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The mitochondrial anti-oxidant enzyme manganese superoxide dismutase (MnSOD) is 

crucial in maintaining cellular and organismal homeostasis.  MnSOD expression is tightly 

regulated to exert its cytoprotective functions during inflammatory challenges.  Induction of 

MnSOD gene expression by the proinflammatory cytokine, interleukin 1β (IL-1β), is mediated 

through an intronic enhancer element.  Yeast one-hybrid assay was utilized and two CCAAT-

enhancer binding protein (C/EBP) members, C/EBPβ and C/EBPδ were identified.  These two 

transcription factors respond to IL-1β treatment with distinct expression profiles, different 

temporal yet inducible interactions with the endogenous MnSOD enhancer, as well as distinct 

effects on MnSOD transcription.  C/EBPβ is expressed as three protein isoforms, LAP* (liver 

activating protein), LAP and LIP (liver inhibitory protein).  My functional analysis demonstrated 

that only the full length C/EBPβ/LAP* served as a transcriptional activator for MnSOD, while 

LAP, LIP and C/EBPδ functioned as potential repressors.  Finally, my systematic mutagenesis of 

the unique N-terminal 21 amino acids further solidified the importance of LAP* in the induction 

of MnSOD, and emphasized the crucial role of this isoform.   

During essential amino acid deprivation, MnSOD expression is induced by the 

transcription factor Forkhead box O3a (FOXO3a) through a dauer binding element (DBE) like 
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sequence in the distal promoter.  FOXO3a expression was then demonstrated to be upregulated 

by amino acid deprivation as well and requires the activating transcription factor 4 (ATF4) which 

probably functions through the amino acid response element (AARE2) region.  Histidine 

limitation triggers the specific recruitment of RNA polymerase II to the FOXO3a AARE2 region 

in an ATF4-dependent manner.  General transcription factors (GTFs) enrichment was also 

observed on the AARE2 region, suggesting the AARE2 region of FOXO3a may function as a 

nucleation center for pre-initiation complex (PIC) assembly. 



 

CHAPTER 1 
INTRODUCTION 

Reactive Oxygen Species, Oxidative Stress and Antioxidant Enzymes 

Reactive oxygen species (ROS) such as superoxide (O2
•–), hydroxyl radical (OH•), nitric 

oxide (NO•) and hydrogen peroxide (H2O2) are generated by a variety of processes in cells.  The 

main source of endogenous ROS is mitochondria converting 0.1% of consumed oxygen into 

superoxide anion (O2
•–) (Fridovich, 2004), which is a very significant amount.  ROS are also 

produced in large amounts by activated phagocytes during “oxidative burst” to eliminate 

environmental pathogens.  A range of external stimuli, including UV light, ionizing radiation, 

environmental toxins, inflammatory response, hyperthermia and chemotherapeutic drugs, 

contribute to the formation of oxidants as well. 

ROS have dual roles as both beneficial and deleterious in cellular physiology.  When 

produced at low levels, ROS are beneficial for their participations in cellular defense against 

infectious agents and their functions in a number of cellular signaling systems.  The deleterious 

effect, termed oxidative stress, occurs when there is an overproduction of ROS, because the 

excessive ROS can damage DNA, lipids and proteins (Clark and Lambertsen, 1971; Halliwell 

and Chirico, 1993; Stadtman, 1995), which has been implicated in a number of human diseases 

and the aging process.  Thus, it is extremely important for the organisms to achieve a delicate 

balance between the beneficial and harmful effects of ROS. 

Exposure to ROS from a variety of sources led organisms to develop a series of defense 

mechanisms to detoxify ROS, which belong to two major categories: enzymatic and non-

enzymatic.  Enzymatic antioxidant defenses include superoxide dismutase (SOD), glutathione 

peroxidase (GPx), and catalase (CAT).  Non-enzymatic antioxidants are represented by ascorbic 

acid (Vitamin C), α-tocopherol (Vitamin E), glutathione (GSH), carotenoids, flavonoids, and 
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other antioxidants.  They are capable of neutralizing or transforming particular ROS species and 

altogether maintained redox homeostasis in living organisms. 

Superoxide Dismutases 

Superoxide is produced mainly in mitochondria but also in microsomes and nuclei (Aust et 

al., 1972; Patton et al., 1980); in addition, superoxide is produced during auto-oxidation of many 

biological compounds by NADPH oxidase at the plasma membrane of inflammatory cells 

(Jackson et al., 2004; Misra and Fridovich, 1972). 

Superoxide has been implicated in the pathophysiology of a variety of diseases.  

Superoxide dismutases (SODs) reduce oxidative stress by converting superoxide radical to 

hydrogen peroxide and oxygen: 2O2
•– + 2H+ → H2O2 + O2.  Catalase in peroxisomes and 

glutathione peroxidase (GPx) in mitochondria and cytosol then detoxify the hydrogen peroxide 

into water and oxygen (del Rio et al., 1992; Dringen et al., 2005).  Eukaryotic SODs fall into 

three types based on the metal co-factor in the enzymes’ active centers and their locations, the 

cytoplasmic copper/zinc SOD (CuZnSOD) (McCord and Fridovich, 1969), the mitochondrial-

localized manganese SOD (MnSOD), and the extracellular CuZnSOD (ECSOD) (Marklund, 

1982), as shown in Table 1-1. 

Manganese Superoxide Dismutase (MnSOD) 

The mitochondrial electron transport chain is one of the predominant sources of superoxide 

radical in mammalian cells under normal conditions.  The main sites of O2
•– formation are 

complex I (NADH dehydrogenase) and III (ubiquinone-cytochrome c reductase) of the 

respiratory chain (Turrens, 1997).  Superoxide levels [O2
•–] in cells are estimated at an 

approximate concentration of 1.0× 10-11 M (Korshunov et al., 1997).  As a consequence of its 

mitochondrial localization, MnSOD is considered to be extremely important in the defense 

against the damaging effects of superoxide radicals. 
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Physiological Importance of MnSOD 

MnSOD has been proven to be essential for survival from oxygen toxicity.  Inactivation of 

MnSOD in E. coli promotes mutation rates under aerobic conditions (Farr et al., 1986); MnSOD 

inactivation in Saccharomyces cerevisiae causes growth inhibition following exposure to oxygen 

(van Loon et al., 1986); and in mice, pre-exposure to a sublethal dose of oxygen leads to 

increased MnSOD activity, which makes mice survive longer in 100% oxygen (Crapo and 

Tierney, 1974).  Moreover, transgenic mice with human MnSOD overexpression in lung show 

increased protection from lung injury and survive longer than nontransgenic littermates when 

exposed to hyperoxia (Wispe et al., 1992). 

MnSOD has also been shown to protect cells against agents and conditions that cause 

oxidative stress and/or apoptosis.  Overexpression of MnSOD in a human embryonic kidney cell 

line (HEK 293) confers increased resistance to apoptosis induced by tumor necrosis factor alpha 

(TNF-α) in the presence of cycloheximide (Wong et al., 1989); MnSOD overexpression in a 

mouse fibroblast cell line endows these cells with increased resistance to paraquat-induced 

cytotoxicity (St Clair et al., 1991); overexpression of MnSOD in insulinoma cells prevents IL-

1β-induced cytotoxicity and reduces nitric oxide production (Hohmeier et al., 1998); MnSOD 

overexpression in neuronal cells protects neurons from NMDA and nitric oxide mediated cell 

toxicity (Gonzalez-Zulueta et al., 1998); in addition, numerous studies have demonstrated that 

elevated levels of MnSOD are able to protect cells from radiation damage (reviewed in 

Greenberger and Epperly, 2007).  These findings reinforce the cytoprotective activity of MnSOD 

in models of inflammatory responses where cytokines are over-produced and ROS levels are 

elevated.  MnSOD enzymatic activity confers tumor suppression as well (reviewed in Oberley, 

2005), and decreases in MnSOD levels are related to aging and neurodegenerative diseases. 

16 



 

The most striking and convincing evidence for the importance of MnSOD in health and 

survival came out from several MnSOD knockout mouse models.  Sod2tm1csf (Li et al., 1995) 

homozygous MnSOD knockout mice on CD1 background died within 8 days of birth due to 

dilated cardiomyopathy.  These mice also showed the symptoms of lipid accumulation in liver 

and skeletal muscle, and metabolic acidosis.  Another homozygous knockout mouse model 

Sod2tm1BCM (Lebovitz et al., 1996) is on the B6 background, and those mice die at about 18 days, 

associated with: an injury to mitochondria; degeneration of neurons in ganglia and brainstem; 

damage to cardiac myocytes; severe anemia; and progressive motor disturbance.  The 

heterozygous MnSOD knockout mice showed increased oxidative stress and cancer incidence, 

but have normal life span unless stressed.  However, homozygous knockout mice for the 

cytosolic or extracellular CuZnSOD develop and survive normally without apparent 

abnormalities unless they are stressed (Carlsson et al., 1995; Reaume et al., 1996). 

For quite a while after its discovery, MnSOD appeared to be an enzyme that could not 

possibly have a bad side, then, research came out that in mammalian cells, overexpression of 

MnSOD was very protective up to a point, beyond which protection was lost and injury was even 

exacerbated, and overexpression of SOD beyond six fold may even be lethal due to improper 

lipid peroxidation (Nelson et al., 1994; Omar and McCord, 1990). 

Transcriptional Regulation of MnSOD 

MnSOD is encoded by nuclear DNA, and the mature protein localized at mitochondrial 

matrix.  The genomic structure of MnSOD is essentially conserved among mammalian species.  

The rat, mouse and human MnSOD genes all contain 5 exons separated by 4 introns (DiSilvestre 

et al., 1995; Wang et al., 1994).  Alternative polyadenylation of MnSOD mRNA occurs in all 

these three species, and in rat leads to five sizes of mRNA (Hurt et al., 1992) (Figure 1-1).  

MnSOD proteins share a greater than 89% identity with each other at the protein level (Jones et 
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al., 1995), and a more divergent mitochondrial leader sequence targets the precursor MnSOD to 

the mitochondrial matrix (Ho and Crapo, 1988).  Passage through the outer and inner 

mitochondrial membranes in conjuction with the cleavage of the leader sequence result in the 

maturation of this matrix localized enzyme. 

MnSOD is highly regulated at the transcriptional level to exert its cytoprotective role, and 

is induced in a variety of mammalian cells by lipopolysaccharide (LPS), tumor necrosis factor 

alpha (TNFα), interleukins 1 alpha and beta, interleukin-6 (IL-1α, IL-1β, IL-6), and interferon 

gamma (IFN-γ), as has been shown by multiple laboratories (Kifle et al., 1996; Rogers et al., 

2000; Rogers et al., 2001; Valentine and Nick, 1992; Visner et al., 1991; Visner et al., 1990; 

Wong and Goeddel, 1988; Wong et al., 1991).  When treated with actinomycin, a transcription 

inhibitor, the induction of MnSOD by pro-inflammatory mediators LPS, TNFα, and IL-1β could 

be blocked indicating de novo transcription.  Nuclear run-on assays further confirmed that this 

stimulus-dependent increase in MnSOD expression was due in major part to de novo 

transcription (Hsu, 1993). 

The transcription of MnSOD is also upregulated in human hepatoma cell line (HepG2) by 

the deprivation of a single essential amino acid, histidine (Aiken et al., 2008), where the 

induction of MnSOD requires signals dependent on the tricarboxylic acid cycle and the electron 

transport chain and is mediated through a functional mitochondrial membrane potential but not 

ATP levels.  In addition, the activation of MEK/ERK and mTOR kinase is also required for the 

induction of MnSOD by essential amino acid deprivation. 

Chromatin architecture of MnSOD 

Though MnSOD promoters from different mammalian species show great divergence in 

sequences (Meyrick and Magnuson, 1994), they do share some characteristics.  For example, 

they do not possess TATA or CAAT boxes, and they are GC-rich regions containing multiple 
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specificity protein 1 (Sp1)-binding sites which are essential for basal transcription of MnSOD.  

Throughout the rat MnSOD gene (Figure 1-1), 7 DNase I hypersensitive (HS) sites have been 

identified, with one in the promoter region and the other six within the MnSOD gene.  With a 

high resolution DNase I HS analysis of the first site, Dr. Hsu in our laboratory identified five HS 

subsites, among which, one HS subsite only appeared after exposure to proinflammatory stimuli 

(LPS, TNF-α and IL-1β) (Hsu, 1993).  The minimum promoter was further characterized by in 

vivo footprinting, which identified 10 putative constitutive protein binding sites as well as two 

stimulus enhanced guanine residues (Kuo et al., 1999).  Moreover, these 2 guanine nucleotides 

are in the center of a “NF-IL6 like” sequence (Kuo, 1998), based on the NF-IL6 consensus 

sequence identified by Akira et al. (Akira et al., 1990)  

By utilizing a series of human growth hormone (hGH) reporter constructs coupled with 

transient transfection in L2 cells, Dr. Rogers in our laboratory identified the enhancer element 

responsible for MnSOD induction by proinflammatory stimuli to be in the second intron, and he 

narrowed it down to a 260-base-pair region (Rogers et al., 2000).  A longer enhancer fragment 

containing the minimal 260bp can also function with a heterologous promoter, the herpes-virus 

thymidine kinase (TK) promoter, in an orientation independent manner.  The importance of this 

intronic enhancer is further supported by its high identity among mammalian species (Figure 1-

2).  In vivo footprinting has also been performed in the mouse (Jones et al., 1997) and rat (Rogers 

et al., 2000) enhancer region, and several guanine and adenine residues exhibit altered DMS 

reactivity, indicating multiple putative inducible protein binding sites. 

However, this intronic enhancer does not contribute to the response elicited by amino acid 

limitation (Aiken et al., 2008).  And by coupling mutagenesis with growth hormone reporter 

assay, Dr. Aiken in our laboratory determined that a FOXO-regulatory element in the promoter 

19 



 

region, instead of the cytokine responsive enhancer in the second intron, is associated with 

histidine deprivation-dependent MnSOD induction. 

Transcription factors regulating MnSOD 

The MnSOD promoter and enhancer regions have been demonstrated to contain both 

constitutive protein binding sites and inducible protein contact sites.  Efforts were made by 

different groups to identify the proteins necessary for cytokine induction of the MnSOD gene.  A 

new technique, “Pin Point” was applied by Dr. Kuo (Kuo et al., 2003) in our laboratory to the 

promoter region of MnSOD, and verified 3 Sp1 binding sites out of 10 putative sites identified 

by in vivo footprinting.  Through site-directed mutagenesis, 2 of them were determined to be 

functionally important.  The Boss laboratory also reported the involvement of Sp1 by studies in 

mouse embryonic fibroblast cells from Sp1 knockout mice (Guo et al., 1999).  Computer-based 

sequence analysis together with electrophoretic mobility shift assay (EMSA) have indicated the 

potential involvement of transcription factors CCAAT enhancer binding protein beta (C/EBPβ) 

and nuclear factor kappa B (NFkB) through the intronic enhancer during the stimulus-dependent 

up-regulation of MnSOD transcription (Jones et al., 1997; Maehara et al., 2000; Maehara et al., 

1999), and later confirmed respectively by C/EBPβ and p65/Rel A knockout mouse embryonic 

fibroblasts (MEF); however, the mechanisms have not been studied in detail. 

By utilizing Site 1 in Figure 1-2 to perform a yeast One-Hybrid (Inouye et al., 1994; Lin et 

al., 1993) to screen a human brain library, Dr. Chokas in our laboratory identified p65/Rel A, 

transcription enhancing factor 1 and 3 (TEF-1 and TEF-3) (Chokas, 2004).  Her study 

demonstrated that only p65/Rel A subunit but not the p50 subunit of NFkB was responsible for 

IL-1β-dependent induction of MnSOD.  Overexpression of p65 alone slightly enhanced MnSOD 

expression and cotransfection with TEF led to a significant increase in MnSOD expression.  She 

also determined that TEF is a binding partner of p65.  However, TEF-dependent up-regulation of 
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MnSOD was not related to proinflammatory stimuli, instead, TEF may function in coordinate 

with p65 to induce MnSOD expression during embryo development. 

Site 2 in Figure 1-2 was also utilized to perform yeast One-Hybrid analysis where three 

copies of this region were employed as bait to screen a rat lung cDNA library originally obtained 

from Clontech and subsequently amplified for the screening (Inouye et al., 1994).  Positive 

clones for the transcription factors p65, C/EBPβ and C/EBPδ were identified, and the mechanism 

of the regulation of MnSOD by C/EBPβ and C/EBPδ during cytokine response is the main focus 

of this dissertation. 

When starved for glucose or essential amino acid, MnSOD is upregulated by another set of 

cis-regulatory element and transcription factors to protect cells from nutrient limitation-induced 

apoptosis (Aiken et al., 2008; Kops et al., 2002).  FOXO protein, probably FOXO3a is one of the 

key factors in this process. 

The CCAAT Enhancer Binding Protein (C/EBP) Family 

C/EBP proteins are a subfamily of the larger bZIP (basic region/leucine zipper) 

transcription factor family.  To date, six C/EBP members have been identified and cloned from 

several species in different labs with different names, and a systematic nomenclature was 

proposed by Cao and co-workers (Cao et al., 1991) in which members are designated as C/EBP 

followed by a Greek letter indicating the chronological order of their discovery (C/EBPα, β, γ, δ, 

ε, and ζ).  Among these C/EBP genes, C/EBPα, β, γ and δ contain no intron, whereas C/EBPε 

and ζ contain two and four exons, respectively (Ramji and Foka, 2002).  The C/EBP subfamily 

members share noteworthy sequence identity in the C-terminal bZIP domain, which consists of 

basic-amino-acid-rich DNA binding region (basic region) followed by a dimerization motif 

termed the “leucine zipper”, which is characterized by a heptad repeat of four or five leucine 

residues that pack together in a parallel α-helical coiled coil.  Because of the high conservation in 
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the bZIP domain, different C/EBP proteins are capable of forming heterodimers with all 

intrafamilial combinations with the exception of C/EBPζ (Ron and Habener, 1992), at least in 

vitro.  These family members are believed to bind to an identical canonical RTTGCGYAAY 

sequence (Osada et al., 1996), where R is A or G, and Y is C or T.  In addition, the C/EBPs can 

form protein–protein interactions with other bZIP and non-bZIP factors.  For example, C/EBPβ 

has been shown to interact with p50 and p65 subunits of NFkB, CREB/ATF, AP-1, and the 

glucocorticoid receptor.  Such heterodimers often have different transactivation potential and/or 

DNA binding specificity or affinity compared with the corresponding homodimer (Hsu et al., 

1994; LeClair et al., 1992; Lekstrom-Himes and Xanthopoulos, 1998; Ray et al., 1995; Vallejo et 

al., 1993).  Different C/EBP members function specifically through collaboration, but some level 

of redundancy is also believed to exist (reviewed in Nerlov, 2007).  The C/EBPs perform critical 

roles in a variety of physiological and pathophysiological processes, such as cell differentiation, 

metabolic regulation, cell proliferation and inflammation (Lekstrom-Himes and Xanthopoulos, 

1998; Nerlov, 2007; Ramji and Foka, 2002). 

CCAAT Enhancer Binding Protein β (C/EBPβ) and δ (C/EBPδ) 

C/EBPβ is expressed in various tissues and its constitutive expression is particularly high 

in the liver, intestine, lung, adipose tissue, spleen, kidney and myelomonocytic cells (Akira et al., 

1990; Cao et al., 1991; Chang et al., 1990; Descombes et al., 1990; Poli et al., 1990).  Despite the 

fact that the C/EBPβ gene contains no introns, it can produce three protein isoforms, full-length 

LAP* (liver activating protein), medium-length LAP and a short form, LIP (liver inhibitory 

protein), mainly by translation from three in-frame AUGs within the same mRNA (Descombes 

and Schibler, 1991).  In addition, C/EBPβ contains an internal out-of-frame AUG (Timchenko et 

al., 1999), which can be bound by CUG triplet repeat binding protein 1 (CUGBP1) (Timchenko 

et al., 2005; Timchenko et al., 1999) and calreticulin (CRT) (Iakova et al., 2004) to enhance or 
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block the translation of LIP respectively.  These two RNA binding proteins compete to interact 

with C/EBPβ mRNA and thereby regulate the ratio of LAP to LIP.  In addition, it was reported 

that LIP can be produced via C/EBPα dependent proteolytic cleavage of LAP* as well (Burgess-

Beusse et al., 1999; Timchenko et al., 1999).   

C/EBPδ doesn’t contain any introns and has one protein form (Figure 1-3), which is 

different from C/EBPβ.  C/EBPδ is highly expressed in adipose tissue, lung and intestine, as well 

as in osteoblasts, where its transcription has been shown to be induced by Runt domain factor 2 

(Runx2) (McCarthy et al., 2000).   

The activity and/or expression of C/EBPβ and C/EBPδ are regulated by a number of 

inflammatory agents including lipopolysaccharide (LPS) and a range of cytokines.  For example, 

IL-1, IL-6 and LPS induce C/EBPβ and C/EBPδ expression (Akira et al., 1990; Alam et al., 

1992).  TNFα promotes nuclear localization of C/EBPβ and C/EBPδ in response to inflammatory 

stress in hepatocytes (Yin et al., 1996).  Cytokine stimulation further increases C/EBPβ 

transcriptional activity by enhanced DNA binding (Poli et al., 1990) and increased transcriptional 

activity contributed by post-transcriptional modifications, mainly phosphorylation (Akira et al., 

1990; Trautwein et al., 1993) and acetylation (Cesena et al., 2007).  Several lines of evidence 

suggest that C/EBPδ is regulated by phosphorylation as well and, in conjunction with C/EBPβ, is 

one of the major proteins responsible for the increased transcription of the serum amyloid A 

(SAA) gene in response to inflammatory stimuli (Ray and Ray, 1994).   

Among the papers dealing with C/EBPβ transcriptional activities, more than 99% percent 

of reports treat LAP* and LAP as a unit, and only a few papers touched upon the difference 

between these two isoforms of C/EBPβ.  For example, it has been reported that the N-terminal 

region unique to LAP* is essential for SWI/SNF complex recruitment (Kowenz-Leutz and Leutz, 
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1999), LAP* sumoylation (Eaton and Sealy, 2003), interactions with Homer 3 (Ishiguro and 

Xavier, 2004),and formations of a distinct internal disulfide bonds (Su et al., 2003).  All of these 

circumstances may endow LAP* with a divergent transcriptional activity compared to LAP thus 

affecting the ultimate regulation of specific genes, unique to each isoform. 

Forkhead Box O (FOXO) 

The forkhead superfamily of transcription factors ranging from class A to class S, shares a 

highly conserved DNA binding or FOX (Forkhead box) domain.  The class O subfamily (FOXO) 

members are conserved from worms to mammals.  Until now, only one FOXO gene (termed 

DAF-16 in C.  elegans and dFOXO in Drosophila) (Lin et al., 1997) has been identified in 

invertebrates, whereas mammals have four FOXO family members: FOXO1 (FKHR) (Galili et 

al., 1993), FOXO3a (FKHRL1) (Hillion et al., 1997), FOXO4 (AFX) (Corral et al., 1993) and 

FOXO6 (Jacobs et al., 2003). 

The C. elegans ortholog of FOXO, DAF-16, was identified as a controlling factor in the 

entrance to the reversible dauer status (Kenyon et al., 1993), which is characterized by the 

formation of impermeable cuticles and a reduction in metabolic rate.  When there are abundant 

nutrients, DAF-2, a homolog of mammalian insulin/ insulin-like growth factor-1 (IGF-1) 

receptor is activated which in turn triggers targeted phosphorylation of DAF-16, leading to its 

sequestration in the cytoplasm, and inability to activate its nuclear target genes (Murakami and 

Johnson, 1996; Ogg et al., 1997).  On the contrary, limitation of nutrients leads to DAF-16 

dephosphorylation and subsequent shuttling into the nucleus where target genes become 

activated.  The activation of DAF-16 regulated genes then facilitates dauer formation, endowing 

the worm with resistance to stress and extension in life span.  Such functions are abolished when 

DAF-16 is mutated (Lin et al., 1997).  In Drosophila, overexpression of dFOXO caused 
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decreases in cell size and cell number (Kramer et al., 2003), which is very similar to starvation, 

suggesting that dFOXO plays a role in nutrient sensing, similar to that observed in C. elegans. 

In mammalian species, the FOXO family proteins have distinct expression patterns with 

certain overlaps in mouse development and adult tissues.  During mouse development, FOXO1 

is dominantly expressed in adipose tissues, FOXO3a mostly in the liver, FOXO4 in the skeletal 

muscle, and FOXO6 in the central nervous system (Furuyama et al., 2000; Hoekman et al., 2006; 

van der Heide et al., 2005).  In adult mice, the highest level of FOXO1 is detected in adipose 

tissue, uterus and ovaries.  FOXO3a is more ubiquitously expressed with particularly high levels 

in brain, spleen, heart and ovaries.  FOXO4 is highly expressed in skeletal muscle, cardiac 

muscle and adipose tissues.  FOXO6 is expressed almost exclusively in the adult brain 

(Hoekman et al., 2006; Jacobs et al., 2003). 

FOXO proteins participate in regulation of the cell cycle, apoptosis, DNA repair, and 

detoxification.  The primary and most characterized regulation of FOXO1, O3a and O4 

localization and transcriptional activity is Akt/PKB-dependent phosphorylation.  Newly 

synthesized or when growth signals are absent, FOXO travels into the nucleus via its NLS, binds 

to its cognate sites in target genes, and modulates gene expression.  In response to growth factors 

or insulin stimulation, FOXO (Thr32, Ser253 and Ser315 for human FOXO3a) is phosphorylated 

by activated Akt/PKB followed by binding to 14-3-3 proteins facilitating nuclear export (Figure 

1-4).  This results in the release of the FOXO protein from its target genes and the loss of its 

transcriptional activity (Brunet et al., 1999; Brunet et al., 2002; Brunet et al., 2001; Kops and 

Burgering, 1999; Kops et al., 1999).  In addition, FOXO proteins can be monoubiquinated (van 

der Horst et al., 2006), acetylated by CBP, p300 and/or PCAF (Daitoku et al., 2004; Fukuoka et 
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al., 2003), and/or deacetylated by the Sir2/Sirt family deacetylases (Brunet et al., 2004; Motta et 

al., 2004; Wang et al., 2007) to regulate its localization and function under various conditions. 

Altering FOXO protein levels, which is mainly regulated at the transcription level, also has 

dramatic effects.  It has been reported that FOXO1/3a mRNA levels was increased in rat muscle 

and liver after fasted or calorically restricted for 48 h (Furuyama et al., 2002; Imae et al., 2003), 

suggesting that nutrient deprivation may elicit the transcriptional induction of FOXO genes.  

However, the mechanisms have not been identified yet. 

Forkhead Box O3a (FOXO3a) 

Dr. Aiken in our lab previously identified a FOXO-binding site in the MnSOD promoter 

responsible for gene induction following histidine deprivation for the MnSOD in HepG2 cells 

(Aiken et al., 2008).  We therefore hypothesized that this family of transcription factors may also 

be regulated by essential amino acid deprivation.  A closer examination determined that among 

the FOXO subfamily members, only FOXO3a is induced at the mRNA level by histidine 

depletion.   

The functional importance of Foxo3a is clearly demonstrated by a series of mouse models.  

Castrillon et al. reported that mice with Foxo3a gene ablated developed without incidence and 

displayed similar weight gain comparable to their littermates.  However, Foxo3a-/- female mice 

experienced global premature ovarian follicle activation leading to early follicle depletion and 

oocyte death (Castrillon et al., 2003).  Additional work by Liu et al (Liu et al., 2007) 

demonstrated that overexpression of Foxo3a caused retardation in oocyte growth and follicular 

development, as well as anovulation.  These two reports coordinately suggested the specific role 

of Foxo3a in oocyte and follicular development. 

Human FOXO3a is localized to chromosome 6q21 and is a large gene, covering a region 

of more than 130 kb.  Most studies on FOXO3a are related to its post-translational modification, 
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while the molecular mechanisms controlling the regulation of FOXO3a gene expression are 

totally unknown.  Ever since the observation of the transcriptional upregulation of FOXO3a by 

histidine deprivation in our lab, we have been investing our efforts in the study of the molecular 

mechanism during this process.  By an siRNA approach, Dr. Aiken in our lab demonstrated that 

the induction of FOXO3a transcription is dependent on a transcription factor called activating 

transcription factor 4 (ATF4).  This factor is best known for its involvement in stress responses, 

such as amino acid response (AAR) through an AAR element (AARE) with the consensus 

sequence of 5’-TGATGXAAX-3’ as the core (reviewed byKilberg et al., 2005).  Computer based 

sequence analysis identified 4 potential AARE within or near the FOXO3a gene (Refer to 

Chapter 5, Figure 5-1).  The observations above altogether led to our efforts in the identification 

of the response element controlling FOXO3A gene expression during histidine limitation and the 

study of the role of this internal regulatory element in the recruitment of RNA polymerase II, 

which is presented Chapter 5.   
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Table 1-1.  Comparison of eukaryotic superoxide dismutases 

 

SOD MW  
(kDa)  

No.  of 
subunits 

Metal in 
active centers Cellular localization 

CuZnSOD 32.5 2 2 Cu2+ 
2 Zn2+ 

Cytoplasm, nucleus , lysosomes, 
peroxisomes, mitochondrial 
intermembrane space 

MnSOD 88 4 4 Mn2+ Mitochondrial matrix 

ECSOD 135 4 4 Cu2+ 
4 Zn2+ 

Extracellular matrix (ECM) and cell 
surfaces 
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Figure 1-1.  Rat MnSOD genomic clone characterization (adapted from Chokas, 2004).  Five 

exons are depicted by black boxes, and the five rat transcripts shown in the northern 
insert on the right are due to alternative polyadenylation as depicted by the black 
arrows.  Seven DNase I hypersensitive sites are depicted by asterisks throughout the 
gene. 
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Site 1

Site 2

 
Figure 1-2.  Alignment of MnSOD Intron 2 from Rat, Human, Chimpanzee and Mouse.  Shaded 

nucleotides illustrate identity across species, and underlined sequences, namely Site 1 
and Site2 were utilized for Yeast One-Hybrid analysis.   
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Figure 1-3.  Schematics of C/EBPβ and C/EBPδ genomic/mRNA and protein structures.  

Translation start sites (M1, M22 and M153) are indicated by arrows.  The activation 
domains (AD) and negative regulatory domains (RD) are shown in hatched and 
meshed boxes respectively and the black box depicts the domain of importance to the 
present studies.  The bipartite basic leucine zipper domain (bZIP) is depicted by 
boxes with vertical lines. 
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Figure 1-4.  Regulation of FOXO localization and activity (Adapted from Birkenkamp and 

Coffer, 2003). Addition of growth/survival signals results in activation of PKB by 
PI3K, which then translocates into the nucleus.  Phosphorylation of FOXO by PKB 
results in release from DNA, and binding to 14-3-3 proteins.  This complex is then 
transported out of the nucleus, where it remains inactive in the cytoplasm.  Upon 
removal of growth/survival signals, FOXO is dephosphorylated, 14-3-3 is released, 
and FOXO is transported back into the nucleus where it is transcriptionally active. 

 



 

CHAPTER 2 
MATERIALS AND METHODS 

Materials 

 Restriction endonucleases, T4 DNA Ligase, Klenow (the large fragment of E. coli DNA 

Polymerase), T4 Polymerase and Pfu Polymerase were purchased from New England Biolabs.  

Zeta-Probe® blotting membrane (126-0159) Trans-Blot Transfer Medium (162-0115), Criterion 

10.5-14% precast Tris-HCl gel (345-9949), and iTaq™ SYBER Green Supermix with ROX 

(170-8851) were purchased from Bio-Rad.  Normal rabbit and mouse IgG (sc-2027, sc-2025), 

antibodies against C/EBPβ C-terminus (sc-150, recognizes LAP*, LAP and LIP), C/EBPδ (sc-

151), HA tag (sc-7392) and TFIIB (sc-225) were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA).  LAP* antibody (ab18327) was purchased from Abcam Inc (Abcam Inc, MA).  

Pol II CTD-Ser5-P antibody (H14, MMS-134R) was purchased from Covance (Covance, CA).  

QIAquick Nucleotide Removal kit (28304), QIAquick Gel Extraction kit (12162), QIAquick 

PCR purification kit (28106), QIAprep Spin Miniprep kit (27106), Qiagen Plasmid Midi kit 

(12144), and Qiagen Plasmid Maxi kit (12162), RNeasy mini kit (74106), and Ni-NTA spin kit 

(31314) were purchased from Qiagen.  Protein A Sepharose CL-4B (17-0780-01), Protein G 

Sepharose (17-0618-02), Hybond-ECL Nitrocellulose membrane (RPN68D), Hyperfilm MP 

(RNP 1677K, RNP30H), and ECL Western Blotting Analysis System (RPN2108) were 

purchased from Amersham Biosciences (GE Healthcare, UK).  1 Kb Plus DNA Ladder (10787-

018), Random Primers DNA Labeling System (18187-013), TOPO® XL PCR Cloning Kit 

(K4750-10) and SuperScript™ first strand synthesis kit (12371-019) were purchased from 

Invitrogen Technologies.  Fugene6 transfection reagent (1-815-091), Interleukin 1β (IL-1β) and 

complete protease inhibitor cocktail (1-697-498) were purchased from Roche technologies.  The 

rat C/EBPβ siRNA (M-092218-00), cyclophilin B siRNA (D-001136-01), and DharmaFECT 1 
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transfection reagent (T-2001-01) were purchased from Dharmacon, Inc.  (Lafayette, CO).  

QuikChange Site-Directed Mutagenesis Kit with XL-10 competent cells (200518) was purchased 

from Stratagene. 

Methods 

Cell Culture 

L2 cells, a rat pulmonary epithelial-like cell line (A.T.C.C.  CCL 149), were grown in 

Ham's modified F12K medium (Sigma, MO) with 10% (v/v) fetal bovine serum (FBS) (Gibco, 

NY), 1X ABAM [penicillin G (100 units/mL), streptomycin (0.1nmg/mL), amphotericin B (0.25 

µg/mL)] (Gibco, NY) and 4 mM glutamine at 37°C in incubators supplied with 5% CO2.  Wild 

type and C/EBPβ-deficient (β-/-) mouse embryonic fibroblasts (MEF), were provided by Dr P.  

Johnson, NIH via Dr. Michael Kilberg.  Both MEF cell lines were grown in DMEM media 

(Sigma, MO) supplemented with 4 mM glutamine, 1X ABAM and 10% (v/v) FBS.  2 ng/mL of 

IL-1β (R&D Systems Inc, NM) was used to treat cells for indicated times.  HepG2, a human 

hepatoma cell line was cultured in Eagle’s MEM (minimal essential medium) (Mediatech, 

Herndon, VA), supplemented with 4 mM glutamine, 1X ABAM and 10% (v/v) FBS.  Cell 

cultures were replenished with fresh medium and serum 12 h prior to all treatments to ensure that 

the cells were in the basal (“fed”) state.  2 mM HisOH (histidinol) was used to treat HepG2 cells 

mimicking histidine deprivation. 

Recombinant Plasmid Construction 

Coding sequence for each C/EBPβ isoform was cloned into pcDNA3.1 (Invitrogen) using 

the EcoR V and Hind III sites.  C/EBPδ cDNA was originally obtained from the One hybrid 

library screening of the Clontech rat lung cDNA library and subcloned from the pACT2 vector 

(Clontech) into pcDNA3.1 Hind III and Xbal I sites.  The rat reporter construct (MnSOD 

promoter/enhancer-hGH) (Rogers et al., 2000) contains a 919 bp MnSOD enhancer fragment 
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(+1278 — +2196) and a 2.5 kb MnSOD promoter fragment (-2489 — +42) in the otherwise 

promoter less, pUC12-based hGH expression vector (Selden et al., 1986). 

Site-Directed Mutagenesis 

Mutagenesis was performed with a Quikchange Site-Directed Mutagenesis Kit 

(Stratagene).  Briefly, 25 ng of the C/EBPβ construct was used as the template.  125 ng of each 

mutagenesis primer, 5 μL 10X reaction buffer, 1 μL dNTP mixture, 3 μL dimethyl sulfoxide 

(DMSO) and 1 μL Pfu enzyme were added, and H2O was used to bring the final volume to 50 

μL.  A PTC 100 peltier thermal cycler was use with the following parameters: Cycle 1 (95 oC for 

30 sec) X 1 cycle.  Cycle 2 (95 oC for 45 sec, 60oC for 45 sec, 68oC for 14 min) X 18 cycles.  

The reaction was quenched by incubating on ice for 2 min and 1 μL of Dpn I was added to 

remove the parental strand, leaving only the mutated desired product which was subsequently 

transformed into XL-10 gold competent cells and incubated on a plate with ampicillin.  From the 

resulting colonies, the plasmids were isolated and sequenced for verification.  The insertion of 

HA tag to the pLAP* C-terminus was also done by Quikchange site-directed mutagenesis kit 

using primers 5’-CTCGGCGGGTCACTGCTACCCATACGACGTCCCAGACTACGCTTAGA 

AGCTTAAGTTTAAACCGC-3, and 5’-GCGGTTTAAACTTAAGCTTCTAAGCGTAGTCTG 

GGACGTCGTATGGGTAGCAGTGACCCGCCGAG-3’. 

RNA Isolation, Northern Analysis and Statistical Analysis 

Total cellular RNA was isolated by the acid guanidinium thiocyanate (GTC) extraction 

method described by Chomczynski and Sacchi (Chomczynski and Sacchi, 1987)with 

modifications (Visner et al., 1990).  Briefly, cells were grown to desired confluency or after 

indicated treatment, washed once with room temperature PBS, followed by the addition of 0.5 

mL of GTC solution (4 M GTC, 25 mM sodium citrate pH 7.0, 0.5% sarcosyl, and 0.1 M 2-

mercaptoethanol) per 100 mm plate, and 0.1 volume of 2 M sodium acetate pH 4.0, an equal 
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volume of water saturated phenol and 0.2 volumes of chloroform: isoamyl alcohol (49:1) was 

added to the homogenate.  The final mixture was centrifuged at 14,000 rpm for 20 min at 4°C.  

The aqueous phase was then removed to a set of new tubes, followed by the addition of an equal 

amount of isopropanol and incubation at -20°C for 30 min.  The lysate was then centrifuged at 

14,000 rpm for 10 min at 4oC and the RNA pellet was resuspended in 75 μL diethyl 

pyrocarbonate (DEPC) treated double distilled water.  25 μL of 8 M lithium chloride (LiCl) was 

then added, mixed and incubated at -20°C for 30 min.  The RNA was precipitated by 

centrifugation at 14,000 rpm for 20 min at 4°C, washed once with 70% ethanol, dried in a Savant 

speed-vacuum centrifuge and resuspended in 100 μL DEPC water.  RNA concentrations were 

determined by the absorbance at 260 nm with a Beckman DU-64 Spectrophotometer (Beckman 

Instruments, Inc.).   

A total amount of 10-15 μg RNA was denatured and fractionated on 1% agarose, 6% 

formaldehyde gels, electro-transferred to a Zeta-Probe® nylon blotting membrane from Bio-

RAD (162-0159) and UV cross-linked.  Membranes were then incubated for 1 h in a 

prehybridization buffer consisting of 0.45 M sodium phosphate, 6% sodium dodecacyl sulfate 

(SDS), 1 mM EDTA, and 1% bovine serum albumin (BSA).  The membranes were then 

incubated overnight at 61°C in the same hybridization buffer with a 32P radio-labeled gene 

specific probe for MnSOD, C/EBPβ, C/EBPδ, human growth hormone (hGH), or Cathepsin B 

(Cath B), generated by random primer extension.  The membrane was then washed three times 

for 10 min at 66°C in a high stringency buffer composed of 0.04 M sodium phosphate, 2 mM 

EDTA, and 1% SDS and then exposed to film (Amersham, Piscataway).   

Densitometry was performed by direct scanning of the original autoradiograph with a 

Microtek scan maker 9600XL and analyzed with the UN-SCAN-IT program (Silk Scientific 
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Corporation, version 5.1).  Growth hormone expression levels were normalized to the internal 

control, Cathepsin B (Cath B), and the hGH/Cath B ratio derived from the control transfection 

without treatment was set to 1.  Statistical analysis was derived from a minimum of 3 

independent experiments.  The errors are presented as the standard error of the means (SEM) and 

comparisons were performed using a Student’s t Test.  An asterisk or a cross denotes the 

significance as determined by a Student’s t Test to a value of p ≤ 0.05. 

Generation of cDNA from RNA 

To generate cDNA for real-time PCR analysis, SuperScript™ first strand synthesis kit 

from Invitrogen (12371-019) was used.  1 μg of total RNA isolated was used as the template to 

which the following components were added: 1 μL of a 10 mM dNTP mix, 0.5 μg of Oligo(dT), 

and water to bring up to 8 μL.  This reaction was incubated at 65°C for 5 min then placed on ice 

for 2 min.  To this reaction the following was added, 2 μL of 10X RT buffer, 4 μL of 25 mM 

MgCl2, 2 μL of 0.1 M DTT, and 1 μL of RNAseOUT™ recombinant RNAase inhibitor.  The 

mixture was then incubated for 2 min at 42°C, and 50 units of SuperScript™ II RT was added to 

each reaction and then incubated for an additional 50 min at 42°C.  The reaction was then 

terminated by incubation at 70°C for 15 min and then incubated on ice for at least 5 min.  2 units 

of RNase H was then added and incubated at 37°C for 20 min.  The sample was then diluted with 

79 μL of water and stored at -20°C.   

Real-Time PCR  

For real-time PCR, 2 μL of cDNA generated from first strand synthesis (as described 

above) was used as the template.  0.3 μM of each primer, 12.5 μL of iTaq™ SYBER Green 

Supermix with ROX (Bio Rad, Hercules, CA #170-8851) were added, and water was added to a 

final volume of 25 μL.  The Applied Biosystems, Foster City, CA 7000 sequence detection 

system was used with the following parameters: Cycle 1 (95°C for 10 min) X 1, Cycle 2 (95°C 
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for 15 sec, 60°C for 1 min) X 40 cycles.  The ΔΔCT method was used to determine the relative 

fold changes, normalized to the cyclophilin A gene, and is described by Livak et al (Livak and 

Schmittgen, 2001). 

Real-time PCR primers for MnSOD mRNA: sense primer, 5’- CCGCCTGCTCTAATCA 

GGA -3’, and antisense primer, 5’- TCCAAATGGCTTTCAGATAGTCA -3’; real-time PCR 

primers for Cyclophilin A mRNA: sense primer, 5’- GGTGGCAAGTCCATCTACGG-3’; and 

antisense primer, 5’-TCACCTTCCCAAAGACCACAT-3’.  Each individual real-time PCR was 

performed in triplicate with statistics derived from samples of at least three independent 

experiments.  The errors are presented as the SEM and comparisons were performed using a 

Student’s t Test. 

Total Protein Isolation 

Total protein lysates were isolated from L2 cells 48 h after transfection with the indicated 

plasmid.  Cells were washed twice with ice cold PBS, followed by adding 500 μL of RIPA lysis 

buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 1X 

Roche complete mini protease inhibitor cocktail).  Cells were then incubated at 4°C for 30 min 

with rocking to ensure cellular lysis, followed by centrifugation at 14,000 X g for 15 min at 4°C 

to remove cellular debris.  The supernatant was then transferred to pre-chilled 1.5 mL Eppendorf 

tubes, and either used for immunoblot analysis or for immunoprecipitation.  Protein 

concentrations were determined by the bicinchoninic acid (BCA) assay in triplicate (Pierce, 

Rockford, IL). 

Immunoprecipitation 

Total cell extracts were prepared in RIPA lysis buffer at the time points indicated and pre-

cleared by incubation with 200 μL of Protein A Sepharose beads (50% slurry) at 4°C for 2 h.  

Then 2 μg of C/EBPβ antibody from Santa Cruz was added followed by incubation at 4°C 
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overnight.  Complex capture was completed by incubating with Protein A Sepharose beads at 

4°C for 2 h.  Complexes were washed 4X with RIPA buffer followed by immunoblot analysis 

with the antibody specifically against LAP*. 

Nuclear Extraction 

After IL-1β treatment for the indicated times, two 150 mm dishes of L2 cells per condition 

were placed on ice and rinsed twice with ice cold PBS.  5 mL of PBS was then added to each 

plate and cells were scraped into a 15 mL tube.  The cells were then centrifuged at 514g for 10 

min.  The PBS was aspirated and the pellet was resuspended in 900 μL of lysis buffer (20 mM 

HEPES, pH 7.6, 10 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 20% glycerol, 0.1 M DTT and 

1X protease inhibitor tablet) by pipetting up and down until there were no clumps and transferred 

to a pre-chilled 1.5 mL Eppendorf tube followed by incubation on ice for 15 min.  100 μL of a 

10% Triton X-100 solution (final concentration was 1%) was added, vortexed briefly and the 

cells were centrifuged at 5200 rpm for 10 min at 4°C.  The cytosolic fraction was removed to 

new 1.5 mL Eppendorf tube to store at -80°C for later use.  To each pellet, 500 μL of nuclear 

extraction buffer containing 20 mM HEPES, pH 7.6, 400 mM NaCl, 1.5 mM MgCl2, 0.2 mM 

EDTA, 20% glycerol, 0.1 M DTT and 1X protease inhibitor tablet.  The samples were then 

gently rocked for 2 h at 4°C and then centrifuged for 10 min at 14,000 rpm.  The supernatant 

containing the nuclear extract was collected and stored at 4°C for later use.   

Immunoblot Analysis 

10 μg of total protein solution after transfection or 30 μg of nuclear extract or the 

immunoprecipitate was fractionated on a 10.5-14% SDS/polyacrylamide gel (Bio-Rad) and 

transferred to a nitrocellulose Trans-Blot Transfer membrane (Bio-Rad).  The membrane was 

then blocked for 1 h with 8% non-fat milk dissolved in a TBST buffer containing 0.1 M NaCl, , 
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10 mM Tris-HCl (pH 7.5), and 0.1% Tween 20 (v/v).  The membranes were then incubated with 

the indicated antibody (LAP* 1:200; C/EBPβ 1:250; C/EBPδ 1:250; TFIIB 1:250; HA 1:250) 

diluted in TBTS with 5% non-fat milk at 4°C overnight, washed 3X with TBST, incubated with 

secondary antibody (mouse 1:3,000; rabbit 1:15,000) in 5% non-fat milk for 1 h, washed 3X with 

TBST, and finally subjected to ECL chemiluminescence (Amersham). 

Transient Transfection 

L2 cells were cultured as described previously and transfected at approximately 60% 

confluency using a FUGENE 6 transfection reagent.  For protein overexpression analysis, 5µg of 

indicated plasmid was transfected in 100 mm dishes, and total cell extract was collected 48 h 

after transfection and subjected to immunoblot analysis.  For reporter assay analysis, 0.2 µg of 

reporter plasmid (MnSOD promoter/enhancer-hGH), 0.5 µg of indicated transcription factor 

construct was used, and empty vector pcDNA 3.1 was used to bring the total DNA amount to 4 

µg.  24 h post transfection, the cells were split 1:2, and incubated for another 16 h.  IL-1β (R&D 

Systems Inc, NM) was added to one set of the plates to a final concentration of 2 ng/mL.  After 8 

h, total RNA was isolated for northern blot analysis.  For ChIP analysis, 15 µg of pHA-LAP* 

plasmid was transfected in 150 mm dishes, and cells were fixed with 1% formaldehyde 48 h after 

transfection.  Transfections were processed as follows: calculated amount of FuGENE (FuGENE 

Reagent: DNA ratio of 3:1, in which μL for FuGENE and μg for DNA) was diluted in 600 μL 

serum free media for 100 mm dishes or 1 mL for 150 mm dishes, and incubated for 10 min.  

DNA was then added and the mixture was incubated at room temperature for 20 min and then 

added to L2 cells.  3 h later, the cells were washed twice with PBS and replenished with fresh 

media. 

40 
 



 

Short Interfering RNA (siRNA) Transfection 

Transfection of L2 cells was done in 35 mm plates with 90% confluency, and according to 

the manual (provided by Dharmacon), 6 μL of DharmaFECT-1 and a final siRNA concentration 

of 100 nM was used.  L2 cells were treated with transfection reagent for 48 h.  One set of plates 

were then treated with 2 ng/mL of IL-1β for 4 h.  Total RNA and protein extracts were isolated 

and analyzed by reverse transcription followed by real time PCR or immunoblot analysis, 

respectively. 

Transcription Rate Determination 

Total RNA was isolated from L2 cells at indicated time points after IL-1β treatment using 

the Qiagen RNeasy kit (Qiagen), including DNase I treatment before final elution to eliminate 

any DNA contamination.  To measure the transcription rate from the MnSOD gene, primers 

derived from MnSOD Exon 2 and Intron 2 were used for real-time PCR after first-strand cDNA 

synthesis to measure the unspliced transcripts (pre-mRNA or hnRNA).  The primers for MnSOD 

hnRNA amplification were: sense primer, 5’- TCCCTGACCTGCCTTACGACTA-3’; and 

antisense primer, 5’- TGCAAACCAACCGAGATATTCC-3’.  This procedure for measuring 

transcription rate is based on what described by Lipson and Baserga (Lipson and Baserga, 1989).  

Equal amount of RNA before reverse transcription was used as a negative control to rule out any 

amplification from any residual genomic DNA, which was always negative.   

Chromatin Immunoprecipitation (ChIP)  

L2 cells were grown to 90% confluency on 150 mm plates and cross-linked with 1% 

formaldehyde for 10 min at room temperature and quenched with 125 mM glycine for 5 min.  

Cells were then scraped into 50 mL conical tubes, and centrifuged at 3000 rpm for 15 min at 4°C.  

After washed 2X with PBS, cells were resuspended in cold swelling buffer (5 mM PIPES pH 8.0, 

85 mM KCl, 0.5% NP-40 plus 1X protease inhibitors) and incubated on ice for 10 min.  Swelled 
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cells were centrifuged at 5,000 rpm for 5 min at 4°C, and the cellular pellet was gently 

resuspended in 1 mL lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris pH 8.1, and 1X protease 

inhibitors).  The lysates were then sonicated to ~500bp fragments using a Branson Model 500 

dismembrator (purchased from Fisher Scientific) at 40% amplitude for 5X 30 sec bursts with 2 

min rest on ice between each burst.  Sonicated samples were transferred to 1.5 mL tubes and 

centrifuged at 13,000 rpm for 5 min at 4°C to clear cellular debris.  Supernatants were diluted 

1:10 in ChIP dilution buffer (0.1% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris pH 

8.1, and 167 mM NaCl), and pre-cleared with 500 μL of Protein A sepharose beads for 2 h at 

4°C.   

Pre-cleared supernatants were then split to 1 mL aliquots, and 2 μg of indicated antibodies 

were added.  After overnight incubation, 60 μL protein A or G sepharose beads blocked with 

30% BSA were added to each tube to capture the complex.  After incubation at 4°C for 2 h, the 

complexes were isolated by centrifugation at 1,000 rpm for 2 min and followed by washes once 

with low salt (0.1% SDS, 1% Triton X-100 (v/v), 20 mM Tris pH 8.1, 2 mM EDTA, and 150 

mM NaCl), high salt (0.1% SDS, 1% Triton X-100, 20 mM Tris pH 8.1, 2 mM EDTA, and 500 

mM NaCl), LiCl (250 mM LiCl, 1% NP-40, 1% sodium deoxycholate (DOC), 10 mM Tris pH 

8.1, and 1 mM EDTA) and three times with TE (10 mM Tris pH 8.0 and 1 mM EDTA pH 8.0).  

Samples were then eluted with 500 μL of elution buffer (1% SDS and 100 mM NaHCO3) with 

rocking at 37°C for 30 min.  Eluted samples were centrifuged at 2,000 rpm for 2 min at room 

temperature, and supernatants were transferred to 1.5 mL tubes.  Prior to washing of complexes 

above, 500 μL of IgG control samples was kept aside as INPUT controls.   

Proteinase treatment of eluted samples and INPUT controls was accomplished by the 

addition of following solutions to reach the final concentrations of 200 mM NaCl, 11 mM EDTA, 
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and 44 mM Tris pH 7.0.  2 μl of proteinase K (20 mg/mL) was added as well to digest protein for 

1 h at 45°C, followed by reverse cross-link at 65°C for 4 h.  Samples were then purified with the 

Qiagen PCR kit and subjected to real-time PCR analysis.  The primers for ChIP analysis are 

listed in Table 2-1. 

Peptide Delivery 

Peptide delivery was done with ChariotTM (Active Motif, #30025) in Human fetal lung 

fibroblast (HFL) cells in 35 mm dishes with 50-60% confluency.  Indicated amount of synthetic 

peptide was diluted in 100 μL of PBS, and mixed with 1.2 μg Chariot which is also diluted in 

100 μL of PBS.  The mixture was incubated at room temperature for 30 min to allow the chariot-

peptide complex to form.  Then the 200 μL of Chariot-peptide complex was added to HFL cells 

after being washed once with PBS.  Cells were overlaid by the complex and 400 μL of serum-

free media was added to the plates.  After 2 h incubation, cells were washed with PBS followed 

by the addition of regular fresh media and treatment with 2 ng/mL of IL-1β for 2 h. 

His-Tagged Protein Purification 

6 X His-tagged protein constructs were made by subcloning indicated cDNAs into the 

pQE-2 vector from Qiagen in frame with the 6 X His sequence.  XL-10 gold cells transformed 

with pQE-2 His-tagged protein expression vectors were incubated in 5 mL YT media with 100 

μg/mL of ampicillin at 37°C with shaking.  The lactose analogue isopropyl β-D-thiogalactoside 

(IPTG) was added with a final concentration of 1mM to the bacteria when an A600 reading of 0.6-

0.8 was achieved.  After shaking at 37°C for another 3 h, bacterial cells were harvested by 

centrifugation at 4000 g for 15 min. 

Cell pellet was resuspended in 700 μL buffer B (7 M urea; 0.1 M NaH2PO4; 0.01 M Tris-

Cl; pH 8.0) with 15 units of benzonase nuclease.  Cells were then incubated with agitation for 15 

min at room temperature followed by centrifuging at 12,000 g for 15–30 min at room 
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temperature to pellet the cellular debris.  Ni-NTA spin column was equilibrated with 600 μL 

Buffer B and centrifuged for 2 min at 890 g.  The cleared lysate supernatant containing the 6 X 

His-tagged protein was loaded onto a pre-equilibrated Ni-NTA spin column and centrifuged at 

270 g for 5 min.  The Ni-NTA spin column was then washed 2 X with 600 μL Buffer C (8 M 

urea; 0.1 M NaH2PO4; 0.01 M Tris-HCl; pH 6.3) followed by centrifuging for 2 min at 890 g.  

Finally, the protein was eluted twice with 200 μL Buffer E (8 M urea; 0.1 M NaH2PO4; 0.01 M 

Tris-HCl; pH 4.5) and centrifuged for 2 min at 890 g. 
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Table 2-1.  Primers used for ChIP analysis 
Primer Pairs Gene Regions Primer Sequence 

Rat MnSOD 
Promoter -249~ +66 FP 5’-CTGAGGGTGGAGCATAGCCA-3’ 

RP 5’-CCGCTGCTCTCCTCAGAACA-3’ 

Rat MnSOD 
Enhancer +1716~+1940 FP 5’-AAGTGTGGTATTTTAGCATAGTTGTGTA-3’ 

RP 5’-AGAGGAAAGTTGTCAGATGTCACC-3’ 

Rat Intergenic 
Region  FP 5’-GCAGGCTCCCAATCAATACAT-3’ 

RP 5’-TGGAATAGCAGGCAGCGTG-3’ 

Human FOXO3a 
Site 1 -4339~-4170 FP 5’-GGGAAAGAGAGAGGACAGGAGC-3’ 

RP 5’-TCTGACACCCTCATTAGACCCTT-3’ 

Human FOXO3a 
Site 2 +2910~+3139 FP 5’-CTCTACCGTTCCTTATCATCCTCTT-3’ 

RP 5’-GAGATGTATATCTCCAATCGCACAG-3’ 

Human FOXO3a 
Site 3 +55386~+55621 FP 5’- TCATTCCCCGCTCTTCATTC-3’ 

RP 5’- CAGAGACTATGTGAGACAATGGAGG-3’ 

Human FOXO3a 
Site 4 +116869~+117085 FP 5’-AACCCATGAAACTTGTACCCAA-3’ 

RP 5’-GCTTATCTGATTCAATCAAGGACAG-3’ 

Human FOXO3a 
Promoter -39~+197 FP 5’-TGCGTGTGTCTATAACTTTGTGCT-3’ 

RP 5’-CTACCTCGCTTCCTTCCCTTC-3’ 

Human FOXO3a 
Intervening Region +1587~+1865 FP 5’-GAGGACGATGAAGACGACGAG-3’ 

RP 5’-AGGTTTCCCCAGGCGTTC-3’ 
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CHAPTER 3 
DISTINCT FUNCTIONS OF C/EBP PROTEIN ISOFORMS IN THE REGULATION OF 

MNSOD DURING IL-1Β STIMULATION 

Introduction 

The regulation of MnSOD gene expression is important to cellular and organismal 

homeostasis with postnatal death observed in gene ablation mouse models at 10 days to 3 weeks 

after birth (Lebovitz et al., 1996; Li et al., 1995).  For the past 30 years, extensive studies have 

convinced the research community that MnSOD expression levels are lower in primary tumors 

and in cancer cell lines (Izutani et al., 1998; Oberley and Buettner, 1979; Zhong et al., 1999), and 

overexpression of MnSOD and its catalytic mutants can inhibit cancer cell growth (Amstad et al., 

1997; Church et al., 1993; Davis et al., 2004; Liu et al., 1997; Liu et al., 2005) and tumors in vivo 

(Church et al., 1993; Davis et al., 2004; Li et al., 1998; Weydert et al., 2003).  Furthermore, 

numerous studies have demonstrated that elevated levels of MnSOD are able to protect cells 

against radiation damage (reviewed in Greenberger and Epperly, 2007), NMDA initiated 

neurotoxicity (Gonzalez-Zulueta et al., 1998), and TNF-α mediated apoptosis (Manna et al., 

1998).  Other studies have also demonstrated that cardiac overexpression of MnSOD can confer 

protection of cardiac mitochondria, reducing diabetic cardiomyopathy (Shen et al., 2006).  

Therefore, it is clear that an understanding of the underlying mechanisms controlling cellular 

regulation of MnSOD could be of central importance to a variety of disease pathologies along 

with the aging process. 

MnSOD induction is highly regulated when exposed to proinflammatory stimuli such as 

lipopolysaccharide (LPS), tumor necrosis factor α (TNFα), interleukin-1β and-6 (IL-1β and IL-

6), and interferon γ (IFNγ) to confer potent cytoprotective functions (Dougall and Nick, 1991; 

Jones et al., 1995; Lin et al., 1993; Masuda et al., 1988; Visner et al., 1991; Visner et al., 1990; 

Wong et al., 1989).  Previous investigations from this (Visner et al., 1991) and other laboratories 
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(White and Tsan, 1994) have demonstrated the stimulus-dependent elevation in MnSOD mRNA 

level is due to increased de novo transcription, and maximum induction of the gene requires an 

enhancer region which is located in intron 2 in both rodent and human MnSOD genes (Jones et 

al., 1997; Kiningham et al., 2001; Rogers et al., 2000; Xu et al., 1999).  This enhancer is highly 

conserved over a 200-500 bp region depending on the species, even though it resides in an intron 

in all the species studied.  Sequence analysis together with EMSA have indicated the potential 

involvement of various transcription factors with the intronic enhancer during the stimulus-

dependent up-regulation of MnSOD transcription (Jones et al., 1997; Maehara et al., 2000; 

Maehara et al., 1999; Ranjan and Boss, 2006) ; however, the mechanisms have not been studied 

in detail. 

By using a yeast One-Hybrid strategy to identify the cognate regulatory factors which bind 

to the conserved enhancer sequences, we have identified C/EBPβ and δ as candidate factors 

(Chokas, 2004) involved in MnSOD gene induction.  Both C/EBPβ and C/EBPδ have been 

shown to be involved in the inflammatory response (Cardinaux et al., 2000; Fukuoka et al., 1999; 

Magalini et al., 1995).  C/EBPβ mRNA is intronless and gives rise to three different protein 

isoforms, LAP*, LAP and LIP (Figure 1-3), through alternative use of three inherent translation 

start codons (Ossipow et al., 1993).  C/EBPδ contains no intron as well, and only has one protein 

form (Figure 1-3). 

Results 

Effects of IL-1β on C/EBPβ and δ 

The potent anti-oxidant enzyme, MnSOD, is highly inducible by a number of pro-

inflammatory stimuli including IL-1β (Valentine and Nick, 1992; Visner et al., 1990), TNF-α 

(Lin et al., 1993; Wong and Goeddel, 1988), and LPS (Gibbs et al., 1992; Valentine and Nick, 

1992) as well as IL-6 (Dougall and Nick, 1991).  We (Rogers et al., 2000) and others (Jones et 
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al., 1997; Maehara et al., 1999) have shown that the induction of MnSOD by IL-1β, TNFα and 

LPS is in fact mediated through the conserved intronic enhancer element.  To determine whether 

the cytokine, IL-1β, had any effect on C/EBPβ and C/EBPδ, total RNA was isolated from a rat 

pulmonary epithelial-like cell line, L2, following stimulation with IL-1β (2ng/mL) for 8 hours.  

Northern analysis was performed (Figure 3-1) and the membrane was hybridized with 

radiolabelled probes for MnSOD, C/EBPβ, C/EBPδ and the loading control, cathepsin B (Cath 

B).  These data illustrate the documented induction of MnSOD mRNA by IL-1β treatment 

(Visner et al., 1990) along with the induction of C/EBPδ mRNA levels(Cardinaux et al., 2000; 

Fukuoka et al., 1999; Magalini et al., 1995).  In contrast, our repeated attempts found IL-1β had 

no obvious effect on C/EBPβ mRNA level. 

To investigate the effect of IL-1β treatment on C/EBPβ or C/EBPδ cellular protein levels 

or localization, we isolated cytosolic and nuclear fractions from L2 cells at times after exposure 

to 2 ng/mL of IL-1β, and both fractions were subjected to immunoblot analysis.  Neither C/EBPβ 

nor C/EBPδ was detectable in the cytosolic fraction (data not shown).  In the nuclear fraction, 

C/EBPδ protein induction was first detectable at 1h, peaking at ~2-3h, with a gradual decline to a 

level at 24h still significantly higher than the untreated control.  Immunoblot analysis of TFIIB 

was used as the loading control (Figure 3-2, top panel).  As illustrated in Figure 1-3, the 

translation of the C/EBPβ mRNA can lead to 3 protein isoforms, designated LAP*, LAP and 

LIP.  In the nucleus, when utilizing an antibody which recognizes all three protein isoforms, we 

observed the induction by IL-1β of each of the three isoforms, with a time course unique to each 

protein (Figure 3-2, bottom panel).  These data, therefore, demonstrated that LAP* and LAP 

proteins were both detectable in untreated cells, showing a gradual increase with a plateau after 

about 3 h.  LIP, on the other hand, was extremely low in control cells showing an induction at ~1 
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h and reaching a plateau at about 5 h.  Unfortunately, our attempts to utilize a commercially 

available mono-clonal antibody specific to the N-terminal 21 amino acids of LAP* in 

conventional immunoblot analysis were unsuccessful on whole cell or nuclear extracts (data not 

shown).  In order to further demonstrate that LAP* was indeed present in these cells and 

inducible, and verify that the top band in Figure 3-2 bottom panel was indeed LAP*, we 

collected total cell extracts at increasing time points after IL-1β treatment, and performed an 

immunoprecipitation with the antibody that recognizes all three C/EBPβ isoforms.  The 

precipitate was fractionated by SDS-PAGE, and immunoblot analysis was performed with the 

antibody specific to LAP* (Figure 3-3), confirming the presence of endogenous LAP* and the 

induction of this isoform by IL-1β. 

Effect of C/EBPβ Knockout and Knockdown on IL-1β Dependent Induction of MnSOD 

To demonstrate the functional role of C/EBPβ in the IL-1β-dependent induction of 

MnSOD, we evaluated the cytokine response in C/EBPβ-/- mouse embryonic fibroblast (MEF) 

cells (Sterneck et al., 1997).  RNA was isolated from both wild type (β+/+) and C/EBPβ 

knockout (β-/-) MEF cells with or without 8h of IL-1β treatment followed by northern analysis 

(Figure 3-4).  IL-1β exposure caused the expected induction of MnSOD mRNA levels in wild 

type MEF cells, however the levels of MnSOD mRNA were unchanged in the C/EBPβ knockout 

(β-/-) MEF cells, implicating the relevance of C/EBPβ in the IL-1β induction of MnSOD.  To 

further verify the importance of C/EBPβ in the MnSOD induction by IL-1β, we also utilized 

siRNA specific to C/EBPβ to knock down endogenous C/EBPβ protein levels.  Immunoblot 

analysis (Figure 3-5A) of cells exposed to the transfection reagent alone or an unrelated siRNA 

showed no effect on the levels of the endogenous C/EBPβ isoforms whereas the siRNA specific 

to C/EBPβ knocked down all C/EBPβ isoform levels by ~80%.  The C/EBPβ specific siRNA 
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treated cells was subjected to IL-1β treatment and real-time RT-PCR data from three 

independent experiments were analyzed in of Figure 3-5B.  Untreated levels of MnSOD mRNA 

were unaffected by any of the conditions, while specific knock down of C/EBPβ blocked the IL-

1β induction of MnSOD by more than 60%. 

MnSOD Transcription Rates 

We have previously demonstrated that the induction of steady-state MnSOD mRNA levels 

by IL-1β treatment requires de novo transcription and reaches the maximal level at ~8 h 

(Valentine and Nick, 1992; Visner et al., 1990).  To expand these original studies from a time-

dependent standpoint and to better correlate the induction of C/EBPβ and C/EBPδ protein levels 

by IL-1β with MnSOD expression, we examined the relative levels of unspliced heteronuclear 

RNA (hnRNA), which directly reflects the endogenous transcription rates (Lipson and Baserga, 

1989).  The quantitation of hnRNA by real-time RT-PCR provides a mechanism for direct 

analysis of the relative transcription rates analogous to a nuclear run on study.  Figure 3-6 

demonstrated that IL-1β caused a dramatic increase in MnSOD hnRNA levels within 15 min, 

with a maximal induction reached at 30 min.  The transcription rate was reduced by 1h with 

further gradual decline over the next 24 h, where a ~10 fold induction was still maintained 

relative to control cells. 

Interaction of C/EBPβ and C/EBPδ with the MnSOD Enhancer Element 

To investigate the direct interactions of C/EBPβ and C/EBPδ with the MnSOD gene in 

intact cells following IL-1β treatment, chromatin immunoprecipitation (ChIP) was performed 

with L2 cells collected at specific time points after IL-1β treatment.  A non-specific IgG antibody 

gave minimal background signals (data not shown).  Antibodies against C/EBPβ (Figure 3-7A) 

or C/EBPδ (Figure 3-7B) showed significant inducible interactions with the MnSOD intronic 

enhancer following IL-1β treatment with minimal binding observed at the promoter, as well as, 

50 
 



 

at an intergenic control region.  The differences between these two transcription factors were 

more obvious when considering the time dependence of the binding.  C/EBPβ showed a ~7.4 

fold increase in the occupancy of the intronic enhancer after 15 min of IL-1β exposure with 

sustained binding up to ~11.4 fold at 5 h (Figure 3-7A).  This is consistent with the initial 

induction of LAP* and LAP protein levels (Figure 3-2 and 3-3) and the MnSOD transcriptional 

induction (Figure 3-6).  The binding of C/EBPδ, on the other hand, showed only a ~2.6 fold 

increase in occupancy at 15 min but a ~10.3 fold increase at 2 h (Figure 3-7B) which coincided 

with the significant increase in protein levels at 2 h (Figure 3-2). 

Functional Importance of C/EBPβ and C/EBPδ in MnSOD Transcriptional Regulation 

Classically, the LAP* and LAP isoforms have been identified as activators (Martinez-

Jimenez et al., 2005; Pomerance et al., 2005; Zuo et al., 2006) whereas LIP has been considered 

as a repressor (Descombes and Schibler, 1991; Hsu et al., 1994).  However, our data suggested a 

more distinct role for these isoforms.  Given the existence and inducibility of all three C/EBPβ 

isoforms in L2 cells, it was logical to assume that the C/EBPβ protein isoforms functioned 

differently to coordinately regulate MnSOD expression during the induction by IL-1β.  To test 

this hypothesis, we cloned the cDNAs that would initiate at each of the three methionine residues 

into the mammalian expression vector, pcDNA3.1 (Figure 3-8A), with the designations 

pLAP*/LAP/LIP indicating the production of all three proteins, LAP*, LAP, and LIP; pLAP/LIP 

referring to the synthesis of only LAP and LIP; and pLIP, the designation for the production of 

LIP alone.  We tested the functional importance of these three constructs on MnSOD gene 

regulation following transient co-transfection of L2 cells with a human growth hormone (hGH) 

reporter driven by the MnSOD promoter coupled to its cognate intronic enhancer (MnSOD 

promoter/enhancer-hGH).  We found that co-transfection of the expression vector 
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pLAP*/LAP/LIP increased hGH expression (Figure 3-8B, Lane 2 versus Lane 1) whereas co-

transfection with pLAP/LIP or pLIP had no effect on the basal expression of the MnSOD 

promoter/enhancer (Lane 3 and 4 versus Lane 1).  As previously reported (Rogers et al., 2000), 

when cells were co-transfected with MnSOD promoter/enhancer-hGH and the empty expression 

vector, pcDNA3.1, exposure to 2 ng/mL of IL-1β for 8 h induced hGH expression (Lane 5 versus 

Lane 1), demonstrating the responsiveness of the intronic enhancer to IL-1β.  Co-transfection 

with pLAP/LIP or pLIP blocked the IL-1β dependent induction (Lane 7 and 8 versus Lane 5) 

whereas co-transfection with pLAP*/LAP/LIP in IL-1β treated cells showed a slight additive 

response compared to IL-1β alone (Lane 6 versus Lane 5). 

In order to systematically study the role of each protein isoform separately and with all 

possible combinations, we selectively mutated methionine 22 and/or methionine 153 to alanine, 

generating four possible combinations, pLAP*/LIP, pLAP*/LAP, pLAP* and pLAP (Figure 3-

9A).  As described for the constructs in Figure 3-8, the designations for each construct reflect the 

protein isoforms that can be synthesized.  The anticipated results were verified by isolating total 

protein extracts from L2 cells transfected with the respective mutant expression vectors followed 

by immunoblot analysis with antibodies specifically against LAP* or all three C/EBPβ protein 

isoforms (Figure 3-9B).  The bottom right panel in Figure 3-9B shows an overexposed film to 

illustrate that LIP was also expressed as expected by the construct designation, albeit at lower 

levels relative to pLIP. 

To determine whether methionine to alanine mutations would affect the transcriptional 

activity of the respective isoforms, the indicated expression vectors were co-transfected with the 

MnSOD promoter/enhancer-hGH reporter construct.  Total RNA collected with or without 8 h of 

IL-1β treatment was subjected to northern analysis (Figure 3-10).  Those constructs that express 
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LAP* (Figure 3-10, Lane 2-5), significantly enhanced hGH expression (comparing to Lane 1) in 

the absence of IL-1β.  Most relevantly, the induction observed for the pLAP* construct (Lane5), 

expressing only LAP*, was very efficient at inducing MnSOD promoter/enhancer function.  

However, when transfected cells were exposed to IL-1β, a slight additive response was observed 

(Lane 9-12 versus Lane 8).  Additionally, Lane 6 and 7 confirm that in the absence of LAP*, GH 

expression is not increased.  Furthermore, Lane 13 and 14 demonstrate that pLAP and pLAP/LIP 

strongly repress GH expression when exposed to IL-1β.   

To further demonstrate the roles of LAP*, LAP, LIP and C/EBPδ during IL-1β induced 

MnSOD expression, empty pcDNA3.1 or vectors expressing only LAP*, LAP, LIP or C/EBPδ 

were co-transfected with the MnSOD promoter/enhancer-hGH reporter plasmid, and hGH 

mRNA levels were examined by northern analysis (Figure 3-11A).  A densitometry analysis of 

three independent experiments is shown in Figure 3-11B.  As demonstrated in Figure 3-11, 

LAP* caused a ~2.5 fold induction of hGH expression in the absence of IL-1β, whereas 

overexpression of LAP, LIP, or C/EBPδ had no effect on basal expression.  Overexpression of 

LAP* in conjunction with IL-1β treatment further added to the IL-1β enhanced hGH expression 

whereas overexpression of LAP, LIP or C/EBPδ significantly repressed MnSOD 

promoter/enhancer driven hGH expression. 

Binding of LAP* to the MnSOD Enhancer 

With the unique role that LAP* played as a potent transcriptional activator of MnSOD, we 

felt it necessary to demonstrate that LAP* could specifically interact with the endogenous 

MnSOD enhancer element.  Given that the antibody against C/EBPβ used in the ChIP analysis in 

Figure 3-7A recognizes all three C/EBPβ protein isoforms and that the antibody specifically 

against LAP* did not possess adequate affinity for immunoprecipitation in our hands, we 

generated a vector expressing C-terminally HA-tagged LAP*.  Immunoblot analysis of protein 
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from cells transfected with HA-LAP* vector with antibodies either to the HA tag or C/EBPβ 

demonstrated that the construct produced the expected protein (Figure 3-12A).  Furthermore, co-

transfection of cells with the pHA-LAP* and the MnSOD promoter/enhancer-hGH reporter 

plasmid demonstrated that the HA-tagged protein behaved identically to the untagged LAP* in 

its ability to induce hGH expression (Figure 3-12B).  With these results, we then transfected L2 

cells with the vector expressing HA-LAP*, and evaluated its binding by ChIP analysis with the 

HA specific antibody.  The data in Figure 3-13 clearly demonstrates that HA-LAP* is 

specifically bound to the MnSOD enhancer, whereas no actual binding was observed with the 

MnSOD promoter, an intergenic region or samples using nonspecific mouse IgG. 

Discussion 

C/EBPβ and C/EBPδ were identified by yeast one-hybrid assay when screening a rat lung 

cDNA library using three copies of an enhancer fragment as bait.  In this study, I established the 

expression profiles of C/EBPβ and C/EBPδ in both mRNA level and protein level in response to 

IL-1β treatment, including the effect of IL-1β on LAP* protein level.  I confirmed the 

importance of C/EBPβ in IL-1β-dependent induction of MnSOD by gene knockout and 

knockdown approaches.  I verified the de novo synthesis of MnSOD mRNA induced by IL-1β, 

and showed its time-dependence.  I also demonstrated that C/EBPβ and C/EBPδ could be 

induced to bind to MnSOD enhancer region in a time-dependent manner, indicating a direct 

relationship between these two transcription factors and MnSOD gene expression.  In addition, 

by mutating the methionines for corresponding internal start codons to alanines, I created 

constructs only expressing one of C/EBPβ protein isoform, namely LAP*, LAP and LIP, and 

confirmed the point mutations did not affect the transcriptional activities of the proteins.  With 

these constructs, I utilized a human growth hormone reporter driven by the MnSOD intronic 

enhance coupled with its cognate promoter (MnSOD promoter/enhancer-hGH) to determine that 
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LAP* is the only transcriptional activator and it can act with IL-1β in an additive way to induce 

MnSOD expression, whereas LAP, LIP, and C/EBPδ function as transcription repressors to 

block IL-1β-dependent induction of MnSOD.  Finally, I confirmed that LAP* could specifically 

interact with MnSOD enhancer region. 

In the literature, it has been documented that C/EBPβ and C/EBPδ both belong to the same 

C/EBP subfamily and both factors are reported to be involved in the inflammatory response.  

Sharing over 90% identity in the C-terminal bZIP domain, these two transcription factors possess 

the ability to bind a canonical RTTGCGYAAY sequence (R = A/G, Y = C/T).  In this study, I 

found that despite those shared attributes, these two factors displayed distinct profiles in L2 cells 

when exposed to IL-1β.  C/EBPδ was induced in both mRNA and protein levels, and its 

induction in protein was transient in that it peaked at around 2-3 h with a gradual decline 

thereafter.  In contrast, C/EBPβ was not induced at the mRNA level, however all three of its 

protein isoforms were induced, and maintained a plateau from 2 h up to 24 h.  ChIP analysis 

demonstrated that C/EBPβ was dramatically induced as early as 15 min to bind MnSOD with a 

further increase up to 5 h, which is consistent with the initial induction of LAP* and LAP protein 

levels.  In contrast, the maximum binding of C/EBPδ to MnSOD occurred at 2 h, which also 

correlated well with the induction in its protein level.  These different binding patterns further 

indicated a disparity in the regulation of IL-1β-dependent MnSOD expression by these two 

transcription factors.  This is not surprising, because these two factors function differently yet 

coordinately to regulate MnSOD expression, which is characterized by the reporter assay. 

Furthermore, LAP* and LAP together, in the literature, are usually considered as 

transcription activators.  Kowenz-Leutz et al (Kowenz-Leutz and Leutz, 1999) for the first time 

demonstrated the LAP* was different from LAP in that it could recruit the SWI/SNF complex 
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through the extra N-terminal region.  However, in this study, I used a plasmid-based reporter 

system, which lacks a proper chromatin structure, to show that only LAP* is a transcriptional 

activator for MnSOD, indicating that this extra region may serve as another transactivation 

domain.  Unfortunately, the C/EBPβ antibody used in ChIP analysis recognized all three 

isoforms, and the LAP* specific antibody didn’t possess adequate affinity to allow for use in a 

ChIP assay; overexpression, on the other hand, has artificial effects due to the lack of proper 

post-translational modification and potential sequestration of other interactive factors, and can 

not reflect the proper changes in the intact cells.  Thus, we couldn’t dissect the ChIP result to 

show the binding profile of each C/EBPβ isoform with MnSOD. 

C/EBP family members are ready to form intrafamilial dimers, thus, based on the ChIP 

analysis and reporter assay, we propose that upon exposure to IL-1β (Figure 3-14), LAP* binds 

first to activate MnSOD induction, and it is then either forms heterodimers or completely 

displaced by LAP, LIP and/or C/EBPδ, which causes a decline in the transcription rate. 

Most interestingly, the difference between LAP* and LAP is that LAP* contains extra 21 

amino acids in the N terminus, which may serve as another activation domain.  Thus I invested 

my efforts in characterizing of the electrostatic and chemical property of this region as stated in 

Chapter 4.   
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Figure 3-1.  Effect of IL-1β on C/EBPβ and C/EBPδ mRNA levels. Total RNA extracted from 

L2 cells with or without exposure to 2 ng/mL of IL-1β for 8 h was examined by 
northern blot analysis. The membrane was hybridized with radiolabelled probes for 
MnSOD, C/EBPβ, C/EBPδ and Cathepsin B (catch B, an internal loading control). 
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Figure 3-2.  Effect of IL-1β on C/EBPβ and C/EBPδ cellular protein levels. Immunoblot analysis 

was performed on nuclear extracts from L2 cells treated with IL-1β for the indicated 
periods of time. The membranes were probed with antibodies against C/EBPβ 
(recognizing LAP*, LAP and LIP), C/EBPδ, or TFIIB as a nuclear extract loading 
control. 
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Figure 3-3.  Effect of IL-1β on endogenous LAP* protein. Whole cell extracts were collected 

from L2 cells after treated with 2 ng/mL of IL-1β for indicated periods of time. 
Immunoprecipitation was conducted with mock antibody or antibody against all three 
isoforms of C/EBPβ, and the immunoblot was probed with antibody specifically 
against LAP*. 
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Figure 3-4.  Effect of C/EBPβ knockout on IL-1β-dependent MnSOD induction. Northern blot 

analysis was performed to determine the MnSOD mRNA levels from wild type 
(β+/+) or C/EBPβ knockout (β-/-) mouse embryonic fibroblast (MEF) cells with or 
without 8 h of IL-1β (2 ng/mL) treatment. Cathepsin B (Cath B) serves as the loading 
control. 
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Figure 3-5.  Effect of C/EBPβ knockdown on IL-1β-dependent MnSOD induction.  A), 10 μg of 

whole-cell extracts from non-transfected, mock-transfected L2 cells (Dharmafect 
alone) or L2 cells transfected with unrelated cyclophilin B siRNA or C/EBPβ siRNA 
were subjected to immunoblot analysis with an antibody against C/EBPβ.  B), total 
RNA from untransfected, mock-transfected (Dharmafect alone) or L2 cells 
transfected with siRNA against cyclophilin B or C/EBPβ before or after 4 h of IL-1β 
treatment were subjected to real-time RT-PCR to determine MnSOD and cyclophilin 
A mRNA levels. The MnSOD/cyclophilin A ratio of untransfected cells under no 
treatment was set to 1. This is a summary of three independent experiments, in which 
data are depicted as the means ± SEM (standard error of the mean) values. The 
asterisk indicates statistical significance with p≤ 0.05 compared with IL-1β treated no 
transfection samples. 
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Figure 3-6.  Analysis of MnSOD expression rate after IL-1β treatment. L2 cells were treated with 

2 ng/mL of IL-1β, and at the times indicated, total RNA was isolated and analyzed by 
real-time RT-PCR using primers specific to MnSOD hnRNA.  The data were 
presented as ratios of MnSOD hnRNA levels to cyclophilin A mRNA levels. The 
ratio at time 0 was set to 1. This is a summary of three independent experiments, in 
which data are depicted as the means ± SEM values. Asterisks indicate statistical 
significance with p≤ 0.05 compared with the samples without IL-1β treatment. 
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Figure 3-7.  Association of C/EBPβ and C/EBPδ with MnSOD. L2 cells were treated with 2 
ng/mL of IL-1β for indicated times, and chromatin immunoprecipitation (ChIP) 
assays were performed with antibodies against C/EBPβ (A) or C/EBPδ (B). Data 
were plotted as the ratio to the value of total DNA input for immunoprecipitation.  
The graphs are summaries of three independent experiments, in which data are 
depicted as the means ± SEM values. Asterisks indicate statistical significance with 
p≤ 0.05 compared with the corresponding un-stimulated samples. 
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Figure 3-8.  Functional analysis of constructs carrying LAP*, LAP or LIP cDNA. A) Top panel 

is schematics of the C/EBPβ expression plasmid constructs, pLAP*/LAP/LIP, 
pLAP/LIP and pLIP, whose names reflect the protein isoforms expressed by each 
construct. Black box indicates the domain we focus on in the present study, activation 
domains and regulatory domains are depicted by hatched and meshed boxes 
respectively, and bZIP domains are presented as boxes with vertical lines. B) L2 cells 
were co-transfected with a human growth hormone (hGH) reporter plasmid driven by 
the MnSOD promoter and enhancer (MnSOD promoter/enhancer-hGH) along with an 
empty pcDNA3.1 plasmid or the indicated C/EBPβ constructs. 40 h post transfection, 
cells were either untreated or stimulated by exposure to 2 ng/mL of IL-1β for 8 h. 
Total RNA was then extracted and followed by a northern analysis 

64 
 



 

A 

B 

 
Figure 3-9.  Expression patterns of each C/EBPβ construct. A) Schematic depiction of site-

directed mutagenesis of methionine residues 22 and 153 to alanines. Black box 
indicates the domain I focused on; hatched and meshed boxes depict activation 
domains and regulatory domains respectively; and boxes with vertical lines represent 
bZIP domains. The mutated sites are highlighted by grey shading in each construct 
and the protein isoforms expressed from each construct are indicated by the construct 
names on the right. B) Whole cell extracts were obtained from L2 cells 48 h after 
transiently transfected with 5 μg of indicated constructs. Immunoblot analysis was 
conducted with antibodies specifically against LAP* or C/EBPβ (recognizes all three 
isoforms). The right bottom panel depicts a darker exposure of a similar experiment 
performed with an antibody against C/EBPβ to illustrate the presence of LIP in the 
appropriate lanes. 
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Figure 3-10.  Effects of methionine to alanine mutations. L2 cells were co-transfected with the 

MnSOD promoter/enhancer-hGH reporter plasmid together with an empty pcDNA3.1 
plasmid or the indicated expression vectors. 48 h post transfection, total RNA was 
collected with or without 8 h of IL-1β treatment, and subjected to northern analysis. 
As described above, the name of each expression vector denotes the proteins 
produced from the respective construct. 
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Figure 3-11.  Transcriptional regulation of MnSOD by LAP*, LAP, LIP and C/EBPδ. A) L2 

cells were co-transfected with MnSOD promoter/enhancer-hGH reporter plasmid 
along with an empty pcDNA 3.1 vector or the expression vectors for LAP*, LAP, LIP 
or C/EBPδ. 40 h post transfection, cells were either untreated or stimulated by 
exposure to 2 ng/mL of IL-1β for 8 h. Total RNA was then collected and subjected to 
northern analysis with cath B as the loading control. B) Densitometry was derived 
from 5 independent experiments, and data are presented as means ± SEM. Asterisks 
indicate statistical significance of transcriptional activities in unstimulated conditions 
compared with the empty vector, pcDNA 3.1 with p≤ 0.05. Crosses indicate statistical 
significance in enhancing or impeding IL-1β induction of MnSOD 
promoter/enhancer-hGH compared with empty vector pcDNA 3.1 with p≤ 0.05. 
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Figure 3-12.  Functional analysis of HA-LAP* versus non-tagged LAP*. A) L2 cells were 

transfected with 5 μg of empty vector pcDNA 3.1 or expression vectors for HA-
tagged LAP*, and total cell extracts were investigated by immunoblot analysis with 
antibodies against HA or C/EBPβ. B) L2 cells were co-transfected with MnSOD 
promoter/enhancer-hGH reporter plasmid together with either an empty pcDNA 3.1 
plasmid or vectors expressing non-tagged or HA-tagged LAP*. 48 h post transfection 
total RNA was collected and subjected to northern blot analysis. L2 cells transfected 
with MnSOD promoter/enhancer-hGH and pcDNA 3.1 were also exposed to 2 ng/mL 
of IL-1β for 8 h to illustrate normal induction by IL-1β. Three independent plates 
were transfected with each construct. 
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Figure 3-13.  Association of LAP* with the endogenous MnSOD gene. L2 cells were transfected 
with 10 μg of expression vector for HA-tagged LAP* in 150 mm plates, and a ChIP 
assay was conducted 48 h post transfection using a nonspecific mouse IgG or an 
antibody specifically against HA. Data were plotted as the ratio to the total DNA 
input for immunoprecipitation. 
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Figure 3-14.  Model of the functions of C/EBP isoforms on MnSOD following IL-1β induction. 

After IL-1β treatment, LAP* (orange) homodimers bind to the MnSOD enhancer, 
recruit transcription machinery to the promoter, which lead to active MnSOD 
expression. Then LAP* forms heterodimer with LAP, LIP or C/EBPδ (blue), or 
completely displaced, resulting in the reduction of MnSOD expression. 
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CHAPTER 4 
IMPORTANCE OF LAP*: THE RELEVANCE OF THE FIRST 21 AMINO ACIDS 

Introduction 

C/EBPβ, also referred to as NF-IL6, IL-6DBP, LAP, CRP2, NF-M, AGP/EBP and 

ApC/EBP, is an intronless gene constitutively expressed highly in the liver, intestine, lung, 

adipose tissue, spleen, kidney and myelomonocytic cells.  It is first identified as a factor binding 

to the IL-1 response element on IL-6 promoter (Akira et al., 1990).  After its discovery, 

numerous studies have indicated its involvement in various physiological and pathological 

processes, including cell differentiation, proliferation, apoptosis and inflammation.   

Due to the leaky scanning of the ribosome, the unique C/EBPβ mRNA can be translated 

into three protein isoforms, namely full-length LAP* (or LAP1), medium length LAP (or LAP2) 

and a short form LIP.  The difference between LAP* and LAP is that LAP* possess an extra 

stretch of 21 or so amino acids, depending on the species.  Traditionally, LAP* and LAP 

together are considered as transcriptional activators, whereas LIP is recognized as a dominant 

negative form as a result of its lacking of any transcriptional activation domain.  Up till now, 

there have been less than a dozen papers reporting the detailed differences between LAP* and 

LAP.  For example, Kowenz-Leutz et al. (Kowenz-Leutz and Leutz, 1999) demonstrated that the 

first 20 or so amino acids serve as an interaction domain to recruit the SWI/SNF complex.  Eaton 

et al (Eaton et al., 2001) found that LAP* (termed C/EBPβ-1 in their paper) is present in all 

normal cells and tissues but absent in all the breast cancer cell lines whereas LAP (termed 

C/EBPβ-2 in their paper) is upregulated in primary breast tumors.  The same group later 

proposed that LAP* but not LAP was subjected to post-translational modification through 

sumoylations, leading to the distinct functions of these two isoforms (Eaton and Sealy, 2003).  

Su et al. (Su et al., 2003) reported that the extra cysteine in the first 21 amino acid of LAP* 
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caused the formation of different internal disulfide bonds.  In addition, there is evidence that 

Homer 3, a member of the Homer family of postsynaptic density scaffolding proteins found in 

excitatory neuronal synapses, specifically binds to LAP* but not LAP, and regulates the 

transcriptional activatiy of LAP* (Ishiguro and Xavier, 2004).   

The data in the previous chapter clearly demonstrated the functional disparity of these two 

protein isoforms, and showed that the 21 amino acids comprise a new transcriptional activation 

domain, which is essential for the IL-1β-dependent induction of MnSOD.  On the other hand, 

lack of this domain leads to the loss of transcriptional activity and the acquisition of repressive 

function during this physiological process.  Most importantly, a review of the literature further 

suggests the necessity to study the intrinsic nature of this potential transactivation domain 

consisting of the N-terminal 21 or so amino acids. 

Results 

Identities of the Amino Terminal 21 Amino Acids among Mammalian Species 

Given that there are only crystal structures of the C-terminal domain (Johnson, 1993; 

Podust et al., 2001), which is even smaller than LIP, in the literature, and the structure of the 

entire protein is not available, the most efficient way to predict the inherent relevance of this 

sequence is to perform a sequence alignment among a variety of mammalian species.  Figure 4-1 

is a sequence alignment of the N-terminal domain of LAP* from human, chimpanzee, bovine, 

mouse and rat.  This comparison illustrates the high level of conservation across species with 13 

amino acids being identical. 

General Mutagenesis Study of the Conserved Residues in the First 21 Amino Acids 

To evaluate the functional importance of the conserved amino acids relative to the 

transcriptional activity of LAP*, each conserved residue was mutated to alanine with the 

exception that Ala18 was substituted with valine.  The consecutive proline residues, prolines 13-
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16, which in this dissertation are termed 4P were collectively mutated to alanines in a single 

vector (4P-A).  The relative expression level of each mutant construct was evaluated relative to 

the pLAP* vector which expresses only LAP* as the start codons encoding M22 and M153 were 

both mutated to alanines. 

As a point of functional comparison for these newly described mutations, the protein 

derived from the overexpression vector pLAP* will be referred to as the wild type protein given 

that its transactivation activity is indistinguishable from the true wild type sequence (Figure 3-

10).  Whole cell extracts were collected from L2 cells transfected with indicated expression 

vectors, and immunoblot analysis was performed with an antibody against C/EBPβ (Figure 4-2).  

The LAP* specific antibody was not used because the epitope of this antibody is less than 20 

amino acids, and it is therefore possible that the affinity for each mutant may vary.  For example, 

the substitution of 4 prolines with alanines may greatly reduce the binding of the antibody, thus 

providing a false level for the relative protein abundance in the cell if LAP* specific antibody is 

used.  As shown in Figure 4-2, the expression levels of most mutants were comparable to pLAP*.  

Only mutants R3A, W7A and D8A exhibited lower expression levels, indicating that R3A, W7A 

and D8A mutations could result in reduced protein stability. 

All mutant LAP* vectors were then co-transfected with the MnSOD promoter/enhancer-

hGH reporter to evaluate the effect on transcriptional activity.  A representative northern analysis 

is shown for untreated and IL-1β treated cells (Figure 4-3).  We separated the mutants to two 

groups based on the changes in the transcriptional activity, and densitometry analysis was done 

on three independent experiments (Figure 4-4).  One group consisted of those mutants that had 

no effects, namely mutants L4A, C11A, L12A, A18V and F19A (Figure 4-4A).  The other group 

comprised mutants R3A, W7A, D8A, and 4P-A that resulted in a significant reduction in LAP*-
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dependent transcriptional activation as well as the loss of the ability to act additively with IL-1β 

(Figure 4-4B).  Of particular interest, two mutants, LAP*D8A, which was expressed at even at a 

lower level compared to LAP* (Figure 4-2), and LAP*4P-A caused a statistically significant 

inhibition of IL-1β-dependent induction. 

Evaluation of D8 mutants 

The result in Figure 4-3 and 4-4 demonstrated that substitution of the aspartate residue at 

position 8 with an alanine residue not only caused the protein to lose its LAP*-dependent 

transcriptional activity but also caused a repressive effect on MnSOD promoter/enhancer hGH 

expression when exposed to IL-1β, additionally demonstrating the importance of this amino acid 

residue.  To further evaluate the chemical and/or structural importance of D8, we substituted the 

aspartate residue with either asparagine to eliminate the charge yet maintain a similar structure, 

or with glutamate to maintain the charge.  Overexpression levels of these mutants were similar to 

pLAP* (Figure 4-5A).  Northern analysis of hGH (Figure 4-5B) showed substitution of D8 with 

alanine or asparagine caused a significant reduction in LAP*-dependent transcriptional activation 

activity in untreated cells, whereas substitution with glutamate maintained high transcriptional 

activation analogous to LAP*.  When treated with IL-1β for 8 h, the D8A mutant possessed 

statistically significant repressive activity, as confirmed by densitometry analysis based on three 

independent experiments (Figure 4-5C).  These results clearly emphasized the importance of the 

positive charge at position 8. 

Analysis of R3 Mutants 

Though when arginine 3 was replaced by alanine, the mutant did not possess the ability to 

block IL-1β-dependent induction of MnSOD promoter/enhancer hGH (Figure 4-4), it is clear that 

this point mutation abolished the LAP*-dependent transcriptional activity, demonstrating the 

importance of this residue.  To further examine the importance of residue R3, we generated two 
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additional mutant constructs, pLAP*R3Q and pLAP*R3K, which either abolished the charge 

while partially maintaining the inherent structure or replaced the arginine with lysine to maintain 

the charge, respectively.  Unexpectedly, all three substitutions caused a significant decrease in 

the expression level as well as transcriptional activity (data not shown).  To eliminate the 

possibility that reduced transcriptional activity was caused by overall decreased protein levels, a 

titration of the three mutants was performed (Figure 4-6A).  The shaded co-transfections in 

Figure 4-6A were chosen for hGH expression analysis (Figure 4-6B).  Densitometry analysis 

derived from three independent experiments (Figure 4-6C) showed that all three mutations R3A, 

R3Q, R3K resulted in a dramatic reduction of LAP* transcriptional activity.  It appears, in the 

autoradiograph of the northern blot analysis, that R3A and R3Q mutants can block IL-1β-

dependent MnSOD induction, however the statistical calculation yield a p value slightly greater 

than 0.05.  These results would imply that the arginine residue at position 3 is important for 

LAP* function because of both its inherent structure and positive charge. 

Functional Study of W7 Mutants 

Similar to the R3A mutant, substitution of tryptophan at position 7 with alanine caused a 

decrease in the transcriptional activity, but the W7A mutant was not able to repress the induction 

elicited by IL-1β treatment.  To evaluate the functional relevance of the aromatic nature of 

residue W7, we constructed another mutant, where tryptophan was replaced by another aromatic 

amino acid residue, phenylalanine.  We took a similar approach as the R3 mutants to perform 

analysis for W7 mutants.  We transfected L2 cells with increasing concentrations of pLAP*W7A 

plasmid to equalize its expression level with that of wild type LAP* (Figure 4-7A).  Guided by 

these data, we studied the hGH expression levels with the co-transfections of 1.0 μg of 

pLAP*W7A, and 0.5 μg of pLAP*W7F with or without 8 h of IL-1β treatment as compared to 

0.5 μg of LAP*.  As illustrated in the representative autoradiograph (Figure 4-7B) and the 
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corresponding densitometry analysis (Figure 4-7C), the W7A mutant is unable to elicit an 

induction of the MnSOD enhancer/promoter driven hGH expression in untreated cells and 

moreover definitively lost the ability to act additively with IL-1β.  Substitution of W7 with 

phenylalanine displayed functional characteristics essentially identical to tryptophan at this 

position.  These results clearly delineate the critical importance of an aromatic residue at this 

position. 

Discussion 

In this study, guided by the sequence conservation across mammalian species, a series of 

mutants were constructed.  L4A, C11A, L12A, A18V and F19A maintained similar levels of 

protein as well as full transcriptional activity whereas R3A, W7A and D8A displayed lower 

protein expression levels with a loss of transcriptional activity.  The 4P-A substitution displayed 

a similar level of protein to LAP*, however this mutation caused a complete loss of function.  

More interestingly, D8A and 4P-A acquired the ability to repress the IL-1β-dependent-induction 

of hGH driven by MnSOD promoter coupled with its cognate enhancer.  Further mutagenesis 

was performed with sites R3, W7 and D8 to study the chemical and/or structural importance of 

these residues.   

LAP* and LAP are translated from the same mRNA, with LAP* 21 amino acids longer at 

the amino terminus.  After their discovery, most of the reports considered both of them as 

transcription activators without making a distinction on which isoform is responsible for the 

documented regulatory signals (Martinez-Jimenez et al., 2005; Park et al., 2008; Yarwood et al., 

2008), and in many cases, it is confusing as to which isoform the researchers used in their studies.  

From the studies of Chapter 3 and the current chapter, it is increasingly clear that full-length 

C/EBPβ/LAP* plays a central role in the IL-1β-dependent induction of MnSOD, and the N-

terminal amino acid extension of LAP* is critical for its transcriptional activity. 
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The importance of LAP* in the induction of MnSOD is further solidified by the systematic 

mutagenesis of the N-terminal 21 amino acids unique to LAP*.  There has been only one other 

previous mutagenesis study that addresses the importance of the cysteine at position 11 (Su et al., 

2003).  These researchers implicated Cys11 as a potential site for disulfide bond formation with 

another internal cysteine.  However, our results indicate that this position is not required for 

LAP* transcriptional activity in our system.  Instead, three other individual conserved amino 

acids, W7, D8 and R3 along with a set of 4 consecutive proline residues were identified to be 

critical when substituted with alanines were either unable to induce MnSOD promoter/enhancer 

driven hGH expression or could behave as a repressor, inhibiting IL-1β induction. 

Furthermore, the mutagenesis studies in this chapter have illustrated that the chemical 

and/or structural characteristics of each individual amino acid can be critically important to the 

protein function.  For example, these data demonstrated that the aromatic nature of W7 was 

necessary for LAP* activity since the protein substituted with another aromatic amino acid (W7F) 

retained wild type function, as a transcriptional activator, whereas alanine substitution was not 

tolerated.  Similarly, the conserved substitution at position D8 with another negatively charged 

amino acid (D8E) maintained the transcriptional activity, illustrating the importance of the 

positive charge at this position.  Unlike the D8A mutant, mutant D8N did not exert a repressive 

effect, indicating the stereo structure of D8 may also be important though not as crucial as the 

negative charge.  Finally, for the site R3, any substitution led to the loss of LAP* transcriptional 

activity.  This occurred even when R3 was replaced with a similarly charged amino acid (R3K), 

indicating that the positive charge of the residue is important and possibly the size/volume as 

well.  In addition, it is also possible that the R3K substitution affects the modification status of 
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the protein, even though both residues can be phosphorylated and acetylated, different enzymes 

may be required. 

Of particular note is the importance of the stretch of 4-5 proline residues given that 

substitution of these 4 prolines to alanines abolished the transcriptional activity without affecting 

the protein expression level.  Proline-rich sequences tend to form a polyproline II (PPII) helix, an 

extended structure with 3 residues per turn.  The PPII helix is rigid and of great advantage in the 

rapid recruitment of interchangeable protein partners.  Proline-rich regions are frequently found 

either at the amino or carboxyl termini of enzymes that are involved in signal transduction and 

also some transcription factors (reviewed in Kay et al., 2000).  It was reported that Homer3, a 

dendritic proteins, could specifically bind LAP* via its EVH1 domain to down-regulate the 

transcriptional activity of LAP*.  It is know that the binding partner of the EVH1 domain is a 

proline-rich region, though that group did not characterize the N-terminal domain of LAP* to 

show what specific amino acid residues were important.  It is therefore highly possible that the 

LPPPP amino acid sequence in LAP* served as the interface in this protein-protein interaction.  

In our system, it could possibly be another EVH1 containing protein/coactivator that specifically 

interacts with LAP*, thus making it a stronger transcription activator than LAP. 
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Figure 4-1.  Sequence alignment of LAP* N-terminal amino acids. Sequence comparison was 

performed among human, chimpanzee, bovine, mouse and rat, and the numbering 
refers to the rat sequence. Arrows ( ) represent translation start sites (methionines, 
M1and M22), shaded amino acids illustrate identity across species, and vertical 
triangles indicate the amino acids that were subjected to site-directed mutagenesis 
with the substitution of alanine residues except at position A18 where valine was the 
substitution. Underlined triangles (proline residues 13-16 or 4P) were mutated to 
alanines within a single vector. 
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Figure 4-2.  Protein overexpression of the LAP* mutants. L2 cells were co-transfected with 

MnSOD promoter/enhancer-hGH reporter plasmid together with indicated expression 
vectors. 48h post-transfection, whole cell extracts were collected and subjected to 
immunoblot analysis with an antibody against C/EBP β. 
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Figure 4-3.  Functional evaluation of the N-terminal peptide unique to LAP*. L2 cells were co-

transfected with MnSOD promoter/enhancer-hGH reporter plasmid together with 
indicated expression vectors. Total RNA was collected with (B) or without (A) 8h of 
IL-1β treatment and then subjected to northern analysis.   
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Figure 4-4.  Densitometry analysis of northern analysis data in Figure 4-3. A) Densitometry from 

3 independent experiments for mutants that show no obvious changes compared to 
the pLAP* construct. B) Densitometry from 6 independent experiments showing 
those mutants that displayed an affect either in untreated or IL-1β exposed cells. Data 
are presented as the ratio of hGH to Cath B. Asterisks indicate statistical significance 
of changes in transcriptional activities in unstimulated conditions compared with 
LAP* with p≤ 0.05, double stars present p≤0.01. Crosses indicate statistical 
significance in enhancing or impeding IL-1β induction of MnSOD 
promoter/enhancer-hGH compared with empty vector pcDNA 3.1 with p≤ 0.05. 
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Figure 4-5.  Evaluation of D8 mutants. A) L2 cells were co-transfected with the MnSOD 

promoter/enhancer-hGH reporter construct together with empty pcDNA3.1 (pcDNA) 
or vectors expressing LAP* or LAP*D8 mutants. 48 h post transfection total cell 
extracts were collected followed by immunoblot analysis with antibody against 
C/EBP β. B) RNA was collected with or without 8 h of IL-1β treatment, and 
subjected to northern blot analysis with Cath B serving as the loading control. C) 
Densitometry was performed on 3 independent experiments. Data are presented as the 
fold induction derived from the hGH to Cath B ratios relative to the control (pcDNA). 
Asterisks indicate statistical significance of changes in transcriptional activities in 
unstimulated conditions compared with LAP* with p≤ 0.05, double stars represent 
p≤0.01. Crosses indicate statistical significance in enhancing or inhibiting IL-1β 
induction of MnSOD promoter/enhancer-hGH compared with empty vector pcDNA 
3.1 with p≤ 0.05.   
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Figure 4-6.  Analysis of R3 mutants. A) L2 cells were co-transfected with the MnSOD 

promoter/enhancer-hGH reporter construct and the indicated amounts of LAP* or 
LAP*R3 mutants. pcDNA 3.1 was used to bring the total amount of DNA transfected 
to 4 μg. 48 h post transfection total cell extracts were collected, followed by 
immunoblot analysis with antibodies against C/EBPβ and actin. Shaded 
concentrations denote the transfection conditions used in northern analysis. B) RNA 
was collected from cells either left untreated or exposed to IL-1β for 8 h, followed by 
northern analysis with Cath B serving as the loading control. C) Densitometry was 
performed on 3 independent experiments. Data are presented as the fold induction 
derived from the hGH to Cath B ratios relative to the control (pcDNA). Asterisks 
indicate statistical significance of changes in transcriptional activities in unstimulated 
conditions compared with LAP* with p≤ 0.05, double stars represent p≤0.01. Crosses 
indicate statistical significance in enhancing IL-1β induction of MnSOD 
promoter/enhancer-hGH compared with empty vector pcDNA 3.1 with p≤ 0.05. 
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Figure 4-7.  Examination of W7 mutants. A) L2 cells were co-transfected with the MnSOD 

promoter/enhancer-hGH reporter construct and the indicated amounts of LAP* or 
LAP*W7 mutants. pcDNA 3.1 was used to bring the total amount of DNA 
transfected to 4 μg. 48 h post transfection total cell extracts were collected, followed 
by immunoblot analysis with antibodies against C/EBPβ and actin. Shaded 
concentrations denote the transfection conditions used in northern analysis. B) RNA 
was collected from cells either left untreated or exposed to IL-1β for 8 h, followed by 
northern analysis with Cath B serving as the loading control. C) Densitometry was 
performed on 3 independent experiments. Data are presented as the fold induction 
derived from the hGH to Cath B ratios relative to the control (pcDNA). Asterisks 
indicate statistical significance of changes in transcriptional activities in unstimulated 
conditions compared with LAP* with p≤ 0.05. Crosses indicate statistical significance 
in enhancing IL-1β induction of MnSOD promoter/enhancer-hGH compared with 
empty vector pcDNA 3.1 with p≤ 0.05. 
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CHAPTER 5 
IDENTIFICATION OF AN AMINO ACID RESPONSE ELEMENT CONTROLLING 

FOXO3A GENE EXPRESSION AND THE ROLE OF THIS INTERNAL REGUALTORY 
ELEMENT IN THE RECRUITMENT OF RNA POLYMERASE II 

Introduction 

We became interested in the transcription factor FOXO3a based on its association with 

regulation of the human MnSOD gene through a dauer binding element (DBE) like sequence in 

the distal promoter (Kops et al., 2002).  We then hypothesized that this transcription factor might 

also be regulated by amino acid availability, especially given its connection with insulin 

regulation.   

FOXO3a is a human analog of C. elegans protein DAF-16.  It has been shown that when 

C. elegans is surrounded by a nutrient depleted environment, DAF-16 functions to mediate the 

entry into the dauer stage, where metabolic rate is reduced and life-span can be significantly 

enhanced (Ogg et al., 1997).  Such effects can be disrupted by a daf-16 mutant (Lin et al., 1997).  

The activity of DAF-16/FOXO3a is regulated by the Akt/PKB-dependent phosphorylation 

pathway.  When nutrition is scarce, FOXO3a is unphosphorylated and actively binds to target 

genes exerting its function.  When nutrients become abundant, FOXO3a is phosphorylated by 

Akt and shuffled out of nucleus thus is no longer able to activate its target genes (Brunet et al., 

1999; Brunet et al., 2002; Brunet et al., 2001; Kops and Burgering, 1999; Kops et al., 1999).  

This aspect of FOXO3a regulation has been extensively characterized.  However, there is 

evidence that FOXO3a is regulated at the transcription level as well during nutrition starvation, 

such as caloric restriction (Furuyama et al., 2002; Imae et al., 2003), and essential amino acid 

deprivation (Aiken et al, unpublished data), and the mechanisms are largely unknown.  The 

studies in this chapter are designed to define the amino acid response element (AARE) of the 
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human FOXO3a gene, and study the role of this AARE in histidine deprivation elicited 

upregulation of FOXO3a. 

Detection of Amino Acid Deprivation and RNA Synthesis Regulation 

Organisms have developed various mechanisms to detect and cope with an unfavorable 

environment such as the cases of nutrient deficiency.  Amino acid limitation leads to an increase 

in uncharged tRNAs, which subsequently interact and activate the protein kinase general control 

non-derepressible 2 (GCN2) protein.  Activated GCN2 then phosphorylates and inactivates 

eukaryotic initiation factor 2α (eIF2α), resulting in the sequestration of eIF2B.  eIF2B functions 

as a guanine nucleotide-exchange factors to convert the inactive GDP-eIF2α to the active form 

GTP-eIF2α, which is necessary for the binding of the Met-tRNAi
Met to the ribosome.  As a 

consequence of the scarcity of active eIF2α, the concentration of ternary complex decreases and 

global protein synthesis slows down (reviewed in Pain, 1994). 

As a positive response, the translation of selected amino acid biosynthetic enzymes such as 

GCN4 in yeast increases (Wek and Cavener, 2007).  GCN4 contains four short upstream open 

reading frames (uORF) and when GCN2 is activated, the low abundance of tRNAi
Met results in a 

slow association with the S40 complex, allowing the proper translational initiation to occur at the 

GCN4 ORF, and the production of full length GCN4 (Hinnebusch, 2005; Pain, 1994).  

Mammalian cells do not have a GCN4 homolog; instead, they possess a GCN4 ortholog termed 

activating transcription factor 4 (ATF4), which helps to maintain a cellular homeostasis during 

essential amino acid limitation (reviewed by Kilberg et al., 2005).  ATF4 is upregulated through 

the same mechanism as the GCN4 in the yeast, and ATF4 has been reported to regulate a number 

of genes including membrane transporters, transcription factors, growth factors, and metabolic 

enzymes through a consensus amino acid response element (AARE) whose core sequence is 5’-

TGATGXAAX-3’ (reviewed by Kilberg et al., 2005).  The AARE sequence is responsible for 
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the maximum induction of RNA synthesis by amino acid deprivation, and it has been identified 

in a number of genes, such as asparagine synthetase (ASNS) (Pan et al., 2003), systems N and A 

transporters 2 (SNAT2) (Palii et al., 2004), cationic amino acid transporter 1 (CAT1) (Lopez et 

al., 2007), C/EBP homology protein (CHOP) (Bruhat et al., 2000), Vascular endothelial growth 

factor (VEGF) (Roybal et al., 2005) and human homolog of the Drosophila tribble 3 protein 

(TRB3) (Ohoka et al., 2005).  This sequence functions as an enhancer element in that it is 

position and orientation independent and can convey its amino acid limitation-dependent 

responsiveness to a heterologous promoter. 

In conjunction with Dr. Aiken in our laboratory, we have demonstrated that FOXO3a is 

indeed upregulated by essential amino acid deprivation and that this gene is an ATF4 target.  The 

involvement of ATF4 was confirmed by the phenomena that knockdown of ATF4 abolished the 

induction of FOXO3a by histidinol, which is a histidine analog and mimics histidine deprivation 

by sequestering the histidinyl-tRNA synthetase. 

Regulation of RNA Transcription Initiation and the Function of Enhancer Element 

The initiation stage is a key point of eukaryotic RNA synthesis.  It is catalyzed by RNA 

polymerase II (Pol II) and requires a minimal set of general transcription factors (GTF) including 

TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH.  During the last a few decades, our knowledge 

of how gene expression is regulated by the cellular network of cis-acting elements and trans-

acting factors has evolved substantially.  Major efforts have invested in the study of two aspects 

of the transcription initiation: (i) the assembly of the pre-initiation complex (PIC) at gene 

promoters and (ii) the contribution of proximal and distal regulatory elements to the recruitment 

of GTFs to the core promoter. 

There has been a great deal of discussion concerning the mechanism by which a distant 

enhancer sends a signal or communicates with its cognate gene promoter when the two elements 
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can exist hundreds of kilo base pairs apart.  To date, four different but not mutually exclusive 

hypotheses have been put forward: (i) The chromatin looping between the enhancer and 

promoters is a simple and attractive model (Ptashne and Gann, 1997; Rippe et al., 1995; Wang 

and Giaever, 1988).  (ii) The tracking or scanning model hypothesized that the transcription 

machinery was recruited by an enhancer and tracks along the DNA until it reached its cognate 

promoter(Tuan et al., 1992).  (iii) The linking model proposed the existence of facilitator 

proteins between the enhancer and its cognate promoter regions to convey the signal and activate 

transcription (Bulger and Groudine, 1999).  (iv) The facilitated tracking model incorporated the 

looping and tracking models (Blackwood and Kadonaga, 1998; Travers, 1999).  This model also 

proposed that the transcriptional activating complex moved along the DNA dragging the 

enhancer element to meet the cognate promoter, and the intervening chromatin between the 

enhancer and the promoter thus progressively “reels out” through the enhancer complex and 

forms a loop.  Recent studies have shown that enhancers that are tens or hundreds of kilo base 

pairs away can be located close to the active gene promoters, suggesting that a chromatin loop 

forms between these two cis-acting elements, though current molecular assays cannot monitor 

the looping process. 

Given the belief of loop formation, the following model has become well accepted.  Gene-

specific activator proteins first bind to the regulatory element such as enhancer, and then recruit 

GTFs to the promoter through mediator complexes (Bjorklund and Gustafsson, 2005; 

Orphanides and Reinberg, 2002).  However, there were also reports stating that the GTFs could 

be recruited to the regulatory element to assemble the PIC.  The best example is the human and 

mouse β-globin gene in which TBP, TFIIB and Pol II bind to the locus control region (LCR) 

upstream of the β-globin genes (Johnson et al., 2003; Routledge and Proudfoot, 2002; Vieira et 
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al., 2004).  Another example comes from the T-cell receptor (TCR)-β locus.  The activation of 

the pDβ1 gene depends on an enhancer element, where associations of Pol II and the HAT 

CREB-binding protein have also been observed (Spicuglia et al., 2002).  The enhancer element 

of androgen-responsive prostate-specific antigen (PSA) gene is also able to recruit Pol II in a 

hormone-dependent manner (Louie et al., 2003).  This group further demonstrated that inhibition 

of the Pol II CTD phosphorylation blocked Pol II transfer from the enhancer to the promoter.   

However, the above and a few other examples all based on the situations that the 

regulatory elements are located upstream of the transcriptional initiation site, and there are barely 

few convincing reports illustrating whether an internal enhancer could also function as a 

nucleation center for PIC assembly and how an internal enhancer can contribute to 

transcriptional control of its cognate gene.  Most importantly, no studies have really addressed 

how an internal enhancer can, through a proposed looping model or facilitated tracking model, 

cope with a moving Pol II complex.  In this study, the identification of the amino acid response 

element of FOXO3a provided an opportunity to study such mechanisms.   

Results 

Identification of the FOXO3a Amino Acid Response Element 

FOXO3a consists of 4 exons separated by 3 introns (Figure 5-1).  The second intron is 

quite large, spanning approximately 101 kb.  Until now, no gene has been identified within this 

large intron, and computer programs such as VISTA does not recognize any region within this 

intron could be a potential exon for another gene.  Furthermore, a blast of the EST (expressed 

sequence tag) database did not reveal any reasonable exons or open reading frames.  How and 

why did FOXO3a acquire such a huge intron yet maintain extremely high identity in the protein 

sequence is currently a mystery. 
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FOXO3a transcription has been determined in our laboratory to be upregulated by essential 

amino acid limitation, and knockdown of ATF4 by siRNA is able to effectively block such an 

induction.  ATF4 exerts its function through an amino acid response element (AARE) with the 

core sequence of 5’-TGATGXAAX-3’.  By a computer based sequence analysis, we identified 4 

potential AAREs within or near the FOXO3a gene, which we designated as AARE1-4 (Figure 5-

1).  AARE1 is upstream of the first exon, AARE2 and AARE3 are both located in the second 

intron and AARE4 is part of the third intron. 

Given that regulatory elements convey their signals to their cognate promoters by 

sequence-specific DNA binding factors, namely transcription factors, and the direct interaction 

between the DNA element and transcription factors is a premise, I first evaluated the binding of 

ATF4 to the potential FOXO3a AAREs.  As shown in Figure 5-2, 2 mM of histidinol (HisOH) 

treatment, which mimics histidine limitation, dramatically increased ATF4 occupancy in AARE2 

region, but not in the promoter region or any other potential AAREs, indicating AARE2 is the 

functional AARE responsible for the FOXO3a induction by histidine deprivation.  Knockdown 

of ATF4 abolished the histidinol elicited interactions between ATF4 and AARE2, further 

indicating the involvement of ATF4. 

The Binding Profile of Pol II to FOXO3a 

The binding of RNA Pol II within the coding region of the target gene is considered as a 

way to measure transcription initiation and elongation (Sandoval et al., 2004).  High levels of 

binding associate with active transcription, and low levels of binding indicate low transcription 

rate.  We thus evaluated the interactions between Pol II and the FOXO3a gene regions (Figure 5-

3), and found that histidinol treatment elicited an increase in the binding of Pol II to AARE2, and 

this induction was disrupted by the knockdown of ATF4, indicating the induction of Pol II 

binding to the FOXO3a AARE2 was ATF4 dependent.  However, we were surprised to find that 
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the binding of Pol II to the promoter region was constitutively high even when there was no 

histidinol treatment and the transcription rate is relatively low.  In addition, ATF4 knockdown 

did not affect the association of Pol II and the FOXO3a promoter.  On the contrary, the 

interactions between Pol II and AARE1, AARE3 and AARE4 were always low.  AARE1 is 4 kb 

upstream of the +1 site, and does not reside in any other genes to our knowledge, so it is very 

likely that Pol II does not travel through this region.  However, AARE3 is located in the second 

intron, and AARE4 is part of third intron.  According to current knowledge of transcription, Pol 

II needs to transcribe through these two regions, and histidinol treatment in theory should result 

in an increased binding of Pol II with a ChIP analysis. 

One possible explanation of high levels of pol II binding at AARE2 versus low levels at 

AARE3 and AARE4 is that the second intron of FOXO3a is such a large region that some 

portion of the translocating Pol II complexes fall off during the transcription elongation process, 

leading to low occupancy of Pol II observed in AARE3 and AARE4.  To test this hypothesis, we 

examined the binding of Pol II to the intervening region between the FOXO3a promoter and 

AARE2.  As shown in Figure 5-4, only minimal level of Pol II binding to this region was 

observed, indicating that the high occupancy of Pol II on AARE2 region is not a result of 

multiple Pol II complexes either sliding through this region or falling off. 

The Function of AARE2 in the Recruitment of Pol II 

To test whether Pol II was recruited to AARE2 or just paused there, we evaluated the 

interaction between AARE2 and a few general transcription factors (GTFs) that are known not to 

accompany a translocating Pol II complex as it travels through the gene during elongation.  As 

shown in Figure 5-5, TBP and TFIIA are both induced to bind AARE2, with constitutive binding 

to the promoter and no interaction with the intervening region observed.  These data 

demonstrated that the general transcription factors TBP and TFIIA had a similar binding profile 
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to that of Pol II, further indicating that the AARE2 region of FOXO3a may function as the 

nucleation center for PIC assembly. 

Phosphorylation of the Pol II C-terminal domain (CTD) Ser 5 residues has been implicated 

in the transition from pre-initiation to elongation (reviewed in Phatnani and Greenleaf, 2006).  

We proposed that the Pol II recruited to the AARE2 region is activated by phosphorylation and 

then transferred to the promoter to enhance the transcription of FOXO3a.  However, ChIP assays 

with an antibody recognizing the phosphorylated form of Pol II CTD Ser5 (CTD-Ser5-P) were 

not successful in detecting the signals from the FOXO3a promoter or the AARE2 region (Figure 

5-6), probably due to the combination of low antibody affinity and low transcription rate.  As a 

control to see whether the antibody could be used for ChIP analysis, I also evaluated the ratio of 

ASNS promoter, which was pulled down by the CTD-Ser5-P antibody, to the input, and found 

that histidinol treatment induced the CTD Ser5 phosphorylation on the ASNS promoter.  Thus, I 

believe, demonstrates that this antibody is capable of a positive ChIP result. 

Discussion 

In this study, I demonstrated that histidine deprivation/histidinol treatment induced the 

binding of ATF4 to the AARE2 region, and this binding was blocked when ATF4 is knocked 

down by siRNA.  Pol II constitutively binds to the FOXO3a promoter, whereas the interaction 

with the AARE2 region is induced by histidine limitation, and this induction requires ATF4.  

Interestingly, Pol II is only weakly associated with the intervening region between the promoter 

and AARE2.  Several general transcription factors including TBP and TFIIA were also recruited 

to the AARE2 region after histidinol treatment.  These observations led to my hypothesis that Pol 

II is constitutively associated with FOXO3a promoter but is hypophosphorylated and inactive. 

During essential amino acid deprivation, Pol II is recruited to AARE2 and is activated by 

phosphorylation.  These events would presumably be followed by loop formation at which time 
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the active hyperphosphorylated Pol II is transferred to the promoter to accelerate transcription.  

My attempts to use CTD-Ser5-P antibody to detect the Pol II CTD phosphorylation status on the 

promoter and/or AARE2 were not successful, possibly due to the low affinity of the antibody.  

Alternatively, antibody against the CDK7 subunit of TFIIH could be used to indicate the 

phosphorylation of Pol II CTD at serine 5, because Ser5 phosphorylation depends principally on 

the kinase activity of CDK7.  If the antibody possesses enough affinity for ChIP analysis, by 

examining the timing of the CDK7 occupancy, one could verify my hypothesis that the active 

hyperphosphorylated Pol II is transferred from the FOXO3a enhancer (AARE2) to the promoter 

during the active expression of FOXO3a. 

The assembly of PIC was once considered to be specific to the transcription initiation sites 

because TFIID recognizes consensus sequence motifs that characterize core promoters, such as 

the TATA box, Initiator (Inr) and downstream promoter element (DPE)(Butler and Kadonaga, 

2002).  However, analysis of the genomic sequences from various species (for example, 

Drosophila, yeast and man) has provided evidence that many promoters lack the consensus 

TATA-box or DPE motifs (FitzGerald et al., 2004; Kutach and Kadonaga, 2000; Suzuki et al., 

2001).  In addition, there is increasing amount of evidence that Pol II can also be recruited to 

distal regulatory elements (Louie et al., 2003; Spicuglia et al., 2002; Vieira et al., 2004; Ward et 

al., 1988).  Based on these observations, Szutorisz et al. (Szutorisz et al., 2005) proposed a new 

model that after the binding of sequence-specific activators to the enhancer elements, chromatin-

modifying complexes, GTFs, and Pol II are sequentially recruited to the same region.  The Pol II 

recruitment then leads to the intergenic transcription from the enhancer and the approaching of 

chromatin-modifying factors towards the cognate promoter, which facilitates the loop formation.  

Looping out of the intervening region results in co-localization of enhancer and the core 
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promoter, and the GTFs and Pol II would then bind to the core promoter leading to the initiation 

of gene transcription.  This model could partially explain our observation with the following 

exceptions.  (i) Is the Pol II recruited by an intronic enhancer able to transcribe the reverse strand 

to reach the promoter? (ii) Why are there always high levels of Pol II binding on the promoter if 

the active Pol II is transferred from the enhancer? 

Although the odds were small, we could not rule out the possibility that Pol II and/or GTFs 

do not directly bind to the enhancer region per se, and their association with the enhancer region, 

as observed in the ChIP analysis, was due to indirect interaction resulted from loop formation.  

The cross-link reagent was formaldehyde, which generates cross-links spanning approximately 2 

Å, though commercially available formaldehyde is polymerized and the actual cross-linking 

distance is unknown (Orlando et al., 1997).  There is no report about how close the Pol II and/or 

GTFs can reach to the distant chromatin region during loop formation, a circumstance that could 

also be gene and/or stimulus specific.  Therefore, it is possible that the Pol II and GTFs 

associated with promoter was so close to the enhancer region that they are cross-linked by 

formaldehyde.  On the other hand, the transcription factor ATF4 is too far away from the 

promoter to be cross-linked.  Thus, although ATF4 was only associated with AARE2 but not the 

promoter region, it is still possible that the transcription machinery on the promoter region was 

cross-linked to the AARE2 region during histidine limitation induced loop formation. 

Even with any negative or alternative interpretations, the results demonstrate that the ATF4 

binding to AARE2 is inducible and that without the presence of ATF4, Pol II binding to AARE2 

is blocked.  These results therefore implicate an apparently logical series of events where Pol II 

is recruited to an internal enhancer element, and this recruitment depends on the binding of a 
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stimulus-dependent transcription factor.  It is clear that the development of better methodology is 

required so that a clearer understanding of such complex events can be better achieved. 
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Figure 5-1.  Schematics of FOXO3a genomic structure. Exons (E1, E2, E3 and E4) are depicted 

by hatched boxes and potential AAREs (AARE1, AARE2, AARE3, and AARE4) are 
represented by vertical lines. 
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Figure 5-2.  Association of ATF4 with FOXO3a promoter and AARE1-4 regions. HepG2 

with/without transfection of AFT4 siRNA was treated with 2 mM of Histidinol 
(HisOH) for 4 h.  ChIP assays were performed with an antibody against ATF4. Data 
were plotted as the ratio to the value of total DNA input for immunoprecipitation. The 
graphs are summary of three independent experiments, in which data are depicted as 
the means ± SEM values. The asterisk indicates statistical significance with p≤ 0.05 
compared with the association with the AARE2 region with full media (Mock MEM); 
the cross indicates statistical significance with p≤ 0.05 in blocking HisOH induced 
ATF4 interaction with the AARE2 region. 
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Figure 5-3.  Association of Pol II with FOXO3a promoter and AARE1-4 regions. HepG2 
with/without transfection of AFT4 siRNA was treated with 2 mM of Histidinol 
(HisOH) for 4 h. ChIP assays were performed with an antibody against Pol II. Data 
were plotted as the ratio to the value of total input for immunoprecipitation. The 
graphs are summary of three independent experiments, in which data are depicted as 
the means ± SEM values. Asterisk indicates statistical significance with p≤ 0.05 
compared with binding to the AARE2 region with full media and no siRNA treatment 
(Mock MEM); Cross indicates statistical significance with p≤ 0.05 in blocking 
HisOH induced Pol II interaction with the AARE2 region. 
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Figure 5-4.  Association of Pol II with FOXO3a promoter, AARE2 and the intervening regions. 
HepG2 with/without 2 mM of Histidinol (HisOH) treatment was subjected to ChIP 
analysis with antibody against Pol II. Data were plotted as the ratio to the value of 
total input for immunoprecipitation. The graphs are summary of three independent 
experiments, in which data are depicted as the means ± SEM values. Asterisk 
indicates statistical significance with p≤ 0.05 compared with binding to the AARE2 
region with full media (MEM). 
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Figure 5-5.  Association of TBP and TFIIA with FOXO3a promoter, AARE2 and the intervening 
regions. HepG2 with/without 2 mM of Histidinol treatment was subjected to ChIP 
analysis with antibodies against TBP (A) and TFIIA (B). Data were plotted as the 
ratio to the value of total input for immunoprecipitation. 
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Figure 5-6.  Association of Ser5 phosphorylated Pol II to FOXO3a promoter, FOXO3a AARE2 

and ASNS promoter. HepG2 with/without 2 mM of Histidinol (HisOH) treatment was 
subjected to ChIP analysis with antibodies recognizing Ser5 phosphorylated CTD. 
Data were plotted as the ratio to the value of total input for immunoprecipitation. 
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CHAPTER 6 
CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

MnSOD is a major defense against oxidative damage in the mitochondria.  Reduced levels 

of antioxidant enzymes compared with their normal counterpart, especially MnSOD, are found in 

a variety of cancer cells.  Furthermore, the overexpression of MnSOD has been found to 

suppress cancer cell growth (Amstad et al., 1997; Church et al., 1993; Davis et al., 2004; Liu et 

al., 1997; Liu et al., 2005) and tumors in vivo (Church et al., 1993; Davis et al., 2004; Li et al., 

1998; Weydert et al., 2003).  The work from our and other laboratories demonstrated that 

MnSOD transcription is highly regulated via an intronic enhancer by a series of proinflammatory 

stimuli (Dougall and Nick, 1991; Jones et al., 1995; Lin et al., 1993; Masuda et al., 1988; Visner 

et al., 1991; Visner et al., 1990; Wong et al., 1989).  This enhancer is highly conserved among 

mammalian species, and since its discovery, lots of efforts have been made to uncover the 

mechanisms by which the MnSOD transcription is regulated. 

In our laboratory, the study of MnSOD gene regulation by cytokines is mostly done in L2 

cells, which is a rat lung epithelial like cell line.  Dr. Chokas in our laboratory performed yeast 

One-hybrid assay to identify transcription factors regulating MnSOD expression.  When she used 

Site 2 sequence defined by Dr. Rogers as bait, she identified TEF-1, TEF-3 and p65; when she 

used Site 4 sequence as bait, she got positive clones of p65, C/EBPβ and C/EBPδ (Chokas, 

2004).  Dr. Chokas was studying how p65 and TEF acted coordinately to regulate MnSOD 

expression, and I started to focus on the functions of C/EBPβ and C/EBPδ. 

Prior to my study, computer-based sequence analysis and EMSA indicated that C/EBPβ 

might be a potential trans-acting factor in the regulation of MnSOD expression, but there was no 

functional data.  By utilizing C/EBPβ knockout MEF cells and siRNA knockdown approaches, I 
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confirmed the involvement of C/EBPβ in the IL-1β-dependent MnSOD induction.  I further 

verified that C/EBPβ and C/EBPδ were induced by IL-1β possibly to serve their own regulatory 

functions.  A review of the literature indicated that C/EBPβ has three protein isoforms, and the 

majority of reports treated LAP* and LAP as transcription activators, while LIP was considered 

as a naturally occurring dominant negative form.  However, there were also a few studies 

showing the existence of great differences between LAP* and LAP.  Guided by these findings, I 

cloned the cDNA for each isoform into the mammalian expression vector pCDNA3.1, and 

performed functional analysis utilizing an hGH reporter driven by the MnSOD enhancer 

conjugated with its cognate promoter.  Only the vector containing LAP* cDNA could enhance 

hGH expression.  Meanwhile, I found this construct was leaky and that a small amount of LAP 

and LIP was also expressed.  Fortunately, I was able to obtain constructs that only express one 

functional C/EBPβ protein isoform by mutating the start codons (methionine) for LAP and/or 

LIP to alanines.  This made the study of the functional relevance of the first 21 amino acids more 

valid and convincing.  My functional analysis determined that only the LAP* isoform was the 

transcriptional activator in the IL-1β dependent-induction of MnSOD, while it appeared that 

LAP, LIP and C/EBPδ functioned as potential repressors.  Finally, I conducted systematic 

mutagenesis on the conserved amino acids in the amino terminal region of LAP*, and 

demonstrated that the R3, W7 and D8 and a stretch of proline residues were critical for the 

transcriptional activity of LAP*. 

To further test the relevance of these first 21 amino acids, I then tried to treat cells with a 

peptide consisting of the first 21 amino acids of LAP*, as a potential peptide competitor to 

inhibit MnSOD induction by IL-1β.  However, it wasn’t successful due to the lack of proper 

reagents (either a transfection reagent that is able to deliver the peptide into the nucleus or a cell 
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line possessing the following two attributes at the same time (i) MnSOD in this cell line 

responses to IL-1β treatment and (ii) it can be easily transfected). 

As a side project in the study of the transcriptional regulation of MnSOD in our laboratory, 

Dr. Aiken investigated the relationship between amino acid limitation and MnSOD expression 

(Aiken et al., 2008).  She found that essential amino acid limitation and/or histidine deprivation 

led to MnSOD induction, and established the nutrient-dependent regulation pathway for MnSOD.  

Most relevantly, she demonstrated that the upregulation of MnSOD is conferred by a FOXO 

binding site on the MnSOD promoter.  Additional research done by her led to the discovery of 

FOXO3a as a target gene of ATF4 during amino acid deprivation.  In collaboration with her, I 

found that histidine deprivation which was achieved by histidinol treatment caused a specific 

enrichment of ATF4 in the AARE2 region, which was abolished when ATF4 was knocked 

down.  Pol II is also induced by histidinol treatment to interact with the AARE2 region, and this 

interaction is ATF4-dependent.  On the contrary, the occupancy of Pol II on the FOXO3a 

promoter was constitutively high and independent of ATF4, whereas the interactions between 

Pol II and other potential AAREs were really low.  Most interestingly, only trace levels of pol II 

binding to the intervening region between the FOXO3a promoter and AARE2 were observed.  

Additional ChIP analysis depicted the phenomena that GTFs such as TBP and TFIIA were also 

recruited to the AARE2 region after histidinol treatment, indicating the assembly of PIC on the 

AARE2 region. 

Future Directions 

C/EBPβ is a master regulator of a wide variety of biological processes, such as 

inflammation, cell differentiation and cell proliferation.  In many cases, no distinction between 

LAP* and LAP was made.  In this study, I clearly demonstrate that LAP* is the only 

transcription activator for MnSOD induction by IL-1β, and my systematic mutagenesis identified 
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R3, W7, D8 and P13-P16 as functionally important residues, however, we don’t know why 

and/or how.  Identification of the interacting protein partners of LAP* is one direction to go.  To 

this end, the first 21 amino acids can be utilized as bait to perform yeast Two-hybrid screening.  

Alternatively, LAP* and LAP could be separately transfected into cells, antibody against 

C/EBPβ can be then used to do immunoprecipitation.  Separation of the precipitate with an SDS-

PAGE followed by silver staining will theoretically show different protein partners that are 

pulled down (most likely, the extra domain of LAP* confers the capability to interact with an 

additional set of protein partners).  The distinct bands could be cut out and sent for mass 

spectrometry.  After the identification of the new partners, the next step is to study whether the 

expression of this partner is also regulated by IL-1β.  Depending on the potential function of the 

partners, experiments could be designed to study whether these partners are able to modify 

LAP*/LAP, through what domain they interact with LAP*/LAP, and how they contribute to the 

LAP*-dependent transcription activation of MnSOD. 

Although primary efforts to use the first 21 amino acid peptide as a competitor to block 

LAP* activity (appendix), were not successful, it is still promising to pursue this aim.  In order to 

achieve this goal, one or more improvements as stated below may be considered.  (i) The reagent 

Chariot is only able to deliver the peptide/ protein into the cytoplasm where the cargo gets 

released.  So if we can engineer a short NLS to the 21 amino acid-peptide, the new peptide will 

be able to enter the nucleus to exert its function upon its entrance into the cytoplasm with the 

assistance of Chariot.  (ii) Other peptide delivery reagents such as Penetratin 1, which is claimed 

to be able to deliver a peptide to the cytoplasm and nucleus, can be used.  Having a free thiol 

group is the prerequisite of cargos for Penetratin 1, and the 21 amino-acid peptide happens to 

contain a cysteine residue which is not important for the MnSOD induction by IL-1β.  (iii) The 
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vector expressing GFP-25 amino acids fusion protein contains a blasticidine resistance gene; and 

the apparent transfection efficiency can be increased by blasticidine selection if it works 

properly.  (iv) A retro-viral vector can be used to achieve high transfection efficiency to deliver 

the peptide competitor. 

Additionally, RNA isolated from cells transfected with one of the following constructs: 

LAP*, LAP and LAP*4PA could be analyzed with microarray to get a global view of other 

genes differently regulated by LAP* and LAP (for this purpose, easily transfected cells such as 

HEK293 can be used).  Most relevantly, this approach can clearly demonstrate whether 

LAP*4PA could be used as a dominant negative form for those genes that are specifically 

regulated by LAP*.  The advantage of using LAP*4PA over LIP is that LAP*4PA will not affect 

the expression of those genes that are specifically regulated by LAP.  As C/EBPβ is a master 

regulator of numerous genes and is involved in a variety of biological processes, this could be 

beneficial in blocking certain physiological or pathological processes, such as B cell 

differentiation and adipogenesis. 

As another avenue, neither LAP* nor LAP has ever been crystallized, and it will be a great 

contribution to the knowledge of this transcription factor if the structure could be solved.  The 

structure will provide information about whether the extra domain of LAP* functions as an 

interface for the recruitment of binding partners, or whether it can help LAP* to form a tertiary 

structure different from LAP.  The structure will also help a lot in understanding how LAP*/LAP 

exert their transcriptional activity. 

Another area of future studies lies in further understanding the regulations of the FOXO3a 

target genes under nutrient deprivation.  FOXO3a has been linked to a variety of cellular events 

including regulations of cell cycles; cell proliferation, cell differentiation and glucose 

107 
 



 

homeostasis.  The fact that it is induced by amino acid deprivation raises two questions.  (i) Is 

FOXO3a involved in the regulation of other amino acid responsive genes? To address this 

question, an siRNA approach can be employed to knock down the endogenous FOXO3a level, 

and then the expression pattern of those genes that are induced by amino acid deprivation, such 

as MnSOD, ASNS, the sodium coupled amino acid transporter (SNAT2), and vascular epithelial 

growth factor (VEGF) should be evaluated.  (ii) Are the known FOXO3a target genes, such as 

Bcl-2-interacting mediator of cell death (Bim) (Dijkers et al., 2000) B cell translocation gene  

(BTG1) (Bakker et al., 2004) Cited2 (sCBP/p300-interacting transactivator with a Glu/Asp-rich 

C-terminal domain) (Bakker et al., 2007) also induced by amino acid deprivation? This can be 

addressed by investigating the expression pattern of those genes in different amino acid starved 

cell lines. 

Another area of interest is to investigate whether and how amino acid deprivation leads to 

FOXO3a post-translational modification.  It has been reported that in response to insulin, insulin-

like growth factors, growth factors and neurotrophic factors, FOXO3a is phosphorylated at three 

conserved sites (Thr32, Ser253 and Ser315 for human FOXO3a) by protein kinase Akt and SGK 

causing its sequestration in the cytoplasm.  (Brunet et al., 1999; Lin et al., 1997; Ogg et al., 1997; 

Shen et al., 2006; Yellaturu et al., 2002) It is interesting to know whether amino acid deprivation 

can reverse this process to relocate the FOXO3a back to the nucleus to active its target genes.  In 

addition, acetylation of FOXO proteins by protein acetylases such as CBP (CREB-binding 

protein), p300 and PCAF (p300/CBP-associated factor) (Daitoku et al., 2004; Fukuoka et al., 

2003; Matsuzaki et al., 2005), and deacetylation by members of the SIR2/SIRT family of 

deacetylases is also reported to regulate FOXO protein cellular location and activity (Brunet et 
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al., 2004; Motta et al., 2004), and it is interesting to characterize whether such modifications 

occur and through what pathways they occur under amino acid deprivation. 
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APPENDIX 
USE OF THE FIRST 21 AMINO ACIDS OF THE FULL LENGTH C/EBPΒ AS A PEPTIDE 

COMPETITOR 

Introduction 

C/EBPβ mRNA can be translated into three different protein isoforms, namely LAP*, LAP 

and LIP.  As demonstrated in Chapter 3, the full-length C/EBPβ/LAP* is functionally divergent 

from LAP in regulating certain genes, such as MnSOD.  This difference was conferred by the 

extra N-terminal domain of LAP* that is composed of 21 or so amino acids.  As stated in 

Chapter 4, this unique domain of LAP* is highly conserved among mammalian species and is 

critical for the transcriptional activity of LAP*.  It may serve as another transcriptional activation 

domain to interact with one or more components of the transcription machinery, or it may 

function as a protein-protein interaction domain to recruit chromatin modifying enzymes, co-

activators or the mediator complex.  If we could deliver a large amount of free peptide with the 

same sequence as the first 21 amino acid of LAP* into the nucleus, or express a fusion protein 

consisting of this peptide and a non-DNA binding nuclear protein, we may be able to compete 

with the acting interface of LAP* or sequester the LAP* binding partner, thus block LAP*-

specific transcriptional activity. 

To this end, there are two major approaches that could be chosen.  (i) Delivering an 

overexpression vector into the target cell.  This is usually carried out by transient transfection.  

However, the common problem associated with this approach is low transfection efficiency, 

which sometimes can be overcome by drug selection based on the drug resistance gene 

integrated in the plasmid.  Delivery of overexpression vectors can be performed with viral 

vectors as well, such as retro-viral vector, and the infection by virus is usually more efficient than 

transient transfection. 
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(ii) Using a protein/peptide delivery reagent, such as ChariotTM (Active Motif).  As claimed 

by the manufacturer, Chariot is a 2843 Dalton peptide and forms a non-covalent complex with 

the protein/peptide for transfection.  Chariot stabilizes and delivers the cargo into cells with high 

efficiency, low cellular toxicity, and only needs a couple of hours.  This event is independent of 

the endosomal pathway, which could possibly modify macromolecules during internalization.  

After delivery, the complex dissociates, leaving the macromolecule biologically active and free 

to proceed to its target organelle.  Theoretically, it is a fast way to examine the effect of the 

peptide competitor.  In addition, this approach has little side effect given that the samples are 

collected within a couple of hours, and there is not enough time for the cells to elicit cellular 

response to the treatment. 

Results 

Transfection by Traditional DNA Delivery Reagents 

The first 25 amino acids of rat LAP* was fused to GFP, and to insure the nuclear 

localization of the fusion protein, 2 X SV40 T-antigen nuclear localization sequence (NLS) was 

cloned to the C terminus of the GFP sequence, and this construct was designated as 25aa-GFP-

2NLS.  As a functional control, GFP with 2X NLS (termed as GFP-2NLS) was also constructed 

(Figure A-1).  A PEF6 vector with a blasticidin resistance gene was used as the overexpression 

system. 

Transfection was conducted with Lipofectamine LTX (Invitrogen), and 24 h post 

transfection, cellular localization as well as transfection efficiency was evaluated with 

fluorescent microscopy.  As shown in Figure A-2, without the NLS (Figure A-2B), GFP 

dispersed in both cytoplasm and nucleus.  By comparing the amount of GFP fluorescent cells 

(Figure A-2B) with total cell number (Figure A-2A), we determined that the transfection 

efficiency was about 30-40%.  By fusing 2X NLS into the C terminus, GFP fusion protein was 
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successfully transported into the nuclei, regardless of the extra 25 amino acids in the N terminus.  

RNA was collected with or without 2 h of IL-1β treatment, and tested for the relative MnSOD 

mRNA level.  Cells transfected with GFP-2NLS or 25aa-GFP-2NLS showed little difference 

(data not shown).  This is possibly due to the low transfection efficiency.  To achieve higher 

apparent transfection efficiency, blasticidin was used to select for transfected cells.  Typically, 

mammalian cells are sensitive to 1-10 µg/mL of blasticidin.  Unexpectedly, L2 cells were 

resistant to a concentration of 200 µg/mL or even higher.  The same experiment was also 

performed in human fetal lung fibroblast (HFL) cells, which is sensitive to 5 µg/mL of 

blasticidin.  However, when examined under the fluorescent microscope after selection, an even 

smaller fraction of cells showed GFP expression (Data not shown). 

Transfection by a Peptide Delivery Reagent 

The peptide delivery reagent, Chariot, is claimed to have a transfection efficiency of 65-

90%.  As Dr. Kilberg kindly provided the N-terminal domain of human LAP* as a synthetic 

peptide, I conducted the transfection with Chariot in a human fetal lung fibroblast (HFL) cell line 

(Figure A-3).  A titration of the peptide was performed, and at 3 h post transfection, Chariot was 

washed off with PBS, and HFL cells were treated with 2 ng/mL of IL-1β for 2 h.  Total RNA was 

collected and subjected to real-time RT PCR analysis.  As shown in Figure A-3, transfection of 

the peptide did not affect the IL-1β mediated MnSOD induction, and this unresponsiveness could 

be attributed to the characteristics of the Chariot delivering system.  Chariot can only transport 

its cargo across the cell membrane.  Once in the cytoplasm, Chariot will release the cargo, whose 

location will be determined by its own characteristics.  It is possible that the peptide was retained 

in the cytoplasm and we could not prove whether/where the polypeptide was delivered, neither 

were we able to prove whether the polypeptide was degraded. 
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Purification of His-tagged GFP Protein from Bacterial Expression System 

To insure that the transfected protein goes into the nucleus, and to monitor its cellular 

localization, I tried to isolate pure 25aa-GFP-2NLS protein from bacterial expression system.  To 

this end, I subcloned GFP-2NLS and 25aa-GFP-2NLS into a bacterial expression vector pQE2 

(Qiagen), which contains an N-terminal 6X His tag (Figure A-4A).  Great induction by IPTG 

was achieved in the bacterial expression system (Figure A-4B).  However, both proteins 

aggregated in the inclusion bodies, presumably due to the massive production inside the bacterial 

cells.  Therefore, purification was performed under denaturing conditions.  Following the 

protocol described in Chapter 2, I eluted the purified protein with an elution buffer containing 

8M of urea. 

For the delivery of proteins into mammalian cells by Chariot, the purified proteins need to 

be refolded and finally dissolved in PBS.  To this end, a stepwise dialysis protocol (Tsumoto et 

al., 1998) was conducted to refold the denatured protein.  And the final product was examined by 

SDS-PAGE followed by Coommassie Brilliant Blue staining.  Unfortunately, the yield of 

dialysis was only ~5%, and when the final refolded product was delivered by Chariot into the 

cells, no fluorescence was detected. 

Discussion 

C/EBPβ is a master transcription regulator and it is involved in a variety of physiological 

and pathological pathways.  There are numerous references to the fact that the short C/EBPβ 

protein isoform/LIP contains no transactivation domain, therefore functions as a naturally 

occurring dominant negative form.  However, the functional disparity between the full-length 

C/EBPβ/LAP* and medium length LAP has not been extensively studied. 

The results in Chapter 3 showed that LAP* and LAP function in the opposite ways in 

regulating MnSOD during IL-1β dependent response.  And studies presented in Chapter 4 

113 
 



 

demonstrated that the chemical and structural properties of the first 21 or so amino acids is 

critical for the transcriptional activity of LAP*.  The unique extra domain of LAP* probably 

functions as an interaction domain to recruit cofactors or to interact with the transcription 

machinery.  Therefore, blocking the interaction between this domain and its binding partner will 

lead to repression of the genes that are actively regulated by LAP* without affecting the genes 

that are positively regulated by LAP. 

Improvements can be made for both of the approaches I undertook.  For example, viral 

vectors can be used to overexpress fusion proteins consisting of GFP and the N terminal domain 

of LAP*.  Other peptide delivery reagents can also be used, such as Penetratin™ 1, which is 

claimed to be able to deliver a peptide to the cytoplasm and nucleus.  The requirement of the 

peptide cargo for Penetratin 1 is that it must have a free thiol group to be directly coupled to 

Penetratin 1.  This unique transactivation domain of LAP* does contain a cysteine group which 

was determined to be unimportant in IL-1β-dependent induction of MnSOD.  Once the system is 

established in tissue culture, it could also be applied to animal models to control the expression 

of MnSOD and other LAP* target genes in vivo. 
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Figure A-1.  Schematic of GFP constructs. 2X nuclear localization signal (NLS) was fused to the 

C-terminus to create chimeric proteins GFP-2NLS and 25aa-GFP-2NLS.  The latter 
construct also contains the N-terminal 25 amino acids from rat LAP*. 
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Figure A-2.  Localization of GFP constructs. (A) Phase contrast photograph of L2 cells for the 

same field of (B). GFP (B), GFP-2NLS (C) and 25aa-GFP-2NLS (D) overexpression 
vectors were transfected into L2 cells by Lipofectamine LTX. Photos were taken at 
24 h post transfection. The bottom left square of (B, C, and D) is a single cell with a 
higher magnitude. 
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Figure A-3.  Effect of synthetic peptide on MnSOD expression. HFL cells were transfected with 

indicated amount of synthetic peptide with Chariot transfection reagent. At 3 h post 
transfection, cells were washed and subjected to the treatment of 2 ng/mL of IL-1β 
for 2 h. RNA was then collected and the relative MnSOD mRNA level is examined 
by real-time RT PCR. The data are presented as ratios of MnSOD mRNA levels to 
cyclophilin A mRNA levels. The ratio of no transfection without treatment is set to 1. 
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Figure A-4.  Expression of His tagged GFP constructs in bacterial system. A) Schematics of the 

bacterial expressed GFP fusion proteins. B) XL-10gold was transformed with 
expression vectors for His-GFP-2NLS (GFP) or His-25aa-GFP-2NLS (25aa-GFP) 
and incubated at 37°C to reach an A600 reading of 0.8, and then IPTG was added to a 
final concentration of 1 mM. 3 h later, 100 µL of bacteria with or without IPTG 
induction was collected and subjected to SDS-PAGE followed by Coommassie 
Brilliant Blue staining. 
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Figure A-5.  Purification profiles of GFP proteins. Indicated fractions of His-GFP-2NLS (GFP) 

or His-25aa-GFP-2NLS (25aa-GFP) were analyzed by SDS-PAGE coupled with 
Coommassie Brilliant Blue staining. S, supernatant; FT, flow-through of supernatant; 
W, flow-through of first wash; E, elution from the Ni-NTA column. 
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Figure A-6.  Examination of refolding product by SDS-PAGE. After refolded with a sequential 

dialysis approach, the final product was evaluated by SDS-PAGE followed by 
Coommassie Brilliant Blue staining.  Increasing amounts of BSA protein served as 
concentration standards. 
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