
 

 

The Pennsylvania State University 

The Graduate School 

College of Medicine 

 

CHARACTERIZATION OF UGTS ACTIVE AGAINST SUBEROYLANILIDE 

HYDROXAMIC ACID (SAHA):  VARIATIONS IN SAHA GLUCURONIDATION 

ASSOCIATED WITH UGT GENETIC VARIANTS 

 

A Dissertation in 

Genetics 

by 

Renee M. Balliet 

 

 

© 2009 Renee M. Balliet 

 

Submitted in Partial Fulfillment  

of the Requirements 

for the Degree of 

 

Doctor of Philosophy 

 

August 2009 



ii 

 

The dissertation of Renee M. Balliet was reviewed and approved* by the following: 
 

 
 
 

Philip Lazarus 
Professor of Pharmacology 
Associate Director of the Cancer Institute  

Dissertation Adviser 
Chair of Committee 
 

 
 
 

Laura Carrel 
Assistant Professor of Biochemistry and Molecular Biology 
 

 
 
 

Lisa M. Shantz 
Associate Professor of Cellular and Molecular Physiology 
 

 
 
 

Christopher Herzog 
Associate Professor of Pharmacology   
 

 
 
 

Gavin Robertson 
Co-Chair of Genetics Department 
 

 
 
 

*Signatures are on file in the Graduate School. 
  



iii 

 

ABSTRACT 

 

 Suberoylanilide Hydroxamic Acid (SAHA) is a histone deacetylase inhibitor used 

in the treatment of cutaneous T-cell lymphoma and in clinical trials for treatment of 

multiple other cancers. Variations in patient response and toxicities have been 

observed; however, no underlying cause has been identified for these differences. A 

mechanism that could be responsible for the observed differences is altered drug 

metabolism. A major mode of SAHA metabolism is by glucuronidation via the UDP-

glucuronosyltransferase (UGT) family of enzymes.  

 The UGT superfamily of enzymes catalyzes the glucuronidation of a variety of 

endogenous compounds such as bilirubin and steroid hormones, as well as xenobiotics 

such as drugs and environmental carcinogens. These enzymes are located in the 

endoplasmic reticulum of cells and make xenobiotics and endogenous compounds 

more water soluble through their conjugation to glucuronic acid in a reaction with the 

hydrophilic co-substrate, UDPGA. This conjugation alters the biological properties of the 

compound to enhance its excretion in the urine or bile and typically converts substrates 

into products that are less pharmacologically active. These enzymes have been 

associated with altered drug metabolism and correlated with patient response and 

toxicity.  

The primary goals of this thesis include: identification of the UGTs responsible for 

SAHA glucuronidation, characterization of the UGTs that are most active against SAHA, 

in vitro studies of UGT genotype/SAHA glucuronidation phenotype association, and 

characterization of the promoter region of the UGT1A10 gene. To identify and 

characterize the UGTs active against SAHA, homogenates from UGT-overexpressing 

HEK293 cell lines were used. The hepatic UGTs 2B17 and 1A9 and the extra-hepatic 

UGTs 1A8 and 1A10 exhibited the highest overall activity against SAHA as determined 

by Vmax/KM (16±6.5, 7.1±2.2, 33±6.3, and 24±2.4 nL.min-1.mg UGT protein-1, 

respectively), with UGT2B17 exhibiting the lowest KM (300 µM) for SAHA of any UGT in 

vitro. While the UGT1A8p.Ala173Gly variant exhibited a 3-fold (P<0.005) decrease in 

glucuronidation activity for SAHA as compared to wild-type UGT1A8, the 

UGT1A8p.Cys277Tyr variant exhibited no detectable glucuronidation activity; a similar 
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lack of detectable glucuronidation activity was observed for the UGT1A10p.Gly139Lys 

variant. To analyze the effects of the UGT2B17 gene deletion variant (UGT2B17*2) on 

SAHA glucuronidation phenotype, human liver microsomes (HLM) were analyzed for 

glucuronidation activity against SAHA as well as for UGT2B17 genotype. HLM from 

subjects homozygous for UGT2B17*2 exhibited a 45% (P<0.01) decrease in SAHA 

glucuronidation activity and a 75% (P<0.002) increase in KM for SAHA as compared to 

the HLMs from subjects homozygous for the wild-type UGT2B17*1 allele. Further 

stratification of the HLM glucuronidation data by gender, identified a significant 

difference in SAHA glucuronidation between males and females, with females having 

significantly less glucuronidation. Characterization of the promoter of one of the most 

active glucuronidators of SAHA, UGT1A10, led to the identification of a novel deletion 

which was able to cause differential induction of luciferase reporter activity in colon 

derived cell lines.  These data suggested that tissue specific regulation of UGTs may 

ultimately determine glucuronidation levels in specific tissues. Overall, these results 

suggest that several UGTs play important roles in the metabolism of SAHA and that 

females and UGT2B17-null males could potentially exhibit altered SAHA clearance 

rates and differences in overall response to the drug. 
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CHAPTER 1:  Literature Review 

 

1.1 INTRODUCTION 

  
1.1.1 Individualized Medicine and Genetic Variation 

The concept of individualized medicine is based on the understanding that many 

factors, including the genetic profile of the patient, personal habits of the patient, 

environmental factors, and the genetic profile of the disease itself, can influence the 

course of disease and how a patient will respond to a drug treatment. The goal of the 

personalized medicine approach is to determine as much as possible about the 

characteristics of the individual patient, both genetically and environmentally, and then, 

in that context, design unique drug treatments to maximize drug efficacy while 

minimizing toxicity. The multifaceted nature of human disease and response to 

treatment makes identification of all of the factors that influence how a patient will 

respond to a treatment very difficult. Most drugs target diseases which develop as a 

result of the combined actions of many gene products and environmental factors. In 

addition, personal habits such as diet and exercise can influence how individuals 

respond to drugs. Personal habits can be altered, however, the underlying genetic 

variations which contribute to differences cannot. Advances in technology have led to 

the ability to rapidly determine the genetic profiles of individuals and has made it 

possible to study genetic variations which may contribute to inter-individual differences 

in susceptibility to disease, course of disease, and response to treatment. Therefore, 

studies of genetic variation within genes known to be involved in disease processes or 
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drug metabolism are essential to the realization of the promise of individualized 

medicine.  

Pharmacogenomics is an approach which examines how variations in the 

genome affect efficacy of and toxicity to drugs and therefore result in inter-individual 

differences in drug response. Results from pharmacogenomic studies may lead to the 

identification of biomarkers that can aid in determining which drug, amount, and 

regimen is optimal for a specific patient, and may also aid in drug development (1, 2). 

Understanding the characteristics of these genetic variants may also lead to better 

prediction of patient responses such as drug toxicity and adverse drug reactions. One 

pharmacogenomic methodology is to examine variations in the whole-genome and 

correlate these differences to patient response in order to identify associations between 

genetic variation and altered response to the drug. As defined by the NIH, a genome-

wide association study (GWAS) involves rapidly scanning markers across the complete 

sets of DNA of many people to find genetic variations associated with a particular 

phenotype. The technologies to make this approach feasible to study populations have 

recently been made available. A few years ago, SNP genotyping platforms could only 

produce ~10,000 genotypes per individual; that number has increased 100-fold and 

platforms can now genotype 1 million SNPs per individual (3). This technology in 

combination with current SNP maps encompass about 85% of the genome (4) and have 

greatly enhanced the feasibility of performing GWAS. GWAS have been used for many 

complex phenotypes and diseases which are highly prevalent including Alzheimer‟s 

disease (5), prostate cancer risk (6), Parkinson‟s disease (7), schizophrenia (8), type 2 

diabetes (9), and cancer risk (10-13). A specific example of a GWAS for a complex 
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phenotype is the autoimmune disease systemic lupus erythematosus [SLE; (14, 15)]. 

Although SLE has some identified genetic components (16, 17) and there are rare 

variants that are known to cause this disease (18-20),  for the majority of cases a 

specific and direct genetic link is unclear. A GWAS examining SLE suggested that 

several genetic variants are associated with the development of this disease (15). In 

addition to identifying novel SLE susceptibility genes which can be further studied, some 

of the genes identified using this large scale screen were ones that had been shown 

previously to be associated with SLE, thus providing validity to the use of GWAS (15). 

This is one very specific example of how GWAS contribute to identifying genetic 

variants which correlate to a disease phenotype. GWAS are currently being employed 

for numerous complex phenotypes which do not have definitive underlying genetic 

associations. This type of approach of screening for genetic variants also can be 

applied to drug response phenotypes. 

The study of pharmacogenomics is only in its infancy because the tools required 

to accomplish the screening tasks are just becoming widely available and therefore the 

literature is very limited. Drug response is a complex phenotype, therefore several 

genetic and environmental factors may be responsible for observed differences. For the 

topics that comprise the majority of this thesis, pharmacogenomic GWAS were not 

found in the literature. Currently, there are only a few reports of successful use of 

GWAS in relation to drug response (21-23) as well as one report of a study that is  

currently in the sample collecting stage (24). A good representative GWAS with respect 

to drug response phenotype and genetic variations is a study that looked at warfarin 

treatment. This study identified genes that modestly alter therapeutic warfarin dose (22) 
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and the results from this GWAS are consistent with previous findings (25-28). Another 

critical point that this pharmacogenomics paper emphasizes is that ample sample size 

is required in order to have enough power to detect genome-wide significance (22). This 

requirement is a major limitation to the feasibility of wide use of GWAS for 

understanding drug response phenotypes. Since pharmacogenomics requires a large 

population, this approach proves to be very difficult to use for drugs which are not 

widely prescribed or are in clinical trials with a limited population.  

An alternative to examining the whole genome for variations correlated to drug 

response is to examine specific genes which have a connection to the drug. Such 

genes may include those that encode for proteins that the drug is targeting, genes 

which regulate the disease and which may be altered by the drug, or genes that encode 

proteins that interact with the drug during processes of transport or metabolism. The 

identification of such genes and subsequent genotyping studies can lead to elucidation 

of variants of these genes that can be analyzed for correlations to a drug response 

phenotype. This gene-specific approach to understanding genetic variation and altered 

drug response is known as pharmacogenetics. Specific examples of how 

phamacogenetic studies have been utilized to aid in the development of personalized 

medicine are discussed in section 1.3.6. 

 

1.1.2 Cancer as a Complex Disease 

Together pharmacogenomics and pharmacogenetics are approaches that can be 

used to examine underlying genetic variations within patients that are responsible for 

inter-individual differences in drug response as well as to help to determine the best 
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drug choice based on genetic abnormalities of the disease. The most abundant and 

diverse of the complex diseases that are currently being examined through 

pharmacogenomic and pharmacogenetic approaches is cancer. Cancer is a disease in 

which cells proliferate in an uncontrolled manner, invade surrounding tissues, and in 

some cases, metastasize to distant sites. Different cancers vary greatly in many 

aspects, including the initiating cause (environmental factors, genetic predisposition), 

the affected region, the molecular events that lead to uncontrolled cell growth, and the 

extent to which the cancer will have an effect on the life-span of an individual.  Despite 

an overwhelming number of studies to address these complexities, complete 

understanding of the many types of cancer that have been identified to date has not 

been achieved. This section will discuss a few selected aspects that have been 

identified to contribute to this set of diseases to illustrate the heterogeneous nature of 

cancer.  

  There are many factors that can increase a person‟s risk of developing cancer, 

such as exposure to exogenous compounds and the genetic make-up of an individual.  

A good example of a cancer for which exogenous compounds increase a person‟s risk 

is lung cancer, which is the leading cause of cancer death in the U.S, with more than 

80% of lung cancer deaths attributable to smoking (29). Tobacco smoke contains over 

60 known carcinogens (30) and millions of people smoke; however, only a fraction of 

smokers ( 15%) will develop lung cancer in their lifetime (31). Surprisingly, these 

findings are adjusted for the quantity smoked, which suggest that the amount smoked 

only marginally contributes to the chances of developing cancer, suggesting that there 

are other factors involved. It has been shown that heritable traits can modify the effects 
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of environmental exposures, and multiple studies have shown a genetic component to 

lung cancer risk among smokers; however, currently, there is no definitive link between 

smoking and genetic make-up (32-35). Together, these studies illustrate some of the 

complexities that underlie the development of lung cancer and highlight the difficulty in 

predicting cancer susceptibility. These observations hold true for the vast majority of 

cancers. 

There are some genetic variations that have strong links to the development of 

cancer. For example, germline mutations in BRCA1 and BRCA2 result in increased risk 

for breast and ovarian cancer; however, these genetic mutations alone are not enough 

to cause the cancers, and other factors, which are not fully understood, are also 

required (36-38). Another example of genetic variation that results in the predisposition 

for the development of cancers are germline mutations in the p53 gene that result in Li-

Fraumeni syndrome which is characterized by the development of a wide range of 

primary cancers (39, 40). This syndrome highlights the fact that individuals with the 

same genetic mutation can develop cancer in different regions (40). In addition, 

individuals with known mutations do not have the same initiation and progression of the 

cancers or response to treatment suggesting that other factors are involved. It appears 

that multiple events are needed in order to develop neoplasms and additional changes 

are required for these cells to become malignant (41).  These observations further 

illustrate the complexities that govern all aspects of cancer. 

The molecular events that allow cells to proliferate uncontrollably without 

undergoing cell death, to migrate and colonize in other locations, and to survive in 

atypical cellular environments still remain elusive. Typically, one specific aspect is 



7 

 

studied; however, methods to study all the factors which may contribute to cancer will 

greatly aid in the understanding and treatment. Technological advances are assisting 

this goal with methods to assess proteomic, genomic, epigenomic, metabolomic, and 

transcriptomic, aspects that are contributing to cancer. These advances will aid in 

understanding the underlying complexities that result in the observed intra- and inter- 

individual differences associated with cancers and their treatment.. 

 Cancer is among the leading cause of death worldwide and is the second leading 

cause of death in the United States (42). Information on harmful environmental 

exposures and better knowledge of how to reduce risk for cancer via proper diet and 

exercise along with regular visits to the doctor have assisted in reducing the number of 

cancer cases in developed countries (42). Despite progress towards reducing the 

number of cases, cancer still remains prevalent with an estimated 1.4 million new cases 

identified in 2008 for the United States alone (43).  

Typical treatments for cancers include surgery, radiation and chemotherapy. 

Although these methods can increase a patient‟s life span, improving the quality of life 

for individuals with cancer has become increasingly important. For example, methods 

such as surgery and radiation not only target the cancerous regions, but also affect the 

healthy organs thereby leading to complications and harmful side effects. Many 

chemotherapeutic agents also have adverse side effects and vary in efficacy from 

patient to patient. Current trends in cancer drug development include targeting cancer 

cells specifically and identifying the underlying causes of inter-individual differences in 

response to treatment as a means to improving quality of life. One approach to identify 

the underlying causes of differences in response to treatment is to examine the genetic 
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makeup of an individual. More specifically, pharmacogenetics is an approach which 

correlates differences in drug response to the genetic makeup of individuals.  

 Pharmacogenetics can be used to assess genetic differences of a patient‟s 

cancerous cells or it can be used to understand differences in drug response based on 

the genetic makeup of an individual. Examining genetic differences between cancerous 

cells and normal cells, even in the same individual, can be very complex because 

cancer cells are very heterogeneous and often genetically unstable. Studying 

differences in the genetic makeup of an individual and comparing that to differing drug 

responses offers a more practical approach because a person‟s DNA is the same in the 

majority of his or her cells. More specifically, one could examine genetic differences 

related to the pathway the drug is targeting or the genetic variations in the genes which 

code for the enzymes involved in the drug‟s metabolism.  

Drug metabolism is an important aspect to consider when assessing the overall 

effect of a drug because the ability of an individual to metabolize the drug will affect the 

overall concentration and exposure time that the active form of the drug spends in the 

body. Drug metabolism is broken down into two phases. Phase I enzyme activity 

typically leads to a more active polar metabolite. Phase II enzyme activity conjugates 

polar moieties to the drug and typically leads to drug inactivation and excretion. Many of 

the enzymes involved in drug metabolism have been shown to contain variant forms 

which have been shown to alter in vitro metabolism or drug efficacy and/or toxicity in 

patients. 

Some chemotherapeutic agents have been examined to identify the enzymes 

involved in drug metabolism and how variants of the enzymes alter patient response; 
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however, many promising drugs have not been characterized. The goal of this thesis 

was to identify genetic alterations in the population which may contribute to differences 

in response to current chemotherapeutic agents. The chemotherapeutic agent chosen 

for examination was SAHA. This drug was chosen because it is a highly promising 

chemotherapeutic agent, which acts by inhibiting histone deacetylases, for the 

treatment of many types of cancer. Furthermore, the metabolites of SAHA have been 

identified and include products of a phase II drug metabolism pathway which utilizes 

enzymes that are known to have many variants which can lead to altered enzyme 

activity. 

 In this literature review, the enzymes involved in acetylation and why they are 

ideal targets for drug development will be described. Then the drugs which target this 

pathway will be discussed along with a further explanation of why SAHA was the most 

ideal drug of this class of compounds to examine for the studies described in this thesis. 

SAHA‟s use, toxicities, and drug metabolism will be examined. Finally, an in-depth 

background discussing the family of glucuronidation enzymes responsible for a 

significant level of SAHA metabolism will be given. Together, this information will 

provide a general basis of how SAHA works, demonstrate how response and toxicities 

vary in patients, and provide support for how genetic variants of UGTs may contribute to 

both response and efficacy of SAHA in patients.  
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1.2 HATs and HDACs 

 

Histones are proteins around which DNA is wrapped and which are organized 

into nucleosomes [Figure 1.1, (44)]. Acetylation of histone proteins was identified in 

1963 (45), however, the enzymes responsible for acetylation were not identified for over 

30 years. As illustrated in Figure 1.1, the organization of the DNA around the histone is 

regulated by histone acetyltransferases (HATs) and histone deacetylases [HDACs; 

(46)]. HATs transfer acetyl moieties to the lysines of the amino-terminal tails of histones, 

which results in decondensation of the chromosome and allow transcription to occur. 

HDACs remove acetyl moieties from the lysines of the amino-terminal tails of histones 

which results in condensation of the chromosome and causes transcription to cease. By 

altering the conformation of DNA around histones, these enzymes regulate the ability of 

genes to be expressed (46, 47). In addition to histones, proteomic studies have 

identified acetylated lysine residues in a diverse array of proteins (48, 49). For example, 

a proteomic survey identified 388 acetylation sites in 195 proteins derived from HeLa 

cells and mouse liver mitochondria (48). Although HDACs and HATs were initially 

identified for their roles in transcriptional regulation via histone modifications, research 

has now shown that these enzymes regulate multiple genomic processes (ie. signaling, 

apoptosis, DNA repair) further supporting their importance in cellular function and 

regulation (50). 
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Figure 1.1: Schematic of the structure of histones in nucleosomes.  a | The core 

proteins of nucleosomes are designated H2A (histone 2A), H2B (histone 2B), H3 
(histone 3) and H4 (histone 4). Each histone is present in two copies, so the DNA 
(black) wraps around an octamer of histones the core nucleosome. b | The amino-

terminal tails of core histones. Lysines (K) in the amino-terminal tails of histones H2A, 
H2B, H3 and H4 are potential acetylation/deacetylation sites for HATs and HDACs. 
Acetylation neutralizes the charge on lysines. A, acetyl; C, carboxyl terminus; E, 

glutamic acid; M, methyl; N, amino terminus; P, phosphate; S, serine; Ub, ubiquitin. 
[Reference from (44)]. 
 

 

Although HATs and HDACs are members of multiprotein complexes, making 

identification of their individual functions difficult, abnormal functions of these enzymes 

have been observed commonly in cancer cells and are a particular hallmark of 

leukemias and lymphomas. In addition to their direct role in histone acetylation, these 

enzymes regulate several diverse cellular processes [Figure 1.2; (51)]; however, no 
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studies have demonstrated a clear and direct mechanism for how HAT/HDACs 

affect cellular processes. 

 

1.2.1 HATs 

HATs are a family of enzymes that was first identified to acetylate core histones 

thus resulting in a conformational change of the histone/DNA complex which allowed for 

gene transcription via chromosome decondensation (52). As shown in Figure 1.1, the 

lysines (K) in the amino-terminal tails of the histone complexes are available for HATs to 

acetylate. The HAT family of enzymes is evolutionarily conserved and its members are 

classified based on their catalytic domains (52). These enzymes are typically found in 

complexes composed of multiple subunits (53). HATs have also been identified to 

acetylate a number of non-histone substrates including proteins known to regulate the 

cell cycle (54). This family of enzymes plays an important role in cell regulation, 

therefore disruptions or alterations in the normal activity of any of these enzymes may 

result in aberrant cellular function. 

Genes encoding HATs have been shown to be amplified, translocated, and over 

expressed in malignancies (55). Cyclic AMP response element-binding protein (CBP) 

and adenoviral E1A-associated protein of 300kDa (p300) are two well-studied proteins 

that, among other functions, are responsible for histone acetylation, and defects in 

these genes have been linked to the development of cancers (56, 57). For example, 

Rubinstein-Taybi syndrome is caused by heterozygous germline mutation in the CBP 

gene, and individuals with this mutation are predisposed to tumors of neural crest origin 

in childhood (58, 59). In addition, somatic mutations of both CBP and p300 have been 
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associated with leukemia and lymphoma; specifically, a translocation of the CBP gene 

t(8,16) (p11,p13) was shown to be associated with the M4/M5 subtype of acute myeloid 

leukemia (AML) (60). A translocation that results in a fusion protein of p300 and 

monocytic leukemia zinc-finger protein also results in a sub-class of AML (61, 62). The 

association between alteration in HATs and cancer supports the examination of 

acetylation as it relates to the development and treatment of cancer.  

 

1.2.2 HDACs 

As HATs are responsible for the addition of an acetyl group, HDACs facilitate the 

removal of the charge-neutralizing acetyl group from histone lysine tails, thus resulting 

in chromosomal condensation and repression of gene transcription (44). HDACs are 

divided into four classes according to phylogenetic analyses and sequence 

homology to yeast prototypes [Table 1.1; (50, 63, 64)]. HDACs function in various 

subcellular compartments, in multisubunit complexes, and individual HDACs are 

not redundant in their biological activity (50, 65). Similar to HATs, HDACs are 

also key enzymes involved in gene regulation and protein regulation throughout 

the cell; although their exact roles and functions in these processes are not 

completely understood.   
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 Class Enzymes 

I HDAC1, HDAC2, HDAC3, HDAC8 
IIa 
IIb 

HDAC4, HDAC5, HDAC7, HDAC9 
HDAC6. HDAC10 

III SIRT 1,2,3,4,5,6,7 
IV HDAC11 

HDAC: Histone deacetylases; SIRT: Sirtuin 
 
Table 1.1: List of HDACs by class. 

 

 

Studies have identified a variety of carcinomas, tumors, and cancers that have 

overexpression of specific HDACs (Table1.1). For example, prostate, gastric, colon, and 

breast carcinomas overexpress HDAC1 (66-70), gastric, colorectal, and cervical 

cancers overexpress HDAC2 (62, 67, 71-73), while HDAC3 is overexpressed in colon 

tumors and HDAC6 is overexpressed in breast cancer tissue (62, 67, 74). In addition to 

overexpression, alterations in HDAC transport are also linked to cancer as in the case 

of acute promyelocytic leukemia (75, 76). Furthermore, studies have found that histone 

H4 hypoacetylation is a hallmark of many cancers (77), supporting the negative 

consequences of over expression of HDACs. However, it has yet to be fully understood 

how overexpression of HDACs and hypoacetylation directly affect the development of 

cancerous cells. 

Studies support that the acetylation status of a cell is crucial and that aberrant 

acetylation is linked to cancer. Since HDACs have been shown to be over expressed in 

cancer, and hypoacetylation of H4 is a hallmark of many cancers, this pathway has 

been a target for drug development. The HDAC family of enzymes has been identified 

as a promising target to reverse aberrant epigenetic states associated with cancer via 
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regulation of levels of histone and non-histone protein acetylation and gene expression 

(70, 78, 79).  

 

 

 

 

Figure 1.2: Many functions of HDACs.  Schematic illustration of the prevalence of 

reversible lysine (K) acetylation in diverse cellular processes. The hexagon with the 
letter A refers to acetylation. For each process, only representative proteins are listed. 
In particular, acetylation of acetyl-CoA synthase is a key regulatory mechanism 
conserved from bacteria to humans (Starai et al., 2002; Hallows et al., 2006; Schwer et 
al., 2006). Cdk9, cyclin-dependent kinase 9; FEN1, Flap endonuclease 1; NBS1, 
Nijmegen breakage syndrome protein 1; PCNA, proliferating cell nuclear antigen; 

PTEN, phosphatase and tensin homolog; Rb, retinoblastoma suppressor protein. 

[Reference from (51)]. 
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1.2.3 HDAC Inhibitors 

As HDACs are important regulators of transcription, cell cycle regulation and are 

overexpressed in both hematological and solid malignancies; they are an ideal target for 

cancer therapies. Natural inhibitors of HDACs, including trichostatin A (Streptomyces 

platensis) and sulforaphane (found within cruciferous vegetables), have been studied 

for their anticancer abilities; in addition, compounds have been synthesized to optimize 

anti-HDAC activity. The first synthetic compound identified as a HDAC inhibitor (HDACi) 

was sodium butyrate (80). Since then, several classes of inhibitors have been 

developed to target HDACs. 

HDACis are divided into several groups, based on chemical structure, which 

include aliphatic acids, cyclic peptides, benzamides, and hydroxamic acid derivatives 

[Table 1.2; (78)]. Aliphatic acids such as butyrate, phenylbutyrate, and valproic acid are 

relatively weak inhibitors of HDACs (78, 79, 81, 82). Conversely, cyclic peptides like 

depsipeptide are potent inhibitors of HDACs and are structurally complex (78). Of all the 

classes of HDACis, the hydroxamic acid derivatives are the most potent pan-HDAC 

isoform inhibitors (83).  
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Table 1.2: HDACi (Partial list).  Abbreviations: GA, growth arrest; TD, terminal 
differentiation; A, apoptosis; AI, cell death by activating intrinsic apoptotic pathway; AE, 

cell death by activating extrinsic apoptotic pathway; MF, mitotic failure; AU, autophagic 
cell death; S, senescence; PP, polyploidy; ROS-CD, reactive oxygen species–facilitated 
cell death; N/A, not available; CBHA, M-carboxycinnamic acid bishydroxamate; CTCL, 

cutaneous T-cell lymphoma; CTCL, peripheral T-cell lymphoma. [Reference from (78)]. 
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 The original hydroxamic acid HDACis were derived from hybrid polar compounds 

like hexamethylenebisacetamide (HMBA). This group of HDACis was initially studied 

based on the observation that dimethyl sulfoxide (DMSO) caused growth arrest and 

terminal differentiation of leukemia cells, leading to further investigation of compounds 

of similar structure (65). First generation hybrid polar compounds, like HMBA, were 

found to induce differentiation of a variety of transformed cells (84-87); however, when 

administered to patients, they led to toxicities including severe thrombocytopenia (88). 

Based on these original studies, a second generation of hybrid polar compounds were 

synthesized and tested with promising results for applications in cancer treatment (85).  

 Several hydroxamic acid derivatives and their analogues have been synthesized 

and tested both in vitro and in vivo for efficacy and potency as possible 

chemotherapeutic agents. These compounds contain a zinc-chelating moiety, a linker, 

and an external motif for surface recognition (89). Several of these hydroxamates, 

including, SAHA, PDX-101, and LVH-589, are being tested in clinical trials both alone 

and in combination with other drugs (78).  

HDACis are among the most promising new anticancer agents because of their 

ability to induce growth arrest, differentiation, and apoptotic cell death (90-92). HDACis 

have lower toxicities than previous treatments, are effective in µM doses, and can target 

a variety of cancers. However, how these drugs work is still not understood. Studies 

have examined the expression of genes in transformed cells affected by HDACis and 

found that 2-10% are altered, with a similar number of genes down-regulated and up-

regulated (93-96). For example, HDACis cause the selective upregulation of tumor 

suppressor genes in malignant tumor cells (90-92, 97-99) but there are no good 



19 

 

explanations for this observation. In addition to not fully understanding how these 

HDACis work, it is also unclear why tumor cells are sensitive to these inhibitors and 

normal cells are relatively resistant. One possible explanation is that normal cells can 

compensate for the inhibition of one or more pathways whereas, cancer cells are 

comprised of multiple defects and cannot compensate for the pathways HDACis are 

affecting (78). Of the current HDACi compounds, SAHA has thus far been the most 

efficacious in the treatment of cancer and is FDA approved (100)and therefore will be 

the focus of our pharmacogenetic analysis. 

 

1.2.4 SAHA 

 Trischostatin A is a naturally occurring product of Streptomyces platensis and 

Streptomyces sioyaensis that is structurally related to SAHA [Figure 1.3; (101, 102)]. 

SAHA contains a hydrophobic phenyl ring, a six-carbon hydrophobic methylene spacer, 

two polar sites, and a terminal hydroxamic acid group. The hydroxamic acid moiety of 

SAHA has a high affinity for biometals which confers value to biomedicine due to its 

ability to interact with biological compounds [ie. the biometal Zn(II) is present in 

enzymes and SAHA‟s hydroxamic acid moiety can interact with this metal resulting in 

altered enzyme function (103)]. SAHA was first synthesized and described in 1996 as 

part of a screen of hybrid polar compounds which were tested for their ability to induce 

differentiation of transformed cells (85). That study demonstrated that SAHA was more 

potent than HMBA as an inducer of murine erythroleukemia cell erythroid differentiation 

(85). Derivatives and analogs of SAHA have been tested as potential chemotherapeutic 
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agents; however, none have been identified to have equivalent overall benefits when 

compared to SAHA. 

After identification of SAHA as a HDACi (104), further investigation found that it 

inhibits HDACs by a direct interaction with the HDAC catalytic site; more specifically, 

SAHA inserts its aliphatic chain into the pocket of the enzyme interacting with the Zn2+ 

ion [Figure 1.4; (105-107)]. All of the effects of inhibiting HDACs are not know, but 

SAHA has been shown to induce cell cycle arrest and terminal cell differentiation in 

transformed cells, cause cell death and block angiogenesis (44, 79, 82, 108). In vitro 

studies have helped to elucidate the mechanisms by which SAHA affects cancer cells 

(109-111). For example, the lymphoblastic cell line, CEM, showed a total of 2,205 

(22.1%) expressed genes to be altered by SAHA, with a similar number being up-

regulated and repressed (96). SAHA‟s inhibition of HDACs is relatively rapidly reversible 

which may provide normal cells with compensatory abilities that protect them from cell 

death (65). Although underlying mechanisms of action remained elusive, when 

administered to rats or mice induced to develop cancers, SAHA treatment resulted in 

suppressed tumor growth with little or no toxicity (110, 112, 113). Tests in both in vitro 

and in vivo animal cancer models supported SAHA‟s role as a chemotherapeutic agent. 
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Figure 1.3: Structure of trichostatin A and SAHA. [Reference from (101)]. 
 

  

  

 

 
 
Figure 1.4: SAHA inhibits HDAC activity by binding to the pocket of the catalytic 
site. The hydroxamic acid moiety of SAHA binds to a zinc atom (pink), allowing the rest 

of the molecule to lie along the surface of the HDLP protein. [Reference from (44)]. 
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 The first clinical trial of SAHA as a chemotherapeutic agent found that it was well 

tolerated and had antitumor activity against solid and hematological tumors (55, 114). 

Further clinical studies, which focused on cutaneous T-cell lymphoma (CTCL), found 

additional promising results and in 2006, the Food and Drug Administration (FDA) 

approved SAHA for the treatment of CTCL (100, 115, 116). Although SAHA is in its 

initial phase as an FDA approved chemotherapeutic agent, many clinical trials are 

testing its use against a variety of cancers [Table 1.3; (117)].  

 SAHA was initially administered to patients intravenously; however, to make 

treatment easier, an oral dosage was designed with equal efficacy (55, 114, 118, 119). 

Current clinical trials administer SAHA orally at a range of 200-400 mg depending on 

patient response. Although SAHA is known for being well-tolerated and having minimal 

toxicity, some patients still exhibit adverse effects (55, 100, 114, 118, 119). The most 

common adverse events include diarrhea, fatigue, nausea, and anorexia, with some 

patients having intolerable responses (100). Studies have looked at affects of both 

varying dosages of SAHA and food intake in conjunction with SAHA as a means to 

understand differences in patient response; however, no clinically relevant information 

has been obtained (120).   

 

  



23 

 

SAHA Target Combination* 

Advanced solid tumors Yes 

Nasopharyngeal carcinoma or Nasal type natural killer  Yes 

Renal Cell  Yes 

Tranforming myelodysplastic syndromes, Myeloproliferative disorders Yes 

Unresectable solid tumors or Lymphoma and Hepatic Dysfunction No 

Prostatectomy patients Yes 

HER2-Negative primary operable breast cancer Yes 

Glioblastoma multiforme Yes 

Mantle Cell lymphoma or refractory diffuse large B-cell lymphoma Yes 

Blood stem cell transplant patients Yes 

Non-Small cell lung cancer (stage I-III) No 

Neoadjuvant treatment for ductal carcinoma in situ of the breast No 

Ovarian cancer Yes 

Locally advanced or metastatic solid tumors Yes 

Colorectal Cancer  Yes 

Metastatic or unresectable epithelial solid tumors Yes 

Advanced malignant pleural mesothelioma No 

Malignant gliomas Yes 

Breast cancer No 

Advanced upper gastrointestinal cancer Yes 

Small Cell lung cancer Yes 

Non-hodgkin Lymphoma Yes 

Pancreatic cancer Yes 

Patients with brain metastases Yes 

Acute Leukemia Yes 

Table 1.3: Targets of SAHA in clinical trials. Partial list of the National Cancer 

Institute‟s information on clinical trials for SAHA. *Combination column is to highlight 
that the majority of trials are in combination with other drugs (117). 
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1.2.5 SAHA Metabolism 

 When administered to patients, SAHA is the active compound that inhibits 

HDACs and is also metabolized into one of two inactive compounds. The pathways 

through which SAHA can be metabolized are via hydrolysis followed by beta-oxidation 

to produce 4-anilino-4-oxobutanoic acid or via glucuronidation to produce SAHA-

glucuronide [Figure 1.5; (55, 114)]. The rate of SAHA metabolism will contribute to the 

amount of active drug present in vivo. In serum from patients treated with SAHA, SAHA-

glucuronide and 4-anilino-4-oxobutanoic acid were on average 3- to 4- and 10- to 13-

fold higher, respectively, than that of the parent compound (120). However, these 

relative levels may be skewed due to the differences in the apparent terminal half-life of 

each compound. For example, the SAHA-glucuronide was shown to have a half-life of 

~1.8 hours, which is similar to that of SAHA, but a much longer half-life was observed 

(~6 to 9 hours) for 4-anilino-4-oxobutanoic acid (7). This suggests that the overall 

contribution of glucuronidation to SAHA metabolism may be underestimated, since 

SAHA-glucuronide is cleared from the system more rapidly, and that it is a significant 

process that warrants further investigation. 
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Figure 1.5: Schematic of SAHA metabolism.  

 

 

While metabolites of SAHA are known, the pathways by which SAHA is 

metabolized have not been well-characterized. Glucuronidation appears to be 

contributing to a significant portion of SAHA metabolism and studies of other drugs have 

identified enzyme variants which lead to altered glucuronide formation and patient 

response. For example, it was recently demonstrated, in vitro, that the 

UGT2B7p.His268Tyr variant was associated with decreased liver microsomal 

glucuronidation activity against major active metabolites of Tamoxifen (121). In vivo 

data demonstrate that the UGT1A6*2 variant causes more rapid glucuronidation of 

salicylic acid than wild-type UGT1A6, supporting the importance of altered abilities of 

enzyme variants to metabolize drugs (122). Perhaps the most important support for the 

need to understand drug metabolism is the link between the UGT1A1*28 allele and 
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increased toxicity to Irinotecan (123-125), which prompted the FDA to recommend 

genetic screening for the UGT1A1*28 allele in patients who may be considered for 

treatment with this agent (126). As glucuronidation has been shown to be an important 

mode of metabolism for SAHA, identification of the individual UGTs responsible for this 

process will lay the foundation to understand how variants of these enzymes may affect 

overall SAHA metabolism. Characterization of both wild-type and variant UGTs may aid 

in better understanding differences in patient response and toxicity to SAHA.  
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1.3 UDP-GLUCURONOSYLTRANSFERASE 

  

The UGT superfamily of enzymes catalyzes the glucuronidation of a variety of 

endogenous compounds such as bilirubin and steroid hormones, as well as xenobiotics 

such as drugs and environmental carcinogens (127-129). These enzymes are located in 

the endoplasmic reticulum of cells and make xenobiotics and endogenous compounds 

more water soluble through their conjugation to glucuronic acid in a reaction with the 

hydrophilic co-substrate, UDPGA. This conjugation alters the biological properties of the 

compound to enhance its excretion in the urine or bile and typically converts substrates 

into products that are less pharmacologically active (129-131).  

  Three main families of UGTs have been identified which are classified, based 

upon structural and amino acid sequence homology, into several families and 

subfamilies each containing several UGT genes. The UGT 1A family gene complex has 

been localized to chromosome 2 in humans. This unique gene complex consists of 13 

UGT family 1A-specific exons (127, 132) that are highly conserved between species, 

with the same gene structure observed in both humans (127) and rodents (133). These 

independent exon 1s share a common set of exons 2-5 and result in functional proteins. 

The UGT2B family members are derived from independent genes located on 

chromosome 4. There are at least six members of the human UGT2B enzyme family 

that have been hypothesized to have evolved by whole gene duplication and 

conversion, since these genes show no evidence of shared exons but are all clustered 

on chromosome 4 in humans (134, 135). UGT1As and UGT2Bs mRNA are expressed 

in various tissues throughout the body and are predominately expressed in liver, kidney 

and gastrointestinal (GI) track (136).   
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  The UGT2A enzymes were originally found to be expressed in olfactory tissues, 

and studies which looked at the ability of UGTs to glucuronidate exogenous substrates 

did not typically screen this UGT family of enzymes (137). However, recent studies have 

identified the UGT2A enzymes to be expressed in other tissues and have tested these 

enzymes for activity against substrates which could be relevant to those areas (138-

141). The UGT2A1 enzyme is expressed in lung and trachea (138-140) and is active 

against odorants, steroid hormones (estradiol, testosterone and epitestosterone), and 

some drugs (137, 142, 143). Substrates for UGT2A2 include, estradiol, testosterone 

and epitestosterone (142, 143). While UGTs 2A1 and 2A2 are extra-hepatic, UGT2A3 

was recently identified to be expressed in liver, GI tract and kidney, and has been 

shown to glucuronidate bile acids [chenodeoxycholic acid, deoxycholic acid, 

hyodeoxycholic acid, and ursodeoxycholic acid; (141)]. The work presented in this 

thesis was conducted prior to the aforementioned studies in which the UGT2A enzymes 

were found to be expressed in tissues which potentially could contribute to the 

glucuronidation of the substrate of interest. Therefore, this thesis concentrates on the 

UGT1A and UGT2B family of enzymes; however, this does not mean the UGT2As are 

not important, it only supports that the UGT field is rapidly expanding. 

 The UGT families of enzymes are important to study with respect to cancer due 

to their roles in detoxification and elimination of carcinogens. In addition, UGTs also 

play an important role in the metabolism of chemotherapeutic agents which could affect 

patient response to treatment. Therefore, understanding UGT expression patterns, their 

modes of regulation, and identifying functional polymorphic variants are important to 

elucidating the multiple roles of UGTs in cancer.  
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1.3.1  Gene Structure 

The UGT family 1A gene complex has been localized to chromosome 2q37 and 

spans more than 200 kb (144). This unique gene complex consists of 13 UGT family 

1A-specific exons (69,70) that are highly conserved between species, with the same 

gene structure observed in both humans (127) and rodents (133). Based on the high 

homology of UGTs, this locus is hypothesized to have evolved as a result of gene 

duplication (134, 145). Figure 1.6 illustrates the homology among the many human 

UGTs and highlights UGT1A gene clustering; for example, UGTs 1A5, 1A3 and 1A4 are 

clustered together. The naming of the UGTs is based on the first exon and the 

numbering of these exons is based on the order in which they were found and not on 

similarity of structure or function. These independent exon 1A regions are responsible 

for the wide range of substrate specificity demonstrated by the UGT1A family of 

enzymes while the common region coded by exons 2-5 is involved in UDPGA binding 

(129). As illustrated in Figure 1.7, the nine functional proteins coded for on this locus 

differ only in their amino-terminus as a result of joining the independent exon 1 regions 

to a shared carboxy-terminus encoded by exons 2-5 (127, 146, 147). Transcripts are 

produced by exon sharing, combining the first exon with the common exons 2-5 and not 

by alternative RNA splicing (145, 148). 
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Figure 1.6: Phylogenetic tree showing the relationships between the human UDP-
glucuronosyltransferases (UGTs). The median percentage identity of amino acid 
sequences between UGTs split by a mode is shown. (Asterisk) Indicates the gene 

product has not been identified. [Reference from (145)] 
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Figure 1.7: Genomic organization of the UGT1A locus and example of mRNA 

transcribed. The top diagram illustrates the UGT1A locus located on 2q37 spanning 

200 kb. This figure highlights the independent exons 1 that are spliced to the common 

exons 2-5 using UGT1A10 as an example of the mRNA that would have been 

transcribed and processed (bottom). These independent exons 1 give each UGT 

differential expression and substrate specificity. This figure is not drawn to scale; the 

independent exon 1 accounts for half of the mRNA 

 

  

 Whereas the UGT1As share a common region consisting of exons 2-5, the 

UGT2B family is composed of gene clusters located on 4q13 (149). The UGT2B family 

likely evolved by whole gene duplication and conversion since these genes show no 

evidence of shared exons but are clustered on a single chromosome in humans (135). 

There are at least 6 protein coding genes in the UGT2B family and several 

psuedogenes have been identified (Figure 1.8).  
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Figure 1.8: The UGT2B family locus. Each gene, consisting of six exons, is 
represented by a colored rectangle. Pseudogene names end in the label P. The genes 

are not drawn to scale. The human UGT2B genes extend over approximately 1.45 Mb. 
The figure is derived from Builds 35.1 of the human genome. [Reference from (134)]. 
 

  

 All UGT genes code for proteins that are ~ 530 amino acids in length. These 

proteins contain similar regions, including a substrate binding site, a glucuronic acid 

binding site, and a hydrophobic transmembrane region, which are illustrated in Figure 

1.9. Due to their location in membranes, UGTs have not been stably purified (150). 

Therefore determination of their exact catalytic mechanism(s) remains elusive. Although 

highly homologous to one another, each UGT has a unique profile for glucuronidation 

and efficiency for substrates. 
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Figure 1.9: Putative protein structure of UGT proteins. (a) Functional domains are 
depicted in a linearized protein. (b) The UGT protein is depicted as it is presumed to be 
located within the endoplasmic reticulum membrane. [Reference from (146)]. 

 

 

UGTs are found in many species including mice and rats which would be 

convenient model organisms in which to study in vivo glucuronidation of xenobiotic 

substrates. However, as illustrated in Figure 1.10, mice, rats, and humans produce 

different UGTs that vary in homology between species and exhibit large differences in 

substrate specificity, thus making relative comparison of glucuronidation between 

species difficult. For example, when comparing hepatic glucuronidation of mycophenolic 

acid (the active metabolite of the immunosuppressant prodrug, mycophenolate mofetil), 

UGT1A9 is the predominant UGT responsible in human liver microsomes (HLM) 

whereas Ugts 1a1 and 1a7 are the principle metabolizers in rat liver microsomes. Such 
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a difference in the specificity of glucuronidation is also observed in between the extra-

hepatic UGTs 1a8 and 1a10 in rat as compared to human UGTs 1A8 and 1A10 (151, 

152). 

Recently, chimeric mouse lines that contain human hepatocytes have been 

generated and characterized, and these humanized chimeric mice may be useful as an 

animal model for drug development and characterization (153). However, no studies 

have as yet characterized the glucuronidation of xenobiotics in this system. In addition, 

transgenic mice containing the entire UGT1A locus have been developed (154). These 

mice have been shown to exhibit similar tissue-specific UGT1A expression to that of 

humans (154). However, these mice only contain the UGT1A locus and don‟t have all 

the UGT2Bs that are found in humans and which play important roles in xenobiotic 

metabolism. Together, these data suggest that animal models like chimeric and 

transgenic mice may be useful to provide a general understanding on the 

glucuronidation of xenobiotic compounds, but the overall relevance to humans is limited.  
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Figure 1.10: Comparison of the UGT1 locus in human, rat, and mouse. Relative 

positions of the unique first exons at the UGT1 complex locus in human (144), rat (133), 
and mouse (155). Illustration represents relative positions. Human, rat, and mouse loci 
are located on chromosomes 2, 9, and 1, respectively. [Reference from (155)]. 

 

 

1.3.2 Expression and Regulation 

Each UGT has a unique promoter region which contributes to the expression 

pattern of the individual enzyme. Despite high homology with one another, each 

enzyme found on the UGT1A locus is regulated in a unique, strict, tissue-specific 

pattern (129, 156). Assessment of expression using antibodies against individual UGTs 

is made difficult due to the high homology of these enzymes and thus cross-reactivity of 

many antibodies raised against the UGTs. 

As determined by real-time polymerase chain reaction [PCR; (Figure 1.11)], 

UGTs are expressed in a tissue-specific manner. All UGTs, except UGTs 1A8 and 1A10 
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and possibly 1A5 and 1A7, are expressed in the liver, the major site of metabolism and 

detoxification of compounds to be cleared from the body. Hepatic enzymes are typically 

thought to have the greatest effect on overall glucuronidation of substrates. Although 

the liver is identified as the most important region for drug metabolism, studies have 

shown that the gastrointestinal tract (GI) also plays an important role (157-159). The GI 

tract absorbs nutrients and is a barrier to unwanted chemicals, and UGT expression has 

been identified in the mucosal epithelia layer of these tissues (160). Other areas where 

UGTs are expressed include the lung, the tissues of the aerodigestive tract [tongue, 

esophagus, tonsil, floor of the mouth, larynx; (161)] which are frequently exposed to air 

pollutants, and tissues which are exposed to high levels of hormones [breast, prostate, 

ovary, colon; (136, 162)]. Consideration of the tissue sites of expression of individual 

UGTs provides insight into their endogenous functions and possibly aids in identifying 

which specific UGTs are important for metabolizing exogenous compounds.  
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Figure 1.11: Expression patterns of UGTs in human tissue. Using twenty-three 
types of human tissues, RNA was isolated and synthesized to cDNA. cDNAs were 
diluted 6 times with sterilized water, and 5 µl of each sample was subjected to real-time 
PCR. The units of the y-axis represent the UGT copy number x 104 normalized to 

GAPDH, and the 37,900 and 18,500 values are included as off-scale data of UGT2B4 
and UGT2B15, respectively. Each data point represents the mean value (n = 3–4), and 

error bars were omitted for clearer viewing. All of the data were reconfirmed by repeated 
examination. [Reference from (136)]. 
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When assessing the overall role of UGTs in metabolism, it is also important to 

consider how the expression of these enzymes are regulated. Figure 1.11 illustrates 

that expression levels of UGTs vary within a given tissue. Studies examining 

transcription factors that regulate UGT expression have identified key regulatory 

elements. All UGT genes have been identified to contain putative hepatocyte nuclear 

factor 1 (HNF1)-binding sites (163, 164). Although the name suggests regulation of 

hepatic genes, HNFs are also expressed in kidney, pancreas, stomach, intestine, and 

colon and have been shown to regulate both hepatic and exclusively extra-hepatic 

UGTs (156, 165). The intestine-specific transcription factor, caudal-related 

homeodomain protein 2 (Cdx2), which cooperates with HNF1α, has been shown to 

regulate UGTs 1A8, 1A9, and 1A10 in Caco-2 cells, and studies identified the region 

400 bp upstream of the ATG translational start-site to be important for transcription 

factor-binding and regulation (156, 165). Specific transcription factors and response 

elements have been shown to contribute to UGT expression, with most of those studies 

being conducted for UGT1A1 (166, 167).  

In addition to transcriptional regulation, UGT catalysis has recently been shown 

to require phosphorylation (160, 168-170). UGT1A1 was the first UGT suggested to be 

regulated by phosphorylation in order to achieve optimal glucuronidation activity (169). 

Further studies identified UGTs 1A7 and 1A10 as also requiring phosphorylation to 

reach maximal glucuronidation activity (160, 168, 170). There are many levels at which 

UGTs may be regulated and further investigation of the elements involved as well as 

their variants may aid in our understanding of the variations of UGT expression.  
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Inter-individual differences of UGT mRNA expression have been observed in 

tissue specimens from the same site (171). A possible source for inter-individual 

differences may be exposure to inducers of UGTs. Studies have identified that some 

UGTs can be induced by aryl hydrocarbons (Ah) via the xenobiotic responsive element 

(XRE) (172), and by phenobarbital via the phenobarbital responsive enhancer (173). 

Endogenous substrates have also been shown to induce expression of UGTs. For 

example, examination of LNCaP cells after treatment with androgens demonstrated a 

decrease in expression of UGTs 2B10 and 2B17 and an increase in expression of 

UGT2B11, a pattern that was mirrored by glucuronidation activity profiles for each 

enzyme (174). Estrogen has also been shown to up-regulate UGTs 1A10 and 2B15 

expression as shown in estrogen receptor-positive breast cancer cells (175, 176).  

 Recent studies have identified a novel mechanism of regulation where UGT1A 

enzymes are alternatively spliced to generate several mRNA isoforms [Figure 1.12 

(177, 178)]. Initially, UGT1A1 was found to have an alternatively spliced mRNA (variant, 

v2) that results in a protein containing a unique 10-residue sequence [isoform, i2 (178)]. 

Subsequent studies identified a similar process for all UGT1A genes, producing a total 

of three alternatively splice mRNAs, v1 (containing exon 5a), v2 (containing exon 5b), 

and _v3 (containing exon 5a and 5b) resulting in two proteins, i1 and i2 (the latter 

translated from _v2 or _v3 which are identical) [Figure 1.12; (178)]. For example, 

UGT1A10 mRNA could be UGT1A10_v1, UGT1A10_v2, or UGT1A10_v3 translating 

protein UGT1A10_i1 or UGT1A10_i2, respectively. Consistent with all UGTs, these 

isoforms are widely distributed in human tissue (177) and current studies are underway 

by members of the Lazarus laboratory to examine tissue and individual differences in 
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expression. Due to the recent identification of these splice variants, the differential 

regulation of their expression has not yet been explored; however, further studies 

examining the underlying mechanisms of expression would greatly enhance our 

understanding of the role of these isoforms.  
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Figure 1.12: Schematic representation of the UGT1 gene and the alternative 
splicing events taking place at the 5' and 3' ends of the locus. (a) The originally 

described genomic structure of UGT1locus which includes 17 exons: 13 first exons and 
four common exons (2–5). This UGT1 locus was more recently identified to encode one 
additional exon (referred to as the new exon 5b) and it was shown that the common 

region comprises five shared exons instead of four. This newly identified UGT1A gene 
products (mRNAs) are referred to as variants, or v, whereas new proteins are named 
isoforms, or UGT1A_i. The previously described „classical‟ UGT1As are named 

UGT1A_i1 and the newly described UGT1A proteins are referred to as UGT1A_i2. (b) 
Exon 5a and the new exon 5b are alternatively spliced, generating variant UGT1A 
mRNAs: v1 (containing 5a), v2 (5b) and v3 (5a+5b). The proteins translated from v3 are 

identical to those encoded by the UGT1A_v2 mRNAs, as they have identical open 
reading frames. These data suggest the existence of nine additional UGT1A_i2 
proteins, increasing to 18 the number of proteins encoded by UGT1. [Reference from 

(177)]. 
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1.3.3 Endogenous Substrates 

 The endogenous role of UGTs is to transfer glucuronic acid to polar substrates 

for excretion from the body through bile and urine. Glucuronic acid is transferred to a 

functional group –OH, –NH2, -COOH, -SH or C-C (147) which typically results in the 

inactivation of the substrate; however, increased activity of the glucuronide conjugate 

has been observed in some cases [eg: the bile acid, lithocholic acid-3-O-glucuronide 

(179)]. Endogenous metabolic substrates that undergo glucuronidation include bilirubin, 

steroids, and bile acids. Variations in the ability to metabolize these endogenous 

compounds have been observed in humans. For example, the presence of excess 

bilirubin (hyperbilirubinemia) leads to a visible jaundiced appearance (180) and ranges 

from barely noticeable symptoms to lethality (181). The activities of UGTs against 

endogenous substrates are consistent with their expression patterns. For example, 

UGT1A10 is the predominant enzyme which inactivates estrone, 17β-estradiol (E2), and 

its hydroxylated derivatives (160, 182), and is found in breast, ovaries, and uterus (183).   

 

1.3.4 Exogenous Substrates 

 The ability to detoxify environmental pollutants is essential to reduce a person‟s 

susceptibility to the development of cancers. Many compounds are known to be 

carcinogenic, like those found in tobacco smoke, which primarily affects the lung. 

Extensive studies have noted the important role of glucuronidation in excretion of these 

carcinogens (128, 130, 161, 184-188). The most abundant and mutagenic tobacco 

carcinogens are the polycyclic aromatic hydrocarbons (PAHs) including benzo[a]pyrene 

(B[a]P) and dibenzo[a,l]pyrene (DB[a,l]P), and N-nitrosamines including 
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4-(methylnitrosamino)-1-(3-pyridyl)-1- butanone (NNK) and N’-nitrosonornicotine (NNN). 

Several UGTs have been shown to be involved in the glucuronidation and detoxification 

of the major procarcinogenic metabolites of many of these compounds, including the 

major procarcinogenic metabolite of NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 

[NNAL; (128, 186, 187, 189)]. Other highly mutagenic carcinogens present in tobacco 

smoke and in the environment which are glucuronidated by the UGTs include 

heterocyclic amines such as 2-amino-1-methyl-6-phen-ylimidazo- [4,5-b]pyridine (PhiP) 

and its procarcinogenic metabolite, N-hydroxy (OH)-PhiP (190, 191). Therefore, 

glucuronidation plays an extremely important role in the elimination of a variety of toxic 

exogenous compounds, especially those found in tobacco smoke.  

 In addition to the glucuronidation of carcinogens, which could ultimately reduce 

the risk of developing cancers, UGTs also metabolize drugs such as those used as 

chemotherapeutic agents. As glucuronidation typically results in inactivation and 

excretion of substrates, an individual‟s ability to properly glucuronidate a 

chemotherapeutic drug can alter the overall exposure to the active substrate. Studies 

have shown that the metabolism of chemotherapeutic compounds is important for 

overall drug efficacy and/or patient response (123, 192, 193). Examples of altered drug 

response due to variations in glucuronidation are examined in section 1.3.6. 

 

1.3.5  Genetic Variants 

Genetic polymorphisms within the UGT1A locus are very common and many of 

these variants are found in linkage disequilibrium with each other and exhibit different 

allele prevalences in different populations (194, 195). A considerable number of 
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prevalent functional polymorphisms have been identified previously in several UGT 

genes, including 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A10, 2B4, 2B7, 2B15 and 2B17 (188, 

196-205), with several of these implicated as determinants of cancer risk or response to 

chemotherapy. The best examples of how UGT variants affect different aspects of 

glucuronidation are the extensively-studied UGT1A1 variants. The promoter region 

UGT1A1 „TATA‟ box polymorphism is commonly associated with Gilbert‟s Syndrome 

which is characterized by increased levels of bilirubin due to decreased glucuronidation. 

The UGT1A1*28 variant, which is characterized by the presence of an additional TA 

repeat in the TATA sequence of the UGT1A1 promoter, [(TA)7TAA, instead of 

(TA)6TAA)], is associated with reduced function in the UGT1A1 transcriptional promoter 

which results in decreased expression (198) and has been implicated in increased risk 

for breast cancer (201) and with decreased formation of the glucuronide conjugate of 

the important procarcinogenic B[a]P metabolite, BaP-7,8-diol(-)(206). This single variant 

of one UGT affects both endogenous and exogenous glucuronidation and has been 

linked to a number of detrimental effects. 

Many other UGT variants have been linked to alterations in glucuronidation of 

specific substrates and risk for cancers. UGT1A7-specific genetic variants are 

associated with reduced UGT1A7 metabolic function (201), are linked to increased risk 

for hepatocellular carcinoma (207), and have been shown to be strongly linked to 

increased risk for orolaryngeal cancer (208). The UGT1A10 codon 139 polymorphism, 

resulting in a non-conservative Glu>Lys amino acid change, has been linked to 

decreased risk for orolaryngeal cancer (203) and has been shown to result in decreased 

glucuronidation against several PAHs as compared to the wild-type enzyme (185). Two 

http://en.wikipedia.org/wiki/Bilirubin
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studies have identified a deletion of the UGT2B17 gene locus (UGT2B17*2), that has an 

allelic prevalence of 30% in Caucasians (205, 209) which has been linked to decreased 

formation of the N-glucuronide conjugate of NNAL, the major carcinogenic metabolite of 

NNK. This variant has also been linked to altered glucuronidation rates of several 

compounds (187) and increased risk for lung cancer (210, 211). Previous studies have 

identified two nonsynonymous genetic variants of UGT1A8 which have been linked to 

altered activity against metabolites of B[a]P (202) as well as other substrates (202, 212). 

It is interesting to note that not all variants lead to decreased glucuronidation and that a 

given variant may react differently with each substrate. For example, the 

UGT2B7p.His268Tyr variant was recently associated with decreased liver microsomal 

glucuronidation activity against major active tamoxifen metabolites (121); however, this 

same variant was shown to have no effect or exhibit increased activity against other 

substrates [eg. moriphine; (213)].  

 

1.3.6 Pharmacogenetics and UGTs 

Polymorphisms in drug metabolizing enzymes have been shown to alter drug 

efficacy and/or toxicity leading to inter-individual differences in drug response (192, 

214). An individual‟s genotype can alter drug response through many pathways. 

Mutations in the genes which encode for enzymes that transport drugs like the drug-

efflux pump, P-glycoprotein, are correlated with significantly lower rates of clearance of 

the ovarian chemotherapeutic agent, paclitaxel, resulting in improved patient response 

(the patients had complete response and were relapse-free for at least 1 year) [Figure 

1.13, (215, 216)]. In addition to drug transport, variants in phase I and phase II drug 
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metabolizing enzymes have been shown to alter drug efficacy and/or toxicity also 

leading to inter-individual differences in drug response.   

 

 

 

 
Figure 1.13: The effect of the mdr-1 SNP G2677T/A on paclitaxel treatment 

outcome. A, treatment outcome, good response (white) and poor response (black), was 

evaluated for homozygously mutated individuals (T/T or T/A) and compared with the 

response of the individuals having G/G or G/T at position 2677. Patients who were 

homozygously mutated were significantly more likely to respond to paclitaxel treatment 

than patients carrying the other genotypes (Fisher's exact test, P = 0.04; relative risk, 

1.81; 95% confidence interval for the relative risk: 1.17 < relative risk < 2.79). B, the 

nucleotide frequencies (2 x homozygous + heterozygous) in the two treatment groups 

were also compared using an exact test. A significantly higher frequency of T or A at 

position 2677 was found in the group of patients that had responded well to treatment 

compared with those who responded poorly (Fisher's exact test, P = 0.03; relative risk, 

1.59; 95% confidence interval for the relative risk: 1.03 < relative risk < 2.45). C, the 

dose response effect of the allele variants on the success and failure of paclitaxel 

treatment was tested using the 2 test for linear-by-linear association and was found to 

be significant ( 2 test for linear-by-linear association, P = 0.03). [Reference from (215)].  

http://medjournal.hmc.psu.edu:3329/content/vol12/issue3/images/large/854fig03g.jp
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As mentioned previously, drug metabolism is an important aspect to consider 

when assessing the overall effect of a drug because the ability of an individual to 

metabolize the drug will affect the amount of active drug and the amount of time that it 

can act in the body. Drug metabolism is broken down into two phases: phase I typically 

leads to an active more polar metabolite and phase II typically leads to the conjugation 

of a compound to the drug that results in inactivation and excretion of the drug; 

however, there are exceptions to these generalizations. Phase I drug metabolizing 

enzymes convert functional groups through reactions causing 

dehydrogenation/hydrogenation, oxidation, hydrolysis, reduction, or monooxygenation 

(217). The most abundant and well studied phase I enzymes are the cytochrome P-450 

monooxygenase (CYP450) family of enzymes which oxidize approximately 78% of the 

hepatically cleared top 200 drugs prescribed in the US (218). Genetic variants of 

CYP450s that result in aberrant expression or altered enzyme activity have been 

suggested to be clinically relevant in altering metabolism and effects of 

chemotherapeutic agents including flutamide, tegafur, cyclophosphamide, paclitaxel, 

and tamoxifen (219).  

Phase II drug metabolizing enzyme reactions include sulphation, glutathione-

conjugation, and glucuronidation of functional groups. Sulphation occurs when one of 

the sulfotransferases catalyzes the transfer of a sulphate-moiety to a nucleophilic group 

of the substrate therefore increasing the water solubility of the substrate. Variants of 

members of the sulfotransferase family of enzymes have been associated with shorter 

patient survival after treatment with the chemotherapeutic agent, tamoxifen (220-222). 

Similarly, patient survival was assessed for platinum-based treatments in association 
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with genotypes of glutathione-S-transferases (GSTs), which are the enzymes 

responsible for conjugating glutathione to substrates and which typically results in 

detoxification (223). Cancer patients were genotyped for GSTs and overall survival was 

assessed after treatment with platinum-based compounds for breast, ovarian, colorectal 

or lung cancer. These studies yielded conflicting results as to the role of GSTs in patient 

survival (221). However, a correlation between GST variants and decreased response 

and increased toxicities to anthracycline-based agents in the treatment of acute myeloid 

leukaemia have been observed consistently (221, 224-227). 

Glucuronidation and the enzymes responsible for this process were discussed in 

the above sections (1.3.1- 1.3.5) and these phase II enzymes have been shown to play 

important roles in pharmacogenetics. The best example of UGTs and 

pharmacogenetics is a variant of the UGT1A1 enzyme which has clear and direct 

clinical impact. The UGT1A1*28 allele is associated with decreased UGT1A1 

expression (206, 228), and in human liver microsomes [HLM; (206, 229)] this decrease 

in expression has been correlated with decreased glucuronidation of 7-ethyl-10-

hydroxy-camptothecin (SN-38), the major active metabolite of Irinotecan (230). 

Similarly, these in vitro correlations were also observed in the levels of urinary SN-38-

glucuronide in patients treated with Irinotecan (123, 124, 193, 229). These decreases in 

excretion have been linked to increased Irinotecan toxicity in patients (123-125) 

prompting the FDA to approve genetic screening for the UGT1A1*28 allele in patients 

who may be considered for treatment with this agent (126). The UGT1A1*28 variant and 

its role in patient drug response exemplify the importance of understanding the genetic 

differences in patients in order to improve treatment. 



49 

 

 Additional studies continue to examine the roles of the UGT family of enzymes 

and how variants in these enzymes may alter drug response and toxicity. A UGT2B7 

promoter variant was associated with reduced glucuronidation of morphine in patients 

with sickle cell disease (231); however, another study that looked at this same variant 

and morphine treatment in cancer patients did not find a correlation (232). Due to the 

complexity of studying patients, important foundational information can be gained from 

identifying affects of UGT variants in vitro and then applying this information to more 

complex in vivo situations, and this approach has been initiated for several drugs. The 

anesthetic, propofol, is directly glucuronidated as its major route of elimination (233). In 

liver, the primary site of detoxification, UGT1A9 has been identified as the only UGT to 

glucuronidate propofol (234) and variants of this enzyme have been associated with 

decreased glucuronidation in vitro (204). Variants of UGT2B7 were recently associated 

with decreased liver microsomal glucuronidation activity against major active 

metabolites of tamoxifen which may be linked to altered patient response to tamoxifen 

(121, 235). Overall, continued characterization of the UGTs responsible for metabolism 

of drugs may aid in a better understanding of differences in patient response and 

toxicity. 

In this literature review, SAHA‟s role as a very promising drug for the treatment of 

many cancers was discussed. It was also shown that differences in patient responses 

(and toxicities) vary, therefore requiring SAHA doses to be altered. Since drug 

metabolism may contribute to these differences, the metabolism of SAHA was 

examined and two main pathways were identified, with the glucuronidation pathway 

playing a major role in SAHA metabolism. The UGT family of enzymes, known to 
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glucuronidate substrates, was discussed and it was emphasized how variants of these 

enzymes can have altered abilities to glucuronidate substrates. Together, this 

information led to the hypothesis that genetic alterations in the UGTs responsible for 

SAHA glucuronidation may alter the drug‟s efficacy and/or toxicity. Addressing this 

hypothesis will lead to the identification of the specific UGTs responsible for SAHA 

glucuronidation and how variants of these UGTs affect SAHA glucuronidation. This 

information will aid in understanding possible genetic differences in patients, which can 

lead to differences in SAHA response. Furthermore, this information will enhance the 

field of pharmacogenetics by characterizing genetic variants and correlating them with 

altered drug metabolism.  
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CHAPTER 2:  Identification and Characterization of UGTs active against SAHA 

 

2.1  INTRODUCTION 

 

There are many factors that can affect how effective a drug will be and these 

factors will vary for each patient. Using current drugs, physicians try to optimize 

treatment by administering a dose of drug which will be effective and not harmful to the 

patients; however, individuals vary with respect to drug absorption, distribution, 

metabolism, and elimination and therefore optimal drug dosage has been based on trial 

and error. Traditional methods to identify drug-specific effects and side effects are 

based on pharmacokinetics and pharmacodynamics (236). However, in order to more 

completely understand the dose/effect relationship as well as to understand differences 

in patient responses to a drug, a clear understanding of pharmacogenetics is essential 

(237, 238).  

As mentioned previously, SAHA is used in the treatment of cutaneous T-cell 

lymphoma and is used in clinical trials for the treatment of a variety of other cancers 

including breast, lung, and colon cancer (100, 239). SAHA is a promising 

chemotherapeutic agent but has side effects that include anemia, dehydration, fatigue 

and gastrointestinal (GI) disturbances (240). Although differences in patient response to 

SAHA have been observed (100, 114, 120, 240), the mechanisms underlying the 

variability of responses remain obscure. Studies have been conducted to assess the 

optimal drug delivery method (orally versus intravenously) and how food might influence 

the overall pharmacokinetics; however, no significant findings have resulted (114, 120).  
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Drug metabolism pathways were previously discussed as a source of individual 

differences. SAHA is known to be glucuronidated through reactions, catalyzed by UGT 

enzymes, in which a glucuronic acid moiety is transferred to SAHA and which results in 

inactivation and excretion of the drug. Furthermore the UGT family of enzymes has 

been shown to include variants which lead to enzymes that have altered abilities to 

glucuronidate drugs. These data support the need to characterize the SAHA 

glucuronidation pathway to see if UGT variants can alter SAHA glucuronidation and 

ultimately alter patient response. 

 There are two main approaches that one can take to assess the role of UGTs in 

glucuronidation of SAHA. One method includes starting with samples such as urine and 

blood from patients treated with SAHA and using these samples to detect metabolite 

formation, to screen for UGT genotype, and then to asses these data to determine 

whether correlations exist between UGT genotype and metabolite formation. This 

approach, which is directly relevant to patient samples, is not quite feasible at the 

current time. First, this approach would require that all genetic variants of the UGTs be 

screened in patient samples and screening UGTs for genetic variants is very complex 

due to the high homology shared among all UGTs. UGT genotyping assays are not 

currently offered with commercially available DNA/mRNA array chips or other large 

scale assays. Similarly, genotyping techniques like restriction fragment length 

polymorphism and real-time PCR SNP assays are difficult, if not impossible, to design 

because making specific primers and probes for a UGT SNP may not be feasible due to 

the sequence homology shared by all UGTs. Furthermore, to perform correlation 

studies, a large population will be required to obtain the power to detect any affect from 
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genetic variations, especially low prevalence SNPs, and, as SAHA is a relatively new 

drug, large patient samples cannot be obtained at this time.  

 An alternative approach to assess SAHA glucuronide formation is to use in vitro 

assays. These systems can be altered and designed to assess each individual UGT for 

glucuronidation activity for SAHA. One of the most widely used in vitro systems for 

UGTs is the human embryonic kidney fibroblast (HEK)293 cell line, a cell line that does 

not express endogenous UGTs (241, 242) and which can be transfected with individual 

overexpressing UGTs. By first assessing each individual UGT for its ability to 

glucuronidate SAHA, only those UGTs that exhibit activity should then be assessed for 

how variants of these enzymes affect SAHA glucuronidation. This approach provides 

valuable information, such as identifying the individual UGTs responsible for SAHA 

glucuronidation, which cannot be determined in vivo. Although there are limitations to 

this method, it provides a feasible way to identify the UGTs responsible for SAHA 

glucuronidation. Therefore, the goal of this study was to identify the specific UGTs 

which are responsible for SAHA glucuronidation. This information can be used to further 

analyze variants in vitro or genotype patients based on the UGTs which glucuronidate 

SAHA in vivo. Overall, this information will provide the necessary foundation to further 

characterize the SAHA glucuronidation pathway.  
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2.2  MATERIALS AND METHODS 
 

2.2.1  Generation of UGT-overexpressing cell lines 

 The human embryonic kidney fibroblast (HEK)293 cell line, a cell line that does 

not express endogenous UGTs (241, 242) (purchased from American Type Culture 

Collection), was used to generate UGT-overexpressing cell lines. All UGT cell lines that 

have been previously made and characterize are listed in Table 2.1. In order for a 

complete analysis of all the UGT1A and UGT2B enzymes (except UGT2B28 which wild-

type has not been successfully amplified), two new wild-type UGT-overexpressing cell 

lines, UGT1A3 and UGT2B15, were generated for the experiments outlined in this 

study; all other cell lines used have been described previously (Table 2.1). Wild-type 

UGT1A3 and UGT2B15 cDNA was synthesized by standard reverse transcription using 

total RNA from normal human liver specimens. Total RNA was isolated from adjacent 

normal liver tissue as described previously (128). cDNA was generated using the 

SuperScript™ First-Strand Synthesis System for RT-PCR (Invitrogen) by following the 

manufacturer‟s protocol. Briefly, 2 µL (~50 ng) of total RNA was mixed with 10 mM 

dNTP mix, 0.5 µg/µL Oligo(dT)12-18 in a total volume of 10 µL and incubated for 5 min at 

65°C then quickly placed on ice for 1 min. A mix containing 1x (final concentration) RT 

buffer, 25 mM MgCl2, 0.1 M DTT, and 40 units RNaseOUT recombinant RNase inhibitor 

was added to each reaction and incubated at 42°C for 2 min. Following the 2 min 

incubation, 50 units of SuperScript II RT was added to each tube and the tubes were 

incubated at 42°C for 50 min followed by incubation at 70°C for 15 min to terminate the 

reaction. The original RNA was removed by adding 2 units of RNase H to each reaction 

and incubating for 20 min at 37°C. All cDNA was stored at -20°C. 
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UGT Reference first described 

1A1 King CD, Green MD, Rios GR, Coffman BL, Owens IS, Bishop WP, Tephly TR. The 
glucuronidation of exogenous and endogenous compounds by stably expressed rat 
and human UDP-glucuronosyltransferase 1.1. Arch Biochem Biophys 1996;332:92-
100 

1A3 Sun, D., Sharma, A. K., Dellinger, R. W., Blevins-Primeau, A. S., Balliet, R. M., Chen, 
G., Boyiri, T., Amin, S., and Lazarus, P. Glucuronidation of active tamoxifen 
metabolites by the human UDP glucuronosyltransferases. Drug Metab Dispos, 35: 

2006-2014, 2007. 
1A4 Sun, D., Chen, G., Dellinger, R. W., Duncan, K., Fang, J. L., and Lazarus, P. 

Characterization of tamoxifen and 4-hydroxytamoxifen glucuronidation by human 
UGT1A4 variants. Breast Cancer Res, 8: R50, 2006. 

1A5 Balliet RM, Chen G, Gallagher CJ, Dellinger RW, Sun D, Lazarus P. Characterization of 
UGTs Active against SAHA and Association between SAHA Glucuronidation Activity 
Phenotype with UGT Genotype. Cancer Res 2009 

1A6 Ebner T , Burchell B. Substrate specificities of two stably expressed human liver UDP-
glucuronosyltransferases of the UGT1 gene family. Drug Metab Dispos 1993;21:50-5 

1A7 Zheng Z, Fang JL, Lazarus P. Glucuronidation: an important mechanism for 
detoxification of benzo[a]pyrene metabolites in aerodigestive tract tissues. Drug 
Metab Dispos 2002;30:397-403 

1A8 Sun, D., Sharma, A. K., Dellinger, R. W., Blevins-Primeau, A. S., Balliet, R. M., Chen, 

G., Boyiri, T., Amin, S., and Lazarus, P. Glucuronidation of active tamoxifen 
metabolites by the human UDP glucuronosyltransferases. Drug Metab Dispos, 35: 

2006-2014, 2007. 
1A9 Dellinger, R. W., Chen, G., Blevins-Primeau, A. S., Krzeminski, J., Amin, S., and 

Lazarus, P. Glucuronidation of PhIP and N-OH-PhIP by UDP-
glucuronosyltransferase 1A10. Carcinogenesis, 28: 2412-2418, 2007. 

1A10 Dellinger, R. W., Fang, J. L., Chen, G., Weinberg, R., and Lazarus, P. Importance of 
UDP-glucuronosyltransferase 1A10 (UGT1A10) in the detoxification of polycyclic 
aromatic hydrocarbons: decreased glucuronidative activity of the UGT1A10139Lys 
isoform. Drug Metab Dispos, 34: 943-949, 2006. 

2B4 Ren, Q., Murphy, S. E., Zheng, Z., and Lazarus, P. O-Glucuronidation of the lung 
carcinogen 4-(methylnitrosamino)-1- (3-pyridyl)-1-butanol (NNAL) by human UDP-
glucuronosyltransferases 2B7 and 1A9. Drug Metab Dispos, 28: 1352-1360, 2000. 

2B7 Coffman BL, Rios GR, King CD, Tephly TR. Human UGT2B7 catalyzes morphine 
glucuronidation. Drug Metab Dispos 1997;25:1-4 

2B10 Chen G, Dellinger RW, Sun D, Spratt TE, Lazarus P. Glucuronidation of tobacco-
specific nitrosamines by UGT2B10. Drug Metab Dispos 2008;36:824-30 

2B11 Dellinger, R. W., Chen, G., Blevins-Primeau, A. S., Krzeminski, J., Amin, S., and 
Lazarus, P. Glucuronidation of PhIP and N-OH-PhIP by UDP-
glucuronosyltransferase 1A10. Carcinogenesis, 28: 2412-2418, 2007. 

2B15 Sun, D., Sharma, A. K., Dellinger, R. W., Blevins-Primeau, A. S., Balliet, R. M., Chen, 

G., Boyiri, T., Amin, S., and Lazarus, P. Glucuronidation of active tamoxifen 
metabolites by the human UDP glucuronosyltransferases. Drug Metab Dispos, 35: 

2006-2014, 2007. 
2B17 Dellinger, R. W., Chen, G., Blevins-Primeau, A. S., Krzeminski, J., Amin, S., and 

Lazarus, P. Glucuronidation of PhIP and N-OH-PhIP by UDP-
glucuronosyltransferase 1A10. Carcinogenesis, 28: 2412-2418, 2007. 

 
 

Table 2.1: UGT over-expressing cell lines.   
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The synthesized cDNA (2 µL) was utilized for PCR amplification of the UGT1A3 

and UGT2B15 coding regions. The sense and antisense primers used for PCR 

amplification of UGT1A3 were UGT1A3S (sense, 5'-AAAGCAAATGTAGCAGGCAC-3') 

and UGT1A3AS (antisense, 5'-GGAAATGACTAGGGAATGGTTC-3'), corresponding to 

nucleotides -61 to -42 and +1635 to +1656, respectively, relative to the UGT1A3 

translation start site. The sense and antisense primers used for PCR amplification  of 

UGT2B15 were UGT2B15S (sense, 5'-TTCGGCACGAGTAAGACCAG-3') and 

UGT2B15AS (antisense, 5'-AGGAGGAGTCCCATCTTTCA-3'), corresponding to 

nucleotides -21 to -2 and +1622 to +1641, respectively, relative to the UGT2B15 

translation start site. PCR amplification for both UGT 1A3 and 2B15 was performed in a 

GeneAmp 9700 thermocycler (Applied Biosystems, Foster City, CA) as follows: 1 cycle 

at 94°C for 2 min, 35 cycles at 94°C for 30 s, 55°C for 30 s, and 68°C for 4 min, followed 

by a final cycle of 7 min at 68°C. Reactions contained 1X Pfx amplification buffer, 50 

mM MgSO4, 15 mM dNTP mix, 20 µM sense primer, 20 µM antisense primer, and 2.5 

units Platinum Pfx DNA polymerase (Invitrogen) in a final volume of 50 µL. Due to the 

high homology between UGT1A3 and UGT1A4, the PCR product of UGT1A3 

amplification was digested with the restriction enzyme XbaI before gel extraction to 

remove co-amplified UGT1A4 PCR product. Following electrophoresis in a 1% agarose 

gel, the specific PCR products of UGT1A3 (1662 base pairs) and UGT2B15 (1662 base 

pairs) were purified using the QIAEX II gel extraction kit and subsequently subcloned 

into the pcDNA3.1/V5-His-TOPO mammalian expression vector (Figure 2.1).   
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Figure 2.1: Schematic diagram of the pcDNA3.1/V5-His-TOPO mammalian 

expression vector. Diagram of the expression vector used for UGT-overexpression; 
the UGT PCR product is highlighted in the gray box. [Reference from Invitrogen]. 

 

 

The addition of 3‟ A-overhangs was necessary for cloning into the vector and 

these were generated by incubating purified DNA with 1 unit Taq polymerase 

(Eppendorf), 10 mM dNTP mix, and 1X buffer for 10 min at 72°C. This was followed 

immediately by ligation into the expression vector using the pcDNA3.1/V5-His-TOPO TA 

expression kit (Invitrogen). The TOPO cloning ligation reaction contained 4 µL of fresh 

PCR product with 3‟ A-overhang, 1.2 mM salt solution, and 10 ng pcDNA3.1/V5-His-

TOPO plasmid and was incubated on ice for 30 min. The TOPO cloning reaction (2 µL) 

UGT 

PCR 

Product 

A 

A 
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was then incubated with 50 µL of One Shot TOP10 chemically competent cells 

(Invitrogen) and incubated on ice for 30 min followed by heat-shock for 30 s at 42°C 

with immediate subsequent transfer of the reaction to ice. Cells were plated on 

ampicillin-resistant agarose plates, grown overnight, and individual colonies were picked 

for further analysis. Confirmation of cDNA insertion and orientation was performed by 

restriction enzyme digestion. UGT1A3 and UGT2B15 wild-type sequences were 

confirmed by dideoxy sequencing of the entire PCR-amplified UGT1A3 or UGT2B15 

cDNA product using two vector primers (T7 and BGH; Integrated DNA Technologies, 

Inc., Coralville, IA), and a UGT1A3 internal antisense primer (UGT1A3intAS; 5'-

TTCGCAAGATTCGATG-3', corresponding to nucleotides +1028 to +1046 relative to the 

UGT1A3 translation start site) or a UGT2B15 internal sense primer (2B15intS; 5'-

GATAGCATTCCTGCTG -3', corresponding to nucleotides +1482 to +1497 relative to 

the UGT2B15 translation start site).  

UGT1A3- and UGT2B15- overexpressing HEK293 cell lines were generated by 

standard electroporation techniques in a GenePulser Xcell (Bio-Rad, Hercules, CA) 

using 10 µg of pcDNA3.1/V5-His-TOPO/UGT plasmid DNA with 5 x 106 HEK293 cells (in 

0.5 mL) in serum-free DMEM media, with electroporation at 250 V and 1000 µF. After 

transfection, HEK293 cells were grown in 5% CO2 to 80% confluence in DMEM media 

supplemented with 4.5 mM glucose, 10 mM HEPES, 10% fetal bovine serum, 100 U/mL 

penicillin, 100 µg/mL streptomycin, and G-418 (700 µg/mL medium) for the selection of 

G-418-resistant cells. Selection medium was changed every 2 to 3 days. Pooled UGT 

1A3- and 2B15- overexpressing cells were selected and tested for UGT expression via 
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Western blotting analysis (described below). All UGT-overexpressing cell lines were 

maintained in G-418 selection DMEM media as described above.  

Levels of UGT expression in UGT-overexpressing cell lines were determined  as 

described previously (184). Specifically, levels of UGT1A3 expression in the cell line 

was measured by Western blot analysis using the anti-UGT1A antibody at 1:5000 

dilution as per the manufacturer‟s instructions (BD Bioscience) and was quantified 

relative to a UGT1A standard of known concentration. The UGT1A antibody was in 

whole-serum prepared from a rabbit that had been immunized with a peptide specific to 

all UGT1As. The β-actin housekeeping protein was used for standardization of UGT 

protein levels and was assayed using a 1:5000 dilution of anti-β-actin antibody (Sigma). 

Secondary antibodies were supplied with the Dura ECL kit (anti-rabbit and anti-mouse) 

and were used at 1:3000 dilutions. All proteins were detected by chemiluminescence 

using the SuperSignal West Dura Extended Duration Substrate (Pierce Biotechnology). 

UGT1A protein levels were quantified against a known amount of human UGT1A protein 

(100 ng – 400 ng, supplied in the Western blotting kit provided by Gentest) by 

densitometric analysis of X-ray film exposures (5 s to 5 min exposures) of Western blots 

using a GS-800 densitometer with Quantity One software (Bio-Rad, Hercules, CA). 

Quantification was made relative to the levels of β-actin observed in each lane (also 

quantified by densitometric analysis of Western blots  as described above). X-ray film 

bands were always below densitometer saturation levels. Relative UGT1A protein levels 

are reported as the mean of three independent Western blot experiments, with Western 

blot analysis performed using the same UGT1A-containing cell homogenates used for 

activity assays. 
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Protein levels of UGT2B15 in the UGT2B15-overexpressing cell line were 

determined as described previously by Dr. Ryan Dellinger (184). Western blot analysis 

of UGT2B15 was conducted using a synthesized affinity-purified chicken anti-UGT2B 

antibody. This antibody targeted the peptide CKWDQFYSEVLGRPTTL, which is 

common to all human UGT2B family members (Pocono Rabbit  Farm, Canadensis, PA). 

The UGT2B Antibody was used at a 1:5000 dilution to detect all of the UGT2Bs which  

were quantified against 200 to 250 ng of a human UGT2B protein standard (supplied in 

the Western blotting kit provided by Gentest) by densitometric analysis of X-ray film 

exposures (1 s - 2 min) of the Western blots using a GS-800 densitometer with Quantity 

One software (Bio-Rad). All cell homogenate protein levels were normalized to the 

levels of β-actin observed in each lane (quantified by densitometric analysis of Western 

blots as described above). X-ray film bands were always below densitometer saturation. 

Densitometric results were always consistent irrespective of the exposure time. Western 

blot and subsequent densitometric analyses were performed in triplicate on three 

separate occasions, by using the same UGT-containing cell homogenates used for 

activity assays, with relative UGT protein levels expressed as the mean of these 

experiments.  

 

2.2.2  Preparation of cell homogenates 

Homogenates for each individual UGT were prepared as follows. Cells were 

grown, as described in section 2.2.1, on 100 mm plates to 80% confluence (~25 plates) 

before the preparation of cell homogenates. Cells were collected from the plate by 

repeatedly pipetting 10 mL of Phosphate-Buffered Saline (PBS) over cells. Cells were 
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then collected in a 50 mL conical tube, centrifuged at 700 g for 5 min followed by 

aspiration of the supernatant. Pelleted cells were then resuspended in PBS, centrifuged 

and supernatant removed to ensure that there was no residual media in pelleted cells. 

After the final centrifugation and removal of supernatant, pelleted cells were 

resuspended in Tris-buffered saline (25 mM Tris base, 138 mM NaCl2, and 2.7 mM KCl, 

pH 7.4) and subjected to three rounds of freeze-thaw before gentle homogenization 

using a dounce homogenizer. Cell homogenates were stored at -80°C. Total 

homogenate protein concentrations were measured using the BCA protein assay 

(Pierce). Total RNA was extracted using the RNeasy Mini kit from Qiagen as per 

manufacturer‟s protocol and used to further confirm expression of the correct UGT 

mRNA. 

 

2.2.3  Glucuronidation Assays 

Human liver microsomes (described in section 4.2.2) were tested and used to 

optimize the SAHA glucuronidation assay. HLMs (40 g of total protein) were initially 

incubated with alamethicin (50 g/mg protein) for 15 min in an ice bath to permeablize 

membranes. UGT activity was determined in a standardized assay mix containing 50 

mM Tris buffer (pH 7.5), 10 mM MgCl2, 4 mM UDPGA and 65 µM to 8 mM of substrate, 

and the assay mix was incubated 1 h at 37oC. Reactions were terminated by the 

addition of cold acetonitrile adding the same volume as the initial reaction (40 L). 

Reactions were then centrifuged at 13,000 g for 10 min at 4oC and supernatants were 

collected. Reactions containing 1mM or more SAHA were diluted 5-fold with 50/50 
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water and acetonitrile. Glucuronidation product formation was then assessed using Ultra 

Performance Liquid Chromatography(UPLC) as described below. 

The ability of cell homogenates from human UGT-overexpressing cell lines to 

glucuronidate SAHA was determined in a manner similar to that described previously 

(184, 186, 243). Cell homogenate (40 or 400 g protein) was initially incubated with 

alamethicin (50 g/mg protein) for 15 min in an ice bath to permeablize membranes. 

UGT activity was determined in a standard assay mix containing 50 mM Tris buffer (pH 

7.5), 10 mM MgCl2, 4 mM UDPGA and 65 µM to 8 mM of substrate, and the assay mix 

was incubated 1 h at 37oC. Reaction mixs were terminated by the addition of cold 

acetonitrile adding the same volume as the initial reaction (40 L). Reactions were then 

centrifuged at 13,000 g for 10 min at 4oC and supernatants were collected. Reactions 

containing 1mM or more SAHA were diluted 5-fold with 50/50 water/ acetonitrile. 

Glucuronidation product formation was then assessed using UPLC as described below. 

Glucuronidation assays (1-10 L) were analyzed for SAHA-glucuronide by UPLC 

on a Waters ACQUITY UPLC™ System (Milford, MA) equipped with an automatic 

injector and a UV detector operated at 244 nm. UPLC separation was accomplished 

using a BEH 1.7 µm C18 column (2.1 mm x 100 mm, Waters) with gradient elution as 

follows: starting with 5.6% buffer B (100% acetonitrile) and 94.4% buffer A (10 mM 

ammonium acetate, pH 5.0 and 10% acetonitrile) the flow rate was maintained at 0.3 

mL/min; a subsequent linear gradient to 72% buffer B over 3 min was then performed. 

The amount of SAHA glucuronide formed was calculated based on the ratio of the areas 

under the curves for the peaks representing the glucuronide versus that representing 

SAHA. As controls, glucuronidation assays were performed using HLM as a positive 

http://www.waters.com/watersdivision/ContentD.asp?watersit=JDRS-68ZRPZ&WT.svl=1
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control for glucuronidation activity, and untransfected HEK293 cell homogenate protein 

as a negative control for glucuronidation activity.  

 

2.2.4  SAHA-glucuronide confirmation 

SAHA-glucuronide was initially confirmed by sensitivity to Escherichia coli -

glucuronidase [ -glucuronidase; (Sigma Chemical Co., St. Lousi, MO)] treatment as 

previously described (128, 186, 244). Briefly, activity assay mixes were treated with 

1000 U of -glucuronidase at 37°C for 16 h and then analyzed by UPLC for cleavage of 

the SAHA-glucuronide.  

In addition to -glucuronidase sensitivity, the SAHA-glucuronide metabolite was 

confirmed via mass spectrometry by Dr. Gang Chen of the Lazarus lab. Triple-

quadrupole tandem mass spectrometric detection was performed on an ACQUITY® 

SQD (Waters Corp. Milford, MA, USA) with an electrospray ionization (ESI) interface. 

For separation, an UPLC system consisting of a binary gradient pump, an auto sampler 

(4°C), and a column oven (35°C) were used. A 100 × 2.1 mm i.d. Acquity UPLC Beth 

C18 column with 1.7 μm particles (Waters) was used for separation of the SAHA-

glucuronide. A 0.2 µm prefilter was installed before the column. Eluents were (A) 90% 

10mM NH4AC pH5.0 and 10% CAN, and (B) 100% CAN. The flow-rate was 0.3 

mL/min. Sample volumes of 10 μL were injected. Gradient conditions were as follows: 

0–1.5 min, 20% B; 1.5–2.5 min, linear gradient to 72% B; 2.5–5 min, 72% B; 5-7min 

isocratic 20% B. 

The mass spectrometer operated in positive mode was set up to scan the 

daughter ion of m/z 441.4. The following optimized mass spectrometry parameters were 
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employed: capillary voltage 0.57 kV, cone voltage 30 V, collision energy 15 V source 

temperature 450°C and desolvation temperature 140°C. Nitrogen was used as the 

desolvation and cone gas with a flow rate of 760 L/h. Argon was used as the collision 

gas at a flow rate of 0.1 mL/min. Data acquisition and analysis were performed using 

the MassLynx™ NT 4.1 software with QuanLynx™ program (Waters Corp., Milford, MA, 

USA). 

 

2.2.5  Kinetic analysis of interactions of  UGTs with SAHA 

All UGT cell lines (Table 2.1) were initially screened using 400 µg total protein in 

40 µL reactions incubated with 8 mM SAHA. To determine Vmax and KM values, UGT 

activity was determined as described in section 2.2.3, using at least 6 concentrations of 

SAHA ranging from 65 uM to 8 mM. Vmax and KM values were determined from 

Michales-Menton plots of UGT activity versus SAHA concentration. Kinetic constants 

were determined using Prism Version 5 software (GraphPad Software, San Diego, CA, 

USA). All experiments were performed in triplicate for kinetic analysis of UGT-

overexpressing cell homogenates and were independent assays. 
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2.3  RESULTS  

 

2.3.1  Characterization of UGT-overexpressing cell lines 

In order to screen all the UGT1As and UGT2Bs (except UGT2B28) to determine 

if they are able to glucuronidate SAHA, it was first necessary to make UGT1A3 and 

UGT2B15 expressing HEK293 cell lines. These two UGTs were the only wild-type cell 

lines missing from our lab‟s UGT cell line set. To confirm correct amplification and 

insertion of UGT amplicons into the pcDNA3.1/V5-His-TOPO/ vector, the cloned 

UGT1A3 and 2B15 inserts were sequenced, were compared with sequences deposited 

in GenBank, and were confirmed to be 100% homologous to the wild-type UGT1A3 

(gi:40849853) and UGT2B15 (gi:5881245) sequences. After transfection into HEK293 

cells and selection by G418, RNA was isolated from these cell lines and correct 

transcription was confirmed by sequencing. UGT protein levels in each cell line were 

measured by Western Blot. Figure 2.2 and 2.3 are representative of blots used for 

quantification of UGT1A3 and UGT2B15 proteins, respectively. From 3 independent 

Western blots and densitometric measurements, the amount of UGT1A3 expression in 

the cell homogenate was determined to be 31 ng UGT1A3/ µg total cell homogenate 

protein and UGT2B15 expression was determined to be 15.5 ng UGT1A3/ µg total cell 

homogenate protein. 
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Figure 2.2: Western blot analysis of UGT1A3 protein expression in the UGT1A3- 

overexpressing HEK293cell line. Cell homogenate (20 µg total protein) was loaded. 
The amount of UGT1A3 expression was normalized against the levels of β-Actin and 
was quantified by densitometry as described in Materials and Methods (section 2.2.1). 

Protein from homogenates of untransfected HEK293 cells was used as a negative 
control. Product size is 50 kDa. 
 

 

Figure 2.3: Western blot analysis of UGT2B15 protein expression in the UGT2B15 
and UGT2B17- overexpressing HEK293 cell line. UGT 2B7, 2B15, and 2B17 protein 

levels were quantified by comparison to known amounts of UGT2B7 protein standard 
(from Gentest) with quantification standardized to the levels of β-actin observed in each 
lane. UGT2B7 Std 1, 200 ng of UGT2B7 protein; UGT2B7 Std 2, 250 ng of UGT2B7 

protein. Twenty micrograms of homogenate protein was loaded in each lane for UGT 
2B7-, 2B15-, and 2B17-overexpressing cells. The negative control HEK293 (20 µg of 
homogenate protein) lane shows no UGT2B expression in the parental HEK293 cells. 

[Reference from (245)]. 
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2.3.2  Confirmation of SAHA-glucuronide formation 

Although the SAHA-glucuronide has been identified in the serum and urine of 

patients treated with SAHA, it has yet to be determined which UGT enzyme(s) is/are 

responsible for this activity (246). To determine which UGTs glucuronidate SAHA, an 

activity assay followed by UPLC analysis of the products was optimized using UGT1A7 

cell homogenate and human liver microsomes (Figure 2.4). The chromatogram of the 

UGT1A7 cell homogenate incubated with co-substrate, UDPGA which is required for 

glucuronidation (Figure 2.4A) shows the UDPGA peak and cell homogenate 

background peaks. UDPGA is the co-substrate required for glucuronidation; this 

compound is transferred by the UGT enzymes to the substrates being glucuronidated 

which typically results in inactivation and excretion. This co-substrate needs to be in 

excess amounts for glucuronidation to occur in the in vitro system.  

 Figure 2.4B is the UPLC chromatogram of SAHA dissolved in DMSO and diluted 

with 50/50 water/acetonitrile and demonstrates a retention time of 2.85 min for 

unmetabolized SAHA. Figure 2.4C is the UPLC chromatogram of UGT1A7 homogenate 

that has undergone incubation with both the UGT co-substrate, UDPGA, and the 

substrate, SAHA to detect the presence of UGT glucuronidation activity. The un-

conjugated SAHA peak was again observed at the retention time of 2.85 min and a 

peak postulated to be the SAHA glucuronide was observed with a retention time of 2.59 

min. To confirm that the peak at 2.59 min was the SAHA-glucuronide further analysis 

was conducted. 

The peak that was postulated to be the SAHA glucuronide was initially tested for 

sensitivity to β-glucuronidase, which is an enzyme that cleaves the glucuronic acid from 
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its substrates. The product peak that had been observed in the chromatogram of the 

complete UGT assay mix at 2.59 min and proposed to be SAHA glucuronide was now 

absent from the chromatogram (Figure 2.4D). These results are similar to those 

observed previously for other glucuronides (235) and strongly suggest that the peak at 

2.59 min is SAHA-glucuronide. 
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Figure 2.4: Optimization of the UGT activity assay with SAHA substrate using 
UGT1A7 cell homogenate. Representative UPLC traces of glucuronidation assays 

using 8000 µM SAHA, performed as previously described in the Materials and Methods 
(2.2.3), are shown for incubations containing, (A) UGT1A7-overexpressing cell 
homogenates (40 µg protein) and UDPGA; (B) SAHA dissolved in DMSO and diluted 

with 50/50 water:acetonitrile; (C) UGT1A7-overexpressing cell homogenates (40 µg 
protein) incubated with co-substrate, UDPGA and substrate, SAHA ; and (D), products 
of UGT1A7 activity assay followed by incubation with β-glucuronidase.  

 

 

To further confirm that the observed peak at 2.59 min is SAHA glucuronide, HLM 

and mass spectrometry were used. UGT activity assays, similar to those used for 

UGT1A7 cell homogenates, were performed using SAHA substrate and HLM as the 

protein source. The results indicated formation of SAHA glucuronide by HLM as 

indicated by the peak at 2.59 min (Figure 2.5A) which is absent following treatment with 

β-glucuronidase (Figure 2.5 A and B). The mass spectrum for the postulated SAHA-O-
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glucuronide observed at 2.59 min in the UPLC chromatogram ([M+H]+ of 441 for 

protonated molecules) showed a clear daughter ion at m/z 265 corresponding to the 

[M+H]+ of SAHA (Figure 2.5C), a pattern that was identical to the previously published 

ion spectra for SAHA-glucuronide (247).  

 

 

 

 

Figure 2.5: UPLC analyses of SAHA metabolites formed by UGTs in HLM. 
Representative UPLC traces of glucuronidation assays using 200 µM SAHA, performed 
as previously described in the Materials and Methods (2.2.3), are shown for incubations 

containing, (A) HLM (20 µg protein); or (B), HLM incubated with β-glucuronidase. 
Representative tandem MS/MS trace of the putative SAHA-glucuronide peak from HLM 
glucuronidation activity assays is shown in panel C.  
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2.3.3  Screen of individual UGTs for activity against SAHA 

 To identify UGTs that are able to glucuronidate SAHA, an initial screen using cell 

lines overexpressing wild-type UGTs 1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9, 1A10, 

2B4, 2B7, 2B10, 2B11, 2B15 and 2B17 was performed with 400 µg total cell 

homogenate protein and 8 mM SAHA (the highest concentration at which SAHA could 

be dissolved in DMSO without precipitating out of the solution). UPLC analysis of 

glucuronidation assays for each of the UGTs tested indicated a peak for unconjugated 

SAHA at a retention time of 3 min and, for those UGTs which exhibited glucuronidation 

of SAHA, a peak for SAHA glucuronide at a retention time of 2.62 min (Figure 2.6). Of 

the UGTs tested, UGT 1A3, 1A7, 1A8, 1A9, 1A10 and 2B17 each exhibited high levels 

of glucuronidation against SAHA, while UGTs 1A1, 1A4, 1A6 and 2B7 exhibited 

relatively less glucuronidation of SAHA. No detectable glucuronidation activity of SAHA 

was observed in our in vitro glucuronidation assays for UGTs 1A5, 2B4, 2B10, 2B11, or 

2B15. Table 2.2 summarizes the results from the initial screen.  
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UGT Activity* UGT Activity* 

       

1A1 + 2B4 - 

1A3 +++ 2B7 ++ 

1A4 + 2B10 - 

1A5 - 2B11 - 

1A6 + 2B15 - 

1A7 +++ 2B17 +++ 

1A8 +++   

1A9 +++   

1A10 +++   

    

* (+++) high glucuronidation activity, KM and Vmax values could 

be determined; (++) glucuronidation activity detected, KM > 8 
mM; (+) glucuronidation activity detected, but kinetic values 
could not be ascertained; (-) glucuronidation activity not 

detected. 
 
Table 2.2: Summary of SAHA glucuronidation formation of individual UGTs. 

 
  



73 

 

 
Figure 2.6: UPLC chromatograms from in vitro screening of UGT-overexpressing 
HEK293 cell lines for UGT activity against SAHA. Each glucurondiation assay (40 

µL) contained 400 µg total protein and was incubated for 1 h and assessed by UPLC. 
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Figure 2.6 (continued): UPLC chromatograms from in vitro screening of UGT-

overexpressing HEK293 cell lines for UGT activity against SAHA. Each 
glucurondiation assay (40 µL) contained 400 µg total protein and was incubated for 1 h 
and assessed by UPLC. 
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2.3.4  Kinetic parameters for the glucuronidation of SAHA by individual UGT family 

members  

To identify which UGTs were most active against SAHA, kinetic analysis was 

performed. Although UGT 1A1, 1A4, 1A6 and 2B7 each exhibited detectable levels of 

glucuronidation against SAHA (Figure 2.6), the KM for each was above 8 mM, which 

was the highest concentration of SAHA that could be used therefore an accurate KM 

could not be measured. UGT 1A3, 1A7, 1A8, 1A9, 1A10 and 2B17 each exhibited levels 

of glucuronidation of SAHA for which kinetic parameters could be determined and a 

representative kinetic analysis plot for each UGT is shown in Figure 2.7. Each cell line‟s 

stock homogenate was tested in triplicate as independent experiments for 

glucuronidation activity.  

Direct comparison of the kinetic parameters for the individual UGTs analyzed 

required that activity results from the same quantity of UGT protein be analyzed for 

each determination. Therefore, Western analysis was performed on homogenates of 

each HEK293 UGT-overexpressing cell line tested and the UGT activities were then 

normalized to account for observed differences in amounts of UGT expression. Since 

the same standard of UGT protein was used to determine the quantity for each UGT cell 

homogenate, it is possible to adjust protein values to compare activity. Furthermore, we 

can use this UGT adjusted Vmax to compare to KM (Vmax/ KM) and yield a value which 

represents overall enzyme efficiency. Traditionally, Kcat, which includes factoring in the 

enzyme molecular weight, would be calculated to assess overall enzyme efficiency; 

however, our method adjusted only by quantity of UGT. Both Kcat and Vmax/ KM showed 

the same patterns for enzyme efficiency for the UGTs that were examined. As shown in 
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Table 2.3, UGT2B17, UGT1A8 and 1A10 were considerably more active against SAHA 

than any other UGT family members as determined by values of Vmax/ KM. UGT2B17 

exhibited the lowest KM of all the UGTs screened, which at 300 µM, was 3-fold lower 

than that of UGT1A10 which exhibits the next lowest KM value of 1mM.   
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Figure 2.7: Representative concentration dependence curves for SAHA 

glucuronide formation in homogenates of UGT-overexpressing cells. Incubations 
to determine the concentration dependence of SAHA glucuronide formation were 
performed for 1 h at 37°C using 400 µg total protein. Shown are representative plots 

from the three replicate assays performed for each UGT as described in section 2.2.5.  
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UGT KM  (mM) 
Vmax   

(pmol.min-1.µg-1)b 
Vmax/KM  

(nL.min-1.µg-1)b 

    

UGT1A3 3.4 ± 0.8 6.0 ± 1.8 1.7 ± 0.2 

UGT1A7 2.7 ± 0.6 10 ± 0.4 3.9 ± 0.6 

UGT1A8 1.9 ± 0.1 62 ± 7.6 33 ± 6.3 

UGT1A9 1.6 ± 0.5 11 ± 1.3 7.1 ± 2.2 

UGT1A10 1.0 ± 0.1 24 ± 2.7 24 ± 2.4 

UGT2B17 0.3 ± 0.1 3.7 ± 0.7 16 ± 6.5 

        

a All reactions were performed using 40 µg of UGT-overexpressing cell 
homogenate and incubated for 1 h at 37°C. Kinetic data are reported as mean ± 

standard deviation for three independent experiments. 
 b Vmax values are adjusted per µg of the corresponding UGT protein as 
determined by Western blot analysis. 

 

Table 2.3: Kinetic analysis of SAHA-glucuronide formation by UGTs using UGT-
overexpressing cell homogenates.a 
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2.4  SUMMARY 

 

 Pharmacokinetic studies have identified two inactive metabolites, SAHA-

glucuronide and 4-anilino-4-oxobutanoic acid, in patients treated with SAHA, [Figure 

1.5; (55, 246)] and it has been hypothesized that UGT genotype is important to patient 

response (119). The present study is the first to identify and to characterize the 

enzymes responsible for the glucuronidation of SAHA, while the details of how SAHA is 

metabolized to 4-anilino-4-oxobutanoic acid have not yet been elucidated. The current 

results demonstrate that several UGTs, including 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 

1A10, 2B7, and 2B17 exhibit glucuronidation activity against SAHA. 

 UGT1A8 and UGT1A10, which are expressed exclusively in extra-hepatic 

tissues, were the best overall glucuronidators of SAHA in our in vitro system. In vivo, 

these enzymes may play important roles in tissues which are targets of SAHA, such as 

lung, breast, colon, small intestine, and tissues of the aerodigestive tract (136, 161, 185, 

248). Of the hepatic UGTs, UGT2B17 was identified as the major hepatic enzyme 

involved in the glucuronidation of SAHA. The KM exhibited by UGT2B17 against SAHA 

was 5- and 11-fold lower than those observed for the other active hepatic UGTs, 1A9 

and 1A3, respectively.  

 Our goal was to identify individual UGTs that had the ability to glucuronidate 

SAHA and this required a system in which only one UGT was expressed. However, 

there are limitations to this assay design. Since activity is assessed in vitro many of the 

enzymes which transport the drugs and co-substrate into the ER lumen are not present, 

thus requiring holes to be made in the membrane which could confound the overall 
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glucuronidation process. Studying UGT activity in humans, tissues, and most cell lines 

would not result in the identification of the specific UGTs which glucuronidate SAHA due 

to the multiple UGTs which are expressed simultaneously. Therefore, the assay used in 

this section is ideal for the particular goal of examining the glucuronidation abilities of 

individual UGTs.  

 This study has enhanced the understanding of the enzymes involved in the 

metabolism of SAHA; however, more characterization of the glucuronidation pathway 

could possibly help identify inter-individual differences resulting from UGT variants. 

Each of the UGTs that have now been demonstrated to be most active for 

glucuronidation of SAHA including UGT 1A8, 1A10, and 2B17, are known to have 

variants that alter the ability of the enzyme to glucuronidate other substrates (202, 203, 

205, 209). These variants could also affect SAHA glucuronidation and should be 

characterized. In addition, while this study used recombinant individual UGTs to identify 

the specific enzymes involved in the glucuronidation of SAHA, further studies using in 

vitro systems such as hepatocytes or human tissue, which contain multiple UGTs, 

would better simulate in vivo conditions and further our understanding of SAHA 

metabolism. 
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Chapter 3:  Characterization of the ability of variant UGTs to glucuronidate SAHA 

 

3.1  INTRODUCTION 

 

Cancer is a complex disease that varies among individuals and even cancers 

that develop in the same primary site may differ at the molecular level from individual to 

individual. The complexities of cancer make this disease ideal for development of 

individualized medicine. Methods for development of individualized treatment include 

examining the tumor microenvironment and/or examining the genetic make-up of an 

individual. Although individualized medicine is in its early stages, some results that 

demonstrate promise in the field have already been achieved. Expression microarrays 

have been used to classify breast cancer at the molecular level and this has aided the 

assessment of clinical outcomes and determination of optimal treatments for individual 

breast cancers (249-251). This same approach could be integrated with 

chemotherapeutic agents that are currently used in the clinic as well as with those that 

are currently being developed. 

Chemotherapeutic agents have a narrow therapeutic index in which the drug is 

effective and the dosage is not toxic (238). Identifying an appropriate dose with optimal 

chemotherapeutic affects is challenging considering the many ways in which individuals 

differ (i.e. diet, exercise, gender, weight) that may affect drug response. 

Pharmacogenetics is an approach which correlates differences in drug response to the 

genotypes of individuals. This approach was based on the observation that antimalarial 

drugs caused hemolysis in patients from families that have glucose-6-phosphate 
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dehydrogenase deficiency (238, 252). With advances in technology and extensive 

information on genetic variations in the population readily available, consideration of an 

individual‟s genotype when making decisions about the treatment of a disease is 

flourishing. There are many pathways involved in drug action for which it has been 

demonstrated that an individual‟s genotype can alter drug response. For example, a 

G2677T/A single nucleotide polymorphism (SNP) in ABCB1 (also known as mdr-1), 

which encodes a P-glycoprotein drug-efflux pump, is correlated with a significantly lower 

rate of clearance of paclitaxel and better response in ovarian cancer patients (patients 

had complete responses and were relapse-free for at least 1 year) [Figure 1.13, (215, 

216)]. In addition to effects on drug transport, variants of drug metabolizing enzymes 

have been shown to alter drug efficiency and/or toxicity thus leading to inter-individual 

differences in drug response.   

Drug metabolism is broken down into two phases: phase I typically leads to an 

active more polar metabolite and Phase II typically leads to the conjugation of a 

compound that results in the inactivation and excretion of the drug; however, there are 

exceptions to these generalizations. Alterations in enzymes that metabolize a drug can 

alter the pharmacokinetics that influence the concentration of drug that reaches its 

target (253). The CYP450 family of enzymes is a family of phase I enzymes that oxidize 

approximately 78% of the top 200 drugs prescribed in the US that are cleared 

hepatically (218). Genetic variants of CYP450s, that result in aberrant expression or 

altered enzyme activity, have been suggested to be clinically relevant in alterations of 

metabolism of chemotherapeutic agents including flutamide, tegafur, 

cyclophosphamide, paclitaxel, and tamoxifen (219). Although these phase I enzymes 



83 

 

are relevant to altered drug metabolism and possibly to patient response, it has yet to 

be recommended by the FDA that genetic screening be conducted before 

administration of these drugs. In addition, a phase II enzyme variant of UGT1A1 has 

had a clear and direct clinical impact. The UGT1A1*28 allele, which is associated with 

decreased UGT1A1 expression (228), has been linked to decreased glucuronidation of 

SN-38, the major active metabolite of Irinotecan, both in HLM and in the urine of 

patients treated with Irinotecan (123, 124, 193, 229). The resulting decreases in 

excretion have been linked to increased Irinotecan toxicity in patients (123-125) 

prompting the FDA to approve genetic screening for the UGT1A1*28 allele in patients 

who may be considered for treatment with this agent (126). Other current studies focus 

on the UGT family of enzymes and understanding how variants of these enzymes may 

alter drug toxicity. For example, the UGT2B7p.His268Tyr variant was recently 

associated with decreased liver microsomal glucuronidation activity against major active 

tamoxifen metabolites which may be linked to altered patient response to tamoxifen 

(121). Characterization of the UGTs responsible for metabolism of drugs may aid in 

better understanding differences in patient response and toxicity. 

Although variation in patient response to SAHA has been observed, no studies 

have yet looked for genetic variants in the enzymes of the SAHA metabolic pathway. 

UGT 1A7, 1A8, 1A10, and 2B17, now identified as the most active UGTs against SAHA, 

all have variants with prevalence greater than 2%. The goal of the study presented in 

this section was to further analyze SAHA metabolism by determining whether genetic 

variants of the major SAHA-glucuronidating enzymes could potentially contribute to 

altered metabolism of SAHA in vitro. 
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3.2  MATERIALS AND METHODS 

 

3.2.1  Generation of cell lines overexpressing UGT variants  

For the present study, 3 new variant UGT1A7 HEK293 cell lines were generated 

and a UGT2B15 variant was also generated (although not necessary for analysis with 

SAHA). The UGT1A7 coding region was originally amplified from laryngeal RNA, 

reverse-transcribed to cDNA and ligated into pcDNA3.1/V5-His-TOPO/UGT plasmid 

(184). The QuickChange SDM kit (Stratagene, La Jolla, CA) was used to performed 

site-directed mutagenesis (SDM) for the UGT1A7*2 and UGT1A7*4 alleles (encoding 

UGT1A7p.[Asn129Lys + Arg131Lys] and UGT1A7p.Trp208Arg variants, respectively) 

using a previously-synthesized wild-type UGT1A7 clone (184). The UGT1A7*3 allele 

(encoding the UGT1A7p.[Asn129Lys + Arg131Lys + Trp208Arg] variant) was made 

using the newly-synthesized UGT1A7*2 clone as template. Primer set UGT1A7-

129/131S (sense, 5‟-

GCAGGAGTTTGTTTAATGACCGAAAATTAGTAGAATACTTAAAGG-3') and UGT1A7-

129/131AS (antisense, 5‟-

CCTTTAAGTATTCTACTAATTTTCGGTCATTAAACAAACTCCTGC-3'), corresponding 

to nucleotides +371 to +422 relative to the UGT1A7 translation start site, were used to 

generate constructs that encode for the amino acid changes at UGT1A7 codons 129 

(Asn>Lys) and 131 (Arg>Lys). Primer set UGT1A7-208S (5‟-

CATGACTTTCAAGGAGAGAGTACGGAACCACATCATGCACTTG-3') and UGT1A7-

208AS (5'-CAAGTGCATGATGTGGTTCCGTACTCTCTCCTTGAAAGTCATG-3'), 

corresponding to nucleotides +607 to +652 relative to the UGT1A7 translation start site, 
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were used to generate constructs that encode for the amino acid change at codon 208 

(Trp>Arg). Similarly, SDM was used to generate cDNA for UGT2B15*2 (encoding for 

UGT2B15p.Asp085Tyr) from wild-type UGT2B15 (previously described in section 2.2.1) 

using primers UGT2B15-85S (sense, 5‟-

TACATCTTTAACTAAAAATGATTTGGAAGATTCTCTTCTG-3‟) and UGT2B15-85AS 

(antisense, 5‟-CAGAAGAGAATCTTCCAAATCATTTTTAGTTAAAGATGTA-3‟) with both 

primers corresponding to nucleotides +234 to +273 relative to the UGT2B15 translation 

start site. The underlined base for each primer indicates the base-pair change.  

SDM PCR amplification was performed as follows: 1 cycle of 95°C for 4 min, 25 

cycles of 95°C for 30 s, 55°C for 1 min, and 68°C for 16 min, and then a final cycle of 

68°C for 7 min. All constructs were confirmed by dideoxy sequencing of the entire 

coding region of each vector using the T7 and BGH vector primers (Integrated DNA 

Technologies). Each newly generated UGT-expressing construct was compared with 

the sequence described in GenBank, and was confirmed to be 100% homologous to its 

respective allele. 

 Each construct was used to generate individual UGT-overexpressing HEK293 

cell lines by standard electroporation techniques in a GenePulser Xcell (Bio-Rad, 

Hercules, CA). The standard protocol used 10 µg of pcDNA3.1/V5-His-TOPO/UGT 

plasmid DNA with 5 x 106 HEK293 cells in 0.5 mL serum-free DMEM medium, with 

electroporation at 250 V and 1000 µF. After transfection, HEK293 cells were grown to 

80% confluence in a 5% CO2 atmosphere in DMEM medium supplemented with 4.5 mM 

glucose, 10 mM HEPES, 10% fetal bovine serum, 100 U/mL penicillin, 100 µg/mL 

streptomycin, and G-418 (700 µg/mL medium) for the selection of G-418-resistant cells, 
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with selection medium changed every 2 to 3 days. G-418-resistant cell lines were 

selected and analyzed for UGT expression via Western blotting analysis as described in 

section 2.2.1. Levels of UGT2B15 were measured by Dr. Dellinger of the Lazarus lab. 

All other cell lines overexpressing UGT1A and UGT2B variants analyzed in this study 

have been described previously (section 2.2.1). Cells from each UGT-overexpressing 

cell line were grown in DMEM to 80% confluence, as described above, prior to 

preparation of cell homogenates.  

 

3.2.2  Preparation of cell homogenates 

Homogenates for each individual UGT variant were prepared as follows. Cells 

were grown, as described in section 3.2.1, in 100 mm plates to 80% confluence (~25 

plates) before the preparation of cell homogenates. Cells were collected from the plate 

with 10 mL of PBS, centrifuged, the supernatant removed, the cell pellet resuspended in 

PBS, centrifuged and the supernatant removed to ensure no residual media in pelleted 

cells. After final centrifugation and removal of supernatant, pelleted cells were 

resuspended in Tris-buffered saline (25 mM Tris base, 138 mM NaCl2, and 2.7 mM KCl, 

pH 7.4) and subjected to three rounds of freeze-thaw before gentle homogenization. 

Cell homogenates were stored at -80°C. Total homogenate protein concentrations were 

measured using the BCA protein assay. To confirm sequence of overexpressing mRNA, 

total RNA was extracted using the RNeasy Mini kit from Qiagen as per manufacturer‟s 

protocols. 
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3.2.3  Glucuronidation Assays 

Glucuronidation activities of cell homogenates from human UGT-overexpressing 

cell lines toward SAHA were determined similarly to those described previously (184, 

186, 243). Cell homogenate (40 or 400 g protein) was initially incubated with 

alamethicin (50 g/mg protein) for 15 min in an ice bath to permeablize the membranes. 

Incubations (40 L) were subsequently performed at 37oC for 1 h in reaction buffer of 50 

mM Tris (pH 7.5), 10 mM MgCl2, 4 mM UDPGA and 65 µM to 8 mM of substrate. 

Reactions  were terminated by the addition of cold acetonitrile, adding the same volume 

as the initial reaction mix(40 L). Reaction mixes were then centrifuged at 13,000 g for 

10 min at 4oC and supernatants were collected. Reactions containing 1mM or more 

SAHA were diluted 5-fold with 50/50 water/ acetonitrile. Glucuronidation product 

formation was then assessed using UPLC as described previously. 

Glucuronidation assays (1-10 L) were analyzed for SAHA glucuronide by UPLC 

on a Waters ACQUITY UPLC™ System (Milford, MA) equipped with an automatic 

injector and a UV detector operated at 244 nm. UPLC was performed using a BEH 1.7 

µm C18 column (2.1 mm x 100 mm, Waters) with gradient elution as follows: starting 

with 5.6% buffer B (100% acetonitrile) and 94.4% buffer A (10 mM ammonium acetate, 

pH 5.0) and 10% acetonitrile) the flow rate was maintained at 0.3 mL/min; a subsequent 

linear gradient to 72% buffer B over 3 min was then performed. The amount of 

glucuronide formed was calculated based on the ratio of the glucuronide versus SAHA. 

As controls, glucuronidation assays were performed using HLM as a positive control for 

glucuronidation activity, and untransfected HEK293 cell homogenate protein as a 

negative control for glucuronidation activity.  

http://www.waters.com/watersdivision/ContentD.asp?watersit=JDRS-68ZRPZ&WT.svl=1


88 

 

To confirm general activity of variant UGTs that did not exhibit activity against 

SAHA, activity assays were tested against known substrates; this work was done by Dr. 

Dongxiao Sun of the Lazarus lab. Glucuronidation activities of cell homogenates from 

UGT1A8 and UGT1A10 variant overexpressing cell lines were determined similarly to 

those described previously (184, 186, 243). Cell homogenate (200 g protein) was 

initially incubated with alamethicin (50 g/mg protein) for 15 min in an ice bath to 

permeablize membranes. UGT activity was determined in a standard assay mix 

containing 50 mM Tris buffer (pH 7.5), 10 mM MgCl2, 4 mM UDPGA and substrate (75 

µM of 4-methylumbelliferone (4-MU) for UGT1A8* and 75 µM of 17-dihydroexemestane 

for UGT1A10*), and the assay mix was incubated 1 h at 37oC. Reactions were 

terminated by the addition of cold acetonitrile adding the same volume as the initial 

reaction (40 L). Reactions were then centrifuged at 13,000 g for 10 min at 4oC and 

supernatants were collected. Glucuronidation product formation was then assessed 

using UPLC as described below. 

Glucuronidation assays (5 L) were analyzed for 4-MU and 17-

dihydroexemestane glucuronide by UPLC on a Waters ACQUITY UPLC™ System 

(Milford, MA) equipped with an automatic injector and a UV detector operated at 254 nm 

for 17-dihydroexemestane or 316 nm for 4-MU. UPLC for 17-dihydroexemestane was 

performed using a BEH 1.7 µm C18 column (2.1 mm x 50 mm, Waters) with gradient 

elution as follows: starting with 19% buffer B (100% acetonitrile) and 81% buffer A (5 

mM ammonium acetate, pH 5.0) the flow rate was maintained at 0.3 mL/min; a 

subsequent linear gradient to 75% buffer B over 4 min was then performed. UPLC for 4-

MU was performed using a BEH 1.7 µm C18 column (2.1 mm x 50 mm, Waters) with 

http://www.waters.com/watersdivision/ContentD.asp?watersit=JDRS-68ZRPZ&WT.svl=1


89 

 

gradient elution as follows: starting with 2% buffer B (100% acetonitrile) and 98% buffer 

A (5 mM ammonium acetate, pH 5.0) the flow rate was maintained at 0.3 mL/min; a 

subsequent linear gradient to 70% buffer B over 8 min was then performed. As controls 

for both 17-dihydroexemestane and 4-MU, glucuronidation assays were performed 

using HLM as a positive control for glucuronidation activity, and untransfected HEK293 

cell homogenate protein as a negative control for glucuronidation activity.  

 

3.2.4  Kinetic analysis of variant UGTs against SAHA 

Variant cell lines of the most active UGTs were initially screened using 400 µg 

total protein in 40 µL reactions and were incubated with 8 mM SAHA. To determine Vmax 

and KM values for the variant UGTs, UGT activity was determined as described in 

section 2.2.3, using at least 6 concentrations of SAHA ranging from 65 uM to 8 mM. 

Vmax and KM values were determined from Michales-Menton plots of UGT activity versus 

SAHA concentration. Kinetic constants were determined using Prism Version 5 software 

(GraphPad Software, San Diego, CA, USA). All experiments were performed in triplicate 

for kinetic analysis of UGT-overexpressing cell homogenates and were independent 

assays. 
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3.3  RESULTS 

 

3.3.1  Characterization of HEK293 cell lines overexpressing UGT variants 

To confirm correct amplification and insertion of cDNA into the pcDNA3.1/V5-His-

TOPO/ vector, the sequence of the cloned inserts from each variant of UGT1A7 and 

2B15 were compared with the sequences described in GenBank and were confirmed to 

be 100% homologous to each variant allele UGT1A7*2 (gi:12002128), UGT1A7*3 

(gi:12002130), UGT1A7*4 (gi:12002132) and UGT2B15*2 (gi:5881245) sequence. After 

transfection of each expression plasmid into HEK293 cells and selection of G418 

resistant cells, RNA was isolated from each cell line to ultimately confirm correct 

transcription of the UGT. UGT protein levels in each cell line were measured by 

Western Blot. Shown in Figures 3.1 and  3.2 are representative blots used for 

quantification of the expression of the variant UGT1A7 and UGT2B15 proteins. 
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Figure 3.1: Western blot analysis of UGT1A7 star allele protein from HEK293 cell 
lines expressing UGT1A7*. 20 µg of cell homogenate protein was used for each 

sample. The amount of UGT1A7* expression was normalized to the levels of β-Actin 
and was quantified by densitometry as described in materials and methods (section 
3.2.1). Untransfected HEK293 cell protein was used as a negative control.  

 
 
 

 
Figure 3.2: Western blot analysis of UGT2B15*2 protein from HEK293 cell lines 
expressing UGT2B15. UGTs2B15*1 and 2B15*2 protein levels were quantified using 
known amounts of UGT2B7 protein standard (from Gentest) with quantities normalized 

to the levels of β-actin observed in each lane as described in materials and methods 
(section 3.2.1). UGT2B7 Std 1, 200 ng of UGT2B7 protein; UGT2B7 Std 2, 250 ng of 
UGT2B7 protein. Twenty micrograms of cell homogenate protein was loaded in each 

lane for the determination of UGT 2B15*1 and 2B15*2 levels. The lane containing the 
negative control parental HEK293 homogenate (20 µg of homogenate protein) shows 
no UGT2B expression. [Reference from (245). 
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3.3.2  Results of screening for glucuronidation of SAHA by UGT variants  

Kinetic analyses of nonsynonymous variants of UGTs, 1A7, 1A8 and 1A10, the 

most active UGTs against SAHA, were performed to address potential inter-individual 

differences in glucuronidation rates (Table 3.1). UGT1A7 has three common (>2% 

prevalence in Caucasians, African Americans and Asians) amino acid changing 

polymorphisms including: UGT1A7p.[Asn129Lys + Arg131Lys] (encoded by the 

UGT1A7*2 allele), UGT1A7p.[Asn129Lys + Arg131Lys + Trp208Arg] (encoded by the 

UGT1A7*3 allele), and UGT1A7p.Trp208Arg (encoded by the UGT1A7*4 allele) (201). 

There are two nonsynonymous polymorphisms of the UGT1A8 allele, 

UGT1A8p.Ala173Gly (encoded by UGT1A8*2) and UGT1A8p.Cys277Tyr (encoded by 

UGT1A8*3) and a single nonsynonymous polymorphism that produces the 

UGT1A10p.Glu139Lys protein [encoded by UGT1A10*2; (202, 203)]. There are no 

known common nonsynonymous variants for UGT2B17. An initial screen, to assess 

SAHA glucuronidation ability, using HEK293 cell lines overexpressing variant alleles for 

UGT1A7*2, UGT1A7*3, UGT1A7*4, UGT1A8*2, UGT1A8*3 and UGT1A10*2 was 

performed. For each activity assay, 400 µg total cell homogenate protein was tested 

with 8 mM SAHA (the highest concentration at which SAHA could be dissolved in 

DMSO).   

Neither UGT1A8*3 nor UGT1A10*2 exhibited activity towards SAHA (Figure 3.6 

and 3.7, respectively). However, both the UGT1A8*3 and UGT1A10*2 variants exhibited 

detectable levels of activity against 4-MU (Figure 3.3) or 17-dihydroexemestane (Figure 

3.4), respectively, indicating that the UGT1A8 and UGT1A10 variant cell homogenates 

used for these glucuronidation assays contained active UGT enzymes. All other variants 
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exhibited some level of activity toward SAHA and were further characterized. The 

chromatograms  for this initial screen are illustrated in Figures 3.5 - 3.7. 

 

 

 

 
 
Figure 3.3:  UPLC chromatographs of cell homogenate of UGT1A8 star allele-

overexpressing HEK293 cells assayed for activity against 4-MU. 
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Figure 3.4: UPLC chromatographs of cell homogenate of UGT1A10 star allele-
overexpressing HEK293 cells assayed for activity against 17-dihydroexemestane.  

 
 
 

 
 

Figure 3.5: UPLC chromatographs of cell homogenate of UGT1A7 star allele-
overexpressing HEK293 cells assayed for activity against SAHA. 
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Figure 3.6: UPLC chromatographs of cell homogenate of UGT1A8 star allele-
overexpressing HEK293 cells assayed for activity against SAHA. 
 

 
 

 
 

Figure 3.7: UPLC chromatographs of cell homogenate of UGT1A10 star allele-
overexpressing HEK293 cells assayed for activity against SAHA. 
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3.3.3  Rate of SAHA glucuronidation by individual UGT family members   

Kinetic parameters for the glucuronidation of SAHA by UGT variants were 

determined from Michales-Menton plots of UGT activity (as determined by UPLC as 

described) versus SAHA concentration. Representative plots for each UGT variant 

analyzed are shown in Figure 3.8. Normalization of the UGTs to one another to allow for 

direct comparisons of Vmax and to KM values was based on UGT expression in the 

individual UGT-overexpressing cell homogenates as determined by Western blot 

analysis as described previously (245). As shown in Table 3.1, the UGT1A8*2 variant 

exhibited a 3-fold (P < 0.005) decrease in glucuronidation activity as compared to 

UGT1A8 wild-type; no detectable glucuronidation activity was observed for the 

UGT1A8*3 variant using up to 8 mM SAHA. Similarly, no glucuronidation activity against 

SAHA was observed for the UGT1A10*2 variant. No significant difference in 

glucuronidation activity was observed against SAHA for any of the UGT1A7 variants. 
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Figure 3.8: Representative concentration dependence curves for SAHA 
glucuronide formation in homogenates of UGT variant-overexpressing cells. UGT 
activity assays were carried out using 400 µg total protein. Incubation was for 1h at 

37°C followed by UPLC analysis of reaction mixes. Shown are representative plots from 
the three replicates assays performed for each UGT as described in section 3.3.3. 
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UGT allele 

 

amino acid change 

 

KM  (mM) 

Vmax   

(pmol.min-1.µg-1)b 

Vmax/KM  

(nL.min-1.µg-1)b 

Allele 
frequency  

(Caucasian) 

 
    

 

UGT1A7*1 
 

2.7 ± 0.6 10 ± 0.4 3.9 ± 0.6 0.358 

UGT1A7*2 [Asn129Lys]+[Arg131Lys] 2.5 ± 0.3 12 ± 2.5 5.0 ± 1.6 0.264 

UGT1A7*3 [Asn129Lys]+[Arg131Lys]+[Trp208Arg] 2.3 ± 0.3 15 ± 4.0 6.7 ± 2.0 0.361 

UGT1A7*4 Trp208Arg 2.2 ± 0.5 12 ± 4.4 5.4 ± 1.9 0.017 

  
   

 

UGT1A8*1 
 

1.9 ± 0.1 62 ± 7.6 33 ± 6.3 0.83 

UGT1A8*2 Ala173Gly 3.0 ± 0.7 34 ± 2.6 12 ± 2.2 0.15 

UGT1A8*3 Cys277Tyr                               no detectable activity 0.02 

 
    

 

UGT1A10*1 1.0 ± 0.1       24 ± 2.7           24 ± 2.4 0.99 

UGT1A10*2 Gly139Lys                              no detectable activity 0.01 
    

 

 
a All reactions were performed using 40 µg of HEK293 UGT-overexpressing cell homogenate and incubated for 1 h at 37°C. 
Kinetic data are reported as mean ± standard deviation for three independent experiments.   

b Vmax values are adjusted per µg of the corresponding UGT protein as determined by Western blot analysis.  

 
Table 3.1: Kinetic analysis of SAHA-glucuronide formation by UGT1A variants.a 
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3.4  SUMMARY 

 

Variation in patient response to SAHA has been observed clinically (100, 120, 

240). Recent studies indicate that resistance to HDAC inhibitors such as SAHA may be 

multifactorial (254), and that a pharmacogenetic mechanism may be responsible for the 

differences in overall response to SAHA treatment (119, 254). This study is the first to 

characterize variants of enzymes involved in the SAHA glucuronidation pathway with 

regard to their abilities to glucuronidate SAHA. The previous section (2.3.3) detailed the 

identification of UGTs 1A7, 1A8, 1A10, and 2B17, all of which have variants with 

prevalence greater than 2%, as the UGTs most active in glucuronidation of SAHA. The 

results presented here demonstrated that UGT variants significantly exhibit alterations 

in SAHA glucuronidation as compared to the wild-type enzymes.  

UGT2B17 was identified previously as the most active hepatic UGT with SAHA 

as the substrate (section 2.3.3). Two separate studies identified a deletion of the 

UGT2B17 gene locus (UGT2B17*2), that has an allelic prevalence of 30% in 

Caucasians (205, 209). This variant has been linked to altered rates of glucuronidation 

of several compounds (187) and increased risk for cancer (210, 211); however, this has 

been debated (255-257). This prevalent variant of the most active hepatic UGT could 

not be assessed under our current in vitro system; however, studies using human tissue 

or clinical data could assess whether this whole-gene deletion affects SAHA 

metabolism.   

The extra-hepatic UGT1A8 and UGT1A10 were overall the most active against 

SAHA. Previous studies have identified two 2 nonsynonymous genetic variants of 
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UGT1A8, UGT1A8*2 (encoding UGT1A8p.Ala173Gly) and UGT1A8*3 (encoding 

UGT1A8p.Cys277Tyr), which have been linked to altered glucuronidation activity (202). 

The UGT1A8p.Ala173Gly variant exhibited a 3-fold significant lower overall in vitro 

glucuronidating activity against SAHA as determined by Vmax/Km compared with wild-

type UGT1A8. This effect on SAHA glucuronidation is consistent  with the fact that the 

Ala>Gly amino acid substitution at UGT1A8 codon 173 is a conservative nonpolar 

amino acid change and with data from previous in vitro metabolic studies that support 

UGT1A8p.Ala173Gly has activity against substrate (202, 212). The 

UGT1A8p.Cys277Tyr variant was shown to be inactive against SAHA in in vitro 

experiments using homogenates from cell lines overexpressing this variant. However, 

the homogenate for this variant did exhibit minimal activity against other substrates 

which supports that the homogenate is functional. The Cys277Tyr may play an 

important role in enzyme activity because almost all UGT1As have a cysteine located in 

this region (un-published data by Dr. Ryan Dellinger). This cysteine at amino acid 277 

could possibly be involved in a disulfide bridge formation to another cysteine. The 

formation of a dimeric cystine amino acid could also be critical for secondary structure 

or catalysis (258). Unpublished studies by the Lazarus lab have shown that 

UGT1A9183Gly variant exhibited no dimerization compared to wild-type UGT1A9, 

suggesting that the wild-type cysteine at codon 183 is central to UGT1A9 

homodimerization. A similar scenario can be occurring with the UGT1A8p.Cys277Tyr 

variant. While the prevalence of UGT1A8*3 is relatively low in the population [<3% in 

Caucasians; (202, 203)], its presence could potentially have high penetrance in terms of 

metabolism of SAHA in tissues that are targets of the drug and where UGT1A8 is highly 
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expressed. The 3-fold reduction in glucuronidation of SAHA caused by the UGT1A8*2 

allele, which is more common with ~28% prevalence in Caucasians (202), could impact 

larger segments of the population.  

UGT1A10, the second most active UGT for SAHA glucuronidation, has a genetic 

variant that results in an amino acid change at position 139 (Glu>Lys) [encoded by the 

UGT1A10*2; 4% prevalence in blacks (203)]. The UGT1A10*2 variant has been linked 

to decreased glucuronidation activity and increased cancer risk (185, 203). The 

UGT1A10p.Gly139Lys variant, while active against other substrates, was shown to be 

inactive against SAHA in vitro. This result suggests that the nonconservative amino 

change of Glu to Lys at codon 139 renders UGT1A10 less active. Similarly to 

UGT1A8*3, the prevalence of UGT1A10*2 allele is relatively low in the population [<3% 

in Caucasians; (202, 203)]; its presence could potentially have high penetrance in terms 

of metabolism of SAHA in tissues that are targets of the drug and where UGT1A8 is 

highly expressed.  

UGT1A7, the third most active UGT for SAHA glucuronidation, has 3 genetic 

variants, UGT1A7*2 (encoding UGT1A7p.[Asn129Lys + Arg131Lys]), UGT1A7*3 

(encoding UGT1A7p.[Asn129Lys + Arg131Lys + Trp208Arg]), and UGT1A7*4 

(encoding UGT1A7p.Trp208Arg); of which UGT1A7*2 and UGT1A7*3 have been linked 

to altered activity in vitro (201). However, these variants did not exhibit altered 

glucuronidation activity with SAHA substrate. These UGT1A7 variants have both 

conserved and nonconserved changes and have been shown to have altered activity for 

other substrate which suggest that these regions are important but not for SAHA 

activity. 
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One limitation to this study is that only the most active wild-type UGT‟s variants 

were tested for reduced activity. It could be possible, that the allele‟s we originally tested 

were not the most active form of the UGT. To address this possibility, we could screen 

all known UGT alleles using our in vitro system. Another possibility is to first observe 

how the current data accounts for SAHA-glucuronide formation correlated to UGT 

genotype in patients. If altered SAHA-glucuronide formation is observed and the 

originally identified variants do not account for this difference, this would support 

screening the other UGT alleles that were not originally assessed.  

These data from our in vitro system suggest that there will be variations in 

glucuronidation of SAHA in individuals carrying variant alleles of the most active SAHA 

glucuronidating UGTs. Although this study has provided essential information, there are 

limits to in vitro analysis and further studies will be required to better understand the role 

of UGTs as they pertain to SAHA glucuronidation. One question that needs to be 

addressed is how the UGTs co-expressed in tissues affect SAHA glucuronidation to 

better assess whether some of these UGTs will be able to compensate for the reduced 

SAHA glucuronidation of variant UGTs. Another issue is whether UGTs in extra-hepatic 

tissues, where SAHA is being targeted, are able to glucuronidate the drug. These 

analyses could be addressed using primary cells or tissues to perform glucuronidation 

assays. Ultimately, studies using data from patients treated with SAHA will provide the 

best analysis. However, the studies presented in this section provide the necessary 

foundation to continue the study of SAHA glucuronidation and its relationship to patient 

response to the drug in the clinic.   
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Chapter 4:  Characterization of SAHA glucuronidation by UGT in human tissue 

samples 

 

4.1  INTRODUCTION 

 

The liver is the major site of drug metabolism (259, 260) and contains many 

phase I, phase II, and phase III enzymes which aid in the metabolism of xenobiotics 

(261, 262). As the liver is an important location of drug metabolism, understanding how 

drugs interact with the enzymes of this organ would aid in predicting how the drugs 

would be metabolized in humans. Traditionally, animal models were used to assess 

drug metabolism; however, animals do not possess all enzymes found in humans and 

therefore those models have limitations (147, 263). An optimal system for studying 

metabolism would include human enzymes. One method to examine drug metabolism is 

to use recombinant human enzymes, with the advantage of being able to examine 

individual enzymes. However, to simulate in vivo conditions more accurately, all 

enzymes that are present in human systems should be examined. Primary human 

hepatocytes provide a good in vitro model of liver metabolism; however, primary 

hepatocytes are difficult to obtain, tricky to prepare and store, can only be used for a 

short duration, and results are hard to reproduce (264, 265). An alternative to primary 

human hepatocytes is microsomes prepared from human tissue. This method can be 

used to examine in vitro drug metabolism without sacrificing enzymes found in humans, 

and it is a method for which specimens are easier to obtain and results are 

reproducible. Microsomes, which are derived from membrane bound vesicles in the cell, 
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like the endoplasmic reticulum, are prepared from human tissue by differential 

centrifugation (266, 267). Since many phase I and II enzymes are located in the 

membrane of the endoplasmic reticulum, they are also present in a functional state in 

the microsomes. Once microsomes are prepared, they are easily stored in aliquots at -

80°C for many future analyses.  

The studies detailed in chapters 2 and 3 have identified the affects of UGTs and 

their variants on SAHA metabolism; however, these experiments were conducted using 

recombinant UGT enzymes in cell lines which do not endogenously express UGTs. 

These findings showed that the hepatic UGTs 2B17 and to a lesser extent, 1A9 and 

1A3 (5- and 11-fold lower, respectively), individually, were able to actively glucuronidate 

SAHA. However, in addition, it is important to assess SAHA glucuronidation under 

conditions where multiple UGTs are present and which are more relative to in vivo 

conditions. For this reason, specimens from humans were used to assess 

glucuronidation of SAHA activity. Human liver tissue, specifically HLM, is ideal to use to 

further extend the studies of SAHA glucuronidation by UGTs because it is a system that 

contains all of the UGTs present for in vivo hepatic clearance. Along with the hepatic 

UGTs, UGTs 1A8 and 1A10 were identified as the two UGTs to most actively 

glucuronidate SAHA, but these enzymes are expressed exclusively extra-hepatically. 

Since SAHA is being used as a chemotherapeutic agent targeting cancers of the lung, 

breast, colon, small intestine, and tissues of the aerodigestive tract (136, 161, 185, 

248), these extra-hepatic enzymes could potentially be most important in metabolism of 

the drugs in target tissue where these enzymes are expressed. To test SAHA 

glucuronidation in such a target tissue, colon tissue was chosen as a representative 



105 

 

because it is has high expression of the extra-hepatic UGTs 1A8 and 1A10 (136, 183). 

Together, these studies aim to enhance the understanding of the role UGTs play in 

SAHA metabolism. 
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4.2  MATERIALS AND METHODS 

 

4.2.1  Human Tissue   

The normal human liver tissue specimens used for these studies have been 

described previously (186). Briefly, normal human liver tissue specimens were provided 

by the Tissue Procurement Facility at the H. Lee Moffitt Cancer Center from individuals 

(n=100) undergoing surgery for resection of hepatocellular carcinoma. All individuals 

were Caucasian with 60 males and 40 females included. Tissue samples were quick-

frozen at -80°C within 2 h after surgery. Colon tissue was obtained from the Penn State 

College of Medicine Tissue Bank and homogenate was prepared as previously 

described for cell line homogenates. 

 

4.2.2  Preparation of Human Liver Microsomes  

 Human liver microsomes were prepared through differential centrifugation as 

previously described (267). Due to limited individual tissue specimens, all microsomes 

were prepared by Andrea Primeau of the Lazarus lab. Tissue (0.5 mg) was suspended 

in 1.5 mL homogenizing buffer (50 M Tris, pH 7.5, 1.15% KCl, 1 mM disodium EDTA) 

and homogenized on ice using an electric homogenizer. As illustrated in Figure 4.1, 

microsomes were prepared from homogenates by centrifugation at 10,000 g for 15 min 

at 4°C followed by ultracentrifugation of the supernatant at 100,000 g for 1 h at 4°C to 

pellet the microsomal fraction. The pellet was then resuspended in Tris-buffered saline 

and stored in aliquots of 10-20 mg microsomal protein/mL at –80 C. Microsomal protein 

concentrations were measured using the bicinchoninic acid protein assay. 
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4.2.3  Isolation of DNA and RNA from tissue used to prepare HLM 

During the differential centrifugation process to prepare HLMs, fractions were 

saved for isolation of RNA and DNA. Total RNA for all samples (n=100) was extracted 

by Andrea Primeau using the RNeasy Mini kit from Qiagen as per manufacturer‟s 

protocols. DNA extractions for all samples (n=100) were carried out by Dr. Gang Chen 

using phenol/chloroform extraction. Briefly, the “low speed pellet” containing the nuclear 

fraction (see Figure 4.1) was suspended in 1.2 mL digestion buffer (100 mM NaCl2, 10 

mM Tric-Cl, pH 8, 25 mM EDTA, pH8, 0.5% sodium dodecyl sulfate, and 0.1 mg/mL 

proteinase K)/100 mg tissue and incubated with shaking at 50°C for 18 h. Samples were 

then extracted with an equal volume of phenol/chloroform/isoamyl alcohol mixture 

(25/24/1) and centrifuged for 10 min at 1,700 g in a swinging bucket rotor. Supernatant 

was collected and ½ volume of 7.5 M ammonium acetate and 2x original volume of 

100% ethanol were added and then centrifuged for 2 min at 1,700 g. Supernatant was 

removed and rinsed with 70% ethanol and after complete removal of ethanol, DNA was 

resuspended in water and stored in -20°C. 
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Figure 4.1: Diagram of microsome preparation. Liver tissue (0.5 mg) was suspended in 1.5 mL homogenizing buffer 
and homogenized using an electric homogenizer followed by centrifugation at 10,000 g for 15 min at 4°C then 
ultracentrifugation of the supernatant at 100,000 g for 1 h at 4°C with the pellet containing the microsomal fraction.  
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4.2.4  Reverse transcription of RNA 

Total RNA (5 μg) isolated from each of the normal liver tissue samples examined 

in this analysis was reverse-transcribed in a final volume of 20 μL containing 1× RT-

PCR buffer, 0.5 mM of each deoxynucleotide triphosphate, 40 units of recombinant 

RNase inhibitor, 200 units of SuperScript II reverse transcriptase, and 1 µL of oligo 

(dT)12-18 (500 µg/mL). Samples were incubated at 42°C for 60 min and reverse 

transcriptase was inactivated by heating at 65°C for 5 min followed by cooling to 4°C.  

4.2.5  Genotyping Assay for UGT2B17 

 A whole-gene deletion of UGT2B17 is prevalent in populations. Two previously 

published data from our lab determined the UGT2B17 genotype of the individuals from 

whom each liver tissue sample was excised (187, 256). For the initial genotyping of 

UGT2B17 in the Lazarus lab, a PCR method was used as described previously (187). 

However, a high-throughput method was necessary to screen larger numbers of 

samples; therefore, a multiplex real-time PCR assay was developed as previously 

described (256). In addition to these two previously describe methods, the present study 

required a novel method to test for copy number variation (CNV) in UGT2B17. The 

following sections will highlight the multiplex real-time PCR assay (256) and the novel 

method to test for CNV for UGT2B17. By highlighting and discussing results of the 

previously published multiplex real-time PCR assay for UGT2B17 it will allow for direct 

comparison and validation of the newly developed UGT2B17 CNV assay. 
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 4.2.5.1  Multiplex Real-Time PCR assay to determine UGT2B17 genotype 

The method for HLM genotyping for UGT2B17 has been described previously 

(256). Briefly, a multiplex real-time PCR using primers and probes specific for either the 

UGT2B17 intact allele or the UGT2B17-null allele were designed. Figure 4.2 illustrates 

where the primers and probes for this assay bind to genomic DNA. Reactions (20 µL) 

were performed in 384-well plates using the ABI 7900 HT Sequence Detection System, 

with incubations performed at 50°C for 2 min; 95°C for 15 min; and 40 cycles of 94°C for 

1 min, 60°C for 1min 30 s. Reactions included QuantiTect Multiplex PCR Mater Mix (1 X 

final concentration; Qiagen), 0.4 µM each primer, 0.2 µM for each probe and 20-100 ng 

of DNA. Genotypes were assigned by the automatic calling feature of the allelic 

discrimination option in SDS 2.2.2 software (Applied Biosystems). 

 

 

 
 

Figure 4.2: Gene structure and primer and probe locations for the UGT2B17 
multiplex real-time PCR assay. I to VI, exons of the UGT2B17 gene on the wild-type 

allele. The deletion allele is shown below the wild-type allele, indicating that the 120 kb 
are deleted including the entire UGT2B17 gene. Dashed arrows, primers that will 
amplify the deletion allele; dashed line (with fluorescent label Joe), deletion probe. Solid 
arrows, primers that will amplify exon 1 of UGT2B17 from the wild-type allele; solid line 

(with fluorescent label Fam), deletion probe. [Reference from (256)]. 
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4.2.5.2  Copy Number Variation 

 When initial assays to screen for UGT2B17 genotype were developed in our lab, 

information on possible CNV in the UGT2B17 region was not known. However, during 

the course of this thesis, new data in the field suggested that the region in which 

UGT2B17 is located could contain CNV (268). To determine the copy number of 

UGT2B17 in genomic DNA from liver specimens, a real-time PCR assay was 

developed. UGT2B17 specific primers and probe were designed for use with genomic 

DNA; the sense and antisense primers used for amplification of UGT2B17 were 

UGT2B17S (sense, 5'- GGAGTATCTTTATGGCATTCTCTGTATG -3') and UGT2B17AS 

(antisense, 5'- CTGCAGGTTATCATCCAGGAGAG -3'), and a 6-Fam-labeled probe 

(sense, 5‟-TTGAATGTCAGCCTGCCT:mgbnfq-3‟), all located within the intron between 

exons 5 and 6 of UGT2B17. This primer/probe set was multiplexed with the internal 

control gene TaqMan RNaseP(VIC) (ABI), which has been shown to have two alleles 

(269). Reactions (10 µL) were done in 384-well plates using the ABI 7900 HT Sequence 

Detection System, with incubations done at 50°C for 2 min, 95°C for 10 min; and 40 

cycles of 95° C for 15 s, 60°C for 1min. Reactions included TaqMan Universal PCR 

master mix (1x final concentration; ABI), 0.2 µM of UGT2B17 primer/probe, 1x RNaseP 

primer/probe assay, and 20 ng of DNA. Negative controls were run and threshold cycle 

number (CT) values were determined by SDS 2.2.2 software (ABI). Copy number was 

determined by ΔCT = CTUGT2B17 – CTRNaseP. 
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4.2.6  Gender Identification Assay 

 To verify the gender of our samples, a high-throughput multiplex real-time PCR 

assay with allelic discrimination was used. A primer/probe set specific for males, sex-

determining region Y gene (SRY) (ABI, Hs00243216_s1) was multiplexed with TaqMan 

RNase P(VIC) control gene. Reactions (10 µL) were done in 384-well plates using the 

ABI 7900 HT Sequence Detection System, with incubations done at 50°C for 2 min, 

95°C for 10 min; and 40 cycles of 95° C for 15 s, 60°C for 1min. Reactions included 

TaqMan Universal PCR master mix (1x final concentration; ABI), 1x for each 

primer/probe assay, and 50 ng of DNA. Negative controls were run and detection of 

SRY was determined by SDS 2.2.2 software (ABI). 

 

4.2.7  Glucuronidation Assays for SAHA in HLM and Colon homogenates 

Colon homogenates (n=2) were screened for glucuronidation of SAHA using 

2000 µM SAHA. HLMs (n=100) were screened for ability to glucuronidate SAHA using 

200 µM SAHA, a concentration similar to the KM for SAHA of the most active hepatic 

UGT, UGT2B17. Kinetic analysis of HLMs (n=26) used a range of SAHA concentrations 

between 65 and 8000 µM. HLM (20 g of total protein) or colon homogenate (200 g of 

total protein) was initially incubated with alamethicin (50 g/mg protein) for 15 min on 

ice to permeablize membranes. Incubations (20 L) were subsequently performed for 1 

h at 37oC in 50 mM Tris buffer (pH 7.5), 10 mM MgCl2, 4 mM UDPGA and 200 µM 

substrate. Reactions were terminated by the addition of cold acetonitrile adding the 
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same volume as the initial reaction (20 L). Reactions were then centrifuged at 13,000 g 

for 10 min at 4oC and supernatants were collectedand analyzed by UPLC. 

Glucuronidation assays (2 L) were analyzed for SAHA glucuronide by UPLC on 

a Waters ACQUITY UPLC System (Milford, MA) equipped with an automatic injector 

and a UV detector operated at 244 nm. UPLC was performed using a BEH 1.7 µm C18 

column (2.1 mm x 100 mm, Waters) with gradient elution as follows: starting with 5.6% 

buffer B (100% acetonitrile) and 94.4% buffer A (10 mM ammonium acetate, pH 5.0) 

and 10% acetonitrile) the flow rate was maintained at 0.3 mL/min; a subsequent linear 

gradient to 72% buffer B over 3 min was then performed. The amount of glucuronide 

formed was calculated based on the ratio of the area under the curve for the peak 

representing the SAHA glucuronide to that representing unmetabolized SAHA. As 

controls, glucuronidation assays were performed using HLM as a positive control for 

glucuronidation activity, and untransfected HEK293 cell homogenate protein as a 

negative control for glucuronidation activity.  

 

4.2.8  Expression Assay for UGT2B17 

 To analyze UGT2B17 expression levels in liver specimens, real-time PCR was 

performed using the TaqMan Gene Expression Assay kit from Applied Biosystems 

(Foster City, CA). UGT2B17 expression in liver specimens was measured in two 

independent experiments each using a different housekeeping gene control for 

normalization of the results. For the first set of expression assays, TaqMan assay ID: 

Hs00854486_sH was used for UGT2B17 and ID Hs99999905_m1 for glyceraldehyde 3-

phosphate dehydrogenase (GAPDH), the housekeeping gene control. For the second 

http://www.waters.com/watersdivision/ContentD.asp?watersit=JDRS-68ZRPZ&WT.svl=1
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set of experiments, Dr. Gallahger used TaqMan assay ID: Hs00854486_sH for 

UGT2B17and Hs99999904_m1 for peptidylprolyl isomerase A (cyclophilin A; PPIA) as 

the housekeeping gene control. In addition, the TaqMan Human endogenous control 

plate (ABI) was used to identify the ideal internal control gene in HLM samples (n=6) as 

per manufacturers protocol (this plate was run by Dr. Carla Gallagher).  

Real-time PCR assays were performed in a volume of 10 μL containing equal 

amounts of cDNA (20 ng) from each liver specimen. GAPDH or PPIA was used for 

normalization of gene expression. PCR assays were carried out in 384-well thin-well 

PCR plates covered with optically clear sealing film (Applied Biosystems). Amplification, 

detection, and data analyses were performed using the ABI 7900HT sequence 

detection system and SDS 2.2.2 software using standard settings provided by ABI 

(Applied Biosystems). Results were expressed using the comparative threshold method 

following the recommendations of the manufacturer (Applied Biosystems). The CT value 

for UGT2B17 was normalized against either GAPDH or PPIA and calculated as 

ΔCT = CTUGT2B17 – CTGAPDH or PPIA. Relative UGT2B17 mRNA expression was expressed 

as UGT2B17 mRNA = 2(-ΔCT). 
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4.3  RESULTS 

 

4.3.1  Analysis of UGT2B17 Genotype  

 In the present study, two methods were developed to genotype genomic DNA 

that was purified from the same liver specimens used for HLM SAHA glucuronidation 

assays for the UGT2B17 deletion polymorphism. Both methods required real-time PCR 

and yielded the same results for UGT2B17 genotype (256). The first method was 

designed to specifically detect the presence of intact UGT2B17 or deletion of the whole 

UGT2B17 gene. Examples of amplification plots from this method show that when only 

wild-type alleles (*1/*1) are present, the fluorescent label Fam is detected, when only 

deletion containing alleles (*2/*2) are present, the fluorescent labeled Joe is detected, 

and when both alleles (*1/*2) are present the fluorescent labels Fam and Joe are both 

detected (Figure 4.3). An example of the automatic allelic discrimination used to 

determine UGT2B17 genotype in the 100 HLMs is illustrated in Figure 4.4. These 

results show the clear clustering of the UGT2B17*1/*1 (n = 58), UGT2B17*1/*2 (n = 29), 

and UGT2B17*2/*2 (n = 13) alleles.
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Figure 4.3: UGT2B17 multiplex real-time PCR amplification plots. (A) Amplification plot for UGT2B17 homozygous 
wild-type sample (*1/*1) with fluorescent label Fam detected, (B) Amplification plot for UGT2B17 homozygous deletion 

sample (*2/*2) with fluorescent label Joe detected, (C) Amplification plot for UGT2B17 heterozygous sample (*1/*2) with 
both fluorescent labels detected. Dashed line on amplification plot represents point at which amplification (curve) is above 
background noise indicating that the allele is present.  
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Figure 4.4: UGT2B17 multiplex real-time allelic discrimination plot.  The plot of the 
automatic calling feature of the allelic discrimination program was used for genotyping. 
The y-axis represents the UGT2B17 (*1) the x-axis represents the UGT2B17 (*2) and 

the middle grouping is the UGT2B17 (*1/*2); non-template controls (NTC) were water. 
 

 

During the course of genotyping samples for the UGT2B17 deletion, it was 

determined that copy number variation occurred in the UGT2B17 region but the specific 

number of alleles present were not determined (268, 270). The real-time PCR method 

previously described could only detect if the wild-type UGT2B17 allele or the UGT2B17-

null allele was present, but it could not determine the number of wild-type alleles. With 

*2/*2 

*1/*1 

*1/*2 

NTC 
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this limitation, a second method was designed to detect only the presence of the intact 

UGT2B17 allele and compare the copy number to a known two-allele standard, 

RNaseP. This method was specifically designed to determine how many intact 

UGT2B17 alleles are present in each specimen using the genomic DNA. Similar 

methods have been used to identify the number of alleles of CYP2D6, which was found 

to vary from 0 to 3 alleles (269). Data from the present study indicates that the 

UGT2B17 copy number varied from 0 to 2 alleles in samples that were screened 

(n=100). Figure 4.5 shows a representative amplification plot for each copy number of 

UGT2B17 observed in tested samples. These results were consistent with the genotype 

determined previously for these samples. In addition, the presence of 0, 1, or 2 

UGT2B17 allele(s) in the population was confirmed by others (271). 
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Figure 4.5: UGT2B17 copy number variation amplification plots. Real-time PCR amplification plots for UGT2B17 *1 

allele with RNaseP as internal control gene. (A) Plot of UGT2B17 two allele sample, (B) Plot of UGT2B17 one allele 
sample, (C) Plot of UGT2B17 null sample. 
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4.3.2  UGT2B17 expression in HLM 

 To extend the analysis of correlations between UGT2B17 genotype and SAHA 

glucuronidation in HLM, expression of UGT2B17 was examined. Initially, the GAPDH 

gene was used as an internal control to which UGT2B17 expression in HLM was 

normalized. However, during the analysis, it was determined that the expression of 

GAPDH varied widely in the samples despite the use of the same amount of cDNA for 

each analysis (Figure 4.6). To choose a more appropriate control for normalization, the 

TaqMan Human endogenous control plate was used to identify the ideal internal control 

and a summary of the screen is presented in Table 4.1. Based on those results, PPIAA 

was identified as the ideal control gene for expression studies in HLM and was therefore 

used to assay the HLM samples for UGT2B17 expression. A graph depicting UGT2B17 

expression levels in the 87 HLM which have at least one allele present is shown in 

Figure 4.7. UGT2B17 expression ranged from 0 to 1.5 fold relative to PPIA with a mean 

value of 0.3418 relative UGT2B17 expression. 
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Figure 4.6: Variations of GAPDH expression in HLM sample set.  This plot of real-

time PCR analysis of GAPDH expression in multiple HLM samples demonstrates large 
inter-individual variations in expression of this gene which had been chosen as an 
internal control to use for normalization of UGT2B17 expression from sample to sample.  
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Detector CT range 
 PP1A 1.1 
 GUSB 1.45 
 RPL30 1.46 
 GADD45A 1.5 
 MRPL19 1.5 
 POP4 1.5 
 RPL37A 1.5 
 MT-ATP6 1.6 
 B2M 1.7 
 RPS17 1.7 
 HPRT1 2.2 
 EIF2B1 2.5 
 PSMC4 2.5 
 UBC 2.5 
 PGK1 2.7 
 CDKN1B 3 
 PES1 3 
 RPLP0 3 
 TBP 3 
 ELF1 3.5 
 YWHAZ 3.5 
 GAPDH 3.7 
 HMBS 4 
 IPO8 4 
 TFRC 4 
 ACTB 5 
 CASC3 6 
 PUM1 6 
 ABL1 7 
 CDKN1A 7 
 POLR2A 10 
  

Table 4.1: Summary of analysis used to identify the ideal control for normalization 
in HLMs. The TaqMan human endogenous control plate was used for real-time PCR 
analysis of 6 liver cDNA samples. Each sample was run in duplicate and results from 

duplications were consistent. Results show that 21 of the 32 potential control genes 
have CT ranges that are lower than that of GAPDH and indicate that PPIA is a much 
better choice for a normalization control in these liver samples. 
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Figure 4.7: UGT2B17 expression in human liver. UGT2B17 expression was 
determined relative to PPIA by real-time PCR as described in the Materials and 

Methods. Dots represent individual samples, the thin line represents the mean and the 
darker bars represent the standard error. 
 

 
 
4.3.3  UGT2B17 genotype/phenotype correlation in HLM 

Data from recent studies have demonstrated the occurrence of a prevalent 

polymorphic deletion of the entire UGT2B17 gene (205, 209) that was associated with a 

reduced rate of glucuronidation activity in human liver microsomes (187). To examine 

the effect of the UGT2B17 whole-gene deletion on SAHA glucuronidation in human 

liver, HLM were prepared from normal liver tissue from 100 independent subjects. 

These HLM preparations were assayed for the formation of SAHA glucuronide in the 

presence of 200 µM SAHA (the apparent KM of SAHA for UGT2B17 in vitro) and the 

results were then correlated with UGT2B17 genotype. As shown in Figure 4.8, a 45% (P 

= 0.01) decrease in SAHA-glucuronide formation was observed in HLM from subjects 

with the UGT2B17 (*2/*2) genotype as compared to HLM with at least one intact 

UGT2B17 allele. The levels of SAHA-glucuronide formation observed in HLM from 
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subjects with one or two intact UGT2B17 alleles were not significantly different from one 

another. 

 

 

Figure 4.8: SAHA-glucuronide formation versus UGT2B17 genotype in HLM. 
Glucuronidation activity assays were performed on HLM prepared from the liver 
specimens whose genotypes were determined in Figure 4.4 using 200 µM SAHA, and 

SAHA metabolites were separated by UPLC as described in the Materials and Methods. 
Comparative analysis was performed using HLM from subjects with the UGT2B17 
(*1/*1) genotype as the referent, with the p-value shown for HLM from subjects with the 

UGT2B17 (*2/*2) genotype; error bars represent standard error.   
 

 

To determine whether the association observed between UGT2B17 genotype 

and HLM glucuronidation of SAHA was also manifested as a change in kinetic 

parameters, kinetic analysis was performed for all 13 of the HLM specimens from 

subjects exhibiting the UGT2B17 (*2/*2) genotype, and 13 randomly-chosen HLMs from 

subjects exhibiting the wild-type UGT2B17 (*1/*1) genotype. The reduction in SAHA 

glucuronidation in HLM from UGT2B17 (*2/*2) subjects was reflected in a significant (p-
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value = 0.0018) 75% increase in the apparent KM for SAHA of 2.1 mM compared to the 

KM for UGT2B17 (*1/*1) of 1.2 mM (Figure 4.9). No change in VMax was observed in 

HLMs from subgroups having different UGT2B17 genotypes. 

 

 

 

 
Figure 4.9: Apparent KM for SAHA versus UGT2B17 genotype. Glucuronidation 
activity assays and kinetic analyses were performed for the thirteen HLM samples that 
exhibited the UGT2B17(*1/*1) genotype, and for thirteen randomly-chosen HLM from 

subjects with the UGT2B17(*2/*2) genotype. Glucuronidation assays were performed 
using 65-8000 µM SAHA, and SAHA metabolites were separated by UPLC, and KM for 
SAHA was determined as described in the Materials and Methods. 

 
 

 

Similar to the decrease of SAHA-glucuronide formation of the UGT2B17(*2/*2) 

genotype observed in HLM, a significant (p<0.001) decrease in UGT2B17 expression 

also was observed in HLM from subjects with the UGT2B17 (*2/*2) genotype as 

compared to subjects with at least one intact UGT2B17 allele. There was no significant 

difference in UGT2B17 expression in HLM from subjects with one versus two intact 
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UGT2B17 alleles (Figure 4.10). A significant (R2=0.30, P-value<0.0001) correlation was 

observed between SAHA-glucuronide formation in HLM and UGT2B17 expression in 

the same HLM (Figure 4.11). 

 

 

 
Figure 4.10: UGT2B17 expression versus UGT2B17 genotype in human liver. 
UGT2B17 expression was determined relative to PPIA as the „housekeeping‟ gene by 
real-time PCR as described in the Materials and Methods. Comparative analysis was 

performed using the UGT2B17 (*1/*1) genotype group as the referent, with the p-value 
shown for the UGT2B17 (*2/*2) genotype group; error bars represent standard error.  
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Figure 4.11: Correlation between UGT2B17 glucuronidation rate for SAHA and 
UGT2B17 expression. Correlation between SAHA glucuronide formation and 
UGT2B17 expression in the same HLM. The correlation coefficient (r2) and the p-value 

(determined by linear regression) are shown. 
 
 

 
4.3.4  Confirmation of the gender of each HLM preparation and stratification of 

UGT2B17 expression and glucuronidation results by gender. 

 The major role of endogenous UGT2B17 in the body is to metabolize androgens, 

and studies have indicated that UGT2B17 is regulated by androgen receptors (272, 

273). To further understand the role of UGT2B17 genotype in glucuronidation activity of 

human liver microsomes, the data was stratified by gender. Although data existed on 

the gender of individuals from whom liver tissue was extracted, it was important to 

confirm the reported data. Therefore a real-time PCR assay was developed to 

determine gender and was based on detection of the male SRY gene and the 

endogenous control gene, RNaseP.  A representative amplification plot for a male and a 

female are shown in Figure 4.12. DNA from HLM preparations (n=100) was assayed to 
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determine the gender of the donor and the results were compared to the patient 

reported genders for which two samples had conflicting data. Based on our assay, the 

gender of the HLM donors (n=100) consisted of 60 males and 40 female.  

 

 

 

 

Figure 4.12: Representative amplification plot from gender assay. Shown are 

amplification plots representative of those obtained from the assay of (A) an HLM 
preparation from a female and (B) an HLM preparation from a male. The SRY gene is 
amplified only in males (B) and is not detectable above background in females (A).  
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The gender identification information was used to further the analysis of SAHA 

glucuronidation in HLMs. When stratified by gender, it was observed that HLMs from 

males and females glucuronidate SAHA at significantly different rates (Mann-Whitney 

test, P-value= 0.0067), with HLM from females exhibiting 45% less glucuronidation 

activity than males (Figure 4.13). When SAHA glucuronidation activity for SAHA was 

further stratified by UGT2B17 genotype and gender, the significant reduction in SAHA 

glucuronidation initially observed with the UGT2B17(*2/*2) genotype was now only seen 

in males (Figure 4.14). The UGT2B17 genotype and gender differences observed for 

the ability of HLM to glucuronidate SAHA was mirrored in the expression pattern of 

UGT2B17 (Figure 4.15). A significant decrease (Mann-Whitney test, P-value = 0.004) in 

mRNA expression of UGT2B17 was observed between samples extracted from males 

HLM versus females.  
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Figure 4.13: HLM glucuronidation activity stratified by gender. A significant 

difference in HLM glucuronidation of SAHA was observed between males and females. 
Glucuronidation activity and gender are described in the Materials and Methods; error 
bars represent standard error. 

 

 

 
Figure 4.14: HLM glucuronidation activity stratified by gender and UGT2B17 
genotype. Male‟s (M) with UGT2B17 *2/*2 alleles have a significant reduction in 

glucuronidation of SAHA as compared to males either *1/*1 or *1/*2 (*p=0.02). 
Glucuronidation activity, gender, and genotype assays are described in the Materials 
and Methods; error bars represent standard error.   
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Figure 4.15: UGT2B17 expression in liver stratified by gender and UGT2B17 
genotype. UGT2B17 expression was determined relative to PPIA as the 
„housekeeping‟ gene by real-time PCR as described in the Materials and Methods. 
Comparative analysis was performed using male UGT2B17 (*1/*1 and *2/*2) genotype 

group as the referent, with the p-value shown for the female UGT2B17 (*1/*1 and *2/*2) 
genotype groups (p=0.004); error bars represent standard error.  
 

 

 

4.3.5  SAHA activity in colon homogenate 

Data detailed in previous sections identified two UGTs, UGT1A8 and UGT1A10, 

to be most active for SAHA glucuronidation and variants of these enzymes were shown 

to have altered abilities to glucuronidate SAHA. These UGTs, along with UGT1A7, are 

expressed exclusively extra-hepatically and could potentially have great importance in 

tissues including lung, breast, colon, small intestine, and tissues of the aerodigestive 

tract (136, 161, 185, 248) where these enzymes are expressed and to which SAHA is 

being targeted as a chemotherapeutic agent. To test the validity of the hypothesis that 
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metabolism of SAHA is important in such a target tissue, colon tissue was used 

because it has high expression of extra-hepatic UGTs (136, 183). Results show that a 

significant amount of SAHA glucuronide is formed in colon homogenate (Figure 4.16). 

 

 

 

  
 

 
Figure 4.16: UPLC analyses of colon homogenate tested for the ability to 
glucuronidate SAHA. UPLC trace of a representative glucuronidation assay using 

colon homogenate (200 µg total protein) and 2000 µM SAHA, performed as previously 
described in the Materials and Methods. 
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4.4  SUMMARY 

 

 Liver is a major site for drug metabolism and therefore the UGTs expressed in 

hepatic tissue could strongly affect the overall patient response to SAHA. The study 

detailed in section 3.3.3 (Table 2.3) demonstrated that UGT1A3, UGT1A9, and 

UGT2B17 are hepatic UGT enzymes involved in the glucuronidation of SAHA. These 

studies identified that the KM exhibited by UGT2B17 for SAHA was 5-fold and 11-fold 

lower than the KMs observed for UGTs 1A9 and 1A3, respectively, the other active 

hepatic UGTs indicating that UGT2B17 has the best overall affinity for SAHA. In 

addition, UGT2B17 exhibited a 2.3-fold and 9.4-fold higher Vmax/KM as compared to 

UGTs 1A9 and 1A3, respectively, indicating that UGT2B17 has the best overall 

efficiency for the glucuronidation of SAHA. To determine those kinetic values, each 

UGT was examined separately in vitro. 

 The studies reported in chapter 3 examined variant UGTs and their abilities to 

glucuronidate SAHA in vitro; however, to fully assess the role of variants, especially one 

in which the gene is deleted, a system is required which closely resembles the in vivo 

conditions where multiple UGTs are expressed. To further characterize the 

hepaticallyexpressed UGTs, hepatocytes or liver tissue would be an optimal system to 

examine SAHA glucuronidation and we chose to further our analysis using HLM 

because of their availability and reproducibility. 

  UGT2B17 has the best overall efficiency for glucuronidation of SAHA, which of 

the hepatic UGTs, is known to have a whole-gene deletion with an allelic prevalence of 

~30% in Caucasians and ~75% in Asians (205, 209, 274). In order to examine the affect 
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of this UGT2B17 deletion on glucuronidation, we first needed to examine the HLMs to 

determine the UGT2B17 genotype. Of the 100 samples tested, we identified 13 as 

UGT2B17 (*2/*2) specimens. Based on a comparison of the levels of SAHA-glucuronide 

formation in HLM from UGT2B17-deleted subjects [exhibiting the UGT2B17 (*2/*2) 

genotype] versus HLM from subjects wild-type for UGT2B17, we observed a ~45% (P = 

0.01) decrease in SAHA-glucuronide formation in HLMs of the UGT2B17(*2/*2) 

genotypes, which suggests that 45% of HLM glucuronidation activity can be attributed to 

UGT2B17. 

 We then examined the kinetic parameters of SAHA glucuronidation in HLM from 

subjects with UGT2B17 (*1/*1) genotype versus UGT2B17 (*2/*2) genotype. We found 

that the apparent KM for SAHA is significantly increased (75%, p = 0.0018) in HLM from 

[UGT2B17 (*2/*2); (KM=2.1 mM)] subjects as compared to HLM from [UGT2B17 (*1/*1); 

(KM=1.2 mM)] subjects. These results support both the HEK293 cell homogenate data 

which showed that UGT2B17 had the best overall enzyme affinity for SAHA (Table 2.3) 

and results indicating that UGT2B17 is responsible for ~45% of the glucuronidation in 

HLM (Figure 4.8). Furthermore, the observed kinetics of the hepatic UGTs from the 

HEK293 cell homogenate system were predictive of the kinetics for HLM 

glucuronidation of SAHA. Using the HEK293 cell homogenate system, the KMs for 

SAHA for UGT2B17, UGT1A9, and UGT1A3 were 0.3 mM, 1.6 mM, and 3.4 mM, 

respectively. Using the HLM system, the apparent KM for SAHA was determined to be 

higher for UGT2B17(*2/*2) samples (2.1 mM) where UGT2B17 is deleted on both 

alleles, than that for UGT2B17(*1/*1) samples (1.2 mM) which have two copies of the 

intact UGT2B17 gene. When UGT2B17 is not present, HLMs have an apparent KM 
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similar to the KMs of UGTs 1A9 and 1A3; however, when UGT2B17 is expressed in 

HLM, the apparent KM is decreased to a value more representative of the KM of 

UGT2B17. Together, results from the current analyses further suggest that UGT2B17 is 

a major hepatic enzyme involved in the glucuronidation of SAHA and, that there is a 

high degree of integrity of the HEK293 cell line system for prediction of the more 

complex kinetics of systems where multiple UGTs are expressed. 

 Perhaps the most important finding with respect to pharmacogenetics is the 

significant decrease in SAHA-glucuronide formation observed in HLM from subjects with 

the UGT2B17-null genotype. The 45% decrease in SAHA-glucuronide formation 

observed in HLM from subjects who are UGT2B17-null was similar to the 50% decrease 

in glucuronidation activity observed in HLM from subjects homozygous for the 

UGT1A1*28 allele against SN-38, the major metabolite of Irinotecan (125). Irinotecan-

treated patients with this UGT1A1 genotype exhibit higher SN-38 levels (230) and 

significant toxicity (123). Therefore, the similar alteration in glucuronidation activity for 

SAHA observed in HLM from subjects with the UGT2B17-null genotype suggests that a 

similarly significant impact on overall levels of circulating SAHA and subsequent toxicity 

or overall patient response could be observed in patients treated with SAHA whom are 

UGT2B17-null. 

Previous studies have shown that in vitro UGT2B17 was down-regulated by 

androgens in prostate cell lines and UGT2B17 expression was not induced in the 

presence of 17 β-estradiol in MCF7 cells (174, 175). Furthermore, an increased risk for 

lung cancer was observed only in females with the UGT2B17 (*2/*2) genotype. To 

further our characterization of SAHA glucuronidation in vitro, we tested the hypothesis 
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that there may be differences in glucuronidation between males and females. We 

determined, by real-time PCR, the gender of the subjects from which each HLM 

preparation was made. With these data, we stratified our SAHA glucuronidation data by 

gender and observed a 45% (p<0.007) reduction in SAHA glucronidation in females 

compared to males independent of UGT genotype (Figure 4.13). This data is the first to 

show, using human specimens, that a difference in glucuronidation exists between 

males and females. Furthermore, when we stratified our data by gender and UGT2B17 

genotype; the originally observed UGT2B17(*2/*2) decrease in glucuronidation (Figure 

4.8) was now only seen in males (Figure 4.14). This data suggests that UGT2B17 is the 

enzyme that is differentially expressed in males and female. To test this observation, we 

then examined UGT2B17 mRNA expression in HLM specimens. We found that females, 

regardless of UGT2B17 genotype, had significantly less (p = 0.004) UGT2B17 mRNA 

expression compared to males with at least one intact UGT2B17 allele (*1/*1 or *2/*2); 

(Figure 4.15). This expression data provides further support for the important role that 

UGT2B17 has in glucuronidation of SAHA in HLM. The most clinically relevant result is 

that these data suggest gender differences in glucuronidation which may not only affect 

SAHA metabolism, but also may affect a vast array of drugs and carcinogens in which 

glucuronidation is predominantly carried out by UGT2B17. This study has provided a 

strong foundation which supports further investigation of gender differences with respect 

to regulation of UGTs and overall glucuronidation. 

Another interesting observation was that no difference in SAHA-glucuronide 

formation was observed in HLMs from subjects with either one or two intact copies of 

the UGT2B17 gene. This corresponded with the fact that no difference in UGT2B17 
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mRNA expression was observed in the same liver specimens as determined by real-

time PCR. This suggests that UGT2B17 is regulated at the transcriptional level and that 

the amount of UGT2B17 mRNA to protein is consistent as determined by activity.  

These results and the observed gender difference in expression strongly support further 

investigation of UBT2B17 regulation mechanisms. 

Together, the data presented in this section suggest that the presence of genetic 

variation in active UGTs, especially UGT2B17, is associated with alterations in SAHA 

metabolism. Furthermore, potential differences in response to SAHA based on gender 

warrant further investigation. Patient data should be examined to determine whether 

these differences observed in our in vitro model are potentially associated with 

observed differences in overall SAHA toxicity or patient response to SAHA. 
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CHAPTER 5:  UGT1A10 Promoter Study 

 

5.1  INTRODUCTION 

 

The data presented in the previous section indicates that mechanisms which 

control UGT2B17 expression are not yet fully understood and that hormonal regulation 

may be involved. Mechanisms for regulation of expression and activity of the various 

UGTs are of interest because they are expressed at different levels throughout the 

body. Interestingly, although most UGTs are expressed in the liver, UGTs 1A7, 1A8, 

and 1A10 are expressed exclusively extra-hepatically. Previous studies have analyzed 

the elements involved in regulation of expression of these extra-hepatic UGTs and have 

identified regions that are crucial for expression (156, 165, 275, 276). For example, 

Figure 5.1 shows the results of a study which identified the regions necessary for 

expression of UGTs 1A8, 1A9, and 1A10 using a luciferase assay system. This study 

demonstrated that the first 140 bp upstream of the ATG translational start site are 

required for maximum induction using UGT1A8 and UGT1A9 and that the first 400 bp 

upstream of the UGT1A10 ATG translational start site is required for maximum 

induction of luciferase activity (165). UGT1A10 is of particular interest because it is 

important for SAHA metabolism, and it is also involved in metabolism of carcinogens in 

various target tissues. 
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Figure  5.1: Deletion analysis of the UGT1A8, -1A9, and -1A10 promoter in Caco-2 
cells. Deletion constructs (0.5 µg) containing varying lengths of the UGT1A8 ( ), 
UGT1A9 ( ), and UGT1A10 ( ) promoters were transfected into Caco-2 cells with 

0.025 µg of the pRL-null vector as an internal control of transfection efficiency. Cells 
were harvested 48 h after transfection and were assayed for firefly and R. reniformis 

luciferase activities. Relative luciferase activities are expressed as a fold induction over 

the promoterless pGL3-basic vector (set at a value of 1). The results shown are a 
representative experiment of three individual experiments performed in triplicate (± 
S.D.). [Reference from (165)]. 

 

 

UGT1A10 glucuronidates a variety of carcinogens including those found in 

tobacco smoke such as hydroxy derivatives of benzo[a]pyrene (161, 243) and PhIP and 

its major metabolite, N-hydroxy-PhIP (184). Two SNPs in the coding region of the 

UGT1A10 enzyme were previously identified, with the codon 139 Glu>Lys SNP shown 

to result in altered UGT1A10 activity in vitro (184, 185) and to be associated with altered 

risk for orolaryngeal carcinoma (203). Consistent with its role in metabolizing 

carcinogens, UGT1A10 has been detected in a variety of tissues commonly exposed to 

Key: 
UGT1A8 ( ) 
UGT1A9 ( ) 

UGT1A10 ( ) 
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carcinogens including those within the gastrointestinal tract (132, 183), the 

aerodigestive tract (161), and in lung (185). 

Of interest in tissues susceptible to tobacco-induced cancers, is the induced 

expression of the UGT1As by aryl hydrocarbons (Ah) via the xenobiotic responsive 

element [XRE; (172, 277, 278)]. Computer searches for location of XRE in UGT1A 

genes have identified a conserved prototypical region (gcgtg) within 2 kb of the 

translational start site in all UGT1As, except UGT1A8; however, the efficacy of these 

sites is not fully known [Figure 5.2; (279)]. Studies have shown that UGT1A1 is 

inducible at a XRE region (-3381/-3299) with Ah receptor ligands including 2,3,7,8-

tetrachlodibenzo-p-dioxin, B-naphthoflavone, and B[a]P metabolites (278) and a similar 

induction by Ah‟s was observed for UGT1A6 (279). The ability of UGTs to be induced is 

crucial in response to harmful compounds since any impairment in detoxification 

mechanisms could increase susceptibility to various cancers. 
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Figure 5.2: Location of the prototypical aryl hydrocarbon/xenobiotic responsive 
element at the UGT1A locus. The XRE, gcgtg, is a conserved consensus sequence in 

UGT1 genes. Ah bind the Ah-receptor, which interacts with the XRE elements upstream 
of responsive genes to elicit an increase in mRNA synthesis. Computer searches 
identified the sequences shown. [Reference from (127)]. 
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In addition to its role in carcinogen metabolism, UGT1A10 also has been 

identified as a major glucuronidator of estrogens and their hydroxylated metabolites 

(160, 182). Consistent with this role, UGT1A10 is expressed in breast (162, 176) and 

endometrium (280). Recently, studies have determined that UGT1A10 is regulated by 

estrogen in the MCF7 estrogen receptor-positive cell line (176). Since UGT1A10 is 

responsible for estrogen glucuronidation and is also regulated by estrogen, we similarly 

hypothesize that, aromatic hydrocarbons that are glucuronidated by UGT1A10 can also 

regulate this enzyme via XRE elements. The goals of the present study were, (1) to 

screen the UGT1A10 promoter region for polymorphisms and determine their potential 

effect on UGT1A10 expression and (2) to test the ability of Ah to induce UGT1A10 

expression through interactions with XREs in the promoter region of the UGT1A10 

gene. 
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5.2 MATERIALS AND METHODS 

 

5.2.1 Human DNA used to screen for UGT1A10 polymorphisms 

To screen the UGT1A10 promoter region for polymorphisms, genomic DNA 

purified from 97 normal human liver specimens excised during surgery for removal of 

hepatocellular carcinoma was utilized as previously described (186). UGT1A10 

promoter polymorphic prevalence was examined in healthy Caucasians (n=156) and 

African Americans (n=133) as previously described (281-283). 

 

5.2.2 Amplification and Sequencing of the UGT1A10 promoter 

The 2000 bp upstream of the UGT1A10 ATG translational start site were 

amplified by PCR using a sense primer (UGT1A10S; 5‟-

TAGCTCTTCTTGTTACATTGATCCC-3‟, corresponding to nucleotides –2006 to –1982 

relative to the UGT1A10 translation start site) and an antisense primer (UGT1A10AS; 

5‟-CGGTTCTGATCTTCCAGAGTG-3‟, corresponding to nucleotides +243 to +263 

relative to the UGT1A10 translation start site). PCR amplifications were performed in a 

50 µL reaction volume containing 50-100 ng of purified genomic DNA in 1X Taq buffer 

with 0.4mM of each deoxynucleotide trisphosphate, 20 pmol of both sense and 

antisense and 1.25 U of Taq DNA polymerase. The reaction mixtures underwent the 

following incubations in a MyCycler (BioRad, Hercules, CA): one cycle of 95ºC for 2 min, 

41 cycles of 95ºC for 30 sec, 64ºC for 30 sec, and 72ºC for 3 min, and a final extension 

cycle of 72ºC for 10 min. PCR amplicons were run on 0.8% agarose gels that were 

subsequently stained with ethidium bromide and examined over ultraviolet light using a 
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computerized photo imaging system (AlphaImager 2000, Alpha Innotech Corp. San 

Leandro, Ca). The expected band size was 2269 bp. Samples were purified from the gel 

using QIAquick Spin (Qiagen, CA) and sequenced on an ABI 377 DNA Sequencer 

(Applied Biosystems, Foster City, CA). Sequences were analyzed for polymorphisms 

using BLAST (National Center for Biotechnology Information; NCBI), with 100% of all 

nucleotides covered for all amplicons. 

 

5.2.3 Real-Time PCR genotype assay for novel UGT1A10 promoter deletion 

Multiplex allelic discrimination assays were performed to assess the prevalence 

of the UGT1A10 promoter polymorphism. Identification of the wild-type UGT1A10 

promoter included sense (5‟-TCCTGAATAATATCCTGAAGAGG-3‟) and antisense (5‟-

CATGCTTTGCCTTTGACG-3‟) primers (corresponding to -1153 to -1131 and -899 to -

882, respectively, relative to the UGT1A10 translation start site) and a probe (5‟-FAM-

AGATCTGGGATACATGTA-MGB-3‟, corresponding to -1096 to -1079 relative to the 

UGT1A10 translation start site) specific for the wild-type allele. Identification of the 

UGT1A10 promoter deletion variant included sense (5'-

TTGATCTCTGTTGATTTAAAGTCTG-3') and antisense (5'-

GCAGTAGACACACACATAAA-3') primers (corresponding to -281 to -257 and +33 to 

+52, respectively, relative to the UGT1A10 deletion variant translation start site) and a 

probe (5‟-VIC-TTGGTAAATATTCCTCAGCA-MGB-3‟, corresponding to -203 to -185 

relative to the UGT1A10 deletion variant translation start site) specific for the UGT1A10 

deletion variant. Reactions included all wild-type and deletion primers and probes. 

Reactions (25 μL) were performed in 96-well plates using the ABI 7900 HT Sequence 
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Detection System, with reaction conditions of an initial cycle of 50ºC for 2 min and 95ºC 

for 15 min, and 50 cycles of 94ºC for 30 sec, 55 for 30 sec, and 60ºC for 1 min. 

Reactions included QuantiTect Multiplex PCR Master Mix (1x final concentration), 0.4 

μM of each primer, 0.2 μM of each probe, and 20 ng of genomic DNA. Negative controls 

(no DNA template) were run on every plate and genotypes were assigned by the 

automatic calling feature of the allelic discrimination option in SDS 2.2.2 software 

(Applied Biosystems, Foster City, CA). 

 

5.2.4 Cloning of UGT1A10 promoter constructs into luciferase vector 

UGT1A10 promoter regions containing 186, 441, or 2204 bp upstream of the 

ATG translational start site were cloned into the pGL3-Basic vector which contains the 

sequence for the firefly luciferase reporter enzyme (Figure 5.3). UGT1A10 promoter 

regions were amplified to include restriction sites for direct insertion into the vector. PCR 

amplifications were performed in 50 µL reactions containing 100 ng of purified genomic 

DNA in 1X Pfu DNA polymerase reaction buffer with 0.4mM of each deoxynucleotide 

trisphosphates, 20 pmol of both sense and antisense primers, and 2.5 U of PfuTurbo 

DNA Polymerase. The following cycling conditions were used to amplify samples: one 

cycle of 95˚C for 2 min, 41 cycles of 95˚C for 30 sec, 65˚C for 30 sec, and 72˚C for 3 

min, and a final extension cycle of 72˚C for 10 min. Genomic DNA from an individual 

who exhibited a homozygous wild-type UGT1A10 promoter was used to amplify 186 bp, 

441 bp, and 2204 bp of wild-type UGT1A10 5‟ flanking region beginning at -5 bp 

upstream of the UGT1A10 translation start site. Genomic DNA from an individual who 

exhibited a homozygous UGT1A10 deletion variant promoter was used to amplify 441 
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and 2204 of UGT1A10 5‟ deletion promoter flanking region beginning at -5 bp upstream 

of the UGT1A10 translation start site. The primers used for PCR amplifications of 

UGT1A10 wild-type and deletion promoter regions were designed with the addition of 

restriction enzyme sites at their 5‟ proximal ends for vector insertion in the correct 

orientation and are listed in Table 5.1. The 186 bp and 441 bp PCR-amplified UGT1A10 

promoter fragments (wild-type and/or variant promoters) were inserted into the KpnI and 

MluI restriction enzyme sites of the pGL3-Basic vector. Due to the presence of a KpnI 

site within the 2204 bp PCR fragment, the 2204 bp PCR fragments for both the wild-

type and variant UGT1A10 promoters were inserted into the MluI and XmaI restriction 

enzyme sites of the pGL3-Basic vector. All PCR fragments were inserted into their 

corresponding restriction enzyme-digested pGL3-Basic vectors by ligation with T4 DNA 

ligase. UGT1A10 plasmid-containing One-shot bacterial colonies were selected by 

ampicillin resistance after transformation and were analyzed by restriction fragment 

length polymorphism analysis to ensure the presence of an insert. All vectors containing 

inserts were purified using the Hi-speed plasmid maxi kit (Qiagen) and sequenced in full 

to confirm the construct. 

The -1271C>G variant was generated with the QuickChange SDM kit by site-

directed mutagenesis using the 2204 bp wild-type UGT1A10 promoter-containing vector 

as template. Primers used were 5‟-TTCCTTCATTTCAACGTTGGTGAATCTGATG-3‟ 

(sense) and 5‟-CATCAGATTCACCAACGTTGAAATGAAGGAA-3‟ (antisense), and 

reactions were carried out as previously described (185). 
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Figure 5.3: Basic Luciferase Vector. Vector used for construction of all UGT1A10 
promoter containing vectors. UGT1A10 promoter insertion is highlighted in figure; 

promoters were inserted in proper orientation relative to the ATG translational start site. 
[Reference from Promega]. 
 

 
  

UGT1A10promoter 
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Primer name 
Restriction 

Site 
Primer sequence (5‟ – 3‟) 

Primer 
location 

WT186S 

WT186AS 

KpnI 

MluI 
5‟-AGTAGGTACCTCAGCAAATGATACT-3‟ 
5‟-AGCCACGCGTGAACTGCAGCCCGAGCC-3‟ 

-190 to -176
a
 

-21 to -5
a
 

WT441S 

WT441AS 

KpnI 

MluI 

5‟-CTGTGGTACCCCTGGAACATGAGATGCC-
3‟  
5‟-AGCCACGCGTGAACTGCAGCCCGAGCC-3‟ 

-445 to -428
a
 

-21 to -5
a
 

 

WT2204S 

WT2204AS 

MluI 

XmaI 
5‟-AGCCACGCGTGTATTAGGTTTGCTTGGT-3‟ 
5‟-TATACCCGGGGAACTGCAGCCCGAGCC-3‟ 

-2208 to -2187
a
 

-21 to -5
a
 

 

Del441S 

Del441AS 

KpnI 

MluI 
5‟-GCGGGCGGTACCTAAAGTCTCCCACTA-3‟ 
5‟-AGCCACGCGTGAACTGCAGCCCGAGCC-3‟ 

-445 to –431
b
 

-21 to -5
b
 

 

DEL 2204S 

DEL 2204AS 

MluI 

XmaI 
5‟-CGGCCACGCGTGAATGCTTGTG-3‟ 
5‟-TATACCCGGGGAACTGCAGCCCGAGCC-3‟ 

-2208 to -2198
b
 

-21 to -5
b
 

 

a Relative to the UGT1A10 wild-type translation start site 
b Relative to the UGT1A10 deletion variant translation start site 

 
Table 5.1: List of primers used for PCR amplifications of UGT1A10 wild-type and 
deletion promoter regions.  Primers were designed with the addition of restriction 

enzyme sites at their 5‟ proximal ends for vector insertion in the correct orientation. 
 

 

 
 
5.2.5 Luciferase Assay for UGT1A10 constructs 

Cells for luciferase assays were maintained as follows: Caco-2 cells were cultured 

in MEM with 1 mM MEM non-essential amino acids, 0.1 mM sodium pyruvate, 10% fetal 

bovine serum, and 100 U/ml penicillin-streptomycin. A549 and H1299 cells were cultured 

in RPMI-1640 with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin. For 

luciferase assays, cells were plated in 6-well plates and grown in 5% CO2 to 80-90% 

confluence. Co-transfection of 3.95 µg of the UGT1A10 promoter-containing pGL3-Basic 

constructs and 0.05 µg of the pRL-TK plasmid was performed using Lipofectamine 2000 

as recommended by the manufacturer (Invitrogen). The Dual-Luciferase reporter assay 

system (Promega) was utilized for all luciferase assays. Luciferase and renilla 
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luminescence, corresponding to the pGL3-Basic and pRL-TK plasmids, respectively, were 

determined using the Synergy HT multi-detection microplate reader (BIO-TEK, Vermont). 

All assays were performed in triplicate as independent experiments. 

 

5.2.6 Induction of Luciferase via UGT1A10 promoter. 

Induction of lucifease expression from UGT1A10-luciferase promoter constructs 

were tested in Caco-2, H1299, A549 and MCF7 cells. Caco-2, H1299 and A549 cell 

lines were maintained and transfected as described in the previous section (section 

5.2.5). After removal of transfection mixture (6 h), cells were rinsed with phosphate-

buffered saline and treated with either media, media plus DMSO (same volume as 

volume of induction agents used in treatment of cells) or treatment media. Treatment 

media included metabolites of B[a]P which have been described previously to induce 

UGT1A1 expression (278). Metabolites 1-OH-B[a]P, 7-OH-B[a]P, or 9-OH-B[a]P (0.01 - 

50 µM) were incubated with the colon or lung cell lines (4 - 48 h) and then analyzed 

using the Dual-Luciferase reporter assay system, as described above, for luciferase 

activity via induction of the UGTA10 promoter. 

As a positive control for induction of luciferase activity from the UGT1A10-

luciferase promoter construct, cell assay conditions previously described to induce 

endogenous UGT1A10 mRNA in MCF7 cells were used (162). MCF7 cells were 

cultured in DMEM supplemented with 10% fetal bovine serum and 100 U/ml penicillin-

streptomycin (maintenance media) at 37°C and 5% CO2. Two days prior to transfection 

and treatment, cells were harvested by trypsination, centrifuged at 700 g for 5 min, 

resuspended and washed twice in phosphate-buffered saline and then plated at 3 x 105 
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cells/dish in phenol red-free DMEM supplemented with 10% charcoal-stripped bovine 

calf serum (treatment media) to remove estrogens from the culture medium. Cells were 

then transfected as previously described and treatment media with E2 (0.001 – 2 nM) 

was placed on cells for 4 – 24 h prior to running luciferase assays. For dose-response 

and time course studies of E2-induction of luciferase expression from the UGT1A10 

luciferase promoter, MCF7 cells were treated with vehicle (0.1% ETOH) or various 

doses of E2 for up to 24 h in treatment media; cells were then harvested and analyzed 

for luciferase activity using the Dual-Luciferase reporter assay. Estrogen receptor 

luciferase reporter vector (Panomics, Fremont, CA) was used as a positive control.  
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5.3 RESULTS 

 

5.3.1 Confirmation of the Amplification and Sequencing of the UGT1A10 promoter 

Previous studies have identified several SNPs within the UGT1A10 coding 

region, all of which were of low prevalence (<5%) in both Caucasians and African 

Americans (281). To identify polymorphisms in the promoter and 5‟ untranslated region 

(UTR) of the UGT1A10 gene, PCR was used to amplify a 2269 bp product 

corresponding to bp -2006 to +263 of the UGT1A10 gene relative to the translational 

start site using high-quality genomic DNA purified from normal liver specimens from 97 

independent subjects. In 4 of the 97 subjects, two amplicons were observed, the 

expected 2269 base pair fragment, and a smaller fragment of approximately 600 bp 

(Figure 5.4A). Sequence analysis indicated that while the larger 2269 bp amplicon 

corresponded to the wild-type UGT1A10 promoter, the smaller fragment corresponded 

to a UGT1A10 promoter that exhibited a deletion of the region -190 to -1856 relative to 

the UGT1A10 translational start site (Figure 5.4B). Out of the 97 samples amplified, 3 

were heterozygous and one was homozygous for this deletion polymorphism (allelic 

prevalence = 2.6%). In addition to the promoter deletion polymorphism, sequence 

analysis of the 2269 bp UGT1A10 promoter amplicon from 47 subjects resulted in the 

identification of a single polymorphism (C>G) located -1271 bp upstream of the 

UGT1A10 ATG translational start site which corresponds to rs2741032 in the NCBI‟s 

Entrez SNP database.  
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Figure 5.4: Deletion identification and schematic. (A) Agarose gel (0.8%) containing 

PCR-amplified products using genomic DNA from subjects exhibiting a homozygous 
wild-type (WT/WT) or homozygous variant (Var/Var) genotypes for the UGT1A10 
promoter deletion polymorphism. B) Schematic representation of the UGT1A10 

promoter deletion polymorphism. Arrows indicate sense (UGT1A10S) and antisense 
(UGT1A10AS) primers used for PCR amplification of the UGT1A10 promoter.  
  

 

5.3.2 Genotypes observed for the UGT1A10 promoter  

To better assess the prevalence of the deletion in the UGT1A10 promoter region 

among different racial groups, a multiplex real-time PCR assay was designed as 

illustrated in Figure 5.5 and genotypes were assigned by the automatic calling feature of 

the allelic discrimination option in SDS 2.2.2 software (Applied Biosystems, Foster City, 

CA). In addition to the liver samples from 97 Caucasian hepatocellular carcinoma 

patients analyzed in the initial screen, additional samples from 156 healthy Caucasian 

and 133 healthy African American controls were analyzed for the deletion genotype. Of 

the additional 156 Caucasians examined, 7 were heterozygous for the UGT1A10 

deletion (no additional Caucasian subjects homozygous for the deletion were identified). 

Of the 133 African Americans examined, 13 were heterozygous and 1 was homozygous 

for the deletion. The resulting allelic frequencies of the deletion polymorphism in these 
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control populations were 2.2% in Caucasians and 5.6% in African Americans. The allelic 

frequencies followed Hardy-Weinberg equilibrium for both populations. 

 

 

 
Figure 5.5: Schematic of UGT1A10 Real-Time PCR assay design. Top figure is the 

UGT1A10 wild-type promoter and the bottom figure is the promoter with a 1664 bp 
deletion. Primers and probes are illustrated with the wild-type primer probe set in the 
deleted region and the deletion detecting probe spanning the deletion site and primers 

on either side. 
 

 

5.3.3 Effects of the UGT1A10 promoter region and its variants on gene expression 

The constructs consist of the regions directly upstream the UGT1A10 ATG 

translational including three different size fragments: 141 bps, 441, bps, and 2204 bps. 

We amplified these fragments from either an individual that was homozygous UGT1A10 

wild-type or homozygous for the novel UGT1A10 promoter deletion. Wild-type 

UGT1A10 promoter constructs consisted of 186 bp (referred to as WT186), 441 bp 

(referred to as WT441), and 2204 bp (referred to as WT2204) of 5‟ flanking UGT1A10 5‟ 

UTR (Figure 5.6A). To confirm our constructs and experimental design we initially 

tested these wild-type UGT1A10 constructs in Caco-2 cells (Figure 5.7). In Caco-2 cells, 

these wild-type constructs of various sizes exhibited the same UGT1A10-promoter 

luciferase induction as previously described (165) with 400 bp exhibiting maximal 
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expression and 2000 bp showing a decrease in expression which is suggestive of a 

repressor element in the region between 400-2000 bp upstream of the ATG 

translational start site. 

Once the initial wild-type constructs and Caco-2 assay conditions were confirmed 

to be working, we then made UGT1A10 promoter variant constructs to see if any 

differences were observed. A 2204 bp UGT1A10 5‟ UTR construct containing the C>G 

transversion at bp -1271 (referred to as 2204G) was constructed. In addition, two 

constructs containing 441 bps and 2204 bps were amplified from an individual 

homozygous for the UGT1A10-promoter deletion (Figure 5.6B) and are referred to as 

DEL441 and DEL2204, respectively. These constructs were then used to determine if 

either the 1664 bp deletion or the C>G SNP located in the UGT1A10 promoter could 

affect gene expression. 
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Figure 5.6: Schematic of UGT1A10 promoter regions tested for effects on gene 

expression.  (A) Schematic representation of the PCR amplification strategy used for 
the UGT1A10 promoter luciferase assays. Top constructs illustrate the PCR-amplified 
fragments containing either 186 bp, 441 bp, or 2,204 bp of wild-type (WT) UGT1A10 

promoter. The bottom constructs illustrate the PCR-amplified fragments containing 
either 441 bp or 2204 bp of deletion (DEL) variant UGT1A10 promoter. The grey lines 
indicate the promoter region located directly upstream of the UGT1A10 

deletion; UGT1A10 deletion-containing luciferase vectors were constructed so that 
the UGT1A10 deletion and wild-type promoters were the same size.  
 

 

Each construct was co-transfected with pRL-TK as an internal control for 

transfection efficiency, and then cells were harvested and assayed for luciferase activity 

as a measure of luciferase expression. All Luciferase assays were run in at least three 

independent experiments. As shown in Figure 5.7, both deletion containing constructs 

(DEL441 and DEL2204) exhibit a 3-fold increase in luciferase expression in Caco-2 

cells. This result is consistent with the hypothesis of a repressor element in the regions 

between -400 and -2000 bp relative the UGT1A10 translational start site observed in 

our preliminary assays and by others (165). To see if this pattern was consistent in cell 

lines derived from other areas where UGT1A10 is expressed, we examined the lung cell 

lines A549 and H1299. Figures 5.8 and 5.9 are illustrations of UGT1A10 promoter 

region induced luciferase expression in two lung cell lines, A549 and H1299, 
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respectively. UGT1A10-induced luciferase activity did not vary significantly between 

wild-type and promoter deletion constructs for either of the lung cell lines tested. This 

data indicates that there are different regulation mechanism in Caco-2 cells compared 

to A549 cells and H1299 cells. 

  

 
 

 
Figure 5.7: UGT1A10 promoter driven luciferase activity in colon carcinoma cells, 
Caco-2. Luciferase expression driven from UGT1A10 promoter region constructs in 
Caco-2 cells. Individual samples were normalized to renilla luciferase expression and 

then the triplicate averages were adjusted to WT2204 and represent expression relative 
to the activity from the WT2204 construct. Bars indicate standard deviation. *, P = 
0.009; **, P = 0.048, a significant increase in luciferase activity was observed when 

compared with the WT2204-overexpressing cell line.  
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Figure 5.8: UGT1A10 promoter driven luciferase activity in lung carcinoma cells, 
A549. Luciferase expression driven from UGT1A10 promoter region constructs in A549 
cells. Individual samples were normalized to renilla luciferase expression and then the 

triplicate averages were adjusted to WT2204 and represent expression relative to the 
activity from the WT2204 construct. Bars represent standard deviation. 
 

 
 
Figure 5.9: UGT1A10 promoter driven luciferase activity in lung carcinoma cells, 

H1299. Luciferase expression driven from UGT1A10 promoter region constructs in 
H1299 cells. Individual samples were normalized to renilla luciferase expression and 
then the triplicate averages were adjusted to WT2204 and represent expression relative 

to the activity from the WT2204 construct. Bars represent standard deviation. 
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5.3.4 Effect of treatment with hypothesized inducers on UGT1A10 promoter driven 

luciferase activity 

 UGT1A10 promoter region luciferase reporter constructs, WT2204 and DEL2204, 

were tested in Caco-2, H1299, or A549 cells for induction of luciferase activity by B[a]P 

metabolites, 1-OH-B[a]P, 7-OH-B[a]P, or 9-OH-B[a]P. Treatment with vehicle only 

(DMSO) was used as a control. Experiments were carried out to optimize both 

carcinogen concentrations and times of treatment; however, no induction of either 

construct was observed under any conditions listed in any of the cell lines. This lack of 

induction from Ah treatment prompted further investigation of these constructs. We then 

tested these same constructs and a known estrogen induced luciferase reporter 

construct in an MCF7 cell line system that has been described previously to induce 

endogenous UGT1A10 in the presence of 17β-estradiol [E2; (176)]. Although our 

constructs represented only a small region of the 5‟ UTR, the 2000 bp region contained 

10 hypothetical estrogen receptor binding domains as determined by a transcription 

element search system. Although the estrogen receptor luciferase reporter positive 

control was induced in our system, no induction of the UGT1A10 promoter constructs 

was observed. These data suggest that the promoter constructs designed for this assay 

do not carry the necessary regions for induction of the UGT1A10 promoter region by E2. 

Since induction of endogenous UGT1A10 has never been tested with B[a]P 

metabolites, it is difficult to assess whether induction occurs or if our constructs do not 

contain the necessary region. 
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5.4  SUMMARY 

 

 

We sought to further characterize the UGT1A10 promoter. We first screened for 

polymorphisms in the promoter region of UGT1A10 which may lead to altered 

expression of this important extra-hepatic enzyme. Although HapMap, a database which 

contains known genetic variants was available, is designed for SNP analysis, it is not 

optimal for directly detecting large deletions or low-prevalence SNPs (284, 285). For this 

reason we sequenced 2000 bp upstream of the UGT1A10 ATG translational start site in 

DNA from 42 normal human liver specimens which resulted in the identification of a 

novel deletion polymorphism in the UGT1A10 promoter region. We next examined the 

prevalence of this novel deletion in two different populations. Due to the large genetic 

variability among racial groups, we decided to examine two self-identified groups, 

whites and blacks. Based on real-time PCR genotyping for the UGT1A10 promoter 

deletion, an allelic prevalence of 2.2% was found for whites whereas blacks had an 

allelic prevalence of 5.6%. If this deletion is identified to be relevant to UGT1A10 

expression, this difference in prevalence between populations may ultimately explain 

differences, in susceptibility to cancers, such as orolaryngeal carcinoma which has been 

associated with UGT1A10 (203). 

An in vitro assay was used to examine the potential effect of the deletion 

polymorphism on expression of UGT1A10. Since UGT1A10 is expressed extra-

hepatically, three cell lines derived from two organs in humans, lung and colon, where 

UGT1A10 is known to be endogenously expressed, were used. The Caco-2 cells 
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derived from colon carcinoma, were initially tested to compare the current assay system 

to those previously described (156, 165). Using similarly sized promoter regions, the 

same vector, and the same cell line (Caco-2) enabled a direct comparison of results. 

The current data were consistent with the pattern observed previously, with maximal 

relative expression resulting from a 400 bp region upstream of the UGT1A10 

translational start site, and a decreased expression resulting from the larger 2000 bp 

upstream region. These data support the presence of a repressor element within the -

440 to -2000 bp region upstream of the UGT1A10 translational start site. Upon 

transfection of the deletion containing luciferase reporter constructs into the Caco-2 cell 

line, an increase in luciferase expression was observed with these deletion-containing 

constructs, again supporting the presence of a repressor element located in the region 

corresponding to that deleted in the deletion genotype. Interestingly, the two lung cell 

lines tested did not exhibit this pattern of UGT1A10 promoter induced luciferase activity. 

One possible explanation for this difference in expression is the necessity for the 

UGT1A10 promoter luciferase constructs to be induced. Previous studies have shown 

that in MCF7 cells, E2 treatment is required for maximal mRNA expression of UGT1A10 

(176). Other studies have showed that UGT1A1 is inducible by carcinogens and that 

UGT1A10 contained a hypothetical XRE binding site (172, 277, 278). Together, these 

data led to the hypothesis that the lack of UGT1A10 induced luciferase activity in lung 

cells could be explained by the fact that inducing substrates were not present in the 

media. To test this hypothesis, we treated the colon and lung cells with aryl 

hydrocarbons such as metabolites of B[a]P. No induction was observed with any of the 

B[a]P metabolites in any of the cell lines. No studies prior to this have examined 
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induction of UGT1A10 by carcinogens; therefore, we could not conclude if our system 

and/or the constructs were functioning properly. To further characterize the inducibility 

of the UGT1A10 promoter luciferase constructs, we tested induction of the constructs to 

see if they can be induced by E2 in a MCF7 cell system that has been previously shown 

to induce endogenous UGT1A10 (176). Our MCF7 system did not show any induction 

of the UGT1A10 promoter containing constructs in this previously-characterized system; 

however, our estrogen receptor luciferase reporter positive control did exhibit response 

to treatment suggesting that the UGT1A10 luciferase constructs do not contain the 

necessary elements for induction.  

Many factors could contribute to the lack of induction of the UGT1A10 luciferase 

reporter constructs. Possibilities include that the promoter regions chosen do not 

contain the elements required for induction, the cell lines used do not express the 

required transcription factors, or UGT1A10 is not induced by Ahs via XRE elements. 

Further studies could include examination of larger regions of the 5‟UTR or an 

assessment of endogenous UGT1A10 expression in cells treated with B[a]P 

metabolites. Endogenous expression is ideal to examine induction because it may be 

affected by the methylation of the promoter or other factors for which a vector construct 

could not adequately substitute for the natural environment. However, with regard to our 

goal of characterizing the promoter deletion, examination of endogenous UGT1A10 may 

not be feasible because the homozygous UGT1A10 promoter deletion may not be found 

in cell lines.  

Overall, these studies examined the promoter region of UGT1A10 and identified 

a novel deletion that has a prevalence of 2.2% and 5.6% in whites and blacks, 
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respectively. This variant may play a role in the regulation of UGT1A10 and the ability 

for it to be induced, which may ultimately affect the glucuronidation of carcinogens by 

this enzyme. Therefore studies should continue to examine induction of the UGT1A10 

promoter.  
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Chapter 6:  General Discussion and Future Directions 

 

 
Cancer is a devastating disease and current chemotherapeutic agents used in 

the treatment of cancer do not prove efficacious for every patient and often have 

harmful side effects. One way to improve patient treatment and outcomes would be to 

understand the underlying differences among individuals. By understanding the 

differences that lead to altered drug response it will be possible to choose a treatment 

course designed for maximal efficacy in an individual. One aspect by which individuals 

may vary is in their ability to metabolize drugs (192, 214). Pharmacogenetics is the 

study of genetic variants which lead to altered drug response and many of the enzymes 

involved in drug metabolism are highly polymorphic (194, 195). The main objective of 

the work presented in this dissertation was to characterize the glucuronidation pathway 

of SAHA, a highly promising chemotherapeutic agent. The specific aims were to identify 

the UGTs responsible for glucuronidation and to determine whether variants of these 

enzymes have an altered ability to glucuronidate SAHA. The methodologies used and 

information gained from the presented work provides a basis for characterization of 

many other glucuronidated drugs as well. 

 The studies presented in this dissertation are the first to characterize the 

glucuronidation pathway of SAHA metabolism. The identification of the specific UGTs 

responsible for SAHA glucuronidation (1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B7, 

and 2B17) and the characterization of these enzymes will contribute to the overall 

understanding of SAHA metabolism. Although the liver is the major site of drug 

metabolism, we identified, through kinetic analysis, that the extra-hepatic UGTs 1A8 
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and 1A10 exhibit the best overall efficacy for the glucuronidation of SAHA. Since these 

UGTs are not expressed in the liver, we propose that they may be important in 

glucuronidation of SAHA in target tissues such as breast, lung and colon. Based on this 

hypothesis, we prepared colon microsomes, tested for SAHA glucuronidation, and were 

able to show that this process occurs in a SAHA target tissue, colon, where UGTs 1A8 

and 1A10 are expressed. This evidence suggests that in addition to UGTs expressed in 

liver, the extra-hepatic UGTs could be important in the glucuronidation of drugs in target 

tissue and contribute to overall glucuronidation capacity.  

Furthermore, the identification of a decreased rate of glucuronidation of SAHA by 

variants of the most active UGTs, including 1A8 and 1A10, may provide a source for 

understanding observed differences in patient response and toxicity. As discussed 

previously, these two extra-hepatic UGTs may be crucial in metabolizing SAHA in target 

tissue. Hypothetically, a colon cancer patient homozygous for the UGT1A10*2 allele, 

which codes for the UGT1A10 enzyme that was shown not to glucuronidate SAHA, may 

respond better to treatment with SAHA since target tissue exposure to the active form of 

SAHA will be greater compared to someone who has the wild-type allele and will 

metabolize SAHA more rapidly. On the other hand, the extra-hepatic UGTs could be 

contributing to overall glucuronidation and individuals with these variants could have 

increase toxicity. Although these possibilities have not been studied in patients, these 

scenarios can now be examined based on the data presented in this dissertation. This 

would require the patients to be genotyped for the UGT1A8 and UGT1A10 variants and 

physicians to detail overall response to SAHA treatment, examine toxicity and tumor 
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response, and then assess whether there are any correlations of these data with UGT 

genotype. 

UGT2B17 was identified as the primary glucuronidator in liver as determined by 

kinetics in the in vitro HEK293 cell line system. We were able to further assess 

UGT2B17‟s role in liver by examining glucuronidation in HLMs from homozygous 

UGT2B17*2 individuals who have a whole gene deletion of UGT2B17. HLMs provide a 

system where other UGTs are present and can compensate for the loss of UGT2B17. 

Kinetic analysis allowed us to determine that UGT2B17 accounts for 45% of overall 

glucuronidation in HLM. Presumably, UGTs 1A9 and 1A3, which were identified in the in 

vitro HEK293 cell line system to glucuronidate SAHA, account for the rest of the 

glucuronidation observed in UGT2B17-null HLMs. The apparent KM was lower (1.2 mM) 

in HLM from UGT2B17*1/*1 compared to when UGT2B17 was not present in HLMs (2.1 

mM). These data suggest that individuals homozygous for the UGT2B17*2 allele could 

potentially metabolize SAHA at a significantly slower rate compared to individuals with 

at least one UGT2B17*1 allele. This could result in different exposure to the active form 

of SAHA, which could influence response and toxicities, and therefore should be 

examined in patients. 

In order to determine if a genotype/phenotype correlation in response to a drug 

exists, a large population size is required, especially for low-prevalence polymorphisms. 

SAHA is currently FDA-approved to treat cutaneous T-cell lymphoma, which is 

classified as a rare disease by the NIH with a total of about 16,000 to 20,000 cases in 

the US (286). As a rare disease with a small sample size, it would be reasonable to 

question the practicality of further examining altered SAHA response in patients based 
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on genetic differences. However, current clinical trials suggest that SAHA, primarily 

used in combination with other chemotherapeutic agents, is beneficial for many other 

types of cancers. SAHA is being tested as a treatment for small cell lung cancer, breast 

cancer, ovarian cancer, colorectal cancer, pancreatic cancer, brain metastases, other 

leukemias and advanced solid tumors (117). These cancers affect a large segment of 

the population where altered response to SAHA due to genetic differences can be 

observed. For example, the NCI estimates about 150,000 new colon/rectal cancer 

cases for this year (287), and UGT2B17*2 has a 30% allele frequency, which would 

mean that 15,000 people who could potentially be given SAHA do not contain the gene 

which is responsible for 45% of SAHA glucuronidation in liver.  

The data presented in this thesis supports that pharmacogenetic factors may 

affect SAHA response, as it relates to UGT genotype, and should be considered when 

administering SAHA to patients. To test this hypothesis, the next step would be to 

collect, for further analysis, urine and blood samples from patients treated with SAHA. 

We have identified key UGTs and their variants which may lead to altered SAHA 

response. Based on this information, UGT genotypes of patients can be determined and 

can then be correlated to the amount of SAHA-glucuronide produced in urine and blood. 

The CNV real-time PCR assay for the UGT2B17 variant developed during this thesis 

work could readily be used for genotype analysis. Similar real-time PCR assays can be 

used for the other UGT variants and methods for screening SAHA and its glucuronide 

metabolite in urine and blood have been developed and optimized (247). Together, 

determination of UGT genotype and the measurement of in vivo SAHA glucuronide 

formation by an individual can provide further information about the role of UGT genetic 
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variants and their effect on metabolism. Furthermore, patient response and toxic ity to 

SAHA and UGT genotype can be correlated to see if individuals prescribed SAHA 

should be tested for UGT variants before starting treatment.  

Also interesting is the finding that there is a gender difference observed in the 

abilities of HLMs to glucuronidate SAHA. In general, women and men have many 

physical differences such as height and weight which can influence the required dose of 

a drug. However, this study suggests that there may be gender differences in the overall 

metabolism of SAHA even after adjusting for these variables. Furthermore, any drug 

which is predominantly glucuronidated by UGT2B17 may result in differences in 

response and toxicity based on the gender of a patient. This information is very valuable 

because all women, regardless of size or diet, may metabolize SAHA, or other 

substrates predominantly glucuronidated by UGT2B17, at lower levels then men and 

physicians should be monitoring for this factor.  

 SAHA is a hydroxamic acid derivative and has a similar chemical structure to 

other compounds of this class. Currently, several hydroxamic acid derivatives are in 

clinical trials (65, 117), and these compounds may be metabolized by mechanisms 

similar to SAHA. For example, the HDACi Valproic acid, a hydroxamic acid derivative, 

has been shown to be glucuronidated. UGTs active against Valproic acid have been 

identified and variants of these enzymes have been characterized and used in clinical 

analyses to assess altered patient response. No significant correlations have been 

found to date (288, 289); however, a major limitation to these studies is that only the 

UGTs 1A1, 1A6, 1A9, 2B7, and 2B15 have been screened for ability to glucuronidate 

Valproic acid. This incomplete characterization of all UGTs could be the reason that the 
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studies did not observe any significant clinical differences in patient response and 

toxicity to Valproic acid based on UGT genotype. A complete characterization of all the 

UGTs responsible for Valproic acid glucuronidation would be required to properly 

assess effects of variant UGTs on in vivo glucuronidation. Due to the incomplete 

analysis of Valproic acid, the only hydroxamic acid derivative HDACi other than SAHA 

to be screened for glucuronidation by UGTs, a comparison between HDACi compounds 

and the UGTs responsible for glucuronidation cannot be made. Furthermore, prediction 

of the exact UGTs that would glucuronidate any hydroxamic acid derivative would be 

inaccurate because subtle changes in UGT enzyme composition have been shown to 

alter overall glucuronidation of substrates (185, 186, 235, 290). However, the Valproic 

acid studies illustrate the necessity to fully characterize all the UGTs, similarly to the 

characterization of SAHA glucuronidation, to eliminate the possibility that the 

uncharacterized UGTs could be playing a major role in glucuronidation. 

To fully characterize the glucuronidation of a substrate and to identify the 

individual UGTs that have activity, an in vitro system is necessary; however, the 

accuracy of in vitro glucuronidation systems have been debated (291-295). Initial 

studies to assess the ability of individual UGTs to glucuronidate substrates used insect 

derived baculosomes, which are the microsomal fraction of insect cells that were 

transfected with UGT-expressing vectors. However, insect cells do not utilize the same 

post-translational processing as humans and it could be argued that the proteins 

produced in this system are not comparable to the human forms, but this has never 

been examined. To eliminate the potential problem resulting from differences in post-

translational processing which may occur in insect cells, recent studies have used the 
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HEK293 cell line, a human cell line which does not endogenously express UGTs, to 

overexpress UGTs and to characterize their glucuronidation activities (241, 242). For 

glucuronidation to occur, substrates must reach the internal active sites of the UGT 

enzymes which are located within the ER membrane. Human cells, in vivo, have 

enzymes which transport substrates, and the co-substrate UDPGA, to the UGT active 

site; however, in vitro these enzymes are not active. Therefore, in vitro systems must 

use detergents to make the membrane which surrounds the UGT enzyme permeable. 

Alamethicin is currently the most well-characterized and most widely used detergent for 

glucuronidation assays (296) and unpublished data by Dr. Dongxio Sun of the Lazarus 

lab supports that alamethicin is a more efficient detergent than the previously used 

Triton X-100. Although these in vitro systems for studying glucuronidation have 

limitations, they are currently the best models to study glucuronidation by individual 

UGTs. 

In the present studies, in vitro assays of HEK293 cell lines were initially used to 

identify the most active individual UGTs. These results were then confirmed and 

extended through assays using HLMs where multiple UGTs are expressed. The KM 

values determined in the HEK293 cell assays for the hepatic UGTs 1A3, 1A9, and 2B17 

(3.4 mM, 1.6 mM, and 0.3 mM, respectively) were mirrored when comparing the 

apparent KM in HLMs. When UGT2B17 was present in HLMs, the apparent KM was 

lower (1.2 mM), and more representative of the KM determined for UGT2B17 (0.3 mM). 

However, when UGT2B17 was not present in HLMs, the apparent KM was higher (2.1 

mM) which is similar to the KM of UGT1A9 (1.6 mM) and UGT1A3 (3.4 mM). These 
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results substantiate the validity of the use of the individual UGT HEK293 in vitro assay 

system to determine relative UGT kinetics.  

The SAHA kinetic data from the in vitro systems used in this study are consistent; 

however, their physiological relevance has yet to be supported. The KM and Vmax for 

each UGT have been determined using a cell homogenate system and KM values of the 

hepatic UGTs were further substantiated by the HLM data. All the determined KM 

concentrations were well above the amount of SAHA given to patients; however, the 

kinetic data can be used to assess the general contribution of each UGT. The slope of 

the individual UGT kinetic plots is representative of the Vmax over KM. Therefore, since 

this slope includes SAHA concentrations which could be physiologically relevant, the 

Vmax /KM value can be used to compare overall enzyme efficiency for SAHA which 

should translate to the general significance of each UGT in vivo assuming similar overall 

expression. However, it is known that UGTs vary in expression and as studies continue 

to examine their expression patterns, the Vmax /KM values will be more representative of 

the individual UGT. As for the overall physiological relevance of UGT‟s role on SAHA 

metabolism, it is known that SAHA-glucuronides have been found in patients in 

comparable ratio to the other metabolite (114, 246). These in vivo data support the 

significant role of glucuronidation in the metabolism of SAHA and our kinetic parameters 

suggest that UGT2B17, which is highly expressed in the liver (136) will significantly alter 

SAHA metabolism in liver.  

Analysis using in vivo data could further support the current use of in vitro 

analysis systems. However, if these in vitro results are not reflected in the results of the 

in vivo analysis, this would not completely discredit the in vitro system. For example, the 
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present study has characterized the glucuronidation pathway of SAHA metabolism; 

however, an alternative pathway of SAHA metabolism has been identified, but has not 

been fully characterized. Hydrolysis and β-oxidation are common processes in the cell 

and many enzymes could potentially contribute to the formation of 4-anilino-4-

oxobutanoic acid. Although the enzymes have not been identified, the levels of 

metabolite formation indicate that this pathway is also important in SAHA metabolism 

(114, 246). Discrepancies which may be observed between in vitro and in vivo SAHA 

glucuronidation could potentially be accounted for by contributions from this alternative 

pathway found in vivo; however, this remains to be examined. Furthermore, many 

tissues could be contributing to SAHA metabolism and therefore a complete 

understanding of tissue specific expression patterns of each UGT would be required to 

assess overall metabolism. Despite possible in vivo differences, the in vitro work 

presented in this study is necessary to completely characterize the individual UGTs 

responsible for SAHA glucuronidation, an important aspect that would not be possible to 

elucidate in vivo. 

The work presented in this thesis also has implications beyond the relationship 

between UGTs and SAHA or other HDACi. Studies of other drugs or substrates which 

are glucuronidated can benefit from the methods used and information gained. For 

example, we show that UGT2B17 is a major glucuronidator of SAHA and that the 

UGT2B17*2/*2 genotype alters overall glucuronidation in HLMs. This implies that any 

drug or substrate that is predominantly glucuronidated by UGT2B17 may exhibit 

differences in response in the population. Similarly, this implication would also apply to 

gender differences based on the observations in HLMs. Together, the findings from this 
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research have laid a strong foundation for further investigation of the role of UGT 

genetic variants, the role of gender, and the importance of UGT2B17 in overall 

glucuronidation of drugs and other substrates as they relate to individual differences. 

This dissertation has also highlighted the importance of regulation of UGT 

expression. Specifically, having either the UGT2B17*1/*1 or the UGT2B17*1/*2 

genotype does not affect overall glucuronidation of SAHA in HLMs. This activity pattern 

was reflected in UGT2B17 mRNA expression patterns in HLM specimens having the 

same overall mRNA levels with either the UGT2B17*1/*1 or the UGT2B17*1/*2 

genotype. These data suggest that mRNA levels of UGT2B17 are tightly regulated to 

achieve a set amount of UGT2B17. Also, a significant difference in UGT2B17 mRNA 

level in HLMs was observed when comparing specimens from men and women. Studies 

using the androgen receptor positive cell line LNCaP, showed that UGT2B17 mRNA 

and protein levels were down regulated in the presence of dihydrotestosterone [DHT; 

(297)] and have identified the androgen receptor and the subsequent signaling pathway 

to be required for UGT2B17 regulation (272). Initially, these data seem contradictory to 

the HLM data which showed that men exhibited higher mRNA levels of UGT2B17. 

These confounding differences led to further investigation of UGT2B17 in other tissues. 

This discrepancy is currently being examined by Nathan Jones of the Lazarus lab 

whose preliminary data suggests that endogenous UGT2B17 mRNA expression not 

only varies by gender but also by tissue type.  

Together, these data suggest that UGT2B17 is regulated in a manner to achieve 

a set amount of UGT2B17, that androgens or other hormones are contributing to 

expression, and that there is tissue-specific regulation of UGT2B17. These three 
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observations, based on findings from this dissertation, may or may not be interrelated; 

however, they provide many avenues in which UGT2B17 regulation and expression 

may be examined. One method to better understand UGT2B17 regulation is by 

examining the factors which bind to the promoter. This has been done for the region 

including 596 bp upstream of the UGT2B17 ATG translational start site, and  it was 

determined that HNF1α can activate the promoter, but other unidentified factors are also 

contributing to UGT2B17 regulation (275). To further understand UGT2B17 regulation, 

studies are needed  to examine more up-stream regions to identify other regions that 

are important for UGT2B17 mRNA expression (UGT2B17 driven induction of luciferase) 

and that could be binding sites for important factors (DNaseI footprint analysis). These 

studies should be conducted in cells from different tissue in order to identify the different 

factors which are contributing to the tissue specific expression of UGT2B17. 

Identification of important regions and regulatory elements, should provide insight into 

why only one UGT2B17*1 allele is necessary for consistent mRNA levels. If these 

factors don‟t account for the observed regulation pattern of UGT2B17, this may suggest 

that epigenetic factors such as the methylation status of the promoter are responsible 

for UGT2B17 expression and studies should proceed in that direction. Furthermore, it 

would be possible to address hormonal regulation with the luciferase and DNaseI 

footprint systems. By incubating UGT2B17 controlled luciferase vectors of different 

sizes with hormones, one could identify what regions of the UGT2B17 promoter are 

important and which hormones cause induction. This information can then be used to 

conduct DNaseI footprinting of the crucial regions to help identify what transcription 

factors are binding to the location. Another method to address UGT2B17 regulation is to 
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examine tissues where UGT2B17 mRNA is expressed and then examine the mRNA 

expression of hormones and/or their associated regulatory elements in that tissue to 

see if there is a correlation with UGT2B17 levels. These are just some of the methods 

which could address the observed UGT2B17 mRNA levels. Such regulation and 

expression patterns could have important implications for clinical treatments that use 

drugs predominantly glucuronidated by UGT2B17, and further studies based on these 

observations are currently under way in the Lazarus laboratory.  

Similar to UGT2B17, studies suggest that UGT1A10, one of the most active 

UGTs for SAHA, may also have hormone associated or inducible regulation factors. It 

has been suggested that UGT1A10 is regulated by Ahs (172, 277, 278), and that similar 

to UGT2B17 is regulated by hormones (176). Before examination of the specific 

mechanism inducing UGT1A10 expression, a screen for polymorphisms in the 2000 bp 

up stream of the ATG translational start site was conducted. This initial screen led to the 

identification of a novel 1664 bp deletion which was identified to have an allelic 

prevalence of 0.022 in whites and 0.056 in blacks. This UGT1A10 deletion promoter 

variant, along with a C>G SNP located -1271 bp upstream of the UGT1A10 ATG 

translational start site were included in the investigation of UGT1A10 induction. 

Examination of UGT1A10 regulation and induction were tested using various 

regions of the UGT1A10 5‟ UTR inserted directly in front of the luciferase gene in the 

pGL3-Basic vector. These different size vectors exhibited altered expression in Caco-2 

cells with 441 bp of wild-type UGT1A10 UTR exhibiting maximal luciferase activity 

relative to the wild-type 2204 bp construct. The deletion containing constructs exhibit 

significantly greater luciferase activity relative to the wild-type 2204 bp construct. These 
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data are consistent with similar studies of the UGT1A10 UTR (165) and support that a 

repressor element may reside within the deleted region of the UGT1A10 promoter. This 

suggests that individuals with the UGT1A10 promoter deletion may express UGT1A10 

at higher levels. These individuals may glucuronidate drugs more rapidly and therefore 

may require a higher dose. Conversely, these individuals may glucuronidate 

carcinogens, such as NNAL or B[a]P, therefore more rapidly reducing the amount of 

exposure of tissue to carcinogens and ultimately reducing cancer susceptibility. This 

type of protective phenotype for a variant UGT has been observed for the UGT1A10*2 

variant which is associated with reduced risk for orolaryngeal carcinoma, a cancer 

correlated with carcinogen exposure (203).  

To further examine these initial observations, we tested lung cell lines to see if a 

similar pattern of luciferase induction was observed. Unlike the Caco-2 cells, there was 

no significant difference among the UGT1A10 wild-type or deletion containing 

constructs. This observation of cell line specific-expression regulated by UGT1A10 is 

consistent with endogenous UGT1A10 tissue specific expression (136).  

Based on the observed difference between cell lines, we proposed that 

UGT1A10 may require induction by hormones or exogenous compounds to observe 

maximal expression. In the present study, no induction of the UGT1A10 wild-type or 

deletion containing luciferase vector was achieved when UGT1A10 luciferase construct 

containing cells (lung- and colon- derived) were treated with Ah‟s. UGT1A10 induction 

by Ahs was a novel attempt and therefore, we wanted to test our constructs overall 

ability to be induced. To test this, we used MCF7 cells that were shown to induce 

endogenous UGT1A10 via exposure to estradiol. The UGT1A10 luciferase constructs 
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did not induce UGT1A10 and luciferase activity in the presence of E2 despite the 

positive control showing that E2 induction of luciferase was occurring. This discrepancy 

could be interpreted in different ways. One possibility is that the constructs do not 

contain the regions required for regulation and that larger segments of the UTR are 

necessary. Another possibility is that regulation is occurring at different levels (DNA 

folding, methylation) and that a vector is not accurately representing these other factors 

necessary for expression. Studies examining larger regions of the UGT1A10 UTR or 

studies of endogenous UGT1A10 in cell lines may further the understanding of 

UGT1A10 regulation and induction.  

Together, these data suggest that UGT1A10 is differentially expressed and that 

large regions of the DNA are utilized and/or complex regulatory mechanisms are 

necessary to regulate UGT1A10 and additional studies should be conducted to address 

these possibilities. Since UGT1A10 has been suggested to be regulated by E2; it would 

be interesting to examine UGT1A10 expression at different points in the female 

menstrual cycle and in pre- versus post- menopausal women. Also, UGT1A10 is an 

important detoxifier and eliminator of drugs and carcinogens in the body and alterations 

in its expression can have profound effects on individuals. Further examination of this 

region may expand the role of the newly identified UGT1A10 promoter deletion and its 

effect on UGT1A10 expression. 

In conclusion, this dissertation has characterized the glucuronidation pathway for 

the promising chemotherapeutic agent, SAHA. These data provide support for the 

examination of UGT genotype and consideration of the gender of a patient when 

planning treatment with SAHA and when monitoring response and toxicity to SAHA. In 
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addition to the clinical implications of this work, insight has been gained into the 

regulation of some of the UGTs that most actively metabolize SAHA. Furthermore, 

these findings may have potential relevance to other glucuronidated substrates (drugs 

or carcinogens) and have implications for individual differences in response to treatment 

or cancer susceptibility. Together, these data have enhanced the understanding of 

genetic differences that underlie altered glucuronidation which in turn contributes to the 

field of pharmacogenetics and aids in the development of personalized medicine. 
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APPENDIX A.  Nucleotide Sugar Transporters 

 

A.1  INTRODUCTION 

 

Nucleotide sugar transporters (NSTs) are highly conserved transmembrane 

enzymes that transport nucleotide-sugars from the cytosol, where they are synthesized, 

to the lumen of the Golgi apparatus and the endoplasmic reticulum (298-300). The 

transfer of sugars is an essential step for the formation of glycoconjugates and the 

biosynthesis of polysaccharides (298). However, all studies to identify NSTs have been 

hampered by the need to use sugars that are radio-labeled and such compound are 

limited (298). Individual NSTs transport multiple substrates and have substrate 

specificities that exhibit some overlap. Despite the redundancy from overlapping 

substrate specificities, some NST variants have been linked to human disease.  

The first human NST to be linked to a disease phenotype was the GDP-fucose 

transporter (301). The original report identified a point mutation in the GDP-fucose 

transporter to be responsible for Leukocyte Adhesion Deficiency II (LAD II) which is 

characterized by impaired immune response and retarded growth, in addition to the lack 

of fucosylated glycoconjugates (301, 302). Earlier studies to try to understand the 

molecular basis of this disease examined the enzymes involved in the biosynthesis and 

transfer of fucose but found no direct link (303-305). However, cells from patients with 

LAD II had reduced GDP-fucose in the Golgi vesicles (305) which led to the hypothesis 

that an NST was linked to the decrease. Luhn et al. (2001) were the first to identify the 

human GDP-fucose transporter and the point mutation C439T, which results in the 
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amino acid change R147C, responsible for the LAD II phenotype (301). Similarly, 

another group identified a novel point mutation in the GDP-fucose transporter (C923G, 

resulting in the amino acid change T308R) in a LAD II patient (302). Interestingly, these 

distinct variants of the GDP-fucose transporter in patients resulted in differential 

response to treatment (304, 306, 307). In addition to the variant of the GDP-fucose 

transporter, a genetic variation located in the donor splice site of intron 6 (IVS6 + 1G>A) 

of the CMP-sialic acid transporter has also been linked to human disease (308). The 

association of these two NST variants with disease states supports the important role of 

the proper transportation of sugars in maintaining health. 

Recently, four human NSTs, UGTrel1, UGTrel7, YEA4 and its splice variant 

YEA4S, have been identified to be responsible for the transport of UDPGA (309, 310). 

Transport of UDPGA, into the lumen of the endoplasmic reticulum, is necessary for 

glucuronidation because this is the site of the UGT catalytic domain (310, 311). 

Conjugation of UDPGA to substrates is an important process for detoxification and 

excretion of many endogenous and exogenous compounds (128, 312, 313). Variants of 

the enzymes responsible for glucuronidation, UGTs, have been linked to human 

disease, altered drug response, and risk for cancer (123, 129, 196, 199, 228, 256, 314, 

315). Previous studies using urine analysis data have identified a wide range of 

glucuronidation abilities among individuals (283, 316). Therefore, it is possible that 

variants of the enzymes that transport the necessary co-substrate for the 

glucuronidation reaction are altering the ability to glucuronidate. 

 Four NSTs responsible for transfer of UDPGA have been identified and have 

been preliminarily characterized in vitro. UGTrel1, also known as SLC35B1 (solute 
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carrier family 35, member B1), is located on chromosome 17q21.33, contains 9 exons 

and transports UDP-Gal/GlcNAc/CMP-Sia/GlcA (298). UGTrel7, also known as 

SLC35D1, is located on 1p31, contains 11 exons, and transports UDP-Glc 

NAc/GlcA/Gal (317, 318). YEA4, also known as SLC35B4, is located on 7p31, contains 

10 exons and transports UDP- Xyl/GlcA/GlcNAc (309). However, these enzymes are 

responsible for the transfer of multiple substrates and have not been fully characterized. 

For example, these NSTs all have the ability to transfer UDPGA, however, it is not 

known which NST is able to transfer the substrate most efficiently, whether or not these 

enzymes are differentially expressed in tissues, or whether variants exists that would 

alter the abilities to transport UDPGA into the lumen. 

Since transportation of the co-substrate, UDPGA, precedes the glucuronidation 

of substrates, the ability to transfer UDPGA could be rate limiting and affect the efficacy 

of all UGTs to catalyze the glucuronidation of substrates. This important aspect of the 

glucuronidation pathway has yet to be fully characterized. Based on the important role 

that NSTs play upstream in the glucuronidation pathway, we hypothesize that 

alterations in the NSTs responsible for UDPGA transport may alter an individual‟s 

overall ability to glucuronidate compounds. 

With the ultimate goal of identifying a genotype/phenotype correlation, a study 

was designed to identify NST variants to correlate with in vivo glucuronidation in 

humans. This study set out to determine if SNPs in the NSTs that transfer UDPGA alter 

the overall ability to glucuronidate substrates starting with the assessment of NNAL-

glucuronide formation. NNAL is a byproduct of tobacco smoke, and urine samples 
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containing NNAL glucuronide were available along with matching genomic DNA. The 

preliminary results of this study are discussed below. 
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A.2  MATERIALS AND METHODS 

 

A.2.1  Identification of SNPs 

 NSTs including: UGTrel7, also known as SLC35D1 (gi:14028875), UGTrel1, 

also known as SLC35B1 (gi: 5032213), and YEA3, also known as SLC35B4 (gi: 

89161213) were analyzed for nonsynonymous SNPs using the HapMap data base. 

Haploview (Broad Institute, Boston) was used to analyze the haplotypes of each NST.  

 

A.2.2  DNA samples 

 For optimization of the SNaPshot assay, genomic DNA from individuals who 

were participants in previous studies of genetic polymorphisms was used (281-283). As 

previously described, subjects were healthy adult smokers ranging in age from 21 – 50 

years (283). They were recruited in Mount Vernon, New York, a community that had a 

population of 55% black and 40% white; a factor important to the original study of ethnic 

differences in carcinogen metabolism. DNA was isolated from patients‟ blood samples 

as previously described (281).  

 

A.2.3  Multiplex PCR assay 

 Primers were designed to amplify 5 individual regions surrounding the SNPs of 

interest in a multiplex PCR reaction. Table A.1 lists the primer names, primer 

sequences, base pair changes, expected amplicon sizes and amino acid changes. 

These primers were tested for compatibility in the same PCR reaction using the web 

tool, FastPCR. 
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 Multiplex PCR amplification was carried out using the Qiagen Multiplex PCR kit. 

Reactions (25 µL) were performed in 0.5 mL tubes in a MyCycler (BioRad, Hercules, 

CA) with incubations performed at 95°C for 15 min; 40 cycles of 94°C for 30 sec, 60°C 

for 1min 30 s, 72°C for 1min; and a final extension of 72°C for 10 min . Reactions 

included Qiagen Multiplex PCR Mater Mix (1 X final concentration; Qiagen), 0.2 µM of 

each primer, 0.5x Q-solution and 2 ng of DNA. PCR reaction products were separated 

on 1.5% agarose gels. 
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Name Base pare Amino acid Primer (5’ to 3’) Product size 

rel728491020F 
 

rel728491020R 

A>G (+1017) Tyr329His 
5‟ TGAAGCAATCCTCTGGTCAC 3‟ 
 

5‟ TGAATTTCCCCACTGTGAAAC3‟ 

251 

rel710157422F 

 
rel710157422R 

C>T (+276) Ala82Thr 

5‟ CTAGACTGGGCAATTTTGAGG 3‟ 

 
5‟ TGGCCAGGTTAGTTGGAATC 3‟ 

305 

rel111552690F 
 
rel111552690R 

A>C (+1023) Asn312Lys 
5‟ CAGTCCCATATTCCTATTAAGTCCA 3‟ 
 
5‟ ATCCTGGTGCCATTCTCTTG3‟ 

324 

rel11135034F 
 

rel11135034R 

G>A (+329) Arg81His 
5‟ TTCATGTGGCTTCAGCTTTG 3‟ 
 

5‟ AGACCATGGCACCCAGATAG 3‟ 

204 

rel111552686F 

 
rel111552686R 

C>T (+134) Pro16Leu 

5‟ CTCATGGCCTCTAGCAGCTC 3‟ 

 
5‟ TGGAATTCTGGGTAGGCTCA 3‟ 

272 

 

Table A.1: Summary table of nonsynonymous NSTs. Table includes names of primers, locations of SNPs with base 

pair changes, the resulting amino acid changes, the sequences of the primers used to amplify regions around each SNP 
and the product sizes of amplified regions.  
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A.2.4  SNaPshot Assay for SNPs 

 Figure A.1 is an illustration of the overall procedure for the SNaPshot assay. 

Probes for the SNaPshot assay were designed to bind 1 nucleotide upstream or 

downstream of the SNP and are listed in Table A.2. Template DNA was prepared by 

multiplex PCR amplification, after which reactions were incubated with 5 units of SAP 

and 2 units of Exo I and incubated at 37°C for 1 h and then inactivated by incubation at 

75°C for 15 min. Digested products (3 µL) were added to SNaPshot multiplex ready 

reaction mix (final concentration 1x; ABI), and 1 µL of pooled SNaPshot primers (0.2 µM 

each) in a total volume of 10 µL. Incubations were performed using rapid thermal ramp 

for 25 cycles of 96°C for 10 sec, 50°C for 5 s, 60°C for 30 s and then holding at 4°C 

until post-extension treatment. To this amplified reaction mix, 1 U of SAP was added 

and incubated at 37°C for 1 h followed by deactivation of the enzyme by incubating at 

75°C for 15 min.  

 To prepare samples for analysis, 0.5 µL of SNaPshot product, described above, 

and 0.5 µL of GeneScan-120 LIZ size standard were added to 9 µL Hi-Di formamide. 

Samples were run by the Molecular Genetics/DNA Sequencing and SNPlex Core at the 

Penn State College of Medicine on the ABI Prism 3700 DNA analyzer. Data was 

analyzed using GeneScan analysis software version 3.1 with the GeneScan-120 LIZ 

size standard analysis parameter files (ABI).  
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Figure A.1:  Overview of SNapShot procedure. 
[Reference from AppliedBiosystems]. 
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Name Base pare Amino acid Probe (5’ to 3’) 

UGTrel7rs28491020P A>G (+1017) Tyr 329His  AAAAACTGGGAGCCTGGTATATTCC  
 

UGTrel7rs10157422P C>T (+276) Ala82Thr TGTGTTCTCTTGTTTACAGATGGTG  
 

UGTrel1rs11552690P 
 

A>C (+1023) Asn312Lys GACTGACTGACTGACTGACTGTCTTCTTAGCTCCTTTCCCAAA  

UGTrel1rs1135034P 
 

G>A (+329) Arg81His GACTGACTGACTGACTGACTGACTAGCCAGCTCCGGCTA 
 

UGTrel1rs11552686P 
 

C>T (+134) Pro16Leu  AAAGACACCCAGGAAGCAG  
 

 

Table A.2: Summary table of probes used for NST variant analysis. Table includes names of probes, locations of 
SNPs with base pair changes, the resulting amino acid changes, the sequences of the probes that bound one nucleotide 
upstream or downstream of the SNPs. 
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A.3  RESULTS 

 

A.3.1  Identification of SNPs 

 The sequence of the coding region of each NST, along with 1000 kb upstream 

and downstream of the coding region, was identified in HapMap to examine known 

SNPs. The SNP data was exported to the Haploview program (Broad Institute) to 

determine tagging SNPs for haplotype analysis. Figure A.2 (A-C) shows the linkage 

disequilibrium plot for each NST; YEA4S is not illustrated because it is a splice variant 

of YEA4. In summary, UGTrel1 was composed of one haplotype block and had two 

tagging SNPs (rs2304917, rs2289601), UGTrel7 was composed of 2 haplotype blocks 

and had 9 tagging SNPs (rs2815359, rs10489633, rs2862728, rs12059957, rs1024228, 

rs10157422, rs2755259, rs12738583, rs2815359) and YEA4 was composed of one 

haplotype block and had 6 tagging SNPs (rs2504, rs1646694, rs12112626, rs13233589, 

rs12669902, rs722658). 

 As a result of the large number of SNPs necessary to analyze each gene, it 

was not feasible to conduct the haplotype analysis with our limited samples and 

therefore only the nonsynonymous SNPs were chosen for screening. Nonsynonymous 

SNPs include: UGTrel7 rs28491020 and rs10157422 and UGTrel1 rs11552690, 

rs1135034, and rs11552686; no nonsynonymous SNPs were identified for YEA4. A 

summary of the SNPs base pair changes along with the corresponding amino acid 

changes are found in Table A.2.  
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Figure A.2: Linkage Disequilibrium Plot of NSTs (A). 
A. UGTrel 1 (SLC35B1)-two tagSNP one block 
 

 
  



190 

 

 
Figure A.2 Continued: Linkage Disequilibrium Plot of NSTs (B). 
B. UGTrel7 (SLC35D1) -9 or 11 (tagger) for 2 blocks  
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Figure A.2 Continued: Linkage Disequilibrium Plot of NSTs (C). 
C. YEA4 (SLC35B4; AJ315497) - One block 6 Tag SNPs (no coding) 
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A.3.2  Development of Multiplex PCR Assay to Analyze Nonsynonymous SNPs of the 

NSTs 

 A multiplex PCR assay was developed to minimize the amount of DNA 

necessary to analyze the nonsynonymous SNPs of all 5 NSTs. Five primer sets were 

designed to be used in combination to amplify all regions of interest in one PCR assay. 

Figure A.3 illustrates each primer set run separately and all sets run together; in 

addition, it shows the results from the use of various concentrations of DNA (2 ng to 10 

ng) and the affect of an optional buffer (Q solution) on amplification. These data show 

that all primer sets amplify the DNA fragment of expected size, 2 ng of DNA was 

sufficient to yield detectable bands, and the addition of Q solution increases 

amplification efficiency. To further confirm correct amplification, bands were excised, 

purified, and sequenced. Each band was 100% homologous to the NST region of 

interest. 
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Figure A.3: Agarose gel of amplicons from PCR of NSTs.  Lane1: DNA ladder; 
Lane2: UGTrel7rs28491020, 251 bp; Lane3: UGTrel7rs10157422, 305 bp; Lane4: 

UGTrel1rs11552690, 324 bp; Lane 5*: UGTrel1rs1135034, 204 bp; Lane 6: 
UGTrel1rs11552686, 272 bp. Lanes 7 and 8: 2 ng DNA, with solution Q and without 
solution Q, respectively; Lanes 9 and 10: 5 ng DNA, with solution Q and without solution 

Q, respectively; Lanes 11 and 12: 10 ng DNA, with solution Q and without solution Q, 
respectively; and Lane 13: water control. *Due to experimental error, the expected 204 
bp band in lane 5 did not amplify; however, lanes 7-12 have amplification of the 

expected band (smallest fragment).  
 

 

 

A.3.3  Optimization of SNaPshot Assay for SNPs 

 In order to assess multiple SNPs in different regions in the same assay, the 

SNaPshot system from ABI was used. This assay is designed to use genomic PCR 

amplicons that include SNPs of interest to which probes then bind to either one 

nucleotide upstream or downstream of the SNP. Detection of the SNP nucleotide is 

based on size of probe and the fluorescently labeled nucleotide which complements the 

SNP of interest. Therefore, primer size and the SNP nucleotide possibilities were 

considered when designing probes for this assay. The SNaPshot system can screen up 

2 1 13 12 11 10 9 8 7 6 5 4 3 

400 bp 
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to 10 SNPs in one assay; however, the current study was optimized for 5 SNPs. Probes 

of varying lengths were designed (Table A.2). Probe UGTrel7rs28491020P, is 25 base 

pairs in length and is the reverse complement of the original sequence therefore 

detecting the T>C transition; in addition, probe UGTrel7rs10157422P is also 25 base 

pairs in length and is the reverse compliment of the original sequence; however, it 

detects the a G>A transition. Although these probes are similar in length, the different 

base pair composition and thus size will allow for identification of the correct SNP 

without confusion. The following probes were used to detect the UGTrel1 SNPs: 

UGTrel1rs11552690P, detecting an A>C transversion, is 43 base pairs in length; 

UGTrel1rs1135034P, (reverse complement) detecting a C>T transversion, is 39 base 

pairs in length; and UGTrel1rs11552686P, detecting a C>T transversion, is 19 base 

pairs in length. Figure A.4 illustrates chromatographs of each probe analyzed 

separately; panel A and D represent samples that are heterozygous for that SNP. 
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Figure A.4: SNaPshot chromatograms of individually run NST SNP analysis.  
Each chromatogram is labeled with the NST name and SNP rs number. The Y axis is 
absorbance and the X axis is the base pair size (NOTE: Sizes on the scale are not 

representative of actual fragment size due to the column used). Each peak color 
represents a nucleotide (Red = Thymine; Green=Adenine; Blue=Guanine; 
Back=Cytosine) 
  

UGTrel1rs1135034  

UGTrel1rs11552686  

UGTrel1rs11552690  

UGTrel7rs10157422  

UGTrel7rs28491020  
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After each probe was tested individually, the samples were analyzed using all of 

the probes. Figure A.5 (A-C) are representative of the chromatograms for 3 samples. In 

the samples we screened (n=30), SNPs UGTrel7rs10157422 and UGTrel1rs1135034 

were identified to have the variant allele. No other SNP screened exhibited the variant 

allele. Once the probes and detection method were shown to work in the combined 

assay, it was then necessary to optimize the method for automated allele discrimination. 

This required the addition of the Genescan 120 LIZ size standard which is a five dye-

labeled size standard that allows reproducible sizing of small fragments and automated 

data analysis. This optimization of the automatic allelic discrimination could not be 

completed due to constraints in sample amount. 
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Figure A.5: Chromatograms of multiplex SNaPshot analysis.  The Y axis is 
absorbance and the X axis is the base pair size (NOTE: Sizes on the scale are not 

representative of actual fragment size due to column used). Each peak color represents 
a nucleotide (Red = Thymine; Green=Adenine; Blue=Guanine; Back=Cytosine). The 
blue peak at position 46.5 is a background peak. A) Representing a sample 

homozygous wild-type for all alleles. B) Representing a sample that is heterozygous for 
UGTrel7rs10157422 (T/A) and wild-type for other alleles. C) Representing a sample that 
is heterozygous for UGTrel1rs1135034 (C/T) and wild-type for other alleles. 
 

  

A 

B 

C 



198 

 

A.4  SUMMARY 

 

 The ultimate goal of this study was to determine if there is a genotype/phenotype 

correlation between genetic variants of NSTs that are responsible for UDPGA transport 

and glucuronide formation. To address this goal, two initial experiments were designed 

including the identification of genetic variants of the NSTs and the development and 

optimization of a method that would utilize minimal amounts of DNA to screen for 

genetic variations in the NSTs responsible for UDPGA transfer. The genetic analysis 

from this first set of experiments would have then been correlated with the amount of 

NNAL-glucuronide produced in urine from smokers. This preliminary study would have 

been the model for future studies to assess differences in overall glucuronidation that 

result from genetic variation of NSTs.  

 Genetic variations can be assessed by individual SNPs, whole gene variation, 

and whole genome variation. This study set out to determine if there were functional 

genetic variants of the NST genes that transfer UDPGA; therefore developing an assay 

which would detect the known amino acid changing variants was required to test our 

hypothesis. The haplotypes of each of the 4 NST genes were determined and tagging 

SNPs were identified. Analysis of the haplotypes of the 4 NSTs identified 17 tagging 

SNPs necessary for NST genotyping, which was more than our genotyping methods 

could feasibly assess.   

 We originally designed the experiment to look at gene-wide variation via 

haploytype analysis because this method characterizes the whole region including 

introns, exons, and SNPs that may not have been identified previously (319). Although 
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this method is optimal to initially assess the genes, it is limited because it cannot directly 

identify the SNP(s) responsible for the phenotype and therefore more characterization 

of the loci would be required (319, 320). An alternative and more traditional method for 

analyzing a genotype/phenotype correlation is to examine SNPs that result in alterations 

at the protein level. A total of 5 such nonsynonymous SNPs were identified for the NSTs 

of interest; a number more feasibly analyzed within our condition constraints.  

Experimental constraints, including limited amounts of matched DNA/urine 

specimens and the number of SNPs that could be feasibly analyzed were factors in our 

project design. Although numerous genotyping methods are available, this study used 

SNaPshot multiplex system (ABI) to assess SNPs of interest. This is a primer 

extension-based method which has the advantage of screening up to 10 SNPs in one 

assay using minimal amounts of DNA. More traditional methods like RFLP or real-time 

PCR SNP assays would require PCR amplification of each SNP region. SNapShot, on 

the other hand, allows for co-amplification of all regions and analysis of each SNP all in 

one assay, resulting in a reduction of the amount of DNA required, less preparation 

time, and greater cost effectiveness. Other methods like bead and microarray 

technologies are for larger scale analyses and would require more DNA and therefore 

were not optimal methods for this analysis. 

Previous studies examining NSTs linked to human disease have used 

phenotypes of individuals to determined correlative genotypes (301, 308). Previous 

studies on in vivo glucuronidation have identified individuals with varying levels of 

glucuronidation (283, 316). Based on this information it was hypothesized that variants 

of NSTs may be responsible for varying levels of glucuronide formation in vivo. To test 
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this hypothesis, previously characterized data that identified individuals having variable 

abilities to glucuronidate NNAL was assessed (283, 316). The fact that this data was 

readily available made these samples ideal for our preliminary study on NST variants.  

Our original hypothesis was to test a direct correlation between variant 

genotypes of NSTs and NNAL phenotype; however, there were limitations with the 

design of this study. First, the amount of DNA available for analysis was limited due to 

the high demand for these samples, making any large scale SNP screen impossible. 

This was the reason a haplotype analysis was not conducted for each gene and instead 

only nonsynonymous SNPs were examined. Secondly, there were only 150 DNA/urine 

matched specimens available which would make it difficult to assess low prevalence 

SNPs. Thirdly, data was only available for NNAL-glucuronide formation, which means 

that only smokers could be analyzed, which could possibly confound the data. 

Minimal data exists on the characterization of the NSTs responsible for the 

transfer of UDPGA, with the only studies having been done in rats, mice, and yeast 

(309, 310, 317, 318, 321). This is an important area to address due to the vital role 

glucuronidation plays in humans (196, 198, 228). Although the direct goal of this project 

was to identify a genotype/phenotype with respect to NST function and glucuronidation, 

alternative methods could be used to characterize pathways upstream of the UGTs in 

the glucuronidation pathway. Human in vitro systems would aid in the understanding of 

of links between NSTs and glucuronidation. For example, one could analyze each NST 

individually as well as in combination to determine rates of UDPGA transport using 

primary human cells. Also, variants of NSTs could be assessed in these in vitro systems 

to see if they alter the ability to transport UDPGA. To further understand the importance 
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of NST transport of UDPGA to the process of glucuronidation, it is necessary to 

determine in which human tissue each NST is expressed to see if expression coincides 

with known glucuronidation activity (i.e. liver, colon, breast). Individual NST expression 

data may also aid in understanding which tissues, with active glucuronidation, would be 

most affected by alterations of these genes.  

This present study set out to identify a genotype/phenotype correlation to further 

knowledge of the NSTs involved in UDPGA transport. This study was able to optimize a 

genotype assay for detection of NST variants; however, the genotype correlation with 

phenotype was not able to be assessed and no conclusions can be made. Although a 

final conclusion could not be made, this study has provided a system to assess NST 

genotypes for future studies. Any studies that characterize NSTs will aid in the 

understanding of the glucuronidation pathway. Altered UDPGA transport could 

potentially have significant affects on phase II metabolism via glucuronidation. This 

could alter the overall ability to metabolize endogenous and exogenous compounds 

which could lead to increased cancer risk or altered drug response as seen with defects 

in glucuronidation due to UGT variants.  
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