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ABSTRACT 

The CCAAT-box binding transcription factor, Nuclear Factor-Y (NF-Y) regulates 

transcription of human aldo-keto reductase 1C1 (AKR1C1) gene 

Rajash Pallai 

Doctor of Philosophy 

Temple University, 2010 

Doctoral Advisory Committee Chair: Hemant K. Parekh, Ph.D. 

 

Dihydrodiol dehydrogenases are a family of aldo-keto reductases (AKR1Cs) 

involved in the metabolism of steroid hormones and xenobiotics. Whilst, several phase II 

drugs as well as endogenous & exogenous steroids/steroid metabolites have been 

identified as inducers of gene transcription, the cellular transcription factors controlling 

the expression of AKR1C1 are incompletely elucidated. Herein, we have cloned and 

characterized the proximal promoter region of the human AKR1C1 gene that controls its 

transcription. The 5’ flanking proximal promoter region of the AKR1C1 gene consists of 

a TATA box and an inverted CCAAT binding site. Deletion analysis of the 5’-flanking, 

~3.0 kb region of the human AKR1C1 gene identified the region between -128 to -88 as 

the minimal proximal promoter essential for basal transcription of AKR1C1 in human 

ovarian (2008 & 2008/C13*), lung (H23 & A549) and liver carcinoma (HepG2) cells. 

Antioxidant response elements (ARE) have been shown to modulate the transcription ofv 

genes coding for phase II drug metabolizing enzymes. Cloning of the ARE upstream of 



 iv

the AKR1C1 proximal promoter resulted in increased transcription in human lung 

adenocarcinoma and liver hepatoblastoma cells but not in human ovarian carcinoma cells. 

Further, ARE increased the induction of the AKR1C1 gene in response to treatment with 

phase II drug inducers. However, ARE did not induce the transcription of AKR1C1 gene 

promoter in the presence of cisplatin in any of the cell lines. A computational analysis 

utilizing the Alibaba 2.0 on the proximal AKR1C1 gene promoter region was performed 

to identify potential transcription factor binding sites. Based on this analysis, a set of 

potential, putative transcription factor binding sites for Oct1, Sp1, Cp-1/NF-Y, CEBP, 

p40X, USF, NF1 and AP-2 were identified in the region -180 to -88 of the AKR1C1 gene 

promoter. Site-directed mutagenesis studies indicated that the transcription factor binding 

sites for NF-Y/CEBP were involved in controlling the basal transcription of AKR1C1 in 

all the cancer cells studied. Electrophoretic mobility shift (EMSAs) and gel supershift 

assays demonstrated that the transcription factor NF-Y preferentially binds to the inverted 

CCAAT box at -109ATTGG-105 of the AKR1C1 gene. Chromatin immunoprecipitation 

(ChIP) analysis confirmed the in vivo association between NF-Y and human AKR1C1 

gene promoter in human ovarian, lung and liver carcinoma cells. Further, ectopic 

expression of NF-Y’s increased the AKR1C1 gene transcription, whereas expression of a 

dominant-negative NF-YA or knockdown of NF-YA by siRNA transfection, decreased 

the AKR1C1 gene transcription. A 2-fold increase in AKR1C1 transcription was 

observed specifically in cisplatin-treated 2008 cells that was CCAAT box-dependent. 

These results indicate that NF-Y regulates basal transcription of AKR1C1 in human 

ovarian, lung and liver carcinoma cells and cisplatin-induced transcription in human 

ovarian carcinoma cells. 
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CHAPTER 1 
 

INTRODUCTION 
 

 
1.1 Aldo-keto reductases (AKRs) 
 

Human aldo-keto reductase (AKRs) are a diverse family of cytosolic NADP(H)-

dependent oxidoreductases involved in the de novo detoxification of xenobiotics, steroids 

and polycyclic aromatic hydrocarbons (PAH) (Penning and Byrns, 2009; Jin and 

Penning, 2007; Burczynski et al., 1999). Distribution of Akr genes along with the AKR 

protein has been observed in micro-organisms, plants, animals, yeast and humans (Ellis, 

2002). The AKR superfamily consists of 140 members divided into 15 families 

(Hyndman et al., 2003; Bohren et al., 1989). Aldo-keto reductase proteins which share 

less that 40% homology in sequence are divided as families, while proteins with higher 

than 60% sequence homology are further subdivided into subfamilies (Jin and Penning, 

2007). Lower-organisms have found to harbor the AKR families 2-5 and 8-13, whereas 

the AKR families 1, -6 and -7 are found in humans (Barski et al., 2008). However most 

of the observations have been performed with reference to the mammalian AKRs due to 

their biological importance (Seery et al., 1997). In contrast the xylose reductase from 

yeast has been studied for its implications in xylose fermentation and biotechnological 

applications (Kratzer et al., 2008). Based on the human genome project (HUGO) 13 

human AKR proteins have been identified, of which eight belong to the AKR1 family 

(Barski et al., 2008; Jin and Penning, 2007).  

The 13 human AKRs include aldehyde reductase (AKR1A1), aldose reductase 

(AKR1B1 and -B10), hydroxysteroid dehydrogenase (AKR1C1, -C2, -C3 and -C4), 4-

3-ketosteroid-5--reductase (AKR1D1), Kv proteins (AKR6A3, -A5 and -A9), and 
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aflatoxin reductase (AKR7A2 and -7A3) (Figure 1). The AKR protein has a molecular 

weight between 30-40 KDa (Davidson et al., 1978; Jin and Penning, 2007).  

Aldo-keto reductases are involved in diverse metabolic oxidation reactions 

utilizing various substrates such as glucose, steroids, glycosylation end-products, lipid 

peroxidation products and environmental pollutants (Barski et al., 2008).  Overall, the 

AKRs superfamily actively functions in the transformation and detoxification of 

aldehydes and ketones produced during endogenous human metabolism or by breakdown 

of drugs, toxins, carcinogens and reactive aldehydes present in the environment (Bachur, 

1976; Jin and Penning, 2007; Barski et al., 2008).  

AKR6A9
(Kv3)

AKR

AKR1A1
(Aldehyde reductase)

AKR1B1
(Aldose 
reductase)

AKR1B10
(Small 
intestine 
aldose 
reductase)

AKR1D1
(4-3-

ketosteroid 5-
reductase)

AKR1C4

AKR1C3

AKR1C2AKR1C1

AKR6A5
(Kv2)

AKR6A3
(Kv1)

AKR7A2

AKR7A3

Hydroxysteroid dehydrogenase (HSD) 
or

Dihydrodiol dehydrogenae (DD)

Aflatoxin reductase

 

 
Figure 1. Phylogenetic tree of human aldo-keto reductases (AKRs) (Barski et al., 
2008). 

 

 

 2



1.2 Structural features of AKRs 

The crystal structures of AKRs demonstrated that they share a common (/8)-

barrel motif otherwise referred to as triose-phosphate isomerase (TIM)-barrel, which 

exhibits structural variation for a wide range of carbonyl substrates (Jez et al., 1997a; 

Penning and Byrns, 2009). The active site and the cofactor binding sites are highly 

conserved over the superfamily with the active site located at the C-terminal end of the 

barrel (Jin and Penning, 2007; Barski et al., 2008).  Amino acids Tyrosine (Tyr), Aspartic 

acid (Asp), Lysine (Lys) and Histidine (His) form a catalytic tetrad which is found to be 

conserved in all the active sites of AKRs (Jin and Penning, 2007). Individual families are 

identified by variations in the TIM-barrel motif region between the 7th and 8th -strands 

of the barrel (Barski et al., 2008).  

 

1.3 Chromosomal localization, distribution and function of human AKRs 

1.3.1 Aldehyde reductase (AKR1A1)  

Aldehyde reductase (AKR1A1) is one of the first identified AKRs (Mano et al., 

1961). Chromosomal localization of AKR1A1 is in the region 1p33-p32 (Jin and 

Penning, 2007). AKR1A1 is expressed in most of the tissues with higher levels in the 

kidney proximal tubules (Barski et al., 1999; Barski et al., 2005). Aldehyde reductase is 

one of the important enzymes involved in ascorbic-acid biosynthesis (Barski et al., 2008). 

Inhibition of AKR1A1 in mouse resulted in an increase of glucuronate and decrease in 

vitamin C indicating the importance of AKR1A1 in ascorbic-acid biosynthesis (Barski et 

al., 2005). In contrast, the role of AKR1A1 in humans is yet to be identified. 
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1.3.2 Aldose reductase (AKR1B1) 

Aldose reductase is one of the well studied AKRs, due to its importance in 

hyperglycemic injury and development of secondary diabetic complications (Dvornik et 

al., 1973; Gabbay et al., 1966). AKR1B1 is found in the chromosomal location 7q35. In 

1960, Hers described the isolation of the enzyme and its functional role in catalysis of 

glucose (Hers, 1960; Barski et al., 2008). The development of hyperglycemic injury in 

diabetes by AKR1B1 has been linked to regulation of various inflammatory pathways by 

AKR1B1 (Ramana et al., 2007). Apart from playing an important role in hyperglycemic 

injury, AKR1B1 has also been studied in vascular smooth muscle cell proliferation 

during restenosis and atherosclerosis (Ramana et al., 2002). AKR1B1 is expressed 

ubiquitously in all tissues. The physiological and mechanistic action of AKR1B1 is yet to 

be analyzed completely.  

The other member of AKR1B family of AKRs is the small intestine aldose 

reductase (AKR1B10) which has been identified by Cao et al., 1998 and Hyndman and 

Flynn, 1998. AKR1B10 is found to play an important role in cancer-cell proliferation as 

silencing of AKR1B10 in colorectal cancer cells lead to growth inhibition (Yan et al., 

2007). The AKR1B10 gene is located at the chromosomal position 7q33. Expression of 

AKR1B10 has been observed in small intestine, colon, liver, thymus and adrenal gland 

(Barski et al., 2008). In addition, induction of AKR1B10 in human oral cells by cigarette-

smoke condensate has been observed, which implies a protective role of AKR1B10 

against electrophilic injury (Nagaraj et al., 2006; Yan et al., 2007).  
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1.3.3 Delta 4-3-ketosteroid-5-beta redcutase (AKR1D1) 

AKR1D1 plays a functional role in bile-acid biosynthesis. The end products of 

AKR1D1, 5-dihydrosteroids are acted upon by AKR1C4 in the liver and reduced to 

chenodeoxycholic and cholic acid (Barski et al., 2008). The AKR1D1 gene is located at 

chromosome 7q32-q33 and the enzyme is found in the liver. Mutation in the AKR1D1 

gene led to neonatal cholestasis, hepatitis and liver failure indicating the importance of 

AKR1D1 in bile-acid biosynthesis (Lemonde et al., 2003; Setchell et al., 1988).  

 

1.3.4 Kv Proteins (AKR6) 

Three Kvβ proteins have been identified, AKR6A3, AKR6A5 and AKR6A9. 

They are located in the chromosome position 3q26.1, 1p36.3 and 17p13.1, respectively. 

AKR6 functions to modulate the opening of the voltage-gated potassium channels (Kv) 

by oxidizing NADPH (Costanza et al., 2009). AKR6 are expressed ubiquitously and the 

physiological functions of AKR are yet to be fully characterized (Barski et al., 2008). 

 

1.3.5 Aflatoxin reductase (AKR7A2-A3) 

Aflatoxin reductases (AKR7) are functional dimers compared to other monomeric 

AKRs (Kozma et al., 2002). In 1993, Ellis et al., identified a rat AKR7, which reduced 

aflatoxin B1 dialdehyde to nontoxic alcohol. Two members of AKR7 have been 

identified in humans, AKR7A2 and AKR7A3 (Barski et al., 2008). Both of the genes 

have been located on the chromosome 1p35.1-p36.23. AKR7A2 is expressed 

ubiquitously in all tissues while the expression of AKR7A3 is observed in stomach, 

pancreas, kidney and liver (Ireland et al., 1998; Knight et al., 1999). Functionally 
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AKR7A2 metabolizes succinic semialdehyde (SSA) into γ-hydroxybutyrate (Lyon et al., 

2007), while AKR7A3 is involved in breakdown of aflatoxin B1 dialdehyde (Guengerich 

et al., 2001).  

 

1.3.6 Hydroxysteroid dehydrogenase (HSD)/ Dihydrodiol dehydrogenase (DDH) 

(AKR1C1-C4) 

Four different isoforms of AKR1C (Table 1), which share greater than 86% 

homology have been cloned and characterized in human liver, viz., i) AKR1C1/DDH1 

(20α (3α)-hydroxysteroid dehydrogenase (HSD)), ii) AKR1C2/DDH2 (Type 3 3α-HSD), 

iii) AKR1C3/DDH3 (Type 2 3α (17β)-HSD) and iv) AKR1C4/DDH4 (Type 1 3α-HSD) 

(Penning et al., 2000). Of the four isoforms AKR1C1 and AKR1C2 share nearly 98% 

amino acid sequence homology with a difference of only seven amino acids (Dufort et 

al., 1996; Lou et al., 2006). The four genes are present in the chromosome location 

10p14-15. AKR1C1 - AKR1C3 are expressed in the small intestine, lung, mammary 

gland and prostate, while the expression of AKR1C4 is restricted to the liver (Jin and 

Penning, 2007; Ji et al., 2005). Each of the AKR1C isoforms has a unique substrate 

specificity and function. Thus, AKR1C1 is involved in inactivation of progesterone to 

20α-hydroxyprogesterone, while AKR1C2 breaks down 5α-dihyrotestosterone (5α-DHT) 

to 3α-androstanediol (3α-diol), AKR1C3 converts 17-ketosteroid to testosterone and 

AKR1C4 converts 3-ketosteroids to 3α-hydroxysteroids (Penning and Byrns, 2009).  
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Table 1. Hydroxysteroid dehydrogenase (HSD)/ Dihydrodiol dehydrogenase (DDH) 
isoforms (Jin and Penning, 2007) 
 

Gene Protein 
% of Sequence 

homology 
Functions 

AKR1C1 
20α-HSD, 

DDH1 
100% 

Breakdown of 20-ketosteroid to 
20α-hydroxysteroid (eg. 

elimination of progesterone) 

AKR1C2 

Type 3 3α-
HSD, DDH2, 

bile acid 
binding protein 

(BBP) 

98% 

Conversion of 3-ketosteroid to 3 
α-hydroxysteroid (eg. 

Elimination of 5 α-
dihydrotestosterone) 

AKR1C3 

Type 2 3α-
HSD, type 5 
17β-HSD, 

prostaglandin  
F synthase, 

DDH3 

86% 

Breakdown of 17-ketosteroid to 
17β-hydroxysteroid (eg. 

Formation of testosterone and 
17β-estradiol) and synthesis of 

prostaglandin F 

AKR1C4 

Type1 3α-HSD, 
DDH4, 

chlordecone 
reductase 

86% 

Reduction of 3-ketosteroid to 3α-
hydroxysteroid, clearance of 
hepatic steroids and bile acid 

synthesis 
  

Due to the important role of AKR1C in steroid hormone metabolism, such as 

production of androgens and estrogens to stimulate cell proliferation, recent studies have 

focused on the role of AKR1C in cancer development (Penning and Byrns, 2009). 

Moreover, the functionality of AKR1C to metabolize trans-dihydrodiols of aromatic 

hydrocarbons to corresponding catechols implies their significance in carcinogenic 

metabolism (Hara et al., 1986). The following discussion is focused on the role of 

AKR1C in metabolism of steroid hormones, drugs, xenobiotics and cancer progression. 

 

1.4 AKR1C in steroid hormone metabolism and cancer progression 

As described in earlier section, the AKR1Cs have specific substrates and are 

found to regulate the production of steroid hormones such as androgens, estrogens and 
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progestin, in prostate and breast (Jez et al., 1997a, Jez et al., 2001. In the prostate the 

AKR1C1, AKR1C2 isoforms are found to have both 3α and 3β-HSD function, which 

results in reduction of a potent androgen 5α-dihydroxytestosterone (5-DHT) into either 

3α or 3β-androstanediol by the former and the latter, respectively (Stecklbroeck et al., 

2003; Guerini et al., 2005). Moreover the production of testosterone in the prostate 

requires the breakdown of a prostatic androgen, adrenal dehydroepiandrosterone (DHEA) 

into ∆4-androstene-3, 17-dione (a precursor) of testosterone by 3α-HSD (AKR1C1, 

AKR1C2), which is further reduced to testosterone by the action of 17β-HSD (AKR1C3), 

in the prostrate (Andersson et al., 1995; Andersson et al., 1996, Figure 2).  

Due to the androgenic metabolism by AKR1C1, -C2 and -C3, the expression of 

all these enzymes was observed in epithelial and stromal cells obtained from normal, 

prostate cancer and benign prostatic hyperplasia (BPH) (Bauman et al., 2006). The levels 

of AKR1C1, -C2 and -C3 was found to be higher in epithelial cells derived from the 

prostate cancer and BHP compared to normal epithelial cells. Similarly stromal cells 

from BHP had higher expression levels of all three AKR1C isoforms compared to  

normal stromal cells. Further analysis of AKR1C1 and -C2 mRNA expression levels 

identified a significant decrease in AKR1C1 in prostate cancer epithelial cells compared 

to whole prostate, indicating decreased production of 3-diol, which acts as a pro-

apoptotic marker (Penning and Bryns, 2009). Moreover, studies by Ji et al., (2003) have 

identified a direct correlation between decreased expression of AKR1C2 and increase in 

5-DHT in prostate cancer progression. In contrast there was a significant increase in the 

expression levels of AKR1C3 in metastatic prostate cancer insensitive to androgen 

ablative therapy compared to primary prostate tumors (Steckelbroeck et al., 2006). 
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Similarly, the expression levels of AKR1C3 transcripts were found to be increased in 

primary cultures of prostate epithelial cells compared to stromal cells (Penning et al., 

2006). In the same study, the levels of AKR1C3 were found to increase in stromal cells 

obtained from benign and malignant stages of prostate disease progression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Metabolism of testosterone and 5-DHT by AKR1C in the prostate 

(Penning and Byrns, 2009). 
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All three isoforms AKR1C1, -C2 and -C3 play an important role in maintaining 

the pro-estrogenic state of mammary glands. AKR1C3 plays a predominant role in the 

breast and is involved in reduction of ∆4-androstene-3, 17-dione to testosterone which is 

acted upon by CYP19 aromatase to 17-estradiol. In addition, progesterone is converted 

to 20-hydroxyprogesterone by AKR1C3, which helps in maintaining the homeostasis in 

estrogen and progesterone levels in the breast (Fig 3, Penning et al., 2000; Penning et al., 

2004). Similarly, AKR1C1 catalyzes the reduction of progesterone to 20-

hydroxyprogesterone (inactive progestin) in ovaries and uterus, which induces parturition 

and terminates pregnancy (Vergnes et al., 2003).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Role of AKR1C3 in estrogen metabolism (Penning and Byrns, 2009). 
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In breast cancer cells increased expression of AKR1C1 and -C3 have been identified and 

associated with poor prognosis (Zhang et al., 2005; Oduwole et al., 2004; Sasano et al., 

2008). Moreover, reduced expression of AKR1C1 and -C2 has also been associated with 

development of ovarian cancer (Ji et al., 2005).  

 

1.5 Role of AKR1C in drug metabolism and development of drug-resistance in 

cancer cells  

Various anti-cancer drugs such as anthracycline antibiotics (daunoribicin, 

doxorubicin) are substrates for AKR1B and -1C and carbonyl reductase (Barski et al., 

2008). One of the major obstacles in using these antibiotics for cancer treatment is 

development of drug resistance as the antibiotics are easily reduced by AKRs, which 

makes them inactive (Ohara et al., 1995). Moreover the production of secondary alcohol 

due to the reduction by AKRs leads to cardiac toxicity (Weiss, 1992; Minotti et al., 

2000). The role of AKRs in development of drug resistance has been observed by 

increased mRNA expression of AKR1C2 in drug-resistant tumor cells (Jin and Penning, 

2007).  

Apart from anthracycline antibiotics, cisplatin is one of the most potent 

chemotherapeutic agents used in treatment of ovary, testis, bladder, lung, cervix, 

endometrium and head and neck cancer (Siddik, 2003; Choi et al., 2004). Cisplatin 

interacts with the DNA to form DNA adducts which leads to inhibition of cellular 

division and causes cell death (Alderden et al., 2006). Altered expression of AKR1Cs has 

been observed in a variety of primary human cancers. Overexpression of AKR1C1 in 

non-small-cell lung cancer (NSCLC) patients has been associated with poor prognosis 
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(Hsu et al., 2001). Development of anticancer drug resistance has also been associated 

with altered expression of the AKR1C isoforms. Thus, increased expression of AKR1C2 

was observed in HeLa cervical carcinoma cells resistant to cisplatin (Lee et al., 2002). 

Studies from our laboratory have demonstrated an association between increased 

expression of AKR1C1 and AKR1C2 (at the mRNA and the protein level) and the 

development of cisplatin resistance in human ovarian carcinoma cells (Deng et al., 2002). 

Further, ectopic expression of full length AKR1C1 cDNA in parental, cisplatin-sensitive 

human ovarian (2008), lung (Calu-6, H23), germ cell (Tera-2) and cervical cancer (A431) 

cells resulted in development of cisplatin-resistance (Deng et al., 2004). Also, inherent 

cisplatin resistance of human lung adenocarcinoma (A549) cells was found to be 

associated with an increased expression of AKR1C1, AKR1C2 and AKR1C3 (Deng et 

al., 2004). The overexpression of AKR1C1 has also been associated with development of 

cisplatin-resistance in ovarian cancer patients treated with cisplatin (Chen et al., 2005). 

Similarly, the overexpression of AKR1C in cutaneous squamous cell carcinoma (SCC) 

leads to development of cisplatin resistance (Chow et al., 2006). However, the identity of 

the transcriptional machinery that controls the basal as well as induced expression of 

AKR1C1 in human cancer cells (and thus the development of anticancer drug resistance) 

remains elusive.  

A review by Torigie et al., (2005) describes the potential role of various 

transcription factor(s) involved in the development of cisplatin resistance. Recent 

observations by Selga et al., (2008) suggest that the transcription factor Sp1 regulates the 

overexpression of AKR1C1 in HT29 human colon cancer cells resistant to methotrexate.  
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1.6 Potential role of AKR1C in xenobiotic metabolism and progression of 

carcinogenesis 

Aldo-keto reeducates have been identified as phase II drug metabolizing enzyme 

(DME) induced in the presence of xenobiotics. Induction of AKR1C has been observed 

in HT29 human colon cancer cells in the presence of ethacrynic acid and dimethyl 

maleate (Ciaccio et al. 1994). Expression of AKR1C was found to reduce the mutagenic 

ability of potential carcinogens by oxidation of PAH to their corresponding catechols 

(Palackal et al. 2002). In contrast, AKR1C1 was upregulated by PAH (mono & bi-

functional inducers) and reactive oxygen species (ROS) in HepG2 (liver hepatoma) and 

HT29 cells. Metabolism of benzo[a]pyrene by AKR1C1 results in production of 

benzo[a]pyrene-7,8-dione (BPQ), an intermediate product and a potential carcinogen. 

BPQ by itself has been shown to increase the expression of AKR1C1 resulting in a 

positive feedback loop (Burczynski et al. 1999). AKR1C2 has been shown to be involved 

in the metabolism of dihydrotestosterone (DHT) into 3-androstanediol thereby 

regulating DHT levels. Studies by Lou et al., (2006) have observed induction of AKR1C2 

by phase II inducers in HepG2 cells. Induction of AKR1C2 by phase II inducers has been 

considered to play an important role in detoxification of xenobiotic compounds (Lou et 

al. 2006). The presence of cis-acting regulatory elements (anti-oxidant response element-

ARE, xenobiotic response element- XRE and activator protein-1- AP1) in the 5’ region of 

the phase II gene promoter was important for induction of AKR1C2 by anti-oxidants and 

anticancer agents.  
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1.7 Purpose of Thesis 

Cancer is a multistep process wherein normal cells acquire the capability to evade 

apoptosis, become insensitive to growth inhibitory signals, develop sustained 

angiogenesis, and undergo unrestricted cell division, tissue invasion and metastasis 

(Hanahan and Weinberg 2000). The change to a transformed phenotype is either due to 

genetic damage or inherited genetic susceptibilities due to methylation, point mutations, 

insertions, deletions and chromosomal translocation and amplification in DNA of the 

tumor cell (Dalmay and Edwards, 2006; Strausberg et al., 2004). Moreover deregulated 

expression of transcription factors either lead to enhanced activation of oncogenes or 

inactivation of tumor suppressor genes and results in development of cancer, cancer cell 

survival and proliferation or induce tumor angiogenesis (Libermann and Zerbini, 2006).  

Most of the oncogenes or tumor suppressor genes comprise of transcription factors 

responsible for gene expression or induction of signaling pathways in cancer (Darnell, 

2002). Modification of the transcription factor activity induces changes in gene 

expression such as protein stability, protein-protein interaction and posttranslational 

modification leading to development of cancer (Blume-Jensen and Hunter, 2001, 

Libermann and Zerbini, 2006).  

The normal process of transcription involves RNA polymerase II (Pol II) and 

association of complex proteins referred to as general initiation factors at the promoter of 

target gene (Resse, 2003). In vitro studies have identified the importance of five initiation 

factors such as TFIIB, TFIID, TFIIE, TFIIF and TFIIH for transcription to occur 

(Hampsey, 1998; Orphanides et al., 1996; Roeder, 1996). The process of gene 

transcription begins by recognition of promoter by TFIID, which contains the TATA- 
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binding protein (TBP) followed by binding of TFIIB resulting in stabilization of the 

complex. Further TFIIB induces recruitment of pol II-TFIIF complex with subsequent 

recruitment of TFIIE and TFIIH for progression and elongation of transcription (Dvir et 

al., 2001; Coin and Egly, 1998, Figure 4A). Consequentially the association of sequence-

specific DNA-binding proteins (cis-acting transcription factors), transcriptional cofactors, 

chromatin-remodeling cofactors with basal transcription complex regulate the 

transcriptional expression of target gene (Levine and Tjian, 2003, Figure 4B). The 

transcription factors which are sequence-specific DNA-binding proteins are found to 

regulate the expression of target gene either positively or negatively in a tissue-specific 

manner (Benz, 1998). Based on the structural features of the DNA binding domain 

transcription factors are divided into families such as homeobox (HOX), basic-helix-

loop-helix (bHLH), leucine zipper with basic domain (bZIP), zinc finger or Ets factors.  

Initial observations have identified the role of lineage-specific transcription factor 

in development of leukemia, lymphoma and childhood tumor (Latchman, 1996). In the 

case of breast tumor Myc, Rb and p53 were the well characterized transcription factors 

playing an important role in either activation of oncogenes or suppression of tumor 

suppression gene in the process of cell cycle (Benz, 1998). Recent observations have 

identified three potential groups of transcription factors targeted towards cancer therapy 

which include a) the NF-B and AP-1 families of transcription factors, b) the STAT 

family members and c) the steroid receptors (Libermann and Zerbini, 2006). Considering 

the fact that aberrant deregulation of transcription factor in a normal cells leads to 

malignant transformation and based on previous observations and 



 

 

A 

 

 

 

 

B 

 

Figure 4. Pathway of general transcription factor (GTF) assembly and control 
region of a typical eukaryotic gene. (A) Pre-initiation complex assembly of 
transcription factors in the promoter region (From Thomas and Chiang, 2006). (B) 
Schematic representation of proximal and distal regulatory regions present in eukaryotic 
gene responsible for initiation of transcription along with general transcription factors. 
Deletion of proximal promoter elements results in inhibition of target gene transcription. 
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the growing evidences of the important role of AKR1C in the development of tumor cells 

resistance to anticancer drugs, xenobiotic and steroid hormone metabolism it is important 

to identify and characterize the factors that control the transcription of human AKR1C1 

gene.  

We hypothesize that a deregulation in the activity of a transcription factor 

controlling the transcription of human AKR1C1 gene leads to differential expression of 

AKR1C1 in various carcinoma cells and thus our overall goal is to identify and 

characterize the transcription factor(s) which regulate the basal and induced 

transcription of human AKR1C1 gene in human ovarian (cisplatin-sensitive, -

resistant), lung and liver carcioma cells.  

Thus, the specific aims of the study are 

a) To characterize the human AKR1C1 gene promoter region for identification 

of the proximal promoter and associated transcription factor(s) binding sites. 

b) Functional characterization of distal enhancer sequence-Antioxidant response 

element (ARE) in regulating the basal and induced transcription of AKR1C1 

in human ovarian, lung and liver carcinoma cells. 

c) To investigate the transcription element(s) as well as factors associated with 

induction of AKR1C1 transcription in the presence of cisplatin. 

Initially, we have examined the basal mRNA expression of AKR1C1, -C2 and -

C3 isoforms in human ovarian carcinoma cells 2008 (cisplatin-sensitive), 2008/C13* (-

resistant), lung adenocarcinoma cells H23, A549 and liver hepatoblastoma cells HepG2. 

Our results indicate that the basal expression of AKR1C1, -C2 and –C3 were higher in 

2008/C13*, A549 and HepG2 cells compared to 2008 and H23 cell lines. This clearly 
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indicates that the genetic element(s) involved in transcription of human AKR1C genes 

play an important role in differential expression of AKR1C in various human carcinoma 

cells. In order to decipher the genetic element(s) involved in transcription of human 

AKR1C1 gene we constructed chimeric 5’-deletion clones of the human AKR1C1 gene 

promoter in pGL3 Basic luciferase reporter vector. We have demonstrated that the region 

between -128 to -88 of the human AKR1C1 gene promoter was essential for its basal 

transcription in human ovarian, lung and liver cancer cells.  

Further, we have also demonstrated the importance of the nuclear factor 

Y/CCAAT binding transcription factor, NF-Y/CBF, in controlling the basal transcription 

of the AKR1C1 gene by performing site-directed mutagenesis. To substantiate the 

observations of site-directed mutagenesis we performed electrophoretic shift assay 

(EMSA), gel-shift assay and observed that the CCAAT box binding transcription factor 

NF-Y to be essential for regulating the basal transcription of human AKR1C1 in human 

ovarian, lung and liver carcinoma cells. By utilizing a chromatin immunoprecipitation 

assay we established the in vivo association between NF-Y and the human AKR1C1 gene 

promoter in all the cell lines. 

 Studies using NF-Ys cDNA expression vector or NF-YA dominant-negative 

vector or NF-YA siRNA determined the direct functional role of NF-Y in regulating the 

transcription of human AKR1C1 gene promoter. In order to assess the effect of cisplatin 

in inducing the AKR1C1 promoter activity, all the cell lines were treated with cisplatin in 

the presence of proximal and full length promoter constructs. We observed that cisplatin 

was able to induced transcription only in cisplatin-sensitive human ovarian carcinoma 

cells (2008) while there was no induction of AKR1C1 gene promoter in any of the other 
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cells lines. Thus, we have shown that NF-Y controls the cisplatin-induced transcription of 

the AKR1C1 gene in a cell type-dependent manner by NF-Y overexpression studies.   

To demonstrate the role of distal cis-acting antioxidant response element (ARE) 

in regulating the transcription of human AKR1C1 gene, chimeric clones were constructed 

with the ARE sequence upstream of proximal and full length promoter constructs. Our 

observations led us to conclude that the ARE was not responsive in regulating the basal 

transcription of human AKR1C1 gene in human ovarian carcinoma cells, while ARE was 

able to regulate the constitutive and inducible promoter activity of AKR1C1 in lung and 

liver carcinoma cells. This indicates that ARE regulate constitutive expression of 

AKR1C1 in a cell-type dependent manner. In contrast to the observations, the distal cis-

acting antioxidant response element (ARE) was found to be ineffective in inducing the 

transcription of the AKR1C1 gene in response to cisplatin treatment.  

Overall, we have demonstrated that the inverted CCAAT box binding 

transcription factor NF-Y regulates the basal transcription of the human AKR1C1 gene in 

human ovarian, lung and liver carcinoma cells. We have also demonstrated that NF-Y 

controls the cisplatin-induced transcription of the AKR1C1 gene in a cell type-dependent 

manner.  



CHAPTER 2 

MATERIALS AND METHODS 

2.1 Cell culture 

The human ovarian carcinoma cell lines 2008 and 2008/C13* were grown in 

RPMI-1640 supplemented with 10% fetal calf serum (HyClone, Waltham, MA) and 

gentamicin (Lonza, Basel, Switzerland) at a final concentration of 10μg/mL. The lung 

adenocarcinoma cell lines H23 and A549 were maintained in RPMI-1640/Ham’s F12K 

medium supplemented with 10% fetal calf serum and gentamicin at final concentration of 

10μg/mL and the human liver hepatoblastoma cell line HepG2 was maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum 

and gentamicin at a final concentration of 10μg/mL. All cells were grown at 37ºC in a 5% 

CO2 incubator. 

 

2.2 RNA isolation and real time RT-PCR 

The human ovarian carcinoma cell lines (2008, 2008/C13*), lung adenocarcinoma 

cells (H23, A549) and liver hepatoblastoma cells (HepG2) were seeded at a density of 

1x106 cells in 100mm culture dish 24h before extraction. Total RNA was extracted by 

initially washing and scraping the cells into 1mL 1x ice-cold PBS. The cells were 

centrifuged at 10,000 x g for 1 min and the cell pellet was resuspended in 1mL of 

RNAzol B (Tel-Test Inc, Texas).  Two hundred microliters of chloroform was added and 

the entire tube was inverted for 15s and subsequently incubated on ice for 5 min followed 

by centrifugation at 10,000 x g for 10 min. The aqueous phase was transferred into 

another sterile 1.5mL microfuge tube containing 500μL of 2-propanol (Fisher Scientific, 
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NJ). The entire mixture was incubated at -20ºC overnight and centrifuged at 10,000 x g 

for 10 min. The resulting pellet was washed with 70% ethanol and finally dissolved in 

20μL of DEPC autoclaved water. Five microliters of the sample was utilized for RNA 

quantification using the A260/280 spectrophotometric method.     

One microgram of the RNA was used in the reverse transcription reaction along 

with 4 units of Omniscript reverse transcriptase (Qiagen, CA), 1μM oligo-dT primer 

(Applied Bio-systems, CA), 0.5mM dNTP (Roche), 10 units of RNase inhibitor (Applied 

Biosystems, CA) and 1x RT buffer (Qiagen, CA). Reverse transcription was performed at 

37ºC for 1h with a final incubation at 93ºC for 5 min for inactivation of reverse 

transcriptase. Two microliters of the RT-product was used in the real-time PCR reaction. 

The Quantitect SYBR green PCR kit (Qiagen, CA) was utilized and PCR was performed 

according to manufacturer’s instructions using a Realplex Eppendorf master cycler 

(Hamburg, Germany). Each PCR reaction consisted of 50% (v/v) of 2x SYBR green 

master mix, 4mM MgCl2, and 0.2µM gene-specific forward and reverse primers (Table 

2). Quantification of glyceraldehyde-6-phosphate dehydrogenase was used to normalize 

the relative expression levels of AKR1C1 mRNA under different treatment conditions. 

Each experiment was performed in duplicates and repeated at least twice. 

 



Table 2. List of primers utilized for amplification of the gene(s) of interest by quantitative real-time RT-PCR assay 

 
Gene Forward Reverse Annealing 

temperature 
ACTB 5’-ggacttcgagcaagagatgg-3’ 5’-agcactgtgttggcgtacag-3’ 55ºC 

GAPDH 5’-acccactcctccacctttg-3’ 5’-ctcttgtgctcttgctggg-3’ 55ºC 
AKR1C1 5’- gtaaagctttagaggccac-3’ 5’-ataaggtagaggtcaacataa-3’ 55ºC 
AKR1C2 5’-aagccgggttccaccatatt-3’ 5’-tgacattccacctggttgca-3’ 55ºC 
AKR1C3 5’-aagctgggttccgccatata -3’ 5’-tgcctgcggttgaagtttga -3’ 55ºC 
CEBPA 5’-gtccagaccctccaggtagt-3’ 5’-gggaccaactgtatttgct-3’ 58ºC 
CEBPB 5’-tgaattgctgggttaccaaa-3’ 5’-taggcatgagacccccata-3’ 58ºC 
CEBPD 5’-cccccgccatgtacgacgacgaga-3’ 5’-gccgcccgcttgtgattgctgtt-3’ 55ºC 
CEBPG 5’-atggcgacaatgcaggacagtaga-3’ 5’-gatcccagaaaatagcctccaatg-3’ 55ºC 
CEBPZ 5’-ggagctggaagcctggtatg -3’ 5’-gctctgggaggtgcttgt-3’ 55ºC 
NFYA 5’-gtccagaccctccaggtagt-3’ 5’-gggaccaactgtatttgctg-3’ 58ºC 
NFYB 5’-tgaattgctgggttaccaaa-3’ 5’-taggcatgagacaccccata-3’ 58ºC 
NFYC 5’-cagttctacgaccaccatcc-3’ 5’-ctgctggatctctcctgtgt-3’ 58ºC 

 
ACTB-Actin beta; GAPDH- Glyceraldehyde-6-phosphate dehydrogenase; AKR1C1- Aldo-keto reductase 1C1; AKR1C2- 
Aldo-keto reductase 1C2; AKR1C3- Aldo-keto reductase 1C3; CEBPA- CCAAT enhancer binding protein alpha; CEBPB- 
CCAAT enhancer binding protein beta; CEBPD- CCAAT enhancer binding protein delta; CEBPG- CCAAT enhancer binding 
protein gamma; CEBPZ- CCAAT enhancer binding protein zeta; NFYA- Nuclear factor Yalpha; NFYB- Nuclear factor Y beta; 
NFYC- Nuclar factor Y gamma. The PCR was performed with an initial denaturation at 95°C for 15 mins, followed by 45 
cycles of 94°C for 15 s, annealing for 30s and extension at 72°C for 30s with a final melting curve analysis. 

 22



2.3 Construction of plasmid vectors and 5’ deletion analysis 

The BAC clone RP-379P14 (168053-171109) which contains the 5’ flanking 

sequence of the AKR1C1 gene (GeneBank Accession No: AB032150) was utilized for 

construction of AKR1C1-promoter luciferase plasmids. PCR fragments generated using 

Taq polymerase (Roche Diagnostics GmbH, Mannheim, Germany) were cloned into the 

reporter vector pGL3.0 Basic (Figure 5A), at the KpnI, Nhe I or XhoI polycloning site by 

incorporating corresponding restriction endonuclease sites in the forward primer and Hind 

III restriction endonuclease site in the reverse primers (Table 3). The -2954/+59bp 

luciferase promoter which consists of the 2954bp upstream and 59bp downstream of 

transcription start site (Nishizawa et al., 2000) was cloned in the NheI-HindIII sites of 

pGL3-basic vector (Promega, Madison, WI). Similarly, the -2567/+59, -1648/+59 PCR 

fragments were cloned in the NheI-HindIII polycloning site in pGL3-basic vector. In case 

of -2301/+59, the DNA fragment was inserted in the XhoI-HindIII site of the luciferase 

vector. PCR amplified promoter fragments -641/+59, -349/+59, -180/+59, -152/+59, -

128/+59 and -88/+59 were cloned in the KpnI-HindIII sites of pGL3-basic vector (Figure 

6). The nucleotide sequence of the DNA fragments inserted into the luciferase vector was 

verified by sequencing. 

To investigate the effect of ARE in inducing the transcription of AKR1C1 gene 

the ARE was cloned upstream of the AKR1C1 basal promoter. The ARE sequence from 

the AKR1C1 distal region (Lou et al., 2006) was PCR amplified using KpnI and NheI 

restriction sites in the forward and reverse primer, respectively, (5’-

ggtaccGTGGTGAGGTCTGGGCTTTTAGTG-3’; 5’-gctagcGCTGGGAGGCTGTGGA 
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Figure 5. Schematic representation of the reporter vectors. (A) pGL3 Basic with the 
multiple closing site (MCS) located upstream of the luciferase cDNA for cloning of 5’ 
AKR1C1 promoter deletional clones. (B) pRL-SV40 internal control vector utilized for 
normalizing the transfection efficiency in transient transfection assay. 
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Table 3. List of primers utilized for construction of 5’-deletion clones 

Forward Reverse Annealing 
temperature 

5’ deletion 
constructs 

5’-tggctagccaccacactgacttccaca-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 58.7ºC pAKR1C1 -2954/+59 
5’-tggctagcctgctcggctcccaaaatc-3 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 83.6ºC pAKR1C1 -2567/+59 
5’-ccgcgcctcgagtcccataaagtcc-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 58.7ºC pAKR1C1 -2301/+59 

5’gctagccaggatggtctcctctcctgccctcgtgatct-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 65.0ºC pAKR1C1 -1648+59 
5’-gcgccgggtacctatttacacccacatcaggattacaacttt-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 69.7ºC pAKR1C1 -641/+59 

5’-gcgcgcggtacctgccgctagaggtttctgtattcttat-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 69.7ºC pAKR1C1 -349/+59 
5’-gcgcgcggtaccagaaacggttgaactggatgcaat-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 62.1ºC pAKR1C1 -180/+59 
5’-gcgcgcggtaccatcacagcttgtgtaagactgcct-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 56.2ºC pAKR1C1 -152/+59 

5’-gcgcgcggtaccctgtccctcctctcacat-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 56.2ºC pAKR1C1 -128/+59 
5’-gcgcgcggtaccgtgtgctcaggggcgtt-3’ 5’-ggccgcaagcttcccaggacaggcatcaagtgac-3 56.2ºC pAKR1C1 -88/+59 

 
The restriction enzyme digestion sites used in the forward and reverse primers are in italics and underlined. The PCR was 
performed with an initial denaturation at 95°C for 5 mins, followed by 30 cycles of 95°C for 15 s, annealing for 30s and 
extension at 72°C for 30s with a final extension at 72°C for 10 mins. 
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Figure 6. Flow chart for generating the 5’ deletion clones from the 5’ flanking 
region of human AKR1C1 gene upstream of the transcription start site. The forward 
arrows indicate binding site for the forward primers, while the reverse arrow indicates the 
site for reverse primer (details of the forward and reverse primers are presented in Table 
3).  
 

GGAG-3’, restriction sites are underlined and in lowercase) and cloned into the pcDNA4 

His/Max (Invitrogen, Carlsbad, CA) TA cloning vector generating pcDNA/ARE. The 

KpnI-NheI 2333bp ARE was digested out of the pcDNA vector and inserted into the 

KpnI-NheI sites of pGL3-basic vector and pAKR1C1 -2954/+59 plasmid generating 

pARE and ARE-pAKR1C1 -2954/+59 respectively (Figure 7). The PCR fragment -

180/+59 were re-amplified by utilizing forward and reverse primers containing restriction 

sites for NheI and XhoI, respectively. The -180/+59 PCR fragment was inserted 3’ to the 
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ARE sequence into the NheI-XhoI sites of pARE thereby generating ARE-pAKR1C1 -

180/+59 plasmid (Figure 7). The nucleotide sequences of the PCR fragments inserted to 

generate the chimeric clones were verified by sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Schematic representation of generating ARE clones. The ARE PCR 
fragment was cloned upstream of the human AKR1C1 gene promoter. 
 

 

2.4 Transient transfection and Luciferase assay 

Cells were seeded in 6-well plates at a density of 8x105 cells/well for 2008, 

2008/C13* and 5 x 105 cells/well for H23, A549 and HepG2 24h before transfection. 

Transfection was accomplished with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, 

CA) using the manufacturer’s protocol. In each experiment, 2g of the pGL3 basic 
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reporter plasmid (without the 2954bp insert, empty vector) or the effector plasmid (the 

2954bp insert or the sequentially deleted PCR fragments of human AKR1C1 promoter 

region and ARE region upstream of AKR1C1 promoter) was transfected along with 0.25-

0.5g of pRL-SV40 (Renilla luciferase, Promega, Madison, WI) as an internal standard. 

Following incubation with the DNA complex for 4h (H23, A549, HepG2) and 24h (2008, 

2008/C13*), cells were washed and incubated in fresh growth medium for an additional 

44 and 24 hours, respectively. The pGL3-basic vector and pGL3-control vector 

(Promega, Madiosn, WI) were used as negative and positive controls, respectively.  

In experiments designed to directly assess the role of NF-Y in regulating the 

transcription of AKR1C1 gene promoter, we utilized NF-YA, NF-YB, NF-YC cDNA 

expression vectors (Δ4YA-13, Δ4YB and Δ4YC) or the NF-YA dominant-negative 

expression vector (Δ4YAm29, obtained from Dr. Robert Mantovani, University of Milan, 

Italy, Mantovani et al., 1994). The human ovarian carcinoma cell lines (2008, and 

2008/C13*) were seeded at a density of 5x105 cells/well, while human lung 

adenocarcinoma (H23 and A549) and liver hepatoblastoma cell line (HepG2) were 

seeded at a density of 3x105 cells/well 24h before transfection.  Initially, 2µg of the 

dominant-negative NF-YA construct Δ4YAm29 or the wild type NF-YA, -YB and -YC 

constructs was transfected into the cells using Lipofectamine 2000 according to the 

manufacturer’s instructions. After 24h, cells were co-transfected with 2μg of pAKR1C1 -

180/+59 and 125ng of pRL-SV40 as internal control.  

To assess the effects of cisplatin exposure on the AKR1C1 promoter activity, cells 

were treated with 10M concentrations of cisplatin (Sigma, St. Louis, MO) during the final 

16-18h of incubation. Thus, 48 hours (in basal and cisplatin inducted promoter activity 
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studies) post-transfection, cells were washed with 1x phosphate-buffered saline (PBS) and 

lysed in 250L/well of 1x passive lysis buffer (Promega, Madison, WI). Luciferase activity 

was assayed using 20L of the cell supernatant and the Dual-luciferase reporter plasmid 

system (Promega, Madison, WI) with a Turner single tube luminometer Model 20/20. 

Luciferase activities were normalized against Renilla luciferase (internal standard pRL-

SV40) activity to determine the relative luciferase activity and the fold activation. Cells 

transfected with the pGL3 basic vector and treated with cisplatin were considered as 

negative control for cisplatin induction studies. 

 

2.5 NF-Y overexpression, NF-YA knockdown (by siRNA) and AKR1C1 expression 

analysis  

To assess the effect of overexpression of NF-Y in regulating the AKR1C1 mRNA 

expression levels, 2008 (human ovarian carcinoma cells) were transiently transfected with 

1µg of NF-YA, -YB and -YC cDNA expression vector or pCMV vector as negative control 

using lipofectamine 2000. After 24h, RNA was isolated from cells using Trizol (Invitrogen, 

CA) as described in earlier section 2.2.  

Alternatively, the 2008 cells were transiently transfected with 500 picomoles of 

human NF-YA siRNA (siGENOME smart pool, Dharamacon, IL) or the control si-RNA 

(siGENOME Non-targeting siRNA pool#1, Dharamacon, IL). Transfection was performed 

utilizing siPORT NeoFX transfection reagent (Ambion, CA). RNA was isolated 24h after 

transfection using Trizol reagent (Invitrogen, CA) as instructed by the manufacturer. One 

microgram of the RNA was used in the reverse transcription reaction and RT-PCR was 

performed as detailed in section 2.2. 
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2.6 Computational analysis of AKR1C1 promoter 

Potential transcription factor(s) binding sites within the AKR1C1 gene promoter 

were screened using the ALIBABA 2.0 program (www.gene-regulation.com). The program 

searches putative transcription binding sites against the TRANSFAC database.  

 

2.7 Site-directed mutagenesis 

The -180/+59 AKR1C1 promoter fragment was used to generate mutant clones of 

AKR1C1 promoter. The Quickchange lightning site-directed mutagenesis kit (Stratagene, 

La Jolla, CA) was utilized to generate mutants Mut1 pAKR1C1-180/+59, Mut2 

pAKR1C1-180/+59 and Mut3 pAKR1C1-180/+59. Primers for introduction of point 

mutations were designed as instructed by the manufacturer (Table 4). The nucleotide 

sequence of the mutated clones was verified by sequencing. The promoter activity of the 

mutated clones was assayed by transient transfection and luciferase assay as detailed in 

section 2.4. 

 

2.8 Preparation of nuclear extracts  

Nuclear extracts were prepared according to a method described by Suzuki et al., 

(1992) with some modifications. Cells were seeded at a density of 3x106 (2008 and 

2008/C13* cells) or 4x106 (H23, A549 and HepG2 cells) in 100mm culture dishes 24h 

before extraction. Trypsinized cells were washed with ice-cold 1X PBS and centrifuged 

http://www.gene-regulation.com/


Table 4. List of primers utilized for site-directed mutagenesis 
 

Forward primer Reverse primer Mutant 

Transcription 
factor(s) 

binding sites 
mutated 

5’-GTCCCTCCTCTCACATGCCTT 
CAGTTAACCAGCAGACAGTGT-3’ 

5’- ACACTGTCTGCTGGTTAAC 
TGAAGGCATGTGAGAGGAGGGAC-3’ 

Mut1 pAKR1C1 
-180/+59 

NF-Y/CEBP 

5’- ACATGCCATTGGTTAACC 
TACAGACAGTGTGCTCAGGG-3’ 

5’- CCCTGAGCACACTGTCTG 
TAGGTTAACCAATGGCATGT-3’ 

Mut2 pAKR1C1 
-180/+59 

p40X/USF 

5’- TCACAGCTTGTGTAAGACTGCC 
TCTGTTTTTCCTCTCACATGCC-3’ 

5’- GGCATGTGAGAGGAAAAACAG 
AGGCAGTCTTACACAAGCTGTGA-3’ 

Mut3 pAKR1C1 
-180/+59 

Sp1 

 
Substituted or changed bases in the primers are denoted by bold and italics. 
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at 268 x g for 10 minutes. The cells were resuspended in 400μL of buffer containing 

10mM HEPES, pH 7.8; 10mM KCl; 2mM MgCl2; 1mM DTT and Protease inhibitor 

cocktail (1:20 v/v) with 50μl of 1% NP-40, vortexed for 15s and then centrifuged at 

11337 x g for 30s. The resulting cell pellet was washed with 400μL of buffer containing 

10mM HEPES, pH 7.8; 10mM KCl; 2mM MgCl2; 1mM DTT and resuspended in 75μL 

of buffer containing 50mM HEPES, pH 7.8; 50mM KCl; 300mM NaCl; 0.1mM EDTA; 

1mM DTT; 10% glycerol and Protease inhibitor cocktail (1:20 v/v) and rotated at room 

temperature (RT) for 20 min. The nuclear extract (supernatant) was recovered by a final 

centrifugation at 11337 x g for 2 min, and the protein concentration was determined by 

the Bradford’s colorimetric reagent (Bio-Rad, Hercules, CA) with bovine serum albumin 

(BSA) as the standard.        

 

2.9 Electrophoretic Mobility Shift Assays (EMSAs) 

The wild-type and mutant probe were synthesized as double-stranded 

oligonucleotide (Integrated DNA Technology) from the -120 to -91 region of the 

AKR1C1 gene. Consensus oligonucleotide for CBF/NF-Y (CCAAT binding 

factor/Nuclear factor-Y), Sp1, C/EBP (CCAAT/enhancer binding protein) and NF-1 

(CCAAT Transcription factor) were synthesized based on the sequence data from Santa 

Cruz Biotechnology (Santa Cruz, CA). The sequences of the probes utilized were; WT- 

5’-CTCTCACATGCCATTGGTTAACCAGCAGACT-3’; Mutant- 5’- CTCTCACATG 

CCTTCAGTTAACCAGCAGACT -3’, (mutated bases shown as bold and underlined); 

CBF/NF-Y- 5’- AGACCGTACGTGATTGGTTAATCTCTT-3’; Sp1-5’-ATTCGAT 

CGGGGCGGGGCGAGC-3’; C/EBP-5’-TGCAGATTGCGCAATC TGCA-3’; NF-1-5’-
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TTTTGGATTGAAGCCAATATGATAA-3’. All the probes were labeled with biotin 

using the Biotin 3’-end DNA labeling kit (Pierce Chemical, Rockford, IL) according to 

the manufacturer’s instruction. Eight micrograms of the nuclear extract was utilized for 

the binding reactions. The EMSA binding reactions were performed at room temperature 

for 30 min and consisted of the nuclear extract in 1x binding buffer (50% glycerol, 

100mM MgCl2, 1μg/μL Poly (dI-dC), 1% NP-40, 1M KCl, 200mM EDTA and 50 pmol 

DNA probe). The mixture was fractionated on 8% nondenaturing polyacrylamide gels in 

0.5X Tris borate-EDTA buffer at 170V. The protein-DNA complex was then transferred 

to Hybond-N+ nylon membrane using the Trans-Blot semi-dry method (Bio-Rad, 

Hercules, CA) and crosslinked using Spectrolinker XL-1000 UV crosslinker (Spectronics 

Corporation, Westbury, NY). Detection of biotin labeled DNA was performed using the 

LightShift chemiluminescent EMSA kit (Pierce Chemicals, Rockford, IL) and visualized 

by exposure to a charge-couple device camera (Fujifilm LAS 3000, Tokyo, Japan).  

In competition EMSA, 100-fold molar excess of the cold, mutant or consensus 

oligonucleotides were added to the EMSA binding reaction. For the gel-supershift assay, 

following the incubation of the nuclear extracts with the 30bp WT AKR1C1 promoter 

fragment for 30 min, 2μg of NF-YA polyclonal antibody, 2μg of NF-YB polyclonal 

antibody and/or the three polyclonal antibodies (anti-NF-YA, -NF-YB and -NF-YC) 

(Santa Cruz Biotechnology, Santa Cruz, CA) were added to the binding reaction and the 

mixture incubated at RT for an additional 1h. The rabbit pre-immune IgG (Santa Cruz 

Biotechnology, Santa Cruz, CA) was utilized as negative control in the supershift assay. 

The mixture was fractionated on a 5% nondenaturing polyacrylamide gel. Transfer and 

detection was performed as described above.  
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2.10 Chromatin Immunoprecipitation Assay (ChIP) 

In order to analyze the in vivo association of NF-Y with the AKR1C1 gene 

promoter, chromatin immunoprecipitation analysis was performed. 1-2x107 cells of 

human ovarian, lung or liver carcinoma cells were treated with 1% formaldehyde (final 

concentration, v/v) for 30 min at 37°C to cross-link proteins to DNA. After cross-linking 

the cells were washed twice with 1X ice cold PBS containing protease inhibitor cocktail 

(Sigma, MO). The cells were scrapped from tissue culture plates and centrifuged at 700 x 

g for 2 min, resuspended in 1mL of SDS-lysis buffer with protease inhibitor cocktail. The 

cells were then sonicated (Sonifier Cell disruptor 350, Branson Sonic Power Co, MA) at 

30% of maximum power, 3 times for 15s each, with a 30s cooling interval. The cell 

lysate was centrifuged at 10,000 x g for 10 min at 4°C and the supernatant further diluted 

10-folds in the ChIP dilution buffer containing 0.01% SDS, 1.1% Triton X-100, 1.2mM 

EDTA, 16.7mM Tris-HCl (pH 8.1), 167mM NaCl, and protease inhibitor cocktail. 25µl 

of the diluted DNA fraction was kept aside as input for PCR. The remaining DNA 

fraction was precleared using 75µL of protein G agarose beads (50% slurry) for 2h at 

4°C.  Immunoprecipitation was performed by adding 10µg of NF-YA, NF-YB, NF-YC or 

normal rabbit IgG as negative control. The immunocomplex was precipitated by 

incubation with 60µl of protein A sepharose beads for 2h at 4°C. The protein/DNA 

complex was eluted using 200µl of elution buffer (1% SDS, 0.1M NaHCO3) from the 

beads. Cross-linking of protein-DNA was reversed by incubation at 65°C overnight. The 

DNA was purified using spin columns and 2µL of the DNA was used in the PCR reaction 

for amplification of 187bp (-128/+59) or 629bp (-2954/-2325) of the AKR1C1 promoter 

region (see Fig 5A). PCR reactions were performed utilizing the sense and antisense 
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primers (5’-CTGTCCCTCCTCTCACAT-3’; 5’-CAAGCCGACCAGTATGAT-3’) for 

region -128/+59 harboring the CCAAT transcription factor binding site, while the 

primers utilized for region -2954/-2325 were (forward- 5’-CACCACACTGACTTCCAC 

A-3’; reverse- 5’-CAAGCCGACCAGTATGAT-3’). Taq DNA polymerase (Roche, IN) 

was used to perform PCR with the following conditions: Initial denaturation for 95°C for 

5 minutes followed by 30 cycles of denaturation of 95°C for 15s, annealing at 55.5°C for 

30s, extension at 72°C for 30s with a final extension of 72°C for 10 min. The PCR 

products were fractionated on 1.5% agarose gels and visualized by ethidium bromide 

staining. 

 

2.11 Statistical analysis  

Statistical analysis was performed for calculating the significant differences in 

luciferase activity between constructs and cisplatin treatment by one way randomized 

analysis of variance (ANOVA) and Newmans-Keuls test with significance level of 

p<0.05. 

 



CHAPTER 3 

RESULTS 

3.1 Analysis of basal AKR1C1, AKR1C2 and AKR1C3 mRNA expression in 

human ovarian (2008, 2008/C13*), lung (H23, A549) and liver carcinoma cells 

(HepG2) 

Based on initial observations (Deng et al., 2002; Deng et al., 2004), we wanted to 

determine the basal mRNA expression profiles of various AKR1C isoforms in human 

ovarian (2008, 2008/C13*), lung (H23, A549) and liver carcinoma cells (HepG2). 

Utilizing real-time RT-PCR we performed a relative quantification of AKR1C1, -C2 and 

-C3 mRNA expression levels (Figure 8). The results showed that the Ct (Threshold 

values) values of AKR1C1 in 2008/C13*, A549 and HepG2 cells were considerably less 

compared to 2008 and H23 (Figure 8). Similarly in 2008/C13* the Ct values of AKR1C2 

and -C3 was found to be less compared to 2008 cell line. Relative quantification is based 

on the Ct values which indicates total number of amplification cycles required for 

optimal amplification of the target gene mRNA. In other words a higher Ct value 

indicates lower expression levels of the target mRNA while a lesser Ct value indicate 

higher expression levels. These results from the initial study confirm the differential 

expression pattern of AKR1C isoforms C1, -C2 and -C3 in various human carcinoma 

cells with AKR1C1 clearly being differentially expressed in cisplatin-sensitive (2008, 

H23), cisplatin-resistant (2008/C13*, A549) and HepG2 cells, which indicates an 

important role of transcription factor(s) in differential display of AKR1C1 mRNA. 

 

 

 36



 

 

Figure 8. Differential expression of AKR1C1, -C2 and -C3 in human ovarian 
carcinoma cells (2008, 2008/C13*), lung adenocarcinoma cells (H23, A549) and liver 
hepatoblastoma cells (HepG2). AKR1C1, -C2 and C3 basal mRNA expression levels 
were analyzed utilizing real-time RT-PCR as mentioned in Materials and Methods. The 
mean ± S.D are from three different experiments, each performed in duplicates 
(***p<0.001, **p<0.01, *p<0.05, 2008/C13* compared with 2008 and A549 compared 
H23 cell lines). 
. 
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3.2 Nucleotide sequence of AKR1C1 gene  

The AKR1C1 nucleotide gene sequence (GenBank Accession No AB032150) 

was utilized to construct the 5’-3 kb basal promoter region. Based on the sequence, the 

first exon region was identified to be present between +1 to +83 nucleotides (Figure 9). 

The 5’ flanking region upstream of the +1 transcriptional start site (TSS) was tentatively 

considered to harbor the promoter for transcriptional regulation of AKR1C1 gene.  

 

3.3 Characterization of human AKR1C1 proximal promoter 

To determine the transcriptional elements in the 5’-flanking region of human 

AKR1C1 promoter, a series of PCR deletion clones were constructed in a pGL3-basic 

luciferase vector utilizing the BAC clone RP-379P14 (168053-171109) which contains the 

5’ flanking sequence of the AKR1C1 gene (Figure 10) and assayed for promoter activity. 

Initially all the clones (Figure 11A) were assayed for promoter activity in the HepG2 cells 

in comparison with the pGL3-basic vector (negative control). The DNA fragments -

641/+59 and -1648/+59 showed the highest (11-fold) increase in relative luciferase activity 

(RLA) (Figure 11B). As shown in Figure 11A, a deletion construct containing the -

128/+59 region displayed a 4-fold increase in activity compared to the pGL3 basic vector 

in HepG2 cells. Moreover, the pAKR1C1-88/+59 clone showed no activity above 

background. The activity of the construct containing the -128/+59 region of the AKR1C1 

gene was similar to the full length construct pAKR1C1 -2954/+59. These results imply 

that the clone pAKR1C1-128/+59 contains the minimal proximal promoter of the human 

AKR1C1 gene. Clones pAKR1C1-2954/+59, pAKR1C1-2567/+59, pAKR1C1-2301/+59,  
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1 gatccctgag gaatcaccac actgacttcc acaatggttg aactagttaa cagtcccacc 
 61 aacagtgtaa aagtgttcct atttctccac atcctctcca gcacctgttg tttcttgact 
121 ttttcatgat cgccattcta actggtgtga gatatttttt ttggtggggg gggggattga 
181 gttttgctct tgttgcccaa gctggagtgc aatggtgcaa tcttgactca ctgcaacctc 
241 cacctcctgg gttcaaggta ttttccggga ttagcctcct gagtagctgg aattacaggt 
301 gtgcaccccc atgcctggct aattttttgt atttttagta gaaatagggt ttcaccatgt 
361 tagccaggct ggtctcgaac tcctgacctc aggtgatccg cctgcctcgg ctcccaaaat 
421 ctcttgctat ttaaagatta tctctttgtc tggcttttag agttggatga taacacatat 
481 agatctgggt ctcttagagt ttatactatt tgcagttctt taagtggcct gaatttgtag 
541 attgttgtct ttaaccaatt tgaaaaagtt ttgatgtttt tattctccaa ataatctgtc 
601 taccaccatg ggtttgcact tctccttctg ggaatccaat actatcatac tggtcggctt 
661 gaagctgtcc cataagtccc ttaggatcgg ttcacatttc tttattcttg tttcgtgtcc 
721 ttagactcag gaacttcaaa tgcgctatcc ctatgtgtat tgattatatc ttcatcctgc 
781 tcaaagttgc tattgaaaca ccctctggtg agttcttcat tcaggtactt tttttgctcc 
841 aattttttcc ttttttataa tttctatatt actactgtat cgtgattttc ttattgtttt 
901 cagattttct gtagttctta gtccatattt ttcattagca attttagcat atttaagcag 
961 ctgtttaaat gcttctctac taattttaat gcctgtgatt cttcaggaaa gatttctact 
1021 aatttatttt ctttctcata atgaactgtg atttcttgtt tccttgtatg ccttgtcatt 
1081 ttattttatt tttttgagcc agagtcctgc tctgtcgcca ggctggagta cagtggtgcc 
1141 atctcggctc actgcaacct ctgcctcctg ggttcaagcg attcccctgc tttagcctcc 
1201 cgagcagctg ggactacagg cgtccgccac cacgtccgac tatttgttgt tgttgttgtt 
1261 gttgttgttc ttgttgttgt tgttcttatt ttagtagaga caggatttca ccatgttgac 
1321 caggatggtc tcctctcctg ccctcgtgat ctggccgcct cggcctccca aagtgctggg 
1381 attaccactg ctccaggcct gtatgccttg ttattttatc taattgggca tttgaaaaaa 
1441 taaacatctt ttttactgta tatagatttg ttctatgtca tgacagtcat taacttatat 
1501 gtgtggcagg ttctcagtca aggcatcagc cctacataaa acctcaagtc cttcttagtt 
1561 tgtttctgaa catgcaccta cgtggactgt gtttgccctt ttatgtatcc ccaaataacc 
1621 aatggctttt gaattgctta ctattacaaa atttcgcatc ccagtttctc ctcaatggct 
1681 tagatggact attgcatgtc tcttcccctg gccttttgcc tataacatct gtatgtgtat 
1741 agtcaccctg aatctctact gagccactcc agaaataaat aagtttattt cagtcaattt 
1801 taggtatttt ctgatgtttc catgagttat atgggaatct tagaatccac catcttgttg 
1861 aaattactct gtgaaaaatt tcaatatctt tataatatta catttatgtc aatgataaca 
1921 atttacctat ttttcaattt ctgtttgttt tatgaaaaag caaatagaag caatcagggc 
1981 actgcaagtt gtgactactc caagatgtga atcatggatc atgcaaatta caatcatgtt 
2041 ttaacctgac ctccaaaggg agaataaagt aaaaattatc ccatgcgagg attattcacc 
2101 agtttatatg tcattagtta ccagtttttc tttatgaata atgtttagca atattataaa 
2161 gtatatctaa tagttatcat attttggctt gttacttttt ggtagcaatt cataaaaatg 
2221 gctggaaaag acaaataagg cactgtttgc atgttacaaa ttatatccaa agtccaaaag 
2281 ctgttaataa gaaatcttcc aataaaacca catcatattt tcttttttat ttacacccac 
2341 atcaggatta caactttatc aggactgcac cttgatcagg aagggatgtt tctcttacaa 
2401 ggctaataag aaaggaacaa taaatttgct gatgaaaaaa agtaatgcat taaaaaattt 
2461 taactttaat ttttaattga gggcaatatt ttaaagaaat gctcattagt cattccttta 
2521 aattgtgtgt gtgagagaga gaaaaatgaa aattagtcat ttcaaatgct gcaagatgca 
2581 gaaggaactc atcatcatga cacaaacaaa aaagagctgt gccgctagag gtttctgtat 
2641 tcttatgtaa agtcacaatt tgttctacaa atctctttga gtaatttatg tctcatatat 
2701 agagatctgg aatagcaaaa atacttcaga ggaaattaat gagtgtatca tgaccacata 
2761 ataatttact tatgaatttt cttaggtaag aaacggttga actggatgca atttttatca 
2821 cagcttgtgt aagactgcct ctgtccctcc tctcacatgc cattggttaa ccagcagaca 
2881 gtgtgctcag gggcgttgcc agctcattgc tctTATAgcc tgtgagggag gaagaaagaa 
2941 acatttgcca gccaggctag tgacagaaat ggattcgaaa tatcagtgtg tgaagctgaa 
3001 tgatggtcac ttcatgcctg tcctgggatt tggcacctat gcgcctgcag aggtaacaat 

 

Figure 9. Nucleotide sequence of AB032150 (20-alpha HSD (AKR1C1)). First exon 
region is represented by the underlined sequence and upstream of the first exon is the 
predicted 5’ flanking promoter region for AKR1C1 gene. 



 

Figure 10. Comparison of human AKR1C1 gene 5’-flanking sequence. The 5’ flanking 
sequence of human AKR1C1 gene from the BAC clone RP379P14 (bold & black) utilized 
for construction of deletion clones is compared for sequence homology with AB032150 
GenBank nucleotide sequence (bold & blue). AKR1C1 and -C2 are found to be in reverse 
orientations on Chromosome 10p14-15. 
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pAKR1C1-349/+59, pAKR1C1 -180/+59 and pAKR1C1 -152/+59 showed luciferase 

activity comparable to the pAKR1C1 -128/+59 clone (Figure 11B).  

 

A 

 

 

 

 

 

 

 

 

B 

 

 41



Figure 11. Construction of 5’-deletion clones of the promoter region of the AKR1C1 
gene and identification of the proximal promoter of AKR1C1 gene. (A) diagrammatic 
representation of the full length AKR1C1 promoter and sequentially deleted constructs 
inserted upstream of the luciferase reporter plasmid pGL3 Basic. The transcription start 
site (TSS) is numbered as +1 and the constructs are numbered with reference to the TSS 
from 5’-3’ ends. (B) Human liver carcinoma cells (HepG2) were transfected with various 
AKR1C1 promoters constructs shown in (A) and assayed for luciferase activity after 48h. 
Fold increase in relative luciferase activity (RLA) was compared with that observed with 
pGL3 basic (set as 1). Normalization in transfection efficiency was performed by co-
transfection with pRL-SV40 (Renilla expression vector). The mean ± S.D are from three 
different experiments, each performed in triplicate. 

 

To assess the AKR1C1 gene transcription in 2008, 2008/C13*, H23 and A549 

cells, promoter constructs harboring DNA fragments -88/+59, -128/+59, -180/+59, -

641/+59 and -2954/+59 of the AKR1C1 gene were utilized (Figure 12). A 3- to 10-fold 

increase in relative luciferase activity (RLA) was observed in 2008 and 2008/C13* cells 

(Figure 12A) while 8- to 19-fold increase in RLA was observed in H23 and A549 cells 

(Figure 12B) containing the pAKR1C1 -128/+59 construct compared to pAKR1C1 -

88/+59 whose activity was the same as the negative control (pGL3 Basic). The luciferase 

activity of all the tested clones was similar to the pAKR1C1 -128/+59 construct. These 

results identify the -128 to -88 region as the minimal proximal promoter region sufficient 

and essential for the transcription of the human AKR1C1 gene in human ovarian, lung 

and liver carcinoma cells.  

 

 

 

 

 

 

 42



A 

 

 

 

 

 

 

 

 

 

 
 
B 
 

 

 

 

 

 

 

 

 
 
 

 

Figure 12. Transcriptional regulation of human AKR1C1 gene in human ovarian 
(A) and (B) lung carcinoma cells. (A) Human ovarian cisplatin-sensitive and -resistant 
carcinoma cells (2008 and 2008/C13*, respectively) and (B) Human lung 
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adenocarcinoma cisplatin-sensitive and -resistant cells (H23 and A549, respectively) 
were transiently transfected with 5’-deletion constructs of AKR1C1 gene promoter 
luciferase vector and assayed for luciferase activity after 48h as described in Fig. 11B. 
The mean ± S.D are from three different experiments, each performed in triplicate. 

 

3.4 Effect of antioxidant response element in inducing the basal activity of 

human AKR1C1 proximal promoter  

Antioxidant response elements are distal enhancer sequences which are involved 

in regulating the transcription of target gene when exposed to phase II gene drug 

inducers. Studies by Lou et al., (2006) have shown that the ARE sequence bound by 

NRF2 increased transcription of AKR1C2 in HepG2 cells treated with phase II gene drug 

inducers. The ARE of AKR1C1 shares 100% sequence homology with that of AKR1C2 

gene (Figure 13). In order to study the effect of ARE in regulating the basal and induced 

transcription of AKR1C1 gene, the ARE was cloned upstream of the minimal (pAKR1C1 

-180/+59) and the full length (pAKR1C1 -2954/+59) AKR1C1 promoter constructs 

(Figure 7). The ARE did not affect the basal activity of the proximal or the full length 

AKR1C1 promoter in the 2008 and 2008/C13* cells (Figure 14A and B). In fact, in the 

case of 2008 cells, cloning of the ARE upstream of the -2954/+59 fragment (ARE-

pAKR1C1 -2954/+59 construct) resulted in a significant decrease in luciferase activity 

compared to pAKR1C1 -2954/+59 construct. In contrast, cloning of ARE upstream of the 

-180/+59 fragment (ARE-pAKR1C1 -180/+59) led to a 2- to 3-fold increase in luciferase 

activity in the H23, A549 and HepG2 cells (Figure 14C, D and E). The pARE construct 

alone (minus the proximal promoter region of the AKR1C1 gene) was inactive in all the 

cell lines studied.  

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 13. Comparison of ARE sequences present in the 5’ distal region of human AKR1C1 and AKR1C2 promoter 
region. The green circle denotes the positioning of ARE in AKR1C1 distal region while the red circle indicates the ARE of 
AKR1C2 gene. The ARE of AKR1C1 and AKR1C2 shares 100% sequence homology with ARE consensus sequence show in 
bold and blue. The ARE is in the reverse strand for AKR1C1 and in AKR1C2 in the forward strand. 
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Figure 14. Transcriptional regulation of AKR1C1 gene by the antioxidant response 
element (ARE) in human ovarian, lung and liver carcinoma cells. (A) 2008, (B) 
2008/C13*, (C) H23, (D) A549, and (E) HepG2 cells were transfected with pGL3 Basic, 
pAKR1C1 180/+59, pAKR1C1 -2954/+59 and constructs harboring the ARE functional 
sequence upstream of the proximal pAKR1C1 -180/+59 (ARE-180/+59), full length 
promoter pAKR1C1 -2954/+59 (ARE-2954/+59). Forty-eight hours after transfection the 
luciferase assay was performed as described in Fig. 11B.  The mean ± S.D are from three 
different experiments, each experiment in triplicate (***p<0.001, **p<0.01, *p<0.05 
compared with pGL3 Basic, the wild-type constructs pAKR1C1 -180/+59 and pAKR1C1 
-2954/+59). 
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3.5 Effect of antioxidant response element in regulating the induced 

transcription of human AKR1C1 gene in the presence of xenobiotics (cisplatin, 

ethacrynic acid and DL-sulforaphane) 

Furthermore, to investigate the role of ARE in inducing the transcription of 

human AKR1C1 gene promoter in the presence of xenobiotic compounds such as 

cisplatin, ethacrynic acid (EA) and DL-sulforaphane (DL-S), all the cell lines were 

treated with 10µM of cisplatin, while the human ovarian carcinoma cells (2008, 

2008/C13*) and HepG2 cells were treated with 100µM of EA for 20h, and the liver 

hepatoblastoma cells were exposed to 10µM of DL-S for 20h. Following treatment with 

cisplatin it was observed that ARE did not affect the activity of the proximal promoter in 

response to cisplatin treatment in any of the cell lines studied (Table 5). Similarly in the 

human ovarian carcinoma cells 2008 and 2008/C13* the presence of ARE did not result 

in significant increase in the AKR1C1 proximal promoter activity in the presence of 

ethacrynic acid. In contrast the luciferase activity of human AKR1C1 proximal promoter 

was significantly increased in HepG2 in treated with EA and DL-S (Table 5). Thus, the 

results from the present study suggest that the ARE is not essential for basal and induced 

transcription of AKR1C1 gene in human ovarian carcinoma cells (2008 & 2008/C13*), 

while the ARE does have the ability to increase the basal transcription of the AKR1C1 

gene in human lung adenocarcinoma (H23, A549), liver carcinoma cells (HepG2) and 

induced transcription in HepG2 in the presence of EA and DL-S. The results indicate that 

ARE effects occur in a cell-type dependent manner. 
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Table 5. Effect of antioxidant response element in inducing the transcription of 
human AKR1C1 proximal promoter (pAKR1C1 -180/+59). 

Cell lines 
Fold increase in relative luciferase activity compared to pGL3 Basic 

Constructs 2008 2008/C13* H23 A549 HepG2 
pGL3 Basic 1 1 1 1 1 
pAKR1C1 -180/+59 10.0 ± 3.6 6.2 ± 2.9 10.2 ± 1.0 11.5 ± 2.3 5.9 ± 1.0 
pAKR1C1 -180/+59 
cis 

24.3 ± 9.5** 5.6 ± 3.0 14.1 ± 0.8 12.8 ± 3.4 5.1 ± 0.5 

pAKR1C1 -180/+59 
EA 

7.7 ± 1.6 5.0 ± 1.3 N.D N.D 3.3 ± 0.6 

pAKR1C1 -180/+59 
DL-S 

N.D N.D N.D N.D 2.1 ± 0.4 

ARE -180/+59 14.0 ± 2.7 7.9 ± 3.2 31.2 ± 5.5 20.6 ± 5.9 19.9 ± 5.4 
ARE -180/+59 cis 29.8 ± 7.8** 13.3 ± 6.6 41.6 ± 1.3 22.7 ± 7.9 22.4 ± 2.4 
ARE -180/+59 EA 4.6 ± 1.8 9.9 ± 0.1 N.D N.D 40.0 ± 3.2*** 
ARE -180/+59 DL-S N.D N.D N.D N.D 41.6 ± 0.7*** 
cis-cisplatin; EA- ethacrynic acid; DL-S-DL-sulforaphane; N.D-Not Determined. 
The mean ± S.D are from three different experiments, each experiment performed in 
triplicate (***p<0.001, **p<0.01, *p<0.05 compared with ARE -180/+59). 

 

3.4 Identification of potential transcription factor(s) binding sites in human 

AKR1C1 proximal promoter 

Based on the initial observations from characterization of AKR1C1 5’-deletion 

constructs and results from antioxidant response element functional analysis the AKR1C1 

proximal promoter pAKR1C1-180/+59 was found to be essential to regulate the 

transcription of human AKR1C1 gene promoter. The proximal promoter region (-180 to -

88) of the AKR1C1 gene was analyzed for potential transcription factor(s) binding sites 

using the ALIBABA 2.0 software (www.gene-regulation.com). A tandem of transcription 

factor(s) binding sites for Sp1, NF-Y (Nuclear factor-Y), C/EBP (CCAAT enhancer 

binding protein), p40X and USF (Upstream stimulating factor) were identified within this 

region of -128 to -88 of the AKR1C1 gene (Figure 15).  

 



 

 
Figure 15. Sequence of the 5’ flanking region of the human AKR1C1 gene proximal promoter region. The transcription 
start site (TSS), +1 is indicated. The sequence has been numbered with reference to the TSS. Putative, potential transcription 
factor(s) binding sites identified using the Alibaba 2.0 computational software are shown in boxed regions. The region between 
-128 to -88 has a cluster of transcription factor(s) which are believed to be important for basal expression of human gene.  
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3.5 Screening of specific transcription factor(s) by site-directed mutagenesis  

Results from the 5’ deletion analysis and computational screening identified 

potential binding sites for Sp1, NF-Y, C/EBP, p40X and USF transcription factor in the 

region between -128 to -88 of the AKR1C1 gene (the basal proximal promoter region). 

Utilizing PCR based site-directed mutagenesis, point mutations were introduced within 

the transcription factor(s) binding site(s) (Figure 16). Thus, the tandem transcription 

factor binding site for NF-Y and C/EBP in pAKR1C1-180/+59 clone was mutated to 

generate the construct Mut1 pAKR1C1 -180/+59. Similarly, the tandem transcription 

factor binding site for p40X and USF and the binding site for Sp1 in pAKR1C1 -180/+59 

were mutated to generate the constructs, Mut2 pAKR1C1 -180/+59 and Mut3 pAKR1C1 

-180/+59, respectively. Transfection of the Mut1 pAKR1C1 -180/+59 construct displayed 

a 12-fold reduced activity in the 2008 cells and a 4-fold reduction in activity in the 

2008/C13* cells compared to the wild-type pAKR1C1 -180/+59 construct (Figure 17A 

and B). In contrast, the mutation in the p40X and USF binding site (Mut2 pAKR1C1 -

180/+50 construct) did not affect the basal luciferase activity in the 2008 or the 

2008/C13* cells (ovarian carcinoma) compared to the wild-type construct pAKR1C1 -

180/+59 (Figure 17A and B). Similarly, mutation in the Sp1 binding site (Mut3 

pAKR1C1 -180/+59) did not affect the transcription of the AKR1C1 gene promoter in 

the 2008 (Figure 17A). Moreover, the activity of the Mut1 pAKR1C1 -180/+59 construct 

was also reduced by 6-fold in the H23 and A549 cells (lung adenocarcinoma) and 4-fold 

in the HepG2 cells (liver hepatoblastoma), compared to the activity of the wild-type 

pAKR1C1 -180/+59 construct. (Figure 17C, D, and E, respectively). In contrast, the 

activity of the Mut2 pAKR1C1 -180/+59 construct and the Mut3 pAKR1C1 -180/+59 
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construct in these cells was similar to the activity observed with the wild-type pAKR1C1 

-180/+59 construct. (Figure 17C, D and E). These results suggest that the tandem 

transcription factor(s) binding site for NF-Y/CEBP but not p40X, USF or Sp1 is critical 

for the basal, constitutive transcription of AKR1C1 gene in human ovarian, lung and liver 

cancer cells.  

 

 
 
Figure 16. Schematic representation of site-directed mutagenesis. Potential 
transcription factor(s) binding sites for NF-Y, C/EBP, p40X, USF and Sp1 were mutated 
utilizing site-directed mutagenesis as described in Materials and Methods. The altered 
bases are bold and underlined while the substituted base indicated as italics, bold and 
underlined 
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Figure 17. The NF-Y/C-EBP binding site controls the transcription of the human 
AKR1C1 gene. Three different mutants where obtained as explained in Fig.  Mut1 
pAKR1C1 -180/+59 (Mut1) targeted the binding sites for transcription factor(s) NF-Y 
and C/EBP, Mut2 pAKR1C21 -180/+59 (Mut2) targeted the binding sites for 
transcription factor(s) p40X and USF, while Mut3 pAKR1C1 -180/+59 (Mut3) was 
targeted towards the Sp1 binding site. (A) 2008, (B) 2008/C13*, (C) H23, (D) A549 and 
(E) HepG2 cells were transfected with Mut1, Mut2, Mut3, or the wild-type promoter 
(pAKR1C1-180/+59) and assayed for luciferase activity after 48h as described in Fig. 
11B. Transfection efficiency was normalized by co-transfection with pRL-SV40 (Renilla 
expression vector). The mean ± S.D are from three different experiments, each 
experiment performed in triplicate (***p<0.001, **p<0.01, *p<0.05 with pAKR1C1 -
180/+59 compared to the control pGL3 Basic vector and Mut1 compared to pAKR1C1 -
180/+59 wild-type construct). 
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3.6  Binding of transcription factor(s) to AKR1C1 minimal proximal promoter 

 Based on the observations from the site-directed mutagenesis study, a wild-type 

(WT) probe (containing the binding sites for NF-Y and C/EBP as well as p40X, USF and 

Sp1) from -131 to -81 of the AKR1C1 gene promoter region was synthesized (Figure 

18A) Consensus oligonucleotide probes for Sp1, NF-Y, C/EBP and NF-1 were also 

synthesized. Preliminary EMSA study utilizing nuclear extracts from 2008, 2008/C13*, 

H23 and A549 cells displayed the presence of 3 protein-DNA complexes (Figure 18 B, 

C lanes 2, 8). Competition with 100-fold molar excess of CBF/NF-Y consensus 

oligonucleotide inhibited the formation of the 2 slower migrating protein-DNA 

complexes observed with the wild-type (WT) probe (Figure 18 B, C lanes 5, 11). In 

contrast, 100-fold molar excess of the Sp1 consensus oligonucleotide inhibited the 

formation of the fastest moving protein-DNA complexes (Figure 18 B, C lane 14).  

Since mutation of the Sp1 binding site (Mut3 pAKR1C1 -180/+59) did not affect 

the basal activity in any of the cell lines studied, we synthesized a 30 bp WT probe (-120 

to -91, Figure 19A) from the AKR1C1 gene promoter region devoid of the Sp1 binding 

site and containing the NF-Y/CEBP binding sites. EMSA analysis with this probe in the 

presence of nuclear extracts from human ovarian, lung and liver cancer cells led to the 

formation of 2 protein-DNA complexes (Figure 19B - F, lane 2). Competition with 100-

fold molar excess of the unlabelled WT probe completely abolished the formation of the 

observed protein-DNA complex (Figure 19B - F, lane 7). Similarly, competition with 

100-fold molar excess of NF-Y consensus oligonucleotide resulted in a complete 

inhibition of the protein-DNA complex formation (Figure 19B - F, lane 3), whereas 

competition with Sp1, C/EBP or NF-1 consensus oligonucleotides did not abolish the 
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protein-DNA complex formed by the WT probe (Figure 19B - F, respectively, lanes 4 - 

6). To further reconcile the EMSA results with the observations of the luciferase study, 

competition experiments with 100-fold molar excess of the NF-Y/CEBP mutant 

AKR1C1 promoter fragment probe were also performed. The mutant probe had changes 

in nucleotide sequence corresponding to those of the Mut1 pAKR1C1 -180/+59 

construct; i.e an altered NF-Y/CEBP binding site. As expected, the mutant probe did not 

compete with the DNA binding activity of the AKR1C1 WT (-120 to -91) probe (Figure 

19B - F, lane 8). In addition, the pattern of protein-DNA complexes observed with the 

labeled NF-Y consensus probe were similar to those observed with the WT probe of the 

AKR1C1 gene (-120 to -91 region of the AKR1C1 gene) (Figure 19B - F, compare lane 

2 with lane 9). These results indicate that the transcription factor NF-Y, but not C/EBP, 

binds to the -120 to -91 region of the AKR1C1 gene and regulates its transcription in 

human ovarian, lung and liver cancer cells. 

To further corroborate the EMSA observations, gel-supershift analysis was 

carried out utilizing a polyclonal antibody against the A, B and C subunit of NF-Y 

(Figure 20). As a negative control, rabbit pre-immune IgG was also utilized in the assay 

(Figure 20A - E, lane 6). Addition of the NF-YA, NF-YB or NF-YA+NF-YB+NF-YC, 

polyclonal antibody to the binding reaction decreased the migration of the protein-DNA 

complexes, with a concomitant disappearance of the protein-DNA complex I and II 

observed in the absence of the antibody (Figure 20A - E, compare lanes 3 - 5 with lane 

2). In contrast, the rabbit pre-immune IgG did not have any effect on the migration and/or 

formation of the protein-DNA complexes (Figure 20A - E, lane 6). These results 

confirm that CBF/NF-Y binds to the inverted CCAAT sequence (-105 to -109) in 

 54



AKR1C1 promoter region and regulates the basal, constitutive transcription of the 

AKR1C1 gene in human ovarian adenocarcinoma, lung adenocarcinoma and liver 

hepatoblastoma cells.  

 

 

Figure 18. Identification of transcriptional factor(s) binding to the proximal 
promoter region of the AKR1C1 gene. Electrophoretic mobility shift assay (EMSA) 
was performed with nuclear extracts (8μg) from (B) 2008 and 2008/C13*, (C) H23 and 
A549 that were incubated with the wild-type (WT) probe (-131 to -81) from human 
AKR1C1 gene as described in Material and Methods. In competition experiments, a 100- 
fold molar excess of unlabelled NF-Y, Sp1, C/EBP consensus sequences, wild-type and 
the Mut1 probe (the nucleotide bases were mutated similar to that of Mut1 pAKR1C1-
180/+59 construct) were utilized to demonstrate the specificity of each binding reaction. 
Arrows indicate the formation of specific protein-DNA complexes. Efficient loss of 
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protein-DNA complex formation by competition is denoted by an asterisk. Each of the 
experiments was repeated at least three times with similar results. 

 

A 

-120 CTCTCACATGCCATTGGTTAACCAGCAGAC -91 
NFY/C/EBP 

 

 

 

 

Figure 19. Binding of NF-Y to the proximal promoter region of the AKR1C1 gene. 
Electrophoretic mobility shift assay (EMSA) was performed with the (A) wild-type (WT) 
probe (-120 to -91) from human AKR1C1 gene, nuclear extracts (8μg) from (B) 2008, 
(C) 2008/C13*, (D) H23, (E) A549, and (F) HepG2 cells were incubated with the WT 
probe as described in Material and Methods. In competition experiments, a 100- fold 
molar excess of unlabelled NF-Y, Sp1, C/EBP, NF-1 consensus sequences, wild-type and 
the Mut1 probe (the nucleotide bases were mutated similar to that of Mut1 pAKR1C1-
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180/+59 construct) were utilized to demonstrate the specificity of each binding reaction. 
Arrows indicate the formation of specific protein-DNA complexes. Efficient loss of 
protein-DNA complex formation by competition is denoted by an asterisk. Each of the 
experiments was repeated at least three times with similar results. 

 

 

Figure 20. Confirmation of NF-Y binding to the proximal promoter region of the 
AKR1C1 gene. NF-Y is composed of three subunits NF-YA, NF-YB and NF-YC that 
are required for interaction with the CCAAT pentanucleotide sequence in the AKR1C1 
gene promoter. Nuclear extracts (8μg) from (A) 2008, (B) 2008/C13*, (C) H23, (D) 
A549, and (E) HepG2 were incubated with WT probe (-120 to -91) from AKR1C1 gene 
along with  2μg of polyclonal antibody directed towards NF-YA, NF-YB or NF-Y(NF-
YA+NF-YB+NF-YC). The negative control consisted of rabbit pre-immune control IgG 
(C-IgG). The formation of DNA-protein complexs is designated by solid arrows and the 
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loss of protein-DNA complex’s and/or gel super-shift in the presence of the antibody is 
denoted by an asterisk. Each of the experiments was repeated at least three times with 
similar results. 

 

3.7  In vivo association of NF-Y with AKR1C1 gene promoter through the 

CCAAT box binding site 

To assess the in vivo association of NF-Y to the AKR1C1 gene promoter, ChIP 

analysis was performed. The cross-linked protein-DNA was immunoprecipitated with 

antibody against each of the individual NF-Y subunits (NF-YA, -YB or -YC; Figure 

21A) and immunoprecipitation with the rabbit pre-immune IgG was utilized as negative 

control. The amplification of 187bp fragment harboring the CCAAT box in the AKR1C1 

gene promoter was clearly seen in immunoprecipitates obtained using antibodies directed 

towards the NF-YA, -YB or -YC subunits in human ovarian (2008, 2008/C13*), lung 

(H23 and A549) and liver carcinoma cells (HepG2) (Figure 21 C lane 3-5). To confirm 

the specificity of ChIP, a set of primers that amplify a 5’ flanking region not containing 

any NF-Y binding sites in the AKR1C1 gene, 2954bp downstream of the ATG start site, 

was utilized. The 629bp fragment was visible in the input sample obtained from all the 

cell lines (Figure 21B, lane 2) while amplification was not seen in DNA obtained with 

antibody precipitation in any of the cell lines (Figure 21B, lanes 1, 3-5). These results 

clearly demonstrate that the nuclear factor-Y subunits A, B and C associate with 

AKR1C1 gene promoter, in vivo, in human ovarian, lung and liver carcinoma cells.   
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Figure 21. In vivo association between NF-Y and human AKR1C1 gene promoter. 
(A) Schematic representation of the nuclear factor-Y subunits A, B and C association 
with the CCAAT pentanucleotide sequence in the AKR1C1 gene proximal promoter 
region. (B) and (C) Chromatin immunoprecipitation assay for detection of the in vivo 
association between NF-Y and the human AKR1C1 gene promoter. (B) PCR product 
amplified from primers utilized from an unrelated part of the AKR1C1 gene which is 
void of the CCAAT pentanucleotide binding site for NF-Y transcription factor binding. 
(C) The immunoprecipitated DNA obtained from ChIP is amplified utilizing PCR 
primers specific for a region containing the NF-Y transcription factor binding site in the 
AKR1C1 gene promoter.  
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3.8  NF-Y directly regulates the basal transcription of AKR1C1 gene promoter 

in human ovarian, lung and liver carcinoma cells 

Results from site-directed mutagenesis, EMSA, gel-super shift and ChIP 

demonstrated the in vitro and in vivo association of NF-Y transcription factor to AKR1C1 

gene promoter through the CCAAT pentanucleotide sequence. In order to analyze 

directly the role of NF-Y in regulating the transcription of AKR1C1 gene, human 

ovarian, lung and liver carcinoma cells were transiently transfected with NF-YA, B and C 

cDNA expression vectors along with the AKR1C1 proximal promoter pAKR1C1 -

180/+59. Simultaneous expression of NF-YA, -YB and -YC, led to a 5- to 14- fold 

increase in basal AKR1C1 promoter activity in human ovarian, lung and liver carcinoma 

cells (Figure 22A) compared to cells transfected with empty vector. In contrast, the 

expression of dominant-negative NF-YA resulted in suppression (1.3-3.3 fold) of 

AKR1C1 promoter activity in 2008, 2008/C13*, H23, A549 and HepG2 cells (Figure 

22B).  

Ectopic expression of NF-YA, -B and -YC also led to a 2-fold increase in 

AKR1C1 mRNA levels in 2008 human ovarian carcinoma cells (Figure 22C) compared 

to the pCMV control vector transfected cells. Furthermore, when 2008 cells were 

transfected with si-RNA directed against NF-YA, a 4-fold decrease in AKR1C1 mRNA 

expression levels was observed compared to control si-RNA (Figure 22D). Taken 

together these results confirm a direct role of NF-Y in regulating the basal transcription 

of AKR1C1 gene in human ovarian, lung and liver carcinoma cells.  
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Figure 22. Functional analysis of NF-Y in regulating the transcription of human 
AKR1C1 in human ovarian, lung and liver carcinoma cells. (A) Cells were transiently 
transfected with 2μg of NF-YA, -YB and -YC cDNA expression vector along with the 
proximal promoter pAKR1C1 -180/+59. (B) Cells were transiently transfected with 2μg 
of the NF-YA dominant-negative expression vector along with the proximal promoter 
pAKR1C1 -180/+59. Luciferase assay was performed as described in Materials and 
Methods. Each experiment was performed in duplicate and repeated at least three times. 
To directly assess the effect of NF-Y on the expression of AKR1C1 mRNA, human 
ovarian carcinoma cells (2008) were transfected with (C) 1μg of NF-YA, -YB and -YC 
cDNA expression vector or pCMV control vector and (D) Five hundred picomoles of 
NF-YA siRNA or siRNA-scramble as the negative control. Twenty four hours after 
transfection RNA was isolated and the expression of AKR1C1 mRNA was assayed using 
real-time RT-PCR. Each experiment was performed in duplicates and repeated at least 
two times.  
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3.9  Effect of cisplatin on the activity of the AKR1C1 proximal promoter  

We have previously demonstrated (Deng et al., 2002) that the levels of AKR1C1 

and AKR1C2 are constitutively increased in a cisplatin-resistant human ovarian 

carcinoma cell line (2008/C13*) compared to the parental 2008 cells. Moreover, cisplatin 

treatment of the 2008 cells led to a rapid increase in the expression of AKR1C1 and 

AKR1C2 mRNA. In contrast, cisplatin treatment of the drug-resistant 2008/C13* cells 

did not significantly change the expression of AKR1C1 and AKR1C2 mRNA. This 

differential control of the AKR1C1 gene transcription by cisplatin was further analyzed 

in this study utilizing the pAKR1C1 -2954/+59 and the pAKR1C1 -180/+59 promoter 

constructs. The 2008 and 2008/C13* cells were treated with 10M cisplatin during the 

final 16-18 hours post- transfection with the promoter constructs. Treatment of 2008 cells 

with cisplatin induced a 2 to 2.5-fold increase in the luciferase activity with both the 

pAKR1C1 -2954/+59 and the pAKR1C1 -180/+59 promoter constructs compared to the 

basal activity of these constructs (Figure 23A). Overexpression of NF-YA, -YB and -YC 

led to a further 11-fold increase in pAKR1C1 -180/+59 transcription in 2008 cells treated 

with cisplatin compared to the non-transfected 2008 cells treated with cisplatin (Figure 

23C).  In addition, cisplatin treatment, while inducing the activity of the Mut2 pAKR1C1 

-180/+59 constructs and Mut3 pAKR1C1 -180/+59 (2-fold), failed to induce the activity 

of the Mut1 pAKR1C1 -180/+59 construct in the 2008 cells (Figure 23A). In contrast, 

treatment of 2008/C13* cells with cisplatin did not cause any significant alteration in 

luciferase activity of either pAKR1C1 promoter construct (Figure 23B). Similarly, 

treatment with cisplatin did not induce any significant alteration in the AKR1C1 

transcription in the human lung and liver cancer cells (Table 5). Moreover, there was no 
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increase in AKR1C1 proximal promoter activity in cisplatin-treated H23 lung 

adenocarcinoma cells upon overexpression of NF-YA, -YB and -YC (Figure 23D). 

These results suggest that the transcriptional element present in the proximal promoter 

region (viz., NF-Y binding sites) is sufficient to drive the constitutive as well as inducible 

transcription of AKR1C1 gene in cisplatin-sensitive human ovarian carcinoma cells 

(2008), while controlling the basal (but not the cisplatin-inducible) transcription of 

AKR1C1 gene in the cisplatin-resistant 2008/C13* cells and the human lung and liver 

cancer cells (H23, A549 and HepG2). 
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Figure 23. Effect of cisplatin in inducing the transcription of human AKR1C1 gene. 
Human ovarian carcinoma cells (A) 2008 (cisplatin-sensitive) and (B) 2008/C13* 
(cisplatin-resistant) were transfected with the AKR1C1 proximal promoter pAKR1C1 -
180/+59, pAKR1C1 -3030/+59 (full length promoter), Mut1 pAKR1C1 -180/+59 (Mut1), 
Mut2 pAKR1C1 -180/+59 (Mut2) and Mut3 pAKR1C1 -180/+59 constructs. Cells were 
treated with cisplatin (10μM) for the final 16-18h, followed by the luciferase assay, 
which was performed as described in Table 1. Relative luciferase activity of pGL3 Basic 
(untreated & treated) was considered as 1. The mean ± S.D are from three different 
experiments, each performed in triplicate. (***p<0.001, **p<0.01, *p<0.05 compared 
with untreated). (C) 2008 cells and (D) H23 cells were transfected with 2μg of NF-YA, -
YB and -YC cDNA expression vector along with the indicated AKR1C1 proximal 
promoter construct. Cells were treated with cisplatin (10μM) for the final 16-18h, 
followed by the luciferase assay, which was performed as described in Table 1. Relative 
luciferase activity of pGL3 Basic (untreated & treated) was considered as 1. The mean ± 
S.D are from two different experiments, each performed in duplicates (***p<0.001, 
**p<0.01, *p<0.05 compared with pAKR1C1 -180/+59).  

 

3.10  Identification of differential expression of NF-Y, C/EBP transcription 

factor(s) in cisplatin-sensitive (2008) and -resistant (2008/C13*) human ovarian 

carcinoma cells 

In overall we conclude that the transcription factor NF-Y is critical for regulating 

the basal and induced transcription of human AKR1C1 gene in cisplatin-sensitive human 

ovarian carcinoma cells (2008), while responsible for regulating the basal transcription of 

AKR1C1 gene promoter in cisplatin-resistant human ovarian carcinoma cell 

(2008/C13*), lung adenocarcinoma cells (H23, A549) and liver hepatoblastoma cells 

(HepG2). Having identified that NF-Y induces the transcription of AKR1C1 gene 

promoter on treatment with cisplatin in 2008 cells and not in 2008/C13* we further went 

on to investigate the expression of basal and induced mRNA levels of NF-Y subunits NF-

YA and -YC by utilizing real-time RT-PCR. On treatment with cisplatin we observed a 

4-fold increase in NF-YC mRNA expression in cisplatin-sensitive (2008), with no 

significant change in NF-YC mRNA expression in 2008/C13* cells (Table 6). In contrast 
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there was no changes in the basal mRNA expression levels of NF-YA and -YC subunits 

in 2008 and 2008/C13* human ovarian carcinoma cells.  

Apart from the NF-Y transcription factor, we also targeted the C/EBP (CCAAT 

enhance binding protein) transcription factor as reports by various authors have identified 

NF-Y acting in synergy with other transcription factors in regulating the expression of 

target gene and moreover the minimal proximal promoter consisted of a tandem of 

transcription factor binding sites for C/EBP. Utilizing real-time RT-PCR the basal and 

induced mRNA expression levels of C/EBP isofroms alpha (C/EBPα), beta (C/EBPβ), 

delta (C/EBPδ), gamma (C/EBPγ) and zeta (C/EBPζ) were analyzed. On treatment with 

cisplatin there was a 8-fold increase in C/EBPζ mRNA expression levels in cisplatin-

sensitive human ovarian carcinoma cells (2008) with a subsequent 2-fold decrease in 

CEBPZ levels in 2008/C13* cells (Table 7). In contrast there was no significant changes 

in the basal and cisplatin-induced mRNA expression levels of all the other isoforms in 

2008 and 2008/C13* cells. In overall these results indicate that alterations in the NF-YC 

and CEBPZ mRNA expression levels in 2008 cells on treatment with cisplatin might be a 

key factor modified in 2008/C13* human ovarian carcinoma cells, thus making it gain the 

resistant phenotype to cisplatin treatment. 

 



Table 6. Differential expression of NF-Y subunits in human ovarian carcinoma cells (2008, 2008/C13*) 

Genes 2008 
Ct 

values 

2008T 
Ct 

values 

2008/C13*
Ct 

values 

2008/C13*T 
Ct 

values 

Fold difference 
between 2008T 

and 2008 

Fold difference 
between C13 and 

2008 

Fold difference 
between C13T and 

C13 
GAPDH 17.3±0.4 16.2±0.2 16.8±1.3 16.7±0.3 - - - 
NF-YA 33±2.4 32.1±2.1 33.2±2.4 33.9±2.0 0.8 0.6 0.6 
NF-YC 29.1±1.8 26±1.1 28.2±2.5 28.7±2.3 3.9 1.3 0.7 

 
GAPDH- Glyceraldehyde-6-phosphate dehydrogenase; NF-YA- Nuclear factor Y alpha; NF-YC- Nuclear factor Y gamma. 
The mean ± S.D are from two different experiments, each experiment performed in duplicates. Fold difference in mRNA 
expression was calculated by normalizing with GAPDH mRNA expression levels. 
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Table 7. Differential expression of C/EBP isoforms in human ovarian carcinoma cells (2008, 2008/C13*) 

Genes 2008 
Ct 

values 

2008T 
Ct 

values 

2008/C13* 
Ct 

values 

2008/C13*T
Ct 

values 

Fold 
difference 
between 

2008T and 
2008 

Fold different 
between C13 and 

2008 

Fold difference 
between C13T and 

C13 

GAPDH 16.0±0.7 16.4±0.2 17.1±0.7 16.7±0.5 - - - 
C/EBPα 26.0±0.6 25.3±1.0 28.0±1.2 26.2±1.8 2.1 0.5 2.8 
C/EBPβ 22.7±0.9 21.9±0.1 23.7±0.7 23.0±1.6 2.3 1.1 1.2 
C/EBPδ 25.9±0.7 26.7±0.8 26.3±0.6 25.6±1.2 0.7 1.6 1.2 
C/EBPγ 22.8±0.5 22.6±1.5 23.4±1.7 23.3±1.9 1.5 1.4 0.8 
 C/EBPζ 

or 
GADD 153 

26.3±0.5 23.7±1.1 27.0±0.6 27.5±0.4 8.0 1.3 0.5 

 
GAPDH- Glyceraldehyde-6-phosphate dehydrogenase; C/EBPα- CCAAT enhancer binding protein alpha; C/EBPβ- CCAAT 
enhancer binding protein beta; C/EBPδ- CCAAT enhancer binding protein delta; C/EBPγ- CCAAT enhancer binding protein 
gamma; C/EBPζ-CCAAT enhancer binding protein zeta; GADD 153-Growth arrest and DNA damage inducible gene. The 
mean ± S.D are from two different experiments, each experiment performed in duplicates. Fold difference in mRNA 
expression was calculated by normalizing with GAPDH mRNA expression levels. 
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CHAPTER 4 

DISCUSSION 

AKR1C1 (also referred to as 20α-hydroxysteroid dehydrogenase (20 α-HSD), 

dihydrodiol dehydrogenase 1 (DDH1)) is a member of the aldo-keto reductase (AKR) 

family of enzymes involved in progesterone metabolism (Higaki et al., 2002). The 

AKR1C family of aldo-keto reductases consists of four isoforms, AKR1C1-AKR1C4, 

while the other members of AKR are aldehyde reductase (AKR1A1), aldose reductase 

(AKR1B1 and AKR1B10), steroid 5β-reductase (AKR1D1), and aflatoxin aldehyde 

reductase (AKR7A1 and AKR7A2) (Hyndman et al., 2003). AKR1C3 (type II AKR1C) 

promoter analysis has indicated the presence of positive and negative cis-acting 

regulatory elements such as NF-IL6, HNF-5, AP-1, AP-2 and NFB that were thought to 

be involved in constitutive and inducible transcription of human AKR1C3 gene promoter 

(Ciaccio et al., 1996). Further studies have identified the essential role of the NF-1 

transcription factor in regulating the basal as well as induced transcription of the rat 

AKR1C9 gene; a human AKR1C1 gene homolog (Hung and Penning, 1999). Functional 

analysis of the rat 3-HSD/DD gene (homologous to the human AKR1C2 gene) 

demonstrated the importance of the Oct-1 transcription factor in the control of its 

transcription in HepG2 cells (Lin and Penning, 1995). Furthermore, in HepG2 cells, a co-

operative regulation of the AKR1C4 gene transcription by the hepatocyte nuclear factor 

(HNF)-4/ and HNF-1 has been demonstrated (Ozeki et al., 2001). However, the 

transcriptional elements that control the transcription of the human AKR1C1 gene remain 

uncharacterized. Thus, in the present study, we have functionally characterized the 

human AKR1C1 gene basal proximal promoter and provide evidence of the role of the 
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CCAAT binding protein, NF-Y, in the basal regulation of the AKR1C1 gene in human 

ovarian, lung and liver carcinoma cells  

Nucleotide sequencing of the BAC clone RP-379P14 (GenBank Accession No. 

AB032150), which carries the 5’ flanking region of the human AKR1C1 gene promoter, 

identified the presence of a TATA box and several putative transcription factor(s) binding 

sites (Figure 9 and Figure 15) upstream of the putative transcription start site of the 

human AKR1C1 gene. The promoters of the AKR family of genes differ in the 

presence/absence of a TATA box; AKR1C2, AKR1C4, AKR1B1 (aldose reductase), and 

AKR7A1 (aflatoxin aldehyde reductase) have a TATA box upstream of the transcription 

start site (Lou et al., 2006; Wang et al., 1993) whereas, the type II 3-HSD (AKR1C3), 

AKR1B10 and AKR1A1 (aldehyde reductase) have TATA-less promoters (Ciaccio et al., 

1996; Barski et al., 1999; Lie et al., 2009). Sequential deletion and functional analysis of 

an approximately 3000 bp 5’ flanking region of AKR1C1 gene promoter led us to 

identify the DNA construct pAKR1C1 -128/+59 as being essential for the basal 

transcription of AKR1C1 gene in human liver, ovarian and lung carcinoma cells (Figure 

11B and 12). The AKR1C1 gene shares 98% sequence homology with AKR1C2 gene 

and a previous study has demonstrated that the region between -117 to -33 of the 5’ 

flanking region of AKR1C2 proximal promoter was essential for its transcription in 

HepG2 cells (Lou et al., 2006). Transcription factor binding sites for C/EBP and AP-1 

were identified in this region of the AKR1C2 proximal promoter (Lou et al., 2006).  

Moreover, previous studies have demonstrated the importance of the distal 

antioxidant response elements (ARE) in regulating the transcription of AKR1C gene in 

the presence of phase II drug inducers and xenobiotics (Primiano et al., 1997; Xu et al., 
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2005; Hayes et al., 1999). The role of ARE in inducing the transcription of the AKR1C 

gene by ethacrynic acid in HT29 colon carcinoma cells (Ciaccio et al., 1994) has been 

suggested. The presence of functional ARE was also identified in rat AKR7A1 proximal 

promoter (Ellis et al., 2003), and murine AKR1B3 gene (Nishinaka and Nishimura, 

2005). The ARE sequence identified in the distal region of the AKR1C1 and AKR1C2 

promoters were found to share 100% sequence homology with the ARE present in the rat 

and human NQO gene (Lou et al., 2006, Figure 13). In case of the AKR1C2 gene, this 

ARE was found to be regulated by Nrf2 binding after exposure to phase II drug inducers 

(Lou et al., 2006).  The same study also demonstrated increased binding of Nrf2 to the 

potential AKR1C1 ARE sequence in HepG2 cells treated with 4μM of -napthoflavone. 

In order to assess the effect(s) of ARE in regulating the basal transcription of the human 

AKR1C1 gene, we cloned the ARE upstream of the full length AKR1C1 gene promoter 

(ARE-pAKR1C1 -2954/+59) and the proximal promoter (ARE-pAKR1C1 -180/+59). 

The presence of ARE had no effect on the AKR1C1 basal and induced transcription in 

the human ovarian carcinoma cells sensitive (2008) and resistant (2008/C13*) to cisplatin 

(Figure 14A and B). Furthermore, the presence of ARE did not alter the transcription of 

the AKR1C1 gene in these cells treated with phase II inducers ethacrynic acid (Table 5). 

Similarly the ARE did not induce the transcription of AKR1C1 gene in human ovarian 

carcinoma (2008, 2008/C13*), lung adenocarcinoma (H23, A549) and liver 

hepatoblastoma cell (HepG2) on treatment with cisplatin (Table 5). In contrast, and in 

keeping with previous observations, the ARE was able to increase the basal transcription 

of AKR1C1 in H23, A549 and HepG2 cells (Figure 14C - E); similar results have been 

observed for AKR1C2 transcription in HepG2 cells (Lou et al., 2006). Moreover, the 
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ARE located distal to the AKR1C1 gene promoter was indeed functional, since treatment 

with ethacrynic acid and DL-sulforaphane led to a 14- and 20-fold increase in AKR1C1 

transcription, respectively, in HepG2 cells (Table 5). The results from the present study 

and that of Lou et al., (2006) indicate that ARE regulates the constitutive and inducible 

transcription of AKR1C1 in a cell-type dependent manner. Overall the studies indicated 

that the AKR1C1 proximal promoter is important in regulating the transcription of human 

AKR1C1 gene in comparison to ARE.  

Based on the observations from 5’-deletion analysis, the human AKR1C1 

proximal promoter was subjected to computational analysis for identification of potential 

transcription factor(s) binding sites. This analysis indicated the presence of tandem 

binding sites for Sp1, NF-Y, C/EBP, p40x and USF transcription factors in the minimal 

proximal promoter region (-128/+59, Figure 15). In order to identify the regulatory 

nuclear factor essential for transcription of human AKR1C1 gene, site-directed 

mutagenesis was performed. Point mutations were introduced in the pAKR1C1 -180/+59 

construct at the consensus binding sites for the transcription factor(s) NF-Y/CEBP (Mut1 

pAKR1C1 -180/+59), p40X/USF (Mut2 pAKR1C1 -180/+59) and Sp1 (Mut3 pAKR1C1 

-180/+59) (Figure 16). Mutation of the NF-Y/CEBP transcription factor binding site 

resulted in a 4- to 12-fold decrease in AKR1C1 basal transcription in the human ovarian, 

lung and liver carcinoma cells, while mutation in either the p40X/USF or the Sp1 binding 

sites did not affect the AKR1C1 transcription in any of the cell lines (Figure 17A - E). 

These results clearly demonstrated that the tandem binding site for NF-Y and C/EBP was 

essential for regulating the basal transcription of AKR1C1 gene in human ovarian, lung 

and liver carcinoma cells. However, in a methotrexate-resistant colon carcinoma cell line, 
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Selga et al., (2008) have demonstrated that the Sp1 binding domain in the human 

AKR1C1 gene promoter region between -88 to -80 is important for its basal transcription. 

Thus, it is possible that, based on cell type, different regions of the AKR1C1 gene 

differentially regulate its basal transcription. 

Further corroboration of the importance of NF-Y in controlling the basal 

transcription of the AKR1C1 gene was obtained using EMSA studies. Our data from gel 

shift analysis indicated that the nuclear factor for Y box (NF-Y) consensus sequence 

(containing the CCAAT box) specifically competed for nuclear protein binding with the 

WT AKR1C1 promoter fragment, -120 to -91  (nuclear extracts were obtained from 

2008, 2008/C13*, H23, A549 and HepG2 cells) (Figure 19A - E). However, competition 

with consensus oligonucleotides for Sp1, C/EBP and NF-1 binding sites did not abolish 

this protein-DNA complex formation. Specificity of the binding was demonstrated by 

utilizing a CCAAT sequence mutant oligonucleotide (-120 to -91) that did not decrease 

the formation of protein-DNA nuclear complex observed with the WT probe. The 

CCAAT-binding proteins include NF-Y, C/EBP and NF-1, binding sites for which are 

present in most of the eukaryotic promoters (Bucher, 1990). Thirty percent of eukaryotic 

promoters carry the binding site for CCAAT box either in forward or reverse orientation 

within -60 to -100 nucleotides from the transcription start site (Su et al., 2006). In the 

present study, the CCAAT box was present in the reverse orientation in the region 

between -109 to -105 of the human AKR1C1 gene promoter. Supershift analysis with 

anti-NF-YA, anti-NF-YB and anti-NF-YC antibody confirmed the presence of the NF-Y 

transcription factor in the protein-DNA nuclear complex (Figure 20A - E). ChIP analysis 

further confirmed the in vivo association between NF-Y and the AKR1C1 gene promoter 
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in human ovarian (2008, 2008/C13*), lung (H23, A549) and liver (HepG2) cells was 

observed (Figure 21). These results strengthen the notion that the NF-Y transcription 

factor regulates the basal transcription of human AKR1C1 gene in human ovarian, lung 

and liver carcinoma cells.  

NF-Y is a ubiquitous transcription factor involved in both constitutive and 

inducible transcription of various promoters harboring the CCAAT box (Sun et al., 2009; 

Kabe et al., 2005). The consensus sequence recognized by NF-Y is the 5’-

CTGATTGGTTRR-3’ or 5’-YYRRCCAATCAG-3’ (Matuoka and Chen, 1999; 

Mantovani, 1998, Bi et al., 1997). Biochemical analysis reveals that NF-Y is a 

heterotrimeric protein consisting of subunits A, B and C. The Nuclear factor Y alpha 

(NF-YA) consist of two subdomains a) Q-rich domain and b) subunit interaction domain, 

while nuclear factor Y beta (NF-YB) has a subdomains for protein binding to histone fold 

motif and TAT-binding protein (TBP) - binding domain (Matuoka and Chen, 1999, 

Figure 24A and B). The nuclear factor Y gamma (NF-YC) has three subdomains for 

binding of a) histone fold motif, b) TBP-binding domain and c) Q-rich domain (Figure 

24C). The Q- rich domains in NF-YA and -YC are essential for activation of 

transcription (Liberati et al., 1999). The NF-YB and -YC subunits interact through the 

histone fold motifs forming a dimer. The resulting dimer provides a suitable dock for NF-

YA to bind through its subunit interaction domain forming the regulator NF-Y 

heterotrimer protein (Silvio et al., 1999; Matuoka and Chen, 1999). The binding of NF-

YA to its consensus region requires the prior formation of a NF-YB:NF-YC protein 

complex sometimes referred to as the “handshake motif” (Caretti et al., 1999). All the 
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three subunits share a conserved domain which is nearly identical across evolution (Silvio 

et al., 1999).  

 

 
Figure 24. Nuclear factor-Y subunits. (A) Nuclear factor Y alpha, (B) Nuclear factor Y 
beta and (C) Nuclear factor Y gamma arrangement of domain structures. (Adapted from 
Matuoka and Chen, 1999) 

 

The role of NF-Y in promoter regulation was first studied in MHC class II 

conserved Y box in Ea gene (Dorn et al., 1987). Subsequently, several other proximal 

promoters regulated by NF-Y binding were identified including the yeast USAS gene, 

2(I) collagen gene, 1(I) collagen gene, human multidrug resistant gene (mdr1), rat 

liver S14 gene, phospholipid hydroperoxide glutathione peroxidase gene, human 1(XI) 

collage gene (COL11A1) and fibroblast growth factor receptor 2(FGFR2) (Sun et al., 

2009; Goldsmith et al., 1993; Jump et al., 1997; Huang et al., 1999; Matsuo et al., 2003). 

Nuclear factor Y is also found to regulate the transcription of various genes involved in 
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cell cycle such as CDC25A/B/C, Cdc6, E2F1, Cyclein A2, Cyclein B1/B2, Cdc2, 

Topoisomerase II (Frontini et al., 2004). Overall, our data from site-directed mutagenesis, 

EMSA, gel-supershift and ChIP analysis suggests that the core CCAAT pentanucleotide 

motif in the AKR1C1 gene promoter is sufficient for NF-Y binding (NFYA, -YB and -

YC) leading to the activation of AKR1C1 gene transcription.  

We also assessed the direct functional response of NF-Y in regulating the basal 

transcription of AKR1C1 gene promoter. Overexpression of NF-Y’s significantly 

increased the basal AKR1C1 gene transcription in all cell lines studied (Figure 22A). 

Similarly, overexpression of NF-Y cDNA was found to increase the promoter activity of 

mouse gonadotropin releasing hormone receptor (GnRHR) and mouse proline-rich 

nuclear receptor coactivator 2 (PNRC2) gene (Kam et al., 2005; Zhou et al., 2005). 

Furthermore, overexpression of NF-YA resulted in enhanced expression of reporter genes 

fused with G1/S gene promoters (Matuoka and Chen, 2000). In contrast, overexpression 

of NF-Y cDNA was found to repress the promoter activity of human PNRC2 gene 

(Zhang et al., 2008).  

In our study, expression of a dominant-negative NF-YA (DN-NFYA) mutant 

(Mantovani et al., 1994) repressed the human AKR1C1 gene promoter activity (Figure 

22B). The dominant-negative expression vector Δ4YAm29 harbors a three amino acid 

mutation in the NF-YA DNA binding domain, which while allowing NF-YA to bind to  

subunits B and C, does not allow the heterotrimer to bind to the DNA. Similarly studies 

by Lam et al., (1997) have reported reduced expression of fibroblast growth factor-4 

(FGF-4) promoter in the presence of DN-NFYA mutant. Moreover, the transcriptional 

activation of the p34cdc2 gene by the cdc2 promoter in fetal myocytes was also suppressed 
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in the presence of DN-NFYA mutant expression vector (Liu et al., 1998). Studies by 

Sugira et al., (2000), Kam et al., (2005) and Lee et al., (2009) have also identified a 

decrease in the promoter transcription of extracellular signal activated protein kinase 2 

(ERK2), mouse GnRHH and human glycine N-methyltransferase gene when co-

transfected with DN-NFYA expression vector. In contrast, expression of DN-NFYA 

expression vector resulted in an increase of type II transforming growth factor- receptor 

gene promoter in embryonal carcinoma cells (Kelly et al., 1998), while there was no 

effect of DN-NFYA in altering the transcription of mouse PNRC2 promoter (Zhou et al., 

2005).  In a recent study van Wageningen et al., (2008) clearly demonstrated a decrease 

in HoxB4 mRNA expression levels on transfection with DN-NFYA expression vector, 

identifying NF-Y as the transcription factor regulating the proliferation of myeloid 

progenitor cells.  

We have previously demonstrated an increased expression (at the mRNA and 

protein levels) of AKR1C1 in a cisplatin-resistant human ovarian carcinoma cell line 

(2008/C13*) (Deng et al., 2002). Moreover, we have also shown increased expression of 

the AKR1C1, -C2 and -C3 genes in a inherently-resistant (to cisplatin) human lung 

adenocarcinoma cell lines. Similar observations have been made in primary tumor tissue 

of humans with cisplatin-resistant lung adenocarcinoma. We thus, assessed the 

importance of the AKR1C1 gene basal proximal promoter region in controlling its 

transcription upon treatment with cisplatin. Exposure of human ovarian carcinoma cells 

(2008) to cisplatin, led to a two fold increase in basal and induced AKR1C1 transcription 

compared to untreated cells (Figure 23A and 23C). Further, mutation of the NF-Y/CEBP 

binding site in the AKR1C1 promoter region (Mut1 pAKR1C1 -180/+59) negated the 
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cisplatin induced increase in the AKR1C1 gene transcription in the 2008 cells. These 

results suggest that the transcriptional elements (specifically the NF-Y/CEBP binding 

motif) in the region between -180/+59 of the AKR1C1 gene promoter, are also involved 

in controlling the cisplatin-induced transcription of the AKR1C1 gene in the 2008 cells. 

Surprisingly, cisplatin did not induce the transcription of the AKR1C1 gene in the 

cisplatin-resistant human ovarian carcinoma cells (2008/C13*- Figure 23B), human lung 

adenocarcinoma cells H23 (Figure 23D). However, these results compare well with our 

previous observations, wherein the expression of the AKR1C1 and AKR1C2 mRNA was 

found to be increased in a cisplatin-dependent manner only in the 2008 cells but not in 

the 2008/C13* cells (Deng et al., 2002). These observations are further substantiated by, 

NF-Y regulating the basal and induced transcription of human parathyroid hormone gene 

promoter by binding to vitamin D receptor (VDR) on treatment with 1,25(OH)2D3 in 

GH4C1 rat pituitary cells but not in ROS17/2.8 (osteosarcoma) cells (Jääkeläinen et al., 

2005). 

Based on our observations of the specificity of NF-Y in regulating the 

transcription of AKR1C1 gene in the cisplatin-treated 2008 cell, we further selected this 

human ovarian carcinoma cell line to analyze the differential expression of cellular 

AKR1C1 mRNA in response to overexpression or knockdown of NF-Y. Ectopic 

expression of NF-Y's in 2008 cells significantly increased the expression of AKR1C1 

mRNA (Figure 22C). Furthermore, si-RNA mediated knockdown of NF-YA decreased 

the expression of AKR1C1 mRNA in the 2008 cells (Figure 22D). Similarly, SHSY-5Y 

neuroblastoma cells targeted with siNFYA siRNA resulted in reduced mRNA expression 

of human TLX gene and NF-YA (Borghini et al., 2006). Moreover knockdown of NF-
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YA resulted in reduced mRNA expression of human acetylcholine gene (Zhu et al., 2007) 

and the mouse growth arrest specific gene 6 (Gas6) gene (Wang et al., 2009). Our results 

with NF-YA knockdown by siRNA are in agreement with previous observations. In 

contrast, overexpression of NF-Y lead to a decrease in human PNRC protein levels in 

HepG2 cells (Zhang et al., 2008). 

 

4.1 Summary and Conclusion 

This thesis characterized the transcription factor(s) essential in regulating the 

transcription of human aldo-keto reductase 1C1 gene (AKR1C1) in human ovarian, lung 

and liver carcinoma cells. Utilizing 5’-deletion functional analysis the minimal proximal 

promoter region between -128 to -88 is essential for driving the transcription of human 

AKR1C1 gene was identified. In addition we also assessed the effect of antioxidant 

response element in the 5’-distal region of human AKR1C1 gene promoter. We 

concluded that the effect of ARE in basal/xenobiotic-induced AKR1C1 gene transcription 

is cell type dependent (no effect in human ovarian carcinoma cells) and thus 

characterization of the proximal promoter is of main importance.  The localization of 

various potential putative transcription factor binding sites within the -128 to -88 region 

was identified using the Alibaba 2.0 computational software, which resulted in 

identification of Sp1, NF-Y, C.EBP, p40X and USF.  Further site-directed mutagenesis 

identified the tandem of transcription factor binding sites for NF-Y (and C/EBP) to be 

important in regulating the transcription of AKR1C1. Observations from EMSA, gel-

supershift together with ChIP corroborated the association of NF-Y with AKR1C1 gene 

promoter.  Finally ectopic expression of NF-Y and siRNA knockdown of NF-Y 

 78



confirmed the direct functional role of NF-Y in regulating the transcription of human 

AKR1C1 gene promoter. 

Overall, functional analysis, site-directed mutagenesis studies, EMSA, gel-shift 

assays, ChIP, ectopic expression analysis and siRNA studies lead us to conclude that the -

-109CCAAT-105 binding protein, NF-Y transcription factor is sufficient and necessary for 

regulating the constitutive transcription of AKR1C1 gene in human ovarian, lung and 

liver carcinoma cells while the involvement of NF-Y in cisplatin-induced AKR1C1 

transcription is cell-type dependant.  

 

4.2 Future Studies 

Having identified the transcription factor essential in regulating the transcription 

of human AKR1C1 gene, it is important to characterize the differential expression of 

these transcription factors in identifying the molecular mechanism leading to 

development of drug resistance. 

Utilizing real time RT-PCR analysis, we assessed the basal and induced levels of 

mRNA for NF-YA, -YC and C/EBP isoforms in cisplatin-sensitive (2008) and -resistant 

(2008/C13*) human ovarian carcinoma cells. Our observations demonstrate a 3-fold 

increase in the expression of NF-YC and a 8-fold increase in C/EBP transcription 

factors in cisplatin-sensitive human ovarian carcinoma cells (2008) treated with cisplatin 

compared to 2008/C13* treated with cisplatin (Table 6 and 7). Our observations are 

consistent with recent reports from Dr. Sidransky’s group (The Johns Hopkins University 

School of Medicine) that have identified an association between the phospho-

Np63/NF-Y protein complex and activation of GADD153 in squamous cell carcinoma 
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in response to cisplatin treatment (Huang et al., 2010). The group further concluded that 

phosphorylation of Np63 is important as it leads to formation of protein complex with 

NF-Y which further induces transcription of DNA damage stress inducible genes such as 

GADD153 in response to cisplatin. It would be interesting to see if there is direct 

correlation between the phospho-Np63/NF-Y protein complex in transcriptional 

regulation of human AKR1C1 in contributing to development of cisplatin resistance in 

human ovarian carcinoma cells (2008/C13*).  



REFERENCES 

Alderden, R.A., Matthew, D.H., and Hambley, T.W. (2006). The discovery and 
development of cisplatin. Journal of Chemical Education, 83, 728-734. 

Andersson, S., Geissler, G.M., Patel, S., and Wu, L. (1995). The molecular biology of 
androgenic 17-hydroxysteroid dehydrogenase. Journal of Steroid Biochemistry 
and Molecular Biology, 53, 37-39. 

Andersson, S., Geissler, W.M., Wu, L., Davis, D.L., Grumbach, M.M., New, M.I., et al. 
(1996).  Molecular genetics and pathophysiology of 17-hydroxysteroid 
dehydrogenase 3 deficiency. Journal of Clinical Endocrinology and Metabolism, 
81, 130-136. 

Bachur, N.R. (1976). Cytoplasmic aldo-keto reductases: a class of drug metabolizing 
enzymes. Science, 193, 595-597. 

Barski, O.A., Gabbay K.H., and Bohren, K.M. (1999). Characterization of the human 
aldehyde reductase gene and promoter. Genomics, 60, 188-198. 

Barski, O.A., Gabbay K.H., and Bohren, K.M. (1999). Characterization of the human 
aldehyde reductase gene and promoter. Genomics, 60, 188-198. 

Barski, O.A., Papusha, V.Z., Ivanova, M.M., Rudman, D.M., and Finegold, M.J. (2005). 
Developmental expression and function of aldehyde reductase in proximal tubules 
of the kidney. American journal of Physiology Renal Physiology, 289, F200-
F207. 

Barski, O.A., Tipparaju, S.M., and Bhatnagar, A. (2008). The aldo-keto reductase 
superfamily and its role in drug metabolims and detoxification. Drug Metabolism 
Reviews, 40, 553-624. 

Bauman, D.R., Steckelbroeck, S., Peehl, D.M., and Penning, T.M. (2006). Transcript 
profiling of the androgen signal in normal prostate, benign prostatic hyperplasia, 
and prostate cancer. Endocrinology, 147, 5806-5816. 

Benz, C.C. (1998). Transcription factors and breast cancer. Endocrine-Related Cancer, 5, 
271-282. 

Bi, W., Wu, L., Coustry, R., Crombrugghe, B.de., and Maity, S.N. (1997). DNA binding 
specificity of the CCAAT-binding factor CBF/NF-Y. Journal of Biological 
Chemistry, 272, 26562-26572. 

Blume-Jensen, P., and Hunter, T. (2001). Oncogenic kinase signaling. Nature, 411, 355-
365. 

 81



Bohren, K.M., Bullock, B., Wermuth, B., and Gabbay, K.H. (1989). The aldo-keto 
reductase superfamily. cDNAs and deduced amino acid sequences of human 
aldehyde and aldose reductases. Journal of Biological Chemistry, 264, 9547-
9551. 

Borghini, S., Vargiolu, M., Duca, M.D., Ravazzolo, R., and Ceccherini, I. (2006). 
Nuclear factor Y drives basal transcription of the human TLX3, a gene 
overexpressed in T-cell acute lymphocytic leukemia. Molecular Cancer Research, 
4, 635-643. 

Burczynski, M.E., Lin, H.K., and Penning, T.M. (1999). Isoform-specific induction of a 
human aldo-keto reductase by polycyclic aromatic hydrocarbons (PAHs). 
Electrophiles, and oxidative stress: Implications for the alternative pathway of 
PAH activation catalyzed by human dihydrodiol dehydrogenase. Cancer 
Research, 59, 607-614. 

Burczynski, M.E., Lin, H.K., and Penning, T.M. (1999). Isoform-specific induction of a 
human aldo-keto reductase by polycyclic aromatic hydrocarbons (PAHs). 
Electrophiles, and oxidative stress: Implications for the alternative pathway of 
PAH activation catalyzed by human dihydrodiol dehydrogenase. Cancer 
Research, 59, 607-614. 

Cao, D., Fan, S.T., and Chung, S.M. (1998). Identification and characterization of a 
noverl human aldose reductase-like gene. Journal of Biological Chemistry, 273, 
11429-11435. 

Caretti, G., Motta, M.C., and Mantovani, R. (1999). NF-Y associates with H3-H4 
tetramers and octamers by multiple mechanisms. Molecular and Cellular Biology, 
19, 8591-8603. 

Chen, Y.J., Yuan, C.C., Chow, K.C., Wang, P.H., Lai, C.R., Yen, M.S., et al. (2005). 
Overexpression of dihydrodiol dehydrogenase is associated with cisplatin-based 
chemotherapy resistance in ovarian cancer patients. Gynecologic Oncology, 97, 
110-117. 

Choi, B.K., Choi, C.H., Oh, H.L., and Kim, Y.K. (2004). Role of ERK activation in 
cisplatin-induced apoptosis in A172 human glioma cells. NeuroToxicology, 25, 
915-924. 

Chow, K.C., Lu, M.P., Wu, M.T. (2006). Expression of dihydrodiol dehydrogenase plays 
important roles in apoptosis and drug resistance of A431 squamous cell 
carcinoma. Journal of Dermatological Science, 41, 205-212. 

Ciaccio, P.J., Jaiswal, A.K., and Tew, K.D. (1994). Regulation of human dihydrodiol 
dehydrogenase by Michael acceptor xenobiotics. Journal of Biological Chemistry, 
22, 15558-15562. 

 82



Ciaccio, P.J., Walsh, E.S., and Tew, K.D. (1996). Promoter analysis of a human 
dihydrodiol dehydrogenase. Biochemical and Biophysical Research 
Communications, 228, 524-529. 

Coin, F., and Egly, J.M. (1998). Ten years of TFIIH. Cold Spring Harbor Symposium 
Quantitative Biology, 63, 105-110. 

Costanzo, Di., Penning, T.M., and Christianson, D.W. (2009). Aldo-keto reductases in 
which the conserved catalytic Histidine is substituted. Chemico-Biological 
Interactions, 178, 127-133. 

Dalmay, T., and Edwards, D.R. (2006). MicroRNAs and the hallmarks of cancer. 
Oncogene, 25, 6170-6175. 

Darnell, J.E. Jr. (2002). Transcription factors as target for cancer therapy. Nature Reviews 
Cancer, 2, 740-749. 

Davidson, W.S., Walton, D.J., and Flynn, T.G. (1978). A comparative study of the tissue 
and species distribution of NADPH-dependent aldehyde reductase. Comparative 
Physiology and Biochemistry: Part B, 60, 309-315. 

de Silvio, A., Imbriano, C., and Mantovani, R. (1999). Dissection of the NF-Y 
transcriptional activation potential. Nucleic Acid Research, 24, 2578-2584. 

Deng, H.B., Adikari, M., Parekh, H.K., and Simpkins, H. (2004). Ubiquitous induction of 
resistance to platinum drugs in human ovarian, cervical, germ-cell and lung 
carcinoma tumor cells overexpressing isoforms 1 and 2 of dihydrodiol 
dehydrogenase. Cancer Chemotherapy Pharmacology, 54, 301-307. 

Deng, H.B., Parekh, H.K., Chow, K.C., and Simpkins, H. (2002). Increased expression of 
dihydrodiol dehydrogenase induces resistance to cisplatin in human ovarian 
carcinoma cells. Journal of Biological Chemistry, 17, 15035-15043. 

Dorn, A., Bollekens, J., Staub, A., Benoist, C., and Mathis, D. (1987). A multiplicity of 
CCAAT box-binding proteins. Cell, 50, 863-872. 

Dufort, I., Soucy, P., Labrie, F., and Luu-The V. (1996). Molecular cloning of human 
type 3 3-hydroxysteroid dehydrogenase that differs from 20-hydroxysteroid 
dehydrogenase by seven amino acids. Biochemical and Biophysical Research 
Communication, 228, 474-479. 

Dvir, A., Conaway, J.W., and Conaway, R.C. (2001). Mechanism of transcription 
initiation and promoter escape by RNA polymerase II. Current Opinion in 
Genetics and Development, 11, 209-214. 

 83



Dvornik, E., Simard-Duquesne, N., Krami, M., Sestanj., K., Gabbay, K.H., Kinoshita, 
J.H., et al. (1973). Polyol accumulation in galactosemic and diabetic rats: control 
by an aldose reductase inhibitor. Science, 182, 1146-1148. 

Ellis, E. (2002). Microbial aldo-keto reductases. FEMS Microbiology Letters, 216, 123-
131. 

Ellis, E.M., Judah, D.J., Neal, G.E., and Hayes, J.D. (1993). An ethoxyquin-inducible 
aldehyde reductase from rat liver that metabolizes aflatoxin B1 defines a 
subfamily of aldo-keto reductases. Proceedings of the National Academy of 
Sciences, 90, 10350-10354. 

Ellis, E.M., Slattery, C.M., and Hayes, J.D. (2003). Characterization of the rat aflatoxin 
B1 aldehyde reductase gene, AKR7A1. Structure and chromosomal localization 
of AKR7A1 as well as identification of antioxidant response element in the gene 
promoter. Carcinogenesis, 24, 727-737. 

Frontini, M., Imbriano, c., Manni, I., and Mantovani, R. (2004). Cell cycel regualtion of 
NF-YC nuclear localization. Cell Cycle, 3, 217-222. 

Gabbay, K.H., Merola, L.O., and Field, R.A. (1996). Sorbitol pathway: presence in nerve 
and cord with substrate accumulation in diabetes. Science, 151, 209-210. 

Goldsmith, M.E., Madden, M.J., Morrow, C.S., and Cowan, K.H. (1993). A Y-box 
consensus sequences is required for basal expression of the human multidrug 
resistance (mdr1) gene. Journal of Biological Chemistry, 268, 5856-5860. 

Guengerich, F.P., Cai, H., McMahon, M., Hayers, J.D., Sutter, T.R., Groopman, J.D., et 
al. (2001). Reduction of aflatoxin B1 aldehyde by rat and human aldo-keto 
reductases. Chemical Research in Toxicology, 14, 727-737. 

Guerini, V., Sau, D., Scaccianocc, E., Rusmini, P., Ciana, P., Maggi, A., et al. (2005). 
The androgen derivative 5-androstane-3, 17-diol inhibits prostate cancer cell 
migration through activation of the estrogen receptor beta subtype. Cancer 
Research, 65, 5445-5453. 

Hampsey, M. (1998). Molecular genetics of the RNA polymerase II general 
transcriptional machinery. Microbiology and Molecular Biology Reviews, 62, 
465-503. 

Hanahan, D., and Weinberg, R.A. (2000). The hallmark of cancers. Cell, 100, 57-70. 

Hara, A., Hasebe, K., Hayashibara, M., Matsuura, K., Nakayama, T., and Sawada, H. 
(1986). Dihydrodiol dehydrogenase in guinea pig liver. Biochemical 
Pharmacology, 35, 4005-4012. 

 84



Hayes, J.D., Ellis, E.M., Neal, G.E., Harrison, D.J., and Manson, M.M. (1999). Cellular 
response to cancer chemopreventive agents: contribution of the antioxidant 
responsive element to the adaptive response to oxidative and chemical stress. 
Biochemical Society Symposia, 64, 141-168. 

Hers, H.G. (1960). Aldose reductase. Biochimica et Biophysica Acta, 37, 120-126. 

Higaki, Y., Kamiya, T., Usami, N., Shintani, S., Shiraishi, H., Ishikura, S., et al. (2002). 
Molecular characterization of two monkey dihydrodiol dehydrogenases. Drug 
Metabolism and Pharmacokinetcis, 17, 348-356. 

Hsu, N.Y., Ho, H.C., Chow, K.C., Lin, T.Y., Shih, C.S., Wang, L.S., et al. (2001). 
Overexpression of dihydrodiol dehydrogenae as a prognostic marker of non-small 
cell lung cancer. Cancer Research, 61, 2727-2731. 

Huang, H-S., Jiunn, C., and Chang, W-C. (1999). The CCAAT box binding factor NF-Y 
is required for the expression of phospholipid hydroperoxide glutathione 
peroxidase in human epidermoid carcinoma A431 cells. FEBS Letters, 455, 111-
116. 

Huang, Y., Chuang, A.Y., Romano, RA., Liégeois, N.J., Sinha, S., Trink, B., et al. 
(2010). Phospho-Np63/NF-Y protein complex transcriptionally regulates 
DDIT3 expression in squamous cell carcinoma cells upon cisplatin exposure. Cell 
Cycle, 9, 328-338. 

Hung, C.F., and Penning, T.M. (1999). Members of the nuclear factor 1 transcription 
factor family regulate rat 3-hydroxysteroid/dihydrodiol dehydrogenase (3-
HSD/DD AKR1C9) gene expression: A member of the aldo-keto reductase 
superfamily. Molecular Endocrinology, 13, 1704-1717. 

Hyndman, D., and Flynn, T.G. (1998). Sequence and expression levels in human tissues 
of a new member of the aldo-keto reductase family. Biochimica et Biophysica 
Acta Gene Structure and Expression, 1399, 198-202. 

Hyndman, D.R., Dauman, D.R., Heredia, V.V., and Penning, T.M. (2003). The aldo-keto 
reductase superfamily homepage. Chemico-Biological Interactions, 143, 621-631. 

Ireland, L.S., Harrison, D.J., Neal, G.E., and Hayes, J.D. (1998). Molecular cloning, 
expression and catalytic activity of a human AKR7 member of the aldo-keto 
reductase superfamily: evidence that major 2-carboxybenzaldehyde reductase 
from human liver is a homologue of rat aflatoxin B1-aldehyde reductase. 
Biochemical Journal, 332, 21-34. 

Jääskeläinen. T., Huhtakangas, J., and Mäenpää, P.H. (2005). Negative regulation of 
human parathyroid hormone gene promoter by vitamin D3 through nuclear factor 
Y. Biochemical and Biophysical Research Communications, 328, 831-837. 

 85



Jez, J.M., and Penning, T.M. (2001). The aldo-keto reductase (AKR) superfamily: An 
update. Chemico-Biological Interactions, 130-132, 499-527.  

Jez, J.M., Bennet, M.J., Schlegel, B.P., Lewis, M., and Penning, T.M. (1997a). 
Comparative anatomy of the aldo-keto reductase superfamily. Biochemical 
Journal, 326, 625-636. 

Ji, Q., Aoyama, C., Chen, P.K., Stolz, A., and Liu, P. (2005). Localization and altered 
expression of AKR1C family members in human ovarian tissues. Molecular and 
Cellular Probes, 19, 231-226. 

Ji, Q., Chang, L., VanDenBerg, D., Stanczyk, F.Z., and Stolz, A. (2003). Selective 
reduction of AKR1C2 in prostrate cancer and its role in DHT metabolism. 
Prostate, 54, 275-289. 

Jin, Y., and Penning, T.M. (2007). Aldo-keto reductases and bioactivation/detoxification. 
Annual review of Pharmacology and Toxicology, 47, 263-292. 

Jump, D.B., Badins, M.V., and Thelen, A. (1997). The CCAAT box binding factor, NF-
Y, is required for thyroid hormone regulation of rat liver S14 gene transcription. 
Journal of Biological Chemistry, 272, 27778-27786.   

Kabe, Y., Yamada, J., Uga, H., Yamaguchi, Y., Wada, T., and Handa, H. (2005). NF-Y is 
essential for the recruitment of RNA polymerase II and inducible transcription of 
several CCAAT box-containing genes. Molecular and Cellular Biology, 25, 512-
522. 

Kam, K-Y., Jeong, K-H., Norwitz, E. R., Jorgensen, E.M., and Kaiser, U.B. (2005). Oct-
1 and nuclear factor Y bind to the SURG-1 element to direct basal and 
gonadotropin releasing hormone (GnRH)- stimulated mouse GnRH receptor gene 
transcription. Molecular Endocrinology, 19, 148-162. 

Kelly, D., Kim, S.J., and Rizzino, A. (1998). Transcriptional activation of the type II 
transforming growth factor- receptor gene upon differentiation of embryonal 
carcinoma cells. Journal of Biological Chemistry, 273, 21115-21124. 

Knight, L.P., Primiano, T., Groopman, J.D., Kensler, T.W., and Sutter, T.R. (1999). 
cDNa cloning, expression, and activity of a second human aflatoxin B1-
metabolizing member of the aldo-keto reductase superfamily, AKR7A3. 
Carcinogenesis, 20, 1215-1223. 

Kozma, E., Brown, E., Ellis, E.M., and Lapthorn, A.J. (2002). The crystal structure of rat 
liver AKR7A1-a dimeric member of the aldo-keto reductase superfamily. Journal 
of Biological Chemistry, 277, 16285-16293. 

 86



Kratzer, R., Egger, S., and Nidetzky, B. (2008). Integration of enzyme, strain, and 
reaction engineering to overcome limitations of baker’s yeast in the asymmetric 
reduction of alpha-keto esters. Biotechnology and Bioengineering, 101, 1094-
1101. 

Lamb, K.A., Johnson, L.R., and Rizzino, A. (1997). NF-Y binds to the CCAAT box 
motif of the FGF-4 gene and promotes FGF-4 expression in embryonal carcinoma 
cells. Molecular Reproduction and Development, 48, 301-309. 

Latchman, D.S. (1996). Transcription-factor mutations and disease. New England Journal 
of Medicine, 334, 28-33. 

Lee, C.M., Shih, Y.P., Wu, C.H., and Chen, Y.M.A. (2009). Characterization of the 5’ 
regulatory region of the human glycine N-methyltransferase gene. Gene, 443, 
151-157. 

Lee, E.K., Regenold, W.T., and Shapiro, P. (2002). Inhibition of aldose reductase 
enhances HeLa cell sensitivity to chemotherapeutic drugs and involves activation 
of extracellular signal-regulated kinases. Anticancer Drugs, 13, 859-868. 

Lemonde, H.A., Custard, E.J., Bouquet, J., Duran, M., Overmars, H., Scambler, P.J., et 
al., (2003). Mutations in SRD5B1 (AKR1D1), the gene encoding delat(4)-3-
oxosteroid 5 beta-reductase, in hepatitis and liver failure in infancy. Gut, 52, 
1494-1499. 

Levine, M., and Tjian, R. (2003). Transcription regulation and animal diversity. Nature, 
424, 147-151. 

Liberati, C., di Silvio, A., Ottolenghi, S., and Mantovani, R. (1999). NF-Y binding to 
twin CCAAT boxes: role of Q-rich domains and histone fold helices. Journal of 
Molecular Biology, 285, 1441-1455. 

Libermann, T.A., and Zerbini, L.F. (2006). Targeting transcription factors for cancer 
gene therapy. Current Gene Therapy, 6, 17-33. 

Lin, H.K., and Penning, T.M. (1995). cloning, sequencing and functional analysis of the 
5’-flanking region of the rat 3-hydroxysteroid/dihydrodiol dehydrogenase gene. 
Cancer Research, 55, 4105-4113. 

Liu, Q., Yan, H., Dawes, N.J., Lu, Y., and Zhu, H. (1998). Transcriptional activation of 
the p34cdc2 gene by cdc2 promoter binding factor/Nuclear factor-Y in fetal rat 
ventricular myocytes. Circulation Research, 82, 251-260. 

Liu, Z., Zhong, L., Krishack, P.A., Robbins, .S, Cao, J.X., Ahzo, U.Y., et al. (2009). 
Structure and promoter characterization of aldo-keto reductase family 1 B10 gene. 
Gene, 437, 39-44. 

 87



Lou, H., Du, S., Ji, Q., and Stolz, A. (2006). Induction of AKR1C2 by phase II inducers: 
identification of a distal consensus antioxidant response element regulated by 
Nrf2. Molecular Pharmacology, 69, 1662-1672. 

Lyon, R.C., Johnston, S.M., Watson, D.G., McGarvie, G., and Ellis, E.M. (2007). 
Synthesis and catabolism of gamma-hydroxybutyrate in SH-SY5Y human 
neuroblastoma cells-role of the aldo-keto reductase AKR7A2. Journal of 
Biological Chemistry, 282, 25986-25992. 

Mano, Y., Suzuki, K., Yamada, K., and Shimazono, N. (1961). Enzymatic studies of 
TPN-L-hexonate dehydrogenase from rat liver. Journal of Biochemistry, 49, 618-
634. 

Mantovani, R. (1998). A survey of 178 NF-Y binding CCAAT boxes. Nucleic Acid 
Research, 26, 1135-1143. 

Mantovani, R., Li, X-L., Pessara, U., van Huisjduijnen, R.H., Benoist, C., and Mathis, D. 
(1994). Dominant negative analogs of NF-YA. Journal of Biological Chemistry, 32, 
20340-20346. 

Matsuo, N., Hua, W.Y., Sumiyoshi, H., Takatani, K.S., Nagato, H., Sakai, K., et al. 
(2003). The transcription factor CCAAT-bindng factor CBF/NF-Y regulates the 
proximal promoter activity in the human 1 (XI) collagen gene (COL11A1). 
Journal of Biological Chemistry, 278, 32763-32770. 

Matuoka, K., and Chen, K.Y. (1999). Nuclear factor Y (NF-Y) and cellular senescence. 
Experimental Cell Research, 253, 365-371. 

Matuoka, K., and Chen, K.Y. (2000). Possible role of subunit A of nuclear factor Y (NF-
YA) in normal human diploid fibroblast during senescence. Biogeronotology, 1, 
261-271. 

Minotti, G., Licata, S., Saponiero, A., Menna, P., Calafiore, A.M., Di Giammarco, G., et 
al. (2000). Anthracycline metabolism and toxicity in human myocardium: 
comparisons between doxorubicin, epirubicin, and a novel disaccharide analogue 
with a reduced level of formation and [4Fe-4S] reactivity of its secondary alcohol 
metabolite. Chemical Research in Toxicology, 13, 1336-1341. 

Nagraj, N.S., Beckers, S., Mensah, J.K., Waigel, S., Vigneswaran, N., and Zacharias, W. 
(2006). Cigarette smoke condensate induces cytochrome P450 and aldo-keto 
reductases in oral cancer cells. Toxicology Letters, 165, 182-194. 

Nishinaka, T., and Nishimura, Y.C. (2005). Transcription factor Nrf2 regulates promoter 
activity of mouse aldose reductase (AKR1B3) gene. Journal of Pharmacological 
Sciences, 97, 43-51. 

 88

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Minotti%20G%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Licata%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Saponiero%20A%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Menna%20P%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Calafiore%20AM%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Di%20Giammarco%20G%22%5BAuthor%5D


Nishizawa, M., Nakajima, T., Yasuda, K., Kanzaki, H., Sasaguri, Y., Watanabe, K., et al. 
(2000). Close kinship of human 20α-hydroxysteroid dehydrogenase gene with three 
aldo-keto reductase genes. Genes to Cells, 5, 111-125. 

Oduwole, O.O., Li, Y., Isomaa, V.V., Mantyniemi, A., Pulkka, A. E., Soini, Y., and 
Vihko, P.T. (2004). 17beta-hydroxysteroid dehydrogenase type 1 is an 
independent prognostic marker in breast cancer 1 7334. Cancer Research, 64, 
2462-2467. 

Ohara, H., Miyabe, Y., Deysahiki, Y., Matsuura, K., and Hara, A. (1995). Reduction of 
drug ketones by dihydrodiol dehydrogenases, carbonyl reductases and aldehyde 
reductase of human liver. Biochemical Pharmacology, 50, 221-227. 

Orphandies, G., Lagrange, T., and Reinberg,D. (1996). The general transcription factors 
of RNA polymerase II. Gene and Development, 10, 2657-2683. 

Ozeki, T., Takahashi, Y., Kume, T., Nakayama, K., Yokoi, T., Numoya, K-I., et al. 
(2001). Co-operative regulation of the transcription of human dihydrodiol 
dehydrogenase (DD)4/aldo-keto reductase (AKR)1C4 gene by hepatocyte nuclear 
factor (HNF)-4/ and HNF-1. Biochemical Journal, 355, 537-544. 

Palackal, N.T., Lee, S.H., Harvey, R.G., Blair, I.A., and Penning, T.M. (2002). Activation 
of polycyclic aromatic hydrocarbons trans-dihydrodiol proximate carcinogens by 
human aldo-keto reductase (AKR1C) enzymes and their functional 
overexpression in human lung carcinoma cells. Journal of Biological Chemistry, 
277, 24799-24808. 

Penning, T.M., and Byrns, M.C. (2009). Steroid hormone transforming aldo-keto 
reductases and cancer. Steroid Enzymes and Cancer, 1155, 33-42. 

Penning, T.M., Burczynski, M.E., Jez, J.M., Hung, C.F., and Lin, H.K. (2000). Human 
3-hydroxysteroid dehydrogenase isoforms (AKR1C1-AKR1C4) of the aldo-keto 
reductase superfamily: functional plasticity and tissue distribution reveals roles in 
the inactivation of male and female sex hormones. Biochemical Journal, 351, 67-
77. 

Penning, T.M., Jin, y., Steckelbroeck, S., Rizner, T.L., and Lewis, M. (2004). Structure-
function of human 3 alpha-hydroxysteroid dehydrogenase: genes and proteins. 
Molecular and Cellular Endocrinology, 215, 63-72. 

Penning, T.M., Steckelbroeck, D.R., and Bauman, D.R. (2006). Aldo-keto reductase 
(AKR) 1C3: Role in prostate disease and the development of specific inhibitors. 
Molecular and Cellular Endocrinology, 248, 182-191. 

Primiano, T., Sutter, T.R., and Kensler, T.W. (1997). Antioxidant-inducible genes. 
Advances in Pharmacology, 38, 293-328. 

 89



Ramana, K.V., Chandra, D., Srivastava, S., Bhatnagar, A., Aggarwal, B., and Srivastava, 
S.K. (2002). Aldose reductase mediates mitogenic signaling in vascular smooth 
muscle cells. Journal of Biological Chemistry, 277, 32063-32070. 

Ramana, K.V., Tammali, R., Reddy, A.B., Bhatnagar, A., and Srivastava, S.K. (2007). 
Aldo reductase regulated tumor necrosis factor-alpha production is essential for 
high glucose-induced vascular smooth muscle cell growth. Endocrinology, 148, 
4371-4384. 

Reese, J.C. (2003). Basal transcription factors. Current Opinion in Genetics and 
Development, 13, 114-118. 

Roeder, R.G. (1996). The role of general initiation factors in transcription by RNA 
polymerase II. Trends in Biochemical Science, 21, 327335. 

Sasano, H., Suzuki, T., Miki, Y., and Moriya, T. (2008). Intracrinology of estrogens and 
androgens in breast carcinoma. Journal of Steroid Biochemistry and Molecular 
Biology, 108, 181-185. 

Seery, L.T., Nestor, P.V., and FitzGerald. (1998). Molecular evolution of the aldo-keto 
reductase gene superfamily. Journal of Molecular Evolution, 46, 139-146. 

Selga, E., Noé, V., and Ciudad, C.J. (2008). Transcriptional regulation of aldo-keto 
reductase 1C1 in HT29 human colon cancer cells resistant to methotrexate: Role 
in the cell cycle and apoptosis. Biochemical Pharmacology, 75, 414-426. 

Selga, E., Noé, V., and Ciudad, C.J. (2008). Transcriptional regulation of aldo-keto 
reductase 1C1 in HT29 human colon cancer cells resistant to methotrexate: Role 
in the cell cycle and apoptosis. Biochemical Pharmacology, 75, 414-426. 

Setchell, K.d., Suchy, F.J., Welsh, M.B., Zimmer-Nechemias, L., Heubi, J., and 
Balistreri, W.F. (1998). Delta 4-3-oxosteroid 5 beta-reductase deficiency 
described in identical twins with neonatal hepatitis. A new born error in bile-acid 
synthesis. Journal of Clinical Investigation, 82, 2148-2157. 

Siddik, A.H. (2003). Cisplatin: mode of cytotoxic action and molecular basis of 
resistance. Oncogene, 22, 7265-7279. 

Steckelbroeck, S., Jin, Y., Gopishetty, S., Oyesanmi, B., and Penning, T.M. (2003). 
Human cytosolic 3-hydroxysteroid dehydrogenase of the aldo-keto reductase 
superfamily display significant 3-hydroxysteroid dehydrogenase activity: 
implications for steroid hormone metabolism and action. Journal of Biological 
Chemistry, 279, 10784-10795. 

 

 90



Steckelbroeck, S., Oyesanmi, B., Jin, Y., Lee, S.H., Kliisterboer, H.J., and Penning, T.M. 
(2006). Tibolone metabolism in human liver is catalyzed by 3/3-
hydroxysteroid dehydrogenase activities of the four isoforms of the aldo-keto 
reductase (AKR)1C family. Journal of Pharmacology and Experimental 
Therapeutics, 316, 1300-1309. 

Strausberg, R.L., Simpson, A.J., Old, L.J., and Riggins, g.J. (2004). Oncogenenomics and 
the development of new cancer therapies. Nature, 429, 469-474. 

Sugiura, N., and Takishima, K. (2000). Regulation of the gene promoter for extracellular 
signal-regulated protein kinase 2 by transcription factors NF-Y and Sp3. 
Biochemical Journal, 347, 155-161. 

Sun, F., Xie, Q., Ma, J., Yang, S., Chen, Q., and Hong, A. (2009). NF-Y is required for 
basal activation and chromatin accessibility of FGFR2 promoter in osteoblast-like 
cells. Journal of Biological Chemistry, 284, 136-3147. 

Suzuki, Y.J., Agarwal, B.B., and Packer, L. (1992). -lipoic acid is a potent inhibitor of 
NF-B activation in human T cells. Biochemical and Biophysical Research 
Communications, 189, 1709-1715. 

Thomas, M.C., and Chiang, C.M. (2006). The general transcription machinery and 
general cofactors. Critical Reviews in Biochemistry and Molecular Biology, 41, 
105-178. 

Torigoe, T., Izumi, H., Ishiguchi, H., Yoshida, Y., Tanabe, M., Yoshida, T., et al. (2005). 
Cisplatin resistance and transcription factors. Current Medical Chemistry, 5, 15-
27. 

Van Wageningen, S., Nikoloski, G., Vierwinden, G., Knops, R., van der Reijden, B.A., 
and Jansen, J.H. (2008). The transcription factor nuclear factor Y regulates the 
proliferation of myeloid progenitor cells. Haematologica, 93, 1580-1582. 

Vergnes, L., Phan, J., Stolz, A., and Reue, K. (2003). A cluster of eight hydrosteroid 
dehydrogenase genes belonging to the aldo-keto reductase supergene family on 
mouse chromosome 13. Journal of Lipid Research, 44, 503-511. 

Wang, J., Qiao, Y., Sun, F., Wan, Y., Huang, T., Ye, T., et al. (2008). Identification and 
characterization of mouse Gas6 promoter. Biochemical and Biophysical Research 
Communications, 371, 567-572. 

Wang, K., Bohren, K.M., and Gabbay, K.H. (1993). Characterization of the human 
aldose reductase gene promoter. Journal of Biological Chemistry, 268, 16052-
16058. 

 91



 92

Weiss, R.B. (1992). The anthracyclines-will we ever find a better doxorubicin. Seminars 
in Oncology, 19, 670-686. 

Xu, C., Li, CY-T., and Kong, A-NT. (2005). Induction of phase I, II and III drug 
metabolism/transport by xenobiotics. Archives of Pharmcal Research, 28, 249-
268. 

Yan, R.L., Zu, X.Y., Ma, J., Liu, Z.W., Adeyanju, M., and Cao, D.L. (2007). Aldo-keto 
reductase family 1B10 gene silencing results in growth inhibition of colorectal 
cancer cells: implications for cancer interventions. International Journal of 
Cancer, 121, 2301-2306. 

Zhang, D., Tai, L.K., Wong, Li., Chiu, L.L., Sethi, S.K., and Koay, E.S. (2005). 
Proteomic study reveals that proteins involved in metabolic and detoxification 
pathways are highly expressed in HER-2/neu-positive breast cancer. Molecular 
and  Cellular Proteomics, 4, 1686-1696. 

Zhang, Y., Chen, B., Li, Y., Chen, J., Lou, G., Chen, L.M., et al. (2008). Transcriptional 
regulation of the human PNRC promoter by NFY in HepG2 cells. Journal of  
Biochemistry, 143, 675-683. 

Zhou, D., Masri, S., Ye, J.J., and Chen, S. (2005). Transcriptional regulation of the 
mouse PNRC2 promoter by the nuclear factor Y (NFY) and E2F1. Gene, 361, 89-
100. 

Zhu, H., Gao, W., Shi, Y.F., and Zhang, X.J. (2007). The CCAAT-binding factor 
CBF/NF-Y regulates the human acetylcholinesterase promoter activity during 
calcium ionophore A23187-induced apoptosis. Biochimica et Biophysica Acta, 
1770, 1475-1482. 

 


	Title Page
	Thesis 1.0
	Alderden, R.A., Matthew, D.H., and Hambley, T.W. (2006). The discovery and development of cisplatin. Journal of Chemical Education, 83, 728-734.
	Choi, B.K., Choi, C.H., Oh, H.L., and Kim, Y.K. (2004). Role of ERK activation in cisplatin-induced apoptosis in A172 human glioma cells. NeuroToxicology, 25, 915-924.
	Minotti, G., Licata, S., Saponiero, A., Menna, P., Calafiore, A.M., Di Giammarco, G., et al. (2000). Anthracycline metabolism and toxicity in human myocardium: comparisons between doxorubicin, epirubicin, and a novel disaccharide analogue with a reduced level of formation and [4Fe-4S] reactivity of its secondary alcohol metabolite. Chemical Research in Toxicology, 13, 1336-1341.
	Oduwole, O.O., Li, Y., Isomaa, V.V., Mantyniemi, A., Pulkka, A. E., Soini, Y., and Vihko, P.T. (2004). 17beta-hydroxysteroid dehydrogenase type 1 is an independent prognostic marker in breast cancer 1 7334. Cancer Research, 64, 2462-2467.
	Ohara, H., Miyabe, Y., Deysahiki, Y., Matsuura, K., and Hara, A. (1995). Reduction of drug ketones by dihydrodiol dehydrogenases, carbonyl reductases and aldehyde reductase of human liver. Biochemical Pharmacology, 50, 221-227.
	Siddik, A.H. (2003). Cisplatin: mode of cytotoxic action and molecular basis of resistance. Oncogene, 22, 7265-7279.
	Weiss, R.B. (1992). The anthracyclines-will we ever find a better doxorubicin. Seminars in Oncology, 19, 670-686.


