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ABSTRACT 
 

Thioredoxin-1 (Trx-1) is a redox protein that is overexpressed in many tumors where 

it is associated with tumor growth, inhibited apoptosis and decreased patient survival.  

Through redox reactions, Trx-1 is able to reduce a number of proteins including 

transcription factors.  Sp1 activation has been implicated in the regulation of many genes 

involved in cellular growth and survival and its overexpression in certain cancer 

correlates with decreased patient survival.  We demonstrate that Trx-1 is able to activate 

Sp1 in a redox dependent manner.  Trx-1 overexpression increases Sp1 transactivation 

and DNA binding whereas a redox inactive Trx-1 has no effect on Sp1 DNA binding.   

Sp1 has been implicated in vascular endothelial growth factor regulation and we 

have shown that Trx-1 expression results in increased hypoxic VEGF expression and 

increased tumor permeability in vivo. Trx-1 overexpression results in an increase in 

VEGF expression that is dependent upon Sp1, as inhibition of Sp1 expression with 

siRNA prevented the induction of VEGF expression by Trx-1.  These results suggest that 

Trx-1 increases VEGF expression under normoxic conditions through a redox dependent 

increase in the DNA binding of the Sp1 transcription factor.  VEGF regulation by Sp1 

could increase angiogenesis in relatively perfused areas contributing to the stimulation of 

tumor growth by Trx-1. 

We hypothesized that Trx-1 regulation of Sp1 may be part of the mechanism of 

Trx-1 induction of cellular growth.  Sp1 regulates many genes involved in cellular growth 

including epidermal growth factor receptor (EGFR) and insulin-like growth factor I 

receptor (IGF-IR).  These two growth factor receptors are important for cellular growth 

and have been shown to be important therapeutic targets for cancer treatment.  We report 
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that treatment with the Trx-1 inhibitor PX-12 results in decreased Sp1 DNA binding as 

well as decreased Sp1 activation and transactivation of VEGF, EGFR, and IGF-IR.  

These results indicate that Trx-1 promotes cellular growth and survival, in part, through 

the redox regulation of Sp1 responsive growth genes EGFR and IGF-IR.  Inhibition of 

Trx-1, via PX-12, results in a decrease in EGFR and IGF-IR expression and suggests a 

new mechanism by which Trx-1 inhibition is clinically effective for treating cancer.   
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I.     INTRODUCTION 
 

Thioredoxin-1 (Trx-1) is a redox protein that prevents cellular oxidative damage.  

Through various mechanisms, Trx-1 can prevent reactive oxygen species (ROS) 

formation as well as ROS induced oxidant damage.  Trx-1 is overexpressed in several 

cancers where its expression is associated with increased cellular growth, decreased 

apoptosis, and decreased patient survival (1).  Because Trx-1 acts to prevent or remove 

ROS damage, an understanding of the relationship between ROS and cancer development 

is necessary prior to a discussion on the effects of Trx-1 on cancer.   

 

Reactive oxygen species 
 ROS can be broadly defined as oxygen-containing chemical species with reactive 

chemical properties.  Examples of ROS include free radicals such as superoxide (O2.-)

and hydroxyl radicals (HO.-), which contain an unpaired electron, as well as non-radical 

molecules such as hydrogen peroxide (H2O2).  Because electrons are more stable when 

paired in electron orbitals, oxygen radicals are extremely reactive and in biological 

systems they react with proteins, lipids, and nucleic acids in an attempt to gain paired 

electron orbitals.   

ROS are formed in normal cellular systems by both endogenous and exogenous 

sources (Table 1).  Endogenous sources of ROS occur as by-products of aerobic 

metabolism and other oxidative cellular processes.  Aerobic metabolism, or the use of O2

to oxidize pyruvate to water and CO2 in the production of ATP, is one of the most 

important sources of endogenous cellular ROS production.  Aerobic metabolism occurs 

in the mitochondrial membrane and works by transporting electrons across the 



11

Sources of ROS 
Cellular  

Mitochondrial respiratory chain 
 Fatty acid degradation in peroxisomes 
 Prostaglandin synthesis 
 (NADPH)-oxidase complexes  
Non-cellular 

Tobacco smoke 
 Iron salts 
 U.V. radiation 
 Ionizing radiation 

Table 1:  Source of cellular reactive oxygen species (ROS) modified from (2).  
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mitochondrial membrane by a series of electron carrier protein complexes, known as the 

electron transport chain.  This transport of electrons creates a proton gradient that is used 

to generate ATP, the cellular source of energy.  The free electrons are coupled to O2 to 

generate water (3).  Despite the fact that the electron transport chain is highly efficient, a 

small percentage (1 to 2%) of the electrons moving through the carrier protein complexes 

leak out and combine with molecular oxygen to form ROS (2, 4).  It is estimated that 

about 2% of the oxygen consumed by the mitochondria is reduced by the electron 

transport chain to superoxide, with is subsequently converted to hydrogen peroxide (5, 6).    

Another cellular organelle that produces ROS is the peroxisome.  Peroxisomes are 

small fatty acid-oxidizing organelles that use hydrogen peroxide to degrade cellular fatty 

acids (3).  Hydrogen peroxide is normally converted to water and oxygen by the enzyme 

catalase; however, hydrogen peroxide can escape catalase conversion and contribute to 

cellular ROS levels.  ROS production can also occur as by products from the enzymes 

that produce prostaglandins as well as by membrane (NADPH)-oxidases.  These oxidases 

are used by phagocytotc cells, such as neutrophils and macrophages, to generate ROS in 

an attempt to kill microbes (2).  In addition, exposure to exogenous pollutants such as 

tobacco smoke, iron salts, ultraviolet radiation, and ionizing radiation can also produce 

ROS within the cell (2).   

Once formed, ROS can react with and transfer free electrons to cellular lipids, 

DNA, and proteins resulting in damage to these macromolecules and alteration of cellular 

function.  Polyunsaturated fatty acids (PUFA), found in cellular membranes, are often 

targets for ROS damage.  Free radical reactions with lipid-PUFA results in chain 

reactions that generate many free radicals in rapid secession that spread across the lipid 
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membrane.  These reactions result in alteration of membrane permeability, modification 

of lipid-protein interactions, and the formation of bioactive degradation products (2, 4).   

ROS such as superoxide radicals, hydroxyl radicals, as well as hydrogen peroxide, 

can cause oxidative damage to DNA.  Oxidation of DNA results in the formation of 

oxidized bases (such as 8-oxo-dG), DNA strand breaks, DNA intra-strand adducts, and 

DNA-protein crosslinks (7-9).  These oxidative modifications of DNA bases may result 

in mutations due to base pair mismatching during DNA replication across the ROS-

modified bases.  Mutations in DNA results in genomic instability, which results in the 

overexpression and/or modification of oncogenes or the loss and/or modification of 

tumor suppressor genes in resulting in increased proliferation and cancer formation.  ROS 

induced DNA damage may also result in the activation of p53 activity resulting in the 

induction of apoptosis.   

Proteins can be modified by ROS resulting in increases in the level of protein 

carbonyls, oxidized methionines and/or cysteines, protein hydrophobicity, cross-linked 

proteins, and glycated proteins (2).  These modifications may result in loss of catalytic 

function of enzymes and increased susceptibility to proteolytic degradation (2).  ROS 

induced modification of proteins may also alter protein function.  ROS also causes a wide 

range of adaptive cellular responses ranging from growth arrest to increased proliferation.  

The exact cellular response to ROS damage is dependent upon the amount of ROS 

produced, the location of the ROS within the cell, and the proliferative state of the cell.    

Reactive oxygen species and increased cellular proliferation  
 At low levels, ROS can react with proteins involved in cellular signaling 

pathways resulting in activation of these pathways.  Various studies have established that 
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ROS can induce the phosphorylation and activation of numerous signaling proteins, 

presumably via redox modification of these proteins.  Several receptor tyrosine kinases 

(RTK) can be phosphorylated and activated by ROS independent of ligand binding 

induced activation.  H2O2 treatment induces PDGFR and EGFR tyrosine phosphorylation 

that results in activation of downstream signaling molecules Shc, Grb2, and SOS (10).  

Ligand binding to RTK has also been shown to increase ROS, namely H2O2. EGF 

binding to EGFR results in the induction of H2O2 that acts to further activate down 

stream signaling molecules.  Other ligands that induce ROS upon receptor binding 

include:  TNFα, IL-1, TGFβ, and PDGF (2).  Thus ROS can act locally as secondary 

messengers in the activation of RTK and their corresponding downstream signaling 

pathways.   

It has also been demonstrated that ROS, such as superoxide (O2.-) and hydroxyl 

radicals (HO.-), can inactivate tyrosine phosphatases (PTPs) (2).  PTPs act to remove the 

phosphate group from phosphorylated proteins thereby deactivating these proteins.  This 

action results in the increase in cellular signaling pathways as a result of prolonged 

signaling protein phosphorylation.  PTPs have a conserved cysteine amino acid in their 

catalytic site which can be oxidized by ROS resulting in the loss of PTP function.  ROS 

induction by a ligand binding to its receptor may therefore function not only in helping to 

cause phosphorylation of the receptor but may also prevent PTP removal of the 

phosphate group, further inducing signal transduction pathways.  

ROS has been shown to activate signaling molecules themselves.  Mitogen 

Activated Protein Kinases (MAPK) can be phosphorylated and activated by ROS, and 

H2O2 treatment has been demonstrated to induce ERK activation (2).  ROS can also alter 
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protein degradation pathways.  H2O2 treatment results in a loss of ubiquitin protein 

conjugates that correlate with the decrease in activity of ubiquitin E1 and E3 ligases, due 

to oxidation of the enzymatic active site (2).  Studies have shown that the proteosome can 

be inhibited with ROS induced oxidative damage as well (2).  This loss of ubiquitin 

function has been shown to increase the levels of proliferative proteins such as EGFR 

(11) and cyclins D1 and D2 (12).  Therefore, in low proliferating cells, small 

concentrations of ROS can induce cellular proliferation, via activation of signaling 

pathways, and contribute to cellular transformation.   

 

Reactive oxygen species in cancer cells 
 Cancer cells are metabolically active and are under increased oxidative stress 

associated with uncontrolled cellular proliferation and dysfunction of metabolic 

regulation.  Compared to normal cells, cancer cells have been shown to have increased 

ROS, increased accumulation of ROS-mediated reaction products, and overexpressed 

antioxidant enzymes (7),  although studies have shown that MnSOD is lost in several 

different cancers (13, 14).  There are several mechanisms that lead to increased ROS 

production in cancer cells.  Oncogenic signals, such as c-myc (15) and Ras2 (16) have 

been demonstrated to increase ROS production leading to increased genetic instability.  

In addition, Src- or Ras- induced transformation in fibroblasts is associated with 

increased cellular superoxide radicals.  This induction of ROS is via the activation of a 

membrane-associated NADPH oxidase (17, 18).   

 Cancer cells are known to exhibit an increased dependency on glycolysis to meet 

their ATP needs.  This is more than likely due to a loss of mitochondrial ATP production 
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and may reflect an inefficient or damaged mitochondrial respiratory chain (19).  Because 

cancer cells are metabolically more active than normal cells, they require more ATP 

production which places further stress on the mitochondrial respiratory chain and further 

increases ROS production (7).  Increased ROS production by the mitochondrial 

respiratory chain has been shown to cause increased damage to mitochondrial DNA 

(mtDNA).  mtDNA codes for the 13 components of the mitochondrial respiratory chain 

and ROS induced DNA mutation in these genes results in protein mutation and 

malfunction of the mitochondrial respiratory chain.  This malfunction causes more 

electron leakage and an increase in ROS production (7).  mtDNA damage and a related 

increased ROS production has been recently demonstrated in leukemia cells (20).   

 Chronic inflammation, such as ulcerative colitis and chronic hepatitis, is another 

mechanism in which ROS is induced in cancer.  Chronic inflammation has long been 

associated with an increased risk for cancer development and it is now known that 

increased ROS promotes chronic inflammation to malignant transformation (21).  

Inflammation results in the release of cytokines and the recruitment of mast cells, 

neutrophils, and activated macrophages.  These cells release ROS in a “respiratory burst” 

in attempts to remove damaged cells.  This ROS induction leads to DNA, protein, and 

lipid damage which promotes malignant transformation (7).  Tumor cells also attract mast 

cells, neutrophils, and activated macrophages resulting in an increase in ROS within the 

tumor environment.   

 Within the tumor environment, increased ROS can lead to cellular apoptosis, 

permanent growth arrest, senescence, or necrosis (22).  Because a large part of ROS are 

generated in the mitochondria, ROS induced damage to the mitochondria membrane can 
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result in cytochrome C release and induction of the mitochondrial pathway of apoptosis 

(23).  Indeed, ROS induction in T cells has been shown to activate the pro-apoptotic 

protein Bim and undergo apoptosis (24).  If the levels of ROS are great enough, the 

amount of cellular damage will be sufficient to induce necrosis (25, 26).  Studies have 

also demonstrated that sublethal doses of ROS can produce either transient growth arrest 

or permanent senescence-like cell cycle arrest (27, 28).  Therefore, for continued tumor 

growth, cancer cells need to overcome the damaging effects of ROS.  This is often 

accomplished by increasing the expression of cellular antioxidant systems, such as the 

thioredoxin system. 

 

Thioredoxin-1 
 Thioredoxin-1 (Trx-1) is a small (104 amino acids) redox protein that undergoes 

reversible NADPH-dependent reduction by selenocysteine containing Trx-1 reductase (1, 

29).  Trx-1 is a member of the larger Trx family of proteins that shares a conserved 

catalytic site (Trp-Cys-Gly-Pro-Cys-Lys).  Trx-1 is expressed both within the cytoplasm 

and the nucleus of the cell.  Trx-1 does not contain a nuclear localization sequence and 

the exact mechanism for its translocation to the nucleus is currently not well defined.  It 

is believed to be carried into the nucleus bound to a protein that does have a nuclear 

localization sequence (30, 31).  Trx-2 contains a mitochondrial translocation signal and is 

therefore expressed within the mitochondria where it reduces and removes mitochondrial 

ROS and oxidant damage.  A 32-kDa Trx-like cytosolic protein (p32TrxL) and a 

membrane bound Trx protein have also been described (31-34).     
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 Trxs act as antioxidants in the cell by removing ROS, through the reduction of 

Trx peroxidases, and preventing oxidative damage.  The Trxs’ active site undergoes 

reversible oxidation to the cysteine-disulfide (Trx-S2) form via the transfer of reducing 

equivalents to a disulfide substrate (X-S2).  Oxidized Trx is then reduced back to the 

cysteine-thiol form [Trx-(SH)2)] by the flavoprotein Trx reductase (TR) and NADPH.  

The redox reactions are as follows: (1) 

Trx-(SH)2 + X-S2 � Trx-S2 + X(SH)2

TR 
Trx-S2 + NADPH   � Trx-(SH)2 + NADP+

Trx reductases are homodimeric flavin adenine dinucleotide-containing proteins with a 

C-terminal selenocysteine (SeCys) (35, 36).  SeCys is essential for the full activity of the 

Trx reductases (1).  There are currently two members of the the Trx reductase family, 

TR-1, which is a cytoplasmic expressed protein, and TR-2, which is expressed in the 

nucleus (1).  

 As summarized in Figure 1 Trx-1 has many biological roles within the cell.  Trx-

1 can act as a growth factor and stimulates the growth of lymphocytes (37), normal 

fibroblasts (38), and many tumor cell lines (39).  Trx-1 secretion is not well understood 

but it is secreted by many cells including:  lymphocytes, hepatocytes, fibroblast, and 

cancer cells (40, 41).  Trx-1 does not bind a membrane receptor and appears to stimulate 

cellular growth by sensitizing cells to other growth factors produced by the cell itself 

(42).  Trx-1 expression enhances the effects of numerous cytokines (IL-2, IL-6, IL-8, and 

TNF-α) as well as basic fibroblast growth factor (bFGF) (36). 
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Figure 1:  The biological roles of Trx-1.  Reduced Trx-1 can be secreted from the cell 

where it has growth factor like effects on cells.  Reduced Trx-1 can act as an antioxidant 

and remove ROS, such as H2O2, by the reduction of Trx peroxidases.  Trx-1 acts as a 

cofactor for ribonucleotide reductase, an important enzyme in the production of DNA.  

Trx-1 can also bind to a number of proteins altering their function and can activate many 

different transcription factors. Figure from (31).   
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 Trx-1 acts as a cofactor by providing a source of reducing equivalents for 

ribonucleotide reductase (43).  Ribonucleotide reductase catalyzes the conversion of 

nucleotides to deoxynucleotides in the initial step of DNA synthesis (44).  Trx-1 is an 

antioxidant and can reduce cellular H2O2 (45).  Trx-1 acts to remove H2O2 through the 

reduction of oxidized Trx peroxidase.  Trx peroxidases are antioxidant proteins in the 

peroxiredoxin (PRDX) family.  PRDXs use thiol groups as reducing equivalents to 

scavenge oxidants (46). 

 Trx-1 can bind, through redox reactions, a variety of proteins through disulfide 

bond formation between Trx-1’s catalytic-site cysteine and cysteines on another protein 

(31).  Trx-1 binding can result in either activation or inhibition of protein activity.  Trx-1 

can bind apoptosis signal-regulating kinase 1 (ASK1), an activator of the MAPK pathway 

responsible for TNF-α induced apoptosis.  Trx-1’s binding inhibits its activity and 

therefore inhibits ASK1 induced apoptosis (31, 47).  Trx-1 can bind and activate a 

number of transcription factors including:  NF-κB, glucocorticoid receptor, AP-1, p53, 

and Sp1 (31).  Transcription factor DNA binding requires that the three-dimensional 

structure of the transcription factor DNA binding domain be in the proper conformation.  

This conformation is often maintained through cysteines.  Under oxidative conditions, 

these cysteines will become oxidized and the three-dimensional structure of the DNA 

binding domain will be lost, resulting in decreased transcription factor DNA binding.  

Trx-1 can reduce the cysteines within this region restoring the three-dimensional 

structure inducing DNA binding and transcription factor activity.    

 Trx-1 is overexpressed in a variety of tumors including:  lung, colon, cervix, 

gastric, and myeloma (1).  Trx-1 overexpression is associated with increased cellular 



21

growth and survival.  Mouse WEHI7.2 cells that overexpress Trx-1 form tumors in 

immunodeficient scid mice more rapidly and show less apoptosis than non-Trx-1 

expressing cells (48).  A redox inactive Trx-1, C32S/C35S, acts as a dominant negative to 

inhibit Trx-1 action, and its expression prevents MCF-7 xenograft growth in scid mice 

(49).  Trx-1 expression has been associated with decreased patient survival in non-small 

cell lung cancer (50) and colorectal cancer (51).  It has recently been demonstrated that 

Trx-1 expression results in increased vascular permeability in tumor xenografts (52) and 

that Trx-1 can regulate HIF-1α protein levels (53).   

 Several inhibitors of Trx-1 have been developed (54-56).  One potent Trx-1 

inhibitor, PX-12 works by irreversibly thioalkylating the Cys73 of Trx-1 (57).  PX-12 

results in inhibition of the Trx-1-dependent growth (55) and has antitumor activity 

against human tumor xenografts in scid mice (57). PX-12 has currently finished Phase I 

clinical trials where it demonstrated tumor regression and stable disease.   

 The effects of Trx-1, as with many antioxidants, is dependent upon the extent of 

ROS induced oxidant damage.  During early cellular transformation, the effects of ROS 

are dependent upon the concentration of ROS and for how long the cell is exposed to the 

ROS.  At low doses over short periods of time, ROS can induce signal transduction 

pathways resulting in enhanced proliferation and increased carcinogenesis (Figure 2).  

As a cell becomes more proliferative, ROS can induce DNA damage resulting in 

increased genetic instability further promoting cancer development.  Trx-1 expression in 

these early proliferating cells would inhibit ROS production and oxidant damage and help 

prevent cellular transformation.   
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Figure 2:  The effects of ROS concentration over time on cellular transformation.  At 

low levels over short periods of time ROS induces signal transduction pathways that 

result in an increase in cellular proliferation.  Trx-1 expression, at this time, acts to 

prevent tumor development.  In a tumor environment, high ROS concentrations over 

extended periods induce cellular damage that results in cellular death.  Trx-1 expression 

at this time prevents cellular damage and acts to promote tumor growth. Modified from 

(2).  
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In tumor cells, ROS production is increased resulting in increased oxidant damage 

to cellular proteins, lipids, and DNA.  Over time, this further induces signal transduction 

pathways resulting in either activation of cellular apoptosis or necrosis.  In this setting, 

Trx-1 expression reverses the ROS induced oxidant damage, and thereby prevents 

cellular death and promotes continued tumor growth.  ROS can therefore induce cellular 

transformation at low concentrations over short periods of time in normal cells, as well as 

activate cellular death at high ROS concentrations sustained over longer periods of time 

in tumor cells.  Thus, the effect of cellular antioxidants, such as Trx-1, depends on when 

during the course of cancer development they are expressed.  

 

Sp1 
 Zinc finger transcription factors are some of the many proteins that are subject to 

oxidative damage and therefore subject to redox regulation by Trx-1.  Zinc finger 

proteins are one of the largest classes of DNA-binding proteins (58, 59) and they all 

contain essential cysteine residues as part of the metal-binding, DNA-intercalating finger 

domain (60, 61).  Oxidation of these cysteine thiol groups within the zinc finger domain 

eliminates zinc binding and incorporation, resulting in the disassembly of the secondary 

structure and destruction of the DNA binding properties (62).  Sp1’s DNA binding 

domain consists of three zinc fingers of the Cys2His2 type, as demonstrated in Figure 3 

(60).  These cysteines are redox sensitive and oxidizing agents such as H2O2 and diamide 

prevent Sp1 DNA binding (63).  Increased oxidation not only prevents Sp1 DNA binding 

but also results in the loss of Sp1 dependent gene expression.  Sp1 dependent expression 



24

 
Figure 3:  Stereoview of the Sp1 DNA binding domain bound to a Sp1 DNA binding site 

in the wt1 promoter.  Zinc ions are shown as purple spheres and carbon atoms are colored 

in green.  For clarity, only the side chains of residues involved in DNA sequence 

recognition are shown.  Modified from (64).  
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of SV40, β-enolase, and dihydrofolate reductase (DHFR) is inhibited with both H2O2 and 

diamide treatment (65).  We and others have shown that Trx-1 can enhance Sp1 DNA 

binding and this enhancement can regulate Sp1 mediated gene expression (66, 67).   

 Sp1 was the first mammalian transcription factor to be cloned (60).  It binds to 

GC rich cis-acting DNA elements such as GC-boxes (GGGGCGGGG) and the related 

GT/CACCC-box (GGTGTGGGG) (68), collectively known as Sp1 DNA binding sites.  

Sp1 DNA binding sites are often found in TATA-less promoters and Sp1 binding can 

recruit the TATA-binding protein, fixing the transcriptional start site, and initiating 

transcription (69).  Sp1 is a member of the larger Sp/ Kurppel-Like Factor (KLF) family 

of transcription factors. The Sp subfamily contains four family members (Sp1, Sp2, Sp3, 

and Sp4) all of which share the conserved Cys2His2 DNA binding domain.  Sp1, Sp3, and 

Sp4 are all more closely related than Sp2, and therefore all three recognize the Sp1 DNA 

binding sites (68).  The KLF subfamily of transcription factors contain at least twenty 

members and share homology with Sp1 in the C-terminal binding domain (69).  All of the 

Sp1/KLF family of transcription factors recognize Sp1 DNA binding sites: however, the 

Sp subfamily has a higher preference for the GC-boxes than to the CACCC-boxes (69).   

The Sp proteins are ubiquitously expressed in all tissues and can act as 

transcriptional activators or repressors.  Electron microscopy has determined that Sp1 

forms a tetramer upon DNA binding and that this tetramer can recruit other Sp1 tetramers 

to the promoter.  This tetramer stacking is able to link the proximal and distal enhancing 

areas of the promoter, which strongly recruits transcriptional machinery proteins, and 

significantly enhances gene transcription (70).  The Sp1 complex is primarily a homo-
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tetramer but reports of Sp1/Sp3 hetero-tetramer complexes have been made and may be 

cell type specific or cellular-stage-dependent (71).   

Sp1 is primarily a transcriptional activator whereas Sp3 is both an activator and a 

repressor.  Sp3 is expressed to the same extent as Sp1 and because of the structural 

homology, it binds the same cis acting Sp1 DNA binding sites as Sp1 (68).  Sp3 binding 

can activate gene transcription, but does not appear to form the same secondary tetramer 

and stacked tetramers as Sp1 does (71, 72).  It is therefore a weaker activator of 

transcription than Sp1 (68).  Sp3 DNA binding is therefore often considered to repress 

gene transcription because it prevents the binding and activation by Sp1.   

The structure and the arrangement of the Sp1 DNA binding sites within the 

promoter also seem to determine Sp3 activity.  Promoters that contain a single Sp1 DNA 

binding site are activated by Sp3 binding, whereas, promoters containing several Sp1 

DNA binding sites are often repressed by Sp3 binding (68).  Therefore activation of gene 

transcription via Sp1 DNA binding sites is dependent on both promoter structure and 

what Sp family member binds.  The ratio of Sp1/Sp3 proteins levels is variable amongst 

different cell and tissue types and has been demonstrated to change under certain cellular 

stresses, such as hypoxia (73).  A higher Sp1 ratio would favor Sp1 DNA binding and 

subsequently induce gene activation; whereas, a higher Sp3 ratio would cause an increase 

in Sp3 DNA binding and subsequent inhibition of gene transcription.    

Sp1 DNA binding sites are found in many promoters throughout the genome 

including many housekeeping genes (74).  This led to the notion that Sp1 acts as a basal 

transcription factor in constitutively expressed genes.  However, recent evidence has 
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demonstrated that Sp1 activity is regulated by many post translational modifications and 

Sp1 activation is part of a more coordinated regulation of gene expression (69).   

There are several different mechanisms that regulate Sp1 activation.  Sp1 can be 

phosphorylated by a variety of kinases, including members of the AKT/PI3K and MAPK 

pathways.  There are many different phosphorylation sites on Sp1 and phosphorylation 

may either cause activation or repression of Sp1 activity.  For example, Cyclin A/cdk2 

can phosphorylate Sp1 resulting in increased Sp1 DNA binding and increased gene 

activation during the S phase of the cell cycle (75).  Protein kinase CK2, on the other 

hand, phosphorylates Sp1 which results in reduced Sp1 DNA binding and decreased Sp1 

transactivation (76).   

Sp1 can also be glycosylated with the addition of O-linked N acetylglucosamine 

at serine and threonine residues (71, 77).  Glycosylation can inhibit Sp1 transactivation 

by preventing Sp1 interactions with other transcriptional activating proteins, such as the 

TATA-binding-protein-associated factor (TAF10) (78).  Glycosylation also can inhibit 

Sp1 phosphorylation (71).  Sp1 is found in both the nucleus and the cytoplasm and 

glycosylation results in increased nuclear translocation (71, 79).  Sp1 DNA binding and 

transactivation can also be increased via acetylation and inhibition of histone 

deacetylases (HDACs) increases Sp1 activity (71, 80).  

Sp1 DNA binding sites are found in the promoters of many genes that are 

important for cellular growth and cancer development.  Sp1 activity is required for the 

expression of growth factors such as insulin-like growth factor (IGF) binding protein 2, 

vascular/endothelial growth factor (VEGF), thymidine kinase, and serum response factor 

(69).  As discussed in chapter three, Sp1 activity is also required for the expression of 
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growth factor receptors, such as IGF-IR and EGFR (81-83).  Expression of dominant 

negative Sp1 inhibits cellular growth in HeLa cells (84) and preventing Sp1 DNA 

binding, via decoy oligos, reduces invasiveness and proliferation of A549 lung 

adenocarcinoma and U251 glioblastoma cells (85).  Sp1 activity also promotes cellular 

survival and coordinates with protection against ionizing radiation-induced apoptosis 

(86).  Sp1 is overexpressed in gastric adenocarcinoma where its overexpression is closely 

related to advanced stage, depth of tumor infiltration, as well as poor patient outcome 

(87).  Sp1 expression in pancreatic adenocarcinoma results in increased tumor 

angiogenesis and contributes to the aggressive nature of this cancer (88).   

 

Statement of the problem 
 Clearly, an association between Trx-1 overexpression and tumor proliferation and 

survival exists.  Trx-1 is overexpressed in many cancers and this results in increased 

proliferation, decreased apoptosis, drug resistance, and decreased patient survival (1).  

However, the exact mechanisms by which an antioxidant, such as Trx-1, induces 

proliferation and survival are not fully understood.  In this report, I will discuss how Trx-

1 is able to activate the transcription factor Sp1 via redox reactions and that this 

activation leads to expression of growth and survival genes.  Sp1 regulates the expression 

of many genes involved in cellular growth and Sp1 activity has been associated with 

increased cellular proliferation, tumorigenesis, poor patient prognosis, and decreased 

patient survival (69, 87).  A general schematic of how Sp1 is activated and controls 

cellular growth is depicted in Figure 4.
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Figure 4:  General schematic of Sp1 regulation of cellular growth. Sp1 activation occurs 

by two different mechanisms.  First, Sp1 can be activated by signaling pathways via 

phosphorylation or glycosylation.  Sp1 DNA binding only occurs when the cysteine in 

the Sp1 DNA binding domain are reduced.  ROS can oxidize these cysteines preventing 

Sp1 DNA binding.  Trx-1 can reduce these cysteines allowing Sp1 DNA binding to 

occurs.  Therefore Sp1 can also be activated through redox chemistry.  Activated Sp1 is 

able to bind DNA and increase transcription of a variety of genes involved in increasing 

cellular growth such as growth factors, growth factor receptors, and other signaling 

proteins.    

P

Signaling Pathway

growth factors 
growth factor receptors
signaling proteins 

Growth factor receptor

Growth factor

ROS
Trx-1

Sp 1



30

 

The first goal of this study was to determine if Trx-1 could effect Sp1 DNA 

binding and transactivation.  Trx-1, as well as a redox inactive Trx-1 (C32S/C35S) were 

overexpressed in HT-29 colon cancer cells.  With increased Trx-1 expression, as is 

observed in many cancers, Sp1 DNA binding and transactivation was increased.  As a 

transcription factor, Sp1 exerts its effects through the induction of gene expression.  

Therefore, a second goal of this study was to determine which Sp1 responsive growth and 

survival genes Trx-1 affects via Sp1 regulation.  Trx-1 overexpression in HT-29 colon 

cancer cells resulted in an increase in normoxic VEGF, EGFR and IGF-IR expression.  A 

third goal of this study was to determine if Trx-1 inhibition could result in an inhibition 

of these important growth regulator genes.  Treatment of HT-29 colon cancer cells with 

the Trx-1 inhibitor PX-12 resulted in the loss of normoxic VEGF, EGFR, and IGF-IR 

expression, as well as decreased Sp1 DNA binding.  siRNA against Trx-1 exhibited 

similar effects as PX-12 in reducing normoxic VEGF expression.  Inhibition of Sp1 DNA 

binding prevents Trx-1 induction of EGFR and IGF-IR expression.  This work 

demonstrates, in part, the mechanism behind how an antioxidant, Trx-1, can induce tumor 

cell proliferation and survival and provides a partial mechanism by which PX-12 exerts 

its antitumor properties. 
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II.     THIOREDOXIN-1 INCREASES VASCULAR ENDOTHELIAL 
GROWTH FACTOR EXPRESSION UNDER NORMOXIC 

CONDITIONS BY INCREASING Sp1 TRANSCRIPTION FACTOR 
BINDING 

 
Introduction  

Angiogenesis, the process by which tumors develop new blood vessels from 

existing vasculature, is the major mechanism through which growing tumors obtain 

sufficient oxygen, nutrients and exit routes for metastasis (89).  The continuous growth of 

tumors and tumor metastasis requires the induction of a tumor vasculature (89-91).  

Tumors that are larger than 0.5 mm in diameter are unable to receive oxygen and 

nutrients through diffusion and therefore require new blood vessels in order to grow (89).  

Angiogenesis is a multiple step process that occurs in a sequential and interdependent 

manner beginning with the degradation of the basement membrane surrounding the 

capillaries.  This is followed by invasion of endothelial cells into the stroma and the 

tumor microenvironment.  Endothelial cell migration is accompanied by their 

proliferation and three-dimensional organization into a new network of blood vessels 

(92).   

There are several angiogenic proteins that induce and mediate the process of 

angiogenesis.  These molecules selectively alter the characteristics of endothelial cells 

resulting in the creation of the new blood vessels (93).  One of the key proteins involved 

in angiogenesis is vascular endothelial growth factor (VEGF), which initiates the process 

of angiogenesis by recruiting and inducing proliferation of endothelial cells (94).  VEGF 

is over expressed in many human cancers and has been associated with an aggressive 

tumor phenotype (95).  VEGF expression is induced by a variety of factors including loss 
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or inactivation of tumor suppressor genes, activation of onocogenes (96-102), cytokines, 

growth factors (103, 104), hypoglycemia, and hypoxia.  Analyses of the VEGF promoter 

has revealed several different transcription factor binding sites including sites for the 

hypoxia-inducible factor-1 (HIF-1), activator protein-1 (AP-1), activator protein-2 (AP-

2), specificity protein-1 (Sp1), and others (105).  Inhibition of VEGF activity by anti-

VEGF monoclonal antibodies, antisense VEGF mRNA, or VEGF receptor inhibitors, can 

inhibit tumor growth and metastasis (95). 

It is well known that cellular hypoxia (1% O2) induces VEGF expression through 

the nuclear localization of and activation of the transcription factor HIF-1.  HIF-1 binds 

the hypoxia response element (HRE) in the VEGF promoter resulting in increased VEGF 

expression.  However, recent evidence has shown that the transcription factor Sp1 plays a 

large role in the regulation of VEGF expression.  Sp1 is the transcription factor that 

mediates growth factor induction of VEGF.  Hepatocyte growth factor (HGF), which has 

been associated with paracrine amplification of angiogenesis, increases Sp1 

phosphorylation resulting in increased VEGF expression (106).  Activation of the 

PI3K/AKT signaling cascade can also result in an increase in Sp1 phosphorylation 

inducing VEGF expression in an HIF-1 independent manner (107).  

Studies by Keping Xie’s group have shown that gastric cancers expressing high 

levels of Sp1 have high expression of VEGF as well, and this is associated with an 

increase in tumor microvessel density (MVD) (108, 109).  Sp1 expression correlates with 

the different stages of gastric cancer.  Early stages are associated with negative or weak 

Sp1 expression; whereas advanced stages of the disease are associated with strong Sp1 

expression (109).  Sp1, VEGF expression, and MVD formation are all correlated in 
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gastric cancers and result in poor patient survival (108, 109).  Sp1 levels are 

constitutively high in many human pancreatic adenocarcinoma cell lines as well and 

Xie’s group has demonstrated that this is responsible for the constitutively high levels of 

VEGF expression in these cells (88).   

 Human thioredoxin-1 (Trx-1) is a small (104 amino acid) redox protein found in 

the cytoplasm and the nucleus of cells (31). The conserved Cys32-Pro-Gly-Cys35 catalytic 

site of Trx-1 undergoes reversible NADPH-dependent reduction of the Cys residues by 

selenocysteine containing flavoprotein thioredoxin reductases. Cancer cells transfected 

with human Trx-1 grow faster, show less apoptosis (49) and exhibit increased 

angiogenesis (53) compared to cells transfected with a control vector.  Transfection of 

cells with a mutant redox inactive Trx-1 potentiates apoptosis (48) and blocks the growth 

of tumor xenografts in immunodeficient mice (49).   Trx-1 has been found to be over 

expressed in a variety of human primary cancers including lung, colon, cervix, liver, 

pancreatic, and squamous cell cancer, and has been linked to aggressive tumor growth, 

inhibited apoptosis and decreased patient survival (51, 110).  The redox activity of Trx-1 

is responsible for regulating the activity of enzymes, such as apoptosis signal-regulating 

kinase 1 and PTEN (111),  as well as increasing the DNA binding and transactivating 

activity of transcription factors including:  nuclear factor κB (NF-κB), the glucocorticoid 

receptor, AP-1 and p53 (1).  

All growing tumors experience some degree of hypoxia and the response to 

hypoxia is mediated by increased levels of the hypoxia inducible factor-1 (HIF-1).  HIF-1 

is a transcription factor that induces expression of a variety of genes that regulate 

glycolysis, cell survival, metastasis and angiogenesis.  One of the genes regulated by 
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HIF-1 is VEGF (95).  We have shown that overexpression of Trx-1 under conditions of 

hypoxia results in increased HIF-1 protein levels, HIF-1 transactivating activity, and 

increased VEGF production (53).  Thus, part of the action of Trx-1 in stimulating 

angiogenesis may be through a hypoxia-mediated increase in VEGF formation.  

However, cellular VEGF formation can also be hypoxia independent.  In the present 

study, we have investigated whether Trx-1 regulates VEGF formation in colon cancer 

cells under normoxic conditions.  We show that the increased redox dependent binding of 

the Sp1 transcription factor to DNA is responsible for an increase in VEGF formation by 

Trx-1 under normoxic conditions. 

 

Results  
VEGF formation by cancer cells in air and hypoxia  

The overall production of VEGF formation by HT-29 colon cancer cells was (± 

SE) 11 ± 1 pg/mg cell protein when the cells were grown in air for 16 hr and 65 ± 1 

pg/mg cell protein when grown in hypoxia ( p = < 0.01)  (Figure 5).  The HIF-1 inhibitor 

PX-478 at concentrations up to 25 µM almost completely blocked hypoxia dependent 

VEGF formation, but did not block VEGF formation under normoxic conditions (Figure 

5).  Similar results were obtained with MCF-7 human breast cancer cells where the 

VEGF formation was  21 ± 1  pg/mg cell protein in air and 81  ± 2 pg/mg cell protein in 

hypoxia ( p = < 0.01).  Again, only hypoxia dependent VEGF formation was inhibited by 

PX-478 (data not shown). 
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Figure 5:  VEGF formation by HT-29 colon cancer cells in air and hypoxia. HT-29 cells 

were grown for 16 hr in normoxia (20% oxygen; open symbols) or hypoxia (1% oxygen; 

filled symbols) with or without the HIF-1 inhibitor PX-478.  VEGF levels in cell lysate 

(circles) or the medium (triangles) under normoxic or hypoxic were measured by ELISA.   

Data are the mean + SE from 3 experiments.   * shows a significant difference from 

untreated controls under the same condition (p = <0.01).  
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Effect of Trx-1 on Sp1 DNA Binding 

HT-29 cells that were stably transfected with Trx-1 (HT-29/Trx-1) showed a 30% 

increase in cellular Trx-1 protein levels compared to empty vector transfected cells 

(Figure 6A).  An EMSA of nuclear extract from the HT-29/Trx-1 cells showed a 39% 

increase in protein binding to an Sp1 oligonucleotide consensus sequence compared to 

empty vector transfected cells (HT-29/neo) (Figure 6B).  HT-29 cells that were stably 

transfected with redox inactive Trx-1 (HT-29/ C32S;C35S) showed no change in Sp1  

DNA binding (Figure 6B).   Stable transfection of Trx-1 did not alter total cellular Sp1 

protein levels (Figure 6C).  When HT-29 cells were transiently transfected with Trx-1 

siRNA which required 72 hr to lower cellular Trx-1 protein levels to 20% of control 

values (Figure 6D).  At this time there was a 25% decrease in Sp1 DNA binding 

compared to non-transfected or non-targeting siRNA transfected HT-29 cells (Figure 

6E).  Treatment with a Sp1 specific antibody resulted in a clearance of the Sp1 band, 

while clearance was not seen with Sp-3 antibody treatment (Figure 6F).  
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Figure 6:  Effects of Trx-1 on Sp1 DNA binding. A) Western blot showing an increase 

in cellular Trx-1 protein in HT-29/Trx-1 colon cancer cells that were stably transfected 

with a Trx-1 vector compared to HT-29/neo empty vector control cells.   B) An EMSA 

showing Sp1 DNA binding using nuclear extracts from HT-29/Trx-1 cells, HT-

29/C32S:C35S cells and HT-29/neo control cells. C) Western blot showing that Trx-1 

transfection in HT-29/Trx-1 colon cancer cells does not increase cellular Sp1 protein 

levels when compared to wild type HT-29 cells or HT-29/neo empty vector control cells.  

D) Western blot showing Trx-1 in wild type HT-29 cells that were transiently transfected 

72 hr previously with siRNA against Trx-1 (siTrx-1) or non-targeting siRNA controls 

(siCont).   E) An EMSA showing Sp1 DNA binding using nuclear extracts from siTrx-1 

and non-targeting siRNA (siCont) transfected HT-29 colon cancer cells  F) EMSA of  

Sp1 binding in nuclear extracts from HT-29 cells and the effects of treatment with Sp1 or 

Sp-3 antibody.  
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Effect of Trx-1 on Sp1 activity and VEGF expression 

HT-29/Trx-1 cells that were transiently transfected with a Sp1 luciferase reporter 

for 72 hours showed a 70% increase in Sp1 activity ( p < 0.05; Figure 7A) and a 450% 

increase in VEGF mRNA levels, compared to HT-29/neo control cells ( p < 0.01; Figure 

7B).  Transient transfection of HT-29/Trx-1 cells with Sp1 siRNA for 72 hr gave an 80% 

decrease in Sp1 mRNA ( p < 0.01; Figure 7C) and completely prevented the Trx-1 

induced VEGF expression (p < 0.01 Figure 7D).  HT-29 cells treated with PX-12, a Trx-

1 inhibitor showed a dose dependent inhibition of VEGF expression of up to 87% at 50 

µM PX-12 (p < 0.01  Figure 8). 
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Figure 7:  Effects of Trx-1 on Sp1 activity and VEGF expression. A)  Sp1 

transactivating activity in HT-29/neo and HT-29/Trx-1 cells measured using a Sp1 firefly 

luciferase reporter construct relative to a constitutive Renilla luciferase reporter construct 

72 after transfection.  B) VEGF mRNA in HT-29/neo and HT-29/Trx-1 cells measured 

by real time RT-PCR. C) Sp1 mRNA measured by real time RT-PCR in wild type HT-29 

cells transiently transfected with siRNA against Sp1 (siSp1) or non-targeting siRNA 

controls (siCont) for 72 hr.  D) HT-29/Trx-1 cells that were transiently transfected with 

siRNA against Sp1 (siSp1) or non-targeting siRNA controls (siCont) for 72 hr.  VEGF 

mRNA levels were measured by real time RT-PCR.  Trx-1 overexpression increased 

VEGF levels, which is dependant on Sp1 activity for loss of Sp1 returns VEGF 

expression to basal levels.  In all cases values are the means of three experiments and 

bars are SD.  * = p < 0.05, ** = p< 0.01. 
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Figure 8:  Effects of the Trx-1 inhibitor PX-12 on VEGF expression.  Wild type HT-29 

cells were treated with the Trx-1 inhibitor PX-12 for 72 hr and VEGF mRNA measured 

by real time RT-PCR. Values are the means of three experiments and bars are SD.  ** = 

p< 0.01.  
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Effect of hypoxia on Sp1 DNA binding 

 HT-29 cells were exposed to hypoxia (1% O2) for 16 hours.  An EMSA of nuclear 

extracts from hypoxic treated cells did not demonstrate any difference in Sp1 DNA 

binding compared to normoxic treated HT-29 cells (Figure 9). Treatment of nuclear 

protein with Sp1 antibody prior to incubation with the Sp1 oligo, resulted in a 1.5 fold 

decrease in Sp1 DNA binding, indicating specificity of Sp1 binding to the oligo.    
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Figure 9:  Effects of hypoxia on Sp1 DNA binding. EMSA in HT-29 cells treated with 

hypoxia for 16 hours.  Hypoxic treated HT-29 cells did not demonstrate any difference in 

Sp1 DNA binding when compared to normoxia HT-29 cells.  A 2x cold competitor Sp1 

oligo resulted in a loss of detectable Sp1 DNA binding as did treatment of nuclear extract 

with a Sp1 specific antibody. 
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Discussion   
Increased angiogenesis is a major contributor to aggressive tumor growth and 

VEGF has emerged as an important factor regulating the angiogenic response of tumors 

(95).  Considerable attention has focused on the HIF-1 mediated expression of VEGF 

when HIF-1 is increased in tumors under hypoxic conditions or by the constitutive 

expression of HIF-1 (95).  However, as we show for HT-29 colon cancer cells, VEGF is 

also produced under normoxic conditions.  This VEGF formation cannot be mediated by 

HIF-1 since these cells do not have detectable HIF-1 under normoxic conditions (112), 

and pharmalological inhibition of HIF-1α does not decrease normoxic VEGF expression.  

Clearly, a separate mechanism is responsible for VEGF formation under normoxic 

conditions.  In the present study, we have investigated the role of Trx-1 in VEGF 

formation by cancer cells under normoxic conditions.   

Patterns of gene expression led us to suspect that the transcription factor Sp1 

might mediate some of the effects of Trx-1.  Constitutive VEGF expression in human 

pancreatic adenocarcinoma has previously been shown to be dependent on Sp1 activity 

and it was suggested that this could explain the aggressive nature of pancreatic cancer 

(88).  Sp1 is a zinc finger transcription factor that binds to DNA through three zinc 

fingers of the Cys2His2 type that render Sp1 DNA binding redox sensitive (62).  Sp1 

binds GC-rich sequences, such as GC and GT boxes, and Sp1 binding sites are found in a 

number of different genes, including many genes involved in growth regulation (69).  

The VEGF promoter contains two Sp1 binding sites (105). 

We found that transfection of HT-29 human colon cancer cells with human Trx-1 

caused large increases in VEGF mRNA and protein (53) under normoxic conditions.  

This was associated with an increase in Trx-1 mediated DNA binding of the Sp1 
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transcription factor and an increase in Sp1 transactivating activity.  The effect of Trx-1 in 

increasing Sp1 DNA binding required redox activity as shown by the lack of effect with a 

redox inactive mutant Trx-1 on Sp1 DNA binding.  Sp1 DNA binding has been reported 

to be inhibited by treatment with H2O2 (113) and restored by dithiothreitol or 

recombinant human Trx-1 (67).   

 While the increase in nuclear Sp1 DNA binding caused by Trx-1 transfection is 

independent of a change in total Sp1 protein and redox dependent, we cannot preclude 

the possibility that Trx-1’s regulation of Sp1 activity may occur by an indirect 

mechanism.  Recent studies have shown that Sp1 is phosphorylated through an AKT-

dependent mechanism and this phosphorylation results in increased VEGF expression 

(107).  We have previously demonstrated that Trx-1 inhibits the tumor suppressor PTEN, 

an inhibitor of phosphatidylinositol-3-kinase signaling, in a redox dependent manner 

(111).  Inhibition of PTEN by cytoplasmic Trx-1 could result in increased 

phosphatidylinositol-3-kinase signaling, increased AKT activity and activation of Sp1 

activity.  It is therefore possible that cytoplasmic Trx-1 could influence Sp1 activation 

and the expression of Sp1 responsive genes, such as VEGF, through an effect on AKT 

and nuclear Trx-1 could act through a direct effect on  Sp1 binding to DNA.  

 There are numerous lines of evidence pointing towards the importance of Sp1 

transcriptional regulation of VEGF expression.  However, there are several other 

transcription factor binding sites in the VEGF promoter and other transcription factors 

may play a marginal role in VEGF expression.  VEGF expression in response to PDGF 

binding and increases in intracellular calcium (Ca2+) has been shown to be dependent on 

AP-1 activation (105, 114).  AP-1 is another redox regulated transcription factor and is 
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redox regulated by Trx-1 (1).  Trx-1 overexpression results in an increase in AP-1 

transactivation (115).  Trx-1 does not directly regulate AP-1, but rather indirectly through 

its redox regulation of another nuclear redox protein, Ref-1 (116).  Trx-1 can also 

increase the DNA binding of AP-2 in a similar manner (117). 

 The transcription factor NF-κB has also been implicated in the regulation of 

VEGF expression (105).  Reoxygenation following hypoxia has been shown to strongly 

induce NF-κB translocation to the nucleus and activation (118).  NF-κB activation in 

response to advanced glycation end products (AGE) leads to an increase in VEGF 

expression (119).  Oxidized NF-κB is unable to bind DNA (120, 121) and Trx-1 

overexpression results in a reduced NF-κB and increased NF-κB nuclear translocation 

(115, 122). 

 Hypoxia (1% O2) results when tumors grow larger than 0.5 mm in diameter and 

O2 can no longer reach the cells by simple diffusion.  This condition is well recognized as 

inducing VEGF through the translocation of HIF-1α to the nucleus and increased HIF-1 

(HIF-1α and HIF-1β heterodimers) activation.  Studies from our laboratory have shown 

that pharmacological inhibition of HIF-1α results in a marked decrease in hypoxia 

induced VEGF expression (112).  Trx-1 increases hypoxia induced HIF-1 levels and HIF-

1 transactivating activity (53) which is the most likely mechanism for the increase in 

VEGF formation by Trx-1 under hypoxic conditions.  Hypoxia has also been shown to 

increase AP-1 DNA binding and transactivation (123, 124).  Sp1 DNA binding is 

unchanged in response to hypoxia (Figure 9); however, studies have shown that hypoxia 

can reduce levels of the transcriptional repressor Sp3 (73) resulting in preferred binding 

of Sp1 to the GC box and increased Sp1 activation under hypoxia.  It is therefore 
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reasonable to speculate that hypoxic induction of VEGF requires more than HIF-1 

activation and that induction of VEGF may be fine tuned and adjusted by the binding of 

additional transcription factors, such as AP-1 or Sp1, under hypoxic conditions.   

Trx-1 can redox regulate all of the transcription factors implicated in either the 

hypoxic or normoxic expression of VEGF.  Within a growing tumor there are both 

hypoxic and normoxic regions.  Overexpression of Trx-1 within these tumors can result 

in increased transcription factor reduction and increased VEGF expression throughout the 

tumor, i.e. both in normoxic and hypoxic regions of the tumor.  Indeed, we have recently 

reported that inhibition of Trx-1, by the pharmacological inhibitor PX-12, results in a 

decrease in vascular permeability in tumor xenographs that was associated with a 

decrease in VEGF expression throughout the xenograph (52).     

Because Trx-1 is an antioxidant, it is important to mention the role of ROS in the 

induction of angiogenesis.  Hypoxia followed by reoxygenation is a stronge inducer of 

ROS (94).  This induction of ROS has been shown to increase VEGF expression through 

the activation of signaling molecules, such as PKC (94), and transcription factors such as 

NF-κB (94).  As mentioned in chapter one, ROS often can act as secondary messengers 

in the activation of signaling molecules.  Low levels of ROS induced in response to 

hypoxia/reoxygenation play an important role in inducing cytoplasmic signaling 

molecules, resulting in VEGF production.  However, at high concentrations of ROS, or 

prolonged exposure to ROS, damage occurs to transcription factors preventing their 

activity and preventing VEGF expression.  ROS act early in tumor development to induce 

VEGF expression, but over time, as their accumulation results in increased cellular and 

protein damage, inhibition of VEGF expression results.  How Trx-1 regulates VEGF 
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expression therefore depends on when and where Trx-1 is expressed in the development 

of the tumor.  Early expression of Trx-1 in the cytoplasm may prevent VEGF expression 

by acting to prevent ROS secondary messenger actions.  Late Trx-1 expression in the 

nucleus can induce VEGF expression as a result of reduction and activation of the 

transcription factors responsible for VEGF expression, as we show here.    

In summary, our studies show that increased Trx-1 expression, as is found in 

many human tumors, is associated with increased VEGF expression under normoxic 

conditions.  This increased VEGF expression results in increased binding of the Sp1 

transcription factor to DNA and increased Sp1 transactivating activity, and requires a 

redox active Trx-1.  Reducing Trx-1 expression or inhibition of Trx-1 results in decreased 

VEGF expression.  Thus, inhibiting Trx-1 or Sp1 may be a strategy for inhibiting the 

normoxic component of VEGF formation in tumors and, thus, for inhibiting tumor 

growth. 
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III.     THE ANTITUMOR THIOREDOXIN-1 REDOX INHIBITOR                
PX-12 INHIBITS EGFR AND IGF-IR EXPRESSION 

 

Introduction: 
 Human thioredoxin-1 (Trx-1) is a small (104 amino acid) redox protein found in 

both the cytoplasm and the nucleus of cells (31). The conserved Cys32-Pro-Gly-Cys35 

catalytic site of Trx-1 undergoes reversible NADPH-dependent reduction of the Cys 

residues by selenocysteine containing flavoprotein Trx-1 reductases. Cancer cells 

transfected with human Trx-1 grow faster, show less apoptosis (49) and exhibit increased 

angiogenesis (53) compared to empty vector transfected cells.  Transfection of cells with 

a mutant redox inactive Trx-1 potentiates apoptosis (48) and blocks the growth of tumor 

xenografts in immunodeficient mice (49).    

 Trx-1 has been found to be over expressed in a variety of  human primary cancers 

including:  lung, colon, cervix, liver, pancreatic, and squamous cell cancer and has been 

linked to aggressive tumor growth, inhibited apoptosis and decreased patient survival  

(1).  Trx-1 binds in a redox-dependent manner and regulates the activity of enzymes, such 

as apoptosis signal-regulating kinase 1 (47) and PTEN (111) as well as increasing the 

DNA binding and transactivating activity of transcription factors including:  nuclear 

factor κB (NF-κB) (120, 121, 125-127), the glucocorticoid receptor (128, 129), AP-1 

(115), p53 and Sp1 (67).  As I have previously discussed (chapter two), acting through a 

redox dependent mechanism, Trx-1 overexpression results in increased Sp1 DNA binding 

and increased Sp1 transactivation (66).  
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 Sp1 is a zinc finger transcription factor that binds DNA via three zinc fingers of 

the Cys2His2 type that render Sp1 DNA binding redox sensitive(62).  Sp1 DNA binding 

is decreased in nuclear extracts from young rat tissues treated with H2O2. Nuclear 

extracts from aged rat tissues also show decreased DNA binding that can be increased by 

the addition of the reducing agent dithiothreitol (113).  Sp1 binds GC-rich sequences, 

such as GC and GT boxes.  Sp1 binding sites are found in a number of different genes 

including genes involved in growth regulation (69).  Insulin-like growth factor I receptor 

(IGF-IR) and the epidermal growth factor receptor (EGFR) are two critical membrane 

tyrosine growth factor receptors regulated by Sp1.  Both receptor promoters lack a TATA 

or CAAT element and contains several GC rich Sp1 binding sites (81-83).   

 IGF-IR is expressed in most cell types and is responsible for mediating the 

mitogenic, differentiative, and metabolic effects of the two insulin like growth factors 

(IGF):  IGF-I and IGF-II (130).  IGF-I and IGF-II share homology with each other, as 

well as with proinsulin, and both may bind IGF-IR, though the preferred ligand is IGF-I 

(131).   IGF-IR is a tyrosine kinase receptor that shares 60% homology with the insulin 

receptor, but differs completely in structure and function from IGF-IIR (131-133).  IGF-

IR is composed of two identical extracellular alpha-subunits and two identical 

transmembrane beta-subunits linked by disulfide bonds in a beta-alpha-alpha-beta 

heterotetramer (131).  The alpha subunits are where ligand binding occurs and the 

tyrosine kinase activity is found in the beta subunits.  Ligand binding is required for IGF-

IR activation and results in autophoshorylation.  The major downstream substrates 

activated by activation of IGF-IR are the insulin-receptor substrates 1-4 (IRS) (134-137).  

IRS-1 activates two downstream signaling pathways:  the PI3K/AKT pathway and the 
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MAPK pathway.  However, several other substrates are activated by IGF-IR including: 

Src-homology 2 (138), PI3K (139), Grb 10 (140), FAK (141), Crk (142), CrkL (143), and 

SHPTP2 (144) (as shown in Figure 10).  IGF-IR null mice weigh 45% less than wild-

type littermates and generally die after birth due to respiratory failure, indicating that 

IGF-IR is required for organ development and survival (144).  

 IGF-IR has been shown to be critical to tumor cell growth and survival (145-147) 

and is overexpressed in several cancers including:  breast, lung, prostate, pancreatic, and 

colorectal (148-151).  A recent study demonstrated that IGF-IR is overexpressed in 62% 

of patients’ resected gastric cancer samples (152).  IGF-IR expression is also associated 

with an increase in angiogenesis.  Activation of IGF-IR stimulates VEGF expression 

(153, 154) and inactivation of IGF-IR with either monoclonal antibody (154), or 

expression of a dominate negative (155) results in decreased VEGF expression.  IGF-IR 

is overexpressed correlating with increased microvessel density (MVD) in tissue sections 

from gastric cancer patients (152).  IGF-IR activation in colonic cells results in alterations 

in integrin and cell adhesion complexes resulting in increased cellular migration (156).  

IGF-IR stimulation of the AKT and MAPK signaling pathways, via IRS-1, results in 

signals for increased cellular survival and proliferation, respectively.  IGF-IR expression 

is regulated by Sp1 and Sp1 transactivation occurs at the IGF-IR promoter both in vitro 

and in vivo (157, 158).  In addition to its regulation by Sp1, IGF-IR can also be regulated 

in part by Wilm’s tumor suppressor gene product (Wt1) (159, 160).   

 The EGFR is a 170-kDa plasma membrane glycoprotein containing an 

extracellular ligand-binding domain, a single trans-membrane region, an intracellular 

domain with intrinsic tyrosine kinase activity, and a C-terminal tail containing specific 
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Figure 10:  IGF-IR signal transduction pathways.  Once activated, IGF-IR activates 

two primary signal transduction pathways:  the MAPK and PI3K pathways.  

Activation of the PI3K pathway by IGF-IR is mediated through the activation of IRS 

proteins.  Activation of this pathway results in increased cellular survival.  MAPK 

activation is mediated through activation of Shc by IGF-IR.  This pathway is 

responsible for increased cellular growth and proliferation.  As shown above, there 

are other factors and pathways that can be activated by IGF-IR that also contribute to 

cellular growth, proliferation, and survival. Modified from (156).  
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tyrosine sequences needed for SH2-signaling protein binding (161).  EGFR is part of a 

subfamily of four closely related receptors:  EGFR (or ErbB-1), HER-2/neu (or ErbB-2), 

HER-3 (or ErbB-3), and HER-4 (or ErbB-4) (162).  These receptors are widely expressed 

in all tissues and regulate many cellular functions, including mitogenesis, differentiation, 

and cellular survival (161).  EGFR ligands include EGF, amphiregulin, heparin binding-

EGF, betacellulin, and TGF-α (162).  Among these ligands, TGF-α has been most 

characterized and its co-expression with EGFR correlates with poor prognosis in many 

cancers (163, 164).   

 The ErbB family of proteins share homology in their kinase domains, but diverge 

in their extracellular regions and C-terminal tails.  Ligand binding results in dimerization 

and activation of EGFR.  EGFR can form homo or heterodimers with the other ErbB 

family members, resulting in a wide range of signaling activity.  EGFR activation 

activates the MAPK, PLCγ, PI3K/AKT, and STAT signaling pathways, as shown in 

Figure 11 (161).  EGFR expression is necessary for normal cellular growth and EGFR 

knockout mice demonstrate epithelial immaturity, multiorgan failure, and die shortly after 

birth (165).   

EGFR is overexpressed in roughly 30% of all human primary tumors including:  

oral, lung, cervix, prostate, breast, and bladder tumors (161, 166).  EGFR expression is 

associated with disease stage, prognosis, survival, and response to chemotherapy (161).  

In transgenic mice, EGFR overexpression initiates formation of oligodendroglioma and 

breast cancer (167, 168).  EGFR overexpression is mostly attributed to transcriptional 

activation but gene amplification can also occur (161, 169-171).  The EGFR promoter is 

a TATA-less and CAAT less promoter with a high GC content (82, 172).  Several  
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Figure 11:  EGFR signal transduction pathways.  EGFR signaling is highly complex and 

depends upon both the type of ligand binding and the dimerization options.  The known 

ligands for EGFR (1), ErbB 3 (3), and ErbB 4 (4) are indicated.  There are currently no 

known ligands for ErbB (2).  The different dimerization options of EGFR, as indicated by 

the arrows above (thick arrows represent homodimers, whereas thin arrows represent 

heterodimers), can result in the activation of any one of the indicated signaling pathways.  

The activation of these pathways can induce many different cellular responses, as 

indicated.  Modified from (161). 
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transcription factors have been implicated in EGFR regulation, such as EGF-1, p53, p63, 

estrogen, and vitamin D receptors; however, Sp1 binding is necessary for EGFR 

expression (82, 173-175).   

Several inhibitors of Trx-1 have been developed, including PX-12 (54-56).  PX-

12 treatment results in an irreversible thioalkylation of Cys73 of Trx-1 (57) and has been 

shown to inhibit Trx-1 dependent and serum stimulated cancer cell growth (55, 176) and 

in both animal (57) and clinical models (177).  Because Sp1 DNA binding is redox 

sensitive and regulated by Trx-1, we have investigated the effects of PX-12 upon Sp1 

DNA binding and activity and demonstrate in cells the down regulation of EGFR and 

IGF-IR expression.   

 

Results 
Inhibition of EGFR and IGF-1 Rexpression   

A 72 hour treatment with 10, 25 or 50 µM PX-12 resulted in a 3.0, 3.6 and 3.6 

fold decrease in EGFR mRNA compared to non-treated cells (Figure 12A) and a 11%, 

23% and 27% decrease in EGFR protein levels, respectively (Figure 12B).  The same 

treatment gave a 1.99, 2.33 and 2.35 fold decrease in IGF-IR mRNA (Figure 12C) and a 

10%, 17% and 44% decrease, respectively in IGF-1R protein (Figure 12D).  
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Figure 12:  PX-12 inhibition of EGFR and IGF-IR expression. HT-29 human colon 

cancer cells were treated with 10, 25 or 50 µM PX-12 or vehicle control.  Seventy-two 

hours after treatment cells were harvested and RNA and protein was isolated.  A) Real-

time RT-PCR analysis demonstrated that EGFR mRNA decreased 3.01, 3.58 and 3.57 

fold with 10, 25 or 50 µM PX-12 respectively (p <0.005, all cases).  B) Western blot 

analysis indicates that 10, 25 or 50 µM PX-12 treatment decreases EGFR protein by 

11%, 23% and 27% respectively.  C) Real-time RT-PCR analysis demonstrated that IGF-

IR mRNA decreased 1.99, 2.33 and 2.35 fold with 10, 25 or 50 µM PX-12 respectively (p

< 0.01, all cases). D) Western blot analysis indicates that 10, 25 or 50 µM PX-12 

treatment decreases IGF-IR protein by 10%, 17% and 44% respectively.  Values are the 

mean of three experiments and bars are STDEV.  
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Inhibition of Sp1 DNA binding 

Having demonstrated that Sp1 responsive genes are inhibited by PX-12 treatment 

we investigated the effects of PX-12 on Sp1 DNA binding.  An EMSA of nuclear extracts 

from HT-29 treated with 10, 25 or 50µM PX-12 for 72 hours showed a 0%, 41% and 

67% decrease, respectively, in Sp1 DNA binding compared to non-treated cells (Figure 

13A).  Treatment with a Sp1 specific antibody resulted in a clearance of the Sp1 band 

(Figure 13B).  PX-12 treatment did not decrease total Sp1 protein in the cell (Figure 

13C).   
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Figure 13:  PX-12 inhibition of DNA binding.  HT-29 human colon cancer cells were 

treated with 10, 25 or 50 µM PX-12 or vehicle control (0 µM) for 72 hours.  A) Nuclear 

protein was harvested and EMSA was performed.  25 or 50 µM PX-12 decreased Sp1 

DNA binding 41% and 67% decease respectively compared to vehicle treated control.  

Ten µM PX-12 did not inhibit Sp1 DNA binding.  B) Nuclear protein from HT-29 cells 

were incubated with antibodies against either Sp1 or Sp3.  Sp1 antibody treatment 

resulted in decreased protein binding and clearance of the band.  Sp3 antibody treatment 

does not result in a clearance of the band, indicating Sp1 protein specificity.  C) Western 

blot for Sp1 with protein extracts from HT-29 cells treated with 10, 25 or 50 µM PX-12.  

Western indicates that decreased Sp1 DNA binding is not due to decrease in total Sp1 

protein levels.  
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Inhibition of Sp1 transactivation    

Having shown that PX-12 can decrease Sp1 DNA binding, we wanted to 

determine whether treatment could inhibit Sp1 transactivation as well.  To accomplish 

this, a luciferase reporter construct, driven by Sp1 consensus binding sequences was 

transfected into HT-29 cells.  Sp1 activity was induced by trichostatin A (TSA) 

treatment. TSA, a HDAC inhibitor, has been shown to increase Sp1 acetylation resulting 

in increased Sp1 activity (178).  Sp1 transactivating activity, as measured with a Sp1-

luciferase reporter, was induced 84 fold (p = 0.002) by a 16 hour treatment with TSA 100 

ng/ml. Treatment with 25 and 50 µM PX-12 inhibited TSA induced Sp1 activity by 93% 

and 94% respectively (Figure 14). 
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Figure 14:  PX-12 inhibition of Sp1 transactivation. HT-29 human colon cancer cells 

were transiently transfected with either a luciferase construct driven by a Sp1 consensus 

binding site (Sp1) or a promoter less control vector (neo).  Four hours after transfection, 

cells were treated with 10, 25 or 50 µM PX-12.  Sixteen hours prior to cellular harvest 

cells were treated with 100 ng/ml TSA to induce Sp1 transactivation.  Seventy two hours 

after transfection cells were harvested and a luciferase assay was performed.  100 ng/ml 

TSA induced Sp1 activity 84 fold (p = 0.002) compared to non-treated control.  25 and 

50 µM PX-12 treatment inhibited TSA induced Sp1 activity by 93% and 94% 

respectively (p = 0.002).  Ten µM PX-12 had no effect on Sp1 transactivation.  Values 

are the mean of three experiments and bars are STDEV. 
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Inhibition of Trx-1 induced EGFR and IGF-IR expression by a pharmacological Sp1 

inhibitor 

HT-29 colon cancer cells were transfected with either a Trx-1 expression vector 

(Trx-1) or the empty vector control (Neo).  Trx-1 transfection resulted in 1.5 fold 

induction of EGFR mRNA expression as measured by Real-Time RT-PCR (Figure 15A).

Similarly, Trx-1 transfection resulted in a 1.42 fold induction of IGF-IR RNA expression 

(Figure 15B).  To verify that the Trx-1 induction of EGFR and IGF-IR were dependent 

on Sp1 activity, Trx-1 transfected cells were treated with 200 ng Mithramycin A.  

Mithramycin A is a G-C specific DNA binding antibiotic that has been shown to inhibit 

Sp1 activity by preventing Sp1 DNA binding (179).  Inhibition of Sp1 activity with 

Mithramycin A treatment, resulted in a complete loss of Trx-1 induced EGFR expression 

(Figure 15A) as well as a complete loss of Trx-1 induced IGF-IR expression (Figure 

15B).
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Figure 15:  Mithramycin A inhibition of Sp1 abrogates Trx-1 induction of EGFR and 

IGF-IR expression. HT-29 cells were transfected with a Trx-1 expression vector (Trx-1) 

or empty vector (neo).  The cells were treated with either 200ng Mithramycin A (Mith. 

A) or vehicle control 16 hours before cellular harvest.  A) Real-Time RT-PCR analysis 

indicates that Trx-1 overexpression results in a 1.5 fold (p = 0.001) induction of EGFR 

message.  Mithramycin A treatment in the Trx-1 transfected cells returns EGFR 

expression to basal levels.  B) Real-Time RT-PCR analysis indicates that Trx-1 

overexpression results in a 1.42 fold (p = 0.001) induction of IGF-IR message.  

Mithramycin A treatment in the Trx-1 transfected cells returns IGF-IR expression to 

basal levels.  Error = STDEV.  
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Discussion 
Oxidative stress is induced in tumors as a result of increased growth, and hypoxia 

and reoxygenation (94).  Transcription factors, especially zinc finger transcription 

factors, are subject to oxidative damage and this often results in loss of DNA binding, 

transactivation, and subsequently decreased gene transcription (62).  Overexpression of 

reducing proteins, such as Trx-1, is one mechanism in which tumors can overcome this 

oxidative damage and continue to proliferate (1).  Increased levels of Trx-1 are associated 

with increased cellular growth and decreased apoptosis (1).  Trx-1 is overexpressed by 

several human cancers (110, 180-182) and has been associated with decreased patient 

survival in both non-small cell lung cancer (50) and colorectal cancer (51, 110). 

Inhibition of Trx-1, therefore, is an attractive target for decreasing cellular growth 

and proliferation.  PX-12, a selective inhibitor of Trx-1, has completed Phase I clinical 

trials, where it demonstrated tumor regression and stable disease (180) and is currently in 

Phase II clinical trials.  We have shown that treatment of HT-29 colon cancer cells with 

PX-12 significantly decreases both EGFR and IGF-IR mRNA and protein levels both in 

vitro and in vivo. This inhibition correlates with the inhibition of Sp1 DNA binding and 

transactivation by PX-12 treatment without a change in Sp1 protein levels.   

Sp1 was the first mammalian transcription factor to be cloned and the abundance 

of Sp1 binding sites in the promoters of many housekeeping genes led to the notion of 

Sp1 as a basal transcription factor (69); however, Sp1 activity is highly regulated by both 

glycosylation and phosphorylation and has been shown to play a role in the regulation of 

many growth associated genes (69) including EGFR (82, 175) and IGF-IR (157, 158). 

We have recently reported that VEGF expression, which is regulated by Sp1, is also 

inhibited by PX-12 treatment (66).  A dominant negative Sp1 inhibited the growth of 
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HeLa cells while Sp1 site decoy oligonucleotides decreased invasiveness and 

proliferation of A549 lung adenocarcinoma and U251 glioblastoma cells (69).  Sp1 

overexpression has been reported in pancreatic (88) and gastric cancers (87).  Its 

expression in gastric cancer has been correlated with a more angiogenic phenotype, 

increased VEGF expression, advanced stage of the disease, and poor patient survival 

(108, 109).  The overexpression of Sp1 in gastric cancer has been associated with 

increased IGF-1R and inhibition of Sp1, via siRNA, resulted in decreased IGF-IR 

expression and smaller tumors (152). 

Because receptor tyrosine kinases (RTKs) mediate growth factor-induced 

tumorigenicity by activating downstream signaling pathways, they have become 

attractive targets for therapeutic interventions (183).  This target-directed therapy is 

anticipated to become a better alternative to the conventional non-targeted treatments and 

their related undesirable side effects.  Current strategies for inhibiting RTK include 

antibodies, small molecular inhibitors, dominant-negative mutants, and antisense 

molecules.  Targeting the EGFR has proven to be clinically advantageous and both 

antibody (Cetuximab) and small molecule inhibitors (Iressa) are currently in clinical trials 

(183-185).  Similar treatments are being developed to inhibit IGF-IR activity.  Several 

mouse and human antibodies, as well as small molecule inhibitors, have been developed, 

but show cross reactivity with the insulin receptor and have therefore not moved out of 

the pre-clinical testing (186).   

Targeting the receptor protein prevents protein activity, and therefore activation 

of downstream signaling; however, in many cancers RTK, such as EGFR and IGF-IR, are 

continually transcriptional activated.  This increase in protein production is often due to 
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increased transcription factor activity as a result of altered signaling by activation of 

oncogenes or loss of tumor suppressor genes.  This type of targeted drug treatment does 

not prevent new proteins from being produced and therefore these drugs will need to be 

continually administered and with the possibility of dose escalation concurrent with the 

increased RTKs expression.  Combination treatment with a therapeutic that may prevent 

new protein production, targeting both the active protein and preventing increased protein 

expression, may lead to greater therapeutic effects with lower drug doses.  PX-12’s 

ability to prevent EGFR and IGF-IR expression, via Sp1 oxidation, represents a novel 

mechanism to prevent transcription factor activation and protein expression.  PX-12 

therefore would make a good therapeutic agent for combination therapy administered 

with the current targeted EGFR inhibitor and forthcoming IGF-IR inhibitors.   

In summary, our studies, taken together with our earlier report that Trx-1 

increases Sp1 binding and transactivating activity suggest that the inhibition of Trx-1 by 

PX-12 is responsible for the decrease in Sp1 DNA binding and transactivation.  This 

inhibition subsequently results in a decrease in the expression of EGFR and IGF-1R.   

Given the important role that EGFR and IGF-IR are thought to play in tumor growth the 

ability to inhibit the expression of these receptors through inhibition of Sp1 may be 

critical to the antitumor activity of PX-12.   
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IV.    CONCLUDING DISCUSSION 
 

The role of ROS and oxidative stress in disease and aging is well defined.  As 

discussed in the chapter one, ROS production occurs in both normal and cancer cells 

resulting as by-products of both endogenous cellular metabolic pathways and from 

exposure to exogenous pollutants (2).  The role of ROS in cellular biology is vastly 

complex and their effect on cells depends largely on the concentration of ROS and the 

duration of cellular exposure to ROS.  At low levels over short periods of time, ROS can 

act as secondary messengers enhancing cellular proliferation signaling pathways.  

Receptor binding to receptor tyrosine kinases, results in a localized burst of ROS that in 

turn facilitates phosphorylation and activation of the receptor (2).  ROS can also 

inactivate protein tyrosine phosphatases, preventing them from being able to deactivate 

signaling molecules such as receptor tyrosine kinases (2).  Indeed, it is currently thought 

that the ROS induced by ligand binding to receptor tyrosine kinases results in prolonged 

receptor phosphorylation via the inactivation of protein tyrosine phosphatases.  ROS can 

also activate many signaling pathway kinases, such as the MAPK ERK (2).  This 

activation results in downstream activation of transcription factors and ultimately 

increased cellular proliferation. 

 At higher concentrations over a prolonged length of time, ROS can result in DNA 

damage.  ROS induced DNA damage can result in either DNA strand breaks or the 

formation of DNA adducts such as 9-oxo-dG (7).  If left unrepaired, or repaired 

incorrectly, mutation of the DNA will result.  If these mutations occur in either 

oncogenes or tumor suppressor genes increased cellular proliferation and carcinogenesis 

may occur.  This concentration of ROS over longer periods of time leads to extended 
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cellular damage not only to DNA but also to cellular lipids and proteins.  This ROS 

induced damage is currently thought to be a factor in the mechanism behind cellular 

aging (23).  The use of antioxidants has therefore become quite common as a means to 

remove ROS prior to cellular damage and helps prevent the effects of aging or to prevent 

diseases such as cancer.  Antioxidant vitamins, such as vitamins A, C, and E, are 

currently being taken as antiaging remedies in the form of both oral and topical creams.  

Indeed, in this type of cellular environment, where ROS levels are relatively low and the 

cell is not carcinogenic, antioxidants are protective against cellular damage. 

 Cells have evolved their own forms of antioxidants to counter the negative effects 

of ROS induced damage.  These defenses include enzymatic proteins (SOD, mnSOD, and 

catalase) as well as redox coupling systems designed to reduce oxidized cellular 

molecules.  There are three main intracellular redox coupling systems:  1) NAD(P)H/ 

NAD(P)+, 2) GSH/GSSG (the glutathione system), and 3) Trx(SH)2/TrxSS (the 

thioredoxin system).  The functional expression of these systems has been shown to 

reduce ROS and oxidative damage in cells (187). 

 However, in many cancers, ROS are vastly increased within the cellular 

environment due to:  increased metabolism as a result of increased cellular proliferation, 

infiltrating immune cells that release ROS in an attempt to cause cellular death, 

reoxygenation after hypoxia, and finally due to environmental stresses such as 

chemotherapy.  This higher concentration of ROS in cancer induces a greater amount of 

cellular damage and results in cellular death by apoptosis or necrosis (24, 26).  This ROS 

induced cellular death is beneficial within the tumor environment as it prevents continued 

tumor growth.  Accordingly, many chemotherapies work by inducing cellular death by 
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increasing ROS.  Ionizing radiation kills cells in this manner, by inducing ROS, as do 

some chemotherapies, such as the classical procarbazine and the more recent buthionine 

sulfoxiamine (188).  In fact, several recent studies have indicated that cancer therapy is 

less effective in patients who are taking antioxidants in conjunction with their 

chemotherapies (189).   

 Antioxidants within the tumor microenvironment can prevent ROS induced 

cellular death and act to promote continued cancer development.  Trx-1 can act to remove 

ROS via the reduction of peroxiredoxins (PRDXs) and prevents the oxidant damage of 

many proteins.  Trx-1 is overexpressed in many tumors and its overexpression correlates 

with increased cellular proliferation, decreased apoptosis, and decreased patient survival 

(1).  Trx-1 has been shown to activate and regulate many important proteins that play a 

role in cancer growth and survival such as ASK1 (31), Hif-1α (53), and, as demonstrated 

in this work, Sp1.   

Sp1 is a zinc finger transcription factor that is responsible for the regulation of 

many genes that promote cellular growth.  As with all zinc finger transcription factors, 

Sp1 is redox sensitive and oxidative damage results in a loss of its DNA binding, 

transactivation, and transcriptional activation of genes (62).  As reported here, Trx-1 

expression results in increased Sp1 DNA binding and increased Sp1 transactivation.  This 

increase in Sp1 activity results in the increase in expression of genes important to cellular 

survival (VEGF) and cellular growth (EGFR and IGF-IR).   

Previous studies from our group have indicated that Trx-1 expression results in an 

increase in the pro-angiogenic growth factor VEGF (53).  Indeed, overexpression of Trx-

1 in tumor xenografts in mice results in increased tumor permeability and vascularization 
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(52).  Trx-1 is able to increase HIF-1α protein levels and this may account for part of the 

increase seen in VEGF levels under hypoxia (53).  However, within tumors there are both 

hypoxic and normoxic regions and VEGF can be expressed in both of these areas.  

Normoxic expression of VEGF may add to the hypoxic expression of VEGF and further 

induce angiogenesis within the tumor.  We have shown that VEGF is expressed by HT-

29 cells under normoxic conditions and that this is independent of HIF-1α expression.   

The VEGF promoter contains several Sp1 binding sites and Sp1 has been 

previously demonstrated to play a role in VEGF expression.  We demonstrate that Trx-1 

can regulate the normoxic expression of VEGF through its regulation of Sp1 DNA 

binding and transactivation.  Trx-1 can therefore regulate VEGF expression under both 

hypoxic and normoxic conditions.  As discussed in chapter one, Sp1 binding results in 

activation and recruitment of the transcriptional co-activator machinery and several 

studies have shown that Sp1 can further activate or enhance the transcriptional activity of 

other transcription factors, such as the estrogen receptor (71).  Sp1 binding to the VEGF 

promoter in hypoxia may enhance and increase HIF-1 binding and induction of VEGF.  

Therefore, full VEGF expression may rely on the activities of both Sp1 and HIF-1.    

A future direction for this work will be to determine what role Sp1 plays in 

hypoxia.  As studies with the VEGF promoter indicate, Sp1 may be an important 

enhancer of HIF-1 mediated induction in hypoxic genes, as demonstrated for the retinoic 

acid receptor-related orphan receptor α4 gene (190) .  As mentioned earlier, Sp1 levels 

do not change in hypoxia (73) and we demonstrate that Sp1 DNA binding does not 

increase in response to hypoxia.  However, hypoxia does alter Sp3 levels resulting in a 

greater tendency for Sp1 DNA binding (73).  Hif-1α levels are increased by hypoxia and 
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there may be many other promoters that share both Sp1 and HIF-1 binding sites that are 

dually regulated in a similar manner as VEGF.  We have performed microarray studies 

looking at gene changes in response to hypoxia in the absence of Sp1 and HIF-1α
(knocked down via siRNA).  Data analysis and validation of these experiments should 

reveal other genes that are dually regulated by both Sp1 and HIF-1.  These studies were 

designed in order to determine the role Sp1 plays as both an enhancer to HIF-1’s 

regulation of genes and to identify any hypoxic response genes regulated primarily by 

Sp1.  

Because Trx-1 can regulate both HIF-1 and Sp1, inhibition of Trx-1 represents a 

novel mechanism to prevent VEGF production and angiogenesis.  Indeed, this work 

demonstrates that treatment with the Trx-1 inhibitor PX-12 inhibits normoxic VEGF 

expression and prevents Sp1 DNA binding and transactivation.  PX-12 also inhibits the 

hypoxic expression of VEGF as well (191), and therefore may provide a better 

therapeutic approach to decrease VEGF expression than those treatments that target only 

the hypoxic pathway of VEGF expression.  Determination of which other genes are 

controlled by Sp1 in hypoxia would not only help determine the role of Sp1 in hypoxia, 

but also help clarify the mechanism behind Trx-1 induction of angiogenesis and further 

validate PX-12 as an antiangiogenic therapeutic agent.  

Sp1 has been shown to regulate many genes involved in cellular growth, 

including many growth factor receptors (69).  Many growth factor receptors have a 

similar TATA-less and GC-rich promoter and can be regulated by Sp1.  Trx-1 

overexpression is associated with increased cellular growth (1) and we therefore 

postulated that Trx-1 regulation of Sp1 responsive growth genes is part of the mechanism 
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behind this increased growth.  Indeed, this work demonstrates that PX-12 inhibition of 

Trx-1 results in a decrease in EGFR and IGF-IR RNA and protein expression.  Trx-1 

overexpression results in an increase in the expression of these genes, and if Sp1 is 

inhibited, then the Trx-1 induced increase is lost.  This indicates that Sp1 is needed for 

Trx-1 induction of both EGFR and IGF-IR.  Chronic PX-12 treatment of mouse colons 

lowers IGF-IR protein in these tissues indicating that Trx-1 effects on IGF-IR expression 

is not just an in vitro phenomenon.  Studies are currently being performed to examine 

chronic PX-12 treated mouse xenografts for EGFR and IGF-IR expression. 

Trx-1 expression is therefore able to promote tumorgenic growth by preventing 

ROS induced oxidant damage that would normally inhibit protein function.  An oxidized 

Sp1 would be unable to bind and transcribe genes that would induce cellular growth.  

Trx-1 reduction, and therefore activation, of Sp1 leads to the induction of Sp1 responsive 

growth genes that further cellular transformation.  We demonstrate here that through Sp1 

activation, Trx-1 is able to regulate the expression of VEGF, EGFR, and IGF-IR and that 

this may help explain part of the mechanism behind Trx-1’s ablity to induces cellular 

growth and proliferation (Figure 16).  This work demonstrates the complexity of the role 

of ROS and antioxidants in cancer development, provides a partial mechanism for Trx-

1’s induction of cellular growth, and gives insights into how PX-12 acts as an antitumor 

agent and novel ways it may be employed as a therapeutic agent.       
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Figure 16:  Schematic of Trx-1 regulation of VEGF, EGFR, and VEGF expression.  

Trx-1 redox regulation of Sp1 results in increased Sp1 DNA binding and increased 

Sp1 activity.  This results in increased expression of Sp1 responsive growth genes, 

VEGF, EGFR, and IGF-IR.  Trx-1 therefore results in increased expression of genes 

involved in increased cellular growth. This work shows that Trx-1 regulation of Sp1 

results in increased gene expression and provides part of the mechanism behind Trx-

1’s increase in cellular growth and proliferation.  
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V.     MATERIALS AND METHODS 
 

Chemicals and Reagents 
 All chemicals and reagents were supplied by Sigma-Aldrich, St. Louis MO, 

unless otherwise stated.  The Trx-1 inhibitor PX-12 (1-methylpropyl 2-imidazolyl 

disulfide) was provided by ProLX Pharmaceuticals (Tucson, AZ).  Trichostatin A (TSA) 

was obtained from Panomics, Inc (Redwood City, CA). 

 

Cell Culture 
 Human HT-29 colon cancer cells were obtained from the American Tissue Type 

Collection (Manassas, VA) and tested to be Mycoplasma free.  Cells were grown in 95% 

humidified air with 5% CO2 at 37°C in McCoy’s 5A medium supplemented with 10% 

fetal bovine serum.  Trx-1 and a redox inactive Trx-1 was previously cloned and ligated 

into a pHM6 Mammalian Epitope Tag Expression Vector (Roche, Indianapolis, IN) 

resulting in the overexpression of an HA tagged Trx-1 and mutant Trx-1.  HT-29 cells 

were stably transfected with Trx-1 (HT-29/Trx-1), with redox inactive 

Cys32→Ser:Cys35→Ser Trx-1 (HT-29/C32S:C35S) or vector alone (HT-29/neo) using the 

LipoTAXI transfection reagent  (Stratagene, La Jolla, CA).  Transfected cells were grown 

in 95% humidified air with 5% CO2 at 37°C in McCoy’s 5A medium supplemented with 

10% fetal bovine serum and 400 µg/ml G418 where appropriate.  For PX-12 treatments, 

HT-29 cells were treated with 10, 25 and 50µM PX-12 or DMSO vehicle control 72 

hours prior to cellular harvest.  Hypoxic conditions were set at 1% O2, which was 

regulated by the invivo2 400 hypoxic workstation (Biotrace, Cincinnati, OH).  HT-29 

cells were exposed to hypoxia 16 hours prior to cellular harvest.  
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RNA isolation 
Cells were washed once with phosphate buffered saline (PBS) then lysed with 

TRIzol (Invitrogen Life Technologies, Inc.) per manufactures suggested protocol.  Total 

RNA was isolated from cells by the addition of isopropanol and centrifugation at 12,000 

x g for 10 minutes at 4oC.  DNA contaminates were removed by DNase treatment using a 

DNA-free kit (Ambion, Inc., Austin, TX).  Briefly, 100 µl of DNase I and 10 µl DNase I 

Buffer were added to the RNA sample and incubated at 37oC for 30 minutes.  DNase I 

was inactivated by the addition of 111 µl of DNase inactivation reagent, which was 

incubated for 2 minutes and removed by centrifugation at 10,000 x g for 1 minute.  The 

total RNA was further cleaned up and prepped for PCR analysis using a RNeasy Mini Kit 

(Qiagen Inc.,Valencia, CA).  To 100 µl of the RNA sample, 350 µl Buffer RLT and 250 

µl 100% EtOH was added.  The sample was placed on an RNeasy column and 

centrifuged for 15 seconds at 13,000 x g.  The sample was than washed twice with 500 µl

Buffer RPE and centrifugated at 13,000 x g for 15 seconds.  Total RNA was eluted from 

the column by the addition of 35 µl nuclease-free water and centrifugation at 13,000 x g 

for 2 minutes.  

 

Real-Time RT PCR  
Real-time-PCR was performed on the Applied Biosystems 7300 Real Time RT-

PCR System (Applied Biosystems, Foster City, CA) using Assays-on-Demand 

expression products consisting of 20X mix of unlabeled PCR primers and TaqMan® 

One-Step RT-PCR Master Mix Reagents consisting of 40X AmpliTaq Gold® DNA 
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polymerase and 2X PCR Buffer (Applied Biosystems, Foster City, CA).  These assays 

are designed for the detection and quantitation of specific human genetic sequences in 

RNA samples converted to cDNA.  The specific primers used for PCR were obtained 

from Applied Biosystems Assays-on-Demand Gene Expression Producers (TaqMan R 

MGD probes, FAM TM dye-labeled) and are:  GAPDH (Hs99999905), Sp1 

(Hs00412720), Trx-1 (Hs00828652), IGF-IR (Hs00609566), EGFR (Hs00193306), and 

VEGF (Hs00173626).  Reverse transcription and amplification were carried out using 

one-step RT-PCR.   The RT reaction was performed for 30 minutes at 48oC.  The samples 

were then incubated for 10 minutes at 95oC to inactivate the reverse transcriptase and 

activate the AmpliTaq Gold (Applied Biosystems, Foster City, CA).  The PCR reaction 

was completed after 40 cycles for 15 seconds at 95oC followed by 1 minute at 60oC.  A 

no-template control was included to establish baseline fluorescence.  The increase in 

intensity of fluorescence of the reporter dye (∆Rn) for gene of interest was plotted against 

the cycle number.  The point at which the ∆Rn values cross a set threshold is defined as 

the cycle threshold (Ct) that is calculated by the sequence detection software (Applied 

Biosystems, Foster City, CA).  At the end of each extension phase, fluorescence was 

observed at the Ct. All samples were normalized to GAPDH expression.  The relative 

expressions of the genes of interest were determined using the Relative Expression 

Software Tool (REST) as previously described (192, 193).  This method calculates the 

amplification efficiency of each primer by running a standard curve for each gene 

analyzed.  The relative expression ratio of the target gene, or gene of interest, normalized 

to the reference or house keeping gene, is computed based on the calculated amplification 

efficincies (E) and the Ct difference (∆) of an unknown sample versus a control (∆Ct cont 
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– sample) using the following equation: Ratio = (Etarget)∆Ct target(control – sample)/(Eref)∆Ct 

ref(control – sample) (192)  Statistical difference between the target group and the sample group 

were determined using the Pair Wise Fixed Reallocation Randomisation Test as 

previously described (192).   

 

siRNA Transfection 
HT-29 cells were transiently transfected with a pool of four siRNA 

oligonucleotides targeting Trx-1, Sp1, or a pool of four non-targeting siRNA 

oligonucleotides (Dharmacon RNA Technologies,Lafayette,CO) using the DharmaFECT 

4 transfection reagent.  The oligos were resuspended in the Dharmacon 1X siRNA buffer 

and incubated in serum free media for 5 minutes.  DharmaFECT 4 was also incubated in 

serum free media for 5 minutes prior to the addition of the siRNA oligos.  The oligos 

were incubated with the transfection reagent for 20 minutes prior to cellular treatment. 

Complete media was added to the siRNA oligo mixture and the cells were incubated with 

the siRNAs in appropriate cell culture conditions for 72 hours before being harvested.  

 

DNA Binding 
Nuclear protein extracts were prepared using the NE-PER Nuclear and 

Cytoplasmic Extraction Reagents kit (Pierce Biotechnology, Inc., Rockford, IL).  Protein 

concentration was determined using the Bio-Rad protein assay (Hercules, CA) with 

bovine serum albumin (BSA) as a standard.  The double-stranded oligonucleotide, 5’-

GGAGATTCGATCGGGGCGGGGCGAG-3’, was annealed and 5’ end-labeled with 

[32P]CTP (PerkinElmer, Boston, MA) by adding Klenow, NEB buffer #2 (New England 
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Biolabs, Ipswich, MA), a 1:1:1 ratio of dATP, dGTP, and dTTP, and incubated for 45 

minutes at 37oC.  The probe was purified by using a Spehadex G-25 spin column (Roche, 

Indianapolis, IN).  The EMSA binding reaction was performed by preincubating 10 µg of

nuclear protein in 50% glycerol, 50 mM Tris buffer, pH 7.5, 250 mM KCl, and 1 µg

poly(dI-dC) for 20 minutes at room temperature.  A 2.5 fold excess of unlabeled 

oligonucleotide was added to the binding reaction as a cold competitor.  For the 

supershift reactions, 2 µg of anti-Sp1 antibody or 2 µg of anti-Sp3 antibody (Active 

Motif, Carlsbad, CA) were preincubated in the binding reaction with the extract for 40 

minutes on ice.  The double-stranded [32P]-labeled oligonucleotide was then added to the 

reaction and incubated for an additional 20 minutes.  Samples were loaded on a 5% 

acrylamide gel, and electrophoresis was run at 4°C for 3 hours at 150 V.  The gel was 

dried for 30 minutes at 80°C and exposed to a phosphoimager plate overnight. 

 

Sp1 Reporter Assay  
A Sp1 luciferase reporter was used to determine Sp1 transctivating activity.  The 

TransLucentTM Sp1 Reporter was purchased from Panomics, Inc (Redwood City, CA) 

and has the following sequence as the promoter for the luciferase:  

ATTCGATCGGGGCGGGGCGAGATTCGATCGGGGCGGGGCGAGATTCGATCGG

GGCGGGGCGAG.  The 5’ – GGGGCGGGGC-3’ are the sequence-specific binding 

sites for Sp1, known as GC boxes, which are highlighted in the above promoter.  Cells 

were transfected with 5 µg of Sp1 reporter plasmid or Sp1 control vector (Panomics, 

Redwood City, CA) and 0.8 ng pRL-SV-40 Renilla luciferase plasmid (Promega, 

Madison, WI) using LipoTAXI mammalian transfection reagent (Stratagene, TX).  Sp1 
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activity was induced by treatment 100nM trichostatin A (TSA) (Panomics, Redwood 

City, CA) for 16 hours prior to cellular harvest.  Seventy two hours after transfection, Sp1 

and Renilla luciferase activity was measured using the Dual-Luciferase Reporter Assay 

System (Promega, Madison, WI).  Briefly, cells were washed with once with PBS and 

lysed with 500 µl passive lysis buffer by shaking for 15 minutes.  Twenty µl of passive 

lysis lysate was added to 100 µl luciferase assay reagent II in a luminometer tube.  The 

tube was placed into the luminometer and the firefly or Sp1 luciferase reading was read.  

The tube was removed form the luminometer and 100 µl of Stop and Glo Reagent was 

added.  The tube was placed back into the luminometer and the the renilla luciferase 

reading was determined.  

Western Blotting 
Nuclear and cytoplasmic extracts were prepared using NE-PER Nuclear and 

Cytoplasmic Extraction Reagents (Pierce, Rockford, IL) according to the manufacturer’s 

instructions.  Approximately 107 cells were lysed at 4oC in 200 µl of lysis buffer (150 

mM NaCl, 50 mM Tris buffer, pH 7.5, 1 mM phenylethylsulfonyl fluoride (PMSF), 2 

µg/ml aprotinin, 2 µg/ml leupeptin, 0.1 mM sodium orthovanadate, 1% NP40, and 0.2% 

SDS).  Cellular lystae was centrifuged for 15 min at 4oC at 10,000 x g, and the 

supernatant was stored at -80oC until assay.  The protein concentration of each sample 

was measured using the Bio-Rad Protein assay (Bio-Rad, Hercules, CA) with bovine 

serum albumin (BSA) as a standard.  Protein samples (30 µg) were loaded onto a 10% 

NuPAGE gel (Invitrogen, Carlsbad, CA).  The proteins were separated by electrophoresis 

(175 V, 35 minutes) and transferred (30 V, 60 minutes) to a PVDF membrane (NEN, 
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Boston, MA).  Blots were probed overnight at 4oC with a 1:1000 dilution of mouse 

antihuman EGFR (Sigma, Saint Louis, MO) and a 1:1000 dilution of rabbit antihuman 

IGF-IRα subunit (Cell Signaling Technology, Beverly, MA).  Antimouse and antirabbit 

horseradish peroxidase-conjugated secondary antibodies (Amersham Pharmacia, 

Uppsala, Sweden) were used at a dilution of 1:2000.  The results were visualized by 

Western Lightening chemiluminescence (NEN, Boston, MA) followed by 

autoradiography. 
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