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ABSTRACT 

 

A novel oncogenic function of STAT3 

and the molecular mechanism 

underlying its inactivation by curcumin  

 

Young-Il Hahn 

 

 

Under the supervision of Professor Young-Joon Surh   

Department of Molecular Medicine and  

Biopharmaceutical Science  

Seoul National University 

 

Signal transducer and activator of transcription 3 (STAT3) is a transcription 

factor that is latent but aberrantly activated in the majority of cancers. STAT3 

has been shown to play a key role in inflammation-associated tumorigenesis. 

Thus, this transcription is an attractive molecular target for the development 
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of new cancer therapeutics. A large number of therapeutic strategies have 

explored selective inhibition of STAT3 signaling, such as small molecule 

inhibitors, natural compounds and interference oligonucleotides. Curcumin is 

a natural compound isolated from the turmeric (Curcuma longa L., 

Zingiberaceae) that has been reported to have inhibitory effects on STAT3 

signaling. However, the mechanisms underlying the inactivation of this 

transcription factor are still elusive. In this study, I found that curcumin 

inhibits persistently overactivated STAT3 signaling in H-Ras transformed 

breast epithelial cells (H-Ras MCF10A). STAT3 has been found to be 

sensitive to redox regulation. Therefore, thiol modifications of specific 

cysteine residues in this transcription factor largely affect its conformation 

and transcriptional activity. I found the cysteine residue 259 of STAT3 as a 

putative binding site of curcumin through a computer docking and LC-

MS/MS analyses. Moreover, curcumin failed to interact with cysteine 259-

mutated STAT3 and to induce apoptosis. The electrophilic α,β-unsaturated 

carbonyl moiety of curcumin appears to be essesntial for its binding to STAT3 

in H-Ras MCF10A cells. Tetrahydrocurcumin that lacks such moiety barely 
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inhibited STAT3 and induced apoptosis in the same cell line. Taken together, 

these findings suggest that curcumin can abrogate aberrant activation of 

STAT3 through direct interaction, thereby inhibiting STAT3-mediated 

mammary carcinogenesis.  

 Besides STAT3, nuclear factor-κB (NF-κB) plays pivotal roles in 

inflammation and inflammation-associated tumorigenic processes. Emerging 

evidence has shown that these two transcription factors cooperatively promote 

cancer development through regulation of a subset of genes. STAT3 and NF-

κB control both distinct and overlapping genes in tumorigenesis. NF-κB 

activation is commonly regulated by IκB kinases (IKKs). However, 

interactions between STAT3 and IKK still remain largely unknown. In the 

present study, I found that STAT3 regulates the expression of IKKα without 

affecting that of the other subunits, IKKβ and γ in H-Ras MCF10A cells. I 

also observed that STAT3 binds to and stabilizes IKKα protein, thereby 

regulating the p100/p52 processing in the noncanonical NF-κB pathway. 

Based on these findings, it is speculated that STAT3 mediated-IKKα 

stabilization can contribute to mammary carcinogensis. Notably, curcumin 
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downregulated the IKKα expression but not its mRNA expression. Moreover, 

tetrahydrocurcumin that lacks the α,β-unsaturated carbonyl moiety failed to 

decrease the protein level of this kinase and to inhibit cell growth. Thus, it is 

likely that curcumin downregulates IKKα expression probably through direct 

interaction with STAT3.  

 

Keywords: Curcumin, STAT3, Tetrahydrocurcumin, H-Ras MCF-10A cells, 

Breast cancer, NF-κB, IKKα 
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PURPOSE OF THE STUDY 

 

Curcumin is one of the most promising chemopreventive agents. This 

compound exhibits anti-inflamatory and anti-turmor effects. Signal 

transducer and activator of transcription 3 (STAT3) has been studied 

extensively and considered to play a key role in inflammation and 

inflammatuion-associated carcinogenesis. It has been suggested that 

curcumin has the ability to inhibit STAT3 signaling. However, the 

molecular mechanism by which curcumin deactivates STAT3 still 

remains elusive. The crosstalk between STAT3 and nuclear factor-κB 

(NF-κB), another transcription factor is considered to largely contribute 

to inflammation-associated carcinogenesis. In this study, I investigated 

the interaction between STAT3 and NF-κB signaling, especially that 

involves kinase α (IKKα) and also the effect of curcumin on 

signaling mediated by both transcription factors in breast H-ras 

transformed human mammary epithelial cells.   
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Part 1. A review of effects of curcumin  

1.1. Introduction 

Curcumin is a polyphenol derived from turmeric and has been used 

extensively in herbal medicine for centuries due to its nontoxic and a variety 

of therapeutic properties (Wilken et al., 2011). One of the profound effects of 

this compound is antioxidant activity. Curcumin can act as a direct and an 

indirect antioxidant since it scavenges reactive oxygen ROS species (ROS) 

and nitrogen species and induces antioxidant and cytoprotective gene 

expression (Gonzalez-Reyes et al., 2013; Sharma et al., 2005). However, this 

compound can act as not only an anti-oxidant but also a pro-oxidant. For 

example, curcumin induces apoptosis of cancer cells through generation of 

superoxide anions (Mishra et al., 2005). Furthermore, it has been found that 

curcumin can inhibit the classical hallmarks of cancer through its effects on 

various biological processes such as mutagenesis, sustained proliferation, 

apoptosis, cell cycle arrest and metastasis (Darvesh et al., 2012; Hewlings and 

Kalman, 2017). It has been suggested that curcumin regulates multiple 

signaling pathways, such as NF-κB, JAK-STAT, PI3K, AKT, MAPK and 
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Wnt/β-catenin, etc. (Kunnumakkara et al., 2008). In addition, curcumin 

influences a variety of growth factor receptors and cell adhesion molecules 

involved in angiogenesis and metastasis (Bhandarkar and Arbiser, 2007; Liao 

et al., 2015). In clinical trials, the therapeutic potential of curcumin against 

cancer has been evaluated (Gupta et al., 2013). In this review, I highlight the 

multifaceted roles of curcumin in cytoprotection, cancer prevention and 

treatment.  

 

1.2. Structure of curcumin  

Curcumin was first isolated in 1842 and structurally characterized by in 1910 

(Hatcher et al., 2008). It was identified as 1, 6-heptadiene-3, 5-dione1,7-bis(4-

hydroxy-3-methoxyphenyl)-(1E, 6E) or Diferuloylmethane in 1870 (Vyas et 

al., 2013). It was then synthesized and confirmed in 1913 (Rahmani et al., 

2014). Chemically, curcumin is a bis-α,β-unsaturated β-diketone composed of 

two aromatic rings connected by two carbonyl groups (Arshad et al., 2017) as 

illustrated in Figure 1-1.   
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Figure 1-1. The chemical structure of curcumin. A bis-α,β-unsaturated β-

diketone is composed of two aromatic rings joined by two carbonyl groups. 

 

1.2. Anti-oxidant and pro-oxidant properties of curcumin 

The use of natural products has been a general approach for regulating 

antioxidant homeostasis in cells. Curcumin, one of natural phenolic 

compounds, can act as an anti-oxidant either directly or indirectly through 

multiple mechanisms. This compound scavenges ROS and recative nitrogen 

species such as superoxide anion radicals, hydroxyl radicals and nitric oxide 

(NO) (Sharma et al., 2005; Trujillo et al., 2013) and induces expression of 

antioxidant enzymes and other cytoprotective proteins such as glutathione-S-

transferase, γ-glutamyl cysteine ligase, heme oxygenase-1 (Dinkova-Kostova 

and Talalay, 2008; Lundvig et al., 2015; Reyes-Fermin et al., 2012). It has 

been shown that curcumin modulates pro- or antioxidant defense mechanisms 

by regulating transcription factors such as nuclear factor-kappa B (NF-κB) 
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and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) (Dai et al., 2016; Liu et 

al., 2016). Moreover, curcumin possesses pro-oxidant properties as well as 

anti-oxidant effects. It was reported that curcumin-mediated rapid generation 

of ROS induces apoptosis in some solid cancer cells and T cell lymphoma 

cells (Khan et al., 2012; Li et al., 2014).  

 

1.3. Effects of curcumin on hallmarks of cancer 

1.3.1. Curcumin interrupts proliferation signaling  

Cancer cells have the ability to enhance proliferation by utilizing a large 

number of pathways and mechanisms. Curcumin suppresses several signaling 

pathways involved in cancer cell proliferation. Cyclin D1, a proto-oncogene 

that plays an important role in cell cycle progression is downregulated by 

curcumin (Cai et al., 2009; Mukhopadhyay et al., 2002). Moreover, the 

aberrant activation of proliferation signaling cascades such as PKC, CMYC, 

MAPK, ELK, CDKs, PI3K, AKT, mTOR, AP1, JNK, JAK-STAT, NF-κB, 

iNOS and Wnt/β-catenin is inhibited by curcumin (Bose et al., 2015; Hatcher 

et al., 2008; Kunnumakkara et al., 2017) 



７ 

1.3.2. Curcumin prevents angiogenesis  

Nutrients and essential needs for tumor can be supplied by angiogenesis 

process. The angiogenic factors, such as basic fibroblast growth factor (bFGF) 

and vascular endothelial growth factor (VEGF), promote neovascularization 

through stimulation of vascular endothelial cell growth. Curcumin and its 

derivatives inhibit bFGF-mediated angiogenesis (Arbiser et al., 1998). In 

addition, curcumin was found to inhibit the interaction between VEGF and 

vascular endothelial growth factor receptor 2 (VEGFR2) (Fu et al., 2015) as 

well as the VEGF production from various tumor cells though downregulation 

of hypoxia inducible factor 1α (HIF1α) expression (Shan et al., 2012).  

1.3.3. Curcumin restrains metastasis and invasion 

Although tumor occurs as a localized disease, its survival rate remains low 

due to the ability of cancer cells to leave the primary tumor and spread to 

distant organs. It has been reported that curcumin has great potential to 

perturb invasion and metastasis by targeting signal transduction pathways 

medaiated by NF-κB, AP1, STAT3, inflammatory cytokines, urokinase 

plasminogen activator, etc. (Bachmeier et al., 2008; Deng et al., 2016; 
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Shishodia, 2013). Furthermore, this compound also inhibits adhesion 

molecules and proteinases including focal adhesion kinase and matrix 

metalloproteinases (Chen et al., 2013; Hassan and Daghestani, 2012). 

Interestingly, the profound effects of curcumin on suppression of microRNAs 

(miRNAs) were also observed (Kronski et al., 2014; Mudduluru et al., 2011).   

1.3.4. Curcumin restricts replicative immortalities 

Limitless replicative potential is one of the hallmarks of cancer. This property 

of cancer cells allow them to acquire sequential aberrations that can enable 

autonomous replication, invasiveness and resistance to anti-cancer therapies 

(Yaswen et al., 2015). Curcumin modulates cellular pathways mediated by 

PTEN, JAK-STAT, NF-κB and MAPK that regulate telomerase and cancer 

cell growth (Cui et al., 2006; Khaw et al., 2013; Ramachandran et al., 2002; 

Royt et al., 2011). For instance, this compound attenuates hTERT expression 

through inhibition of NFκB signaling in breast cancer cells (Ramachandran et 

al., 2002). The effects of curcumin on the processes defined by selected 

hallmarks of cancer are schematically represented in Figure 1-2. 
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Figure 1-2. Inhibition of hallmarks of cancer by curcumin. Curcumin 

targets classical cancer hallmarks such as proliferation, reistance to apoptosis, 

angiogenesis, invasion/metastasis and replicative immortality.  

 

1.4. Curcumin as a Micheal acceptor 

Besides the anti- or pro-oxidant properties, curcumin can serve as a Michael 

reaction acceptor due to the presence of an α,β-unsaturated carbonyl group. 

Such electrophilic moiety tends to react with cysteine thiols. Covelent binding 

of curcumin at cysteine thiol(s) of several signaling molecules has therefore 

impact on the celluar signal transduction. As examples, a possible mechanism 

by which curcumin releases Nrf2 by modifying thiol group(s) of Keap1 was 

suggested (Balogun et al., 2003). Another study revealed that curcumin can 

directly modify cys179 of IKKβ, one of the upstream kinases of NF-κB, 

thereby inactivating the signaling (Luis et al., 2018). It was also found that 
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this compound inhibits interleukin 1 (IL-1) signaling through thiol 

modification of IL-1 receptor-associated kinase (Jurrmann et al., 2005). 

Therefore, curcumin can also exert its anti-oxidant, anti-inflammatory and 

anti-cancer activities as a thiol modifier.  

 

1.5. Clinical trials 

Curcumin is under active investigation for its clinical benefit, although 

clinical trials have obstacles due to its limited bioavailability of this 

compound. Several clinical trials have been performed using turmeric and its 

constituents to evaluate their efficacy and safety (Rahmani et al., 2014). An 

important study based on twenty-five patients with several different 

premalignant or high-risk lesions indicated that oral curcumin may have 

protective effects on the progression of these lesions (Cheng et al., 2001). 

Promising initial results were reported in limited subsets of patients treated 

with curcumin for chronic anterior uveitis, idiopathic inflammatory orbital 

pseudo tumors, post-operative inflammation, external cancerous lesions and 

pancreatic cancer (Hatcher et al., 2008). Moreover, a study was performed to 
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check the safety and feasibility of combination therapy using curcumin with 

gemcitabine-based chemotherapy on twenty-one patients with pancreatic 

cancer (Kanai et al., 2011). The result from this study showed that a daily oral 

dose of 8 g curcumin with gemcitabine-based chemotherapy was safe and 

feasible. 

 

1.6. Conclusion  

A large number of studies have evaluated the therapeutic potential of 

curcumin. They suggest that this natural compound affects numerous 

signaling pathways involved in development and progression of cancer and 

thus has potential both for prevention and treatment of cancer. Multiple 

molecular pathways such as NF-κB, EGFR and PI3K/AKT/mTOR signaling, 

STAT3, and MAP kinases as well as cytoprotective signaling dependent on 

Nrf2 have been shown to be modulated by curcumin. Although clinical trials 

are still in relatively early phases, studies on curcumin treatment in 

combination with agents are ongoing to improve its bioavailability. As a 

natural phenolic agent, curcumin exhibits anti-oxidant activities as well as 
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pronounced inhibitory effects on a multitude of pathways involved in 

carcinogenesis and cancer progression.   

 

Part 2. Crosstalk between STAT3 and NF-κB 

2.1. Introduction 

Nuclear factor-κB (NF-κB) and signal transducer and activator of 

transcription 3 (STAT3) transcriptional factors have been found to play 

essential roles in numerous aspects of the tumorigenic process (Banerjee and 

Resat, 2016; Yu et al., 2007). These two factors are ubiquitously expressed 

and often constitutively activated in aberrantly growing cells (Atkinson et al., 

2010). Their constant activation is due to autocrine and paracrine factors 

produced within the tumor microenvironment which stimulate the upstream 

signaling pathways of the two factors (Karin, 2006). NFκB and STAT3 

strongly foster the malignant state by controlling the expression of target 

genes responsible for cell proliferation, apoptosis, angiogenesis and metastasis 

(Fan et al., 2013; Grivennikov et al., 2010). Furthermore, they act as 

important regulators not only in cancer cells and but also in inflammatory and 
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immune cells in the tumor microenvironment (Li et al., 2011; Yu et al., 2007). 

Both factors control the expression of cytokines, chemokines and 

inflammatory/immune mediators, thereby serving as a signaling hub that 

coordinates immune responses (Quinton and Mizgerd, 2011; Yu et al., 2009). 

Beyond the functional similarities, NF-κB and STAT3 interact at multiple 

levels to promote the development of cancer. In some cases, STAT3 and NF-

κB interact at gene promoters to enhance transcription of target genes 

(Oeckinghaus et al., 2011). Direct physical or indirect interactions between 

these two transcription factors have been reported (Grivennikov and Karin, 

2010; Lee et al., 2009). Therefore, STAT3 and NF-κB promote inflammation 

and cancer through multiple modes of interaction.  

 

2.2. STAT3 signaling pathway 

STATs are comprised of a family of seven transcription factors that convey 

signals from the extracellular environment to the nucleus (Levy and Darnell, 

2002). In general, STAT proteins are activated by the cytokine binding to cell 

surface receptors and induce the expression of ligand-dependent genetic 
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programs that determine the biological response to the stimulus (Bowman et 

al., 2000). After cytokine stimulation, STAT3 phosphorylated by the Janus 

Kinase (JAK) homo- or hetero-dimerize via their SH2 domain and translocate 

to the nucleus to bind to specific DNA elements to regulate gene expression 

(O'Shea et al., 2013). Although originally discovered in the context of normal 

cytokine signaling, subsequent studies have demonstrated the role of STAT3 

in oncogenesis (Bowman et al., 2000). Aberrant STAT3 signaling has been 

found to contribute to malignant transformation by promoting cell cycle 

progression or cell survival (Bromberg et al., 1999). Moreover, it acts as a 

central regulator of autonomous tumor cell properties and it mediates the 

communication between tumor cells and stromal or immune cells (Wang et al., 

2018). Notably, STAT3 controls the secretion of factors from tumor cells, 

which regulate angiogenesis and the immune response in surrounding cells 

(Groner et al., 2008).  

 

2.3. NF-κB signaling pathway 

The transcription factor NF-κB was first discovered in 1986 as a nuclear 
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factor that binds to the enhancer element of the immunoglobulin kappa light-

chain of activated B cells (Sen and Baltimore, 1986). There are five members 

of this transcription factor family, designated as p65 (RelA), RelB, c-Rel, NF-

κB1 and NF-κB2 (Hoesel and Schmid, 2013). In general, NF-κB is activated 

by release from the IκB molecules or by post-translational cleavage of the 

inhibitory ankyrin repeat domains of p100 and p105 (Zhang et al., 2017). This 

is acquired by proteasomal degradation of the inhibitors or by partial 

degradation of the precursors. These processes are catalyzed by its upstream 

complex containing IκB kinases (IKK1/IKKα and IKK2/IKKβ) and one non-

catalytic accessory protein (NF-κB Essential Modulator, NEMO or also 

known as IKKγ) (Gilmore, 2006). NF-κB signaling pathways are generally 

classified as either the canonical or the non-canonical pathway (Oeckinghaus 

et al., 2011). In the classical pathway, upon stimulation, the β subunit of the 

IκB kinase (IKK) complex is activated, which leads to phosphorylation on 

two N-terminal serine residues of IκB proteins and their subsequent 

degradation (May and Ghosh, 1997). NF-κB has long been considered a 

prototypical proinflammatory signaling pathway, largely based on the 
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activation of NF-κB by proinflammatory cytokines such as IL-1 and tumor 

necrosis factor α (TNFα) and its roles in the expression of other 

proinflammatory genes including cytokines, chemokines, and adhesion 

molecules have been extensively studied for many years (Lawrence, 2009).  

 

2.4. Relationships between STAT3 and NF-κB pathways 

STAT3 and NF-κB family members control gene transcriptions individually 

to promote cancer development or promotion. However, they also regulate 

overlapping groups of genes during tumorigenesis (Fan et al., 2013; Quinton 

and Mizgerd, 2011). Some of NF-κB and STAT3 binding sites in the 

regulatory regions of genes may contain only NF-κB sites, but not STAT3, 

whereas a gene that contains both NF-κB and STAT3 binding sites may be 

regulated by both factors in a cooperative manner (Grivennikov and Karin, 

2010). Along with this, simultaneous activation of STAT3 and NF-κB 

enhances their interaction, nuclear retention and STAT3 binding to a sequence 

in SAA gene promoter (Hagihara et al., 2005). Besides, STAT3 was found to 

physically interact with NF-κB family members, particularly p65 and p50 
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without involving IKK (Lee et al., 2009). Notably, mutation of IKKβ at 

Lys147 led to an increased kinase activation and persistent STAT3 activation 

(Gallo et al., 2014). It has been reported that STAT3 can also be engaged in 

the IKKα-mediated noncanonical NF-κB activation such as p100 processing 

to p52 (Nadiminty et al., 2006). However, it is still unknown wheather STAT3 

regulates this processing through regulation of IKKα. The interaction between 

STAT3 and NF-κB/IKK is illustrated in Figure 2.1. 

 

 

Figure 2-1. Multifaceted modes of interaction between STAT3 and NF-κB. 

STAT3 interact with NF-κB subunits involved in the canonical and 

noncanonical pathways. 

 

2.5. Conclusion 
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It has become clear that NF-κB and STAT3, a highly interactive key 

molecules in tumorigenesis. These two factors are functionally linked by pro-

inflammatory cytokines produced in the tumor microenvironment. NF-κB and 

STAT3 control a large number of subset of genes important for proliferation 

and angiogenesis. In addition, STAT3 in immune/inflammatory cells 

modulates the effect of NF-κB on preservation of inflammation and 

production of tumor-promoting cytokines. There are multifaceted modes of 

their interaction, which are highly context dependent. However, mechanisms 

underlying interaction between these two oncogenic transcription factors have 

not been investigated in depth. Therefore, elucidation of the molecular 

mechanisms may lead to a better understanding of cancer as well as 

developing more efficient therapeutic strategies. 
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1. Abstract 

Signal transducer and activator of transcription 3 (STAT3) is a transcription 

factor that is latent but constitutively activated in many types of cancers. It is 

well known that STAT3 plays a key role in inflammation-associated 

tumorigenesis. Curcumin is an anti-inflammatory natural compound isolated 

from the turmeric (Curcuma longa L., Zingiberaceae) that has been 

extensively used in a traditional medicine over the centuries. In the present 

study, I have found that curcumin inhibits STAT3 signaling that is persistently 

overactivated in H-Ras transformed breast epithelial cells (H-Ras MCF10A). 

Specific cysteine residues present in STAT3 appear to be critical for the 

activity as well as conformation of this transcription factor. I identified the 

cysteine residue 259 of STAT3 as a putative site for curcumin binding. Site-

directed mutation of this cysteine residue abolished curcumin-induced 

inactivation of STAT3 and apoptosis in H-Ras MCF10A cells. The α,β-

unsaturated carbonyl moiety of curcumin appears to be essential in its binding 

to STAT3 in H-Ras MCF10A cells. Tetrahydrocurcumin that lacks such 

electrophilic moiety failed to interact with STAT3 and to induce apoptosis in 
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the same cell line. Taken together, my findings suggest that curcumin can 

abrogate aberrant activation of STAT3 through direct interaction, thereby 

inhibiting STAT3-mediated mammary carcinogenesis.  
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2. Introduction 

Transcription factors that belong to the family of Signal Transducer and 

Activator of Transcription (STAT) are activated by various cytokines, growth 

factors and hormones (Aaronson and Horvath, 2002; Yu et al., 2007; Yu et al., 

2009).
 
STATs exist as latent monomers in the cytoplasm. However, upon 

ligand stimulation, STATs bind to specific receptors and become 

phosphorylated at a single carboxyterminal tyrosine by receptor-intrinsic, 

receptor-associated, or nonreceptor tyrosine kinases (Yu et al., 2007; Yu et al., 

2009).
 

Subsequently, activated STATs undergo dimerization through 

reciprocal interaction between the Src Homology 2 (SH2) domain and the 

phosphorylated tyrosine residue (Buettner et al., 2011; Lin et al., 2010). STAT 

dimers then translocate to nucleus where they bind to the promoters of target 

genes (Becker et al., 1998).
 
STAT3 is one of the STAT family members and 

known to play a key role in inflammation-associated tumorigenesis (Li et al., 

2011; Yu et al., 2009). In normal cells, STAT3 signaling is transiently 

activated, and its activation is tightly regulated by extracellular stimuli. 

However, aberrant STAT3 activation leads to proliferation, survival and 
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resistance of cancer cells to apoptosis, thereby accelerating tumor 

development and progression (Buettner et al., 2011; He and Karin, 2011). 

Conversely, disruption of STAT3 signaling by antisense oligonucleotides or 

STAT3 mutants results in growth inhibition and induction of apoptosis in 

various types of cancer cells (Grandis et al., 2000). Therefore,
 
STAT3 is 

considered to be an attractive target for cancer prevention and therapy.  

   Curcumin is a natural polyphenolic compound isolated from turmeric 

(Curcuma longa), a spice that has been widely used in a traditional medicine 

for many centuries (Wilken et al., 2011).
 
This compound is known to exert 

anti-cancer effects through regulation of a variety of intracellular signaling 

pathways and protein-protein interactions (Strimpakos and Sharma, 2008).
 

Although, curcumin has the ability to inhibit JAK/STAT signaling (Fossey et 

al., 2011; Saydmohammed et al., 2010; Weissenberger et al., 2010), the 

molecular mechanism by which curcumin inactivates STAT3 remains elusive. 

Notably, curcumin possesses an α,β unsaturated carbonyl moiety and can act 

as an electrophile (Satoh and Lipton, 2007). This prompted us to investigate 

whether curcumin could effectively inhibit aberrantly activated STAT3 and 
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induce apoptosis in H-Ras transformed human mammary epithelial (H-Ras 

MCF10A) cells by directly interacting with this transcription factor. 
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3. Materials and methods 

 

Cells and reagents 

Normal human mammary epithelial (MCF10A) and H-Ras MCF10A cells 

were grown in DMEM/F-12 supplemented with 5% horse serum, 100 ng/ml 

cholera toxin, 20 ng/ml human epidermal growth factor, 10 μg/ml insulin, 0.5 

μg/ml hydrocortisone, 2 mM L-glutamine and 100 units/ml 

penicillin/streptomycin. Human prostate cancer (PC-3) cells were grown in 

RPMI 1640 supplemented with 10% fetal bovine serum, and P-STAT3-luc 

stably expressing human cervical cancer (HeLa) cells were grown in 

Dulbecco's modified Eagle's medium (DMEM). Curcumin was purchased 

from LKT Laboratories, Inc. (St. Paul, MN, USA). Tetrahydrocurcumin was 

prepared by catalytic hydrogenation of curcumin. DTT and NAC were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Recombinant human 

interleukin 6 and oncostatin M were purchased from R&D Systems, Inc. 

(Minneapolis, MN, USA). Primary antibodies for P-STAT3
Y705

, STAT3, 

Survivin, Bcl-xL, Bcl-2, HA-tag (anti-rabbit), Myc-tag (anti-mouse), and 10× 

lysis buffer were purchased from Cell Signaling Technology (Danvers, MA, 
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USA). Primary antibodies against STAT3, phosphorylated extracellular signal-

regulated protein kinase (P-ERK) and phosphorylated Janus kinase 3 (P-JAK3) 

were purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). Primary 

antibody against STAT3 was purchased from BD Biosciences (San Hose, CA, 

USA). FITC-conjugated Annexinⅴ. STAT3 recombinant protein was 

purchased from Active Motif (Carlsbad, CA, USA).  

 

RNA interference-mediated knockdown 

STAT3 knockdown was achieved using STAT3 siRNA with the following 

target sequence: sence: 5'-CUAUCUAAGCCCUAGGUUUdTdT-3'; antisense:  

5'-CCUAGGGCUUAGAUAGdTdT-3'. 

 

Immunoprecipitation and Western blotting 

H-Ras MCF10A cells were treated with vehicle, curcumin or 

tetrahydrocurcumin for 12 h and digested with lysis buffer. Protein A/G 

agarose beads were washed with the same lysis buffer 5 times. The cell lysate 

of each group was immunoprecipitated with protein A/G agarose beads and 
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STAT3 antibody (Santa Cruz Biotech) at 4°C overnight using a rotator. PC-3 

human prostate cancer cells were transiently co-transfected with Myc-tagged 

STAT3 and HA-tagged STAT3 vectors. Cells were then treated with DMSO, 

curcumin or tetrahydrocurcumin for 12 h. Myc-tagged STAT3 was 

immunoprecipitated with A/G agarose beads and Myc-tag antibody and 

protein was detected by HA-tag antibody. 

 

Immunocytochemistry 

H-Ras MCF10A cells were cultured (2×10
4 

in a 8 chamber slide). The cells 

were treated with DMSO, curcumin or tetrahydrocurcumin for 12 h. The cells 

were washed with PBS, fixed with 95% methanol/5% acetic acid for 10 min, 

permeabilized with 0.2% Triton X-100 for 5 min and again washed with PBS 

3 times. Cells were then blocked with 5% bovine serum albumin in PBS/T for 

1 h and incubated with anti-STAT3 (Santa Cruz) and anti-STAT3 (BD 

Biosciences) in PBS/T containing 1% bovine serum albumin at 1:100 dilution 

at 4℃ overnight. After incubation, the cells were washed with PBS 3 times, 

stained with Alexa Fluor secondary antibody (Invitrogen) and DAPI and 
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examined under a florescent microscope (Nikon, Japan).  

 

Anchorage independent growth by soft agar assay 

Underlayers consisting of DMEM/F12 media containing 0.5% agar in 60 mm
2
 

plates were prepared. H-Ras MCF10A cells (1×10
5
)

 
were added to media 

containing 3.3% agarose and layered onto the previously prepared agar plates. 

DMSO, curcumin or tetrahydrocurcumin was given every 3 days. The 

colonies were allowed to grow for 3 weeks and then detected under a 

microscope (Nikon).  

 

Generation of CNBr-activated-Sepharose-4B-conjugated curcumin and 

tetrahydrocurcumin  

To generate CNBr-activated-Sepharose-4B-conjugated curcumin and 

tetrahydrocurcumin, Sepharose-4B beads (GE Healthcare, Piscataway, NJ, 

USA) were activated with 1 mM HCl. The activated beads were transferred 

into a 15 ml conical tube containing coupling buffer (0.1 M NaHCO3/0.5 M 

NaCl in 40 % DMSO) and curcumin or tetrahydrocurcumin and rotated 
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overnight at 4℃. The beads were then washed with the same coupling buffer 5 

times and again incubated with 0.1 M Tris.HCl overnight. After overnight 

incubation, beads were rinsed with a buffer containing 0.1 M acetate/0.5 M 

NaCl and a buffer containing 0.1 M Tris.HCl/0.5 M NaCl 3 times each and 

then with PBS.  

 

Cell-based pull-down assay 

Curcumin-conjugated Sepharose-4B and tetrahydrocurcumin-conjugated 

Sepharose-4B beads were incubated with the lysates of H-Ras MCF10A cells 

overnight. The beads were then washed with a washing buffer (1 M Tris, 0.5 

M EDTA, 1 M NaCl, 1 M DTT, 10% NP-40, 10 mg/ml BSA, 0.1 M PMSF, 

proteinase inhibitor cocktail) 5 times. The protein was detected with anti-

STAT3 antibody (Cell Signaling Technology). PC-3 cells were transfected 

with GFP-tagged wild type STAT3, GFP-tagged C251A STAT3 or GFP-

tagged 259A STAT3 vector and lysed with a 1×lysis buffer. The cell lysates 

were precipitated with curcumin-conjugated sepharose 4B beads. The protein 

was detected with anti-HA antibody. 
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FACS analysis  

Induction of apoptosis was measured by flow cytometry. H-Ras MCF10A 

cells were seeded in a 6 well plate and treated with curcumin or 

tetrahydrocurcumin for 12 h. Cells were permeablilized with 0.1% Triton X-

100 and stained with FITC-conjugated annexinⅴand propidium iodide. FITC 

positive cells were detected using a FACSCalibur
 
flow cytometer (BD 

Biosciences).   

 

Mass spectrometry sample preparation 

The recombinant STAT3 protein (active motif) was treated with curcumin, and 

the solution mixture was added to the urea buffer (1 M urea, 50 mM Tris-HCl, 

pH 7.8). The sequencing grade modified trypsin (250 ng/μl) was then added to 

the above mixture for the digestion of protein followed by incubation at 37℃ 

for 8 h. The resulting tryptic peptides were desalted using Pierce®  C-18 spin 

columns (Pierce Biotechnology, IL, USA). Thereafter they were dried using 

Speed-Vac and then reconstituted in 200 μl of mobile phase for LC-MS 

analysis. 
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LC-MS/MS analysis and database search 

The HPLC analysis was performed on Easy-nLC 1000 system (Thermo Fisher 

Scientific Inc., Germany) equipped with a trap column (C18, 75 μm × 2 cm, 

5 μm, Thermo Fisher Scientific Inc.) for cleanup followed by an EASY-Spray 

column (C18, 75 μm × 50 cm, 2 μm, Thermo Scientific Inc.). The separation 

of peptides was achieved by using the mobile phase comprising of 0.1 % 

formic acid in water (Solvent A) and 0.1 % formic acid in acetonitrile 

(Solvent B) in a gradient elution mode with a total run time of 90 min. The 

optimized gradient elution program was set as follows: (Tmin / % solution of 

B): 0/5, 60/50, 61/80, 70/80, 72/1, 90/1. The flow rate of the mobile phase was 

increased gradually throughout the gradient run (0-60 min: 200 nl/min ; 61-

71min: 300 nl/min and 72-90 min: 350 nl/min). The column temperature was 

maintained at 60°C and the injection volume was 10 μl. For LC-MS analysis, 

Easy-nLC 1000 system (Thermo Fisher Scientific Inc.) was coupled to Q-

Exactive mass spectrometer (Thermo Fisher Scientific Inc.) equipped with an 

EASY-Spary
TM

 source. The data acquisition was under the control of Xcalibur 

software. The typical operating source conditions for MS scan in positive 
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mode were optimized as follows: spray voltage, 2.1 KV; capillary temperature, 

320℃; and nitrogen was used as damping gas. All the spectra were recorded 

under identical experimental conditions, and are average of 20-25 scans. The 

scan range was set from m/z 300-1800. For Higher energy Collision 

Dissociation (HCD) experiments, keeping MS1 static, the precursor ion of 

interest was selected using the orbitrap analyzer and the product ions were 

analyzed. The normalized collision energies used were 30 NCE. Resolution of 

precursor ions was set at 70,000 and was set at 17,500 for HCD experiments. 

The top 8 precursor ions in the MS scan were selected by orbitrap analyzer for 

subsequent MS/MS analysis. The raw data were analyzed using Thermo 

Proteome Discoverer 1.3 (Thermo Fisher Scientific Inc.) against STAT3 

database (gi number; 47458820). The search parameters were optimized as 

follows: Precursor ion tolerance was set at 10 ppm, fragment ion tolerance 

was set at 0.8 Da, and two miss cleavage was allowed. Variable modification 

options were used for the modification of curcumin (+ 368.126 Da) and 

carbamidomethylation (+ 57.021) on cysteine and oxidation (+15.995 Da) on 

methionine.  
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MTT assay 

MCF10A and H-Ras MCF10A cells were cultured (2×10
4
) in a 48 well plate. 

Cells were incubated with curcumin for 24 h and then treated with MTT for 

additional 2 h. After incubation with MTT, formazan crystals formed in intact 

cells were solublized with DMSO and then transferred to a 96 well plate. The 

absorbance was measured at 570 nm utilizing a microplate reader (Molecular 

Devices, Sunnyvale, CA, USA)  

 

Electrophoretic Mobility Shift Assay (EMSA)  

H-Ras MCF10A cells were incubated with vehicle, curcumin or 

tetrahydrocurcumin for 12 h. Nuclear fractions of the cells were prepared. 

STAT3 oligonucleotide probe (5'-AGCTTCATTTCCCGTAAATCCCTA-3') 

was labeled with [γ-
32

P]ATP using T4 polynucleotide kinase. Ten μg of 

nuclear fractions were then incubated with the labeled oligonucleotide for 1 h 

at room temperature. Samples were loaded and electrophoresed through 6% 

nondenaturing polyacrylamide gel in a cold room. To ensure the band 

specificity, a competition test was conducted by adding excess competing 
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unlabeled nucleotide to the labeled STAT3 probe. The gel was dried and 

exposed to an X-ray film.         

 

Luciferase activity 

HeLa/P-STAT3-luc reporter cells were cultured (5×10
4
) in a 6 well plate and 

pretreated with curcumin for 12 h and then stimulated with 10 ng/ml 

oncostatin M for 6 h. The cells were lysed with a reporter lysis buffer 

(Promega, Madison, WI, USA), and the cell lysate (20 μl) was gently mixed 

with 100 μl luciferase assay reagent (Promega). The luciferase activity was 

measured utilizing a luminometer (AutoLumat LB 953, EG&G Berthold, Bad 

widbad, Germany).  

 

Chromatin Immunoprecipitation (ChIP)  

Chromatin prepared from H-Ras MCF10A cells was immunoprecipitated with 

anti-STAT3 antibody. The binding of STAT3 at promoter regions of Survivin, 

Bcl-2 or Bcl-xL was detected using primers with the following sequence. 

Survivin forward primer, 5′-CAGTGAGCTGAGATCATGCC-3′; reverse 
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primer, 5′-TATTAGCCCTCCAGCCCCAC-3′. Bcl-2 forward primer, 5′- 

CTTCATTTATCCAGCAGCTT-3′, reverse primer, 5′-

GAGGGGACGATGAAGGAG-3′. Bcl-xL forward primer, 5′-

CTGGGTTCCCTTTCCTTCCA-3′, reverse primer, 5′-

TCCCAAGCAGCCTGAATCC-3′.   

 

Molecular modeling 

AutoDock Vina program (Trott and Olson, 2010) (The Scripps Research 

Institute, CA, USA) was used to make a docking model of curcumin binding 

to STAT3 protein. The structures of STAT3 are from Protein Data Bank (PDB 

ID: 3CWG and PDB ID: 1BG1). curcumin coordinates were obtained from 

the GlycoBioChem PRODRG2 Server 

(http://davapc1.bioch.dundee.ac.uk/prodrg/) (Schuttelkopf and van Aalten, 

2004). The grid maps for the docking model was set to have 74×126×126 

points with 1.0 Å  spacing to cover all surface of STAT3. Other parameters 

were set in a default value in AutoDock Vina program. Binding mode analysis 

of curcumin was carried out using a covalent docking module implemented in 

http://davapc1.bioch.dundee.ac.uk/prodrg/
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Maestro program v9.5 (Schrödinger LLC, NY). STAT3 crystal structures 

(PDB code: 1BG1) was downloaded from PDB bank. STAT3 protein was 

prepared with neutralization and energy minimization using ProteinPrep 

Wizard. Curcumin was prepared with protonation at pH 7.4 and energy 

minimization using LigPrep module. In covalent docking module, reaction 

type of ligand was set to Micheal addition with cysteine 259 of STAT3 

protein. Grid box was generated with residues within 5.0 Å  of the cysteine 

259. The 10 initial output of covalent binding pose was energetically 

minimized with residues within 3 Å  of curcumin, and their binding energy 

was calculated by Prime MM-GBSA module. The covalent binding pose of 

curcumin was selected with low PrimeΔGbind for binding mode analysis.  

 

Statistical analysis  

The data were presented as means ± Standard Deviation (SD). Difference 

between groups was analyzed by Student's unpaired t-test. P values less than 

0.05 were considered significant.   
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4. Results 

 

Curcumin induces apoptosis in H-Ras MCF10A cells  

STAT3 has been reported to play a key role in anti-apoptosis and proliferation 

(Al Zaid Siddiquee and Turkson, 2008; Grandis et al., 2000; Li et al., 2011). 

H-Ras MCF10A cells have a constitutively elevated level of activated STAT3 

compared with normal human mammary epithelial MCF10A cells (Fig. 2-1A) 

and grow faster and more aggressively (Fig. 2-1B). Notably, H-Ras MCF10A 

cells were found to be more susceptible to curcumin-induced cytotoxicity than 

non-oncogenic MCF10A cells (Fig. 2-1C). The anti-proliferative activity of 

curcumin appears to be associated with its induction of apoptosis as evidenced 

by cleavage of poly(ADP-ribose) polymerase (PARP) (Fig. 2-1D) and an 

increased proportion of annexin V-positive and propidium iodide (PI)-

negative cells (Fig. 2-1E). When incubated with H-Ras MCF10A cells, 

curcumin at 25 μM completely inhibited the phosphorylation of STAT3, an 

essential event in the activation of this transcription factor (Fig. 2-2A). To 

assess the effect of curcumin on STAT3 transcriptional activity, the luciferase 

reporter gene assay was performed. Consistent with its suppression of 

https://www.google.co.kr/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwi-24KVtZDVAhXGgrwKHavMDtIQFgghMAA&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FPoly_(ADP-ribose)_polymerase&usg=AFQjCNHyzoKJ21gNMrWrg6sslSGN1MG8dA
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phosphorylation of STAT3, curcumin inhibited the STAT3 transcriptional 

activity in oncostatin M-stimulated HeLa cells harboring P-STAT3-luc 

reporter construct (Fig. 2-2B). However, curcumin had little effects on the 

activation of Janus kinase 3 (JAK3) responsible for STAT3 phosphorylation 

(Fig. 2-2C), suggesting that it may directly target STAT3.  

 In another experiment, H-Ras MCF10A cells were transfected with STAT3 

siRNA. Silencing of STAT3 gene resulted in cleavage of PARP and 

downregulation of the anti-apoptotic Bcl-2 (Fig. 2-2D), suggesting that 

curcumin induces apoptosis, at least in part, by targeting STAT3 signaling.  

 

Tetrahydrocurcumin, a non-electrophilic analog of curcumin, fails to 

inhibit STAT3 signaling and to induce apoptosis.  

The interaction between an electrophile and a nucleophile causes the 

formation of a covalent bond that provides a link for the two entities (Gersch 

et al., 2012). It has been suggested that the modification of cysteine thiols can 

largely affect the 3 dimensional structure of many redox sensitive proteins and 

their functions (Satoh and Lipton, 2007). One of the structural characteristics 
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of curcumin is presence of the α,β-unsaturated carbonyl moiety (Gersch et al., 

2012). In order to determine whether this electrophilic nature of curcumin is 

essential for its suppression of STAT3 signaling and proapoptotic activity, I 

utilized tetrahydrocurcumin generated by catalytic hydrogenation of the 

double bond of curcumin (Fig. 2-3A). In agreement with the previous data 

(Fig. 2-1E and 2-2A), curcumin treatment significantly reduced the levels of 

phosphorylated STAT3 and induced PARP cleavage in MCF-10A-Ras cells 

(Fig. 2-3B), resulting in apoptosis (Fig. 2-3C). However, its non-electrophilic 

analogue, tetrahydrocurcumin, barely inhibited both events. In another 

experiment, I compared the effect of curcumin and tetrahydrocurcumin on 

anchorage-independent growth of H-Ras MCF10A cells. Again, curcumin, but 

not tetrahydrocurcumin, significantly decreased the number of colonies (Fig. 

2-3D).  

 

Curcumin, but not tetrahydrocurcumin, inhibits dimerization, 

subsequent DNA binding and transcriptional activity of STAT3. 

STAT3 undergoes dimerization through its SH2 domain upon phosphorylation 
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at the tyrosine 705 residue and subsequently translocates to the nucleus (Yu et 

al., 2007). I found that endogenous STAT3 dimerization was inhibited by 

curcumin, but not by tetrahydrocurcumin (Fig. 2-4A). I also confirmed that 

curcumin significantly lowered the level of a dimer formed by exogenously 

introduced HA-tagged STAT3 and Myc-tagged STAT3, whereas 

tetrahydrocurcumin was unable to inhibit the formation of an exogenous 

STAT3 dimer (Fig. 2-4B). Above results were also verified by the fluorescent 

staining of STAT3 (Fig. 2-4C and D) .The nuclear translocation of STAT3 is 

crucial for its role as a transcription factor (Liu et al., 2005). Upon curcumin 

treatment, nuclear translocation was blocked, but this effect was not observed 

in tetrahydrocurcumin treated cells (Fig. 2-5A and B). STAT3 regulates 

transcription of genes that encode anti-apoptotic proteins, such as Bcl-xL, 

Bcl-2 and Survivin (Yu et al., 2007; Yu et al., 2009). Likewise, curcumin, but 

not tetrahydrocurcumin, significantly inhibited the DNA binding and 

luciferase activity of STAT3 (Fig. 2-6A and B) as well as the binding to the 

promoter of STAT3 target genes including Survivin, Bcl-2 and Bcl-xL (Fig. 2-

6C). The expression of Bcl-xL, Bcl-2 and Survivin was suppressed by 
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curcumin to a much greater extent than by tetrahydrocurcumin (Fig. 2-5D).  

 

Curcumin exerts its inhibitory effect on STAT3 signaling through thiol 

modification 

As tetrahydrocurcumin lacking the ,-unsaturated carcbonyl functional 

group had little effect on suppression of STAT3 signaling, I speculated that the 

cysteine sulfhydryl group(s) present in STAT3 may be covalently modified by 

the electrophilic moiety of curcumin. In support of this speculation, the thiol 

reducing agents, dithiothreitol (DTT) and N-acetylcysteine (NAC), blunted 

curcumin-mediated inhibition of STAT3 phosphorylation and Bcl-xL 

expression (Fig. 2-7A) and transcriptional activity of STAT3 (Fig. 2-7B). 

These results suggest that curcumin inhibits STAT3 activation, at least in part, 

through direct interaction with STAT3, most preferentially at the cysteine 

residue(s). 

 

Curcumin may directly modify cysteine 259 in STAT3 

STAT3 bears several cysteine residues. Among these, cysteine 259 is surface 
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exposed and important in the dimer formation (Li and Shaw, 2004). Moreover, 

mutation of STAT3 at cysteine 259 has been reported to abolish the effect of 

S-nitrosoglutathione on IL-6-induced STAT3 phosphorylation and 

transactivation (Kim et al., 2014). In silico modeling revealed that curcumin 

has great potential to bind to STAT3 on cysteine 251 as well as cysteine 259 

residue (Fig. 2-7C). This possibility was further tested by the mass-spectral 

analysis of STAT3 modified with curcumin. For this purpose, curcumin-

treated recombinant STAT3 was subjected to LC-MS/MS. The identified 

amino acid sequence coverage of the STAT3 protein is indicated in green 

color (Fig. 2-8A). Two cysteine sites were identified by tandem MS with a 

high score XCorr value, which include cysteine 251 (XCorr value; 3.12) and 

cysteine 259 (XCorr value; 2.55) (Fig. 2-8B). The assignments of curcumin 

binding sites were determined by examining the tandem mass spectra. The 

diagnostic and most prominent fragment ion at m/z 177.05501 was expected 

to be derived from curcumin (Cao et al., 2014). I also investigated the direct 

interaction between curcumin and endogenous STAT3 by utilizing CNBr-

activated-Sepharose-4B beads. STAT3 protein derived from H-Ras MCF10A 
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cells was pulled down with curcumin– or tetrahydrocurcumin-Sepharose 4B 

beads. Curcumin interacted directly with STAT3 but tetrahydrocurcumin did 

not (Fig. 2-9A). To determine whether curcumin modification of cysteine 251 

and 259 contributes to inactivation of STAT3, site-directed mutagenesis was 

conducted in which each of these cysteine residues was replaced by alanine. 

Curcumin didn't bind to cysteine 259-mutated STAT3 whilst cysteine 251 

mutation barely affected their interaction (Fig. 2-9B), suggesting that cysteine 

259 modification is important in its inactivation of STAT3. Curcumin-induced 

apoptosis, in terms of PARP cleavage, in PC3 cells transiently transfected 

with wild type STAT3 and to a lesser extent in PC3 cells harbouring cysteine 

251-mutated STAT3 (Fig. 2-9C). However, curcumin-induced apoptosis was 

abolished in PC3 cells harboring cysteine 259-mutated STAT3 (Fig. 2-9C). 

These findings, taken together, suggest that cysteine 259 of STAT3 would be a 

bona fide target of curcumin in exerting its anti-apoptotic effects (Fig. 2-10).  
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5. Discussion 

As a signaling hub onto which many oncogenic signals converge, STAT3 

represents an attractive potential target to render tumor cells susceptible to 

growth inhibition or apoptosis. There are various emerging strategies for 

targeting STAT3. Direct inactivation of STAT3 probably is one plausible way. 

There are numerous STAT3 inhibitors including natural compounds. As one of 

the well-known chemopreventive agents, curcumin has been found to exert its 

anti-inflammatory and anti-carcinogenic effects by targeting STAT3 signaling 

(Alexandrow et al., 2012; Lelli et al., 2017). However, the mechanism 

underlying its inactivation of STAT3 has not been well understood.  

Owing to the presence of an electrophilic α,β-unsaturated carbonyl moiety, 

curcumin tends to react with a variety of electron donors. Especially, cysteine 

thiol residues ubiquitously present in cellular proteins are subject to covalent 

modification by electrophiles. One of the well-characterized electrophilic and 

oxidative stress sensing proteins is Kelch-like ECH-associated protein 1 

(Keap1). Covalent modification of some highly reactive regulatory cysteine 

residues in Keap1 drives the activation of Nrf2 signaling (Gersch et al., 2012). 
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Many studies suggest that electrophile attack of a nucleophile has been 

considered an important biological process in modulation of cell signaling 

pathways. One example is 15-deoxy-Δ
12,14

-prostaglandin J2 (15d-PGJ2), an 

endogenously produced electrophilic lipid mediator that can potently inhibit 

NF-κB signaling by binding to cysteine 38 in the p65 (Straus et al., 2000) and 

cysteine 62 in the p50 subunits (Cernuda-Morollon et al., 2001; Straus et al., 

2000) of this transcription factor. Likewise, curcumin has been reported to 

mediate Michael addition of sulfhydryl groups in diverse cellular proteins, 

such as inflammatory molecules, cell survival proteins, protein kinases and 

various enzymes (Gupta et al., 2011). However, the ability of curcumin to 

modify STAT3 cysteine residue(s) had not been reported. STAT3 activation 

has also been found to be sensitive to redox regulation (Li et al., 2010). In line 

with this notion, cysteine modification, such as S-glutathionylation of STAT3 

at cysteine 328 and 542, was found to modulate STAT3 signaling (Butturini et 

al., 2014).    

Considering electrophilic nature of curcumin, thiol modification of STAT3 

could account for its inactivation of this transcription factor. My results show 
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that the thiol reducing agents DTT and NAC restored the phosphorylation and 

transcriptional activity of STAT3 which were suppressed by curcumin, 

lending support to the above supposition. In line with this notion, curcumin 

abrogated phosphorylation, dimerization, DNA binding and transcriptional 

activity, while tetrahydrocurcumin lacking the electrophilic moiety was 

incapable of inhibiting all these events.  

   Many studies have focused on targeting the SH2 or DNA binding domain 

of STAT3 to disrupt STAT3:STAT3 or STAT3:DNA interaction, respectively 

by virtue of the importance in the STAT3 signaling pathway (Buettner et al., 

2011; Miklossy et al., 2013; Zhang et al., 2013). Interestingly, one study 

suggests the possibility that curcumin can directly interact with the SH2 

domain of STAT3, thereby disrupting STAT3 dimerization (Lin et al., 2010). 

However, targeting the dimer interface of STAT3 is practically challenging 

due to the planarity of the large surface area (Miklossy et al., 2013). Mass 

spectrometry analysis and in silico modeling data identified cysteine 251 and 

259 present in the coiled-coil domain of STAT3 as the putative binding sites 

of curcumin. Although DNA binding and SH2 domains are generally targeted 
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by STAT3 inhibitors, I could not find sites modified by curcumin other than 

cysteine 251 and 259. Similar to my findings, Stattic, a non-peptidic STAT3 

inhibitor, was found to react with cysteine 251, 259, 367 and 426 which are 

not located in protein-protein or protein-DNA interfaces (Heidelberger et al., 

2013). Thus, it is plausible that cysteine 251 and 259 residues to which 

curcumin predominantly binds are allosteric modification sites. I then further 

confirmed the specificity of the curcumin binding. It was observed that 

Sepharose-conjugated curcumin bound to wild type and to a slightly lesser 

extent, cysteine 251-mutated STAT3, while cysteine 259-mutated STAT3 

barely interacted with curcumin. Furthermore, curcumin-induced apoptosis in 

PC3 cells harboring cysteine 259-mutated STAT3 was abrogated compared 

with that in cells transfected with wild type or cysteine 251-mutated STAT3. 

These may suggest that cysteine 259 is more likely to be involved in 

curcumin-induced apoptosis than cysteine 251. Consistent with my findings, it 

was found that methyl-2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oate 

(CDDO-Me) suppressed STAT3 dimerization by alkylating cysteine 259 

(Ahmad et al., 2008). Therefore, cysteine 259 of STAT3 is considered 
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essential in its function and a specific binding site of curcumin (Fig. 9).  

Though cysteine 259 of STAT3 is found to be covalently modified by 

curcumin, this amino acid is known to be prone to oxidation. Thus, it has been 

reported that STAT3 forms a dimer via an interchain disulfide bond between 

cysteine 259 residues (Li and Shaw, 2004), and this dimerization appeared to 

occur independently of tyrosine 705 phosphorylation. The functional 

significance of oxidation of cysteine 259 residue remains to be clarified.  

At this moment, I cannot assure whether the inhibitory effects exerted by 

curcumin on STAT3 signaling are solely due to the direct interaction with this 

transcription factor. There are diverse effector molecules in STAT3-mediated 

cell signaling networks including kinases, tumor suppressors or phosphatases. 

They work coordinatedly or independently of one another. Therefore, 

curcumin may inhibit STAT3 overactivation through multiple mechanisms. It 

has been reported that curcumin can upregulate Protein Inhibitor of Apoptosis 

Signaling 3 (PIAS3) which is known as a STAT3 repressor and therefore 

suppress STAT3 signaling (Saydmohammed et al., 2010). However, given that 

cells with cysteine 259-mutated STAT3 did not exhibit the direct interaction 
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with curcumin as well as significant induction of apoptosis upon curcumin 

treatment, this specific interaction may be dominant in inhibiting STAT3 

signaling. The effects of curcumin on expression/activation of PIAS3 and 

other potential STAT3-associated signaling pathways merit further 

investigation.  
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Figure 2-1. Comparison between MCF10A and H-Ras MCF10A cells and 

the effect of curcumin on induction of apoptosis. (A) Total cell lysates of 

MCF10A and H-Ras MCF10A cells were prepared, and the expression of 

phosphorylated STAT3 was assessed by Western blot analysis. (B) The same 
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number of MCF10A and H-Ras MCF10A cells (2×10
3
) was seeded onto 

Lipidure® -Coat Plate A-U96 and incubated for 5 days. The spheroid 

formations were observed under the microscope. scale bar, 500 μm. Data are 

means ± Standard Deviation (SD). ns: not significant; *P <0.05; **P <0.005; 

***P <0.001. (C) The MTT assay was conducted with MCF10A and H-Ras 

MCF10A cells treated with various concentrations of curcumin for indicated 

time. Data are means ± SD (*P <0.05). (D) H-Ras MCF10A cells were treated 

for 24 h with indicated concentrations of curcumin. The expression of cleaved 

PARP, Bcl-2 and cleaved caspase 3 was observed by Western blot analysis. (E) 

H-Ras MCF10A cells were treated with curcumin (10 μM, 25 μM or 50 μM) 

for 24 h and then incubated with Annexin V and PI for 15 min. The proportion 

of apoptotic cells was measured by FACS analysis. 
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Figure 2-2. Curcumin-induced apoptosis of H-Ras MCF10A cells through 

inhibition of STAT3 signaling. (A) H-Ras MCF10A cells were treated with 

indicated concentrations of curcumin for 24 h. The expression of 

phosphorylated STAT3 was assessed by Western blot analysis. Actin was used 

as an equal loading control (***P <0.001; error bars represent mean ± SD). 

(B) Luciferase activity was measured with HeLa/P-STAT3-luc cells 
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preincubated with indicated concetrations of curcumin for 12 h and then 

stimulated with oncostatin M (OSM) for 6 h (*P <0.05; **P <0.005; ***P 

<0.001; error bars represent mean ± s.d.). (C) H-Ras MCF10A cells were 

incubated with curcumin (25 μM) for indicated time periods. The expression 

of phosphorylated STAT3 and upsteam kinases was determined by Western 

blot analysis. (D) H-Ras MCF10A cells were treated with scrambled or 

STAT3 siRNA for 48 h. PARP cleavage and Bcl-2 expression were detected 

by Western blot analysis.  
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Figure 2-3. Involvement of the α,β unsaturated carbonyl group of 

curcumin in its inhibition of STAT3 activation and induction of apoptosis. 
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(A) Curcumin has the two α,β unsaturated carbonyl groups which are 

eliminated in tetrahydrocurcumin by hydrogenating the double bonds. (B) H-

Ras MCF 10A cells were incubated with vehicle, curcumin (25 μM) or 

tetrahydrocurcumin (25 μM). The expression of phosphorylated STAT3, 

STAT3 and related kinase was determind by Western blot analysis. (C) H-Ras 

MCF10A cells were treated with curcumin or tetrahydrocurcumin (25 μM 

each) for 12 h and then incubated with Annexin V and PI for 15 min. The 

population of apoptotic cells was measured by FACS analysis. (D) H-Ras 

MCF10A cells were cultured in soft agar for 10 days. Curcumin or 

tetrahydrocurcumin was added to the medium every other day for another 10 

days. The colony formation was visualized under the microscope (**P <0.005; 

error bars represent mean ± s.d.). scale bar, 100 µm.  
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Figure 2-4. The effect of curcumin and tetrahydrocurcumin on STAT3 

dimerization. (A) Total lysate from H-Ras MCF10A cells treated with 
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curcumin or tetrahydrocurcumin (25 μM each) for 12 h was 

immunoprecipitated with Protein A/G agarose and anti-STAT3 antibody 

overnight and analyzed by immunobloting with anti-STAT3 antibody (*P 

<0.05; **P <0.005; error bars represent mean ± s.d.). (B) PC-3 cells were co-

transfected with HA-tagged STAT3 and Myc-tagged STAT3 and treated with 

curcumin or tetrahydrocurcumin (50 μM each) for 12 h. The total lysates 

obtained from the transfected cells were immunoprecipitated with anti-Myc 

antibody and analyzed by Western blotting with anti-HA antibody (*P <0.05; 

**P <0.005; error bars represent mean ± s.d.). (C) H-Ras MCF10A cells 

seeded onto a 8 chamber slide and incubated with curcumin or 

tetrahydrocurcumin (25 μM each) for 12 h. Then, the cells were incubated 

with anti-P-STAT3 (rabbit) and anti-P-STAT3 (mouse) antibodies and the 

visualized under the microscopy. (D) PC-3 cells co-transfected with HA-

tagged STAT3 and Myc-tagged STAT3 were seeded onto a 8 chamber slide. 

Next, the cells were treated with curcumin or tetrahydrocurcumin (50 μM 

each) for 12 h. After treatment, cells were fixed, incubated with anti-Myc and 

anti-HA antibodies and visualized under the microscopy.  
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Figure 1-5. The comparative effect of curcumin and tetrahydrocurcumin 

on nuclear translocation. (A) H-Ras MCF10A cells were treated with 

curcumin and tetrahydrocurcumin (25 μM each) for 8 h, stained for P-STAT3 

and the nucleus with anti-P-STAT3 antibody and PI, respectively and 

visualized by live cell imaging microscopy. (B) H-Ras MCF10A cells were 

treated with curcumin and tetrahydrocurcumin (25 μM each) for 12 h. 

Cytosolic and nuclear fractions were extracted and analyzed by Western blot 

analysis for measuring total and phosphorylated STAT3 levels.   
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Figure 1-6. The comparative effect of curcumin and tetrahydrocurcumin 

on DNA binding activity and subsequent target gene expressions. (A) 

STAT3 DNA binding activity was assessed by EMSA after treatment with 

curcumin or tetrahydrocurcumin (25 μM each) for 8 or 12 h, using a 

radiolabled oligonucleotide probe (*P <0.05; error bars represent mean ± s.d.). 

(B) Luciferase activity was measured in HeLa/P-STAT3-luc cells 

preincubated with curcumin or tetrahydrocurcumin (25 μM each) for 12 h and 

then stimulated with oncostatin M (OSM) for 6 h (*P <0.05; **P <0.005; 

***P <0.001; error bars represent mean ± s.d.). (C) A ChIP assay was 

conducted using chromatin prepared from H-Ras MCF10A cells treated with 

curcumin or tetrahydrocurcumin (25 μM each) for 12 h. The binding of 

STAT3 at the promoter of Survivin, Bcl-2 and Bcl-xL was determined by PCR. 

(D) H-Ras MCF10A cells were treated with curcumin or tetrahydrocurcumin 

(25 μM each) for 8 h or 12 h. The expression of STAT3 target genes (Bcl-xL, 

Bcl-2 and survivin) was determined by Western blot analysis. 
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Figure 1-7. STAT3 thiol modification by curcumin. (A) H-Ras MCF10A 

cells were treated with curcumin (25 μM) in the presence or absence of NAC 
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(10 mM) or DTT (0.5 mM). (B) Luciferase activity was measured with 

HeLa/P-STAT3-luc cells preincubated with curcumin (25 µM) in the presence 

or absence of NAC (10 mM) or DTT (0.5 mM) for 12 h and then stimulated 

with oncostatin M (OSM) for another 6 h. **P <0.005; ***P <0.001. (C) 

Covalent binding of curcumin to STAT3 at cysteine 251 and 259 as predicted 

by computational modeling. AutoDock Vina program and GOLD5.0 docking 

program were used in docking experiments for cysteine 251 and 259, 

respectively. 
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Figure 1-8. Identification of curcumin binding sites in recombinant 

STAT3 by LC-MS/MS. (A) Recombinant human STAT3 was exposed to 25 

μM of curcumin. The amino acid sequence coverage obtained by LC-MS/MS 

is indicated in green colour. (B) Annotated mass spectrum illustrating the 
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binding of curcumin to STAT3 at cysteine 251 and 259 residues was observed. 

MS/MS spectrum of precursor ion at m/z 1033.49304 [M+2H]
+2

 corresponds 

to the amino acid sequence of STAT3. The elucidation of fragment ion at m/z 

177.05501 from the structure was given in the inset of the spectra.  
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Figure 1-9. Direct binding of Sepharose-4B conjugated-curcumin at 

cysteine 251 and 259 of STAT3. (A) Curcumin-conjugated sepharose-4B and 

tetrahydrocurcumin-conjugated sepharose-4B were incubated with H-Ras 
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MCF10A cell lysates overnight and subjected to Western blot analysis. (B) 

PC-3 cells were transiently transfected with GFP-tagged WT STAT3, GFP-

tagged C251A or GFP-tagged C259A. The cell lysates were incubated with 

curcumin-conjugated sepharose-4B. WT STAT3 and STAT3 mutants were 

detected by anti-STAT3 antibody (*P <0.05; **P <0.005; ***P <0.001; error 

bars represent mean ± s.d.). (C) PC3 cells were transiently transfected with 

GFP-tagged WT STAT3, GFP-tagged C251A or GFP-tagged C259A and then 

treated with IL-6 (50 ng/ml) for 12 h, followed by curcumin treatment (25 µM) 

for 12 h. The expression of cleaved PARP was determined by Western blot 

analysis (*P <0.05; **P <0.005; ***P <0.001; error bars represent mean ± 

s.d.).     
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Figure  1-10. A proposed mechanism underlying the inactivation of 

STAT3 by curcumin. Covalent modification of STAT3 at its cysteine 259 

residue by curcumin interrupts phosphorylation, dimerization and nuclear 

translocation of STAT3 and consequently induces apoptotic death in H-Ras 

MCF10A cells.  
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Chapter Ⅲ 

 

STAT3 regulates IKKα expression in H-Ras transformed 

human mammary epithelial cells 
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1. Abstract  

STAT3 and NF-κB collaboratively promote the development of cancer by 

regulating the expression of genes responsible for anti-apoptosis, proliferation 

and immune responses. Some of these genes require transcriptional 

cooperation between STAT3 and NF-κB. Besides their collaboration at gene 

promoters, various forms of crosstalk such as indirect or direct coordination 

have been reported. However, interactions between STAT3 and IκB kinases 

(IKKs), upstream of STAT3 and NF-κB, still remain largely unknown. Here, I 

show that STAT3 regulates the expression of IKKα without affecting that of 

the other subunits of IKK complex, IKKβ and γ in H-Ras MCF10A cells. In 

this study, it was also found that STAT3 physically interacts with and 

stabilizes IKKα. Moreover, silencing of STAT3 gene decreased the processing 

of p100 to p52, which is mainly regulated by IKKα. Based on these findings, 

it is speculated that STAT3 mediated-IKKα stabilization is essential in 

mammary carcinogenesis and cancer progression.   

Keywords: STAT3, NF-κB, IKKα, Stability, H-Ras MCF-10A, Breast cancer 
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2. Introduction 

Signal transducer and activator of transcription 3 (STAT3) is a transcription 

factor that regulates a variety of cellular events such as cell transformation or 

blocking apoptosis (Bowman et al., 2000; Bromberg et al., 1999). Notably, 

constitutively expressed/activated STAT3 has been detected in a wide variety 

of solid tumors such as prostate, lung and breast cancer (Chan et al., 2004; Yu 

and Jove, 2004). Because of its abilities to induce the expression of a large 

number of oncogenic and inflammatory genes, STAT3 plays a crucial role in 

inflammation-associated tumorigenesis (Yu et al., 2014).  

The mammalian nuclear factor-κB (NF-κB) is a key mediator that regulates 

inducible gene expression in many physiological contexts (Ghosh and Hayden, 

2008). Especially, the critical functions of NF-κB in linking inflammation to 

cancer has been well appreciated (Karin, 2009). This transcription factor is 

normally kept inactive in the cytosol through binding to inhibitor-B proteins 

(Israel, 2010). The activation of this signaling by various stimuli requires 

phosphorylation and subsequent degradation of IκB proteins (Scheidereit, 

2006). The IκB kinase (IKK) complex is the essential element of the NF-κB 
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signaling and is composed of two kinases (IKKα and IKKβ) and a regulatory 

subunit, NEMO/IKKγ (Israel, 2010).  

Many studies suggest that both STAT3 and NF-κB are not only persistently 

activated but critical for maintaining procarcinogenic inflammatory 

microenvironment (Yu et al., 2009). Given their crucial and integrated roles in 

inflammation and cancer, it is not surprising that the two signaling pathways 

are closely connected. STAT3 and NF-κB interact at multiple levels. One 

notable example is that STAT3 physically interacts with and retains active p65 

within the nucleus when IKK activity is low (Lee et al., 2009). However, 

previous studies have shown that IKK and NF-κB are overexpressed in most 

breast cancer tissues and cancer cell lines (Romieu-Mourez et al., 2001; Yeh 

et al., 2011). Moreover, almost all breast cancer subtypes harbor aberrant 

expression/activation of STAT3 (Banerjee and Resat, 2016). So far, few 

studies have addressed interactions between STAT3 and IKK(s) in conjunction 

with NF-κB activation in breast cancer. Surprisingly, I found the positive 

correlation between STAT3 and IKKα expression in H-Ras transformed 

human mammary epithelial MCF10A cells, which is independent of IKKβ and 
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γ. Furthermore, the protein expression but not the messenger RNA of IKKα 

was downregulated by STAT3 knockdown. From this finding, I speculated the 

possible involvement of STAT3 in IKKα stabilization. I also found that 

STAT3 physically binds to and stabilizes IKKα. There are two major NF-κB 

activation pathways, referred to as the canonical and noncanonical pathways 

which consist of p65 (RelA)/p50 and RelB/p52, respectively (Gilmore, 2006). 

In the noncanonical NF-κB activation, IKKα is a key player that 

phosphorylates p100, which leads to the proteolytic processing of p100 to p52 

(Sun, 2011). Here, I report that STAT3 exerts its critical role as a central 

regulator in NF-κB pathway by regulating the expression of IKKα.  
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3. Materials and Methods 

 

Cells and reagents 

Normal human mammary epithelial (MCF10A) and H-Ras MCF10A cells 

were grown in DMEM/F-12 supplemented with 5% horse serum, 100 ng/ml 

cholera toxin, 20 ng/ml human epidermal growth factor, 10 μg/ml insulin, 0.5 

μg/ml hydrocortisone, 2 mM L-glutamine and 100 units/ml 

penicillin/streptomycin. Human embryonic kidney (HEK293T) cells were 

grown in Dulbecco's modified Eagle's medium (DMEM). Recombinant 

human interleukin 6 and MG132 were purchased from R&D Systems, Inc. 

(Minneapolis, MN, USA). Cycloheximide (CHX) was purchased from Sigma 

Aldrich (St. Louis, MO, USA). Primary antibodies for P-STAT3
Y705

, STAT3, 

IKKα, IKKβ, IKKγ, HA-tag (anti-rabbit) and His-tag (rabbit) were purchased 

from Cell Signaling Technology (Danvers, MA, USA). Primary antibody 

against His-tag (mouse) was purchased from Santa Cruz Biotech (Santa Cruz, 

CA, USA). 4',6-diamidino-2-phenylindole (DAPI) was purchased from 

Invitrogen (Carlsbad, CA, USA).  
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RNA interference-mediated knockdown 

STAT3 knockdown was achieved using STAT3 siRNA with the following 

target sequence: sence: 5'-CUAUCUAAGCCCUAGGUUUdTdT-3'; antisense:  

5'-CCUAGGGCUUAGAUAGdTdT-3'. IKKα was knocked down using IKKα 

siRNA with the following target sequence, sence: 5'-

GAAGAAAUGGCUAUGAACAdTdT-3'; antisense:  5'-

UGUUCAUAGCCAUUUCUUCdTdT-3'. 

 

Immunoprecipitation and Western blotting 

H-Ras MCF10A cells were lysed with lysis buffer (Cell Signaling 

Technology). Protein A/G agarose beads (Santa Cruz Biotech) were washed 

with the same lysis buffer 5 times. The cell lysate was immunoprecipitated 

with protein A/G agarose beads and STAT3 antibody or IKKα antibody at 4°C 

overnight using a rotator. The protein was detected by STAT3 or IKKα 

antibody. HEK293T cells were transiently co-transfected with HA-tagged 

STAT3 and His-tagged IKKα vectors. HA-tagged STAT3 or His-tagged IKKα 

was immunoprecipitated with A/G agarose beads and HA-tag or His-tag 



７６ 

antibody (Cell Signaling Technology), and the protein was detected by HA-

tag or His-tag antibody (Cell Signaling Technology). 

 

Immunocytochemistry 

H-Ras MCF10A cells were cultured (2×10
4 

in a 8 chamber slide). The cells 

were treated with STAT3 siRNA for 48 h. The cells were washed with PBS, 

fixed with 95% methanol/5% acetic acid for 10 min, permeabilized with 0.2% 

Triton X-100 for 5 min and again washed with PBS 3 times. Cells were then 

blocked with 5% bovine serum albumin in PBS/T for 1 h and incubated with 

anti-STAT3 and anti-IKKα in PBS/T containing 1% bovine serum albumin at 

1:100 dilution at 4℃ overnight. After incubation, the cells were washed with 

PBS 3 times, stained with Alexa Fluor secondary antibody (Invitrogen) and 

DAPI and examined under a florescent microscope (Nikon, Japan). HEK293T 

cells were seeded onto an 8 chamber slide. The cells were transfected with 

HA-tagged STAT3 and His-tagged IKKα for 24 h. The cells were washed with 

PBS, fixed with 95% methanol/5% acetic acid for 10 min, permeablized with 

0.2% Triton X-100 for 5 min and again washed with PBS 3 times. The cells 
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were then blocked with 5% bovine serum albumin in PBS/T for 1 h and 

incubated with HA-tag antibody and His-tag antibody (Cell Signaling 

Technology) in PBS/T containing 1% bovine serum albumin at 1:100 dilution 

at 4℃ overnight. After incubation, cells were washed with PBS 3 times, 

stained with Alexa Fluor secondary antibody (Invitrogen) and DAPI and 

examined under a florescent microscope (Nikon). For the detection of IKKα 

nuclear translocation, H-Ras MCF10A cells were incubated with STAT3 

siRNA for 48 h and fixed with 95% methanol/5% acetic acid for 10 min. After 

fixation, cells were washed with PBS, blocked in 5% bovine serum albumin, 

followed by overnight incubation with anti-IKKα and anti-STAT3 antibodies 

in PBS/T containing 1% bovine serum albumin. The cells were labeled with 

FITC-conjugated secondary rabbit antibody for 1 h and then stained with PI 

for 15 min at room temperature in dark. Cells were visualized under the 

confocal microscopy.  

 

Reverse transcription-polymerase reaction (RT-PCR) 

Total RNA was isolated from H-Ras MCF10A cells using TRIzol
®  

reagent. 

Ten µg of the total RNA was reverse-transcribed using a reverse transcriptase 
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(Promega, Madison, WI, USA) according to the manufacturer’s instructions at 

42℃ for 50 min and at 72℃ for 15 min. PCR was performed following 

standard procedures using primers with the following sequences: IKKα, sense: 

5’- AGTTCTTCAGGATGTTGGTGG-3’, antisense: 5’-

CCAGACACATAGTGCACTGCT-3’, STAT3, sense: 5’- 

AGAATCACGCCTTCTACAGACTG-3’, antisense: 5’-

ACGATTCTCTCCTCCAGCATC-3’ 

 

Cycloheximide chase assay 

H-Ras MCF10A cells were transfected with STAT3 siRNA for 48 h. After 

transfection, the cells were treated with cycloheximide (20 µg/ml) for 

different time points.   

 

In situ proximity ligation assay (PLA) 

PLA was performed using the DUOLink
TM

 kit (OLINK, Uppsala, Sweden). 

H-Ras MCF10A cells were seeded onto the glass slide and incubated for 24 h. 

After incubation, the cells were washed with PBS, fixed with 95% methanol/5% 
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acetic acid for 10 min, permeabilized with 0.2% Triton X-100 for 5 min and 

again washed with PBS 3 times. Cells were then blocked with 5% bovine 

serum albumin in PBS/T for 1 h and incubated with anti-STAT3 and anti-

IKKα in PBS/T containing 1% bovine serum albumin at 1:100 dilution at 4℃ 

overnight.  After incubation, the cells were washed with PBS/T and then 

incubated with PLA plus and minus affinity probes for 1 h at 37℃. The probes 

were then hybridized with a ligase. The DNA was amplified and detected 

under the fluorescence microscopy. 

 

Immunostaining  

Paraffin-embedded tissues were deparaffinzed with xylene. For antigen 

retrieval, tissues were heated in a microwave oven with citrate buffer 

(DakoCytomation, Glostrup, Denmark). The tissue sections were incubated 

with 0.2% Triton X-100 for permeabilization, then blocked with 3% BSA in 

PBS for 1 h. Then, the sections were incubated overnight at 4°C with anti-

STAT3 and anti-IKKα antibodies and then washed with PBS. Incubation with 

anti-rabbit or anti-mouse secondary antibody was carried out for 1 h at room 
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temperature. The sections were stained using Prolong Antifade with DAPI 

(Invitrogen). 
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3. Results 

 

STAT3 regulates the expression of IKKα 

Constitutive activation of STAT3 as well as IKK/NF-κB has been associated 

with progression of breast carcinoma (Banerjee and Resat, 2016; Romieu-

Mourez et al., 2001; Shostak and Chariot, 2011). I found that H-Ras MCF10A 

cells exhibited elevated expression and/or activity of STAT3 and the NF-κB 

upstream kinases such as IKKα, IKKβ and IKKγ compared with normal 

human mammary epithelial MCF10A cells (Fig. 3-1A). In order to check 

whether STAT3 interacts with IKK(s), STAT3 was knocked down by STAT3 

siRNA in H-Ras MCF10A cells. The expression of IKKα was downregulated, 

while that of the other two subunits remained same (Fig. 3-1B). Next, the 

cells were treated with a STAT3 pharmacological inhibitor, Stattic (1 μM) for 

6 or 12 h. Consistently, when treated with this inhibitor, IKKα but not IKKβ 

and γ was downregulated (Fig. 3-1C). On the contrary, the silencing of IKKα 

did not influence STAT3 phosphorylation (Fig. 3-1D). These results suggest 

that STAT3 acts as an upstream factor for IKKα. I analyzed the 

expression/activation levels of STAT3 and IKKα in human breast cancer and 
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adjacent tissues by immunohistochemistry.  

 

Breast cancer exhibits high expression/activation of STAT3 and IKKα 

The breast cancer tissues exhibited higher expression/activation levels of the 

two factors compared with adjacent tissues (Fig. 3-2A and B). Consistent 

with the tissue profile, I detected that the expressions of the two factors were 

higher in H-Ras MCF10A cells than in non-oncogenic MCF10A cells (Fig. 3-

2C). The proteolytic processing of p100 to p52 was inhibited by STAT3 

knockdown (Fig. 3-3A). The silencing of IKKα decreased the mRNA 

expression of pro-inflammatory cytokines such as IL-6, IL-8 and COX-2 (Fig. 

3-3B). Furthermore, I performed migration assay to see whether IKKα has an 

oncogenic function. The result showed that the ability of cells to migrate was 

reduced when IKKα was silenced (Fig. 3-3C).  

 

STAT3 increases IKKα stability 

To investigate the mechanism by which STAT3 regulates IKKα expression, 

the mRNA level of this kinase was measured. Neither genetic silencing of 
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STAT3 nor Stattic (1 μM) did not affect the mRNA level of IKKα (Fig. 3-4A 

and B). This prompted us to investigate the role of STAT3 in stabilization of 

the IKKα protein. In support of this, I confirmed whether STAT3 silencing-

mediated IKKα downregulation is associated with proteosomal degradation. 

H-Ras MCF10A cells were treated with a proteosome inhibitor, MG132 (10 

μM) for 2 h after incubation with STAT3 siRNA for 48 h. After incubation 

with the siRNA, IKKα was significantly suppressed but was restored when 

treated with MG132 (Fig. 3-4C). To investigate the half-lives of IKKα, H-Ras 

MCF10A cells was incubated with STAT3 siRNA for 48 h and then treated 

with cycloheximide (20 μg/ml), which blocks de novo protein synthesis, for 

the indicated time periods. Knockdown of STAT3 promoted the degradation 

of IKKα (Fig. 3-4D). Similar results were obtained when incubated with 

Stattic (1 μM) for 12 h (Fig. 3-4E and F). 

 

STAT3 inhibits the proteasome-mediated IKKα degradation  

In the previous result, a proteosomal inhibitor, MG132 restored the IKKα 

expression after incubation with STAT3 siRNA. Thus, I further investigated 
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wheather the silencing or deactivation of STAT3 promotes the proteasomal 

degradation of IKKα. H-Ras MCF10A cells treated with STAT3 siRNA for 48 

h or with Stattic (1 μM) for 12 h was immunoprecipitated. The precipitates 

were then subjected to immunobloting with anti-ubiquitin antibody. Both the 

silencing and pharmacological inhibition of STAT3 enhanced the 

polyubiquination of IKKα (Fig.  3-5A  and  B).   

 

STAT3 physically interacts with IKKα 

Several proteins such as hsp90 and its co-chaperone, Cdc37 physically 

interacts with and stabilizes IKKα (Chen et al., 2002; Israel, 2010). I next 

assessed whether STAT3 physically binds to and stabilizes this kinase. The 

interaction between STAT3 and IKKα was determined by 

immunoprecipitation and in situ proximity assays. The results clearly indicate 

that the two factors physically interact with each other (Fig. 3-6A and B). 

HEK293T cells were transfected with HA-tagged STAT3 and His-tagged 

IKKα. The physical interaction between the two molecules was confirmed by 

immunoprecipitation (Fig. 3-6C). I next investigated the specificity of their 
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physical interaction. The lysate of H-Ras MCF10A cells was subjected to 

immunoprecipitation. IKKα but not IKKβ and γ bound to STAT3 (Fig. 3-6D), 

suggesting that the physical interaction is specific and important in regulation 

of IKKα expression. Next, cytosolic and nuclear fractions were isolated and 

immunoprecipitated with anti-IKKα antibody. It was found that the physical 

interaction between the two molecules mainly occurred in the cytoplasm (Fig. 

3-6E). Consistently, immunofluorescence-based co-expression assay data also 

showed that IKKα and STAT3 were co-localized primarily in the cytoplasm 

(Fig. 3-6F). To determine whether tyrosine phosphorylation of STAT3 is 

essential in its binding with IKKα, MCF10A cells were transfected with wild 

type or tyrosine 705 mutated-STAT3. I found that tyrosine 705 mutation did 

not influence their physical interaction (Fig. 3-6G), suggesting that an 

unphosphorylated form of this transcription factor may directly interact with 

this kinase mainly in the cytosol. Taken together, STAT3 physically interacts 

with and enhances the stability of IKKα thereby modulating NF-κB signaling 

(Fig. 3-7).  
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4. Discussion 

Recently, genetic knockout mice models and biochemical studies showed that 

NF-κB and STAT3 are major coordinators linking inflammation to cancer 

(Fan et al., 2013). Therefore, it is reasonable that STAT3 is highly 

interconnected with NF-κB signaling (Yu et al., 2009). Indeed, these two 

factors induce a highly overlapping repertoire of gene subset through 

cooperation at gene promoters/enhancers (Grivennikov and Karin, 2010; 

Hoesel and Schmid, 2013; Lee et al., 2009). Aside from this, they have more 

rendezvous points in their signaling pathways (He and Karin, 2011). In 

previous studies, positive or negative relationships between the two signaling 

pathways were observed. However, interactions between STAT3 and NF-κB 

subunits are highly context dependent and have not been investigated in depth. 

In this study, I identified a critical role of STAT3 in IKKα expression in breast 

cancer and further explored the crosstalk between the two signaling pathways.  

    Acetylation of p65 is important in its nuclear retention (Chen et al., 

2001b). It was found that STAT3 prolongs the nuclear retention of active p65 

by recruiting an acetyltransferase, p300 but this mechanism of action was 
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observed in cells in which IKK activity is absent or low (Lee et al., 2009). 

This suggests that when IKK is temporarily activated, STAT3 exerts its 

essential role in NF-κB signaling by retaining p65 in the nucleus. However, it 

has been shown that breast cancer tissues and cancer cell lines exhibited high 

expression and/or activation of IKK and NF-κB (Romieu-Mourez et al., 2001). 

In this case, p65 would not necessarily require STAT3 in the nucleus, which is 

attributable to persistent phosphorylation of IκBα by IKK. In my study, it was 

found that STAT3 specifically regulated the expression of IKKα rather than 

the other two subunits, IKKβ and γ in H-Ras transformed MCF10A cells. 

Normally, major players for the canonical NF-κB activation are IKKβ and γ 

whereas IKKα is a major factor for the noncanonical NF-κB activation 

(Basseres and Baldwin, 2006). The activation levels of both canonical and 

noncanonical NF-κB are high in breast carcinoma (Shostak and Chariot, 2011). 

p52, the noncanonical NF-κB subunit was found to be overexpressed in a 

majority of breast cancer samples and cancer cell lines (Cogswell et al., 2000). 

It was reported that STAT3 can be involved in the processing of p100 

(Nadiminty et al., 2006). However, it is still unknown whether STAT3 directly 
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activates IKKα or induces stimulators of noncanonical NF-κB signaling (Sun, 

2011). In my present study STAT3 stabilizes IKKα through physical 

interaction thereby inducing p100 processing, which provides a clear link 

between STAT3 and the noncanonical NFκB pathway. Moreover, Her2 

positive breast cancer cells employ IKKα in the canonical NF-κB pathway as 

a direct kinase for phosphorylating IκBα as well as p65 (Merkhofer et al., 

2010). In my study, however, only a Her2 negative breast cell line was 

utilized. Therefore, it would be interesting to investigate whether STAT3 

regulates the canonical NF-κB activation through interaction with IKKα in 

Her2 positive breast cancer as well. 

While there is a positive feedback between NF-κB and STAT3, a 

reciprocal inhibition has been reported for NF-κB and p53 (Hoesel and 

Schmid, 2013). It was observed that p53 suppresses the transcription of IKKα 

(Gu et al., 2004). However, I found that STAT3 regulated the protein 

expression but not the messenger RNA of this kinase. This prompted me to 

further investigate whether STAT3 is involved in stabilization of IKKα. A 

proteosome inhibitor, MG132 treatment after silencing of STAT3 gene 
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restored the IKKα expression, suggesting that STAT3 inhibits the proteosomal 

degradation of IKKα. It has been reported that hsp90 and cdc37 act as 

stabilizers of IKKα through interaction with the kinase domain (Israel, 2010). 

Indeed, it was found that the lysine 44 residue present in the kinase domain of 

IKKα is critical to its catalytic activity and stability (Xiao et al., 2013). Thus, 

it is plausible that STAT3 directly interacts with this domain, thereby 

enhancing the stability of IKKα. 

As both STAT3 and NF-κB are essential for the induction of immune-

response genes as well as proliferating genes, direct interactions between 

several NF-κB subunits and STAT3 have been described. (Oeckinghaus et al., 

2011). In this study, I found that STAT3 directly bound to IKKα primarily in 

the cytosol. Generally, STAT3 undergoes phosphorylation, dimerization and 

subsequent nuclear translocation upon stimulation (Turkson and Jove, 2000). 

However, cytoplasmic STAT3 could also form stable complexes before 

stimulation and this pre-association has no apparent effect on DNA binding 

(Haan et al., 2000; Levy and Darnell, 2002). Interestingly, one recent study 

showed that oxidation of a cysteine residue in the kinase domain of IKKα 
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enhanced its cytosolic retention and kinase function (Lisse and Rieger, 2017). 

In line with the previous findings, it is possible that intermolecular disulfide 

bridges could form between STAT3 and IKKα in the cytosol. Meanwhile, a 

pharmacological inhibitor, Stattic, significantly decreased the level of STAT3 

phosphorylation as well as IKKα expression (Fig. 3-1C). However, as shown 

in Fig. 3-6G, tyrosine 705 mutation of STAT3 did not much affect the 

interaction between the two molecules. It was revealed that Stattic can 

potentially bind to several cysteine residues in unphosphorylated STAT3 

(Heidelberger et al., 2013). Assumably, this inhibitor could influence their 

interaction independently of STAT3 deactivation. At this moment, I cannot 

assure whether other post-translational modifications of STAT3 are essential 

in its binding with and stabilization of IKKα in the cytosol. It would be 

worthwhile investigating whether the fate of IKKα expression/function 

depends on STAT3 post-translational modification status.  

  In conclusion, I suggest that STAT3 regulates IKKα expression by 

increasing the stability of this kinase through direct interaction.   
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Figure 3-1. STAT3 enhances the expression of IKKα. (A) Total cell lysates 

of MCF10A and H-Ras MCF10A cells were prepared, and the expression 

and/or activation of STAT3 and IKKs was measured by Western blot analysis. 

(B) H-Ras MCF10A cells were preincubated with scrambled or STAT3 siRNA 

for 48 h. The expression of IKKα, β and γ was determined by Western blot 

analysis. Actin was used as an equal loading control (**P <0.005; error bars 

represent mean ± s.d.). (C) The cells were treated with Stattic for 6 or 12 h. 

The phosphorylation of STAT3 and the expression of IKKα, β and γ were 

assessed by Western blot analysis (*P <0.05; **P <0.005; error bars represent 

mean ± s.d.). (D) IKKα was silenced by IKKα siRNA in H-Ras MCF10A 

cells. The level of STAT3 phosphorylation was determined by Western blot 

analysis (**P <0.005; ***P <0.001; error bars represent mean ± s.d.) 
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Figure 3-2. The high expression/activation of STAT3 and IKKα in breast 

cancer tissues and cells (A) Frozen tissue sections from human breast normal 

and carcinoma were stained with antibodies for P-STAT3, STAT3, P-IKKα or 

IKKα. The representative images were obtained by immunohistochemical 

analysis. (B) Frozen tissue sections from human breast normal and carcinoma 

were immunofluorescence double-stained with antibodies for STAT3 and 

IKKα. The images were visualized under the microscope. scale bar 100 μm. 

(C) MCF10A and H-Ras MCF10A cells were immunofluorescence double-

stained with antibodies for STAT3 and IKKα and visualized under the 

fluorescent microscopy.  
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Figure 3-3. The oncogenic function of IKKα and the involvement of 

STAT3 in p100 processing. (A) The cells were incubated with STAT3 siRNA 

for 48 h. The expression levels of STAT3, IKKα, p100/p52 were measured by 
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Western blot analysis. (B) The cells were treated with IKKα siRNA for 48 h 

and the mRNA levels of IKKα, IL-6, IL-8 and COX-2 were analyzed by RT-

PCR. (C) A migration assay was performed with cells incubated with negative 

control or IKKα siRNA for indicated time points.  
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Figure 3-4. STAT3 enhances the stability of IKKα. (A) H-Ras MCF10A 

cells were treated with Stattic (1 μM) for 6 or 12 h. The mRNA expression of 

IKKα was assessed by RT-PCR (ns: no significant; error bars represent mean 

± s.d.). (B) The cells were incubated with STAT3 siRNA for 48 h. The mRNA 

levels of STAT3 and IKKα were measured by RT-PCR (*P <0.05; ***P 

<0.001; error bars represent mean ± s.d.). (C) H-Ras MCF10A cells were pre-

incubated with STAT3 siRNA for 48 h and then treated with MG132 (10 μM) 
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for 2 h. The expression of STAT3 and IKKα was analyzed by Western blot 

analysis (*P <0.05; **P <0.05; ***P <0.001; error bars represent mean ± 

s.d.). (D) The cells were incubated with STAT3 siRNA for 48 h and then 

treated with cycloheximide (20 μg/ml) for various time points (*P <0.05; 

error bars represent mean ± s.d.). The expression of STAT3 and IKKα was 

analyzed by Western blot analysis. (E) The cells were treated with Stattic (1 

µM) for 12 h and then treated with MG132 (10 μM) for another 2 h. The 

expression level of P-STAT3, STAT3, IKKα was determined by Western 

blotting. (F) The cells were treated with either DMSO or Stattic (1 µM) for 12 

h and then incubated with CHX (20 μg/ml) for various time points. The 

expression of P-STAT3, STAT3 and IKKα was analyzed by Western blot 

analysis.  
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Figure 3-5. STAT3 suppresses the proteasome-dependent degradation of 

IKKα. (A) Total lysate from H-Ras MCF10A cells incubated with STAT3 

siRNA for 48 h was immunoprecipitated with Protein A/G agarose and anti-

IKKα antibody overnight and analyzed by immunobloting with anti-ubiquitin 

antibody. (B) Total lysate from H-Ras MCF10A cells incubated with Stattic (1 

µM) for 12 h was immunoprecipitated with Protein A/G agarose and anti-

IKKα antibody overnight and analyzed by immunobloting with anti-ubiquitin 

antibody. 
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Figure 3-6. STAT3 physically interacts with IKKα. (A) The cell lysates of 

H-Ras MCF10A cells were immunoprecipitated with anti-IKKα (left) or anti-

STAT3 (right) antibody and anti-IgG antibody as a negative control. Then, the 
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precipitates were analyzed by Western blot analysis. (B) The interaction 

between STAT3 and IKKα in H-Ras MCF10A cells was visualized by 

Duolink analysis. (C) HEK293T cells were co-transfected with HA tagged-

STAT3 and His tagged-IKKα. The lysates of the transfected cells were 

immunoprecipitated with anti-His (left) or anti-HA antibody. The precipitates 

were analyzed by immunoblotting with anti-HA or anti-His antibody. (D) 

Total lysate of H-Ras MCF10A cells was immunoprecipitated with anti-

STAT3 antibody. Then, the precipitates were analyzed by Western blotting 

with anti-IKKα, β or γ. (E) Cytosolic and nuclear fractions were isolated and 

immunoprecipitated with anti-IKKα antibody. Then, the precipitates were 

subjected to Western blot analysis. (F) The co-localization of STAT3 and 

IKKα in H-Ras MCF10A cells was detected under the fluorescent microscopy. 

(G) MCF10A cells were transiently transfected with mock, wild type or 

tyrosine 705 mutated-STAT3. The cell lysates were immunoprecipitated with 

anti-His tag antibody. The protein was detected by Western blotting. 
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Figure 3-7. A proposed scheme of the interaction between STAT3 and 

IKKα. STAT3 directly interacts with and stabilizes IKKα thereby regulating 

NF-κB signaling.  
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Chapter Ⅳ 

 

Curcumin inhibits H-Ras transformed human mammary 

epithelial cell growth through downregulation of IKKα 

expression 
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1. Abstract 

Nuclear Factor-κB (NF-κB) belongs to a family of transcription factors that 

play pivotal roles in inflammation and inflammation-associated cancer. IB 

kinase (IKK) complex is a central regulator of NF-B signaling. IKKα, one of 

the catalytic subunits of the IKK complex, is overexpressed in various types 

of cancer. This subunit has been known as a major player for the noncanonical 

NF-κB pathway which was found to promote carcinogenesis of mammary 

gland. Curcumin is a natural compound extracted from the turmeric (Curcuma 

longa L., Zingiberaceae) that has been used as an herbal medicine over the 

centuries. Many studies have revealed that this compound has the ability to 

inhibit NF-κB signaling. However, the effect of curcumin on inhibition of 

IKKα has not been well defined. In this study, I investigated the effects of 

curcumin on IKKα that is overexpressed in H-Ras transformed human breast 

epithelial cells (H-Ras MCF10A). I noticed that curcumin significantly 

downregulated the expression of IKKα thereby inhibiting the cell growth. 

Moreover, tetrahydrocurcumin that lacks the α,β-unsaturated carbonyl moiety 

failed to decrease the protein level of IKKα and to inhibit cell growth. Taken 
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together, our findings suggest that curcumin can inhibit mammary 

carcinogenesis by downregulating IKKα expression.  
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2. Introduction 

Nuclear factor-κB (NF-κB) represents a family of transcription factors that 

can regulate expression of a diverse array of genes responsible for cell 

survival, proliferation and cell adhesion in a variety of cancer types (Chen et 

al., 2001a; Perkins, 2012). Regulation of NF-κB signaling is tightly controlled  

by the activity of the IκB kinase (IKK) complex (Kim et al., 2006). Therefore, 

inhibition of IKK can be one plausible strategy to disrupt NF-κB mediated-

carcinogenesis. The kinase complex is composed of two kinases (IKKα and 

IKKβ) and a regulatory subunit (IKKγ) (Israel, 2010). The signaling pathways 

that regulate NF-κB activation are classified into canonical and noncanonical 

pathways (Sun, 2012). The IKK complex mediates the phosphorylation-

induced degradation of IκB in the canonical pathway and the proteolytic 

processing of p100 in the noncanonical pathway (Gilmore, 2006; Liu et al., 

2017). It has been found that IKKα and IKKβ have distinct roles in the 

regulation of NF-κB signaling and various aspects of cellular functions. IKKβ 

mainly controls activation of the canonical pathway by phosphorylating IκBs, 

which leads to the nuclear translocation of p50/RelA heterodimer (Lawrence, 
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2009). However, IKKα has a minor role in the canonical pathway but 

prominently regulates the noncanonical pathway through phosphorylation and 

subsequent processing of p100 to p52 thereby allowing the p52/RelB complex 

to translocate to the nucleus (Cildir et al., 2016).  

Curcumin, a component of turmeric (Curcuma longa), has been shown to 

suppress NF-κB activation and expression of its target genes in many types of 

cancer (Kunnumakkara et al., 2007; Marquardt et al., 2015). It has been 

reported that the canonical NF-κB activation can be disrupted by curcumin-

mediated IKKβ inhibition (Kao et al., 2016; Kim et al., 2011). Previous 

findings suggest that the noncanonical NF-κB signaling also plays a pivotal 

role in development and progression of various cancer types. Notably, it was 

observed that an anti-apoptotic protein, Bcl-2 can be induced by this signaling 

in breast cancer (Perkins, 2003). Thus, targeting IKKα, the major player in the 

noncanonical signaling, could be an attractive approach for cancer inhibition. 

However, the ability of curcumin to inhibit this kinase still remains elusive. In 

the present study, I found that curcumin downregulated IKKα as well as Bcl-2 

in H-Ras transformed human mammary epithelial MCF10A cells (H-Ras 
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MCF10A). Tetrahydrocurcumin, a non-electrophilic analogue of curcumin, 

was not able to suppress the expression of this kinase.  
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3. Materials and methods 

Cells and reagents 

Normal human mammary epithelial (MCF10A) and H-Ras MCF10A cells 

were grown in DMEM/F-12 supplemented with 5% horse serum, 100 ng/ml 

Cholera toxin, 20 ng/ml human epidermal growth factor, 10 μg/ml insulin, 0.5 

μg/ml hydrocortisone, 2 mM L-glutamine and 100 units/ml 

penicillin/streptomycin. Curcumin was purchased from LKT Laboratories, Inc. 

(St. Paul, MN, USA). Tetrahydrocurcumin was achieved by catalytic 

hydrogenation of curcumin. Primary antibody for IKKα was purchased from 

Cell Signaling Technology (Danvers, MA, USA). The primary antibody 

against Bcl-2 was purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). 

TRIzol
®
 and 4',6-diamidino-2-phenylindole (DAPI) were purchased from 

Invitrogen (Carlsbad, CA, USA).  

 

RNA interference-mediated knockdown 

IKKα was knocked down using IKKα siRNA with the following target 

sequence: IKKα siRNA 1, sence: 5'-GAAGAAAUGGCUAUGAACAdTdT-3'; 
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antisense:  5'-UGUUCAUAGCCAUUUCUUCdTdT-3'. IKKα siRNA 2, 

sence: 5'-CUGACAAUACUGUCAUGUUdTdT-3', antisence: 5'-

AACAUGACAGUAUUGUCAGdTdT-3'.  

 

Western blotting 

H-Ras MCF10A cells were treated with vehicle, curcumin or 

tetrahydrocurcumin and lysed with lysis buffer (Cell Signaling Technology). 

The cell lysate was boiled with sodium dodecyl sulfate (SDS) sample buffer. 

The samples were separated by 8 % SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE). The proteins were detected by LAS-4000 image reader.  

 

MTT assay 

H-Ras MCF10A cells were cultured (2×10
4
) in a 48 well plate. Cells were 

treated with curcumin for 24 h and then incubated with MTT for another 2 h. 

The formazan crystals formed in intact cells were solubilized with DMSO and 

then transferred to a 96 well plate. The absorbance was measured at 570 nm 

utilizing a microplate reader (Molecular Devices, Sunnyvale, CA, USA). 
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Cycloheximide chase assay 

 

H-Ras MCF10A cells were incubated with curcumin (25 µM) for 2 h. After 

incubation, the cells were treated with cycloheximide (20 µg/ml) for different 

time points.   

 

Reverse transcription-polymerase chain reaction (RT-PCR) 

Total RNA was isolated from H-Ras MCF10A cells by using TRIzol
®
 

according to the manufacturer’s protocol. One μg of total RNA was reverse 

transcribed to generate cDNA. The cDNA samples were amplified following 

standard procedures using primers with the following sequences: IKKα, sense: 

5’- AGTTCTTCAGGATGTTGGTGG-3’, antisense: 5’-

CCAGACACATAGTGCACTGCT-3’. The amplified products loaded onto 2% 

agarose gel and was stained with SYBR green and detected by LAS4000.  

 

Immunostaining  

Paraffin-embedded tissues were deparaffinzed with xylene. For antigen 

retrieval, tissues were heated in a microwave oven with citrate buffer 
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(DakoCytomation, Glostrup, Denmark). The tissue sections were incubated 

with 0.2% Triton X-100 for permeabilization and then blocked with 3% BSA 

in PBS for 1 h. Next, the sections were incubated overnight at 4°C with anti-

IKKα antibody and then washed with PBS. The tissue samples were incubated 

with anti-rabbit secondary antibody was for 1 h at room temperature and then 

stained using Prolong Antifade with DAPI.  

 

Immunohistochemistry (IHC) 

The human breast cancer and adjacent tissues were removed and fixed in 

formalin solution at room temperature for 48 h. Slides containing formalin-

fixed and paraffin-embedded specimens were prepared for 

immunohistochemical analysis. The tissues were then observed under the 

microscopy.  

 

Clonogenic assay 

Cells were plated in 6-well plates at a density of 200 cells per well. The 

medium was changed every day and treated with curcumin (25 μM) or 
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tetrahydrocurcumin (25 μM). After 7 days, the colonies formed were fixed in 

95% methanol/5% acetic acid and stained by 0.5% crystal violet.  

 

Would healing assay 

Cell migration assay was performed using the Culture-Inserts
®
 (Ibidi, 

Regensburg, Germany). To create a wound gap, cells were seeded onto 

Culture-Inserts
®
. After incubation for 24 h, the insert was gently removed. 

The cells were treated with vehicle, curcumin or tetrahydrocurcumin for 24 h. 

The progression of wound closure was visualized under the microscope.  

 

Statistical analysis  

The Data were presented as means ± S.D. Difference between groups was 

analyzed by Student's unpaired t-test. P-values less than 0.05 were considered 

statistically significant.   
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4. Results 

 

The high expression level of IKKα in breast cancer and its oncogenic 

function  

The elevated expression level of IKKα in human breast cancer and the 

adjacent tissues were detected by immunohistochemistry and 

immunofluorescence-based tissue staining (Fig. 4-1A and B). Moreover, H-

Ras MCF10A cells exhibit higher expression levels of IKKα and p52, the 

processed product of p100, compared to non-oncogenic MCF10A cells (Fig.  

4-1C). It was found that p52 can induce expression of an anti-apoptotic 

protein, Bcl-2 in breast cancer cells (Viatour et al., 2003). I observed that the 

silencing of IKKα with two different IKKα siRNAs decreased the expression 

level of Bcl-2 (Fig. 4-1D). Next, the cell viability of H-Ras MCF10A cells 

incubated with the siRNAs of this kinase was measured. The viability was 

significantly reduced when IKKα was silenced for 48 or 72 h (Fig. 4-1E). To 

further verify the oncogenic function of IKKα, the clonogenic assay was 

performed. We confirmed that the number of colonies was significantly 

decreased in the absence of IKKα (Fig. 4-1F).  
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Downregulation of IKKα and Bcl-2 by curcumin 

The cells were treated with various concentrations of curcumin for 24 h. IKKα 

and Bcl-2 were downregulated by curcumin in a dose-dependent fashion (Fig. 

4-2A). In addition, curcumin at 25 μM dramatically decreased the expression 

levels of these two proteins time dependently (Fig. 4-2B). After curcumin 

incubation, the ability of cells to form colonies was remarkably reduced (Fig.  

4-2C). Furthermore, we measured the viability of cells incubated with 

different concentrations of curcumin. The cells exhibited a significant 

reduction in cell viability upon curcumin treatment (Fig. 4-2D).  

 

Curcumin-induced IKKα degradation 

To investigate whether curcumin regulates the mRNA expression of IKKα, 

cells were treated with this compound for the indicated time periods and then 

subjected to RT-PCR analysis. The result showed that curcumin did not 

influence the mRNA level of IKKα (Fig. 4-3A). To further address the effect 

of curcumin on expression of IKKα, the chase assay was performed. Cells 

were pre-incubated with curcumin for 2 h followed by exposure to 
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cycloheximide (20 μg/ml) for 2 or 4 h. It was observed that this kinase was 

rapidly degraded by curcumin treatment (Fig. 4-3B).  

 

The importance of the electrophilic moiety of curcumin in inhibition of 

IKKα 

Curcumin has the α,β unsaturated carbonyl group whereas tetrahydrocurcumin 

lacks this electrophilic moiety (Fig. 4-4A). Curcumin, but not 

tetrahydrocurucmin, suppressed IKKα accumulation in H-Ras MCF10A cells 

(Fig. 4-4B). Next, the inhibitory effect of curcumin or tetrahydrocurcumin on 

cell migration was determined. Curcumin effectively blocked the cell 

migration. However, tetrahydrocurcumin failed to reduce the ability of cells to 

migrate (Fig. 4-4C). Likewise, curcumin exhibited its great potential to inhibit 

the colony formation while tetrahydrocurcumin did not (Fig.4- 4D).  
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Discussion 

There are various emerging therapeutic strategies for intervention of cancer. 

Inhibition of NF-κB which is overactivated in many types of cancer has been 

considered an attractive approach. In accordance with this, targeting the IKKs, 

the upstream kinases, could be one plausible way to inhibit this signaling. 

IKKβ is one of the catalytic subunits and found to play the major role in the 

canonical NF-κB activation (Hoesel and Schmid, 2013). So far, substantial 

efforts have been put into identifying inhibitors that can target IKKβ. 

However, another catalytic subunit, IKKα, is now being recognized as a 

potential therapeutic target due to its essential roles in inflammation and 

cancer (Anthony et al., 2017). The previous studies had paid more attention to 

the ability of curcumin to inhibit the IKKβ-NF-κB axis. In this study, I focus 

on the inhibitory effect of curcumin on IKKα expression in H-Ras MCF10A 

cells.  

Curcumin has been known as a potent NF-κB inhibitor over the past few 

decades. One study revealed that curcumin can cause the degradation of IKKα 

by suppressing Hsp90, one of its stabilizers, through ROS generation (Khan et 
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al., 2012). In this study, I also found that curcumin dramatically 

downregulated IKKα without influencing its mRNA expression in H-Ras 

MCF10A cells. It has been reported that IKKα is sensitive to redox signaling 

and therefore cysteine residues of this kinase are speculated to be critical to its 

function and cellular location (Lisse and Rieger, 2017). In line with this, some 

NF-κB inhibitors which possess the electrophilic moiety have been found to 

inhibit IKKα by targeting a specific cysteine residue, such as cys46 or cys179 

(Dong et al., 2015; Jeon et al., 2003; Kapahi et al., 2000). Similarly, we found 

that tetrahydrocurcumin which lacks such moiety was unable to repress the 

expression of IKKα. However, the relationship between cysteine modification 

of this kinase and its stability still remains to be clarified. It is possible that 

curcumin could inhibit IKKα through either direct binding at cysteine 

residue(s) or indirect regulation such as ROS generation. It would be 

worthwhile investigating whether curcumin directly binds to and destabilizes 

IKKα.  
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Figure 4-1. High expression of IKKα in breast cancer and its oncogenic 



１２１ 

function. (A) Human breast cancer and its adjacent tissues were prepared and 

analyzed by immunohistochemistry. (B) Immunoflorescent staining of human 

breast cancer and its adjacent tissue samples was conducted and visualized 

under the microscopy. (C) The expression level of IKKα, p100 and p52 in 

MCF10A and H-Ras MCF10A cells was measured by Western blot analysis 

(D) H-Ras MCF10A cells were incubated with two different siRNAs of IKKα 

for 48 h. The expression of IKKα and Bcl-2 was assessed by Western blotting. 

(E) Cells were incubated with two different IKKα siRNAs for 48 h or 72 h. 

The cell viability was measured by the MTT assay. (F) H-Ras MCF10A cells 

were plated in a 6-well plate at 200 cells per well and incubated with 

scrambled or IKKα siRNA for 7 days. After incubation, the colonies were 

fixed with cold methanol and stained with 0.5% crystal violet. 
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Figure 4-2. The effect of curcumin on expression of IKKα. (A) H-Ras 

MCF10A cells were treated with indicated concentrations of curcumin for 24 

h. The expression level of IKKα and Bcl-2 was analyzed by Western blot 

analysis. Actin was used as an equal loading control (**P <0.005; ***P 

<0.001; error bars represent mean ± s.d.). (B) The cells were incubated with 

curcumin (25 μM) for different time points and the expression of IKKα and 
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Bcl-2 was assessed by Western blot analysis. (C) H-Ras MCF10A cells were 

seeded onto a 6-well plate at a density of 200 cells per well and treated with 

curcumin at 25 μM every other day for 7 days. After 7-day incubation, the 

cells were fixed and stained with crystal violet. (D) The cells were treated 

with curcumin with various concentrations of curcumin for 24 h. The cell 

viability was analyzed by the MTT assay (***P <0.005; error bars represent 

mean ± s.d.).  
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Figure 4-3. The effect of curcumin on IKKα stability. (A) Cells were 

incubated with curcumin (25 μM) for 4 or 8 h. The mRNA expression of 

IKKα was assessed by RT-PCR. (B) H-Ras MCF10A cells were pretreated 

with curcumin (25 μM) for 2 h and then treated with cycloheximide (20 μg/ml) 

for 2 or 4 h. IKKα exprsssion was analyzed by Western blot analysis. 

Abbreviation: CHX, cycloheximide.    
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Figure 4-4. The significance of the electrophilic α,β-unsaturated carbonyl 
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moiety of curcumin in IKKα expression. (A) Curcumin but not 

tetrahydrocurcumin possesses the α,β unsaturated carbonyl moiety. (B) The 

cells were treated with curcumin or tetrahydrocurcumin for 4 or 8 h. The 

expression level of IKKα was measured by Western blotting. (C) Cells were 

seeded onto a 6-well plate at 200 cells per well. Cells incubated with 

curcumin or tetrahydrocurcumin for 7 days. The colonies stained with crystal 

violet and visualized under the microscope. (D) Cells were seeded at 3×10
4
 

cells in Ibidi culture-insert 2 well dishes. After incubation for 24 h, the insert 

was detached. The cells were then treated with vehicle, curcumin or 

tetrahydrocurcumin for 24 h. The progression of cell migration was visualized 

under the microscope.  
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CONCLUSION 

Curcumin is the main natural polyphenol found in Curcuma longa (turmeric). 

This compound has been traditionally used in many Asian countries as an 

herbal medicine. which is largely attributable to its antioxidant and anti-

inflammatory properties. Many studies have demostrated that constitutively 

activated STAT3 greatly contributes to oncogenesis. Curcumin has also been 

shown to suppress inflammation and cancer through many different 

mechanisms including inhibtion of STAT3 signaling. It was suggested that H-

Ras oncogene activates STAT3 and enhances oncogenicity of the cell. I 

demonstrated that curcumin significanltly induces apoposis in H-Ras 

MCF10A cells through inhibtion of STAT3 signaling. The α,β unsturated 

carbonyl moiety of curcumin was found to be essential in its suppression of 

STAT3 phosphoryltion and the subsequent events in the signaling. Whereas, 

tetrahydrocurcumin, the non-electrophilic analogue, could not exhibit the 

inhibitory effect on STAT3 signaling. The mass spectrometry analysis and 

computer docking study revealed that curcumin can bind to cysteine 251 and 

259 in STAT3. Furthermore, curcumin bound to WT and C251A-mutated 
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STAT3 while it barely interacted with C259A STAT3. In line with the results, 

curcumin could not induce apoptosis in cells harboring C259A STAT3 while it 

did in cells with WT or C251A STAT3. Taken together, curcumin induces 

apoptosis by directly binding to cysteine 259 of STAT3 in H-Ras MCF10A 

cells. NF-κB and STAT3 control various physiological processes including 

development, differentiation, immunity, metabolism and cancer. These two 

factors cooperate to promote inflammation and cancer, although they are 

regulated by entirely different signaling mechanisms. I demonstrated that 

STAT3 enhanced the expression of IKKα, one of the NF-κB upstream kinases. 

This kinase plays a pivotal role in mammary carcinogenesis. STAT3 

knockdown resulted in downregulation of IKKα as well as p52. Interestingly, 

this transctiption factor did not influence the mRNA of IKKα. This prompted 

me to investigate the possible role of STAT3 in IKKα stabilization. I observed 

that MG132, a proteosome inhibitor restored the IKKα expression. 

Futhermore, the proteosomal degradation of this kinase was increased when 

inbubated with STAT3 siRNA or Stattic. The physical interaction between the 

two molecules in the cytosol was observed. Considering tyrosine 



１２９ 

phosphorylation of STAT3 is an essential event in the signaling, 

phosphorylated STAT3 could bind to IKKα. However, Y705F STAT3 also 

bound to IKKα. In conclusion, STAT3 elevates the IKKα expression through 

direct interaction primarily in the cytosol thereby promoting NF-κB signaling 

in breast cancer. Furthermore, curcumin downregulated the expresssion of 

IKKα but did not influence its messenger RNA. Tetrahydrocurcumin, the non-

electrophilic analogue, failed to reduce the protein expression level of IKKα. 

Therefore, cucumin could probably suppress this kinase by breaking the 

interation between STAT3 and IKKα.  
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국 문 초 록 

Signal transducer and activator of transcription 3 (STAT3) 는 

전사인자로써 정상상태에서는 잠복하지만 여러종류의 암에서 이상 활성이 

보고되어 오고있다. 특히 STAT3의 염증관련 종양 발생 과정에서 매우 

중요한 역할을 하는 것으로 알려져 있어 암치료제 개발에 있어서 좋은 

타겟으로 생각된다. 따라서 선택적으로 STAT3 signaling을 억제하는 

여러가지 치료전략이 대두 되고 있는데 그 중에는 small molecule 

inhibitors, natural compounds 및 interference oligonucleotide가 있다. 

Curcumin은 천연 추출물로써 강황의 주요성분이며 STAT3 signaling 

억제 효과가 보고되고있다. 그러나 curcumin에 의한 이 전사인자의 

활성억제기전에 대해서 아직 규명되지 않은 부분이 많다. 따라서 본 

연구에서는 curcumin이 발암유전자 H-Ras에 의해 변이가 일어난 

유방정상세포에서 과활성 되어 있는 STAT3를 억제 및 세포사멸을 

유도함을 관찰하였다. STAT3는 세포내 산화 환원 조절에 민감하다고 

보고되었으며 이 전사인자의 특정 시스테인 잔기의 thiol modification은 

활성화와 구조적 변화에 크게 기여한다. 흥미롭게도 curcumin의 

전자친화적인 α,β-unsaturated moiety가 없는 tetrahydrocurcumin은 
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STAT3 활성억제와 세포사멸유도에 효과가 거의 없음을 관찰하였다. 이를 

통하여 curcumin과 이 전사인자간의 직접결합을 예측하였고 STAT3의 

시스테인 259번 잔기가 curcumin의 결합위치임을 LC-MS/MS와 컴퓨터 

모델링을 통하여 확인하였다. 또한 이 잔기가 알라닌으로 치환된 

STAT3와의 결합 및 세포사멸유도가 미비함으로 미루어 보아 

curcumin이 STAT3의 시스테인 259번 잔기에 결합하여 활성을 억제하여 

사포사멸을 유도하는 것으로 사료된다. 종합적으로 curcumin은 

비정상적으로 활성화되어 있는 STAT3를 직접결합을 통하여 

억제함으로써 유방암 발암억제 효과가 있음을 밝혔다. STAT3와 더불어 

또다른 전사인자인 NFκB도 염증 및 종양형성과정에 있어서 매우 중요한 

역할을 한다고 보고되어오고 있다. 특히 이 두전사인자는 그 기능에 

있어서 매우 흡사하며 특정유전자를 협동적으로 증가시켜 암발생을 

증진시킨다는 연구결과들이 나오고 있다. 뿐만아니라 여러가지 형태의 

상호작용이 보고되었다. NF-κB는 보통 IκB kinases (IKKs)에 의해 

활성화 되는데 STAT3와 IKK들 간의 상호작용에 대해서는 거의 밝혀진 

바가 없다. 따라서 본 연구자는 STAT3와 IKK들 과의 상호작용을 

규명하고자 하였다. 흥미롭게도 STAT3의 유전자 단계에서의 억제에 
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의하여 IKK들 중 하나인 IKKα가 억제 됨을 확인 하였다. 그러나 다른 

IKK 유닛인 IKKβ와 γ의 발현에는 크게 영향을 미치지 않음을 확인 

할수 있었다. 그러나 IKKα 유전자 억제에 의해서는 STAT3의 활성화에 

큰 영향을 미치지 않은 것으로 보아 STAT3가 상위인자임을 추정한다. 

STAT3는 전사인자이므로 IKKα의 발현을 메신저 RNA단계에서 조절 할 

것으로 추측하였으나 그 mRNA에는 영향을 미치지 않는 것으로 

확인하였다. 따라서 STAT3가 IKKα의 안정화에 기여할 것으로 

추측하였고 STAT3 이 단백질의 프로테오조말 열화를 억제함을 확인 

하였다. 또한 STAT3가 IKKα와 직접 결합함으로써 그 안정화에 

기여한다고 추측한다. 이를 통해 STAT3는 IKKα를 조절 함으로써 NF-

κB 신호전달에 관여하며 유방암 증진에 기여한다고 사료된다. 또한 

curcumin 이 IKKα의 단백질 발현저하에 기여하지만 그 mRNA에는 관여 

하지 않음을 관찰하였고 따라서 curcumin이 STAT3에 직접결합하여 이 

두인자의 결합을 방해하여 IKKα의 비안정화에 기여할 것으로 사료된다.  

주요어 (Key words): STAT3, NF-kB, 시스테인, 공유결합, 유방암, 

프로테오조말 열화, 커큐민, 사포사멸, 염증관련암화과정, 안정화, 

화학적암예방, α,β 불포화 카보닐기 

학번 (Student Number): 2010-24241 
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