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The Signal Transducer and Activator of Transcription 3 (STAT3) is a central 

transcription factor downstream of IL-6/gp130 signaling. This thesis investigates how 

STAT3 regulates IL-6 signal transduction by interacting with its coactivators. First, the 

function of an IL-6 inducible complex of STAT3 with cyclin-dependent kinase 9 

(CDK9) was examined by using gamma-Fibrinogen (γ-FBG), an acute phase protein, 

as a model. IL-6 induces a strong nuclear association of STAT3 with CDK9, which is 

mediated via both STAT’s NH2-terminal and COOH-terminal domains. The induction 

of γ-FBG by IL-6 is significantly decreased when CDK9 is repressed by kinase 

inhibitor or downregulated by siRNA. Moreover, an IL-6-inducible STAT3 and CDK9 

binding to the proximal γ-FBG promoter is observed. This phenomenon is 

accompanied by increased loading of RNA Pol II and phospho-Ser2 CTD Pol II on the 

γ-FBG TATA box and coding regions. Finally, both IL-6-inducible RNA Pol II and 

phospho-S2 CTD RNA Pol II association with the endogenous γ-FBG gene are 

significantly decreased when CDK9 kinase activity is inhibited. In this study we 

provide evidence that activated STAT3 regulates the transcription elongation of the 

γ-FBG gene by associating with CDK9. The magnitude of IL-6/gp130 signaling is also 

regulated by p300, another coactivator of STAT3 with histone acetyltransferase 
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activity (HAT). The p300-STAT3 interaction is partially regulated by the STAT3 

NH2-terminal domain. The second part of this thesis investigates the STAT3 

NH2-terminal function and how its interaction with p300 regulates STAT3 signal 

transduction. The STAT3 NH2-terminal domain is required for the downstream gene 

expression, including socs3, c-fos and p21. Additionally, the recruitment of p300 and 

RNA Pol II to the socs3 promoter is reduced in MEFs stably expressing STAT3-ΔN 

mutant which is deficient in the NH2-terminal domain. We also reported that the 

binding site of the STAT3 NH2-terminal domain maps to the p300 bromodomain and 

the STAT3 NH2-terminal acetylation induced by p300 stabilizes this interaction. 

Finally, the deletion of p300 bromodomain not only reduces its binding affinity to 

STAT3 but also inhibits its association to the socs3 promoter. Our data indicates that 

the STAT3 NH2-terminal domain regulates gp130 signaling by interacting with the 

p300 bromodomain, thereby stabilizing enhanceosome assembly. In summary, my 

thesis work has described a mechanism by which the STAT3 NH2-terminal domain 

controls gene expression by interacting with coactivators and transcriptional 

elongation factors. The multiple functions of the STAT3 NH2-terminal domain make it 

a potential target for the therapeutic modulation in inflammatory disease.  
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CHAPTER 1: INTRODUCTION 

1.1 IL-6 signaling 

Cytokines of the Interleukin-6 (IL-6) family include IL-6, IL-11, oncostatin M 

(OSM), cardiotrophin-1 (CT-1), ciliary neurotrophic factor (CNTF), cardiotophin-like 

cytokine (CLC), leukemia inhibitory factor (LIF), and the recently identified IL-27p28 

(1-5). As a pleiotropic cytokine, IL-6 is widely implicated in multiple processes including 

immune response, hematopoiesis, neurogenesis, embryogenesis, and oncogenesis (6-10). 

Because of its central role in a variety of biological responses, mechanisms for IL-6 

signaling pathway have been intensely investigated. The classic signaling pathway 

initiated by the IL-6 cytokine family is via ligand binding to cognate high affinity α chain 

receptors, e.g., IL-6Rα or OSMRα (11), which lacks intrinsic kinase activity. The 

liganded IL-6Rα then forms an oligomeric complex with gp130 (transducin) (12), a 

ubiquitously expressed transmembrane protein shared by all IL-6 family members. 

Receptor ligation causes conformational changes in the cytoplasmic domain of gp130, 

which brings gp130-associated tyrosine kinases, the Janus- (JAK) and Tyk, into close 

proximity. JAK and Tyk phosphorylate gp130 on its cytoplasmic domain (13-15), leading 

to the binding of the cytoplasmic Signal Transducer and Activator of Transcription 

(STAT)-1 and -3 isoforms via their src homology (SH)-2 domains (16, 17). As additional 

substrates of the JAK/Tyk kinases, STATs are also phosphorylated on a specific tyrosine 

localized on its COOH-terminal transactivation domain (TAD) (18, 19), allowing them to 

dimerize via intermolecular SH2 interactions, whereupon they are translocated into the 

nucleus (Figure 1.1). 
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Figure 1.1 IL-6 induced classical and trans-signaling pathways. Shown is a schematic 
view of classical IL-6 signaling via the IL-6Rα receptor and gp130 for a 
representative hepatocyte. IL-6Rα bound to the IL-6 ligand results in complex 
formation with gp130, activating tyrosine kinase activity, including and culminating in 
tyrosine phosphorylation of STAT3. The IL-6 trans-signaling pathway is diagrammed 
at top, using a representative endothelial cell. Circulating IL-6·IL-6Rα engages with 
gp130 expressed on cells, enabling activation of the IL-6 signaling pathway in cells 
lacking IL-6Rα. See text for further details. (Figure adapted from Hou, T., Tieu, B.C., 
Ray, S.,Recinos, A., Cui, R., Tilton, R.G. and Brasier, A.R. Roles of IL-6-gp130 
Signaling in Vascular Inflammation. Current Cardiology Reviews 2008, 4: 179-192). 
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In addition to membrane-bound IL-6R, a soluble form of IL-6R (sIL-6Rα), which has 

been found in various human fluids (20, 21), significantly enhances IL-6 tissue response 

by a process termed “trans-signaling” (Figure 1.1). The sIL-6Rα is produced by two 

mechanisms: translation from an alternative spliced mRNA transcript (22) or 

metalloprotease-dependent proteolytic cleavage of a membrane-anchored protein at a site 

close to the cell surface (23). The soluble IL-6-IL-6Rα complex can initiate IL-6 

signaling on any cell type that only express gp130 (5). Because gp130 is ubiquitously 

expressed, IL-6 trans-signaling expands the repertoire of IL-6 responsive cells to virtually 

any cell in the body. IL-6 trans-signaling has been shown play a key role in the 

development of chronic inflammatory disorder and cancer (24, 25). 

1.2 CDK9 and P-TEFb 

The mechanism how tyrosine-phosphorylated STAT3 (pY-STAT3) induces gene 

expression is partly understood. Upon entry into the nucleus, STAT3 undergoes 

additional post-translational modifications that permit interactions with co-factors, which 

positively or negatively regulate STAT3 activity. There is a growing list of STAT3 

coactivators that have been identified up to now, including the relatively general 

transcriptional coactivators, like p300/CBP (26, 27), and the more specific ones, like 

Crif1 (28). In Chapter 1, we report our finding that cyclin-Dependent Kinase 9 (CDK9) 

also functions as coactivator of STAT3 and its kinase activity is indispensable for STAT3 

downstream gene expression. 

Cyclin-Dependent Kinase 9 (CDK9) was first identified in searching for putative 

controllers of the mammalian cell cycle. It was regarded as a CDC2-related kinase and 

named PITALRE for its Pro-Ile-Thr-Ala-Leu-Arg-Glu motif (29). The function of CDK9 

was unknown until Zhu et al (30) cloned the small subunit of Drosophila P-TEFb and 
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found that it was the homologue of the human PITALRE protein. Their data also showed 

that PITALRE was associated with HIV-1 Tat, the virus-encoded transcription factor, and 

the association was required for the effect of Tat on transcription elongation (30).  

There are two isoforms of CDK9 in mammalian cells, named CDK942 and 

CDK955 according to the distinct molecular weight (31). Subsequently, the regulatory 

subunit of CDK9 is identified, which contains a cyclin box motif and is named cyclin T 

(32, 33). Thus far, two cyclin T genes have been found, encoding cyclin T1 and T2, and 

alternative splicing of cyclin T2 gene produces two variants called cyclin T2a and cyclin 

T2b. Another cyclin subunit, cyclin K, has also been shown in association with CDK9 

(34). Therefore, there are eight different CDK9/cyclin complexes resulting from the 

combination from two CDK9 isoforms and four regulatory cyclin subunits (35). The 

CDK9/cyclin T complex is known as P-TEFb because the T type cyclins contain a His-

rich motif that helps recoganize the COOH-terminal domain (CTD) of RNA polymerase 

II (RNA pol II) (33) and facilitates the CTD phosphorylation by CDK9. In contrast, 

cyclin K lacks the essential His-rich motif and cyclin K/CDK9 can only activate 

transcription when tethered to RNA not DNA (34). 

The mRNA transcription cycle includes the following steps: preinitiation, 

initiation, promoter clearance, elongation and termination. After the preinitiation complex 

is assembled, the CTD of RNA Pol II in unphosphorylated form is targeted on S5 by the 

kinase subunit, Kin28, of TFIIH (36, 37), which initiate transcription and early elongation 

(38-40). At this moment, only short and abortive RNA transcripts can be produced. 

Shortly after transcription initiation, RNA Pol II activity is inhibited by the recruitment of 

negative elongation factors, including the DRB-sensitivity-inducing factor (DSIF) and the 

negative elongation factor (NELF) (41, 42). This pause allows the capping enzyme (CE) 

binding to add a 5’-cap to the nascent transcript. The subsequent release of RNA Pol II 
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from the repression of negative elongation factors requires the kinase activity of CDK9, a 

subunit of P-TEFb complex. CDK9 phosphorylates the CTD of RNA pol on ser2 as well 

as negative elongation factors (43, 44), resulting into their disassociation from 

transcription apparatus. The transcription cycle is then reinitiated and RNA Pol II 

becomes engaged into the productive transcript elongation (45, 46) (Figure 1.2). 

Although P-TEFb activity is widely required for the transcription of many genes, 

the regulatory mechanisms by which P-TEFb is recruited to different promoters are not 

clear. There are eight potential P-TEFb complexes due to the combination of distinct 

isoforms of CDK9 and cyclin subunits. This implicates that different genes may require 

specific P-TEFb complexes to activate productive elongation. Another interesting finding 

is that P-TEFb associates with various protein factors to induce downstream gene 

expression. For example, a cellular transcription factor, Nuclear Factor-κB (NF-κB) 

associates with P-TEFb to stimulate transcriptional elongation of IL-8 gene (47). Both 

CDK9 and cyclin T1 interact with Rel A and TNF-α stimulates the recruitment of P-

TEFb complex to the NF-κB-regulated IL-8 promoter(47). A group of transactivators or 

receptors have been identified that interact with P-TEFb to regulate target gene 

transcription, such as the class II transactivator (CIITA), which regulates the expression 

of MHC class II gene (48), and Tat, a transcription factor required for HIV-1 

transcription (30).  

In Chapter 1, we found that STAT3 also recruits CDK9 in response of IL-6 in 

human hepatocarcinoma cells. We observed a stable nuclear complex of STAT3 with 

CDK9 and sought to further understand its role in the hepatic acute phase response (APR) 

regulation using γ-FBG as a model gene. 
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1.3 IL-6, APR and γ-FBG 

The APR is a coordinated response to tissue injury, infection or malignancy that 

initiates a global switch in the transcription of secreted proteins expressed by the 

vertebrate liver (49). Here, cytokines produced at the site of injury activate the de novo 

expression of genes encoding acute phase proteins (APPs), proteins important in 

homeostasis, opsonization and wound repair. Gene deletion experiments have shown that 

the actions of STAT3 are necessary for inducible expression of a network of APP genes, 

including C-reactive protein, serum amyloid A, angiotensinogen (50-52). 

Of the APPs, fibrinogen (FBG) is known to play a key role in the APR by 

mediating hemostasis, participating in clot formation, platelet aggregation and clot 

retraction (53), processes important in promoting tissue repair at the site of injury. 

Fibrinogen (FBG) is a large glycoprotein consisting of three pairs of non-identical 

polypeptides (Aα, Bβ, and γ) which are encoded by separate genes (54). IL-6 can 

stimulate mammalian hepatocytes to produce FBG in a dose-dependent manner (55). IL-6 

response elements have been identified in the promoter regions of all human FBG Aα, 

Bβ, and γ genes (56-59). Analysis of the 5’-flanking region of human FBG Aα identified 

six potential IL-6 responsive sequences, among which a single sequence of CTGGGA 

localized from -122 to -127 bp is a functional element (56). Also, a CCAAT/enhancer 

binding protein site (C/EBP, -134 to -142 bp) is found adjacent to the functional IL-6 

response element (IL-6RE), which might modulate and further increase the magnitude of 

IL-6 response (56). In addition, a hepatocyte nuclear factor 1 (HNF-1) binding site, 

present from -47 to -59 bp, is also essential for the activation of the human FBG Aα gene 

(56). A similar finding is observed in the promoter of the human FBG Bβ gene. The 

identified DNA sequences essential for full IL-6-induced expression of FBG Bβ included 
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three distinct cis-acting DNA elements: an HNF-1 site at -85 bp upstream of the 

transcription start site; a C/EBP binding site between nucleotides -124 and -133; and an 

IL-6RE present just 4 bp upstream of the C/EBP consensus binding site (59-61). 

The γ chain of fibrinogen (γ-FBG) plays a crucial role in fibrinogen function. 

First, it contains binding sites for platelet integrin αIIbβ3 and leukocyte integrin αMβ2, 

leading to platelet aggregation and leukocyte recruitment in inflammation (62, 63). In 

addition, its high binding affinities for vascular endothelial growth factor (64), fibroblast 

growth factor-2 (65) and interleukin-1β (66) contribute to wound healing. Finally, γ-FBG 

contains a fibrin polymerization site which is involved in fibrin clot formation and 

platelet aggregation. Because of the key role of γ-FBG in multiple processes, the 

transcriptional mechanisms controlling inducible γ-FBG expression have been 

extensively investigated. 

The cytokine IL-6 has emerged as a major mediator of de novo acute phase 

reactants synthesis, and for γ-FBG in particular (57, 67-69). Here, IL-6 produced and 

secreted at the site of injury, circulates and binds to the hepatic high-affinity IL-6Rα. The 

liganded IL-6Rα then induces phosphorylations, dimerization and nuclear translocation 

of STAT-1 and -3 isoforms via gp130. Three IL-6 REs are found in the promoter region 

of the γ-FBG gene (57, 58). Although all of them contribute to the full promoter activity 

induced by IL-6, one site (site II) is the major functional IL-6 responsive site (57, 58). 

Further studies using gel mobility shift assays have shown that the binding affinity of 

STAT3 to these three elements inversely correlated with their functional activities (67). 

In contrast to Aα and Bβ-FBG genes, the promoter activity of γ-FBG is not affected by 

overexpression of C/EBPβ and C/EBPδ isoforms (57). 

In Chapter 1 we find IL-6 induces STAT3 binding to CDK9 in a mechanism 

mediated by both the NH2- and COOH-terminal domains of STAT3. Inhibition of CDK9 
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activity or its expression decrease IL-6 inducible γ-FBG transcription. Chromatin 

immunoprecipitation (ChIP) experiments provide direct evidence that IL-6 induces 

CDK9 recruitment to the γ-FBG promoter along with enhanced RNA Pol II and phospho-

S2 CTD Pol II loading on the coding region. Moreover, IL-6 inducible Pol II binding is 

abolished by the CDK9 inhibitor, flavopiridol (FP). Taken together, our data indicate that 

the IL-6 inducible STAT3·CDK9 complex is essential for γ-FBG induction during the 

APR. This phenomenon suggests STAT3 promotes transcription elongation as an 

additional mechanism for induction of APP genes. 

1.4 STAT3 and p300/CBP 

Like many other transcription factors, nulcear STAT3 also recruits the p300/CBP 

as a coactivator, a protein with histone acetyltranferase (HAT) activity. The crucial role 

of HATs in inducing chromatin remodeling and transcription activation has been long 

recognized (70). Several proteins with intrinsic HAT activity have been identified, 

including GCN5 (71), p300/CREB-binding protein (CBP) homologs (72), p300/CBP-

associated factor (P/CAF) (73), and TAFII250 (74). HATs activate transcription by one 

or more of the following ways: (1) they are able to relax core nucleosome structure by 

acetylating the NH2-terminal histone tails (75-77); (2) they can directly acetylate 

transcription factors and alter their transcription activities (78-82); (3) they function as 

scaffold proteins to recruit other coactivators to the local transcriptional apparatus (83, 

84); (4) they serve as bridging factors to physically connect sequence-specific 

transcription factors with multiple components in the basal transcription machinery (85, 

86) (Figure 1.3). p300 and its homolog CBP are potent transcriptional coactivators that 

are actively involved in all the four processes mentioned above. They have been shown 
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interact with several transcription factors, such as MyoD (82), p53 (87) and E2F1 (88), 

and regulate their activity by reversible acetylation.  

Although the HAT activity of p300/CBP is critical for their function, a growing 

body of evidence indicates several other mechanisms for the transcriptional activation 

mediated by p300/CBP. First, by interacting simultaneously with sequence-specific 

transcription factors and the basal transcriptional machinery, including the TATA-box 

binding protein, TFIIB, TFIIE and TFIIH, as well as RNA Pol II (89, 90), p300/CBP 

facilitates the transcription initiation. Also, p300/CBP brings diverse cofactors or 

coactivators into the local transcription complex by direct interaction, thereby promoting 

the transcriptional synergy between protein-protein and protein-DNA. For example, it 

has known that p300/CBP complexes with several other HATs, such as P/CAF (72), 

SRC-1 (91) and P/CIP/ACTR/AIB1 (92). A recent study reported an interaction between 

p300/CBP with a family of nucleosome assembly proteins (NAP) (90, 93), which 

enhances p300-dependent transcription by stabilizing the association of p300 to 

chromatin and increasing the specific transcription factor binding to DNA (90). JMY is 

another binding partner that was identified by the yeast two-hybrid approach to screen 

p300-interacting protein (94). JMY is a functional component of p300/CBP coactivator 

complex and facilitates p53-dependent apoptosis regulated by p300/CBP (94).  

There is strong evidence demonstrating the HAT activity of p300 is required for 

STAT3 target gene activation (27, 95, 96). For example, overexpression of p300 

inhibitor, the adenovirus 12S E1A, significantly inhibits the IL-6-induced activation of 

human angiotensinogen (hAGT), a vasoactive peptide and acute phase protein controlled 

by STAT3 (27). Conversely, the ectopical expression of p300 enhances the induction of 
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hAGT reporter gene stimulated by IL-6 (27). However, p300 deficient in HAT activity 

functions as a dominant-negative inhibitor and strongly inhibits STAT3-dependent 

transcription (27).  

 

 

 

 

 

 

 

 

 

 

 

 

P300 interacts with STAT3 within both its COOH-terminal TAD and NH2-

terminal domain (95, 96), and this phenomenon is also confirmed for STAT1 and STAT2 

(97, 98). The STAT family share the highly conserved structure that includes an NH2-

terminal domain, a coiled-coil domain, a DNA-binding domain, a linker domain, a SH2 

domain and a COOH-terminal TAD (99). The coiled-coil domain is actively involved in 

protein-protein interaction (100) and the SH2 domain mediates the STAT3 dimerization 

via intermolecular pY-SH2 interactions (101). The COOH-terminal TAD contains a 

conserved single tyrosine residue that is phosphorylated in STAT activation (13) and 

facilitates transcriptional activation. The function of NH2-terminal domain in STAT3, 

however, is poorly understood. In Chapter 3, we investigated the STAT3 NH2-terminal 

Figure 1.3 Mechanisms of transcriptional activation by p300/CBP.  
(1) p300/CBP induces chromatin remodeling by acetylating histone tails. (2) 
p300/CBP targets transcription factors (TF) with the intrinsic HAT activity. 
Acetylation of TF increases their binding affinity to DNA or affects their 
interaction with other enhancer binding proteins. (3) p300/CBP functions as a 
bridge connecting TF with the basal transcription machinery. (4) p300/CBP acts as 
a scaffold connecting multiple protein components, such as other HATs, JMY and 
NAP, to facilitate transcriptional activation. See text for more information. 
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function by stably expressing a NH2-terminus-deleted mutant (STAT3-ΔN) in STAT3-/- 

MEFs. Both OSM-inducible γ-FBG reporter gene and endogenous mRNA expression 

including socs3, c-fos and p21, are significantly reduced in response to STAT3-ΔN 

expression. Because NH2-terminal domain is involved in p300 binding, the defective 

activity observed in STAT3-ΔN is probably caused by the reduced cooperation between 

STAT3 and p300. This hypothesis was then tested in native chromatin by ChIP assays 

which reveal a reduction in OSM-inducible p300 recruitment to the socs3 promoter in 

MEFs stably expressing STAT3-ΔN. At the same time, there is a decrease in RNA pol II 

binding to the socs3 promoter, indicating the STAT3 NH2-terminal domain not only 

stabilizes coactivator association but also facilitates the assembly of transcription 

preinitiation complex. 

Recent studies identified STAT3 not only as a binding partner of p300 but also as 

a substrate for acetylation. In fact, p300 targets STAT3 at multiple sites. A single 

acetylation on K685 localized in the COOH-terminal TAD is required for STAT3 

dimerization and the subsequent DNA binding activity (96). Our lab independently 

identified two other Lysine residues, K49 and K87, in the STAT3 NH2-terminal domain 

that are also inducibly acetylated by p300 in presence of IL-6 and OSM (95). Although 

these NH2-terminal acetylation have no effect on STAT3 DNA-binding activity, they are 

essential for STAT3 dependent transcription because K49R/K87R substitutions 

significantly inhibit STAT3 target gene expression (95). We also noticed that the 

K49R/K87R mutations decrease the association between p300 and STAT3, indicating 

that the inducible NH2-terminal acetylation may augment STAT3-p300 interactions. In 

Chaper 3, we further investigate the interaction between the STAT3 NH2-teriminal 

domain and p300 and found that the acetyl-lysine mimic substitutions (K49Q/K87Q) 

increase the STAT3 NH2-terminal binding to p300, confirming the hypothesis that the 
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NH2-terminal acetylation stabilizes the STAT3-p300 interaction. We also discovered that 

the STAT3 NH2-terminal binding site maps to the p300 bromodomain. The deletion of 

the bromodomain in p300 molecule decreases its ability to cooperate with STAT3. In 

addition, the bromodomain-deficient p300 mutant (p300-ΔB) exhibits weaker chromatin 

binding.   

Taken together, we propose a model in which the IL-6 or OSM-inducible 

acetylation of STAT3 on K49 and K87 triggers the recognition of NH2-terminal domain 

by the p300 bromodomain, resulting in a strengthened recruitment of p300 to the 

promoter of STAT3 target gene, thereby facilitating subsequent enhanceosome assembly. 
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CHAPTER 2:  THE FUNCTIONAL ROLE OF AN IL-6 INDUCIBLE 
CDK9·STAT3 COMPLEX IN HUMAN γ-FIBRINOGEN GENE 

EXPRESSION. 

2.1. Abstract: 

STAT3 is an IL-6 inducible transcription factor that mediates the hepatic acute 

phase response (APR). Using γ-FBG as a model of the APR, we investigated the 

requirement of an IL-6 inducible complex of STAT3 with CDK9 on γ-FBG expression in 

HepG2 hepatocarcinoma cells. IL-6 induces rapid nuclear translocation of Y-

phosphorylated STAT3 that forms a nuclear complex with CDK9 in nondenaturing co-

immunoprecipitation and confocal colocalization assays. To further understand this 

interaction, we found that CDK9-STAT3 binding is mediated via both STAT’s NH2-

terminal modulatory and COOH-terminal transactivation domains. Both IL-6-inducible γ-

FBG reporter gene and endogenous mRNA expression are significantly decreased after 

CDK9 inhibition using the potent CDK inhibitor, flavopiridol (FP), or specific CDK9 

siRNA. Moreover, chromatin immunoprecipitation (ChIP) experiments revealed an IL-6 

inducible STAT3 and CDK9 binding to the proximal γ-FBG promoter as well as 

increased loading of RNA Pol II and phospho-S2 CTD Pol II on the TATA box and 

coding regions. Finally, FP specifically and efficiently inhibits association of phospho-S2 

CTD RNA Pol II, indicating that CDK9 kinase activity mediates IL-6 inducible CTD 

phosphorylation on γ-FBG. Our data indicates that IL-6 induces a STAT3·CDK9 

complex mediated by bivalent STAT3 domains and CDK9 kinase activity is necessary 

for licensing Pol II to enter transcriptional elongation mode. Therefore, disruption of IL-6 

signaling by CDK9 inhibitors could be a potential therapeutic strategy for inflammatory 

disease.  
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2.2. Results: 

2.2.1 IL-6-inducible γ-FBG expression is mediated by STAT3   

Previous studies showed that IL-6 potently up-regulates γ-FBG expression in the 

human hepatoma cell line, HepG2 (57, 67-69). To confirm this finding, γ-FBG 

expression was measured over a time course of IL-6 stimulation by Q-RT-PCR. A 2.5-

fold increase in γ-FBG mRNA abundance was detected as early as 2 h after IL-6 

treatment, and the mRNA level continued to increase until a plateau of 12-fold relative to 

control was observed at 24 h (Fig. 2.1A). To determine the transcriptional contribution, a 

luciferase reporter driven by 643 bp of the γ-FBG promoter containing three functional 

type II IL-6 response elements (IL-6REs) was constructed. This -607/+36 γ-FBG-LUC 

plasmid was transiently transfected into HepG2 cells and stimulated in the absence or 

presence of various doses of IL-6 (10- and 50 ng/ml) for two different times (12 and 24 

h). For the cells stimulated with 10 ng/ml IL-6, we observed an 8-fold induction of 

normalized luciferase reporter activity relative to control after 12 h, and 13-fold over 

control after 24 h of stimulation (Fig. 2.1B). At 50 ng/ml IL-6, the inducible activity of 

the γ-FBG promoter was increased by 15-fold at 12 h and 24-fold at 24 h (Fig. 2.1B). To 

determine the contribution of IL-6 inducible transcription mediated by STAT3, increasing 

concentrations of dominant-negative (DN-) STAT3 (Y705F, Ref (52)) were co-

transfected with the -607/+36 γ-FBG-LUC reporter gene. As little as 0.1 µg of DN-

STAT3 decreased IL-6 inducible reporter activity by more than 70 % (Fig.2.1C). Co-

transfected DN-STAT3 had no significant effects on the basal activity of the γ-FBG-LUC 

reporter gene. Together these data indicated that γ-FBG is an IL-6 inducible gene, 

mediated, at least in part, by STAT3 dependent transcriptional induction.  
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Figure 2.1 A, IL-6 increases endogenous γ-FBG mRNA expression. Serum-starved 
HepG2 cells were treated with IL-6 (10 ng/ml) for indicated times. Shown is the 
result of Q-RT-PCR assays plotting the fold change of γ-FBG in IL-6 treated cells 
normalization to GAPDH. *, p value < 0.05, **, p value < 0.01. 

 

Figure 2.1: IL-6 upregulates γ-FBG in HepG2 cells through STAT3. 

time 

IL-6 concentration 
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Figure 2.1C, DN-STAT3 inhibits IL-6 induced γ-FBG-LUC reporter activity. Cells 
were transfected with different amounts of DN-STAT3 together with the reporter 
gene. Amount of transfected DNA was kept equivalent using an empty expression 
plasmid. Data shown were means ± SD from three independent transfections. The data 
was analyzed by Student’s t test. *, p value < 0.05, **, p value < 0.01.  
 

Figure 2.1B, IL-6 induces the reporter activity of γ-FBG in a time- and dose-dependent 
manner. HepG2 cells were transiently transfected with γ-FBG-LUC reporter and control 
plasmid pSV2PAP. 24 h after transfection, cells were treated with two different doses 
of IL-6 (10 ng/ml or 50 ng/ml) for 12 or 24 h followed by assay for reporter gene 
expression. Fold changes of luciferase activity in IL-6 stimulated cells compared to that 
of unstimulated cells are shown. *, p value < 0.05, **, p value < 0.01. 
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2.2.2 IL-6 induces a nuclear STAT3·P-TEFb complex 

A series of studies have shown that P-TEFb can interact with various transcription 

factors or nuclear receptors, such as Nuclear Factor-kappa B (NF-κB) (47), c-Myc (102), 

androgen receptor (103) and Peroxisome Proliferator-Activated Receptors-gamma 

(PPARγ) (104). To determine whether STAT3 associates with P-TEFb, HepG2 cells were 

stimulated in the presence or absence of IL-6 and nuclear extract (NE) was subjected to 

nondenaturing co-immunoprecipitation assay using anti-CDK9 as the primary Ab. The 

immune complexes were fractionated on an SDS-PAGE, and STAT3 was detected by 

Western blot (Fig. 2.2A, upper panel). We observed STAT3 binding only in the IL-6 

stimulated NE. By contrast, cyclin T1 was also observed in the complex, but there was no 

difference in cyclin T1 abundance between IL-6-stimulated and unstimulated NEs (Fig. 

2.2A, middle panel), indicating that the CDK9·cyclin T1 complex formation is 

independent of IL-6 stimulation.  

Since IL-6 was required for the association of STAT3 and CDK9, we next asked 

whether activated STAT3 isoforms were interacting with CDK9. After nondenaturing 

CDK9 IP, the immune complexes were probed with an antibody that specifically 

recognized phospho-Y705 STAT3. A strong signal was specifically detected in the IL-6 

stimulated CDK9 complexes (Fig. 2.2B, upper panel). By contrast, inactive cytosolic 

STAT3 failed to interact with CDK9 although CDK9 is expressed constitutively in both 

the cytosol and nucleus (data not shown). Together, these data suggest that Y 

phosphorylation and nuclear translocation are essential for the formation of the 

STAT3·CDK9 complex.  

After STAT3 is translocated into the nucleus, it recruits the p300/CBP 

coactivator, an enzyme with histone acetyltransferase activity. p300/CBP acetylates two 

lysines (K49, K87) localized at NH2 terminus of STAT3, thereby stabilizing STAT3-
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p300/CBP interaction and facilitating downstream gene expression (95). In order to see 

whether acetylated STAT3 (Ac-STAT3) associates with CDK9, proteins present in the 

immune complexes precipitated by CDK9 antibody were revealed by immunoblotting 

with anti-Ac-K87STAT3 Ab (95). We observed that Ac-STAT3 binds CDK9 only in IL-

6 stimulated NE (Fig. 2.2C, upper panel). 

To exclude the possibility that the Co-immunoprecipitation findings were 

artifactual due to biochemical fractionation, we confirmed this interaction using confocal 

colocalization assays. For this purpose, HepG2 cells were transfected with a plasmid 

encoding CDK9 fused to a monomeric strawberry fluorescence protein pcDNA-FStraw-

CDK9, and stimulated with IL-6 prior to fixation. Cells were then stained with anti-

STAT3 Ab and secondary FITC labeled Ab.  In the transfected cells, straw-CDK9 is 

diffusely and constitutively localized in nucleus but excluded from the nucleoli (Fig. 

2.2D, bottom middle). This distribution pattern of Straw-CDK9 is identical to that of the 

endogenous CDK9 by immunofluorescence labeling (Fig.2.2D, top middle). In the 

unstimulated cells, the majority of STAT3 was detected in cytoplasm (Fig. 2.2E, top). By 

contrast, after IL-6 treatment, there is an obvious accumulation of nuclear STAT3 (Fig. 

2.2E, bottom).  STAT3-CDK9 co-localization is indicated by the merged overlay (Fig. 

2.2E, bottom right). A similar assay was performed staining for phospho-Y705 STAT3. 

By contrast with anti-STAT3 labeling, no detectable phospho-Y705 STAT3 was 

observed in unstimulated cells (Fig. 2.2F, top). Upon IL-6 stimulation, phospho-Y705 

STAT3 was strongly localized to the nucleus, where it co-localized with nuclear CDK9 

(Fig. 2.2F, bottom right). These data confirmed the co-immunoprecipitation studies and 

indicated that activated STAT3 co-localizes with CDK9 in the nucleus. 
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Figure 2.2 A-C, STAT3 and CDK9 form a complex in nuclei in an IL-6-dependent 
manner. Serum-starved HepG2 cells were treated with IL-6 (10 ng/ml) for 30 min and 
NEs were isolated using sucrose gradient fractionation. 2 mg of NE was 
immunoprecipitated by anti-CDK9 Ab or normal rabbit IgG as control. The immune 
complexes were fractioned by 10% SDS-PAGE and immunoblotted with anti-STAT3 
(Fig. 2.2A), anti-phospho-STAT3 (Y705) (Fig. 2.2B), or anti-Ac-K87 STAT3 Abs (Fig. 
2.2C). The blots were then reprobed with cyclin T1 and CDK9 Abs. Because the PVDF 
membrane was reprobed with anti-cyclin T1 antibody without stripping, the STAT3 band 
(indicated by * in Fig. A, middle panel, second lane) was remained in IL-6-stimulated 
cells. 

Figure 2.2: Activated STAT3 complexes with CDK9 in HepG2 nuclei in presence of IL-6. 
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Figure 2.2 D, The distribution of straw-CDK9 is similar to that of 
endogenous CDK9.  Endogenous CDK9 (upper panel) was stained by 
a polyclonal rabbit IgG directed against CDK9 and Alexa 568 goat 
anti-rabbit secondary Ab. For straw-CDK9 (lower panel), HepG2 cells 
were transfected with pcDNA-FStraw-CDK9 and 24h later split into 6-
well plates containing sterile coverslips. Nuclei were stained by DAPI.  
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Figure 2.2 E and F, Activated STAT3 co-localizes with CDK9 under IL-6 
stimulation. Cells were treated with IL-6 (10 ng/ml) for 30 min and then stained 
for STAT3 or pY705-STAT3. STAT3 was detected by a rabbit Ab directed 
against STAT3 (c-20) and a fluorescein isothiocyanate (FITC)-conjugated goat 
anti-rabbit secondary Ab. pY705-STAT3 was recognized by a mouse anti-
phospho-Y705 STAT3 Ab (B7) and a FITC-conjugated goat anti-mouse 
secondary Ab. Straw-CDK9 was transfected and expressed as described in Fig. 
2.2D. Shown is confocal immunofluorescent imaging of representative cells. 
Empty arrows indicated the co-localization of STAT3 or pY705-STAT3 with 
CDK9. 
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2.2.3 The STAT3 NH2-terminus is sufficient for CDK9 complex formation 

To map the domain(s) of STAT3 responsible for CDK9 interaction, we sought 

first to confirm that ectopically expressed V5-epitope tagged STAT3 (V5-STAT3) 

associated with endogenous CDK9 in an IL-6 dependent manner. For this purpose, an 

expression vector encoding full length V5-STAT3 was transiently transfected into HepG2 

cells. NEs were prepared in the absence or presence of IL-6 stimulation, and subjected to 

nondenaturing co-immunoprecipitation assays. As seen in Fig. 2.3A, V5-STAT3 is 

captured by nondenaturing IP of CDK9 in an IL-6 dependent manner. Note that no 

complex is seen using IgG as the immunoprecipitating Ab, demonstrating assay 

specificity. Fig. 2.3B shows that cyclin T1 is also captured by nondenaturing IP of V5-

tagged STAT3. These data indicated that the ectopic V5-STAT3 also inducibly 

associated with endogenous P-TEFb, containing CDK9 and cyclin T1.   

To identify the regions of STAT3 interacting with CDK9, a series of expression 

vectors encoding COOH domain-deleted V5-STAT3 proteins were constructed (the 

relevant domains are schematically shown in Fig. 2.3C). The V5-STAT3 deletion 

mutants were then expressed in HepG2 cells and the CDK9-bound mutated STAT3 

proteins were detected using nondenaturing Co-immunoprecipitation. We observed that 

all of the STAT3 COOH-terminal-deletion mutants (containing amino acids 1-320, aa 1-

465, aa 1-585, and aa 1-688) complexed with endogenous CDK9 (Fig. 2.3D). To further 

dissect the domain in the NH2 terminus, an expression vector encoding STAT3 (aa1-130) 

was constructed and tested (Fig. 2.3E). STAT3 (1-130) bound endogenous CDK9 in a 

manner similar to STAT3 (1-320). This finding suggests that NH2-terminal domain of 

STAT3 is sufficient for the association of STAT3 and CDK9. To determine if the NH2 

terminus was necessary for CDK9 interaction, we tested whether the NH2-terminal-

deleted STAT3 containing aa131-771 (termed ΔN) could still interact with CDK9. As 
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seen in Fig. 2.3F, STAT3 (ΔN) still bound CDK9. Previous work has indicated that the 

STAT3 COOH transactivation domain, spanning aa716-770 could bind to in vitro-

translated CDK9 (105). We therefore tested whether the STAT3-CDK9 interaction 

depended on both the NH2-and COOH-terminal domains. For this purpose, we 

constructed an expression vector encoding STAT3 (130-688), missing both NH2 and 

COOH terminal activation domains. As we expected, STAT3 (130-688) did not bind 

CDK9 (Fig. 2.3G). Together these data indicated that although the STAT3 NH2 terminus 

was sufficient for CDK9 complex formation, both NH2 and COOH termini participate in 

complex formation.  

To further explore the importance of the NH2-terminal domain for STAT3’s 

transcriptional activation function, STAT3 (ΔN) was co-transfected with γ-FBG-LUC 

reporter gene and luciferase reporter activity measured. As shown in Figure 2.3H, 0.5 µg 

of STAT3 (ΔN) decreased IL-6 inducible reporter activity by nearly 30% and 1.0 µg 

dramatically reduced reporter activity by 97% compared to empty vector controls. In 

addition, the basal level of luciferase activity was also inhibited by STAT3 (ΔN) in a 

dose-dependent manner. This result indicates that the NH2 terminus is essential for 

STAT3 to activate the transcription of downstream genes. Our interpretation of this 

finding is that STAT3 (ΔN) competes with endogenous STAT3 for promoter binding, and 

is unable to effectively activate transcription because of its reduced binding affinity for 

transcriptional elongation factors. 
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Figure 2.3 C, Schematic diagram of functional domains of STAT3.
The major functional domains of STAT3 include the NH2-terminal domain, the 
coiled-coil domain, the DNA-binding domain, the linker domain, the SH2 domain 
and the COOH-terminal TAD. The two phosphorylation sites on the COOH-terminal 
TAD (Y705 and S727) are shown. 

Figure 2.3 A and B, Over-expressed V5-STAT3 associates with P-TEFb. 
HepG2 cells were transfected with pEF6-V5-STAT3 for 24 h and stimulated 
with IL-6 for 30 min. Two mg of NE was immunoprecipitated with anti-
CDK9 Ab or normal rabbit IgG. CDK9-bound exogenous and endogenous 
STAT3 was visualized by anti-V5 and anti-STAT3 Abs. The blots were then 
reprobed with anti-CDK9 and anti-cyclin T1 antibodies. 

 

Figure 2.3: Identification of STAT3 domain responsible for STAT3-CDK9 association. 

 



 - 26 -

 

 

 

 

 

 

 

 

Figure 2.3D,E, F and G, NH2-terminal domain of STAT3 is sufficient for 
STAT3-CDK9 interaction. HepG2 cells were transfected with pEF6-V5-STAT3 
expression plasmids encoding COOH-deleted STAT3 proteins (1-130, 1-320, 1-
465, 1-585, 1-688, ΔN and 130-688). Co-immunoprecipitation was performed as 
described in Fig. 2.3A. The left panels are Western blots for the total protein 
expression in the cell lysate (specific bands indicated by *), and the right panels 
show CDK9-bound STAT3 deleted mutations. NS, nonspecific signal. 

FL
 

Δ
N

 

FL
 

Δ
N

 



 - 27 -

Figure 2.3H, STAT3(ΔN) (aa 130-770) inhibits γ-FBG-LUC transcription in a 
dose-dependent manner. The indicated amounts of pEF6-V5-ΔN were co-
transfected with the γ-FBG-LUC reporter gene. An empty vector was used to keep 
the total amount of transfected DNA equivalent. Twenty-four hours later, cells 
were treated or untreated with IL-6 (10 ng/ml). After another 24 h, luciferase 
activity was measured. Data shown were means ± SD from three independent 
transfections. The data was analyzed by Student’s t test. *, p value < 0.05, **, p 
value < 0.01. 
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2.2.4 CDK9 activity is required for IL-6-induced expression of γ-FBG 

To investigate the functional role of CDK9 in IL-6-induced expression of γ-FBG, 

we inhibited CDK9 kinase activity by a chemical inhibitor, flavopiridol (FP). FP is a 

highly selective P-TEFb inhibitor with a Ki of 3 nM (106). We first tested the effect of FP 

on IL-6 inducible γ-FBG transcription. HepG2 cells transfected with the -607/+36 γ-

FBG-LUC reporter plasmid were pretreated with either vehicle (DMSO) or FP (500 nM) 

for 1 h prior to IL-6 stimulation. Both the basal and IL-6-induced activities of γ-FBG-

LUC reporter were dramatically decreased when FP was added (Fig. 2.4A).  In addition, 

FP also inhibited IL-6 induced endogenous γ-FBG mRNA (Fig. 2.4B). Consistent with 

these results, expression of a kinase-deficient DN-CDK9 also inhibited the induction of γ-

FBG-LUC reporter in a dose-dependent manner, with greater than 50% inhibition seen 

with 0.25 μg of expression vector (Fig. 2.4C). These results indicated that IL-6 inducible 

expression of γ-FBG was highly dependent on CDK9 kinase activity.  

To more specifically confirm the essential role of CDK9 in the γ-FBG induction, 

short interfering RNA (siRNA) transfection was used to specifically silence endogenous 

CDK9 expression. As seen in Fig. 2.4D, transfection of CDK9 siRNA (siCDK9) 

significantly reduced CDK9 protein levels to less than 20% compared to control siRNA. 

To examine the effect of CDK9 knockdown on IL-6 inducible γ-FBG expression, 

abundance of γ-FBG mRNA was measured in a time course of stimulation by Q-RT-

PCR. In contrast to control transfectants, the induction of γ-FBG mRNA in siCDK9 

transfected-cells was significantly decreased at every time point (Fig. 2.4E). From these 

results, we concluded that IL-6-induced γ-FBG expression requires CDK9 expression and 

activity.  
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Figure 2.4: CDK9 activity is required for IL-6-stimulated expression of γ-FBG. 

 

 

 

 

Figure 2.4 A, CDK9 inhibitor, FP, inhibits γ-FBG-LUC reporter gene activity. HepG2 
cells were transfected with γ-FBG-LUC reporter gene and pSV2PAP as an internal 
control. 24 h after transfection, cells were stimulated with IL-6 alone (Neg) or 
pretreated with FP (500 nM) for 1 h followed by IL-6 stimulation. The control cells 
were pretreated with the vehicle DMSO. 24 h after IL-6 stimulation, cells were 
collected to measure reporter gene activity. Shown is normalized reporter activity from 
three independent transfections. *, p value < 0.05, **, p value < 0.01. 
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Figure 2.4 B, FP blocks IL-6-induced γ-FBG mRNA expression. HepG2 cells 
were pretreated with FP or DMSO as described above before 24 h of IL-6 
stimulation. γ-FBG and GAPDH mRNA expressions were assayed by Q-RT-
PCR. The fold change of γ-FBG in IL-6-treated cells over IL-6-unstimulated 
control was obtained after correction for the amount of GAPDH. Data shown 
were means ± SD from triplicates. The data was analyzed by Student’s t test. *, 
p value < 0.05, **, p value < 0.01. 
 

Figure 2.4 C, DN-CDK9 inhibits the IL-6 induction of the γ-FBG reporter gene. 
Different amounts of DN-CDK9 were cotransfected with γ-FBG-LUC reporter 
gene. Cells were then treated with IL-6 (10 ng/ml) for 24 h or left unstimulated 
prior to reporter gene assay. Data shown is means ± SD from three independent 
transfections. The data was analyzed by Student’s t test. *, p value < 0.05, **, p 
value < 0.01. 
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Figure 2.4E, siRNA transfection was performed as described in Fig. 2.4D. 48 h after 
siRNA transfection, cells were treated with IL-6 (10 ng/ml) for indicated times. The γ-
FBG mRNA expression and the fold of induction were measured and calculated as 
described in Fig. 2.1A. The results from Q-RT-PCR were expressed as means ± SD 
from triplicates. The data was analyzed by Student’s t test. *, p value < 0.05, **, p 
value < 0.01. 

Figure 2.4 D, CDK9 siRNA transfection efficiently inhibits CDK9 expression. 
HepG2 cells grown in 6-well plates were transiently transfected with 100 nM of 
CDK9 siRNA (siCDK9), control siRNA (Con) or transfection reagent alone 
(Neg). 72 h after transfection, equivalent amounts of protein from the whole cell 
lysates were used for immunoblot.  Top panel, CDK9 staining, bottom, β-actin 
staining as a loading control. 
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2.2.5 IL-6 induces P-TEFb recruitment to the γ-FBG gene 

Three functional type II IL-6 response elements (REs) have been identified on the 

about 600 bp of the human γ-FBG promoter upstream of the transcription initiation site, 

and all contribute to full IL-6 inducibility (67). To identify the interaction of STAT3 with 

these sites, three sets of primers spanning distinct STAT3-responsive region in γ-FBG 

promoter (RE1, RE2 and RE3) were designed (sequences in Table 1) and optimized by 

quantitative real time genomic PCR (Q-gPCR) to show a linear dynamic range from 40 

ng to 25 μg DNA. Using a two-step ChIP assay that efficiently captures STAT3 binding 

to genomic DNA (107), we examined the kinetics and amount of IL-6 inducible STAT3 

binding to the γ-FBG IL6 REs. This experiment revealed that IL-6 induced a 3.8-fold 

increase of STAT3 binding to the region containing the first γ-FBG RE, 2.2-fold increase 

on the RE2 and 3.2-fold increase on the RE3 within 30 min after IL-6 stimulation (Fig. 

2.5B).  

We next examined the effect of IL-6 on inducible CDK9 binding to the γ-FBG 

promoter. In a pattern similar to that observed for STAT3, IL-6 induces 2-fold increase of 

CDK9 binding to the upstream γ-FBG IL6 RE1 (Fig. 2.5C), but no significant recruitment 

was observed on the RE2 and RE3 (data not shown). The same DNA was examined for 

changes in CDK9 binding to the TATA box region (spanning nt -66 to +6), exon 5 (nt 

+2524 to +2606) and exon 7 (nt +4148 to +4239). Here, IL-6 induced 2.3-fold binding to 

the TATA box, a 4-fold increase on Exon 5 and a 2.5-fold increase on Exon 7 within 30 

min after stimulation, suggesting that CDK9 may accompany the elongating polymerase 

during transcription (Fig. 2.5C).   

2.2.6 IL-6 induces Pol II recruitment to the γ-FBG gene 

To further understand the role of CDK9 recruitment in IL-6 stimulation, the 

binding of RNA Pol II and phospho-S2 CTD Pol II was examined by two-step ChIP 



 - 33 -

assay. IL-6 induced a 3-fold increase in total Pol II binding on the γ-FBG TATA box, and 

strongly induced Pol II loading on the coding sequences (Fig. 2.5D).  Because CDK9 is 

a kinase for S2 of the Pol II CTD, two-step ChIP was performed using anti-phospho-S2 

CTD Pol II Ab. We observed a 3-fold increase of phospho-S2 CTD Pol II binding to the 

TATA box, and greater than 8-fold increase on exon 5 (Fig. 2.5E). We noted that the 

distribution pattern of CDK9 was similar to that of phospho-S2 CTD Pol II, supporting 

the notion that CDK9 is the IL-6 inducible S2-CTD kinase.  

To further establish this relationship, we investigated the effects of FP on IL-6 

inducible total and phospho-S2 CTD Pol II recruitment. In this experiment, HepG2 cells 

were pretreated with FP (500 nM) before IL-6 stimulation. The chromatin was processed 

for two-step ChIP assay using anti-Pol II (Fig. 2.5F) and phospho-S2 CTD Pol II (Fig. 

2.5G) Abs. We found that IL-6 induced occupancy of the TATA box, exon 5 and exon 7 

by RNA Pol II as well as phospho-S2 CTD Pol II was significantly inhibited by FP. 

These results suggest that CDK9 is required for RNA Pol II recruitment and licensing it 

to enter transcription elongation mode, thereby promoting IL-6 inducible γ-FBG 

expression. To exclude the possibility that FP interferes with STAT3 and CDK9 

recruitment, their binding to the γ-FBG gene in presence of FP was assayed by two-step 

ChIP. IL-6-induced STAT3 and CDK9 occupancy of the γ-FBG promoter and coding 

region were not significantly affected by FP pretreatment (Fig. 2.5H and 2.5I). 
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Figure 2.5 A, Schematic diagram of Q-gPCR primers on the γ-FBG promoter. Primer pairs 
spanning the IL-6REs, TATA box, and exons 5 and 7 were designed and optimized (See Table 1 
for sequences). B and C, Serum-starved HepG2 cells were treated with IL-6 (10 ng/ml), and 
two-step ChIP assay was performed. The sequences in the promoter or coding region of the γ-
FBG gene in the immunoprecipitates were amplified by Q-gPCR using specific primer sets. B, 
STAT3 recruits to IL-6 REs on γ-FBG promoter after IL-6 stimulation. C, IL-6 induces CDK9 
recruitment to the IL-6 RE1, TATA box as wells as exons 5 and 7. The results were expressed as 
means ± SD from triplicates. The data was analyzed by Student’s t test. *, p value < 0.05, **, p 
value < 0.01.  

Figure 2.5: Recruitment of CDK9 and Pol II to the γ-FBG gene after IL-6 stimulation.  
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Figure 2.5 D and E, IL-6 increases the Pol II and phospho-S2-CTD Pol II 
loading to the endogenous γ-FBG gene. The results were expressed as means ± 
SD from triplicates. The data was analyzed by Student’s t test. *, p value < 0.05, 
**, p value < 0.01.  
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Figure 2.5 F and G, FP inhibits the recruitment of RNA Pol II and phospho-S2
CTD Pol II to the TATA box and coding region. The results were expressed as 
means ± SD from triplicates. The data was analyzed by Student’s t test. *, p 
value < 0.05, **, p value < 0.01.  
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Figure 2.5 H and I, FP pretreatment does not affect the inducible STAT3 and CDK9 
binding to the γ-FBG gene.  The results were expressed as means ± SD from triplicates. 
The data was analyzed by Student’s t test. *, p value < 0.05, **, p value < 0.01.  
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2.2.7 FP inhibits basal and IL-6 inducible phospho-S2 CTD Pol II formation 

Because RNA Pol II is not the only substrate of CDK9 (29, 108-111), we tested 

whether CDK9 could also phosphorylate STAT3. HepG2 cells treated in the absence or 

presence of FP were then IL-6 stimulated. Western Blots were performed using anti-

phospho-Y705 and anti-phospho-S727 STAT3 Abs (the latter modification is known to 

be essential for maximal transcriptional activity of STAT3 (112)). We observed the 

strong IL-6 inducible STAT3 Y- and S-phosphorylation were unaffected by FP (Fig. 

2.6A and 2.6B). As an additional determination, we observed that the IL-6 inducible 

STAT3·CDK9 association was unaffected by FP treatment (Fig. 2.6C), suggesting that 

CDK9 kinase activity is not essential for complex formation. Since CDK9 is thought to 

be a major Pol II S2-CTD kinase we examined its effect on total Pol II- and phospho-S2 

CTD Pol II abundance. Although FP did not affect total Pol II abundance (Fig. 2.6D), the 

general levels of phospho-S2 CTD Pol II was significantly decreased (Fig. 2.6E). We 

therefore conclude that FP specifically inhibits phospho-S2CTD Pol II formation without 

affecting STAT3 activation or complex formation with CDK9.  
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Figure 2.6: Flavopiridol specifically inhibits S2 CTD phosphorylation of Pol II. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 HepG2 cells were pretreated with FP (500 nM) for 1 h followed by IL-6 
stimulation for 30 min and NEs were isolated. A, FP did not affect Y705 
phosphorylation of STAT3. NEs were resolved by 10% SDS-PAGE and assayed by 
Western blot. Top, Y705 phosphorylation was detected by anti-pY705-STAT3 Ab 
(B7) and total STAT3 was detected by anti-STAT3 Ab (C-20). B, FP has no effect 
on S727 phosphorylation of STAT3. NEs were immunoprecipitated by anti-STAT3 
Ab (C-20) and pS727-STAT3 was detected by anti-pS-STAT3 Ab. C, STAT3 and 
CDK9 interaction is not influenced by FP treatment. Immunoprecipitation was 
performed on NEs from HepG2 cells by using anti-CDK9 Ab, and CDK9-bound 
STAT3 detected by Western blot. The lower panel showed equal amounts of input 
protein were used. D, FP did not change the level of total Pol II.  RNA Pol II in NE 
was measured by Western blot using 6% SDS-PAGE and anti-RNA Pol II Ab (N-
20). E, FP inhibits S2 phosphorylation of Pol II. NE was fractioned by 6% SDS-
PAGE and revealed by anti-pS2 CTD Pol II Ab (H5). β-actin was used as a loading 
control for both 2.6D and 2.6E.   
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2.3 Discussion: 

FBG is an APP that plays key roles in fibrin clot formation, platelet aggregation 

and wound repair by binding to cell surface receptors or growth factors through its γ 

chain. Previous studies have shown the acute phase induction of γ-FBG in liver cells is 

mainly regulated by the cytokine-inducible STAT3 transcription factor. In this study, we 

further investigated the molecular mechanism by which IL-6-inducible γ-FBG 

transcription is regulated by the STAT3·P-TEFb complex. We found that IL-6 induces a 

formation of STAT3·CDK9 complex mediated by both the STAT3 NH2-and COOH 

termini. Moreover, activated pY705-STAT3 and Ac-K87 STAT3 were preferentially 

complexed with CDK9.  Quantitative two-step ChIP assays indicate that IL-6 induces 

STAT3, CDK9, Pol II and phospho-S2 CTD Pol II recruitment to the γ-FBG gene. 

Finally, our studies indicate that CDK9 is required for γ-FBG expression because siRNA 

transfection and inhibition of CDK9 kinase activity both inhibit IL-6 inducible 

transcription. These studies indicate that P-TEFb is a critical regulator of STAT3 

dependent gene activation in the APR. 

STAT3 is a central transcription factor in IL-6-induced hepatic APRs. The 

transcription of APPs controlled by STAT3 is regulated at multiple levels. First, IL-6 

induces tyrosine phosphorylation of STAT3 in its COOH-terminus, leading to its 

dimerization and nuclear translocation. The activated STAT3 then recognizes specific 

motifs in the promoters of target genes and initiates assembly of the basal transcriptional 

apparatus (99). At this point, STAT3 recruits p300/CBP coactivators containing histone 

acetyltransferase activity (HAT) and the BRG1 chromatin-remodeling complex. HAT 

regulates transcription by acetylating the amino-terminal histone tail, increasing 

accessibility of chromatin-condensed templates to the transcriptional machinery (113), 
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whereas chromatin-remodeling complexes function by altering nucleosomal structure and 

increasing the accessibility of Pol II to the proximal promoter (114). Both these activities 

promote target gene activation by relieving repression and facilitating the loading of the 

pre-initiation complex. The findings of our study add a new dimension to how STAT3 

mediates gene expression. STAT3 not only induces transcription initiation, but also 

regulates transcription elongation through its association and recruiting P-TEFb to its 

target genes.   

The P-TEFb complex has been shown to play an important role in Pol II 

dependent transcription by its ability to release RNA Pol II from transcriptional arrest, 

allowing production of full length mRNA transcripts (115). Experiments using CDK9 

inhibitors strongly indicate that CDK9 activity is required for both HIV transcription and 

the expression of many cellular genes. Tat, a viral transactivator encoded by HIV and 

other retroviral genomes (116, 117), is able to recruit the CDK9·cyclinT1 complex to the 

TAR element of the HIV promoter (37), and position CDK9 to phosphorylate the 

negative elongation factors as well as the RNA Pol II CTD, thereby enabling 

transcriptional elongation (30, 117-119). In addition to Tat, recent studies have identified 

other cellular transcription factors that associate with P-TEFb, including CIITA, NF-κB, 

c-Myc and p53 (47, 48, 102, 111, 120). The involvement of CDK9 in regulating STAT3 

dependent cell cycle regulatory genes was first reported for the p21waf1 gene (105). The 

authors found that DRB, another P-TEFb inhibitor, inhibits p21waf1 expression as well 

as RNA Pol II recruitment to p21waf1. Although these results indicated that CDK9 was 

required for STAT3’s ability to control expression of cell cycle regulatory genes, there 

may be significant heterogeneity in the mechanisms of transcriptional induction between 

different classes of STAT3-responsive genes and to what extent the CDK9 was required 

for activation of the APPs was unknown. Using γ-FBG as a model gene of the APR, our 
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study here extends the requirement of CDK9 in STAT3 dependent APPs activation.  

Transient transfection assays revealed that CDK9 activity is required for the activation of 

γ-FBG promoter transcription (Fig. 2.4A and 2.4C), and Q-RT-PCR showed that CDK9 

knockdown significantly suppresses the endogenous γ-FBG expression during the 24 h-

time course (Fig. 2.4E). 

Although the STAT3-CDK9 interaction was reported before (105), our study 

extends this previous work by: 1. demonstrating the interaction using an independent 

technique of confocal colocalization; 2. demonstrating that Y-phosphorylated and K-

acetylated STAT3 is found in the complex with CDK9; and, 3. discovering that the 

STAT3 NH2 terminus participates in CDK9 complex formation and transcriptional 

activation.  

Co-immunoprecipitation and confocal colocalization showed that the inducible 

STAT3·CDK9 complex is rapidly formed in the nucleus within 30 min after IL-6 

stimulation (Fig. 2.2). Moreover, only the activated, nuclear translocated STAT3 

complexes with CDK9, even though CDK9 is also found in the cytoplasm. We interpret 

this finding to mean that the tyrosine phosphorylation produces a conformational change 

in STAT3, exposing the CDK9-interacting domains at NH2 and COOH termini. Currently 

our data does not prove that the NH2 terminal of STAT3 binds to CDK9 through a direct 

protein-protein interaction. Therefore, another possibility could be that the STAT3-CDK9 

interaction is indirectly mediated through other protein-protein interactions that are 

mapped to the STAT3 NH2 terminus.  In this regard, a recent finding from our lab shows 

that the STAT3 NH2 terminus is sufficient for the interaction with p300/CBP, an enzyme 

that acetylates two lysine residues (K49, K87) in this domain (95). These acetylation 

increase the stability of STAT3·p300/CBP complex, and are indispensable for STAT3 

dependent target gene expression (95). This finding indicates the possibility that STAT3 
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NH2 terminus-CDK9 interaction is indirectly mediated by p300/CBP. The NH2-terminal 

domain is highly conserved in STAT members. According to previous studies, NH2 

terminus is required for cooperative binding of STAT4 dimers to adjacent recognition 

sites on DNA (121). It also regulates multiple protein-protein interactions important for 

the functions of STAT1 and STAT2 (98, 122-125). However, little is known about the 

function of NH2 terminus in STAT3. Our findings reveal that NH2 terminal is involved in 

the interactions between STAT3, the p300/CBP coactivator and the P-TEFb 

transcriptional elongation complex. The important role of NH2 terminus for STAT3 

function can also be seen in the finding that NH2-terminal-deleted mutant (ΔN) repressed 

both the basal and IL-6 inducible activities of γ-FBG-LUC reporter gene (Fig. 2.3H). 

Although STAT3 (ΔN) remains promoter binding activity, it could not effectively induce 

transcription because it is unable to successfully recruit coactivators or transcriptional 

elongation factors. 

Although it has known that P-TEFb is generally required for transcription 

elongation, an unanswered question is whether P-TEFb is recruited to all promoters and 

regulates downstream gene transcription by similar mechanisms. The existence of eight 

potential P-TEFb complexes resulting from different combinations of two CDK9 

isoforms (31) and four types of cylclins (33) suggest the possibility that unique P-TEFb 

complexes might be differentially recruited by inducible transcription factors for different 

genes. Consistent with this notion, the requirement for CDK9 varies widely among genes. 

For example, HIV replication can be inhibited by FP at concentrations that have no 

detectable effect on cellular genes transcription (106, 126). Also, a recent study found 

that some p53 target genes, including p21 and PUMA, are activated when CDK9 activity 

is inhibited, suggesting a specific subset of p53 target genes can bypass the requirement 

of CDK9 activity for expression (127). The further study of other STAT3 target genes 
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may answer the question whether CDK9 activity is generally required for all STAT3 

dependent genes. It will be of interest to apply ChIP assays to monitor the kinetics of 

CDK9 association on different promoters of STAT3 target genes, and determine whether 

CDK9 utilizes a general mechanism to regulate some or all of STAT3 dependent genes. 

Upon P-TEFb recruitment, an important substrate is S2 in the heptad repeat of the 

RNA Pol II CTD.  This notion is supported by our finding that CDK9 binds to TATA 

box, exon 5 and exon 7 of γ-FBG gene in a similar pattern as phospho-S2 CTD Pol II 

itself (Fig. 2.5C and 2.5E). Moreover our data show that FP treatment specifically and 

efficiently suppresses phospho-S2 CTD Pol II formation without affecting STAT3•CDK9 

interaction (Fig. 2.6C and 2.6E). Although our data show that there is constitutive S2 

CTD phosphorylation, which is globally independent of IL-6 stimulation (Fig. 2.6E), this 

fraction of phospho- S2 CTD Pol II is not strongly engaged with the γ-FBG promoter. We 

suggest based on our study that the STAT3-CDK9 interaction results into increased P-

TEFb targeting to the γ-FBG gene, producing local Pol II recruitment, CTD 

phosphorylation and transcriptional elongation.  In fact, our experiments indicate that 

both the recruitment of total Pol II and phospho-S2-CTD Pol II are decreased by CDK 

inhibition, despite a consistent level of Pol II expression (Fig. 2.5F and Fig. 2.6D). This 

result implicates that S2 CTD phosphorylation might affect the stability of Pol II binding 

to chromatin.   

In addition to Pol II, CDK9 is a kinase that autophosphorylates as well as 

phosphorylates other targets that have been partially characterized, including Myo D, 

hSPT5, and p53 (29, 108-111).  In an effort to determine whether STAT3 is also a 

substrate for CDK9 phosphorylation, our findings that STAT3 phosphorylation at Y705 

and S727 are not changed by CDK inhibition (Fig. 2.6A and 2.6B) indicate that these two 

sites are not CDK9 targets. However, these findings do not rule out the possibility that 
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STAT3 is a potential substrate of CDK9 at some other site(s) yet to be discovered.  

Further studies will be necessary to understand whether CDK9 is able to cause 

phosphorylation of STAT3, especially at its NH2 terminus and/or COOH terminus.  

Interestingly, previous studies show that CDK9 and cyclin T1 expression 

themselves can be upregulated in T lymphocytes stimulated with cytokines or mitogens 

(78, 128-131).  For example, a combination of IL-2, IL-6 and TNF-α increased both 

CDK9 and cyclin T1 protein levels in peripheral blood lymphocytes (130).  In our study, 

we did not observe CDK9 induction in response to IL-6, but we have found that cyclin T1 

was slightly upregulated by IL-6 (data not shown), which could be another mechanism 

regulating P-TEFb activity. In addition, a recent finding shows that CDK9 can be 

acetylated by p300/CBP in vitro and this modification affects its ability to phosphorylate 

Pol II (132).  All these findings suggest an additional level of complexity to the 

regulation of transcriptional elongation.  

In summary, we provide evidence that activated STAT3 associates with P-TEFb 

to stimulate its recruitment and transcription elongation of the γ-FBG gene. CDK9 

regulates IL-6-induced γ-FBG transcription via a mechanism involving increased binding 

of total and phosphorylated RNA Pol II to γ-FBG. Considering the important roles of 

FBG in inflammation and cancer, this finding has functional significance, making CDK9 

is an appealing target for therapeutic intervention.  
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CHAPTER 3: THE STAT3 NH2-TERMINAL DOMAIN STABILIZES 
THE ENHANCEOSOME ASSEMBLY BY INTERACTING WITH 

THE P300 BROMODOMAIN  

3.1 Abstract 

STAT3 is a latent transcription factor mainly activated by the IL-6 cytokine 

family. Previous studies have shown that activated STAT3 recruits p300, a coactivator 

whose intrinsic histone acetyltranferase activity is essential for transcription. Here we 

investigated the function of the STAT3 NH2-terminal domain and how its interaction 

with p300 regulates STAT3 signal transduction. In STAT3-/- MEFs, a stably expressed 

NH2-terminal-deficient STAT3 mutant (STAT3-ΔN) was unable to efficiently induce 

either STAT3-mediated reporter activity or endogenous mRNA expression. ChIP assays 

were performed to determine whether the NH2-terminal domain regulates p300 

recruitment or stabilizes enhanceosome assembly. Despite equivalent levels of STAT3 

binding, cells expressing the STAT3-ΔN mutant were unable to recruit p300 and RNA 

pol II to the native socs3 promoter as efficiently as those expressing STAT3-full length 

(FL). We previously reported that the STAT3 NH2-terminal domain is acetylated by 

p300 at K49 and K87. By introducing K49R/K87R mutations, here we found that the 

acetylation status of the STAT3 NH2-terminal domain regulates its interaction with p300. 

In addition, the STAT3 NH2-terminal binding site maps to the p300 bromodomain, a 

region spanning from aa 1053 to 1156. Finally, a p300 mutant lacking the bromodomain 

(p300-ΔB) exhibited a weaker binding to STAT3 and the enhanceosome formation on the 

socs3 promoter was inhibited when p300-ΔB was overexpressed. Taken together, our 

data suggest that the STAT3 NH2-terminal domain plays an important role in IL-6 
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signaling pathway by interacting with the p300 bromodomain, thereby stabilizing 

enhanceosome assembly. 

3.2 Results: 

3.2.1 The STAT3 NH2-terminal domain is required for OSM-inducible transcription 

Based on our findings that the STAT3 NH2-terminal domain may play an important role 

in STAT3 function, we generated a V5-epitope tagged STAT3 mutant (V5-STAT3-ΔN), 

in which the entire NH2-terminal region (aa 1-133) was deleted, and tested its 

transcriptional activity in luciferase reporter assays. For this purpose, STAT3-/- MEFs 

were used to avoid the interference from endogenous STAT3. First, the loss of STAT3 in 

STAT3-/- MEFs was confirmed by Western Immunoblot shown (Figure 3.1A, left panel). 

STAT3-/- MEFs were then transiently transfected with V5-STAT3-full length (FL) or V5-

STAT3-ΔN and ectopically expressed STAT3 measured by Western Immunoblot with 

anti-V5 Ab. As seen in the right panel of Figure 3.1A, the expression of V5-STAT3-ΔN 

was not affected by the removal of NH2-terminal domain.  

Different doses of V5-STAT3-FL or V5-STAT3-ΔN were then cotransfected with 

the reporter gene, γ-FBG-LUC, which contains the three native STAT3-binding sites 

from the γ-FBG gene. Because MEFs express low level of IL-6Rα, OSM was used to 

activate STAT3 signal transduction. Reporter activity was measured in presence or 

absence of OSM. As little as 0.25 μg of V5-STAT3-FL was able to increase γ-FBG-LUC 

activity by about 3-fold and further increase to 5-fold was observed when the amount of 

FL expression vector was increased (Figure 3.1B). In contrast to the behavior of V5-

STAT3-FL, V5-STAT3-ΔN was able to induce only a 1.5-fold of increase in reporter 

activity and a dose-dependent response was not observed (Figure 3.1B). Our findings that 

the STAT3 NH2-terminal domain is sufficient to associate with p300 raise the possibility 
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that this domain regulates STAT3 signaling by mediating p300 recruitment. Therefore, 

we next tested whether the STAT3 NH2-terminal domain was required for the functional 

cooperation between STAT3 and p300. To this end, different doses of p300 expression 

vectors were cotransfected with V5-STAT3-FL or the V5-STAT3-ΔN mutant into 

STAT3-/- MEFs. p300 further enhanced γ-FBG-LUC activity induced by V5-STAT3-FL; 

however, in presence of V5-STAT3-ΔN, p300 was unable to rescue the smaller levels of 

reporter activity (Figure 3.1C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 The STAT3 NH2-terminal domain is required for OSM-inducible transcription.
 

Figure 3.1A, The left panel is Western Immunoblot showing endogenous STAT3 
level in STAT3+/- MEFs (C4+/-) and the loss of STAT3 expression in STAT3-/- 
MEFs (L1-/-). In the right panel, the expression of transiently transfected V5-STAT3-
FL and V5-STAT3-ΔN in STAT3-/- MEFs was measured by Western Immunoblot 
with anti-V5 Ab. β-actin was used as a loading control. 
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Figure 3.1B, STAT3-/- MEFs were transfected with the γ-FBG-LUC reporter 
gene together with different doses of STAT3-FL or STAT3-ΔN and then treated 
with OSM for 24 h followed by reporter gene assay. Data shown were means ± 
SD from three independent transfections. The data was analyzed by Student’s t 
test. The luciferase reporter activities in STAT3-FL-transfected MEFs were 
compared with that in STAT3-ΔN-transfected MEFs. *, p value < 0.05, **, p 
value < 0.01. 
 

Figure 3.1C, Different doses of pCMVβ p300 were cotransfected with 
STAT3-FL or STAT3-ΔN together with γ-FBG-LUC reporter followed by 
OSM stimulation for 24 h. Data shown were means ± SD from three 
independent transfections. The data was analyzed by Student’s t test. The 
luciferase reporter activities in STAT3-FL-transfected MEFs were compared 
with that in STAT3-ΔN-transfected MEFs. *, p value < 0.05, **, p value < 
0.01. 
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3.2.2 The STAT3 NH2-terminal domain is required for the OSM-inducible mRNA 
expression 

To further explore the role of the STAT3 NH2 terminus, we analyzed the 

expression of endogenous STAT3 target genes in MEFs by Quantitative Real-Time PCR 

(Q-RT-PCR). Socs3, c-fos and p21, well-established STAT3 dependent genes (133-136), 

were all significantly and quickly induced by OSM in STAT3+/- MEFs, and this 

inducible upregulation was dramatically decreased in STAT3-/- MEFs, indicating that 

STAT3 was a crucial transactivator for their induction (Figure 3.2A-C). To investigate 

how the NH2-terminal deletion affects STAT3 target gene expression, we stimulated a 

population of STAT3-/- MEFs stably expressing V5-tagged STAT3-FL or STAT3-ΔN 

mutant with OSM. In cells expressing STAT3-FL, all three STAT3 target genes were 

strongly activated by OSM (Figure 3.2D-F). Conversely, cells expressing STAT3-ΔN, 

despite its equivalent expression as STAT3-FL (insert panel in Figure 3.2D), were 

defective in gene expression (Figure 3.2D-F). Collectively, these results indicate the 

necessity of NH2-terminal domain for transcription activation by STAT3 in response to 

OSM signaling.  
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Figure 3.2 The STAT3 NH2-terminal domain is required for OSM-inducible 
mRNA expression 
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Figure 3.2 A-C, STAT3+/- and STAT3-/- MEFs were treated with OSM 
(20 ng/ml) for 15 m or 30 m. Whole cellular mRNA was isolated and the 
expression of socs3, c-fos and p21 were measured by Q-RT-PCR. The 
fold change in OSM-treated cells over OSM-unstimulated control was 
obtained after correction for the amount of internal control, GAPDH. The 
mRNA induction in STAT3+/- MEFs was compared with that in STAT3-/- 
MEFS. Data shown were means ± SD from triplicates. The data was 
analyzed by Student’s t test. *, p value < 0.05, **, p value < 0.01. 
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Figure 3.2D-F, STAT3-/- MEFs were transfected with pEF6-V5-STAT3-FL 
or V5-STAT3-ΔN. Positively transfected cells were selected by puromycin at 
48 h and pooled. The insert panel in 4D is Western Immunoblot showing the 
stably expressed STAT3-FL and STAT3-ΔN after antibiotics screening. The 
STAT3-FL- or STAT3-ΔN-complemented STAT3-/- MEFs were stimulated 
by OSM (20 ng/ml) for 15 m or 30 m. Shown is the result of Q-RT-PCR 
assays plotting the fold changes of STAT3-dependent genes in OSM treated 
cells normalized to GAPDH. The mRNA induction in STAT3-FL-
complemented STAT3-/- MEFs was compared with that in STAT3-ΔN-
complemented STAT3-/- MEFs. The data was analyzed by Student’s t test. *, 
p value < 0.05, **, p value < 0.01. 
 

F 
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3.2.3 The NH2 terminal deletion affects enhanceosome assembly on the socs3 
promoter 

To clarify whether NH2 terminal of STAT3 regulates its transcription activity by 

mediating p300 recruitment, two-step Chromain Immunoprecipitation (ChIP) assays were 

performed to analyze p300 binding to the socs3 promoter. Two STAT3 consensus 

binding regions have been identified on the socs3 promoter upstream of the transcription 

initiation site (133, 134). A pair of primer amplifying both binding sites was designed and 

optimized by quantitative real time genomic PCR (Q-gPCR) to show a linear dynamic 

range from 40 ng to 25 μg DNA. First, we examined the OSM inducible STAT3 binding 

to the socs3 promoter in STAT3-/- MEFs complemented with V5-STAT3-FL or V5-

STAT3-ΔN mutant in ChIP experiments by using an anti-V5 as the primary Ab This 

experiment revealed that both STAT3-FL and STAT3-ΔN associated with the socs3 

promoter within 30 m after OSM stimulation (Figure 3.3A). This finding was consistent 

with previous studies showing that NH2-terminal deletion did not affect the nuclear 

translocation or DNA binding activity of STAT3 (95, 137). The ChIP assays were 

extended further to analyze the effect of OSM on inducible p300 and RNA pol II binding 

to the socs3 promoter. As a result, we observed a 2.5-fold increase of p300 binding in 

response to OSM when STAT3-/- MEFs were complemented with V5-STAT3-FL, but no 

significant p300 recruitment was detected when STAT3-ΔN mutant was stably expressed 

(Figure 3.3B). In addition, the inducible loading of RNA pol II on the socs3 gene was 

also inhibited in MEFs stably expressing STAT3-ΔN (Figure 3.3C). Our explanation for 

these results is that the reduced p300 binding caused by the NH2-terminal deletion affects 

the association RNA pol II due to its direct interaction with p300 (138, 139). 
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Figure 3.3 The STAT3 NH2-terminal domain regulates enhanceosome assembly on the 

socs3 promoter. 
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Figure 3.3 STAT3-/- MEFs stably expressing V5-STAT3-FL or V5-STAT3-ΔΝ 
were treated with OSM (20 ng/ml) for 30 m, and two-step ChIP assay was 
performed by using Abs specifically recognizing V5 tag (Fig.3.3A), p300 
(Fig.3.3B) or RNA pol II (Fig.3.3C). The sequence of the socs3 promoter in the 
immunoprecipitates was amplified by Q-RT-gPCR using specific primers. Shown is 
signal in the immunprecipitates expressed as a percentage of the DNA present in the 
input. A, Both STAT3-FL and STAT3-ΔN are induced by OSM to bind to the socs3 
promoter. B, The OSM-inducible p300 recruitment to the socs3 promoter is 
inhibited in cells stably expressing STAT3-ΔN. C, The OSM-inducible RNA pol II 
association to the socs3 promoter is reduced in STAT3-ΔN-complemented MEFs. 
The results were expressed as means ± SD from triplicates. The signals in OSM-
treated cells were compared with non-treated MEFs. The data was analyzed by 
Student’s t test. *, p value < 0.05, **, p value < 0.01.  
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3.2.4 Association between the STAT3 NH2-terminal domain and p300 is regulated by 
NH2-terminal acetylation 
 

To study the interaction between the STAT3 NH2-terminal domain and p300, we 

first sought to determine whether the STAT3 NH2-terminus is sufficient for p300 

interaction. For this purpose, HepG2 cells were cotransfected with pCMVβ p300 and a 

plasmid expressing V5-tagged NH2-terminal domain of STAT3 (aa 1-130). Nuclear 

protein was recovered and immunoprecipitated by anti-p300 Ab followed by Western 

Immunoblot using anti-V5 Ab. As seen in Figure 3.4A, V5-STAT3 (1-130) was 

specifically captured by p300 Ab but not by IgG. To determine the effect of STAT3 

K49/K87 acetylation on p300 interaction, we generated FLAG-tagged acetylation-

deficient (K49R/K87R) and the pseudo-acetylated (K49Q/K87Q) NH2-terminal mutants 

(aa 1-124), and examined their association with p300. In contrast to the FLAG-STAT3-

WT (1-124), the acetylation-deficient FLAG-STAT3 (1-124)-K49R/K87R mutant was 

barely detectable in p300 immunoprecipitates (Figure 3.4B). Instead, the pseudo-

acetylated FLAG-STAT3 (1-124)-K49Q/K87Q mutant exhibited stronger p300 binding 

despite the fact that its expression level was comparable to FLAG-STAT3-WT (1-124) 

(Figure 3.4C). These results indicate that the STAT3 NH2-terminal domain is sufficient 

for p300 interaction and the K49/K87 acetylation increases this association.  
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Figure 3.4 Interaction between the STAT3 NH2-terminal domain and p300. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.4A, HepG2 cells were cotransfected with pEF6-V5-STAT3 (aa 1-130) 
with pCMVβ p300. Cells were treated with IL-6 (10 ng/ml) for 30 m before NE 
was prepared. 2 mg of NE was immunoprecipitated by anti-p300 Ab. p300-bound 
V5-STAT3 (1-130) was detected by anti-V5 Ab in Western Immunoblot. The 
first lane is lysate showing the expression of V5-STAT3 (1-130). The second lane 
is protein standard (indicated by “M” in Fig. 3.4A). 

Figure 3.4B, HepG2 cells were cotransfected with either pECFP-FLAG-STAT3-WT
(aa 1-124) or STAT3-K49R/K87R mutant (aa 1-124) together with pCMVβ p300. 
NE was immunoprecipitated with anti-p300 Ab followed by Western Immunoblot 
with anti-FLAG Ab. The first two lanes show FLAG-STAT3-WT (1-124) and 
STAT3–K49R/K87R (1-124) expression in nuclear lysate. Lane 3 and lane 4 are 
immunoprecipitates of FLAG-STAT3-WT (aa 1-124) with anti-p300 Ab (lane 3) or 
IgG (lane 4). Lane 5 and lane 6 are immunoprecipitates of FLAG-STAT3- 
K49R/K87R mutant (aa 1-124) with anti-p300 Ab (lane 5) or IgG (lane 6). 
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3.2.5 The binding site of STAT3NH2-terminal domain maps to the p300 bromodomain  

To determine the domain of p300 responsible for the STAT3 NH2-terminal 

binding, we generated a panel of FLAG epitope-tagged p300 deletions. The related 

functional domains included in each truncation are shown in Figure 3.5A. Each of the 

four NH2-terminal-deleted mutants (p300-ΔN1, -ΔN2, -ΔN3, & -ΔN4) or two COOH-

terminal-deleted mutants (p300-ΔC1 & -ΔC2) was individually coexpressed with V5-

STAT3 (1-130) and p300-bound-NH2 terminal domain was examined by nondenaturing 

co-immunoprecipitaiton assays. STAT3 NH2-terminal binding was lost when the region 

between aa 1047 (p300-ΔN3) and aa 1255 (p300-ΔN4) was deleted (Figure 3.5B, right 

panel). Importantly, this region, from aa 1047 to aa 1255, contains the p300 

bromodomain, spanning from aa 1053 to aa 1156. Consistent with this finding, the lack 

of bromodomain in ΔC2 (aa 1-1043) abrogated its interaction with the STAT3 NH2-

terminal domain, however the bromodomain-containing mutant ΔC1 (aa 1-1264) still 

complexed with the STAT3 NH2 terminus (Figure 3.5C, right panel). To further confirm 

Figure 3.4C, HepG2 cells were cotransfected with either pECFP-FLAG-STAT3-
WT (1-124) or STAT3-K49Q/K87Q mutant (1-124) together with pCMVβ p300. 
Immunoprecipitation was performed as described in Fig 1B. The first two lanes 
show FLAG-STAT3-WT (1-124) and STAT3–K49Q/K87Q (1-124) expression in 
nuclear lysate. Lane 3 and lane 4 are immunoprecipitates of FLAG-STAT3-WT (aa 
1-124) with anti-p300 Ab (lane 3) or IgG (lane 4). Lane 5 and lane 6 are 
immunoprecipitates of FLAG-STAT3- K49Q/K87Q mutant (aa 1-124) with anti-
p300 Ab (lane 5) or IgG (lane 6). 

C 
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that the p300 bromodomain mediates its interaction with the STAT3 NH2 terminal 

region, an expression vector encoding p300 with an internal deletion of the bromodomain 

(p300-ΔB) was generated and tested. As we expected, no interaction was detected 

between p300-ΔB and the STAT3 NH2-terminal domain (Figure 3.5C, right panel). 

Taken together, these data suggest that the p300 bromodomain binds the STAT3 NH2-

terminal domain and the IL-6 or OSM-inducible NH2-terminal acetylation further 

stabilize this interaction.   

 

 
Figure 3.5 The STAT3 NH2-terminal domain is associated with the p300 bromodomain.

A 

Figure 3.5A A schematic diagram showing different functional domains of 
p300 and all p300 mutants used in Fig.3.5B & 3.5C.  
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Figure 3.5B&C, The STAT3 NH2-terminal domain associates with the p300 
bromodomain. PXFS-FLAG-p300-FL, p300 NH2-terminal deletions (p300-ΔN1, 
-ΔN2, -ΔN3 and -ΔN4), COOH-terminal deletions (p300-ΔC1 & -ΔC2), or p300 
mutant without the bromodomain (p300-ΔB) were individually cotransfected 
with pEF6-V5-STAT3 (1-130) into HEK 293 cells. Immunoprecipitation was 
performed by anti-FLAG Ab and the p300-associated STAT3 NH2-terminus was 
detected by anti-V5 Ab. The left panels are Western Immunoblot showing the 
expression of each mutant in the cell lysate. The right panels are p300-associated 
STAT3-NH2 terminus. EV: the empty vector (PXFS-FLAG) was included as a 
negative control. 
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3.2.6 The P300 bromodomain facilitates STAT3-dependent transcription 

Because the p300 bromodomain was responsible for STAT3 NH2-terminal 

binding (Figure 3.5), we propose that the p300-STAT3 interaction will be affected when 

the p300 bromodomain is deleted. To test this, HEK 293 cells were transfected with 

pEF6-V5 STAT3 together with FLAG-tagged p300-FL or p300-ΔB mutant. The 

interaction between these two proteins was then accessed by nondenaturing co-

immunoprecipitation with anti-FLAG Ab followed by Western Immunoblot with anti-V5 

Ab. As we expected, the p300-ΔB mutant showed decreased interaction with STAT3 

compared to that of p300-FL (Figure 3.6A, left panel), despite the similar expression 

level of these two proteins (Figure 3.6A, right panel). The remaining association observed 

between p300-ΔB and STAT3 indicate multiple domains of p300 are involved in STAT3-

p300 interaction. An early study using in vitro transcription reactions found that p300 

form a stable complex with chromatin templates which is mediated, at least in part, by the 

bromodomain (140). To confirm this finding in cellulo, ChIP experiments were 

performed to capture the binding of p300 to the endogenous socs3 promoter after p300-

FL or p300-ΔB mutant was transiently transfected into STAT3+/- MEFs. As seen in 

Figure 3.6B, the p300-ΔB mutant exhibited weaker association with the socs3 promoter 

than p300-FL. At the same time, reductions in STAT3 and RNA pol II binding were 

observed in p300-ΔB-transfected cells (Figure 3.6C & 3.6D). To further test the 

functional role of bromodomain, different doses of p300-FL or p300-ΔB mutant was 

cotransfected with γ-FBG-LUC reporter gene into HepG2 cells followed by IL-6 

treatment for 24h. As a result, the p300-FL expression further enhanced the IL-6-

inducible reporter activity in a dose-dependent manner. The p300-ΔB mutant, however, 

failed to function as a transcriptional coactivator in this assay (Figure 3.6E). Taken 
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together, our results suggested that the bromodomain plays a critical role in p300 function 

because it mediates p300 interaction with STAT3 and facilitates the enhanceosome 

formation.  

 

B 

A 

Figure 3.6A The bromodomain deletion in p300 reduces its interaction with STAT3. 
HEK 293 cells were cotransfected with PXFS-FLAG-p300-FL or p300-ΔB mutant 
together with pEF6-V5-STAT3-FL. 48 h after transfection, 1 mg of whole cell extract 
was collected and immunoprecipitated by anti-FLAG Ab followed by Western 
Immunoblot with anti-V5 Ab. The right panel is Western Immunoblot showing that 
p300-FL and p300-ΔB mutant had comparable expression level. 

Figure 3.6 The p300 bromodomain facilitates STAT3-dependent transcriptional activation



 - 65 -

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

C 

D 

 

Fgure 3.6B,C&D, The p300 bromodomain stabilizes enhanceosome assembly. 
STAT3+/- MEFs were transiently transfected with PXFS-FLAG-p300-FL or 
p300-ΔB mutant. 24 h after transfection, cells were treated with OSM (20 ng/ml) 
for 30 m or left untreated. Two-step ChIP assays were performed by using 
antibodies specifically recognizing p300 (Fig.3.6B), STAT3 (Fig.3.6C) and RNA 
pol II (Fig.3.6D). 
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Figure 3.6E ΗepG2 cells were transfected with different doses of PXFS-
FLAG-p300-FL or p300-ΔB mutant together with γ-FBG-LUC reporter gene. 
24 h later, cells were treated with IL-6 (10 ng/ml) for another 24 h and then 
luciferase activity was measured. Data shown were means ± SD from three 
independent transfections. The luciferase activity in p300-FL-transfected cells 
is compared with that in p300-ΔB-transfected cells. The data was analyzed by 
Student’s t test. *, p value < 0.05, **, p value < 0.01.  
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3.3 Discussion 

STAT3 is the major transcription factor activated by the IL-6 family of cytokines. 

Although the STAT3 signaling from the cell membrane to the nucleus is well understood, 

the molecular events regulating gene transcription need more elucidation. Like many 

other transcription factors, the activated STAT3 recruits the p300 coactivator after 

nuclear translocation (27). The p300-induced acetylation on histone tails is coupled with 

chromatin remodeling, thereby enhancing target gene expression (27, 95, 96). The 

interaction between p300 and STAT3 is regulated via both the STAT3 NH2-terminal 

domain and the COOH-terminal TAD (96). In this study, we reported that the NH2-

terminal domain plays a critical role in STAT3-mediated signal transduction by 

regulating enhanceosome assembly at the promoter loci. This conclusion is supported by 

(1) the NH2-terminal deletion inhibited OSM-induced reporter activity and abolished the 

cooperation between STAT3 and p300 (Figure 3.1); (2) the expression of endogenous 

STAT3 target genes, including socs3, c-fos and p21, was significantly reduced in STAT3-

ΔN-complemented STAT3-/- MEFs (Figure 3.2); and (3) significantly reduced loading of 

p300 and RNA pol II to the socs3 promoter were observed when STAT3-ΔN mutant was 

stably expressed in STAT3-/- MEFs (Figure 3.3). These results suggest that the NH2-

terminal deletion disrupts the enhanceosome formation on the socs3 promoter, resulting 

into an inhibition in mRNA transcription.   

The NH2-terminal domain of STATs comprises approximately the first 130 

residues that assembled into an all-helical hook-like structure  (141). Although it is 

highly conserved in the STAT family, NH2-terminal domain is implicated in diverse 

functions, including STAT dimeration or tetramization, 

phosphorylation/dephosphorylation, and STAT’s interaction with other transcription 
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factor or coactivators. One of the identified functions of NH2-terminal region is 

regulating the cooperative binding of STAT dimer·dimer complexes on two tandemly 

arranged binding sites. This function is conserved in STAT1 (122), STAT4 (121) and 

STAT5 (142), and recently is also confirmed in STAT3 when it activates the transcription 

of α2-macroglobulin (α2-M) gene (143). A tetrameric STAT3 complex is formed on the 

α2-M enhancer sequence, which is required for the maximum transcriptional activation 

(143). Two point mutations in the NH2-terminal region (W37A, Q66A) disrupts the 

tetramer binding (143). The murine socs3 promoter also contains two putative STAT3 

binding sites which are highly conserved in the human socs3 promoter (133, 144). Both 

sites are required for the complete activation of the human socs3 promoter stimulated by 

LIF (144). As for the murine socs3 promoter, the proximal site localized from nucleotide 

-72 to -64 is essential for LIF-induced transactivation (133). The distal site from 

nucleotide -95 to -87, however, has not been directly tested. Although two STAT3 motifs 

on the murine socs3 promoter are tandemly linked, STAT3 binding is only detected on 

the proximal site and no obvious dimer·dimer interaction is observed (137). This excludes 

the possibility that the defective activity of STAT3-ΔN mutant in activating the socs3 

expression (Figure 3.2) is caused by the disruption of STAT3 tetramerization.  

Here we describe a new level of STAT3 NH2-terminal function achieved through 

its interaction with the p300 bromodomain. p300 is known to function as a bridging 

factor connecting sequence-specific transcription factor with the basal transcription 

machinery (86). The direct association between p300 and RNA pol II in mammary cells 

has long been known (138, 139). In this interaction, p300 specifically interacts with the 

unphosphorylated form of RNA pol II which is able to form transcription preinitiation 

complex (138, 145). Our study show that the STAT3 NH2-terminal deletion significantly 

decreases p300 recruitment to the socs3 promoter (Figure 3.3B), resulting in an inhibition 
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in RNA pol II binding (Figure 3.3C). These results reveal the function of NH2-terminal 

domain to integrate the enhancer binding proteins and facilitate the assembly of 

transcription preinitiation complex.  

The recent finding that STAT3 is also a direct target of p300 for acetylation drew 

more attention to the study of p300-STAT3 interaction. STAT3 is acetylated by p300 at 

multiple lysine residues. The reversible acetylation on K 685 within TAD is essential for 

STAT3 dimeration and DNA-binding ability (96). Our earlier studies identified another 

two acetylation sites (K49 and K87) localized in the NH2-terminal domain of STAT3, 

sites whose acetylation are also indispensable for STAT3-mediated transactivation (95). 

Interestingly, this NH2-terminal acetylation, however, have no effect on the inducible 

STAT3 binding to DNA (95).  

In this study, we demonstrate that the STAT3 NH2-terminal domain is sufficient 

for p300 interaction (Figure 3.4A) and show that the NH2-terminal acetylation increase 

the p300-NH2-terminal interaction (Figure 3.4B & 3.4C). Here we report the discovery 

that the p300 bromodomain is the site for NH2-terminal association (Figure 3.5). The 

bromodomain represents a highly conserved protein module that is commonly found in 

many chromatin-associated proteins and nearly all HATs (146). The function of 

bromodomain as an acetyl-Lysine binding domain was discovered soon after its three-

dimensional structure was elucidated. The solution structure of the bromodomain from 

P/CAF revealed an unusual left-handed four-helix bundle (147), a unique structural fold 

that was conserved in other chromatin-associated proteins, such as human TAFII250 

(148) and the Saccharomyces cerevisiae Gcn5p (149). Although the acetyl-Lysine is the 

direct recognition site of the bromodomain, residues flanking both sides of acetyl-lysine 

are also important for the interaction and contribute to the ligand selectivity of 

bromodomains (150). The acetylation-enhanced interaction (Figure 3.4B & 3.4C) 
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indicates that the acetylation on K49 and K87 provide binding motif for the 

bromodomain of p300, leading to a stable complex formation and efficient HAT 

recruitment to the promoter. There is also a possibility that the NH2-terminal acetylation 

induce conformational changes in residues flanking the acetyl-Lysine that positively 

affect p300-STAT3 interaction. Interestingly, the acetylation-dependent interaction is 

also observed between MyoD and the bromodomain of p300/CBP (82). p300/CBP 

selectively recognizes the acetylated form of MyoD in cell and mutations of acetylation 

sites in MyoD decrease its ability to cooperate with p300/CBP (82). This suggests that 

acetylation is probably a common strategy that p300/CBP utilizes to facilitate their 

interaction with non-histone proteins. 

The bromodomain is also reported to mediate p300 binding to chromatin. p300 

forms a stable complex with in vitro transcription template and this association is 

regulated at least partially by the bromodomain (140). Our ChIP result in Figure 3.6B 

confirmed this finding in cellulo by showing that the bromdomain deletion decreased 

p300 occupancy on the endogenous socs3 promoter. We also noticed that the 

bromodomain-deficient mutant (p300-ΔB) was still bound to STAT3 (Figure 3.6A) 

although the interaction was significantly weaker than that of p300-FL and STAT3. This 

data indicates that more than one domain of p300 are involved in mediating p300-STAT3 

interaction. It has been shown that TAD of STAT3 also associates with p300 although the 

binding site on p300 has not been identified yet (27, 96). Similarly, the interaction 

between STAT1 and p300/CBP is also mediated by two contact regions. The STAT1 

NH2-terminal region is recognized by the CREB-binding domain of p300/CBP and the 

binding site of TAD maps to the p300/CBP domain that recruits adenovirus E1A protein 

(98). 
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In summary, we have provided evidence that the STAT3 NH2-terminal domain 

interacts with the p300 bromodomain in an acetylation-dependent manner. IL-6 or OSM-

induced acetylation on K49 and K87 trigger the recognition of substrate by the p300 

bromodomain, resulting in a strengthened association between p300 and STAT3. This 

interaction further stabilizes the recruitment of other transcription components like RNA 

pol II to efficiently initiate the transcription of STAT3 target genes. 
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CHAPTER 4: MATERIALS AND METHODS 

4.1 Antibodies and Reagents: 

Polyclonal anti-CDK9 (c-20), STAT3 (c-20), anti-phospho-Y STAT3 (B7), cyclin 

T1 (H-245), anti-p300 (N-15) and RNA Pol II (N-20) Abs were purchased from Santa 

Cruz Biotechnology. Anti-V5 and Flag Abs were obtained from Invitrogen and Sigma, 

respectively. Monoclonal anti-phospho-S2 carboxy terminal domain (CTD) Pol II Ab 

(H5) was from Covance. Anti-Ac-Lys87 STAT3 Ab was described before(95).  

Recombinant human IL-6 was from PEPROTECH. Recombinant mouse OSM was 

provided by R&D Systems.  

4.2 Cell Culture and Treatment 

The human hepatoblastoma cell-line HepG2 (ATCC, Manassas, VA) was cultured 

in DMEM (GIBCO, Invitrogen) supplemented with 10% (vol/vol) fetal bovine serum, 2 

mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, and 

penicillin (100 U/ml)/streptomycin (100 µg/ml). STAT3 +/- and STAT3-/- MEFs were 

generous gifts from Dr. Stephanie Watowich in M.D. Anderson. MEFs and human HEK 

293 cells were cultured in DMEM (GIBCO, Invitrogen) supplemented with 10% 

(vol/vol) fetal bovine serum, 2 mM L-glutamine and penicillin (100U/ml)/streptomycin 

(100µg/ml). Cells are maintained at 37oC in a humidified atmosphere of 5% CO2. Cells 

were serum starved for at least 16 h before treatment with IL-6 or OSM. FP was added 1 

h before IL-6 stimulation.  
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4.3 Plasmid Construction 

For the γ-FBG-LUC reporter, 643 bp of the 5’ flanking human γ-FBG promoter 

was amplified from HepG2 cell genomic DNA by PCR using the forward primer 5’-

CGCGGGATCCCTCCTGAGAAGTGAGAGCCTA-3’ and reverse primer 5’-

GCCCAAGCTTGAGCTCCGAGCCTTGTAGTG-3’. The PCR product was digested 

with Bam HI and Hind III, gel purified and ligated into the same sites in the pOLUC 

plasmid (151).  

The pEF6-V5-STAT3 wild type and dominant-negative (DN) STAT3 were 

constructed as described before (52). The V5 epitope-tagged NH2- and COOH-truncated 

STAT3 expression vectors (amino acids 1-585, 1-688, 130-770(ΔN)) were previously 

described (95). The V5 STAT3 (1-130, 1-320, 1-488, and 130-688) expression vectors 

were produced by PCR and cloned into pEF6/V5-His (InVitrogen). Primers 5’-

GGAAATGGCCCAATGGAATCAGCTACAG-3′ and 5’-

GTTGGCCTGGCCCCCTTGCTG-3’ were used for 1-130; primers 5’-

GGAAATGGCCCAATGGAATCAGCTACAG-3′ and 5’-GGCACTTT 

TCATTAAGTTTCT-3’ were used for 1-320; primers 5’-

GTTGGCCTGGCCCCCTTGCTG-3’ and 5’-GGAGATCACCACAACTGGCAA-3’ 

were used for 1-488; primers 5’-GGTTATGGCAGCCGTGGTGACGGAGAAG-3’ and 

5’-TGCCTCCTCCTTGGGAATGTCAGGATAGAG-3’ are used for 130-688.   

Flag-tagged WT-124, KR-124 and KQ-124 were produced by PCR using pEFF6-

V5-WT-STAT3, KR (48/97)-STAT3 and KQ (48/97)-STAT3(95) as templates 

respectively. The primers used for this purpose were: sense primer 5’ 

CATCGATGGATCCATGGACTACAAAGACGATGACGATAAGGCCCAATGGAAT

CAGCTACAG 3’ and antisense primer 5’ 
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CGTACCTCTAGACTACTGGGCCGCAGTGGCTGCAGTCTG 3’. The PCR products 

were digested with Bam HI and Xba I endonuleases, gel purified and cloned into pECFP-

Nuc (Clonetech) restricted with the same endonuleases. 

The FLAG-mStraw CDK9 expression plasmid was constructed in two steps.  

First, the monomeric strawberry (mStraw) cDNA (a generous gift of R. Tsien (152)) was 

PCR amplified using primers to introduce a Bgl II restriction endonuclease site upstream 

of the initiator methionine, remove the stop codon and insert multiple cloning sites.  The 

sequence of these primers was 5’-

CAGTCAGATCTATGGTGTAGCAAGGGCGAGGAGAATAACATG-3’ (upstream), 

and 5’-GTCAACAAGCTTGTGGATCCAGCTTTCTTGTACAGCTCGTCCATGCC-3’ 

(downstream).  The mStraw PCR product was digested with Bgl II and Hind III 

endonucleases, gel purified and cloned into pcDNA-FLAG (52) digested with BamH1 

and Hind III, producing pcDNA-FLAG-Straw.  Second, the full length human CDK-9 

cDNA was produced by amplification of oligo-dT primed cDNA from HeLa cell RNA.  

The sequence of the primers was: 5’-CATGCAAGCTTGCAAAGCAGTA 

CGACTCTGGTGGAG-3’ (upstream), and 5’-

GTCATTCTAGAGGATCCTCAGAAGACGCGCTCAAACTCCGTCTGG-3’ 

(downstream).  The CDK9 cDNA was then restricted with Hind III and Xba I and 

cloned into the pcDNA-FLAG-Straw plasmid restricted with the same endonucleases, 

producing pcDNA-FStraw-CDK9.   

For pEYFP-Flag-CDK9, The CDK9 cDNA was amplified from oligo-dT-primed 

Hela cDNA using sense primer 5’ 

AGTCTGAAGCTTGCAAAGCAGTACGACTCGGTG 3’ and antisense primer 5’ 

TACCAGGGATCCTCAGAAGACGCGCTCAAACTCCGTCTGGTTGG 3’. The PCR 

fragment was digested with Hind III and Bam HI and cloned into a modified pEYFP-C1 
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plasmid (Clonetech) containing a Flag epitope inserted upstream of multiple cloning site 

to generate pEYFP-Flag-CDK9.  

The DN-CDK9 (Asp167 to Asn, D167N) was produced from wild type CDK9 as 

a template using site-directed mutagenesis (QuickChange, Stratagene (153)).  The 

sequence of primers used was (mutations underlined): 5’-

CCTGAAGCTGGCAAACTTTGGGCTGGCCCGGG-3’ (sense) and 5’-CCCGGGCC 

AGCCCAAAGTTTGCCAGCTTCAGG-3’ (antisense).  

The expression vector used for PXFS-Flag-p300 constructs was described(154). 

The full length of p300 cDNA was amplified from pCMVβ p300 (155) using the 

following primers: sense: 5’-

CAGTCTAGACGTAAGCTTGCCGAGAATGTGGTGGAACCGG-3’ and antisense: 5’-

CTCGTAGATATCCTAGTGTATGTCTAGTGTACTC-3’. The PCR product was 

restricted with HindIII and EcoRV and cloned into the vector of PXFS-Flag. The four 

NH2-terminal-deleted truncates (p300-ΔN1, p300-ΔN2, p300-ΔN3 and p300-ΔN4) were 

produced from FL p300 by PCR using the same antisense primer : 5’-

CATGAACTACTCTAACAGTGACC-3’-and different sense primers as following: sense 

5’-GGTTCTGGAGCAAAGCTTGCTGATCCAGAGAAGCGCAAGCTCATCC-3’ for 

p300-ΔN1; sense 5’-

CCATCCACTACTAAGCTTCGGAAACAGTGGCACGAAGATATTAC-3’ for p300-

ΔN2; sense 5’-GTCAAAGAAAAAGCTTTTCAAACCCAGAAGAACTACGACAG-3’ 

for p300-ΔN3; sense 5’-

GCGGAAGAAAGATGAAGCTTATCTGTGTCCTTCACCATGAGATC-3’ for p300-

ΔN4. All the PCR fragments were restricted by HindIII and XbaI and cloned into the 

PXFS-Straw-Flag plasmid restricted with the same endonucleases. The two COOH-

terminal-deleted truncates (p300-ΔC1 & p300-ΔC2) were amplified from FL p300 using 
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the same sense primer as 5’-

ACGTCTAGACGTAAGCTTGCCGAGAATGTGGTGGAACCGG-3’ and different 

antisense primers as following: antisense 5’-

GATATCCTAGATCTCATGGTGAAGGACACAG-3’ for p300-ΔC1 and antisense 5’-

GATATCCTACGGAGATGACTGGGTAGCT-3’ for p300-ΔC2. The PCR products 

were digested with HindIII and EcoRV and ligated into the PXFS-Straw-Flag plasmid 

restricted with the same endonucleases. p300-ΔB mutant was generated by two steps. 

First the fragment containing the sequences encoding aa 1 to aa 994 was produced by 

using primer set: sense 5’-

CAGTCTAGACGTAAGCTTGCCGAGAATGTGGTGGAACCGG-3’ and antisense: 5-

CTGAAATAAGCTTCGGCTGAGTATCTGCTGG-3’ from FL p300, producing a PCR 

product overhang with HindIII site on both 5’ and 3’. This PCR product was then 

restricted with HindIII and fused into pXFS-straw-Flag-ΔN4 upstream of the sequences 

encoding aa 1255 of p300, finally producing a plasmid encoding p300 mutant without aa 

995 to aa 1255 was deleted. 

All plasmids were purified by ion exchange chromatography and sequenced prior 

to transfection. 

4.4 Transfection and Luciferase Activity Assay 

Transient transfection was performed using Lipofectamine PLUS reagent (Life 

Technologies, Inc.) in HepG2 and HEK 293 cells according to the manufacturer’s 

instruction. For reporter assay, cells were plated into 6-well plates and cotransfected with 

γ-FBG-LUC reporter gene and the transfection efficiency control plasmid pSV2PAP. 

Twenty-four hours later, cells were stimulated with the cytokine. Both luciferase and 

alkaline phosphatase activities were measured 48 h after transfection. All transfections 
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are carried out in three independent experiments. For co-immunoprecipitation, indicated 

expression plasmids were co-transfected into 10-cm2 dishes using the same protocol. 

Cells were treated with the cytokine at 24 h after transfection prior to protein extraction. 

MEFs were transfected by electroporation (Amaxa, Cologne, Germany). 2 x 106 cells 

were combined with 100 µl of MEF nucleofector soluction 2 and 3-5 µg of purified 

plasmids. Cells were transfected by using the program of A23 and then transferred into 

culture dish with fresh medium.  

4.5 Preparation of Subcellular Extracts 

Cells were collected in 1ml of cold PBS and centrifuged at 9000 rpm for 1minute 

at 4oC. The pellets were resuspended by adding double cell volume of solution A(95)  

[50 mM HEPES (pH 7.9), 10 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol 

(DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 20 mM NaF, 1 mM Na4P207, 1 

mM Na3VO4] with protease inhibitor mix (1:100, vol/vol, Sigma Aldrich). After 

incubation on ice for 10 minutes, 10% Trixon-X 100 was added to a final concentration 

of 0.5%. The lysates were centrifuged at 6000×g for 1 minute at 4oC and the supernatants 

were saved as cytoplasmic fraction. The nuclear pellets were resuspended in solution B 

(solution A with 1.0 M sucrose) and centrifuged again at 12,000×g at 4oC for 10 minutes. 

After supernatants were removed, the purified nuclear pellets were incubated in solution 

C  [10% glycerol, 50 mM HEPES (pH 7.9), 400 mM KCl, 1 mM EDTA, 1 mM EGTA, 

1 mM DTT, 0.5 mM PMSF, 20 mM NaF, 1 mM Na4P207, 1 mM Na3VO4] with protease 

inhibitor mix (1:100, vol/vol, Sigma Aldrich), and vortexed at 4oC for 20 minutes. After 

centrifugation at 12,000×g at 4oC for 20 minutes, the supernatants were saved as nuclear 

extract.  The protein concentrations were measured by coomassie dye binding (Protein 

Reagent, BioRad). 
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4.6 Western Blotting 

Proteins were fractionated by SDS-PAGE, and transferred to polyvinylidene 

difluoride (PVDF) membranes (Millipore, Bedford, Mass). Membranes were blocked in 

5% milk for 0.5-1 h and incubated with indicated primary Ab at 4°C overnight. 

Membranes were washed in TBS-0.1% Tween 20 and incubated with secondary Ab at 20 

°C for 1 h. Signals were detected by the enhanced chemiluminescence assay (ECL; 

Amersham) or visualized by the Odyssey Infrared Imaging system. ß-actin is used as a 

loading control.  

4.7 Co-immunoprecipitation 

1-2 mg NE or WCE were precleared with 40 µl protein A-Sepharose beads 

(Sigma) for 1 h at 4 oC.  Immunoprecipitation was performed in the presence of 5 µg of 

the indicated primary Ab at 4oC overnight. Immune complexes were captured by adding 

50 µl protein A-Sepharose beads and rotated at 4oC for 2 h. After supernatant was 

discarded, protein A-Sepharose beads were washed with cold PBS for 4-5 times and 

immunoprecipitates were fractionated by SDS-PAGE.  

4.8 siRNA Transfection 

HepG2 cells were plated into 6-well plates at a density of 2.5x105 cells/well. On 

the following day the cells were transfected with either siRNA targeting human CDK9 or 

the negative control siRNA (Ambion, Austin, TX) using TransIT-siQUEST transfection 

reagent (Mirus, Madison, WI) according to the manufacturer’s instructions. 48 h later, the 

transfected cells were exposed to IL-6 stimulation prior to total cellular RNA extraction 

for Real-Time (RT) - PCR. 
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4.9 Two-Step ChIP Assay 

4-6 x106 cells per 100mm dish were plated on the day before experiment and 

serum starved in 0.5% BSA-containing DMEM medium before treatment. Cells were 

stimulated for indicated times and washed twice with PBS. Double cross-linking was 

performed with DSG (Pierce) for 45 minutes and with 1% formaldehyde in PBS solution 

for 15 minutes at room temperature(107). After cells were washed and collected in 1ml 

PBS, pellets were lysed by SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, 

pH 8.0) with protease inhibitor cocktail mix (Sigma Aldrich) and sonicated 4 times, 15 

seconds each at setting 4 with 10 seconds break on ice in-between until DNA fragments 

lengths were between 200 to 1000 bp. Equal amounts of DNA were immunoprecipitated 

overnight at 4oC with 4µg indicated antibodies in ChIP dilution buffer (150 mM NaCl, 

1% Triton X-100, 10% glycerol, 10 mM HEPES, pH 7.4, 1 mM EDTA). 

Immunoprecipitates were collected with 40 ul protein-A magnetic beads (Dynal Inc., 

Brown Deer, WI), and washed sequentially with ChIP dilution buffer, high-salt buffer 

(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM NaCl), 

LiCl wash buffer (0.25 M LiCl, 1% Triton X-100, 1% deoxycholate, 1 mM EDTA, 10 

mM Tris-HCl, pH 8.0), and finally in 1x TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 

8.0). DNA was eluted in 250µl elution buffer containing 0.1 M NaHCO3 and 1% SDS for 

15 minutes at room temperature. Samples were de-cross-linked in de-cross-linking 

mixture (20µl 5 M NaCl, 20µl 0.2 M EDTA, 20µl 1M HEPES, pH 7.4, 1 µl proteinase K) 

at 65oC for 2 hours. DNA was exacted by phenol/chloroform, precipitated by 100% 

ethanol and used for RT-PCR. 
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4.10 Quantitative Real-Time PCR (Q-RT-PCR) 

Total cellular RNA was extracted by Tri Reagent (Sigma). 2 µg of RNA was used 

for reverse transcription using SuperScript III First-Strand Synthesis System from 

Invitrogen. Two µl of cDNA products was amplified in 20 µl reaction system containing 

10 µl iQ SYBR Green Supermix (BioRad) and 400 nM primer mix. All the primers were 

designed by PrimerExpress v2.0. For γ-FBG mRNA expression, the primers 5’-

GGCAACTGTGCTGAACAGGAT-3’ and 5’-GATGGCCAGCGTGACACTT-3’ were 

used. The primer sequences for socs3, c-fos and p21 mRNA detection were shown in 

Table 3. All the reactions were processed in MyiQ Single Color Real-Time PCR 

thermocycler using two-step plus melting curve program and the results were analyzed by 

iQ5 program (BioRad). For quantitative real-time genomic PCR (Q-gPCR), a standard 

curve was generated using a dilution series of genomic DNA (from 40 ng – 25 µg) for 

each primer pair. The fold change of DNA in each immunoprecipitate was determined by 

normalizing the absolute amount to input DNA reference and calculating the fold change 

relative to that amount in unstimulated cells. The sequences of primer sets used in 

genomic assays are shown in Table 1 and Table 2. 

4.11 Immunofluoresent Staining 

HepG2 cells were grown in 6-well tissue culture plates containing sterile 

coverslips (Fisher). After treatment, cells on coverslips were rinsed by PBS twice and 

fixed with 4% paraformadehyde for 20 min at room temperature. After fixation, cells 

were washed with PBS three times and treated with 0.2% Trion X-100 for 15 min at room 

temperature prior to immunostaining. All slips were blocked with blocking buffer 

containing 1% BSA and 0.1% Triton X-100 for 1h and then washed once with PBS. The 

primary antibody was diluted in blocking buffer (1:50 for anti-pY705 STAT3, 1:100 for 
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anti-STAT3 (c-20) and 1:200 for anti-CDK9 (c-20)) and applied to the cells on 

coverslips. Cells were incubated in the primary antibody at 4 oC overnight. Next day, all 

slips were washed three times for 10 minutes each with PBS and then incubated with the 

diluted fluorescence-labeled secondary antibody (1:100, secondary antibodies for STAT3 

and pY705STAT3 were from Jackson ImmunoResearch, secondary antibody for CDK9 

staining was from Invitrogen ) in blocking buffer for 1h at room temperature in the dark. 

Cells were washed three times with PBS in low lighting and dried at room temperature. 

Coverslips were mounted on slides using DakoCytomation Fluorescent Mounting 

Medium and observed under confocal microscope (Zeiss LSM510 META system). 

Images were captured at a magnification of 40X or 60X.  
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Table1. Primer sets used for Q-RT-gPCR in ChIP assay (γ-FBG gene) 
 

Primer sequences Amplified 
Region forward reverse 
IL-6RE1 ACAGAGGGACAGGAATGTATTTCC TGGCAGGAGGAGACTGACTTC 
IL-6RE2 CTTAGTTCGAGGTCATATCTGTTTGC AGTCCTGGAGGCTGTGTGATG 
IL-6RE3 GAGCTTCAACCTGTGTGCAAAAT CCGTTCCTTTTTCCTCATCCT 
TATA CCTCTCAGGCTCCAATTGTC GTGATCAGCTCCAGCCATTT 
Exon 5  ATGCATATGGGATGGCAGAC CTGTCTCCTACTGGCACAACAG 
Exon 7  CATCAGTTACCTTTCCCAGTGA GAGAAGGTAGCCCAGCTTGA 

 

 

 Table 2. Primer sets used for RT-PCR  
 

Target genes Sense Anti-sense 
socs3 5’ CCGCGGGCACCTTTC 3’ 5’ TTGACGCTCAACGTGAAGAAGT 3’ 
c-fos 5’ CCTGCCCCTTCTCAACGA 3’ 5’ TCCACGTTGCTGATGCTCTT 3’ 
p21 5’ TTCCGCACAGGAGCAAAGT 3’ 5’ CGGCGCAACTGCTCACT 3’ 
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CHAPTER 5 SUMMARY AND FUTURE STUDY 

5.1 Summary 

The JAK/STAT3 signaling pathway is one of the handful pleiotropic cascades that 

translates extracellular signal into a transcription response. Because of its important role 

in multiple biological processes, including the immune response to injury or infection (6, 

24, 25, 154), haematopoiesis (156-158) and embryonic development(9, 159), the 

JAK/STAT3 pathway has been extensively investigated. Although the principal 

components in the JAK/STAT3 cascade have been identified, there remain substantial 

unanswered questions about how this signaling pathway is activated and regulated. One 

of the gaps in our understanding of JAK/STAT3 signal transduction is how the activated 

STAT3 modulates gene transcription once it is translocated into nucleus. The 

transcriptional regulation in eukaryotes involves the coordinated interaction of a large 

group of proteins including the sequence-specific transcription factors, chromatin 

remodeling complexes and components of the basic transcriptional apparatus. Consistent 

with this theory, numerous studies have reported the robust interaction between STAT3 

and other transcriptional regulators, including other enhancer-specific transcription 

factors (160-162), nuclear receptors (135, 163, 164) and HATs (27, 95, 96, 165). It 

becomes apparent now that STAT3-mediated transactivation is a complicated process 

that is highly regulated by the protein-protein and protein-DNA interactions. Despite the 

extensive study, the molecular mechanism governing STAT3 downstream gene 

expression is far from being fully understood.  

In Chapter 2, we reported an inducible association between STAT3 and CDK9, 

the kinase subunit of P-TEFb complex, which activates the transcription elongation by 
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phosphorylating the CTD of RNA Pol II and negative elongation factors. For the first 

time, we described that CDK9 interacts with STAT3 via both its NH2-terminal domain 

and COOH-terminal domain. Our data also showed that CDK9 acts as a functional 

coactivator in STAT3-dependent enhanceosome because CDK9 inhibition causes a 

dramatic decrease in IL-6 induced APP expression exampled by γ-FBG. Finally, we 

clarified the mechanism how CDK9 regulates STAT3-dependent transcription by ChIP 

assays. The model we propose in Chapter 2 suggests that the activated STAT3 recruits 

CDK9 in nucleus which induces the subsequent activation of RNA Pol II by the CTD 

phosphorylation, leading to the productive transcription elongation. The importance of 

this study is to add a new level of STAT3 function as a regulator of transcription 

elongation by interacting with CDK9. Therefore, targeting CDK9 could be a potential 

approach to interfere with APR induction regulated by STAT3 signal transduction.  

Like many other transcription factors, STAT3 also recruits HATs including p300 

as coactivators to remodel chromatin structure and facilitates gene transcription (27, 95, 

96, 165). However, the mechanism by which p300 regulates transcriptional activation is 

not well understood. There is a growing body of evidence suggesting that the p300 

function is not limited to acetylate histone tails and relax chromatin structure. As a large 

protein, p300 contacts with multiple components in the basic transcriptional machinery 

and brings other cofactors into the close proximity [72, 89-94]. Our recent studies found 

that STAT3 not only interacts with p300 but also is a direct substrate of p300 for 

acetylation. In Chapter 3, we showed that the NH2-terminal acetylation on K49 and K87 

stabilizes the association between STAT3 and p300. For the first time, we reported that 

the STAT3 NH2-terminal domain is bound to the p300 bromodomain, a domain 

recognizing acetyl-lysine. When we further investigate the function of NH2-terminal 

domain, we found that the STAT3 NH2-terminus-deficient mutant (STAT3-ΔN) reduces 
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the OSM inducible γ-FBG reporter activity and the endogenous STAT3 target gene 

expression, indicating the necessity of NH2-terminal domain in STAT3 function. ChIP 

experiments reveal that the STAT3 NH2-terminal deletion regulates gene transcription by 

mediating p300 and RNA Pol II recruitment to the promoter loci. Therefore, our study in 

Chapter 3 propose a model in which the inducible acetylation on the STAT3 NH2-

teminal domain increases its binding affinity to the p300 bromodomain, thereby 

stabilizing enhanceosome assembly on the promoter and facilitating transcriptional 

activation.  

5.2 Future study 

CDK9/cyclin T are not constitutively active complexes; instead their activity and 

expression are regulated at several levels. For example, it was reported that cyclin T1 

levels were upregulated in peripheral blood lymphocytes (PBLs) in response to PMA 

and/or PHA (128-130). This upregulation of cyclin T1 is related to hyperphosphorylation 

of RNA Pol II and results into HIV replication in stimulated PBLs (128). Also, the kinase 

activity of CDK9 is negatively regulated by two inhibitors, 7SK small nuclear RNA (7SK 

snRNA) (166, 167) and a protein called HEXIM 1(hexamehylene bisacetamide-induced 

protein 1) (168, 169). It has been shown that in Hela cells, about 50% of CDK9/cyclin T 

complexes are silenced by interacting with 7SK snRNA (166). Both UV irradiation and 

inhibition of transcription by actinomycin D can release CDK9 from 7SK snRNA 

inhibition (166, 167). Finally, the maturation of CDK9/cyclin T is regulated by a 

chaperone mechanism in which the newly synthesized CDK9 is transferred from Heat 

Shock Protein (HSP) to cyclin T1 (170). Therefore, the active pool of CDK9/cyclin T1 is 

tightly regulated in cells, which limits the availability of P-TEFb complex under certain 

cellular instances. It is unknown how the regulation of CDK9/cyclin T1 affects the 



 - 86 -

activity of transcription factors that interact with them. We noticed that cyclin T1 is 

upregulated by IL-6 in HepG2 cells. It will be interesting to test whether this induction 

has any effect on STAT3-depedent transcription. It has been shown that the upregulation 

of HEXIM 1 induced by HMBA (hexamethylene bisacetamide) in vasucular smooth 

muscle cells is correlated with grow arrest and suppression of NF-κB-dependent gene 

expression (171). It will also be interesting to examine whether overexpression of 

HEXIM will affect STAT3 signal transduction.  

Cyclin is an important regulatory subunit of CDK9 complexes and four different 

types of cyclin have been identified up to now, including cyclin T1, cyclin T2a, cyclin 

T2b and cyclin K (35). The three T-type cyclins contain a NH2-terminal domain, a 

coiled-coil domain, a His-rich motif and a COOH-terminal PEST sequence (33, 172). The 

NH2-terminal cyclin box is highly conserved in cyclin T protein, whereas the carboxyl 

terminus is much less conserved (33). Although each of the T-type cyclin T/CDK9 

complexes can phosphorylate the RNA pol II CTD, numerous studies have shown that 

the three cyclin T proteins have different functions. For example, cyclin T1/CDK9 is the 

only complexes that are able to bind HIV Tat because cyclin T1 contains a unique 

Tat:TAR Recognition Motif (TRM) that is not present in cyclin T2a and cyclin T2b(172). 

Cyclin T2 is highly expressed in human adult skeletal muscle cells and its expression 

level reaches to the peak during muscle cells differentiation(173), suggesting that cyclin 

T2a/CDK9complex might promote myogenic differentiation. This finding suggests that 

all the cyclins do not have redundant function and each of them plays a specific role in 

different gene transcription. In the future, it will be interesting to test the STAT3 

interaction with other types of cycin/CDK9 complexes and how this interaction 

specifically regulates the STAT3-dependent transcription.  
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Although the previous study found that the P-TEFb is broadly required for RNA 

pol II-regulated transcription (126), the recent finding implicates that some gene 

expression is not dependent on CDK9 activity. For example, the inhibition of P-TEFb 

kinase activity in human colon carcinoma cells selectively blocks a subset group of genes 

controlled by the p53 pathway (127). The CDK9 activity and the S2 phosphorylation on 

the RNA pol II CTD are dispensable for p21 mRNA transcription (127). This finding 

indicates that P-TEFb is differentially required for activation of distinct p53 target genes. 

There is a possibility that some genes within IL-6 signaling pathway could also bypass 

the requirement of P-TEFb to activate mRNA synthesis. Measurement of the changes in 

other STAT3-dependent gene expression in response to CDK9 inhibition will help clarify 

this question.  

CDK9 is recently identified as a substrate of HATs for acetylation. CDK9 is an 

acetylatable protein in cells and is aceylated by p300 in vitro (132, 174). Interestingly, 

two independent groups identified two distinct acetylation sites on CDK9 which play 

different roles in regulating CDK9 activity. The acetyaltion on K44 is required for the 

CDK9 kinase activity to phosphorylate the CTD of RNA Pol II (132). The acetylation on 

K48, however, inhibits the kinase function of CDK9 and transcriptional activity of P-

TEFb (174). In our study, we also detected an interaction between CDK9 and p300 (data 

not shown), which raises the possibility that p300 regulates STAT3-dependent 

transcription by inducing posttranslational modification on CDK9 and modulating its 

kinase activity. In future study, the CDK9 mutants containing K44R or K48R substitution 

can be generated and tested for their effects on STAT3-dependent transcription. 

Both CDK9 and p300 interact with the STAT3 NH2-terminal domain, indicating 

the important role of NH2-terminal region in recruiting STAT3 coactivators. A recent 

study reported that synthetic analogs of the STAT3 second α-helix specifically binds to 
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STAT3 and inhibits STAT3-dependent cancer cell survival and growth (175). Since the 

crystal structure of STAT3 NH2-terminal domain is not available yet, the inhibitor used 

in this study was designed based on the structure data from the STAT4 NH2-terminal 

region (175). This study suggests that the STAT3 NH2-terminal domain is a promising 

drug target for cancer treatment. Future study centering on the high resolution structure of 

STAT3 NH2-terminal domain will provide more rationality in designing STAT3 

inhibitors.  
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Appendix: List of Abbreviations 

 
STAT signal transducers and activators of transcription 

CDK cyclin dependent kinase 

IL-6 interleukin-6 

OSM oncostatin M 

FL Full length 

IL-6Rα� IL-6 receptor α chain 

CTD COOH terminal domain (of Pol II) 

FBG fibrinogen 

FP flavopiridol 

IL6 RE IL-6 response elements 

RNA Pol II RNA polymerase II 

HATs histone acetyltranferase 

CBP CREB-binding protein 

P-TEFb Positive Transcription Elongation Factor b complex 

Q-RT-gPCR quantitative real time genomic PCR 

ChIP chromatin immunoprecipitation assay 

WT wildtype 

NE Nuclear extract 

NAP nucleosome assembly proteins 

DSIF DRB-sensitivity-inducing factor 

NELF the negative elongation factor 
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