Pearson correlation value with pS727 PTM mark while it was low positive for 

pY705 STAT3.  This distinct preference of STAT3 pathway for pS727PTM was seen 

exclusively in TNBCs and not in other breast cancer subtypes (luminal and Her2 high) or 

other cancer tissue samples (melanoma and lung adenocarcinoma). However, a more 

conclusive observations can be made once the same analysis is performed with good sample 

size. The observations made from patient samples were in accordance with the above in vitro 

data and identified noncanonical pS727 pathway as key mode of operation for STAT3 

functions in TNBCs. With the aberrant activation of STAT3 signaling seen in TNBCs, as 
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expected, knocking down its expression in MDA MB 231 cells (TNBC cell line) led to a 

significant decrease in cell proliferation, survival, and tumorigenic potential along with 

depletion in CD44high/CD24low like stem cell pool. Based on clinical and in vitro data it is 

evident that STAT3 pathway is essential for survival of TNBCs. Hence to therapeutically 

target TNBC, we developed in vivo tumour xenograft model using reporter labelled MDA 

MB 231cells and treated the mice with, dual STAT3 blocker Niclosamide (as identified from 

the BRET inhibitor screen) inhibitor. With potent STAT3 inhibitory functions Niclosamide 

treatment not only retarded the primary tumour growth but it significantly reduced the 

metastasis to distant organs like lungs and bones. 

In summary, based on experimental and clinical data gathered during the study, here for the 

first time we report that noncanonical pS727, but not the canonical pY705, is the key PTM 

driving major STAT3 activation and functions in TNBC subtype of breast cancer. We have 

further demonstrated that pS727 STAT3 PTM operates independently and is crucial 

requirement for STAT3 homodimerization, activation and downstream oncogenic functions 

in breast cancer cells. As a therapeutic target, Niclosamide, a repurposed anti-helminthic 

drug, is demonstrated as dual blocker of phospho-STAT3 (pY705 and pS727) and thus act 

with enhanced anti-cancer activity than Stattic (which specifically block pY705 only) both in 

vitro and in vivo condition. Finally, with the robust drug screening platform developed using 

Phospho-STAT3 BRET sensor, the way for comprehensive analysis of STAT3 signaling is 

paved and in future it is expected to provide with an opportunity to screen large 

combinatorial anti-STAT3 drug libraries using live cell across multiple cancer types.
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Significance of the Study 

 

The work done in the present study provides convincing evidences in favour of noncanonical 

pathway as key moderator of STAT3 dependent biological functions (dimerization, 

transcriptional and survival) in triple negative breast cancer and how a treatment approach 

against STAT3 should be redesigned and pursued for duel blocking of both canonical and 

noncanonical routes in tumours addicted to the STAT3 oncogene. 

As implicated from results obtained, at least for TNBC cases, where canonical pY705 STAT3 

is mostly inactive, use of some of the major inhibitors blocking only Y705 PTM may results 

in ineffective or partial inhibition of the STAT3 pathway and thus may result in incomplete 

treatment response. However, a thorough detection of other PTM activation marks in addition 

to the pY705 mark in the cancer tissue samples can rationally stratify the patients for specific 

PTM inhibitory approach and thus help in achieving the complete blockade of the STAT3 

oncogenic molecule. As evidently seen, how Niclosamide treatment effectively blocks both 

canonical and noncanonical oncogenic STAT3 functions in breast cancer, identifying more 

such inhibitors blocking both pY705 and pS727 activation marks might offer a promising and 

a more potent therapeutic strategy. Over here, taking the advantage of the STAT3 Phospho-

BRET biosensor approach, setting out a live cell, high throughput screening of inhibitor drug 

molecule might help in future. Since, based on literature evidences, noncanonical activation 

of STAT3 is reported in multiple other cancer types, a pan-cancer screening effort might also 

be helpful. Additionally, based on high throughput compatibility of the sensor, several other 

existing chemotherapeutic agents or FDA approved drugs can be repurposed for their use as 

anti-cancer agents either alone or in combination against the STAT3 molecule. 
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Modifying STAT3 targeting approach. Following the classical method of pY705 detection in cancer 

tissue sample and inhibitors targeting it will result in partially blocked STAT3 molecule as the other 

sites will remain active in such treatment scenario. However, screening for other PTM marks in 

parallel will help in rectifying the treatment approach to be more global and thus help in achieving 

complete STAT3 inhibition. Taking advantage of high throughput screening tool like Phospho-STAT3 

BRET sensor will significantly aid in understanding the biology of individual PTM site and identifying 

inhibitors for STAT3 with multitargeting approach.
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