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Impact statement 

This research proved that the STAT3 protein can bind to dsDNA without the 

present of the SH2 domain. This novel discovery suggests that inhibitors 

targeting STAT3 SH2 domain may not completely inhibit STAT3 transcription 

activity. Therefore, we suggest the DNA binding domain as a better target for 

anti-STAT3 drug development.  

The developed in vitro assays can be used for screening small molecules 

that target STAT3. The in vitro assays are more efficient and economical 

compared to the in vivo assays of testing small molecule inhibitors. The 

method of using E.coli cells to express and ion exchange to purify STAT3 

can be scaled up for massive production of purified STAT3 proteins. The 

purified proteins can be used in different types of in vitro assays.  

The developed PEMSA assay can test protein precipitation and small 

molecule inhibition at the same time. The developed STAT3 127-497 FP assay 

can be used as a high-throughput method to test inhibitors targeting STAT3 

DNA binding domain more specifically. The developed FRET assay is also 

high-throughput and can be used to detect both STAT3 dimerisation and 

DNA binding activity.  

 

 

 

 

 

 

 

 

 

 

 



 
 

Abstract 

STAT3 is a transcription factor involved in the regulation of many cellular 

functions including proliferation, differentiation, apoptosis, migration and 

immune response. It has great biological value in understanding the 

regulation system from genes to cellular activities. STAT3, is one 

transcriptional activator, but is involved in multiple cellular activities in 

different cells. It is regarded as an important anti-cancer drug target and a 

biomarker for tumour growth. Understanding the detailed biological activity of 

STAT3 can lead to the discovery of mechanisms of regulation of different 

cellular functions. In this thesis, we reveal more detailed biological activities 

of STAT3 with three different in vitro methods: protein electrophoresis 

mobility shift assay (PEMSA), fluorescent polarization (FP) and fluorescent 

resonance energy transfer (FRET). The development of in vitro methods not 

only provide more direct visualization of STAT3 biological functions such as 

DNA binding activity, dimerization, and aggregation, but also can be easily 

developed into inhibitor screening methods. We successfully created and 

purified different STAT3 mutations that provide different STAT3 functional 

domains to detect detailed STAT3 domain functions. Both PEMSA assay and 

FP assay suggest that STAT3 binds to dsDNA without a requirement for the 

SH2 domain, which emphasis the possibility of STAT3 binding to dsDNA as 

a monomer. The PEMSA assay provided an intuitive and orthogonal method 

to detect STAT3 DNA binding activity while the FP assay is very high-

throughput. The developed FRET assay can not only be used to study the 

DNA binding activity of STAT3 but also be used to detect STAT3 

dimerization. 
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Chapter 1, Introduction 
 

1.1 STAT family and STAT3 
Signal transducer and activator of transcriptions (STAT) are a group of 

proteins that regulate intracellular transcription and therefore control many 

cellular activities including cell proliferation, cell apoptosis, inflammation, 

differentiation, and cell migration. The STATs play an essential role during 

embryo development, immune response and tumour growth [1-3]. Therefore 

the STATs are regarded as valuable targets in cancer studies and diseases 

caused by inflammatory disorders such as inflammatory bowel disease [4]. 

The STAT family is composed of 7 members in mammalian cells: STAT1, 

STAT2, STAT3, STAT4, STAT5a, STAT5b and STAT6. They share similar 

activities while having different properties as well. For example, STAT1, 

STAT2 and STAT3 are involved in IFN induced transcription [5-7]. STAT3, 

STAT4, STAT5 and STAT6 play an important role in IL induced CD4+ T cell 

differentiation [8-10]. The STAT3 protein has the most complex set of 

functions among the STAT family and is therefore particularly interesting to 

study. The genomic location of the STATs is as variable as the functions of 

this protein family. The gene encoding for STAT1 and STAT4 locate in 

chromosome 1 while STAT2 and STAT6 locate in chromosome 10 and 

STAT3, STAT5a and STAT5b are mapped in chromosome 11 in human cells 

[11]. STAT5a and STAT5b are transcribed from different genes but share 

over 90% similarities in amino acid sequences [12]. The genomic study of 

the STAT members may also contribute to the understanding the STATs’ 

functions and mechanisms. The complex functions of STATs can also be 

revealed by the differences of the protein structure of each STAT family.  

The STATs share similar domain structures consisting of several functional 

domains: an N-terminal domain, a coiled-coil domain, a DNA binding domain, 

a Src homologous domain and a transactivation domain.  
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Figure 1.1. Domain structure of the STAT family members. All STAT family 

members consist of seven domains.  

The N-terminal domain of the STATs contribute to the formation of the 

transcriptional complexes involving the STAT proteins. It is also responsible 

for the tetramerisation of the STAT3 and STAT5 proteins [13, 14]. The SH2 

domain is responsible for the formation homo- and hetero- dimers of the 

STAT proteins. However, the mechanisms of the formation of the STAT 

dimers are still unknown. The formation of the different STAT homo- and 

hetero- dimers may be related to the complex functions of the STAT family.  

The involvement of STATs in different stages of cell development and 

activities emphasized their biological importance. The study of the STAT 

family, especially STAT3, can lead to the development of potential cancer 

treatments and diagnosis since abnormal expression and activation of 

STATs is often involved in different diseases and cancers. For example, 

STAT1 null mice are more susceptible for bacterial and viral infections [15].  
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Cancer type Activated STATs References 

Breast STAT1, STAT3, STAT5 [16] 

Head and 

neck 

STAT1, STAT3, STAT6 [17] 

Lung STAT3, STAT5 [18] 

Prostate STAT3, STAT5 [19] 

Ovarian STAT3 [20] 

Pancreatic STAT3 [21] 

Lymphoma 

and Leukemia 

STAT1, STAT3, STAT5 [20] 

Carcinoma STAT3 [22] 

Melanoma STAT3 [22] 

Renal STAT3 [23] 

Glioma STAT3 [24] 

Colon STAT3 [25] 

Table 1.1. Activated STATs in different types of cancer. Different STAT 

family member is shown to be over-activated in different types of cancer. 

STAT3 is over activated in all of the cancers with disordered STAT activity.  

Table 1.1 summarises the overexpressed STAT family detected in different 

types of cancers. Among all STAT family members, STAT3 is the most 

widely involved protein in many cellular processes. Therefore the study of 

STAT3 may reveal the detailed control mechanisms of many signalling 

control pathways and contribute to the development of treatment methods of 

many studies. Later in the following chapters, I will describe the activation 

pathway of STAT3, the protein structure of STAT3 and its role in cancer and 

other diseases in detail. In this thesis, several in vitro assays were designed 

to study detailed STAT3 biological activities. The developed in vitro assays 

were used to investigate the mechanisms of STAT3 protein at the molecular 

level and to optimise the STAT3 inhibitor screening methods for use in anti-

cancer drug design. 
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1.2 STAT3 regulation pathways 
STAT3 activation refers to the initiation of STAT3’s transcription activity. 

Activated STAT3 is able to promote the transcription of many genes related 

to cell proliferation, cell survival, differentiation, immune response and stem 

cell self-renew [26, 27]. Normally, STAT3 stays in a non-activated form in the 

cells. The activity of STAT3 is controlled by ‘activators’ and ‘suppressors’. 

The activity of STAT3 can be regarded as self-regulated since it can both 

enhance the expression of itself and a STAT3 ‘suppressor’. Both receptor 

kinases and non-receptor kinases can act as a STAT3 ‘activator’. Common 

receptor kinases include epidermal growth factor receptor (EGFR), vesicular 

endothelial growth factor receptor (VEGFR), platelet-derived growth factor 

receptor (PDGFR) and colony stimulating factor-1 (CSF-1). Non-receptor 

kinases include Abl and Src kinases. These activators may activate STAT3 

in different ways. The most typical STAT3 activator is JAK. JAK 

phosphorylates STAT3 on Tyr705 after being phosphorylated by the cytokine 

stimulated receptors. The phosphorylated STAT3 proteins form dimers and 

translocate into cell nucleus and initiate transcription. That is the most well-

known STAT3 activation pathway, however another two STAT3 activation 

methods were also reported and there may be more. STAT3 can be 

activated by Serine727 phosphorylation triggered by CDK5, protein-kinase C 

(PKC) and mitogen-activated protein kinases (MAPK) [28]. And the 

regulation of acetylation of STAT3 Lysine685 by histone acetyltransferase 

was also described as a STAT3 activation method[29]. The discovery of 

different activation mechanisms revealed the complexity of STAT3 as a 

transcriptional activator. Other STAT3 activation pathway may yet be 

discovered. The suppressors can inhibit STAT3 activation by binding to the 

upstream tyrosine kinase, by binding to STAT3 itself and by promoting 

STAT3 degradation.  

1.2.1 The JAK-STAT pathway 

The most ‘popular’ and well-studied STAT3 activation mechanism is called 

the JAK-STAT pathway since the main upstream STAT3 activators are the 

Janus Kinases (JAK). JAK is a kinase family consists of 4 members: JAK1, 

JAK2, JAK3 and Tyrosine Kinase 2 (TYK2). The cellular expression of JAK1, 

JAK2 and TYK2 is ubiquitous while the expression of JAK3 is restricted in 
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hepatic cells since it is essential for hepatic cell development [30]. This family 

of non-receptor tyrosine kinases work as intracellular mediators that translate 

cytokine signals into transcriptional signals through the JAK-STAT pathway. 

This pathway is familiar with most cancer researchers since it is widely 

involved in tumour development. In gastric tumorigenesis, a disordered JAK-

STAT pathway was reported to contribute to cancer progression [31-33]. 

Aberrant level of STAT3 was discovered in various gastric cancer cell lines 

and inhibition of the JAK-STAT pathway with a JAK or STAT inhibitor 

promotes cell apoptosis. JAK-STAT pathway is also reported to be essential 

for the immune response and metastasis in breast cancer [34]. Over-

activation of the JAK-STAT pathway is also reported in neck squamous cell 

carcinoma as a result of the increased production of IL6 [35]. Regulation of 

the JAK-STAT pathway is essential for maintaining cellular homeostasis in 

normal cells. Abnormal JAK-STAT regulation usually results in various 

pathologies, cancers and immune diseases [36]. The consequent diseases 

related to STAT3 disorder is described in section 1.3 in more detail. There is 

no specific description about which JAK family is controlling which STAT 

family in literature due to the cross-talk between JAK and STAT family 

members. JAK1 and JAK2 are reported to mediate the type II interferon (IFN-

γ) signalling while JAK1 and TYK2 contribute to type I interferon (IFN-α , IFN-

β, IFN-γ) signalling.  

The JAK-STAT pathway is initiated by the immune modulators including 

cytokines, growth factors and hormones binding to their target receptors 

which then phosphorylate the receptor-associated JAK [37, 38]. Type I and 

type II cytokine receptors lack catalytic kinase activity thus recruit JAK family 

to phosphorylate their downstream proteins. The JAK proteins associated 

with the cytokine receptors locate a proline-rich region in the intracellular 

domain of the receptor named the box1/box2 region. The morphology 

change of the cytokine receptor upon cytokine activation results in the 

phosphorylation of the associated JAK. The phosphorylated JAK then 

phosphorylates the tail of the cytokine receptor, which in turn phosphorylates 

the recruited STAT proteins. By interacting with the kinases, STATs usually 

get phosphorylated at a specific tyrosine residue near the C-terminus. For 
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example, STAT1 will get phosphorylated at Tyrosine 701 and STAT3 get 

phosphorylated at Tyrosine 705. Before phosphorylation, the un-

phosphorylated STAT proteins are constantly presented in cytoplasm. The 

un-phosphorylated STAT3 proteins are constantly expressed and the 

cytoplasmic concentration is down-regulated by proteasome degradation. 

The phosphorylated STATs are released from the cytokine receptor tail and 

form hetro/homodimers. The STAT dimers are able to translocate into the 

cell nucleus. Different STAT dimers recognize different target sequences. In 

the nucleus, the STAT3 dimers are able to bind to its targeted sequence 

known as the GAS sequence and then promote transcription. The 

phosphorylated STAT3 proteins have been reported to up regulate genes 

including IL-6, IL-10, VEGF, EGF, SOCS, and p53  

 

 

Figure 1.2. JAK-STAT activation pathway of STAT3. In this pathway, the 

growth factor receptor, the cytokine receptor and the G-protein coupled 

receptor receives extracellular signals (cytokines, growth factors and 

hormones) and phosphorylates the attached JAK. The phosphorylated JAK 



7 
 

transfer a phosphate group to the nearby STAT3 monomer. The 

phosphorylated STAT3 monomer dispatches from the receptor and form 

dimers. The STAT3 dimers transport into cell nucleus, bind to the dsDNA 

and initiate the transcription.  

As the most typical STAT3 activation pathway, the inhibition of the JAK-

STAT pathway is believed to supress the STAT3-regulated oncogene 

expression. The observation of un-regulated JAK-STAT pathway in solid 

tumours added further evidences that the JAK-STAT pathway can be an 

anticancer drug target. A JAK2 mutation (V617F somatic mutation) resulting 

in the constitutive activation of JAK-STAT pathway has been reported in 

various types of leukaemia and lung cancer.  

Besides the phosphorylated STAT3, un-phosphorylated STAT3 is also 

reported to perform transcriptional activity. It is reported that un-

phosphorylated STAT3 can form complex with nuclear factor κB (NFκB) 

therefore express NFκB targeted genes [39]. The mechanisms of un-

phosphorylated STAT3 transcriptional activities may relate to other STAT3 

modifications described below.  

 

1.2.2 Other STAT3 post-translational modifications 

STATs can also be phosphorylated at Ser727 by PKC, MAPK (e.g. ERK, 

JNK) and CDK5 independent of Tyr705 phosphorylation. Extracellular 

regulated protein kinase (ERK) was found to promote STAT3 Ser727 

phosphorylation in response to epidermal growth factor (EGF) [40]. C-Jun N-

terminal kinase (JNK) phosphorylates STAT3 Ser727 in response to the 

stress signal [41]. It not only regulates cell survival and nuclear translocation 

but also affect the de-phosphorylation level of Tyr705 phosphorylated 

STAT3. Ser727 phosphorylated STAT3 regulates 12-O-

tetradecanoylphorbol-13-acetate-mediated cell survival and nuclear 

translocation [42]. The phosphorylation of STAT3 Ser727 results in the 

enhanced expression of endonuclease involved in DNA damage repair called 

EME1 [43]. Furthermore, Wakahara et al. suggested that the phosphorylation 

at Ser727 accelerates the de-phosphorylation process of the Tyr705 and 
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thus shortens the duration of STAT3 activity [44]. Ser727 phosphorylation-

mediate Tyr705 de-phosphorylation through the activity of nuclear TC45 

phosphatase activity [44]. Significantly high levels of Ser727 phosphorylated 

STAT3 were observed in cervical intraepithelial neoplasia suggesting that it 

can be used as a biomarker for cervical cancer diagnosis [45]. Constitutive 

phosphorylation of Ser727 regulated by the B-Raf-MEK-ERK1/2 pathway 

was observed in all melanoma cell lines [42]. The same phenomenon was 

also detected in chronic lymphocytic leukaemia [46].  

A reversible acetylation of STAT3 Lysine685 contributes to STAT3 

dimerization and transcriptional activity [29]. Lys685 was found to be 

essential for the formation of stable STAT3 dimers [47]. The STAT3 Lys685 

acetylation is regulated by histone acetyltransferase p300 in response to IL6 

simulation while the de-acetylation was regulated by type I histone 

deacetylase (HDAC) [29]. This modification was prerequisite for STAT3 

dimers binding to the specific DNA target and conduct transcription activity in 

HepG2 and HEK297 cell lines [48]. P300 modulated constant STAT3 Lys685 

acetylation contributes to STAT3 transcription in chronic lymphocytic 

leukaemia cells [49]. Lys685 acetylation supports the STAT3 transcriptional 

activity mostly independent of STAT3 phosphorylation [50]. The 

transcriptional activity of un-phosphorylated STAT3 is highly related to the 

Lys685 acetylation [51]. Lys685 acetylated STAT3 mediates the transcription 

of cylclinD1 with application of CCD4 and p300 independent of 

phosphorylation [52].  

The STAT3 Lys685 acetylation regulates gene expression independent of 

STAT3 phosphorylation. The acetylation of STAT3 Lys685 is highly involved 

in gene expression resulted in the high concentration of the intracellular un-

phosphorylated STAT3 [52]. Acetylated STAT3 is found to regulate the 

expression of indoleamine 2, 3-dioxidase in dendritic cells [53]. Besides, it is 

also involved in the methylation of tumour suppressor genes in company with 

DNA methyltransferase 1 (DNMT1), a key factor for CpG methylation [54]. 

Inhibition of STAT3 acetylation results in the enhanced activity of tumour 

suppressor genes including detected in lung and oesophageal 1 (DLEC1), 

cyclin-dependent kinase inhibitor 2A (CDKN2A) and STAT1 [55].  
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Other important STAT3 modulations were also discovered in literature but 

these STAT3 modifications was not reported to be sufficient for supporting 

STAT3 transcriptional activity. Lysine 49 and Lysine 87 was also acetylated 

in response to p300 activity. The Lys49 and Lys87 acetylation is reported to 

be essential for gene transcription induced by IL6 [56]. Furthermore, Lysine 

97 acetylation has been reported to be influenced in bromodomain 

containing protein 4 (BRD4)-dependent anti-apoptotic and pro-proliferation 

gene expression [57]. Mono-ubiquitination of STAT3 was observed on Lys97 

and results in the enhanced BRD4 involved positive transcriptional 

elongation factor (P-TEFb) complex formation thus regulate to anti-apoptosis 

and cell proliferation [57]. Furthermore, STAT3 acetylation was identified at 

multiple points involving Lys685, Lys796, Lys707 and Lys709 in a liver cell 

line. The acetylation was found to be related to STAT3 phosphorylation [58].  

Reversible methylation on STAT3 Lysine140, Lysine49 and Lysine180 was 

also reported to regulate STAT3 activities. The methylation of Lys140 is 

mediated by histone methyl transferase SET9 (SET domain containing 

methyl transferase 9) and reversed by lysine specific demethylase 1 (LSD1) 

[59]. Lys140 methylation may relate to the selectivity of STAT3 binding to 

promoters since the inhibited Lys140 methylation results in the enhanced 

expression of certain STAT3 activated genes (i.e.SOCS3) [59]. SOCS3 is 

one of the STAT3 suppressors whose transcription is activated by STAT3 

itself. The regulation of SOCS3 expression by Lys140 methylation may 

reveal the mechanism of STAT3 self-regulation. The methylation of Lys180 is 

resulted from the activity of the Enhancer of Zeste Homolog 2 (EZH2) [60]. 

Lys180 methylation leads to the enhanced activity of tyrosine phosphorylated 

STAT3 [60]. EZH2 is also reported to be involved in the Lysine49 

methylation, which contributes to the expression of major STAT3 regulated 

genes [61]. 

The activity of the different STAT3 modifications are generally independent 

but related to each other. STAT3 Tyr705is the most commonly observed 

STAT3 post-translational modifications. Tyr705 phosphorylation is required 

for Lys49 methylation [61]. The activity of STAT3 Tyr705 was believed to 

dominate STAT3 dimerization and nuclear translocation. Both Ser727 
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phosphorylation and Lys47 de-methylation require STAT3 nuclear 

translocation and DNA binding [46, 62]. However, STAT3 Ser727 

phosphorylation is independent of STAT3 Tyr705 phosphorylation. Ser727 

phosphorylation is still observed in cells when Tyr705 phosphorylation is 

inhibited by Magnolol [63]. Therefore, there are other mechanisms leads to 

STAT3 nuclear translocation and DNA binding except for Tyr705 

phosphorylation. Many STAT3 modifications have been reported to relate to 

un-phosphorylated STAT3 nuclear translocation and transcriptional activity 

including Lys685 acetylation. Ser727 phosphorylation reduces the duration of 

Tyr705 phosphorylation [64]. Phosphorylation on both sites of the STAT3 

proteins can optimize DNA binding and transcriptional activity [65]. 

Phosphorylated STAT3 up-regulates the expression of un-phosphorylated 

STAT3 and therefore enhances Lys685 acetylated STAT3 transcriptional 

activity [58]. The STAT3 phosphorylation is reported to be influenced by 

SirT1 mediated STAT3 acetylation state [58]. 

 

1.2.3 Down-regulation of STAT3 

The activity of STATs is down-regulated by three types of proteins: 

suppressor of cytokine signalling (SOCS), namely protein tyrosine phosphate 

(PTP) and protein inhibitor of activated STAT (PIAS) [66]. PTP inhibits the 

JAK-STAT pathway by dephosphorylating the JAK, STAT and related 

receptors. PIAS is able to bind to the downstream gene of the STAT target 

genes therefore restrict the movement of the transcriptional activator and 

stop transcription [67]. SOCS proteins is able to bind to the STAT and 

interfere with JAK-STAT interaction. SOCS is a self-negative regulator of 

STAT since its production is promoted by the STAT’s transcriptional activity. 

Furthermore, STAT3 degradation mediated by ubiquitin also terminates 

STAT3 activation. A nuclear ubiquitin E3 ligase, PDLIM2, mediates STAT3 

proteasomal degradation and poly-ubiquitination through its LIM domain [68]. 

STAT3 can also be modified by small ubiquitin-like modifier (SUMO) and 

thus lose the ability to be phosphorylated and form dimers [69]. Furthermore, 

a Golgi resident protein, TMF/ARA160 was also reported to drive the 

proteasomal degradation of STAT3 [70]. STAT3 is also down-regulated by 
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miRNAs. In bone marrow derived mesenchymal stem cells, miR-127 directly 

interacts and inhibits the translation of STAT3 mRAN [71]. Other miRNA 

discovered to inhibit STAT3 include miR-1181 in pancreatic cancer [72] and 

miR-7 in breast cancer [73].  

 

Figure 1.3. A summary of currently discovered STAT3 regulation pathways. 

STAT3 Try705 can be phosphorylated by JAK and Src kinase. STAT3 

Ser727 can be phosphorylated by MAPK. The phosphorylated STAT3 can 

form dimers and translocate into nuclear and conduct transcription. 

Unphosphorylate STAT3 can be acetylated in cell nuclear by P300 or 

methylated by SET9. All these modifications can activate STAT3 

transcription activity.  

The importance of the JAK-STAT pathway is signified by the application of 

the JAK inhibitors in the medical treatment of cancer and inflammatory 

diseases. Jak inhibitors, Jakinibs, are the main class of drugs targeting the 

JAK-STAT pathway on market. Jakinibs have been widely used to regulate 
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cytokine induced inflammatory pathologies including psoriasis, arthritis, 

immune and homological disorders (and inflammatory bowel diseases [74]. 

For example, Tofacinibs, the first JAK inhibitor tested in human, has been 

used to treat rheumatoid arthritis and psoriatic arthritis. Furthermore, Jakinibs 

can supress the cytokine induced immune response through inhibition of the 

JAK-STAT pathway. The JAK-STAT pathway is essential for proliferation, 

anti-apoptosis and immune escape in tumour cells. Therefore inhibition of the 

JAK-STAT pathway is a potential method for tumour inhibition. Ruxolitinib, 

selectively targeting JAK1 and JAK2, may have the potential to regulate 

myelofibrosis and therefore affect cancer development [75]. However there is 

no direct application of Jakinibs in cancer treatment yet. The JAK/STAT 

pathway is still regarded as a therapeutic target of cancer treatment although 

the Jakinibs cannot be used as a treatment method for cancer without 

combination with other medicines. The reason why Jakinibs are not widely 

used in cancer treatment may relate to the complex activation mechanisms 

of STAT3. STAT3 phosphorylation resulted from JAK activity may not be the 

single way to activate STAT3 transcription. Cancer cells may develop 

another pathway to activate STAT3 controlled genes when the JAK-STAT 

pathway is blocked. Various STAT3 activation mechanisms including Tyr705 

phosphorylation, Ser727 phosphorylation and Lysine 685 acetylation have 

been observed in cancer cells. Un-phosphorylated STAT3 has been proved 

to bind to the GAS sequence and certain DNA structures including Holiday 

Junctions and act as a chromatin organizer [76]. The activity of un-

phosphorylated STAT3 may be regulated by other post translational 

modifications. Different post translational modification of STAT3 results in 

different level of STAT3 regulated gene expression. STAT3, as a 

transcriptional regulator, is not a simple on/off switch. The complexity of 

STAT3 regulation underlines its unique function in gene transcription. 

Improved understanding of STAT3 activation and transcriptional mechanism 

is required for the future therapeutic method development. Therefore, we 

suggest STAT3 as a better target compared to its upstream regulators. 

STAT3 nuclear translocation can be independent of STAT3 Tyr705 

phosphorylation. Un-phosphorylated STAT3 can translocate into cell nucleus 

with the help of CCD4, a type I transmembrane glycoprotein. CCD4 forms a 
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complex together with STAT3 and p300 resulting in the acetylation of STAT3 

lysine 685 and promote the formation of STAT3 dimers independent of 

cytokine and growth factor stimulation. The complex promotes transcription 

of cyclinD1 thus promotes cell proliferation [52].  

 

1.3 The role of STAT3 in cancer 
STAT3 is involved in the transcription of many genes related to cell 

proliferation, differentiation, and anti-apoptosis. Therefore it plays an 

important role in both normal cells and tumour cells. Genes regulated by 

STAT3 including interlukin-6 (IL-6), IL-10, EGF, VEGF, Her/Neu, p30 

contributes to the regulation of cell cycle, apoptosis, and immune response. 

The activity of STAT3 is tightly regulated in normal cells while highly over-

activated in tumour cells. The un-regulated STAT3 activity is detected in 

most human cancers and during different cancer stages from malignant 

potential to metastasis. In cancer cells, STAT3 contributes to tumour cell 

self-renewal, evasion, migration and immune escape. STAT3 activities in 

cancer cell lines are controlled by several STAT3 post translational 

modifications including Tyr705 phosphorylation, Ser727 phosphorylation, and 

Lys695 acetylation. The detailed activation mechanism is discussed in 

Chapter 1.2. This chapter reviews the discoveries of un-regulated STAT3 

activity in cancer and relates the abnormal STAT3 activity and its 

downstream expressed genes to different types of cancer. Although STAT3 

is proved to be over-activated in most cancer cell lines, how STAT3 activity 

influences cancer development seems to be different from each cancer type. 

STAT3 enhances tumour growth in breast, prostate and skin cancer [77] 

while it is also reported to act as a tumour suppressor in mouse astrocytes 

[78]. The differences of STAT3 function in different cancer cell lines may 

relate to the different STAT3 modifications, different level of STAT3 

expression, different upstream signalling or the activity of different STAT3 

isoforms. The aim of this chapter is to clarify the relationship between the 

abnormal STAT3 activity and tumour progression, tumour cell survival and 

immune escape, and therefore point out the therapeutic value of STAT3 
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research. Furthermore, we also describe the differences on gene regulation 

between different STAT3 isoforms.  

 

1.3.1 STAT3 contributes to tumour cell proliferation 

STAT3 modulates cell proliferation by transcribing genes that regulate cell 

cycle. One of the cell cycle regulatory gene is cyclin D1. Cyclin D proteins 

mediate G1 to S phase transition by activating cyclin-dependent kinases 4/6 

(CDK4/6). The activated CDK4/6 phosphorylates retinoblastoma (Rb) 

therefore allows the cell cycle to enter S phase. STAT3 is proved to bind to 

the promoter and to enhance the expression of cyclin D1 [79]. STAT3 is also 

reported to mediate IL-17 induced cell proliferation in B16 melanoma and 

MB49 bladder carcinoma [80]. Furthermore, inhibition of STAT3 reduces 

glioblastoma stem cell proliferation [81]. IL-6 induced constant STAT3 

activation in colorectal carcinoma and is positively related to cancer cell 

multiplication while the inhibition of STAT3 leads to a reduced cell growth 

[82]. Haviland et.al. suggested that STAT3 can bind to Necdin promoter but 

the binding inhibits Necdin expression [83]. Necdin is coded by human NGN 

gene and function as a growth suppressor that arrests cell cycle. The STAT3 

activity downregulates the expression of Necdin therefore induces cell 

proliferation [83].  

1.3.2 STAT3 supports the anti-apoptosis activity of cancer cells 

STAT3 supports tumour cell survival by interfering with the apoptosis 

pathways. Cell apoptosis is usually regulated by two types of pathways: 1) 

intrinsic pathway regulated by the balance of the anti-apoptotic proteins and 

pro-apoptotic proteins in mitochondria and 2) extrinsic pathway directed by 

ligand recognition of the death receptors. The pro-apoptotic proteins involved 

in the intrinsic apoptosis pathway include: Bax, Bad, Bak, Bim, PUMA and 

NOXA. The anti-apoptotic proteins involved in the intrinsic apoptosis pathway 

include: Bcl-2, Bcl-xL, Bcl-w and Mcl-1 in which, Bcl-2, Bcl-xL and Mcl-1 

have been detected to be directly regulated by STAT3.  

The intrinsic apoptosis initiates from the accumulation of the pro-apoptotic 

protein-induced mitochondria outer membrane permeabilization and release 

of cytochrome C. The released cytochrome C forms an apoptosome and 
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triggers caspase regulated apoptosis. The transcription of anti-apoptotic 

proteins resulted from the activation of STAT3 interact with the Bax proteins 

therefore reduces their pore-forming activity. STAT3 directly binds to the Bcl-

2 and Mcl-1 promoter and activates the transcription of the Bcl-2 [84] and 

Mcl-1 genes [85]. Inhibition of STAT3 activity results in reduced Mcl-1 

expression in peripheral leukocytes [86]. The expression of another Bcl 

protein, Bcl-xl, is also reported to be enhanced by STAT3 transcriptional 

activity in melanoma [87]. STAT3 induced Bcl-xl expression contributes to 

the anti-apoptosis activity in colorectal cancer with oncogenic GTPase Kras 

mutation [88]. Furthermore, STAT3 also directly promotes the expression of 

survivine, which inhibits the activity of the caspase therefore reducing cell 

apoptosis [89].  

Besides the intrinsic apoptosis pathways, STAT3 is also shown to be 

involved in the extrinsic apoptosis pathways. Increased Fas expression was 

observed in a dominant negative STAT3 mutation melanoma cell line 

resulting in enhanced Fas-ligand induced apoptosis [90]. STAT3 cooperates 

with c-Jun to bind to the Fas gene and suppress the Fas transcription [90]. 

The increased STAT3 activity in tumour cells supresses the expression of 

Fas and therefore resists apoptosis.  

1.3.3 STAT3 regulates immune evasion 
 

STAT3 has been widely described to be involved in the immune evasion and 

anti-inflammation in tumour cells. STAT3 regulate immune response in 

cancer cells by both a direct influence on the expression immune regulatory 

cytokines and an in-direct effect on immunity by regulating genes that 

modulate antigen presentation. The STAT3 activity in cancer cells suppress 

immune mediators while producing immune suppressive genes. For 

example, constant phosphorylation of STAT3 is reported to contribute to the 

immune suppressive microenvironment in glioblastoma multiforme [91]. 

Enhanced anti-inflammatory cytokine expression was observed with STAT3 

phosphorylation, while inhibition of STAT3 up-regulated dendritic cell activity 

[91].  
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STAT3 activity enhances the expression of immune suppressive factors 

while down regulating pro-inflammatory factors. The major 

immunosuppressive cytokine regulated by STAT3 transcriptional activity is 

Interleukin-10 (IL10). IL10 inhibits the immune response by inhibiting pro-

inflammatory cytokines including IL1 and TNF-α and reducing antigen 

presentation on the cell surface. Overexpressed IL10 can result in serious 

immune suppressive diseases such as Epstein-Barr virus associated 

lymphomas and chronic inflammatory bowel diseases [92]. STAT3 binds 

directly to the IL10 promoter and initiates the transcription of IL10 in B cells 

[93].  

Other immune suppressive cytokine directly regulated by STAT3 include IL-

23, transforming growth factor β1 (TGF-β1) and VEGF. IL-23 reduces CD8+ 

T cell activity and contributes to tumour angiogenesis [94]. The expression of 

IL-23 is enhanced with constitutive STAT3 activity in tumour cells while the 

knock-down of STAT3 results in decreased IL23 level [95]. IL-23 is regarded 

as a key factor for Th17 cell proliferation [96]. Th17 cells are T cells that 

secrete IL17 that supress inflammation. TGF-β1 is a polypeptide that 

suppresses the activity of autoreactive T cells and regulatory T cells. STAT3 

can also initiate the transcription of VEGF. VEGF is a growth factor that 

induces angiogenesis. It also plays an important role in regulating immunity. 

VEGF is involved in early stage T cell development and maturation of 

dendritic cells. [97, 98].  

Interestingly, both the immune inducer such as IL-6 and the immune 

suppressor IL-10 can stimulate the activation of STAT3 and are directly 

activated by STAT3. These cytokines have opposite functions in response to 

the STAT3 activity and are reported to be involved in different stages of 

dendritic cell development as a consequence of the SOCS3 activity [99]. In 

early stages, STAT3 is stimulated by IL-6 and contributes to the immune 

microenvironment in tumour cells while with activation of STAT3, increased 

SOCS3 resulting the suppression of pro-inflammatory effects of IL-6 but not 

IL-10. Although STAT3 activates IL-6 expression directly, decreased levels of 

IL-6 with the increased STAT3 concentration was observed in murine 

microphages [100]. Therefore, STAT3 contributes to both early stage 
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immune microenvironment development and the following immune evasion 

in tumour cells.  

Besides anti- and pro- inflammatory cytokines, STAT3 also affects immunity 

through other factors including cyclooxygenase-2 (COX-2). COX-2 is an 

enzyme that converts arachidonic acid into prostaglandins. It is involved in 

many inflammatory diseases and carcinogenesis [101]. The expression of 

COX-2 in regulatory T cells (Treg) is correlated with forkhead box P3 

(FOXP3), which is essential for Treg development. Inhibition of the COX-2 

reduced the activity of effector T cells suppressed by Treg cells [102]. COX-2 

inhibitors has been widely used as non-steroid anti-inflammatory drugs in the 

clinic indicating that COX-2 also enhances the inflammatory effect. Inhibition 

of COX-2 with COX-2 inhibitors can enhance the activity of natural killer cells 

[103]. In tumour cells, over expressed COX-2 contributes to the immune 

evasion in gastric carcinogenesis [101]. STAT3 binding site has been 

identified to the COX-2 promoter [104]. Therefore, STAT3 may contribute to 

immunosuppression in gastric carcinogenesis through regulation of COX-2 

expression.  

STAT3 contributes to tumour progression by suppressing anti-tumour 

immune activity conducted by immune cells including dendritic cells, T cells, 

natural killer cells, and neutrophils. The immune cell regulation of STAT3 

indirectly contributes to the immune suppression during tumour growth. 

STAT3 is involved in immune regulation in a number of ways.  

Firstly, STAT3 is involved in regulation of T cell activity. T cells play an 

essential role in the development of anti-tumour response. It has been an 

important target of cancer treatment immune therapies. T cells affected by 

STAT3 activity include helper T cells (Th), regulatory T cells (Treg), and 

CD8+ T cells. STAT3 expression supresses Th1 activity while inhibition of 

STAT3 results in enhanced Th1 induced immune response in chronic 

enterocolitis [105]. Th17 cells can also be influenced by STAT3 activity as 

described before. Th17 immune activity is mediated by TGF-β, IL-17, IL-23 

and IL-21, in which TGF-β and IL-23 can be activated by STAT3 activity. 

STAT3 regulates Treg cells via transcription of IL-10 and TGF-β. STAT3 
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regulated Treg inhibits the activity of CD8+ T cells with application of TGF-β 

and IL-10 while expression of IFNγ in CD8+ T cells also supress Treg cell 

activity [106]. 

Secondly, STAT3 regulates the maturation of dendritic cells (DC). Dendritic 

cells mediate the antigen presentation in the immune process. STAT3 

activity leads to the expression of IL-6, IL-10 and VEGF. Those factors were 

reported to suppress DC maturation in human cells [107]. IL-6 expression 

regulated by phosphorylated STAT3 inhibits bone-marrow derived DC 

maturation [108]. IL-10 regulates Bruton’s tyrosine kinase in DC therefore 

influences the activity of DC [109].  

STAT3 also regulates the activity of all types of macrophages. The two types 

of macrophages are divided according to their different functions: M1 cells 

regulate Th1 activity and M2 cells express cytokines and growth factors 

including IL-10, TGF-β, VEGF and EGF. The activity of M1 cells is mediated 

by IL-12 expression, which is influenced by STAT3 expressed IL-23 [110]. 

The gene expression of M2 cells is directly mediated by STAT3 transcription.  

1.3.4 STAT3 contributes to cancer invasion and metastasis 

Metastasis is the process of cancer cells spreading from where they 

developed from into other parts of the body. Replicated cancer cells invade 

into the nearby tissues and spread around via the bloodstream during 

metastasis. The spread tumour cells can develop adhesion later and attach 

to other tissues and then grow into another tumour. It is one of the essential 

causes of cancer’s morbidity and mortality. Compelling research indicates 

that STAT3 plays an essential role in the process of metastasis. STAT3 

contributes to cancer metastasis through regulating cell morphology change, 

malignant transformation, migration, evasion, proliferation and anti-

apoptosis, angiogenesis and immune suppression. The way STAT3 

contributes to cell proliferation, anti-apoptosis and immune suppression have 

been described before. 

Epithelial-mesenchymal transition (EMT) initiates the process of metastasis. 

EMT is the process of an epithelial cell transform into a mesenchymal cell 

therefore increase cell migration, invasion and anti-apoptosis ability. STAT3 
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regulates the process of EMT through transcription of genes including Twist, 

and ZEB1 [111]. STAT3 was first found to be involved in Twist modulated 

EMT in hepatocellular carcinoma (HCC) [112]. Knockdown of STAT3 in 

oesophageal squamous cell carcinoma result in decreased hypoxia induced 

EMT and reduced Hypoxia-induced factor 1α (HIF-1α) expression, which is a 

transcription factor controlling cell response of hypoxia [113]. The same 

study also proved that STAT3 directly interacts with HIF-1α promoter and 

activate HIF-1α transcription [113]. Furthermore, STAT3 up-regulates the 

activity of Snail, an EMT inducer that supresses the expression of E-cadherin 

[114].  

STAT3 mediates malignant transformation in skin cancer. STAT3 is reported 

to mediate the transformation in multiple stages of mouse skin cell 

carcinogenesis [115]. Turkson et.al. suggested that STAT3 mediates the Src-

induced malignant transformation in NIH3T3 cells, a type of mouse embryo 

cell used to cultivate skin cells that secrete keratins [116].  

The overexpression of phosphorylated STAT3 is positively related to matrix 

metalloproteinase (MMPs) induced cell invasion in cutaneous squamous cell 

carcinoma [117]. MMP is an extracellular endopeptidase which is usually 

secreted in malignancies and damaged tissues and regulate the extracellular 

matrix. The activity of MMP is usually related to cell invasion and metastasis. 

Knockout of STAT3 results in reduced MMP-7 expression which thus 

inhibited pancreatic cancer invasion in nude mice [118]. Direct interaction 

between STAT3 and MMP promoters has been detected and STAT3 has 

been proved to transcribe the genes of MMP1 [119], MMP2 [120] and MMP9 

[121]. STAT3 also induces the expression of neutrophil gelatinase 

associated lipocalin (NGAL), which mediates the activity of MMP9 and 

promotes cell invasion and metastasis [122].  

STAT3 activity is involved in tumour cell migration. Inhibition of STAT3 was 

reported to reduce cell migration in SKOV3 cells [123]. STAT3 has been 

proven to interact with stathmin and therefore mediate microtube 

depolymerization [124]. Microtube polymerization facilitates regulated cell 

migration. Furthermore, STAT3 is also involved in Rac1 mediated cell 
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migration [125]. Moreover, the expression of COX-2 enhanced by STAT3 

activity reduces E-cadherin induced cell adhesion and therefore contributes 

to tumour invasion and metastasis [101]. Decreased cell adhesion results in 

enhanced un-directed cell mortality which favours cancer metastasis.  

1.3.5 STAT3 contributes to tumour angiogenesis 

Angiogenesis is the process of blood vessel generation in tumours. It is 

essential for supporting tumour growth. The most important signalling factor 

involved in angiogenesis is VEGF, which is directly regulated by STAT3 

activity [126]. Constant activation of STAT3 in melanoma cells results in 

VEGF overexpression which therefore initiates angiogenesis [127]. Similar 

effects of STAT3 were observed in human pancreatic cancers too [128]. 

Besides VEGF, STAT3 also regulates other angiogenesis factors such as 

hypoxia-inducible factor 1α (HIF1α) [129]. STAT3 induces HIF1α expression 

in Human HepG2 hepatoma cells [130]. 

1.3.6 Other important oncogenes regulated by STAT3 

STAT3 activity is also related to the expression of heat shock proteins 

(Hsps). Heat shock proteins maintain the structure of cellular proteins. It is 

usually overexpressed in tumour cells and prevents the degradation of the 

oncogenic proteins. In vascular smooth muscle cells, the thrombin induced 

expression of Hsp70 and Hsp90β is suppressed with STAT3 inhibition [131]. 

STAT3 has been proved to bind directly to the promoter of both Hsp70 and 

Hsp90β with EMSA assays [131]. STAT3 may also bind to the Hsp90α 

promoter since it has the GAS sequence. Heat shock can increase STAT3 

binding to the GAS sequence on the promoter and induce Hsp90α 

transcription [132]. Therefore, STAT3 can mediate the preservation of the 

structure and function of other oncogenic proteins in cancer cells through 

regulation of Hsps expression.  

1.3.6 STAT3 as a tumour suppressor  

Although abundant evidence exists to suggest that STAT3 is the ‘accomplice’ 

of tumour development, some researchers also pointed out that STAT3 can 

act as a tumour suppressor. STAT3 can activate transcriptional factors that 

suppress tumour development and regulate several tumour suppressive 

genes. 
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STAT3 regulates the expression of growth factors that function as tumour 

suppressors, include FOXO1, FOXO3A, and FOXP3. FOX refers to forkhead 

box, FOXP3 is also named scurfin. FOX transcription factors contain the 

forkhead box domain that binds to DNA. FOXO transcription factors bind to 

DNA and suppress the targeted gene transcription and thus interfere with 

tumour cell proliferation. STAT3 can upregulate the expression of FOXO1 

and FOXO3A in CD4+ T cells [133]. STAT3 binding sites have been 

discovered in both FOXO1 and FOXO3A promoters. No direct interaction 

between STAT3 and FOXOP3 promoter has been reported but Zorn et.al. 

proved that the expression of FOXOP3 is upregulated by STAT3 activity in 

cells.  

Although STAT3 was described to contribute to cell proliferation and anti-

apoptosis previously, it is also shown to have pro-apoptosis function in 

certain types of tissues. STAT3 is involved in expression of regulation 

subunits of the PI3K complex: p50α and p55α, which suppresses cell 

proliferation and promote autophagy [134]. The activity of p50α and p55α 

interferes with PI3K/Akt mediated cell survival pathway. The PI3K complex 

forms in response to receptor tyrosine kinase activity and regulates the 

activity of other kinases to assist entry into cell cycle and cell survival. STAT3 

activity leads to increased expression of p50α and p55α therefore limited 

PI3K activity and results in increased cell apoptosis has only been reported 

in mammary glands [135, 136]. This suggests that STAT3 activity may be 

different in different tissues.  

STAT3 can not only activate genes promote cell proliferation, suppress 

immune response, contribute to tumour malignance transformation and 

metastasis, initiate angiogenesis, but also support tumour suppressor gene 

expression. Different functions of STAT3 was detected in different types of 

tissues. The differences in the STAT3 function may result from different 

cytokine signalling or the expression of different STAT3 isoforms. STAT3β 

has been shown as a dominant negative effector of STAT3 transcription. The 

differences of STAT3 isoforms is described in chapter 1.4.  
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1.3.7 STAT3 in solid tumours  

STAT3 transcribes many important genes regulating cell proliferation, 

differentiation, immune response, and cell migration. The STAT3 activity is 

usually under strict control by different regulators and by self-regulation. 

STAT3 activity can be induced by various cytokines and the activity of 

STAT3 also enhance cytokine expression (e.g. IL6, IL10, VEGF, and EGF). 

STAT3 suppresser SOCS3 transcription is also enhanced by STAT3 and 

therefore creates a negative feedback loop to prevent STAT3 over activation. 

However, STAT3 transcription and activity still lose control in various cancers 

including breast cancer, pancreatic cancer, lung cancer and blood cancer. 

The abnormal STAT3 activity can be induced by abnormal cytokine activity, 

mutation of upstream regulators and dominant negative mutation of STAT3 

suppressors. STAT3 activity has been proved to be relate to the 

development of 70% of solid tumours [137]. The activity of STAT3 is also 

involved in different development processes of cancers. There is no single 

way of how STAT3 contributes to the cancer development. In addition, 

STAT3 activity is reported to behave differently in different cancers. Although 

most research papers reviewed here support STAT3’s contribution to tumour 

development, several papers also pointed out the potential tumour 

suppressor function of STAT3. The reason why STAT3 behaves differently in 

different cancer may relate to the different activation pathway of STAT3 and 

different STAT3 isoforms expressed in the tumour cells. Understanding 

STAT3 activity in cancer can help develop better treatment methods 

targeting STAT3 and reveal detailed mechanisms of cancer development. 

The activity of STAT3 is often related to many important regulators in 

different cancers and other diseases therefore the development of STAT3 

inhibitor may also be used as a supportive treatment method. The genes 

regulated by STAT3 is summarised in the following table (Table 1.2), which 

also classifies how STAT3 contribute to tumour development.  
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Functions 
Gene 
name 

up/down 
regulation Reference 

Cell proliferation p53 ↓ [138] 

  
Cyclin-
D1 ↑ [139] 

Apoptosis BCL-XL ↑ [140] 

 cMYC ↑ [141] 

  survivine ↑ [142] 

Angiogenesis VEGF ↑ [143] 

 HGF ↑ [144] 

 IFNβ ↓ [145] 

  IFNγ ↓ [146] 

Metastasis MMP2 ↑ [147] 

  MMP9 ↑ [148] 

Immune evasion IL-6 ↑ [149, 150] 

 IL-10 ↑ [151] 

 TGF-β ↑ [152] 

 VEGF ↑ [153] 

 IFNβ ↓ [154] 

  IFNγ ↓ [146] 

Table 1.2. A summary of STAT3 regulated genes. This table shows how the 

genes are controlled by STAT3 and gene related functions.  

 

1.3.8 STAT3 and other diseases 

Biological, and chemical evaluation of STAT3, and drug design targeting 

STAT3, should not only benefit cancer treatment but also bring novel 

treatment methods to other diseases. Apart from its important role in tumour 

development, STAT3 is also involved in many other diseases. Since one of 

the functions of STAT3 is to regulate the immune response and apoptosis, 

the abnormal STAT3 activities can result in diseases related to abnormal 

immune functions.  

Diseases caused by genetically inherited abnormal STAT3 activities that lead 

to increased transcriptional activities are classified as STAT3 gain of function 

diseases (STAT3 Gof). The symptoms of the STAT3 Gof are usually related 

to autoimmune diseases. For example, STAT3 Gof can lead to the 

development of autoimmune lymphoproliferative syndrome (ALPS), 

rheumatic disease [155] and myelodysplastic syndrome [156, 157]. This 

paragraph is using ALPS as an example to describe how increased STAT3 

activity relate to autoimmune disease. ALPS, also called the Canale-Smith 
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syndrome, is resulted from dysregulation of cell apoptosis [158]. Over 70% of 

the ALPS patients were identified to have gene mutations related to Fas 

receptor (FAS), caspase-10 (CASP10) and Fas ligand (FASLG). While 

STAT3 activity can enhance Fas-mediated cell apoptosis with normal Fas 

receptor expression [159]. Therefore the mutation of STAT3 affect the 

pathology of ALPS independent of Fas related mutations. Furthermore, 

STAT3 Gof is reported to cause multi-organ autoimmune disorders [160], 

hypogammaglobulinemia [161] and other ALPS related symptoms. 

Therefore, STAT3 activity plays an important role in ALPS and it can be a 

potential target for drug design and in more detailed pathology studies.  

On the other hand, diseases caused by gene mutation resulting in decreased 

STAT3 activity are regarded as STAT3 dominant negative disease (STAT3 

DN). Loss or reduced STAT3 activity results in hyper-IgE syndrome (HIES).  

HIES was first identified as the Job’s syndrome in 1966 with symptoms of 

skin and lung infection [162]. Later, this disease was found to be related to 

an elevated serum IgE level [163]. In HIES patients, STAT3 mutations were 

identified specifically in SH2 domain and DNA-binding domain, which did not 

affect STAT3’s phosphorylation and nuclear translocation [164]. The specific 

mechanisms that relate the STAT3 mutation and HIES is not fully 

understood, but is related to IL-6 mediated responses [165]. Therefore, 

understanding the detailed mechanisms of STAT3 and its role in immunity is 

important for the pathological study of HIES.  

 

 

1.4 Different isoforms of STAT3 
Previously in section 1.3, we described the different influence of STAT3 

activity in different types of cancer. One of the reasons leading to the 

functionality variance of STAT3 may be the different STAT3 isoforms. 

Several STAT3 isoforms have been reported in literature including: STAT3α, 

STAT3β, STAT3𝛾 and STAT3𝛿, of which, STAT3α and STAT3β are the most 

well studied two isoforms. Both of these two STAT3 isoforms have complete 

transcriptional function and may regulate different genes. However, most 
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STAT3 studies do not specify the STAT3 isoforms detected in their assays. 

Therefore the relationship between the STAT3 isoforms and STAT3 function 

in cancer is still not clear. The next sections describe the structural and 

functional differences of the STAT3 isoforms and conclude current 

discoveries in the functions of different STAT3 isoforms.  

1.4.1 The relationship between STAT3𝜶 and STAT3𝜷 
 

STAT3𝛼 is a 92kDa STAT3 protein compromised of 770 amino acids. The 

STAT3 tumour progression function is mostly related to the function of the 

STAT3𝛼 isoform. Most STAT3 research that does not define the specific 

STAT3 isoform generally refers to STAT3α since this is the most abundant 

STAT3 isoform in cells. The over-expression of STAT3𝛼 is always related to 

tumour cell growth, apoptosis resistance or the oncogenic behaviour of cells. 

For example, over-expressed STAT3𝛼 results in increased cell proliferation 

and promoted epithelial mesenchymal transition and invasion of endometrial 

carcinoma cells [166].  

While STAT3β is an 83kDa STAT3 isoform with 722 amino acids and was 

regarded as a negative regulator of STAT3α when STAT3β was first 

discovered by Caldenhoven et.al. [167]. Thanks to Bharadwaj et.al., 

antibodies targeting the STAT3β unique sequences provided more 

convenient identification of STAT3β isoform by immunoblotting [168]. The 

two isoforms of STAT3, STAT3𝛼 and STAT3𝛽 are created from alternative 

splicing: [169]. STAT3𝛼 is usually regarded as the complete STAT3 while 

STAT3𝛽 was thought to be a negative regulator of STAT3𝛼 but later proved 

to have its own specific transcriptional function. The reason why STAT3𝛽 

was regarded as a negative mutant of STAT3𝛼 is that in its amino acid 

sequence, STAT3𝛽 has an incomplete transcriptional activation domain. In 

the amino acid sequence of STAT3𝛽, the transcriptional activation domain 

(the last 55aa) is replaced with 7 amino acids compared to STAT3𝛼. The 

creation of STAT3𝛽 is due to a frameshift caused by the stimulation of the 

acceptor site in exon 23. The frameshift results in the deletion of the C-

terminal end sequences and introduced a new sequence (FIDAVWK) with 

stop codons to the C-terminal end. 
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Figure 1.4. STAT3𝛼 and STAT3𝛽 created from alternative splicing. In the 

STAT3β isoform, the transactivation domain in the STAT3α isoform is 

replaced by amino acids FIDAVWK. 

STAT3𝛼 and STAT3𝛽 co-exists in all types of normal cells. The 

concentration of STAT3α can be 4 to 10 times higher than the STAT3β 

concentration in different cell types [170]. The expression of STAT3𝛼 is 

higher in most cells [171]however the level of STAT3𝛽 expression can be 

higher than the 𝛼 isoform under certain conditions. For example, the 

concentration of STAT3β is higher than STAT3α during myeloid 

differentiation [171, 172]. STAT3β concentration can be induced by 

endotoxic shock in liver cells and therefore change the domination of 

STAT3α [173]. The variant of the STAT3α:STAT3β ratio during cell 

differentiation, cytokine stimulation and endotoxic shock may contribute to 

the complexity of STAT3 function in different cells. In order to understand the 

relationship between the expression of different STAT3 isoforms and STAT3 

regulation of cellular functions, more detailed STAT3 function correlated with 

the specified isoform is required.  

Both isoforms have transcriptional functions and their regulation of genes 

have similarities and differences. For example, embryonic lethality is 

observed in mice with complete knock out of STAT3, but the expression of 

either isoform can stop embryonic death [174]. This indicates that both 

isoforms have sufficient functionality to support embryo development. 
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Maritano et.al. conducted research to screen downstream genes regulated 

by a single STAT3 isoform [175]. In their research, STAT3 null mutation cells 

were inserted with a plasmid that produce either STAT3 isoform to create the 

cell line that produce only one STAT3 isoform. Their research indicated that 

IL-10 mediated inflammation can be controlled by both STAT3𝛼 and 

STAT3𝛽. The expression of STAT3β rescued the lethality of STAT3α deleted 

embryo cells. But STAT3𝛼 and STAT3𝛽 also have unique downstream 

genes although the fundamental biochemical mechanisms is still unknown. 

For example, STAT3α is response for IL-6 induced IFN-γ expression. But 

STAT3β is also reported to mediate IL-6 dependent myeloid cell apoptosis 

[176]. Knock out of single isoform will result in significant gene expression 

changes [175].  

STAT3𝛼 and STAT3𝛽 have different nuclear retention ability after 

phosphorylation [176]. STAT3𝛽 is found to generate faster nuclear 

translocation and longer nuclear retention compared to STAT3𝛼.The 

STAT3𝛽 homodimer is also a tighter binder to DNA compared to STAT3𝛼 

homodimers [177]. According to Ng et.al., the DNA binding stability and fast 

nuclear translocation of STAT3𝛽 is due to the C-term deletion rather than the 

7 unique amino acid sequences since the C-terminal truncated STAT3𝛼 has 

similar DNA binding stability and nuclear translocation speed as the STAT3𝛽 

isoform [178]. Zhang et.al. also revealed STAT3𝛽 expression prolonged the 

phosphorylation and nuclear retention of STAT3𝛼 [179]. Therefore, although 

STAT3α expression is higher than STAT3β isoform in most cells, the activity 

of STAT3β may still have a significant influence on the STAT3 activities.  

1.4.2 Unique functions of STAT3β isoform 

With accumulating evidence showing that STAT3β has its own unique 

transcriptional activity, STAT3β is no longer just regarded as a dominant 

negative regulator of STAT3 activity. However, STAT3β overexpression can 

contribute to opposing effect of STAT3α in cells. STAT3β activity is usually 

related to STAT3’s tumour suppressor activity. The expression of STAT3β in 

gastric cancer reduces chemoresistance and cancer invasion [180]. STAT3β 

activity also inhibits Bcl-XL, p21 and cycline D1 expression which can be 

induced by STAT3α, and therefore control cell proliferation [174, 181]. On the 
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other hand, STAT3β activity also seems to be independent of the function of 

STAT3α. Maritano et.al. suggested the expression of STAT3β does not 

interfere with STAT3α’s function in embryo and adult mice [175].  

STAT3β activity is not only related to tumour suppression but also to tumour 

progression. Continuous overexpression and over activation of STAT3β 

isoform in breast cancer suggested that STAT3β may contribute to breast 

cancer progression [176]. The level of STAT3β was also significantly 

positively related to acute myeloid leukaemia (AML) relapse in a clinical 

study [182]. This suggests that STAT3β may be used as an additional 

diagnostic factor in the future.  

STAT3𝛽 activity is highly related to inflammation response. Deletion of 

STAT3𝛽 in mice result in macrophages hypersensitive to endo-toxic shock 

[173]. However, Matiano et.al. revealed acute-phase response to LPS 

simulation also present in STAT3𝛽 deleted liver cells [175]. This finding 

suggests that STAT3𝛽 is not the only isoform that can activate those genes. 

Therefore, the present of STAT3𝛽 reduces the inflammation response 

simulated by endo-toxic in macrophages and liver cells. Since inflammation 

has been long associated with the development of tumours, it is obvious that 

STAT3𝛽 activity is related to cancer. With the presence of STAT3𝛽, tumour 

cells are more resistant to inflammation response therefore have a higher 

chance to go through the early stage of tumour growth [183]. On the other 

hand, STAT3𝛽 was regarded as a dominant negative version of STAT3𝛼 

with its own transcriptional function. Its expression was found to reduce 

gastric cancer cells invasion and make the cancer cells more susceptible for 

chemotherapies [174]. STAT3𝛽 was found to inhibit the constitutive 

activation of STAT3𝛼 and reduce tumour growth in several in vivo assays 

[184]. The inhibition of STAT3𝛼 activation maybe due to the formation of 

STAT3𝛼/STAT3𝛽 heterodimers. The heterodimer reduces STAT3𝛼 binding 

to a cytokine phosphatase called PTP-MEG2, hence reducing the 

phosphorylation and nuclear translocation of STAT3𝛼. However, STAT3𝛽’s 

suppression in tumour development can only be observed when the 

expression level of STAT3𝛽 is much higher than STAT3𝛼. The influence of 
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STAT3𝛽 to cancer is highly related to the balance between the two STAT3 

isoforms.  

1.4.3 Other STAT3 isoforms: STAT3𝜸 and STAT3𝜹 

Another two isoforms: STAT3𝛾 and STAT3𝛿, can be generated through a 

proteolytic process. STAT3𝛾 is a C-terminal truncated isoform created by 

proteolytic cleavage of STAT3𝛼 [185].  It has a full deletion of the 

transactivation domain without any additional amino acid sequences. 

Therefore STAT3𝛾 is the true dominant negative variant of STAT3. 

Proteolytic cleavage creating the 𝛾 isoform with deleted transcriptional 

activation domain is also observed in other STAT family members (e.g. 

STAT5) [186]. The expression of STAT5𝛾 was detected in CD4+ T cells from 

HIV patients and found to be accompanied by positive responses to the 

treatment therapy [187]. The constitutive expression of STAT3𝛾 in AML is 

also significantly related to pathology [174, 188]. However, there is no study 

revealing the reason for STAT3𝛾’s formation yet.  

Diane et.al described a 64kDa STAT3 isoform in 2002 and defined the novel 

isoform as STAT3𝛿 [172]. The new STAT3 variant was found to be 

expressed during granulocytic differentiation. The information about this 

isoform is very limited.  

In general, the different function of different STAT3 isoforms may reveal the 

diversity of STAT3 functions in cancer and normal cells. STAT3α and 

STAT3β are the two well-studied STAT3 isoforms. They have been reported 

to contribute to similar functions but also regulate different gene expressions. 

STAT3β is generated from alternative splicing and able to conduct 

transcription independently. The activity of STAT3β can not only be a 

negative regulator of STAT3α but also support STAT3α or enhance 

transcription of its own targeted genes. The creation of STAT3β is not a 

random result, it can be regarded as a self-regulation mechanism of STAT3 

activity. Understanding the relationship and functions of different STAT3 

isoforms may reveal many more unknown regulation systems in tumour cells. 

The described differences between STAT3α and STAT3β functions are all 

generated by the differences in the transactivation domain therefore 
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understanding STAT3 structure is also important for STAT3 related cancer 

research.  

 

1.5 The domain structure of STAT3 
Understanding STAT3 structure not only helps to understand STAT3 activity 

but also contributes to structural based drug design targeting STAT3 as a 

cancer treatment. In this section we describe the domain structure and 

discuss the functions of each STAT3 domain related to specific STAT3 

activities. The STAT3 protein shown in figure 1.5 consists of 6 domains 

including: N-terminal domain (ND), Coiled-coil domain (CCD), DNA binding 

domain (DBD), linking domain (LD), Src homologous 2 domain (SH2) and 

Transactivation domain (TAD). Each domain has its unique function and all 

contributes to the stability of STAT3 structure.  

 

Figure 1.5. The crystal structure of STAT3β lacking N-terminal domain 

binding to dsDNA and the domain structure of STAT3β. N-terminal domain 

labelled in grey, CCD labelled in yellow, DBD labelled in light blue, LD 
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labelled in pink, SH2 domain labelled in green and TAD labelled in orange. 

The dsDNA is labelled in dark blue. [PDB 1BG1] 

1.5.1 N-terminal domain 

The N-terminal domain of STAT3 (absent from figure 1.5, but shown 

separately in Figure 1.6) is comprised of an 8 α-helix structure. Alpha helical 

structures are involved in a wide range of protein-protein interactions and is 

regarded as a potential target for inhibitor design (Edwards and Wilson, 

2011). The N-terminal domain structure is analysed separately from the other 

domains using x-ray crystallization since full length STAT3 forms insoluble 

aggregates very easily. The first N-terminal domain structure was revealed 

by Hu et.al. [189].  

 

Figure 1.6. The crystal structure of the STAT3 N-terminal domain dimer. The 

green dot to the right side of the protein is Ni2+ [pdb: 4ZIA] [190]. This figure 

shows the α-helix structure of the STAT3 N-terminal domains interacting with 

each other. The α-helix structure is important for STAT3 protein-protein 

interactions.  

The ND is reported to be involved in multiple functions including: protein-

protein interaction, nuclear translocation and DNA binding. Figure 1.6 shows 
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the crystal structure of a STAT3 N-terminal domain dimer. Firstly, ND is 

responsible for teramerization of Tyr705 phosphorylation induced STAT3 

dimers [14]. The interaction between the ND of the nearby STAT3 dimers 

enhance the stability of the STAT3 binding to the dsDNA [191]. The 

tetramerization is essential for the interaction between STAT3 dimers and 

weak binding promoters. A dimer interface was observed in crystal structure 

of STAT3 ND which cooperates DNA binding [189]. Deletion of ND results in 

decrease of STAT3 DNA binding activity in vivo [192]. Furthermore, the 

activity of un-phosphorylated STAT3 monomers (uSTAT3) is also influenced 

by the ND [193]. ND contributes to the stability of un-phosphorylated STAT3 

dimers and promotes un-phosphorylated STAT3 translocation [193]. N-

terminal point mutations decreased the formation of stable un-

phosphorylated dimers in inflammatory hepatocellular adenoma (IHCA) 

[194]. The activity of ND is also essential for un-phosphorylated STAT3 

nuclear accumulation [195]. Moreover, ND is involved in chromatin 

remodelling mediated transcriptional activity of un-phosphorylated STAT3 

and therefore influences gene expression resulting from STAT3 transcription 

[196]. Post-translational modifications of ND were identified during a STAT3 

mediated antiviral response which interferes with STAT3 transcriptional 

regulation [56]. N-terminal deletion of STAT3 results in the decreased 

expression of STAT3 targeted genes specifically when the STAT3 

phosphorylation is low [189]. Since ND is involved in general functions of 

STAT3, it has potential to be developed into a drug target for regulating 

STAT3 activities. 

1.5.2 Coiled-coil domain 

The coiled-coil domain (CCD) is another α-helical composed domain of 

STAT3 which is related to protein-protein interactions (PPI). CCD is involved 

in the regulation of SH2 domain mediated cytokine interaction, STAT3 

phosphorylation and transcription [197]. Understanding the activity of the 

STAT3 CCD in molecular level is essential for understanding STAT3 activity 

and its regulation. Zhang et.al. reported that the deletion of CCD results in 

the loss of STAT3 function (inhibited tyrosine phosphorylation of STAT3) and 

therefore reduced the downstream STAT3 activities. They also pointed out 
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the most essential residue involved in the CCD activity is Asp170 [197]. 

Another important function of the CCD domain is that it supports STAT3 

nuclear retention [198]. Mutation in the CCD domain reduced IL-6 and EGF 

induced nuclear translocation and retention of STAT3 [199]. In their study 

they also pointed out the important residue involved in this activity is 

Arg214/215 [199]. Later, Sato et.al. supported Ma et.al.’s discovery. Sato 

et.al. showed that mutation in Arg214/215 can speed up the nuclear 

exportation of STAT3 [198]. Although more detailed mechanism of STAT3 

nuclear translocation and nuclear retention is still unclear, the importance of 

CCD domain in nuclear retention suggests that protein-protein interaction is 

involved in this process. Furthermore, the inhibition of STAT3 nuclear 

retention may also be a possible way to inhibit STAT3 transcriptional activity.  

1.5.3 SH2 domain 

The Src homologous 2 (SH2) domain present in many proteins relate to 

tyrosine phosphorylation signalling pathways and they function as a 

phosphotyrosine binding site [200]. The STAT3 SH2 domain is the most 

popular target for STAT3 inhibitor drug development.  The SH2 domain 

contributes to the dimerization of phosphorylated STAT3. Figure 1.7 shows a 

cartoon crystal structure of a STAT3 SH2 domain dimer with the binding 

pocket labelled. Targeting the SH2 domain with small molecule inhibitors has 

disrupted the formation of stable STAT3 dimers [201]. SH2 also facilitates 

phosphorylation on Tyr705 by JAKs and non-receptor tyrosine kinases. Most 

STAT3 inhibitors targeting the SH2 domain interrupt the STAT-STAT dimer 

interaction and STAT-receptor interactions [202]. 
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Figure 1.7. The crystal structure of two STAT3 SH2 domains in a crystallized 

STAT3β homodimer [PDB: 1BG1] [190]. The light blue part labels the binding 

pocket of a STAT3 SH2 domain monomer. This binding pocket image is 

conducted by ezCADD. The ezCADD program is published by Tao et.al. 

[203].   

1.5.4 DNA binding domain 

The DNA binding domain (DBD) of STAT3 contributes to the recognition and 

binding to the target DNA-GAS sequence (TTCCGGGAA). The antiparallel α-

helix structure of the DBD domain is essential for the hydrophilic interactions 

between STAT3 and other proteins while the DNA contacting pocket is 

supported by a small β-sheet structue [204]. The crystal structure of the DBD 

domain binding to dsDNA is shown in figure 1.8. Although the DBD is 

dominant for DNA binding ability of STAT3, the connection with the SH2 

domain through the linking domain is also important for binding stability 

[205]. The DNA binding domain is another ‘drugable’ domain in STAT3. 

Interfering with DBD activity can directly inhibit the STAT3 interaction with 

the targeted dsDNA. In this thesis, we suggest that the STAT3 DBD domain 

is the best domain to target for STAT3 inhibitor design based on the 

complexity of STAT3 activation pathways. The linker domain is between 

DBD and SH2 but its function is not well studied. It has been reported that 
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the LD is crucial for STAT3’s DNA binding activity and may also be involved 

in nuclear transportation [206].  

 

Figure 1.8. Two STAT3 DNA binding domain interacting with dsDNA as a 

dimer [PDB: 4E68] [207]. The picture is generated by Pymol, a molecular 

modelling software used to visualise the molecular structure of proteins. The 

green color shows the dsDNA, the blue color shows the STAT3 protein and 

the yellow dash line shows the polar interaction between one STAT3 

monomer and one DNA chain.  

 

1.5.5 TAD domain 

TAD is the transcriptional activation domain that is only present in the 

STAT3α isoform. However, the seven amino acid (FIDAVWK) in STAT3β 

isoform can also support STAT3 transcriptional activity. This indicates that 

the 7 amino acid peptide should be able to form complex with other 

transcription factors and mRNA to enhance transcription. A structural study 

of the CT7 may lead to the discovery of novel STAT3 inhibitors interfering 

with STAT3 transcriptional activity directly.  

Analysing the structural of STAT3 in detail contributed to structural based 

drug discovery targeting STAT3. The range of potential small molecule drugs 
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is highly specified with binding pockets identified in each domain. 

Furthermore, with the help of deletion studies, STAT3’s biological functions 

can be related to single or several amino acids. These studies specified the 

target therefore help increase the specificity and sensitivity of future 

developed drugs. In this thesis, we selected our target and designed our 

mutated STAT3 based on the crystal structural information of STAT3.  

1.6 Current STAT3 inhibitors 
 

The final aim of studying STAT3 is to use STAT3 as a target to treat cancer 

and other related diseases. The knockout of STAT3 has shown the reduction 

of tumour cell proliferation and improved apoptosis and immune sensitivity in 

breast cancer, lung cancer, and leukaemia. Drugs inhibit STAT3 activities by 

either directly interacting with STAT3 or by interfering with upstream targets 

in STAT3 pathways. The targeted STAT3 upstream pathway can include 

JAK2, EGFR and Src. Two of the STAT3 domains appear to be the most 

popular targets and are highlighted in Table 1.3 below for published STAT3 

inhibitors: these are the SH2 domain and the DNA binding domain.  

As stated before, the STAT3 SH2 domain is reported to be essential for 

STAT3 dimerization and for protein-protein interactions. Inhibition of the 

STAT3 SH2 domain interferes with the interaction between STAT3 and its 

upstream tyrosine kinases and therefore prevents STAT3 phosphorylation 

and the subsequent transcriptional activities. It has been considered the 

most ‘druggable’ STAT3 domain target since several STAT3 inhibitors 

targeting the SH2 domain have reached clinical trials including: C188-9 (TTI-

101), Napabucasin, OPB-111077, and AZD9150.  

Another anti-cancer drug target in the STAT3 structure is the DNA binding 

domain. Due to the complexity of STAT3 activation pathway and 

accumulating evidences showing the un-phosphorylated has transcriptional 

activity, the importance of inhibiting direct interaction between the STAT3 

proteins with the dsDNA is emphasized. However, the development of 

STAT3 inhibitors targeting the DNA binding domain is slow. Table 1.3 

summarise current STAT3 inhibitors under development. In this thesis, we 
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developed several in vitro assays that can be used in the screening of 

STAT3 inhibitors that target the DNA binding domain specifically.  

 

Inhibitor name STAT3 target 
domain 

Tested 
cancer 

Test phase Substrate Reference 

Bruceantinol 
(BOL) 
 

unknown Colorectal 
cancer 

In vivo Natural 
product 

[208] 

WP1066 JAK/STAT 
inhibitor 

Melanoma Phase 1 Small molecule [209] 

Cpd188 SH2 domain Glioblastoma In vivo Small molecule [210] 

Stattic SH2 domain Breast cancer In vivo Small molecule [211] 

S31-201 SH2 domain Chronic 
kidney 
disease 
Liver fibrosis 

In vivo Small molecule [212, 213] 

C188-9 SH2 domain Leukaemia 
Also inhibit 
STAT5 

Phase 1 Small molecule [188, 214] 

5,15-DPP SH2 domain Nerve sheath 
tumours 

In vitro Small molecule [215] 

STX-0119 SH2 domain Liver fibrosis In vivo Small molecule [216] 

LLL12 SH2 domain Breast cancer In vivo Small molecule [217] 

BP-1-102 SH2 domain Breast cancer 
Lung cancer 

In vivo Small molecule [218] 

Cryptotanshinone SH2 domain Colorectal 
cancer 
Prostate 
cancer 

In vivo Nature 
product 

[219] 

KYZ3 SH2 domain Breast cancer In vivo Small molecule [220] 

STA-21 SH2 domain Breast cancer In vivo Small molecule [221] 

Niclosamide DNA binding 
domain 

Lung cancer In vivo Small molecule [222] 

S3-54A18 DNA binding 
domain 

Not reported In vitro Small molecule [223] 

IS3 295 Unknown Breast cancer In vivo Small molecule [224] 

Bt354 SH2 domain Breast cancer In vivo Small molecule [225] 

Arctigenin SH2 domain Lung, liver In vivo Small molecule [226] 
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Alantolactone SH2 domain Breast cancer In vivo Nature 
product 

[227] 

OPB-51602 unknown Solid 
tumours 

Phase 1 Small molecule [228] 

Napabucasin SH2 domain Pancreatic 
cancer, Colon 
cancer 

Phase 3 Small molecule [229] 

OPB-111077 unknown B-cell 
lymphoma 

Phase 1 Small molecule [230] 

Silibinin Both SH2 
and DNA 
binding 
domain 

Prostate 
cancer 

In vivo Naturalproduct [231] 

AZD9150 SH2 domain Lung cancer, 
Overian 
cancer, GIC 

Phase 2 Small molecule [232] 

Table 1.3  A summary of STAT3 small molecule inhibitors that directly interact with STAT3. 

This table shows the novel STAT3 inhibitors and their targeted domain and their current 

stage in drug development.  

 

1.7 Protein aggregation in vitro and the impact on pharmacy 
 

In this thesis, three different types of in vitro assay were designed to test 

STAT3 DNA binding activity and screen STAT3 inhibitors. During the 

experiments, protein aggregation has been the priority problem to solve. The 

phenomenon of protein aggregation and protein precipitation is directly 

related to the success of assays. It is also an important result we found in the 

inhibition tests.  

Protein aggregation in vitro usually refers to the phenomenon that two or 

more protein molecules form a stable complex that influence the monomeric 

protein’s tertiary structure, toxicity or biological activities [233]. This process 

is also called non-native protein aggregation. Protein aggregation starts from 

nucleation and polymerization [234]. Aggregated proteins either form soluble 

agglomerated aggregates or particles. The study of protein aggregation is 

essential in pharmacy since protein-based pharmaceuticals play an 

important role in treatment methods of auto-immune diseases, some 

metabolic disorder diseases and various cancers [235]. Protein aggregation 

is often confused with protein precipitation and polymerization. The protein 

aggregation process mentioned in this project refers to the process of 
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polymerization and the polymer either remain soluble or form insoluble 

precipitates. Protein precipitation brings difficulty in STAT3 production, 

purification and storage while proteins forming soluble polymers are hard to 

detect and may affect STAT3 functionality.  

There are four ways that proteins can initiate precipitation: 1) precipitation 

caused by misfolding or unfolding proteins; 2) self-association without 

changing the morphology of the monomeric protein molecules; 3) chemical 

reaction creating covalent bonds between protein molecules; and 4) 

precipatation caused by protein degradation. Generally, protein aggregations 

can be separated into two types: the physical aggregation and the chemical 

aggregation based on whether there is formation of covalent bonds between 

two protein molecules. Physical aggregation is based on the Van der Wal 

forces, hydrogen bonds, hydrophobic and electrostatic interactions between 

the protein molecules [236]. The formation of physical aggregation and 

chemical aggregation can happen to the same protein. For example, insulin 

can form soluble and insoluble aggregates through both physical and 

chemical aggregation [237, 238]. One protein type can also generate 

different forms of polymers based on the differences of misfolding, such as 

monoclonal antibodies (mAbs) [239].  

The process of protein aggregation brings advantages and disadvantages to 

pharmacy. Protein aggregation is a challenge for the production of 

recombinant proteins with bacteria, protein purification, formulation and 

storage. Normally, compared to natural proteins, truncated proteins are more 

likely to aggregate. Due to natural evolution, the chemical characteristics 

(including structure, stability, and solubility) of the cellular proteins usually 

exhibit in favour of the protein’s function [240]. The aggregation of proteins 

expressed in bacteria cells is affected by complex conditions including 

protein structure, cellular environment, and extracellular environment [241]. 

Control and analysis of protein aggregation of the synthesized protein has 

always been challenging in in vivo studies. The application of recombinant 

proteins in therapeutic treatment methods has been developed since 1970s, 

and has been a great success [242]. On the other hand, protein aggregation 

can also bring benefits to pharmacy. For example, aggregated protein 
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polymers can increase the immune response compared to soluble protein 

monomers [243]. However, during industrial production of the therapeutic 

proteins, protein precipitation also reduces the quality and quantity of the 

purified protein [244].  

In this thesis, protein precipitation is a major problem to be studied and 

solved during STAT3 production, purification, buffer exchange and the 

storage of the purified STAT3. The protein pricipitation that occurred during 

the production of the recombinant protein could have been caused by protein 

misfolding within in the bacteria. The designed protein overexpression 

mechanism intransformed bacteria causes a burden to cell functions such as 

transcription, translation, and protein 

folding[245][245][245][245][245][245][245][245][245] [241][240][243]. Protein 

degradation, oxidation during purification and buffer exchange also induce 

the process of protein precipitation. The protein concentration created during 

purification can also cause protein aggregation hence result in the 

precipitation. We observed irreversible precipitates during our studies of 

STAT3. However, soluble or irreversible STAT3 aggregates may also be 

formed during the production processes. Various techniques have been used 

to detect protein aggregation however none of them can be used to detect all 

types of aggregation. One of the reason for this is that no single detection 

methods covers the size range of the protein aggregates. Techniques used 

to detect protein aggregation include: HPLC, SDS-PAGE, dynamic light 

scattering, and microscopy. Size exclusion chromatography can be used to 

separate molecules with different molecular weights. It can be used to 

separate and quantify soluble protein and soluble aggregates but not 

precipitates [246]. Dynamic light scattering measures soluble protein 

aggregates in the range of 1-100nm. It is also a method that can be used to 

measure protein aggregation kinetics [247]. Large insoluble protein 

aggregates are usually detected through light microscopy and visualization. 

The introduction pointed out the importance of STAT3 in cancer research 

and described current knowledge about STAT3’s biological activities. It also 

introduced the protein aggregation, which was found to be the major difficulty 

in the experiments. The following chapters will discuss these points in the 
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production and characterization of truncated recombinant STAT3 proteins of 

various lengths, the biophysical observations including PEMSA assays, and 

the development and application of fluorescence polarization assays for 

cancer drug discovery. 

 

In summary, based on current knowledge of STAT3, it is widely believed to 

be a potential anticancer drug target. Its essential role in cell differentiation, 

immune response, and tumour development, suggest that STAT3 is an 

important protein in the pathology of cancer and immune diseases. However, 

the detailed regulation and activation mechanisms of STAT3 is not well 

understood. In the classical STAT3 activation pathway, STAT3 requires 

phosphorylation and dimerisation to enter the cell nucleus and start 

transcription. However, it has been proved that unphosphorylated STAT3 

can also transport into nucleus and bind to dsDNA as dimers. Therefore we 

hypothesis that unphosphorylated STAT3 may also have transcription activity 

as long as they bind tight enough to the dsDNA. There are other modulation 

pathways of STAT3 including acetylation and methylation that can stable the 

binding of STAT3 to the dsDNA. Understanding the mechanism of STAT3 

activation is essential for make entirely use of STAT3 and avoid side effects 

in drug research. The mystery of STAT3 not only lay on its complicated 

activation and regulation pathway, but also its diverse function in the two 

different isoforms: STAT3α and STAT3β. The two isoforms with only N-

terminal differences have varied regulation in transcription. The activation of 

the two isoforms result differently in immune response and tumour 

development. Since the distribution and the regulation of the formation of the 

two STAT3 isoforms are not well studied, the consequences of inhibiting 

STAT3 in different types of cells is not ensured. An inhibitor that completely 

inhibit STAT3 transcription activity is required in the research of detecting 

different STAT3 functions. Current testing drugs targeting STAT3 are mainly 

target SH2 domain, and there are a few drugs reaching clinical trial now. 

However, we recommend DNA binding domain as a better target to complete 

inhibit STAT3 transcription activity since phosphorylation of STAT3 in the 

SH2 domain may not be the only modification that control STAT3 
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transcription. With STAT3 SH2 domain inhibited, STAT3 may still get 

acetylated or methylated, thus the transcription of STAT3 may be influenced 

but may not be completely inhibited. To study the relationship between 

STAT3 SH2 domain and its DNA binding activity, we produced different 

length of truncated STAT3 protein and designed different in vitro assays. The 

in vitro assays can also be applied in STAT3 inhibitor screening.  
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Chapter 2- Protein production, extraction and 

purification 
 

All STAT3 mutants applied to the project were expressed in Rosetta2 (DE3) 

cells with IPTG induction. The methods of producing human STAT3 protein 

in E. coli cells were developed from previous protocols developed by Dr. 

Wilderspin. The structure and biological activities (DNA binding activity and 

peptide binding activity) of the E. coli produced STAT3127-722 have been 

checked in previous research [248]. Comparing to extracting STAT3 proteins 

from mammalian cell lines, producing STAT3 proteins in E. coli cells is much 

more cost effective, and the truncated form was not so insoluble. 

Furthermore, producing STAT3 proteins in E. coli cells provides a simple way 

to produce large amount of purified STAT3 proteins for study.  

In this project, three STAT3 truncated proteins were used to detect the 

influence of different STAT3 domains on STAT3’s DNA binding activity. They 

are STAT3 127-722, STAT3 127-688 and STAT3 127-497. STAT3 127-722 consists of 

all domains of STAT3β isoform except for the N-terminal domain. STAT3 127-

688 is a shorter truncated STAT3 protein made from the STAT3 127-722 with 

deletion of the important Tyrosine 705. STAT3 127-497 is a very short truncated 

STAT3 protein with only two integrated domains: the CCD and the DBD. 

Fluorescent protein labels were attached to either N-terminal or C-terminal of 

the STAT3 mutants to perform different types of assays.  
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STAT3 127-497          STAT3 127-688     STAT3 127-722 

 

Figure 2.1 shows the domain structure and the molecular structure of three 

STAT3 truncated proteins: STAT3 127-497, STAT3 127-688 and STAT3 127-722 in 

dimers. The CCD domain was labelled in yellow. The DBD domain is in blue. 

The LD domain is in pink and the SH2 domain in green. The TAD domain is 

in orange.  

The molecular weight (MW) of the STAT3 127-722 truncated protein is about 

68kDa by calculation according to the published protein sequence while 

about 64kDa according to the SDS gels. The extinction coefficient (E.C.) 
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calculated according to the protein sequence for STAT3 127-722 is 89x103 M-

1cm-1. For the STAT3 127-688 protein, the MW is about 64kDa and the E.C. is 

82x103 M-1cm-1. The shortest STAT3 truncated protein STAT3 127-497 has 

lowest MW of 42.5kDa and the E.C. is 31x103 M-1cm-1. The above 

parameters were used to calculate the concentrations of the extracted 

STAT3 proteins when combined with the A280 readings.  

2.1 A brief introduction of using genetically modified 

microorganisms to produce eukaryotic proteins 
Genetically modified microorganisms (GMOs) have been used to produce 

human protein in medical research. Microbial systems were the first 

genetically modified living systems in the history [249]. Microorganisms, 

especially prokaryotic bacteria, contain relatively simple gene information 

compared to other prokaryotic cells. The E. coli gene was first completely 

sequenced in 1997 containing 6.4 million base pairs (bp) while the human 

genome contains more than 3000 million bp per haploid. Therefore, the 

mutations and modifications in the E. coli genes are easier to be monitored. 

Furthermore, the structure of the E. coli gene is a single circle while the 

human gene contains 23 pairs of chromosomes. The complexity of the 

human gene added more difficulty on gene modification processes. The use 

of E. coli cells also benefits from fast proliferation speed, which results in 

higher protein production level compared to human cells incubated for the 

same length of time. With the advantages of fast replication, easy 

transformation, ordinary energy requirement, relatively simple genomic 

content, bacteria culture comparing to animal cell culture are very cheap to 

grow, easier to be monitored. Therefore, GMOs are widely applied in many 

fields including the food industry, medical research, energy production and 

waste treatment. The method of using GMOs to produce synthetic proteins 

was first created by Herbert Boyer. He successfully produced synthetic 

insulin in Escherichia coli (E. coli) in 1978. The capacity for producing high 

quantities of the protein in a relatively short time speeds up the process of 

biochemical characterisation, medical research on protein targets and 

industrial production. In this thesis, we use genetically modified E. coli cells 

to produce truncated human STAT3 proteins and their derivatives. With the 
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application of the produced STAT3 recombinant proteins, we can analyse the 

biological activity of STAT3 in vitro, learn about the molecular structural of 

STAT3 and test STAT3 inhibitors that have potential to be developed into 

anticancer drugs.  

Nowadays, production and purification of recombinant proteins in bacteria is 

almost the imperative skill in the field of biochemistry. Research using GMOs 

to produce human proteins usually start with host selection, plasmid 

selection, strain selection and other trouble-shooting questions.  

Host microorganisms can be bacteria, yeast or filamentous fungi (moulds). 

The advantages of choosing E. coli as the host include rapid proliferation, 

high protein yield, cheap and cost-effective, easy to culture and to modify 

[250]. However, the E. coli as host also have some disadvantages. The E. 

coli system produces protein without glycosylation and therefore sometimes 

produces protein without its desired biological function [251]. Another 

disadvantage of the E. coli host is that the produced protein may aggregate 

to form inclusion bodies in the bacterial cells. The aggregated proteins in the 

inclusion bodies are usually misfolded, insoluble and require re-folding. In 

this thesis, the first problem was eliminated by using the results of previous 

research. The STAT3 127-722 protein has been successfully produced in the E. 

coli cells with the biological activity analysed by FP assay and PEMSA assay 

(peptide binding and DNA binding) and structurally analysed by X-ray 

crystallisation [248]. The second disadvantage is still unsolvable in this thesis 

since the efforts made to decrease inclusion bodies (induction at low 

temperature, adding glucose during expression and changing different 

culture) did not work. However, the disadvantage did not completely 

outweigh the advantages of using E. coli as a host. In general, producing the 

STAT3 protein in E. coli cells is still the best choice.  

The plasmid selection is based on the following factors: replication, 

promoters, cloning site, antibiotic resistant gene and affinity tags for protein 

purification [250].A good replicon leads to the suitable copy number of the 

plasmids that produced high yield of the recombinant protein without causing 

metabolic burden to the bacteria cell. The role of the promoter is like a switch 
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to the gene transcription and protein expression in the bacteria cell. A 

multiple cloning site allows the easy insertion of the desired gene sequence 

or antibiotic resistant gene for selection. The antibiotic resistant gene is 

crucial for colony selection and incubation. The antibiotics make sure that 

only successfully transformed bacteria can be selected and avoid plasmid 

loss during incubation. Finally, affinity tags are often fused to the 

recombinant protein with an enzyme digestion site as a linker that allows the 

tag to be removed after purification.  

2.2 pET32a(+) plasmid as a vector 
In this thesis, we use the pET32a(+) as our vector plasmid. The pET32a(+) 

plasmid map is shown in Figure 2.2.  

 

Figure 2.2. The pET-32a (+) plasmid map obtained from SnapGene. The 

STAT3 127-722 gene was inserted between the EcoR1 and Nde1 restriction 

site labelled in the picture.  

The pET32 plasmid series contains pET32a pET32b and pET32c. The 

system was designed in 1993 by Edward et.al. in order to achieve high 

protein expression level with limited formation of inclusion bodies in E. coli 



48 
 

[252]. The system contains gene coding for a thioredoxin protein (TrxA) that 

can be fused to the recombinant protein inserted into the multiple cloning site 

and increase the solubility of the fused protein [252]. Apart from the TrxA tag, 

it also contains S-tags and His-tags that can be removed by cleavage in the 

plasmid map. However, none of the tags was used in this thesis.  

The pET32a(+) plasmid coding for the STAT3 127-722, YFP-STAT3 127-722 and 

CFP-STAT3 127-722 was created by Dr. Nkansah. The STAT3 genes were 

cloned into the multiple cloning site (MCS) of the pET32a(+) between the 

EcoR1 and the Nde1 restriction site shown on figure 2.2. The expression of 

the inserted STAT3 sequence was controlled by the T7 promoter. The 

sequence between the Nde1 after the ribosome binding site (RBS) and the 

EcoR1 in the MCS was deleted. That includes the TrxA-tag, S-tag and the N-

terminal His-tag. The stop codon was added after the STAT3 codon for 

amino acid 722 therefore the C-terminal His-tag was not expressed. The 

inserted sequence for the STAT3 127-722 gene was 1803bp and the eYFP 

coding sequence was 720bp. Hence the total plasmid of the success 

insertion for the STAT3 127-722 pET32a(+) was 7925bp and the YFP-STAT3 

127-722 was 8645bp. The success of the bacteria transformation can be 

confirmed Ampicillin resistance.  

2.3 Rosetta2 (DE3) were applied for STAT3 protein 

production 
The host strain employed for protein production in this thesis was Rosetta2 

(DE3) manufactured by Novagen and sold by Merck. Rosetta2 (DE3) is a 

BL21(DE3) derivative that contains genes encoding tRNAs with anti-codons 

to compensate for the differences in eukaryotic codon usage, and therefore 

improves eukaryotic protein expression. The BL21 strain was developed 

form an E. coli B strain to remove the Lon protease which can cleave the 

recombinant proteins [253]. DE3 indicates that the bacteria strain contains a 

λDE3 lysogen that expresses T7 polymerase under the control of the lacUV5 

promoter. The lacUV5 promoter can be switched on by Isopropyl β-D-1-

thiogalactopyranoside (IPTG) induction and therefore turns on the 

expression of the T7 polymerase. The T7 polymerase can then transcribe the 

genes controlled by the T7 promoter.  
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2.4 Method: 

2.4.1 Creation of N-terminal fluorescent labelled STAT3 truncated 

proteins 

Four N-terminal fluorescent labelled STAT3 truncated proteins were 

produced through point-directed mutagenesis: YFP-STAT3 127-688, YFP-

STAT3 127-497, CFP-STAT3 127-688 and CFP-STAT3 127-497. The yellow 

fluorescent protein (YFP) labelled STAT3s were constructed for application 

in the protein mobility electrophoresis shift assays (PEMSA) while the cyan 

fluorescent protein (CFP) labelled STAT3s were used in the fluorescent 

resonance energy transfer (FRET) assays. Both PEMSA and FRET assays 

were developed to detect STAT3’s DNA binding activity and STAT3 inhibitor 

screening.  

All mutants were generated with Qiagen Quick Change Lightning point 

directed mutagenesis kit. The original plasmids YFP-STAT3 127-722 and CFP-

STAT3 127-722 were provided by Dr. Wilderspin. The original plasmids were 

made from pET32a(+) plasmid with insertion of YFP/CFP gene sequence 

followed by human STAT3 gene sequence coding for amino acid (aa) 127-

722 between EcoR1 and Nde1 restriction sites. Two pairs of primers were 

designed to insert stop codons after the codons coding for aa688 and aa497 

respectively.  

Primers designed for the STAT3 127-497 and the STAT3 127-688 truncated 

proteins are: 

497stop Forward: 5’-CTT CTT CAC TAA GCC GCC ATA ATG AAC CTG 

GGA CCA AGT GGC C-3’ 

497stop Reverse: 5’-GGC CAC TTG GTC CCA GGT TCA TTA TGG CGG 

CTT AGT GAA GAA G-3’ 

688stop Forward:  5’-CAT TTG GAA AGT ACT GTA GGT GAT CAG CCA 

GGA GCA CCC CG-3’ 

688stop Reverse: 5’-CGG GGT GCT CCT GGC TGA TCA CCT ACA GTA 

CTT TCC AAA TG-3’ 



50 
 

50ul of the polymerase chain reaction (PCR) cocktails consists of 50ng 

plasmid template (YFP-STAT3 127-722 or CFP-STAT3 127-722), 125ng of both 

primers (forward and reverse), 1µl dNTPs, 1 µl enzyme, Quick Change 

Lightning buffer and Quick solution. All materials except for the primers and 

templates were provide in the Qiagen Quick Change Lightning kit. The 

content of Quick Change Lightning and Quick solution were not specified. 

The PCR cycles were processed according to the following form: 

 

 

Stage Cycles Temperature Time 

1 1 60 2mins 

2 18 95 20s 

60 10s 

68 240s 

3 1 68 5mins 

4 1 4 10mins 

 

After the PCR cycles were finished, 5 µl of the PCR products mixed with 50 

µl of the XL10-Gold cells and heated in a PCR machine at 42 ℃ for 90 s. 100 

µl of the transformed E. coli cells were spread onto LB agar plates with 

ampicillin (Amp), chloramphenicol (Chl) and tetracycline (Tet) followed by 

overnight incubation at 37 ℃. Only successfully transformed E. coli cells 

were able to form colonies on the plates. Single colonies were selected to 

incubate in 5 ml autoclaved LB culture with Amp, Chl and Tet at 37 ℃, 

shaking at 180 rpm. When the OD600 of the inoculated 5 ml bacteria culture 

reached about 0.6, 1 ml of the bacteria culture was transferred into 500 ml 

autoclaved LB culture with Amp (1mg/ml), Chl (0.35 mg/ml) and Tet (1 

mg/ml). The 500 ml bacteria culture was continuous incubated at 37 ℃, 180 

rpm until the OD600 reached 0.6. The 500ml cloudy bacteria culture were 

centrifuged at 12,450 g, 4 ℃ for 30 mins to harvest the bacteria pellets. After 

carefully discard of the supernatant, the bacteria pellets were incubated in 

ice for 10 mins.  
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The resuspension of the bacteria pellets, column equilibrate, purification of 

the plasmids steps were performed according to the Qiagen Maxiprep Kit. 

The plasmids were eluted with 500 µl of dH2O (HPLC grade) and stored in -

20 ℃. Sequence of the stop codons were confirmed by Eurofins Tube 

Sequencing Service.  

2.4.2 Result- Success creation of N-terminal fluorescent labelled STAT3 

mutants 
 

 

The sequencing results are shown in figure 2.3.  

 

Figure 2.3. Part of the DNA sequencing result received from Eurofins for 688 

stop codon insertion. The primer chose for this sequencing was T7 term. The 

mutagenesis site is completely covered in the sequencing result.  
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Figure 2.4. Alignment of the sequencing result with the GenBank database 

STAT3 sequence NM_011486. The upper-strand is the original STAT3 DNA 

sequence and the bottom-strand is the sequencing result. The CCCGAG 

was clearly replaced with TGATC. There was one already presented nucleic 

acid mutation present in the Wilderspin lab clones just before the stop codon, 

a T to C mutation results in a TTT to TTC change for the codon which is a 

silent mutation. Both TTT and TTC code for Phenylalanine (F).  

The sequencing results confirmed the successful introduction of the 688 stop 

codon. Besides, an unpublished single nucleic acid mutation before the stop 

codon was confirmed in the sequencing alignment. This mutation was 

inherited from the YFP-STAT3 127-722 and CFP-STAT3 127-722 plasmids and 

was present in the original STAT3btc clone obtained from Becker et al. The 

single nucleic acid from TTT to TCT does not change the amino acid 

sequence therefore does not influence the STAT3’s structure and biological 

activities.  
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Figure 2.5. There are two stop codons inserted after the codons coding for 

aa497. This sequence started from T7 term primer and covers 156bp until 

the 497 stop codons were covered.  

According to figure 2.5, 497 stop codons were successfully inserted into the 

YFP-STAT3 127-722 and CFP-STAT3 127-722 plasmids. The signal of the 

sequencing is weaker compared to the 688 stop codon sequencing results 

because 497 stop codons are further from the T7 term primer compared to 

the 688 stop codons. But the sequences of the stop codons are still within 

the ‘confident sequencing region’.  

In conclusion, four plasmids expressing YFP and CFP-STAT3 127-688 and 

YFP and CFP-STAT3 127-497 were successfully created. The created 

plasmids were able to produce YPF and CFP fused STAT3 proteins in 

bacteria cells under the control of the T7 promoter.  

 

2.4.3 Materials preparation 

Buffers used during the protein production, extraction and purification are 

listed in the following form. 
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Extraction buffer 100mM Tris pH 8.5, 200mM NaCl, 

10mM MgCl2, 25% glycerol 

CaCl2 buffer with glycerol 100mM CaCl2, 20% glycerol 

LB media 25mg/ml Miller or Lennox LB??? 

IEx buffer A 25mM Tris pH 8.5 

IEx buffer B 25mM Tris pH 8.5, 1M NaCl 

10xSDS tank buffer 250mM Tris pH8.3, 1.92M Glycine, 

10%SDS 

1000x Amp 100mg/ml dissolved in 70% ethanol 

1000x Chl 35mg/ml dissolved in 100% ethanol 

1000x Tet 10mg/ml dissolved in ddH2O 

The extraction buffer and the CaCl2 buffer with glycerol was autoclaved and 

stored at -20 ℃ overnight before use. The LB culture were autoclaved and 

stored at 4℃ before use. The IEx buffers were filtered with 0.2 µM 

membrane before application. The antibiotic stocks were stored in -20 ℃.  

2.4.4 The preparation of the Rosetta2 (DE3) competent cells and the 

XL10-Gold competent cells： 

The original stock of Rosetta2 (DE3) competent cells were purchased from 

Merck and then we produce the second generation from the original Rosetta 

as our working stocks. The methods of the competent cell preparation are 

similar for the Rosetta2 (DE3) and the XL10-Gold. One single difference is 

that in terms of XL10-Gold incubation, we also added tetracycline. The 

original Rosetta2 (DE3) competent cells were plated on chloramphenicol 

plate and incubated overnight. Single colonies were selected and incubated 

in 5ml of the autoclaved LB with chloramphenicol at 37 ℃ overnight. The 

overnight culture were transferred into 500 ml autoclaved LB with 

chloramphenicol and incubated again at 37℃ until the OD600 of the bacteria 

culture is about 0.6. The bacteria cells were harvested by centrifuging at 

12,450 g for 20 mins. The bacteria pellets were re-suspended in 250 ml of 

the ice-cold 100 mM CaCl2 solution and incubated on ice for 45 mins. After 

incubation, the re-suspended bacteria culture were centrifuged again at 

12,450 g for 20 mins. The supernatant were discarded and the pellets were 

re-suspended in 20 ml 100m M CaCl2 with 20% glycerol. The re-suspended 
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bacteria were aliquoted into small tubes and snap frozen in liquid nitrogen. 

The frozen competent cells were stored in -80 ℃ freezer.  

2.4.5 The preparation of the pET32a (+) plasmids expressing the STAT3 

truncated proteins 

The stock of pET32a (+) STAT3 plasmid DNA was prepared with a Qiagen 

Maxi prep kit. 5µl of the constructed plasmid (0.5 mg/ml) or 2µl of the 

previous plasmid stock were mixed with 50µl of the Rosetta2 (DE3) 

competent cell stock and incubated on ice for 30mins. The incubated mixture 

was heat-shocked in a PCR machine at 42℃ for 90s and then rested on ice 

for 2mins. 200µl of the autoclaved LB were added into the heat-shocked 

mixture and incubated at 37℃ for 45mins. 100µl of the incubated bacteria 

culture were spread onto the Ampicillin and Chloramphenicol agar plate and 

incubated at 37℃ overnight. Single colonies from the overnight agar plate 

were selected and incubated in 5ml autoclaved LB with Amp and Chl at 37℃. 

Then the 5ml LB was transferred into 500ml autoclaved LB with Amp and Chl 

and incubated at 37℃ until the OD600 of the bacteria culture reached about 

0.6. The bacteria culture were harvested by centrifuging at 4500rpm for 

20mins. The plasmid purification steps were conducted according to the 

Qiagen Maxi prep kit. The plasmids were finally eluted in ddH2O and stored 

at -20℃. 

2.4.6 STAT3 mutations were expressed in Rosetta2 (DE3) competent 

cells 

The plasmids coding for each STAT3 mutants were inserted into Rosetta2 

(DE3) competent cells through heat shock of the plasmid and the competent 

cells mixture at 42 ℃ for 90 s in 500 µl thin wall PCR tubes. Before heat 

shock, the plasmid and the competent cells mixture was incubated on ice for 

30 mins. After heat shock, the mixture was incubated on ice again for 2 mins. 

The ice incubation steps were applied to avoid a sustained elevated 

temperature which causes competent cell death. After incubation on ice for 2 

mins, 200 µl of autoclaved LB was mixed with the cells gently and the tube 

was incubated at 37℃ for 45mins, shaking at 180rpm. 100 µl of the 

incubated bacteria culture from the thin wall PCR tube was spread onto LB 

agar plate with Amp and Chl followed by the incubation. The plates plated 

with transformed E. coli cells were then incubated at 37℃ overnight.  
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One single colony from the overnight LB agar plate was inoculated into one 

5ml autoclaved LB culture. The 5 ml LB culture was incubated at 37 ℃ until 

OD600 reached about 0.6, 1 ml of the bacteria culture was then transferred 

into a 500ml autoclaved LB culture for overnight incubation at 27 ℃, 180rpm. 

During the incubation, both Amp and Chl were added throughout.  

The induction of the STAT3 protein production in the E. coli cells was started 

after adding IPTG. 1ml of 1M IPTG was pre-mixed with 500 µl of 1000x Amp, 

500µl of 1000x Chl and 500ml of pre-chilled autoclaved LB. The LB, 

antibiotics and IPTG mixture was then added into the 500 ml overnight 

bacteria culture to start induction. The induction culture was incubated at 

21℃, 180rpm for 8 hrs. After induction, the bacteria culture were harvested 

by centrifuging at 4500 g, 4℃, 30 mins. The supernatants were carefully 

discarded and the bacteria pellets were stored at -20 ℃ overnight.  

2.4.7 The STAT3 proteins were extracted from the Rosetta2 (DE3) 

competent cells 

The overnight frozen bacteria pellets were first thaw on ice for about 30 mins 

and then re-suspended in 20 ml Extraction buffer A (100 mM Tris pH 8.5, 

200 mM NaCl, 10 mM MgCl2, 25% glycerol, 20 mM PMSF, 10 mM 

benzamidine, 10 mM DTT and 1x HALT protease inhibitor cocktail) and then 

mixed with 20 ml Extraction buffer B (100 mM Tris pH 8.5, 200 mM NaCl, 10 

mM MgCl2, 25% glycerol, 1 mg/ml Lysozyme). Buffer A contains protease 

inhibitors and reducing reagent while buffer B contains lysozyme that helps 

breaking the bacteria cells. The re-suspended mixture was then incubated at 

room temperature of 5 mins to allow lysozyme to interact with the bacteria. 

Sonication was applied to further break up the bacteria cells. The re-

suspended bacteria solution was sonicated at 16 unit for 1 min with 1 min 

pause for 5 times after incubation. Next, the sonicated bacteria culture was 

centrifuged at 21000 rpm, 4 ℃ for 1 hr to separate the soluble protein and 

insoluble cell components. The soluble STAT3 proteins in the supernatant 

was then precipitated by adding 4℃ saturated ammonium sulphate solution. 

For non-labelled STAT3 proteins, 35% of saturation of the ammonium 

sulphate solution was used to precipitate out the STAT3 proteins while for 

fluorescent protein labelled STAT3 proteins, 40% of saturation of the 
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ammonium sulphate solution was applied. The precipitated STAT3 proteins 

were stored in -20 ℃ freezer for future purification.  

2.4.8 The STAT3 proteins were purified with Ion Exchange 

chromatography 

A simple one-step ion exchange chromatography was applied to purify the 

truncated STAT3 proteins. The purified STAT3 proteins were suitable to use 

in most of the assays mentioned in this project. The frozen protein pellets 

were first thawed on ice and dissolved into 50-100 ml the loading buffer (25 

mM Tris pH8.5, 3 mM DTT). The re-dissolved protein solution were loaded to 

HiTrapQFF columns (5ml) with 1ml/min speed at 4℃. The HiTrapQFF 

columns were pre-washed according to its provided protocol with 1M NaOH 

and 2M NaCl and equilibrated with 25mM Tris pH8.5. Since the HiTrapQFF 

columns were re-used, each column was only used for one STAT3 truncated 

protein to avoid cross contamination. Two liquid phases were prepared to 

create the salt gradient in the ion exchange chromatography: elution buffer A 

(25 mM Tris pH 8.5, 1 mM DTT) and elution buffer B (25 mM Tris pH 8.5, 1 

M NaCl, 1 mM DTT). The STAT3 proteins usually started to elute when the 

liquid phase contains 90 mM NaCl and kept eluting in the next 10 ml (1 

ml/min). The eluted STAT3 proteins were collected in 96 well sample 

collectors with 1 ml of the protein solution in each well. The fractions 

containing purified STAT3 proteins were either stored at 4℃ or precipitated 

with 50% of the saturated ammonium sulphate solution and then stored at -

20℃.  

2.4.9 The IEx purified STAT3 proteins were further purified with size 

exclusion chromatography 

Size exclusion chromatography (also called gel filtration) were applied to 

increase the purity of the protein product to 99.99%. The column used in this 

thesis were Hiload 16/60 Superdex 200 (240ml). The concentration of the 

loaded protein needs to be higher than 1 mg/ml in order to insure the A280 

signal of the STAT3 protein is easily detected during size exclusion 

chromatography. The STAT3 protein was eluted with 25 mM Tris pH 8.5, 100 

mM NaCl, 10 mM MgCl2. The size exclusion was conducted at 0.6 ml/min.  
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2.4.10 SDS-PAGE gel 

10% (w/v) polyacrylamide gel (pH 8.8) was used as resolving gel and on top 

of it is 5% (w/v) polyacrylamide gel (pH 6.8) as stacking gel. 22.5μl of each 

sample was mixed with 7.5 μl of the 4x NuStain ready-made sample buffer. 

The mixture were heated at 90℃ for 10mins before loading. 15 μl of the 

heated sample were loaded into each well. The gel was run at 40 volts for 

45mins until the protein reach the resolving gel and then run at 100 volts for 

1 hour. After running, the gels were stained by commasive blue stain buffer 

(45% Methanol, 10% Acetic Acid Glacial, 1g coomassie blue) and destained 

with destain buffer (10% Methanol, 7% Acetic Acid Glacial). 

 

2.6 Result- Protein production and extraction 

2.6.1 Extraction of the STAT3 truncated proteins: 

The extraction and purification of STAT3 proteins were analysed by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE). Seven STAT3 truncated 

proteins were produced and purified: STAT3 127-497, YFP-STAT3 127-688, YFP-

STAT3 127-497, CFP-STAT3 127-688, CFP-STAT3 127-497, CFP-STAT3 127-722 and 

CFP-STAT3 127-722.  
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Figure 2.6. Extraction of STAT3 127-722 protein from Rosetta2 (DE3) cells. 

Well 1 is the protein molecular weight marker. Well 2 contains the sample of 

bacteria culture after sonication. Well 3 contains the sample of supernatant 

containing soluble proteins from the bacteria culture. Well 4 contains the 

pellets containing unsoluble materials of the broken bacteria cells. Well 5 is 

the supernatant from the centrifuged protein solution after adding ammonium 

sulphate solution and well 6 contains the pellets containing precipitated 

protein.  

Figure 2.6 indicates that the STAT3 127-722 protein was successfully 

produced in the Rosetta2 (DE3) competent cells. About 20% of the produced 

STAT3 protein were soluble in the bacteria supernatant while 80% of the 

STAT3 protein precipitated with un-soluble bacteria protein. This maybe 

caused by the low solubility of the STAT3 truncated protein or the bacteria 

cell produced a certain amount of missfolded protein that didn’t dissovel in 

the Tris buffer. After incubation with 35% of the saturated ammonium 

sulphate, 90% of the soluble STAT3 proteins were precipitated. Comparing 

to the bacteria supernatant, the purity of the precipitated STAT3 protein 

increased about 20%. Furthermore, the precipitated STAT3 proteins can be 
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stored at -20℃ and preserved for a month while the STAT3 protein in 

bacteria supernatant would lose their biological activity within three days. 

Therefore, 35% of the ammonium sulphate not only increased STAT3 purity 

after extration but also provided a longer preservation method for the purified 

STAT3 protein.  

The STAT3 127-688 protein was extracted with the same method. Although the 

concentration of the STAT3 127-688 protein in the E. coli cells are lower than 

the STAT3 127-722 protein, the STAT3 protein band on the SDS-PAGE is still 

the most intense band comparing to other bacteria proteins.  

 

 

Figure 2.7. SDS-PAGE gel shows that STAT3 127-688 portein was 

succesfully produced extracted. Well 1 to 6 contains: unstained protein 

molecular weight marker, sample taken after sonication, supernatant of the 

broken bacteria, pellet of the broken bacteria, supernatant after the protein 

precipitated with ammonium sulphate and pellets of the protein precipitated 

by ammonium sulphate respectively.  
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The STAT3 127-688 protein was successfully produced in the Rosetta2 (DE3) 

competent cells. According to figuer 2.6.1-2, over 60% of the STAT3 127-688 

protein was soluble in the bacteria supernatant. 90% of the soluble STAT3 

proteins were precipitated by 35% of the saturated ammonium sulphate. The 

total amount of the STAT3 127-688 protein extracted in the ammonium sulphate 

precipitation is similar to the amount of the STAT3 127-722.  

However, the amount of the shortest construct STAT3 127-497 produced in the 

Rosetta2 (DE3) competent cells was dramatically decreased comparing to 

the other two STAT3 truncated proteins. The production of the STAT3 127-497 

protein band is not very obvious in the SDS-PAGE gel. 

 

Figure 2.8. SDS-PAGE gel analysing samples taken from STAT3 127-497 

extraction processes. Well 1 is the unstained protein molecular weight 

marker. Well 2 is a marker of purified and concentrated STAT3 127-497 protein. 

Well 3 is the STAT3 127-497 protein precipitated with 35% of the saturated 

ammonium sulphate. Well 4 is the supernatant after the ammonium sulphate 

precipitation centrifugation. Well 5 contains the sample of the insoluble 

bacteria components. Well 6 contains the supernatant from centrifuging the 

sonicated bacteria culture. Well 7 contains the sample of the sonicated 

bacteria culture.  
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It is very hard to calculate the percentage of the soluble STAT3 127-497 protein 

produced in the Rosetta2 (DE3) competent cell according to figure 2.8 since 

the STAT3 127-497 band is not obvious in well 7 (the sample after 

sonication) and well 6 (the bacteria supernatant). Fortunately, after 

precipitated by 35% of the saturated ammonium sulphate, the STAT3 127-497 

band showed up since most of the bacteria protein contaminants were still 

soluble. A purified and concentrated STAT3 aggregated solution was added 

in well 2 as a marker to indicate the position of the STAT3 127-497 protein band 

in the SDS-PAGE.  

 

Figure 2.9. A comparison of the three STAT3 mutants. Well 1 contains the 

molecular weight marker. Well 2 contains the supernatant of the STAT3 127-

722. Well 3 contains the supernatant of the STAT3 127-688. Well 4 contains the 

supernatant of STAT3 127-497. Well 5 contains the ammoniums sulphate 

precipitated protein sample of the STAT3 127-722. Well 6 contains the 

ammoniums sulphate precipitated STAT3 127-688. Well 7 contains the 

ammoniums sulphate precipitated STAT3 127-497.  

The three different STAT3 truncated proteins are compared in figure 2.9. By 

comparing the three unlabelled STAT3 mutants, we noted that the 

expression of the STAT3 127-722, STAT3 127-688 truncated proteins were clearly 

visible on the SDS-PAGE gels but the over-expression of STAT3 127-497 
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truncated protein was not so obvious on the SDS-PAGE gel. Different STAT3 

mutants have different expression rate in the same E. coli competent cell. 

Truncated STAT3 proteins with longer amino acid sequence have higher 

expression rate in the E. coli cells. With our production and purification 

method, 1 litre bacteria culture with OD600 is approximately 1.0 can produce 

10g of the STAT3 127-722, 8g of the STAT3 127-688 and 1g of the STAT3 127-497 

after ion exchange chromatography.  

Since the level of STAT3 127-497 protein expression is very low in Rosetta2 

(DE3) competent cells, an experiment comparing the expression rate of 

STAT3 127-497 in induced and non-induced bacteria culture was conducted.  

 

Figure 2.10. SDS-PAGE gel picture comparing the STAT3 127-497 production 

in induced and non-induced E. coli cells. Well 1 and well 10 are unstained 

protein molecular weight markers. Well 2 contains the supernatant of the 

sonicated non-induced bacteria. Well 3 contains thepellets of the sonicated 

non-induced bacteria. Well 4 is the supernatant of the ammoniums sulphate 

precipitated non-induced bacteria protein. Well 5 contains thepellets of the 

ammonium sulphate precipitated non induced bacteria protein. Well 6  

contains samples from the induced E. coli. Well 7 contains the supernatant of 

the induced bacteria. Well 8 contains the ammonium sulphate precipitate of 

the induced bacteria. In well 9, the sample was not successfully loaded in 

this gel.  
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Shown on figure 2.10, the bands of the STAT3 127-497 in the induced samples 

are more enhanced compared to the bands of the protein in the non-induced 

samples. Therefore we confirm that the truncated STAT3 protein- STAT3 127-

497 can be expression in Rosetta2 (DE3) competent cells. According to figure 

2.10, the level of expression of STAT3 127-497 increased about 50% after 

induction with IPTG. Although the ammonium sulphate precipitated sample in 

well 9 was not successfully loaded, the amount of the STAT3 127-497 protein 

can be calculated from other samples.  

All STAT3 truncated proteins were successfully expressed in Rosetta2 (DE3) 

competent cells with IPTG induction. The molecular structure of the STAT3 

127-722 and the STAT3 127-688 proteins were confirmed with X-ray 

crystallography in previous research [248, 254]. However, the folding of the 

short STAT3 truncated protein, STAT3 127-497, have not been tested with 

X-ray crystallography yet.  

Fluorescent proteins were fused with the STAT3 mutants to allow the 

application of different assays. Fused STAT3 proteins with yellow fluorescent 

protein (YFP) attached to N-terminal of the STAT3 mutants were used in the 

PEMSA assays. Cyan fluorescent proteins (CFP) were fused to the N-

terminal of the STAT3 mutants for the application of FRET assays. C-

terminal fluorescent labelled STAT3 mutants were synthesised to optimise 

the FRET assays. Since there are only a few amino acid differences between 

CFP and YFP, there is no observed difference between the CFP labelled 

STAT3s and the YFP labelled STAT3s on an SDS-PAGE gel. Hence only 

one of the SDS-PAGE photos is displayed in the result section representing 

both YFP and CFP fused STAT3 truncated proteins.  
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Figure 2.11. SDS-PAGE gel showing the success of extraction of the YFP-

STAT3 127-688 mutant. Well 1 contains unstained protein molecular weight 

marker. Well 2 contains supernatant of the sonicated bacteria. Well 3 is the 

pellet sample of the bacteria particles. Well 4 is the supernatant sample after 

adding saturated ammoniums sulphated solution. Well 5 contains samples of 

the protein precipitated by 45% of the saturated ammonium sulphate.  

According to figure 2.11, most of the soluble proteins including the desired 

YFP-STAT3 127-688 mutant in the bacteria extract was precipitated by 40% of 

the saturated ammonium sulphate. Comparing the samples in the 

supernatant of the bacteria extract and ammonium sulphate precipitated 

pellet, the proportion of YFP-STAT3 127-688 protein of the total protein is 

higher in the ammonium sulphate pellet sample.  Therefore, ammonium 

sulphate precipitation process can slightly increase the purity of the extracted 

truncated STAT3.  
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Figure 2.12. SDS-PAGE gel indicating that the YFP-STAT3 127-497 was 

expressed in E. coli cells. Well 1 is the unstained protein molecular weight 

marker. Well 2 is the pellets of the sonicated bacteria. Well 3 is the 

supernatant of the sonicated bacteria. Well 4 and 5 are the pellets and the 

supernatant of the protein precipitated by 20% of the saturated ammonium 

sulphate. Well 6 and 7 are the pellets and the supernatant of the protein 

precipitated by 30% of the saturated ammonium sulphate. Well 8 is the pellet 

of the protein precipitated by 40% of the saturated ammonium sulphate.  

Figure 2.12 confirms the success of the YPF-STAT3 127-497 expression in 

Rosetta2 (DE3) competent cells using the same method as the YFP-STAT3 

127-688 mutant. In the protein pellets of 20% and 30% ammonium sulphate 

precipitations, little STAT3 protein were precipitated. The amount of the YFP-

STAT3 127-497 in the 20% and 30% ammoniums sulphate precipitations is 

too low to form a clear band on the SDS-PAGE. About 90% of the YPF-

STAT3 127-497 protein in the bacteria extract supernatant was precipitated 

with 40% of the saturated ammoniums sulphate. Compared to YFP-STAT3 

127-688 protein, less YFP-STAT3 127-497 were expressed in the E. coli cells.  
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Figure 2.13. The synthesised STAT3 127-722-YFP and STAT3 127-722-CFP were 

successfully expressed in Rosetta2 (DE3) competent cells. Well 1 is the 

unstained protein molecular weight marker. Well 2 and 3 contain the samples 

of the sonicated bacteria culture of the STAT3 127-722-CFP and the STAT3 127-

722-YFP respectively. Well 4 is the supernatant of the STAT3 127-722-CFP. 

Well 5 and Well 6 are the pellets from the centrifuged bacteria culture after 

sonication containing STAT3 127-722-CFP (in well 5) and STAT3 127-722-YFP (in 

well 6). Well 7, 8, 9, 10 are samples taken after centrifugation of the 

ammonium sulphate precipitated protein mixtures, while 7 and 8 are the 

supernatant of STAT3 127-722-CFP and the STAT3 127-722-YFP and 9 and 10 

are the precipitated STAT3 127-722-CFP and the STAT3 127-722-YFP proteins.  

As shown in figure 2.13, the amount of the STAT3 mutated proteins 

produced in the E. coli cells is about 13% of the total bacteria protein. The 

enhanced production of the STAT3 127-722-CFP and the STAT3 127-722-YFP 

proteins is obvious in the SDS-PAGE gel. However, compared to the N-

terminal fluorescent protein fused STAT3 mutants, the C-terminal fluorescent 

protein fused STAT3 mutants are less soluble. About 90% of the STAT3 127-

722 CFP/YFP protein precipitated in the bacteria pellets after sonication. 

Little STAT3 proteins were still soluble in the supernatant. After adding 40% 

of the saturated ammoniums sulphate, 98% of the bacteria proteins were 

precipitated together with the STAT3 proteins. Comparing the sample of the 
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supernatant and the ammonium sulphate pellet, we conclude that the 

ammonium sulphate precipitation does not increase any purity of the 

produced STAT3 mutant. However, the ammonium sulphate precipitation 

step canbe used to extend the life time of the purified STAT3 proteins under -

20℃. 

 

2.6.2 Result-Protein purification 

All STAT3 mutants were purified in Ion-exchange (IEx) chromatography. 

After the IEx purification process, the STAT3 proteins can be purified to 80%-

99% depending on the different mutations. During the IEx purification, the 

absorbance at 280nM (A280) of the eluted solution was constantly monitored 

by the FPLC machine but the exact protein concentration of each fraction 

was confirmed by the Nanodrop. Samples from the A280 peaks were 

analysed by SDS-PAGE.  

Protein purification of the STAT3 127-497 truncated protein and its 

derivatives  

Figure 2.14. An example of the IEx chromatogram of the STAT3 127-497 

mutant. Each blue column represent one collection fraction (1 ml). The first 

three fractions collections were the sample of the loaded protein solution. 

The %B represent the increasing volume of buffer B (25 mM Tris pH8.5, 1 M 

NaCl) by the FPLC machine. The %B were set to increase from 0% to 60% 

in 60mins, and then the columns were washed by 100% buffer B for 20 mins. 

Figure 2.14 shows an example of the chromatogram plotted by the FPLC 

machine. The UV sensor of the machine not only measures the absorbance 
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at 280nm but there is also a cell that measures the conductivity. The 

conductivity is usually used to track the actual rather than predicted salt 

concentration in the current eluting fraction. The samples of the fractions 

from each peak were analysed with SDS-PAGE. The STAT3 mutants usually 

elute when the conductivity reach 9 ms/cm, which corresponds to 

approximately 20% B. Unfortunately, the chromatogram of other purifications 

can not be provided due to the limited access of the lab during the pandemic. 

 

 

Figure 2.15. Ion exchange purification of the STAT3 127-497 protein samples 

analysed by SDS-PAGE. Well 1 is the unstained protein molecular weight 

marker. Well 2 and 3 are samples from peak 1 and refer to fractions 27, 28 in 

figure 2.14. Well 4, 5, 6, 7 contain samples from peak 2 refer to fractions 35, 

36, 37, 38 in figure 2.14. Well 8 is the sample from peak 3, fraction 45 and 

well 9 is the sample from peak 4, fraction 53. Well 10 is the sample from the 

wash with 1 M NaCl, 25mM Tris pH8.5 in fraction 78.  

According to figure 2.14 and figure 2.15, the STAT3 127-497 protein elutes from 

several peaks during the IEx purification. In different peaks, the STAT3 127-497 

protein elutes with different bacteria protein contaminants at different 

concentration. In the peak 2, the STAT3 127-497 protein is most 

concentrated and eluted with a 20kDa contaminant protein which can be 

easily purified from by size exclusion chromatography. In the peak 1, the 
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contaminant protein’s molecular weight is too close to the STAT3 127-497 

mutant therefore hard to be purified from. In the peak 3 and peak 4, the 

concentration of the desired STAT3 protein is too low thus increased 

difficulty for further purification. When the column was washed with 1M NaCl, 

25mM Tris pH8.5 buffer, there was no STAT3 protein washed off, indicating 

that the STAT3 elution volume was sufficient to elute all STAT3 bound to the 

column. There is a band in the SDS-PAGE wash sample because the high 

absorbance shown in the wash peak was caused by the degraded small 

peptide and free amino acids. STAT3 127-497 is able to be purified up to 90% 

by size exclusion chromatography.  

 

Figure 2.16. SDS-PAGE sample showing the success of the STAT3 127-497 

purification by size exclusion after IEx chromatography. Well 1 isprotein 

molecular weight marker. Well 2 is the loaded protein for IEx purification. 

Well 3 is the concentrated protein after IEx purification. Well 4, 5 are purified 

STAT3 127-497 protein by the size exclusion chromatography.  

Figure 2.16 indicates that with application of the size exclusion 

chromatography, the STAT3 127-497 protein can be purified to 90% pure. The 

purified protein solution only contains STAT3 127-497 protein and small 

molecular weight (less than 10kDa) protein contaminants. Any small 
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molecular weight protein contaminant should be able to be purified easily 

with 10,000 MWCO membrane centrifugation. However, during the 

experiment, we discovered that the STAT3 truncated proteins aggregate 

during centrifugation. Over 60% of the purified STAT3 proteins will aggregate 

and lose their activity especially for the STAT3 127-497 mutant. In this thesis, 

the STAT3 127-497 protein was used in the fluorescent polarisation assay 

which would be described in the later chapter. It is not necessary to purify the 

STAT3 protein to 90% pure in the fluorescent polarisation assay. Therefore, 

the size exclusion method of purification is only shown as a future 

improvement method if researchers would like to apply the STAT3 protein in 

an assay with high protein purity requirement.  

Among all STAT3 mutants, the STAT3 127-497, YFP-STAT3 127-497 and CFP-

STAT3 127-497 truncated proteins are the most ‘problematic’ truncated STAT3 

proteins. The expression rate of these three proteins are only about 1mg/L in 

the E. coli cells. Therefore, it is also more difficult to be purified from other 

bacterial proteins.  

 

Figure 2.17. SDS-PAGE indicating that the YFP-STAT3 127-497 is successfully 

purified by IEx purification. Well 1 is the unstained protein molecular weight 

marker. Well 2 contains proteins washed off the column by 25 mM Tris 

pH8.5. Well 3 and well 4 are the purified YFP-STAT3 127-497 in two of the 

observed A280 peaks.  
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Figure 2.17 confirms that the YFP N-terminal labelled short STAT3 truncated 

protein can also be purified with IEx chromatography. The purity of the 

protein increased to 80% after purification. The YPF-STAT3 129-497 were 

eluted in two of the A280 peaks. In peak 1, the YFP-STAT3 127-497 was about 

70% pure while in peak 2 the YFP-STAT3 127-497 was about 90% pure. 

However, the YFP-STAT3 127-497 protein eluted in peak 1 was much more 

concentrated compared to the elution in peak 2. Therefore, proteins from 

peak 1 was used in PEMSA assays discussed later since the PEMSA assay 

does not require high protein purity but requires the final protein 

concentration to be more than 4.5µM. The SDS-PAGE test was conducted 

after each purification to check the purity of the STAT3 proteins and to select 

the desired IEx fractions containing STAT3 protein to use in the in vitro 

assays. 

Purification of the fluorescent labelled STAT3 127-722 and STAT3 127-688 

The STAT3 127-722 and STAT3 127-688 and their fluorescent protein labelled 

mutants was purified to 99% pure maximum after the IEx purification step. 

The IEx purified YFP/CFP-STAT3 127-722 and YFP/CFP-STAT3 127-688 proteins 

were used in the PEMSA and FRET assays.  

 

 Figure 2.18. SDS gels of the IEx purification of the YFP-STAT3 127-722 

mutant. Well 2 to 5 contain samples from the STAT3 elution peak. Well 2, 3 

contains 99% pure YFP-STAT3 127-722 protein. Well 4 contains 90% pure 

YFP-STAT3 127-722 protein. Well 5 only contains 50% of the desired STAT3 

mutant. Well 6 is the sample of the protein washed off with 1M NaCl, 25mM 

Tris pH8.5.  
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Figure 2.19. SDS-PAGE of the samples from different IEx purification 

fractions containing purified YFP-STAT3 127-688. In well 1 and well 2, the 

purity of the YFP-STAT3 127-688 reached 99%. From well 4 to well 7, the purity 

of the YFP-STAT3 127-688 is decreasing as the contaminant bacteria proteins 

were eluting with the increasing salt concentration in the liquid phase.  

Figure 2.18 and figure 2.19 confirm that the YFP/CFP-STAT3 127-722 and the 

YFP/CFP-STAT3 127-688 proteins produced in E. coli can be purified to 90% 

pure with IEx chromatography. The purification of the unlabelled STAT3 127-

722 and STAT3 127-688 mutants have been optimised by previous research 

[248, 254]. IEx chromatography is sufficient for purification of the STAT3 

truncated proteins for PEMSA, FRET and FP applications.  
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Figure 2.20. SDS-PAGE indicates that the STAT3 127-722-YFP successfully 

purified in well 3 and well 4. Well 1 is the unstained protein molecular weight 

marker. Well 2, 5, 6 7 are samples from different A280 peaks from the IEx 

chromatography.  

The newly synthesised STAT3 mutant STAT3 127-722-YFP/CFP were 

successfully purified by IEx chromatography. The purity is about 80% pure in 

the best fractions. Comparing to the N-terminal fluorescent protein fused 

STAT3 truncated proteins, the C-terminal fluorescent protein fused STAT3 

truncated proteins are less soluble therefore more difficult to be purified. 

Although the purity of the STAT3 127-722-YFP/CFP protein is only 80% pure, it 

can be used in the following FRET assays.  

2.7 Discussion: 

All STAT3 truncated proteins in this thesis were successfully produced in E. 

coli and purified by IEx chromatography. The purified STAT3 proteins were 

applied in the in vitro assays described in chapter 3, 4, and 5. By comparing 

the differences in the DNA binding activity of different STAT3 truncated 

proteins, we can understand the STAT3 domain function in detail and predict 

the mechanisms of the STAT3 transcriptional activation. Furthermore, 

utilising the different STAT3 truncated proteins, we can screen STAT3 

inhibitors targeting different STAT3 domains more specifically. Producing 

STAT3 proteins in the E. coli cells is cost-effective and can be easily 
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monitored and expanded into large scale production [255]. Therefore, the 

production and purification of the STAT3 truncated proteins has both 

important research value and industrial use.  

Table 2.1 summarised the basic information of the STAT3 mutants produced 

in this thesis. Most of the STAT3 mutants were produced in the Rosetta2 

(DE3) competent cells with high production level, over 15mg/L of the bacteria 

culture, except for the short STAT3 truncated proteins and the C-terminal 

fluorescent protein fused STAT3 proteins. The reason causing the low 

production level of the STAT3 127-497 protein and its fluorescent fused proteins 

might be the low stability of the short truncated protein. The low production 

level of the C-terminal fluorescent protein fused STAT3 mutant is caused by 

the low solubility of the protein itself. We hypothesis that the low solubility of 

the STAT3 127-722-YFP/CFP proteins is due to the protein misfolding when 

over-expressed in E. coli cells. The E. coli cells do not fold protein exactly as 

mammalian cells because they lack specific protein involved in protein 

folding. However, for simple proteins, the protein can fold correctly according 

to the hydrophobic interaction, hydrophilic interaction and electrostatic 

between the side chains within the peptides. The crystallisation structure of 

the E. coli folded STAT3 127-722 and STAT3 127-688 proteins were published. 

This provided confidence for us to believe that other STAT3 mutants can 

also be folded with full STAT3 biological activity in the E. coli cells. To further 

confirm the structure of the E. coli folded STAT3 mutants, X-ray 

crystallisation can be used. From colleagues experience, the IEx purified 

STAT3 mutants are not pure enough for crystallisation use. Therefore, size 

exclusion chromatography purification is essential for the protein preparation 

step before crystallisation. However, for the STAT3 127-497 mutant, the protein 

concentration after IEx chromatography is usually too low to be applied to 

size exclusion chromatography. Therefore even though I also tried to 

crystallise STAT3 127-497 protein, I did not get any crystal due to the low 

protein concentration or low protein purity. To increase the purity of the 

STAT3 127-497 protein after IEx chromatography, increasing its production 

level in the E. coli cells first is one simple method. We have tried different 

broth to culture the bacteria however different broth culture does not 
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influence the STAT3 protein production significantly. Future experiments on 

increasing the STAT3 127-497 production in the E. coli cells can be conducted 

by trying different strains of E. coli or different bacterial strains. Besides, 

based on the huge differences of the STAT3 production ability in different 

batches of competent cells, single colony producing better STAT3 protein 

can be selected and stored for long term use.  

STAT3 truncated protein MW 

kDa 

Extinction 

coefficient 

M-1cm-1 

PI Estimated purity 

after purification 

STAT3 127-722 68.0 88975 7.2 99% 

STAT3 127-688 62.3 81985 8.0 99% 

STAT3 127-497 42.6 31315 7.7 60% 

eCFP/eYFP-STAT3 127-722 96.2 110990 6.2 99% 

eCFP/eYFP-STAT3 127-688 92.4 104000 6.2 99% 

eCFP/eYFP-STAT3 127-497 70.7 53300 6.2 90% 

STAT3 127-722-eCFP/eYFP 96.2 115000 6.2 80% 

 

Table 2.1 A summary of the truncated proteins. The MW, Extinction 

coefficient and PI of the proteins were calculated according to the amino acid 

sequences. The purity after purification were estimated according to the 

SDS-PAGE gels after purification. 
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Chapter 3- Protein mobility shift assay for 

detecting STAT3 DNA binding activity 
 

An multipurpose in vitro assay was applied to detect the STAT3 DNA binding 

activity of the different STAT3 truncated proteins- the protein electrophoresis 

mobility shift assay (PEMSA) [207]. With application of the PEMSA assay, 

we can not only make the protein-DNA interaction visible, but also calculate 

protein-DNA binding coefficients, calculate the stoichiometry and monitor the 

protein aggregation.  The level of protein aggregation may also be detected 

in the future development of the PEMSA assay. The principle of the PEMSA 

assay is the same as the [256](EMSA). Both measure a difference in mobility 

after the protein-DNA complex formation in gel electrophoresis, but one 

monitors the protein, whereas the other monitors the DNA.  

The EMSA has been regarded as a quick and sensitive method to detect the 

interaction between protein and DNA since first described [256] In the EMSA 

assays, the DNA can be labelled with either radioactive or non-radioactive 

labels. The detection of the protein and DNA interaction is based on the 

difference of the mobility between the protein/DNA complex and the free 

DNA in the gels. Usually, the free DNA moves faster than the free protein 

and the protein-DNA complex. The movement of the compounds in the gels 

are determined by the shape, temperature, and most importantly, the 

charge/mass ratio under the current condition [256]. The interaction between 

the protein and the DNA needs to reach equilibrium before conducting the 

electrophoresis. During the electrophoresis, the equilibrium may be disturbed 

and the nuclear-protein complex would dissociate [257].  

The EMSA assay has advantages of simple operation, robust performance 

under a wide range of buffer conditions, straight forward result, and broad 

applications [258]. The EMSA assay can be designed for very high sensitivity 

tests by labelling the DNA with radioisotope. The radioisotope labelled DNA 

can be performed to detect nano-molar range of the protein-DNA 

interactions[259]. The EMSA assay can be applied to different DNA 

structure, wide range of DNA lengths and protein concentrations. Therefore, 
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the EMSA assay is one of the most popular techniques for the detection of 

protein-DNA interactions.  

The EMSA assay has wide application in quality and quantity test, 

equilibration and kinetics detection of the protein-DNA interactions [260]. 

Different from the traditional EMSA, the PEMSA assay is performed with 

labelled protein and non-labelled DNA. The fluorescent labels allow direct 

observation of the position of the protein and whether the protein is 

aggregated during gel electrophoresis [261]. In the PEMSA assay, both the 

free protein and the DNA-bound protein can be observed in the gel since the 

protein is labelled with fluorescent protein. The aggregated proteins either 

stay in the wells or form aggregates during the electrophoresis and appears 

as amorphous fluorescent bands in the gel. Therefore, the PEMSA assay is 

favoured over the EMSA assay when the modulation of the protein is 

important in the experiment. In this thesis, the labelled STAT3 proteins were 

purified before application in the PEMSA assay in order to measure the 

STAT3 protein concentration using the general protein A280 method. 

However, if a fluorescent standard can be made, it is simple and more 

sensitive to determine the protein concentration according to the CFP/YFP 

fluorescent intensity. In that case, high purity of the protein is not required 

and the steps of the PEMSA assay can be further simplified.  

As with the EMSA assay, the PEMSA assay separates the free protein, free 

DNA and the protein-DNA complex according to the differences of the 

mobility in the agarose or polyacrylamide gel [256]. Differently, in the PEMSA 

assays, the protein was labelled to monitor the protein aggregation and 

detect the quality of the protein during gel electrophoresis. The ability of 

movement during the gel electrophoresis is positively related to the 

compound’s charge/mass ratio. The STAT3 proteins and the dsDNA were all 

negatively charged under the electrophoresis condition. The molecular 

weight of the GAS18 (an 18bp dsDNA containing the GAS sequence) is 

about 12kDa and the smallest STAT3 mutation applied in the PEMSA assay 

is about 69kDa. The dsDNA was also more negatively charged than the 

protein. Thus the GAS18 moves much faster than the protein and the 

protein/DNA complex in the gels. Since the STAT3 proteins were fused with 
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yellow fluorescent protein, a fluorescent band shift towards the end of the gel 

will be observed when the STAT3 proteins bind to the dsDNA.  

In previous studies, the PEMSA assay was introduced and applied in the 

detection of the DNA binding activity of un-phosphorylated STAT3 by 

Nkansah et.al. (2003).The method used in this project is developed from 

their experiment. Two different eYFP labelled STAT3 truncated proteins: 

eYFP-STAT3 127-688 and eYFP-STAT3 127-497 were generated by point 

directed mutagenesis. By testing the DNA binding activity of the two STAT3 

mutants, we can understand how SH2 domain influence STAT3 DNA binding 

activity and therefore speculate on the relationship between STAT3 

dimerisation and DNA binding. The PEMSA assay is also developed into a 

secondary STAT3 inhibitor screening method.  

3.1 Method 

To produce the STAT3 truncated protein with fluorescent labels, point 

directed mutagenesis was applied to create the plasmids coding for 

YFP/CFP-STAT3 127-688 and YFP/CFP-STAT3 127-497 proteins. The methods 

of plasmid preparation and protein purification were described in chapter 2.  

3.1.1 Buffer preparation:  

The PEMSA running buffer (25 mM Tris, 22.5 mM Boric Acid, 2.5 mM EDTA 

pH 8.3) was prepared and filtered with 0.22µM membrane. The filtered 

PEMSA buffer was stored at 4℃ before use.  

3.1.2 Gel preparation:  

Two types of gels were used in the PEMSA assay: the agarose gel and the 

polyacrylamide gel. The agarose gel benefits from shorter running time and 

simple preparation steps while the polyacrylamide gel has the advantage of 

higher resolution. The agarose gels were 2% and were used in the PEMSA 

assay. The weighed solid agarose was added into 0.5x TEB buffer (40 mM 

Tris-HCl, 45 mM boric acid and 1 mM EDTA) and melted by microwave. The 

melted agarose gel was set in the gel tray at room temperature for about 30 

mins. The polyacrylamide gels were 5% and were prepared with126 mM Tris 

pH 8.8, 5% polyacrylamide, 0.1% APS and 1% TEMED. The gels were left at 

room temperature for about 30 mins to allow polymerisation.  
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3.1.3 Sample preparation: 

Single stranded DNA (ssDNA) oligoes were purchased from Eurofins and 

annealed together to form the dsDNA-GAS18. The sequences of the two 

oligoes were: 5’-TGCATTTCCCGTAAATCT-3’ and 5’-

AAGATTTACGGGAAATGCA-3’. The oligos were annealed in buffer 

containing 25 mM Tris pH 8.5, 20 mM NaCl, 10 mM MgCl2 at 95℃ for 5 mins 

and then cooled down to 10℃ at a rate of 1℃/min in a thermocycler. The 

annealed GAS18 were stored in -20℃ freezer and thawed on ice before use.  

The STAT3 proteins were purified with IEx chromatography as previously 

described. Buffer exchange was applied using 30kDa MWCO Centrifugal 

filter centrifuging at 1800 rpm. The buffer was replaced with the PEMSA 

protein buffer (20 mM NaCl, 25 mM Tris pH8.5) sufficiently as follows: the 

protein solution from the IEx purification fraction was concentrated to 1/10 of 

the fraction volume and then topped up to the previous volume, gently mixed 

and centrifuged again. For example, 10 ml of the IEx protein solution was 

concentrated to 1ml protein solution and gently mixed with 9ml of the 

PEMSA protein buffer. This buffer exchange step was usually conducted 

more than 2 times. The protein concentration was then confirmed with the 

Nanodrop. If the protein concentration was less than 4.5 µM, the protein was 

further concentrated by centrifugation at 1800rpm for another 15 mins.  

The annealed GAS18, buffer exchanged STAT3 proteins were mixed with 

5xPEMSA buffer (125 mM Tris pH8.5, 0.15 mM EDTA, 0.15 mM EGTA, 5 

mM MgCl2, 200 mM KCl, 1 mM non-specific oligo, 0.5 mg/ml BSA and 40% 

glycerol) and dH2O carefully. The sequence of the non-specific oligo was 5’-

GTACCATGGTAC-3’. The aim of adding this oligo is to eliminate non-

specific DNA binding of the STAT3 truncated protein to GAS18. The protein 

DNA mixture was incubated on ice for 1hr before loading to the gel.  

Gel electrophoresis was conducted in the cold room at 4 ℃. For the agarose 

gel PEMSA, the gels were pre-run at 90 V for 1hr before loading the samples 

and run at 200 V after loading the samples for 2 hrs. For the polyacrylamide 

gels, the gels were pre-run at 90 V for 2 hrs and then run at 150 V for 2 hrs. 

After gel electrophoresis, the gels were observed with the blue light Safe 

Imager.  
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3.2 Result: 

3.2.1 STAT3 127-688 binding to dsDNA 

The STAT3 127-688 PEMSA can be conducted in both agarose and 

polyacrylamide gels. The electrophoresis were optimised for the separation 

of the free STAT3 protein and the STAT3/DNA complex. Clear migration 

differences were observed in both types of the PEMSA gels. With application 

of the PEMSA assay, we can define the binding coefficient of the STAT3 127-

688/DNA interaction, the quality of the STAT3 127-688 protein produced and 

screen small molecule inhibitors that prevent STAT3 127-688 binding to the 

dsDNA.  

First, the agarose PEMSA was used to detect the EC50 of the eYFP-STAT3 

127-688 protein binding to GAS18. 2.5µM of the eYFP-STAT3 127-688 protein 

was applied to increasing concentration of the dsDNA (0-12µM).  

 

Figure 3.1. Agarose PEMSA gel shows that the eYFP-STAT3 127-688 protein 

binds to GAS18. The concentration of the dsDNA increases from left to right. 

The protein concentration applied to this gel was 2.5µM. With the increasing 

dsDNA concentration, the intensity of the eYFP-STAT3 127-688 and DNA 

complex band is increasing. In the first well without dsDNA, the protein DNA 

complex band is completely absence.  
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Figure 3.2. eYFP-STAT3 127-688 DNA binding curve generated from the 

PEMSA result. The percentage of protein bind was calculated according to 

the intensity of the eYFP-STAT3 127-688 band and the intensity of the eYFP-

STAT3 127-688/DNA complex band. The percentage of binding increased from 

0 to 8% when the dsDNA concentration increased from 0 to 10µM. 

The STAT3 127-688 protein and STAT3 127-688 protein-DNA complex were 

separated by gel electrophoresis in an agarose gel. In figure 3.1, clear 

fluorescent band migration in the agarose gel can be observed. Binding 

curve was generated and shown in figure 3.2. Our result confirms that the 

STAT3 protein can bind to dsDNA without the Tyr705. The amount of the 

eYFP-STAT3 127-688 protein-dsDNA complex increases with the increasing 

GAS18 concentration. The amount of the free protein and the protein/DNA 

complex is determined by the intensity of the bands in the PEMSA gels. 

From 0-4µM, the increase of the STAT3/DNA complex amount with the 

increasing dsDNA concentration is slowly. From 4-8µM, the increase of the 

STAT3/DNA complex amount is rapid with the increasing GAS18 

concentration. The intensity of the protein/DNA complex band increases with 

the increasing dsDNA concentration while the intensity of the eYFP-STAT3 

127-688 protein band decreases. After 10µM, the amount of the protein/DNA 

complex amount does not increase anymore with the increase DNA 

concentration. Hence, we assume that the protein-DNA interaction between 

0.00%

1.00%

2.00%

3.00%

4.00%

5.00%

6.00%

7.00%

8.00%

9.00%

0 2 4 6 8 10 12 14P
er

ce
n

ta
ge

 o
f 

th
e 

p
ro

te
in

 b
in

d
in

g 
to

 G
A

S1
8

GAS18 concentration µM

EYFP-STAT3 127-688 PEMSA 2.5µM



83 
 

the STAT3 mutant and the GAS18 saturates when the DNA concentration 

was 10 µM and the protein concentration was 2.5 µM. 8% of the YPF-STAT3 

127-688 protein was binding to dsDNA when the binding saturates while 92% of 

the eYFP-STAT3 127-688 protein was free. This indicates that the eYFP-

STAT3 127-688 protein is binding to the dsDNA with low affinity. The half 

maximal effective concentration (EC50) of the dsDNA to the STAT3 127-688 

protein was about 6µM. The protein: DNA ratio at the EC50 point was 1:2.4 

while the protein: DNA ratio at the saturation point was about 1:4. In previous 

researches of the STAT3 127-722 PEMSA, 100% of the STAT3 127-722 protein 

was able to form the STAT3/DNA complex with excess of the GAS18 

concentration. Therefore we conclude that the presence of the sequences 

after SH2 domain, even without being phosphorylated, can increase the 

stability of the STAT3 DNA interaction dramatically. Besides, the clear 

binding shift observed in the PEMSA result also suggests that the lifetime of 

eYFP-STAT3 127-688 DNA binding activity is longer than 2hrs.  

 

3.2.2 eYFP-STAT3 127-497 binding to dsDNA 

The eYFP-STAT3 127-497 protein was proved to bind to GAS18 with 

polyacrylamide gel PEMSA. The eYFP-STAT3 127-497/dsDNA complex band 

was separated from the free EFYP-STAT3 127-497 band during the gel 

electrophoresis. The intensity of the fluorescent band is positively related to 

the protein concentration in the protein-DNA complex and free protein.  
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Figure 3.3. Polyacrylamide PEMSA gel showing the DNA binding activity of 

the eYFP-STAT3 127-497 protein. The GAS18 concentration increased from 

right to left. With the increasing dsDNA concentration, the intensity of the 

eYFP-STAT3 127-497 and DNA complex band is more visible. The protein DNA 

complex band is completely absence in the 0µM dsDNA well.  

 

Figure 3.4. The eYFP-STAT3 127-497 DNA binding curve generated from the 

PEMSA result. . The percentage of protein bind was calculated by the 

proportion of the eYFP-STAT3 127-498 band and the intensity of the eYFP-

STAT3 127-497/DNA complex band. 
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Our PEMSA results suggests that the eYFP-STAT3 127-497 protein can bind to 

GAS18. The amount of the free eYFP-STAT3 127-497 protein decreased 

with the increasing concentration of the GAS18 while the amount of the 

eYFP-STAT3 127-497-dsDNA complex increased. The ‘shift’ of the band starts to 

be obvious at 1.5µM of the dsDNA concentration. From 0 to 1.5µM, the 

increase of the eYFP-STAT3 127-497-GAS18 complex with the increase of the 

dsDNA concentration is slowly. When the dsDNA concentration was between 

1.5 to 12µM, the increase of the protein-DNA complex proportion was rapid. 

The formation of the protein-DNA complex was saturated when the GAS18 

concentration reached 12µM. At the saturation point, the protein: DNA ratio 

was 1:4 and the EC50 of the dsDNA binding to the eYFP-STAT3 127-497 was 

about 6µM. According to the PEMSA results of the eYFP-STAT3 127-497 and 

eYFP-STAT3 127-688, the dsDNA binding to both STAT3 mutations were very 

similar. This suggests that with integrated CCD and DBD, STAT3 can bind to 

dsDNA without SH2 domain. However, the binding curve shows that when 

the dsDNA concentration saturates the protein binding, less than 5% of the 

STAT3 protein bond to the GAS18. The percentage of the eYFP-STAT3 127-

497 that can bind tightly and migrate with the dsDNA when the dsDNA binding 

was saturated is lower than the percentage of the eYFP-STAT3 127-688 

protein. This indicates that the eYFP-STAT3 127-497 protein and the dsDNA 

association is weaker than the eYFP-STAT3 127-688 protein and the dsDNA 

interaction. 

 

3.2.3 The binding coefficient of the eYFP-STAT3 127-688 and the eYFP-

STAT3 127-497 protein-DNA interactions 

The association constant of the eYFP-STAT3 127-688 and the eYFP-STAT3 

127-497 binding to dsDNA was calculated according to the PEMSA result. The 

association constant (Ka) of the STAT3-DNA interaction was calculated 

according to the following equation.  

𝐾𝑎 = [𝑆𝑇𝐴𝑇3: 𝑑𝑠𝐷𝑁𝐴]/([𝑆𝑇𝐴𝑇3] ∗ [𝑑𝑠𝐷𝑁𝐴]) 

The STAT3 and dsDNA complex concentration was calculated from the 

intensity of the YPF-STAT3 truncated protein and the DNA complex band. 

The STAT3 protein concentration was calculated according to the intensity of 



86 
 

the un-bond STAT3 protein band. The dsDNA concentration was calculated 

based on the STAT3 proteins bind to dsDNA as dimers. Therefore, the 

calculated Ka of the eYFP-STAT3 127-688 DNA binding is 0.013 while the Ka 

of eYFP-STAT3 127-497 DNA binding is 0.0045. This confirms that both STAT3 

mutant tested in the PEMSA experiment were weak DNA binders and the 

eYFP-STAT3 127-688 binds to dsDNA tighter than the eYFP STAT3 127-497. The 

binding affinity of the YFP fused STAT3 proteins tested by other types of 

assay might be higher since the protein-DNA complex favours the 

dissociation form during gel electrophoresis. Even though, the DNA binding 

of the YFP-STAT3 127-497 protein is still tight enough to form a very obvious 

fluorescent band. Hence the STAT3 127-497 protein is proved to be the 

shortest STAT3 truncated protein to date that can accomplish the DNA 

binding activity. We also conclude that the SH2 domain, LD, TAD stabilises 

DNA binding of STAT3 but is not pre-requested for STAT3 DNA binding 

activity.  

According to the PEMSA results, the dimerisation of STAT3 may not be the 

prerequisite for the STAT3 to bind to the dsDNA. The interaction between 

two STAT3 monomers can be observed in the X-ray crystallisation structure 

of the STAT3 127-722 protein.  
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Figure 3.5 shows two STAT3 127-722 monomers forming dimers. The pink 

and blue molecule represents each STAT3 monomer. The overlapping 

region circled is the SH2 domain and TAD domain.  

The 3D molecular structure clearly indicates that there is no association in 

the DBD domain between two STAT3 monomers. Therefore, the STAT3 127-

497 proteins are unlikely to form dimers without interacting with the dsDNA. 

We hypothesise that the STAT3 can bind to dsDNA as a monomer and then 

another STAT3 monomer comes along and to form a dimer.  

3.2.4 Quality check of the fluorescent protein labelled STAT3 proteins: 

The quality of the STAT3 proteins varies with each extraction. The DNA 

binding activity of the produced STAT3 protein also varies between different 

batches of bacteria. The differences of the DNA binding affinity were 

detected by the PEMSA assay.  
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Figure 3.6. An example of the YFP-STAT3 127-688 produced with better DNA 

binding affinity. The YFP-STAT3 127-688/dsDNA complex band becomes more 

obvious with the increasing concentration of the GAS18.  

Figure 3.6 shows the best YFP-STAT3 127-688 protein produced in the thesis. 

In this single agarose gel electrophoresis, when the dsDNA concentration 

reached 10µM, 25% of the purified YFP-STAT3 127-688 protein formed protein-

DNA complex with the dsDNA. The differences of the protein quality may be 

caused by the following reasons: different bacteria colonies have different 

ability to produce active protein, the STAT3 mutated proteins form variable 

amounts of inactive aggregates during buffer exchange, the variable 

oxidation level of the STAT3 proteins affect STAT3 DNA binding activity.  

The maximum percentages of different STAT3 truncated proteins binding to 

dsDNA with excess of the GAS18 concentration were recorded.  



89 
 

 

Figure 3.7. The average of the maximum proportion of the STAT3 proteins 

that can form protein-DNA complex with excess dsDNA: YFP-STAT3 127-497 

6%, YFP-STAT3 127-688 15% and YFP-STAT3 127-722 77%. The error bars 

show the standard deviation of the measurements. 

The PEMSA assays were repeated and the maximum percentage of protein 

binding to the GAS18 were recorded for each STAT3 mutations. As figure 

3.7 suggests, the longer the STAT3 truncated protein is, the higher 

proportion of the protein can bind to the GAS18. This indicates that the 

length of the STAT3 mutations is positively related to the STAT3 DNA 

binding affinity. The error bar shows that the quality of the YFP-STAT3 127-722 

produced in the E. coli cells is the most variable among the three STAT3 

truncated proteins. The YFP-STAT3 127-497 protein, in contrast, although with 

low DNA binding affinity, the quality of the protein produced from each 

batches of bacteria stays constant.  

3.2.5 Inhibitor test: 

The PEMSA assay was also developed to screen STAT3 inhibitors. The 

STAT3 inhibitor was synthesised by Dr Po-Chang Shih in the group. With 

application of the PEMSA assay, we can not only test the KD of the inhibitor 

but also visualise the protein aggregation state during the inhibition test.  
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Figure 3.8. A provided STAT3 inhibitor (PS024) tested in an agarose PEMSA 

gel. In this gel, the dsDNA and STAT3 protein concentrations were stable. 

The concentration of the small molecule inhibitor increases from left to right.  

Figure 3.8 is an example of the STAT3 inhibitor tested by agarose PEMSA. 

The eYFP-STAT3 127-688 concentration used in this experiment was 3µM. The 

dsDNA concentration used in this assay was 20µM. The excess dsDNA 

concentration insure the highest concentration of the protein/DNA complex is 

formed and a clear shifted band in the PEMSA gel is observed. The inhibitor 

concentration increased from 0µM to 20µM. With the increasing STAT3 

inhibitor concentration, the eYFP-STAT3 127-688 and DNA complex band 

became fainter. At the same time, the eYFP-STAT3 127-688 band was 

restoring but with clear aggregation shown in the gel.  
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Figure 3.9. Inhibition curve generated from the PEMSA STAT3 inhibitor test. 

The inhibitor inhibited STAT3 DNA binding activity by 60% with 20µM 

concentration.  

The inhibition curve was generated from the agarose PEMSA gel. As figure 

3.9 suggests, with increasing inhibitor concentration, the percentage of 

inhibition increased. The small molecule inhibitor provided was able to inhibit 

the STAT3 DNA binding activity by 60% when it reached 20 µM. According to 

the smoothed trend line predicted by the excel tool according to the provided 

data, after 20 µM, the percentage of inhibition will increase very slowly with 

the increasing inhibitor concentration. This suggests that this inhibitor is not 

very competitive with the dsDNA for the STAT3 truncated protein. 

Furthermore, the aggregation of the eYFP-STAT3 127-688 protein is more 

obvious with the increasing inhibitor concentration. Therefore we speculate 

that this inhibitor inhibits STAT3 DNA binding activity by causing STAT3 

protein aggregation.  
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Inhibitor name Inhibition Aggregation 

PS010 Yes Yes 

PS021 Yes Yes 

PS024 Yes Yes 

PS055 No No 

PS061 No No 

Table 3.1 A summary of STAT3 inhibitors tested by the PEMSA assay. 

A summary of small molecule inhibitors tested in the PEMSA assay is shown 

in table 3.1. The inhibitors were synthesised and provided by Dr. Po. All 

inhibitors shown inhibition of STAT3 caused protein aggregation during the 

PEMSA assay.  

3.3 Conclusion and Discussion 

The PEMSA experiment confirms that both eYFP-STAT3 127-688 and eYFP-

STAT3 127-497 proteins can bind to dsDNA. The DNA binding affinity of both 

STAT3 mutants are significantly lower than the eYFP-STAT3 127-722 mutant 

tested in previous experiments. This suggests that although the STAT3 DBD 

domain is enough to support the STAT3 DNA binding activity the presence of 

other STAT3 domains stabilises STAT3 DNA binding. The presence of the 

SH2 domain is not necessary for STAT3 protein DNA interaction. This 

discovery also brings more confidence that the STAT3 dimerisation is not 

perquisite for the STAT3 to bind to the dsDNA. One STAT3 may interact with 

the dsDNA and then the other STAT3 can come to form the dimer. Previous 

research has proved that un-phosphorylated STAT3 can bind to dsDNA, and 

the STAT3 nuclear translocation is independent of the STAT3 

phosphorylation. Together with our result, we assume that the STAT3 

inhibitors targeting Tyr705 and SH2 domain may not completely shut down 

the STAT3 transcriptional activity. Thus STAT3 inhibitors targeting the 

STAT3 DBD domain could well be more effective than the STAT3 SH2 

inhibitors.  



93 
 

The PEMSA assay can also be applied for the STAT3 inhibitor screening. 

Both agarose PEMSA and polyacrylamide PEMSA were optimised to test the 

DNA binding activity of the truncated STAT3. The agarose PEMSA needs 

less running time since the pre-run is unnecessary. The polyacrylamide gels 

are more transparent than the agarose gels. The eYFP-STAT3 127-497 

PEMSA can only be tested in polyacrylamide gel since the DNA binding is 

too weak to be observed in agarose gel. Therefore the sensitivity is better in 

the polyacrylamide gels. The PEMSA assay can not only be used to 

calculate the KD of the inhibitor but also allow protein aggregation to be 

visible. With application of fluorescent protein fused non-STAT3 protein as 

negative control, it is possible to test the specificity of the STAT3 inhibitor. 

Furthermore, with application of different STAT3 truncated proteins in the 

PEMSA assay, we can screen STAT3 inhibitors targeting the DBD domain 

more specifically. Comparing to the in vivo assays, the PEMSA assay cost 

less. The PEMSA assay contains more information in one experiment 

compared to other in vitro assays. It allows Ka to be calculated. However, the 

PEMSA assay requires micro molar ranges of materials and hours to run the 

electrophoresis. These disadvantages make it more suitable as a secondary 

screen rather than high-throughput for screening large compound libraries for 

selection of suitable hits.  
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Chapter 4- High-throughput FP assay for 

detecting STAT3 DNA binding method  
 

In order to further confirm the DNA binding activity of the STAT3 truncated 

proteins and to develop a high-throughput method for selecting STAT3 

inhibitors, we developed a fluorescent polarisation (FP) assay. FP assays 

have been widely developed into high-throughput screening method for 

detecting an interaction between a large molecule and a small molecule. We 

have used an FP assay to achieve an efficient and time-saving method for 

detecting STAT3 DNA binding activity and to screen STAT3 inhibitors 

targeting DNA binding. In our FP assay, non-labelled STAT3 truncated 

proteins were used to bind to Bodipy-labelled dsDNA. This method detects 

the protein-dsDNA interaction directly by the differences between the bound 

and free FP signals. The FP assay provide more supportive evidence for our 

results observed from PEMSA assays. Furthermore, by comparing the FP 

assay and the PEMSA assay, we can be confident that the presence of YFP 

in the PEMSA assay does not influence the STAT3 DNA interactions. The 

FP assay has potential to be developed into a high-through put screening 

method for selecting STAT3 inhibitors. In this chapter, an FP assay using 

STAT3 127-497 truncated protein is described, which provides a more specific 

method for screening STAT3 inhibitors targeting the STAT3 DNA binding 

domain compared to previous FP assays targeting dimerisation.  

4.1 A brief Introduction of FP assay 

Fluorescent polarisation (FP) assay is an in vitro assay developed to study 

the interactions between large molecules and small molecules. The assay 

was first theoretically introduced by Perrin in 1926 and developed into high 

throughput screening method in mid 1990s as reviewed by Zhang, Wu and 

Berizin (2015). Today, the FP assay is widely used in detecting protein-DNA 

interaction, protein-peptide interaction and protein-small molecular ligand 

interaction. In this project, it is applied to study the binding activity of STAT3 

to DNA.  

To conduct an FP assay, a small molecule with fluorescent tag and a large 

molecule that can bind to the small molecule is required. The principle is 
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based on Brownian motion. Brownian motion is the random movement of 

molecules in the solvents and is affected by temperature, viscosity of the 

molecule and the size of the molecule. In the FP assay, fluorescent tagged 

small molecules rotate quickly and randomly in the solution and any 

fluorescence results in a non-polarised signal. Binding to larger molecules 

significantly decreases its movement due to the increased particle size of the 

complex, and results in a more polarised signal.  

 

Figure 4.1. The mechanism of florescent polarisation assay. Small 

fluorescent molecule binding to large protein leads to a polarised fluorescent 

signal.  

The fluorescent polarisation signal (mP) can be calculated by equation 1： 

Equation 1     mP =
𝐼∥−𝐼⊥

𝐼∥+𝐼⊥
 

𝐼 ∥ refers to the fluorescent intensity measured parallel and the 𝐼 ⊥ is the fluorescent 

intensity measured perpendicular. Upon excitation, the parallel and 

perpendicular fluorescence emission intensity is measured separately. The 

calculated FP signal is independent of each absolute emission intensity and 

thus also independent of the fluorophore concentration. The polarisation is 

only related to the temperature, the liquid volume and the viscosity of the 

solvent. With known temperature (T), solvent viscosity (η) and volume (V), 



96 
 

the rotational relaxation time (μ) can be calculated by the following equation 

(Equation 2).  

Equation 2    μ = 3ηV/RT 

The rotation relaxation time is related to the time that the fluorophore react to 

the excitation. Perrin et.al. define the rotation relaxation time as the time it 

takes for the molecule to rotate 68.5° after excitation[262]. In the FP assay, 

the solution volume and viscosity and the temperature are usually constant. 

Therefore, any change in FP signal is only related to the association of the 

small molecule with fluorescent tag and the large molecule. Before binding to 

the large molecule, the small molecule with fluorescent tag moves vigorously 

in the solvent, so the emission intensity in parallel and perpendicular should 

be similar. When the small molecule binds to a lager molecule, the 

perpendicular emission will be decreased dramatically and result in an 

increase in polarisation of the signal. The polarisation signal is usually 

increased with the increase of the complex concentration.  

 

4.2 Method: 

4.2.1 Protein preparation:  

The STAT3 proteins were purified with Ion Exchange chromatography with 

HiTrapQFF ion-exchange column and eluted with 200 nM NaCl, 250 mM Tris 

(pH8.5) and 1 mM DTT. The eluted proteins were buffer exchanged to 250 

mM Tris (pH8.5) and 1 mM DTT and diluted to the set concentration in the 

same buffer before adding the Bodipy labelled dsDNA.  

4.2.2 DNA preparation: 

Single-stranded oligos were purchased from Eurofins. The sequences of the 

oligonucleotides are shown as follow:  

Top: 5’ Bodipy 650/665 -ATT TCC CGT AAA 3’ 

Bot: 5’ TTT ACG GGA AAT 3’ 

The purchased oligos were dissolved in ddH2O and then annealed in the 

annealing buffer ( 20 mM NaCl, 200 mM HEPES pH7.9) at 95℃ for 5mins 

and cooled down to room temperature at the speed of 1℃/min. The annealed 
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Bodipy labelled dsDNA were diluted in 10% DMSO to the required 

concentration before application to the STAT3 protein. This part of 

preparation was done by Dr. Po-Chang Shih [263].  

4.2.3 Fluorescent polarization plate set 

The buffer exchanged protein solution were diluted to the desired volume 

and then mixed with the annealed Bodipy labelled dsDNA solution. The 

reaction mixture were measured by the plate reader (PHERAstar, BMG 

Labtech) with module FP 590-675-675.  

4.3 Result: 

From the FP assay results, we confirm that the STAT3 127-497 can bind to 

dsDNA. This agrees with the PEMSA result. The FP result added evidence 

to prove that the DBD domain of the STAT3 protein is sufficient to support 

the STAT3 DNA binding activity. We also compared the influence of different 

time period incubation on the FP signal. Both STAT3 127-722 and STAT3 127-497 

protein were tested in this thesis. Furthermore, the FP assay provide a high-

throughput method for screening STAT3 inhibitors. The STAT3 127-497 FP 

assay allows the screening to target STAT3 DNA binding domain more 

specifically.  

Increasing concentration of the STAT3 127-722 protein was incubated with 

20 nM of bodipy-dsDNA for 5mins, 1 hr and overnight (approximately 18hrs) 

at 4℃. The STAT3 127-722 concentration were detected from 0 nM to 500 

nM.  
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Figure 4.2. STAT3 127-722 fluorescent polarisation assay incubating for 5mins 

at 4℃. The mP increased slightly with the increased STAT3 127-722 

concentration according to the trend line. The error bars show the standard 

deviation of the measurements of different samples in each concentration.  

According to the trend line in figure 4.2, the mP increased slightly with the 

increasing STAT3 127-722 concentration. The mP increased from 260 to over 

280. However, the error bars indicating that there were big differences in the 

measurements between each sample of the same concentration set. The 

largest error bar covers mP from 220 to 280. Therefore the increase of the 

mP is not significant enough to suggest STAT3 127-722 binds to dsDNA after 

5mins incubation. The result suggests that the interaction between STAT3 

127-722 protein and the Bodipy-dsDNA is not immediate in vitro. Longer time 

incubation will be required to observe binding. 
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Figure 4.3. STAT3 127-722 FP assay after 1hr incubation. The mP significantly 

increased with the STAT3 127-722 concentration from about 250 to 600. The 

error bars show the standard deviation of the measurements for each 

concentration.  

After incubating at 4℃ for 1hr, the mP significantly increased with the 

increasing STAT3 127-722 concentration. The mP increased from 250 to 600 

when the protein concentration increased from 0nM to 400nM. According to 

the trend line calculated from the obtained data, the mP stopped increasing 

when the protein concentration reached 400 nM. This indicates that protein-

DNA interaction reached saturation with excess of the protein concentration 

when the protein: dsDNA ratio was 40:1. The EC50 protein concentration 

was about 250 nM. Comparing to the 5mins incubation, the 1hr incubation 

samples showed significant differences on FP signal between different 

protein concentrations. Therefore we conclude that after 1 hr incubation at 

4℃ the protein-DNA interaction between the STAT3 127-722 and the Bodipy-

dsDNA reached equilibrium.  
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Figure 4.4, the STAT3 127-722 FP assay after overnight incubation. Error bars 

are the standard deviations.  

After incubation overnight for about 18hrs, the mP significantly increased 

with the increasing STAT3 127-722 concentration. The mP increased from 300 

to 600 when the protein concentration increased from 0 nM to 400 nM. The 

overnight incubation result is similar to the 1hr incubation result, indicating 

that overnight incubation does not change the equilibrium between the 

STAT3 127-722 mutant and the Bodipy-dsDNA. Therefore the incubation time 

to obtain highest mP signal equals or less than 1hr.  

STAT3 127-497 protein were incubated with Bodipy-dsDNA for 5mins, 1hr, 

and overnight (about 18hrs) and the mP was measured both perpendicular 

and parallel. Increased concentration of STAT3 127-497 protein was tested 

with 20 nM Bodipy-dsDNA.  
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Figure 4.5. FP assay of STAT3 127-497 incubated with Bodipy-dsDNA for 

5mins.  

Same as the STAT3 127-722 truncated protein, the STAT3 127-497 did not bind to 

Bodipy-dsDNA without incubation. With the increasing concentration of 

STAT3 127-497, there is no significant increase on the mP signal. The mP 

signal is stable around 100.  
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Figure 4.6. STAT3 127-497 FP assay after 1 hr incubation. mP significantly 

increased with the increase STAT3 127-497 concentration. The error bars 

show the standard deviations of the measurements for the same 

concentration.  

Figure 4.6 confirms the ability of the STAT3 127-497 truncated protein 

binding to Bodipy-dsDNA. The mP increased significantly with the increase 

of the protein concentration from 120 to 190. The mP reached maximum 

when the protein concentration was 110nM therefore the STAT3 protein 

saturates the Bodipy-dsDNA at 110 nM with excess of the protein 

concentration. The protein: dsDNA ratio at the saturation point was about 

5.5:1. The EC50 was about 70 nM. By comparing the result with STAT3 127-

722 FP assays, we conclude that lower STAT3 127-497 protein 

concentration is required to saturate the dsDNA binding.  
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Figure 4.7. STAT3 127-497 FP assay after overnight incubation.  

The mP increased slightly with the increasing STAT3 127-497 concentration 

after overnight incubation. The mP signal ranged from 150 to 170. The 

increase was significantly less than the 1hr incubation FP assay, indicating 

the loss of dsDNA binding activity of the STAT3 127-497 after overnight 

incubation. Therefore we assume that the stability STAT3 127-497 is weaker 

and loses DNA binding ability after overnight incubation.  

In conclusion, we confirmed the DNA binding ability of STAT3 127-497 

truncated protein. Interestingly, we discovered that the concentration of 

STAT3 127-497 protein required to saturate the dsDNA binding is lower than 

that of the STAT3 127-722 protein. However, the DNA binding activity of 

STAT3 127-497 protein significantly decreased after overnight incubation. 

This suggest that the STAT3 127-497 protein is less stable compared to the 

STAT3 127-722 protein. Furthermore, the FP assay of STAT3 127-497 

protein can be used to specifically detect the STAT3 inhibitor targeting the 

DBD domain and CCD domain.  
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4.5 Discussion 
 

The FP assay provided a high-throughput method for drug screening 

targeting STAT3. Comparing to the PEMSA assay described in chapter 3, 

the FP assay is more efficient in detecting small molecule inhibitors that stop 

STAT3 DNA binding activity. The STAT3 127-497 mutant applied in the FP 

assay in this thesis lacks the SH2 domain thus can be used to screen STAT3 

inhibitors targeting the DNA binding domain more specifically. The FP assay 

confirmed the DNA binding activity of the STAT3 127-497 mutant again. 

Therefore the DNA binding activity showed by the YFP-STAT3 127-497 mutant 

in the PEMSA result was not significantly affected by the YFP. Furthermore, 

the materials (including the protein, the dsDNA and the small molecule 

inhibitors) required in the FP assay are in nanomolar range. Same amount of 

the purified STAT3 protein can be used to detect more inhibitors in the FP 

assay compared to the PEMSA assay.  
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Chapter5- Optimizing FRET assay in detecting 

STAT3 biological activities 
 

 

5.1 A brief introduction to FRET 

Fluorescent resonance energy transfer (FRET), also called Förster 

resonance energy transfer, is based on the non-radioactive energy transfer 

that happens between two fluorescent molecules when they are close 

enough. One of the fluorescent molecules is regarded as the donor while the 

other is called the acceptor. When the donor is excited, the energy can be 

transferred to its nearby acceptor if the distance between the donor and 

acceptor is shorter than 10 nm and suitably oriented. The energy transfer 

usually results in the decrease fluorescence at the donor’s emission 

wavelength and the increase fluorescence at the acceptor’s emission 

wavelength.  

FRET has been a very popular method for detecting protein-protein 

interaction, peptide and nucleotide folding and fluorescent microscopy 

imaging in vivo. In this thesis, we developed FRET assay to detect STAT3 

DNA binding activity in vitro.  

The proportion of the energy transferred from the donor to the acceptor after 

excitation is usually referred to as the FRET efficiency. The FRET efficiency 

is determined by the distance between the donor and the acceptor. The 

relationship between the FRET efficiency (E) and the distance between the 

two fluorophores is described according to the following equation: 

E= 1 / [1+ (r + R0 )6] 

R0 is the distance between the donor and acceptor when E is 50%. 

According to the mathematics, the FRET efficiency is simply affected by the 

distance between the donor and the acceptor. However during the real 

experiment it can also be influenced by various background noise such as 

the intrinsic fluorescence of the donor and receptor fluorophores, 

fluorescence quenched by the materials in the solution (Cl-). Therefore 
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negative controls in the FRET experiments are essential to provide confident 

results.  

The background noises of the FRET assay can be minimised by careful 

selection of the donor and receptor group. The overlap between the donor’s 

excitation wavelength and the acceptor’s excitation wavelength, and the 

donor’s emission wavelength and the acceptor’s emission wavelength need 

to be minimised. In contrast, the donor’s emission wavelength is required to 

be highly overlapped with the acceptor’s excitation wavelength.  

 

5.2 FRET methods 

The FRET assays were conducted in two ways: titration in the cuvette in the 

scanning fluorimeter (PerkinElmer LS 55 Luminescence Spectrometer) and 

set reaction in 96-well flat bottom plates using (BMG-Labtech Pherastar 

fluorescence plate reader). The fluorimeter is able to plot the emission curve 

for a set range of wavelength while the plate reader has an ultra-high 

dynamic range and can screen the interaction between wide concentration 

ranges of the protein and the dsDNA. In the fluorimeter, the emission was 

recorded at 475nm and 520nm to optimise the differences caused by the 

energy transfer while in the plate reader the emission was recorded at 480 

nm and 530 nm due to the set of the module. Besides, the differences in the 

instrumental gain lead to the differences of the readings in the two different 

machines. Therefore, the results of the FRET from the two machines were 

analysed separately.  

The FRET signal can be increased with application of the C-terminal 

fluorescent protein fused STAT3 mutations since the distance between the 

STAT3 C-terminal is closer to both the other monomer and the ends of the 

dsDNA. Therefore, the STAT3 127-722-YFP/CPF proteins were produced to 

increase the FRET signal and also to detect dimerisation of the STAT3 

mutated proteins with FRET. The plasmids were created by PCR cloning and 

insertion and the proteins were produced and purified with the same 

methods as other STAT3 proteins. The result of the extraction and 
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purification of the STAT3 127-722-YFP and STAT3 127-722-CFP protein was 

described in chapter 2.  

To optimise the FRET signal between STAT3 DNA interaction and between 

the STAT3 dimers, C-terminal fluorescent protein fused to the truncated 

STAT3 proteins were created. Plasmids producing the STAT3 proteins with 

C-terminal fluorescent protein labels created from the pET32a (+) plasmid 

expressing STAT3 127-722 protein. The eYFP and eCFP genes used for 

insertion were copied from the plasmids expressing YFP-STAT3 127-722 

and CFP-STAT3 127-722 proteins using polymerase chain reaction (PCR). 

Restriction digestion sequences for cloning were designed in the primers 

used for eYFP and eCFP amplification. The amplified DNA was inserted 

downstream of the STAT3 gene between the EcoR1 and Sal1 restriction 

digestion sites. During the gene cloning, Qiagen PCR purification kits and 

Qiagen gel purification kits were used to purify the desired insertion 

sequence and the digested template. The success of insertion was detected 

by restriction digestion. The modified plasmids were produced and purified 

by Qiagen Maxiprep kit with the same method as purification of other 

pET32a (+) plasmids. The processes of creating the plasmids for producing 

STAT3 127-722-YFP/CFP proteins are shown in figure 5.1.  
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Figure 5.1. The processes of creating C-terminal fluorescent protein fused 

STAT3 mutations.  

5.2.1 PCR amplification of the eYFP and eCFP gene 

The eYFP and eCFP genes were amplified with PCR using the YFP-STAT3 

127-722 and CFP-STAT3 127-722 plasmids as templates. Two designed primers 

were used to multiply the eYFP and eCFP genes as well as inserting 

restriction digestion sites to the ends of the genes. The principle of the PCR 

process were shown in figure 5.2.  
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Figure 5.2. PCR amplification of the eYFP and eCFP genes to create 

insertion sequences that can be further used in the cloning.  

The primers were ordered from Eurofins Genomics. The sequences are 

shown below: 

eYFPamp1: 5’- AAA AGA ATT CAT GGT GAG CAA GGG CGA G -3’ 

eYFPamp2: 5’- ATA TGT CGA CTA CTA TTA CTT GTA CAG CTC GTC CA 

-3’ 
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The eYFPamp1 is 28 bases with 18bp in the middle that matches the start of 

the eYFP sequence and 10bp mismatches on 5’ end with designed EcoR1 

digestion site and 4As extension. The un-pairing sequences in the two 

primers allow the restriction enzyme to bind tightly to the restriction digestion 

site. The GC% of the matching sequences in the eYFPamp1 is 61% and the 

Tm calculated is 61.7℃. The length of the eYFPamp2 is 35 bases with 25 

bases matches and 10 bases mismatches attached to the 5’ end. The 

mismatches consist of 4 bases overhangs (ATAT) and 6 bases of the Sal1 

digestion sequence. The GC content of the matching sequence in 

eYFPamp2 is 40% and the Tm is 60.4℃.  

The PCR was performed according to the following chart: 

Stage Cycles Temperature Time 

1 1 60 2mins 

2 18 95 20s 

60 10s 

68 240s 

3 1 68 5mins 

4 1 4 10mins 

 

5.2.2 Agarose gel electrophoresis 

The success of amplification was checked with 0.8% agarose gel. 0.48 

grams of the agarose were added to 60ml of the 0.5x TBE buffer (22.5 mM 

Tris-Base, 22.5 mM boric acid, 0.5 mM EDTA) and melted by microwave 

heating. 24 µl of the 6x SYBR safe dye was added into the melted agarose 

solution before it solidifies. 10 µl of the PCR sample was mixed with 2 µl of 

the DNA loading dye and 10 µl of the mixtures were loaded into each well. 

The electrophoresis were conducted at 80 V for 1hr 20mins.  

5.2.3 Purification of the PCR products with the Qiagen gel purification 

kit 

The bands of the PCR products in the agarose gel were carefully cut out 

under the safe imager. The purification steps were performed according to 

the Qiagen gel purification kit. The final PCR products were eluted in ddH2O 

and concentration measured with nanodrop.  
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5.2.4 Preparation of the template 

The template used in the cloning was developed from the plasmid coding for 

the STAT3 127-722 protein. The stop codon after the 722aa was removed by 

point-directed mutagenesis with the QuickChange Lightning kit. Primers used 

in the mutation are shown below: 

722stopdel1: 

5'- GAT GCA GTT TGG AAA ^GAA TTC GAG CTC CG -3' 

722stopdel2: 

5'- CGG AGC TCG AAT TC^T TTC CAA ACT GCA TC -3' 

Both primers are 29bp with 14bp and 15bp matching sequence on both ends 

of the deletion point. The GC content was 48.3% and the Tm was about 

74℃.  

The PCR for the point-directed mutagenesis was performed according to the 

following chart: 

Stage Cycles Temperature Time 

1 1 60 2mins 

2 18 95 20s 

60 10s 

68 240s 

3 1 68 5mins 

4 1 4 10mins 

The original plasmids were removed by Dpn1 digestion for 5mins at 37℃. 

Dpn1 recognises and cleaves GATC sequence only when Adenine (A) is 

methylated. PCR amplified plasmids are not methylated while the original 

templates were synthesised in bacteria cells and methylated. Therefore 

Dpn1 cleaves the templates selectively. The PCR amplified plasmids were 

transferred into XL10 competent cells and further purified with Qiagen 

Maxiprep kit. The purified plasmids were sequenced by Eurofins to ensure 

the deletion of the stop codons. The purified plasmids were used as stock 

templates.  
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5.2.5 Restriction digestion with EcoR1 and Sal1 

Both the template and the insertions (eYFP and eCFP cloned genes) were 

treated with EcoR1 and Sal1 separately. The EcoR1 restriction enzyme was 

purchased from Thermofisher and the Sal1 was purchased from New 

England Biolabs. The template and the insertions were first incubated with 

EcoR1 for 6hrs in the provided EcoR1 buffer at 37℃. After incubation, the 

enzyme was de-activated by heating at 95℃ for 10 mins. Then the treated 

samples were purified with Qiagen PCR purification kit to remove the 

enzyme and the buffer. The purified products were treated with Sal1 in the 

provided Sal1 buffer. Same purification steps were conducted before 

insertion. The templates were treated with phosphatase (Quick CIP). The 

phosphatase treatment removed the phosphate group at the 5’ end of the 

template therefore reduces the chance of template re-close.  

 

 

5.2.6 Insertion 

The digested template was purified with Qiagen PCR product purification kit 

to remove the small fragment of gene between Sal1 and EcoR1. The ligation 

(50 ng template, 37.5 ng purified eYFP/eCFP, 1 l T4 DNA ligase, provided 

T4 ligase buffer) was performed with T4 DNA ligase purchased from New 

England Biolabs.  
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Figure 5.3. The eYFP/eCFP gene was inserted into the template between 

the EcoR1 and Sal1 restriction digestion site.  
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The re-linked plasmids were transferred into XL10 competent cells through 

the process of heat shock and purified with Qiagen Miniprep kits. The 

purified plasmids were then treated with EcoR1 and Sal1 together in the 

[Sal1 buffer] and incubated at 37℃ overnight and the digestion products 

were screened with 8% agaroses gel using the same method mentioned 

above. According to the agarose gel, two plasmids were selected for the 

STAT3 127-722-eYFP and the STAT3 127-722-eCFP and further DNA stocks 

were produced and purified by Qiagen maxiprep kit. The purified plasmids 

were eluted in ddH2O and stored at -20℃. 

 

5.3 Result: 

5.3.1 Success deletion of the 722 stop codons 

The samples of the purified plasmids were commercially sequenced by 

Eurofins. The results obtained are shown in figure 5.4.  

  (a) 

(b) 

Figure 5.4. (a) Sequencing result before the stop codon was deleted. (b) 

Sequencing result after the TCA stop codon was deleted. Both (a) and (b) 

are the sequence of the complementary strand from 5’ to 3’. The yellow 

labelled nucleotides in (a) are deleted in (b).  

The sequencing results confirmed the success of the deletion. The deleted 

sequences contains two stop codons: TAG, TAA. Deletion of the four 

nucleotides completely removed the two stop codons after the 722aa. The 

deletion ensures the transcription of the subsequently inserted sequences. 
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Therefore, the modified plasmid can be used as a template for both eYFP 

and eCFP gene to be inserted separately.  

5.3.2 Replication of the eCFP and eYFP gene 

The eYFP and eCFP genes were successfully produced by the PCR. Bright 

single bands can be observed from agarose gel indicating pure and high 

concentration DNA products. 1kb plus ladder were purchased from 

Invitrogen indicating the size of the PCR product.  

 

 

Figure 5.5. eYFP and eCFP were produced with PCR and the PCR products 

were tested in the agarose gel.  
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The 1 kb plus ladder shows the molecular weight from 12,000 bp to 100 bp. 

The size of the two bright bands are about 720 bp. The length of the desired 

eYFP and eCFP genes are 736 bp. Therefore we assume that the two bands 

were the desired PCR products.  

5.3.3 Restriction digestion of the purified plasmids 

The digested plasmid samples were screened with agarose gel 

electrophoresis. The plasmids with a successful insertion should be digested 

into two bands with Sal1 and EcoR1. If the digestion was insufficient, there 

might be three or four bands. The possible bands of a successful cloned 

plasmid after digestion can include: eYFP/eCFP band about (720 bp), and 

the rest of the plasmid, pET32a (+) with STAT3 insertion (7200 bp), or once 

digested plasmids (7950 bp), or uncut circular, or supercoiled plasmids. The 

supercoiled plasmids of the pET32a (+) with STAT3 insertion usually run 

slower than the single digested band under the described electrophoresis 

condition.  
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Figure 5.6. Agarose gel of the Sal1 and EcoRI digested plasmid samples. 

Wells 1, 2, 3, 4 were the eYFP insertion samples and wells 5, 6, 7 were the 

eCFP insertion samples.  

According to figure 5.6, plasmids in well 1, 2, 4, were successfully eYFP/ 5, 

6, 7 were successfully inserted with eCFP genes. In those wells, feint bands 

at about 720bp can be observed. The EcoR1 digestion may not be sufficient 

in the Sal1 buffers therefore there should be three bands: the 720bp 

insertions, the 7200bp templates, and the 7950bp single digested plasmids. 

The 720bp insertions can only be created by double digestion with both 

EcoR1 and Sal1. Therefore the double digested plasmids contribute to a low 

proportion of the plasmid samples. The concentration of the single digested 

plasmid in the samples were high thus the 7950bp bands were extremely 
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thick and bright that covers the 7200bp bands. No undigested plasmids were 

observed in the gel indicating that the Sal1 digestion is sufficient. Sample 1 

and sample 6 were selected from 1, 2, 4 and 5, 6, 7 separately to represent 

the eYFP and eCFP insertions respectively.  

5.3.4 Protein preparation: 

The STAT3 proteins purified by IEx chromatography (produced and purified 

in Chapter 2) were buffer exchanged with Centrifugal (30 kDa) centrifugation. 

The purified proteins were buffer exchanged into buffer contains 25mM Tris 

pH8.5, 100 mM NaCl. The buffer exchanged proteins were then mixed and 

diluted with 5xFRET binding buffer (150 nM Tris pH8.5, 1.5 mM EDTA, 1.5 

mM EGTA, 5 mM MgCl2, 200 nM KCl, 0.5 mg/ml BSA and 0.2 mg/ml 

sonicated salmon sperm) and ddH2O.  

DNA annealing:  

Two single stranded DNA oligos were purchased from Eurofins Genomics. 

The sequences of the two oligoes are shown below: 

5’-ATTO488-TGC ATT TCC CGT AAA TCT-3’ 

5’-AGA TTT ACG GGA AAT GC-3’ 

The single stranded DNA oligoes were annealed in annealing buffer (15 mM 

Tris pH 8.3, 20 mM NaCl) at 90℃ for 5mins and cooled down 1 ℃/min to 

10℃ in a PCR machine.  

FRET titration and 96-well plates: 

In the FRET titration assay, the STAT3 protein or the dsDNA was first mixed 

with the 5x FRET buffer and dH2O. The concentrated dsDNA or STAT3 

protein was then added into the mixed solution and incubated for 5mins 

before reading. The reaction solution were excited at 430nm. Fluorescent 

intensity at 475 nm and 520 nm were recorded as the donor’s emission and 

acceptor’s emission.  

Besides the titration FRET assay, additional FRET assays were conducted in 

96 well plates to simplify and increase through-put for the experiment 

processes. The STAT3 proteins and the annealed Atto488-GAS18 DNA 
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were pre-mixed and incubated on ice for 30 mins in the 96-well flat bottom 

plate before the measurement. With excitation at 430 nm, the fluorescence 

intensity at 480 nm (donor’s emission) and 530 nm (acceptor’s emission) 

were detected by the plate reader.  

FRET ratio and FRET efficiency:  

The FRET energy transfer is usually expressed in two ways: the FRET 

efficiency and the FRET ratio. The proportion of the non-radioactive energy 

transferred from the excited donor to the receptor can be defined in both 

ways.  

The FRET efficiency was calculated based on the following equation: 

𝐹𝑅𝐸𝑇 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 − 𝐹𝐷𝐴/𝐹𝐷 

FDA is the fluorescent intensity measured at donor’s emission wavelength 

with both donor and acceptor while FD is the fluorescent intensity at donor’s 

emission wavelength without acceptor (Atto-DNA). In our case, FDA is the 

fluorescent intensity measured at FI475 with both protein and Atto-DNA 

added in the samples while FD is the fluorescent intensity measured at FI475 

without Atto-DNA. The result shows that the FRET efficiency is also 

increasing with the increased concentration of receptor. This indicates that 

when STAT3 127-722-CFP binds to Atto-DNA, there was signal transfer 

between the donor and receptor. The FRET efficiency suggests that when 

the donor’s (STAT3 127-722-CFP) concentration is stable, increasing 

acceptor concentration will increase the FRET signal.  

The FRET ratio was calculated based on the following equation: 

𝐹𝑅𝐸𝑇 𝑟𝑎𝑡𝑖𝑜 = 𝐹𝐴𝐷/𝐹𝐴 

FAD is the fluorescent intensity measured at FI530 with both donor and 

acceptor while FA is the fluorescent intensity at FI530 when there is no donor 

(STAT3-CFP). The FRET ratio should be higher than 1 to indicate there is 

FRET happening.  
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5.4 Result: 

5.4.1 Donor and Receptor pair: CFP and Atto488 

The selected donor-receptor pair in this thesis is CFP and Atto488. The CFP 

attached to the STAT3 truncated proteins were used as the donor while the 

Atto488 attached to the dsDNA was used as the receptor. The excitation 

wavelength of the CFP is 435nm and the emission wavelength is 485nm. 

The Atto488 is a synthetic water soluble fluorescent label described by 

ATTO-TEC. Atto488 is characterised with high quantum yield (0.8). The 

quantum yield stands for the proportion of the proton emitted to the number 

absorbed. The excitation wavelength of the Atto488 ranges from 480nm to 

500nm while the emission wavelength is maximal at 520nm. The excitation 

for the Atto488 at 430nm is minimal. According to the described excitation 

and emission wavelength, the CFP and Atto488 can be used as the donor 

and receptor pair in the FRET assays. 10nM of the CFP-STAT3 127-722 

protein and 10nM of the Atto488-GAS18 were excited at 430nm. Emissions 

were recorded in figure 5.7.  

 

Figure 5.7. Emission from 450 nm to 550 nm of 10 nM CFP-STAT3 127-722 

protein and 10 nM Atto488-GAS18 with the excitation at 430 nm.  
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With excitation at 430 nm, the fluorescent emission of 10 nM CFP-STAT3 

127-722 and 10 nM Atto488 was measured separately. The fluorescent 

intensity peak of the CFP-STAT3 127-722 protein ranges from 475-510 nm. 

The fluorescent intensity of the CFP-STAT3 127-722 truncated protein at 475 

nm is about 38 while the fluorescent intensity at 510 nm is about 35. 

Although the excitation of the Atto488 is minimal at 430 nm, there is still a 

fluorescent peak with highest reading about 138 at 520 nm. Comparing the 

fluorescent intensity peaks of the CFP-STAT3 127-722 and Atto488-GAS18, 

the emission of fluorescence of the acceptor is significantly higher than the 

donor under the donor’s excitation wavelength with the same concentration 

of the fluorophore. The Atto488 is much more sensitive of the excitation 

comparing to the CFP. Therefore, high donor (CFP) concentration is 

recommended in the future experiments. The energy transfer may not 

contribute to significant fluorescent intensity increase at 520 nm since the 

receptor’s (Atto488) emission is too high at the donor’s excitation (430 nm). 

Besides, the observation of the decrease fluorescent intensity at the donor’s 

emission wavelength (475 nm) with the increase of receptor concentration 

should be more efficient to measure the FRET ratio for this pair of 

fluorescent labels.  

 

Figure 5.8. Titration of Atto488-GAS18 into the buffers without CFP-STAT3 

proteins. The concentration of the Atto488-GAS18 increased from 0nM to 37 

nM. The scans are directly obtained from the fluorimeter. The Y-axis is the 

fluorescent intensity while the x-axis is the emission wavelength.  
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Figure 5.8 shows the original data obtained from the fluorimeter, in which the 

fluorescent intensity at FI520 increased with Atto 488 concentration while 

FI475 did not. Atto488 can be excited at 430nm. Atto488-GAS18 was titrated 

into the 1xFRET binding buffers (30 mM Tris pH8.5, 0.3 mM EDTA, 0.3 mM 

EGTA, 1 mM MgCl2, 40 mM KCl, 0.1 mg/ml BSA, 40 ng/ml sonicated salmon 

sperm and 8% glycerol). The fluorescent intensity was measured from 450 

nm to 550 nm. Fluorescent peak can be observed at about 522 nm. No peak 

at 475 nm was detected. No significant increase of fluorescent intensity at 

475 nm was detected with the increase of Atto488-GAS18 concentration. 

Although no donor was added, the emission at 520 nm still increased with 

the increase of donor’s concentration. Therefore, the increase of fluorescent 

intensity at 520 nm with the increasing acceptor’s concentration cannot be 

regarded as energy transfer. Negative control to eliminate the influence of 

the FI520 results from the acceptor excited by the donor’s excitation 

wavelength was found to be necessary.  

CFP-STAT3 127-722 was titrated into the 1xFRET binding buffer and the 

emission curve was plotted in figure 5.9.  

 

Figure 5.9. The emission curves of the increase concentration of CFP-

STAT3 127-722 proteins. Y-axis is the fluorescent intensity while X-axis is the 

emission wavelength. The CFP-STAT3 127-722 protein increases from 33 

nM to 366 nM.  
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Two peaks were shown in all emission curves: one main peak at about 475 

nm and a smaller peak at 500 nm. The two peaks covers a wide range of the 

emission wavelength from 470 nm to 510 nm. The increase of the CFP-

STAT3 127-722 protein concentration significantly influenced not only the 

fluorescent intensity at 475nm (FI475) but also the fluorescent intensity at 

520nm (FI520), which is the receptor’s emission wavelength. This indicates 

that the increase of FI520with the increase of the donor concentration cannot 

be regarded as the FRET signal. Negative controls are necessary to 

eliminate the influence of the donor’s emission contributing to FI520 

readings. Combining the two titration results shown in figure 5.10 and figure 

5.10, the decrease of FI475 with the increasing acceptor concentration can 

be directly used to represent the FRET signal.  

5.4.2 FRET development using N-terminal fluorescent labelled STAT3 

Atto488-GAS18 DNA was titrated in 0 µM, 0.5 µM and 1 µM of the CFP-

STAT3 127-722 proteins, FI520 and FI475 were recorded to detect the FRET 

signal and calculate FRET ratio. With the increase of the Atto488-GAS18 

concentration, we were expecting to see the increase of the FI530 in all 

samples due to the contribution from donor emission while with higher 

acceptor protein concentration, the increase of the fluorescent intensity 

should be higher. There should be a decrease of the FI475 with the increase 

of the Atto488-GAS18 concentration to indicate the success of the FRET 

energy transfer. However, the hypothesised results were not observed. 

The FI520 obtained from the titration assay indicates that the CFP-STAT3 

127-722 concentration did not influence the increase of the fluorescent intensity 

at 520 nm.  
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Figure 5.11. The fluorescent intensity at 520nm increase with increasing 

Atto488-GAS18 concentration. The Atto488-GAS18 was titrated into 0 nM 

(blue), 500 nM (orange) and 1000nM (grey) of the CFP-STAT3 127-722 

separately. 2µl of the 85µM Atto488-GAS18 were added into 1ml of the CFP-

STAT3 127-722 protein for each titration point.  

The fluorescent intensity at the 520nm increases with the Atto488-GAS18 

concentration in all three protein concentrations. After subtracting the 

intrinsic fluorescent intensity at 520nm caused by the CFP-STAT3 127-722 

protein, the FI520 readings at the same Atto488-GAS18 concentration were 

similar in all protein concentrations. There was no significant difference in the 

increase of FI520 between different protein concentrations thus no FRET 

signal was obtained from FI520 increase.  

The FI475 decreases slightly with the increase of the Atto488-GAS18 

concentration. However, there was no significant differences in the FI475 

decrease between the three different protein concentrations.  
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Figure 5.12. The fluorescent intensity at 475nm decreases slowly with the 

increase of the Atto488-GAS18 concentration. Three CFP-STAT3 127-722 

protein concentrations were detected: Negative control (blue), 500 nM 

(orange) and 1000 nM (grey). 2 µl of the 85 µM Atto488-GAS18 were added 

into 1ml of the CFP-STAT3 127-722 protein for each titration point. 

Figure 5.12 shows that FI475 readings decreased slightly with the increase 

of the acceptor (Atto488-GAS18) concentration. This observation matches 

the signal of the energy transfer. However, the negative control (no STAT3 

protein added) also showed slight decrease with the increase of the acceptor 

concentration. During the titration, while adding the 2µl acceptor, the donor’s 

concentration as well as the BSA, salmon sperm and glycerol concentration 

in the FRET binding buffers were diluted by 0.2% per addition. The 

fluorescent intensity can not only be affected by both the CFP-STAT3 127-722 

concentration but also the content and concentration of the buffers. The 

decrease of fluorescent intensity with the increase of Atto488 concentration 

in 1000nM protein sample is slightly greater than the negative control (0nM 

protein sample). This suggests that there might be FRET happening but the 

technique may not be very sensitive.  

In order to test the influence of different receptor and protein concentrations 

to the FI480 and FI530 more efficiently, the FRET assay was also conducted 
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in 96-well plates using the Pherastar plate-reader. In the 96-well plates, 

different protein and dsDNA concentrations can be detected at the same 

time. Four CFP-STAT3 127-722 concentrations and six Atto488-GAS18 

concentrations were screened to detect the optimal donor/receptor 

concentration that produces best FRET ratio. The interaction between the 

protein and the dsDNA were incubated to reach the equilibrium before read 

by the plate reader. 

 

Figure 5.13. Fluorescent intensity at 530nm increasing with the Atto488-

GAS18 concentration. The concentrations of the CFP-STAT3 127-722 

proteins applied were 0 µM, 0.4 µM, 0.8 µM and 1.2 µM. The increase of 

fluorescent intensity was normalised. 

In figure 5.13, the fluorescent intensity at 530nm increases with the Atto488-

GAS18 concentration despite the protein concentration. After normalizing, 

the trend line of the four protein concentrations overlapped. The slope of the 

trend lines are the same thus the ratio of the fluorescent intensity increases 

are the same in the four protein concentrations including the negative control 

without protein. There is no significant difference in the FI530 increase 
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between different protein concentrations. Therefore we conclude that in this 

experiment, the increase of FI530 is caused by the intrinsic fluorescence of 

Att488-GAS18. No signal of energy transfer was detected in the CFP-STAT3 

127-722 and Atto488-GAS18 FRET assay. This result matches the result of 

the FRET titration assay.  

The fluorescent intensity at 480nm did not decrease with the increase of the 

acceptor concentration.  

 

Figure 5.14. The fluorescent intensity at 480nm stays constant with 

increasing Atto488-GAS18 concentration. CFP-STAT3 127-722 

concentration applied were 0 µM (blue), 0.4 µM (orange), 0.8 µM (grey) and 

1.2µM (yellow). 

According to figure 5.14, FI480 did not decrease with the increasing Atto488-

GAS18 concentration for any protein concentration. On contrast, the 

fluorescent intensity at 480nm increased lightly with the increasing Atto488-

GAS18 concentration. No energy transfer was detected. This may be due to 

the decrease of fluorescent intensity at 475 nm was too small to be dominant 

from the background noises. 
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The fluorescent intensity at 530nm was also measured with increase of the 

protein concentration. The fluorescent intensity at 530nm is influenced by the 

CFP-STAT3 127-722 emission. With no Atto488-GAS18 added, FI530 will 

increase with the CFP-STAT3 127-722 concentration. If FRET happens, the 

increased fluorescent intensity at 530nm should be higher in the samples 

with increasing Atto488-GAS18 compared to the negative control.  

 

Figure 5.15. The fluorescent intensity increases with the CFP-STAT3 127-722 

concentration. The Atto488-dsDNA concentration were 0nM (orange), 10nM 

(grey), 20nM (yellow) and 30nM (blue). The error bars shows the standard 

diviations. 

Figure 5.15 shows FI530 increases with the CFP-STAT3 127-722 

concentration. The error bars cover the differences of the fluorescent 

intensity between different Atto488 concentrations. Therefore this figure 

shows no significant relationship between the increase of fluorescent 

intensity at 530nm and the increased Atto488 concentration. In the 10nM of 
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the CFP-STAT3 127-722 Atto488-GAS18 concentration, the FI530 increase 

is greater than the negative control. However, in the 20nM and 30nM 

receptor concentrations, the FI530 increase with the protein concentration is 

still the same with the DNA concentration. Since the error bars of the 10nM 

dsDNA concentration readings are larger than other concentrations, the 

increase can not be used as the signal of energy transfer.  

In conclusion, no or very weak energy transfer was detected between the 

CFP-STAT3 127-722 and Atto488-GAS18. The overlap of the donor and the 

acceptor’s emission wavelength can be one reason that contributed the 

difficulties of measuring the energy transfer. The wide range of CFP 

emission wavelength decreased the sensitivity of the fluorescent intensity 

affected by the energy transfer. Moreover, the excitation of the Atto488 at 

430nm results in a relatively high emission at 530nm. The increase of 

emission at 530nm is therefore highly influenced by the Atto488 

concentration. Therefore, the increase of FI530 cannot be regarded as the 

FRET signal without considering the intrinsic fluorescence of the system. 

Negative controls were tested in each experiment to eliminate those ‘noises’ 

but no significant increase of FI530 were observed when adding the donor. 

Another reason causing the low FRET signal may be the average distance 

between the donor and the receptor. This will be discussed in detail in the 

next section. Although the FI520 is not suitable to be used as the FRET 

signal, the decrease of FI475 with the increase of the acceptor concentration 

showed some sign of FRET even it may not be very sensitive.  

5.4.3 Distance measurement 

In FRET assays, the efficiency of energy transfer can be increased by 

shortening the distances between the donor and acceptor fluorophores. The 

distance between the donor and acceptor fluorophores are required to be 

within 10nm to allow the energy transfer while efficient energy transfer 

between the donor and acceptor usually happens when the distance is 

bellow 5nm. Hence, we measured the distance between the N-terminal of the 

STAT3 protein and the fluorophore attached DNA.  
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Figure 5.16. Distances measured from N-terminal of the STAT3 dimer 

binding to dsDNA. The distances between the N-terminals of the STAT3 

proteins and the fluorescent labelled DNA end are 4.46nm and 6.48nm. 

[PDB: 4e68] 

The distances from the N-terminals of the STAT3 proteins to the 5’ Thymine 

of the dsDNA, where the Atto488 was attached, were measured with PyMol. 

The distances between the acceptor fluorophore and the two N-terminal 

ends of the two STAT3 proteins that form one dimers are 4.46nm to 6.48nm. 

Residues 127-137 at the N-terminal end disordered in this crystal structure. 

In this project, the donor fluorophores were attached to the 127aa of the 

STAT3 N-terminal protein so the distance was measured to amino acid 138. 

The missing 11aa lead to the uncertainty of the position of the chromophore 

in CFP. Furthermore, the chromophores of YFP and CFP are protected by 

the beta-sheet protein structure. Therefore the distance between the two 

chromophores is at least 1nm further from the measured distance. The 

distance between the C-terminus attached CFP and the Atto488 fluorophore 

attached to the dsDNA is estimated to be 7nm. The distance between the 

donor attached to the N-terminal end of the STAT3 protein and the acceptor 
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attached to the 5’ Thymine of the dsDNA may not be short enough for 

efficient FRET energy transfer.  

 

Figure 5.17. Distances measured from C-terminal of the STAT3 dimer 

binding to dsDNA. The distances between the C-terminals of the STAT3 

proteins and the fluorescent labelled DNA end are 4.44nm and 5.08nm. 

[PDB: 4e68] 

 

On the other hand, the distance between the C-terminal end of the two 

STAT3 dimers and the 5’-Thymine of the dsDNA is slightly shorter compared 

to the distance between N-terminal ends and the 5’ Thymine of the dsDNA. 

According to the distance measurement, the distances are 5.08nm and 

4.44nm. In this crystal structure, there are 6 disordered amino acids at the C-

terminal end of the STAT3 protein. Although it is still hard to prove that the 

distance between the C-terminal end of the STAT3 protein and the 5’ 

thymine of the dsDNA is close enough for FRET energy transfer, the C-
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terminal end attached fluorophores are possibly more likely transfer the 

FRET energy to the acceptor attached to the dsDNA. Therefore, we tried the 

C-terminal fluorescent STAT3 proteins in the FRET assay to investigate 

FRET efficiency.  

 

5.4.4 C-terminal FRET improvement 

A FRET assay with C-terminal fused fluorophores of STAT3 was designed to 

detect the STAT3 DNA binding activity due to the potentially shorter transfer 

distance. Cyan fluorescent protein fused to the C-terminal end of STAT3 

protein (aa. 127-722) was used in this FRET assay. Atto-488 was attached to 

on strand of the double stranded DNA. CFP was used as a donor while 

Atto488 was used as a receptor.  

 

 

Figure 5.18. Fluorescent intensity changes with the increase of the Atto488-

GAS18 concentration in the FRET titration assay. 1µl of the 478µM Atto488-

GAS18 were titrated into 3ml of 400nM STAT3 127-722-CFP proteins each 

time.  
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The FRET titration assay showed that with the increase of Atto488-GAS18 

concentration, the fluorescent intensity at the donor’s emission wavelength 

(FI475) decreased significantly with the increase concentration of the 

acceptor. The fluorescent intensity at the acceptor’s emission wavelength 

(FI520) was increasing with the increase concentration of the acceptor. 

478µM of the Atto488-GAS18 stock were applied in the titration to minimise 

the influence FI475 by the diluted protein and buffer components. Comparing 

to previous experiments shown in figure 5.18, the decrease of FI475 in this 

titration assay is not caused by the concentration changes of the STAT3 127-

722-CFP protein. The significant decrease in the FI475 suggests the success 

of the energy transfer between the CFP and the Atto488. The FRET 

efficiency was calculated from the titration assay.  

 

 

Figure 5.19. FRET efficiency calculated from the STAT3 127-722- CFP titration 

assay.  

The FRET efficiency increases with the Atto488-GAS18 concentration. The 

FRET efficiency increased from 0.1 to 0.269 when the Atto488-GAS18 

concentration increases from 159nM to 536nM. This indicates that the 

protein-DNA interaction was not saturated. To test higher FRET efficiency, 
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higher Atto488-GAS18 concentration or alternatively lower STAT3127-722-CFP 

concentration could be used. However, low STAT3 127-722-CFP concentration 

may result in low fluorescent intensity at 475nm therefore limit the sensitivity 

of the FRET titration assay. Highest STAT3 127-722-CFP concentration and a 

higher Atto-GAS18 concentration were tested in later experiments to 

optimise the experimental concentration of the protein and the dsDNA.  

A series of FRET titration assays were conducted to confirm the success of 

the FRET energy transfer and to check the FRET efficiency between 

different donor and receptor concentrations. The Donor/receptor ratio that 

provide the highest FRET efficiency can then be applied in further 

experiments for STAT3 inhibitor selection. 85µM Atto488-GAS18 were 

titrated into 1.2µM, 2µM and 4µM STAT3 127-722-CFP proteins. The 1xFRET 

binding buffer were also titrated with 85µM of the Atto488-GAS18 to be used 

as negative control. The decrease of FI475 were recorded to calculate the 

FRET efficiency.  

 

 

Figure 5.20. FRET efficiency of the different Atto488-GAS18 concentrations 

in 1.2µM STAT3 127-722-CFP. 2µl of the 85µM Atto488-GAS18 were titrated 

into 1ml of the STAT3 127-722-CFP protein each time.  
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The FRET efficiency increased from 0.007 to 0.352 when the dsDNA 

concentration increased from 0.159 µM to 0.4635µM. After 0.635 µM of the 

Atto488-GAS18 concentration, the FRET efficiency stays similar around 

0.35. The protein-dsDNA interaction seems to be saturated when the dsDNA 

concentration reached about 0.6 µM. At this stage, the protein: dsDNA 

concentration is 2:1. This is an interesting discovery since the interaction 

ratio between the STAT3 protein and the dsDNA is expected to be 2:1 (2 

moles of STAT3 monomer to 1 mole of the double-stranded oligo). It 

indicates that the produced STAT3 127-722 protein can bind to dsDNA very 

effectively. The highest FRET efficiency achieved in this titration assay is 

about 0.38 when the Atto488-GAS18 concentration is about 1.1 µM.  

 

Figure 5.21. 85µM Atto488-GAS18 titrated into 2µM STAT3 127-722-CFP 

protein. FRET efficiency calculated according to fluorescent intensity 

changes at 475nm.  

When the Atto488-GAS18 were titrated in higher concentration of the STAT3 

127-722-CFP protein, the FRET efficiency is higher in general. The FRET 
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efficiency increased from 0.17 to 0.40 when the Atto488-GAS18 

concentration increased from 0.159µM to 1.104µM. The highest FRET 

efficiency achieved in this titration assay is 0.4. The FRET efficiency stopped 

increase with the acceptor concentration when the dsDNA concentration 

reached about 1.1µM. Again, the protein-DNA interaction was saturated 

when the protein: dsDNA ratio is 2:1. This result again confirms that the 

STAT3 127-722-CFP protein binds to dsDNA as dimer.  

 

Figure 5.22. 85µM Atto488-GAS18 titrated into 4µM STAT3 127-722-CFP 

protein. FRET efficiency calculated according to fluorescent intensity 

changes at 475nm. 

The overall FRET efficiency achieved in the titration assay with 4µM STAT3 

127-722-CFP is lower than that of the 2µM STAT3 127-722-CFP. The FRET 

efficiency increased from 0.1 to 0.38 when the Atto488-GAS18 concentration 

increased from 0.159 µM to 0.948µM. After the dsDNA concentration 

reached 0.948µM, the FRET efficiency decreased to about 0.3. The protein-

DNA interaction appeared to be saturated when the protein: dsDNA ratio was 

about 4:1. The differences in the results may be caused by the differences of 

the protein quality. High concentration of the STAT3 127-722-CFP protein is 
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very difficult to preserve and easy to aggregate. Therefore, protein 

concentration of 2µM is better than 4µM to be used in the titration assay.  

In conclusion, the FRET signal is highly improved with application of the 

STAT3 127-722-CFP protein compared to the CFP-STAT3 127-722 protein FRET. 

Significant decreases of fluorescent intensity at the donor’s emission 

wavelength (475nm) can be observed with the increase of the acceptor 

(Atto488) concentration. After normalizing FI475 with negative control, the 

decrease of FI475 were used to calculate the FRET efficiency. The FRET 

efficiency achieved the highest value of 0.40 when protein concentration was 

about 2µM while the dsDNA concentration was about 1µM. These 

concentrations of the STAT3 127-722-CFP and the Atto488-GAS18 were 

suggested to be used in the future for STAT3 inhibitor test.  

In order to achieve high-throughput in the FRET assays, the STAT3 127-722-

CFP and Atto488-GAS18 were also screened in the 96-well flat bottom 

plates. The FRET ratio were calculated according to normalised FI530 

readings.  

 

Figure 5.23. FRET ratio tested with different concentration of protein and 

DNA. Three protein concentrations: 10 nM (blue), 50 nM (orange) and 200 

nM (grey) were tested against five dsDNA concentrations: 10 nM, 20 nM, 40 

nM, 80 nM and 160 nM.  
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The result shows that when the STAT3 127-722 -CFP concentration was 

200nM and the Atto-DNA concentration was 10nM, the FRET ratio was the 

highest. If the FRET ratio is above 1, it indicates that there is energy transfer 

between the donor and acceptor. Therefore, no obvious FRET energy 

transfer was detected when the Atto488-GAS18 concentration was higher 

than 80nM. This may be caused by the high fluorescent emission of the 

Atto488 when excited at 430nm. The ‘background’ fluorescence is too high 

for the energy transfer to be detected when the Atto488 concentration was 

high. At low Atto488 concentrations, higher protein concentration results in 

higher FRET ratio. According to figure 5.23, high STAT3 127-722-CFP: 

Atto488-GAS18 concentration result in high FRET ratio.  

 

Figure 5.24. FRET efficiency calculated by normalised fluorescent intensity 

at 480nm. 10nM of the Atto488-concentration were applied with increase of 

the STAT3 127-722-CFP concentration.  

The FRET efficiency increased with the STAT3 127-722-CFP concentration 

from 60nM to 110nM. When the protein concentration was lower than 60nM, 

no FRET signal was detected and the FRET efficiency was below 0. This is 

due to the low reading at FI480. The donor’s emission is optimised at FI475 

and the FRET signal is not strong enough to dominate the fluorescent 

intensity peaks. Therefore when reading at FI480, the sensitivity of the FRET 

0.11

0.21 0.20

0.25

0.46

0.62

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

60 70 80 90 100 110

FR
ET

 e
ff

ic
ie

n
cy

STAT3127-722-CFP concentration (nM)

FRET efficiency calculated from A480



139 
 

is decreased. Although the FRET efficiency calculated from FI480 was 

decreased, the FRET signal was strong enough to show the decrease of 

donor’s emission caused by the energy transfer to the acceptor.  

In conclusion, the optimised FRET assay can be developed into high-

throughput screening method for selecting STAT3 inhibitors. A decreased 

FRET signal should be detected with the inhibition of STAT3 binding to the 

DNA. The optimal Atto488-GAS18 concentration to be used is 10nM while 

the suggested STAT3 127-722-CFP protein concentration is 100nM.  

 

5.5 Discussion 

FRET assay can be used to detect the interaction between the STAT3 

proteins and the dsDNA. A strong fluorophore donating to YFP had been 

tested previously and there was too much bleed-through from the donor 

emission into the acceptor emission channel. Therefore the stronger 

fluorophore was chosen as the acceptor. CFP and Atto488 were chosen to 

be used as the donor-receptor group since the Atto488 is a stronger 

fluorophore. The CFP were attached to the STAT3 proteins while the Atto488 

were attached to the dsDNA. One difficulty of using fluorescent protein and 

commercial fluorophores as donor and receptor pairs is that the synthesised 

fluorophore is much more sensitive to the excitation. Although the excitation 

of the Atto488 is minimised at 430nm, the resulted emission is still higher 

than the emission of the CFP, whose excitation is optimised at 430nm. Thus 

the dominant increase of FI530/FI520 with application of the acceptor is 

caused by the emission of the Atto488 excited at 430nm. Furthermore, the 

CFP emission wavelength also covers the 520nm and 530nm. 60% to 70% 

of the fluorescent emission can be detected from 520nm to 530nm when the 

CFP is excited at 430nm. Therefore, the FI530 peak does not reflect the 

energy transfer from the donor to the acceptor. Fortunately, the Atto488 

emission spectrum does not cover 480nm. For this fluorophore pairs, the 

FRET energy transfer can be indicated by the decrease of the FI475/FI480 

with the application of the acceptor. In general, the CFP and Atto488 can be 

used as the donor and receptor pairs in the FRET assay to detect protein-

dsDNA interaction.  
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The CFP-STAT3 127-722 and Atto488-GAS18 FRET assays showed no 

FRET signal. In the FRET titration assays, no significant increase at 

FI520/FI530 was observed. Slight decrease of the FI475 was detected with 

the increase of the acceptor concentration but the decrease was caused by 

the dilution of the protein and the buffer components. Both the FRET titration 

assay and 96-well plate assay showed no energy transfer between the CFP 

and the Atto488. This may be caused by three reasons: the overlap of the 

donor and acceptor’s excitation wavelength, the overlap of the donor and 

acceptor’s emission wavelength and the distance between the CFP and 

Atto488. To overcome the difficulties that stop FRET being detected, we 

moved the CFP from the N-terminal end of the STAT3 truncated protein to 

the C-terminal end. Alternative improvements could have included changing 

of the fluorophore pairs and using different labelling method to label the 

STAT3 proteins.  

With application of the C-terminal fluorescent labelled STAT3 proteins, the 

FRET signal was significantly improved in both the titration assay and the 

plate reader assay. The FRET titration assay was more sensitive since it can 

measure the emission at 475nm. The 96-well plate FRET method can be 

developed into a high throughput screening method for selecting STAT3 

inhibitors. In the future experiment for inhibitor screening, 10nM of the 

Atto488-GAS18 and 100nM of the STAT3 127-722-CFP protein were 

suggested for optimizing the FRET signal.  

Besides, the FRET assay can be used to detect the dimerisation of the 

STAT3 proteins. The STAT3 127-722-YFP protein can be used together with 

the STAT3 127-722-CFP protein in the FRET assay. A clear FRET signal 

should be observed since the distance between the C-terminal ends of the 

two STAT3 monomers in a STAT3 dimer is within 5nm. [248]. However, with 

limited time and lack of single CFP and YFP for a negative control, such an 

assay not investigated in this thesis. 

 

 

 



141 
 

Chapter 6 General conclusions and Future 

research 
 

6.1 General Conclusion 

STAT3 is a transcription factor involved in the regulation of many cellular 

functions including proliferation, differentiation, apoptosis, migration and 

immune response. The STAT3 protein plays an important role not only in 

cancer cells but also in normal cells. Firstly, it up-regulates the expression of 

cyclin D protein that promotes the entry into S phase of the cell cycle and 

therefore enhances cell proliferation. Secondly, anti-apoptosis factors 

including Bcl-2, Bcl-XL, and Mcl-1 are all directly activated by STAT3. STAT3 

is involved in regulation of many important proteins that retain normal cellular 

activities. Up- or down- regulation of those proteins due to the abnormal 

function of STAT3 contribute to different types of diseases. Furthermore, 

STAT3 is involved in the differentiation of myeloid cells, which also 

emphasize the importance of STAT3 in normal cell development. Finally, 

STAT3 up-regulates many inflammatory regulators and plays an important 

role in many types of T-cells therefore is essential for the control of immune 

response. STAT3 has great biological value in understanding the regulation 

system from genes to cellular activities. STAT3, as one transcriptional 

activator, is involved in multiple cellular activities in different cells. An 

understanding of the detailed biological activity of STAT3 can lead to the 

discovery of mechanisms of regulation of different cellular functions.  

Since the STAT3 activity is involved in many essential cellular functions, the 

regulation of STAT3 activities is essential to retain normal cellular functions. 

Abnormal STAT3 expression and activation is usually related to tumour 

growth. STAT3 activity contributes to the proliferation, transformation, anti-

apoptosis and immune escape of cancer cells. Therefore STAT3 is regarded 

as an oncogene and potential anticancer drug target. However, the complete 

STAT3 activation and inhibition pathway is still unknown. STAT3 activity is 

also reported to be related to the expression of some pro-inflammatory 

factors and has some anti-cancer activities. The opposite contributions of 
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STAT3 to different types of cancer cells may due to the different activation 

mechanisms or different STAT3 sub-isoforms level.  

The mechanisms of how STAT3 get involved in regulation of different cellular 

functions is complex and lacks a systematic review. Currently, the most well 

studied STAT3 activation mechanism is the JAK-STAT pathway through 

Tyrosine705 phosphorylation. Other tyrosine phosphates were also reported 

to phosphorylate STAT3 Tyr705 including Scr. With the development of 

STAT3 research, more STAT3 activation mechanisms were discovered 

including: Ser727 phosphorylation and Lys685 acetylation. Different STAT3 

activation system may be invoked during different cell development stages, 

in different cell types or under different environments. Therefore the multiple 

STAT3 activation pathway may lead to the heterogeneity of the STAT3 

cellular functions. Furthermore, since STAT3 activation involves various post 

transcriptional modifications of STAT3, inhibition of a single pathway may not 

complete inhibit STAT3 activity. Thus the direct inhibition of STAT3 DNA 

binding domain is a promising target for STAT3 inhibitors.  

In this thesis, we reveal more detailed biological activities of STAT3 with 

different in vitro methods. The development of in vitro methods provide more 

direct visualisation of STAT3 biological functions such as DNA binding 

activity, dimerisation and aggregation. Furthermore, the in vitro methods can 

be easily developed into inhibitor screening methods and speed up the 

development of anti-STAT3 drugs. Three different STAT3 truncated proteins 

were investigated within this thesis. By comparing the biological activities of 

these different STAT3 mutants, we examine the influence of different STAT3 

domains on STAT3 DNA binding activities.  

All STAT3 mutations were successfully produced in E. coli and purified with 

simple ion exchange chromatography steps. The methods can instruct future 

cheap and fast production of sufficiently pure STAT3 proteins, which can be 

applied in all in vitro assays. Furthermore, the methods can also be up-

scaled for industrial production of purified STAT3 proteins.  

During the production and purification of the STAT3 proteins, protein 

aggregation and precipitation was the major problem to solve. To increase 
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the solubility of the STAT3 protein, different additives including: KCl, MgCl2, 

Arginine, and Glutamine were applied to the purification buffer of the STAT3 

proteins. However, none of them made significant difference of the STAT3 

solubility. Finally low concentration of the STAT3 proteins (less than 

0.6mg/ml) were applied during the purification and storage to maintain the 

soluble state of the proteins. Besides, reducing reagent DTT also played an 

important role to stop STAT3 aggregation during purification. 

We developed three types of in vitro assays in this thesis to test STAT3 

biological activities. Firstly, the PEMSA assay provides a visual method to 

detect STAT3 DNA binding activity. With the developed PEMSA assay, we 

successfully proved that the shortest STAT3 mutant YFP-STAT3 127-497 

protein can bind to the targeted dsDNA without SH2 domain. Therefore we 

conclude that STAT3 dimerisation is not a perquisite for DNA binding activity. 

This discovery challenges the traditional hypothesis that STAT3 must bind to 

dsDNA as a dimer. The observation is that STAT3 can bind to the dsDNA as 

a monomer and then another STAT3 binds to the same dsDNA and forms 

the dimer. Secondly, this result is further confirmed with the FP assay. 

Compared to the PEMSA assay, the FP assay is cheaper and more 

amenable to high-throughput screening. With application of STAT3 127-497 

protein in the FP assay, we developed a STAT3 inhibitor screening method 

that targets the DNA binding domain only. Moreover, the FP assay can be 

used to detect the stability of the purified STAT3 proteins. Thirdly, we 

optimised a previous FRET assay and developed another high-throughput 

method for detecting STAT3 biological activities. The developed FRET assay 

can not only be used to study the DNA binding activity of STAT3 but also be 

used to detect STAT3 dimerisation. However, further work is needed to test 

dimerisation conditions.  
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Assay Advantage Disadvantage 

PEMSA Show the proportion of 
free protein, 
protein/DNA complex 
and aggregated protein  

Slower and more 
expensive compared to 
the FP and FRET 

FP High-throughput Limited information 

FRET High-throughput. Can 
detect both protein 
dimerisation and DNA 
binding 

The method of testing 
protein dimerisation 
haven’t been optimised 

Table 6.1. A summary of the advantages and disadvantages of the three in 

vitro assays developed in this thesis.  

Table 6.1 summarises the advantages and disadvantages of the three in 

vitro assays: PEMSA, FP and FRET. The PEMSA is the only assay that can 

be used to detect protein/DNA interaction and protein precipitation. However, 

it is not as high-throughput as the other two assays. FP is the most high-

throughput assay. FRET is also high-throughput and can be applied to detect 

STAT3 dimerisation. All three assays are very useful in small inhibitor tests 

targeting STAT3.   

In conclusion, this thesis first suggested that the STAT3 dimerisation is not a 

perquisite for DNA binding activity by proving that truncated STAT3 protein 

can also bind to the GAS18 sequence. This discovery not only revealed the 

STAT3 DNA binding requirements but also highlighted the importance of the 

inhibition of DNA binding domain for anti-STAT3 drug design. This thesis 

also provide details for the experiment design and industrial up-scale of 

anticancer drug screening targeting STAT3, especially STAT3 DNA binding 

domains.   

 

6.2 Future research 

Based on the developed techniques and the discoveries in this thesis, we 

have suggested future work that continues the research on STAT3 biological 

activities.  Firstly, the optimised PEMSA and the FP assays can be used to 

select small molecules that have the potential to be developed into novel 
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anticancer drugs. More small-molecule screening assay can be done based 

on our developed methods. Secondly, the FRET assay can be used to detect 

STAT3 dimerisation activity. With this application, it enables comparison of 

the relationship between STAT3 dimerisation and DNA binding more directly. 

Thirdly, we suggest a study of the relationship between STAT3 oxidation, 

multimerisation and STAT3 DNA binding activity. During the experiments we 

generated the hypothesis that STAT3 may form functional aggregates and 

the aggregation of STAT3 may be involved in the regulation of its DNA 

binding activity. The full length STAT3 is never crystallised since it precipitate 

easily. However, during nature evolution most proteins are developed into a 

stable and soluble form. It is possible that the multimerisation is involved in 

the STAT3 activity of regulation. On the other hand, STAT3 expression is up-

regulated in many cancer cells, the high level of STAT3 in cell cytoplasm and 

nucleus may result the formation of STAT3 multimers and therefore regulate 

the STAT3 activity. However, there is little research relating the level of 

STAT3 association to the biological activity.   
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AML acute myeloid leukaemia 

Amp ampicillin 

bp base pairs  

BRD4 bromodomain containing protein 4 

CASP10 caspase-10 

CCD Coil-coild domain 

CDK4/6 cyclin-dependent kinases 4/6  
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CDKN2A cyclin-dependent kinase inhibitor 2A 

CFP cyan fluorescent protein  

Chl chloramphenicol 

COX-2 cyclooxigenase-2 

CSF-1 colony stimulating factor-1  

DBD DNA binding domain  

DC dendritic cells 

DNMT1 DNA methyltransferase 1 

dsDNA double stranded DNA 

E.C. extinction coefficient  

E.coli Escherichia coli  

EC50 half maximal effective concentration 

EGF epidermal growth factor 

EGFR epidermal growth factor receptor 

ERK Extracellular regulated protein kinase 

EZH2 Enhancer of Zeste Homolog 2 

FAS Fas receptor 

FASLG Fas ligand  

FOXP3 forkhead box P3  

FP fluorescent polarization 

FRET fluorescent resonance energy transfer 

GMOs Genetically modified microorganisms  

HCC hepatocellular carcinoma 

HDAC histone deacetylase  

HIES hyper-IgE syndrome  

HIF1α hypoxia-inducible factor 1α  

HIF-1α ypoxia-induced factor 1α  

HSPs heat shock proteins 

Iex Ion-exchange  

IFN interferon 

IHCA inflammatory hepatocellular adenoma 

IL interlukin 

IPTG Isopropyl β-D-1-thiogalactopyranoside  

JAK Janus Kinases  

JNK C-Jun N-terminal kinase  

Ka The association constant  

LD Linking domain  

mAbs monoclonal antibodies  

MAPK mitogen-activated protein kinases  

MCS multiple cloning site 

MMPs matrix metalloproteinase  

MW molecular weight  

ND N-terminal domain  

NFκB nuclear factor κB 

NGAL neutrophil gelatinase associated lipocalin  
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PCR polymerase chain reaction  

PDGFR platelet-derived growth factor receptor  

PEMSA protein electrophoresis mobility shift assay 

PIAS protein inhibitor of activated STAT  

PKC protein-kinase C 

PPI protein-protein interactions 

P-TEFb positive transcriptional elongation factor 

PTP namely protein tyrosine phosphate  

RBS ribosome binding site 
SDS-
PAGE SDS polyacrylamide gel electrophoresis  

SET9 SET domain containing methyl transferase 9 

SH2 Src homologous 2 domain  

SOCS suppressor of cytokine signalling 

ssDNA Single stranded DNA  

STAT Signal transducer and activator of transcription 
STAT3 
DN STAT3 dominant negative disease  
STAT3 
Gof STAT3 gain of function diseases 

SUMO small ubiquitin-like modifier 

TAD Transactivation domain  

Tet tetracycline 

TGF-β1 transforming growth factor β1 

Th helper T cells  

Treg regulatory T cells  

Tyk2 Tyrosine Kinase 2  

uSTAT3 un-phosphorylated STAT3 

VEGFR vesicular endothelial growth factor receptor 

YFP yellow fluorescent protein  
 


